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7R�H[SORUH�DQG�QDYLJDWH�WKURXJK�WKHLU�HQYLURQPHQWV��PDQ\�RUJDQLVPV�KDYH�HYROYHG�D�VWUDWHJ\�
FDOOHG�FKHPRWD[LV��'XULQJ�FKHPRWD[LV��RUJDQLVPV�VHQVH�DQG�XVH�WKH�FRQFHQWUDWLRQ�JUDGLHQW�
RI�D� VXEVWDQFH�RU�VLJQDO� WR�QDYLJDWH�DQG�PRYH�XS� WKH�JUDGLHQW�RI�DQ�DWWUDFWLYH�FRPSRXQG�
RU�GRZQ�WKH�JUDGLHQW�RI�D�UHSHOOHQW�RQH��7KHVH�JHQHUDO�SULQFLSOHV�DOVR�DSSO\�WR�WKH�FHOOXODU�
processes within�D�PXOWLFHOOXODU�RUJDQLVP��VXFK�DV�LQ�JXLGHG�FHOO�PLJUDWLRQ�DQG�D[RQ�JXLGDQFH�

7R� GHWHFW� VXFK� HQYLURQPHQWDO� FXHV�� FHOOV� GLVSOD\� UHFHSWRUV� DQG� FKDQQHOV� RQ� WKHLU� SODVPD�
PHPEUDQHV�� 7KHVH� PHPEUDQH� SURWHLQV� ELQG� H[WUDFHOOXODU� OLJDQGV� DQG� WUDQVGXFH� WKLV� FXH�
GRZQVWUHDP��XVXDOO\�YLD�VHFRQG�PHVVHQJHUV�DQG�HIIHFWRU�SURWHLQV��$OWHUQDWLYHO\��LRQ�FKDQQHOV��
ZKLFK� FDQ�EH� FRQVWLWXWLYHO\� RSHQ�RU� IRU� H[DPSOH� OLJDQG�RU� S+�JDWHG�� DOORZ� IRU� DQG�GLUHFW�
LQˌX[�RI�H[WUDFHOOXODU�VLJQDOV��7KHVH�VLJQDOLQJ�SURWHLQV�FDQ�EH�GLVWULEXWHG�UDQGRPO\�RYHU�WKH�
SODVPD�PHPEUDQH�RU�FOXVWHUHG�LQ�PLFURGRPDLQV��H�J��DVVRFLDWHG�ZLWK�OLSLG�UDIWV��WR�LQFUHDVH�
ORFDO�GHQVLW\�RI�VLJQDOLQJ�SURWHLQV��5DJKXQDWKDQ�DQG�.HQZRUWK\���������)XUWKHUPRUH��PRVW�
PHWD]RDQ�FHOOV�SRVVHVV�DQ�DQWHQQD�OLNH�RUJDQHOOH��WKH�FLOLXP��LQ�ZKLFK�VLJQDOLQJ�SURWHLQV�FDQ�
DOVR�FRQJUHJDWH�

7KH�FLOLXP�LV�EDVHG�DURXQG�DQ�D[RQHPH��D�PLFURWXEXOH�FRUH�WKDW�SXVKHV�WKH�FHOO�PHPEUDQH�
RXWZDUGV��FUHDWLQJ�DQ�DQWHQQD�OLNH�VWUXFWXUH��6DWLU�DQG�&KULVWHQVHQ��������:DUG�HW�DO���������
:DUH�HW�DO����������7KH�FLOLXP�DQG�LWV�PHPEUDQH�DUH�FRPSDUWPHQWDOL]HG�IURP�WKH�FHOO�E\�WKH�
WUDQVLWLRQ�]RQH��7=���D�GLIIXVLRQ�EDUULHU�WKDW�OLQNV�WKH�FLOLDU\�PHPEUDQH�WR�WKH�PLFURWXEXOH�
FRUH��3HUNLQV�HW�DO���������6]\PDQVND�DQG�-RKQVRQ���������7KH�7=�LV�RUJDQL]HG�E\�0.6�DQG�
13+3�PRGXOHV��QDPHG�DIWHU�WKH�GLVHDVHV�0HFNHO�*UXEHU�6\QGURPH�DQG�1HSKURQRSKWKLVLV��
ZKLFK�DUH� OLQNHG� WR�PXWDWLRQV� LQ�JHQHV�HQFRGLQJ�FRPSRQHQWV�RI� WKHVH�PRGXOHV� �/L� HW�DO���
������ 5HLWHU� DQG� /HURX[�� ������:LOOLDPV� HW� DO��� �������0.6� DQG�13+3� SURWHLQV� DVVHPEOH�
DURXQG�FKDUDFWHULVWLF�<�OLQN�VWUXFWXUHV�WKDW�OLQN�WKH�FLOLXP�PHPEUDQH�WR�WKH�D[RQHPH�DQG�
WRJHWKHU� IRUP�D�GLIIXVLRQ�EDUULHU� WKDW�SUHYHQWV� �PHPEUDQH��SURWHLQV� IURP� IUHHO\�GLIIXVLQJ�
LQWR�DQG�RXW�RI�WKH�FLOLXP��*DUFLD�HW�DO���������-HQVHQ�HW�DO����������%\�FRPSDUWPHQWDOL]LQJ�
the cilium from the rest of the cell, signaling proteins can be concentrated and a distinct 
VLJQDOLQJ�RUJDQHOOH�LV�IRUPHG�WKDW�LQWHUQDOL]HV�HQYLURQPHQWDO�FXHV�

7KH� IUHH�OLYLQJ�QHPDWRGH�Caenorhabditis elegans� �)LJXUH��$��DOVR�XVHV� FLOLD� WR�GHWHFW� FXHV�
IURP�LWV�HQYLURQPHQW�DQG�LV�FDSDEOH�RI�FKHPRWD[LV�WR�YDULRXV�ZDWHU�VROXEOH�FRPSRXQGV�DQG�
RGRUV��%DUJPDQQ���������:H�XVHG�WKH�UHVSRQVH�RI�WKLV� LQYHUWHEUDWH�WR�1D&O�WR�VWXG\�WKUHH�
DVSHFWV�RI�FKHPRWD[LV��IRFXVLQJ�RQ�RQH�QHXURQ�SDLU�FHQWUDO�WR�WKH�DQLPDOȢV�UHVSRQVH��)LUVW��
ZH�VWXGLHG�WKH�PHFKDQLVPV�FRQWUROOLQJ�WKH�FLOLXP�ORFDOL]DWLRQ�RI�D�SXWDWLYH�1D&O�UHFHSWRU��
6HFRQG��ZH�DQDO\]HG�D�JHQHWLF�VZLWFK�JRYHUQLQJ�WKH�GHYHORSPHQW�RI�WKLV�QHXURQ�SDLU�DQG�WKH�
PDLQWHQDQFH�RI�LWV�IXQFWLRQ��)LQDOO\��ZH�VWXGLHG�WKH�UHVSRQVH�RI�WKH�QHPDWRGH�WR�1D&O�DQG�
FRUUHODWHG� EHKDYLRUDO� YDULDWLRQ�ZLWK� GLIIHUHQFHV� LQ� JHQH� H[SUHVVLRQ��7RJHWKHU�� WKHVH� WKUHH�
VWXGLHV�SURYLGH�JHQHUDO� LQVLJKWV� LQ�FLOLXP�VLJQDOLQJ��FHOO� IDWH�PDLQWHQDQFH��DQG�EHKDYLRUDO�
YDULDELOLW\��ZKLOH�XVLQJ�WKH�VDPH�IXQFWLRQDO�UHDGRXW��L�H��WKH�UHVSRQVH�RI�C. elegans�WR�1D&O�
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C. elegans LV�D�KLJKO\�VXLWDEOH�DQLPDO�PRGHO�WR�VWXG\�YDULRXV�ELRORJLFDO�VXEMHFWV��UDQJLQJ�IURP�
GHYHORSPHQW� WR�QHXURELRORJ\�� LQFOXGLQJ� WKH� WKUHH�DVSHFWV�RI� FKHPRWD[LV�GHVFULEHG� LQ� WKLV�
WKHVLV��$GXOW�C. elegans�LV�DSSUR[LPDWHO\���PP�LQ�OHQJWK�DQG�KDV�D�VKRUW�OLIHF\FOH��GHVSLWH�LWV���
ODUYDO�VWDJHV�SUHFHGLQJ�WKH�DGXOW�VWDJH��ZLWK�D�PHDQ�JHQHUDWLRQ�WLPH�RI����KRXUV��,Q�DGGLWLRQ��
LWV�HXWHOLF�IHDWXUH������VRPDWLF�FHOOV� LQ�WKH�DGXOW�DQLPDO��DQG�WKH�FRPSOHWHO\�UHVROYHG�FHOO�
OLQHDJH�� LQFOXGLQJ� WKH� QHUYRXV� V\VWHP�� DUH� YHU\� VWURQJ� DVVHWV� �.LPEOH� DQG� +LUVK�� ������
6XOVWRQ�HW�DO���������6XOVWRQ�DQG�+RUYLW]���������'XH�WR�WKH�URXQGZRUPȢV�WUDQVSDUHQW�FXWLFOH��
QHXURQV�DQG�WKHLU�FLOLD�FDQ�EH�YLVXDOL]HG�XVLQJ�ˌXRUHVFHQFH�PLFURVFRS\� LQ� LQWDFW�DQLPDOV��
,WV� JHQRPH� KDV� EHHQ� FRPSOHWHO\� VHTXHQFHG� DQG� DQQRWDWHG� DQG� UHFHQW� DGYDQFHV� LQ� JHQH�
HGLWLQJ�ZLWK� &5,635�&DV��PDNH� HQGRJHQRXV� WDJJLQJ� RI� JHQHV�ZLWK� ˌXRURSKRUHV� RU� RWKHU�
WDJV�VWUDLJKWIRUZDUG��&RPELQHG�ZLWK�D�FXWLFOH�WKDW�LV�SHUPHDEOH�WR�VRPH�FRPSRXQGV��SRWHQW�
WHFKQLTXHV�VXFK�DV�LQGXFLEOH�GHJUDGDWLRQ�RI�HQGRJHQRXVO\�WDJJHG�SURWHLQV�DUH�DOVR�SRVVLEOH��
)LQDOO\��LWV�FKHPRWD[LV�UHVSRQVH�LV�TXDQWLˋDEOH�LQ�VHYHUDO�DVVD\V�
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Figure 1. C. elegans and its 
ciliated amphid ASE neurons. 
(A)� 3KRWRJUDSK� RI� D� \RXQJ�DGXOW�
Caenorhabditis elegans�� (B)� $6(�
neuron in the head of the animal 
H[SUHVVLQJ� P&KHUU\� �UHG��� (C) 
6FKHPDWLF� RI� WKH� FLOLXP� RI� $6(�
depicting the dendritic terminus 
DQG� YHVLFXODU� WUDQVSRUW�� SHULFLOLDU\�
membrane compartment (PCMC), 
WUDQVLWLRQ� ]RQH�� DQG� LQWUDˌDJHOODU�
WUDQVSRUW� LQ� WKH� FLOLXP�� (D) Cilium 
RI� DQ� $6(5� QHXURQ� H[SUHVVLQJ�
P&KHUU\� �ZKLWH��� ZLWK� WKH�
SHULFLOLDU\�PHPEUDQH�FRPSDUWPHQW�
�3&0&���WUDQVLWLRQ�]RQH��DQG�FLOLXP�
LQGLFDWHG��6FDOH�EDUV�LQGLFDWH���wP�

Ciliary cGMP signaling

7KH�QHUYRXV�V\VWHP�RI�C. elegans�LV�FRPSULVHG�RI�����QHXURQV��%DVHG�RQ�JHQHWLF�DQG�ODVHU�
DEODWLRQ�VWXGLHV�����RI�WKHVH�QHXURQV�DUH�SUHVXPHG�FKHPRVHQVRU\��%DUJPDQQ�DQG�+RUYLW]��
������:DUG��������:DUH�HW�DO����������:LWK�WKH�H[FHSWLRQ�RI�RQH�SDLU��WKH�GHQGULWHV�RI�WKHVH�
QHXURQV� HQG� LQ� D� FLOLXP� �)LJXUH� �%�'��� 6HYHUDO� RI� WKHVH� FLOLD� DUH� EXQGOHG� WRJHWKHU� DQG�
HPEHGGHG� LQ� D� FKDQQHO��ZKLFK�KDV� DQ� RSHQLQJ� WR� WKH� RXWVLGH� HQYLURQPHQW� RI� WKH� DQLPDO�
�3HUNLQV�HW�DO���������:DUH�HW�DO���������� ,W� LV� WKURXJK� WKLV�FKDQQHO� WKDW� WKHVH�QHXURQV�FDQ�
GHWHFW�VROXEOH�FRPSRXQGV�DQG�RGRUV�ZLWK�WKHLU�FLOLD��2I�WKHVH�VHQVRU\�QHXURQV�����DPSKLG�
QHXURQV�KDYH�WKHLU�FHOO�ERGLHV�ORFDWHG�LQ�WKH�KHDG�RI�WKH�DQLPDO��)LJXUH��%��DQG�WRJHWKHU�WKH\
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1
IRUP� WKH� DPSKLG� DQG� LQQHU� ODELDO� VHQVLOOD�� ,Q� WKH� WDLO� RI� WKH� DQLPDO�� �� QHXURQV� IRUP� WKH�
SKDVPLG�VHQVLOOXP�

2QH�SDLU� RI� DPSKLG�QHXURQV� LV� FKLHˌ\� UHVSRQVLEOH� IRU� FKHPRWD[LV� WR�1D&O�� 7KHVH� DUH� WKH�
$PSKLG� QHXURQV� 6LQJOH� FLOLDWHG� HQGLQJ� (� /HIW� DQG�5LJKW�� DEEUHYLDWHG� DV�$6(/� DQG�$6(5��
UHVSHFWLYHO\� �)LJXUH��%���$OWKRXJK�ELODWHUDOO\�V\PPHWULFDO� LQ�VWUXFWXUH�� WKHVH�$6(�QHXURQV�
DUH�IXQFWLRQDOO\�GLIIHUHQW��$6(/�UHVSRQGV�WR�LQFUHDVHV�LQ�1D+��ZKHUHDV�$6(5�UHVSRQGV�WR�D�
decrease in Cl-��2UWL]�HW�DO���������������6PLWK�HW�DO����������7KLV�LV�UHˌHFWHG�LQ�WKHLU�GLIIHUHQFHV�
LQ�VHYHUDO�UHFHSWRU�SURWHLQV��0RVW�LPSRUWDQW�IRU�GHWHFWLQJ�1D&O�LV�WKH�GLIIHUHQFH�LQ�H[SUHVVLRQ�
RI�WKH�UHFHSWRU�W\SH�JXDQ\ODWH�F\FODVHV��U*&V���ZLWK�gcy-14�H[SUHVVHG�LQ�$6(/��DQG�gcy-22 in 
$6(5��*HQHWLF� HYLGHQFH�KDV� VKRZQ� WKDW� WKHVH� UHFHSWRU�SURWHLQV� DUH� LQYROYHG� LQ�GHWHFWLQJ�
1D&O� LQ� WKH�HQYLURQPHQW�RI� WKH�DQLPDO��ZLWK�*&<����GHWHFWLQJ�1D+�DQG�*&<����GHWHFWLQJ�
Cl-�LRQV��2UWL]�HW�DO���������������6PLWK�HW�DO����������+RZHYHU��ZKHWKHU�WKHVH�SURWHLQV�DUH�WKH�
GLUHFW�UHFHSWRUV�RI�1D&O�UHPDLQV�DQ�RSHQ�TXHVWLRQ�

The C. elegans�JHQRPH�HQFRGHV����U*&V��ZKLFK�DUH� LQFRUSRUDWHG� LQ�WKH�VLJQDOLQJ�FDVFDGHV�
RI� D�ZLGH� UDQJH� RI� VHQVRU\�PRGDOLWLHV� �0DUX\DPD�� ������� UDQJLQJ� IURP� WKHUPRVHQVLQJ� WR�
JXVWDWLRQ��LQFOXGLQJ�GHWHFWLRQ�RI�1D&O��,Q�PLFH�DQG�Drosophila, epithelium sodium channels 
�(1D&V��DSSHDU� WR�EH� WKH�PDLQ�SURWHLQV� LQYROYHG� LQ�GHWHFWLQJ�1D&O� �&KDQGUDVKHNDU�HW�DO���
������/LX�HW�DO����������7KHVH�FKDQQHOV�FDQ�EH�EORFNHG�XVLQJ�WKH�DQWDJRQLVW�DPLORULGH��WKHUHE\�
DWWHQXDWLQJ�WKH�UHVSRQVH�RI�WKHVH�RUJDQLVPV�WR�1D&O��+HFN�HW�DO���������-HQNLQV�DQG�7RPSNLQV��
������9DQGHQEHXFK�HW�DO����������6XUSULVLQJO\��DPLORULGH�LV�OHVV�HIIHFWLYH�LQ�KXPDQV��)HOGPDQ�
HW�DO����������KLQWLQJ�DW�DQ�(1D&�LQGHSHQGHQW�SDWKZD\��ZKLFK�PLJKW�LQYROYH�U*&V��$OWKRXJK�
C. elegans�XVHV����(1D&�VXEXQLWV�LQ�YDULRXV�VLJQDOLQJ�SDWKZD\V��%LDQFKL�DQG�'ULVFROO��������
*RRGPDQ�DQG�6FKZDU]�� ������5KRDGHV� HW� DO��� ������� DQ�HIIHFW�RI� DPLORULGH�RQ� FKHPRWD[LV�
WR�1D&O�KDV�QRW�EHHQ� IRXQG� �+XNHPD�	�-DQVHQ��XQSXEOLVKHG�UHVXOWV���C. elegans therefore 
SUHVHQWV�XV�ZLWK�DQ�RSSRUWXQLW\�WR�VWXG\�DQ�(1D&�LQGHSHQGHQW��U*&�EDVHG�1D&O�GHWHFWLRQ�
SDWKZD\�

In contrast to C. elegans�� WKH� U*&� JHQH� IDPLO\� LQ�PDPPDOV� FRPSULVHV� �� U*&V� RQO\�� *&�$�
WKURXJK� *&�*�� ZKLFK� DUH� LQYROYHG� LQ� YDULRXV� IXQFWLRQV� VXFK� DV� WKH� UHJXODWLRQ� RI� EORRG�
SUHVVXUH�DQG�VNHOHWDO�JURZWK��EXW�DOVR�LQ�YLVLRQ�DQG�ROIDFWLRQ��.XKQ���������+RZHYHU��D�UROH�
IRU�*&V�LQ�JXVWDWLRQ�KDV�QRW�EHHQ�LGHQWLˋHG��0RVW�PDPPDOLDQ�U*&V�DUH�DFWLYDWHG�E\�SHSWLGHV�
�*&�$�WKURXJK�'���DQG�RU�&2���*&�'�DQG�*���%UHQQHU�HW�DO���������&KDR�HW�DO���������)DQ�HW�DO���
������.ROOHU�HW�DO���������/HLQGHUV�=XIDOO�HW�DO����������*&�(�DQG�)�DUH��KRZHYHU��DFWLYDWHG�E\�
JXDQ\ODWH�F\FODVH�DFWLYDWLQJ�SURWHLQV��*&$3V��LQ�SKRWRUHFHSWRU�FHOOV��'XGD�HW�DO����������7R�
GDWH��*&$3V�KDYH�QRW�EHHQ�LGHQWLˋHG�LQ�C. elegans��DOWKRXJK�LWV�U*&V�KDYH�D�NLQDVH�KRPRORJ\�
GRPDLQ�RQ�ZKLFK�*&$3V�FRXOG�DFW�

5HFHSWRU�W\SH� JXDQ\ODWH� F\FODVHV� FRPSULVH� VHYHUDO� GRPDLQV� �)LJXUH� �$��� LQFOXGLQJ� WKH�
DIRUHPHQWLRQHG�NLQDVH�KRPRORJ\�GRPDLQ��ZKLFK�ZKHQ�SKRVSKRU\ODWHG� LQ�WKH�PDPPDOLDQ



U*&�*&�$�GHVHQVLWL]HV�WKH�UHFHSWRU��-RXEHUW�HW�DO���������3RWWHU�DQG�*DUEHUV��������6FKU¸WHU�
HW� DO��� ������� ,Q� DGGLWLRQ�� U*&V� LQFOXGH� DQ� H[WUDFHOOXODU� GRPDLQ�� D� VLQJOH� WUDQVPHPEUDQH�
GRPDLQ�� D� JXDQ\ODWH� F\FODVH� GRPDLQ�� D� GLPHUL]DWLRQ� GRPDLQ� DQG� RWKHU� LQWUDF\WRSODVPLF�
GRPDLQ� VHTXHQFHV� �&�WHUPLQDO� WDLO��� 7KH� H[WUDFHOOXODU� GRPDLQ� SURYLGHV� VSHFLˋFLW\� IRU� WKH�
FRPSRXQGV�ZKLFK� WKH� UHVSHFWLYH� U*&V� FDQ� GHWHFW� �6PLWK� HW� DO��� ������� 8SRQ� ELQGLQJ� RI� D�
OLJDQG�� WKH� WUDQVPHPEUDQH�GRPDLQ� FKDQJHV� FRQIRUPDWLRQ�DQG� WKH� LQWUDFHOOXODU� JXDQ\ODWH�
F\FODVH� GRPDLQ� EHFRPHV� FDWDO\WLFDOO\� DFWLYH�� FRQYHUWLQJ� *73� LQWR� WKH� VHFRQG�PHVVHQJHU�
F*03��7R� IXQFWLRQ�� U*&V� IRUP�KRPR��RU�KHWHURGLPHUV� WKURXJK� WKHLU� GLPHUL]DWLRQ�GRPDLQ�
�0XUD\DPD�HW�DO���������

In the response of C. elegans�WR�1D&O��WKH�ULVH�LQ�F*03�RSHQV�F\FOLF�QXFOHRWLGH�JDWHG�FKDQQHOV�
�&1*V���UHVXOWLQJ�LQ�DQ�LQˌX[�RI�&D���DQG�DFWLYDWLRQ�RI�WKH�FHOO��)LJXUH��%���.RPDWVX�HW�DO���
������/L� HW� DO��� �������7KH�JHQRPH�RI�C. elegans� HQFRGHV���&1*�VXEXQLWV��RI�ZKLFK�7$;���
DQG�7$;���DUH� WKH�PRVW� LPSRUWDQW� LQ� FKHPRWD[LV� �&REXUQ�DQG�%DUJPDQQ��������.RPDWVX�
HW�DO����������7KHVH�VXEXQLWV� ORFDOL]H�WR�D�VXE�FRPSDUWPHQW�RI� WKH�FLOLXP��GLVWDO� WR�WKH�7=�
�:RMW\QLDN�HW�DO����������DQG�IXQFWLRQ�DW�WKH�VWDUW�RI�WKH�VLJQDO�SURSDJDWLRQ�GRZQ�WKH�GHQGULWH�
RI�WKH�QHXURQ��6KLQGRX�HW�DO����������

&KDSWHU����

Figure 2. Schematic of a 
receptor-type guanylate 
cyclase and cGMP signaling 
pathway. (A)� 6FKHPDWLF� RI�
D� UHFHSWRU�W\SH� JXDQ\ODWH�
F\FODVH��U*&��ZLWK�LWV�YDULRXV�
GRPDLQV��(B)�F*03�VLJQDOLQJ�
SDWKZD\�� 8SRQ� ELQGLQJ� RI� D�
OLJDQG��WKH�U*&�FRQYHUWV�*73�
WR� F*03� ZKLFK� RSHQV� WKH�
F\FOLF� QXFOHRWLGH�JDWHG� &D�� 
FKDQQHO��&1*��

%HVLGHV�F*03�VLJQDOLQJ�LQ�WKH�$6(�QHXURQV��RWKHU�SDWKZD\V�DQG�QHXURQV�DOVR�SOD\�D�UROH�LQ�
FKHPRWD[LV��$EODWLRQ�RI�WKH�$6(�QHXURQV�KDV�VKRZQ�WKDW�D�UHVLGXDO�FKHPRWD[LV�UHVSRQVH�FDQ�
EH�PHGLDWHG�E\�WKH�$')��$6*��DQG�$6,�QHXURQ�SDLUV��%DUJPDQQ�DQG�+RUYLW]���������$YRLGDQFH�
RI�1D&O�FRQFHQWUDWLRQV�RI�����P0�DQG�KLJKHU�LV�PDLQO\�PHGLDWHG�E\�WKH�$6+�QHXURQ�SDLU�
DQG� LQYROYHV� WKH� *_�VXEXQLW� 2'5��� DQG� WKH� 7539� FKDQQHO� 260��� �&ROEHUW� HW� DO��� ������
5RD\DLH�HW�DO����������%RWK�SURWHLQV�DOVR�IXQFWLRQ�LQ�FKHPRWD[LV�WR�1D&O��+XNHPD�DQG�-DQVHQ��
XQSXEOLVKHG�UHVXOWV���EXW� LW� LV�XQFOHDU�KRZ�WKH\�ˋW� LQ� WKH�F*03�SDWKZD\��RU�ZKHWKHU� WKH\�
IXQFWLRQ�LQ�SDUDOOHO�

)RU� WKHLU� SURSHU� IXQFWLRQ�� WKH� VLJQDOLQJ� SURWHLQV� RI� WKH� F*03� SDWKZD\� QHHG� WR� UHDFK�
WKHLU� FRUUHFW� GHVWLQDWLRQ� LQ� WKH� FLOLXP�� 7KHVH� SURWHLQV� DUH� VRUWHG� LQ� WKH� *ROJL�DSSDUDWXV�
DQG� WUDQVSRUWHG� DORQJ� WKH� GHQGULWH� WR� WKH� FLOLXP� �+DUWHULQN� HW� DO��� ������ 0DUW¯QH]�
9HO£]TXH]� DQG� 5LQJVWDG�� ������ 0RQGDO� HW� DO��� ������� 2QFH� FLOLDU\� VLJQDOLQJ� SURWHLQV�
UHDFK� WKH� HQG� RI� WKH� GHQGULWH�� WKH\� DUH� VWRUHG� LQ� WKH� SHULFLOLDU\�PHPEUDQH� FRPSDUWPHQW
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1
�3&0&��� 7KH� 3&0&� DSSHDUV� WR� EH� VHSDUDWHG� IURP� WKH� GHQGULWLF� PHPEUDQH� E\� D� EHOW� RI�
DGKHUHQV� MXQFWLRQV� �%ODFTXH� DQG� 6DQGHUV�� ������� SUHVXPDEO\� SUHYHQWLQJ� SURWHLQV� IURP�
GLIIXVLQJ�LQWR�WKH�GHQGULWH��$W�WKH�FLOLXP�VLGH��WKH�WUDQVLWLRQ�]RQH��7=��NHHSV�SURWHLQV�IURP�
GLIIXVLQJ�RXW�RI�WKH�3&0&�DQG�LQWR�WKH�FLOLXP��&KLK�HW�DO���������-HQVHQ�HW�DO���������:LOOLDPV�
HW�DO����������+RZHYHU��RWKHU�PHFKDQLVPV�PLJKW�DOVR�SOD\�D�UROH�LQ�VHTXHVWHULQJ�SURWHLQV��VXFK�
DV�D�GLIIHUHQFH�LQ�PHPEUDQH�FRPSRVLWLRQ�EHWZHHQ�FHOOXODU�FRPSDUWPHQWV��)RU�H[DPSOH��3,3��
LV�HQULFKHG�LQ�WKH�3&0&��EXW�LV�H[FOXGHG�IURP�WKH�FLOLXP��-HQVHQ�HW�DO���������

7R� HQWHU� WKH� FLOLXP�� SURWHLQV�PXVW� EH� LPSRUWHG� DFURVV� WKH�7=��7KLV� LPSRUW�PHFKDQLVP� LV�
VHOHFWLYH� DQG� KLJKO\� UHJXODWHG�� DOORZLQJ� RQO\� FHUWDLQ� SURWHLQV� DQG� TXDQWLWLHV� WKHUHRI� WR�
HQWHU�� 7KH�PHFKDQLVP� EHKLQG� WKLV� LPSRUW� LV� QRW� FRPSOHWHO\� XQGHUVWRRG� EXW� LQYROYHV� WKH�
LQWUDˌDJHOODU�WUDQVSRUW�PDFKLQHU\��/XGLQJWRQ�HW�DO���������3UHYR�HW�DO����������$GGLWLRQDOO\��LQ�
C. elegans�WKH�$1.0<��KRPRORJ�'$)����LV�UHTXLUHG�IRU�FRUUHFW�FLOLXP�ORFDOL]DWLRQ�RI�VHYHUDO�
FODVVHV�RI�VLJQDOLQJ�SURWHLQ��%UHDU�HW�DO���������-HQVHQ�HW�DO���������:RMW\QLDN�HW�DO���������

2QFH�LPSRUWHG��WKHVH�SURWHLQV�DUH�WUDQVSRUWHG�E\�WKH�LQWUDˌDJHOODU�WUDQVSRUW��,)7��V\VWHP��D�
ELGLUHFWLRQDO�WUDQVSRUW�PHFKDQLVP�WKDW�FDUULHV�FDUJR�DORQJ�WKH�FLOLDU\�D[RQHPH��5RVHQEDXP�
DQG�:LWPDQ�� ������ 6FKROH\�� ������� ,Q�C. elegans�� WKH�PRWRU� FRPSOH[HV� NLQHVLQ�,,� �IRUPHG�
E\� ./3����� ./3���� DQG� .$3���� DQG� 260���PHGLDWH� DQWHURJUDGH� WUDQVSRUW� �(YDQV� HW� DO���
������6QRZ�HW�DO����������L�H��IURP�EDVH�WR�FLOLDU\�WLS��7UDQVSRUW�DORQJ�WKH�SUR[LPDO�VHJPHQW�
LV�DFKLHYHG�E\�ERWK�PRWRU�FRPSOH[HV�EXW�NLQHVLQ�,,�JUDGXDOO\�GLVHQJDJHV�DQG�260���EDVHG�
WUDQVSRUW�FRQWLQXHV�DORQJ�WKH�GLVWDO�VHJPHQW��3UHYR�HW�DO����������5HWURJUDGH�WUDQVSRUW��IURP�
WLS�WR�EDVH��LV�PHGLDWHG�E\�F\WRSODVPLF�G\QHLQ��+DR�HW�DO����������)LJXUH����

Figure 3. Schematic of a cilium of the ASE neurons. Indicated, from left to right, are the dendritic terminus 
�'HQGULWH��DQG�SHULFLOLDU\�PHPEUDQH�FRPSDUWPHQW��3&0&���WKH�WUDQVLWLRQ�]RQH��7=��ZLWK�LWV�<�OLQNV�ZKLFK�FRQQHFW�
WKH�PLFURWXEH�D[RQHPH�WR�WKH�PHPEUDQH�RI�WKH�FLOLXP��WKH�PLGGOH�VHJPHQW�ZLWK�PLFURWXEXOH�GRXEOHWV�DQG�13+3�
,QYHUVLQ�GRPDLQ��DQG�WKH�GLVWDO�VHJPHQW�ZLWK�PLFURWXEXOH�VLQJOHWV��$QWHURJUDGH�LQWUDˌDJHOODU�WUDQVSRUW�LV�LQGLFDWHG�
ZLWK�NLQHVLQ�,,�DQG�260���WUDQVSRUWLQJ�FDUJR�DORQJ�WKH�D[RQHPH�LQ�WKH�PLGGOH�VHJPHQW�DQG�260��� LQ�WKH�GLVWDO�
VHJPHQW��&\WRSODVPLF�G\QHLQ�WUDQVSRUWV�FDUJR�IURP�WLS�WR�WKH�EDVH�LQ�UHWURJUDGH�WUDQVSRUW�

,)7�SDUWLFOHV�DUH�FRPSRVHG�RI�WZR�PDMRU�FRPSOH[HV��,)7�$�DQG�,)7�%��EHOLHYHG�WR�EH�OLQNHG�
WRJHWKHU�E\�WKH�%%6RPH��&ROH�HW�DO���������1DND\DPD�DQG�.DWRK��������2X�HW�DO����������,Q�
DQLPDOV�PXWDQW� IRU�%%6RPH�VXEXQLWV�� WKH� ,)7�$�DQG�%�FRPSOH[HV�PRYH�VHSDUDWHO\�DQG�DW�
GLIIHUHQW�YHORFLWLHV��%DVHG�RQ�WKHVH�YHORFLWLHV��,)7�$�LV�WKRXJKW�WR�EH�SURSHOOHG�E\�NLQHVLQ�,,��
DQG�,)7�%�E\�260����2X�HW�DO���������3DQ�HW�DO����������%HVLGHV�ELQGLQJ�ERWK�,)7�FRPSOH[HV���



WKH�%%6RPH�DOVR�IXQFWLRQV�DV�D�EULGJH��OLQNLQJ�WKH�,)7�PDFKLQHU\�WR�LWV�FDUJR��.OLQN�HW�DO���
������/LX�DQG�/HFKWUHFN��������

,QVLGH� WKH� FLOLXP�� GLIIHUHQW� FRPSDUWPHQWV� KDYH� EHHQ� LGHQWLˋHG� ZKHUH� VLJQDOLQJ� SURWHLQV�
FDQ�UHVLGH��%ODFTXH�DQG�6DQGHUV���������)LJXUH�����7KH�FLOLXP�FDQ�EH�GLYLGHG�LQ�WKUHH�PDLQ�
VHFWLRQV��WKH�7=�PHQWLRQHG�DERYH�DQG�WKH�PLGGOH�DQG�GLVWDO�VHJPHQWV��7KH�PLGGOH�DQG�GLVWDO�
VHJPHQWV�DUH�FKDUDFWHUL]HG�E\�WKH�PLFURWXEXOHV�RI�WKH�D[RQHPH��,Q�WKH�PLGGOH�VHJPHQW�WKH�
D[RQHPH�LV�EXLOW�XS�E\���GRXEOHW�PLFURWXEXOHV�ZKLFK�FRQWLQXH�DV�VLQJOH�PLFURWXEXOHV�LQWR�
WKH�GLVWDO�VHJPHQW��:DUG�HW�DO���������:DUH�HW�DO����������$GGLWLRQDOO\��WKHUH�LV�WKH�LQYHUVLQ�
GRPDLQ�QDPHG�DIWHU�,QYHUVLQ�13+3��LQ�WKH�PLGGOH�VHJPHQW��MXVW�GLVWDOO\�WR�WKH�7=��&HYLN�HW�
DO���������6KLED�HW�DO���������:DUEXUWRQ�3LWW�HW�DO����������6HYHUDO�&1*V�ORFDOL]H�WR�WKH�PLGGOH�
VHJPHQW� DQG� ,QYHUVLQ� GRPDLQ� �0XNKRSDGK\D\� HW� DO��� ������:RMW\QLDN� HW� DO��� �������2WKHU�
VLJQDOLQJ�SURWHLQV��VXFK�DV�WKH�7539�FKDQQHO�VXEXQLWV�260���DQG�2&5���DQG�VHYHUDO�*3&5V��
FDQ�EH�IRXQG�DORQJ�WKH�OHQJWK�RI�WKH�FLOLXP��.LP�HW�DO���������0F*UDWK�HW�DO���������4LQ�HW�DO���
������:RMW\QLDN�HW�DO����������,Q�PDPPDOV��FRPSRQHQWV�RI�+HGJHKRJ�VLJQDOLQJ�DOVR�ORFDOL]H�
DORQJ�WKH�OHQJWK�RI�WKH�D[RQHPH��EXW�VRPH�DFFXPXODWH�DW�WKH�YHU\�WLS�RI�WKH�FLOLXP��(QGRK�
<DPDJDPL� HW� DO��� ������ +H� HW� DO��� ������ /LHP� HW� DO��� ������� D� UHODWLYHO\� XQH[SORUHG� FLOLDU\�
FRPSDUWPHQW��7KH�ZD\�LQ�ZKLFK�WKH�FRPSRVLWLRQ�RI�WKHVH�VXE�FLOLDU\�GRPDLQV�LV�UHJXODWHG�LV�
SRRUO\�XQGHUVWRRG��,Q�&KDSWHU���ZH�UHSRUW�RQ�D�F*03�VLJQDOLQJ�FRPSDUWPHQW�DW�WKH�WLS�RI�WKH�
FLOLXP�DQG�WKH�PHFKDQLVPV�WKDW�JRYHUQ�LWV�IRUPDWLRQ�DQG�PDLQWHQDQFH�

Neuronal cell fate maintenance 

7KH�GHYHORSPHQW�RI�C. elegans��IURP�]\JRWH�WR�IXOO\�IRUPHG�DQLPDO�RI�����VRPDWLF�FHOOV�KDV�
EHHQ� H[WHQVLYHO\� VWXGLHG� UHVXOWLQJ� LQ� D� FRPSOHWH� OLQDJH� PDS� GHWDLOLQJ� HDFK� FHOO� GLYLVLRQ�
�6XOVWRQ�HW�DO����������7KH�$6(�FKHPRVHQVRU\�QHXURQV�DUH�WKH�ˋQDO�FHOO�IDWHV�LQ�WZR�GLIIHUHQW�
OLQHDJH�EUDQFKHV��KRZHYHU�ERWK�$6(/�DQG�5�FHOO�IDWHV�DUH�GHWHUPLQHG�E\�WKH�VDPH�WHUPLQDO�
selector gene, che-1��&KDQJ�HW�DO���������8FKLGD�HW�DO����������7HUPLQDO�VHOHFWRU�JHQHV�IRUP�
WKH�ˋQDO�VWHS�LQ�D�GLIIHUHQWLDWLRQ�SDWKZD\�DQG�LQGXFH�WKH�H[SUHVVLRQ�RI�D�PXOWLWXGH�RI�WDUJHW�
JHQHV��ZKLFK�WRJHWKHU�JLYH�D�FHOO� LWV� LGHQWLW\�DQG�IXQFWLRQ�� ,QGXFWLRQ�RI�QHXURQDO�FHOO� IDWH�
through terminal selector genes is a common mechanism in neuronal differentiation  and has 
VR�IDU�EHHQ�LGHQWLˋHG�LQ�PLFH��0RQDKDQ�HW�DO����������Drosophila melanogaster �.RQVWDQWLQLGHV�
HW�DO����������WKH�PDULQH�FKRUGDWH�Ciona intestinalis��RI�WKH�VXESK\OXP�7XQLFDWD���+RULH�HW�DO���
�������DQG�C. elegans��+REHUW��������

&+(���LV�D�]LQF�ˋQJHU�WUDQVFULSWLRQ�IDFWRU�WKDW�FRQWDLQV���]LQF�ˋQJHUV�ZKLFK�WRJHWKHU�ELQG�
D����EDVH�SDLU�'1$�PRWLI��IRXQG�LQ�WKH�SURPRWHUV�RI�PRVW�$6(�H[SUHVVHG�JHQHV��(WFKEHUJHU�
HW�DO����������,W�LV�WKURXJK�WKLV�PRWLI�WKDW�&+(���LQGXFHV�$6(�VSHFLˋF�H[SUHVVLRQ�RI�LWV�WDUJHW�
JHQHV��$OWKRXJK�che-1�H[SUHVVLRQ�LV�HVVHQWLDO�IRU�$6(�FHOO�IDWH��LW�LV�QRW�VXIˋFLHQW�IRU�$6(�FHOO�
IDWH�LQGXFWLRQ��$QLPDOV�ZLWK�D�ORVV�RI�IXQFWLRQ�PXWDWLRQ�LQ�che-1�VKRZ�QR�UHVSRQVH�WR�1D&O��
DOWKRXJK�D�FKHPRVHQVRU\�QHXURQ�LV�SUHVHQW�ZKHUH�WKH�$6(�FHOOV�DUH�WR�EH�H[SHFWHG��8FKLGD�
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1
HW�DO����������,QGXFWLRQ�RI�$6(�WHUPLQDO�FHOO�IDWH�LQ�RWKHU�FHOOV�DOVR�GHSHQGV�RQ�WKH�FKURPDWLQ�
VWDWH��NQRFN�GRZQ�RI�PHPEHUV�RI�WKH�3RO\FRPE�UHSUHVVLYH�FRPSOH[����3UF����LQ�FRPELQDWLRQ�
ZLWK�HFWRSLF�H[SUHVVLRQ�RI�che-1��LV�UHTXLUHG�WR�LQGXFH�$6(�FHOO�IDWH�LQ�JHUP�FHOOV�LQ�WKH�JRQDG�
of C. elegans��3DWHO�HW�DO���������7XUVXQ�HW�DO���������

,Q� DGGLWLRQ� WR�GULYLQJ� WKH� H[SUHVVLRQ�RI� WKH� WDUJHW� JHQHV� WKDW� JLYH� WKH�$6(�QHXURQV� WKHLU�
function, the che-1� WHUPLQDO� VHOHFWRU�DOVR� UHJXODWHV� LWV�RZQ�P51$�H[SUHVVLRQ� �(WFKEHUJHU�
HW�DO���������� ,Q�SDUWLFXODU��WKH�SURPRWHU�RI�che-1�FRQWDLQV�DQ�$6(�PRWLI��DOORZLQJ�che-1 to 
LQGXFH�LWV�RZQ�H[SUHVVLRQ��'XULQJ�HPEU\RQLF�GHYHORSPHQW��H[SUHVVLRQ�RI�che-1 is induced 
E\�WKH�QXFOHDU�KRUPRQH�UHFHSWRU�1+5�����6DULQ�HW�DO����������$IWHU�KDWFKLQJ�KRZHYHU��nhr-67 
H[SUHVVLRQ�LV�ORVW�DQG�WKH�FRQWLQXHG�H[SUHVVLRQ�RI�che-1 and its target genes is dependent 
on che-1�DXWRUHJXODWLRQ��7KLV�UHJXODWRU\�DUFKLWHFWXUH��LQGXFWLRQ�E\�nhr-67�DQG�VXEVHTXHQW�
DXWRUHJXODWLRQ�E\�&+(����LV�NQRZQ�DV�D�ELVWDEOH�JHQHWLF�VZLWFK��)LJXUH��$�%��

Figure 4. Schematics of a theoretical and the CHE-1 bistable genetic switch. (A) The transcription factor (TF) 
IRUPV�D�ELVWDEOH�JHQHWLF�VZLWFK�E\�SRVLWLYHO\�UHJXODWLQJ�LWV�RZQ�H[SUHVVLRQ��7ULJJHU����JUHHQ��LQGXFHV�H[SUHVVLRQ�RI�
7)�UHVXOWLQJ�LQ�D�VWDEOH�KLJK�H[SUHVVLRQ�RU�21�VWDWH��7R�VZLWFK�WR�WKH�2))�VWDWH��WKH�LQKLELWLRQ�RI�7)ȢV�DXWR�LQGXFWLRQ�
E\�WULJJHU����UHG��LV�UHTXLUHG� (B)�$�PLQLPDO�PRGHO�RI�WKH�&+(���JHQHWLF�VZLWFK��1+5����LQGXFHV�H[SUHVVLRQ�RI�che-1��
&+(���VXEVHTXHQWO\�LQGXFHV�WKH�H[SUHVVLRQ�RI�LWV�RZQ�P51$��JHQHUDWLQJ�D�VWDEOH�21�VWDWH��DQG�WKH�H[SUHVVLRQ�RI�LWV�
WDUJHW�JHQHV�

%LVWDELOLW\�RI�D�JHQHWLF�VZLWFK�PHDQV�WKDW�ERWK�WKH�KLJK�H[SUHVVLRQ�RU�ȡ21Ȣ�VWDWH�DQG�WKH�ORZ�
QR�H[SUHVVLRQ�RU�ȡ2))Ȣ�VWDWH�DUH�VWDEOH�VWDWHV�LQ�ZKLFK�D�VZLWFK�FDQ�EH�VXVWDLQHG��)LJXUH����
�$ORQ��������)HUUHOO���������7R�VZLWFK�WR�WKH�21�VWDWH��DQ�RXWVLGH�WULJJHU�LV�UHTXLUHG�WR�LQGXFH�
H[SUHVVLRQ� RI� WKH� FRUH� WUDQVFULSWLRQ� IDFWRU�� :KHQ� WKLV� WUDQVFULSWLRQ� IDFWRU� VXEVHTXHQWO\�
LQGXFHV� LWV� RZQ� H[SUHVVLRQ�� WKH�21� VWDWH� FDQ� EH�PDLQWDLQHG�� L�H�� WKH� WULJJHU� LV� QR� ORQJHU�
UHTXLUHG��7R�VZLWFK�EDFN�WR�WKH�2))�VWDWH��D�VHFRQG�WULJJHU�LV�QHHGHG�WR�LQKLELW�H[SUHVVLRQ�
RI�WKH�FRUH�WUDQVFULSWLRQ�IDFWRU�DQG�UHGXFH�LWV�FRQFHQWUDWLRQ��(YHQWXDOO\��WKLV�LQKLELWLRQ�ZLOO�
OHDG�WR�WHUPLQDWLRQ�RI�LWV�DXWR�LQGXFWLRQ��UHVXOWLQJ�LQ�D�VWDEOH�2))�VWDWH�
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$�FODVVLF�H[DPSOH�RI�D�ELVWDEOH�VZLWFK�LV�WKH�O\VRJHQLF�O\WLF�VZLWFK�LQ�EDFWHULRSKDJH�ODPEGD��
,Q� WKLV� V\VWHP�� WKH� ODPEGD� UHSUHVVRU�&,� NHHSV� WKH� VZLWFK� VWDEO\� LQ� WKH� O\VRJHQLF� VWDWH� E\�
LQKLELWLQJ�LWV�O\WLF�GHYHORSPHQW��L�H��E\�EORFNLQJ�WKH�25��DQG�25��RSHUDWRUV�DQG�H[SUHVVLRQ�
RI�WKH�UHJXODWRU\�SURWHLQ�&52��8SRQ�EDFWHULDO�'1$�GDPDJH��L�H��D�WULJJHU�DV�GHVFULEHG�DERYH��
5HF$�FOHDYHV�&,��UHVXOWLQJ�LQ�D�ORVV�RI�UHSUHVVLRQ�RI�WKH�cro�JHQH��6XEVHTXHQWO\��H[SUHVVLRQ�
of cro�LQGXFHV�WKH�O\WLF�VWDWH�RI�WKH�VZLWFK�YLD�WKH�RSHUDWRU�25��EXW�DOVR�VWDELOL]HV�WKLV�VWDWH�
E\�SUHYHQWLQJ�WKH�H[SUHVVLRQ�RI�WKH�UHSUHVVRU�ci �(LVHQ�HW�DO���������6YHQQLQJVHQ�HW�DO����������

%HVLGHV� JHQH� UHJXODWLRQ� QHWZRUNV�� VLJQDOLQJ� SDWKZD\V� FDQ� DOVR� FRQWDLQ� ELVWDEOH� VZLWFK�
HOHPHQWV��IRU�H[DPSOH�LQ�WKH�UHJXODWLRQ�RI�WKH�5DE�*73DVH�5DE���$FWLYLW\�RI�5DE��LV�UHJXODWHG�
E\�H[FKDQJH�RI�*'3��LQDFWLYH�VWDWH��WR�*73��DFWLYH�VWDWH��E\�JXDQLQH�QXFOHRWLGH�H[FKDQJH�
IDFWRUV� �*()V�� RU� YLFH� YHUVD� E\� K\GURO\VLV� RI� *73� WR� *'3�� LQGXFHG� E\� *73DVH� DFWLYDWLQJ�
SURWHLQV��*$3V���%HFDXVH�5DE��UHFUXLWV�LWV�*()�5DEH[��DQG�HIIHFWRU�5DEDSWLQ���LWV�DFWLYH�VWDWH�
LV�VWLPXODWHG�DQG�ELVWDELOLW\�DULVHV��%H]HOMDN�HW�DO���������:DQGLQJHU�1HVV�DQG�=HULDO��������
=KDQJ�HW�DO���������

+RZHYHU��ELVWDEOH�JHQHWLF�VZLWFKHV�DUH�NQRZQ�WR�EH�YXOQHUDEOH�WR�ˌXFWXDWLRQV�LQ�H[SUHVVLRQ�
FDXVHG�E\�PROHFXODU�QRLVH��2]EXGDN�HW�DO���������6¾HO�HW�DO����������5DQGRP�ˌXFWXDWLRQV�LQ�
WKH�H[SUHVVLRQ�RI�D�JHQHWLF�VZLWFK�WUDQVFULSWLRQ�IDFWRU�FDQ�OHDG�WR�LQVWDELOLW\�RI�WKH�VZLWFK��L�H��
LI�WKH�OHYHO�RI�&+(���GURSV�EHORZ�D�FHUWDLQ�OHYHO��LWV�DXWR�LQGXFWLRQ�PD\�IDLO�DQG�WKH�VZLWFK�
FDQ� VSRQWDQHRXVO\� WXUQ�RII��$V�D� UHVXOW�� H[SUHVVLRQ�RI� LWV� WDUJHW�JHQHV�� DQG� WKXV�QHXURQDO�
IXQFWLRQ�� LV� ORVW�� 7KLV� YXOQHUDELOLW\� LV� DJJUDYDWHG� E\� WKH� FRPSHWLWLRQ� RI� WKH� SURPRWHUV� RI�
che-1 DQG�LWV�WDUJHW�JHQHV�IRU�WKH�VDPH�DQG�OLPLWHG�UHVHUYRLU�RI�&+(���SURWHLQ��+RZ�JHQHWLF�
VZLWFKHV�FRSH�ZLWK�YDULDWLRQ�LQ�JHQH�H[SUHVVLRQ�LV�QRW�IXOO\�XQGHUVWRRG�

+RZHYHU��WKH�VWDELOLW\�RI�JHQHWLF�VZLWFKHV�LV�YLWDO�IRU�WKH�ORQJ�WHUP�PDLQWHQDQFH�RI�QHXURQDO�
IDWH�DQG�IXQFWLRQ��,Q�FRQWUDVW�WR�PRVW�PDPPDOLDQ�WLVVXHV��ZKLFK�VKRZ�WXUQ�RYHU�UDWHV�RI�����
GD\V�LQ�FDVH�RI�VPDOO�LQWHVWLQH�HSLWKHOLXP�RU�D����\HDU�WXUQ�RYHU�UDWH�RI�FHUWDLQ�PXVFOH�FHOOV�
�'DUZLFK�HW�DO���������6SDOGLQJ�HW�DO����������PRVW�FHOOV�LQ�WKH�QHUYRXV�V\VWHP�DUH�PDLQWDLQHG�
IRU�WKH�OLIHWLPH�RI�WKH�RUJDQLVP��0LQJ�DQG�6RQJ��������6SDOGLQJ�HW�DO����������,Q�FDVH�RI�WKH�
KXPDQ�FHQWUDO�QHUYRXV�V\VWHP��FHOO�LGHQWLW\�QHHGV�WR�EH�PDLQWDLQHG�RYHU�PXOWLSOH�GHFDGHV��
+RZ�QHXURQV�VWDELOL]H�JHQHWLF�VZLWFKHV�DQG�PDLQWDLQ�WKH�JHQH�H[SUHVVLRQ�UHTXLUHG�IRU�WKHLU�
LGHQWLW\�DQG�IXQFWLRQ�LV�DV�RI�\HW�XQUHVROYHG�

$6(�FHOO�IDWH�GHWHUPLQDWLRQ�LV�DQ�H[FHOOHQW�PRGHO�WR�VWXG\�JHQHWLF�VZLWFK�VWDELOLW\��)LUVW��ZKLOH�
PRVW�VZLWFKHV�DQG�UHJXODWRU\�QHWZRUNV�DUH�FRPSOH[�� WKH�che-1 genetic switch is simple in 
DUFKLWHFWXUH��WKHUH�LV�RQO\�RQH�WULJJHU��nhr-67��WR�VZLWFK�WR�WKH�Ȥ21ȥ�VWDWH�DQG�che-1 auto-
LQGXFWLRQ�VHHPLQJO\�UHOLHV�RQ�&+(���RQO\��6HFRQG��PDQ\�WDUJHWV�JHQHV�DUH�NQRZQ�DQG�ORVV�RI�
H[SUHVVLRQ�RI�WKHVH�WDUJHW�JHQHV�LV�HDVLO\�LGHQWLˋHG�E\�ˌXRUHVFHQFH�PLFURVFRS\�RU�VP),6+��
$GGLWLRQDOO\�� ORVV�RI� WDUJHW�JHQH�H[SUHVVLRQ�FDQ�EH� OLQNHG� WR�$6(� IXQFWLRQ�YLD�FKHPRWD[LV�
DVVD\V��)LQDOO\��IRU�FRQWLQXHG�IXQFWLRQ�RI�WKH�$6(�QHXURQV��WKH�ȡ21Ȣ�VWDWH�RI�WKH�VZLWFK�QHHGV



WR� EH�PDLQWDLQHG� IRU� WKH� OLIHWLPH� RI� WKH� DQLPDO�� KLQWLQJ� DW� WKH� SUHVHQFH� RI� VWDELOL]DWLRQ�
PHFKDQLVPV�� 7RJHWKHU�� WKH�&+(��� JHQHWLF� VZLWFK� DQG�$6(� FHOO� IDWH�PDLQWHQDQFH� JLYHV� XV�
DPSOH�RSSRUWXQLW\�WR�VWXG\�WKH�G\QDPLFV�DQG�PHFKDQLVP�RI�WKLV�ELVWDEOH�JHQHWLF�VZLWFK��,Q�
&KDSWHU���ZH�LGHQWLI\�D�QRYHO�PHFKDQLVP�ZKLFK�VWDELOL]HV�WKH�&+(���VZLWFK�

Variation in Behavior

$QLPDOV� FRQWLQXRXVO\� UHVSRQG� WR� FXHV� IURP� WKHLU� HQYLURQPHQW�� KRZHYHU�� WKHVH� UHVSRQVHV�
FDQ�YDU\�JUHDWO\�EHWZHHQ� LQGLYLGXDOV�� )RU� H[DPSOH�� VRPH�PHPEHUV�RI� D�ˌRFN�RI� UHG�NQRWV�
(Calidris canutus��FKHFN�IRU�QHDUE\�SUHGDWRUV�PRUH�RIWHQ�WKDQ�RWKHUV�DQG�VRPH�IXQQHO�ZHE�
VSLGHUV�VKRZ�PRUH�YDULDWLRQ�LQ�WKHLU�GHIHQVLYH�EHKDYLRU�ZKHQ�SUHVHQWHG�ZLWK�DQ�LQWUXVLRQ�LQ�
WKHLU�KDELWDW�WKDQ�RWKHUV��0DWKRW�HW�DO���������5LHFKHUW���������7KLV�YDULDWLRQ��RU�SKHQRW\SLF�
SODVWLFLW\��SURYLGHV�RSSRUWXQLWLHV�IRU�HYROXWLRQ�WR�VHOHFW�IRU�ˋWQHVV��'LQJHPDQVH�DQG�:ROI��
������

9DULDWLRQ�LQ�EHKDYLRU�FDQ�DOVR�YDU\�ZLWKLQ�WKH�VDPH�LQGLYLGXDO��7KH�VRXUFHV�RI�VXFK�YDULDWLRQ�
FDQ�EH�ERWK�H[WHUQDO��H�J��WLPH�RI�GD\�RU�WHPSHUDWXUH��RU�LQWHUQDO��VXFK�DV�YDULDWLRQ�LQ�JHQH�
H[SUHVVLRQ�RU�WKH�VWDWH�RI�D�QHXURQDO�FLUFXLW��)ORUHV�HW�DO���������*RUGXV�HW�DO���������,ZDQLU�HW�
DO���������.RURENRYD�HW�DO���������0XQVN\�HW�DO����������'LIIHUHQFHV�LQ�EHKDYLRUDO�YDULDWLRQ�FDQ�
HYHQ�EH�IRXQG�LQ�FORQHGȠDQG�WKHUHIRUH�JHQHWLFDOO\�LGHQWLFDOȠSLJV�ZKHQ�FRPSDUHG�WR�WKHLU�
QDWXUDO�ERUQ�VLEOLQJV��$UFKHU�HW�DO���������

7KH�FKHPRWD[LV�UHVSRQVH�WR�1D&O�RI�LVRJHQLF�SRSXODWLRQV�RI�C. elegans�DOVR�VKRZV�YDULDWLRQ�
�)LJXUH������:KHQ�SUHVHQWHG�ZLWK�D�FKRLFH�EHWZHHQ�DQ�DWWUDFWLYH�FRQFHQWUDWLRQ�RI�1D&O�RU�QR�
1D&O��VRPH�DQLPDOV�PDNH�WKH�VHHPLQJO\�FRXQWHULQWXLWLYH�GHFLVLRQ�WR�PRYH�DZD\�IURP�WKH�
DWWUDFWDQW��:K\�C. elegans�VKRZV�YDULDWLRQ�LQ�LWV�FKHPRWD[LV�UHVSRQVH�LV�QRW�NQRZQ�EXW�RQH�
FDQ�LPDJLQH�WKDW�LW�LQFUHDVHV�LWV�FKDQFHV�WR�ˋQG�DGGLWLRQDO�UHVRXUFHV�
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Figure 5. Quadrant chemotaxis assay and the response of C. elegans. $JH�V\QFKURQL]HG�C. elegans populations 
FRQVLVWLQJ� RI� JHQHWLFDOO\� LGHQWLFDO� DQLPDOV� DUH� ZDVKHG� IRU� ��� PLQXWHV� LQ� D� FKHPRWD[LV� EXIIHU� ZLWKRXW� 1D&O��
6XEVHTXHQWO\��DSSUR[LPDWHO\�����DQLPDOV�DUH�SODFHG�LQ�WKH�PLGGOH�RI�D�VHJPHQWHG�SHWUL�GLVK�ZLWK���TXDGUDQWV�ˋOOHG�
ZLWK�DJDU��RQO\���GLDJRQDOO\�RSSRVLWH�TXDGUDQWV�FRQWDLQ�1D&O��$IWHU����PLQXWHV�WKH�DQLPDOV�RQ�HDFK�TXDGUDQW�DUH�
FRXQWHG��$SSUR[LPDWHO\�����RI�WKH�DQLPDOV�PRYH�WR�WKH�VDOW�FRQWDLQLQJ�TXDGUDQWV�



&KDSWHU����

C. elegans�IROORZV�D�ERRP�DQG�EXVW�OLIH�F\FOH��:KHQ�IDYRUDEOH�HQYLURQPHQWV�DUH�HQFRXQWHUHG��
a population grows fast, but when the resources become scarce again, the population 
FROODSVHV��C. elegans�HPSOR\V�VHYHUDO�VWUDWHJLHV�WR�VXUYLYH�SHULRGV�RI�OLPLWHG�IRRG�VXSSO\��)RU�
H[DPSOH��DQLPDOV�FDQ�JR�LQWR�D�GHYHORSPHQWDO�DUUHVW�VWDWH�FDOOHG�dauer (Cassada and Russell, 
������DQG�ZDLW�IRU�PRUH�IDYRUDEOH�FRQGLWLRQV��RU�XVH�D�SKRUHWLF�KRVW�WR�UHDFK�QHZ�KDELWDWV�
�%DUULªUH� DQG� )«OL[�� ������� %HKDYLRUDO� YDULDWLRQ�� LQ� ZKLFK� VRPH� DQLPDOV� RI� D� SRSXODWLRQ�
EHKDYH�DQWDJRQLVWLFDOO\�� FRXOG�DOVR�EH�D� VWUDWHJ\�� ,Q� WKLV� VFHQDULR�� D� IHZ� LQGLYLGXDOV�PRYH�
RSSRVLWH� IURP� WKH� PDLQ� SRSXODWLRQ�� LPSURYLQJ� WKH� RGGV� RI� ˋQGLQJ� DGGLWLRQDO� UHVRXUFHV��
:KHWKHU�EHKDYLRUDO�YDULDWLRQ�LV�EHQHˋFLDO�WR�D�VSHFLHV�DQG�LV�HYROXWLRQDU\�FRQVHUYHG�LV�VWLOO�
D�PDWWHU�RI�GHEDWH�

6WXG\LQJ�EHKDYLRU�DQG�LWV�YDULDWLRQ�DW�DQ�RUJDQLVPDO�OHYHO�FDQ�EH�GLIˋFXOW�GXH�WR�WKH�GLIIHUHQW�
LQWHUQDO�DQG�H[WHUQDO�VRXUFHV�RI�VDLG�YDULDWLRQ��)RU�H[DPSOH��GLIIHUHQFHV�EHWZHHQ�LQGLYLGXDOV�
LQ�WKH�JHQHWLF�EDFNJURXQG��OLIH�KLVWRU\��RU�WKH�VWDWH�RI�DQ�XQGHUO\LQJ�QHXURQDO�FLUFXLW�FDQ�DOO�
FRQWULEXWH�WR�GLIIHUHQFHV�LQ�EHKDYLRUDO�UHVSRQVHV�EHWZHHQ�LQGLYLGXDOV��$GGLWLRQDOO\��H[WHUQDO�
VRXUFHV�VXFK�DV�LQWHU�REVHUYHU�GLIIHUHQFHV�RU�HQYLURQPHQWDO�IDFWRUV�FDQ�SOD\�D�UROH��+RZHYHU��
VXFK� IDFWRUV� FDQQRW� EH� VHOHFWHG� IRU� E\� QDWXUDO� VHOHFWLRQ�� ,QVWHDG�� D� V\VWHP� WKDW� WROHUDWHV�
WHPSRUDU\� GLIIHUHQFHV� LQ� JHQH� H[SUHVVLRQ�� SUHVXPDEO\� UHVXOWLQJ� IURP� WKH� XQGHUO\LQJ�
PROHFXODU�QRLVH��DV�D�VRXUFH�RI�YDULDWLRQ�ZRXOG�EH�PRUH�OLNHO\�LI�YDULDWLRQ�LV�HYROXWLRQDULO\�
FRQVHUYHG�

%HFDXVH�C. elegans KHUPDSKURGLWHV�FDQ�UHSURGXFH�DVH[XDOO\��LWV�SRSXODWLRQV�DUH�HVVHQWLDOO\�
LVRJHQLF��HOLPLQDWLQJ�JHQHWLF�GLIIHUHQFHV�DV�D�VRXUFH�RI�YDULDELOLW\��$GGLWLRQDOO\��C. elegans 
SRSXODWLRQV� FDQ� EH� DJH�V\QFKURQL]HG� DQG� FXOWXUHG� XQGHU� FRQWUROOHG� FRQGLWLRQV�� OLPLWLQJ�
GLIIHUHQFHV� LQ� OLIH�KLVWRU\� EHWZHHQ� LQGLYLGXDOV�� )LQDOO\�� FKHPRWD[LV� DVVD\V� KDYH� EHHQ�ZHOO�
GHYHORSHG�DQG�WKH�QHXURQV�DQG�VLJQDOLQJ�FDVFDGHV�KDYH�EHHQ��DW� OHDVW�SDUWLDOO\�� LGHQWLˋHG��
Taken together, C. elegans�LV�DQ�H[FHOOHQW�PRGHO�WR�VWXG\�EHKDYLRUDO�YDULDELOLW\�DQG�LWV�SRVVLEOH�
PROHFXODU� RULJLQV�� ,Q� &KDSWHU� �� ZH� LQYHVWLJDWH� LI� GLIIHUHQFHV� LQ� JHQH� H[SUHVVLRQ� EHWZHHQ�
LQGLYLGXDOV�FDQ�FDXVH�EHKDYLRUDO�YDULDWLRQ�



SCOPE OF THIS THESIS

7KLV�WKHVLV�FRYHUV�WKUHH�DVSHFWV�RI��FHOO��ELRORJ\��ZKLFK�DUH�H[SORUHG�XVLQJ�WKH�QHPDWRGH�C. 
elegans DQG�LWV�FKHPRWD[LV�UHVSRQVH�WR�1D&O��DQVZHULQJ�WKUHH�TXHVWLRQV��+RZ�DUH�VXE�FLOLDU\�
FRPSDUWPHQWV�IRUPHG�DQG�ZKDW�LV�WKHLU�IXQFWLRQ�LQ�GHWHFWLRQ�RI�1D&O"�+RZ�LV�WKH�FHOO�LGHQWLW\�
DQG�IXQFWLRQ�RI�WKH�1D&O�GHWHFWLQJ�QHXURQV�PDLQWDLQHG�RYHU�WKH�OLIHWLPH�RI�C. elegans"�&DQ�
ZH�H[SODLQ�EHKDYLRUDO�GLIIHUHQFHV�EHWZHHQ�LQGLYLGXDOV�ZLWK�YDULDWLRQ�LQ�JHQH�H[SUHVVLRQ"

,Q�&KDSWHU���WKH�PHFKDQLVPV�WKDW�UHJXODWH�WKH�ORFDOL]DWLRQ�RI�WKH�UHFHSWRU�W\SH�JXDQ\ODWH�
F\FODVH�*&<���� LQ�D�FLOLXP�WLS�FRPSDUWPHQW�DUH� LQYHVWLJDWHG��:H�IRXQG�WKDW� LQWUDˌDJHOODU�
WUDQVSRUW�LV�WKH�PDLQ�GULYLQJ�IRUFH�EHKLQG�WKLV�FLOLXP�WLS�FRPSDUWPHQW��:H�VKRZ�WKDW�SURSHU�
FLOLXP�LPSRUW�DQG�,)7�FDUJR�ORDGLQJ�LQYROYHV�'$)�����%%6����DQG�0.6���DQG�ZH�LGHQWLI\�WZR�
SURWHLQ�GRPDLQV�RI�*&<����HVVHQWLDO�WR�LWV�LPSRUW�LQWR�WKH�FLOLXP�

&KDSWHU���H[SORUHV�D�JHQHWLF�VZLWFK��IRUPHG�E\�WKH�WUDQVFULSWLRQ�IDFWRU�&+(����ZKLFK�LQGXFHV�
$6(�FHOO�IDWH�DQG�PDLQWDLQV�LWV�IXQFWLRQ��:H�PHDVXUHG�SDUDPHWHUV�RI�WKLV�VZLWFK�DQG�XVHG�
in silico�PRGHOLQJ�WR�SUHGLFW�D�PHFKDQLVP�WKDW�FDQ�VWDELOL]H�JHQHWLF�VZLWFKHV��:H�XVHG�WKH�
DX[LQ�LQGXFLEOH�SURWHLQ�GHJUDGDWLRQ�V\VWHP�WR�YDOLGDWH�RXU�PRGHO��)LQDOO\��ZH�LGHQWLˋHG�DQ�
27;�OLNH�'1$�PRWLI�LQ�WKH�SURPRWHU�RI�che-1 LQYROYHG�LQ�WKH�VWDELOL]DWLRQ�RI�LWV�H[SUHVVLRQ�

,Q�&KDSWHU���ZH�VHW�RXW�WR�FRUUHODWH�JHQH�H[SUHVVLRQ�GLIIHUHQFHV�EHWZHHQ�LQGLYLGXDO�DQLPDOV�
ZLWK� WKHLU� UHVSRQVH� LQ� RXU� FKHPRWD[LV� DVVD\��:H� XVHG� VLQJOH�ZRUP� 51$�VHTXHQFLQJ� DQG�
FOXVWHU� DQDO\VLV� WR� LGHQWLI\� SRVVLEOH� FDQGLGDWH� JHQHV��:H�ZHUH� DEOH� WR� YHULI\� VRPH� RI� RXU�
UHVXOWV�XVLQJ�57�T3&5�
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6HQJXSWD��3���������7ZR�&KHPRUHFHSWRUV�0HGLDWH�
'HYHORSPHQWDO�(IIHFWV�RI�'DXHU�3KHURPRQH�LQ�C. 
elegans��6FLHQFH���������ȟ����
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GHSHQGHQFH�LQ�JHQHUDWLQJ�LQGLYLGXDO�GLIIHUHQFHV�
LQ�EHKDYLRXUDO�SODVWLFLW\��(FRO�/HWW���������ȟ���
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������8VLQJ�*HQH�([SUHVVLRQ�1RLVH�WR�8QGHUVWDQG�
*HQH�5HJXODWLRQ��6FLHQFH���������ȟ����
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�����

1DND\DPD�� .��� .DWRK�� <��� ������ &LOLDU\� SURWHLQ
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5HLWHU�� -�)��� /HURX[�� 0�5��� ������ *HQHV
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C. elegans� 7DLOOHVV�7/;� WUDQVFULSWLRQ� IDFWRU�
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%��� *D]LQVNL�� $��� :DVFKNH�� -��� 6LFNPDQQ�� $���
.XKQ�� 0��� ������ +RPRORJRXV� GHVHQVLWL]DWLRQ�
RI� JXDQ\O\O� F\FODVH� $�� WKH� UHFHSWRU� IRU� DWULDO�
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6KLED�� '��� <DPDRND�� <��� +DJLZDUD�� +��� 7DNDPDWVX�
7���+DPDGD��+���<RNR\DPD��7���������/RFDOL]DWLRQ�
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6QRZ��-�-���2X��*���*XQQDUVRQ��$�/���:DONHU��0�5�6��
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