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1 Overview 

1.1 �&�X�U�U�H�Q�W���V�W�D�W�X�V���R�I���P�D�U�L�Q�H���J�H�Q�R�P�L�F�V 

�7�K�H���R�F�H�D�Q�����F�R�P�S�U�L�V�L�Q�J���W�K�H���P�D�M�R�U�L�W�\���R�I���R�X�U���S�O�D�Q�H�W�¶�V���K�\�G�U�R�V�S�K�H�U�H�����L�V���W�K�H���F�U�D�G�O�H���R�I���O�L�I�H����

�$�I�W�H�U���H�Y�R�O�Y�L�Q�J���I�R�U���E�L�O�O�L�R�Q�V���R�I���\�H�D�U�V�����P�R�U�H���W�K�D�Q���W�Z�R���P�L�O�O�L�R�Q���V�S�H�F�L�H�V���L�Q�K�D�E�L�W���W�K�H���R�F�H�D�Q�����R�I��

�Z�K�L�F�K�� �R�Q�O�\�� ���������������� �V�S�H�F�L�H�V���D�U�H���G�R�F�X�P�H�Q�W�H�G���� �7�K�H�� �K�L�J�K�� �E�L�R�G�L�Y�H�U�V�L�W�\�� �L�Q�� �W�K�H�� �R�F�H�D�Q��

�S�U�R�Y�L�G�H�V���X�Q�S�U�H�F�H�G�H�Q�W�H�G���R�S�S�R�U�W�X�Q�L�W�\���W�R���H�[�S�O�R�U�H���Y�D�U�L�R�X�V���V�F�L�H�Q�W�L�I�L�F���T�X�H�V�W�L�R�Q�V�����L�Q�F�O�X�G�L�Q�J��

�W�K�H�� �R�U�L�J�L�Q�� �D�Q�G�� �H�Y�R�O�X�W�L�R�Q�� �R�I�� �O�L�I�H���� �D�G�D�S�W�D�W�L�R�Q�� �W�R�� �G�L�I�I�H�U�H�Q�W�� �H�Q�Y�L�U�R�Q�P�H�Q�W�V���� �F�K�H�P�R�����D�Q�G��

�S�K�R�W�R�V�\�Q�W�K�H�V�L�V�����H�F�R�O�R�J�\�����H�W�F�����0�D�U�L�Q�H���O�L�I�H���F�D�Q���D�O�V�R���V�H�U�Y�H���D�V���D���F�U�X�F�L�D�O���I�R�R�G���U�H�V�R�X�U�F�H���I�R�U��

�W�K�H���I�X�W�X�U�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���K�X�P�D�Q���V�R�F�L�H�W�\�����S�U�R�Y�L�G�L�Q�J���V�X�V�W�D�L�Q�D�E�O�H���S�U�R�W�H�L�Q�����S�H�S�W�L�G�H�V���D�Q�G��

�P�H�W�D�E�R�O�L�W�H�V���� �'�H�V�S�L�W�H�� �W�K�H�� �L�P�S�R�U�W�D�Q�F�H�� �D�Q�G�� �S�R�W�H�Q�W�L�D�O�� �R�I���P�D�U�L�Q�H���O�L�I�H�� �H�[�S�O�R�U�D�W�L�R�Q�� �D�Q�G��

�U�H�V�H�D�U�F�K���� �F�X�U�U�H�Q�W�� �E�L�R�O�R�J�L�F�D�O�� �U�H�V�H�D�U�F�K���L�V���U�H�O�D�W�L�Y�H�O�\�� �O�L�P�L�W�H�G���� �H�V�S�H�F�L�D�O�O�\�� �F�R�P�S�D�U�H�G���W�R��

�H�[�S�O�R�U�D�W�L�R�Q���R�I���R�F�H�D�Q���U�H�V�R�X�U�F�H�V�����W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���P�D�U�L�Q�H���H�T�X�L�S�P�H�Q�W�����D�Q�G���E�L�R�O�R�J�L�F�D�O��

�U�H�V�H�D�U�F�K���R�I���O�D�Q�G���S�O�D�Q�W�V���D�Q�G���D�Q�L�P�D�O�V�����I�R�U���H�[�D�P�S�O�H�����K�X�P�D�Q�V�������R�X�U�V�H�O�Y�H�V�������7�K�D�Q�N�V���W�R���W�K�H��

�G�H�Y�H�O�R�S�P�H�Q�W���R�I���E�L�R�W�H�F�K�Q�R�O�R�J�\�����U�H�V�H�D�U�F�K���L�Q���P�D�U�L�Q�H���E�L�R�O�R�J�\���K�D�V���P�D�G�H���J�U�H�D�W���S�U�R�J�U�H�V�V���L�Q��

�W�K�H���S�D�V�W���G�H�F�D�G�H�����H�V�S�H�F�L�D�O�O�\���Z�L�W�K���W�K�H���U�H�F�H�Q�W���G�H�Y�H�O�R�S�P�H�Q�W�V���L�Q���V�H�T�X�H�Q�F�L�Q�J���W�H�F�K�Q�R�O�R�J�\���D�Q�G��

�J�H�Q�R�P�L�F�V�����(�Y�H�Q���P�D�U�L�Q�H���O�L�I�H���Z�L�W�K�R�X�W���D���F�O�H�D�U���H�Y�R�O�X�W�L�R�Q�D�U�\���E�D�F�N�J�U�R�X�Q�G���F�D�Q���E�H���V�W�X�G�L�H�G���L�Q��

�P�R�U�H���H�I�I�L�F�L�H�Q�W�O�\�����6�X�E�V�H�T�X�H�Q�W�O�\�����P�D�U�L�Q�H���J�H�Q�R�P�L�F�V�����Z�K�L�F�K���X�V�H�V���F�X�W�W�L�Q�J���H�G�J�H���V�H�T�X�H�Q�F�L�Q�J��

�W�H�F�K�Q�R�O�R�J�L�H�V���W�R���S�U�R�G�X�F�H���J�H�Q�R�P�L�F���G�D�W�D���V�X�S�S�R�U�W�H�G���E�\���E�L�R�L�Q�I�R�U�P�D�W�L�F�V���D�Q�D�O�\�V�L�V���R�I���W�K�H���G�D�W�D����

�K�D�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���I�D�F�L�O�L�W�D�W�H�G���L�P�S�U�R�Y�H�P�H�Q�W�V���L�Q���P�D�U�L�Q�H���E�L�R�O�R�J�\���D�Q�G���L�Q�G�X�V�W�U�L�D�O���D�S�S�O�L�F�D�W�L�R�Q�V��

�L�Q���U�H�F�H�Q�W���\�H�D�U�V�����)�L�J���������������� 

�6�X�E�V�H�T�X�H�Q�W���W�R���W�K�H���S�X�E�O�L�F�D�W�L�R�Q���R�I���W�K�H���I�L�U�V�W���I�L�V�K���J�H�Q�R�P�H�����)�X�J�X���U�X�E�U�L�S�H�V�����L�Q���������������V�H�H���D��

�O�L�V�W���R�I���I�L�U�V�W���J�H�Q�R�P�H�V���I�U�R�P���G�L�I�I�H�U�H�Q�W���F�O�D�G�H�V���R�I���P�D�U�L�Q�H���V�S�H�F�L�H�V���L�Q���7�D�E�O�H�����������������������P�D�U�L�Q�H��

�V�S�H�F�L�H�V���Q�R�Z���K�D�Y�H���D���S�X�E�O�L�V�K�H�G���U�H�I�H�U�H�Q�F�H���J�H�Q�R�P�H�����D�Q�G���P�R�U�H���W�K�D�Q�����������7�E���R�I���V�H�T�X�H�Q�F�H�G��

�G�D�W�D�����L�Q�F�O�X�G�L�Q�J�����������7�E���P�H�W�D�J�H�Q�R�P�L�F�V���G�D�W�D�����D�U�H���S�X�E�O�L�F�O�\���D�Y�D�L�O�D�E�O�H�����'�H�V�S�L�W�H���W�K�H���S�U�R�J�U�H�V�V��

�R�I���P�D�U�L�Q�H���J�H�Q�R�P�L�F�V���� �W�K�H�U�H�� �D�U�H�� �V�W�L�O�O�� �F�K�D�O�O�H�Q�J�H�V�� �D�K�H�D�G�����7�K�H�V�H�� �L�Q�F�O�X�G�H���G�L�V�F�U�H�S�D�Q�F�L�H�V���L�Q��

�G�D�W�D���G�L�V�W�U�L�E�X�W�L�R�Q���G�X�H���W�R���E�L�D�V�H�G���V�D�P�S�O�L�Q�J�����G�L�I�I�L�F�X�O�W�L�H�V���L�Q���V�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q���D�Q�G���J�H�Q�R�P�H��

�F�R�P�S�O�H�[�L�W�\�����+�R�Z�H�Y�H�U���� �U�H�F�H�Q�W�� �G�H�Y�H�O�R�S�P�H�Q�W�V���L�Q�� �V�H�T�X�H�Q�F�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\���K�D�Y�H���Y�D�V�W�O�\��
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�D�F�F�H�O�H�U�D�W�H�G���G�D�W�D���J�H�Q�H�U�D�W�L�R�Q���D�Q�G���H�[�W�H�Q�G�H�G���U�H�D�G���O�H�Q�J�W�K�V�����Z�K�L�O�H���V�L�P�X�O�W�D�Q�H�R�X�V�O�\���U�H�G�X�F�L�Q�J��

�F�R�V�W�V�����W�K�X�V�� �F�U�H�D�W�L�Q�J���R�S�S�R�U�W�X�Q�L�W�L�H�V���I�R�U���I�X�W�X�U�H�� �U�H�V�H�D�U�F�K���L�Q�W�R���P�D�U�L�Q�H���V�S�H�F�L�H�V�� �Z�L�W�K�R�X�W��

�U�H�I�H�U�H�Q�F�H���J�H�Q�R�P�H�V���D�V�� �Z�H�O�O�� �D�V���S�R�S�X�O�D�W�L�R�Q�V���Z�L�W�K�� �U�H�I�H�U�H�Q�F�H�� �J�H�Q�R�P�H�V���� �P�D�N�L�Q�J���P�D�U�L�Q�H��

�J�H�Q�R�P�L�F�V���P�R�U�H�� �V�F�L�H�Q�W�L�I�L�F�D�O�O�\�� �U�L�J�R�U�R�X�V�� �D�Q�G�� �D�S�S�O�L�F�D�E�O�H�� �W�R���F�R�Q�V�H�U�Y�D�W�L�R�Q�� �D�Q�G�� �L�Q�G�X�V�W�U�L�D�O��

�D�S�S�O�L�F�D�W�L�R�Q�V�� 

 

�)�L�J�������������3�X�E�O�L�F�D�W�L�R�Q�V���G�H�V�F�U�L�E�L�Q�J���P�D�U�L�Q�H���V�S�H�F�L�H�V���L�Q�F�U�H�D�V�H�G���D�I�W�H�U���S�X�E�O�L�F�D�W�L�R�Q���R�I��

�U�H�I�H�U�H�Q�F�H���J�H�Q�R�P�H�V�� 

 

�7�D�E�O�H�����������5�H�S�U�H�V�H�Q�W�D�W�L�Y�H�� �S�X�E�O�L�F�D�W�L�R�Q�� �R�I�� �W�K�H�� �I�L�U�V�W���P�D�U�L�Q�H���U�H�I�H�U�H�Q�F�H�� �J�H�Q�R�P�H�V���L�Q��

�G�L�I�I�H�U�H�Q�W���U�H�V�H�D�U�F�K���D�U�H�D�V�� 

�7�L�W�O�H �5�H�V�H�D�U

�F�K��

�D�U�H�D 

�0�L�O�H�V�W�R�Q�H �-�R�X�U�Q�D�O��

�	���7�L�P�H 

�7�K�H���J�H�Q�R�P�H���R�I���W�K�H���V�H�D�J�U�D�V�V���=�R�V�W�H�U�D��

�P�D�U�L�Q�D���U�H�Y�H�D�O�V���D�Q�J�L�R�V�S�H�U�P���D�G�D�S�W�D�W�L�R�Q��

�W�R���W�K�H���V�H�D 

�0�D�U�L�Q�H��

�I�O�R�Z�H�U�L

�Q�J��

�S�O�D�Q�W 

�7�K�H���I�L�U�V�W���S�X�E�O�L�V�K�H�G���P�D�U�L�Q�H��

�I�O�R�Z�H�U�L�Q�J���S�O�D�Q�W���J�H�Q�R�P�H�� 

�1�D�W�X�U�H����

�������� 

�*�H�Q�R�P�H �V�H�T�X�H�Q�F�H �R�I�� �$�O�J�D�H �7�K�H���I�L�U�V�W���S�X�E�O�L�V�K�H�G���F�R�P�S�O�H�W�H���1�D�W�X�U�H����
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�W�K�H �X�O�W�U�D�V�P�D�O�O �X�Q�L�F�H�O�O�X�O�D�U �U�H�G �D�O�J�D �&�\�D�Q

�L�G�L�R�V�F�K�\�]�R�Q���P�H�U�R�O�D�H�������' 

�D�O�J�D�O���J�H�Q�R�P�H�� �������� 

�&�R�P�S�D�U�D�W�L�Y�H���J�H�Q�R�P�L�F�V���U�H�Y�H�D�O�V���L�Q�V�L�J�K�W�V��

�L�Q�W�R���D�Y�L�D�Q���J�H�Q�R�P�H���H�Y�R�O�X�W�L�R�Q���D�Q�G��

�D�G�D�S�W�D�W�L�R�Q 

�0�D�U�L�Q�H��

�Y�H�U�W�H�E�U

�D�W�H 

�7�Z�H�O�Y�H���0�D�U�L�Q�H���E�L�G�V���S�X�E�O�L�V�K�H�G��

�L�Q���W�K�H���V�S�H�F�L�D�O���L�V�V�X�H���R�I���E�L�U�G��

�J�H�Q�R�P�H���S�D�S�H�U�� 

�6�F�L�H�Q�F�H����

�������� 

�6�W�U�X�F�W�X�U�H���D�Q�G���I�X�Q�F�W�L�R�Q���R�I���W�K�H���J�O�R�E�D�O��

�R�F�H�D�Q���P�L�F�U�R�E�L�R�P�H 

�0�D�U�L�Q�H��

�P�L�F�U�R�E

�H 

�7�K�H���I�L�U�V�W���F�R�P�S�U�H�K�H�Q�V�L�Y�H���P�H�W�D��

�J�H�Q�R�P�H���U�H�I�H�U�H�Q�F�H���R�I���P�D�U�L�Q�H��

�H�Q�Y�L�U�R�Q�P�H�Q�W���X�V�L�Q�J���1�*�6��

�W�H�F�K�Q�R�O�R�J�\�� 

�6�F�L�H�Q�F�H����

�������� 

�7�K�H �R�\�V�W�H�U �J�H�Q�R�P�H �U�H�Y�H�D�O�V �V�W�U�H�V�V �D�G�D�S�W

�D�W�L�R�Q �D�Q�G �F�R�P�S�O�H�[�L�W�\ �R�I �V�K�H�O�O �I�R�U�P�D�W�L�R�Q 

�0�D�U�L�Q�H��

�L�Q�Y�H�U�W�H

�E�U�D�W�H 

�7�K�H���I�L�U�V�W���S�X�E�O�L�V�K�H�G���K�L�J�K���T�X�D�O�L�W�\��

�P�R�O�O�X�V�N���J�H�Q�R�P�H���X�V�L�Q�J���1�*�6��

�W�H�F�K�Q�R�O�R�J�\�� 

�1�D�W�X�U�H����

�������� 

�7�K�H���'�U�D�I�W���*�H�Q�R�P�H���R�I���&�L�R�Q�D��

�L�Q�W�H�V�W�L�Q�D�O�L�V�����,�Q�V�L�J�K�W�V���L�Q�W�R���&�K�R�U�G�D�W�H���D�Q�G��

�9�H�U�W�H�E�U�D�W�H���2�U�L�J�L�Q�V 

�0�D�U�L�Q�H��

�L�Q�Y�H�U�W�H

�E�U�D�W�H 

�7�K�H���I�L�U�V�W���S�X�E�O�L�V�K�H�G���L�Q�Y�H�U�W�H�E�U�D�W�H��

�J�H�Q�R�P�H���� 

�6�F�L�H�Q�F�H����

�������� 

�7�K�H���J�H�Q�R�P�H���V�H�T�X�H�Q�F�H���R�I���$�W�O�D�Q�W�L�F���F�R�G��

�U�H�Y�H�D�O�V���D���X�Q�L�T�X�H���L�P�P�X�Q�H���V�\�V�W�H�P 

�)�L�V�K �7�K�H���I�L�U�V�W���S�X�E�O�L�V�K�H�G���I�L�V�K���J�H�Q�R�P�H��

�X�V�L�Q�J���1�*�6���W�H�F�K�Q�R�O�R�J�\�� 

�1�D�W�X�U�H����

�������� 

�:�K�R�O�H���*�H�Q�R�P�H���6�K�R�W�J�X�Q���$�V�V�H�P�E�O�\���D�Q�G��

�$�Q�D�O�\�V�L�V���R�I���W�K�H���*�H�Q�R�P�H���R�I���)�X�J�X��

�U�X�E�U�L�S�H�V 

�)�L�V�K �7�K�H���I�L�U�V�W���S�X�E�O�L�V�K�H�G���I�L�V�K��

�J�H�Q�R�P�H�� 

�6�F�L�H�Q�F�H����

�������� 

�*�U�R�Z�W�K���H�Q�K�D�Q�F�H�P�H�Q�W���L�Q���W�U�D�Q�V�J�H�Q�L�F��

�$�W�O�D�Q�W�L�F���V�D�O�P�R�Q���E�\���W�K�H���X�V�H���R�I���D�Q�����D�O�O��

�I�L�V�K�����F�K�L�P�H�U�L�F���J�U�R�Z�W�K���K�R�U�P�R�Q�H���J�H�Q�H��

�F�R�Q�V�W�U�X�F�W�� 

�*�H�Q�H�W�L�F��

�H�Q�J�L�Q�H�H

�U�L�Q�J 

�7�K�H���I�L�U�V�W���J�H�Q�H�W�L�F�D�O�O�\���H�Q�J�L�Q�H�H�U�H�G��

�F�R�P�P�H�U�F�L�D�O���I�L�V�K���W�R���H�Q�W�H�U���W�K�H��

�P�D�U�N�H�W�� 

�1�D�W��

�%�L�R�W�H�F�K

�Q�R�O�R�J�\����

�������� 

�*�H�Q�R�P�H���G�L�Y�H�U�J�H�Q�F�H���L�Q���W�Z�R��

�3�U�R�F�K�O�R�U�R�F�R�F�F�X�V���H�F�R�W�\�S�H�V���U�H�I�O�H�F�W�V��

�R�F�H�D�Q�L�F���Q�L�F�K�H���G�L�I�I�H�U�H�Q�W�L�D�W�L�R�Q 

�0�D�U�L�Q�H��

�P�L�F�U�R�E

�H 

�7�K�H���I�L�U�V�W���R�F�H�D�Q���E�D�F�W�H�U�L�D��

�V�H�T�X�H�Q�F�H�G���� 

�1�D�W�X�U�H����

�������� 

1.2 �6�X�P�P�D�U�\���R�I���P�D�U�L�Q�H���R�U�J�D�Q�L�V�P���J�H�Q�R�P�H�V 

�:�H���V�X�P�P�D�U�L�]�H�G���W�K�H���E�D�V�L�F���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���S�X�E�O�L�V�K�H�G���J�H�Q�R�P�H�V���R�I���P�D�U�L�Q�H���H�X�N�D�U�\�R�W�L�F��

�R�U�J�D�Q�L�V�P�V���L�Q�F�O�X�G�L�Q�J�� �D�V�V�H�P�E�O�H�G�� �J�H�Q�R�P�H�� �V�L�]�H�����*�&�� �F�R�Q�W�H�Q�W�� �U�D�W�L�R�����F�R�Q�W�L�J�� �1���������V�F�D�I�I�R�O�G��

�1�������� �D�Q�G�� �%�8�6�&�2�������R�Q�H�� �R�I�� �L�P�S�R�U�W�D�Q�W���L�Q�G�L�F�D�W�R�U�V�� �I�R�U�� �D�V�V�H�V�V�L�Q�J�� �J�H�Q�R�P�H�� �L�Q�W�H�J�U�L�W�\�� ���)�L�J����

������������ 

������ �*�H�Q�R�P�H�� �V�L�]�H�����)�L�V�K�� �D�Q�G�� �I�X�Q�J�L�� �J�H�Q�R�P�H�V�� ���W�K�H�� �P�D�M�R�U�L�W�\�� �R�I�� �Z�K�L�F�K�� �D�U�H�� ���������������0�� �D�Q�G��

�a�����0�������0�E���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �K�D�Y�H�� �W�K�H�� �P�R�V�W���F�R�Q�V�L�V�W�H�Q�W���J�H�Q�R�P�H�� �V�L�]�H�V���Z�K�L�O�H�� �W�H�W�U�D�S�R�G��

�J�H�Q�R�P�H�� �V�L�]�H�V�� �F�D�Q�� �E�H�� �F�O�X�V�W�H�U�H�G���L�Q�W�R���W�Z�R�� �J�U�R�X�S�V���� �a�������*�E�� �I�R�U�� �V�H�D�E�L�U�G�V�� �D�Q�G�� �a�������*�E�� �I�R�U��

�P�D�P�P�D�O�V���� �5�H�O�D�W�L�Y�H�O�\�� �V�S�H�D�N�L�Q�J���� �D�O�J�D�H�� �D�Q�G�� �L�Q�Y�H�U�W�H�E�U�D�W�H�V�� �F�R�Q�W�D�L�Q�� �P�R�U�H�� �V�S�H�F�L�H�V���� �P�R�U�H��
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�F�R�P�S�O�H�[���J�H�Q�R�P�H�V�����D�Q�G���W�K�H�L�U���J�H�Q�R�P�H���V�L�]�H�V���D�O�V�R���Y�D�U�\���P�R�U�H���W�K�D�Q���R�W�K�H�U���F�O�D�V�V�L�I�L�F�D�W�L�R�Q�V���� 

�������*�&���F�R�Q�W�H�Q�W���U�D�W�L�R�����*�&���F�R�Q�W�H�Q�W���G�L�I�I�H�U�V���D�P�R�Q�J�V�W���W�K�H���I�L�Y�H���F�O�D�G�H�V�����$�O�J�D�H���J�H�Q�R�P�H�V���K�D�Y�H��

�W�K�H�� �K�L�J�K�H�V�W�� �*�&�� �U�D�W�L�R�� ���a������������������ �Z�K�L�O�H�� �L�Q�Y�H�U�W�H�E�U�D�W�H�V�� �K�D�Y�H�� �W�K�H�� �O�R�Z�H�V�W�� ���a������������������

�7�H�W�U�D�S�R�G���J�H�Q�R�P�H�V���H�[�K�L�E�L�W���W�K�H���P�R�V�W���F�R�Q�V�L�V�W�H�Q�W���*�&���F�R�Q�W�H�Q�W�����a���������� 

�������&�R�Q�W�L�J���1���������)�X�Q�J�D�O���J�H�Q�R�P�H�V���K�D�Y�H���D���Q�R�W�D�E�O�\���K�L�J�K�H�U���F�R�Q�W�L�J���1�������Y�D�O�X�H�����a�������������.�E����

�W�K�D�Q���R�W�K�H�U���F�O�D�G�H�V�����I�L�V�K�����W�H�W�U�D�S�R�G���D�Q�G���D�O�J�D�H���J�H�Q�R�P�H�V���D�U�H���V�L�P�L�O�D�U�����,�Q���F�R�Q�W�U�D�V�W�����L�Q�Y�H�U�W�H�E�U�D�W�H��

�J�H�Q�R�P�H�V���J�H�Q�H�U�D�O�O�\���H�[�K�L�E�L�W���D���V�P�D�O�O�H�U���F�R�Q�W�L�J���1�������Y�D�O�X�H�����P�R�V�W���O�H�V�V���W�K�D�Q�������.�E������ 

�������6�F�D�I�I�R�O�G���1���������7�H�W�U�D�S�R�G�V���H�[�K�L�E�L�W���W�K�H���K�L�J�K�H�V�W���V�F�D�I�I�R�O�G���1�������Y�D�O�X�H�����U�H�D�F�K�L�Q�J���a�����0�E����

�I�R�O�O�R�Z�H�G���E�\���I�L�V�K���D�Q�G���I�X�Q�J�L�����D�Q�G���W�K�H�Q���E�\���D�O�J�D�H���D�Q�G���L�Q�Y�H�U�W�H�E�U�D�W�H�V�����P�R�V�W���O�H�V�V���W�K�D�Q�����0�E���� 

������ �%�8�6�&�2�����$�F�F�R�U�G�L�Q�J�� �W�R���W�K�L�V�� �F�U�L�W�H�U�L�R�Q���� �W�K�H�� �I�X�Q�J�D�O�� �J�H�Q�R�P�H�� �D�V�V�H�P�E�O�\�� �L�V�� �W�K�H�� �P�R�V�W��

�F�R�P�S�O�H�W�H�����Z�K�L�O�H���D�O�J�D�H�� �D�Q�G�� �L�Q�Y�H�U�W�H�E�U�D�W�H�� �J�H�Q�R�P�H�V���D�U�H���L�Q�I�H�U�L�R�U�����,�Q�� �V�X�P�P�D�U�\���� �W�H�W�U�D�S�R�G�V��

���P�D�L�Q�O�\�� �V�H�D�E�L�U�G�V���D�Q�G���P�D�P�P�D�O�V�����D�Q�G���I�X�Q�J�L���K�D�Y�H���D���K�L�J�K�H�U���T�X�D�O�L�W�\���D�V�V�H�P�E�O�H�G���J�H�Q�R�P�H�V��

�F�R�P�S�D�U�H�G���W�R���R�W�K�H�U���F�O�D�G�H�V�����O�L�N�H�O�\���E�H�F�D�X�V�H���R�I���W�K�H�L�U���U�H�O�D�W�L�Y�H�O�\���V�L�P�S�O�H���J�H�Q�R�P�H�V���H�Y�H�Q���W�K�R�X�J�K��

�V�R�P�H���R�I���W�K�H�V�H���J�H�Q�R�P�H�V���W�H�Q�G���W�R���E�H���T�X�L�W�H���O�D�U�J�H�����H���J�������P�D�P�P�D�O�L�D�Q���J�H�Q�R�P�H�V�������$�O�O���R�I���W�K�H��

�L�Q�G�L�F�D�W�R�U�V���I�R�U���I�L�V�K���D�U�H���U�H�O�D�W�L�Y�H�O�\���P�L�O�G�����U�H�I�O�H�F�W�L�Q�J���W�K�H���V�W�D�E�L�O�L�W�\���R�I���W�K�H���I�L�V�K���J�H�Q�R�P�H�V�����7�K�H��

�L�Q�Y�H�U�W�H�E�U�D�W�H���D�Q�G���D�O�J�D�H���J�H�Q�R�P�H�V���D�U�H���W�K�H���P�R�V�W���F�R�P�S�O�H�[�����D�Q�G���W�K�H�L�U���J�H�Q�R�P�L�F���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V��

�D�Q�G���D�V�V�H�P�E�O�\���T�X�D�O�L�W�\���D�U�H���T�X�L�W�H���G�L�I�I�H�U�H�Q�W���I�U�R�P���W�K�H���R�W�K�H�U���F�O�D�G�H�V�� 
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�)�L�J�������������6�X�P�P�D�U�\���R�I���S�X�E�O�L�V�K�H�G���P�D�U�L�Q�H���R�U�J�D�Q�L�V�P���J�H�Q�R�P�H���D�V�V�H�P�E�O�L�H�V�����&�R�P�S�D�U�L�V�R�Q�V��

�R�I���F�R�Q�W�L�J���1���������V�F�D�I�I�R�O�G���1���������W�R�W�D�O���O�H�Q�J�W�K�����*�&���F�R�Q�W�H�Q�W���D�Q�G���%�8�6�&�2���D�P�R�Q�J���D�O�J�D�H�����P�D�U�L�Q�H��

�W�H�W�U�D�S�R�G�����P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H�����I�L�V�K���D�Q�G���P�D�U�L�Q�H���I�X�Q�J�L�� 

1.3 �6�H�T�X�H�Q�F�L�Q�J���W�H�F�K�Q�R�O�R�J�\ 

�6�H�T�X�H�Q�F�L�Q�J���W�H�F�K�Q�R�O�R�J�\���L�V���L�Q�F�U�H�D�V�L�Q�J���W�K�H���S�D�F�H���R�I���J�H�Q�R�P�L�F���U�H�V�H�D�U�F�K�����$�I�W�H�U���W�K�H���L�Q�Y�H�Q�W�L�R�Q��

�R�I�� �W�K�H���$�%�,�� ���������V�H�T�X�H�Q�F�H�U���L�Q�������������� �J�H�Q�R�P�L�F�V�� �U�H�V�H�D�U�F�K���H�Q�W�H�U�H�G���D�� �Q�H�Z�� �H�U�D�� �R�I�� �K�L�J�K��

�W�K�U�R�X�J�K�S�X�W���V�H�T�X�H�Q�F�L�Q�J�����7�K�H�� �I�L�U�V�W�� �P�D�U�L�Q�H�� �R�U�J�D�Q�L�V�P�� �J�H�Q�R�P�H�� �S�U�R�M�H�F�W���� �D�� �I�L�V�K�� �J�H�Q�R�P�H��

�S�U�R�M�H�F�W���V�W�D�U�W�H�G���L�Q�������������F�R�P�S�O�H�W�H�G���X�V�L�Q�J���6�D�Q�J�H�U���V�H�T�X�H�Q�F�L�Q�J���W�H�F�K�Q�R�O�R�J�\�����6�X�E�V�H�T�X�H�Q�W�O�\����

�W�K�H���S�U�R�J�U�H�V�V���R�I���P�D�U�L�Q�H���R�U�J�D�Q�L�V�P���J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J���S�U�R�M�H�F�W�V���V�O�R�Z�H�G���X�Q�W�L�O�������������Z�K�H�Q��

�,�O�O�X�P�L�Q�D�� �U�H�O�H�D�V�H�G���W�K�H���+�L�V�H�T������������ �W�K�H�L�U�� �V�H�T�X�H�Q�F�L�Q�J�� �S�O�D�W�I�R�U�P�� �Z�K�L�F�K�� �E�H�F�D�P�H�� �Z�L�G�H�O�\��

�D�G�R�S�W�H�G�����)�L�J�����������������$�V���D���U�H�V�X�O�W�����W�K�H���I�L�U�V�W���D�V�V�H�P�E�O�H�G���J�H�Q�R�P�H�V���R�I���D�O�J�D�H�����I�L�V�K�����I�X�Q�J�X�V�����D�Q�G��

�W�H�W�U�D�S�R�G�V���Z�H�U�H���F�R�P�S�O�H�W�H�G�� �L�Q�� ���������� �Z�L�W�K���V�H�F�R�Q�G�� �J�H�Q�H�U�D�W�L�R�Q�� �V�H�T�X�H�Q�F�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\����

�K�H�U�D�O�G�L�Q�J���W�K�H���H�[�S�O�R�V�L�R�Q���R�I���P�D�U�L�Q�H���R�U�J�D�Q�L�V�P���J�H�Q�R�P�L�F�V�����%�\�������������������������W�K�L�U�G���J�H�Q�H�U�D�W�L�R�Q��

�V�H�T�X�H�Q�F�L�Q�J���W�H�F�K�Q�R�O�R�J�\���V�W�D�U�W�H�G���D�S�S�H�D�U�L�Q�J���L�Q���D�O�J�D�H�����I�L�V�K�����I�X�Q�J�X�V���D�Q�G���L�Q�Y�H�U�W�H�E�U�D�W�H���J�H�Q�R�P�H��

�S�U�R�M�H�F�W�V�����+�R�Z�H�Y�H�U�����Q�R���P�D�U�L�Q�H���W�H�W�U�D�S�R�G���J�H�Q�R�P�H���S�U�R�M�H�F�W�V���K�D�Y�H���\�H�W���E�H�H�Q���F�R�P�S�O�H�W�H�G���X�V�L�Q�J��
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�W�K�L�U�G���J�H�Q�H�U�D�W�L�R�Q���V�H�T�X�H�Q�F�L�Q�J���W�H�F�K�Q�R�O�R�J�\�����)�L�J���������������� 

 

�)�L�J������������ �7�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �S�U�R�F�H�V�V�� �R�I�� �V�H�T�X�H�Q�F�L�Q�J�� �S�O�D�W�I�R�U�P�V�� �D�Q�G�� �L�P�S�R�U�W�D�Q�W��

�D�V�V�R�F�L�D�W�H�G���W�H�F�K�Q�R�O�R�J�L�H�V���� 

 

�)�L�J�������������7�L�P�H�O�L�Q�H���R�I���S�X�E�O�L�V�K�H�G���D�O�J�D�H�����I�L�V�K�����P�D�U�L�Q�H���I�X�Q�J�X�V�����P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H���D�Q�G��

�P�D�U�L�Q�H���W�H�W�U�D�S�R�G���J�H�Q�R�P�H�V�����)�����V�D�Q�J�H�U�� �V�H�T�X�H�Q�F�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\�����6���� �Q�H�[�W���J�H�Q�H�U�D�W�L�R�Q��

�V�H�T�X�H�Q�F�L�Q�J���W�H�F�K�Q�R�O�R�J�\���� �7�����V�L�Q�J�O�H���P�R�O�H�F�X�O�D�U�� �O�R�Q�J�� �U�H�D�G�� �V�H�T�X�H�Q�F�L�Q�J�� �W�H�F�K�Q�R�O�R�J�\���� �)�6����

�F�R�P�E�L�Q�L�Q�J���)���D�Q�G���6�����6�7�����F�R�P�E�L�Q�L�Q�J���6���D�Q�G���7�� 

1.4 �/�D�U�J�H���V�F�D�O�H���J�H�Q�R�P�H���S�U�R�M�H�F�W�V 

�/�D�U�J�H���V�F�D�O�H�� �J�H�Q�R�P�H�� �S�U�R�M�H�F�W�V�� �D�U�H�� �K�L�J�K�O�\�� �H�I�I�L�F�L�H�Q�W�� �L�Q�� �D�F�F�H�O�H�U�D�W�L�Q�J�� �J�H�Q�R�P�L�F�V�� �U�H�V�H�D�U�F�K����
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�6�H�Y�H�U�D�O���O�D�U�J�H���V�F�D�O�H���J�H�Q�R�P�H���S�U�R�M�H�F�W�V���L�Q���P�D�U�L�Q�H���J�H�Q�R�P�L�F�V���K�D�Y�H���E�H�H�Q���L�Q�L�W�L�D�W�H�G���G�X�U�L�Q�J���W�K�H��

�O�D�V�W�� �G�H�F�D�G�H���� �7�K�H�� �7�D�U�D�� �2�F�H�D�Q�V�� �S�U�R�M�H�F�W�� �O�H�G�� �E�\�� �(�0�%�/�� ���(�X�U�R�S�H�D�Q�� �0�R�O�H�F�X�O�D�U�� �%�L�R�O�R�J�\��

�/�D�E�R�U�D�W�R�U�\������ �L�Q�L�W�L�D�W�H�G�� �L�Q�� �6�H�S�W�H�P�E�H�U�� ������������ �K�D�V�� �F�R�O�O�H�F�W�H�G�� �P�R�U�H�� �W�K�D�Q�� �������������� �R�F�H�D�Q��

�H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���V�D�P�S�O�H�V���I�U�R�P���P�R�U�H���W�K�D�Q���������� �R�F�H�D�Q���V�W�D�W�L�R�Q�V���� �D�Q�G���D�W���O�H�D�V�W���������� �R�I���W�K�R�V�H��

�V�D�P�S�O�H�V�� �K�D�Y�H�� �E�H�H�Q�� �V�H�T�X�H�Q�F�H�G���� �W�K�X�V���F�U�H�D�W�L�Q�J���W�K�H�� �O�D�U�J�H�V�W�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �V�H�T�X�H�Q�F�L�Q�J��

�G�D�W�D�V�H�W�������7�K�H���R�Q�J�R�L�Q�J���7�U�D�Q�V�F�U�L�S�W�R�P�H�V���R�I���������������)�L�V�K�H�V�����)�L�V�K���7���.�����S�U�R�M�H�F�W�����Z�K�L�F�K���D�L�P�V��

�W�R���V�H�T�X�H�Q�F�H���W�K�H���W�U�D�Q�V�F�U�L�S�W�R�P�H�V���R�I���������������I�L�V�K�H�V���������U�H�F�H�Q�W�O�\���F�R�P�S�O�H�W�H�G���W�K�H���W�U�D�Q�V�F�U�L�S�W�R�P�H�V��

�R�I�����������I�L�V�K�H�V�����7�K�H���*�H�Q�R�P�H�������.���S�U�R�M�H�F�W�����*�����.�������Z�K�L�F�K���D�L�P�V���W�R���V�H�T�X�H�Q�F�H���W�K�H���J�H�Q�R�P�H�V��

�R�I�����������������Y�H�U�W�H�E�U�D�W�H�V�����L�Q�F�O�X�G�H�V���R�Y�H�U���������������I�L�V�K���������,�Q���D�G�G�L�W�L�R�Q���W�R���*�����.�����W�K�H�U�H���D�U�H���R�W�K�H�U��

�O�D�U�J�H���V�F�D�O�H���S�U�R�M�H�F�W�V���Z�K�L�F�K���S�O�D�Q���W�R���V�H�T�X�H�Q�F�H���J�H�Q�R�P�H�V���R�I���P�D�U�L�Q�H���V�S�H�F�L�H�V�����)�R�U���H�[�D�P�S�O�H����

�W�K�H�������.�3�����������W�K�R�X�V�D�Q�G���S�O�D�Q�W���J�H�Q�R�P�H���S�U�R�M�H�F�W�����������S�O�D�Q�V���W�R���V�H�T�X�H�Q�F�H���������������D�O�J�D�H���V�S�H�F�L�H�V����

�D�Q�G�� �W�K�H�� �D�P�E�L�W�L�R�X�V�� �(�D�U�W�K�� �%�L�R�*�H�Q�R�P�H�� �3�U�R�M�H�F�W�� ���(�%�3������������ �Z�K�L�F�K���S�O�D�Q�V���W�R�� �V�H�T�X�H�Q�F�H�� �D�O�O��

�N�Q�R�Z�Q���H�X�N�D�U�\�R�W�H���V�S�H�F�L�H�V���R�Q���H�D�U�W�K�����Z�L�O�O���D�O�V�R���F�R�Y�H�U���P�D�Q�\���P�D�U�L�Q�H���V�S�H�F�L�H�V�����+�R�Z�H�Y�H�U�����W�K�H�U�H��

�L�V���\�H�V���W�R���E�H���H�V�W�D�E�O�L�V�K�H�G���D���J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J���L�Q�L�W�L�D�W�L�Y�H���Z�K�L�F�K���L�V���V�\�V�W�H�P�D�W�L�F�D�O�O�\���G�H�V�L�J�Q�H�G��

�I�R�U���P�D�U�L�Q�H���J�H�Q�R�P�L�F�V���D�Q�G���W�R���V�H�W���W�K�H���F�R�X�U�V�H���I�R�U���D�O�O���I�X�W�X�U�H���P�D�U�L�Q�H���J�H�Q�R�P�L�F�V���L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V���� 

�2�Y�H�U�D�O�O���� �W�K�H�� �U�H�F�H�Q�W�� �S�U�R�J�U�H�V�V�� �R�I���P�D�U�L�Q�H���J�H�Q�R�P�L�F�V�� �K�D�V�� �H�Q�D�E�O�H�G�� �W�K�H�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I��

�E�L�R�O�R�J�L�F�D�O���G�L�Y�H�U�V�L�W�\���D�Q�G���H�Y�R�O�X�W�L�R�Q���L�Q���W�K�H���R�F�H�D�Q���� �D�Q�G���S�U�R�Y�L�G�H�G���L�Q�V�L�J�K�W�V���L�Q�W�R���H�F�R�O�R�J�L�F�D�O��

�F�R�Q�V�H�U�Y�D�W�L�R�Q�����E�R�W�K���R�I���Z�K�L�F�K���D�U�H���Q�H�F�H�V�V�D�U�\���W�R���G�H�Y�H�O�R�S���D���V�X�V�W�D�L�Q�D�E�O�H���K�X�P�D�Q���V�R�F�L�H�W�\�����7�K�L�V��

�U�H�S�R�U�W���Z�L�O�O���G�H�V�F�U�L�E�H���W�K�H���S�U�R�J�U�H�V�V���R�I���P�D�U�L�Q�H���J�H�Q�R�P�L�F�V���L�Q���G�L�I�I�H�U�H�Q�W���F�O�D�G�H�V���R�I���V�S�H�F�L�H�V�� 
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2 Genomics of marine microorganisms 

�0�D�U�L�Q�H���P�L�F�U�R�R�U�J�D�Q�L�V�P�V���D�U�H���K�L�J�K�O�\���G�L�Y�H�U�V�L�I�L�H�G�����Z�L�W�K���V�L�Q�J�O�H���F�H�O�O���R�U�J�D�Q�L�V�P�V���D�Q�G���V�L�P�S�O�H��

�P�X�O�W�L�F�H�O�O�X�O�D�U�� �R�U�J�D�Q�L�V�P�V���I�U�R�P���W�K�U�H�H���S�K�\�O�R�J�H�Q�H�W�L�F�� �J�U�R�X�S�V���R�I�� �E�D�F�W�H�U�L�D���� �D�U�F�K�D�H�D�� �D�Q�G��

�H�X�N�D�U�\�R�W�H�V���� �D�V�� �Z�H�O�O�� �Y�L�U�X�V�H�V�� �D�Q�G���Y�L�U�R�L�G�����$�I�W�H�U���D���E�L�O�O�L�R�Q���\�H�D�U�V�� �R�I�� �H�Y�R�O�X�W�L�R�Q�����W�K�H���P�D�U�L�Q�H��

�P�L�F�U�R�E�L�R�P�H���K�D�V���D�G�D�S�W�H�G���W�R���F�R�P�S�O�H�[���R�F�H�D�Q���H�Q�Y�L�U�R�Q�P�H�Q�W�V�����,�Q���U�H�F�H�Q�W���\�H�D�U�V�����Z�L�W�K���W�K�H���U�D�S�L�G��

�G�H�Y�H�O�R�S�P�H�Q�W���R�I���K�L�J�K���W�K�U�R�X�J�K�S�X�W���V�H�T�X�H�Q�F�L�Q�J�����V�L�Q�J�O�H���F�H�O�O���V�F�U�H�H�Q�L�Q�J�����D�Q�G���E�L�R�L�Q�I�R�U�P�D�W�L�F�V����

�J�H�Q�R�P�L�F�V���U�H�V�H�D�U�F�K�� �L�Q���P�D�U�L�Q�H���P�L�F�U�R�E�L�D�O���K�D�V���G�H�Y�H�O�R�S�H�G���D�W�� �D�� �V�L�P�L�O�D�U�O�\�� �U�D�S�L�G�� �S�D�F�H����

�&�X�U�U�H�Q�W�O�\�����W�K�H�U�H���D�U�H���D�E�R�X�W���������������J�H�Q�R�P�H�V���U�H�S�U�H�V�H�Q�W�L�Q�J���V�L�Q�J�O�H���P�D�U�L�Q�H���E�D�F�W�H�U�L�X�P���V�S�H�F�L�H�V����

�������� �R�I�� �Z�K�L�F�K���D�U�H���3�U�R�W�H�R�E�D�F�W�H�U�L�D���D�Q�G���������������D�U�H���S�K�R�W�R�V�\�Q�W�K�H�W�L�F�� �E�D�F�W�H�U�L�D���� �7�K�H�V�H�� �W�Z�R��

�W�\�S�H�V���R�I���P�L�F�U�R�R�U�J�D�Q�L�V�P�V���D�U�H���W�K�H���P�R�V�W���D�E�X�Q�G�D�Q�W���D�Q�G���Z�L�G�H�O�\���G�L�V�W�U�L�E�X�W�H�G���P�D�U�L�Q�H���E�D�F�W�H�U�L�D�O��

�V�S�H�F�L�H�V�����,�Q�� �D�G�G�L�W�L�R�Q�� �W�R�� �V�L�Q�J�O�H�� �E�D�F�W�H�U�L�X�P�� �J�H�Q�R�P�H�V���� �W�K�H�U�H�� �D�U�H���P�R�U�H�� �W�K�D�Q�� ����������������

�P�H�W�D�J�H�Q�R�P�L�F�V���G�D�W�D�V�H�W�V�����U�H�S�U�H�V�H�Q�W�L�Q�J���P�L�[�W�X�U�H�V���R�I���'�1�$���L�Q���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���V�D�P�S�O�H�V�����7�K�H��

�P�D�M�R�U�L�W�\�� �R�I�� �W�K�H�V�H�� �P�H�W�D�J�H�Q�R�P�L�F�V���V�H�T�X�H�Q�F�L�Q�J�� �H�I�I�R�U�W�V�������������������I�R�F�X�V�H�G�� �R�Q�� �D�P�S�O�L�I�L�H�G��

�I�U�D�J�P�H�Q�W�V�� �R�I���P�D�U�N�H�U���J�H�Q�H�V���R�U�� �F�R�Q�V�H�U�Y�H�G�� �V�H�T�X�H�Q�F�H�����Z�K�L�O�H������������ �R�I�� �W�K�H���S�U�R�M�H�F�W�V��

�S�H�U�I�R�U�P�H�G���Z�K�R�O�H���J�H�Q�R�P�H���P�H�W�D�J�H�Q�R�P�L�F�V���V�H�T�X�H�Q�F�L�Q�J�����P�H�W�D�J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J�����D�Q�G������������

�S�H�U�I�R�U�P�H�G���P�H�W�D���W�U�D�Q�V�F�U�L�S�W�R�P�H�� �V�H�T�X�H�Q�F�L�Q�J���� �7�K�H�V�H�� �G�D�W�D�V�H�W�V���K�D�Y�H���Y�D�V�W�O�\���L�P�S�U�R�Y�H�G���W�K�H��

�X�Q�G�H�U�V�W�D�Q�G�L�Q�J���R�I���P�D�U�L�Q�H���P�L�F�U�R�E�L�D�O���S�K�\�V�L�R�O�R�J�\���D�Q�G���H�F�R�O�R�J�\�����D�Q�G���K�D�Y�H���D�L�G�H�G���L�Q���I�X�U�W�K�H�U��

�D�S�S�O�L�F�D�W�L�R�Q�V���R�I���W�K�L�V���U�H�V�H�D�U�F�K�� 

2.1 �*�H�Q�R�P�H�V���R�I���E�D�F�W�H�U�L�D���D�Q�G���D�U�F�K�D�H�D 

�7�K�H���W�R�W�D�O���Q�X�P�E�H�U���R�I���P�D�U�L�Q�H���E�D�F�W�H�U�L�D���K�D�V���E�H�H�Q���H�V�W�L�P�D�W�H�G���W�R���E�H���D�S�S�U�R�[�L�P�D�W�H�O�\�����������î������������

�F�R�P�S�U�L�V�L�Q�J���W�K�H�� �P�D�M�R�U�L�W�\�� �R�I�� �J�O�R�E�D�O�� �P�L�F�U�R�E�L�D�O�� �E�L�R�P�D�V�V�������� �%�D�F�W�H�U�L�D�O���V�S�H�F�L�H�V�� �L�Q�� �G�L�I�I�H�U�H�Q�W��

�P�D�U�L�Q�H���K�D�E�L�W�D�W�V���� �L�Q�F�O�X�G�L�Q�J�� �F�R�D�V�W�D�O�� �V�X�U�I�D�F�H�� �Z�D�W�H�U�V���� �R�S�H�Q�� �V�H�D�V���� �D�Q�G�� �V�H�G�L�P�H�Q�W�V���D�U�H�� �Y�H�U�\��

�G�L�I�I�H�U�H�Q�W�� �I�U�R�P�� �H�D�F�K�� �R�W�K�H�U���� �'�H�V�S�L�W�H�� �W�K�H�L�U�� �K�L�J�K�� �G�L�Y�H�U�V�L�W�\�� �D�Q�G�� �U�H�O�D�W�L�Y�H�O�\�� �V�L�P�S�O�H�� �J�H�Q�R�P�H��

�F�R�Q�W�H�Q�W���� �G�L�I�I�L�F�X�O�W�L�H�V�� �L�Q�� �F�X�O�W�L�Y�D�W�L�Q�J���W�K�H���P�D�M�R�U�L�W�\�� �R�I�� �W�K�H���P�D�U�L�Q�H���E�D�F�W�H�U�L�D���K�D�Y�H���L�P�S�H�G�H�G��

�J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J���H�I�I�R�U�W�V�� 

�$�U�F�K�D�H�D���D�F�F�R�X�Q�W���I�R�U���P�R�U�H���W�K�D�Q�����������R�I���D�O�O���S�U�R�N�D�U�\�R�W�H�V���L�Q���V�H�D�Z�D�W�H�U�����D�Q�G���D�U�H���W�K�H���P�R�V�W��
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�L�P�S�R�U�W�D�Q�W�� �P�L�F�U�R�E�L�D�O�� �J�U�R�X�S�� �L�Q���P�D�U�L�Q�H���V�X�E�V�X�U�I�D�F�H�� �V�H�G�L�P�H�Q�W�V�� �D�Q�G�� �P�R�V�W�� �J�H�R�W�K�H�U�P�D�O��

�K�D�E�L�W�D�W�V�������� �0�R�V�W�� �D�U�F�K�D�H�D���U�H�V�L�V�W���F�X�O�W�X�U�L�Q�J�� �H�I�I�R�U�W�V���D�Q�G�� �F�R�O�R�Q�L�H�V���W�K�D�W�� �F�D�Q�� �E�H�� �F�X�O�W�X�U�H�G��

�S�U�L�P�D�U�L�O�\���E�H�O�R�Q�J���W�R���(�X�U�\�D�U�F�K�D�H�R�W�D���D�Q�G���&�U�H�Q�D�U�F�K�D�H�R�W�D�����5�H�F�H�Q�W���V�W�X�G�L�H�V���K�D�Y�H���V�K�R�Z�Q���W�K�D�W��

�D�U�F�K�D�H�D�� �D�U�H�� �G�L�Y�L�G�H�G�� �L�Q�W�R�� �D�W�� �O�H�D�V�W�� �I�R�X�U�� �P�D�M�R�U�� �V�X�S�H�U�S�K�\�O�D�����(�X�U�\�D�U�F�K�D�H�R�W�D�����W�K�H���7�$�&�.��

�V�X�S�H�U�S�K�\�O�X�P�����W�K�H���'�3�$�1�1�� �V�X�S�H�U�S�K�\�O�X�P���� �D�Q�G���W�K�H���$�V�J�D�U�G�� �V�X�S�H�U�S�K�\�O�X�P���������)�L�J����������������

�3�K�\�O�R�J�H�Q�H�W�L�F�� �D�Q�D�O�\�V�L�V�� �R�I�� �J�H�Q�R�P�L�F�� �G�D�W�D�V�H�W�V�� �V�X�J�J�H�V�W�V�� �W�K�D�W���/�R�N�L�D�U�F�K�D�H�R�W�D�� ���$�V�J�D�U�G��

�V�X�S�H�U�S�K�\�O�X�P�����L�V���W�K�H���P�R�V�W���F�O�R�V�H�O�\���U�H�O�D�W�H�G���J�U�R�X�S���R�I���H�X�N�D�U�\�R�W�H�V�����Z�K�L�F�K���S�U�R�Y�L�G�H�V���I�X�U�W�K�H�U��

�F�R�Q�Y�L�Q�F�L�Q�J�� �H�Y�L�G�H�Q�F�H�� �W�K�D�W�� �H�X�N�D�U�\�R�W�H�V�� �H�Y�R�O�Y�H�G�� �I�U�R�P�� �D�U�F�K�D�H�D�������D�Q�G���V�X�J�J�H�V�W�V���W�K�D�W���W�K�H��

�R�U�L�J�L�Q���R�I���H�X�N�D�U�\�R�W�L�F���F�H�O�O�V���L�V���R�Q�H���R�I���W�K�H���P�D�M�R�U���H�Y�R�O�X�W�L�R�Q�D�U�\���L�Q�Q�R�Y�D�W�L�R�Q�V���L�Q���W�K�H���O�L�I�H���K�L�V�W�R�U�\��
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�P�H�W�D�J�H�Q�R�P�L�F���V�W�X�G�L�H�V�����D�V���Z�H�O�O���D�V���J�H�Q�H�V���G�H�U�L�Y�H�G���I�U�R�P���V�R�P�H���P�D�U�L�Q�H���E�D�F�W�H�U�L�D�����7�K�L�V���L�V���D�O�V�R��

�W�K�H���I�L�U�V�W���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���P�L�F�U�R�E�L�D�O���J�H�Q�H���V�H�W���F�U�H�D�W�H�G���V�X�E�V�H�T�X�H�Q�W���W�R���K�X�P�D�Q�����D�Q�G���D�Q�L�P�D�O��

�U�H�O�D�W�H�G���P�H�W�D�J�H�Q�R�P�L�F���J�H�Q�H���V�H�W�V�����%�D�V�H�G���R�Q���W�K�H���G�D�W�D���S�X�E�O�L�V�K�H�G���E�\���7�D�U�D���2�F�H�D�Q�����V�F�L�H�Q�W�L�V�W�V��

�K�D�Y�H�� �G�R�Q�H�� �D�� �Y�D�U�L�H�W�\�� �R�I�� �V�H�F�R�Q�G�D�U�\�� �D�Q�D�O�\�V�H�V���� �V�X�F�K�� �D�V�� �W�K�H�� �X�V�H�� �R�I�� �P�H�W�D�J�H�Q�R�P�L�F�� �G�D�W�D�� �W�R��

�U�H�F�R�Q�V�W�U�X�F�W�� �J�H�Q�R�P�H�V���R�I�� �V�L�Q�J�O�H�� �E�D�F�W�H�U�L�D���� �D�Q�G���W�K�X�V�� �I�R�X�Q�G�� �D�� �O�D�U�J�H�� �Q�X�P�E�H�U�� �R�I�� �X�Q�N�Q�R�Z�Q��

�E�D�F�W�H�U�L�D���V�S�X�U�U�L�Q�J���V�S�H�F�X�O�D�W�L�R�Q���D�E�R�X�W���W�K�H�L�U���S�R�W�H�Q�W�L�D�O���I�X�Q�F�W�L�R�Q�V�����2�F�H�D�Q���6�D�P�S�O�L�Q�J���'�D�\���L�V���D��

�J�O�R�E�D�O���F�R�O�O�D�E�R�U�D�W�L�Y�H���S�U�R�M�H�F�W���F�X�U�U�H�Q�W�O�\���X�Q�G�H�U�Z�D�\�����2�Q���-�X�O�\�������V�W���R�I���H�D�F�K���\�H�D�U�����S�D�U�W�L�F�L�S�D�W�L�Q�J��

�V�F�L�H�Q�W�L�V�W�V���F�R�O�O�H�F�W���R�F�H�D�Q���V�D�P�S�O�H�V���D�F�U�R�V�V���W�K�H���J�O�R�E�H���D�Q�G���V�H�T�X�H�Q�F�H���W�K�H�P�����P�D�L�Q�O�\���X�V�L�Q�J���W�K�H��

�����6���U�5�1�$���J�H�Q�H���W�R���F�R�Q�V�W�U�X�F�W���D���J�O�R�E�D�O���P�D�U�L�Q�H���P�L�F�U�R�E�L�D�O���P�D�S�� 

2.3 �*�H�Q�R�P�L�F�V���R�I���P�D�U�L�Q�H���Y�L�U�X�V�H�V 

�$�O�W�K�R�X�J�K���W�K�H���I�L�U�V�W���S�K�D�J�H���L�V�R�O�D�W�H�G���I�U�R�P���W�K�H���P�D�U�L�Q�H���H�Q�Y�L�U�R�Q�P�H�Q�W���Z�D�V���L�G�H�Q�W�L�I�L�H�G���L�Q��������������

�W�K�H���I�D�F�W���W�K�D�W���P�D�U�L�Q�H���Y�L�U�X�V�H�V���K�D�G���D�Q���L�P�S�R�U�W�D�Q�W���L�P�S�D�F�W���L�Q���W�K�H���R�F�H�D�Q���Z�D�V���Q�R�W���U�H�F�R�J�Q�L�]�H�G��

�X�Q�W�L�O���O�D�W�H���L�Q���W�K�H�����������V�����7�K�L�V���U�H�D�O�L�]�D�W�L�R�Q���Z�D�V���P�D�G�H���O�D�U�J�H�O�\���D�V���D���U�H�V�X�O�W���R�I���D�F�K�L�H�Y�H�P�H�Q�W�V��

�V�X�F�K���D�V���W�U�D�Q�V�P�L�V�V�L�R�Q���H�O�H�F�W�U�R�Q���P�L�F�U�R�V�F�R�S�\�����I�O�X�R�U�H�V�F�H�Q�F�H���P�L�F�U�R�V�F�R�S�\���D�Q�G���I�O�R�Z���F�\�W�R�P�H�W�U�\����

�Z�K�L�F�K���H�Q�D�E�O�H�G���W�K�H���L�G�H�Q�W�L�I�L�F�D�W�L�R�Q���R�I���Y�L�U�D�O���S�D�U�W�L�F�O�H�V���G�L�U�H�F�W�O�\���L�Q���V�D�P�S�O�H�V�������� �'�H�V�S�L�W�H���W�K�H�L�U��

�V�P�D�O�O���V�L�]�H�����ý���������Q�P�������������������I�J�������P�D�U�L�Q�H���Y�L�U�X�V�H�V���F�R�P�S�R�V�H���W�K�H���V�H�F�R�Q�G���O�D�U�J�H�V�W���E�L�R�P�D�V�V��

�L�Q�� �W�K�H�� �R�F�H�D�Q�������� �Z�L�W�K�� �D�Q�� �D�Y�H�U�D�J�H�� �R�I�� ���������Y�L�U�X�V���O�L�N�H�� �S�D�U�W�L�F�O�H�V�� �S�H�U�� �P�L�O�O�L�O�L�W�H�U�� �R�I�� �V�X�U�I�D�F�H��

�V�H�D�Z�D�W�H�U���D�Q�G���W�K�H���W�R�W�D�O���H�V�W�L�P�D�W�H�G���Q�X�P�E�H�U���R�I�������������L�Q���W�K�H���R�F�H�D�Q������ 

�3�U�H�Y�L�R�X�V�� �J�H�Q�R�P�L�F�V�� �U�H�V�H�D�U�F�K���R�Q���P�D�U�L�Q�H���Y�L�U�X�V�H�V�� �U�H�O�L�H�G���K�H�D�Y�L�O�\���R�Q�� �F�X�O�W�L�Y�D�W�L�R�Q�� �R�I�� �W�K�H��

�Y�L�U�X�V�H�V���� �Z�K�L�F�K�� �L�V�� �H�Y�H�Q�� �P�R�U�H�� �G�L�I�I�L�F�X�O�W�� �W�K�D�Q���W�K�H���F�X�O�W�L�Y�D�W�L�R�Q�� �R�I�� �E�D�F�W�H�U�L�D�����7�K�H�U�H�� �D�U�H�� �Q�R�W��

�X�Q�L�Y�H�U�V�D�O���P�D�U�N�H�U���J�H�Q�H�V���I�R�U���Y�L�U�X�V�H�V�����E�X�W���K�D�Y�H���E�H�H�Q���V�R�P�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���J�H�Q�H���P�D�U�N�H�U�V��

�I�R�U���V�S�H�F�L�I�L�F���Y�L�U�D�O���I�D�P�L�O�L�H�V�����)�R�U���H�[�D�P�S�O�H���J�S�������3�R�U�W�D�O���S�U�R�W�H�L�Q���R�I���W�K�H���K�H�D�G���D�Q�G���J�S�������0�D�M�R�U��

�F�D�S�V�L�G���S�U�R�W�H�L�Q���I�R�U���7�����O�L�N�H���K�D�Y�H���E�H�H�Q���Z�L�G�H�O�\���X�V�H�G���������$�V���W�R�G�D�\���W�K�H�U�H���D�U�H���P�R�U�H���W�K�D�Q����������

�Y�L�U�X�V�H�V�� �L�V�R�O�D�W�H�G�� �I�U�R�P�� �P�D�U�L�Q�H���H�Q�Y�L�U�R�Q�P�H�Q�W�V���� �L�Q�F�O�X�G�L�Q�J�� ������ �S�D�O�D�J�L�E�D�F�W�H�U�� �S�K�D�J�H�V���� �P�R�U�H��

�W�K�D�Q�����������F�\�D�Q�R�E�D�F�W�H�U�L�D�O���D�Q�G���Y�L�E�U�L�R���S�K�D�J�H�V�����9�L�U�D�O���P�H�W�D�J�H�Q�R�P�L�F���G�D�W�D�V�H�W�V���D�U�H���S�U�R�P�L�V�L�Q�J��

�I�R�U���X�V�H�� �L�Q���G�H�F�R�G�L�Q�J���D�G�G�L�W�L�R�Q�D�O���Y�L�U�D�O�� �J�H�Q�R�P�H�V���� ������������ �Y�L�U�D�O�� �S�R�S�X�O�D�W�L�R�Q�V���K�D�Y�H�� �E�H�H�Q��

�R�E�W�D�L�Q�H�G�� �E�\�� �Y�L�U�D�O���I�U�D�F�W�L�R�Q�� �P�H�W�D�J�H�Q�R�P�L�F�V���I�U�R�P�� �J�O�R�E�D�O�� �R�F�H�D�Q�V���� �Z�K�L�O�H�� �R�Q�O�\�� �������D�U�H��
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�V�X�F�F�H�V�V�I�X�O�O�\���F�X�O�W�X�U�H�G���������,�Q���D�Q�R�W�K�H�U���V�W�X�G�\�����R�Y�H�U�������������������S�D�U�W�L�D�O���'�1�$���Y�L�U�D�O���J�H�Q�R�P�H�V���D�U�H��

�L�G�H�Q�W�L�I�L�H�G���� �L�Q�F�O�X�G�L�Q�J�� �W�K�H�� �O�D�U�J�H�V�W�� �S�K�D�J�H�� �\�H�W�� �L�G�H�Q�W�L�I�L�H�G�����W�K�X�V���L�Q�F�U�H�D�V�L�Q�J���W�K�H�� �Q�X�P�E�H�U�� �R�I��

�N�Q�R�Z�Q���Y�L�U�D�O���J�H�Q�H�V���E�\���������I�R�O�G�����&�R�P�E�L�Q�H�G�����W�K�H�V�H���U�H�V�X�O�W�V���L�Q�G�L�F�D�W�H���W�K�D�W���Y�L�U�D�O���P�H�W�D�J�H�Q�R�P�H�V��

�Z�L�O�O���S�O�D�\���D�Q���L�P�S�R�U�W�D�Q�W���U�R�O�H���L�Q���I�X�W�X�U�H���P�D�U�L�Q�H���Y�L�U�D�O���V�W�X�G�L�H�V�� 
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3 Genomics of marine fungi 

3.1 �%�D�V�L�F���L�Q�W�U�R�G�X�F�W�L�R�Q���R�I���P�D�U�L�Q�H���I�X�Q�J�L 

�)�X�Q�J�L�� �D�U�H�� �W�K�H�� �V�H�F�R�Q�G�� �O�D�U�J�H�V�W�� �J�U�R�X�S�� �R�I�� �H�X�N�D�U�\�R�W�H�V���� �D�I�W�H�U���L�Q�V�H�F�W�V�����D�Q�G�� �D�U�H�� �Z�L�G�H�O�\��

�G�L�V�W�U�L�E�X�W�H�G���D�V���S�D�U�D�V�L�W�H�V���L�Q���D�Q�L�P�D�O�V���D�Q�G���S�O�D�Q�W�V�����D�Q�G���L�Q���W�K�H���H�F�R�V�\�V�W�H�P�V���R�I���V�R�L�O�����I�U�H�V�K���Z�D�W�H�U����

�D�Q�G���W�K�H���R�F�H�D�Q�����,�Q���������������L�W���Z�D�V���H�V�W�L�P�D�W�H�G���W�K�D�W���W�K�H�U�H���D�U�H���E�H�W�Z�H�H�Q�������D�Q�G�����������P�L�O�O�L�R�Q���V�S�H�F�L�H�V��

�R�I���I�X�Q�J�L���������K�R�Z�H�Y�H�U���R�Q�O�\���a�����������������V�S�H�F�L�H�V���K�D�Y�H���E�H�H�Q���L�G�H�Q�W�L�I�L�H�G���V�R���I�D�U�������� 

�7�U�D�G�L�W�L�R�Q�D�O�O�\�����P�D�U�L�Q�H���I�X�Q�J�L���D�U�H���F�O�D�V�V�L�I�L�H�G�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �K�D�E�L�W�D�W�V�� �L�Q�V�W�H�D�G�� �R�I�� �W�D�[�R�Q�R�P�L�F��

�J�U�R�X�S�V�����7�K�H�\���D�U�H���F�O�D�V�V�L�I�L�H�G���D�V���R�E�O�L�J�D�W�H���P�D�U�L�Q�H���I�X�Q�J�L���D�Q�G���I�D�F�X�O�W�D�W�L�Y�H���P�D�U�L�Q�H���I�X�Q�J�L���������W�K�H��

�R�E�O�L�J�D�W�H���I�X�Q�J�L���D�U�H���I�X�Q�J�L�� �W�K�D�W���F�D�Q���R�Q�O�\�� �J�U�R�Z�� �D�Q�G���I�R�U�P���V�S�R�U�H�V���L�Q���R�F�H�D�Q�V���D�Q�G���H�V�W�X�D�U�L�H�V����

�Z�K�L�O�H�� �I�D�F�X�O�W�D�W�L�Y�H�� �I�X�Q�J�L�� �D�U�H�� �G�H�U�L�Y�H�G�� �I�U�R�P�� �I�U�H�V�K�Z�D�W�H�U���R�U���W�H�U�U�H�V�W�U�L�D�O�� �V�R�X�U�F�H�V�����$�W���S�U�H�V�H�Q�W����

�K�L�J�K���W�K�U�R�X�J�K�S�X�W�� �V�H�T�X�H�Q�F�L�Q�J�� �L�V�� �Z�L�G�H�O�\�� �X�V�H�G�� �W�R�� �G�H�I�L�Q�H���P�D�U�L�Q�H���I�X�Q�J�L���� �)�R�U�� �H�[�D�P�S�O�H���� �D��

�I�X�Q�J�X�V���W�K�D�W���F�D�Q���P�D�L�Q�W�D�L�Q���H�[�L�V�W�H�Q�F�H���D�Q�G���P�H�W�D�E�R�O�L�F���D�F�W�L�Y�L�W�\���L�Q���P�D�U�L�Q�H���K�D�E�L�W�D�W�V���W�K�U�R�X�J�K��

�D�G�D�S�W�D�W�L�R�Q�� ���H�F�R�O�R�J�L�F�D�O�� �S�K�\�V�L�R�O�R�J�\������ �D�F�W�L�Y�H�� �P�H�W�D�E�R�O�L�V�P�� ���U�5�1�$������ �J�H�Q�H�� �H�[�S�U�H�V�V�L�R�Q��

���P�5�1�$������ �F�D�W�D�O�\�W�L�F�� �I�X�Q�F�W�L�R�Q�� ���S�U�R�W�H�R�P�H���� �R�U�� �V�S�H�F�L�I�L�F�� �P�H�W�D�E�R�O�L�W�H�V�� ���P�H�W�D�E�R�O�L�V�P�����L�V��

�F�R�Q�V�L�G�H�U�H�G���W�R���E�H���D���P�D�U�L�Q�H���I�X�Q�J�X�V������ 

 �%�R�[�����������7�U�X�H���I�X�Q�J�L���D�Q�G���K�L�G�G�H�Q���I�X�Q�J�L 

 �%�D�V�H�G���R�Q���U�H�F�H�Q�W���U�H�V�H�D�U�F�K���������������Z�H���K�D�Y�H���V�X�P�P�D�U�L�]�H�G���W�K�H���O�D�W�H�V�W���W�D�[�R�Q�R�P�L�F���J�U�R�X�S���R�I���I�X�Q�J�L����

�D�Q�G���G�L�Y�L�G�H�G�� �W�K�H�P�� �L�Q�W�R�� ���� �V�X�E�N�L�Q�J�G�R�P�V���� ������ �S�K�\�O�D���� �D�Q�G�� ���� �X�Q�G�H�W�H�U�P�L�Q�H�G�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q�V����

�6�H�Y�H�Q�� �W�U�X�H�� �I�X�Q�J�L�� �J�U�R�X�S�V�� �Q�D�P�H�G���$�V�F�R�P�\�F�R�W�D���� �%�D�V�L�G�L�R�P�\�F�R�W�D���� �&�K�\�W�U�L�G�L�R�P�\�F�R�W�D����

�%�O�D�V�W�R�F�O�D�G�L�R�P�\�F�R�W�D���� �1�H�R�F�D�O�O�L�P�D�V�W�L�J�R�P�\�F�R�W�D���� �=�\�J�R�P�\�F�R�W�L�Q�D�����D�Q�G���*�O�R�P�H�U�R�P�\�F�R�W�D���D�U�H��

�U�H�F�O�D�V�V�L�I�L�H�G���I�U�R�P���S�U�H�Y�L�R�X�V�� �V�W�X�G�L�H�V���������+�L�G�G�H�Q�� �I�X�Q�J�L���� �Q�D�P�H�G���$�S�K�H�O�L�G�L�R�P�\�F�H�W�D�� �D�Q�G��

�5�R�]�H�O�O�R�P�\�F�H�W�D�����I�R�U�P�H�U�O�\���N�Q�R�Z�Q���D�V���&�U�\�S�W�R�P�\�F�R�W�D�������Z�H�U�H���R�Q�F�H���F�R�Q�V�L�G�H�U�H�G���D�V���S�U�R�W�R�]�R�D�Q��

�R�U�� �S�U�R�W�L�V�W���� �E�X�W�� �F�X�U�U�H�Q�W�O�\���W�K�H�\�� �D�U�H���F�R�Q�V�L�G�H�U�H�G���W�R�� �E�H���I�X�Q�J�L�� �R�U�� �V�L�V�W�H�U�� �J�U�R�X�S�V���W�R�� �I�X�Q�J�L��������������

�'�L�I�I�H�U�H�Q�W���I�U�R�P���W�U�X�H���I�X�Q�J�L�����W�K�H�\���O�D�F�N���F�K�L�W�L�Q���F�H�O�O���Z�D�O�O�V���D�W���D�Q�\���V�W�D�J�H���R�I���W�K�H�L�U���O�L�I�H���F�\�F�O�H�����E�X�W��

�S�R�V�V�H�V�V���'�L�Y�L�V�L�R�Q�������&�K�L�W�L�Q���6�\�Q�W�K�D�V�H�V�������� 
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 �%�R�[�����������7�K�H���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���R�I���P�D�U�L�Q�H���I�X�Q�J�L 

�6�L�Q�F�H���W�K�H���I�L�U�V�W���G�L�V�F�R�Y�H�U�\�� �R�I���P�D�U�L�Q�H���I�X�Q�J�L���L�Q���V�H�D�E�H�G���Z�R�R�G���L�Q������������������ ������������ �V�S�H�F�L�H�V���R�I��

�P�D�U�L�Q�H���I�X�Q�J�L�� �L�Q�F�O�X�G�L�Q�J�� ������������ �V�S�H�F�L�H�V���I�U�R�P���:�R�5�0�6�� �G�D�W�D�E�D�V�H�������K�D�Y�H�� �E�H�H�Q�� �F�R�O�O�H�F�W�H�G����

���������������R�I���W�K�H�P���D�U�H���K�L�J�K�H�U���I�X�Q�J�L�����V�X�F�K���D�V���������������V�S�H�F�L�H�V���R�I���$�V�F�R�P�\�F�R�W�D���D�Q�G�����������V�S�H�F�L�H�V��

�R�I���%�D�V�L�G�L�R�P�\�F�R�W�D���� �D�V���Z�H�O�O�� �D�V�� �O�R�Z�H�U�� �I�X�Q�J�L���� �V�X�F�K�� �D�V���&�K�\�W�U�L�G�L�R�P�\�F�R�W�D���������� �V�S�H�F�L�H�V���� �D�Q�G��

�=�\�J�R�P�\�F�R�W�D�����������V�S�H�F�L�H�V�������0�L�F�U�R�V�S�R�U�L�G�L�D�������������V�S�H�F�L�H�V�����L�V���S�D�U�D�V�L�W�L�F���L�Q���D�Q�L�P�D�O���K�R�V�W�V���L�Q���W�K�H��

�R�F�H�D�Q�����F�D�X�V�L�Q�J���P�D�Q�\���F�R�P�P�R�Q�� �G�L�V�H�D�V�H�V�� �R�I�� �F�U�X�V�W�D�F�H�D�Q�V�� �D�Q�G�� �I�L�V�K���������%�D�V�H�G�� �R�Q���W�K�H��

�S�K�\�O�R�J�H�Q�H�W�L�F�� �U�H�O�D�W�L�R�Q�V�K�L�S�� �R�I���P�D�U�L�Q�H���I�X�Q�J�L�� �J�H�Q�H�U�D�� �G�U�D�Z�Q�� �I�U�R�P�� �1�&�%�,�� ���)�L�J���������������� �W�K�H��

�\�H�D�V�W�V���6�R�U�G�D�U�L�R�P�\�F�H�W�H�V���D�Q�G���'�R�W�K�L�G�H�R�P�\�F�H�W�H�V���D�U�H���W�K�H���P�R�V�W���L�P�S�R�U�W�D�Q�W���F�O�D�V�V�H�V�� 
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���)�L�J�����������������������,�Q�Y�H�U�W�H�E�U�D�W�H���V�\�P�E�L�R�W�L�F���I�X�Q�J�L���D�U�H���L�Q�Y�R�O�Y�H�G���L�Q���W�K�H���G�H�V�W�U�X�F�W�L�R�Q���R�I���F�D�O�F�D�U�H�R�X�V��

�V�W�U�X�F�W�X�U�H�������� �R�S�S�R�U�W�X�Q�L�V�W�L�F�� �S�D�W�K�R�J�H�Q�V�� �L�Q�� �F�R�U�D�O�V�������������D�Q�G���H�Q�F�U�X�V�W�L�Q�J�� �V�S�R�Q�J�H�V�������� ������ �3�O�D�Q�W��

�V�\�P�E�L�R�W�L�F�� �I�X�Q�J�L�����Z�K�L�F�K���S�O�D�\�� �D�Q�� �L�P�S�R�U�W�D�Q�W�� �U�R�O�H�� �L�Q�� �W�K�H�� �G�H�J�U�D�G�D�W�L�R�Q�� �R�I�� �O�L�J�Q�R�F�H�O�O�X�O�R�V�L�F��

�I�L�E�H�U�V���L�Q�F�O�X�G�L�Q�J�����������0�D�Q�J�O�L�F�R�O�R�X�V���I�X�Q�J�L�������D�Q�G�����������V�D�O�W���P�D�U�V�K���S�O�D�Q�W���V�\�P�E�L�R�W�L�F���I�X�Q�J�L�����D�V��

�Z�H�O�O�� �D�V�� �������D�O�J�D�H�� �D�Q�G�� �V�H�D�J�U�D�V�V�� �V�\�P�E�L�R�W�L�F�� �I�X�Q�J�L�����7�K�H�� �E�L�R�O�R�J�L�F�D�O�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �E�H�W�Z�H�H�Q��

�I�X�Q�J�L���D�Q�G���D�O�J�D�H���K�R�V�W�V���F�D�Q���S�U�R�P�R�W�H���J�U�R�Z�W�K�����G�H�I�H�Q�V�H�����G�H�Y�H�O�R�S�P�H�Q�W�����D�Q�G���Q�X�W�U�L�H�Q�W���V�X�S�S�O�\��������

���������������H�[�W�U�H�P�H���R�F�H�D�Q���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���P�D�U�L�Q�H���I�X�Q�J�L���D�Q�G���P�\�F�R�S�O�D�Q�N�W�R�Q�����)�X�Q�J�L���D�U�H���K�L�J�K�O�\��

�D�G�D�S�W�L�Y�H�� �P�L�F�U�R�R�U�J�D�Q�L�V�P�V�� �W�K�D�W�� �F�D�Q�� �Z�L�W�K�V�W�D�Q�G�� �K�L�J�K�� �S�U�H�V�V�X�U�H���� �O�R�Z�� �W�H�P�S�H�U�D�W�X�U�H�� ���� �K�L�J�K��

�W�H�P�S�H�U�D�W�X�U�H���D�Q�G���D���K�L�J�K���V�D�O�L�Q�L�W�\���H�Q�Y�L�U�R�Q�P�H�Q�W�������� 

 

�)�L�J�������������7�K�H���V�R�X�U�F�H���R�I���Q�X�W�U�L�H�Q�W���J�U�R�Z�W�K���R�I���P�D�U�L�Q�H���I�X�Q�J�L�� 

 

3.2 �+�L�J�K���W�K�U�R�X�J�K�S�X�W���V�H�T�X�H�Q�F�L�Q�J���I�R�U���P�D�U�L�Q�H���I�X�Q�J�L 

�:�L�W�K���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���K�L�J�K���W�K�U�R�X�J�K�S�X�W���V�H�T�X�H�Q�F�L�Q�J���W�H�F�K�Q�R�O�R�J�\�����J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J��

�K�D�V���E�H�F�R�P�H���D�Q���L�P�S�R�U�W�D�Q�W���P�H�D�Q�V���R�I���V�W�X�G�\�L�Q�J���D���V�S�H�F�L�H�V�����,�Q���I�X�Q�J�D�O���J�H�Q�R�P�H���U�H�V�H�D�U�F�K�����W�K�H�U�H��

�D�U�H�� �L�Q�W�H�U�Q�D�W�L�R�Q�D�O�� �F�R�R�S�H�U�D�W�L�Y�H���S�U�R�M�H�F�W�V�� �V�X�F�K�� �D�V�� �)�X�Q�J�L�'�%�������D�Q�G���³�����������)�X�Q�J�D�O�� �*�H�Q�R�P�H��
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�$�X�J�X�V�W�������������L�Q���Z�K�L�F�K�����������a���������D�U�H���P�D�U�L�Q�H���I�X�Q�J�L�����L�Q�F�O�X�G�L�Q�J���������V�S�H�F�L�H�V���R�I���$�V�F�R�P�\�F�R�W�D����

�������V�S�H�F�L�H�V���R�I���%�D�V�L�G�L�R�P�\�F�R�W�D�����D�Q�G���������V�S�H�F�L�H�V���R�I���0�L�F�U�R�V�S�R�U�L�G�L�D�����7�K�H���O�L�P�L�W�D�W�L�R�Q���L�Q���P�D�U�L�Q�H��

�I�X�Q�J�D�O���J�H�Q�R�P�H�V���L�V���F�D�X�V�H�G���E�\���V�H�Y�H�U�D�O���U�H�D�V�R�Q�V�����)�L�J�������������� 
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 �7�K�H�U�H���D�U�H���G�L�I�I�L�F�X�O�W�L�H�V���L�Q���P�D�U�L�Q�H���I�X�Q�J�L���L�V�R�O�D�W�L�R�Q���D�Q�G���J�H�Q�R�P�H���V�H�T�X�H�Q�F�H�����D�����7�K�H���K�D�E�L�W�D�W�V��

�R�I���P�R�V�W���P�D�U�L�Q�H���I�X�Q�J�L���D�U�H���G�L�I�I�L�F�X�O�W���W�R���P�L�F�U�R�V�F�R�S�L�F�D�O�O�\���V�H�S�D�U�D�W�H���D�Q�G���V�D�P�S�O�H�����2�Q�O�\���D�E�R�X�W��

���������R�F�H�D�Q���I�X�Q�J�L���I�U�R�P�����������J�H�Q�H�U�D���F�D�Q���E�H���L�V�R�O�D�W�H�G�����������R�I���G�R�F�X�P�H�Q�W�H�G���I�X�Q�J�L�����������E�����7�K�H��

�F�X�O�W�X�U�L�Q�J���R�I���I�X�Q�J�D�O���L�V�R�O�D�W�H�V���I�U�R�P���P�D�U�L�Q�H���V�D�P�S�O�H�V���R�I�W�H�Q���O�H�D�G�V���W�R���W�K�H���U�H�F�R�Y�H�U�\���R�I���Q�R�Q��

�I�X�Q�J�D�O���P�L�F�U�R�E�H�V�����F�����7�K�H���P�D�M�R�U�L�W�\���R�I���I�X�Q�J�L���K�D�U�E�R�U���Y�H�U�\���K�L�J�K���O�H�Y�H�O�V���R�I���F�U�\�S�W�L�F���G�L�Y�H�U�V�L�W�\����

�P�D�N�L�Q�J�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q�V�� �E�D�V�H�G�� �R�Q�� �R�E�V�H�U�Y�D�W�L�R�Q�V�� �R�I�� �J�H�Q�H�U�D�O�� �P�R�U�S�K�R�O�R�J�L�F�D�O��

�F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���G�L�I�I�L�F�X�O�W���D�Q�G���R�I�W�H�Q���P�L�V�O�H�D�G�L�Q�J�����G�����'�1�$���H�[�W�U�D�F�W�H�G���E�\���W�K�H���P�H�W�D�J�H�Q�R�P�L�F�V��

�P�H�W�K�R�G���K�D�G���O�L�W�W�O�H���I�X�Q�J�D�O���'�1�$���E�H�F�D�X�V�H���R�I���W�K�H���O�R�Z���D�E�X�Q�G�D�Q�F�H���R�I���I�X�Q�J�D�O���F�H�O�O�V���D�Q�G���W�K�H��

�G�L�I�I�L�F�X�O�W�\���R�I���H�[�W�U�D�F�W�L�Q�J���I�X�Q�J�D�O���'�1�$���� 

 

�7�K�H���P�R�V�W���F�R�P�P�R�Q���D�S�S�O�L�F�D�W�L�R�Q���R�I���K�L�J�K���W�K�U�R�X�J�K�S�X�W���V�H�T�X�H�Q�F�L�Q�J���L�Q���P�D�U�L�Q�H���I�X�Q�J�D�O���U�H�V�H�D�U�F�K��

�L�V���W�K�H���L�G�H�Q�W�L�I�L�F�D�W�L�R�Q���D�Q�G���S�K�\�O�R�J�H�Q�H�W�L�F���D�Q�D�O�\�V�L�V���R�I���I�X�Q�J�L���X�V�L�Q�J���V�H�T�X�H�Q�F�H�V���R�I���U�L�E�R�V�R�P�D�O��

�'�1�$�����U�'�1�$�����D�Q�G���L�Q�W�H�U�Q�D�O���W�U�D�Q�V�F�U�L�E�H�G���V�S�D�F�H�U�V�����,�7�6�����I�U�R�P���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���'�1�$�����H�'�1�$������

�%�\�� �$�X�J�X�V�W�� ������������ �������������P�D�U�L�Q�H���I�X�Q�J�D�O���6�H�T�X�H�Q�F�H�� �5�H�D�G�� �$�U�F�K�L�Y�H�����6�5�$���� �G�D�W�D�� �Z�H�U�H��

�S�X�E�O�L�V�K�H�G���L�Q���1�&�%�,�����P�D�L�Q�O�\���I�U�R�P���L�Q�Y�H�U�W�H�E�U�D�W�H���V�R�X�U�F�H�V�����R�I���Z�K�L�F�K���������������Z�H�U�H���I�U�R�P���D���F�R�U�D�O��

�H�Q�Y�L�U�R�Q�P�H�Q�W�����)�L�J���������������� 

�7�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���V�L�Q�J�O�H���P�R�O�H�F�X�O�H���V�H�T�X�H�Q�F�L�Q�J���W�H�F�K�Q�R�O�R�J�\���K�D�V���H�Q�D�E�O�H�G���W�K�H���I�X�O�O���O�H�Q�J�W�K��

�V�H�T�X�H�Q�F�L�Q�J���R�I�������6���U�'�1�$���D�Q�G���L�W�V���D�S�S�O�L�F�D�W�L�R�Q���L�Q���W�K�H���H�Y�R�O�X�W�L�R�Q�D�U�\���D�Q�D�O�\�V�L�V���R�I���I�X�Q�J�L���������E�X�W��

�W�K�H�U�H�� �D�U�H�� �I�H�Z�� �V�W�X�G�L�H�V�� �R�Q���P�D�U�L�Q�H���I�X�Q�J�L���� �&�X�U�U�H�Q�W�� �P�H�W�D�J�H�Q�R�P�L�F�V�� �D�Q�G�� �P�D�F�U�R��

�W�U�D�Q�V�F�U�L�S�W�R�P�L�F�V�� �D�V�� �Z�H�O�O���D�V�� �K�L�J�K���W�K�U�R�X�J�K�S�X�W�����F�X�O�W�X�U�H���E�D�V�H�G�� �P�H�W�K�R�G�V�� �D�V�� �O�H�D�G�L�Q�J���H�G�J�H��

�W�R�R�O�V�� �Z�L�O�O�� �H�Q�D�E�O�H�� �F�R�P�S�U�H�K�H�Q�V�L�Y�H�� �D�Q�D�O�\�V�L�V�� �W�R�� �X�Q�G�H�U�V�W�D�Q�G���P�D�U�L�Q�H���I�X�Q�J�L�� �P�R�U�H��

�F�R�P�S�U�H�K�H�Q�V�L�Y�H�O�\�� 
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4 Genomics of marine algae and plants 
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�G�R�F�X�P�H�Q�W�H�G�����7�K�H���P�D�U�L�Q�H���S�O�D�Q�W�V���P�D�L�Q�O�\���E�H�O�R�Q�J���W�R���0�D�J�Q�R�O�L�R�S�V�L�G�D�����0�R�Q�R�F�R�W�\�O�H�G�R�Q�H�D�H����

�3�R�O�\�S�R�G�L�R�S�V�L�G�D���D�Q�G���%�U�\�R�S�V�L�G�D�����$�O�J�D�H���L�V���D���F�R�P�S�O�L�F�D�W�H�G���J�U�R�X�S���L�Q�F�O�X�G�L�Q�J���E�R�W�K���(�X�N�D�U�\�R�W�L�F��

�D�Q�G���3�U�R�N�D�U�\�R�W�L�F���D�O�J�D�H�����3�O�D�Q�W�D�H���D�O�J�D�H���D�Q�G���&�K�U�R�P�L�V�W�D���D�O�J�D�H���F�R�P�S�U�L�V�H���a���������R�I���D�O�O���D�O�J�D�H��

�V�S�H�F�L�H�V�����7�R���G�D�W�H�����R�Q�O�\���W�K�U�H�H���J�H�Q�R�P�H�V���R�I���P�D�U�L�Q�H���S�O�D�Q�W�V���D�Q�G�����������J�H�Q�R�P�H�V���R�I���D�O�J�D�H���K�D�Y�H��

�E�H�H�Q���U�H�S�R�U�W�H�G�����)�R�U���D�O�J�D�H�����W�K�H���V�L�]�H�V���R�I���V�H�T�X�H�Q�F�H�G���J�H�Q�R�P�H�V���U�D�Q�J�H���I�U�R�P�������������0�E���W�R��������������
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4.1 �$�O�J�D�H���J�H�Q�R�P�H 

 �%�R�[�������������%�U�L�H�I���L�Q�W�U�R�G�X�F�W�L�R�Q���I�R�U���D�O�J�D�H 

�$�O�J�D�H�� �D�U�H�� �P�D�L�Q�O�\�� �S�O�D�Q�W�����R�U�� �S�O�D�Q�W�O�L�N�H�����P�D�U�L�Q�H���Q�R�Q���Y�D�V�F�X�O�D�U�� �R�U�J�D�Q�L�V�P�V�� �I�U�R�P�� �V�H�Y�H�U�D�O��

�S�K�\�O�D�����F�O�D�V�V�H�V���D�Q�G���I�D�P�L�O�L�H�V���F�R�Q�W�D�L�Q�L�Q�J���F�K�O�R�U�R�S�O�D�V�W�V�����7�K�H�\���F�D�Q���E�H���F�O�D�V�V�L�I�L�H�G���L�Q�W�R���J�U�H�H�Q��

�D�O�J�D�H�����U�H�G���D�O�J�D�H���D�Q�G���E�U�R�Z�Q���D�O�J�D�H���E�D�V�H�G���R�Q���W�K�H���S�L�J�P�H�Q�W�V���F�R�Q�W�D�L�Q�H�G���L�Q���W�K�H�L�U���F�H�O�O�V�����D�Q�G��

�I�X�U�W�K�H�U���F�O�D�V�V�L�I�L�H�G�� �L�Q�W�R�� �P�D�F�U�R�D�O�J�D�H�� �D�Q�G�� �P�L�F�U�R�D�O�J�D�H�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�L�U�� �E�R�G�\�� �V�L�]�H����

�0�D�F�U�R�D�O�J�D�H���D�U�H���P�D�F�U�R�V�F�R�S�L�F���V�S�H�F�L�H�V���R�I���J�U�H�D�W���H�F�R�Q�R�P�L�F���L�P�S�R�U�W�D�Q�F�H���D�V���P�D�Q�\���R�I���W�K�H�P��

�V�H�U�Y�H���D�V���I�R�R�G�V�����0�L�F�U�R�D�O�J�D�H���K�D�Y�H���S�R�W�H�Q�W�L�D�O���W�R���E�H���X�V�H�G���D�V���E�L�R�I�X�H�O���D�Q�G���W�R���U�H�G�X�F�H���Z�D�W�H�U��

�S�R�O�O�X�W�L�R�Q�� �Z�L�W�K�� �W�K�H�L�U�� �D�E�L�O�L�W�\�� �W�R�� �D�F�F�X�P�X�O�D�W�H�� �K�H�D�Y�\�� �P�H�W�D�O�V���� �S�H�V�W�L�F�L�G�H�V���� �R�U�J�D�Q�L�F�� �D�Q�G��

�L�Q�R�U�J�D�Q�L�F���W�R�[�L�F���V�X�E�V�W�D�Q�F�H�V���D�Q�G���U�D�G�L�R�D�F�W�L�Y�H���P�D�W�H�U�L�D�O���L�Q���W�K�H�L�U���F�H�O�O���E�R�G�L�H�V������������ 

 

�7�K�H�U�H�� �D�U�H�� �������� �D�O�J�D�O�� �J�H�Q�R�P�H�V�� �V�H�T�X�H�Q�F�H�G���W�R�� �G�D�W�H�����Z�L�W�K�� �D�E�R�X�W���K�D�O�I�� �G�L�V�W�U�L�E�X�W�H�G���D�F�U�R�V�V��

�&�K�O�R�U�R�S�K�\�W�D�����)�L�J�����������������7�K�H���D�V�V�H�P�E�O�H�G���J�H�Q�R�P�H���V�L�]�H�V���R�I���S�X�E�O�L�V�K�H�G���D�O�J�D�O���V�S�H�F�L�H�V���U�D�Q�J�H��

�I�U�R�P�� ���������� �0�E�� ���&�U�\�S�W�R�P�R�Q�D�V�� �S�D�U�D�P�H�F�L�X�P���� �W�R�� ������������ �0�E�� ���%�U�H�Y�L�R�O�X�P�� �P�L�Q�X�W�X�P������

�3�X�E�O�L�V�K�H�G���J�H�Q�R�P�H���U�H�V�H�D�U�F�K���P�D�L�Q�O�\�� �I�R�F�X�V�H�V���R�Q���D�O�J�D�O���H�Y�R�O�X�W�L�R�Q���K�L�V�W�R�U�\���� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O��

�D�G�D�S�W�L�R�Q�����E�L�R�P�D�V�V���D�F�F�X�P�X�O�D�W�L�R�Q���D�Q�G���H�F�R�Q�R�P�L�F���D�Q�G���H�F�R�O�R�J�L�F�D�O���U�R�O�H�V�����������S�D�S�H�U�V���I�R�F�X�V���R�Q��

�W�K�H���W�H�U�U�H�V�W�U�L�D�O���H�Y�R�O�X�W�L�R�Q�����P�X�O�W�L�F�H�O�O�X�O�D�U���H�Y�R�O�X�W�L�R�Q���D�Q�G���G�L�V�W�L�Q�F�W���J�H�Q�R�P�H���V�W�U�X�F�W�X�U�H���R�I���D�O�J�D�H������
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�������S�D�S�H�U�V���D�U�H���D�E�R�X�W�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���D�G�D�S�W�D�W�L�R�Q���W�R���X�O�W�U�D���F�R�O�G���� �K�R�W���� �X�Q�V�W�D�E�O�H���� �K�L�J�K���V�D�O�W��

�D�Q�G���R�U���K�L�J�K���L�U�R�Q���H�Q�Y�L�U�R�Q�P�H�Q�W�����D�Q�G���������S�D�S�H�U�V���V�W�X�G�L�H�G���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���U�H�Q�H�Z�D�E�O�H���I�X�H�O��

���7�D�E�O�H�������������� 

�7�K�H�U�H���D�U�H���a���7�E���R�I���V�H�T�X�H�Q�F�H�G���J�H�Q�R�P�L�F���G�D�W�D���I�R�U���D�O�J�D�H���V�S�H�F�L�H�V�����+�R�Z�H�Y�H�U�����F�X�U�U�H�Q�W���J�H�Q�R�P�H��

�U�H�V�H�D�U�F�K���F�R�Q�F�H�U�Q�L�Q�J���D�O�J�D�H�� �V�W�L�O�O�� �I�D�F�H�V���P�D�Q�\�� �F�K�D�O�O�H�Q�J�H�V���� �$�Q�� �R�E�Y�L�R�X�V�� �S�U�R�E�O�H�P�� �L�V�� �W�K�H��

�F�R�P�S�O�H�W�H�Q�H�V�V���R�I���D�V�V�H�P�E�O�L�H�V�����7�K�H���V�K�R�U�W�H�V�W���V�F�D�I�I�R�O�G���1�������R�I���D�O�J�D�O���J�H�Q�R�P�H���D�V�V�H�P�E�O�L�H�V���L�V��

�������E�S�����(�X�J�O�H�Q�D���J�U�D�F�L�O�L�V�����U�H�V�X�O�W�L�Q�J���L�Q���I�U�D�F�W�L�R�Q�D�O���J�H�Q�H���P�R�G�H�O�V�����$�G�G�L�W�L�R�Q�D�O�O�\�����K�D�O�I���R�I���W�K�H�V�H��

�D�V�V�H�P�E�O�L�H�V�� �K�D�Y�H�� �D�� �F�R�P�S�O�H�W�H�Q�H�V�V�� �O�H�V�V�� �W�K�D�Q�� ���������E�D�V�H�G�� �R�Q���%�8�6�&�2�� �H�Y�D�O�X�D�W�L�R�Q���R�I�� �W�K�H��

�D�Y�D�L�O�D�E�O�H�� �D�O�J�D�O���D�V�V�H�P�E�O�L�H�V�����%�R�[�����������G�H�V�F�U�L�E�H�V���W�K�H�� �F�X�U�U�H�Q�W���F�K�D�O�O�H�Q�J�H�V���L�Q�� �D�O�J�D�O���J�H�Q�R�P�H��

�D�V�V�H�P�E�O�\�����1�H�Z���W�H�F�K�Q�R�O�R�J�L�H�V���V�X�F�K���D�V���R�S�W�L�F�D�O���P�D�S�S�L�Q�J���������;���J�H�Q�R�P�L�F�V�����V�L�Q�J�O�H���P�R�O�H�F�X�O�H��

�U�H�D�O���W�L�P�H���V�H�T�X�H�Q�F�L�Q�J���D�Q�G���+�L���&���P�L�J�K�W���E�H���X�V�H�G���W�R���D�G�G�U�H�V�V���W�K�H�V�H���F�K�D�O�O�H�Q�J�H�V���D�Q�G���L�Q���H�Q�D�E�O�H��

�K�L�J�K�H�U���T�X�D�O�L�W�\���J�H�Q�R�P�H���D�V�V�H�P�E�O�L�H�V�� 

 �%�R�[�������������&�K�D�O�O�H�Q�J�H�V���I�R�U���D�O�J�D�H���J�H�Q�R�P�L�F���U�H�V�H�D�U�F�K 

�������6�R�P�H���D�O�J�D�H���K�D�Y�H���V�\�P�E�L�R�W�L�F���U�H�O�D�W�L�R�Q�V�K�L�S�V���Z�L�W�K���R�W�K�H�U���R�U�J�D�Q�L�V�P�V�����V�X�F�K���D�V���I�X�Q�J�L�����L�Q��

�R�U�G�H�U���W�R�� �I�R�U�P�� �O�L�F�K�H�Q�� �R�U�� �O�L�Y�H�� �L�Q���P�D�U�L�Q�H���F�R�U�D�O�� �F�H�O�O�V���� �7�K�H�� �V�\�P�E�L�R�Q�W�� �E�U�L�Q�J�V�� �P�D�Q�\��

�G�L�I�I�L�F�X�O�W�L�H�V���W�R���L�V�R�O�D�W�H���� �F�X�O�W�X�U�H���D�Q�G���D�F�T�X�L�U�H���W�K�H�� �D�O�J�D�H���V�D�P�S�O�H�V���E�H�F�D�X�V�H���R�I���W�K�H���V�D�P�S�O�H��

�F�R�Q�W�D�P�L�Q�D�W�L�R�Q�� 

�������6�R�P�H���D�O�J�D�H���K�D�Y�H���F�K�D�O�O�H�Q�J�L�Q�J���S�K�\�V�L�F�D�O���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���Z�K�L�F�K���P�D�N�H���'�1�$���H�[�W�U�D�F�W�L�R�Q��

�G�L�I�I�L�F�X�O�W�����)�R�U���H�[�D�P�S�O�H�����W�K�H���E�R�G�\���R�I���F�R�U�D�O���D�O�J�D�H���L�V���K�L�J�K�O�\���F�D�O�F�L�I�L�H�G���D�Q�G���W�K�H���D�P�R�X�Q�W���R�I��

�'�1�$���H�[�W�U�D�F�W�H�G���I�U�R�P���V�X�F�K���W�L�V�V�X�H�V���L�V���Y�H�U�\���V�P�D�O�O���R�U�����Z�K�H�Q���H�[�W�U�D�F�W�H�G�����W�K�H���T�X�D�O�L�W�\���L�V���Y�H�U�\��

�S�R�R�U�����P�D�N�L�Q�J���L�W���G�L�I�I�L�F�X�O�W���W�R���S�H�U�I�R�U�P���O�R�Q�J���P�R�O�H�F�X�O�D�U���V�H�T�X�H�Q�F�L�Q�J�� 

�������$�O�J�D�H���J�H�Q�R�P�H�V���X�V�X�D�O�O�\���F�R�Q�W�D�L�Q���D���K�L�J�K���S�U�R�S�R�U�W�L�R�Q���R�I���U�H�S�H�W�L�W�L�Y�H���V�H�T�X�H�Q�F�H�V�����&�X�U�U�H�Q�W��

�W�H�F�K�Q�R�O�R�J�\���F�D�Q�Q�R�W�� �V�X�F�F�H�V�V�I�X�O�O�\�� �R�Y�H�U�F�R�P�H�� �W�K�H�� �D�V�V�H�P�E�O�\�� �F�K�D�O�O�H�Q�J�H�V���F�D�X�V�H�G�� �E�\�� �K�L�J�K��

�U�H�S�H�D�W�� �F�R�Q�W�H�Q�W�V�� �R�U���J�L�J�D�Q�W�L�F�� �J�H�Q�R�P�H�� �V�L�]�H�V���� �)�R�U�� �H�[�D�P�S�O�H���� �L�W�� �L�V�� �U�H�S�R�U�W�H�G�� �W�K�D�W��

�'�L�Q�R�I�O�D�J�H�O�O�D�W�H�V���F�R�Q�W�D�L�Q���O�D�U�J�H���D�P�R�X�Q�W���R�I���'�1�$���Z�L�W�K���D�Q���H�V�W�L�P�D�W�H�G���J�H�Q�R�P�H���V�L�]�H���U�D�Q�J�L�Q�J��

�I�U�R�P�������*���W�R�����������*�E������ 

 

�7�D�E�O�H�����������6�X�P�P�D�U�\���R�I���W�K�H���U�H�V�H�D�U�F�K���I�R�F�X�V���R�I���W�K�H���S�X�E�O�L�V�K�H�G���D�O�J�D�H���J�H�Q�R�P�H�V�� 
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Research focus Species 

Evolution 

Cyanidioschyzon merolae 10D; Picoeukaryotes Micromonas; 

Auxenochlorella protothecoides; Prototheca wickerhamii; 

Cymbomonas tetramitiformis; Cyanophora paradoxa; 

Chlamydomonas reinhardtii; Ostreococcus lucimarinus; 

Micromonas;  Bathycoccus prasinos; Porphyridium 

purpureuml; Volvox carteri; Klebsormidium flaccidum; 

Lotharella oceanica; Hemiselmis andersenii; Chroomonas 

mesostigmatica; Chlorella vulgaris; Raphidocelis subcapitata; 

Tetrabaena socialis; Coccomyxa sp. C-169;Euglena 

gracilis;Gonium pectorale;Phaeodactylum 

tricornutum;Symbiodinium kawagutii; Chlorella variabilis 

NC64A;Chondrus crispus;Chondrus crispus; Ectocarpus 

siliculosus; Gonium pectorale 

Environmental adaptation 

Dunaliella salina Strain CCAP19/18; Thalassiosira 

Pseudonanao"Chlamydomonas eustigma; Fragilariopsis 

cylindrus; Galdieria sulphuraria; Picochlorum sp.; 

Chrysochromulina tobin: Ostreococcus tauri; Micromonas; 

Heterococcus sp. DN1; Symbiodinium goreaui; Chlorella 

variabilis; Pyropia yezoensis; Coccomyxa subellipsoidea; 

Thalassiosira Pseudonana; Thalassiosira oceanica 

CCMP1005; Picochlorum SENEW3; 

Ecological role 
Aureococcus anophagefferens; Pseudo-nitzschia multiseries; 

Symbiodinium minutum; 

Biomass accumulation 

Tetradesmus obliquus; Nannochloropsis gaditana; 

Tetradesmus; Dunaliella salina 

obliquus UTEX 393; Botryococcus braunii; Scenedesmus 
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obliquus Strain DOE0152z; Chlorella vulgaris; Micractinium 

conductrix; Parachlorella kessleri; Nannochloropsis; 

Picochlorum soloecismus; Chlorella protothecoides; 

Monoraphidium neglectum; Tetradesmus 

obliquus UTEX 393; Botryococcus braunii; 

Economic value 
Porphyra umbilicalis; Chlorella sorokiniana; Cladosiphon 

okamuranus;Haematococcus pluvialis;Saccharina japonica 

 

 

�)�L�J�������������3�K�\�O�R�J�H�Q�H�W�L�F���V�W�U�X�F�W�X�U�H���R�I���V�H�T�X�H�Q�F�H�G���D�O�J�D�O���J�H�Q�R�P�H�V�����7�K�H���W�U�H�H���L�V���F�R�Q�V�W�U�X�F�W�H�G��

�I�U�R�P�� �W�K�H���1�&�%�,�� �F�R�P�P�R�Q�� �W�U�H�H�����+�L�J�K�O�L�J�K�W�V�� �Z�L�W�K�� �V�D�P�H�� �F�R�O�R�U�� �D�U�H�� �G�L�V�W�U�L�E�X�W�H�G���L�Q�� �V�D�P�H��

�S�K�\�O�R�J�H�Q�H�W�L�F���F�O�D�G�H�����7�K�H���O�D�U�J�H�V�W���K�L�J�K�O�L�J�K�W���L�Q���J�U�H�H�Q���L�V���F�K�O�R�U�R�S�K�\�W�D�� 
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4.2 �*�H�Q�R�P�L�F�V���R�I���P�D�U�L�Q�H���S�O�D�Q�W�V 

�0�D�U�L�Q�H���S�O�D�Q�W�V���D�U�H���X�V�X�D�O�O�\���U�H�I�H�U�U�H�G���W�R���D�V���J�U�R�X�S�V���R�I���H�P�E�U�\�R�S�K�\�W�H�V���F�R�O�R�Q�L�]�L�Q�J���W�K�H���R�F�H�D�Q�V������

�R�U���L�Q�W�H�U�W�L�G�D�O���D�U�H�D�V�����Z�K�L�F�K���H�Y�R�O�Y�H�G���I�U�R�P���W�K�H�L�U���W�H�U�U�H�V�W�U�L�D�O���D�Q�F�H�V�W�R�U�V���W�R���D�G�D�S�W���W�R���W�K�H���R�F�H�D�Q��

�H�Q�Y�L�U�R�Q�P�H�Q�W�����0�D�U�L�Q�H���S�O�D�Q�W�V���L�Q�F�O�X�G�H�� �V�H�D�J�U�D�V�V�H�V���� �P�D�Q�J�U�R�Y�H�V���� �P�R�V�V�H�V�� �D�Q�G�� �I�H�U�Q�V����

�6�H�D�J�U�D�V�V�H�V���D�U�H���W�K�H���R�Q�O�\���I�O�R�Z�H�U�L�Q�J���S�O�D�Q�W�V���W�K�D�W���F�D�Q���O�L�Y�H���X�Q�G�H�U�Z�D�W�H�U�����7�K�H�\���D�U�H���D���N�L�Q�G���R�I��

�S�R�O�\�S�K�\�O�H�W�L�F�� �D�V�V�H�P�E�O�D�J�H�� �R�I�� �P�R�Q�R�F�R�W�V���� �P�D�L�Q�O�\�� �I�U�R�P���D�O�L�V�P�D�W�D�O�H�V���������&�R�P�S�D�U�H�G���W�R�� �V�H�D��

�J�U�D�V�V�H�V�����P�D�Q�J�U�R�Y�H�V���X�V�X�D�O�O�\���F�R�O�R�Q�L�]�H���L�Q�W�H�U�W�L�G�D�O���D�U�H�D�V�����D�Q�G���P�R�V�W���P�D�Q�J�U�R�Y�H�V���E�H�O�R�Q�J���W�R������

�R�U�G�H�U�V���R�I�� �W�K�H���P�D�J�Q�R�O�L�R�S�V�L�G�D���F�O�D�V�V�����P�D�O�S�L�J�K�L�D�O�H�V�����U�H�G�� �P�D�Q�J�U�R�Y�H�V�����O�D�P�L�D�O�H�V�����E�O�D�F�N��

�P�D�Q�J�U�R�Y�H�V���D�Q�G���P�\�U�W�D�O�H�V�����Z�K�L�W�H�� �P�D�Q�J�U�R�Y�H�V���� ���)�L�J�����������������0�D�Q�J�U�R�Y�H�V���K�D�Y�H���D�G�D�S�W�H�G�� �W�R��

�H�Q�Y�L�U�R�Q�P�H�Q�W�V�� �Z�L�W�K���K�L�J�K�� �V�D�O�L�Q�L�W�\���� �V�W�U�R�Q�J�� �8�9�� �O�L�J�K�W���� �K�\�S�R�[�L�D�� �D�Q�G�� �D�Q�R�[�L�F�� �F�R�Q�G�L�W�L�R�Q�V�� �R�I��

�Z�D�W�H�U�O�R�J�J�H�G���P�X�G�V���������D�V���Z�H�O�O���D�V���W�L�G�H�V���Z�K�L�F�K���D�I�I�H�F�W���V�D�O�W���H�T�X�L�O�L�E�U�L�X�P���U�H�J�X�O�D�W�L�R�Q���������������7�K�X�V����

�J�H�Q�R�P�L�F�V���R�I���P�D�Q�J�U�R�Y�H�V���D�U�H���H�V�S�H�F�L�D�O�O�\���X�V�H�I�X�O���I�R�U���H�[�S�O�R�U�L�Q�J���P�H�F�K�D�Q�L�V�P�V���R�I���D�G�D�S�W�D�W�L�R�Q������

������ 

 

�)�L�J�������������1�X�P�E�H�U�V���R�I���P�D�U�L�Q�H���S�O�D�Q�W���V�S�H�F�L�H�V���L�Q���G�L�I�I�H�U�H�Q�W���J�U�R�X�S�V�� 
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�7�R���G�D�W�H�����R�Q�O�\���W�Z�R���V�H�D�J�U�D�V�V���J�H�Q�R�P�H�V�����=�R�V�W�H�U�D���P�D�U�L�Q�D���D�Q�G���=�R�V�W�H�U�D���P�X�H�O�O�H�U�L�����������������D�Q�G���R�Q�H��

�P�D�Q�J�U�R�Y�H�� �J�H�Q�R�P�H�� ���5�K�L�]�R�S�K�R�U�D�� �D�S�L�F�X�O�D�W�D���������K�D�Y�H�� �E�H�H�Q���U�H�S�R�U�W�H�G���� �7�K�H�� �J�H�Q�R�P�H�� �R�I��

�=�R�V�W�H�U�D���P�D�U�L�Q�D�����W�K�H���I�L�U�V�W���P�D�U�L�Q�H���D�Q�J�L�R�V�S�H�U�P���W�R���E�H���V�H�T�X�H�Q�F�H�G�����U�H�Y�H�D�O�V���P�H�F�K�D�Q�L�V�P�V���R�I��

�D�G�D�S�W�D�W�L�R�Q���W�R���W�K�H���P�D�U�L�Q�H���H�Q�Y�L�U�R�Q�P�H�Q�W�����L�Q�F�O�X�G�L�Q�J���J�H�Q�H���J�D�L�Q���D�Q�G���O�R�V�V���H�Y�H�Q�W�V���������6�L�P�L�O�D�U��

�J�H�Q�H���J�D�L�Q���D�Q�G���O�R�V�V���H�Y�H�Q�W�V���Z�H�U�H���R�E�V�H�U�Y�H�G���L�Q���W�K�H���=�R�V�W�H�U�D���P�X�H�O�O�H�U�L���J�H�Q�R�P�H�����V�X�J�J�H�V�W�L�Q�J��

�W�K�D�W���W�K�H�V�H���P�D�\�� �F�R�P�S�U�L�V�H���W�K�H���P�D�M�R�U���J�H�Q�H�W�L�F���F�K�D�Q�J�H�V���U�H�T�X�L�U�H�G���I�R�U���P�D�U�L�Q�H���D�G�D�S�W�D�W�L�R�Q��������

�7�K�H���R�Q�O�\���S�X�E�O�L�V�K�H�G���P�D�Q�J�U�R�Y�H���J�H�Q�R�P�H���L�V���5�K�L�]�R�S�K�R�U�D���D�S�L�F�X�O�D�W�H���������7�K�H���F�R�P�E�L�Q�D�W�L�R�Q���R�I��

�Z�K�R�O�H���J�H�Q�R�P�H���G�X�S�O�L�F�D�W�L�R�Q�����:�*�'�����L�Q���5�����D�S�L�F�X�O�D�W�H���D�Q�G���S�D�O�H�R�J�H�R�J�U�D�S�K�L�F���H�Y�H�Q�W�V���±���U�L�V�L�Q�J��

�V�H�D���O�H�Y�H�O�V���V�X�E�P�H�U�J�L�Q�J���W�K�H���D�Q�J�L�R�V�S�H�U�P�V���O�L�Y�L�Q�J���D�W���W�K�H���P�D�U�J�L�Q�V���R�I���U�D�L�Q�I�R�U�H�V�W�V���±���U�H�V�X�O�W�H�G���L�Q��

�U�D�S�L�G�� �D�G�D�S�W�L�R�Q�� �W�R�� �W�K�L�V�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �D�V�� �Z�H�O�O�� �V�S�H�F�L�H�V���G�L�Y�H�U�V�L�I�L�F�D�W�L�R�Q���� �'�X�S�O�L�F�D�W�H�G�� �J�H�Q�H�V��

�P�D�G�H���L�W���S�R�V�V�L�E�O�H���W�R���G�H�Y�H�O�R�S���V�S�H�F�L�D�O�L�]�H�G���I�X�Q�F�W�L�R�Q�V���U�H�T�X�L�U�H�G���I�R�U���W�K�U�L�Y�L�Q�J���L�Q���W�K�L�V���Q�H�Z���D�Q�G��

�F�K�D�O�O�H�Q�J�L�Q�J���H�Q�Y�L�U�R�Q�P�H�Q�W���������$�V���D���U�H�V�X�O�W�����V�H�D�J�U�D�V�V�H�V���D�Q�G���P�D�Q�J�U�R�Y�H�V���D�U�H���W�K�H���L�G�H�D�O���P�R�G�H�O��

�I�R�U���W�K�H���V�W�X�G�\���R�I���F�R�Q�Y�H�U�J�H�Q�W���H�Y�R�O�X�W�L�R�Q���D�Q�G���W�K�H���U�H�W�X�U�Q���R�I���D�Q�J�L�R�V�S�H�U�P���S�O�D�Q�W�V���W�R���W�K�H���P�D�U�L�Q�H��

�H�Q�Y�L�U�R�Q�P�H�Q�W���� 
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5 Marine Invertebrates 

5.1 �*�O�R�E�D�O���G�L�Y�H�U�V�L�W�\���D�Q�G���S�K�\�O�R�J�H�Q�\ 

�0�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H�V���D�U�H���K�L�J�K�O�\���G�L�Y�H�U�V�H�����R�F�F�X�S�\�L�Q�J���������R�I���������L�Q�Y�H�U�W�H�E�U�D�W�H���S�K�\�O�D���Z�L�W�K���D�V��

�P�D�Q�\���D�V�������������������D�F�F�H�S�W�H�G���V�S�H�F�L�H�V�����7�K�H�\���U�H�S�U�H�V�H�Q�W���R�Y�H�U�����������R�I���D�O�O���L�Q�Y�H�U�W�H�E�U�D�W�H�V�����7�K�H��

�P�R�V�W���G�R�P�L�Q�D�Q�W���V�S�H�F�L�H�V���Z�H�U�H���G�L�V�W�U�L�E�X�W�H�G���L�Q���S�K�\�O�D���R�I���$�U�W�K�U�R�S�R�G�D���������������������D�Q�G���0�R�O�O�X�V�F�D��

���������������������7�D�E�O�H������������ 

�7�D�E�O�H�����������7�K�H���D�F�F�H�S�W�H�G���V�S�H�F�L�H�V���Q�X�P�E�H�U�V���R�I���P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H�V�
 

Phylum 
# of 

class 

# of 

order 

# of 

family  

# of 

genus 

# of 

species 

# of 

sequenced 

Arthropoda 16 79 1,114 8,753 55,472 17 

Mollusca 8 53 564 4,952 47,345 15 

Annelida 2 15 107 1,552 12,906 2 

Cnidaria 7 25 349 1,725 11,601 13 

Platyhelminthes 6 40 310 2,398 11,475 2 

Porifera 5 35 141 696 8,747 1 

Echinodermata 5 41 201 1,288 7,354 11 

Nematoda 3 18 103 774 6,140 0 

Bryozoa 2 3 199 887 6,131 0 

Nemertea 4 2 42 301 1,320 1 

Gastrotricha 1 2 14 46 497 0 

Acanthocephala 2 4 16 91 492 0 

Xenacoelomorp

ha 
1 2 19 113 451 0 

Brachiopoda 3 5 30 122 420 1 

Tardigrada 2 3 12 51 207 0 

Ctenophora 2 9 31 53 204 2 

Entoprocta 1 1 4 12 190 0 

Kinorhyncha 1 2 10 21 188 0 

Sipuncula 2 3 6 18 156 0 

Rotifera 2 3 17 33 147 0 

Chaetognatha 1 2 9 26 131 0 

Hemichordata 2 3 6 24 130 2 

Rhombozoa 2 2 3 9 122 0 

Gnathostomulid

a 
1 2 12 27 101 0 

Loricifera 1 1 2 8 28 0 
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Orthonectida 1 1 2 5 25 1 

Priapula 1 4 5 7 22 1 

Phoronida 1 1 1 2 11 1 

Nematomorpha 1 1 1 1 5 0 

Cycliophora 1 1 1 1 2 0 

Placozoa 1 1 1 1 1 1 

Micrognathozoa 0 0 0 0 0 0 

Onychophora 0 0 0 0 0 0 

Total ���� ������ ���������� ������������ �������������� ���� 

�
���W�K�H���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���R�I���P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H�V���Z�D�V���D�G�D�S�W�H�G���I�U�R�P���D���S�U�H�Y�L�R�X�V���V�W�X�G�\���������W�K�H���V�S�H�F�L�H�V���Q�X�P�E�H�U�V��

�Z�H�U�H���D�G�D�S�W�H�G���I�U�R�P���W�K�H���:�R�5�0�6���G�D�W�D�E�D�V�H�����X�S���W�R�������������������������W�K�H���Q�X�P�E�H�U�V���R�I���V�H�T�X�H�Q�F�H�G���V�S�H�F�L�H�V���Z�H�U�H��

�F�R�O�O�H�F�W�H�G���I�U�R�P���W�K�H���1�&�%�,���W�D�[�R�Q�R�P�\���G�D�W�D�E�D�V�H�� 

5.2 �* �H�Q�R�P�L�F�V���R�I���P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H�V 

�2�Q�O�\�������������������������R�I���������������������V�S�H�F�L�H�V���R�I���D�O�O���P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H�V���K�D�Y�H���E�H�H�Q���V�H�T�X�H�Q�F�H�G����

�P�D�L�Q�O�\�� �G�L�V�W�U�L�E�X�W�H�G�� �L�Q�� �S�K�\�O�D�� �R�I�� �$�U�W�K�U�R�S�R�G�D�� ������������ �0�R�O�O�X�V�F�D�� ������������ �&�Q�L�G�D�U�L�D�� ������������ �D�Q�G��

�(�F�K�L�Q�R�G�H�U�P�D�W�D���������������0�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H�V���V�H�O�H�F�W�H�G���I�R�U���Z�K�R�O�H���J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J���D�U�H��

�R�I�W�H�Q���S�U�L�R�U�L�W�L�]�H�G���D�F�F�R�U�G�L�Q�J�� �W�R���� �W�K�H�L�U���H�F�R�Q�R�P�L�F�� �Y�D�O�X�H�� �D�V�� �V�H�D�I�R�R�G�����V�X�F�K�� �D�V���W�K�H���V�K�U�L�P�S�V��

�0�D�U�V�X�S�H�Q�D�H�X�V���M�D�S�R�Q�L�F�X�V���D�Q�G���3�H�Q�D�H�X�V���P�R�Q�R�G�R�Q���������W�K�H�L�U���S�R�W�H�Q�W�L�D�O���Y�D�O�X�H���L�Q���P�H�G�L�F�L�Q�H���D�Q�G��

�E�L�R�P�D�W�H�U�L�D�O�V�����D�Q�G���W�K�H�L�U���F�U�L�W�L�F�D�O���H�F�R�O�R�J�L�F�D�O���Y�D�O�X�H�����O�L�N�H���W�K�H���U�H�H�I���E�X�L�O�G�L�Q�J���F�R�U�D�O���$�F�U�R�S�R�U�D��

�G�L�J�L�W�L�I�H�U�D���������+�R�Z�H�Y�H�U���� �W�K�H�U�H���D�U�H�� �V�R�P�H�� �P�D�M�R�U���F�K�D�O�O�H�Q�J�H�V�� �W�K�D�W�� �S�U�H�V�H�Q�W�� �E�D�U�U�L�H�U�V���W�R��

�D�G�G�L�W�L�R�Q�D�O���P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H���J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J�����%�R�[������������ 

�*�H�Q�R�P�L�F�� �V�W�X�G�L�H�V�� �L�Q���P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H�V�� �K�D�Y�H�� �I�R�F�X�V�H�G�� �R�Q�� �L�Q�Y�H�V�W�L�J�D�W�L�Q�J�� �D�� �Y�D�U�L�H�W�\�� �R�I��

�H�Y�R�O�X�W�L�R�Q�D�U�\�����E�L�R�O�R�J�L�F�D�O�����D�Q�G���H�F�R�O�R�J�L�F�D�O���T�X�H�V�W�L�R�Q�V�����6�S�H�F�L�I�L�F�D�O�O�\�����G�X�H���W�R���W�K�H���I�X�Q�G�D�P�H�Q�W�D�O��

�S�K�\�O�R�J�H�Q�H�W�L�F�� �U�R�O�H���W�K�D�W�� �W�K�L�V�� �O�D�U�J�H�� �J�U�R�X�S�� �S�O�D�\�V���� �H�Y�R�O�X�W�L�R�Q�D�U�\�� �T�X�H�V�W�L�R�Q�V�� �L�Q�F�O�X�G�L�Q�J���W�K�H��

�R�U�L�J�L�Q���R�I���P�X�O�W�L�F�H�O�O�X�O�D�U�L�W�\���D�Q�G���H�D�U�O�\���D�Q�L�P�D�O���H�Y�R�O�X�W�L�R�Q�����E�L�O�D�W�H�U�D�O���H�P�H�U�J�H�Q�F�H�����D�Q�G���Q�H�U�Y�R�X�V��

�D�Q�G�� �L�P�P�X�Q�H�� �V�\�V�W�H�P�� �G�H�Y�H�O�R�S�P�H�Q�W�����K�D�Y�H�� �U�H�F�H�L�Y�H�G�� �O�R�W�V�� �R�I�� �L�Q�W�H�U�H�V�W���I�U�R�P���L�Q�Y�H�V�W�L�J�D�W�R�U�V����

�6�L�P�L�O�D�U�O�\���� �E�L�R�O�R�J�L�F�D�O���L�V�V�X�H�V���V�X�F�K���D�V�� �D�G�D�S�W�D�W�L�R�Q���W�R�� �H�[�W�U�H�P�H���H�Q�Y�L�U�R�Q�P�H�Q�W�V�����E�L�R�U�K�\�W�K�P�V����

�V�K�H�O�O�� �I�R�U�P�D�W�L�R�Q���� �D�Q�G�� �O�R�Q�J�H�Y�L�W�\���� �D�O�R�Q�J�V�L�G�H�� �H�F�R�O�R�J�L�F�D�O�� �E�D�O�D�Q�F�H���� �E�U�H�H�G�L�Q�J�� �D�Q�G��

�L�P�S�U�R�Y�H�P�H�Q�W���� �K�D�Y�H�� �E�H�H�Q�� �F�K�D�U�D�F�W�H�U�L�]�H�G�� �L�Q�� �G�L�Y�H�U�V�H�� �S�K�\�O�D�� �L�Q���P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H�V�����7�K�H��

�S�X�E�O�L�V�K�H�G���V�W�X�G�L�H�V���D�U�H���V�X�P�P�D�U�L�]�H�G���L�Q���7�D�E�O�H�������������2�Y�H�U�D�O�O�����D�O�W�K�R�X�J�K���D�G�Y�D�Q�F�H�V���K�D�Y�H���E�H�H�Q��
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�P�D�G�H���� �P�R�U�H�� �D�F�F�H�V�V�L�E�O�H�� �V�H�T�X�H�Q�F�H�G�� �J�H�Q�R�P�H�V�� �D�Q�G�� �R�W�K�H�U���R�P�L�F�V�� �G�D�W�D�� �I�R�U�� �P�D�U�L�Q�H��

�L�Q�Y�H�U�W�H�E�U�D�W�H�V���D�U�H���U�H�T�X�L�U�H�G���I�R�U���P�R�U�H���F�R�P�S�U�H�K�H�Q�V�L�Y�H���V�W�X�G�L�H�V���W�R���E�H���S�H�U�I�R�U�P�H�G�� 

 �%�R�[�����������%�D�U�U�L�H�U�V���L�Q���P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H���J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J 

i)  �(�F�R�O�R�J�L�F�D�O���Q�L�F�K�H�����0�D�Q�\���P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H�V���O�L�Y�H���I�D�U���I�U�R�P���O�D�Q�G�����R�U���O�L�Y�H���D�W���J�U�H�D�W��

�G�H�S�W�K�V�����O�H�D�G�L�Q�J���W�R���V�D�P�S�O�L�Q�J���G�L�I�I�L�F�X�O�W�L�H�V���D�Q�G���G�H�J�U�D�G�D�W�L�R�Q���R�I���'�1�$���� 

ii)  �6�\�P�E�L�R�V�L�V�����R�U�J�D�Q�L�V�P�V���W�K�D�W���O�L�Y�H���F�O�R�V�H�O�\���W�R�J�H�W�K�H�U���P�D�N�H���L�W���G�L�I�I�L�F�X�O�W���W�R���L�V�R�O�D�W�H��

�V�L�Q�J�O�H���R�U�J�D�Q�L�V�P���V�D�P�S�O�H�V���U�H�V�X�O�W�L�Q�J���L�Q���'�1�$���F�R�Q�W�D�P�L�Q�D�W�L�R�Q�����6�R�P�H���H�[�D�P�S�O�H�V���D�U�H��

�V�S�R�Q�J�H�V�����Z�K�L�F�K���F�R�Q�W�D�L�Q���P�L�F�U�R�R�U�J�D�Q�L�V�P�V���F�R�P�S�U�L�V�L�Q�J���X�S���W�R�����������R�I���W�K�H���W�R�W�D�O��

�E�L�R�P�D�V�V���������D�Q�G���F�R�U�D�O���U�H�H�I�V�����V�\�P�E�L�R�V�L�V���E�H�W�Z�H�H�Q���F�R�U�D�O���D�Q�G���D�O�J�D�H���������� 

iii)  �+�H�W�H�U�R�]�\�J�R�V�L�W�\���O�H�Y�H�O�V�����P�D�Q�\���L�Q�Y�H�U�W�H�E�U�D�W�H�V���R�I���K�D�Y�H���J�H�Q�R�P�H�V���Z�L�W�K���K�L�J�K��

�K�H�W�H�U�R�]�\�J�R�V�L�W�\�����V�X�F�K���D�V���R�\�V�W�H�U�����&�U�D�V�V�R�V�W�U�H�D���J�L�J�D�V������������ �������D�Q�G���V�H�D���X�U�F�K�L�Q��

���6�W�U�R�Q�J�\�O�R�F�H�Q�W�U�R�W�X�V���S�X�U�S�X�U�D�W�X�V�������a�������������Z�K�L�F�K���L�Q�F�U�H�D�V�H���W�K�H���F�R�P�S�O�H�[�L�W�\���R�I���G�H��

�Q�R�Y�R���J�H�Q�R�P�H���D�V�V�H�P�E�O�\�� 

iv) �$�E�V�W�U�D�F�W�L�R�Q���I�U�R�P���K�X�P�D�Q���O�L�I�H���D�Q�G���S�H�U�F�H�L�Y�H�G���H�F�R�Q�R�P�L�F���Y�D�O�X�H�����H�[�F�O�X�G�L�Q�J���V�K�U�L�P�S����

�F�U�D�E�����D�Q�G���V�K�H�O�O�I�L�V�K���P�R�V�W���P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H�V���F�D�Q�Q�R�W���E�H���X�V�H�G���D�V���D���I�R�R�G���V�R�X�U�F�H����

�V�X�F�K���D�V���$�Q�Q�H�O�L�G�D���D�Q�G���3�O�D�W�\�K�H�O�P�L�Q�W�K�H�V�����V�R���W�K�H���Y�D�O�X�H���R�I���W�K�H�L�U���J�H�Q�R�P�L�F���G�D�W�D���L�V���Q�R�W��

�L�P�P�H�G�L�D�W�H�O�\���R�E�Y�L�R�X�V�� 
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�7�D�E�O�H�����������+�R�W�V�S�R�W�V���D�Q�G���P�D�M�R�U���D�G�Y�D�Q�F�H�V���L�Q���P�D�U�L�Q�H���L�Q�Y�H�U�W�H�E�U�D�W�H���U�H�V�H�D�U�F�K�� 

Fields/Hotspots Advances 

Evolution of animal development 

Evolution of early-

animal development 

mechanisms 

�$�V���W�K�H���R�O�G�H�V�W���V�X�U�Y�L�Y�L�Q�J���P�H�W�D�]�R�D�Q���S�K�\�O�H�W�L�F���O�L�Q�H�D�J�H�����V�S�R�Q�J�H�V���V�K�D�U�H���N�H�\���D�G�K�H�V�L�R�Q���D�Q�G���V�L�J�Q�D�O�L�Q�J���J�H�Q�H�V���Z�L�W�K���W�K�H���µ�W�U�X�H�¶��

animals or eumetazoans74-76.  

The first, and still the only, available complete genome of sponge, Amphimedon queenslandica, reveals remarkable 

similarity to eumetazoan genomes, suggesting most gene families of true animals were already present in the last 

common ancestor of all animals77. 

Evolution of the 

Bilateria 

The sea anemone Nematostella vectensis genome displays high complexity with a gene repertoire, exon-intron 

structure, and large-scale gene linkage more similar to vertebrates than to some bilaterians such as flies, suggesting 

that the genome of the eumetazoan ancestor was similarly complex78. 

The marine Mollusca, Lottia gigantean, genome displays more similarities to some invertebrate deuterostome 

genomes than to other protostome genomes, contributing novel genes to the bilaterian ancestor background and 

revealing lineage-specific genome evolution79. 
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Evolution of the 

nervous system 

The genome of the demosponge, Tethya wilhelma, has been sequenced and the protein repertoire - in the context of 

genes mediating neural-like functions - was examined. Although the comprehensive analysis is still pending, those 

data will shed light on the evolution of nervous system development in metazoans80.  

Despite the morphological similarity of neuromuscular junctions in bilaterians and hydra, several of the key genes 

required for this junction in bilaterians are absent from the hydra genome81. 

Genetic programs that are homologous to three vertebrate signaling centers - the anterior neural ridge, zona limitans 

intrathalamica and isthmic organizer - are reported in the hemichordate (acorn worm), Saccoglossus kowalevskii82. 

Massive expansions in two gene families previously thought to be uniquely enlarged in vertebrates - the 

protocadherins that regulate neuronal development and the C2H2 superfamily - are reported in the Octopus 

bimaculoides genome, corresponding to the octopus' complex nervous system83. 

Evolution of 

Immunological 

Function 

Due to the integral role of antimicrobial peptides (AMPs) in the innate immune system, a variety of marine 

invertebrate genomic studies have focused on the discovery and characterization of AMPs, such as novel AMPs 

reported in the green sea urchin, Strongylocentrotus droebachiensis84, and in the oyster, Crassostrea gigas85. 

Although commonalities of innate defenses have been emphasized in invertebrates and vertebrates, ample evidence 

from complete genome studies suggests that novel immune capabilities exist among different phyla86-88. For instance, 

comparison of the genomes of the two Diptera, Anopheles gambiae and Drosophila melanogaster, which diverged 

about 250 million years ago, reveals surprisingly large differences in immunity-related genes88. 
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Molecular studies of sponges89, cnidarians90, shrimp91, and sea urchins92 have identified surprisingly diversified 

immune molecules. 

Symbionts may play more of a role in marine �L�Q�Y�H�U�W�H�E�U�D�W�H�V�¶���L�Q�W�H�U�Q�D�O���G�H�I�H�Q�V�H���W�K�D�Q���J�H�Q�H�U�D�O�O�\���D�S�S�U�H�F�L�D�W�H�G93-95. 

Biological process 

Adaptation to 

environment (deep 

sea, tidal zones, 

hydrothermal vents) 

Deep sea scale worms adopted two strategies of adaptation to hypoxia in habitats: rapid evolution of tetra-domain 

hemoglobin in Branchipolynoe and high expression of single-domain hemoglobin in Lepidonotopodium sp.96. 

The adaptability to environment by marine molluscs, which can be obviously divided into characteristics specific to 

physical environment97-99 and features for feeding strategies100-104, arises from the expansion of specific gene 

families, organ-specific proteins, or ministrant bacteria communities97,104.  

Biological clock Modulation of alternative splicing is a mechanism for natural adaptation in circadian timing105. 

Shell formation 

mechanism 

The pearl oyster was sequenced and studied to uncover the molecular mechanisms that underlie the formation of 

shells106. 

The process of shell formation involves attribution of cells and exosomes as well as frequent duplication of genes98,99. 
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Longevity 
Scientists have detected amino acid residues specific for a longevity group in sea urchin based on whole genome 

sequencing107. 

Ecological 

environment 
  

Ecological 

environment 

�7�K�H���G�L�Y�H�U�V�H���F�R�P�P�X�Q�L�W�L�H�V���R�I���V�\�P�E�L�R�W�L�F���R�U�J�D�Q�L�V�P�V���H�[�W�H�Q�G���V�S�R�Q�J�H�V�¶���P�H�W�D�E�R�O�L�F���F�D�S�D�E�L�O�L�W�L�H�V���E�\���P�H�G�L�D�W�L�Q�J���S�U�R�F�H�V�V�H�V���V�X�F�K��

as photosynthesis, carbon, and nitrogen cycling70,108-112. 

The Acropora genome provides crucial insights into the molecular basis of coral symbiosis and responses to 

environmental changes69. The innate complex immune repertoire of corals allows them to better cope with 

environmental stress and pathogens113. However, it is hard to determine how well the stony coral, Acropora, genome 

reflects general coral traits or to what extent it diverged from other coral genomes113. 

Comparison of the coral Stylophora pistillata genome to the coral Acropora digitifera genome reveals that the core 

set of conserved proteins is enriched in functions relating to cnidarian-dinoflagellate symbiosis. Independent, uneven 

expansions of genes involved in algal symbiosis, innate immunity, and stress response are identified in both species, 

demonstrating strikingly disparate coral genomes114. 

Researchers sequenced the whole genome of Acanthaster planci species from Australia and Okinawa115 and revealed 

key genes and a biological network regulation model in species-specific communication factors that are associated 

with their activity of aggregation on corals.  
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Molecular breeding 

and improvement 
  

Molecular breeding 

and improvement 

The genome information of two economically valuable penaeid shrimp species, Marsupenaeus japonicus and 

Penaeus monodon, was used to identify key genes that are important to their body plans, providing valuable 

resources for the study of selective breeding and some plastic biological characteristics of penaeid shrimps, including 

molting, lobstering, brooding eggs and sensitization in humans68. 
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6 Fish genomes 

6.1 �%�U�L�H�I���L�Q�W�U�R�G�X�F�W�L�R�Q���R�I���I�L�V�K 

�)�L�V�K���F�R�P�S�U�L�V�H���P�R�U�H���W�K�D�Q���K�D�O�I���R�I���D�O�O���Y�H�U�W�H�E�U�D�W�H���V�S�H�F�L�H�V���D�Q�G���K�D�Y�H���E�H�H�Q���D�G�D�S�W�H�G���W�R���D���Y�D�U�L�H�W�\���R�I���P�D�U�L�Q�H��

�D�Q�G���I�U�H�V�K�Z�D�W�H�U���K�D�E�L�W�D�W�V�����7�K�H�L�U���J�H�Q�R�P�H���H�Y�R�O�X�W�L�R�Q�� �D�Q�G���G�L�Y�H�U�V�L�I�L�F�D�W�L�R�Q���D�U�H���L�P�S�R�U�W�D�Q�W���V�X�E�M�H�F�W�V���I�R�U���W�K�H��

�X�Q�G�H�U�V�W�D�Q�G�L�Q�J���R�I���Y�H�U�W�H�E�U�D�W�H���H�Y�R�O�X�W�L�R�Q�����:�L�W�K���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���V�H�T�X�H�Q�F�L�Q�J���W�H�F�K�Q�R�O�R�J�\�����W�K�H���Q�X�P�E�H�U��

�R�I�� �I�L�V�K�� �V�S�H�F�L�H�V�� �Z�L�W�K�� �D�V�V�H�P�E�O�H�G�����G�U�D�I�W�� �Z�K�R�O�H�� �J�H�Q�R�P�H�� �V�H�T�X�H�Q�F�H�V���W�K�D�W�� �D�U�H���D�Y�D�L�O�D�E�O�H�� �R�Q�O�L�Q�H�� �L�V�� �U�L�V�L�Q�J��

�U�D�S�L�G�O�\�����&�X�U�U�H�Q�W�O�\�����W�K�H�U�H���D�U�H���P�R�U�H���W�K�D�Q�����������I�L�V�K���V�S�H�F�L�H�V���Z�L�W�K���J�H�Q�R�P�H�V���L�Q���S�X�E�O�L�F���G�D�W�D�E�D�V�H�V�����Z�L�W�K��������

�I�L�V�K���J�H�Q�R�P�H���S�D�S�H�U�V���S�X�E�O�L�V�K�H�G���L�Q���U�H�F�H�Q�W���\�H�D�U�V�����)�L�J�����������������,�Q���D�G�G�L�W�L�R�Q�����D�E�R�X�W���������������I�L�V�K���P�L�W�R�F�K�R�Q�G�U�L�D�O��

�J�H�Q�R�P�H�V���K�D�Y�H���E�H�H�Q���V�H�T�X�H�Q�F�H�G���D�Q�G���G�H�S�R�V�L�W�H�G���L�Q���W�K�H���0�L�W�R�I�L�V�K���Z�H�E�V�L�W�H�����������D�Q�G���D�E�R�X�W�����������I�L�V�K�H�V���D�V���Z�H�O�O��

�D�V���������������� �W�U�D�Q�V�F�U�L�S�W�R�P�H�V�� �K�D�Y�H���E�H�H�Q�� �V�H�T�X�H�Q�F�H�G���� �7�K�H�� �V�H�T�X�H�Q�F�H�G�� �I�L�V�K�� �V�S�H�F�L�H�V���F�R�P�H���I�U�R�P�� �G�L�I�I�H�U�H�Q�W��

�R�U�G�H�U�V�����*�D�G�L�I�R�U�P�H�V�����������V�S�H�F�L�H�V�������3�H�U�F�L�I�R�U�P�H�V�����������V�S�H�F�L�H�V�������D�Q�G���&�\�S�U�L�Q�R�G�R�Q�W�L�I�R�U�P�H�V�����������V�S�H�F�L�H�V�����D�U�H��

�W�K�H���W�R�S�������R�U�G�H�U�V���Z�L�W�K���V�H�T�X�H�Q�F�H�G���V�S�H�F�L�H�V���L�Q�F�O�X�G�L�Q�J���P�D�Q�\���P�D�M�R�U���I�R�R�G���I�L�V�K�H�V�� 

�3�U�H�V�H�Q�W�O�\�����U�H�V�H�D�U�F�K���R�Q���I�L�V�K���J�H�Q�R�P�H�V���L�V���I�R�F�X�V�H�G���R�Q���D���Z�L�G�H���Y�D�U�L�H�W�\���R�I���W�R�S�L�F�V�����)�L�J�����������������%�H�F�D�X�V�H���R�I���W�K�H�L�U��

�Z�L�G�H���G�L�V�W�U�L�E�X�W�L�R�Q���D�Q�G���S�R�W�H�Q�W�L�D�O���W�R���E�H���D�Q���H�Y�R�O�X�W�L�R�Q�D�U�\���P�R�G�H�O���I�R�U���Y�H�U�W�H�E�U�D�W�H�V�����V�W�X�G�L�H�V���R�Q���I�L�V�K���H�Y�R�O�X�W�L�R�Q����

�D�Q�G���H�V�S�H�F�L�D�O�O�\�� �H�Y�R�O�X�W�L�R�Q�D�U�\���D�G�D�S�W�D�W�L�R�Q�����K�D�Y�H�� �E�H�H�Q�� �D�E�X�Q�G�D�Q�W���� �&�R�P�P�R�Q�� �W�R�S�L�F�V���L�Q�F�O�X�G�H�V���Y�L�Y�L�S�D�U�L�W�\����

�D�G�D�S�W�L�Y�H���W�U�D�Q�V�L�W�L�R�Q���W�R���O�D�Q�G�����D�G�D�S�W�D�W�L�R�Q���W�R���H�[�W�U�H�P�H���H�Q�Y�L�U�R�Q�P�H�Q�W�V�����D�Q�G���F�R�Q�Y�H�U�J�H�Q�W���D�G�D�S�W�D�W�L�R�Q���W�R���W�K�H�L�U��

�H�F�R�O�R�J�L�F�D�O�� �Q�L�F�K�H�V���� �0�H�D�Q�Z�K�L�O�H���� �F�R�P�P�H�U�F�L�D�O�� �L�Q�W�H�U�H�V�W�V�� �D�Q�G���W�K�H�� �G�H�V�L�U�H���W�R�� �X�Q�G�H�U�V�W�D�Q�G�� �I�L�V�K�� �W�K�H�P�V�H�O�Y�H�V��

�K�D�Y�H���P�R�W�L�Y�D�W�H�G���V�W�X�G�L�H�V���Z�L�W�K�L�Q���I�L�V�K���J�H�Q�R�P�H�����V�X�F�K���D�V���L�P�P�X�Q�L�W�\���D�Q�G���V�H�[���G�H�W�H�U�P�L�Q�D�W�L�R�Q�����+�H�U�H�����Z�H���Z�L�O�O��

�V�X�P�P�D�U�L�]�H���W�K�H���K�L�J�K�O�L�J�K�W�V���R�I���W�K�L�V���U�H�V�H�D�U�F�K�� 
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�)�L�J�������������7�K�H���Q�X�P�E�H�U�V���R�I���V�H�T�X�H�Q�F�H�G���I�L�V�K���V�S�H�F�L�H�V���L�Q���G�L�I�I�H�U�H�Q�W���R�U�G�H�U�V�� 

Preprints  (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 December 2018                    Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 December 2018                   doi:10.20944/preprints201812.0156.v1



Report on marine life genomics 
 

46 

 

�)�L�J�������������7�K�H���U�H�V�H�D�U�F�K���I�R�F�X�V�H�V���R�I���S�X�E�O�L�V�K�H�G���I�L�V�K���J�H�Q�R�P�H�V�� 

6.2 �5�H�V�H�D�U�F�K���I�R�F�X�V�H�V���R�I���I�L�V�K���J�H�Q�R�P�L�F�V 

6.2.1 �9�L�Y�L�S�D�U�L�W�\���L�Q���W�H�O�H�R�V�W 

�6�R�P�H���R�I���W�K�H���D�G�D�S�W�L�Y�H���W�U�D�L�W�V���L�Q���I�L�V�K���K�D�Y�H���D�W�W�U�D�F�W�H�G���W�K�H���D�W�W�H�Q�W�L�R�Q���R�I���U�H�V�H�D�U�F�K�H�U�V���I�R�U�� �\�H�D�U�V�����9�L�Y�L�S�D�U�L�W�\����

�Z�K�L�F�K���P�H�D�Q�V���U�H�W�H�Q�W�L�R�Q���D�Q�G���J�U�R�Z�W�K���R�I���W�K�H���I�H�U�W�L�O�L�]�H�G���H�J�J���Z�L�W�K�L�Q���P�D�W�H�U�Q�D�O���E�R�G�\�����L�V���R�Q�H���R�I���W�K�H�P�����,�W���L�V��

�E�H�O�L�H�Y�H�G���W�K�D�W���Y�L�Y�L�S�D�U�L�W�\���L�V���D�Q���D�G�D�S�W�D�W�L�R�Q���W�R���D���Z�L�G�H���Y�D�U�L�H�W�\���R�I���H�Q�Y�L�U�R�Q�P�H�Q�W�V�����7�K�H���I�D�P�L�O�\���R�I���3�R�H�F�L�O�L�L�G�D�H��

�L�Q�� �&�\�S�U�L�Q�R�G�R�Q�W�L�I�R�U�P�H�V���� �Z�K�L�F�K���F�R�Q�W�D�L�Q�V�� �P�D�Q�\�� �Y�L�Y�L�S�D�U�R�X�V�� �V�S�H�F�L�H�V�� �Z�K�R�V�H�� �U�H�S�U�R�G�X�F�W�L�R�Q�� �P�R�G�H�� �L�V��

�F�K�D�U�D�F�W�H�U�L�]�H�G���D�V���F�R�Q�W�L�Q�X�R�X�V�O�\�� �F�R�P�S�O�H�[�� �L�Q�� �P�D�W�H�U�Q�D�O�� �S�U�R�Y�L�V�L�R�Q�L�Q�J���������� �K�D�V�� �E�H�H�Q�� �V�W�X�G�L�H�G�� �I�R�U�� �W�K�H�L�U��

�P�R�U�S�K�R�O�R�J�L�F�D�O�� �D�Q�G�� �S�K�H�Q�R�W�\�S�L�F�� �D�G�D�S�W�L�R�Q�V���������� �7�K�R�X�J�K�� �W�K�H���I�L�U�V�W�� �V�S�H�F�L�H�V�� �L�Q�� �3�R�H�F�L�O�L�L�G�D�H�� ���;�L�S�K�R�S�K�R�U�X�V��

�P�D�F�X�O�D�W�X�V�����Z�L�W�K�� �D�� �V�H�T�X�H�Q�F�H�G�� �Z�K�R�O�H�� �J�H�Q�R�P�H���U�H�Y�H�D�O�H�G�� �W�K�H�� �V�W�D�E�L�O�L�W�\�� �R�I�� �S�H�U�F�R�P�R�U�S�K�� �N�D�U�\�R�W�\�S�H�V�� �D�Q�G��

�S�R�V�L�W�L�Y�H���V�H�O�H�F�W�L�R�Q���R�Q���Y�L�Y�L�S�D�U�L�W�\���U�H�O�D�W�H�G���J�H�Q�H�V���L�Q���3�R�H�F�L�O�L�L�G�D�H�����������J�H�Q�R�P�L�F���G�D�W�D���I�U�R�P���Y�L�Y�L�S�D�U�R�X�V���W�H�O�H�R�V�W�V��
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�D�U�H���D�O�P�R�V�W���Q�R�Q�H�[�L�V�W�H�Q�W���� 

6.2.2 �:�D�W�H�U���W�R���O�D�Q�G���W�U�D�Q�V�L�W�L�R�Q 

�7�K�H���H�Y�R�O�X�W�L�R�Q���L�Q���W�K�H���Z�D�W�H�U���W�R���O�D�Q�G���W�U�D�Q�V�L�W�L�R�Q���L�V���D�Q�R�W�K�H�U���L�Q�W�H�U�H�V�W�L�Q�J���W�R�S�L�F���L�Q���I�L�V�K�����$�V���F�R�H�O�D�F�D�Q�W�K�V���D�Q�G��

�O�X�Q�J�I�L�V�K�H�V���E�H�O�R�Q�J���W�R���W�K�H���S�U�L�P�L�W�L�Y�H���I�L�V�K���O�L�Q�H�D�J�H�V���R�I���V�D�U�F�R�S�W�H�U�\�J�L�D�Q�V�����W�K�H�\���D�U�H���F�R�Q�V�L�G�H�U�H�G���H�V�V�H�Q�W�L�D�O���W�R��

�H�O�X�F�L�G�D�W�H���W�K�L�V���P�R�G�H���R�I���H�Y�R�O�X�W�L�R�Q�����:�K�R�O�H���J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J���R�I���F�R�H�O�D�F�D�Q�W�K���H�Q�D�E�O�H�G���W�K�H���L�Q�W�H�U�S�U�H�W�D�W�L�R�Q��

�R�I���L�W�V���J�H�Q�R�P�L�F���V�W�D�W�X�V���U�H�Y�H�D�O�L�Q�J���D���V�L�J�Q�L�I�L�F�D�Q�W�O�\���V�O�R�Z�H�U���U�D�W�H���L�Q���W�K�H���H�Y�R�O�X�W�L�R�Q���R�I���S�U�R�W�H�L�Q���F�R�G�L�Q�J���J�H�Q�H�V��

�F�R�P�S�D�U�H�G���W�R���R�W�K�H�U���Y�H�U�W�H�E�U�D�W�H�V���������D�Q�G���W�K�H���W�U�D�L�W�V���R�I���E�R�W�K���I�L�V�K���D�Q�G���W�H�W�U�D�S�R�G�V���L�Q���J�H�Q�H�V�������������������+�R�Z�H�Y�H�U�����W�K�H��

�Z�K�R�O�H���J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J���R�I���O�X�Q�J�I�L�V�K���L�V���F�X�U�U�H�Q�W�O�\���L�P�S�U�D�F�W�L�F�D�O���G�X�H���W�R���L�W�V���H�[�W�U�D�R�U�G�L�Q�D�U�L�O�\���O�D�U�J�H���J�H�Q�R�P�H��

�������� �W�R�� �������� �*�E������ �V�R�� �W�K�H�� �S�U�H�Y�L�R�X�V�� �D�Q�D�O�\�V�H�V�� �R�Q�� �O�X�Q�J�I�L�V�K�� �J�H�Q�H�V�� �D�U�H�� �J�H�Q�H�U�D�O�O�\�� �E�D�V�H�G�� �R�Q�� �W�U�D�Q�V�F�U�L�S�W�R�P�L�F��

�G�D�W�D�����������$�O�W�K�R�X�J�K���W�K�H�V�H���V�W�X�G�L�H�V���K�D�Y�H���V�K�H�G���O�L�J�K�W���R�Q���P�D�Q�\���D�V�S�H�F�W�V���R�I���O�X�Q�J�I�L�V�K���E�L�R�O�R�J�\�������������������W�K�H�U�H���D�U�H��

�V�W�L�O�O�� �T�X�H�V�W�L�R�Q�V���F�D�Q�Q�R�W���E�H�� �V�R�O�Y�H�G�� �Z�L�W�K�R�X�W�� �J�H�Q�R�P�L�F�� �G�D�W�D�����X�Q�G�H�U�V�F�R�U�L�Q�J�� �W�K�H���Q�H�H�G�� �I�R�U���L�P�S�U�R�Y�H�G��

�V�H�T�X�H�Q�F�L�Q�J���D�Q�G���D�V�V�H�P�E�O�\���W�H�F�K�Q�L�T�X�H�V�� 

6.2.3 �$�G�D�S�W�D�W�L�R�Q���W�R���H�[�W�U�H�P�H���F�R�O�G 

�$�G�D�S�W�D�W�L�R�Q���W�R�� �H�[�W�U�H�P�H�� �H�Q�Y�L�U�R�Q�P�H�Q�W�V���L�V�� �D�Q�R�W�K�H�U���L�P�S�R�U�W�D�Q�W�� �D�V�S�H�F�W�� �R�I���H�Y�R�O�X�W�L�R�Q���� �7�K�H�� �F�R�Q�G�L�W�L�R�Q�� �R�I��

�I�U�H�H�]�L�Q�J���$�Q�W�D�U�F�W�L�F���Z�D�W�H�U���L�V���O�H�W�K�D�O���W�R���P�R�V�W���V�S�H�F�L�H�V�����Z�K�H�U�H�D�V���W�K�H���D�Q�F�H�V�W�R�U�V���R�I���W�K�H���Q�R�W�R�W�K�H�Q�L�R�L�G�V���Z�H�U�H��

�D�E�O�H���W�R���P�D�N�H���W�K�H���G�U�D�P�D�W�L�F���F�K�D�Q�J�H���U�H�T�X�L�U�H�G���W�R���O�L�Y�H���L�Q���D�Q���H�[�W�U�H�P�H���F�R�O�G���H�Q�Y�L�U�R�Q�P�H�Q�W���D�Q�G���S�R�S�X�O�D�W�H���H�P�S�W�\��

�Q�L�F�K�H�V�����6�X�E�V�H�T�X�H�Q�W�O�\�����W�K�H�V�H���I�L�V�K���G�R�P�L�Q�D�W�H���W�K�H���G�L�Y�H�U�V�L�W�\���R�I���$�Q�W�D�U�F�W�L�F���I�L�V�K���L�Q���W�K�H���6�R�X�W�K�H�U�Q���2�F�H�D�Q�����'�X�H��

�W�R���W�K�H�L�U���K�D�E�L�W�D�W�V���L�Q���S�R�O�D�U���U�H�J�L�R�Q�V���D�Q�G���D�G�D�S�W�L�Y�H���U�D�G�L�D�W�L�R�Q���L�Q���H�[�W�U�H�P�H���F�R�O�G�����Q�R�W�R�W�K�H�Q�L�R�L�G�V���D�U�H���F�R�Q�V�L�G�H�U�H�G��

�W�R�� �E�H���L�G�H�D�O�� �P�R�G�H�O�V�� �I�R�U�� �U�H�V�H�D�U�F�K�� �R�Q�� �H�Y�R�O�X�W�L�R�Q�� �D�Q�G�� �G�H�Y�H�O�R�S�P�H�Q�W�� �L�Q�� �H�[�W�U�H�P�H�� �H�Q�Y�L�U�R�Q�P�H�Q�W�V����������

�,�Q�I�R�U�P�D�W�L�R�Q���D�E�R�X�W���J�H�Q�H�V���U�H�O�D�W�H�G�� �W�R�� �W�K�L�V�� �D�G�D�S�W�D�W�L�R�Q���K�D�V�� �E�H�H�Q���D�F�T�X�L�U�H�G�� �I�U�R�P���F�'�1�$�� �O�L�E�U�D�U�L�H�V�����D�Q�G��

�J�H�Q�R�P�L�F���L�Q�I�R�U�P�D�W�L�R�Q���L�V���V�W�L�O�O���O�L�P�L�W�H�G���G�X�H���W�R���W�K�H���G�L�I�I�L�F�X�O�W�L�H�V���L�Q���E�U�H�H�G�L�Q�J���D�Q�G���U�D�L�V�L�Q�J���Q�R�W�R�W�K�H�Q�L�R�L�G�V�����7�K�H��
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�U�H�F�H�Q�W���Z�K�R�O�H���J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J���R�I���1�R�W�R�W�K�H�Q�L�D���F�R�U�L�L�F�H�S�V���K�D�V���V�K�H�G���O�L�J�K�W���R�Q���W�K�H���D�G�D�S�W�L�Y�H���H�Y�R�O�X�W�L�R�Q���R�I��

�Q�R�W�R�W�K�H�Q�L�R�L�G�V�����������$�O�W�K�R�X�J�K���K�L�J�K���W�K�U�R�X�J�K�S�X�W�� �V�H�T�X�H�Q�F�L�Q�J�� �W�H�F�K�Q�L�T�X�H�V���D�U�H�� �D�G�Y�D�Q�F�L�Q�J�����Z�K�L�F�K�� �K�H�O�S�� �W�R��

�U�H�G�X�F�H���V�H�T�X�H�Q�F�L�Q�J���F�R�V�W�V���D�Q�G���L�P�S�U�R�Y�H���W�K�H���T�X�D�O�L�W�\���R�I���J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J�����P�D�Q�\���P�\�V�W�H�U�L�H�V���D�Z�D�L�W���X�V���L�Q��

�W�K�H���J�H�Q�R�P�H���R�I���Q�R�W�R�W�K�H�Q�L�R�L�G�V�� 

6.2.4 �&�R�Q�Y�H�U�J�H�Q�W���H�Y�R�O�X�W�L�R�Q���W�R�Z�D�U�G���D�G�D�S�W�D�W�L�R�Q���W�R���G�D�U�N�Q�H�V�V 

�&�R�Q�Y�H�U�J�H�Q�W���H�Y�R�O�X�W�L�R�Q���L�V���W�K�H���L�Q�G�H�S�H�Q�G�H�Q�W���H�Y�R�O�X�W�L�R�Q���R�I���V�L�P�L�O�D�U���I�H�D�W�X�U�H�V���L�Q���G�L�I�I�H�U�H�Q�W���O�L�Q�H�D�J�H�V�����O�H�D�G�L�Q�J��

�W�R���D�Q�D�O�R�J�R�X�V���V�W�U�X�F�W�X�U�H�V���V�L�P�L�O�D�U���L�Q���I�R�U�P���R�U���I�X�Q�F�W�L�R�Q���E�X�W���Q�R�W���S�U�H�V�H�Q�W���L�Q���W�K�H���O�D�V�W���F�R�P�P�R�Q���D�Q�F�H�V�W�R�U���R�I��

�W�K�H�V�H���O�L�Q�H�D�J�H�V�����7�K�H�U�H���D�U�H���D�E�R�X�W�����������F�D�Y�H���O�L�Y�L�Q�J���I�L�V�K���V�S�H�F�L�H�V���������L�Q���Z�K�L�F�K���F�R�P�P�R�Q���I�H�D�W�X�U�H�V���K�D�Y�H���E�H�H�Q��

�R�E�V�H�U�Y�H�G�����V�X�F�K���D�V���O�R�V�V���R�I���H�\�H�V���D�Q�G���S�L�J�P�H�Q�W�D�W�L�R�Q�����S�U�H�V�H�Q�W�L�Q�J���D���J�U�H�D�W���R�S�S�R�U�W�X�Q�L�W�\���W�R���V�W�X�G�\���F�R�Q�Y�H�U�J�H�Q�W��

�H�Y�R�O�X�W�L�R�Q�����7�K�H���$�V�W�\�D�Q�D�[���J�H�Q�R�P�H�� �D�V�V�H�P�E�O�\���������K�D�V�� �I�L�O�O�H�G�� �L�Q���D�� �P�L�V�V�L�Q�J�� �S�L�H�F�H���L�Q�� �Q�R�Q���F�\�S�U�L�Q�L�G�� �W�H�O�H�R�V�W��

�J�H�Q�R�P�L�F�V���� �D�Q�G�� �L�V�� �D�Q�� �L�P�S�R�U�W�D�Q�W�� �V�W�H�S���L�Q���W�K�H�� �U�H�V�H�D�U�F�K�� �R�Q�� �D�G�D�S�W�L�Y�H�� �H�Y�R�O�X�W�L�R�Q���R�Q�� �D���J�H�Q�R�P�L�F���V�F�D�O�H����

�6�X�E�V�H�T�X�H�Q�W�� �F�R�P�S�D�U�L�V�R�Q�V�� �Z�L�W�K�� �W�K�H�� �W�U�D�Q�V�F�U�L�S�W�R�P�L�F�� �H�Y�L�G�H�Q�F�H�� �I�U�R�P�� �J�R�O�G�H�Q���O�L�Q�H�� �E�D�U�E�H�O�� ���J�H�Q�X�V��

�6�L�Q�R�F�\�F�O�R�F�K�H�L�O�X�V���� �U�H�Y�H�D�O�� �G�L�I�I�H�U�H�Q�W�� �S�D�W�K�V�� �R�I�� �F�R�Q�Y�H�U�J�H�Q�W�� �H�Y�R�O�X�W�L�R�Q�� �L�Q�� �F�D�Y�H�� �S�K�H�Q�R�W�\�S�H�V���������E�H�W�Z�H�H�Q��

�$�V�W�\�D�Q�D�[���D�Q�G���6�L�Q�R�F�\�F�O�R�F�K�H�L�O�X�V�����V�X�F�K���D�V���W�K�H���U�H�J�U�H�V�V�L�R�Q���L�Q���U�H�W�L�Q�D���������������� 

6.2.5 �)�L�V�K���G�L�V�H�D�V�H���D�Q�G���L�P�P�X�Q�L�W�\ 

�:�L�W�K���W�K�H���D�F�F�X�P�X�O�D�W�L�R�Q���R�I���U�H�S�R�U�W�H�G���I�L�V�K���G�L�V�H�D�V�H�V���F�D�X�V�H�G���E�\���Y�L�U�X�V���D�Q�G���S�U�R�W�R�]�R�D�Q���S�D�U�D�V�L�W�H�V�����L�P�P�X�Q�R�O�R�J�\��

�L�Q���I�L�V�K���K�D�V���E�H�H�Q���F�R�Q�V�L�G�H�U�H�G���D�Q���L�P�S�R�U�W�D�Q�W���V�X�E�M�H�F�W�����$�V���D���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���S�R�S�X�O�D�W�L�R�Q���R�I���O�R�Z�H�U���Y�H�U�W�H�E�U�D�W�H�V����

�I�L�V�K�H�V���D�U�H���L�P�S�R�U�W�D�Q�W���P�R�G�H�O�V���L�Q���F�R�P�S�D�U�D�W�L�Y�H���L�P�P�X�Q�R�O�R�J�\���S�U�R�Y�L�G�L�Q�J���D���O�L�Q�N���W�R���W�K�H���H�D�U�O�\���H�Y�R�O�X�W�L�R�Q���R�I��

�Y�H�U�W�H�E�U�D�W�H�V�����0�H�D�Q�Z�K�L�O�H�����I�U�R�P���W�K�H���S�H�U�V�S�H�F�W�L�Y�H���R�I���F�R�P�P�H�U�F�L�D�O���L�Q�W�H�U�H�V�W�V�����U�H�V�H�D�U�F�K���R�Q���W�K�H���L�P�P�X�Q�L�W�\���R�I��

�I�L�V�K���Z�L�O�O���D�O�V�R���L�P�S�U�R�Y�H���W�K�H���V�H�O�H�F�W�L�R�Q���R�I���G�L�V�H�D�V�H���U�H�V�L�V�W�D�Q�W���E�U�H�H�G�V�����$�V���D���U�H�V�X�O�W���R�I���J�H�Q�R�P�H���V�F�D�O�H���V�F�D�Q�Q�L�Q�J��

�R�I�� �L�P�P�X�Q�H�� �J�H�Q�H�V�� �L�Q�� �]�H�E�U�D�I�L�V�K���������� �Q�X�P�H�U�R�X�V�� �L�P�P�X�Q�H���U�H�O�H�Y�D�Q�W�� �J�H�Q�H�V�� �I�R�U�� �E�R�W�K�� �L�Q�Q�D�W�H�� �D�Q�G�� �D�G�D�S�W�L�Y�H��
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�L�P�P�X�Q�L�W�\���K�D�Y�H���E�H�H�Q���L�Q���Y�D�U�L�R�X�V���I�L�V�K���J�H�Q�R�P�H�V�������������������W�K�X�V���G�H�V�F�U�L�E�L�Q�J���D�Q���L�P�P�X�Q�H���V�\�V�W�H�P���L�Q���I�L�V�K���Z�L�W�K��

�R�Q�O�\���D���V�O�L�J�K�W���G�L�I�I�H�U�H�Q�F�H���W�R���P�D�P�P�D�O�V�����)�L�J�����������������:�L�W�K���W�K�H���U�D�S�L�G���J�U�R�Z�W�K���R�I���J�H�Q�R�P�L�F���L�Q�I�R�U�P�D�W�L�R�Q���D�Q�G��

�W�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I���Q�H�Z���J�H�Q�R�P�H���H�Q�J�L�Q�H�H�U�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V���L�Q���I�L�V�K�����P�R�U�H���D�G�Y�D�Q�F�H�V���L�Q���I�L�V�K���L�P�P�X�Q�R�O�R�J�\��

�Z�L�O�O���E�H���D�F�K�L�H�Y�H�G���L�Q���W�K�H���Q�H�D�U���I�X�W�X�U�H�� 

 

�)�L�J�������������,�Q�Q�D�W�H���L�P�P�X�Q�L�W�\���D�Q�G���D�G�D�S�W�L�Y�H���R�U�J�D�Q���R�I���I�L�V�K�� 

6.2.6 �6�H�[���G�H�W�H�U�P�L�Q�D�W�L�R�Q 

Sex determination is always a focus in developmental research, and the mechanisms vary among 

different species ( 

�7�D�E�O�H���������������0�R�U�H�R�Y�H�U�����W�K�H���V�H�[���R�I���I�L�V�K���F�D�Q���E�H���L�Q�I�O�X�H�Q�F�H�G���E�\���D���V�H�U�L�H�V���R�I���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���H�O�H�P�H�Q�W�V���R�U���L�W��

�P�D�\���D�O�W�H�U�Q�D�W�H���L�Q�� �D�G�X�O�W�V�������������������7�K�H�� �V�W�X�G�\�� �R�I�� �I�L�V�K�� �V�H�[�� �G�H�W�H�U�P�L�Q�D�W�L�R�Q�� �K�D�V�� �E�H�H�Q�� �I�D�F�L�O�L�W�D�W�H�G�� �E�\�� �Z�K�R�O�H��

�J�H�Q�R�P�H�� �V�H�T�X�H�Q�F�L�Q�J�� �L�Q�� �W�K�H�� �U�H�F�H�Q�W�� �\�H�D�U�V���� �)�X�U�W�K�H�U�P�R�U�H���� �W�K�H�� �D�O�W�H�U�Q�D�W�L�R�Q�� �R�I�� �V�H�[���G�H�W�H�U�P�L�Q�H�G�� �J�H�Q�H�V�� �L�Q��

�$�F�D�Q�W�K�R�S�D�J�U�X�V���V�F�K�O�H�J�H�O�L�L���H�[�S�R�V�H�G���L�W�V���P�H�F�K�D�Q�L�V�P���R�I���K�H�U�P�D�S�K�U�R�G�L�W�L�V�P���������� 
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�7�D�E�O�H�����������6�H�[���F�K�U�R�P�R�V�R�P�H���W�\�S�H���R�I���V�H�Y�H�U�D�O���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���I�L�V�K�H�V 

�%�L�J�J�H�U���V�L�]�H �6�S�H�F�L�H�V �6�H�[���F�K�U�R�P�R�V�R�P�H���W�\�S�H 

�)�H�P�D�O�H �$�Q�J�X�L�O�O�D���$�Q�J�X�L�O�O�D ���� 

�0�D�O�H �&�K�D�Q�Q�D�D�U�J�X�V���&�D�Q�W�R�U �;�; ���;�< 

���� �&�R�L�O�L�D���E�U�D�F�K�\�J�Q�D�W�K�X�V �=�=���=�2 

�)�H�P�D�O�H �&�\�Q�R�J�O�R�V�V�X�V���V�H�P�L�O�D�H�Y�L�V �=�: ���=�= 

�)�H�P�D�O�H �&�\�S�U�L�Q�X�V���F�D�U�S�L�R �;�; ���;�< 

�)�H�P�D�O�H �'�L�F�H�Q�W�U�D�U�F�K�X�V���O�D�E�U�D�[ �;�; ���;�< 

�)�H�P�D�O�H �+�L�S�S�R�J�O�R�V�V�X�V���K�L�S�S�R�J�O�R�V�V�X�V �;�; ���;�< 

�0�D�O�H �,�F�W�D�O�X�U�X�V���S�X�Q�F�W�D�W�X�V �;�; ���;�< 

�0�D�O�H �/�H�S�R�P�L�V���P�D�F�U�R�F�K�L�U�X�V �;�; ���;�< 

���� �/�R�S�R�U�L�Q�X�V���H�O�R�Q�J�D�W�X�V �=�=���=�:  

�0�D�O�H �2�G�R�Q�W�R�E�X�W�L�V���R�E�V�F�X�U�D ���� 

�)�H�P�D�O�H �2�Q�F�R�U�K�\�Q�F�K�X�V���N�L�V�X�W�F�K �;�; ���;�< 

�)�H�P�D�O�H �2�Q�F�R�U�K�\�Q�F�K�X�V���P�\�N�L�V�V �;�; ���;�< 

�)�H�P�D�O�H �2�Q�F�R�U�K�\�Q�F�K�X�V���W�V�K�D�Z�\�W�V�F�K�D �;�; ���;�< 

�0�D�O�H �2�U�H�R�F�K�U�R�P�L�V���D�X�U�H�X�V �=�: ���=�= 

�0�D�O�H �2�U�H�R�F�K�U�R�P�L�V���Q�L�O�R�W�L�F�X�V �;�; ���;�< 

�)�H�P�D�O�H �3�D�U�D�O�L�F�K�W�K�\�V���O�H�W�K�R�V�W�L�J�P�D �;�; ���;�< 

�)�H�P�D�O�H �3�D�U�D�O�L�F�K�W�K�\�V���R�O�L�Y�D�F�H�X�V �;�; ���;�< 

�0�D�O�H �3�D�U�D�S�H�U�F�L�V���V�Q�\�G�H�U�L ���� 

�0�D�O�H �3�H�O�W�H�R�E�D�J�U�X�V���I�X�O�Y�L�G�U�D�F�R �;�; ���;�< 

�)�H�P�D�O�H �3�H�U�F�D���I�O�D�Y�H�V�F�H�Q�V �;�; ���;�< 

���� �3�R�H�F�L�O�L�D���V�S�K�H�Q�R�S�V �=�=���=�:  

�0�D�O�H �3�V�H�X�G�R�E�D�J�U�X�V���X�V�V�X�U�L�H�Q�V�L�V �;�; ���;�< 

���� �3�V�H�X�G�D�W�R�F�L�Q�G�X�V���W�H�W�H�Q�V�L�V �;�; ���;�< 

�)�H�P�D�O�H �3�X�Q�W�L�X�V���J�R�Q�L�R�Q�R�W�X�V ���� 

�)�H�P�D�O�H �6�D�O�P�R���V�D�O�D�U �;�; ���;�< 

�0�D�O�H �6�F�D�U�X�V���I�H�U�U�X�J�L�Q�H�X�V ���� 

�)�H�P�D�O�H �6�F�D�W�R�S�K�D�J�X�V���D�U�J�X�V ���� 
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6.2.7 �0 �H�W�D�P�R�U�S�K�R�V�L�V 

�0�H�W�D�P�R�U�S�K�R�V�L�V���L�V���D���E�L�R�O�R�J�L�F�D�O���S�U�R�F�H�V�V���L�Q�Y�R�O�Y�L�Q�J���D���F�R�Q�V�S�L�F�X�R�X�V���D�Q�G���U�H�O�D�W�L�Y�H�O�\���D�E�U�X�S�W���F�K�D�Q�J�H���R�I���W�K�H��

�R�U�J�D�Q�L�V�P�¶�V�� �E�R�G�\�� �V�W�U�X�F�W�X�U�H�� �G�X�U�L�Q�J�� �L�W�V�� �J�U�R�Z�W�K���� �&�K�D�Q�J�H�V�� �R�I�� �E�R�G�\�� �V�W�U�X�F�W�X�U�H�� �F�D�Q�� �E�H�� �R�E�V�H�U�Y�H�G�� �L�Q�� �P�R�V�W��

�W�H�O�H�R�V�W�V�����)�X�U�W�K�H�U�P�R�U�H�����L�Q���V�R�P�H���I�L�V�K�����D���V�L�J�Q�L�I�L�F�D�Q�W���U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q���P�R�U�S�K�R�V�L�V���D�Q�G���H�Q�Y�L�U�R�Q�P�H�Q�W��

�F�D�Q���E�H���R�E�V�H�U�Y�H�G�����I�R�U���H�[�D�P�S�O�H�����W�K�H���F�K�D�Q�J�H���R�I���H�\�H���V�\�P�P�H�W�U�\���G�X�U�L�Q�J���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���I�O�D�W�I�L�V�K�����7�K�H��

�H�Y�R�O�X�W�L�R�Q���D�Q�G���I�X�Q�F�W�L�R�Q���R�I���J�H�Q�H�V���U�H�O�D�W�H�G���W�R���P�H�W�D�P�R�U�S�K�R�V�L�V���K�D�Y�H���E�H�H�Q���U�H�V�H�D�U�F�K�H�G���I�R�U���\�H�D�U�V�������������������D�Q�G��

�W�K�H�� �U�H�F�H�Q�W�� �J�H�Q�R�P�H���Z�L�G�H�� �6�1�3�� �L�G�H�Q�W�L�I�L�F�D�W�L�R�Q�� �D�Q�G�� �W�K�H�� �F�R�Q�V�W�U�X�F�W�L�R�Q�� �R�I�� �J�H�Q�H�W�L�F�� �P�D�S�V�� �D�U�H�� �L�P�S�R�U�W�D�Q�W��

�D�W�W�H�P�S�W�V�� �W�R�� �D�Q�V�Z�H�U�� �W�K�L�V�� �T�X�H�V�W�L�R�Q�� �I�U�R�P�� �D�� �J�H�Q�R�P�H���O�H�Y�H�O�� �Y�L�H�Z������������������ �:�K�D�W�¶�V�� �P�R�U�H���� �W�K�H�� �J�H�Q�R�P�H�� �D�Q�G��

�W�U�D�Q�V�F�U�L�S�W�R�P�H���R�I���-�D�S�D�Q�H�V�H���I�O�R�X�Q�G�H�U���K�D�V���U�H�Y�H�D�O�H�G���W�K�H���L�P�S�R�U�W�D�Q�W���U�R�O�H���R�I���W�K�\�U�R�L�G���K�R�U�P�R�Q�H���D�Q�G���U�H�W�L�Q�R�L�F��

�D�F�L�G�� �V�L�J�Q�D�O�L�Q�J���� �D�V�� �Z�H�O�O�� �D�V�� �S�K�R�W�R�W�U�D�Q�V�G�X�F�W�L�R�Q�� �S�D�W�K�Z�D�\�V���� �S�U�R�Y�L�G�L�Q�J�� �Q�H�Z�� �L�Q�V�L�J�K�W�V�� �L�Q�W�R�� �I�O�D�W�I�L�V�K��

�D�V�\�P�P�H�W�U�\�������� 
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7 Genomics of marine tetrapods 

7.1 �%�U�L�H�I���L�Q�W�U�R�G�X�F�W�L�R�Q���D�Q�G���J�H�Q�R�P�H�V 

�0�D�U�L�Q�H���W�H�W�U�D�S�R�G�V�����G�L�V�W�L�Q�J�X�L�V�K�H�G���I�U�R�P���W�H�U�U�H�V�W�U�L�D�O���W�H�W�U�D�S�R�G�V�����E�H�O�R�Q�J���W�R���a�������R�U�G�H�U�V�����F�R�Q�V�L�V�W�L�Q�J���R�I���a������������

�V�S�H�F�L�H�V���V�X�E�V�S�H�F�L�H�V�� ���)�L�J�������������������Z�K�L�F�K�� �D�U�H�� �K�L�J�K�O�\�� �H�Y�R�O�Y�H�G���� �O�L�Y�L�Q�J�� �Z�L�W�K�L�Q���P�D�U�L�Q�H���K�D�E�L�W�D�W�V�� �D�Q�G�� �D�U�H��

�X�V�X�D�O�O�\�� �D�W�� �W�K�H�� �W�R�S�� �R�I���W�K�H���P�D�U�L�Q�H���I�R�R�G�� �Z�H�E���� �7�K�H�L�U���D�G�D�S�W�D�W�L�R�Q���W�R���P�D�U�L�Q�H���H�F�R�V�\�V�W�H�P�V���R�F�F�X�U�U�H�G��

�L�Q�G�H�S�H�Q�G�H�Q�W�O�\�� �I�U�R�P�� �Y�D�U�L�R�X�V�� �W�H�U�U�H�V�W�U�L�D�O�� �R�U�� �I�U�H�V�K�Z�D�W�H�U�� �D�Q�F�H�V�W�R�U�V���D�Q�G�� �Z�D�V���D�F�F�R�P�S�D�Q�L�H�G�� �E�\�� �P�D�M�R�U��

�P�R�U�S�K�R�O�R�J�L�F�D�O�� �W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�V���� �7�K�H�\���D�F�T�X�L�U�H�� �P�R�V�W�� �R�U�� �D�O�O�� �R�I�� �W�K�H�L�U�� �Q�R�X�U�L�V�K�P�H�Q�W�� �I�U�R�P�� �W�K�H���P�D�U�L�Q�H��

�H�Q�Y�L�U�R�Q�P�H�Q�W���D�Q�G���V�S�H�Q�G���P�D�M�R�U�L�W�\���R�I���W�K�H�L�U���W�L�P�H���L�Q���W�K�H���Z�D�W�H�U���E�X�W���F�R�P�H���E�D�F�N���W�R���O�D�Q�G���I�R�U���P�D�W�L�Q�J�����E�U�H�H�G�L�Q�J����

�P�R�O�W�L�Q�J���D�Q�G���V�R���R�Q���� 

�'�H�V�S�L�W�H���W�K�H�L�U���H�Y�R�O�X�W�L�R�Q�D�U�\���L�P�S�R�U�W�D�Q�F�H�����W�K�H�U�H���Z�H�U�H���R�Q�O�\���a�������V�S�H�F�L�H�V���Z�K�R�V�H���Z�K�R�O�H���J�H�Q�R�P�H���K�D�V���E�H�H�Q��

�V�H�T�X�H�Q�F�H�G�� �D�Q�G�� �D�V�V�H�P�E�O�H�G�������Q�R�W�D�E�O�\�� �I�H�Z�H�U�� �W�K�D�Q�� �V�H�T�X�H�Q�F�H�G�� �W�H�U�U�H�V�W�U�L�D�O�� �W�H�W�U�D�S�R�G�� �V�S�H�F�L�H�V�� ���a��������������

�L�Q�G�L�F�D�W�L�Q�J���W�K�D�W���W�K�H�� �S�U�R�J�U�H�V�V�� �R�I���P�D�U�L�Q�H���W�H�W�U�D�S�R�G�� �J�H�Q�R�P�L�F�V�� �K�D�V�� �O�D�J�J�H�G���V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �F�R�P�S�D�U�H�G�� �W�R��

�W�H�U�U�H�V�W�U�L�D�O�� �W�H�W�U�D�S�R�G�V�� ���)�L�J�����������������%�D�V�H�G�� �R�Q���D�Y�D�L�O�D�E�O�H���D�V�V�H�P�E�O�H�G�� �J�H�Q�R�P�H�V�����P�D�U�L�Q�H���W�H�W�U�D�S�R�G�V�� �K�D�Y�H��

�U�H�O�D�W�L�Y�H�O�\�� �V�W�D�E�O�H�� �J�H�Q�R�P�H�V�� �Z�L�W�K�� �W�K�H�� �O�H�Q�J�W�K�� �R�I�� �a�������� �*�E�� �I�R�U�� �P�D�U�L�Q�H�� �E�L�U�G�V�� �D�Q�G�� �a�������� �*�E�� �I�R�U���P�D�U�L�Q�H��

�P�D�P�P�D�O�V�����$�O�W�K�R�X�J�K���W�K�H�U�H���D�U�H���V�H�Y�H�U�D�O���U�H�F�H�Q�W���K�L�J�K���T�X�D�O�L�W�\���U�H�I�H�U�H�Q�F�H���J�H�Q�R�P�H�V���F�R�P�S�O�H�W�H�G���X�V�L�Q�J���D���Q�H�Z��

�V�H�T�X�H�Q�F�L�Q�J���V�W�U�D�W�H�J�\�����I�R�U���H�[�D�P�S�O�H���� �����;���*�H�Q�R�P�L�F�V�����R�Q�O�\�� �D���I�H�Z���R�I���W�K�H�P���K�D�Y�H���E�H�H�Q���D�V�V�H�P�E�O�H�G���D�W���W�K�H��

�F�K�U�R�P�R�V�R�P�H���O�H�Y�H�O�����0�H�D�Q�Z�K�L�O�H�����L�Q���V�R�P�H���P�D�U�L�Q�H���W�H�W�U�D�S�R�G���I�D�P�L�O�L�H�V�����Q�R���V�S�H�F�L�H�V���K�D�Y�H���E�H�H�Q���V�H�T�X�H�Q�F�H�G��

�R�U���R�Q�O�\���R�Q�H���O�R�Z���T�X�D�O�L�W�\���U�H�I�H�U�H�Q�F�H���J�H�Q�R�P�H���K�D�V���E�H�H�Q���P�D�G�H���D�Y�D�L�O�D�E�O�H���� 

7.2 �&�X�U�U�H�Q�W���V�W�D�W�X�V���R�I���P�D�U�L�Q�H���W�H�W�U�D�S�R�G���J�H�Q�R�P�H�V 

�7�K�H���I�L�U�V�W���P�D�U�L�Q�H���W�H�W�U�D�S�R�G���J�H�Q�R�P�H�����E�R�W�W�O�H�Q�R�V�H���G�R�O�S�K�L�Q�����Z�D�V���V�H�T�X�H�Q�F�H�G���L�Q�������������I�R�O�O�R�Z�H�G���E�\���S�R�O�D�U���E�H�D�U��

�L�Q���������������������,�Q���������������R�Q�H���I�X�Q�F�W�L�R�Q�D�O�O�\���H�[�W�L�Q�F�W���V�S�H�F�L�H�V�����W�K�H���<�D�Q�J�W�]�H���5�L�Y�H�U���G�R�O�S�K�L�Q�����D�Q�G���R�Q�H���H�[�W�U�H�P�H�O�\��
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�H�Q�G�D�Q�J�H�U�H�G�� �V�S�H�F�L�H�V���� �J�U�H�H�Q�� �V�H�D�� �W�X�U�W�O�H�����Z�H�U�H�� �V�H�T�X�H�Q�F�H�G�� �P�D�L�Q�O�\�� �E�H�F�D�X�V�H�� �R�I�� �W�K�H�� �X�U�J�H�Q�W�� �Q�H�H�G�� �I�R�U��

�F�R�Q�V�H�U�Y�D�W�L�R�Q���D�Q�G���W�K�H���L�P�S�R�U�W�D�Q�F�H���R�I���W�K�H�L�U���S�K�\�O�R�J�H�Q�H�W�L�F���S�R�V�L�W�L�R�Q���Z�L�W�K���E�L�U�G�V�������������������,�Q���������������U�H�V�H�D�U�F�K���R�Q��

�������E�L�U�G���J�H�Q�R�P�H�V���D�F�F�H�O�H�U�D�W�H�G���W�K�H���V�H�T�X�H�Q�F�L�Q�J���S�U�R�F�H�V�V���R�I���P�D�U�L�Q�H���W�H�W�U�D�S�R�G�V���� �G�X�U�L�Q�J���Z�K�L�F�K���������V�H�D�E�L�U�G��

�J�H�Q�R�P�H�V�� �Z�H�U�H���S�X�E�O�L�V�K�H�G���� �7�K�H�V�H���V�W�X�G�L�H�V���U�H�V�R�O�Y�H�G���W�K�H���G�H�E�D�W�H���D�E�R�X�W���W�K�H�� �H�Y�R�O�X�W�L�R�Q�� �R�I�� �H�D�U�O�\�� �E�L�U�G�V����

�G�H�W�D�L�O�L�Q�J���W�K�H���K�L�V�W�R�U�\���R�I���E�L�U�G���J�H�Q�R�P�H���H�Y�R�O�X�W�L�R�Q���I�U�R�P���W�K�H���Z�K�R�O�H���J�H�Q�R�P�H���S�H�U�V�S�H�F�W�L�Y�H�����G�H�P�R�Q�V�W�U�D�W�L�Q�J��

�W�K�H�� �F�R�Q�Y�H�U�J�H�Q�W�� �H�Y�R�O�X�W�L�R�Q�� �R�I�� �E�L�U�G�V�� �E�R�W�K�� �L�Q�� �P�R�U�S�K�R�O�R�J�\���D�Q�G���E�H�K�D�Y�L�R�U�����D�Q�G���H�[�S�O�R�U�H�G���S�U�R�W�H�L�Q���F�R�G�L�Q�J��

�J�H�Q�H�V�� �D�Q�G�� �W�K�H�L�U�� �U�H�J�X�O�D�W�R�U�\�� �H�O�H�P�H�Q�W�V�� �I�R�U�� �V�R�P�H�� �L�P�S�R�U�W�D�Q�W�� �W�U�D�L�W�V������������������ �$�V�� �I�R�U���P�D�U�L�Q�H���P�D�P�P�D�O�V����

�L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V���K�D�Y�H���P�D�L�Q�O�\���I�R�F�X�V�H�G���R�Q���W�K�H���H�Y�R�O�X�W�L�R�Q���R�I���V�H�Q�V�R�U�\���J�H�Q�H�V�����P�D�U�L�Q�H���D�G�D�S�W�D�W�L�R�Q���P�H�F�K�D�Q�L�V�P�V��

�D�Q�G���G�\�Q�D�P�L�F���S�R�S�X�O�D�W�L�R�Q���V�L�]�H�V�����)�R�U���H�[�D�P�S�O�H�����R�O�I�D�F�W�R�U�\���U�H�F�H�S�W�R�U���J�H�Q�H�V���X�Q�G�H�U�Z�H�Q�W���D�Q���R�E�Y�L�R�X�V���G�H�F�O�L�Q�H��

�L�Q���<�D�Q�J�W�]�H���5�L�Y�H�U���G�R�O�S�K�L�Q�����������P�L�Q�N�H���Z�K�D�O�H���������D�Q�G���$�Q�W�D�U�F�W�L�F���P�L�Q�N�H���Z�K�D�O�H�����������6�R�P�H���W�D�V�W�H�����D�Q�G���Y�L�V�L�R�Q��

�U�H�O�D�W�H�G�� �J�H�Q�H�V�� �Z�H�U�H�� �D�O�V�R�� �X�Q�G�H�U�U�H�S�U�H�V�H�Q�W�H�G�����S�R�V�V�L�E�O�\�� �Q�R�Q���I�X�Q�F�W�L�R�Q�D�O�� �R�U�� �O�R�V�W�� �L�Q�� �W�K�H�V�H�� �J�H�Q�R�P�H�V�����,�Q��

�S�D�U�W�L�F�X�O�D�U�����K�H�D�U�L�Q�J���D�Q�G���Y�R�F�D�O�L�]�D�W�L�R�Q���J�H�Q�H�V���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���H�F�K�R�O�R�F�D�W�L�R�Q���D�S�S�H�D�U���W�R���E�H���X�Q�G�H�U���V�L�J�Q�L�I�L�F�D�Q�W��

�D�F�F�H�O�H�U�D�W�H�G���H�Y�R�O�X�W�L�R�Q���F�R�P�S�D�U�H�G���W�R���W�H�U�U�H�V�W�U�L�D�O���P�D�P�P�D�O�V�����$���O�R�W���R�I���J�H�Q�H�V���R�U���J�H�Q�H���I�D�P�L�O�L�H�V�����V�X�F�K���D�V���3�5�'�;����

�2�*�7���� ���6�/�&�����$�������3�5�'�;�����2�*�7�����6�/�&�����$�������'�$�*�����D�Q�G���%�7�1���$�������K�D�Y�H���H�[�S�H�U�L�H�Q�F�H�G���S�R�V�L�W�L�Y�H���V�H�O�H�F�W�L�R�Q��

�R�U���H�[�S�D�Q�V�L�R�Q���W�R���P�H�H�W���W�K�H���F�K�D�O�O�H�Q�J�H�V���R�I���K�\�S�R�[�L�D���D�Q�G���R�[�L�G�D�W�L�Y�H���V�W�U�H�V�V�����R�V�P�R�W�L�F���V�W�U�H�V�V�����G�H�H�S���G�L�Y�L�Q�J����������

�D�Q�G���D���F�R�O�G���H�Q�Y�L�U�R�Q�P�H�Q�W�����������0�R�U�H�R�Y�H�U�����L�Q���W�K�H���E�R�Z�K�H�D�G���Z�K�D�O�H���J�H�Q�R�P�H�����J�H�Q�H���J�D�L�Q���R�U���O�R�V�V���L�V���U�H�O�D�W�H�G���W�R��

�'�1�$�� �U�H�S�D�L�U���� �F�H�O�O���F�\�F�O�H�� �U�H�J�X�O�D�W�L�R�Q���� �F�D�Q�F�H�U���� �D�Q�G�� �D�J�L�Q�J���V�X�J�J�H�V�W�L�Q�J�� �W�K�H�� �D�I�I�H�F�W�H�G�� �J�H�Q�H�V���P�L�J�K�W�� �E�H��

�D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �O�R�Q�J�H�Y�L�W�\���������� �3�R�S�X�O�D�W�L�R�Q�� �G�H�P�R�J�U�D�S�K�\�� �L�V�� �D�Q�R�W�K�H�U�� �L�V�V�X�H�� �W�K�D�W�� �K�D�V�� �E�H�H�Q�� �H�[�W�H�Q�V�L�Y�H�O�\��

�V�W�X�G�L�H�G�����������������������������������7�K�H�V�H���V�W�X�G�L�H�V���F�D�Q���H�V�W�L�P�D�W�H���W�K�H���S�R�S�X�O�D�W�L�R�Q���V�L�]�H���R�I���V�S�H�F�L�H�V���U�H�V�S�R�Q�G�L�Q�J���W�R���J�H�R�O�R�J�L�F�D�O��

�D�Q�G�� �F�O�L�P�D�W�H�� �F�K�D�Q�J�H�V�� �R�U�� �W�K�U�H�D�W�V�� �R�Y�H�U�� �W�L�P�H���� �Z�K�L�F�K�� �P�D�\�� �K�H�O�S�� �W�R�� �X�Q�G�H�U�V�W�D�Q�G�� �W�K�H���P�R�U�H���D�S�S�U�R�S�U�L�D�W�H��

�H�Q�Y�L�U�R�Q�P�H�Q�W���I�R�U�� �D�� �J�L�Y�H�Q�� �S�R�S�X�O�D�W�L�R�Q���D�Q�G���S�U�R�Y�L�G�H���L�P�S�R�U�W�D�Q�W�� �L�Q�I�R�U�P�D�W�L�R�Q���W�R�� �D�V�V�L�V�W�� �Z�L�W�K���V�S�H�F�L�H�V��

�F�R�Q�V�H�U�Y�D�W�L�R�Q���� 
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7.3 �&�R�Q�V�H�U�Y�D�W�L�R�Q���R�I���P�D�U�L�Q�H���W�H�W�U�D�S�R�G�V���X�V�L�Q�J���J�H�Q�R�P�L�F�V 

�$�F�F�R�U�G�L�Q�J���W�R���W�K�H���,�Q�W�H�U�Q�D�W�L�R�Q�D�O���8�Q�L�R�Q���I�R�U���&�R�Q�V�H�U�Y�D�W�L�R�Q���R�I���1�D�W�X�U�H���D�Q�G���1�D�W�X�U�D�O���5�H�V�R�X�U�F�H�V���±���,�8�&�1������������

�a���������V�S�H�F�L�H�V�����D�V���I�D�U���D�V���Z�H���N�Q�R�Z�������D�U�H���F�U�L�W�L�F�D�O�O�\���H�Q�G�D�Q�J�H�U�H�G�����&�5�������H�Q�G�D�Q�J�H�U�H�G�����(�1�������Y�X�O�Q�H�U�D�E�O�H�����9�8����

�D�Q�G���Q�H�D�U���W�K�U�H�D�W�H�Q�H�G�����1�7�������Z�K�L�F�K���V�K�R�X�O�G���F�D�X�V�H���X�V���F�R�Q�F�H�U�Q�����7�K�H���P�R�V�W���X�U�J�H�Q�W���D�F�W�L�R�Q���W�R���E�H���X�Q�G�H�U�W�D�N�H�Q��

�L�V���L�Q�F�U�H�D�V�L�Q�J���W�K�H���D�Z�D�U�H�Q�H�V�V���R�I���V�S�H�F�L�H�V���S�U�R�W�H�F�W�L�R�Q���� �L�Q�F�O�X�G�L�Q�J���U�H�V�W�U�L�F�W�L�Q�J���D�Q�W�K�U�R�S�R�J�H�Q�L�F���D�Q�G���E�D�U�E�D�U�L�F��

�F�D�S�W�X�U�H���R�I���P�D�U�L�Q�H���V�S�H�F�L�H�V�����U�H�G�X�F�L�Q�J���G�H�V�W�U�X�F�W�L�R�Q���R�I���W�K�H�L�U���K�D�E�L�W�D�W�V�����P�L�Q�L�P�L�]�L�Q�J���X�Q�L�Q�W�H�Q�W�L�R�Q�D�O���S�R�O�O�X�W�L�R�Q��

�D�Q�G���F�R�Q�G�X�F�W�L�Q�J���H�[�W�H�Q�V�L�Y�H���I�L�H�O�G���V�H�D�U�F�K�� �D�Q�G���U�H�V�F�X�H���R�S�H�U�D�W�L�R�Q�V�����,�Q�� �D�G�G�L�W�L�R�Q���W�R���W�K�H�V�H���H�I�I�R�U�W�V���� �J�H�Q�R�P�L�F��

�G�D�W�D���F�D�Q���D�O�V�R���S�U�R�Y�L�G�H���W�K�H���P�R�O�H�F�X�O�D�U���F�O�X�H�V���Q�H�F�H�V�V�D�U�\���I�R�U���H�I�I�H�F�W�L�Y�H���P�D�Q�D�J�H�P�H�Q�W���D�Q�G���F�R�Q�V�H�U�Y�D�W�L�R�Q���R�I��

�P�D�U�L�Q�H���E�L�R�G�L�Y�H�U�V�L�W�\�����)�U�R�P���J�H�Q�R�P�L�F���G�D�W�D�����Z�H���F�D�Q���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���Y�D�U�L�D�W�L�R�Q�V���D�Q�G���D�G�D�S�W�L�Y�H���P�H�F�K�D�Q�L�V�P�V��

�L�Q�Y�R�O�Y�H�G�� �L�Q���U�H�V�L�O�L�H�Q�F�H�� �W�R�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �V�W�U�H�V�V�R�U�V�� ���F�O�L�P�D�W�H�� �F�K�D�Q�J�H���� �D�Q�G�� �F�R�P�P�R�Q�� �W�K�U�H�D�W�V�� ���S�R�O�O�X�W�L�R�Q������

�Z�K�L�F�K���F�D�Q���G�L�U�H�F�W���W�K�H���V�H�W�W�L�Q�J���R�I���F�R�Q�V�H�U�Y�D�W�L�R�Q���S�U�L�R�U�L�W�L�H�V���D�Q�G���V�W�U�D�W�H�J�L�H�V���I�R�U���U�H�V�W�R�U�D�W�L�R�Q�����$�O�V�R�����J�H�Q�R�P�L�F�V��

�F�D�Q���X�Q�F�R�Y�H�U���W�K�H���J�H�Q�H�W�L�F���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���K�R�Z���R�U�J�D�Q�L�V�P�V���U�H�V�S�R�Q�G���W�R���V�R�P�H���E�L�R�O�R�J�L�F�D�O���W�K�U�H�D�W�V�����V�X�F�K���D�V��

�G�L�V�H�D�V�H�V���D�Q�G���W�R�[�L�Q�V�����)�R�U���H�[�D�P�S�O�H�����D���F�R�P�S�D�U�L�V�R�Q���R�I���J�H�Q�R�P�H���Z�L�G�H���G�L�I�I�H�U�H�Q�F�H�V���G�R�O�S�K�L�Q�V���W�K�D�W���G�L�H�G���D�V���D��

�U�H�V�X�O�W�� �R�I�� �K�D�U�P�I�X�O�� �D�O�J�D�O�� �E�O�R�R�P�V�� �D�Q�G�� �W�K�R�V�H�� �W�K�D�W�� �V�X�U�Y�L�Y�H�G���V�K�R�Z�H�G�� �D���Q�X�P�E�H�U���R�I�� �F�K�D�Q�J�H�V�� �L�Q�� �D�O�O�H�O�H��

�I�U�H�T�X�H�Q�F�L�H�V���D�Q�G���K�H�O�S�H�G���L�G�H�Q�W�L�I�\���F�D�Q�G�L�G�D�W�H���J�H�Q�H�V���I�R�U���U�H�V�L�V�W�D�Q�F�H���W�R���D�O�J�D�O���E�U�H�Y�H�W�R�[�L�Q�������������������)�X�U�W�K�H�U�P�R�U�H����

�J�H�Q�R�P�L�F�� �G�D�W�D�� �F�D�Q�� �D�O�V�R�� �U�H�Y�H�D�O���I�H�D�W�X�U�H�V���Z�K�L�F�K���G�R�� �Q�R�W�� �F�K�D�Q�J�H�� �G�X�U�L�Q�J���V�H�O�H�F�W�L�Y�H�� �S�U�H�V�V�X�U�H���L�Q���V�R�P�H��

�H�Q�G�D�Q�J�H�U�H�G���V�S�H�F�L�H�V�����)�R�U���L�Q�V�W�D�Q�F�H�����O�R�V�V���R�I���J�H�Q�H�W�L�F���G�L�Y�H�U�V�L�W�\���L�Q���L�P�P�X�Q�H���U�H�O�D�W�H�G���J�H�Q�H�V���D�Q�G���H�Q�U�L�F�K�P�H�Q�W��

�R�I�� �G�H�O�H�W�H�U�L�R�X�V�� �P�X�W�D�W�L�R�Q�V���L�Q���W�R�[�L�Q�� �G�H�J�U�D�G�D�W�L�R�Q�� �J�H�Q�H�V�� �F�R�Q�W�U�L�E�X�W�H�� �W�R�� �W�K�H�� �P�D�M�R�U�� �J�H�Q�H�W�L�F�� �G�H�I�H�F�W�V�� �R�I�� �W�K�H��

�F�U�H�V�W�H�G���L�E�L�V���D�Q�G���R�W�K�H�U���H�Q�G�D�Q�J�H�U�H�G���V�S�H�F�L�H�V���������� 

�,�Q���V�X�P�P�D�U�\�����P�R�U�H���Z�K�R�O�H���J�H�Q�R�P�H���G�D�W�D�����D�Q�G���K�L�J�K���T�X�D�O�L�W�\���G�D�W�D�����V�K�R�X�O�G���E�H���D�F�T�X�L�U�H�G���E�H�F�D�X�V�H���W�K�H�\���D�U�H��

�F�U�L�W�L�F�D�O���W�R���X�Q�G�H�U�V�W�D�Q�G�L�Q�J���W�K�H���J�H�Q�H�W�L�F���E�D�V�L�V���R�I���G�L�V�H�D�V�H���U�H�V�S�R�Q�V�H���D�Q�G���D�G�D�S�W�L�Y�H���F�K�D�Q�J�H�V���Z�L�W�K�L�Q���V�S�H�F�L�H�V����

�&�R�X�S�O�H�G���Z�L�W�K���H�Y�R�O�X�W�L�R�Q�D�U�\�����W�U�D�Q�V�F�U�L�S�W�L�R�Q�D�O�����D�Q�G���S�R�S�X�O�D�W�L�R�Q���J�H�Q�H�W�L�F�V���V�W�X�G�L�H�V���Z�K�R�O�H���J�H�Q�R�P�H���G�D�W�D���F�D�Q��
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�F�U�H�D�W�H���D���V�W�U�R�Q�J���I�R�X�Q�G�D�W�L�R�Q���I�R�U���S�U�R�W�H�F�W�L�Q�J���W�K�U�H�D�W�H�Q�H�G���D�Q�G���H�Q�G�D�Q�J�H�U�H�G���V�S�H�F�L�H�V�����: �H���S�O�D�Q���W�R���V�H�T�X�H�Q�F�H��

�W�K�H�V�H���V�S�H�F�L�H�V���W�R���L�Q���W�K�U�H�H���V�W�D�J�H�V�����I�L�U�V�W�����F�U�L�W�L�F�D�O�O�\���H�Q�G�D�Q�J�H�U�H�G�����&�5�����D�Q�G���H�Q�G�D�Q�J�H�U�H�G�����(�1�����V�S�H�F�L�H�V�����V�H�F�R�Q�G����

�Y�X�O�Q�H�U�D�E�O�H�����9�8�����D�Q�G���Q�H�D�U���W�K�U�H�D�W�H�Q�H�G�����1�7�����V�S�H�F�L�H�V�����D�Q�G�����I�L�Q�D�O�O�\�����D�W���O�H�D�V�W���R�Q�H���V�S�H�F�L�H�V���L�Q���H�D�F�K���U�H�P�D�L�Q�L�Q�J��

�J�U�R�X�S���� �$�I�W�H�U�� �R�E�W�D�L�Q�L�Q�J�� �W�K�H�V�H�� �G�D�W�D���� �Z�H�� �Z�L�O�O�� �E�H�� �D�E�O�H�� �W�R�� �I�L�Q�G���D�G�G�L�W�L�R�Q�D�O���J�H�Q�H�W�L�F���I�H�D�W�X�U�H�V���J�R�Y�H�U�Q�L�Q�J��

�I�X�Q�G�D�P�H�Q�W�D�O���D�Q�G���H�Y�R�O�X�W�L�R�Q�D�U�\���S�U�R�F�H�V�V�H�V���R�I���P�D�U�L�Q�H���W�H�W�U�D�S�R�G�V�����L�Q���S�D�U�W�L�F�X�O�D�U�����F�R�Q�Y�H�U�J�H�Q�W���H�Y�R�O�X�W�L�R�Q�����I�R�U��

�D�O�O���R�U���H�D�F�K���R�U�G�H�U���R�I���P�D�U�L�Q�H���W�H�W�U�D�S�R�G�V�����Z�K�L�F�K���F�D�Q���D�O�V�R���E�H���L�Q�Y�H�V�W�L�J�D�W�H�G���D�W���D���P�D�F�U�R���O�H�Y�H�O�������F�K�U�R�P�R�V�R�P�H��

�H�Y�R�O�X�W�L�R�Q�����V�H�[���G�H�W�H�U�P�L�Q�D�W�L�R�Q�����O�L�P�E�V���G�H�Y�H�O�R�S�P�H�Q�W�����Y�L�Y�L�S�D�U�L�W�\���D�Q�G���R�Y�L�S�D�U�L�W�\���� �� 

 

 

�)�L�J�������������6�S�H�F�L�H�V���Q�X�P�E�H�U�V���R�I���P�D�U�L�Q�H���W�H�W�U�D�S�R�G�V���L�Q���H�D�F�K���I�D�P�L�O�\�����7�K�H���V�L�]�H�V���R�I���W�K�H���U�H�F�W�D�Q�J�O�H�V���U�H�S�U�H�V�H�Q�W��

�G�L�V�W�U�L�E�X�W�L�R�Q�V���R�I���V�S�H�F�L�H�V���Q�X�P�E�H�U�V�� 
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�)�L�J�������������1�X�P�E�H�U�V���R�I���D�V�V�H�P�E�O�H�G���P�D�U�L�Q�H���W�H�W�U�D�S�R�G���J�H�Q�R�P�H�V�����7�K�H���F�X�P�X�O�D�W�L�Y�H���J�H�Q�H�U�D�W�L�R�Q���R�I���P�D�U�L�Q�H��

�D�Q�G�� �W�H�U�U�H�V�W�U�L�D�O�� �W�H�W�U�D�S�R�G�� �J�H�Q�R�P�H�V�� �D�V�V�H�P�E�O�H�G�� �I�U�R�P�� ���������� �W�R�� �����������L�V���V�K�R�Z�Q���� �7�K�H���J�H�Q�R�P�H���G�D�W�D���D�U�H��

�S�U�L�P�D�U�L�O�\���R�E�W�D�L�Q�H�G���I�U�R�P���1�&�%�,���D�Q�G���W�K�H���\�H�D�U���L�Q�I�R�U�P�D�W�L�R�Q���L�V���E�D�V�H�G���R�Q���J�H�Q�R�P�H���S�X�E�O�L�F�D�W�L�R�Q���G�D�W�H����  
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8 Applications of genomic data 

8.1 �*�H�Q�H�W�L�F���H�Q�J�L�Q�H�H�U�L�Q�J�� 

�7�U�D�Q�V�J�H�Q�L�F���R�U���J�H�Q�R�P�H���H�G�L�W�H�G���P�D�U�L�Q�H���V�S�H�F�L�H�V���D�U�H���I�U�H�T�X�H�Q�W�O�\���S�U�R�G�X�F�H�G���I�R�U���H�L�W�K�H�U���V�F�L�H�Q�W�L�I�L�F���U�H�V�H�D�U�F�K���R�U��

�E�L�R�W�H�F�K�Q�R�O�R�J�L�F�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V�����$�U�W�L�I�L�F�L�D�O�O�\�� �L�Q�W�U�R�G�X�F�W�L�R�Q���D�Q�G�� �L�Q�W�H�J�U�D�W�L�R�Q�� �R�I���D�� �I�R�U�H�L�J�Q�� �J�H�Q�H�� �R�U�� �Q�R�Q��

�F�R�G�L�Q�J�� �'�1�$�� �I�U�D�J�P�H�Q�W�� �L�Q�W�R�� �W�K�H�� �J�H�Q�R�P�H�V�� �R�I���P�D�U�L�Q�H���R�U�J�D�Q�L�V�P�V���� �L�V�� �W�H�U�P�H�G�� �W�U�D�Q�V�J�H�Q�L�F���P�R�G�L�I�L�F�D�W�L�R�Q����

�2�U�J�D�Q�L�V�P�V�� �V�X�F�K�� �D�V�� �I�L�V�K���� �F�U�X�V�W�D�F�H�D�Q�V���� �P�L�F�U�R�D�O�J�D�H���� �P�D�F�U�R�D�O�J�D�H���� �D�Q�G�� �V�H�D�� �X�U�F�K�L�Q�V���� �Z�L�W�K���I�R�U�H�L�J�Q��

�W�U�D�Q�V�J�H�Q�H�V�� �L�Q�W�H�J�U�D�W�H�G���L�Q�W�R�� �W�K�H�L�U�� �J�H�Q�R�P�H���� �D�U�H�� �F�D�O�O�H�G�� �J�H�Q�H�W�L�F�D�O�O�\�� �P�R�G�L�I�L�H�G�� �R�U�J�D�Q�L�V�P�V�� ���*�0�2�V������ �1�H�Z��

�W�H�F�K�Q�R�O�R�J�L�H�V���V�X�F�K���D�V���=�L�Q�F���)�L�Q�J�H�U���1�X�F�O�H�D�V�H���7�H�F�K�Q�R�O�R�J�\�����=�)�1�������7�U�D�Q�V�F�U�L�S�W�L�R�Q���$�F�W�L�Y�D�W�R�U���/�L�N�H���(�I�I�H�F�W�R�U��
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�F�R�P�P�R�Q���F�D�U�S�����������������L�Q���R�U�G�H�U���W�R���L�Q�F�U�H�D�V�H���W�K�H�L�U���P�D�[�L�P�X�P���P�D�U�N�H�W���Y�D�O�X�H�� 

�$�V�� �Q�H�Z�� �W�H�F�K�Q�R�O�R�J�L�H�V���� �H�V�S�H�F�L�D�O�O�\�� �&�5�,�6�3�5���� �P�H�U�J�H�� �D�Q�G�� �F�R�P�P�H�U�F�L�D�O�L�]�H���� �J�H�Q�H�W�L�F�� �H�Q�J�L�Q�H�H�U�L�Q�J�� �L�V��

�E�H�F�R�P�L�Q�J���P�R�U�H���H�[�H�F�X�W�D�E�O�H���D�Q�G���Z�L�G�H�O�\���D�S�S�O�L�F�D�E�O�H�����)�L�J����������������  

 

�)�L�J�������������*�H�Q�R�P�H�� �H�G�L�W�L�Q�J�� �L�Q�� �P�D�U�L�Q�H�� �D�Q�G�� �D�T�X�D�F�X�O�W�X�U�H���R�U�J�D�Q�L�V�P�V�����$�P�R�Q�J���W�K�H���W�K�U�H�H�� �J�H�Q�H�� �H�G�L�W�L�Q�J��

�W�R�R�O�V���D�Y�D�L�O�D�E�O�H�����&�5�,�6�3�5���L�V���P�R�V�W���H�I�I�L�F�L�H�Q�W���D�Q�G���H�[�H�F�X�W�D�E�O�H�����7�K�H�U�H�I�R�U�H�����P�R�V�W���F�D�V�H�V���R�I���P�D�U�L�Q�H���J�H�Q�R�P�H��

�H�G�L�W�L�Q�J���D�U�H���&�5�,�6�3�5���P�H�G�L�D�W�H�G�� 

8.2 �0�D�U�L�Q�H���Q�D�W�X�U�D�O���S�U�R�G�X�F�W�V 

Organisms living in the ocean have been subjected to intense selective pressure for millions of 

years resulting in many novel and unique bioactive substances required for adaptation202. More than 

20,000 new natural marine products have been isolated over the past 50 years of which 71% have 
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not been found on land203. These substances are abundant, covering almost all pharmaceutical 

fields204. �7�K�H���E�D�V�L�F���V�W�U�X�F�W�X�U�H���R�I���E�L�R�D�F�W�L�Y�H���V�X�E�V�W�D�Q�F�H�V���G�L�V�F�R�Y�H�U�H�G���I�U�R�P���P�D�U�L�Q�H���R�U�J�D�Q�L�V�P�V���L�V���S�U�L�P�D�U�L�O�\��
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�W�K�H���X�Q�L�T�X�H���S�R�O�\�V�D�F�F�K�D�U�L�G�H�V�����F�K�R�Q�G�U�R�L�W�L�Q���V�X�O�I�D�W�H���D�Q�G���S�R�O�\�S�H�S�W�L�G�H�V���R�I���V�H�D���F�X�F�X�P�E�H�U���K�D�Y�H���E�H�H�Q���X�V�H�G���D�V��
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Coelastrella sp. M60 80.22 9.34 9.34 91.20 2016/4/25 GCA_001630525.1 

Coelastrella sp. UTEX 

B 3026 

151.55 7.07 10.71 70.00 2017/10/18 GCA_002588565.1 

Cryptomonas 

paramecium 

0.49 160.19 160.19   2011/3/30 GCA_000194455.1 

Cryptophyceae sp. 

CCMP2293 

534.47 5.12 439.32 55.10 2016/9/3 https://genome.jgi.doe.g

ov/portal/Crypto2293_1

/download/Crypto2293

_1_AssemblyScaffolds.

fasta.gz 

Cyanidioschyzon 

merolae 

16.55 859.12 859.12 87.10 2007/7/11 GCA_000341285.1 

Cymbomonas 

tetramitiformis 

281.27 4.80 10.93 59.10 2015/8/5 GCA_001247695.1 

Dunaliella salina 343.70 7.23 353.03 54.50 2017/8/31 GCA_002284615.1 

Ectocarpus siliculosus 195.81 32.34 3939.08 78.90 2010/6/24 GCA_000978595.1 

Emiliania huxleyi 167.68 29.72 404.81 70.30 2013/5/2 GCA_002256025.1 

Eudorina sp. 2006-703-

Eu-15 

184.03 300.39 564.04 83.90 2006/7/3 GCA_003117195.1 

Euglena gracilis 41.20 0.41 0.41   2016/5/6 GCA_001638955.1 

Fistulifera solaris 49.74 75.18 330.81 79.90 2017/6/26 GCA_001750085.1 

Fragilariopsis cylindrus 80.54 78.23 1295.60 81.50 2016/9/30 GCA_900291995.1 
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Galdieria sulphuraria 12.09 134.00 134.00   2016/8/14 GCA_003194525.1 

Galdieria sulphuraria 

074W 

13.71 93.03 172.32 85.80 2013/1/8 GCA_001704855.1 

Gonium pectorale 148.81 16.24 1267.14 81.20 2016/3/9 GCA_001584585.1 

Gracilariopsis chorda 92.18 220.27 220.27 87.10 2018/6/6 GCA_003194525.1 

Gracilariopsis 

lemaneiformis 

88.69 14.51 34.59 95.30 2018/7/31 GCA_003346895.1  

Guillardia theta 87.15 40.45 545.81 71.30 2012/12/5 GCF_000315625.1 

Helicosporidium sp. 

ATCC 50920    

12.37 3.04 3.04 62.70 2014/5/13 GCA_000690575.1 

Hemiselmis andersenii 0.57 184.76 184.76   2008/4/24 GCA_000018645.1 

Heterococcus sp. DN1 60.74 3.97 4.23   2013/11/22 GCA_000498555.1  

Kappaphycus alvarezii 336.72 848.97 848.97 79.70 2018/3/9 GCA_002205965.2  

Klebsormidium nitens 104.21 72.78 134.93 91.50 2014/6/3 GCA_000708835.1 

Licmophora abbreviata 29.21 6.98 6.98 78.30 2018/4/24 GCF_000150955.2 

Lotharella oceanica 0.68 194.12 207.54   2014/6/5 GCA_000698435.2 

Micractinium conductrix 61.02 1210.50 1210.50 83.50 2018/3/21 GCA_002245815.2 

Micromonas commoda 21.11 1394.11 1394.11 83.20 2009/4/10 GCF_000090985.2 

Micromonas pusilla 21.96 81.16 1183.54 81.80 2009/4/9 GCF_000151265.2 

Micromonas sp. ASP10-

01a 

19.58 11.39 22.48 79.90 2015/4/28 GCA_001430725.1 

Monoraphidium 

neglectum 

69.71 9.15 15.66 57.80 2015/2/26 GCF_000611645.1 

Monoraphidium sp. 549    74.66 105.99 105.99 84.50 2017/12/8 GCA_002814315.1 

Nannochloropsis 

gaditana B-31 

27.59 40.86 1065.99 78.60 2014/2/18 GCA_002838785.1 

Nannochloropsis 

gaditana CCMP1894 

30.87 1081.03 1141.55 83.90 2017/12/13 GCA_001614215.1 
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Nannochloropsis 

gaditana CCMP526 

33.99 20.80 37.64 70.30 2012/1/4 GCA_000569095.1 

Nannochloropsis 

gaditana CCMP527 

25.62 12.74 12.74 70.60 2016/4/8 GCA_001614225.1 

Nannochloropsis 

limnetica 

33.51 2.70 2.70 54.80 2016/4/8 GCA_000226695.1 

Nannochloropsis 

oceanica 

27.64 12.33 12.33 72.30 2011/9/29 GCA_001614235.1 

Nannochloropsis 

oceanica OZ-1 

28.02 39.28 39.28 77.50 2016/4/8 GCA_001870945.1 

Nannochloropsis 

oceanica strain IMET1 

31.50 39.28 935.20 77.90 2016/11/9 GCA_001614245.1 

Nannochloropsis salina 

CCMP1776 

24.36 12.19 12.19 71.00 2016/4/8 GCA_002887195.1 

Ostreococcus 

lucimarinus 

13.20 708.93 708.93 84.20 2007/4/10 GCF_000092065.1 

Ostreococcus tauri  13.03 48.02 717.46 82.90 2014/10/2 GCF_000214015.3 

Parachlorella kessleri 59.19 33.74 33.89 78.90 2015/12/19 GCA_001598975.1 

Pavlovales 

sp.CCMP2436  

165.41 5.96 252.37 65.30 2016/8/17 https://genome.jgi.doe.g

ov/portal/Pavlov2436_1

/download/Pavlov2436

_1_AssemblyScaffolds.

fasta.gz 

Pelagophyceae 

sp.CCMP2097 

85.82 14.24 186.14 77.80 2016/4/8 https://genome.jgi.doe.g

ov/portal/Pelago2097_1

/download/Pelago2097_

1_AssemblyScaffolds.f

asta.gz 
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Phaeodactylum 

tricornutum 

27.45 417.21 945.03 81.20 2008/12/12 GCA_900005105.1 

Picochlorum sp. 

SENEW3 

13.39 126.22 126.22 90.80 2014/7/28 GCA_000240725.1 

Picochlorum sp. 

soloecismus 

15.25 621.32 724.71 91.40 2017/12/8 GCA_002818215.1 

Porphyra umbilicalis 87.89 168.86 202.02 70.00 2017/7/27 GCA_002049455.2  

Porphyridium 

purpureum 

19.45 20.53 20.53 87.10 2013/5/16 GCA_000397085.1  

Prorocentrum minimum 29.35 2.52 2.53 98.60 2016/5/26 GCA_001652855.1  

Prototheca cutis 19.97 56.44 1409.61 88.80 2018/6/27 GCA_002897115.1 

Prototheca stagnorum 16.90 33.27 1107.25 86.80 2017/11/16 GCA_002794665.1 

Prototheca wickerhamii 27.69 7.99 31.15 88.50 2018/6/19 GCA_003255715.1 

Pseudo-nitzschia 

multistriata 

55.16 63.53 131.46 71.30 2017/4/25 GCF_000149405.2 

Raphidocelis 

subcapitata 

51.16 88.43 341.80 85.50 2018/5/30 GCA_003203535.1 

Rhizophora apiculata 232.06 2448.77 5420.13 92.00 2017/9/28 GCA_900174605.1 

Saccharina japonica 543.43 36.45 252.01 70.30 2015/4/22 GCF_000350225.1 

Scenedesmus obliquus 107.72 104.29 186.62 84.20 2016/11/5 GCA_900108755.1  

Scenedesmus 

quadricauda 

65.35 8.09 8.09   2017/9/20 GCA_002317545.1 

Symbiochloris reticulata 

Africa extracted 

metagenome v1.0 

58.57 42.27 46.45 85.50 2018/3/22 https://genome.jgi.doe.g

ov/portal/SymretAf1/do

wnload/SymretAf1_Ass

emblyScaffolds.fasta.gz 

Symbiochloris reticulata 

Scotland extracted 

metagenome v1.0 

59.36 47.50 55.09 85.50 2018/3/14 https://genome.jgi.doe.g

ov/portal/SymretSc1/do
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wnload/SymretSc1_Ass

emblyScaffolds.fasta.gz 

Symbiochloris reticulata 

Spain extracted 

metagenome v1.0 

56.84 30.06 30.73 82.50 2017/10/13 https://genome.jgi.doe.g

ov/portal/SymretSp1/do

wnload/SymretSp1_Ass

emblyScaffolds.fasta.gz 

Symbiochloris reticulata 

Spain reference genome 

v1.0 

58.32 34.18 37.32 84.20 2017/11/1 https://genome.jgi.doe.g

ov/portal/Dicre1/downl

oad/Dicre1_AssemblyS

caffolds.fasta.gz 

Symbiochloris reticulata 

Switzerland extracted 

metagenome v1.0 

59.35 48.55 56.72 84.80 2018/3/21 https://genome.jgi.doe.g

ov/portal/SymretSw1/d

ownload/SymretSw1_A

ssemblyScaffolds.fasta.

gz 

Symbiodinium kawagutii 935.07 35.63 380.91   2015/11/6 http://web.malab.cn/sy

mka_new/data/Symbiod

inium_kawagutii.assem

bly.935Mb.fa.gz 

Symbiodinium 

microadriaticum 

808.23 18.59 573.51   2017/1/6 GCA_001939145.1  

Symbiodinium minutum 609.48 34.31 125.23   2013/7/17 GCA_000507305.1  

Symbiodinium sp. clade 

A Y106 

766.66 18.02 133.47 92.60 2018/6/22 GCA_003297005.1  

Symbiodinium sp. clade 

C Y103 

703.70 20.31 249.18 93.30 2018/6/22 GCA_003297045.1  

Tetrabaena socialis 135.78 5.38 145.93   2018/1/18 GCA_002891735.1 

Tetradesmus obliquus 107.72 104.29 186.62 84.20 2016/11/5 GCA_900108755.1 

Thalassiosira oceanica 92.19 3.64 3.64 63.70 2012/7/25 GCA_000296195.2  
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Thalassiosira 

pseudonana 

32.44 1267.20 1992.43 76.60 2009/1/16 GCA_001742925.1 

Trebouxia gelatinosa 61.73 0.96 3512.60   2015/1/16 GCA_000818905.1 

Trebouxia sp. TZW2008 69.35 145.71 223.45 90.40 2017/3/31 GCA_002118135.1 

uncultured Bathycoccus 5.18 44.02 44.02   2011/10/31 GCA_000259855.1 

Volvox carteri 137.68 42.83 1491.50 84.50 2010/7/8 GCF_000143455.1 

Yamagishiella unicocca 140.84 543.04 543.04 85.80 2018/4/6 GCA_003117035.1 

Zostera marina  203.91 79.96 485.58 73.20 2015/7/22 GCA_001185155.1  

Zostera muelleri 632.07 4.90 36.73 78.90 2016/7/3 http://appliedbioinform

atics.com.au/download/

Zmu_v1_scaffolds.fa.ta

r.gz 

Marine invertebrate genome 

Acanthaster planci 383.86 49.68 1521.12 90.80 2018/1/3 The crown-of-thorns 

starfish genome as a 

guide for biocontrol of 

this coral reef pest 

Acartia tonsa 989.16 3.24 3.61 37.22 2018/1/3 Timing of embryonic 

quiescence determines 

viability of embryos 

from the calanoid 

copepod, Acartia tonsa 

(Dana) 

Acropora digitifera 447.50 10.92 483.56 56.03 2016/1/15 Using the Acropora 

digitifera genome to 

understand coral 

responses to 

environmental change 
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Amphimedon 

queenslandica 

166.70 11.82 120.37 60.43 2010/5/28 The Amphimedon 

queenslandica genome 

and the evolution of 

animal complexity 

Anemonia viridis 400.60 1.32 2.09 35.79 2018/8/1 GCA_900234385.1 

Anopheles melas 224.16 11.31 18.10 96.42 2014/1/17 GCA_000473525.2 

Anopheles merus 288.05 48.12 1489.98 97.55 2014/1/17 GCA_000473845.2 

Aplysia californica 927.31 9.59 917.54 85.48 2013/5/15 GCA_000002075.2 

Apostichopus japonicus 804.62 307.42 487.24 84.66 2017/11/6 Draft genome of the sea 

cucumber Apostichopus 

japonicus and genetic 

polymorphism among 

color variants 

Apostichopus 

parvimensis 

873.09 9.59 89.13 84.46 2015/2/27 The sea cucumber 

genome provides 

insights into 

morphological 

evolution and visceral 

regeneration 

Bankia setacea 3.87 176.24 - 3.68 2016/12/28 GCA_001922985.1  

Bathymodiolus 

platifrons 

1658.19 12.60 343.34 80.88 2017/4/5 Adaptation to deep-sea 

chemosynthetic 

environments as 

revealed by mussel 

genomes 

Calanus finmarchicus 3.59 0.84 - 0.00 2017/11/1 GCA_002740975.1 

Calanus glacialis 3.94 0.86 - 0.00 2017/11/1 Mitochondrial genomes 

of the key zooplankton 

copepods Arctic 
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Calanus glacialis and 

North Atlantic Calanus 

finmarchicus with the 

longest crustacean non-

coding regions 

Caligus rogercresseyi 398.15 1.65 - 65.34 2015/5/8 GCA_001005385.1 

Calvadosia 

cruxmelitensis 

209.39 11.65 16.44 48.88 2018/1/27 GCA_900245855.1 

Capitella teleta 333.28 21.93 188.40 91.92 2013/1/25 Insights into bilaterian 

evolution from three 

spiralian genomes 

Cassiopea xamachana 393.52 12.96 15.56 47.65 2018/2/26 GCA_900291935.1 

Clunio marinus 85.49 154.80 1871.16 88.55 2016/11/28 The genomic basis of 

circadian and circalunar 

timing adaptations in a 

midge 

Colubraria reticulata 67.10 0.89 - 62.27 2016/3/9 GCA_900004695.1 

Conus tribblei 2160.49 0.85 2.68 25.56 2015/8/4 Structural features of 

conopeptide genes 

inferred from partial 

sequences of the Conus 

tribblei genome 

Crassostrea gigas 557.74 31.24 401.69 87.22 2012/9/19 The oyster genome 

reveals stress adaptation 

and complexity of shell 

formation 

Crassostrea virginica 684.74 1971.21 75944.02 86.91 2017/9/1 GCA_002022765.4 
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Enteromyxum leei 67.98 1.00 1.00 1.43 2015/12/2 The Multipartite 

Mitochondrial Genome 

of Enteromyxum leei 

Eriocheir sinensis 1549.19 45.09 490.42 31.70 2018/7/24 GCA_003336515.1 

Eucidaris tribuloides 2187.26 6.63 39.19 79.14 2015/4/14 GCA_001188425.1 

Eurytemora affinis 389.03 67.72 252.28 56.13 2017/12/12 GCA_000591075.2 

Exaiptasia pallida 256.13 14.40 442.15 67.89 2015/10/28 The genome of 

Aiptasia, a sea anemone 

model for coral 

symbiosis 

Gyrodactylus salaris 67.38 14.67 18.39 46.63 2014/6/27 Comparative genomics 

of flatworms 

(platyhelminthes) 

reveals shared genomic 

features of ecto- and 

endoparastic 

neodermata 

Haliotis rufescens 1498.70 283.65 1895.87 83.95 2018/7/27 GCA_003343065.1  

Hemicentrotus 

pulcherrimus 

568.91 9.64 142.56 78.22 2018/3/21 HpBase: A genome 

database of a sea 

urchin, Hemicentrotus 

pulcherrimus 

Hydroides elegans 1026.05 5.98 17.33 72.09 2016/8/11 Dissection of the Initial 

Stages of Bacteria-

Induced Metamorphosis 

in a Model Bacterium-

Tubeworm Interaction 

Intoshia linei 0.03 41603.07 26.27 4.70 2016/5/10 The Genome of 

Intoshia linei Affirms 
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Orthonectids as Highly 

Simplified Spiralians 

Kudoa iwatai 31.18 39.53 40.20 9.71 2015/10/22 Genomic insights into 

the evolutionary origin 

of Myxozoa within 

Cnidaria 

Lepeophtheirus salmonis 790.05 9.74 - 67.69 2015/5/8 GCA_000181255.2  

Limnoperna fortunei 1673.22 32.20 309.12 60.63 2018/5/16 A hybrid-hierarchical 

genome assembly 

strategy to sequence the 

invasive golden mussel, 

Limnoperna fortunei 

Limulus polyphemus 1828.27 11.44 254.09 79.35 2014/1/3 The Draft Genome and 

Transcriptome of the 

Atlantic Horseshoe 

Crab, Limulus 

polyphemus. 

Lingula anatina 406.31 56.06 460.09 88.65 2018/1/26 The Lingula genome 

provides insights into 

brachiopod evolution 

and the origin of 

phosphate 

biomineralization 

Lottia gigantea 359.51 96.03 1870.06 88.14 2012/12/20 Insights into bilaterian 

evolution from three 

spiralian genomes 

Lytechinus variegatus 1061.20 9.66 46.35 72.09 2015/3/11 Genomes of 

Strongylocentrotus 

franciscanus and 
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Lytechinus variegatus: 

are there any genomic 

explanations for the two 

order of magnitude 

difference in the 

lifespan of sea urchins? 

Macrostomum lignano 764.41 215.28 246.20 82.52 2017/8/24 Efficient transgenesis 

and annotated genome 

sequence of the 

regenerative flatworm 

model Macrostomum 

lignano 

Mizuhopecten yessoensis 987.59 65.01 803.63 84.97 2017/6/12 Scallop genome 

provides insights into 

evolution of bilaterian 

karyotype and 

development 

Mnemiopsis leidyi 155.87 11.91 187.31 57.67 2011/9/19 The genome of the 

ctenophore Mnemiopsis 

leidyi and its 

implications for cell 

type evolution 

Modiolus philippinarum 2629.56 18.39 100.16 73.52 2017/4/5 Adaptation to deep-sea 

chemosynthetic 

environments as 

revealed by mussel 

genomes 

Mytilus galloprovincialis 1500.15 2.63 2.93 9.10 2017/3/16 A First Insight into the 

Genome of the Filter-
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Feeder Mussel Mytilus 

galloprovincialis 

Nematostella vectensis 356.61 19.84 472.59 78.94 2007/8/22 The diversity of C-type 

lectins in the genome of 

a basal metazoan, 

Nematostella vectensis 

Notospermus 

geniculatus 

858.60 22.60 239.24 88.24 2017/10/23 Nemertean and 

phoronid genomes 

reveal lophotrochozoan 

evolution and the origin 

of bilaterian heads. 

Octopus bimaculoides 2338.19 5.53 475.18 77.91 2015/8/18 The octopus genome 

and the evolution of 

cephalopod neural and 

morphological novelties 

Oithona nana 1828.27 11.44 254.09 76.38 2017/2/17 GCA_900157175.1 

Ophionereis fasciata 1184.53 0.20 0.48 4.60 2017/2/27 GCA_900067615.1 

Ophiothrix spiculata 2764.32 6.47 72.78 81.19 2015/2/3 GCA_000969725.1  

Orbicella faveolata 485.55 12.47 1162.45 70.86 2017/3/20 GCA_002042975.1  

Parhyale hawaiensis 85.01 38.62 400.61 74.74 2018/6/22 The genome of the 

crustacean Parhyale 

hawaiensis, a model for 

animal development, 

regeneration, immunity 

and lignocellulose 

digestion 

Patiria miniata 811.03 9.47 52.61 90.18 2012/8/13 GCA_000285935.1  

Patiriella regularis 949.33 0.22 0.56 1.74 2017/2/10 GCA_900067625.1  
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Penaeus japonicus 2752.56 10.44 20228.73 18.81 2017/9/12 Genomic resources and 

comparative analyses of 

two economical penaeid 

shrimp species, 

Marsupenaeus 

japonicus and Penaeus 

monodon 

Penaeus monodon 1660.27 0.70 0.91 18.81 2017/9/12 The genome and 

occlusion bodies of 

marine Penaeus 

monodon nudivirus 

(PmNV, also known as 

MBV and PemoNPV) 

suggest that it should be 

assigned to a new 

nudivirus genus that is 

distinct from the 

terrestrial nudiviruses 

Phoronis australis 498.44 68.15 655.06 91.00 2017/10/23 GCA_002633005.1 

Pinctada martensii 990.98 21.52 59032.46 75.05 2017/7/20 The pearl oyster 

Pinctada fucata 

martensii genome and 

multi-omic analyses 

provide insights into 

biomineralization. 

Platynothrus peltifer 100.53 1.24 1.57 32.82 2015/5/6 GCA_000988905.1 

Pleurobrachia bachei 156.12 6.13 20.63 60.22 2014/5/21 The ctenophore genome 

and the evolutionary 
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origins of neural 

systems 

Porites rus 470.01 5.32 137.19 52.04 2018/5/28 GCA_900290455.1  

Priapulus caudatus 511.74 10.62 209.73 80.16 2015/11/19 GCA_000485595.2 

Ptychodera flava 1228.69 13.43 196.30 76.38 2015/12/1 Hemichordate genomes 

and deuterostome 

origins 

Renilla reniformis 131.55 1.74 1.84 21.68 2017/4/20 GCA_900177555.1  

Saccoglossus 

kowalevskii 

775.84 10.07 245.82 75.46 2009/9/9 Hemichordate genomes 

and deuterostome 

origins 

Sphaeromyxa zaharoni 173.59 4.47 4.47 4.81 2015/12/2 Genomic insights into 

the evolutionary origin 

of Myxozoa within 

Cnidaria 

Strigamia maritima 176.21 24.75 139.45 89.47 2011/12/22 GCA_000239455.1 

Strongylocentrotus 

purpuratus 

990.92 16.79 419.55 83.23 2015/3/10 The Genome of the Sea 

Urchin 

Strongylocentrotus 

purpuratus 

Stylophora pistillata 400.12 20.60 457.45 73.21 2017/10/17 Comparative analysis of 

the genomes of 

Stylophora pistillata 

and Acropora digitifera 

provides evidence for 

extensive differences 

between species of 

corals 
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Trichoplax adhaerens 105.63 204.19 5978.66 69.12 2008/6/17 The Trichoplax genome 

and the nature of 

placozoans 

Fish genomes 

Acanthochaenus 

luetkenii 

- - - - - PRJEB12469 

Acanthochromis 

polyacanthus 

992 8 334 95.7 - GCA_002109545.1 

Acanthopagrus 

schlegelii 

688 17.2 7600 - 2018/2 Draft genome of the 

protandrous Chinese 

black 

porgy,Acanthopagrus 

schlegelii 

Ageneiosus marmoratus - - - - - PRJNA427361 

Amphilophus citrinellus 845 19 1216 97.1 - GCA_000751415.1 

Amphiprion ocellaris 816 323 401 97.3 2018/1 Finding Nemo: hybrid 

assembly with Oxford 

Nanopore and Illumina 

reads greatly improves 

the clownfish 

(Amphiprion ocellaris) 

genome assembly 

Amphiprion percula - - - - - PRJNA436093 

Anabas testudineus - - - - - PRJEB25768 

Anguilla anguilla 1019 1.8 59.7 67.9 2017/8 GCA_000695075.1 

Anguilla japonica 1151 6 472 87.6 - GCA_002723815.1 

Anguilla rostrata 1413 6.3 86.6 86.7 - GCA_001606085.1 

Anoplopoma fimbria 699 4.9 5.1 53.5 - GCA_000499045.1 

Antennarius striatus - - - - - PRJEB12469 
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Arapaima gigas - - - - - PRJEB22808 

Arctogadus glacialis - - - - - PRJEB12469 

Astatotilapia calliptera 883 12523 4534 97.3 - GCA_900246225.1 

Astyanax mexicanus - - - - - PRJNA237016 

Austrofundulus limnaeus - - - - - PRJNA294420 

Bathygadus 

melanobranchus 

- - - - - PRJEB12469 

Benthosema glaciale - - - - - PRJEB12469 

Beryx splendens - - - - - PRJEB12469 

Betta splendens 465.24 9.01 949.03 - 2018/7 Chromosome-level 

reference genome of the 

Siamese fighting fish 

Betta splendens, a 

model species for the 

study of aggression. 

Boleophthalmus 

pectinirostris 

956 20 2376 94 - Mudskipper genomes 

provide insights into the 

terrestrial adaptation of 

amphibious fishes 

Boreogadus saida - - - - - PRJEB12469 

Borostomias antarcticus - - - - - PRJEB12469 

Bregmaceros cantori - - - - - PRJEB12469 

Brosme brosme - - - - - PRJEB12469 

Brotula barbata - - - - - PRJEB12469 

Callorhinchus milii 937 46.6 4500 - 2014/1 Elephant shark genome 

provides uniquein 

sights into gnathostome 

evolution 

Carapus acus - - - - - PRJEB12469 
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Carassius auratus - - - - - PRJNA487739 

Chaenocephalus 

aceratus 

- - - - - PRJEB12469 

Channa argus 615.3 81.4 4500 - 2017/3 Draft genome of the 

Northern snakehead, 

Channa argus 

Chatrabus melanurus - - - - - PRJEB12469 

Chromis chromis - - - - - PRJEB12469 

Clupea harengus 808 22 1861 96.2 2016/3 The genetic basis for 

ecological adaptation of 

the Atlantic herring 

revealed by genome 

sequencing 

Coryphaenoides 

rupestris 

829 12.8 159 82.8 2018/3 Genomics of habitat 

choice and adaptive 

evolution in a deep-sea 

fish 

Cottus rhenanus 563 - - 55.3 - GCA_001455555.1 

Ctenopharyngodon 

idellus 

1070 40.8 6457 - 2015/5 The draft genome of the 

grass carp 

(Ctenopharyngodon 

idellus) provides 

insights into its 

evolution adaption 

Cynoglossus semilaevis 470 27 20010.6 97.1 2014/2 Whole-genome 

sequence of a flatfish 

provides insights into 

ZW sex chromosome 

evolution and  
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adaptation to a benthic 

lifestyle 

Cyprinodon nevadensis - - - - - PRJNA254053 

Cyprinodon variegatus - - - - - PRJNA308224 

Cyprinus carpio 1713 59 7828 83.4 2014/9 Genome sequence and 

genetic diversity of the 

common carp, Cyprinus 

carpio 

Cyttopsis rosea - - - - - PRJEB12469 

Danio rerio 1679 854 52186 95.9 2013/4 The zebrafish reference 

genome sequence and 

its relationship to the 

human genome 

Danionella dracula - - - - - PRJEB27320 

Dicentrarchus labrax 676 53 26439 95.4 - GCA_000689215.1 

Eptatretus burgeri - - - - - PRJEB21290 

Esox lucius 904 68 32939 97 - GCA_000721915.3 

Fundulus heteroclitus - - - - - PRJNA286680 

Gadiculus argenteus - - - - - PRJEB12469 

Gadus chalcogrammus - - - - - PRJEB12469 

Gadus morhua 650 2.8 688 - 2011/8 The genome sequence 

of Atlantic cod reveals 

a unique immune 

system 

Gambusia affinis - - - - - PRJNA386810 

Gasterosteus aculeatus 463 83.2 1080 93 2012/4 The genomic basis of 

adaptive evolution in 

threespine sticklebacks 
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Glyptosternon 

maculatum 

662.34 993.67 20900 - 2018/8 Draft genome of 

Glyptosternon 

maculatum, an endemic 

fish from Tibet Plateau 

Guentherus altivela - - - - - PRJEB12469 

Haplochromis burtoni 831 21.9 1194 97.1 - GCA_000239415.1 

Helostoma temminkii - - - - - PRJEB12469 

Hippocampus comes 494 39.5 2034 95.1 2017/4 The seahorse genome 

and the evolution of its 

specialized morphology 

Hippocampus erectus 494 138 4145 - 2017/6 Draft genome of the 

lined seahorse, 

Hippocampus erectus 

Holocentrus rufus - - - - - PRJEB12469 

Hucho hucho - - - - - PRJNA475010 

Ictalurus punctatus 784 77.2 27425 96.3 - GCA_001660625.1 

Ictalurus punctatus - - - - 2011/12 The channel catfish 

genome sequence 

provides insights into 

the evolution of scale 

formation in teleosts 

Kryptolebias 

marmoratus 

680 43 2229 96.6 - GCA_001663955.1 

Labeotropheus 

fuelleborni 

- - - - - PRJNA29479 

Labrus bergylta 805 704 795 95.9 2018/3 Loss of stomach, loss of 

appetite? Sequencing of 

the ballan wrasse 

(Labrus bergylta) 
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genome and intestinal 

transcriptomic profiling 

illuminate the evolution 

of loss of stomach 

function in fish 

Laemonema laureysi - - - - - PRJEB12469 

Lampris guttatus - - - - - PRJEB12469 

Lamprogrammus exutus - - - - - PRJEB12469 

Larimichthys crocea 678 68 1034 96.4 2015/4 Genome Sequencing of 

the Perciform Fish 

Larimichthys crocea 

Provides Insights into 

Molecular and Genetic 

Mechanisms of Stress 

Adaptation 

Larimichthys crocea 728 25.717 495.7 96.9 2014/11 The draft genome of the 

large yellow croaker 

reveals well-developed 

innate immunity 

Lateolabrax maculatus 668 31 1040 - 2018/9 Chromosome-level 

genome assembly of the 

spotted sea bass, 

Lateolabrax maculatus 

Lates calcarifer 605 1921.8 1921.8 97.3 - GCA_900066035.1 

Latimeria chalumnae 2860 12.7 924 87.4 2013/4 The African coelacanth 

genome provides 

insights into tetrapod 

evolution 
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Lepisosteus oculatus 945 68.3 50348 94.3 2016/3 The spotted gar genome 

illuminates vertebrate 

evolution and facilitates 

humanteleost 

comparisons 

Lesueurigobius sanzi - - - - - PRJEB12469 

Lethenteron 

camtschaticum 

- - - - - PRJNA237018 

Leuciscus waleckii 725 37.4 21959 70.1 - GCA_900092035.1 

Leucoraja erinacea - - - - - PRJNA60893 

Lota lota - - - - - PRJEB12469 

Maccullochella peelii 633 52.687 110 93.6 2017/8 De novo genome 

assembly and 

annotation of 

�$�X�V�W�U�D�O�L�D�¶�V���O�D�U�J�H�V�W��

freshwater fish, the 

Murray cod 

(Maccullochella peelii), 

from Illumina and 

Nanopore sequencing 

read 

Macrourus berglax - - - - - PRJEB12469 

Malacocephalus 

occidentalis 

- - - - - PRJEB12469 

Mastacembelus armatus - - - - - PRJEB25769 

Maylandia zebra - - - - - PRJNA60369 

Mchenga conophoros - - - - - PRJNA29477 

Megalobrama 

amblycephala 

111 49 839 - 2017/7 The draft genome of 

blunt snout bream 
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(Megalobrama 

amblycephala) reveals 

the development of 

intermuscular bone and 

adaptation to 

herbivorous diet 

Melanochromis auratus - - - - - PRJNA29481 

Melanogrammus 

aeglefinus 

652 77 209 92.3 - GCA_900291075.1 

Melanonus zugmayeri - - - - - PRJEB12469 

Merlangius merlangus - - - - - PRJEB12469 

Merluccius capensis - - - - - PRJEB12469 

Merluccius merluccius - - - - - PRJEB12469 

Merluccius polli - - - - - PRJEB12469 

Micropterus floridanus 1001 11 11 71.9 - GCA_002592385.1 

Miichthys miiuy 619 73 1145 91.2 - GCA_001593715.1 

Mola mola 639 23 8767 96.7 2016/9 The genome of the 

largest bony fish, ocean 

sunfish (Mola mola), 

provides insights into 

its fast grow rate 

Molva molva - - - - - PRJEB12469 

Monocentris japonicus - - - - - PRJEB12469 

Monopterus albus - - - - - PRJNA380265 

Monopterus albus  684 22.239 2106 96.5 2018/4 Chromosome-scale 

assembly of the 

Monopterus genome 

Mora moro - - - - - PRJEB12469 

Morone saxatilis 585 17 29 79.3 - GCA_001663605.1 
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Muraenolepis 

marmoratus 

- - - - - PRJEB12469 

Myoxocephalus scorpius - - - - - PRJEB12469 

Myripristis jacobus - - - - - PRJEB12469 

Neolamprologus 

brichardi 

847 13 4430 92.7 - GCA_000239395.1 

Neoniphon sammara - - - - - PRJEB12469 

Nothobranchius furzeri 1242 15 57367 93.5 2015/12 Insights into Sex 

Chromosome Evolution 

and Aging from the 

Genome of a Short-

Lived Fish 

Nothobranchius kuhntae - - - - - PRJNA33401 

Notothenia coriiceps 637 11.5 218 70.7 2014/11 The genome sequence 

of the Antarctic 

bullhead notothen 

reveals evolutionary 

adaptations to a cold 

environment 

Oncorhynchus kisutch 2369 43.7 50431 91.2 - GCA_002021735.1 

Oncorhynchus mykiss 2179 13.8 71056 90.2 2014/4 The rainbow trout 

genome provides novel 

insights into evolution 

after whole-genome 

duplication in 

vertebrates 

Oncorhynchus 

tshawytscha 

2425 85 47556 85.5 - GCA_002872995.1 
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Oreochromis niloticus 1010 3090 37007 98.1 2017/5 A high-quality 

assembly of the Nile 

Tilapia (Oreochromis 

niloticus) genome 

reveals the structure of 

two sex determination 

regions 

Oryzias latipes 744 3516 32853 95.5 1905/7/9 Centromere evolution 

and CpG methylation 

during vertebrate 

speciation 

Oryzias melastigma 779 28 23737 97.3 - GCA_002922805.1 

Osmerus eperlanus - - - - - PRJEB12469 

Pagrus major - - - - - PRJDB5593 

Pampus argenteus 550 0.499 1.58 - 1905/7/7 Draft genome sequence 

of the silver pomfret 

fish, Pampus argenteus 

Parablennius 

parvicornis 

- - - - - PRJEB12469 

Parachaenichthys 

charcoti 

795 6.145 178.362 - 1905/7/9 Draft genome of the 

Antarctic dragonfish, 

Parachaenichthys 

charcoti 

Paralichthys olivaceus 546 30.5 23206 97.5 1905/7/8 The genome and 

transcriptome of 

Japanese flounder 

provide insights into 

flatfish asymmetry 
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Paramormyrops 

kingsleyae 

799 32 1731 96.6 2017/12 The Genome and Adult 

Somatic Transcriptome 

of the Mormyrid 

Electric Fish 

Paramormyrops 

kingsleyae 

Parasudis 

fraserbrunneri 

- - - - - PRJEB12469 

Perca fluviatilis - - - - - PRJNA450919 

Percopsis transmontana - - - - - PRJEB12469 

Periophthalmodon 

schlosseri 

679 16 39 83.3 - Mudskipper genomes 

provide insights into the 

terrestrial adaptation of 

amphibious fishes 

Periophthalmus 

magnuspinnatus 

701 28 296 93.9 - Mudskipper genomes 

provide insights into the 

terrestrial adaptation of 

amphibious fishes 

Petromyzon marinus 1130 170 12000 - 2018/2 The sea lamprey 

germline genome 

provides insights into 

programmed genome 

rearrangement and 

vertebrate evolution 

Phycis blennoides - - - - - PRJEB12469 

Phycis phycis - - - - - PRJEB12469 

Pimephales promelas 1219 3.8 60 77.1 - GCA_000700965.1 

Poecilia formosa 714 57 1570 - 2018/2 Clonal polymorphism 

and high heterozygosity 
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in the celibate genome 

of the Amazon molly 

Poecilia latipinna - - - - - PRJNA305623 

Poecilia mexicana - - - - - PRJNA305619 

Poecilia reticulata 731 35 31413 95.8 - GCA_000633615.2 

Pollachius virens - - - - - PRJEB12469 

Polymixia japonica - - - - - PRJEB12469 

Protosalanx 

hyalocranius 

536 17.2 1163 - 2017/2 Whole genome 

sequencing of Chinese 

clearhead icefish, 

Protosalanx 

hyalocranius 

Pseudochromis fuscus - - - - - PRJEB12469 

Pseudopleuronectes 

yokohamae 

- - - - - PRJDB3259 

Pundamilia nyererei 830 22 2525 96.9 - GCA_000239375.1 

Pygocentrus nattereri - - - - - PRJNA331139 

Regalecus glesne - - - - - PRJEB12469 

Rhamphochromis esox - - - - - PRJNA29485 

Rhincodon typus 2931 144 144 78.5 2017/7 Draft sequencing and 

assembly of the genome 

�R�I���W�K�H���Z�R�U�O�G�¶�V���O�D�U�J�H�V�W��

fish, the whale shark: 

Rhincodon  typus 

Smith 1828 

Rondeletia loricata - - - - - PRJEB12469 

Salmo salar 3412 35.8 63420 92.4 2016/4 The Atlantic salmon 

genome provides 
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insights into 

rediploidization 

Salvelinus alpinus 2169 44 36001 88.1 - GCA_002910315.2 

Scartelaos histophorus 695 8 15 76.3 - Mudskipper genomes 

provide insights into the 

terrestrial adaptation of 

amphibious fishes 

Scleropages formosus 777 62.8 5970 95.9 2016/4 The Asian arowana 

(Scleropages formosus) 

genome provides new 

insights into the 

evolution of an early 

lineage of teleosts 

Scophthalmus maximus - - - - - PRJEB11743 

Sebastes aleutianus - - - - - PRJNA229179 

Sebastes minor - - - - - PRJNA236304 

Sebastes nigrocinctus 746 12 116 80.6 - GCA_001910765.2 

Sebastes norvegicus - - - - - PRJEB12469 

Sebastes rubrivinctus 756 13 30 81.1 - GCA_000475215.1 

Sebastes steindachneri - - - - - PRJNA236323 

Selene dorsalis - - - - - PRJEB12469 

Seriola dumerili 677 183 5812 98.5 - GCA_002260705.1 

Seriola lalandi - - - - - PRJNA314866 

Seriola lalandi dorsalis 732 51 1269 97.6 - GCA_002814215.1 

Seriola quinqueradiata 639 872 5610 96.9 2018/7 GCA_002217815.1 

Seriola rivoliana 40.76 740 9509 97.1 - GCA_002994505.1 

Simochromis diagramma - - - - - PRJEB26682 

Sinocyclocheilus 

anshuiensis 

1632 17 1284 97.2 2016/1 The Sinocyclocheilus 

cavefish genome 
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provides insights into 

cave adaptation 

Sinocyclocheilus 

grahami 

1750 29 1156 94.9 - GCA_001515645.1 

Sinocyclocheilus 

rhinocerous 

1655 18 945 96.8 - GCA_001515625.1 

Sparus aurata - - - - - PRJNA416845 

Spondyliosoma 

cantharus 

- - - - - PRJEB12469 

Squalius pyrenaicus - - - - - PRJEB9465 

Stegastes partitus - - - - - PRJNA251741 

Stylephorus chordatus - - - - - PRJEB12469 

Symphodus melops 614 461 461 93.8 - GCA_002819105.1 

Syngnathus scovelli 307 32.24 640.41 - 2016/12 The genome of the Gulf 

pipefish enables 

understanding of 

evolutionary 

innovations 

Takifugu flavidus 378 1 315 78.7 - GCA_000400755.1 

Takifugu rubripes 391 49 11516 95.8 2002/12 Whole-Genome 

Shotgun Assembly and 

Analysis of the Genome 

of Fugu rubripes 

Tetraodon nigroviridis 342 28 734 87.2 2004/1 Genome duplication in 

the teleost fish 

Tetraodon nigroviridis 

reveals the early 

vertebrate proto-

karyotype 
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Thunnus albacares - - - - - PRJEB12469 

Thunnus orientalis 800 7.5 136 - 2013/6 Evolutionary changes 

of multiple visual 

pigment genes in the 

complete genome of 

Pacific bluefin tuna 

Thunnus thynnus - - - - - PRJNA432036 

Trachinotus ovatus - - - - - PRJEB22654 

Trachyrincus murrayi - - - - - PRJEB12469 

Trachyrincus scabrus - - - - - PRJEB12469 

Trisopterus minutus - - - - - PRJEB12469 

Typhlichthys 

subterraneus 

- - - - - PRJEB12469 

Xiphophorus couchianus - - - - - PRJNA290781 

Xiphophorus hellerii - - - - - PRJNA290782 

Xiphophorus maculatus 704 22 1110 - 2013/3 The genome of the 

platyfish, Xiphophorus 

maculatus, provides 

insights into 

evolutionary adaptation 

and several complex 

traits 

Zeus faber - - - - - PRJEB12469 

Marine tetrapods 

Anas platyrhynchos 1136.42 88.03 74988.51 93.8  2017/11 GCA_002743455.1 

Anser brachyrhynchus  1116.99 97.46 4974.39 95.0  2018/03 First de novo whole 

genome sequencing and 

assembly of the pink-

footed goose 
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Aptenodytes forsteri 1254.34 31.73 5071.6 96.7  2014/12 Comparative genomics 

reveals insights into 

avian genome evolution 

and adaptation 

Arctocephalus gazella 2313 198.98 6207.32 88.4  2016/01 A draft fur seal genome 

provides insights into 

factors affecting SNP 

validation and how to 

mitigate them 

Balaena mysticetus 2310 34.8 877 74.2  2015/01 Insights into the 

evolution of longevity 

from the bowhead 

whale genome 

Balaenoptera 

acutorostrata 

2431.69 12.84 22.57 90.7  2013/11 Minke whale genome 

and marine adaptation 

in cetaceans 

Balaenoptera 

bonaerensis 

2234.64 1.74 20.08 48.8  2015/02 Marine adaptation and 

the evolution of smell 

and taste in whales 

Callorhinus ursinus 2706.87 133.02 31506.8 84.4  2018/06 GCF_003265705.1 

Charadrius vociferus 1219.85 39.27 3657.05 96.3  2014/12 Comparative genomics 

reveals insights into 

avian genome evolution 

and adaptation 

Chelonia mydas 2208.4104 29.24 3864.108 97.1  2013/04 The draft genomes of 

soft-shell turtle and 

green sea turtle yield 

insights into the 

development and 
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evolution of the turtle-

specific body plan 

Crocodylus porosus  2049.5363 34.073 84437.66 96.8  2014/12 Three crocodilian 

genomes reveal 

ancestral patterns of 

evolution among 

archosaurs 

Delphinapterus leucas 2358.51 159.14 1959 89.5  2017/12 The Genome of the 

Beluga Whale 

(Delphinapterus leucas) 

Egretta garzetta 1206.5 29.02 3067.16 95.5  2014/12 Comparative genomics 

reveals insights into 

avian genome evolution 

and adaptation 

Enhydra lutris kenyoni 2455.28 244.53 38751.46 92.9  2017/12 The Genome of the 

Northern Sea Otter 

(Enhydra lutris 

kenyoni) 

Eschrichtius robustus 2886.22 2.66 10.67 82.8  2017/12 De novo assembling 

and primary analysis of 

genome and 

transcriptome of gray 

whale Eschrichtius 

robustus 

Fulmarus glacialis 1141.4 25.93 47.21 85.5  2014/12 Comparative genomics 

reveals insights into 

avian genome evolution 

and adaptation 
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Gavia stellata 1129.69 24.32 45.52 82.6  2014/12 Comparative genomics 

reveals insights into 

avian genome evolution 

and adaptation 

Haliaeetus albicilla 1133.55 25.14 57.31 85.7  2014/12 Comparative genomics 

reveals insights into 

avian genome evolution 

and adaptation 

Haliaeetus 

leucocephalus 

1178.41 105.49 9145.5 98.4  2014/08 GCF_000737465.1 

Leptonychotes weddellii 3156.89 23.66 904.03 67.6  2013/03 GCF_000349705.1 

Limosa lapponica 1034.77 21.26 283.01 60.6  2017/12 GCA_002844005.1 

Lipotes vexillifer 2429.21 30.01 2270 82.1  2013/10 Baiji genomes reveal 

low genetic variability 

and new insights into 

secondary marine 

adaptations 

Neomonachus 

schauinslandi 

2400.93 112.7 2951.86 83.9  2017/04 Improved de 

novo Genome 

Assembly: Linked-

Read Sequencing 

Combined with Optical 

Mapping Produce a 

High Quality 

Mammalian Genome at 

Relatively Low Cost 

Neophocaena 

asiaeorientalis 

2295 26.73 6334.54 93.7  2018/04 Population genomics of 

finless porpoises reveal 

an incipient cetacean 
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species adapted to 

freshwater 

Odobenus rosmarus 2400.15 89.95 2616.78 83.9  2015/01 Convergent evolution 

of the genomes of 

marine mammals 

Orcinus orca 2373 70.3 12735.09 94.8  2015/01 Convergent evolution 

of the genomes of 

marine mammals 

Pelecanus crispus 1160.92 21.68 43.36 84.1  2014/12 Comparative genomics 

reveals insights into 

avian genome evolution 

and adaptation 

Phaethon lepturus 1152.96 22.94 47.9 87.6  2014/12 Comparative genomics 

reveals insights into 

avian genome evolution 

and adaptation 

Phalacrocorax auritus 1246.05 97.55 1990.98 98.0  2017/06 A genetic signature of 

the evolution of loss of 

flight in the Galapagos 

cormorant 

Phalacrocorax 

brasilianus 

1346.19 35.2 86.91 88.1  2017/06 A genetic signature of 

the evolution of loss of 

flight in the Galapagos 

cormorant 

Phalacrocorax carbo 1138.97 17.34 48.43 82.8  2014/12 Comparative genomics 

reveals insights into 

avian genome evolution 

and adaptation 
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Phalacrocorax harrisi 1202.99 100.24 4648.44 98.5  2017/06 A genetic signature of 

the evolution of loss of 

flight in the Galapagos 

cormorant 

Phalacrocorax pelagicus 1210.66 67.73 1719.9 97.5  2017/06 A genetic signature of 

the evolution of loss of 

flight in the Galapagos 

cormorant 

Philomachus pugnax 1229.09 109.24 10060.04 98.6  2015/11 GCA_001431845.1 

Phocoena phocoena 2441 2.77 28296.39 91.3  2018/07 High-quality whole-

genome sequence of an 

abundant Holarctic 

odontocete, the harbour 

porpoise (Phocoena 

phocoena) 

Physeter macrocephalus 2469.59 43.83 122.18 94.1  2018/07 GCA_900411695.1 

Podiceps cristatus 1134.92 17.41 30.08 69.6  2014/12 Comparative genomics 

reveals insights into 

avian genome evolution 

and adaptation 

Pygoscelis adeliae 1216.61 22.19 5118.89 94.7  2014/12 Comparative genomics 

reveals insights into 

avian genome evolution 

and adaptation 

Pygoscelis antarcticus 1209.83 22.34 5226.39 94.3  2018/06 GCA_003264595.1 

Pygoscelis papua 1209.81 22.34 5226.25 94.6  2018/06 GCA_003264615.1 

Spheniscus humboldti 1209.85 22.34 5226.26 94.1  2018/06 GCA_003264545.1 

Spheniscus magellanicus 1209.85 22.34 5226.29 94.5  2018/06 GCA_003264715.1 

Spheniscus mendiculus 1209.85 22.34 5226.23 94.2  2018/06 GCA_003264655.1 
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Trichechus manatus 

latirostris 

3104 37.75 14442.68 93.6  2015/01 Convergent evolution 

of the genomes of 

marine mammals 

Tursiops aduncus  2504 214.09 1254.76 87.3  2018/08 Population genomic 

analysis reveals 

contrasting 

demographic changes 

of two closely related 

dolphin species in the 

last glacial 

Tursiops truncatus 2386 30.68 26997.44 93.5  2018/07 New de novo assembly 

of the Atlantic 

bottlenose dolphin 

(Tursiops truncatus) 

improves genome 

completeness and 

provides haplotype 

phasing 

Uria lomvia   1179.35 24.89 15847.59 93.0  2018/01 Assembly and RNA�r

free annotation of 

highly heterozygous 

genomes: The case of 

the thick�rbilled murre 

(Uria lomvia) 

Ursus maritimus 2301.38 46.51 15940.66 82.9  2012/06 Polar and brown bear 

genomes reveal ancient 

admixture and 

demographic footprints 

of past climate change 
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