
CHAPTER 2
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ABSTRACT

3ULPDU\� FLOLD� DUH� XELTXLWRXV� DQWHQQD�OLNH� RUJDQHOOHV� WKDW� PHGLDWH� FHOOXODU� VLJQDOLQJ� DQG�
UHSUHVHQW�KRWVSRWV�IRU�KXPDQ�GLVHDVHV�WHUPHG�FLOLRSDWKLHV��+RZ�VLJQDOLQJ�VXEFRPSDUWPHQWV�
DUH�HVWDEOLVKHG�ZLWKLQ�WKH�PLFURWXEXOH�EDVHG�RUJDQHOOH��DQG�IRU�H[DPSOH�VXSSRUW�+HGJHKRJ�
RU� F*03� VLJQDO� WUDQVGXFWLRQ� SDWKZD\V�� UHPDLQV� D� FHQWUDO� TXHVWLRQ�� +HUH�ZH� VKRZ� WKDW� D�
C. elegans� VDOW�VHQVLQJ� UHFHSWRU� W\SH� JXDQ\ODWH� F\FODVH�� *&<����� DFFXPXODWHV� DW� D� KLJK�
FRQFHQWUDWLRQ�ZLWKLQ�WKH�GLVWDO�UHJLRQ�RI�WKH�FLOLXP��7KLV�UHFHSWRU�XVHV�'$)�����$QNP\��LQ�
PDPPDOV��WR�FURVV�WKH�WUDQVLWLRQ�]RQH��7=��PHPEUDQH�GLIIXVLRQ�EDUULHU�LQ�WKH�SUR[LPDO�PRVW�
UHJLRQ�RI�WKH�FLOLDU\�D[RQHPH��7DUJHWLQJ�RI�*&<����WR�WKH�FLOLDU\�WLS�LV�G\QDPLF��UHTXLULQJ�WKH�
FDUJR�PRELOL]LQJ� LQWUDˌDJHOODU� WUDQVSRUW� �,)7�� V\VWHP��'LVUXSWLRQ�RI� WUDQVLW� DFURVV� WKH�7=�
EDUULHU�RU�,)7�WUDIˋFNLQJ�FDXVHV�*&<����SURWHLQ�PLVORFDOL]DWLRQ�DQG�GHIHFWV�LQ�WKH�IRUPDWLRQ��
PDLQWHQDQFH�� DQG� IXQFWLRQ�RI� WKH� FLOLDU\� WLS� FRPSDUWPHQW� UHTXLUHG� IRU� FKHPRWD[LV� WR� ORZ�
1D&O�FRQFHQWUDWLRQV��7RJHWKHU��RXU�ˋQGLQJV�UHYHDO�KRZ�D�SUHYLRXVO\�XQGHVFULEHG�FLOLXP�WLS�
F*03�VLJQDOLQJ�FRPSDUWPHQW�LV�HVWDEOLVKHG�DQG�FRQWULEXWHV�WR�WKH�SK\VLRORJLFDO�IXQFWLRQ�RI�
D�SULPDU\�FLOLXP�
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INTRODUCTION

7KH�SULPDU\�FLOLXP�LV�D�VSHFLDOL]HG�VLJQDOLQJ�RUJDQHOOH�XVHG�E\�PHWD]RDQ�FHOOV�WR�WUDQVGXFH�
HQYLURQPHQWDO�FXHV��6LJQDOLQJ�SURWHLQV�LPSRUWDQW�IRU�FLOLD�IXQFWLRQ�PXVW�UHDFK�DQG�PDLQWDLQ�
WKHLU�FRUUHFW�VXE�FLOLDU\�SRVLWLRQ�DQG�FRQFHQWUDWLRQ��)DLOXUH�WR�GR�VR�UHVXOWV�LQ�YDULRXV�GLVHDVHV�
�5HLWHU� DQG� /HURX[�� �������2XU� XQGHUVWDQGLQJ� RI� WKH� UHJXODWLRQ� RI� SURWHLQ� ORFDOL]DWLRQ� LQ�
FLOLD��DQG�WKHLU�UHOHYDQFH�LQ�FUHDWLQJ�IXQFWLRQDO�VLJQDOLQJ�GRPDLQV��UHPDLQV�OLPLWHG��KRZHYHU�

&LOLD� XVH� WZR� PHFKDQLVPV�� D� WUDIˋFNLQJ� V\VWHP� DQG� D� GLIIXVLRQ� EDUULHU�� WKDW� IXQFWLRQ�
WRJHWKHU�WR�UHJXODWH�WKH�WUDIˋFNLQJ�RI�SURWHLQV�LQWR��ZLWKLQ��DQG�RXW�RI�FLOLD��7KH�PDLQ�FLOLDU\�
WUDIˋFNLQJ� PDFKLQHU\�� LQWUDˌDJHOODU� WUDQVSRUW� �,)7��� IDFLOLWDWHV� ELGLUHFWLRQDO� WUDQVSRUW� RI�
FDUJR��LQFOXGLQJ�VLJQDOLQJ�SURWHLQV��IURP�WKH�EDVH�IRXQGDWLRQ��EDVDO�ERG\��WR�WKH�WLS�RI�WKH�
D[RQHPH��/HFKWUHFN���������$QWHURJUDGH�,)7�WR�WKH�WLS�UHOLHV�RQ�NLQHVLQV��DQG�F\WRSODVPLF�
G\QHLQ� HQDEOHV� UHWURJUDGH� WUDQVSRUW� EDFN� �2X� HW� DO��� ������ 6QRZ� HW� DO��� ������� 7ZR� ,)7�
PRGXOHV��VXEFRPSOH[HV�$�DQG��%��&ROH�HW�DO���������2X�HW�DO����������WRJHWKHU�ZLWK�DQRWKHU�
PRGXOH�FRQWDLQLQJ�%%6�SURWHLQV��%%6RPH��WKDW�LV�WKRXJKW�WR�EULGJH�WKH�VXEFRPSOH[HV��SOD\�
HVVHQWLDO�UROHV�LQ�FDUJR�WUDQVSRUW��.OLQN�HW�DO���������/LX�DQG�/HFKWUHFN���������7KH�EHVW�NQRZQ�
,)7�FDUJRV�DUH�D[RQHPH�VWUXFWXUH�FRPSRQHQWV��LQFOXGLQJ�WXEXOLQ��&UDIW�HW�DO���������+DR�HW�
DO����������EXW�VLJQDOLQJ�SURWHLQV��OLNH�WKH�7539�FKDQQHO�VXEXQLWV�260���DQG�2&5���LQ�WKH�
nematode C. elegans��DUH�DOVR�WUDQVSRUWHG��4LQ�HW�DO����������$GGLWLRQDOO\��VHYHUDO�PDPPDOLDQ�
FLOLDU\�VLJQDOLQJ�SURWHLQV��QDPHO\�WKH�*3&5�6675��DQG�+HGJHKRJ�VLJQDOLQJ�FRPSRQHQW�602��
WUDYHUVH�WKH�FLOLXP�E\�ERWK�,)7�DQG�GLIIXVLRQ��<H�HW�DO���������

7R�KHOS�FRQˋQH�SURWHLQV�WR�FLOLD��D�VXEGRPDLQ�LPPHGLDWHO\�GLVWDO�WR�WKH�EDVDO�ERG\��FDOOHG�
WKH�WUDQVLWLRQ�]RQH��7=���DFWV�DV�D�GLIIXVLRQ�EDUULHU�IRU�ERWK�PHPEUDQH�DQG�VROXEOH�SURWHLQV�
�*DUFLD� HW� DO��� ������ /L� HW� DO��� ������:LOOLDPV� HW� DO��� ������� +RZ� WKH� 7=� DFWV� ZLWK� ,)7� RU�
RWKHU� WUDIˋFNLQJ�V\VWHPV� WR� UHJXODWH� WKH�FRPSRVLWLRQ�RI� WKH�VHQVRU\�RUJDQHOOH� LV�QRW�ZHOO�
XQGHUVWRRG��3UHYR�HW�DO���������<H�HW�DO���������

6LJQDOLQJ� SURWHLQV� FDQ� KDYH� GLIIHUHQW� VXE�FLOLDU\� ORFDOL]DWLRQV�� LQFOXGLQJ� WKH� SUR[LPDO� RU�
GLVWDO�VHJPHQWV��RU�FLOLDU\�WLS��)RU�H[DPSOH�� WKH�C. elegans�F\FOLF�QXFOHRWLGH�JDWHG�FKDQQHO�
7$;���ORFDOL]HV�WR�WKH�SUR[LPDO�UHJLRQ�DGMRLQLQJ�WKH�7=��:RMW\QLDN�HW�DO����������ZKLOH�260�
��DQG�2&5����4LQ�HW�DO���������DQG�VHYHUDO�*3&5V��.LP�HW�DO���������0F*UDWK�HW�DO���������
:RMW\QLDN�HW�DO���������ORFDOL]H�DORQJ�WKH�OHQJWK�RI�WKH�FLOLXP��,Q�PDPPDOV��WKH�NLQHVLQ�OLNH�
SURWHLQ�.,)��DQG�+HGJHKRJ�VLJQDOLQJ�FRPSRQHQWV�68)8�DQG�*/,��ORFDOL]H�DW�WKH�FLOLXP�WLS�
�(QGRK�<DPDJDPL�HW�DO���������+H�HW�DO���������/LHP�HW�DO����������0LVORFDOL]DWLRQ�RI�FLOLDU\�
SURWHLQV�FDQ�LPSDLU�VLJQDOLQJ�DQG�GHYHORSPHQW��)RU�H[DPSOH��PLVORFDOL]DWLRQ�RI�3'(��DQG�
*5.�� FDQ� FDXVH� UHWLQLWLV� SLJPHQWRVD� �=KDQJ� HW� DO��� ������ DQG� %%6��PXWDQW�PLFH� GLVSOD\�
GHIHFWV�SUHVXPDEO\�FDXVHG�E\�PLVORFDOL]HG�UKRGRSVLQ��1LVKLPXUD�HW�DO����������'HVSLWH�WKHLU�
LPSRUWDQFH�� WKH� PHFKDQLVPV� WKDW� JRYHUQ� KRZ� VLJQDOLQJ� FRPSRQHQWV� FRQFHQWUDWH� DORQJ�
VSHFLˋF�FLOLDU\�VXEGRPDLQV�UHPDLQ�ODUJHO\�XQNQRZQ�
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7R� H[SORUH� WKH� PROHFXODU� PHFKDQLVPV� XQGHUO\LQJ� FLOLDU\� VLJQDOLQJ� GRPDLQ� IRUPDWLRQ��
PDLQWHQDQFH�DQG� IXQFWLRQ��ZH�XVH� WKH�FLOLXP�GHSHQGHQW�1D&O� UHVSRQVH�RI�C. elegans as a 
PRGHO�V\VWHP��,WV�DWWUDFWLRQ�WR�1D&O� LV�PHGLDWHG�E\�WZR�ELODWHUDO�FKHPRVHQVRU\�$6(�KHDG�
QHXURQV�WKDW�H[SUHVV�UHFHSWRU�W\SH�JXDQ\ODWH�F\FODVHV�� LQFOXGLQJ�*&<�����$6(5���UHTXLUHG�
for responding to Cl-��DQG�*&<�����$6(/���IRU�WKH�1D��UHVSRQVH��(WFKEHUJHU�HW�DO���������2UWL]�
HW�DO���������������6PLWK�HW�DO���������

%\�HQGRJHQRXVO\�WDJJLQJ�*&<����ZLWK�*)3��ZH�GLVFRYHUHG�WKDW�WKH�JXDQ\ODWH�F\FODVH�H[LVWV�
DW�D�KLJK�FRQFHQWUDWLRQ�LQ�D�FLOLXP�WLS�FRPSDUWPHQW��7KLV�ORFDOL]DWLRQ�GHSHQGV�RQ�WKH�,)7�
PDFKLQHU\��LQFOXGLQJ�WKH�%%6�FRPSOH[��:H�IXUWKHU�VKRZ�WKDW�'$)�����PDPPDOLDQ�$QNP\��
RUWKRORJ���LV�UHTXLUHG�IRU�*&<����FLOLDU\�HQWU\��6WUXFWXUH�IXQFWLRQ�VWXGLHV�XQFRYHUHG�*&<����
SURWHLQ�GRPDLQV�QHHGHG� IRU�HQWU\�DQG� WLS� ORFDOL]DWLRQ��'LVUXSWLQJ� UHFHSWRU� ORFDOL]DWLRQ�DW�
WKH�WLS�FRPSDUWPHQW�KLQGHUV�WKH�DELOLW\�RI�C. elegans�WR�GHWHFW�ORZ�FRQFHQWUDWLRQV�RI�1D&O��
7RJHWKHU�� RXU� ˋQGLQJV� SURYLGH�PHFKDQLVWLF� LQVLJKWV� LQWR� WKH� IRUPDWLRQ��PDLQWHQDQFH� DQG�
IXQFWLRQ�RI�D�QRYHO�FLOLDU\�VXEGRPDLQ�HVVHQWLDO�IRU�F*03�VLJQDOLQJ�

RESULTS

GCY-22::GFP is highly concentrated at the ASER ciliary tip and periciliary membrane compartment

:H� XVHG� &5,635�&DV�� WR� WDJ� WKH� gcy-22� JHQH� ZLWK� *)3� DQG� GHWHUPLQH� WKH� VXE�FHOOXODU�
ORFDOL]DWLRQ�RI�WKLV�UHFHSWRU�LQ�WKH�$6(5�QHXURQ��&RQIRFDO�PLFURVFRS\�DQG�FR�ODEHOLQJ�ZLWK�
PDUNHUV�IRU�WKH�(5��75$0����DQG�WUDQV�*ROJL��$37����UHYHDOHG�WKDW�*&<�����*)3�LV�SUHVHQW�
ZLWKLQ� ERWK� RI� WKHVH� FHOO� ERG\� FRPSDUWPHQWV� �)LJ�� �D�� 6XSSOHPHQWDU\� )LJ�� �D�E��� ,Q� WKH�
GHQGULWH��WLPH�ODSVH�LPDJLQJ�UHYHDOHG�DQWHURJUDGH�DQG�UHWURJUDGH�WUDQVSRUW�RI�*&<�����*)3�
�)LJ���F���UHPLQLVFHQW�RI�NLQHVLQ�DQG�G\QHLQ�PHGLDWHG�YHVLFOH�WUDQVSRUW��0RQGDO�HW�DO����������
$X[LQ�LQGXFLEOH�GHJUDGDWLRQ�RI�WKH�G\QHLQ�KHDY\�FKDLQ�VXEXQLW�'+&����=KDQJ�HW�DO���������
UHVXOWHG� LQ� VWDWLRQDU\� SDUWLFOHV�� VKRZLQJ� WKDW� *&<�����*)3� GHQGULWLF� WUDQVSRUW� LV� '+&���
GHSHQGHQW� �)LJ���F���$W�WKH�GHQGULWLF� WHUPLQXV��*&<�����*)3�LV�DEXQGDQW�DW� WKH�SHULFLOLDU\�
PHPEUDQH�FRPSDUWPHQW��3&0&���D�YHVWLEXOH�RI�WKH�FLOLXP��)LJ���D��

7KH�PRVW�VWULNLQJ�ORFDOL]DWLRQ�RI�*&<�����*)3�LV�LWV�VWURQJ�HQULFKPHQW�DW�WKH�FLOLDU\�WLS��)LJ��
�D���EXW�QRW�DORQJ�WKH�D[RQHPH��*&<�����*)3�HFWRSLFDOO\�H[SUHVVVHG�LQ�$6,�ORFDOL]HG�WR�WKH�
3&0&�DQG�FLOLDU\�WLS��DOWKRXJK�LQ�ORZ�DPRXQWV��)LJ���E���VXJJHVWLQJ�D�ORFDOL]DWLRQ�PHFKDQLVP�
WKDW� LV�QRW� FHOO� VSHFLˋF��8VLQJ�SXULˋHG�*)3�DV� UHIHUHQFH��ZH�HVWLPDWHG� WKH�$6(�FLOLXP� WLS�
FRQFHQWUDWLRQ� RI� *&<�����*)3� WR� EH� ����� P0�� UHˌHFWLQJ� DQ� DYHUDJH� GHQVLW\� RI� ��������
�s��������PROHFXOHV�wP���)LJ���G���2QO\�UKRGRSVLQ�LQ�PDPPDOLDQ�SKRWRUHFHSWRU�FHOOV�KDV�D�
VLPLODU�GHQVLW\��RI�XS�WR��������PROHFXOHV�wP�, which enables photoreceptors to respond to 
VLQJOH�SKRWRQV��)RWLDGLV�HW�DO���������1LX�DQG�0LWFKHOO��������5LHNH�DQG�%D\ORU���������7KLV�
VXJJHVWV�WKDW�WKH�$6(�QHXURQ�FLOLDU\�WLS�FRPSDUWPHQW�FRXOG�IXQFWLRQ�DV�D�KLJKO\�VHQVLWLYH�
VDOW�GHWHFWRU�
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)LJXUH����*&<�����*)3�WUDIˋFV�DORQJ�WKH�GHQGULWH�IURP�WKH�FHOO�ERG\�WR�WKH�EDVH�RI�WKH�FLOLXP�DQG�FRQFHQWUDWHV�
at the ciliary tip in the salt-sensing ASER neuron. (a)�6FKHPDWLF�RI�WKH�KHDG�RI�WKH�DQLPDO�VKRZLQJ�WKH�$6(5�FHOO�
ERG\��GHQGULWH�DQG�FLOLXP��,QVHUWV��VFKHPDWLF�RI�WKH�FLOLXP�GHSLFWLQJ�WKH�SHULFLOLDU\�PHPEUDQH�FRPSDUWPHQW��3&0&���
WUDQVLWLRQ�]RQH��7=���DQG�FLOLXP�WLS��DQG�ˌXRUHVFHQFH�LPDJHV�ZLWK�*&<�����*)3��JUHHQ��DQG�P&KHUU\��UHG��VKRZLQJ�
ORFDOL]DWLRQ�LQ�WKH�FHOO�ERG\��YHVLFOHV�LQ�WKH�GHQGULWH�DQG�ORFDOL]DWLRQ�WR�WKH�3&0&�DQG�WLS�RI�WKH�FLOLXP��(b)�(FWRSLF�
H[SUHVVLRQ�RI�*&<�����*)3�LQ�WKH�$6,�QHXURQ�VKRZLQJ�ORFDOL]DWLRQ�DW�WKH�3&0&�DQG�FLOLXP�WLS��(c)�.\PRJUDPV�VKRZLQJ�
GHQGULWLF� WUDQVSRUW� WUDFNV�RI�*&<�����*)3� LQ�ZLOG�W\SH�EDFNJURXQG�DQG�UHGXFHG�WUDQVSRUW� LQ�D�dhc-1::GFP::degron 
EDFNJURXQG�LQ�WKH�SUHVHQFH�RI�DX[LQ��,$$���%ODFN�OLQHV�LQGLFDWH�PRYLQJ�DQG�UHG�OLQHV�LQGLFDWH�VWDWLRQDU\�YHVLFOHV��(d) 
4XDQWLˋFDWLRQ�RI�*)3�PROHFXOHV�DW�WKH�FLOLXP�WLS�RI�$6(�QHXURQV��6FDOH�EDUV�LQGLFDWH���wP�
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GCY-22::GFP exists in stable pools at the periciliary membrane and ciliary tip

7R�GHWHUPLQH�KRZ�*&<�����*)3�SRROV�DW�WKH�3&0&�DQG�FLOLDU\�WLS�DUH�UHSOHQLVKHG��ZH�XVHG�
)OXRUHVFHQW�5HFRYHU\�DIWHU�3KRWREOHDFKLQJ��)5$3���5HFRYHU\�RI�WKH�HQWLUH�3&0&������DIWHU�
���PLQXWHV��ZDV�PRGHVW��SRWHQWLDOO\�UHˌHFWLQJ�FRQWLQXRXV�WUDQVSRUW�RI�*&<�����*)3�IURP�
WKH�FHOO�ERG\�WR�WKH�GHQGULWLF�WHUPLQXV��)LJ���D���5HFRYHU\�RI�WKH�HQWLUH�FLOLDU\�WLS�ZDV�VORZHU�
����DIWHU����PLQXWHV���LQGLFDWLQJ�OLWWOH�RU�VORZ�WUDQVSRUW�WRZDUGV�WKH�WLS��)LJ���E��

:H� SKRWREOHDFKHG� KDOI� WKH� 3&0&� RU� WLS� WR� DVVHVV� *&<�����*)3� PRWLOLW\� ZLWKLQ� WKHVH�
FRPSDUWPHQWV�� *&<�����*)3� IXOO\� UHGLVWULEXWHG� ZLWKLQ� WKH� 3&0&� LQ� ��� VHFRQGV� �)LJ�� �F��
ZKHUHDV� WLS� UHFRYHU\�ZDV�VORZHU�DW�����PLQXWHV� �)LJ���G���7KHVH�H[SHULPHQWV�GHPRQVWUDWH�
ODWHUDO�GLIIXVLRQ��DQG�QR�ERXQG�IUDFWLRQ��ZLWKLQ�WKH�3&0&�DQG�WLS�FRPSDUWPHQWV�

7R�SODFH�WKHVH�UHVXOWV�LQ�FRQWH[W��ZH�PHDVXUHG�WKH�UHGLVWULEXWLRQ�RI�IUHH�*)3�DQG�RI�*)3�IXVHG�
WR�WKH�WUDQVPHPEUDQH�GRPDLQ�RI�*&<�����70��*)3���$IWHU�SKRWREOHDFKLQJ�KDOI�WKH�3&0&��
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Figure 2. GCY-22::GFP is present in stable pools at the PCMC and cilium tip. (a) )OXRUHVFHQFH�UHFRYHU\�DIWHU�
SKRWREOHDFKLQJ� �)5$3��RI� WKH�HQWLUH�3&0&� �Q ���� (b)� )5$3�RI� WKH�HQWLUH� FLOLXP�WLS�FRPSDUWPHQW� �Q ���� (c)� )5$3�
RI�KDOI�RI�WKH�3&0&��Q �����,QVHUW��)OXRUHVFHQFH�LPDJHV�RI�WKH�3&0&�SUH��DQG�SRVW�EOHDFK��(d)�)5$3�RI�KDOI�RI�WKH�
WLS� FRPSDUWPHQW� �Q ���� ,QVHUW�� ˌXRUHVFHQFH� LPDJHV� RI� WKH� WLS� SUH�� DQG� SRVW�EOHDFK�� (e)� )OXRUHVFHQFH� UHFRYHU\� RI�
*&<�����*)3��EOXH��Q �����70��*)3��RUDQJH��Q �����DQG�*)3��JUHHQ��Q ���DIWHU�SKRWREOHDFKLQJ�KDOI�RI�WKH�3&0&��(f) 
)OXRUHVFHQFH�UHFRYHU\�RI�*&<�����*)3��EOXH��Q ����70��*)3��RUDQJH��Q ����DQG�*)3��JUHHQ��Q ���DIWHU�SKRWREOHDFKLQJ�
KDOI�RI�WKH�WLS�FRPSDUWPHQW��6FDOH�EDUV�UHSUHVHQW���wP��&RORUHG�DUHDV�LQGLFDWH�6'�

&KDSWHU����

*)3�ˌXRUHVFHQFH�UHFRYHUHG�TXLFNO\��a����DIWHU���VHFRQGV���5HFRYHU\�RI�70��*)3�ZDV�PXFK�
VORZHU� �a����DIWHU���� VHFRQGV��DQG�FRPSDUDEOH� WR�*&<�����*)3� UHFRYHU\��SRVVLEO\�GXH� WR�
SURWHLQ�FURZGLQJ�ZLWKLQ�WKH�3&0&��)LJ���H��

$IWHU�SKRWREOHDFKLQJ�KDOI�RI�WKH�FLOLXP��IUHH�*)3�ˌXRUHVFHQFH�UHFRYHUHG�YHU\�TXLFO\��a�����
DIWHU� �� VHFRQGV��� 70��*)3� UHFRYHU\�ZDV� VOLJKWO\� VORZHU� �a���� DIWHU� �� VHFRQGV��� UHˌHFWLQJ�
VORZHU�GLIIXVLRQ�RI�WUDQVPHPEUDQH�SURWHLQV��,Q�FRQWUDVW��*&<�����*)3�UHFRYHUHG�PLQLPDOO\����
seconds after photobleaching, indicating the presence of a distinct membrane compartment 
OLPLWLQJ�*&<�����*)3�PRWLOLW\��)LJ���I��
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Ciliary tip compartment of GCY-22::GFP depends on active IFT

%HFDXVH�WKH�SUR[LPDO�UHJLRQ�RI�WKH�D[RQHPH��PLGGOH�VHJPHQW��DQG�SDUW�RI�WKH�GLVWDO�VHJPHQW�
VHHPHG�YRLG�RI�*&<�����*)3��ZH�K\SRWKHVL]HG�WKDW�LW�PLJKW�EH�DFWLYHO\�WUDQVSRUWHG�E\�,)7��,Q�
C. elegans��DQWHURJUDGH�,)7�UHOLHV�RQ�NLQHVLQ�,,�DQG�260����RUWKRORJ�RI�PDPPDOLDQ�.,)����LQ�
WKH�PLGGOH�VHJPHQW�DQG�260���DORQH�LQ�WKH�GLVWDO�VHJPHQW��2X�HW�DO���������3DQ�HW�DO���������
3UHYR�HW�DO���������6QRZ�HW�DO���������

8VLQJ�WLPH�ODSVH�PLFURVFRS\�DQG�N\PRJUDP�DQDO\VLV��ZH� LGHQWLˋHG�*&<�����*)3�SDUWLFOHV�
PRYLQJ�EHWZHHQ�WKH�3&0&�DQG�FLOLDU\�WLS��)LJ���D���7ZR�FRORU�LPDJLQJ�RI�*&<�����*)3�DQG�
DQ�P&KHUU\�WDJJHG�260��� VKRZHG� RYHUODSSLQJ� DQWHURJUDGH� WUDFNV� �)LJ�� �E��� 2Q� DYHUDJH��
ZH� REVHUYHG� ������ �s� ������ DQWHURJUDGH�260����P&KHUU\� WUDFNV�PLQXWH� FRPSDUHG� WR� �����
DQWHURJUDGH�*&<�����*)3�WUDFNV�PLQXWH��VXJJHVWLQJ�WKDW�D�VXEVHW�RI�,)7�SDUWLFOHV�WUDQVSRUW�
*&<�����*)3��7DEOH����6XSSOHPHQWDU\�7DEOH�����$QWHURJUDGH�260����P&KHUU\�SDUWLFOHV�RIWHQ�
PRYH�DORQJ�WKH�IXOO�OHQJWK�RI�WKH�FLOLXP��DYHUDJH�WUDFN�OHQJWK������s������wP���LQ�FRQWUDVW��
*&<�����*)3� WUDFNV� VSDQQHG� KDOI� WKH� FLOLXP� RU� VKRUWHU� �DYHUDJH� OHQJWK� ���� s� ���� wP�� 3�
��������)LJ���F���5HWURJUDGH�*&<�����*)3�SDUWLFOHV�GLVSOD\HG�VKRUW� WUDFNV�DQG�RFFDVLRQDOO\�
WUDFNV�VSDQQLQJ�WKH�HQWLUH�D[RQHPH��DYHUDJH�OHQJWK�����s�����wP���VLJQLˋFDQWO\�VKRUWHU�WKDQ�
UHWURJUDGH�WUDFNV�RI�WKH�WG7RPDWR�WDJJHG�G\QHLQ�VXEXQLW�;%;����DYHUDJH�OHQJWK������s������
wP��3����������)LJ���F��

,Q�PDQ\�DQLPDOV��VWDWLRQDU\�ˌXRUHVFHQFH�VLJQDOV�WKDW�LQGLFDWH�SDXVHG�SDUWLFOHV�DUH�REVHUYHG��
OLNHO\� DW� WKH� WUDQVLWLRQ� EHWZHHQ� WKH� PLGGOH� DQG� GLVWDO� VHJPHQWV� �)LJ�� �D��� ,QWHUHVWLQJO\��
*&<�����*)3� WUDFNV� IUHTXHQWO\� UHYHUVHG� IURP� UHWURJUDGH� WR� DQWHURJUDGH�� GRFNLQJ� ZLWK�
DQ�DQWHURJUDGH�260����P&KHUU\� WUDFN�DQG�PRYLQJ� WRZDUGV� WKH� WLS� �)LJ���E���1RWDEO\�� WKLV�
EHKDYLRU�ZDV�QRW�REVHUYHG�IRU�,)7�SURWHLQV��7KHVH�GDWD�VXJJHVW�WKDW�*&<�����*)3�SDUWLFOHV�
PRYLQJ�DZD\� IURP�WKH� WLS�DUH� WUDQVSRUWHG�EDFN�E\�DQWHURJUDGH� ,)7��NHHSLQJ�*&<�����*)3�
FRQFHQWUDWHG�DW�WKH�WLS�

7R�VWXG\�WKH�FRQWULEXWLRQ�RI�,)7�WR�FLOLXP�WLS�ORFDOL]DWLRQ��ZH�YLVXDOL]HG�WKH�ORFDOL]DWLRQ�RI�
*&<�����*)3�LQ�GLIIHUHQW�,)7�PXWDQW�EDFNJURXQGV��'LVUXSWLQJ�WKH�NLQHVLQ�,,�VXEXQLW�.$3�
���ZKLFK�SOD\V�D�UROH�LQ�,)7�SDUWLFOH�HQWU\�LQWR�WKH�FLOLXP�EXW�GRHV�QRW�DIIHFW�FLOLXP�OHQJWK�
�2X�HW�DO���������3DQ�HW�DO���������3UHYR�HW�DO����������GLG�QRW�LQˌXHQFH�FLOLDU\�*&<�����*)3�
OHYHOV�RU�ORFDOL]DWLRQ��)LJ���G�H���,Q�FRQWUDVW��osm-3 mutants lacking a distal segment showed 
LQFUHDVHG�OHYHOV�RI�*&<�����*)3�LQ�WKH�3&0&�DQG�DORQJ�WKH�UHPDLQLQJ�D[RQHPH�EXW�QR�*&<�
����*)3�WLS�FRPSDUWPHQW��)LJ���G�H���'LVUXSWLRQ�RI�WKH�%%6RPH�VXEXQLW�%%6����%ODFTXH�HW�
DO���������UHGXFHG�RYHUDOO�FLOLDU\�OHYHOV�RI�*&<�����*)3��LQFOXGLQJ�DW�WKH�WLS��ZKLOH�LQFUHDVLQJ�
LWV� ORFDOL]DWLRQ� DORQJ� WKH� OHQJWK� RI� WKH� FLOLXP� �)LJ�� �G�H��� 7KHVH� FKDQJHV� LQ�*&<�����*)3�
ORFDOL]DWLRQ�FRUUHODWH�ZLWK�D�GHFUHDVH�LQ�*&<�����*)3�WUDFNV��7DEOH�����7DNHQ�WRJHWKHU��RXU�
UHVXOWV�VKRZ�WKDW�NLQHVLQ�,,�LV�QRW�UHTXLUHG�IRU�LPSRUW�RI�*&<�����*)3�LQWR�WKH�FLOLXP��DQG�
WKDW�ERWK�260���PHGLDWHG�,)7�DQG�WKH�%%6RPH�DUH�LPSRUWDQW�IRU�WUDQVSRUW�LQWR�WKH�FLOLXP�
DQG�HQULFKPHQW�DW�WKH�WLS�

2
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Figure 3. The GCY-22-containing cilium tip compartment is 
actively maintained by IFT.
(a)�.\PRJUDP�RI�*&<�����*)3�VKRZLQJ�DQWHURJUDGH�DQG�UHWURJUDGH�
FLOLDU\� WUDQVSRUW� DQG� SRVVLEOH� GLIIXVLRQ� WUDFNV�� %ODFN� DUURZKHDG�
LQGLFDWHV�VWDWLRQDU\�VLJQDO� (b) .\PRJUDPV�VKRZLQJ�SDUWLDO�RYHUODS�
RI�,)7�WUDFNV�RI�*&<�����*)3��JUHHQ��DQG�RI�WKH�P&KHUU\�WDJJHG�
DQWHURJUDGH�,)7�PRWRU�SURWHLQ�260����UHG���(c)�4XDQWLˋFDWLRQ�RI�
WUDFN�OHQJWK�RI�*&<�����*)3��JUHHQ��Q ���FLOLD���260����P&KHUU\�
�OHIW� JUDSK�� UHG�� Q �� FLOLD��� DQG� WG7RPDWR�WDJJHG� UHWURJUDGH� ,)7�
PRWRU� SURWHLQ� ;%;��� �ULJKW� JUDSK�� UHG�� Q ��� FLOLD��� $VWHULVNV�
LQGLFDWH�VLJQLˋFDQW�GLIIHUHQFH�LQ�OHQJWK��3�YDOXH��
��������

��������



���������WZR�WDLOHG�0DQQ�:KLWQH\�8�WHVW���(d)�4XDQWLˋFDWLRQ�RI�
QRUPDOL]HG�̩ XRUHVFHQFH�LQWHQVLW\�LQ�GLIIHUHQW�PXWDQW�EDFNJURXQGV�
RI�*&<�����*)3�LQ�WKH�3&0&��D[RQHPH�DQG�FLOLXP�WLS��'LVWULEXWLRQ�
RI� ˌXRUHVFHQFH� EHWZHHQ� WKH� 3&0&� �JUHHQ��� D[RQHPH� �RUDQJH��
DQG� FLOLXP� WLS� �EOXH��� 6LJQLˋFDQW� GLIIHUHQFHV� �3�YDOXH� ������� DUH�
LQGLFDWHG�E\�FRORUHG�DVWHULVNV� �EODFN� LV� WRWDO�FLOLXP�ˌXRUHVFHQFH��

$129$�IROORZHG�E\�SDLUZLVH�W�WHVW�ZLWK�+ROP�FRUUHFWLRQ���Q����(e)�5HSUHVHQWDWLYH�̩ XRUHVFHQFH�LPDJHV�DQG�VFKHPDWLFV�
VKRZLQJ�ORFDOL]DWLRQ�RI�*&<�����*)3�LQ�3&0&�DQG�FLOLXP�LQ�GLIIHUHQW�PXWDQW�EDFNJURXQGV��6FDOH�EDU�UHSUHVHQWV���wP�

7R� WHVW� LI� ,)7� LV� UHVSRQVLEOH� IRU� WKH� FLOLDU\� WLS� ORFDOL]DWLRQ� RI� *&<�����*)3�� ZH� XVHG�
1D13� WR� VWRS� $73� SURGXFWLRQ�� DQG� WKXV� ,)7�� RYHU� WLPH� �0LMDONRYLF� HW� DO��� ������� 260�
���P&KHUU\� SDUWLFOHV� VORZHG� GRZQ� DQG� EHFDPH� OHVV� IUHTXHQW� DIWHU� ��� PLQXWHV� RI�
WUHDWPHQW� �)LJ�� �D�E��� ,)7� FDSDFLW\�� GHˋQHG� DV� WKH� QXPEHU� RI� ,)7� WUDFNV� PXOWLSOLHG� E\�
VSHHG�� UHDFKHG� �� DIWHU� ������PLQXWHV� �)LJ�� �E��� 'XULQJ� WUHDWPHQW�� FLOLXP� OHQJWK� VWHDGLO\
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VKRUWHQHG�� ZKLOH� WKH� *&<�����*)3� WLS� FRPSDUWPHQW� H[WHQGHG� LQWR� WKH� FLOLXP� DV� HDUO\�
DV� ���PLQXWHV� LQ� VRPH� DQLPDOV� DQG� FRPSOHWHO\� FROODSVHG� DIWHU� ������PLQXWHV� �)LJ�� �D�F���
,PSRUWDQWO\��ORVV�RI�FLOLXP�WLS�ORFDOL]DWLRQ�DIWHU����PLQXWHV�RI�1D13�WUHDWPHQW�ZDV�UHYHUVLEOH��
ZLWK�FRPSOHWH�UHFRYHU\�ZLWKLQ����PLQXWHV��)LJ���G���7KHVH�H[SHULPHQWV�VXJJHVW�WKDW�D�PLQLPDO�
,)7�FDSDFLW\�LV�QHHGHG�WR�PDLQWDLQ�*&<�����*)3�WLS�ORFDOL]DWLRQ��DOWKRXJK�ZH�FDQQRW�H[FOXGH�
DQ�,)7�LQGHSHQGHQW�PHFKDQLVP�FDXVHG�E\�WKH�1D13�WUHDWPHQW�

7DNHQ� WRJHWKHU�� WKHVH� H[SHULPHQWV� VKRZ� WKDW� ,)7� SOD\V� DQ� LPSRUWDQW� UROH� LQ� DFWLYHO\�
PDLQWDLQLQJ�WKH�KLJK�*&<����FRQFHQWUDWLRQ�DW�WKH�FLOLDU\�WLS�

*&<����WUDIˋFNLQJ�DQG�FLOLXP�LPSRUW�LV�UHJXODWHG�E\�WKH�WUDQVLWLRQ�]RQH�DQG�UHTXLUHV�'$)���

7KH�DFFXPXODWLRQ�RI�*&<�����*)3�DW� WKH�3&0&�VXJJHVWV� WKDW� LW� LV�SUHYHQWHG�IURP�UHDGLO\�
GLIIXVLQJ� LQWR� WKH� FLOLXP��:H� WKHUHIRUH� WHVWHG�ZKHWKHU�GLVUXSWLRQ�RI� WKH�7=� LQˌXHQFHV� LWV�
FLOLDU\�HQWU\��6XUSULVLQJO\��ORVV�RI�0.6����PDPPDOLDQ�53*5,3��53*5,3�/�RUWKRORJ���ZKLFK�
UHPRYHV�DOO�NQRZQ�SURWHLQV�DQG�FKDUDFWHULVWLF�<�OLQN�VWUXFWXUHV� IURP�WKH�7=� �%UHDU�HW�DO���
������/L� HW� DO��� ������:LOOLDPV�HW� DO��� �������KDV� D� UHODWLYHO\� VXEWOH� HIIHFW�RQ�*&<�����*)3�
ORFDOL]DWLRQȠLW� PLVORFDOL]HV� DW� WKH� 7=� DQG� EDVH� RI� WKH� D[RQHPH�� DQG� GLVSOD\V� D� UHGXFHG�
DPRXQW�DW�WKH�FLOLXP�WLS��)LJ���G�H���7KH�ODFN�RI�LQFUHDVHG�HQWU\�VXJJHVWHG�D�PHFKDQLVP�RWKHU�
WKDQ�WKH�7=�LQ�UHJXODWLQJ�*&<�����*)3�FLOLDU\�HQWU\�

2

Figure 4. Maintenance of the GCY-22-containing cilium tip compartment is ATP dependent. 
(a)� )OXRUHVFHQFH� LPDJHV� RI� *&<�����*)3� VKRZLQJ� FLOLXP� WLS� FROODSVH� DQG� N\PRJUDPV� RI� 260����P&KHUU\�
VKRZLQJ� ,)7� DUUHVW� GXULQJ� 1D13� WUHDWPHQW�� $VWHULVN� LQGLFDWHV� 3&0&�� DUURZKHDGV� LQGLFDWH� SUR[LPDO� HQG� RI�
WLS� FRPSDUWPHQW�� (b)� 4XDQWLˋFDWLRQ� RI� GLVWDO� VHJPHQW� ,)7� FDSDFLW\� �QXPEHU� RI� WUDFNV� PXOWLSOLHG� E\� VSHHG��
GXULQJ� 1D13� WUHDWPHQW� �Q ��� DQG� OLQHDU� UHJUHVVLRQ� �EODFN� OLQH�� 5� ������ (c)� 4XDQWLˋFDWLRQ� RI� FLOLXP� OHQJWK�
�UHG�� DQG� FLOLXP� WLS� �EOXH�� GXULQJ� 1D13� WUHDWPHQW�� 'DUNHU� OLQHV� VKRZ� WLPH�QRUPDOL]HG�� DYHUDJH� UHVXOW� �Q ����
(d)� 5HSUHVHQWDWLYH� ˌXRUHVFHQFH� LPDJHV� VKRZLQJ� UHFRYHU\� RI� WKH� FLOLXP� WLS� FRPSDUWPHQW� DIWHU� ��� PLQ� RI�
1D13� WUHDWPHQW� �Q ���� $UURZKHDGV� LQGLFDWH� SUR[LPDO� HQG� RI� WLS� FRPSDUWPHQW�� 6FDOH� EDUV� UHSUHVHQW� �� wP�
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7KH�$QNP\��SURWHLQ�'$)���� LV� NQRZQ� WR�EH� UHTXLUHG� IRU� FLOLDU\� ORFDOL]DWLRQ�RI� JXDQ\ODWH�
F\FODVHV��%UHDU�HW�DO���������)XMLZDUD�HW�DO���������-HQVHQ�HW�DO����������F\FOLF�QXFOHRWLGH�JDWHG�
FKDQQHOV�DQG�*3&5V��%UHDU�HW�DO���������:RMW\QLDN�HW�DO����������EXW�QRW�IRU�,)7��-HQVHQ�HW�
DO��� ������� ,Q�GDI����PXWDQWV��*&<�����*)3�GLG�QRW� HQWHU� WKH� FLOLXP�� DQG�QR� ,)7� WUDFNV�RI�
*&<�����*)3�RU�FLOLDU\�WLS�ORFDOL]DWLRQ�ZDV�REVHUYHG��)LJ���G�H��7DEOH�����,QWHUHVWLQJO\��daf-
���DQLPDOV�VKRZHG�ORZHU�OHYHOV�RI�*&<�����*)3�DW�WKH�3&0&��YHU\�IHZ�PRYLQJ�YHVLFOHV�DQG�
GLIIXVH�ˌXRUHVFHQFH� LQ� WKH�GHQGULWH�� DQG�PRUH�GLIIXVH� ORFDOL]DWLRQ� LQ� WKH�FHOO�ERG\��ZKLFK�
GLG�QRW�RYHUODS�ZLWK� WKH� WUDQV�*ROJL�PDUNHU�$37����P&KHUU\� �)LJ�� �H�� 6XSSOHPHQWDU\�)LJ��
������ 7R� WHVW�ZKHWKHU�'$)���� IXQFWLRQV� WRJHWKHU�ZLWK� WKH�7=� WR� WUDIˋF�*&<�����*)3� LQWR�
the cilium, we generated a GDI�����PNV���PXWDQW�VWUDLQ��,Q�WKLV�GRXEOH�PXWDQW��*&<�����*)3�
ZDV�SUHVHQW�DW�ORZ�OHYHOV�LQ�WKH�FLOLXP�EXW�QRW�DW�WKH�WLS��)LJ���G�H���9HU\�IHZ�,)7�WUDFNV�RI�
*&<�����*)3�ZHUH�YLVLEOH��SRWHQWLDOO\�H[SODLQLQJ�WKH�ODFN�RI�FLOLXP�WLS�ORFDOL]DWLRQ��7DEOH�����
%HFDXVH�260���PHGLDWHG�,)7�LV�QRW�DIIHFWHG�LQ�GDI�����PNV���DQLPDOV��6XSSOHPHQWDU\�7DEOH�
����0.6���DQG�'$)����PD\�EH�UHTXLUHG�WR�OLQN�*&<�����*)3�WR�WKH�,)7�PDFKLQHU\��DOORZLQJ�
IRU�WKH�IRUPDWLRQ�RI�WKH�FLOLXP�WLS�FRPSDUWPHQW�

7RJHWKHU��RXU�GDWD� UHYHDOV� WKDW�'$)���� LV� UHTXLUHG� IRU�*&<�����*)3� LPSRUW� DFURVV� WKH�7=�
DQG�LQWR�WKH�FLOLXP��DQG�WRJHWKHU�ZLWK�WKH�FRUH�7=�VFDIIROGLQJ�SURWHLQ�0.6���LV�LQYROYHG�LQ�
ORDGLQJ�*&<�����*)3�DV�,)7�FDUJR�

*&<�����*)3�ORFDOL]DWLRQ�UHTXLUHV�LWV�GLPHUL]DWLRQ�DQG�5'��DVVRFLDWHG�GRPDLQV

7R� LGHQWLI\� SURWHLQ� GRPDLQV� UHTXLUHG� IRU� *&<�����*)3� FLOLDU\� WUDIˋFNLQJ�� ZH� JHQHUDWHG� D�
VHULHV�RI�GHOHWLRQ�FRQVWUXFWV��6HYHUDO�GRPDLQV�FDQ�EH�UHFRJQL]HG�LQ�*&<�����)LJ������LQFOXGLQJ�
DQ�H[WUDFHOOXODU�UHFHSWRU�GRPDLQ�ZKLFK�SRVVLEO\�SURYLGHV�VSHFLˋFLW\�IRU�&O-�LRQV��2UWL]�HW�DO���
������6PLWK�HW�DO����������7KHVH�H[SHULPHQWV�VKRZHG�WKDW�LWV�GLPHUL]DWLRQ�DQG�5'��GRPDLQV�
DUH�UHTXLUHG�IRU�FLOLXP�HQWU\��)LJ�����

7KH�5'��GRPDLQ�VKRZV�KRPRORJ\�WR�WKH�5'��ELQGLQJ�GRPDLQ�LGHQWLˋHG�LQ�WKH�PDPPDOLDQ�
JXDQ\ODWH�F\FODVH�*8&<�'�*&���$]DGL�HW�DO���������=XOOLJHU�HW�DO����������,Q�D�gcy-22 loss-of-
IXQFWLRQ�EDFNJURXQG��*&<����ĸ5'��&7���*)3�ORFDOL]HG�DW�WKH�3&0&�EXW�GLG�QRW�HQWHU�WKH�
FLOLXP��)LJ������7R�FRQˋUP�WKDW�WKH�5'��GRPDLQ�LV�UHTXLUHG�IRU�FLOLXP�LPSRUW��ZH�UHSODFHG���
UHVLGXHV� �:�����,������RI� WKLV�GRPDLQ�ZLWK�DODQLQHV�� LQ�RXU�gcy-22::GFP background and 
XVLQJ�&5,635�&DV���JHQHUDWLQJ�*&<����5'�!$OD���*)3��7KLV�PXWDWLRQ�FRPSOHWHO\�DEROLVKHG�
FLOLDU\� HQWU\� �)LJ�� �G�H���0RUH� GLIIXVH� ˌXRUHVFHQFH� LQ� WKH� GHQGULWH� DQG� FHOO� ERG\�ZDV� DOVR�
REVHUYHG��UHˌHFWLQJ�D�SRWHQWLDO�WUDIˋFNLQJ�GHIHFW�RI�*&<����5'�!$OD���*)3��6XSSOHPHQWDU\�
)LJ�����

1H[W��ZH�WHVWHG�LI�WKH�5'��GRPDLQ�LV�VXIˋFLHQW�IRU�FLOLXP�HQWU\�E\�JHQHUDWLQJ�WZR�5'���*)3�
FRQVWUXFWV� IXVHG� ZLWK� WKH� *&<���� WUDQVPHPEUDQH� �70�� GRPDLQ� �70��*)3��5'�� DQG�
70��5'���*)3���7KHVH�SURWHLQV�VKRZHG�GLIIXVH�ORFDOL]DWLRQ�LQ�WKH�FHOO�ERG\��VRPH�GHQGULWLF�
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Figure 5. Cilium tip localization of GCY-22::GFP requires the dimerization and RD3-associated domains. 
6FKHPDWLF�RI�*&<�����*)3�ZLOG�W\SH�DQG�GLIIHUHQW�FKLPHULF�SURWHLQV�VKRZLQJ�GHOHWHG�GRPDLQV��H[WUDFHOOXODU�UHFHSWRU�
GRPDLQ��ĸ(5���&�WHUPLQDO�WDLO��ĸ&7���5'��DVVRFLDWHG�GRPDLQ��ĸ5'����GLPHUL]DWLRQ�GRPDLQ��ĸ''���WUDQVPHPEUDQH�
GRPDLQ� RQO\� �70��*)3��� WUDQVPHPEUDQH� GRPDLQ� DQG� 5'��DVVRFLDWHG� GRPDLQ� IXVHG� WR� *)3� LQ� WZR� RULHQWDWLRQV�
�70��5'���*)3�DQG�70��*)3��5'���DQG�FKLPHULF�SURWHLQV�ZLWK�*&<����GRPDLQV�UHSODFHG�ZLWK�FRUUHVSRQGLQJ�'$)�
��� GRPDLQV�� WUDQVPHPEUDQH� GRPDLQ� �70!'$)���70�� DQG� &5,635�&DV�� EDVHG� &�WHUPLQDO� WDLO� �&7!'$)���&7���
)OXRUHVFHQFH�LPDJHV�VKRZLQJ�FRUUHVSRQGLQJ�ORFDOL]DWLRQ�RI�*&<�����*)3�YHUVLRQV��JUHHQ��DQG�;%;����WG7RPDWR��UHG�

WUDQVSRUW��3&0&�ORFDOL]DWLRQ��DQG�D�YHU\�ZHDN�FLOLDU\�VLJQDO�ZLWK�QR�HYLGHQFH�RI�,)7�WUDQVSRUW�
�)LJ�����6XSSOHPHQWDU\�)LJ������7KHVH�UHVXOWV�VXJJHVW�WKDW�WKH�5'��GRPDLQ�LV�QRW�VXIˋFLHQW�IRU�
FRUUHFW�URXWLQJ�DQG�LPSRUW�LQ�WKH�FLOLXP�

The C. elegans�5'��RUWKRORJXH��5'/����LQˌXHQFHV�WKH�WUDIˋFNLQJ�RI�*&<V�WR�WKH�3&0&�DQG�
FLOLXP��0DUW¯QH]�9HO£]TXH]�DQG�5LQJVWDG���������0XWDWLQJ�rdl-1�UHGXFHG�*&<�����*)3�OHYHOV�
LQ�WKH�3&0&�EXW�QRW�FLOLXP�WLS��)LJ���G�H���,Q�DGGLWLRQ��*&<�����*)3�ZDV�PRUH�GLIIXVH�LQ�WKH�
FHOO�ERG\�DQG�GHQGULWH��6XSSOHPHQWDU\�)LJ��������LQ�DJUHHPHQW�ZLWK�5'/���UHJXODWLQJ�DQ�HDUO\�
WUDIˋFNLQJ�SDWKZD\�IRU�*&<V��0DUW¯QH]�9HO£]TXH]�DQG�5LQJVWDG��������

,Q�FRQWUDVW�WR�*&<�����*)3��WKH�JXDQ\ODWH�F\FODVH�'$)����ORFDOL]HV�DORQJ�WKH�HQWLUH�FLOLXP�LQ�
$6,��$6-�DQG�$6.�QHXURQV��%LUQE\�HW�DO���������-HQVHQ�HW�DO����������:H�VZDSSHG�WKH�*&<����
70�GRPDLQ�RU�&�WHUPLQDO�HQG��VWDUWLQJ�DW�WKH�KLJKO\�FRQVHUYHG�:�UHVLGXH�DW�WKH�VWDUW�RI�WKH�
5'��GRPDLQ��ZLWK�WKRVH�RI�'$)�����70!'$)���70�DQG�&7!'$)���&7��UHVSHFWLYHO\���%RWK�
FKLPHULF� SURWHLQV� ORFDOL]HG� WR� WKH�3&0&�DQG� FLOLXP� WLS�� VXJJHVWLQJ� WKDW� WKH�70�GRPDLQV�
DQG�&�WHUPLQL�RI�*&<����DQG�'$)����GR�QRW�UHJXODWH�WKHLU�VXE�FLOLDU\�ORFDOL]DWLRQ��)LJ������
,Q� DGGLWLRQ�� WKHVH� UHVXOWV� VXJJHVW� WKDW� WKH� &�WHUPLQDO� UHJLRQ� RI� WKHVH� JXDQ\ODWH� F\FODVHV�
IXQFWLRQV�FHOO�LQGHSHQGHQWO\�LQ�FLOLXP�LPSRUW�
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7RJHWKHU��RXU�GDWD�VKRZ�WKDW�*&<����FLOLDU\�HQWU\�DQG�WLS�ORFDOL]DWLRQ�UHTXLUHV�WKH�GLPHUL]DWLRQ�
DQG�5'��GRPDLQV��DQG�OLNHO\�LQYROYH�WKH�FRPELQHG�DFWLRQ�RI�PRUH�WKDQ�RQH�GRPDLQ�

*&<�����*)3�FLOLXP�WLS�FRPSDUWPHQW�LV�UHTXLUHG�IRU�KLJK�1D&O�VHQVLWLYLW\

$6(�QHXURQV�H[SUHVV�VHYHUDO�UHFHSWRU�W\SH�JXDQ\ODWH�F\FODVHV��*&<����DQG�*&<����DSSHDULQJ�
WR�EH�PRVW� LPSRUWDQW� IRU�GHWHFWLQJ�1D&O� �2UWL]� HW� DO��� ������ ������ 6PLWK�HW� DO��� �������:H�
tested gcy-22 and gcy-14 loss-of-function mutants and a JF\�����JF\����double mutant in a 
1D&O�FKHPRWD[LV�TXDGUDQW�DVVD\��$QLPDOV�DUH�WHVWHG�IRU�WKHLU�SUHIHUHQFH�IRU�D�SDUWLFXODU�1D&O�
FRQFHQWUDWLRQ�YHUVXV�QR�1D&O��-DQVHQ�HW�DO���������:LFNV�HW�DO����������'HOHWLQJ�gcy-22, but not 
gcy-14��VLJQLˋFDQWO\�DIIHFWHG�FKHPRWD[LV�WR�1D&O��)LJ���D���&KHPRWD[LV�E\�WKH�GRXEOH�PXWDQW�
ZDV�QRW�VLJQLˋFDQWO\�GLIIHUHQW�IURP�WKH�gcy-22�VLQJOH�PXWDQW��VXJJHVWLQJ�WKDW�*&<����LV�PRUH�
LPSRUWDQW�WKDQ�*&<����LQ�RXU�DVVD\��)LJ���D��

7R� GHWHUPLQH� LI� *&<���� FLOLXP� WLS� ORFDOL]DWLRQ� LV� LPSRUWDQW� IRU�C. elegansȢV� VHQVLWLYLW\� WR�
1D&O�� ZH� ˋUVW� WHVWHG� ,)7� PXWDQWV� IRU� WKHLU� FKHPRWD[LV� UHVSRQVH�� NDS��� mutant animals 
VKRZHG�D�ZLOG�W\SH�UHVSRQVH�WR�1D&O��)LJ���E���FRQVLVWHQW�ZLWK�WKH�QRUPDO�WLS�ORFDOL]DWLRQ�
RI�*&<�����*)3��bbs-8�PXWDQW�DQLPDOV�VKRZHG�UHGXFHG�FKHPRWD[LV�WR���P0�1D&O��3��������
)LJ���E���ZKLFK�FRUUHODWHV�ZLWK�WKH�UHGXFHG�FLOLXP�WLS�OHYHOV�RI�*&<�����*)3��osm-3 mutant 
DQLPDOV��ZKLFK�KDYH�VKRUW�FLOLD�ZKHUH�*&<�����*)3�ORFDOL]HV�DORQJ�LWV�HQWLUH�OHQJWK��VKRZHG�
WKH�VWURQJHVW�FKHPRWD[LV�GHIHFW�DW�DOO�1D&O�FRQFHQWUDWLRQV�WHVWHG��3�������)LJ���E��

1H[W�� ZH� WHVWHG� GDI���� PXWDQW� DQLPDOV�� ZKLFK� ODFN� FLOLDU\� *&<�����*)3�� 7KHVH� DQLPDOV�
VKRZHG�D�VWURQJ�FKHPRWD[LV�GHIHFW��ZLWK�RQO\�D�PRGHVW�UHVSRQVH�WR�����P0�1D&O��)LJ���F���
This suggests that GDI����LV�UHTXLUHG�IRU�FLOLDU\�LPSRUW�RI�SURWHLQV�HVVHQWLDO�IRU�FKHPRWD[LV��
DQG� FRQVLVWHQW� ZLWK� WKH�PLVORFDOL]DWLRQ� RI� JXDQ\ODWH� F\FODVHV� DQG� &1*V� �)XMLZDUD� HW� DO���
������-HQVHQ�HW�DO���������:RMW\QLDN�HW�DO����������6XUSULVLQJO\��GLVUXSWLQJ�WKH�7=�LQ�WKH�daf-
���mutant (GDI�����PNV���GRXEOH�PXWDQW��UHVXOWHG�LQ�D�SDUWLDOO\�UHVWRUHG�UHVSRQVH�WR����P0�
1D&O��DQG�D�ZLOG�W\SH�UHVSRQVH�WR�����P0��)LJ���F���7KHVH�UHVSRQVHV�URXJKO\�FRUUHODWH�ZLWK�
WKH�OHYHOV�RI�FLOLDU\�*&<�����*)3��ZKHUH�WKH�LQFUHDVHG�DPRXQW�LQ�WKH�GRXEOH�PXWDQW�DSSHDUV�
VXIˋFLHQW�IRU�GHWHFWLQJ�KLJK�1D&O�FRQFHQWUDWLRQV��+RZHYHU��WKH�SRVVLELOLW\�UHPDLQV�WKDW�RWKHU�
SURWHLQV�WKDW�SOD\�D�UROH�LQ�1D&O�VHQVRU\�WUDQVGXFWLRQ�DUH�DOVR�DIIHFWHG�

7R�VSHFLˋFDOO\�WHVW�WKH�FRQWULEXWLRQ�RI�*&<�����*)3�FLOLDU\�WLS�ORFDOL]DWLRQ�WR�1D&O�VHQVDWLRQ��
ZH�WHVWHG�WKH�5'�!$OD�PXWDQW�DQLPDOV�IRU�WKHLU�FKHPRWD[LV�UHVSRQVH��7KHVH�DQLPDOV�VKRZHG�
D�PLOG�FKHPRWD[LV�GHIHFW�DW���P0�1D&O� �3 ��������EXW�ZLOG�W\SH� UHVSRQVHV� WR����DQG�����
P0�1D&O��)LJ���G���VXJJHVWLQJ�WKDW�D�VPDOO�DPRXQW�RI�*&<����FRXOG�VWLOO�EH�SUHVHQW�LQ�WKH�
FLOLXP��$GGLWLRQDOO\�� D� FKHPRWD[LV�GHIHFW� LQ� WKHVH� DQLPDOV� FRXOG�EH�PDVNHG�E\� IXQFWLRQDO�
UHGXQGDQF\��7R�WHVW�WKLV�ODWWHU�SRVVLELOLW\��ZH�PDGH�D�JF\�����JF\���(RD3>Ala) double mutant 
DQG� REVHUYHG� D� VWURQJHU� FKHPRWD[LV� GHIHFW� DW� ��� P0� 1D&O� �3 ������� FRPSDUHG� WR� gcy-
22(RD3>AlD��VLQJOH�PXWDQWV��)LJ���G���,QWHUHVWLQJO\��JF\�����JF\���(RD3>Ala) animals showed
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Figure 6. Cilium tip localization of GCY-22 is required for sensitive detection of NaCl. 
(a)�&KHPRWD[LV�LQGH[HV�RI�GLIIHUHQW�PXWDQWV�VKRZLQJ�ZLOG�W\SH�UHVSRQVH�RI�gcy-22::GFP�DQLPDOV�DQG�LQYROYHPHQW�RI�
*&<�����(b)�&KHPRWD[LV�WR�������DQG�����P0�1D&O�UHTXLUHV�WKH�,)7�DQWHURJUDGH�PRWRU�260����DQG�WKH�%%6RPH�VXEXQLW�
%%6���IRU�FKHPRWD[LV�WR���P0���(c)�&KHPRWD[LV�WR��������DQG�����P0�1D&O�UHTXLUHV�WKH�$QNP\��SURWHLQ�'$)�����DQG�WKH�7=�
FRPSRQHQW�0.6���IRU�FKHPRWD[LV�WR���DQG����P0� (d)�&KHPRWD[LV�WR���DQG����P0�1D&O�UHTXLUHV�FLOLXP�WLS�ORFDOL]DWLRQ�
RI�*&<����DQG�LQYROYHV�*&<�����$VWHULVNV�LQGLFDWH�VLJQLˋFDQW�GLIIHUHQFH�FRPSDUHG�WR�ZLOG�W\SH��$129$�IROORZHG�E\�
SDLUZLVH�W�WHVW�ZLWK�+ROP�FRUUHFWLRQ��Q�*���DVVD\V��)XOO�VWDWLVWLFDO�DQDO\VLV�FDQ�EH�IRXQG�LQ�6XSSOHPHQWDU\�WDEOH���

VWURQJHU�FKHPRWD[LV�WR�����P0�1D&O�WKDQ�JF\�����JF\����DQLPDOV��3 ��������LQGLFDWLQJ�WKDW�
WKH�*&<�����5'�!$OD�SURWHLQ�LV�IXQFWLRQDO�LQ�GHWHFWLQJ�1D&O�

7RJHWKHU�WKHVH�H[SHULPHQWV�VKRZ�WKDW�D�KLJK�OHYHO�RI�*&<����LV�UHTXLUHG�DW�WKH�FLOLXP�WLS�IRU�
GHWHFWLQJ��DQG�HIˋFLHQW�FKHPRWD[LV�WR��ORZ�1D&O�FRQFHQWUDWLRQV�

DISCUSSION

6RPH� VLJQDOLQJ� SURWHLQV� ORFDOL]H� WR� VSHFLˋF� FLOLDU\� VXEGRPDLQV��ZKHUHDV� RWKHUV� GLVWULEXWH�
DORQJ� WKH� OHQJWK� RI� WKH� FLOLXP�� VXJJHVWLQJ� WKDW� WKHLU� VSHFLˋF� ORFDOL]DWLRQ� SDWWHUQV� DUH�
IXQFWLRQDOO\�LPSRUWDQW��2XU�XQGHUVWDQGLQJ�RI�KRZ�WKH�VLJQDOLQJ�SURWHLQ�ORFDOL]DWLRQ�ZLWKLQ�
WKH� FLOLXP� LV� UHJXODWHG� UHPDLQV� OLPLWHG�� +HUH�� ZH� LGHQWLˋHG�PHFKDQLVPV� LQYROYHG� LQ� WKH�
ORFDOL]DWLRQ�RI�WKH�SXWDWLYH�&O-�UHFHSWRU�*&<����WR�D�XQLTXH�FLOLDU\�WLS�GRPDLQ�LQ�WKH�$6(5�
neuron of C. elegans DQG�SURYLGH�HYLGHQFH�WKDW�WKLV�VSHFLˋF�ORFDOL]DWLRQ�LV�HVVHQWLDO�IRU�LWV�
IXQFWLRQ�DV�D�KLJKO\�VHQVLWLYH�1D&O�VHQVRU�

2
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2XU� UHVXOWV� VXJJHVW� WKDW� ,)7� LV� WKH� SULPDU\� GULYLQJ� IRUFH� EHKLQG� *&<���� ORFDOL]DWLRQ� WR�
WKH�FLOLXP�WLS��)LUVW��ZH�LGHQWLˋHG�'$)����DV�HVVHQWLDO�IRU�FLOLDU\�LPSRUW��'$)����IXQFWLRQV�
WRJHWKHU�ZLWK�WKH�7=��E\�ZD\�RI�0.6����WR�ORDG�*&<����DV�FDUJR�RQWR�,)7�SDUWLFOHV��6HFRQG��
GXDO�FRORU�LPDJLQJ�VKRZHG�FR�ORFDOL]DWLRQ�RI�*&<�����*)3�ZLWK�260���NLQHVLQ�LQ�D�VXEVHW�
RI� ,)7�SDUWLFOHV�� VXJJHVWLQJ�DVVRFLDWLRQ�EHWZHHQ�*&<�����*)3�DQG�FHUWDLQ� ,)7�SDUWLFOHV�RU�
ȡWUDLQVȢ��6WULNLQJO\��PDQ\�*&<�����*)3�SDUWLFOHV�PRYLQJ�WRZDUGV�WKH�FLOLDU\�EDVH�ZHUH�SLFNHG�
XS�E\�DQWHURJUDGH�,)7�WUDLQV�DQG�UHORFDOL]HG�WR�WKH�WLS��7KLV�EHKDYLRU��QRW�SUHYLRXVO\�REVHUYHG�
IRU�RWKHU�,)7�DVVRFLDWHG�SURWHLQV��PDLQWDLQV�D�KLJK�GHQVLW\�RI�UHFHSWRU�PROHFXOHV�ZLWKLQ�WKH�
WLS�FRPSDUWPHQW��+RZ�WKLV�LV�UHJXODWHGȠIRU�H[DPSOH��ZKHWKHU�WKLV�GHSHQGV�RQ�GLIIHUHQWLDO�
DIˋQLW\� IRU� DQWHURJUDGH� RU� UHWURJUDGH� ,)7�PDFKLQHU\ȠUHPDLQV� WR� EH� GHWHUPLQHG�� )LQDOO\��
LQWHUIHULQJ�ZLWK�,)7�GLPLQLVKHV�WKH�DFFXPXODWLRQ�RI�*&<�����*)3�DW�WKH�WLS��7KLV�LQGLFDWHV�
WKDW�,)7�SOD\V�D�FUXFLDO�UROH�LQ�DFWLYHO\�PDLQWDLQLQJ�D�VSHFLDOL]HG�VLJQDOLQJ�FRPSDUWPHQW�DW�
WKH�FLOLXP�WLS�

,QWHUHVWLQJO\��RXU�)5$3�DVVD\V�LQGLFDWH�WKH�SUHVHQFH�RI�D�GLVWLQFW�WLS�PHPEUDQH�FRPSDUWPHQW�
ZLWK�SURSHUWLHV�GLIIHUHQW�IURP�WKH�UHVW�RI�WKH�FLOLXP��*&<����PLJKW�WKHUHIRUH�ELQG�RWKHU��\HW�
WR�EH�LGHQWLˋHG�SURWHLQ�V��DW�WKH�FLOLXP�WLS��6LPLODUO\��KRZ�+HGJHKRJ�VLJQDOLQJ�FRPSRQHQWV�
UHPDLQ�FRQˋQHG�WR� WKH�FLOLXP�WLS� LV�XQNQRZQ��+H�HW�DO����������+RZHYHU��ZH� IRXQG�D�KLJK�
GHQVLW\�RI�*&<�����*)3�PROHFXOHV�DW� WKH�FLOLXP�WLS��ZKLFK�VORZV� ODWHUDO�GLIIXVLRQ� �+RXVHU�
HW� DO��� ������� 7KLV� PD\� H[SODLQ�� LQGHSHQGHQW� RI� WHWKHULQJ� E\� RWKHU� SURWHLQV�� WKH� VORZ�
UHGLVWULEXWLRQ�RI�*&<�����*)3�LQ�WKH�WLS�FRPSDUWPHQW�

7KH�KLJK�FRQFHQWUDWLRQ�RI�*&<����DW�WKH�FLOLDU\�WLS�VXJJHVWV�WKDW�LW�IRUPV�D�KLJKO\�VHQVLWLYH�
detection apparatus, reminiscent of the high densities of rhodopsin in mammalian 
SKRWRUHFHSWRU�FHOOV��ZKLFK�HQDEOH�WKH�GHWHFWLRQ�RI�VLQJOH�SKRWRQV��%D\ORU�HW�DO���������1LX�
DQG�0LWFKHOO���������,QGHHG��PLVORFDOL]DWLRQ�RI�*&<�����5'�!$OD��*)3�DIIHFWHG�FKHPRWD[LV�
WR���P0�1D&O�PRVW��VXJJHVWLQJ�WKDW�WKH�FLOLDU\�WLS�FRPSDUWPHQW�LV�UHTXLUHG�WR�QDYLJDWH�VPDOO�
GLIIHUHQFHV�LQ�1D&O�FRQFHQWUDWLRQV��OLNHO\�LPSRUWDQW�IRU�C. elegans�LQ�LWV�QDWXUDO�KDELWDW�

,Q�FRQFOXVLRQ��RXU�VWXG\�UHYHDOHG�PHFKDQLVPV�IRU�JHQHUDWLQJ�DQG�PDLQWDLQLQJ�D�VSHFLDOL]HG�
FLOLDU\� WLS� GRPDLQ� WKDW� LV� DQDORJRXV� WR� WKH� F*03� VLJQDOLQJ� GRPDLQ� RI�PDPPDOLDQ� FLOLDU\�
SKRWRUHFHSWRUV�� DQG� FLOLDU\� WLS� GRPDLQ� RI� WKH� +HGJHKRJ� VLJQDOLQJ� FDVFDGH�� 2XU� ˋQGLQJV�
VXJJHVW�WKDW�VXFK�GRPDLQV�PD\�EH�EURDGO\�XVHG�DV�VLJQDOLQJ�FRPSDUWPHQWV�DQG�VKRXOG�EH�
VRXJKW� DQG� DQDO\VHG� LQ� PDPPDOLDQ� FLOLD� LQ� WKH� FRQWH[W� RI� GLIIHUHQW� VLJQDOLQJ� SDWKZD\V��
KXPDQ�SK\VLRORJ\�DQG�GLVHDVH�
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METHODS

Strains and Constructs

6WUDLQV�ZHUH�FXOWXUHG�XVLQJ�VWDQGDUG�PHWKRGV��%UHQQHU���������$OOHOHV�XVHG�LQ�WKLV�UHVHDUFK�
ZHUH��NDS���RN����, RVP���S������EEV���Q[�����GDI����P������PNV���WP�������JF\�����SH�������
JF\����WP�������GKF���LH��>GKF����GHJURQ��*)3@���LH6L��>HIW��S��7,5���P5XE\��XQF�����Ȣ875���
&EU�XQF�������@�

The prab-3::mCherry::apt-9�FRQVWUXFW�ZDV��JLIW�IURP�$��3DVSDUDNL��DQG�XVHG�WR�JHQHUDWH�prab-
3::mCherry::tram-1��$�����NE�JHQRPLF�'1$�IUDJPHQW�FRQWDLQLQJ�tram-1�ZDV�DPSOLˋHG�ZLWK�
SULPHUV�������DQG�������DQG�XVHG�WR�UHSODFH�apt-9��pgpa-4::gcy-22::GFP�ZDV�JHQHUDWHG�E\�
LQVHUWLQJ�WZR�3&5�IUDJPHQWV�RI�����NE�DQG���NE��DPSOLˋHG�ZLWK�SULPHUV�������DQG��������
DQG�SULPHUV�������DQG�������� WRJHWKHU�FRQWDLQLQJ� WKH�JHQRPLF�gcy-22 ORFXV�� LQWR�S*-����
�-DQVHQ�HW�DO����������7R�JHQHUDWH� WKH�S8���RVP��BVJ51$� YHFWRU�ZH�FORQHG�DQ�osm-3 guide 
into the S8���XQF������VJ51$�YHFWRU��)ULHGODQG�HW�DO����������7KH�SˌS����P&KHUU\ construct 
ZDV�JHQHUDWHG�E\�LQVHUWLQJ�D���NE�ˌS���SURPRWHU�VHTXHQFH��DPSOLˋHG�ZLWK�SULPHUV�������DQG�
�������LQWR�D�S3'�������JLIW�IURP�$��)LUH��EDFNERQH�FRQWDLQLQJ�P&KHUU\��7KH�osm-3::mCherry 
WHPSODWH� FRQVWUXFW� ZDV� JHQHUDWHG� E\� LQVHUWLQJ�P&KHUU\� DQG� WZR� ���� NE� KRPRORJ\� DUPV��
DPSOLˋHG�IURP�JHQRPLF�'1$�XVLQJ�SULPHUV�������DQG�������DQG�SULPHUV�������DQG��������
into the backbone of S8���XQF������VJ51$�� 7KH� SJF\����[E[����WG7RPDWR� construct was 
JHQHUDWHG�E\�LQVHUWLQJ�D�����ES�SURPRWHU�IURP�JF\����DPSOLˋHG�XVLQJ�SULPHUV�����DQG������
DQG�D�����NE�JHQRPLF�IUDJPHQW�RI�xbx-1��DPSOLˋHG�XVLQJ�SULPHUV�����DQG������LQWR�D�S3'������
YHFWRU�FRQWDLQLQJ�WG7RPDWR��7KH�SJF\����JF\�����*)3�FRQVWUXFW�ZDV�JHQHUDWHG�E\�3&5�IXVLRQ�
�+REHUW���������)LUVW��D�����NE�JHQRPLF�VHTXHQFH�RI�JF\�����DPSOLˋHG�XVLQJ�SULPHUV������DQG�
������DQG�D�����ES�JHQRPLF�IUDJPHQW�RI�WKH�JF\���SURPRWHU��DPSOLˋHG�XVLQJ�SULPHUV������
DQG�������ZHUH� IXVHG�XVLQJ�SULPHUV� ����� DQG������� 6XEVHTXHQWO\�� WKLV� SURGXFW�ZDV� IXVHG�
XSVWUHDP�RI�WKH�*)3�FRGLQJ�FDVVHWWH��LQFOXGLQJ�WKH�XQF�����Ȣ�875��IURP�S3'����� (gift from 
$��)LUH��XVLQJ�SULPHUV������DQG�������7KH�ˋQDO�IXVLRQ�SURGXFW�ZDV�FORQHG�LQWR�S*(07�HDV\�

7KH�ĸ(5�VWUDLQ�ZDV�JHQHUDWHG�E\�IXVLQJ�WKH�����ES�JF\���SURPRWHU��DPSOLˋHG�ZLWK�SULPHUV�
�����DQG�������DQG�D�����NE�ĸ(5�IUDJPHQW��DPSOLˋHG�IURP�JHQRPLF�'1$�XVLQJ�SULPHUV������
DQG�������XVLQJ�SULPHUV������DQG�������7KLV�SURGXFW�ZDV�IXVHG�WR�*)3��XQF�����Ȣ�875 from 
S3'������XVLQJ�SULPHUV������DQG�������7KH�ĸ&7�VWUDLQ�ZDV�JHQHUDWHG�E\�DPSOLI\LQJ�IURP�
SJF\����JF\�����*)3, a SJF\����JF\�����ĸ&7�IUDJPHQW��XVLQJ�SULPHUV�0��)ZG�DQG�������DQG�
*)3� XVLQJ� SULPHUV� ����� DQG�0��5HY�� DQG� IXVLQJ� WKHVH� SURGXFWV� XVLQJ� SULPHUV� ����� DQG�
������7KH�ĸ5'��&7�VWUDLQ�ZDV�JHQHUDWHG�E\�IXVLQJ�D�gcy-22 fragment upstream of the RD3 
GRPDLQ��DPSOLˋIHG�XVLQJ�SULPHUV������DQG�������DQG�D�IUDJPHQW�FRQWDLQLQJ�*)3��DPSOLˋHG�
XVLQJ�SULPHUV������DQG�������XVLQJ�SULPHUV������DQG�������7KH�ĸ''�VWUDLQ�ZDV�JHQHUDWHG�E\�
DPSOLI\LQJ�IUDJPHQWV�XSVWUHDP�DQG�GRZQVWUHDP�RI�WKH�''�IURP�SJF\����JF\�����*)3 using 
SULPHUV������DQG�������DQG�SULPHUV������DQG�������DQG�IXVLQJ�WKHVH�SURGXFWV�XVLQJ�SULPHUV�
�����DQG�������7KH�70!'$)���70�VWUDLQ�ZDV�JHQHUDWHG�E\�DPSOLI\LQJ�SJF\����JF\�����*)3



&KDSWHU����

IUDJPHQWV�XS�DQG�GRZQVWUHDP�RI�WKH�70��XVLQJ�SULPHUV������DQG�������DQG�SULPHUV������DQG�
������3ULPHUV������DQG������FRQWDLQHG�RYHUODSSLQJ�UHJLRQV�RI�WKH�daf-11�70��3ULPHUV������
DQG������ZHUH�XVHG�WR�IXVH�WKHVH�WZR�IUDJPHQWV�

7KH� 70��*)3� VWUDLQ� ZDV� JHQHUDWHG� E\� IXVLQJ� D� gcy-22� 70� IUDJPHQW�� DPSOLˋHG� IURP� ĸ(5�
XVLQJ�SULPHUV������DQG�������WR�*)3�XVLQJ�SULPHUV������DQG�������7KH�70��5'���*)3�VWUDLQ�
ZDV� JHQHUDWHG� E\� DPSOLI\LQJ� D� SJF\����JF\����70�� IUDJPHQW�� DPSOLˋHG� IURP� SJF\����JF\�
���70���*)3� XVLQJ� SULPHUV� ����� DQG� ������ 1H[W�� D� JF\����5'��� IUDJPHQW�� DPSOLˋHG� IURP�
JHQRPLF� '1$� XVLQJ� SULPHUV� ����� DQG� ������ ZDV� IXVHG� WR�*)3��XQF�����Ȣ�875� S3'�����, 
XVLQJ�SULPHUV������DQG�������)LQDOO\��WKH�SJF\����JF\����70� and 5'���*)3��XQF�����Ȣ�875 
IUDJPHQWV�ZHUH�IXVHG�XVLQJ�SULPHUV������DQG�������70��*)3��5'��VWUDLQ�ZDV�JHQHUDWHG�E\�
DPSOLI\LQJ� D� SJF\����JF\����70���*)3 fragment without XQF���� �Ȣ�875 from SJF\����JF\�
���70���*)3�XVLQJ�SULPHUV������DQG�������DQG�D�JF\����5'���IUDJPHQW�IURP�JHQRPLF�'1$�
XVLQJ�SULPHUV������DQG�������6XEVHTXHQWO\��WKHVH�WZR�IUDJPHQWV�ZHUH�IXVHG�XVLQJ�SULPHUV�
�����DQG������

3&5� IXVLRQ� SURGXFWV� ZHUH� LQMHFWHG� ZLWK� SJF\����[E[����WG7RPDWR, and S5)���URO���VX������
�0HOOR�HW�DO���������RU�punc-122::GFP��0L\DED\DVKL�HW�DO���������WR�JHQHUDWH�WUDQVJHQLF�VWUDLQV�

Microinjections

0LFURLQMHFWLRQV�ZHUH�SHUIRUPHG�XVLQJ�VWDQGDUG�PHWKRGV��0HOOR�DQG�)LUH��������

CRISPR/Cas9

To generate the osm-3::mCherry� DOOHOH�� DQLPDOV� ZHUH� LQMHFWHG� ZLWK� D� PL[WXUH� FRQWDLQLQJ�
S8���RVP��BVJ51$� ����QJ�wO���SHIW����FDV��69��B1/6��WEE��� ����QJ�wO���S5)���URO���VX������
����QJ�wO���DQG�D�SODVPLG�FRQWDLQLQJ�DQ�mCherry�UHSDLU�WHPSODWH�ZLWK������ES�KRPRORJ\�DUPV�
����QJ�wO���$QLPDOV�ZHUH�LQMHFWHG�DQG�SODFHG�RQ�VHSDUDWH���FP�1*0�SODWHV��7KUHH�GD\V�ODWHU��
)��RIIVSULQJ�ZDV�SLFNHG�� DOORZHG� WR� VHOI�UHSURGXFH�� DQG� VFUHHQHG�E\�3&5��:H�XVHG�D�GS\�
���EDVHG� FR�&5,635�PHWKRG�DQG� D�3&5�JHQHUDWHG� UHSDLU� WHPSODWH�RI�*)3�� DPSOLˋHG�ZLWK�
SULPHUV�������DQG��������ZLWK����ES�KRPRORJ\�DUPV� WR�JHQHUDWH� WKH�JF\�����*)3�JM������
DOOHOH��:H�XVHG� VV2'1� UHSDLU� WHPSODWH� �������ZLWK� ���ES�KRPRORJ\� DUPV�� DQG�JXLGH� J����
to generate the JF\����5'�!$OD���*)3�JM������ DOOHOH�� 7KH� UGO���JM����� deletion allele was 
JHQHUDWHG�XVLQJ�WZR�JXLGHV��J���DQG�J����DQG�QR�WHPSODWH�

:H� XVHG� WKH� &5,635�&DV��PHWKRG� DV� GHVFULEHG� E\� 'RNVKLQ� HW� DO�� ������� WR� JHQHUDWH� WKH�
JM����>JF\�����&7!GDI���&7��*)3@� DOOHOH�� %ULHˌ\�� D� J%ORFN� �,'7�� FRQWDLQLQJ� WKH� daf-11CT 
UHSDLU� WHPSODWH� ZDV� FORQHG� LQWR� D� S*(0� YHFWRU�� 6XEVHTXHQWO\�� WKH� UHSDLU� WHPSODWH� ZDV�
DPSOLˋHG�XVLQJ�SULPHUV�������DQG�������ZLWK����ES�KRPRORJ\�DUPV��7KH�UHSDLU�WHPSODWH��
JXLGH��J�����DQG�S5)����URO���VX������ZHUH�LQMHFWHG�LQWR�*-�����DFFRUGLQJ�WR�SURWRFRO��
6WUDLQV��SULPHUV��DQG�JXLGHV�XVHG�LQ�WKLV�UHVHDUFK�DUH�DYDLODEOH�XSRQ�UHTXHVW�
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6LJQDOLQJ�FRPSDUWPHQW�DW�WKH�FLOLDU\�WLS ��

Microscopy

$QLPDOV�ZHUH� LPPRELOL]HG�RQ�D����DJDURVH�SDG��XVLQJ������wP�SRO\VW\UHQH�PLFURVSKHUHV�
�3RO\EHDG��3RO\VFLHQFHV�,QF���DQG����P0�/HYDPLVROH��6LJPD��DV�DQ�DQHVWKHWLF�LQ�0��EXIIHU��
XQOHVV� VWDWHG� RWKHUZLVH�� )OXRUHVFHQFH� LPDJHV� ZHUH� WDNHQ� XVLQJ� D� VSLQQLQJ� GLVF� FRQIRFDO�
PLFURVFRSH��1LNRQ�7L�HFOLSVH��ZLWK�DQ�(0�&&'�FDPHUD��4XDQW(0���&��3KRWRPHWULFV��DQG�
0HWDPRUSK� ,PDJLQJ� VRIWZDUH�� XQOHVV� VWDWHG� RWKHUZLVH�� ,PDJHV� ZHUH� DQDO\]HG� XVLQJ� ),-,�
VRIWZDUH��YHUVLRQ���������

)RU�)5$3�H[SHULPHQWV��D�)5$3�'�XQLW��523(5��ZDV�XVHG��3UH�EOHDFK�����LPDJHV�ZHUH�WDNHQ�
DW���VHFRQG�LQWHUYDOV��3RVW�EOHDFK�WKH�IROORZLQJ�LPDJHV�ZHUH�WDNHQ��IRU�WKH�HQWLUH�3&0&�RU�
WLS���LPDJHV�DW����VHF��LQWHUYDOV����LPDJHV�DW����VHF��LQWHUYDOV��DQG���LPDJHV�DW���PLQ��LQWHUYDOV��
IRU�KDOI�RI�WKH�3&0&�����LPDJHV�DW���VHF��LQWHUYDOV��IRU�KDOI�RI�WKH�FLOLXP�WLS����LPDJHV�DW���
VHF�� LQWHUYDOV�DQG���� LPDJHV�DW����VHF�� LQWHUYDOV�� IRU�*)3����� LPDJHV�DW����PV� LQWHUYDOV� �D�
VXEVHW�ZDV�SORWWHG� LQ�)LJ���I��� IRU�70��*)3� LQ�WKH�3&0&���� LPDJHV�DW���VHF�� LQWHUYDOV�� IRU�
70��*)3�LQ�WKH�FLOLXP�WLS����LPDJHV�DW�����PV�LQWHUYDOV��)RU�WKH�WLPH�ODSVH�LPDJHV��DQLPDOV�
ZHUH�LPPRELOL]HG�RQ�D����DJDURVH�SDG�DQG�0��FRQWDLQLQJ����P0�/HYDPLVROH��,PDJHV�ZHUH�
WDNHQ� DW� ����PV� LQWHUYDOV� DQG�N\PRJUDPV�ZHUH� JHQHUDWHG�XVLQJ� WKH�.\PRJUDSK&OHDU� �����
,PDJH-� SOXJLQ� �0DQJHRO� HW� DO��� ������� .\PRJUDPV� ZHUH� DQDO\]HG� XVLQJ� D� FXVWRP� ,PDJH-�
SOXJLQ�ZULWWHQ�E\�,��6PDO��'XDO�FRORU�WLPH�ODSVH�LPDJHV�ZHUH�WDNHQ�XVLQJ�D�'9��EHDP�VSOLWWHU�
�0$*�%LRV\VWHPV��

4XDQWLˋFDWLRQ�RI�*&<�����*)3�ˌXRUHVFHQFH� LQ�GLIIHUHQW�PXWDQW�EDFNJURXQGV�� DQG�RI�*)3�
PROHFXOHV� DW� WKH� FLOLXP� WLS��ZDV�SHUIRUPHG�RQ�D� ODVHU� VFDQQLQJ� FRQIRFDO�PLFURVFRSH� �63��
$2%6��/HLFD���$�GLOXWLRQ�VHULHV�RI�SXULˋHG�*)3�LQ�3%6�ZDV�XVHG�WR�JHQHUDWH�D�FDOLEUDWLRQ�FXUYH�
IRU� WKH�*)3� ˌXRUHVFHQFH�� $VVXPLQJ� D� FRQIRFDO� YROXPH� RI� ���� IHPWROLWHU� WKH� ˌXRUHVFHQFH�
LQWHQVLW\� RI� WKH� FDOLEUDWLRQ� FXUYH� ZDV� FRQYHUWHG� LQWR� QXPEHU� RI� *)3� PROHFXOHV�� 7KH�
LQWHJUDWHG� ˌXRUHVFHQFH� LQWHQVLW\� RI� WKH� FLOLD� ZDV� PHDVXUHG� DQG� FRQYHUWHG� WR� QXPEHU� RI�
*)3�PROHFXOHV��7KH�PHPEUDQH�GHQVLW\�RI�*)3�PROHFXOHV� LQ� WKH�FLOLXP�WLS�ZDV�FDOFXODWHG��
DVVXPLQJ�D�PHPEUDQH�VXUIDFH�RI������wP��

NaN3 treatment

7R�VWRS�$73�SURGXFWLRQ��1D13��6LJPD��ZDV�DGGHG�WR�D����DJDURVH�SDG�DW�D�FRQFHQWUDWLRQ�RI����
P0��$QLPDOV�ZHUH�VKRUWO\�LQFXEDWHG�LQ�D�GURS�RI�0��FRQWDLQLQJ����P0�/HYDPLVROH��6LJPD��
EHIRUH�LPPRELOL]DWLRQ��,PDJLQJ�VWDUWHG����PLQ�DIWHU�LPPRELOL]DWLRQ��7R�DVVHVV�WKH�UHFRYHU\�
RI�WKH�FLOLXP�WLS��DQLPDOV�ZHUH�LQFXEDWHG�LQ�0��EXIIHU�FRQWDLQLQJ����P0�1D13�IRU����PLQ�DQG�
VXEVHTXHQWO\�LPPRELOL]HG�IRU�LPDJLQJ�ZLWKRXW�1D13�

Auxin inducible degradation

)RU�WKH�DX[LQ�LQGXFLEOH�GHJUDGDWLRQ�RI�'+&����*)3��GHJURQ��DQLPDOV�ZHUH�FXOWXUHG�RQ�10*�
SODWHV�FRQWDLQLQJ���P0�,$$��6LJPD��IRU����KUV�SULRU�WR�LPDJLQJ�



&KDSWHU����

Chemotaxis assays

7KH�TXDGUDQW�DVVD\�XVHG�WR�DVVHV�FKHPRWD[LV�WR�1D&O�ZDV�DGDSWHG�IURP�:LFNV�HW�DO���������DQG�
-DQVHQ�HW�DO����������%ULHˌ\��WZR�GLDJRQDOO\�RSSRVLWH�TXDGUDQWV�RI�D�VHFWLRQDO�SHWUL�GLVK��6WDU�
'LVK��3KRHQL[�%LRPHGLFDO��ZHUH�ˋOOHG�ZLWK������P/�EXIIHUHG�DJDU�������$JDU����P0�.�+324�
.+�PO4�S+������P0�&D&O��DQG���P0�0J624��FRQWDLQLQJ�1D&O�DQG�WZR�GLDJRQDOO\�RSSRVLWH�
TXDGUDQWV�ZLWK������P/�EXIIHUHG�DJDU�ZLWKRXW�1D&O��,PPHGLDWHO\�EHIRUH�WKH�DVVD\��WKH�SODVWLF�
GLYLGHUV�EHWZHHQ�WKH�TXDGUDQWV�ZHUH�FRYHUHG�ZLWK�D�WKLQ�OD\HU�RI�DJDU��$JH�V\QFKURQL]HG�C. 
elegans�SRSXODWLRQV�ZHUH�ZDVKHG���WLPHV�IRU���PLQ�ZLWK�&7;�EXIIHU����P0�.�+324�.+�PO4 S+�
�����P0�&D&O��DQG���P0�0J624���$SSUR[LPDWHO\�����DQLPDOV�ZHUH�SODFHG�LQ�WKH�PLGGOH�RI�D�
VHFWLRQDO�GLVK��$IWHU����PLQ���DQLPDOV�RQ�HDFK�TXDGUDQW�ZHUH�FRXQWHG�DQG�D�FKHPRWD[LV�LQGH[�
�&,��ZDV�FDOFXODWHG�IRU�HDFK�SODWH��&,� ����DQLPDOV�RQ�1D&O�ȟ���DQLPDOV�QRW�RQ�1D&O���WRWDO���
DQLPDOV���7R�GHWHUPLQH�WKH�&,�RI�D�VWUDLQ����DVVD\V�SHU�GD\�ZHUH�SHUIRUPHG�RQ�DW�OHDVW���GD\V�

Statistics

6WDWLVWLFDO�DQDO\VHV�ZHUH�SHUIRUPHG�XVLQJ�5�VRIWZDUH��YHUVLRQ��������,)7�WUDFN�OHQJWKV�ZHUH�
FRPSDUHG�XVLQJ�D�0DQQ�:KLWQH\�8�WHVW��&RPSDULVRQV�RI�WKH�FKHPRWD[LV�LQGH[HV��ˌRUHVFHQFH�
LQWHQVLWLHV��DQG�260����P&KHUU\�WUDFN�FRXQWV�DQG�VSHHGV�ZHUH�SHUIRUPHG�ZLWK�D�RQH�ZD\�
$129$��IROORZHG�E\�D�SDLUZLVH�W�WHVW�ZLWK�+ROP�FRUUHFWLRQ��'LVWULEXWLRQV�RI�DQLPDOV�ZLWK�DQG�
ZLWKRXW�*&<�����*)3�,)7�OLNH�WUDFNV�ZHUH�FRPSDUHG�XVLQJ�D�&KL��WHVW�
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&UHDWH�5HSRUWHU�*HQH�&RQVWUXFWV�IRU�([SUHVVLRQ�
$QDO\VLV�LQ�7UDQVJHQLF�C. elegans.�%LRWHFKQLTXHV�
�������ȟ����

+RXVHU�� -�5��� %XVFK��'�-��� %HOO��'�5��� /L�� %��� 5HQ�� 3��
6WDFKRZLDN��-�&���������7KH�LPSDFW�RI�SK\VLRORJLFDO�
FURZGLQJ� RQ� WKH� GLIIXVLYLW\� RIPHPEUDQH�
ERXQG� SURWHLQV�� 6RIW� 0DWWHU� ���� ����ȟ�����

-DQVHQ�� *��� 7KLMVVHQ�� .�/��� :HUQHU�� 3��� GHU� +RUVW�
0��YDQ��+D]HQGRQN��(���3ODVWHUN��5�+���������7KH�
FRPSOHWH�IDPLO\�RI�JHQHV�HQFRGLQJ�*�SURWHLQV�RI�
Caenorhabditis elegans��1DW��*HQHW���������ȟ����
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-HQVHQ�� 9�/��� %LDODV�� 1�-��� %LVKRS�+XUOH\�� 6�/��
0ROGD\�� /�/��� .LGD�� .��� 1JX\HQ�� 3�$�7��� %ODFTXH��
2�(��� 0ROGD\�� 5�6��� /HURX[�� 0�5��� 5LGGOH�� '�/���
������ /RFDOL]DWLRQ� RI� D� *XDQ\O\O� &\FODVH� WR�
&KHPRVHQVRU\� &LOLD� 5HTXLUHV� WKH� 1RYHO� &LOLDU\�
0<1'�'RPDLQ�3URWHLQ�'$)�����3/26�*HQHW�����
H��������

.LP�� .��� 6DWR�� .��� 6KLEX\D�� 0��� =HLJHU�� '�0��
%XWFKHU��5�$���5DJDLQV��-�5���&ODUG\��-���7RXKDUD��.���
6HQJXSWD��3���������7ZR�&KHPRUHFHSWRUV�0HGLDWH�
'HYHORSPHQWDO�(IIHFWV�RI�'DXHU�3KHURPRQH�LQ�C. 
elegans��6FLHQFH���������ȟ����

.OLQN�� %�8��� =HQW�� (��� -XQHMD�� 3��� .XKOHH�
$��� 5DXQVHU�� 6��� :LWWLQJKRIHU�� $��� ������ $�
UHFRPELQDQW� %%6RPH� FRUH� FRPSOH[� DQG� KRZ� LW�
LQWHUDFWV�ZLWK�FLOLDU\�FDUJR��(OLIH����H������

/HFKWUHFN�� .�)��� ������ ,)7ȟ&DUJR
,QWHUDFWLRQV� DQG� 3URWHLQ� 7UDQVSRUW� LQ� &LOLD��
7UHQGV�%LRFKHP��6FL���������ȟ����

/L�� &��� -HQVHQ�� 9�/��� 3DUN�� .��� .HQQHG\�� -��� *DUFLD�
*RQ]DOR�� )�5��� 5RPDQL�� 0��� 0RUL�� 5��� %UXHO�� $��
/��� *DLOODUG�� '��� 'RUD\�� %��� /RSH]�� (��� 5LYLªUH�� -��
%��� )DLYUH�� /��� 7KDXYLQ�5RELQHW�� &��� 5HLWHU�� -�)���
%ODFTXH�� 2�(��� 9DOHQWH�� (��� /HURX[�� 0�5��� ������
0.6��DQG�&(3����'HSHQGHQW�$VVHPEO\�3DWKZD\�
RI� WKH� &LOLDU\� 7UDQVLWLRQ� =RQH�� 3/26� %LRO�� ����
H��������

/LHP�� .�)��� +H�� 0��� 2FELQD�� 3�-�5��� $QGHUVRQ�
.�9��� ������ 0RXVH� .LI��&RVWDO�� LV� D� FLOLD�
DVVRFLDWHG�SURWHLQ�WKDW�UHJXODWHV�6RQLF�KHGJHKRJ�
VLJQDOLQJ��31$6�����������ȟ������

/LX�� 3��� /HFKWUHFN�� .�)��� ������ 7KH� %DUGHWȟ%LHGO�
V\QGURPH� SURWHLQ� FRPSOH[� LV� DQ� DGDSWHU�
H[SDQGLQJ� WKH� FDUJR� UDQJH� RI� LQWUDˌDJHOODU�
WUDQVSRUW� WUDLQV� IRU� FLOLDU\� H[SRUW�� 31$6� �����
����������(����

0DQJHRO�� 3��� 3UHYR�� %��� 3HWHUPDQ�� (�-�*��� �����
.\PRJUDSK&OHDU� DQG� .\PRJUDSK'LUHFW�� WZR�
WRROV� IRU� WKH� DXWRPDWHG� TXDQWLWDWLYH� DQDO\VLV�
RI� PROHFXODU� DQG� FHOOXODU� G\QDPLFV� XVLQJ�
N\PRJUDSKV��0RO��%LRO��&HOO���������ȟ���

0DUW¯QH]�9HO£]TXH]�� /�$��� 5LQJVWDG�� 1��
������ $QWDJRQLVWLF� UHJXODWLRQ� RI� WUDIˋFNLQJ�
to Caenorhabditis elegans� VHQVRU\� FLOLD�
E\� D� 5HWLQDO� 'HJHQHUDWLRQ� �� KRPRORJ�
DQG� UHWURPHU�� 31$6� ����� (���� (����

0F*UDWK�� 3�7��� ;X�� <��� $LOLRQ�� 0��� *DUULVRQ�� -�/��
%XWFKHU�� 5�$��� %DUJPDQQ�� &�,��� ������ 3DUDOOHO�
HYROXWLRQ�RI�GRPHVWLFDWHG�Caenorhabditis species 
WDUJHWV� SKHURPRQH� UHFHSWRU� JHQHV�� 1DWXUH� �����
��������

0HOOR�� &��� )LUH�� $��� ������ 0HWKRGV� LQ� &HOO

%LRORJ\��0HWKRGV�&HOO�%LRO���������ȟ����
0HOOR��&�&���.UDPHU��-�0���6WLQFKFRPE��'���$PEURV��
9��� ������ (IˋFLHQW� JHQH� WUDQVIHU� LQ� C.elegans��
H[WUDFKURPRVRPDO�PDLQWHQDQFH�DQG�LQWHJUDWLRQ�
RI�WUDQVIRUPLQJ�VHTXHQFHV��(0%2�-����������ȟ���

0LMDONRYLF�� -��� *LUDUG�� -��� .UXJWHQ�� -�� YDQ�� /RR�� -�
YDQ��=KDQJ��=���/RVHYD��(���2VZDOG��)���3HWHUPDQ��
(�-�*��� ������ &XWWLQJ� RII� FLOLDU\� SURWHLQ�
LPSRUW�� ,QWUDˌDJHOODU� WUDQVSRUW� DIWHU� GHQGULWLF�
IHPWRVHFRQG�ODVHU� DEODWLRQ�� 0RO�� %LRO�� &HOO�
PEF(���������

0L\DED\DVKL�� 7��� 3DOIUH\PDQ�� 0�7��� 6OXGHU�� $�(��
6ODFN�� )��� 6HQJXSWD�� 3��� ������ ([SUHVVLRQ� DQG�
)XQFWLRQ� RI� 0HPEHUV� RI� D� 'LYHUJHQW� 1XFOHDU�
5HFHSWRU�)DPLO\� LQ�Caenorhabditis elegans��'HY��
%LRO����������ȟ����

0RQGDO�� 6��� $KODZDW�� 6��� 5DX�� .��� 9HQNDWDUDPDQ�
9���.RXVKLND��6�3���������,PDJLQJ�in vivo�1HXURQDO�
7UDQVSRUW� LQ� *HQHWLF� 0RGHO� 2UJDQLVPV� 8VLQJ�
0LFURˌXLGLF�'HYLFHV��7UDIˋF��������ȟ����

1LVKLPXUD�� '�<��� )DWK�� 0��� 0XOOLQV�� 5�)��� 6HDUE\�
&���$QGUHZV��0���'DYLV��5���$QGRUI��-�/���0\N\W\Q��
.��� 6ZLGHUVNL�� 5�(��� <DQJ�� %��� &DUPL�� 5��� 6WRQH��
(�0��� 6KHIˋHOG�� 9�&��� ������ %EV��QXOO� PLFH�
KDYH� QHXURVHQVRU\� GHˋFLWV�� D� GHIHFW� LQ� VRFLDO�
GRPLQDQFH�� DQG� UHWLQRSDWK\� DVVRFLDWHG� ZLWK�
PLVORFDOL]DWLRQ�RI�UKRGRSVLQ��31$6�����������ȟ
������

1LX�� 6�/��� 0LWFKHOO�� '�&��� ������ (IIHFW� RI
3DFNLQJ� 'HQVLW\� RQ� 5KRGRSVLQ� 6WDELOLW\�
DQG� )XQFWLRQ� LQ� 3RO\XQVDWXUDWHG�
0HPEUDQHV�� %LRSK\V�� -�� ���� ����ȟ�����

2UWL]�� &�2��� (WFKEHUJHU�� -�)��� 3RV\�� 6�/��� )UºNM¨U�
-HQVHQ��&���/RFNHU\��6���+RQLJ��%���+REHUW��2���������
6HDUFKLQJ� IRU� QHXURQDO� OHIW�ULJKW� DV\PPHWU\��
JHQRPHZLGH�DQDO\VLV�RI�QHPDWRGH�UHFHSWRU�W\SH�
JXDQ\O\O�F\FODVHV��*HQHWLFV��������������

2UWL]�� &�2��� )DXPRQW�� 6��� 7DND\DPD�� -��� $KPHG��
+�.��� *ROGVPLWK�� $�'��� 3RFRFN�� 5��� 0F&RUPLFN��
.�(���.XQLPRWR��+��� ,LQR��<���/RFNHU\��6���+REHUW��
2��� ������ /DWHUDOL]HG� JXVWDWRU\� EHKDYLRU� RI� C. 
elegans� LV� FRQWUROOHG� E\� VSHFLˋF� UHFHSWRU�W\SH�
JXDQ\O\O� F\FODVHV�� &XUU�� %LRO�� ���� ���� �����

2X�� *��� %ODFTXH�� 2�(��� 6QRZ�� -�-��� /HURX[�� 0�5��
6FKROH\�� -�0��� ������ )XQFWLRQDO� FRRUGLQDWLRQ�
RI� LQWUDˌDJHOODU� WUDQVSRUW� PRWRUV�� 1DWXUH� �����
���ȟ����

2X�� *��� .RJD�� 0��� %ODFTXH�� 2�(��� 0XUD\DPD�� 7��
2KVKLPD�� <��� 6FKDIHU�� -�&��� /L�� &��� <RGHU�� %�.���
/HURX[�� 0�5��� 6FKROH\�� -�0��� ������ 6HQVRU\�
Ciliogenesis in Caenorhabditis elegans��
$VVLJQPHQW� RI� ,)7� &RPSRQHQWV� LQWR� 'LVWLQFW
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0RGXOHV� %DVHG� RQ� 7UDQVSRUW� DQG� 3KHQRW\SLF�
3URˋOHV��0RO��%LRO��&HOO���������ȟ�����

3DQ�� ;��� 2X�� *��� &LYHOHNRJOX�6FKROH\�� *��� %ODFTXH�
2�(���(QGUHV��1�)���7DR��/���0RJLOQHU��$���/HURX[��
0�5���9DOH��5�'���6FKROH\��-�0���������0HFKDQLVP�
of transport of IFT particles in C. elegans�FLOLD�E\�
WKH� FRQFHUWHG� DFWLRQ� RI� NLQHVLQ�,,� DQG� 260���
PRWRUV��-��&HOO�%LRO�����������ȟ�����

3UHYR�� %��� 0DQJHRO�� 3��� 2VZDOG�� )��� 6FKROH\�
-�0��� 3HWHUPDQ�� (�-�*��� ������ )XQFWLRQDO�
GLIIHUHQWLDWLRQ�RI� FRRSHUDWLQJ� NLQHVLQ���PRWRUV�
RUFKHVWUDWHV�FDUJR�LPSRUW�DQG�WUDQVSRUW�LQ�L�FLOLD��
1DW��&HOO��%LRO����������ȟ�����

4LQ�� +��� %XUQHWWH�� '�7��� %DH�� <��.��� )RUVFKHU�
3��� %DUU�� 0�0��� 5RVHQEDXP�� -�/��� ������
,QWUDˌDJHOODU� 7UDQVSRUW� ,V� 5HTXLUHG� IRU� WKH�
9HFWRULDO� 0RYHPHQW� RI� 7539� &KDQQHOV� LQ� WKH�
&LOLDU\�0HPEUDQH��&XUU��%LRO����������ȟ�����

5HLWHU�� -�)��� /HURX[�� 0�5��� ������ *HQHV
DQG� PROHFXODU� SDWKZD\V� XQGHUSLQQLQJ�
FLOLRSDWKLHV��1DW��5HY��0RO��&HOO�%LRO����������

5LHNH��)���%D\ORU��'�$����������6LQJOH�SKRWRQ�GHWHFWLRQ
� E\� URG� FHOOV� RI� WKH� UHWLQD�� 5HY��0RG�� 3K\V�� ����
����ȟ�����

6PLWK�� +�.��� /XR�� /��� 2Ȣ+DOORUDQ�� '��� *XR�� '���
+XDQJ�� ;��<��� 6DPXHO�� $�'��� +REHUW�� 2��� ������
'HˋQLQJ� 6SHFLˋFLW\� 'HWHUPLQDQWV� RI� F*03�
0HGLDWHG� *XVWDWRU\� 6HQVRU\� 7UDQVGXFWLRQ� LQ�
Caenorhabditis elegans��*HQHWLFV���������ȟ����

6QRZ��-�-���2X��*���*XQQDUVRQ��$�/���:DONHU��0�5�6��
=KRX�� +�0��� %UXVW�0DVFKHU�� ,��� 6FKROH\�� -�0���
������ 7ZR� DQWHURJUDGH� LQWUDˌDJHOODU� WUDQVSRUW�
PRWRUV� FRRSHUDWH� WR� EXLOG� VHQVRU\� FLOLD� RQ� C. 
elegans QHXURQV�� 1DW�� &HOO� %LRO�� ��� ����ȟ�����

:LFNV�� 6�5��� 9ULHV�� &�-�� GH�� /XHQHQ�� +�*�$�0��
YDQ�� 3ODVWHUN�� 5�+�$��� ������ &+(���� D� &\WRVROLF�
'\QHLQ� +HDY\� &KDLQ�� ,V� 5HTXLUHG� IRU� 6HQVRU\�
&LOLD� 6WUXFWXUH� DQG� )XQFWLRQ� LQ� Caenorhabditis 
elegans��'HY��%LRO����������ȟ����

<H�� )��� %UHVORZ�� '�.��� .RVORYHU�� (�)��� 6SDNRZLW]�
$�-��� 1HOVRQ�� :�-��� 1DFKXU\�� 0�9��� ������ 6LQJOH�
PROHFXOH� LPDJLQJ� UHYHDOV� D� PDMRU� UROH� IRU�
GLIIXVLRQ� LQ� WKH� H[SORUDWLRQ� RI� FLOLDU\� VSDFH� E\�
VLJQDOLQJ�UHFHSWRUV��(OLIH����H������

<H�� )��� 1DJHU�� $�5��� 1DFKXU\�� 0�9��� �����
%%6RPH� WUDLQV� UHPRYH� DFWLYDWHG� *3&5V� IURP�
FLOLD�E\�HQDEOLQJ�SDVVDJH�WKURXJK�WKH�WUDQVLWLRQ�
]RQH��-��&HOO�%LRO�������MFE�����������

=KDQJ��+���+DQNH�*RJRNKLD��&���-LDQJ��/���/L��;���:DQJ�
3���*HUVWQHU��&�'���)UHGHULFN��-�0���<DQJ��=���%DHKU��
:��� ������ 0LVWUDIˋFNLQJ� RI� SUHQ\ODWHG� SURWHLQV�
FDXVHV� UHWLQLWLV� SLJPHQWRVD� ��� )$6(%� -�� ���

���ȟ����
=KDQJ�� /��� :DUG�� -�'��� &KHQJ�� =��� 'HUQEXUJ�� $�)��
������ 7KH� DX[LQ�LQGXFLEOH� GHJUDGDWLRQ� �$,'��
V\VWHP� HQDEOHV� YHUVDWLOH� FRQGLWLRQDO� SURWHLQ�
depletion in C. elegans��'HYHORSPHQW������ �����
�����

=XOOLJHU�� 5��� 1DDVK�� 0�,��� 5DMDOD�� 5�9�6��� 0ROGD\�
5�6��� $]DGL�� 6��� ������ ,PSDLUHG� $VVRFLDWLRQ� RI�
5HWLQDO�'HJHQHUDWLRQ���ZLWK�*XDQ\ODWH�&\FODVH���
DQG� *XDQ\ODWH� &\FODVH�DFWLYDWLQJ� 3URWHLQ���
/HDGV� WR�/HEHU�&RQJHQLWDO�$PDXURVLV���� -��%LRO��
&KHP�����������ȟ�����



&KDSWHU��46

SUPPLEMENTARY FIGURES

Supplementary Figure 1. GCY-22::GFP colocalizes with TRAM-1 and APT-9 positive vesicles in the ASER cell 
bodies of wild-type animals. (a)�)OXRUHVFHQFH�LPDJHV�RI�$6(5�FHOO�ERGLHV�VKRZLQJ�*&<�����*)3��JUHHQ��DQG�WKH�(5�
PDUNHU�75$0����P&KHUU\��UHG���DQG�FRORFDOL]DWLRQ��FRPSRVLWH���(b)�)OXRUHVFHQFH�LPDJHV�RI�$6(5�FHOO�ERGLHV�VKRZLQJ�
*&<�����*)3��JUHHQ��DQG�WKH�*ROJL�PDUNHU�$37����P&KHUU\��UHG���DQG�FRORFDOL]DWLRQ��FRPSRVLWH���(c) Fluorescence 
LPDJHV�VKRZLQJ�PRUH�GLIIXVH�ORFDOL]DWLRQ�RI�*&<�����*)3��JUHHQ��LQ�GDI��� and rdl-1�PXWDQW�DQLPDOV��$37����P&KHUU\�
SRVLWLYH�YHVLFOHV��UHG��DQG�QR�FRORFDOL]DWLRQ�LQ�GDI����DQLPDOV�DQG�SDUWLDO�FRORFDOL]DWLRQ�rdl-1�DQLPDOV��FRPSRVLWH���
6FDOH�EDUV�UHSUHVHQW���wP�
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Supplementary Figure 2. .\PRJUDPV�RI�GHQGULWLF�WUDQVSRUW�RI�*&<�����*)3�VKRZLQJ�YHVLFXODU�WUDQVSRUW�LQ�ZLOG�W\SH�
DQLPDOV�DQG�UHGXFHG�WUDQVSRUW�LQ�GLIIHUHQW�PXWDQW�EDFNJURXQGV��([DPSOHV�RI�WUDQVSRUW��DUURZKHDGV��DQG�VWDWLRQDU\�
VLJQDO��DVWHULVNV��DUH�LQGLFDWHG��6FDOH�EDUV�UHSUHVHQW���VHFRQGV��YHUWLFDO��DQG���wP��KRUL]RQWDO��
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Supplementary Figure 3. *&<�����*)3�ORFDOL]DWLRQ� LQ�WKH�FHOO�ERG\��GHQGULWH�DQG�FLOLXP�RI�WKH�$6(5�QHXURQV� LQ�
ZLOG�W\SH�DQG�GLIIHUHQW�PXWDQW�EDFNJURXQGV�
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Supplementary Figure 4. Fluorescence images of chimeric proteins containing the transmembrane domain and RD3-
DVVRFLDWHG�GRPDLQ��5'���DQG�*)3�LQ�WKH�FHOO�ERG\��GHQGULWH��DQG�FLOLXP�RI�$6(5�QHXURQV��.\PRJUDPV�RI�WKH�GHQGULWH�
VKRZLQJ�GLIIXVH� VLJQDO�DQG�RFFDVLRQDO�YHVLFXODU� WUDQVSRUW�DQG�RI� WKH�FLOLXP�VKRZLQJ�GLIIXVH� VLJQDO�RQO\��$VWHULVNV�
LQGLFDWH�3&0&��VFDOH�EDU�LQGLFDWHV���wP�
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Supplementary Figure 5. *HQRPLF�VHTXHQFHV�RI�DOOHOHV�JHQHUDWHG�LQ�WKLV�UHVHDUFK�XVLQJ�&5,635�&DV��
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*$7&&*7&&$$&7&*&&*$&&$&7$&&$$&$$$$&$&&&&$$7&**$*$&**$&&$*7&&7&&7&
&&$*$&$$&&$&7$&&7&7&&$&&&$$7&&*&&&7&7&&$$**$&&&$$$&*$*$$*&*7*$&&$
&$7**7&&7&&7&*$*77&*7&$&&*&&*&&**$$7&$&&&$&**$$7**$&*$*&7&7$&$$*7$$
*&<����(;21����5'�!$OD linker *)3 intron
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JF\����JM����>JF\�����&7!'$)���&7@�
**$$$***$*&T*7C&$*$&C&$C7**&7**$$**$*7$$$7*&$**$*$$&$$*77$$$*77*7
*$$77&&$$$$7*$777*$$&*$&*$$&777&$$*$$7$$7*$$$$$$*$7**$*$*&7777$*&7*&$*
&$$&$*&$77$$$$&&$$$$*$&$$$$7*$&*77**&*$$$*$$$$$*7*$7$*&7*$$&*$$$$$$7
*$$*$$*$$&*$&7&&$$&*$&$*&$*$&$77$&$**$$*&$77**$$*$$&$7*$$*$$*$*$7$
*$$$7*$$7*$$*7$&7**7**$7*$**$7*$$**7*$$**$$$$&&$$$$*$$*77*$7&7*$&$$*
7$77*7$$*7$&&&$$$7**$$*$*&7$*$$*$7*$$&&$*&$**7&*$$&$$77**$&$7**$$*
*&77*$7$*7&$$*&77&$$&7$77&&$*$7$$&**$*&$*&7**$*&&*&7**$*&$*&&$7*$*
&$$$**$*$$*$$77*77&$&7**$*77*7&&&$$7&&7&*7&*$*&7&*$&**$*$&*7&$$&**$
&$&$$*77&7&&*7&7&&**$*$***$*$***$*$&*&&$&&7$&**$$$*&7&$&&&7&$$*77&$
7&7*&$&&$&&**$$$*&7&&&$*7&&&$7**&&$$&&&7&*7&$&&$&&77&7*&7$&**$*7&&$$7
*&77&7&&&*77$&&&$*$&&$&$7*$$*&*7&$&*$&77&77&$$*7&&*&&$7*&&$*$***$7$&*7
&&$$*$*&*7$&&$7&77&77&$$*gtaagtttaaacatatatatactaactactgattatttaaattttcag*$&*$&*
*$$$&7$&$$*$&&&*7*&&*$**7&$$*77&*$***$*$&$&&&7&*7&$$&&*7$7&*$*&7&$$*g
taagtttaaacagttcggtactaactaaccatacatatttaaattttcag**$$7&*$&77&$$**$**$&**$$$&$7&&7&**
$&$&$$*&7&*$*7$&$$&7$&$$&7&&&$&$$&*7&7$&$7&$7**&&*$&$$*&$$$$*$$&**$$7
&$$**7&$$&77&$$*JWDDJWWWDDDFDWJDWWWWDFWDDFWDDFWDDWFWJDWWWDDDWWWWFDJ$7&&*7&$&$$&$7&
*$**$&**$7&&*7&&$$&7&*&&*$&&$&7$&&$$&$$$$&$&&&&$$7&**$*$&**$&&$*7&&7
&&7&&&$*$&$$&&$&7$&&7&7&&$&&&$$7&&*&&&7&7&&$$**$&&&$$$&*$*$$*&*7*$&
&$&$7**7&&7&&7&*$*77&*7&$&&*&&*&&**$$7&$&&&$&**$$7**$&*$*&7&7$&$$*7$$
*&<����(;21����6,/(17�087$7,216 '$)����&�7(50,186�linker *)3 intron

RVP���JM����>RVP����P&KHUU\@�
7$7&$$&77&&$$$7&*&7$777&&$7&&$$*$&&&&$$&$77&*$7**7&77*7&$$&**$*7&*7&
7$&$&7*$7*&7&7&7$&*$*&***&7&$$7&7*&$$$$&*$&&$&&7&*$&7$*&77&7&7*$$7
&&&$$**7$&&**7&$7**7*$*&$$***&*$**$**$7$$&$7**&&$7&$7&$$**$*77&$7*
&*&77&$$**7*&$&$7**$***&7&&*7*$$&**&&$&*$*77&*$*$7&*$***&*$***&*$*
**&&*&&&&7$&*$***&$&&&$*$&&*&&$$*&7*$$**7*$&&$$***7**&&&&&7*&&&77
&*&&7***$&$7&&7*7&&&&7&$*77&$7*7$&**&7&&$$**&&7$&*7*$$*&$&&&&*&&*
$&$7&&&&*$&7$&77*$$*&7*7&&77&&&&*$***&77&$$*7***$*&*&*7*$7*$$&77&
*$**$&**&**&*7**7*$&&*7*$&&&$**$&7&&7&&&7*&$**$&**&*$*77&$7&7$&$$*
*7*$$*&7*&*&**&$&&$$&77&&&&7&&*$&**&&&&*7$$7*&$*$$*$$*$&&$7***&7**
*$**&&7&&7&&*$*&**$7*7$&&&&*$**$&**&*&&&7*$$***&*$*$7&$$*&$*$**&7
*$$*&7*$$**$&**&**&&$&7$&*$&*&7*$**7&$$*$&&$&&7$&$$**&&$$*$$*&&&*7*
&$*&7*&&&**&*&&7$&$$&*7&$$&$7&$$*77**$&$7&$&&7&&&$&$$&*$**$&7$&$&&$7
&*7**$$&$*7$&*$$&*&*&&*$***&&*&&$&7&&$&&**&**&$7**$&*$*&7*7$&$$*7$$
260���(;21����P&KHUU\

UGO���JM�����
*7$&&*7$77777**7**$$$$7&**$$*$7$7&*&*7&7***7$$7$777$7$*777$7&7777&$&7*$
*$$77$---&77$77777&7$$$77$&7777$$77777$77&$$77777**$77$7$$$7$777*77&77&$&
&$$&7&&**&7&*7777
�������ES�XSVWUHDP�RI�$7*������ES�GHOHWLRQ�������ES�GRZQVWUHDP�RI�6723



1 mM NaCl :7 gcy-22::GFP gcy-14
�SH�����

gcy-22 
�WP�����

JF\����SH������
JF\����WP�����

gcy-22
�5'�!$OD�

gcy-22::GFP ����� - - - - -

JF\����SH����� ����� ����� - - - -

JF\����WP����� ����� ����� ����� - - -

JF\����SH�������
JF\����WP����� ����� ����� ����� ����� - -

JF\����5'�!$OD� ����� ����� ����� ����� ����� -

JF\����SH�������
JF\����5'�!$OD� ����� ����� ����� ����� ����� �����

10 mM NaCl :7 gcy-22::GFP gcy-14
�SH�����

gcy-22 
�WP�����

JF\����SH������
JF\����WP�����

gcy-22
�5'�!$OD�

gcy-22::GFP ����� - - - - -

JF\����SH����� ����� ����� - - - -

JF\����WP����� ����� ����� ����� - - -

JF\����SH�������
JF\����WP����� ����� ����� ����� ����� - -

JF\����5'�!$OD� ����� ����� ����� ����� ����� -

JF\����SH�������
JF\����5'�!$OD� ����� ����� ����� ����� ����� �����

100 mM NaCl :7 gcy-22::GFP gcy-14
�SH�����

gcy-22 
�WP�����

JF\����SH������
JF\����WP�����

gcy-22
�5'�!$OD�

gcy-22::GFP ����� - - - - -

JF\����SH����� ����� ����� - - - -

JF\����WP����� ����� ����� ����� - - -

JF\����SH�������
JF\����WP����� ����� ����� ����� ����� - -

JF\����5'�!$OD� ����� ����� ����� ����� ����� -

JF\����SH�������
JF\����5'�!$OD� ����� ����� ����� ����� ����� �����

&KDSWHU����

SUPPLEMENTARY TABLES

Supplementary Table 1. 7UDFNV�PLQ��DQG�VSHHG�RI�260����P&KHUU\�,)7�WUDFNV�LQ�GLIIHUHQW�PXWDQW�EDFNJURXQGV�

a 'LIIHUHQFHV�FRPSDUHG�WR�ZLOG�W\SH��3�YDOXHV�ZHUH�GHWHUPLQHG�E\�$129$�DQG�SDLUZLVH�W�WHVW�ZLWK�+ROP�FRUUHFWLRQ�

Supplementary Table 2. 3�YDOXHV� RI� SDLUZLVH� W�WHVWV� ZLWK� +ROP� FRUUHFWLRQ� RI� FKHPRWD[LV� DVVD\V� DW� GLIIHUHQW�
FRQFHQWUDWLRQV�RI�1D&O�

Genotype Average tracks/
min. ±SD P-valuea n Average speed 

±SD (µm/sec.) P-valuea n

:LOG�W\SH ������s���� - �� �����s���� - ��

NDS���RN��� ������s���� ����� �� �����s����� ������ ��

GDI����P���� ������s���� ����� 8 �����s����� ����� ��

PNV���WP����� ������s���� ����� 8 �����s����� ����� ��

PNV���WP������
GDI����P���� ������s���� ����� 8 �����s����� ����� ��
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1 mM NaCl :7 NDS���RN���� RVP���S����

NDS���RN���� ����� - -

RVP���S���� ����� ����� -

EEV���Q[��� ����� ����� �����

10 mM NaCl :7 NDS���RN���� RVP���S����

NDS���RN���� ����� - -

RVP���S���� ����� ����� -

EEV���Q[��� ����� ����� �����

100 mM NaCl :7 NDS���RN���� RVP���S����

NDS���RN���� ���� - -

RVP���S���� ���� ���� -

EEV���Q[��� ���� ���� ����

Supplementary Table 2. 3�YDOXHV� RI� SDLUZLVH� W�WHVWV� ZLWK� +ROP� FRUUHFWLRQ� RI� FKHPRWD[LV� DVVD\V� DW� GLIIHUHQW�
FRQFHQWUDWLRQV�RI�1D&O�

0.1 mM NaCl :7 GDI����P���� GDI����P������PNV���WP������
 gcy-22::GFP

GDI����P���� ����� - -

GDI����P������PNV���WP�������
gcy-22::GFP ����� ����� -

PNV���WP����� ����� ����� �����

1 mM NaCl :7 GDI����P���� GDI����P������PNV���WP�������
gcy-22::GFP

GDI����P���� ����� - -

GDI����P������PNV���WP�������
gcy-22::GFP ����� ����� -

PNV���WP����� ����� ����� �����

10 mM NaCl :7 GDI����P���� GDI����P������PNV���WP�������
gcy-22::GFP

GDI����P���� ����� - -

GDI����P������PNV���WP�������
gcy-22::GFP ����� ����� -

PNV���WP����� ����� ����� �����

100 mM NaCl :7 GDI����P���� GDI����P������PNV���WP�������
gcy-22::GFP

GDI����P���� ����� - -

GDI����P������PNV���WP�������
gcy-22::GFP ����� ����� -

PNV���WP����� ����� ����� �����
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