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�A�n�i�m�a�l�s� �l�i�v�i�n�g� �o�u�t�s�i�d�e� �t�h�e� �t�r�o�p�i�c�s� �a�d�a�p�t� �v�a�r�i�o�u�s� �p�h�y�s�i�o�l�o�g�y� 
�a�n�d� �b�e�h�a�v�i�o�r� �t�o� �s�e�a�s�o�n�a�l� �c�h�a�n�g�e�s� �i�n� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�.� �A�s� 
�a�n�i�m�a�l�s� �u�s�e� �c�h�a�n�g�e�s� �i�n� �d�a�y� �l�e�n�g�t�h� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �a�s� 
�s�e�a�s�o�n�a�l� �c�u�e�s�,� �t�h�e�s�e� �p�h�e�n�o�m�e�n�a� �a�r�e� �r�e�f�e�r�r�e�d� �t�o� �a�s� 
�p�h�o�t�o�p�e�r�i�o�d�i�s�m� �a�n�d� �t�h�e�r�m�o�p�e�r�i�o�d�i�s�m�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �M�e�d�a�k�a� 
�p�r�o�v�i�d�e�s� �a�n� �e�x�c�e�l�l�e�n�t� �m�o�d�e�l� �t�o� �s�t�u�d�y� �t�h�e�s�e� �m�e�c�h�a�n�i�s�m�s� 
�b�e�c�a�u�s�e� �o�f� �t�h�e�i�r� �r�a�p�i�d� �a�n�d� �r�o�b�u�s�t� �s�e�a�s�o�n�a�l� �r�e�s�p�o�n�s�e�s�.� �I�n� 
�a�d�d�i�t�i�o�n�,� �g�e�n�o�m�i�c� �s�e�q�u�e�n�c�e�s� �a�n�d� �t�r�a�n�s�g�e�n�i�c� �a�p�p�r�o�a�c�h�e�s� �a�r�e� 
�a�v�a�i�l�a�b�l�e� �i�n� �t�h�i�s� �s�p�e�c�i�e�s�.� �I�n� �t�h�i�s� �d�i�v�i�s�i�o�n�,� �w�e� �a�r�e� �t�r�y�i�n�g� �t�o� 
�u�n�c�o�v�e�r� �t�h�e� �u�n�d�e�r�l�y�i�n�g� �m�e�c�h�a�n�i�s�m�s� �o�f� �s�e�a�s�o�n�a�l� �a�d�a�p�t�a�t�i�o�n�.

I. Identification of deep brain photoreceptor
�I�t� �h�a�s� �b�e�e�n� �k�n�o�w�n� �f�o�r� �m�o�r�e� �t�h�a�n� �a� �c�e�n�t�u�r�y� �t�h�a�t� �n�o�n�-
�m�a�m�m�a�l�i�a�n� �v�e�r�t�e�b�r�a�t�e�s� �r�e�c�e�i�v�e� �l�i�g�h�t� �i�n�f�o�r�m�a�t�i�o�n� �d�i�r�e�c�t�l�y� 
�w�i�t�h�i�n� �t�h�e� �d�e�e�p� �b�r�a�i�n� �t�o� �a�d�a�p�t� �t�o� �s�e�a�s�o�n�a�l� �c�h�a�n�g�e�s� �i�n� �d�a�y� 
�l�e�n�g�t�h�.� +�o�w�e�v�e�r�,� �t�h�e� �i�d�e�n�t�i�t�y� �o�f� �t�h�e� �d�e�e�p� �b�r�a�i�n� �p�h�o�t�o�r�e�c�e�p�t�o�r� 
�r�e�m�a�i�n�e�d� �u�n�c�l�e�a�r�.� 
�C�e�r�e�b�r�o�s�p�i�n�a�l� �f�l�u�i�d� �(�C�S�F�)�-�c�o�n�t�a�c�t�i�n�g� �n�e�u�r�o�n�s� �e�x�t�e�n�d� �k�n�o�b�-
�l�i�k�e� �d�e�n�d�r�i�t�e�s� �i�n�t�o� �t�h�e� �v�e�n�t�r�i�c�u�l�a�r� �c�a�v�i�t�y� �(�F�i�g�u�r�e� �1�)�.� �T�h�i�s� 
�d�e�n�d�r�i�t�i�c� �s�t�r�u�c�t�u�r�e� �r�e�s�e�m�b�l�e�s� �t�h�o�s�e� �o�f� �p�h�o�t�o�r�e�c�e�p�t�o�r� �c�e�l�l�s� �i�n� 
�t�h�e� �d�e�v�e�l�o�p�i�n�g� �r�e�t�i�n�a� �a�n�d� �t�h�e� �p�i�n�e�a�l� �o�r�g�a�n�.� �T�h�u�s�,� �t�h�e� �C�S�F�-
�c�o�n�t�a�c�t�i�n�g� �n�e�u�r�o�n�s� �h�a�v�e� �b�e�e�n� �s�u�g�g�e�s�t�e�d� �t�o� �f�u�n�c�t�i�o�n� �a�s� �a� �d�e�e�p� 
�b�r�a�i�n� �p�h�o�t�o�r�e�c�e�p�t�o�r�.� 

1-1  Intrinsic photosensitivity of OPN5-positive CSF-
contacting neuron

�I�n� �a� �p�r�e�v�i�o�u�s� �s�t�u�d�y�,� �w�e� �d�e�m�o�n�s�t�r�a�t�e�d� �l�o�c�a�l�i�z�a�t�i�o�n� �o�f� �a� �n�o�v�e�l� 
�p�h�o�t�o�p�i�g�m�e�n�t�,� �O�P�N�5� �i�n� �t�h�e� �C�S�F�-�c�o�n�t�a�c�t�i�n�g� �n�e�u�r�o�n�s� �o�f� �q�u�a�i�l�.� 
�W�e� �u�s�e�d� �w�h�o�l�e�-�c�e�l�l� �p�a�t�c�h�-�c�l�a�m�p� �a�n�a�l�y�s�i�s� �t�o� �d�e�m�o�n�s�t�r�a�t�e� �t�h�a�t� 
�O�P�N�5�-�p�o�s�i�t�i�v�e� �C�S�F�-�c�o�n�t�a�c�t�i�n�g� �n�e�u�r�o�n�s� �i�n� �t�h�e� �P9�O� �a�r�e� 

�i�n�t�r�i�n�s�i�c�a�l�l�y� �p�h�o�t�o�s�e�n�s�i�t�i�v�e�.� 

1-2  Involvement of OPN5-positive CSF-contacting 
neuron in the seasonal reproduction 

�W�e� �e�x�a�m�i�n�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �s�i�R�N�A�-�m�e�d�i�a�t�e�d� �O�P�N�5� 
�k�n�o�c�k�d�o�w�n� �o�n� �l�o�n�g� �d�a�y� �i�n�d�u�c�t�i�o�n� �o�f� �s�p�r�i�n�g�t�i�m�e� �h�o�r�m�o�n�e�,� 
�t�h�y�r�o�t�r�o�p�i�n� �(�t�h�y�r�o�i�d� �s�t�i�m�u�l�a�t�i�n�g� �h�o�r�m�o�n�e�� �T�S+�)�.� �L�o�n�g� �d�a�y�-
�i�n�d�u�c�t�i�o�n� �o�f� �T�S+� �w�a�s� �s�u�p�p�r�e�s�s�e�d� �b�y� �t�h�e� �O�P�N�5� �k�n�o�c�k�d�o�w�n�,� 
�s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �O�P�N�5� �i�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �s�e�a�s�o�n�a�l� �r�e�g�u�l�a�t�i�o�n� 
�o�f� �r�e�p�r�o�d�u�c�t�i�o�n�.� �T�o� �o�u�r� �k�n�o�w�l�e�d�g�e�,� �t�h�i�s� �i�s� �t�h�e� �f�i�r�s�t� 
�d�e�m�o�n�s�t�r�a�t�i�o�n� �o�f� �t�h�e� �i�n�t�r�i�n�s�i�c� �p�h�o�t�o�s�e�n�s�i�t�i�v�i�t�y� �o�f� �d�e�e�p� �b�r�a�i�n� 
�C�S�F�-�c�o�n�t�a�c�t�i�n�g� �n�e�u�r�o�n�s�.

II.  Involvement of tissue-specific post-
translational modification in seasonal time 
measurement

�T�S+� �i�s� �a� �g�l�y�c�o�p�r�o�t�e�i�n� �s�e�c�r�e�t�e�d� �f�r�o�m� �t�h�e� �p�i�t�u�i�t�a�r�y� �g�l�a�n�d�.� 
�P�a�r�s� �d�i�s�t�a�l�i�s�-�d�e�r�i�v�e�d� �T�S+� �s�t�i�m�u�l�a�t�e�s� �t�h�e� �t�h�y�r�o�i�d� �g�l�a�n�d� �t�o� 
�p�r�o�d�u�c�e� �t�h�y�r�o�i�d� �h�o�r�m�o�n�e�s�,� �w�h�e�r�e�a�s� �p�a�r�s� �t�u�b�e�r�a�l�i�s�-�d�e�r�i�v�e�d� 
�T�S+� �a�c�t�s� �o�n� �t�h�e� �h�y�p�o�t�h�a�l�a�m�u�s� �t�o� �r�e�g�u�l�a�t�e� �s�e�a�s�o�n�a�l� 
�p�h�y�s�i�o�l�o�g�y� �a�n�d� �b�e�h�a�v�i�o�r� �a�s� �a� �s�p�r�i�n�g�t�i�m�e� �h�o�r�m�o�n�e�.� +�o�w�e�v�e�r�,� 
�i�t� �h�a�d� �n�o�t� �b�e�e�n� �c�l�e�a�r� �h�o�w� �t�h�e�s�e� �t�w�o� �T�S+�s� �a�v�o�i�d� �f�u�n�c�t�i�o�n�a�l� 
�c�r�o�s�s�t�a�l�k�.� �W�e� �f�o�u�n�d� �t�h�a�t� �t�h�i�s� �r�e�g�u�l�a�t�i�o�n� �i�s� �m�e�d�i�a�t�e�d� �b�y� �t�i�s�s�u�e�-
�s�p�e�c�i�f�i�c� �g�l�y�c�o�s�y�l�a�t�i�o�n�.� �A�l�t�h�o�u�g�h� �p�a�r�s� �t�u�b�e�r�a�l�i�s�-�d�e�r�i�v�e�d� �T�S+� 
�w�a�s� �r�e�l�e�a�s�e�d� �i�n�t�o� � �c�i�r�c�u�l�a�t�i�o�n�,� �i�t� �d�i�d� �n�o�t� �s�t�i�m�u�l�a�t�e� �t�h�e� �t�h�y�r�o�i�d� 
�g�l�a�n�d�.� �T�h�e� �p�a�r�s� �d�i�s�t�a�l�i�s�-�d�e�r�i�v�e�d� �T�S+� �i�s� �k�n�o�w�n� �t�o� �h�a�v�e� 
�s�u�l�f�a�t�e�d� �b�i�-�a�n�t�e�n�n�a�r�y� N�-�g�l�y�c�a�n�s�,� �a�n�d� �s�u�l�f�a�t�e�d� �T�S+� �i�s� �r�a�p�i�d�l�y� 
�m�e�t�a�b�o�l�i�z�e�d� �i�n� �t�h�e� �l�i�v�e�r�.� �B�y� �c�o�n�t�r�a�s�t�,� �p�a�r�s� �t�u�b�e�r�a�l�i�s�-�d�e�r�i�v�e�d� 
�T�S+� �h�a�d� �s�i�a�l�y�l�a�t�e�d� �m�u�l�t�i�-�b�r�a�n�c�h�e�d� N�-�g�l�y�c�a�n�s�� �i�n� � 
�c�i�r�c�u�l�a�t�i�o�n�,� �i�t� �f�o�r�m�e�d� �t�h�e� �m�a�c�r�o�-�T�S+� �c�o�m�p�l�e�x� �w�i�t�h� 
�i�m�m�u�n�o�g�l�o�b�u�l�i�n� �o�r� �a�l�b�u�m�i�n�,� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �l�o�s�s� �o�f� �i�t�s� 
�b�i�o�a�c�t�i�v�i�t�y�.� �G�l�y�c�o�s�y�l�a�t�i�o�n� �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�l�o�g�i�c�a�l� �p�r�o�c�e�s�s�e�s�.� +�o�w�e�v�e�r�,� �t�h�i�s� �i�s� �t�h�e� �f�i�r�s�t� �d�e�m�o�n�s�t�r�a�t�i�o�n� 
�o�f� �i�t�s� �i�n�v�o�l�v�e�m�e�n�t� �i�n� �p�r�e�v�e�n�t�i�n�g� �f�u�n�c�t�i�o�n�a�l� �c�r�o�s�s�t�a�l�k� �o�f� 
�s�i�g�n�a�l�i�n�g� �m�o�l�e�c�u�l�e�s� �i�n� �t�h�e� �b�o�d�y�.

�F�i�g�u�r�e� �1�.� �(�A�)� �S�c�h�e�m�a�t�i�c� �d�r�a�w�i�n�g� �o�f� �t�h�e� �q�u�a�i�l� �m�e�d�i�o�b�a�s�a�l� �h�y�p�o�t�h�a�l�a�m�u�s�.� 
�P9�O�� �p�a�r�a�v�e�n�t�r�i�c�u�l�a�r� �o�r�g�a�n�� �P�T�� �p�a�r�s� �t�u�b�e�r�a�l�i�s� �o�f� �t�h�e� �p�i�t�u�i�t�a�r�y� �g�l�a�n�d�� �9�� 
�t�h�i�r�d� �v�e�n�t�r�i�c�l�e�� �O�T�� �o�p�t�i�c� �t�r�a�c�t�.� �(�B�)� �O�P�N�5�-�p�o�s�i�t�i�v�e� �C�S�F�-�c�o�n�t�a�c�t�i�n�g� 
�n�e�u�r�o�n�s� �i�n� �t�h�e� �P9�O�.� �(�C�)� �S�c�h�e�m�a�t�i�c� �d�r�a�w�i�n�g� �o�f� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �O�P�N�5�-
�p�o�s�i�t�i�v�e� �C�S�F�-�c�o�n�t�a�c�t�i�n�g� �n�e�u�r�o�n�s� �i�n� �t�h�e� �p�a�n�e�l� �(�B�)�.

�F�i�g�u�r�e� �2�.� �M�e�d�a�k�a� �p�o�p�u�l�a�t�i�o�n�s� �c�o�l�l�e�c�t�e�d� �a�n�d� �u�s�e�d� �i�n� �o�u�r� �s�t�u�d�y�.
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III.  Genome-wide association study of seasonal 
time measurement

�I�t� �i�s� �w�e�l�l� �e�s�t�a�b�l�i�s�h�e�d� �t�h�a�t� �t�h�e� �c�i�r�c�a�d�i�a�n� �c�l�o�c�k� �i�s� �s�o�m�e�h�o�w� 
�i�n�v�o�l�v�e�d� �i�n� �s�e�a�s�o�n�a�l� �t�i�m�e� �m�e�a�s�u�r�e�m�e�n�t�.� +�o�w�e�v�e�r�,� �i�t� �r�e�m�a�i�n�s� 
�u�n�k�n�o�w�n� �h�o�w� �t�h�e� �c�i�r�c�a�d�i�a�n� �c�l�o�c�k� �m�e�a�s�u�r�e�s� �d�a�y� �l�e�n�g�t�h�.� 
�A�d�d�i�t�i�o�n�a�l�l�y�,� �i�t� �i�s� �n�o�t� �k�n�o�w�n� �h�o�w� �a�n�i�m�a�l�s� �a�d�a�p�t� �t�o� �s�e�a�s�o�n�a�l� 
�c�h�a�n�g�e�s� �i�n� �t�e�m�p�e�r�a�t�u�r�e�.� �I�t� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�h�a�t� �m�e�d�a�k�a� 
�p�o�p�u�l�a�t�i�o�n�s� �t�h�a�t� �w�e�r�e� �c�a�u�g�h�t� �a�t� �h�i�g�h�e�r� �l�a�t�i�t�u�d�e�s� �h�a�v�e� �m�o�r�e� 
�s�o�p�h�i�s�t�i�c�a�t�e�d� �r�e�s�p�o�n�s�e�s� �t�o� �d�a�y� �l�e�n�g�t�h� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�.� �F�o�r� 
�e�x�a�m�p�l�e�,� �m�e�d�a�k�a� �f�i�s�h� �c�a�u�g�h�t� �i�n� +�o�k�k�a�i�d�o� �h�a�v�e� �a� �c�r�i�t�i�c�a�l� �d�a�y� 
�l�e�n�g�t�h� �(�i�.�e�.�,� �d�u�r�a�t�i�o�n� �o�f� �l�i�g�h�t� �p�e�r�i�o�d� �r�e�q�u�i�r�e�d� �t�o� �c�a�u�s�e� �a� 
�r�e�s�p�o�n�s�e�)� �o�f� �1�� �h�,� �w�h�i�l�e� �t�h�o�s�e� �c�a�u�g�h�t� �i�n� �O�k�i�n�a�w�a� �h�a�v�e� �a�n� 
�1�1�.�5� �h� �c�r�i�t�i�c�a�l� �d�a�y� �l�e�n�g�t�h�.� �T�o� �u�n�c�o�v�e�r� �t�h�e� �u�n�d�e�r�l�y�i�n�g� 
�m�e�c�h�a�n�i�s�m� �o�f� �s�e�a�s�o�n�a�l� �t�i�m�e� �m�e�a�s�u�r�e�m�e�n�t�,� �w�e� �a�r�e� �p�l�a�n�n�i�n�g� 
�t�o� �p�e�r�f�o�r�m� �a� �g�e�n�o�m�e�-�w�i�d�e� �a�s�s�o�c�i�a�t�i�o�n� �s�t�u�d�y� �i�n� �m�e�d�a�k�a� 
�p�o�p�u�l�a�t�i�o�n�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �v�a�r�i�o�u�s� �l�a�t�i�t�u�d�e�s� �a�l�l� �o�v�e�r� �J�a�p�a�n�.

3-1  Variation in seasonal responses with latitude in 
medaka fish

�T�o� �p�e�r�f�o�r�m� �a� �g�e�n�o�m�e�-�w�i�d�e� �a�s�s�o�c�i�a�t�i�o�n� �s�t�u�d�y�,� �w�e� �h�a�v�e� 
�c�o�l�l�e�c�t�e�d� �t�h�o�u�s�a�n�d�s� �o�f� �m�e�d�a�k�a� �f�i�s�h� �f�r�o�m� �a�l�l� �o�v�e�r� �J�a�p�a�n� 
�(�F�i�g�u�r�e� �2�)�.� �W�e� �h�a�v�e� �e�x�a�m�i�n�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �c�h�a�n�g�i�n�g� �d�a�y� 
�l�e�n�g�t�h� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �c�r�i�t�i�c�a�l� �d�a�y� �l�e�n�g�t�h�s� 
�a�n�d� �c�r�i�t�i�c�a�l� �t�e�m�p�e�r�a�t�u�r�e�s� �t�h�a�t� �w�i�l�l� �c�a�u�s�e� �s�e�a�s�o�n�a�l� �r�e�s�p�o�n�s�e�s� 
�i�n� �t�h�e� �g�o�n�a�d� �a�n�d� �w�e� �f�o�u�n�d� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �c�r�i�t�i�c�a�l� �d�a�y� �l�e�n�g�t�h� 
�b�e�t�w�e�e�n� �m�e�d�a�k�a� �f�r�o�m� �h�i�g�h�e�r� �l�a�t�i�t�u�d�e�s� �a�n�d� �l�o�w�e�r� �l�a�t�i�t�u�d�e�s� 
�(�F�i�g�u�r�e� ��)�.

IV.  Transcriptome analysis of seasonality in 
medaka fish

+�o�m�e�o�t�h�e�r�m�s� �s�u�c�h� �a�s� �b�i�r�d�s� �a�n�d� �m�a�m�m�a�l�s� �d�o� �n�o�t� �s�h�o�w� 
�c�l�e�a�r� �s�e�a�s�o�n�a�l� �r�e�s�p�o�n�s�e�s� �t�o� �c�h�a�n�g�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�.� �I�n� 
�c�o�n�t�r�a�s�t�,� �p�o�i�k�i�l�o�t�h�e�r�m�a�l� �a�n�i�m�a�l�s� �a�l�s�o� �u�s�e� �c�h�a�n�g�i�n�g� 
�t�e�m�p�e�r�a�t�u�r�e� �a�s� �a� �c�a�l�e�n�d�a�r�.� �M�e�d�a�k�a� �p�r�o�v�i�d�e�s� �a�n� �e�x�c�e�l�l�e�n�t� 
�m�o�d�e�l� �t�o� �u�n�c�o�v�e�r� �t�h�i�s� �m�e�c�h�a�n�i�s�m�.� �T�o� �e�l�u�c�i�d�a�t�e� �t�h�e� �s�i�g�n�a�l� 
�t�r�a�n�s�d�u�c�t�i�o�n� �p�a�t�h�w�a�y� �r�e�g�u�l�a�t�i�n�g� �s�e�a�s�o�n�a�l� �r�e�p�r�o�d�u�c�t�i�o�n� �i�n� 
�m�e�d�a�k�a� �f�i�s�h�,� �w�e� �h�a�v�e� �e�x�a�m�i�n�e�d� �t�r�a�n�s�c�r�i�p�t�o�m�e� �a�n�a�l�y�s�i�s�.� �W�e� 
�i�d�e�n�t�i�f�i�e�d� �h�u�n�d�r�e�d�s� �o�f� �g�e�n�e�s� �t�h�a�t� �r�e�s�p�o�n�d� �t�o� �d�a�y� �l�e�n�g�t�h� �a�n�d� 
�t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s�.
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