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�N�u�t�r�i�e�n�t�s� �a�r�e� �i�n�d�i�s�p�e�n�s�a�b�l�e� �f�o�r� �l�i�f�e�.� �T�h�u�s�,� �p�e�r�c�e�p�t�i�o�n� �o�f� �t�h�e� 
�n�u�t�r�i�e�n�t� �e�n�v�i�r�o�n�m�e�n�t� �i�s� �a�l�s�o� �e�s�s�e�n�t�i�a�l� �f�o�r� �c�e�l�l�s�.� �T�o� �r�e�c�o�g�n�i�z�e� 
�c�e�l�l�u�l�a�r� �n�u�t�r�i�e�n�t� �c�o�n�d�i�t�i�o�n�s�,� �e�u�k�a�r�y�o�t�i�c� �c�e�l�l�s� �e�m�p�l�o�y� �T�o�r� 
�(�t�a�r�g�e�t� �o�f� �r�a�p�a�m�y�c�i�n�)� �p�r�o�t�e�i�n� �k�i�n�a�s�e�.� �T�o�r� �f�o�r�m�s� �t�w�o� �d�i�s�t�i�n�c�t� 
�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�,� �T�O�R�C� �(�T�o�r� �c�o�m�p�l�e�x�)� �1� �a�n�d� �T�O�R�C�2�.� 
�T�O�R�C�1� �r�e�g�u�l�a�t�e�s� �r�a�p�a�m�y�c�i�n�-�s�e�n�s�i�t�i�v�e� �b�r�a�n�c�h�e�s� �o�f� �t�h�e� �T�O�R� 
�p�a�t�h�w�a�y�,� �s�u�c�h� �a�s� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s�,� �c�e�l�l� �c�y�c�l�e� �a�n�d� �a�u�t�o�p�h�a�g�y�.� 
�T�O�R�C�1� �i�s� �t�h�o�u�g�h�t� �t�o� �a�c�t� �a�s� �a� �n�u�t�r�i�e�n�t� �s�e�n�s�o�r�,� �b�e�c�a�u�s�e� 
�r�a�p�a�m�y�c�i�n�,� �a� �T�O�R�C�1� �i�n�h�i�b�i�t�o�r�,� �m�i�m�i�c�s� �a� �s�t�a�r�v�e�d� �c�o�n�d�i�t�i�o�n�.� 
�O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �T�O�R�C�2�,� �w�h�o�s�e� �f�u�n�c�t�i�o�n� �i�s� �i�n�s�e�n�s�i�t�i�v�e� �t�o� 
�r�a�p�a�m�y�c�i�n�,� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �a�c�t�i�n� �o�r�g�a�n�i�z�a�t�i�o�n� �a�n�d� �c�e�l�l� 
�i�n�t�e�g�r�i�t�y�.� �S�o� �f�a�r�,� �i�t� �i�s� �n�o�t� �c�l�e�a�r� �w�h�e�t�h�e�r� �T�O�R�C�2� �a�l�s�o� �p�e�r�c�e�i�v�e�s� 
�n�u�t�r�i�e�n�t� �s�i�g�n�a�l�s�.
�T�h�e� �a�i�m� �o�f� �o�u�r� �r�e�s�e�a�r�c�h� �g�r�o�u�p� �i�s� �t�o� �r�e�v�e�a�l� �t�h�e� �m�o�l�e�c�u�l�a�r� 
�m�e�c�h�a�n�i�s�m�s� �o�f� �h�o�w� �T�o�r� �r�e�c�e�i�v�e�s� �n�u�t�r�i�e�n�t� �s�i�g�n�a�l�s� �a�n�d� �h�o�w� 
�t�h�e� �T�O�R�C�1��2� �p�a�t�h�w�a�y�s� �r�e�g�u�l�a�t�e� �e�a�c�h� �p�h�e�n�o�m�e�n�o�n�.� �W�e� �h�a�v�e� 
�b�e�e�n� �s�t�u�d�y�i�n�g� �T�o�r� �s�i�g�n�a�l�i�n�g� �i�n� �t�h�e� �b�u�d�d�i�n�g� �y�e�a�s�t� 
Saccharomyces cerevisiae�,� �a�n�d� �h�a�v�e� �f�o�u�n�d� �t�h�r�e�e� �n�o�v�e�l� 
�b�r�a�n�c�h�e�s� �o�f� �t�h�e� �T�O�R� �s�i�g�n�a�l�i�n�g� �p�a�t�h�w�a�y� �(�F�i�g�u�r�e� �1�)�.� 

I.  TORC1 phosphorylates Atg13, the molecular 
switch of autophagy 

�A�u�t�o�p�h�a�g�y� �i�s� �m�a�i�n�l�y� �a� �r�e�s�p�o�n�s�e� �t�o� �n�u�t�r�i�e�n�t� �s�t�a�r�v�a�t�i�o�n�,� �a�n�d� 
�T�O�R�C�1� �n�e�g�a�t�i�v�e�l�y� �r�e�g�u�l�a�t�e�s� �a�u�t�o�p�h�a�g�y�.� �T�h�e� �A�t�g�1� �k�i�n�a�s�e� �a�n�d� 
�i�t�s� �r�e�g�u�l�a�t�o�r�s�,� �i�.�e�.� �A�t�g�1��,� �A�t�g�1��,� �A�t�g�2��,� �a�n�d� �A�t�g��1� 
�c�o�l�l�a�b�o�r�a�t�i�v�e�l�y� �f�u�n�c�t�i�o�n� �i�n� �t�h�e� �i�n�i�t�i�a�l� �s�t�e�p� �o�f� �a�u�t�o�p�h�a�g�y� 
�i�n�d�u�c�t�i�o�n�,� �d�o�w�n�s�t�r�e�a�m� �o�f� �T�O�R�C�1�.� �A�t�g�1� �i�s� �a� �S�e�r��T�h�r� �p�r�o�t�e�i�n� 
�k�i�n�a�s�e�,� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �w�h�i�c�h� �i�s� �e�s�s�e�n�t�i�a�l� �f�o�r� �a�u�t�o�p�h�a�g�y� �a�n�d� �i�s� 
�l�a�r�g�e�l�y� �e�n�h�a�n�c�e�d� �f�o�l�l�o�w�i�n�g� �n�u�t�r�i�e�n�t� �s�t�a�r�v�a�t�i�o�n� �o�r� �t�h�e� �a�d�d�i�t�i�o�n� 
�o�f� �r�a�p�a�m�y�c�i�n�.� �T�h�i�s� �r�e�g�u�l�a�t�i�o�n� �i�n�v�o�l�v�e�s� �p�h�o�s�p�h�o�r�y�l�a�t�i�o�n� �o�f� 
�A�t�g�1��.� 
�W�e� �f�o�u�n�d� �t�h�a�t� �A�t�g�1�� �i�s� �d�i�r�e�c�t�l�y� �p�h�o�s�p�h�o�r�y�l�a�t�e�d� �b�y� �T�O�R�C�1�.� 
�P�h�o�s�p�h�o�r�y�l�a�t�e�d� �A�t�g�1�� �(�d�u�r�i�n�g� �n�u�t�r�i�e�n�t�-�r�i�c�h� �c�o�n�d�i�t�i�o�n�s�)� �l�o�s�e�s� 
�i�t�s� �a�f�f�i�n�i�t�y� �t�o� �A�t�g�1�,� �r�e�s�u�l�t�i�n�g� �i�n� �r�e�p�r�e�s�s�i�o�n� �o�f� �a�u�t�o�p�h�a�g�y�.� �O�n� 
�t�h�e� �o�t�h�e�r� �h�a�n�d�,� �u�n�d�e�r� �s�t�a�r�v�a�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �A�t�g�1�� �i�s� 
�i�m�m�e�d�i�a�t�e�l�y� �d�e�p�h�o�s�p�h�o�r�y�l�a�t�e�d� �a�n�d� �b�i�n�d�s� �t�o� �A�t�g�1� �t�o� �f�o�r�m� 
�A�t�g�1� �c�o�m�p�l�e�x�.� �A�t�g�1� �c�o�m�p�l�e�x� �f�o�r�m�a�t�i�o�n� �c�o�n�f�e�r�s� �A�t�g�1� 
�a�c�t�i�v�a�t�i�o�n� �a�n�d� �c�o�n�s�e�q�u�e�n�t�l�y� �i�n�d�u�c�e�s� �a�u�t�o�p�h�a�g�y�.� �W�e� 
�d�e�t�e�r�m�i�n�e�d� �p�h�o�s�p�h�o�r�y�l�a�t�i�o�n� �s�i�t�e�s� �o�f� �A�t�g�1�� �a�n�d� �g�e�n�e�r�a�t�e�d� �a�n� 
�u�n�p�h�o�s�p�h�o�r�y�l�a�t�a�b�l�e� �A�t�g�1�� �m�u�t�a�n�t� �(�A�t�g�1��-��S�A�)�.� �E�x�p�r�e�s�s�i�o�n� 
�o�f� �A�t�g�1��-��S�A� �i�n�d�u�c�e�s� �a�u�t�o�p�h�a�g�y� �b�y�p�a�s�s�i�n�g� �i�n�a�c�t�i�v�a�t�i�o�n� �o�f� 
�T�O�R�C�1�,� �t�h�e� �s�a�m�e� �a�s� �t�h�r�o�u�g�h� �s�t�a�r�v�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� �o�r� 
�r�a�p�a�m�y�c�i�n�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �d�e�m�o�n�s�t�r�a�t�e� �t�h�a�t� �A�t�g�1�� �a�c�t�s� �a�s� �a� 
�m�o�l�e�c�u�l�a�r� �s�w�i�t�c�h� �f�o�r� �a�u�t�o�p�h�a�g�y� �i�n�d�u�c�t�i�o�n�.

II.  Monitoring in vivo activity of TORC1 by 
phosphorylation state of Atg13

�S�i�n�c�e� �A�t�g�1�� �h�a�s� �t�u�r�n�e�d� �o�u�t� �t�o� �b�e� �a� �s�u�b�s�t�r�a�t�e� �o�f� �T�O�R�C�1�,� in 
vivo� �a�c�t�i�v�i�t�y� �o�f� �T�O�R�C�1� �c�a�n� �b�e� �m�o�n�i�t�o�r�e�d� �b�y� �t�h�e� 
�p�h�o�s�p�h�o�r�y�l�a�t�i�o�n� �s�t�a�t�e� �o�f� �A�t�g�1��.� 9�a�r�i�o�u�s� �c�o�n�d�i�t�i�o�n�s� �a�n�d� 
�m�u�t�a�n�t�s� �h�a�v�e� �b�e�e�n� �e�x�a�m�i�n�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�a�t� �k�i�n�d� �o�f� 
�n�u�t�r�i�e�n�t�s� �T�O�R�C�1� �r�e�c�o�g�n�i�z�e�s� �a�n�d� �h�o�w� �n�u�t�r�i�e�n�t� �s�i�g�n�a�l�s� �a�r�e� 
�t�r�a�n�s�m�i�t�t�e�d� �t�o� �T�O�R�C�1�.

�F�i�g�u�r�e� �1�.� �T�o�r� �s�i�g�n�a�l�i�n�g� �p�a�t�h�w�a�y� �o�f� �t�h�e� �b�u�d�d�i�n�g� �y�e�a�s�t�.� �O�u�r� �g�r�o�u�p� �h�a�s� 
�f�o�u�n�d� �t�h�r�e�e� �b�r�a�n�c�h�e�s� �o�f� �t�h�e� �T�o�r� �p�a�t�h�w�a�y�.� 

III.  How and why TORC1 regulates mitotic 
entry? 

�T�O�R�C�1� �r�e�g�u�l�a�t�e�s� �p�r�o�t�e�i�n� �s�y�n�t�h�e�s�i�s�,� �w�h�i�c�h� �i�s� �i�m�p�o�r�t�a�n�t� �f�o�r� 
�p�r�o�m�o�t�i�o�n� �o�f� �t�h�e� �c�e�l�l� �c�y�c�l�e� �a�t� �G�1� �(�G�0�)�.� �L�i�t�t�l�e� �i�s� �k�n�o�w�n�,� 
�h�o�w�e�v�e�r�,� �a�b�o�u�t� �w�h�e�t�h�e�r� �o�r� �n�o�t� �T�O�R�C�1� �i�s� �i�n�v�o�l�v�e�d� �i�n� �o�t�h�e�r� 
�s�t�a�g�e�s� �o�f� �t�h�e� �c�e�l�l� �c�y�c�l�e�.� 
�W�e� �g�e�n�e�r�a�t�e�d� �a� �t�e�m�p�e�r�a�t�u�r�e�-�s�e�n�s�i�t�i�v�e� �a�l�l�e�l�e� �o�f� KOG1 

(kog1-105),� �w�h�i�c�h� �e�n�c�o�d�e�s� �a�n� �e�s�s�e�n�t�i�a�l� �c�o�m�p�o�n�e�n�t� �o�f� 
�T�O�R�C�1�,� �a�n�d� �f�o�u�n�d� �t�h�a�t� �T�O�R�C�1� �p�l�a�y�s� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� 
�m�i�t�o�t�i�c� �e�n�t�r�y� �(�G�2��M� �t�r�a�n�s�i�t�i�o�n�)�.� �S�i�n�c�e� �C�d�c�5�,� �t�h�e� �y�e�a�s�t� �p�o�l�o�-
�k�i�n�a�s�e�,� �i�s� �m�i�s�l�o�c�a�l�i�z�e�d� �a�n�d� �i�n�a�c�t�i�v�a�t�e�d� �i�n� kog1-105 �m�u�t�a�n�t� 
�c�e�l�l�s�,� �T�O�R�C�1� �m�e�d�i�a�t�e�s� �G�2��M� �t�r�a�n�s�i�t�i�o�n� �v�i�a� �r�e�g�u�l�a�t�i�n�g� �p�o�l�o�-
�k�i�n�a�s�e�.� �R�e�c�e�n�t�l�y� �w�e� �d�i�s�c�o�v�e�r�e�d� �a� �p�h�y�s�i�o�l�o�g�i�c�a�l� �r�o�l�e� �o�f� 
�T�O�R�C�1� �i�n� �m�i�t�o�s�i�s�� �a�u�t�o�p�h�a�g�y� �n�e�g�a�t�i�v�e�l�y� �c�o�n�t�r�o�l�l�e�d� �b�y� 
�T�O�R�C�1� �p�l�a�y�s� �a�n� �i�m�p�o�r�t�a�n�t� �p�a�r�t� �i�n� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �g�e�n�o�m�e� 
�s�t�a�b�i�l�i�t�y� �u�n�d�e�r� �s�t�a�r�v�a�t�i�o�n� �c�o�n�d�i�t�i�o�n�s�.� � 

IV.  Ypk2 kinase acts downstream of TORC2 to 
control actin organization 

�G�e�n�e�t�i�c� �s�t�u�d�i�e�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �T�O�R�C�2� �c�o�n�t�r�o�l�s� �p�o�l�a�r�i�t�y� 
�o�f� �t�h�e� �a�c�t�i�n� �c�y�t�o�s�k�e�l�e�t�o�n� �v�i�a� �t�h�e� �R�h�o�1��P�k�c�1��M�A�P�K� �c�e�l�l� 
�i�n�t�e�g�r�i�t�y� �c�a�s�c�a�d�e�.� +�o�w�e�v�e�r�,� �t�h�e� �t�a�r�g�e�t� �(�s�u�b�s�t�r�a�t�e�)� �o�f� �T�O�R�C�1� 
�w�a�s� �n�o�t� �y�e�t� �i�d�e�n�t�i�f�i�e�d�.� �W�e� �f�o�u�n�d� �t�h�a�t� �Y�p�k�2�,� �a�n� �l�e�t�h�a�l�i�t�y� �o�f� 
�T�O�R�C�2� �d�y�s�f�u�n�c�t�i�o�n�,� �i�s� �d�i�r�e�c�t�l�y� �p�h�o�s�p�h�o�r�y�l�a�t�e�d� �b�y� �T�O�R�C�2�.
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�P�l�a�n�t� �c�e�l�l�s� �c�a�n� �i�n�d�u�c�e�,� �d�e�g�e�n�e�r�a�t�e� �a�n�d� �d�i�f�f�e�r�e�n�t�i�a�t�e� �t�h�e�i�r� 
�o�r�g�a�n�e�l�l�e�s� �t�o� �a�d�a�p�t� �t�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�h�a�n�g�e�s�.� �T�h�i�s� �f�l�e�x�i�b�i�l�i�t�y� 
�o�f� �p�l�a�n�t� �o�r�g�a�n�e�l�l�e�s� �i�s� �t�h�e� �b�a�s�i�s� �o�f� �t�h�e� �s�t�r�a�t�e�g�y� �f�o�r� 
�e�n�v�i�r�o�n�m�e�n�t�a�l� �a�d�a�p�t�a�t�i�o�n� �i�n� �p�l�a�n�t�s�.� 
�T�h�e� �a�i�m�s� �o�f� �o�u�r� �r�e�s�e�a�r�c�h� �g�r�o�u�p� �a�r�e� �t�o� �c�l�a�r�i�f�y� �t�h�e� �m�o�l�e�c�u�l�a�r� 
�m�e�c�h�a�n�i�s�m�s� �u�n�d�e�r�l�y�i�n�g� �t�h�e� �i�n�d�u�c�t�i�o�n�,� �d�i�f�f�e�r�e�n�t�i�a�t�i�o�n�,� �a�n�d� 
�i�n�t�e�r�a�c�t�i�o�n� �o�f� �o�r�g�a�n�e�l�l�e�s�,� �a�n�d� �t�o� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �i�n�t�e�g�r�a�t�e�d� 
�f�u�n�c�t�i�o�n�s� �o�f� �i�n�d�i�v�i�d�u�a�l� �p�l�a�n�t�s� �t�h�r�o�u�g�h� �o�r�g�a�n�e�l�l�e� �d�y�n�a�m�i�c�s�.� 

I.  Molecular mechanisms of peroxisome 
biogenesis and functions in plant cells

�P�e�r�o�x�i�s�o�m�e�s� �a�r�e� �s�i�n�g�l�e�-�m�e�m�b�r�a�n�e� �b�o�u�n�d�e�d� �o�r�g�a�n�e�l�l�e�s�,� 
�w�h�i�c�h� �a�r�e� �u�b�i�q�u�i�t�o�u�s�l�y� �p�r�e�s�e�n�t� �i�n� �e�u�k�a�r�y�o�t�i�c� �c�e�l�l�s�,� �a�n�d� �t�h�e�y� 
�a�r�e� �i�n�v�o�l�v�e�d� �i�n� �v�a�r�i�o�u�s� �b�i�o�l�o�g�i�c�a�l� �p�r�o�c�e�s�s�e�s� �s�u�c�h� �a�s� �l�i�p�i�d� 
�m�e�t�a�b�o�l�i�s�m� �a�n�d� �p�h�o�t�o�r�e�s�p�i�r�a�t�i�o�n�.� �T�o� �u�n�d�e�r�s�t�a�n�d� �p�e�r�o�x�i�s�o�m�e� 
�b�i�o�g�e�n�e�s�i�s� �a�n�d� �f�u�n�c�t�i�o�n�s�,� �w�e� �h�a�v�e� �b�e�e�n� �a�n�a�l�y�z�i�n�g� �a� �n�u�m�b�e�r� 
�o�f� �A�r�a�b�i�d�o�p�s�i�s� �m�u�t�a�n�t�s� �h�a�v�i�n�g� �a�b�e�r�r�a�n�t� �p�e�r�o�x�i�s�o�m�e� 
�m�o�r�p�h�o�l�o�g�y� �(apem� �m�u�t�a�n�t�s�)� �a�n�d� �p�e�r�o�x�i�s�o�m�e� �u�n�u�s�u�a�l� 
�p�o�i�s�o�n�i�n�g� �(peup� �m�u�t�a�n�t�s�)�.� �T�o� �d�a�t�e�,� APEM1�,� 2�,� 3�,� 4�,� 9� �a�n�d� 10�,� 
�a�n�d PEUP1�,� 2� �a�n�d� 4� �g�e�n�e�s� �w�e�r�e� �i�d�e�n�t�i�f�i�e�d�,� �a�n�d� �b�a�s�e�d� �o�n� �t�h�e� 
�c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �u�s�i�n�g� �t�h�e�i�r� �g�e�n�e�-�p�r�o�d�u�c�t�s� �a� �p�a�r�t� �o�f� �t�h�e� 
�m�e�c�h�a�n�i�s�m� �o�f� �d�i�v�i�s�i�o�n�,� �p�r�o�t�e�i�n� �t�r�a�n�s�p�o�r�t� �a�n�d� �d�e�g�r�a�d�a�t�i�o�n� �o�f� 
�p�e�r�o�x�i�s�o�m�e�s�,� �w�e�r�e� �r�e�v�e�a�l�e�d�.
�R�e�c�e�n�t�l�y�,� �w�e� �f�o�u�n�d� �t�h�a�t� �p�e�r�o�x�i�s�o�m�e� �f�u�n�c�t�i�o�n�s� �a�n�d� 
�b�i�o�g�e�n�e�s�i�s� �a�r�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �r�e�p�r�o�d�u�c�t�i�v�e� �p�r�o�c�e�s�s�.� 
�T�h�e�r�e�f�o�r�e�,� �p�e�r�o�x�i�s�o�m�e�s� �i�n� �g�a�m�e�t�e�s� �a�n�d� �g�a�m�e�t�o�p�h�y�t�e�s� �w�e�r�e� 
�v�i�s�u�a�l�i�z�e�d�,� �a�n�d� �t�h�e�i�r� �d�y�n�a�m�i�c�s� �a�r�e� �c�u�r�r�e�n�t�l�y� �u�n�d�e�r� 
�i�n�v�e�s�t�i�g�a�t�i�o�n� �(�F�i�g�u�r�e� �1�)�.

II.  Accumulation mechanism of seed storage 

proteins
�P�l�a�n�t� �s�e�e�d�s� �a�c�c�u�m�u�l�a�t�e� �h�u�g�e� �a�m�o�u�n�t�s� �o�f� �s�t�o�r�a�g�e� �r�e�s�e�r�v�e�s� 
�s�u�c�h� �a�s� �o�i�l�s�,� �c�a�r�b�o�h�y�d�r�a�t�e�s� �a�n�d� �p�r�o�t�e�i�n�s�.� +�u�m�a�n�s� �u�s�e� �t�h�e�s�e� 
�s�t�o�r�a�g�e� �r�e�s�e�r�v�e�s� �a�s� �f�o�o�d�s�,� �f�e�e�d�,� �a�n�d� �i�n�d�u�s�t�r�i�a�l� �m�a�t�e�r�i�a�l�s�.� 
�S�t�o�r�a�g�e� �r�e�s�e�r�v�e�s� �a�r�e� �d�i�f�f�e�r�e�n�t� �a�m�o�n�g� �d�i�f�f�e�r�e�n�t� �p�l�a�n�t� �s�e�e�d�s�.� 
�W�h�e�a�t�,� �m�a�i�z�e� �a�n�d� �r�i�c�e� �s�e�e�d�s� �m�a�i�n�l�y� �a�c�c�u�m�u�l�a�t�e� �s�t�a�r�c�h�,� 
�w�h�e�r�e�a�s� �r�a�p�e�s�e�e�d�,� �p�u�m�p�k�i�n� �a�n�d� �s�e�s�a�m�e� �c�o�n�t�a�i�n� �l�a�r�g�e� 
�a�m�o�u�n�t�s� �o�f� �o�i�l�s�.� �S�o�y�b�e�a�n� �c�o�n�t�a�i�n�s� �p�r�o�t�e�i�n�s� �a�s� �a� �m�a�j�o�r� 
�r�e�s�e�r�v�e�.� �W�e� �a�r�e� �a�n�a�l�y�z�i�n�g� �A�r�a�b�i�d�o�p�s�i�s� �m�u�t�a�n�t�s� �s�h�o�w�i�n�g� 
�d�i�f�f�e�r�e�n�t� �p�a�t�t�e�r�n�s� �o�f� �o�i�l��p�r�o�t�e�i�n� �r�a�t�i�o�s� �t�o� �e�l�u�c�i�d�a�t�e� �t�h�e� 
�m�e�c�h�a�n�i�s�m�s� �c�o�n�t�r�o�l�l�i�n�g� �o�i�l� �a�n�d� �p�r�o�t�e�i�n� �c�o�n�t�e�n�t�s� �i�n� �s�e�e�d�s�.� 

III.  Construction of The Plant Organelles 
Database 3 (PODB3) 

�P�O�D�B�� �w�a�s� �b�u�i�l�t � �t�o� �p�r�o�m�o�t�e� �a� �c�o�m�p�r�e�h�e�n�s�i�v�e� 
�u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �o�r�g�a�n�e�l�l�e� �d�y�n�a�m�i�c�s�.� �P�O�D�B�� �c�o�n�s�i�s�t�s� �o�f� �s�i�x� 
�i�n�d�i�v�i�d�u�a�l� �u�n�i�t�s�� �t�h�e� �e�l�e�c�t�r�o�n� �m�i�c�r�o�g�r�a�p�h� �d�a�t�a�b�a�s�e�,� �t�h�e� 
�p�e�r�c�e�p�t�i�v�e� �o�r�g�a�n�e�l�l�e�s� �d�a�t�a�b�a�s�e�,� �t�h�e� �o�r�g�a�n�e�l�l�e�s� �m�o�v�i�e� 
�d�a�t�a�b�a�s�e�,� �t�h�e� �o�r�g�a�n�e�l�l�o�m�e� �d�a�t�a�b�a�s�e�,� �t�h�e� �f�u�n�c�t�i�o�n�a�l� �a�n�a�l�y�s�i�s� 
�d�a�t�a�b�a�s�e�,� �a�n�d� �e�x�t�e�r�n�a�l� �l�i�n�k�s�.� �T�h�r�o�u�g�h� �t�h�e�s�e� �d�a�t�a�b�a�s�e�s�,� �u�s�e�r�s� 
�c�a�n� �o�b�t�a�i�n� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �p�l�a�n�t� �o�r�g�a�n�e�l�l�e�s�’� �r�e�s�p�o�n�s�e�s� �t�o� 
�e�n�v�i�r�o�n�m�e�n�t�a�l� �s�t�i�m�u�l�i� �o�f� �v�a�r�i�o�u�s� �t�i�s�s�u�e�s� �o�f� �s�e�v�e�r�a�l� �p�l�a�n�t� 
�s�p�e�c�i�e�s�,� �a�t� �d�i�f�f�e�r�e�n�t� �d�e�v�e�l�o�p�m�e�n�t�a�l� �s�t�a�g�e�s�.� �W�e� �e�x�p�e�c�t� �t�h�a�t� 
�P�O�D�B�� �w�i�l�l� �e�n�h�a�n�c�e� �t�h�e� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �p�l�a�n�t� �o�r�g�a�n�e�l�l�e�s� 
�a�m�o�n�g� �r�e�s�e�a�r�c�h�e�r�s�.
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�t�r�a�n�s�i�t�i�o�n� �a�n�d� �p�l�a�y�s� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� �t�h�e� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �p�e�r�o�x�i�s�o�m�a�l� 
�q�u�a�l�i�t�y�.� �A�u�t�o�p�h�a�g�y� 10�,� ����-����.

�F�i�g�u�r�e� �1�.� 9�i�s�u�a�l�i�z�a�t�i�o�n� �o�f� �p�e�r�o�x�i�s�o�m�e�s� �i�n� �p�o�l�l�e�n� �a�n�d� �p�o�l�l�e�n� �t�u�b�e�.
�T�h�e� �f�u�s�i�o�n� �g�e�n�e� �o�f� �G�F�P� �w�i�t�h� �p�e�r�o�x�i�s�o�m�e� �t�a�r�g�e�t�i�n�g� �s�i�g�n�a�l� �1� �i�s� �e�x�p�r�e�s�s�e�d� 
�i�n� �t�h�e� �w�i�l�d�-�t�y�p�e� �(�A�)� �a�n�d� apem2�pex13� �p�l�a�n�t�s� �(�B�)�.� �(�C�)� �P�e�r�o�x�i�s�o�m�e�s� �m�o�v�e� 
�t�o�w�a�r�d� �t�h�e� �t�i�p� �r�e�g�i�o�n� �d�u�r�i�n�g� �p�o�l�l�e�n� �t�u�b�e� �g�r�o�w�t�h�.
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�T�h�e� �a�i�m� �o�f� �t�h�i�s� �l�a�b�o�r�a�t�o�r�y� �i�s� �t�o� �r�e�s�e�a�r�c�h� �r�e�p�r�o�d�u�c�t�i�v�e� 
�h�o�r�m�o�n�e�s� �i�n� �i�n�v�e�r�t�e�b�r�a�t�e�s� �a�n�d� �t�o� �a�n�a�l�y�z�e� �t�h�e� �m�e�c�h�a�n�i�s�m�s� �b�y� 
�w�h�i�c�h� �t�h�e�y� �w�o�r�k�.� �T�h�e� �c�o�m�p�a�r�i�s�o�n�s� �o�f� �s�u�c�h� �m�o�l�e�c�u�l�e�s� �a�n�d� 
�m�e�c�h�a�n�i�s�m�s� �i�n� �v�a�r�i�o�u�s� �s�p�e�c�i�e�s� �a�r�e� �e�x�p�e�c�t�e�d� �t�o� �p�r�o�v�i�d�e� 
�i�n�s�i�g�h�t�s� �i�n�t�o� �t�h�e� �e�v�o�l�u�t�i�o�n� �o�f� �r�e�p�r�o�d�u�c�t�i�v�e� �h�o�r�m�o�n�e� �s�y�s�t�e�m�s�.

I.  Gonadotropins in the starfish, Asterina 
pectinifera

�G�o�n�a�d�o�t�r�o�p�i�n�s� �p�l�a�y� �i�m�p�o�r�t�a�n�t� �r�e�g�u�l�a�t�o�r�y� �r�o�l�e�s� �i�n� 
�r�e�p�r�o�d�u�c�t�i�o�n� �i�n� �b�o�t�h� �v�e�r�t�e�b�r�a�t�e�s� �a�n�d� �i�n�v�e�r�t�e�b�r�a�t�e�s�.� �T�h�e� 
�v�e�r�t�e�b�r�a�t�e� �g�o�n�a�d�o�t�r�o�p�i�n�s�,� �L+� �a�n�d� �F�S+� �a�r�e� �s�t�r�u�c�t�u�r�a�l�l�y� �a�n�d� 
�f�u�n�c�t�i�o�n�a�l�l�y� �c�o�n�s�e�r�v�e�d� �a�c�r�o�s�s� �v�a�r�i�o�u�s� �s�p�e�c�i�e�s�,� �w�h�e�r�e�a�s� �n�o� 
�s�u�c�h� �m�o�l�e�c�u�l�e� �h�a�s� �b�e�e�n� �i�d�e�n�t�i�f�i�e�d� �i�n� �i�n�v�e�r�t�e�b�r�a�t�e�s�.� �T�h�e� �i�n�s�e�c�t� 
�p�a�r�s�i�n� �h�o�r�m�o�n�e�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �p�h�y�s�i�o�l�o�g�i�c�a�l� 
�c�o�u�n�t�e�r�p�a�r�t� �o�f� �L+� �a�n�d� �F�S+� �i�n� �m�a�m�m�a�l�s�.� �S�o�m�e� �g�o�n�a�d�o�t�r�o�p�i�c� 
�h�o�r�m�o�n�e�s�,� �s�u�c�h� �a�s� �t�h�e� �e�g�g� �d�e�v�e�l�o�p�m�e�n�t� �n�e�u�r�o�s�e�c�r�e�t�o�r�y� 
�h�o�r�m�o�n�e� �o�f� �t�h�e� �m�o�s�q�u�i�t�o�,� �t�h�e� �e�g�g�-�l�a�y�i�n�g� �h�o�r�m�o�n�e� �o�f� �t�h�e� �s�e�a� 
�h�a�r�e�,� �a�n�d� �t�h�e� �a�n�d�r�o�g�e�n�i�c� �g�l�a�n�d� �h�o�r�m�o�n�e� �o�f� �t�h�e� �t�e�r�r�e�s�t�r�i�a�l� 
�i�s�o�p�o�d�,� �h�a�v�e� �b�e�e�n� �f�o�u�n�d� �i�n� �i�n�v�e�r�t�e�b�r�a�t�e� �s�p�e�c�i�e�s�.� �M�o�r�e� 
�r�e�c�e�n�t�l�y�,� �a�n� �i�n�s�u�l�i�n�-�l�i�k�e� �p�e�p�t�i�d�e� �w�a�s� �r�e�p�o�r�t�e�d� �t�o� �b�e� 
�r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �r�e�g�u�l�a�t�i�o�n� �o�f� �e�g�g� �m�a�t�u�r�a�t�i�o�n� �i�n� �t�h�e� 
�m�o�s�q�u�i�t�o�,� Aedes aegypti�,� �d�e�m�o�n�s�t�r�a�t�i�n�g� �t�h�e� �i�n�v�o�l�v�e�m�e�n�t� �o�f� 
�i�n�s�u�l�i�n� �s�i�g�n�a�l�i�n�g� �i�n� �e�g�g� �m�a�t�u�r�a�t�i�o�n� �a�m�o�n�g� �i�n�v�e�r�t�e�b�r�a�t�e�s�.
�T�h�e� �g�o�n�a�d�-�s�t�i�m�u�l�a�t�i�n�g� �s�u�b�s�t�a�n�c�e� �(�G�S�S�)� �o�f� �a�n� �e�c�h�i�n�o�d�e�r�m�,� 
�t�h�e� �s�t�a�r�f�i�s�h�,� �w�a�s� �t�h�e� �v�e�r�y� �f�i�r�s�t� �g�o�n�a�d�o�t�r�o�p�i�n� �t�o� �b�e� �i�d�e�n�t�i�f�i�e�d� 
�i�n� �i�n�v�e�r�t�e�b�r�a�t�e�s�.� �G�S�S� �m�e�d�i�a�t�e�s� �o�o�c�y�t�e� �m�a�t�u�r�a�t�i�o�n� �i�n� �s�t�a�r�f�i�s�h� 
�b�y� �a�c�t�i�n�g� �o�n� �t�h�e� �o�v�a�r�y� �t�o� �p�r�o�d�u�c�e� �t�h�e� �m�a�t�u�r�a�t�i�o�n�-�i�n�d�u�c�i�n�g� 
�h�o�r�m�o�n�e� �(�M�I+�)�,� �1�-�m�e�t�h�y�l�a�d�e�n�i�n�e�,� �w�h�i�c�h� �i�n� �t�u�r�n� �i�n�d�u�c�e�s� �t�h�e� 
�m�a�t�u�r�a�t�i�o�n� �o�f� �t�h�e� �o�o�c�y�t�e�s�.� �I�n� �t�h�i�s� �s�e�n�s�e�,� �G�S�S� �i�s� �f�u�n�c�t�i�o�n�a�l�l�y� 
�i�d�e�n�t�i�c�a�l� �t�o� �v�e�r�t�e�b�r�a�t�e� �L+�,� �e�s�p�e�c�i�a�l�l�y� �p�i�s�c�i�n�e� �a�n�d� �a�m�p�h�i�b�i�a�n� 
�L+�s�,� �a�c�t�i�n�g� �o�n� �t�h�e� �o�v�a�r�i�a�n� �f�o�l�l�i�c�l�e� �c�e�l�l�s� �t�o� �p�r�o�d�u�c�e� �M�I+� �t�o� 
�i�n�d�u�c�e� �t�h�e� �f�i�n�a�l� �m�a�t�u�r�a�t�i�o�n� �o�r� �m�e�i�o�t�i�c� �r�e�s�u�m�p�t�i�o�n� �o�f� �t�h�e� 
�o�o�c�y�t�e�.� �C�o�n�s�i�d�e�r�i�n�g� �t�h�e� �f�u�n�c�t�i�o�n�a�l� �s�i�m�i�l�a�r�i�t�y� �t�h�a�t� �G�S�S� �s�h�a�r�e�s� 
�w�i�t�h� �v�e�r�t�e�b�r�a�t�e� �L+�,� �i�t� �i�s� �v�e�r�y� �i�m�p�o�r�t�a�n�t� �f�r�o�m� �a�n� �e�v�o�l�u�t�i�o�n�a�r�y� 
�p�o�i�n�t� �o�f� �v�i�e�w� �t�o� �k�n�o�w� �t�h�e� �c�h�e�m�i�c�a�l� �a�n�d� �m�o�l�e�c�u�l�a�r� �s�t�r�u�c�t�u�r�e� 
�o�f� �G�S�S�.� �W�e� �c�l�o�n�e�d� �t�h�e� �g�e�n�e� �e�n�c�o�d�i�n�g� �G�S�S� �r�e�f�e�r�r�e�d� �t�o� �a�m�i�n�o� 
�a�c�i�d� �s�e�q�u�e�n�c�e� �o�f� �p�u�r�i�f�i�e�d� �G�S�S� �f�r�o�m� �r�a�d�i�a�l� �n�e�r�v�e�s� �o�f� �t�h�e� 
�s�t�a�r�f�i�s�h�,� Asterina pectinifera�.� �I�n�t�e�r�e�s�t�i�n�g�l�y�,� �p�h�y�l�o�g�e�n�e�t�i�c� 
�a�n�a�l�y�s�e�s� �r�e�v�e�a�l�e�d� �t�h�a�t� �i�t� �b�e�l�o�n�g�e�d� �t�o� �t�h�e� �i�n�s�u�l�i�n��i�n�s�u�l�i�n�-�l�i�k�e� 
�g�r�o�w�t�h� �f�a�c�t�o�r� �(�I�G�F�)��r�e�l�a�x�i�n� �s�u�p�e�r�f�a�m�i�l�y� �a�n�d�,� �m�o�r�e� �p�r�e�c�i�s�e�l�y�,� 
�t�o� �t�h�e� �s�u�b�c�l�a�s�s� �o�f� �r�e�l�a�x�i�n��i�n�s�u�l�i�n�-�l�i�k�e� �p�e�p�t�i�d�e�s� �(�F�i�g�u�r�e� �1�)�.

II.  Search for reproductive hormones in 
invertebrates

�I�n� �a� �c�o�l�l�a�b�o�r�a�t�i�v�e� �e�f�f�o�r�t� �w�i�t�h� �P�r�o�f�.� �Y�o�s�h�i�k�u�n�i�’�s� �L�a�b�o�r�a�t�o�r�y� 
�o�f� �t�h�e� �K�y�u�s�h�u� �U�n�i�v�.� �a�n�d� �D�r�.� �Y�a�m�a�n�o� �a�n�d� �D�r�.� �A�w�a�j�i� �o�f� �t�h�e� 
�N�a�t�i�o�n�a�l� �R�e�s�e�a�r�c�h� �I�n�s�t�i�t�u�t�e� �o�f� �A�q�u�a�c�u�l�t�u�r�e�,� �F�i�s�h�e�r�i�e�s� 
�R�e�s�e�a�r�c�h� �A�g�e�n�c�y� �(�N�R�I�A�)�,� �w�e� �a�r�e� �s�e�a�r�c�h�i�n�g� �f�o�r� �r�e�p�r�o�d�u�c�t�i�v�e� 
�h�o�r�m�o�n�e�s� �i�n� �i�n�v�e�r�t�e�b�r�a�t�e�s�� �s�e�a� �u�r�c�h�i�n�,� �s�e�a� �c�u�c�u�m�b�e�r�,� �o�y�s�t�e�r�,� 
�a�n�d� �s�h�r�i�m�p�.� �W�h�i�l�e� �t�h�e� �c�o�l�l�a�b�o�r�a�t�o�r�s� �a�r�e� �p�a�r�t�i�a�l�l�y� �p�u�r�i�f�y�i�n�g� 
�p�h�y�s�i�o�l�o�g�i�c�a�l� �m�a�t�e�r�i�a�l�s� �w�h�i�c�h� �i�n�d�u�c�e� �e�g�g� �m�a�t�u�r�a�t�i�o�n� �f�r�o�m� 
�n�e�r�v�e� �e�x�t�r�a�c�t�s� �a�n�d� �a�n�a�l�y�z�i�n�g� �t�h�e�m� �w�i�t�h� �a� �t�a�n�d�e�m� �m�a�s�s� 
�s�p�e�c�t�r�o�m�e�t�e�r�,� �w�e� �a�r�e� �c�r�e�a�t�i�n�g� �a�n�d� �a�n�a�l�y�z�i�n�g� �E�S�T� �l�i�b�r�a�r�i�e�s� 
�f�r�o�m� �n�e�r�v�e� �t�i�s�s�u�e�s� �a�n�d� �d�e�v�e�l�o�p�i�n�g� �a� �d�a�t�a�b�a�s�e� �o�f� �t�h�e� �m�a�s�s� 
�a�n�a�l�y�s�i�s� �p�e�r�f�o�r�m�e�d� �i�n� �t�h�i�s� �l�a�b�o�r�a�t�o�r�y�.

�F�i�g�u�r�e� �1�.� �A�m�i�n�o� �a�c�i�d� �s�e�q�u�e�n�c�e� �o�f� �s�t�a�r�f�i�s�h� �G�S�S�.� �(�A�)� �C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� 
�h�e�t�e�r�o�d�i�m�e�r�i�c� �s�t�r�u�c�t�u�r�e� �o�f� �s�t�a�r�f�i�s�h� �G�S�S� �w�i�t�h� �t�h�o�s�e� �o�f� �v�a�r�i�o�u�s� 
�r�e�p�r�e�s�e�n�t�a�t�i�v�e� �m�e�m�b�e�r�s� �o�f� �t�h�e� �i�n�s�u�l�i�n� �s�u�p�e�r�f�a�m�i�l�y�.� �T�h�e� �c�y�s�t�e�i�n�e� �b�r�i�d�g�e�s� 
�a�r�e� �s�h�o�w�n� �i�n� �r�e�d�.� �(�B�)� �C�o�d�i�n�g� �D�N�A� �s�e�q�u�e�n�c�e� �a�n�d� �p�r�e�d�i�c�t�e�d� �a�m�i�n�o� �a�c�i�d� 
�s�e�q�u�e�n�c�e�s� �o�f� �G�S�S�.� �S�e�q�u�e�n�c�e�s� �o�f� �A� �a�n�d� �B� �c�h�a�i�n�s� �a�r�e� �s�h�o�w�n� �i�n� �g�r�e�e�n� �a�n�d� 
�b�l�u�e� �b�o�x�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �C�h�a�r�a�c�t�e�r�s� �s�h�o�w�n� �i�n� �r�e�d� �b�o�l�d�f�a�c�e� �i�n�d�i�c�a�t�e� �b�a�s�i�c� 
�d�i�p�e�p�t�i�d�e�s� �t�h�a�t� �a�r�e� �t�h�e� �s�i�t�e�s� �o�f� �p�r�o�t�e�o�l�y�t�i�c� �c�l�e�a�v�a�g�e�.� �I�n�v�e�r�t�e�d� �t�r�i�a�n�g�l�e� 
�s�h�o�w�s� �t�h�e� �d�e�d�u�c�e�d� �c�l�e�a�v�a�g�e� �s�i�t�e� �o�f� �t�h�e� �s�i�g�n�a�l� �p�e�p�t�i�d�e�.
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�W�h�i�l�e� �g�e�n�o�m�i�c� �s�t�r�u�c�t�u�r�e�s� �a�s� �w�e�l�l� �a�s� �t�h�e�i�r� �g�e�n�e�t�i�c� 
�i�n�f�o�r�m�a�t�i�o�n� �a�p�p�e�a�r� �t�o� �s�t�a�b�l�y� �t�r�a�n�s�m�i�t� �i�n�t�o� �d�a�u�g�h�t�e�r� �c�e�l�l�s� 
�d�u�r�i�n�g� �c�e�l�l� �d�i�v�i�s�i�o�n�,� �a�n�d� �a�l�s�o� �i�n�t�o� �t�h�e� �n�e�x�t� �g�e�n�e�r�a�t�i�o�n�,� �t�h�e�y� 
�c�a�n� �a�c�t�u�a�l�l�y� �v�a�r�y� �g�e�n�e�t�i�c�a�l�l�y� �a�n�d��o�r� �e�p�i�g�e�n�e�t�i�c�a�l�l�y�.� �S�u�c�h� 
�v�a�r�i�a�b�i�l�i�t�y� �h�a�s� �h�a�d� �a� �l�a�r�g�e� �i�m�p�a�c�t� �o�n� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n� �a�n�d� 
�e�v�o�l�u�t�i�o�n�.� �T�o� �u�n�d�e�r�s�t�a�n�d� �s�u�c�h� �g�e�n�o�m�e� �d�y�n�a�m�i�s�m�s� �i�n� 
�e�u�k�a�r�y�o�t�e�s�,� �e�s�p�e�c�i�a�l�l�y� �i�n� �p�l�a�n�t�s�,� �w�e� �a�r�e� �c�h�a�r�a�c�t�e�r�i�z�i�n�g� �t�h�e� 
�f�l�o�w�e�r� �p�i�g�m�e�n�t�a�t�i�o�n� �o�f� �m�o�r�n�i�n�g� �g�l�o�r�i�e�s�.

I.  Flower pigmentation patterns of the 
morning glories

Ipomoea nil� �(�J�a�p�a�n�e�s�e� �m�o�r�n�i�n�g� �g�l�o�r�y�)�,� I. purpurea �(�t�h�e� 
�c�o�m�m�o�n� �m�o�r�n�i�n�g� �g�l�o�r�y�)�,� �a�n�d� I. tricolor� �h�a�v�e� �b�e�e�n� 
�d�o�m�e�s�t�i�c�a�t�e�d� �w�e�l�l� �a�s� �f�l�o�r�i�c�u�l�t�u�r�a�l� �p�l�a�n�t�s�,� �a�n�d� �t�h�e�i�r� �v�a�r�i�o�u�s� 
�s�p�o�n�t�a�n�e�o�u�s� �m�u�t�a�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �i�s�o�l�a�t�e�d�.� �T�h�e� �w�i�l�d� �t�y�p�e� 
�m�o�r�n�i�n�g� �g�l�o�r�i�e�s� �p�r�o�d�u�c�e� �f�l�o�w�e�r�s� �w�i�t�h� �u�n�i�f�o�r�m�l�y� �p�i�g�m�e�n�t�e�d� 
�c�o�r�o�l�l�a�,� �w�h�e�r�e�a�s� �a� �n�u�m�b�e�r� �o�f� �m�u�t�a�n�t�s� �d�i�s�p�l�a�y�i�n�g� �p�a�r�t�i�c�u�l�a�r� 
�p�i�g�m�e�n�t�a�t�i�o�n� �p�a�t�t�e�r�n�s� �h�a�v�e� �b�e�e�n� �c�o�l�l�e�c�t�e�d�.� �B�e�c�a�u�s�e� �f�l�o�w�e�r� 
�p�i�g�m�e�n�t�a�t�i�o�n� �p�a�t�t�e�r�n�s� �a�r�e� �e�a�s�i�l�y� �o�b�s�e�r�v�e�d�,� �t�h�e� �m�o�l�e�c�u�l�a�r� 
�m�e�c�h�a�n�i�s�m�s� �u�n�d�e�r�l�y�i�n�g� �t�h�e�s�e� �p�h�e�n�o�m�e�n�a� �p�r�o�v�i�d�e� �f�i�n�e� �m�o�d�e�l� 
�s�y�s�t�e�m�s� �f�o�r� �i�n�v�e�s�t�i�g�a�t�i�n�g� �g�e�n�o�m�e� �v�a�r�i�a�b�i�l�i�t�y�.
Margined�,� Rayed �a�n�d� Blizzard �o�f� I. nil �a�r�e� �d�o�m�i�n�a�n�t� 
�m�u�t�a�t�i�o�n�s�.� �W�h�i�l�e� �t�h�e�s�e� �m�u�t�a�n�t�s� �s�h�o�w� �d�i�s�t�i�n�c�t� �f�l�o�w�e�r� 
�p�i�g�m�e�n�t�a�t�i�o�n� �p�a�t�t�e�r�n�s�,� �t�h�e� �s�a�m�e� �p�i�g�m�e�n�t�a�t�i�o�n� �g�e�n�e� �i�s� 
�r�e�p�r�e�s�s�e�d� �b�y� �n�o�n�-�c�o�d�i�n�g� �s�m�a�l�l� �R�N�A� �i�n� �t�h�e� �w�h�i�t�i�s�h� �p�a�r�t�s� �o�f� 
�t�h�e� �c�o�r�o�l�l�a�.� �I�t� �i�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �d�i�s�t�i�n�c�t� �r�e�g�u�l�a�t�i�o�n� �o�f� �s�m�a�l�l� 
�R�N�A� �c�a�u�s�e�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �p�i�g�m�e�n�t�a�t�i�o�n� �p�a�t�t�e�r�n�s�.� �T�h�e� 
�r�e�c�e�s�s�i�v�e� �m�u�t�a�t�i�o�n�s�,� duskish �o�f� I. nil �a�n�d� pearly-v� �o�f� I. 
tricolor�, �c�o�n�f�e�r� �v�a�r�i�e�g�a�t�e�d� �f�l�o�w�e�r�s�,� �a�n�d� �e�p�i�g�e�n�e�t�i�c� 
�m�e�c�h�a�n�i�s�m�s� �a�r�e� �t�h�o�u�g�h�t� �t�o� �r�e�g�u�l�a�t�e� �f�l�o�w�e�r� �p�i�g�m�e�n�t�a�t�i�o�n�.� �W�e� 
�a�r�e� �c�u�r�r�e�n�t�l�y� �c�h�a�r�a�c�t�e�r�i�z�i�n�g� �d�e�t�a�i�l�e�d� �m�o�l�e�c�u�l�a�r� �m�e�c�h�a�n�i�s�m�s� 
�o�f� �t�h�e�s�e� �m�u�t�a�t�i�o�n�s�.� 

II.  de novo sequencing of Japanese morning 
glory genome 

�A�l�t�h�o�u�g�h� �m�o�r�n�i�n�g� �g�l�o�r�i�e�s� �a�r�e� �s�t�u�d�i�e�d� �w�o�r�l�d�w�i�d�e�,� �e�s�p�e�c�i�a�l�l�y� 
�i�n� �p�l�a�n�t� �p�h�y�s�i�o�l�o�g�y� �a�n�d� �g�e�n�e�t�i�c�s�,� �n�o� �w�h�o�l�e� �n�u�c�l�e�a�r� �g�e�n�o�m�e� 
�s�e�q�u�e�n�c�e�s� �o�f� �a�n�y� Ipomoea �s�p�e�c�i�e�s� �a�r�e� �a�v�a�i�l�a�b�l�e�.� �T�o� �f�a�c�i�l�i�t�a�t�e� 
�t�h�e� �s�t�u�d�i�e�s� �o�f� �o�u�r� �g�r�o�u�p� �a�s� �w�e�l�l� �a�s� �a�l�l� �m�o�r�n�i�n�g� �g�l�o�r�y� 
�r�e�s�e�a�r�c�h�e�r�s�,� �w�e� �a�r�e� �c�o�n�d�u�c�t�i�n�g� de novo �g�e�n�o�m�e� �s�e�q�u�e�n�c�i�n�g� 
�o�f� I. nil�.� �W�e� �c�h�o�s�e� �t�h�e� �T�o�k�y�o�-�k�o�k�e�i� �s�t�a�n�d�a�r�d� �l�i�n�e� �f�o�r� �g�e�n�o�m�e� 
�s�e�q�u�e�n�c�i�n�g�,� �a�n�d� �e�m�p�l�o�y�e�d� �s�h�o�t�g�u�n� �s�e�q�u�e�n�c�i�n�g� �u�s�i�n�g� �a� �s�i�n�g�l�e� 
�m�o�l�e�c�u�l�e� �r�e�a�l� �t�i�m�e� �s�e�q�u�e�n�c�i�n�g� �s�y�s�t�e�m�.� �W�e� �c�o�u�l�d� �r�e�c�e�n�t�l�y� 
�o�b�t�a�i�n� �t�h�o�u�s�a�n�d�s� �o�f� �a�s�s�e�m�b�l�e�d� �s�e�q�u�e�n�c�e�s� �h�a�v�i�n�g� �r�e�a�s�o�n�a�b�l�e� 
�s�i�z�e�,� �a�n�d� �a�r�e� �g�o�i�n�g� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �d�e�t�a�i�l�s� �o�f� �t�h�e� �g�e�n�o�m�e� 
�s�e�q�u�e�n�c�e�.

III. BioResource of morning glories 
�N�I�B�B� �i�s� �t�h�e� �s�u�b�-�c�e�n�t�e�r� �f�o�r� �N�a�t�i�o�n�a�l� �B�i�o�R�e�s�o�u�r�c�e� �P�r�o�j�e�c�t� 
�(�N�B�R�P�)� �f�o�r� �m�o�r�n�i�n�g� �g�l�o�r�y�.� �I�n� �t�h�i�s� �p�r�o�j�e�c�t�,� �w�e� �a�r�e� �c�o�l�l�e�c�t�i�n�g�,� 
�m�a�i�n�t�a�i�n�i�n�g� �a�n�d� �d�i�s�t�r�i�b�u�t�i�n�g� �s�t�a�n�d�a�r�d� �l�i�n�e�s�,� �m�u�t�a�n�t� �l�i�n�e�s� �f�o�r� 

�f�l�o�w�e�r� �p�i�g�m�e�n�t�a�t�i�o�n�,� �a�n�d� �D�N�A� �c�l�o�n�e�s� �f�r�o�m� �E�S�T� �a�n�d� �B�A�C� 
�l�i�b�r�a�r�i�e�s� �o�f� I. nil �a�n�d� �i�t�s� �r�e�l�a�t�e�d� �s�p�e�c�i�e�s�.� I. nil �h�a�s� �b�e�e�n� �o�n�e� �o�f� 
�t�h�e� �m�o�s�t� �p�o�p�u�l�a�r� �f�l�o�r�i�c�u�l�t�u�r�a�l� �p�l�a�n�t�s� �s�i�n�c�e� �t�h�e� �l�a�t�e� �E�d�o� �e�r�a� �i�n� 
�J�a�p�a�n�.� �I�t� �h�a�s� �a�n� �e�x�t�e�n�s�i�v�e� �h�i�s�t�o�r�y� �o�f� �g�e�n�e�t�i�c� �s�t�u�d�i�e�s� �a�n�d� �a�l�s�o� 
�h�a�s� �m�a�n�y� �a�d�v�a�n�t�a�g�e�s� �a�s� �a� �m�o�d�e�l� �p�l�a�n�t�� �s�i�m�p�l�e� �g�e�n�o�m�e�,� �l�a�r�g�e� 
�n�u�m�b�e�r� �o�f� �m�u�t�a�n�t� �l�i�n�e�s�,� �a�n�d� �e�f�f�i�c�i�e�n�t� �s�e�l�f�-�p�o�l�l�i�n�a�t�i�o�n�.� �O�u�r� 
�c�o�l�l�e�c�t�i�o�n� �i�n�c�l�u�d�e�s� �2��0� �l�i�n�e�s� �a�n�d� �1�5��,�0�0�0� �D�N�A� �c�l�o�n�e�s�.

IV. A novel flower color enhancing protein
�A�n�t�h�o�c�y�a�n�i�n� �i�s� �a� �t�y�p�e� �o�f� �f�l�a�v�o�n�o�i�d� �p�i�g�m�e�n�t� �a�n�d� �i�s� 
�r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �c�o�l�o�r�s� �o�f� �m�a�n�y� �f�l�o�w�e�r�s�.� �T�h�e� �d�e�p�t�h� �o�f� 
�f�l�o�w�e�r� �c�o�l�o�r� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �a�m�o�u�n�t� �o�f� �a�n�t�h�o�c�y�a�n�i�n�.� �W�e� 
�c�h�a�r�a�c�t�e�r�i�z�e�d� I. nil� �m�u�t�a�n�t�s� �d�i�s�p�l�a�y�i�n�g� �p�a�l�e� �c�o�l�o�r�e�d� �f�l�o�w�e�r�s� 
�(�F�i�g�u�r�e� �1�)�,� �a�n�d� �s�u�c�c�e�s�s�f�u�l�l�y� �i�s�o�l�a�t�e�d� �a� �n�o�v�e�l� �e�n�h�a�n�c�e�r� �o�f� 
�f�l�a�v�o�n�o�i�d� �p�r�o�d�u�c�t�i�o�n� �(�E�F�P�)�.� �T�h�e� �E�F�P� �d�e�f�i�c�i�e�n�t� �m�u�t�a�n�t�s� �f�a�i�l� 
�i�n� �e�f�f�i�c�i�e�n�t� �f�l�a�v�o�n�o�i�d� �p�r�o�d�u�c�t�i�o�n� �r�e�s�u�l�t�i�n�g� �r�e�d�u�c�t�i�o�n� �o�f� 
�a�n�t�h�o�c�y�a�n�i�n� �a�c�c�u�m�u�l�a�t�i�o�n�.� �T�h�e� �p�r�e�s�e�n�c�e� �a�n�d� �a�c�t�i�o�n� �o�f� �E�F�P� 
�a�r�e� �c�o�n�s�e�r�v�e�d� �a�m�o�n�g� �d�i�v�e�r�s�e� �p�l�a�n�t�s�.� �T�h�e� �a�m�i�n�o� �a�c�i�d� 
�s�e�q�u�e�n�c�e� �o�f� �E�F�P� �r�e�s�e�m�b�l�e�s� �a�n� �e�n�z�y�m�e� �c�a�t�a�l�y�z�i�n�g� �f�l�a�v�o�n�o�i�d� 
�b�i�o�s�y�n�t�h�e�s�i�s�,� �h�o�w�e�v�e�r�,� �i�t� �h�a�s� �n�o� �e�n�z�y�m�a�t�i�c� �a�c�t�i�v�i�t�i�e�s�.� �W�e� �a�r�e� 
�c�u�r�r�e�n�t�l�y� �s�t�u�d�y�i�n�g� �a� �m�o�l�e�c�u�l�a�r� �m�e�c�h�a�n�i�s�m� �o�f� �f�l�a�v�o�n�o�i�d� 
�p�r�o�d�u�c�t�i�o�n� �e�n�h�a�n�c�e�m�e�n�t� �b�y� �E�F�P�.
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�B�i�o�c�h�e�m�.� �S�y�s�t�.� �E�c�o�l�.� 54�,� �1�5�-�1��.

�F�i�g�u�r�e� �1�.� �W�i�l�d� �t�y�p�e� �(�r�i�g�h�t�)� �a�n�d� �E�F�P� �d�e�f�i�c�i�e�n�t �m�u�t�a�n�t� �o�f� �J�a�p�a�n�e�s�e� 
�m�o�r�n�i�n�g� �g�l�o�r�y� �(�l�e�f�t�)�.

/AB25A725<�2)�B,2/2*,&A/�',9(56,7<

Assistant Professor: HOSHINO, Atsushi
Technical Assistant: NAKAMURA, Ryoko
 TAKEUCHI, Tomoyo
 ITO, Kazuyo

+26+,12�*URXS



�5�

�A�c�t�i�v�e� �D�N�A� �t�r�a�n�s�p�o�s�o�n�s� �a�r�e� �i�m�p�o�r�t�a�n�t� �t�o�o�l�s� �f�o�r� �g�e�n�e� 
�f�u�n�c�t�i�o�n�a�l� �a�n�a�l�y�s�i�s�.� �T�h�e� �e�n�d�o�g�e�n�o�u�s� �n�o�n�-�a�u�t�o�n�o�m�o�u�s� 
�t�r�a�n�s�p�o�s�o�n�,� nDart1-0�,� �i�n� �r�i�c�e� �(Oryza sativa� �L�.�)� �i�s� �e�x�p�e�c�t�e�d� �t�o� 
�g�e�n�e�r�a�t�e� �v�a�r�i�o�u�s� �t�r�a�n�s�p�o�s�o�n�-�i�n�s�e�r�t�i�o�n� �m�u�t�a�n�t�s� �b�e�c�a�u�s�e� 
nDart1-0� �e�l�e�m�e�n�t�s� �t�e�n�d� �t�o� �i�n�s�e�r�t� �i�n�t�o� �g�e�n�i�c� �r�e�g�i�o�n�s� �u�n�d�e�r� 
�n�a�t�u�r�a�l� �g�r�o�w�t�h� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �t�r�a�n�s�p�o�s�i�t�i�o�n�s� �o�f� nDart1-0� 
�w�e�r�e� �p�r�o�m�o�t�e�d� �b�y� �a�n� �a�c�t�i�v�e� �a�u�t�o�n�o�m�o�u�s� �e�l�e�m�e�n�t�,� aDart1-27�,� 
�o�n� �c�h�r�o�m�o�s�o�m�e� ��.� �B�y� �u�s�i�n�g� �t�h�e� �e�n�d�o�g�e�n�o�u�s� nDart1�aDart1-
27� �s�y�s�t�e�m� �i�n� �r�i�c�e�,� �a� �l�a�r�g�e�-�s�c�a�l�e� nDart�-�i�n�s�e�r�t�e�d� �m�u�t�a�n�t� 
�p�o�p�u�l�a�t�i�o�n� �w�a�s� �e�a�s�i�l�y� �g�e�n�e�r�a�t�e�d� �u�n�d�e�r� �n�o�r�m�a�l� �f�i�e�l�d� 
�c�o�n�d�i�t�i�o�n�s�,� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �t�a�g�g�e�d� �l�i�n�e�s� �w�e�r�e� �f�r�e�e� �o�f� 
�s�o�m�a�c�l�o�n�a�l� �v�a�r�i�a�t�i�o�n�.

I. nDart1-0-Inserted Mutants
� �I�t� �i�s� �e�s�s�e�n�t�i�a�l� �t�o� �d�e�v�e�l�o�p� �a�n� �e�a�s�y� �d�e�t�e�c�t�i�o�n� �m�e�t�h�o�d� �o�f� �t�h�e� 

nDart1-0�-�i�n�s�e�r�t�e�d� �g�e�n�e� �f�o�r� �f�o�r�w�a�r�d� �a�n�d� �r�e�v�e�r�s�e� �g�e�n�e�t�i�c�s�.� �F�o�r� 
�h�i�g�h�-�c�o�p�y�-�n�u�m�b�e�r� �e�l�e�m�e�n�t�s�,� �t�r�a�n�s�p�o�s�o�n� �d�i�s�p�l�a�y� �(�T�D�)� �b�a�s�e�d� 
�o�n� �a�n� �a�m�p�l�i�f�i�e�d� �f�r�a�g�m�e�n�t�-�l�e�n�g�t�h� �p�o�l�y�m�o�r�p�h�i�s�m� �(�A�F�L�P�)� 
�t�e�c�h�n�i�q�u�e� �i�s� �a� �p�o�w�e�r�f�u�l� �t�o�o�l� �t�o� �v�i�s�u�a�l�i�z�e� �m�u�l�t�i�p�l�e� 
�t�r�a�n�s�p�o�s�o�n�s�.� �W�e� �s�u�c�c�e�s�s�f�u�l�l�y� �v�i�s�u�a�l�i�z�e�d� �1�� �c�o�p�i�e�s� �o�f� nDart1� 
�o�f� �N�i�p�p�o�n�b�a�r�e� �t�h�r�o�u�g�h� �a�n� nDart1�-�o�p�t�i�m�i�z�e�d� �T�D� �m�e�t�h�o�d�.� �I�n� 
�a�d�d�i�t�i�o�n�,� �a�n� nDart1-0�-�s�p�e�c�i�f�i�c� �i�P�C�R� �p�r�o�c�e�d�u�r�e� �w�a�s� �a�l�s�o� 
�d�e�v�e�l�o�p�e�d� �(+�a�y�a�s�h�i�-�T�s�u�g�a�n�e� �e�t�l� �a�l�.� �2�0�1��)�.� �A�m�o�n�g� ��,���� 
�l�i�n�e�s�,� �v�i�s�i�b�l�e� �p�h�e�n�o�t�y�p�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �a�t� �t�h�e� �s�e�e�d�l�i�n�g�,� �p�o�s�t�-� 
�t�r�a�n�s�p�l�a�n�t�i�n�g�,� �r�e�p�r�o�d�u�c�t�i�v�e�,� �a�n�d� �m�a�t�u�r�e� �s�t�a�g�e�s�.� �F�i�f�t�y� �p�e�r�c�e�n�t� 
�o�f� �t�h�e� �t�o�t�a�l� �t�a�g�g�e�d� �l�i�n�e�s� �s�h�o�w�e�d� �m�u�t�a�n�t� �p�h�e�n�o�t�y�p�e�s�.� 
�A�b�n�o�r�m�a�l� �g�r�o�w�t�h� �p�h�e�n�o�t�y�p�e�s�,� �i�n� �p�a�r�t�i�c�u�l�a�r�,� �w�e�r�e� �e�a�s�i�l�y� 
�d�e�t�e�c�t�a�b�l�e� �a�t� �t�h�e� �s�e�e�d�l�i�n�g� �s�t�a�g�e�,� �w�h�e�r�e�a�s� �b�o�t�h� �s�t�e�r�i�l�i�t�y� �a�n�d� 
�d�w�a�r�f� �p�h�e�n�o�t�y�p�e�s� �w�e�r�e� �f�r�e�q�u�e�n�t�l�y� �o�b�s�e�r�v�e�d� �a�t� �t�h�e� �m�a�t�u�r�e� 
�s�t�a�g�e�.� �S�o�m�e� �o�f� �t�h�e�s�e� �m�u�t�a�n�t� �p�h�e�n�o�t�y�p�e�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� 
�1�.� �A� �v�a�r�i�e�g�a�t�e�d� �a�l�b�i�n�o� �p�l�a�n�t� �c�a�n� �s�u�r�v�i�v�e� �u�n�d�e�r� �n�o�r�m�a�l� �f�i�e�l�d� 
�c�o�n�d�i�t�i�o�n�s� �(�a�)�.� �A�l�t�h�o�u�g�h� �c�h�l�o�r�o�p�h�y�l�l� �m�u�t�a�n�t�s� �t�h�a�t� �r�e�v�e�r�t� �t�o� 
�t�h�e� �w�i�l�d� �p�h�e�n�o�t�y�p�e� �a�r�e� �a�l�s�o� �o�b�s�e�r�v�e�d� �a�t� �t�h�e� �s�e�e�d�l�i�n�g� �s�t�a�g�e�,� 
�t�h�e�s�e� �z�e�b�r�a� �m�u�t�a�n�t�s� �(�b� �a�n�d� �c�)� �r�e�t�a�i�n� �a� �c�r�o�s�s�-�b�a�n�d�e�d� 
�p�h�e�n�o�t�y�p�e� �e�v�e�n� �a�t� �t�h�e� �r�e�p�r�o�d�u�c�t�i�v�e� �s�t�a�g�e�.� �A� �m�u�t�a�n�t� �(�d�)� 
�a�b�n�o�r�m�a�l�l�y� �e�l�o�n�g�a�t�e�s� �t�h�e� �l�e�a�f� �a�n�d� �s�t�e�m� �a�t� �t�h�e� �s�e�e�d�l�i�n�g� �s�t�a�g�e�,� 
�s�o�m�e�w�h�a�t� �s�i�m�i�l�a�r� �t�o� �t�h�e� Gibberella fujikuroi�-�i�n�f�e�c�t�e�d� �r�i�c�e� 
�p�l�a�n�t�.� �F�u�c�h�s�i�a� �l�e�a�f� �b�l�a�d�e�s� �w�i�t�h� �r�e�v�e�r�t�a�n�t� �s�e�c�t�o�r�s� �(�e�)� �a�r�e� 
�o�b�s�e�r�v�e�d� �u�n�d�e�r� �U9� �l�i�g�h�t�.� �T�h�i�s� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �h�c�f� �(�h�i�g�h� 
�c�h�l�o�r�o�p�h�y�l�l� �f�l�u�o�r�e�s�c�e�n�c�e�)� �m�u�t�a�n�t� �i�n� �m�a�i�z�e�.� �U�n�d�e�r� �n�o�r�m�a�l� 
�g�r�o�w�t�h� �c�o�n�d�i�t�i�o�n�s�,� �t�h�i�s� �m�u�t�a�n�t� �s�h�o�w�s� �p�a�l�e�-�g�r�e�e�n� �l�e�a�v�e�s� �a�n�d� 
�i�s� �l�e�t�h�a�l� �a�t� �t�h�e� �s�e�e�d�l�i�n�g� �s�t�a�g�e�.� �A� �m�u�t�a�n�t� �d�i�s�p�l�a�y�i�n�g� �a�n� 
�e�x�t�r�e�m�e�l�y� �s�h�o�r�t�-�s�t�a�t�u�r�e�d� �p�h�e�n�o�t�y�p�e� �(�f�)� �i�s� �n�a�m�e�d� �T�h�u�m�b�e�l�i�n�a�� 
�t�h�i�s� �p�h�e�n�o�t�y�p�e� �m�u�s�t� �b�e� �c�a�u�s�e�d� �b�y� �t�h�e� �i�n�s�e�r�t�i�o�n� �o�f� �a� �D�N�A� 
�t�r�a�n�s�p�o�s�o�n� �b�e�c�a�u�s�e� �o�f� �i�t�s� �m�u�t�a�b�l�e� �p�h�e�n�o�t�y�p�e� �(�r�i�g�h�t� �i�n� �f�)�,� �a�s� �a� 
�n�o�r�m�a�l�l�y� �e�l�o�n�g�a�t�e�d� �s�h�o�o�t� �c�a�n� �o�f�t�e�n� �b�e� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� 
�t�h�u�m�b�e�l�i�n�a� �m�u�t�a�n�t� �(�T�s�u�g�a�n�e� �e�t� �a�l�.�,� �2�0�0��)�.� �A� �s�e�m�i�-�d�o�m�i�n�a�n�t� 
�m�u�t�a�n�t� �(�g�)� �s�h�o�w�s� �a� �v�e�r�y� �s�h�o�r�t� �p�a�n�i�c�l�e� �w�i�t�h� �m�a�n�y� �t�i�l�l�e�r�s�,� �a�n�d� 
�i�t�s� �h�e�t�e�r�o�z�y�g�o�u�s� �p�l�a�n�t� �e�x�h�i�b�i�t�s� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �p�h�e�n�o�t�y�p�e� 
�b�e�t�w�e�e�n� �t�h�e� �w�i�l�d� �t�y�p�e� �a�n�d� �t�h�e� �m�u�t�a�n�t�.� �A� �m�u�t�a�n�t� �(�r�i�g�h�t� �i�n� �h�)� 
�h�a�s� �a�n� �a�b�n�o�r�m�a�l� �l�i�g�u�l�e�,� �r�e�s�u�l�t�i�n�g� �i�n� �a�n� �e�r�e�c�t� �l�e�a�f�.� �T�h�e� �s�h�o�r�t� 
�p�a�n�i�c�l�e� �p�h�e�n�o�t�y�p�e� �i�s� �s�h�o�w�n� �i�n� �(�i�)� �(�r�i�g�h�t�)�.� �T�h�e� �m�u�t�a�n�t� �s�h�o�w�n� 
�i�n� �(�j�)� �e�x�p�r�e�s�s�e�s� �m�u�l�t�i�p�l�e� �g�l�u�m�e�s� �a�n�d� �h�i�g�h� �s�t�e�r�i�l�i�t�y�,� �a�n�d� �a� 

�m�u�t�a�n�t� �(�k�)� �e�x�h�i�b�i�t�i�n�g� �t�h�e� �n�e�c�k� �l�e�a�f�-�e�n�v�e�l�o�p�e�d� �p�a�n�i�c�l�e� 
�p�h�e�n�o�t�y�p�e�,� �l�i�k�e� �t�h�e� �N�E�C�K� �L�E�A�F�1� �m�u�t�a�n�t� �c�l�o�n�e�d� �b�y� �W�a�n�g� �e�t� 
�a�l�.� �(�2�0�0��)�,� �i�s� �o�b�s�e�r�v�e�d�.� �T�h�e� �m�u�t�a�n�t� �s�h�o�w�n� �i�n� �(�l�)� �d�i�s�p�l�a�y�s� �a� 
�p�h�e�n�o�t�y�p�e� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�f� �a� �P�L�A�S�T�C+�R�O�N� �m�u�t�a�n�t�.� 
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�C�h�r�o�m�o�s�o�m�e� �c�o�n�d�e�n�s�a�t�i�o�n� �i�s� �a� �b�a�s�i�c� �c�e�l�l�u�l�a�r� �p�r�o�c�e�s�s� �t�h�a�t� 
�e�n�s�u�r�e�s� �t�h�e� �f�a�i�t�h�f�u�l� �s�e�g�r�e�g�a�t�i�o�n� �o�f� �c�h�r�o�m�o�s�o�m�e�s� �i�n� �b�o�t�h� 
�m�i�t�o�s�i�s� �a�n�d� �m�e�i�o�s�i�s�.� �T�h�i�s� �p�r�o�c�e�s�s� �i�s� �r�e�q�u�i�r�e�d� �n�o�t� �o�n�l�y� �f�o�r� 
�s�h�r�i�n�k�i�n�g� �t�h�e� �l�e�n�g�t�h� �o�f� �c�h�r�o�m�o�s�o�m�e� �a�r�m�s�,� �b�u�t� �a�l�s�o� �f�o�r� 
�r�e�s�o�l�v�i�n�g� �e�n�t�a�n�g�l�e�m�e�n�t�s� �b�e�t�w�e�e�n� �s�i�s�t�e�r�-�c�h�r�o�m�a�t�i�d�s� �t�h�a�t� �a�r�e� 
�c�r�e�a�t�e�d� �d�u�r�i�n�g� �D�N�A� �r�e�p�l�i�c�a�t�i�o�n�.� �A�n�y� �a�b�n�o�r�m�a�l�i�t�y� �i�n� �t�h�i�s� 
�p�r�o�c�e�s�s� �l�e�a�d�s� �t�o� �s�e�g�r�e�g�a�t�i�o�n� �e�r�r�o�r�s� �o�r� �a�n�e�u�p�l�o�i�d�y�,� �r�e�s�u�l�t�i�n�g� �i�n� 
�c�e�l�l� �l�e�t�h�a�l�i�t�y�.� �C�h�r�o�m�o�s�o�m�e� �c�o�n�d�e�n�s�a�t�i�o�n� �i�s� �m�a�i�n�l�y� �a�c�h�i�e�v�e�d� 
�b�y� �c�o�n�d�e�n�s�i�n�,� �a� �h�e�t�e�r�o�-�p�e�n�t�a�m�e�r�i�c� �p�r�o�t�e�i�n� �c�o�m�p�l�e�x�,� �w�i�d�e�l�y� 
�c�o�n�s�e�r�v�e�d� �f�r�o�m� �y�e�a�s�t� �t�o� �h�u�m�a�n�s�.� �D�e�s�p�i�t�e� �i�t�s� �c�o�n�s�e�r�v�a�t�i�o�n� 
�a�n�d� �i�m�p�o�r�t�a�n�c�e� �f�o�r� �c�h�r�o�m�o�s�o�m�e� �d�y�n�a�m�i�c�s�,� �h�o�w� �c�o�n�d�e�n�s�i�n� 
�w�o�r�k�s� �i�s� �n�o�t� �w�e�l�l� �u�n�d�e�r�s�t�o�o�d�.� �R�e�c�e�n�t� �s�t�u�d�i�e�s� �r�e�v�e�a�l� �t�h�a�t� 
�c�o�n�d�e�n�s�i�n� �f�u�n�c�t�i�o�n�s� �a�r�e� �n�o�t� �r�e�s�t�r�i�c�t�e�d� �t�o� �c�h�r�o�m�o�s�o�m�e� 
�c�o�n�d�e�n�s�a�t�i�o�n� �a�n�d� �s�e�g�r�e�g�a�t�i�o�n� �d�u�r�i�n�g� �c�e�l�l� �d�i�v�i�s�i�o�n�s�.� �I�t� �i�s� 
�r�e�q�u�i�r�e�d� �f�o�r� �d�i�v�e�r�s�e� �D�N�A� �m�e�t�a�b�o�l�i�s�m� �s�u�c�h� �a�s� �g�e�n�o�m�e� 
�s�t�a�b�i�l�i�t�y�,� �t�r�a�n�s�c�r�i�p�t�i�o�n�a�l� �r�e�g�u�l�a�t�i�o�n�,� �a�n�d� �c�e�l�l� �d�i�f�f�e�r�e�n�t�i�a�t�i�o�n�.
�O�u�r� �r�e�s�e�a�r�c�h� �i�n�t�e�r�e�s�t� �i�s� �t�o� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �m�e�c�h�a�n�i�s�m� �a�n�d� 
�r�e�g�u�l�a�t�i�o�n� �o�f� �c�h�r�o�m�o�s�o�m�e� �c�o�n�d�e�n�s�a�t�i�o�n�.� �W�e� �h�a�v�e� �b�e�e�n� 
�s�t�u�d�y�i�n�g� �t�h�e� �r�o�l�e� �o�f� �c�o�n�d�e�n�s�i�n� �i�n� �t�h�e� �b�u�d�d�i�n�g� �y�e�a�s�t� 
Saccharomyces cerevisiae�.� �M�i�c�r�o�s�c�o�p�i�c� �o�b�s�e�r�v�a�t�i�o�n� 
�i�n�d�i�c�a�t�e�d� �t�h�e� �n�u�c�l�e�o�l�a�r� �l�o�c�a�l�i�z�a�t�i�o�n� �o�f� �c�o�n�d�e�n�s�i�n�.� �C�o�n�s�i�s�t�e�n�t� 
�w�i�t�h� �t�h�i�s�,� �t�h�e� �r�i�b�o�s�o�m�a�l� �R�N�A� �g�e�n�e� �(�r�D�N�A�)� �r�e�p�e�a�t� �i�s� �t�h�e� �m�o�s�t� 
�c�o�n�d�e�n�s�e�d� �r�e�g�i�o�n� �i�n� �t�h�e� �g�e�n�o�m�e� �d�u�r�i�n�g� �m�i�t�o�s�i�s�.� �W�e� �h�a�v�e� 
�f�o�u�n�d� �t�h�a�t� �c�o�n�d�e�n�s�i�n� �s�p�e�c�i�f�i�c�a�l�l�y� �b�i�n�d�s� �t�o� �t�h�e� �R�F�B� �s�i�t�e� 
�l�o�c�a�t�e�d� �w�i�t�h�i�n� �t�h�e� �r�D�N�A� �r�e�p�e�a�t�.� �T�o� �d�a�t�e�,� �t�h�e� �b�e�s�t� 
�c�h�a�r�a�c�t�e�r�i�z�e�d� �c�o�n�d�e�n�s�i�n� �b�i�n�d�i�n�g� �r�e�g�i�o�n� �i�s� �t�h�e� �r�D�N�A� �r�e�p�e�a�t� 
�o�n� �t�h�e� �r�i�g�h�t� �a�r�m� �o�f� �c�h�r�o�m�o�s�o�m�e� ;�I�I� �i�n� �b�u�d�d�i�n�g� �y�e�a�s�t�.� �W�e� 
�f�u�r�t�h�e�r� �d�i�s�c�o�v�e�r�e�d� �t�h�e� �m�u�l�t�i�p�l�e� �p�r�o�t�e�i�n� �n�e�t�w�o�r�k� �r�e�q�u�i�r�e�d� �t�o� 
�r�e�c�r�u�i�t� �c�o�n�d�e�n�s�i�n� �t�o� �t�h�e� �R�F�B� �s�i�t�e�.

I.  Dynamic relocalization of condensin during 
meiosis

�O�u�r� �g�e�n�e�t�i�c� �s�c�r�e�e�n�i�n�g� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�w�o� �p�r�o�t�e�i�n�s�,� �C�s�m�1� 
�a�n�d� �L�r�s��,� �w�e�r�e� �r�e�q�u�i�r�e�d� �f�o�r� �c�o�n�d�e�n�s�i�n� �r�e�c�r�u�i�t�m�e�n�t� �t�o� �t�h�e� 
�R�F�B� �s�i�t�e�.� �P�h�y�s�i�c�a�l� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �C�s�m�1��L�r�s�� �a�n�d� 
�s�u�b�u�n�i�t�s� �o�f� �c�o�n�d�e�n�s�i�n� �a�r�e� �i�m�p�o�r�t�a�n�t� �f�o�r� �r�e�c�r�u�i�t�m�e�n�t� �o�f� 
�c�o�n�d�e�n�s�i�n� �t�o� �t�h�e� �R�F�B� �s�i�t�e�.� �T�h�e�s�e� �p�r�o�t�e�i�n�s� �a�r�e� �k�n�o�w�n� �a�s� 
�c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �m�o�n�o�p�o�l�i�n� �c�o�m�p�l�e�x� �t�h�a�t� �a�r�e� �r�e�q�u�i�r�e�d� �f�o�r� 
�f�a�i�t�h�f�u�l� �s�e�g�r�e�g�a�t�i�o�n� �o�f� �h�o�m�o�l�o�g�o�u�s� �c�h�r�o�m�o�s�o�m�e�s� �d�u�r�i�n�g� 
�m�e�i�o�t�i�c� �d�i�v�i�s�i�o�n� �I�.� �D�u�r�i�n�g� �m�e�i�o�s�i�s� �I�,� �t�h�e� �m�o�n�o�p�o�l�i�n� �c�o�m�p�l�e�x� 
�r�e�-�l�o�c�a�l�i�z�e�s� �f�r�o�m� �t�h�e� �r�D�N�A� �r�e�p�e�a�t� �t�o� �t�h�e� �c�e�n�t�r�o�m�e�r�e� �a�n�d� �a�c�t�s� 
�f�o�r� �e�n�s�u�r�i�n�g� �s�i�s�t�e�r�-�c�h�r�o�m�a�t�i�d� �c�o�-�o�r�i�e�n�t�a�t�i�o�n�.� �R�e�-�l�o�c�a�l�i�z�a�t�i�o�n� 
�o�f� �C�s�m�1��L�r�s�� �p�r�o�t�e�i�n�s� �s�u�g�g�e�s�t�e�d� �t�h�e� �r�e�-�l�o�c�a�l�i�z�a�t�i�o�n� �o�f� 
�c�o�n�d�e�n�s�i�n� �f�r�o�m� �r�D�N�A� �r�e�p�e�a�t� �t�o� �c�e�n�t�r�o�m�e�r�e�.� �A�s� �e�x�p�e�c�t�e�d�,� 
�c�h�r�o�m�a�t�i�n�-�I�P� �e�x�p�e�r�i�m�e�n�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �c�o�n�d�e�n�s�i�n� 
�r�e�-�l�o�c�a�l�i�z�e�s� �t�o� �t�h�e� �c�e�n�t�r�o�m�e�r�e� �d�u�r�i�n�g� �m�e�i�o�s�i�s� �I�.� �C�o�n�d�e�n�s�i�n� 
�m�i�g�h�t� �c�l�a�m�p� �s�i�s�t�e�r�-�c�h�r�o�m�a�t�i�d�s� �t�o�g�e�t�h�e�r� �d�u�r�i�n�g� �m�e�i�o�s�i�s� �I�.

II.  Condensin-dependent chromatin folding
�T�h�e� �R�F�B� �s�i�t�e�,� �w�h�i�c�h� �c�o�n�s�i�s�t�s� �o�f� �a� a�1�5�0�b�p� �D�N�A� �s�e�q�u�e�n�c�e�,� 
�i�s� �f�u�n�c�t�i�o�n�i�n�g� �a�s� �a� �c�i�s�-�e�l�e�m�e�n�t� �f�o�r� �r�e�c�r�u�i�t�m�e�n�t� �o�f� �c�o�n�d�e�n�s�i�n� 
�t�o� �c�h�r�o�m�a�t�i�n� �i�n� �t�h�e� �y�e�a�s�t� �g�e�n�o�m�e�.� �I�f� �t�h�e� �R�F�B� �s�i�t�e� �i�s� �i�n�s�e�r�t�e�d� 
�i�n�t�o� �a�n� �e�c�t�o�p�i�c� �c�h�r�o�m�o�s�o�m�a�l� �l�o�c�u�s�,� �c�o�n�d�e�n�s�i�n� �c�a�n� �a�s�s�o�c�i�a�t�e� 

�w�i�t�h� �t�h�e� �e�c�t�o�p�i�c� �R�F�B� �s�i�t�e�.� �T�o� �e�x�p�l�o�r�e� �t�h�e� �r�o�l�e� �o�f� �c�o�n�d�e�n�s�i�n� �i�n� 
�c�h�r�o�m�o�s�o�m�e� �o�r�g�a�n�i�z�a�t�i�o�n�,� �w�e� �h�a�v�e� �c�o�n�s�t�r�u�c�t�e�d� �a� �s�t�r�a�i�n� �i�n� 
�w�h�i�c�h� �t�w�o� �R�F�B� �s�i�t�e�s� �a�r�e� �i�n�s�e�r�t�e�d� �o�n� �a�n� �e�c�t�o�p�i�c� �c�h�r�o�m�o�s�o�m�e� 
�a�r�m� �w�i�t�h� �a�n� �i�n�t�e�r�v�a�l� �o�f� �1�5�k�b� �d�i�s�t�a�n�c�e� �i�n� �t�h�e� �c�e�l�l� �w�i�t�h� 
�c�o�m�p�l�e�t�e� �d�e�l�e�t�i�o�n� �o�f� �t�h�e� �c�h�r�o�m�o�s�o�m�a�l� �r�D�N�A� �r�e�p�e�a�t�.� �U�s�i�n�g� 
�t�h�i�s� �s�t�r�a�i�n�,� �c�o�n�d�e�n�s�i�n�-�d�e�p�e�n�d�e�n�t� �c�h�r�o�m�a�t�i�n� �i�n�t�e�r�a�c�t�i�o�n� 
�b�e�t�w�e�e�n� �t�w�o� �R�F�B�s� �w�a�s� �e�x�a�m�i�n�e�d� �b�y� �c�h�r�o�m�o�s�o�m�e� 
�c�o�n�f�o�r�m�a�t�i�o�n� �c�a�p�t�u�r�e� �(��C�)� �a�s�s�a�y�.� �W�e� �f�o�u�n�d� �c�o�n�d�e�n�s�i�n�-
�d�e�p�e�n�d�e�n�t� �c�h�r�o�m�a�t�i�n� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �R�F�B� �s�i�t�e�s� 
�o�n� �t�h�e� �c�h�r�o�m�o�s�o�m�e� �a�r�m�.� �T�h�i�s� �r�e�s�u�l�t� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �c�o�n�d�e�n�s�i�n� 
�p�l�a�y�s� �a� �r�o�l�e� �i�n� �c�h�r�o�m�a�t�i�n� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �c�o�n�d�e�n�s�i�n� 
�b�i�n�d�i�n�g� �s�i�t�e�s�,� �a�n�d� �t�h�i�s� �i�n�t�e�r�a�c�t�i�o�n� �l�e�a�d�s� �t�o� �c�r�e�a�t�i�o�n� �o�f� �a� 
�c�h�r�o�m�a�t�i�n� �l�o�o�p� �b�e�t�w�e�e�n� �t�h�o�s�e� �s�i�t�e�s� �(�F�i�g�u�r�e� �1�)�.� �I�t� �i�s� �t�h�o�u�g�h�t� 
�t�h�a�t� �c�o�n�d�e�n�s�i�n�-�d�e�p�e�n�d�e�n�t� �c�h�r�o�m�a�t�i�n� �f�o�l�d�i�n�g� �i�s� �o�n�e� �o�f� �t�h�e� 
�b�a�s�i�c� �m�o�l�e�c�u�l�a�r� �p�r�o�c�e�s�s�e�s� �o�f� �c�h�r�o�m�o�s�o�m�e� �c�o�n�d�e�n�s�a�t�i�o�n�.� 
�D�u�r�i�n�g� �t�h�e� �c�e�l�l� �c�y�c�l�e� �s�t�a�g�e�s�,� �t�h�e� �R�F�B� �-� �R�F�B� �i�n�t�e�r�a�c�t�i�o�n� 
�s�i�g�n�a�l� �i�n�c�r�e�a�s�e�s� �i�n� �m�e�t�a�p�h�a�s�e� �a�n�d� �r�e�a�c�h�e�s� �i�t�s� �m�a�x�i�m�u�m� �l�e�v�e�l� 
�i�n� �a�n�a�p�h�a�s�e�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �R�F�B� ²� �R�F�B� �i�n�t�e�r�a�c�t�i�o�n�,� �t�h�e� 
�c�h�r�o�m�a�t�i�n� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �i�n�t�e�r�n�a�l� �r�e�g�i�o�n�s� �o�f� �t�w�o� �R�F�B�s� 
�i�n�c�r�e�a�s�e�s� �i�n� �a�n�a�p�h�a�s�e�.� �T�h�u�s�,� �t�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �o�f� �c�h�r�o�m�a�t�i�n� 
�f�i�b�e�r� �c�h�a�n�g�e�s� �f�r�o�m� �a� �s�i�m�p�l�e� �l�o�o�p� �i�n�t�o� �a� �c�o�m�p�l�i�c�a�t�e�d� �t�w�i�s�t�e�d� 
�s�h�a�p�e� �a�s� �t�h�e� �c�e�l�l� �c�y�c�l�e� �p�r�o�g�r�e�s�s�e�s� �f�r�o�m� �m�e�t�a�p�h�a�s�e� �t�o� 
�a�n�a�p�h�a�s�e�.� 

�F�i�g�u�r�e� �1�.� �A� �S�c�h�e�m�a�t�i�c� �m�o�d�e�l� �o�f� �c�h�r�o�m�o�s�o�m�e� �c�o�n�d�e�n�s�a�t�i�o�n�.� �C�o�n�d�e�n�s�i�n� 
�m�a�k�e�s� �c�h�r�o�m�a�t�i�n� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �a�d�j�a�c�e�n�t� �b�i�n�d�i�n�g� �s�i�t�e�s� �(�R�F�B�,� �f�o�r� 
�e�x�a�m�p�l�e�)�.� �T�h�i�s� �l�e�a�d�s� �t�o� �a� �f�o�l�d�i�n�g� �o�f� �c�h�r�o�m�a�t�i�n� �f�i�b�e�r�s� �b�e�t�w�e�e�n� �t�h�e� �s�i�t�e�s�,� �a�s� 
�a� �b�a�s�i�c� �p�r�o�c�e�s�s� �o�f� �c�h�r�o�m�o�s�o�m�e� �c�o�n�d�e�n�s�a�t�i�o�n�.
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�O�r�g�a�n�o�g�e�n�e�s�i�s� �i�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �a� �s�e�r�i�e�s� �o�f� �d�e�f�o�r�m�a�t�i�o�n�s� 
�o�f� �t�h�e� �p�l�a�n�a�r� �c�e�l�l� �s�h�e�e�t� �i�n�t�o� �a� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �s�h�a�p�e� �d�u�r�i�n�g� 
�e�m�b�r�y�o�g�e�n�e�s�i�s�.� �T�h�i�s� �d�r�a�s�t�i�c� �s�t�r�u�c�t�u�r�a�l� �c�h�a�n�g�e� �i�s� �a�n� �i�n�t�e�g�r�a�t�e�d� 
�r�e�s�u�l�t� �o�f� �i�n�d�i�v�i�d�u�a�l� �c�e�l�l� �b�e�h�a�v�i�o�r�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �s�p�a�t�i�o�-
�t�e�m�p�o�r�a�l�l�y� �c�o�n�t�r�o�l�l�e�d� �m�e�c�h�a�n�i�s�m�s�.� 
�T�o� �b�e�t�t�e�r� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �p�r�o�g�r�a�m�s� �u�n�d�e�r�l�y�i�n�g� �o�r�g�a�n� 
�f�o�r�m�a�t�i�o�n�,� �i�t� �i�s� �r�e�q�u�i�r�e�d� �t�o� �a�n�a�l�y�z�e� �i�n�d�i�v�i�d�u�a�l� �c�e�l�l�s�’� 
�m�o�r�p�h�o�l�o�g�y� �a�n�d� �d�y�n�a�m�i�c�s� �q�u�a�n�t�i�t�a�t�i�v�e�l�y�.� +�o�w�e�v�e�r�,� �d�u�e� �t�o� 
�t�h�e� �m�a�s�s�i�v�e� �i�m�a�g�e�s� �g�e�n�e�r�a�t�e�d� �b�y� ��D� �m�i�c�r�o�s�c�o�p�y� �a�n�d� �t�h�e�i�r� 
�a�m�b�i�g�u�i�t�y�,� �t�h�i�s� �m�a�d�e� �i�t� �d�i�f�f�i�c�u�l�t� �t�o� �p�e�r�f�o�r�m� �t�h�e�s�e� �a�n�a�l�y�s�e�s�.� 
�T�o� �u�n�v�e�i�l� �o�r�g�a�n�o�g�e�n�e�s�i�s� �f�r�o�m� �t�h�e� �p�o�i�n�t� �o�f� �v�i�e�w� �o�f� �d�i�s�t�i�n�c�t� 
�c�e�l�l� �b�e�h�a�v�i�o�r�s�,� �w�e� �d�e�v�e�l�o�p�e�d� �s�o�f�t�w�a�r�e� �a�p�p�l�i�c�a�t�i�o�n�s� �t�h�a�t� �a�r�e� 
�c�a�p�a�b�l�e� �o�f� �d�e�s�c�r�i�b�i�n�g� �c�e�l�l� �d�y�n�a�m�i�c�s� �o�u�t� �o�f� ��D� �t�i�m�e�-�l�a�p�s�e� 
�i�m�a�g�i�n�g� �d�a�t�a� �s�e�t�s� �b�y� �e�m�p�l�o�y�i�n�g� �s�e�v�e�r�a�l� �a�p�p�r�o�a�c�h�e�s�.� 

I. Automated cell tracking system
�E�p�i�t�h�e�l�i�a�l� �m�o�r�p�h�o�g�e�n�e�s�i�s� �i�n� �t�h�e� �f�r�u�i�t� �f�l�y� Drosophila� 

melanogaster� �e�m�b�r�y�o� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �a�n� �e�x�c�e�l�l�e�n�t� �m�o�d�e�l� 
�f�o�r� �c�o�l�l�e�c�t�i�v�e� �c�e�l�l� �m�i�g�r�a�t�i�o�n�s�.� �D�r�a�s�t�i�c� �c�e�l�l� �r�e�a�r�r�a�n�g�e�m�e�n�t�s� 
�l�e�a�d� �d�r�a�s�t�i�c� �s�t�r�u�c�t�u�r�a�l� �c�h�a�n�g�e�s� �t�o� �b�u�i�l�d� �e�l�a�b�o�r�a�t�e� �t�u�b�u�l�a�r� 
�o�r�g�a�n�s� �s�u�c�h� �a�s� �t�h�e� �t�r�a�c�h�e�a�l� �n�e�t�w�o�r�k�.� �W�e� �d�e�v�e�l�o�p�e�d� �a� 
�s�o�f�t�w�a�r�e� �p�i�p�e�l�i�n�e�,� �w�h�i�c�h� �a�u�t�o�m�a�t�i�c�a�l�l�y� �r�e�c�o�g�n�i�z�e�s� �i�n�d�i�v�i�d�u�a�l� 
�c�e�l�l� �s�h�a�p�e�s� �o�u�t� �o�f� ��D� �s�p�a�c�e� �a�n�d� �t�r�a�c�k�s� �t�h�e�m� �t�h�r�o�u�g�h� �t�i�m�e�.� 
�T�h�i�s� �s�y�s�t�e�m� �e�x�t�r�a�c�t�s� �c�e�l�l� �b�o�u�n�d�a�r�i�e�s� �a�n�d� �r�e�c�o�n�s�t�i�t�u�t�e�s� �c�e�l�l� 
�s�h�a�p�e�s� �a�s� �a� �s�k�e�l�e�t�o�n�i�z�e�d� �c�h�a�i�n� �o�f� �v�o�x�e�l�s� �s�p�a�n�n�i�n�g� ��D� �s�p�a�c�e�.� 
�T�h�i�s� �a�b�s�t�r�a�c�t� �f�o�r�m� �o�f� �c�e�l�l� �v�i�s�u�a�l�i�z�a�t�i�o�n� �m�a�k�e�s� �i�t� �p�o�s�s�i�b�l�e� �t�o� 
�d�e�s�c�r�i�b�e� �m�o�r�p�h�o�m�e�t�r�i�c� �q�u�a�n�t�i�t�i�e�s� �a�n�d� �k�i�n�e�t�i�c�s� �o�f� �c�e�l�l�s� �i�n� 
�s�i�n�g�l�e�-�c�e�l�l� �r�e�s�o�l�u�t�i�o�n� �(�F�i�g�u�r�e� �1�)�.� �O�b�t�a�i�n�e�d� �c�e�l�l� �d�y�n�a�m�i�c�s� �a�r�e� 
�s�u�b�j�e�c�t�e�d� �t�o� �c�o�m�p�a�r�a�t�i�v�e� �a�n�a�l�y�s�e�s� �a�m�o�n�g� �w�i�l�d� �t�y�p�e� �a�n�d� 
�s�e�v�e�r�a�l� �m�u�t�a�n�t�s� �t�o� �u�n�v�e�i�l� �g�e�n�e�t�i�c� �p�r�o�g�r�a�m�s� �u�n�d�e�r�l�y�i�n�g� 
�o�r�g�a�n�o�g�e�n�e�s�i�s�.

II.  Particle tracking for tissue deformation 
analysis

�B�e�s�i�d�e�s� �c�e�l�l� �b�o�u�n�d�a�r�y� �e�x�t�r�a�c�t�i�o�n�,� �w�e� �a�l�s�o� �d�e�v�e�l�o�p�e�d� �a� 
�d�e�r�i�v�e�d� �a�l�g�o�r�i�t�h�m� �f�o�r� �p�a�r�t�i�c�l�e� �i�m�a�g�e� �v�e�l�o�c�i�m�e�t�r�y� �(�P�I9�)�.� �T�h�i�s� 
�s�y�s�t�e�m� �i�s� �d�e�s�i�g�n�e�d� �t�o� �m�e�a�s�u�r�e� �t�i�s�s�u�e� �d�e�f�o�r�m�a�t�i�o�n� �e�v�e�n� 
�t�h�o�u�g�h� �t�h�e� �i�m�a�g�i�n�g� �c�o�n�s�t�r�a�i�n�t�s� �d�o� �n�o�t� �a�l�l�o�w� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� 
�i�n�d�i�v�i�d�u�a�l� �c�e�l�l�s� �o�u�t� �o�f� �i�m�a�g�e�s�.� �T�h�i�s� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �d�e�t�e�c�t�s� 

�s�t�r�u�c�t�u�r�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �s�u�c�h� �a�s� �u�n�e�v�e�n� �f�l�u�o�r�e�s�c�e�n�c�e� 
�d�i�s�t�r�i�b�u�t�e�d� �o�v�e�r� �t�h�e� �s�p�e�c�i�m�e�n� �a�n�d� �t�r�a�c�k�s� �t�h�e�s�e� �p�a�t�t�e�r�n�s� �a�l�o�n�g� 
�a� �t�i�m�e�-�s�e�r�i�e�s�.� �D�e�s�p�i�t�e� �t�h�a�t� �t�h�e� �t�i�s�s�u�e� �w�a�s� �l�a�b�e�l�e�d� �w�i�t�h� �n�o�n�-
�t�a�r�g�e�t�e�d� �c�y�t�o�p�l�a�s�m�i�c� �G�F�P�,� �t�h�i�s� �t�r�a�c�k�i�n�g� �s�o�f�t�w�a�r�e� �s�u�c�c�e�s�s�f�u�l�l�y� 
�o�u�t�l�i�n�e�d� �d�e�v�e�l�o�p�m�e�n�t�a�l� �d�y�n�a�m�i�c�s� �o�f� Xenopus� �n�e�u�r�o�e�c�t�o�d�e�r�m� 
�(�F�i�g�u�r�e� �2�)�.� 

III.  A GUI application for manual image 
quantification 

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

�F�i�g�u�r�e� �2�.� �C�o�l�l�e�c�t�i�v�e� �c�e�l�l� �m�i�g�r�a�t�i�o�n� �o�f� Xenopus �n�e�u�r�o�e�c�t�o�d�e�r�m�a�l� �c�e�l�l�s� 
�v�i�s�u�a�l�i�z�e�d� �a�s� �o�p�t�i�c�a�l� �f�l�o�w� �a�l�o�n�g� �a� �t�i�m�e�-�s�e�r�i�e�s�.� �A� �m�o�d�i�f�i�e�d� �P�I9� �m�e�t�h�o�d� 
�s�u�c�c�e�s�s�f�u�l�l�y� �t�r�a�c�k�s� �u�n�e�v�e�n� �s�u�b�c�e�l�l�u�l�a�r� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �G�F�P� �s�i�g�n�a�l�s� �o�v�e�r� 
�t�i�m�e�.� �D�r�.� �M�.� �S�u�z�u�k�i� �(�P�r�o�f�.� �U�e�n�o�’�s� �l�a�b�o�r�a�t�o�r�y� �a�t� �N�I�B�B�)� �p�e�r�f�o�r�m�e�d� �t�h�e� 
�m�i�c�r�o�s�c�o�p�y�.

�F�i�g�u�r�e� �1�.� 9�i�s�u�a�l�i�z�e�d� �a�p�i�c�a�l� �c�e�l�l� �s�u�r�f�a�c�e� �o�f� Drosophila� �e�m�b�r�y�o�n�i�c� 
�e�p�i�d�e�r�m�a�l� �c�e�l�l�s�.� �A� �t�i�m�e�-�l�a�p�s�e� �c�o�n�f�o�c�a�l� �m�i�c�r�o�s�c�o�p�i�c� �d�a�t�a� �s�e�t� �o�f� �f�l�y� �e�m�b�r�y�o� 
�e�x�p�r�e�s�s�i�n�g� �E�-�c�a�d�h�e�r�i�n�-�G�F�P� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� �o�u�r� �a�u�t�o�m�a�t�i�c� �c�e�l�l� �s�h�a�p�e� 
�r�e�c�o�g�n�i�t�i�o�n� �s�y�s�t�e�m�.� �C�e�l�l� �b�o�u�n�d�a�r�i�e�s� �(�g�r�e�e�n�)�,� �c�e�n�t�e�r� �o�f� �g�r�a�v�i�t�y� �(�b�l�u�e�)� �a�n�d� 
�n�o�r�m�a�l� �v�e�c�t�o�r� �(�m�a�g�e�n�t�a�)� �a�r�e� �i�n�d�i�c�a�t�e�d� �f�o�r� �e�a�c�h� �c�e�l�l�.� 
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�I�m�a�g�e� �p�r�o�c�e�s�s�i�n�g� �m�e�t�h�o�d�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �c�o�n�t�r�i�b�u�t�e� �t�o� 
�v�i�s�u�a�l�i�z�a�t�i�o�n� �o�f� �b�i�o�m�e�d�i�c�a�l� �t�a�r�g�e�t�s� �a�c�q�u�i�r�e�d� �f�r�o�m� �a� �v�a�r�i�e�t�y� �o�f� 
�i�m�a�g�i�n�g� �t�e�c�h�n�i�q�u�e�s�,� �i�n�c�l�u�d�i�n�g�� �w�i�d�e�-�f�i�e�l�d� �o�p�t�i�c�a�l� �a�n�d� 
�e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y�,� ;�-�r�a�y� �c�o�m�p�u�t�e�d� �t�o�m�o�g�r�a�p�h�y�,� �m�a�g�n�e�t�i�c� 
�r�e�s�o�n�a�n�c�e� �i�m�a�g�i�n�g� �a�n�d� �m�a�m�m�o�g�r�a�p�h�y�.� 4�u�a�n�t�i�t�a�t�i�v�e� 
�i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e� �d�e�l�u�g�e� �o�f� �c�o�m�p�l�i�c�a�t�e�d� �b�i�o�m�e�d�i�c�a�l� 
�i�m�a�g�e�s�,� �h�o�w�e�v�e�r�,� �p�o�s�e�s� �m�a�n�y� �r�e�s�e�a�r�c�h� �c�h�a�l�l�e�n�g�e�s�.� � �W�e� �h�a�v�e� 
�d�e�v�e�l�o�p�e�d� �n�e�w� �c�o�m�p�u�t�a�t�i�o�n�a�l� �m�e�t�h�o�d�s� �b�a�s�e�d� �o�n� 
�m�a�t�h�e�m�a�t�i�c�a�l� �m�o�r�p�h�o�l�o�g�y� �f�o�r� �q�u�a�n�t�i�t�a�t�i�v�e� �i�m�a�g�e� �a�n�a�l�y�s�i�s�.� 
�O�n�e� �o�f� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �p�u�r�p�o�s�e�s� �o�f� �i�m�a�g�e� �p�r�o�c�e�s�s�i�n�g� �i�s� �t�o� 
�d�e�r�i�v�e� �m�e�a�n�i�n�g�f�u�l� �i�n�f�o�r�m�a�t�i�o�n�,� �w�h�i�c�h� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� 
�s�t�r�u�c�t�u�r�a�l� �p�r�o�p�e�r�t�i�e�s� �i�n� �i�m�a�g�e�s�.� �M�a�t�h�e�m�a�t�i�c�a�l� �m�o�r�p�h�o�l�o�g�y� �i�s� 
�a� �n�o�n�l�i�n�e�a�r� �i�m�a�g�e� �p�r�o�c�e�s�s�i�n�g� �m�e�t�h�o�d� �b�a�s�e�d� �o�n� �t�h�e� �s�e�t� �t�h�e�o�r�y� 
�a�n�d� �i�s� �u�s�e�f�u�l� �f�o�r� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �o�f� �s�t�r�u�c�t�u�r�a�l� �p�r�o�p�e�r�t�i�e�s� �f�r�o�m� 
�a�n� �i�m�a�g�e�.� �I�t� �c�a�n� �b�e� �u�s�e�d� �a�s� �a� �f�u�n�d�a�m�e�n�t�a�l� �t�o�o�l� �t�o� �a�n�a�l�y�z�e� 
�b�i�o�m�e�d�i�c�a�l� �i�m�a�g�e�s�.

I. Novel image processing method based on 
mathematical morphology
�I�m�a�g�e� �p�r�o�c�e�s�s�i�n�g� �i�s� �a� �c�r�u�c�i�a�l� �s�t�e�p� �i�n� �t�h�e� �q�u�a�n�t�i�f�i�c�a�t�i�o�n� �o�f� 
�b�i�o�m�e�d�i�c�a�l� �s�t�r�u�c�t�u�r�e�s� �f�r�o�m� �i�m�a�g�e�s�.� �A�s� �s�u�c�h�,� �i�t� �i�s� 
�f�u�n�d�a�m�e�n�t�a�l� �t�o� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �b�i�o�m�e�d�i�c�a�l� �i�m�a�g�i�n�g� �f�i�e�l�d�s�.� 
�I�m�a�g�e� �p�r�o�c�e�s�s�i�n�g� �d�e�r�i�v�e�s� �s�t�r�u�c�t�u�r�a�l� �f�e�a�t�u�r�e�s�,� �w�h�i�c�h� �a�r�e� �t�h�e�n� 
�n�u�m�e�r�i�c�a�l�l�y� �q�u�a�n�t�i�f�i�e�d� �b�y� �i�m�a�g�e� �a�n�a�l�y�s�i�s�.� �C�o�n�t�r�a�s�t� 
�e�n�h�a�n�c�e�m�e�n�t� �p�l�a�y�s� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� �i�m�a�g�e� �p�r�o�c�e�s�s�i�n�g�� �i�t� 
�e�n�h�a�n�c�e�s� �s�t�r�u�c�t�u�r�a�l� �f�e�a�t�u�r�e�s� �t�h�a�t� �a�r�e� �b�a�r�e�l�y� �d�e�t�e�c�t�a�b�l�e� �t�o� �t�h�e� 
�h�u�m�a�n� �e�y�e� �a�n�d� �a�l�l�o�w�s� �a�u�t�o�m�a�t�i�c� �e�x�t�r�a�c�t�i�o�n� �o�f� �t�h�o�s�e� �f�e�a�t�u�r�e�s�.� 
�T�o� �e�f�f�e�c�t�i�v�e�l�y� �r�e�c�o�g�n�i�z�e� �a� �r�e�g�i�o�n� �o�f� �i�n�t�e�r�e�s�t�,� �s�p�e�c�i�f�i�c� �t�a�r�g�e�t� 
�s�t�r�u�c�t�u�r�e�s� �m�u�s�t� �b�e� �e�n�h�a�n�c�e�d� �w�h�i�l�e� �s�u�r�r�o�u�n�d�i�n�g� �o�b�j�e�c�t�s� 
�r�e�m�a�i�n� �u�n�m�o�d�i�f�i�e�d�.� �A� �c�o�n�t�r�a�s�t� �e�n�h�a�n�c�e�m�e�n�t� �t�e�c�h�n�i�q�u�e� �w�h�i�c�h� 
�u�s�e�s� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�r�p�h�o�l�o�g�y� �e�n�a�b�l�e�s� �s�e�l�e�c�t�i�v�e� 
�e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�a�r�g�e�t� �s�t�r�u�c�t�u�r�e�s�.� �B�a�s�e�d� �o�n� �s�e�t� �t�h�e�o�r�y�,� 
�m�a�t�h�e�m�a�t�i�c�a�l� �m�o�r�p�h�o�l�o�g�y� �a�p�p�l�i�e�s� �s�h�a�p�e� �i�n�f�o�r�m�a�t�i�o�n� �t�o� 
�i�m�a�g�e� �p�r�o�c�e�s�s�i�n�g�.
�M�a�t�h�e�m�a�t�i�c�a�l� �m�o�r�p�h�o�l�o�g�y� �o�p�e�r�a�t�e�s� �b�y� �a� �s�e�r�i�e�s� �o�f� 
�m�o�r�p�h�o�l�o�g�i�c�a�l� �o�p�e�r�a�t�i�o�n�s�,� �w�h�i�c�h� �u�s�e� �s�m�a�l�l� �i�m�a�g�e�s� �c�a�l�l�e�d� 
�s�t�r�u�c�t�u�r�i�n�g� �e�l�e�m�e�n�t�s� �(�t�y�p�i�c�a�l�l�y�,� �a� �s�i�n�g�l�e� �s�t�r�u�c�t�u�r�i�n�g� �e�l�e�m�e�n�t� 
�i�s� �u�s�e�d�)�.� �T�h�e� �s�t�r�u�c�t�u�r�i�n�g� �e�l�e�m�e�n�t� �a�c�t�s� �a�s� �a� �m�o�v�i�n�g� �p�r�o�b�e� �t�h�a�t� 
�s�a�m�p�l�e�s� �e�a�c�h� �p�i�x�e�l� �o�f� �t�h�e� �i�m�a�g�e�.� �S�i�n�c�e� �t�h�e� �s�t�r�u�c�t�u�r�i�n�g� 
�e�l�e�m�e�n�t� �m�o�v�e�s� �i�n� �a� �f�i�x�e�d� �d�i�r�e�c�t�i�o�n� �a�c�r�o�s�s� �t�h�e� �i�m�a�g�e�,� �s�o�m�e� 
�i�n�t�r�i�c�a�t�e� �i�m�a�g�e�s� �(�i�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�o�s�e� �w�h�o�s�e� �s�t�r�u�c�t�u�r�a�l� �d�e�t�a�i�l�s� 
�c�o�n�t�a�i�n� �a� �v�a�r�i�e�t�y� �o�f� �d�i�r�e�c�t�i�o�n�a�l� �c�h�a�r�a�c�t�e�r�s�)� �m�a�y� �n�o�t� �b�e� 
�p�r�o�p�e�r�l�y� �p�r�o�c�e�s�s�e�d�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �a�n� �a�r�t�i�f�a�c�t� �i�n� �t�h�e� �s�h�a�p�e� �o�f� 
�s�t�r�u�c�t�u�r�i�n�g� �e�l�e�m�e�n�t�s� �m�a�y� �b�e� �g�e�n�e�r�a�t�e�d� �a�t� �t�h�e� �o�b�j�e�c�t� 
�p�e�r�i�p�h�e�r�y�.� �S�i�n�c�e� �o�b�j�e�c�t�s� �i�n� �b�i�o�m�e�d�i�c�a�l� �i�m�a�g�e�s� �c�o�n�s�i�s�t� �o�f� 
�d�e�l�i�c�a�t�e� �s�t�r�u�c�t�u�r�a�l� �f�e�a�t�u�r�e�s�,� �t�h�i�s� �d�r�a�w�b�a�c�k� �i�s� �a�n� �e�s�p�e�c�i�a�l�l�y� 
�s�e�r�i�o�u�s� �p�r�o�b�l�e�m�.
�T�o� �o�v�e�r�c�o�m�e� �t�h�i�s� �p�r�o�b�l�e�m�,� �w�e� �h�a�v�e� �p�r�o�p�o�s�e�d� �a�n� �e�x�t�e�n�s�i�o�n� 
�o�f� �c�o�n�v�e�n�t�i�o�n�a�l� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�r�p�h�o�l�o�g�y� �c�a�l�l�e�d� �r�o�t�a�t�i�o�n�a�l� 
�m�o�r�p�h�o�l�o�g�i�c�a�l� �p�r�o�c�e�s�s�i�n�g� �(�R�M�P�)�.� �R�M�P� �b�a�s�e�d� �m�o�r�p�h�o�l�o�g�i�c�a�l� 
�f�i�l�t�e�r�s� �h�a�v�e� �b�e�e�n� �a�p�p�l�i�e�d� �t�o� �a� �w�i�d�e� �v�a�r�i�e�t�y� �o�f� �b�i�o�m�e�d�i�c�a�l� 
�i�m�a�g�e�s�,� �i�n�c�l�u�d�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�g�r�a�p�h�s�,� �l�i�g�h�t� �m�i�c�r�o�g�r�a�p�h�s� 
�a�n�d� �m�e�d�i�c�a�l� �i�m�a�g�e�s� �s�u�c�h� �a�s� �m�a�m�m�o�g�r�a�p�h�i�c� �i�m�a�g�e�s� �a�n�d� 

�c�h�e�s�t� ;�-�r�a�y� �i�m�a�g�e�s�.� 
�I�n� �t�h�i�s� �s�t�u�d�y�,� �w�e� �h�a�v�e� �d�e�v�e�l�o�p�e�d� �a� �n�o�v�e�l� �R�M�P�-�b�a�s�e�d� 
�c�o�n�t�r�a�s�t� �e�n�h�a�n�c�e�m�e�n�t� �m�e�t�h�o�d�.� �T�h�e� �g�o�a�l� �o�f� �t�h�e� �s�t�u�d�y� �i�s� �t�o� 
�e�n�a�b�l�e� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �f�i�n�e� �m�o�r�p�h�o�l�o�g�i�c�a�l� �f�e�a�t�u�r�e�s� �o�f� �a� �m�a�s�s� 
�l�e�s�i�o�n� �w�i�t�h� �h�i�g�h� �s�u�p�p�r�e�s�s�i�o�n� �o�f� �s�u�r�r�o�u�n�d�i�n�g� �t�i�s�s�u�e�s�,� �s�u�c�h� �a�s� 
�m�a�m�m�a�r�y� �g�l�a�n�d�s�.� �T�h�e� �m�e�t�h�o�d� �u�s�e�s� �a� �t�o�p�-�h�a�t� �c�o�n�t�r�a�s�t� 
�o�p�e�r�a�t�o�r�,� �a� �w�e�l�l�-�k�n�o�w�n� �a�n�d� �c�o�m�m�o�n�l�y� �u�s�e�d� �m�o�r�p�h�o�l�o�g�i�c�a�l� 
�o�p�e�r�a�t�i�o�n� �f�o�r� �e�x�t�r�a�c�t�i�n�g� �l�o�c�a�l� �f�e�a�t�u�r�e�s� �f�r�o�m� �a� �l�o�w�-�c�o�n�t�r�a�s�t� 
�i�m�a�g�e�.� �T�h�e� �p�r�o�p�o�s�e�d� �m�e�t�h�o�d� �i�n�v�o�l�v�e�s� �t�h�r�e�e� �s�t�e�p�s�� �(�1�)� 
�s�e�l�e�c�t�i�v�e� �e�x�t�r�a�c�t�i�o�n� �o�f� �t�a�r�g�e�t� �f�e�a�t�u�r�e�s� �b�y� �m�a�t�h�e�m�a�t�i�c�a�l� 
�m�o�r�p�h�o�l�o�g�y�,� �(�2�)� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�h�e� �e�x�t�r�a�c�t�e�d� �f�e�a�t�u�r�e�s� �b�y� 
�t�w�o� �c�o�n�t�r�a�s�t� �m�o�d�i�f�i�c�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �a�n�d� �(��)� �s�e�g�m�e�n�t�a�t�i�o�n� �o�f� 
�t�h�e� �t�a�r�g�e�t� �r�e�g�i�o�n� �(�m�a�s�s� �l�e�s�i�o�n�)� �b�y� �u�s�i�n�g� �a�n� �a�u�t�o�m�a�t�i�c� 
�t�h�r�e�s�h�o�l�d�i�n�g� �t�e�c�h�n�i�q�u�e�.� �T�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �t�h�e� �m�e�t�h�o�d� �w�a�s� 
�q�u�a�n�t�i�t�a�t�i�v�e�l�y� �e�v�a�l�u�a�t�e�d� �b�y� �t�h�e� �c�o�n�t�r�a�s�t� �i�m�p�r�o�v�e�m�e�n�t� �r�a�t�i�o� 
�(�C�I�R�)� �a�n�d� �i�t�s� �u�s�e�f�u�l�n�e�s�s� �w�a�s� �d�e�m�o�n�s�t�r�a�t�e�d� �b�y� �a�p�p�l�y�i�n�g� �i�t� �t�o� 
�v�a�r�i�o�u�s� �t�y�p�e�s� �o�f� �m�e�d�i�c�a�l� �i�m�a�g�e�s�.� �T�h�e� �r�e�s�u�l�t�s� �p�r�o�v�e� �t�h�a�t� �t�h�e� 
�p�r�o�p�o�s�e�d� �m�e�t�h�o�d� �e�n�a�b�l�e�s� �s�p�e�c�i�f�i�c� �e�x�t�r�a�c�t�i�o�n� �a�n�d� 
�e�n�h�a�n�c�e�m�e�n�t� �o�f� �m�a�s�s� �l�e�s�i�o�n�s�,� �w�h�i�c�h� �i�s� �e�s�s�e�n�t�i�a�l� �f�o�r� �c�l�i�n�i�c�a�l� 
�d�i�a�g�n�o�s�i�s� �b�a�s�e�d� �o�n� �m�e�d�i�c�a�l� �i�m�a�g�e� �a�n�a�l�y�s�i�s�.� �F�i�g�u�r�e� �1� �s�h�o�w�s� �a� 
�m�a�m�m�o�g�r�a�p�h�i�c� �i�m�a�g�e� �e�n�h�a�n�c�e�d� �b�y� �t�h�e� �p�r�o�p�o�s�e�d� �m�e�t�h�o�d�.
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�F�i�g�u�r�e� �1�.� �I�m�a�g�e� �e�n�h�a�n�c�e�m�e�n�t� �a�n�d� �t�a�r�g�e�t� �d�e�t�e�c�t�i�o�n� �a�c�h�i�e�v�e�d� �b�y� �t�h�e� 
�p�r�o�p�o�s�e�d� �m�e�t�h�o�d� �f�o�r� �a� �m�a�s�s� �l�e�s�i�o�n� �i�n� �a� �m�a�m�m�o�g�r�a�p�h�i�c� �i�m�a�g�e�.� �T�h�e� 
�i�m�a�g�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �M�a�m�m�o�g�r�a�p�h�i�c� �I�m�a�g�e� �A�n�a�l�y�s�i�s� �S�o�c�i�e�t�y� 
�(�M�I�A�S�)� �d�a�t�a�b�a�s�e�.� �(�a�)� �O�r�i�g�i�n�a�l� �m�a�m�m�o�g�r�a�p�h�i�c� �i�m�a�g�e� �(�m�d�b�1���)�.� �(�b�)� 
�E�n�h�a�n�c�e�m�e�n�t� �r�e�s�u�l�t� �o�f� �c�a�n�d�i�d�a�t�e�s� �o�f� �m�a�s�s� �l�e�s�i�o�n� �o�b�t�a�i�n�e�d� �b�y� �t�h�e� 
�p�r�o�p�o�s�e�d� �m�e�t�h�o�d�.� �(�c�)� �D�e�t�e�c�t�i�o�n� �r�e�s�u�l�t� �o�f� �t�h�e� �l�e�s�i�o�n� �r�e�g�i�o�n�.


