
Identificació i caracterització dels enzims implicats en 
la biosíntesi i degradació de feromones

en lepidòpters nocturns 

Gerard Carot Sans 

Aquesta tesi doctoral està subjecta a la llicència Reconeixement- NoComercial 3.0. Espanya de 
Creative Commons.

Esta tesis doctoral está sujeta a la licencia Reconocimiento - NoComercial 3.0. España de 
Creative Commons.

This doctoral thesis is licensed under the Creative Commons Attribution-NonCommercial 3.0. 
Spain License.







DEPARTAMENT DE BIOQUÍMICA I BIOLOGIA MOLECULAR

FACULTAT DE FARMÀCIA
UNIVERSITAT DE BARCELONA

Programa de doctorat de Biotecnologia
Bienni 2010-2011

IDENTIFICACIÓ I CARACTERITZACIÓ DELS ENZIMS IMPLICATS EN LA BIOSÍNTESI I 
DEGRADACIÓ DE FEROMONES EN LEPIDÒPTERS NOCTURNS

Memòria presentada per Gerard Carot Sans per optar al títol de doctor per la Universitat 
de Barcelona

DIRECTORS:

Àngel Guerrero Pérez Glòria Rosell Pellise





�������	
������
�����������


��������	�
��
�����
������������������������
����
����������





����������

!��������������"��
�����������������#�	
�������
�������
�$���
�
��
�
�����#�"��
����%�"����
�
��


���"����
 � � � 
�����
& � ���' � ����
�� � ��
�% � ��� � ���
� � ����
% � �� � $����� � �
��� � "�

���� � 
��
� � ���

��"������#������(���
�
������

���)��
��*�+�
�
������
�����,�
�������
������
�"��
���
����%�
���	�	
�

"�

���������������������������+������%�
#���'�"����
���
�
�������
�
�����
���������&

-�+����������
����	
������/
�������'+��%����+��
�����
�������
�+�0���
����1�&�2����
�2��
�
��������

1��&�3��'�������	�"���$�*��4��������
�5������#��
���������������$�*���"��"�����������������������

���*��"�������������������
�������������6������
�!����+���7�������
���2-82&�9����������	
�$��$��

���������
������
�
�����

���
�"���
���������������
�����
��%�
��#�����	�����������$��0�������

�������$��$��
�������'��
��
�
�
���"������
��%���	
�"������'�����*��
�����+����������
�����
�
����


��
�������
�
���+��"�$�*��4�������+�������������:������

0����"����������"����
�����
������"&�

�	
�����0 �
�����+��5���� �+������% �"��'% ����+��
�����
���� � ��
 �+�0���
 �����+��
�������
�
��

������" � �� � "��������� � "�� � �
"����
 � ��� � �����
��	 � 
� � ����� � �
"����� � ���� � ��$�+� � ������
���


�������*������
���281;

9���<�+��%�"����������������������:������$�
�
�"�
�������������"��������������"�����%�+�0���
�������������

��$����
������
�������"�����(��4�������
�*���
�
���"0����=������>�'���%�"������$�
���+�������������

����������
���"
�����$�����+���"�������������
����
�"��"'
��
��
�"�+��

���������������=������2����%�

"��������$�
���
��/�����������	��
�"����������������������
�������%����
��������������
���
�
����


��������������
"���*�=��������������%�����"�
�
��
�������+�����������������������
�
�������
�������
����

���??@=������"%�"������
�����*��+��"���
�����������������������"��
������
����������"�
�����'+����


���B"������
�%�"������
��"���$���
��������B=����������
�
%�"���$��������"����
���
�������������
�


��������
�
�)������
����
��
�
,�
���"��/������2D!�=������������%�������%�����������$��������F����

"������$����
���������������������������
����+������
�����
���
�������������&����$����
�����������

+��"�����"���%�
�������
��������
���"���
�"�����
������
����
��%�"��'�
��"���$�����
���
����������
�

���"��/
�
����������������������
�"���"������
������)"��������������
��&&&,&

1��*�+�
�
%�"��'%���
���������
�
���+��"��
�
��������%������������
�������������������
�����	
���

"��"�
������
�"��
���
����% ������ �������
% � ����	������������� �������
 ��+��5����
& ��������%�

+�����
 �"�� � ��
�H���� � ��� � �� � 
������
� � �����	� � �
 � ���"������ � ��� � �� � *�
� � "��
���� � )"����

���
���%�������#�,&�-���%�(����$��$�������

����	
�
������"%�"��'�
�+������
�+��������������������

����� � "����

�����% � �� � ������	 � � � ������& �9���% � 8 � I��J � �$�� � 
��� � ����
 � �$� � ��� � ���I
 � ��I� � ��

B��
$���+��B%����������*����%����
�*��/�����I��/�������
���
�������J��I���*��������&



-������������������������$�����
�
�����"���K%�����
���
��0����"���������
��
��������������������+���

���������������
�"��
��������+��"&�9���
��������%�����"���
���������������
�����
����
�����*�%�

��"��
���� ��� � �������� � �� � ��"������# �
� �����
 ������
 � ��*�
��+�
��
 ����% ��� � ������
� ����
���
 � ��

�����������
%�$����

�*��+�����������
�������
����������
�
��
����
���
���*�&�!����������������
�


������
���"������
��������������
��0%�
�����L��������
��L���0���=����-������������K����
����8���= �

���
������M��
����(��
��������(��
�����������
������-����%�
����8792=����
���������(������H�%�
��

��819!9%�����
�
�����
�N�*��������	
���1����
�������$
%�
����8�!&����'�
��
�
����%����������	
����


������
����������"��������+��
�����+������������������	
��������6���	��$/
����+���
����8�����%�

-�+����
����������������������)8�F946��2,&�M��*��
����������
�����������0����
�
��
�����"�����

"��� � ��������� � �� � "��� � �*��� � 	�	 � 
� � 
/�"� � �*�� � ���& � ���
 � (��������
 � ��������� � 
"	����������

L���:��
��"�������*���������������������
��	�$�
�
�
�����*���=��������
%�"����"����+����*����������


�(���)��
��
����
�
,�*��������"�
������������(����
���(���
�$��%����
"	�����������������%�"�����

�����*�������(�����"��
�����
������������
�

��
�
�����B������B%����
���

����
������
�
/�������
�


�����*����
��
�������$���$�&������������
&�-��
�*��
%�(���������
����

	�����������/������+����"
&

!�����������/��	
�"��
����%����"���
������
��+����������������������$�+�������
�����
�
"�	
�
�������


��
��
������������������$�+��
���
���
�
������	
�$���
��������������+��������������%���������*�����

�����������
�+������������������	����& �O���	������� ��
����
���
�$� �$������
�$��+���/������

����
����������������
�
��+��5����
%������������������������%�������$����(�
��������
��
"����
�

���+P�
���
���+�0���
�
����������%������L�����%�����
��
��
����4$�����*�������

���������������
�����

����������&����'�
�+������������������	
���"�������)���������������	��	
�
�����,���$��
������������

�������������
�����
���;����N���%����>>%������O����%������FK���%�����������������L��+�%�����������
���

�������*�������+������������"�

�#%������
��������������������%�"����������������=��������F��$%�����

������	
�$��*�
�"�������%�
��#�����*�
����������������+�����������
���"�

�#&�>�0���
������
&

8��	%�������
��������������"������������	
����+��5������	
���"�������
�����
&�1��
��"���	
�


����%�����������
��������������
��+��5����
�
�������
���
�
%����
���:�
��"��������������"���
�#�����

$��
���������"�������
����������
�������
�
��������
���/
�)
��"�������

��
,�����
����������
�&�

���'������ �������
�����
� �B�+��5����4
�
���"�B�"��������
����
�#��
"�����% �
���
� ����� �����

"����������������
������������������$������"���
���
�*�����������������
��
��������������������	
�


�����
� ��
�*������
� � �
�
*������
�
���
�����
���
��� ����������& �F�
��% � ���
��0
�������%�"��'����

�������
�����+��5�������(K
�����������
�����
�&



��������

!� � ���(��� � 
� � �������
 � 
��
 � � � ����� � �� � ����
�� � ��
� � ����� � "�� � ��(����� � �"�����
�� � �� � ��
�

������
��
����������
�
�� �� �����������#� ��������� �
��
 � ��
����
% ��+����� ���������
�� ���
�

��"�
'"���
 � �������
 � � � �
��
����4�� � ���� � ��
 � �
"����
 � ��� � ������������ � �� � ���
����
� � 
� � ����
�

��������
�������
�����������
��������
�*��
������#&�O��� ���������
#
�"����

�
�)���
����
����


������#,��
�����
��������������������
%�
�$�����
�
��������*�������
�*�
��������
�����
�
���"����
�


����������
&�9���%�
�
"�	
�
����������
����#�+��������������"�����
������
���+������K%��
�"��
�����

���"��������"�����
�
�����������
��
��
���Q��
����
�������
������
�+���
�
�����������
��
��
��
���Q��
�

��
"��
����
�
�����������
���
�������������������"�����
���$������*����������"������������&

!�
��������
�
��
���������������"��������"������������"����
�����"������"���#�
���+��"�������"��(�����

�������	
��� � 
����	
����� � �������������� )�2D!�%� ��������� � !2; � L�R4?U��VW,& � ����(����� � 
���

"��(������������
�

��/�����"���������#�
����
�
"�
������������������"�:�
���������Q����������������#�

��������
��
���
����
%��+��������������+���
�����
�����������������������&����"������"���#�
�����
����

+��"������ �"��(������
�*��������������� �
�

��/� � � ��� ��"���������#�
���
�
"�
��������

��% �����

"����������"��
��������"����
�������������
���������
�����������������(��:����������������Q���#�
��
�

��Q��
 � ���
�������
 � �� � �� � ������������& � �	
 � ����0 � 
�����
� � "��"'
��% � "��'% � �
 � *� � ���
�
�����

������

�����
������������
����'��+
�
������
�����������Q�����������
��%����������������������
��
�������
�*��

�����������������"��"����#�������
��
����"�
��
����������
&�1��
���Q��
�
�������������
�������������

$����
����"�
�����
�������"�����"��
���
"��
����
�
�����"��"����#�
��
����"�
��
����������
%����

��
����
��
�0��

�+��

�
���������$��������������
����
�����$�*�����
������������
���������
��� ����

����������� � � 
��� � 
�
"�
�*� � 
��
��

� � ���������# � �� � �����
 � ��
����
& � ��� � ����
� � ����� � �
 � *��

���
�
�����������

��������������������#��������
�
�
�
���Q��
%�����
����������
�����������	���
�

�	
������*���
�"��������

��������
��
���(�����
�
���"��(������2D!�&

!� ��� � 
�+�� � ��"���� � �
 �
�
������ ���
 � �������
 � 
��
 � � � ����� ���� � ����(����� � 
��"�����
�� � �� ����

������������
����
��
����
�
��������
�
����"�
'"���
��������
%�"���������������"����
�
�������

�������Q���#�
�����
������"��*�����"��������������&������� ���������Q���#�
�����
�
��
��
�
��
�*���

�
�������
��
�����
�
������������ ���������
&����"�������
�����
% ��������������
��� ���
������������

��"�������"��+��
��
�������
�
��������
������&����������Q���#�
���$���
��
�
��
����
�
�$�*�����
������

"������
��� � �� � �

�(�
 ��� � ������ ������Q��� � $���+���5�Q��
 � 
� � ��������% � ���� � ��� � �� � �

�(�
�


����������
����+���
��
���������"���+��" �)7����������&��??U=�7����������&��??@,%�"��'�����
������


���� � ��(�� � ���������# � 
���� � ��
 � ��Q��
 � 
���� � ������*� � �� � ������� � � � �"�����Q���# � 
�����
��
�

��������
���������*�������$���
���&�����������������
�+�����
"������
�����
��)�������������,%����	
�
��

���
�������������"�������"��+��������
����#�%�����������*�����+��
��"�
���	

�������
���0�����������

��"��*����%�����������������
��
�
"�
���
�����
�������������#�
��������
�*�������+��&���
���
���
�


��
����������#�������������Q���#�
��
����
�
������
�
��
��
"����
��
�*��
��������������"����X���%�



"��'�
�+�������
�
���������
�����������������
����������#�
�
"�������
�������
�
��
�����
%� ��
�*��

���
�
�����������

����������Q����
�����+��
�
�������
�"�������
����
����&



���������
���������

����������																																																																																																																									�

��������																																																																																																																													�

������������																																																																																																																					!�

!	�"������

�#�																																																																																																																		$!
�&�&��������������#����������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&��
�&�&������+���
����
��
"����
�������Q�
�
��������������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&�@

Spodoptera littoralis..................................................................................................24
Sesamia nonagrioides..............................................................................................26

$	�%�&�
����																																																																																																																							'!

'	�(�����������)�����																																																																																																								'*

'	!	�(�������																																																																																																																							'*
U&�&�&�8�
����
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&UW
U&�&�&�3�����
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&UW

Vectors de clonatge..................................................................................................35
Vectors d'expressió en Escherichia coli ...................................................................36
Vectors d'expressió en Saccharomyces cerevisiae .................................................40
Vectors d'expressió en cèl·lules d'insecte.................................................................41

U&�&U&������
����X�����
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&@�
Soques de E. coli .....................................................................................................42
Soques de S. cerevisiae ..........................................................................................43
Línies de cèl·lules d'insecte......................................................................................44

U&�&@&�-�������
�����
�
�
��������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&@@
Medis de cultiu microbiològic....................................................................................44
Medis de cultiu de llevat............................................................................................45
Medis de cultiu de cèl·lules d'insecte Sf21...............................................................47

'	$	�()�������������������������������
����																																																															+,
U&�&�&�����
�
����������0���
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&@Y
U&�&�&�95��������
�F�9&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&W?
U&�&U&�O���
���"��#���*��
��)FO,&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&W?
U&�&@&�9�"��������#�
��
�������
�U����W�&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&W?
U&�&W&�!����������
��
��1�9&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&W�
U&�&R&�����������#�
��1�9���"������
��+���
��+���
�&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&W�
U&�&V&�2�����+��
��1�9&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&WU

Clonatge de fragments de productes de PCR pel sistema TA.................................53
Subclonatge en vectors d'expressió.........................................................................53



U&�&Y&�O���
�������#�
��"�0
��

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&W@
Transformació en E. coli ..........................................................................................54
Transformació de cèl·lules de llevat..........................................................................56

U&�&�&�����������#�
��1�9�"��
��
��&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&WR
Purificació a partir de cultius d'E. coli ......................................................................56
Purificació a partir de cultius de llevat......................................................................57
Conservació del plàsmid...........................................................................................58

'	'	�"�����-�
�
�#��������
�#����
./��																																																																											*,
U&U&�&�2��
�
�������
�+������
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&WY
U&U&�&�2��
�����
��
"��������
�"�������
��+��&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&WY

Identificació del cDNA de la reductasa Slit-FAR1.....................................................58
Intents d'amplificació del cDNA d'una alcohol acetil transferasa de S. littoralis ......60
Identificació del cDNA de la carboxil esterasa Snon-EST1......................................61
Identificació del cDNA de la carboxil esterasa Snon-EST2p....................................61
Identificació del cDNA de la carboxil esterasa Snon-EST3p....................................62
Identificació de cDNAs de carboxil esterases de S. littoralis ...................................63

'	+	�0���
�����1�
�#�����
./�																																																																																									2+
U&@&�&�9�0��
��
�������
�����"�������$��������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&R@
U&@&�&�9�0��
��
�������
�����"����2F�
�������������*�&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&R@

'	*	��34�����#���
������������4��������																																																																					22
U&W&�&�!�"��

�#������������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&RR

Expressió de la cera sintasa (ATF)...........................................................................66
Assajos d'expressió de la carboxil esterasa Snon-EST1..........................................66

U&W&�&�!�"��

�#��������
�
�����
�&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&RY
Expressió de la reductasa Slit-FAR1........................................................................68
Expressió de l'alcohol acetil transferasa CmAAT1...................................................69

U&W&U&�!�"��

�#�������X����
�-�����������
�
�����������*���
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&R�
Cultiu de les cèl·lules Sf21........................................................................................70
Transfecció i expressió de proteïnes recombinants..................................................70

'	2	��3���

�#���4���-�
�
�#����4��������																																																																								�'
U&R&�&�!�������#�"��������
��
�������
�
���
����&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&VU
U&R&�&�!�������#�
��"����5��
�
����������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&V@

Extracció de proteïna soluble total............................................................................74
Extracció de la fracció periplasmàtica......................................................................75

U&R&U&�!�������#�
��"����5��
�
������*�������
�
�����
�&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&VW
U&R&@&�!�������#�
��"����5��
�
�����X����
�-���&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&VR

Proteïnes intracel·lulars.............................................................................................76
Proteïnes extracel·lulars............................................................................................77

U&R&W&�7�����������#�
��"����5��
�"�������
�����
���
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&VV
U&R&R&�!����������
��
��"����5��
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&VV



U&R&V&�8
�������������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&VY
U&R&Y&�!����������
����
����
������
��"����5��
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&V�

A partir d'una electroforesi no desnaturalitzant........................................................79
A partir d'un isoelectroenfoc no desnaturalitzant......................................................80
Anàlisi per espectrometria de masses......................................................................80

U&R&�&�1������#�
��"����5��
����+��&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&Y�
Tinció de Blau de Coomassie...................................................................................81
Tinció de nitrat de plata.............................................................................................81
Revelat per activitat carboxil esterasa......................................................................82

U&R&�?&�2������+������
����������
��"����5��
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&Y�
U&R&��&�2��*��
�����"#&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&YU

Diàlisi.........................................................................................................................83
Filtració......................................................................................................................83

'	�	�����&����5�
����������1�����
�																																																																																	,+
U&V&�&�����
���+���+������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&Y@

Incubació i extracció.................................................................................................84
Derivatització.............................................................................................................84
Anàlisi quantitativa....................................................................................................85

U&V&�&�2��
�����
��
"��������
�"�������
��������#&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&YW
Reductasa d'àcids grassos Slit-FAR1.......................................................................85
Alcohol acetil transferasa CmAAT1..........................................................................86
Cera sintasa ATF.......................................................................................................87
Carboxil esterasa SlCXE7.........................................................................................87
Carboxil esterasa SlCXE10.......................................................................................88

81!�O8L82928Z�8�29F92O!F8O[928Z�1�!�[8�-�8���829O-�!���9��8\-]�O!-8�L!F\�\�9�

+	!	�6������7������-��������������4��84����																																																																		�'
@&�&�&����
����
��
��������������
����������������������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&�W
@&�&�&�!�Q��
���"�����
����������
����
�����������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&�R

Enzims d'escurçament de cadena............................................................................96
Desaturases..............................................................................................................96
Enzims de funcionalització del carbonil: Reductasa.................................................97
Enzims de funcionalització del carbonil: Acetil transferasa......................................98

+	$	�9��������																																																																																																																		!:'
@&�&�&�95��������������������Q���#�
�������
����
��
�0��

�+��

�
�
����������������&&&&&&&&�?U

Clonació del cDNA de Slit-FAR1.............................................................................103
Caracterització del transcrit Slit-FAR1....................................................................106

@&�&�&�!�"��

�#�������������
��-���4L9F�&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&�?Y
@&�&U&�9���*�����
�����"����5���-���4L9F�������������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&�?�
@&�&@&�O��"����*��
��������+��
��������$��������������
����
��
����������������&&&&&&&&&&&&&&&&��W
@&�&W&�!�"��

�#���������������
����'��+
���������*����������������
����
�&&&&&&&&&&&&&&&&&&&&��Y



Expressió i purificació de l'alcohol acetil transferasa CmAAT1 en S. cerevisiae ...119
Expressió i purificació de la cera sintasa ATF en E. coli .......................................120

@&�&R&�9

�(�
�
�����*�������������$��������������
����
�
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&���
Assajos amb l'alcohol acetil transferasa CmAAT1..................................................121
Assajos amb la cera sintasa ATF............................................................................124

+	'	�.��
����#																																																																																																																	!$�
@&U&�&�95��������������������Q���#�
����1�9�
�������
����
��
�0��

�+��

�
�
�����
�����������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&��V

Aïllament del cDNA de Slit-FAR1............................................................................127
Caracterització........................................................................................................128

@&U&�&�!�"��

�#�������������������*�����
�������
����
��-���4L9F�&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&���
@&U&U&�O��"����*��
��
����������#�
���������$��������������
����
��
����������������&&&&&&&&&&�U�
@&U&@&�!�"��

�#�������������������*�����
�����$��������������
����
�
&&&&&&&&&&&&&&&&&&&&&&&&&&&�UU

81!�O8L82928Z�8�29F92O!F8O[928Z�1�!�[8�-�8���829O-�!���9�1!>F91928Z�
L!F\�\�9�

*	!	����
�4
�#�-��������������4��84����																																																																				!'�
W&�&�&�9
"����
����������
�
�����"����"��#����������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&�@�

Proteïnes de transport d'odorants...........................................................................142
Receptors................................................................................................................142
Proteïnes sensorials de la membrana neuronal (SNMP).......................................144
Enzims de degradació feromonal............................................................................144

*	$	�9��������																																																																																																																		!*'
W&�&�&�8
����������#�
��"����5��
���������*������
����
����������������������������������
�
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&�WU

Electroforesi no desnaturalitzant.............................................................................153
Isoelectroenfoc no desnaturalitzant........................................................................154

W&�&�&�95��������������������Q���#�
��
����
�
�
���������������
��&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&�WW
Clonació del cDNA d'Snon-EST1............................................................................155
Caracterització del transcrit Snon-EST1.................................................................158
Aïllament d'esterases específiques de les antenes de S. nonagrioides ................158
Caracterització dels transcrits Snon-EST2p i Snon-EST3p....................................165

W&�&U&�95��������������������Q���#�
��
����
�
�
�����
"�������������������&&&&&&&&&&&&&&&&&&&&&&&&&�RW
Identificació d'esterases de S. littoralis ..................................................................165
Especificitat tissular dels transcrits.........................................................................166
Nivells del transcrit al llarg del desenvolupament...................................................167

W&�&@&�2���������Q���#�����+��������
��
����
�
��������
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&�RY
W&�&W&�!�"��

�#�������������
������������
����
�
��������
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&�V�

Expressió en el bacteri E.coli .................................................................................171
Assajos amb cèl·lules d'insecte en cultiu................................................................175

W&�&R&�9

�(�
�
�����*���������2!
��������
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&�VV



Assajos amb SlCXE7..............................................................................................177
Assajos amb SlCXE10............................................................................................181

*	'	�.��
����#																																																																																																																	!,+
W&U&�&�8
����������#�
��
����
�
�����������������
������������������&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&�Y@

Electroforesi nativa..................................................................................................184
Isoelectroenfoc natiu...............................................................................................185

W&U&�&�95��������������������Q���#�
���1�9�
��
����
�
�
���������������
��&&&&&&&&&&&&&&&&&�YR
Aïllament i caracterització de Snon-EST1..............................................................186
Aïllament i caracterització de Snon-EST2p i Snon-EST3p.....................................187

W&U&U&�8
����������#�������������Q���#�
���1�9
�
������������
����
�
�
����������������&&&�Y�
W&U&@&�!�"��

�#�������������
������������
����
�
��������
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&���

Expressió en el bacteri E. coli ................................................................................192
Expressió en cèl·lules d'insecte en cultiu................................................................194

W&U&W&�9

�(�
�
�����*�������������������
����
�
��������
������������
&&&&&&&&&&&&&&&&&&&&��W
Carboxil esterasa SlCXE7.......................................................................................195
Carboxil esterasa SlCXE10.....................................................................................196

2	�0��
�������																																																																																																															$:!

�	�;��������-��																																																																																																																	$:+

����3<������
�
����																																																																																																					$!�





������������

��� 9���$��������������
����
�

;=�
� ��
)��������
����,����������������
�


./� 1�9����"���������

0� 2���������
����
�

./� <��
�
�
��������������

.%2:: 1��
�����'"�������R??���

�.�� <��
�������
������������������

�=� �����
���
��
��P��������"��

�
��)
������+��
%�����
�������
��
��
� ��,

�=">?@�%
 !
"������������
����

�
�����0�
��%����(��:���������Q���#�"�����������
"������

��0��
� � "�� ����
��"�� � � � ���"
 �
� �*�� � )
� � ��9�+��
% ���
��������� � 
���������!

"��������# ��
�$��%���	�,


�9 F�
����
��
�0��

�+��

�
�)
����9�+��
%�%�����&����'
������
,


;= -�������������*��)
����9�+��
%�%
���������
��
���,

A0 2������+������
��+�
�
�)
����9+���
%�(��
��	����������	�,

A=� >������#�-4����
����
�

"�
 8
��������������)
����9�+��
%�
��
�
��������������,

"��A Isopropil- -D-1-tiogalactopiranòsid^

6�%�
 9������
������

(;� �����5���
����#�����������
��)
����9�+��
%�)�����
���������*���
��,

(%" �����"��������
��������#

�9/� F�9���

��+��

(= !
"������������
����

�
�)
����9�+��
%���

�
"���������/,

/�� <��
�����������������

%;� �����5���
����#�����������
�)
����9�+��
%�$���������������*���
��,

%.� !�Q���
��
�+����#�
��
�����
�)
����9�+��
%�$�������+
����������,��
,

%9 F���"�������������)
����9�+��
%�$���������'
�
����,

%9
 �������������
�����������)
����9�+��
%�\�
��'
������%���
,

��A� !����������
�����+���
��"�����������
��������
�����
����
�
���������Q���


4� ������
�
����
�


�;= O��"#���
����)*	���	��
�����
����������,

�;� �����5���
����#�����������
�)
����9�+��
%�*	
�����
���������*���
��,

�09 F�����#������
����
�����"�������
�

�.� !�Q�� � 
� � 
�+��
���# � 
� � ��������
 � )
� � ��9�+��
% �*	
�����
 � +
��������

��,��
,

��A �����������+�����

4-� 6�����
������
���
�
��"�����
�*����
�)*���
��������������-



4" ������
���������

9�0� O������ � 
���"��������# � �0"�
� � 
��
 � ������
 � 
� � �1�9� )
� � ��9�+��
% �'�����

&�����������������+�&�����,

9/� <��
������������

�4� F�*�������
�"��������

9�>�09 O���
���"��#���*��
��4��2F

=.= 1�
�����
������
'
��

=.=>��A� !����������
�����+���
��"�����������
��������
�����
�
�
���������Q���


�
(0 O��������������������

�(= O�������
����

B�( 6��*��
��������������)2������$,

D>A�� 5-bromo-4-cloro-3-indolïl- -D-galactopiranòsid^

0��4������E�7��
�������&���
1�� ������+������% � ��
 � ���"�
��
 � � � "�����
��
 � ���������
 ��
������
 ��� �����
� � ������� � 
�$���

�����(���������Q�������
�+P�����������;

)[%!,4�%��4�@;\D )�[%��!,4�����
���
���4�4��

)[%!,4�%��4�@;\9� �������
��)�[%��!,4�����
���
�����

)[%!,4�%��4�@;-2�9 1���*�������42���Q���9�
����0��
�)�[%��!,4�����
���
������



������������������������������������������������������������"/�9%.B00"F





Introducció general

!	�"������

�#��������

!	$	�6��
�����
�
�#�-��������
������������
��"����������"����

����
�����
�
����"�
��������"��
���
�������������	
����������#�

�
��
��������
� ��
��
"����
�������
�
���"������&������
����% �	
������
� ��*��������
��������
��

"���	
�
���������*��
����������#����(��:�������"�
��
�������
�"�����	
������*0��������

�*	����

"�����"������(0�
������������#�"����������������������������� �)9�$��_� �̀��+��??W,&��������
�*��

"��"������
�	

���"����
��
�
��
��/��%���
����"�
��
�������
�"��
�5�
�"���	

��
�*��
���"�:�
�
��

"��*�����������
"�
���������������	

���*��%��������������
��
����������
&�9���
�
����"�
��
�

"�
���"������"��������������������#������������
"�������%�����	
������
�
����
���������
%�����

������
"�������%�����"�������"�����
����������
�"��
�5
�
�"�����
�"�����
�������
��*��������
�

��
����
 �"�� � ������ �������� �� � ���� �
��*�"�
���#& ���
 � ��������
 �
#�% �
���
% �
����������
 �����

"��*������������*�����������"���������
���
�*�
�
�
��������������
"����&�1�����
��������
�*��

�����#%���
���������
��
����

�������������������
�
�����
%�
��+��+���#%�
�������%����&

���*�
����� � 
� � ��� � ��
 � ��
����
 � �
 � ��������*�� � � � ���*	
 � 
���+��� � 
��
�0���� � ��������
� � ��

�����������
�����������"����
���������:�
���
�+���N8N&������
����%����*��
������
�����/���W����������

�������������/�9
�����������
��*��"�������� ������"�
���#�
�����"����������������
������
����

��
����%���������I��%�"��
�5
��"������"�"�������
�����
�
�%����/��������)�������
�������&���W�,&�

���
��
�%�����*���"������������
����
�
�����
����������
��"��+��
���
���������������#�
��
���
�*�
�
�


������
"�����
��������
�%�*��
������	
�
��*������/
���*���������������������#�����
�

��*���
�

��+0���
 �
��
 ����"�
��
 �"��
���
 �����	
�
� ���+ �����# �
� � �������
 �
�����
� � ��"�
'"���& �1�
�


����
$���
�
�$��"��������������"�
���#�
���	
�
��Y&???���������
�
�������
���������*�����
��������

���"���������
��
���
����
�)$��";ffJJJ&"$�����
�&���,&�1�
�
����"����
��*�
���������%����*�������


�����"�
��
����������������
��
���
���
�	
��������"��&������
����%���������
�
��
���"�
'"���
�

�������
%��
��������$������������
�����"�
��
�����0���
�
����
����������%�����*���������������+���
�


�������
���%���
���������
�)�����"�����"�
%�������%��������"�
���#,� � �+��"����������& �9���
��
�

�������������
�
#�%���������(���"����
��
���
�
%�����$��
%���
�$�

���������
�)��+�����&�,&

21



Introducció general


������!	!	� !���"���
�� ���
�*��
���� ��
��������� �
�� ��
� ��������
�
���
����& �!���� ���
�
����
�
����
% ��� ��������
��������� ��	
�$������� �	
�������
��������0����� ��
�����
�������������$�����
�������������+��"����������&

��
 � ��������
�
�����
% �+���������� �"��
�5
�
�"�� � �� � �������� � �
������
�
�"�� ���
���% ��
����

�����
�
���������(���"����
��
���
�
�"�����
���
�
��
�*��
�
����"�
��
�������
�*��0���
%�"��
�5�
�

"�������+�0�
�������������� � ����������
��� ���������& �9���
��
���
���
��
�����������Q���"���
���

����������
"��������
%���������$��"����
�����������
�
��
"����
�
����"�
'"�������*�
�����������

����������
�
�����
��
�������
�"��
��������������������
�������
�
����
�
�*�
���������
&����

�
������ � 
��� �
���� ������: �)2��
	 ��� � ��& � ��VY,� � � �� � 
��������� � 
��� � 
�� � ������� � � � �� � ��
����

�������
��)����$���_�1��������%���VR���O�����������&%��??�,�
#����
���������
�
��������
�"����������

���������
�+���������+�
��"��������
"����������������&�!����+��
���
�
%�����	�
�$����
��*���

����������������
������
"���������	�������"������������
�������"��X�����"����������
"�����*�5���

)7����������&��??@,&�9���
����
"��������������
�"���K���������
�������������
��
��
����"�
��
�

�����������"����
�������������%�
��#�����	�
�����
�*��"��"����#���������
�������������&�!�����

��
�
�����
"�����$����������/������%�"�������"��%�
�$����
����������
��
�����
%�[���!%���
���������
�


����
�����
��
���������
�
�"��
��������
����"�
��
%�"��'����
��
�"��"������
�
�������
&�6���
��

��
�"��"������
���
��������������"���������:����������*��"����������%���*���*��
��)2��
	������&���VY,&

6������������������
�������"�������
���������������#�����������	
������*�
��
��
���������
�����
�*��


������#&��������������
���������������

0����"������������
�"��
�������������������#�������
�
�

��
�*�
�
�	
�*����������������#�
�����
"����%���$����
����"��"�
��
�
�������
�*����
���������#�
�� �

��"�
�
��
��
��������Q��&������
��������'%������+�������+����*�������������������
�*�
��������
�*����������

����
�
 ��
��
�
% � ����
 � ��
 �
�
�
 ������+�
�
 � ���
 ��� ������� � ������
����� ���� � �� ���������� �
��

22



Introducció general

���������"��
����������������	
��������
�����������&�!������
��
��������Q��������������0
����	���

���
��
��%�"�������"��%��
�*����
��*�������������������
������
�������������������?�����?��+�
��

����������������+�
����������
������
��)����
����������,�)���
�������&���Y�,&�1����������
�%��
��
�
�

��"����
�����'���
�
��������������
��
������#�
��
�����������������"�
'"������
������/��������$���

�����'
��������������������#�����������
��U&???���������
�
�����������)�%����?4U��+,�"�������������

	
�
���������"���
�
����
�����������
"�
������������"���������
������
�����)g��

���+��??�,&

L��������% � � � �����*�
� ��
"���������� � � � 
��
�������� � ��� � ���+��4$� � ��� ������ � ��������� � "�� � "��� � 
��
�

���"�
��
�����+����
�
����
���
���
����������
�����$����
�����*�����
�)F�
�������&��??R,&�����

����
�����
��
����������
�����
%� ��������
�����"������ ��
���������
����������������������������
��

"��+��
�$���
��� ���������% ��"������ ����
���
�����
����� ����"��+��
� ����
���
 ������+������
& ����

���������������
���������
�
�$���������Q�����������������
��"��+��
�	
�
�*��
�������
�����������

���"�
� � ������� ������� ������& � L��
 ��� �������% � ��
 �"�����"��
 ��
�����+��
 �������Q�
�
 �
#� � ��
�


�+P���
;

� (��������1�
�#�������4���������������
�����"�
����������
�
#��������Q�
�
�"���
�����������

��������������������������"����������
 �"�����
� ��
����
& �������� �
��� ���������������

"�
����
�
���0

��
��������������"����
�
�����"�����#�
�����"��+��"�����
���4�����
����������
�

��������Q�� � �% �"�� � ����% � �����
� �
��
 �
��
�������
������
�
������� ���
� �������� � � � �� �
�����

$������)2��
	���VR,&

� 0�4���� � �������% � �� � ��� � �� � �������� � 	
 � 
�"�
���
� � �� � ����"�
 � ��� � ����(����� � 
��

��"�����4�������+��������������
���
�*�
�
�)F�
+J�/������&����?,&

� 0��-���#���3���%��������
�
�����������"������#�
��������*�
������������
�����������"�������


��
��������������������Q���#���������
���
����������
�)k��Q+���������&��??V,&

� ���������1�
�#�����G����
��%����������
���
���
�
#�������
������������
��+�����
�������Q����

�����������������
�������
�"��
�������"�
��
�
���
����*�����
�)F�

���������&��???,&

23



Introducció general

!	$	�;�����������������4)
����������1������������������

���������	
������	��


���������������������)�������
��"�"���������BF�
���������+��B%�
�+���������"���������
��������*�%�

����
�����
�����������������������
�
�����������
�����"�����������	
��+��
�
�,�	
������"�
'"����


�������������������
���)
����������9�"$�"/�����,�)��+�����&�,&�!��
������+���	
������0%��������������

�������Q�%����	
�
������������������0%������'����\������������������������
�����0���&�!
��������
����

��
�����"�����+%��������
���
���
��*���$�����
���
��/
����YV��
"����
�*�+����
�
�������
�����'���%�

���������� ����#% � ���
�(�% ��� � ���% ��� ����� �
������% � �����'
� � �
�������
�"�����
�
�� ��� ������� �
�� ��
�

���+�����
�
& � 1�+�� � � � ����
�� � *��
�������� � "�� � � � �� � ��*�
�# � 
� � ������
 � 
��
"����
 � *�+����
�


�������
% ��� � ����������� 	
 � ���
�
���
� ��
"���� �
� � ��
� � ����
������� � "�� � ��\�+����Q���# �!���"�� � ��

��
�����0����"��������������#�
����
�������
�)!��\,&


������!	$	��������������������
������
�
�����*��)9,%�"�"��)�,����
����)2,&

����
�����$�*��������������
��"�"�%��������
����������&�!�
��
���
%���������+����������"����*���%�


��"��������
����� � ��
���������
 �"�
������
 ��� ������+�����% � ������ �����0����
�����*���� �
����� � ���


�+��������)���
������
�,���
�����������������"�
��%�����
��0�
�"�
���
��������*��
�
����
������
�
��

���"�����&�!�����@������
��
�
�
"�	
�
�����"�
���)
�"�����%��

����������%�
��������"�������,%��
�

"��
�����������
�#�
��
���
&���
����*�
�
�����������
����
�"���
������
�
�����"������
�������W����U�


��
%������
����������"����������������
��
��
��"�"����
���������%�
�
"�	
�
���
�������U�
��
%�������

��*� � +�������# � 
��
���
& � !� � ������ � 
� � +���������
 � �����
 � 
�"�� � �

���������� � 
� � ���

���"�������%�"�
���������������
���*���������
���+���
��	
����"����
&

1�
�
���"�������
��
��
�����������"�
���#�
��������������
��������������������/���VU�)��
����������&�

��VU,% � ������
�
 � �
��
�
 � $�� � �
��� � ������Q��
% � �"������ � ����
�
 � ��"������
 � � � �� � ���"�
���#�


�����
�����
���%�����
�"����������
�������:��
������
���������
���������
���+���
�+��
��"��������

����������Q���#�
��
����"�
��
�)��H�Q������&��??Y,&�!�������%�$����
�����
���������
�*�������"�
��
�


�������
% � 
��� � �� � ���
 � ��
 � ��
�
 � ��(������� � �������� � 
� � )1��,4�%��4�����
���
����� � ))1��,4�%��4

24



Introducció general

�@;\9�,&�!�������
�
�����
����������Q�
���������
�����
�%����	
�
�����
�����������(�������%�
�$���

�
������������
�������
�
��)���,4�?%��4�����
���
������))���,4�?%��4�@;\9�,%�)1,4�4�����
�������))1,4

�4�@;\9�,% � )�,4��4�����
������ � ))�,4��4�@;\9�,% � )1,4��4�����
������ � ))1,4��4�@;\9�, � � � �����
�����

)�@;\9�,%��������"��"����#��WV;�@;��;��;R;��)�������&�,&

������!	!	�2��"�
���#�
��������������
���������������&�!�
�*����
������
���
����������

�����
����
����������������
"������� ���"��"����#�
��
�
�������
����"�
��
�������
��
��������������)��H�Q������&��??Y,&

0��4����� �����
���� H

)1��,4�%��4�@;\9� WV

)���,4�?%��4�@;\9� �@

)1,4�4�@;\9� ��

)�,4��4�@;\9� ��

)1,4��4�@;\9� R

�@;\9� �

O��
�����������%���
�����
�
�
��������������������
�� ��
�����
�$�*������
������ ���������Q���#�
��

"�
����
�
���0

��
%��������������"����$���&����"�����#�
����
�
������
%�"��'%�*������+�������"��������

*������ �
�����"�
��
�������Q��
% � ��������������
���+�����
�����
� � �"�������

�
�������
%������������

���"
�����	�*���
������������
����
���
�
����
��%�"�������%�*���"��
���������*�����)9��4!�4>$������

��& ���YR=�8

�������&���Y@,&����"�����#�
�����
��
���
�
������
%� (������������������*�
������������


��
�"�
����
�
�$������*������������
����������*�
����/
�����*�
�"��������
�����$�������������
��

�������&�!����+���
���+���
%��������]�
��%����"������#�
����"��X����
��������
��������Q�
�����������

�����������
���

��$������+�������������"�
����������+��
�������
�)$��";ffJJJ&�""�&��+�4�9����
�,&�

O���	�$���
����������Q�
����������������'+��������"��
�
��
��������
%���������"��0
��
%����+
���*���
�

)-�����������&���Y�=���*��������&���YU,&�����������������������Q���#�
����������
���������������
�����

"��+�%�����
����
��*�����+�
�����"��
�����	
�����������"��������(��������
��������������))1��,4

�%��4�@;\9�,����
���������	�
��"���
���������*�
����"����������������������"�)2��"���������&���V@,&�

1������ � ���
�% � �� � �� ��
��
� � 
� � ��"���� ���

�*�% � 
�� � � � ����� � ��� � ����"�
 � ���������
 � ����

������������
������
�%��
�*����
��*������������
����#�
����������
��"����������
�
�+��������������


�������
�#�"��������������������������������������(�����������
����#�
�����"��+�%����������"�����

25



Introducció general


����
���
�"�'"�������
����)1�J�$��������&����W,&������
����%������+��������
�
���
�����
�
�+����

"������
��
�"������������ ���������Q���#�
����������
������ ���������
�����
���"��+�%�����������


��
��
�
�
�����"�������Q��
��������
����
�����
#���
��

�
&

�	
�����0�
����������
�
�����
����
"�����������"��+�%���������������$���
����������Q�
�����������
�
�

�������
��������
"�������
���������������#�
����"�
'"���
�"��+�&����
�*������"�����#����"��
�����

�����
��
�������"��������
�����$�����������
�*�������������
�����
�
��������������
�0�����
�����
�% �

"�
����
����������������+�������#���
��W�
������
&�>�0���
�����������#�
�����
����"�
'"����������

��
���"���
�*��
�
�+��"
�
���������%�
�$���
�������������"������
�"��+��

�
�������������������


����������+���
�����
����
"����%������������
��P�������#�
���������
���1�9���������)��+�������

��& � �?��,� � � 
�� � +������
�� �+����� ��������
��� )��+�� ��� ���& � �??R,% ����
#
 �����
����
 �"���

>���
��"�&

��
	��	
���	�������


1����������������������� ��������������%� ������ ��������������
�� )��B�������
���
��������
������B,�

"�����/��������������������
���)
����������9�"$�"/�����,�)��+�����&U,&�9���
���������
���$�����������

��0����
��������������
�����0���%��
������4
��"�����
���+���
������������
��������
������*��
��������

�����
�*�&


������!	'	��������������
�������
������
�
�����*��)9,%�"�"��)�,����
����)2,&

����
�����$�*��������������
�����*���������������
��������/�&�9�����
�����"����*���%��
�����
���������

"�"�%����"�������������������
�����
�������������
����&���
��������
�
�����
����������
����%����

��"������
�
�
%�
�"�
�������
���
�����
������
�
����
������
��	
�(�*�
�
�����"������"�������
��
�����

�������������*��+�������#�
�����*�
%�����"����������
������������/��"�������
�����"�������������

����������'+��&�!���������
��+���������
��������������������������
�"���
�������+�#���"���*����� �

������
��
����
�
�
��L���:�������
�
����������
���%����
������������
����!�����������������������

)9���(�
������&��??�,&

!��"��������������
����
����*�
�
#����
������
�����"����+��������
���
�
��
�����$�������
�����&�

��
����������% � �
 � 
���+����� � �� � ��
 � 
�"����� � � � � � �� � Q��� � 
� � ��
 � �����
% � ������ � +������
 � ����

26



Introducció general


�
�����������������
��������/�%�
�������������"��������
�
����
������������+�
��
����
�"������
&

���"�����������
����
������
��
����
�
������
�����
���������������
�+P���������
��������+�����%��	����

�0����
�����*�����
���������
�+�������%������������0�
��������
����
�
�+P���
������
�
�����$�*��4$��

�����
���#�)������
�_���Q�����
�����,&�

O����������
���
����������������&�%�������"�
���#�����������
���������������
���
�0������
��"���

����������"�
��
;����������
��)1,4��4$���
�������))1,4��4�R;\9�,%����)1,4��4$���
�������))1,4��4

�R;9�
,% ��� �)[,4��4$���
�������))1,4��4�R;\D,% � � � ���������
��
�
���� � )��;\9�,%��������"��"����#�

R�;Y;Y;�W�
�+��
���Q�����
 �)��Q�����
���Y�,� ��VV;�?;Y;W%�
�+��
�-��
������& �)-��
������&�

���V,&

������!	$	�2��"�
���#�
��������������
���������������
�&�!�
�*����
������
���
����������
�����
����
��
�������� � �����
"���� � � � �� � "��"����# � 
��
 � 
�������
 � ���"�
��
 � �� � �� � ��
��� � ���������& � ��������
�������%����"�
���#�
�+��
���Q�����
�)��Y�,% � � �
�+�����������%����"�
���#�
�+��
�-��
� � ����&�
)���V,&

0��4��� �����
���� H

)1,4��4�R;\9�
\

\
R� VV

)1,4��4�R;9�

D

\
Y �?

)1,4��4�R;\D \D
Y Y

��;\9�
\

\
�W W

6���
����
�
���������
�
�����������
������
�����"��+� ��������������
�� 	
������*��������������
����
�

���*�
�
���������"����
��
�$��������#&�9���%����"������#�
��"�
����
�
���0

��
�$��
�������������
������

��
����"�
�
�����������#�
����
� ���*�
%����������������������
��
��
������������
�"���
��	
�

�������
�
�� ���"�����&�1����������
�%��� � ����+�"����
����������	� ����� ��� ��
��
��"�
�������+����


����

�*�
 � �"��������
 � 
� � ����
������
�& � �� � ����� � ������*���� � � � ��
 � �*�
���
 � �����*������
�

�������'+��
�
�����
���"�0������$���"�����������������
����������*�
�"��������������
�����
���"��+��

���������
�������
����������
���
���
�
����"�
����������)���*�
�������
����
��
�����%�������#�
��

������
%����&,���
��������
��������
&

6���
����
��������+��
������	
����
���
������$�����+��������
�"��+��
�
��������
����������+�������

	
 � �� � ������Q���# � 
� � "�����
 � ����
+������
% � ��� � "��
������ � ����
������� � 
�� � ������� ����������

�	�����
����� )����+�� � "�"�������� � ��� � B���� � 
� � ���� � ��B, �)����
�� � _ � k����� � ��Y�,&�

27



Introducció general

1�
��*���"�
��������������������"������
��������"�������
������������ ���"��+��"��
�5
��"�����
�

���*�
�
��)��������
����)3���I������&���YV,%�����
����������+���$���
�����"����
�����������������

��������
��
�������
�"��+��
�
��������
������ �)��

���_�-$�������??U=�1��I��������&��??U,&����

��
����%�
���	���������
����������$���
����0�"����������"���������
�!!66%����
�*��������Q���#���

!���"��$���
�����	
�������
�%�
�+��%�
�������%����������������
��������
�����
+����
�+�������������

"������#& �9���
� ������% � (�������� � ��� � ���"�����# �
��
 � "�����
 � ��
����
 � ��
�
����
 � � � �� � �������

)��>��+$�/������&�����,%�*������*������������Q���#�
����������
�����0��+
�
����������
�"������

��������
������
�����"��+��
��������
��������������������
�&�

!� �"����� �����
� �������Q�� � ��� ��� �
� ������
�# �
�����% ���� �*� ����
�
��� ��� � ���"������# �
� �+���
�

���������
�
�����������
���������)������
����
��)1,4��4�R;\9����)1,4��4�R;\D%��������"��"����#�

�?;�?, ����� ����(����� �
��
��������� ��� � �������� ������ ���
���
 � � � �������
% � � ��*���� ����� � �� ��'"����

)9���(�
������&��??�,&�6���
�+�����
�����+���������Q�
�����������$���
�������"������#�
���0��+
�
�����

���������
�� ��"�
� ��������������������� )OL�2, ����
�
"��
�
��
� ��"�����
 �"�� ����"�
��������&�

9���
�
����"�
��
�$���
���
�������������������*�������$���
����
����
��
����
�
���
"��
����
�
���

��������
���
������"������������������(�������%�
����������
�����"���
�
�������������"��*������

���������������
�������
�#&�!�
��
��
�
�������Q��
����
�������������
�������������*�����"������
����


�����
�
����"�
��
�����������������������
�"��+��
�
�������
�������)-��	������&��??Y,&������
����%�

��
����������
�
��"��
���������

0���
�"�����"��
���� ���������
#����������*�
�
�������"�����#�

�����������������
�����������������Q�
��������
�
�����
������"��+%�
�++�������������

�����
�����

�"�����Q���#�
�����
������
�&

28



�����������������������������������������������������������������%;J�0�"B=





Objectius

$	�%�&�
����

!�����(����
���������
���"�
��
���� ���"��
���� ��
� �
������� � �������"�����(�������"�����
���������

����������� � 
��
 � ��Q��
 � ��� � "������"�� � �� � �� � ��������
�� � ���������& � !�
 � 
�������
 � ��Q��
�

��(�����
��
��
�����
�����������
�
����
�
������
����"�
�
��������
����
�����������%�������
���Q��
�

��
"��
����
�
�����
�+��
���#�
��������������
�
"�	
�
�$�*�������*����������"������������&�

9�"������
��
�������
���
���"�
��
�����������
����#�+���������
��
�����
���"�
�������
������
������
�

�
"��������
�)�"�����
�@&����W&��
����������,%���
���(�����
��������
�"�����(��
�*���
�����
�
�+P���
;

�& 8
����������#%���"��

�#������������� ������������Q���#����������
�������
����
��
�0��

�

+��

�
�
�����+�0�
��������������
����������������������&

�& 8
����������#% � ��"��

�# � ����������� � � � ����������Q���# � �������� � 
���� � ����$�� � �������

����
����
��
�����+�0�
��������������
���������������&

U& 8
����������#�
��"����5��
���������*���������������
����
�������
���"�
'"���
�����������������

�������������
�&

@& 95��������
�� ��1�9�
���������� ��
����
�
��������
 �
��
 � ��"�
'"���
 ���� ����������� � ����

����������
�&

W& !�"��

�# � ����������� � � � ����������Q���# � �������� � 
� � �������� � �
����
�
 � �������
 � 
��

��"�
'"���&

31





�����������������������������������������������(���9"�6�"�(K�%.�=





Material i mètodes

'	�(�����������)�����

'	!	�(�������

'	!	!	�"���
���
!�
���
�*�
�
�
�����
"���� ��������������� *���
��������+��
����(��:�����������������������������
�����

���'����������"��"�������������)L����0
���YR,&

!�������
�
����������
���
��������
��������������������
�%���
���
����
�*���
���"��"��������
����

�
��
��
��"�"��"������6
�48FO9�)����
�,&���
�"�"�
�*���
���
�"���
�
���������#�
���
���&�!�
�

�
���
�����+��
%�
�"����
�"���
���
%��
�*���������������Wm2�������@?4W?p�
�$����������
����
���
��

���
�*��������Q���#&

'	!	$	�L�
����

�������	
�	����
���

"2F884O\�\

!��*������"2F88�)8�*����+��,��
�0�
�

��/���"������������+��
��"��
����
�
���"��������#�"����2F�

)��+����U&�,&������+���
����"������#�"62�"��������������������*����������
���'"��
��������������
�����

���X����&�1����������
�%���������
��������+���K���"����
�0�����+����������
��
���+���
�����
�����������
��

�� ��4+������
�
�
�& � 9���
�� � ���������
���� � "����� � 
���������� � �0������� � ��
 � ����
 � ��� � $���

�����"���� �����1�9%�
��
 �����$����
��� � ������
�
��������
 ��������
& ����� ��� ����� �� �������Q���#�


�����
��
�
�����
����
����+�
�+���"�

����%� ������������X��������"��
��$��
��
���
������*��������


�������� ���
���� ��4+������
�
�
�&�!����
��������*����������
����������$�+�������"�������"�1�9�

������% ��� �+�� �2��1�� 
�� � *����� ��
 � ���
���0% �"��"��������� �� � �� � ���X���� � �� � 
�������� �
� � �� ��4

+������
�
�
�������������������$��������0�"������������Q������+������
������
�
��
�
���*��
&�!�������
�

��������% � �� � +�� �2��1�� 
��0 � ��������"�� �"�� � ����
� �1�9� ��
����% � �*����� � ����"��

�# �
�����
���


��������%�
��
����������������X�����"��
�0�������*����������'����������������+������
�&�����

���#�
���


���*�� �
�� �� �+������
��W4�����4@4�����4U4��
����4�414+������"����'
�
�)N4>��, ��� ���
� �
��������%�

"��"��������������������#����*������������
����'���
�������"�������"��������������Q��������������%�

��
����������������*������4+������
�
�
���
�0��������������%�"�������%���"����+�����
��1�9�$���
����

��
��������*������)6������������&���RV,&

��������
������"��������+����
�
���2F����*�������
�0���������Q���������	���������
����)O,������������U��


� � ��
�
���� � 
� � ��
 � ��
���
& �9���
�� �O � 
�$����
��0 � ��� � ���
���
��� � )9, � ��� � �� �O�� � 1�9�

35



Material i mètodes

"�������
� � ���+��� � � � �������� � U� � 
�� � ���+���� � 
� � 1�9 � �� � ����� � 
� � ��
� � ����� � 
�����+���#&�

9

�����������%�� �"�������
������������ ������+���#%����*��
�#�"2F884O\�\�����	�������"��
�����
��

��*�������������
�������������U��
����
����
���&�6����"�$����
���������+�����
��1�9�"��*������
��

����2F%������"��
�����
���������Q������������#�
���������:�
��
������
�'���%���������������"��
�����
��

���+���#�
���*�����������"��
�����
���2F�)-$��������@,&


������'	!	� ��"��
���*������"2F88�)8�*����+��,�)�
������,���
��+�����
���
�
�����
�����+���#�O\�\�
Of9%�������������
"��
�����
���������Q�������������#�
�����
������
�'����	
�������"��
�����
�&

�������	
����������	��	��
����

3������">!N

!� � *����� � ">!N � )�� � �� � ��
 � 
�����
� � �������% � ">!N4@O4�, � �
�0 � 
�

��/�� � "�� � � � ����"��

�#�

������������
��"����5��
��� ��������% ��
"����������"����������
�����$���
��
���"�
�����������

"�������
�
&�)��+����U&�,& �2���	�����"����5���
����
�#�)�������
����
%� ���+������#�-4����
����
�%�

>-O,%����+���
�����������
�0�
�����������������W��
���+���
�����"����5���
�������
%�����$���0�
��
�� �

��
�������������������"�����
���������&�!����
������	
�����"��

�#�
�����"����5���
����
�#������
��"���

���>-O������"����5���������������
�������
&����>-O�������	
����*������������������"��+������� �


��������Q���#�
�����"����5��������������������+�
�%�
��#��������	
����"���������
�*��"���������#�

���(��:��� ������������+����� �
��������� � �����������Q�
��������� ��������� ��������� ��� �+������#&�

����"��

�#�
�����"����5���
����
�#����������>-O������"����5���������������
�������
��
�0�
�������

��������
���"������� ����%� ��
�5�����������+�����'
�
�8�O>&�9��	
%����*��������"��

��
��������

���
������*�������"��

���
���"������������)2��8�,%��*������������"��

�#���
���
�����"����5������

��
������
�8�O>&

36



Material i mètodes

Figura  3.2. Mapa  del  vector  pGEX 
(Amersham)
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Figura 3.6. Mapa del vector pESC-URA (Stratagene)
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Figura 3.7. Mapa del vector pYES (Invitrogen)
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Base de nitrogen (Yeast Nitrogen Base, SIGMA) 0,67%
Galactosa 2 %
Casaminoacids (BactoTM Casamino acids, BD) 0,1%
Sulfat d'adenina 40 mg/L
L-Trp 10 mg/L
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Figura 3.9.  Esquema de funcionament dels sistemes de Clontech (esquerra) i Ambion (dreta) per a 
l'inserció d'una seqüència coneguda a l'extrem 5' del cDNA.
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separar per centrifugació a 12.000 g durant 5 min, i la fase aquosa es va transvasar a un nou tub. 

Aquesta fase aquosa va ser rentada amb 150 μL de Cloroform, seguint el mateix procediment que 

per a l'extracció anterior.

Finalment, a la fracció aquosa obtinguda s'hi van afegir 150 μL del tampó Binding Buffer del set de 
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purificació de DNA plasmídic  High Pure Plasmid Isolation (Roche) i  la mescla resultant va ser 

carregada en una columna amb resina d'intercanvi iònic del mateix set (Roche). Després dels 

rentats  indicats  pel  fabricant,  el  DNA va ser  eluït  amb 100 μL  d'aigua  ultrapura  autoclavada. 

Finalment, 5 μL d'aquesta solució van ser transformats en 50 μL de cèl·lules electrocompetents, i 

el plàsmid es va extreure segons el procediment indicat anteriorment.
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Taula 3.1. Oligonucleòtids utilitzats en la identificació de la reductasa SlitFAR1
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Taula  3.2. Oligonucleòtids  utilitzats  en  l'amplificació  dels  extrems  5'  i/o  3'  de  les 
seqüències d'esterases que van aparèixer incomplertes en el banc de cDNA antenal.
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Directe Revers

REDUCTASA DE S. LITTORALIS

SlsFAR1 CAGTGGTCATTCATTCAGCA GATGAGGTCCACCACATGAT 54 26

ESTERASES DE S. NONAGRIOIDES

SnCXE2 AGGTCTCAGTCACAGTATTT TGAATAGACCCTTAGACATC 56 34

SnCXE3 CGTCACTCAGACCGCTTGTA GCAGTGGTATCAACGCAGAG 49 29

rpL8 GAGTCATCCGAGCTCA[AG]
[AC]G[AGCT]AA[AG]GG

CCAGCAGTTTCGCTT[AGCT]AC[CT]TT[
AG]TA

50 35

ESTERASES DE S. LITTORALIS
SlCXE2 GAGGGACGGGAAGGGGCC GGGCAAGTTGTCGAAGAA 57 32

SlCXE3 ATGGTGGAAGTTAAAGTGGAACAAGG
A

GCCGTGTGGGACCAGGAAGTC 55 28

SlCXE4 ATGCAGTGGCAGACGTGTGTGTTA GATCATGTCTTTTGTGTCCAACAG 55 30
SlCXE5 ATGTTGTACGCGCTGCTGTGTGCA TGCATATCGTATCCCGCGGTAAGC 60 27
SlCXE6 ATTCCTTGGTCCCTATG CAGCGATGGTGATTTGATTG 57 29
SlCXE7 CCGGTGTTCCCATTTCCCGAA ATAAATATTATCTACGTTAGTAAAGTTAAG

TTGTCGAGC
60 30

SlCXE8 TGTGGTAAAAAGTAGTTTTATTTACGCT
CTTC

TTTCCTCCATTTCCAAGAACGTAAGC 57 39

SlCXE9 ATCAATGACTTTACAGCACCGGGTAAT
TGT

AAGAAATCGAGGTTGACCTTCAAACTCA
AC

60 35

SlCXE10 CGGACGACCGGTCAGTTGTA TACCAGGGACCAGCGTGTTG 65 35
SlCXE11 CACTGGGCTCATAAGATAG AGGTGCATTATGTTTGGAAA 50 30
SlCXE12 GAATTTTTTGGTGGCGATC CTCCAATTCGCAAGTTTTC 50 30
SlCXE13 ATGGACTGCCTCAAGTATAGGCC CATCAAGTTGGACAGACTGG 50 30
SlCXE14 AAAAAAAAGAGACCCTGTGGAGGTT CTTTATGCGTTATATTTTTACCATCCA 50 30
SlCXE15 ACTCCCAAGATCCCTGG AATCCGACCCAAAATATCAATGTATA 50 30
SlCXE16 CGCCACCAGCGCCAC GGACTGCCGCGCCGC 50 30
SlCXE17 AACATGATCTTCTACGGCCCG CTTTCTCCAGCAGCTCG 50 30
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Material i mètodes

Continuació taula 3.3

Nom Oligonucleòtid directe Oligonucleòtid revers T C

SlCXE18 ACTAGGAACGTTAGGGTTTCTTTGC CATCCCTTCTTTACTAGTTGTTCCATA 50 35
SlCXE19 ATGATCCGTGTGTTTGTATTGTTATTG GATATCTGCAAGAATAATTTCTTCTCTCAT 45 35
SlCXE20 GCTCCTGACGGCACGTACCTA TCTGGCCGATGGTCTCCATT 65 35

PROTEÏNA RIBOSOMAL L8
rpL8 GAGTCATCCGAGCTCA[AG]

[AC]G[AGCT]AA[AG]GG
CCAGCAGTTTCGCTT[AGCT]AC[CT]TT[A
G]TA

50 35
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Figura 3.10. Procés de formació d'una placa viral en la monocapa del cultiu.
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Taula 3.4. Volums de tampó utilitzats en l'extracció (per unitat 
de teixit).

S. nonagrioides S. littoralis

Antena 1,1 L� 1-2 L�
Cervell 1,5 L� 4 L�
Espiritrompa - 2 L�
Pota 2,2 L� 5 L�
Tòrax 100 L� 200 L�
Abdomen 200 L� 500 L�
Ala 5 L� 7 L�
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Figura 3.11. Esquema del capçal d'un disruptor cel·lular. A: 
entrada de la mostra, B: pistó i vàlvula, C: zona d'impacte, 
D: camisa col·lectora, E: sortida de la mostra.
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Taula 3.5. Composició dels tampons de lisi per als diferents llevats utilitzats.
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Concentracions finals

GEL SEPARADOR GEL APILADOR
Tris-HCl 375 mM pH 8,8 125 mM pH 6,8
Acrilamida/Bisacrilamida 10% / 0,3% 4% / 0,1%
Persulfat amònic 0,1% 0,1 %
��(�. 0,02% (v/v) 0,03%
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Figura 3.12. Diagrama de l'electroforesi bidimensional a partir d'una electroforesi en 
condicions no desnaturalitzants.
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de marcador de pesos moleculars, el sistema va ser recobert amb una solució d'1% d'agarosa i 

0,0025% de Blau de Bromofenol en tampó d'electroforesi. Un cop solidificada l'agarosa es va dur a 

terme l'electroforesi segons el procediment habitual, descrit anteriorment.
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                     10        20        30        40        50        60
                      |*        |         |         |         |         |
BmorFAR      MSHNGTLDEHYQTVSEFYDGKSVFITGATGFLGKAYVEKLAYSCPGIVSIYILIRNKKGS
SlitFAR1     MVVLTSKEKSNMSVADFYAGKSVFITGGTGFLGKVFIEKLLYSCPDIDKIYMLIREKKGQ
HsapFAR1     ----------MVSIPEYYEGKNVLLTGATGFLGKVLLEKLLRSCPKVNSVYVLVRQKAGQ
MmusFAR1     ----------MVSIPEYYEGKNILLTGATGFLGKVLLEKLLRSCPRVNSVYVLVRQKAGQ
HsapFAR2     ----------MSTIAAFYGGKSILITGATGFLGKVLMEKLFRTSPDLKVIYILVRPKAGQ
MmusFAR2     ----------MSMIAAFYSNKSILITGATGFLGKVLMEKLFRTSPHLKVIYILVRPKSGQ

                     70        80        90       100       110       120
                      |         |         |         |      *  |         |
BmorFAR      NTEERMRKYLDQPIFSRIKYEHPEYFKKIIPISGDIAAPKLGLCDEERNILINEVSIVIH
SlitFAR1     SIRERLTKIVDDPLFNRLKDKRPDDLGKIVLIPGDITVPGLGISEENETILTEKVSVVIH
HsapFAR1     TPQERVEEVLSGKLFDRLRDENPDFREKIIAINSELTQPKLALSEEDKEVIIDSTNIIFH
MmusFAR1     TPQERVEEILSSKLFDRLRDENPDFREKIIAINSELTQPKLALSEEDKEIIIDSTNVIFH
HsapFAR2     TLQQRVFQILDSKLFEKVKEVCPNVHEKIRAIYADLNQNDFAISKEDMQELLSCTNIIFH
MmusFAR2     TLQERVFQILNSKLFEKVKEVCPNVHEKIRPISADLNQRDFAISKEDVQELLSCTNIIFH

                    130       140       150       160       170       180
                      |         |         |         |         |         |
BmorFAR      SAASVKLNDHLKFTLNTNVGGTMKVLELVKEMKNLAMFVYVSTAYSNTSQRILEEKLYPQ
SlitFAR1     SAATVKFNEPLATAWNVNVEGTRMIMALSRRMKRIEVFIHISTAYTNTNRAVIDEVLYPP
HsapFAR1     CAATVRFNENLRDAVQLNVIATRQLILLAQQMKNLEVFMHVSTAYAYCNRKHIDEVVYPP
MmusFAR1     CAATVRFNENLRDAVQLNVIATRQLILLAQQMKNLEVFMHVSTAYAYCNRKHIDEVVYPP
HsapFAR2     CAATVRFDDTLRHAVQLNVTATRQLLLMASQMPKLEAFIHISTAYSNCNLKHIDEVIYPC
MmusFAR2     CAATVRFDAHLREAVQLNVTATQQLLLMASQMPKLEAFIHISTAFSNCNLSHIDEVIYPC

                    190       200       210       220       230       240
                      |         |         |         |        *|         |
BmorFAR      SLNLSEIQKFAEEHYILGKDDDEMIKFIGNHPNTYAYTKALAENLVAEEHGEIPTIIIRP
SlitFAR1     PADINDVH----QHVKNGVTEEETEKILNGRPNTYTFTKALTEHLVAENQSYMPTIIVRP
HsapFAR1     PVDPKKLID-SLEWMDDGLVNDITPKLIGDRPNTYIYTKALAEYVVQQEGAKLNVAIVRP
MmusFAR1     PVDPKKLID-SLEWMDDGLVNDITPKLIGDRPNTYIYTKALAEYVVQQEGAKLNVAIVRP
HsapFAR2     PVEPKKIID-SLEWLDDAIIDEITPKLIRDWPNIYTYTKALGEMVVQQESRNLNIAIIRP
MmusFAR2     PVEPRKIID-SMEWLDDSIIEEITPKLIGDRPNTYTYTKALGEIVVQQESGNLNVAIVRP

                    250       260       270       280       290       300
                      |         |         |         |         |         |
BmorFAR      SIITASAEEPVRGFVDSWSGATAMAASTLKGWNYIMYSTGEENIDLIPLDYVVNLTLVAI
SlitFAR1     SIVGAIKDDPIRGWLANWYGATGLSVFTAKGLNRVIYGHSNHVVDLIPVDYVANLVIVAG
HsapFAR1     SIVGASWKEPFPGWIDNFNGPSGLFIAAGKGILRTIRASNNALADLVPVDVVVNMSLAAA
MmusFAR1     SIVGASWKEPFPGWIDNFNGPSGLFIAAGKGILRTMRASNNALADLVPVDVVVNTSLAAA
HsapFAR2     SIVGATWQEPFPGWVDNINGPNGIIIATGKGFLRAIKATPMAVADVIPVDTVVNLMLAVG
MmusFAR2     SIVGATWQEPFPGWVDNLNGPSGLIIATGKGFLRSIKATPMAVADVIPVDTVVNLTIAVG
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                    310       320       330       340       350       360
                      |         |         |         |         |         |
BmorFAR      --AKNKPTKEVTVYHVTTSDLNPISIRRIFIKLSEFASKNPTSNAAPFAATTLLTKQKPL
SlitFAR1     --AKTYHSNEVTIYNSCSSSCNPITMKRLVGLFIDYTVKHK-SYVMPLPGWYVYSNYKWL
HsapFAR1     WYSGVNRPRNIMVYNCTTGSTNPFHWGEVEYHVISTFKRNPLEQAFRRPNVNLTSNHLLY
MmusFAR1     WYSGVNRPRNIMVYNCTTGSTNPFHWGEVEYHVISTFKRNPLEQAFRRPNVNLTSNHLLY
HsapFAR2     WYTAVHRPKSTLVYHITSGNMNPCNWHKMGVQVLATFEKIPFERPFRRPNANFTSNSFTS
MmusFAR2     WYTAVHRPKSTLIYHSTSGNLNPCNWYKMGLQVLATIEKIPFESAFRRPNADFTTSNFTT

                    370       380       390       400       410       420
                      |         |         |         |         |         |
BmorFAR      IKLVTFLMQTTPAFLADFWMKTQRKEAKFVKQHNLVVRSRDQLEFFPSQSWLLRCERARV
SlitFAR1     VFLVTVIFQVIPAYLGDIGRRLLGKNPRYYKLQNLVAQTQEAVHFFTSHTWEIKSKRTSE
HsapFAR1     HYWIAVSHKA-PAFLYDIYLRMTGRSPRMMKTITRLHKAMVFLEYFTSNSWVWNTENVNM
MmusFAR1     HYWIAVSHKA-PAFLYDIYLRMTGRSPRMMKTITRLHKAMVFLEYFTSNSWVWNTDNVNM
HsapFAR2     QYWNAVSHRA-PAIIYDCYLRLTGRKPRMTKLMNRLLRTVSMLEYFINRSWEWSTYNTEM
MmusFAR2     HYWNTVSHRV-PAIIYDFYLRLTGRKPRMLKLMNRLLKTISMLEYFINHSWEWSTNNTEM

                    430       440       450       460       470       480
                      |         |         |         |         |         |
BmorFAR      LSAGLGDSGRAVFRCDPSPIDWDQYLPIYFEGINKHLFKNKF------------------
SlitFAR1     LFSSLSLTDQRMFPCDANRIDWTDYITDYCSGVRQFLEKIK-------------------
HsapFAR1     LMNQLNPEDKKTFNIDVRQLHWAEYIENYCLGTKKYVLNEEMSGLPAARKHLNKLRNIRY
MmusFAR1     LMNQLNPEDKKTFNIDVRQLHWAEYIENYCMGTKKYVLNEEMSGLPAARKHLNKLRNIRY
HsapFAR2     LMSELSPEDQRVFNFDVRQLNWLEYIENYVLGVKKYLLKEDMAGIPKAKQRLKRLRNIHY
MmusFAR2     LLSELSPEDQRVFNFDVRQLNWLEYIENYVLGVKKYLLKEDLAGIPKAKQHLRRLRNIHY

                    490       500       510       520
                      |         |         |         |
BmorFAR      -----------------------------------------------
SlitFAR1     -----------------------------------------------
HsapFAR1     GFNTILVILIWRIFIARSQMARNIWYFVVSLCYKFLSYFRASSTMRY
MmusFAR1     GFNTILVILIWRIFIARSQMARNIWYFVVSLCYKFLSYFRASSTMRY
HsapFAR2     LFNTALFLIAWRLLIARSQMARNVWFFIVSFCYKFLSYFRASSTLKV
MmusFAR2     LFNTALFLIIWRLLIARSQMARNVWFFICPLFKL-------------
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                     10        20        30        40        50        60
                      |         |         |         |         |         |
Aaeg_ChAT    -------MIMHLHPGEQPNHPAGWKDSILSLPKKWLSTSEATDEFGFPEMLPKVPVPTLD
Dmel_ChAT ...VVSNLRGFLTHRLSNITPSD-TGWKDSILSIPKKWLSTAESVDEFGFPDTLPKVPVPALD
Aaeg_CAT     ----------MLRVSRSPLASFRRWKSTTSGDDYQYMQKTRIPMLHFQASLPRLPIPELE
Dmel_CAT  ...TLKLLLMYKGWMYESRAPGSRVSLPTMLWVAVVRVLSSWNKPGLYSFQGSLPRLPLPSVK

                     70        80        90       100       110       120
                      |         |         |         |         |         |
Aaeg_ChAT    QTMTEYQRALQPILTPQQLERARGIIRQFTAPNGLGTTLQQFLLDKRETEDNWAYYYWLN
Dmel_ChAT    ETMADYIRALEPITTPAQLERTKELIRQFSAPQGIGARLHQYLLDKREAEDNWAYYYWLN
Aaeg_CAT     KTCERYLAAQKPLLIDEAFRKTKDNVDRFKSTTGPKLQQLLKKKDAQNKHTSYISEPWFD
Dmel_CAT     DTMTRYLRSVRPLLDDENYTRMERLAKEFEQTIGKKLQWYLILKSWWS--TNYVSDWWEE

                    130       140       150       160       170       180
                      |         |         |         |         |         |
Aaeg_ChAT    DMYMDNPLPLPINSNPGMVLPPRKFTTVNDLARFAARLVDHLVSHKEMLDSGGLAQERAT
Dmel_ChAT    EMYMDIRIPLPINSNPGMVFPPRRFKTVHDVAHFAARLLDGILSHREMLDSGELPLERAA
Aaeg_CAT     -MYLRDRVPLPINYNPLLMMNPDARPEYNDQLIRTTNLVISSLRFMKSLRAHQLEPEVFH
Dmel_CAT     YVYLRGRSPLCVNSN-FYGTDAIFMNLTDKQAARAANVISLLLNFRRLIEHQELQPIMVQ

                    190       200       210       220       230       240
                      |         |         |         |         |         |
Aaeg_ChAT    SRE---------------------------KGQPLCMAQYYRLLGSCRRPGENRDSQYLP
Dmel_ChAT    SRE---------------------------KNQPLCMAQYYRLLGSCRRPGVKQDSQFLP
Aaeg_CAT     MNPAKSDTDTFRKVTSMAPSFVATYVAYAFKAFPLDMSQYQGLFGATRIPETGKDRIYRN
Dmel_CAT     ------------------------------GMIPLCSWQYERTFNTARVPGLETDRIIHY

                    250       260       270       280       290       300
                      |         |         |         |         |         |
Aaeg_ChAT    EQRT----DEHVIVCCRNQMYCLPVKAGDRGRLNEDEIASQVLHVLNDAPCLSRRASRIG
Dmel_ChAT    SRERLNDEDRHVVVICRNQMYCVVLQASDRGKLSESEIASQILYVLSDAPCLPAKPVPVG
Aaeg_CAT     EK------SRHLLVIRNGHMYSVDVLDEAGNIEQPETLLARFKYVLSDNRPP--SDSPLG
Dmel_CAT     RD------SNHIVVLHKGCYYKM-LIYYKGRILRPCELQVQIEEILKGKATPVEGEEHLA

                    310       320       330       340       350       360
                      |         |         |         |         |         |
Aaeg_ChAT    LLTAEPRQHWAKDRKLLLLEEQNARNIELIEQALVLICIDEPIPLTFNARGFNGSPAGAH
Dmel_ChAT    LLTAEPRSTWARDREMLQEDERNQRNLELIETAQVVLCLDEPLAGNFNARGFTGATPTVH
Aaeg_CAT     LLTTENRDTWARIRYHLGEIG-NEKALRTVDSALFCLCLDN-------------GTIDPE
Dmel_CAT     ALTAWNRSKWAEARNTFFSWGVNQTSLRTIESAAFVLSLDD-------------EPFEFD

                    370       380       390       400       410       420
                      |         |         |         |         |         |
Aaeg_ChAT    YCGGRDESNMAQEMIHGGGSEYNSGNRWFDKTMQLIICNDGTWGLCYEHSPSEGIAVVQL
Dmel_ChAT    RAGDRDETNMAHEMIHGGGSEYNSGNRWFDKTMQLIICTDGTWGLCYEHSCSEGIAVVQL
Aaeg_CAT     HPIPMIRD-----FLFGDGT-----NRWFDKSFSLIVSKDGTAGINFEHSWGDGVAVLRY
Dmel_CAT     LARPELLDNFGKKLLHGNGY-----NRWFDKCFTVCVGTNGRVGFNAEHTWSDAAIASHM
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                    430       440       450       460       470       480
                      |         |         |         |         |         |
Aaeg_ChAT    LEGIYKKIDEMPAKEETGSQDHL----PPPERLEWIVRPEIDQRIQEAARNVDKNIEDLD
Dmel_ChAT    LEKIYKKIEEHPDEDNGLPQHHL----PPPERLEWHVGPQLQLRFAQASKSVDKCIDDLD
Aaeg_CAT     FQEIYKETTKRPFVDPSLQPNDVNRGADVVRLIEFKLDDKIRDGIIVAQNHHNAVIDALD
Dmel_CAT     WENLIVDDLVSDGYDETGNTKGTPAFQPPTPTRLTWDLKPCLAQIEEATIDVTKLINEVN

                    490       500       510       520       530       540
                      |         |         |         |         |         |
Aaeg_ChAT    FYVYRYRPFGKNFIKACQVSPDVFIQLALQLAYFKLYGYLVSTYESASTRRFLLGRVDCI
Dmel_ChAT    FYVYRYQSYGKTFIKSCQVSPDVYIQLALQLAHYKLYGRLVATYESASTRRFLHGRVDCI
Aaeg_CAT     MNYMKYEGINKNICKKQRISPDSVMQLGFQLAFFKQHGKFVATYESCSTAAFRHGRTETM
Dmel_CAT     LRILVHQDYGKGFMKKCRISPDAYIQMALQLAYYRDAGRFSLTYEASMTRLFREGRTETV

                    550       560       570       580       590       600
                      |         |         |         |         |         |
Aaeg_ChAT    RSASMEALEWAKAMCQGEGANVTLESDKEEDYSSEANDAKKVTFSIYSRDHLRELFRCAA
Dmel_ChAT    RAASTEALEWAKAMCQGEGANVPLESDREDE-----EESRKVKFSIYSKDHLRELFRCAV
Aaeg_CAT     RPCTMATKEFCEAIERKQSPTSAGE-----------LRAMMDKCSAVHGQLTKEAAM-GQ
Dmel_CAT     RPCTIESSAWVKAM---QNPNTTND-----------ERVKMMQAACDRHQLGYQDAMCGR

                    610       620       630       640       650       660
                      |         |         |         |         |         |
Aaeg_ChAT    ARQTEVMVQNILGHGIDIHLLGLREACREQQGTLHELFTDESYKIANCFLLSTSQVACST
Dmel_ChAT    ARQTEVMVKNILGNGIDIPLLGLREASIEVTGEMHELFKDESYIISQCFLLSTSQVACST
Aaeg_CAT     GFDRHLFGLRHTAQTNDIQLPCIFE---D---P---AYAAINHNILSTSTLSS-PALLA-
Dmel_CAT     GIDRHLFCLYVVSKYLEVDSPFLNEVLSE---PWRLSTSQTPHGQTPKMDLKKHPNCISA

                    670       680       690       700       710       720
                      |         |         |         |         |         |
Aaeg_ChAT    NSFMGYGPVTPHGYGASYNPHPNEIIFCISAFFS-SDKTSASRFARSLQDSLDAMRDLLS
Dmel_ChAT    DSFMGYGPVTPRGYGCSYNPHPEQIVFCVSAFYS-CEDTSASRYAKSLQDSLDIMRDLLQ
Aaeg_CAT     -G--GFGPVVRDGYGIGYNIQDAFLGSVVTSYKP---DRNGREYVDCLRSAYEDIAKVLN
Dmel_CAT     GG--GFGPVADDGYGVSYIIAGENLIFFHISAKTTCQQTDVHRFAQNISQALSDIRSMFE

                    730
                      |
Aaeg_ChAT    -------------------
Dmel_ChAT    N------------------
Aaeg_CAT     NSSPPSK------------
Dmel_CAT     QHMKDHPKPAKSLTNGKST
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0�W���� NRWFDK
0�W.(�� NRWFDK
0�W����� NRWFDK
0�W.(�� NRWFDK

******

0�W.(�� AACCGCTGGTTTGACAAG
0�W����� AACCGTTGGTTCGACAAA
0�W���� AATCGCTGGTTTGACAAA
0�W.(�� AATCGCTGGTTTGACAAA

** ** ***** ***** 

0�W���� EHSPSEG
0�W.(�� EHSCSEG
0�W����� EHSWGDG
0�W.(�� EHTWSDA

** 

0�.(�� GAGCACTCCTGTTCCGAAGGC
0�W.(�� GAACACACCTGGTCCGACGCT
0�W���� GAGCATTCCCCCTCTGAAGGA
0�W����� GAGCACTCCTGGGGAGATGGA

** **  **      ** *  
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Metodologia general: 3.5.2. i 3.6.3.
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Figura 4.2.12. Perfil de creixement del llevat 
S.  cerevisiae (soca  INVSc1)  transformat 
amb  el  plàsmid  pYES-CmAAT1  i  en 
presència de medi SG-U. 
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Metodologia: 3.5.2. i 3.6.2.
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Figura 5.1.1. Fotografia de microscopia electrònica de rastreig de l'antena de 
mascle de S. littoralis (A) i S. nonagrioides (B) (Merlin et al. 2007)
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Figura 5.1.2. Esquema de la composició 
d'una sensila olfactiva.  C:  Cutícula,  CA: 
Cèl·lula  accessòria,  CE:  Cèl·lula 
epidèrmica,  LS:  Limfa  sensilar,  NO: 
Neurona  olfactiva,  PC:  Porus  cuticular. 
(Kaissling 2004)
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Figura 5.1.3. Model  proposat  per  als  mecanismes moleculars  implicats  en la  percepció 
feromonal.  PBP:  proteïna  d'unió  a  feromones,  OR:  receptor  olfactiu,  ODE:  enzim  de 
degradació d'odorants.

O�� � � � �� � "��+��

�
 ��

����
 ��� � ���
��
� �
� � ����+�����+� ���������� ���� � �� �"�

���� � �� �
������#�

���������%���+��
��
"����
�
���������
���"����
%����������
���+����
��"������"���#�
����
�
����


��
��������
�"������
% ��
�����������"��
���
�
��
���������&�1����������
�%�����
�
�
������ ���

"������"���#�
�������
������
�+��"
�
��"����5��
%�����������
��������
�
�"����5��
�
��
�����
�
��

�� � �������� � �������� � )-���% � 
� � 

����� � �
����
 ��
�/���
 � ����
��,% � ��� � 
� � �	 � ��
������

��"������
�"��������
������#�
�����
��/��%�����������
���
�$��������5�����������#����������)F�+��
�

�����&����V,&�

141



Degradació feromonal - Introducció

$����4���	
�	��
������	
��
��
���

��
�"����5��
���
"��
����
�
�������
"����
��������������
��
�����������*	
�
�����������
��
����%�

�������
�
 � +����������� � �������!/������ � ����
���� )\��
, � �
 � "�
�� � 
�*�
�� � �� � 
�
 � +��"
�

������������
��*��
;���
�"����5��
�
����#�����������
�)���
,�����
�"����5��
�
����#����
�����
����

+������ � )>\��
% � 
� � +
�
��� � �������!/������ � ����
���,% � ��
"��
����
 � 
�� � ����
"��� � 
������
�

��������
�*��0���
%�����"�������"�����
�I��������
�"��
�5
�
�"�����
�"�����
&

9��
#
�+��"
�
��"����5��
�
#��
������
�
�"�����
����X����
�����

'���
����
��������$������������

� � ��� � ���*�
� � �����������# � � � �� � ����� � 
��
���� � )
� � ����
�� � 
� � �? � ��% � �� � ������ �&��	
��
��

�����	
���% �)g���� � ��YV,,& �1�+�� � � � ������
0���� � 
� � ��
 � \��
 � � � �� � ����� � 
��
����% � ����
��
�

"����5��
�*���
�����
�"������
����
����
��������
�
�������������Q�
�
�������������
��
���"�
'"���
&�

�����
����%�
�
"�	
�
���	
�
��
��
�
���
�
�
��
��
�%���+��
��
"����
������
���
���������
���


#���������������
��������*��
��&

!����
�"�����
��
��
�
 �
�� ���
��
��
�� ��
����
%��
�*����
��*��� ��������
�������
��
�
��
���
�


����
���#�
�����
��
�"����5��
%��������������������
�#�
���������������
�����
"��
�����
�����

��"����� � ��������������
�� �� ���������� ��������� ��
���
�*����� �����
���#�����
����#�
����"����


�
������������
��
���
��5��
�������������
��*�
�
�
�������������&������
����%�
�*��
�
��
��
�
�

"�� � ��

��0�������+�������������� � )F��,�
��
��� �����������������$���"�
�� �
��������
� � ���

�������#���
�
�"�����#�
�����$����������������������24���������
�������
���%�"��*���
�
�"������

���*��������"D�)����������&��??W,&�-�+��
�����
���������%����
�
���
�
���"D�����
���+���
�"��"���
�

�����������������X������)"��
�5��"��������������#�
��"�����
�����
�"���������
�
��
���
����"�

�
��

��������,%����*�����������������#�
�����$���������%���"��:�
�����������������
�����"����5������$��

��
�
�������������������������%�����
�����
�
"��:�
����"������
�&

!��
�+����
"���������$���
������(�����
��������*��
���	
����
"�����������
����
����
��%�"�������%����


�*��"�

�����"������"���#�������
������*�����
�����"����"��#����������&�9�+��
��
��
�
����������
��
���

����������"����5�����������������
�����������"�������
����
����
�"��������
�*��
�
���������
�


���������������
��������������)����������&��??�,&������
����%��
��
�
��	
�������
�
��
���������

���������� � "�
�� � 
� � ������
� � ��� � ����
�� � �"����� � ���
"���������� � 
�
�"����� � ���� � ���

�����������# � 
� � �� � �������� � ��������� � 	
 � "��"��� � �� � ���+ � 
� � �������������
 � ������� � 
� � ���

��������������������
��
�����)L��
����������&��??�,&

%��������

���
��
��
��
�����"���
���"�����
�������
������#�����������)��
��
�����
����+������,�	
����'��������

�	
���������������
�������
���
��+��"
�
��"����5��
���"����
�
�
������������*���������
��"���	
&�

����
����������#�
���"����������"�����������������������
�)���I�_�9��������,�*��
����������
���
���

142



Degradació feromonal - Introducció

"�������*���
����
����������/��??@&�9���
��
�
���������%� (����������������
��P�������#�
���

+����� �
� �+�����	��� ��
��������
�� � ��� ������ *� ������ � �� � "���� � � � �� � �
����������# � � � "�
�������

����������Q���# � 
� � ������
�
 � "��������
 � ����"���
 � ��������
 � �� � ��
 � ��
����
& � �� � ��
����%�

��$�����+�����������
�����"���
�
��
�����
�
���������
�����
������
"�����
����'��+
������"�
'"���
�

$����
������
����	
�������
�����
"���
�%������
�������
�$����
����������
���������
��������
�������
�*��

�
����������������#&�

���"�������+����
������������
��*�
����������
�����"���
���������
�
������������
���
�����*��
���

���%����+����������������"����������
��
��P������������
�����"���
��������
���"����5���>�)>�2F%�


� �(�����
��������
���
�
�����, �"��
���
������
��������
%���
�����"���
�
��
�����
�
���
����
�

������ � ��� � ���������# � ��*����
� � �� � �� � ��������% � ��� � �������� � 24�������� � 
����� � � � ���
"���

��������X����� � )�"�
�
� �� � �� �
��
 �>�2F,% � ��"�

���������4�� � �� � ���������# �������� �"����5�� �>�

)M��
��������& ��??�,&�9���
�������*����� ��
�"��
����
��"����5���>�*��
�������	���������
�����

��"�������
�������X����
������������ �������������X�����"��
�5��������
"�
���������������"��������

�
�����������"��
������
���$���
��
�
�����*���
������

����#�
��
��/���
�����"����5���>�)-��������

��&��??Y,&������
����%���"�������
���������
��
���������������
�*�
�
�
��+���
��������
���������

������"�
��
��
�����+�������
�)����

0����"�����������#�
�����"����5���>�,�$���
��������
�%���
�����

����������#�
��
�"��
�����������������
"�
����������*��������
���*���
������

����#�
�����
��/���

)g���������&��??�,&

6�� � ����� � 
��������� � ��"������ � 
��
 � ����"���
 � 
���
����
 � ��
"���� � 
��
 � ����"���
 � ��������
 � 
��

�������
�	
��������"��

�#%��������
���
��
"����
��
��
��
�
����
����������%�
����
�+�������"����

"��
�����������
���
��������
��������*�
�
����������&�9���
��
�+�������"����)���������\FYU�����

+���
��������
�� ��\F�������
������
��
"����
�
���
����
,%����������$�����
����������������"����

�
"������%�����
�������"��
���
�����"�����������*���#����������������
�����
��)��I�+�J�������&��??W=�

k��$��������&��??Y,&

9 � ���
"��� � 
� � �	
 � 
�
�
 � ��"���������
 � ��� � �"����� � ��� � ���������# � 
������
� � 
���� � ���

�������������
��
�����"���
���������
������
� ��
����
% ��� ���
����	
�"���
�����"��"�
�� � ���
����

������%������"�������������
��*�
�����
���"���������
%�	
����
����������
���
���%�����"�
����

�������������	�����������"������������'"������	�����������"����������'"���)��+����W&�&@,&�-�+��
�

����
� ���
�� �)D��_�-���$��??Y,% � ���
��������#�"�� ��������*�
��
�
� �
����������
 �
��
�����%�

"��������������������
�����������'������������
�
�
�������
�
����$�����
����&�!��������"�
���#���

����
� ��
������% � ���
��������#�"�������������
�
��
����������
�
��
�����% �������*��������	
����

����"�����
"����������%������*	
�
���+����*���
�"������
��"����5���>%��������������*�����������"����

��������% � ����4�� � ������ � 
� � ����� � �'���& ���*������% � ����
�� �$�"'��
� � 	
 ������� �����

�*������

�
"�������*�% � � � ��� � ��� � ��(�� � ���������# � ��������� � 
�� � "���	
 � "�� � ��� � 
� � "�
�� � 
������� � ���

143



Degradació feromonal - Introducció

�
�����������������"����������������������
�����
������#�
��
�����
������
��������
��������*�
&

Figura  5.1.4. Models  de  funcionament  dels  receptors  olfactius.  (a):  Transducció  de  la 
senyal olfactiva en mamífers. (b) i (c): Possibles models proposats per a la transducció de 
la  senyal  olfactiva  en  insectes.  OR:  receptor  olfactiu,  CNGC:  canal  iònic  depenent  de 
nucleòtids cíclics (de l'anglès, cyclic nucleotide-gated chanel),  AC: adenilat ciclasa. Extret 
de (Nakagawa & Vosshall 2009)
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Figura 5.1.5. Estructura (esquerra) i esquema de l'estructura secundària (dreta) de les 
�/�-hidrolases.

!��������
���
�����#�
�����
�����������
���Q��
�����
������"������(0�
����������*����#�
�����
�

��
�
�
�)��������
��������
������������,%�������������
��*��
�������
��P������"���0���&�6���
�����%�


����
��
��"�������� ��������
�� �"����"�"��
 �>N-N>%�	
� �� � ��
"��
���� �
�� ������ ������'��� ����

���������
�����
����)��+����W&�&R,&�!�
������
�
�
���
�
�
�
���������
�������������)D�
���9
"%���������
�
��

��
�������������
����
�
=���D�
���>�����������
�
�������
���
�����������
����
�
,������������������#�

��+�������������0�����������������
����$�
������
�����-��������������)F�
�����_���������??W,&

146



Degradació feromonal - Introducció

Figura  5.1.6. Esquema  del  mecanisme  catalític  de  les  carboxilesterases  (CEs).  Les  posicions  dels 
residus Ser, His i Glu implicats es troben altament conservades en les seqüències d'aminoàcids.
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Figura 5.1.7.  Arbre filogenètic de les carboxil/colinesterases d'insecte. En vermell, les seqüències 
de Apis mellifera, en verd les de Drosophila melanogaster i en blau les d'Anopheles gambiae. La 
resta de seqüències incloses en l'anàlisi contenen els números d'accés de GenBank. L'asterisc 
indica un valor de bootstrap igual o superior al 50% (Claudianos et al. 2006). (Continua a la pàgina  
següent)

149



Degradació feromonal - Introducció

Continuació figura 5.1.7
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Metodologia: 3.6.6. i 3.6.9.
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                     10        20        30        40        50        60
                      |         |         |    *    |         |         |
Snon_EST1    ----MFITLIFLLLCAVWSSVSAV-------SENVTVETKKGTIVG-----FKNDGYNVF
Apol_PDE     ----MFLKLFIFVATVGLASTA---------DSNPVVTVTQGALQGAWKTSAKGRDYASF
Apol_IE      MFYKLLFCLCIVAAHAGEQDTSKTADCKTHKDEVPIATSQSGVFRGSWMTTRRGRRFQAY
Apol_ODE     ------------MKWIALLSLIVA---NFIHQPSPVVRITSGYVRGR---VSENGKFYEF
Mbra_EST     --MKKYLKSLSSLKLLVLISLWVG---PLVSQPTAPVQL-SGQARGE---VASDGSHLQY

                     70        80        90       100       110       120
                      |         |         |*        |         |         |
Snon_EST1    FGVPYAKVDEGN-PFGNYLDHENFQQPFIANDSSIICPQ---VISKVGGVLQCLRLNIYV
Apol_PDE     QGVPYAIPPTGEYRFKEPQELTSWDGTWNATEPLSACLQYDPFSDSITGNEDCLYLNIHT
Apol_IE      RGIRYAEPPVGELRFQPPKPILYYKDVVDASKEGPACPL--PVPDDYYVDEDCLAINVYT
Apol_ODE     LGIPYGTVEDSN-RFQGPLPPPKWDGIFEAINENTWCPQ-PSVGHIVLGEANCLKLNVLS
Mbra_EST     FGIPYATV--TN-RFQEATPNPKWEGVYDANNEHIRCKQ-RFHPTPDMGDEDCLTVNVYT

                    130       140       150       160       170       180
                      |         |         |         |         |         |
Snon_EST1    PHTANENHPVPVLVWFHGGGF--IFGSANDYGGQHLAKHDIIVITVNYRLGPYGFLCLDD
Apol_PDE     PNISSDA-SLPVMVFIHGGAF--MYGEGSVYDPIYFMDYDMVVITFNYRLGPLGFLSTAD
Apol_IE      PNNKVKK-PLPVIMYIHPGAFYAFTGRSDVAGPGYLLDRDIVFVAFNYRLATLGFMSTGD
Apol_ODE     PVTTKSK-L-PVMVYIHGGCFFSGTGSPFLYGGDFFAENDVVFVGINYRLSVEGFLCLGI
Mbra_EST     PVEPSDS-LRPVMVFIHGGAFRDGSGSPFLYGPKYLVKHGVILVTFNYRLEILGFLCLGI

                    190       200       210       220       230       240
                      |         |         |         |         |         |
Snon_EST1    ESVPGNQGLKDQIGALRWVKEHIGAFGGDPDKVTIAGESYGGGAVDLHLYS-MYETLFNK
Apol_PDE     DVIPGNNGLKDQSFALHWVKNNIKMFGGNPDSITLTGCSAGGASVHYHYLSQLSRDTFHR
Apol_IE      KLAPGNNGMKDQVMAMRWVQRNIAAFGGDPNSVTLAGYSAGSISVMLHMISPMSKGLFHR
Apol_ODE     KEAPGNAGLKDQIAALKWIQENIHQFGGDPKSVTLFGESAGAVSTSFMILSPAAKGLFHR
Mbra_EST     KEAPGN  I  G  L  KDQ  VQALKWVKRNIRVFGGDPDNITIFGESAGSASVSYHLLSPMSKGLFNR
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                    250       260       270       280       290       300
                      |         |         |         |         |      *  |
Snon_EST1    AIIESGSIFTPGFYRHGDDKAAVTLAKHMGHRVRTTRKALEALAKEDPIDVMTAARNLTM
Apol_PDE     GIAFSGSAFDPWAFAVKPVQNANTLASIVGCSSDTSTEILNCLMDASAEDIVNAQNEMFD
Apol_IE      GISMSASPINKEPLPNNFQSLAVKQAQIVNCSTASNQAIVDCLKTISWKVLGDSLPQFFV
Apol_ODE     AILQSGSSLAPWGLQHDPIRRASALVKKFGYDTVDPREIYSIISNRTINELINA-LKYED
Mbra_EST     AILQSGSALSFWALQFEPLKIASLHAQQMGYTTTDPKEIYNLFNNVTADELLSYYVPRKE

                    310       320       330       340       350       360
                      |         |         |         |         |         |
Snon_EST1    R--------LTPCRETRFRRSQHFVTKCINHLNNTDRIKKIPIMIGYNSKEDF---GTYA
Apol_PDE     WK-VKLFSHFTPTIEAA-EVEDAFLNKYPYQAAVDGDMLNVPLITAMNAQEGLYPGAADL
Apol_IE      GG-DPI-GLWGPVVEND-FGQERFLDIQPLDAIRQGRFHSVPHIISQTKYEFFYQ-VFEL
Apol_ODE     KYCVADENIFVPCVENKIDGVEAVVTDYPSNVIKSGNYTKVPMIIGYTDNEGIFFVAADY
Mbra_EST     GDIVESDIIFVPCVEKKIRRVTPFLPDSPYNLITQGKYNKVPIIIGFNSAEGYYFAGKEN

                    370       380       390       400       410       420
                      |         |         |         |         |         |
Snon_EST1    NKQQDFYDNLQDIFSKDLQNNFDVTKSELEKLSDIVRTFYLGSKKIGPE--AMLELSDYS
Apol_PDE     IYLDEIESQWSVVARDLFKYNDTLSSTLWSDVAAKIKEEYFGDETVSED--TFSQLVEAL
Apol_IE      FKNDTLITRMNDDWETAARVSFLLPEKNIRAAANKLKEVYLEGKPVAKDNRTIQGVGGLY
Apol_ODE     GLSIKNNTELNIMRNLQTDLEFPNEWEKNC-TELNIKKHYFS----SYDDDMIMNVVGLY
Mbra_EST     DTTL---SKIDFYKAMPRDLTFPFDEEKVK-TANRLNELYLAGDKITKEKSSLEKLARFK

                    430       440       450       460       470       480
                      |         |         |        *|         |         |
Snon_EST1    SDFKLNFAVEKSVARYMEQGGN-VYKYMFSYIGGSEYQNVTGA-----GAIHTEELKYLF
Apol_PDE     TDRLFIMDIGRLAEIHALKSGQATYVYKYSYRATTSLSNLLANNEEDYGVCHCDDVLHIF
Apol_IE      RDSITSLGVHRMANLMCRHSKHPVYYYEFSYFGDNSHYEDPVTGKP-FGAVHHDDLIYLL
Apol_ODE     SDLHFKFPIILESRMYAETTNQPIYYYLFKYSGFINMPKIISGFAMTGGASHADELFYLF
Mbra_EST     GDADIIYPVLATIDLFLQTTRKPVYAYKFNYDGLLNLAKMTHGFRKSPGATHGDELFYLF

                    490       500       510       520       530       540
                      |         |         |         |         |         |
Snon_EST1    EMTFELKSDE----QRMIRDKMTTMWANFVKFGNPTPEKTPL--LPVTWEPVTGNTRPYL
Apol_PDE     NYPYIDARTDTDLQMIYNLCEMI---YTYASTGTPVMAGSDIEWLPVTSGDSEINYLEIF
Apol_IE      TMSYRFPVIETTSPHSYVIDEMTALWYNFARYDDPNPRGDTPELNSLVWPVMKPDDRKYL
Apol_ODE     K-PRSFPLPQRWLESEM-IKRMVTLWTNFAKYGEPTPRSSRL---PFRWRPSRNTNPTAL
Mbra_EST     S-TLTLPALS---EVSF-IDKFTTLWTNFAKYSDPTPASSSI---SPKWEPAAVEDPRLL

                    550       560       570       580
                      |         |         |         |
Snon_EST1    NIDVTMSMEDHA-YRERMAFWDLFTQKYETKSSCKKMSN--------
Apol_PDE     S-PNSTEMKSSS-DFGRRSFWDNLGIIENKNYNATLIAEL-------
Apol_IE      RIGNKLTVHKNM-FEDRYKVWDELYPIQY------------------
Apol_ODE     VIDSRITTAPMW-EHASVALWNDTYNKYRRNDYGFKNVHIPESIMRR
Mbra_EST     LIDRECSMEPVWGDNEAWRFWNETYALYRRKN---------------
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Metodologia: 3.4.1.
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Metodologia: 3.6.8.
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Metodologia: 3.2. i 3.3.2.
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                     10        20        30        40        50        60
                      |         |         |         |         |         |
Snon_EST2p   -------------------------------------------YAQPPVGKLRFKAPQPP
Snon_EST3p   ---------------------------------------------QPPVGDLRFKAPQPP
Snon_EST1    MFITLIFLLLCAVWSSVSAVSENVTVETKKGTIVGFKNDGYNVFFGV  P  YA  K  VDEGNPFGN
                                                      (1)
                     70        80        90       100       110       120
                      |         |         |         |         |         |
Snon_EST2p   LPWEGVRKATEHGPKCPQKCIFTEAIIPGSEDCLFLNVYSPDIMPAS-PLPVIVFIHGGG
Snon_EST3p   KSWEGVRSAKEFGPKCYQYDMLTNTGRGGSEDCLYLNVYTPQIKSDK-PLPVMFWIHGGA
Snon_EST1    YLDHENFQQPFIANDSSIICPQVISKVGGVLQCLRLNIYVPHTANENHPVPVLVWFHGGG

                    130       140       150       160       170       180
                      |         |         |         |         |         |
Snon_EST2p   YKSGSGDDDNYGPDFLVPHGV----------ILGSLCLDTEEVPGNAGLKDQVAALRWVR
Snon_EST3p   FICGGSNDDIYGPKFLVRQNVVLVTINYRLEILGFLCLNTAEVPGNAGMKDQVAALRWVN
Snon_EST1    FIFGSAND--YGGQHLAKHDIIVITVNYRLGPYGFLCLDDESVPGN  Q  G  L  KD  QIGALRWVK
                                                       (2)

                    190       200       210       220       230       240
                      |         |         |         |         |         |
Snon_EST2p   DNI-------RSQSQYLVRALAVHPPVYILFHRCLRVYSKAVPMSGVPLCDWSMPFVPQK
Snon_EST3p   KNIANFGGDPKNITIFGESAGGASISYQLISPMSKGLFKRAIAQSGSSLCDWAISVNPRE
Snon_EST1    EHIGAFGGDPDKVTIAGESYGGGAVDLHLYS-MYETLFNKAIIESGSIFTPGFYRHGDDK

                    250       260       270       280       290       300
                      |         |         |         |         |         |
Snon_EST2p   RAFMLGKDLGFETNDPNELLDFLQSVPVEKLVNPNPVVLSFEEINNNVLKLYHFTPVVEK
Snon_EST3p   RALALARQLGCYSEDDKELYEFFKNQPIESLVATSAPITLAEKQKSGIE--IFFSICNEK
Snon_EST1    AAVTLAKHMGHRVRTTRKALEALAKEDPIDVMTAARNLTM------------RLTPCRET
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                    310       320       330       340       350       360
                      |         |         |         |         |         |
Snon_EST2p   DFG-KEHFLTEDPLEALKNKRINDVDILIGHTSEETAIGIRVFED--KILKHYNRYPELL
Snon_EST3p   KFGDNERFFYGDMVDVVSNGVHEGVDIMTGFNSDEGLICLESVEGTYKSLEAARNFPELF
Snon_EST1    RFRRSQHFVTKCINHLNNTDRIKKIPIMIGYNSKEDFGTYAN-----KQQDFYDNLQ  D  I  F  
                                                                 (3)

                    370       380       390       400       410       420
                      |         |         |         |         |         |
Snon_EST2p   VPRKIL-MKSTPEKILEISKRIHEYYFKGKPLQLETMREFVTYANHACFIYDINRFISHL
Snon_EST3p   VPKLLS-FKLPMIQLLELGEKIKRFYFNSLIKIPDDWEKWENFLAMQWFILPTLRWIKLV
Snon_EST1    S  KD  LQNNFDVTKSELEKLSDIVRTFYLGSKKIGPEAMLELSDYSSDFKLNFAVEKSVARY
                (3)
                    430       440       450       460       470       480
                      |         |         |         |         |         |
Snon_EST2p   PKVGNGRRYVYKFCCISNRNVYASSGIKYGIRG----AAHLDDLMYLLNANTHNIKVEKD
Snon_EST3p   APTKKNKLYLYRFSCKSERNVISHVRGLSELVGNKPVTCHADELMYLFDAKLFETKVDVN
Snon_EST1    MEQG-GNVYKYMFSYIGGSEYQNVTGAG---------AIHTEELKYLFEM-TFELKSD--

                    490       500       510       520       530       540
                      |         |         |         |         |         |
Snon_EST2p   TKQYELINFVCKVFTNFAKHGNPTPDSS--LGTIWPEYDNTTKAYVEIGDTLIPKTASEA
Snon_EST3p   SDTFQLIDKASKLWSNFAKYGNPTPDDS--LGVKWAPYSVEKEDYMDIGNVLMPGVAPEK
Snon_EST1    -EQRMIRDKMTTMWANFVKFGNPTPEKTPLLPVTWEPVTGNTRPYLNIDVTMSMEDHAYR

                    550       560
                      |         |
Snon_EST2p   EALEFWKSIFEYAGLEY-------
Snon_EST3p   DEVQFWENLLKEYGQ---------
Snon_EST1    ERMAFWDLFTQKYETKSSCKKMSN
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Metodologia: 3.4.2.
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Metodologia: 3.3.2.
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Metodologia: 3.4.2.
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Metodologia: 3.4.2.
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Metodologia: 3.2.1.
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�de naftil. Finalment, cal assenyalar que, si bé en la bibliografia cercada 

per  a  la  realització  d'aquest  treball  no  es  troba  cap  exemple  d'una  CE incapaç  de  degradar 

aquests acetats, les estructures cristalogràfiques descrites fins al moment no situen el centre actiu 

en una cara externa de la proteïna, sinó al final d'un canal hidrofòbic (Camps et al. 2009; Fleming 

et al.  2005). Així,  tenint en compte l'estructura aromàtica dels acetats de naftil,  seria possible 

l'existència de CEs amb una activitat prou baixa per aquests com per no donar lloc a una banda 

visible.

No obstant  totes les  limitacions  de la  tècnica,  els  resultats  obtinguts tenen un valor  qualitatiu 

comparatiu, doncs si bé la presència de la mateixa banda en dos teixits diferents no té perquè ser 
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degut a una mateixa proteïna, sí que caldria esperar que la presència d'una mateixa proteïna en 

dos teixits diferents mostrés bandes amb el mateix patró de migració electroforètica. En aquest 

sentit,  la presència d'una banda específica o majoritària a les antenes sí que permet suggerir 

l'existència d'una CE també específica o preferent en aquest teixit.

)����������� ��	�
���

En una segona anàlisi, la tècnica escollida per a la separació de proteïnes va ser l'isoelectroenfoc 

no  desnaturalitzant.  De la  mateixa  manera que en  la  tècnica  anterior,  en  l'isoelectroenfoc  no 

desnaturalitzant  diferents  proteïnes  poden  mostrar  una  mateixa  migració  electroforètica.  No 

obstant, aquesta tècnica sí que aporta informació sobre una qualitat específica de la proteïna: el 

punt  isoelèctric  natiu,  que  tot  i  no  ser  coincident  amb  el  punt  isoelèctric  de  la  proteïna 

desnaturalitzada, és també una propietat característica de la proteïna. Quan les proteïnes van ser 

analitzades  mitjançant  aquesta  tècnica,  es  va  observar  novament  la  presència  d'una  banda 

específica o majoritària de les antenes en ambdós lepidòpters (punts isoelèctrics natius 6,2 i 7,7 

per S. littoralis i S. nonagrioides, respectivament). ���
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aquestes condicions,  la migració de les proteïnes a través del  gel es veu alterada,  podent-se 

modificar lleugerament la mobilitat electroforètica d'alguna proteïna. Donat que la transferència de 
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la proteïna es feia a partir d'un carril no tenyit, i tenint en compte la presència d'altres CE properes 

a la desitjada, resultaria probable la transferència de més d'una CE de la primera a la segona 

dimensió.  Per  aquest  motiu  es  va  optar  per  utilitzar  l'isoelectroenfoc  com a  alternativa  en  la 

primera dimensió. Tal com es comenta a l'apartat 5.2.1 de resultats, la separació i tinció de CEs 

antenals mitjançant aquesta tècnica mostrava una banda majoritària a les antenes amb un punt 

isoelèctric natiu allunyat de la resta. L'electroforesi bidimensional en aquestes condicions va donar 

lloc a 4 bandes visibles en la tinció de nitrat de plata. Tot i que tan sols una d'aquestes bandes 

(iPA2, figura 5.2.7.) tenia un pes molecular en el rang de l'esperat per a una CE, les quatre bandes 

van ser seqüenciades per espectrometria de masses. No obstant, cap dels pèptids obtinguts tenia 

una seqüència conservada entre les CEs.

Els  dos principals  inconvenients  a  l'hora  de  purificar  una  CE antenal  d'un  lepidòpter  com  S. 

nonagrioides són  la  baixa  concentració  relativa  d'aquestes  proteïnes  a  l'extracte  antenal  i  la 

dificultat d'obtenir grans quantitats de teixit per a l'extracció de proteïnes. Existeixen a la literatura 

dues experiències satisfactòries de purificació de CEs a partir d'antenes d'insecte, ambdues dutes 

a terme mitjançant dues cromatografies d'intercanvi iònic consecutives. El fet de poder detectar 

l'activitat  CE mitjançant  una electroforesi  facilita  la  selecció  de les  fraccions obtingudes en la 

cromatografia; no obstant, per tal de poder dur a terme una purificació amb aquest tipus de tècnica 

es requereix una enorme quantitat de material biològic. La primera esterasa (Apol-PDE) es va 

purificar  de  les  antenes  de  A.  polyphemus i,  tot  i  la  gran  diferència  de  tamany  respecte  S. 

nonagrioides, es va requerir l'extracció proteica de 900 antenes de l'insecte (Ishida & Leal 2005). 

En el segon cas (Pjap-PDE, del coleòpter  P. japonica, força més petit que el primer) el nombre 

d'antenes utilitzades per a l'extracte proteic va superar les 100.000  (Ishida & Leal 2008). En el 

present treball es va utilitzar una estratègia d'electroforesi bidimensional per tal d'aïllar una CE 

antenal  en particular  de  S. nonagrioides.  No obstant,  tot  i  haver assolit  l'aïllament parcial  i  la 

seqüenciació d'una proteïna de la família de les CEs, la caracterització del transcrit  obtingut a 

partir  d'aquesta  seqüència  suggereix  que  es  tracta  d'una  proteïna  diferent  a  la  inicialment 

considerada.
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Abstract

Rapid degradation of odours after interaction with
olfactory receptors is a critical step of the signal
reception process. However, the implied mechanisms
are still largely unknown in vertebrates as well as in
insects. Involvement of odourant-degrading enzymes
in odourant degradation within the antennae has been
shown in some insect species and, in particular,
esterases could play a key role in degradation of sex
pheromones from Lepidoptera. Using a PCR-based
strategy, we isolated cDNAs encoding two new esterases
from two moths which used acetates as pheromone
compounds: the Egyptian armyworm Spodoptera
littoralis and the Mediterranean corn borer Sesamia
nonagrioides. In antennae, both transcripts were clearly
restricted to olfactory sensilla, suggesting their involve-
ment in the degradation of odourant acetate components.

Keywords: odourant-degrading enzymes, antennal
esterases, olfaction, Lepidoptera.

Introduction

Sensitive and specific detection of volatile chemical cues
is essential for insects to interpret their environment and

communicate with conspecifics. Detection of these
chemical signals at the peripheral level takes place in
the antennae, where several steps occur successively.
While odourant solubilization and delivery by odourant-
binding proteins (OBPs) and detection by membrane-bound
odourant-receptors (ORs) were intensely studied and, in
a large part, deciphered (review in Jacquin-Joly & Lucas,
2005), the last step of odourant degradation is still largely
unknown. Efficient degradation of the signal is, however, an
integral part of the signal reception and transduction
processes. Among the different mechanisms potentially
involved in this termination step, enzymatic degradation is
certainly the most studied and some odourant-degrading
enzymes (ODEs) have been identified in insects, particu-
larly in Lepidoptera (Vogt, 2005). These insects are good
models for this purpose because males possess a highly
specific and sensitive olfactory system, allowing them to
detect small amounts of the sex pheromone released by
females. During their flight through the discontinuous
pheromone trail, rapid deactivation of the pheromone appears
to be crucial for males to obtain a spatial and temporal
resolution of this intermittent signal (Vickers, 2006), and to
allow the olfactory neurones to respond to frequent periodic
stimulations (Vogt & Riddiford, 1981; Vogt, 2003). However,
involvement of ODEs in fast pheromone deactivation is still
debated, because some authors favour a rapid inactivation
by OBPs, followed by enzymatic processes (review in
Kaissling, 2001).

Nevertheless, biochemical approaches have led in the
past to the identification of ODEs belonging to different
families, such as esterases, aldehyde-oxidases, alcohol-
oxidases/dehydrogenases or cytochromes P450 (review in
Vogt, 2005), a diversity that could be correlated with the
variety of chemical structures of pheromones. In pioneering
works, esterases from the silkmoth Antheraea polyphemus
were studied two decades ago, and four esterase isozymes
were isolated, one from the sensillum lymph (Apol-SE), two
from its antennal integument and one from its scales (Vogt
& Riddiford, 1981, 1986; Klein, 1987). As the four esterases
were able to degrade the ester components of the phero-
mone blend, it was proposed that Apol-SE removes the

Received 13 June 2006; accepted after revision 1 August 2006; first published
online 19 December 2006. Correspondence: Dr Martine Maïbèche-Coisne,
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France. Tel.: +33 1 30 83 32 12; fax: +33 1 30 83 31 19; e-mail:
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pheromone inside the sensillum lymph, thus maintaining
the ability of the olfactory neurones to respond to new
stimuli. The other esterases should participate in removing
the hydrophobic pheromone from the integument and the
cuticle of the insects, in order to reduce background noise
(Vogt & Riddiford, 1981; Vogt, 2005).

Although the catabolic properties of ODEs towards
pheromones were demonstrated biochemically many years
ago, few antennal esterase genes have been characterized
to date. Indeed, molecular data are available in only three
species, two Lepidoptera (A. polyphemus and the cabbage
armyworm Mamestra brassicae), and one Hymenoptera
(Apis mellifera). Three esterase cDNAs have been charac-
terized from A. polyphemus antennae: a putative integu-
mental esterase (Apol-IE) expressed in the antennae and
legs of both sexes, and two male antennae specific este-
rases: a putative odourant-degrading enzyme (Apol-ODE;
Ishida & Leal, 2002) and a pheromone-degrading enzyme
(Apol-PDE; Ishida & Leal, 2005). Interestingly, purified
Apol-PDE enzyme was shown to inactivate the pheromone
with kinetic parameters compatible with male moth behaviour
during its flight toward the pheromone plume, suggesting
that it could thus correspond to the Apol-SE formerly char-
acterized (Vogt et al., 1985). In the noctuid moth Mamestra
brassicae, we have cloned an esterase expressed in the
antennae of both sexes (Maïbèche-Coisne et al., 2004)
with an expression restricted to olfactory sensilla, including
pheromone-sensitive ones. This localization is compatible
with a function in the degradation of sex pheromone ace-
tate components. Finally, in the bee A. mellifera, an anten-
nal esterase overexpressed in drones, and potentially
involved in the blockage of acetate pheromone signalling
in this caste, has been also identified (Kamikouchi et al.,
2004). All of the antennal esterases characterized to date
belong to the carboxyl/cholinesterase family, whose
members present a great structural and functional diversity
(Oakeshott et al., 1999).

Despite the few biochemical and molecular data avail-
able, as many of the components identified to date in sex
pheromone blends or in plant scents are esters (Vogt,
2005), we can suppose that olfactory esterases are widely
present in insects, and particularly in moths. In order to
improve our knowledge of this kind of enzyme, and to
obtain a larger repertoire of candidate genes, we started a
comparative study of the antennal esterases of two moths,
Spodoptera littoralis (Slit) and Sesamia nonagrioides
(Snon), which use two different types of acetates as main
sex pheromone components. Esterase activities have been
found previously in their antennae (Durán et al., 1993;
Quero et al., 2003), and studies with esterase inhibitors
revealed an inhibition of olfactory neurone responses to the
pheromone blend (Quero et al., 2004). We thus focused
our work on the characterization of their antennal esterases
using biochemical and molecular approaches. We first

investigated their diversity in the antennae and their distri-
bution throughout the body by native PAGE and naphthyl
acetate staining. In each species, a PCR-based strategy
using degenerate primers led us to characterize two full-
length cDNAs encoding esterases from male antennae,
called Slit-EST and Snon-EST. Their expression patterns
were studied by Northern-blot and in situ hybridization.
Although the two transcripts were expressed in all of the
tissues tested, their cellular localizations in the antennae
at the base of olfactory sensilla, including the pheromone-
sensitive ones, suggested that they could be involved in the
degradation of acetate volatiles, including the components
of the sex pheromones of these two species.

Results and Discussion

Esterase activities in various tissues of S. littoralis and 
S. nonagrioides

Because global esterase activity has been detected in in
vitro experiments of hydrolysis of the pheromone acetates
in male antennae of both species (Quero et al., 2003), we
investigated the presence of esterases responsible for this
catabolism in the antennae of the two moths. After separa-
tion of male antennal homogenates by 10% native PAGE
and staining with α-/β-naphthyl acetate, at least seven bands
were detected in the antennae of both species (Fig. 1A).
These patterns are more complex than those observed in
the antennae of M. brassicae and A. polyphemus, with five
(Maïbèche-Coisne et al., 2004) and two bands (Vogt &
Riddiford, 1981; Ishida & Leal, 2002), respectively. How-
ever, in this latter species, recent molecular data showed
that these two bands could in fact correspond to three
cloned esterases, Apol-IE, Apol-ODE (Ishida & Leal, 2002)
and Apol-PDE (Ishida & Leal, 2005), leading to the hypoth-
esis of a putative comigration of some of these proteins at
the same level in native PAGE gels. If similar comigration of
esterases could occur in S. littoralis and S. nonagrioides,
we could expect that more than seven genes would be
expressed in the antennae. Comparison of the migration
patterns of male antennal esterases in both species on the
same gel showed that five bands migrated similarly, sug-
gesting that the corresponding proteins could share close
structural features (Fig. 1A). On the other hand, esterase
migrations in antennae and other tissues also revealed a
great number of bands in non-olfactory tissues, but most of
them were also present in the antennae (Fig. 1B). In
S. littoralis, although one band seemed enriched in antennae
and wings, there was no obvious olfactory-specific band, in
contrast to S. nonagrioides, in which one band appeared
antennae-specific (Fig. 1B; arrow and arrowhead, respec-
tively). In the two moths, the esterase profiles of antennal
extracts were comparable in both sexes, as previously
observed for other noctuids such as Trichoplusia ni
(Ferkovich et al., 1980) and M. brassicae (Maïbèche-Coisne
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et al., 2004). This lack of sex differences is in contradiction
with the data from the saturniid moth A. polyphemus,
where Apol-PDE and Apol-ODE are clearly male-specific
(Ishida & Leal, 2002, 2005). As found in other moth species
(reviewed in Callahan et al., 2000), S. littoralis females
are able to detect various acetate compounds, including
their own pheromone (Ljungberg et al., 1993). This auto-
detection remains to be established in S. nonagrioides,
but this, as shared by various Lepidoptera females, could
explain the apparent lack of sex differences observed in
esterase patterns. Contrary to the situation observed in A.
polyphemus, the complex patterns of esterase bands in
the antennae of these moths that use acetate compounds
in their pheromonal and general odourant communication
strongly suggests that the degradation of esters in the
antennae could be performed by the intervention of numer-
ous esterases.

Characterization of two antennal esterase cDNAs from 
both species

To further investigate the antennal esterases in S. littoralis
and S. nonagrioides, we have undertaken the cDNA clon-
ing of these genes in the two species. Two cDNA products
were amplified by RT-PCR from male antennae using dif-
ferent strategies. In S. littoralis, a 950-bp cDNA product
was amplified using two degenerate primers deduced from
highly conserved regions of various insect esterase
sequences. After cloning and sequencing, the deduced
amino acid sequence appeared to belong to the esterase
family. It was then extended to the 5′ and 3′ region by 5′ and
3′ RACE-PCR. In S. nonagrioides, a 1340-bp cDNA prod-
uct was directly amplified by 3′ RACE using a degenerate
primer deduced from a conserved region of insect este-
rases, and then extended to the 5′ region. This led us to

obtain two full-length cDNAs of 2835 and 1854 bp, called
Slit-EST and Snon-EST, respectively. Slit-EST sequence
analysis revealed that it contained a 1683-bp ORF, with a
119-bp 5′ untranslated region (UTR) and a 1033-bp 3′
UTR. Snon-EST was composed of a 1593-bp ORF, with a
41-bp 5′ UTR and a 220-bp 3′ UTR. The complete ORFs of
the two putative esterases were amplified with a high fidel-
ity Taq DNA polymerase and sequenced, confirming that
the sequences obtained did not correspond to chimeras.
Slit-EST and Snon-EST sequences were deposited into the
GENBANK database under accession numbers DQ680828
and DQ680829, respectively. Slit-EST and Snon-EST
encode proteins of 558 and 530 amino acids (Fig. 2) with
calculated molecular masses of 63 kDa and 60.0 kDa and
isoelectric points of 8.4 and 7.0 (MWCALC; Infobiogen).
Signal sequence cleavage sites were predicted between
Gln-16 and Gln-17 for Slit-EST and between Ala-19 and
Val-20 for Snon-EST (SignalP 3.0; Bendtsen et al., 2004),
adding support to the theory that they could be secreted
proteins, as known for other antennal esterases. Slit-
EST showed five potential N-glycosylation sites predicted
by NetNGlyc 1.0 Server, as Apol-ODE (Ishida & Leal,
2002), whereas Snon-EST exhibited only four potential N-
glycosylation sites. Moreover, the two deduced polypeptides
Slit-EST and Snon-EST displayed the Ser-active site (Ser-195
in both sequences) included in the conserved pentapeptide
Gly-X-Ser-X-Gly common in enzymes of the α-/β-hydrolase
family (Oakeshott et al., 1999) (Fig. 2). Comparison of Slit-
EST and Snon-EST sequences with known antennal ester-
ases revealed that Slit-EST was very close to Apol-ODE,
with 63.5% of sequence identity, whereas Snon-EST was
quite different from other known antennal esterases, with
a maximum of 25% of identity with Slit-EST. As shown in
the phylogenetic analysis, these three esterases clustered

Figure 1. (A) Esterases from male antennae of S. littoralis (Slit) and S. nonagrioides (Snon) separated on a 10% native polyacrylamide gel and stained with 
α-/β-naphthyl acetate. Numbers on left indicate bands with similar migration patterns between the two species. (B) Esterase patterns in different tissues of 
S. littoralis and S. nonagrioides, f: females; m: males; Ant: antennae; Br: brains; Pro: Proboscis; Le: Legs; Wg: Wings; Th: Thorax; Abd: Abdomens. Arrow 
indicates a band overexpressed in Slit antennae and wings, whereas arrowhead represents an antennal specific esterase in Snon.
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with the antennal esterase from M. brassicae (Fig. 3). This
group of antennal esterases was separated from another
one in which Apol-PDE clustered with insect β-
esterases and Apol-IE with a dipteran homologue.
Carboxyl/cholinesterase members are known to show a
great diversity in their substrate recognition as well as in
their catalytic parameters (Satoh et al., 2002). Consistent

with their functional diversity, their sequences are also highly
divergent (Cygler et al., 1993), and the olfactory members
of the family do not appear to be an exception to the rule.

Tissue distribution of Slit-Est and Snon-Est

Slit-Est and Snon-Est transcriptions in various tissues were
examined by Northern blot using rpL8, a gene encoding an

                                                                     
  
  
  
  
  

     

                                              
  
  
  
  
  

     
              
                                        

  
  
  
  
  

     
 
                                                                                

  
  
  
  
  

     
 
                                                                         

  
  
  
  
  

     
 
                                                        

  
  
  
  
  

     
 
                                               

    
    
    
    
    

       

Figure 2. Alignment of Slit-EST and Snon-EST predicted amino acid sequences with M. brassicae antennal esterase (Mbra-EST; GENBANK accession 
no. AY390258), A. polyphemus pheromone-degrading enzyme (Apol-PDE; AY866480), odourant-degrading enzyme (Apol-ODE; AAM14415) and integumental 
esterase (Apol-IE; AAM14416). The residues of the catalytic triad (Ser195, Glu327 and His450) are highlighted in grey and the Ser catalytic sites boxed. The putative 
signal peptides are underlined and the potential glycosylation sites are in bold. Identical and similar amino acids are indicated by dots and vertical lines, respectively.



Antennal esterases of noctuid moths 77

© 2006 The Authors
Journal compilation © 2006 The Royal Entomological Society, 16, 73–81

ubiquitous ribosomal protein, as positive control (Fig. 4).
The sizes observed for the two transcripts (∼2800 bp for
Slit-EST and ∼1900 bp for Snon-EST) were in agreement
with the corresponding cDNA lengths. The two genes were
expressed in male antennae but also in all other tissues
tested. In particular, Slit-EST and Snon-EST presented
higher expression in legs (Fig. 4A) and legs and wings
(Fig 4B), respectively. In both species, the two genes were
expressed in female antennae. This was demonstrated
by RT-PCR in S. nonagrioides (data not shown). In
S. littoralis, the ratio of Slit-EST to rpL8 was quite the same
between male and female antennae, confirming the lack
of sex differences previously observed after native-PAGE.
The ubiquitous expression pattern of these two esterases
was not incompatible with a putative function in odourant

molecule degradation, as they were also expressed in
olfactory organs. Indeed, in spite of its expression in all
tissues of A. polyphemus, including the antennae (Ishida &
Leal, 2002, 2005), integument esterase was demonstrated
also to efficiently degrade the acetate components of the
pheromone (Vogt & Riddiford, 1981).

Expression of Slit-Est and Snon-Est within the 
male antennae

The cellular localizations of Slit-EST and Snon-EST in anten-
nae have been specified by in situ hybridization (Fig. 5).
The male antennae of the two species present different
morphologies, filiform in S. littoralis (Ljungberg et al., 1993)
and comb-like (bipectinate) in S. nonagrioides (Solinas &
Trona, 2002). They are dorsally covered with scales and

Figure 3. Phylogenetic analysis of Slit-EST and 
Snon-EST with various insect esterases, aligned 
using Multalign program (Corpet, 1988). 
GENBANK accession numbers are as follows: 
Amel-EST, Apis mellifera antennal esterase 
D-AP1, AB083009; Bmor-JHE, Bombyx mori 
juvenile hormone esterase, AF287267; Cqui-E2, 
Culex quinquefasciatus esterase α-2, CAA88030; 
DmelCG4757, Drosophila melanogaster 
esterase, CG4757; Dmel-EST6, D. melanogaster 
esterase-6, CG6917; Lcup-E7, Lucilia cuprina 
esterase, AAB67728; Msex-JHE, Manduca sexta 
JHE, AF327882; Mper-FE4, Myzus persicae E4 
esterase, P35502; Nlug-COE, Nilaparvata lugens 
carboxylesterase, AF302777. The consensus 
tree was built in Paup 4.0b10 software (Sinauer 
associates, USA) using maximum parsimony. 
Bootstrap support values (in percent) based on 
1000 replicates are indicated. Antennal esterases 
are underlined.

Figure 4. Analysis of Slit-EST (A) and Snon-EST 
(B) expression throughout the body by 
Northern-blot with templates from female 
antennae (f.Ant), male antennae (m.Ant), 
proboscis (m.Pro), legs (m.Le), wings (m.Wg), 
thorax (m.Th), abdomen (m.Abd) and brains 
(m.Br). The numbers under figures represent the 
relative expression level referring to ratios of EST 
vs. rpL8 intensities then converted to 
percentages of maximal level.



78 C. Merlin et al.

© 2006 The Authors
Journal compilation © 2006 The Royal Entomological Society, 16, 73–81

carry olfactory sensilla on the ventral side. S. littoralis
male antennae support long and short sensilla trichodea
(Ljungberg et al., 1993), with the larger situated more
laterally and the smaller more ventrally (Fig. 5A). In S.
non-agrioides, olfactory hairs are distributed across both
portions of the lateral and the medial processes; the former
carrying a great number of sensilla trichodea (Fig. 5F). In
both species, the responses of these different olfactory
sensilla to the components of the pheromone blend have
been characterized by single cell recordings. In S. littoralis,
the most lateral long sensilla respond to (Z,E)-9,12-
tetradecadienyl acetate (Z9E12–14Ac) and (Z)-9-tetradecenyl
alcohol (Z9–14OH), whereas the other long and the short
sensilla trichodea respond to Z9E11–14:Ac (Ljungberg
et al., 1993). In S. nonagrioides, two functional types of
sensilla trichodea have been described: type A responds to
(Z)-11-hexadecenylacetate (Z11–16Ac) and to the corre-
sponding aldehyde (Z11–16Ald), and type B to Z11–16Ac
and to Z11–16OH (Quero et al., 2004). After in situ hybrid-
ization, Slit-EST and Snon-EST signals were restricted to
the sensilla side of the antennae, with no labelling on the
scale side (Fig. 5B,C,G,H). For the two genes, signals were
located just below the cuticle, at the base of the sensilla

trichodea (Fig. 5B,C,D,G–I), in cells that could be acces-
sory cells surrounding sensory neurones, or the neurones
themselves. On the longitudinal sections, the distinction
between long and short sensilla trichodea was not possi-
ble. However, in transversal sections of S. littoralis male
antennae, the labelling was observed all over the ventral
and lateral surface suggesting an expression of Slit-EST in
both long and short olfactory sensilla (Fig. 5C). Sensilla
coeloconica, typical structures that resemble flowers in
scanning microscopy and known as olfactory in some spe-
cies (Pophof, 1997), but whose function is still unknown in
S. littoralis, were not labelled (Fig. 5E). In male antennae
of S. nonagrioides, olfactory sensilla were labelled but
no labelling was observed in sensilla chaetica, which are
thought to function in gustation in other Lepidoptera
(Jørgensen et al., 2006), nor in sensilla styloconica, a
thermo-hygro receptor (Fig. 5G). In transversal sections of
antennae, a great number of spots were observed, proba-
bly corresponding to labelling of long and short sensilla
trichodea (Fig. 5H). Our results suggested that Slit-EST
and Snon-EST were expressed in sensilla types involved
in responses to different acetate components of the phe-
romone blend, and could consequently be implicated in

Figure 5. Expression patterns of Slit-EST (B, C, D, E) and Snon-EST (G, H, I) after in situ hybridization on sections of male antennae. SEM ventral views of 
S. littoralis (A) and S. nonagrioides (F) male antennal segments showing the localization of scales (sc), long (lst) and short (sst) sensilla trichodea, sensilla 
chaetica (sch) and sensilla styloconica (ssty). Longitudinal (B, G) and transversal (C, H) sections with labelling restricted to the ventral side carrying olfactory 
sensilla. (D, I) Details of sensilla trichodea showing intense labelling at the base. (E) Section through the cuticle with unlabelled sensilla coeloconica (sco) that 
resemble flowers. Bars: 200 μm in F; 100 μm in A; 50 μm in B, C, G, H; 10 μm in D, E, I.
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degradation of acetate pheromone components. In addi-
tion, we can not exclude a role for these enzymes in the
degradation of plant volatiles with an ester functional group.

In conclusion, we have highlighted in the present work the
occurrence, in the male moths S. littoralis and S. nonagrioides,
of a greater number of antennal esterases than previously
observed in other Lepidoptera. In each species, one cDNA
encoding a putative extracellular esterase expressed in all
tissues tested has been characterized. As in other noctuid
moths, no sexual dimorphism was observed in the expres-
sion patterns of the two genes. In male antennae, the
expression of Slit-EST and Snon-EST were precisely
localized at the base of olfactory sensilla, compatible with a
function in the degradation of volatile acetate compounds,
either pheromones or plant volatiles. The screening of an
antennal cDNA library from male S. littoralis, in progress
in our laboratory, will certainly allow us to identify other
olfactory esterases in this species, as revealed by the bio-
chemical approach used in the present study. All of these
esterases could contribute together to the degradation
of acetate odourants, in agreement with their substrate
specificities.

Experimental procedures

Animals and tissue collection

The two species were reared in the laboratory, sexed as pupae and
maintained at 20 °C and 60% humidity until emergence. Dissected
tissues from sexually mature males (antennae, brain, proboscis,
wings, legs, thorax and abdomen) and females (antennae) were
frozen in liquid nitrogen and stored at −80 °C until use. For in situ
hybridization, male antennae were removed from adults, cut into
pieces and fixed overnight in 4% paraformaldehyde (PFA) at 4 °C.

RNA isolation and cDNA synthesis

Total RNAs were extracted with TRIzol reagent (Gibco, BRL, USA)
and treated with DNase (Promega, France). Single-stranded

cDNAs were synthesized from 1 μg of total RNAs from various tis-
sues using 200 U of M-MLV reverse transcriptase (Advantage™
RT-for-PCR kit, Clontech, USA). For 3′ and 5′ RACE-PCR, anten-
nal cDNAs were synthesized from 1 μg of male antennal total
RNAs at 42 °C for 1.5 h using the SMART™ RACE cDNA Ampli-
fication kit (Clontech) with 200 U of Superscript II (Gibco, BRL,
USA), 5′-CDS-primer and SMART II oligonucleotide.

Cloning of a putative esterase antennal cDNA in male antennae of 
the two moths

For S. littoralis esterase amplification, two degenerate primers,
SlESTUp1 and SlESTDo1 (Table 1) were designed according to
highly conserved regions of various insect esterase sequences.
PCR was carried out with 1 U Taq DNA polymerase (Invitrogen,
USA) using an annealing temperature of 50 °C and 40 cycles of
amplification. The 950-bp PCR product obtained was gel purified
(GenElute™ Minus EtBr Spin Columns, Sigma, USA) and cloned
into pCR II-Topo plasmid (Invitrogen). Recombinant plasmids were
isolated by mini preparation (QIAprep® Spin Miniprep Kit, Qiagen,
France) and sequenced (GenomeExpress). For S. nonagrioides,
3′ RACE-PCR was achieved with Universal Primer Mix (UPM;
Clontech) and a degenerate primer (3′ESTSnUp, Table 1) corre-
sponding to a consensus sequence conserved in various insect
esterases. Touchdown PCR was performed as follow: after 5 min
at 94 °C, three cycles of 30 s at 94 °C, 30 s at 60 °C and 30 s at
72 °C, three cycles of 30 s at 94 °C, 30 s at 57 °C and 30 s at
72 °C, then three cycles of 30 s at 94 °C, 30 s at 54 °C and 30 s
at 72 °C, followed by 25 cycles of 30 s at 94 °C, 30 s at 50 °C and
30 s at 72 °C, with a final elongation step of 5 min at 72 °C. The
1340-bp PCR fragment generated was purified, cloned and
sequenced as described above.

The sequences of the 950 bp and 1340 bp PCR products from
S. littoralis and S. nonagrioides, respectively, were analysed
using BLAST (Altschul et al., 1990) and GeneJockey software
(Biosoft, Cambridge, UK), leading to the identification of these two
fragments as putative esterases. The 3′ and 5′ regions of the
corresponding cDNA from S. littoralis were obtained by 3′−5′
RACE using two specific primers (3′ESTSlUp and 5′ESTSlDo,
respectively). For S. nonagrioides, the 5′ part of the corresponding
cDNA was obtained by 5′ RACE, using a specific antisense primer,
5′ESTSnDo. Touchdown PCR was performed as described in

Table 1. Primers used for the molecular cloning of two antennal esterase cDNAs from S. littoralis and S. nonagrioides

Primer name Primer sequence Amino acid motif

Spodoptera littoralis
SlESTUp1 5′-AACTTTGGMCTNAARGAYCA-3′ NAGLKDQ
SlESTDo1 5′-AAAGTTRGYCCACAKWGT-3′ TMWTNF
3′ESTSlUp 5′-GAGCCCGTGGTGACGGAATACCCGACC-3′ EPVVTEYPT
5′ESTSlDo 5′-GAAGACCCCACGGGACCAATGAAGAGCC-3′ GSSLVPWGL
SlESTorfUp 5′-ATGAAGTGGTTAGTGCTGCTGTCGC-3′ MKWLVLLS
SlESTorfDo 5′-TTATGACTTTAAGTGATCTATAGAGAGTACGCT-3′ MHARAA
SlESTUpsp 5′-ATACTACAAAGTGGCTCTTCATTGGTC-3′ ILQSGSSLV
SlESTDosp 5′-CTTGAACAGGTAAAACAGCTCGTC-3′ DELFYLFK
Sesamia nonagrioides
3′ESTSnUp 5′-AACTTTGGMCTNAARGAYCA-3′ NQGLKDQI
5′ESTSnDo 5′-TGCCCCACCACCATAGCTTTCGCCAG-3′ GESYGGGA
SnESTorfUp 5′-ATGCATGCTCGAGCGGCC-3′ SVLSIDHLKS
SnESTorfDo 5′-TTAATTGTACATCTTCTTACATGAACTCTTTGT-3′ TKSSCKKMYN
SnESTUp 5′- ATGATTGGCTACAATAGTAAAGAAGACTTT-3′ MIGYNSKEDF
SnESTDo 5′-TGTCTTTTCAGGCGTTGGGTTCCC-3′ GNPTPEKT
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Maïbèche-Coisne et al. (2002). The different PCR products obtained
were purified and cloned as described above.

By merging the overlapping sequences obtained by PCR ampli-
fication, 3′ and 5′ RACE, two putative full-length cDNAs of 2835 bp
and 1854 bp, called Slit-EST and Snon-EST, respectively, were
generated in each species. In order to confirm the complete
sequences, two pairs of specific primers (Table 1) were designed
according to the Open Reading Frame (ORF) of the putative
esterases of both species: SlESTorf Up/Do for S. littoralis and
SnESTorf Up/Do for S. nonagrioides. Thirty-five cycles of PCR
were performed with the high fidelity Taq DNA polymerase PHU-
SION (1 U; Finnzymes, Finland) and 1 μl of 3′-ready cDNA, with
annealing temperatures of 58 °C for Slit-EST and 50 °C for Snon-
EST. cDNA fragments were cloned and sequenced as described
above for sequence confirmation.

Tissue distribution of Slit-EST and Snon-EST by 
Northern blot analysis

Two specific and two control digoxigenin labelled probes were
synthesized by PCR on antennal cDNAs using the Dig-DNA label-
ling mix (Roche Diagnostics, France) and four specific primers: in
S. littoralis (1) a 701 bp fragment of the Slit-EST cDNA (SlEST-
Upsp and SlESTDosp) and (2) a ∼500 bp fragment of the rpL8
cDNA (rpL8 primers described in Maïbèche-Coisne et al., 2004),
and in S. nonagrioides (3) a 540 bp fragment of the Snon-EST
cDNA (SnESTUp and SnESTorfDo) and (4) a ∼500 bp fragment of
the rpL8 cDNA. Total RNAs (20 μg) from different tissues collected
from male and female S. littoralis and S. nonagrioides were separ-
ated on a 1% formaldehyde gel and transferred on to a positively
charged nylon membrane. Equal loading was monitored by com-
paring the density of the ribosomal RNA band under UV on the
agarose gel and membrane, before and after transfer. For each
species, sequential overnight hybridization at 45 °C of the two
genes, EST and rpL8 control, washes and chemiluminescent
detection were performed as described previously (Maïbèche-
Coisne et al., 2002).

In situ hybridization

A cDNA fragment of 471 bp for S. littoralis and another one of
483 bp for S. nonagrioides were obtained by PCR strategy using,
respectively, 3′ESTSlUp/SlESTDosp primers and SnESTUp/
SnESTDo, and cloned into pCR-II Topo plasmid. The recombinant
plasmids obtained were used for PCR using M13 reverse and
forward primers. The amplification products were used as matrix
for in vitro transcription. RNA sense and antisense probes were
performed using T7 and SP6 RNA polymerase (Promega) using
the Riboprobe® kit (Promega). Probes were purified with RNA G50
sephadex columns (Quick Spin columns, Roche). The hybridiza-
tion protocol was performed on whole-mount pieces of antennae,
as described in Jacquin-Joly et al. (2000). Longitudinal and
transversal sections were performed at 6 μm, counter-stained with
acridine orange and photographed. Pictures were digitized and
processed using Adobe Photoshop 7.0 (Adobe, USA).

Native PAGE separation of extracts from different tissues and 
esterase staining

Male and female tissues from S. littoralis and S. nonagrioides
were homogenized on liquid nitrogen in 10 mM Tris-HCl buffer at
pH 7.4 and pH 8.0, respectively. Homogenates were centrifuged

at 18 500 g for 5 min at 4 °C and supernatants were used imme-
diately for electrophoresis. Separation of proteins by native PAGE
on a 10% acrylamide gel and esterase’s staining using a substrate
mixture of α- and β-naphthyl acetate were done as described (Vogt
& Riddiford, 1981).
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Recent studies have suggested that pheromone-
degrading enzymes belonging to the carboxylesterase
family could play a role in the dynamics of the olfac-
tory response to acetate sex pheromones in insects.
Bioinformatic analyses of a male antennal expressed
sequence tag library allowed the identification of 19
putative esterase genes expressed in the antennae of
the moth Spodoptera littoralis. Phylogenetic analysis
revealed that these genes belong to different insect
esterase clades, definedby their putative cellular local-
ization and substrate preferences. Interestingly, two
of the 19 genes appeared to be antennal specific,
suggesting a specific role in olfactory processing. This
high esterase diversity suggested that the antennae
are the location for intense esterase-based metabo-
lism, against potentially a large range of exogenous
and endogenous molecules.

Keywords: odorant-degrading enzyme, esterases,
olfaction, Lepidoptera.

Introduction

In insects, odorant reception takes place mainly in the
antennae, within hair-like structures called olfactory sen-

silla. These morphofunctional units enclose the olfactory
receptor neurones, which are surrounded by a protein-
enriched lymph. Detection of olfactory molecules at the
peripheral level is a complex process involving numerous
molecular actors. This process includes the binding and
transport of hydrophobic odorant molecules by odorant-
binding proteins (OBPs), their recognition by odorant
receptors and their inactivation through hydrolysis by spe-
cific enzymes, the odorant-degrading enzymes (ODEs)
(reviewed by Leal, 2003; Rutzler & Zwiebel, 2005; Vogt,
2005; Vosshall, 2008).

Despite the large background of knowledge on these
molecular steps, accumulated mainly in the fruit fly
Drosophila melanogaster and in several moth species,
the odorant inactivation step is still not clearly under-
stood (Jacquin-Joly & Maïbèche-Coisne, 2009). The first
studies of odorant degradation were focused on the
male moth pheromonal system, because of its extreme
sensitivity and selectivity. Biochemical studies revealed
esterase, aldehyde-oxidase or alcohol-dehydrogenase
activities in antennae of moths that used acetates, alde-
hydes or alcohols as components of their sex phero-
mone blends (Vogt & Riddiford, 1981; Vogt et al., 1985;
Kasang et al., 1989; Rybczynski et al., 1989), leading to
the commonly accepted hypothesis in which each moth
species should possess pheromone-degrading enzymes
(PDEs) that could degrade incoming conspecific sex
pheromone compounds (Vogt & Riddiford, 1981; Vogt,
2005; Jacquin-Joly & Maïbèche-Coisne, 2009). Several
studies reported very brief pheromone half-lives, around
a few milliseconds, when incubating moth sensillar
preparations with pheromone components (Vogt et al.,
1985; Rybczynski et al., 1989). Similar results were
recently obtained in vitro using purified recombinant
antennal enzymes (Ishida & Leal, 2005; Ishida & Leal,
2008), supporting the participation of PDEs in the
dynamic of signal inactivation.

Amongst the insect putative ODEs/PDEs, various
enzyme families were described, such as car-
boxylesterases, aldehyde-oxidases/dehydrogenases,
alcohol-oxidases/dehydrogenases, epoxide hydrolases,
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glutathione-S-transferases or cytochrome P450 (reviewed
in Vogt, 2005; Jacquin-Joly & Maïbèche-Coisne, 2009).
The carboxylesterase family has been the most studied
(Ferkovich et al., 1980; Vogt & Riddiford, 1981; Vogt et al.,
1985; Prestwich et al., 1989; Vogt, 2005) and esterase
activities were identified in several species that use
acetates in their sex pheromone blends (review in Vogt,
2005). Carboxylesterases belong to the a/b hydrolase’s
fold superfamily that catalyses the hydrolysis of ester
bonds of various substrates and most of these enzymes
use a reaction mechanism based on a catalytic triad includ-
ing a serine (Oakeshott et al., 1999).

The first described PDE was such an esterase, whose
activity has been revealed in the antennae of the silkmoth
Antheraea polyphemus (Vogt & Riddiford, 1981). This spe-
cific sensillar enzyme, namedApol-SE, has been studied in
great detail from a biochemical point of view (Vogt et al.,
1985; Klein, 1987). Three antennal esterase cDNAs were
later identified in this species (Ishida & Leal, 2002, 2005):
one encoding a putative integumental esterase (Apol-IE)
and the two others encoding esterases specifically
expressed in male antennae (Apol-ODE and Apol-PDE).
Recombinant Apol-PDE has been clearly demonstrated in
vitro to degrade the main A. polyphemus pheromone com-
ponent, suggesting that it corresponds to the previously
biochemically characterizedApol-SE (Ishida & Leal, 2005).
In other insect species, few molecular data are available on
antennal esterase genes. Through molecular cloning, only
one gene has been identified in each of the following
species: the noctuid moths Mamestra brassicae, Sesamia
nonagrioides and Spodoptera littoralis (Maïbèche-Coisne
et al., 2004; Merlin et al., 2007), the Japanese beetle
Popilia japonica (Ishida & Leal, 2008) and the bee Apis
mellifera (Kamikouchi et al., 2004), whereas five genes
have been identified in the tortricid Epiphyas postvittana
(Jordan et al., 2008) by antennal expressed sequence tag
(EST) analysis. None of these genes appeared to be
antennal specific, excepted for P. japonica, and their
precise expression patterns were not established.

In S. littoralis, we have previously identified esterase
activities in the antennae using native polyacrylamide gel
electrophoresis (PAGE) and naphthyl acetate staining,
revealing at least seven reactive bands, suggesting the
occurrence of more than one cDNA encoding esterase
expressed in the antenna (Merlin et al., 2007). To investi-
gate better this diversity at the molecular level, we
screened by BLAST analysis a normalized EST library pre-
pared from S. littoralis male antennae (Jacquin-Joly et al.,
2007). This approach led us to characterize 19 new genes
of carboxylesterases expressed in male and female
antennae and to reveal for the first time a high diversity of
esterases expressed in the olfactory organ of an insect.
Such diversity sheds new light on the multiple metabolic
pathways using esterases that may coexist in this highly

specialized tissue. Reverse transcription polymerase
chain reaction (RT-PCR) and quantitative PCR (qPCR)
were further used in an attempt to identify antennal-
specific genes amongst the ones identified as good can-
didates involved in the olfactory/pheromone termination
processes. Indeed, such restricted expression is a useful
criterion that has already been helpful in identifying
specific olfactory genes such as receptors and OBPs in
various species (Benton et al., 2007).

Results

Identification of 19 putative carboxylesterase genes

Twenty thousand ESTs from S. littoralis male antennae
were sequenced (Jacquin-Joly et al., 2007). Amongst
them, 95 were identified as putative carboxylesterases
through BioEdit local BLAST using as query our previously
identified S. littoralis esterase gene [Slit-EST, renamed
SlCXE1 (where CXE is carboxylesterase) in this study
for homogeneity with Jordan et al., 2008]. Assembling
the ESTs led to 19 partial contigs, named SlCXE2 to
SlCXE20. Complete coding regions were then isolated
using 3′/5′rapid amplification of cDNA ends (RACE) PCR,
leading to 19 open reading frames (ORFs) of putative
esterases. The complete ORFs were then amplified from
antennal cDNA with a high fidelity Taq DNA polymerase
and sequenced, in order to confirm that the assembled
sequences were not chimeric. These sequences have
been deposited in the GenBank database under the suc-
cessive accession numbers FJ652445 to FJ652463 for
SlCXE2 to SlCXE20, respectively.

The structural features of the putative SlCXE encoded
proteins are summarized in Table 1. Their calculated
molecular masses ranged from 56.5 to 68.2 kDa. Their
isoelectric points ranged from 5.17 to 9.2 (ProtParam,
Gasteiger et al., 2005), most of them being acidic. These
data are in agreement with the characteristics of already
known insect esterases. Except for SlCXE4 and SlCXE19,
which lacked the histidine or the serine from the catalytic
site, respectively, all the other SlCXEs displayed the cata-
lytic triad (Ser-His-Glu) with the serine active site included
in the conserved pentapeptide characteristic of esterases
Gly-X-Ser-X-Gly (Oakeshott et al., 1999). This suggests
that they could be active enzymes, except for SlCXE4 and
SlCXE19. Putative oxyanion hole residues (Gly132,
Gly133 and Ala214 according to their position in D. mela-
nogaster juvenile hormone esterase: Oakeshott et al.,
1999) are conserved except for SlCXE5, 6, 9 and 12
(Table 1). They are thought to stabilize the transition
states of the reaction and their partial or complete
absence could impact on the functioning of the corre-
sponding enzymes. Signal sequence cleavage sites were
predicted for 14 of the 19 sequences (SIGNALP 3.0,
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Bendtsen et al., 2004) suggesting that the corresponding
enzymes were secreted.

Phylogenetic analysis

In order to assign putative functions to the 19 newly iden-
tified S. littoralis esterases, the sequences were included
in a phylogenetic analysis, together with CXEs from
D. melanogaster, A. mellifera and several Lepidoptera
and Coleoptera species (Fig. 1). The classification system
described in Oakeshott et al. (2005) was retained to des-
ignate the clades. The phylogeny revealed that SlCXEs
distribute into the three classes previously described: the
intracellular one (A–C), the extracellular one (D–G) and
the catalytically inactive one (K–M). Four SlCXEs clus-
tered within the intracellular group, one within the neuro-
signalling class and the 17 other sequences were found
within the extracellular group. Inside this last group, most
of the S. littoralis sequences clustered within a group
related to juvenile hormone esterases (JHEs) from Lepi-
doptera, with a bootstrap value of 86% at this node.

Tissue-related expression of SlCXEs

Tissue-related expression of the 19 putative CXEs was
determined by RT-PCR in order to identify the antennal-
specific or antennal-enriched genes that are more prob-
ably to be involved in odorant degradation. In addition to
antennae, various non-olfactory tissues were tested. The
putative S. littoralis esterases showed a wide range of

patterns of expression: some were restricted to the anten-
nae or to the antennae and few other tissues, whereas
others were widely distributed (Fig. 2). Interestingly, all
putative esterases were expressed in antennae of both
sexes. SlCXE7 and SlCXE8 expression was restricted to
the antennae, whereas SlCXE14 presented an expression
restricted to chemosensory organs.

Expression studies of SlCXE7, 8 and 14 with respect to
the sex and the developmental stages

The expression patterns of these three genes were
thus studied more precisely by qPCR to compare their
expression levels between sexes (Fig. 3) and during
development (Fig. 4). SlCXE7 showed more pronounced
expression in male antennae (threefold more than in
female antennae). SlCXE8 and SlCXE14 were equally
expressed in both sexes. Moreover, temporal expression
of SlCXE7 and SlCXE8 during postembryonic develop-
ment revealed that both CXEs were predominantly
expressed at the beginning of adult life (Fig. 4), with faint
expression at the end of the pupal stage. SlCXE14 was on
the contrary broadly expressed during the larval instar and
the pupal life with a peak after adult eclosion.

Discussion

Diversity of S. littoralis antennal esterases

The number of antennal-expressed esterases in S. littora-
lis was higher than expected. Indeed, in E. postvittana,

Table 1. Motif analysis and biochemical characteristics of the putative antennal carboxylesterases from Spodoptera littoralis, including SlCXE1 (Merlin
et al., 2007)

RF DQ

Catalytic motifs (amino acids) Predicted

GxSxG
version E H

Oxyanion hole
version

MW
(kDa) pI SP

SlCXE1 + + GESAG + + GGC 63 8.44 +
SlCXE2 + + GQSAG + + GGA 60.6 5.44 +
SlCXE3 + + GESAG + + GGA 60.7 5.92 -
SlCXE4 - + GYSAG + - GGA 60.3 5.23 +
SlCXE5 + + GCSAG + + PGA 61.1 7.79 +
SlCXE6 - + GESYG + + AGY 57.7 6.81 +
SlCXE7 + + GFSAG + + GGA 61.6 5.97 +
SlCXE8 + + GTSAG + + GGA 58.6 6.27 +
SlCXE9 + - GSSSG + + SFS 62.5 5.33 -
SlCXE10 + + GESAG + + GGA 61 6.44 -
SlCXE11 + + GISAG + + GGA 60.1 5.59 -
SlCXE12 - + GQSYG + + GGY 56.5 9.02 -
SlCXE13 + + GCSAG + + GGA 60.1 5.81 +
SlCXE14 - + GYSAG + + GGA 61.4 5.53 +
SlCXE15 + + GQSAG + + GGA 63.4 5.17 +
SlCXE16 + + GYSAG + + GGA 62.4 6.92 +
SlCXE17 + + GESAG + + GGA 60 5.86 +
SlCXE18 + + GQSAG + + GGA 58.6 5.66 +
SlCXE19 + + GHDAG + + GGA 68.2 5.35 +
SlCXE20 - + GESAG + + GGA 58.4 6.47 +

MW, molecular weight; pI, isoelectric point; SP, signal peptide.
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Figure 1. Neighbor-joining tree of the antennal esterases from Spodoptera littoralis and various insect esterases. S. littoralis sequences are in red,
Drosophila melanogaster in blue and Apis mellifera in green. GenBank accession numbers are indicated. cDNAs selectively expressed in olfactory
tissues are underlined. Bootstrap values of the nodes are indicated by an asterisk when between 90–100% and a dark circle when between 80–89%. No
symbol indicates values between 50 and 79%. Branches with lower support values were collapsed.
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five CXEs were identified amongst the 5739 antennal
ESTs analysed (Jordan et al., 2008), whereas only three
antennal-expressed CXEs have been isolated in A.
polyphemus (Ishida & Leal, 2002, 2005). Moreover, after
native PAGE and naphthyl acetate staining of S. littoralis

antennal extracts, only seven reactive bands were previ-
ously revealed (Merlin et al., 2007). This difference may
be because of the closely related sizes and isoelectric
points of several SlCXEs (Table 1), leading to a co-
migration of some esterases in native gels. Some of the
genes may also encode enzymes that are not readily
detectable as isozymes hydrolysing naphthyl esters. Alter-
natively, it may be that not all of the SlCXE transcripts may
be translated into active proteins.

SlCXE7
SlCXE8
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SlCXE19
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SlCXE13
SlCXE16
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Figure 2. Analysis of Spodoptera littoralis esterase expression throughout the body by reverse transcription polymerase chain reaction (RT-PCR). PCR
products are visualized on agarose gel. Templates were from female antennae, male antennae, proboscis, brains, legs, thorax, abdomen and wings.
Slrpl8 was used as the control gene.
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Figure 3. Normalized expression levels of Spodoptera littoralis
carboxylesterase 7 (SlCXE7), SlCXE8 and SlCXE14 in male and female
chemosensory tissues after quantitative PCR (qPCR) analysis. Error
bars represent standard errors generated from at least three technical
replicates. Ant, antennae; Pro, proboscis.
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Figure 4. Expression of Spodoptera littoralis carboxylesterase 7
(SlCXE7), SlCXE8 and SlCXE14 during development after reverse
transcription polymerase chain reaction (RT-PCR) analysis. (L), sixth
instar larvae; (N7 to N11), pupae from day 7 to day 11 before eclosion;
(J0, J2), newly eclosed and 2-day-old adults.
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Without genomic information, the total number of CXE
genes from S. littoralis cannot be predicted. However, the
genomic data available on several insect species suggest
that the number of esterases isolated from S. littoralis
male antennae could represent a large proportion of its
CXE repertoire. Indeed, genome analyses have revealed
35 CXE genes in D. melanogaster and 51 in Anopheles
gambiae (Oakeshott et al., 2005), 49 in Aedes aegypti
(Strode et al., 2008) and only 24 for A. mellifera (Claudi-
anos et al., 2006), although their tissue distribution is not
known. As ‘only’ 20 000 ESTs were sequenced from the
S. littoralis antennal library, the existence of additional
antennal CXE sequences cannot be excluded.

The high diversity of esterases expressed in antennae
identified in this moth species may reflect the fact that
esters are widespread amongst semiochemical signals in
insects. These components are indeed frequently found in
the sex pheromone blends of moths or in vegetal scents
(Oakeshott et al., 2005). S. littoralis sex pheromone is for
example a mix of acetates, the number of which depends
on the studies [Pherolist http://www.nysaes.cornell.
edu/pheronet/; Ljündberg et al. (1993)]. Amongst them,
the two components (Z,E)-9,11-tetradecadienyl acetate
(Z9E11-14Ac) and (Z,E)-9,12-tetradecadienyl acetate
(Z9E12-14Ac) are always found.

In a more general manner, the olfactory sensory neu-
rones of insects and vertebrates are indirectly in contact
with the external environment, via the sensillar lymph or
the mucus layer, respectively. They are therefore exposed
not only to odorants but also to volatile xenobiotics. In
mammals, olfactory tissues are known to express numer-
ous xenobiotic detoxifying enzymes, such as cytochrome
P450 or UDP-glucoronosyl-transferases (Ding & Coon,
1990; Lazard et al., 1990; Peng et al., 1993; Ding &
Kaminsky, 2003), leading to a tissue-selective response to
chemical exposure. Many esterases in insects are impli-
cated in insecticide detoxification and metabolic resis-
tance (Oakeshott et al., 2005; Claudianos et al., 2006). In
the antennae, this wide repertoire of esterases may thus
participate in the termination of odorant signals, as well as
in the protection of the olfactory neurones against poten-
tially harmful compounds.

Putative S. littoralis antennal neurosignalling esterase

SlCXE19, which lacked the catalytic serine, clustered with
two D. melanogaster and A. mellifera orthologues inside
an anonymous noncatalytic clade related to the neuroli-
gins and gliotactins, known for their involvement in
synapse formation and functioning (Oakeshott et al.,
2005; Biswas et al., 2008). SlCXE19 was expressed in
antennae, legs and wings but surprisingly not in the brain,
where most of this kind of CXEs are typically expressed
(Biswas et al., 2008). However, in the bee, one of the

five neuroligin genes characterized, neuroligin 1, was
expressed in tissues outside the brain, such as wings and
legs, at a higher level than in the brain. This led the
authors to suggest a putative function restricted to the
peripheral nervous system, such as a role in the response
of nerve endings to sensory input (Biswas et al., 2008), an
hypothesis that could be proposed for SlCXE19.

Putative S. littoralis intracellular antennal esterases

SlCXE3, 10, 9 and 11, which lacked a signal peptide, were
found within the clades of intracellular esterases (A–C),
which include the a-esterases, well known for their
involvement in detoxification of insecticide/xenobiotics
and digestion of dietary esters (Newcomb et al., 1997;
Campbell et al., 2003; Strode et al., 2008). In D. melano-
gaster, most of the a-esterases are expressed in the head
(Campbell et al., 2003). Here, we report the first identifi-
cation of putative a-esterases expressed in the olfactory
organs, where they may play a detoxification function.

Putative S. littoralis antennal extracellular esterases

The remaining SlCXE genes presented predicted signal
cleavage sites and were distributed within the clades of
secreted esterases (D–G), suggesting that the corre-
sponding proteins could be secreted in the sensillum
lymph surrounding the sensory neurones or in the
haemolymph filling the antennal lumen. Functional studies
carried out on enzymes from these groups in various
insect species suggested specific functions towards sub-
strates such as hormones and pheromones (Ishida &
Leal, 2005, 2008; Oakeshott et al., 2005; Strode et al.,
2008).

Integumental esterases: Two sequences, SlCXE5 and 16,
sit in the clade (D) that includes Apol-IE, the integumental
esterase from A. polyphemus. SlCXE5 and SlCXE16
presented the same ubiquitous pattern of expression as
Apol-IE (Fig. 2). Indeed, Apol-IE is expressed all over the
body, including male and female antennae, and is sup-
posed to encode one of the integumental esterases that
has been demonstrated to degrade the pheromone in vitro
(Vogt & Riddiford, 1986; Klein, 1987; Vogt, 2005). These
integumental esterases were proposed to participate in
removing the hydrophobic pheromone from the integu-
ment and the cuticle of the animal, in order to reduce
background noise (Vogt & Riddiford, 1981; Vogt, 2005).

b-esterase: Only one S. littoralis sequence, SlCXE13, sits
in the b-esterase clade (E), that includes Apol-PDE and
Pjap-PDE from A. polyphemus and P. japonica. Apol-
PDE and Pjap-PDE have been shown to be specifi-
cally expressed in male antennae and to degrade the
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pheromone in vitro (Ishida & Leal, 2005, 2008), with esti-
mated pheromone in vivo half-lives of a few milliseconds.
These data on Apol-PDE and Pjap-PDE suggested that an
extremely fast catabolism of odorant molecules may occur
in the vicinity of the receptors and could account for the
rapid dynamics of the male responses to sex pheromone.
Indeed, while flying to a calling female, the male moth
encounters a discontinuous signal but is able to respond
in less than 0.5 s to the loss of the trail (Baker & Vogt,
1988), implying a reset of its sensory system in a few
milliseconds. SlCXE13, despite sharing 58% amino acid
identity with Apol-PDE, has a ubiquitous expression
pattern that is not entirely consistent with a specific role in
pheromone processing, although it does not exclude the
possibility that the corresponding enzyme could degrade
the pheromone, as already demonstrated for A. polyphe-
mus integumental esterases.

JHE-like and JHE-related sequences: SlCXE2 and
SlCXE15 were closely related to lepidopteran JHEs and
presented the Gly-Gln-Ser-Ala-Gly (GQSAG) motif, which
is considered as a canonical distinctive element of insect
JHEs (Mackert et al., 2008). Different insect species have
been shown to possess several JHE-like genes, such
as D. melanogaster, A. gambiae or A. aegypti, which
contain two, five or six JHE-like genes, respectively
(Strode et al., 2008). These JHE-like genes could have
evolved functions other than JH hydrolysis to break down
JH-like compounds (Oakeshott et al., 2005). Moth phero-
mone compounds and JH present some structural simi-
larities in the chain length and the aliphatic nature of the
long chain portion ends by a charged group. These chemi-
cal similarities suggest that the esterases involved in the
hydrolysis of these compounds could have evolved from a
common ancestor. Interestingly, most of the diversification
of the S. littoralis CXEs thus occurs in a group closely
related to lepidopteran JHEs. Indeed, more than half of
the CXEs from S. littoralis antennae clustered with several
moth antennal esterases and formed a sister group to
lepidopteran JHEs. The other moth esterases found in
this group are the male antennal-specific esterase from A.
polyphemus, Apol-ODE, whose substrate is unknown,
and the antennal esterases previously characterized in M.
brassicae, S. nonagrioides and S. littoralis (Maïbèche-
Coisne et al., 2004; Merlin et al., 2007). These noctuid
esterase genes are also expressed outside the antennae;
however, in situ hybridization revealed that their expres-
sion in antennae was restricted to olfactory sensilla, a
localization compatible with a function in odorant cata-
bolism. It is noteworthy that inside this JHE-related
group, three putative esterases, SlCXE4, 7 and 14, share
very high percentages of sequence identity (87%
between SlCXE7 and 14), suggesting recent duplication
events. Interestingly, these three genes presented differ-

ent patterns of expression. SlCXE7 was restricted to
antennae, suggesting an olfactory specific function.
SlCXE14 was expressed in antennae and faintly in pro-
boscis, suggesting a possible role in olfaction and gusta-
tion. SlCXE4, which lacks the catalytic histidine, was also
expressed in brain and abdomen. This suggests that
these three genes could have evolved different functions
after duplication, in agreement with their respective tissue
distribution.

In addition to SlCXE7, another gene from this JHE-
related group, SlCXE8, was also restricted to the anten-
nae, with no signal in all other tissues tested (Fig. 2).
These two genes were expressed at the beginning of the
adult life stage (Fig. 4), as was Apol-PDE, whose expres-
sion was indeed first detectable at the end of the pupal
stage, with a maximum in adults (Ishida & Leal, 2005). In
the moth Manduca sexta, the activity of an antennal
aldehyde-oxidase, able to degrade the sex pheromone,
was also first detectable about 3 days before eclosion,
with a maximum in adults (Rybczynski et al., 1989). These
expression patterns were concomitant with the electro-
physiological responsiveness to sex pheromone compo-
nents and with the expression of other olfactory genes
such as pheromone binding proteins (PBPs; Györgyi
et al., 1988; Ishida & Leal, 2005), suggesting a common
regulatory pathway for the genes involved in sex phero-
mone detection in mature adults.

Like all of the other SlCXEs, SlCXE7 and SlCXE8 were
expressed in male and female antennae. This expression
pattern in both sexes was also observed for SlCXE1 from
S. littoralis (Merlin et al., 2007) and for antennal cDNA
esterases from other noctuid moths, including S. nona-
grioides and M. brassicae (Maïbèche-Coisne et al., 2004).
This situation is different to that in A. polyphemus antennal
esterases, as Apol-PDE and Apol-ODE are clearly male-
specific (Ishida & Leal, 2002, 2005) and thus most prob-
ably involved in female sex pheromone degradation.
However, contrary to A. polyphemus, females of S. littora-
lis (Ljündberg et al., 1993) and of other moth species
(reviewed in Callahan et al., 2000) are able to detect, to
some extent, their own pheromone. The sensitivity of
the S. littoralis females to their sex pheromone could
account for the absence of a clear sexual dimorphism in
the SlCXE antennal expression patterns. Nevertheless,
male moth antennae carry more pheromone-sensitive
sensilla than the female ones, and the over-expression of
SlCXE7 in male antennae thus suggests that it could play
a preferential role in sex pheromone degradation. Other
genes potentially involved in sex pheromone detection,
such as PBPs and pheromone receptors, have also
shown over-expression in S. littoralis male antennae
(E. Jacquin-Joly, pers. comm.)

In the present work we have revealed the occurrence
of a high diversity of esterase genes expressed in the
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olfactory organ of a noctuid moth. Amongst this large
repertoire, two genes, SlCXE7 and SlCXE8, are of par-
ticular interest in regard to the question of the degradation
of behaviourally relevant odours. As they are antennal
specific, they are likely to be involved in olfactory mecha-
nisms. In particular, SlCXE7, enriched in males, could
potentially be specifically involved in the degradation of
the sex pheromone. Phylogenetic analysis showed that
these SlCXE genes were distributed amongst eight of
the 14 clades of carboxylesterases defined previously by
Oakeshott et al. (2005), in agreement with presumptively
different cellular and subcellular localization. The SlCXE
structural diversity together with their different spatial dis-
tribution probably reflects their functional divergence
and substrate specificities. The diversity of esterases in S.
littoralis suggests that the olfactory organs, at least in this
noctuid moth, are potentially the site of a complex set of
esterase-mediated hydrolytic events, potentially acting on
a wide range of endogenous as well as exogenous com-
pounds, including odorants, hormones and xenobiotics.

Experimental procedures

Animals and tissue collection

Spodoptera littoralis were reared on semi-artificial diet (Hinks &
Byers, 1976) at 24 °C, 60–70% relative humidity and under a
16:8 h light : dark cycle until emergence and were sexed as
pupae. Tissues from male and female adults (antennae, probos-
cis, brains, legs, thoraces, abdomens and wings) were dissected
and frozen in liquid nitrogen and stored at -80 °C until use.

RNA isolation and cDNA synthesis

Total RNAs were extracted with TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA) then treated with DNase I (Roche, Basel,
Switzerland) in accordance with the manufacturers’ protocols and
quantified with a spectrophotometer (BioPhotometer, Eppendorf,
Hamburg, Germany). Single-stranded cDNAs were synthesized
from total RNAs (5 mg) from various tissues with Superscript II
reverse transcriptase (Gibco BRL, Invitrogen) with the oligo(dT)18

primer according to the manufacturer’s instructions. For 5′ and
3′-RACE PCR, antennal cDNAs were synthesized from 1 mg male
antennal RNA at 42 °C for 1.5 h using the SMART RACE cDNA
Amplification Kit (Clontech, Mountain View, CA, USA) with 200 U
of Superscript II, 3′-cDNA synthesis-primer and SMART II
oligonucleotide.

Identification and cloning of SlCXEs

Putative carboxylesterase sequences were identified from a S.
littoralis male antennal EST library (Jacquin-Joly et al., 2007) by
local TBLASTN analysis with the BioEdit Sequence Alignment
Editor software and using the sequence of a previously charac-
terized antennal esterase from S. littoralis: Slit-EST (Merlin et al.,
2007). This normalized library was made from 12 000 male
antennae by Clontech (BD Creator, San Diego, CA, USA) and
high throughput sequencing was performed by Génoscope (Evry,

France). ESTs were assembled and for five sequences, the
missing regions of the corresponding contigs (3′ or 5′ or both)
were then obtained by 5′- and/or 3′-RACE-PCR (SMART RACE
cDNAAmplification Kit, Clontech). For 5′-RACE, we used 2.5 ml of
5′-RACE-ready cDNA with specific reverse primers and Universal
Primer Mix (UPM, Clontech) as anchor primer. 3′-RACE amplifi-
cations were carried out with UPM as reverse primer and specific
forward primers. Sequences of the specific primers used for
RACE-PCR are indicated in Table 2. Touchdown PCR were per-
formed using hot start as follows: after 1 min at 94 °C, five cycles
of 30 s at 94 °C and 3 min at 72 °C, then five cycles of 30 s at
94 °C, 30 s at 70 °C and 3 min at 72 °C, then 25 cycles of 30 s at
94 °C, 30 s at 68 °C and 3 min at 72 °C, then 10 min at 72 °C.
The PCR products were purified (Nucleospin Extract II,
Macherey-Nagel, Düren, Germany) and cloned into pCRII-
TOPO plasmid (Invitrogen). After isolation (Nucleospin Plasmid,
Macherey-Nagel), recombinant plasmids were sequenced (GATC
Biotech, Marseille, France) and the overlapping sequences
manually assembled to obtain full-length cDNAs.

Expression profiles of the putative CXEs by RT-PCR

Primer pairs were chosen in the less conserved regions of the
various sequences in order to avoid cross-amplification and are
indicated in Table 2. A ribosomal control gene RpL8 (Maïbèche-
Coisne et al., 2004) was used to check the quality of the cDNAs
and to determine for each tissue or developmental stage the
quantity of cDNA required for amplification. Several dilutions of
the cDNAs were tested in order to obtain a comparable amplifi-
cation of RpL8 in each sample. PCRs were then performed with
the SlCXE specific primers to establish for each set of primers the
numbers of cycles required to fit the linear range of amplification.
Depending upon the gene, PCRs were thus carried using 27–39
cycles of amplification and annealing temperatures between 45
and 65 °C, as indicated in Table 2. PCR products were loaded on
1.5% agarose gels and visualized using ethidium bromide (BET)/
SYBR safe fluorescence.

Expression of chemosensory specific CXE in male and female
chemosensory tissues by qPCR

For qPCR experiments, total RNAs were extracted as described
above from two distinct pools of male and female antennae and
proboscis then reverse transcribed as previously described using
Superscript II. Each reaction was then diluted 15-fold with sterile
water.

In order to find an appropriate reference gene with stable
expression levels between sample groups, four control genes
were selected for the analysis: RpL8, RpL13 (FJ979921),
GAPDH (FJ979922) and b-actin (CAA86953). Based on
sequences available in our EST database, specific primers for
both reference genes and candidate esterase genes were
designed using EPRIMER3 software (http://mobyle.pasteur.fr/
cgi-bin/MobylePortal/portal.py?form=eprimer3). Primer optimal
annealing temperature and PCR conditions were optimized
using standard RT-PCR tests. The list of primers used for qPCR
analysis is provided in Table 1.

All real-time quantitative RT-PCR reactions were performed
on the iCycler iQ Multicolor Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA). Each 25 ml reaction consisted
of 12.5 ml Absolute Blue SYBR Green Fluor (Thermo Scientific,
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Table 2. List of the primers used for 5′/3′ rapid amplification of cDNA ends (RACE) PCR, reverse transcription polymerase chain reaction (RT-PCR) and
quantitative PCR (qPCR) analyses indicating their sequences, annealing temperatures (Temp.) and the number of cycles (Nb) used

Primer Purpose Sequence 5′–3′ Temp. (°C) Nb

SlCXE7-qF qPCR – forward CTTTTCTGACGTTCTTTTTATGCACC 60 40
SlCXE7-qR qPCR – reverse TGATTCTTCTGAATGACTTTTATGGGTC 60 40
SlCXE8-qF qPCR – forward TGCTCTCCTCAACGGATAAAGAG 60 40
SlCXE8-qR qPCR – reverse CGCTTCAAATATTACTGGCATCTC 60 40
SlCXE14-qF qPCR – forward CGCATAAAGATGAATCTTTGGCG 60 40
SlCXE14-qR qPCR – reverse CAATTCAGAGTGAGGTTTGGGTGG 60 40
rpL13qF qPCR – forward GTACCTGCCGCTCTCCGTGT 60 40
rpL13qR qPCR – reverse CTGCGGTGAATGGTGCTGTC 60 40
rpL8qF qPCR – forward ATGCCTGTGGGTGCTATGC 60 40
rpL8qR qPCR – reverse TGCCTCTGTTGCTTGATGGTA 60 40
GAPDHqF qPCR – forward GAGGACCCAACTGTGCCAAAA 60 40
GAPDHqR qPCR – reverse GCTTCACCAGGCTGAACACG 60 40
Actin-qF qPCR – forward CGGCATGGGACAGAAGGACT 60 40
Actin-qR qPCR – reverse CTCTGTTGGCCTTGGGGTTG 60 40
SlCXE2-3′ 3′RACE-PCR CCGCATCACCAGAACCGAATCCGAACCC 68 40
SlCXE7-5′ 5′RACE-PCR ATTCAGTTGAAGTTCGCGAAATGGGAACACCGG 68 40
SlCXE7-3′ 3′RACE-PCR CCGGTGTTCCCATTTCCCGAACTTCAACTGAAT 68 40
SlCXE8-3′ 3′RACE-PCR GCTTACGTTCTTGGAAATGGAGGAAAAATGGTCATAGGA 68 40
SlCXE9-5′ 5′RACE-PCR ACAATTACCCGGTGCTGTAAAGTCATTGAT 68 40
SlCXE9-3′ 3′RACE-PCR GTTCTATTTGGGTGGTGAAGAACACCTAACGGCAGAG 68 40
SlCXE20-3′ 3′RACE-PCR TGCAAGTCGGCTGGCTCAAGAAATG 68 40
SlCXE2-F RT-PCR GAGGGACGGGAAGGGGCC 57 32
SlCXE2-R RT-PCR GGGCAAGTTGTCGAAGAA 57 32
SlCXE3-F RT-PCR ATGGTGGAAGTTAAAGTGGAACAAGGA 55 28
SlCXE3-R RT-PCR GCCGTGTGGGACCAGGAAGTC 55 28
SlCXE4-F RT-PCR ATG CAG TGG CAG ACG TGT GTG TTA 55 30
SlCXE4-R RT-PCR GATCATGTCTTTTGTGTCCAACAG 55 30
SlCXE5-F RT-PCR ATG TTG TAC GCG CTG CTG TGT GCA 60 27
SlCXE5-R RT-PCR TGCATATCGTATCCCGCGGTAAGC 60 27
SlCXE6-F RT-PCR ATTCCTTGGTCCCTATG 57 29
SlCXE6-R RT-PCR CAGCGATGGTGATTTGATTG 57 29
SlCXE7-F RT-PCR CCGGTGTTCCCATTTCCCGAA 60 30
SlCXE7-R RT-PCR ATAAATATTATCTACGTTAGTAAAGTTAAGTTGTCGAGC 60 30
SlCXE8-F RT-PCR TGTGGTAAAAAGTAGTTTTATTTACGCTCTTC 57 39
SlCXE8-R RT-PCR TTTCCTCCATTTCCAAGAACGTAAGC 57 39
SlCXE9-F RT-PCR ATCAATGACTTTACAGCACCGGGTAATTGT 60 35
SlCXE9-R RT-PCR AAGAAATCGAGGTTGACCTTCAAACTCAAC 60 35
SlCXE10-F RT-PCR CGGACGACCGGTCAGTTGTA 65 35
SlCXE10-R RT-PCR TACCAGGGACCAGCGTGTTG 65 35
SlCXE11-F RT-PCR CACTGGGCTCATAAGATAG 50 30
SlCXE11-R RT-PCR AGGTGCATTATGTTTGGAAA 50 30
SlCXE12-F RT-PCR GAATTTTTTGGTGGCGATC 50 30
SlCXE12-R RT-PCR CTCCAATTCGCAAGTTTTC 50 30
SlCXE13-F RT-PCR ATGGACTGCCTCAAGTATAGGCC 50 30
SlCXE13-R RT-PCR CATCAAGTTGGACAGACTGG 50 30
SlCXE14-F RT-PCR AAAAAAAAGAGACCCTGTGGAGGTT 50 30
SlCXE14-R RT-PCR CTTTATGCGTTATATTTTTACCATCCA 50 30
SlCXE15-F RT-PCR ACTCCCAAGATCCCTGG 50 30
SlCXE15-R RT-PCR AATCCGACCCAAAATATCAATGTATA 50 30
SlCXE16-F RT-PCR CGCCACCAGCGCCAC 50 30
SlCXE16-R RT-PCR GGACTGCCGCGCCGC 50 30
SlCXE17-F RT-PCR AACATGATCTTCTACGGCCCG 50 30
SlCXE17-R RT-PCR CTTTCTCCAGCAGCTCG 50 30
SlCXE18-F RT-PCR ACTAGGAACGTTAGGGTTTCTTTGC 50 35
SlCXE18-R RT-PCR CATCCCTTCTTTACTAGTTGTTCCATA 50 35
SlCXE19-F RT-PCR ATGATCCGTGTGTTTGTATTGTTATTG 45 35
SlCXE19-R RT-PCR GATATCTGCAAGAATAATTTCTTCTCTCAT 45 35
SlCXE20-F RT-PCR GCTCCTGACGGCACGTACCTA 65 35
SlCXE20-R RT-PCR TCTGGCCGATGGTCTCCATT 65 35

Sl, Spodoptera littoralis; CXE, carboxylesterase.
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Waltham, MA, USA), 5 ml of 15-fold diluted cDNA (or water for
negative control), 2.5 ml of each primer and 2.5 ml of sterile water.
The PCR programme consisted of an initial 95 °C for 13.5 min,
then 40 cycles of 95 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s.
This was followed by the measurement of fluorescence during a
55 to 95 °C melting curve in order to detect a single gene-specific
peak and to check the absence of primer dimer peaks. Under
these conditions, a single and discrete peak was detected for all
primers tested. A negative control and a fivefold dilution series
protocol of pooled cDNA (from all conditions) were included in
each run. The fivefold dilution series were used to construct a
relative standard curve to determine the PCR efficiencies and for
further quantification analysis. In all experiments, all primers gave
amplification efficiencies of 90–100%. Each reaction was run in
triplicate (technical replicate). Two independent pools of cDNA
were tested.

Data were analysed with iCycler software (Bio-Rad) and the
cycle threshold values (Ct-values) were first determined for the
reference genes with a run formed by the fivefold dilution series,
the five measuring points and three negative controls. The
average Ct value of each triplicate reaction was then used for
subsequent analysis with the GENORM (Vandesompele et al.,
2002), NORMFINDER (Andersen et al., 2004) and BESTKEEPER

(Pfaffl et al., 2004) programs. Using these algorithms, the Rpl13
gene, tightly followed by RpL8, can be considered as displaying
consistent expression and is suitable for downstream analysis.
Subsequently, the expression of esterase genes was normalized
to geometric means of this reference and the normalized gene
expression was then calculated with Q-Gene software (Simon,
2003).

Sequence and phylogenetic analysis

A dataset of esterase sequences from insects was created,
including sequences of carboxylesterases from D. melanogaster
and A. mellifera. Fifty-six amino acid sequences were selected
and added to the 20 sequences from S. littoralis. Alignment was
performed with CLUSTALW and used to create an entry file for
phylogenetic analysis. An unrooted tree was calculated by the
neighbor-joining method with Poisson correction of distances
using the MEGA 3.1 program (Kumar et al., 2004) with default
settings. Branch support was assessed by a bootstrap analysis
based on 1000 replicates.
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Abstract

Background: Carboxyl/cholinesterases (CCEs) are highly diversified in insects. These enzymes have a broad range of
proposed functions, in neuro/developmental processes, dietary detoxification, insecticide resistance or hormone/
pheromone degradation. As few functional data are available on purified or recombinant CCEs, the physiological role of
most of these enzymes is unknown. Concerning their role in olfaction, only two CCEs able to metabolize sex pheromones
have been functionally characterized in insects. These enzymes are only expressed in the male antennae, and secreted into
the lumen of the pheromone-sensitive sensilla. CCEs able to hydrolyze other odorants than sex pheromones, such as plant
volatiles, have not been identified.

Methodology: In Spodoptera littoralis, a major crop pest, a diversity of antennal CCEs has been previously identified. We
have employed here a combination of molecular biology, biochemistry and electrophysiology approaches to functionally
characterize an intracellular CCE, SlCXE10, whose predominant expression in the olfactory sensilla suggested a role in
olfaction. A recombinant protein was produced using the baculovirus system and we tested its catabolic properties towards
a plant volatile and the sex pheromone components.

Conclusion: We showed that SlCXE10 could efficiently hydrolyze a green leaf volatile and to a lesser extent the sex
pheromone components. The transcript level in male antennae was also strongly induced by exposure to this plant odorant.
In antennae, SlCXE10 expression was associated with sensilla responding to the sex pheromones and to plant odours. These
results suggest that a CCE-based intracellular metabolism of odorants could occur in insect antennae, in addition to the
extracellular metabolism occurring within the sensillar lumen. This is the first functional characterization of an Odorant-
Degrading Enzyme active towards a host plant volatile.
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Introduction

Carboxyl/cholinesterase (CCE, EC 3.1.1.1.) is a multigene

family widespread in prokaryotes and eukaryotes. It includes

diverse proteins that hydrolyze a broad range of carboxylic esters

to their component alcohols and acids. Despite their structural and

functional diversity, most of these enzymes use a same reaction

mechanism based on a catalytic triad including a serine [1,2].

Insects have multiple CCEs, as revealed by recent genome

analyses [1,3,4,5,6,7,8,9]: 24 genes in the bee Apis mellifera [3]; up

to 70 in the silkmoth Bombyx mori [5,6]. However, the physiological

role of most insect CCEs is unknown.

Based on phylogenetic analysis and substrate specificities, insect

CCE genes have been classified into 33 major clades [10] and

three major classes [3]. The first class contains proteins implicated

in neuro/developmental functions [11]. This group includes

acetylcholinesterases, neuroligins [11], gliotactins and other

uncharacterized proteins [1]. Except acetylcholinesterases, pro-

teins of this class are generally considered to be non-catalytic, such

as neuroligins involved in cell-cell interactions in synapses [11].

The second class contains mostly secreted and generally

catalytically active enzymes. For a few, functional data suggest

their involvement in hormone or odorant processing. Juvenile

hormone (JH) esterase (JHE) is involved in the degradation of JH,

a key hormone regulating development, metamorphosis and

reproduction in insects [12] and is one of the few insect esterases

other than acetylcholinesterases to have a clearly defined substrate.

CCEs potentially involved in sex pheromone degradation have

been identified in several insect species, especially in moths

[13,14,15,16,17,18,19]. These Pheromone Degrading Enzymes

(PDEs) are generally specifically expressed in the antennae, the

insect olfactory organs. Antennae carry hair-like structures called
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olfactory sensilla, which enclose olfactory receptor neurons

(ORNs) embedded by accessory cells and surrounded by a

protein-enriched lymph [20]. Extracellular PDEs are supposed

to degrade the pheromone components within the lymph, in the

vicinity of the olfactory receptors located in the ORN membrane

[13]. Rapid degradation of female sex pheromone in male

antennae is believed to play an essential role during male flight

towards pheromone trail [18]. However, ability of PDEs belonging

to the CCE family to hydrolyze sex pheromone components has

been demonstrated in only two species, the moth Antheraea
polyphemus and the beetle Popillia japonica [17,18,19]. Moreover,

CCEs able to hydrolyze other odorants than sex pheromones have

not been characterized yet.

The third class contains predominantly intracellular active

enzymes. Few functional data are available on these enzymes.

Most of them have been proposed to have digestive or

detoxification function, based on their expression in insect

midgut, or have been implicated in insecticide resistance [1,10].

CCE-related insecticide resistance has been intensely studied in

insects and two mechanisms have been demonstrated, i.e.

mutation in amino acid sequences and gene overexpression

[21,22]. The role of CCEs in the adaptation of insects to ingested

plant chemicals has not been so greatly documented (reviewed in

[23]).

In Spodoptera littoralis, a worldwide pest of cotton and vegetable

crops, analysis of an Expressed Sequence Tag collection from male

antennae has revealed a high diversity of CCEs expressed in the

olfactory organs [24]. Among them, a gene belonging to the third

CCE class and encoding a putative intracellular esterase (SlCXE10,
GenBank accession number FJ652453) was of particular interest,

as preliminary RT-PCR experiment revealed that it was strongly

expressed in antennae of both sexes. As the involvement of this

class of CCEs in olfaction was unknown, we investigated if

SlCXE10 could have a role in odorant hydrolysis. In our study, we

characterized the tissue specific and developmental expression

patterns of SlCXE10, and we expressed recombinant SlCXE10

protein and tested its activity in vitro towards physiological rele-

vant odorants. For our functional studies, we focused on the

pheromone components (Z,E)-9,11-tetradecadienyl acetate (Z9E11-

14:Ac) and (Z,E)-9,12-tetradecadienyl acetate (Z9E12-14:Ac) and
the plant volatile (Z)-3-hexenyl acetate (Z3-6:Ac). The sex

pheromone of female S. littoralis is a mix of two esters, Z9E11-

14:Ac and Z9E12-14:Ac. Responses of males to these compounds

have been well characterized at the electrophysiological [25] and

behavioural levels [26] and females were also able, to some degree,

to detect them [25]. S. littoralis also responds to the host plant volatile

Z3-6:Ac. The ability to detect green leaf volatiles was mostly

described in females [27,28], because these components play a

crucial role for host plant selection before egg laying. Few esters

from S. littoralis host plants have been identified and tested in

electrophysiology. Among those which have been tested, Z3-6:Ac

induced clear antennal responses in S. littoralis females; male

responses were not studied. We thus confirmed that males are

electrophysiologically responsive to Z3-6AC to validate its use as a

potential substrate for recombinant SlCXE10.

Our results demonstrated for the first time, that an insect

intracellular CCE, predominantly expressed in antennae of both

sexes and associated with olfactory sensilla, was able to hydrolyze a

plant volatile and to a lesser degree the sex pheromone

components. We also showed that the transcript level in males

was up regulated by the exposition to this plant odorant. These

results open a new range of potential substrates for CCEs

belonging to the class 3, in addition to insecticides and dietary

plant chemicals.

Results

Tissue-related and temporal expression of SlCXE10
We determined the tissue distribution and expression levels of

the SlCXE10 transcripts in adults by a quantitative PCR (qPCR)

method. The expression levels of SlCXE10 in various tissues were

shown as relative amounts compared with the RpL13 transcripts

(Fig. 1A). The SlCXE10 transcripts were highly expressed in the

antennae of both sexes, with a slightly higher level in males than in

female antennae (1.2-fold). SlCXE10 expression was at least 15-fold

higher in antennae than in non-olfactory tissues. SlCXE10 was

expressed in abdomen at a relatively low level. The expression in

other tissues was barely detectable. In last instar larvae, expression

was clearly detected in antennae but not in midguts, as revealed by

RT-PCR analysis (Fig. 1B).

In antennae, the expression of SlCXE10 during male post-

embryonic development and adult life was studied more precisely

by qPCR (Fig. 2). SlCXE10 expression was again detected in the

antennae of last instar larvae then its level decreased at the

beginning of pupal development. RNA levels increased steadily

from the end of the pupal stage until adult emergence, reaching a

maximum three days after emergence and then decreasing

abruptly.

SlCXE10 localization within antennae
The cellular localization of SlCXE10 transcripts in male

antennae was characterized by in situ hybridization (Fig. 3). S.

littoralis male antennae are filiform, with olfactory sensilla on the

ventral side and only scales on the dorsal side [25]. Male antennae

have both long and short trichoid sensilla: the longest ones are

distributed in the medial and lateral ventral region while the

shortest are predominantly in the medial ventral region. Some

short basiconic sensilla are also located in the medial ventral

region [29]. After in situ hybridization, SlCXE10 signals were

restricted to the sensilla side of the antennae, with no labelling on

the scale side (Fig. 3, A, C). Labelling was located in cells at the

base of the olfactory sensilla (Fig. 3, C, D). On longitudinal

sections, the distinction between long and short sensilla was not

possible. However, in some antennal segment with intact cuticle

(Fig. 3, B), the labelling was observed all over the ventral and

lateral surface suggesting an expression of SlCXE10 in both long

and short olfactory sensilla. Sense probes gave no signals.

Production and purification of SlCXE10 recombinant
protein
Recombinant SlCXE10 was produced using a baculovirus

expression system in lepidopteran Sf21 cells. The expression of the

recombinant protein was analyzed by SDS PAGE of infected

insect cells at different times after viral infection (Fig. 4A).

Expression of the recombinant protein occurred after 48 h post-

infection (p.i.), corresponding to the time of activation of the ‘‘very

late polyhedrin promoter’’ which was driving expression. Non-

infected cells were used as negative control as well as cells infected

with a non recombinant virus, which produced polyhedrin

normally. Recombinant SlCXE10 had a molecular mass of about

60 kDa, consistent with the predicted molecular mass of 61 kDa

based on translation of the complete ORF [24]. Using western-

blot analysis, a single band with the same molecular mass was

observed before and after the purification steps (Fig. 4B). A single

band was also detected by Coomassie staining following

purification. Native PAGE followed by an a/b-naphthyl acetate
assay on purified recombinant SlCXE10 confirmed that the

enzyme was still active following purification (Fig. 4C).
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Antennal response to Z3-6:Ac
To test if males were responsive to Z3-6:Ac, we performed an

electrophysiological study. Responses were quantified by measur-

ing the amplitude of antennal depolarization after odorant

stimulation. Antennae of both sexes responded to Z3-6:Ac in a

dose-dependent manner (Fig. 5). Male responses were slightly

weaker than the female ones for odorant doses ranging from 1023

to 261022 mg. At higher doses (1021 mg), the responses were

comparable in both sexes. When using mineral oil alone, antennal

responses were of 20.03 mV in males and 0 mV in females.

Kinetic study
The ability of recombinant SlCXE10 to degrade the sex

pheromone components (Z9E11-14:Ac and Z9E12-14:Ac) and the

plant volatile Z3-6:Ac was analyzed by GC and GC-MS; crude

antennal extracts were used as positive controls. Hydrolysis was

indicated by the percentage of conversion of the acetates to the

corresponding alcohols after 1 h of incubation. For the crude

antennal extract, hydrolysis of Z9E11-14:Ac and Z9E12-14:Ac was
around 40%, as previously reported [30], while hydrolysis of Z3-
6:Ac was nearly 100% (Fig. 6). For recombinant SlCXE10,

hydrolysis of Z9E11-14:Ac and Z9E12-14:Ac was 7.63% and

8.98% respectively, while hydrolysis of Z3-6:Ac was 89.2%. The

high level of activity allowed the calculation of kinetic values for

recombinant SlCXE10 and Z3-6:Ac; a Km of 11.464.8 mM and a

Vmax of 8.261.6 mM/s was determined by non-linear fitting

(R2 = 0.9145) and a Km of 9.662.26 mM and a Vmax

7.261.48 mM/s, respectively, using the Lineweaver-Burk method

(R2= 0.996), (Fig. 7).

Effect of odorant exposure on SlCXE10 expression level in
males
To test the hypothesis that SlCXE10 expression could be

induced by exposing animals to odorants, males were exposed for

48 h to high doses of Z3-6:Ac (plant volatile) and Z9E11-14:Ac
(pheromone component). Levels of SlCXE10 transcripts were

compared between naive and exposed males by quantitative PCR

(Fig. 8). Male antennae exposed to Z3-6:Ac expressed 3.63 times

more SlCXE10 than the controls (p = 0.0021, Student t-test). The

transcript levels were comparable when males were exposed to

Z9E11-14:Ac.

Discussion

SlCXE10 was strongly and predominantly expressed in the adult

antennae compared to all other tissues tested. This expression

pattern suggested that SlCXE10 could be implicated in a specific

olfactory function. Indeed, such restricted expression is a useful

criterion that has already been helpful in identifying specific

olfactory genes such as olfactory receptors and Odorant-Binding

Proteins (OBPs) in various species [31].

During development, SlCXE10 expression level increased from

the end of the pupal stage and reached a maximum in 3-day-old

adults. Apol-PDE, a CCE clearly involved in sex pheromone

degradation in the moth Antheraea polyphemus presented a similar

profile [18]. These expression patterns were concomitant with the

Figure 1. Analysis of SlCXE10 expression in S. littoralis tissues. A) Quantitative PCR (qPCR) analysis on cDNAs from male adult tissues and from
female adult antennae. The expression level of SlCXE10 was normalized to that of RpL13 transcript, which was measured in the same cDNAs. Data
were obtained from triplicate experiments and are given as the mean 6SD. M: male; F: female. B) RT-PCR analysis on cDNAs from last instar larval
antennae and midguts.
doi:10.1371/journal.pone.0015026.g001

Figure 2. qPCR analysis of SlCXE10 expression in male antennae
during development and adult life. The expression level of SlCXE10
was normalized to that of RpL13. Data were obtained from triplicate
experiments and are given as the mean 6SD.
doi:10.1371/journal.pone.0015026.g002
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electrophysiological responsiveness to odorant components and

with the expression of other olfactory genes such as OBPs

[18,32,33] or ODEs [34], suggesting a common regulatory

pathway for the genes involved in odorant detection in mature

adult moths. The life of S. littoralis males is short: they are able to

mate rapidly after emergence; they survive as adults for 5 to 6 days

in our rearing conditions. Maximum levels of SlCXE10 expression

in males were thus consistent with their short adult lifespan.

Interestingly, SlCXE10 transcripts were also clearly detected in

antennae from last instar larvae but not from the larval midgut.

This is the first observation of expression of a presumptive ODE in

insect larval antennae. The majority of CCEs identified during this

stage were indeed generally associated with the digestive tract

[6,10], suggesting a role in detoxification of noxious substances in

larval diet. In many insect larvae, olfactory stimuli play a role for

food location and studies in Drosophila melanogaster showed that the

Figure 3. Expression patterns of SlCXE10 after in situ hybridization on longitudinal sections of S. littoralismale antennae. Arrows show
the olfactory sensilla. A) Global view of two antennal segments, one sectioned and the other one with intact cuticle. B) Higher magnification of A,
showing labeling at the base of the olfactory sensilla. C) Longitudinal section through a segment showing the disposition of the olfactory epithelium
(1), the antennal nerve (2), the antennal lumen filled with haemolymph (3) and the epidermis (4). D) Higher magnification of C showing labeled cells
(accessory cells and/or neurons). Scale: 100 mm in A; 50 mm in B and C, 20 mm in D.
doi:10.1371/journal.pone.0015026.g003

Figure 4. SlCXE10 recombinant protein expression and purification. A) SDS PAGE analysis of total proteins extracted from infected insect
cells at different times after infection (24, 48, 72 h p.i). Non-infected cells and cells infected by a non-recombinant virus were used as controls. B)
Western-blot analysis. C) a/b-naphthyl acetate staining. SlCXE10 are indicated by asterisks on the right side of the gel, polyhedrin is indicated with an
arrowhead. The sizes of the molecular-mass markers are shown on the left hand side of the gel.
doi:10.1371/journal.pone.0015026.g004
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organization and functioning of the olfactory system from larvae is

simpler than but similar to the adult system, from the odorant

reception to the odorant-driven behavior (reviewed in [35]).

Antennal larval CCEs could thus play a role in odorant

degradation, as assumed in adults.

In the adult male antennae, SlCXE10 expression was restricted

to the olfactory sensilla, as revealed by in situ hybridization.

Expression was associated with long and short olfactory sensilla, in

cells that could correspond to accessory cells and/or to the

olfactory neurons. In male S. littoralis, most of the olfactory sensilla

are long trichoid sensilla narrowly specialized in Z9E11-14:Ac and
Z9E12-14:Ac detection [25]. Short olfactory sensilla (trichoid and

basiconic) are tuned to various plant odours [28] but their

responses to plant esters were not tested in males. On the contrary,

most of the sensilla from female antennae are short and specialized

in the detection of plant odours, including Z3-6:Ac [27,28]. Our

electrophysiological study demonstrates that males can also detect

Z3-6:Ac presumably via the short sensilla. In male antennae,

SlCXE10 expression was thus observed to associate with olfactory

sensilla which respond to either sex pheromone or host-plant

esters. Therefore, we hypothesize that SlCXE10 has a role in the

hydrolysis of both pheromone and plant volatile compounds.

In our in vitro conditions, recombinant SlCXE10 was indeed

able to degrade these three esters but with a strong preference to

Z3-6:Ac compared to Z9E11-14:Ac and Z9E12-14:Ac. The

differences in terms of carbon chain length, unsaturations and

hydrophobicity between Z3-6:Ac and sex pheromone compounds

could easily account for this difference. Towards Z3-6:Ac,
recombinant SlCXE10 is fast, with a in vitro turnover number of

45 s21. This turnover number is higher than of insect JHE (0.6–

4.3 s21, reviewed in [1]). It ranged between the kcat values of the

two CCEs previously characterized as PDEs in A. polyphemus (Apol-
PDE) and in P. japonica (Pjap-PDE): kcat values for the sex

pheromone of 127 s21 [18] and 1.36 s21 (calculated from [17]),

respectively. SlCXE10 affinity for Z3-6:Ac is quite low, leading to

a moderate specific activity (Km/kcat) of 4.76103 M21 s21. This

activity is smaller than that of ApolPDE (16108 M21 s21), of

insect JHEs (6–5016106 M21 s21, [1]) or of a malathion-CCE

from Lucilia cuprina (2.76106 M21 s21) [36] but is higher than that

of Pjap-PDE (26103 M21 s21, calculated from [17]).

This high Km towards Z3-6:Ac revealed that the affinity of

SlCXE10 for Z3-6:Ac is low and suggested that other exogenous

or endogenous compounds might be additional substrates for the

native enzyme. SlCXE10 expression level in adult male antennae

was nevertheless clearly induced by Z3-6:Ac exposition in vivo and

Figure 5. Electroantennographic responses to Z3-6:Ac. Full line and dotted line represent male and female responses, respectively
(mean6SEM, n=17 and 12, respectively).
doi:10.1371/journal.pone.0015026.g005

Figure 6. Hydrolysis of Z3-6:Ac, Z9E11-14:Ac and Z9E12-14:Ac
by recombinant SlCXE10 and crude antennal extracts. Hydro-
lysis was indicated by the percentage of conversion of the esters in the
corresponding alcohols after 1 h of incubation. Data were obtained
from triplicate experiments and are given as the mean 6SD.
doi:10.1371/journal.pone.0015026.g006
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not by the sex pheromone component Z9E11-14:Ac. As many

studies showed that the enzyme substrates are capable of inducing

the expression of those enzymes, this suggested that Z3-6:Ac might

be a physiological substrate for SlCXE10 in adult males. Induction

of detoxification enzymes, including CCEs, by xenobiotics or plant

allelochemicals present in the diet has been well studied in insects

(reviewed in [23,37]). We demonstrate here for the first time that

an odorant molecule could also be an effective CCE inducer in

insects. Enzyme over-expression may increase odorant clearance

and thus avoid adaptation/habituation to the odorant signals. This

mechanism could participate to maintaining the specificity of

olfactory communication in a noisy environment, e.g. when males

have to detect minute amounts of sex pheromone in a high

background of various plant volatiles.

SlCXE10 lacks a secretory signal peptide as well as the C-terminal

endoplasmic retrieval signal [1], suggesting a localization into the

cytosol of the accessory cells (and/or ORNs) of the sensilla. In

contrast to the extracellular PDEs present in the sensillar lymph,

SlCXE10 can thus presumably act on Z3-6:Ac and putatively other

odorants only after their entry to the cells. It has been suggested that

the complexes OBP-odorant and OR-odorant are internalized into

the support cells and ORNs, respectively [38,39]. Because of their

hydrophobicity, the odorant molecules tested here may also directly

enter the cells across their plasma membranes. Our results strongly

suggest that a CCE-based intracellular metabolism of odorants could

occur in insect antennae, in addition to the extracellular metabolism

already proposed. Antennal intracellular cytochromes P450 and

glutathione S-tranferases involved in pheromone or odorant

degradation have been described [40,41]. This complex metabolism

could participate in the clearance of odours within the antennae.

Further studies will allow to precise the catalytic properties of

SlCXE10 to establish if this enzyme may also detoxify xenobiotics

entering the sensilla, as suggested for intracellular CCEs expressed

in larval midgut.

Materials and Methods

Chemicals
Z9E11-14:Ac and Z9E12-14:Ac were synthesized in the labora-

tory (courtesy of Martine Lettere, .97% purity checked by gas

chromatography, CAS 50767-79-8 and 30507-70-1, respectively).

Z3-6:Ac was purchased from Lancaster Synthesis (Alpha Aesar,

USA; 99% purity, CAS 3681-71-8). (Z)-3-hexenol (Z3-6:OH, 99%

purity, CAS 928-96-1) and 5-methyl-1-hexanol (99% purity, CAS

627-98-5) were purchased from Sigma-Aldrich. Substrates were

diluted in hexane (.98% purity, CAS 110-54-3, Carlo-Erba).

Animals and tissue collection
Insects were reared on semi-artificial diet at 24uC, 60–70%

relative humidity, and under a 16:8 h light:dark (LD) photoperiod

till emergence. Sexes were separated at pupal stage. Adults were

kept under an inverted LD regime and provided with a 10%

sucrose solution. For SlCXE10 expression analysis by polymerase

chain reaction (PCR), various tissues were dissected: antennae and

midguts from last instar feeding larvae, antennae from male pupae

and from adults, male proboscis, brains, legs, thorax, abdomens

and wings. For odorant exposure experiments, 15 one-day-old

males were set during 48 h into hermetically sealed boxes

containing either 1 mg of Z3-6:Ac or Z9E11-14:Ac loaded onto a

filter paper. Insects were also provided with a 10% sucrose

solution. Control animals were kept in the same conditions except

that the filter paper was only loaded with hexane. Antennae were

then dissected. For in situ hybridization, male antennae were fixed

overnight at 4uC in 4% PFA-3% Tween 20, rinsed in PBS (0.85%

NaCl, 1.4 mM KH2PO4, 8 mM Na2HPO4, pH 7.1; Sigma) and

then cryoprotected in PBS-18% sucrose at 4uC before use. For

kinetic studies, two-day-old male antennae were dissected and

immediately used for crude antennal extracts preparation.

RNA isolation and cDNA synthesis
Total RNAs were extracted with TRIzol Reagent (Invitrogen,

Carlsbad, CA, USA), then treated with DNase I (Roche, Basel,

Switzerland) and quantified with a spectrophotometer (BioPho-

tometer, Eppendorf, Hamburg, Germany). Single-stranded

cDNAs were synthesized from total RNAs (5 mg) from various

tissues using Superscript II reverse transcriptase (Gibco BRL,

Invitrogen) with the oligo(dT)18 primer according to the manu-

facturer’s instructions.

Expression analysis of SlCXE10 by quantitative RT-PCR
(qPCR) and RT-PCR
Two specific primers, SlCXE10-q.F (59-CGGACGACCGGT-

CAGTTGTA) and SlCXE10-q.R (59-TACCAGGGACCAGC-

GTGTTG) were designed using EPRIMER3 software (http://

mobyle.pasteur.fr/cgi-bin/MobylePortal/portal.py?form=eprimer3).

The reference genes (RpL13, RpL8, GAPDH and b-actin) and their

corresponding primers were described in [24]. All reactions were

performed on the LightCyclerH 480 Real-Time PCR System

(Roche, Basel, Switzerland). Each 16 ml reaction consisted of 8 ml
LightCyclerH 480 SYBR Green I Master (Roche, Basel,

Switzerland), 6 ml of 12-fold diluted cDNA (or water for negative

control) and 1 ml of each primer. The qPCR program consisted

of 95uC for 13.5 min, then 40 cycles of 95uC for 30 s, 60uC for

30 s, 72uC for 30 s. This was followed by the measurement of

fluorescence during a 55 to 95uC melting curve in order to detect

a single gene-specific peak and to check the absence of primer

dimer peaks. A negative control and a fivefold dilution series of

pooled cDNAs (from all conditions) were included in each run.

The fivefold dilution series were used to construct a relative

standard curve to determine the PCR efficiencies and for further

quantification analysis. Each reaction was run in triplicate

(technical replicate) with at least three independent biological

replicates. Data were analysed with LightCycler 480H Software

(Roche, Basel, Switzerland) and the crossing point values (Cp-

values) were first determined for the reference genes with a run

Figure 7. Kinetics of Z3-6:Ac hydrolysis by SlCXE10. A) Nonlinear
regression analysis. B) Lineweaver-Burk representation.
doi:10.1371/journal.pone.0015026.g007

A Moth Antennal Esterase Degrading Plant 0dorant

PLoS ONE | www.plosone.org 6 November 2010 | Volume 5 | Issue 11 | e15026



formed by the fivefold dilution series, the measuring points and

three negative controls. The RpL13 gene was considered as

displaying consistent expression and was suitable for downstream

analysis, as previously described in [24]. Subsequently, the

expression of SlCXE10 was normalized to geometric means of

this reference and the normalized gene expression was then

calculated with Q-Gene software [42].

Non-quantitative RT-PCR was performed on 100 ng of cDNAs

from larval antennae and midguts, using SlCXE10-q.F/q.R and

RpL8 primers. 30 cycles of amplification were realized for SlCXE10
and 25 for RpL8 in order to fit the linear range of amplification.

In situ hybridization
A cDNA fragment of 601 bp was amplified by PCR using

SlCXE10-ish.F (59-AGCTATTTAGGTGAACACTATAGTG-

AATTCTTCAAAAAACAACCTTGTG) and SlCXE10-ish.R

(59-ATTGTAATACGACTCACTATAGGGTCTCCGTAAGA-

TGGCC) primers and was used as template for in vitro

transcription to generate DIG-labeled RNA sense and antisense

probes. Antennae from 2-day-old male moths were embedded in

Tissue-Tek mediumTM compound (CellPath, Newtown Powys,

UK). Cryosections (7 mm) were set in cell culture insert (Greiner

Bio-one, Monroe, USA) and rinsed twice in PBS for 5 min and

twice in 2xSSC for 5 min. Sections were first incubated for 1 h at

45uC in hybridization solution (50% formamide, 5x SSC, 5x

Denhart’s solution, 50 mg/ml yeast tRNA, 4 mM EDTA, 2.5%

Dextran), then hybridization was conducted overnight at 45uC in

the same solution containing the labeled probe. Post-hybridiza-

tion, sections were washed 10 min in 2xSSC, incubated 30 min at

37uC with RNase, rinsed twice in 0.1xSSC for 30 min at 65uC and

Figure 8. Quantitative analysis of SlCXE10 transcripts in male antennae after Z3-6:Ac and Z9E11-14:Ac exposition by qPCR. The
expression level of SlCXE10 was normalized to that of RpL13. Data were obtained from triplicate experiments and are given as the mean 6SD.
doi:10.1371/journal.pone.0015026.g008
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5 min in PBS. After blocking with 0.5% blocking reagent (Roche)

for 30 min at RT, sections were incubated with anti-Dig AP

conjugated antibody diluted 1:500 for 30 min at RT. After 5 min

washing in detection buffer (100 mM Tris pH 9.5, 100 mM NaCl,

50 mM MgCl2, 0.1% tween 20, 20 mM levamisole), hybridized

probes were visualized by incubation in the dark with NBT-BCIP as

substrates in detection buffer. Reaction was stopped by rinsing

sections in detection buffer. Sections were mounted on slides and

pictures were acquired (Olympus BX61 microscope, ImagePro

software) and digitalized using Adobe PhotoshopH 7.0 (Adobe, USA).

Construction of recombinant baculovirus SlCXE10-
AcMNPV
The SlCXE10 coding region was amplified from male antennal

cDNA by PCR using Expand High Fidelity PCR system (Roche,

Bazel, Switzerland) and two specific primers (SlCXE10-ORF.F:

59-GCGATGGTGCAAGTGAGAGTGAGCGAGGGTGTA and

SlCXE10-ORF.R: 59-TTGATTTAGCGTACTAAATTTAGGC-

AGGTG). The 1.63 kb PCR product was cloned into pBlueBac4.5/

V5-His TOPO transfer plasmid (Invitrogen). The presence of the

insert, in-frame with the polyhedrin promoter from Autographa

californica multi nuclear polyhedrosis virus (AcMNPV), as well as the

presence of the carboxy-terminal hexahistidine tag (6His-tag), were

confirmed by sequence analysis (GATC Biotech, Marseille, France).

This plasmid DNA was cotransfected with viral DNA into Spodoptera

frugiperda Sf21 cells using the bacmid DNA-CellFECTIN mixture

(Bac’N’Blue, Invitrogen). Recombinant viruses were isolated from

the transfection supernatant by plaque purification. Occlusion-

positive plaques, representing recombinant viruses, were picked and

plaque purified. Single isolated recombinant viruses were amplified

to obtain high-titre virus stocks. Virus titres were determined by

plaque assays. A concentrated viral stock (16107 pfu/ml) was stored

at 4uC for further experiments.

Expression and purification of recombinant SlCXE10
Sf21 cells (56105 cells/ml) in 5 ml of Sf-900 II (Invitrogen) were

infected with the viral stock at a multiplicity of infection of 20 and

grown at 27uC for 72 h. Cells were washed twice with PBS, then cell

pellet was diluted with a lysis buffer (1% Nonidet P40, 50 mM

NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8) and incubated

on ice for 10 min. Cells debris were removed by centrifugation, the

supernatant was isolated and 200 ml of nickel-charged resin (Ni-NTA

Agarose, Qiagen) was added before 1 h incubation at 4uC under

agitation. Suspension was loaded into a polypropylene column,

washed twice with wash buffer (50 mM NaH2PO4, 300 mM NaCl,

20 mM imidazole, pH 8) and eluted with elution buffer (50 mM

NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8). Protein

purification was controlled by polyacrylamide gel electrophoresis

(PAGE) and Western-blot analyses. Elution fractions were separated

by SDS PAGE and either visualized by Coomassie staining or

transferred to a nitrocellulose membrane for western-blot: after

blocking in TBST-10% blocking reagent (Invitrogen), membranes

were incubated overnight at 4uC with anti-6His-tag primary antibody

(Sigma-Aldrich, 1:10,000), then incubated with horseradish-perox-

ydase-labelled antibody (Sigma-Aldrich, 1:10,000). Blots were washed

and incubated with chemoluminescent substrate for 1 min (ECL Plus

Western Detection Kit, GE Healthcare). To check enzyme activity,

elution fractions were subjected to native PAGE and esterase activities

were visualized by a/b-naphthyl acetate assay, as described in [16].

Electrophysiology
Two-day-old male and female moths were anesthetized with

CO2 and restrained in a styrofoam holder. A chlorinated silver

wire was inserted into the abdomen to serve as reference electrode.

One antenna was fixed with small strips of adhesive tape on the

surface of the holder and the tip of the antenna was cut off. The

recording electrode, filled with sensillum saline (1023 M Ca2+

solution after [43] modified from [44]) was slipped over the end of

the cut antenna. Both electrodes were connected to a preamplifier

NL 102 (Digitimer, Hertfordshire, UK). The signal was amplified

(x 1000) and filtered from DC to 10 kHz and digitized at 10 kHz

and 12 bits with a Data Translation DT3001 board (Data

Translation, Malboro, USA). The amplitude of electroantenno-

grams was measured using Awave software [45]. Olfactory stimuli

were delivered with a programmable olfactometer that used

distinct sources of Z3-6:Ac for different dilutions as described in

[46]. White mineral oil from Sigma (CAS 8042-47-5) (Sigma-

Aldrich, L’Isle-d’Abeau, France) was used to prepare 1/1000,

1/500, 1/100, 1/50, 1/10 volume to volume dilutions. The

antenna was permanently bathed by pure air at 440 ml/min.

During stimulation periods, pure air was replaced by Z3-6:Ac or

control (mineral oil). Every antenna was challenged with a series of

six stimulations: mineral oil, 1/1000, 1/500, 1/100, 1/50 and

1/10 Z3-6:Ac solution. Odorant or control was applied as a short

pulse of 500 ms. Experiments were repeated on 17 males and 12

females.

Kinetic study
Crude antennal extracts were prepared by homogenization of

antennae on liquid nitrogen in 20 mM Tris-HCl buffer at

pH 7.4. Homogenates were briefly sonicated, centrifuged at

12000 rpm for 5 min and the supernatants were stored at 4uC
until rapid use. To study the kinetics of odorant hydrolysis by

antennal extracts and recombinant SlCXE10, the production of

the corresponding alcohols was monitored. 500 ng of freshly

purified recombinant protein or 4 mg of male antennal extract

were incubated during 1 h at 28uC in 50 ml of 20 mM Tris buffer

(pH 7.4) with either Z3-6:Ac, Z9E11-14:Ac or Z9E12-14:Ac (final

concentration: 40 mM). No detergent was used. Substrate

and product were extracted immediately with a mix of ether

and hexane (1:1 v/v). The organic phase was separated and

concentrated before injection of the totality of the sample in gas

chromatography (GC, Thermo Finnigan Trace GC; HP-5

Agilent column). Identification of the product was confirmed by

mass spectrometry analysis (Thermo Finnigan Trace GC-MS).

The GC conditions for the sex pheromone components were as

follows: injection at 80uC, hold for 1 min, 5uC/min up to 220uC,
10uC/min up to 300uC and 5 min of hold at this temperature.

For Z3-6:Ac, injection was performed at 50uC, hold for 1 min,

followed by 1uC/min up to 65uC, 5uC/min up to 80uC, 10uC/
min up to 300uC and 5 min of hold at this temperature. Three

replicates for each substrate were analyzed. The percentage of

conversion was calculated by the relative amount of the derived

alcohol with regard to the parent acetate. For Km and Vmax

determination, 2 mg of purified recombinant SlCXE10 were

incubated in a 200 ml reaction mixture with various concentra-

tions of Z3-6:Ac (1 mM to 20 mM). After 5 min of incubation,

substrate and product were extracted immediately with 400 ml of
ether/hexane mix (1:1 v/v) containing 5-methyl-1-hexanol as

internal standard. The GC detector was calibrated with a wide

range of concentrations of Z3-6:OH and standard diluted in

hexane. Experiments were replicated twice for each concentra-

tion. Kinetic parameters were determined by fitting the

experimental activity data to the one site binding equation of

GraphPad Prism 5 as well as by Lineweaver-Burk plots (double

reciprocal, 1/v versus 1/[S]).
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