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clean sites. The activities of lactate dehydrogenase and sorbitol dehydrogenase showed 37 

�W�K�H���K�L�J�K�H�V�W�������������� �D�Q�G�� ������������up-regulation respectively with the increased metal 38 

gradient. In conclusion, this study elucidated the earthworm reproductive toxicity, 39 

underlying reproductive compensation, metal stress-induced damages, and adaptive 40 

responses caused by heavy metal exposure, while also providing the possibility of 41 

sperm trait analysis (CASA) for related earthworm toxicological studies. 42 
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�.�Z�D�N�� �D�Q�G�� �$�Q���� ���������E���� �<�D�Q�J�� �H�W�� �D�O������ ���������������1�R�U�P�D�O�O�\���� �U�H�S�U�R�G�X�F�W�L�Y�H�� �U�H�J�X�O�D�W�L�R�Q�� �L�V�� �D�Q��98 

�D�O�W�H�U�Q�D�W�L�Y�H�� �U�H�V�S�R�Q�V�H�� �I�R�U�� �F�H�U�W�D�L�Q�� �R�U�J�D�Q�L�V�P�V�� �X�Q�G�H�U���V�W�U�H�V�V���I�U�R�P�� �O�R�Q�J���W�H�U�P���H�[�S�R�V�X�U�H��99 

�W�K�U�R�X�J�K���L�Q�F�U�H�D�V�H�G���U�H�S�U�R�G�X�F�W�L�Y�H�� �H�I�I�R�U�W�V���Z�L�W�K���H�Q�H�U�J�\�� �W�U�D�G�H���R�I�I�V�� �W�R���D�O�O�R�Z���U�H�S�U�R�G�X�F�W�L�Y�H��100 

�V�X�F�F�H�V�V�����*�R�Z�D�W�\���H�W���D�O�������������������2�U�W�R�Q���D�Q�G���7�\�O�H�U�����������������<�D�Q�J���H�W���D�O���������������D�������7�K�H���V�W�U�H�V�V��101 

�L�Q�G�X�F�H�G�� �U�H�V�R�X�U�F�H�� �U�H�G�L�V�W�U�L�E�X�W�L�R�Q�� �D�Q�G�� �U�H�S�U�R�G�X�F�W�L�Y�H�� �F�R�P�S�H�Q�V�D�W�L�R�Q�� �W�K�D�W���L�V���G�U�L�Y�H�Q�� �E�\��102 

�H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���W�R�O�H�U�D�Q�F�H�����S�K�H�Q�R�W�\�S�L�F���S�O�D�V�W�L�F�L�W�\�����D�Q�G���H�Y�H�Q���S�D�U�H�Q�W�D�O���L�Q�K�H�U�L�W�D�Q�F�H���K�D�Y�H���Q�R�W��103 

�E�H�H�Q�� �F�O�H�D�U�O�\���H�O�X�F�L�G�D�W�H�G�����+�X�D�Q�J�� �H�W�� �D�O������ �������������� �$�F�F�R�U�G�L�Q�J�O�\���� �L�W�� �L�V�� �R�I���L�P�S�R�U�W�D�Q�F�H�� �W�R��104 
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�L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���U�H�S�U�R�G�X�F�W�L�Y�H���G�D�P�D�J�H���D�V���Z�H�O�O���D�V���W�K�H���V�W�U�D�W�H�J�\���R�I���R�U�J�D�Q�L�V�P�V���X�Q�G�H�U���O�R�Q�J��105 

�W�H�U�P���V�W�U�H�V�V�� �I�U�R�P���L�Q���V�L�W�X���H�[�S�R�V�X�U�H���� �2�X�U�� �S�U�H�Y�L�R�X�V�� �V�W�X�G�L�H�V�� �U�H�S�R�U�W�H�G�� �D���Z�L�O�G���R�O�L�J�R�F�K�D�H�W�H��106 

�H�D�U�W�K�Z�R�U�P��Metaphire californica �H�[�S�R�V�H�G���W�R���K�H�D�Y�\���P�H�W�D�O���F�R�Q�W�D�P�L�Q�D�W�L�R�Q�V���R�Y�H�U���V�H�Y�H�U�D�O��107 

�G�H�F�D�G�H�V, possessed more considerable population dominance, bioaccumulation, and 108 

better detoxification capacity, especially for Cd resistance and detoxification in 109 

comparison to other wild species, providing an �D�G�Y�L�V�D�E�O�H��research candidate (Huang et 110 

al., 2021b; Huang et al., 2020; Wang et al., 2020; Wang et al., 2018a). 111 

�2�Y�H�U�D�O�O�����L�W�� �F�R�X�O�G�� �E�H�� �K�\�S�R�W�K�H�V�L�]�H�G�� �W�K�D�W���Z�L�O�G���H�D�U�W�K�Z�R�U�P�V�� �X�Q�G�H�U�� �S�H�U�V�L�V�W�L�Q�J��112 

�F�R�Q�W�D�P�L�Q�D�W�L�R�Q���F�D�Q���U�H�V�S�R�Q�G���W�R���K�H�D�Y�\�� �P�H�W�D�O���V�W�U�H�V�V�� �E�\�� �U�H�S�U�R�G�X�F�W�L�Y�H���F�R�P�S�H�Q�V�D�W�L�R�Q�����7�K�H��113 

�S�U�H�V�H�Q�W���V�W�X�G�\���Z�D�V���F�D�U�U�L�H�G���R�X�W��to systematically investigate the reproductive damage and 114 

compensation in wild���H�D�U�W�K�Z�R�U�P��M.californica from different long-term heavy metal 115 

exposure histories (Cd, Cu, Zn, and Pb). The detailed purposes of this study were: (1) 116 

to employ the CASA system to evaluate the sperm traits and performance of earthworm 117 

M.californica; (2) to determine the reproductive toxicity of heavy metals on 118 

earthworms via histology, morphology and DNA damage analyses; (3) to explore the 119 

reproductive compensation by assessing the sperm traits and metabolic levels. These 120 

findings can shed light on the��dynamic reproductive strategies of those organisms living 121 

under persistent stresses. 122 

2. �0�D�W�H�U�L�D�O�V���D�Q�G���P�H�W�K�R�G�V 123 

2.1 �'�H�V�F�U�L�S�W�L�R�Q���R�I���V�D�P�S�O�L�Q�J���V�L�W�H�V 124 



 7 

�$�O�O���W�K�U�H�H���V�D�P�S�O�L�Q�J���V�L�W�H�V���:�D�Q�V�K�R�X�����:�6�&����112° 40' 05'';��26° 44' 49"�������'�D�[�L�Q�J�����'�;�&����125 
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�������������� �D�Q�G���/�X�S�X�����/�3�&�����������ƒ�������
�������
�
���� �����ƒ�������
������������(Fig. 1)���Z�H�U�H��126 

�O�R�F�D�W�H�G���L�Q���W�K�H���³�K�R�P�H�W�R�Z�Q���R�I���Q�R�Q�I�H�U�U�R�X�V���P�H�W�D�O�V�´�����+�H�Q�J�\�D�Q�J���&�L�W�\�����+�X�Q�D�Q���3�U�R�Y�L�Q�F�H�����W�K�H��127 

�V�X�E�W�U�R�S�L�F�D�O���D�U�H�D�V���R�I���V�R�X�W�K�H�U�Q���&�K�L�Q�D�����7�K�H�V�H���V�L�W�H�V���V�K�R�Z�H�G���G�L�I�I�H�U�H�Q�W���G�L�V�W�D�Q�F�H�V���D�Z�D�\���I�U�R�P��128 

�P�L�Q�L�Q�J���R�U���W�D�L�O�L�Q�J���D�U�H�D�V���Z�L�W�K���R�Y�H�U���������\�H�D�U�V���R�I���S�R�O�O�X�W�L�R�Q���K�L�V�W�R�U�\�����Z�K�L�F�K���Z�H�U�H���D�O�O���F�R�Q�I�L�U�P�H�G��129 

�D�V���O�R�Q�J���W�H�U�P���R�E�V�H�U�Y�L�Q�J���D�Q�G���V�D�P�S�O�L�Q�J���S�R�L�Q�W�V���E�\���R�X�U���I�L�H�O�G���V�X�U�Y�H�\���V�W�X�G�L�H�V���E�H�J�D�Q���L�Q������������130 

���+�X�D�Q�J���H�W���D�O�������������������:�D�Q�J���H�W���D�O���������������E�����:�D�Q�J���H�W���D�O���������������F������ 131 

�7�K�H���I�L�Y�H���V�S�R�W���V�D�P�S�O�L�Q�J���P�H�W�K�R�G�����������F�P���î���������F�P�î���������F�P�����Z�D�V���D�S�S�O�L�H�G���W�R���V�D�P�S�O�H��132 

�H�D�U�W�K�Z�R�U�P�V���D�Q�G���V�R�L�O�V���������������F�P�����I�U�R�P���H�D�F�K���V�L�W�H�����7�K�H���K�H�D�Y�\���P�H�W�D�O���F�R�Q�W�D�P�L�Q�D�W�L�R�Q�V �W�R�W�D�O�O�\��133 

�I�R�O�O�R�Z�H�G���D�Q���L�Q�F�U�H�D�V�L�Q�J���J�U�D�G�L�H�Q�W���I�U�R�P���:�6�&���W�R���'�;�&���D�Q�G���/�3�&���V�L�W�H�V�����H�V�S�H�F�L�D�O�O�\���I�R�U���V�R�L�O��134 

�&�G�����Z�K�L�F�K���Z�D�V�������������� ������������ �D�Q�G�� ���������� �P�J���N�J���� �U�H�V�S�H�F�W�L�Y�H�O�\�����$�F�F�R�U�G�L�Q�J�� �W�R���R�X�U�� �S�U�H�Y�L�R�X�V��135 

�V�W�X�G�L�H�V�����+�X�D�Q�J���H�W���D�O���������������� Huang et al., 2021b�������R�Q�O�\���K�H�D�Y�\���P�H�W�D�O�V���R�I��Cd, Cu, Zn, and 136 

Pb exceed the �&�K�L�Q�H�V�H�� �(�Q�Y�L�U�R�Q�P�H�Q�W�D�O���4�X�D�O�L�W�\�� �6�W�D�Q�G�D�U�G�� �I�R�U�� �6�R�L�O�V�� ���*�%�� ��������������������������137 

�Z�K�L�F�K���Z�H�U�H���P�D�L�Q�O�\���F�R�Q�V�L�G�H�U�H�G���L�Q���R�X�U���V�W�X�G�\�����' �H�W�D�L�O�H�G���V�L�W�H���L�Q�I�R�U�P�D�W�L�R�Q�����V�R�L�O���S�U�R�S�H�U�W�L�H�V����138 

�D�Q�G���P�H�W�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�U�H���S�U�R�Y�L�G�H�G���L�Q���7�D�E�O�H���6�������D�Q�G���U�H�O�D�W�H�G���G�H�V�F�U�L�S�W�L�R�Q�V���R�I���W�K�H�V�H���W�K�U�H�H��139 

�V�L�W�H�V���D�O�V�R���F�D�Q���E�H���I�R�X�Q�G���L�Q���R�X�U���S�U�H�Y�L�R�X�V���V�W�X�G�L�H�V�� 140 

2.2 �7�H�V�W���H�D�U�W�K�Z�R�U�P�V 141 

Adult Metaphire californica �Z�L�W�K�� �V�L�P�L�O�D�U�� �Z�H�L�J�K�W�� ������������������ �P�J���� �D�Q�G�� �I�X�O�O�\��142 

�G�H�Y�H�O�R�S�H�G��clitellum �Z�H�U�H�� �F�R�O�O�H�F�W�H�G�� �I�U�R�P�� �H�D�F�K�� �V�L�W�H���� �(�D�U�W�K�Z�R�U�P�V�� �Z�H�U�H���N�H�S�W�� �L�Q���L�Q���V�L�W�X��143 

�V�R�L�O�V���D�Q�G���I�H�G���Z�L�W�K���W�K�H�L�U���R�U�L�J�L�Q�D�O���V�X�U�I�D�F�H���O�L�W�W�H�U�����O�H�D�Y�H�V���D�Q�G���K�X�P�X�V�������D�Q�G���D�O�O���V�X�E�V�H�T�X�H�Q�W��144 

�D�Q�D�O�\�V�L�V���Z�D�V���G�R�Q�H���Z�L�W�K�L�Q���W�Z�R���Z�H�H�N�V���W�R���U�H�G�X�F�H���W�K�H���L�Q�W�H�U�I�H�U�H�Q�F�H�V�����3�D�U�W���R�I���W�K�H���Z�R�U�P�V���Z�D�V��145 
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�G�H�S�X�U�D�W�H�G���R�Q���W�K�H���3�H�W�U�L���G�L�V�K���Z�L�W�K���P�R�L�V�W���I�L�O�W�H�U���S�D�S�H�U���I�R�U���������K�����Z�D�V�K�H�G���Z�L�W�K���G�H�L�R�Q�L�]�H�G���Z�D�W�H�U����146 

frozen in liquid nitrogen, and then dried in a freeze dryer (TF-FD-18S, China) to 147 

analyze metal bioaccumulation. Rest living earthworms were used for further dissection 148 

and reproductive analysis. Meanwhile, M.californica was ever confirmed in our former 149 

studies for species classification with �P�R�U�S�K�R�O�R�J�L�F�D�O�� �D�Q�D�O�\�V�L�V�� �D�Q�G�� �W�K�H�� �V�H�T�X�H�Q�F�L�Q�J�� �R�I��150 

�F�\�W�R�F�K�U�R�P�H���R�[�L�G�D�V�H���V�X�E�X�Q�L�W���I�L�U�V�W�����&�2�,�����J�H�Q�H�V�����+�X�D�Q�J���H�W���D�O���������������E�����;�X���D�Q�G���;�L�D�R������������������ 151 

2.3 �7�K�H���D�Q�D�O�\�V�L�V���R�I���V�R�L�O���S�U�R�S�H�U�W�L�H�V���D�Q�G���K�H�D�Y�\���P�H�W�D�O�V 152 

�6�R�L�O���S�+�����V�R�L�O���R�U�J�D�Q�L�F���F�D�U�E�R�Q�����6�2�&�������W�R�W�D�O���Q�L�W�U�R�J�H�Q�����7�1�������F�D�W�L�R�Q���H�[�F�K�D�Q�J�H���F�D�S�D�F�L�W�\��153 

���&�(�&�������D�Q�G���K�H�D�Y�\���P�H�W�D�O�V�����&�G�����&�X�����=�Q�����D�Q�G���3�E�����Z�H�U�H���D�Q�D�O�\�]�H�G���W�R���D�V�V�H�V�V���W�K�H���R�Y�H�U�D�O�O���V�R�L�O��154 

�F�R�Q�G�L�W�L�R�Q�V���R�I���G�L�I�I�H�U�H�Q�W���V�D�P�S�O�L�Q�J���V�L�W�H�V�����I�R�O�O�R�Z�L�Q�J���W�K�H���S�U�R�W�R�F�R�O�V���L�Q���R�X�U���S�U�H�Y�L�R�X�V���V�W�X�G�\���D�Q�G��155 

�P�H�H�W�L�Q�J���W�K�H���F�H�U�W�L�I�L�F�D�W�H�G���U�H�T�X�L�U�H�P�H�Q�W�V���R�I���G�H�W�H�F�W�L�R�Q���O�L�P�L�W�V���D�Q�G���U�H�F�R�Y�H�U�\���U�D�W�H�V�����+�X�D�Q�J���H�W��156 

�D�O������������������ 157 

Freeze-dried worms were ground into powder and digested in a microwave with 158 

a mixture of HNO3-H2O2, and metal concentration were analyzed through �L�Q�G�X�F�W�L�Y�H�O�\��159 

�F�R�X�S�O�H�G�� �S�O�D�V�P�D���P�D�V�V�� �V�S�H�F�W�U�R�P�H�W�U�\�� ���,�&�3���0�6���� ���������F�H���� �8�6�$��. Shrimp powder (GBW 160 

10050) was used as standard reference material and all of the recovery rates were over 161 

95%. Besides, the bioaccumulation factor (BAF) value was calculated by dividing 162 

worm metal concentration into soil metal contents, which represents the ability of 163 

earthworms to bioaccumulate different heavy metals (Huang et al., 2022).�� 164 

2.4 �+�L�V�W�R�O�R�J�\���D�Q�G���P�R�U�S�K�R�O�R�J�\���H�[�D�P�L�Q�D�W�L�R�Q 165 
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Depurated M.californica was fixed with pins on a smooth foam and two pairs of 166 

spermathecal pores were located in the 7th to 9th lateroventral intersegment (Nguyen 167 

et al., 2020; Xu and Xiao, 2010). Dissected and gently tore the septa along the 168 

abdominal midline of worms from��anterior to clitellum segments, separated out the 169 

�V�H�P�L�Q�D�O���Y�H�V�L�F�O�H�V�����W�K�H�Q���U�L�Q�V�H�G���Z�L�W�K���X�O�W�U�D�S�X�U�H���Z�D�W�H�U���W�R���U�H�P�R�Y�H���D�G�K�H�U�L�Q�J���P�X�F�X�V, finally 170 

fixed in 10% formaldehyde solution for 48h.���)�L�[�H�G�� �Y�H�V�L�F�O�H�V�� �Z�H�U�H�� �G�H�K�\�G�U�D�W�H�G�� �Z�L�W�K�� �D��171 

�J�U�D�G�H�G���V�H�U�L�H�V���R�I���H�W�K�D�Q�R�O���Z�L�W�K���G�L�I�I�H�U�H�Q�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�Q�G���F�O�H�D�U�H�G���Z�L�W�K���D���[�\�O�H�Q�H���D�J�H�Q�W���W�R��172 

�F�R�P�S�O�H�W�H�O�\���G�L�V�S�O�D�F�H�� �H�W�K�D�Q�R�O�� Afterward, all vesicles were embedded with paraffin,��173 

sliced into films, and fully stained with haematoxylineosin (HE). All prepared slides 174 

were finally observed using an optical microscope��(ZEISS-AX10, Zeiss, GmbH, 175 

Germany) and image-recorded under different magnifications to determine histological 176 

changes (Adeel et al., 2019; Huang et al., 2021a; Kwak and An, 2021a). 177 

Separated seminal vesicles of at least 10 earthworms from the same treatment were 178 

put into a 1.5 ml centrifuge tube to prepare earthworm seminal suspension��by exerting 179 

pressure and forcing out the sperm from vesicles with fine-tipped forceps. 10 ���/��180 

�H�D�U�W�K�Z�R�U�P�� �V�H�P�H�Q�� �D�Q�G�� ���������/�� �S�K�R�V�S�K�D�W�H���E�X�I�I�H�U�H�G�� �V�D�O�L�Q�H�� ���S�+� �����������Z�D�V���S�O�D�F�H�G�� �L�Q�� �W�K�H��181 

�F�H�Q�W�H�U�� �R�I�� �V�O�L�G�H�V���� �W�K�H�Q�� �G�L�V�S�H�U�V�H�G�� �D�Q�G�� �V�P�H�D�U�H�G�� �E�\�� �R�Y�H�U�O�D�S�S�L�Q�J�� �D�Q�R�W�K�H�U�� �V�O�L�G�H�����$�O�O���V�O�L�G�H�V��182 

�Z�H�U�H���L�P�P�H�U�V�H�G���L�Q�����������I�R�U�P�D�O�G�H�K�\�G�H���V�R�O�X�W�L�R�Q���I�R�U���������P�L�Q���I�L�[�L�Q�J���D�Q�G���W�K�H�Q���V�W�D�L�Q�H�G���I�R�U��183 

�������P�L�Q���X�V�L�Q�J�����������*�L�H�P�V�D���V�W�D�L�Q�L�Q�J���V�W�R�F�N�����6�R�O�D�U�E�L�R�����&�K�L�Q�D�������D�Q�G���I�L�Q�D�O�O�\���D���V�O�R�Z���I�O�R�Z���Z�D�V��184 

�X�V�H�G���W�R���U�L�Q�V�H���R�I�I���W�K�H���H�[�F�H�V�V���V�W�D�L�Q�L�Q�J���V�R�O�X�W�L�R�Q�V���S�U�L�R�U���W�R���D�L�U���G�U�\�L�Q�J�����3�U�H�S�D�U�H�G���V�O�L�G�H�V���Z�H�U�H��185 

�R�E�V�H�U�Y�H�G���X�V�L�Q�J��an optical microscope��(ZEISS-AX10, Zeiss, GmbH, Germany) under 186 
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400× magnification (Gao et al., 2015; Yesudhason et al., 2013; Zheng and Li, 2009). 187 

All earthworms from each site were tested as above and photo-recorded. The sperm 188 

deformity rate was calculated by dividing the number of abnormal sperm into total 189 

numbers, and over 100 spermatozoa were randomly selected to examine the abnormal 190 

rates of each treatment.  191 

2.5 �$�V�V�H�V�V�P�H�Q�W���R�I���H�D�U�W�K�Z�R�U�P���V�S�H�U�P���W�U�D�L�W���S�H�U�I�R�U�P�D�Q�F�H 192 

�,�Q���W�K�L�V���V�W�X�G�\�����J�O�X�F�R�V�H�����*�O�F�����Z�D�V���S�U�R�Y�H�Q���D�V���W�K�H���E�H�V�W���V�S�H�U�P���F�D�S�D�F�L�W�D�W�L�R�Q���O�L�T�X�L�G���I�R�U��193 

M.californica���F�R�P�S�D�U�H�G���Z�L�W�K���P�R�U�H���F�R�P�P�R�Q���X�V�H�G���3�%�6���D�Q�G�� �+�%�6�6�� ���+�D�Q�N�¶�V�� �%�D�O�D�Q�F�H�G��194 

�6�D�O�W���6�R�O�X�W�L�R�Q�������7�U�D�Y�L�V���H�W���D�O�������������������:�L�O�O�L�D�P�V���D�Q�G���)�R�U�G�����������������<�D�Q�J���H�W���D�O���������������D�������Z�K�L�F�K��195 

�V�X�F�F�H�V�V�I�X�O�O�\���F�D�S�D�F�L�W�D�W�H�G���H�D�U�W�K�Z�R�U�P���V�S�H�U�P�V���D�Q�G���P�D�N�H���W�K�H�P���P�R�Y�H���L�Q���V�W�U�D�L�J�K�W���R�U���F�X�U�Y�H�G��196 

�O�L�Q�H�V�����)�L�J�����6�������$������Earthworm sperms were diluted by 20 times with 2.5% Glc solutions 197 

�������•���� �D�G�M�X�V�W�H�G�� �S�+�� �W�R�� ������ �W�R�� �D�Y�R�L�G�� �V�S�H�U�P�� �R�Y�H�U�O�D�S�� �D�Q�G�� �H�Q�V�X�U�H�� �W�K�H�� �D�S�S�U�R�S�U�L�D�W�H�� �V�S�H�U�P��198 

amount in each viewing field for trait analysis.  199 

Specifically, 10 ���/��seminal suspension was diluted into �����������/�� �*�O�F�� �D�Q�G���E�O�R�Z�Q��200 

�Z�L�W�K���D���S�L�S�H�W�W�H���X�Q�W�L�O���D�O�O���V�S�H�U�P���Z�D�V���F�R�P�S�O�H�W�H�O�\�� �G�L�I�I�X�V�H�G���L�Q�W�R���W�K�H���V�X�U�U�R�X�Q�G�L�Q�J�� �P�H�G�L�X�P����201 

�$�I�W�H�U���������P�L�Q���G�L�V�V�R�F�L�D�W�L�R�Q���D�Q�G���W�K�H�U�P�R�V�W�D�W�������������/��suspension was dropped��on the slide 202 

center (pre-�Z�D�U�P�H�G�� �X�Q�G�H�U�� �����•���� �D�Q�G��then applied with coverslips for later analysis 203 

(Kime et al., 1996; Kime et al., 2001; Niu et al., 2022; Yang et al., 2019). All earthworm 204 

sperm traits were assessed under a computer-assisted sperm analysis (CASA, LINE-205 

HY, China) system, provided by the College of Animal Science and Technology, China 206 

Agricultural University, which has been successfully applied for sperm analysis on 207 
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different animals. A total of 300 earthworm sperms from at least 5��nonconsecutive 208 

viewing fields of each treatment were analyzed to comprehensively evaluate the sperm 209 

traits.  210 

The reproductive performances of earthworms from WSC, DXC, and LPC sites 211 

were determined by comparing sperm density, sperm viability, and also several 212 

movement parameters: (a)��velocity parameters, including curvilinear velocity (VCL), 213 

straight-line velocity (VSL), and average path velocity (VAP); (b) trajectory parameters, 214 

including linearity (LIN) and wobble (WOB) percentages (Kime et al., 2001; Yang et 215 

al., 2019).�� 216 

In order to directly assess the impacts of heavy metals on earthworm sperm traits, 217 

as well as to further confirm the elevated Cd resistance of earthworms reported in our 218 

previous studies ���+�X�D�Q�J���H�W���D�O�������������������+�X�D�Q�J���H�W���D�O���������������E��, another lab re-exposure was 219 

carried out �W�R���F�R�Q�G�X�F�W���W�K�H��comparative analysis and �H�Y�D�O�X�D�W�H���W�K�H���V�S�H�U�P���W�U�D�L�W�V���F�R�Q�W�L�Q�X�L�W�\��220 

by using 0.1 mg/L���&�G-spiked Glc, which could make sperms visibly affected but not 221 

wholly inactivated�����)�L�J�����6������ 222 

2.6 �'�1�$���G�D�P�D�J�H���D�Q�G���P�H�W�D�E�R�O�L�V�P���H�Y�D�O�X�D�W�L�R�Q 223 

�'�1�$�� �G�D�P�D�J�H�� �R�I�� �H�D�U�W�K�Z�R�U�P�� �V�S�H�U�P�V�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �E�\���W�K�H���V�L�Q�J�O�H���F�H�O�O�� �J�H�O��224 

�H�O�H�F�W�U�R�S�K�R�U�H�V�L�V���D�V�V�D�\�����D�O�V�R���H�Q�W�L�W�O�H�G���F�R�P�H�W���D�V�V�D�\�������Z�K�L�F�K���Z�D�V���G�H�V�F�U�L�E�H�G���L�Q���G�H�W�D�L�O���L�Q���R�X�U��225 

�D�Q�G�� �R�W�K�H�U�� �V�W�X�G�L�H�V�����+�X�D�Q�J�� �H�W�� �D�O������ ���������D���� �/�L�� �H�W�� �D�O������ ������������ �:�D�Q�J�� �H�W�� �D�O������ ���������G������ �%�U�L�H�I�O�\����226 

�G�L�V�V�H�F�W�H�G���V�H�P�L�Q�D�O���Y�H�V�L�F�O�H�V���Z�H�U�H���V�X�V�S�H�Q�G�H�G���Z�L�W�K���F�R�O�G���3�%�6���E�X�I�I�H�U�����W�K�H�Q���F�H�Q�W�U�L�I�X�J�H�G���W�R��227 

�R�E�W�D�L�Q�� �W�K�H�� �V�S�H�U�P�� �F�H�O�O �V�X�V�S�H�Q�V�L�R�Q�V�� �I�R�U�� �V�O�L�G�H�� �S�U�H�S�D�U�D�W�L�R�Q�� �E�\�� �H�P�S�O�R�\�L�Q�J�� �³�W�K�U�H�H-�V�W�H�S�V�´��228 
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agarose and electrophoresis preparing methods. Processed slides were dyed with 229 

propidium iodide buffer, finally observed and photographed under a fluorescence 230 

microscope. Randomly selected DNA cells were analyzed by using Comet Assay 231 

Software Project (CASP) software with the values of tail DNA proportion (Tail DNA %) 232 

and olive tail moment (OTM). Damaged DNA will show typical �F�R�P�H�W���W�D�L�O�V���Z�L�W�K���W�K�H��233 

Tail DNA% > 5 and OTM > 2 values ���)�L�J�����6����. 234 

Sperm-related metabolism was evaluated by determining the activities of lactate 235 

dehydrogenase (LDH) and sorbitol dehydrogenase (SDH), which were both significant 236 

biomarker enzymes involved in energy acquisition, sperm production, and germ cell 237 

development (Yang et al., 2020b; Zhu et al., 2019).���/�'�+���D�Q�G���6�'�+���Z�H�U�H���G�H�W�H�U�P�L�Q�H�G���D�W��238 

���������D�Q�G�����������Q�P���Y�L�D���D���P�L�F�U�R�S�O�D�W�H���U�H�D�G�H�U�����;�6�������%�L�R�7�H�.�����8�6�$�������U�H�V�S�H�F�W�L�Y�H�O�\�����E�\���X�V�L�Q�J��239 

�V�H�P�L�Q�D�O���Y�H�V�L�F�O�H���F�H�O�O�V��and commercial enzyme kits (Nanjing Jiancheng Bioengineering 240 

Institute, Nanjing, China), following the manufacturer's specifications. 241 

2.7 �6�W�D�W�L�V�W�L�F�D�O���D�Q�D�O�\�V�L�V 242 

�$�O�O���G�D�W�D���D�Q�D�O�\�V�H�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���Z�L�W�K���,�%�0���6�3�6�6�������������E�\���X�V�L�Q�J���7�X�N�H�\�¶�V���K�R�Q�H�V�W��243 

�V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�����+�6�'�����W�H�V�W�����'�D�W�D���Z�H�U�H���H�[�S�U�H�V�V�H�G���D�V���P�H�D�Q�V���“���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q�V��244 

�Z�L�W�K���3�����������������U�H�S�U�H�V�H�Q�W�L�Q�J���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V�����3�H�D�U�V�R�Q�¶�V���F�R�U�U�H�O�D�W�L�R�Q�V���D�Q�D�O�\�V�H�V���Z�H�U�H��245 

�H�P�S�O�R�\�H�G���W�R���P�H�D�V�X�U�H���W�K�H���D�V�V�R�F�L�D�W�L�R�Q���E�H�W�Z�H�H�Q���Z�R�U�P���P�H�W�D�O���E�L�R�D�F�F�X�P�X�O�D�W�L�R�Q���D�Q�G���H�D�F�K��246 

�U�H�S�U�R�G�X�F�W�L�Y�H���S�D�U�D�P�H�W�H�U�����)�L�J�����6���������7�D�E�O�H�V���D�Q�G���I�L�J�X�U�H�V���Z�H�U�H���F�R�P�S�O�H�W�H�G���L�Q���(�[�F�H�O�������������D�Q�G��247 

�2�U�L�J�L�Q�������������� 248 
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3. �5�H�V�X�O�W�V 249 

3.1 �+�H�D�Y�\���P�H�W�D�O���E�L�R�D�F�F�X�P�X�O�D�W�L�R�Q���L�Q��M.californica 250 

�7�K�H�� �L�Q�W�H�U�Q�D�O�� �P�H�W�D�O�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I���0���F�D�O�L�I�R�U�Q�L�F�D���D�Q�G�� �E�L�R�D�F�F�X�P�X�O�D�W�L�R�Q�� �I�D�F�W�R�U��251 

�Y�D�O�X�H�V�����%�$�)�����D�U�H���V�K�R�Z�Q���L�Q���7�D�E�O�H���������7�K�H���P�H�W�D�O���E�L�R�D�F�F�X�P�X�O�D�W�L�R�Q���L�Q���H�D�U�W�K�Z�R�U�P�V���V�K�R�Z�H�G��252 

�F�R�Q�V�L�V�W�H�Q�F�\���Z�L�W�K���W�K�H�L�U���H�[�S�R�V�X�U�H���K�L�V�W�R�U�\�����0���F�D�O�L�I�R�U�Q�L�F�D���I�U�R�P���W�K�H���/�3�&���V�L�W�H���V�K�R�Z�H�G���W�K�H��253 

�K�L�J�K�H�V�W���=�Q���D�Q�G���3�E���E�L�R�D�F�F�X�P�X�O�D�W�L�R�Q���F�R�P�S�D�U�H�G���Z�L�W�K���W�K�R�V�H���I�U�R�P���:�6�&���D�Q�G���'�;�&���V�L�W�H�V����254 

�Z�K�L�F�K�� �Z�H�U�H�� �������� �D�Q�G�� ���������� �P�J���N�J���� �U�H�V�S�H�F�W�L�Y�H�O�\�����)�X�U�W�K�H�U�P�R�U�H���� �/�3�&���0���F�D�O�L�I�R�U�Q�L�F�D���D�O�V�R��255 

�V�X�I�I�H�U�H�G�� �W�K�H���K�L�J�K�H�V�W���E�R�G�\�� �E�X�U�G�H�Q�� �I�R�U�� �V�R�L�O�� �&�G���� �Z�K�L�F�K�� �Z�D�V�� ���������� �D�Q�G�� ���������� �W�L�P�H�V�� �K�L�J�K�H�U��256 

�W�K�D�Q�� �W�K�D�W�� �R�I���:�6�&�� �D�Q�G�� �'�;�&�� �Z�R�U�P�V���� �U�H�V�S�H�F�W�L�Y�H�O�\�����0���F�D�O�L�I�R�U�Q�L�F�D���D�O�V�R���E�L�R�D�F�F�X�P�X�O�D�W�H�G��257 

�R�W�K�H�U���K�H�D�Y�\�� �P�H�W�D�O�V�����&�X�� �D�Q�G�� �3�E�������E�X�W���G�L�I�I�H�U�H�Q�F�H�V�� �Z�H�U�H�� �I�R�X�Q�G���W�R�� �E�H�� �Q�R�Q���V�L�J�Q�L�I�L�F�D�Q�W��258 

�E�H�W�Z�H�H�Q���:�6�&���D�Q�G���/�3�&���Z�R�U�P�V�����3���!���������������7�D�E�O�H�����������)�R�U���E�L�R�D�F�F�X�P�X�O�D�W�L�R�Q���I�D�F�W�R�U���Y�D�O�X�H�V����259 

�D�O�P�R�V�W�� �R�Q�O�\�� �%�$�)�F�G���Y�D�O�X�H�V�� �Z�H�U�H�� �O�D�U�J�H�U�� �W�K�D�Q�� �����������L�Q�G�L�F�D�W�L�Q�J���W�K�H���V�L�J�Q�L�I�L�F�D�Q�W�� �D�E�L�O�L�W�\���R�I��260 

�H�D�U�W�K�Z�R�U�P�V���W�R���E�L�R�D�F�F�X�P�X�O�D�W�H���V�R�L�O���&�G�����6�S�H�F�L�I�L�F�D�O�O�\�����W�K�H���%�$�)�F�G���Y�D�O�X�H�V���Z�H�U�H��������������������������261 

�D�Q�G�������������I�R�U���:�6�&�����'�;�&�����D�Q�G���/�3�&���Z�R�U�P�V�����U�H�V�S�H�F�W�L�Y�H�O�\�����V�K�R�Z�L�Q�J���D���V�L�J�Q�L�I�L�F�D�Q�W���G�H�F�U�H�D�V�H��262 

�Z�L�W�K���W�K�H���L�Q�F�U�H�D�V�H���R�I���K�H�D�Y�\���P�H�W�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����3�������������������7�D�E�O�H�������� 263 

3.2 �+�L�V�W�R�O�R�J�L�F�D�O���D�Q�G���P�R�U�S�K�R�O�R�J�L�F�D�O���F�K�D�Q�J�H�V 264 

�7�K�H���K�L�V�W�R�O�R�J�L�F�D�O���F�K�D�Q�J�H�V���L�Q���H�D�U�W�K�Z�R�U�P���V�H�P�L�Q�D�O���Y�H�V�L�F�O�H�V���D�U�H���V�K�R�Z�Q���L�Q���)�L�J�����������3airs 265 

of the spermathecal were located in the 7/8/9 lateroventral segments within the clitellum 266 

area and the intact one showed a spherical structure and cream color ���)�L�J���� ���$���� �%��. 267 

Seminal vesicles aid in sperm nourishment and spermatogenesis, in which �W�K�H���L�Q�L�W�L�D�O��268 
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�G�H�Y�H�O�R�S�P�H�Q�W���R�I���D�Q�X�F�O�H�D�W�H���V�S�H�U�P�D�W�R�F�\�W�H�V���R�F�F�X�U�V���D�Q�G���I�L�Q�D�O�O�\���V�H�S�D�U�D�W�H���D�V���V�S�H�U�P���E�X�Q�G�O�H�V��269 

�D�Q�G���P�D�W�X�U�H���V�S�H�U�P�D�W�R�]�R�D�����)�L�J���� ���&�������)�L�J���� ���+�������7�K�H���F�R�P�S�D�U�L�V�R�Q���R�I�� �K�L�V�W�R�O�R�J�L�F�D�O���L�P�D�J�H�V��270 

�U�H�Y�H�D�O�H�G���W�K�D�W���W�K�H���L�Q�F�U�H�D�V�H�G���P�H�W�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���I�U�R�P���:�6�&���W�R���/�3�&���V�L�W�H�V���F�R�L�Q�F�L�G�H�G���Z�L�W�K��271 

�W�K�H���L�Q�F�U�H�D�V�H�V���L�Q���W�L�V�V�X�H���F�D�Y�L�W�L�H�V���D�Q�G���G�L�V�R�U�G�H�U�H�G���J�H�U�P���F�H�O�O�V���D�Q�G���D���G�H�F�U�H�D�V�H���L�Q���E�X�Q�G�O�H�V���R�I��272 

�P�D�W�X�U�H���V�S�H�U�P�V���L�Q���V�H�P�L�Q�D�O���Y�H�V�L�F�O�H�V�� 273 

�7�K�H�� �V�S�H�U�P�� �P�R�U�S�K�R�O�R�J�\�� �R�I���0���F�D�O�L�I�R�U�Q�L�F�D���D�Q�G�� �W�K�H�� �D�E�Q�R�U�P�D�O���V�S�H�U�P���U�D�W�H�V�� �D�U�H��274 

�S�U�H�V�H�Q�W�H�G���L�Q���)�L�J���� ������ �8�Q�O�L�N�H���K�X�P�D�Q���V�S�H�U�P���� �Q�R�U�P�D�O���H�D�U�W�K�Z�R�U�P���V�S�H�U�P���Z�D�V�� �P�R�U�H���O�L�N�H���D��275 

�V�P�R�R�W�K���V�W�U�D�L�J�K�W���R�U���F�X�U�Y�H�G���O�L�Q�H���Z�L�W�K���D���F�R�D�U�V�H�U���Q�X�F�O�H�X�V���K�H�D�G���D�Q�G���D���I�O�D�J�H�O�O�X�P���W�K�D�W���L�V���V�H�Y�H�U�D�O��276 
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  Internal concentrations Bioaccumulation factor 

        Cd      Cu     Zn   Pb  Cd  Cu Zn Pb 

WSC 16.8±1.12c 26.0±2.82b 166±6.48b 34.0±6.13a 11.2±0.75a 0.57±0.06b 1.13±0.04a 0.32±0.06a 

DXC 42.8±8.08b 43.0±6.73a 156±16.7b 19.9±3.90b 8.43±1.59b 0.52±0.08b 0.88±0.09b 0.28±0.06a 

LPC 61.1±8.56a 31.7±1.82b 239±10.8a 38.4±10.3a 4.83±0.68c 0.85±0.05a 0.83±0.04b 0.40±0.11a 
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