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7LWOH��$X[LQ�VLJQDOLQJ�LV�D�FRPPRQ�IDFWRU�XQGHUO\LQJ�QDWXUDO�YDULDWLRQ�LQ�WRPDWR�VKDGH�ʹͻ�
DYRLGDQFH�͵Ͳ�
�͵ͳ�
$XWKRUV��͵ʹ�
6XVDQ�0��%XVK���D���/HRQHOD�*��&DUULHGR����'DQLHO�)XORS���<DVXQRUL�,FKLKDVKL���E��0LFKDHO�)��͵͵�
&RYLQJWRQ���5DYL�.XPDU���F��$DVKLVK�5DQMDQ���G��'DQLHO�&KLWZRRG���H��/DXUHQ�+HDGODQG���'DQLHOH�͵Ͷ�
/��)LOLDXOW���-RVp�0��-LPpQH]�*RPp]���1HHOLPD�5��6LQKD���-XOLQ�1��0DORRI��͵ͷ�
�͵�
$XWKRU�DIILOLDWLRQV��͵�
��'HSDUWPHQW�RI�3ODQW�%LRORJ\��8QLYHUVLW\�RI�&DOLIRUQLD��'DYLV��'DYLV��&DOLIRUQLD��8QLWHG�6WDWHV�͵ͺ�
RI�$PHULFD�͵ͻ�

��*UHJRU�0HQGHO�,QVWLWXWH�RI�0ROHFXODU�3ODQW�%LRORJ\��9LHQQD��$XVWULD�ͶͲ�
��0D[�3ODQFN�,QVWLWXWH�IRU�3ODQW�%UHHGLQJ�5HVHDUFK��&RORJQH��*HUPDQ\�Ͷͳ�
�Ͷʹ�
&XUUHQW�DXWKRU�DIILOLDWLRQV��Ͷ͵�
D�0DFDOHVWHU�&ROOHJH��6W��3DXO��0LQQHVRWD��8QLWHG�6WDWHV�RI�$PHULFD�ͶͶ�
E�5,.(1�&HQWHU�IRU�6XVWDLQDEOH�5HVRXUFH�6FLHQFH��<RNRKDPD�&LW\��.DQDJDZD��-DSDQ�Ͷͷ�
F�1RYR]\PHV��,QF���'DYLV��&DOLIRUQLD��8QLWHG�6WDWHV�RI�$PHULFD�Ͷ�
G�1DWLRQDO�,QVWLWXWH�RI�3ODQW�*HQRPH�5HVHDUFK��$UXQD�$VDI�$OL�0DUJ��1HZ�'HOKL��,QGLD�Ͷ�
H�'RQDOG�'DQIRUWK�3ODQW�6FLHQFH�&HQWHU��6W��/RXLV��0LVVRXUL��8QLWHG�6WDWHV�RI�$PHULFD�Ͷͺ�
�Ͷͻ�
��7KHVH�DXWKRUV�FRQWULEXWHG�HTXDOO\�WR�WKLV�ZRUN��ͷͲ�
�ͷͳ�
6XPPDU\�� *URZWK� SODVWLFLW\� LQ� UHVSRQVH� WR� VKDGH� LQYROYHV� H[SUHVVLRQ� RI� VSHFLILF� DX[LQ�ͷʹ�
VLJQDOLQJ�DQG�FHOO�ZDOO�H[SDQVLRQ�JHQHV��DQG�VKDGH�DYRLGDQFH�47/�DIIHFW�ERWK�VWHP�HORQJDWLRQ�ͷ͵�
DQG�GHYHORSPHQWDO�UDWH��ͷͶ�
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)RRWQRWHV��7KLV�ZRUN�ZDV�IXQGHG�WKURXJK�D�1DWLRQDO�6FLHQFH�)RXQGDWLRQ�JUDQW��,26����������Ͳ�
WR�1HHOLPD�6LQKD��-XOLQ�0DORRI��DQG�-LH�3HQJ���ͳ�
��ʹ�
�͵�
&RUUHVSRQGLQJ�DXWKRU��Ͷ�
-XOLQ�1��0DORRI�ͷ�
(PDLO��MQPDORRI#XFGDYLV�HGX��
��
�ͺ�
�ͻ�
�Ͳ�
�ͳ�
�ʹ�
�͵�
�Ͷ�
�ͷ�
��
��
�ͺ�
�ͻ�
�ͺͲ�
�ͺͳ�
�ͺʹ�
�ͺ͵�
�ͺͶ�
�ͺͷ�
�ͺ�
�ͺ�

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 12, 2015. ; https://doi.org/10.1101/031088doi: bioRxiv preprint 

https://doi.org/10.1101/031088


��

$EVWUDFW�ͺͺ�
/LJKW�LV�DQ�HVVHQWLDO�UHVRXUFH�IRU�SKRWRV\QWKHVLV��/LPLWDWLRQ�RI�OLJKW�E\�VKDGH�IURP�SODQW�ͺͻ�

QHLJKERUV�FDQ�LQGXFH�D�OLJKW�FRPSHWLWLRQ�SURJUDP�NQRZQ�DV�WKH�VKDGH�DYRLGDQFH�UHVSRQVH�ͻͲ�
�6$5���WKHUHE\�DOWHULQJ�SODQW�JURZWK�DQG�GHYHORSPHQW�IRU�WKH�VDNH�RI�VXUYLYDO��1DWXUDO�JHQHWLF�ͻͳ�
YDULDWLRQ�LQ�6$5�LV�IRXQG�LQ�SODQWV�DGDSWHG�WR�GLVWLQFW�HQYLURQPHQWV��LQFOXGLQJ�GRPHVWLFDWHG�ͻʹ�
WRPDWR�Solanum lycopersicum�DQG�LWV�ZLOG�UHODWLYH�Solanum pennellii��47/�PDSSLQJ�ZDV�XVHG�WR�ͻ͵�
H[DPLQH�YDULDWLRQ�RI�WKH�6$5�EHWZHHQ�WKHVH�WZR�VSHFLHV��:H�IRXQG�RUJDQ�VSHFLILF�UHVSRQVHV�LQ�ͻͶ�
WKH�HORQJDWLRQ�RI�WKH�VWHP�DQG�SHWLROH��LQFOXGLQJ�GHYHORSPHQWDO�DFFHOHUDWLRQ�RI�JURZWK��7KURXJK�ͻͷ�
51$VHT�DQDO\VLV�ZH�LGHQWLILHG�D�QXPEHU�RI�,/V�ZLWK�UHGXFHG�H[SUHVVLRQ�RI�DX[LQ�UHODWHG�JHQHV�ͻ�
LQ�VKDGH�WUHDWPHQW��7KHVH�VDPH�,/V�GLVSOD\�D�VKDGH�WROHUDQW�SKHQRW\SH�LQ�VWHP�JURZWK�DQG�ͻ�
RYHUDOO�KHLJKW��:H�DOVR�LGHQWLILHG�,/V�ZLWK�DOWHUHG�6$5�H[SUHVVLRQ�RI�FHOO�ZDOO�H[SDQVLRQ�JHQHV��ͻͺ�
DOWKRXJK�WKHVH�JHQRW\SHV�KDG�QR�DFFRPSDQ\LQJ�DOWHUDWLRQ�LQ�SKHQRW\SH��([DPLQDWLRQ�RI�ͻͻ�
ZHLJKWHG�JHQH�FR�H[SUHVVLRQ�FRQQHFWLYLW\�QHWZRUNV�LQ�VXQ��DQG�VKDGH�WUHDWHG�SODQWV�UHYHDOHG�ͳͲͲ�
FRQQHFWLYLW\�FKDQJHV�LQ�DX[LQ�DQG�OLJKW�VLJQDOLQJ�JHQHV��WKLV�UHVXOW�ZDV�VXSSRUWHG�E\�WKH�ͳͲͳ�
LGHQWLILFDWLRQ�RI�PRWLIV�ZLWKLQ�WKH�SURPRWHUV�RI�D�VXEVHW�RI�VKDGH�UHVSRQVLYH�JHQHV�WKDW�ZHUH�ͳͲʹ�
HQULFKHG�LQ�OLJKW�VLJQDOLQJ��GHYHORSPHQWDO�SDWKZD\V��DQG�DX[LQ�UHVSRQVLYH�WUDQVFULSWLRQDO�ͳͲ͵�
GRPDLQV��7KH�LGHQWLILFDWLRQ�RI�ERWK�V\VWHPLF�DQG�RUJDQ�VSHFLILF�VKDGH�WROHUDQFH�LQ�WKH�,/V��DV�ͳͲͶ�
ZHOO�DV�DVVRFLDWHG�FKDQJHV�LQ�WKH�WUDQVFULSWRPH��KDV�WKH�SRWHQWLDO�WR�LQIRUP�IXWXUH�VWXGLHV�IRU�ͳͲͷ�
EUHHGLQJ�SODQWV�DEOH�WR�EH�JURZQ�FORVHO\��ZKLOH�QHLJKERU�VKDGHG���\HW�VWLOO�PDLQWDLQLQJ�KLJK�ͳͲ�
\LHOG����ͳͲ�
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,QWURGXFWLRQ�ͳͳ�
3ODQWV�GHSHQG�RQ�OLJKW�IRU�SKRWRV\QWKHVLV��7KXV��IRU�SODQWV�JURZLQJ�LQ�GHQVHO\�SRSXODWHG�ͳͳͺ�

VWDQGV�� UHVSRQGLQJ� DSSURSULDWHO\� WR� QHDUE\� FRPSHWLWRUV� LV� LPSHUDWLYH� IRU� ILWQHVV� �'XGOH\� DQG�ͳͳͻ�
6FKPLWW��������6FKPLWW��������6FKPLWW�HW�DO����������1HLJKERU�SUR[LPLW\�LV�VHQVHG�YLD�FKDQJHV�LQ�ͳʹͲ�
WKH� DPELHQW� OLJKW� VSHFWUD�� &KORURSK\OO� SUHIHUHQWLDOO\� DEVRUEV� UHG� OLJKW� �5��� WKHUHIRUH� OLJKW�ͳʹͳ�
WUDQVPLWWHG� WKURXJK� RU� UHIOHFWHG� IURP� OHDYHV� EHFRPHV� HQULFKHG� ZLWK� IDU�UHG� OLJKW� �)5���ͳʹʹ�
FRQVHTXHQWO\��DQ�DOWHUDWLRQ�LQ�WKH�UDWLR�RI�5�DQG�)5�OLJKW�LV�D�VLJQDO�RI�QHLJKERU�SUR[LPLW\��7KH�ͳʹ͵�
VSHFWUDO� FRPSRVLWLRQ� RI� VKDGH� �ORZ� 5�)5� OLJKW�� LQGXFHV� D� VXLWH� RI� WUDQVFULSWLRQDO� DQG�ͳʹͶ�
GHYHORSPHQWDO� FKDQJHV�� NQRZQ� DV� WKH� VKDGH� DYRLGDQFH� UHVSRQVH� �6$5��� WKDW� SURPRWH� SODQW�ͳʹͷ�
JURZWK�WKURXJK�WKH�HORQJDWLRQ�RI�LQWHUQRGHV�DQG�SHWLROHV�LQ�DQ�HIIRUW�WR�JDLQ�EHWWHU�DFFHVV�WR�OLJKW�ͳʹ�
�&DVDO���������ͳʹ�

3ODQWV� VHQVH� WKH� HQYLURQPHQWDO� 5�)5� VLJQDO� YLD� WKH� SK\WRFKURPH� IDPLO\� RI�ͳʹͺ�
SKRWRUHFHSWRUV� �0DWKHZV�� ������� 3K\WRFKURPHV� DUH� XQLTXHO\� VXLWHG� WR� WKH� WDVN� RI� QHLJKERU�ͳʹͻ�
GHWHFWLRQ� GXH� WR� WKHLU� FDSDFLW\� WR� SKRWRFRQYHUW� EHWZHHQ� LQDFWLYH� DQG� DFWLYH� IRUPV� ZLWK�ͳ͵Ͳ�
DEVRUSWLRQ� PD[LPD� LQ� 5� ����� QP�� DQG� )5� ����� QP�� ZDYHOHQJWKV�� +HQFH�� WKH� SRRO� RI�ͳ͵ͳ�
SK\WRFKURPH�SURWHLQV�LV�LQ�D�G\QDPLF�HTXLOLEULXP�UHIOHFWLQJ�WKH�UHODWLYH�SURSRUWLRQV�RI�5�DQG�)5�ͳ͵ʹ�
LQ�DPELHQW�OLJKW��0DQFLQHOOL���������$FWLYDWHG�SK\WRFKURPH�QHJDWLYHO\�UHJXODWHV�JURZWK�LQ�KLJK�ͳ͵͵�
5�)5��
VXQ
��WKURXJK�LWV�WUDQVORFDWLRQ�IURP�WKH�F\WRVRO�WR�WKH�QXFOHXV��7KHUH��LW�LQWHUDFWV�ZLWK�DQG�ͳ͵Ͷ�
PHGLDWHV�GHJUDGDWLRQ�RI� WKH�JURZWK�SURPRWLQJ�3+<72&+520(�,17(5$&7,1*�)$&7256�ͳ͵ͷ�
�3,)V���1DJ\�DQG�6FKDIHU��������.KDQQD�HW�DO���������3DUN�HW�DO����������7KLV�IDPLO\�RI�E+/+�ͳ͵�
WUDQVFULSWLRQ� IDFWRUV� DFW� DV� WKH� SULPDU\� KXE� IRU� WKH� 6$5� VLJQDOLQJ� FDVFDGH� WR� SURPRWH�ͳ͵�
HORQJDWLRQ�/HLYDU�DQG�4XDLO���������%HFDXVH�VKDGH�DOWHUV�WKH�VSHFWUDO�FRPSRVLWLRQ�RI�5�DQG�)5��ͳ͵ͺ�
ORZ� 5�)5�� RU� µVKDGH¶�� GHFUHDVHV� WKH� DFWLYH� SRRO� RI� SK\WRFKURPH�� WKHUHE\� DOORZLQJ� IRU� WKH�ͳ͵ͻ�
DFFXPXODWLRQ�RI�3,)V�DQG�DFWLYDWLRQ�RI�WKHLU�GRZQVWUHDP�WDUJHWV���ͳͶͲ�

$OWKRXJK�6$5�LV�DQ�DGDSWLYH�SKHQRPHQRQ�YDU\LQJ�ZLWKLQ�DQG�EHWZHHQ�VSHFLHV��0RUJDQ�ͳͶͳ�
DQG�6PLWK��������*LOEHUW�HW�DO���������)LOLDXOW�DQG�0DORRI��������� WKH� LQGXFWLRQ�RI�D�SURORQJHG�ͳͶʹ�
6$5�FDQ�FRPH�DW� WKH�FRVW�RI�RYHUDOO� UHSURGXFWLYH� ILWQHVV� �'XGOH\�DQG�6FKPLWW��������6FKPLWW��ͳͶ͵�
������6FKPLWW�HW�DO����������/RQJ�WHUP�H[SRVXUH�WR�ORZ�5�)5�FDQ�UHVXOW�LQ�D�GHFUHDVH�LQ�ELRPDVV��ͳͶͶ�
OHDI�DUHD��DQG�\LHOG��DQG�DQ�DFFHOHUDWLRQ�RI�IORZHULQJ��'RQDOG�.HLOOHU��������'HYOLQ�HW�DO���������ͳͶͷ�
'HYOLQ�HW�DO���������&HUGDQ�DQG�&KRU\���������7KH�GRPHVWLFDWLRQ�SURFHVV�RI�PDQ\�FURS�VSHFLHV�ͳͶ�
KDV�UHVXOWHG�LQ�D�UHGXFWLRQ�RI�WKH�6$5�GXH�WR�DUWLILFLDO�VHOHFWLRQ�IRU�LQFUHDVHG�ELRPDVV�RU�\LHOG�ͳͶ�
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XQGHU� KLJK� GHQVLW\� SODQWLQJ�� +RZHYHU�� WKH� 6$5� LV� QRW� FRPSOHWHO\� HOLPLQDWHG�� ZKLFK� FDQ� EH�ͳͶͺ�
SUREOHPDWLF�IRU�ELRPDVV�DQG�\LHOG�SURGXFWLRQ� LI� UHVRXUFHV�DUH�VKLIWHG� WR�VWHP�HORQJDWLRQ�XQGHU�ͳͶͻ�
FURZGHG�FRQGLWLRQV��&DVDO�DQG�.HQGULFN��������6NLQQHU�DQG�6LPPRQV��������3DJH�HW�DO���������ͳͷͲ�
&DVDO��������'HQJ�HW�DO����������ͳͷͳ�

%HFDXVH� 6$5� FDQ� KDYH� QHJDWLYH� HIIHFWV� RQ� \LHOG�� WKH� 6$5� LQ� FURSV� KDV� PRVWO\� EHHQ�ͳͷʹ�
VWXGLHG� DW� WKH� SK\VLRORJLFDO� OHYHO�� ZLWK� D� OLPLWHG� YLHZ� RI� WKH� JHQHWLF� DQG� WUDQVFULSWLRQDO�ͳͷ͵�
UHJXODWLRQ�RI�6$5��2XU�EHVW�JHQHWLF�DQG�PROHFXODU�XQGHUVWDQGLQJ�RI�6$5�LV�GHULYHG�IURP�VWXGLHV�ͳͷͶ�
RI�$UDELGRSVLV��ZKLFK� SURYLGH� D� EURDG� IUDPHZRUN� WR� EHWWHU� XQGHUVWDQG� 6$5� LQ� RWKHU� VSHFLHV��ͳͷͷ�
LQFOXGLQJ�FURSV��.QRZOHGJH�RI�WKH�FRQWURO�RI�6$5�LQ�FURSV�PD\�EH�XVHIXO�LQ�WKH�GHYHORSPHQW�RI�ͳͷ�
VKDGH�WROHUDQW�FXOWLYDUV�GHVLJQHG�IRU�PDLQWHQDQFH�FURS�\LHOG�WR�PD[LPL]H�DUDEOH�ODQG��7KLV�VWXG\�ͳͷ�
IRFXVHV�RQ�WKH�SK\VLRORJLFDO�DQG�PROHFXODU�PHFKDQLVPV�RI�6$5�LQ�WRPDWR��ZKLFK�LV�DPRQJ�WKH�ͳͷͺ�
WRS� WHQ� FRPPRGLWLHV� JOREDOO\��ZLWK� D� JURVV�ZRUWK� RI�86����PLOOLRQ�� DQG� LV� FORVHO\� UHODWHG� WR�ͳͷͻ�
PDQ\� DJURQRPLF� UHODWLYHV� LQ� WKH� 6RODQDFHDH� IDPLO\�� LQFOXGLQJ� SRWDWRHV� DQG� SHSSHUV�ͳͲ�
�)$267$7���ͳͳ�

5HFHQWO\��&DJQROD�DQG�FROOHDJXHV��&DJQROD�HW�DO���������FKDUDFWHUL]HG�WRPDWR�6$5�DW�WKH�ͳʹ�
WUDQVFULSWLRQDO�OHYHO��:KHQ�FRPSDULQJ�WKH�WUDQVFULSWRPHV�RI�LQWHUQRGHV�DQG�SHWLROHV��WKH\�IRXQG�ͳ͵�
ERWK� VKDUHG� DQG� RUJDQ�VSHFLILF� UHVSRQVHV� WR� VKDGH��ZLWK� WKH� JUHDWHU� UHVSRQVH� RFFXUULQJ� LQ� WKH�ͳͶ�
LQWHUQRGHV��7KH\� REVHUYHG� WKDW� ORZ�5�)5� UHGXFHG� WKH� H[SUHVVLRQ� RI� JHQHV� LQYROYHG� IODYRQRLG�ͳͷ�
V\QWKHVLV� DQG� LVRSUHQRLG�PHWDEROLVP��7KHVH� WUDQVFULSWLRQDO� FKDQJHV�ZHUH� LQ� FRQFRUGDQFH�ZLWK�ͳ�
WKHLU� REVHUYHG� SK\VLRORJLFDO� UHVSRQVH�� VXJJHVWLQJ� WKDW� ORZ� 5�)5� GHFUHDVHV� SKRWRV\QWKHWLF�ͳ�
FDSDFLW\�RI�LQWHUQRGHV��ZKLFK�FDQ�EH�VHHQ�DV�D�PHDQV�WR�UHGXFH�WKH�HQHUJHWLF�FRVW�RI�6$5�LQ�WKH�ͳͺ�
VWHP��&DJQROD�HW�DO�����������ͳͻ�

7KLV�LPSRUWDQW�ZRUN�VHUYHV�DV�D�IRXQGDWLRQ�IRU�RXU�H[SORUDWLRQ�RI�WKH�GLIIHUHQWLDO�HIIHFWV�ͳͲ�
RI� ORZ� 5�)5� WUHDWPHQW� RQ� WKH� JURZWK� UHVSRQVHV� LQ� GLIIHUHQW� VSHFLHV� RI� WRPDWR��:LOG� WRPDWR�ͳͳ�
VSHFLHV� H[KLELW� VWURQJ� VKDGH� DYRLGDQFH�� ZKLOH� 6$5� LQ� GRPHVWLF� WRPDWRHV� LV� DWWHQXDWHG� DQG�ͳʹ�
YDULDEOH��6)LJ������:H�KDYH�EHJXQ�WR�LQYHVWLJDWH�WKH�JHQHWLF�EDVHV�RI�WKHVH�VSHFLHV�GLIIHUHQFHV�E\�ͳ͵�
VWXG\LQJ� Solanum pennellii,� D� VSHFLHV� WKDW� LV�PXFK�PRUH� VKDGH� UHVSRQVLYH� WKDQ� GRPHVWLFDWHG�ͳͶ�
WRPDWR��:H�H[SORLWHG� WKLV� LQWHUVSHFLILF�GLIIHUHQFH�E\�XVLQJ�D�JHQHWLF�SRSXODWLRQ�GHYHORSHG� IRU�ͳͷ�
WKH�SXUSRVH�RI�TXDQWLWDWLYH�WUDLW�ORFL��47/��LGHQWLILFDWLRQ�DQG�GHULYHG�IURP�D�FURVV�EHWZHHQ�WKH�ͳ�
FXOWLYDWHG� WRPDWR�Solanum lycopersicum FXOWLYDU�0��� �/$������ DQG� WKH�ZLOG�� GHVHUW�DGDSWHG�ͳ�
UHODWLYH��S. pennellii��/$�������(VKHG�DQG�=DPLU���������:LWKLQ�WKH�LQWURJUHVVLRQ�SRSXODWLRQ��WKH�ͳͺ�
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S. pennellii�JHQRPH�LV�UHSUHVHQWHG�LQ����LQGLYLGXDO�LQWURJUHVVLRQ�OLQHV��,/V���HDFK�EHDULQJ�D�VPDOO�ͳͻ�
EXW�RYHUODSSLQJ�VHJPHQW�RI� WKH�ZLOG�VSHFLHV�JHQRPH��%HFDXVH� WKH� UHPDLQGHU�RI� WKH�JHQRPH�LQ�ͳͺͲ�
HDFK�,/�LV�LGHQWLFDO�WR�WKDW�RI�0����DQ\�SKHQRW\SLF�GLIIHUHQFHV�IRXQG�EHWZHHQ�WKH�,/�DQG�0���ͳͺͳ�
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FDQ�EH�DWWULEXWHG�WR�WKH�JHQHV�FRQWDLQHG�LQ�WKH�S. pennellii�LQWURJUHVVLRQ�LQ�WKDW�OLQH��2XU�UHFHQW�ͳͺʹ�
KLJK�UHVROXWLRQ�JHQRW\SLQJ�RI�WKHVH�OLQHV�KDV�SUHFLVHO\�GHILQHG�WKH�JHQHV�LQWURJUHVVHG�LQWR�HDFK�ͳͺ͵�
OLQH��DOORZLQJ�LGHQWLILFDWLRQ�RI�FDQGLGDWH�JHQHV�IRU�PDSSHG�WUDLWV��&KLWZRRG�HW�DO����������ͳͺͶ�

7KLV� SDUWLFXODU� ,/� SRSXODWLRQ� KDV� EHHQ� XVHIXO� LQ� XQGHUVWDQGLQJ� PDQ\� ELRORJLFDO�ͳͺͷ�
SKHQRPHQD�� LQFOXGLQJ�WRPDWR�IUXLW�� OHDI��DQG�URRW�GHYHORSPHQW��GLVVHFWLQJ� WKH�JHQHWLF�EDVLV�IRU�ͳͺ�
ELRWLF�DQG�DELRWLF�VWUHVV�WROHUDQFH��EUL[�FRQWHQW��PHWDEROLF�SURILOLQJ�DQG��DV�ZH�KDYH�IRXQG��OLJKW�ͳͺ�
VHQVLWLYLW\��(VKHG�DQG�=DPLU��������2YHU\�HW�DO���������)UDU\�HW�DO���������&KLWZRRG�HW�DO���������ͳͺͺ�
&KLWZRRG�HW�DO���������+LURNL�,NHGD��������5RQ�HW�DO���������6KDUODFK�HW�DO���������&KLWZRRG�HW�ͳͺͻ�
DO����������7R�H[SDQG�RXU�XQGHUVWDQGLQJ�RI�WKH�WUDQVFULSWLRQDO�FRQWURO�RI�WKH�6$5�LQ�WRPDWR��ZH�ͳͻͲ�
SHUIRUPHG�51$�VHTXHQFLQJ�RI� MXYHQLOH�,/V�DQG�,/�SDUHQWV�XQGHU�VLPXODWHG�VXQ�DQG�VKRUW�WHUP�ͳͻͳ�
VKDGH� H[SRVXUH�� )RU� RXU� SKHQRW\SLF�47/� VWXG\��ZH�PHDVXUHG� JURZWK� RI� ILYH�ZHHN�ROG� SODQWV�ͳͻʹ�
JURZQ�XQGHU�VLPXODWHG�VXQ�DQG�VKDGH�FRQGLWLRQV��ͳͻ͵�

8VLQJ�WKH�,/�SRSXODWLRQ��ZH�KDYH�WDNHQ�D�47/�PDSSLQJ�DSSURDFK�WR�VWXG\�WKH�SKHQRW\SLF�ͳͻͶ�
DQG� DVVRFLDWHG� JHQH� H[SUHVVLRQ� UHVSRQVHV� WR� VKDGH� LQ� WRPDWR�� 7DNLQJ� D� SULQFLSDO� FRPSRQHQW�ͳͻͷ�
DSSURDFK� WR� PRUSKRORJLFDO� WUDLWV�� ZH� LGHQWLILHG� RUJDQ�VSHFLILF� HORQJDWLRQ� DQG� GHYHORSPHQWDO�ͳͻ�
DFFHOHUDWLRQ�� )XUWKHUPRUH�� RXU� SKHQRW\SLF� DQDO\VHV� UHYHDOHG� D� QXPEHU� RI� ,/V� ZLWK� DWWHQXDWHG�ͳͻ�
VKDGH� UHVSRQVHV� �VKDGH� WROHUDQFH��� DV� ZHOO� DV� VKDGH� VHQVLWLYH� ,/V�� LQ� WHUPV� RI� JURZWK� DQG�ͳͻͺ�
GHYHORSPHQWDO�DFFHOHUDWLRQ��:H�DOVR�IRXQG�D�UDQJH�RI�VKDGH�UHVSRQVLYH�JHQH�H[SUHVVLRQ�SDWWHUQV��ͳͻͻ�
VRPH� RI� ZKLFK� DUH� FRQVLVWHQW� ZLWK� $UDELGRSVLV� VWXGLHV� DQG� WKH� ILUVW� WRPDWR� WUDQVFULSWRPH�ʹͲͲ�
ILQGLQJV��DQG�ZH�DOVR�LGHQWLI\�QRYHO�WRPDWR�VKDGH�UHVSRQVH�JHQHV���ʹͲͳ�
�ʹͲʹ�
�ʹͲ͵�
�ʹͲͶ�
�ʹͲͷ�
�ʹͲ�
�ʹͲ�
�ʹͲͺ�
� �ʹͲͻ�
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5HVXOWV�ʹͳͲ�
7KH�ZLOG� VSHFLHV� S. pennellii� VKRZV� D� VWURQJ� UHVSRQVH� WR� VKDGH� �)LJ�� �$�� 6)LJ�� ���� DV�ʹͳͳ�

PLJKW�EH�H[SHFWHG�IURP�D�SODQW�DGDSWHG�WR�DQ�RSHQ��GHVHUW�KDELWDW���%\�FRQWUDVW��WKH�GRPHVWLFDWHG�ʹͳʹ�
WRPDWR� S. lycopersicum FY�� 0��� KDV� EHHQ� EUHG� IRU� SURGXFWLRQ� LQ� FURZGHG� ILHOG� FRQGLWLRQV��ʹͳ͵�
UHVXOWLQJ� LQ�DWWHQXDWHG� UHVSRQVH� WR�VKDGH� �)LJ���%���%HFDXVH� WKH�,/�SRSXODWLRQ� LV�FRPSULVHG�RI�ʹͳͶ�
OLQHV�HDFK�FDUU\LQJ�D�VPDOO�UHJLRQ�RI�WKH�S. pennellii�JHQRPH�LQ�DQ�0���JHQHWLF�EDFNJURXQG��WKH\�ʹͳͷ�
SURYLGH� DQ� H[FHOOHQW� UHVRXUFH� WR� VHDUFK� IRU� WKH� JHQHWLF� XQGHUSLQQLQJV� RI� VKDGH� UHVSRQVH� LQ�ʹͳ�
WRPDWR���ʹͳ�
�ʹͳͺ�
7RPDWR�LQWURJUHVVLRQ�OLQHV�VKRZ�YDULDWLRQ�LQ�PDQ\�SK\VLFDO�WUDLWV�LQ�UHVSRQVH�WR�VKDGH�ʹͳͻ�

7R�GLVVHFW�WKH�JHQHWLF�EDVLV�IRU�YDULDWLRQ�LQ�WKH�WRPDWR�SKHQRW\SLF�UHVSRQVH�WR�VKDGH��ZH�ʹʹͲ�
JUHZ�WKH�,/�SRSXODWLRQ�XQGHU�VLPXODWHG�VXQ��KLJK�5�)5� ������DQG�VLPXODWHG�VKDGH�FRQGLWLRQV�ʹʹͳ�
�ORZ�5�)5� �������$V�SUHYLRXVO\�VWDWHG��FODVVLF�6$5�LQFOXGHV� WKH�HORQJDWLRQ�RI� LQWHUQRGHV�DQG�ʹʹʹ�
SHWLROHV��,Q�RUGHU�WR�LGHQWLI\�JHQRPLF�UHJLRQV�DVVRFLDWHG�ZLWK�YDULDWLRQ�LQ�6$5��ZH�PHDVXUHG�D�ʹʹ͵�
VXLWH�RI�WUDLWV�NQRZQ�WR�EH�DIIHFWHG�E\�ORZ�5�)5��LQFOXGLQJ�WRWDO�KHLJKW��LQWHUQRGH�OHQJWK��SHWLROH�ʹʹͶ�
OHQJWK�� LQWHUQRGH� QXPEHU�� DQG� IORZHU� QXPEHU�� ,QWHUQRGH� OHQJWKV� ZHUH� PHDVXUHG� DW� WZR� WLPH�ʹʹͷ�
SRLQWV��FRPSDULVRQ�RI�WKH�IRXU��DQG�ILYH�ZHHN�LQWHUQRGH�PHDVXUHPHQWV�SHUPLWWHG�FDOFXODWLRQ�RI�D�ʹʹ�
JURZWK�UDWH�IRU�HDFK�,/�LQ�VXQ�DQG�VKDGH��$FURVV�WKH�,/V��ZH�LGHQWLILHG�D�EURDG�UDQJH�RI�JURZWK�ʹʹ�
YDULDWLRQ�LQFOXGLQJ�JURZWK�DQG�GHYHORSPHQWDO�UHVSRQVHV�ERWK�JUHDWHU�DQG�VPDOOHU�WKDQ�0����)LJ��ʹʹͺ�
�&�'����ʹʹͻ�

�ʹ͵Ͳ�
3ULQFLSDO� FRPSRQHQW� DQDO\VLV� LGHQWLILHV� RYHUDOO� VL]H� DQG�RUJDQ�DJH� DV�SULPDU\� VRXUFHV�RI�ʹ͵ͳ�
YDULDWLRQ�LQ�SODQW�RUJDQ�VL]H�ʹ͵ʹ�

$QDO\VLV� RI� WKH� HORQJDWLRQ� PHDVXUHPHQWV� UHYHDOHG� VWURQJ� FRUUHODWLRQV� EHWZHHQ� PDQ\�ʹ͵͵�
WUDLWV��)RU�H[DPSOH��D�SODQW�ZLWK�D�ORQJ�ILUVW�LQWHUQRGH�ZDV�OLNHO\�WR�KDYH�D�ORQJ�WKLUG�LQWHUQRGH�ʹ͵Ͷ�
�FRUUHODWLRQ� RI� ������ p�YDOXH� �� ������� 6)LJ�� ���� 7R� UHGXFH� WKH� FRPSOH[LW\� RI� WKH� GDWD� DQG� WR�ʹ͵ͷ�
LGHQWLI\�WKH�PDMRU�VRXUFHV�RI�YDULDWLRQ�LQ�RXU�PRUSKRORJLFDO�PHDVXUHPHQWV��ZH�XWLOL]HG�SULQFLSDO�ʹ͵�
FRPSRQHQW�DQDO\VLV��3&$���:ROG�HW�DO����������3&$�WUDQVIRUPV�WKH�UDZ��KLJKO\�FRUUHODWHG�GDWD�ʹ͵�
LQWR�RUWKRJRQDO�YDULDEOHV�UHSUHVHQWLQJ�WKH�SULPDU\�VRXUFHV�RI�YDULDWLRQ�LQ�WKH�GDWD��7KH�SULQFLSDO�ʹ͵ͺ�
FRPSRQHQWV��3&V��FDQ�EH�WUHDWHG�VLPLODUO\�WR�UDZ�WUDLW�PHDVXUHPHQWV�IRU�GRZQVWUHDP�DQDO\VHV��ʹ͵ͻ�
)RU�H[DPSOH��ZH�FDQ�LGHQWLI\�JHQRW\SHV�ZLWK�PHDQ�3&�YDOXHV�VLJQLILFDQWO\�DERYH�RU�EHORZ�WKH�ʹͶͲ�
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0��� PHDQ�� WKHUHE\� LGHQWLI\LQJ� FKURPRVRPDO� UHJLRQV� WKDW� DIIHFW� WKH� WUDLW� RU� 3&� RI� LQWHUHVW��ʹͶͳ�
,QWHUQRGH�PHDVXUHPHQWV��HSLFRW\O�WKURXJK�LQWHUQRGH�����SHWLROH�PHDVXUHPHQWV��OHDI���WKURXJK�����ʹͶʹ�
DQG�JURZWK�UDWH�PHDVXUHPHQWV��HSLFRW\O�WKURXJK�LQWHUQRGH����ZHUH�HDFK�LQGHSHQGHQWO\�VXEMHFWHG�ʹͶ͵�
WR�3&�DQDO\VLV��ʹͶͶ�

)RU�ERWK�LQWHUQRGH�DQG�SHWLROH�PHDVXUHPHQWV��3&��H[SODLQV�!�����RI�WKH�YDULDWLRQ�LQ�WKH�ʹͶͷ�
GDWD��6)LJ���$���$V�VKRZQ�LQ�)LJ���$�%��3&��KDV�VLPLODUO\�ZHLJKWHG�ORDGLQJ�IRU�HDFK�LQWHUQRGH�ʹͶ�
RU� SHWLROH�� UHSUHVHQWLQJ� RYHUDOO� SODQW� KHLJKW� �IRU� LQWHUQRGH� PHDVXUHPHQWV�� LQW3&��� RU� RYHUDOO�ʹͶ�
SHWLROH�OHQJWK��IRU�SHWLROHV��SHW3&���RI�WKH�SODQW
V�RUJDQV��,Q�JHQHUDO��SODQWV�JURZQ�XQGHU�VKDGH�ʹͶͺ�
KDYH�KLJKHU�YDOXHV�RI�LQW3&��DQG�SHW3&��EHFDXVH�VKDGH�SODQWV�WHQG�WR�EH�WDOOHU�DQG�KDYH�ORQJHU�ʹͶͻ�
SHWLROHV� WKDQ�SODQWV�JURZQ� LQ� VXQ� �t-WHVW�p-YDOXH����������)LJ�� �&���+RZHYHU��ZH� IRXQG� WKDW� D�ʹͷͲ�
QXPEHU�RI�,/V�KDG�D�GLIIHUHQWLDO�RUJDQ�UHVSRQVH��DV�ZH�KLJKOLJKW�LQ�)LJ�����)LJ���$�SUHVHQWV�WKH�ʹͷͳ�
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ORJ��WUDQVIRUPHG� UDWLR� RI� SHW3&�� YDOXHV� �VKDGH�VXQ��� /DUJH� UDWLRV� LQGLFDWH� VKDGH� UHVSRQVLYH�ʹͷʹ�
JHQRW\SHV��H�J�� ,/�������ZKHUHDV� ORZ�UDWLRV� LQGLFDWH�VKDGH� WROHUDQFH��H�J�� ,/�����VHH�DOVR�6)LJ��ʹͷ͵�
�����ʹͷͶ�
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3&�� H[SODLQV� DSSUR[LPDWHO\� RQH� TXDUWHU� RI� WKH� YDULDWLRQ� VHHQ� LQ� WKH� LQWHUQRGH� DQG� WKH�ʹͷͷ�
SHWLROH�GDWD��6)LJ���$���7KH�JHQRW\SHV�ZLWK�KLJK�3&��YDOXHV�DUH�WKRVH�WKDW�KDYH�UHODWLYHO\�PRUH�ʹͷ�
JURZWK�LQ�WKH�\RXQJHU�WLVVXHV�DV�FRPSDUHG�WR�WKH�ROGHU�WLVVXHV��ZKLOH�D�ORZ�3&��VXJJHVWV�JUHDWHU�ʹͷ�
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JURZWK� LQ� WKH� ROGHU� RUJDQV� VXFK� DV� WKH� HSLFRW\O� RU� LQWHUQRGH� �� �)LJ�� �'��(�� 6)LJ�� �&�'��� ,Q�ʹͷͺ�
FRQWUDVW� WR�3&���3&��YDOXHV� GR�QRW� YDU\�JUHDWO\�ZLWK� OLJKW� WUHDWPHQW� �)LJ�� �)��� SDUWLFXODUO\� LQ�ʹͷͻ�
LQWHUQRGHV��DOWKRXJK�t�WHVW�p�YDOXHV�DUH�OHVV�WKDQ�������IRU�ERWK�LQW3&��DQG�SHW3&���WKH�GDWDVHW�ʹͲ�
XVHG� IRU� WKLV� DQDO\VLV� ZDV� VXIILFLHQWO\� ODUJH� �n  � ������ WKDW� WKHUH� PD\� QRW� EH� ELRORJLFDO�ʹͳ�
VLJQLILFDQFH�XQGHUO\LQJ�WKLV�VWDWLVWLFDO�VLJQLILFDQFH��3&��YDOXHV�DUH�FORVHO\�UHODWHG�WR�WKH�QXPEHU�ʹʹ�
RI� LQWHUQRGHV� SUHVHQW� DW� WKH� WLPH� RI�PHDVXUHPHQW�� VXFK� WKDW� D� KLJK�3&�� YDOXH� DVVRFLDWHV�ZLWK�ʹ͵�
LQFUHDVHG� RUJDQ� QXPEHUV� �6SHDUPDQ� FRUUHODWLRQ�� rho� !� ����� p� �� ������� 6)LJ�� �,��� 7KHUHIRUH��ʹͶ�
LQW3&��FDQ�EH�WKRXJKW�RI�DV�UHSUHVHQWLQJ�WKH�GHYHORSPHQWDO�UDWH�RI�WKH�SODQW��ZKHUH�D�KLJK�YDOXH�ʹͷ�
RI� LQW3&�� LQGLFDWHV� WKH� SODQW� KDV� SURJUHVVHG� IXUWKHU� LQ� GHYHORSPHQW� WKDQ� DYHUDJH�� 6LPLODUO\��ʹ�
SHW3&�� H[SODLQV� HORQJDWLRQ� RI� WKH� SHWLROHV� RI� \RXQJHU� YHUVXV� ROGHU� OHDYHV�� )LJ�� �%� VKRZV� WKH�ʹ�
ORJ��WUDQVIRUPHG� YDOXHV� RI� SHWLROH� 3&�� �VKDGH�VXQ��� ,Q� WKLV� ZD\�� ZH� FDQ� YLVXDOL]H� WKRVH�ʹͺ�
JHQRW\SHV� WKDW� KDYH� D� VLJQLILFDQWO\� ODUJHU� RU� VPDOOHU� FKDQJH� LQ� WKHLU� GHYHORSPHQW� LQ� VKDGH�� LQ�ʹͻ�
FRPSDULVRQ�WR�WKH�VWDWH�RI�WKH�SODQW�JURZQ�LQ�VXQ��,Q�VXPPDU\��3&��DOORZV�WKH�LGHQWLILFDWLRQ�RI�ʹͲ�
JHQRW\SHV� WKDW� DOWHU� WKH� UDWH� RI� WKHLU� GHYHORSPHQW� LQ� VKDGH�� ZLWK� D� ODUJH� 3&�� UDWLR� LQGLFDWLQJ�ʹͳ�
JURZWK�RI�PRUH�RUJDQV�WKDQ�0���LQ�VKDGH��e.g.�,/������)LJ���%����ʹʹ�

6LQFH� 6$5� LV� NQRZQ� WR� DFFHOHUDWH� JURZWK� LQ� RWKHU� VSHFLHV�� ZH� DOVR� DVNHG� KRZ� 6$5�ʹ͵�
LPSDFWV�LQWHUQRGH�JURZWK�UDWH�DPRQJ�WKH�,/V��3ODQWV�ZHUH�PHDVXUHG�DW���DQG���ZHHNV�RI�JURZWK��ʹͶ�
7KH�ZHHN��� �³HDUO\´��PHDVXUHPHQWV� LQFOXGHG�HSLFRW\O�DQG� LQWHUQRGHV��� WR��� �6)LJ���%�&��� WKH�ʹͷ�
ORJ��WUDQVIRUPHG�UDWLR�RI�VKDGH�VXQ�IRU�HDUO\�3&V���DQG���LQ�WKH�,/V�DUH�SUHVHQWHG�LQ�6)LJ���(�)��ʹ�
(DUO\�3&V�UHYHDO�WKRVH�,/V�WKDW�DUH�VKDGH�WROHUDQW�DW���ZHHNV��D�OLVW�WKDW�RQO\�SDUWO\�RYHUODSV�ZLWK�ʹ�
WKH�VKDGH� WROHUDQW�,/V�DW�ZHHN����e.g.� ,/������� ,/��������� ,Q�RUGHU� WR�GHWHUPLQH� WKH�JURZWK�UDWH�ʹͺ�
EHWZHHQ�ZHHNV���DQG����ZHHN���PHDVXUHPHQWV�ZHUH�VXEWUDFWHG�IURP�ZHHN���YDOXHV�IRU�HSLFRW\O�ʹͻ�
DQG�LQWHUQRGHV���WR����$V�IRU�RWKHU�WUDLWV��JURZWK�UDWH�YDOXHV�ZHUH�VXEMHFWHG�WR�3&�DQDO\VLV��DQG�ʹͺͲ�
WKH�ORJ��WUDQVIRUPHG�UDWLR�RI�VKDGH�VXQ�IRU�JURZWK�UDWH�3&��DQG�3&��DUH�VKRZQ�LQ�6)LJ���*�+�ʹͺͳ�
�VHH�DOVR�6)LJ���'�(���ʹͺʹ�

:H�WKHQ�ZDQWHG�WR�GHWHUPLQH�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�GLIIHUHQW�3&�WUDLWV�FODVVLILHG�DV�ʹͺ͵�
JURZWK� �3&���RU�RUJDQ�DJH� �3&���XQGHU�VKDGH��6SHFLILFDOO\�ZH�ZHUH�FXULRXV� LI� WKH�3&V�ZRXOG�ʹͺͶ�
FOXVWHU� E\� RUJDQ� W\SH� RU� E\� WUDLW� W\SH�� $� PXOWLGLPHQVLRQDO� VFDOLQJ� �0'6�� DSSURDFK� VKRZHG�ʹͺͷ�
WKDW�WUDLWV�RI�RYHUDOO�VL]H�FOXVWHU�QHDU�RQH�DQRWKHU� �WRWDO�KHLJKW�� LQW3&���SHW3&����)LJ���&���7KH�ʹͺ�
WUDLWV� GHVFULELQJ� WKH� DJH� RI� GHYHORSLQJ� RUJDQV� RU� VWDJH� LQ� GHYHORSPHQW�� LQFOXGLQJ� LQW3&���ʹͺ�
SHW3&���LQWHUQRGH�QXPEHU��DQG�IORZHU�QXPEHU��DOVR�JURXS�WRJHWKHU��(DUO\�DQG�JURZWK�UDWH�WUDLWV�ʹͺͺ�
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DUH� FOXVWHUHG� UHODWLYHO\� DSDUW� IURP� WKH� WHUPLQDO� WUDLWV��&RQVLGHULQJ�)LJ�� �$�%� DQG�6��)LJ��� WKH�ʹͺͻ�
GLVWLQFWLRQ� RI� 3&�� DQG� 3&�� WUDLWV� FDQ� DJDLQ� EH� VHHQ�� ZKHUH� JHQRW\SHV� WKDW� DUH� KLJKO\� VKDGH�ʹͻͲ�
UHVSRQVLYH�LQ�WKHLU�RYHUDOO�JURZWK�GR�QRW�QHFHVVDULO\�LQFUHDVH�WKHLU�UDWH�RI�GHYHORSPHQW�LQ�VKDGH�ʹͻͳ�
�e.g.�,/���������,/�������6��)LJ��&�'���7KLV�VHSDUDWLRQ�RI�3&V���DQG���FDQ�EH�VHHQ�DFURVV�RUJDQV�ʹͻʹ�
�LQW3&� YV�� SHW3&�� DQG� LV� PDLQWDLQHG� LQ� ERWK� ZHHN� IRXU� �HDUO\� LQW3&�� DQG� ZHHN� ILYH� �LQW3&��ʹͻ͵�
SKHQRW\SHV��LQGLFDWLQJ�VHSDUDEOH�JHQHWLF�FRQWURO�IRU�JURZWK�DQG�GHYHORSPHQWDO�DFFHOHUDWLRQ���ʹͻͶ�

�ʹͻͷ�
,QWURJUHVVLRQ�OLQHV�GLVSOD\�ERWK�V\VWHPLF�DQG�RUJDQ�VSHFLILF�UHVSRQVHV�WR�VKDGH�ʹͻ�
���� 7KH� LQWHUQRGH� DQG� SHWLROH� 3&� DQDO\VHV� DOORZHG� XV� WR� GHWHFW� GLIIHUHQFHV� LQ� JURZWK�ʹͻ�
�GHVFULEHG�E\�3&���DQG�GHYHORSPHQW��DV�GHVFULEHG�E\�3&����WKHUHIRUH�DOORZLQJ�WKH�LGHQWLILFDWLRQ�ʹͻͺ�
RI�D�QXPEHU�RI�VKDGH�VHQVLWLYH�DQG�VKDGH�WROHUDQW�,/V�DQG�WKRVH�WKDW�DUH�GHYHORSPHQWDOO\�DOWHUHG�ʹͻͻ�
E\�VKDGH��)LJ�����6)LJ������:H�QRWHG�WKDW�PDQ\�,/V�UHVSRQG�VWURQJO\�WR�VKDGH�LQ�LQWHUQRGHV�RU�LQ�͵ͲͲ�
SHWLROHV�EXW�QRW�QHFHVVDULO\�ERWK��7KH�REVHUYDWLRQ�WKDW�WKH�OHDI�DQG�VWHP�UHVSRQG�LQGHSHQGHQWO\�͵Ͳͳ�
WR�VKDGH�VXJJHVWV� WKDW�6$5�LV� UHJXODWHG�E\�PDQ\�GLIIHUHQW� ORFL� WKDW�PD\�FRQWURO�ERWK�V\VWHPLF�͵Ͳʹ�
DQG�RUJDQ�VSHFLILF�UHVSRQVHV�WR�VKDGH��7KH�3&�GDWD�ZDV�H[DPLQHG�LQ�RUGHU�WR�GHWHUPLQH�ZKHWKHU�͵Ͳ͵�
VSHFLILF� ,/V�� WKHUHIRUH� JHQRPLF� UHJLRQV� RU� VSHFLILF� JHQHWLF� ORFL�� FRXOG� EH� DVVRFLDWHG� ZLWK� WKH�͵ͲͶ�
WUDLWV�RI�LQWHUHVW���͵Ͳͷ�
�������� $Q�H[DPSOH�RI�WKH�GLIIHUHQWLDO�JURZWK�DQG�GHYHORSPHQWDO�UHVSRQVH�XQGHU�VKDGH�GHVFULEHG�͵Ͳ�
DERYH� FDQ� EH� KLJKOLJKWHG� E\� FRPSDULQJ� WKH� VKDGH� UHVSRQVHV� RI� WZR� RYHUODSSLQJ� ,/V� ZLWK�͵Ͳ�
RSSRVLQJ�SKHQRW\SHV� VSDQQLQJ�D� UHJLRQ�RQ�FKURPRVRPH���� ,/����DQG� WKH�RYHUODSSLQJ� ,/�������͵Ͳͺ�
EHDULQJ� ���� IHZHU�S. pennellii JHQHV� �)LJ�� �'�� RYHUODSSLQJ� ,/V� DUH� LQGLFDWHG� LQ� UHG��� ,/���� LV�͵Ͳͻ�
VKDGH� WROHUDQW� LQ� ERWK� LWV� LQWHUQRGHV� DQG�SHWLROHV� �)LJ�� �$��6)LJ�� �$��%��� DQG�GHVSLWH� WKLV� OLQH�͵ͳͲ�
EHLQJ�VKRUWHU�WKDQ�0���LQ�VKDGH��LW�GRHV�QRW�VKRZ�D�GHYHORSPHQWDO�UDWH�GLIIHUHQFH�LQ�VKDGH��)LJ��͵ͳͳ�
�%�� 6)LJ�� �'��� %\� FRQWUDVW�� ,/������ KDV� D� JUHDWHU� QXPEHU� RI� LQWHUQRGHV� DQG� PRUH� JURZWK�͵ͳʹ�
RFFXUULQJ� ZLWKLQ� WKH� \RXQJHU� WLVVXHV�� UHSUHVHQWHG� E\� KLJK� 3&�� YDOXHV�� VXJJHVWLQJ� WKLV� OLQH�͵ͳ͵�
DFFHOHUDWHV�LWV�JURZWK�XQGHU�VKDGH��)LJ���%��6)LJ���$��'���7KH�IDFW�WKDW�WKH�,/������LQWURJUHVVHG�͵ͳͶ�
UHJLRQ�LV�FRQWDLQHG�HQWLUHO\�ZLWKLQ�,/����DQG�GLVSOD\V�JURZWK�DFFHOHUDWLRQ�LQ�VKDGH�VXJJHVWV�WKDW�͵ͳͷ�
WKH�DGGLWLRQDO�JHQHV�LQ�,/����LQKLELW�JURZWK��$�VXEVHW�RI�WKH�S. pennellii�JHQHV�LQ�,/����PD\�DFW�͵ͳ�
DV� QHJDWLYH� UHJXODWRUV� RI� GHYHORSPHQWDO� DFFHOHUDWLRQ� XQGHU� VKDGHG� FRQGLWLRQV�� ZKLOH� WKH�0���͵ͳ�
DOOHOHV� RI� WKRVH� JHQHV� SUHVHQW� LQ� ,/������ GR� QRW�� 7KH� UHODWLRQVKLS� EHWZHHQ� WKH� SKHQRW\SHV� RI�͵ͳͺ�
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,/����DQG�,/������FDQ�DOVR�EH�VHHQ�LQ�)LJ�����D�KHDWPDS�SUHVHQWLQJ�WKH�VKDGH�UHVSRQVHV�RI�HDFK�͵ͳͻ�
SKHQRW\SH�DFURVV�WKH�,/V��͵ʹͲ�

,Q�WKH�DIRUHPHQWLRQHG�H[DPSOH��ZH�KLJKOLJKW�D�EHQHILW�RI�NQRZLQJ�WKH�ERXQGDULHV�RI�WKH�͵ʹͳ�
LQWURJUHVVLRQ�OLQHV�LQ�WKDW�LW�DOORZV�XV�WR�SUHFLVHO\�GHILQH�WKH�³ELQV´��RU�WKH�RYHUODSSLQJ�VHJPHQWV�͵ʹʹ�
RI�HDFK�FRQWLJXRXV� ,/�SHU�FKURPRVRPH��:H�XVHG� WKLV�ELQ�PDSSLQJ�DSSURDFK� WR�DVN�ZKHWKHU�D�͵ʹ͵�
SDUWLFXODU� VHJPHQW� RI� DQ� ,/�� RU� FKURPRVRPH�� FRQWULEXWHV� WR� D� SDUWLFXODU� SKHQRW\SH��:H� DVNHG�͵ʹͶ�
ZKHWKHU� WKH� ORFL� QHJDWLYHO\� UHJXODWLQJ� GHYHORSPHQWDO� UDWH� LQ� ,/���� DOVR� FRQWUROOHG� WKH� 6$5�͵ʹͷ�
REVHUYHG�LQ�WKH�SHWLROHV��7KH�GDWD�UHYHDOHG�WKDW�QRQH�RI�WKH�,/����QHLJKERUV�VKRZHG�D�GLIIHUHQWLDO�͵ʹ�
VKDGH�DYRLGDQFH�UHVSRQVH�LQ�SHWLROHV��WKXV�DOORZLQJ�XV�WR�K\SRWKHVL]H�WKDW�WKH�ORFDWLRQ�RI�WKHVH�͵ʹ�
DQWDJRQL]LQJ�UHJXODWRUV�PXVW�EH�LQ�ELQ�G��-��WKH�RQO\�ELQ�IRXQG�XQLTXHO\�LQ�,/�����)LJ���'���͵ʹͺ�

%LQ�PDSSLQJ� DOORZHG� XV� WR� GLVVHFW� OLQHV� ZLWK� RUJDQ� VSHFLILF� RU� V\VWHPLF� UHVSRQVHV� WR�͵ʹͻ�
VKDGH�� &RPSDUHG� WR� WKHLU� QHLJKERULQJ� FKURPRVRPDO� ,/V�� WKH� ,/V� ������ DQG� ���� DUH� ERWK�͵͵Ͳ�
VLJQLILFDQWO\� WDOOHU� WKDQ� 0��� XQGHU� VXQ� FRQGLWLRQV�� \HW� DUH� DOVR� VLJQLILFDQWO\� OHVV� VKDGH�͵͵ͳ�
UHVSRQVLYH� WKDQ�0����)LJ���&��6)LJ���&���7RJHWKHU�� WKHVH� UHVXOWV� LQGLFDWH� WKDW� LQKHUHQW�JURZWK�͵͵ʹ�
FKDUDFWHULVWLFV� �WDOO� XQGHU� QRUPDO� FLUFXPVWDQFHV�� PD\� OLPLW� KRZ� PXFK� DGGLWLRQDO� JURZWK� LV�͵͵͵�
SRVVLEOH� LQ� UHVSRQVH� WR� VKDGH�� RU� WKDW� WKHVH� OLQHV� GLVSOD\� D� FRQVWLWXWLYH� VKDGH� DYRLGDQFH�͵͵Ͷ�
SKHQRW\SH�� ,Q� FRQWUDVW�� ,/������� LV� VLJQLILFDQWO\� VKRUWHU� WKDQ�0��� LQ� VXQ�� DQG� LW� KDV� D� UREXVW�͵͵ͷ�
VKDGH�UHVSRQVH�LQ�RYHUDOO�KHLJKW��KRZHYHU��LWV�SHWLROH�HORQJDWLRQ�DQG�JURZWK�UDWH�GR�QRW�GLVSOD\�͵͵�
6$5��6)LJ���%�&�YHUVXV�)LJ���$�%���$Q�DGGLWLRQDO� H[DPSOH�RI�RUJDQ� VSHFLILF�6$5� LV� VHHQ� LQ�͵͵�
,/�����ZKLFK�SRVVHVVHV�D�VLJQLILFDQW�VKDGH�UHVSRQVH�IRU� LQWHUQRGH�OHQJWK�DQG�KHLJKW�EXW�QRW�IRU�͵͵ͺ�
SHWLROHV� �)LJ�� �$�%�� 6)LJ�� �%�&��� 7KHVH� ILQGLQJV� VXJJHVW� WKDW� VRPH� RI� WKH� PHFKDQLVPV�͵͵ͻ�
FRQWUROOLQJ�HORQJDWLRQ�XQGHU�VKDGH�DUH�RUJDQ�VSHFLILF���͵ͶͲ�

7KLV�PDQXDO�,/�E\�,/�ELQ�PDSSLQJ�DSSURDFK�LV�FODVVLFDOO\�XVHG�LQ�,/�VWXGLHV�WR�GHWHUPLQH�͵Ͷͳ�
ELQ�WR�SKHQRW\SH� FDXVDOLW\�� +RZHYHU�� LW� LV� QRW� SUDFWLFDO� ZKHQ� DWWHPSWLQJ� WR� XQGHUVWDQG� WKH�͵Ͷʹ�
FRPSOH[LW\� RI� WKH� 6$5� GHPRQVWUDWHG� DPRQJ� D� ODUJH� SRSXODWLRQ� DQG� IRU� VHYHUDO� SKHQRW\SHV��͵Ͷ͵�
7KHUHIRUH��ZH�XVHG�D�FRPSXWDWLRQDO�PHWKRG��HODVWLF�QHW�UHJXODUL]HG�UHJUHVVLRQ��=RX�DQG�+DVWLH��͵ͶͶ�
������WR�H[DPLQH�WKH�FRQWULEXWLRQV�RI�HDFK�ELQ�ZLWKLQ�DQ�LQWURJUHVVLRQ�WR�WKH�VKDGH�UHVSRQVLYH�͵Ͷͷ�
SKHQRW\SHV��DQG�WR�VLPXOWDQHRXVO\�PDS�WKH�UHODWLYH�HIIHFW�RI�HDFK�ELQ�LQ�WKH�JHQRPH��)LJ�����VHH�͵Ͷ�
DOVR�6)LJ�� ����7KLV� HODVWLF�QHW�ELQ�PDSSLQJ�DSSURDFK�GHPRQVWUDWHG� WKDW� HDFK�SKHQRW\SH� LQ� VXQ�͵Ͷ�
DQG� VKDGH� LV� FRQWUROOHG� E\� D� G\QDPLF� VHW� RI� 47/V� �)LJ�� ��� 6)LJ�� ���� 7KLV� DSSURDFK� QRW� RQO\�͵Ͷͺ�
YDOLGDWHG� RXU� HDUOLHU� ILQGLQJV� WKDW� ELQ� G��-� PD\� FRQWDLQ� D� QHJDWLYH� UHJXODWRU� RI� WKH� 6$5� LQ�͵Ͷͻ�
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SHWLROHV��LW�DOVR�H[SDQGHG�RXU�YLHZ�RI�ZKLFK�DGGLWLRQDO�ELQV�PD\�EH�SOD\LQJ�D�UROH�LQ�UHJXODWLQJ�͵ͷͲ�
WKH�6$5�LQ�WRPDWR��)LJ�����6)LJ���'��)���͵ͷͳ�

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 12, 2015. ; https://doi.org/10.1101/031088doi: bioRxiv preprint 

https://doi.org/10.1101/031088


���

:KLOH� RXU� SUHYLRXV� DQDO\VHV� DOORZHG� XV� WR�PDS� RU� FRUUHODWH� WUDLWV� WR� VSHFLILF� ,/V�� ELQ�͵ͷʹ�
PDSSLQJ�DOORZV�XV� WR� IRFXV�RQ� D� VPDOOHU� VXEVHW�RI�JHQHV� WKDW�PD\�EH� DIIHFWLQJ� HDFK� WUDLW��)RU�͵ͷ͵�
H[DPSOH�� )LJ�� �$� LQGLFDWHV� WKDW� ,/���� KDV� D� ZHDN� VKDGH� UHVSRQVH� LQ� SHWLROH� 3&��� )LJ�� �$�͵ͷͶ�
GHPRQVWUDWHV�WKDW�WKDW�LV�SULPDULO\�GXH�WR�ELQ�G��%�DQG�QRW�WKH�RWKHU�IRXU�ELQV�SUHVHQW�LQ�,/�����͵ͷͷ�
7KH�LQWURJUHVVLRQ�ELQV�G��,�DQG�G��-��SUHVHQW�LQ�,/����EXW�QRW�LQ�,/�������)LJ���'���FDQ�EH�VHHQ�WR�͵ͷ�
KDYH� D� QHJDWLYH� HIIHFW� RQ� SHWLROH� 3&��� RU� JURZWK� LQ� SHWLROHV�� DV� VXJJHVWHG� E\� RXU� SUHYLRXV�͵ͷ�
DQDO\VLV��WKH�ELQ�PDSSLQJ�VXSSRUWV�WKHVH�UHVXOWV��%LQ�PDSSLQJ�DOVR�FRQILUPHG�WKH�LQWHUQRGH�3&��͵ͷͺ�
VKDGH� UHVSRQVH� ZH� UHSRUWHG� IRU� ,/���� �6)LJ�� �&��� )LJ�� �%� LQGLFDWHV� WKH� UHVSRQVH� LV� GXH� WR�͵ͷͻ�
FRQWULEXWLRQV� IURP� WKUHH� ELQV�� G��(�� G��)�� DQG� G��,�� 7KLV� PHWKRG� FDQ� KHOS� QDUURZ� GRZQ� WKH�͵Ͳ�
QXPEHU�RI�SRVVLEOH�FDQGLGDWH�JHQHV�XQGHUO\LQJ�YDULDWLRQ�LQ�6$5��WKH�JHQHV�IRXQG�ZLWKLQ�WKHVH�͵ͳ�
FKURPRVRPH���ELQV�DUH�OLVWHG�LQ�67DEOH����͵ʹ�
�͵͵�
7RPDWR�H[SUHVVHV�ERWK�NQRZQ�DQG�QRYHO�JHQHV�LQ�UHVSRQVH�WR�JURZWK�LQ�VKDGH�͵Ͷ�

2XU�DQDO\VLV�RI�SKHQRW\SHV�LQ�WKH�,/�SRSXODWLRQ�ZDV�XQGHUWDNHQ�WR�LGHQWLI\�UHJLRQV�RI�WKH�͵ͷ�
JHQRPH� WKDW� DUH� LQYROYHG� LQ� VKDGH�UHVSRQVLYH�SKHQRW\SHV��7R�H[SORUH� WKH�XQGHUO\LQJ� FDXVH�RI�͵�
WKH�SKHQRW\SLF�YDULDWLRQ�VHHQ�LQ�WKH�6$5�LQ�WKH�,/�SRSXODWLRQ��ZH�VHTXHQFHG�WKH�WUDQVFULSWRPHV�͵�
IURP� WKH� DSLFDO�PHULVWHP�RI� \RXQJ� SODQWV� DV� GHVFULEHG� E\�.XPDU�et al. �.XPDU� HW� DO��� �������͵ͺ�
3ODQWV�ZHUH�JURZQ�LQ�VXQ�WKHQ�VKLIWHG�WR�JURZWK�LQ�HLWKHU�VXQ��KLJK�5�)5��RU�VKDGH��ORZ�5�)5��͵ͻ�
��K�SULRU�WR�WLVVXH�FROOHFWLRQ����͵Ͳ�

6LPLODU�WR�WKH�SK\VLFDO�SKHQRW\SHV�GHVFULEHG�HDUOLHU��ZH�PHDVXUHG�JHQH�H[SUHVVLRQ�LQ�VXQ�͵ͳ�
FRQGLWLRQV� DV� ZHOO� DV� WKH� FKDQJH� LQ� H[SUHVVLRQ� LQ� UHVSRQVH� WR� JURZWK� LQ� VKDGH�� 8VLQJ�͵ʹ�
WUDQVFULSWRPH�VHTXHQFH�LQIRUPDWLRQ�IURP�HDFK�,/�LQ�VXQ�DQG�LQ�VKDGH��ZH�SHUIRUPHG�GLIIHUHQWLDO�͵͵�
JHQH� H[SUHVVLRQ� DQDO\VHV� EHWZHHQ� JHQRW\SHV� DQG� EHWZHHQ� OLJKW� WUHDWPHQWV� XVLQJ� HGJH5�͵Ͷ�
�5RELQVRQ� HW� DO��� ������� ,Q� WKLV�PDQQHU�� ZH�ZHUH� DEOH� WR� LGHQWLI\� D� SRRO� RI� VKDGH�UHVSRQVLYH�͵ͷ�
JHQHV�LQ�WRPDWR��DV�ZHOO�DV�JHQHV�XS��RU�GRZQ�UHJXODWHG�LQ�HDFK�,/�LQ�UHVSRQVH�WR�VKDGH���͵�
� :H� ORRNHG� DW� WKH� WRS� ������ JHQHV� GLIIHUHQWLDOO\� H[SUHVVHG� XQGHU� VKDGH� WR� GHWHUPLQH�͵�
ZKHWKHU� SUHYLRXVO\� UHSRUWHG� VKDGH� UHVSRQVLYH� JHQHV� ZHUH� DOVR� LQYROYHG� LQ� WKH� WRPDWR� 6$5�͵ͺ�
�67DEOH� ���� ,Q� WDEOH� ���ZH� VKRZ� WKH� WRS� ���PRVW� GLIIHUHQWLDOO\� H[SUHVVHG� JHQHV� DFURVV� WKH� ,/�͵ͻ�
SRSXODWLRQ��LUUHVSHFWLYH�RI�JHQRW\SH��LQ�UHVSRQVH�WR���K�RI�VLPXODWHG�VKDGH��7DEOH�����:H�IRXQG�͵ͺͲ�
WKUHH� WRPDWR�KRPRORJV�RI�ATHB2� �IRU�ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 2��͵ͺͳ�
DQG�D�QXPEHU�RI�XYLOGLUCAN ENDO-TRANSGLYCOSYLASE/HYDROLASE��XTH� JHQHV��DV�͵ͺʹ�
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ZHOO�DV�JHQHV�LQYROYHG�LQ�DX[LQ�DQG�*$�VLJQDOLQJ��7DEOH�����&DUDEHOOL�HW�DO���������6HVVD�HW�DO���͵ͺ͵�
������ 3LHULN� HW� DO��� ������ .R]XND� HW� DO��� ������� $V� VKRZQ� LQ� 7DEOH� ��� ATHB2� H[SUHVVLRQ� LV�͵ͺͶ�
LQFUHDVHG� LQ� VKDGH�WUHDWHG� SODQWV�� DV� LV� DX[LQ�UHODWHG� JHQH� H[SUHVVLRQ� DQG� XTH� H[SUHVVLRQ��͵ͺͷ�
([SUHVVLRQ�RI�GID1��IRU�GIBBERELLIN INSENSITIVE DWARF���WKH�*$�UHFHSWRU��LV�ORZHUHG�LQ�͵ͺ�
VKDGH�WUHDWHG�SODQWV��7DEOH����67DEOH�����:H�DOVR�LGHQWLILHG�VHYHUDO�JHQHV�WKDW�KDG�QRW�SUHYLRXVO\�͵ͺ�
EHHQ�VKRZQ�WR�EH�D�SDUW�RI�SK\WRFKURPH�%�PHGLDWHG�VKDGH�DYRLGDQFH��7KHVH�QRYHO�JHQHV�LQFOXGH�͵ͺͺ�
WKH� WRPDWR� KRPRORJV� RI�FAR-RED INSENSITIVE 219/JASMONATE RESISTANT 1�� VKRZQ� LQ�͵ͺͻ�
$UDELGRSVLV� WR� EH� LQYROYHG� LQ� CONSTITUTIVE PHOTOMORPHOGENIC 1� �COP1�� OLJKW�͵ͻͲ�
UHJXODWHG�VLJQDOLQJ��+VLHK�HW�DO���������DQG�LQ�SK\WRFKURPH�$�ORZ�OLJKW�UHVSRQVHV��5REVRQ�HW�DO���͵ͻͳ�
������� 7KH� PHWDEROLF� JHQH� ATP CITRATE LYASE/SYNTHASE A 2 �ACLA-2�� LV� LQFUHDVHG� LQ�͵ͻʹ�
H[SUHVVLRQ� LQ� VKDGH�WUHDWHG� SODQWV�� RWKHU� PHPEHUV� RI� WKH� FLWUDWH� O\DVH� SDWKZD\� DUH� DOVR� XS�͵ͻ͵�
UHJXODWHG�E\� VKDGH��EXW� DW� D� ORZHU� OHYHO��:LWK� LWV� LPSRUWDQW� UROH� LQ� V\QWKHVLV�RI� WKH�FLWULF� DFLG�͵ͻͶ�
F\FOH� SUHFXUVRU� DFHW\O�&R$��ACLA-2� KDV� EHHQ� VKRZQ� WR� EH� FULWLFDO� IRU� JURZWK� LQ�$UDELGRSVLV�͵ͻͷ�
�)DWODQG�HW�DO���������)DWODQG�HW�DO��������� �͵ͻ�
�͵ͻ�
6KDGH�UHVSRQVLYH� JHQH� H[SUHVVLRQ� DFURVV� WKH� WRPDWR� ,/V� LV� FRPSDUDEOH� WR� WKDW� IRXQG� LQ�͵ͻͺ�
$UDELGRSVLV�DQG�WRPDWR�VKDGH�PLFURDUUD\V�͵ͻͻ�
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7R� FODVVLI\� WKH� W\SHV� RI� JHQHV� UHJXODWHG� E\� VKDGH�� ZH� WHVWHG� IRU� HQULFKPHQW� RI� JHQH�ͶͲͲ�
RQWRORJ\� �*2�� FDWHJRULHV� LQ� WKH� OLVW� RI� VKDGH�UHJXODWHG� JHQHV�� 7KH� VKDGH�HQULFKHG� ELRORJLFDO�ͶͲͳ�
SURFHVV�*2�WHUPV�DUH�JLYHQ�LQ�7DEOH����:H�XVHG�WKH�JHQH�RQWRORJLHV�WR�LGHQWLI\�FODVVHV�RI�JHQHV�ͶͲʹ�
FRQWULEXWLQJ� WR� WKH� VKDGH� DYRLGDQFH� SKHQRW\SHV�� ,Q� D� VLPLODU� IDVKLRQ��ZH� FRPSDUHG� WKH� JHQHV�ͶͲ͵�
GLIIHUHQWLDOO\� H[SUHVVHG� LQ� RXU� GDWDVHW� ZLWK� WKRVH� LGHQWLILHG� LQ� JHQHWLF� SDWKZD\V� DIIHFWHG� E\�ͶͲͶ�
VKDGH�� 8VLQJ� SXEOLVKHG� JHQH� VHWV� IURP� Arabidopsis thaliana �67DEOH� ���� ZH� IRXQG� WRPDWR�ͶͲͷ�
KRPRORJV�RI�SUHYLRXVO\�LGHQWLILHG�JHQHV�LQYROYHG�LQ�IORZHULQJ��FHOO�ZDOO�PRGLILFDWLRQ��DQG�OLJKW�ͶͲ�
UHVSRQVH� SDWKZD\V� �-LDR� HW� DO��� ������ 0RXKX� HW� DO��� ������ .RHQLJ� HW� DO��� ������� DV� ZHOO� DV�ͶͲ�
WUDQVFULSWLRQ� IDFWRUV� �'DYXOXUL� HW� DO��� ������ DQG� JHQHV� UHJXODWHG� E\� KRUPRQHV� VXFK� DV� DX[LQ��ͶͲͺ�
MDVPRQLF�DFLG�� DQG�JLEEHUHOOLQ� �1HPKDXVHU�HW�DO���������� ,Q�FRQFXUUHQFH�ZLWK�SUHYLRXV� VWXGLHV��ͶͲͻ�
RQH�WKLUG�RI�WKH�JHQHV�GLIIHUHQWLDOO\�H[SUHVVHG�LQ�RXU�GDWDVHW�KDYH�SUHYLRXVO\�NQRZQ�WR�EH�OLJKW�ͶͳͲ�
UHJXODWHG� �6)LJ���$���*HQHV�SUHYLRXVO\�VKRZQ� WR�EH�VKDGH�UHVSRQVLYH� LQ�$UDELGRSVLV�PDNH�XS�Ͷͳͳ�
�����RI�WKH�JHQHV�GLIIHUHQWLDOO\�UHJXODWHG�E\�VKDGH�LQ�WRPDWR��$QRWKHU�WKLUG�RI�WKH�WRPDWR�VKDGH�Ͷͳʹ�
UHVSRQVLYH�JHQHV�ZHUH� LGHQWLILHG� DV�$UDELGRSVLV�KRPRORJV� WKDW�ZHUH�QRW�SUHVHQW� LQ� DQ\�RI� WKH�Ͷͳ͵�
OLVWV�ZH�VXUYH\HG��6)LJ���$����ͶͳͶ�

:H�ZDQWHG�WR�IXUWKHU�FRPSDUH�DQG�FRQWUDVW�RXU�WRPDWR�6$5�JHQH�H[SUHVVLRQ�UHVXOWV�ZLWK�Ͷͳͷ�
WKDW�RI�SUHYLRXVO\�UHSRUWHG�$UDELGRSVLV�6$5�JHQH�H[SUHVVLRQ�ILQGLQJV��7R�WKDW�HQG��ZH�XWLOL]HG�Ͷͳ�
WZR�ZHOO�NQRZQ�$7+��PLFURDUUD\�GDWDVHWV�LQ�WKH�$UDELGRSVLV�ILHOG�UHOHDVHG�E\�6HVVD�DQG�RWKHUV�Ͷͳ�
�������DQG�7DR�DQG�RWKHUV���������:H�VXEVHW�RXU� WRPDWR�JHQH� OLVW� WR� LQFOXGH�RQO\� WKRVH�JHQHV�Ͷͳͺ�
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ZLWK�$UDELGRSVLV�KRPRORJV�SUHVHQW�RQ�WKH�PLFURDUUD\��7KH�JHQHV�LGHQWLILHG�E\�7DR�et al. �������Ͷͳͻ�
DQG�E\�6HVVD�et al. �������DV�EHLQJ�GLIIHUHQWLDOO\�H[SUHVVHG�LQ�VKDGH�LQ�$UDELGRSVLV�UHSUHVHQW�MXVW�ͶʹͲ�
RYHU�����RI�WKH�PLFURDUUD\�HTXLYDOHQW�JHQHV�LQ�RXU�WRPDWR�VKDGH�GDWD��6)LJ���%��HQULFKHG�*2�Ͷʹͳ�
WHUPV� OLVWHG� LQ�67DEOH�����1RW� RQO\�GRHV� WKLV� SRLQW� WR� LQKHUHQW� VSHFLHV� OHYHO� GLIIHUHQFHV� LQ� WKH�Ͷʹʹ�
6$5��EXW�DOVR�WR�WKH�VWDUN�GLIIHUHQFHV�LQ�WKH�VWDJH�RI�GHYHORSPHQW�VDPSOHG�LQ�ERWK�WKHVH�VWXGLHV��Ͷʹ͵�
7KH� GDWD� SXEOLVKHG� E\�7DR� DQG� FROOHDJXHV�ZDV� GHULYHG� IURP� ��GD\�ROG $UDELGRSVLV� VHHGOLQJV�ͶʹͶ�
JURZQ�RQ�SODWHV�DQG�WUHDWHG�ZLWK��K�RI�VKDGH��ZKLOH�WKH�ZRUN�GRQH�E\�6HVVD�DQG�FROOHDJXHV�XVHG�Ͷʹͷ�
��GD\�ROG� VHHGOLQJV� WUHDWHG� ZLWK� �K� RU� �G� VKDGH�� ,Q� FRQWUDVW�� RXU� VWXG\� DGGUHVVHV� WKH� HDUO\�Ͷʹ�
FKDQJHV� LQ� JHQH� H[SUHVVLRQ� GXH� WR� VKDGH� H[SRVXUH� LQ� D� FURS� SODQW�� XVLQJ� ���GD\�ROG� WRPDWRHV�Ͷʹ�
JURZQ� RQ� VRLO� DQG� WUHDWHG�ZLWK� ��K�VLPXODWHG� VKDGH��$GGLWLRQDOO\�� RXU� VWXG\� XWLOL]HG� RYHU� ���Ͷʹͺ�
VDPSOHV� LQ� HDFK� VXQ� DQG� VKDGH� WUHDWPHQW�� FRPSDUHG� WR� WKH�$UDELGRSVLV� VWXGLHV� XVLQJ� XS� WR� ��Ͷʹͻ�
VDPSOHV� LQ� HDFK� VXQ� DQG� VKDGH�� RXU� VWXG\� KDG�PXFK� JUHDWHU� SRZHU� WR� GHWHFW� GLIIHUHQWLDO� JHQH�Ͷ͵Ͳ�
H[SUHVVLRQ��ZKLFK�LV�OLNHO\�UHIOHFWHG�LQ�WKH�ODUJH�QXPEHU�RI�JHQHV�LGHQWLILHG���Ͷ͵ͳ�

�Ͷ͵ʹ�
*HQH� H[SUHVVLRQ� SDWWHUQV� LGHQWLI\� GRZQ�UHJXODWLRQ� RI� DX[LQ�UHODWHG� JHQHV� LQ� ,/V� ZLWK�Ͷ͵͵�
UHGXFHG�6$5�Ͷ͵Ͷ�

,Q�RUGHU�WR�YLVXDOL]H�WKH�VLPLODULWLHV�DQG�GLIIHUHQFHV�LQ�VKDGH�UHVSRQVLYH�JHQH�H[SUHVVLRQ�Ͷ͵ͷ�
LQ�HDFK�,/��ZH�FOXVWHUHG�HDFK�JHQRW\SH�EDVHG�RQ�LWV�H[SUHVVLRQ�RI�WKH�a�������JHQHV�GLIIHUHQWLDOO\�Ͷ͵�
H[SUHVVHG� LQ� VKDGH� �6)LJ�� ���� )LJ�� �� SUHVHQWV� D� VXEVHW� RI� VKDGH�UHVSRQVLYH� JHQHV�� VKRZLQJ� D�Ͷ͵�
KHDWPDS�RI�WKH�,/V�FOXVWHUHG�EDVHG�RQ�WKH�WRS�����JHQHV�PRVW�GLIIHUHQWLDOO\�H[SUHVVHG�LQ�VKDGH��Ͷ͵ͺ�
7KHVH�WZR�KHDWPDSV�VKRZ�GLVWLQFW�VXEVHWV�RI�JHQHV�DQG�,/V�ZLWK�UHODWHG�H[SUHVVLRQ�SDWWHUQV��WKXV�Ͷ͵ͻ�
LQGLFDWLQJ� WUHQGV� LQ� VKDGH� UHVSRQVH�� 7R� DVN� ZKHWKHU� FKDQJHV� LQ� JHQH� H[SUHVVLRQ� UHODWH� WR�ͶͶͲ�
GLIIHUHQFHV� LQ�SKHQRW\SH��ZH�FOXVWHUHG� WKH� ,/V�EDVHG�RQ� WKHLU�H[SUHVVLRQ�SDWWHUQV� LQ�VXEVHWV�RI�ͶͶͳ�
JHQHV�� LQFOXGLQJ� WUDQVFULSWLRQ� IDFWRUV�� FHOO� ZDOO�DVVRFLDWHG� JHQHV�� DQG� DX[LQ�UHVSRQVLYH� JHQHV�ͶͶʹ�
�6)LJ������/RRNLQJ�DW�D�KHDWPDS�RI� WKH� VXEVHW�RI� WUDQVFULSWLRQ� IDFWRUV�� H[SUHVVLRQ� OHYHOV�RI� WKH�ͶͶ͵�
WRPDWR� KRPRORJV� RI� ATHB2� DUH� LQFUHDVHG� LQ� UHVSRQVH� WR� VKDGH� LQ� QHDUO\� DOO� ,/V� �6)LJ�� �$��ͶͶͶ�
KLJKOLJKWHG�ER[���DV�ZH�H[SHFW�IURP�VWXGLHV�LQ�$UDELGRSVLV��6HVVD�HW�DO���������7DR�HW�DO���������ͶͶͷ�
�JHQHV� OLVWHG� LQ� 67DEOH� ���� $GGLWLRQDOO\�� QLQH� RWKHU� WUDQVFULSWLRQ� IDFWRUV� ZHUH� XQLYHUVDOO\� XS�ͶͶ�
UHJXODWHG� DFURVV� WKH� ,/V� LQ� VKDGH� �6)LJ�� �$��� 2I� WKHVH� WUDQVFULSWLRQ� IDFWRUV�� WKH� $UDELGRSVLV�ͶͶ�
KRPRORJ�RI�ETHLYENE AND SALT INDUCIBLE 3��ESE3��6RO\F��J���������ZDV�LGHQWLILHG�E\�ͶͶͺ�
6HVVD�et al�� �������DQG�7DR�et al.� �������DV�EHLQJ�XS�UHJXODWHG�LQ�VKDGH��ESE3� LV�NQRZQ�WR�EH�ͶͶͻ�
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JLEEHUHOOLQ� DQG� HWK\OHQH� UHVSRQVLYH�� ([SUHVVLRQ� RI� WKH� RWKHU� VHYHQ� WUDQVFULSWLRQ� IDFWRUV��ͶͷͲ�
LQFOXGLQJ� SUPPRESSOR OF OVEREXPRESSION OF CO1� �SOC1��� LOB DOMAIN-Ͷͷͳ�
CONTAINING PROTEIN 1��LBD1���DQG�FAMA��KDYH�QRW�SUHYLRXVO\�EHHQ�VKRZQ�WR�EH�UHJXODWHG�Ͷͷʹ�
E\�VKDGH��7DEOH������Ͷͷ͵�
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6KDGH�UHVSRQVLYH�H[SUHVVLRQ�RI�WKH�FHOO�ZDOO�DVVRFLDWHG�JHQHV�VKRZV�YDULDWLRQ�DFURVV�WKH�ͶͷͶ�
,/V�� ,Q�SDUWLFXODU�� RQH�JURXS�RI� ,/V�GLVSOD\V�DQ�DW\SLFDO� H[SUHVVLRQ�SDWWHUQ�ZLWK�XQFKDQJHG�RU�Ͷͷͷ�
UHGXFHG� H[SUHVVLRQ� RI� DSSUR[LPDWHO\� WHQ� JHQHV� ZKHUHDV� PRVW� ,/V� VKRZ� LQFUHDVHG� H[SUHVVLRQ�Ͷͷ�
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�6)LJ���%��KLJKOLJKWHG�ER[��7DEOH�����KRZHYHU��QRQH�RI�WKHVH�LQWURJUHVVLRQ�OLQHV�ZHUH�LGHQWLILHG�Ͷͷ�
DV�KDYLQJ�D�JURZWK�SKHQRW\SH�GLVWLQFW�IURP�0���LQ�VKDGH�EDVHG�RQ�RXU�PHDVXUHPHQWV��,Q�IXWXUH�Ͷͷͺ�
H[SHULPHQWV�� LW�PD\� EH� RI� LQWHUHVW� WR� DVN� LI� WKH� FHOO�ZDOO� FRPSRVLWLRQ� LQ� UHVSRQVH� WR� VKDGH� LV�Ͷͷͻ�
GLIIHUHQW� LQ� WKLV� VXEVHW�RI� ,/V��7KH� DX[LQ�DVVRFLDWHG�JHQH�FOXVWHU� LQ�)LJ�� �� �VHH� DOVR�6)LJ�� �&��ͶͲ�
UHYHDOV� D� VXEVHW� RI� ,/V� WKDW� KDYH� GHFUHDVHG� H[SUHVVLRQ� RI� DSSUR[LPDWHO\� WHQ� DX[LQ�UHVSRQVLYH�Ͷͳ�
JHQHV� LQ� VKDGH� �7DEOH� ��� 67DEOH� ����� WKLV� VHW� RI� ,/V� LV� LQFOXGHG� LQ� WKRVH�ZLWK� D� VLJQLILFDQWO\�Ͷʹ�
UHGXFHG� JURZWK� UHVSRQVH� LQ� VKDGH� �)LJ�� ��� KLJKOLJKWHG� ER[�� VHH� DOVR� )LJ�� ��� 6)LJ�� �%�&��� ,Q�Ͷ͵�
VXPPDU\�� FKDQJHV� LQ� H[SUHVVLRQ� RI� FHOO� ZDOO�DVVRFLDWHG� JHQHV� GR� QRW� UHIOHFW� WKH� SKHQRW\SLF�ͶͶ�
GLIIHUHQFHV�ZH�REVHUYHG�LQ�WKH�,/V��ZKLOH�GLIIHUHQWLDO�H[SUHVVLRQ�RI�VHYHUDO�DX[LQ�UHODWHG�JHQHV�Ͷͷ�
GRHV�� LQGHHG�� UHODWH� GLUHFWO\� WR� WKH� SKHQRW\SHV� PHDVXUHG� LQ� WKLV� VWXG\�� � 7KLV� LQGLFDWHV� WKDW�Ͷ�
UHJXODWLRQ�RI�DX[LQ�VLJQDOLQJ�LV�D�NH\�FRQYHUJHQFH�SRLQW�IRU�47/�FRQWUROOLQJ�VKDGH�DYRLGDQFH�LQ�Ͷ�
WKLV�PDSSLQJ�SRSXODWLRQ��Ͷͺ�

5HWXUQLQJ�WR�,/V�RI� LQWHUHVW�EDVHG�RQ�WKHLU�SKHQRW\SHV��ZH�FDQ�QRZ�H[DPLQH� WKHLU�JHQH�Ͷͻ�
H[SUHVVLRQ�SDWWHUQV���([SUHVVLRQ�LQ�,/����DQG�,/������LQ�UHVSRQVH�WR�VKDGH�GLIIHUV�LQ�D�QXPEHU�RI�ͶͲ�
DX[LQ�� DQG� FHOO� ZDOO�UHODWHG� JHQHV�� ,/������ KDV� LQFUHDVHG� H[SUHVVLRQ� RI� DX[LQ� HIIOX[� FDUULHUV��Ͷͳ�
SAURV� �IRU�SMALL AUXIN UPREGULATED��� IAA JHQHV�� DQG�[\ORJOXFDQDVHV� DQG� H[SDQVLQV��Ͷʹ�
FRPSDUHG� WR� ,/����� 7KHVH� H[SUHVVLRQ� GLIIHUHQFHV� UHIOHFW� WKH� IDFW� WKDW� ,/���� LV� SKHQRW\SLFDOO\�Ͷ͵�
PXFK�PRUH�VKDGH� WROHUDQW� WKDQ�,/�������$V�GHVFULEHG�DERYH�� ,/������DQG�,/����GR�QRW� UHVSRQG�ͶͶ�
VWURQJO\�WR�VKDGH�LQ�RYHUDOO�JURZWK���7KLV�LV�UHIOHFWHG�LQ�UHGXFHG�H[SUHVVLRQ�RI�VKDGH�UHVSRQVLYH�Ͷͷ�
DX[LQ�JHQHV��VKRZQ�LQ�)LJ������,/��������ZKLFK�GRHV�QRW�UHVSRQG�WR�VKDGH�LQ�LWV�SHWLROHV��KDV�ORZ�Ͷ�
H[SUHVVLRQ� RI� JHQHV� DVVRFLDWHG� ZLWK� JURZWK� LQ� SHWLROHV�� OLNHZLVH�� ,/���� KDV� PLQLPDO� VKDGH�Ͷ�
UHVSRQVLYH�H[SUHVVLRQ�RI�SHWLROH�UHODWHG�JHQHV��VHH�)LJ����DQG�67DEOH���EHORZ���6KDGH�UHVSRQVLYH�Ͷͺ�
H[SUHVVLRQ�DFURVV�WKH�,/V�LV�GHWDLOHG�LQ�67DEOH����Ͷͻ�
�ͶͺͲ�
3URPRWHU�HQULFKPHQW�DQDO\VLV�LGHQWLILHV�DX[LQ��DQG�OLJKW�UHJXODWHG�PRWLIV�Ͷͺͳ�

2XU�ILQGLQJV�LQ�)LJ����DQG�6)LJ����OHG�XV�WR�DVN�ZKHWKHU�ZH�ILQG�D�SDUWLFXODU�VHW�RI�PRWLIV�Ͷͺʹ�
HQULFKHG� LQ� WKH� SXWDWLYH� SURPRWHUV� RI� WKH� JHQHV� KLJKOLJKWHG� LQ� HDFK� SDQHO�� :H� SHUIRUPHG� D�Ͷͺ͵�
SURPRWHU� HQULFKPHQW� DQDO\VLV� RQ� WKH� VXEVHW� RI� JHQHV� KLJKOLJKWHG� LQ� 6)LJ�� ��� �7KH� ELQGLQJ�ͶͺͶ�
VHTXHQFH�RI�KRPHRWLF�WUDQVFULSWLRQ�IDFWRU�RUWKRORJV�RI�WKH�0$'6�ER[�$*$0286�/,.(�IDPLO\�Ͷͺͷ�
RI�SURWHLQV��$*$0286�/,.(���6(3(/$7$����$*/��6(3���DQG�$*/��6(3���ZHUH�HQULFKHG�Ͷͺ�
LQ�WKH�SURPRWHUV�RI�WKH�WUDQVFULSWLRQ�IDFWRU�FOXVWHU�RI�JHQHV��p-YDOXH���������67DEOH����6)LJ���$���Ͷͺ�
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AGL2� LV� W\SLFDOO\� NQRZQ� WR� EH� H[SUHVVHG� LQ� WKH� IORUDO�PHULVWHP�� ZKHUHDV�AGL3� VKRZV�PRUH�Ͷͺͺ�
EURDG�H[SUHVVLRQ�LQ�WKH�DHULDO�WLVVXHV��0D�HW�DO���������*RQJ�HW�DO����������DQG�ERWK�DUH�LQYROYHG�Ͷͺͻ�
LQ�IORUDO�PHULVWHP�GHWHUPLQDWLRQ��7KHVH�GLIIHUHQFHV�LQ�H[SUHVVLRQ�FRXOG�UHODWH�WR�WKH�FKDQJHV�LQ�ͶͻͲ�
GHYHORSPHQWDO� UDWH� LQGXFHG�E\�VKDGH� LQ� WKLV�VWXG\��:H�DOVR�IRXQG�PDUJLQDO�HQULFKPHQW�RI� WZR�Ͷͻͳ�
RWKHU�SURPRWHU�ELQGLQJ�PRWLIV�� WKH�KRPHRGRPDLQ�OHXFLQH�]LSSHU�,,�IDPLO\�PHPEHU��ATHB2 �p-Ͷͻʹ�
YDOXH� ����� DQG� WKH� 0\E�UHODWHG� WUDQVFULSWLRQ� IDFWRU� CIRCADIAN CLOCK ASSOCIATED1 Ͷͻ͵�
�CCA1�� �p-YDOXH ������� ,Q� $UDELGRSVLV�� ATHB2� LV� UHJXODWHG� YLD� PHYTOCHROME ͶͻͶ�
INTERACTING FACTOR 4� �PIF4�� DQG� PIF5� JHQHV� DQG� LV� ZHOO� NQRZQ� WR� DFWLYDWH� JHQHV�Ͷͻͷ�
LPSOLFDWHG� LQ� WKH�6$5��+RUQLWVFKHN�HW�DO����������CCA1� LV�D�FHQWUDO�FLUFDGLDQ�FORFN�RVFLOODWRU��Ͷͻ�
UHJXODWHG�E\�OLJKW��:DQJ�HW�DO���������$ODEDGL�HW�DO�����������Ͷͻ�

7KH�SURPRWHU�PRWLI�HQULFKPHQW�VHDUFK�DPRQJ�WKH�KLJKOLJKWHG�FHOO�ZDOO�DVVRFLDWHG�JHQHV�Ͷͻͺ�
�6)LJ�� �%�� UHYHDOHG� HQULFKPHQW� IRU� WKH� ELQGLQJ� VLWH� RI� AGL1�� $OWKRXJK� AGL1� LV� FRPPRQO\�Ͷͻͻ�
NQRZQ�IRU�LWV�LQYROYHPHQW�LQ�IORZHU�GHYHORSPHQW��LW�LV�PRGHUDWHO\�H[SUHVVHG�LQ�YHJHWDWLYH�VWHP�ͷͲͲ�
WLVVXH� DV� ZHOO� �0D� HW� DO��� ������ *RQJ� HW� DO��� ������� ,Q� DJUHHPHQW� ZLWK� WKH� VKDGH� DYRLGDQFH�ͷͲͳ�
OLWHUDWXUH��WKH�PRWLI�VHDUFK�UHYHDOHG�D�PDUJLQDOO\�VLJQLILFDQW�HQULFKPHQW�RI�ELQGLQJ�VLWHV�RI�$X[LQ�ͷͲʹ�
5HVSRQVH� )DFWRUV� �$5)V�� LQ� FHOO�ZDOO�DVVRFLDWHG� JHQHV� �p�YDOXH� �� ������ 3UHYLRXV� VWXGLHV� KDYH�ͷͲ͵�
OLQNHG�LQFUHDVHG�DX[LQ�ELRV\QWKHVLV�DQG�VLJQDOLQJ�WR�WKH�HORQJDWLRQ�RI�RUJDQV��*UD\�HW�DO���������ͷͲͶ�
6HVVD�HW�DO���������7DR�HW�DO���������6DVLGKDUDQ�HW�DO���������6SDUW]�HW�DO�����������ͷͲͷ�

$PRQJ� WKH� JHQHV� GLIIHUHQWLDOO\� H[SUHVVHG� LQ� WKH� DX[LQ� FOXVWHU� �)LJ�� ��� 6)LJ�� �&��� ZH�ͷͲ�
IRXQG� D� VLJQLILFDQW� HQULFKPHQW� �p-YDOXH� �� ������ IRU� WKH� ,�ER[� SURPRWHU� PRWLI� �67DEOH� ���� ,Q�ͷͲ�
WRPDWR�� WKH� ,�ER[� LV� WKH� ELQGLQJ� VLWH� IRU�0<%��� D�PHPEHU� RI� WKH�5�5�� IDPLO\� RI�0<%�OLNH�ͷͲͺ�
WUDQVFULSWLRQ�IDFWRUV��*LXOLDQR�HW�DO���������'RQDOG�DQG�&DVKPRUH��������5RVH�HW�DO����������7KLV�ͷͲͻ�
SURPRWHU� VHTXHQFH� LV� FRQVHUYHG� DPRQJ� WKH� SURPRWHUV� RI� OLJKW�UHJXODWHG� JHQHV� LQ� ERWK�ͷͳͲ�
$UDELGRSVLV�DQG�WRPDWR��LQFOXGLQJ�5XELVFR�VXEXQLWV��DQG�LV�KRPRORJRXV�WR�WKH�OLJKW�UHJXODWHG�*�ͷͳͳ�
ER[�ELQGLQJ�GRPDLQ��*LXOLDQR�HW�DO����������7KHVH�ILQGLQJV�SRLQW�WR�WKH�FRQVHUYDWLRQ�RI�WDUJHWV�RI�ͷͳʹ�
WKH�VKDGH�DYRLGDQFH�UHVSRQVH��ZKLFK�LQFOXGHV�JHQH�WDUJHWV�LQYROYHG�LQ�OLJKW��DX[LQ�VLJQDOLQJ�DQG�ͷͳ͵�
GHYHORSPHQW��ͷͳͶ�

�ͷͳͷ�
*HQRW\SLF� DQG� SKHQRW\SLF� FRUUHODWLRQV� UHYHDO� JHQHV� GLIIHUHQWO\� UHJXODWHG� LQ� SHWLROHV� DQG�ͷͳ�
LQWHUQRGHV�ͷͳ�
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:H� ZDQWHG� WR� GHWHUPLQH� KRZ� ZHOO� RXU� VWXG\� SDUDOOHOHG� SUHYLRXVO\� UHSRUWHG� JHQH�ͷͳͺ�
H[SUHVVLRQ� ILQGLQJV� LQ� WRPDWR�� $� SUHYLRXV� VWXG\� E\� &DJQROD� DQG� FROOHDJXHV� �&DJQROD� HW� DO���ͷͳͻ�
������ H[DPLQHG� WKH� WUDQVFULSWLRQDO� UHVSRQVH� WR� VKDGH� LQ� WRPDWR� OHDYHV� DQG� VWHP� WLVVXH�� :H�ͷʹͲ�
FRPSDUHG�RXU�OLVW�RI�VKDGH�UHVSRQVLYH�WRPDWR�JHQHV��7DEOH����67DEOH����WR�WKH�VKDGH�UHVSRQVLYH�ͷʹͳ�
JHQH� H[SUHVVLRQ� IRXQG� LQ� WKH� PLFURDUUD\� H[SHULPHQW� RQ� S. lycopersicum� OHDYHV� DQG� VWHP�ͷʹʹ�
VHJPHQWV� JURZQ� LQ� VKDGH� �&DJQROD� HW� DO��� ������� ([DPLQLQJ� WKH� JHQHV� FRPPRQ� EHWZHHQ� RXU�ͷʹ͵�
51$VHT�DQDO\VLV�DQG�WKH�WRPDWR�PLFURDUUD\��QHDUO\�KDOI�RI�WKH�JHQHV�LGHQWLILHG�DV�EHLQJ�VKDGH�ͷʹͶ�
UHVSRQVLYH�LQ�WKH�VWHP�DQG�OHDI�PLFURDUUD\�VWXG\�ZHUH�DOVR�LGHQWLILHG�DV�EHLQJ�VKDGH�UHVSRQVLYH�ͷʹͷ�
LQ�RXU�GDWD��7KH�SURSRUWLRQV�RI�JHQHV�LGHQWLILHG�ERWK�E\�&DJQROD�DQG�FRZRUNHUV�DQG�E\�WKLV�VWXG\�ͷʹ�
DUH�VKRZQ� LQ�6)LJ���&��DOVR�VHH�67DEOH�����*HQHWLF�VKDGH�UHVSRQVHV�RI� OHDYHV�DQG�VWHPV�ZHUH�ͷʹ�
H[DPLQHG�VHSDUDWHO\�E\�&DJQROD�DQG�FROOHDJXHV��RXU�JHQH�H[SUHVVLRQ�GDWD�LV�GHULYHG�IURP�WLVVXH�ͷʹͺ�
DW�WKH�DSLFDO�PHULVWHP�LQFOXGLQJ�ERWK�OHDI�DQG�VWHP�SULPRUGLD��+RZHYHU��ZH�FDQ�H[DPLQH�OHDI��ͷʹͻ�
DQG�VWHP�VSHFLILF�VKDGH�UHVSRQVHV�E\�FRUUHODWLQJ�JHQH�H[SUHVVLRQ�ZLWK�VKDGH�UHVSRQVLYH�RUJDQ�ͷ͵Ͳ�
VSHFLILF�SKHQRW\SHV��VXFK�DV�LQWHUQRGH�HORQJDWLRQ�RU�SHWLROH�HORQJDWLRQ���ͷ͵ͳ�

2XU� SKHQRW\SLF� DQG� 3&� DQDO\VHV� LGHQWLILHG� JHQRW\SHV� ZLWK� RUJDQ�VSHFLILF� VKDGH�ͷ͵ʹ�
UHVSRQVHV��7KHVH�UHVXOWV�SURPSWHG�XV�WR�DVN�ZKHWKHU��OLNH�WKH�ZRUN�RI�&DJQROD�et al.��ZH�FRXOG�ͷ͵͵�
ILQG� JHQHV� WKDW� ZHUH� VLJQLILFDQWO\� FRUUHODWHG� ZLWK� ERWK� LQWHUQRGHV� DQG� SHWLROHV� RU� VSHFLILF� WR�ͷ͵Ͷ�
HLWKHU� RI� WKHVH� RUJDQV�� $IWHU� SHUIRUPLQJ� FRUUHODWLRQV� EHWZHHQ� JHQH� H[SUHVVLRQ� DQG� SKHQRW\SH�ͷ͵ͷ�
GDWD��ZH�PLQHG� WKH�JHQHV�ZLWK� D�PRGHUDWH� WR� VWURQJ�6SHDUPDQ¶V� FRUUHODWLRQ� FRHIILFLHQW��rho�!�ͷ͵�
_���_��WKDW�ZHUH�LGHQWLILHG�WR�EH�FRUUHODWHG�ZLWK�HLWKHU�LQWHUQRGH�3&��RU�SHWLROH�3&���)LJ���$���:H�ͷ͵�
IRXQG�WKDW�����JHQHV�ZHUH�FRUUHODWHG�ZLWK�LQWHUQRGH�3&��ZLWK�D� _rho_�!����� �2I�WKHVH�����ZHUH�ͷ͵ͺ�
VLPLODUO\� FRUUHODWHG�ZLWK� SHWLROH� 3&�� �GLIIHUHQFH� LQ� rho� �� �������ZKHUHDV� ��� VKRZHG� D� KLJKHU�ͷ͵ͻ�
FRUUHODWLRQ�WR�LQWHUQRGH�3&���)LJ���%���6LPLODUO\�ZH�REVHUYHG�WKDW�RI�WKH����JHQHV�FRUUHODWHG�WR�ͷͶͲ�
SHWLROH�3&������VKRZHG�D�VWURQJHU�FRUUHODWLRQ�UHODWLRQVKLS�ZLWK�SHWLROH�3&��WKDQ�ZLWK�LQWHUQRGH�ͷͶͳ�
3&������DUH�VLPLODU��DQG���JHQH�DFWXDOO\�VKRZV�D�KLJKHU�FRUUHODWLRQ�ZLWK�LQWHUQRGH�3&���)LJ���&���ͷͶʹ�
,Q�RWKHU�ZRUGV��WKH�PDMRULW\�RI�JHQHV�ZKRVH�H[SUHVVLRQ�LV�DVVRFLDWHG�ZLWK�JURZWK�LQ�LQWHUQRGHV�ͷͶ͵�
RU�SHWLROHV�DUH�DVVRFLDWHG�RQO\�ZLWK�JURZWK�LQ�WKDW�VSHFLILF�RUJDQ��7KLV�UHVXOW�VXJJHVWV�WKH�SODQW�ͷͶͶ�
XQGHUJRHV�D�PRGXODWLRQ�RI�RUJDQ�VSHFLILF�UHVSRQVHV�WR�VKDGH��DQG�UHIOHFWV�RXU�ILQGLQJV�RI�RUJDQ�ͷͶͷ�
VSHFLILF�6$5�LQ�WKH�,/V��)XUWKHU��WKH�JHQHV�FRUUHODWLQJ�ZLWK�WKH�LQWHUQRGH�DQG�SHWLROH�3&��WUDLWV�ͷͶ�
UHIOHFW�ZKDW�LV�VHHQ�DW�D�SKHQRW\SLF�OHYHO��LQ�WKDW�WKHUH�DSSHDUV�WR�EH�D�VWURQJHU�VKDGH�UHVSRQVH�LQ�ͷͶ�
LQWHUQRGHV� WKDQ� LQ� SHWLROHV��)RU� LQVWDQFH��ZH� VHH�KLJKHU� FRUUHODWLRQ�YDOXHV� IRU� JHQHV� LQYROYLQJ�ͷͶͺ�
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FHOO� ZDOO� PRGLILFDWLRQ�� KRUPRQH� ELRV\QWKHVLV� DQG� KRUPRQH� HIIOX[� LQ� WKH� LQWHUQRGHV� WKDQ� ZH�ͷͶͻ�
REVHUYH�IRU�WKH�SHWLROHV��67DEOH����VHH�DOVR�6)LJ����GHVFULEHG�EHORZ���ͷͷͲ�
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7R�H[SDQG�RXU�DQDO\VLV�RI�VKDGH�UHVSRQVLYH�JHQH�H[SUHVVLRQ�DQG�SKHQRW\SH�UHODWLRQVKLSV��ͷͷͳ�
ZH�SHUIRUPHG� SKHQRW\SH�E\�JHQH� H[SUHVVLRQ� FRUUHODWLRQ� DQDO\VLV� RQ� DOO� SKHQRW\SHV� DQG� JHQHV�ͷͷʹ�
GLIIHUHQWLDOO\�H[SUHVVHG�LQ�VKDGH��)URP�WKHVH�JHQH�DQG�SKHQRW\SH�FRUUHODWLRQV��ZH�SHUIRUPHG�*2�ͷͷ͵�
HQULFKPHQW� DQDO\VLV�� )RU� HDFK� SKHQRW\SH��ZH� DVNHG�ZKLFK� IXQFWLRQV�PLJKW� EH� RYHU�� RU� XQGHU�ͷͷͶ�
UHSUHVHQWHG� LQ� WKH� VXEVHW� RI� FRUUHODWHG� JHQHV�� 7KHVH� UHVXOWV� DUH� SUHVHQWHG� LQ� 6)LJ�� �� �VHH� DOVR�ͷͷͷ�
67DEOH� ���� $V� H[SHFWHG�� WKHUH� LV� RYHUODS� EHWZHHQ� WKH� FRUUHODWHG� JHQH� RQWRORJLHV� HQULFKHG� LQ�ͷͷ�
LQW3&�� DQG� WRWDO� KHLJKW�� ,Q� FRQWUDVW�� VHYHUDO� *2� WHUPV� HQULFKHG� LQ� SHW3&�� DSSHDU� WR� EH�ͷͷ�
XQGHUUHSUHVHQWHG�LQ�LQW3&���DQG�LW�PD\�EH�RI�IXWXUH�LQWHUHVW�WR�H[DPLQH�WKH�UHODWLRQVKLS�EHWZHHQ�ͷͷͺ�
OHDI�DQG�VWHP�LQ�SDUWLWLRQLQJ�UHVRXUFHV�GXULQJ�D�VKDGH�UHVSRQVH��7KHVH�RSSRVLWHO\�UHJXODWHG�*2�ͷͷͻ�
WHUPV�LQFOXGH�VHYHUDO�FDWHJRULHV�RI�JOXFRVLGDVHV��VXJJHVWLQJ�D�OLQN�WR�FHOO�ZDOO�SURFHVVHV���ͷͲ�

�ͷͳ�
'LIIHUHQWLDO�QHWZRUN�DQDO\VLV�UHYHDOV�IHZ�GLIIHUHQFHV�LQ�QHWZRUN�FRQQHFWLYLW\�ͷʹ�

*LYHQ� WKH� ODUJH� QXPEHU� RI� WUDQVFULSWLRQDO� FKDQJHV� LQGXFHG� E\� VKDGH��ZH� K\SRWKHVL]HG�ͷ͵�
WKDW� VKDGH�PD\� DOWHU� WKH� FRQQHFWLYLW\� RI� JHQHV�ZLWKLQ� JHQHWLF� QHWZRUNV�� 7R� WHVW� WKLV� LGHD�� ZH�ͷͶ�
SHUIRUPHG�D�GLIIHUHQWLDO�QHWZRUN�DQDO\VLV�XVLQJ�WKH�GLIIHUHQWLDO�ZHLJKWHG�FR�H[SUHVVLRQ�QHWZRUN�ͷͷ�
DQDO\VLV��':*&1$��IXQFWLRQ�LQ�WKH�:*&1$�5�SDFNDJH��/DQJIHOGHU�DQG�+RUYDWK���������7KH�ͷ�
':*&1$�PHWKRG� LV� EDVHG� RQ� WKH� LGHD� WKDW� H[SUHVVLRQ� RI� HDFK� JHQH� LV� FRUUHODWHG�ZLWK�PDQ\�ͷ�
RWKHU�JHQHV�� WKH�FKDQJH�LQ�OLJKW� WUHDWPHQW�PD\�UHVXOW� LQ�D�FKDQJH�LQ�WKH�QHWZRUNV�RI�FRQQHFWHG�ͷͺ�
JHQHV��$IWHU� WKH�FRQQHFWLYLW\�IRU�HDFK�JHQH��ki��ZDV�FDOFXODWHG� LQ�HDFK�QHWZRUN��VXQ�DQG�VKDGH�ͷͻ�
QHWZRUNV���WKH�JHQH�FRQQHFWLYLW\�YDOXH�ZDV�QRUPDOL]HG�E\�WKH�DYHUDJH�QHWZRUN�FRQQHFWLYLW\�IRU�ͷͲ�
HDFK� UHVSHFWLYH� QHWZRUN� �K��� IROORZHG� E\� FDOFXODWLRQ� RI� WKH� GLIIHUHQFH� EHWZHHQ� QHWZRUNV�ͷͳ�
�'LIIK�����ͷʹ�

7KH� 'LIIK� ZDV� FDOFXODWHG� E\� VXEWUDFWLQJ� WKH� JHQH� FRQQHFWLYLW\� YDOXHV� IRU� WKH� VKDGH�ͷ͵�
QHWZRUN� IURP� WKH� VXQ� QHWZRUN�� )LJ�� �$� SUHVHQWV� D� VFDWWHUSORW� ZLWK� WKH� x�D[LV� GLVSOD\LQJ� WKH�ͷͶ�
GLIIHUHQFHV� LQ� FRQQHFWLYLW\� �'LIIK�� EHWZHHQ� WKH� VXQ� DQG� VKDGH� QHWZRUNV�� DQG� WKH� y�D[LV�ͷͷ�
UHSUHVHQWLQJ� GLIIHUHQWLDO� JHQH� H[SUHVVLRQ� VKRZQ� DV� WKH� SDLUHG� t�VWDWLVWLF�� 7KLV� t�VWDWLVWLF� ZDV�ͷ�
FDOFXODWHG�IRU�HDFK�JHQH�E\�SHUIRUPLQJ�D�t�WHVW�EHWZHHQ�WKH�VXQ�DQG�VKDGH�H[SUHVVLRQ�DFURVV�DOO�ͷ�
WKH�,/V��7KH�QLQH�VHFWRUV�ZLWKLQ�WKH�SORW�DUH�GHILQHG�E\�WKH�ERXQGDULHV�DSSOLHG�WR�WKH� t-VWDWLVWLF�ͷͺ�
YDOXH� �VLJQLILFDQFH� DW� t� !� _����_�� DQG� DEVROXWH� YDOXHV� RI� WKH� 'LIIK� FRQQHFWLYLW\� VFRUH� �!_���_���ͷͻ�
*HQHV�IRXQG�DERYH�t  ������DUH�PRUH�KLJKO\�H[SUHVVHG�LQ�VXQ��VHFWRUV�����������DQG�JHQHV�DW�t ���ͷͺͲ�
����� DUH� PRUH� KLJKO\� H[SUHVVHG� LQ� VKDGH� �VHFWRUV� ��� ��� ���� �&RQVLGHULQJ� 'LIIK�� JHQHV� ZLWK� D�ͷͺͳ�
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FRQQHFWLYLW\� JUHDWHU� WKDQ� ���� GLVSOD\� JUHDWHU� FRQQHFWLYLW\� LQ� VXQ� �RU�� UHGXFHG� FRQQHFWLYLW\� LQ�ͷͺʹ�
VKDGH��VHFWRUV�����������ZKLOH�JHQHV�ZLWK�'LIIK�OHVV�WKDQ������KDYH�LQFUHDVHG�FRQQHFWLYLW\�LQ�VKDGH�ͷͺ͵�
�VHFWRUV� ��� ��� ���� 7R� WHVW� WKH� VLJQLILFDQFH� RI� VHFWRU� DVVLJQPHQWV�� ZH� SHUPXWHG� WKH� ³VXQ´� DQG�ͷͺͶ�
³VKDGH´�DVVLJQPHQWV�DFURVV�������GDWD�VHWV�DQG�FRPSDUHG�WKH�QXPEHU�RI�JHQHV�DVVLJQHG�WR�HDFK�ͷͺͷ�
VHFWRU���7KH�QXPEHU�RI�JHQHV�LQ�VHFWRUV���������DQG���ZHUH�GHWHUPLQHG�WR�EH�VLJQLILFDQWO\�JUHDWHU�ͷͺ�
WKDQ�H[SHFWHG��p�YDOXH����������VXJJHVWLQJ�D�PHDQLQJIXO��QRQ�UDQGRP�GLVWULEXWLRQ�RI�JHQHV���7KH�ͷͺ�
JHQHV�IRXQG�LQ�HDFK�RI�WKHVH�VHFWRUV�DUH�SUHVHQWHG�LQ�67DEOH������ͷͺͺ�

6HFWRUV���DQG���FRQWDLQ�WKH�JHQHV�WKDW�KDYH�WKH�JUHDWHVW�FRQQHFWLYLW\�GLIIHUHQFHV�EHWZHHQ�ͷͺͻ�
VXQ� DQG� VKDGH� QHWZRUNV�� :KLOH� FRQQHFWLYLW\� EHWZHHQ� WKH� QHWZRUNV� GRHV� FKDQJH� ZLWK� OLJKW�ͷͻͲ�
WUHDWPHQW�� VKDGH� WUHDWPHQW� UHGXFHV� WKH�FRQQHFWLYLW\�RI�RQO\������RI� WKH�JHQHV� LQ� WKH�QHWZRUN��ͷͻͳ�
WKLV�FDQ�EH�VHHQ�E\�FRPSDULQJ�WKH�GHQVLW\�RI�JHQHV�IRXQG�LQ�VHFWRUV�������DQG���WR�WKH�UHPDLQLQJ�ͷͻʹ�
VHFWRUV��6KDGH�FDXVHG�UHGXFHG�FRQQHFWLYLW\�RI������RI�WKH�JHQHV�ZLWK�ORZHU�H[SUHVVLRQ�LQ�VKDGH�ͷͻ͵�
�WRS�URZ�)LJ���$��������RI�JHQHV�ZLWKRXW�GLIIHUHQWLDO�H[SUHVVLRQ��PLGGOH�URZ���DQG������RI�WKH�ͷͻͶ�
JHQHV� H[SUHVVHG� PRUH� KLJKO\� LQ� VKDGH� �ERWWRP� URZ��� LQGLFDWLQJ� WKDW� VKDGH� LV� PRUH� OLNHO\� WR�ͷͻͷ�
UHGXFH� FRQQHFWLYLW\� DPRQJ� JHQHV�ZLWK� GHFUHDVHG� RU� QR� FKDQJH� LQ� H[SUHVVLRQ� �S�  � ������� FKL�ͷͻ�
VTXDUHG�WHVW���ͷͻ�

6HFWRU� ��� /LJKW� DQG� DX[LQ� VLJQDOLQJ� DUH� UHVSRQVLEOH� IRU� FKDQJHV� LQ� FRQQHFWLYLW\�ͷͻͺ�
EHWZHHQ�WKH�VXQ�DQG�VKDGH�QHWZRUNV���$�JHQH�RQWRORJ\��*2��DQDO\VLV�RI�WKH�JHQHV�LQ�WKH�FR�ͷͻͻ�
H[SUHVVLRQ�QHWZRUN�VHFWRU���FRQILUPHG�WKDW�VKDGH�GHFUHDVHV�FRQQHFWLYLW\�DPRQJ�JHQHV�LQ�VHYHUDO�ͲͲ�
FDWHJRULHV�� LQFOXGLQJ� KRUPRQH� VLJQDOLQJ�� OLJKW� UHVSRQVH�� FHOO� ZDOO� PRGLILFDWLRQ� DQG�Ͳͳ�
SKRWRV\QWKHVLV��67DEOHV����������$W�ILUVW�JODQFH��LW�PD\�EH�VXUSULVLQJ�WR�ILQG�WKDW�DX[LQ�VLJQDOLQJ�Ͳʹ�
JHQHV�DUH�HQULFKHG�LQ� WKLV�VHFWRU��ZLWK�GHFUHDVHG�H[SUHVVLRQ�DQG�FRQQHFWLYLW\�� ,W� LV�ZHOO�NQRZQ�Ͳ͵�
WKDW�DX[LQ�VLJQDOLQJ� LV� LPSOLFDWHG� LQ� WKH�VKDGH�DYRLGDQFH�UHVSRQVH� �0RUHOOL�DQG�5XEHUWL��������ͲͶ�
&DUDEHOOL� HW� DO��� ������ 7DR� HW� DO��� ������ &LROIL� HW� DO��� ������ GH� :LW� HW� DO��� ������� +RZHYHU��Ͳͷ�
H[DPLQDWLRQ� RI� WKH� DX[LQ�DVVRFLDWHG� JHQHV� LQ� 6)LJ�� �&� GHPRQVWUDWHV� WKDW� ERWK� XS�� DQG� GRZQ�Ͳ�
UHJXODWLRQ� RI� H[SUHVVLRQ� RFFXUV� LQ� UHVSRQVH� WR� VKDGH�� )RU� H[DPSOH�� ZLWKLQ� WKH� *2�HQULFKHG�Ͳ�
FDWHJRU\� µDX[LQ� VLJQDOLQJ¶�� WZR�$X[LQ�5HVSRQVH�)DFWRU� �$5)�� WUDQVFULSWLRQ� IDFWRUV��ARF8� DQG�Ͳͺ�
ARF19��DUH�IRXQG�LQ�VHFWRU�����Ͳͻ�

7KH� HQULFKHG� FDWHJRU\� µ����EHWD�'�JOXFDQ� V\QWKDVH� FRPSOH[¶� FRQWDLQV� JHQHV� LQFOXGLQJ�ͳͲ�
WZR�GLUCAN SYNTHASE-LIKE�JHQHV��HQFRGLQJ�FDOORVH� V\QWKDVH�SURWHLQV�� �&DOORVH� V\QWKDVHV�ͳͳ�
KDYH�GLYHUVH�IXQFWLRQV�LQ�UHVSRQVH�WR�DELRWLF�DQG�ELRWLF�VWUHVV��DQG�LQFUHDVH�FDOORVH�GHSRVLWLRQ�LQ�ͳʹ�
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FHOO�ZDOOV�ZLWKLQ�PLQXWHV�RI�ZRXQGLQJ�RU�WHPSHUDWXUH�FKDQJH��&KHQ�DQG�.LP����������-DFREV�HW�ͳ͵�
DO��� ������&KHQ� DQG�.LP�� ������� �:KLOH� LW� LV� FOHDU� WKDW� FDOORVH� V\QWKDVHV� DUH� LPSRUWDQW� XQGHU�ͳͶ�
VWUHVV�VFHQDULRV��WKHLU�UROH�LQ�VKDGH�DYRLGDQFH�LV�XQNQRZQ��ͳͷ�
� 7ZR�DGGLWLRQDO�VHFWRU���JHQHV��&KORURSK\OO�D�E�ELQGLQJ�SURWHLQ�DQG�ARGONAUTE1��IDOO�ͳ�
XQGHU� WKH�*2�HQULFKHG�FDWHJRU\�RI� µUHVSRQVH� WR� IDU�UHG� OLJKW¶��&KORURSK\OO�D�E�ELQGLQJ�SURWHLQ�ͳ�
�&$%��LV�NQRZQ�WR�EH�UHJXODWHG�E\�SK\WRFKURPH��ZLWK�LWV�H[SUHVVLRQ�XQGHU�FRQWURO�RI�5�DQG�)5�ͳͺ�
OLJKW� LQ� $UDELGRSVLV� VHHGOLQJV� �.DUOLQQHXPDQQ� HW� DO��� ������ 'HZGQH\� HW� DO��� ������ &DVDO� DQG�ͳͻ�
<DQRYVN\���������,Q�RXU�JHQH�H[SUHVVLRQ�VWXG\��D�JUHDW�SURSRUWLRQ��DSSUR[LPDWHO\������RI�WKH�ʹͲ�
,/V� VKRZ� GHFUHDVHG� H[SUHVVLRQ� RI� WKH� &$%� KRPRORJ� LQ� VKDGH� �6)LJ�� ��$��� ARGONAUTE1�ʹͳ�
�AGO1� LV� D� PHPEHU� RI� WKH� HVVHQWLDO� FDWDO\WLF� FRPSRQHQWV� RI� WKH� 51$�LQGXFHG� VLOHQFLQJ�ʹʹ�
FRPSOH[��DQG�SOD\V�DQ� LPSRUWDQW� UROH� LQ�SODQW�GHYHORSPHQW��AGO1 LV�K\SRWKHVL]HG� WR�DFW�DV�D�ʹ͵�
OLQN�EHWZHHQ� OLJKW�DQG�DX[LQ� VLJQDOLQJ� �.LGQHU�DQG�0DUWLHQVVHQ��������9DXFKHUHW�HW� DO���������ʹͶ�
6RULQ� HW� DO��� ������� AGO1 PXWDQWV� DUH� K\SHUVHQVLWLYH� WR� OLJKW�� ZKLFK� PD\� EH� D� UHVXOW� RI� WKH�ʹͷ�
XSUHJXODWLRQ� RI� OLJKW� VLJQDOLQJ� SDWKZD\V�� AGO1� PD\� DOVR� UHJXODWH� DX[LQ� KRPHRVWDVLV� LQ�ʹ�
$UDELGRSVLV�E\�WDUJHWLQJ�WKH�WUDQVFULSWV�RI�ARF17��D�UHSUHVVRU�RI�DX[LQ�LQGXFLEOH�JHQHV��6RULQ�HW�ʹ�
DO��� ������� ,I�AGO1� DFWV� LQ� WRPDWR� DV� LW� GRHV� LQ�$UDELGRSVLV�� WKHQ�AGO1�PD\� EH� DFWLQJ� DV� D�ʹͺ�
SRVLWLYH�UHJXODWRU�RI�WKH�6$5�E\�WKLV�VXJJHVWHG�PHFKDQLVP��ʹͻ�
�������� $QRWKHU� VHFWRU� �� *2� HQULFKHG� FDWHJRU\� LV� µUHVSRQVH� WR� OLJKW� VWLPXOXV¶�� 7KH� *$7$�͵Ͳ�
WUDQVFULSWLRQ�IDFWRU�DQG�JO\FHUDOGHK\GH���SKRVSKDWH�GHK\GURJHQDVH��*$3'+��DUH�IRXQG�LQ�WKLV�͵ͳ�
FDWHJRU\��3UHYLRXV�ZRUN�KDV�HOHJDQWO\�VKRZQ�WKDW�FRPSRQHQWV� IXQFWLRQLQJ� LQ� WKH�&DOYLQ�F\FOH��͵ʹ�
ZKLFK� LQFOXGHV�*$3'+�� DUH� OLJKW� UHJXODWHG� �'HZGQH\� HW� DO��� ������ 7RELQ� DQG�.HKRH�� �������͵͵�
(DUO\� ZRUN� GRQH� LQ� SK\WRFKURPH� JHQH� UHJXODWLRQ� UHYHDOHG� WKDW� PDQ\� JHQHV� UHJXODWHG� E\�͵Ͷ�
SK\WRFKURPH��LQFOXGLQJ�*$3'+��FRQWDLQ�D�*$7$�ELQGLQJ�PRWLI��-HRQJ�DQG�6KLK����������͵ͷ�

6HFWRU� ��� &KORURSODVW�UHODWHG� JHQH� H[SUHVVLRQ� GRHV� QRW� FRUUHODWH� ZLWK� PHDVXUHG�͵�
SKHQRW\SHV��*HQH�RQWRORJ\�HQULFKPHQW�DQDO\VLV�RI�WKH�VHFWRU���JHQHV�LQGLFDWHG�WKDW�WKLV�VXEVHW�͵�
RI�JHQHV�DUH�LQYROYHG�LQ�FKORURSODVW�PDLQWHQDQFH��SURWHLQ�WUDQVSRUW�DQG�UHJXODWLRQ�RI�VWURPDO�DQG�͵ͺ�
OXPHQ�UHDFWLRQV��67DEOH������:H�H[DPLQHG�WKH�JHQH�H[SUHVVLRQ�SDWWHUQV�RI�WKHVH�JHQHV�LQ�WKH�,/V�͵ͻ�
LQ�VKDGH��DQG�IRXQG�WKUHH�WUHQGV�LQ�JHQH�H[SUHVVLRQ�DPRQJ�WKH�VHFWRU���JHQHV��6)LJ����%���,/V�ͶͲ�
FOXVWHUHG�LQWR�DSSUR[LPDWHO\�HTXDO�JURXSV�ZLWK�VWURQJ�XS�UHJXODWLRQ��VWURQJ�GRZQ�UHJXODWLRQ��RU�Ͷͳ�
LQWHUPHGLDWH�H[SUHVVLRQ�RI� VHFWRU���JHQHV�� WKRXJK� WKHVH�FOXVWHUV�GLG�QRW� FRUUHVSRQG�GLUHFWO\� WR�Ͷʹ�
DQ\�PHDVXUHG�VKDGH�UHVSRQVLYH�SKHQRW\SH��,Q�WKLV�DQDO\VLV��JHQRW\SHV�WKDW�DUH�HQWLUHO\�FRQWDLQHG�Ͷ͵�
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ZLWKLQ�DQRWKHU�,/�WHQG�WR�FOXVWHU�WRJHWKHU��IRU�H[DPSOH�,/����DQG�,/�������)LJ���'��6)LJ����%���DV�ͶͶ�
PLJKW�EH�H[SHFWHG���Ͷͷ�
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'LVFXVVLRQ�Ͳ�
.QRZOHGJH�RI�VKDGH�UHVSRQVHV�JDUQHUHG�IURP�VWXGLHV�LQ�Arabidopsis thaliana KDV�VHUYHG�ͳ�

DV� D� EDVLV� IRU� XQGHUVWDQGLQJ� WKH� VKDGH� DYRLGDQFH� UHVSRQVH� �6$5�� LQ� RWKHU� VSHFLHV�� �+RZHYHU��ʹ�
WKHVH�VWXGLHV�GR�QRW�DGGUHVV�DJULFXOWXUDOO\�UHOHYDQW�W\SHV�RI�VKDGH�DYRLGDQFH��VXFK�DV�WKDW�LQ�FURS�͵�
VSHFLHV� ZLWK� H[SDQGHG� YHJHWDWLYH� LQWHUQRGHV�� 8VLQJ� D� GRPHVWLFDWHG� WRPDWR� DQG� S. pennellii�Ͷ�
LQWURJUHVVLRQ�OLQH�SRSXODWLRQ��ZH�ZHUH�DEOH�WR�GLVVHFW�WKH�JHQHWLF�EDVLV�RI�YDULDWLRQ�LQ�WKH�VKDGH�ͷ�
DYRLGDQFH�UHVSRQVH�LQ�DQ�LPSRUWDQW�FURS�DQG�LWV�ZLOG�UHODWLYH��$V�D�UHODWLYHO\�GLVWDQW�UHODWLYH�WR��
WKH�PRGHUQ�GRPHVWLFDWHG�WRPDWR��SUHYLRXV�ZRUN�KDV�VKRZQ�WKDW�S. pennellii�JHQH�H[SUHVVLRQ�KDV��
VLJQLILFDQWO\�GLYHUJHG�IURP�WKDW�RI�GRPHVWLFDWHG�WRPDWR��.RHQLJ�HW�DO����������6XFK�GLIIHUHQFHV�ͺ�
DUH� HYLGHQFH�RI� WKH�GLVWLQFW� HYROXWLRQDU\�KLVWRULHV�RI� WKH� WZR� VSHFLHV�� WKH�GRPHVWLFDWHG� WRPDWR�ͻ�
ZDV�VHOHFWHG�XQGHU�IDYRUDEOH�\HW�FURZGHG�FRQGLWLRQV��ZKHUHDV�S. pennellii�DGDSWHG�WR�DQ�DULG�DQG�ͺͲ�
OHVV� SRSXODWHG� HQYLURQPHQW�� 7KH� ,/� SRSXODWLRQ� WDNHV� DGYDQWDJH� RI� WKHVH� VSHFLHV�VSHFLILF�ͺͳ�
GLIIHUHQFHV�� SDUVLQJ� WKH� JHQRPH� RI� WKH� ZLOG� VSHFLHV� LQWR� PXOWLSOH� LQGLYLGXDOV� DQG� VHSDUDWLQJ�ͺʹ�
LQKHUHQW�JHQHWLF�LQWHUDFWLRQV���([DPLQLQJ�HDFK�,/�DQG�LWV�DVVRFLDWHG�S. pennellii JHQRPH�UHJLRQ�ͺ͵�
LQGHSHQGHQWO\�DOORZV�XV� WR�GLVVHFW� WKH�JHQHWLF�EDVLV� IRU�TXDQWLWDWLYH� WUDLWV�DQG�FRPSOH[�JHQHWLF�ͺͶ�
UHVSRQVHV�VXFK�DV�WKH�6$5��ͺͷ�
���� :H� IRXQG� WKDW� YDULDWLRQ� LQ� WKH� 6$5� LQ� WKLV� FURVV� LV� JHQHWLFDOO\� FRPSOH[�� LQYROYLQJ�ͺ�
PXOWLSOH�ORFL�DFURVV�WKH�JHQRPH�FRQWUROOLQJ�GLVWLQFW��\HW�TXDQWLILDEOH�WUDLWV��)LJ�����)LJ�����6)LJ��ͺ�
���� &RUURERUDWLQJ� SUHYLRXV� UHVXOWV�� ZH� VKRZ� WKDW� WKH� WRPDWR� VKDGH� DYRLGDQFH� UHVSRQVH� LV�ͺͺ�
SULPDULO\�PRGXODWHG� WKURXJK� LQWHUQRGH�HORQJDWLRQ� �LQWHUQRGH�3&����DV�D�JUHDWHU�QXPEHU�RI� ,/V�ͺͻ�
VKRZHG�D�VLJQLILFDQW�LQFUHDVH�LQ�LQWHUQRGH�HORQJDWLRQ�WKDQ�SHWLROH�HORQJDWLRQ��SHWLROH�3&����7KH�ͻͲ�
GLIIHULQJ�GHJUHHV�RI�SKHQRW\SLF�VKDGH�UHVSRQVH�REVHUYHG�LQ�LQWHUQRGHV�DQG�SHWLROHV�VXJJHVW�WKDW�ͻͳ�
WKH� WZR�RUJDQV�KDYH�GLIIHULQJ� VHQVLWLYLW\� WR� VKDGH� DQG� WKDW� WKLV�PD\�EH� UHIOHFWHG� LQ� WKHLU� JHQH�ͻʹ�
H[SUHVVLRQ� �)LJ�� ���� )XUWKHU� ZRUN� TXDQWLI\LQJ� H[SUHVVLRQ� RI� VSHFLILF� JHQHV� LQ� LQWHUQRGHV� DQG�ͻ͵�
SHWLROHV�VHSDUDWHO\�PD\�YDOLGDWH�WKLV�K\SRWKHVLV���ͻͶ�

$� SULPDU\� DLP� RI� WKLV� ZRUN� ZDV� WR� H[DPLQH� VKDGH�UHVSRQVLYH� JHQH� H[SUHVVLRQ� LQ�ͻͷ�
GRPHVWLFDWHG� WRPDWR� XVLQJ� QH[W�JHQHUDWLRQ� VHTXHQFLQJ� �)LJ�� ��� 6)LJ�� ���� 51$� VHTXHQFLQJ�ͻ�
DOORZHG� IRU� D� PRUH� FRPSOHWH� LGHQWLILFDWLRQ� RI� VKDGH�UHVSRQVLYH� WUDQVFULSWV� WKDQ� FRXOG� EH�ͻ�
SURYLGHG� LQ� SUHYLRXV� VWXGLHV� WKDW� XVHG� PLFURDUUD\V�� VXFK� DV� LQ� &DJQROD� et al.� �.LGQHU� DQG�ͻͺ�
0DUWLHQVVHQ��������9DXFKHUHW�HW�DO���������6RULQ�HW�DO���������� ,Q�FRPELQDWLRQ�ZLWK�SKHQRW\SLF�ͻͻ�
DQDO\VLV� RI� JURZWK� LQ� VXQ� DQG� VKDGH� FRQGLWLRQV�� RXU� JHQH� H[SUHVVLRQ� DQDO\VLV� DOORZHG� XV� WR�ͲͲ�
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LGHQWLI\� JHQHV� DQG� UHJLRQV� RI� WKH� JHQRPH� FULWLFDOO\� LQYROYHG� LQ� VKDGH� DYRLGDQFH� UHVSRQVHV� LQ�Ͳͳ�
WRPDWR��Ͳʹ�

&RPSDULVRQ�RI�RXU�JHQH�H[SUHVVLRQ�ILQGLQJV�WR�SUHYLRXVO\�UHSRUWHG�ZRUN�LQ�$UDELGRSVLV�Ͳ͵�
DQG�WRPDWR��6HVVD�HW�DO���������7DR�HW�DO���������&DJQROD�HW�DO���������UHYHDOHG�ERWK�QRYHO�JHQHV�ͲͶ�
DQG�KRPRORJV�RI�SUHYLRXVO\�FKDUDFWHUL]HG�VKDGH�UHVSRQVLYH�JHQHV��7DEOH����67DEOHV���DQG�����,Q�Ͳͷ�
$UDELGRSVLV VWXGLHV�� WKH�+'�=,3� ,,� KRPHRER[�GRPDLQ� WUDQVFULSWLRQ� IDFWRU�ATHB2� LV� D� FODVVLF�Ͳ�
H[DPSOH�RI�D�VKDGH�LQGXFHG�JHQH��LW�DFWLYDWHV�VHYHUDO�VKDGH�DYRLGDQFH�UHVSRQVH�JHQHV�SOD\LQJ�D�Ͳ�
UROH� LQ�HORQJDWLRQ�DQG�JURZWK� �&DUDEHOOL� HW�DO����������:H� IRXQG� WKDW�HDFK�RI� WKH� WKUHH� WRPDWR�Ͳͺ�
KRPRORJV� RI� ATHB2� �6RO\F��J�������� 6RO\F��J������� DQG� 6RO\F��J�������� VKRZHG� D�Ͳͻ�
VLJQLILFDQW� XS�UHJXODWLRQ� LQ� VKDGH� �7DEOH� �� DQG� 67DEOH� ���� LQ� DJUHHPHQW� ZLWK� VWXGLHV� LQ�ͳͲ�
$UDELGRSVLV�� 1RWDEO\�� WKH� FULWLFDO� QHJDWLYH� UHJXODWRU� RI� VKDGH� LQ� $UDELGRSVLV�� LONG ͳͳ�
HYPOCOTYL IN FAR RED 1� �HFR1)�� LV� QRW� SUHVHQW� LQ� WKH� WRPDWR� JHQRPH� �)DQNKDXVHU� DQG�ͳʹ�
&KRU\�� ������ 6HVVD� HW� DO��� ������ +RUQLWVFKHN� HW� DO��� ������� 2XU� SKHQRW\SLF� PHDVXUHPHQWV�ͳ͵�
LGHQWLILHG�,/V�ZLWK�OLPLWHG�JURZWK�LQ�VKDGH��LQGLFDWLQJ�WKHUH�DUH�D�QXPEHU�RI�SRWHQWLDO�QHJDWLYH�ͳͶ�
UHJXODWRU\�JHQHV�LQ�WKH�WRPDWR�JHQRPH��IXUWKHU�ZRUN�H[DPLQLQJ�JHQH�QHWZRUNV�LQ�VXQ�DQG�VKDGH�ͳͷ�
PD\�UHYHDO�NH\�VKDGH�UHJXODWRUV�LQ�WRPDWR���ͳ�
���� 7KRXJK� WKH� FRPSDULVRQ� DQG� FRQWUDVW� RI� RXU� GDWDVHW� WR� WKH� DIRUHPHQWLRQHG� UHVRXUFHV�ͳ�
VKRZHG�D�QXPEHU�RI�JHQHV�FRPPRQO\�H[SUHVVHG� LQ� VKDGH�� D� ODUJH�QXPEHU�RI� WKH�JHQHV� LQ�RXU�ͳͺ�
VWXG\�ZHUH� QRW� LGHQWLILHG� LQ� SUHYLRXV�ZRUN� �6)LJ�� ����:H� EHOLHYH� WKLV� GLIIHUHQFH� WR� EH� GXH� WR�ͳͻ�
GLIIHUHQFHV�LQ�H[SHULPHQWDO�GHVLJQ��(QYLURQPHQWDO�FRQGLWLRQV��GHYHORSPHQWDO�VWDJH��DQG�VDPSOHG�ʹͲ�
WLVVXH�FDQ�KDYH�D�JUHDW�LPSDFW�RQ�JHQH�H[SUHVVLRQ�UHVXOWV��,Q�RXU�VWXG\��ZH�XVHG�D�5�)5�UDWLR�RI�ʹͳ�
����IRU�RXU�VLPXODWHG�VKDGH�FRQGLWLRQ��ZKHUHDV�&DJQROD�DQG�FROOHDJXHV��������SHUIRUPHG�WKHLU�ʹʹ�
VWXG\�XVLQJ�D�ORZ�5�)5�UDWLR�RI�������7KH�ZRUN�LQ�WRPDWR�E\�&DJQROD�DQG�FROOHDJXHV�DOVR�ORRNHG�ʹ͵�
DW� VKDGH� WUHDWPHQWV� RI� �� KRXU� DQG� �� GD\V�� FRQWUDVWHG� ZLWK� RXU� VKDGH� WUHDWPHQW� RI� ��� KRXUV��ʹͶ�
)XUWKHUPRUH�� WKH� VL]H� RI� RXU� H[SHULPHQW� UHVXOWHG� LQ� PXFK� JUHDWHU� SRZHU� WR� GHWHFW� H[SUHVVLRQ�ʹͷ�
GLIIHUHQFHV��DV�ZH�KDG���UHSOLFDWHV�RI�PRUH� WKDQ����VDPSOHV� LQ�ERWK�VXQ�DQG�VKDGH� WUHDWPHQWV��ʹ�
ZKLOH�WKH�$UDELGRSVLV�VWXGLHV�XVHG�RQO\���UHSOLFDWHV�LQ�HDFK�OLJKW�WUHDWPHQW��6HVVD�HW�DO���������ʹ�
7DR� HW� DO��� ������� $OWRJHWKHU�� WKHVH� GLVWLQFWLRQV� H[SODLQ� WKH� VLJQLILFDQFH� RI� GLIIHUHQFHV� LQ� WKH�ʹͺ�
VKDGH�UHVSRQVLYH�JHQHV�LGHQWLILHG�EHWZHHQ�VWXGLHV�� �ʹͻ�
�������� &OXVWHULQJ� WKH� ,/V� EDVHG� RQ� WKHLU� VKDGH�UHVSRQVLYH� JHQH� H[SUHVVLRQ� SDWWHUQV� OHG� XV� WR�͵Ͳ�
IRFXV�RQ�WKUHH�VXEVHWV�RI�JHQHV��QDPHO\�WUDQVFULSWLRQ�IDFWRUV��DX[LQ�UHODWHG�JHQHV��DQG�FHOO�ZDOO�͵ͳ�
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UHODWHG�JHQHV��6)LJ������$�VPDOO�JURXS�RI� WUDQVFULSWLRQ�IDFWRUV� LV�XSUHJXODWHG� LQ� WKH�,/V�GXULQJ�͵ʹ�
VKDGH�� WKLV� LQFOXGHV� HDFK� RI� WKH� WKUHH�ATHB2� KRPRORJV� �6)LJ�� �$��� 7KH� WUDQVFULSWLRQ� IDFWRU�͵͵�
ESE3� KDV� EHHQ� LGHQWLILHG� DV� VKDGH� UHVSRQVLYH� LQ� $UDELGRSVLV�� EXW� WKH� RWKHU� VHYHQ� JHQHV��͵Ͷ�
LQFOXGLQJ�0$'V�ER[��0\E��DQG�E+/+�WUDQVFULSWLRQ�IDFWRUV��KDYH�QRW�SUHYLRXVO\�EHHQ�VKRZQ�WR�͵ͷ�
SOD\� D� UROH� LQ� VKDGH�UHVSRQVLYH� JURZWK�� $� JURXS� RI� WHQ� ,/V� FOXVWHUHG� WRJHWKHU� EDVHG� RQ� WKHLU�͵�
DOWHUHG�FHOO�ZDOO�UHODWHG�JHQH�H[SUHVVLRQ��6)LJ���%���WKH�GLIIHUHQWLDOO\�H[SUHVVHG�FHOO�ZDOO�JHQHV�͵�
LQFOXGHG�D�QXPEHU�RI�K\GURODVHV�DQG�SURWHLQV�ZLWK�SRO\VDFFKDULGH�WUDQVIHUDVH�DFWLYLW\��:KLOH�FHOO�͵ͺ�
ZDOO�DVVRFLDWHG�JHQHV�ZHUH�FRUUHODWHG�ZLWK�VKDGH�UHVSRQVLYH�JURZWK��67DEOH�����ZH�ZHUH�XQDEOH�͵ͻ�
WR� LGHQWLI\� D� FRQVLVWHQW� SKHQRW\SLF� WUDLW� DOWHUHG� LQ� ,/V� ZLWK� GLVWLQFW� FHOO�ZDOO� JHQH� H[SUHVVLRQ�ͶͲ�
SDWWHUQV��IXWXUH�H[SHULPHQWV�PD\�WDUJHW�FHOOXODU�OHYHO�UDWKHU�WKDQ�RUJDQLVPDO�OHYHO�WUDLWV��VXFK�DV�Ͷͳ�
FHOO� ZDOO� FRPSRVLWLRQ�� LQ� RUGHU� WR� FRQQHFW� H[SUHVVLRQ� RI� WKHVH� JHQHV� ZLWK� D� VSHFLILF� JURZWK�Ͷʹ�
SKHQRW\SH� &RQVLGHULQJ�WKH�DX[LQ�UHODWHG�JHQHV��D�JURXS�RI�HLJKW�,/V�FOXVWHU�EDVHG�RQ�GLIIHUHQWLDO�Ͷ͵�
H[SUHVVLRQ�RI����JHQHV��)LJ�����6)LJ���&���$PRQJ�W\SLFDO�DX[LQ�UHVSRQVLYH�JHQHV��WKLV�OLVW�DOVR�ͶͶ�
LQFOXGHV�H[SDQVLQV��XTH�JHQHV��DQG�SAUR�JHQHV��ZKLFK�KDYH�DOO�EHHQ�VKRZQ�WR�EH�LQYROYHG�LQ�Ͷͷ�
DX[LQ�PHGLDWHG� FHOO� ZDOO� H[SDQVLRQ� �7DEOH� ���� �,PSRUWDQWO\�� WKH� HLJKW� ,/V� FOXVWHULQJ� EDVHG� RQ�Ͷ�
WKHLU� DX[LQ� JHQH� H[SUHVVLRQ� DOVR� FOXVWHU� EDVHG� RQ� WKHLU� VKDGH�UHVSRQVLYH� LQWHUQRGH� HORQJDWLRQ�Ͷ�
�LQWHUQRGH� 3&��� SKHQRW\SH� �)LJ�� ��� 6)LJ�� �&��� � � 7RJHWKHU� WKHVH� HLJKW� ,/V� FRQWDLQ� VL[� QRQ�Ͷͺ�
RYHUODSSLQJ� UHJLRQV�� LQGLFDWLQJ� WKDW� WKHVH� DX[LQ�UHVSRQVLYH� JHQHV� DUH� D� FRPPRQ� GRZQVWUHDP�Ͷͻ�
WDUJHW�DPRQJ�LQGHSHQGHQW�47/�SURPRWLQJ�UHGXFHG�VKDGH�DYRLGDQFH�UHVSRQVH��ͷͲ�
�������� %DVHG�RQ�WKH�FOXVWHUV�RI�VKDGH�UHVSRQVLYH�WUDQVFULSWLRQ�IDFWRU��DX[LQ��DQG�FHOO�ZDOO�JHQHV��ͷͳ�
ZH� DOVR� SHUIRUPHG� DQ� DQDO\VLV� IRU� HQULFKPHQW� RI� SURPRWHU� PRWLIV�� ,Q� DFFRUGDQFH� ZLWK� RXU�ͷʹ�
SUHYLRXV�ILQGLQJV��SURPRWHUV�RI�WKH�WUDQVFULSWLRQ�IDFWRUV�DUH�HQULFKHG�IRU�$7+%��ELQGLQJ�VLWHV��ͷ͵�
VXSSRUWLQJ� OLJKW�UHJXODWHG� PRGXODWLRQ� RI� H[SUHVVLRQ�� $X[LQ� JHQHV� GLIIHUHQWLDOO\� H[SUHVVHG� LQ�ͷͶ�
VKDGH� VKRZ�HQULFKPHQW� RI� OLJKW�VLJQDOLQJ�SURPRWHU� HOHPHQWV��ZKLOH� WKH�SURPRWHUV�RI� FHOO�ZDOO�ͷͷ�
JHQHV�DUH�HQULFKHG�IRU�DX[LQ�UHODWHG�ELQGLQJ�VLWHV���ͷ�
�������� 7KH� UHVXOWV� GHVFULEHG� DERYH� DOORZHG� XV� WR� GHWHUPLQH� ZKHWKHU� VKDGH� DOWHUV� WKH�ͷ�
FRQQHFWLYLW\� RI� WKH� JHQH� QHWZRUN�� 8VLQJ� ':*&1$�� D� GLIIHUHQWLDO� QHWZRUN� DQDO\VLV� PHWKRG�ͷͺ�
�)XOOHU� HW� DO��� ������ /DQJIHOGHU� DQG� +RUYDWK�� ������� ZH� IRXQG� WKDW� WKH� VXQ� DQG� VKDGH� JHQH�ͷͻ�
FRUUHODWLRQ�QHWZRUNV�DUH�PRVW�FRQWUDVWHG�E\�WKHLU�GLIIHUHQFHV�LQ�JHQH�H[SUHVVLRQ��VHHQ�LQ�VHFWRUV�Ͳ�
��DQG���LQ�)LJ���$��+RZHYHU��VKDGH�GRHV�DOWHU�WKH�QHWZRUN�FRQQHFWLYLW\�RI�D�QXPEHU�RI�JHQHV��ͳ�
IRXQG�SULPDULO\� LQ�VHFWRUV���DQG����2XU�DQDO\VLV�RI� VHFWRU���VKRZHG� WKDW�ZLWKLQ� WKLV� VHFWRU�DUH�ʹ�
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LQFOXGHG�JHQHV�LQYROYHG�LQ�OLJKW�DQG�KRUPRQH�VLJQDOLQJ�DQG�SKRWRV\QWKHVLV��WKRXJK�ZH�FRXOG�QRW�͵�
UHODWH� WKDW� SDWWHUQ� RI� VHFWRU� �� JHQH� H[SUHVVLRQ� WR� ,/V� WKDW�ZHUH� SDUWLFXODUO\� VKDGH� VHQVLWLYH� RU�Ͷ�
VKDGH�WROHUDQW��6HFWRU����LQ�ZKLFK�FRQQHFWLYLW\�RI�JHQHV�GHFUHDVHV�LQ�VKDGH��LQFOXGHV�D�QXPEHU�RI�ͷ�
FKORURSODVW�UHODWHG�JHQHV��FRPELQHG�ZLWK�WKH�VHFWRU���LQIRUPDWLRQ��WKLV�GDWD�VXJJHVWV�WKDW�DIWHU�����
KRXUV�RI�VKDGH�JURZWK��UHJXODWLRQ�RI�SKRWRV\QWKHWLF�JHQH�H[SUHVVLRQ�LV�DOWHUHG��([DPLQDWLRQ�RI��
JHQH� H[SUHVVLRQ� DIWHU� ORQJHU� SHULRGV� RI� VKDGH� H[SRVXUH� PD\� UHYHDO� UHGXFHG� SKRWRV\QWKHWLF�ͺ�
VLJQDOLQJ��DV�SUHYLRXV�SK\VLRORJLFDO�VWXGLHV�KDYH�VXJJHVWHG��%RDUGPDQ����������ͻ�
�������� $OO� WROG�� WKLV� ODUJH�VFDOH� VWXG\� RI� VKDGH� IURP� ERWK� SKHQRW\SLF� DQG� JHQH� H[SUHVVLRQ�Ͳ�
VWDQGSRLQWV�KDV�SURYLGHG�XV�ZLWK�DQ�XQSUHFHGHQWHG�GDWD�VHW�IRU�LGHQWLI\LQJ�NH\�JHQHV�LQYROYHG�LQ�ͳ�
JHQHUDO�DQG�RUJDQ�VSHFLILF�VKDGH�UHVSRQVHV�LQ�WRPDWR��7KH�HQYLURQPHQW�KDV�D�SURIRXQG�LQIOXHQFH�ʹ�
RQ� SODQW� GHYHORSPHQW�� PRGXODWLQJ� JURZWK� IRU� RSWLPDO� FDSWXUH� RI� UHVRXUFHV�� VRPHWLPHV� WR� WKH�͵�
GHWULPHQW� RI� SODQW� SURGXFWLYLW\��(VSHFLDOO\� UHOHYDQW� IRU� SKRWRV\QWKHWLF� RUJDQLVPV�� QHLJKERU�Ͷ�
VKDGLQJ�FDQ�PRGLI\�SODQW�JURZWK�WR�RSWLPL]H�OLJKW�DFTXLVLWLRQ�WKXV�LPSDFWLQJ�DJULFXOWXUDO�\LHOG��ͷ�
,Q�WKLV�SDSHU��ZH�KDYH�RQO\�EHJXQ�WKH�DQDO\VLV�RI�WKH�UHODWLRQVKLSV�EHWZHHQ�QDWXUDO�YDULDWLRQ�LQ��
VKDGH�UHVSRQVLYH�SKHQRW\SHV�DQG�JHQH�H[SUHVVLRQ��� ,Q�FRPELQDWLRQ�ZLWK� WKH�SUHYLRXVO\�VWXGLHG��
$UDELGRSVLV� DQG� WRPDWR� ZRUN�� WKLV� ZRUN� PD\� HQDEOH� GHYHORSPHQW� RI� PRUH� VKDGH�WROHUDQW�ͺ�
YDULHWLHV�RI�WRPDWR�WKURXJK�MXGLFLRXV�XVH�RI�ZLOG�DQG�GRPHVWLFDWHG�WRPDWR�JHUPSODVP�DV�ZHOO�DV�ͻ�
JHQRPLF�UHVRXUFHV���ͺͲ�
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0HWKRGV�ͻͷ�
3ODQW�JURZWK�FRQGLWLRQV�ͻ�

*HUPLQDWLRQ�� �7KH�LQWURJUHVVLRQ�OLQH�SRSXODWLRQ�ZDV�REWDLQHG�IURP�WKH�8&�'DYLV�&�0��ͻ�
5LFN�7RPDWR�*HQHWLFV�5HVRXUFH�&HQWHU� DQG�PDLQWDLQHG� E\� WKH�'HSDUWPHQW� RI� 3ODQW� 6FLHQFHV��ͻͺ�
8QLYHUVLW\� RI� &DOLIRUQLD�� 'DYLV�� &$�� 6HHGV� ZHUH� VFDULILHG� ZLWK� ���� KRXVHKROG� EOHDFK� IRU� ��ͻͻ�
PLQXWHV�DQG�ULQVHG�ILYH�WLPHV�ZLWK�VWHULOH�0LOOL4�ZDWHU�SULRU�WR�VRZLQJ�RQWR�PRLVW�SDSHU�WRZHOV�ͺͲͲ�
KRXVHG�LQ�SK\WDWUD\V��6LJPD�$OGULFK��SDUW�QR��3�������7KH�VHHGV�ZHUH�DOORZHG�WR�JHUPLQDWH�LQ�ͺͲͳ�
WKH�GDUN�DW�URRP�WHPSHUDWXUH�IRU�WKUHH�GD\V��$W�WKH�HQG�RI�WKLV�SHULRG��WKH�JHUPLQDWHG�VHHGOLQJV�ͺͲʹ�
ZHUH�WUDQVIHUUHG�WR�
VXQ
�FRQGLWLRQV��OLJKWV�GHVFULEHG�EHORZ��IRU�IRXU�GD\V�SULRU�WR�WUDQVSODQWDWLRQ��ͺͲ͵�
$W� VHYHQ� GD\V� DIWHU� VHHG� LPELELWLRQ� �GDL��� WKH� IXOO\� JHUPLQDWHG� DQG� HPHUJHG� VHHGOLQJV� ZHUH�ͺͲͶ�
WUDQVSODQWHG� LQWR� ���P/� FDSDFLW\� SRWV� ZLWK� FRPPHUFLDO� 6XQVKLQH� 0L[� 1R�� �� �6XQ� *UR�ͺͲͷ�
+RUWLFXOWXUH���7KH� VHHGOLQJV�ZHUH�ZDWHUHG�ZLWK�*URZ�0RUH� ,QF�� �������� K\GURSRQLF� VROXWLRQ��ͺͲ�
8SRQ� WUDQVSODQWDWLRQ�� WKH� VHHGOLQJV� ZHUH� SODFHG� LQ� WKHLU� UHVSHFWLYH� OLJKW� WUHDWPHQW�� 7KH�ͺͲ�
H[SHULPHQW�ZDV�FRQFOXGHG�DW����GDL��ͺͲͺ�

&KDPEHU� DQG� OLJKW� FRQGLWLRQV�� �7KH� ��� LQWURJUHVVLRQ� OLQH� SRSXODWLRQ� ZDV� JURZQ� LQ�ͺͲͻ�
FKDPEHU�FRQGLWLRQV�XQGHU���K� OLJKW�DQG��K�GDUN�F\FOHV�DW����&��7R�DFKLHYH� WKH�VLPXODWHG�VXQ�ͺͳͲ�
DQG�VKDGH�FRQGLWLRQV��ZH�XVHG�FRRO�ZKLWH�IOXRUHVFHQW�DQG�LQIUD�UHG��,5��EXOEV��)��7���9+2�IDU�ͺͳͳ�
UHG� EXOEV�� ,QWHUOHFWULF� &RUS��� :DUUHQ� 3$��� :H� DFKLHYHG� DSSUR[LPDWHO\� ���� PLFURPROHV� RI�ͺͳʹ�
SKRWRV\QWKHWLFDOO\� DFWLYH� UDGLDWLRQ� LQ� ERWK� VXQ� DQG� VKDGH� WUHDWPHQWV�� )RU� WKH� VLPXODWHG� VKDGH�ͺͳ͵�
FRQGLWLRQV�� IOXRUHVFHQW� DQG� ,5� EXOEV� SURGXFHG� D� ORZ� 5�)5� UDWLR� RI� ����� LQ� VLPXODWHG� VXQ�ͺͳͶ�
FRQGLWLRQV��ZH�SODFHG�ILOWHUV�RYHU�WKH�,5�EXOEV�WR�UHDFK�D�KLJK�5�)5�RI������ͺͳͷ�
�ͺͳ�
*URZWK�PHDVXUHPHQWV�DQG�DQDO\VLV�ͺͳ�

([SHULPHQWDO� GHVLJQ�� �7KH� ,/� SRSXODWLRQ�� LQFOXGLQJ� Solanum pennellii DQG� Solanum ͺͳͺ�
lycopersicum�FY��0����ZDV�UHSUHVHQWHG�RQFH�SHU�UHSOLFDWH��DFKLHYLQJ�D�WRWDO�RI����LQGLYLGXDOV�RI�ͺͳͻ�
HDFK�JHQRW\SH�SHU� WUHDWPHQW� WKURXJK�HOHYHQ�UHSOLFDWHV��:H�JUHZ� WKUHH� UHSOLFDWHV�DW�D� WLPH��$OO�ͺʹͲ�
LQGLYLGXDOV�LQ�HDFK�UHSOLFDWH�ZHUH�UDQGRPL]HG�DQG�PLUURUHG�LQ�HDFK�OLJKW�WUHDWPHQW��2XU�DQDO\VLV�ͺʹͳ�
RI� WKH� ,/� JURZWK� GDWD� LQFOXGHG� D� OLQHDU� PRGHO� DFFRXQWLQJ� IRU� SRVLWLRQ�� VKHOI� DQG� WHPSRUDO�ͺʹʹ�
UHSOLFDWLRQ�DV�UDQGRP�HIIHFWV��ͺʹ͵�

0HDVXUHPHQW�RI�LQWHUQRGH�DQG�SHWLROH�WUDLWV���,QWHUQRGH�OHQJWKV�EHWZHHQ�DGMDFHQW�OHDI�ͺʹͶ�
D[LOV�ZHUH�PHDVXUHG�IRU�SODQWV�JURZQ�LQ�VXQ�DQG�VKDGH�XVLQJ�9HUQLHU�GLJLWDO�FDOLSHUV��(SLFRW\O�ͺʹͷ�
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DQG� LQWHUQRGHV� �� WR� �� ZHUH� PHDVXUHG� DW� ��� GDL� ��� ZHHNV�� ZKLOH� WKH� HSLFRW\O� DQG� DOO� YLVLEOH�ͺʹ�
LQWHUQRGHV�ZHUH�PHDVXUHG�DW����GDL����ZHHNV���,QWHUQRGHV�ZHUH�FRXQWHG�IURP�WKH�ERWWRP�XS��ZLWK�ͺʹ�
WKH�HSLFRW\O�UHSUHVHQWLQJ�WKH�UHJLRQ�RI�WKH�VWHP�EHWZHHQ�WKH�FRW\OHGRQV�DQG�ILUVW�OHDI�QRGH��DQG�ͺʹͺ�
LQWHUQRGH� �� EHLQJ� WKH� UHJLRQ� EHWZHHQ� OHDI� �� DQG� OHDI� ��� 7RWDO� SODQW� KHLJKW�� RU� OHQJWK� RI� WKH�ͺʹͻ�
SULPDU\�VWHP��ZDV�PHDVXUHG�DW����GDL��IURP�WKH�FRW\OHGRQV�WR�WKH�WLS�RI�WKH�6$0��3HWLROH�OHQJWK�ͺ͵Ͳ�
PHDVXUHPHQWV�RQ����GDL�ZHUH�SHUIRUPHG�RQ�LPDJHV�RI�WKH�ORZHUPRVW�IRXU�OHDYHV�RI�HDFK�SODQW��ͺ͵ͳ�
7KH�OHDYHV�ZHUH�FXW�DW�WKH�VWHP�DQG�VXEVHTXHQWO\�LPDJHG��&KLWZRRG�HW�DO����������7KH�SHWLROHV�ͺ͵ʹ�
ZHUH�PHDVXUHG�XVLQJ�WKH�,PDJH-�VRIWZDUH��$EUDPRII�0'���������VWDUWLQJ�DW� WKH�FXW�HQG�RI� WKH�ͺ͵͵�
SHWLROH�WR�WKH�ILUVW�SUR[LPDO�OHDIOHW��ͺ͵Ͷ�

3ULQFLSDO� FRPSRQHQW� DQDO\VLV�� OLQHDU� PRGHOLQJ� RI� WUDLWV�� DQG� YLVXDOL]DWLRQ� RI�ͺ͵ͷ�
SKHQRW\SLF� GDWD�� ,QWHUQRGH� DQG� SHWLROH� PHDVXUHPHQWV�� DV� ZHOO� DV� WKH� JURZWK� PHDVXUHPHQWV�ͺ͵�
FDOFXODWHG�IURP�ZHHN���DQG�ZHHN���GDWD��ZHUH�HDFK�VXEMHFWHG� WR�SULQFLSDO�FRPSRQHQW�DQDO\VLV�ͺ͵�
ZLWK�WKH�VWDWLVWLFDO�SURJUDP�5��5��$�ODQJXDJH�DQG�HQYLURQPHQW�IRU�VWDWLVWLFDO�FRPSXWLQJ����������ͺ͵ͺ�
'DWD�ZHUH� VFDOHG� DQG�FHQWHUHG�� DQG� WKH�SULQFLSDO� FRPSRQHQWV� �3&V��ZHUH� FDOFXODWHG�XVLQJ� WKH�ͺ͵ͻ�
prcomp()� IXQFWLRQ� LQ� WKH�EDVLF�stats�SDFNDJH� LQ�5��/RDGLQJV�VXFK�DV� WKRVH� LQ�)LJ����ZHUH�ͺͶͲ�
JHQHUDWHG�IURP�WKH�URWDWLRQ�FRQWHQW�LQ�WKH�3&�DQDO\VLV���ͺͶͳ�
0HDQ�YDOXHV�DQG�VWDQGDUG�HUURUV� IRU�DOO� WUDLWV�� LQFOXGLQJ�XQWUDQVIRUPHG� WUDLWV�VXFK�DV� LQWHUQRGH�ͺͶʹ�
QXPEHU�DV�ZHOO�DV�3&V��ZHUH�FDOFXODWHG�XVLQJ�WKH�lmer()�IXQFWLRQ�LQ�WKH�lme4��OLQHDU�PL[HG�ͺͶ͵�
HIIHFWV�PRGHOV�XVLQJ�(LJHQ�DQG�6���SDFNDJH�LQ�5��3LQKHLUR�-���������3�YDOXHV�ZHUH�FDOFXODWHG�WR�ͺͶͶ�
LQGLFDWH�VWDWLVWLFDO�GLIIHUHQFH�IURP�WKH�FRQWURO�0����6WDQGDUG�HUURUV�RI�WKH�ORJ��WUDQVIRUPHG�UDWLR�ͺͶͷ�
RI� VKDGH�VXQ� YDOXHV�ZHUH� JHQHUDWHG� XVLQJ�lsmeans()� LQ� WKH�lmerTest� SDFNDJH� �%DWHV�'��ͺͶ�
��������ͺͶ�

3ORWV�RI�WUDLW�DQG�3&�YDOXHV�VXFK�DV�WKRVH�LQ�)LJ����DQG�6)LJ����ZHUH�JHQHUDWHG�XVLQJ�WKH�ͺͶͺ�
ggplot2�SDFNDJH� LQ�5��:LONKDP���������0HDQ�YDOXHV�DQG�VWDQGDUG�HUURUV�ZHUH� LQFRUSRUDWHG�ͺͶͻ�
XVLQJ� WKH�geom_point()� DQG�geom_linerange()� IXQFWLRQV�� 3LHFKDUWV� VXFK� DV� WKRVH� LQ�ͺͷͲ�
6)LJ����ZHUH�JHQHUDWHG�XVLQJ� WKH�JJSORW� IXQFWLRQV�geom_bar(stat = “identity”)� DQG�ͺͷͳ�
coord_polar()��ͺͷʹ�

%LQ�PDSSLQJ�YLD�UHJXODUL]HG�UHJUHVVLRQ���)RU�HDFK�WUDLW�DQDO\]HG�D�OLQHDU�PL[HG�HIIHFW�ͺͷ͵�
PRGHO� ZDV� ILW� XVLQJ� WKH lmer()� IXQFWLRQ� IURP� WKH� lme4� SDFNDJH� �%DWHV� '�� ������� ZLWK�ͺͷͶ�
UHSOLFDWH�DQG�VKHOI�DV�UDQGRP�HIIHFWV�DQG�,/��WUHDWPHQW��DQG�WKHLU�LQWHUDFWLRQ�DV�IL[HG�HIIHFWV���7KH�ͺͷͷ�
SUHGLFWHG� UDQGRP� HIIHFWV� ZHUH� H[WUDFWHG� IURP� WKH� PRGHO� ILW� DQG� XVHG� WR� DGMXVW� WKH� UDZ�ͺͷ�
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REVHUYDWLRQV�� � )RU� ELQ�PDSSLQJ�ZH� WKHQ�XVHG� WKH�cv.glmnet()� IXQFWLRQ� IURP� WKH�glmnet�ͺͷ�
SDFNDJH��:LONKDP���������ZLWK�ELQ�JHQRW\SHV��WUHDWPHQW��DQG�WKH�JHQRW\SH�E\�WUHDWPHQW�HIIHFW�ͺͷͺ�
DV�SUHGLFWRUV���7KH�PL[LQJ�SDUDPHWHU�DOSKD�ZDV�VHW�DW�����DQG�����IROG�FURVV�YDOLGDWLRQ�ZDV�XVHG�ͺͷͻ�
WR�FKRRVH�DQ�DSSURSULDWH�YDOXH�IRU�WKH�SHQDOL]DWLRQ�IDFWRU�ODPEGD��ͺͲ�

�ͺͳ�
7UDQVFULSWRPH�VHTXHQFLQJ�DQG�DQDO\VLV�ͺʹ�

/LEUDU\� SUHSDUDWLRQ��:H� VHTXHQFHG� WKH� WUDQVFULSWRPHV� RI� DOO� WKH� ,/V�� LQFOXGLQJ� WKH�ͺ͵�
SDUHQWV� S. lycopersicum� FY�� 0��� DQG� S. pennellii� IRU� DIWHU� WUHDWPHQW� ZLWK� VXQ� DQG� VKDGH�ͺͶ�
FRQGLWLRQV��7KH�SODQWV�ZHUH�JHUPLQDWHG�DQG�WUDQVSODQWHG�DV�GHVFULEHG�DERYH��3ODQWV�ZHUH�JURZQ�ͺͷ�
IRU����GD\V� LQ�VXQ��DOO�SODQWV�ZHUH� WKHQ� WUDQVIHUUHG� WR�D�VHFRQG�FKDPEHU�ZLWK� LGHQWLFDO�JURZWK�ͺ�
FRQGLWLRQV�IRU�D����KRXU�VKDGH�RU�VXQ�WUHDWPHQW�SULRU�WR�VDPSOLQJ�RI�WLVVXHV��7LVVXHV�DERYH�WKH�ͺ�
FRW\OHGRQV�ZHUH�VDPSOHG��LQFOXGLQJ�WKH�HSLFRW\O��DSLFDO�PHULVWHP��DQG�OHDI�SULPRUGLD��([SDQGLQJ�ͺͺ�
OHDYHV� JUHDWHU� WKDQ� ���FP� LQ� OHQJWK�ZHUH� H[FOXGHG��7KH�51$�VHT� OLEUDULHV�ZHUH� SUHSDUHG� DQG�ͺͻ�
VHTXHQFHG� DV� GHVFULEHG� E\� .XPDU� DQG� FROOHDJXHV�.XPDU� HW� DO��� ������ �� 7KH� QH[W�JHQHUDWLRQ�ͺͲ�
VHTXHQFLQJ�UHDGV�ZHUH�TXDOLW\�ILOWHUHG�DQG�WULPPHG�XVLQJ�WKH�)DVW;�7RRONLW��+DQQRQ��������DQG�ͺͳ�
FXVWRPL]HG�SHUO�VFULSWV��$GDSWHU�VHTXHQFHV�ZHUH�UHPRYHG�DQG�UHDGV�ZHUH�VRUWHG�E\�WKHLU�VDPSOH�ͺʹ�
VSHFLILF� EDUFRGHV�� 5HDGV� ZHUH� QH[W� PDSSHG� WR� WRPDWR� UHIHUHQFH� VHTXHQFHV� DV� GHVFULEHG� LQ�ͺ͵�
&KLWZRRG�HW�DO����������.XPDU�HW�DO���������� �%DVHG�RQ�WKH�UHDG�PDSSLQJ��JHQH�VSHFLILF�FRXQWV�ͺͶ�
ZHUH�FDOFXODWHG�IRU�HDFK�VDPSOH�DQG�XVHG�IRU�GLIIHUHQWLDO�H[SUHVVLRQ�DQDO\VLV���ͺͷ�

'LIIHUHQWLDO�JHQH�H[SUHVVLRQ�DQDO\VLV���7R�SHUIRUP�GLIIHUHQWLDO�JHQH�H[SUHVVLRQ�DQDO\VLV��ͺ�
ZH� XVHG� WKH� VWDWLVWLFDO� DQDO\VLV� SURJUDP� 5� DQG� WKH� SDFNDJH� µedgeR’� IURP� %LRFRQGXFWRU�ͺ�
�5RELQVRQ�HW�DO����������(GJH5�XVHV�HPSLULFDO�%D\HV�HVWLPDWLRQ�DQG�DQ�H[DFW�WHVW�EDVHG�RQ�WKH�ͺͺ�
QHJDWLYH� ELQRPLDO� GLVWULEXWLRQ� IRU� XVH� ZLWK� QH[W�JHQHUDWLRQ� VHTXHQFLQJ� UHDG� FRXQW� GDWD�� 7KLV�ͺͻ�
DOORZV� IRU� WKH� GLIIHUHQWLDO� DQDO\VLV� RI� JHQH� H[SUHVVLRQ� GDWD� IURP� 51$�VHT� H[SHULPHQWV� WKDW�ͺͺͲ�
LQFOXGH� ELRORJLFDO� UHSOLFDWLRQ� �5RELQVRQ� HW� DO��� �������:H� EHJDQ� ZLWK� D� OLVW� !� ������� WRPDWR�ͺͺͳ�
JHQHV� IURP� WKH�+HLQ]� �����JHQRPH� DVVHPEO\� �&RQVRUWLXP�� �������7KH� JHQHV�ZHUH� ILOWHUHG� WR�ͺͺʹ�
LQFOXGH�RQO\�WKRVH�JHQHV�ZKLFK�KDG�D�YDOXH�RI���FRXQWV�SHU�PLOOLRQ��FSP��LQ�DW�OHDVW���VDPSOHV��ͺͺ͵�
1RUPDOL]DWLRQ� IDFWRUV� XVHG� WR� VFDOH� HDFK� OLEUDU\� ZHUH� JHQHUDWHG� XVLQJ� WKH� 700� PHWKRG� LQ�ͺͺͶ�
calcNormFactors()�� DQG� GLVSHUVLRQ� YDOXHV� ZHUH� FDOFXODWHG� IRU� HDFK� JHQH� XVLQJ� HGJH5¶V�ͺͺͷ�
IXQFWLRQ�estimateGLMTagwiseDisp()��7R�JHQHUDWH� WKH� OLVW�RI�DSSUR[LPDWHO\������JHQHV�ͺͺ�
GLIIHUHQWLDOO\� H[SUHVVHG� LQ� VKDGH�� ZH� XVHG� D� JHQHUDOL]HG� OLQHDU� PRGHO� �HGJH5� IXQFWLRQV�ͺͺ�
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glmFit()�DQG�glmLRT()��WR�LGHQWLI\�GLIIHUHQWLDO�H[SUHVVLRQ�RI�JHQHV�EHWZHHQ�SODQWV�JURZQ�ͺͺͺ�
LQ�VXQ�RU�VKDGH�FRQGLWLRQV��LJQRUDQW�RI�WKH�JHQRW\SH�RI�DQ\�SODQW��*HQHV�GLIIHUHQWLDOO\�H[SUHVVHG�ͺͺͻ�
LQ�D�JHQRW\SH�VSHFLILF�PDQQHU��DV�ZHOO�DV�JHQHV�ZLWK�JHQRW\SH�E\�WUHDWPHQW�LQWHUDFWLRQ�HIIHFWV��ͺͻͲ�
ZHUH�DOVR�LGHQWLILHG�XVLQJ�WKH�JHQHUDOL]HG�OLQHDU�PRGHO�LQ�HGJH5���ͺͻͳ�

&DOFXODWLRQ� RI� HQULFKPHQW� RI� JHQH� RQWRORJ\� FODVVHV��:LWK� WKH� goseq� DQG� GO.db ͺͻʹ�
SDFNDJHV� IRU� 5�� ZH� HPSOR\HG� WKH� WRPDWR� JHQH� RQWRORJ\� FDWHJRULHV� �.RHQLJ� HW� DO��� ������ WR�ͺͻ͵�
FDOFXODWH� HQULFKPHQW� RI� RQWRORJLHV� LQ� RXU� JHQH� OLVWV� RI� LQWHUHVW� XVLQJ� WKH� nullp()� DQG�ͺͻͶ�
goseq()�IXQFWLRQV��<RXQJ�HW�DO���������0����������ͺͻͷ�

1HWZRUN� EXLOGLQJ�� *HQH� H[SUHVVLRQ� GDWD� ZHUH� ILUVW� SURFHVVHG� XVLQJ� WKH� VOOM� 5�ͺͻ�
SDFNDJH��DOORZLQJ�IRU�WKH�WUDQVIRUPDWLRQ�RI�FRXQW�H[SUHVVLRQ�GDWD�WR�ORJ��FRXQWV�SHU�PLOOLRQ��DQG�ͺͻ�
WKHUHIRUH� SHUPLW� HVWLPDWLRQ� RI� WKH� PHDQ�YDULDQFH� UHODWLRQVKLS� WR� FRPSXWH� DSSURSULDWH�ͺͻͺ�
REVHUYDWLRQDO�OHYHO� ZHLJKWV� �/DZ� HW� DO��� ������� 8SRQ� WUDQVIRUPDWLRQ�� WKH� VKDGH� DYRLGDQFH�ͺͻͻ�
UHVSRQVH� JHQH� H[SUHVVLRQ� ZDV� FDOFXODWHG� E\� VXEWUDFWLQJ� ORJ��VKDGH�� IURP� ORJ��VXQ�� 9220�ͻͲͲ�
WUDQVIRUPHG� GDWD�� 7KH� JHQH� H[SUHVVLRQ� GDWDVHWV�ZHUH� UHGXFHG� E\� ILQGLQJ� JHQHV�ZLWK� FRPPRQ�ͻͲͳ�
KLJK�FRQQHFWLYLW\� LQ�ERWK�GDWDVHWV�XVLQJ� WKH�softConnectivity()� IXQFWLRQ� LQ� WKH�WGCNA�ͻͲʹ�
�:HLJKWHG� *HQH� &R�H[SUHVVLRQ� $QDO\VLV�� 5� SDFNDJH� �/DQJIHOGHU� DQG� +RUYDWK�� ������� 7KLV�ͻͲ͵�
SURFHGXUH� \LHOGHG� DSSUR[LPDWHO\� ������ JHQHV� WKDW� ZHUH� WKHQ� XVHG� WR� PRYH� IRUZDUG� ZLWK� WKH�ͻͲͶ�
GLIIHUHQWLDO�ZHLJKWHG�JHQH�FR�H[SUHVVLRQ�QHWZRUN��7KLV�PHWKRG�RI� ILOWHULQJ�DOORZHG�XV� WR� UDLVH�ͻͲͷ�
WKH�DGMDFHQF\�WR�D�FRPPRQ�SRZHU�RI����WR�EXLOG�WKH�FR�H[SUHVVLRQ�QHWZRUN��:H�WKHQ�IROORZHG�ͻͲ�
WKH� ':*&1$� SURFHGXUH� DV� GHVFULEHG� LQ� �)XOOHU� HW� DO��� ������� ,Q� VKRUW�� 'LIIK� DQG� t�VWDWLVWLF�ͻͲ�
YDOXHV�ZHUH� FDOFXODWHG� WR� LGHQWLI\� JHQHV�ZLWK� ODUJH� DQG� VLJQLILFDQW� GLIIHUHQFHV� LQ� FRQQHFWLYLW\�ͻͲͺ�
DQG�H[SUHVVLRQ�EHWZHHQ�VXQ�DQG�VKDGH�QHWZRUNV��3ORWWLQJ�'LIIK�DQG�WKH�t�VWDWLVWLF��ZH�DVVLJQHG�ͻͲͻ�
VLJQLILFDQFH� OHYHOV� �p-YDOXHV�� WR� HDFK� VHFWRU� RI� WKH� VFDWWHUSORW� E\� SHUIRUPLQJ� ����� UDQGRP�ͻͳͲ�
SHUPXWDWLRQV�ZLWKLQ�HDFK�VHFWRU��7KH�SHUPXWDWLRQ�WHVW�FRQWUDVWV�WKH�QHWZRUNV�EXLOW�E\�UDQGRPO\�ͻͳͳ�
SDUWLWLRQLQJ� WKH� JHQH� H[SUHVVLRQ� SURYLGHG� E\� WKH� LQGLYLGXDO� JHQRW\SH� VDPSOHV� LQ� ERWK�ͻͳʹ�
DIRUHPHQWLRQHG�FRQGLWLRQV��%DVHG�RQ� WKH�SHUPXWDWLRQV�� VHFWRUV���������DQG���ZHUH� IRXQG� WR�EH�ͻͳ͵�
VLJQLILFDQW� ZLWK� D� p�YDOXH� �� ������ �7KH� VLJQLILFDQW� VHFWRUV� ZHUH� VXEMHFWHG� WR� *2� HQULFKPHQW�ͻͳͶ�
DQDO\VLV�DV�GHVFULEHG�DERYH��ͻͳͷ�

0RWLI� HQULFKPHQW�� 7R� SHUIRUP� WKH� SURPRWHU� HQULFKPHQW� VHDUFK�� ZH� XVHG� ����� ES�ͻͳ�
XSVWUHDP�RI�WKH�VWDUW�FRGRQ�RI�HDFK�VXEVHW�RI�JHQHV�RI�LQWHUHVW�DV�KLJKOLJKWHG�LQ�)LJ�����:H�WKHQ�ͻͳ�
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VHDUFKHG� IRU� WKH� WRWDO�QXPEHU�RI� LQFLGHQFHV�RI�DQ\�PRWLI�ZLWKLQ� WKH�JLYHQ� WDUJHW� VHTXHQFH�DQG�ͻͳͺ�
SHUIRUPHG�D�)LVKHU¶V�H[DFW�WHVW�WR�FDOFXODWH�VLJQLILFDQFH���ͻͳͻ�

*HQRW\SH� DQG� SKHQRW\SH� FRUUHODWLRQ� DQDO\VHV�� )RU� HDFK� ,/�� PHDQ� YDOXHV� IRU� JHQH�ͻʹͲ�
H[SUHVVLRQ� DQG� WUDLW� PHDVXUHPHQWV� ZHUH� H[SORUHG� IRU� PHDQLQJIXO� DVVRFLDWLRQV�� 5HODWLRQVKLSV�ͻʹͳ�
EHWZHHQ� JHQRW\SH� DQG� WUDLWV� VXFK� DV� WKRVH� VHHQ� LQ� )LJV�� �� DQG� �� ZHUH� FDOFXODWHG� XVLQJ� WKH�ͻʹʹ�
dist()� IXQFWLRQ�WR�GHWHUPLQH�(XFOLGHDQ�GLVWDQFH��5HODWLRQVKLSV�EHWZHHQ�JHQH�H[SUHVVLRQ�DQG�ͻʹ͵�
SKHQRW\SH� VXFK� DV� WKRVH� XVHG� LQ� 6)LJ�� �� ZHUH� FDOFXODWHG� XVLQJ� cor.test(method = ͻʹͶ�
“Spearman”)��'DWD�YDOXHV�ZHUH�VFDOHG�EXW�QRW�FHQWHUHG�LQ�RUGHU�WR�PDLQWDLQ�DQ\�UHODWLRQVKLS�ͻʹͷ�
DURXQG�]HUR�� IROORZHG�E\� WKH�hclust()� IXQFWLRQ� LQ� WKH�EDVLF�5�stats�SDFNDJH�� �3ORWV�ZHUH�ͻʹ�
YLVXDOL]HG�XVLQJ�WKH�gplots�SDFNDJH�heatmap.2()�IXQFWLRQ��:DUQHV�*5����������ͻʹ�

�ͻʹͺ�
�ͻʹͻ�
$FNQRZOHGJHPHQWV�ͻ͵Ͳ�
:H�WKDQN�'U��-RVp�$��$JXLODU�0DUWtQH]��(QULTXH�2VWULD�*DOODUGRP��.ULVWLQD�=XPVWHLQ��0D[ZHOO�ͻ͵ͳ�
0XPEDFK�� 6RQ\� 'DJJXSDWL�� DQG� $VKOHH� *DPDUUD� IRU� WKHLU� HVVHQWLDO� ZRUN� LQ� SODQWLQJ� DQG�ͻ͵ʹ�
FROOHFWLQJ�UDZ�GDWD�GXULQJ�WKH�FRXUVH�RI� WKLV�H[SHULPHQW�� �/*&�ZDV�IXQGHG�WKURXJK�D�1DWLRQDO�ͻ͵͵�
,QVWLWXWH�RI�*HQHUDO�0HGLFDO�6FLHQFHV�7UDLQLQJ�*UDQW��7���*0�����������ͻ͵Ͷ�
�ͻ͵ͷ�
�ͻ͵�
�ͻ͵�
�ͻ͵ͺ�
�ͻ͵ͻ�
�ͻͶͲ�
�ͻͶͳ�
�ͻͶʹ�
�ͻͶ͵�
�ͻͶͶ�
�ͻͶͷ�
�ͻͶ�
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�ͻͶ�
7DEOH����7RS����JHQHV�LGHQWLILHG�DV�PRVW�VLJQLILFDQWO\�UHVSRQVLYH�WR�VKDGH�LQ�WRPDWR��ͻͶͺ�
�ͻͶͻ�

,7$*� ORJ)&�LQ�
VKDGH� ORJ&30� 39DOXH� )'5� $*,� *HQH�QDPH� *HQH�GHVFULSWLRQ�

6RO\F��J������� ����� ����� ����(����� ����(����� $7�*������ $7+%��� $7+%����+RPHRER[�OHXFLQH�]LSSHU�SURWHLQ�+$7����
'1$�ELQGLQJ���WUDQVFULSWLRQ�IDFWRU�

6RO\F��J������� ����� ����� ����(����� ����(����� $7�*������ $7+%��� $7+%����+RPHRER[�OHXFLQH�]LSSHU�SURWHLQ�+$7����
'1$�ELQGLQJ���WUDQVFULSWLRQ�IDFWRU�

6RO\F��J������� ����� ����� ����(����� ����(����� $7�*������ 1$� XQNQRZQ�SURWHLQ��
6RO\F��J������� ����� ����� ����(����� ����(����� $7�*������ $7$8;����� $X[LQ�LQGXFLEOH�WUDQVFULSWLRQ�IDFWRU�
6RO\F��J������� ����� ����� ����(����� ����(����� NA NA NA 
6RO\F��J������� ����� ����� ����(����� ����(����� NA NA NA 
6RO\F��J������� ����� ����� ����(����� ����(����� $7�*������ $730(��� 3HFWLQHVWHUDVH�IDPLO\�SURWHLQ�
6RO\F��J������� ������ ����� ����(����� ����(����� $7�*������ 205�� (Q]\PH�LQ�WKH�ELRV\QWKHWLF�SDWKZD\�RI�LVROHXFLQH�
6RO\F��J������� ����� ����� ����(����� ����(����� NA NA NA 
6RO\F��J������� ������ ����� ����(����� ����(���� $7�*������ NA 0\E�IDPLO\�WUDQVFULSWLRQ�IDFWRU�
6RO\F��J������� ������ ����� ����(���� ����(���� $7�*������ NA &RSSHU�DPLQH�R[LGDVH��SXWDWLYH�
6RO\F��J������� ����� ����� ����(���� ����(���� NA NA NA 
6RO\F��J������� ������ ����� ����(���� ����(���� NA NA NA 
6RO\F��J������� ������ ����� ����(���� ����(���� NA NA NA 

6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ $73,1�� 5HJXODWRU�RI�DX[LQ�HIIOX[��LQYROYHG�LQ�GLIIHUHQWLDO�JURZWK��
H[SUHVVHG�LQ�JUDYLW\�VHQVLQJ�WLVVXHV�

6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ ,$$��� (DUO\�DX[LQ�LQGXFHG��,$$����

6RO\F��J������� ������ ����� ����(���� ����(���� $7�*������ 5$3���� 72(���7$5*(7�2)�($7������'1$�ELQGLQJ���
WUDQVFULSWLRQ�IDFWRU�

6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ NA XQNQRZQ�SURWHLQ��FRQWDLQV�GRPDLQ�6�DGHQRV\O�/�
PHWKLRQLQH�GHSHQGHQW�PHWK\OWUDQVIHUDVHV��

6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ $7%=,3��� E=,3�WUDQVFULSWLRQ�IDFWRU�IDPLO\�SURWHLQ�
6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ ,$$��� 3K\WRFKURPH�DVVRFLDWHG�SURWHLQ����3$3���
6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ $W5$%$�D� $UDELGRSVLV�5DE�*73DVH�KRPRORJ�$�D���*73�ELQGLQJ�
6RO\F��J������� ������ ����� ����(���� ����(���� $7�*������ NA 1RGXOLQ�IDPLO\�SURWHLQ�
6RO\F��J������� ����� ����� ����(���� ����(���� NA NA NA 
6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ NA XQNQRZQ�SURWHLQ�ZLWK�/LSLG�ELQGLQJ�67$57�

6RO\F��J������� ������ ����� ����(���� ����(���� $7�*������ $7*,'�%� *LEEHUHOOLQ�UHFHSWRU��*,'����,QWHUDFWV�ZLWK�'(//$�
SURWHLQV�LQ�YLYR�LQ�WKH�SUHVHQFH�RI�*$���
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6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ $7+%��� $7+%����+RPHRER[�OHXFLQH�]LSSHU�SURWHLQ�+$7����
'1$�ELQGLQJ���WUDQVFULSWLRQ�IDFWRU�

6RO\F��J������� ������ ����� ����(���� ����(���� $7�*������ $67��� (QFRGHV�D�VXOIDWH�WUDQVSRUWHU��
6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ 107�� $UDELGRSVLV�WKDOLDQD�1�PHWK\OWUDQVIHUDVH�OLNH�SURWHLQ�
6RO\F��J������� ������ ����� ����(���� ����(���� $7�*������ NA XQNQRZQ�SURWHLQ��FRQWDLQV�7KLRUHGR[LQ�IROG�
6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ ;7+��� ;\ORJOXFDQ�HQGRWUDQVJO\FRV\ODVH�UHODWHG�SURWHLQ��
6RO\F��J������� ������ ����� ����(���� ����(���� $7�*������ ),1���� $Q�DX[LQ�LQGXFHG�JHQH�LQ�*+��IDPLO\�
6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ $7$8;����� $X[LQ�LQGXFLEOH�WUDQVFULSWLRQ�IDFWRU�
6RO\F��J������� ����� ����� ����(���� ����(���� NA NA NA 
6RO\F��J������� ����� ����� ����(���� ����(���� NA NA NA 
6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ NA *DODFWRV\OWUDQVIHUDVH�IDPLO\�SURWHLQ�
6RO\F��J������� ������ ����� ����(���� ����(���� NA NA NA 
6RO\F��J������� ����� ����� ����(���� ����(���� NA NA NA 
6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ 1$3���� 1XFOHRVRPH�$VVHPEO\�3URWHLQ����'1$�ELQGLQJ�

6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ $73',��� 3URWHLQ�GLVXOILGH�LVRPHUDVH�OLNH��3',/��SURWHLQ�LQ�WKH�
WKLRUHGR[LQ��75;��VXSHUIDPLO\��

6RO\F��J������� ������ ����� ����(���� ����(���� $7�*������ $7'7;��� 0$7(�HIIOX[�IDPLO\�SURWHLQ��VLPLODU�WR�0XOWL�
DQWLPLFURELDO�H[WUXVLRQ�SURWHLQ�0DW(�

6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ &<3���$�� 0HPEHU�RI�&<3���$�
6RO\F��J������� ������ ����� ����(���� ����(���� $7�*������ ')5� 'LK\GURIODYRQRO�UHGXFWDVH�LQ�DQWKRF\DQLQ�V\QWKHVLV�

6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ NA $X[LQ�UHVSRQVLYH�SURWHLQ��SXWDWLYH�VLPLODU�WR�DX[LQ�
LQGXFHG�6$85�OLNH�

6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ $7&1;�� &DOQH[LQ����&1;���
6RO\F��J������� ������ ����� ����(���� ����(���� $7�*������ *$/�� (QFRGHV�D�SURWHLQ�ZLWK�JDODFWRVH�NLQDVH�DFWLYLW\���
6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ &3+� 607��FRQWUROV�WKH�OHYHO�RI�FKROHVWHURO�LQ�SODQWV�
6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ )80�� )XPDUDWH�K\GUDWDVH��SXWDWLYH��

6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ *$7/�� (QFRGHV�D�SURWHLQ�ZLWK��SXWDWLYH�
JDODFWXURQRV\OWUDQVIHUDVH�DFWLYLW\��

6RO\F��J������� ����� ����� ����(���� ����(���� $7�*������ VNV�� 6.6���6.8��6LPLODU�����FRSSHU�LRQ�ELQGLQJ���
R[LGRUHGXFWDVH��VLPLODU�WR�6.6��SHFWLQHVWHUDVH��

6RO\F��J������� ������ ����� ����(���� ����(���� $7�*������ $733&.�� 3KRVSKRHQROS\UXYDWH�FDUER[\ODVH�NLQDVH�H[SUHVVHG�LQ�
OHDYHV�DQG�LQGXFHG�E\�OLJKW��

ITAG��S. lycopersicum�JHQH�LGHQWLILHU���logFC in shade��ORJ��IROG�FKDQJH�RI�H[SUHVVLRQ�LQ�VKDGH�FRPSDUHG�WR�YDOXHV�LQ�VXQ���logCPM��ͻͷͲ�
ORJ��FRXQWV�SHU�PLOOLRQ�UHDGV�DFURVV�DOO�VDPSOHV��PValue��VLJQLILFDQFH�RI�GLIIHUHQWLDO�H[SUHVVLRQ���FDR��IDOVH�GLVFRYHU\�UDWH�FDOFXODWHG�ͻͷͳ�
E\�DGMXVWLQJ�WKH�S�YDOXH�XVLQJ�)'5���������AGI��$UDELGRSVLV�JHQH�LGHQWLILHU��Gene name��$UDELGRSVLV�JHQH�QDPH���Gene description��ͻͷʹ�
SXEOLVKHG�GHVFULSWLRQ�RI�JHQH�RU�KRPRORJV��ͻͷ͵�
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7DEOH� ��� *HQH� RQWRORJ\� ELRORJLFDO� SURFHVV� FDWHJRULHV� RYHU�� RU� XQGHU�UHSUHVHQWHG� LQ� WRPDWR�ͻͷͶ�
VKDGH�UHVSRQVLYH�JHQHV����ͻͷͷ�
*2�FDWHJRU\� %LRORJLFDO�3URFHVV�*2�WHUP� 'LIIHUHQWLDO�

H[SUHVVLRQ�RI�
*2�FDWHJRU\�

S�YDOXH� $GMXVWHG�S�
YDOXH�

*2��������� ULERVRPH�ELRJHQHVLV� XS� ����(���� ����(����
*2��������� WUDQVODWLRQ� XS� ����(���� ����(����
*2��������� LQWUDFHOOXODU�SURWHLQ�

WUDQVSRUW�
XS� ����(���� ����(����

*2��������� YHVLFOH�PHGLDWHG�WUDQVSRUW� XS� ����(���� ����(����
*2��������� UHVSRQVH�WR�FDGPLXP�LRQ� XS� ����(���� ����(����
*2��������� SURWHLQ�WUDQVSRUW� XS� ����(���� ����(����
*2��������� VPDOO�*73DVH�PHGLDWHG�

VLJQDO�WUDQVGXFWLRQ�
XS� ����(���� ����(����

*2��������� *73�FDWDEROLF�SURFHVV� XS� ����(���� ����(����
*2��������� UHJXODWLRQ�RI�WUDQVODWLRQDO�

LQLWLDWLRQ�
XS� ����(���� ����(����

*2��������� SURWHLQ�1�OLQNHG�
JO\FRV\ODWLRQ�YLD�DVSDUDJLQH�

XS� ����(���� ����(����

*2��������� QXFOHRF\WRSODVPLF�WUDQVSRUW� XS� ����(���� ����(����
*2��������� PHWK\ODWLRQ� XS� ����(���� ����(����
*2��������� (5�WR�*ROJL�YHVLFOH�

PHGLDWHG�WUDQVSRUW�
XS� ����(���� ������������

*2��������� WUDQVODWLRQDO�LQLWLDWLRQ� XS� ����(���� ������������
*2��������� JO\FRO\VLV� XS� ����(���� ������������
*2��������� JOXFRQHRJHQHVLV� XS� ����(���� ������������
*2��������� DGD[LDO�DED[LDO�SDWWHUQ�

VSHFLILFDWLRQ�
XS� ����(���� ������������

*2��������� SURWHLQ�IROGLQJ� XS� ����(���� ������������
*2��������� SURWHLQ�FRPSOH[�DVVHPEO\� XS� ����(���� ������������
*2��������� SURWHLQ�WDUJHWLQJ�WR�

PLWRFKRQGULRQ�
XS� ����(���� ������������

*2��������� SURWHLQ�LPSRUW�LQWR�QXFOHXV��
GRFNLQJ�

XS� ����(���� ������������

*2��������� VWDUFK�FDWDEROLF�SURFHVV� GQ� ����(���� ����(����
*2��������� VHULQH�IDPLO\�DPLQR�DFLG�

PHWDEROLF�SURFHVV�
GQ� ����(���� ����(����

*2��������� SURWHLQ�SKRVSKRU\ODWLRQ� GQ� ����(���� ����(����
*2��������� UHJXODWLRQ�RI�WUDQVFULSWLRQ��

'1$�GHSHQGHQW�
GQ� ����(���� ����(����

*2��������� SKRVSKRU\ODWLRQ� GQ� ����(���� ������������
*2��������� SURWHLQ�XELTXLWLQDWLRQ� GQ� ����(���� �����������
*2��������� SKRWRV\QWKHWLF�HOHFWURQ�

WUDQVSRUW�LQ�SKRWRV\VWHP�,�
GQ� ����(���� �����������

7KH�FROXPQ�Differential expression of GO category�LQGLFDWHV�ZKHWKHU�WKH�*2�FDWHJRU\�ZDV�XS�ͻͷ�
UHJXODWHG�DQG�HQULFKHG��RU�GRZQ�UHJXODWHG�DQG�GHSOHWHG���Adjusted p-value�UHSUHVHQWV�WKH�p-value�ͻͷ�
DGMXVWHG�XVLQJ�)'5�����������ͻͷͺ�
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7DEOH����6KDGH�UHVSRQVLYH�WRPDWR�JHQHV�RI�LQWHUHVW�LGHQWLILHG�EDVHG�RQ�H[SUHVVLRQ�LQ�,/V�ͻͷͻ�
$X[LQ�UHODWHG�JHQHV�LQ�WRPDWR�VKDGH�UHVSRQVH�
6RO\F��J������� ACO4�
6RO\F��J������� *$����R[LGDVH�
6RO\F��J������� 6$85��
6RO\F��J������� XTH23 
6RO\F��J������� IAA19 
6RO\F��J������� PIN3 
6RO\F��J������� (;/��SXWDWLYH�SKRVSKDWH�LQGXFHG�SURWHLQ��
6RO\F��J������� BRH1�ULQJ�ILQJHU�SURWHLQ�
6RO\F��J������� 6$85�
6RO\F��J������� 6$85�
6RO\F��J������� H[SDQVLQ�
�ͻͲ�
&HOO�ZDOO�UHODWHG�JHQHV�LQ�WRPDWR�VKDGH�UHVSRQVH�
6RO\F��J������� 6HU�7KU�SURWHLQ�NLQDVH�
6RO\F��J������� MYO5 P\RVLQ�KHDG�
6RO\F��J������� XQNQRZQ�SURWHLQ�
6RO\F��J������� 9DFXRODU�$73�V\QWKDVH�
6RO\F��J������� ARAC11 
6RO\F��J������� GAUT13 JDODFWXURQRV\OWUDQVIHUDVH�
6RO\F��J������� GAUT9 JDODFWXURQRV\OWUDQVIHUDVH�
6RO\F��J������� /HVLRQ�LQGXFLQJ�SURWHLQ�
6RO\F��J������� STT3B�ROLJRVDFFKDU\O�WUDQVIHUDVH�
6RO\F��J������� MOS3 
6RO\F��J������� :'���UHSHDW�SURWHLQ 
6RO\F��J������� RHD3�YHVLFOH�WUDIILFNLQJ�DQG�FHOO�H[SDQVLRQ�
6RO\F��J������� UXS6��
6RO\F��J������� ACT11 
6RO\F��J������� %HWD�JOXFRVLGDVH�
6RO\F��J������� '$+3�V\QWKHWDVH�
6RO\F��J������� GH9B5 JO\FRV\O�K\GURODVH�HQGRJOXFDQDVH�
6RO\F��J������� PDLP7�5/.�OLNH�VHFUHWRU\�SURWHLQ�
6RO\F��J������� GAUT8�JO\FRV\OWUDQVIHUDVH�
6RO\F��J������� 9DFXRODU�+�$73�V\QWKDVH 
6RO\F��J������� 0LWRFKRQGULDO�WUDQVSRUWHU�
6RO\F��J������� 9DFXRODU�+�$73�V\QWKDVH�
6RO\F��J������� $73�ELQGLQJ�5/.�
6RO\F��J������� SCN1 
6RO\F��J������� CES1 
6RO\F��J������� TPK1/KCO1�YDFXRODU�.��FKDQQHO�
6RO\F��J������� CSLA9�FHOOXORVH�V\QWKDVH�OLNH�JO\FRV\OWUDQVIHUDVH�
6RO\F��J������� PAL2 
6RO\F��J������� GUT1�JO\FRV\OWUDQVIHUDVH�
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6RO\F��J������� CESA9�FHOOXORVH�V\QWKDVH�
�ͻͳ�
7UDQVFULSWLRQ�IDFWRUV�LQ�WRPDWR�VKDGH�UHVSRQVH�
6RO\F��J������� PRE5��E+/+�7)�
6RO\F��J������� LBD1�
6RO\F��J������� EDF4�
6RO\F��J������� ATHB2��
6RO\F��J������� ESE3��$3��%��7)��
6RO\F��J������� ATHB2 
6RO\F��J������� ATHB2�
6RO\F��J������� AGL19�
6RO\F��J������� FAMA�
6RO\F��J������� ATRL1��0<%�7)��
6RO\F��J������� AGL20/SOC1�
,/V�ZHUH�FOXVWHUHG�EDVHG�RQ�H[SUHVVLRQ�RI�DX[LQ�UHODWHG��FHOO�ZDOO�UHODWHG��RU�WUDQVFULSWLRQ�IDFWRU�ͻʹ�
JHQHV�LQ�VKDGH���7KH�JHQHV�RI�LQWHUHVW�LGHQWLILHG�IURP�WKH�FOXVWHULQJ�VKRZQ�LQ�)LJXUH���DUH�OLVWHG�ͻ͵�
QH[W�WR�WKHLU�DVVRFLDWHG�JHQH�QDPHV�RU�GHVFULSWLRQV���ͻͶ�
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ͻͷ�
)LJXUH�/HJHQGV�ͻ�
)LJXUH�����'RPHVWLFDWHG�DQG�ZLOG�WRPDWR�VSHFLHV�GLVSOD\�YDULDWLRQ�LQ�WKHLU�JURZWK�UHVSRQVHV�ͻ�
WR� VKDGH�� ��$�� S. pennellii� LQ� KLJK� 5�)5� �VXQ�� OHIW�� DQG� ORZ� 5�)5� �VKDGH�� ULJKW��� ��%�� S. ͻͺ�
lycopersicum�FY��0���LQ�KLJK�5�)5��VXQ��OHIW��DQG�ORZ�5�)5��VKDGH��ULJKW�����&��DQG��'��/RJ��ͻͻ�
WUDQVIRUPHG� KHLJKW� DQG� VWDQGDUG� HUURU� RI� SODQWV� JURZQ� LQ� VXQ� �&�� DQG� FKDQJH� LQ� KHLJKW� LQ�ͻͲ�
UHVSRQVH�WR�VKDGH��'���LQ�WKH�0���[�S. pennellii�LQWURJUHVVLRQ�SRSXODWLRQ���,QWURJUHVVLRQ�OLQHV�DUH�ͻͳ�
ODEHOHG�RQ�WKH�x�D[LV���ͻʹ�
�ͻ͵�
)LJXUH����3ULQFLSDO�FRPSRQHQW�DQDO\VLV�RI�SHWLROH�DQG�LQWHUQRGH�PHDVXUHPHQWV���$��DQG��%��ͻͶ�
3&��UHSUHVHQWV�����RI�YDULDWLRQ�LQ�SHWLROH�OHQJWK�PHDVXUHPHQWV��$��DQG�����RI�YDULDWLRQ�LQ�ͻͷ�
LQWHUQRGH�PHDVXUHPHQWV��%���UHSUHVHQWLQJ�RYHUDOO�VL]H�RI�WKH�RUJDQV���&��9DOXHV�IRU�3&��ͻ�
GLIIHUHQWLDWH�EHWZHHQ�SODQWV�JURZQ�LQ�VKDGH�RU�VXQ��t�WHVW�p�YDOXHV�����������'��DQG��(��3&��ͻ�
UHSUHVHQWV�����RI�YDULDWLRQ�LQ�SHWLROH�OHQJWK�PHDVXUHPHQWV��'��DQG�����RI�YDULDWLRQ�LQ�ͻͺ�
LQWHUQRGHV��(���GLVWLQJXLVKLQJ�EHWZHHQ�JURZWK�LQ�ROGHU�RU�\RXQJHU�RUJDQV���)��9DOXHV�IRU�ͻͻ�
LQWHUQRGH�3&��GR�QRW�UHOLDEO\�GLVWLQJXLVK�EHWZHHQ�SODQWV�JURZQ�LQ�VKDGH�RU�VXQ��DOWKRXJK�SHWLROH�ͻͺͲ�
3&��GRHV��ͻͺͳ�
�ͻͺʹ�
)LJXUH���� ,QWURJUHVVLRQ� OLQHV�UHYHDO� FKURPRVRPDO�UHJLRQV�DVVRFLDWHG�ZLWK� VKDGH� WROHUDQFH�ͻͺ͵�
DQG� VKDGH�UHVSRQVLYH� JURZWK�� ��$�� DQG� �%��0HDQV� DQG� VWDQGDUG� HUURUV� RI� WKH� UHODWLYH� VKDGH�ͻͺͶ�
UHVSRQVH� LQ� SHWLROH� 3&�� �$�� DQG�3&�� �%�� YDOXHV� IRU� HDFK� LQWURJUHVVLRQ� OLQH� �ORJ��WUDQVIRUPHG�ͻͺͷ�
UDWLRV� RI� VKDGH�VXQ��� �P�YDOXHV� UHSUHVHQW� WKH� VLJQLILFDQFH� FRPSDUHG� WR� 0���� �&��ͻͺ�
0XOWLGLPHQVLRQDO� VFDOLQJ� SORW� RI� SKHQRW\SLF� WUDLWV� DQG�3&V� SUHVHQWV� WKH� UHODWLRQVKLSV� EHWZHHQ�ͻͺ�
JURZWK� WUDLWV� DQG� RUJDQ� DJH� WUDLWV�� �'��7KH� FKURPRVRPH� ��PDS� RI�0��� [�S. pennellii� WRPDWR�ͻͺͺ�
LQWURJUHVVLRQ�OLQHV��ZLWK�KRUL]RQWDO�ER[HV�UHSUHVHQWLQJ�UHJLRQV�RI�WKH�S. pennellii�JHQRPH�LQ�WKH�ͻͺͻ�
LQGLFDWHG�,/V��e.g.� ,/������ �9HUWLFDO� OLQHV�GHOLQHDWH�ELQV�DV� WKH�XQLTXH�DQG�VKDUHG�UHJLRQV�DORQJ�ͻͻͲ�
WKH�FKURPRVRPH��GHILQHG�E\�RYHUODSSLQJ�LQWURJUHVVLRQ�UHJLRQV��e.g.�G��$����2YHUODSSLQJ�,/V�RI�ͻͻͳ�
LQWHUHVW�DUH�LQGLFDWHG�LQ�UHG���ͻͻʹ�
�ͻͻ͵�
)LJXUH� ���$�KHDWPDS� GLVSOD\V� WKH� UHODWLYH� VKDGH� UHVSRQVHV� LQ� HDFK� SKHQRW\SH� DFURVV� WKH�ͻͻͶ�
LQWURJUHVVLRQ�OLQHV��FOXVWHUHG�E\�(XFOLGHDQ�GLVWDQFHV��5HODWLYH�VKDGH�UHVSRQVH�LV�FDOFXODWHG�DV�ͻͻͷ�

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 12, 2015. ; https://doi.org/10.1101/031088doi: bioRxiv preprint 

https://doi.org/10.1101/031088


���

WKH�ORJ��WUDQVIRUPHG�UDWLRV�RI�VKDGH�VXQ�YDOXHV��'DWD�ZHUH�VFDOHG�ZLWKLQ�HDFK�SKHQRW\SH�SULRU�WR�ͻͻ�
FOXVWHULQJ��*UHHQ�FRORULQJ�UHSUHVHQWV�WUDLWV�ZKHUH�VKDGH�H[SUHVVLRQ�YDOXHV�DUH�OHVV�WKDQ�WKRVH�LQ�ͻͻ�
VXQ� �YDOXHV��� ����PDJHQWD� FRORULQJ� UHSUHVHQWV� YDOXHV�!� ��ZKHUH� VKDGH�YDOXHV� DUH� JUHDWHU� WKDQ�ͻͻͺ�
WKRVH�LQ�VXQ���:KLWH�YDOXHV�LQGLFDWH�PLVVLQJ�GDWD��ͻͻͻ�
�ͳͲͲͲ�
)LJXUH� ��� �6KDGH�UHVSRQVLYH� WUDLWV� DUH�PDSSHG� WR�ELQV�ZLWKLQ� WKH� LQWURJUHVVLRQ� OLQHV�� �:H�ͳͲͲͳ�
GHWHUPLQHG� WKH� FRQWULEXWLRQ� RI� HDFK� ELQ� WR� D� JLYHQ� SKHQRW\SH� XVLQJ� HODVWLF� QHW� UHJXODUL]HG�ͳͲͲʹ�
UHJUHVVLRQ�� �$� YDOXH� HTXDO� WR� �� LQGLFDWHV� WKH� ELQ� GRHV� QRW� FRQWULEXWH� WR� WKH� SKHQRW\SH�� �7KH�ͳͲͲ͵�
FRQWULEXWLRQV�RI�HDFK�ELQ�WR�SHWLROH�3&��LQ�VKDGH��$��RU�LQWHUQRGH�3&��LQ�VKDGH��%��DUH�VKRZQ��ͳͲͲͶ�
ZLWK�FLUFOHV�UHSUHVHQWLQJ�QR�HIIHFW�RQ�SKHQRW\SH�DQG�WULDQJOHV�UHSUHVHQWLQJ�D�QRQ�]HUR�HIIHFW���ͳͲͲͷ�
�ͳͲͲ�
)LJXUH� ���$� KHDWPDS� GLVSOD\V� WKH� UHODWLYH� H[SUHVVLRQ� RI� WKH� ���� PRVW� VKDGH� UHVSRQVLYH�ͳͲͲ�
JHQHV� DFURVV� WKH� 0��� [� S. pennellii� WRPDWR� LQWURJUHVVLRQ� OLQHV�� FOXVWHUHG� E\� (XFOLGHDQ�ͳͲͲͺ�
GLVWDQFH�� �5HODWLYH� H[SUHVVLRQ� LV� FDOFXODWHG� DV� WKH� ORJ��WUDQVIRUPHG� UDWLRV� RI� VKDGH�VXQ�ͳͲͲͻ�
H[SUHVVLRQ� YDOXHV�� �'DWD� ZHUH� VFDOHG� ZLWKLQ� HDFK� ,/� SULRU� WR� FOXVWHULQJ�� �*UHHQ� FRORULQJ�ͳͲͳͲ�
UHSUHVHQWV�JHQHV�ZKHUH�VKDGH�H[SUHVVLRQ�LV�OHVV�WKDQ�WKDW�LQ�VXQ��YDOXHV�������PDJHQWD�FRORULQJ�ͳͲͳͳ�
UHSUHVHQWV�JHQHV�!���ZKHUH�VKDGH�H[SUHVVLRQ�LV�JUHDWHU�WKDQ�WKDW�LQ�VXQ���ͳͲͳʹ�
�ͳͲͳ͵�
)LJXUH����$�KHDWPDS�GLVSOD\V�WKH�UHODWLYH�H[SUHVVLRQ�RI�D�VXEVHW�RI�VKDGH�UHVSRQVLYH�JHQHV�ͳͲͳͶ�
DFURVV� WKH� 0��� [� S. pennellii� WRPDWR� LQWURJUHVVLRQ� OLQHV�� FOXVWHUHG� E\� (XFOLGHDQ�ͳͲͳͷ�
GLVWDQFH�� �6XEVHW� RI� DX[LQ�DVVRFLDWHG� JHQHV� �n�  � ����� �5HODWLYH� H[SUHVVLRQ� LV� FDOFXODWHG� DV� WKH�ͳͲͳ�
ORJ��WUDQVIRUPHG�UDWLRV�RI�VKDGH�VXQ�H[SUHVVLRQ�YDOXHV���'DWD�ZHUH�VFDOHG�ZLWKLQ�HDFK�,/�SULRU�WR�ͳͲͳ�
FOXVWHULQJ�� �*UHHQ� FRORULQJ� UHSUHVHQWV� JHQHV� ZKHUH� VKDGH� H[SUHVVLRQ� LV� OHVV� WKDQ� WKDW� LQ� VXQ�ͳͲͳͺ�
�YDOXHV�������PDJHQWD�FRORULQJ�UHSUHVHQWV�JHQHV�!���ZKHUH�VKDGH�H[SUHVVLRQ�LV�JUHDWHU�WKDQ�WKDW�ͳͲͳͻ�
LQ�VXQ���%OXH�ER[�LQGLFDWHV�UHJLRQ�RI�LQWHUHVW��ͳͲʹͲ�
�ͳͲʹͳ�
)LJXUH����2UJDQ�VSHFLILFLW\�RI�JHQH�DQG�SKHQRW\SH�FRUUHODWLRQV���$��9HQQ�GLDJUDP�VKRZLQJ�ͳͲʹʹ�
WKH� RYHUODS� EHWZHHQ� WKH� JHQHV� FRUUHODWHG� ZLWK� LQWHUQRGH� DQG� SHWLROH� 3&�� GDWD�� �%�� DQG� �&��ͳͲʹ͵�
5HDFWLRQ� QRUP� SORWV� RI� FRUUHODWLRQ� YDOXHV� EHWZHHQ� JHQH� H[SUHVVLRQ� DQG� SKHQRW\SH�ͳͲʹͶ�
PHDVXUHPHQWV�� ZLWK� FRUUHODWLRQ� JUHDWHU� WKDQ� _���_� ZLWK� LQWHUQRGH� 3&�� �%�� RU� SHWLROH� 3&��ͳͲʹͷ�
�&����%OXH�OLQHV�LQGLFDWH�JHQHV�ZKHUH�WKH�DEVROXWH�YDOXH�RI��rho�LV�JUHDWHU�LQ�WKH�RUJDQ�RI�LQWHUHVW��ͳͲʹ�
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UHG� OLQHV� LQGLFDWH� WKH� UHYHUVH�� JUD\� OLQHV� LQGLFDWH� FRUUHODWLRQV� WKDW� DUH� VLPLODU� LQ� ERWK� RUJDQV�ͳͲʹ�
�GLIIHUHQFH�LQ�rho EHWZHHQ�WKH�RUJDQV�����������ͳͲʹͺ�
�ͳͲʹͻ�
)LJXUH� ��� 'LIIHUHQWLDO� JHQH� QHWZRUN� DQDO\VLV� �':*&1$��� �$�� 'LIIHUHQWLDO� QHWZRUN�ͳͲ͵Ͳ�
FRQQHFWLYLW\� EHWZHHQ� VXQ� DQG� VKDGH� JHQH� QHWZRUNV�� 7KH� x�D[LV� SORWV� WKH� GLIIHUHQFH� LQ�ͳͲ͵ͳ�
FRQQHFWLYLW\�� ZLWK� YHUWLFDO� OLQHV� LQGLFDWLQJ� D� GLIIHUHQFH� RI� _���_�� 'LII.� �� �� LQGLFDWHV� JUHDWHU�ͳͲ͵ʹ�
FRQQHFWLYLW\�LQ�VKDGH��7KH�y�D[LV�VKRZ�WKH� t�VWDWLVWLF� LQGLFDWLQJ�H[SUHVVLRQ�GLIIHUHQFHV�EHWZHHQ�ͳͲ͵͵�
VXQ�DQG�VKDGH��WKH�KRUL]RQWDO�OLQHV�GHOLQHDWH�WKH�t�VWDWLVWLF�RI�_����_��T-VWDWLVWLF�����LQGLFDWH�JHQHV�ͳͲ͵Ͷ�
PRUH� KLJKO\� H[SUHVVHG� LQ� VKDGH�� 7KHVH� OLQHV� VHSDUDWH� WKH� SORW� LQWR� �� VHFWRUV�� (DFK� FLUFOH�ͳͲ͵ͷ�
UHSUHVHQWV�D�JHQH�ZLWKLQ�WKH�VKDGH�DQG�VXQ�QHWZRUNV��DQG�LV�FRORUHG�EDVHG�RQ�WKH�JHQH�RQWRORJ\��ͳͲ͵�
�%��$�5(9,�*2�WUHH�PDS�SORW�YLVXDOL]HV�JHQH�RQWRORJ\�OLVWV�RI�HQULFKHG�FDWHJRULHV�IURP�VHFWRU���ͳͲ͵�
�GHFUHDVHG�VKDGH�FRQQHFWLYLW\��GHFUHDVHG�VKDGH�H[SUHVVLRQ���7KH�VL]H�RI�HDFK�ER[�UHIOHFWV�ERWK�ͳͲ͵ͺ�
WKH�p�YDOXH�VLJQLILFDQFH�DQG�QXPEHU�RI�WHUPV�ILWWLQJ�ZLWKLQ�D�*2�FDWHJRU\��ͳͲ͵ͻ�
�ͳͲͶͲ�
�ͳͲͶͳ�
�ͳͲͶʹ�
�ͳͲͶ͵�
�ͳͲͶͶ�
�ͳͲͶͷ�
�ͳͲͶ�
�ͳͲͶ�
�ͳͲͶͺ�
�ͳͲͶͻ�
�ͳͲͷͲ�
�ͳͲͷͳ�
�ͳͲͷʹ�
�ͳͲͷ͵�
�ͳͲͷͶ�
�ͳͲͷͷ�
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6XSSRUWLQJ�'DWD�ͳͲͷ�
6XSSOHPHQWDO�)LJXUHV��ͳͲͷ�
6XSSOHPHQWDO�)LJXUH�����*URZWK�RI�ZLOG�DQG�GRPHVWLFDWHG�WRPDWR�VSHFLHV�LQ�VXQ�DQG�VKDGH��ͳͲͷͺ�
9DOXHV� RI� �VKDGH�VXQ�� JURZWK� DUH� SORWWHG� IRU� WRWDO� SODQW� KHLJKW� DQG� OHQJWKV� RI� WKH� K\SRFRW\O��ͳͲͷͻ�
LQWHUQRGH����DQG�LQWHUQRGH�����&XOWLYDWHG�DQG�ZLOG�VSHFLHV�GLVSOD\�GLIIHUHQFHV�LQ�VKDGH�UHVSRQVH�ͳͲͲ�
ERWK�ZLWKLQ�DQG�EHWZHHQ�FDWHJRULHV�RI�WRPDWR���ͳͲͳ�
�ͳͲʹ�
6XSSOHPHQWDO�)LJXUH�����,QWHUQRGH�DQG�SHWLROH�PHDVXUHPHQWV�DUH�KLJKO\�FRUUHODWHG� LQ�WKH�ͳͲ͵�
0��� [� S. pennellii� WRPDWR� LQWURJUHVVLRQ� SRSXODWLRQ�� �6FDWWHUSORWV� RI� LQWHUQRGH� DQG� SHWLROH�ͳͲͶ�
PHDVXUHPHQWV�UHYHDO�PDQ\�SRVLWLYH�FRUUHODWLRQV���ͳͲͷ�
�ͳͲ�
6XSSOHPHQWDO�)LJXUH�����3ULQFLSDO�FRPSRQHQW�DQDO\VLV�RI�VKDGH�UHODWHG�WUDLWV����$��)RU�HDFK�ͳͲ�
WUDLW� H[DPLQHG�� 3&�� H[SODLQV� !� ���� RI� WKH� YDULDWLRQ� VHHQ� LQ� WKH� GDWD�� ZKLOH� 3&�� H[SODLQV�ͳͲͺ�
DSSUR[LPDWHO\� RQH�TXDUWHU� RI� WKH� YDULDWLRQ�� ��%�� DQG� �&�� /RDGLQJV� RI� �3&�� �%�� DQG� 3&�� �&��ͳͲͻ�
DFURVV�HDFK�RI�WKH�RUJDQV�PHDVXUHG�DW�ZHHN���� ��'��DQG��(��/RDGLQJV�RI�3&���'��DQG�3&���(��ͳͲͲ�
DFURVV�HDFK�RI�WKH�RUJDQV�IRU�ZKLFK�D�RQH�ZHHN�JURZWK�UDWH�ZDV�FDOFXODWHG���ͳͲͳ�
�ͳͲʹ�
6XSSOHPHQWDO�)LJXUH�����0HDQV�DQG�VWDQGDUG�HUURUV�RI�WKH�UHODWLYH�VKDGH�UHVSRQVH�IRU�HDFK�ͳͲ͵�
WUDLW� LQ� WKH� 0��� [� S. pennellii� WRPDWR� LQWURJUHVVLRQ� OLQHV� �ORJ��WUDQVIRUPHG� UDWLRV� RI�ͳͲͶ�
VKDGH�VXQ�����$��LQWHUQRGH�QXPEHU���%��WRWDO�KHLJKW���&��LQWHUQRGH�3&����'��LQWHUQRGH�3&����(��ͳͲͷ�
HDUO\� LQWHUQRGH�3&��� �)�� HDUO\� LQWHUQRGH�3&��� �*�� JURZWK� UDWH�3&��� �+�� JURZWK� UDWH�3&��� �P�ͳͲ�
YDOXHV�UHSUHVHQW�WKH�VLJQLILFDQFH�FRPSDUHG�WR�0�����,��6FDWWHUSORWV�RI�WKH�UHODWLYH�VKDGH�UHVSRQVH�ͳͲ�
RI�LQWHUQRGH�3&���SHWLROH�3&���DQG�LQWHUQRGH�QXPEHU�UHYHDO�VWURQJ�SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�ͳͲͺ�
WKH�WUDLWV��3HDUVRQ¶V�rho�!�������ͳͲͻ�
�ͳͲͺͲ�
6XSSOHPHQWDO�)LJXUH� ��� �6XQ�� DQG� VKDGH�UHVSRQVLYH� WUDLWV� DUH�PDSSHG� WR� ELQV�ZLWKLQ� WKH�ͳͲͺͳ�
LQWURJUHVVLRQ� OLQHV�� ��:H�GHWHUPLQHG� WKH� FRQWULEXWLRQ� RI� HDFK� ELQ� WR� D� JLYHQ� SKHQRW\SH� XVLQJ�ͳͲͺʹ�
HODVWLF�QHW�UHJXODUL]HG�UHJUHVVLRQ���$�YDOXH�HTXDO�WR���LQGLFDWHV�WKH�ELQ�GRHV�QRW�FRQWULEXWH�WR�WKH�ͳͲͺ͵�
SKHQRW\SH��7KH� FRQWULEXWLRQV�RI� HDFK�ELQ� WR� HDFK�SKHQRW\SH� DUH� VKRZQ�� �$�� LQWHUQRGH�3&�� LQ�ͳͲͺͶ�
VXQ���%��SHWLROH�3&��LQ�VXQ���&��LQWHUQRGH�3&��LQ�VXQ���'��LQWHUQRGH�3&��LQ�VKDGH���(��SHWLROH�ͳͲͺͷ�
3&��LQ�VXQ��DQG��)��SHWLROH�3&��LQ�VKDGH���&LUFOHV�UHSUHVHQW�QR�HIIHFW�RQ�SKHQRW\SH�DQG�WULDQJOHV�ͳͲͺ�
UHSUHVHQW�D�QRQ�]HUR�HIIHFW�RI�WKH�ELQ���ͳͲͺ�
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�ͳͲͺͺ�
6XSSOHPHQWDO� )LJXUH� ��� $� KHDWPDS� GLVSOD\V� WKH� UHODWLYH� H[SUHVVLRQ� RI� DOO� WKH� VKDGH�ͳͲͺͻ�
UHVSRQVLYH� JHQHV� �Q�  � ������ DFURVV� WKH� 0��� [� 6�� SHQQHOOLL� WRPDWR� LQWURJUHVVLRQ� OLQHV��ͳͲͻͲ�
FOXVWHUHG� E\� (XFOLGHDQ� GLVWDQFH�� �5HODWLYH� H[SUHVVLRQ� LV� FDOFXODWHG� DV� WKH� ORJ��WUDQVIRUPHG�ͳͲͻͳ�
UDWLRV�RI�VKDGH�VXQ�H[SUHVVLRQ�YDOXHV���'DWD�ZHUH�VFDOHG�ZLWKLQ�HDFK�,/�SULRU�WR�FOXVWHULQJ��*UHHQ�ͳͲͻʹ�
FRORULQJ�UHSUHVHQWV�JHQHV�ZKHUH�VKDGH�H[SUHVVLRQ�LV�OHVV�WKDQ�WKDW�LQ�VXQ��YDOXHV�������PDJHQWD�ͳͲͻ͵�
FRORULQJ�UHSUHVHQWV�UHODWLYH�H[SUHVVLRQ�!���ZKHUH�VKDGH�H[SUHVVLRQ�LV�JUHDWHU�WKDQ�WKDW�LQ�VXQ���ͳͲͻͶ�
�ͳͲͻͷ�
6XSSOHPHQWDO�)LJXUH�����1RYHO�DQG�FRQVHUYHG�JHQHV�DUH�GLIIHUHQWLDOO\�H[SUHVVHG�LQ�UHVSRQVH�ͳͲͻ�
WR� VKDGH� LQ� WRPDWR�� ��$��$UDELGRSVLV�KRPRORJV�RI�VKDGH�UHVSRQVLYH� WRPDWR�JHQHV� �n� �������ͳͲͻ�
LQFOXGH�JHQHV�WKDW�KDYH�EHHQ�SXEOLVKHG�DV�SDUW�RI�VSHFLILF�SURFHVVHV�������DV�ZHOO�DV�JHQHV�WKDW�ͳͲͻͺ�
KDYH�QRW�EHHQ�LGHQWLILHG�LQ�SUHYLRXV�VWXGLHV���������*HQHV�SUHYLRXVO\�SXEOLVKHG�DV�SDUW�RI�OLJKW�ͳͲͻͻ�
RU�VKDGH�UHVSRQVH�PDNH�XS�����DQG������RI�VKDGH�UHVSRQVLYH�WRPDWR�JHQHV��UHVSHFWLYHO\����%��ͳͳͲͲ�
7KH�VXEVHW�RI�VKDGH�UHVSRQVLYH� WRPDWR�JHQHV�KRPRORJRXV� WR�$UDELGRSVLV�JHQHV�SUHVHQW�RQ� WKH�ͳͳͲͳ�
$7+�PLFURDUUD\��n� �������ZHUH�FRPSDUHG�WR�SUHYLRXV�PLFURDUUD\�VWXGLHV�RI�$UDELGRSVLV�VKDGH�ͳͳͲʹ�
UHVSRQVH� �7DR�et al� ������6HVVD�et al� ������� �7RJHWKHU�� WKH�$UDELGRSVLV� VWXGLHV� LGHQWLILHG� MXVW�ͳͳͲ͵�
RYHU�����RI�WKH�JHQHV�LGHQWLILHG�E\�RXU�WRPDWR�VWXG\����&��7KH�VKDGH�UHVSRQVLYH�WRPDWR�JHQHV�ͳͳͲͶ�
ZH� LGHQWLILHG�ZHUH�VXEVHW� WR� LQFOXGH�RQO\� WKRVH�SUHVHQW� LQ� WKH� WRPDWR�JHQRPH�PLFURDUUD\��n� �ͳͳͲͷ�
������XVHG�LQ�WKH�VWXG\�E\�&DJQROD�et al� �������� �*HQHV�IURP�&DJQROD¶V�GDWD�ZHUH�JURXSHG�DV�ͳͳͲ�
EHLQJ� HTXDOO\� VKDGH�UHVSRQVLYH� LQ� ERWK� OHDYHV� DQG� VWHPV�� RU� PRUH� VKDGH�UHVSRQVLYH� LQ� HLWKHU�ͳͳͲ�
VWHP�RU�OHDI�WLVVXH��LQ�WRWDO��WKHVH�FDWHJRULHV�FRPSULVHG�����RI�WKH�JHQHV�LGHQWLILHG�LQ�RXU�WRPDWR�ͳͳͲͺ�
VWXG\��ͳͳͲͻ�
�ͳͳͳͲ�
6XSSOHPHQWDO� )LJXUH� ��� +HDWPDSV� GLVSOD\� WKH� UHODWLYH� H[SUHVVLRQ� RI� VXEVHWV� RI� VKDGH�ͳͳͳͳ�
UHVSRQVLYH� JHQHV� DFURVV� WKH� 0��� [� S. pennellii� WRPDWR� LQWURJUHVVLRQ� OLQHV�� FOXVWHUHG� E\�ͳͳͳʹ�
(XFOLGHDQ�GLVWDQFH����$��6XEVHW�RI�JHQHV�FODVVLILHG�DV�WUDQVFULSWLRQ�IDFWRUV�LQ�$UDELGRSVLV��n  �ͳͳͳ͵�
�������%��6XEVHW�RI�FHOO�ZDOO�DVVRFLDWHG�JHQHV��n� ��������&��6XEVHW�RI�DX[LQ�DVVRFLDWHG�JHQHV��n�ͳͳͳͶ�
 ��������5HODWLYH�H[SUHVVLRQ�LV�FDOFXODWHG�DV�WKH�ORJ��WUDQVIRUPHG�UDWLRV�RI�VKDGH�VXQ�H[SUHVVLRQ�ͳͳͳͷ�
YDOXHV�� �'DWD�ZHUH� VFDOHG�ZLWKLQ� HDFK� ,/� SULRU� WR� FOXVWHULQJ�� �*UHHQ� FRORULQJ� UHSUHVHQWV� JHQHV�ͳͳͳ�
ZKHUH�VKDGH�H[SUHVVLRQ�LV�OHVV�WKDQ�WKDW�LQ�VXQ��YDOXHV�������PDJHQWD�FRORULQJ�UHSUHVHQWV�JHQHV�!�ͳͳͳ�
��ZKHUH�VKDGH�H[SUHVVLRQ�LV�JUHDWHU�WKDQ�WKDW�LQ�VXQ���%OXH�ER[HV�LQGLFDWH�UHJLRQV�RI�LQWHUHVW��ͳͳͳͺ�
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6XSSOHPHQWDO�)LJXUH����3KHQRW\SH�VSHFLILF�JHQH�RQWRORJ\�FDWHJRULHV���$�KHDWPDS�GLVSOD\V�WKH�ͳͳʹͲ�
VLJQLILFDQW� HQULFKPHQW� RI� JHQH�RQWRORJ\� �*2�� FDWHJRULHV� FRUUHODWHG�ZLWK� HDFK�SKHQRW\SH�� �*2�ͳͳʹͳ�
FDWHJRULHV� RYHU�UHSUHVHQWHG� LQ� WKH� GDWD� DUH� LQGLFDWHG� E\� PDJHQWD� FRORULQJ�� ZKLOH� XQGHU�ͳͳʹʹ�
UHSUHVHQWDWLRQ�LV�JUHHQ���&RORU�VFDOLQJ�LV�EDVHG�RQ�WKH��ORJ��WUDQVIRUPHG�p�YDOXH�DVVRFLDWHG�ZLWK�ͳͳʹ͵�
WKH�*2�HQULFKPHQW�WHVW���6XSSOHPHQWDO�7DEOH���SUHVHQWV�WKLV�GDWD�QXPHULFDOO\��ͳͳʹͶ�
�ͳͳʹͷ�
6XSSOHPHQWDO�)LJXUH������$�KHDWPDS�GLVSOD\V�WKH�UHODWLYH�H[SUHVVLRQ�RI�JHQHV�LQ�':*&1$�ͳͳʹ�
VHFWRUV���������DQG���DFURVV�WKH�0���[�S. pennellii�WRPDWR�LQWURJUHVVLRQ�OLQHV��FOXVWHUHG�E\�ͳͳʹ�
(XFOLGHDQ� GLVWDQFH�� ��$�� 6XEVHW� RI� JHQHV� LQ� VHFWRU� ��� IRU� ZKLFK� FRQQHFWLYLW\� LQFUHDVHV� LQ�ͳͳʹͺ�
VKDGH����%��6XEVHW�RI�JHQHV�LQ�VHFWRU����IRU�ZKLFK�FRQQHFWLYLW\�GHFUHDVHV�LQ�VKDGH���&��6XEVHW�RI�ͳͳʹͻ�
JHQHV�LQ�VHFWRU����IRU�ZKLFK�H[SUHVVLRQ�LQFUHDVHV�LQ�VKDGH����'��6XEVHW�RI�JHQHV�LQ�VHFWRU����IRU�ͳͳ͵Ͳ�
ZKLFK� H[SUHVVLRQ�GHFUHDVHV� LQ� VKDGH��5HODWLYH� H[SUHVVLRQ� LV� FDOFXODWHG� DV� WKH� ORJ��WUDQVIRUPHG�ͳͳ͵ͳ�
UDWLRV�RI�VKDGH�VXQ�H[SUHVVLRQ�YDOXHV���'DWD�ZHUH�VFDOHG�ZLWKLQ�HDFK�,/�SULRU�WR�FOXVWHULQJ��*UHHQ�ͳͳ͵ʹ�
FRORULQJ�UHSUHVHQWV�JHQHV�ZKHUH�VKDGH�H[SUHVVLRQ�LV�OHVV�WKDQ�WKDW�LQ�VXQ��YDOXHV�������PDJHQWD�ͳͳ͵͵�
FRORULQJ�UHSUHVHQWV�UHODWLYH�H[SUHVVLRQ�!���ZKHUH�VKDGH�H[SUHVVLRQ�LV�JUHDWHU�WKDQ�WKDW�LQ�VXQ��ͳͳ͵Ͷ�
�ͳͳ͵ͷ�
6XSSOHPHQWDO�7DEOHV��ͳͳ͵�
6XSSOHPHQWDO�7DEOH���� �&KURPRVRPH���JHQHV�ZLWKLQ�,/����ORFDWHG�LQ�ELQV�G��(��G��)��DQG�G�ͳͳ͵�
�,�� �ITAG�� S. lycopersicum� JHQH� LGHQWLILHU�� �Chromosome�� ORFDWLRQ� RI� HDFK� JHQH� ZLWKLQ� WKH�ͳͳ͵ͺ�
WRPDWR� JHQRPH�� �Bin�� ORFDWLRQ� RI� HDFK� JHQH�ZLWKLQ� WKH� ELQV� RI� WKH�0��� [�S. pennellii� WRPDWR�ͳͳ͵ͻ�
LQWURJUHVVLRQ� SRSXODWLRQ�� �AGI�� $UDELGRSVLV� JHQH� LGHQWLILHU�� �Gene description�� SXEOLVKHG�ͳͳͶͲ�
GHVFULSWLRQ�RI�JHQH�RU�KRPRORJV��ͳͳͶͳ�
�ͳͳͶʹ�
6XSSOHPHQWDO�7DEOH����*HQHV�LGHQWLILHG�DV�VLJQLILFDQWO\�UHVSRQVLYH�WR�VKDGH�LQ�WRPDWR���ITAG��ͳͳͶ͵�
S. lycopersicum� JHQH� LGHQWLILHU�� �logFC�� ORJ�� IROG� FKDQJH� RI� H[SUHVVLRQ� LQ� VKDGH� FRPSDUHG� WR�ͳͳͶͶ�
YDOXHV� LQ� VXQ�� �logCPM�� ORJ�� FRXQWV�SHU�PLOOLRQ� UHDGV� DFURVV� DOO� VDPSOHV��LR�� OLNHOLKRRG� UDWLR��ͳͳͶͷ�
ODUJH� YDOXHV� LQGLFDWH� D� JUHDWHU� OLNHOLKRRG� RI� GLIIHUHQWLDO� H[SUHVVLRQ�� PValue�� VLJQLILFDQFH� RI�ͳͳͶ�
GLIIHUHQWLDO�H[SUHVVLRQ���FDR��IDOVH�GLVFRYHU\�UDWH�FDOFXODWHG�E\�DGMXVWLQJ�WKH�S�YDOXH�XVLQJ�)'5�ͳͳͶ�
�� ������ AGI�� $UDELGRSVLV� JHQH� LGHQWLILHU�� �Gene name�� $UDELGRSVLV� JHQH� QDPH�� �Gene ͳͳͶͺ�
description��SXEOLVKHG�GHVFULSWLRQ�RI�JHQH�RU�KRPRORJV��ͳͳͶͻ�
�ͳͳͷͲ�
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6XSSOHPHQWDO�7DEOH����*HQHV�LGHQWLILHG�DV�GLIIHUHQWLDOO\�H[SUHVVHG�LQ�WKH�,/�SRSXODWLRQ�LQ�VXQ�ͳͳͷͳ�
DQG�VKDGH��ITAG��6��O\FRSHUVLFXP�JHQH�LGHQWLILHU��IL��LQWURJUHVVLRQ�OLQH�FRHIILFLHQW�RI�H[SUHVVLRQ�ͳͳͷʹ�
LQ� VXQ� FRPSDUHG� WR� 0��� LQ� VXQ��SLY_shadeResp�� 0��� FRHIILFLHQW� RI� H[SUHVVLRQ� LQ� VKDGH�ͳͳͷ͵�
FRPSDUHG�WR�0���LQ�VXQ��IL_shadeResp�� LQWURJUHVVLRQ�OLQH� LQWHUDFWLRQ�FRHIILFLHQW�RI�H[SUHVVLRQ�ͳͳͷͶ�
LQ�VKDGH�� �logFC�� ORJ��IROG�FKDQJH�RI�H[SUHVVLRQ�LQ�VKDGH�FRPSDUHG�WR�YDOXHV�LQ�VXQ��logCPM��ͳͳͷͷ�
ORJ�� FRXQWV� SHU� PLOOLRQ� UHDGV� DFURVV� DOO� VDPSOHV��LR�� OLNHOLKRRG� UDWLR�� ODUJH� YDOXHV� LQGLFDWH� D�ͳͳͷ�
JUHDWHU� OLNHOLKRRG� RI� GLIIHUHQWLDO� H[SUHVVLRQ�� PValue�� VLJQLILFDQFH� RI� GLIIHUHQWLDO�ͳͳͷ�
H[SUHVVLRQ��FDR�� IDOVH� GLVFRYHU\� UDWH� FDOFXODWHG� E\� DGMXVWLQJ� WKH� S�YDOXH� XVLQJ� )'5� ��ͳͳͷͺ�
������AGI�� $UDELGRSVLV� JHQH� LGHQWLILHU��symbol�� $UDELGRSVLV� JHQH� QDPH��gene_name�� SXEOLVKHG�ͳͳͷͻ�
GHVFULSWLRQ�RI�JHQH�RU�KRPRORJV��ͳͳͲ�
�ͳͳͳ�
6XSSOHPHQWDO�7DEOH����Arabidopsis thaliana JHQHV�XVHG�LQ�DQDO\VLV�RI�WRPDWR�VKDGH�UHVSRQVLYH�ͳͳʹ�
JHQH�H[SUHVVLRQ���&ROXPQ�QDPHV�LQGLFDWH�WKH�SXEOLFDWLRQ�IURP�ZKLFK�WKH�JHQH�OLVW�ZDV�REWDLQHG���ͳͳ͵�
�ͳͳͶ�
6XSSOHPHQWDO� 7DEOH� ��� *HQH� RQWRORJ\� FDWHJRULHV� HQULFKHG� LQ� WKRVH� VKDGH�UHVSRQVLYH� WRPDWR�ͳͳͷ�
JHQHV� ZKLFK� ZHUH� DOVR� IRXQG� LQ� WKH� VWXGLHV� GRQH� E\� 6HVVD� et al.� ������� DQG� 7DR� et al.�ͳͳ�
���������GO hierarchy��RQWRORJ\�FDWHJRU\��0)��PROHFXODU�IXQFWLRQ��&&��FHOOXODU�FRPSRQHQW��%3��ͳͳ�
ELRORJLFDO�SURFHVV��ͳͳͺ�
�ͳͳͻ�
6XSSOHPHQWDO�7DEOH�����0RWLIV�LGHQWLILHG�DV�EHLQJ�RYHU�UHSUHVHQWHG�LQ�WKH�SURPRWHUV�RI�VKDGH�ͳͳͲ�
UHVSRQVLYH�JHQHV��)LJ������Percent, universal��WKH�H[SHFWHG�IUHTXHQF\�RI�REVHUYLQJ�D�PRWLI�DFURVV�ͳͳͳ�
WKH� JHQRPH�� �Percent, IL cluster�� WKH� DFWXDO� IUHTXHQF\� RI� REVHUYLQJ� WKH� PRWLI� LQ� WKH� ,/� JHQH�ͳͳʹ�
FOXVWHUV�VKRZQ�LQ�)LJ������p-value��)LVKHU¶V�H[DFW�WHVW�VLJQLILFDQFH�YDOXH�LQGLFDWLQJ�WKH�GLIIHUHQFH�ͳͳ͵�
EHWZHHQ�XQLYHUVDO�DQG�,/�FOXVWHU�SHUFHQW�YDOXHV���ͳͳͶ�
�ͳͳͷ�
6XSSOHPHQWDO� 7DEOH� ��� 6KDGH� UHVSRQVLYH� WRPDWR� JHQHV� LGHQWLILHG� LQ� WKLV� VWXG\� DV�ZHOO� DV� LQ�ͳͳ�
&DJQROD�et al.����������ITAG��S. lycopersicum�JHQH�LGHQWLILHU���DE��H[SHULPHQW�LQ�ZKLFK�WKH�JHQH�ͳͳ�
ZDV� GLIIHUHQWLDOO\� H[SUHVVHG�� VKDGH�� VKDGH�UHVSRQVLYH� LQ� ERWK� OHDYHV� DQG� VWHPV�� OHDI�� VKDGH�ͳͳͺ�
UHVSRQVLYH�LQ�OHDYHV��VWHP��VKDGH�UHVSRQVLYH�LQ�VWHPV��AGI��$UDELGRSVLV�JHQH�LGHQWLILHU����ͳͳͻ�
�ͳͳͺͲ�
6XSSOHPHQWDO� 7DEOH� ���2UJDQ�VSHFLILF� VKDGH� UHVSRQVLYH�JHQHV�� EDVHG�RQ� FRUUHODWLRQ�RI� JHQHV�ͳͳͺͳ�
ZLWK� ,QWHUQRGH�3&�� DQG�3HWLROH� 3&��� �ITAG��S. lycopersicum� JHQH� LGHQWLILHU�� �rho_petiolePC1�ͳͳͺʹ�
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DQG� rho_internodePC1�� 6SHDUPDQ¶V� FRUUHODWLRQ� rho� YDOXH� EHWZHHQ� HDFK� SKHQRW\SH� DQG�ͳͳͺ͵�
JHQRW\SH����Primary phenotype��3KHQRW\SH�RI�LQLWLDO�REVHUYDWLRQ�RI�rho�!�_���_���AGI��$UDELGRSVLV�ͳͳͺͶ�
JHQH�LGHQWLILHU���Gene name��$UDELGRSVLV�JHQH�QDPH���Gene description��SXEOLVKHG�GHVFULSWLRQ�RI�ͳͳͺͷ�
JHQH�RU�KRPRORJV��ͳͳͺ�
�ͳͳͺ�
6XSSOHPHQWDO�7DEOH����*HQH�RQWRORJ\�FDWHJRULHV�HQULFKHG�LQ�JHQHV�VLJQLILFDQWO\�FRUUHODWHG�ZLWK�ͳͳͺͺ�
VKDGH�UHVSRQVLYH� SKHQRW\SHV�� �7KH� FROXPQ� Differential expression of GO category� LQGLFDWHV�ͳͳͺͻ�
ZKHWKHU� WKH� *2� FDWHJRU\� ZDV� XS�UHJXODWHG� DQG� HQULFKHG�� RU� GRZQ�UHJXODWHG� DQG�ͳͳͻͲ�
GHSOHWHG�� �log2_updn� LQFRUSRUDWHV� WKH� ORJ��WUDQVIRUPDWLRQ� RI� WKH� S�YDOXH� ZLWK� WKH� SRVLWLYH� RU�ͳͳͻͳ�
QHJDWLYH�VWDWH�LQGLFDWHG��Differential expression of GO category���XWLOL]HG�LQ�6)LJ�����ͳͳͻʹ�
�ͳͳͻ͵�
6XSSOHPHQWDO� 7DEOH� ���� �*HQHV� FOXVWHULQJ� LQWR� VHFWRUV� ��� ��� ��� DQG� �� EDVHG� RQ� ':*&1$�ͳͳͻͶ�
FOXVWHULQJ���ITAG��S. lycopersicum�JHQH�LGHQWLILHU���DWGCNA Sector��VHFWRU�LQ�ZKLFK�HDFK�JHQH�ͳͳͻͷ�
LV� IRXQG�� VHFWRU� �� JHQHV� VKRZ� DQ� LQFUHDVH� LQ� FRQQHFWLYLW\� LQ� VKDGH�� VHFWRU� �� JHQHV� VKRZ� D�ͳͳͻ�
GHFUHDVH� LQ�FRQQHFWLYLW\� LQ� VKDGH�� VHFWRU���JHQHV�KDYH� LQFUHDVHG�H[SUHVVLRQ� LQ� VKDGH�� VHFWRU���ͳͳͻ�
JHQHV�KDYH�GHFUHDVHG�H[SUHVVLRQ�LQ�VKDGH��ͳͳͻͺ�
�ͳͳͻͻ�
6XSSOHPHQWDO� 7DEOH� ���� *HQH� RQWRORJ\� FDWHJRULHV� RYHU�� RU� XQGHU�UHSUHVHQWHG� LQ� ':*&1$�ͳʹͲͲ�
VHFWRUV� ��� ��� ��� DQG� ��� �DWGCNA Sector�� VHFWRU� ZLWK� ZKLFK� HDFK� JHQH� RQWRORJ\� WHUP� LV�ͳʹͲͳ�
DVVRFLDWHG��GO hierarchy��RQWRORJ\�FDWHJRU\��0)��PROHFXODU�IXQFWLRQ��&&��FHOOXODU�FRPSRQHQW��ͳʹͲʹ�
%3�� ELRORJLFDO� SURFHVV�� �Adjusted p-value� UHSUHVHQWV� WKH� p-value� DGMXVWHG� XVLQJ� )'5� ��ͳʹͲ͵�
������ �Differential expression of GO category� LQGLFDWHV� ZKHWKHU� WKH� *2� FDWHJRU\� ZDV� XS�ͳʹͲͶ�
UHJXODWHG�DQG�HQULFKHG��³XS´���RU�GRZQ�UHJXODWHG�DQG�GHSOHWHG��³GQ´����Number of Differentially ͳʹͲͷ�
Expressed Genes in GO Category�DQG�Number of Genes in GO Category�SUHVHQW� WKH�REVHUYHG�ͳʹͲ�
DQG�WRWDO�QXPEHU�RI�JHQHV�ZLWKLQ�D�*2�FDWHJRU\�LQ�HDFK�VHFWRU���ͳʹͲ�
�ͳʹͲͺ�
6XSSOHPHQWDO�7DEOH�����([SUHVVLRQ�RI�$X[LQ�UHODWHG�JHQHV�LQ�VKDGH���,/V�DQG�JHQHV�ZHUH�VXEVHW�ͳʹͲͻ�
EDVHG�RQ�)LJXUH��&�� �Auxin Gene�� JHQH� LGHQWLILHU�� �Gene Description,� SXEOLVKHG�GHVFULSWLRQ�RI�ͳʹͳͲ�
JHQH� RU� KRPRORJV� Gene Location�� ORFDWLRQ� RI� HDFK� JHQH�ZLWKLQ� WKH� S. pennellii� ,/V�� �LogFC ͳʹͳͳ�
Expression��ORJ��IROG�FKDQJH�RI�H[SUHVVLRQ�LQ�VKDGH�FRPSDUHG�WR�YDOXHV�LQ�VXQ�ZLWKLQ�HDFK�,/��ͳʹͳʹ�
�ͳʹͳ͵�
�ͳʹͳͶ�
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