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��#!��� ����'�,� ��"& �'���� 300@=� & 2.#.�&-!=� �2�3#!2&,!-4.� �!-&�.�
�2&::.-4�+!��
�
��!"!,�15!34��4!3&� &� .44.2�4.�%�� 5!�.�&!44&6&?�

x .� 345 &.�  !++�� 02.4!&-�� ���M=� 5-�� -5.6�� & 2.#.�&-��  �� -.&�
& !-4&#&��4��-!+�$!-!2!���"& �'���>��

x .�345 &.� &�5-� &0.4!4&�.�!6!-4.� &� 42�3#!2&,!-4.�$!-&�.�.2&::.-4�+!�
�66!-54.�#2��#��"&'" ��!")"2(� �, un fungo patogeno dell’olmo, e 

��"& �'����300@��
�
��%!�������$&�%�%�,�+����2�44!2&::�:&.-!� !++��3!15!-:�� !+�$!-!���"3�"�34�4��
!##!445�4��-!++’&3.+�4.� �  &� � 2&#!2&,!-4.� 
��S� &���"& �'����#������� 30!�&!�Q=�
-!+� 15�+!� "� �.34&45&4.�  �� O� !3.-&� !� N� &-42.-&@� �� 35�� 02!3!-:�� "� 34�4��
�-�+&::�4��42�,&4!�����30!�&#&�%!� &-�UL� &3.+�4&� &���"& �'����02.6!-&!-4&� ��
�+�!2&�  &� .+,.� �##!44&�  �� $2�#&.3&� !� 35��!33&6�,!-4!� &-� OQ� 30!�&!�
2�ppresentanti l’intera diversità genetica del genere.�
L’amplificazione del gene è risultata positiva rispettivamente in 58 isolati da 

olmo ed in 26 specie del genere, nelle quali mantiene l’organizzazione 

$!-!2�+!� !+��!00.� &�2&#!2&,!-4.@�!�3!15!-:!�-5�+!.4& &�%!� !+�$!-!���"3�
-!++!� NR� 30!�&!�  &� ��"& �'���� 3.-.� 34�4!� �-�+&::�4!� 42�,&4!� 3.#47�2!�
�&.&-#.2,�4&�&�15�+&�����=��+534�+�=�����Q=��80�39@���6�2&��&+&4�� !+�$!-!�
 &0!- !� �++�� &6!23��+5-$%!::�� !++��3!15!-:��-5�+!.4& &���!� �++��02!3!-:��
 &�5-��2&0!4&:&.-!�&-4!2-��&-�4�- !,�C
��D�-!+�02&,.�!3.-!=��%!��.22&30.- !�
� � 5-�� 3!2&!�  &� 2!3& 5&�  &� $+&�&-�� �� +&6!++.�  !++�� 02.4!&-��  ! .44�@� �!34�
�&.�%&,&�&� 35++�� 02.4!&-�� �!.M� 02. .44�� &-� 
��S� %�--.�  &,.342�4.� +�� 35��
�00�24!-!-:�� �++!� & 2.#.�&-!� &� �+�33!� 

=� �� 3!15!-:�� �,,&-.��& &��� !++��
02.4!&-�� ! .44��,.342�� &+� PP=RX� &�.,.+.$&��-!++!�NR� 30!�&!=�,!-42!�-.-�
3.-.� 34�4!� 2&3�.-42�4!�  &##!2!-:!� 3&$-&#&��4&6!� -!&� 0�2�,!42&� �&.�%&,&�&� C0
=�
&- &�!������=�0+.4� &�& 2.0�4&�D@��
��02. 5:&.-!� !++��02.4!&-��"�34�4��35��!33&6�,!-4!� 4!34�4��42�,&4!�3�$$&�
452�& &,!42&�&�!��!34!2-��+.44&-$@�
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Al fine di indagare sull’ipotesi di trasferimento genico orizzontale del gene 

�. &#&��-4!� +�� �!2�4.B5+,&-�� C$!-!� �(D=� 5-�� 02.4!&-�� �00�24!-!-4!� �++��
#�,&$+&��  !++!� & 2.#.�&-!� &� �+�33!� 

=� #2��#��"&'" ��!")"2(� �� !� &+� $!-!2!�
��"& �'����3.-.�34�4&�54&+&::�4&�$+&�34!33&���,0&.-&��-�+&::�4&�0!2�+��02!3!-:��
 &� ��"3@� 
+� QT=TX�  !$+&� &3.+�4&� 02.6!-&!-4&�  �� .+,.� "� 2&35+4�4.� �(B0.3&4&6.=�
,!-42!�-!335-�2&35+4�4.�"�34�4.�.44!-54.�0!2�4544&�$+&��+42&���,0&.-&@��
L’espressione del gene �(�"�34�4��0.&�6!2&#&��4��42�,&4!�����15�-4&4�4&6��%����
'� ��02&,��&-�
��S�!�0.&�35��+42!�S�30!�&!� !+�$!-!2!���"& �'���@���,�33&,��
!302!33&.-!�  !+� $!-!� 3&� "� .33!26�4��  .0.� T� $&.2-&�  &� �2!3�&4��  !+� #5-$.� &-�
,!::.�  &� �.+452�� +&15& .=� �-�%!� 3!� &-� ��33&33&,!� 15�-4&4�@� 
-� 3!$5&4.� �++��
�2!3�&4�� !+�#5-$.�35�3!$�452�� &�.+,.�! �&-��.+452�� 5�+!��.-�0�!")"2(� �=�
si è ottenuta induzione dell’espressione del gene, che è rimasta comunque a 

+&6!++&�,.+4.���33&@�
�
�! ��&$�! �,� L’al�!2.� #&+.$!-!4&�.� �.3425&4.� 35++!� 3!15!-:!�  !+� $!-!� ��"3�
02!3!-4�� 5-��  &342&�5:&.-!�  &6!23��  �� 15!++.� .44!-54.� 54&+&::�- .� 5-�
,�2��4.2!� -!542.@� �5!34.� 35$$!2&3�!� �%!� +�� 3&,&+�2&4��  &� 3!15!-:�� #2�� +!�
6�2&!� 30!�&!� 0.42!��!� &0!- !2!�  �� �+42&� #�44.2&=� 0!2� !3!,0&.�  �++.� 342!44.�
2�00.24.� &�3&,�&.3&�!3&34!-4!�#2���+�5-!�30!�&!��.-�$+&�&-3!44&�6!44.2&@�
�� 02!3!-:�� !3�+53&6��  !+� $!-!� �(� &-� &3.+�4&�  &� ��"& �'���� 02.6!-&!-4&�  ��
olmo confermerebbe l’ipotesi di un recente trasferimento orizzontale del 

$!-!� ��0�24!� &�0�!")"2(� �@��
�
��� �����%!� �� 
�"�%%!� ����!� �%&��!,� &+� $!-!� ��"3� è presente nell’intera 

 &6!23&4�� $!-!4&���  !+� $!-!2!� ��"& �'���@� �.&�%"� �+�5-!� & 2.#.�&-!� 3.-.�
�.&-6.+4!� -!++�� 0�4.$!-!3&�  !&� #5-$%&� &- 5�!- .� 2&30.34��  &�  &#!3�� -!++!�
0&�-4!�.30&4&=�3�2!��!�&-4!2!33�-4!�02.3!$5&2!�+.�345 &.�35++�����M��+�#&-!� &�
verificare l’attività elicitoria di��+�5-!�&3.#.2,!� !++��02.4!&-�@��
��"& �'���� 300@� !�0� !")"2(� �� �.- &6& .-.� +.� 34!33.� %��&4�4=� +!� $�++!2&!�
+�26�+&�  !$+&� &-3!44&� 6!44.2&=� �%!� 2�002!3!-4�� 5-� 6!2.� !� 02.02&.� ,&�2.�&.4��
all’interno del quale avvengono numerose interazioni fra gli organismi che 

-!� #�--.� 0�24!@� �-.�  !&� 0.33&�&+&� ,!���-&3,&�  &� 42�3#!2&,!-4.� .2&::.-4�+!�
 !+�$!-!��(�"�+��#.2,�:&.-!� &��-�34.,.3&�&#�+!�#2��&� 5!�#5-$%&@��.-.�4544.2��
&-��.23.�!30!2&,!-4&�6.+4&���6!2&#&��2!�15!34��&0.4!3&@��
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�
��*(!#�$,���"& �'����300@=�%9 2.0%.�&-3=�	.2&:.-4�+��!-!��2�-3#!2�C	��D�
�
���$,�4%&3��%��4%!3&3�%�3�47.�.�)!�4&6!3?�

x �%!�345 9�.#����M�02.4!&-=���-!7�%9 2.0%.�&-�4%�4�7!�& !-4&#&! �&-�
4%!�$!-53���"& �'���>��

x �%!� 345 9� .#� �� %90.4%!4&��+� 	.2&:.-4�+� �!-!� �2�-3#!2� C	��D� !6!-4�
.��522! ��!47!!-�#��"&'" ��!")"2(� ���- ���"& �'����300@�

�
��%�!�$�� ����$&�%$,�4%!��%�2��4!2&:�4&.-�.#�4%!���"3�$!-!�3!15!-�!�7�3�
��22&! �.54�&-���"& �'����#�������30!�&!3�Q�C&3.+�4!�
��SD=�7%!2!�&4��.-3&343�.#�
O�!8.-3��- �N�&-42.-3@��
�%!� 02!3!-�!� .#� 4%!� ��"3� $!-!� 7�3� �-�+9:! � �9� 30!�&#&�� ���� &-� UL�
��"& �'���� &3.+�4!3�3�,0+! �#2.,�!+,�42!!3��##!�4! ��9��54�%�!+,� &3!�3!�
C���D��- �4%!-�.-�OQ�30!�&!3�2!02!3!-4&-$�4%!�7%.+!�0%9+.$!-!4&�� &6!23&49�
.#�4%!�$!-53@��%!��,0+&#&��4&.-�7�3�0.3&4&6!�2!30!�4&6!+9�.-�QT�&3.+�4!3�#2.,�
!+,��- �.-�NR�30!�&!3�.#�4%!�$!-53=�7%!2!�4%!�$!-!�,�&-4�&-! �4%!�$!-!2�+�
.2$�-&:�4&.-� 3%.7-� &-� 
��S@� �!35+43� 7!2!� �-�+9:! � �9� �&.&-#.2,�4&�� 4..+3�
+&*!�����=��+534�+�=�����Q=��80�39@��%!�6�2&��&+&49�.#� 4%!�$!-!� &3� 5!� 4.�
 &##!2!-�!3�&-�-5�+!.4& !�3!15!-�!�+!-$4%��- �4.�4%!�02!3!-�!�.#���&-4!2-�+�
4�- !,� 2!0!�4� C
��D�7%&�%� �.22!30.- 3� 4.� �� 342!4�%� .#� $+9�&-!� 2!3& 5!3� &-�
4%!�  ! 5�! � 02.4!&-3@� �&.�%!,&��+� 4!343�  !,.-342�4! � 4%�4� 4%!� ���M�
02.4!&-��!+.-$3�4.��+�33�

�%9 2.0%.�&-3=��
�4�4%!��,&-.���& � +!6!+�4%!� ! 5�! �02.4!&-3�%� �PP=RX�%.,.+.$9��- �-.�
,�).2�  &##!2!-�!3� 7!2!� #.5- � &-� 4%!� �&.�%!,&��+� 0�2�,!4!23� C0
=� ������
&- !8=�%9 2.0�4%9�0+.43D@�
���M�02. 5�4&.-� &-� 4%!� #5-$�+� �5+452!� #&+42�4!�7�3� 4!34! ��9� 452�& &,!42&��
�33�9��- ��!34!2-��+.44&-$@��

-�4%!�3�,!�&3.+�4!3�7!�&-6!34&$�4! �4%!�02!3!-�!�.#�4%!�$!-!�!-�. &-$�4%!�
�+�33� 

� %9 2.0%.�&-� �!2�4.B5+,&-� C�(� $!-!D��9����@� �%!� �,0+&#&��4&.-�7�3�
35��!33#5+� &-�QT=TX�.#�4%!�342�&-3� &3.+�4! � #2.,�!+,�42!!3=�7%&+!�-.�2!35+43�
7!2!� .�4�&-! � &-� 4%!� .4%!2� 3�,0+!3@� �%!� 02!3!-�!� .#� �(� ,���� 7�3� �+3.�

.
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�33!33! � �9� 2!�+� 4&,!� ���� �#4!2� &-� 
��S� �- � 4%!-� &-� S� ,.2!� 30!�&!3� .#�
��"& �'���@��%!�$!-!�3%.7! �&43�,�8&,5,�!802!33&.-��#4!2�T� �93�.#�#5-$�+�
$2.74%�&-�+&15& �3%�*!-��5+452!=�!6!-�&#�&-�6!29�+.7��,.5-4@�
�&-�++9=�4%!�&- 5�4&.-�.#��(�$!-!�!802!33&.-�7�3�4!34! �&-�
��S�$2.7-�.-�!+,�
3�7 534� �- � &-� 5�+� �5+452!�7&4%�0� !")"2(� �� �- � &-��.4%� �.- &4&.-3� 4%!�
!802!33&.-�+!6!+�7�3�&-�2!�3! =�!6!-�&#�2!,�&-&-$�&-��++���3!3�!842!,!+9�+.7@�
�
�! ��&$�! $,�4%!�0%9+.$!-!4&���-�+93&3���3! �.-�4%!���"3�3!15!-�!3� & �-.4�
�.22!30.- �4.�4%!�42!!�$!-!2�4! �7&4%���-!542�+�,�2*!2@��%&3�35$$!343�4%�4�
3!15!-�!�3&,&+�2&4&!3��.5+ ��!�&-#+5!-�! ��9�.4%!2�#��4.23�4%�-�0%9+.$!-!4&��
2!+�4! -!33=�#.2�!8�,0+!�4%!��+.3!�2!+�4&.-3%&0�.#�39,�&.3&3��!47!!-�3.,!�
��"& �'����30!�&!3��- �4%!&2�&-3!�4�6!�4.23@�
�%!� !8�+53&6!� 02!3!-�!� .#� 4%!� �(� $!-!� &-� &3.+�4!3�  !2&6! � #2.,� !+,� 42!!3�
�.5+ ��.-#&2,�&43�2!�!-4�%.2&:.-4�+�$!-!�42�-3#!2�#2.,�0�!")"2(� �0�
�
��� ����� ��� � �� 
�"��%� !�� %��� �%&�*,� ��"3� $!-!� .��522! � &-� 4%!� 7%.+!�
$!-!4&��  &6!23&49� .#� ��"& �'���� 300@� �!��53!� 3.,!� %9 2.0%.�&-3� �2!�
&-6.+6! � &-� #5-$�+� 0�4%.$!-!3&3� &- 5�&-$� 4%!� 0+�-4�  !#!-�!� 2!30.-3!=� &4�
7.5+ ��!� &-4!2!34&-$�4.��.-4&-5!�4%!�345 &!3�.-����M�4.�6!2&#9� &#� &##!2!-4�
&3.#.2,3�.#�4%!�02.4!&-��.5+ ���4�+&*!�!+&�&4.23@�
��"& �'����300@��- �0�!")"2(� ��3%�2!�4%!�3�,!�%��&4�4=�4%!�+�26�+�$�++!2&!3�
�5&+4��9�4%!&2�&-3!�4�6!�4.23=�7%&�%�2!02!3!-4��-��54%!-4&��,&�2.�&.4�@�	!2!=�
-5,!2.53� &-4!2��4&.-3� �!47!!-� 4%!�  &##!2!-4� .2$�-&3,3� 4�*!� 0+��!@� ��
0.33&�+!�,!�%�-&3,�.#��(�$!-!�%.2&:.-4�+�42�-3#!2�&3�4%!�%90%�+��-�34.,.3&3�
#.2,�4&.-� �- � 4.�  �4!� �2!� &-� 02.$2!33� !80!2&,!-43� 4.� 6�+& �4!� 4%&3�
%90.4%!3&3@�
�
�
�
�
�
�
�
�
�
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M@ �@� �@� �!44&-&=� �@� �2�3�!++�=� �@� �.,0�2&-&=� @� ��22!3&=� �@� @� �!0.2&=� @�
��::�$+&=� �@� ��005$&=� �@� ���+�� �- ��@� ���+�.�NLMN0� 
 !-4&#&��4&.-� �- �
�%�2��4!2&:�4&.-� .#� �!.M=� �� -!7� �+�33� 

� %9 2.0%.�&-� #2.,�
��"& �'����300@���-� &�-��.52-�+�.#��&�2.�&.+.$9=�QTCTD?�URQBUSN@�

�
�� &$�#�"%$�$&���%%��-�
�
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An alternative role might be that hydrophobins act as “stealth” factors, 
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Horizontal Gene Transfer (HGT)

Chapter 1.3
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%�- ��2!�-.4�3.��00�2!-4=��54�&4�7�3�#.5- �4%�4�$!-!4&��,�4!2&�+���-�#+.7��9�
42�-30.3��+!� !+!,!-43=� 6&253!3� �- � &-4!230!�&#&�� %9�2& &:�4&.-=� 7%&+!�
0%�$.�94.3&3��- �!- .39,�&.3&3�3!!,�4.�%�6!�#��&+&4�4! �4%!���15&3&4&.-�.#�
-5�+!�2�$!-!3��9�02.4&34�+&-!�$!3�ERU=�SLF@�
�%!� 02!3!-�!� .#� ���4!2&�+� $!-!3� &-� 0%�$.42.0%&�� !5*�29.4!3� 7�3� &-&4&�++9�
explained by the “you are what you eat” hypothesis ESLF@� 	.7!6!2=� 4%!�
02!3!-�!�.#����4!2&�+�$!-!3�&-�-.-B0%�$.42.0%&��.2$�-&3,3�%�3�3%.7-�4%�4�
,!�%�-&3,3�.4%!2�4%�-�0%�$.�94.3&3���-��!�2!30.-3&�+!@�
�,.-$� 0+�-43=� .-!� .#� 4%!� ,.34� &,0.24�-4� 	��� ,!�%�-&3,3� &-6.+6!3�
0.++&-�4&.-��!47!!-� &##!2!-4�30!�&!3@��%&3�0%!-.,!-.-�&3�7!++� .�5,!-4! �
�,.-$�#+.7!2&-$�0+�-43��!+.-$&-$�4.�4%!�3�,!�#�,&+9=��- ���2&�%� +&4!2�452!�
!8&343� .-� 0+�-4� &-42.$2!33&.-3@� 
-42.$2!33&.-� �.5+ � �!� 2!30.-3&�+!� #.2�
3&$-&#&��-4� %.2&:.-4�+� $!-!� #+.7� �,.-$� 0+�-43=� �+4%.5$%� 4%!2!� &3� -.� $.. �
!6& !-�!� 4%�4� 4%&3� ,!�%�-&3,� .0!2�4!3� �!47!!-� 0+�-43� #2.,�  &##!2!-4�
4�8.-.,&���33!,�+�$!3���.6!�4%!�#�,&+9�+!6!+�ESMF=��- �&3��+3.�3530!�4! �4.�
�!�2!30.-3&�+!�#.2�,.6&-$�39-4%!4&��42�-3$!-!3�#2.,� .,!34&��6�2&!4&!3�&-4.�
7&+ �30!�&!3�ESNF@�
�%!2!��2!�-.�*-.7-�-�452�++9�.��522&-$�6!�4.23�35�%��3�0+�3,& 3=�0%�$!3�.2�
42�-30.3��+!� !+!,!-43� #.2� &-4!2B .,�&-� $!-!� 42�-3#!2� &-� !5*�29.4&�� �!++3�
�!��53!�.#�4%!&2�+.7�2�4!�.#��.,0!4!-�!=�7&4%�4%!�-.4��+!�!8�!04&.-�.#�4%!�
�5,.52B
- 5�&-$� C�&D� 0+�3,& � .#� 4%!���%"���'�%�( � $!-53=� �� 02.,&3�5.53�
6!�4.2�7%&�%�#��&+&4�4!3�4%!�42�-3#!2��- �4%!�!802!33&.-�.#����4!2&�+�����4.�
0+�-4�3.,�4&���!++3� ESO=�SPF@��!-!� 42�-3#!23� &-� 4%!�.00.3&4!� &2!�4&.-=� #2.,�
!5*�29.4!3�4.����4!2&�=�3!!,�4.�.��52��4�!842!,!+9�+.7�#2!15!-�&!3=�.-�4%!�
��3&3�.#�4%!�.�3!26! �42�-3#!2�2�4!3�.#�2!�.,�&-�-4�$!-!3�#2.,�0+�-43�4.�3.&+�
���4!2&��ESQF@��
�.,0�2�4&6!� �-�+93!3� .#� 4%!� ,.+!�5+�2�  �4�� 4%�4� �2!� !80+. &-$� #2.,�
$!-.,!� 3!15!-�&-$� 02.)!�43� &- &��4!� 4%�4=� 4%2.5$%.54� 4%!� %&34.29� .#� +&#!=�
	���,&$%4�%�6!��!!-�4%!�,�&-� 2&6&-$�#.2�!��!%&- �4%!�!6.+54&.-�.#��!++5+�2�
+&#!�ESQF@��-!�.#�4%!�,�).2�4%!.2!4&��+� !��4!3�2�&3! ��9�	���&3�4%!�6�+& &49�
.#�4%!�-.4&.-�.#�4%!�42!!�.#�+&#!@���-5,�!2�.#��&.+.$&343�%�6!�0.3&4! �4%�4�4%!�
tree is a poor representation of the relationship among life’s three major�
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*&-$ .,3=� �!��53!� ��  !3�2&04&.-� .#� 4%!� $!-!4&�� 2!+�4&.-3%&03� �!47!!-�
.2$�-&3,3�3.+!+9�&-�4!2,3�.#�6!24&��+�&-%!2&4�-�!�.#�$!-!3�&3�&-35##&�&!-4�ERTF@��

-� 4%!�0�24&�5+�2� ��3!� .#�,&�2..2$�-&3,3=� 4%!� 3,�++� -5,�!2� .#�5-&6!23�++9B
�.-3!26! �$!-!3��.-3&34!-4�7&4%���42!!�.#�+&#!�35$$!343�4%�4�$!-!�42�-3#!2�&3�
3.� 0!26�3&6!� 4%�4� &4� ,�9� -.4� �!� 0.33&�+!� 4.�  !3�2&�!� 4%!&2� !6.+54&.-�29�
2!+�4&.-3%&03� 3.+!+9� 53&-$� 0%9+.$!-!4&�� 42!!3� �5&+4� #2.,� ���� .2� 02.4!&-�
3!15!-�!3� ESRBSTF@� �.,!� �54%.23� %�6!� !6!-� 35$$!34! � 4%�4� �522!-4+9�
2!�.$-&3! ���27&-&�-�02.�!33!3�.#�!6.+54&.-��2!�&-35##&�&!-4�4.����.5-4�#.2�
	��=� #�6.52&-$� &-34!� ��� �,�2�*&�-� 4�*!� .-� 4%&3� #.2,�.#� &-%!2&4�-�!� ESU=�
TLF@� 
-� 3%.24=� #.++.7&-$� 4%&3� 4%&-*&-$=� 4%!� 42!!� .#� +&#!�,�9� &-34!� � �!� �!34�
2!02!3!-4! ��3����.,0+!8�-!4�.#�$!-!��-�!342&!3@��

-��.-42�34=�.4%!2��54%.23�%�6!��2$5! �4%�4���2!#5+�4�2$!4&-$�.#�30!�&#&��$!-!�
,�2*!23=��.,�&-! �7&4%�3.0%&34&��4! �0%9+.$!-!4&��,!4%. 3=���-�& !-4&#9���
3*!+!4.-�42!!�.#� +&#!=�50.-�7%&�%�%�-$3��-�!84!-3&6!�7!��.#�$!-!�42�-3#!23�
ETMF@�
�!4%. 3� #.2� !4!�4&-$�	����2!� 34&++�!6.+6&-$@� ��45�++9� 4%!�02&,�29�,!4%. �
#.2� & !-4&#9&-$� 	��� &3� 4%!� �.-3425�4&.-� .#� �� 0%9+.$!-!4&�� 42!!� 7&4%�
�002.02&�4!� 4�8.-� 3�,0+&-$� �- � 42!!B�5&+ &-$� ,!4%. .+.$&!3@� �3&-$� 4%&3�
�002.��%=� 	��� ��-� �!� & !-4&#&! � 7%!-� �� $!-!� �-�!3429� �.-42� &�43� 4%!�
!34��+&3%! �30!�&!3�0%9+.$!-9��9�0+��&-$�4%!�$!-!�.#���30!�&!3=�.2�4%!�$!-!3�
#2.,���$2.50�.#�30!�&!3=�7&4%&-����+� !�.#�3!15!-�!3�#2.,�5-2!+�4! �30!�&!3�
ETN=� TOF@� �%&3� ,!4%. � !-��+!3� 4%!� 2!3!�2�%!2� 4.� 4!34�  &2!�4+9� 4%!� 	���
%90.4%!3&3=�.�3!26!�0.4!-4&�+�!6& !-�!�.#�$!-!� 50+&��4&.-��- � +.33�7&4%&-�
4%!�$!-!�#�,&+9=��- �53!��002.02&�4!�34�4&34&��+�,!4%. 3�4.�4!34�3500.24�#.2�
4%!�42!!�4.0.+.$9��- =��9�&,0+&��4&.-=�4%!�	��@��%&3�,!4%. ��+3.��++.73�4.�
& !-4&#9�4%!�4�8.-.,9�.#�4%!� .-.2�$2.50��- �4.�&-6!34&$�4!�4%!��-�!3429�.#�
42�-3,&33&.-�2!+�4&6!�4.�3�,0+! �4�8�@��
Three additional “surrogate methods”, that do not require calculation of 

0%9+.$!-!4&�� 42!!3=� �2!� �+3.� 53! � 4.� &-6!34&$�4!� 	��@� �%!� #&234� &3� 4%!�
& !-4&#&��4&.-�.#���,.3�&�� &342&�54&.-�.#���$!-!�#�,&+9���2.33�4%!�42!!�.#�+&#!@�
�%&3� �002.��%�  !0!- 3� .-� ���52�4!+9� �33!33&-$� %.,.+.$9� �- � & !-4&#9&-$�
4%!�  &342&�54&.-� .#� $!-!� #�,&+&!3� ��2.33� 4�8�=� �- � #524%!2,.2!� ���52�4!+9�
���.5-4&-$� #.2� 0�44!2-3� .#� $!-!�  50+&��4&.-� �- � +.33@� �524%!2,.2!=�
$!-!A4�8.-�  &342&�54&.-� �-�+93!3� �2!� .#4!-� ��3! � .-� 3!15!-�!� 3&,&+�2&49�
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3!�2�%!3�35�%��3������ETPF=�!6!-�&#�&4�%�3� !,.-342�4! �4.�0!2#.2,�0..2+9�
#.2�  &2!�4+9� &-#!22&-$� !6.+54&.-�29� 2!+�4&.-3%&03@� �.2� !8�,0+!=� +�2$!B3��+!�
�.,0�2&3.-3�%�6!� !,.-342�4! �4%�4�50�4.�PL�X�.#�����0��!34�,�4�%!3� .�
-.4� 2!02!3!-4� 4%!� -!�2!34� -!&$%�.52� &-� 35�3!15!-4� 0%9+.$!-!4&�� �-�+93!3�
ETQF@� 
- !! � &4� &3� !842!,!+9� &,0.24�-4� 4.� 53!� 3.0%&34&��4! � %.,.+.$9�
3!�2�%&-$� 4..+3� 35�%� �3� %&  !-� ��2*.6� ,. !+3� C	��D� �- A.2� ��
B�����
ETPF� 4.� 3�,0+!�  &6!2$!-4� #.2,3� .#� 4%!� 4�2$!4� $!-!� #�,&+9� ��2.33� $!-.,!3�
�- �4%!2!#.2!�#5++9�4!34�4%!�$!-!A�4�8.-� &342&�54&.-@�
�%!� 3!�.- �,!4%. � &3� ��3! �.-�4%!��.,0�2&3.-�.#�$!-!��.-4!-4��!47!!-�
39-4!-&�� �+.�*3� �- � �+.3!+9� 2!+�4! � $!-.,!3@� �%&3� �002.��%� %�3� 02.6! �
35��!33#5+�7%!-�7%.+!�$!-.,!�3�,0+&-$��,.-$�4%!�4�2$!4�$2.50A$!-53� &3�
%&$%�ETRF��- �4%!��002.��%�&3�#.++.7! �50�7&4%�0%9+.$!-!4&���-�+93&3@�
�%!� +�44!2� 3522.$�4!� ,!4%. � 3500.24� 4%!� & !-4&#&��4&.-� .#� .0!-� 2!� &-$�
#2�,!3�7&4%� �490&��+� �.,0.3&4&.-� �-�+9:&-$� 4%!� -5�+!.4& !� �.,0.3&4&.-� .#�
4%!�42�-3#!22! �$!-!=�4%!� &-5�+!.4& !�#2!15!-�&!3=�4%!��. .-�53�$!=�.2�4%!�
�.,0.3&4&.-�0�44!2-3�& !-4&#&! ��9���2*.6��%�&-��-�+93!3�ETSF@�
�!30&4!���%&$%�-5,�!2�.#�,!4%. .+.$&!3�4%�4�%�6!��!!-�05�+&3%! �4.�345 9�
	��=� -!�2+9� �++� 53!� 4%!� 3�,!� .2� 3&,&+�2� 02&-�&0+!3� 4%�4� �2!� �2&!#+9�
2!02!3!-4! �&-��&$@�U@�
�
�
�
�
�
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�
���-� <,� �90&��+��&.&-#.2,�4&�3�	���0&0!+&-!@� �522.$�4!�,!4%. 3� C2! ��.8!3D� 35�%��3�  !4!�4&-$�$!-!3�
7&4%��490&��+�����.-4!-4=��490&��+��. .-�53�$!�0�44!2-3�.2�4.0� �4���3!�%&43�4.�-.-2!+�4! �.2$�-&3,3�
,�9� �!� 53! � �3� �-� &-&4&�+� 34!0� &-�  !4!�4&-$� &-�& !-�!3� .#�	��@� �.�534�	��� �-�+93!3� 3%.5+ � �+7�93�
6!2&#9�054�4&6!���3!3�.#�$!-!�42�-3#!23�6&��0%9+.$!-!4&���-�+93&3�C�+5!��.8!3D=��- �4%&3�02.�!33�2!15&2!3�
�++� %.,.+.$5!3� 4.� �!� 2!42&!6! � #2.,� 4%!� 2!#!2!-�!�  �4���3!� �- � �+&$-! � C�- � ,�-5�++9� ! &4! � &#�
2!15&2! D@��%!�.04&,5,�,. !+�.#�3!15!-�!�!6.+54&.-�&3�535�++9�+.��4! =��- �0%9+.$!-&!3��2!�&-#!22! �
53&-$� 2!+&��+!� 0%9+.$!-!4&�� 2!�.-3425�4&.-� ,!4%. 3� &,0+!,!-4! � &-� �� ,�8&,5,B+&*!+&%.. � .2�
��9!3&�-� #2�,!7.2*@� �!-!� 42!!3� 4%�4� �2!� 342.-$+9� 3500.24! � �- �  !6&�4!� 3&$-&#&��-4+9� #2.,� 4%!�
30!�&!3� 42!!� �2!� &- &��4&6!� .#� 	��@� �  &4&.-�+� +&-!3� .#� !6& !-�!� 35�%� �3� 39-4!-9� .2� 0�4�%9� 0%9+!4&��
 &342&�54&.-�,�9��+3.��!� &-6!34&$�4! �4.�02.6& !�#524%!2�!6& !-�!�#.2�4%�4���$!-!�42�-3#!2�!6!-4�%�3�
.��522! �ETTF. 
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	���� ��& ���
�
�!6!2�+�345 &!3�%�6!�2!0.24! �4%!�.��522!-�!�.#�	���&-�#5-$&=��+3.�&#�&-�4%!3!�
.2$�-&3,3� 4%!� 0%!-.,!-.-� &3� �+!�2+9� +!33� 345 &! � &-� �.,0�2&3.-� 4.�
02.*�29.4!3@� �%&3� &3� 02.���+9�  5!� 4.� 4%!� +&,&4! � �6�&+��&+&49� .#� 7%.+!B
$!-.,!�3!15!-�!�&-#.2,�4&.-�#2.,�#5-$�+�30!�&!3@��524%!2,.2!=�,�-9�	���
!6!-43�,&$%4�%�6!�.��522! ���+.-$�4&,!��$.�&-�!6.+54&.-�29�%&34.29=��- ��2!�
 &##&�5+4� 4.� 02.6!� �!��53!� !6.+54&.-� %�3� 35�3!15!-4+9� �##!�4! � �.4%� 4%!�
 .-.2��- �4%!�2!�&0&!-4�.2$�-&3,@��&4%�4%!�� 6!-4�.#�-!7��- ��%!�0!2�����
3!15!-�&-$� 4!�%-.+.$&!3=� ,.2!� 7%.+!� #5-$�+� $!-.,!� 3!15!-�!3� 7&++�
�!�.,!� �6�&+��+!=� �+lowing a more precise identification of “foreign DNA” 

��15&2! �#2.,� &##!2!-4�30!�&!3��9�	���ETUF@�
�!-!� 42�-3#!2� !6!-43� &-4.� #5-$&� &-6.+6!� !&4%!2� 02.*�29.4&�� �- � !5*�29.4&��
 .-.23@� 
-&4&�++9=� �� +�2$!� 02.0.24&.-� .#�  .�5,!-4! � 	��� !6!-43� &-4.� #5-$&�
7�3� .#� ���4!2&�+� .2&$&-3@� �%&3� 0%!-.,!-.-� ,�9� �!�  5!� 4.� 4%!� #��4� 4%�4�
���4!2&�+�	���!6!-43��2!�!�3&!2�4.� !4!�4�4%�-�!5*�29.4&��42�-3#!23=��- �#.2�
4%&3�2!�3.-�4%!�,�).2&49�.#�3934!,�4&�� 3!�2�%!3�#.2�	��� &-�#5-$�+�$!-.,!3�
0!2#.2,! � 4.�  �4!� %�6!� .-+9� 4�*!-� &-4.� ���.5-4� $!-!3� #2.,� �� ���4!2&�+�
3.52�!�EULBUNF@��%!2!��2!���-5,�!2�.#��&.+.$&��+�2!�3.-3�7%9�02.*�29.4!�4.�
#5-$53�	��� &3�,.2!� +&*!+9� 4%�-� !5*�29.4!� 4.� #5-$53�	��@� �&234=� !5*�29.4&��
$!-!3� �.-4�&-� &-42.-3=� 7%.3!� &-�.22!�4� 30+&�&-$� �.5+ � ��4� �3� �� ��22&!2� #.2�
!5*�29.4!� 4.� !5*�29.4!� 	��@� �!�.- +9=� 4%!� -5,�!2� �- �  &6!23&49� .#�
���4!2&�+� 0.05+�4&.-3� &3� �.-3& !2��+9� +�2$!2� 4%�-� 4%�4� .#� !5*�29.4&��
0.05+�4&.-3>� 4%!2!#.2!=� 4%!� 0..+� .#� ���4!2&�+� $!-!3� �6�&+��+!� &-� 4%!�
!-6&2.-,!-4�&3�3&$-&#&��-4+9�+�2$!2�ERPF@��

-� 4%&3� #2�,!=� 0%9+.$!-.,&�� �-�+93!3� %�6!�  !,.-342�4! � 4%�4�,�-9� #5-$&�
0.33!33� $!-!3�.#�	����-�!3429� #2.,�02.*�29.4&�� 3.52�!3� EUM=� UNF=� �- � 4%!�
�-�+93&3� .#� RL� #5-$�+� $!-.,!3� 30!�&#&��++9� #.2� $!-!3� !2&6! � #2.,����4!2&��
2!6!�+! �SMO�+&*!+9�!6!-43�.#��2.33B*&-$ .,�$!-!�42�-3#!2�EUNF@��!30&4!�4%!�
02!6�+!-�!� .#� 4%!3!�  !4!�4! � 42�-3#!2� !6!-43=� &4� 3%.5+ � �!� -.4! � 4%�4� &-�
-!�2+9��++���3!3�4%!2!�%�3��!!-��.-3& !2��+!�3!15!-�!� &6!2$!-�!�3&-�!�4%!�
02.0.3! � 42�-3#!2=� 35$$!34&-$� 4%�4� 4%!� 0�24&�5+�2� !6!-43� 2!4�&-! � �2!�
�-�&!-4@� �%!� �-�&!-4� -�452!� .#� 4%!3!� 42�-3#!2� !6!-43� #&43� 7!++� 7&4%� 4%!&2�
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�.-42&�54&.-� 4.� &,0.24�-4��&.+.$&��+�02.�!33!3� 35�%��3�0�4%.$!-� 6&25+!-�!=�
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Identification and characterization of GEO1, a new
class II hydrophobin from Geosmithia spp.

Priscilla P. Bettini, Arcangela Frascella, Cecilia Comparini, Lara Carresi,
Alessia L. Pepori, Luigia Pazzagli, Gianni Cappugi, Felice Scala, and Aniello Scala

Abstract: In the present paper we describe a new noncatalytic protein belonging to the hydrophobin family, designated
GEO1, purified from the culture filtrate of Geosmithia pallida (Ascomycota: Hypocreales), and the corresponding gene se-
quence. In the fungal genome, GEO1 was encoded by a single-copy gene with a 450 bp open reading frame interrupted by
2 small introns whose primary translation product was 109 amino acids long and included a 23 amino acids signal peptide.
The mature protein had a molecular mass of 8111.75 Da and a theoretical pI of 4.33. The deduced amino acid sequence
showed similarity to class II hydrophobins and contained 8 conserved cysteine residues, present in all hydrophobins isolated
so far. Biochemical properties, such as foam-forming ability and trapezoid-like shape of a GEO1 drop, also resembled the
typical features of the class II hydrophobins. Expression of the geo1 gene was assessed after 2, 4, 7, 9, and 11 days of cul-
ture and showed that the geo1 transcript appeared after 7 days and increased up to 11 days.

Key words: Ascomycetes, Geosmithia pallida, class II hydrophobin.

Résumé : Nous décrivons dans cet article une nouvelle protéine non-catalytique appartenant à la famille des hydrophobines
et appelée GEO1, purifiée à partir d’une filtration de culture de Geosmithia pallida (Ascomycota: Hypocreales), ainsi que la
séquence du gène correspondant. GEO1 était codée dans le génome du champignon par un gène simple copie comportant
un CLO de 450 pb interrompu par deux petits introns, dont le principal produit de la traduction avait une longueur de 109
acides aminés et comprenait un peptide signal de 23 acides aminés. La protéine mature avait un poids moléculaire de
8111,75 Da et un pI théorique de 4,33. La séquence déduite en acides aminés montrait des similarités avec les hydrophobi-
nes de classe II et contenait huit résidus cystéine, présents dans toutes les hydrophobines isolées jusqu’à présent. Les pro-
priétés biochimiques, comme la capacité de mousser et la forme trapézoïde d’une goutte de GEO1, ressemblaient aussi aux
caractéristiques typiques des hydrophobines de classe II. Le décours temporel d’expression de geo1 a été évalué après 2, 4,
7, 9 et 11 jours en culture et a montré que le transcrit de geo1 apparaissait au jour 7 et augmentait jusqu’au 11ième jour.

Mots‐clés : Ascomycètes, Geosmithia pallida, hydrophobine de classe II.

[Traduit par la Rédaction]

Introduction
Hydrophobins are low molecular mass, ubiquitous proteins

produced and secreted by filamentous fungi. Based on their
hydropathy patterns and differences in their solubility and
amino acid sequences, hydrophobins have been divided in 2
classes. Class I hydrophobins are produced by Ascomycetes
and Basidiomycetes; class II hydrophobins are produced by
Ascomycetes only (Whiteford and Spanu 2002; Linder et al.

2005). Class I and class II are now considered as 2 separate
protein families (Pfam PF01185 and PF06766, respectively),
as sequence homology between proteins of the 2 classes is
limited except for 8 conserved cysteine residues forming 4 in-
tramolecular disulfide bonds involved in protein folding and
stabilization (Linder et al. 2005). However, a genome-wide
analysis of Trichoderma spp. has recently identified new hy-
drophobins related to class I but which form a distinct clade,
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thus raising the possibility of a revision of the present classi-
fication (Seidl-Seiboth et al. 2011). Hydrophobins can fulfill
multiple roles in fungal growth and developmental processes,
as well as in the interaction between fungi and their hosts, by
forming an amphipathic membrane at the hydrophobic–
hydrophilic interface, with the hydrophobic side facing out-
wards (Sunde et al. 2008). Hydrophobins take part in the for-
mation of fungal aerial structures (Ng et al. 2000; Karlsson et
al. 2007), in the development of microsclerotia and micro-
conidial chains (Fuchs et al. 2004; Klimes et al. 2008), in
the dispersion of conidia by wind or water (Wessels 2000),
and in the maturation of the fungal cell wall (van Wetter et
al. 2000). They are also required for the establishment of the
lichen symbiosis (Dyer 2002) and in the interaction between
ectomycorrhizal fungi and their host trees (Mankel et al.
2002). Moreover, since they render surfaces hydrophobic, hy-
drophobins favour the attachment of fungi to the hydrophobic
surfaces of the hosts (Temple and Horgen 2000; Izumitsu et
al. 2010) and, in some cases, are involved as the primary de-
terminants of pathogenesis (Talbot 2003; Kim et al. 2005;
Aimanianda et al. 2009). The polyphyletic genus Geosmithia
Pitt (Ascomycota: Hypocreales) actually includes 22 pub-
lished and at least 20 unpublished species (Kolařík et al.
2011). Geosmithia species occur mostly in galleries built by
phloem-feeding bark beetles, such as scolytids and bostri-
chids; these galleries are their primary habitat (Kolařík et al.
2007, 2008), but they can also be found on wood, soil, and
food. Inside host trees Geosmithia spp. can coexist with other
fungal species, as shown by Scala et al. (2007) who isolated
Geosmithia pallida from an elm tree showing symptoms of
Dutch elm disease. Interestingly, this isolate also harboured a
copy of the cerato–ulmin gene probably derived from a hori-
zontal gene transfer event between Geosmithia and the Dutch
elm disease fungus Ophiostoma novo-ulmi. The Geosmithia
species analyzed so far are nonpathogenic endophytes, with
the notable exception of Geosmithia morbida, a new species
associated with the walnut twig beetle (Pityophthorus juglan-
dis), which is responsible for the development of the so-
called thousand canker disease in black walnut (Kolařík et
al. 2011). These fungi show a strong association with beetle
species living on angiosperms and conifers that have a funda-
mental role in ensuring the dispersal of conidia. In the
present paper we report on the isolation of a previously un-
known class II hydrophobin, which we have designated as
GEO1, the first to be described from the genus Geosmithia,
from the culture filtrate of the species G. pallida. The corre-
sponding gene sequence was also cloned and characterized.

Materials and methods

Fungal strains and culture conditions
Conditions for growth and maintenance of the G. pallida

(G. Sm.) Kolařík, Kubátová & Pažoutová, comb. nov., isolate
IVV7, used in this study were as previously described (Scala
et al. 2007).

Protein extraction
For protein extraction the fungus was grown in 100 mL

flasks containing 10–20 mL of modified Takai medium
(Scala et al. 2007) for 14 days at 25 °C, in agitation. Culture
filtrate, obtained by removing mycelium and spores by filtra-

tion on a 0.45 µm membrane (Millipore, Billerica, Massachu-
setts, USA), was subjected to precipitation with 10%
trichloroacetic acid at –20 °C for 30 min. Samples were cen-
trifuged at 11 000g for 10 min at 4 °C, and pellets were dried
under vacuum (SpeedVac SC110, Savant Instruments Inc.).
Finally, dry pellets were extracted with 200 µL of 60% etha-
nol.

Reversed-phase high-performance liquid chromatography
The G. pallida protein was extracted from 500 mL of cul-

ture filtrate as described. The amount of protein obtained was
determined with the bicinchoninic acid assay. Reversed-
phase – high-performance liquid chromatography (RP–
HPLC) was carried out with a C4 reversed-phase column
with 5 µm resin beads (Vydac, 4.6 mm × 250 mm). Samples
were vacuum-dried (Univapo Vacuum Concentrator, Mon-
treal Biotech Inc., Dorval, Quebec, Canada), dissolved in
1 mL of 30% acetonitrile containing 10 mmol/L trifluoroace-
tic acid (TFA), and applied to the column previously equili-
brated with H2O–TFA. The elution was carried out with a
gradient of H2O–TFA (solvent A) and acetonitrile–TFA (sol-
vent B), with a flux of 0.8 mL/min. The acetonitrile–TFA
gradient was as follows: 30% for 5 min, from 30% to 50% in
40 min, from 50% to 100% in 10 min. The column was con-
nected to a photometer set to a 214 nm wavelength.

Matrix-assisted laser desorption ionization-time of flight
mass spectrometry
The GEO1 protein was analyzed by matrix-assisted laser

desorption ionization time-of-flight (MALDI-TOF) (Bruker
Omniflex, Bruker Daltonics Inc., Billerica, Massachusetts,
USA) mass spectrometry to precisely determine its molecular
mass. A sample amount of 40-60 pmol was dissolved in 2 µL
of 50% acetonitrile and 0.1% TFA and was diluted 1:1 in a
sinapinic acid matrix. Before the analysis, the mass spectrom-
eter was calibrated with a protein standard in the range of 6.6
to 18.0 kDa.

Protein sequencing
Prior to protein sequencing, the free thiol groups of the

protein were carboamidomethylated to avoid the formation of
disulfide bonds. To this aim, 3 nmol of the mature G. pallida
protein was vacuum-dried and dissolved in 90 µL of
25 mmol/L ammonium acetate containing 10 mmol/L dithio-
threitol and 6 mol/L guanidinium chloride. The solution was
then exposed to N2 flux and incubated at 56 °C for 45 min.
Once returned to room temperature, 10 µL of iodoacetamide
in 25 mmol/L ammonium acetate was added to the sample,
and the solution was incubated in the dark for 30 min at
room temperature. The sample was then purified by RP–
HPLC on a C4 column, with the following acetonitrile–TFA
gradient: from 30% to 60% in 30 min and from 60% to 100%
in 20 min. Finally, the sample was vacuum-dried again, redis-
solved in H2O, and analyzed by MALDI-TOF as a control for
the reaction. An aliquot (0.5 nmol) of the carboamidomethy-
lated protein was vacuum-dried and resuspended in 80 µL of
100 mmol/L ammonium bicarbonate, pH 8.5. Six microlitres
of a trypsin solution (1 mg/mL in 1 mmol/L HCl) was added
to the protein, and the sample was incubated at 37 °C for
18 h. The sample was finally purified by RP–HPLC with the
following acetonitrile–TFA gradient: from 0% to 20% in
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20 min, from 20% to 50% in 40 min, from 50% to 70% in
15 min, from 70% to 100% in 5 min. Protein sequencing
was performed by automated Edman sequencing using a Pro-
cise Protein Sequencing System (Applied Biosystems Life
Technologies, Carlsbad, California, USA), connected to a re-
versed-phase column HPLC.

Protein characterization
Turbidity of the protein solution after agitation, foaming

capability, and film dissolution by ethanol were evaluated.
To assess foaming capability 3.5 mL of an aqueous solution
of GEO1 (200 µg/mL) in a 25 mL vial were vigorously
shaken by vortexing for 5 min. A 200 µg/mL solution of the
class II hydrophobin cerato–ulmin was used as a control. To
verify film dissolution in ethanol, the same GEO1 solution
was poured in a 60-mm-diameter Petri dish. Upon formation
of a white superficial film, drops of 95% ethanol were added
with a Pasteur pipette. Finally, the shape change of a 40 µL
drop of GEO1 solution on a hydrophobic polytetrafluoro-
ethylene surface was monitored for 1 h in ambient conditions
and compared with a drop of distilled water.

DNA extraction and polymerase chain reaction
For the extraction of DNA from G. pallida isolate IVV7

mycelium, the NucleoSpin Plant II kit (Macherey-Nagel
GmbH & Co. KG, Düren, Germany) was used following the
manufacturer’s instructions. Amplifications were carried out
on 50 ng of genomic DNA with 0.2 mmol/L dNTPs,
0.5 µmol/L primers, and 1 unit of Taq polymerase (Dream-
Taq, Fermentas Inc., Burlington, Ontario, Canada) in a PTC-
200 thermal cycler (Bio-Rad Laboratories Inc., Hercules,
California, USA).

Genome walking
The complete sequence of the G. pallida isolate IVV7 hy-

drophobin gene was obtained by means of the Genome-
Walker Universal kit (Clontech Laboratories Inc., Mountain
View, California, USA). Four aliquots of fungal genomic
DNA (2.5 µg each) were digested with the blunt-end en-
zymes DraI, EcoRV, PvuII, and StuI, and the resulting frag-
ments were ligated to a GenomeWalker Adaptor, provided in
the kit. Genome walking in the regions of interest was then
performed by 2 rounds of polymerase chain reaction (PCR)
with gene-specific primers. For genome walking in the 5′ di-
rection, the primer for the first PCR was 5′-AAACT-
CACGGGGCGCGCAGTTGATCGA-3′, and the primer for
the nested PCR was 5′-GACATCGACATCGCAGCACT-
CAGGGTT-3′. For genome walking in the 3′ direction, the
primer for the first PCR was 5′-TATCCATCG-
GATCCCCTTGTCCCAGTC-3′, and the primer for the nested
PCR was 5′-TTTGCCATCACTGCCGTTCTCTTTGCT-3′.
The Adaptor Primer 1 and Nested Adaptor Primer 2, pro-
vided in the kit, annealed to the adaptor sequence. The
resulting fragments were cloned (TA Cloning kit, Invitrogen
Life Technologies, Carlsbad, California, USA) and sequenced
as described.

DNA sequencing and bioinformatic analysis
DNA sequencing was performed by Eurofins MWG Op-

eron (Ebersberg, Germany) on either purified (Illustra GFX
PCR DNA and Gel Band Purification kit, GE Healthcare Eu-

rope GmbH, Freiburg, Germany) or cloned PCR products.
The nucleotide sequence of the geo1 gene was submitted to
GenBank under accession No. JQ042234. GenBank homol-
ogy searches were performed with the BLAST algorithm
(Altschul et al. 1990), and amino acid sequences were
aligned with MUSCLE (Edgar 2004). Tools at the ExPASy
Proteomics Server (Gasteiger et al. 2003) were used for the
characterization of the predicted GEO1 protein. The search
for putative cis-regulatory elements in the 5′-upstream region
of the gene was carried out with Patch 1.0 (http://www.gene-
regulation.com/pub/programs.html) based on the TRANS-
FAC database release 7.0, and MatInspector Release 8.0.4
(Genomatix Software Suite). Only binding sites with a high
matrix similarity (≥0.85) were retained.

Southern hybridization
For Southern hybridization, 2.5 µg of total G. pallida iso-

late IVV7 DNA were digested overnight at 37 °C with the
restriction endonucleases EcoRI and HindIII, which do not
cut the target sequence, were separated by agarose gel elec-
trophoresis, and were transferred to a positively charged ny-
lon membrane (Roche Applied Science, Indianapolis,
Indiana, USA). Hybridization was carried out overnight in a
Techne HB-2D Hybridizer (Bibby Scientific Ltd., Stone,
UK), using as a probe a geo1 fragment labelled with the
PCR DIG Probe Synthesis kit (Roche Applied Science). Pro-
cedures for blot hybridization, washing, and chemilumines-
cent detection with CDP-Star reagent were performed
according to the DIG Applications Manual for Filter Hybrid-
ization (Roche Applied Science).

RNA extraction and semiquantitative RT–PCR
geo1 expression was evaluated on total RNA extracted

from the mycelium of G. pallida isolate IVV7 after 2, 4, 7,
9, and 11 days of growth in axenic liquid culture in 50 mL
flasks containing 15 mL of Takai culture medium. At each
time point, mycelium was collected by filtration and stored
at –80 °C. Total RNA was isolated with the RNeasy Plant
Mini kit (Qiagen GmbH, Hilden, Germany) and treated with
DNase (Amplification Grade DNase I, Sigma Aldrich, St.
Louis, Missouri, USA) to completely remove genomic DNA.
Transcript level was analyzed by semiquantitative RT–PCR.
RT was carried out with 50 ng of total RNA using the iScript
cDNA Synthesis kit (Bio-Rad). One microlitre of cDNA was
used for each PCR amplification with the following geo1-
specific primers: 5′-CTGCCTACGACGCCTGCCCCA-3′
(forward) and 5′-ACAACAGGGAGGACGCAGCAAGT-3′
(reverse). The 18S rRNA was used as the endogenous con-
trol, since its expression level was not affected by the fungal
growth conditions, and it was amplified in the same reaction
as the target gene using the Ambion Competimer technique
(QuantumRNA, Universal 18S Internal Standard, Ambion
Life Technologies, Carlsbad, California, USA). For each
primer–target combination, the linear range of amplification
was determined empirically, and a cycle number in the mid-
dle of the linear range was chosen for use in subsequent ex-
periments (28 cycles). Different ratios of 18S primers to
competimers were also tested to obtain an amplification effi-
ciency for 18S cDNA most similar to that of the amplicon
under study.
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Results and discussion

Purification and partial sequencing of the G. pallida
protein
The G. pallida protein was purified by RP–HPLC from

culture filtrate obtained from 2 large-scale fungal cultures
(500 mL each) as described in Materials and methods
(Fig. 1). The filtrate was concentrated to 5 mL, and 500 µL
aliquots were applied to HPLC. Fractions corresponding to
the main peak (RP1) were collected, and protein concentra-
tion, as determined by the bicinchoninic acid method, was
1.2 mg/mL eluate. The final yield of protein thus obtained
was 2.4 mg. MALDI-TOF mass spectrometry was used to de-
termine the exact molecular mass of the purified GEO1 pro-

tein. Results (Fig. 2) showed that the mass of the mature
protein was 8111.75 Da. Prior to sequencing, the GEO1 pro-
tein was subjected to carboamidomethylation and trypsin hy-
drolysis, followed by RP–HPLC purification of the tryptic
peptides. Edman sequencing of the entire carboamidomethy-
lated protein determined an amino acid sequence extremely
rich in glycine, which was followed by the SAYDACP se-
quence. One of the most abundant tryptic peptides was also
sequenced and showed the sequence ATCCVLPVL.

Cloning and sequence analysis of the geo1 gene
To isolate the gene encoding the GEO1 protein, degenerate

primers were designed on the 2 known regions of the protein
according to the codon usage of Aspergillus fumigatus, a fil-
amentous ascomycete whose genome has been completely se-
quenced (http://www.kazusa.or.jp/codon/cgi-bin/showcodon.
cgi?species=5085). The sequences of the primers were as fol-
lows: 5′-TC(C/G)GC(C/A)TACGACGC(C/T)TGCCCC-3′

Fig. 1. RP–HPLC (reversed-phase high-performance liquid chroma-
tography) purification of the cerato–ulmin-like protein from Geos-
mithia pallida isolate IVV7. The main peak is indicated as RP1.
Column: Dionex, C4, 5 µm, 250 mm × 4.6 mm. Solvent A:
10 mmol/L trifluoroacetic acid (TFA) in water; Solvent B: 10 mmol/
L TFA in acetonitrile. Elution gradient is indicated as (—).

Fig. 2. MALDI-TOF (matrix-assisted laser desorption ionization
time-of-flight) mass spectrum of the purified Geosmithia pallida
protein. Analysis was performed using a LINEAR method. The mass
spectrometer was calibrated with a 6.6–18 kDa protein standard.
(M+2H)2+ represents the double-charged ion of the relative protein.

Fig. 3. Nucleotide sequence of the Geosmithia pallida IVV7 geo1
gene and deduced amino acid sequence of the encoded protein. The
translation start and stop codons are in bold; introns are in lower-
case. Putative regulatory elements are highlighted as follows: TATA
box, shaded black; CAAT boxes, shaded dark grey; stress-responsive
element, shaded light grey. The 8 conserved cysteine residues are
indicated by asterisks and the signal peptide is underlined.
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(forward) and 5′-GAGGACGGGGAGGACGCAGCA(G/A)
GT-3′ (reverse). Amplification of G. pallida isolate IVV7 ge-
nomic DNA generated a single band of 236 bp, which was
sequenced. The complete sequence of the geo1 gene, includ-
ing 462 bp upstream and 248 bp downstream of the coding
region, was obtained by means of a PCR-based genome-
walking strategy. Primers designed on the putative open read-
ing frame were then used for the RT–PCR amplification of the
corresponding cDNA, whose sequence was determined and
compared with the genomic sequence to detect the presence
of introns. Primers used to this aim were 5′-AAAT-
GAAGTCCTTTGCCATCA-3′ (forward) and 5′-GAGAG-
TAACCCGGCACTTAGC-3′ (reverse). The predicted open
reading frame consisted of 450 bp and was interrupted by 2
introns of 56 and 64 bp, respectively (Fig. 3). A putative
TATA box at position –136 and 2 putative CCAAT boxes
at positions –72 and –394 were identified in the 462 bp re-
gion upstream of the ATG codon. A putative stress re-
sponse element (Marchler et al. 1993) at position –115
could also be involved in the regulation of the geo1 gene.
No polyadenylation signal(s) were detected in the 248 bp
region downstream to the stop codon. The predicted pri-
mary translation product (Fig. 3) was 109 amino acids long
and had a putative signal peptide of 23 amino acids. Data-
base searches (BLASTp) with the deduced GEO1 amino
acid sequence showed significant homologies to proteins of
the class II hydrophobins family (Pfam PF06766). The
alignment of GEO1 with the best hits from the BLAST
search showed the presence of 8 cysteine residues in con-
served positions (Fig. 4), whose spacing (X40-C-X9-CC-
X11-C-X16-C-X8-CC-X10-C-X7, where C indicates cysteine
and X any other amino acid) was in accordance to the class
II hydrophobin consensus X17–67-C-X9–10-CC-X11-C-X16-C-
X6–9-CC-X10-C-X3–7 (Wösten and de Vocht 2000).

The theoretical molecular mass of the mature protein was
calculated with the Compute pI/MW tool (ExPaSy Proteo-
mics Server). Taking into account the 8 hydrogen atoms in
the cysteine residues involved in the formation of 4 disulfide
bridges, the estimated molecular mass was 8109.04 Da and,
therefore, consistent with the MALDI-TOF result of 8111.75.
The theoretical isoelectric point was 4.33. Hydrophobins are
characterized by a series of biochemical properties such as
lowering of surface tension of water, efficiency in foam pro-
duction and stabilization, and formation of surface mem-
branes (Linder 2009). In particular, the membranes formed
by class II hydrophobins are readily soluble in ethanol and
in sodium dodecyl sulfate, while those of class I can be solu-
bilized only in TFA or formic acid (Wösten 2001; Linder et
al. 2005). To demonstrate that GEO1 shared the properties of
class II hydrophobins, the appearance of a protein solution
after agitation, its foaming capability, and the dissolution of
protein aggregates thus formed by ethanol were tested. Re-
sults showed that an aqueous solution of GEO1 (200 µg/mL)
became milky after shaking (Figs. 5a and 5b) and that a
dense foam developed when the solution was agitated 5 min
by vortexing (Fig. 5e), which was comparable with that ob-
tained with a solution of the class II hydrophobin cerato–
ulmin at the same concentration (Fig. 5f). Moreover, the
foam thus obtained was stable for at least 96 h at room tem-
perature (data not shown). When the protein solution was
poured in a Petri dish, a film formed at the air–water inter-
face that was immediately dissolved upon addition of ethanol
(Figs. 5g–5i). Finally, as hydrophobin solutions on a hydro-
phobic surface take a trapezoid-like profile with a membrane
developing on top (Szilvay et al. 2007), the shape change of
a 40 µL drop of a GEO1 aqueous solution on a polytetra-
fluoroethylene surface was followed over 1 h in ambient con-
ditions and compared with the shape of a drop of distilled

Fig. 4. MUSCLE alignment of the Geosmithia pallida GEO1 protein with the best BLAST hits. Sequences were aligned starting from the
first cysteine residue to remove the signal peptide. Conserved amino acids are highlighted in grey and the 8 cysteine residues are indicated by
asterisks. The sequences used are as follows: Verticillium dahliae VDAG_07851 (EGY16687) and VDAG_01586 (EGY17904); Ophiostoma
ulmi cerato–ulmin (CU) (Q06153); Ophiostoma novo-ulmi CU (CAD58391); Trichoderma atroviride ABS59366, ABS59365, ABS59367,
ABS59371, and EHK49783; Metarhizium anisopliae MAA_01182 (EFZ04108); Trichoderma reesei hfb1 (P52754); Verticillium albo-atrum
VDBG_05155 (XP_003004042); Glomerella graminicola GLRG_11190 (EFQ36046) and GLRG_10074 (EFQ34930); Fusarium oxysporum
FOXB_09102 (EGU80400); Claviceps purpurea cpph1 (CAD10781); Hypocrea virens ABS59377; Cryphonectria parasitica CRP (P52753);
Claviceps fusiformis TH1 (Q9UVI4); Magnaporthe oryzae MGG_10105 (EHA51087). UniProt or GenBank accession numbers are in par-
entheses. The sequences from T. atroviride and H. virens are identified by their accession numbers, as gene names were not available.
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water. After 30 min the drop showed a trapezoid-like shape
(Fig. 5d) and a film could be seen on the flat surface, while
the drop of distilled water maintained a round shape
(Fig. 5c).
The geo1 copy number in the fungal genome was deter-

mined by Southern hybridization using as a probe an 803 bp
fragment of the gene labeled with digoxigenin-dUTP. A sin-
gle band of 7.3 kb was obtained (Fig. 6), indicating that geo1
is a single-copy gene. However, due to the low homology be-
tween hydrophobins, we cannot exclude that G. pallida could
possess still other, unidentified, hydrophobin genes as shown
for other species (Fuchs et al. 2004; Askolin et al. 2005;
Kubicek et al. 2008). Finally, semiquantitative RT–PCR was
used for the determination of geo1 transcript levels after 2, 4,
7, 9, and 11 days of growth in liquid Takai medium. The
gene for the 18S ribosomal RNA was chosen as the constitu-

tive control. Time-course of geo1 expression is shown in
Fig. 7. The geo1 transcript appeared after 7 days of culture
and increased up to 11 days, while the level of the 18S tran-
script remained constant throughout the entire experiment.
The fungi of the genus Geosmithia are entomochoric, i.e.,
they depend strictly on insect vectors for dispersal; however,
they do not possess sticky conidia as other entomochoric spe-
cies, such as the Ophiostomas. Conidia produced by Geosmi-
thia spp. are instead dry and hydrophobic such as those
produced by airborne fungi (Kolařík et al. 2008). As hydro-
phobins can mediate the attachment of fungi to hydrophobic
surfaces, a possible role for GEO1 could be to favour the dis-
semination of the fungus by virtue of the hydrophobicity
conferred to the conidia, which would allow establishment of
hydrophobic interactions between the chitinous exoskeleton
of the insect vectors and the conidia themselves (Wösten
2001; Temple and Horgen 2000). This is the case for ento-
mopathogenic fungi, such as Beauveria bassiana (Zhang et
al. 2011), where the adhesion of conidia to the host’s surface
is mediated by nonspecific hydrophobic and electrostatic in-
teractions involving hydrophobin rodlet layers on the conidial

Fig. 5. Biochemical properties of GEO1. Appearance of a GEO1 aqueous solution (200 µg/mL) before (a) and after (b) vortexing; profile of a
40 µL drop of distilled water (c) and of a GEO1 solution (d) on a hydrophobic polytetrafluoroethylene surface after 30 min in ambient con-
ditions; foaming capability of GEO1 (e) and cerato–ulmin (f) solutions (200 µg/mL) after 5 min vortexing; formation of GEO1 aggregates at
the water–air interface (g); and dissolution of the film formed upon ethanol addition (h and i).

Fig. 6. Southern blot analysis of the geo1 gene. Lanes: 1, Genomic
DNA from Geosmithia pallida isolate IVV7 double-digested with
EcoRI and HindIII and hybridized with an 803 bp geo1 probe; 2,
DNA molecular weight marker II DIG-labeled (Roche Applied
Science).

Fig. 7. Time-course analysis by semiquantitative RT–PCR of the
geo1 gene transcription after 2, 4, 7, 9, and 11 days of growth of
Geosmithia pallida isolate IVV7 in liquid medium. The 18S riboso-
mal gene was used as the endogenous control. M, molecular weight
marker (GeneRuler DNA Ladder Mix, Fermentas Life Sciences).
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cell wall. Further work is underway in our laboratory to ana-
lyze all the species of the genus Geosmithia known so far for
the presence of GEO1, with the aims of (i) verifying if spe-
cies with different geographic origin and (or) lifestyle could
have different forms of the protein and (ii) comparing the
phylogenetic relationships thus obtained between the species
with those already known for the genus.
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&ŽůůŽǁŝŶŐ�ƚŚĞ�ǁŽƌŬ�ĚĞƐĐƌŝďĞĚ�ŝŶ�WĂƉĞƌ�ϭ͕�ƚŚĞ�ƉƌĞƐĞŶĐĞ�ŽĨ�ŐĞŽϭ�ŐĞŶĞ�ǁĂƐ�
ĂŶĂůǇǌĞĚ�ŝŶ�ƚŚĞ�ǁŚŽůĞ�ƉŚǇůŽŐĞŶĞƟĐ�ĚŝǀĞƌƐŝƚǇ�ŽĨ�ƚŚĞ�ŐĞŶƵƐ�Geosmithia.
^ƚĂƌƟŶŐ� ĨƌŽŵ� ƚŚĞ� ŬŶŽǁŶ� ŐĞŽϭ� ŐĞŶĞ� ƐĞƋƵĞŶĐĞ� ĨƌŽŵ� ŽƵƌ� ƌĞĨĞƌĞŶĐĞ�
ƐƚƌĂŝŶ� /ssϳ͕�ƐƉĞĐŝĮĐ�W�Z�ĂŵƉůŝĮĐĂƟŽŶƐ�ǁĞƌĞ�ĐĂƌƌŝĞĚ�ŽƵƚ�ŽŶ�Ϯϲ�ĚŝīĞƌĞŶƚ�
Geosmithia�ƐƉĞĐŝĞƐ͘�dŚĞ�Ăŝŵ�ŽĨ�ƚŚŝƐ�ƐƚƵĚǇ�ǁĂƐ�ƚŽ�ĂŶĂůǇǌĞ�ƚŚĞ�ŝŶƚƌĂͲƐƉĞĐŝĞƐ�
ŐĞŶĞƟĐ�ǀĂƌŝĂďŝůŝƚǇ�ĂŶĚ�ƚŚĞ�ĞǀŽůƵƟŽŶ�ŽĨ�ƚŚĞ�ŐĞŽϭ�ŐĞŶĞ�ĂŶĚ�ŽĨ�ƚŚĞ�ĚĞĚƵĐĞĚ�
ƉƌŽƚĞŝŶ͘
dŚĞ�ĐŽƌƌĞƐƉŽŶĚŝŶŐ�ŵĞƚŚŽĚƐ�ĂŶĚ�ƌĞƐƵůƚƐ�ĂƌĞ�ĚĞƐĐƌŝďĞĚ�ŝŶ�ĚĞƚĂŝů�ŝŶ�WĂƉĞƌϮ͕�
ŚĞƌĞ�ĂƩĂĐŚĞĚ͕�ƐƵďŵŝƩĞĚ�ƚŽ�&ƵŶŐĂů��ŝŽůŽŐǇ�ŽŶ���ĞĐĞŵďĞƌ�Ϭϵth 2013.
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Research highlights 

 

� The class II hydrophobin GEO1 was analyzed in 26 species of the genus Geosmithia 

� Deduced proteins had 44.6% identity and minor differences in biochemical properties 

� The geo1 phylogenetic tree differed from the tree based on ITS rDNA neutral marker 

� Ka/Ks ratios were <1, suggesting that negative selection could act on this gene 

� Data are coherent with birth-and-death evolution or horizontal transfer of geo1 gene 

Highlights (for review)
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Interspecific variability of class II hydrophobin GEO1 in the genus 

Geosmithia 
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Abstract 

The genus Geosmithia Pitt (Ascomycota: Hypocreales) comprises cosmopolite fungi living in 

the galleries built by phloeophagous insects. Following the characterization in Geosmithia 

pallida species 5 of the class II hydrophobin GEO1 and of the corresponding gene, the 

presence of the geo1 gene was investigated in 26 strains derived from different host plants 

and geographic locations and representing the whole phylogenetic diversity of the genus. The 

geo1 gene was detected in all the species tested where it maintained the general organization 

shown in G. pallida species 5, comprising three exons and two introns. Size variations were 

found in both introns and in the first exon, the latter being due to the presence of an intragenic 

tandem repeat sequence corresponding to a stretch of glycine residues in the deduced proteins. 

At the amino acid level the deduced proteins had 44.6% identity and no major differences in 

the biochemical parameters (pI, GRAVY index, hydropathy plots) were found. GEO1 release 

in the fungal culture medium was also assessed with a turbidimetric assay, and showed high 

variability between species. The phylogeny based on the geo1 sequences did not correspond 

to that generated from a neutral marker (ITS rDNA), suggesting that sequence similarities 

could be influenced by other factors than phylogenetic relatedness, such as the intimacy of the 

symbiosis with insect vectors. The hypothesis of a strong selection pressure on the geo1 gene 

was sustained by the low values (<1) of non synonymous to synonymous nucleotide 

substitutions ratios (Ka/Ks), suggesting that purifying selection might act on this gene. These 

results are compatible with either a birth-and-death evolution scenario or horizontal transfer 

of the gene between Geosmithia species. 

 

Keywords: 

Ascomycetes 

Geosmithia 
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1. Introduction 

 

The monophyletic genus Geosmithia Pitt (Ascomycota: Hypocreales) comprises 32 published 

species of mitosporic fungi mostly associated with phloem-feeding bark beetles belonging to 

WKH�6FRO\WLGV�DQG�%RVWULFKLV��.RODĜtN�������.RODĜtN�	�-DQNRZLDN�������.RODĜtN & Kirkendall 

2010; .RODĜtN et al. 2004, 2005, 2007, 2008, 2011). Geosmithia fungi are mainly insect-

associated but can also live on various plant substrates without relation to insects, soil, 

IRRGVWXIIV�DQG�DV�WUXH�SODQW�HQGRSK\WHV��.RODĜtN�	�-DQNRZLDN�������.RODĜtN�et al. 2004, 

2008; McPherson et al. 2013). Two primary ambrosia fungi, Geosmithia eupagioceri and 

Geosmithia microcorthyli, associated with beetle species in Costa Rica, have also been 

GHVFULEHG��.RODĜtN�	�.LUNHQGDOO��������2QO\�RQH�SK\WRSDWKRJHQLF�VSHFLHV�KDV�EHHQ�LGHQWLILHG�

so far, Geosmithia morbida, the causal agent of thousand-canker disease of black walnut in 

86$��.RODĜtN�et al���������+RZHYHU��ýtåNRYi�et al. (2005) reported an inhibitory effect on 

stem and root elongation in oak plants for the species G. pallida and Geosmithia langdonii. 

Geosmithia are abundant associates of numerous subcortical insects worldwide, and there is 

growing evidence that this association is consistent and evolutionarily stable. The most 

convincing proof of it is the presence of true ambrosia species, of the bark beetle-vectored 

phytopathogenic species G. morbida and the fact that some species are specialists restricted to 

several insecW�YHFWRUV�DQG�KRVW�SODQWV�RYHU�ODUJH�JHRJUDSKLFDO�DUHDV��.RODĜtN�	�-DQNRZLDN�

������.RODĜtN�et al. 2008). Insect vectors infest hardwoods and conifers and are widespread in 

central Europe and in the tropics of America, Asia and Australia. The advantage for the 

beetles of the association with Geosmithia is still unclear, except in the case of ambrosia 

species; fungi can provide food for the insects or affect their fitness through the production of 

secondary metabolites i.e. hydroxylated anthraquinones, that could inhibit detrimental 

PLFUREHV�IRU�WKH�KRVW�EHHWOH�DV�ZHOO�DV�DFWLQJ�DV�UHSHOOHQWV�WRZDUGV�WKH�EHHWOH¶V�SUHGDWRUV�
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�6WRGĤONRYi�et al. 2009). .RODĜtN & Kirkendall (2010) have proposed that the association of 

fungi with phloeophagous bark beetles was evolutionarily ancestral, followed by at least three 

independent shifts to obligate association with ambrosia beetles and then by fundamental 

morphological adaptations. 

Bettini et al. (2012) have recently reported on the isolation in G. pallida species 5 strain IVV7 

of a new class II hydrophobin, called GEO1, and of the corresponding gene. Hydrophobins 

are small proteins produced by filamentous fungi whose main characteristic is the ability to 

assemble at the hydrophilic/hydrophobic interfaces forming an amphipathic membrane 

(Sunde et al. 2008). They have been divided in two classes based on their solubility, 

hydropathy patterns and amino acid sequences: class I hydrophobins are produced by 

ascomycetes and basidiomycetes, while class II hydrophobins are produced only by 

ascomycetes (Linder et al. 2005; Whiteford & Spanu 2002). Hydrophobins are involved in 

fungal development and in the interaction between fungi and their hosts, being in some cases 

pathogenicity factors. In particular, they can mediate the attachment of fungi to hydrophobic 

surfaces, such as plant cuticle, lignin, or insect exoskeleton (Temple & Horgen 2000; Wösten 

et al. 1994; Zhang et al. 2011). 

Conidia produced by Geosmithia DUH�GU\�DQG�K\GURSKRELF�DV�LQ�DLUERUQH�IXQJL��.RODĜtN�et al. 

2008), at variance with other entomochoric species, such as the Ophiostomas, which produce 

sticky conidia. The GEO1 hydrophobin could therefore favour the dissemination of the 

fungus by virtue of the hydrophobicity conferred to the conidia, which would allow to 

establish hydrophobic interactions between the chitinous exoskeleton of the insect vectors and 

the conidia themselves (Temple & Horgen 2000; Zhang et al. 2011).  

With the aim of studying the variability of GEO1 in Geosmithia species, in the present paper 

we describe the characterization of the geo1 nucleotide sequences and of the deduced proteins 

in 26 species representing the phylogenetic diversity of the genus, isolated from different host 
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plants and geographic locations.  

 

 

2. Materials and Methods 

 

2.1 Fungal strains and culture 

The Geosmithia strains representing 26 different species used in this study (Table 1) were 

LVRODWHG�IURP�LQVHFWV�DV�GHVFULEHG��.RODĜtN�	�-DQNRZLDN�������.RODĜtN�et al. 2007, 2008) and 

maintained on Potato Dextrose Agar medium (BD DifcoTM). Plates were incubated in the dark 

at 24±1 °C. For liquid culture, an agar plug was transferred to 100 ml flasks containing 20 ml 

of Takai medium modified as described in Scala et al. (1994). Flasks were wrapped in 

aluminium foil and incubated on a rotary shaker at 100 rpm at 24±1 °C. To recover the 

mycelium cultures were centrifuged at 4000 rpm for 20 min at room temperature and pellets 

were stored at –20 °C. 

 

2.2 DNA extraction and Polymerase Chain Reaction 

Genomic DNA extraction from mycelium was carried out with the NucleoSpin Plant II kit 

(Macherey-1DJHO�*PE+�	�&R��.*��IROORZLQJ�WKH�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��'1$�

concentration was evaluated with a Qubit® 2.0 fluorometer (Invitrogen by Life Technologies), 

and PCR amplifications were carried out on 50 ng of DNA as described (Bettini et al. 2012). 

For the amplification of the geo1 gene (GenBank accession no. JQ042234) the following 

SULPHUV�ZHUH�XVHG���¶-AAATGAAGTCCTTTGCCATCA-�¶��IRUZDUG��DQG��¶-

GAGAGTAACCCGGCACTTAGC-�¶��UHYHUVH��� 

 



73

RESULTS   2

 

                                                                                                                                                   7 

2.3 DNA sequencing and bioinformatic analysis 

Sequencing of the amplified fragments was carried out by Eurofins MWG Operon 

(Ebersberg, Germany), on either purified PCR products or on bands extracted from agarose 

gels with the NucleoSpin Gel and PCR Cleanup kit (Macherey-Nagel GmbH & Co. KG). 

Sequences were aligned with MUSCLE (Edgar 2004). Nucleotide diversity (S), DNA 

polymorphism and the ratio of the number of non synonymous (Ka) to synonymous (Ks) 

substitutions for all pairwise comparison of the 27 sequences coding for the premature 

protein, including that of our reference strain G. pallida sp. 5 IVV7, were calculated with 

DnaSP version 5.10.01 (Librado & Rozas 2009). It is generally assumed that a Ka/Ks ratio >1 

indicates positive selection, a ratio <1 negative or purifying selection, while a ratio = 1 

indicates neutral evolution. Tools at the ExPASy Bioinformatics Resource Portal (Translate, 

ProtScale, ProtParam, PDB Sequence Viewer) (Gasteiger et al. 2003) were used for the 

characterization of the predicted GEO1 proteins. The ITS rDNA tree was constructed based 

RQ�SUHYLRXVO\�SXEOLVKHG�VHTXHQFHV��.RODĜtN�& -DQNRZLDN�������.RODĜtN�et al. 2007, 2008) 

WRJHWKHU�ZLWK�ILYH�VHTXHQFHV�JHQHUDWHG�GXULQJ�WKLV�VWXG\��XVLQJ�WKH�PHWKRGV�RI�.RODĜtN�& 

Jankowiak (2013). The known sequence of Geosmithia sp. 26, representing a probable 

SVHXGRJHQH��ZDV�KDUGO\�DOLJQDEOH��.RODĜtN�& Jankowiak 2013) and was excluded. The dataset 

contained 26 sequences with 509 positions (97 variable). In case of the geo1 dataset, the final 

DNA sequence alignment contained 27 sequences with 540 positions (240 variable). All 

alignments were done in MUSCLE. Phylogenetic trees were obtained with PhyML 3.0 

(Guindon et al. 2010) using the K2+G+I model (for ITS) and HKY+G (for geo1) estimated in 

MEGA5 (Tamura et al. 2011). 

 

2.4 GEO1 production assay  

For the evaluation of GEO1 release in the fungal culture medium, Geosmithia spp. were 



74

RESULTS   2

 

                                                                                                                                                   8 

grown in liquid Takai medium for 15 days in agitation and mycelium removed by 

centrifugation as described in section 2.1. At least two flasks were prepared for each sample. 

The amount of GEO1 was evaluated on the culture filtrate with a turbidimetric assay as 

described in Scala et al. (1994) and expressed as hydrophobin production index (h.p.i.). The 

reference species G. pallida 5 strain IVV7 was included as a control. 

 

2.5 Protein precipitation and Western blotting 

Western blotting was carried out on Geosmithia spp. 8, 21, 31 and Geosmithia obscura. Three 

100 ml flasks containing 20 ml of modified Takai medium (Scala et al. 1994), were prepared 

for each species and fungi were grown for 15 days in agitation. Eighteen ml of culture filtrate 

(6 ml/flask) obtained by removing the mycelium by centrifugation were collected and 

lyophilized. For protein precipitation 2 ml of 10% trichloroacetic acid (TCA) were added, 

samples were incubated on ice for 30 min and centrifuged at room temperature for 10 min at 

13.000 rpm. Four ml of cold acetone were then added to pellets, which were resuspended by 

vortexing and incubated for 30 min at –80 °C. After centrifuging at 4 °C for 5 min at 13.000 

rpm, pellets were air-dried and resuspended in 200 Pl of 60% ethanol. For each sample two 

aliquots of 10 and 20 Pl were prepared, air-dried, resuspended in 10 Pl of 1x sample buffer 

(Tris-HCl 0.5 M pH 6.8, glycerol 10%, SDS 10%, bromophenol blue 0.005%, E-

mercaptoethanol 0.05%) and denatured in a boiling water bath for 5 min. PAGE was 

performed on a MiniProtean III (BioRad Laboratories Inc.) at 190 V, 100 mA, for 1 h. 

Western blotting with anti-GEO1 polyclonal antiserum raised in rabbit against purified GEO1 

from G. pallida sp. 5 strain IVV7 was carried out as described (Carresi et al. 2008).  
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3. Results and discussion 

 

3.1 Analysis of the geo1 gene in Geosmithia species 

The complete genomic sequence encoding the class II hydrophobin GEO1 was amplified and 

sequenced in 26 Geosmithia species (Table 1), and belonged to 18 different haplotypes. 

Geosmithia pallida sp. 5 shared the same haplotype with G. microcorthyli, Geosmithia 

rufescens and Geosmithia sp. 13, and G. eupagioceri had an identical haplotype as 

Geosmithia spp. 25 and 26. 

In all the Geosmithia species analyzed the gene maintained the general organization described 

in G. pallida sp. 5 strain IVV7 comprising three exons and two introns in conserved positions, 

as determined based on the homology with the IVV7 gene and the GT/AG consensus for 

intron boundaries. The size of the genomic sequence varied from 440 to 502 bp due to length 

differences in both introns, which ranged from 56 to 108 bp and from 64 to 71 bp for the first 

and second intron, respectively, and in the first exon (172-208 bp). The size of the second (86 

bp) and third exon (45 bp), on the other hand, was invariant. Size variability in the first exon 

was due to the presence of an intragenic tandem repeat (ITR) sequence (GGT/C)11  at 

positions +73 to +105 in the G. pallida sp. 5 strain IVV7 gene, corresponding to 11 glycine 

residues in the GEO1 protein. The number of repeated units was found to be highly variable 

in the Geosmithia species analyzed, ranging from 13 in G. pallida sp. 23 and in Geosmithia 

sp. 28 to the loss of the entire sequence in the spp. 1, 8 and 10. However, as the ITR was 

composed of trinucleotide repeats, its length variation did not lead to frameshift mutations and 

the downstream hydrophobin amino acid sequence was maintained. The presence of poly-

glycine traits of variable length was found in some class II hydrophobins, such as cryparin 

from Cryphonectria parasitica (Zhang et al. 1994) and CMO1 from Cordyceps militaris 

(UniProtKB accession no. G3JBA7), but up to now no function has been ascribed to such 
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regions. Interestingly, in modular hydrophobins such as Claviceps fusiformis CFTH1 (de 

Vries et al. 1999) and Claviceps purpurea CPPH1 (Mey et al. 2003) hydrophobin domains 

are connected by gly-rich regions and similar gly-rich N-terminal repeats have been found in 

Trichoderma harzianum Qid3 (Lora et al. 1995) and Cladosporium fulvum HCf-6 (Nielsen et 

al. 2001) hydrophobins. 

Genes containing ITRs of different length have been identified in the genomes of various 

fungi, and a significant proportion of their encoded proteins has been shown to be coating the 

outer cell wall and to participate in cell-to-cell or cell-to-substrate adhesion (Gibbons & 

Rokas 2009; Levdansky et al. 2007; Verstrepen et al. 2005). Intragenic tandem repeats are 

known regions of genomic instability mainly due to DNA polymerase slippage during 

replication and to unequal crossing-over (Bichara et al. 2006; Levinson & Gutman 1987; 

Tautz & Schlotterer 1994). As a consequence ITR-containing proteins are evolutionarily less 

conserved, what led to the hypothesis that fungal ITRs may be implicated in the rapid 

generation of variation in cell surface proteins and molecules with active roles in the 

colonization of host tissue (Levdansky et al. 2007; Verstrepen et al. 2005). In Saccharomyces 

cerevisiae, for example, an increase in the number of repeats in the FLO1 adhesin-encoding 

gene was correlated with an increase in cell-to-substrate or cell-to cell adhesion (Verstrepen et 

al. 2005). 

When the nucleotide sequences were aligned (Supplementary Material) a high level of 

variability was observed, comprising both single nucleotide polymorphisms and indels. 

Polymorphism was therefore analyzed with the program DnaSP v5 by calculating nucleotide 

diversity (S), i. e. the average number of nucleotide differences per site between all pairs of 

sequences (Table 2). As expected, the highest nucleotide diversity was found in the non 

coding regions and in particular in the second intron, whose S value was 1,6-fold higher than 

that of the transcriptional unit.  
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PhyML 3.0 was then used to construct a phylogenetic tree based on the geo1 genomic 

sequence (Fig. 1) which showed several clusters, the main one comprising 13 species with 

IVV7-like sequences. Interestingly, the phylogeny based on the geo1 sequence did not 

correspond to the tree obtained with a neutral marker (ITS rDNA, Fig. 1). The ambrosia 

species G. microcorthyli, G. eupagioceri and G. rufescens, the specialists Geosmithia spp. 12 

and 13, G. pallida and the related species Geosmithia lavendula, that had almost identical 

geo1 sequences, belonged in fact to very distant lineages in the ITS tree, and the same was 

true for Geosmithia spp. 9, 22 and 28. On the contrary, G. microcorthyli and Geosmithia sp. 8 

that have identical ITS rDNA sequences, had very different geo1 sequences. This suggested 

that geo1 was under strong selection and that its similarity was influenced by factors different 

from phylogenetic relatedness. Which factors were the main was not clear, even if the case of 

Geosmithia sp. 8 and G. microcorthyli suggested that the intimacy of the symbiosis with the 

insect vectors could be one of them, as the former is surely a less intimate symbiont than 

ambrosia species. The hypothesis of a strong selection pressure on the geo1 sequence was 

sustained by the ratios of non synonymous to synonymous nucleotide substitutions (Ka/Ks) 

calculated on the geo1 coding region, which were less than 1 for all pairwise comparisons of 

the 27 sequences including the reference species G. pallida 5 strain IVV7 (Table 3), 

suggesting that purifying (negative) selection might act on this gene.  

The evolution of highly conserved gene families has often been described by the birth-and-

death model, involving gene duplication followed by preservation of some gene copies and 

loss or pseudogenization of others. Sequence conservation is then ensured by purifying 

selection. This process generates groups of functionally similar paralogous proteins, offered 

to natural selection (Jiang et al. 2006; Nei & Rooney 2005; Nei et al. 2000). Such mechanism 

is prominent in the evolution of fungal hydrophobins, as was found in Trichoderma (Kubicek 

et al. 2008), Paxillus (Rajashekar et al. 2007) and Phlebiopsis (Mgbeahuruike et al. 2012). As 
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we showed, the GEO1 sequences from unrelated Geosmithia species can be very similar, a 

finding that can be ascribed to strong purifying selection. An alternative explanation could be 

the presence of horizontal gene transfer, already detected in other Geosmithia hydrophobin 

proteins (Bettini et al. 2010), that will better explain the presence of very similar or even 

identical nucleotide sequences in different species. Such a model of evolution, involving 

either multiple horizontal transfer events and/or birth-and-death, was recently proposed in 

Fusarium for the fumonisin biosynthetic gene cluster (Proctor et al. 2013). 

 

3.2 Analysis of the deduced GEO1 proteins in Geosmithia species 

The geo1 coding sequences were translated with the Translate tool at the Expasy 

Bioinformatics Resource Portal. Primary sequence length for the premature proteins varied 

from 100 to 112 amino acids, and the presence of a putative signal peptide could be inferred 

based on the comparison with the reference GEO1 sequence from G. pallida sp. 5 strain 

IVV7, where a 23 amino acid signal peptide had been identified (Bettini et al. 2012).  

The alignment of the deduced amino acid sequences (Fig. 2) showed that all the proteins had 

8 cysteine residues in conserved positions, a distinctive feature of hydrophobins. Homology 

level was high, with 50 amino acids over 112 (44.6%) fully conserved and 12 (10.7%) 

conservative substitutions. Thus, most polymorphisms at the nucleotide level in the coding 

region led to synonymous substitutions in the protein.  

To assess if the observed amino acid changes could determine modifications of the 

biochemical properties of the deduced proteins, molecular weight, theoretical pI and grand 

average of hydropathicity index (GRAVY) were calculated with the ProtParam tool on the 

amino acid sequences. As no data were available on the signal peptide cleavage site, except 

for G. pallida sp. 5 strain IVV7, calculations were performed starting from the first conserved 

cysteine residue. Molecular weight value range was from 6740.6 Da in Geosmithia sp. 8 to 
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7044.9 Da in Geosmithia sp. 9, while the theoretical pI varied from 3.9 (Geosmithia sp. 31) to 

4.95 in Geosmithia sp. 1. The average GRAVY index was 0.142, indicating that the deduced 

proteins were hydrophobic, the lowest value being 0.086 (Geosmithia spp. 11 and 31) while 

the highest was 0.249 (Geosmithia sp. 8). However, hydropathy plots for premature proteins 

obtained with ProtScale, showed that the region upstream to the first conserved cysteine was 

hydrophilic, so the GRAVY values for mature proteins could be less hydrophobic (data not 

shown). On the other hand the N- terminal regions, corresponding to the putative signal 

peptides, were highly hydrophobic as expected. Structure models were also obtained with 

Swiss Model using the HFBII protein from Trichoderma reesei (PDB ID 1R2M) as template, 

and showed that all the GEO1 proteins analyzed had an D-helix, 4 antiparallel E-sheets and 4 

loops (data not shown), coherently with the general structure of hydrophobins determined so 

far (de Vocht et al. 1998; Hakanpää et al. 2004; Kubicek et al. 2008). 

In conclusion, the observed variability did not significantly change either the biochemical 

properties or the predicted structure of the different GEO1 proteins. Of course, we cannot 

exclude differences in the biological activity of these proteins as suggested by the 

incongruencies between the phylogenetic trees obtained with a neutral marker or with the 

geo1 sequence. 

Finally, GEO1 release in the culture medium of the 26 Geosmithia spp. under study was 

assessed with a turbidimetric assay as described in section 2.4. Results (Table 4) showed that 

the GEO1 excretion rate was highly variable, with some species releasing a high amount of 

protein in the culture medium while others released nil or low amount. The identity of the 

excreted protein was assessed by carrying out Western blotting on four species (G. obscura, 

Geosmithia spp. 8, 21 and 31) belonging to different clusters in the phylogenetic tree. As a 

control purified GEO1 from the reference species G. pallida 5 strain IVV7 was used. In all 

the species tested the protein present in the culture medium was confirmed as being GEO1 
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(Fig. 3). Also species in the genus Ophiostoma showed a different behaviour with respect to 

the secretion of the class II hydrophobin cerato-ulmin (CU) in the culture medium: O. novo-

ulmi and O. himal-ulmi secreted high amounts of CU, O. ulmi nil or low amount, while no CU 

was detected in O. quercus culture medium (Brasier & Mehrotra 1995; Scala et al. 1997). No 

explanation is as yet available for this observation, even if Scala et al. (1997) suggested that it 

could depend on differences in the regulation of CU synthesis and in sorting and secretion 

mechanisms between the Ophiostoma species. 

Fungi of the genus Geosmithia are ecologically variable cosmopolite inhabitants of insect 

galleries, dispersed either by air or via strict entomochory and displaying either saprobic or 

SK\WRSDWKRJHQLF�OLIHVW\OHV��.RODĜtN�et al. 2007, 2008, 2011). However, in spite of the 

ecological interest of these fungi, no genes have been described so far that could be related to 

their lifestyle. In the present paper we showed that 26 Geosmithia species possessed the class 

II hydrophobin GEO1 gene, and investigated the interspecific variability of the gene itself and 

of the deduced protein and their possible involvement in the symbiosis with the insect vectors. 

Hydrophobins are known to affect sporulation, attachment to insect exoskeleton and 

phytopathogenicity, all the traits playing an important role in Geosmithia evolution. This 

correlates with GEO1 features, such as the ITR region, strong selection or horizontal gene 

transfer, all mechanisms enabling great evolutionary plasticity. 

Finally hydrophobins, besides their role in plant-fungi interactions as toxins, pathogenicity 

factors or pathogen fitness factors (Bayry et al. 2012; Whiteford & Spanu 2002; Wösten 

2001), have been proposed to induce the plant defense response and to possess antimicrobial 

activity (Ruocco et al. 2007, 2009). We believe that the availability of new hydrophobins to 

be tested in this respect could also open novel opportunities for the induction of plant 

pathogen resistance. 
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Figure captions 

 

Figure 1. PhyML tree of the Geosmithia species used in this study based on ITS rDNA gene 

and the genomic sequences of the geo1 gene.  

 

Figure 2. MUSCLE alignment of the deduced GEO1 amino acid sequences from the different 

Geosmithia species. Strain number is indicated after the species name. The eight cysteine 

residues are highlighted in grey. The sequence of the signal peptide is underlined in the 

reference species G. pallida 5 strain IVV7. Symbols: (*) indicates invariant amino acid 

positions, (:) indicates conserved substitutions, (.) indicates semi-conserved substitutions.  

 

Figure 3. Western blotting with anti-GEO1 polyclonal antiserum of the culture filtrates of 

Geosmithia spp. 8, 31, 21 and G. obscura (G. o.) after TCA-acetone precipitation. For each 

Geosmithia species 20 Pl of sample were used. As control 0.5 Pg of purified GEO1 from G. 

pallida sp. 5 strain IVV7 were used.  

 

Supplementary material.  

�
List of EMBL accession numbers of ITS rDNA sequences used in this study.  

 

MUSCLE alignment of the geo1 gene nucleotide sequences for the Geosmithia spp. under 

study. Translation start and stop codons are in bold, introns are in lowercase. Asterisks 

indicate conserved nucleotide positions.�
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Species, strain no. Average Ka/Ks 

Geosmithia sp. 1, MK1724 0.310 

Geosmithia pallida sp. 2, MK1510 0.444 

G. pallida sp. 3, MK134 0.276 

G. pallida sp. 4, MK1722 0.318 

G. pallida sp. 5, IVV7 0.276 

Geosmithia putterillii, U131a 0.402 

Geosmithia flava, MK264 0.493 

Geosmithia sp. 8, MK263 0.816 

Geosmithia sp. 9, RJ113k 0.442 

Geosmithia sp. 10, MK1788 0.289 

Geosmithia sp. 11, MK551 0.407 

Geosmithia sp. 12, MK661 0.345 

Geosmithia sp. 13, MK1515 0.276 

Geosmithia langdonii, MK1619 0.294 

Geosmithia obscura, MK616 0.294 

Geosmithia lavendula, MK1781 0.343 

Geosmithia sp. 21, MK1761 0.294 

Geosmithia sp. 22, MK739 0.294 

G. pallida sp. 23, MK781 0.234 

Geosmithia sp. 25, MK1829a 0.345 

Geosmithia sp. 26, MK1828 0.345 

Geosmithia sp. 28, RJ279m 0.202 

Geosmithia sp. 29, MK1809b 0.420 

Geosmithia sp. 31, U316 0.421 

Geosmithia eupagioceri 0.345 

Geosmithia microcorthyli 0.276 

Geosmithia rufescens, MK1821 0.276 

 
Table 3. Ratio of non synonymous (Ka) to synonymous (Ks) nucleotide substitutions for pairwise 
comparisons of the geo1 gene coding region between the Geosmithia spp. used in the present study. 

Table 3

Table 3
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Species, strain no. H.p.i. ± SE (a. u.) 

Geosmithia sp. 1, MK1724 150 ± 11 

Geosmithia pallida sp. 2, MK1510 1658 ± 41 

G. pallida sp. 3, MK134 150 ± 25 

G. pallida sp. 4, MK1722 2616 ± 28 

G. pallida sp. 5, IVV7 4851 ± 43 

Geosmithia putterillii, U131a 4 ± 0.7 

Geosmithia flava, MK264 0 

Geosmithia sp. 8, MK263 2418 ± 33 

Geosmithia sp. 9, RJ113k 15 ± 4 

Geosmithia sp. 10, MK1788 0 

Geosmithia sp. 11, MK551 0 

Geosmithia sp. 12, MK661 6 ± 3 

Geosmithia sp. 13, MK1515 0 

Geosmithia langdonii, MK1619 0 

Geosmithia obscura, MK616 3251 ± 50 

Geosmithia lavendula, MK1781 1694 ± 57 

Geosmithia sp. 21, MK1761 1200 ± 72 

Geosmithia sp. 22, CCF3645 7 ± 2 

G. pallida sp. 23, MK781 10 ± 3 

Geosmithia sp. 25, MK1829a 0 

Geosmithia sp. 26, MK1828 0 

Geosmithia sp. 28, RJ279m 0 

Geosmithia sp. 29, MK1809b 5709 ± 87 

Geosmithia sp. 31, U316 2106 ± 95 

Geosmithia eupagioceri 150 ± 10 

Geosmithia microcorthyli 15 ± 6.5 

Geosmithia rufescens, MK1821 0 

 
Table 4. GEO1 production in the culture filtrate of the 26 Geosmithia spp. used in this study as 
determined by turbidimetric assay. The reference species G. pallida 5 strain IVV7 was included as 
control. H.p.i., hydrophobin production index; SE, standard error; a. u., arbitrary units. 
 

Table 4

Table 4
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Figure 3. 

8.1 kDa 

Figure 3
Figure 3
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Supplementary material  

List of ITS rDNA sequences of 27 Geosmithia strains used in this study. 

 

Species CCF code Alternative code EMBL accession no. 

Geosmithia sp. 1 CCF3660 MK1724 AM421520 

G. pallida sp. 2 CCF4270 MK1510 Submitted  

G. pallida sp. 3 CCF3336 MK134 HE604117 

G. pallida sp. 4 CCF4278 MK1722 AM181466 

G. pallida sp. 5 - IVV7 JQ042234 

G. putterillii CCF4202 U131a HF546222 

G. flava CCF3354 MK264 Submitted 

Geosmithia sp. 8 CCF4528 MK263 Submitted  

Geosmithia sp. 9 CCF4311 RJ0113k HE604121 

Geosmithia sp. 10 CCF4286 MK1788 AM421058 

Geosmithia sp. 11 CCF3555 MK551 AM181419 

Geosmithia sp. 12 CCF3557 MK661 AM181431 

Geosmithia sp. 13 - MK1515 Submitted  

G. langdonii CCF4272 MK1619 Submitted 

G. obscura CCF3425 MK616 AM181460 

G. lavendula CCF4285 MK1781 AM421125 

Geosmithia sp. 21 CCF4280 MK1761 AM421049 

Geosmithia sp. 22 CCF3645 MK739 AM421061 

G. pallida sp. 23 CCF 3639 MK781 AM421068 

Geosmithia sp. 25 CCF4211 MK1829a HE794976 

Geosmithia sp. 26  CCF4293 MK1828 HE604112 

Geosmithia sp. 28 CCF4210 RJ279m HE604154 

Geosmithia sp. 29 CCF4199 MK1809b HE604126 

Geosmithia sp. 31 CCF4328 U316 HF546236 

G. eupagioceri CCF3754 A1a AM947666 

G. microcorthyli CCF3861 A2a FM986798 

G. rufescens CCF4524 MK1821 AM947669 
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RESULTS   2

/Ŷ� ϮϬϭϬ��ĞƫŶŝ� Ğƚ� Ăů͘� ĚĞƐĐƌŝďĞĚ� ƚŚĞ�ĞǆƚƌĂŽƌĚŝŶĂƌǇ�ƉƌĞƐĞŶĐĞ�ŽĨ� ƚŚĞ� ŐĞŶĞ�
ĞŶĐŽĚŝŶŐ�ƚŚĞ�ŚǇĚƌŽƉŚŽďŝŶ�ĐĞƌĂƚŽͲƵůŵŝŶ�;�hͿ�ĨƌŽŵ�KƉŚŝŽƐƚŽŵĂ�ŶŽǀŽͲƵůŵŝ�
ŝŶ�ƚŚĞ�/ssϳ�ƐƚƌĂŝŶ�ŽĨ�'͘�ƉĂůůŝĚĂ͘
�h�ŝƐ�Ă�ĐůĂƐƐ�//�ŚǇĚƌŽƉŚŽďŝŶ�ƐƉĞĐŝĮĐ�ŽĨ�ƚŚĞ�ŐĞŶƵƐ�KƉŚŝŽƐƚŽŵĂ͕�ĂŶĚ�ŝƚ�ǁĂƐ�
ŽďƐĞƌǀĞĚ�ƚŚĂƚ�Geosmithia�ƐƉƉ͘�ĂŶĚ�KƉŚŝŽƐƚŽŵĂ�ŶŽǀŽͲƵůŵŝ�ƐŚĂƌĞ�ƚŚĞ�ƐĂŵĞ�
ŚĂďŝƚĂƚ�ĂůƚŚŽƵŐŚ�ŽĐĐƵƉǇŝŶŐ�ĚŝīĞƌĞŶƚ�ĞĐŽůŽŐŝĐĂů�ŶŝĐŚĞƐ͖�ĨŽƌ�ƚŚĞƐĞ�ƌĞĂƐŽŶƐ�
ƚŚĞ� ŽĐĐƵƌƌĞŶĐĞ� ŽĨ� ĂŶ� ŚŽƌŝǌŽŶƚĂů� ƚƌĂŶƐĨĞƌ� ĞǀĞŶƚ� ŝŶǀŽůǀŝŶŐ� ƚŚĞ� ĐƵ� ŐĞŶĞ�
ƐĞƋƵĞŶĐĞ�ďĞƚǁĞĞŶ�ƚŚĞ�ƚǁŽ�ĨƵŶŐŝ�ǁĂƐ�ŚǇƉŽƚŚĞƐŝǌĞĚ͘
dŚĞ�Ăŝŵ�ŽĨ�ƚŚŝƐ�ƐƚƵĚǇ�ǁĂƐ�ƚŽ�ĚĞŵŽŶƐƚƌĂƚĞ�ƚŚĞ�ŽĐĐƵƌƌĞŶĐĞ͕�ƚŚĞ�ĨƌĞƋƵĞŶĐǇ�
ĂŶĚ�ƚŚĞ�ďŝŽůŽŐŝĐĂů�ŵĞĂŶŝŶŐ�ŽĨ�ƚŚĞ�ĐƵ�ŐĞŶĞ�ƚƌĂŶƐĨĞƌ͘ �dŚĞ�ƉƌĞƐĞŶĐĞ�ŽĨ�ƚŚĞ�ŐĞŶĞ�
ǁĂƐ�ƚŚĞƌĞĨŽƌĞ�ĂŶĂůǇǌĞĚ�ŝŶ�Ă�ƐĞƌŝĞƐ�ŽĨ�ŝƐŽůĂƚĞƐ�ŽĨ�Geosmithia�ƌĞƉƌĞƐĞŶƟŶŐ�
ƚŚĞ�ǁŚŽůĞ�ƉŚǇůŽŐĞŶĞƟĐ�ĚŝǀĞƌƐŝƚǇ�ŽĨ�ƚŚĞ�ŐĞŶƵƐ͕�ĂŶĚ�ĚŝīĞƌŝŶŐ�ƚŚĞ�ďĂƐŝƐ�ŽĨ�
ƚŚĞŝƌ�ŚŽƐƚ�ƚƌĞĞƐ͕�ŝ͘Ğ͘�ĞůŵƐ�Žƌ�ŶŽŶͲĞůŵƐ͕�ĂŶĚ�ƚŚĞŝƌ�ŐĞŽŐƌĂƉŚŝĐ�ŽƌŝŐŝŶ͘�
dŚĞ�ĐŽƌƌĞƐƉŽŶĚŝŶŐ�ŵĞƚŚŽĚƐ�ĂŶĚ�ƌĞƐƵůƚƐ�ŽĨ�ƚŚŝƐ�ƐƚƵĚǇ�ĂƌĞ�ĚĞƐĐƌŝďĞĚ�ŝŶ�ĚĞƚĂŝů�
ŝŶ�WĂƉĞƌ�ϯ͕�ŚĞƌĞ�ĂƩĂĐŚĞĚ͕�ƐƵďŵŝƩĞĚ�ƚŽ�&ƵŶŐĂů��ŝŽůŽŐǇ�ŽŶ��EŽǀĞŵďĞƌ�ϮϲƚŚ�
2013.
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x The gene was found at high frequency only in strains derived from elm trees  
x The gene expression level in Geosmithia in varying growth conditions was very low 
x The gene can be a marker of larger transfers in these habitat-sharing fungi 

Highlights (for review)

Research highlights 
 

x The cerato-ulmin gene was transferred between Ophiostoma novo-ulmi and Geosmithia 
x 70 Geosmithia strains comprising 29 species were tested for the presence of the gene  
x The gene was found at high frequency only in strains derived from elm trees  
x The gene expression level in Geosmithia in varying growth conditions was very low 
x The gene can be a marker of larger transfers in these habitat-sharing fungi 

Highlights (for review)



112

RESULTS   2

Widespread horizontal transfer of the cerato-ulmin gene between 

Ophiostoma novo-ulmi and Geosmithia species 

 

Priscilla P. BETTINIa*, Arcangela FRASCELLAa,b, Miroslav KOLAěÍKc,d, 

Cecilia COMPARINIb, Alessia L. PEPORIe, Alberto SANTINIe, Felice SCALAf, 

Aniello SCALAb 

 

aDipartimento di Biologia, Università di Firenze, via Madonna del Piano 6, 50019 

Sesto Fiorentino (FI), Italy (p.bettini@unifi.it, affabula@gmail.com) 

bDipartimento di Scienze delle Produzioni Agroalimentari e dell'Ambiente (DISPAA), 

Università di Firenze, via della Lastruccia 10, 50019 Sesto Fiorentino (FI), Italy 

(cecilia.comparini@unifi.it, aniello.scala@unifi.it) 

cInstitute of Microbiology of the Academy of Sciences of the Czech Republic (ASCR), 

v.v.i, Videnská 1083, 142 20 Praha 4, Czech Republic (mkolarik@biomed.cas.cz) 

dDepartment of Botany, Faculty of Science, Charles University, Benatská 2, 128 01 

Praha 2, Czech Republic  

e����� ���������������#�������������������
�����������#���������������������������


�����!����������������������������	����������������������������"�

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

fDipartimento di Arboricoltura, Botanica e Patologia Vegetale, Sezione di Patologia 

Vegetale, Università di Napoli “Federico II” via Università 100, 80055 Portici (NA), 

Italy (felice.scala@unina.it) 

 

Manuscript
Click here to download Manuscript: Bettini PP et al.doc Click here to view linked References

Manuscript



113

RESULTS   2

*Corresponding author. Department of Biology, via Madonna del Piano 6, 50019 

Sesto Fiorentino (FI), Italy. Tel.: +39 (055) 457 4741; fax: +39 (055) 457 4905  

E-mail address: p.bettini@unifi.it 



114

RESULTS   2

Abstract 

The presence of a sequence homologous to the class II hydrophobin cerato-ulmin (cu) 

gene from the fungus Ophiostoma novo-ulmi, the causal agent of Dutch Elm Disease 

(DED), was reported in a Geosmithia pallida (Ascomycota: Hypocreales) species 5 

strain isolated from an elm tree affected by DED. To explain this finding an 

horizontal gene transfer event was proposed, as both fungi occupy the same habitat 

inside elm trees even if different ecological niches. With the aim of studying in more 

detail this putative horizontal transfer event we analyzed for the presence of the cu 

gene 70 strains representing 29 Geosmithia species from different host plants and 

geographic locations. The gene was present in 52,1% of the strains derived from elm 

trees, while none of those isolated from non-elms possessed it. The expression of the 

cu gene in Geosmithia was also assessed by real time PCR in different growth 

conditions. cu mRNA was detected in Geosmithia grown both in liquid and in solid 

medium, and its level was increased when the fungus was grown either on elm 

sawdust and in dual culture with O. novo-ulmi. However, the amount of cu mRNA 

was extremely low in all conditions tested, thus raising the question of its functional 

significance. 
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1. Introduction 

 

Horizontal gene transfer (HGT) involves the exchange of genetic information between 

phylogenetically distant organisms across the normal reproductive barriers. This 

phenomenon is common in Prokaryotes where it is involved in the acquirement of 

traits such as antibiotic resistance, virulence and metabolic abilities, enabling the 

colonization of new ecological niches and leading to the appearance of new species 

(Ochman et al. 2000). Because of the magnitude of HGT some authors have 

questioned the validity of the species concept in Prokaryotes and have proposed that 

bacterial evolution should be described by means other than the standard tree of life 

(Boto 2010; Gogarten & Townsend 2005; Ochman et al. 2000). 

In recent years the increasing availability of whole genome sequences has allowed to 

appreciate HGT also in Eukaryotes. Most documented cases involve the transfer of 

bacterial genes to unicellular Eukaryotes where they have been proposed to play a 

role in adaptation processes (Andersson 2009), but the transfer of genes from viral, 

bacterial or eukaryotic donors to plants and animals has also been described (Bock 

2010; Dunning Hotopp 2011; Keeling & Palmer 2008). In filamentous fungi, in 

particular, HGT has been demonstrated in several instances and is involved in the 

acquirement of important characters such as virulence, leading in some cases to the 

emergence of new pathogens or of new host specificities for existing ones (Gardiner 

et al. 2013; Mehrabi et al. 2011; Oliver & Solomon 2008). This is the case for the 

fungus Pyrenophora tritici-repentis whose ability to infect wheat has been related to 

the transfer of the gene encoding the host-selective toxin ToxA from the wheat 
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pathogen Stagonospora nodorum (Friesen et al. 2006). In addition to the moving of 

single genes there is now evidence of more extensive transfers, involving gene 

clusters and whole chromosomes. A 23-gene cluster comprising the biosynthetic 

pathway for the production of the toxic metabolite sterigmatocystin has been 

horizontally transferred from Aspergillus nidulans to Podospora anserina, thus 

enriching the secondary metabolite repertoire of the recipient (Slot & Rokas 2011). 

Also in the tomato pathogens Alternaria alternata and Fusarium oxysporum f. sp. 

lycopersici the acquirement of pathogenicity has been linked to the transfer of whole 

chromosomes (Akagi et al. 2009; Ma et al. 2010). Finally, Richards et al. (2011) 

showed how inter-kingdom gene transfer from filamentous fungi to oomycetes of at 

least 21 genes with roles in nutrient acquisition, degradation of plant surface 

components and suppression of plant defenses could have led to the appearance of 

plant pathogenic oomycetes. 

Previous work had demonstrated the presence in the Geosmithia pallida (Ascomycota: 

Hypocreales) species 5 strain IVV7, isolated from an elm tree affected by Dutch Elm 

Disease (DED), of an 827 bp genomic fragment comprising the cerato-ulmin (cu) 

gene from Ophiostoma novo-ulmi, and including 317 bp upstream and 56 bp 

downstream to the coding region (Bettini et al. 2010). Continuous physical contact 

between organisms, as a consequence of habitat sharing, was suggested to be a 

favourable condition for the transfer of genetic material (Aguileta et al. 2009; 

Fitzpatrick 2012) therefore, as the two species coexist inside elm trees occupying the 

same habitat even if different ecological niches, horizontal transfer of the gene was 

proposed. Cerato-ulmin (CU) is a class II hydrophobin of about 8 kDa present on the 
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cell surface and/or excreted in culture by the fungi Ophiostoma ulmi, Ophiostoma 

novo-ulmi and Ophiostoma himal-ulmi, the causal agents of DED (Scala et al. 1997; 

Svircev et al. 1988), and by the related species Ophiostoma quercus (Carresi et al. 

2008). For many years CU had been regarded as a virulence factor in DED 

pathogenesis (Del Sorbo et al. 2000; Richards 1993; Takai 1974), a view that has 

been challenged by the finding that pathogenicity of O. novo-ulmi mutants unable to 

produce CU did not differ with respect to wild type strains (Bowden et al. 1996; 

Brasier et al. 1995; Tegli & Scala 1996), and that over-expression of the O. novo-ulmi 

cu gene in the less aggressive species O. ulmi did not increase the virulence of the 

latter (Temple et al. 1997). These results prompted some authors to propose that CU 

could be a factor involved in the fitness of the pathogen (Temple & Horgen 2000; 

Temple et al. 1997).  

In order to evaluate the magnitude of the HGT between O. novo-ulmi and Geosmithia 

species, we performed an extensive search for the presence of the cu gene in a number 

of isolates of the genus Geosmithia derived from different host plants and geographic 

locations. The expression of the cu gene in Geosmithia was also assessed in varying 

growth conditions. 

 

 

2. Materials and Methods 

 

2.1 Fungal strains and culture 

Ophiostoma novo-ulmi isolate 182 (Carresi et al. 2008) and the Geosmithia strains, 
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representing 29 different species, used in this study (Table 1), were maintained on 

Potato Dextrose Agar medium (BD DifcoTM). Plates were incubated in the dark at 

24±1 °C. For liquid culture, an agar plug was transferred to 100 ml flasks containing 

20 ml of modified Takai medium (Scala et al. 1994). Flasks were wrapped in 

aluminium foil and incubated on a rotary shaker at 100 rpm at 24±1 °C. To recover 

the mycelium cultures were centrifuged (2500 rcf, 20 min, room temperature) and 

pellets stored at –20 °C.  

 

2.2 DNA extraction and Polymerase Chain Reaction 

Genomic DNA extraction from mycelium was carried out with the NucleoSpin® Plant 

II kit (Macherey-Nagel GmbH & Co. KG). DNA concentration was evaluated with a 

Qubit® 2.0 fluorometer (Invitrogen by Life Technologies) and PCR amplifications 

were carried out as described (Bettini et al. 2012). For the amplification of the cu 

gene the following primers designed on the sequence of O. novo-ulmi isolate 182 

(GenBank accession no. KF725663) were used: 5’-

AAATCTTCAAAATGCAGTTCTC-3’ (forward) and 5’-

AGAAGAATCGAATGAAAACTTGATG-3’ (reverse). Primers ITS1 and ITS4 

(White et al. 1990) were used for the amplification of the ITS region of rDNA.  

 

2.3 DNA sequencing and sequence analysis 

Sequencing of the amplified fragments was performed by Eurofins MWG Operon 

(Ebersberg, Germany) on either purified PCR products or on bands extracted from 

agarose gels with the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel 
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GmbH & Co. KG). Sequences of the cu gene from Geosmithia were deposited in 

GenBank under accession numbers KF484882 to KF484905. 

Alignment of the Geosmithia cu sequences with the cu gene sequences from O. ulmi 

(GenBank accession nos. U23203 and Z80081), O. novo-ulmi (GenBank accession 

nos. AJ295751, Z80082, Z80085, EU006084), O. himal-ulmi (GenBank accession nos 

Z80083 and Z80084), O. quercus (GenBank accession nos. EF447294, EF447295, 

EF447296) and G. pallida sp. 5 strain IVV7 (GenBank accession no. DQ377561) was 

performed with MAFFT version 7 (Katoh et al. 2002). Phylogenetic trees 

(Neighbour-Joining) were obtained with MEGA5 (Tamura et al. 2011) performing 

bootstrap analysis with 2000 replicates. 

 

2.4 RNA extraction and real time PCR 

Geosmithia pallida sp. 5 strain IVV7 was grown as described in 100 ml flasks 

containing 20 ml of liquid Takai medium for 4, 8, 12, 16 and 20 days. At each time-

point cultures were centrifuged and pellets frozen at –80 °C. Four days-old O. novo-

ulmi liquid cultures were used as control. Strains from Geosmithia spp. 10, 13, 20 and 

G. pallida sp. 5 were grown in the same conditions for 8 days. For the induction 

experiments, G. pallida sp. 5 strain IVV7 was grown for 4, 6, 8 and 12 days on 90 

mm diameter Petri dishes either on elm sawdust medium (Baccelli et al. 2012) or in 

dual culture with O. novo-ulmi. To this aim 2x107 conidia of O. novo-ulmi in 50 Pl 

were inoculated on Takai medium and incubated at 24±1 °C in the dark. After 4 days 

of growth a sterile cellophane disk was placed onto each plate and a 6 mm diameter 

agar plug from G. pallida sp. 5 strain IVV7 solid culture was cut with a sterile cork-
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borer and placed in the center of the plate. For each time-point at least 6 plates were 

prepared and incubated as described. Mycelium collected at each time-point was 

frozen at –80 °C. As a control, G. pallida sp. 5 strain IVV7 was grown on cellophane 

disks placed onto Takai solid medium plates. 

Total RNA was extracted using the NucleoSpin® RNA Plant kit (Macherey-Nagel 

GmbH & Co. KG). After the extraction a DNase digestion was performed (RQ 

DNase, Promega) followed by LiCl precipitation, and a PCR was carried out to ensure 

that the contaminant DNA had been removed. RNA concentration was evaluated with 

a Qubit® 2.0 fluorometer (Invitrogen by Life Technologies) and 500 ng of total RNA 

were reverse transcribed (TaqMan Reverse Transcription Reagents, Applied 

Biosystems by Life Technologies). The amount of cu transcript was evaluated by 

means of real time PCR with TaqMan® MGB probes. The sequences of the primers 

and of the probe, which spanned the boundary between the first and the second exon, 

were as follows: cu-fwd 5’-TTGGTGTGGCCAATCTTGACT-3’, cu-rev 5’-

GGAACTGGCTGGGAGACGTA-3’, cu-probe 5’-CCATGGCCCCCCAAGCGTG-

3’. Probe and primers were synthesized by the Custom TaqMan
® Gene Expression 

Assay Service (Applied Biosystems by Life Technologies). A reference calibration 

curve was set up with serial dilutions of cloned O. novo-ulmi cu cDNA (TA cloning 

kit, Invitrogen by Life Technologies). Amplification reactions were run in triplicate in 

a 7300 Real Time PCR System (Applied Biosystems by Life Technologies) and 

contained 50 ng cDNA, 1x TaqMan® Gene Expression Assay mix and 1x TaqMan® 

Universal PCR Master Mix. Thermocycling conditions were as recommended by the 

manufacturer. Each experiment was repeated at least twice. For all the experiments 
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the threshold cycles were plotted against the log10 of the known standard amounts. 

Regression analysis was carried out to determine the equation of the line that best 

fitted the data and the regression coefficient R2 values, which were comprised 

between 0.9948 and 0.998. 

 

 

3. Results and Discussion 

 

3.1 Occurrence of the cerato-ulmin gene in Geosmithia species 

Seventy Geosmithia strains representing 29 species (Table 1) were analyzed for the 

presence of the cu gene by PCR with gene-specific primers as described in section 

2.2. Fourty-six strains representing seven species were derived from insect vectors 

infesting elm trees or were isolated directly from decaying elm trees and 24 strains 

were obtained from insect vectors on plants other than elms. Fragments of the 

expected size (678 bp), corresponding to the entire sequence of the cu gene (454 bp) 

and including 224 bp downstream to the translation stop codon, were obtained in 24 

strains derived from elm trees (52.1%) and sequenced. GenBank homology searches 

showed significant homology to the cu gene for all the sequences. On the other hand, 

amplification from fungi isolated from plants other than elms failed or gave bands of 

different size from expected. Some of these fragments were randomly chosen for 

sequencing, but in no case homology with the cu gene was detected (data not shown). 

The cu gene is present in several species of the genus Ophiostoma, i.e. O. ulmi, O. 

novo-ulmi, O. himal-ulmi and O. quercus (Carresi et al. 2008). To identify which 
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one(s) were involved in the HGT event, Ophiostoma cu sequences obtained from 

GenBank and the cu sequences from Geosmithia species were aligned and MEGA5 

was used to construct a Neighbour-Joining tree, which showed that the Ophiostoma 

spp. formed distinct clusters and that the cu sequences from Geosmithia clustered 

with O. novo-ulmi (Fig. 1). Therefore, HGT occurred between this species and 

Geosmithia. The appearance of O. novo-ulmi in Europe can be dated quite precisely to 

the early 1970s, when it was identified as a new species responsible of the second 

DED pandemic which killed the majority of mature elms throughout the continent 

(Brasier 1991). On this basis we can assume the HGT event between the two fungi to 

be very recent and ongoing around Europe. In fact, the strains harbouring the cu gene 

were isolated in Czech Republic, Italy and Spain and belonged to Geosmithia spp. 10, 

13 and 20, Geosmithia langdonii and G. pallida spp. 2 and 5 (Table 1), coherently 

with the known distribution pattern of these species that are associated with 

phloeophagus bark beetles infesting broad-leaved trees both in the Mediterranean area 

and temperate Europe (KolaĜík et al. 2007, 2008).  

 

3.2 Expression of the cerato-ulmin gene in Geosmithia species 

In order to assess if the cu gene was functional in Geosmithia, its expression level was 

evaluated by real time PCR. As a first step a time-course was set up on our reference 

species G. pallida 5 strain IVV7 by growing the fungus in liquid culture for 4, 8, 12, 

16 and 20 days. Results showed that the cu mRNA was present in G. pallida, albeit in 

an extremely low amount, from day 8 to the end of the experiment, the maximum 

being reached after 8 days of growth (73,4 ag of cu mRNA Pg-1 total RNA) (Fig. 2a). 
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The quantity of cu mRNA in O. novo-ulmi after 4 days of growth in the same 

conditions was 67 fg Pg-1 total RNA, thus about 1000-fold higher than the highest 

level reached in G. pallida. The same time-point was therefore used to analyze cu 

gene expression in six strains belonging to different species, i.e. Geosmithia sp. 10 

(CNR32 and CNR71), Geosmithia sp. 13 (MK1515a), Geosmithia sp. 20 (CNR132) 

and G. pallida sp. 5 (MK980 and CNR36). cu mRNA was detected in all the strains 

tested, its amount being variable with respect to the reference species (Fig. 2b). 

However, in the strain CNR36 the quantity of cu mRNA was so low as to be 

negligible. 

The fungi of the genus Geosmithia used in this study were endophytic organisms that 

lived in the galleries built by subcorticolous bark beetles inside decaying elm trees 

showing DED symptoms: O. novo-ulmi is known to be present in the microbiota 

associated with insect galleries (Fig. 3), as shown also in other instances (Lynch et al. 

2011; McPherson et al. 2013). To test if growing Geosmithia in conditions more 

similar to its natural habitat could increase the expression of the cu gene, G. pallida 

sp. 5 strain IVV7 was grown for 4, 6, 8 and 12 days either on medium containing elm 

sawdust and in dual culture with O. novo-ulmi. Results obtained showed that on elm 

sawdust the amount of cu mRNA was increased by 4,5-fold, and by 100-fold after 4 

days of dual culture in comparison to the average value for control grown on solid 

Takai medium (Fig. 2c), remaining in all cases very low also with respect to O. novo-

ulmi grown for 4 days on solid Takai medium (0,72 pg cu mRNA Pg-1 total RNA). To 

exclude any contamination of the G. pallida RNA samples by O. novo-ulmi, the one 

having the highest cu mRNA content (4 days of dual culture) was reverse transcribed 



124

RESULTS   2

and the ITS rDNA region was amplified with the universal primers ITS1 and ITS4 

(White et al. 1990). The amplicon size difference allowed to distinguish the two 

species, being approximately 650 bp and 560 bp for O. novo-ulmi and G. pallida, 

respectively. No band corresponding to the size of Ophiostoma ITS was found in the 

G. pallida sample after 50 cycles of amplification (Fig. 4). Moreover, sequencing of 

the RT-PCR product showed that the ITS sequence amplified was only that of G. 

pallida, thus demonstrating that no Ophiostoma RNA was present in the original 

sample. 

The cu expression levels detected in Geosmithia were much lower than those reported 

for O. novo-ulmi (Tadesse et al. 2003), thus raising the question of the functional 

significance of cu mRNA in the former species. As the genomic fragment transferred 

between O. novo-ulmi and Geosmithia comprised 317 bp upstream to the coding 

sequence, a region where several putative regulatory motifs are present (Carresi et al. 

2008), it could be hypothesized that the Geosmithia transcriptional machinery 

recognized the regulatory region of the Ophiostoma gene, even if with scarce 

efficiency. The conservation of the cu gene sequence in Geosmithia could therefore 

be a consequence of the very recent transfer rather than reflect the presence of 

selective constraints on a functional sequence.  

The HGT event involving the cu gene happened with very high frequency, as 52.1% 

of the Geosmithia strains isolated from elm trees were found to possess the gene. A 

similar frequency was reported by Coelho et al. (2013) for the horizontal transfer of 

the fructose transporter gene FSY1, that was present in 109 fungal genomes over 241 

analyzed. However in this case, as in most reports of HGT, there is an immediate 
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advantage for the recipient species from the acquirement of the foreign gene. In our 

case this is less evident, also because G. pallida sp. 5 strain IVV7 had recently been 

shown to possess a previously unidentified class II hydrophobin, GEO1 (Bettini et al. 

2012). In conclusion, the cu gene could be a marker of more extensive transfers, as 

documented in other fungi. 

In spite of the growing number of HGTs described in fungi the mechanisms 

underlying the transfer and the integration of genetic material in the recipient 

genomes remain obscure, except for a few cases. Formation of transient hyphal or 

conidial anastomoses, direct uptake of DNA, presence of mobile elements in the 

vicinity of the transferred sequence and recombination have been proposed 

(Fitzpatrick 2012; Mehrabi et al. 2011; Richards et al. 2011). Richards et al. (2009) 

showed that in two gene transfers from a fungus to the bryophyte moss 

Physcomitrella patens, the HGT was located near to a putative transposable element. 

In other instances the transferred sequence was found in the subtelomeric regions of 

chromosomes, characterized by frequent rearrangements and rich in transposable 

elements (Coelho et al. 2013). On the other hand, homologous recombination was 

involved in the transfer of genetic material between the yeast wine strain 

Saccharomyces cerevisiae EC1118 and Zygosaccharomyces bailii (Novo et al. 2009) 

and of the penicillin biosynthetic gene cluster in Penicillium chrysogenum (Rosewich 

& Kistler 2000).  

In order to assess the presence of transposable elements in the regions flanking the cu 

gene that could account for its transfer between O. novo-ulmi and Geosmithia species, 

we took advantage of the recently published genome sequence of O. novo-ulmi 
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(Forgetta et al. 2013). Firstly, a BLAST search was performed to identify the 

sequence containing the cu gene, which was found in the genomic scaffold 

scaffold00002 (GenBank acc. no. KB209922). A second BLAST search on the 

scaffold00002 revealed two sequences with significant homology to the O. novo-ulmi 

transposons OPHIO1 and OPHIO3 (Bouvet et al. 2007) located about 500 and 700 

kbp, respectively, from the 3’ end of the cu gene. However, due to the large distance 

between these elements and the cu gene, their involvement in the gene transfer event 

could be excluded.  

The high frequency of cu gene transfer between O. novo-ulmi and Geosmithia species 

suggested the establishment of a closer relationship between the two species beyond 

simple habitat sharing inside elm trees. Interestingly, rare interspecific sexual crosses 

were demonstrated in O. novo-ulmi as being involved in the acquirement of mating 

type and vegetative incompatibility genes from O. ulmi (Paoletti et al. 2006), and the 

induction of sterile perithecia production was stimulated in dual culture of our 

reference species G. pallida 5 strain IVV7 and O. novo-ulmi cultures mating type B 

strain (Scala et al., unpublished). Further work is underway in our laboratories to 

assess the possible mechanism for gene transfer between Geosmithia species and O. 

novo-ulmi. 
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7. Figure captions 

 

Figure 1. Neighbour-Joining tree based on the aligned cerato-ulmin gene sequences 

from O. ulmi, O. novo-ulmi, O. himal-ulmi, O. quercus and Geosmithia spp. GenBank 

accession numbers are indicated for each sequence. Phylogenetic tree was constructed 

with MEGA5 performing bootstrap analysis with 2000 replicates. 

 

Figure 2. Cerato-ulmin gene expression in Geosmithia spp. as determined by real time 

PCR. (a) Cerato-ulmin mRNA in G. pallida sp. 5 strain IVV7 after 4, 8, 12, 16 and 20 

days of growth in liquid culture. (b) Cerato-ulmin mRNA in Geosmithia spp. 10 

(strains CNR32 and CNR71), 13 (strain MK1515a), 20 (CNR132) and G. pallida sp. 

5 (strains MK980 and CNR36) after 8 days of growth in liquid culture. The reference 

sp. G. pallida 5 strain IVV7 was used as a control. (c) Cerato-ulmin mRNA in G. 

pallida sp. 5 strain IVV7 after 4, 6, 8 and 12 days of growth on solid Takai medium, 

on medium containing elm sawdust and in dual culture with O. novo-ulmi. Gene 

expression was indicated as attograms (ag) of cerato-ulmin mRNA Pg-1 of total RNA.  

 

Figure 3. Cultivation plate with an adult of Scolytus multistriatus taken from galleries 

on Ulmus laevis. The white sporulating fungus is Geosmithia sp. 10 intermingled with 

synnemata of O. novo-ulmi. 

 

Figure 4. Test for contamination of G. pallida sp. 5 strain IVV7 samples from dual 

culture with O. novo-ulmi. RNA extracted from G. pallida after 4 days of co-
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cultivation was reverse transcribed and PCR was carried out with universal primers 

ITS1 and ITS4. Amplifications with O. novo-ulmi and G. pallida DNA were carried 

out as controls. NTC, no template control; lane 1, O. novo-ulmi DNA; lane 2, G. 

pallida sp. 5 strain IVV7 DNA; lane 3, G. pallida sp. 5 strain IVV7 cDNA, 4 days of 

dual culture; M, GeneRuler 100 bp DNA Ladder Plus (Fermentas, Thermo Scientific 

Molecular Biology). 
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Figure 1
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Figure 2
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ŝŶǀŽůǀŝŶŐ�ƚŚĞ�ĐƵ�ŐĞŶĞ�ďĞƚǁĞĞŶ�O. novo-ulmi�ĂŶĚ�Geosmithia�ƐƉƉ͘�
'�Kϭ� ŝƐ� Ă� ŚǇĚƌŽƉŚŽďŝŶ� ƐƉĞĐŝĮĐ� ŽĨ� ƚŚĞ� ŐĞŶƵƐ�Geosmithia͘� dƵƌďŝĚŝŵĞƚƌŝĐ�
ĂƐƐĂǇƐ�ĂŶĚ�tĞƐƚĞƌŶ�ďůŽƫŶŐ�ĚĞŵŽŶƐƚƌĂƚĞĚ�ƚŚĂƚ�ƚŚĞ�ƉƌŽƚĞŝŶ�ŝƐ�ƐĞĐƌĞƚĞĚ�ŝŶ�
ƚŚĞ�ĐƵůƚƵƌĞ�ŵĞĚŝƵŵ͕�ĂƐ�ŚĂƉƉĞŶƐ�ĨŽƌ�ŵĂŶǇ�ŚǇĚƌŽƉŚŽďŝŶƐ�ŝŶ�ŽƚŚĞƌ�ĨƵŶŐŝ͘�
�Ɛ� ŝƚ� ǁĂƐ� ŽďƐĞƌǀĞĚ� ƚŚĂƚ� ƐŽŵĞ� ŽĨ� ƚŚĞƐĞ� ƉƌŽƚĞŝŶƐ� ŚĂǀĞ� Ă� ƌŽůĞ� ŝŶ� ĨƵŶŐĂů�
ƉĂƚŚŽŐĞŶĞƐŝƐ͕� ĂŶĚ� ĐŽƵůĚ� ŝŶĚƵĐĞ� ƚŚĞ� ƉůĂŶƚ� ĚĞĨĞŶƐĞ� ƌĞƐƉŽŶƐĞ� ĂŶĚ� ŚĂǀĞ�
ĂŶƟŵŝĐƌŽďŝĂů�ĂĐƟǀŝƚǇ͕ �ŝƚ�ĐŽƵůĚ�ďĞ�ŝŶƚĞƌĞƐƟŶŐ�ƚŽ�ƉĞƌĨŽƌŵ�ĨƵƌƚŚĞƌ�ƐƚƵĚŝĞƐ�ŽŶ�
ĚŝīĞƌĞŶƚ�'�Kϭ�ŝƐŽĨŽƌŵƐ͕�ƚŽ�ƵŶĚĞƌƐƚĂŶĚ�ŝĨ�ƚŚĞǇ�ĐŽƵůĚ�ĂĐƚ�ůŝŬĞ�ĞůŝĐŝƚŽƌƐ͘
dŚĞ�ŽĐĐƵƌƌĞŶĐĞ�ŽĨ�ƚŚĞ�ĐƵ�ŐĞŶĞ�ƚƌĂŶƐĨĞƌ�ŝŶ�Geosmithia�ƐƉƉ͘�ŝƐŽůĂƚĞĚ�ĨƌŽŵ�
Ğůŵ�ƚƌĞĞƐ�ŝƐ�ƌĞĂůůǇ�ĂŶ�ĞǆƚƌĂŽƌĚŝŶĂƌǇ�ĞǀŝĚĞŶĐĞ͘�dŚĞ�ĐŝƌĐƵŵƐƚĂŶĐĞ�ŽĨ�Ă�,'d�
ĞǀĞŶƚ� ƌĞƉƌĞƐĞŶƚƐ�Ă� ƌĞĂƐŽŶĂďůĞ�ŚǇƉŽƚŚĞƐŝƐ͕� ŐŝǀĞŶ� ƚŚĂƚ�ƵƉ� ƚŽ�ŶŽǁ� ƚŚĞ�ĐƵ�
ŐĞŶĞ�ǁĂƐ�ĨŽƵŶĚ�ŽŶůǇ�ŝŶ�Ophiostoma�ƐƉĞĐŝĞƐ͘�Geosmithia�ƐƉƉ͘�ĂŶĚ�O. novo-
ulmi� ĂƌĞ� ŝƐŽůĂƚĞĚ� ĨƌŽŵ� ƚŚĞ� ůĂƌǀĂů� ŐĂůůĞƌŝĞƐ� ďƵŝůƚ� ďǇ� ƚŚĞŝƌ� ŝŶƐĞĐƚ� ǀĞĐƚŽƌƐ�
ŽŶ� ĚĞĐĂǇŝŶŐ� Ğůŵ� ƚƌĞĞƐ͕� Ă� ŚĂďŝƚĂƚ� ŝŶ�ǁŚŝĐŚ� ŝƐ� ƉƌĞƐĞŶƚ� Ă� ǀĂƐƚ� ŶƵŵďĞƌ� ŽĨ�
ƐƉĞĐŝĞƐ�ƚŚĂƚ�ĐŽůůĞĐƟǀĞůǇ�ĂƌĞ�ƌĞĨĞƌƌĞĚ�ƚŽ�ĂƐ�ĂŶ�ĂƵƚŚĞŶƟĐ�ŵŝĐƌŽďŝŽƚĂ͕�ǁŚĞƌĞ�
ŵŽůĞĐƵůĂƌ�ŝŶƚĞƌĂĐƟŽŶƐ�ĂŶĚ�ĞǆĐŚĂŶŐĞ�ŽĨ�ŝŶĨŽƌŵĂƟŽŶƐ�ďĞƚǁĞĞŶ�ŽƌŐĂŶŝƐŵƐ�
ƚĂŬĞ�ƉůĂĐĞ͘� dŚĞ�ŵŽƐƚ�ƉƌŽďĂďůĞ�ŵĞĐŚĂŶŝƐŵ�ďǇ�ǁŚŝĐŚ� ƚŚĞ� ĐƵ� ŐĞŶĞ� ĐŽƵůĚ�
ďĞ�ƚƌĂŶƐĨĞƌƌĞĚ�ĨƌŽŵ�O. novo-ulmi to Geosmithia�ƐƉƉ͘�ŝƐ�ƚŚĞ�ĨŽƌŵĂƟŽŶ�ŽĨ�
ŚǇƉŚĂů�ĂŶĂƐƚŽŵŽƐŝƐ͘�
/Ŷ� ŽƌĚĞƌ� ƚŽ� ŝŶǀĞƐƟŐĂƚĞ� ƚŚĞ� ƉŽƐƐŝďůĞ� ĨŽƌŵĂƟŽŶ� ŽĨ� ĂŶĂƐƚŽŵŽƐŝƐ� ďĞƚǁĞĞŶ��
ƚŚĞ�ƚǁŽ�ĨƵŶŐŝ͕�ǁĞ�ĚĞĐŝĚĞĚ�ƚŽ�ŽďƚĂŝŶ�Ă�ŇƵŽƌĞƐĐĞŶƚ�ŵƵƚĂŶƚ�ŽĨ�ŽƵƌ�ŵŽĚĞů�
ƐƚƌĂŝŶ�'͘�ƉĂůůŝĚĂ�/ssϳ͘�dŚŝƐ�ǁŽƌŬ�ǁĂƐ�ĐĂƌƌŝĞĚ�ŽƵƚ�ŝŶ�ĐŽůůĂďŽƌĂƟŽŶ�ǁŝƚŚ�WƌŽĨ͘ �
'͘� sĂŶŶĂĐĐŝ� ĂŶĚ� �ƌ͘ � ^͘� ^ĂƌƌŽĐĐŽ� Ăƚ� ƚŚĞ� �ĞƉĂƌƚŵĞŶƚ� ŽĨ� WůĂŶƚ� WĂƚŚŽůŽŐǇ͕ �
;hŶŝǀĞƌƐŝƚǇ�ŽĨ�WŝƐĂ͕�/ƚĂůǇͿ͘
The Agrobacterium tumefacens�ƐƚƌĂŝŶ��'>Ͳϭ���ǁŝƚŚ�ƚŚĞ�Ɖ��DŐĨƉ�ƉůĂƐŵŝĚ͕�
ĐŽŶƚĂŝŶŝŶŐ�ƚŚĞ�ŚǇŐƌŽŵǇĐŝŶ�ƌĞƐŝƐƚĂŶĐĞ�ŐĞŶĞ�ĂŶĚ�ƚŚĞ�^'&W�ŐĞŶĞ͕�ǁĂƐ�ŬŝŶĚůǇ�
ƉƌŽǀŝĚĞĚ�ďǇ��ƌ͘ � �͘� ^ĞƐŵĂ� ;hŶŝǀĞƌƐŝƚǇ� ŽĨ�DĂĚƌŝĚ͕� ^ƉĂŝŶͿ͘� dŚŝƐ� ƐƚƌĂŝŶ�ǁĂƐ�
ƵƐĞĚ�ĨŽƌ�ƚŚĞ�ƚƌĂŶƐĨŽƌŵĂƟŽŶ�ŽĨ�'͘�ƉĂůůŝĚĂ�ƐƚƌĂŝŶ�/ssϳ͘�
dŽ�ĚĂƚĞ�ϭϲ�/ssϳ�ŇƵŽƌĞƐĐĞŶƚ�ĐŽůŽŶŝĞƐ�ŚĂǀĞ�ďĞĞŶ�ŽďƚĂŝŶĞĚ͘�dŚĞ�ƐƚĂďŝůŝǌĂƟŽŶ�
ŽĨ�ƚŚĞ�ƉƵƚĂƟǀĞ�ƚƌĂŶƐĨŽƌŵĂŶƚƐ�ŝƐ�ƵŶĚĞƌǁĂǇ�ďǇ�ŐƌŽǁŝŶŐ�ƚŚĞŵ�ŽŶ�ƐĞůĞĐƟǀĞ�
ŵĞĚŝƵŵ�ĐŽŶƚĂŝŶŝŶŐ�ŚǇŐƌŽŵǇĐŝŶ�ĨŽƌ�Ăƚ�ůĞĂƐƚ�ŽŶĞ�ŵŽŶƚŚ͕�ƚŽ�ĞŶƐƵƌĞ�ƚŚĂƚ�ƚŚĞǇ�
ŚĂǀĞ�ƐƵĐĐĞƐƐĨƵůůǇ�ĂĐƋƵŝƌĞĚ�ƚŚĞ�Agrobacterium plasmid.�dŚĞ�/ssϳ�ƐƚƌĂŝŶ;ƐͿ�
ŵĂŝŶƚĂŝŶŝŶŐ� ƚŚĞ� ŇƵŽƌĞƐĐĞŶĐĞ� ǁŝůů� ďĞ� ƵƐĞĚ� ĨŽƌ� ƚŚĞ� ŝŶǀĞƐƟŐĂƟŽŶ� ŽŶ� ƚŚĞ�
ĂŶĂƐƚŽŵŽƐŝƐ�ĨŽƌŵĂƟŽŶ�ďĞƚǁĞĞŶ�Geosmithia�ĂŶĚ�O. novo-ulmi.


