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Rhizobium²�l�e�g�u�m�e� �s�y�m�b�i�o�s�i�s� �i�s� �o�n�e� �o�f� �t�h�e� �m�o�s�t� �s�u�c�c�e�s�s�f�u�l� 
�m�u�t�u�a�l�l�y� �b�e�n�e�f�i�c�i�a�l� �i�n�t�e�r�a�c�t�i�o�n�s� �o�n� �e�a�r�t�h�.� �I�n� �t�h�i�s� �s�y�m�b�i�o�s�i�s�,� 
�s�o�i�l� �b�a�c�t�e�r�i�a� �c�a�l�l�e�d� �r�h�i�z�o�b�i�a� �s�u�p�p�l�y� �t�h�e� �h�o�s�t� �l�e�g�u�m�e�s� �w�i�t�h� 
�a�m�m�o�n�i�a� �p�r�o�d�u�c�e�d� �t�h�r�o�u�g�h� �b�a�c�t�e�r�i�a�l� �n�i�t�r�o�g�e�n� �f�i�x�a�t�i�o�n�.� �I�n� 
�r�e�t�u�r�n�,� �h�o�s�t� �p�l�a�n�t�s� �p�r�o�v�i�d�e� �t�h�e� �r�h�i�z�o�b�i�a� �w�i�t�h� �t�h�e�i�r� 
�p�h�o�t�o�s�y�n�t�h�e�t�i�c� �p�r�o�d�u�c�t�s�.� �T�o� �a�c�c�o�m�p�l�i�s�h� �t�h�i�s� �b�i�o�t�i�c� 
�i�n�t�e�r�a�c�t�i�o�n�,� �l�e�g�u�m�i�n�o�u�s� �p�l�a�n�t�s� �d�e�v�e�l�o�p� �n�o�d�u�l�e�s� �o�n� �t�h�e�i�r� 
�r�o�o�t�s�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �m�o�r�e� �t�h�a�n� ��0�� �o�f� �l�a�n�d� �p�l�a�n�t� 
�f�a�m�i�l�i�e�s� �h�a�v�e� �s�y�m�b�i�o�t�i�c� �r�e�l�a�t�i�o�n�s�h�i�p�s� �w�i�t�h� �a�r�b�u�s�c�u�l�a�r� 
�m�y�c�o�r�r�h�i�z�a�l� �(�A�M�)� �f�u�n�g�i�.� �D�e�s�p�i�t�e� �m�a�r�k�e�d� �d�i�f�f�e�r�e�n�c�e�s� 
�b�e�t�w�e�e�n� �t�h�e� �f�u�n�g�a�l� �a�n�d� �b�a�c�t�e�r�i�a�l� �s�y�m�b�i�o�s�e�s�,� �c�o�m�m�o�n� �g�e�n�e�s� 
�a�r�e� �r�e�q�u�i�r�e�d� �f�o�r� �b�o�t�h� �i�n�t�e�r�a�c�t�i�o�n�s�.� �U�s�i�n�g� �a� �m�o�d�e�l� �l�e�g�u�m�e� 
Lotus japonicus�,� �w�e� �a�r�e� �t�r�y�i�n�g� �t�o� �u�n�v�e�i�l� �t�h�e� �m�e�c�h�a�n�i�s�m�s� �o�f� 
�b�o�t�h� �s�y�m�b�i�o�t�i�c� �s�y�s�t�e�m�s�.� � 

I. Nodulation
1-1 Genetic mechanism involved in early and late 
nodule development 
� �I�n� �r�e�s�p�o�n�s�e� �t�o� �a�p�p�r�o�p�r�i�a�t�e� �i�n�d�u�c�t�i�v�e� �c�o�n�d�i�t�i�o�n�s�,� �p�l�a�n�t�s� �h�a�v�e� 
�t�h�e� �c�a�p�a�c�i�t�y� �o�f� �f�o�r�m�i�n�g� �n�e�w� �o�r�g�a�n�s� �f�r�o�m� �d�i�f�f�e�r�e�n�t�i�a�t�e�d� �c�e�l�l�s�.� 
�R�o�o�t� �n�o�d�u�l�a�t�i�o�n� �i�s� �o�n�e� �s�u�c�h� �u�n�i�q�u�e� �d�e�v�e�l�o�p�m�e�n�t�a�l� �p�r�o�c�e�s�s� 
�t�h�a�t� �p�r�e�d�o�m�i�n�a�n�t�l�y� �o�c�c�u�r�s� �i�n� �l�e�g�u�m�i�n�o�u�s� �p�l�a�n�t�s�.� �I�n� �t�h�i�s� 
�p�r�o�c�e�s�s�,� �s�i�g�n�a�l�i�n�g� �i�n�i�t�i�a�t�e�d� �b�y� �s�y�m�b�i�o�t�i�c� �b�a�c�t�e�r�i�a�l� �i�n�f�e�c�t�i�o�n� 
�a�l�t�e�r�s� �t�h�e� �f�a�t�e� �o�f� �d�i�f�f�e�r�e�n�t�i�a�t�e�d� �c�o�r�t�i�c�a�l� �c�e�l�l�s� �a�n�d� �c�a�u�s�e�s� 
�f�o�r�m�a�t�i�o�n� �o�f� �n�e�w� �o�r�g�a�n�s�.� 
� �T�h�e� L. japonicus vagrant infection thread 1 �(vag1�)� �i�s� �a� 
�n�o�v�e�l� �m�u�t�a�n�t� �i�n�v�o�l�v�e�d� �i�n� �n�o�d�u�l�e� �d�e�v�e�l�o�p�m�e�n�t�.� VAG1� 
�e�n�c�o�d�e�s� �a� �p�r�o�t�e�i�n� �o�r�t�h�o�l�o�g�o�u�s� �t�o� Arabidopsis� �R�O�O�T� 
+�A�I�R�L�E�S�S� �1�,� �w�h�i�c�h� �f�u�n�c�t�i�o�n�s� �a�s� �a� �s�u�b�u�n�i�t� �o�f� �D�N�A� 
�t�o�p�o�i�s�o�m�e�r�a�s�e� 9�I�.� �A�n�a�l�y�s�e�s� �f�o�c�u�s�i�n�g� �o�n� �n�u�c�l�e�a�r� �s�i�z�e� �f�o�u�n�d� 
�t�h�e� �e�m�e�r�g�e�n�c�e� �o�f� �a� �f�e�w� �c�o�r�t�i�c�a�l� �c�e�l�l�s� �w�i�t�h� �e�n�l�a�r�g�e�d� �n�u�c�l�e�i� 
�d�u�r�i�n�g� �i�n�i�t�i�a�t�i�o�n� �o�f� �c�o�r�t�i�c�a�l� �c�e�l�l� �d�i�v�i�s�i�o�n� �i�n� �w�i�l�d� �t�y�p�e�.� �I�n� �t�h�e� 

vag1� �m�u�t�a�n�t�s�,� �t�h�e�s�e� �p�o�t�e�n�t�i�a�l�l�y� �e�n�d�o�r�e�d�u�p�l�i�c�a�t�e�d� �c�e�l�l�s� �a�r�e� 
�n�o�t� �o�b�s�e�r�v�e�d� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �c�o�r�t�i�c�a�l� �c�e�l�l� �d�i�v�i�s�i�o�n� �i�s� �s�e�v�e�r�e�l�y� 
�c�o�m�p�r�o�m�i�s�e�d�.� �T�h�u�s�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �D�N�A� �t�o�p�o�i�s�o�m�e�r�a�s�e� 
9�I� �i�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �e�n�d�o�r�e�d�u�p�l�i�c�a�t�i�o�n� �o�f� �c�o�r�t�i�c�a�l� �c�e�l�l�s�,� 
�w�h�i�c�h� �c�a�n� �t�r�i�g�g�e�r� �t�h�e� �o�n�s�e�t� �o�f� �c�o�r�t�i�c�a�l� �c�e�l�l� �d�i�v�i�s�i�o�n�.� �D�u�r�i�n�g� 
�l�a�t�e� �n�o�d�u�l�e� �d�e�v�e�l�o�p�m�e�n�t�,� �e�n�d�o�r�e�d�u�p�l�i�c�a�t�i�o�n� �r�e�s�u�l�t�s� �i�n� �t�h�e� 
�f�o�r�m�a�t�i�o�n� �o�f� �e�n�l�a�r�g�e�d� �r�h�i�z�o�b�i�a�-�c�o�l�o�n�i�z�e�d� �c�e�l�l�s� �i�n� �m�a�t�u�r�e� 
�n�o�d�u�l�e�s�.� �I�n� �w�i�l�d� �t�y�p�e L. japonicus�,� �t�h�e�r�e� �a�r�e� �e�n�l�a�r�g�e�d� 
�r�h�i�z�o�b�i�a�-�c�o�l�o�n�i�z�e�d� �c�e�l�l�s� �i�n� �t�h�e� �i�n�n�e�r� �r�e�g�i�o�n� �o�f� �t�h�e� �n�o�d�u�l�e�,� 
�a�n�d� �s�m�a�l�l�e�r� �r�h�i�z�o�b�i�a�-�i�n�f�e�c�t�e�d� �(�a�s� �y�e�t� �u�n�c�o�l�o�n�i�z�e�d�)� �c�e�l�l�s� �i�n� 
�t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �r�e�g�i�o�n� �(�F�i�g�u�r�e� �1�)�.� �I�n� vag1� �n�o�d�u�l�e�s�,� �t�h�e� 
�n�u�m�b�e�r� �o�f� �t�h�e�s�e� �s�m�a�l�l� �r�h�i�z�o�b�i�a�-�i�n�f�e�c�t�e�d� �c�e�l�l�s� �i�s� �h�i�g�h�e�r� 
�w�h�e�r�e�a�s� �t�h�e� �n�u�m�b�e�r� �o�f� �r�h�i�z�o�b�i�a�-�c�o�l�o�n�i�z�e�d� �c�e�l�l�s� �i�s� �l�o�w�e�r� 
�(�F�i�g�u�r�e� �1�)�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� vag1� �m�u�t�a�n�t� �h�a�s� �a� �d�e�f�e�c�t� �i�n� 
�d�i�f�f�e�r�e�n�t�i�a�t�i�o�n� �f�r�o�m� �s�m�a�l�l� �r�h�i�z�o�b�i�a�-�i�n�f�e�c�t�e�d� �c�e�l�l�s� �t�o� �e�n�l�a�r�g�e�d� 
�r�h�i�z�o�b�i�a�-�c�o�l�o�n�i�z�e�d� �c�e�l�l�s�.� �O�v�e�r�a�l�l�,� �o�u�r� �d�a�t�a� �i�n�d�i�c�a�t�e� �t�h�a�t� 
�e�n�d�o�r�e�d�u�p�l�i�c�a�t�i�o�n� �m�e�d�i�a�t�e�d� �b�y� �D�N�A� �t�o�p�o�i�s�o�m�e�r�a�s�e� 9�I� �m�a�y� 
�b�e� �a� �p�r�e�r�e�q�u�i�s�i�t�e� �r�e�g�u�l�a�t�o�r� �f�o�r� �t�h�e� �c�o�n�t�r�o�l� �o�f� �t�w�o� �k�e�y� �n�o�d�u�l�e� 
�d�e�v�e�l�o�p�m�e�n�t�a�l� �p�r�o�c�e�s�s�e�s�� �t�h�e� �f�i�r�s�t� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �o�n�s�e�t� �o�f� 
�n�o�d�u�l�e� �o�r�g�a�n�o�g�e�n�e�s�i�s� �d�u�r�i�n�g� �e�a�r�l�y� �n�o�d�u�l�e� �d�e�v�e�l�o�p�m�e�n�t�,� �a�n�d� 
�t�h�e� �s�e�c�o�n�d� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�t�i�o�n� �o�f� �r�h�i�z�o�b�i�a�-
�c�o�l�o�n�i�z�e�d� �i�n�f�e�c�t�e�d� �c�e�l�l�s� �i�n� �l�a�t�e� �n�o�d�u�l�e� �d�e�v�e�l�o�p�m�e�n�t�.

 
1-2 A presumptive post-translational modification 
enzyme, PLENTY controls nodulation and root 
growth in L. japonicus
�L�e�g�u�m�e�s� �c�a�n� �s�u�r�v�i�v�e� �e�v�e�n� �i�n� �n�i�t�r�o�g�e�n�-�d�e�f�i�c�i�e�n�t� 
�e�n�v�i�r�o�n�m�e�n�t�s� �d�e�p�e�n�d�i�n�g� �o�n� �r�o�o�t� �n�o�d�u�l�e�s� �s�y�m�b�i�o�s�i�s� �w�i�t�h� 
�r�h�i�z�o�b�i�a�� �h�o�w�e�v�e�r�,� �f�o�r�m�i�n�g� �n�o�d�u�l�e�s� �c�o�n�s�u�m�e�s� �e�n�e�r�g�y�,� 
�r�e�q�u�i�r�i�n�g� �n�o�d�u�l�e� �n�u�m�b�e�r� �t�o� �b�e� �s�t�r�i�c�t�l�y� �c�o�n�t�r�o�l�l�e�d�.� �T�h�e� 
�p�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �o�f� �h�y�p�e�r�n�o�d�u�l�a�t�i�o�n� �m�u�t�a�n�t�s�,� har1�,� klv�,� �a�n�d� 
tml�,� �h�a�v�e� �p�r�o�p�o�s�e�d� �l�o�n�g�-�d�i�s�t�a�n�c�e� �c�o�n�t�r�o�l� �o�f� �n�o�d�u�l�a�t�i�o�n� 
�(�F�i�g�u�r�e� �2�)�,� �v�i�a� �s�y�s�t�e�m�i�c� �m�o�b�i�l�e� �s�i�g�n�a�l�s�,� �C�L�E�-�R�S�1��2� �p�e�p�t�i�d�e�s�.� 
�R�e�c�e�n�t�l�y�,� �w�e� �f�o�u�n�d� �t�h�a�t�,� �a�t� �l�e�a�s�t�,� �t�h�e� �C�L�E�-�R�S�2� �p�e�p�t�i�d�e� �i�s� 
�a�r�a�b�i�n�o�s�y�l�a�t�e�d� �a�n�d� �t�h�i�s� �m�o�d�i�f�i�c�a�t�i�o�n� �i�s� �e�s�s�e�n�t�i�a�l� �f�o�r� �n�o�d�u�l�e� 
�i�n�h�i�b�i�t�i�o�n� �(�O�k�a�m�o�t�o� �e�t� �a�l�.�,� �2�0�1��)�.� �I�n� Arabidopsis�,� �t�h�e� �p�o�s�t�-
�t�r�a�n�s�l�a�t�i�o�n�a�l� �m�o�d�i�f�i�c�a�t�i�o�n�s� �o�f� �h�o�r�m�o�n�e�-�l�i�k�e� �s�m�a�l�l� �p�e�p�t�i�d�e�s� 
�a�n�d� �t�h�e�i�r� �c�r�i�t�i�c�a�l� �r�o�l�e�s� �i�n� �b�i�o�l�o�g�i�c�a�l� �a�c�t�i�v�i�t�i�e�s� �h�a�v�e� �b�e�e�n� 
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�F�i�g�u�r�e� �1�.� �T�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� vag1 �m�u�t�a�t�i�o�n� �o�n� �n�o�d�u�l�e� �s�t�r�u�c�t�u�r�e�.� �S�e�c�t�i�o�n�s� 
�t�h�r�o�u�g�h� �n�o�d�u�l�e�s� �o�f� �w�i�l�d� �t�y�p�e� �(�A�,� �C�,� �D�)� �a�n�d� vag1-1 �(�B�,� �E�,� �F�)� �a�t� �2�1� �d�a�y�s� 
�a�f�t�e�r� �i�n�o�c�u�l�a�t�i�o�n� �w�i�t�h� �r�h�i�z�o�b�i�a� �t�h�a�t� �c�o�n�s�t�i�t�u�t�i�v�e�l�y� �e�x�p�r�e�s�s� �t�h�e� LacZ 
�r�e�p�o�r�t�e�r� �g�e�n�e�.� �(�C�,� �E�)� �R�h�i�z�o�b�i�a�-�c�o�l�o�n�i�z�e�d� �i�n�f�e�c�t�e�d� �c�e�l�l�s� �l�o�c�a�t�e�d� �a�t� �t�h�e� 
�i�n�n�e�r� �r�e�g�i�o�n� �o�f� �n�o�d�u�l�e�s�.� �(�D�,� �F�)� �I�n� �w�i�l�d� �t�y�p�e�,� �s�m�a�l�l� �r�h�i�z�o�b�i�a�-�i�n�f�e�c�t�e�d� �(�a�s� 
�y�e�t� �u�n�c�o�l�o�n�i�z�e�d�)� �c�e�l�l�s� �(�b�r�a�c�k�e�t�)� �a�r�e� �l�o�c�a�t�e�d� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �r�e�g�i�o�n� �o�f� 
�r�h�i�z�o�b�i�a�-�c�o�l�o�n�i�z�e�d� �c�e�l�l�s�.� �I�n� �c�o�n�t�r�a�s�t�,� �t�h�e� �i�n�n�e�r� �r�e�g�i�o�n� �o�f� vag1-1� �n�o�d�u�l�e� 
�c�o�m�p�r�i�s�e�s� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �t�h�e�s�e� �s�m�a�l�l� �r�h�i�z�o�b�i�a�-�i�n�f�e�c�t�e�d� �c�e�l�l�s�.� �S�c�a�l�e� 
�b�a�r�s�� �1�0�0� �m� �i�n� �A�,� �B�� �2�0� �m� �i�n� �C�-�F�.

(YROXWLRQDU\�BLRORJ\�DQG�BLRGLYHUVLW\
National ,nstitute Ior %asic %iology



��

�g�r�a�d�u�a�l�l�y� �f�o�u�n�d�.� �F�u�r�t�h�e�r�,� �o�n�e� �o�f� �t�h�e� �m�o�d�i�f�i�c�a�t�i�o�n� �e�n�z�y�m�e�s�,� 
�h�y�d�r�o�x�y�p�r�o�l�i�n�e� �O�-�a�r�a�b�i�n�o�s�y�l�t�r�a�n�s�f�e�r�a�s�e� �(+�P�A�T�)�,� �i�s� �i�d�e�n�t�i�f�i�e�d� 
�a�n�d� �i�t�s� �h�o�m�o�l�o�g� �i�n� L. japonicus� �i�s� �t�h�o�u�g�h�t� �t�o� �b�e� �a� �s�t�r�o�n�g� 
�c�a�n�d�i�d�a�t�e� �f�o�r� �t�h�e� �m�o�d�i�f�i�c�a�t�i�o�n� �e�n�z�y�m�e� �o�f� �C�L�E�-�R�S�2�.� 
�W�e� �i�d�e�n�t�i�f�i�e�d� �t�h�e� +�P�A�T� �h�o�m�o�l�o�g� �i�n� L. japonicus�,� �P�L�E�N�T�Y�,� 
�a�s� �a� �r�e�s�p�o�n�s�i�b�l�e� �f�a�c�t�o�r� �f�o�r� �t�h�e� �a�l�r�e�a�d�y� �i�s�o�l�a�t�e�d� plenty� �m�u�t�a�n�t�.� 
�P�L�E�N�T�Y� �i�s� �l�o�c�a�l�i�z�e�d� �t�o� �t�h�e� �G�o�l�g�i�,� �s�u�g�g�e�s�t�i�n�g� �a� �s�i�m�i�l�a�r�i�t�y� �o�f� 
�p�r�o�t�e�i�n� �f�u�n�c�t�i�o�n�s� �b�e�t�w�e�e�n� Lj�P�L�E�N�T�Y� �a�n�d� At+�P�A�T�.� 
+�o�w�e�v�e�r�,� �o�v�e�r�e�x�p�r�e�s�s�i�o�n� �o�f� CLE-RS1/2� �i�s� �s�t�i�l�l� �e�f�f�e�c�t�i�v�e� �o�n� 
�n�o�d�u�l�e� �i�n�h�i�b�i�t�i�o�n� �i�n� plenty�,� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �P�L�E�N�T�Y� �i�t�s�e�l�f� 
�d�o�e�s� �n�o�t� �m�a�i�n�l�y� �m�e�d�i�a�t�e� �t�h�e� �a�r�a�b�i�n�o�s�y�l�a�t�i�o�n� �o�f� �C�L�E�-�R�S�1��2�.� 
�I�n� �a�d�d�i�t�i�o�n�,� plenty har1� �d�o�u�b�l�e� �m�u�t�a�n�t� �s�h�o�w�e�d� �a�n� �a�d�d�i�t�i�v�e� 
�n�o�d�u�l�a�t�i�o�n�.� �T�h�e�s�e� �s�u�g�g�e�s�t� �a� �n�o�v�e�l� +�A�R�1�-�i�n�d�e�p�e�n�d�e�n�t� 
�n�o�d�u�l�a�t�i�o�n� �c�o�n�t�r�o�l�l�i�n�g� �p�a�t�h�w�a�y� �m�e�d�i�a�t�e�d� �b�y� �a�n� �u�n�k�n�o�w�n� 
�p�o�s�s�i�b�l�e� �s�u�b�s�t�r�a�t�e� �o�f� �P�L�E�N�T�Y� �w�h�i�c�h� �i�s� �a� �p�u�t�a�t�i�v�e� �p�o�s�t�-
�t�r�a�n�s�l�a�t�i�o�n�a�l� �m�o�d�i�f�i�c�a�t�i�o�n� �e�n�z�y�m�e�.� 

II. Arbuscular mycorrhiza symbiosis
�A�r�b�u�s�c�u�l�a�r� �m�y�c�o�r�r�h�i�z�a� �i�s� �a� �p�l�a�n�t�-�f�u�n�g�u�s� �i�n�t�e�r�a�c�t�i�o�n� �t�h�a�t� 
�c�o�n�f�e�r�s� �g�r�e�a�t� �a�d�v�a�n�t�a�g�e� �t�o� �g�r�o�w�t�h� �a�n�d� �s�u�r�v�i�v�a�l� �o�n� �t�h�e� �l�a�n�d�.� 
�A�M� �f�u�n�g�i� �e�n�t�e�r� �i�n�t�o� �t�h�e� �h�o�s�t� �r�o�o�t� �a�n�d� �e�l�o�n�g�a�t�e� �t�h�e� �h�y�p�h�a�e� 
�b�e�t�w�e�e�n� �t�h�e� �r�o�o�t� �c�e�l�l�s�.� �T�h�e� �i�n�t�r�a�r�a�d�i�c�a�l� �h�y�p�h�a�e� �f�o�r�m� 
�s�y�m�b�i�o�t�i�c� �s�t�r�u�c�t�u�r�e�s� �c�a�l�l�e�d� ¶�a�r�b�u�s�c�u�l�e�’� �a�n�d� ¶�v�e�s�i�c�l�e�’� �(Figure 
3A�)�.� �A�M� �f�u�n�g�i� �s�u�p�p�l�y� �p�h�o�s�p�h�a�t�e� �t�o� �t�h�e� �h�o�s�t� �p�l�a�n�t� �t�h�r�o�u�g�h� 
�t�h�e� �s�y�m�b�i�o�t�i�c� �s�t�r�u�c�t�u�r�e�s� �a�n�d� �i�n� �r�e�t�u�r�n�,� �t�h�e�y� �o�b�t�a�i�n� 
�p�h�o�t�o�s�y�n�t�h�e�t�i�c� �p�r�o�d�u�c�t�s� �f�o�r�m� �t�h�e� �h�o�s�t�.� �T�o� �o�b�t�a�i�n� �i�n�s�i�g�h�t�s� 
�a�b�o�u�t� �m�o�l�e�c�u�l�a�r� �m�e�c�h�a�n�i�s�m�s� �o�f� �A�M� �d�e�v�e�l�o�p�m�e�n�t�,� �w�e� �a�r�e� 
�s�t�u�d�y�i�n�g� �s�y�m�b�i�o�t�i�c� �s�i�g�n�a�l�i�n�g� �f�a�c�t�o�r�s� �t�h�a�t� �r�e�g�u�l�a�t�e� �s�y�m�b�i�o�t�i�c� 
�g�e�n�e� �e�x�p�r�e�s�s�i�o�n� �a�n�d� �A�M� �f�u�n�g�a�l� �i�n�f�e�c�t�i�o�n�.
�W�e� �p�e�r�f�o�r�m�e�d� �t�r�a�n�s�c�r�i�p�t�o�m�e� �a�n�a�l�y�s�i�s� �i�n� �w�i�l�d�-�t�y�p�e� �a�n�d� 
�s�y�m�b�i�o�t�i�c� �m�u�t�a�n�t�s� �o�f� L. japonicus�.� �T�h�i�s� �a�n�a�l�y�s�i�s� �s�h�o�w�e�d� �t�h�a�t� 

plant hormone gibberellin (GA) biosynthesis and metabolism 
genes were induced during AM development. The GA 
biosynthesis gene expression was disturbed in the symbiotic 
mutants that showed abnormal AM fungal colonization in the 
host roots, indicating that de novo biosynthesis of GAs has 
some function in AM development. Functional analysis of 
GA in AM development revealed that GA has a negative 
effect on some AM-induced gene expressions, but also has a 
positive effect on other expressions (Figure 3B). RAM1 and 
RAM2 that function in AM entry processes are suppressed by 
GA signaling, on the other hand, GA signaling promotes or 
maintains SbtM1 expression that is required for AM fungal 
colonization in the host root. This indicated that GA 
signaling interferes with the symbiotic signaling pathway, 
which decreases or enhances expression levels of 
AM-induced genes. In addition, treatment with GA or GA 
biosynthesis inhibitor disturbed the GA signaling and caused 
an inhibitory effect on AM hyphal entry into the host root or 
the hyphal branching in the root cortical cell layer. These 
studies revealed the host plant controls GA signaling level by 
induction of GA biosynthesis and metabolism genes during 
AM development and the GA signaling regulates AM fungal 
colonization in the host root.

III.  Computational modeling for pattern 
formation of stomatal differentiation in 
Arabidopsis leaves

�S�t�o�m�a�t�a� �a�r�e� �e�p�i�d�e�r�m�a�l� �s�t�r�u�c�t�u�r�e�s� �t�h�a�t� �m�e�d�i�a�t�e� �g�a�s� �e�x�c�h�a�n�g�e� 
�i�n� �p�l�a�n�t�s�,� �a�n�d� �a�r�e� �u�s�u�a�l�l�y� �f�o�r�m�e�d� �s�e�p�a�r�a�t�e�l�y� �f�r�o�m� �e�a�c�h� �o�t�h�e�r� 
�(�F�i�g�u�r�e� ��A�)�.� �I�n� �t�h�e� �i�n�i�t�i�a�l� �s�t�e�p� �o�f� �s�t�o�m�a�t�a�l� �d�e�v�e�l�o�p�m�e�n�t�,� 
�s�t�o�m�a�t�a�l� �l�i�n�e�a�g�e� �c�e�l�l�s� �a�r�e� �s�e�l�f�-�o�r�g�a�n�i�z�e�d� �f�r�o�m� �a� 
�h�o�m�o�g�e�n�e�o�u�s� �f�i�e�l�d�,� �a�n�d� �t�h�u�s� �t�h�i�s� �i�s� �a� �g�o�o�d� �e�x�a�m�p�l�e� �f�o�r� �t�w�o�-
�d�i�m�e�n�s�i�o�n�a�l� �p�a�t�t�e�r�n� �f�o�r�m�a�t�i�o�n� �i�n� �l�i�v�i�n�g� �s�y�s�t�e�m�s�.� �S�t�o�m�a�t�a�l� 
�d�i�f�f�e�r�e�n�t�i�a�t�i�o�n� �i�s� �p�r�o�m�o�t�e�d� �b�y� �t�r�a�n�s�c�r�i�p�t�i�o�n� �f�a�c�t�o�r�s� �S�P�C+� 
�a�n�d� �S�C�R�M�,� �b�u�t� �i�n� �c�o�n�t�r�a�s�t� �i�s� �s�u�p�p�r�e�s�s�e�d� �b�y� �d�i�f�f�u�s�i�b�l�e� 
�p�e�p�t�i�d�e� �E�P�F�2�,� �w�h�i�c�h� �i�n�t�e�r�a�c�t�s� �w�i�t�h� �i�t�s� �m�e�m�b�r�a�n�e� �r�e�c�e�p�t�o�r�s� �t�o� 
�s�t�i�m�u�l�a�t�e� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �S�P�C+��S�C�R�M�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�i�s� 
�r�e�g�u�l�a�t�o�r�y� �n�e�t�w�o�r�k� �i�n�v�o�l�v�e�s� �f�e�e�d�b�a�c�k� �l�o�o�p�s�� �S�P�C+��S�C�R�M� 

�F�i�g�u�r�e� �2�.� �A� �m�o�d�e�l� �o�f� �t�h�e� �l�o�n�g�-�d�i�s�t�a�n�c�e� �c�o�n�t�r�o�l� �o�f� �n�o�d�u�l�a�t�i�o�n�.� (1) 
Nodulation signaling pathway downstream of cytokinin receptors 
activates NIN expression. The NIN transcription factor activates CLE-
RS1/2 expression through direct binding to their promoter. (2) It is likely 
that the CLE-RS1/2 peptides are posttranslationally modified with 
triarabinoside, a reaction mediated by an enzyme similar to HPAT in the 
Golgi apparatus. These modified CLE-RS peptides are transported to the 
xylem. (3) These peptides are transmitted from roots to shoots and 
directly bind to HAR1 in the phloem of leaf cells. (4) Downstream of the 
CLE-RS/HAR1 signaling pathway, activated IPT3 produces cytokinin, 
which is transported to roots through phloem tissue. (5) Shoot-derived 
cytokinin is directly or indirectly involved in proteasome-mediated 
degradation of an unidentified positive regulator of nodule organogenesis. 

�F�i�g�u�r�e� ��.� �A�M� �f�u�n�g�a�l� �c�o�l�o�n�i�z�a�t�i�o�n� �a�n�d� �i�n�t�e�r�f�e�r�e�n�c�e� �o�f� �G�A� �s�i�g�n�a�l�i�n�g� �w�i�t�h� 
�t�h�e� �s�y�m�b�i�o�t�i�c� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n�.� �(�A�)� �A�M� �f�u�n�g�a�l� �s�t�r�u�c�t�u�r�e�s� �i�n� �t�h�e� �h�o�s�t� �r�o�o�t�.� 
�(�B�)� �G�A� �s�i�g�n�a�l�i�n�g� �i�s� �e�n�h�a�n�c�e�d� �b�y� �G�A� �b�i�o�s�y�n�t�h�e�s�i�s� �d�u�r�i�n�g� �A�M� 
�d�e�v�e�l�o�p�m�e�n�t� �a�n�d� �d�i�f�f�e�r�e�n�t�i�a�l�l�y� �i�n�t�e�r�f�e�r�e�s� �w�i�t�h� �s�y�m�b�i�o�t�i�c� �s�i�g�n�a�l�i�n�g� 
�p�a�t�h�w�a�y�s�.� �T�h�e� �i�n�t�e�r�f�e�r�e�n�c�e� �a�f�f�e�c�t�s� �a�n�d� �r�e�g�u�l�a�t�e�s� �t�h�e� �A�M� �c�o�l�o�n�i�z�a�t�i�o�n� �i�n� 
�t�h�e� �h�o�s�t� �r�o�o�t�.



�5�0

�h�e�t�e�r�o�d�i�m�e�r� �a�c�t�i�v�a�t�e�s� �S�C�R�M� �e�x�p�r�e�s�s�i�o�n� �(�p�o�s�i�t�i�v�e� �f�e�e�d�b�a�c�k�)�,� 
�a�n�d� �a�l�s�o� �s�t�i�m�u�l�a�t�e�s� �E�P�F�2� �e�x�p�r�e�s�s�i�o�n� �l�e�a�d�i�n�g� �t�o� �s�u�p�p�r�e�s�s�i�o�n� 
�o�f� �S�P�C+��S�C�R�M� �(�n�e�g�a�t�i�v�e� �f�e�e�d�b�a�c�k�)�.� �T�h�i�s� �r�e�g�u�l�a�t�o�r�y� 
�f�r�a�m�e�w�o�r�k� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�f� �t�h�e� �a�c�t�i�v�a�t�o�r²�i�n�h�i�b�i�t�o�r� �s�y�s�t�e�m�,� 
�a� �w�e�l�l�-�k�n�o�w�n� �m�o�d�e�l� �f�o�r� �p�a�t�t�e�r�n� �f�o�r�m�a�t�i�o�n�,� �a�n�d� �i�s� �p�r�e�d�i�c�t�e�d� 
�t�o� �b�e� �e�s�s�e�n�t�i�a�l� �f�o�r� �s�t�o�m�a�t�a�l� �p�a�t�t�e�r�n�i�n�g�.
�T�h�u�s�,� �w�e� �c�o�n�s�t�r�u�c�t�e�d� �a�n�d� �e�x�a�m�i�n�e�d� �a� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l�,� 
�w�h�i�c�h� �i�s� �b�a�s�e�d� �o�n� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s�.� �O�u�r� �m�o�d�e�l� �c�a�n� 
�e�x�p�l�a�i�n� �m�a�n�y� �e�x�p�e�r�i�m�e�n�t�a�l� �o�b�s�e�r�v�a�t�i�o�n�s�,� �s�u�c�h� �a�s� �t�h�a�t� 
�s�t�o�m�a�t�a�l� �l�i�n�e�a�g�e� �c�e�l�l�s� �a�r�e� �f�o�r�m�e�d� �s�e�p�a�r�a�t�e�l�y� �i�n� �t�h�e� �w�i�l�d� �t�y�p�e� 
�b�u�t� �a�r�e� �c�l�u�s�t�e�r�e�d� �i�n� tmm� �m�u�t�a�n�t� �a�n�d� er erl1 erl2� �m�u�t�a�n�t�s� 
�(�F�i�g�u�r�e� ��B�)�.� �F�u�r�t�h�e�r�m�o�r�e�,� �o�u�r� �m�o�d�e�l� �a�l�s�o� �e�x�p�l�a�i�n�s� �t�h�e� 
�o�p�p�o�s�i�t�e� �r�e�s�p�o�n�s�e� �t�h�a�t� �e�x�o�g�e�n�o�u�s� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �E�P�F�2� 
�p�e�p�t�i�d�e� �c�o�m�p�l�e�t�e�l�y� �e�l�i�m�i�n�a�t�e�s� �s�t�o�m�a�t�a�l� �d�i�f�f�e�r�e�n�t�i�a�t�i�o�n� �i�n� �t�h�e� 
�w�i�l�d� �t�y�p�e� �b�u�t� �d�o�e�s� �n�o�t� �a�f�f�e�c�t� �t�h�e� tmm� �m�u�t�a�n�t� �(�F�i�g�u�r�e� �5�C�)�.� 
�T�h�e�s�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �s�t�o�m�a�t�a�l� �p�a�t�t�e�r�n� �f�o�r�m�a�t�i�o�n� �i�s� 
�b�a�s�i�c�a�l�l�y� �u�n�d�e�r�s�t�o�o�d� �b�y� �t�h�e� �a�c�t�i�v�a�t�o�r�-�i�n�h�i�b�i�t�o�r� �m�e�c�h�a�n�i�s�m�,� 
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