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�I�R�X�U�Q�L�U�R�Q�W���D�X�[���G�p�F�L�G�H�X�U�V���S�R�O�L�W�L�T�X�H�V���G�H�V���G�R�Q�Q�p�H�V���I�D�F�W�X�H�O�O�H�V���S�R�X�U���G�p�I�L�Q�L�U���R�•���H�W���T�X�D�Q�G���L�O�V��

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

�H�I�I�L�F�D�F�H�V���S�R�X�U���O�
�p�Y�D�O�X�D�W�L�R�Q���G�H�V���U�L�V�T�X�H�V���O�L�p�V���j���O�D���U�p�L�Q�W�U�R�G�X�F�W�L�R�Q���G�X���S�D�O�X�G�L�V�P�H���H�W���G�
�D�I�I�H�F�W�H�U��

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

�G�L�I�I�p�U�H�Q�W�H�V���]�R�Q�H�V���F�O�L�P�D�W�L�T�X�H�V�����O�D���&�K�L�Q�H���D���W�L�U�p���G�H�V���O�H�o�R�Q�V���G�H���O�D���F�D�P�S�D�J�Q�H���G�
�p�O�L�P�L�Q�D�W�L�R�Q��

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

�S�D�O�X�G�L�V�P�H�����(�Q���R�X�W�U�H�����G�X���I�D�L�W���G�H�V���L�Q�L�W�L�D�W�L�Y�H�V���G�H���O�D���Q�R�X�Y�H�O�O�H���U�R�X�W�H���G�H���O�D���6�R�L�H�����D�X�V�V�L���D�S�S�H�O�p�H��

�©���8�Q�H���F�H�L�Q�W�X�U�H���� �X�Q�H�� �U�R�X�W�H���ª���� �S�U�R�S�R�V�p�H�V�� �S�D�U�� �O�H�� �3�U�p�V�L�G�H�Q�W�� �F�K�L�Q�R�L�V���� �O�D�� �&�K�L�Q�H�� �V�H�� �Y�R�L�W��

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

�O�H�� �F�R�Q�W�U�{�O�H�� ���� �p�O�L�P�L�Q�D�W�L�R�Q�� �G�X�� �S�D�O�X�G�L�V�P�H���� �&�H�W�W�H�� �H�[�S�p�U�L�H�Q�F�H�� �D�F�T�X�L�V�H�� �S�D�U�� �O�D�� �&�K�L�Q�H�� �V�X�U�� �O�D��

�J�H�V�W�L�R�Q�� �G�X�� �S�D�O�X�G�L�V�P�H�� �S�U�p�V�H�Q�W�H�� �X�Q�� �L�Q�W�p�U�r�W�� �F�H�U�W�D�L�Q�� �S�R�X�U�� �O�H�V�� �H�[�S�H�U�W�V�� �L�Q�W�H�U�Q�D�W�L�R�Q�D�X�[�� �G�X��

�S�D�O�X�G�L�V�P�H���� �O�¶�2�0�6�� �H�W�� �O�H�V�� �S�D�U�W�L�H�V�� �S�U�H�Q�D�Q�W�H�V�� �G�D�Q�V�� �O�H�V�� �S�D�\�V�� �D�F�W�X�H�O�O�H�P�H�Q�W�� �W�R�X�F�K�p�V�� �S�D�U�� �O�H��

�S�D�O�X�G�L�V�P�H����

�&�H���W�U�D�Y�D�L�O���G�H���'�R�F�W�R�U�D�W���D���H�Q���F�R�Q�V�p�T�X�H�Q�F�H���p�W�p���F�R�Q�G�X�L�W���D�Y�H�F���W�U�R�L�V���R�E�M�H�F�W�L�I�V���S�U�L�Q�F�L�S�D�X�[������

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

�F�D�U�D�F�W�p�U�L�V�W�L�T�X�H�V���E�L�R�Q�R�P�L�T�X�H�V�����O�H�V���P�H�V�X�U�H�V���G�H���F�R�Q�W�U�{�O�H���H�W���p�W�X�G�H�V���D�V�V�R�F�L�p�H�V�����H�W���I�R�X�U�Q�L�U���G�H�V��

�G�R�Q�Q�p�H�V�� �F�R�Q�F�U�q�W�H�V�� �H�W�� �I�D�F�W�X�H�O�O�H�V�� �S�R�X�U�� �O�¶�p�Y�D�O�X�D�W�L�R�Q�� �G�H�V�� �U�L�V�T�X�H�V�� �G�X�� �S�D�O�X�G�L�V�P�H�� �D�Y�D�Q�W�� �H�W��

�D�S�U�q�V���V�R�Q���p�O�L�P�L�Q�D�W�L�R�Q����

������ �'�p�F�U�L�U�H�� �O�H�V�� �G�L�I�I�p�U�H�Q�F�H�V�� �H�Q�W�U�H�� �O�H�V�� �F�D�U�D�F�W�p�U�L�V�W�L�T�X�H�V�� �V�S�p�F�L�I�L�T�X�H�V�� �H�W�� �F�R�P�P�X�Q�H�V�� �G�X��

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

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

�S�D�O�X�G�L�V�P�H���L�P�S�R�U�W�p���G�D�Q�V���F�K�D�T�X�H���]�R�Q�H����
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������ �3�U�p�V�H�Q�W�H�U�� �O�H�V�� �S�U�R�J�U�q�V�� �D�F�F�R�P�S�O�L�V�� �H�Q�� �P�D�W�L�q�U�H�� �G�
�p�O�L�P�L�Q�D�W�L�R�Q�� �G�X�� �S�D�O�X�G�L�V�P�H�� �H�Q��

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

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

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

�&�H���P�p�P�R�L�U�H���G�H���W�K�q�V�H���F�R�P�S�U�H�Q�G���F�L�Q�T���S�D�U�W�L�H�V�����O�¶�p�W�D�W���G�H�V���F�R�Q�Q�D�L�V�V�D�Q�F�H�V���V�X�U���O�H���V�X�M�H�W��

�S�U�p�V�H�Q�W�p���G�D�Q�V���O�H���S�U�H�P�L�H�U���F�K�D�S�L�W�U�H�����O�H���F�R�Q�W�H�Q�X���S�U�L�Q�F�L�S�D�O���G�H���O�¶�p�W�X�G�H���G�D�Q�V���O�H�V���F�K�D�S�L�W�U�H�V�������j��

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

�/�D�� �S�U�H�P�L�q�U�H�� �S�D�U�W�L�H�� �G�H�� �O�
�p�W�X�G�H���� �P�R�Q�W�U�H�� �T�X�H���O�¶�D�L�U�H�� �G�H�� �U�p�S�D�U�W�L�W�L�R�Q�� �G�H�V�� �S�U�L�Q�F�L�S�D�X�[��

�Y�H�F�W�H�X�U�V�� �G�X�� �S�D�O�X�G�L�V�P�H�� �H�Q�� �&�K�L�Q�H���� �V�¶�H�V�W�� �U�p�G�X�L�W�H���� �Q�R�W�D�P�P�H�Q�W�� �S�R�X�U���$�Q�R�S�K�H�O�H�V�� �O�H�V�W�H�U�L��

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

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

�G�L�V�S�D�U�X�� �D�S�U�q�V�� �S�O�X�V�L�H�X�U�V�� �D�Q�Q�p�H�V�� �G�H�� �O�X�W�W�H�� �D�Q�W�L�S�D�O�X�G�L�T�X�H�����$�Q�R�S�K�H�O�H�V�� �V�L�Q�H�Q�V�L�V���� �T�X�L�� �p�W�D�L�W��

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

�G�H�Y�H�Q�L�U�� �O�¶�H�V�S�q�F�H�� �S�U�p�G�R�P�L�Q�D�Q�W�H�� �G�D�Q�V�� �O�H�� �V�X�G���R�X�H�V�W�� �G�H�� �O�D�� �&�K�L�Q�H���� �(�Q�� �R�X�W�U�H���� �O�H�V�� �G�R�Q�Q�p�H�V��

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

�K�D�X�W�H�P�H�Q�W���H�I�I�L�F�D�F�H�V�����F�R�P�P�H���$�Q�R�S�K�H�O�H�V���P�L�Q�L�P�X�V���H�W���$�Q�����K�D�U�U�L�V�R�Q�L���j���O�D���I�U�R�Q�W�L�q�U�H���6�L�Q�R��

�%�L�U�P�D�Q�H���� �'�H�� �S�O�X�V���� �O�H�V�� �W�D�X�[�� �p�O�H�Y�p�V�� �G�H�� �S�L�T�€�U�H�V�� �V�X�U�� �O�D�� �S�R�S�X�O�D�W�L�R�Q�� �K�X�P�D�L�Q�H���� �O�H�V�� �I�R�U�W�H�V��

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

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

�U�p�L�Q�W�U�R�G�X�F�W�L�R�Q���G�X���S�D�O�X�G�L�V�P�H���O�H���O�R�Q�J���G�H���O�D���I�U�R�Q�W�L�q�U�H���6�L�Q�R���%�L�U�P�D�Q�H�����3�D�U���F�R�Q�V�p�T�X�H�Q�W�����S�R�X�U��

�S�D�U�Y�H�Q�L�U���j���O�
�p�O�L�P�L�Q�D�W�L�R�Q���G�X���S�D�O�X�G�L�V�P�H���G�
�L�F�L���������������L�O���H�V�W���Q�p�F�H�V�V�D�L�U�H���G�
�p�Y�D�O�X�H�U���H�W���G�H���V�X�L�Y�U�H��
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�O�H�V���F�K�D�Q�J�H�P�H�Q�W�V���G�H���F�R�P�S�R�U�W�H�P�H�Q�W���G�H�V���H�V�S�q�F�H�V���G�¶�D�Q�R�S�K�q�O�H�V���H�Q���&�K�L�Q�H�����&�H�V���F�K�D�Q�J�H�P�H�Q�W�V��

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

�,�O�� �H�V�W�� �G�R�Q�F�� �L�P�S�R�U�W�D�Q�W�� �G�H�� �U�p�D�F�W�X�D�O�L�V�H�U�� �O�H�V�� �R�X�W�L�O�V�� �G�H�� �V�X�U�Y�H�L�O�O�D�Q�F�H�� �H�Q�W�R�P�R�O�R�J�L�T�X�H���� �3�D�U��

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

�<�X�Q�Q�D�Q�����G�R�L�W���r�W�U�H���V�X�U�Y�H�L�O�O�p���G�H���S�U�q�V�����/�¶�L�Q�G�L�F�H���G�H���U�p�F�H�S�W�L�Y�L�W�p�����T�X�L���U�H�S�U�p�V�H�Q�W�H���O�D���F�D�S�D�F�L�W�p��

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

�S�D�O�X�G�L�V�P�H�����G�H�Y�U�D�L�W���r�W�U�H���D�G�R�S�W�p���F�R�P�P�H���L�Q�G�L�F�D�W�H�X�U���G�H���V�X�U�Y�H�L�O�O�D�Q�F�H���S�R�X�U���p�Y�D�O�X�H�U���O�H���U�L�V�T�X�H��

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

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

�G�H�V�� �U�H�F�K�H�U�F�K�H�V�� �S�O�X�V�� �D�S�S�U�R�I�R�Q�G�L�H�V���� �&�¶�H�V�W�� �S�D�U�W�L�F�X�O�L�q�U�H�P�H�Q�W�� �L�P�S�R�U�W�D�Q�W�� �G�D�Q�V�� �O�H�V�� �]�R�Q�H�V��

�I�U�R�Q�W�D�O�L�q�U�H�V���� �R�•�� �X�Q�� �S�D�\�V�� �D�� �U�p�X�V�V�L�� �j�� �p�O�L�P�L�Q�H�U�� �O�H�� �S�D�O�X�G�L�V�P�H���� �W�D�Q�G�L�V�� �T�X�H�� �O�
�D�X�W�U�H�� �S�U�p�V�H�Q�W�H��

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

�W�\�S�H���3�&�5���G�H�Y�U�D�L�H�Q�W���r�W�U�H���V�\�V�W�p�P�D�W�L�T�X�H�P�H�Q�W���P�L�V�H�V���H�Q���°�X�Y�U�H���S�R�X�U���L�G�H�Q�W�L�I�L�H�U���O�H�V���H�V�S�q�F�H�V��

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

�&�H�F�L�� �H�V�W�� �S�D�U�W�L�F�X�O�L�q�U�H�P�H�Q�W�� �S�H�U�W�L�Q�H�Q�W�� �S�R�X�U�� �O�H�V�� �H�V�S�q�F�H�V���M�X�P�H�O�O�H�V�� �W�H�O�O�H�V�� �T�X�H�� �F�H�O�O�H�V�� �G�X��

�F�R�P�S�O�H�[�H���0�L�Q�L�P�X�V�����P�D�L�V���p�J�D�O�H�P�H�Q�W���F�H�O�O�H�V���G�X���F�R�P�S�O�H�[�H���'�L�U�X�V���E�L�H�Q���T�X�H���F�H���G�H�U�Q�L�H�U���V�R�L�W��

�U�H�V�W�U�H�L�Q�W���j���G�H�V���]�R�Q�H�V���O�L�P�L�W�p�H�V���H�Q���&�K�L�Q�H����

�'�D�Q�V�� �O�D�� �G�H�X�[�L�q�P�H�� �S�D�U�W�L�H�� �G�H�� �O�¶�p�W�X�G�H���� �O�¶�D�Q�D�O�\�V�H�� �F�R�P�S�D�U�D�W�L�Y�H�� �G�H�V�� �F�D�V�� �L�P�S�R�U�W�p�V�� �G�H��

�S�D�O�X�G�L�V�P�H���V�L�J�Q�D�O�p�V���G�D�Q�V���G�H�V���]�R�Q�H�V���D�Q�F�L�H�Q�Q�H�P�H�Q�W���Q�R�Q���H�Q�G�p�P�L�T�X�H�V���H�W���G�D�Q�V���G�¶�D�Q�F�L�H�Q�Q�H�V��

�]�R�Q�H�V�� �H�Q�G�p�P�L�T�X�H�V�� �H�Q�� �&�K�L�Q�H�� �D�� �P�R�Q�W�U�p�� �T�X�H�� �W�R�X�W�H�V�� �O�H�V�� �]�R�Q�H�V�� �D�Q�F�L�H�Q�Q�H�P�H�Q�W�� �Q�R�Q��

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

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

�G�¶�H�[�S�D�W�U�L�D�W�L�R�Q���G�H�V���S�D�W�L�H�Q�W�V�����G�H�V���H�V�S�q�F�H�V���G�H���S�D�U�D�V�L�W�H�V�����G�H���O�D���S�U�R�I�H�V�V�L�R�Q���H�W���G�X���O�L�H�X���G�¶�R�U�L�J�L�Q�H��

�G�H�V���W�U�D�Y�D�L�O�O�H�X�U�V�����/�H�V���p�W�D�E�O�L�V�V�H�P�H�Q�W�V���G�H���V�D�Q�W�p���V�L�W�X�p�V���G�D�Q�V���O�H�V���D�Q�F�L�H�Q�Q�H�V���]�R�Q�H�V���G�¶�H�Q�G�p�P�L�H��

�p�W�D�L�H�Q�W�� �S�O�X�V�� �S�H�U�I�R�U�P�D�Q�W�V�� �T�X�H�� �F�H�X�[�� �G�H�V�� �]�R�Q�H�V�� �S�U�p�F�p�G�H�P�P�H�Q�W�� �Q�R�Q���H�Q�G�p�P�L�T�X�H�V���� �V�D�Q�V��

�G�R�X�W�H�� �J�U�k�F�H�� �D�X�[�� �P�H�L�O�O�H�X�U�H�V�� �S�U�D�W�L�T�X�H�V�� �H�W�� �j�� �O�¶�H�[�S�p�U�L�H�Q�F�H�� �G�X�� �S�H�U�V�R�Q�Q�H�O�� �P�p�G�L�F�D�O�� �G�H�V��

�D�Q�F�L�H�Q�Q�H�V�� �U�p�J�L�R�Q�V�� �G�¶�H�Q�G�p�P�L�H���� �'�H�� �O�¶�L�Q�I�R�U�P�D�W�L�R�Q���� �G�H�V�� �P�p�G�L�F�D�P�H�Q�W�V�� �D�L�Q�V�L�� �T�X�¶�X�Q�� �V�X�L�Y�L��

�G�R�L�Y�H�Q�W�� �r�W�U�H�� �I�R�X�U�Q�L�V�� �D�X�[�� �H�[�S�D�W�U�L�p�V���� �W�R�X�W�� �H�Q�� �P�H�W�W�D�Q�W�� �H�Q�� �°�X�Y�U�H�� �O�H�� �U�H�Q�I�R�U�F�H�P�H�Q�W�� �G�H�V��

�F�D�S�D�F�L�W�p�V���H�W���O�D���I�R�U�P�D�W�L�R�Q���F�R�Q�W�L�Q�X�H���j���W�R�X�V���O�H�V���Q�L�Y�H�D�X�[���G�X���V�\�V�W�q�P�H���G�H���V�D�Q�W�p���H�Q���&�K�L�Q�H�����/�D��

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

�S�D�O�X�G�L�V�P�H���T�X�L���V�X�E�L�W���G�H�V���P�R�X�Y�H�P�H�Q�W�V���P�D�V�V�L�I�V���G�H���S�R�S�X�O�D�W�L�R�Q�V�����O�p�J�D�X�[���H�W���L�O�O�p�J�D�X�[�����&�H�W�W�H��

�U�p�J�L�R�Q���D���G�R�Q�F���p�W�p���F�K�R�L�V�L�H���F�R�P�P�H���V�L�W�H���S�U�L�R�U�L�W�D�L�U�H���G�¶�p�W�X�G�H���G�D�Q�V���F�H���F�K�D�S�L�W�U�H�����8�Q���P�R�G�q�O�H��

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

�G�H�V���S�R�S�X�O�D�W�L�R�Q�V���H�W���O�D���Y�X�O�Q�p�U�D�E�L�O�L�W�p���G�H�V���F�R�P�P�X�Q�D�X�W�p�V���j���O�D���U�p�L�Q�W�U�R�G�X�F�W�L�R�Q���G�X���S�D�O�X�G�L�V�P�H��

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

�G�L�I�I�p�U�H�Q�W�V�� �U�L�V�T�X�H�V�� �G�¶�H�[�S�R�V�L�W�L�R�Q�� �D�X�� �S�D�O�X�G�L�V�P�H�� �G�D�Q�V�� �O�H�V�� �Y�L�O�O�D�J�H�V�� �V�L�W�X�p�V�� �O�H�� �O�R�Q�J�� �G�H�� �O�D��

�I�U�R�Q�W�L�q�U�H�� �&�K�L�Q�H���0�\�D�Q�P�D�U���� �O�H�V�T�X�H�O�V�� �p�W�D�L�H�Q�W�� �j�� �O�H�X�U�� �W�R�X�U�� �D�V�V�R�F�L�p�V�� �j�� �G�L�Y�H�U�V�� �Q�L�Y�H�D�X�[�� �G�H��

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

�L�P�S�R�U�W�D�Q�W�H�� �G�H�V�� �S�R�S�X�O�D�W�L�R�Q�V�� �j�� �O�D�� �I�U�R�Q�W�L�q�U�H�� �6�L�Q�R���%�L�U�P�D�Q�H���� �&�H�W�W�H�� �U�p�J�L�R�Q�� �G�H�Y�U�D�L�W�� �I�D�L�U�H��

�O�¶�R�E�M�H�W���G�¶�X�Q�H���D�W�W�H�Q�W�L�R�Q���W�R�X�W�H���S�D�U�W�L�F�X�O�L�q�U�H���O�R�U�V���G�H���O�D���F�R�Q�F�H�S�W�L�R�Q���H�W���O�D���P�L�V�H���H�Q���°�X�Y�U�H���G�H���O�D��

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

�/�D�� �W�U�R�L�V�L�q�P�H�� �S�D�U�W�L�H�� �G�H�� �O�¶�p�W�X�G�H�� �S�R�U�W�H�� �V�X�U�� �O�¶�D�Q�D�O�\�V�H�� �G�H�V�� �S�U�R�J�U�q�V�� �U�p�D�O�L�V�p�V�� �G�D�Q�V��

�O�¶�p�O�L�P�L�Q�D�W�L�R�Q�� �G�X�� �S�D�O�X�G�L�V�P�H�� �G�H�S�X�L�V�� ������������ �D�Q�Q�p�H�� �G�X�� �O�D�Q�F�H�P�H�Q�W�� �G�X���S�U�R�J�U�D�P�P�H��
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�G�¶�p�O�L�P�L�Q�D�W�L�R�Q�� �G�X�� �S�D�O�X�G�L�V�P�H�� �S�D�U�� �O�D�� �&�K�L�Q�H���� �/�¶�D�F�F�H�Q�W�� �D�� �p�W�p�� �P�L�V�� �V�X�U�� �O�D�� �F�D�U�W�R�J�U�D�S�K�L�H�� �G�H�V��

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

�S�D�O�X�G�L�V�P�H�� �F�R�Q�W�U�D�F�W�p�� �O�R�F�D�O�H�P�H�Q�W�� �D�� �I�R�U�W�H�P�H�Q�W�� �G�L�P�L�Q�X�p���� �S�D�U�D�O�O�q�O�H�P�H�Q�W�� �j�� �O�D�� �G�L�P�L�Q�X�W�L�R�Q��

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

�����������j���V�H�X�O�H�P�H�Q�W���G�H�X�[���F�R�P�W�p�V���D�G�M�D�F�H�Q�W�V���D�X�[���]�R�Q�H�V���I�U�R�Q�W�D�O�L�q�U�H�V�����3�U�R�Y�L�Q�F�H���G�X���<�X�Q�Q�D�Q����

�&�K�L�Q�H���0�\�D�Q�P�D�U���H�W���7�L�E�H�W�����&�K�L�Q�H���,�Q�G�H�����H�Q���������������&�H�W�W�H���P�r�P�H���D�Q�Q�p�H�����O�D���&�K�L�Q�H���Q�¶�D���G�p�F�O�D�U�p��

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

�G�
�p�O�L�P�L�Q�D�W�L�R�Q�� �G�X�� �S�D�O�X�G�L�V�P�H�� �D�� �p�W�p�� �P�L�V�� �H�Q�� �°�X�Y�U�H�� �D�Y�H�F�� �V�X�F�F�q�V�� �H�W�� �O�D�� �]�R�Q�H�� �G�H�� �S�D�O�X�G�L�V�P�H��

�H�Q�G�p�P�L�T�X�H���D���F�R�Q�V�L�G�p�U�D�E�O�H�P�H�Q�W���G�L�P�L�Q�X�p�����/�D���O�R�F�D�O�L�V�D�W�L�R�Q���G�H�V���I�R�\�H�U�V���U�p�V�L�G�X�H�O�V���H�W���O�¶�R�U�L�J�L�Q�H��

�G�H�V���F�D�V���G�H���S�D�O�X�G�L�V�P�H���L�Q�G�L�T�X�H�Q�W���T�X�H���O�H�V���S�U�L�Q�F�L�S�D�X�[���G�p�I�L�V���S�R�X�U���O�¶�p�O�L�P�L�Q�D�W�L�R�Q���G�X���S�D�O�X�G�L�V�P�H��

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

�]�R�Q�H�V�� �I�U�R�Q�W�D�O�L�q�U�H�V���� �F�R�P�P�H�� �F�H�O�O�H�� �H�Q�W�U�H�� �O�D�� �&�K�L�Q�H�� �H�W�� �O�H�� �0�\�D�Q�P�D�U���� �/�D�� �F�R�O�O�D�E�R�U�D�W�L�R�Q��

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

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

�G�¶�p�O�L�P�L�Q�D�W�L�R�Q���G�X���S�D�O�X�G�L�V�P�H����

�/�H���S�D�O�X�G�L�V�P�H���I�L�J�X�U�H���V�X�U���O�D���O�L�V�W�H���G�X���S�U�R�M�H�W���©�6�D�Q�W�p���&�K�L�Q�H�����������ª���S�X�E�O�L�p���S�D�U���O�H���&�R�Q�V�H�L�O��

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

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

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

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

�S�X�E�O�L�F�D�W�L�R�Q���j�� �F�R�X�U�W���W�H�U�P�H���� �3�D�U�D�O�O�q�O�H�P�H�Q�W���� �G�H�V���P�p�F�D�Q�L�V�P�H�V���S�H�U�P�H�W�W�D�Q�W���G�H�� �P�D�L�Q�W�H�Q�L�U���O�D��

�F�D�S�D�F�L�W�p���D�Q�W�L�S�D�O�X�G�L�T�X�H���G�X���V�\�V�W�q�P�H���G�H���V�D�Q�W�p���V�R�Q�W���P�L�V���H�Q���S�O�D�F�H�����8�Q���F�R�Q�F�R�X�U�V���W�H�F�K�Q�L�T�X�H��
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�Q�D�W�L�R�Q�D�O�� �G�H�� �G�L�D�J�Q�R�V�W�L�F�� �H�W�� �G�H�� �W�H�V�W�� �G�H�V�� �P�D�O�D�G�L�H�V�� �S�D�U�D�V�L�W�D�L�U�H�V�� �H�V�W�� �R�U�J�D�Q�L�V�p�� �F�K�D�T�X�H�� �D�Q�Q�p�H��

�S�R�X�U�� �O�H�V�� �D�J�H�Q�W�V�� �G�H�� �V�D�Q�W�p�� �G�H�V�� �D�J�H�Q�F�H�V�� �F�O�L�Q�L�T�X�H�V�� �H�W�� �G�H�V�� �&�'�&�� �U�p�J�L�R�Q�D�X�[�� �&�K�L�Q�R�L�V���� �&�H��

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

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

�F�D�S�D�F�L�W�p�V�� �T�X�L�� �P�H�W�W�U�D�L�W�� �H�Q�� �S�p�U�L�O�� �O�¶�p�O�L�P�L�Q�D�W�L�R�Q�� �G�X�� �S�D�O�X�G�L�V�P�H���� �&�H�S�H�Q�G�D�Q�W���� �F�H�� �S�U�R�F�H�V�V�X�V��

�G�¶�p�O�L�P�L�Q�D�W�L�R�Q���H�V�W���D�Y�D�Q�W���W�R�X�W���X�Q�H���H�Q�W�U�H�S�U�L�V�H���L�Q�W�H�U�Q�D�W�L�R�Q�D�O�H�����8�Q���O�D�U�J�H���H�Q�J�D�J�H�P�H�Q�W���H�W���G�H�V��

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

�L�Q�W�H�U�Q�D�W�L�R�Q�D�X�[�����(�Q���������������O�H���3�U�p�V�L�G�H�Q�W���&�K�L�Q�R�L�V���;�L���-�L�Q�S�L�Q�J���D���S�U�R�S�R�V�p���O�¶�L�Q�L�W�L�D�W�L�Y�H���Q�D�W�L�R�Q�D�O�H��

�F�R�Q�Q�X�H�� �V�R�X�V�� �O�H�� �Q�R�P�� �G�H���Q�R�X�Y�H�O�O�H�� �U�R�X�W�H�� �G�H�� �O�D�� �V�R�L�H�� �R�X�� �µ�2�Q�H�� �%�H�O�W���2�Q�H�� �5�R�D�G���ª�� �D�Y�H�F�� �G�H�V��

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

�O�H�� �G�R�P�D�L�Q�H�� �G�H�� �O�D�� �V�D�Q�W�p�� �H�V�W�� �O�¶�X�Q�� �G�H�V�� �p�O�p�P�H�Q�W�V�� �F�O�p�V���� �/�D�� �&�K�L�Q�H�� �D�� �G�p�M�j�� �p�W�p�� �D�F�W�L�Y�H�P�H�Q�W��

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

�S�O�X�V���L�P�S�R�U�W�D�Q�W���H�V�W���P�D�L�Q�W�H�Q�D�Q�W���D�W�W�H�Q�G�X�����H�W���O�
�H�[�S�p�U�L�H�Q�F�H���F�K�L�Q�R�L�V�H���H�Q���P�D�W�L�q�U�H���G�
�p�O�L�P�L�Q�D�W�L�R�Q��

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

�V�R�L�H���� �3�O�X�V�L�H�X�U�V�� �S�O�D�W�H�I�R�U�P�H�V�� �V�R�Q�W�� �H�Q�� �F�R�X�U�V�� �G�H�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W���� �W�H�O�O�H�V�� �T�X�H�� �O�H�� �5�p�V�H�D�X��

�G�
�p�O�L�P�L�Q�D�W�L�R�Q�� �G�X�� �S�D�O�X�G�L�V�P�H�� �G�D�Q�V�� �O�D�� �U�p�J�L�R�Q�� �G�X�� �/�D�Q�F�D�Q�J���0�p�N�R�Q�J�� ���0�(�1�/�0�5���� �H�W�� �O�H��

�3�U�R�J�U�D�P�P�H���G�H���F�R�R�S�p�U�D�W�L�R�Q���&�K�L�Q�H���$�I�U�L�T�X�H�����/�D���V�R�X�V���U�p�J�L�R�Q���G�X���*�U�D�Q�G���0�p�N�R�Q�J�����*�0�6�����H�W��

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

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

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

�S�H�U�P�H�W�W�D�Q�W�� �O�¶�p�O�L�P�L�Q�D�W�L�R�Q�� �G�X�� �S�D�O�X�G�L�V�P�H���� �(�Q�� �R�X�W�U�H���� �F�H�V�� �S�D�\�V�� �V�R�Q�W�� �F�R�Q�I�U�R�Q�W�p�V�� �j��

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

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

�P�D�W�L�q�U�H���G�
�p�O�L�P�L�Q�D�W�L�R�Q���G�X���S�D�O�X�G�L�V�P�H�����O�H���P�R�G�q�O�H���H�W���O�
�H�[�S�p�U�L�H�Q�F�H���F�K�L�Q�R�L�V���Q�H���S�H�X�Y�H�Q�W���r�W�U�H��

�G�L�U�H�F�W�H�P�H�Q�W�� �D�S�S�O�L�T�X�p�V�� �G�D�Q�V�� �F�H�V�� �S�D�\�V���� �8�Q�H�� �p�Y�D�O�X�D�W�L�R�Q�� �H�W�� �G�H�V�� �W�H�V�W�V�� �V�X�U�� �O�H�� �W�H�U�U�D�L�Q�� �V�R�Q�W��

�Q�p�F�H�V�V�D�L�U�H�V�� �S�R�X�U�� �H�V�W�L�P�H�U�� �O�D�� �I�D�L�V�D�E�L�O�L�W�p�� �R�S�p�U�D�W�L�R�Q�Q�H�O�O�H���� �'�H�V�� �]�R�Q�H�V�� �S�L�O�R�W�H�V�� �R�Q�W�� �p�W�p��

�L�G�H�Q�W�L�I�L�p�H�V���S�R�X�U���P�H�W�W�U�H���H�Q���°�X�Y�U�H���O�H�V���S�U�R�M�H�W�V���G�H���G�p�P�R�Q�V�W�U�D�W�L�R�Q���Y�L�V�D�Q�W���j���p�Y�D�O�X�H�U���O�H���Q�L�Y�H�D�X��

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

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

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

�S�D�O�X�G�L�V�P�H����

�(�Q�� �F�R�Q�F�O�X�V�L�R�Q���� �O�D�� �&�K�L�Q�H�� �D�� �I�D�L�W�� �G�H�V�� �S�U�R�J�U�q�V�� �F�R�Q�V�L�G�p�U�D�E�O�H�V�� �G�D�Q�V�� �O�H�� �S�U�R�F�H�V�V�X�V��

�G�¶�p�O�L�P�L�Q�D�W�L�R�Q���G�X���S�D�O�X�G�L�V�P�H���H�W���H�V�W���H�Q���E�R�Q�Q�H���Y�R�L�H���S�R�X�U���D�W�W�H�L�Q�G�U�H���F�H�W���R�E�M�H�F�W�L�I���H�Q���������������/�H��

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

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

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

�&�K�L�Q�D���O�D�X�Q�F�K�H�G���W�K�H���1�D�W�L�R�Q�D�O���0�D�O�D�U�L�D���(�O�L�P�L�Q�D�W�L�R�Q���3�U�R�J�U�D�P���L�Q���������������$�F�F�R�U�G�L�Q�J���W�R��

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�D�S�S�U�R�S�U�L�D�W�H���V�X�U�Y�H�L�O�O�D�Q�F�H���V�W�U�D�W�H�J�L�H�V���D�Q�G���:�+�2���F�H�U�W�L�I�L�F�D�W�L�R�Q����

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

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

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

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

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

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

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

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

�P�D�O�D�U�L�D���V�X�U�Y�H�L�O�O�D�Q�F�H���� ��

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

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

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

�D�F�F�R�U�G�L�Q�J���W�R���W�K�H���%�H�O�W���D�Q�G���5�R�D�G���L�Q�L�W�L�D�W�L�Y�H�V�����S�U�R�S�R�V�H�G���E�\���W�K�H���&�K�L�Q�H�V�H���3�U�H�V�L�G�H�Q�W�����&�K�L�Q�D��

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

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

���������������������,�Q�W�H�U�Q�D�W�L�R�Q�D�O���P�D�O�D�U�L�D���U�H�V�H�D�U�F�K�H�U�V�����:�+�2���D�Q�G���V�W�D�N�H�K�R�O�G�H�U�V���L�Q�� �F�X�U�U�H�Q�W���P�D�O�D�U�L�D��

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

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

�7�K�L�V�� �3�K�'�� �Z�R�U�N�� �Z�D�V�� �W�K�H�U�H�I�R�U�H�� �G�H�V�L�J�Q�H�G�� �W�R�� �D�G�G�U�H�V�V�� �W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �W�K�U�H�H�� �P�D�L�Q��

�R�E�M�H�F�W�L�Y�H�V����

Ø �2�E�M�H�F�W�L�Y�H�� �2�Q�H���� �7�R�� �V�X�P�P�D�U�L�]�H�� �W�K�H�� �Q�D�W�L�R�Q�Z�L�G�H�� �G�L�V�W�U�L�E�X�W�L�R�Q�� �R�I�� �P�D�O�D�U�L�D��

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

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

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

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

Ø �2�E�M�H�F�W�L�Y�H�� �7�Z�R���� �7�R�� �G�H�V�F�U�L�E�H�� �W�K�H�� �G�L�I�I�H�U�H�Q�F�H�V�� �E�H�W�Z�H�H�Q�� �W�K�H�� �V�S�H�F�L�I�L�F�� �D�Q�G��

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

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

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

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

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

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

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

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

Ø �2�E�M�H�F�W�L�Y�H�� �7�K�U�H�H���� �7�R�� �S�U�H�V�H�Q�W�� �W�K�H�� �P�D�O�D�U�L�D�� �H�O�L�P�L�Q�D�W�L�R�Q�� �S�U�R�J�U�H�V�V�� �W�K�U�R�X�J�K��

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

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

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

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

��

�&�K�D�S�W�H�U���7�Z�R�����S�U�H�V�H�Q�W���W�K�H���V�W�X�G�\���Z�L�W�K���R�E�M�H�F�W�L�Y�H���R�Q�H��

�$�U�W�L�F�O�H���������=�K�D�Q�J���6�6�����*�X�R���6�+�����)�H�Q�J���;�<�����$�I�H�O�W���$�����)�U�X�W�R�V���5�����=�K�R�X���6�6�����0�D�Q�J�X�L�Q���6����



16 
 

�$�Q�R�S�K�H�O�H�V���9�H�F�W�R�U�V���L�Q���P�D�L�Q�O�D�Q�G���&�K�L�Q�D���Z�K�L�O�H���D�S�S�U�R�D�F�K�L�Q�J���P�D�O�D�U�L�D���H�O�L�P�L�Q�D�W�L�R�Q�>�-�@�����7�U�H�Q�G�V��
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�&�K�D�S�W�H�U���������%�D�F�N�J�U�R�X�Q�G��

�*�H�Q�H�U�D�O���N�Q�R�Z�O�H�G�J�H���R�Q���P�D�O�D�U�L�D��

Plasmodium

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



19 
 

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

�'�R�P�D�L�Q�� �(�X�N�D�U�\�R�W�D��

�.�L�Q�J�G�R�P�� �&�K�U�R�P�D�O�Y�H�R�O�D�W�D��

�6�X�S�H�U�S�K�\�O�X�P�� �$�O�Y�H�R�O�D�W�D��

�3�K�\�O�X�P �$�S�L�F�R�P�S�O�H�[�D��

�&�O�D�V�V�� �$�F�R�Q�R�L�G�D�V�L�G�D��

�2�U�G�H�U�� �+�D�H�P�R�V�S�R�U�L�G�D��

�6�X�E���2�U�G�H�U�� �+�D�H�P�R�V�S�R�U�L�G�L�L�G�H�D��

�)�D�P�L�O�\�� �3�O�D�V�P�R�G�L�L�G�D�H��

�*�H�Q�X�V�� �3�O�D�V�P�R�G�L�D��

�6�X�E���J�H�Q�X�V�� �3�O�D�V�P�R�G�L�X�P�����/�D�Y�H�U�D�Q�L�D��

�6�S�H�F�L�H�V��

�3�����I�D�O�F�L�S�D�U�X�P��
�3�����P�D�O�D�U�L�D�H��

�3�����R�Y�D�O�H��
�3�����Y�L�Y�D�[��

�3�����N�Q�R�Z�O�H�V�L�
��

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

�Y�H�F�W�R�U�V���D�U�H���I�R�X�Q�G�����9�H�F�W�R�U�V�����R�U���G�H�I�L�Q�L�W�L�Y�H���K�R�V�W�V�����D�U�H���P�R�V�W���I�U�H�T�X�H�Q�W�O�\���P�R�V�T�X�L�W�R�H�V���R�I���W�K�H��

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

�I�R�U���U�H�S�W�L�O�H�V���W�R���W�K�H���V�X�E���I�D�P�L�O�\���&�X�O�L�F�L�Q�D�H���R�U���W�K�H���J�H�Q�X�V���3�K�O�H�E�R�W�R�P�X�V���������������9�H�U�W�H�E�U�D�W�H���K�R�V�W�V��

�L�Q�F�O�X�G�H�� �U�H�S�W�L�O�H�V���� �E�L�U�G�V���� �D�Q�G�� �P�D�P�P�D�O�V���� �&�K�D�U�O�H�V�� �/�D�Y�H�U�D�Q�� �I�L�U�V�W�� �L�G�H�Q�W�L�I�L�H�G�� �3�O�D�V�P�R�G�L�X�P��

�S�D�U�D�V�L�W�H�V�� �L�Q�� �W�K�H�� �O�D�W�H�� �����W�K�� �F�H�Q�W�X�U�\���� �2�Y�H�U�� �W�K�H�� �F�R�X�U�V�H�� �R�I�� �W�K�H�� �����W�K�� �F�H�Q�W�X�U�\���� �P�D�Q�\�� �R�W�K�H�U��
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�G�D�W�D���I�U�R�P���W�K�H�V�H���V�W�X�G�L�H�V���V�X�J�J�H�V�W���W�K�D�W���3�����I�D�O�F�L�S�D�U�X�P���P�D�\���E�H���S�D�U�W���R�I���D���P�R�U�H���G�L�Y�H�U�V�H���J�U�R�X�S����

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

�)�R�U���3�O�D�V�P�R�G�L�X�P�� �Y�L�Y�D�[���� �D�Q�R�W�K�H�U�� �S�U�H�G�R�P�L�Q�D�Q�W���K�X�P�D�Q�� �S�D�U�D�V�L�W�H���� �L�W�V�� �R�U�L�J�L�Q�� �K�D�V�� �D�O�V�R��

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

�1�H�Z���:�R�U�O�G���P�R�Q�N�H�\�V���D�U�H���L�Q�I�H�F�W�H�G���Z�L�W�K���D���Y�H�U�\���V�L�P�L�O�D�U���S�D�U�D�V�L�W�H�����N�Q�R�Z�Q���D�V���3�O�D�V�P�R�G�L�X�P��

�V�L�P�L�X�P�����2�Q�H���K�\�S�R�W�K�H�V�L�V���L�V���W�K�D�W���W�K�H���S�D�U�D�V�L�W�H���R�U�L�J�L�Q�D�W�H�G���I�U�R�P���6�R�X�W�K���$�P�H�U�L�F�D���D�Q�G���Z�D�V���W�K�H�Q��

�D�F�T�X�L�U�H�G�� �E�\�� �K�X�P�D�Q�V�� �L�Q�� �S�R�V�W���&�R�O�X�P�E�L�D�Q�� �W�L�P�H�V�� �������������8 �$�Q�R�W�K�H�U�� �K�\�S�R�W�K�H�V�L�V�� �L�V�� �W�K�D�W���3����

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

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

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

�W�K�D�Q�� �Z�L�W�K�� �R�W�K�H�U�� �K�X�P�D�Q�� �S�R�S�X�O�D�W�L�R�Q�V�� �������������������9 �7�K�H�� �S�U�H�S�R�Q�G�H�U�D�Q�F�H�� �R�I�� �P�R�O�H�F�X�O�D�U��

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

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

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

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

�W�K�D�Q���W�K�H���U�H�Y�H�U�V�H��������������

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

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

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

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

�F�D�P�S�D�L�J�Q�����V�X�F�K���D�V���4�X�L�Q�L�Q�H�������������D�Q�G���&�K�O�R�U�R�T�X�L�Q�H��������������

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

��

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

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

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

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

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

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

�3�O�D�V�P�R�G�L�X�P���Y�L�Y�D�[���������������7�D�E�O�H������������

 

�)�L�J�X�U�H���������/�L�I�H���F�\�F�O�H���R�I��Plasmodium���D�Q�G���D�Q�W�L���P�D�O�D�U�L�D�O���W�D�U�J�H�W���V�W�D�J�H�V��������������������
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�7�D�E�O�H���������$�Q�W�L�P�D�O�D�U�L�D�O���G�U�X�J�V���D�Q�G���W�D�U�J�H�W�H�G���S�D�U�D�V�L�W�L�F���V�W�D�J�H�V������������

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

�6�H�V�T�X�L�W�H�U�S�H�Q�H�� �O�D�F�W�R�Q�H��

�H�Q�G�R�S�H�U�R�[�L�G�H�V��

�$�U�W�H�P�L�V�L�Q�L�Q��

�$�U�W�H�V�X�Q�D�W�H��

�$�U�W�H�P�H�W�K�H�U��

�'�L�K�\�G�U�R�D�U�W�H�P�L�V�L�Q�L�Q��

�$�O�O���S�D�U�D�V�L�W�H���V�W�D�J�H�V��

���;�$�P�L�Q�R�T�X�L�Q�R�O�L�Q�H�V��

�&�K�O�R�U�R�T�X�L�Q�H��

�$�P�R�G�L�D�T�X�L�Q�H��

�3�L�S�H�U�D�T�X�L�Q�H��

�1�D�S�K�W�K�R�T�X�L�Q�H��

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

�3�\�U�R�Q�D�U�L�G�L�Q�H��
�%�O�R�R�G�� �V�W�D�J�H�V�� ���U�L�Q�J���� �W�U�R�S�K�R�]�R�L�W�H�� �D�Q�G��

�V�F�K�L�]�R�Q�W����

�$�P�L�Q�R���D�O�F�R�K�R�O�V��

�4�X�L�Q�L�Q�H��
�%�O�R�R�G���V�W�D�J�H�V�����W�U�R�S�K�R�]�R�L�W�H���D�Q�G���V�W�D�J�H�V���,���W�R��

�,�,�,���J�D�P�H�W�R�F�\�W�H�V����

�0�H�I�O�R�T�X�L�Q�H��

�/�X�P�H�I�D�Q�W�U�L�Q�H��

�+�D�O�R�I�D�Q�W�U�L�Q�H��

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

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

�I�R�U�P�V��

�$�Q�W�L�I�R�O�D�W�H�V��

�3�\�U�L�P�H�W�K�D�P�L�Q�H��
�%�O�R�R�G�� �D�Q�G�� �O�L�Y�H�U�� �V�F�K�L�]�R�Q�W�� �D�Q�G�� �P�R�V�T�X�L�W�R��

�V�W�D�J�H�����R�R�F�\�V�W�V����

�6�X�O�I�D�G�R�[�L�Q�H�� �%�O�R�R�G���D�Q�G���O�L�Y�H�U���V�F�K�L�]�R�Q�W��

�3�U�R�J�X�D�Q�L�O��

�%�O�R�R�G�� �V�W�D�J�H�V�� ���V�F�K�L�]�R�Q�W�� �D�Q�G�� �J�D�P�H�W�R�F�\�W�H����

�D�Q�G���O�L�Y�H�U��

�V�F�K�L�]�R�Q�W��

�1�D�S�K�W�K�R�T�X�L�Q�R�Q�H�� �$�W�R�Y�D�T�X�R�Q�H��

�%�O�R�R�G�� �V�W�D�J�H�V�� ���V�F�K�L�]�R�Q�W�� �D�Q�G�� �J�D�P�H�W�R�F�\�W�H����

�D�Q�G���O�L�Y�H�U��

�V�F�K�L�]�R�Q�W��

�$�Q�W�L�E�L�R�W�L�F�V��

�&�O�L�Q�G�D�P�\�F�L�Q��

�'�R�[�\�F�\�F�O�L�Q�H��

�7�H�W�U�D�F�\�F�O�L�Q�H��

�%�O�R�R�G���V�W�D�J�H�V��

��

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

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

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

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

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

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

�U�H�V�L�V�W�D�Q�F�H�� �L�V�� �E�D�V�H�G�� �R�Q�� �W�Z�R�� �F�U�L�W�H�U�L�D���� �S�D�U�D�V�L�W�H�� �F�O�H�D�U�D�Q�F�H�� �D�Q�G���3�I�.�H�O�F�K�����; �D�V�V�R�F�L�D�W�H�G��

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

�0�H�N�R�Q�J�� �U�H�J�L�R�Q���� �L�Q�W�R�� �%�D�Q�J�O�D�G�H�V�K�� �D�Q�G�� �,�Q�G�L�D���� �Q�R���3�I�N�H�O�F�K������ �P�X�W�D�W�L�R�Q�V�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K��
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�E�H�H�Q���P�H�W������

�3�K�D�V�H�����P�D�L�Q�W�H�Q�D�Q�F�H�� ��

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

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

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

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

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

�F�R�Q�F�H�U�Q�H�G������

�3�K�D�V�H�����S�U�H�S�D�U�D�W�R�U�\�� ��

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

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

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

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

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

�3�R�S�X�O�D�W�L�R�Q����

�Y�X�O�Q�H�U�D�E�O�H����

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

�L�Q���F�H�U�W�D�L�Q���V�L�W�X�D�W�L�R�Q�V���R�U���F�R�Q�W�H�[�W�V�����V�X�F�K���D�V���P�R�E�L�O�H���Z�R�U�N�H�U�V�����(�D�F�K���F�R�X�Q�W�U�\��

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

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

�P�R�U�E�L�G�L�W�\��

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

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

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

�5�D�W�H�����S�D�U�D�V�L�W�H��

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

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

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

�5�H�F�H�S�W�L�Y�L�W�\��

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

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

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

�5�H���H�V�W�D�E�O�L�V�K�P�H�Q�W���R�I��

�W�U�D�Q�V�P�L�V�V�L�R�Q��

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

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

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

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

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

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

�F�R�Q�V�H�F�X�W�L�Y�H���\�H�D�U�V����

�6�X�U�Y�H�L�O�O�D�Q�F�H�����D�F�W�L�Y�H��

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

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

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

�6�X�U�Y�H�L�O�O�D�Q�F�H�����F�D�V�H��

�E�D�V�H�G��

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

�Z�H�H�N�O�\���U�H�S�R�U�W�L�Q�J���V�\�V�W�H�P����

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

�V�\�V�W�H�P���D�U�H���L�Q�Y�H�V�W�L�J�D�W�H�G��

�6�X�U�Y�H�L�O�O�D�Q�F�H����

�F�R�P�P�X�Q�L�W�\���E�D�V�H�G��

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

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

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

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

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

�6�X�U�Y�H�L�O�O�D�Q�F�H����

�K�R�V�S�L�W�D�O���E�D�V�H�G��

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

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

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

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

�6�X�U�Y�H�L�O�O�D�Q�F�H�����V�H�Q�W�L�Q�H�O��

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

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

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

�9�H�F�W�R�U�L�D�O���F�D�S�D�F�L�W�\��

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

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

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

�9�H�F�W�R�U���H�I�I�L�F�L�H�Q�F�\�� ��

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

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

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

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

�9�X�O�Q�H�U�D�E�L�O�L�W�\��

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

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

�1�R�W�H�����$�O�V�R���U�H�I�H�U�U�H�G���W�R���D�V���µ�L�P�S�R�U�W�D�W�L�R�Q���U�L�V�N�¶�����7�K�H���W�H�U�P���F�D�Q���D�O�V�R���E�H��

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

�&�X�U�U�H�Q�W���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���P�D�O�D�U�L�D�� ��
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China  is  approaching  malaria  elimination;  however,  well-documented  informa-
tion  on  malaria  vectors  is  still  missing,  which  could  hinder  the  development  of
appropriate  surveillance  strategies  and  WHO certi ! cation.  This  review  summa-
rizes  the  nationwide  distribution  of  malaria  vectors,  their  bionomic  character-
istics,  control  measures,  and  related  studies.  After  several  years  of  effort,  the
area  of  distribution  of  the  principal  malaria  vectors  was  reduced,  in  particular
for  Anopheles  lesteri  (synonym:  An.  anthropophagus ) and  Anopheles  dirus  s.l.,
which  nearly  disappeared  from  their  former  endemic  regions.  Anopheles  sinen-
sis  is  becoming  the  predominant  species  in  southwestern  China.  The bionomic
characteristics  of  these  species  have  changed,  and  resistance  to  insecticides
was  reported.  There  is  a need  to  update  surveillance  tools  and  investigate  the
role  of  secondary  vectors  in  malaria  transmission.

An  Overview  of  Malaria  in  Mainland  China
Malaria is one of the most important vector-borne diseases in the tropical and subtropical belt.
Although signi! cant progress has been made on malaria control in several countries, it is still on
the list of top  health threats to  humans, causing 429 000 deaths worldwide in 2015 (WHO,
World Malaria Report 2016Appendix A. Without a vaccine, vector  control  (see Glossary) is
considered as a key intervention for malaria control and elimination  [1]. Therefore, for
implementing appropriate and targeted vector control strategies as malaria elimination
approaches, it is crucial to  better understand the distribution and bionomics of malaria vectors
[2,3].

Malaria has been endemic in China for more than 4000 years, and in 1949, transmission
occurred in 80% of the counties. After the establishment of the People's Republic of China,
malaria prevalence decreased drastically from 1553.85/100  000 in 1960 to  1.1/100  000 in
2009 [4,5]. In 2010, the Chinese government launched the national malaria elimination program
with the goal of reaching elimination by 2020 (Action plan of China malaria elimination (2010±
2020)Appendix A. Since then, a number of articles have been published about malaria control
and elimination in China [4,6,7], but,  in comparison, information on malaria vectors in China has
suffered from a lack of consideration. Moreover, the absence of information on malaria vectors
is also a problem for policy makers and researchers to  develop strategies for malaria surveil-
lance, risk assessment, and other studies at the elimination stage [3,8,9].

Trends
Malaria is drastically declining in China,
and the country is approaching malaria
elimination.

The history and epidemiology of
malaria in China have been well docu-
mented since 2010, but  the involve-
ment of malaria vectors has, by
comparison, received less attention.

In China, areas with active malaria
transmission, and the geographic dis-
tribution of its main vectors, were
reduced, following the launch of the
national malaria elimination program
in 2010.

Changes to  mosquito behavior, ecol-
ogy, and insecticide susceptibility
induced by environmental changes
and control interventions should be
further evaluated to  secure malaria
elimination in China by 2020.
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Malaria is transmitted by mosquitoes of the Anopheles genus, which comprises 60 species
and/or complexes formally recognized in China. Of those, 14 are able to  transmit human
malaria parasites. Among these 14 species/complexes, the following eight taxa were reported
as predominant malaria vectors in China: An. sinensis, An. lesteri (synonymy with An. anthro-
pophagus), Anopheles minimus s.l. (including Anopheles minimus and Anopheles harrisoni),
An. dirus s.l. (including Anopheles dirus and Anopheles baimaii), Anopheles liangshanensis
(synonymy with An. kunmingensis), Anopheles messeae, Anopheles sacharovi, and Anopheles
pseudowillmori [10±14]. However, after several decades of malaria control efforts, in addition to
changes in land use and land cover, some of the Anopheles mosquitoes were no longer found
or reported according to  national malaria surveillance reports [15]. Only four species/com-
plexes have been considered as predominant malaria vectors throughout the country since the
beginning of the 21st century, that is, An. sinensis, An. lesteri, An. minimus s.l. and An. dirus s.l.
Furthermore, An. pseudowillmori from the Maculatus Group has been considered as a potential
malaria vector in Tibet since 2006 [16]. Hence, this review focuses mostly on these ! ve latter
taxa, and on their bionomics (ecology and behavior), distribution and control, during the period
2000±2016, as China approaches malaria elimination.

Geographic  Distribution  of  Malaria  Vectors
In mainland China, 24 provinces with previous local malaria transmission reported the presence
of Anopheles mosquitoes (Figure 1A±E) [12,17]. However, after comprehensive malaria control
measures and efforts, the endemic  areas  of An. lesteri or An. dirus s.l. were drastically
reduced [18±22] (Figure 1B,C). Meanwhile, An. minimus s.l. was only reported in limited areas
[18,23±26] (Figure 1D). These data ! t  well with malaria prevalence trends in the progress of
elimination (Figure 2A±D) [4,27]. The elimination process has been very ef! cient since its
implementation in 2010, as presented in Figure 2C,D.

Hyrcanus Group
Two species within the Hyrcanus Group were con! rmed as malaria vectors in China, An.
sinensis and An. lesteri (synonym: An. anthropophagus) [12,28,29]. An. sinensis is still the most
widespread species distributed all over the country with records from northeast (Liaoning
Province) to  southwest (Yunnan Province) (Figure 1A). Moreover, ecologically suitable areas for
An. sinensis were modelled, in prospective simulations, to  expand along with climate change
[30±32]. An. lesteri was considered as the principal  malaria  vector  in the area ranging from
22! N to  33! N [17,29]. The most northern location where An. lesteri was identi! ed is Liaoning
Province (around 42! N) [33]. However, after several years of malaria control, as well as
environmental changes, the distribution of An. lesteri is shrinking, and it even disappeared
from some provinces, such as Fujian Province in the southeast and Yunnan Province in the
southwest of China [21,34±36] (Figure 1B).

Dirus Complex
The Dirus Complex is now composed of eight sibling species throughout its geographic
distribution [37]. Two are present in southern China (Figure 1C), that is, An. dirus (former
An. dirus species A) reported in Hainan and An. baimaii (former An. dirus species D) collected in
Yunnan below 23! N [14,38,39]. This complex is known to  play a major role in malaria
transmission in both  China and southeast Asia [37,40]. Unfortunately, there is no information
on their speci! c  role in malaria transmission in China as molecular tools for species identi! cation
have not yet been implemented within the national malaria control program.

Minimus Complex
Based on molecular identi! cation, the Minimus Complex consists of two  sibling species, An.
minimus and An. harrisoni [41,42]. An. harrisoni, named in 2007, was the former An. minimus C,
whereas An. minimus was previously known as species A. In China, the literature referred
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Glossary
Anthropophilic:  mosquitoes
showing a preference for feeding on
humans, even when nonhuman
hosts are available.
Endemic  area/region:  an area in
which there is an ongoing,
measurable incidence of malaria
infection and mosquito-borne
transmission over a succession of
years.
Endophagy:  tendency of
mosquitoes to  blood-feed indoors.
Antonym: exophagy.
Endophily:  tendency of mosquitoes
to  rest indoors; usually quanti! ed as
the proportion resting indoors versus
outdoors. Antonym: exophily.
Exophagy:  tendency of mosquitoes
to  feed outdoors; usually quanti! ed
as the proportion of biting hosts
outdoors versus indoors. Antonym:
endophagy.
Exophily:  tendency of mosquitoes to
rest outdoors, usually quanti! ed as
the proportion resting outdoors and
indoors. Antonym: endophily.
Host  preference:  tendency of
female Anopheles mosquitoes to
blood-feed on a speci! c  host
species.
Human  landing  catch:  a method
for collecting vectors as they land on
human individuals. The purpose is to
monitor exposure of the human
population to  vector populations and
de! ne the anthropophilic index of the
vector species.
Indoor  residual  spraying  (IRS):
operational procedure and strategy
for malaria vector control involving
spraying indoor surfaces of dwellings
with a residual insecticide to  kill or
repel endophilic mosquitoes.
Insecticidebioassay:  in applied
entomology, experimental testing of
the biological effectiveness of an
insecticide by deliberately exposing
insects to  it.
Insecticide  resistance:  property of
mosquitoes to  survive after an
exposure to  a standard dose of
insecticide.
Insecticide-treated  net  (ITN): a
mosquito net that has been treated
by dipping it into a WHO-
recommended insecticide
formulation. To ensure its continued
insecticidal effect, the net should be
retreated periodically.
Long-lasting  insecticidal  net
(LLIN):  a factory-treated mosquito
net made of material into which
insecticide is incorporated or bound

almost exclusively to  An. minimus s.l. (Figure 1D). Molecular identi! cation was seldom proc-
essed to  differentiate the two  sibling species for malaria control programs, with few exceptions
[41±46]. Regarding their distribution, An. minimus and An. harrisoni were reported as sympatric
in Yunnan Province up to  latitude 24.5! N [40,42,47]. In addition, An. minimus occurs eastward
from Yunnan through southern Guangxi, Hainan, and Guangdong Provinces, whereas An.
harrisoni occurs northward up to  latitude 32.5! N to  northern Guangxi, Guizhou, and Sichuan
Provinces [42]. An. minimus was identi! ed as the principal malaria vector throughout its
distribution range [26,40,47±50], while An. harrisoni seems to  play a secondary role in malaria
transmission [42].

Maculatus Group
Out of the eight species of the Maculatus Group, four have previously been recorded in
southern China, that is, An. maculatus, An. pseudowillmori, An. willmori, and An. sawadwong-
porni [12,13]. All four are known as malaria vectors in southeast Asia [48,49]. An. pseudo-
willmori has recently been identi! ed as a potential malaria vector along two  international border
areas (Figure 1E), in Tibet (China±India border) [16,51], and in Yunnan (China±Myanmar border)
[50,52,53]. Very limited information is available on the occurrence of these species in China,
and more studies are required to  de! ne their speci! c  role in malaria transmission.

Bionomics  of  Larval  and  Adult  Stages
Bionomic traits, including trophic behavior, biting, and resting behaviors, and preferential
breeding sites, are key indicators for monitoring the role of Anopheles mosquitoes in malaria
transmission. Most larval ecological studies focused on four taxa, An. sinensis, An. lesteri, An.
minimus s.l., and An. dirus s.l. These taxa share a common preference for shaded breeding
sites, and in some areas they could be found sympatrically [13,17,33,54] (Table 1). An. sinensis
and An. minimus s.l. displayed changes in both  host  preference  and resting behavior. These
changes were attributed to  human intervention and environmental modi! cation. An. sinensis
could shift from zoophilic to  anthropophilic  behavior in areas where the number of cattle
decreased [54±57]. The proportion of endophilic  An. minimus s.l. diminished in areas with
indoor  residual  spraying  (IRS) [26,45,46], a trait also described in Central Vietnam [58].
However, very limited information was available on An. pseudowillmori for both  larval and adult
stages.

Vector  Control  Efforts  and  Challenges
Vector Control and Insecticide Resistance
Vector control is one of the key interventions to  control and possibly eliminate malaria
transmission [59]. China has developed its vector control strategies in line with WHO guidelines.
These strategies were locally tailored, considering Anopheles taxa, the intensity of transmis-
sion, and species of Plasmodium. In Central China, where An. sinensis is the predominant
vector and Plasmodium vivax is the predominant parasite, the use of door and window screens,
as well as mosquito repellent, was recommended in addition to  environmental reforming
measures, such as intermittent irrigation in rice ! elds [11,17,29]. Chemical treatments, such
as indoor residual spraying (IRS), insecticide-treated  nets  (ITNs) and long-lasting  insec-
ticidal  nets  (LLINs)  were used mainly in southern China, in particular Yunnan and Hainan
where An. minimus s.l. and An. dirus s.l. are the predominant vectors with both  Plasmodium
falciparum and P. vivax as the main parasites [17,29]. However, these chemical interventions
were not conducted  uniformly but  only in selected foci and populations [17] (Action plan of
China malaria elimination 2010±2020Appendix A. In addition, a biological vector-control
approach based on Bacillus thuringiensis var. israelensis (Bti) was also explored in Henan
and Hubei Provinces in Central China and was found to  be effective against larvae of An.
sinensis and An. lesteri [29,60,61].
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Insecticide  resistance  is a key indicator in malaria surveillance and in the assessment of
vector-control ef! ciency. It is commonly monitored by insecticide  bioassay , either by
determining LC50 (50% lethal concentration) or by using uniform diagnostic doses [62±65].
In China, the diagnostic dose was adopted as a common method in line with WHO recom-
mendations but  with modi! ed concentrations depending on local cases of insecticide resis-
tance [66]. A ! rst set of recommendations was related to  the test procedures for insecticide
resistance monitoring in malaria vector mosquitoes [67]. A second set addressed the pesticide
evaluation scheme (WHO Pesticide Evaluation Scheme, 2016Appendix A). The criteria used in
China for each insecticide are reported in Table 2, and the geographic distribution of insecticide
resistance in An. sinensis is summarized in Figure 1F. An. sinensis resistance to  insecticides
was monitored from north to  south, covering the geographic distribution of the species in China
[65] (Figure 1F). Resistance to  organochlorine was reported in Hubei Province, as well as to
dichlorodiphenyltrichloroethane (DDT) [68]. Resistance to  organochlorine in this species was
also reported in Liaoning and Jiangsu Provinces, and to  pyrethroids, such as deltamethrin, in
Jiangsu [69]. An. lesteri and An. dirus s.l. have been reported to  be still susceptible to  these
insecticides [62,66]. Resistance to  insecticides in An. minimus s.l. was monitored only in
southern China, where this vector is present (Figure 1F). Although resistance to  DDT was
recorded in one area of Yunnan, in other regions, An. minimus was found to  be still susceptible
to  the insecticides tested, including malathion, deltamethrin, and permethrin [62]. Limited
information is available on An. pseudowillmori, but  it suggests the absence of resistance at
the genome level [70].

Although very little insecticide resistance has been reported in China, the ability of vectors to
develop diverse resistance mechanisms to  insecticides has been well documented worldwide
[71,72]. The capacity of vectors to  develop resistance to  insecticides will undoubtedly pose a
major obstacle to  malaria control and elimination in China in the future, especially in the case of
the widely distributed An. sinensis (Figure 1A).

Evolution of Mosquito Behavior
All front-line vector-control methods currently used in China (e.g., ITNs, IRS), as well as in other
regions of the world, are based on the stereotypical view that vectors bite and rest primarily
inside houses. This assumption is based on the early characterization of Anopheles behaviors
of feeding and resting almost exclusively indoors [11]. However, even these endophilic species
feed outside to  some degree, and may do  so increasingly in response to  domestic insecticide
interventions [73,74].

Documented examples of adaptable vector behaviors that could impact interventions were
reviewed by Durnez and Coosemans in 2013 [75]. They, for instance, reported that the declining
ef! ciency of ITNs and IRS was attributed to  changes in mosquito behavior, such as host-species
preferences (from anthropophilic to  zoophilic) [58,76,77] and feeding preference (from endoph-
agy  to  exophagy , or in the early evening when people are not protected in their houses or under
bed nets) [74,78,79]. During the 1970s, several records of mosquitoes shifting from feeding inside
to  feeding outside, and from human to  animal hosts, were reported in response to  indoor
insecticide use (DDT spraying and DDT-treated mosquito nets) [80,81]. It is still unknown whether
these behavioral shifts were a consequence of phenotypic plasticity or evolutionary change within
mosquito populations. Regardless of the mechanism, such behavioral plasticity limits contact
between vectors and insecticides, thus diminishing the effectiveness of interventions [82,83]. With
respect toChina,nomonitoringofbehavioralchangewas conductedand norecords areavailable.

Effect of Environmental Changes
Climate and environmental changes are driving the expansion of numerous vector species and
the intensi! cation of pathogen transmission in many locations [84]. Speci! c  examples include

around the ! bers. The net must
retain its effective biological activity
for at least 20 WHO standard
washes under laboratory conditions,
and 3 years of recommended use
under ! eld conditions.
Malaria  elimination:  interruption of
local transmission (reduction to  zero
incidence) of a speci! ed malaria
parasite in a de! ned geographical
area as a result of deliberate control
activities. Continued measures to
prevent re-establishment of
transmission are required.
Principal  or  main  vector:  the
species of Anopheles mainly
responsible for transmitting malaria
parasites at a regional scale or/and
all year-round.
Secondary  vector:  species of
Anopheles that plays a local or
seasonal role in malaria transmission
compared to  the principal vector ±
although capable of maintaining
malaria transmission at a reduced
level.
Vector  control:  measures of any
kind against malaria-transmitting
mosquitoes, intended to  limit their
ability to  transmit the disease.
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Figure 1. Geographic Distribution of Predominant Malaria Vectors and Their Resistance to  Insecticide in China. Distribution of (A) Anopheles sinensis, (B)
Anopheles lesteri, (C) Anopheles dirus s.l., (D) Anopheles minimus s.l., and (E) Anopheles pseudowillmori. (F) Resistance of Anopheles sinensis to  insecticides. On the
map, pyrethroid refers to  deltamethrin and permethrin, the two  major pyrethroid insecticides used in malaria vector control. Data based on literature search for the
period 2000±2016.
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deforestation, which has prompted  an increase in the human-biting rate of formerly zoophilic
vectors in several parts of the tropics and the instigation of new malaria epidemics [85,86].
Historical and forecasted rises in temperature have also been involved in the spread of malaria
into new habitats and regions [32,87]. Although climate change is suspected to  also play a role
in vector distribution in China, this is poorly documented. Only one work has investigated this
issue in China and reported a correlation [32]. In this study, the potential impact of climate
change on four dominant malaria vectors (An. dirus s.l., An. minimus s.l., An. lesteri, and An.
sinensis) was assessed by species-distribution models. The environmentally suitable area
(ESA), which incorporated the effect of land use and climate, was introduced as the indicator
to  predict the distribution of malaria vectors. The ! ndings, established on simulation-based
estimation, suggest that urbanization and global climate change would increase the ESA for An.
lesteri and An. sinensis, while this increase would be limited for An. dirus and An. minimus
because bioclimatic variables overwhelmed land use variables for these two  species [32].
Mitigating against the detrimental impacts of environmental change on malaria transmission will
be particularly dif! cult when public health goals con"ict with economic development: for
example, the removal of livestock from the landscape caused the formerly zoophilic An.
sinensis to  switch its feeding target from livestock to  humans. Such change was considered

Figure 2. Evolution of Local Malaria Transmission in China from 2002 to  2015. (A) In 2002. (B) In 2005. (C) In 2010. (D) In 2015. Data from the national malaria
annual report in China [27,102±105].
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Table 1. Bionomics of Malaria Vectors in China

Species Breeding sites Resting
behavior

Biting behavior Seasonal"uctuation
(peak season
of abundance)

Refs

Preferred Second
option

Third
option

Not
suitable

Place Preferred
blood
source

Peak time of
blood-seeking
activity at night

Anopheles
sinensis

Rice ! eld Canal,
ditch

Pond Fishpond Exophilya Endophagya Zoophily
(1st option)
Anthropophily
(2nd option)

8 p.m.±9 p.m.b

5 a.m.±6 a.m.b
July±August [55,56,98,99,106±109]

Anopheles
lesteri

Heliophobic,
canal, ditch

Rice ! eld Filter well Fishpond Endophilya Endophagy Anthropophilyc 1 a.m.±2 a.m. August±September [11,12,20,33,110,111]

Anopheles
dirus s.l.

Heliophobic
stream in forest

Pit with
water

Footprint
of cattle

± Exophily Endophagy and
exophagya

Anthropophily 11 p.m.±1 a.m. June±July [11,12,17,18,50,112]

Anopheles
minimus s.l.

Heliophobic
stream

Canal,
ditch

Rice ! eld Big pool Endophily Endophagy Zoophily/
Anthropophilyd

10 p.m.±12 p.m. June±July and
September±October
April±Juned

[13,26,45,46,113]

Anopheles
pseudowillmorie

Rice ! eld, pond,
ditch, etc

± ± ± Exophily Endophagy Semi-zoophily
and semi-
anthropophily

11 p.m.±2 a.m. ±e [12,16,50,51,53,114,115]

aSee Glossary.
bThere are two peaks during the night. The! rst peak appears at the! rst hour after sunset, and the second peak 1 hour before sunrise. The exact time is not the same from east to west because of the time difference.
cIt has been reported to be zoophilic in Southern China, for example, Hainan[20], Guangdong [110].
dReported especially in Hainan.
eAnopheles pseudowillmoriwas reported only in Yunnan[53] and Linzhi Districts, Tibet[16], although it is considered as the potential malaria vector in these areas (especially in Tibet). Its involvement in malaria
transmission is still under investigation.
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as one of the key factors of vivax malaria re-emergence in the central part of China in 2006±
2008 [7,57,88]. A similar situation was reported for An. aquasalis in the Demerara River estuary
of Guyana [89]. Irrigation and dam constructions have also been linked to  an increase in malaria
risk, although the nature of the effect varies substantially between epidemiological, entomo-
logical, and socioeconomic settings [90,91]. While environmental changes enabling poverty
reduction are essential to  economic development, sustaining malaria elimination will require a
clearer mechanistic understanding of the impacts of both  vector control and concurrent
changes in natural resource management and land use [92].

Facing  the  Challenges
Updating Knowledge on Malaria Vectors
To manage the challenges related to  malaria elimination mentioned above, it is crucial to  have
updated knowledge on malaria vectors, especially on accurate species identi! cation. This is
particularly important when considering that most malaria vectors belong to  complexes in
which sibling species are morphologically indistinguishable. Ecological characteristics are also
key elements to  capture in order to  implement appropriate control interventions. It is therefore
necessary to  upgrade the tools for entomological surveillance according to  bionomic changes
of malaria vectors. Recent publications on the distribution and bionomics of malaria vectors
worldwide are good  examples of the global knowledge on Anopheles mosquitoes [40,47,93±
96]. These reviews also updated information on malaria vectors in China, but  there are still
several knowledge gaps that must be ! lled. These include, in particular, the in"uence of
behavioral changes of the main vectors on malaria transmission, and the precise distribution
and role of sibling species, as well as secondary  vectors . The focus given to  main malaria
vectors until recent years has left the secondary ones in the shade, and a real effort should now
be given to  these secondary vectors in China, and more widely in southeast Asia, as their
involvement in malaria transmission must be better framed and analyzed. In addition, there is a
need for a nationwide map of the distribution of current malaria vectors based on high-quality
surveillance data, including molecular identi! cation of sibling species and the GPS locations of
mosquito-collecting points, as done in Thailand for instance [94]. This will be essential for both
malaria elimination certi! cation by WHO (WHO: Eliminating Malaria, 2016, pp.  22±23Appendix
A) and the development of a surveillance strategy at the postmalaria elimination stage.

Updating Surveillance Tools
Entomological survey is the only way to  get pertinent information on malaria vectors and to
monitor their behavior and their role in malaria transmission. However, the methodology and
tools used today, such as light trap, human  landing  catch , cow  bait collection, and larval
collection, are labor-intensive and time-consuming. In addition, the study sites selected for
these investigations are in need of a precise method, which will provide data-based criteria
other than experience-based criteria. In this regard, remote sensing, geographic information

Table 2. Concentration (CO%) and Time of Exposure (min) to  Monitor Resistance to  Four Insecticides,
According to  Chinese or WHO Guidelines

Insecticide China WHO Refs

CO (%) Time (min) CO (%) Time (min)

DDT 4 60 4 60 (i) Test procedures for insecticide resistance
monitoring in malaria vector mosquitoes, WHO
2016, pp.15±16, http://www.who.int/malaria/
publications/atoz/9789241511575/en/;
(ii) WHO Pesticide Evaluation Scheme, 2016,
http://www.who.int/whopes/resistance/en/
Diagnostic_concentrations.pdf?ua=1
[62,66]

Malathion 3.2 60 5.0 60

Deltamethrin 0.01 30 0.05 30

Permethrin 0.1 30 0.75 30
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system, and spatial analysis approaches represent good  candidates. Such approaches have
been developed since the late 1980s with the objective of establishing host±vector±parasite
relationship models allowing for more precise spatiotemporal surveillance of vectors and
disease. They were carried out to  map the geographic distribution of Anopheles mosquitoes
in endemic malaria areas such as Belize, Mexico, French Guiana, Brazil, and China [97±101],
providing good  examples for ef! cient vector surveillance in further studies.

Concerning the emergence of insecticide resistance, which is a dynamic process, assessing its
impact on the ef! cacy of interventions is an essential but  dif! cult task. In China, although the
national malaria surveillance program adopted the monitoring of insecticide resistance since
the beginning of the program in 2005, data have been collected from selected ! xed sentinel
sites. Hence, the surveillance data could only present the status of mosquito populations in
limited areas. In a country as large as China, both  environmental and socioeconomic develop-
ments are highly diverse. Moreover, data sharing on resistance and insecticide use between
national health and agriculture departments does not really take place. Data availability and
interoperability are still largely missing elements in insecticide resistance management and
need to  be considered with more attention in future studies. In addition, malaria foci in China, as
well as in southeast Asia, are mainly spread along international borders. Their elimination will
gain in ef! cacy if a task force is created with partners and malaria managers from neighboring
countries, working in coordination to  prevent malaria transmission.

Concluding  Remarks
Since the launch of the national malaria elimination program in 2010, malaria prevalence and the
distribution zones of the main malaria vectors in mainland China have decreased. However, to
achieve malaria elimination by 2020, there is a need to  evaluate and follow-up on the behavioral
changes of Anopheles species in China, driven by both  environmental changes and control
interventions, and to  update the tools for entomological surveillance (see Outstanding Questions).
For instance, the role of secondary malaria vectors, like An. sinensis in Yunnan, should be
monitored with close scrutiny. An. sinensis, which settles in rice ! elds, may represent a major
risk for malaria elimination. With An. sinensis being an important vector locally, agriculture, and
thus the key sector of food production, may also turn into a threat for malaria elimination. A crucial
issue for the coming 5 years will therefore be to  monitor possible vector replacement but  also to
investigate potential competition between key societal and economic sectors, such as public
health and agriculture, to  avoid the occurrence of competitive trends. These studies must bring
information to  national and international policy makers. They must develop national and interna-
tional guidelines and decisions on the proper actions to  take in order to  prevent sectorial
competition and to  ensure the successful implementation of malaria elimination. Another risk
to  consider and assess is the reintroduction at postmalaria elimination phase, and proper
monitoring and preventive actions will be required. The index of receptivity, which represents
the capacity of a given area to  be favorable to  malaria transmission, should be adopted as an
indicator for malaria surveillance. The ecological behavior, such as trophic behavior, biting, and
resting behaviors, are in need of further investigation and routine monitoring to  assess the potential
risk of reintroduction. This is particularly important along international border areas, where one
country has achieved malaria elimination while the other neighbor still has local malaria transmis-
sion. Molecular techniques, such as PCR, should be routinely implemented to  identify vector
species and populations and to  investigate their respective role in malaria transmission, especially
for sibling species such as those of the Minimus and Dirus Complexes.
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Outstanding Questions
What is the distribution of the main
malaria vectors in China, after several
years of malaria control efforts?

What is the current insecticide resis-
tance status of the main malaria vec-
tors in China?

Did environmental change and/or con-
trol efforts alter the bionomics of
malaria vectors in China?

Do the changes in bionomic character-
istics of the main malaria vectors chal-
lenge the elimination process? How
could we manage these challenges?

What is the role of secondary malaria
vectors on malaria transmission in
China?

Do we have any of the right tools to
monitor the shift in malaria vectors with
respect to  both  population density and
bionomics?
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Resources
iwww.who.int/malaria/publications/world-malaria-report-2016/report/en/
iiwww.moh.gov.cn/mohbgt/s10788/201005/47529.shtml
iiiwww.nhfpc.gov.cn/zwgk/wtwj/201304/15a4cc7a40b0452191fe409590ca99d8.shtml
ivwww.who.int/whopes/resistance/en/Diagnostic_concentrations.pdf?ua=1
vwww.who.int/malaria/publications/atoz/eliminating-malaria/en/
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China has set a goal to eliminate all malaria in the country by 2020, but it is unclear if
current understanding of malaria vectors and transmission is suf®cient to achieve this
objective. Anopheles sinensisis the most widespread malaria vector specie in China,
which is also responsible for vivax malaria outbreak in central China. We reviewed
literature from 1954 to 2016 on An. sinensis with emphasis on biology, bionomics,
and molecular biology. A total of 538 references were relevant and included.An.
sienesis occurs in 29 Chinese provinces. Temperature can affect most life-history
parameters. Most An. sinensis are zoophilic, but sometimes they are facultatively
anthropophilic. Sporozoite analysis demonstratedAn. sinensisef®cacy onPlasmodium
vivax transmission. An. sinensis was not stringently refractory toP. falciparum under
experimental conditions, however, sporozoite was not found in salivary glands of ®eld
collected An. sinensis. The literature on An. sienesis biology and bionomics was
abundant, but molecular studies, such as gene functions and mechanisms, were limited.
Only 12 molecules (genes, proteins or enzymes) have been studied. In addition, there
were considerable untapped omics resources for potential vector control tools. Existing
information onAn. sienesiscould serve as a baseline for advanced research on biology,
bionomics and genetics relevant to vector control strategies.

Keywords: Anopheles sinensis , biology, bionomics, gene, protein, molecule, China, vector

Abbreviations: aa, amino acid;Ae. Aegypti, Aedes aegypti; An. Gambiae, Anopheles gambia; An. Sinensis, Anopheles sinensis;
AQP, aquaporin; CCEs, carboxylesterases; cDNA, complementary DNA CPF; CPF, cuticular protein family;Cu. Fatigans,
Culex fatigans;EIR, entomological inoculation rate; GFATM, The Global Fund to Fight AIDS, Tuberculosis and Malaria;
GO, gene ontology; GSTs, glutathione-S-transferases; HSP40, heat shock protein 40; IRE-BP1, Iron responsive element
binding protein 1; IRS, indoor residual spraying; ITS2, Internal transcribed spacer 2 capacity; JEV, Japanese encephalitis
virus; KEGG, Kyoto Encyclopedia of Genes and Genomes; LLINs, long-lasting insecticidal nets; miRNAs, microRNAs; NGS,
Next Generation Sequencing; nt, nucleotide; OBP, odorant-binding proteins; ORF, open reading frame;P. f, Plasmodium
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14; TH, tyrosine hydroxylase; UTR, Untranslated Regions; VC, vector competence; WHO, World Health Organization.
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INTRODUCTION

Malaria was once epidemic in China and disease levels were high.
However, a signiÞcant decline of malaria incidence has occurred
with reported cases declining from> 9 million cases in the
1960s to only 3078 cases in 2014 (Tang, 2010; Wang, 2014; Li
et al., 2015). In 2010, the Chinese Government launched Malaria
Elimination Program with a goal to eliminate malaria in the
entire country by 2020 (Feng et al., 2014).

Four Anopheline species,Anopheles sinensis, Anopheles
anthropophagus, Anopheles minimus, and Anopheles dirus,are
considered main vectors for malaria transmission in China.
Among these,An. sinensisis the most widely distributed species
(Zhu et al., 2013). It is the most important malaria vector in
ßatlands, especially in the paddy planting regions.An. sinensis
is considered to be a competent vector forPlasmodium vivax
malaria since it is the only major vector in central China
where P. vivax is prevalent, locally transmitted, and where
several malaria epidemics have occurred (Zhou et al., 2007).
Besides malaria,An. sinensiscan also transmit lymphatic Þlariasis
(Reid, 1968), JEV and Rickettsia felis(Scherer et al., 1959;
Zhang et al., 2014).

The distribution, habitat, feeding behavior, and host selection
of An. sinensisin China has been extensively studied.Ma (1954)
published the Þrst biology study ofAn. sinensisand since then,
there have been many reports on its biology or bionomics. This
information has contributed to the success of malaria control
programs. Larval reduction by drainage, and Þlling, and IRS
have been the main malaria control measures. The primary
intervention measures for malaria elimination in China continue
to target the adult vector by IRS or LLINs (Liu and Liu,
2010).

Interactions between vector and parasite are important
in malaria transmission dynamics. IdentiÞcation of molecules
involved in multifaceted developmental cycles of parasites within
the vector and the related mechanisms accounting for survival
and proliferation can provide attractive targets to interfere in the
disease transmission (Sreenivasamurthy et al., 2013). However,
many of the molecules and mechanisms inAn. sinensisare still
remain unknown. Understanding the underlying details of the
vector-pathogen interaction would underpin the prevention and
control of parasitic diseases.

Although there are many studies onAn. sinensisdistribution,
bionomics and molecular study in China, the information was
notably dispersed in the literature. So, current studies were
systematically reviewed. The objective of the present study was
to review the biology, bionomics and molecules ofAn. sinensis
in China. This could provide insights for development of novel
mosquito control strategies and increase the e!ectiveness of the
vector control interventions in elimination campaign.

METHODS

An electronic search of peer-reviewed scientiÞc and medical
literature published between January 1954 and September
2016 in Chinese and English was conducted using PubMed

(MEDLINE), CNKI (China National Knowledge Infrastructure),
VIP (Chongqing VIP Database), and CSPD (China Science
Periodical Database, Wan Fang) and Web of Science databases.
Gray literature and programmatic documents were also searched
using Google, Google Scholar and other search engines using the
same search terms.

The following search terms (or their Chinese equivalents)
were used:Anopheles sinensis, distribution, biology, bionomics,
molecule, ecology and China. The decision tree for the
inclusion or exclusion of articles is shown inFigure 1. Only
publications reporting biology, bionomics, and molecules of
An. sinensisfrom China were included. Articles submitting a
report on morphology, development, reproductive, life cycle,
vector competence, larval and adult ecology, vector capacity,
molecules involved in physiology and pathology were included.
Studies involving insecticides were excluded because it would
be the focus of a future review. These data were extracted
and processed through a series of rigorous checking procedures
before classiÞcation into a database. All results were initially
reviewed for mosquito bionomics (larval and adult ecology),
biology and related molecular studies based on the title and
abstract. Relevant publications were further reviewed using the
full text to determine whether the data focused on distribution,
bionomics, epidemiology, vector competence, or identiÞed
molecules.

RESULTS

Figure 1 illustrates the search results. The initial search strategy
generated 1469 records. After Þrst round review of titles and
abstracts, a total of 824 articles were amalgamated for review.
After removing 44 duplicates, 722 relevant publications were
further reviewed based on the full text to Þnd out whether
primary or secondary data on the biology, bionomics, molecules.
Finally, a total of 538 papers and reports met these criteria.
Selected articles were saved in Endnote and their characteristics
corresponding to the criteria manually entered into Microsoft
Excel for ongoing data management. From these articles, we
assessed risk of bias for included studies but did not exclude
studies on the basis. The outcomes of analysis by study area are
outlined below.

BIOLOGY

Morphology
Anopheles sinensisWiedemann (1828) is a member of the
Anopheleshyrcanus species group. Adults are morphologically
distinguished from sibling species by the presence of four pale
bands on the palpi, a fringe spot at vein 5.2, a tuft of dark scales
on the clypeus on each side in the female (Figure 2) and a T-type
speckle on ventral aspect (Feng and Zhang, 1962; Yang et al.,
1994). Morphometric and morphological characteristics ofAn.
sinensiseggs were studied using scanning electron microscopy
(Zhang et al., 1982, 1984; Li D. et al., 2010). Eggs ofAn. sinensis
were black (newly laid eggs were white and blackened about an
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FIGURE 1 | Flow diagram of the selection procedure used for the systematic review of accessible articles.

hour later (Liu, 1986). They were boat-shaped in lateral, view with
a mean length of 0.5mm. Floats present on sides of the egg surface
and these had 7� 10 ribs.

Development (Egg to Adult)
Like all mosquitoes,An. sinensishas four life stages: egg, larva,
pupa, and adult.An. sinensisfemale lay individual egg on water
surface. According to the studies, the number of eggs laid ranges
from dozens to hundreds (Lu, 1984; Li et al., 1994; Qu et al.,
2000i; Zhong, 2000; Zhong and Tan, 2000). The number of eggs
laid were a!ected by the season (Qu et al., 2000i), temperature
(Zhong, 2000; Zhong and Tan, 2000), blood resources (Su and
Su, 1989), and experimental factors (Luo et al., 1988; Li and Tang,
2010). Luo et al. (1988)noted that the number of eggs laid in
cow sheds was greater than in human dwellings and speculated
this might be an adaption related to blood preference.Lu (1984)
observed that most female laid eggs during entire night, and
were prone to oviposit between dusk and dawn (usually from
7 pm to 5 am). The result was consistent with studies in other
provinces of China (Liu, 1986; Xiang, 1988; Qu et al., 2000d,i).
Generally the female adults began to lay eggs in around 3 days
(2.57Ð3 days) after blood feeding, and its peaks started from 5
to 16 days (Fengwen et al., 1988; Qu et al., 2000a) in July and
August (Qu et al., 2000d,i). Interestingly, inAn. gambiae s.s.,
Christiansenjucht et al. (2015)observed temperature had e!ect
on the egg laying, the number of eggs laid was highest and lowest
when adults were kept at 27� C and 31� C respectively. Di!erences
were also observed among the successive blood meals in times
to egg laying and hatching, number of eggs laid, and chances of
feeding and egg laying.

Embryogenesis and hatching have been described in detail
by di!erent research teams (Wang et al., 1985; Li et al.,
1994; Shen et al., 1995; Lai et al., 1995; Qu et al., 2000e).
Generally it takes around 2.07Ð2.88 days (mean) or more for
full embryonic development depending on the temperature and
environment (Fengwen et al., 1988; Qu et al., 2000a; Zhong,
2000; Zhong and Tan, 2000). Hu et al. (1986)observed that the
optimal temperature was between 25 and 28� C. At 25Ð30� C,
An. sinensishatched at 2.9 d after oviposition. At 19� C and
22� C, hatch took 6.4 and 6.7 days respectively, and below 16� C,
embryonic development of theAn. sinensiscannot be completed.
Hatching rates ranged from 63.68 to 90.88% (Wang et al., 1985;
Li et al., 1994; Lai et al., 1995; Shen et al., 1995; Qu et al.,
2000e) in di!erent provinces in China. Hatching rates were
lower under natural conditions compared to under experimental
conditions, and there could be diapause in embryogenesis due
to the low temperature (Zhao and Zhen, 1997). Larval breeding
environments largely depended on the sites where females laid
their eggs, and the oviposition locations were not stringent. The
environment had no e!ect on the sex ratio (Zhou et al., 1988).
The sex ratio was very close to 1:1 which meant that the natural
quantity of males and females was equal.

The life cycle duration from the egg to the adult was a popular
research topic. Eight studies between 1984 and 2000, indicated
that the average duration of the life cycle ranged from 14 to
20 days (Wang et al., 1985; Zhu, 1989; Xu L. et al., 1991; Xu R.
et al., 1991; Lai et al., 1995; Shen et al., 1995; Qu et al., 2000d,e).
The development time also varied in di!erent studies conducted
in di!erent regions of China. The longest time was 20.9 days
in the Guizhou province (Wang et al., 1985), and the shortest
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FIGURE 2 | Typical morphological characteristics ofAn. sinensis. (A) A pale fringe spot at vein 5.2.(B) Four pale bands on the palpi.(C) Patch of pale scales at
midcoxa. (D) Apical pale bands at hindtarsomeres.

time was 13.74 days occurred in the Henan province (Qu et al.,
2000d). The time required for the development ofAn. sinensis
was temperature dependent.Wang et al. (2010)documented
a shortened duration as the temperature increased from 16 to
31� C. The life cycle duration were 30.7, 23.3, 15.5, 13.5, and
12.5 days at 19� C, 22� C, 25� C, 28� C, and 31� C respectively.An.
sinensiscan complete their development at temperatures as low
as 16� C (Sun et al., 1994), but cannot develop successfully at
temperatures> 31� C. In contrast,An. gambiae s.s.development
was fastest between 28 and 32� C; adults did not emerged at
< 18� C or > 34� C (Kirby and Lindsay, 2009). Development time
from egg to adult was also largely temperature-dependent.

After completion of larval development, the pupation rate was
generally high except in one study.Shen et al. (1995)documented
a pupation rate of only 21.28Ð33.68%.Li et al. (1994)found
that the larvae stage needed 8.16 days to develop and the mean
duration for female larvae (8.54� 1.49) was longer than for
males (7.78� 0.96). The larval stage fed on organic debris and
microorganisms in the water including bacteria, protozoa, pollen
grains, and fungal spores (Yuan et al., 1988). The distribution
of young larvae in the water was similar in di!erent rice Þeld
locations (Chen, 1990). The strong clustering habit of larvae

weakened as they were growing, spreading from the center to
around (Chen et al., 1990). Larval growth was inßuenced by
many factors such as food types, food quantity, and larval density,
etc. (Dong and Liu, 1990). Xu D. et al. (1988)indicated that
development would be reduced if the larval density was too
great.

Larvae ofAn. sinensiscan successfully develop under a wide
range of temperatures, whereas low winter temperature (usually
after October in China) restricts the development ofAn. sinensis
(Ding et al., 1991; Wu et al., 2005). In addition, Lai et al. (1995)
noted that the time required for larvae development correlated
with the time required for embryogenesis and hatching. If the
time required for embryogenesis and hatching increased, the
length of time required for larval development would decrease
accordingly to keep the life cycle duration in balance of about
14 days, and vice versa (Lai et al., 1995).

The larval molted their exoskeleton four times before
becoming pupae.An. sinensisremain in the pupal phase for
about 2 days until the adults emerge and disperse to seek blood
or nectar (Pan et al., 1984; Wang et al., 1985; Fengwen et al.,
1988; Xu L. et al., 1988; Xu R. et al., 1991; Shen et al., 1995;
Qu et al., 2000a). The eclosion rate from all the studies was
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higher than the hatching rate and the pupation rate (Shen et al.,
1995; Zhong and Tan, 2000), indicating that death in premature
stage mostly occurred during the larval stage. Compared to the
high mortality during the larval stage, survival was higher in
the pupal stage and during eclosion (Qu et al., 2000g,h). Like
other mosquito species, theAn. sinensismales often emerge
Þrst and form swarms, they cannot copulate until the genitalia
rotate 180� which occurs in about 1 day. Females emerge
subsequently, and then enter swarms to copulate in the air
(Zhu, 1989).

An. sinensisis holometabolous insect and has four di!erent
developmental stages. The developmental parameters, such
as number of eggs laid, hatching rate, pupation rate, and
duration of the life cycle, can inßuence malaria transmission.
A detailed understanding ofAn. sinensisbiology pertaining to
development could help in generating novel control strategies.
Investigation ofAn. sinensisdevelopment may reveal mosquito-
speciÞc adaptations and could provide stage-speciÞc targets for
mosquito-borne infectious disease control.

Longevity
The life expectancy ofAn. sinensisunder natural condition was
5Ð7 days (Xu et al., 1987; Zhang et al., 1990; Qu et al., 2000e),
which was shorter than the values measured under experimental
conditions (Zhou et al., 1995) in which the constant nectar
and blood were available. Female and maleAn. sinensisfrom
di!erent locations in China exhibited a signiÞcant di!erence in
life expectancy.Qu et al. (2000a)observed average female and
maleAn. sinensislife expectancies of 13.83 and 8.33 days, and
maximum longevity was 32 and 14 days respectively (Qu et al.,
2000f,i). Zhou et al. (1995)observed mean female and male life
expectancies of 21.63 and 17.51 days, and maximum longevity
was 51 and 46 days respectively. The results of the studies on
An. sinensislife expectancy between female and male in di!erent
provinces indicated that the life expectancy of females exceeded
that of males. In addition, temperature had a signiÞcant inßuence
on the life expectancy of adult mosquitoes (Zhang et al., 1990;
Xu L. et al., 1991). The average life expectancy in July was longer
than that in August because the temperature in August was often
higher than that in July (Qu et al., 2000d). In addition,Hu et al.
(1988)showed that the average life expectancy was 48.6, 27.4, 23,
20.6, 14.8, and 11.1 days at 16� C, 19� C, 22� C, 25� C, 28� C, and
31� C. The longest life expectancy was at 16� C where individuals
had very low metabolic rates (Pan et al., 1984; Hu et al., 1986).

Gonotrophic Cycle
The mean gonotrophic cycle length forAn. sinensiswas 2.5 days
(Liu, 1986; Xu et al., 1987, 1990; Wang et al., 1990; Li et al., 1994;
Shi et al., 1996; Qu et al., 2000i). The shortest gonotrophic cycle
for An. sinensiswas 48 h (Wang et al., 1990) in Shanghai, while
the longest was 2.65 days (Xu et al., 1987) in Fujian Province. The
gonotrophic cycle for the di!erent strains (Shanghai, Zhengzhou
and Fujian strains) were similar (Qu et al., 2000b), but varied
slightly related to the month (Zhang et al., 1990; Qu et al., 2000d),
blood source (Su and Su, 1989), temperature (Xu and Zhang,
1988) and sunlight (Sun et al., 1987).

Hibernation
Generally,An. sinensisbegin to appear in late April or May
and disappear in October. When the temperature related to the
about 10� C, An. sinensistended to seek sheltered places for
hibernation. On the basis of studies on the hibernation ofAn.
sinensis(Ma, 1954), together with studies conducted in Zhejiang,
Henna, Hubei, and Jiangsu provinces etc. (Liu and Chen, 1959;
You et al., 1964; Xue et al., 1990), An. sinensishibernates in the
adult stage. Both male and female adults were caught in cow
sheds, mountain caves, and cellars. The mosquitoes caught in
hibernation sites were found to be nulliparous and have sperm in
the spermathecae. Much body fat accumulated during the winter
months. In northern China,An. sinensisfemales hibernated in
sheltered places from the end of October onward (Anonymous,
1973b; Chen et al., 1979). When the weather warmed the
following spring, the hibernating mosquitos became active and
ßy o! for the new life cycle (Anonymous, 1979).

Flight Dispersal
Anopheles sinensishas limited dispersal with most adults staying
close to their larval sites or habitats. Dispersal distances are
generally less than 1 km, but longer passive dispersal by planes,
ships, or other human devices could occur. There were relatively
few studies on adult ßight range or dispersal.Liu et al. (2011)
studied the dispersal range ofAn. sinensisusing a mark-release-
recapture technique. They marked 3000 wildAn. sinensisand
recaptured mosquitos for ten successive days using light traps.
The recapture rate was very low and most markedAn. sinensis
were recaptured within a 100 m radius of the release site. The
maximum ßight distance was 400 m.

BIONOMICS

Distribution
Anopheles sinensishas been recorded from Afghanistan,
Myanmar, Cambodia, China, Indonesia, India, Japan, Korea,
Malaysia, Singapore, Thailand, and Vietnam (Reid, 1953). It is
distributed in 29 provinces within China and all regions except
Xinjiang and Qinghai provinces (Lu et al., 1997). Xu and Feng
(1975)published the Þrst national distribution of theAnopheles
hyrcanus complexin China including An. sinensis. The report
primarily consisted of a brief survey of egg, larval, pupa and
adult stages around the surveyed sites during 1962Ð1965. The
results were limited to a short description of the main bionomic
characteristics.

In the present review, anAn. sinensisdistribution map
was produced by overlaying occurrence data from 332 source
collected reports.An. sinensiswas the mosquito taxon most
commonly found and identiÞed in China. However, this study
did not document an extension to its previous distribution range.
An. sinensiswere found in 29 provinces and regions (Figure 3A)
consistent with historical records. According to the analysis,An.
sinensishas been recorded both on mainland (Chen, 1990; Pan
et al., 2012) and on island areas (Figure 3B) (Zhang et al., 2001),
and it was widespread across the plain areas and mountainous
areas but more abundant in plain areas (Huang et al., 2015). An.
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sinensiswas collected at 270 up to 2,300 m in elevation, but is
generally restricted to elevations of 300Ð500 m (Liu et al., 1989).
A more accurate, or a lower level distribution map is currently
unavailable and the data currently consist of heterogeneous
records that were not made on a national scale.

Seasonal Population Fluctuation
In almost all areas in China,An. sinensiswas found from
July to December with a population peak in August. The
population density ofAn. sinensisin cow sheds had a June
peak in most places with a second small peak in late August
or September. In Heilongjiang, Jilin, Liaoning and Xizang,An.
sinensiswas recorded only in August and September after
which no specimens were found due to cold weather. In some
warmer provinces like Yunnan, activeAn. sinensiswere present
in December but in relatively small numbers. In general, the
collection data showed the seasonal abundance ofAn. sinensis
ßuctuated monthly (temperature-driven model) at various study
sites during di!erent study periods.An. sinensisemerged in April,
developed into large populations from July to December with a
peak in August.

Habitats
Larval Habitats
Anopheles sinensislarvae were found in diverse habitats.
Examples of major habitats include rice-Þelds and ponds (Liu
et al., 1962). The larvae were also collected in irrigation channels,
abandoned wells, ground pools, and pools beside rivers, marshes,
stream margins, ditches, seepages, shallow ponds, sumps, hoof
footprints, and wheel tracks. The larvae have also been found in
polluted pools and cesspits (Cai, 1959). Environmental factors
associated with larval habitats have been studied. The available
data (Anonymous, 1973b; You and Xu, 1979; Chen, 1990)
observed that the breeding sites ofAn. sinensiswere located
within 50Ð200 m from irrigation wells, human or livestock
settings, and the larvae were most often found in water bodies
with abundant aquatic vegetation. Physicochemical properties
tests of habitats showed thatAn. sinensislarvae had high
adaptability to variable water quality (Wang, 1979).

Indoor and Outdoor Habitats
The preferred indoor habitats (resting habits) forAn. sinensis
were mainly cow sheds, pigpens, sheepfolds and human dwellings
(Cai, 1959; Ouyang et al., 1992; Yi et al., 1998), especially when
they are seeking hosts for blood meals. About 61% of resting
An. sinensiswas captured from cow sheds, 37.7% from human
dwellings, and 0.74% from spare houses (Cai, 1959). A report
from Jaingsu province found that the average number ofAn.
sinensisin livestock sheds was 49 times greater than that in
human dwellings (Gao et al., 2004). Both studies found a higher
tendency for resting mainly in cow sheds, although other resting
places can be selected.

Outdoor habitats forAn. sinensiswere mainly grass or leaves
growing near or along rice Þelds and streams when they are
not actively seeking hosts or oviposition habitats. Typical plants
were rice near permanent water or subject to regular irrigation,
or sweet potatoes, vegetables, shrubs and weeds around human

residences and livestock sheds. Other potential outdoor resting
sites were soil cave and ravines with damp, dark and humid
environments (He et al., 1962). MostAn. sinensisrested at heights
of 5Ð15 cm above the ground on the trunk of a plant or under
leaves.

The habitats forAn. sinensisvaried among the di!erent
regions, and were under the inßuence of the local biotope. There
was evidence for various habitats with diverse geography. For
instance,An. sinensison Hainan Island tended to rest on the
grass or other nearby vegetation after a blood meal and disperse
before dawn, perhaps seeking more secluded places to rest.An.
sinensisin Guangdong, Guangxi, and Shanghai were more likely
to stay in structure for a period after feeding, usually a human
house or cow shed (Liu, 1962). This di!erence may be the result
of di!erent natural environments in these regions. For example,
Hainan Island has a tropical climate and dense vegetation. In
contrast, there is relatively less vegetation in other regions but
they have more buildings with solid walls. The perennial impact
of the external environment may have altered feeding habits.

The factors a!ecting An. sinensis habitat were more
complicated. Despite clear evidence that the longitude and
latitude have an inßuence onAn. sinensishabitats, other factors
such as temperature, rainfall, human activities are also involved.
Human and animal activity seemed to play a critical role in
habitat selection. Local residents sleeping outdoors, degree
of vegetation cover, and grazing habits of livestock were all
important in habitat preferences ofAn. sinensis.

Biting Habits and Feeding Preferences
FemaleAn. sinensisfed throughout the night but were most active
from sunset to midnight. Peaking feeding activity apparently
occurred at di!erent times depending on locality and habitats.
Cai (1959)showed thatAn. sinensisin human dwellings fed
from dusk to dawn, with two peaks one between 8:00 pm and
9:00 pm and another at 1:00 am. In cow sheds, only one peak
occurred at 8:00 pm.Chen et al. (1979)observed peak activity
in Henan province occurring between 8:00 pm to 9:00 pm. Peak
activity in Zhejiang province was from 9:00 pm to 10:00 pm
(Zhang et al., 1990). Similar peak activity has been recorded in
several other areas of China and during di!erent time periods.
Considering that these data were somewhat dated, we examined
the most recent studies conducted between 2013 and 2014 in
Hunan Province (Zhu et al., 2015) and in 2012 in four counties
in Yunnan Province (Zhang et al., 2015). By contrast, although
the results di!ered in the bait method, selected localities, weather
conditions and other factors, the similar peak activity, either one
peak after the sunset (between 8:00 pm and 10:00 pm) or with a
second peak before dawn (between 1:00 am and 2:00 am) could
be observed in di!erent localities.

Under normal circumstances,An. sinensisfemales are
facultative feeders but relatively more zoophilic.An. sinensis
preferred to feed on livestock in the presence of both humans
and their preferred animal hosts (bu!alo and cattle), and they
were prone to be found inside livestock corrals. Proportion
tests on blood meals to detect feeding preferences revealed that
most An. sinensiswere zoophilic. However, the females also
fed on the blood of whatever vertebrates are available in the
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FIGURE 3 | Distribution maps ofAn. sinensisin China.(A) Distribution ofAn. sinensisat province level.(B) Distribution ofAn. sinensisat county level based on
occurrence data. Points have been georeferenced and digitized from publication maps using current departmental base map of China.

vicinity, and sometimes they readily fed on humans.An. sinensis
mostly feed on large animals such as cows, bu!alos, pigs, horses,
donkeys, mules, and goats. Among them, cows were the most
attractive animal. Two studies (Malaria Group, 1984; Qian et al.,
1984) between 1979 and 1981 showed that the human blood
proportion was 3.52 and 2.60% respectively in capturedAn.
sinensis. Hu et al. (1988)also found a low percentage of human
blood (2.90%) inAn. sinensiscompared with cow blood. So

An. sinensisis is facultatively anthropophilic but prefers to be
zoophilic.

Vector Competence
Malaria parasites must undergo development within the
mosquito before they are infectious to humans.An. sinensis
is a P. vivax malaria vector in China, Indonesia, Japan, and
South Korea (Rueda et al., 2010). In China, Wang et al.
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(1982) and Qu et al. (2000c)studied P. vivax development
in An. sinensis. Within 15Ð20 min after mosquito ingestion,
the male (microgametocytes) and female (macrogametocytes)
gametocytes could be detected in the mosquitoÕs midgut. The
fertilization event produced a zygote, then developed into an
ookinete in as short as 50 min and fully developed within
26 h. The ookinete traversed the peritrophic membrane of the
midgut, crossing the midgut epithelium, entered the basil lamina,
and formed an oocyst in 48 h. Over a period of 3Ð7 days,
after oocyst maturation was completed, the oocyst ruptured to
release multiple immature sporozoites into the haemolymph. The
sporozoites then migrated to the salivary glands in 7Ð8 days. The
Plasmodium vivaxcycle begins again when the female mosquito
takes a blood meal, injecting the sporozoites from its salivary
glands into the human bloodstream.

Vector competence is an indication of mosquitoes ability
to obtain a disease agent (microorganism, such as parasite,
arbovirus etc.) from a reservoir host and then transmit the
infectious agent to another susceptible host (Min et al., 2002).
Vector competence for malaria is evaluated by the susceptibility
of Anopheline species to malaria parasites and the ability to
transmit a susceptible host (Beier, 1998). Generally, malaria
vector competence is determined through either observation of
sporozoites in the salivary glands of Þeld-caught mosquitoes
or infection experiments using laboratory reared mosquitoes.
An. sinensisnatural infection has been extensively studied
(Anonymous, 1973a, 1975; Gou et al., 1998; Zhou et al., 2005)
and had sporozoite rates ranging from 0.00 to 0.33% in the
salivary glands under microscope. A null sporozoite rate was
detected in Hunan, Guangxi, and Shanghai (Malaria Group,
1984; Wang et al., 1987, 1990), a 0.16% rate was found
in Pucheng county, Fujian province (Xu et al., 1990), and
0.33% in Xuzhou, Jiangsu province (Qiu and Zhao, 1978).
An. sinensisis a conÞrmed malaria vector in China and
has been reported naturally infected with malaria parasites
in many provinces. However, the results of published studies
by dissecting the salivary gland of ÞeldAn. sinensisonly
reported the positive sporozoite rates, but failed to identify
the Plasmodium species until the sporozoite ELISA kit was
applied.

Experimental infection ofAn. sinensisagainst P. vivax
has been done in di!erent provinces at di!erent times.Hu
et al. (1981)found that An. sinensisoocyst rates (23.66%)
were signiÞcantly higher than sporozoite rates (6.21%) in
Shandong province and determined that 25Ð28� C was the
best temperature range forP. vivax sporozoite multiplication
within An. sinensis. Wang et al. (1982)found much higher
P. vivaxoocyst rates (38.10Ð95.90%) and sporozoite rates (21.90Ð
50.80%) under experimental condition both in twoAn. sinensis
strains in Henan province.Xiangkun et al. (1991)observed
the highestP. vivax oocyst rates and sporozoite rates in the
An. sinensisGuizhou strain (81.22Ð100.00%; 86.36Ð100.00%)
and the Shanghai strain (85.71Ð100.00%; 91.67Ð100.00%) under
experimental infection respectively. These Þndings suggest that
there can be a large di!erence in theAn. sinensisexperimental
infection rate depending on both the strain of mosquito and the
parasite.

The susceptibility of di!erentAn. sinensisstrains to a single
P. vivaxstrain, together with the susceptibility of a singleAn.
sinensisstrain to di!erent P. vivaxstrains was studied byZheng
et al. (1986), Xu and Ye (1987), andZhu (1989). Xu et al. (1987)
reported that the susceptibilities of Shanghai and GuangxiAn.
sinensisstrains against the GuangxiP. vivax strain were low
(0.00% and 12.3%), but signiÞcantly higher against Hainan
P. vivaxstrain (36.40% and 43.60%).Zhu (1989)observed that
the susceptibility of the SimaoAn. sinensisstrain againstP. vivax
was signiÞcantly lower compared to the ShanghaiAn. sinensis
strain. In contrast,Zheng et al. (1986)reported similar sporozoite
rates in four di!erentAn. sinensisstrains (Changsha, Shanghai,
Zhengzhou, and Wuhan strain) against twoP. vivax strains.
Vector competence may vary among di!erentAn. sinensisstrains
for di!erent P. vivax strains but the reasons for this are not
clear.

In addition to the mosquito infection experiments, the
researchers also investigated the correlation of infection rate with
the patient status (Shi et al., 1983b; Qu et al., 2000c), parasite
density in donor blood (Zheng et al., 1986), long incubation
period strains (Xu and Ye, 1987), course of the disease (Zheng
et al., 1986; Xu and Ye, 1987), and relapse or recrudesce (Zhu,
1993; Zhu et al., 2007, 2013), etc.Shi et al. (1983b)showed that
An. sinensissporozoite rate of the long incubation periodP. vivax
strain was higher (61.0%) than that in short incubation period
P. vivaxstrain (33.3%), and infection rate ofAn. sinensiswas
correlated with the density and sex ratio of gametocytes.Li et al.
(1998)reported that infection rate ofAn. sinensisfor P. vivax
under experimental conditions increased with parasite density
and stage of the disease.An. sinensisshowed a high infection
rate in relapse or recrudesce malaria cases.Li et al. (1998)and
Zhu et al. (2007)both reported infection rate and oocyst rates
of An. sinensisto P. vivax. The blood resources from patients in
the fever stage were lower than those in non-fever stage patients.
Interestingly,Zhu et al. (2007)found that sporozoite rates were
higher in theAn. sinensisgroup fed on fever stage patients in
the same study. However, in another study,Zhu et al. (2013)
reported that the gametocytemia, asexual parasitemia, and ratio
of macrogametocytes to microgametocytes, did not correlate with
either oocyst or sporozoite infection, while in the oocyst-positive
mosquitoes, there was a correlation between gametocytemia and
the average oocyst number.

Anopheles sinensiswas refractory toP. falciparumin Thailand
(Rongsriyam et al., 1998). How about this situation in China?An.
sinensissusceptibility toP. vivaxversusP. falciparumin Guangxi
province showed average infection rates of 59.80% (oocyst rate)
and 12.80% (sporozoite rate) compared to no infection with
P. falciparum(Xu et al., 1983). However, studies conducted byShi
et al. (1983a)andLiu et al. (1984)indicated thatAn. sinensiscould
be infected withP. falciparumbut at a relatively low rate.Shi et al.
(1983a)found thatP. falciparumoocyst rates ranged from 2.14 to
8.6%, and sporozoite rates ranged from 0.00 to 3.54%.Liu et al.
(1984)observed an averageP. falciparumoocyst rate of 11.30%
and average sporozoite rate of 3.00%. These provide evidence that
An. sinensisin China is not totally refractory toP. falciparum.
Vector competence ofAn. sinensisis thought to be signiÞcantly
higher forP. vivaxcompared toP. falciparum.
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In summary, An. sinensisinfection experiments showed
variable sporozoite infection rates withP. vivax(6.21Ð100.00%)
and P. falciparum(0.00Ð3.54%). The presence of a natural
infection sporozoite rate together with the relatively high value
of both oocyst and sporozoite rates under laboratory infection
experiments supports the potentially high vector competence for
P. vivax. AlthoughAn. sinensiscould be infected byP. falciparum
in some studies, dissection of salivary glands in ÞeldAn. sinensis
failed to reveal the presence ofP. falciparumsporozoites. These
data support the conclusion thatAn. sinensisis not a vector for
P. falciparummalaria in China.

Vectorial Capacity
Vectorial capacity is a measurement of the e"ciency of vector-
borne disease transmission. In addition to competence, vector
capacity includes a variety of other essential traits, i.e., host
preferences, biting rate, mosquito population density, longevity,
and etc. The malaria transmission intensity can be characterized
as the vectorial capacity (C) formulated byMacdonald (1957)and
Garrett-Jones (1964), which is deÞned as:

C D
ma2pn

! ln.p/

where ma is the human biting rate (the number of female
mosquitoes per person per night);a is the human-biting
frequency per day (daily probability of a human host being bit by
a vector, which is indirectly estimated as the human blood index
divided by duration of gonotrophic cycle;n is the length of the
sporogonic cycle;p is the daily survival rate of the vector.

In China, theAn. sinensisvector capacity was measured and
compared by investigating ofAn. sinensisat di!erent times and
in di!erent provinces (Table 1). The Þrst and most recent reports
of An. sinensiscapacity were published in 1983 and 2015, the
results showed that VC was 0.24 and 0.15 respectively (Song,
2015). The vector capacities ofAn. sinensisvaried from north to
south in China, and were correlated with the season (Yao et al.,
2002). Pan et al. (2008)founded that the vector capacity ofAn.
sinensisin Huizhou and Zhuhai, Guangdong province was 0.25
and 0.66, respectively.Zhao et al. (1996)and Yu et al. (2014)
reported that the vector capacities ofAn. sinensiswere 0.01 and
0.15 in Sichuan and Shandong province (north), respectively.
Di!erences observed in the vectorial capacity ofAn. sinensismay
be due to variation in ecological habits or genetic background
in di!erent localities. The overall low vectorial capacity ofAn.
sinensismay be diminished by tendencies for zoophilic feeding
behavior in some study sites. In addition, vectorial capacity ofAn.
sinensiscould also serve as an indicator for annual parasite index
(API) or malaria prevalence (Yang and Tian, 1994;Liu et al., 1995;
Qian et al., 1996).

Vectorial capacity includes a number of factors. Human blood
index (HBI) and human biting rate (ma) are important indicators
for vector capacity, and would determine the capacity to transmit
malaria protozoa. Two studies reported that the vector capacity
of An. sinensiswas highest in July or August corresponding to
the highest human biting rate (Station, 1985; Yao et al., 2002).
Another study conducted byQian et al. (1996)compared the

vector capacity ofAn. sinensisbetween the 1970s and the 1990s,
and found a signiÞcant decrease both in human biting rate and
vector capacity. In other studies conducted in di!erent provinces
a positive correlation between the HBI, human biting rate and
vector capacity (Liu et al., 1995; Zhang X. et al., 2006).

Other indicators such as duration of the gonotrophic cycle
(GC), length of the sporogonic cycle (n), and the daily survival
rate of the vector (p) generally have stable values corresponding
to the mosquito species. In di!erent studies, the gonotrophic
cycle ofAn. sinensisin China was 2.5Ð3.7 days, the length of the
sporogonic cycle was 8.5Ð14.8 days, and the daily survival rate
of the vector was 0.77Ð0.91. Given that theP. vivaxincubation
time in An. sinensiswas of 9Ð14 days,An. sinensiswould require
two to three blood meals before becoming infectious agents. In
addition, calculation of daily survival rate requires introduction
of another parameterÐthe parity rate. Studies byGao et al. (2004)
found the mean parity rates ofAn. sinensissamples collected over
years from Hunan province to be 42.86%. The parity rates varied
in di!erent habitats, months, indoor and outdoor environments,
daytime and night, as well as before midnight and after midnight
(Wang, 2013). This variation may be attributed to numbers of
emerging mosquito, the mortality rate of larvae and sampling
methods (Qian et al., 1984).

The vectorial capacity measures e"ciency of pathogen
transmission, but EIR is a measure of malaria transmission
intensity. It is usually interpreted as the number of infectious
bites per human during a season or annually (usually annually)
and is referred as a more direct way to measure transmission
risk. However, although studies (Anonymous, 1975; Liu et al.,
1984; Liu et al., 1986; Zhang et al., 1989) have provided estimates
of EIR values ranging from 0.000031 to 0.24 (Table 1), which
is conventionally computed by taking the product of biting
rate multiplied by the sporozoite rate. The data still made
it di"cult to investigate the accuracy and precision of EIR
because sporozoite rates were exceedingly low (< 0.19%), while
appropriate values ranging from 1 to 20% are generally suggested
for EIR determination in Africa.

MOLECULAR BIOLOGY

Molecules Revealed by Genome and
Transcriptome
Scientists have unveiled the genomes of twoAn. sinensisstrains
from Korea1 and China (Zhou et al., 2014). The genome ofAn.
sinensis(China strain) was fully sequenced in 2014.An. sinensis
has six chromosomes representing two three-chromosome sets.
The genome size was estimated 220.78 Mb, coding for 16, 766
genes. Approximately 14% of the putative genes were orthologous
with genes in 235 known biological pathways. The genome had 3,
972 gene clusters containing 11,300 genes that were common to
the genomes of three previously sequenced mosquito species,An.
gambiae, An. aegypti, andCu. quinquefasciatus. Gene orthology
prediction revealed a total of 4,727 orthologous genes were
shared among the mosquitoes (Zhou et al., 2014). Analysis of

1https://www.ncbi.nlm.nih.gov/assembly/GCA_000472065.2/
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these orthologous genes revealed the most gene-enriched domain
and family were peptidase, while KEGG pathway revealed that
genes were most enriched in metabolic pathways. The results
indicate that functions such as feeding behavior are central
to mosquito biology. In addition to protein-coding genes, 41
microRNA, 348 tRNA and 2017 rRNA genes have also been
identiÞed.

A comprehensive reference transcriptome ofAn. sinensis
sampled from di!erent developmental stages of egg, larva, pupa,
and adult was sequenced byChen et al. (2014). Approximately
51.6 million clean reads were obtained, and these were assembled
into 38,504 unigenes. Among them, 98.4% (37,884/38,504) of

unigenes could be mapped onto theAn. sinensisreference
genome, and 69% (26,650) of the unigenes could be annotated
with known biological functions. In addition, a total of 8,057
expressed sequence tags (ESTs) were assigned to GO and
KEGG annotation. A large number of ESTs were restricted to
metabolic pathways, biosynthesis of secondary metabolites, and
microbial metabolism. The study also found that 2,131 ESTs
were di!erentially expressed between deltamethrin resistant and
deltamethrin susceptible mosquitoes collected from the same
Þeld site. Further, more than 2,400 microsatellite markers have
also been identiÞed (Zhu et al., 2014). These studies would
deÞnitely enhance knowledge on theAn. sinensisand lay an

TABLE 1 | Vectorial capacity (VC) and entomological inoculation rate (EIR) ofAn. sinensisin China.

Reference Location ma HBI GC a (HBI/GC) n p C SR (%) EIR (ma �

SR� coef®cient)

Anonymous, 1975 Shangqiu, Henan 13.80 NA 3.00 NA 10.50 0.85 NA 0.09 0.24

Liu et al., 1983 Zhejiang 6.90 NA NA NA NA 0.85 0.24 NA NA

Liu et al., 1984 Shucheng, Anhui NA NA NA NA NA NA NA 0.19 0.00

Qian et al., 1984 Pixian, Jiangsu NA 0.10 2.50 0.04 NA 0.86±0.88 NA NA NA

Station, 1985 Guidong, Hunan 0±77.25 NA NA NA NA NA 0±2.03 NA NA

Hu, 1986 Yunnan NA NA NA NA NA NA 0.01 NA NA

Liu et al., 1986 Junlian, Sichuan 0.41 0.05 2.50 0.02 10.00 0.88 0.02 0.00 0.00

Wang et al., 1987 Gunagxi 0.03±2.02 NA NA 0.02±0.05 NA NA 0.00±0.26 NA NA

Xu et al., 1987 Fujian 8.10 0.08 NA 0.03 9.80 NA 0.19 NA NA

Mo et al., 1988 Gunagxi 13.60 0.30 NA NA NA NA 0.08 0.19 NA

0.80 0.02 0.02 0.00

Xu L. et al., 1988 Fujian 8.10 NA NA 0.03 9.80 NA 0.28 NA NA

Zhang et al., 1989 Yunnan 1.40 0.05 2.50 0.02 NA 0.87 0.03 0.00 0.00

Wang et al., 1990 Shanghai 9.14 0.06 2.00 0.03 NA 0.86 0.35 0.00 NA

Xu et al., 1990 Fujian 8.10 NA 2.50 0.03 9.80 0.84 0.26 0.16 NA

Ouyang et al., 1992 Hunan NA NA NA NA NA NA 0±2.7 NA NA

Yang et al., 1994 Yanhe, Guizhou 32.90±76.50 NA 3.00 0.04 NA NA 0.42±14.94 NA NA

Liu et al., 1995 Ganyu, Jiangsu 0.25±2.38 NA NA 0.00±0.03 NA 0.85±0.90 0.00±0.12 NA NA

Nie et al., 1996 Longli, Guizhou 2.50 0.02 NA 0.01 14.51 0.82 0.01 NA NA

1.31 0.02 0.01 14.82 0.85 0.01

Shi et al., 1996 Deqing, Zhejiang NA 0.04 2.50 0.02 8.50 0.87 0.04 NA NA

Zhao et al., 1996 Jining, Shandong 4.07 0.13 2.50 0.05 10.00 0.82 0.15 NA NA

Zhang and Zhang, 1997 Tengchong, Yunan 1.33 0.03 2.50 0.01 NA 0.78 0.00 0.00 NA

Lang et al., 2000 Taizhou, Zhejiang 3.08 NA 3.67 0.01 11.39 0.79 0.01 NA NA

Feng et al., 2002 Qionglai, Sichuan 0.12 NA NA 0.02 NA NA 0.01 NA NA

Yao et al., 2002 Haining, Zhejiang 9.85 NA 3.70 0.01 9.50 0.81 0.08 NA NA

Gao et al., 2004 Changzhou, Jiangsu NA 0.00 2.00 NA NA NA 0.00 NA NA

Luo et al., 2006 Yiwu, Zhejiang 15.36 NA 3.67 0.02 8.54 0.87 0.73 NA NA

Zhang X. et al., 2006 Wenzhou, Zhejiang 7.24 0.06 NA 0.02 NA NA 0.22 NA NA

Wang et al., 2007 Mengcheng, Anhui 11.19 0.18 2.50 0.07 9.79 0.83 0.15 NA NA

Li et al., 2008 Fenghua, Zhengjiang 2.87 0.04 2.50 0.02 10.84 0.91 0.18 NA NA

Pan et al., 2008 Huizhou, Guangdong 5.01 0.48 NA 0.13 NA NA 0.25 NA NA

Zhuhai, Guangdong 4.31 0.44 0.12 0.66

Pan et al., 2012 Huaiyuan, Anhui 6.10 0.67 2.50 0.27 10.00 NA 0.77 NA NA

Yongcheng, Henan 5.90 0.64 2.50 0.26 10.00 0.55

Yang et al., 2013 Shuangliu, Sichuan 1.93 0.05 3.50 NA NA NA 0.02 NA NA

Yu et al., 2014 Chengdu, Sichuan 1.20 0.05 3.50 NA NA 0.85 0.01 NA NA

Song, 2015 Xiangshan, Zhejiang 2.64 NA 3.67 0.03 10.41 0.88 0.12 NA NA

ma, Human biting rate; HBI, Human blood index; GC, Gonotrophic cycle; SR, Sporozoite rate; EIR, entomological inoculation rate; NA, not available.
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important foundation for further functional analysis so as to
provide new tools for future malaria vectors control.

Molecules Identi®ed by Experiments
A compendium of molecules are involved the interaction
of the Plasmodium parasites within their host vectors
(Sreenivasamurthy et al., 2013), however, little is known
about the analogous process inAn. sinensis. The Þrst gene of
An. sinensiswas studied byZhi et al. (2002)who attempted to
clone the defensin gene (immune gene) from the main mosquito
vectors of China. Sequence analysis showed that the ampliÞed
fragments fromAn. sinensiswere homologous to the reported
defensin sequence ofAn. gambiae. Since then, newer research
has focused on cloning the defensin gene, prokaryotic expression
and the product activity (Yan et al., 2005; Zheng et al., 2005). The
complete defensin gene was cloned byZhang Y.J. et al. (2006).
It has a total length of 2,256 bp, including the 50 and 30 UTR
fractions and two exons separated by an 85 bp intron. The entire
cDNA sequence ofAn. sinensisdefensin gene was 324 bp; its ORF
encoded 107 amino acids, and mature peptide had 40 amino acids
residues. Then, another immune gene, partial SRPN14 gene of
An. sinensis, was identiÞed and characterized (Feng et al., 2015).
The SRPN14 gene was found to be located on 2L: 23C of salivary
gland chromosomes ofAn. sinensisby in situ hybridization,
which had 77% (nt) and 88% (aa) similarities withAn. gambiae.
Several mosquito proteins have been involved in regulating
the maturation of malaria parasites. For example, HSP40 was
isolated fromP. yoelii infectedAn. sinensisand its full-length
cDNA of 1,159 bp with an ORF of 1,014 bp, encoding 337 amino
acids was ampliÞed (Li Y. et al., 2010). An analysis of gene
expression throughout development has been conducted forAn.
gambiae(Strode et al., 2006). In An. sinensis, several important
homologous genes have been identiÞed (Table 2). Liu B.Q. et al.
(2016)found that there were four CPF (cuticular protein family)
gene families inAn. sinensisgenome. Analysis of these CPFs in
An. sinensisrevealed that the full-length cDNA sequences ranged
from 531 to 1,001 bp and coded for 148 to 345 amino acids.
These AsCPFs contained a 44-amino-acid conserved region and
a C-terminal region, which were secretory proteins with signal
peptide sequences except for AsCPF2 that was a non-secretory
protein and lacked a signal peptide sequence but contained a
transmembrane region.Qiao et al. (2016)studied on the role
of expression and regulation of TH (the initial enzyme in the
melanin pathway) on speciÞc physiological processes during
mosquito development by silencing of AsTH. SigniÞcant
disruption of cuticle in experiments strongly suggested
that TH was essential for pupae tanning and immunity in
Anopheles.

In addition, AQPs (water channels) are integral membrane
proteins in biological cells. Some AQPs were abundantly
expressed in Malpighian tubules ofAn. gambiae, and reduced
expression could increase mosquito survival in dry environments
(Liu K. et al., 2016). Tang et al. (2012)identiÞed a full-length
cDNA of AQP from An. sinensis, which consisted of 762 bp
coding for 253 amino acids, with a predicted molecular mass of
63.2 kD. The AsAQP shared 76 and 78% identities with AQPs
of Cu. quinquefasciatusand Ae. aegyptiAQPs, respectively. To

analyze the di!erential expression of iron responsive element
binding protein genes in di!erent strains ofAn. sinensis,Wang
et al. (2015)identiÞed partial sequences of IRE_BP1 by two-
dimensional electrophoresis followed by corresponding PCR
applications. They found that the IRE_BP1 gene expression
in resistant An. sinensisstrains was 9.42 times than that
of susceptible strains by ßuorescence quantitative PCR. The
IRE_BP1 may be useful as a resistance control target and gene
detection indicator.

The recently publishedAn. sinensisgenome and transcriptome
provide an opportunity for advanced study of gene products.
Based on the comparison between OBP conserved motifs
with An. gambiae, He et al. (2016)identiÞed 64 putative
odorant-binding protein genes (OBP) in the genome ofAn.
sinensis. The authors also investigated motif conservation,
gene structure, genomic organization and classiÞcation.An.
sinensisOBP genes were classiÞed into three subfamilies, some
genes might have originated from a single gene through a
series of historic duplication events.Zhou et al. (2015)found
174 detoxiÞcation genes by analyzingAn. sinensisgenome,
including 93 cytochrome P450s (P450s), 31 GSTs, and 50
choline/carboxylesterases (CCEs). Based on a combination
analysis of availableAn. sinensistranscriptome, several candidate
genes overexpressed in a deltamethrin-resistant strain were
identiÞed as belonging to the CYP4 or CYP6 family of P450s and
the Delta GST class.Che et al. (2014)identiÞed CYP6P5 gene in
An. sinensisand analyzed its bioinformatics characteristics. The
entire sequence was 1, 583 bp long with an ORF of 1, 527 bp,
encoding 508 amino acids. Phylogenetic and similarity analyses
of amino acid sequences showed thatAn. sinensisCYP6P5 had
the closest phylogenetic relationship to the CYP6P5s ofAn.
funestusand An. gambiae, with similarity values of 89.4 and
89.0%, respectively.

Although, the current literature on molecular biology was
systematically reviewed, signiÞcant gaps in knowledge ofAn.
sinensisbasic biology remain. For instance, recent advances in
molecular biology have resulted in development of a genetically
modiÞed mosquito species for the purpose of population
control (Lounibos, 2004; Christophides, 2005). More inspiringly,
mosquito gut microbiota have emerged as a novel target to
modulate homeostasis in greater depth and to develop new
paradigms for disease transmission control (Rodgers et al., 2017).
Therefore, studies on vectors and their molecular biology remain
important to develop possible applications for more e!ective
vector control.

DISCUSSION

This report updates available knowledge onAn. sinensisand
characterizes biology, bionomics and molecules research in China
through an extensive review gathered in the country from 1954
to 2016. Most of the literatures on biology and bionomics were
during the early time of high incidence periods in China. In
contrast, there was little recent entomology research focused
on the ecology and life history study in recent years. Research
conducted before 1970 was generally limited and sporadic.
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Entomological research increased following two events. One
event occurred in 1985 and it was the start of a nationwide
malaria control program activated by two decades of outbreak
and pandemic transmission between 1960 and 1979 (Yin et al.,
2014). Another event started in 2003 after GFATM began to
support malaria control campaign in the PeopleÕs Republic
of China (Wang et al., 2014). The Þrst molecular study on
An. sinensiswas published in 2002, but there are still few
publications on gene functions and molecular mechanisms,
despite a large numbers of molecules being found using omics
tools.

A detailed summary of biology information onAn. sinensis
was presented and represents the accumulation of many yearsÕ
studies in China. Before molecular tools were developed, the
identiÞcation ofAn. sinensisand its sibling species depended on
morphological characteristics (Reidenbach et al., 2009), which
were sometimes undependable and likely to misidentify sibling
species. For instance, a narrow-ovate form ofAn. sinensis
was Þrst described as a new species but later identiÞed as
Anopheles lesteri(Makhawi et al., 2013). PCR assays based on
molecular markers have been developed to accurately distinguish
in this species complex (Fanello et al., 2002) in 1990s.An.
sinensishas been successfully identiÞed fromAnopheles hyrcanus
complex based on speciÞc DNA nucleotide di!erences in the
sequences of the second internal transcribed spacer (ITS2) of
the ribosomal DNA (rDNA) (Ma and Xu, 2005). Morphological
characteristics together with nucleotide di!erences have enabled
accurate identiÞcation ofAn. sinensisfrom Anopheles hyrcanus
complex, which is essential for more precise knowledge of this
species.

Anopheles sinensishas a complex life cycle. Current knowledge
of the An. sinensis life cycle is basically complete and
sustained by extensive Þeld investigations and laboratory rearing
experiments. Most egg laying ofAn. sinensisoccurs at the
night following digestion of a blood meal, however, exceptions
to this behavior have also been noted. For example, egg
laying is sometimes observed in the daytime (Yusheng and
Xingbang, 1958). The timing and amounts of oviposition depend

on local conditions, blood-feeding, and the season. Various
experimental factors, such as photoperiod, substrate and bacteria,
were also involved (Zhao et al., 1991; Pan et al., 1993; Li
and Tang, 2010). Oviposition time and location may have
important consequences for vector population dynamics and
epidemiology.

Knowledge of the di!erent stages ofAn. sinensisshould
enhance the e"cacy of control strategies.An. sinensislarvae lie
horizontally at the water surface and feed on microorganisms,
algae, protozoa, and organic detritus. The rate of larval
development is temperature dependent and correlated to the time
required for embryogenesis and hatch. The pupa stage usually
lasted about 2 days, and this may be extended or shortened
related to temperature. The survival rate ofAn. sinensispupae
was highest compared to the other development stages. There
was a di!erence between male and female sexual maturity at
the time of emergence. Males usually emerge 1� 2 days before
the females.An. sinensishas a limited ßight range of 1 km; the
species tend to stay near their breeding sites. Marked-release-
recapture experiments indicate that they normally do not migrate
long distances.

Studies on male and femaleAn. sinensislife expectancy among
di!erent geographical strains indicated that male life expectancy
was shorter than female. These results were consistent with the
results of SulemanÕs and SumanÕs onCu. quinquefasciatus. Shorter
male life span may be a kind of biological rule for male and
female mosquitoes. High temperatures and low humidity can
also reduceAn. sinensislongevity while su"cient food supply
can extend the longevity, a result that is especially obvious under
experimental conditions.An. sinensisoverwinter as adult females.
Usually, the females use the lipid reserves for overwintering
survival in protected shelters when the temperature is less than
10� C.

Several studies described the complexity ofP. vivax
development inAn. sinensis.TheP. vivaxgametocytes completed
fertilization soon after mosquito blood-feeding on an infected
host. They transformed to ookinetes and oocysts, and began
to invade the salivary glands at 7� 8 days. Under experimental

TABLE 2 | denti®ed published molecules ofAn. sinensisin China.

Molecules Accession number Functions involved Reference

Defensin DQ002892 Immunity Zhi et al., 2002; Yan et al., 2005; Zheng et al., 2005;
Zhang Y.J. et al., 2006

Aquaporin (AQP) NA Biological process Tang et al., 2012

CYP6P5 KF358704 NA Che et al., 2014

CYP4G17 NA NA Yan et al., 2015

SRPN14 NA Immunity Feng et al., 2015

Detoxi®cation supergene families NA Insecticide resistance Zhou et al., 2015

Haem oxygenase (HO-1) NA NA Zhi et al., 2015

Tyrosine hydroxylase (TH) NA Immunity/Biological process Qiao et al., 2016

Odorant-binding protein (OBP) NA Biological process Qin et al., 2014; He et al., 2016

Iron responsive element binding protein 1 (IRE_BP1) NA Insecticide resistance Wang et al., 2015

Cuticular protein family (CPF) NA Biological process Liu B.Q. et al., 2016

Heat shock protein 40 (HSP40) HM013840 Immunity/molecular chaperones Li Y. et al., 2010

NA, not available.
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conditions, the sporozoite rates were lower than the oocyst
rates (Wang et al., 1982; Qu et al., 2000c). Sporozoite rates
were positively correlated with oocyst rates, and di!erentAn.
sinensisstrains showed di!erent sporozoite rates and oocyst rates
(Wang et al., 1982). The mean duration of the gonotrophic cycle
for An. sinensiswas 2.6 days. Assuming aP. vivaxincubation
time in mosquitoes of 7Ð8 days,An. sinensiswould require
three to four blood meals before being capable of transmitting
sporozoites.

In the context of malaria elimination, the value of
understanding the bionomics ofAn. sinensisand its role
on malaria transmission is critical for malaria reduction.
Distribution maps of An. sinensisin China were produced
by combining current knowledge ofAn. sinensisdistribution,
and occurrence data from open access, and published papers.
The occurrence data resulted in the collation ofAn. sinensis
occurrence from 343 records across 29 provinces. The map
was limited by the available data and bias sampling on original
data acquisition. The maps can still serve as an accurate
representation of the ranges ofAn. sinensisin China. However,
to increase knowledge of the biology and bionomics of the
mosquitoe in China, it is important to extend entomological
surveys to unexplored northern regions which may represent
its northern distribution boundary. A better understanding of
the full distribution range ofAn. sinensisand maps which could
predict the distribution trend by combining climate change
models is highly desirable.

Field studies on larval presence of in water bodies indicate
that An. sinensiscan select a wide range of water bodies in
which to lay their eggs. These studies implied that larvae
habitats were heterogeneous in form, space, and physical features.
Indoor and outdoor habitats for adultAn. sinensiswere also
very heterogeneous. This could be partially explained by the
di!erences in the investigation periods and the methods used in
An. sinensiscollection, such as larval collection tools, light traps,
and human baited trap.

Adult An. sinensishave been incriminated as a natural and
experimental malaria (P. vivax) vector in China, Indonesia,
Japan, and South Korea (Ree, 2005). The known published data
on An. sinensishost selection in China indicated that the degree
of anthropophily ofAn. sinensiswas low, and it was generally
concluded thatAn. sinensisis not an e!ective malaria vector,
especially in northern China. However, since 1960, uninterrupted
malaria cases have occurred in central China, whereAn. sinensis
is the only vector in most areas, thus it is di"cult to explain
why An. sinensisis appears to be an e!ective malaria vector in
these areas. According to a study in Henan province,An. sinensis
not only fed on human blood, but the biting frequency was
higher and natural infection ofP. vavixwas also present. The
evidence indicated thatAn. sinensisserved as the major vector
for endemic malaria in these regions. This suggests that malaria
transmission competence di!ers from south to north, and this
is also supported by variable vector capacity. It was concluded
that the vivax malaria transmission ability ofAn. sinensishas
probably been underestimated in central China (Pan et al., 2012).
In addition, the competence ofAn. sinensis(laboratory strain) to
P. vivaxwas similar toAn. anthropophaguswhen evaluated by

a membrane feeding assay under experimental conditions (Zhu
et al., 2013). The overall low vectorial capacity ofAn. sinensis
may be related to tendencies for zoophilic feeding behavior
in some study sites. Interestingly, the enhancement in vector
capacity ofAn. sinensiswas attributed to the local resident habits
and the decline in the number of large livestock leading to
the reduction of the traditional biological barriers (Pan et al.,
2012). Vector capacity ofAn. sinensiscan also depend on other
factors, such as the larval environment (Moller-Jacobs et al.,
2014).

Di!erent An. sinensispopulations in China exhibit variability
in morphology, chromosomes, ecology, vector capacity,
mitochondrial DNA, and even entire genomic DNA composition
(Feng et al., 2017). Understanding the molecular and genetic
mechanisms that determine variability in transmission e"ciency
and mosquito susceptibility could aid in the development of novel
vector control strategies. A draft genome and transcriptome
are currently available and many genes, including small RNA
genes have also been identiÞed. However, only 12 genes have
been experimentally studied. This is a huge knowledge gap
compared to the detailed analysis of variation in gene expression
throughout development or related to pathogen infections which
have been studied in other mosquito species. Approximately
25% of the genes showed a complex pattern of changes in
gene expression during the di!erent life stages ofAn. gambiae
(Strode et al., 2006), and a total of 94 molecules pertaining to
parasite infection have been validated (Sreenivasamurthy et al.,
2013). Attention also should be focused on the new research
directions such as gut-microbiomeÐparasite interactions,
genetics of mosquito behavior, epigenetics and non-coding
RNA. IdentiÞed molecules will provide useful tools for further
functional analysis of the genetic, ecological and immune
aspects. Determining the interactions and employing these as
e"cient resources for malaria intervention will require more
research.

As China moves toward malaria elimination, it will be
necessary to continuously update and summarizeAn. sinensis
vector research. Climate and environmental landscapes continue
to change and appropriate entomological surveillance and
evaluation will alert researchers to biological and bionomic
changes. The value of applying new tools generated from
molecular studies ofAn. sinensismalaria transmission could be
highly signiÞcant.

CONCLUSION

This review provides current information on biology, bionomics,
and molecules relevant toAn. sinensisin China. Traditional
research has provided a wealth of information onAn. sinensis
biology and bionomics. However, there is a lack of quantitative
information required to characterize mechanisms of physiology
and developmental biology and interactions with parasites.
Future studies should Þll these knowledge gaps. An integrated
understanding of biology, bionomics, and molecules may yield
more e!ective control strategies to facilitate malaria elimination
in China.
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Myanmar border in Yingjiang County, Yunnan 
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Abstract  

Background: The re-establishment of malaria has become an important public health issue in and out of China, and 
receptivity to this disease is key to its re-emergence. Yingjiang is one of the few counties with locally acquired malaria 
cases in the China±Myanmar border in China. This study aimed to understand receptivity to malaria in Yingjiang 
County, China, from June to October 2016.

Methods: Light-traps were employed to capture the mosquitoes in 17 villages in eight towns which were catego-
rized into four elevation levels: level 1, 0±599 m; level 2, 600±1199 m; level 3, 1200±1799 m; and level 4, > 1800 m. Spe-
cies richness, diversity, dominance and evenness were used to picture the community structure. Similarity in species 
composition was compared between di!erent elevation levels. Data of seasonal abundance of mosquitoes, human 
biting rate, density of light-trap-captured adult mosquitoes and larvae, parous rate, and height distribution (density) 
of Anopheles minimus and Anopheles sinensis were collected in two towns (Na Bang and Ping Yuan) each month from 
June to October, 2016.

Results: Over the study period, 10,053 Anopheles mosquitoes were collected from the eight towns, and 15 Anopheles 
species were identi®ed, the most-common of which were An. sinensis (75.4%), Anopheles kunmingensis (15.6%), and 
An. minimus (3.5%). Anopheles minimus was the major malaria vector in low-elevation areas (< 600 m, i.e., Na Bang 
town), and An. sinensis in medium-elevation areas (600±1200 m, i.e., Ping Yuan town). In Na Bang, the peak human-
biting rate of An. minimus at the inner and outer sites of the village occurred in June and August 2016, with 5/bait/
night and 15/bait/night, respectively. In Ping Yuan, the peak human-biting rate of An. sinensis was in August, with 9/
bait/night at the inner site and 21/bait/night at the outer site. The two towns exhibited seasonal abundance with high 
density of the two adult vectors: The peak density of An. minimus was in June and that of An. sinensis was in August. 
Meanwhile, the peak larval density of An. minimus was in July, but that of An. sinensis decreased during the investi-
gation season; the slightly acidic water suited the growth of these vectors. The parous rates of An. sinensis and An. 
minimus were 90.46 and 93.33%, respectively.

Conclusions: The Anopheles community was spread across di!erent elevation levels. Its structure was complex and 
stable during the entire epidemic season in low-elevation areas at the border. The high human-biting rates, adult and 
larval densities, and parous rates of the two Anopheles vectors reveal an exceedingly high receptivity to malaria in the 
China±Myanmar border in Yingjiang County.

Keywords: Receptivity, Community structure, Anopheles community, Malaria transmission, Re-establishment, China±
Myanmar border

" The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

Malaria Journal

*Correspondence:  zss2322170@126.com 
1 Department of Malaria, National Institute of Parasitic Diseases, 
Chinese Center for Disease Control and Prevention, 207 Rui Jin Er Road, 
Shanghai 200025, People's Republic of China
Full list of author information is available at the end of the article



Page 2 of 14Chen et al. Malar J  (2017) 16:478 

Background
Malaria remains a signi®cant public health problem, espe-
cially in Africa and Southeast Asia. Owing to the incep-
tion of the World Health Organization (WHO)'s Mekong 
Malaria Programme a decade ago, the annual malaria 
incidence and mortality have declined continuously in 
the Greater Mekong Subregion (GMS) [1±3]. However, 
among the GMS nations, Myanmar has the heaviest dis-
ease burden of malaria and is one of the most threaten-
ing foci of malaria in Southeast Asia [4, 5]. !e b order of 
Kachin State in Myanmar has a high incidence and mor-
tality rate of malaria [6]. It is thus crucial to assess the risk 
of malaria re-establishment in this border to allow the rel-
evant departments in the region to develop optimal elimi-
nation strategies, since China and the GMS counties aim 
at malaria elimination by 2020 and 2030, respectively [7].

!e infectivity-re ceptivity-vulnerability framework 
is an important method to assess the risk of malaria re-
establishment in many countries [8±12]. !e framework 
de®nes receptivity as the presence, distribution, seasonal 
abundance and bionomics of the potential vector [8, 9, 
12]. Control of malaria transitions depends on integrated 
actions [7], and according to ªA framework for malaria 
eliminationº announced by the WHO, receptivity is a 
key point to malaria re-emergence [13]. Considering the 
high cost of measuring receptivity in an area, it is system-
atically di"cult to obtain ®rst-hand data on receptivity in 
the China±Myanmar border.

In China, malaria is being rapidly eliminated [7, 14, 15], 
which has been mainly attributed to malaria control in 
the China±Myanmar border in Yunnan Province. In 2014 
and 2015, Yingjiang County was one of the few counties 
to report malaria transmission. In 2016, it was the only 
county to report locally acquired malaria cases in the 
border. !erefore, it is speci®cally important to deter-
mine receptivity to malaria in this county.

In Southeast Asia, including China and Myanmar, 
deforestation and cultivation of cash crops (such as 
banana, rubber, and maize) constitute the most impor-
tant environmental changes in rural areas [16±18]. For 
example, ®eld investigation and interview of the local pri-
mary public health care provider revealed that the main 
crop of these regions was rice, which occupied approxi-
mately 2 million square kilometres in Na Bang town, 
Yingjiang County, before 2005. After 2005, banana was 
grown as the main crop in these regions. Until early 2016, 
the area of banana production had increased to#>#3 mil-
lion square kilometres, and no rice crops were left. !ese 
changes may have led to alterations in the population 
density, life history [19], and behaviour of vectors such 
as laying eggs [20]. !is change in ecotope in the China±
Myanmar border may have resulted to change in recep-
tivity to malaria in the region.

!e main malaria vectors in the China±Myanmar bor-
der are Anopheles minimus and Anopheles sinensis [5, 19, 
21, 22]; the major vectors in China are An. sinensis, Anoph-
eles lesteri, Anopheles dirus, and An. minimus [23, 24]. In 
recent years, An. minimus in these areas has become the 
focus of research. Several studies investigated the ecologi-
cal features of malaria vectors, including species compo-
sition and population dynamics, density, human blood 
index, proportion of sporozoites, and environmental 
factors (e.g., land use and land cover changes) [6, 18, 19, 
21]. !ese studies provided valuable information for gen-
erating targeted intervention strategies for malaria con-
trol and elimination along the border areas. However, the 
community structure of Anopheles mosquitoes at di$erent 
elevations in the border remains unknown. Moreover, the 
seasonal receptivity in the county, especially the season-
ality of the human-biting rate and larval density, has not 
been well investigated in recent years.

!erefore, this study aimed to collect mosquitoes from 
17 villages in eight towns in Yingjiang County at di$er-
ent elevations; analyse the community structure by spe-
cies richness, diversity, dominance, and evenness [6, 
25±32]; and examine receptivity to major malaria vectors 
(An. minimus and An. sinensis) in the China±Myanmar 
border.

Methods
Study area
Yingjiang County (24%24� to 25%20�N, 97%31� to 98%16�E), 
located in the west of Yunnan Province, has a popula-
tion of#>#0.3 million, includes 15 towns and 103 villages, 
and has a boundary line of 214.6#km. Its climate is warm 
and humid at low altitudes and cold at high altitudes. !e 
main cash crops are rice, banana, co$ee, sugarcane, and 
maize. Bu$alo, yellow cattle, pigs, and dogs are also com-
mon. !is variety in climate, ecology, and environment 
makes the county favourable for malaria vectors.

Two towns (Na Bang and Ping Yuan) in the county were 
selected as sentinel sites from June to October 2016. Na 
Bang, bordering on Myanmar and located west of the 
county, has a boundary line of 20.5# km and has nine vil-
lages, with a total population of 1751. !e main cash crop 
is banana. !e town has a tropical-subtropical climate and a 
low elevation, with the lowest elevation of 210#m. !e aver -
age annual temperature is 22.7#%C, and the average annual 
precipitation is 2655#mm. Ping Yuan, the capital town of the 
county, has a population of 53.5 thousand and has 85 vil-
lages. Its main cash crop is rice, and its elevation is 937#m.

In this study, 17 villages in eight towns were included 
and categorized into four levels according to the eleva-
tion of the study sites (Fig.#1): level 1, 0±599#m; level 2, 
600±1199#m; level 3, 1200±1799#m; and level 4,#>#1800#m 
(Table#1). In May and October 2016, a cross-sectional 
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study was conducted on the community structure of 
Anopheles mosquitoes in the 17 villages. To determine 
the seasonal abundance of mosquitoes, the human-bit-
ing rate (ma) [19], density of light-trap-captured adult 
mosquitoes and larvae, parous rate [20], and height dis-
tribution (density) of An. minimus and An. sinensis were 
investigated in Na Bang and Ping Yuan each month from 
June to October 2016 (Table#2).

Mosquito collection and species identi®cation
Centers for Disease Control and Prevention (CDC) light-
traps without bait were used to capture mosquitoes. 
After transport to the laboratory, the mosquitoes were 
morphologically separated as Anopheles, Culex, Aedes, 
and other subfamilies or genera [6]. Anopheles mosqui-
toes were further morphologically sorted according to 
their species [6, 21]. After identifying the samples, each 
mosquito was kept in a cryogenic vial (Corning Inc., NY, 
USA) using 75& alcohol and stored in a � #20#%C freezer 

immediately to prepare for DNA extraction and identi®-
cation using multiplex polymerase chain reaction (PCR). 
!e DNA of An. minimus groups and the Hyrcanus 
Group were extracted from legs or wings of each mos-
quito for further species con®rmation [33, 34].

Human-biting rate
In each sentinel town, two survey sites (inner and outer) 
in each village were used for surveillance of the human-
biting rate of An. minimus and An. sinensis. Although 
the human-landing catch (HLC) is the gold standard 
for monitoring mosquitoes that bite humans [35±37], 
it is labour intensive, cumbersome, and hazardous and 
requires intense supervision [38]. Alternatively, the 
human-baited double-net (HDN) trap is a simple and 
cheap method to estimate the human-biting rate out-
doors without exposing collectors to vector bites [39]; 
and so far the best-performing trap, with similar e"-
ciency to HLC. In this study, the human-biting rate of An. 

Fig. 1 Locations of study sites and a pie-chart showing Anopheles distribution (percentage) in Yingjiang County. (No Anopheles mosquito was 
captured in Shang Tian Ba.)



Page 4 of 14Chen et al. Malar J  (2017) 16:478 

minimus and An. sinensis was monitored for 10 nights in 
four houses using the HDN trap from June to October 
2016. One local volunteer was employed to rest inside a 
small bed net and was consequently fully protected from 
mosquitoes for the whole night's duration. A larger bed 
net was hung over the smaller net and raised 30#cm above 
the ground. Both nets were protected from the elements 
by plastic-sheeting roof, but were not treated with any 
insecticide. One specialized person captured the mosqui-
toes from inside and outside the larger bed net per hour 
from 2000 to 0700#h. !e species were then identi®ed in 
the laboratory, and the number of captured mosquitoes 

was recorded at each survey site to calculate the human-
biting rate.

Seasonal abundance of adult mosquitoes
!e vectors in human bedrooms and cattle shelters were 
captured using CDC light-traps from June to October 
2016, and the seasonal abundance in terms of density 
(per light-trap per night) of An. minimus and An. sinen-
sis was calculated accordingly. In each village, four light-
traps were hung separately in two human bedrooms and 
two cattle shelters per night, from 2000 to 0700#h of the 
next day. In each month, vectors were captured twice on 
two nights at the same place.

Density of larvae
All kinds of breeding sites (bogs, slow-¯owing water 
bodies, rice paddies, pools, and ditches) of the two vec-
tors were surveyed in the two towns each month during 
the survey season. Standard dippers with approximately 
500# mL volume were used to collect larvae from the 
water bodies [40]. Ten dips of water were taken to deter-
mine the presence of anophelines. If anophelines were 
present, the larvae in the 10 dips were collected in a small 
bottle with some water. !e bottles were then numbered 
and transported to the laboratory to count the number 
of ®rst-, second-, third-, and fourth-instar larvae and 
pupae of the two vectors [41]. !e species of late third- 
and fourth-instar anopheline larvae were identi®ed under 
a microscope using commonly accepted guidelines [42]. 
!e identi®ed larvae were preserved in a cryogenic vial 
(Corning Inc.) containing 75& alcohol for further identi-
®cation by PCR. !e density of larvae (per 10 dips) was 
calculated accordingly. Additionally, the pH value and 
location of the breeding sites were surveyed to analyse 
the relationship between these factors and the density of 
larvae.

Parous rate
Landing collections were performed by collecting 
An. minimus and An. sinensis in cattle shelters in Na 
Bang and Ping Yuan each month, from 2130 to 2200#h 
per night. Mosquitoes were collected by four collec-
tors using an aspirator. !e collected mosquitoes were 
transported to the laboratory of Yingjiang CDC, where 
they were killed using chloroform and dissected using 
minute dissection needles to collect their ovaries. !e 
ovaries were separated from the other internal organs 
(including the Malpighian tubules and stomach) and 
teased apart at approximately 40�  magni®cation 
through a dissection microscope to con®rm whether the 
mosquitoes had laid eggs. !e parous rate was calcu-
lated accordingly.

Table 1 Global positioning system information of selected 
survey sites at di!erent elevations

Elevation 
levels

Town Village Latitude Longitude

1 (0 m ~) Na Bang Ka Ya He 24.72171 97.569687

Jing Po Zhai 24.724932 97.570903

Wang Jia Zhai 24.7302 97.567

Han Zu Zhai 24.713553 97.573415

Li Su Zhai 24.710657 97.571707

Shang Tian Ba 24.753889 97.563333

2 (600 m ~) Ping Yuan Hu Que Ba 24.809265 97.924073

Tai Ping Mang Lai She 24.639444 97.832944

3 (1200 m ~) Zhi Na Qing Wa Shi 25.02815 98.117844

Qin Cai Tang 25.026906 98.118117

Tong Bi Guan Xin Cun 24.631647 97.657962

Ga Du Er She 24.614827 97.65857

Da Zhai 24.627342 97.659831

4 (1800 m ~) Tai Ping Shi Ba Cha 24.694127 97.738692

Meng Nong Meng Dian 24.97327 97.945571

Su Dian Su Dian 25.108227 97.939872

Xi Ma Ying Pan Po 24.777837 97.703559

Table 2 Height distribution of malaria vectors in selected 
towns in Yingjiang County

Elevation levels Town Number of vil-
lages

Number of light-
trap nights

1 (0 m ~) Na Bang 6 92

2 (600 m ~) Ping Yuan 1 77

Tai Ping 1 4

3 (1200 m ~) Zhi Na 2 5

Tong Bi Guan 3 4

4 (1800 m ~) Tai Ping 1 3

Meng Nong 1 2

Su Dian 1 2

Xi Ma 1 2

Total 17 191
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Height distribution
!e height of each site in the 17 villages of the eight 
towns, where a light-trap was hung, was recorded using 
a handset global positioning system (Garmin Interna-
tional Inc., Olathe, KS, USA) to analyse the relationship 
between the height and the density of the two vectors. 
!e lowest elevation was 210#m in Na Bang town, and the 
highest was approximately 2000#m in Shi Ba Cha village 
in Tai Ping town. As mentioned, the towns were divided 
into four levels. Besides the two sentinel towns, six towns 
were selected at di$erent elevation levels. !e same mos-
quito-capturing method was adopted as the one used for 
investigating the seasonal abundance of adult mosqui-
toes. !er eafter, the captured mosquitoes were trans-
ported to the laboratory to con®rm whether they were 
the target vectors.

Data analysis
Species richness of Anopheles mosquitoes was meas-
ured using the index N, which represents the number 
of species [6]. Species dominance was measured by the 
Berger±Parker dominance index d, which was equal to 
the fraction of a species with a majority proportion in 
the study site or area [6]. Species diversity and evenness 
were evaluated by three indicesÐSimpson diversity index 
D, Shannon diversity index H, and evenness index E [25±
32]. Similarity among di$erent elevation levels was meas-
ured using the Morisita±Horn similarity index C [32±43]. 
!e indices D and H were calculated from the proportion 
of each species; E, also known as Shannon's equitability, 
was calculated by dividing H by richness; and C was cal-
culated by the number of individuals of each species and 
the total number of mosquitoes [43]. !ese indices were 
represented by the following equations:

where N is the richness index, pi is the proportion of a 
species that belongs to the ith species, nji is the number 
of individuals of a species i in an area j, and M j is the 
number of individuals in an area j.
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In the cross-sectional study, the light-trap density 
(females/trap/night), N, D, H, d, and E were evaluated to 
determine the community structure of Anopheles mos-
quitoes in the 17 villages, and C was used to measure the 
similarity among di$erent elevation areas. !e commu-
nity-structure indicators were used to examine the popu-
lation dynamics at the two surveillance sites.

Microsoft Excel 2010 (Microsoft Corp., USA) was 
employed to represent the data. Data analysis was per-
formed using SPSS 13.0 software. Di$erences between 
larvae and pH value of water were calculated using the 
Pearson correlation test and Chi square test. Di$erences 
between population density and height were calculated 
using the Pearson correlation test and curve ®tting of the 
statistical model with observed data.

Results
Community structure and population dynamics 
of Anopheles mosquitoes
Over the study period, 191 trap nights were conducted, 
and 56,834 mosquitoes were collected in 17 villages. !e 
majority of captured mosquitoes were Culex (45,180, 
79.5&), followed by Anopheles (10,053, 17.7&), Aedes 
(1430, 2.5&), and other subfamilies or genera (171, 0.3&). 
Fifteen Anopheles species were identi®ed and observed in 
the samples: An. sinensis (75.4&), Anopheles kunmingen-
sis (15.6&), and An. minimus (3.5&), followed by 12 other 
Anopheles species (5.5&) (Table#3). !e Anopheles distri-
bution in each village is shown in Fig.#1.

!e area with a level 1 elevation had the lowest Anoph-
eles density (6.82 females/trap/night) and dominance 
index (d#� #0.51), but the highest Simpson diversity index 
(D#� #0.68), Shannon diversity index (H#� #1.47), and even-
ness index (E#� #0.67) (Table#4). Furthermore, the richness 
index (N#� #9) in such area was lower than that of a level 2 
area, but higher than those of level 3 and 4 areas. A level 
2 area had the highest species richness index (N#� # 11) 
and dominance index (d#� #0.95), but the lowest diversity 
indices D (0.09) and H (0.24) and evenness index E (0.10). 
Compared with a level 1 area, level 3 and 4 areas had 
lower N, D, H and E indices but higher d index. Among 
all Anopheles species, An. minimus, An. sinensis, and An. 
kunmingensis showed the highest proportion in areas of 
elevation levels 1, 2/3, and 4, respectively.

Similarity analysis showed that the species compo-
sition of level 2 and 3 areas had the highest similarity 
(Morisita±Horn index C#� #0.999), but any other two level 
areas showed low similarities (Morisita±Horn index C 
range, 0.059±0.274) (Table#5). !e results of the two sur-
veillance sites showed that the major Anopheles species 
in Na Bang was An. minimus, followed by An. sinensis 
(Table#6). In Na Bang, the pooled density of the entire 
study season was 6.82 females/trap/night, with a peak of 
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13.06 females/trap/night in June. Moreover, Na Bang had 
the highest N (8), D (0.75), H (1.66), and E (0.8) indices 
in September, but the highest d (0.67) index in June. All 
indicators of community structure in Na Bang showed a 
low variation during the season. In contrast, a large vari-
ation in these parameters was observed in Ping Yuan. 
!e pooled density of the entire study season was 89.99 
females/trap/night, with a peak of 244.60 females/trap/
night in August. Additionally, the highest N (9), D (0.69), 

and H (1.46) indices were observed in October, but the 
highest d (0.98) index was observed in August, and the 
highest E (0.70) index in May (Fig.#2).

Human-biting rate
!e human-biting rate of An. minimus was 1.4/bait/
night at the inner survey site, but 5.2/bait/night at the 
outer survey site in Na Bang from June to October 2016. 
Meanwhile, the human-biting rate of An. sinensis was 0/
bait/night in Na Bang, irrespective of the location. At the 
inner site, the peak human-biting rate of An. minimus 
was in June, with 5/bait/night (Table#7). However, at the 
outer site, although the human-biting rate of An. mini-
mus was 9/bait/night in June, the peak was 15/bait/night 
(Fig.#3). Anopheles minimus was more likely to attack at 
0100 and 0400#h at the inner site, but only at 0400#h at 
the outer site (Fig.#3).

In Ping Yuan, the human-biting rate of An. minimus 
was 0/bait/night, irrespective of the location. However, 
the human-biting rate of An. sinensis was 2.6/bait/night 

Table 3 Anopheles species composition by elevation and pooled across study sites and study period

Species Composition by elevation Pooled

0 m ~ 600 m ~ 1200 m ~ 1800 m ~ n %

An. sinensis 16.91 95.29 91.99 17.96 7579 75.39

An. kunmingensis 0.00 0.00 0.00 81.58 1572 15.64

An. minimus 51.20 0.36 0.89 0.00 351 3.49

An. splendidus 0.64 3.07 4.09 0.00 240 2.39

An. culicifacies 16.43 0.01 0.00 0.00 104 1.03

An. peditaeniatus 5.74 0.91 0.71 0.05 104 1.03

An. barbirostris 4.63 0.01 0.00 0.00 30 0.30

An. annularis 0.00 0.19 0.89 0.00 18 0.18

An. argyropus 1.44 0.07 0.00 0.00 14 0.14

An. pseudowillmori 0.00 0.06 1.42 0.00 12 0.12

An. tessellatus 1.59 0.00 0.00 0.00 10 0.10

An. vagus 1.44 0.00 0.00 0.00 9 0.09

An. gigas baileyi 0.00 0.00 0.00 0.42 8 0.08

An. ludlowae 0.00 0.01 0.00 0.00 1 0.01

An. subpictus 0.00 0.01 0.00 0.00 1 0.01

Table 4 Population density and community structure of Anopheles mosquitoes at each elevation level

f/t/n, females/trap/night; N, species richness; D, Simpson diversity index; H, Shannon diversity index; d, dominance index; E, evenness index

Elevation (m) Density (f/t/n) N Diversity index d E

D H

0 ~ 6.82 9 0.68 1.47 0.51 0.67

600 ~ 85.64 11 0.09 0.24 0.95 0.10

1200 ~ 62.44 6 0.15 0.39 0.92 0.22

1800 ~ 214.11 4 0.30 0.50 0.82 0.36

Table 5 Similarity in species composition between di!er-
ent elevations

0 m ~ 600 m ~ 1200 m ~ 1800 m ~

0 m ~ 1

600 m ~ 0.266 1

1200 m ~ 0.274 0.999 1

1800 m ~ 0.059 0.213 0.214 1
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at the inner site and 4.6/bait/night at the outer site. !e 
peak human-biting rate of An. sinensis was in August, 
with 9/bait/night at the inner site and 21/bait/night at the 
outer site (Fig.#3). Anopheles sinensis was more likely to 
attack at 2100 and 2400#h at the inner site and 2200 and 
2400#h at the outer site (Fig.#3).

Seasonal abundance of adult mosquitoes
In Na Bang, the major vector was An. minimus. Its peak 
density was observed in human bedrooms in May (5 
females/trap/night) and in cattle shelter in June (13.25 
females/trap/night). !ere were two peaks (June and Sep-
tember) of An. sinensis in cattle shelters in the town, with 
densities of 4.5 females/trap/night and 4.25 females/trap/
night, respectively. However, in human bedrooms, the 
density of An. sinensis decreased from May to October.

In Ping Yuan, the major vector was An. sinensis, the 
peak density of which was found in cattle shelters in 
August (422 females/trap/night) and in human bedrooms 
in September (140.25 females/trap/night). However, the 
density of An. minimus was low, and the seasonality of 
this vector was not evident in the town (Fig.#4).

Density of larvae
!e seasonality of An. minimus larvae was evident in Na 
Bang, with a density of 7.5/10 dips. Meanwhile, the peaks 

of An. sinensisÐin Na Bang were in June and September, 
with densities of 5.5/10 dips and 4.8/10 dips, respectively. 
Ping Yuan had a lower density of both vectors, and the 
density of An. sinensis decreased during the investigation 
season. No larva of An. minimus was detected in Ping 
Yuan during the investigation (Fig.#5).

A total of 87 samples were collected from di$erent 
water bodies. !ere was a signi®cant di$erence between 
the larvae of An. minimus and pH of the water samples 
surveyed (! 2#� # 4.721, P#� # 0.030; Table#8). In contrast, 
no signi®cant di$erence existed between the larvae of 
An. sinensis and pH value of the water samples surveyed 
(! 2#� #0.001, P#� #0.976). However, the density of the larvae 
was negatively correlated with the pH value; the correla-
tion coe"cient ( r#� #� #0.297, P#� #0.005) was calculated 
by the Pearson correlation test. Water samples with low 
pH showed a high density of An. sinensis larvae (Fig.#6).

Parous rate
In this study, 283 An. sinensis mosquitoes captured in cat-
tle shelters were dissected, among which 256 (90.46; 95& 
con®dence interval, 87.04±93.88&) had laid eggs. Fifteen 
An. minimus mosquitoes captured in cattle shelters were 
also dissected, among which 14 (93.33; 95& con®dence 
interval, 80.26±100.00&) had laid eggs.

Table 6 Anopheles species composition by month

NB Na Bang, PY Ping Yuan

Town Species May June July August September October Pooled

n %

NB An. minimus 33.33 66.99 63.89 65.25 8.54 17.86 321 51.20

An. sinensis 5.56 19.62 10.19 5.93 42.68 16.07 106 16.91

An. culicifacies 61.11 6.70 12.04 12.71 7.32 39.29 103 16.43

An. peditaeniatus 0.00 1.91 0.00 7.63 13.41 21.43 36 5.74

An. barbirostris 0.00 2.87 6.48 1.69 15.85 1.79 29 4.63

An. tessellatus 0.00 1.44 1.85 3.39 1.22 0.00 10 1.59

An. vagus 0.00 0.00 3.70 3.39 1.22 0.00 9 1.44

An. argyropus 0.00 0.00 0.00 0.00 9.76 1.79 9 1.44

An. splendidus 0.00 0.48 1.85 0.00 0.00 1.79 4 0.64

PY An. sinensis 54.55 94.60 97.23 97.75 94.37 45.95 6606 95.34

An. splendidus 36.36 4.01 1.19 1.10 4.35 29.73 209 3.02

An. peditaeniatus 0.00 0.00 0.00 1.02 1.07 10.81 63 0.91

An. minimus 6.82 0.77 0.13 0.13 0.14 4.05 25 0.36

An. annularis 2.27 0.15 1.19 0.00 0.00 0.00 13 0.19

An. argyropus 0.00 0.00 0.26 0.00 0.07 2.70 5 0.07

An. pseudowillmori 0.00 0.31 0.00 0.00 0.00 2.70 4 0.06

An. barbirostris 0.00 0.00 0.00 0.00 0.00 1.35 1 0.01

An. ludlowae 0.00 0.00 0.00 0.00 0.00 1.35 1 0.01

An. culicifacies 0.00 0.00 0.00 0.00 0.00 1.35 1 0.01

An. subpictus 0.00 0.15 0.00 0.00 0.00 0.00 1 0.01
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Height distribution
191 trap nights were performed to capture mosquitoes in 
eight towns (Table#2). Analysis of data revealed that the 
density of An. minimus decreased with an increase in 
area elevation, irrespective of the location of collection 
(human bedroom: r#� #� #0.441, P#� #0.000; livestock build-
ing: r#� #� #0.297, P#� #0.003). A linear model may repre-
sent the relationship between the density and height. 
After analysing the data of 90 densities of captured An. 
minimus and the related height values, the model in 

human bedrooms was y#� # 2.009#� # 0.02x (R2#� # 0.194, 
P#� #0.000), where y and x indicate the density of An. min-
imus and elevation of the area, respectively. After analys-
ing the data of 101 densities of captured An. minimus and 
the related height values, the model in cattle shelters was 
y#� #6.147#� #0.005x (R2#� #0.088, P#� #0.003).

!e density of An. sinensis increased with an eleva-
tion# <# 1200# m but decreased with# ># 1200# m (Table#9). 
A quadratic model could be used to represent the rela-
tionship between the density and height. Analysis of 90 

Fig. 2 Population dynamics of Anopheles mosquitoes at two study sites in Yingjiang County, May±October 2016. a Pooled population density 
(females/trap/night) of all Anopheles species. b Species richness. c Simpson diversity index. d Shannon diversity index. e Dominance index. f Even-
ness index

Table 7 Human-biting rate of An. minimus and An. sinensis in Na Bang and Ping Yuan from June to October 2016

Towns Location Number of bait Number of night Number of An. 
minimus

Number of An. 
sinensis

ma of An. 
minimus (per bait 
per night)

ma of An. sinensis 
(per bait per night)

Na Bang Inner village 1 5 7 0 1.4 0

Outer village 1 5 26 0 5.2 0

Ping Yuan Inner village 1 5 0 13 0 2.6

Outer village 1 5 0 23 0 4.6
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densities of captured An. sinensis and the related height 
values showed that the model in human bedrooms was y#
� #� #21  .017#� #0.09x#� #0.000029x2 (R2#� #0.199, P#� #0.000), 
where y and x indicate the density of An. sinensis and 
height, respectively. Analysing 101 light-trap-captured 
densities of An. sinensis and the related height values also 
revealed the following model in cattle shelters: y#� #� #77.4
44#� #0.373x#� #0.000177x2 (R2#� #0.100, P#� #0.006).

Discussion
Although some studies have focused on community 
structure and receptivity to malaria in the China±Myan-
mar border (especially in the low-elevation areas) [6, 
18, 21, 22], this study focused on other aspects to better 
understand Anopheles ecological features. Firstly, this 

study investigated the Anopheles distribution and found 
di$erent community structure models at di$erent eleva-
tion levels. !e relationship between An. minimus den-
sity and elevation ®tted well on a linear equation with 
one unknown model, but that between An. sinensis den-
sity and elevation ®tted well on a quadratic equation with 
one unknown model. Secondly, this study found that high 
density, human-biting rate, and parous rate may lead to 
high receptivity to malaria in the border area. Finally, the 
slightly acidic water suited the growth of the two vectors.

!e results of this study showed that the commu-
nity structure of Anopheles was highly complex in areas 
below an elevation of 600# m. In these areas, the diver-
sity indices D and H and the evenness index E were the 
highest, and the species richness index was also high up 

Fig. 3 Seasonality of human-biting rate of Anopheles minimus and Anopheles sinensis in two surveillance sites. a Human-biting rate of An. minimus 
at the inner and outer village sites of Na Bang from June to October 2016. b Human-biting rate of An. sinensis at the inner and outer village sites 
of Ping Yuan from June to October 2016. c Human-biting rate (per hour) of An. minimus at the inner village site of Na Bang. d Human-biting rate 
(per hour) of An. minimus at the outer village site of Na Bang. e Human-biting rate (per hour) of An. sinensis at the inner village site of Ping Yuan. f 
Human-biting rate (per hour) of An. sinensis at the outer village site of Ping Yuan. Data on the human-biting rate in Ping Yuan were only collected at 
23:00 h in June and 24:00 h in August because of intense rainfall on those nights
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to 9. Although An. minimus was the major malaria vec-
tor in these areas, it was only 51& of the total Anophe-
les mosquitoes, which made the dominance index to be 
lowest among the four elevation level. Additionally, the 

proportion of An. sinensis and Anopheles culicifacies was 
as high as 16&. !ese results were slightly di$erent with 
those of Yu et#al. and Wang et#al. [6, 21]. !ey reported 
that the ®rst three predominant Anopheles species were 
An. minimus, An. maculatus, and An. culicifacies, with 
An. sinensis only accounting for# <# 4& [6]. !ese di$er -
ences might be due to the di$erent study years, changes 
in main cash crops, and di$erent types of mosquito cap-
ture sites. Until early 2016, banana totally replaced rice 
and become the dominant cash crop in Na Bang. Fur-
thermore, while Yu et#al. and Wang et#al. captured adult 
mosquitoes in human bedrooms, we captured mos-
quitoes in both human bedrooms and cattle shelters. 
Anopheles minimus belongs to four high-transmission-
potential vectors in China, the rest being An. sinensis, 
An. lesteri, and An. dirus [23, 24]. Anopheles sinensis is a 
major malaria vector in China, especially northern China 
[23, 24], India [44, 45], Sri Lanka [46], and Iran [47]. !e 
results of the cross-seasonal surveillance showed that the 
community structure was stable during the study season 
in the China±Myanmar border. !erefore, choosing the 
speci®c vector-control measures was more di"cult in 
this region than in other elevation level because di$erent 
targeted control measures were based on di$erent eco-
logical features.

!e dominan t species in the Anopheles community 
was An. sinensis at an elevation of 600±1800# m, with a 

Fig. 4 Seasonality of trap-captured Anopheles minimus and Anopheles sinensis at the two surveillance sites. a Density of An. minimus in human 
bedrooms and cattle shelters in Na Bang. b Density of An. sinensis in human bedrooms and cattle shelters in Na Bang. c Density of An. minimus in 
human bedrooms and cattle shelters in Ping Yuan. d Density of An. sinensis in human bedrooms and cattle shelters in Ping Yuan

Fig. 5 Seasonal abundance of larval density of Anopheles minimus 
and Anopheles sinensis at two surveillance sites. a Larval density in Na 
Bang. b Larval density in Ping Yuan
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dominance index# ># 0.9, indicating absolute predomi-
nance of the vector in the area. !e results of the cross-
seasonal surveillance in Ping Yuan showed that the 
density of Anopheles mosquitoes peaked from June to 
September and#>#94& of them were An. sinensis, indicat-
ing low diversity and evenness during that period. !e 
highest similarity was observed between areas with ele-
vations of 600±1199 and 1200±1799# m, suggesting that 
these two areas could be combined into one area, with 
the target vector to control being An. sinensis. Although 
An. sinensis prefers biting animals such as cattle or water 
bu$alo over humans [48, 49], its extremely high density 
in the area could lead to a high probability of malaria 
transmission. Latest research using membrane feeding 
assay under laboratory conditions demonstrated that 
the susceptibility of An. sinensis to Plasmodium#vivax 
is similar to that of Anopheles anthropophagus [24]. In 
addition, P. vivax is a major parasite of malaria in the 
China±Myanmar border [50, 51]. !erefore, speci®c vec-
tor-control countermeasures aimed at An. sinensis should 
be strengthened in the region in case of the re-establish-
ment of malaria.

High elevation of# ># 1800# m was correlated with low 
species richness, diversity, and evenness in the area. 
Anopheles kunmingensis was the major Anopheles mos-
quito in the high-elevation areas (>#1800#m). One study 
reported An.#kunmingensis# as the main malaria vector 
based on its indoor abundance, relatively high human-
biting rate, and the ®nding of a sporozoite-positive speci-
men during a peak malaria season in Tengchong County, 
Yunnan Province, China [52]. However, the role of mos-
quitoes in transmission of malaria, especially in suscepti-
bility to Plasmodium and receptivity to malaria, remains 
uncertain. !erefore, furt her research on Anopheles mos-
quitos is required to determine the integrated aspects of 
malaria transmission.

Table 8 Relationship between pH value and larvae of the 
two vectors

pH < 7.0 pH > 7.0 Total

An. minimus 40 47 87

 Positive 9 3 12

 Negative 31 44 75

An. sinensis 40 47 87

 Positive 20 26 46

 Negative 20 21 41

Fig. 6 pH value and larval density of Anopheles minimus and Anoph-
eles sinensis in Yingjiang County. a An. minimus. b An. sinensis

Table 9 Density of An. minimus and An. sinensis at di!erent elevations

Elevation (m) Number of light-
traps

Number of An. 
minimus

Density of An. mini-
mus (per light-trap 
per night)

Number of An. 
sinensis

Density of An. sin-
ensis (per light-trap 
per night)

Human bedroom 0 ~ 46 76 1.65 16 0.35

600 ~ 40 1 0.03 1387 34.68

1200 ~ 3 0 0.00 293 97.67

1800 ~ 1 0 0.00 0 0.00

Total 90 77 0.86 1696 18.84

Cattle shelter 0 ~ 46 252 5.48 89 1.93

600 ~ 41 24 0.59 5223 127.39

1200 ~ 12 5 0.42 570 47.50

1800 ~ 2 0 0.00 0 0.00

Total 101 281 2.78 5882 58.24
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!e results of this study further revealed that the 
human-biting rate of An. minimus was remarkably high 
in Na Bang, with the highest rate of 15 females/person/
night in August. In the same month, the human-biting 
rate in Ping Yuan was 21 females/person/night. In addi-
tion, An. minimus was more likely to attack people after 
midnight, while An. sinensis before midnight. !ese ®nd-
ings necessitate the increased use of countermeasures 
such as bed nets and mosquito repellents for preventing 
vector bites from May to September, especially in August.

!e seasonal abundance of An. minimus was signi®-
cantly higher than that reported by Wang et#al. [6] in Na 
Bang in 2012±2013. !e densities in cattle shelters were 
higher than those in human bedrooms. Anopheles mini-
mus preferred areas at low elevation and tropical areas 
and showed a high density in cattle shelters in June, while 
An. sinensis preferred a medium elevation and showed 
a high density in August. In areas of low elevation, the 
conditions in June and September were more suitable 
to the vector, although the density in these areas was#<#5 
females/trap/night. Moreover the seasonal peak of An. 
minimus larvae occurred in July, while that of An. sinen-
sis larva occurred in August. !erefore, more mosquito-
control measures such as pesticide sprays should be used 
in this region before June.

!e parous rate of An. sinensis and An. minimus was 
90.46& and 93.33&, respectively. If the duration from 
eclosion to laying eggs is 2.5#days, the daily survival prob-
ability of An. sinensis and An. minimus will be 96.07& and 
97.28&, respectively, according to the function p#� #M1/X, 
where p, M, and X refer to the daily survival probability, 
the parous rate, and the duration from eclosion to laying 
eggs, respectively. According to the MacDonald model 
[53], vectorial capacity (VCAP) [54±57], which is the 
indicator of receptivity to malaria, can be presented by 
the function ���� � �� � � � � � � � � � � �� � �, where 
a and n indicate the vector biting rate and the parasite's 
extrinsic incubation period that is a$ected by ambient 
temperatures, respectively. !erefore, a higher human-
biting rate and ratio of vectors having laid eggs lead to a 
higher VCAP. In this study, these two parameters of An. 
sinensis and An. minimus in Yingjiang County showed 
exceedingly high values.

Due to several complicating factors, malaria in the 
China±Myanmar border might threaten the elimina-
tion of malaria in China [5]. Yingjiang County harbours 
several ethnic minorities, and their subsistence activi-
ties associated with forest areas, such as logging, banana 
or rubber planting, and living in planting areas during 
the farming season or entire year, are likely to increase 
the risk of infection [58]. Under conditions of high 
receptivity and potential exposure of the local people, 
if imported malaria cases occur in the county without 

timely and e$ective control, the probability of re-estab-
lishment will be extremely high. Consequently, speci®ed 
vector-control countermeasures should be strengthened 
in these areas in case of the re-establishment of malaria, 
which might a$ect the progress of malaria elimination 
in China, and more public health programmes should 
focus on controlling malaria transmission in the China±
Myanmar border region to better achieve malaria elimi-
nation in China.

Limitation
!e seasonality of species composition, density, ma, and 
parous rate was only investigated in two towns. !us, 
more surveys are necessary across the four elevation lev-
els to investigate the integrated aspects of receptivity to 
malaria in the China±Myanmar border.

Conclusions
!is study showed that the community structure of 
Anopheles was complex and stable during the entire epi-
demic season at low elevation areas in the China±Myan-
mar border in Yingjiang County, China. !e highest 
similarities in vector features were observed in areas with 
elevations of 600±1199 and 1200±1799#m. !ese areas of 
medium elevation showed signi®cant seasonality in the 
community structure (such as density, diversity, domi-
nance, and richness). Meanwhile, the community struc-
ture was relatively simple in areas of elevations#>#1800#m 
compared with other areas. Based on the high human-
biting rate, adult and larval density, and parous rate of 
the two vectors, receptivity to malaria was exceedingly 
high in the China±Myanmar border in Yingjiang County. 
!ese ®ndings can provide insights into the epidemiol-
ogy of malaria as well as direct and quanti®ed evidence to 
draw up vector control strategies and promote progress 
of malaria elimination in China.
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Abstract

Background:Tengchong County was one of the counties located at the China-Myanmar border with high malaria
incidence in the previous decades. As the pilot county for malaria elimination at the border area, Tengchong
County is aiming to be the first county to achieve malaria elimination goal. A cross-sectional entomological survey
was carried out to evaluate the feasibility of elimination approach and assess the receptivity of malaria
reintroduction.

Methods: Light traps associated with live baits were used to investigate the abundance of adult mosquitoes in
nine villages in Tengchong County. Light traps were set to collect adult mosquitoes in both human houses and
cowsheds from dusk till dawn in each site.

Results:A total of 4948 adultAnophelesmosquitoes were collected from May to December in two villages. Of the
mosquitoes were captured, 24.2% were in human houses and 75.8% in cowsheds. The peak of abundance occurred
in July forAn. sinensisand in September-October forAn. minimus(s.l.) TenAnophelesspecies were collected, the
most prevalent beingAn. sinensis(50.3%),An. peditaeniatus(31.6%) andAn. minimus(s.l.) (15.8%), contributing to
97.6% of the sample. Potential breeding sites were also investigated and a total of 407 larvae were collected, with
An. sinensis(50.1%) andAn. minimus(s.l.) (46.2%) as predominant species. Ponds and rice fields were the two
preferred breeding sites forAnophelesmosquitoes; however, the difference between the number of adults and
larvae captured suggest other breeding sites might exist. BothAn. sinensisand An. minimus(s.l.) were found
zoophilic with human blood index as 0.21 and 0.26, respectively. NoPlasmodiumpositiveAnophelesspecimens
were found by PCR among 4,000 trapped mosquitoes.

Conclusions:Although no indigenous malaria cases have been reported in Tengchong County since 2013, there is
still a risk from the presence of vectors in the context of human population movements from neighboring malaria
endemic areas. The presence ofAn. sinensis, associated to rice fields, is particularly worrying. Sustained
entomological surveillance is strongly suggested even after malaria elimination certification.
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Introduction
Malaria is the deadliest vector-borne disease in tropical
and subtropical areas, with a number of confirmed cases
estimated at 216 million with 445,000 deaths in 2016 [1].
Out of 91 countries and territories with malaria trans-
mission in 2016, 44 reported less than 10,000 cases and
21 are approaching malaria elimination, including China.
Significant progress on malaria control has been made
during the past decades and China is now aiming to
achieve malaria elimination by 2020 [2, 3]. However, mal-
aria control in international border areas is considered a
challenge, especially at the China-Myanmar border in
Yunnan Province [4–6]. Most of indigenous malaria cases
(up to 90%) and malaria cases imported from Southeast
Asia within China have been reported along this border
since 2013 [7–11].

Tengchong County (TCC) is located in the southwest of
Yunnan Province at the China-Myanmar border (Fig.1).
Because of the diversity of malaria vectors and large popu-
lation movements across the border, the number of mal-
aria cases reported in TCC was the highest for the whole
country in previous years [6, 12]. Hence, TCC was desig-
nated in 2012 as the pilot county for malaria elimination
at border areas with the objective of being the first border
county to achieve malaria elimination. This status was
officially granted in 2015 and no locally transmitted cases
were observed since then. However, imported cases from
neighboring Myanmar were recorded [8, 13, 14]. To inves-
tigate the feasibility of malaria elimination and assess the
risk of reintroduction of malaria in TCC, a series of stud-
ies and analyses on epidemiology were carried out and
published recently [8, 14]. These studies emphasized the

risk of reintroduction of malaria in TCC due to population
movement across the border into putative receptive areas.
However, malaria vectors are the key drivers for malaria
transmission and reintroduction [15–17]. We therefore in-
vestigated the presence of primary and secondary vectors
in TCC through a cross-sectional survey.

Methods
Study sites
TCC covers an area of 5693 km2 with a population of 6.68
million inhabitants and an international borderline with
Myanmar of 148 km (98°05'E–98°45'E, 24°38'N–25°52'N).
Mountains cover 84% of the territory with a maximum
elevation of 3780 m (Fig.2a). The altitude decreases from
northwest to southeast with the lowest point at 930 m
(Fig.2a). The annual average rainfall is 1531 mm and the
relative humidity is 77%, displaying the typical characteris-
tics of a subtropical monsoon climate. The annual average
temperature is 15 °C, decreasing to 0 °C during winter
(January). The rainy season lasts from June to September.
Nine villages located predominantly along the main re-
gional river and with an elevation between 1032–1655 m
were investigated (Fig.2a, Table 1). These villages were
chosen because they displayed the highest number of
imported cases and the highest population movements
across the international border with Myanmar, which is
located 70 km away [5, 6, 8, 14, 18]. Land use and land
cover (LULC) in TCC displayed two main features: (i)
either predominantly cropland landscape; or (ii) pre-
dominantly forest mixed with grasslands (Fig.2b).
Study sites were selected also in relation to urbanized
area, either: (i) at the edge of village area; (ii) close to

Fig. 1 Location of Tengchong County in the China-Myanmar border area
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village; or (iii) away from urbanized area (Table1, Fig.2b).
Two sites were located close to the dense forest, Yan Si
and Xinhua (Table1, Fig.2b5, b9), whereas five sites were
next to fragmented forest, mixed with grasslands:
Zhang Jia Cun; Nong Ling; Man Lve; Xiao Huangtian;
and Su Qing (Table1, Fig. 2b1, b3, b4, b6, b8). The
last two sites, i.e. Wan Ling and Man Duo, were

located in cropland areas nearby urbanized zones
(Table 1, Fig. 2b2, b7).

Mosquito collection and species identification
Adult mosquitoes
The collection of adult mosquitoes was conducted from
May to December 2015 in two villages, Man Lve and

Fig. 2 Map of the of the study site.a Location of study sites in the Tengchong County.b 1–9. Land use around each village

Table 1 Sampling sites with village names, location, altitude, type of landscape and forest, and distance to urbanized area

Village Township Latitude (°N) Longitude (°E) Altitude (m) Landscape Type of forest Urbanized areaa

Xiao Huangtian Tuan Tian 24.648424 98.611341 1655 Forest, grassland Fragmented Away

Yan Si Tuan Tian 24.668723 98.619704 1325 Cropland Dense Away

Man Lve Tuan Tian 24.679774 98.646722 1230 Cropland Fragmented Away

Nong Ling Tuan Tian 24.730656 98.648392 1368 Forest, grassland Fragmented Edge

Wan Ling Wu He 24.865358 98.676102 1229 Cropland Away from fragm. forest Close

Zhang Jia Cun Mang Bang 24.939534 98.694098 1270 Cropland Fragmented Away

Man Duo Pu Chuan 24.691051 98.555936 1232 Cropland Away from fragm. forest Edge

Su Qing Xin Hua 24.681433 98.462895 1032 Forest, grassland Fragmented Away

Xinhua Xin Hua 24.745937 98.485421 1175 Forest, grassland Dense Away
aUrbanized area located (i) away, (ii) at the edge or (iii) close to villages
Abbreviation: fragm., fragmented forest
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Nong Ling, which are located 3 km apart and character-
ized by a difference in elevation and surrounded by for-
est, croplands and grasslands (Table1, Fig. 2). Light
traps were set up to collect adult mosquitoes in both
human houses and cowsheds from sunset to sunrise
(times varied depending on the season). Humans under
bed nets and cattle were used as biological baits for
mosquito collection using light traps in houses and cow-
sheds, respectively. These human and animal-occupied
structures were selected in each village at differing
distance from farmlands (farmlands are always located
around the village), i.e. close, mid-distance and far from
the farmland. Sampling was conducted for two nights
every month, one night at the beginning of the month
and the other at the end. The same sampling method
was implemented in an additional sampling campaign to
investigate theAnophelesdiversity in October 2015 over
seven additional villages bringing the overall sampling
area to a total of nine villages (Table1, Fig.2). The same
sampling effort was implemented and the same number
of sampling sites was considered in all locations.
Trapped mosquitoes were killed by chloroform, counted
and identified according to morphological criteria [19].

Mosquito larvae
All potential Anophelesbreeding sites (stream, rice field,
small pool, canal, ditch, etc.) around the selected villages
were investigated for larvae. The hand dipper sampling
method was used to collect larvae (500 ml per dip, 10 dips
for each waterbody) [20]. The morphological identification
of specimens was only conducted for fourth-instar larvae
under light microscope. Larvae under the fourth-instar
were only counted but not identified. Pupae were kept
until adult emergence in order to conduct morphological
and molecular identifications. Both adult and larval speci-
mens were preserved in ethanol for further PCR analysis.
A series of multiplex PCR assays based on rDNA internal
transcribed spacer 2 (ITS2) and D3 domain of28SrDNA
sequences were run to identify the sibling species of the
An. minimus, An. culicifaciesandAn. fluviatilis complexes
andAn. maculatusgroup [21–24].

Entomological data
Monthly abundance data of eachAnophelesspecies were
aggregated to analyze seasonal fluctuations. The resting
behavior and breeding preference of adult mosquitoes
were explored by analyzing the adult and larval compos-
ition in each study place. The adult population density
for eachAnophelesspecies was calculated as the number
of females per trap per night (f/t/n). The overall (pooled)
Anophelesdensity was calculated by summing captured
individuals of allAnophelesspecies. Species richness was
measured by the number of species and the indices de-
scribed below. Generally, species diversity is an indicator

of the wellbeing of an ecosystem [25]. Simpson’s diver-
sity index (D) is often used to quantify the biodiversity
of an ecosystem. It takes into account the number of
species present, as well as the abundance of each species.
The value of this index ranges between 0 and 1, 0 repre-
senting the absence of diversity and 1 representing infin-
ite diversity. Shannon-Wiener’s index (H) takes into
account individuals of each species to assess the species
richness. The larger the value of the H index, the higher
the diversity. The Evenness index (E) represents the
equitability of populations [26]. The larger the value of
the E index, the higher the equitability.

The indices were calculated as follows:
Simpson’s diversity index: D 1�

P N
i 1p2

i
Shannon-Wiener’s index: H = �� pi×ln pi
wherepi is the fraction of a species which belongs to the

i-th species and N is the number of species (pi = Ni/N).
Evenness index: E =H/ ln S
whereH is the Shannon-Wiener’s diversity index andS

is the total number of species observed in a given place.

Detection of Plasmodiumspp. in mosquitoes and blood
source identification
Captured mosquitoes were dissected into different seg-
ments under light microscope. The head and thorax were
separated forPlasmodiumspp. test while the abdomen was
used for blood-meal identification. DNA extraction was
conducted with QIAamp DNA Mini Kit (Qiagen GmbH,
Hilden, Germany) according to the supplier. PCR tests for
blood source identification were conducted as previously
described [27–29]. Primers are presented in Table2.

Assessment of the parous rate
Mosquitoes were collected by six collectors using an
aspirator in different locations, including human houses
and cowsheds (Fig.3). The collected mosquitoes were
transported to the laboratory, where they were killed by
chloroform and dissected with minute dissection needles
for ovarian examination. Ovaries were separated from the
other internal organs (including the Malpighian tubules
and stomach) and teased apart on slides with deionized
water. The slides were checked under light microscope
at 10×–40× magnification to confirm whether the mos-
quitoes were parous or nulliparous.

Geographical data
Administrative spatial data were obtained from the
GADM database of Global Administrative Areas (http://
www.gadm.org). The relief model was prepared using
SRTM 90m digital elevation data v4.1 [30]. Land cover
data were obtained from the GlobeLand30 service oper-
ated by the National Geomatics Center of China [31].
Data were initially produced in 2010 and updated in 2014.
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Fig. 3 Aerial view of Man Lve (top) and Nong Ling (bottom) with land use and locations of the sampling sites

Table 2 Primers forPlasmodiumspp. and blood meal identification

No. Primer name Sequence (5'-3') Product size (bp)

Test for blood meal identification

1 Human blood GGCTTACTTCTCTTCATTCTCTCCT 334

2 Pig blood CCTCGCAGCCGTACATCTC 453

3 Cow blood CATCGGCACAAATTTAGTCG 561

4 Dog blood GGAATTGTACTATTATTCGCAACCAT 680

5 UNREV GGTTGTCCTCCAATTCATGTTA –

Test forPlasmodiumspp.

1 Pf1 CCTGCATTAACATCATTATATGGTACATCT 273

2 Pf2 GATTAACATTCTTGATGAAGTAATGATAATACCTT

3 Pv1 AAGTGTTGTATGGGCTCATCATATG 290

4 Pv2 CAAAATGGAAATGAGCGATTACAT

Abbreviation: UNREV, Universal reversal primer
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Images used for GlobeLand30 (GLC30) classification were
multispectral images with a 30-meter resolution. Six
classes of land cover were displayed: crop land; forest;
grassland; wetland; water bodies; and human settlements.
Climate description was made using global climate data
(Tutiempo Network). Data mapping was performed with
Quantum GIS, version 2.8.2.

Results
Species richness and diversity
The diversity of species measured by the Simpson’s di-
versity index (D) and the Shannon-Wiener’s index (H),
both for human houses and cowsheds, was at the highest
in Man Lve and Nong Ling at the beginning of the fall,
i.e. September-October, although the trend was already
visible in August (Table3). The diversity, both in terms
of number of species and number of individuals per

species, was at the highest during September and October
and similar for both locations although indices were dis-
playing some differing trends. Diversity for both species
and number of individuals was slightly higher in cowsheds
than human houses in Man Lve whereas it was higher in
human houses than cowsheds in Nong Ling (Table3).
Evenness followed a similar trend, indicating thus
equitability of populations along with the increasing the
number of species.

Variation of adult mosquito incidence over time and
space in Man Lve
The collection of adult mosquitoes in the village of Man
Lve (Fig. 3) was conducted in two different types of
shelters: human houses (Fig.4a) and cowsheds (Fig.4b)
from May to December 2015. A total of 511 adult mos-
quitoes were collected inside houses over eight months

Table 3 Anophelesspecies richness and diversity per month, location and village

Month Species richnessa Simpson’s diversity index (D) Shannon-Wiener’s index (H) Evenness index (E)

Human house Cowshed Human house Cowshed Human house Cowshed Human house Cowshed

Man Lve

May 2 3 0.43 0.52 0.52 0.79 0.90 0.72

June 3 4 0.18 0.46 0.46 0.83 0.35 0.60

July 6 4 0.40 0.52 0.52 0.92 0.40 0.67

August 4 6 0.56 0.60 0.60 1.09 0.73 0.61

September 4 5 0.54 0.68 0.68 1.18 0.70 0.73

October 3 4 0.36 0.62 0.62 1.07 0.57 0.77

November 2 4 0.50 0.42 0.42 0.84 1.00 0.60

December 1 1 0 0 0 0 0 –

Nongling

May 1 1 0 0 0 0 – –

June 1 3 0 0.12 0 0.28 – 0.25

July 5 4 0.29 0.37 0.59 0.67 0.37 0.49

August 5 3 0.51 0.48 0.90 0.70 0.56 0.64

September 4 3 0.66 0.53 1.13 0.89 0.82 0.81

October 4 5 0.66 0.52 1.15 0.95 0.83 0.59

November 0 0 – – – – – –

December 0 0 – – – – – –

Cumulative data

May 2 3 0.35 0.51 0.54 0.77 0.77 0.70

June 3 4 0.13 0.40 0.30 0.75 0.27 0.54

July 6 4 0.36 0.48 0.69 0.85 0.39 0.61

August 6 6 0.53 0.57 1.00 0.98 0.56 0.54

September 5 5 0.64 0.65 1.13 1.10 0.70 0.68

October 4 6 0.63 0.62 1.02 1.08 0.74 0.60

November 2 4 0.50 0.42 0.69 0.84 1.00 0.60

December 1 1 0 0 0 0 0 0
aSpecies richness is defined by the number of species captured
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(Fig. 4a). The most prevalent species wereAn. sinensis
(61.4%, 314/511),An. minimus (s.l.) (31.9%, 163/511)
and to a lower extentAn. peditaeniatus(4.3%, 22/511).
Three other species were collected, i.e.An. splendidus
(1.4%, 7/511),An. culicifacies(s.l.) (0.8%, 4/511) andAn.
aconitus (0.2%, 1/511), but in very limited numbers.
Anopheles sinensiswas mostly present from June to
August with a peak in July but remained present until
November (Fig.4). Anopheles minimus(s.l.) was less
prevalent but displayed a bimodal curve with two peaks
in July and September.Anopheles peditaeniatuswas
recorded only from July to October with a maximum
plateau in August and September. The survey of mos-
quito prevalence in cowsheds yielded a slightly different
pattern (Fig.4b). The first difference was the total num-
ber of mosquitoes collected in cowsheds, which was al-
most four-fold higher than in houses, the ratio between
cowsheds and houses was 3.77 (1930/511). The same
three species were the most prevalent, i.e.An. sinensis,
An. minimus (s.l.) and An. peditaeniatus, but with differ-
ent ratios than in human houses.Anopheles sinensiswas
still the most prevalent (48.1%, 929/1930), followed by
An. peditaeniatus(30.4%, 586/1930) andAn. minimus
(s.l.) (18.0%, 347/1930). Three more species were de-
tected in cowsheds at a lower extent:An. splendidus
(2.4%, 47/1930),An. culicifacies(s.l.) (0.9%, 17/1930) and
An. argyropus(0.2%, 4/1930). The main three species
were recorded for the same period as in human houses.
An. sinensiswas mostly present from June to September
with a peak in July;An. peditaeniatuswas recorded from
July to October, with a peak in August, andAn. minimus

(s.l.) displayed the same bimodal curve with peaks in July
and September (Fig.4b). Anopheles liangshanensisand
An. maculatus(s.l.) were not found in Man Lve.

Variation of adult mosquito incidence over time and
space in Nong Ling
Adult mosquitoes were collected in the village of Nong
Ling (Fig.3) over the same period and in similar places, i.e.
houses (Fig.4c) and cowsheds (Fig.4d), as in Man Lve. The
overall number of individuals captured in houses (n = 479)
was in the same range as in Man Lve, with the same three
main species, i.e.An. sinensis(62.0%, 297/479),An. peditae-
niatus (23.4%, 112/479), andAn. minimus (s.l.) (12.5%, 60/
479). Unlike in houses in Man Lve,An. peditaeniatuswas
the second most prevalent species. The main difference
was the population size in cowsheds: 22 in Man Lve
and 112 in Nong Ling (Fig.4). Light traps in cowsheds
in Nong Ling yielded a higher number of captured
adults (n = 1169), although less than in Man Lve. The
ratio between cowsheds and houses in Nong Ling was
only 2.4 (1169/479). The most prevalent species in cow-
sheds wasAn. peditaeniatus(48.8%, 571/1169) followed
by An. sinensis(44.1%, 515/1169) andAn. minimus (s.l.)
(6.7%, 78/1169) (Fig.4d). The bimodal curve ofAn.
minimus (s.l.) displayed a plateau covering September
and October. Beside these three dominant species, four
more species were also collected such asAn. culicifacies
(s.l.) (1.3%, 6/479),An. liangshanensis(0.4%, 2/479),
An. maculatus(s.l.) and An. splendidus(0.2%, 1/479) in
human houses.Anopheles aconitusand An. argyropus,
rare in Man Lve, were not found in Nong Ling.

Fig. 4 Distribution and seasonal fluctuation of capturedAnophelestaxa in two study sites, Man Lve (a, b) and and Nong Ling (c, d) in human
house (a, c) and cowshed (b, d)
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Overall analysis of the prevalence of adultAnopheles
mosquitoes
When considering the cumulated data in Man Lve and
Nong Ling, the most frequent species wereAn. sinensis
(50.3%,n = 2055), An. peditaeniatus(31.6%,n = 1291)
and An. minimus (s.l.) (15.8%,n = 648). They contributed
for 97.7% of the totalAnophelesmosquitoes collected.An.
sinensiswas the predominant species in both human
houses (61.7%, 611/990) and cowsheds (46.6%, 1444/
3099). However,An. minimus (s.l.) was the second largest
mosquito species in human houses (22.5%, 223/990). The
PCR analysis of the 647 specimens ofAn. minimus (s.l.)
indicated that 64.8% (419/647) wereAn. harrisoni (former
An. minimus species C [32]) and 35.2% (228/647) were
An. minimus (former An. minimus species A) (Table4).
One specimen, initially identified asAn. fluviatilis by
morphological identification, was confirmed asAn. harri-
soni by PCR (Table4). Four specimens of the Maculatus
Group were also confirmed asAn. maculatus by PCR
assay (Table4). The study was extended in October 2015
to seven additional villages in the close vicinity of Man
Lve and Nong Ling with the same methods (Fig.2) to
analyze the diversity ofAnophelesspecies during a period
of higher diversity. The same number of sampling points
and same sampling efforts were applied in all the villages.
A total of 859 adults were collected during this month
over the 9 villages considered. Mosquitoes collected from
human houses made up only 20.1% (173/859), while
79.9% were isolated from cowsheds (686/859) (Fig.5). The
number of collected mosquitoes were the highest (> 100
specimens) in four villages: Zhang Jia Cun (n = 117); Yan
Si (n = 123); Man Lve (n = 184); and Nong Ling (n = 306).
The most frequent species in the 9 villages were also
An. sinensis(23.5%, 202/859),An. minimus (s.l.) (34.9%,
300/859) andAn. peditaeniatus(30.2%, 259/859).Anoph-
eles sinensiswas found in all the sites investigated andAn.
minimus (s.l.) in all but one site, Man Duo (Fig.6).
Conversely,An. peditaeniatuswas found in five out of
nine sites only and was highly present in only three sites,
Man Lve, Nong Ling and Man Duo (Fig.6).

Detection of Plasmodiumspp. in mosquitoes and parous
rate
No Plasmodium parasite was detected in any captured
mosquitoes (Table5). Out of 295 mosquitoes captured
and dissected for parous status, 101 wereAn. sinensis

and 194 wereAn. minimus (s.l.) With respect to An.
sinensis, 88 individuals (87.1%) were parous while 180
(92.8%)An. minimus (s.l.) mosquitoes were also found
parous.

Blood meal identification
A total of 300 blood samples from trapped mosquitoes
were tested. An. sinensiswas found more zoophilic
(27.3%) than An. minimus (s.l.) (10.7%). Anopheles
minimus (s.l.) displayed more mixed blood meals, either
animal/animal (13.1%) or animal/human (14.3%) than
An. sinensis(3% and 9.1%, respectively) (Table6). The
human blood indices forAn. sinensisand An. minimus
(s.l.) are 0.21 (28/132) and 0.26 (44/168), respectively.

Distribution of larvae in potential breeding sites
A total of 407 mosquito larvae were collected in Man
Lve and Nong Ling by hand-dipper sampling from four
types of habitats such as pond (man-made), pool, ditch
and rice field (Table7). Four Anophelesspecies were
identified among the fourth instar larvae and pupae
collected (208 specimens in total), i.e.An. sinensis, An.
minimus (s.l.), An. culicifacies(s.l.) and An. peditaenia-
tus. Anopheles sinensis(51.0%, 106/208) andAn. mini-
mus (s.l.) (46.2%, 96/208) were the predominant species
(Table 7). Ponds (57.2%, 233/407) and rice fields (28.3%,
115/407) were the two preferred breeding sites for the
Anophelesmosquitoes collected (Table7).

Discussion
This study is part of the malaria surveillance activities
associated to malaria elimination in China, particularly

Table 4 Molecular identification of sibling species

PCR results/Morphological results An. minimus
n (%)

An. harrisoni
n (%)

An. maculatus
n

Sub-total
n

An. minimus(s.l.) 228 (35.2) 419 (64.8) – 647

An. fluviatilis 0 1 – 1

An. maculatus(s.l.) – – 4 4

Fig. 5 Relative distribution ofAnophelesmosquitoes in human
houses and cowsheds in the nine study villages in October 2015
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for risk assessment of malaria reintroduction. China has
made significant progress on malaria elimination since
2010, and has achieved zero report of indigenous malaria
cases within the whole country in 2017 [33, 34]. These
achievements were attributed to the promotion of the
1-3-7 approach [35, 36], in which “1-3” are mostly fo-
cused on timely case reporting and verification, while
“7” is meant to assess the risk of transmission based on
entomological information. The latter is considered as an
important component of malaria surveillance and response
at the elimination and post-elimination stage [37, 38]. The
receptivity indicators are thus important for entomological
surveillance, in particular in the China-Myanmar border
area where a high diversity ofAnophelesmosquitoes is
occurring [37–41].

Tengchong County (TCC) is one of the major malaria
endemic counties in Yunnan Province with bothPlas-
modium falciparum and P. vivax being transmitted by
severalAnophelesspecies. The climate and environment
are suitable for propagation of malaria vectors and the
high cross-border mobility of populations are conditions

that favor malaria transmission [5, 6, 12, 14, 18]. How-
ever, after several years of malaria control effort, TCC
has successfully decreased the incidence of malaria from
35.4/10,000 in 2006 to 2.09/10,000 in 2014 with no indi-
genous case reported since 2013 [8, 42]. After 2010, the
year when malaria elimination program was launched,
most malaria cases (40.6%), mainly imported ones, were
reported from southern townships within TCC.

Four Anophelesspecies or complexes were previously
recorded as predominant malaria vector in TCC, i.e.An.
minimus (s.l.), An. dirus(s.l.), An. sinensisandAn. liangsha-
nensis(syn.An. kunmingensis) [43, 44]. The latter was con-
sidered the primary vector ofP. falciparummalaria with a
local transmission in TCC at high altitude (> 1700 m), due
to its greater susceptibility toP. falciparumcompared toP.
vivax [45]. However, both malaria control interventions
(such as LLIN/ITN, IRS) and reduction of rice field surface
at high altitude have decreased the density ofAn. liangsha-
nensispopulations in line with the number of localP. fal-
ciparum malaria cases [42, 46]. Anopheles diruswas found
neither at the adult nor larval stage in this study. This indi-
cates that the population density ofAn. dirushas decreased
and might now play a negligible role in malaria transmis-
sion. Similar results were reported in neighboring counties
[40] and in Hainan Province [47] where An. dirus initially
present as the primary malaria vector has disappeared
[39, 43]. The absence ofAn. dirus might not only be
due to vector control activities (particularly the use of
LLIN/ITN) but also to the destruction of breeding sites
such as forests to develop plantations of cash crops.

In this study, An. sinensiswas found to be the pre-
dominant species in both human houses and cowsheds.
This differs significantly from previous reports from
neighboring counties [48], where An. minimus (s.l.) was
the predominant taxon. This is particularly important
becauseAn. sinensisdisplays specific traits making it a
potential threat for malaria elimination. First,An. sinen-
sis is associated with rice fields [39] and there is no pos-
sibility to eliminate this type of breeding sites. Secondly,
An. sinensishas been reported as resistant to insecticides
such as pyrethroids and Malathion [39, 49]. Thirdly,
blood-meal analysis showed thatAn. sinensisdisplayed a
similar tropism to humans asAn. minimus (s.l.). These
traits, combined with the predominant abundance ofAn.
sinensisin TCC, are major concerns for the success and
sustainability of malaria elimination. The exact role of
An. sinensisin malaria transmission in TCC and, more
widely in Yunnan Province, should then be thoroughly in-
vestigated. Moreover, regular movements of populations
across the China-Myanmar border, owing to the existence
of endemic malaria in Myanmar [5, 6], increase the risk of
malaria vulnerability in TCC and Yunnan through trans-
mission byAn. sinensis. This threat must thus be further
assessed and modeled while scenarios of risk management

Fig. 6 Prevalence of capturedAnophelesmosquitoes per village
according to altitude (m)

Table 5 Detection ofPlasmodiumin captured mosquitoes. All
test results were negative

Anophelesspp. Total
number

Trapped place

House Cowshed

An. sinensis 1243 314 929

An. minimus(s.l.) 510 163 347

An.peditaeniatus 608 22 586

An. sinensis 812 297 515

An. minimus(s.l.) 138 60 78

An. peditaeniatus 683 112 571

An. maculatus(s.l.) 4 1 3

An. liangshanensis 2 2 0

Total 4000 971 3029
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must be developed. Furthermore,An. minimus (s.l.),
another malaria vector in TCC, was consistently found in
this study with two peaks of density during the year. A
large part of the An. minimus (s.l.) population (64.8%)
belonged toAn. harrisoni. This could explain the lower
local malaria transmission in TCC sinceAn. harrisoniwas
reported to be more exophagic and zoophilic thanAn.
minimus, its sibling species [40, 50–52]. Furthermore,An.
harrisoni was also reported to be more adaptable to the
environmental changes and flexible in its trophic behavior
than An. minimus[51, 53–55], which could be a challenge
to vector control strategies and entomological surveil-
lance. For instance, the shift of species betweenAn. mini-
mus and An. harrisoni was reported to be a consequence
of vector control measures in Southeast Asia [56]. Com-
prehensive vector control measures including LLIN/ITN
and IRS were indeed conducted in TCC over the last
decade [12]. The composition ofAn. minimus (s.l.) found
in this study may have resulted from vector control mea-
sures, as well as environmental changes increasing the
proportions ofAn. harrisoni versus An. minimus. Unfortu-
nately, PCR techniques for identification of theAnopheles
complexes were not used in previous routine surveillance
and there is thus a lack of detailed information about the
initial distribution of An. minimus(s.l.) [39]. It is therefore
not possible to formally conclude what impacted the
current composition of An. minimus (s.l.) This indicates
that more detailed integrative analyses should be con-
ducted to better understand the mechanisms involved in
the dynamic of vector populations. A closer attention
should also be brought to PCR species identification, an
approach to be implemented in routine surveillance at
malaria elimination stage and post-elimination stage.
Despite the decrease of population density ofAn. minimus
(s.l.) in TCC, the ecological behavior such as resting or
blood-seeking behavior was found to be similar as pre-
viously described prior to population decrease [57].

Furthermore, a potential synergistic action ofAn. sinen-
sisand An. minimus (s.l.) in potentiating malaria trans-
mission should not be ignored. Owing to its zoophilic
diet preference and considering the lack of competence
for transmission of malaria parasites,An. peditaeniatus
was not previously reported as a malaria vector [19].
However, the presence ofP. falciparum in one speci-
men of An. peditaeniatuswas recently confirmed by
ELISA in Indonesia [58]. Since An. peditaeniatuswas
the second largest population of adult mosquitoes
found in this study, further investigation should thus be
conducted to monitor the risk of malaria transmission
by this species in TCC. Another aspect to consider is the
discrepancy between the number of adults and larvae of
An. peditaeniatuscaptured. Only three fouth-instar larvae
of An. peditaeniatuswere identified out of 199Anopheles
larvae indicating a very low prevalence in all the breeding
sites investigated. Conversely, there is a high prevalence of
adults in cowsheds. This suggests that the actual breeding
sites of this species were most likely missed. It is therefore
essential to investigate thoroughly all possible breeding
sites forAn. peditaeniatus.

Environmental factors should also be considered when
conducting entomological survey.An. peditaeniatuswas
found in large number in only three localities out of nine
and at low level in two more. The two main vectors,An.
sinensisandAn. minimus(s.l.), were present in all localities
and in all but one, respectively. Nevertheless, the main
difference is the species richness and the number of indi-
viduals between human houses and cowsheds, which might
be linked toAnophelesblood preference or more favorable
living conditions. Although some predominantAnopheles
species are known as zoophilic, a reduction of livestock
may favor malaria re-emergence as some species are quite
ubiquitous likeAn. sinensis[59]. Furthermore, models have
shown that zoophilic mosquitoes can also play a significant
role in the transmission of malaria to humans [60].

Table 6 Blood meal identification sources inAnopheles sinensisand An. minimus(s.l.)

Species/
complex

Blood source,n (%) Mix,n (%) Total

Pig Cow Human Pig & cow mix Pig or cow & human mix

An. sinensis 64 (48.5) 36 (27.3) 16 (12.1) 4 (3.0) 12 (9.1) 132

An. minimus(s.l.) 84 (50.0) 18 (10.7) 20 (11.9) 22 (13.1) 24 (14.3) 168

Table 7 Abundance ofAnophelestaxa found in larval sampling in Man Lve and Nong Ling villages

Site I-III
instar

IV instar and pupa,n (%) Total

An. sinensis An. minimus(s.l.) An. culicifacies(s.l.) An. peditaeniatus Sub-total

Pond 137 64 (66.67) 31 (32.29) 0 (0) 1 (1.04) 96 233

Pool 11 5 (45.46) 4 (36.36) 2 (18.18) 0 (0) 11 22

Ditch 12 1 (4.00) 23 (92.00) 0 (0) 1 (4.00) 25 37

Rice field 39 36 (47.36) 38 (50.00) 1 (1.32) 1 (1.32) 76 115

Total 199 106 (50.96) 96 (46.16) 3 (1.44) 3 (1.44) 208 407
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Although no Plasmodium-infected mosquito was
found, the high parous rate ofAn. sinensis(87.1%) and
An. minimus (s.l.) (92.8%) suggests a high daily survival
probability [61]. Continuous entomological surveillance
and vector control measures are highly recommended
even after TCC had officially achieved malaria elimination.
Further research should be addressed such as: (i) Investi-
gation of seasonal dynamics of the vectors through the
implementation of a weather-based statistical dynamic
and climate change model; (ii) Development of a distribu-
tion/predictive map of An. minimus complex and An.
sinensisacross TCC and the border areas; (iii) Evaluation
of the length of the possible transmission season forP. fal-
ciparum and P. vivax; and (iv) Evaluation of the vectorial
capacity ofAn. minimus, An. harrisoniandAn. sinensis.

Conclusions
TCC was granted the malaria elimination certificate by
Yunnan provincial authorities in 2016. However, consid-
ering the increasing mobility of the local populations,
the border location with Myanmar, the positive vector
competence of localAnophelespopulations, and the risk
posed by secondary vectors and insecticide resistance,
further efforts should be devoted to surveillance, moni-
toring and development of scenarios for timely response
to imported malaria cases. A specific attention should be
paid to local environments and variation of vector preva-
lence when developing scenarios. Large-scale analysis
might not be accurate and reliable enough. Precise actions
from both local CDC and national program at this border
area will be essential for the success of sustainable malaria
elimination.
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vulnerability: a modelling study in the
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Abstract

Background:The China-Myanmar border region presents a great challenge in malaria elimination in China, and it
is essential to understand the relationship between malaria vulnerability and population mobility in this region.

Methods: A community-based, cross-sectional survey was performed in five villages of Yingjiang county during
September 2016. Finger-prick blood samples were obtained to identify asymptomatic infections, and imported
cases were identified in each village (between January 2013 and September 2016). A stochastic simulation model
(SSM) was used to test the relationship between population mobility and malaria vulnerability, according to the
mechanisms of malaria importation.

Results:Thirty-two imported cases were identified in the five villages, with a 4-year average of 1 case/year (range:
0–5 cases/year). No parasites were detected in the 353 blood samples from 2016. The median density of malaria
vulnerability was 0.012 (range: 0.000–0.033). The average proportion of mobile members of the study population
was 32.56% (range: 28.38–71.95%). Most mobile individuals lived indoors at night with mosquito protection. The
SSM model fit the investigated data (� 2 = 0.487,P= 0.485). The average probability of infection in the members of
the population that moved to Myanmar was 0.011 (range: 0.0048–0.1585). The values for simulated vulnerability
increased with greater population mobility in each village.

Conclusions:A high proportion of population mobility was associated with greater malaria vulnerability in the
China-Myanmar border region. Mobile population-specific measures should be used to decrease the risk of malaria
re-establishment in China.

Keywords:Malaria, Importation, Vulnerability, Mobile population, Individual-based model

Background
Globalization and international population migration have
caused imported malaria cases to become the predominant
threat to the Chinese malaria elimination program [1, 2].
One major challenge is cross-border malaria transmission,
which is a particular concern in the China-Myanmar

border region [3–5]. Yingjiang is a county in the Yunnan
Province, located at the China-Myanmar border; this re-
gion had the majority of national indigenous malaria cases
reported in previous years. Therefore, this is a critical re-
gion to assess the risk of malaria re-establishment.

In addition to receptivity, malaria vulnerability is consid-
ered a major characteristic for risk assessment of malaria
re-establishment [6–8]. According to the World Health
Organization (WHO) framework for malaria elimination,
malaria vulnerability is defined as either the probability of
malaria parasite importation into a country or area, or the
frequency of the influx of infected individuals, groups,
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and/or infective anopheline mosquitoes. However, since it
is difficult to quantify the importation of infective mosqui-
toes, imported cases or asymptomatic infections are gen-
erally used to quantify vulnerability [6, 7, 9, 10].

Many researchers have found that vulnerability is re-
lated to population mobility [2, 3], and preventing the
infection of a mobile population in a malaria-endemic
area can effectively reduce the importation rate. Thus, it
is important to understand the relationship between
malaria vulnerability and characteristics of mobile popu-
lations. These characteristics include the proportion of
mobile individuals in a population of a given area, ex-
posure risk, and the frequency and duration of popula-
tion movement. Mathematical models are frequently
used to quantify a study population’s characteristics, but
these models may not always be based on traditional
epidemiological methods. The stochastic individual-
based model (IBM) and an ordinary differential equation
model are commonly used in the quantification process
[11–19]. The IBM is also used to assess the risk of mal-
aria establishment [20, 21], although no studies have
used these models to examine population mobility and
malaria in the China-Myanmar border region. Therefore,
by adapting some key components from the IBM model
(i.e., simulation based on individuals using a random
function), we developed a stochastic simulation model
(SSM) using community-based, cross-sectional data to
evaluate population mobility and its effect on malaria
vulnerability in Yingjiang county.

Methods
Study setting
A community-based, cross-sectional survey was used to
obtain data from five villages (Jing Po Zhai, Ka Ya He,
Xin Cun, Zhuan Po Zhai, and Hu Que. Ba) in Yingjiang
county of China (western Yunnan Province) (Fig.1),
which is 1 of 18 counties located at the China-Myanmar
border. This county shares a 214.6 km border with the
Myanmar state of Kachin. The population of Yingjiang
county is 307 960 individuals, with cross-border trade,
logging, mining, and plantation activities being common.
The basic characteristics of the five selected villages are
shown in Table1.

Data collection
The epidemiological survey was performed during
September 2016, which is the peak month for local mal-
aria transmission. Before the survey, a pre-survey of four
households was conducted in Hu Que. Ba to adjust the
previously developed questionnaire and to improve the
planning of the survey. There are 170 households located
in the five villages, and an area sampling method that in-
cluded all households was adopted to collect the basic in-
formation for each village and its residents. The basic

information for each village was collected by interviewing
the primary public health provider, and included the vil-
lage name, terrain, average temperature, rainfall, main
crops, number of households, and number of permanent
residents (Additional file1). The information for each in-
dividual was collected by interviewing people in each
household, and one adult who could provide complete re-
sponses for all household members or visitors was inter-
viewed to complete the standardized questionnaire
(Additional file 2). Before the survey, the primary public
health providers were asked to give the local residents a
notice that included the interview date and survey object-
ive, in order to ensure that one adult was at home during
the survey. The questionnaire included all family members’
demographic information (age, sex, occupation, education),
temporary emigrant information (country, frequency of
movement, duration of stay), temporary immigrant infor-
mation (country, frequency of movement, duration of stay),
and categorical exposure risk level (living indoors at night
with protection, living indoors at night without protection,
living outdoors at night with protection, and living out-
doors at night without protection). Protection was defined
as the use of a screen door or window, repellent, and/or
bed nets, including normal bed nets, long-lasting insecti-
cidal nets, or insecticide-treated nets.

An emigrant was defined as someone who had moved
away from the selected village during the previous year.
An immigrant was defined as someone who had moved
from another place (e.g., Myanmar) into the selected vil-
lage during the previous year. The mobile population
was defined as individuals who had resided in at-risk
areas for > 1 night during the previous year, based on
the malaria transmission route, although individuals
were excluded from the mobile portion of the study
population if they performed many daytime border
crossings. The proportion of the mobile population was
defined as the mobile population divided by the number
of permanent residents.

All individuals, including mobile individuals who were
residing in the village during the survey, were selected for
a serosurvey. Finger-prick blood samples were obtained
after each individual provided written informed consent.
An 18S rRNA nested polymerase chain reaction (PCR)
test and real-time PCR were used to detectPlasmodium
spp. using the finger-prick blood samples [22, 23].

Case definition and classification
Data from malaria cases in the studied villages were re-
ported to the web-based National Notifiable Infectious Dis-
ease Reporting Information System, with cases between
2013 and 2016 used in the analysis. Data included sex, age,
date of illness onset,Plasmodiumspp., and imported or in-
digenous case status. Malaria cases were classified as clinic-
ally diagnosed or laboratory-confirmed cases, which were
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both considered eligible for this study. Clinically diagnosed
cases were defined as patients with malaria-like symptoms
who had lived in or recently travelled to areas with known
malaria transmission. Laboratory-confirmed cases were de-
fined as clinically diagnosed cases with positive results from
microscopy evaluation for malaria parasites, rapid diagnos-
tic tests, and/or PCR tests [24].

For case classification especially the identification of
indigenous or imported cases, there was a step-by-step
protocol utilized that was based on dominated specific
species, clear seasonality in China, and history of travel.
If the case was confirmed as nonP. vivax in the refer-
ence laboratory system, it would be classified as an
imported case since onlyP. vivaxtransmission occurs in

Fig. 1 Location of Yingjiang County as well as the five selected villages

Chenet al. Infectious Diseases of Poverty (2018) 7:36 Page 3 of 11



China, except around the Yunnan border region. How-
ever, classification would be more complicated if the
case was diagnosed as aP. vivax: based on the individual
case investigation, if the onset occurred in the non-
transmission season, it would be mostly classified as an
imported case without the history of infection or an old
infection with the history of infection, while if the onset
occurred in the transmission season, it would be care-
fully classified as an imported case if an individual had a
history of travel to malaria-endemic areas within 1 month
after returning to China, which would otherwise be

classified as an indigenous case. For some special cases,
such as cases reported from the Yunnan border region
and cases without clear evidence to be identified as old
or new infections, they will be discussed and classified
by an expert group which was established by the National
Health and Family Planning Commission (NHFPC) of the
People’s Republic of China. Sometimes we also employed
genotyping for case classification in the reference labora-
tory system, especially for the identification of non-vector-
borne transmissions, such as infection by blood
transfusion.

Table 1 Epidemiological features of the mobile population and basic information regarding the five selected villages at the China-
Myanmar border

Jing Po Zhai Ka Ya He Xin Cun Zhuan Po Zhai Hu Que Ba

Terrain Hilly areas River valley Hilly areas Mountain Plain

Average temperature (°C) 22 22 16 14 18

Rainfall (mm) 2500 2550 2300 2600 2200

Main crops Banana Banana Rice Rice Rice

Number of households 39 22 24 53 32

Number of permanent residents 146 86 82 107 74

Number of mobile population 46 28 59 36 21

Gender (Male/Female) 22/24 13/15 28/31 16/20 9/12

Age (Years)

0–10 5 3 4 3 2

11–20 5 1 6 3 2

21–30 20 8 14 6 7

31–40 7 7 17 6 4

41–50 2 2 7 8 4

51–60 4 3 10 6 1

> 60 3 4 1 4 1

Immigrant 4 2 0 6 3

Area 1 4 0 0 0 0

Myanmar 4 0 0 0 0

Area 2 0 0 0 0 0

Area 3 0 2 0 6 2

China-Myanmar border areas in China 0 2 0 6 2

Area 4 0 0 0 0 1

Transmission interruption areas in China 0 0 0 0 1

Emigrant 42 26 59 30 18

Area 1 23 8 46 3 8

Myanmar 23 8 46 3 7

The Myanmar-Thailand border region 0 0 0 0 1

Area 2 0 0 0 0 0

Area 3 12 6 6 17 1

China-Myanmar border areas in China 12 6 6 17 1

Area 4 7 12 7 10 9

Transmission interruption areas in China 7 12 7 10 9
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Calculation of vulnerability
Vulnerability is calculated using the following equations:

V ¼ na þ nI ð1Þ

DV ¼
V
N

ð2Þ

In these equations,V refers to vulnerability,na refers
to the number of asymptomatic infections,nI refers to
reported imported cases,DV refers to the density of vul-
nerability, andN refers to the number of inhabitants. In
this study,na was estimated using the finger-prick blood
samples that were collected during the cross-sectional
survey. To avoid selection bias,nI was estimated using
the 4-year average for all imported cases from each vil-
lage between January 2013 and September 2016.

Model establishment
The stochastic simulation model (SSM) model was de-
veloped to simulate the relationship between population
mobility and malaria vulnerability according the mech-
anism of malaria importation (Fig.2). In the model, we
assumed that malaria vulnerability could be affected by
the proportion of the population that is mobile, the epi-
demic status of the areas for temporary immigration and
emigration, the risks of exposure to malarial vectors, the
efficacy of any protection measures, the duration of ex-
posure, and the frequency of movement. The model
used the following equations:

D ¼
X

4
j¼1 M j � T j � Ej � p j � q � 1� eð Þ

� �
ð3Þ

M ¼
M im þ Mem

N
ð4Þ

T ¼ f � d ð5Þ

In the model, D is the density of imported cases
(imported cases divided by total inhabitants),M is the
mobile population proportion, M im is the number of
temporary immigrants,Mem is the number of temporary
emigrants,N is the number of inhabitants,T is the total
duration of exposure,f is the frequency of movement,d
is the duration of each movement,E is the exposure risk,
p is the probability of infection, ande is the efficacy of
protection. We assumed that the probability of infection
for mobile individuals who lived indoors at night should
be multiplied by a protection coefficient (q; 0 <q< 1).
The probability of infection (p) depends on the malaria
situation in areas 1–4, which we defined as intense
transmission (j = 1; � 5 cases/1000 population), pre-
elimination (j = 2; 1–4.9 cases/1000 population), elimin-
ation (j = 3; < 1 case/1000 population), and malaria-free
(j = 4; no cases) based on the WHO World Malaria Re-
port 2015. These areas included counties or global areas.
For example, Myanmar may be included in area 1, and
some villages in China where malaria is locally transmit-
ted may be classified into area 3. To simulate the sto-
chastic process forp, a random function [f(x) = random
(0, 1)] was used with the condition that iff(x) > p × q ×
(1 - e), the individual would be considered infected. All
other individuals were considered uninfected.

Parameter estimation and simulation methods
Among the 9 parameters in the SSM model (M im, Mem,
N, f, d, E, p, q, and e), data regardingM im, Mem, N, f, d,
and E were obtained from the epidemiological survey.
Data regarding the other 3 parameters (p, q, ande) were

Fig. 2 The simplified relationship between the mobile population and vulnerability to malaria at the China-Myanmar border
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obtained using a model fitted with the vulnerability data
from the selected villages. In the model fitting, the simu-
lated D values were compared to the malaria vulnerabil-
ity values (density of imported cases and asymptomatic
infections) by calibrating each parameter until the chi-
square test revealed no significant difference (P> 0.05).

To explore the relationship between malaria vulner-
ability and the proportion of the mobile population, the
SSM model was simulated 1000 times using differentM
values (10%, 20%,…, 100%). This approach allowed us
to obtain the simulated densities of imported infections
based on differentM values for each village.

Microsoft Office Excel 2010 (Microsoft Corp., Red-
mond, WA, USA) was used to run the SSM model. SPSS
13.0 (IBM Corp., Armonk, NY, USA) was used to per-
form the chi-square test and the Fisher’s exact test.

Results
Basic village information and the mobile populations
The five study villages were located in warm and rainy
areas with variable terrain. The main crops produced by
all five villages were banana and rice. The median num-
ber of permanent residents was 86 (range: 72–146), and
92.11% of the mobile population were temporary emi-
grants (Table1). Among the immigrants, 66.67% moved
from area 3 (the China-Myanmar border region in China),
26.67% moved from area 1 (Myanmar), and 6.67% moved
from area 4 (an area with transmission interruption in
China). In contrast, among the emigrants, 50.29% moved
to area 1 (Myanmar or the Myanmar-Thailand border
region), 25.71% moved to area 4 (an area with trans-
mission interruption in China), and 24.00% moved to
area 3 (the China-Myanmar border region in China).
The differences in the geographical distributions of
temporary emigrants were significant in the five vil-
lages, based on Pearson’s chi-square test (� 2 = 56.667,
P< 0.001). The male mobile population was slightly
larger than the female mobile population, although
this difference was not significant in the five villages
(� 2 = 0.225, P= 0.994). Most mobile individuals were
20–39-years-old, although no significant differences
were observed in the age distributions for the five
villages (Fisher’s exact test,P= 0.312).

Malaria vulnerabilities in the five villages
During 2013–2016, 32 imported cases were reported in
the five villages, with a 4-year average of one imported
case per year (range: 0–5 cases). These cases predomin-
antly involvedPlasmodium vivax(93.75%) and generally
involved male individuals (59.38%), although the cases
were generally distributed equally among the seven age
groups. The highest proportion of cases (50.00%) was
detected in 2015. Fisher’s exact test revealed no
significant differences among the five villages in their

distributions of species (P= 1.000), sex (P= 0.651), age
(P= 0.571), or temporal distribution (P= 0.233), which
are all shown in Table2. There was no significant
difference between the reported cases in 2016 and the
adjusted 4-year average number of cases (� 2 = 3.580,
P= 0.466).

No parasites were detected using PCR in the 353
blood samples from 2016. The median density of malaria
vulnerability was 0.012 (range: 0.000–0.033) (Table2).

Parameter estimation and model fitting
The epidemiological survey revealed high proportions of re-
ported mobile populations in each village (median: 32.56%,
range: 28.38–71.95%). All reported temporary immigrants
lived indoors at night with protection. Among the reported
temporary emigrants, 78.29% lived indoors at night with
protection, 1.14% lived indoors at night without protection,
and 20.57% lived outdoors at night with protection. Most
villages had similar patterns of exposure, except Xin Cun
Village, where 78.26% of reported temporary emigrants
lived outdoors at night with protection (Additional file3).
The average reported exposure time for the majority
of the mobile population was < 5 months. The aver-
age reported frequency of movement was < 3 times in
Jing Po Zhai, Ka Ya He, Zhuan Po Zhai, and Hu Que.
Ba. However, relatively high values of both reported
exposure time (11 months) and reported movement
frequency (13 times) were observed in Xin Cun
(Additional file 3).

The results of the model fitting revealed that the SSM
model fit the reported data (� 2 = 0.487,P= 0.485). The
median probabilities of infection were 0.011 in area
1 (range: 0.0048–0.1585) and 0.003 in area 3 (range:
0.0021–0.0038). The efficacy of protection was 20%
and the protection coefficient (p) for living indoors at
night was 0.95 (Additional file3), which indicated that
only 20% of protection against infection was associated
with using protection measures (e.g., a screen door or
window, repellent, normal bed nets, long-lasting insecti-
cidal nets, or insecticide-treated nets), and that living
indoors only provided 5% of protection against infection
(vs. living outdoors at night).

Simulated malaria vulnerabilities using different mobile
population proportions
Figure 3 shows that although the density of imported
cases increased with the proportion of mobile individ-
uals in a given population, each village had different vul-
nerability values. The highest simulated malaria
vulnerabilities were observed in Jing Po Zhai, which was
followed by Ka Ya He, Xin Cun, Hu Que. Ba, and Zhuan
Po Zhai.

At medium (0.1 <M < 0.3) or high (0.3� M < 0.5) rates
of migration from mediump1 areas (p1 < 0.1; Hu Que Ba
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and Zhuan Po Zhai), we found that malaria vulnerability
increased slowly with the mobile population proportion.
At exceedingly high (M � 0.7) rates of migration from
medium p1 areas (p1 < 0.1; Xin Cun), or high (0.3� M <
0.5) rates of migration from highp1 areas (0.1� p1 < 0.
15; Ka Ya He), we found that malaria vulnerability in-
creased with the mobile population proportion. At high
(0.3� M < 0.5) rates of migration from exceedingly high
p1 areas (p1 > 0.15; Jing Po Zhai), we found that malaria
vulnerability increased dramatically with the mobile
population proportion (Fig.3).

Based on an average simulatedM value of 10%, the
imported case densities were 2.6/1000 population for
area 1 (95%CI: 0.1–10.4/1000 population), 0.5/1000
population for area 3 (95%CI: 0.1–0.6/1000 population),
and a total density of 3.2/1000 population (95%CI: 0.2–
10.9/1000 population). The imported cases increased
with an increasing proportion of mobile individuals in
the study population (Fig.4). Based on a simulatedM
value of 100%, the imported case densities increased to
30.5/1000 population for area 1 (95%CI: 0.4–103.1/1000

population), 1.9/1000 population for area 3 (95%
CI: 0.7–5.7/1000 population), and a total density of
32.4/1000 population (95%CI: 1.6–107.4/1000 population).

Discussion
Progress towards eliminating malaria in China has re-
cently reduced the malaria transmission rate in Yunnan
Province [25–27]. However, Yingjiang’s location in a
warm and rainy area at the China-Myanmar border is
associated with high malaria receptivity. Thus, malaria
vulnerability has become a key factor for malaria re-
establishment in this region. The present study revealed
a high mobile population proportion in this county, with
most mobile individuals temporarily moving to
Myanmar. Fortunately, most mobile individuals lived in-
doors with protection, which may have reduced their
risk of infection. However, our results indicate that living
indoors only provided 5% of protection against infection
(vs. living outdoors at night). The low efficacy of living
indoors might be related to the several-hours period be-
tween sunset and actually going to sleep, as vectors

Table 2 Data and model for estimating vulnerability to malaria in the five selected villages

Jing Po Zhai Ka Ya He Xin Cun Zhuan Po Zhai Hu Que Ba

Number of reported imported cases (2013–2016) 19 4 8 0 1

Species of malaria

P. vivax 17 4 8 0 1

P. falciparum 2 0 0 0 0

Gender

Male 10 2 6 0 1

Female 9 2 2 0 0

Age

0–10 5 0 0 0 0

11–20 1 0 1 0 0

21–30 5 1 1 0 1

31–40 3 1 1 0 0

41–50 2 0 3 0 0

51–60 2 1 2 0 0

> 60 1 1 0 0 0

Year

2013 0 0 0 0 0

2014 4 0 1 0 1

2015 9 4 3 0 0

2016 6 0 4 0 0

Four-year average reported imported cases (per year) 4.75 1.00 2.00 0.00 0.25

Number of blood samples collected 77 43 50 112 71

Number of tested asymptomatic infections 0 0 0 0 0

Density of vulnerability to malaria 0.03253 0.01163 0.02439 0.00000 0.00338

Simulated vulnerability to malaria 0.03248 0.01162 0.02438 0.00049 0.00338
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Fig. 3 Simulated density of imported cases caused by varying proportions of mobility in five villages of Yingjiang county, China. Panelsa-o
represent the simulated density of imported cases in the five villages under the conditions ofp1, p3, and the total probability, respectively.p1

indicates the probability of infection because of immigration or emigration from areas with the most intense transmission (� 5 cases per 1000
population).p3 indicates the probability of infection because of immigration or emigration from malaria elimination areas where the incidence is
< 1 case per 1000 population. The total probability of infection is calculated based on immigration or emigration from all areas
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could enter the house during this period; it is also pos-
sible that unclosed or leaky windows and doors contrib-
uted throughout the entire night. Nevertheless, the
precise mechanism remains unclear, and additional re-
search is needed to better understand why living indoors
is associated with low efficacy. Our results also indicate
that only 20% protection against infection was associated
with using protection measures (e.g., a screen door or
window, repellent, normal bed nets, long-lasting insecti-
cidal nets, or insecticide-treated nets). The low efficacy
of protection measures might be related to inappropriate
use, and the period between sunset and going to sleep
might be a critical time for infection. Countermeasures
may be needed to decrease the infection of mobile
people during this time. Another reason might be that
people tend to over-report their use of bed nets and to
underreport both their migration behaviors and living
outdoors at night. This reporting bias from mobile pop-
ulations might lead to an underestimation of the efficacy
of living indoors and protection measures.

The high proportion of mobile individuals in the study
population was associated with greater malaria vulner-
ability, which might increase the likelihood of malaria
re-establishment in Yingjiang county. In addition, the
model that was used for analysis fit the reported data,
which indicates that the SSM model can be used to
simulate the relationship between mobile population
proportion and malaria vulnerability. Interestingly, we
observed different infection probabilities among the mo-
bile populations of the five villages, with the greatest
probability observed in area 1. These differences might
be related to the heterogeneous distribution of malaria
transmission in Myanmar. Thus, the mobile populations
of Jing Po Zhai, Ka Ya He, and Xin Cun might have
moved to high transmission areas, while the mobile pop-
ulations of Zhuan Po Zhai and Hu Que. Ba might have
moved to low transmission areas in Myanmar.

Most mobile individuals lived indoors at night with
protection, although the efficacy of protection and rate

of sleeping indoors was low during their stays in
Myanmar. Furthermore, we detected high values for the
mobile population proportion and malaria vulnerability
in the China-Myanmar border region. Moreover, the
SSM model predicted a linear relationship between mo-
bile population proportion and malaria vulnerability.
Therefore, to reduce the risk of malaria re-establishment
in the border regions of China, we recommend introdu-
cing mobile population-specific measures, such as health
education to reduce malarial vector exposure and blood
screening with ultrasensitive reverse transcription PCR
to identify asymptomatic infections when mobile people
return to China [28].

The present study is limited in that it only evaluated
PCR-based data regarding asymptomatic infections from a
single community-based, cross-sectional survey in 2016,
and it is probable that asymptomatic infections were not
detected during 2013–2015 when PCR was not used.
Therefore, the regional vulnerability might be underesti-
mated by using the 4-year average for imported cases, al-
though we believe that this would only have a minor
effect on our findings. It is important to match temporal
behaviors with infection data from the same period, and
the present cross-sectional study collected mobile popula-
tion data from the previous year to ensure that it matched
the imported case data from 2016. However, we found
that no imported cases were reported in three villages
(Table2). Thus, to avoid selection bias by using only a sin-
gle year for analysis, the data were adjusted using the 4-
year average case numbers from each village during 2013–
2016. After the adjustment, we found that SSM model fit
the data and there was no significant difference between
the reported cases in 2016 and the adjusted 4-year average
number of cases, which indicates that the 4-year average
is appropriate for use in the model.

The simulated results of our study are based on the as-
sumptions of the SSM model. In this model, the independ-
ent variables included the proportion of mobile individuals
in the study population, the epidemic status of the regions

Fig. 4 The median and range values for the simulated densities of imported cases caused by varying proportions of mobility.a, p1. b, p3. c, total.
p1 indicates the probability of infection because of immigration or emigration from areas with the most intense transmission (� 5 cases per 1000
population).p3 indicates the probability of infection because of immigration or emigration from malaria elimination areas where the incidence is
< 1 case per 1000 population. The total probability of infection is calculated based on immigration or emigration from all areas
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that have temporary immigration and emigration, the risk
of exposure to malarial vectors, the efficacy of any protec-
tion measures, the duration of exposure, and the frequency
of movement. However, there might be other independent
variables or residual errors that should be considered in the
model, and additional research is needed to more precisely
explain the mechanism of malaria vulnerability.

Another limitation is the possibility of bias in linking
P. vivaxto migration patterns. For example, the high fre-
quency of cross-border movement of mobile individuals
and the long latent period ofP. vivaxinfection [29] can
make it difficult to determine when theP. vivax infec-
tion was acquired. Fortunately, China has developed a
step-by-step protocol for case classification and a 5-level
case confirmation network. The foundation of the net-
work is comprised of each hospital and clinic that de-
tects and reports malaria cases. Next, the county’s
Center for Disease Control and Prevention (CDC) im-
plements an epidemiological investigation to categorize
the case as imported or indigenous. The municipal CDC
then checks the information that was reported by the
county CDC, and each case is finally verified by a pro-
vincial reference laboratory after being reported by the
local public health institute. The final confirmation of
each malaria case is approved by the NHFPC expert
group. This process and the step-by-step protocol ensure
that each malaria case is diagnosed and categorized cor-
rectly, and minimizes the likelihood of diagnostic bias in
China.

Conclusions
This community-based, cross-sectional study was per-
formed to develop an SSM model that simulates mobile
population dynamics and malaria vulnerability in the
China-Myanmar border region. High population mobil-
ity was observed with different epidemiological charac-
teristics and exposure patterns, which were associated
with varying levels of vulnerability in the studied villages.
Thus, the SSM model could be used as a tool to quantify
the linear relationship between vulnerability and mobile
populations, and it may be useful for assessing the risk
of malaria re-establishment in China.
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