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3K�'��)LUVW��,�ZRXOG�OLNH�WR�H[SUHVV�P\�GHHSHVW�DSSUHFLDWLRQ�DQG�WKDQNV�WR�P\�VXSHUYLVRU�'U��

6DQWRVK�%��6DWEKDL��IRU�EHLQJ�D�QLFH�DQG�VXSSRUWLYH�PHQWRU�IRU�PH��,�ZRXOG�OLNH�WR�WKDQN�KLP�

IRU�SURYLGLQJ�PH�WKH�RSSRUWXQLW\�WR�ZRUN�LQ�KLV�ODE�DQG�PRWLYDWLQJ�PH�WR�JURZ�DV�D�UHVHDUFK�

VFLHQWLVW��+LV�DGYLFH�RQ�UHVHDUFK�DQG�FDUHHU�KDV�EHHQ�LQYDOXDEOH� 

,�ZRXOG� DOVR� OLNH� WR� WKDQN�P\� WKHVLV� FRPPLWWHH�PHPEHUV��'U��5DFKQD�&KDED�DQG�'U��5DP�

<DGDY�IRU�WKHLU�LQSXWV�DQG�VXJJHVWLRQV�IRU�P\�SURMHFW��,�ZRXOG�DOVR�OLNH�WR�DFNQRZOHGJH�WKH�

KHOS�IURP�'U��$MD\�.�3DQGH\�DQG�KLV�VWXGHQW�9DUVKD�0HHQD�IRU�WKHLU�KHOS�LQ�WKH�LURQ�FRQWHQW�

PHDVXUHPHQW�� 

,�ZRXOG�DOVR�OLNH�WR�WKDQN�PDVWHU¶V�VWXGHQWV�0RQLND�.XPDUL��0XVNDQ�.DOUD��+LPDQL�0HHQD��

DQG�$QX�ZKR�ZHUH�LQYROYHG�ZLWK�PH�LQ�VRPH�RI�WKH�ZRUN��,�ZRXOG�DOVR�OLNH�WR�WKDQN�DOO�WKH�

6%6�ODE�PHPEHUV��'HHSVKLNKD��3RRMD��'KULWL��%XGGKD��9DUVKD�DQG�$QNLW�IRU�WKHLU�FR�RSHUDWLRQ�

DQG�KHDOWK\�GLVFXVVLRQV�� ,�DP�DOVR� WKDQNIXO� WR�'U��5DP�<DGDY�DQG�'U��6KUDYDQ�.XPDU� ODE�

PHPEHUV�HVSHFLDOO\�$VLV�DQG�$QXSD��IRU�WKHLU�KHOS�LQ�GLVFXVVLQJ�VRPH�H[SHULPHQWV��,�ZRXOG�

DOVR�OLNH�WR�WKDQN�$EKLVKHN�'XEH\�IRU�KLV�KHOS�LQ�DQDO\VLV�RI�51$�VHTXHQFLQJ�GDWD� 

,� DP� DOVR� HVSHFLDOO\� JUDWHIXO� WR� P\� SDUHQWV� DQG� VLEOLQJV� IRU� WKHLU� XQFRQGLWLRQDO� ORYH� DQG�

EOHVVLQJV��,�ZRXOG�DOVR�OLNH�WR�WKDQN�P\�IULHQGV�HVSHFLDOO\�0DU\��1LWHQGUD��DQG�6XERGK�IRU�WKHLU�

HPRWLRQDO�VXSSRUW��,�DP�WKDQNIXO�WR�1LWHQGUD�IRU�DOZD\V�EHLQJ�WKHUH�IRU�PH�DQG�HQFRXUDJLQJ�

PH�IRU�DFKLHYLQJ�P\�JRDOV� 

)LQDOO\��,�ZRXOG�OLNH�WR�DFNQRZOHGJH�,,6(5�0RKDOL�IRU�WKH�IHOORZVKLS�DQG�WKH�UHVHDUFK�VXSSRUW�

IURP�'%7�DQG�6(5%� 
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ͳǤͳ ���������� 

,URQ��)H��LV�DQ�HVVHQWLDO�HOHPHQW�IRU�DOO�RUJDQLVPV��7KH�FKHPLFDO�FKDUDFWHULVWLFV�RI�)H�PDNH�LW�

D� JRRG� FDQGLGDWH� IRU� UHGR[� UHDFWLRQV� DQG� SUHGLVSRVH� LW� WR� HDVLO\� SURGXFH� UHDFWLYH� R[\JHQ�

VSHFLHV�� ,Q� SODQWV�� )H� LV� HVVHQWLDO� IRU� FKORURSK\OO� ELRV\QWKHVLV�� UHVSLUDWLRQ�� SKRWRV\QWKHVLV��

LPPXQH�UHVSRQVHV�DQG�DFWV�DV�D�FRIDFWRU�RI�PDQ\�HQ]\PHV��+lQVFK�DQG�0HQGHO������D��%DON�

DQG� 6FKDHGOHU�� ������� ,Q� KXPDQV�� )H� LV� UHTXLUHG� IRU� WKH� IRUPDWLRQ� RI� P\RJORELQ�� '1$�

UHSOLFDWLRQ� DQG� UHSDLU�� UHJXODWLRQ� RI� JHQH� H[SUHVVLRQ�� FHOO� SUROLIHUDWLRQ� DQG� GLIIHUHQWLDWLRQ��

+XPDQV�FDQ�REWDLQ�QRQ�KHPH� LURQ�E\�HDWLQJ�QXWV�� FHUHDOV�� DQG� OHDI\��GDUN�JUHHQ�YHJHWDEOH��

+HPH�LURQ��RQ�WKH�RWKHU�KDQG��FDQ�EH�REWDLQHG�E\�HDWLQJ�DQLPDO�SURGXFWV��3LVNLQ�HW�DO����������

)H� GHILFLHQF\� LV� WKH� PRVW� SUHYDOHQW� PLFURQXWULHQW� GHILFLHQF\�� ZKLFK� LV� WKH� PDLQ� FDXVH� RI�

DQDHPLD�� D� VHULRXV� KHDOWK� ULVN� SDUWLFXODUO\� IRU� FKLOGUHQ� DQG� SUHJQDQW�ZRPHQ��7KH� XOWLPDWH�

VRXUFH� RI�)H� LQ� KXPDQ� GLHW� DUH� SODQWV� HLWKHU� GLUHFWO\� RU� LQGLUHFWO\��7KHUHIRUH�� WKH� FRPSOHWH�

XQGHUVWDQGLQJ�RI�KRZ�SODQWV�VHQVH�DQG�UHVSRQG�WR�LURQ�DYDLODELOLW\�LV�FUXFLDO�IRU�LPSURYLQJ�WKH�

)H�FRQWHQW�RI�FURSV�� 

ͳǤʹ�	������������������� 

(YHQ�WKRXJK��)H�LV�WKH�IRXUWK�PRVW�DEXQGDQW�HOHPHQW�LQ�HDUWK¶V�FUXVW�EXW�PDMRULW\�RI�LW�LV�SUHVHQW�

LQ�LQVROXEOH�IRUP�DV�LW�WHQGV�WR�IRUP�LQVROXEOH�)H���R[LGH�RU�K\GUR[LGH�SUHFLSLWDWHV�LQ�SUHVHQFH�

RI�R[\JHQ�DW�QHXWUDO�RU�EDVLF�S+��7KRPLQH�DQG�/DQTXDU���������)H�GHILFLHQF\�LQ�SODQWV�JURZLQJ�

RQ�ORZ�)H�VRLOV�OHDGV�WR�UHGXFWLRQ�LQ�\LHOG�EHFDXVH�RI�GHFUHDVH�LQ�SKRWRV\QWKHWLF�FDSDELOLW\�RI�

SODQWV�DQG�VRPHWLPHV�OHDGV�WR�FRPSOHWH�LQKLELWLRQ�RI�JURZWK�LQ�FDVH�RI�VHYHUH�LURQ�GHILFLHQF\� 

������6WUDWHJ\�, 

7R�PDNH�WKLV�SUHFLSLWDWHG�)H�DYDLODEOH�IRU�DEVRUSWLRQ��SODQWV�KDYH�DGDSWHG�GLIIHUHQW�VWUDWHJLHV��

2QH� LV� UHGXFWLRQ�EDVHG� VWUDWHJ\� �6WUDWHJ\� ,�� ZKLFK� LV� XWLOL]HG� E\� $UDELGRSVLV� WKDOLDQD�

�$UDELGRSVLV�� DQG� QRQ�JUDPLQDFHRXV� PRQRFRWV� �.RED\DVKL� DQG� 1LVKL]DZD�� ����D��

%UXPEDURYD�HW�DO����������,Q�WKLV�VWUDWHJ\��ILUVW�SURWRQV�DUH�UHOHDVHG�LQWR�WKH�UKL]RVSKHUH�E\�WKH�

3/$60$�0(0%5$1(�352721�$73DVH��$+$����6DQWL�DQG�6FKPLGW������D���7KH�UHOHDVH�

RI�WKH�SURWRQV�LQ�WKH�UKL]RVSKHUH�OHDGV�WR�DFLGLILFDWLRQ�RI�WKH�UKL]RVSKHUH�ZKLFK�HQKDQFHV�WKH�

VROXELOLW\�RI�)H��,Q�DGGLWLRQ�WR�WKLV��WKH�$%&�WUDQVSRUWHU�3'5��ZKLFK�LV�DOVR�NQRZQ�DV�$%&*����

UHOHDVHV�FRXPDULQ�IDPLO\�SKHQROLFV�LQWR�WKH�UKL]RVSKHUH��)RXUFUR\�HW�DO����������7KLV�OHDGV�WR�

FKHODWLRQ�DQG�PRELOL]DWLRQ�RI�)H����7KH�VROXELOL]HG�)H���LV� UHGXFHG� WR�)H���ZLWK� WKH�KHOS�RI�

)(55,&�5('8&7$6(�2;,'$6(��)52���HQ]\PH��<LQJ�<L�DQG�0DU\�/RX�*XHULQRW��������

1LJHO�M��5RELQVRQ�HW�DO����������7KH�UHGXFHG�)H���LV�WDNHQ�LQVLGH�WKH�URRW�HSLGHUPDO�FHOO�ZLWK�



ϭϭ 
 

WKH�KHOS�RI�,521�5(*8/$7('�75$163257(5����,57���WUDQVSRUWHU��(LGH�HW�DO���������9HUW�

HW�DO����������)LJXUH�������� 

������6WUDWHJ\�,, 

7KH�RWKHU�RQH�LV�WKH�FKHODWLRQ�EDVHG�VWUDWHJ\�ZKLFK�LV�DGDSWHG�E\�JUDPLQDFHRXV�PRQRFRWV�VXFK�

DV� ULFH��PDL]H��DQG�EDUOH\�HWF�� � ,Q� WKLV� VWUDWHJ\��PXJLQHLF�DFLGV� �0$V��DUH� VHFUHWHG� LQWR� WKH�

UKL]RVSKHUH�E\�WKH�75$163257(5�2)�0$��� �720���36�HIIOX[�WUDQVSRUWHU�SUHVHQW� LQ� WKH�

URRW��7KH�VHFUHWHG�0$V�LQ�WKH�UKL]RVSKHUH�WKHQ�ELQG�ZLWK�)H���ZKLFK�OHDGV�WR�WKH�IRUPDWLRQ�RI�

)H�0$�FRPSOH[HV��7KH�)H�0$�FRPSOH[HV�DUH�WDNHQ�LQVLGH�WKH�URRW�ZLWK�WKH�KHOS�RI�<(//2:�

675,3(� �<6��� DQG�<6��OLNH� �<6��/,.(�� WUDQVSRUWHUV� �&XULH� HW� DO��� ������<HQ�HW� DO��� ������

.RLNH�HW�DO���������6FKDDI�HW�DO����������,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�JUDPLQDFHRXV�VSHFLHV�OLNH�

ULFH� DOVR� WDNHV� XS� )H��� ZLWK� WKH� KHOS� RI� 2V,57��� 2V,57��� 1$785$/� 5(6,67$1&(�

$662&,$7('�0$&523+$*(�3527(,1��2V15$03���DQG��2V15$03����,VKLPDUX�HW�DO���

������&KHQJ�HW�DO����������)LJXUH������� 
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H+

H+

H+
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PDR9Phenolics

Fe3+

Fe2+ IRT1 Fe2

+

NRAMP1/5

IRT1/2

TOM

YSL15

MA

Fe2+

Fe2+

Fe2+

Fe2+

Fe2+

a) Strategy I

(Non-
grasses)

b) Strategy II

(Grasses)

MATOM

YSL15
Fe2+

c) Combination 
strategy I/II

(Rice)

Fe2+
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)LJXUH������,URQ�XSWDNH�VWUDWHJLHV��D��6WUDWHJ\�,��OHIW�VLGH��LV�IRXQG�LQ�GLFRW\OHGRQV�DQG�QRQ�

JUDPLQDFHRXV�PRQRFRW\OHGRQV��7KH�$+$��UHOHDVHV�WKH�SURWRQV�LQWR�WKH�UKL]RVSKHUH�EHFDXVH�

RI�ZKLFK�LW�EHFRPHV�PRUH�DFLGLF��)XUWKHUPRUH��WKH�FRXPDULQ�IDPLO\�SKHQROLFV�DUH�UHOHDVHG�LQWR�

WKH�UKL]RVSKHUH�WKURXJK�WKH�$%&�WUDQVSRUWHU�3'5���)H���LV�PRELOL]HG�DQG�FKHODWHG�EHFDXVH�RI�

DFLGLF�S+�DQG�FRXPDULQV��:LWK�WKH�KHOS�RI�)52��HQ]\PH��WKH�VROXELOL]HG�)H���LV�UHGXFHG�WR�

)H����7KH�)H���HQWHUV�WKH�URRW�FHOO�ZLWK�WKH�KHOS�RI�,57��WUDQVSRUWHU��E��6WUDWHJ\�,,��ULJKW�VLGH��

LV� IRXQG� LQ� JUDPLQDFHRXV�PRQRFRWV�� ,Q� WKLV�� WKH�720� WUDQVSRUWHU� VHFUHWHV�PXJLQHLF� DFLGV�

�0$V��LQWR�WKH�UKL]RVSKHUH�DQG�WKH�)H�0$�FRPSOH[HV�DUH�IRUPHG�LQ�WKH�UKL]RVSKHUH�ZKHQ�ERQG�

ZLWK�)H����7KH�<6��DQG�<6��/,.(�WUDQVSRUWHUV�PRYH�WKH�)H�0$�FRPSOH[HV�LQWR�WKH�URRW�DQG�

F��5LFH�XVHV�D�FRPELQDWLRQ�VWUDWHJ\�LQ�ZKLFK�)H���FDQ�DOVR�EH�WDNHQ�LQVLGH�WKH�URRW�FHOO�E\�WKH�

,57����DQG�15$03����LQ�DGGLWLRQ�WR�720�DQG�<6/�WUDQVSRUWHUV��0RGLILHG�IURP��5DL�HW�DO���

������ 

����)H�WUDQVSRUW�DQG�VWRUDJH 

2QFH�LQVLGH�WKH�URRW�HSLGHUPDO�FHOOV��)H�PXVW�EH�WUDQVSRUWHG�DQG�UHPRELOL]HG�WR�YDULRXV�RUJDQV�

DQG�FRPSDUWPHQWDOL]HG�LQ�FHOOXODU�RUJDQHOOHV�DV�LURQ�KRPHRVWDVLV�SOD\V�D�FUXFLDO�IXQFWLRQ�DW�

ERWK�WKH�LQWHU�DQG�LQWUDFHOOXODU�OHYHOV��)H�LV�WUDQVSRUWHG�IURP�URRW�WR�VKRRW�DQG�GLIIHUHQW�SDUWV�

RI�WKH�SODQWV�WKURXJK�YDVFXODU�V\VWHP��)URP�HSLGHUPLV��)H�LV�WUDQVSRUWHG�WR�FRUWH[��HQGRGHUPLV�

DQG�SHULF\FOH�WKURXJK�DSRSODVWLF�RU�V\PSODVWLF�SDWKZD\V��)URP�SHULF\FOH��)H�LV�SURSRVHG�WR�EH�

ORDGHG�LQWR�WKH�[\OHP�WKURXJK�)(5523257,16��)31���0RUULVVH\�DQG�*XHULQRW���������7KH�

LURQ� LV� WUDQVSRUWHG� WR� VKRRWV� WKURXJK� [\OHP� LQ� WKH� IRUP� RI� )H���FLWUDWH� FRPSOH[�� )(55,&�

5('8&7$6(�'()(&7,9(����)5'���PHGLDWHV�WKH�WUDQVSRUW�RI�FLWUDWH�LQWR�WKH�[\OHP��'XUUHWW�

HW�DO�����������,Q�DGGLWLRQ�WR�WKLV��1,75$7(�$1'�3(37,'(�75$163257(5�)$0,/<��13)��

PHPEHUV�LQFOXGLQJ�13)����DQG�13)����DUH�DOVR�NQRZQ�WR�UHJXODWH�ORQJ�GLVWDQFH�WUDQVSRUW�RI�

)H�DQG�KRPHRVWDVLV��&KHQ�HW�DO����������7KH�WUDQVSRUW�RI�)H�WR�VLQN�WLVVXHV�DQG�UHGLVWULEXWLRQ�

WR� WKH� URRWV� LV�PHGLDWHG� E\� WKH�2/,*23(37,'(�75$163257(5� �� �237���� ,W� KDV� EHHQ�

UHSRUWHG�WKDW�QXOO�PXWDWLRQ�RI�RSW��OHDGV�WR�HPEU\RQLF�OHWKDOLW\��6WDFH\�HW�DO���������6WDFH\�HW�

DO����������7KH�PDLQ�FKHODWRU�DLGLQJ�)H�WUDQVSRUW�LQ�WKH�SKORHP�RI�$UDELGRSVLV�LV�QLFRWLDQDPLQH�

�1$��DQG�DEQRUPDOLWLHV�LQ�VLQN�RUJDQ�GHYHORSPHQW�DQG�)H�KRPHRVWDVLV�RFFXU�IURP�HLWKHU�ORVV�

RI� IXQFWLRQ� RI� 1$� V\QWKDVHV� RU� )H�1$� WUDQVSRUWHUV�� 7KH�<(//2:� 675,3(�/,.(� �<6/��

IDPLO\�RI�)H��,,��QLFRWLDQDPLQH�WUDQVSRUWHUV�KDV�EHHQ�VXJJHVWHG�DV�LPSRUWDQW�PHGLDWRUV�RI�)H�

XSWDNH�YDVFXODU�WLVVXHV��<6/��DQG�<6/��DUH�UHVSRQVLEOH�IRU�)H�UHGLVWULEXWLRQ�IURP�VHQHVFHQW�

OHDYHV� LQWR�GHYHORSLQJ� VHHGV� �:DWHUV�HW� DO��� �������<6/��DQG�<6/��DUH� ORFDWHG� WR� LQWHUQDO�

FHOOXODU�PHPEUDQHV��DQG�WKH\�KDYH�DQ�LPSDFW�RQ�WKH�VXEFHOOXODU�WUDQVIHU�RI�)H�RU�)H�1$��&RQWH�
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HW�DO����������<6/��LV�LQYROYHG�LQ�WKH�PRYHPHQW�RI�)H�IURP�WKH�YDVFXODU�V\VWHP�WR�QHLJKERXULQJ�

FHOOV� �'L'RQDWR� HW� DO��� ������� )H� VWRULQJ�PHFKDQLVP� DUH� LQGXFHG� DIWHU� VHHG� ORDGLQJ� RI� )H��

)HUULWLQV� LQ�SODQWV� DUH� DOVR�EHOLHYHG� WR� VWRUH�)H��SUHYHQWLQJ�R[LGDWLYH� VWUHVV� DQG�DFWLQJ�DV� D�

EXIIHU�DJDLQVW�H[FHVV�)H��2I�WKH�IRXU�IHUULWLQ�HQFRGLQJ�JHQHV�LQ�$UDELGRSVLV��)(5��DQG�)(5��

DUH�WKH�RQHV�WKDW�DUH�PRVW�IUHTXHQWO\�SURGXFHG�LQ�UHVSRQVH�WR�)H�RYHUORDG�WUHDWPHQWV�KHOSLQJ�

WR� PDLQWDLQ� )H� KRPHRVWDVLV� �3HWLW� HW� DO��� ������� 'XULQJ� VHHG� JHUPLQDWLRQ� DQG� VHHG�

HVWDEOLVKPHQW��WKH�YDFXROH�SOD\V�D�FUXFLDO�IXQFWLRQ�LQ�WKH�VWRUDJH�DQG�PRELOL]DWLRQ�RI�)H��7KH�

YDFXROH�PDNHV� D� FRQVLGHUDEOH� FRQWULEXWLRQ� WR� WKH� VWRUDJH�DQG� VHTXHVWUDWLRQ�RI�)H��ZKLFK� LV�

PDGH�SRVVLEOH�E\�WKH�)H�HIIOX[�SURWHLQV��WR�SUHYHQW�WR[LFLW\��-LDQJ�HW�DO����������7KH�ORDGLQJ�RI�

)H�LQWR�WKH�YDFXROH�LV�PDLQO\�GRQH�9$&8/25�,521�75$163257(5����9,7���DQG�)H�LV�

WUDQVSRUWHG�RXW�RI�WKH�YDFXROH�E\�1$785$/�5(6,67$1&(�$662&,$7('�0$&523+$*(�

3527(,1����15$03���DQG�E\�15$03���.LP�HW�DO���������/DQTXDU�HW�DO����������)LJXUH�
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)LJXUH������2YHUYLHZ�RI�)H�XSWDNH�DQG�)H�WUDQVSRUW��0RGLILHG�IURP��.URK�DQG�3LORQ��������

'L'RQDWR�HW�DO���������'XUUHWW�HW�DO����������)H�LV�WDNHQ�LQVLGH�WKH�URRW�HSLGHUPDO�FHOO�ZLWK�WKH�

DFWLYLW\�RI�WKH�$+$���)52��DQG�,57���2QFH�LQVLGH�WKH�HSLGHUPDO�FHOO��)H�LV�WUDQVSRUWHG�IURP�

HSLGHUPDO�FHOO�WR�WKH�SHULF\FOH�WKURXJK�WKH�V\PSODVWLF�DQG�DSRSODVWLF�FRQQHFWLRQV��)URP�WKH�

SHULF\FOH��)H�LV�SURSRVHG�WR�EH�WUDQVSRUWHG�LQWR�WKH�[\OHP�ZLWK�WKH�KHOS�RI�)31�DQG�)5'���

237�� LV� LQYROYHG�LQ�WKH�WUDQVSRUW�RI�)H�IURP�[\OHP�WR�WKH�SKORHP�DQG�IURP�SKORHP�WR�WKH�

\RXQJHU�OHDYHV��IORZHUV��DQG�VHHGV��<6/��LV�LQYROYHG�LQ�WKH�)H�WUDQVSRUW�IURP�SKORHP�WR�WKH�

QHLJKERXULQJ�FHOOV� 

����7UDQVFULSWLRQDO�DQG�SRVW�WUDQVFULSWLRQDO�UHJXODWLRQ�RI�LURQ�KRPHRVWDVLV�LQ�SODQWV� 

7KH�WUDQVFULSWLRQ�IDFWRUV��7)V��ZKLFK�UHJXODWH�)H�KRPHRVWDVLV�LQ�SODQWV�PDLQO\�EHORQJ�WR�WKH�

E+/+�IDPLO\�RI�WUDQVFULSWLRQ�IDFWRUV��7)V���8QGHU�)H�GHILFLHQF\��JURXS�,9F�E+/+V��E+/+����

E+/+����,/5��� E+/+����� DQG� E+/+����� 7)V� LQWHUDFW� ZLWK� E+/+���� WR� LQGXFH� WKH�

H[SUHVVLRQ�RI�JURXS�,E��E+/+����E+/+����E+/+�����DQG�E+/+�����DQG�JURXS�,9E��3<(��

�/L�HW�DO���������/LDQJ�HW�DO���������.LP�HW�DO���������*DR��5REH�DQG�'XERV����������7KH�JURXS�

,E� E+/+� 7)V� KHWHURGLPHUL]H� ZLWK� )(5�/,.(� ,521� '(),&,(1&<� ,1'8&('�

75$16&5,37,21�)$&725� �),7�� DQG� LQGXFH� WKH� H[SUHVVLRQ� RI�PDMRU� LURQ� XSWDNH� JHQHV�

�)52���,57��DQG�$+$����/LDQJ�HW�DO���������:DQJ�HW�DO���������<XDQ�HW�DO����������7KH�E+/+�

7)�3<(�LQWHUDFWV�ZLWK�,/5��WR�UHSUHVV�WKH�H[SUHVVLRQ�RI�)H�WUDQVSRUW��1$6����)H�DVVLPLODWLRQ�

�1((7��DQG�)H�VWRUDJH��)(5���)(5���)(5��DQG�97/���JHQHV��7LVVRW�HW�DO����������7KH�JURXS�

,9F�E+/+�7)V�DUH�UHJXODWHG�DW�SURWHLQ�OHYHO�E\�%58786��%76��ZKLFK�LV�D�(��XELTXLWLQ�OLJDVH��

,W�LV�LQYROYHG�LQ�WKH�GHJUDGDWLRQ�RI�JURXS�,9F�7)V�ZKLFK�XOWLPDWHO\�OHDGV�WR�GRZQUHJXODWLRQ�RI�

)H�XSWDNH� WR� DYRLG� )H� RYHUORDG� XQGHU� )H�VXIILFLHQW� FRQGLWLRQV� �6HORWH� HW� DO��� ������� ,521�

0$1�SHSWLGHV��,0$V��ZKLFK�LV�D�FODVV�RI�VPDOO�SHSWLGHV�DUH�LQGXFHG�XQGHU��)H�DQG�WKH\�DUH�

LQYROYHG� LQ� LQGXFLQJ� )H�GHILFLHQF\� UHVSRQVHV� E\� LQWHUDFWLQJ� ZLWK� %76� DQG� LQKLELWLQJ�

LQWHUDFWLRQ�DQG�GHJUDGDWLRQ�RI�E+/+����DQG�E+/+����ZKLFK�IXUWKHU�OHDGV�WR�LQGXFWLRQ�RI�)H�

XSWDNH�JHQHV� �*ULOOHW�HW�DO�������D��/L�HW�DO����������),7� LV� UHJXODWHG�DW�SURWHLQ� OHYHO�E\� WKH�

%58786�/,.(���%76/���DQG�%76/��ZKLFK�DUH�WZR�5,1*�(��XELTXLWLQ�OLJDVHV��%76/��DQG�

%76/��SURWHFW�WKH�SODQW�IURP�)H�RYHUORDG�E\�WDUJHWLQJ�),7�IRU�GHJUDGDWLRQ��5RGUtJXH]�&HOPD�

HW� DO��� ������� ),7� DFWLYLW\� LV� SRVW�WUDQVODWLRQDOO\� UHJXODWHG� E\� &$/&,1(85,1� %�/,.(�

,17(5$&7,1*� 6(5�7+5�3527(,1� .,1$6(��� �&,3.����GHSHQGHQW� SKRVSKRU\ODWLRQ�

ZKLFK�DFWLYDWHV�LW�WR�LQWHUDFW�ZLWK�JURXS�,E�7)V��*UDW]�HW�DO����������6LPLODUO\��)52��DQG�,57��

SURWHLQV�DUH�UHJXODWHG�E\�&,3.����7LDQ�HW�DO���������'XEHDX[�HW�DO����������7KH�$+$��DFWLYLW\�

LV�DOVR�UHJXODWHG�E\�SKRVSKRU\ODWLRQ��)XJOVDQJ�HW�DO���������)XJOVDQJ�HW�DO����������,Q�WKH�SDVW�
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IHZ�\HDUV��D�QXPEHU�RI�VWXGLHV�KDYH�VKRZQ�WKDW�WKH�VHFUHWLRQ�RI�FRXPDULQV�LV�LPSRUWDQW�IRU�)H�

XSWDNH��7KH�FRXPDULQ�SURGXFWLRQ�LV�DOVR�LQGXFHG�DW�WUDQVFULSWLRQDO�OHYHO�XQGHU��)H��),7�WRJHWKHU�

ZLWK�JURXS�,E�E+/+�7)V�LQGXFH�WKH�H[SUHVVLRQ�RI�6&232/(7,1���+<'52;</$6(��6�+���D�

F\WRFKURPH�3���� HQ]\PH��&<3��&�� DQG�0<%��� �6FKPLG� HW� DO��� ������7VDL� DQG� 6FKPLGW��

����D��7VDL� HW� DO��� ������� 6�+� DQG� &<3��&�� DUH� LQYROYHG� LQ� ELRV\QWKHVLV� RI� IUD[HWLQ� DQG�

VLGHUHWLQ� UHVSHFWLYHO\�� )UD[HWLQ� ELRV\QWKHVLV� LV� LQGXFHG� XQGHU� DONDOLQH� S+� DQG� VLGHUHWLQ� LV�

V\QWKHVL]HG�DW�DFLGLF�S+�IRU�)H�PRELOL]DWLRQ�LQ�WKH�VRLO��6LZLQVND�HW�DO���������5DMQLDN�HW�DO���

������ 0XUJLD� HW� DO��� ������� 0<%��� LV� NQRZQ� WR� UHJXODWH� WKH� H[SUHVVLRQ� RI� %(7$�

*/8&26,'$6(� ��� �%*/8���� DQG�3'5�� �3DOPHU� HW� DO��� ������7VDL� DQG� 6FKPLGW�� ����D���

%*/8���LV�UHVSRQVLEOH�IRU�GHJO\FRV\ODWLRQ�RI�FRXPDULQV�EHIRUH�WKHLU�VHFUHWLRQ�DQG�3'5��LV�

LQYROYHG�LQ�VHFUHWLRQ�RI�FRXPDULQV�LQWR�WKH�UKL]RVSKHUH��)RXUFUR\�HW�DO���������6LVy�7HUUD]D�HW�

DO���������=DPLRXGLV�HW�DO����������,Q�DGGLWLRQ�WR�0<%����0<%���LV�DOVR�NQRZQ�WR�EH�UHJXODWH�

WKH�H[SUHVVLRQ�WR�UHJXODWH�WKH�H[SUHVVLRQ�RI�)(58/2</�&R$��¶�+<'52;</$6(����)�¶+���

ZKLFK�FDWDO\VHV�WKH�ILUVW�VWHS�RI�FRXPDULQ�ELRV\QWKHVLV��5RGUtJXH]�&HOPD�HW�DO���������6FKPLG�

HW� DO��� ������ &KH]HP� HW� DO��� ������� 0<%��� LV� DOVR� SURSRVHG� WR� EH� HVVHQWLDO� IRU� FRXPDULQ�

ELRV\QWKHVLV��3DOPHU�HW�DO����������)LJXUH������� 

-Fe

bHLH38/39/100/101

BTS

IMAs

-Fe

+Fe

bHLH38/39
/100/101

FIT

IRT1FRO2 AHA2

bHLH34/104
/115/105

PYE

bHLH105PYE

NAS4 FER1, FER3, FER4, 
VTL2

NEET

bHLH 
121

CYP82C4, 
S8H MYB72

MYB72 MYB15

BGLU42
, PDR9 )�¶+�



ϭϲ 
 

)LJXUH������7UDQVFULSWLRQDO�UHJXODWLRQ�RI�)H�GHILFLHQF\�UHVSRQVLYH�JHQHV��0RGLILHG�IURP�

�7LVVRW� HW� DO��� ������ 5REH� HW� DO��� ������� 8QGHU� �)H� FRQGLWLRQV�� E+/+��������������� DUH�

VWDELOL]HG� DQG� WKH\� KHWHURGLPHUL]H� ZLWK� E+/+���� WR� LQGXFH� WKH� H[SUHVVLRQ� RI�

E+/+��������������DQG�3<(���7KH�E+/+��������������KHWHURGLPHUL]H�ZLWK�),7�WR�LQGXFH�

WKH�H[SUHVVLRQ�RI�)H�XSWDNH�UHODWHG�JHQHV�ZKLFK�LQFOXGH�)52���,57���$+$���&<3��&��DQG�

0<%����0<%��� LV� LQYROYHG� LQ� WKH� DFWLYDWLRQ� RI�%*/8����3'5�� DQG�)�¶+�� �LQYROYHG� LQ�

FRXPDULQ�ELRV\QWKHVLV�DQG�VHFUHWLRQ��H[SUHVVLRQ��0<%���LV�DOVR�UHSRUWHG�WR�EH�LQYROYHG�LQ�

LQGXFLQJ� WKH� H[SUHVVLRQ� RI� )�¶+�� H[SUHVVLRQ�� 3<(� DFWV� DV� D� WUDQVFULSWLRQDO� UHSUHVVRU�� ,W�

LQWHUDFWV� ZLWK� E+/+���� WR� QHJDWLYHO\� UHJXODWH� WKH� H[SUHVVLRQ� RI� 1$6�� �LQYROYHG� LQ� )H�

WUDQVSRUW���1((7��LQYROYHG�LQ�)H�DVVLPLODWLRQ��DQG�)(5���)(5���)(5���DQG�97/���LQYROYHG�

LQ� )H� VWRUDJH��� 8QGHU� �)H� FRQGLWLRQV�� %76� GHJUDGHV� E+/+��������������� DQG� DFWV� DV� D�

QHJDWLYH� UHJXODWRU� RI� )H� XSWDNH� DQG� XQGHU� �)H� FRQGLWLRQV� ,0$V� DUH� LQGXFHG�� DQG� WKH\� DUH�

GHJUDGHG� E\� %76� ZKLFK� OHDGV� WR� VWDELOL]DWLRQ� RI� E+/+���������������� 6WUDLJKW� DUURZV�

UHSUHVHQW�DFWLYDWLRQ�DQG�EOXQW�DUURZV�UHSUHVHQW�LQKLELWLRQ�� 

����(/21*$7('�+<32&27</����+<����$�&HQWUDO�5HJXODWRU�RI�3KRWRPRUSKRJHQHVLV 

(/21*$7('�+<32&27</��� �+<��� LV� D� WUDQVFULSWLRQ� IDFWRU� EHORQJLQJ� WR� EDVLF� OHXFLQH�

]LSSHU� �E=,3�� IDPLO\�� ,W� LV� D� FHQWUDO� UHJXODWRU� RI� SKRWRPRUSKRJHQHVLV�� 3KRWRPRUSKRJHQHVLV�

UHIHUV� WR� YDULRXV� DVSHFWV� RI� VHHGOLQJ� GHYHORSPHQW� ZKLFK� LQFOXGH� LQKLELWLRQ� RI� K\SRFRW\O�

JURZWK�� FKORURSK\OO� DFFXPXODWLRQ� DQG� VWLPXODWLRQ� RI� FRW\OHGRQ� H[SDQVLRQ� WKDW� DUH� VWURQJO\�

UHJXODWHG�E\�OLJKW��,Q�DGGLWLRQ�WR�LWV�UROH�LQ�SKRWRPRUSKRJHQHVLV�DQG�UHJXODWLQJ�WKH�H[SUHVVLRQ�

RI�OLJKW�UHVSRQVLYH�JHQHV��LW�KDV�DOVR�EHHQ�VKRZQ�WKDW�+<��UHJXODWHV�WKH�H[SUHVVLRQ�RI�PDQ\�

JHQHV�OLQNHG�WR�VHYHUDO�KRUPRQH�DQG�PHWDEROLF�SDWKZD\V� 

+<�� LV� XVXDOO\� IRXQG� LQ� WZR� LVRIRUPV�� SKRVSKRU\ODWHG� DQG� XQSKRVSKRU\ODWHG�� 7KH�

XQSKRVSKRU\ODWHG� IRUP� LV� WKH� PRVW� DFWLYH� DQG� KDV� D� KLJKHU� DIILQLW\� IRU� WDUJHW� SURPRWHUV�

�+DUGWNH�HW�DO����������,Q�WKH�GDUN�FRQGLWLRQV��XQSKRVSKRU\ODWHG�+<��LV�GLUHFWO\�WDUJHWHG�IRU�

SRO\XELTXLWLQDWLRQ�DQG�GHJUDGDWLRQ�E\�WKH�&2167,787,9(/<�3+2720253+2*(1,&���

�&23���68335(6625� 2)� 3+<72&+520(� $����� �&23��63$�� (�� OLJDVH� FRPSOH[�

�2VWHUOXQG� HW� DO��� ������� 7KHUHIRUH�� XQSKRVSKRU\ODWHG� +<�� LV� SUHVHQW� LQ� ORZ� OHYHOV�� DQG�

SKRVSKRU\ODWHG�+<��LV�SUHVHQW�LQ�KLJK�OHYHOV�XQGHU�GDUN�FRQGLWLRQV��7KH�&23��63$�DFWLYLW\�

LV�VLJQLILFDQWO\�UHGXFHG�LQ�UHVSRQVH�WR�OLJKW�LUUDGLDWLRQ�WKURXJK�VHYHUDO�UHJXODWRU\�PHFKDQLVPV�

�3RGROHF� DQG� 8OP�� ������� 7KHUH� DUH� DW� OHDVW� ILYH� FODVVHV� RI� SKRWRUHFHSWRUV�� LQFOXGLQJ�

SK\WRFKURPHV� �SK\$�SK\(��� FU\SWRFKURPHV� �&5<�� DQG�&5<���� SKRWRWURSLQV� �3+27�� DQG�

3+27���� )�ER[� FRQWDLQLQJ� )ODYLQ� ELQGLQJ� SURWHLQV� �=7/�� ).)��� DQG� /.3���� DQG� 89�%�
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5(6,67$1&(�/2&86����895����ZKLFK�DUH�UHVSRQVLEOH�IRU�WKH�SHUFHSWLRQ�RI�WKH�YDULRXV�OLJKW�

VLJQDOV��3DLN�DQG�+XT���������7KH�SKRWRUHFHSWRUV�SK\$��SK\%��&5<��DQG�&5<��DUH�NQRZQ�WR�

GLVUXSW�WKH�IRUPDWLRQ�RI�WKH�&23��63$�FRPSOH[�E\�GLUHFWO\�DVVRFLDWLQJ�ZLWK�WKH�&23��63$�

�3RGROHF�DQG�8OP���������,Q�DGGLWLRQ��895���&5<��DQG�&5<��DOVR�JHW�DFWLYDWHG�E\�OLJKW�DQG�

FRPSHWH�ZLWK�+<��IRU�&23��ELQGLQJ��/DX�HW�DO���������3RQQX�HW�DO����������8QGHU�FRQWLQXRXV�

OLJKW� LOOXPLQDWLRQ�� &23�� PLJUDWHV� WR� WKH� F\WRSODVP� IURP� WKH� QXFOHXV�� &ROOHFWLYHO\�� WKHVH�

PHFKDQLVPV�SURPRWH�WKH�DFFXPXODWLRQ�RI�+<��LQ�WKH�OLJKW��7KH�+<��DFFXPXODWHG�LQ�WKH�OLJKW��

GLUHFWO\� RU� LQGLUHFWO\� UHJXODWH� WKH� WUDQVFULSWLRQ� RI� RYHU� ����� JHQHV�� UHJXODWLQJ� GLYHUVH�

SK\VLRORJLFDO�DQG�ELRORJLFDO�SURFHVVHV��/HH�HW�DO���������%XUNR�HW�DO���������� 

6WXGLHV�KDYH� VKRZQ� WKDW�+<�� LQWHUDFWV�ZLWK� D�JURXS�RI�%�ER[�SURWHLQV� �%%;V�� WR� UHJXODWH�

VHYHUDO�GRZQVWUHDP�WDUJHWV�LQYROYHG�LQ�YDULRXV�SK\VLRORJLFDO�DQG�ELRORJLFDO�SURFHVVHV��+<��LV�

NQRZQ� WR� DFW� DV� WUDQVFULSWLRQDO� DFWLYDWRU� E\� LQWHUDFWLQJ�ZLWK�%%;����%%;����%%;��� DQG�

%%;����=KDQJ�HW�DO���������%XUVFK�HW�DO����������2Q�WKH�RWKHU�KDQG��%%;����%%;����%%;����

DQG�%%;���LQWHUDFW�ZLWK�+<��DQG�UHSUHVV�WKH�WUDQVFULSWLRQDO�DFWLYLW\�RI�+<���*DQJDSSD�DQG�

.XPDU�� ������ /LQ� HW� DO��� ������ 6RQJ� HW� DO��� �������7RJHWKHU�� %%;�+<��PRGXOH� UHJXODWHV�

SKRWRPRUSKRJHQHVLV��� 

����+<��DV�D�UHJXODWRU�RI�QXWULHQW�KRPHRVWDVLV 

7KH� SURSHU� JURZWK� DQG� GHYHORSPHQW� RI� SODQWV� LV� GHSHQGHQW� RQ� QXWULHQW� DFTXLVLWLRQ� DQG�

XWLOL]DWLRQ��/LJKW�LV�D�NH\�HQYLURQPHQWDO�IDFWRU�RQ�ZKLFK�WKH�XSWDNH�RI�QXWULHQWV�E\�URRWV�DQG�

WKHLU�XWLOL]DWLRQ�LQ�WKH�DHULDO�SODQW�SDUWV�LV�GHSHQGHQW��/LJKW�VLJQDOV�DUH�SHUFHLYHG�E\�YDULRXV�

SKRWRUHFHSWRUV�ZKLFK� OHDGV� WR� DFWLYDWLRQ�RI�GRZQVWUHDP� WUDQVFULSWLRQ� IDFWRUV��$PRQJ� WKHVH�

7)V��+<��VWDQGV�RXW�DV�D�NH\�UHJXODWRU�RI�OLJKW�PHGLDWHG�QXWULHQW�DEVRUSWLRQ�DQG�XWLOLVDWLRQ��

7KH�UROH�RI�+<��KDV�EHHQ�VWXGLHG� LQ� WKH� UHJXODWLRQ�RI�FDUERQ��&���QLWURJHQ��1���VXOIXU� �6���

SKRVSKRUXV��3���DQG�FRSSHU��&X��KRPHRVWDVLV� 

������&DUERQ 

+<��SOD\V�DQ�HVVHQWLDO�UROH�LQ�FDUERQ�IL[DWLRQ�DQG�WKH�WUDQVSRUW�RI�IL[HG�FDUERQ��,W�UHJXODWHV�

WKH�SKRWRV\QWKHWLF�FDSDFLW\�E\�UHJXODWLQJ�WKH�H[SUHVVLRQ�RI�JHQHV�LQYROYHG�LQ�ELRV\QWKHVLV�RI�

FKORURSK\OO��VWRPDWDO�GHYHORSPHQW��DQG�SKRWRV\QWKHVLV��$QGURQLV�HW�DO���������&DWDOi�HW�DO���

������7ROHGR�2UWL]�HW�DO���������=KDQJ�HW�DO���������&KHQ�HW�DO���������%XUNR�HW�DO���������:DQJ�

HW�DO����������7KH�WUDQVSRUW�RI�IL[HG�FDUERQ�IURP�VRXUFH�WR�VLQN�WLVVXHV�LV�DOVR�UHJXODWHG�E\�+<���

,W� LV� LQYROYHG� LQ� SRVLWLYHO\� UHJXODWLQJ� WKH� H[SUHVVLRQ� RI� 75(+$/26(���3+263+$7(�

6<17+$6(����736���ZKLFK�LV�NQRZQ�WR�EH�LQYROYHG�LQ�UHJXODWLRQ�RI�XWLOL]DWLRQ�RI�FDUERK\GUDWH�



ϭϴ 
 

DQG� 68&526(� 75$163257(5� �6:((7��� DQG� 6:((7���� JHQHV� ZKLFK� DUH� LQYROYHG� LQ�

VXFURVH�WUDQVSRUW��&KHQ�HW�DO���������&KHQ�HW�DO���������%Oi]TXH]�HW�DO���������6FKOXHSPDQQ�HW�

DO���������� 

������1LWURJHQ 

+<��SOD\V�DQ�LPSRUWDQW�UROH�LQ�QLWURJHQ�KRPHRVWDVLV�E\�UHJXODWLQJ�WKH�H[SUHVVLRQ�RI�VHYHUDO�

JHQHV� LQYROYHG� LQ�QLWURJHQ�XSWDNH�DQG�DVVLPLODWLRQ��+<��GLUHFWO\�ELQGV� WR� WKH�SURPRWHU�RI�

1,75$7(�5('8&7$6(����1,$����DQG�1,75,7(�5('8&7$6(����1,5���WR�SRVLWLYHO\�UHJXODWH�

WKHLU� H[SUHVVLRQ� �-RQDVVHQ� HW� DO��� ������ -RQDVVHQ� HW� DO��� ������ +XDQJ� HW� DO��� �������1,$��

FRQYHUWV�QLWUDWH�WR�QLWULWH�LQ�F\WRVRO�DQG�1,5��FRQYHUWV�QLWULWH�LQWR�DPPRQLXP��+<��UHJXODWHV�

WKH�H[SUHVVLRQ�RI�WKH�QLWUDWH�XSWDNH�JHQHV�ERWK�SRVLWLYHO\�DQG�QHJDWLYHO\��,W�QHJDWLYHO\�UHJXODWHV�

WKH� H[SUHVVLRQ� RI� 1,75$7(� 75$163257(5� ���� �157����� DQG� $0021,80�

75$163257(5�����$07�����ZKLFK�DUH�UHVSRQVLEOH�IRU�QLWURJHQ�XSWDNH��+XDQJ�HW�DO���������

-RQDVVHQ�HW�DO����������+<��KDV�EHHQ�GHPRQVWUDWHG�WR�SRVLWLYHO\�UHJXODWH�QLWURJHQ�XSWDNH�E\�

UHJXODWLQJ� WKH� H[SUHVVLRQ� RI� 157����� ZKLOH� LQ� VKRRWV� LW� FRQWUROV� FDUERQ� DVVLPLODWLRQ� DQG�

WUDQVORFDWLRQ� �&KHQ� HW� DO��� ������� ,Q� FRWWRQ� �*RVV\SLXP� KLUVXWXP��� D� UHFHQW� VWXG\� KDV�

GHPRQVWUDWHG�WKDW�OLJKW�PHGLDWHG�DFWLYDWLRQ�RI�*K+<��LQ�WKH�VKRRW�UHVXOWV�LQ�WKH�DFWLYDWLRQ�RI�

*K+<��LQ�WKH�URRW��,Q�WKH�URRW��*K+<��SRVLWLYHO\�UHJXODWHV�WKH�H[SUHVVLRQ�RI�*K157����ZKLFK�

SURPRWHV�QLWURJHQ�XSWDNH��:DQJ�HW�DO����������)LJXUH������ 

������6XOSKXU 

+<�� UHJXODWHV� VXOIXU� DVVLPLODWLRQ� E\� GLUHFWO\� ELQGLQJ� DQG� UHJXODWLQJ� WKH� H[SUHVVLRQ� RI�

$'(126,1(��¶�3+263+268/)$7(�5('8&7$6(����$35���DQG�$35�� LQYROYHG�LQ�VXOIXU�

DVVLPLODWLRQ��/HH�HW�DO����������$35��DQG�$35��DUH�LQYROYHG�LQ�FRQYHUVLRQ�RI�DFWLYDWHG�VXOIDWH�

WR�VXOILWH��ZKLFK�LV�DQ�HVVHQWLDO�VWHS�LQ�WKH�VXOIDWH�DVVLPLODWLRQ�SDWKZD\��,Q�DGGLWLRQ�WR�WKLV��+<��

DOVR�SRVLWLYHO\� FRQWUROV� VXOIXU�XSWDNH�E\�DFWLQJ�DV� D�SRVLWLYH� UHJXODWRU�RI� WKH� H[SUHVVLRQ�RI�

68/)$7(�75$163257(5����� �68/75������ XQGHU� FRQGLWLRQV�RI� ORZ�QLWURJHQ�� ,W� KDV�EHHQ�

VKRZQ�WKDW�WKH�DEVRUSWLRQ�DQG�DVVLPLODWLRQ�RI�VXOIDWH�LV�DIIHFWHG�E\�QLWURJHQ�GHILFLHQF\�LQ�WKH�

ZLOG�W\SH�EXW�QRW�LQ�WKH�K\��PXWDQW�ZKLFK�VXJJHVWV�WKH�LQYROYHPHQW�RI�+<��LQ�FRRUGLQDWLRQ�RI�

QLWURJHQ�DQG�VXOSKXU�DVVLPLODWLRQ��/HH�HW�DO���������/HH�HW�DO����������)LJXUH������ 

������3KRVSKRUXV 

7KH�SK\%�+<��VLJQDOOLQJ�PRGXOH�DFWLYDWHG�E\�UHG�OLJKW�KDV�EHHQ�IRXQG�WR�UHJXODWH�SKRVSKDWH�

XSWDNH� DQG� DFFXPXODWLRQ�� +<�� KDV� EHHQ� VKRZQ� WR� GLUHFWO\� ELQG� RQ� WKH� SURPRWHU� RI� 3L�



ϭϵ 
 

WUDQVSRUWHU����3+7�����DQG�UHJXODWH�LWV�H[SUHVVLRQ�SRVLWLYHO\��6DNXUDED�HW�DO����������3+7����

LV�PDLQO\�LQYROYHG�LQ�SKRVSKRUXV�XSWDNH�IURP�WKH�VRLO��,Q�WRPDWR��UHG�OLJKW�SHUFHSWLRQ�E\�SK\%�

DFWLYDWHV�+<��ZKLFK�SURPRWHV�3�XSWDNH�XQGHU�SKRVSKRUXV�GHILFLHQW�FRQGLWLRQV�E\�SURPRWLQJ�

DUEXVFXODU�P\FRUUKL]DO�V\PELRVHV��$06���*H�HW�DO����������7KH�LQKLELWLRQ�RI�URRW�JURZWK�XQGHU�

3�GHILFLHQW�FRQGLWLRQV� LV� IDYRXUDEO\�UHJXODWHG�E\�EOXH�OLJKW��7KLV� LQKLELWLRQ�LV� WKRXJKW�WR�EH�

QHFHVVDU\�IRU�LPSURYLQJ�3L�XSWDNH�IURP�WKH�WRSVRLO��%OXH�OLJKW�SHUFHSWLRQ�WKURXJK�&5<��&5<��

LQ�WKH�VKRRW�DFWLYDWHV�+<���7KH�VKRRW�+<��PLJUDWHV�WR�WKH�URRW�DQG�DFWLYDWH�WKH�H[SUHVVLRQ�RI�

URRW�+<���7KH�URRW�+<��SURPRWHV�LURQ�DFFXPXODWLRQ�LQ�WKH�PHULVWHPDWLF�DQG�HORQJDWLRQ�]RQHV�

E\�WULJJHULQJ�WKH�H[SUHVVLRQ�RI�/35��JHQH�ZKLFK�XOWLPDWHO\�OHDGV�WR�526�SURGXFWLRQ��IROORZHG�

E\� WKH� LQKLELWLRQ�RI�SULPDU\�URRW�JURZWK�XQGHU�SKRVSKRUXV�GHILFLHQW�FRQGLWLRQV� �*DR�HW�DO���

�������)LJXUH������ 

)LJXUH������+<��UHJXODWHV�QXWULHQW�VLJQDOLQJ��0RGLILHG�IURP��*DQJDSSD�DQG�%RWWR��������

;LDR�HW�DO���������*DR�HW�DO�����������/LJKW�DFWLYDWHG�+<��UHJXODWHV�QLWURJHQ��VXOIXU��FRSSHU�DQG�

HY5

SPL7APR1
APR2

SULTR1.2

NRT2.1
NIR1
NIA2

NRT1.1
AMT1.2

PHT1.1
LPR1

Nitrogen Sulfur Copper Phosphorus



ϮϬ 
 

SKRVSKRUXV�KRPHRVWDVLV��+<��DFWV�ERWK�DV�D�UHSUHVVRU�DQG�DFWLYDWRU�WR�UHJXODWH�WKH�H[SUHVVLRQ�

RI� JHQHV� LQYROYHG� LQ� QLWURJHQ� XSWDNH� DQG� DVVLPLODWLRQ� ZKLFK� LQFOXGH� 157����� $07����

�UHJXODWHG�QHJDWLYHO\��DQG�157�����1,5���1,$���UHJXODWHG�SRVLWLYHO\���7KH�VXOIXU�DVVLPLODWLRQ�

DQG�XSWDNH� UHODWHG�JHQHV� LQFOXGLQJ�$35���$35��DQG�68/75���� DUH�SRVLWLYHO\� UHJXODWHG�E\�

+<���,W�UHJXODWHV�FRSSHU�KRPHRVWDVLV�WKURXJK�63/���3KRVSKRUXV�KRPHRVWDVLV�LV�DOVR�SRVLWLYHO\�

UHJXODWHG� E\� +<�� WKURXJK� WKH� DFWLYDWLRQ� RI� 3+7���� DQG� /35��� 6WUDLJKW� DUURZV� UHSUHVHQW�

DFWLYDWLRQ�DQG�EOXQW�DUURZV�UHSUHVHQW�LQKLELWLRQ� 

������&RSSHU� 

+<��KDV�EHHQ�UHSRUWHG�WR�PHGLDWH�D�FURVVWDON�EHWZHHQ�OLJKW�DQG�FRSSHU��,W�KDV�EHHQ�IRXQG�WKDW�

+<��LQWHUDFWV�ZLWK�648$026$�352027(5�%,1',1*�3527(,1�/,.(����63/���ZKLFK�

LV� D�&RSSHU�UHVSRQVLYH� WUDQVFULSWLRQ� IDFWRU��8QGHU� FKDQJLQJ� FRQGLWLRQV� RI� OLJKW� DQG� FRSSHU�

FRQFHQWUDWLRQ��+<��DQG�63/��WRJHWKHU�WUDQVFULSWLRQDOO\�UHJXODWH�PLFUR51$��0,5������7KLV�

OHDGV� WR� GLIIHUHQWLDO� H[SUHVVLRQ� RI� 0,5���� DQG� LWV� WDUJHW� JHQHV� ZKLFK� LV� HVVHQWLDO� IRU�

PDLQWDLQLQJ�&X�OHYHOV�XQGHU�&X�GHILFLHQW�FRQGLWLRQV��=KDQJ�HW�DO����������)LJXUH������ 

����7KHVLV�2EMHFWLYH� 

7KH�PDLQ�VRXUFH�RI�QXWULHQWV�IRU�SODQWV�LV�VRLO�DQG�WKH�QXWULHQW�FRQWHQW�LQ�WKH�VRLO�YDULHV�EHFDXVH�

RI�IOXFWXDWLRQV�LQ� WKH�WHPSHUDWXUH��S+��ZDWHU�VXSSO\�RU�VRLO� W\SH��3ODQWV�PXVW�DGDSW� WR�WKHVH�

YDULDWLRQV� LQ� WKH�QXWULHQW�DYDLODELOLW\�RI� WKHLU� VXUURXQGLQJV� LQ�RUGHU� WR� VXUYLYH��7KH�QXWULHQW�

IOXFWXDWLRQV�LQ�WKH�HQYLURQPHQW�WULJJHU�SODQWV�WUDQVFULSWLRQDO�UHSURJUDPPLQJ��+<���3,)��DQG�

1)�<��ZKLFK�DUH�NQRZQ� WR�EH�NH\�SOD\HUV�RI� OLJKW� VLJQDOOLQJ��ZHUH�GLVFRYHUHG�E\�JHQH�FR�

H[SUHVVLRQ�DQDO\VLV�EDVHG�RQ����QXWULHQW�VWUHVV�FRQGLWLRQV�LQ�$UDELGRSVLV�DV�UHJXODWRUV�IRU�WKH�

RYHUDOO� WUDQVFULSWRPH� UHSURJUDPPLQJ��7KH� DQDO\VLV� VXJJHVWHG�+<�� WR� EH� D� UHJXODWRU� RI�)H�

KRPHRVWDVLV��$�UHFHQW�VWXG\�LQ�WRPDWR��6RODQXP�O\FRSHUVLFXP�/���VKRZV�WKDW�+<��LQGXFHV�)H�

XSWDNH�E\�LQGXFLQJ�6O)(5�H[SUHVVLRQ�XQGHU�)H�GHILFLHQF\��*XR�HW�DO����������7KH�UROH�RI�+<��

KDV�EHHQ�VWXGLHG�LQ�WKH�UHJXODWLRQ�RI�QLWURJHQ��SKRVSKRUXV��VXOIXU��DQG�FRSSHU�KRPHRVWDVLV�LQ�

$UDELGRSVLV�� +RZHYHU�� WKH� UROH� RI� +<�� LQ� UHJXODWLRQ� RI� )H� KRPHRVWDVLV� KDV� QRW� \HW� EHHQ�

WKRURXJKO\�LQYHVWLJDWHG��6R��WKH�PDLQ�REMHFWLYH�RI�WKH�WKHVLV�ZDV�WR�LQYHVWLJDWH�WKH�UROH�RI�+<��

LQ�)H�KRPHRVWDVLV� LQ�$UDELGRSVLV��7KH�UHVXOWV��FRQFOXVLRQV�DQG�IXWXUH�SHUVSHFWLYHV�IURP�WKH�

VWXG\�DUH�GHVFULEHG�LQ�WKH�IROORZLQJ�FKDSWHUV� 

&KDSWHU����(/21*$7('�+<32&27</���UHJXODWHV�%58786�DQG�DIIHFWV�LURQ�DFTXLVLWLRQ�DQG�

KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD� 



Ϯϭ 
 

&KDSWHU� ��� (/21*$7('� +<32&27</� �� LQWHUDFWV� ZLWK� 323(<(� DQG� UHJXODWHV� LURQ�

KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD� 

&KDSWHU����&RQFOXVLRQV�DQG�IXWXUH�SHUVSHFWLYHV� 
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��� 5HIHUHQFHV� 

$KQ��<�2���6KLPL]X��%�,���6DNDWD��.���*DQWXOJD��'���=KRX��=���%HYDQ��'�5��DQG�(VHQ��$��

�������6FRSROLQ�K\GURO\]LQJ�ȕ�JOXFRVLGDVHV�LQ�URRWV�RI�$UDELGRSVLV��3ODQW�&HOO�3K\VLRO���

�������±���� 

$QGURQLV��&���%DUDN��6���.QRZOHV��6�0���6XJDQR��6��DQG�7RELQ��(�0���������7KH�FORFN�

SURWHLQ�&&$��DQG�WKH�E=,3�WUDQVFULSWLRQ�IDFWRU�+<��SK\VLFDOO\�LQWHUDFW�WR�UHJXODWH�JHQH�

H[SUHVVLRQ�LQ�$UDELGRSVLV��0RO��3ODQW�������±����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������PS�VVP���� 

$QJ��/���&KDWWRSDGK\D\��6���:HL��1���2\DPD��7���2NDGD��.���%DWVFKDXHU��$��DQG�'HQJ��

;���������0ROHFXODU�,QWHUDFWLRQ�EHWZHHQ�&23��DQG�+<��'HILQHV�D�5HJXODWRU\�6ZLWFK�

IRU�/LJKW�&RQWURO�RI�$UDELGRSVLV�'HYHORSPHQW����������±���� 

$RQR��0���.XER��$���6DML��+���7DQDND��.��DQG�.RQGR��1���������(QKDQFHG�WROHUDQFH�WR�

SKRWRR[LGDWLYH�VWUHVV�RI�WUDQVJHQLF�QLFRWLDQD�WDEDFXP�ZLWK�KLJK�FKORURSODVWLF�

JOXWDWKLRQH�UHGXFWDVH�DFWLYLW\��3ODQW�&HOO�3K\VLRO� 

%DFDLFRD��(���0RUD��9���=DPDUUHxR��È�0���)XHQWHV��0���&DVDQRYD��(��DQG�*DUFtD�0LQD��

-�0���������$X[LQ��$�PDMRU�SOD\HU�LQ�WKH�VKRRW�WR�URRW�UHJXODWLRQ�RI�URRW�)H�VWUHVV�

SK\VLRORJLFDO�UHVSRQVHV�WR�)H�GHILFLHQF\�LQ�FXFXPEHU�SODQWV��3ODQW�3K\VLRO��%LRFKHP���

�������±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�SODSK\������������� 

%DON��-��DQG�6FKDHGOHU��7�$���������,URQ�&RIDFWRU�$VVHPEO\�LQ�3ODQWV��$QQX��5HY��3ODQW�

%LRO���������±�����$YDLODEOH�DW��ZZZ�DQQXDOUHYLHZV�RUJ� 

%Oi]TXH]��0�$���6DQWRV��(���)ORUHV��&�/���0DUWtQH]�=DSDWHU��-�0���6DOLQDV��-��DQG�

*DQFHGR��&���������,VRODWLRQ�DQG�PROHFXODU�FKDUDFWHUL]DWLRQ�RI�WKH�DUDELGRSVLV�736��

JHQH��HQFRGLQJ�WUHKDORVH���SKRVSKDWH�V\QWKDVH��3ODQW�-����������±���� 

%OXP��$���%UXPEDURYD��7���%DXHU��3��DQG�,YDQRY��5���������+RUPRQH�LQIOXHQFH�RQ�WKH�

VSDWLDO�UHJXODWLRQ�RI�,57��H[SUHVVLRQ�LQ�LURQ�GHILFLHQW�$UDELGRSVLV�WKDOLDQD�URRWV��3ODQW�

6LJQDO��%HKDY����� 

%ROJHU��$�0���/RKVH��0��DQG�8VDGHO��%���������7ULPPRPDWLF��$�IOH[LEOH�WULPPHU�IRU�

,OOXPLQD�VHTXHQFH�GDWD��%LRLQIRUPDWLFV����������±����� 

%UXPEDURYD��7���%DXHU��3��DQG�,YDQRY��5���������0ROHFXODU�PHFKDQLVPV�JRYHUQLQJ�

$UDELGRSVLV�LURQ�XSWDNH��7UHQGV�3ODQW�6FL����������±�����$YDLODEOH�DW��



Ϯϯ 
 

KWWS���G[�GRL�RUJ���������M�WSODQWV������������� 

%UXPEDURYD��7��DQG�,YDQRY��5���������7KH�1XWULHQW�5HVSRQVH�7UDQVFULSWLRQDO�5HJXORPH�

RI�$UDELGRSVLV��L6FLHQFH���������±�����$YDLODEOH�DW��

KWWSV���GRL�RUJ���������M�LVFL������������� 

%XUNR��<���6HOX]LFNL��$���=DQGHU��0���3HGPDOH��8��9���(FNHU��-�5��DQG�&KRU\��-���������

&KLPHULF�DFWLYDWRUV�DQG�UHSUHVVRUV�GHILQH�+<��DFWLYLW\�DQG�UHYHDO�D�OLJKW�UHJXODWHG�

IHHGEDFN�PHFKDQLVP��3ODQW�&HOO���������±���� 

%XUVFK��.���7ROHGR�2UWL]��*���3LUH\UH��0���/RKU��0���%UDDW]��&��DQG�-RKDQVVRQ��+��

�������,GHQWLILFDWLRQ�RI�%%;�SURWHLQV�DV�UDWH�OLPLWLQJ�FRIDFWRUV�RI�+<���1DW��3ODQWV�����

���±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

&DWDOi��5���0HGLQD��-��DQG�6DOLQDV��-���������,QWHJUDWLRQ�RI�ORZ�WHPSHUDWXUH�DQG�OLJKW�

VLJQDOLQJ�GXULQJ�FROG�DFFOLPDWLRQ�UHVSRQVH�LQ�$UDELGRSVLV��3URF��1DWO��$FDG��6FL��8��6��

$�������������±������ 

&KDL��7���=KRX��-���/LX��-��DQG�;LQJ��'���������/6'��DQG�+<��DQWDJRQLVWLFDOO\�UHJXODWH�UHG�

OLJKW�LQGXFHG�SURJUDPPHG�FHOO�GHDWK�LQ�$UDELGRSVLV��)URQW��3ODQW�6FL�������±��� 

&KHQ��/�4���4X��;�4���+RX��%�+���6RVVR��'���2VRULR��6���)HUQLH��$�5��DQG�)URPPHU��:�%��

�������6XFURVH�HIIOX[�PHGLDWHG�E\�6:((7�SURWHLQV�DV�D�NH\�VWHS�IRU�SKORHP�WUDQVSRUW��

6FLHQFH�������������������±���� 

&KHQ��6�<���*X��7�<���4L��=�$���<DQ��-���)DQJ��=�-���/X��<�7���/L��+��DQG�*RQJ��-�0��

�������7ZR�13)�WUDQVSRUWHUV�PHGLDWH�LURQ�ORQJ�GLVWDQFH�WUDQVSRUW�DQG�KRPHRVWDVLV�LQ�

$UDELGRSVLV��3ODQW�&RPPXQ�������±��� 

&KHQ��:�:���<DQJ��-�/���4LQ��&���-LQ��&�:���0R��-�+���<H��7��DQG�=KHQJ��6�-���������

1LWULF�R[LGH�DFWV�GRZQVWUHDP�RI�DX[LQ�WR�WULJJHU�URRW�IHUULF�FKHODWH�UHGXFWDVH�DFWLYLW\�LQ�

UHVSRQVH�WR�LURQ�GHILFLHQF\�LQ�DUDELGRSVLV��3ODQW�3K\VLRO�����������±���� 

&KHQ��;���<DR��4���*DR��;���-LDQJ��&���+DUEHUG��1�3��DQG�)X��;���������6KRRW�WR�5RRW�

0RELOH�7UDQVFULSWLRQ�)DFWRU�+<��&RRUGLQDWHV�3ODQW�&DUERQ�DQG�1LWURJHQ�$FTXLVLWLRQ��

&XUU��%LRO����������±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�FXE������������� 

&KHQJ��/���:DQJ��)���6KRX��+���HW�DO���������0XWDWLRQ�LQ�QLFRWLDQDPLQH�DPLQRWUDQVIHUDVH�

VWLPXODWHG�WKH�)H�,,��DFTXLVLWLRQ�V\VWHP�DQG�OHG�WR�LURQ�DFFXPXODWLRQ�LQ�ULFH��3ODQW�

3K\VLRO������������±����� 
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&KH]HP��:�5���0HPRQ��$���/L��)�6���:HQJ��-�.��DQG�&OD\��1�.���������6*��W\SH�5�5��

0<%�WUDQVFULSWLRQ�IDFWRU�0<%���FRQWUROV�GHIHQVH�LQGXFHG�OLJQLILFDWLRQ�DQG�EDVDO�

LPPXQLW\�LQ�DUDELGRSVLV��3ODQW�&HOO����������±����� 

&OXLV��&�3���0RXFKHO��&�)��DQG�+DUGWNH��&�6���������7KH�$UDELGRSVLV�WUDQVFULSWLRQ�IDFWRU�

+<��LQWHJUDWHV�OLJKW�DQG�KRUPRQH�VLJQDOLQJ�SDWKZD\V��3ODQW�-����������±���� 

&RQQROO\��(�/���&DPSEHOO��1�+���*URW]��1���3ULFKDUG��&�/��DQG�*XHULQRW��0��/RX��������

2YHUH[SUHVVLRQ�RI�WKH�)52��)HUULF�&KHODWH�5HGXFWDVH�&RQIHUV�7ROHUDQFH�WR�*URZWK�RQ�

/RZ�,URQ�DQG�8QFRYHUV�3RVWWUDQVFULSWLRQDO�&RQWURO��3ODQW�3K\VLRO������������±����� 

&RQWH��6�6���&KX��+�+���&KDQ�5RGULJXH]��'���3XQVKRQ��7���9DVTXHV��.�$���6DOW��'�(��DQG�

:DONHU��(�/���������$UDELGRSVLV�WKDOLDQD�\HOORZ�VWULSH��OLNH��DQG�\HOORZ�VWULSH��OLNH��

ORFDOL]H�WR�LQWHUQDO�FHOOXODU�PHPEUDQHV�DQG�DUH�LQYROYHG�LQ�PHWDO�LRQ�KRPHRVWDVLV��

)URQW��3ODQW�6FL�������±��� 

&XULH��&���3DQDYLHQH��=���/RXOHUJXH��&���'HOODSRUWD��6�/���%ULDW��-���:DONHU��(�/��DQG�

0RQWSHOOLHU��Æ�(���������0HWKRGV�1RJR�UHFRPELQDQW�SURWHLQV������������±�����

$YDLODEOH�DW��ZZZ�QDWXUH�FRP� 

'HONHU��&���6RQQWDJ��/���-DPHV��*�9���HW�DO���������7KH�'(7��&23��+<��3DWKZD\�

&RQVWLWXWHV�D�0XOWLSXUSRVH�6LJQDOLQJ�0RGXOH�5HJXODWLQJ�3ODQW�3KRWRPRUSKRJHQHVLV�DQG�

7KHUPRPRUSKRJHQHVLV��&HOO�5HS����������±����� 

'L'RQDWR��5�-���5REHUWV��/�$���6DQGHUVRQ��7���(LVOH\��5�%��DQG�:DONHU��(�/���������

$UDELGRSVLV�<HOORZ�6WULSH�/LNH���<6/����$�PHWDO�UHJXODWHG�JHQH�HQFRGLQJ�D�SODVPD�

PHPEUDQH�WUDQVSRUWHU�RI�QLFRWLDQDPLQH�PHWDO�FRPSOH[HV��3ODQW�-����������±���� 

'RUH\��6���%DLOOLHXO��)���3LHUUHO��0�$���6DLQGUHQDQ��3���)ULWLJ��%��DQG�.DXIIPDQQ��6��

�������6SDWLDO�DQG�WHPSRUDO�LQGXFWLRQ�RI�FHOO�GHDWK��GHIHQVH�JHQHV��DQG�DFFXPXODWLRQ�RI�

VDOLF\OLF�DFLG�LQ�WREDFFR�OHDYHV�UHDFWLQJ�K\SHUVHQVLWLYHO\�WR�D�IXQJDO�JO\FRSURWHLQ�

HOLFLWRU��0RO��3ODQW�0LFUREH�,QWHUDFW����������±���� 

'XEHDX[��*���1HYHX��-���=HOD]Q\��(��DQG�9HUW��*���������0HWDO�6HQVLQJ�E\�WKH�,57��

7UDQVSRUWHU�5HFHSWRU�2UFKHVWUDWHV�,WV�2ZQ�'HJUDGDWLRQ�DQG�3ODQW�0HWDO�1XWULWLRQ��0RO��

&HOO��������������H�� 

'XUUHWW��7�3���*DVVPDQQ��:��DQG�5RJHUV��(�(���������7KH�)5'��PHGLDWHG�HIIOX[�RI�

FLWUDWH�LQWR�WKH�URRW�YDVFXODWXUH�LV�QHFHVVDU\�IRU�HIILFLHQW�LURQ�WUDQVORFDWLRQ��3ODQW�



Ϯϱ 
 

3K\VLRO�����������±���� 

(LGH��'���%URGHULXV��0���)HWW��-��DQG�*XHULQRW��0��/RX��������$�QRYHO�LURQ�UHJXODWHG�

PHWDO�WUDQVSRUWHU�IURP�SODQWV�LGHQWLILHG�E\�IXQFWLRQDO�H[SUHVVLRQ�LQ�\HDVW��3URF��1DWO��

$FDG��6FL��8��6��$�����������±����� 

)RXUFUR\��3���6LVy�7HUUD]D��3���6XGUH��'���HW�DO���������,QYROYHPHQW�RI�WKH�$%&*���

WUDQVSRUWHU�LQ�VHFUHWLRQ�RI�VFRSROHWLQ�DQG�GHULYDWLYHV�E\�$UDELGRSVLV�URRWV�LQ�UHVSRQVH�WR�

LURQ�GHILFLHQF\��1HZ�3K\WRO�����������±���� 

)RXUFUR\��3���7LVVRW��1���*D\PDUG��)���%ULDW��-�)��DQG�'XERV��&���������)DFLOLWDWHG�)H�

1XWULWLRQ�E\�3KHQROLF�&RPSRXQGV�([FUHWHG�E\�WKH�$UDELGRSVLV�$%&*���3'5��

7UDQVSRUWHU�5HTXLUHV�WKH�,57��)52��+LJK�$IILQLW\�5RRW�)H���7UDQVSRUW�6\VWHP��0RO��

3ODQW��������±���� 

)XJOVDQJ��$�7���*XR��<���&XLQ��7�$���HW�DO���������$UDELGRSVLV�SURWHLQ�NLQDVH�3.6��LQKLELWV�

WKH�SODVPD�PHPEUDQH�+���$73DVH�E\�SUHYHQWLQJ�LQWHUDFWLRQ�ZLWK��������SURWHLQ��3ODQW�

&HOO����������±����� 

)XJOVDQJ��$�7���.ULVWHQVHQ��$���&XLQ��7�$���HW�DO���������5HFHSWRU�NLQDVH�PHGLDWHG�FRQWURO�

RI�SULPDU\�DFWLYH�SURWRQ�SXPSLQJ�DW�WKH�SODVPD�PHPEUDQH��3ODQW�-����������±���� 

*DQJDSSD��6�1��DQG�%RWWR��-�)���������7KH�0XOWLIDFHWHG�5ROHV�RI�+<��LQ�3ODQW�*URZWK�DQG�

'HYHORSPHQW��0RO��3ODQW���������±����� 

*DQJDSSD��6�1��DQG�.XPDU��6�9���������'(7��DQG�+<��&RQWURO�3,)��0HGLDWHG�

7KHUPRVHQVRU\�(ORQJDWLRQ�*URZWK�WKURXJK�'LVWLQFW�0HFKDQLVPV��&HOO�5HS����������±

�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�FHOUHS������������� 

*DR��)���5REH��.���%HWWHPERXUJ��0���1DYDUUR��1��DQG�6DQWRQL��9���������7KH�

7UDQVFULSWLRQ�)DFWRU�E+/+����,QWHUDFWV�ZLWK�E+/+������,/5����DQG�,WV�&ORVHVW�

+RPRORJV�WR�5HJXODWH�,URQ�+RPHRVWDVLV�LQ�$UDELGRSVLV�����������±���� 

*DR��)���5REH��.��DQG�'XERV��&���������)XUWKHU�LQVLJKWV�LQWR�WKH�UROH�RI�E+/+����LQ�WKH�

UHJXODWLRQ�RI�LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD��3ODQW�6LJQDO��%HKDY�������

$YDLODEOH�DW��KWWSV���GRL�RUJ������������������������������� 

*DR��<�4���%X��/�+���+DQ��0�/���:DQJ��<�/���/L��=�<���/LX��+�7��DQG�&KDR��'�<���������

/RQJ�GLVWDQFH�EOXH�OLJKW�VLJQDOOLQJ�UHJXODWHV�SKRVSKDWH�GHILFLHQF\�LQGXFHG�SULPDU\�URRW�

JURZWK�LQKLELWLRQ��0RO��3ODQW����������±������$YDLODEOH�DW��
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KWWSV���GRL�RUJ���������M�PROS������������� 

*DUFtD��0�-���&RUSDV��)�-���/XFHQD��&���HW�DO���������$�VKRRW�IH�VLJQDOLQJ�SDWKZD\�UHTXLULQJ�

WKH�RSW��WUDQVSRUWHU�FRQWUROV�JVQR�UHGXFWDVH�DQG�HWK\OHQH�LQ�DUDELGRSVLV�WKDOLDQD�URRWV��

)URQW��3ODQW�6FL�������±��� 

*DUFtD��0�-���/XFHQD��&���5RPHUD��)�-���$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������

(WK\OHQH�DQG�QLWULF�R[LGH�LQYROYHPHQW�LQ�WKH�XS�UHJXODWLRQ�RI�NH\�JHQHV�UHODWHG�WR�LURQ�

DFTXLVLWLRQ�DQG�KRPHRVWDVLV�LQ�$UDELGRSVLV��-��([S��%RW�����������±����� 

*DUFtD��0�-���6XiUH]��9���5RPHUD��)�-���$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������$�

QHZ�PRGHO�LQYROYLQJ�HWK\OHQH��QLWULF�R[LGH�DQG�)H�WR�H[SODLQ�WKH�UHJXODWLRQ�RI�)H�

DFTXLVLWLRQ�JHQHV�LQ�6WUDWHJ\�,�SODQWV��3ODQW�3K\VLRO��%LRFKHP����������±�����$YDLODEOH�

DW��KWWS���G[�GRL�RUJ���������M�SODSK\������������� 

*H��6���+H��/���-LQ��/���;LD��;���/L��/���$KDPPHG��*�-���4L��=���<X��-��DQG�=KRX��<���������

/LJKW�GHSHQGHQW�DFWLYDWLRQ�RI�+<��SURPRWHV�P\FRUUKL]DO�V\PELRVLV�LQ�WRPDWR�E\�

V\VWHPLFDOO\�UHJXODWLQJ�VWULJRODFWRQH�ELRV\QWKHVLV��1HZ�3K\WRO������������±����� 

*HQGUHO��$�9���/LSSPDQ��=���0DUWLHQVVHQ��5��DQG�&RORW��9���������3URILOLQJ�KLVWRQH�

PRGLILFDWLRQ�SDWWHUQV�LQ�SODQWV�XVLQJ�JHQRPLF�WLOLQJ�PLFURDUUD\V��1DW��0HWKRGV��������±

���� 

*UDW]��5���0DQLVKDQNDU��3���,YDQRY��5���HW�DO���������&,3.���'HSHQGHQW�3KRVSKRU\ODWLRQ�

0RGXODWHV�),7�$FWLYLW\�WR�3URPRWH�$UDELGRSVLV�,URQ�$FTXLVLWLRQ�LQ�5HVSRQVH�WR�

&DOFLXP�6LJQDOLQJ��'HY��&HOO��������������H��� 

*UD]LDQR��0��DQG�/DPDWWLQD��/���������1LWULF�R[LGH�DFFXPXODWLRQ�LV�UHTXLUHG�IRU�PROHFXODU�

DQG�SK\VLRORJLFDO�UHVSRQVHV�WR�LURQ�GHILFLHQF\�LQ�WRPDWR�URRWV��3ODQW�-����������±���� 

*ULOOHW��/���/DQ��3���/L��:���0RNNDSDWL��*��DQG�6FKPLGW��:�������D��,521�0$1�LV�D�

XELTXLWRXV�IDPLO\�RI�SHSWLGHV�WKDW�FRQWURO�LURQ�WUDQVSRUW�LQ�SODQWV��1DW��3ODQWV��������±

�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V���������������\� 

*ULOOHW��/���/DQ��3���/L��:���0RNNDSDWL��*��DQG�6FKPLGW��:�������E��,521�0$1�LV�D�

XELTXLWRXV�IDPLO\�RI�SHSWLGHV�WKDW�FRQWURO�LURQ�WUDQVSRUW�LQ�SODQWV��1DW��3ODQWV��������±

���� 

*UXEHU��%�'���*LHKO��5�)�+���)ULHGHO��6��DQG�:LUpQ��1��YRQ��������3ODVWLFLW\�RI�WKH�

$UDELGRSVLV�URRW�V\VWHP�XQGHU�QXWULHQW�GHILFLHQFLHV��3ODQW�3K\VLRO�����������±���� 



Ϯϳ 
 

*XR��=���;X��-���:DQJ��<���HW�DO����������7KH�SK\%ဨGHSHQGHQW�LQGXFWLRQ�RI�+<��SURPRWHV�

LURQ�XSWDNH�E\�V\VWHPLFDOO\�DFWLYDWLQJ�)(5�H[SUHVVLRQ���(0%2�5HS��������±��� 

+lQVFK��5��DQG�0HQGHO��5�5�������D��3K\VLRORJLFDO�IXQFWLRQV�RI�PLQHUDO�PLFURQXWULHQWV�

�&X��=Q��0Q��)H��1L��0R��%��&O���&XUU��2SLQ��3ODQW�%LRO����������±���� 

+lQVFK��5��DQG�0HQGHO��5�5�������E��3K\VLRORJLFDO�IXQFWLRQV�RI�PLQHUDO�PLFURQXWULHQWV�

�&X��=Q��0Q��)H��1L��0R��%��&O���&XUU��2SLQ��3ODQW�%LRO����������±���� 

+DUGWNH��&�6���*RKGD��.���2VWHUOXQG��0�7���2\DPD��7���2NDGD��.��DQG�'HQJ��;�:��

�������+<��VWDELOLW\�DQG�DFWLYLW\�LQ�$UDELGRSVLV�LV�UHJXODWHG�E\�SKRVSKRU\ODWLRQ�LQ�LWV�

&23��ELQGLQJ�GRPDLQ��(0%2�-�����������±����� 

+LQGW��0�1���$NPDNMLDQ��*�=���3LYDUVNL��.�/���3XQVKRQ��7���%D[WHU��,���6DOW��'�(��DQG�

*XHULQRW��0��/RX��������%58786�DQG�LWV�SDUDORJV��%76�/,.(��DQG�%76�/,.(���

HQFRGH�LPSRUWDQW�QHJDWLYH�UHJXODWRUV�RI�WKH�LURQ�GHILFLHQF\�UHVSRQVH�LQ�$UDELGRSVLV�

WKDOLDQD��0HWDOORPLFV��������±�����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������&�07�����(� 

+LQGW��0�1��DQG�*XHULQRW��0��/RX��������*HWWLQJ�D�VHQVH�IRU�VLJQDOV��5HJXODWLRQ�RI�WKH�

SODQW�LURQ�GHILFLHQF\�UHVSRQVH��%LRFKLP��%LRSK\V��$FWD���0RO��&HOO�5HV� 

+ROP��0���0D��/���4X��/��DQG�'HQJ��;���������7ZR�LQWHUDFWLQJ�E=,3�SURWHLQV�DUH�GLUHFW�

WDUJHWV�RI�&23��PHGLDWHG�FRQWURO�RI�OLJKW�GHSHQGHQW�JHQH�H[SUHVVLRQ�LQ�$UDELGRSVLV����

����±����� 

+XDQJ��/���=KDQJ��+RQJFKHQJ��=KDQJ��+XL\RQJ��'HQJ��;�:��DQG�:HL��1���������+<��

UHJXODWHV�QLWULWH�UHGXFWDVH����1,5���DQG�DPPRQLXP�WUDQVSRUWHU�����$07�����LQ�

$UDELGRSVLV�VHHGOLQJV��3ODQW�6FL�����������±�����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������M�SODQWVFL������������� 

,VKLPDUX��<���6X]XNL��0���7VXNDPRWR��7���HW�DO���������5LFH�SODQWV�WDNH�XS�LURQ�DV�DQ�)H���

SK\WRVLGHURSKRUH�DQG�DV�)H����3ODQW�-����������±���� 

-LDQJ��/���3KLOOLSV��7�(���+DPP��&�$���'UR]GRZLF]��<�0���5HD��3�$���0DHVKLPD��0���

5RJHUV��6�:��DQG�5RJHUV��-�&���������7KH�SURWHLQ�VWRUDJH�YDFXROH��$�XQLTXH�

FRPSRXQG�RUJDQHOOH��-��&HOO�%LRO�����������±����� 

-RE��1���<DGXNULVKQDQ��3���%XUVFK��.���'DWWD��6��DQG�-RKDQVVRQ��+���������7ZR�%�ER[�

SURWHLQV�UHJXODWH�SKRWRPRUSKRJHQHVLV�E\�RSSRVLWHO\�PRGXODWLQJ�+<��WKURXJK�WKHLU�



Ϯϴ 
 

GLYHUVH�&�WHUPLQDO�GRPDLQV��3ODQW�3K\VLRO������������±����� 

-RQDVVHQ��(�0���/HD��8�6��DQG�/LOOR��&���������+<��DQG�+<+�DUH�SRVLWLYH�UHJXODWRUV�RI�

QLWUDWH�UHGXFWDVH�LQ�VHHGOLQJV�DQG�URVHWWH�VWDJH�SODQWV��3ODQWD����������±���� 

-RQDVVHQ��(�0���6pYLQ��'�&��DQG�/LOOR��&���������7KH�E=,3�WUDQVFULSWLRQ�IDFWRUV�+<��DQG�

+<+�DUH�SRVLWLYH�UHJXODWRUV�RI�WKH�PDLQ�QLWUDWH�UHGXFWDVH�JHQH�LQ�$UDELGRSVLV�OHDYHV��

1,$���EXW�QHJDWLYH�UHJXODWRUV�RI�WKH�QLWUDWH�XSWDNH�JHQH�157�����-��3ODQW�3K\VLRO��������

����±����� 

.HYLQ�5REH���(VWKHU�,]TXLHUGR���)ORUHQFH�9LJQROV���+DWHP�5RXDFKHG�������&�'���������

7KH�&RXPDULQV��6HFRQGDU\�0HWDEROLWHV�3OD\LQJ�D�3ULPDU\�5ROH�LQ�3ODQW�1XWULWLRQ�DQG�

+HDOWK� 

.LP��6�$���/D&URL[��,�6���*HUEHU��6�$��DQG�*XHULQRW��0��/RX��������7KH�LURQ�GHILFLHQF\�

UHVSRQVH�LQ�$UDELGRSVLV�WKDOLDQD�UHTXLUHV�WKH�SKRVSKRU\ODWHG�WUDQVFULSWLRQ�IDFWRU�85,��

3URF��1DWO��$FDG��6FL��8��6��$�������������±������ 

.LP��6�$���3XQVKRQ��7���/DQ]LURWWL��$���/L��$���$ORQVR��-�0���(FNHU��-�5���.DSODQ��-��DQG�

*XHULQRW��0��/RX��������/RFDOL]DWLRQ�RI�LURQ�LQ�$UDELGRSVLV�VHHG�UHTXLUHV�WKH�YDFXRODU�

PHPEUDQH�WUDQVSRUWHU�9,7���6FLHQFH��������������������±����� 

.LQGJUHQ��3���1RUpQ��/���%DUDMDV�/ySH]��-�'�'���6KDLNKDOL��-��DQG�6WUDQG��c���������

,QWHUSOD\�EHWZHHQ�+($7�6+2&.�3527(,1����DQG�+<��FRQWUROV�3K$1*�H[SUHVVLRQ�

LQ�UHVSRQVH�WR�WKH�*81��SODVWLG�VLJQDO��0RO��3ODQW��������±���� 

.RED\DVKL��7��DQG�1LVKL]DZD��1�.�������D��,URQ�XSWDNH��WUDQVORFDWLRQ��DQG�UHJXODWLRQ�LQ�

KLJKHU�SODQWV��$QQX��5HY��3ODQW�%LRO����������±���� 

.RED\DVKL��7��DQG�1LVKL]DZD��1�.�������E��,URQ�XSWDNH��WUDQVORFDWLRQ��DQG�UHJXODWLRQ�LQ�

KLJKHU�SODQWV��$QQX��5HY��3ODQW�%LRO����������±���� 

.RLNH��6���,QRXH��+���0L]XQR��'���7DNDKDVKL��0���1DNDQLVKL��+���0RUL��6��DQG�1LVKL]DZD��

1�.���������2V<6/��LV�D�ULFH�PHWDO�QLFRWLDQDPLQH�WUDQVSRUWHU�WKDW�LV�UHJXODWHG�E\�LURQ�

DQG�H[SUHVVHG�LQ�WKH�SKORHP��3ODQW�-����������±���� 

.URK��*�(��DQG�3LORQ��0���������&RQQHFWLQJ�WKH�QHJDWLYHV�DQG�SRVLWLYHV�RI�SODQW�LURQ�

KRPHRVWDVLV��1HZ�3K\WRO������������±����� 

.VHQLD�7URILPRY��5HJLQD�*UDW]��5XPHQ�,YDQRY��<YRQQH�6WDKO��3�%��DQG�%UXPEDURYD��
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�),7��DFFXPXODWHV�LQ�KRPR��DQG�KHWHURGLPHULF�FRPSOH[HV�LQ�G\QDPLF�DQG�LQGXFLEOH�

QXFOHDU�FRQGHQVDWHV�DVVRFLDWHG�ZLWK�VSHFNOH�FRPSRQHQWV��ELR5[LY�3UHSU� 

/DQTXDU��9���/HOLqYUH��)���%ROWH��6���HW�DO���������0RELOL]DWLRQ�RI�YDFXRODU�LURQ�E\�

$W15$03��DQG�$W15$03��LV�HVVHQWLDO�IRU�VHHG�JHUPLQDWLRQ�RQ�ORZ�LURQ��(0%2�-� 

/DX��.���3RGROHF��5���&KDSSXLV��5���8OP��5��DQG�+RWKRUQ��0����������3ODQW�SKRWRUHFHSWRUV�

DQG�WKHLU�VLJQDOLQJ�FRPSRQHQWV�FRPSHWH�IRU�&23���ELQGLQJ�YLD�93�SHSWLGH�PRWLIV���

(0%2�-��������±��� 

/HH��%�5���.RSULYRYD��$��DQG�.RSULYD��6���������7KH�NH\�HQ]\PH�RI�VXOIDWH�DVVLPLODWLRQ��

DGHQRVLQH��ƍ�SKRVSKRVXOIDWH�UHGXFWDVH��LV�UHJXODWHG�E\�+<��LQ�$UDELGRSVLV��3ODQW�-�������

����±����� 

/HH��-���+H��.���6WROF��9���HW�DO���������$QDO\VLV�RI�WUDQVFULSWLRQ�IDFWRU�+<��JHQRPLF�ELQGLQJ�

VLWHV�UHYHDOHG�LWV�KLHUDUFKLFDO�UROH�LQ�OLJKW�UHJXODWLRQ�RI�GHYHORSPHQW��3ODQW�&HOO������

���±���� 

/HL��5���/L��<���&DL��<���/L��&���3X��0���/X��&���<DQJ��<��DQG�/LDQJ��*���������E+/+����

)XQFWLRQV�DV�D�'LUHFW�/LQN�WKDW�)DFLOLWDWHV�WKH�$FWLYDWLRQ�RI�),7�E\�E+/+�,9F�

7UDQVFULSWLRQ�)DFWRUV�IRU�0DLQWDLQLQJ�)H�+RPHRVWDVLV�LQ�$UDELGRSVLV��0RO��3ODQW������

���±�����$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�PROS������������� 

/L��;���=KDQJ��+���$L��4���/LDQJ��*��DQG�<X��'��7ZR�E+/+�7UDQVFULSWLRQ�)DFWRUV��E+/+���

DQG�E+/+�����5HJXODWH�,URQ�+RPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD����$YDLODEOH�DW��

ZZZ�SODQWSK\VLRO�RUJ�FJL�GRL���������SS���������� 

/L��<���/X��&�.���/L��&�<���HW�DO����������,521�0$1�LQWHUDFWV�ZLWK�%58786�WR�PDLQWDLQ�

LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV���3URF��1DWO��$FDG��6FL��������H����������� 

/L��=���=KDQJ��/���<X��<���4XDQ��5���=KDQJ��=���=KDQJ��+��DQG�+XDQJ��5���������7KH�

HWK\OHQH�UHVSRQVH�IDFWRU�$W(5)���WKDW�LV�WUDQVFULSWLRQDOO\�PRGXODWHG�E\�WKH�E=,3�

WUDQVFULSWLRQ�IDFWRU�+<��LV�D�FUXFLDO�UHSUHVVRU�IRU�HWK\OHQH�ELRV\QWKHVLV�LQ�$UDELGRSVLV��

3ODQW�-���������±��� 

/LDQJ��*���=KDQJ��+���/L��;���$L��4��DQG�<X��'���������E+/+�WUDQVFULSWLRQ�IDFWRU�E+/+����

UHJXODWHV�LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD��-��([S��%RW�����������±������

$YDLODEOH�DW��KWWSV���DEUF�RVX�HGX�� 
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/LDR��<���6P\WK��*�.��DQG�6KL��:���������)HDWXUH&RXQWV��$Q�HIILFLHQW�JHQHUDO�SXUSRVH�

SURJUDP�IRU�DVVLJQLQJ�VHTXHQFH�UHDGV�WR�JHQRPLF�IHDWXUHV��%LRLQIRUPDWLFV���������±���� 

/LOOR��&���������6LJQDOOLQJ�FDVFDGHV�LQWHJUDWLQJ�OLJKW�HQKDQFHG�QLWUDWH�PHWDEROLVP��%LRFKHP��

-����������±��� 

/LQ��)���-LDQJ��<���/L��-���<DQ��7���)DQ��/���/LDQJ��-���&KHQ��=�-���;X��'��DQG�'HQJ��;�:��

�������%�%2;�'20$,1�3527(,1���QHJDWLYHO\�UHJXODWHV�SKRWRPRUSKRJHQHVLV�E\�

UHSUHVVLQJ�WKH�DFWLYLW\�RI�WUDQVFULSWLRQ�IDFWRU�K\��DQG�XQGHUJRHV�&23��PHGLDWHG�

GHJUDGDWLRQ��3ODQW�&HOO����������±����� 

/LQJDP��6���0RKUEDFKHU��-���%UXPEDURYD��7���3RWXVFKDN��7���)LQN�6WUDXEH��&���%ORQGHW��

(���*HQVFKLN��3��DQG�%DXHU��3���������,QWHUDFWLRQ�EHWZHHQ�WKH�E+/+�WUDQVFULSWLRQ�

IDFWRU�),7�DQG�(7+</(1(�,16(16,7,9(��(7+</(1(�,16(16,7,9(��/,.(��

UHYHDOV�PROHFXODU�OLQNDJH�EHWZHHQ�WKH�UHJXODWLRQ�RI�LURQ�DFTXLVLWLRQ�DQG�HWK\OHQH�

VLJQDOLQJ�LQ�$UDELGRSVLV��3ODQW�&HOO����������±����� 

/RQJ��7�$���7VXNDJRVKL��+���%XVFK��:���/DKQHU��%���6DOW��'�(��DQG�%HQIH\��3�1���������

7KH�E+/+�WUDQVFULSWLRQ�IDFWRU�323(<(�UHJXODWHV�UHVSRQVH�WR�LURQ�GHILFLHQF\�LQ�

DUDELGRSVLV�URRWV��3ODQW�&HOO����������±����� 

/XFHQD��&���5RPHUD��)�-���*DUFtD��0�-���$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������

(WK\OHQH�SDUWLFLSDWHV�LQ�WKH�UHJXODWLRQ�RI�)H�GHILFLHQF\�UHVSRQVHV�LQ�VWUDWHJ\�,�SODQWV�DQG�

LQ�ULFH��)URQW��3ODQW�6FL�������±��� 

/XFHQD��&���:DWHUV��%�0���5RPHUD��)�-���*DUFtD��0�-���0RUDOHV��0���$OFiQWDUD��(��DQG�

3pUH]�9LFHQWH��5���������(WK\OHQH�FRXOG�LQIOXHQFH�IHUULF�UHGXFWDVH��LURQ�WUDQVSRUWHU��

DQG�+���$73DVH�JHQH�H[SUHVVLRQ�E\�DIIHFWLQJ�)(5��RU�)(5�OLNH��JHQH�DFWLYLW\��-��([S��

%RW�����������±����� 

0DQNRWLD��6���6LQJK��'���0RQLND��.���.DOUD��0���0HHQD��+���0HHQD��9���<DGDY��5�.���

3DQGH\��$�.��DQG�6DWEKDL��6�%���������(/21*$7('�+<32&27</���UHJXODWHV�

%58786�DQG�DIIHFWV�LURQ�DFTXLVLWLRQ�DQG�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD��3ODQW�-���

���������±����� 

0DVL��)��'H��*URYH��&�$���9HGHQNR��$���$OLEpV��$���*LVVHOEUHFKW��6�6���6HUUDQR��/���%XO\N��

0�/��DQG�:DOKRXW��$�-�0���������8VLQJ�D�VWUXFWXUDO�DQG�ORJLFV�V\VWHPV�DSSURDFK�WR�

LQIHU�E+/+�'1$�ELQGLQJ�VSHFLILFLW\�GHWHUPLQDQWV��1XFOHLF�$FLGV�5HV�����������±����� 
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0HLVHU��-���/LQJDP��6��DQG�%DXHU��3���������3RVWWUDQVODWLRQDO�UHJXODWLRQ�RI�WKH�LURQ�

GHILFLHQF\�EDVLF�KHOL[�ORRS�KHOL[�WUDQVFULSWLRQ�IDFWRU�),7�LV�DIIHFWHG�E\�LURQ�DQG�QLWULF�

R[LGH��3ODQW�3K\VLRO������������±����� 

0RUULVVH\��-��DQG�*XHULQRW��0��/RX��������,URQ�XSWDNH�DQG�WUDQVSRUW�LQ�SODQWV��7KH�JRRG��

WKH�EDG��DQG�WKH�LRQRPH��&KHP��5HY������������±����� 

0XUJLD��,���7DUDQWLQR��'���6RDYH��&��DQG�0RUDQGLQL��3���������$UDELGRSVLV�&<3��&��

H[SUHVVLRQ�LV�GHSHQGHQW�RQ�)H�DYDLODELOLW\�DQG�FLUFDGLDQ�UK\WKP��DQG�FRUUHODWHV�ZLWK�

JHQHV�LQYROYHG�LQ�WKH�HDUO\�)H�GHILFLHQF\�UHVSRQVH��-��3ODQW�3K\VLRO�����������±�����

$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�MSOSK������������� 

1DZNDU��*�0���.DQJ��&�+���0DLEDP��3���HW�DO���������+<���D�SRVLWLYH�UHJXODWRU�RI�OLJKW�

VLJQDOLQJ��QHJDWLYHO\�FRQWUROV�WKH�XQIROGHG�SURWHLQ�UHVSRQVH�LQ�$UDELGRSVLV��3URF��1DWO��

$FDG��6FL��8��6��$������������±����� 

1LJHO�M��5RELQVRQ��&DWKHULQH�0��3URFWHU��(ULQ�/��&RQQROO\�DQG�0DU\�/RX�*XHULQRW�

�������$�IHUULF�FKHODWH�UHGXFWDVH�IRU�LURQ�XSWDNH�IURP�VRLOV��1DWXUH����������±���� 

1RUpQ��/���.LQGJUHQ��3���6WDFKXOD��3���5�KO��0���(ULNVVRQ��0�(���+XUU\��9��DQG�6WUDQG��

c���������&LUFDGLDQ�DQG�SODVWLG�VLJQDOLQJ�SDWKZD\V�DUH�LQWHJUDWHG�WR�HQVXUH�FRUUHFW�

H[SUHVVLRQ�RI�WKH�&%)�DQG�&25�JHQHV�GXULQJ�SKRWRSHULRGLF�JURZWK��3ODQW�3K\VLRO���

���������±����� 

2VWHUOXQG��0�7���+DUGWNH��&�6���:HL��1��DQG�'HQJ��;�:���������7DUJHWHG�GHVWDELOL]DWLRQ�

RI�+<��GXULQJ�OLJKW�UHJXODWHG�GHYHORSPHQW�RI�$UDELGRSVLV��1DWXUH��������±�� 

2\DPD��7���6KLPXUD��<��DQG�2NDGD��.�������D��7KH�$UDELGRSVLV�+<��JHQH�HQFRGHV�D�

E=,3�SURWHLQ�WKDW�UHJXODWHV�VWLPXOXV��LQGXFHG�GHYHORSPHQW�RI�URRW�DQG�K\SRFRW\O��*HQHV�

'HY�����������±����� 

2\DPD��7���6KLPXUD��<��DQG�2NDGD��.�������E��7KH�$UDELGRSVLV�+<��JHQH�HQFRGHV�D�

E=,3�SURWHLQ�WKDW�UHJXODWHV�VWLPXOXV�LQGXFHG�GHYHORSPHQW�RI�URRW�DQG�K\SRFRW\O����

����±����� 

3DLN��,��DQG�+XT��(���������3ODQW�SKRWRUHFHSWRUV��0XOWL�IXQFWLRQDO�VHQVRU\�SURWHLQV�DQG�

WKHLU�VLJQDOLQJ�QHWZRUNV��6HPLQ��&HOO�'HY��%LRO����������±�����$YDLODEOH�DW��

KWWSV���GRL�RUJ���������M�VHPFGE������������� 

3DOPHU��&�0���+LQGW��0�1���6FKPLGW��+���&OHPHQV��6��DQG�*XHULQRW��0��/RX��������
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0<%���DQG�0<%���$UH�5HTXLUHG�IRU�*URZWK�XQGHU�,URQ�/LPLWLQJ�&RQGLWLRQV��3/R6�

*HQHW����� 

3HWLW��-�0���%ULDW��-�)��DQG�/REUpDX[��6���������6WUXFWXUH�DQG�GLIIHUHQWLDO�H[SUHVVLRQ�RI�WKH�

IRXU�PHPEHUV�RI�WKH�$UDELGRSVLV�WKDOLDQD�IHUULWLQ�JHQH�IDPLO\��%LRFKHP��-�����������±

���� 

3LVNLQ��(���&LDQFLRVL��'���*XOHF��6���7RPDV��0��DQG�&DSDQRJOX��(���������,URQ�$EVRUSWLRQ��

)DFWRUV��/LPLWDWLRQV��DQG�,PSURYHPHQW�0HWKRGV��$&6�2PHJD����������±������ 

3RGROHF��5��DQG�8OP��5���������3KRWRUHFHSWRU�PHGLDWHG�UHJXODWLRQ�RI�WKH�&23��63$�(��

XELTXLWLQ�OLJDVH��&XUU��2SLQ��3ODQW�%LRO���������±����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������M�SEL������������� 

3RQQX��-���5LHGHO��7���3HQQHU��(���6FKUDGHU��$��DQG�+RHFNHU��8���������&U\SWRFKURPH���

FRPSHWHV�ZLWK�&23��VXEVWUDWHV�WR�UHSUHVV�&23��XELTXLWLQ�OLJDVH�DFWLYLW\�GXULQJ�

$UDELGRSVLV�SKRWRPRUSKRJHQHVLV��3URF��1DWO��$FDG��6FL��8��6��$�������������±������ 

5DL��6���6LQJK��3�.���0DQNRWLD��6���6ZDLQ��-��DQG�6DWEKDL��6�%���������,URQ�KRPHRVWDVLV�LQ�

SODQWV�DQG�LWV�FURVVWDON�ZLWK�FRSSHU��]LQF��DQG�PDQJDQHVH��3ODQW�6WUHVV�������������

$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�VWUHVV������������� 

5DMQLDN��-���*LHKO��5�)�+���&KDQJ��(���0XUJLD��,���:LUpQ��1��9RQ�DQG�6DWWHO\��(�6���������

%LRV\QWKHVLV�RI�UHGR[�DFWLYH�PHWDEROLWHV�LQ�UHVSRQVH�WR�LURQ�GHILFLHQF\�LQ�SODQWV��1DW��

&KHP��%LRO����������±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

5HHG��-�:���1DJSDO��3���3RR�H��'�6���)XUX\D��0��DQG�&KRU\D���-���������0XWDWLRQV�LQ�WKH�

*HQH�IRU�WKH�5HG�)DU�5HG�/LJKW�5HFHSWRU�3K\WRFKURPH�%�$OWHU�&HOO�(ORQJDWLRQ�DQG�

3K\VLRORJLFDO�5HVSRQVHV�WKURXJKRXW�$UDELGRSVLV�'HYHORSPHQW��3ODQW�&HOO��������±���� 

5REH��.���,]TXLHUGR��(���9LJQROV��)���5RXDFKHG��+��DQG�'XERV��&���������7KH�&RXPDULQV��

6HFRQGDU\�0HWDEROLWHV�3OD\LQJ�D�3ULPDU\�5ROH�LQ�3ODQW�1XWULWLRQ�DQG�+HDOWK��7UHQGV�

3ODQW�6FL����������±���� 

5RGUtJXH]�&HOPD��-���&RQQRUWRQ��-�0���.UXVH��,���HW�DO���������$UDELGRSVLV�%58786�

/,.(�(��OLJDVHV�QHJDWLYHO\�UHJXODWH�LURQ�XSWDNH�E\�WDUJHWLQJ�WUDQVFULSWLRQ�IDFWRU�),7�IRU�

UHF\FOLQJ��3URF��1DWO��$FDG��6FL��8��6��$�������������±������ 

5RGUtJXH]�&HOPD��-���/LQ��:�'���)X��*�0���$EDGtD��-���/ySH]�0LOOiQ��$�)��DQG�6FKPLGW��

:���������0XWXDOO\�H[FOXVLYH�DOWHUDWLRQV�LQ�VHFRQGDU\�PHWDEROLVP�DUH�FULWLFDO�IRU�WKH�
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XSWDNH�RI�LQVROXEOH�LURQ�FRPSRXQGV�E\�DUDELGRSVLV�DQG�0HGLFDJR�WUXQFDWXOD��3ODQW�

3K\VLRO������������±����� 

5RPHUD��)�-���/XFHQD��&��DQG�$OFjQWDUD��(���������3ODQW�KRUPRQHV�LQIOXHQFLQJ�LURQ�XSWDNH�

LQ�SODQWV��,URQ�1XWU��3ODQWV�5KL]RVSKHULF�0LFURRUJ������±���� 

5XFNOH��0�(���'H0DUFR��6�0��DQG�/DUNLQ��5�0���������3ODVWLG�VLJQDOV�UHPRGHO�OLJKW�

VLJQDOLQJ�QHWZRUNV�DQG�DUH�HVVHQWLDO�IRU�HIILFLHQW�FKORURSODVW�ELRJHQHVLV�LQ�$UDELGRSVLV��

3ODQW�&HOO����������±����� 

6DLQL��3���%KDWLD��6���0DKDMDQ��0���HW�DO��(/21*$7('�+<32&27</��1HJDWLYHO\�

5HJXODWHV�'(&5($6(�:$;�%,26<17+(6,6�WR�,QFUHDVH�6XUYLYDO�GXULQJ�89�%�

6WUHVV����$YDLODEOH�DW��ZZZ�SODQWSK\VLRO�RUJ�FJL�GRL���������SS���������� 

6DNXUDED��<���.DQQR��6���0DEXFKL��$���0RQGD��.���,ED��.��DQG�<DQDJLVDZD��6���������$�

SK\WRFKURPH�%�PHGLDWHG�UHJXODWRU\�PHFKDQLVP�RI�SKRVSKRUXV�DFTXLVLWLRQ��1DW��3ODQWV��

�������±������$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

6DQWL��6��DQG�6FKPLGW��:�������D��'LVVHFWLQJ�LURQ�GHILFLHQF\�LQGXFHG�SURWRQ�H[WUXVLRQ�LQ�

$UDELGRSVLV�URRWV��1HZ�3K\WRO������������±������$YDLODEOH�DW��

ZZZ�QHZSK\WRORJLVW�RUJ� 

6DQWL��6��DQG�6FKPLGW��:�������E��'LVVHFWLQJ�LURQ�GHILFLHQF\�LQGXFHG�SURWRQ�H[WUXVLRQ�LQ�

$UDELGRSVLV�URRWV��1HZ�3K\WRO������������±����� 

6FKDDI��*���/XGHZLJ��8���(UHQRJOX��%�(���0RUL��6���.LWDKDUD��7��DQG�:LUpQ��1��9RQ�

�������=P<6��)XQFWLRQV�DV�D�3URWRQ�FRXSOHG�6\PSRUWHU�IRU�3K\WRVLGHURSKRUH��DQG�

1LFRWLDQDPLQH�FKHODWHG�0HWDOV��-��%LRO��&KHP������������±����� 

6FKOXHSPDQQ��+���3HOOQ\��7���'LMNHQ��$��9DQ��6PHHNHQV��6��DQG�3DXO��0���������

7UHKDORVH���SKRVSKDWH�LV�LQGLVSHQVDEOH�IRU�FDUERK\GUDWH�XWLOL]DWLRQ�DQG�JURZWK�LQ�

$UDELGRSVLV�WKDOLDQD��3URF��1DWO��$FDG��6FL��8��6��$������������±����� 

6FKPLG��1�%���*LHKO��5�)�+���'|OO��6���0RFN��+�3���6WUHKPHO��1���6FKHHO��'���.RQJ��;���

+LGHU��5�&��DQG�:LUpQ��1��YRQ��������)HUXOR\O�&R$��ƍ�+\GUR[\ODVH��GHSHQGHQW�

FRXPDULQV�PHGLDWH�LURQ�DFTXLVLWLRQ�IURP�DONDOLQH�VXEVWUDWHV�LQ�$UDELGRSVLV��3ODQW�

3K\VLRO�����������±���� 

6HORWH��'���6DPLUD��5���0DWWKLDGLV��$���*LOOLNLQ��-�:��DQG�/RQJ��7�$���������,URQ�ELQGLQJ�

H��OLJDVH�PHGLDWHV�LURQ�UHVSRQVH�LQ�SODQWV�E\�WDUJHWLQJ�EDVLF�KHOL[�ORRS�KHOL[�



ϯϰ 
 

WUDQVFULSWLRQ�IDFWRUV�>RSHQ@��3ODQW�3K\VLRO�����������±���� 

6KLQ��-���3DUN��(��DQG�&KRL��*���������3,)��UHJXODWHV�DQWKRF\DQLQ�ELRV\QWKHVLV�LQ�DQ�+<��

GHSHQGHQW�PDQQHU�ZLWK�ERWK�IDFWRUV�GLUHFWO\�ELQGLQJ�DQWKRF\DQLQ�ELRV\QWKHWLF�JHQH�

SURPRWHUV�LQ�$UDELGRSVLV��3ODQW�-����������±���� 

6LERXW��5���6XNXPDU��3���+HWWLDUDFKFKL��&���+ROP��0���0XGD\��*�.��DQG�+DUGWNH��&�6��

�������2SSRVLWH�URRW�JURZWK�SKHQRW\SHV�RI�K\��YHUVXV�K\��K\K�PXWDQWV�FRUUHODWH�ZLWK�

LQFUHDVHG�FRQVWLWXWLYH�DX[LQ�VLJQDOLQJ��3/R6�*HQHW����������±����� 

6LVy�7HUUD]D��3���/XLV�9LOODUUR\D��$���)RXUFUR\��3���%ULDW��-�)���$EDGtD��$���*D\PDUG��)���

$EDGtD��-��DQG�ÈOYDUH]�)HUQiQGH]��$���������$FFXPXODWLRQ�DQG�VHFUHWLRQ�RI�

FRXPDULQROLJQDQV�DQG�RWKHU�FRXPDULQV�LQ�$UDELGRSVLV�WKDOLDQD�URRWV�LQ�UHVSRQVH�WR�LURQ�

GHILFLHQF\�DW�KLJK�S+��)URQW��3ODQW�6FL�������±��� 

6LZLQVND��-���6LDWNRZVND��.���2OU\��$���HW�DO���������6FRSROHWLQ���K\GUR[\ODVH��$�QRYHO�

HQ]\PH�LQYROYHG�LQ�FRXPDULQ�ELRV\QWKHVLV�DQG�LURQ�GHILFLHQF\�UHVSRQVHV�LQ�

$UDELGRSVLV��-��([S��%RW�����������±����� 

6RQJ��=���<DQ��7���/LX��-���%LDQ��<���+HQJ��<���/LQ��)���-LDQJ��<���:DQJ�'HQJ��;��DQG�;X��

'���������%%;���%%;����+<��DQG�%%;������IRUP�D�IHHGEDFN�ORRS�WR�ILQH�WXQH�

SKRWRPRUSKRJHQLF�GHYHORSPHQW��3ODQW�-�����������±���� 

6WDFH\��0�*���.RK��6���%HFNHU��-��DQG�6WDFH\��*���������$W237���D�PHPEHU�RI�WKH�

ROLJRSHSWLGH�WUDQVSRUWHU�IDPLO\��LV�HVVHQWLDO�IRU�HPEU\R�GHYHORSPHQW�LQ�$UDELGRSVLV��

3ODQW�&HOO����������±����� 

6WDFH\��0�*���3DWHO��$���0F&ODLQ��:�(���0DWKLHX��0���5HPOH\��0���5RJHUV��(�(���

*DVVPDQQ��:���%OHYLQV��'�*��DQG�6WDFH\��*���������7KH�DUDELGRSVLV�$W237��SURWHLQ�

IXQFWLRQV�LQ�PHWDO�KRPHRVWDVLV�DQG�PRYHPHQW�RI�LURQ�WR�GHYHORSLQJ�VHHGV��3ODQW�

3K\VLRO�����������±���� 

6WUDFNH��5���)DYRU\��-�-���*UXEHU��+���%DUWHOQLHZRHKQHU��/���%DUWHOV��6���%LQNHUW��0���

)XQN��0���:HLVVKDDU��%��DQG�8OP��5���������7KH�$UDELGRSVLV�E=,3�WUDQVFULSWLRQ�

IDFWRU�+<��UHJXODWHV�H[SUHVVLRQ�RI�WKH�3)*��0<%���JHQH�LQ�UHVSRQVH�WR�OLJKW�DQG�

XOWUDYLROHW�%�UDGLDWLRQ��3ODQW��&HOO�(QYLURQ���������±���� 

7KRPLQH��6��DQG�/DQTXDU��9���������,URQ�7UDQVSRUW�DQG�6LJQDOLQJ�LQ�3ODQWV��,Q�SS����±���� 

7LDQ��4���=KDQJ��;���<DQJ��$���:DQJ��7��DQG�=KDQJ��:�+���������&,3.���LV�LQYROYHG�LQ�



ϯϱ 
 

LURQ�DFTXLVLWLRQ�RI�$UDELGRSVLV�E\�DIIHFWLQJ�IHUULF�FKHODWH�UHGXFWDVH�DFWLYLW\��3ODQW�6FL���

�������±����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�SODQWVFL������������� 

7LVVRW��1���5REH��.���*DR��)���HW�DO���������7UDQVFULSWLRQDO�LQWHJUDWLRQ�RI�WKH�UHVSRQVHV�WR�

LURQ�DYDLODELOLW\�LQ�$UDELGRSVLV�E\�WKH�E+/+�IDFWRU�,/5���1HZ�3K\WRO� 

7ROHGR�2UWL]��*���-RKDQVVRQ��+���/HH��.�3���%RX�7RUUHQW��-���6WHZDUW��.���6WHHO��*���

5RGUtJXH]�&RQFHSFLyQ��0��DQG�+DOOLGD\��.�-���������7KH�+<��3,)�5HJXODWRU\�

0RGXOH�&RRUGLQDWHV�/LJKW�DQG�7HPSHUDWXUH�&RQWURO�RI�3KRWRV\QWKHWLF�*HQH�

7UDQVFULSWLRQ��3/R6�*HQHW������ 

7VDL��+�+���5RGUtJXH]�&HOPD��-���/DQ��3���:X��<�&���9pOH]�%HUP~GH]��,�&��DQG�6FKPLGW��

:���������6FRSROHWLQ���K\GUR[\ODVH�PHGLDWHG�IUD[HWLQ�SURGXFWLRQ�LV�FUXFLDO�IRU�LURQ�

PRELOL]DWLRQ��3ODQW�3K\VLRO�����������±���� 

7VDL��+�+��DQG�6FKPLGW��:�������D��0RELOL]DWLRQ�RI�,URQ�E\�3ODQW�%RUQH�&RXPDULQV��

7UHQGV�3ODQW�6FL����������±�����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������M�WSODQWV������������� 

7VDL��+�+��DQG�6FKPLGW��:�������E��0RELOL]DWLRQ�RI�,URQ�E\�3ODQW�%RUQH�&RXPDULQV��

7UHQGV�3ODQW�6FL����������±���� 

9DQKROPH��5���6XQGLQ��/���6HHWVR��.�&���HW�DO���������&26<�FDWDO\VHV�WUDQV±FLV�

LVRPHUL]DWLRQ�DQG�ODFWRQL]DWLRQ�LQ�WKH�ELRV\QWKHVLV�RI�FRXPDULQV��1DW��3ODQWV���������±

������$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

9pOH]�%HUP~GH]��,�&��DQG�6FKPLGW��:���������+RZ�3ODQWV�5HFDOLEUDWH�&HOOXODU�,URQ�

+RPHRVWDVLV��3ODQW�&HOO�3K\VLRO����������±���� 

9HUW��*���*URW]��1���'pGDOGpFKDPS��)���*D\PDUG��)���*XHULQRW��0��/RX��%ULDW��-�)��DQG�

&XULH��&���������,57���DQ�$UDELGRSVLV�WUDQVSRUWHU�HVVHQWLDO�IRU�LURQ�XSWDNH�IURP�WKH�VRLO�

DQG�IRU�SODQW�JURZWK��3ODQW�&HOO� 

:DQJ��1���&XL��<���/LX��<���)DQ��+���'X��-���+XDQJ��=���<XDQ��<���:X��+��DQG�/LQJ��+�4��

�������5HTXLUHPHQW�DQG�IXQFWLRQDO�UHGXQGDQF\�RI�,E�VXEJURXS�E+/+�SURWHLQV�IRU�LURQ�

GHILFLHQF\�UHVSRQVHV�DQG�XSWDNH�LQ�DUDELGRSVLV�WKDOLDQD��0RO��3ODQW��������±�����

$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������PS�VVV���� 

:DQJ��6���=KRX��=���5DKLPDQ��5���/HH��*�6�<���<HR��<�.���<DQJ��;��DQG�/DX��2�6���������

/LJKW�UHJXODWHV�VWRPDWDO�GHYHORSPHQW�E\�PRGXODWLQJ�SDUDFULQH�VLJQDOLQJ�IURP�LQQHU�



ϯϲ 
 

WLVVXHV��1DW��&RPPXQ�������$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V������������������ 

:DQJ��;���/XR��=���+X��4���7DQJ��:���/X��+���0D��&���:DQJ��=���%DOWDHYLFK��$�0��DQG�

.RQJ��;���������/LJKW�LQGXFHG�VKRRW�VRXUFHG�WUDQVFULSWLRQ�IDFWRU�+<��UHJXODWHV�WKH�

QLWUDWH�XSWDNH�RI�FRWWRQ�E\�VKRRW�WR�URRW�VLJQDO�WUDQVSRUW��3ODQW�3K\VLRO��%LRFKHP��������

��������$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�SODSK\������������� 

:DWHUV��%�0���&KX��+�+���'L'RQDWR��5�-���5REHUWV��/�$���(LVOH\��5�%���/DKQHU��%���6DOW��

'�(��DQG�:DONHU��(�/���������0XWDWLRQV�LQ�$UDELGRSVLV�<HOORZ�6WULSH�/LNH��DQG�

<HOORZ�6WULSH�/LNH��UHYHDO�WKHLU�UROHV�LQ�PHWDO�LRQ�KRPHRVWDVLV�DQG�ORDGLQJ�RI�PHWDO�

LRQV�LQ�VHHGV��3ODQW�3K\VLRO������������±����� 

:DWHUV��%�0���/XFHQD��&���5RPHUD��)�-���-HVWHU��*�*���:\QQ��$�1���5RMDV��&�/���

$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������(WK\OHQH�LQYROYHPHQW�LQ�WKH�UHJXODWLRQ�RI�

WKH�+��$73DVH�&V+$��JHQH�DQG�RI�WKH�QHZ�LVRODWHG�IHUULF�UHGXFWDVH�&V)52��DQG�LURQ�

WUDQVSRUWHU�&V,57��JHQHV�LQ�FXFXPEHU�SODQWV��3ODQW�3K\VLRO��%LRFKHP����������±���� 

;LDR��<���&KX��/���=KDQJ��<���%LDQ��<���;LDR��-��DQG�;X��'���������+<���$�3LYRWDO�

5HJXODWRU�RI�/LJKW�'HSHQGHQW�'HYHORSPHQW�LQ�+LJKHU�3ODQWV��)URQW��3ODQW�6FL��������±

��� 

;X��'���-LDQJ��<���/L��-���/LQ��)���+ROP��0��DQG�'HQJ��;�:���������%%;����DQ�$UDELGRSVLV�

%�ER[�SURWHLQ��GLUHFWO\�DFWLYDWHV�+<��DQG�LV�WDUJHWHG�E\�&23��IRU���6�SURWHDVRPH�

PHGLDWHG�GHJUDGDWLRQ��3URF��1DWO��$FDG��6FL��8��6��$������������±����� 

<DGXNULVKQDQ��3���5DKXO��3�9��DQG�'DWWD��6���������+<��VXSSUHVVHV��UDWKHU�WKDQ�SURPRWHV��

DEVFLVLF�DFLG�PHGLDWHG�LQKLELWLRQ�RI�SRVWJHUPLQDWLRQ�VHHGOLQJ�GHYHORSPHQW��3ODQW�

3K\VLRO�����������±���� 

<DQDJLVDZD��6���������7UDQVFULSWLRQ�IDFWRUV�LQYROYHG�LQ�FRQWUROOLQJ�WKH�H[SUHVVLRQ�RI�QLWUDWH�

UHGXFWDVH�JHQHV�LQ�KLJKHU�SODQWV��3ODQW�6FL�����������±�����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������M�SODQWVFL������������� 

<DQJ��-�/���&KHQ��:�:���&KHQ��/�4���4LQ��&���-LQ��&�:���6KL��<�=��DQG�=KHQJ��6�-��

�������7KH��������SURWHLQ�*(1(5$/�5(*8/$725<�)$&725����*5)����DFWV�

GRZQVWUHDP�RI�QLWULF�R[LGH�WR�UHJXODWH�LURQ�DFTXLVLWLRQ�LQ�$UDELGRSVLV�WKDOLDQD��1HZ�

3K\WRO�����������±���� 

<DQJ��<���2X��%���=KDQJ��-���6L��:���*X��+���4LQ��*��DQG�4X��/�-���������7KH�$UDELGRSVLV�



ϯϳ 
 

0HGLDWRU�VXEXQLW�0('���UHJXODWHV�LURQ�KRPHRVWDVLV�E\�DVVRFLDWLQJ�ZLWK�(,1��(,/��

WKURXJK�VXEXQLW�0('����3ODQW�-����������±���� 

<HQ��0�5���7VHQJ��<�+��DQG�6DLHU��-���������0DL]H�<HOORZ�6WULSH����DQ�LURQ�

SK\WRVLGHURSKRUH�XSWDNH�WUDQVSRUWHU��LV�D�PHPEHU�RI�WKH�ROLJRSHSWLGH�WUDQVSRUWHU��237��

IDPLO\��0LFURELRORJ\� 

<LQJ�<L�DQG�0DU\�/RX�*XHULQRW��������7KH�3ODQW�-RXUQDO���1RYHPEHU��������<L���*HQHWLF�

HYLGHQFH�WKDW�LQGXFWLRQ�RI�URRW�)H�,,,�FKHODWH�UHGXFWDVH�DFWLYLW\�LV�SGI� 

<RXQJ��+�6���&KHRO��0�<���$Q��3�+���HW�DO���������'1$�ELQGLQJ�VWXG\�LGHQWLILHV�&�ER[�DQG�

K\EULG�&�*�ER[�RU�&�$�ER[�PRWLIV�DV�KLJK�DIILQLW\�ELQGLQJ�VLWHV�IRU�67)��DQG�ORQJ�

K\SRFRW\O��SURWHLQV��3ODQW�3K\VLRO������������±����� 

<X��<���:DQJ��-���=KDQJ��=���4XDQ��5���=KDQJ��+���'HQJ��;�:���0D��/��DQG�+XDQJ��5��

�������(WK\OHQH�3URPRWHV�+\SRFRW\O�*URZWK�DQG�+<��'HJUDGDWLRQ�E\�(QKDQFLQJ�WKH�

0RYHPHQW�RI�&23��WR�WKH�1XFOHXV�LQ�WKH�/LJKW��3/R6�*HQHW����� 

<XDQ��<���:X��+���:DQJ��1���/L��-���=KDR��:���'X��-���:DQJ��'��DQG�/LQJ��+��4���������

),7�LQWHUDFWV�ZLWK�$WE+/+���DQG�$WE+/+���LQ�UHJXODWLQJ�LURQ�XSWDNH�JHQH�H[SUHVVLRQ�

IRU�LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV��&HOO�5HV����������±�����$YDLODEOH�DW��ZZZ�FHOO�

UHVHDUFK�FRP� 

=DPLRXGLV��&���+DQVRQ��-��DQG�3LHWHUVH��&�0�-�����������*OXFRVLGDVH�%*/8���LV�D�

0<%���GHSHQGHQW�NH\�UHJXODWRU�RI�UKL]REDFWHULD�LQGXFHG�V\VWHPLF�UHVLVWDQFH�DQG�

PRGXODWHV�LURQ�GHILFLHQF\�UHVSRQVHV�LQ�$UDELGRSVLV�URRWV��1HZ�3K\WRO�����������±���� 

=KDQJ��+���=KDR��;���/L��-���&DL��+���'HQJ��;�:��DQG�/L��/���������0LFURUQD����LV�FULWLFDO�

IRU�WKH�+<��63O��JHQH�QHWZRUN�WKDW�PHGLDWHV�WKH�FRRUGLQDWHG�UHVSRQVH�WR�OLJKW�DQG�

FRSSHU��3ODQW�&HOO����������±����� 

=KDQJ��/���/L��*���:DQJ��0���'L��'���6XQ��/���.URQ]XFNHU��+�-��DQG�6KL��:���������

([FHVV�LURQ�VWUHVV�UHGXFHV�URRW�WLS�]RQH�JURZWK�WKURXJK�QLWULF�R[LGH�PHGLDWHG�UHSUHVVLRQ�

RI�SRWDVVLXP�KRPHRVWDVLV�LQ�$UDELGRSVLV��1HZ�3K\WRO�����������±���� 

=KDQJ��;���+XDL��-���6KDQJ��)���;X��*���7DQJ��:���-LQJ��<��DQG�/LQ��5���������$�

3,)��3,)��+<��%%;���WUDQVFULSWLRQ�IDFWRU�FDVFDGH�DIIHFWV�SKRWRPRUSKRJHQHVLV��3ODQW�

3K\VLRO������������±����� 

=KDQJ��<���3DUN��&���%HQQHWW��&���7KRUQWRQ��0��DQG�.LP��'���������5DSLG�DQG�DFFXUDWH�



ϯϴ 
 

DOLJQPHQW�RI�QXFOHRWLGH�FRQYHUVLRQ�VHTXHQFLQJ�UHDGV�ZLWK�+,6$7��1��*HQRPH�5HV�������

����±����� 
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&KDSWHU�� 

(/21*$7('�+<32&27</���

UHJXODWHV %58786 DQG�DIIHFWV�LURQ�DFTXLVLWLRQ�DQG�

KRPHRVWDVLV�LQ $UDELGRSVLV�WKDOLDQD� 

 

 

 

 

 

 

 

 

 

 

 

 



ϰϬ 
 

7KLV�SDUW�RI�WKH�ZRUN�VWDWHG�EHORZ�LV�D�VOLJKW�PRGLILFDWLRQ�RI�WKH�SXEOLVKHG�PDQXVFULSW�

HQWLWOHG��³(/21*$7('�+<32&27</���UHJXODWHV�%58786�DQG�DIIHFWV�LURQ�DFTXLVLWLRQ�DQG�

KRPHRVWDVLV� LQ�$UDELGRSVLV� WKDOLDQD´�DXWKRUHG�E\�6DPULWL�0DQNRWLD��'KULWL�6LQJK��.XPDUL�

0RQLND�� 0XVNDQ� .DOUD�� +LPDQL� 0HHQD�� 9DUVKD� 0HHQD�� 5DP� .LVKRU�<DGDY��$MD\� .XPDU�

3DQGH\��DQG�6DQWRVK�%��6DWEKDL�ZKLFK�LV�SXEOLVKHG�LQ�WKH�3ODQW�-RXUQDO�� 

0DQNRWLD��6���6LQJK��'���0RQLND��.���.DOUD��0���0HHQD��+���0HHQD��9���<DGDY��5�.���3DQGH\��
$�.��DQG�6DWEKDL��6�%���������(/21*$7('�+<32&27</���UHJXODWHV�%58786�DQG�DIIHFWV�
LURQ�DFTXLVLWLRQ�DQG�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD� 7KH�3ODQW�-RXUQDO��ͷͷͺȋȌǡ ͳʹǦ
ͳʹͺͶǤ 

�����������������,Q�WKLV�FKDSWHU��³RXU´�DQG�³ZH´�UHIHUV�WR�PH�DQG�FR�DXWKRUV��0\�FRQWULEXWLRQ�LQ�WKH�

SDSHU� LQFOXGHV� ���� &KRRVLQJ� WKH� REMHFWLYH� RI� WKH� VWXG\� ����$QDO\VLV� DQG� FRPSLOLQJ� RI� WKH�

OLWHUDWXUH� ���� 'HVLJQLQJ� DQG� SHUIRUPLQJ� H[SHULPHQWV� ���� ,QWHUSUHWDWLRQ� RI� WKH� ILQGLQJV� ����

&UHDWLQJ�ILJXUHV�DQG�JUDSKV�����7KH�PDQXVFULSW�ZULWLQJ�DQG�HGLWLQJ� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ϰϭ 
 

����$%675$&7� 

,URQ��)H��LV�DQ�HVVHQWLDO�PLFURQXWULHQW�IRU�ERWK�SODQWV�DQG�DQLPDOV��)H�OLPLWDWLRQ�VLJQLILFDQWO\�

UHGXFHV�FURS�\LHOG�DQG�DGYHUVHO\�LPSDFWV�RQ�KXPDQ�QXWULWLRQ��2ZLQJ�WR�OLPLWHG�ELRDYDLODELOLW\�

RI� )H� LQ� VRLO�� SODQWV� KDYH� DGDSWHG� GLIIHUHQW� VWUDWHJLHV� WKDW� QRW� RQO\� UHJXODWH� )H�XSWDNH� DQG�

KRPHRVWDVLV� EXW� DOVR� EULQJ� PRGLILFDWLRQV� LQ� URRW� V\VWHP� DUFKLWHFWXUH� WR� HQKDQFH� VXUYLYDO��

8QGHUVWDQGLQJ� WKH� PROHFXODU� PHFKDQLVP� XQGHUO\LQJ� WKH� URRW� JURZWK� UHVSRQVHV� ZLOO� KDYH�

FULWLFDO�LPSOLFDWLRQV�IRU�SODQW�EUHHGLQJ��)H�XSWDNH�LV�UHJXODWHG�E\�D�FDVFDGH�RI�EDVLF�KHOL[�ORRS�

KHOL[��E+/+��WUDQVFULSWLRQ�IDFWRUV��7)V��LQ�SODQWV��,Q�WKLV�VWXG\��ZH�UHSRUW�WKDW�+<���(ORQJDWHG�

+\SRFRW\O�����D�PHPEHU�RI�WKH�EDVLF�OHXFLQH�]LSSHU��E=,3��IDPLO\�RI�7)V��SOD\V�DQ�LPSRUWDQW�

UROH�LQ�WKH�)H�GHILFLHQF\�VLJQDOOLQJ�SDWKZD\�LQ�$UDELGRSVLV�WKDOLDQD��7KH�K\��PXWDQW�IDLOHG�WR�

PRXQW� RSWLPXP� )H�GHILFLHQF\� UHVSRQVHV�� DQG� GLVSOD\HG� URRW� JURZWK� GHIHFWV� XQGHU� )H�

OLPLWDWLRQ��2XU�DQDO\VLV�UHYHDOHG�WKDW�WKH�LQGXFWLRQ�RI�WKH�JHQHV�LQYROYHG�LQ�)H�XSWDNH�SDWKZD\�

�),7�)(5�/,.(� ,521� '(),&,(1&<�,1'8&('� 75$16&5,37,21� )$&725�� )52��

)(55,&� 5('8&7,21� 2;,'$6(� �� DQG� ,57��,521�5(*8/$7('� 75$163257(5��� LV�

UHGXFHG� LQ� WKH� K\�� PXWDQW� DV� FRPSDUHG� ZLWK� WKH� ZLOG�W\SH� SODQWV� XQGHU� )H� GHILFLHQF\��

0RUHRYHU��ZH�DOVR�IRXQG�WKDW�WKH�H[SUHVVLRQ�RI�FRXPDULQ�ELRV\QWKHVLV�JHQHV�LV�DIIHFWHG�LQ�WKH�

K\�� PXWDQW� XQGHU� )H�GHILFLHQF\�� 2XU� UHVXOWV� DOVR� VKRZHG� WKDW +<� QHJDWLYHO\� UHJXODWHV�

%58786� �%76� DQG� 323(<(� �3<(��� &KURPDWLQ� LPPXQRSUHFLSLWDWLRQ� IROORZHG� E\�

TXDQWLWDWLYH�SRO\PHUDVH�FKDLQ�UHDFWLRQ�UHYHDOHG�GLUHFW�ELQGLQJ�RI�+<��WR�WKH�SURPRWHUV�RI %76��

)52�� DQG� 3<(��$OWRJHWKHU�� RXU� UHVXOWV� VKRZHG� WKDW� +<�� SOD\V� DQ� LPSRUWDQW� UROH� LQ� WKH�

UHJXODWLRQ�RI�)H�GHILFLHQF\�UHVSRQVHV�LQ�$UDELGRSVLV� 

2.2 INTRODUCTION 
 

,URQ��)H��LV�DQ�LQGLVSHQVDEOH�PLFURQXWULHQW�IRU�ERWK�SODQWV�DQG�DQLPDOV��,W�SOD\V�DQ�LUUHSODFHDEOH�

UROH� LQ� PDQ\� FUXFLDO� SURFHVVHV� OLNH� UHVSLUDWLRQ�� SKRWRV\QWKHVLV�� KRUPRQH� ELRV\QWKHVLV��

SDWKRJHQ� GHIHQVH� DQG� FKORURSK\OO� ELRV\QWKHVLV� �+lQVFK� HW� DO��� ������ %DON� HW� DO��� �������

$OWKRXJK�)H�LV�SUHVHQW�LQ�DEXQGDQFH�LQ�VRLO��PRVW�RI�LW�LV�XQDYDLODEOH�IRU�DEVRUSWLRQ�WR�SODQWV��

$W�WKH�EDVLF�DQG�QHXWUDO�S+�LQ�WKH�ZHOO�DHUDWHG�VRLOV��LW�WHQGV�WR�IRUP�LQVROXEOH�FU\VWDOV�RI�IHUULF�

�)H����R[\K\GUDWHV��ZKLFK�FDQQRW�EH�WDNHQ�XS�E\�WKH�SODQWV��7KRPLQH�HW�DO��������� 

)RU�HIILFLHQW�)H�XSWDNH�IURP�WKH�VRLO��SODQWV�DGRSWHG�WZR�W\SHV�RI�VWUDWHJLHV��UHGXFWLRQ�EDVHG�

VWUDWHJ\��VWUDWHJ\�,���DQG�FKHODWLRQ�EDVHG�VWUDWHJ\��VWUDWHJ\�,,���$UDELGRSVLV�XWLOL]HV�UHGXFWLRQ�

EDVHG�VWUDWHJ\�IRU�)H�XSWDNH�IURP�VRLO��.RED\DVKL�HW�DO���������%UXPEDURYD�HW�DO����������,Q�

WKLV�VWUDWHJ\��SURWRQV�DUH�UHOHDVHG�LQWR�WKH�UKL]RVSKHUH�IURP�WKH�URRW�3/$60$�0(0%5$1(�
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352721�$73$6(� �� �$+$���� ZKLFK� DFLGLILHV� WKH� UKL]RVSKHUH� DQG�� WKXV�� LQFUHDVHV� WKH� )H�

VROXELOLW\��,Q�DGGLWLRQ�WR�WKLV��)H���LV�DOVR�FKHODWHG�DQG�PRELOL]HG�E\�FRXPDULQ�IDPLO\�SKHQROLFV�

UHOHDVHG�LQWR�WKH�UKL]RVSKHUH�E\�WKH�$%&�WUDQVSRUWHU�3'5���DOVR�QDPHG�$%&*����7VDL�HW�DO���

�������7KH�UHVXOWLQJ�VROXELOL]HG�)H���LV�UHGXFHG�WR�)H���E\�WKH�IHUULF�UHGXFWDVH��)52���HQ]\PH�

�&RQQROO\�HW�DO����������7KH�)H���LV�WDNHQ�LQVLGH�WKH�URRW�HSLGHUPDO�FHOOV�E\�WKH�,57��WUDQVSRUWHU�

�9HUW�HW�DO���������6DQWL�HW�DO���������)RXUFUR\�HW�DO���������� 

,Q� )H�GHILFLHQW� JURZWK� FRQGLWLRQV�� H[SUHVVLRQ� RI� )H�XSWDNH� JHQHV� LV� LQGXFHG� LQ� SODQWV� WR�

LPSURYH�WKH�)H�DEVRUSWLRQ�IURP�WKH�URRW�UKL]RVSKHUH��),7�KHWHURGLPHUL]HV�ZLWK�VXEJURXS�,E�

EDVLF� KHOL[�ORRS�KHOL[� �E+/+�� WUDQVFULSWLRQ� IDFWRUV� �7)V�� LQFOXGLQJ� E+/+���� E+/+����

E+/+����DQG�E+/+�����DQG�LQGXFHV�WKH�H[SUHVVLRQ�RI�)52��DQG�,57���<XDQ�HW�DO���������

:DQJ�HW�DO���������/LDQJ�HW�DO����������7KH�H[SUHVVLRQ�RI�VXEJURXS�,E�E+/+�7)V�LV�DOVR�LQGXFHG�

XQGHU�)H�GHILFLHQF\�DQG�WKHLU�H[SUHVVLRQ�LV�DFWLYDWHG�E\�VXEJURXS�,9F�E+/+�7)V�>E+/+����

E+/+�����E+/+�����,/5���,$$�/(8&,1(�5(6,67$17����DQG�E+/+���@��/L�HW�DO���������

/LDQJ�HW�DO����������,/5���LQ�DGGLWLRQ�WR� LWV�UROH�DV�D�WUDQVFULSWLRQDO�DFWLYDWRU��DOVR�DFWV�DV�D�

WUDQVFULSWLRQDO� UHSUHVVRU� E\� LQWHUDFWLQJ�ZLWK� 323(<(� �3<(��� DQG� QHJDWLYHO\� UHJXODWHV� WKH�

H[SUHVVLRQ�RI�JHQHV�LQYROYHG�LQ�)H�WUDQVSRUW��1$6��1,&27,$1$0,1(�6<17+$6(�����VWRUDJH�

�)(5��� )(5��� )(5��� 97/��9$&82/$5� ,521� 75$163257(5�/,.(� ��� DQG� DVVLPLODWLRQ�

�1((7���7LVVRW�HW�DO�����������7KH�VXEJURXS�,9F�E+/+�7)V�DUH�UHJXODWHG�DW�SURWHLQ�OHYHO��7KH�

%76��ZKLFK�LV�D�(��XELTXLWLQ�OLJDVH��LV�LQYROYHG�LQ�UHJXODWLQJ�WKH�VXEJURXS�,9F�E+/+�7)V�DW�

SURWHLQ�OHYHO��/RQJ�HW�DO���������6HORWH�HW�DO����������,W�GHJUDGHV�VXEJURXS�,9F�E+/+�7)V�XQGHU�

)H�VXIILFLHQW�FRQGLWLRQV��DQG�WKXV��QHJDWLYHO\�UHJXODWHV�)H�XSWDNH�WR�DYRLG�)H�RYHUORDG��6HORWH�

HW�DO����������7KH�%58786�/,.(���%76/���DQG�%76/���ZKLFK�DUH�WZR�FORVHO\�UHODWHG�5,1*�

(�� XELTXLWLQ� OLJDVHV�� DOVR� QHJDWLYHO\� UHJXODWH� )H� KRPHRVWDVLV� E\� GLUHFWO\� WDUJHWLQJ� ),7� IRU�

GHJUDGDWLRQ�E\�WKH���6�SURWHDVRPDO�SDWKZD\��5RGUtJXH]�&HOPD�HW�DO����������E+/+�����85,�

83675($0� 5(*8/$725� 2)� ,57��� KDV� DOVR� EHHQ� IRXQG� WR� SRVLWLYHO\� UHJXODWH� )H�

KRPHRVWDVLV�E\�LQWHUDFWLQJ�ZLWK�E+/+�,9F�7)V��.LP�HW�DO���������*DR��5REH��%HWWHPERXUJ��HW�

DO���������/HL�HW�DO���������� 

7KH�PHFKDQLVPV�EHKLQG� WKH�SHUFHSWLRQ�RI�)H�GHILFLHQF\� VWUHVV� DQG� WKH� WUDQVPLVVLRQ�RI� WKLV�

VLJQDO� WR� DFWLYDWH� WKH� )H�GHILFLHQF\� UHVSRQVH� DUH� QRW� FRPSOHWHO\� XQGHUVWRRG��0DQ\� UHSRUWV�

VXJJHVW� WKDW� KRUPRQHV� DQG� VPDOO� VLJQDOOLQJ�PROHFXOHV� OLNH� QLWULF� R[LGH� �12�� DOVR� SOD\� DQ�

LPSRUWDQW� UROH� LQ� UHJXODWLQJ� WKH�H[SUHVVLRQ�RI�JHQHV� LQYROYHG� LQ� )H�VLJQDOLQJ�� ,Q�6WUDWHJ\� ,�

SODQWV��DX[LQ�DQG�HWK\OHQH�FRQFHQWUDWLRQ�LQFUHDVH�LQ�)H�GHILFLHQW�URRWV��ZKHUH�WKH\�KDYH�EHHQ�

LPSOLFDWHG� LQ� WKH� DFWLYDWLRQ� RI� VHYHUDO� )H�UHODWHG� JHQHV�� OLNH� ),7�� )52��� ,57�� DQG� RWKHUV�
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�5RPHUD�HW�DO���������/XFHQD�HW�DO���������:DWHUV�HW�DO���������*DUFtD�HW�DO���������*DUFtD�HW�DO���

������/LQJDP�HW�DO���������0HLVHU�HW�DO���������<DQJ�HW�DO���������<DQJ�HW�DO���������/XFHQD�HW�

DO���������%DFDLFRD�HW�DO����������(WK\OHQH�V\QWKHVLV�LV�UHSRUWHG�WR�EH�UHJXODWHG�QHJDWLYHO\�E\�

/2',6��/21*�',67$1&(�,521�6,*1$/���/2',6�DFWV�DV�D�VLJQDO�PRYLQJ�IURP�VKRRWV�WR�

URRWV�OHDGLQJ�WR�D�GHFUHDVH�LQ�HWK\OHQH�DFFXPXODWLRQ�XQGHU�)H�VXIILFLHQW�FRQGLWLRQV��*DUFtD�HW�

DO����������12�KDV�DOVR�EHHQ�IRXQG�WR�SRVLWLYHO\�UHJXODWH�WKH�H[SUHVVLRQ�RI�JHQHV�LQYROYHG�LQ�

)H�XSWDNH�JHQHV�LQ�WRPDWR��*UD]LDQR�HW�DO�����������,Q�$UDELGRSVLV��12�KDV�EHHQ�IRXQG�WR�DFW�

GRZQVWUHDP�WR�DX[LQ�WR�LQGXFH�)52��DFWLYLW\�XQGHU�)H�GHILFLHQF\��&KHQ�HW�DO����������,521�

0$1� SHSWLGHV� �,0$V��� D� FODVV� RI� VPDOO� SHSWLGHV� LQGXFHG� XQGHU� )H�GHILFLHQF\�� KDYH� EHHQ�

UHFHQWO\�SURSRVHG�WR�EH�LQYROYHG�LQ�)H�VLJQDOLQJ��7KH\�SOD\�D�UROH�LQ�DFWLYDWLQJ�)H�GHILFLHQF\�

UHVSRQVHV�E\�LQWHUDFWLQJ�ZLWK�%76�DQG�SURPRWLQJ�WKH�DFFXPXODWLRQ�RI�E+/+����DQG�E+/+����

�*ULOOHW�HW�DO�������E��/L�HW�DO��������� 

(ORQJDWHG�+\SRFRW\O����+<���LV�D�PHPEHU�RI�WKH�EDVLF�OHXFLQH�]LSSHU��E=,3��IDPLO\�RI�7)V�

DQG� LV� D� FUXFLDO� UHJXODWRU�RI�SKRWRPRUSKRJHQHVLV��K\��PXWDQW�KDV� OHVV� FKORURSK\OO� FRQWHQW��

HORQJDWHG�K\SRFRW\O�DQG�LQFUHDVHG�QXPEHU�RI�ODWHUDO�URRWV�DV�FRPSDUHG�ZLWK�WKH�:7�SODQWV�

�2\DPD�HW�DO���������$QJ�HW�DO���������+ROP�HW�DO����������,W�LV�DOVR�NQRZQ�WR�SRVLWLYHO\�UHJXODWH�

FRSSHU��VXOIXU��DQG�SKRVSKRURXV�VLJQDOOLQJ�SDWKZD\V��-RQDVVHQ�HW�DO���������/LOOR��������/HH�HW�

DO���������<DQDJLVDZD��������=KDQJ�HW�DO���������+XDQJ�HW�DO����������7KHUH�DUH�VRPH�UHSRUWV�

WKDW�LQGLFDWH�+<��WR�KDYH�D�EURDGHU�UROH�LQ�)H�VLJQDOOLQJ��%UXPEDURYD�DQG�,YDQRY��������9pOH]�

%HUP~GH]�DQG�6FKPLGW���������$�VWXG\�SUHGLFWHG�+<���3,)���DQG�1)�<�WR�EH�PDVWHU�UHJXODWRUV�

UHVSRQVLEOH�IRU�UHPRGHOOLQJ�WKH�$UDELGRSVLV�WUDQVFULSWRPH�LQ�UHVSRQVH�WR�IOXFWXDWLQJ�QXWULHQW�

DYDLODELOLW\��,Q�WKLV�VWXG\��JHQH�FRH[SUHVVLRQ�DQDO\VLV�ZDV�GRQH�RQ�WKLUWHHQ�GLIIHUHQW�QXWULHQW�

FRQGLWLRQV�DQG�+<��LV�VSHFXODWHG�WR�EH�D�PDVWHU�UHJXODWRU�RI�)H�KRPHRVWDVLV���%UXPEDURYD�HW�

DO��� ������� 0DQ\� )H�UHVSRQVLYH� JHQHV� FRQWDLQ� +<�� ELQGLQJ� VLWHV� LQ� WKHLU� SURPRWHUV� LQ�

$UDELGRSVLV��9pOH]�%HUP~GH]�HW�DO����������5HFHQWO\��LQ�WRPDWR��+<��KDV�EHHQ�VKRZQ�WR�EH�

LQYROYHG�LQ�UHJXODWLQJ�)H�XSWDNH��7KH�SK\WRFKURPH�%��3+<%��JHWV�DFWLYDWHG�E\�UHG�OLJKW�DQG�

LQGXFHV�+<���ZKLFK�WKHQ�PRYHV�IURP�VKRRW�WR�URRWV�DQG�WULJJHUV�)H�XSWDNH�E\�LQGXFLQJ�)(5�

H[SUHVVLRQ��*XR�HW�DO����������+RZHYHU��WKH�UROH�RI�+<��LQ�)H�VLJQDOLQJ�KDV�QRW�EHHQ�VWXGLHG�

LQ�GHWDLO�WLOO�QRZ��� 

,Q� WKLV� VWXG\�� ZH� UHSRUW� WKDW� +<�� LV� LQYROYHG� LQ� UHJXODWLQJ� )H�GHILFLHQF\� UHVSRQVHV� LQ�

$UDELGRSVLV��+<��IXQFWLRQ�LV�FUXFLDO�IRU�SULPDU\�URRW�JURZWK�XQGHU�)H�OLPLWLQJ�FRQGLWLRQV��:H�

IRXQG�WKDW�+<��LV�UHTXLUHG�IRU�UHJXODWLQJ�WKH�H[SUHVVLRQ�RI�JHQHV�LQYROYHG�LQ�)H�DFTXLVLWLRQ�

DQG�KRPHRVWDVLV��ZKLFK�LQFOXGHV�,57���),7��)52���3<(�DQG�%76��DV�ZHOO�DV�JHQHV�LQYROYHG�LQ�
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FRXPDULQ�ELRV\QWKHVLV��&<3��&���6�+��)�¶+��DQG�%*/8����2XU�GDWD�DOVR�LQGLFDWH�WKDW�+<��

DFWV� DV� D� QHJDWLYH� UHJXODWRU� RI� %76� DQG� 3<(� WR� PRGXODWH� )H�GHILFLHQF\� UHVSRQVHV� LQ�

$UDELGRSVLV��:H� FRQFOXGH� WKDW�+<�� DFWV� DV� D� NH\� SOD\HU� WR� UHJXODWH� JHQHV� LQYROYHG� LQ� )H�

KRPHRVWDVLV�SDWKZD\�LQ�$UDELGRSVLV�� 

����5(68/76� 

������K\��PXWDQW�KDV�DQ�LPSDLUHG�)H�GHILFLHQF\�UHVSRQVH�� 

7R�LQYHVWLJDWH�WKH�UROH�RI�+<��LQ�)H�KRPHRVWDVLV��ZH�XVHG�D�7�'1$�LQVHUWLRQDO�PXWDQW�RI�K\��

DQG�FRPSDUHG�LWV�SKHQRW\SH�ZLWK�WKH�:7�SODQWV��,W�LV�NQRZQ�WKDW�WKH�SULPDU\�URRW�OHQJWK�RI�

:7� SODQWV� LQFUHDVHV� XQGHU� PLOG� )H�GHILFLHQF\�� UHPDLQV� XQFKDQJHG� XQGHU� PRGHUDWH� )H�

GHILFLHQF\�DQG�GHFUHDVHV�XQGHU�VHYHUH�)H�GHILFLHQF\��*UXEHU�HW�DO����������,Q�DGGLWLRQ�WR�WKH�

FKDQJHV� LQ� URRW� OHQJWK�� WKH� FKORURSK\OO� FRQWHQW� LV� DOVR� NQRZQ� WR� JHW� UHGXFHG� XQGHU� )H�

GHILFLHQF\� FRQGLWLRQV�� 2XU� SKHQRW\SLF� DQDO\VLV� UHYHDOHG� WKDW� HLWKHU� WKHUH�ZDV� D� VLJQLILFDQW�

LQFUHDVH�LQ�WKH�SULPDU\�URRW�OHQJWK�RI�WKH�:7�VHHGOLQJV�ZKHQ�JURZQ�RQ��)H�DV�FRPSDUHG�ZLWK�

WKH��)H�RU�LW�UHPDLQV�XQFKDQJHG�XQGHU��)H��)LJXUH����D��E�DQG�)LJXUH����D���,Q�FRQWUDVW�WR�WKH�

:7��WKH�K\��PXWDQW�URRW�OHQJWK�ZDV�FRQVLVWHQWO\�DQG�VLJQLILFDQWO\�GHFUHDVHG�ZKHQ�JURZQ�RQ��

)H�DV�FRPSDUHG�WR��)H��)LJXUH����D��E���7KH�RYHUDOO�JURZWK�RI�WKH�K\��PXWDQW�ZDV�VWXQWHG�DQG�

OHDYHV�ZHUH�PRUH�FKORURWLF�DV�FRPSDUHG�WR�WKH�:7�XQGHU��)H��7KLV�LQGLFDWHV�WKDW�WKH�UHGXFWLRQ�

LQ�FKORURSK\OO�FRQWHQW�LV�PRUH�LQ�FDVH�RI�K\��PXWDQW�DV�FRPSDUHG�WR�:7��7R�FRQILUP�WKLV��ZH�

FDOFXODWHG�WKH�SHUFHQWDJH�UHGXFWLRQ�LQ�FKORURSK\OO�FRQWHQW�RI�:7�DQG�K\��PXWDQW�JURZQ�RQ��

)H�PHGLD� FRPSDUHG�ZLWK� WKRVH� JURZQ� RQ� �)H� IRU� ��� GD\V��:H� IRXQG� WKDW�K\��PXWDQW� KDV�

VLJQLILFDQWO\�KLJKHU�UHGXFWLRQ�������LQ�FKORURSK\OO�FRQWHQW�DV�FRPSDUHG�ZLWK�:7�SODQWV�������

�)LJXUH����F���7KHVH�UHVXOWV�VXJJHVW�WKDW�K\��PXWDQW�LV�PRUH�VHQVLWLYH�WR��)H�DV�FRPSDUHG�ZLWK�

WKH�:7� 

7R�FRQILUP�WKDW�WKH�SKHQRW\SH�REVHUYHG�LQ�K\��PXWDQW�ZDV�LQGHHG�GXH�WR�ORVV�RI�+<��IXQFWLRQ��

ZH�FRPSOHPHQWHG�WKH�K\��PXWDQW�SODQWV�E\�WUDQVIRUPLQJ�WKHP�ZLWK�D�YHFWRU�FRQWDLQLQJ�FRGLQJ�

VHTXHQFH�RI�HQKDQFHG�JUHHQ�IOXRUHVFHQW�WUDQVODWLRQDOO\�IXVHG�DW�&�WHUPLQXV�RI�WKH�+<��FRGLQJ�

VHTXHQFH��7KH�UHVXOWLQJ�FDVVHWWH�ZDV�SODFHG�XQGHU�+<��SURPRWHU��3UR+<��+<��H*)3���:H�

VHOHFWHG� WZR� LQGHSHQGHQW� 7�� FRPSOHPHQWDWLRQ� WUDQVJHQLF� OLQHV� 3���� DQG� 3���

�3UR+<��+<��H*)3�K\����,Q�RUGHU�WR�FRQILUP�WKH�OLQHV��ZH�FKHFNHG�WKH�+<��H*)3�SURWHLQ�

H[SUHVVLRQ� LQ� WKH� 3UR+<��+<��H*)3�K\�� �3���� DQG� 3���� FRPSOHPHQWDWLRQ� OLQHV� XVLQJ�

FRQIRFDO�PLFURVFRS\��:H�IRXQG�WKDW�+<��H*)3�IXVLRQ�SURWHLQ�LV�XQLIRUPO\�H[SUHVVHG�LQ�DOO�WKH�

FHOO� OD\HUV� LQ� URRW� �)LJXUH����D���3UR+<��+<��H*)3�K\�� �3����DQG�3���� OLQHV� VKRZHG�RQO\�
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������� DQG� ������� UHGXFWLRQ� LQ� URRW� OHQJWK� XQGHU� )H�GHILFLHQW� FRQGLWLRQ�� DV� RSSRVHG� WR�

�������UHGXFWLRQ�RI�URRW�OHQJWK�REVHUYHG�LQ�K\��PXWDQW��)LJXUH����D��E����:H�DOVR�PHDVXUHG�

WKH�SHUFHQWDJH�UHGXFWLRQ�LQ�FKORURSK\OO�FRQWHQW�RI�WKH�:7��K\��DQG�WKH�3UR+<��+<��H*)3�K\��

�3����DQG�3�����7KH�SHUFHQWDJH�UHGXFWLRQ�LQ�FKORURSK\OO�FRQWHQW�RI�WKH�UHVFXH�OLQHV�ZDV�VOLJKWO\�

OHVV�EXW�QRW�VLJQLILFDQWO\�OHVV�DV�FRPSDUHG�ZLWK�WKH�K\��PXWDQW�DQG�LW�ZDV�PRUH�DV�FRPSDUHG�WR�

WKH�:7��)LJXUH����F���7R�GHWHUPLQH�WKH�UROH�RI�+<��RQ�)H�DFFXPXODWLRQ�LQ�YLYR��ZH�SHUIRUPHG�

3HUOV�DV�ZHOO�DV�3HUOV�'DE�VWDLQLQJ��:H�IRXQG�WKDW�K\��PXWDQW�URRWV�DFFXPXODWHG�OHVV�)H�DV�

FRPSDUHG�ZLWK�:7��,Q�3UR+<��+<��H*)3�K\��OLQH��WKH�)H�FRQWHQW�DSSHDUV�WR�EH�PRUH�WKDQ�

K\�� EXW� OHVV� WKDQ� :7� �)LJXUH� ���G�� H��� 7KHVH� UHVXOWV� LQGLFDWH� WKDW� UHVFXH� OLQHV� SDUWLDOO\�
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Figure 1

hy5 mutant has less tolerance to Fe deficiency.

(a) Phenotypes of the Arabidopsis wild type (WT), hy5 and pHY5:HY5:eGFP/hy5 (P-13 and P-8) grown for 10 days on Fe-sufficient
and Fe-deficient medium. Scale bars, 1 cm. (b) Boxplot of root length of the wild type (WT), hy5 and pHY5:HY5:eGFP/hy5 (P-13 and
P-8) grown for 10 days on Fe-sufficient and Fe-deficient medium. (c) Percentage reduction in Chlorophyll content of the wild type
(WT), hy5 and pHY5:HY5:eGFP/hy5 (P-13 and P-8) grown on ±Fe as compared to those grown on +Fe. Data shown is an average of
three independent experiments. Each experiment consists of 4 biological replicates and each replicate consists of a pool of around six
seedlings. Error bars represent �SEM. Means within each condition with the same letter are not significantly different according to
one-way ANOVA followed by post hoc Tukey test, P < 0.05. (d) 3HUO¶V stained and (e) Perls/Dab stained maturation zone of WT, hy5
and pHY5:HY5:eGFP/hy5 (P-8) grown on Fe-sufficient medium for 5 days. Bars = 100µm.
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Figure 2.

35S:HA:HY5/hy5 rescues the hy5 mutant phenotype.

(a) Phenotypes of the Arabidopsis wild type (WT), hy5 and 35S:HY5:HA/hy5 grown for 10 days on Fe-sufficient and Fe-deficient
medium. Scale bars, 1 cm. (b) Boxplot of root length of the wild type (WT), hy5 and 35S:HY5:HA/hy5 grown for 10 days on Fe-
sufficient and Fe-deficient medium. (c) Chlorophyll content of the wild type (WT), hy5 and 35S:HY5:HA/hy5 grown for 10 days on Fe-
sufficient and Fe-deficient medium. Data shown is an average of three independent experiments. Each experiment consists of 3 to 4
biological replicates and each replicate consists of a pool of around six seedlings. Error bars represent �SEM. Means within each
condition with the same letter are not significantly different according to one-way ANOVA followed by post hoc Tukey test, P < 0.05.
(d) 3HUO¶V and Perls/Dab (e) stained maturation zone of WT, hy5 and 35S:HY5:HA/hy5A/hy5 grown on Fe-sufficient medium for 5
days. Bars = 100µM.
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Figure S2. (a) Confocal microscopy of roots from the complementation lines pHY5:HY5:eGFP/hy5 (P-13 and P-8). Seedlings grown
on +Fe media for 7 days were stained with PI for imaging (Scale bar:100µM). (b) Expression levels of HY5. Relative expression was
determined by qRT-PCR in WT seedlings grown on +Fe media for 6 days and transferred to both +Fe and ±Fe (+300µM Fz) for
three days. Data shown is an average of three biological replicates (n=2 technical replicates). Each biological replicate consists of
pooled RNA extracted from roots of ~ 90 seedlings. Error bars represent �SEM.*Significant difference by 6WXGHQW¶V t test �3�0.05).
(c) Western blot analysis. WT seedlings grown on +Fe for four days were transferred to both +Fe and ±Fe(+300µM Fz) for three
days. Native HY5 was visualized with an anti-HY5 antibody. The numbers written below the gel lanes represent the relative protein
levels of HY5 under ±Fe as compared to +Fe determined from band intensity using ImageJ software and normalized relative to
ponceau staining. Two independent experiments were repeated with similar results. * Cross-reacting band.
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Figure S2. (a) Confocal microscopy of roots from the complementation lines pHY5:HY5:eGFP/hy5 (P-13 and P-8). Seedlings grown
on +Fe media for 7 days were stained with PI for imaging (Scale bar:100µM). (b) Expression levels of HY5. Relative expression was
determined by qRT-PCR in WT seedlings grown on +Fe media for 6 days and transferred to both +Fe and ±Fe (+300µM Fz) for
three days. Data shown is an average of three biological replicates (n=2 technical replicates). Each biological replicate consists of
pooled RNA extracted from roots of ~ 90 seedlings. Error bars represent �SEM.*Significant difference by 6WXGHQW¶V t test �3�0.05).
(c) Western blot analysis. WT seedlings grown on +Fe for four days were transferred to both +Fe and ±Fe(+300µM Fz) for three
days. Native HY5 was visualized with an anti-HY5 antibody. The numbers written below the gel lanes represent the relative protein
levels of HY5 under ±Fe as compared to +Fe determined from band intensity using ImageJ software and normalized relative to
ponceau staining. Two independent experiments were repeated with similar results. * Cross-reacting band.
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Figure S3. HY5 regulates primary root growth under ±Fe independently of HYH.

(a) Phenotypes of the Arabidopsis wild type (WS), hy5, hyh and hy5hyh grown for 10 days on Fe-sufficient and Fe-deficient medium.

Scale bars, 1cm. (b) Boxplot of root length of the wild type (WS), hy5, hyh and hy5hyh grown for 10 days on Fe-sufficient and Fe-

deficient medium. Means within each condition with the same letter are not significantly different according to one-way ANOVA followed

by post hoc Tukey test, P < 0.05.
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Figure S4. Phenotypes of the WT, hy5, pHY5:HY5:eGFP/hy5 (P-13 and P-8) grown on normal soil (pH 5.0-6.0), alkaline soil (pH 7.0-
8.0) and alkaline soil watered with Fe-EDDHA (Ethylenediamine di-2-hydroxyphenyl acetate ferric) for two weeks. Bars =10mm.
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)LJXUH������+<��UHJXODWHV�SULPDU\�URRW�JURZWK�XQGHU�±)H�FRQGLWLRQV� LQGHSHQGHQWO\�RI�
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PHGLXP�� 0HDQV� ZLWKLQ� HDFK� FRQGLWLRQ� ZLWK� WKH� VDPH� OHWWHU� DUH� QRW� VLJQLILFDQWO\� GLIIHUHQW�

DFFRUGLQJ�WR�RQH�ZD\�$129$�IROORZHG�E\�SRVW�KRF�7XNH\�WHVW��3�������� 

������+<��UHJXODWHV�WKH�H[SUHVVLRQ�RI�)H�GHILFLHQF\�UHVSRQVLYH�JHQHV� 

2XU�ILQGLQJV�UHYHDOHG�WKDW�K\��PXWDQW�KDV�UHGXFHG�WROHUDQFH�WR�)H�GHILFLHQF\��7R�LQYHVWLJDWH�

WKH�UROH�RI�+<��LQ�)H�DFTXLVLWLRQ�DQG�KRPHRVWDVLV��ZH�FKHFNHG�WKH�H[SUHVVLRQ�RI�)H�GHILFLHQF\�

UHVSRQVLYH�JHQHV� LQ� WKH�K\��PXWDQW�� �([SUHVVLRQ�RI�),7�� ,57��DQG�)52��ZDV� VLJQLILFDQWO\�

UHGXFHG�LQ�WKH�K\��PXWDQW�FRPSDUHG�ZLWK�WKH�:7�SODQWV�XQGHU�)H�GHILFLHQF\��)LJXUH����D���

7KLV�LQGLFDWHV�WKDW�+<��IXQFWLRQ�LV�LPSRUWDQW�IRU�WKH�RSWLPXP�LQGXFWLRQ�RI�NH\�JHQHV�LQYROYHG�

WT hy5 phyB-9 WT hy5 phyB-9

+Fe -Fe

Fig. S5. HY5 regulates primary root growth under ±Fe conditions independently of PHYB.

(a) Phenotypes of the Arabidopsis wild type (WT), hy5, hyh and phyB-9 grown for 10 days on Fe-sufficient and Fe-deficient medium.

Scale bars, 1cm. (b) Boxplot of root length of the wild type (WT), hy5, hyh and phyB-9 grown for 10 days on Fe-sufficient and Fe-

deficient medium. Means within each condition with the same letter are not significantly different according to one-way ANOVA followed

by post hoc Tukey test, P < 0.05.
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)LJXUH������([SUHVVLRQ�RI�)H�UHODWHG�JHQHV�LQ�WKH�K\��PXWDQW���D��([SUHVVLRQ�OHYHOV�RI�,57���

)52��DQG�),7���E��([SUHVVLRQ�OHYHOV�RI�VXEJURXS�,E�E+/+�7)V��E+/+������������DQG�������

�F��([SUHVVLRQ�OHYHO�RI�3<(��5HODWLYH�H[SUHVVLRQ�ZDV�GHWHUPLQHG�E\�T57�3&5�LQ�:7�DQG�K\��

PXWDQW�VHHGOLQJV�JURZQ�RQ��)H�PHGLD�IRU���GD\V�DQG�WUDQVIHUUHG�WR�ERWK��)H�DQG�±)H�������0�

)]�� IRU� WKUHH� GD\V�� 'DWD� VKRZQ� LV� DQ� DYHUDJH� RI� WKUHH� ELRORJLFDO� UHSOLFDWHV� �Q �� WHFKQLFDO�

UHSOLFDWHV���(DFK�ELRORJLFDO� UHSOLFDWH� FRQVLVWV� RI� SRROHG�51$�H[WUDFWHG� IURP� URRWV� RI� a� ���

VHHGOLQJV��(UURU�EDUV�UHSUHVHQW��6(0�6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�W�WHVW��3���������G��

$QDO\VLV�RI�S,57��*86�JHQH�DFWLYLW\� LQ�:7�&RO���DQG�K\��PXWDQW�VHHGOLQJV�H[SUHVVLQJ� LW��

3ODQWV�ZHUH�JURZQ�RQ�±)H�PHGLD�IRU���GD\V�DQG�ZHUH�VWDLQHG�IRU�*86�DFWLYLW\�� 

Figure 3.

Expression of Fe-related genes in the hy5 mutant.

(a) Expression levels of IRT1, FRO2 and FIT. (b) Expression levels of subgroup Ib bHLH TFs (bHLH 38, 39,100 and 101). (c) Expression
level of PYE. Relative expression was determined by qRT-PCR in WT and hy5 mutant seedlings grown on +Fe media for 6 days and
transferred to both +Fe and ±Fe (+300µM Fz) for three days. Data shown is an average of three biological replicates (n=2 technical
replicates). Each biological replicate consists of pooled RNA extracted from roots of ~ 90 seedlings. Error bars represent �SEM.*Significant
difference by 6WXGHQW¶V t test �3�0.05). (d) Analysis of pIRT1:GUS gene activity in WT Col-0 and hy5 mutant seedlings expressing it. Plants
were grown on ±Fe media for 8 days and were stained for GUS activity.
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Figure S6.  Expression levels of genes related to Fe homeostasis in the hy5 mutant.
Expression levels of  BTSL1, BTSL2, IMA1, IMA2 and IMA3. Relative expression was determined by qRT-PCR in WT and hy5
mutant seedlings grown on +Fe media for 6 days and transferred to both +Fe and ±Fe (+300µM Fz) for three days. Data shown is 
an average of three biological replicates. Error bars represent �6(0�6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�W�WHVW��3�������
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�)LJXUH� ����E��� :H� SHUIRUPHG� FKURPDWLQ� LPPXQRSUHFLSLWDWLRQ� �&K,3��T3&5� H[SHULPHQWV�
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Figure S7. Ferric-chelate reductase activity of the wild type (WT) and hy5 mutant. Plants were grown for 5 days on +Fe 
and transferred to +Fe-sufficient or ±Fe (+300µM Fz) for 3 days. Data shown is an average of three independent 
experiments. Each experiment consists of five to six biological replicates and each biological replicate consists of a pool of 
around 50 roots. Error bars represent �SEM. Significantly different (*) according to one-way ANOVA followed by post hoc 
Tukey test, P < 0.05.
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Figure S8 (a) Schematic diagram of the promoter of the IRT1 and FIT. White boxes represent CG-Hybrid, grey boxes represent G-
boxes, orange boxes represent CA-Hybrid and yellow boxes represent Z-boxes. Lines under the boxes represent region I and region II. 
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Figure 4. 

HY5 directly binds on FRO2 and PYE promoter. 

(a) Schematic diagram of the promoter of the FRO2 and PYE. White boxes represent CG-Hybrid, grey boxes represent G-
boxes, orange boxes represent CA-Hybrid and yellow boxes represent Z-boxes. Lines under the boxes represent 
sequences detected by ChIP qPCR. (b) ChIP-qPCR showing relative enrichment of the FRO2 and PYE regulatory regions 
bound by HY5.. The ChIP assay was performed using pHY5::HY5:YFP/hy5 and 35S:eGFP seedlings grown on +Fe media 
for 10 days. Error bars represent �SEM. 6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�W�WHVW��3�������
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SHUIRUPHG�XVLQJ�S+<���+<��<)3�K\��DQG���6�H*)3�VHHGOLQJV�JURZQRQ��)H�PHGLD� IRU����

GD\V��(UURU�EDUV�UHSUHVHQW��6(0��6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�W�WHVW��3������� 

������+<��IXQFWLRQV�XSVWUHDP�WR�%76 

%76�DFWV�DV�D�QHJDWLYH�UHJXODWRU�RI�)H�XSWDNH�E\�FRQWUROOLQJ�E+/+�VXEJURXS�,9F�SURWHLQ�OHYHOV�

WKURXJK�SURWHDVRPDO�GHJUDGDWLRQ��6HORWH�HW�DO����������2XU�T57�3&5�DQDO\VLV�VKRZHG�WKDW�%76�

LV� LQGXFHG� VOLJKWO\�PRUH� LQ� WKH� K\��PXWDQW� DV� FRPSDUHG�ZLWK� WKH�:7� XQGHU� �)H�� DQG� WKH�

LQGXFWLRQ�EHFRPHV� VLJQLILFDQWO\�KLJKHU�XQGHU� �)H� �)LJXUH�����D���7R� ILQG�ZKHWKHU�+<�� KDV�

DELOLW\�WR�UHJXODWH�%76�GLUHFWO\��ZH�GLG�LQ�VLOLFR�DQDO\VLV�RI�WKH�SURPRWHU�VHTXHQFH�RI�%76��:H�

IRXQG�+<��ELQGLQJ�PRWLIV��WKUHH�*�ER[HV��RQH�&*�+\EULG�ZLWKLQ�����WR�����ES�XSVWUHDP�WR�

$7*��UHJLRQ�,��DQG�RQH�&*�+\EULG������ES�XSVWUHDP��UHJLRQ�,,��WR�$7*�LQ�WKH�SURPRWHU�RI�

%76��)LJXUH�����E���%DVHG�RQ�WKLV��ZH�K\SRWKHVL]HG�WKDW�+<��PD\�ELQG�GLUHFWO\�WR�WKH�%76�

SURPRWHU��7R�FRQILUP�WKLV��ZH�SHUIRUPHG�&K,3�T3&5�H[SHULPHQWV�XVLQJ�DQWL�*)3�DQWLERG\��

)RU�&K,3�H[SHULPHQWV��3UR�+<��+<��<)3��WUDQVJHQH�UHVFXLQJ�K\��PXWDQW�SKHQRW\SH�DV�ZHOO�

DV�:7����6�H*)3��ZDV�XVHG��:H�IRXQG�VLJQLILFDQW�HQULFKPHQW�RI�UHJLRQ�,�RI�%76�SURPRWHU�

ZLWK�+<��H*)3�SURWHLQ� LQ�&K,3�DVVD\� �)LJXUH�����E���7KLV�REVHUYDWLRQ� LQGLFDWHV� WKDW�+<��

GLUHFWO\�ELQGV�WR�WKH�SURPRWHU�RI�%76� 

7R�IXUWKHU�LQYHVWLJDWH�WKH�UROH�RI�+<��LQ�UHJXODWLQJ�%76�H[SUHVVLRQ�LQ�SODQWD��ZH�H[SUHVVHG�

3UR%76�+�%�<)3�UHSRUWHU�FRQVWUXFW�LQ�:7�DQG�FURVVHG�LW�ZLWK�K\��PXWDQW�DQG�FKHFNHG�<)3�

IOXRUHVFHQFH��3UR%76�+�%�<)3�VKRZHG�LQFUHDVHG�IOXRUHVFHQFH�LQ�K\��PXWDQW�LQ�ERWK��)H�DQG�

±)H�FRQGLWLRQV��)LJXUH�����F���:H�VHOHFWHG�WZR�UHJLRQV�RI�WKH�PDWXUDWLRQ�]RQH�IRU�REVHUYLQJ�

WKH�VLJQDO�DV�WKH�VLJQDO�ZDV�FOHDUO\�YLVLEOH�LQ�WKH�PDWXUDWLRQ�]RQH��:H�DOVR�TXDQWLILHG�WKH�VLJQDO�

LQ�WKHVH�UHJLRQV�RI�WKH�PDWXUDWLRQ�]RQH��,Q�UHJLRQ�,��WKH�VLJQDO�ZDV�IRXQG�WR�EH�PRUH�LQ�WKH�K\��

PXWDQW� XQGHU� ERWK� �)H� DQG� �)H� FRQGLWLRQV�� EXW� LW� ZDV� VLJQLILFDQWO\� KLJKHU� RQO\� XQGHU� �)H�

FRQGLWLRQV��)LJXUH�����D����,Q�UHJLRQ�,,��ZH�IRXQG�WKH�VLJQDO�WR�EH�VLJQLILFDQWO\�KLJKHU�LQ�WKH�

K\�� PXWDQW� XQGHU� ERWK� �)H� DQG� �)H� FRQGLWLRQV� �)LJXUH� ����E��� 7R� IXUWKHU� YDOLGDWH� RXU�

REVHUYDWLRQ��ZH�FURVVHG�3UR%76�*86��OLQH�ZLWK�K\���:H�FRPSDUHG�3UR%76�*86�DFWLYLW\�LQ�

WKH� :7� DQG� K\�� EDFNJURXQG� JURZQ� RQ� ERWK� �)H� DQG� ±)H� IRU� �� GD\V�� 6LPLODU� WR��

3UR%76�+�%�<)3��LQ�WKH�K\��PXWDQW��ZH�REVHUYHG�D�VWURQJHU�LQGXFWLRQ�RI�WKH�UHSRUWHU�JHQH��LQ�

WKH�PDWXUDWLRQ�]RQH��DV�FRPSDUHG�ZLWK� WKH�:7�SODQWV�XQGHU� �)H�FRQGLWLRQV� �)LJXUH�����G���

$OWRJHWKHU��WKHVH�REVHUYDWLRQV�LQGLFDWH�WKDW�+<��QHJDWLYHO\�UHJXODWHV�WKH�H[SUHVVLRQ�RI�%76�� 
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)LJXUH� ������ +<�� GLUHFWO\� ELQGV� RQ� %76� SURPRWHU� DQG� UHJXODWHV� LWV� H[SUHVVLRQ�� �D��

([SUHVVLRQ�OHYHOV�RI�%76��5HODWLYH�H[SUHVVLRQ�ZDV�GHWHUPLQHG�E\�T57�3&5�LQ�:7�DQG�K\��

PXWDQW�VHHGOLQJV�JURZQ�RQ��)H�PHGLD�IRU���GD\V�DQG�WUDQVIHUUHG�WR�ERWK��)H�DQG�±)H�������0�

)]�� IRU� WKUHH� GD\V�� 'DWD� VKRZQ� LV� DQ� DYHUDJH� RI� WKUHH� ELRORJLFDO� UHSOLFDWHV� �Q �� WHFKQLFDO�

UHSOLFDWHV���(DFK�ELRORJLFDO�UHSOLFDWH�FRQVLVWV�RI�SRROHG�51$�H[WUDFWHG�IURP�a����VHHGOLQJV��

(UURU�EDUV�UHSUHVHQW��6(0�6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�W�WHVW��3���������E��6FKHPDWLF�

GLDJUDP�RI�WKH�SURPRWHU�RI�WKH�%76�DQG�&K,3�T3&5�VKRZLQJ�UHODWLYH�HQULFKPHQW�RI�WKH�%76�

UHJXODWRU\�UHJLRQV�ERXQG�E\�+<���:KLWH�ER[HV�UHSUHVHQW�&*�+\EULG��JUH\�ER[HV�UHSUHVHQW�*�

Figure 5.

HY5 directly binds on BTS promoter and regulates its expression.

(a) Expression levels of BTS. Relative expression was determined by qRT-PCR in WT and hy5 mutant seedlings grown on +Fe media for 6
days and transferred to both +Fe and ±Fe (+300µM Fz) for three days. Data shown is an average of three biological replicates (n=2
technical replicates). Each biological replicate consists of pooled RNA extracted from ~ 90 seedlings. Error bars represent
�SEM.*Significant difference by 6WXGHQW¶V t test �3�0.05). (b) Schematic diagram of the promoter of the BTS and ChIP-qPCR showing
relative enrichment of the BTS regulatory regions bound by HY5. White boxes represent CG-Hybrid, grey boxes represent G-boxes. Lines
under the boxes represent sequences detected by ChIP qPCR. The ChIP assay was performed using pHY5::HY5:YFP/hy5 and 35S:eGFP
seedlings grown on +Fe media for 10 days. Error bars represent �SEM. (c) Analysis of pBTS:H2B:YFP expression in WT Col-0 and hy5
mutant (maturation zone region I and region II) seedlings grown on +Fe and ±Fe for 8 days using confocal microscopy (d) Analysis of
pBTS:GUS gene activity in WT Col-0 and hy5 mutant seedlings expressing it. Plants grown under +Fe and ±Fe media for 8 days were
stained for GUS activity.
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ER[HV��/LQHV�XQGHU�WKH�ER[HV�UHSUHVHQW�VHTXHQFHV�GHWHFWHG�E\�&K,3�T3&5��7KH�&K,3�DVVD\�ZDV�

SHUIRUPHG�XVLQJ�S+<���+<��<)3�K\��DQG���6�H*)3�VHHGOLQJV�JURZQ�RQ��)H�PHGLD�IRU����

GD\V��(UURU�EDUV�UHSUHVHQW��6(0���F��$QDO\VLV�RI�S%76�+�%�<)3�H[SUHVVLRQ�LQ�LQ�:7�&RO���

DQG�K\��PXWDQW�VHHGOLQJV�JURZQ�RQ��)H�DQG�±)H�IRU���GD\V�XVLQJ�FRQIRFDO�PLFURVFRS\��G��

$QDO\VLV� RI�S%76�*86� JHQH� DFWLYLW\� LQ�:7�&RO��� DQG�K\��PXWDQW� VHHGOLQJV� H[SUHVVLQJ� LW��

3ODQWV�JURZQ�XQGHU��)H�DQG�±)H�PHGLD�IRU���GD\V�ZHUH�VWDLQHG�IRU�*86�DFWLYLW\� 

 

)LJXUH� ������ 4XDQWLILFDWLRQ� RI� S%76�+�%�<)3� LQWHQVLW\�� ,QWHQVLW\� ZDV� PHDVXUHG� IURP�

FRQIRFDO� LPDJHV� RI� ERWK� UHJLRQ� ,� �D�� DQG� UHJLRQ� ,,� �E�� RI� WKH�PDWXUDWLRQ� ]RQH�� (UURU� EDUV�

UHSUHVHQW��6(0�6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�W�WHVW��3������� 

7R�IXUWKHU�YDOLGDWH�WKDW�%76�LV�D�GLUHFW�GRZQVWUHDP�WDUJHW�RI�+<���ZH�JHQHUDWHG�K\��EWV�GRXEOH�

PXWDQW�E\�FURVVLQJ�EWV�DQG�K\��PXWDQW�SODQWV��8QGHU�FRQWURO���)H��JURZWK�FRQGLWLRQV��ZH�GLG�

QRW�REVHUYH�D�VLJQLILFDQW�GLIIHUHQFH�LQ�WKH�SULPDU\�URRW�OHQJWK�EHWZHHQ�WKH�K\��EWV�GRXEOH�DQG�

WKH� VLQJOH�PXWDQW�� +RZHYHU�� XQGHU� ±)H� FRQGLWLRQV�� WKH� K\��EWV� GRXEOH�PXWDQW� VKRZHG� D�

SKHQRW\SH�VLPLODU� WR�EWV�PXWDQW�DQG�GLG�QRW�VKRZ�D�GHFUHDVH� LQ�SULPDU\�URRW� OHQJWK�DV�K\��

PXWDQW��)LJXUH�����D��E���:H�DOVR�FKHFNHG�WKH�SKHQRW\SH�RQ�DONDOLQH�VRLO��DQG�ZH�IRXQG�WKDW�

RQ�DONDOLQH�VRLO�WKH�OHDYHV�RI�K\��EWV�GRXEOH�PXWDQW�ZHUH�QRW�FKORURWLF�OLNH�K\��PXWDQW��)LJXUH�

����D���:H�DOVR�PHDVXUHG�WKH�SHUFHQWDJH�UHGXFWLRQ�LQ�WKH�FKORURSK\OO�FRQWHQW�RI�:7��K\���EWV�

DQG� EWVK\�� XQGHU� �)H� FRQGLWLRQV� DV� FRPSDUHG� WR� WKH� �)H�� :H� IRXQG� WKDW� WKH� SHUFHQWDJH�

UHGXFWLRQ�LQ�WKH�FKORURSK\OO�FRQWHQW�ZDV�KLJKHVW�LQ�FDVH�RI�K\��PXWDQW��ORZHVW�LQ�FDVH�RI�EWV�

EXW�LQ�FDVH�RI�EWVK\��GRXEOH�PXWDQW�WKH�UHGXFWLRQ�ZDV�VLPLODU�WR�:7��)LJXUH�����E���7KH�)H�
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Figure S9. Quantification of pBTS:H2B:YFP intensity. Intensity was measured from confocal images of both region I (a) 

and region II (b)  of the maturation zone. Error bars represent �6(0�6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�W�WHVW��3�������

(a) (b)
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OHYHOV�ZHUH�DOVR�IRXQG�WR�EH�KLJKHVW�LQ�WKH�EWV�PXWDQW��ORZHVW�LQ�WKH�K\��PXWDQW��DQG�VLPLODU�WR�

WKH�:7�LQ�WKH�K\��EWV�GRXEOH�PXWDQW��)LJXUH�����H�I�DQG�)LJXUH�����F���7KHVH�UHVXOWV�LQGLFDWH�

WKDW�EWV�PXWDWLRQ�VXSSUHVVHV�WKH�K\��PXWDQW�SKHQRW\SH�RU�%76�LV�HSLVWDWLF�WR�+<�� 

7R�FRQILUP�WKDW�WKH�VXSSUHVVLRQ�RI�K\��PXWDQW�SKHQRW\SH�LQ�WKH�GRXEOH�PXWDQW�LV�EHFDXVH�RI�

ODFN� RI� EWV� H[SUHVVLRQ� LQ� WKH� K\��EWV� GRXEOH�PXWDQW�� ZH� JHQHUDWHG� WKUHH� LQGHSHQGHQW� %76�

RYHUH[SUHVVLRQ�OLQHV�XQGHU�K\��EDFNJURXQG��3���3��DQG�3���E\�WUDQVIRUPLQJ�3UR��6�%76�LQWR�

WKH� K\�� PXWDQW�� 1H[W�� ZH� FRQILUPHG� WKH� %76� H[SUHVVLRQ� LQ� WKH� RYHUH[SUHVVLRQ� OLQHV� E\�

SHUIRUPLQJ�T57�3&5�DQG�IRXQG�WKDW�3��DQG�3��VKRZHG�KLJKHU�H[SUHVVLRQ�OHYHO��)LJXUH��������

:H�IXUWKHU�DVVHVVHG�WKH�SKHQRW\SH�RI�3UR��6�%76�K\��SODQWV�XVLQJ�WZR�LQGHSHQGHQW�7��OLQHV�

�3��DQG�3����DQG�IRXQG�WKDW�WKH�3UR��6�%76�K\��SODQWV�FOHDUO\�VKRZHG�D�SKHQRW\SH�VLPLODU�WR�

K\��XQGHU��)H��)LJXUH�����F��G���:H�DOVR�SHUIRUPHG�3HUOV�DQG�3HUOV�'DE�VWDLQLQJ�WR�FRPSDUH�

WKH�)H�OHYHOV�LQ�WKH�:7��K\��DQG�3UR��6�%76�K\���:H�IRXQG�WKDW�LQ�WKH�3UR��6�%76�K\���WKH�

)H�OHYHOV�ZHUH�VLPLODU�WR�WKH�K\��PXWDQW��)LJXUH�����J�DQG�K����7DNHQ�WRJHWKHU��WKHVH�UHVXOWV�

FRQILUP�WKDW�+<��IXQFWLRQV�XSVWUHDP�WR�%76� 
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�)LJXUH�������+<��DFWV�XSVWUHDP�WR�%76���D��3KHQRW\SHV�RI�WKH�$UDELGRSVLV�ZLOG�W\SH��:7���

K\���EWV�DQG�K\�EWV�JURZQ�IRU����GD\V�RQ�)H�VXIILFLHQW�DQG�)H�GHILFLHQW�PHGLXP��6FDOH�EDUV��

����FP���E��%R[SORW�RI�URRW�OHQJWK�RI�WKH�ZLOG�W\SH��:7���K\���EWV�DQG�K\�EWV�JURZQ�IRU����GD\V�

RQ�)H�VXIILFLHQW�DQG�)H�GHILFLHQW�PHGLXP���F��3KHQRW\SHV�RI�WKH�$UDELGRSVLV�ZLOG�W\SH��:7���

K\�� DQG� ��6�%76�K\�� �3��� DQG� 3���� JURZQ� IRU� ��� GD\V� RQ� )H�VXIILFLHQW� DQG� )H�GHILFLHQW�

PHGLXP���G��%R[SORW�RI�URRW�OHQJWK�RI�WKH�ZLOG�W\SH��:7���K\��DQG���6�%76�K\���3���DQG�3�

���JURZQ�IRU����GD\V�RQ�)H�VXIILFLHQW�DQG�)H�GHILFLHQW�PHGLXP��0HDQV�ZLWKLQ�HDFK�FRQGLWLRQ�

ZLWK�WKH�VDPH�OHWWHU�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DFFRUGLQJ�WR�RQH�ZD\�$129$�IROORZHG�E\�

Figure S10. bts mutation suppresses the hy5 mutant phenotype. 

(a) Phenotypes of the WT, hy5, bts and hy5bts grown on normal soil (pH 5.0-6.0), alkaline soil (pH 7.0-8.0) and alkaline soil watered with Fe-EDDHA

(Ethylenediamine di-2-hydroxyphenyl acetate ferric) for two weeks. Bars =10mm. White arrows indicate true leaves undergoing chlorosis. (b) Percentage reduction in

chlorophyll content of the wild type (WT), hy5, bts and hy5bts grown on ±Fe as compared to those grown on +Fe. (c) Fe content of seedlings grown on both +Fe and ±

Fe for 2 weeks. Means within each condition with the same letter are not significantly different according to one-way ANOVA followed by post hoc Tukey test, P < 0.05

Mankotia et al., 2022
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Figure S10. bts mutation suppresses the hy5 mutant phenotype. 

(a) Phenotypes of the WT, hy5, bts and hy5bts grown on normal soil (pH 5.0-6.0), alkaline soil (pH 7.0-8.0) and alkaline soil watered with Fe-EDDHA

(Ethylenediamine di-2-hydroxyphenyl acetate ferric) for two weeks. Bars =10mm. White arrows indicate true leaves undergoing chlorosis. (b) Percentage reduction in

chlorophyll content of the wild type (WT), hy5, bts and hy5bts grown on ±Fe as compared to those grown on +Fe. (c) Fe content of seedlings grown on both +Fe and ±

Fe for 2 weeks. Means within each condition with the same letter are not significantly different according to one-way ANOVA followed by post hoc Tukey test, P < 0.05
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Figure 6

HY5 acts upstream to BTS.

(a) Phenotypes of the Arabidopsis wild type (WT), hy5, bts and hy5bts grown for 10 days on Fe-sufficient and Fe-deficient medium. Scale bars, 0.5 cm. (b)
Boxplot of root length of the wild type (WT), hy5, bts and hy5bts grown for 10 days on Fe-sufficient and Fe-deficient medium. (c) Phenotypes of the Arabidopsis
wild type (WT), hy5 and 35S:BTS/hy5 (P-1 and P-3) grown for 10 days on Fe-sufficient and Fe-deficient medium. (d) Boxplot of root length of the wild type (WT),
hy5 and 35S:BTS/hy5 (P-1 and P-3) grown for 10 days on Fe-sufficient and Fe-deficient medium. Means within each condition with the same letter are not
significantly different according to one-way ANOVA followed by post hoc Tukey test, P < 0.05. (e, f) 3HUO¶V stained and (g, h) Perls/Dab stained maturation zone of
WT, hy5, bts and hy5bts grown on Fe-sufficient medium for 5 days.
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SRVW�KRF�7XNH\�WHVW��3����������H��I��3HUOV�VWDLQHG�DQG��J��K��3HUOV�'DE�VWDLQHG�PDWXUDWLRQ�]RQH�

RI�:7��K\���EWV�DQG�K\�EWV�JURZQ�RQ�)H�VXIILFLHQW�PHGLXP�IRU���GD\V� 

 

�)LJXUH�������EWV�PXWDWLRQ�VXSSUHVVHV�WKH�K\��PXWDQW�SKHQRW\SH���D��3KHQRW\SHV�RI�WKH�:7��

K\���EWV�DQG�K\�EWV�JURZQ�RQ�QRUPDO�VRLO��S+�����������DONDOLQH�VRLO��S+����������DQG�DONDOLQH�

VRLO� ZDWHUHG�ZLWK� )H�(''+$� �(WK\OHQHGLDPLQH GL���K\GUR[\SKHQ\O� DFHWDWH IHUULF�� IRU� WZR�

ZHHNV��%DUV� ��PP��:KLWH�DUURZV�LQGLFDWH�WUXH�OHDYHV�XQGHUJRLQJ�FKORURVLV���E��3HUFHQWDJH�

UHGXFWLRQ�LQ�FKORURSK\OO�FRQWHQW�RI�WKH�ZLOG�W\SH��:7���K\���EWV�DQG�K\�EWV�JURZQ�RQ�±)H�DV�

FRPSDUHG�WR�WKRVH�JURZQ�RQ��)H���F��)H�FRQWHQW�RI�VHHGOLQJV�JURZQ�RQ�ERWK��)H�DQG�±)H�IRU���

ZHHNV�� 0HDQV� ZLWKLQ� HDFK� FRQGLWLRQ� ZLWK� WKH� VDPH� OHWWHU� DUH� QRW� VLJQLILFDQWO\� GLIIHUHQW�

DFFRUGLQJ�WR�RQH�ZD\�$129$�IROORZHG�E\�SRVW�KRF�7XNH\�WHVW��3�������� 

Figure S10. bts mutation suppresses the hy5 mutant phenotype. 

(a) Phenotypes of the WT, hy5, bts and hy5bts grown on normal soil (pH 5.0-6.0), alkaline soil (pH 7.0-8.0) and alkaline soil watered with Fe-EDDHA

(Ethylenediamine di-2-hydroxyphenyl acetate ferric) for two weeks. Bars =10mm. White arrows indicate true leaves undergoing chlorosis. (b) Percentage reduction in

chlorophyll content of the wild type (WT), hy5, bts and hy5bts grown on ±Fe as compared to those grown on +Fe. (c) Fe content of seedlings grown on both +Fe and ±

Fe for 2 weeks. Means within each condition with the same letter are not significantly different according to one-way ANOVA followed by post hoc Tukey test, P < 0.05

Mankotia et al., 2022
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)LJXUH�������2YHUH[SUHVVLRQ�RI�%76�LQ�WKH�K\��PXWDQW��T57�3&5�DQDO\VLV�RI�%76�H[SUHVVLRQ�

LQ�K\��PXWDQW�DQG�%76�RYHUH[SUHVVLRQ�OLQHV�XQGHU�K\��PXWDQW�EDFNJURXQG��3����3���DQG�3�����

5HODWLYH�H[SUHVVLRQ�ZDV�GHWHUPLQHG�E\�T57�3&5�LQ�K\��DQG���6�%76�K\���3����3���DQG�3����

VHHGOLQJV� JURZQ� RQ� �)H�PHGLD� IRU� RQH�ZHHN��'DWD� VKRZQ� LV� DQ� DYHUDJH� RI� WZR� ELRORJLFDO�

UHSOLFDWHV� �Q �� WHFKQLFDO� UHSOLFDWHV��� (DFK� ELRORJLFDO� UHSOLFDWH� FRQVLVWV� RI� SRROHG� 51$�

H[WUDFWHG�IURP�a����VHHGOLQJV��(UURU�EDUV�UHSUHVHQW��6(0�6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�

W�WHVW��3������� 

������ ([SUHVVLRQ� RI� )H�PRELOL]LQJ� FRXPDULQ� ELRV\QWKHVLV� JHQHV� LV� DIIHFWHG� LQ� WKH� K\��

PXWDQW�XQGHU�)H�GHILFLHQF\� 

+<��LV�NQRZQ�WR�LQGXFH�WKH�H[SUHVVLRQ�RI�IODYRQRLG�ELRV\QWKHVLV�JHQHV�DQG�SURPRWH�IODYRQRLG�

DFFXPXODWLRQ� �2\DPD�HW�DO���������+ROP�HW�DO���������6KLQ�HW�DO���������6RQJ�HW�DO���������

6WUDFNH�HW�DO����������7KH�FRXPDULQ�SURGXFWLRQ�DQG�VHFUHWLRQ�LQFUHDVHV�XQGHU�)H�GHILFLHQF\��

%HFDXVH�)&5�DFWLYLW\� DQG� WKH� H[SUHVVLRQ� RI�)H�XSWDNH� JHQHV�ZDV� FRPSURPLVHG� LQ� WKH�K\��

PXWDQW�XQGHU�)H�GHILFLHQF\��ZH�DOVR�DQDO\VHG�WKH�H[SUHVVLRQ�RI�JHQHV�LQYROYHG�LQ�FRXPDULQ�

ELRV\QWKHVLV� DQG� VHFUHWLRQ��2XU� GDWD� LQGLFDWHV� WKDW� LQGXFWLRQ� RI�)�¶+�� �WKH� JHQH�ZKLFK� LV�

LQYROYHG�LQ�WKH�ILUVW�VWHS�RI�FRXPDULQ�ELRV\QWKHVLV��H[SUHVVLRQ�LQ�UHVSRQVH�WR�)H�GHILFLHQF\�ZDV�

VLJQLILFDQWO\� UHGXFHG� LQ� WKH� K\�� PXWDQW� DV� FRPSDUHG� ZLWK� WKH�:7� SODQWV� �)LJXUH� ����D��

�5RGUtJXH]�&HOPD�HW�DO���������6FKPLG�HW�DO����������7KH�VDPH�SDWWHUQ�ZDV�REVHUYHG�IRU�6�+�

DQG�&<3��&���ZKLFK�SOD\�D�NH\�UROH�LQ�WKH�ELRV\QWKHVLV�RI�IUD[HWLQ�DQG�VLGHUHWLQ��WKH�PDLQ�)H�

PRELOL]LQJ�FRXPDULQV��UHVSHFWLYHO\��)LJXUH�����D���5DMQLDN�HW�DO���������6LZLQVND�HW�DO���������

7VDL�HW� DO��� �������:H�QH[W� DQDO\VHG� WKH� H[SUHVVLRQ�RI�%*/8��� �ȕ�JOXFRVLGDVH�� DQG�3'5��

�$%&� WUDQVSRUWHU��� ZKLFK� DUH� LQYROYHG� LQ� WKH� VHFUHWLRQ� RI� FRXPDULQV� LQ� WKH� UKL]RVSKHUH�

�)RXUFUR\�HW�DO���������=DPLRXGLV�HW�DO����������%*/8���H[SUHVVLRQ�ZDV�UHGXFHG�LQ�WKH�K\��

PXWDQW�XQGHU�)H�GHILFLHQF\��EXW�3'5��H[SUHVVLRQ�ZDV�QRW� DIIHFWHG� VLJQLILFDQWO\� LQ� WKH�K\��

Figure S11.  Overexpression of BTS in the hy5 mutant.
qRT-PCR analysis of BTS expression in hy5 mutant and BTS overexpression lines under hy5 mutant background (P-6, P-1 
and P-3). Relative expression was determined by qRT-PCR in hy5 and 35S:BTS/hy5 (P-6, P-1 and P-3) seedlings grown on 
+Fe media for one week. Data shown is an average of two biological replicates (n=2 technical replicates). Each biological 
replicate consists of pooled RNA extracted from ~ 90 seedlings. Error bars represent �6(0�6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�
W�WHVW��3�������
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PXWDQW�FRPSDUHG�WR�WKH�:7��)LJXUH�����E���7KH�H[SUHVVLRQ�OHYHOV�RI�0<%���DQG�0<%���WKDW�

UHJXODWH� WKH� H[SUHVVLRQ� RI� VRPH� RI� WKH� FRXPDULQ� ELRV\QWKHVLV� DQG� VHFUHWLRQ� JHQHV�ZDV� QRW�

DIIHFWHG� LQ� WKH� K\�� PXWDQW� DV� FRPSDUHG� WR� WKH�:7� �)LJXUH� ����F�� �3DOPHU� HW� DO��� ������

=DPLRXGLV� HW� DO��� ������� 7KHVH� UHVXOWV� LQGLFDWH� WKDW� H[SUHVVLRQ� RI� )H�PRELOL]LQJ� FRXPDULQ�

ELRV\QWKHVLV�JHQHV�LV�DIIHFWHG�LQ�WKH�K\��PXWDQW�XQGHU�)H�GHILFLHQF\� 

 

)LJXUH�������([SUHVVLRQ�RI�FRXPDULQ�UHODWHG�JHQHV�LQ�WKH�K\��PXWDQW���D��([SUHVVLRQ�OHYHOV�

RI�)�¶+���&<3��&�� DQG�6�+� LQYROYHG� LQ�&RXPDULQ�ELRV\QWKHVLV�� �E��([SUHVVLRQ� OHYHOV� RI�

%*/8��� DQG�3'5�� LQYROYHG� LQ� FRXPDULQ� VHFUHWLRQ�� �F�� ([SUHVVLRQ� OHYHOV� RI�0<%��� DQG�

0<%��� JHQHV� LQYROYHG� LQ� WUDQVFULSWLRQDO� FRQWURO� RI� FRXPDULQ� ELRV\QWKHVLV� DQG� VHFUHWLRQ��

5HODWLYH�H[SUHVVLRQ�ZDV�GHWHUPLQHG�E\�T57�3&5�LQ�:7�DQG�K\��PXWDQW�VHHGOLQJV�JURZQ�RQ�

�)H�PHGLD�IRU���GD\V�DQG�WUDQVIHUUHG�WR�ERWK��)H�DQG�±)H�������0�)]��IRU�WKUHH�GD\V��'DWD�
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VKRZQ�LV�DQ�DYHUDJH�RI�WKUHH�ELRORJLFDO�UHSOLFDWHV��Q ��WHFKQLFDO�UHSOLFDWHV���(DFK�ELRORJLFDO�

UHSOLFDWH�FRQVLVWV�RI�SRROHG�51$�H[WUDFWHG�IURP�URRWV�RI�a����VHHGOLQJV��(UURU�EDUV�UHSUHVHQW�

�6(0�6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�W�WHVW��3������� 

&RXPDULQV�DUH�NQRZQ�WR�IOXRUHVFH�ZKHQ�H[SRVHG�WR����QP�89�OLJKW��'RUH\�HW�DO���������$KQ�

HW�DO����������:H�DQDO\VHG�WKH�IOXRUHVFHQFH�LQ�WKH�URRWV�RI�K\��PXWDQW��DQG�FRPSDUHG�ZLWK�WKH�

:7�XQGHU�ERWK��)H�DQG� �)H�FRQGLWLRQV�� ,Q�:7�VHHGOLQJV�� IOXRUHVFHQFH� LQFUHDVHG�XQGHU� �)H�

FRQGLWLRQV��EXW�LQ�WKH�FDVH�RI�K\��PXWDQW�IOXRUHVFHQFH�ZDV�UHGXFHG�XQGHU��)H�FRQGLWLRQV��ZKLFK�

LV� LQ�DJUHHPHQW�ZLWK�WKH�T57�3&5�UHVXOWV��)LJXUH��������7KHVH�REVHUYDWLRQV�FOHDUO\�VXJJHVW�

WKDW�URRW�VHFUHWHG�IOXRUHVFHQW�FRXPDULQV�ZHUH�UHGXFHG�LQ�WKH�K\��PXWDQW�DV�FRPSDUHG�ZLWK�:7�

XQGHU��)H�FRQGLWLRQV� 

)LJXUH�������5RRWV�RI�K\��PXWDQWV�VKRZ�UHGXFHG�IOXRUHVFHQFH�XQGHU��)H��9LVXDOL]DWLRQ�RI�

IOXRUHVFHQW�SKHQROLF�FRPSRXQGV�SURGXFHG�DQG�VHFUHWHG�E\�WKH�URRWV�RI����GD\�ROG�:7�DQG�

K\��VHHGOLQJV�JURZQ�IRU����GD\V�RQ��)H�DQG�±)H��7KH FRQWUDVW�EULJKWQHVV ZDV�DGMXVWHG�

IRU JRRG�YLVXDOL]DWLRQ� 

������'LVFXVVLRQ 

3ODQWV� XWLOL]H� WUDQVFULSWRPH� UHSURJUDPPLQJ� WR� PDLQWDLQ� )H� KRPHRVWDVLV� XQGHU� YDU\LQJ� )H�

FRQGLWLRQV��6HYHUDO�RI�WKH�E+/+�IDPLO\�7)V��SOD\�DQ�LPSRUWDQW�UROH�LQ�UHJXODWLQJ�WKH�H[SUHVVLRQ�

RI�JHQHV�LQYROYHG�LQ�PDLQWDLQLQJ�)H�KRPHRVWDVLV��+LQGW�HW�DO�����������,Q�$UDELGRSVLV��+<��LV�

NQRZQ� WR� UHJXODWH� H[SUHVVLRQ� RI� JHQHV� LQYROYHG� LQ� VXOSKXU�� QLWURJHQ� DQG� FRSSHU� XSWDNH�� ,W�

UHJXODWHV�VXOIXU�XSWDNH�E\�DFWLYDWLQJ�WKH�H[SUHVVLRQ�RI�$'(126,1(��¶�3+263+268/)$7(�

5('8&7$6(����$35����$35��DQG�68/)$7(�75$163257(5������68/75����� LQYROYHG�LQ�

VXOIXU� XSWDNH� �/HH� HW� DO��� ������� +<�� DORQJ� ZLWK� +<+� SURPRWHV� QLWURJHQ� VLJQDOOLQJ� E\�

SRVLWLYHO\�UHJXODWLQJ�1,75$7(�5('8&7$6(����1,$���DQG�1,75,7(�5('8&7$6(����1,5���

DQG� QHJDWLYHO\� UHJXODWHV� QLWUDWH� XSWDNH� JHQHV�1,75$7(�75$163257(5����� �157����� DQG�

Figure S12. Roots of hy5 mutants show reduced fluorescence under -Fe. Visualization of fluorescent phenolic compounds 
produced and secreted by the roots of 10 day old WT and hy5 seedlings grown for 10 days on +Fe and ±Fe. 
The contrast/brightness was adjusted for good visualization.

WT hy5 WT hy5

+Fe -Fe
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$0021,80� 75$163257(5� ���� �$07������ +<�� UHJXODWHV� FRSSHU� VLJQDOOLQJ� WKURXJK�

648$026$� 352027(5� %,1',1*� 3527(,1�/,.(� �� �63/���� ZKLFK� UHJXODWHV� WKH�

H[SUHVVLRQ�RI�FRSSHU�XSWDNH�JHQHV��=KDQJ�HW�DO���������� 

,Q� RXU� VWXG\�� ZH� GHPRQVWUDWH� WKDW� +<�� SOD\V� D� YLWDO� UROH� LQ� UHJXODWLRQ� RI� )H� GHILFLHQF\�

UHVSRQVHV�LQ�$UDELGRSVLV��2XU�SKHQRW\SLF�DQDO\VLV�UHYHDOHG�WKDW�K\��PXWDQW�LV�PRUH�VHQVLWLYH�

WR��)H�FRQGLWLRQV��:H�IRXQG�WKDW�K\��PXWDQW�KDV�VLJQLILFDQWO\�VKRUWHU�URRWV�DQG�KLJKHU�UHGXFWLRQ�

LQ�WKH�FKORURSK\OO�FRQWHQW�DV�FRPSDUHG�WR�WKH�:7�SODQWV�XQGHU��)H�FRQGLWLRQV��)LJXUH����D��E��

F���)XUWKHUPRUH��WKH�URRW�OHQJWK�SKHQRW\SH�ZDV�SDUWLDOO\�UHVFXHG�LQ�WKH�FRPSOHPHQWDWLRQ�OLQHV�

3UR+<��+<��H*)3�K\�� �3���� DQG� 3���� �)LJXUH� ���D�� E��� 7KH� SHUFHQWDJH� UHGXFWLRQ� LQ��

FKORURSK\OO� FRQWHQW� XQGHU� �)H�ZDV� QRW� VLJQLILFDQWO\� GLIIHUHQW� LQ� WKH� FRPSOHPHQWDWLRQ� OLQHV�

3UR+<��+<��H*)3�K\�� �3����DQG�3����DV�FRPSDUHG� WR� WKH�K\��PXWDQW�� ,Q� WKH�DONDOLQH�VRLO�

DOVR��ZH�IRXQG�WKDW�K\��PXWDQW�ZDV�PRUH�FKORURWLF�DQG�WKH�FKORURWLF�SKHQRW\SH�ZDV�SDUWLDOO\�

UHVFXHG�LQ�WKH�FRPSOHPHQWDWLRQ�3UR+<��+<��H*)3�K\���3����DQG�3����OLQHV��0RUHRYHU��ZH�

IRXQG�WKDW�WKH�FKORURWLF�SKHQRW\SH�RI�WKH�K\��PXWDQW�ZDV�UHFRYHUHG�ZKHQ�H[RJHQHRXV�)H�ZDV�

VXSSOLHG��)LJXUH�������,PSRUWDQWO\��WKH�K\��PXWDQW�URRW�OHQJWK�DV�ZHOO�DV�FKORURWLF�SKHQRW\SH�

ZDV� FRPSOHWHO\� UHVFXHG� LQ� WKH� ��6�+$�+<��K\�� �)LJXUH� ���D�� E�� F���7DNHQ� WRJHWKHU�� WKHVH�

UHVXOWV�LQGLFDWH�WKDW�K\��PXWDQW�LV�PRUH�VHQVLWLYH�WR��)H�FRQGLWLRQV��RU�+<��SRVLWLYHO\�UHJXODWHV�

URRW�JURZWK�DQG�FKORURSK\OO�V\QWKHVLV�XQGHU��)H�FRQGLWLRQV�� 

7KH�)H�FRQWHQW�DQDO\VLV�E\�3HUOV�DQG�3HUOV�'DE�VWDLQLQJ�UHYHDOHG�WKDW�K\��PXWDQW�KDV�OHVV�)H�

DV�FRPSDUHG�WR�WKH�:7�SODQWV��DQG�LW�ZDV�IRXQG�WR�EH�UHFRYHUHG�IXOO\�LQ���6�+$�+<��K\��OLQH�

�)LJXUH����G��H�DQG�)LJXUH����G��H���7KLV�LQGLFDWHV�WKDW�+<��LV�HVVHQWLDO�IRU�)H�DFFXPXODWLRQ�LQ�

URRWV��DQG� WKLV� UHGXFHG�DFFXPXODWLRQ�RI�)H� LQ�K\��PXWDQW�PLJKW�H[SODLQ� WKH�JURZWK�GHIHFWV�

REVHUYHG�XQGHU�)H�GHILFLHQF\� 

+<+��+<��KRPRORJ��LV�NQRZQ�WR�SOD\�RYHUODSSLQJ�UROHV�DQG�DFW�UHGXQGDQWO\�ZLWK�+<��LQ�WKH�

UHJXODWLRQ�RI�K\SRFRW\O�DQG�ODWHUDO�URRW�JURZWK��+ROP�HW�DO���������*DQJDSSD��HW�DO����������,Q�

QLWURJHQ�VLJQDOOLQJ��+<+�LV�NQRZQ�WR�DFW�ZLWK�+<��LQ�SRVLWLYHO\�UHJXODWLQJ�WKH�H[SUHVVLRQ�RI�

QLWUDWH�UHGXFWDVH�LQYROYHG�LQ�QLWURJHQ�DVVLPLODWLRQ��-RQDVVHQ��HW�DO����������2XU�REVHUYDWLRQ�WKDW�

K\K�PXWDQW�KDV�D�SKHQRW\SH�VLPLODU�WR�:7�XQGHU�)H�GHILFLHQF\�VXJJHVWV�WKDW�+<��IXQFWLRQV�

LQGHSHQGHQWO\�RI�+<+� LQ�UHJXODWLRQ�RI�)H�GHILFLHQF\�UHVSRQVHV�LQ�$UDELGRSVLV��)LJXUH�������

9HU\�UHFHQWO\��LW�KDV�EHHQ�VKRZQ�WKDW�+<��UHJXODWHV�)H�XSWDNH�LQ�D�3+<%�GHSHQGHQW�PDQQHU�

LQ�WRPDWR��*XR�HW�DO����������+<��DFWLYDWHV�WKH�H[SUHVVLRQ�RI�)(5��ZKLFK�OHDGV�WR�XSUHJXODWLRQ�

RI� WUDQVFULSWV� LQYROYHG� LQ�)H�XSWDNH� �*XR�HW� DO��� �������2XU�SKHQRW\SLF� DQDO\VLV� VKRZ� WKDW�
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SK\%���PXWDQW�SKHQRW\SH�LV�QRW�DIIHFWHG�E\�)H�VWDWXV��ZKLFK�VXJJHVWV�WKDW�3+<%�IXQFWLRQ�LV�

QRW�FULWLFDO�LQ�WKH�UHJXODWLRQ�RI�)H�GHILFLHQF\�UHVSRQVHV�LQ�$UDELGRSVLV��)LJXUH������ 

7KH�)H�GHILFLHQF\�UHVSRQVHV�DUH�JRYHUQHG�E\�D�FRPSOH[�UHJXODWRU\�QHWZRUN��),7�LV�RQH�RI�WKH�

FUXFLDO�UHJXODWRUV�RI�WKH�)H�GHILFLHQF\�UHVSRQVHV��,W�LV�XSUHJXODWHG�DW�WUDQVFULSWLRQDO�OHYHO�XQGHU�

)H�GHILFLHQF\��,W�LQWHUDFWV�ZLWK�E+/+�,E�7)V�WR�WULJJHU�WKH�H[SUHVVLRQ�RI�)H�XSWDNH�DVVRFLDWHG�

JHQHV��L�H��,57��DQG�)52����+HUH��ZH�IRXQG�WKDW�+<��SRVLWLYHO\�UHJXODWHV�WKH�H[SUHVVLRQ�RI�

),7�DV�ZHOO�DV�,57��DQG�)52��XQGHU�)H�GHILFLHQF\��)LJXUH����D��G���6LPLODUO\��WKH�)&5�DFWLYLW\�

ZDV�DOVR�IRXQG�WR�EH�OHVV�LQGXFHG�LQ�WKH�K\��PXWDQW�DV�FRPSDUHG�WR�WKH�:7�XQGHU��)H�FRQGLWLRQV�

�)LJXUH�������:H�DOVR�IRXQG�WKDW�+<��GLUHFWO\�ELQGV�WR�WKH�SURPRWHU�RI�)52���)LJXUH�����E�� 

)H�KRPHRVWDVLV�LQ�SODQWV�LV�WLJKWO\�UHJXODWHG�WR�VXSSO\�UHTXLUHG�DPRXQWV�RI�WKLV�HOHPHQW�IRU�DQ�

RSWLPDO�JURZWK�ZKLOH�DYRLGLQJ�H[FHVV�DFFXPXODWLRQ�WR�SUHYHQW�R[LGDWLYH�VWUHVV��7UDQVFULSWLRQDO�

UHJXODWRU\�FDVFDGH�SOD\V�LPSRUWDQW�UROH�FRQWUROOLQJ�)H�KRPHRVWDVLV��DQG�WKH�H[SUHVVLRQ�RI�JHQHV�

LQYROYHG� LQ� )H�XSWDNH� LV� LQGXFHG� XQGHU� )H� GHILFLHQF\� DQG� WXUQHG� RII� XQGHU� )H�H[FHVV�

FRQGLWLRQV��%76��DQ�(��XELTXLWLQ�OLJDVH��SOD\V�DQ�LPSRUWDQW�UROH�LQ�PDLQWDLQLQJ�)H�KRPHRVWDVLV�

E\�SURPRWLQJ�GHJUDGDWLRQ�RI�E+/+����DQG�E+/+����XQGHU�)H�VXIILFLHQW�FRQGLWLRQV��%RWK�

E+/+����DQG�E+/+����SRVLWLYHO\�UHJXODWH�WKH�H[SUHVVLRQ�RI�)H�XSWDNH�JHQHV��6HORWH�HW�DO���

�������%76/��DQG�%76/��DUH�WZR�%76�SDUDORJV��DQG�WKH\�DOVR�QHJDWLYHO\�UHJXODWH�)H�XSWDNH�

E\� WDUJHWLQJ� ),7� IRU� GHJUDGDWLRQ� �+LQGW� HW� DO��� ������ 5RGUtJXH]�&HOPD� HW� DO��� ������� 7KH�

UHJXODWLRQ�RI�%76�H[SUHVVLRQ�LV�LPSRUWDQW�WR�DYRLG�)H�RYHUORDG��,Q�RXU�VWXG\��ZH�IRXQG�WKDW�

+<��ELQGV�WR�WKH�%76�SURPRWHU�DQG�QHJDWLYHO\�UHJXODWHV�%76�H[SUHVVLRQ�XQGHU�)H�GHILFLHQF\�

�)LJXUH�����D��E���:H�DOVR�GHPRQVWUDWH� WKDW� WKH�EWV�PXWDWLRQ� LQ� WKH�K\��PXWDQW�EDFNJURXQG�

VXSSUHVVHV�K\��PXWDQW�SKHQRW\SH��VXJJHVWLQJ�WKDW�%76�DFWV�GRZQVWUHDP�WR�+<���)LJXUH�����D��

E���%DVHG�RQ�WKHVH�UHVXOWV��ZH�K\SRWKHVL]HG�WKDW� WKH�+<��LQKLELWV�%76�XQGHU�)H�GHILFLHQF\�

EHFDXVH�LQ�WKH�K\��EWV�GRXEOH�PXWDQW��WKH�K\��PXWDQW�SKHQRW\SH�LV�UHVFXHG��7KLV�ZDV�IXUWKHU�

VXSSRUWHG�E\�WKH�VHQVLWLYH�SKHQRW\SH�RI���6�%76�K\���%76�RYHUH[SUHVVLRQ�LQ�WKH�K\��PXWDQW��

VLPLODU�WR� WKH�K\��PXWDQW�XQGHU��)H��)LJXUH�����F��G���$OWRJHWKHU�� WKHVH�UHVXOWV� LQGLFDWH�WKDW�

+<��DFWV�XSVWUHDP�WR�%76�LQ�WKH�)H�VLJQDOOLQJ�SDWKZD\�DQG�QHJDWLYHO\�UHJXODWHV�LWV�H[SUHVVLRQ��

6LPLODUO\��ZH� DOVR� IRXQG� WKDW�+<�� QHJDWLYHO\� UHJXODWHV�3<(� H[SUHVVLRQ� GLUHFWO\� XQGHU� �)H�

�)LJXUH����F�DQG�)LJXUH�����E���)XUWKHU�VWXGLHV�DUH�UHTXLUHG�WR�H[SORUH�WKH�LPSDFW�RI�+<��RQ�

JHQHV�UHJXODWHG�E\�3<(�XQGHU��)H�� 

&RXPDULQV�KDYH�UHFHQWO\�HPHUJHG�DV�NH\�SOD\HUV�IRU�)H�XSWDNH�SDUWLFXODUO\�LQ�KLJK�S+��5REH�

HW�DO����������7KH\�DLG�LQ�WKH�PRELOLVDWLRQ�RI�)H�LQ�WKH�VRLO��7VDL��HW�DO����������7KH�SURGXFWLRQ�



ϳϬ 
 

DV�ZHOO�DV�WKH�VHFUHWLRQ�RI�FRXPDULQV�LQWR�WKH�UKL]RVSKHUH�LQFUHDVHV�XQGHU�)H�GHILFLHQF\��7KH�

H[SUHVVLRQ�RI�FRXPDULQ�ELRV\QWKHVLV�JHQHV��L�H��&<3��&��DQG�6�+��LV�DFWLYDWHG�E\�),7�E+/+�

,E� FRPSOH[HV� �6FKPLG� HW� DO��� ������7VDL� �HW� DO��� ������7VDL� HW� DO��� �������7KH�0<%��� DQG�

0<%���7)V�DV�ZHOO�DV�),7�E+/+�,E�FRPSOH[HV�UHJXODWH�WKH�H[SUHVVLRQ�RI�)�¶+��LQYROYHG�LQ�

FRXPDULQ�ELRV\QWKHVLV�DV�ZHOO�DV�%*/8���DQG�3'5��LQYROYHG�LQ�FRXPDULQ�VHFUHWLRQ��3DOPHU�

HW�DO���������7VDL��HW�DO����������,Q�RXU�VWXG\��ZH�IRXQG�WKDW�K\��PXWDQW�VKRZHG�ORZHU�LQGXFWLRQ�

RI� &<3��&��� 6�+�� )�¶+�� DQG� %*/8��� DV� FRPSDUHG� ZLWK�:7� XQGHU� )H�GHILFLHQF\� WKDW�

UHVXOWHG�LQ�ORZHU�FRXPDULQ�SURGXFWLRQ�DQG�VHFUHWLRQ�LQ�K\��PXWDQW��)LJXUH�����D��E�DQG�)LJXUH�

������ 

+<�� LV� NQRZQ� WR� VXSSUHVV� DX[LQ� DQG� HWK\OHQH� VLJQDOLQJ� E\� QHJDWLYHO\� UHJXODWLQJ� DX[LQ�

VLJQDOLQJ�SDWKZD\�DQG�HWK\OHQH�ELRV\QWKHVLV�� UHVSHFWLYHO\� �&OXLV�HW�DO���������6LERXW�HW�DO���

������/L�HW�DO����������(WK\OHQH�LV�DOVR�NQRZQ�WR�HQKDQFH�+<��GHJUDGDWLRQ�E\�LQFUHDVLQJ�&23��

DFFXPXODWLRQ� LQ� WKH� QXFOHXV� �<X� HW� DO��� ������� )XUWKHU� UHVHDUFK� LV� UHTXLUHG� WR� FRPSOHWHO\�

XQGHUVWDQG�ZKHWKHU�WKH�DX[LQ�DQG�HWK\OHQH�VLJQDOV�LQGXFLQJ�WKH�H[SUHVVLRQ�RI�)H�XSWDNH�JHQHV�

XQGHU�)H�GHILFLHQF\�DUH�+<��GHSHQGHQW�RU�LQGHSHQGHQW�� 

%DVHG� RQ� RXU� UHVXOWV� DQG� H[LVWLQJ� OLWHUDWXUH�� ZH� SURSRVH� D� PRGHO� GHSLFWLQJ� WKH� FUXFLDO�

LQYROYHPHQW� RI� +<�� XQGHU� )H�GHILFLHQF\� UHVSRQVHV� LQ� $UDELGRSVLV� �)LJXUH� ������� +<��

SRVLWLYHO\�UHJXODWHV�WKH�H[SUHVVLRQ�RI�),7�DV�ZHOO�DV�RWKHU�GRZQVWUHDP�JHQHV�VXFK�DV�,57��DQG�

)52�� WKDW� DUH� LQYROYHG� LQ� )H�XSWDNH�� DQG� 6�+�� &<3��&��� )�¶+��� %*/8��� LQYROYHG� LQ�

FRXPDULQ�ELRV\QWKHVLV�DQG�VHFUHWLRQ��$GGLWLRQDOO\��+<��DFWV�DV�D�QHJDWLYH�UHJXODWRU�RI�%76�DQG�

3<(��,PSRUWDQWO\��LW�GLUHFWO\�ELQGV�WR�WKH�SURPRWHU�RI�%76��3<(�DQG�)52�� WR�UHJXODWH�WKHLU�

H[SUHVVLRQ�� 

 

 

 

 

 

 

 

 



ϳϭ 
 

 

)LJXUH� ������ 0RGHO� GHVFULELQJ� WKH� UROH� RI� +<�� LQ� PDLQWDLQLQJ� )H� DFTXLVLWLRQ� DQG�

KRPHRVWDVLV��+<��QHJDWLYHO\�UHJXODWHV�WKH�H[SUHVVLRQ�RI�%76�DQG�3<(��DQG�SRVLWLYHO\�WKDW�RI�

)52��GLUHFWO\��,W�DFWV�XSVWUHDP�RI�%76�DQG�QHJDWLYHO\�UHJXODWHV�LWV�H[SUHVVLRQ��%76�LV�NQRZQ�

WR�GHJUDGH�E+/K�,9F�7)V�ZKLFK�DFWLYDWH�WKH�H[SUHVVLRQ�RI�E+/+�,E�7)V�XQGHU�)H�GHILFLHQW�

FRQGLWLRQV��7KHVH�,E�E+/+�7)V�DORQJ�ZLWK�),7��HLWKHU�GLUHFWO\�RU�LQGLUHFWO\��SRVLWLYHO\�UHJXODWHV�

WKH�H[SUHVVLRQ�RI�PDQ\�JHQHV�LQYROYHG�LQ�)H�DFTXLVLWLRQ��VXFK�DV�,57���)52���LQYROYHG�LQ�)H�

XSWDNH��DQG�&<3��&���6�+��%*/8���DQG�)�¶+���LQYROYHG�LQ�FRXPDULQ�ELRV\QWKHVLV���+<��

QHJDWLYHO\�UHJXODWHV�3<(�H[SUHVVLRQ�ZKLFK�LV�NQRZQ�WR�UHSUHVV�1$6���)(5���)(5���)(5���

97/���DQG�1((7��LQYROYHG�LQ�)H�WUDQVSRUW��VWRUDJH�DQG�DVVLPLODWLRQ�UHVSHFWLYHO\���2YDO�ER[HV�

UHSUHVHQW�SURWHLQ�DQG�UHFWDQJXODU�ER[HV�UHSUHVHQW�P51$��'RWWHG�OLQHV�UHSUHVHQW�WKH�SRVVLEOH�

PHFKDQLVP�RI�UHJXODWLRQ�WKDW�DUH�DOVR�LQ�DJUHHPHQW�ZLWK�WKH�GDWD� 

6HYHUDO�VWXGLHV�KDYH�UHYHDOHG�WKDW�+<��FDQ�EH�ERWK�DQ�DFWLYDWRU�DQG�D�UHSUHVVRU��$QJ�HW�DO���

������/HH�HW�DO���������5XFNOH�HW�DO���������.LQGJUHQ�HW�DO���������'HONHU�HW�DO���������;X�HW�

DO���������*DQJDSSD� �HW�DO���������1RUpQ�HW�DO���������=KDQJ�HW�DO���������*DQJDSSD� �HW�DO���

������1DZNDU�HW�DO���������%XUNR�HW�DO���������<DGXNULVKQDQ�HW�DO����������2XU�UHVXOWV�VR�IDU�

HY5 FIT

FIT

PYE

PYE

NEETNAS4 FER1, FER3, 
FER4, VTL2

bHLH Ib

BTS

URIbHLH
IVc

BTS

PDR9
BGLU42 )�¶+�

MYB72 MYB15

bHLH
Ib

IRT1 MYB72FRO2 CYP82C4
S8HAHA2



ϳϮ 
 

FOHDUO\�LQGLFDWHV�WKDW�+<��DFWV�ERWK�DQ�DFWLYDWRU�DQG�D�UHSUHVVRU�WR�UHJXODWH�WKH�JHQHV�LQYROYHG�

LQ�)H�UHJXODWRU\�QHWZRUN� 

,Q� VXPPDU\�� RXU� ILQGLQJV� XVLQJ� JHQH� H[SUHVVLRQ� DQDO\VLV�� JHQHWLF� DQDO\VLV� DQG� &K,3�

H[SHULPHQWV�SURYLGH�QRYHO�HYLGHQFH�WKDW�+<��UHJXODWLRQ�RI�%76�LV�FULWLFDO�IRU�WKH�)H�GHILFLHQF\�

UHVSRQVHV� LQ� $UDELGRSVLV�� +<�� IXQFWLRQV� DV� D� GLUHFW� WUDQVFULSWLRQDO� UHSUHVVRU� RI� %76��

$GGLWLRQDOO\��+<��DOVR�QHJDWLYHO\�UHJXODWH�WKH�H[SUHVVLRQ�RI�3<(�GLUHFWO\�XQGHU�)H�GHILFLHQF\��

2Q� WKH�RWKHU�KDQG��+<�� LQGXFHV� WKH�H[SUHVVLRQ�RI�)52��GLUHFWO\��6HYHUDO� RWKHU�NH\�JHQHV�

�6�+�� &<3��&��� )�¶+��� DQG� %*/8���� LQYROYHG� LQ� WKH� )H� UHJXODWRU\� QHWZRUN� DUH� DOVR�

SRVLWLYHO\�UHJXODWHG�E\�+<��HLWKHU�E\�GLUHFWO\�ELQGLQJ�WR�WKHLU�SURPRWHU�RU�ZLWK�WKH�KHOS�RI�

RWKHU� IDFWRUV�� )XUWKHU� H[SHULPHQWV� ZLOO� EH� UHTXLUHG� WR� XQGHUVWDQG� ZKHWKHU� +<�� GLUHFWO\�

UHJXODWHV�WKH�RWKHU�NH\�JHQHV�LQYROYHG�LQ�)H�UHJXODWRU\�SDWKZD\�LQ�DGGLWLRQ�WR�%76��3<(�DQG�

)52���0RUHRYHU��LQWHUDFWLRQ�VWXGLHV�ZLWK�E+/+�7)V�LQYROYHG�LQ�)H�VLJQDOOLQJ�SDWKZD\�ZLOO�

VKHG� WKH� OLJKW� RQ�ZKHWKHU�+<�� LQWHUDFWV�ZLWK� WKHP�DQG� UHJXODWHV� WKH�JHQHV� LQYROYHG� LQ�)H�

KRPHRVWDVLV�� 7KH� NQRZOHGJH� JDLQHG� RQ� +<�� IXQFWLRQ� DQG� LWV� UROH� LQ� )H� KRPHRVWDVLV� E\�

UHJXODWLQJ�%76�LQ�$UDELGRSVLV�FDQ�EH�IXUWKHU�H[WHQGHG�WR�FURS�SODQWV� 

������0DWHULDOV�DQG�0HWKRGV� 

3ODQW�0DWHULDOV�DQG�*URZWK�&RQGLWLRQV 

,Q�WKLV�VWXG\��&ROXPELD��&RO����DQG�:DVVLOHZVNLMD��:6����HFRW\SHV�RI�$UDELGRSVLV�WKDOLDQD�

ZHUH�XVHG�DV�:7��7KH�PXWDQW�WUDQVJHQLF�OLQHV�XVHG�LQ�WKLV�VWXG\�ZHUH�K\��>6$/.B��������

�6DLQL�HW�DO���Q�G����EWV���>6$/.B���������/RQJ�HW�DO��������@��S\H�>6$/.B���������/RQJ�HW�

DO��������@�DQG�SK\%�����5HHG�HW�DO�����������6�+$�+<��K\���-RE�HW�DO���������LQ�WKH�&RO���

EDFNJURXQG��,Q�DGGLWLRQ��IROORZLQJ�PXWDQW� OLQHV�ZHUH�NLQGO\�SURYLGHG�E\�5RPDQ�8OP��K\���

K\K�DQG�K\��K\K�LQ�WKH�:6�EDFNJURXQG�DQG�S+<��+<��<)3�K\��LQ�WKH�/HU�EDFNJURXQG��K\��

VLQJOH�PXWDQW�ZDV�FURVVHG�ZLWK�EWV��� WR�JHQHUDWH�K\��EWV�GRXEOH�PXWDQW��7KH�K\��DOOHOH�ZDV�

DOVR�LQWURGXFHG�LQWR�S,57��*86� OLQH��%OXP�HW�DO���������DQG�S%76�*86� OLQH��6HORWH�HW�DO���

������E\�FURVVLQJ��7KH�VLQJOH��DV�ZHOO�DV�GRXEOH�PXWDQW�ZHUH�FRQILUPHG�E\�JHQRW\SLQJ��7KH�

SULPHUV�XVHG�IRU�JHQRW\SLQJ�DUH� OLVWHG� LQ�7DEOH������6HHGV�ZHUH�VXUIDFH�VWHULOL]HG�XVLQJ����

VRGLXP�K\SRFKORULWH�IROORZHG�E\�����HWKDQRO�DQG�VWUDWLILHG�LQ�GDUN�DW����&�IRU���GD\V��3ODQWV�

ZHUH� JURZQ� RQ� ò�0XUDVKLJH� DQG� 6NRRJ�PHGLD� �&DLVVRQ� ODEV�� 86$�� ZLWK� )H� ��)H�� RU� ò�

0XUDVKLJH� DQG�6NRRJ�PHGLD� �&DLVVRQ� ODEV��86$��ZLWKRXW�)H� ��)H���7KH� S+�RI�PHGLD�ZDV�

DGMXVWHG�WR�����ZLWK�.2+��7R�FUHDWH�)H�GHILFLHQF\�FRQGLWLRQV������0�RI�>�����S\ULG\O������

GLSKHQ\O�������WULD]LQH�VXOIRQDWH@�)HUUR]LQH��6LJPD�$OGULFK��ZDV�DGGHG�LQ�WKH��)H�PHGLD��)RU�

VHHGOLQJ�JURZWK��SODQWV�ZHUH�JURZQ�XQGHU�ORQJ�GD\�FRQGLWLRQV�����K�OLJKW�DQG���K�GDUN�DW����&�



ϳϯ 
 

ZLWK�����KXPLGLW\�DQG�D�OLJKW�LQWHQVLW\�RI����������PRO�FP��V��6RLO�ZDV�PDGH�DV�D�PL[WXUH�RI�

VRLOULWH��SHUOLWH�DQG�FRPSRVW����������&D2��6LJPD�$OGULFK�������JP�&D2�NJ��ZDV�PL[HG�LQ�WKH�

VRLO�WR�JHQHUDWH�DONDOLQH�S+�VRLO� 

3KHQRW\SLF�$QDO\VHV 

)RU�SKHQRW\SLF�FKDUDFWHUL]DWLRQ��VHHGV�ZHUH�VRZQ�RQ�ò�06�PHGLD�ZLWK�)H���)H��DQG�DOVR�RQ�

ò�06�PHGLD�ZLWKRXW�)H���)H���7KH�SODWHV�ZHUH�NHSW�YHUWLFDOO\�LQ�WKH�JURZWK�FKDPEHU��DQG�����

GD\�ROG� VHHGOLQJV� JURZLQJ� RQ� WKH� SODWHV� ZHUH� VFDQQHG� XVLQJ� (SVRQ� 3HUIHFWLRQ�9���� ZLWK�

����GSL� UHVROXWLRQ��7KH� URRW� OHQJWK�ZDV� TXDQWLILHG� XVLQJ� ,PDJH-� ����D� VRIWZDUH� �1DWLRQDO�

,QVWLWXWHV�RI�+HDOWK��� 

&KORURSK\OO�&RQWHQW�0HDVXUHPHQW 

7KH�FKORURSK\OO�FRQWHQW�ZDV�PHDVXUHG�XVLQJ�VHHGOLQJV�JURZQ�RQ��)H�DQG��)H�IRU����GD\V��,W�

ZDV�PHDVXUHG�E\�H[WUDFWLQJ�FKORURSK\OO�XVLQJ��PO�RI�����DFHWRQH�IURP�OHDI�WLVVXHV�RI�ILYH�WR�

VL[�VHHGOLQJV�DQG�LQFXEDWLQJ�LQ�GDUN�IRU����KRXUV�XVLQJ�WKH�IRUPXOD��PJ�J�� �������[�$������

�����[�$�����[�9��:�;������$RQR�HW�DO������������ 

)&5�$VVD\ 

7KH�)&5�DVVD\�ZDV�SHUIRUPHG�DV�SUHYLRXVO\�GHVFULEHG�ZLWK�VRPH�PRGLILFDWLRQV��<LQJ�<L�HW�

DO��������� ��6HHGV�ZHUH�JURZQ�IRU���GD\V�RQ��)H��DQG� WKHQ� WUDQVIHUUHG� WR�ERWK��)H�DQG� �)H�

�������0�)HUUR]LQH��IRU���GD\V��5RRWV�IURP�������VHHGOLQJV�ZHUH�FROOHFWHG�LQ������O�DVVD\�

VROXWLRQ� FRQVLVWLQJ� RI� ���P0� )H� �,,,��('7$� DQG� ���P0� IHUUR]LQH� LQ� GLVWLOOHG� ZDWHU��$Q�

LGHQWLFDO�DVVD\�VROXWLRQ�ZLWKRXW�URRWV�ZDV�XVHG�DV�EODQN��7KH�)&5�DFWLYLW\�LV�GHWHUPLQHG�E\�

WDNLQJ�DEVRUEDQFH�DW�����QP�ZLWK�WKH�KHOS�RI�D�VSHFWURSKRWRPHWHU�XVLQJ�WKH�IRUPXOD���0�)H�

�,,��J�URRW�):�KU� ��$�������[�9��5RRW�):������ 

)H�KLVWRFKHPLFDO�VWDLQLQJ� 

)RU�)H�VWDLQLQJ����GD\�ROG�VHHGOLQJV�JURZQ�RQ��)H�ZHUH�YDFXXP�LQILOWUDWHG�ZLWK�D�VROXWLRQ�

FRQWDLQLQJ�����Y�Y��+&/�DQG�����Z�Y��.�IHUURF\DQLGH�IRU���PLQXWHV��6HHGOLQJV�ZHUH�WKHQ�

ZDVKHG� ZLWK� ZDWHU� ILYH� WLPHV�� REVHUYHG� DQG� SKRWRJUDSKHG� XVLQJ� 1,.21� (&/,36(�1L� 8�

PLFURVFRSH� 

)RU�GLDPLQREHQ]LGLQH��'$%��LQWHQVLILFDWLRQ��DIWHU�3HUOV�VWDLQLQJ�WKH�VHHGOLQJV�ZHUH�NHSW�IRU�

LQFXEDWLRQ� LQ�PHWKDQRO� WKDW�FRQWDLQV���P0�1D�D]LGH�DQG�������Y�Y��+�2�� IRU���KRXU��7KH�

VHHGOLQJV�ZHUH�ZDVKHG�ZLWK����P0�1D�SKRVSKDWH�EXIIHU��S+������DQG�NHSW�IRU�LQFXEDWLRQ�LQ�



ϳϰ 
 

WKH�VDPH�EXIIHU�ZKLFK�FRQWDLQV���������Z�Y��'$%�DQG���������Y�Y��+�2���7KH�VHHGOLQJV�ZHUH�

ZDVKHG�ZLWK�ZDWHU�WR�VWRS�WKH�UHDFWLRQ��7KH�VWDLQHG�VHHGOLQJV�ZHUH�WKHQ�SKRWRJUDSKHG�XVLQJ�

1,.21�(&/,36(�1L�8�PLFURVFRSH� 

,URQ�PHDVXUHPHQWV 

(OHPHQWDO� DQDO\VLV�RI� WKH� URRW� WLVVXHV�ZDV�SHUIRUPHG�XVLQJ� LQGXFWLYH� FRXSOHG�SODVPD�PDVV�

VSHFWURPHWU\��,&3�06��$JLOHQW��86$���7KH�WLVVXH�VDPSOHV�ZHUH�ILUVW�GULHG�DW���q&�RYHUQLJKW��

DQG� ���� PJ� RI� ILQHO\� JURXQGHG� WLVVXH� ZDV� VXEVHTXHQWO\� DFLG� GLJHVWHG� �+12��� LQ� WKH�

PLFURZDYH�DVVLVWHG�GLJHVWLRQ�V\VWHP��7KH�GLJHVWHG�VDPSOHV�ZHUH�GLOXWHG�XVLQJ�GLOXWLRQ�IDFWRU�

��[�ZLWK����+12���$IWHU�GLOXWLRQ��WKH�HOHPHQWDOV�FRQFHQWUDWLRQV�RI�)H�ZDV�HVWLPDWHG��$W�OHDVW�

WZR�ELRORJLFDO�UHSOLFDWHV�ZHUH�XVHG�IRU�HDFK�WUHDWPHQW�DQG�JHQRW\SHV� 

51$�([WUDFWLRQ�DQG�T57�3&5 

7RWDO�51$�ZDV�H[WUDFWHG�IURP�URRWV�RI�VHHGOLQJV�JURZQ�RQ�ò06�IRU���GD\V�DQG�WUDQVIHUUHG�WR�

�)H�RU��)H�IRU���GD\V�XVLQJ�3ODQW�51HDV\�NLW��4LDJHQ��IROORZLQJ�PDQXIDFWXUHU¶V�SURWRFRO�DQG�

GLJHVWHG�ZLWK�'1DVH�,�WR�UHPRYH�JHQRPLF�'1$��F'1$�ZDV�V\QWKHVLVHG�XVLQJ�5HYHUW$LG70�

)LUVW�6WUDQG�F'1$�6\QWKHVLV�.LW��7KHUPR��IURP�51$����J���T3&5�ZDV�SHUIRUPHG�XVLQJ�D�

/LJKW&\FOHU�����,,��5RFKH��DQG�7%�*UHHQ70�3UHPL[�([��7KH�ȕ�WXEXOLQ�ZDV�XVHG�DV�D�UHIHUHQFH�

JHQH�DQG�UHODWLYH�H[SUHVVLRQ�OHYHOV�ZHUH�FDOFXODWHG�XVLQJ�FRPSDUDWLYH�WKUHVKROG�F\FOH�PHWKRG�

�''&7���7KH�SULPHUV�XVHG�DUH�OLVWHG�LQ�7DEOH����� 

+LVWRFKHPLFDO�*86�6WDLQLQJ 

7KH�*86�VWDLQLQJ�ZDV�GRQH�XVLQJ�*86�H[SUHVVLQJ�VHHGOLQJV�JURZQ�RQ��)H�RU��)H�IRU���GD\V��

)RU�YLVXDOL]DWLRQ�RI�*86�H[SUHVVLRQ��VHHGOLQJV�ZHUH�LQFXEDWHG�LQ�VWDLQLQJ�VROXWLRQ������P0�

1D�+32�������P0�1D+�32�����P0�.�>)H�&1��@����P0�.�>)H�&1��@������7ULWRQ�;������DQG�

�� P0� ��EURPR���FKORUR���LQGRO\O� JOXFXURQLGH�� S+� ����� DQG� YDFXXP� ZDV� DSSOLHG� IRU� ���

PLQXWHV�IROORZHG�E\�LQFXEDWLRQ�DW����&�IRU���WR���K��$IWHU�LQFXEDWLRQ��WKH�VHHGOLQJV�ZHUH�VWRUHG�

LQ�����HWKDQRO�EHIRUH�LPDJLQJ��,PDJHV�ZHUH�WDNHQ�XVLQJ�1,.21�(&/,36(�1L�8�PLFURVFRSH� 

&RQIRFDO�0LFURVFRS\ 

)RU� FRQIRFDO�PLFURVFRS\�� VHHGOLQJV� JURZQ� RQ�ò�06� IRU� �� GD\V�ZHUH� VWDLQHG�ZLWK� ���ȝ0�

SURSLGLXP�LRGLGH�IRU����VHFRQGV��)RU�*)3�H[FLWDWLRQ��D����QP�ODVHU�ZDV�XVHG��DQG�SURSLGLXP�

LRGLGH�ZDV�H[FLWHG�ZLWK����QP�ODVHU��DQG�HPLVVLRQ�VSHFWUD�ZHUH�FROOHFWHG�DW���������QP�DQG�
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�������QP��UHVSHFWLYHO\���,PDJLQJ�ZDV�SHUIRUPHG�LQ�=�VWDFN�PRGH�ZLWK����P�VWHS�VL]H�XVLQJ�

D�63��XSULJKW�FRQIRFDO�PLFURVFRSH��/HLFD��� 

,PPXQREORWV 

3URWHLQ�ZDV�LVRODWHG�IURP�VHHGOLQJV�JURZQ�RQ��)H�IRU���GD\V��DQG�WUDQVIHUUHG�WR�ERWK��)H�DQG�

�)H�������0�)]��IRU���GD\V��7KH�VHHGOLQJV�ZHUH�KDUYHVWHG�DQG�FUXVKHG�XVLQJ�OLTXLG�QLWURJHQ�

DQG����P0�75,6�+&O��S+����������P0�'77������Z�Y��6'6�������Y�Y��JO\FHURO������Z�Y��

SRO\YLQ\OSRO\S\UUROLGRQH� �3933��� �� P0� 306)�� 7KH� VDPSOHV� ZHUH� YRUWH[HG� IROORZHG� E\�

FHQWULIXJDWLRQ� DW� ������� USP� IRU� ���PLQ��7KH� SURWHLQ� FRQFHQWUDWLRQ�ZDV� GHWHUPLQHG� XVLQJ�

%UDGIRUG�DVVD\��)RU�+<��GHWHFWLRQ��&KDL�HW�DO�������������ȝJ�RI�SURWHLQ�ZDV�ORDGHG�RQ�����

6'6�SRO\DFU\O�DPLGH�JHO�HOHFWURSKRUHVLV�JHO��DQG�JHO�ZDV�UXQ�DW����P$�DW�57�IRU���KU����PLQ��

7KH�VHSDUDWHG�SURWHLQV�ZHUH�WKHQ�WUDQVIHUUHG�WR�SRO\�YLQ\OLGHQH�GLIOXRULGH��39')��PHPEUDQH�

���9����KU����PLQ���7KH�39')�PHPEUDQH�ZDV�EORFNHG�ZLWK�����Z�Y��PLON�SRZGHU�DQG����

�Z�Y��SRO\YLQ\OS\UUROLGRQH��393�����LQ�75,6�EXIIHUHG�VDOLQH�FRQWDLQLQJ�������Y�Y��7ZHHQ����

�7%67��IRU���KU�IROORZHG�E\�LQFXEDWLRQ�ZLWK�SULPDU\�DQWLERG\�DQWL�+<����$JULVHUD��$6���

������GLOXWHG��������LQ�7%67�DW���&�RYHUQLJKW��0HPEUDQH�ZDV�ZDVKHG�LQ�7%67�IRU���KU��$IWHU�

ZDVKLQJ�� PHPEUDQH� ZDV� LQFXEDWHG� ZLWK� DQ� +53�FRQMXJDWHG� VHFRQGDU\� DQWLERG\� �6LJPD�

$OGULFK��$3���3��GLOXWHG����������LQ�7%670��0HPEUDQH�ZDV�ZDVKHG�DJDLQ�IRU��KU�IROORZHG�

E\�GHWHFWLRQ�ZLWK�(&/�VHOHFW�+53�VXEVWUDWH��%LR�5DG������������� 

)OXRUHVFHQFH 

6HHGV�ZHUH�VWHULOL]HG�DQG�VRZQ�RQ��)H�DQG��)H�IRU����GD\V��)OXRUHVFHQFH�RI����GD\�ROG�SODQWV�

ZDV�REVHUYHG�XVLQJ�D�*HO�'RF�;5��6\VWHP��%LRUDG��ZLWK�DQ�H[FLWDWLRQ�ZDYHOHQJWK�RI����QP�

�9DQKROPH�HW�DO��������� 

3ODVPLG�FRQVWUXFWV�DQG�WUDQVJHQLF�OLQHV 

)RU�RYHUH[SUHVVLRQ�OLQHV��WKH�FRGLQJ�VHTXHQFH�RI�%76�ZDV�DPSOLILHG�IURP�F'1$��7KH�IRUZDUG�

SULPHU� ZDV� GHVLJQHG� ZLWK� D� &$&&� RYHUKDQJ� WR� IDFLOLWDWH� GLUHFWLRQDO� FORQLQJ� RI� WKH� &'6�

IUDJPHQW�LQWR�S(175�'�7232��7KH�UHVXOWLQJ�FORQH�ZDV�VHTXHQFH�YHULILHG�DQG�XVHG�WR�VHW�XS�

DQ�/5�UHDFWLRQ�ZLWK�WKH�GHVWLQDWLRQ�YHFWRU��S0'&����WR�JHQHUDWH���6�%76��7KH�FRQVWUXFW�ZDV�

LQWURGXFHG� LQWR� $JUREDFWHULXP� WXPHIDFLHQV� *9����� DQG� WUDQVIRUPHG� LQWR� :7� &RO���

EDFNJURXQG� E\� WKH� IORUDO� GLS� PHWKRG�� 6LQJOH� JHQH� LQVHUWLRQV� ZHUH� GHWHFWHG� E\� 7�� ����

VHJUHJDWLRQ�UDWLR�RQ�PHGLD�FRQWDLQLQJ�K\JURP\FLQ�IROORZHG�E\�KRPR]\JRXV�OLQH�VHOHFWLRQ�DW�

7�� 
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)RU� S+<��+<��H*)3� FRQVWUXFW�� WKH�+<�� JHQH� ZDV� DPSOLILHG� IURP� F'1$� DQG� FORQHG� LQ�

S(175�'�7232��7KH�UHVXOWLQJ�FORQH�ZDV�GLJHVWHG�ZLWK�3VS20,�DQG�6WX,��DQG�WKH�+<��FRGLQJ�

VHTXHQFH�ZDV�FORQHG�DW�WKH�1�WHUPLQXV�RI�H*)3�LQ�S(175�'�7232�H*)3�YHFWRU��7KH�QDWLYH�

SURPRWHU� �����ES�XSVWUHDP�RI� WKH� WUDQVODWLRQDO�VWDUW�FRGRQ��ZDV�DPSOLILHG�IURP�J'1$�DQG�

FORQHG� LQWR� 6DF,� DQG� .SQ,� UHVWULFWLRQ� VLWHV� LQ� S$W([S�� FRQWDLQLQJ� DWW5�� DQG� DWW5��

UHFRPELQDWLRQ� VLWHV�� 7KH� UHVXOWLQJ� FORQH� ZDV� XVHG� WR� VHW� XS� D� /5� UHDFWLRQ� ZLWK�

S(175�'�7232�+<��H*)3�WR�FUHDWH�S+<��+<��H*)3��ZKLFK�ZDV�WKHQ�WUDQVIRUPHG�LQWR�K\��

PXWDQW��7KH�SULPHUV�XVHG�DUH�OLVWHG�LQ�7DEOH������ 

&K,3�T3&5 

7KH�&K,3�ZDV�SHUIRUPHG�DFFRUGLQJ�WR�WKH�PHWKRG�GHVFULEHG�SUHYLRXVO\��*HQGUHO�HW�DO�����������

S+<��+<��<)3��K\��DQG���6�H*)3�LQ�WKH�:7�/HU�EDFNJURXQG�JURZQ�DQG�JHUPLQDWHG�RQ�ò�

06�PHGLD�IRU���GD\V�DQG�WKHQ�WUDQVIHUUHG�WR�ò��)H�DQG��ò��)H�IRU���GD\V�ZHUH�IL[HG�XVLQJ����

IRUPDOGHK\GH�� 1XFOHL� LVRODWLRQ� ZDV� GRQH� IROORZHG� E\� VKHDULQJ� XVLQJ� D� 4VRQLFD� ���5�

XOWUDVRXQG�VRQLFDWRU�ZLWK����F\FOHV�RI�����SXOVH�DPSOLWXGH�IRU���VHF�IROORZHG�E\���VHF�SXOVH�

RII�WLPH��7KH�SURWHLQ�$�PDJQHWLF�EHDGV�����������6XUH%HDGV��DQG�DQWL�*)3�DQWLERG\��D�����

$EFDP��ZHUH�XVHG� WR�SXOO�GRZQ�+<��'1$�FRPSOH[HV��5DEELW� ,J*�ZDV�XVHG�DV�D�QHJDWLYH�

FRQWURO��7KH�LPPXQRFRPSOH[HV�ERXQG�WR�EHDGV�ZHUH�ZDVKHG�DQG�HOXWHG�IURP�EHDGV�IROORZHG�

E\� UHYHUVH� FURVVOLQNLQJ�� 7KH� T3&5� ZDV� VHW� XS� XVLQJ� SUHFLSLWDWHG� FKURPDWLQ�� 7KH� IROG�

HQULFKPHQW�ZDV�GHWHUPLQHG�E\�QRUPDOL]LQJ�DJDLQVW�QHJDWLYH�FRQWURO��,J*���7KH�SULPHUV�XVHG�

DUH�OLVWHG�LQ�7DEOH���������� 

6WDWLVWLFDO�$QDO\VLV� 

'DWD�ZDV�H[SUHVVHG�DV�PHDQV���6(0��3�YDOXH�ZDV�FDOFXODWHG�E\�VWXGHQW¶V�W�WHVW�RU�RQH�ZD\�

$129$�IROORZHG�E\�SRVW�KRF�7XNH\�+6'�7HVW��3�YDOXH��������ZDV�FRQVLGHUHG�DV�VWDWLVWLFDOO\�

VLJQLILFDQW� 

$FNQRZOHGJPHQWV� 

7KH�DXWKRUV�WKDQN�5RPDQ�8OP�IRU�SURYLGLQJ�:6��K\K��K\���K\K�K\��DQG�S+<��+<��<)3�K\��

�/HU�� � VHHGV��7KH� DXWKRUV� DUH� JUDWHIXO� WR�5XPHQ� ,YDQRY� DQG�3HWUD�%DXHU� IRU� SURYLGLQJ� WKH�

S,57��*86�VHHGV��7HUU\�$��/RQJ�IRU�S\H��EWV�DQG�S%76�*86��DQG�-DQQHNH�%DON�IRU�EWV�VHHGV��

7KH� DXWKRUV� DUH� DOVR� WKDQNIXO� WR�)HUHQF�1DJ\��0DULD�$JXVWLQD�0D]]HOOD�� 6DXUDY�'DWWD� DQG�

6UHHUDP�*DQJDSSD��IRU�SK\%���VHHGV��7KH�DXWKRUV�WKDQN�3ULQFH�6DLQL�DQG�$VLV�.XPDU�IRU�WKHLU�

WHFKQLFDO�KHOS� LQ�T57�3&5�DQG�&K,3�T3&5�H[SHULPHQWV��7KH�DXWKRUV�DUH�JUDWHIXO� WR�DOO� WKH�
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PHPEHUV�RI�6%6�ODERUDWRU\��5DPHVK�<HODJDQGXOD��%DODML�(QXJXWWL��.DXVKDO�%KDWL�DQG�0DUFR�

*LRYDQQHWWL� IRU� FULWLFDO� UHDGLQJ�RI� WKH�PDQXVFULSW��6�%�6�� DFNQRZOHGJHV� LQWUDPXUDO� IXQGLQJ�

VXSSRUW� IURP�,QGLDQ�,QVWLWXWH�RI�6FLHQFH�(GXFDWLRQ�DQG�5HVHDUFK��,,6(5��0RKDOL��6%6� LV�D�

UHFLSLHQW�RI�5DPDOLQJDVZDPL�)HOORZVKLS�IURP�'HSDUWPHQW�RI�%LRWHFKQRORJ\��'%7��*RYW��RI�

,QGLD� DQG� DFNQRZOHGJHV� IXQGLQJ� UHFHLYHG� IURP�'%7��6%6� DOVR� DFNQRZOHGJHV�6FLHQFH� DQG�

(QJLQHHULQJ�5HVHDUFK�%RDUG��6(5%��IRU�(DUO\�FDUHHU�UHVHDUFK�IXQGLQJ��(&5���������������

60�DQG�'6�DFNQRZOHGJHV�3K'�IHOORZVKLS�DQG�SRVWGRFWRUDO�IHOORZVKLS�UHFHLYHG�IURP�,,6(5�

0RKDOL�� 

$XWKRU�FRQWULEXWLRQV� 

60� DQG� 6%6� FRQFHLYHG� WKH� VWXG\� DQG� GHVLJQHG� WKH� H[SHULPHQWV�� 60� SHUIRUPHG� DOO� WKH�

H[SHULPHQWV�ZLWK�WKH�KHOS�IURP�'6��.0��0.��+0�DQG�90��60��6%6��5.<�DQG�$.3��DQDO\VHG�

WKH�GDWD��60�SUHSDUHG�WKH�ILJXUHV�DQG�ZURWH�WKH�ILUVW�GUDIW��6%6�VXSHUYLVHG�WKH�ZRUN��HGLWHG�WKH�

PDQXVFULSW�� DQG� SURYLGHG� WKH� RYHUDOO� GLUHFWLRQ�� $OO� DXWKRUV� GLVFXVVHG� WKH� UHVXOWV� DQG�

FRPPHQWHG�RQ�WKH�PDQXVFULSW� 

7DEOHV 

7DEOH������3ULPHUV�XVHG�LQ�JHQRW\SLQJ� 

bts-1, LP CCAAATGCGTTCGTAGGTAAG 

bts-1, RP TCAGATTTACACAAATTTGCAGC 

hy5, LP TTCACTCTCGATATCCGTTCG 

hy5, RP ATGCGAGTGAATGACCATTTC 

LBb1.3 ATTTTGCCGATTTCGGAAC 

 

7DEOH������3ULPHUV�XVHG�IRU�T57�3&5� 

qbHLH38 F ACGGTGCCGGAGATAACCTA 

qbHLH38 R GTCGGTCACGTTCACTAGCA 

qbHLH39 F CCGTTCATGTCTTCCTGCCT 

qbHLH39 R GCCTTTGGTGGCTGCTTAAC 

qbHLH100 F CTCCCACCAATCAAACGAAGAAG 

qbHLH100 R TGTTTTGGTCGGTGTAAACGAG 

qbHLH101 F AAGAAGATCGAGGAGCGGTG 
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qbHLH101 R TGTTTTGGTCGGTGTAAACGAG 

qRT PYE FP CAGGACTTCCCATTTTCCAA 

qRT PYE RP CTTGTGTCTGGGGATCAGGT 

qRT FRO2 FP GCCACATCTGCGTATCAAGTT 

qRT FRO2 RP TCCCAAACAAGCTACGACCA 

qRT FIT FP CAGTCACAAGCGAAGAAACTCA 

qRT FIT RP CTTGTAAAGAGATGGAGCAACACC 

qRT BTS FP GCTCTGGCACAAGTCAATCA 

qRT BTS RP CGTTCATCAAATGCCGATAA 

qRT IRT1 FP GAATGTGGAAGCGAGTCAGCGA 

qRT IRT1 RP GATCCCGGAGGCGAAACACTTA 

qRT TUBULIN 

FP 

CGACAATGAAGCTCTCTACGA 

qRT TUBULIN 

RP 

AAGTCACACCGCTCATTGTT 

qRT MYB10 FP GGGGAAATCTTGGTGGAGCA 

qRT MYB10 RP AGGAGGAACCTGGCTATCGT 

qRT MYB72 FP TCGAGAGGTAACCAAATCGCA 

qRT MYB72 RP CAGCTGTCTCCTCAAGTCGG 

qRT NAS4 FP GGCTTCGACGTTGTGTTCTT 

qRT NAS4 RP AGCAAAGCACCAGGAGACAT 

qRT At-NEET 

FP 

TCGTTGTCACCGAGCTTTCC 

qRT At-NEET 

RP 

ACGTCCCCGACCTCCAA 

qRT¶F6'H1 FP TGATATCTGCAGGAATGAAACG 

qRT¶F6'H1 RP GGGTAGTAGTTAAGGTTGACTC 

qRT S8H FP CCGAGACACTTGGCTTCTT 

qRT S8H RP CAGCAGCTCCACCGAAACA 

qRT CYP82C4 

FP 

AGGCTCAGTATCGTCGGAG 

qRT CYP82C4 

RP 

TTTCTATGTCTGAATCCTCGACG 
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qRT PDR9 FP GTCTTGGACACTCAACGGGT 

qRT PDR9 RP ATCTTGCAACCGTCGTGGAT 

qRT BGLU42 

FP 

ATGGCCTGGGAACTGAAGTC 

qRT BGLU42 

RP 

ATTTGTCCAACCTCCGATTG 

qRT IMA1 FP ATGTCTTTTGTCGCAAACTT 

qRT IMA1 RP CACCACCATTCTCACTATATG 

qRT IMA2 FP TGCTTCCGTGGTGTATGTTG 

qRT IMA2 RP CAAGAAAACTCGAGACACAATC 

qRT IMA3 FP GGCAGGCTATACGAATCAAC 

qRT IMA3 RP GTTCTATGTCAAGAAGCACA 

qRT BTSL1 FP GGCAATGAAGATGGATTTGG 

qRT BTSL1 RP TCATATGGAACCGTTGCTGA 

qRT BTSL2 FP CGGGGCAGAATCCATCTTAT 

qRT BTSL2 RP GTTGCAACAAGGAGCAAGAAG

  

 

7DEOH������3ULPHUV�XVHG�LQ�&ORQLQJ� 

pHY5 FP/Sac1 CACCGAGCTCTCTAATGTTAACGTTGAGATGG 

pHY5 RP/Kpn1 AAGGTACCTTTTCTTACTCTTTGAAGATCG 

HY5 CDS FP CACCATGCAGGAACAAGCGACTAGCTC 

HY5 CDS RP/ 

StuI* 

TAAAAGGCCTAAGGCTTGCATCAGCATTAGAACC 

BTS CDS, 

FP/SpeI 

CACCACTAGTATGGCGACGCCGTTACCAGAT 

BTS 

CDS,RP/StuI- 

STOP 

ATAATAGGCCTTCAGGATGAGGTTGAGCAGTCC 

 

7DEOH������3ULPHUV�XVHG�IRU�&K,3�T3&5� 
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pBTS ChiP FP CTCCTTCTAACTCCGAGAAC 

pBTS ChiP RP GAAAATGAATAAAAGTGCTTGG 

pBTSChiP II FP GAAAAAAAAGGAATGTGTTG 

pBTSChiP II RP TTGATGAAGTAGAAAATGGTG 

pPYE CHIP I FP GACGTGTCCATGAGAGATGA 

pPYE ChiP I RP TTTTTGGAGGAAGAAGGTCC 

pPYE ChiP II FP TTAAACCACTCTTCCACTCG 

pPYE ChiP II RP TTAAGTGGACACGTGAGTTC 

pFRO2 ChIP FP AACCAGATTCCTTACAACCA 

 

p FRO2 ChIP RP 

 

ATTAGCAACAAGAGTCATAC 

pFRO2 ChiP II FP TGACATATTTTGTTGACACG 

pFRO2 Chip II RP TAAGGAATCTGGTTCGTGTT 

pIRT1 ChiP II FP CAATATGGAAAATCTCCCCA 

pIRT1 CHIP II RP ACCTCCCACGTTTTCATATG 

pFIT ChiP RP GAGTGAGTATGAAATAAACTG 

pFIT ChiP FP CACGACAAATTAATCATTCG 

pFIT ChiP II FP AACAAGAATATATGTGGATC 

pFIT ChiP II RP CTCATAATATATCCTGTTAC 
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����5HIHUHQFHV� 

$KQ��<�2���6KLPL]X��%�,���6DNDWD��.���*DQWXOJD��'���=KRX��=���%HYDQ��'�5��DQG�(VHQ��$��

�������6FRSROLQ�K\GURO\]LQJ�ȕ�JOXFRVLGDVHV�LQ�URRWV�RI�$UDELGRSVLV��3ODQW�&HOO�3K\VLRO���

�������±���� 

$QGURQLV��&���%DUDN��6���.QRZOHV��6�0���6XJDQR��6��DQG�7RELQ��(�0���������7KH�FORFN�

SURWHLQ�&&$��DQG�WKH�E=,3�WUDQVFULSWLRQ�IDFWRU�+<��SK\VLFDOO\�LQWHUDFW�WR�UHJXODWH�JHQH�

H[SUHVVLRQ�LQ�$UDELGRSVLV��0RO��3ODQW�������±����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������PS�VVP���� 

$QJ��/���&KDWWRSDGK\D\��6���:HL��1���2\DPD��7���2NDGD��.���%DWVFKDXHU��$��DQG�'HQJ��

;���������0ROHFXODU�,QWHUDFWLRQ�EHWZHHQ�&23��DQG�+<��'HILQHV�D�5HJXODWRU\�6ZLWFK�

IRU�/LJKW�&RQWURO�RI�$UDELGRSVLV�'HYHORSPHQW����������±���� 

$RQR��0���.XER��$���6DML��+���7DQDND��.��DQG�.RQGR��1���������(QKDQFHG�WROHUDQFH�WR�

SKRWRR[LGDWLYH�VWUHVV�RI�WUDQVJHQLF�QLFRWLDQD�WDEDFXP�ZLWK�KLJK�FKORURSODVWLF�

JOXWDWKLRQH�UHGXFWDVH�DFWLYLW\��3ODQW�&HOO�3K\VLRO� 

%DFDLFRD��(���0RUD��9���=DPDUUHxR��È�0���)XHQWHV��0���&DVDQRYD��(��DQG�*DUFtD�0LQD��

-�0���������$X[LQ��$�PDMRU�SOD\HU�LQ�WKH�VKRRW�WR�URRW�UHJXODWLRQ�RI�URRW�)H�VWUHVV�

SK\VLRORJLFDO�UHVSRQVHV�WR�)H�GHILFLHQF\�LQ�FXFXPEHU�SODQWV��3ODQW�3K\VLRO��%LRFKHP���

�������±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�SODSK\������������� 

%DON��-��DQG�6FKDHGOHU��7�$���������,URQ�&RIDFWRU�$VVHPEO\�LQ�3ODQWV��$QQX��5HY��3ODQW�

%LRO���������±�����$YDLODEOH�DW��ZZZ�DQQXDOUHYLHZV�RUJ� 

%Oi]TXH]��0�$���6DQWRV��(���)ORUHV��&�/���0DUWtQH]�=DSDWHU��-�0���6DOLQDV��-��DQG�

*DQFHGR��&���������,VRODWLRQ�DQG�PROHFXODU�FKDUDFWHUL]DWLRQ�RI�WKH�DUDELGRSVLV�736��

JHQH��HQFRGLQJ�WUHKDORVH���SKRVSKDWH�V\QWKDVH��3ODQW�-����������±���� 

%OXP��$���%UXPEDURYD��7���%DXHU��3��DQG�,YDQRY��5���������+RUPRQH�LQIOXHQFH�RQ�WKH�

VSDWLDO�UHJXODWLRQ�RI�,57��H[SUHVVLRQ�LQ�LURQ�GHILFLHQW�$UDELGRSVLV�WKDOLDQD�URRWV��3ODQW�

6LJQDO��%HKDY����� 

%ROJHU��$�0���/RKVH��0��DQG�8VDGHO��%���������7ULPPRPDWLF��$�IOH[LEOH�WULPPHU�IRU�

,OOXPLQD�VHTXHQFH�GDWD��%LRLQIRUPDWLFV����������±����� 

%UXPEDURYD��7���%DXHU��3��DQG�,YDQRY��5���������0ROHFXODU�PHFKDQLVPV�JRYHUQLQJ�

$UDELGRSVLV�LURQ�XSWDNH��7UHQGV�3ODQW�6FL����������±�����$YDLODEOH�DW��



ϴϮ 
 

KWWS���G[�GRL�RUJ���������M�WSODQWV������������� 

%UXPEDURYD��7��DQG�,YDQRY��5���������7KH�1XWULHQW�5HVSRQVH�7UDQVFULSWLRQDO�5HJXORPH�

RI�$UDELGRSVLV��L6FLHQFH���������±�����$YDLODEOH�DW��

KWWSV���GRL�RUJ���������M�LVFL������������� 

%XUNR��<���6HOX]LFNL��$���=DQGHU��0���3HGPDOH��8��9���(FNHU��-�5��DQG�&KRU\��-���������

&KLPHULF�DFWLYDWRUV�DQG�UHSUHVVRUV�GHILQH�+<��DFWLYLW\�DQG�UHYHDO�D�OLJKW�UHJXODWHG�

IHHGEDFN�PHFKDQLVP��3ODQW�&HOO���������±���� 

%XUVFK��.���7ROHGR�2UWL]��*���3LUH\UH��0���/RKU��0���%UDDW]��&��DQG�-RKDQVVRQ��+��

�������,GHQWLILFDWLRQ�RI�%%;�SURWHLQV�DV�UDWH�OLPLWLQJ�FRIDFWRUV�RI�+<���1DW��3ODQWV�����

���±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

&DWDOi��5���0HGLQD��-��DQG�6DOLQDV��-���������,QWHJUDWLRQ�RI�ORZ�WHPSHUDWXUH�DQG�OLJKW�

VLJQDOLQJ�GXULQJ�FROG�DFFOLPDWLRQ�UHVSRQVH�LQ�$UDELGRSVLV��3URF��1DWO��$FDG��6FL��8��6��

$�������������±������ 

&KDL��7���=KRX��-���/LX��-��DQG�;LQJ��'���������/6'��DQG�+<��DQWDJRQLVWLFDOO\�UHJXODWH�UHG�

OLJKW�LQGXFHG�SURJUDPPHG�FHOO�GHDWK�LQ�$UDELGRSVLV��)URQW��3ODQW�6FL�������±��� 

&KHQ��/�4���4X��;�4���+RX��%�+���6RVVR��'���2VRULR��6���)HUQLH��$�5��DQG�)URPPHU��:�%��

�������6XFURVH�HIIOX[�PHGLDWHG�E\�6:((7�SURWHLQV�DV�D�NH\�VWHS�IRU�SKORHP�WUDQVSRUW��

6FLHQFH�������������������±���� 

&KHQ��6�<���*X��7�<���4L��=�$���<DQ��-���)DQJ��=�-���/X��<�7���/L��+��DQG�*RQJ��-�0��

�������7ZR�13)�WUDQVSRUWHUV�PHGLDWH�LURQ�ORQJ�GLVWDQFH�WUDQVSRUW�DQG�KRPHRVWDVLV�LQ�

$UDELGRSVLV��3ODQW�&RPPXQ�������±��� 

&KHQ��:�:���<DQJ��-�/���4LQ��&���-LQ��&�:���0R��-�+���<H��7��DQG�=KHQJ��6�-���������

1LWULF�R[LGH�DFWV�GRZQVWUHDP�RI�DX[LQ�WR�WULJJHU�URRW�IHUULF�FKHODWH�UHGXFWDVH�DFWLYLW\�LQ�

UHVSRQVH�WR�LURQ�GHILFLHQF\�LQ�DUDELGRSVLV��3ODQW�3K\VLRO�����������±���� 

&KHQ��;���<DR��4���*DR��;���-LDQJ��&���+DUEHUG��1�3��DQG�)X��;���������6KRRW�WR�5RRW�

0RELOH�7UDQVFULSWLRQ�)DFWRU�+<��&RRUGLQDWHV�3ODQW�&DUERQ�DQG�1LWURJHQ�$FTXLVLWLRQ��

&XUU��%LRO����������±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�FXE������������� 

&KHQJ��/���:DQJ��)���6KRX��+���HW�DO���������0XWDWLRQ�LQ�QLFRWLDQDPLQH�DPLQRWUDQVIHUDVH�

VWLPXODWHG�WKH�)H�,,��DFTXLVLWLRQ�V\VWHP�DQG�OHG�WR�LURQ�DFFXPXODWLRQ�LQ�ULFH��3ODQW�

3K\VLRO������������±����� 



ϴϯ 
 

&KH]HP��:�5���0HPRQ��$���/L��)�6���:HQJ��-�.��DQG�&OD\��1�.���������6*��W\SH�5�5��

0<%�WUDQVFULSWLRQ�IDFWRU�0<%���FRQWUROV�GHIHQVH�LQGXFHG�OLJQLILFDWLRQ�DQG�EDVDO�

LPPXQLW\�LQ�DUDELGRSVLV��3ODQW�&HOO����������±����� 

&OXLV��&�3���0RXFKHO��&�)��DQG�+DUGWNH��&�6���������7KH�$UDELGRSVLV�WUDQVFULSWLRQ�IDFWRU�

+<��LQWHJUDWHV�OLJKW�DQG�KRUPRQH�VLJQDOLQJ�SDWKZD\V��3ODQW�-����������±���� 

&RQQROO\��(�/���&DPSEHOO��1�+���*URW]��1���3ULFKDUG��&�/��DQG�*XHULQRW��0��/RX��������

2YHUH[SUHVVLRQ�RI�WKH�)52��)HUULF�&KHODWH�5HGXFWDVH�&RQIHUV�7ROHUDQFH�WR�*URZWK�RQ�

/RZ�,URQ�DQG�8QFRYHUV�3RVWWUDQVFULSWLRQDO�&RQWURO��3ODQW�3K\VLRO������������±����� 

&RQWH��6�6���&KX��+�+���&KDQ�5RGULJXH]��'���3XQVKRQ��7���9DVTXHV��.�$���6DOW��'�(��DQG�

:DONHU��(�/���������$UDELGRSVLV�WKDOLDQD�\HOORZ�VWULSH��OLNH��DQG�\HOORZ�VWULSH��OLNH��

ORFDOL]H�WR�LQWHUQDO�FHOOXODU�PHPEUDQHV�DQG�DUH�LQYROYHG�LQ�PHWDO�LRQ�KRPHRVWDVLV��

)URQW��3ODQW�6FL�������±��� 

&XULH��&���3DQDYLHQH��=���/RXOHUJXH��&���'HOODSRUWD��6�/���%ULDW��-���:DONHU��(�/��DQG�

0RQWSHOOLHU��Æ�(���������0HWKRGV�1RJR�UHFRPELQDQW�SURWHLQV������������±�����

$YDLODEOH�DW��ZZZ�QDWXUH�FRP� 

'HONHU��&���6RQQWDJ��/���-DPHV��*�9���HW�DO���������7KH�'(7��&23��+<��3DWKZD\�

&RQVWLWXWHV�D�0XOWLSXUSRVH�6LJQDOLQJ�0RGXOH�5HJXODWLQJ�3ODQW�3KRWRPRUSKRJHQHVLV�DQG�

7KHUPRPRUSKRJHQHVLV��&HOO�5HS����������±����� 

'L'RQDWR��5�-���5REHUWV��/�$���6DQGHUVRQ��7���(LVOH\��5�%��DQG�:DONHU��(�/���������

$UDELGRSVLV�<HOORZ�6WULSH�/LNH���<6/����$�PHWDO�UHJXODWHG�JHQH�HQFRGLQJ�D�SODVPD�

PHPEUDQH�WUDQVSRUWHU�RI�QLFRWLDQDPLQH�PHWDO�FRPSOH[HV��3ODQW�-����������±���� 

'RUH\��6���%DLOOLHXO��)���3LHUUHO��0�$���6DLQGUHQDQ��3���)ULWLJ��%��DQG�.DXIIPDQQ��6��

�������6SDWLDO�DQG�WHPSRUDO�LQGXFWLRQ�RI�FHOO�GHDWK��GHIHQVH�JHQHV��DQG�DFFXPXODWLRQ�RI�

VDOLF\OLF�DFLG�LQ�WREDFFR�OHDYHV�UHDFWLQJ�K\SHUVHQVLWLYHO\�WR�D�IXQJDO�JO\FRSURWHLQ�

HOLFLWRU��0RO��3ODQW�0LFUREH�,QWHUDFW����������±���� 

'XEHDX[��*���1HYHX��-���=HOD]Q\��(��DQG�9HUW��*���������0HWDO�6HQVLQJ�E\�WKH�,57��

7UDQVSRUWHU�5HFHSWRU�2UFKHVWUDWHV�,WV�2ZQ�'HJUDGDWLRQ�DQG�3ODQW�0HWDO�1XWULWLRQ��0RO��

&HOO��������������H�� 

'XUUHWW��7�3���*DVVPDQQ��:��DQG�5RJHUV��(�(���������7KH�)5'��PHGLDWHG�HIIOX[�RI�

FLWUDWH�LQWR�WKH�URRW�YDVFXODWXUH�LV�QHFHVVDU\�IRU�HIILFLHQW�LURQ�WUDQVORFDWLRQ��3ODQW�



ϴϰ 
 

3K\VLRO�����������±���� 

(LGH��'���%URGHULXV��0���)HWW��-��DQG�*XHULQRW��0��/RX��������$�QRYHO�LURQ�UHJXODWHG�

PHWDO�WUDQVSRUWHU�IURP�SODQWV�LGHQWLILHG�E\�IXQFWLRQDO�H[SUHVVLRQ�LQ�\HDVW��3URF��1DWO��

$FDG��6FL��8��6��$�����������±����� 

)RXUFUR\��3���6LVy�7HUUD]D��3���6XGUH��'���HW�DO���������,QYROYHPHQW�RI�WKH�$%&*���

WUDQVSRUWHU�LQ�VHFUHWLRQ�RI�VFRSROHWLQ�DQG�GHULYDWLYHV�E\�$UDELGRSVLV�URRWV�LQ�UHVSRQVH�WR�

LURQ�GHILFLHQF\��1HZ�3K\WRO�����������±���� 

)RXUFUR\��3���7LVVRW��1���*D\PDUG��)���%ULDW��-�)��DQG�'XERV��&���������)DFLOLWDWHG�)H�

1XWULWLRQ�E\�3KHQROLF�&RPSRXQGV�([FUHWHG�E\�WKH�$UDELGRSVLV�$%&*���3'5��

7UDQVSRUWHU�5HTXLUHV�WKH�,57��)52��+LJK�$IILQLW\�5RRW�)H���7UDQVSRUW�6\VWHP��0RO��

3ODQW��������±���� 

)XJOVDQJ��$�7���*XR��<���&XLQ��7�$���HW�DO���������$UDELGRSVLV�SURWHLQ�NLQDVH�3.6��LQKLELWV�

WKH�SODVPD�PHPEUDQH�+���$73DVH�E\�SUHYHQWLQJ�LQWHUDFWLRQ�ZLWK��������SURWHLQ��3ODQW�

&HOO����������±����� 

)XJOVDQJ��$�7���.ULVWHQVHQ��$���&XLQ��7�$���HW�DO���������5HFHSWRU�NLQDVH�PHGLDWHG�FRQWURO�

RI�SULPDU\�DFWLYH�SURWRQ�SXPSLQJ�DW�WKH�SODVPD�PHPEUDQH��3ODQW�-����������±���� 

*DQJDSSD��6�1��DQG�%RWWR��-�)���������7KH�0XOWLIDFHWHG�5ROHV�RI�+<��LQ�3ODQW�*URZWK�DQG�

'HYHORSPHQW��0RO��3ODQW���������±����� 

*DQJDSSD��6�1��DQG�.XPDU��6�9���������'(7��DQG�+<��&RQWURO�3,)��0HGLDWHG�

7KHUPRVHQVRU\�(ORQJDWLRQ�*URZWK�WKURXJK�'LVWLQFW�0HFKDQLVPV��&HOO�5HS����������±

�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�FHOUHS������������� 

*DR��)���5REH��.���%HWWHPERXUJ��0���1DYDUUR��1��DQG�6DQWRQL��9���������7KH�

7UDQVFULSWLRQ�)DFWRU�E+/+����,QWHUDFWV�ZLWK�E+/+������,/5����DQG�,WV�&ORVHVW�

+RPRORJV�WR�5HJXODWH�,URQ�+RPHRVWDVLV�LQ�$UDELGRSVLV�����������±���� 

*DR��)���5REH��.��DQG�'XERV��&���������)XUWKHU�LQVLJKWV�LQWR�WKH�UROH�RI�E+/+����LQ�WKH�

UHJXODWLRQ�RI�LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD��3ODQW�6LJQDO��%HKDY�������

$YDLODEOH�DW��KWWSV���GRL�RUJ������������������������������� 

*DR��<�4���%X��/�+���+DQ��0�/���:DQJ��<�/���/L��=�<���/LX��+�7��DQG�&KDR��'�<���������

/RQJ�GLVWDQFH�EOXH�OLJKW�VLJQDOOLQJ�UHJXODWHV�SKRVSKDWH�GHILFLHQF\�LQGXFHG�SULPDU\�URRW�

JURZWK�LQKLELWLRQ��0RO��3ODQW����������±������$YDLODEOH�DW��



ϴϱ 
 

KWWSV���GRL�RUJ���������M�PROS������������� 

*DUFtD��0�-���&RUSDV��)�-���/XFHQD��&���HW�DO���������$�VKRRW�IH�VLJQDOLQJ�SDWKZD\�UHTXLULQJ�

WKH�RSW��WUDQVSRUWHU�FRQWUROV�JVQR�UHGXFWDVH�DQG�HWK\OHQH�LQ�DUDELGRSVLV�WKDOLDQD�URRWV��

)URQW��3ODQW�6FL�������±��� 

*DUFtD��0�-���/XFHQD��&���5RPHUD��)�-���$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������

(WK\OHQH�DQG�QLWULF�R[LGH�LQYROYHPHQW�LQ�WKH�XS�UHJXODWLRQ�RI�NH\�JHQHV�UHODWHG�WR�LURQ�

DFTXLVLWLRQ�DQG�KRPHRVWDVLV�LQ�$UDELGRSVLV��-��([S��%RW�����������±����� 

*DUFtD��0�-���6XiUH]��9���5RPHUD��)�-���$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������$�

QHZ�PRGHO�LQYROYLQJ�HWK\OHQH��QLWULF�R[LGH�DQG�)H�WR�H[SODLQ�WKH�UHJXODWLRQ�RI�)H�

DFTXLVLWLRQ�JHQHV�LQ�6WUDWHJ\�,�SODQWV��3ODQW�3K\VLRO��%LRFKHP����������±�����$YDLODEOH�

DW��KWWS���G[�GRL�RUJ���������M�SODSK\������������� 

*H��6���+H��/���-LQ��/���;LD��;���/L��/���$KDPPHG��*�-���4L��=���<X��-��DQG�=KRX��<���������

/LJKW�GHSHQGHQW�DFWLYDWLRQ�RI�+<��SURPRWHV�P\FRUUKL]DO�V\PELRVLV�LQ�WRPDWR�E\�

V\VWHPLFDOO\�UHJXODWLQJ�VWULJRODFWRQH�ELRV\QWKHVLV��1HZ�3K\WRO������������±����� 

*HQGUHO��$�9���/LSSPDQ��=���0DUWLHQVVHQ��5��DQG�&RORW��9���������3URILOLQJ�KLVWRQH�

PRGLILFDWLRQ�SDWWHUQV�LQ�SODQWV�XVLQJ�JHQRPLF�WLOLQJ�PLFURDUUD\V��1DW��0HWKRGV��������±

���� 

*UDW]��5���0DQLVKDQNDU��3���,YDQRY��5���HW�DO���������&,3.���'HSHQGHQW�3KRVSKRU\ODWLRQ�

0RGXODWHV�),7�$FWLYLW\�WR�3URPRWH�$UDELGRSVLV�,URQ�$FTXLVLWLRQ�LQ�5HVSRQVH�WR�

&DOFLXP�6LJQDOLQJ��'HY��&HOO��������������H��� 

*UD]LDQR��0��DQG�/DPDWWLQD��/���������1LWULF�R[LGH�DFFXPXODWLRQ�LV�UHTXLUHG�IRU�PROHFXODU�

DQG�SK\VLRORJLFDO�UHVSRQVHV�WR�LURQ�GHILFLHQF\�LQ�WRPDWR�URRWV��3ODQW�-����������±���� 

*ULOOHW��/���/DQ��3���/L��:���0RNNDSDWL��*��DQG�6FKPLGW��:�������D��,521�0$1�LV�D�

XELTXLWRXV�IDPLO\�RI�SHSWLGHV�WKDW�FRQWURO�LURQ�WUDQVSRUW�LQ�SODQWV��1DW��3ODQWV��������±

�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V���������������\� 

*ULOOHW��/���/DQ��3���/L��:���0RNNDSDWL��*��DQG�6FKPLGW��:�������E��,521�0$1�LV�D�

XELTXLWRXV�IDPLO\�RI�SHSWLGHV�WKDW�FRQWURO�LURQ�WUDQVSRUW�LQ�SODQWV��1DW��3ODQWV��������±

���� 

*UXEHU��%�'���*LHKO��5�)�+���)ULHGHO��6��DQG�:LUpQ��1��YRQ��������3ODVWLFLW\�RI�WKH�

$UDELGRSVLV�URRW�V\VWHP�XQGHU�QXWULHQW�GHILFLHQFLHV��3ODQW�3K\VLRO�����������±���� 



ϴϲ 
 

*XR��=���;X��-���:DQJ��<���HW�DO����������7KH�SK\%ဨGHSHQGHQW�LQGXFWLRQ�RI�+<��SURPRWHV�

LURQ�XSWDNH�E\�V\VWHPLFDOO\�DFWLYDWLQJ�)(5�H[SUHVVLRQ���(0%2�5HS��������±��� 

+lQVFK��5��DQG�0HQGHO��5�5�������D��3K\VLRORJLFDO�IXQFWLRQV�RI�PLQHUDO�PLFURQXWULHQWV�

�&X��=Q��0Q��)H��1L��0R��%��&O���&XUU��2SLQ��3ODQW�%LRO����������±���� 

+lQVFK��5��DQG�0HQGHO��5�5�������E��3K\VLRORJLFDO�IXQFWLRQV�RI�PLQHUDO�PLFURQXWULHQWV�

�&X��=Q��0Q��)H��1L��0R��%��&O���&XUU��2SLQ��3ODQW�%LRO����������±���� 

+DUGWNH��&�6���*RKGD��.���2VWHUOXQG��0�7���2\DPD��7���2NDGD��.��DQG�'HQJ��;�:��

�������+<��VWDELOLW\�DQG�DFWLYLW\�LQ�$UDELGRSVLV�LV�UHJXODWHG�E\�SKRVSKRU\ODWLRQ�LQ�LWV�

&23��ELQGLQJ�GRPDLQ��(0%2�-�����������±����� 

+LQGW��0�1���$NPDNMLDQ��*�=���3LYDUVNL��.�/���3XQVKRQ��7���%D[WHU��,���6DOW��'�(��DQG�

*XHULQRW��0��/RX��������%58786�DQG�LWV�SDUDORJV��%76�/,.(��DQG�%76�/,.(���

HQFRGH�LPSRUWDQW�QHJDWLYH�UHJXODWRUV�RI�WKH�LURQ�GHILFLHQF\�UHVSRQVH�LQ�$UDELGRSVLV�

WKDOLDQD��0HWDOORPLFV��������±�����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������&�07�����(� 

+LQGW��0�1��DQG�*XHULQRW��0��/RX��������*HWWLQJ�D�VHQVH�IRU�VLJQDOV��5HJXODWLRQ�RI�WKH�

SODQW�LURQ�GHILFLHQF\�UHVSRQVH��%LRFKLP��%LRSK\V��$FWD���0RO��&HOO�5HV� 

+ROP��0���0D��/���4X��/��DQG�'HQJ��;���������7ZR�LQWHUDFWLQJ�E=,3�SURWHLQV�DUH�GLUHFW�

WDUJHWV�RI�&23��PHGLDWHG�FRQWURO�RI�OLJKW�GHSHQGHQW�JHQH�H[SUHVVLRQ�LQ�$UDELGRSVLV����

����±����� 

+XDQJ��/���=KDQJ��+RQJFKHQJ��=KDQJ��+XL\RQJ��'HQJ��;�:��DQG�:HL��1���������+<��

UHJXODWHV�QLWULWH�UHGXFWDVH����1,5���DQG�DPPRQLXP�WUDQVSRUWHU�����$07�����LQ�

$UDELGRSVLV�VHHGOLQJV��3ODQW�6FL�����������±�����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������M�SODQWVFL������������� 

,VKLPDUX��<���6X]XNL��0���7VXNDPRWR��7���HW�DO���������5LFH�SODQWV�WDNH�XS�LURQ�DV�DQ�)H���

SK\WRVLGHURSKRUH�DQG�DV�)H����3ODQW�-����������±���� 

-LDQJ��/���3KLOOLSV��7�(���+DPP��&�$���'UR]GRZLF]��<�0���5HD��3�$���0DHVKLPD��0���

5RJHUV��6�:��DQG�5RJHUV��-�&���������7KH�SURWHLQ�VWRUDJH�YDFXROH��$�XQLTXH�

FRPSRXQG�RUJDQHOOH��-��&HOO�%LRO�����������±����� 

-RE��1���<DGXNULVKQDQ��3���%XUVFK��.���'DWWD��6��DQG�-RKDQVVRQ��+���������7ZR�%�ER[�

SURWHLQV�UHJXODWH�SKRWRPRUSKRJHQHVLV�E\�RSSRVLWHO\�PRGXODWLQJ�+<��WKURXJK�WKHLU�



ϴϳ 
 

GLYHUVH�&�WHUPLQDO�GRPDLQV��3ODQW�3K\VLRO������������±����� 

-RQDVVHQ��(�0���/HD��8�6��DQG�/LOOR��&���������+<��DQG�+<+�DUH�SRVLWLYH�UHJXODWRUV�RI�

QLWUDWH�UHGXFWDVH�LQ�VHHGOLQJV�DQG�URVHWWH�VWDJH�SODQWV��3ODQWD����������±���� 

-RQDVVHQ��(�0���6pYLQ��'�&��DQG�/LOOR��&���������7KH�E=,3�WUDQVFULSWLRQ�IDFWRUV�+<��DQG�

+<+�DUH�SRVLWLYH�UHJXODWRUV�RI�WKH�PDLQ�QLWUDWH�UHGXFWDVH�JHQH�LQ�$UDELGRSVLV�OHDYHV��

1,$���EXW�QHJDWLYH�UHJXODWRUV�RI�WKH�QLWUDWH�XSWDNH�JHQH�157�����-��3ODQW�3K\VLRO��������

����±����� 

.HYLQ�5REH���(VWKHU�,]TXLHUGR���)ORUHQFH�9LJQROV���+DWHP�5RXDFKHG�������&�'���������

7KH�&RXPDULQV��6HFRQGDU\�0HWDEROLWHV�3OD\LQJ�D�3ULPDU\�5ROH�LQ�3ODQW�1XWULWLRQ�DQG�

+HDOWK� 

.LP��6�$���/D&URL[��,�6���*HUEHU��6�$��DQG�*XHULQRW��0��/RX��������7KH�LURQ�GHILFLHQF\�

UHVSRQVH�LQ�$UDELGRSVLV�WKDOLDQD�UHTXLUHV�WKH�SKRVSKRU\ODWHG�WUDQVFULSWLRQ�IDFWRU�85,��

3URF��1DWO��$FDG��6FL��8��6��$�������������±������ 

.LP��6�$���3XQVKRQ��7���/DQ]LURWWL��$���/L��$���$ORQVR��-�0���(FNHU��-�5���.DSODQ��-��DQG�

*XHULQRW��0��/RX��������/RFDOL]DWLRQ�RI�LURQ�LQ�$UDELGRSVLV�VHHG�UHTXLUHV�WKH�YDFXRODU�

PHPEUDQH�WUDQVSRUWHU�9,7���6FLHQFH��������������������±����� 

.LQGJUHQ��3���1RUpQ��/���%DUDMDV�/ySH]��-�'�'���6KDLNKDOL��-��DQG�6WUDQG��c���������

,QWHUSOD\�EHWZHHQ�+($7�6+2&.�3527(,1����DQG�+<��FRQWUROV�3K$1*�H[SUHVVLRQ�

LQ�UHVSRQVH�WR�WKH�*81��SODVWLG�VLJQDO��0RO��3ODQW��������±���� 

.RED\DVKL��7��DQG�1LVKL]DZD��1�.�������D��,URQ�XSWDNH��WUDQVORFDWLRQ��DQG�UHJXODWLRQ�LQ�

KLJKHU�SODQWV��$QQX��5HY��3ODQW�%LRO����������±���� 

.RED\DVKL��7��DQG�1LVKL]DZD��1�.�������E��,URQ�XSWDNH��WUDQVORFDWLRQ��DQG�UHJXODWLRQ�LQ�

KLJKHU�SODQWV��$QQX��5HY��3ODQW�%LRO����������±���� 

.RLNH��6���,QRXH��+���0L]XQR��'���7DNDKDVKL��0���1DNDQLVKL��+���0RUL��6��DQG�1LVKL]DZD��

1�.���������2V<6/��LV�D�ULFH�PHWDO�QLFRWLDQDPLQH�WUDQVSRUWHU�WKDW�LV�UHJXODWHG�E\�LURQ�

DQG�H[SUHVVHG�LQ�WKH�SKORHP��3ODQW�-����������±���� 

.URK��*�(��DQG�3LORQ��0���������&RQQHFWLQJ�WKH�QHJDWLYHV�DQG�SRVLWLYHV�RI�SODQW�LURQ�

KRPHRVWDVLV��1HZ�3K\WRO������������±����� 

.VHQLD�7URILPRY��5HJLQD�*UDW]��5XPHQ�,YDQRY��<YRQQH�6WDKO��3�%��DQG�%UXPEDURYD��



ϴϴ 
 

7���������)(5�/,.(�,521�'(),&,(1&<�,1'8&('�75$16&5,37,21�)$&725�

�),7��DFFXPXODWHV�LQ�KRPR��DQG�KHWHURGLPHULF�FRPSOH[HV�LQ�G\QDPLF�DQG�LQGXFLEOH�

QXFOHDU�FRQGHQVDWHV�DVVRFLDWHG�ZLWK�VSHFNOH�FRPSRQHQWV��ELR5[LY�3UHSU� 

/DQTXDU��9���/HOLqYUH��)���%ROWH��6���HW�DO���������0RELOL]DWLRQ�RI�YDFXRODU�LURQ�E\�

$W15$03��DQG�$W15$03��LV�HVVHQWLDO�IRU�VHHG�JHUPLQDWLRQ�RQ�ORZ�LURQ��(0%2�-� 

/DX��.���3RGROHF��5���&KDSSXLV��5���8OP��5��DQG�+RWKRUQ��0����������3ODQW�SKRWRUHFHSWRUV�

DQG�WKHLU�VLJQDOLQJ�FRPSRQHQWV�FRPSHWH�IRU�&23���ELQGLQJ�YLD�93�SHSWLGH�PRWLIV���

(0%2�-��������±��� 

/HH��%�5���.RSULYRYD��$��DQG�.RSULYD��6���������7KH�NH\�HQ]\PH�RI�VXOIDWH�DVVLPLODWLRQ��

DGHQRVLQH��ƍ�SKRVSKRVXOIDWH�UHGXFWDVH��LV�UHJXODWHG�E\�+<��LQ�$UDELGRSVLV��3ODQW�-�������

����±����� 

/HH��-���+H��.���6WROF��9���HW�DO���������$QDO\VLV�RI�WUDQVFULSWLRQ�IDFWRU�+<��JHQRPLF�ELQGLQJ�

VLWHV�UHYHDOHG�LWV�KLHUDUFKLFDO�UROH�LQ�OLJKW�UHJXODWLRQ�RI�GHYHORSPHQW��3ODQW�&HOO������

���±���� 

/HL��5���/L��<���&DL��<���/L��&���3X��0���/X��&���<DQJ��<��DQG�/LDQJ��*���������E+/+����

)XQFWLRQV�DV�D�'LUHFW�/LQN�WKDW�)DFLOLWDWHV�WKH�$FWLYDWLRQ�RI�),7�E\�E+/+�,9F�

7UDQVFULSWLRQ�)DFWRUV�IRU�0DLQWDLQLQJ�)H�+RPHRVWDVLV�LQ�$UDELGRSVLV��0RO��3ODQW������

���±�����$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�PROS������������� 

/L��;���=KDQJ��+���$L��4���/LDQJ��*��DQG�<X��'��7ZR�E+/+�7UDQVFULSWLRQ�)DFWRUV��E+/+���

DQG�E+/+�����5HJXODWH�,URQ�+RPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD����$YDLODEOH�DW��

ZZZ�SODQWSK\VLRO�RUJ�FJL�GRL���������SS���������� 

/L��<���/X��&�.���/L��&�<���HW�DO����������,521�0$1�LQWHUDFWV�ZLWK�%58786�WR�PDLQWDLQ�

LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV���3URF��1DWO��$FDG��6FL��������H����������� 

/L��=���=KDQJ��/���<X��<���4XDQ��5���=KDQJ��=���=KDQJ��+��DQG�+XDQJ��5���������7KH�

HWK\OHQH�UHVSRQVH�IDFWRU�$W(5)���WKDW�LV�WUDQVFULSWLRQDOO\�PRGXODWHG�E\�WKH�E=,3�

WUDQVFULSWLRQ�IDFWRU�+<��LV�D�FUXFLDO�UHSUHVVRU�IRU�HWK\OHQH�ELRV\QWKHVLV�LQ�$UDELGRSVLV��

3ODQW�-���������±��� 

/LDQJ��*���=KDQJ��+���/L��;���$L��4��DQG�<X��'���������E+/+�WUDQVFULSWLRQ�IDFWRU�E+/+����

UHJXODWHV�LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD��-��([S��%RW�����������±������

$YDLODEOH�DW��KWWSV���DEUF�RVX�HGX�� 



ϴϵ 
 

/LDR��<���6P\WK��*�.��DQG�6KL��:���������)HDWXUH&RXQWV��$Q�HIILFLHQW�JHQHUDO�SXUSRVH�

SURJUDP�IRU�DVVLJQLQJ�VHTXHQFH�UHDGV�WR�JHQRPLF�IHDWXUHV��%LRLQIRUPDWLFV���������±���� 

/LOOR��&���������6LJQDOOLQJ�FDVFDGHV�LQWHJUDWLQJ�OLJKW�HQKDQFHG�QLWUDWH�PHWDEROLVP��%LRFKHP��

-����������±��� 

/LQ��)���-LDQJ��<���/L��-���<DQ��7���)DQ��/���/LDQJ��-���&KHQ��=�-���;X��'��DQG�'HQJ��;�:��

�������%�%2;�'20$,1�3527(,1���QHJDWLYHO\�UHJXODWHV�SKRWRPRUSKRJHQHVLV�E\�

UHSUHVVLQJ�WKH�DFWLYLW\�RI�WUDQVFULSWLRQ�IDFWRU�K\��DQG�XQGHUJRHV�&23��PHGLDWHG�

GHJUDGDWLRQ��3ODQW�&HOO����������±����� 

/LQJDP��6���0RKUEDFKHU��-���%UXPEDURYD��7���3RWXVFKDN��7���)LQN�6WUDXEH��&���%ORQGHW��

(���*HQVFKLN��3��DQG�%DXHU��3���������,QWHUDFWLRQ�EHWZHHQ�WKH�E+/+�WUDQVFULSWLRQ�

IDFWRU�),7�DQG�(7+</(1(�,16(16,7,9(��(7+</(1(�,16(16,7,9(��/,.(��

UHYHDOV�PROHFXODU�OLQNDJH�EHWZHHQ�WKH�UHJXODWLRQ�RI�LURQ�DFTXLVLWLRQ�DQG�HWK\OHQH�

VLJQDOLQJ�LQ�$UDELGRSVLV��3ODQW�&HOO����������±����� 

/RQJ��7�$���7VXNDJRVKL��+���%XVFK��:���/DKQHU��%���6DOW��'�(��DQG�%HQIH\��3�1���������

7KH�E+/+�WUDQVFULSWLRQ�IDFWRU�323(<(�UHJXODWHV�UHVSRQVH�WR�LURQ�GHILFLHQF\�LQ�

DUDELGRSVLV�URRWV��3ODQW�&HOO����������±����� 

/XFHQD��&���5RPHUD��)�-���*DUFtD��0�-���$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������

(WK\OHQH�SDUWLFLSDWHV�LQ�WKH�UHJXODWLRQ�RI�)H�GHILFLHQF\�UHVSRQVHV�LQ�VWUDWHJ\�,�SODQWV�DQG�

LQ�ULFH��)URQW��3ODQW�6FL�������±��� 

/XFHQD��&���:DWHUV��%�0���5RPHUD��)�-���*DUFtD��0�-���0RUDOHV��0���$OFiQWDUD��(��DQG�

3pUH]�9LFHQWH��5���������(WK\OHQH�FRXOG�LQIOXHQFH�IHUULF�UHGXFWDVH��LURQ�WUDQVSRUWHU��

DQG�+���$73DVH�JHQH�H[SUHVVLRQ�E\�DIIHFWLQJ�)(5��RU�)(5�OLNH��JHQH�DFWLYLW\��-��([S��

%RW�����������±����� 

0DQNRWLD��6���6LQJK��'���0RQLND��.���.DOUD��0���0HHQD��+���0HHQD��9���<DGDY��5�.���

3DQGH\��$�.��DQG�6DWEKDL��6�%���������(/21*$7('�+<32&27</���UHJXODWHV�

%58786�DQG�DIIHFWV�LURQ�DFTXLVLWLRQ�DQG�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD��3ODQW�-���

���������±����� 

0DVL��)��'H��*URYH��&�$���9HGHQNR��$���$OLEpV��$���*LVVHOEUHFKW��6�6���6HUUDQR��/���%XO\N��

0�/��DQG�:DOKRXW��$�-�0���������8VLQJ�D�VWUXFWXUDO�DQG�ORJLFV�V\VWHPV�DSSURDFK�WR�

LQIHU�E+/+�'1$�ELQGLQJ�VSHFLILFLW\�GHWHUPLQDQWV��1XFOHLF�$FLGV�5HV�����������±����� 



ϵϬ 
 

0HLVHU��-���/LQJDP��6��DQG�%DXHU��3���������3RVWWUDQVODWLRQDO�UHJXODWLRQ�RI�WKH�LURQ�

GHILFLHQF\�EDVLF�KHOL[�ORRS�KHOL[�WUDQVFULSWLRQ�IDFWRU�),7�LV�DIIHFWHG�E\�LURQ�DQG�QLWULF�

R[LGH��3ODQW�3K\VLRO������������±����� 

0RUULVVH\��-��DQG�*XHULQRW��0��/RX��������,URQ�XSWDNH�DQG�WUDQVSRUW�LQ�SODQWV��7KH�JRRG��

WKH�EDG��DQG�WKH�LRQRPH��&KHP��5HY������������±����� 

0XUJLD��,���7DUDQWLQR��'���6RDYH��&��DQG�0RUDQGLQL��3���������$UDELGRSVLV�&<3��&��

H[SUHVVLRQ�LV�GHSHQGHQW�RQ�)H�DYDLODELOLW\�DQG�FLUFDGLDQ�UK\WKP��DQG�FRUUHODWHV�ZLWK�

JHQHV�LQYROYHG�LQ�WKH�HDUO\�)H�GHILFLHQF\�UHVSRQVH��-��3ODQW�3K\VLRO�����������±�����

$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�MSOSK������������� 

1DZNDU��*�0���.DQJ��&�+���0DLEDP��3���HW�DO���������+<���D�SRVLWLYH�UHJXODWRU�RI�OLJKW�

VLJQDOLQJ��QHJDWLYHO\�FRQWUROV�WKH�XQIROGHG�SURWHLQ�UHVSRQVH�LQ�$UDELGRSVLV��3URF��1DWO��

$FDG��6FL��8��6��$������������±����� 

1LJHO�M��5RELQVRQ��&DWKHULQH�0��3URFWHU��(ULQ�/��&RQQROO\�DQG�0DU\�/RX�*XHULQRW�

�������$�IHUULF�FKHODWH�UHGXFWDVH�IRU�LURQ�XSWDNH�IURP�VRLOV��1DWXUH����������±���� 

1RUpQ��/���.LQGJUHQ��3���6WDFKXOD��3���5�KO��0���(ULNVVRQ��0�(���+XUU\��9��DQG�6WUDQG��

c���������&LUFDGLDQ�DQG�SODVWLG�VLJQDOLQJ�SDWKZD\V�DUH�LQWHJUDWHG�WR�HQVXUH�FRUUHFW�

H[SUHVVLRQ�RI�WKH�&%)�DQG�&25�JHQHV�GXULQJ�SKRWRSHULRGLF�JURZWK��3ODQW�3K\VLRO���

���������±����� 

2VWHUOXQG��0�7���+DUGWNH��&�6���:HL��1��DQG�'HQJ��;�:���������7DUJHWHG�GHVWDELOL]DWLRQ�

RI�+<��GXULQJ�OLJKW�UHJXODWHG�GHYHORSPHQW�RI�$UDELGRSVLV��1DWXUH��������±�� 

2\DPD��7���6KLPXUD��<��DQG�2NDGD��.�������D��7KH�$UDELGRSVLV�+<��JHQH�HQFRGHV�D�

E=,3�SURWHLQ�WKDW�UHJXODWHV�VWLPXOXV��LQGXFHG�GHYHORSPHQW�RI�URRW�DQG�K\SRFRW\O��*HQHV�

'HY�����������±����� 

2\DPD��7���6KLPXUD��<��DQG�2NDGD��.�������E��7KH�$UDELGRSVLV�+<��JHQH�HQFRGHV�D�

E=,3�SURWHLQ�WKDW�UHJXODWHV�VWLPXOXV�LQGXFHG�GHYHORSPHQW�RI�URRW�DQG�K\SRFRW\O����

����±����� 

3DLN��,��DQG�+XT��(���������3ODQW�SKRWRUHFHSWRUV��0XOWL�IXQFWLRQDO�VHQVRU\�SURWHLQV�DQG�

WKHLU�VLJQDOLQJ�QHWZRUNV��6HPLQ��&HOO�'HY��%LRO����������±�����$YDLODEOH�DW��

KWWSV���GRL�RUJ���������M�VHPFGE������������� 

3DOPHU��&�0���+LQGW��0�1���6FKPLGW��+���&OHPHQV��6��DQG�*XHULQRW��0��/RX��������



ϵϭ 
 

0<%���DQG�0<%���$UH�5HTXLUHG�IRU�*URZWK�XQGHU�,URQ�/LPLWLQJ�&RQGLWLRQV��3/R6�

*HQHW����� 

3HWLW��-�0���%ULDW��-�)��DQG�/REUpDX[��6���������6WUXFWXUH�DQG�GLIIHUHQWLDO�H[SUHVVLRQ�RI�WKH�

IRXU�PHPEHUV�RI�WKH�$UDELGRSVLV�WKDOLDQD�IHUULWLQ�JHQH�IDPLO\��%LRFKHP��-�����������±

���� 

3LVNLQ��(���&LDQFLRVL��'���*XOHF��6���7RPDV��0��DQG�&DSDQRJOX��(���������,URQ�$EVRUSWLRQ��

)DFWRUV��/LPLWDWLRQV��DQG�,PSURYHPHQW�0HWKRGV��$&6�2PHJD����������±������ 

3RGROHF��5��DQG�8OP��5���������3KRWRUHFHSWRU�PHGLDWHG�UHJXODWLRQ�RI�WKH�&23��63$�(��

XELTXLWLQ�OLJDVH��&XUU��2SLQ��3ODQW�%LRO���������±����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������M�SEL������������� 

3RQQX��-���5LHGHO��7���3HQQHU��(���6FKUDGHU��$��DQG�+RHFNHU��8���������&U\SWRFKURPH���

FRPSHWHV�ZLWK�&23��VXEVWUDWHV�WR�UHSUHVV�&23��XELTXLWLQ�OLJDVH�DFWLYLW\�GXULQJ�

$UDELGRSVLV�SKRWRPRUSKRJHQHVLV��3URF��1DWO��$FDG��6FL��8��6��$�������������±������ 

5DL��6���6LQJK��3�.���0DQNRWLD��6���6ZDLQ��-��DQG�6DWEKDL��6�%���������,URQ�KRPHRVWDVLV�LQ�

SODQWV�DQG�LWV�FURVVWDON�ZLWK�FRSSHU��]LQF��DQG�PDQJDQHVH��3ODQW�6WUHVV�������������

$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�VWUHVV������������� 

5DMQLDN��-���*LHKO��5�)�+���&KDQJ��(���0XUJLD��,���:LUpQ��1��9RQ�DQG�6DWWHO\��(�6���������

%LRV\QWKHVLV�RI�UHGR[�DFWLYH�PHWDEROLWHV�LQ�UHVSRQVH�WR�LURQ�GHILFLHQF\�LQ�SODQWV��1DW��

&KHP��%LRO����������±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

5HHG��-�:���1DJSDO��3���3RR�H��'�6���)XUX\D��0��DQG�&KRU\D���-���������0XWDWLRQV�LQ�WKH�

*HQH�IRU�WKH�5HG�)DU�5HG�/LJKW�5HFHSWRU�3K\WRFKURPH�%�$OWHU�&HOO�(ORQJDWLRQ�DQG�

3K\VLRORJLFDO�5HVSRQVHV�WKURXJKRXW�$UDELGRSVLV�'HYHORSPHQW��3ODQW�&HOO��������±���� 

5REH��.���,]TXLHUGR��(���9LJQROV��)���5RXDFKHG��+��DQG�'XERV��&���������7KH�&RXPDULQV��

6HFRQGDU\�0HWDEROLWHV�3OD\LQJ�D�3ULPDU\�5ROH�LQ�3ODQW�1XWULWLRQ�DQG�+HDOWK��7UHQGV�

3ODQW�6FL����������±���� 

5RGUtJXH]�&HOPD��-���&RQQRUWRQ��-�0���.UXVH��,���HW�DO���������$UDELGRSVLV�%58786�

/,.(�(��OLJDVHV�QHJDWLYHO\�UHJXODWH�LURQ�XSWDNH�E\�WDUJHWLQJ�WUDQVFULSWLRQ�IDFWRU�),7�IRU�

UHF\FOLQJ��3URF��1DWO��$FDG��6FL��8��6��$�������������±������ 

5RGUtJXH]�&HOPD��-���/LQ��:�'���)X��*�0���$EDGtD��-���/ySH]�0LOOiQ��$�)��DQG�6FKPLGW��

:���������0XWXDOO\�H[FOXVLYH�DOWHUDWLRQV�LQ�VHFRQGDU\�PHWDEROLVP�DUH�FULWLFDO�IRU�WKH�



ϵϮ 
 

XSWDNH�RI�LQVROXEOH�LURQ�FRPSRXQGV�E\�DUDELGRSVLV�DQG�0HGLFDJR�WUXQFDWXOD��3ODQW�

3K\VLRO������������±����� 

5RPHUD��)�-���/XFHQD��&��DQG�$OFjQWDUD��(���������3ODQW�KRUPRQHV�LQIOXHQFLQJ�LURQ�XSWDNH�

LQ�SODQWV��,URQ�1XWU��3ODQWV�5KL]RVSKHULF�0LFURRUJ������±���� 

5XFNOH��0�(���'H0DUFR��6�0��DQG�/DUNLQ��5�0���������3ODVWLG�VLJQDOV�UHPRGHO�OLJKW�

VLJQDOLQJ�QHWZRUNV�DQG�DUH�HVVHQWLDO�IRU�HIILFLHQW�FKORURSODVW�ELRJHQHVLV�LQ�$UDELGRSVLV��

3ODQW�&HOO����������±����� 

6DLQL��3���%KDWLD��6���0DKDMDQ��0���HW�DO��(/21*$7('�+<32&27</��1HJDWLYHO\�

5HJXODWHV�'(&5($6(�:$;�%,26<17+(6,6�WR�,QFUHDVH�6XUYLYDO�GXULQJ�89�%�

6WUHVV����$YDLODEOH�DW��ZZZ�SODQWSK\VLRO�RUJ�FJL�GRL���������SS���������� 

6DNXUDED��<���.DQQR��6���0DEXFKL��$���0RQGD��.���,ED��.��DQG�<DQDJLVDZD��6���������$�

SK\WRFKURPH�%�PHGLDWHG�UHJXODWRU\�PHFKDQLVP�RI�SKRVSKRUXV�DFTXLVLWLRQ��1DW��3ODQWV��

�������±������$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

6DQWL��6��DQG�6FKPLGW��:�������D��'LVVHFWLQJ�LURQ�GHILFLHQF\�LQGXFHG�SURWRQ�H[WUXVLRQ�LQ�

$UDELGRSVLV�URRWV��1HZ�3K\WRO������������±������$YDLODEOH�DW��

ZZZ�QHZSK\WRORJLVW�RUJ� 

6DQWL��6��DQG�6FKPLGW��:�������E��'LVVHFWLQJ�LURQ�GHILFLHQF\�LQGXFHG�SURWRQ�H[WUXVLRQ�LQ�

$UDELGRSVLV�URRWV��1HZ�3K\WRO������������±����� 

6FKDDI��*���/XGHZLJ��8���(UHQRJOX��%�(���0RUL��6���.LWDKDUD��7��DQG�:LUpQ��1��9RQ�

�������=P<6��)XQFWLRQV�DV�D�3URWRQ�FRXSOHG�6\PSRUWHU�IRU�3K\WRVLGHURSKRUH��DQG�

1LFRWLDQDPLQH�FKHODWHG�0HWDOV��-��%LRO��&KHP������������±����� 

6FKOXHSPDQQ��+���3HOOQ\��7���'LMNHQ��$��9DQ��6PHHNHQV��6��DQG�3DXO��0���������

7UHKDORVH���SKRVSKDWH�LV�LQGLVSHQVDEOH�IRU�FDUERK\GUDWH�XWLOL]DWLRQ�DQG�JURZWK�LQ�

$UDELGRSVLV�WKDOLDQD��3URF��1DWO��$FDG��6FL��8��6��$������������±����� 

6FKPLG��1�%���*LHKO��5�)�+���'|OO��6���0RFN��+�3���6WUHKPHO��1���6FKHHO��'���.RQJ��;���

+LGHU��5�&��DQG�:LUpQ��1��YRQ��������)HUXOR\O�&R$��ƍ�+\GUR[\ODVH��GHSHQGHQW�

FRXPDULQV�PHGLDWH�LURQ�DFTXLVLWLRQ�IURP�DONDOLQH�VXEVWUDWHV�LQ�$UDELGRSVLV��3ODQW�

3K\VLRO�����������±���� 

6HORWH��'���6DPLUD��5���0DWWKLDGLV��$���*LOOLNLQ��-�:��DQG�/RQJ��7�$���������,URQ�ELQGLQJ�

H��OLJDVH�PHGLDWHV�LURQ�UHVSRQVH�LQ�SODQWV�E\�WDUJHWLQJ�EDVLF�KHOL[�ORRS�KHOL[�
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WUDQVFULSWLRQ�IDFWRUV�>RSHQ@��3ODQW�3K\VLRO�����������±���� 

6KLQ��-���3DUN��(��DQG�&KRL��*���������3,)��UHJXODWHV�DQWKRF\DQLQ�ELRV\QWKHVLV�LQ�DQ�+<��

GHSHQGHQW�PDQQHU�ZLWK�ERWK�IDFWRUV�GLUHFWO\�ELQGLQJ�DQWKRF\DQLQ�ELRV\QWKHWLF�JHQH�

SURPRWHUV�LQ�$UDELGRSVLV��3ODQW�-����������±���� 

6LERXW��5���6XNXPDU��3���+HWWLDUDFKFKL��&���+ROP��0���0XGD\��*�.��DQG�+DUGWNH��&�6��

�������2SSRVLWH�URRW�JURZWK�SKHQRW\SHV�RI�K\��YHUVXV�K\��K\K�PXWDQWV�FRUUHODWH�ZLWK�

LQFUHDVHG�FRQVWLWXWLYH�DX[LQ�VLJQDOLQJ��3/R6�*HQHW����������±����� 

6LVy�7HUUD]D��3���/XLV�9LOODUUR\D��$���)RXUFUR\��3���%ULDW��-�)���$EDGtD��$���*D\PDUG��)���

$EDGtD��-��DQG�ÈOYDUH]�)HUQiQGH]��$���������$FFXPXODWLRQ�DQG�VHFUHWLRQ�RI�

FRXPDULQROLJQDQV�DQG�RWKHU�FRXPDULQV�LQ�$UDELGRSVLV�WKDOLDQD�URRWV�LQ�UHVSRQVH�WR�LURQ�

GHILFLHQF\�DW�KLJK�S+��)URQW��3ODQW�6FL�������±��� 

6LZLQVND��-���6LDWNRZVND��.���2OU\��$���HW�DO���������6FRSROHWLQ���K\GUR[\ODVH��$�QRYHO�

HQ]\PH�LQYROYHG�LQ�FRXPDULQ�ELRV\QWKHVLV�DQG�LURQ�GHILFLHQF\�UHVSRQVHV�LQ�

$UDELGRSVLV��-��([S��%RW�����������±����� 

6RQJ��=���<DQ��7���/LX��-���%LDQ��<���+HQJ��<���/LQ��)���-LDQJ��<���:DQJ�'HQJ��;��DQG�;X��

'���������%%;���%%;����+<��DQG�%%;������IRUP�D�IHHGEDFN�ORRS�WR�ILQH�WXQH�

SKRWRPRUSKRJHQLF�GHYHORSPHQW��3ODQW�-�����������±���� 

6WDFH\��0�*���.RK��6���%HFNHU��-��DQG�6WDFH\��*���������$W237���D�PHPEHU�RI�WKH�

ROLJRSHSWLGH�WUDQVSRUWHU�IDPLO\��LV�HVVHQWLDO�IRU�HPEU\R�GHYHORSPHQW�LQ�$UDELGRSVLV��

3ODQW�&HOO����������±����� 

6WDFH\��0�*���3DWHO��$���0F&ODLQ��:�(���0DWKLHX��0���5HPOH\��0���5RJHUV��(�(���

*DVVPDQQ��:���%OHYLQV��'�*��DQG�6WDFH\��*���������7KH�DUDELGRSVLV�$W237��SURWHLQ�

IXQFWLRQV�LQ�PHWDO�KRPHRVWDVLV�DQG�PRYHPHQW�RI�LURQ�WR�GHYHORSLQJ�VHHGV��3ODQW�

3K\VLRO�����������±���� 

6WUDFNH��5���)DYRU\��-�-���*UXEHU��+���%DUWHOQLHZRHKQHU��/���%DUWHOV��6���%LQNHUW��0���

)XQN��0���:HLVVKDDU��%��DQG�8OP��5���������7KH�$UDELGRSVLV�E=,3�WUDQVFULSWLRQ�

IDFWRU�+<��UHJXODWHV�H[SUHVVLRQ�RI�WKH�3)*��0<%���JHQH�LQ�UHVSRQVH�WR�OLJKW�DQG�

XOWUDYLROHW�%�UDGLDWLRQ��3ODQW��&HOO�(QYLURQ���������±���� 

7KRPLQH��6��DQG�/DQTXDU��9���������,URQ�7UDQVSRUW�DQG�6LJQDOLQJ�LQ�3ODQWV��,Q�SS����±���� 

7LDQ��4���=KDQJ��;���<DQJ��$���:DQJ��7��DQG�=KDQJ��:�+���������&,3.���LV�LQYROYHG�LQ�
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LURQ�DFTXLVLWLRQ�RI�$UDELGRSVLV�E\�DIIHFWLQJ�IHUULF�FKHODWH�UHGXFWDVH�DFWLYLW\��3ODQW�6FL���

�������±����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�SODQWVFL������������� 

7LVVRW��1���5REH��.���*DR��)���HW�DO���������7UDQVFULSWLRQDO�LQWHJUDWLRQ�RI�WKH�UHVSRQVHV�WR�

LURQ�DYDLODELOLW\�LQ�$UDELGRSVLV�E\�WKH�E+/+�IDFWRU�,/5���1HZ�3K\WRO� 

7ROHGR�2UWL]��*���-RKDQVVRQ��+���/HH��.�3���%RX�7RUUHQW��-���6WHZDUW��.���6WHHO��*���

5RGUtJXH]�&RQFHSFLyQ��0��DQG�+DOOLGD\��.�-���������7KH�+<��3,)�5HJXODWRU\�

0RGXOH�&RRUGLQDWHV�/LJKW�DQG�7HPSHUDWXUH�&RQWURO�RI�3KRWRV\QWKHWLF�*HQH�

7UDQVFULSWLRQ��3/R6�*HQHW������ 

7VDL��+�+���5RGUtJXH]�&HOPD��-���/DQ��3���:X��<�&���9pOH]�%HUP~GH]��,�&��DQG�6FKPLGW��

:���������6FRSROHWLQ���K\GUR[\ODVH�PHGLDWHG�IUD[HWLQ�SURGXFWLRQ�LV�FUXFLDO�IRU�LURQ�

PRELOL]DWLRQ��3ODQW�3K\VLRO�����������±���� 

7VDL��+�+��DQG�6FKPLGW��:�������D��0RELOL]DWLRQ�RI�,URQ�E\�3ODQW�%RUQH�&RXPDULQV��

7UHQGV�3ODQW�6FL����������±�����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������M�WSODQWV������������� 

7VDL��+�+��DQG�6FKPLGW��:�������E��0RELOL]DWLRQ�RI�,URQ�E\�3ODQW�%RUQH�&RXPDULQV��

7UHQGV�3ODQW�6FL����������±���� 

9DQKROPH��5���6XQGLQ��/���6HHWVR��.�&���HW�DO���������&26<�FDWDO\VHV�WUDQV±FLV�

LVRPHUL]DWLRQ�DQG�ODFWRQL]DWLRQ�LQ�WKH�ELRV\QWKHVLV�RI�FRXPDULQV��1DW��3ODQWV���������±

������$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

9pOH]�%HUP~GH]��,�&��DQG�6FKPLGW��:���������+RZ�3ODQWV�5HFDOLEUDWH�&HOOXODU�,URQ�

+RPHRVWDVLV��3ODQW�&HOO�3K\VLRO����������±���� 

9HUW��*���*URW]��1���'pGDOGpFKDPS��)���*D\PDUG��)���*XHULQRW��0��/RX��%ULDW��-�)��DQG�

&XULH��&���������,57���DQ�$UDELGRSVLV�WUDQVSRUWHU�HVVHQWLDO�IRU�LURQ�XSWDNH�IURP�WKH�VRLO�

DQG�IRU�SODQW�JURZWK��3ODQW�&HOO� 

:DQJ��1���&XL��<���/LX��<���)DQ��+���'X��-���+XDQJ��=���<XDQ��<���:X��+��DQG�/LQJ��+�4��

�������5HTXLUHPHQW�DQG�IXQFWLRQDO�UHGXQGDQF\�RI�,E�VXEJURXS�E+/+�SURWHLQV�IRU�LURQ�

GHILFLHQF\�UHVSRQVHV�DQG�XSWDNH�LQ�DUDELGRSVLV�WKDOLDQD��0RO��3ODQW��������±�����

$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������PS�VVV���� 

:DQJ��6���=KRX��=���5DKLPDQ��5���/HH��*�6�<���<HR��<�.���<DQJ��;��DQG�/DX��2�6���������

/LJKW�UHJXODWHV�VWRPDWDO�GHYHORSPHQW�E\�PRGXODWLQJ�SDUDFULQH�VLJQDOLQJ�IURP�LQQHU�
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WLVVXHV��1DW��&RPPXQ�������$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V������������������ 

:DQJ��;���/XR��=���+X��4���7DQJ��:���/X��+���0D��&���:DQJ��=���%DOWDHYLFK��$�0��DQG�

.RQJ��;���������/LJKW�LQGXFHG�VKRRW�VRXUFHG�WUDQVFULSWLRQ�IDFWRU�+<��UHJXODWHV�WKH�

QLWUDWH�XSWDNH�RI�FRWWRQ�E\�VKRRW�WR�URRW�VLJQDO�WUDQVSRUW��3ODQW�3K\VLRO��%LRFKHP��������

��������$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�SODSK\������������� 

:DWHUV��%�0���&KX��+�+���'L'RQDWR��5�-���5REHUWV��/�$���(LVOH\��5�%���/DKQHU��%���6DOW��

'�(��DQG�:DONHU��(�/���������0XWDWLRQV�LQ�$UDELGRSVLV�<HOORZ�6WULSH�/LNH��DQG�

<HOORZ�6WULSH�/LNH��UHYHDO�WKHLU�UROHV�LQ�PHWDO�LRQ�KRPHRVWDVLV�DQG�ORDGLQJ�RI�PHWDO�

LRQV�LQ�VHHGV��3ODQW�3K\VLRO������������±����� 

:DWHUV��%�0���/XFHQD��&���5RPHUD��)�-���-HVWHU��*�*���:\QQ��$�1���5RMDV��&�/���

$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������(WK\OHQH�LQYROYHPHQW�LQ�WKH�UHJXODWLRQ�RI�

WKH�+��$73DVH�&V+$��JHQH�DQG�RI�WKH�QHZ�LVRODWHG�IHUULF�UHGXFWDVH�&V)52��DQG�LURQ�

WUDQVSRUWHU�&V,57��JHQHV�LQ�FXFXPEHU�SODQWV��3ODQW�3K\VLRO��%LRFKHP����������±���� 

;LDR��<���&KX��/���=KDQJ��<���%LDQ��<���;LDR��-��DQG�;X��'���������+<���$�3LYRWDO�

5HJXODWRU�RI�/LJKW�'HSHQGHQW�'HYHORSPHQW�LQ�+LJKHU�3ODQWV��)URQW��3ODQW�6FL��������±

��� 

;X��'���-LDQJ��<���/L��-���/LQ��)���+ROP��0��DQG�'HQJ��;�:���������%%;����DQ�$UDELGRSVLV�

%�ER[�SURWHLQ��GLUHFWO\�DFWLYDWHV�+<��DQG�LV�WDUJHWHG�E\�&23��IRU���6�SURWHDVRPH�

PHGLDWHG�GHJUDGDWLRQ��3URF��1DWO��$FDG��6FL��8��6��$������������±����� 

<DGXNULVKQDQ��3���5DKXO��3�9��DQG�'DWWD��6���������+<��VXSSUHVVHV��UDWKHU�WKDQ�SURPRWHV��

DEVFLVLF�DFLG�PHGLDWHG�LQKLELWLRQ�RI�SRVWJHUPLQDWLRQ�VHHGOLQJ�GHYHORSPHQW��3ODQW�

3K\VLRO�����������±���� 

<DQDJLVDZD��6���������7UDQVFULSWLRQ�IDFWRUV�LQYROYHG�LQ�FRQWUROOLQJ�WKH�H[SUHVVLRQ�RI�QLWUDWH�

UHGXFWDVH�JHQHV�LQ�KLJKHU�SODQWV��3ODQW�6FL�����������±�����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������M�SODQWVFL������������� 

<DQJ��-�/���&KHQ��:�:���&KHQ��/�4���4LQ��&���-LQ��&�:���6KL��<�=��DQG�=KHQJ��6�-��

�������7KH��������SURWHLQ�*(1(5$/�5(*8/$725<�)$&725����*5)����DFWV�

GRZQVWUHDP�RI�QLWULF�R[LGH�WR�UHJXODWH�LURQ�DFTXLVLWLRQ�LQ�$UDELGRSVLV�WKDOLDQD��1HZ�

3K\WRO�����������±���� 

<DQJ��<���2X��%���=KDQJ��-���6L��:���*X��+���4LQ��*��DQG�4X��/�-���������7KH�$UDELGRSVLV�
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WKURXJK�VXEXQLW�0('����3ODQW�-����������±���� 

<HQ��0�5���7VHQJ��<�+��DQG�6DLHU��-���������0DL]H�<HOORZ�6WULSH����DQ�LURQ�

SK\WRVLGHURSKRUH�XSWDNH�WUDQVSRUWHU��LV�D�PHPEHU�RI�WKH�ROLJRSHSWLGH�WUDQVSRUWHU��237��

IDPLO\��0LFURELRORJ\� 

<LQJ�<L�DQG�0DU\�/RX�*XHULQRW��������7KH�3ODQW�-RXUQDO���1RYHPEHU��������<L���*HQHWLF�

HYLGHQFH�WKDW�LQGXFWLRQ�RI�URRW�)H�,,,�FKHODWH�UHGXFWDVH�DFWLYLW\�LV�SGI� 

<RXQJ��+�6���&KHRO��0�<���$Q��3�+���HW�DO���������'1$�ELQGLQJ�VWXG\�LGHQWLILHV�&�ER[�DQG�

K\EULG�&�*�ER[�RU�&�$�ER[�PRWLIV�DV�KLJK�DIILQLW\�ELQGLQJ�VLWHV�IRU�67)��DQG�ORQJ�

K\SRFRW\O��SURWHLQV��3ODQW�3K\VLRO������������±����� 

<X��<���:DQJ��-���=KDQJ��=���4XDQ��5���=KDQJ��+���'HQJ��;�:���0D��/��DQG�+XDQJ��5��

�������(WK\OHQH�3URPRWHV�+\SRFRW\O�*URZWK�DQG�+<��'HJUDGDWLRQ�E\�(QKDQFLQJ�WKH�

0RYHPHQW�RI�&23��WR�WKH�1XFOHXV�LQ�WKH�/LJKW��3/R6�*HQHW����� 

<XDQ��<���:X��+���:DQJ��1���/L��-���=KDR��:���'X��-���:DQJ��'��DQG�/LQJ��+��4���������

),7�LQWHUDFWV�ZLWK�$WE+/+���DQG�$WE+/+���LQ�UHJXODWLQJ�LURQ�XSWDNH�JHQH�H[SUHVVLRQ�

IRU�LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV��&HOO�5HV����������±�����$YDLODEOH�DW��ZZZ�FHOO�

UHVHDUFK�FRP� 

=DPLRXGLV��&���+DQVRQ��-��DQG�3LHWHUVH��&�0�-�����������*OXFRVLGDVH�%*/8���LV�D�

0<%���GHSHQGHQW�NH\�UHJXODWRU�RI�UKL]REDFWHULD�LQGXFHG�V\VWHPLF�UHVLVWDQFH�DQG�

PRGXODWHV�LURQ�GHILFLHQF\�UHVSRQVHV�LQ�$UDELGRSVLV�URRWV��1HZ�3K\WRO�����������±���� 

=KDQJ��+���=KDR��;���/L��-���&DL��+���'HQJ��;�:��DQG�/L��/���������0LFURUQD����LV�FULWLFDO�

IRU�WKH�+<��63O��JHQH�QHWZRUN�WKDW�PHGLDWHV�WKH�FRRUGLQDWHG�UHVSRQVH�WR�OLJKW�DQG�

FRSSHU��3ODQW�&HOO����������±����� 

=KDQJ��/���/L��*���:DQJ��0���'L��'���6XQ��/���.URQ]XFNHU��+�-��DQG�6KL��:���������

([FHVV�LURQ�VWUHVV�UHGXFHV�URRW�WLS�]RQH�JURZWK�WKURXJK�QLWULF�R[LGH�PHGLDWHG�UHSUHVVLRQ�

RI�SRWDVVLXP�KRPHRVWDVLV�LQ�$UDELGRSVLV��1HZ�3K\WRO�����������±���� 

=KDQJ��;���+XDL��-���6KDQJ��)���;X��*���7DQJ��:���-LQJ��<��DQG�/LQ��5���������$�

3,)��3,)��+<��%%;���WUDQVFULSWLRQ�IDFWRU�FDVFDGH�DIIHFWV�SKRWRPRUSKRJHQHVLV��3ODQW�

3K\VLRO������������±����� 

=KDQJ��<���3DUN��&���%HQQHWW��&���7KRUQWRQ��0��DQG�.LP��'���������5DSLG�DQG�DFFXUDWH�
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&KDSWHU����(/21*$7('�+<32&27</���LQWHUDFWV�ZLWK�323(<(�DQG�UHJXODWHV�LURQ�

KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD� 

����$EVWUDFW�� 

,URQ��)H��LV�DQ�HVVHQWLDO�WUDFH�HOHPHQW�IRU�QHDUO\�HYHU\�DOO�RUJDQLVPV��$OWHUDWLRQV�LQ�)H�XSWDNH��

WUDQVSRUW��VWRUDJH��DQG�DVVLPLODWLRQ�LQ�SODQWV�OHDGV�WR�GHIHFWV�LQ�WKHLU�JURZWK�DQG�GHYHORSPHQW�

ZKLFK�XOWLPDWHO\�DIIHFWV�SODQW�SURGXFWLYLW\��,Q�$UDELGRSVLV��)H�KRPHRVWDVLV�LV�UHJXODWHG�E\�WKH�

EDVLF�KHOL[�ORRS�KHOL[��E+/+��IDPLO\�RI�WUDQVFULSWLRQ�IDFWRUV��7)V���$PRQJ�WKHP��WKH�E+/+�

7)� 323(<(� �3<(�� SOD\V� DQ� HVVHQWLDO� UROH� LQ� UHJXODWLQJ� LURQ� WUDQVSRUW�� VWRUDJH�� DQG�

DVVLPLODWLRQ��5HFHQWO\��D�EDVLF�OHXFLQH�]LSSHU��E=,3��7)��(/21*$7('�+<32&27</��+<���

KDV�EHHQ�VKRZQ�WR�SOD\�DQ�HVVHQWLDO�UROH�LQ�UHJXODWLRQ�RI�)H�XSWDNH�DQG�KRPHRVWDVLV��,Q�WKLV�

VWXG\��ZH�UHSRUW�WKDW�+<��LQWHUDFWV�ZLWK�3<(�DQG�UHJXODWHV�)H�KRPHRVWDVLV��*HQHWLF�DQDO\VLV�

VXJJHVWV� WKDW� 3<(�DQG�+<��KDYH� DGGLWLYH� UROHV� LQ� UHJXODWLRQ� RI� VHHGOLQJ� JURZWK� XQGHU�)H�

OLPLWLQJ�FRQGLWLRQV��7UDQVFULSWLRQDO�DQDO\VLV�UHYHDOV�WKDW�+<��DFWV�DV�D�WUDQVFULSWLRQDO�UHSUHVVRU�

RI�JHQHV�LQYROYHG�LQ�)H�WUDQVSRUW�LQFOXGLQJ�<6/���)5'��13)�����<6/���DQG�237���&KURPDWLQ�

LPPXQRSUHFLSLWDWLRQ� IROORZHG� E\� TXDQWLWDWLYH� SRO\PHUDVH� FKDLQ� UHDFWLRQ� UHYHDOV� WKDW� +<��

GLUHFWO\�ELQGV�RQ�WKH�SURPRWHU�RI�WKHVH�JHQHV�LQYROYHG�LQ�)H�WUDQVSRUW��)XUWKHU�LQYHVWLJDWLRQ�

UHYHDOHG�WKDW�+<��DQG�3<(�GLUHFWO\�LQWHUDFW�DW�WKH�VDPH�UHJLRQ�RQ�3<(�DQG�1$6��SURPRWHU��

7DNHQ� WRJHWKHU�� ZH� VKRZHG� WKDW� WKH� LQWHUDFWLRQ� EHWZHHQ� 3<(� DQG� +<�� LV� LPSRUWDQW� IRU�

PDLQWDLQLQJ�)H�KRPHRVWDVLV�XQGHU�)H�OLPLWLQJ�FRQGLWLRQV� 

����,QWURGXFWLRQ� 

,URQ��)H��KRPHRVWDVLV�LV�FUXFLDO�IRU�RSWLPXP�JURZWK�DQG�GHYHORSPHQW�RI�SODQWV��)H�GHILFLHQF\�

LQ�SODQWV�DIIHFWV�SKRWRV\QWKHVLV��QXWULHQW� WUDQVSRUW�� LPPXQLW\��DQG�PLWRFKRQGULDO� UHVSLUDWLRQ�

ZKLFK�XOWLPDWHO\�OHDGV�WR�GHIHFWV�LQ�SODQW�JURZWK�DQG�GHYHORSPHQW��%DON�DQG�6FKDHGOHU��������

+lQVFK�DQG�0HQGHO������D����2Q�WKH�RWKHU�KDQG��)H�H[FHVV�LV�WR[LF�IRU�SODQWV��DQG�LW�OHDGV�WR�

LQKLELWLRQ�RI�URRW�JURZWK��OHDI�EURQ]LQJ��QHFURVLV��DQG�ELRPDVV�UHGXFWLRQ��=KDQJ�HW�DO�����������

7KHUHIRUH��LQ�RUGHU�WR�PDLQWDLQ�)H�KRPHRVWDVLV��SODQWV�KDYH�YDULRXV�PHFKDQLVPV�ZKLFK�UHJXODWH�

)H�XSWDNH��WUDQVSRUW��VWRUDJH��DQG�DVVLPLODWLRQ�� 

,Q�$UDELGRSVLV�WKDOLDQD��$UDELGRSVLV��D�UHGXFWLRQ�EDVHG�PHFKDQLVP�DOVR�NQRZQ�DV�6WUDWHJ\�,�

HQVXUHV�RSWLPXP�)H�XSWDNH�IURP�WKH�VRLO��.RED\DVKL�DQG�1LVKL]DZD������E��%UXPEDURYD�HW�

DO����������7KH�6WUDWHJ\�,�LV�PDLQO\�GHSHQGHQW�RQ�WKH�DFWLYLW\�RI�$7SDVH���$+$����)(55,&�

5('8&7,21�2;,'$6(���)52���DQG�,521�5(*8/$7('�75$163257(5���,57����7KH�

UHOHDVH�RI�+��LRQV�LQ�WKH�UKL]RVSKHUH�E\�$+$��GHFUHDVHV�WKH�S+�RI�WKH�UKL]RVSKHUH��HQKDQFLQJ�
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WKH�VROXELOLW\�RI�LQVROXEOH�)H���SUHVHQW�LQ�WKH�VRLO��6DQWL�DQG�6FKPLGW������E���7KH�VROXELOLW\�RI�

)H���LV�DOVR�HQKDQFHG�E\�WKH�FRXPDULQV�UHOHDVHG�LQWR�WKH�UKL]RVSKHUH�E\�WKH�3/(,27523,&�

'58*�5(6,67$1&(��3'5���WUDQVSRUWHU��)RXUFUR\�HW�DO����������)52��HQ]\PH�UHGXFHV�WKLV�

VROXEOH�)H���LQWR�)H���ZKLFK�LV�WDNHQ�LQVLGH�WKH�FHOO�ZLWK�WKH�KHOS�RI�,57��WUDQVSRUWHU��<LQJ�<L�

DQG�0DU\�/RX�*XHULQRW��������1LJHO�M��5RELQVRQ�HW�DO���������(LGH�HW�DO���������9HUW�HW�DO���

�������2QFH�LQVLGH�WKH�URRW��)H�LV�WUDQVORFDWHG�WR�WKH�VKRRW�IROORZHG�E\�UHGLVWULEXWLRQ�WR�VLQN�

WLVVXHV� DQG�H[FHVV�)H� LV� VWRUHG� LQ� WKH�YDFXROHV� WR� DYRLG�)H� WR[LFLW\��)H� LV� FRQVLGHUHG� WR�EH�

WUDQVSRUWHG�LQ�FKHODWLRQ�IRUP�ZLWK�FLWUDWH�DQG�QLFRWLDQDPLQH��1$���)H�LV�WUDQVSRUWHG�IURP�URRW�

WR� VKRRW� WKURXJK� [\OHP� LQ� WKH� IRUP� RI� )H���FLWUDWH� FRPSOH[�� )(55,&� 5('8&7$6(�

'()(&7,9(����)5'���LV�LQYROYHG�LQ�WKH�WUDQVSRUW�RI�FLWUDWH�LQ�WKH�[\OHP��'XUUHWW�HW�DO����������

2/,*23(37,'(�75$163257(5� �� �237���PHGLDWHV� WKH� WUDQVSRUW� RI� )H� IURP� [\OHP� WR�

SKORHP�DQG�IDFLOLWDWHV�)H�GLVWULEXWLRQ�IURP�VRXUFH�WR�VLQN�WLVVXHV��6WDFH\�HW�DO���������6WDFH\�

HW�DO����������<(//2:�675,3(�/,.(��<6/��SURWHLQV�DUH�UHVSRQVLEOH�IRU�WKH�WUDQVSRUW�RI�)H�

1$�FRPSOH[HV��<6/��PHGLDWHV�WKH�WUDQVSRUW�RI�)H�WKURXJK�YDVFXODU�V\VWHP��'L'RQDWR�HW�DO���

�������<6/��DQG�<6/��DUH�LQYROYHG�LQ�WUDQVSRUW�RI�)H�WR�VHHGV�DQG�VHQHVFHQW�OHDYHV��:DWHUV�

HW�DO���������� 

7KH�)H�KRPHRVWDVLV�LV�UHJXODWHG�DW�WKH�WUDQVFULSWLRQDO�OHYHO�E\�D�FDVFDGH�RI�EDVLF�OHXFLQH�]LSSHU��

�E+/+��WUDQVFULSWLRQ�IDFWRUV��7)V���7KH�H[SUHVVLRQ�RI�PDMRU�)H�XSWDNH�JHQHV�,57���)52��DQG�

$+$��LV�LQGXFHG�XQGHU��)H�ZKLFK�LV�XQGHU�WKH�FRQWURO�RI�),7�DQG�E+/+�,E��E+/+����E+/+����

E+/+�����DQG�E+/+�����7)V��<XDQ�HW�DO���������:DQJ�HW�DO���������/LDQJ�HW�DO����������7KH�

H[SUHVVLRQ� RI� E+/+� ,E� 7)V� LV� DOVR� LQGXFHG� XQGHU� �)H� E\� WKH� E+/K� ,9F� 7)V� �E+/+����

E+/+����,/5���E+/+�����DQG�E+/+�����DQG�E+/+����85,��/L�HW�DO���������/LDQJ�HW�DO���

������.LP�HW�DO���������*DR��5REH�DQG�'XERV���������7KH�E+/K�,9F�7)V�DUH�NQRZQ�WR�EH�

UHJXODWHG�DW�WKH�SURWHLQ�OHYHO�E\�WKH�DFWLYLW\�RI�%58786��%76���%76�LV�D�(��XELTXLWLQ�OLJDVH��

DQG�LW�GHJUDGHV�E+/K�,9F�7)V�XQGHU�)H�VXIILFLHQW�FRQGLWLRQV�WR�DYRLG�)H�RYHUORDG��6HORWH�HW�

DO��� ������� ,QWHUHVWLQJO\�� XQGHU� )H� GHILFLHQW� FRQGLWLRQV�� ,521� 0$1� 3(37,'(6� �,0$V��

LQWHUDFW�ZLWK�%76�ZKLFK�VWDELOL]HV�E+/K�,9F�7)V�XQGHU�)H�GHILFLHQW�FRQGLWLRQV��*ULOOHW�HW�DO���

����E��/L�HW�DO����������323(<(��3<(���D�WUDQVFULSWLRQDO�IDFWRU�EHORQJLQJ�WR�E+/K�,9E�JURXS�

LV� DOVR� XSUHJXODWHG� XQGHU� )H� GHILFLHQF\� �/RQJ� HW� DO��� ������� 3<(� LV� NQRZQ� WR� DFW� DV�

WUDQVFULSWLRQDO� UHSUHVVRU� WR� UHJXODWH�)H� KRPHRVWDVLV� LQ� SODQWV��3<(�FRQWDLQV� DQ�($5�PRWLI�

�'/1[[3�� LQ� LWV�&�WHUPLQDO�HQG�ZKLFK� LV�RQH�RI�WKH�PRVW�FRPPRQ�IRUPV�RI� WUDQVFULSWLRQDO�

UHSUHVVLRQ�PRWLI�IRXQG�LQ�SODQWV��7KH�3<(�PHGLDWHG�WUDQVFULSWLRQDO�UHSUHVVLRQ�RI�JHQHV�XQGHU�

)H�GHILFLHQF\�LV�HVVHQWLDO�IRU�PDLQWDLQLQJ�)H�KRPHRVWDVLV��3<(�LV�NQRZQ�WR�LQWHUDFW�ZLWK�,/5��
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DQG�GLUHFWO\�QHJDWLYHO\� UHJXODWH� WKH�H[SUHVVLRQ�RI�1$6�� �LQYROYHG� LQ� LURQ� WUDQVSRUW���)(5���

)(5���)(5��DQG�97/���LQYROYHG�LQ�LURQ�VWRUDJH��DQG�1((7��LURQ�DVVLPLODWLRQ���7LVVRW�HW�DO���

�������5HFHQWO\��ZH�KDYH�VKRZQ�WKDW�(/21*$7('�+<32&27</����+<����D�E=,3�7)�DFW�DV�

ERWK�WUDQVFULSWLRQDO�DFWLYDWRU�DQG�UHSUHVVRU�WR�UHJXODWH�)H�GHILFLHQF\�UHVSRQVHV��+<��KDV�EHHQ�

IRXQG�WR�SRVLWLYHO\�UHJXODWH�WKH�H[SUHVVLRQ�RI�)H�XSWDNH�JHQHV�ZKLFK�LQFOXGH�)52���,57��DQG�

),7�DQG�QHJDWLYHO\�UHJXODWH�WKH�H[SUHVVLRQ�RI�%76�DQG�3<(��0DQNRWLD�HW�DO����������,W�LV�NQRZQ�

WKDW�GHSHQGLQJ�RQ�LWV�ELQGLQJ�SDUWQHU�+<��FDQ�IXQFWLRQ�ERWK�DV�D�WUDQVFULSWLRQDO�DFWLYDWRU�DQG�

UHSUHVVRU��$QJ�HW�DO���������'HONHU�HW�DO���������*DQJDSSD�DQG�%RWWR��������*DQJDSSD�DQG�

.XPDU��������%XUNR�HW�DO�����������+RZHYHU��WKH�ELQGLQJ�SDUWQHUV�RI�+<��LQ�WKH�UHJXODWLRQ�RI�

)H�KRPHRVWDVLV�DUH�QRW�VWXGLHG�DW�DOO��0RUHRYHU��WKH�UROH�RI�+<��LQ�UHJXODWLRQ�RI�)H�WUDQVSRUW�

DQG�VWRUDJH�KDV�QRW�EHHQ�VWXGLHG�WLOO�QRZ� 

,Q� WKLV� VWXG\�� ZH� SHUIRUPHG� \HDVW� WZR�K\EULG� �<�+�� DVVD\� IROORZHG� E\� ELPROHFXODU�

IOXRUHVFHQFH�FRPSOHPHQWDWLRQ��%L)&��DQG�IRXQG�WKDW�+<��LQWHUDFWV�ZLWK�3<(��:H�IRXQG�WKDW�

S\HK\�� GRXEOH�PXWDQW�ZDV�PRUH� VHQVLWLYH� WR�)H�GHILFLHQF\� DV� FRPSDUHG� WR� ERWK� WKH� VLQJOH�

PXWDQWV��7UDQVFULSWLRQDO�DQDO\VLV�WRJHWKHU�ZLWK�FKURPDWLQ�LPPXQRSUHFLSLWDWLRQ��&K,3��DVVD\V�

UHYHDOHG�WKDW�+<��DOVR�GLUHFWO\�QHJDWLYHO\� UHJXODWHV�WKH�H[SUHVVLRQ�RI�JHQHV�LQYROYHG�LQ�)H�

WUDQVSRUW�LQFOXGLQJ�<6/���)5'��13)�����<6/���DQG�237���,QWHUHVWLQJO\��+<��DQG�3<(�ZHUH�

IRXQG�WR�GLUHFWO\�ELQG�DW�WKH�VDPH�UHJLRQ�RQ�3<(�DQG�1$6��SURPRWHU��2XU�ILQGLQJV�LQGLFDWH�

WKDW�+<���WRJHWKHU�ZLWK�3<(�DQG�LQGHSHQGHQWO\�SRVVLEO\�E\�LQWHUDFWLQJ�RWKHU�7)V�UHJXODWHV�WKH�

H[SUHVVLRQ�RI�VHYHUDO�JHQHV�WR�PDLQWDLQ�)H�KRPHRVWDVLV� 

����5HVXOWV� 

������+<��3K\VLFDOO\�LQWHUDFWV�ZLWK�3<(� 

+<��KDV�EHHQ�VKRZQ�WR�DFW�ERWK�DV�D�WUDQVFULSWLRQDO�DFWLYDWRU�DQG�UHSUHVVRU�GHSHQGLQJ�RQ�LWV�

ELQGLQJ�SDUWQHU��$QJ�HW�DO���������%XUNR�HW�DO���������'HONHU�HW�DO���������*DQJDSSD�DQG�.XPDU��

������*DQJDSSD�DQG�%RWWR��������1DZNDU�HW�DO���������5XFNOH�HW�DO���������;X�HW�DO���������

<DGXNULVKQDQ�HW�DO���������=KDQJ�HW�DO����������:H�WKHUHIRUH�SHUIRUPHG�\HDVW�WZR�K\EULG�RI�

+<��ZLWK�WKH�PDMRU�E+/+�7)V�LQYROYHG�LQ�UHJXODWLQJ�WKH�LURQ�GHILFLHQF\�UHVSRQVH�WR�LGHQWLI\�

SRWHQWLDO� LQWHUDFWLQJ�SDUWQHUV�RI�+<���<�+�DVVD\V�ZHUH�SHUIRUPHG�XVLQJ�+<�� IXVHG� WR� WKH�

ELQGLQJ� GRPDLQ� RI� *$/�� DV� EDLW� DQG� E+/+� 7)V� �E+/+���� E+/+����,/5��� E+/+�����

E+/+�����E+/+����E+/+����E+/+�����E+/+�����3<(��),7��%76��IXVHG�WR�WKH�DFWLYDWLRQ�

GRPDLQ�RI�*$/��DV�SUH\��+<��IXVHG�WR�WKH�DFWLYDWLRQ�GRPDLQ�RI�*$/��ZDV�XVHG�DV�D�SRVLWLYH�

FRQWURO� DV�+<�� LV� NQRZQ� WR� LQWHUDFW�ZLWK� LWVHOI� WR� IRUP� KRPRGLPHUV��:H� IRXQG� WKDW�+<��



ϭϬϮ 
 

LQWHUDFWV�ZLWK�VRPH�RI�WKH�E+/+�7)V�LQ�RQH�RU�WZR�<�+�DVVD\V�EXW�RQO\�3<(�ZDV�IRXQG�WR�EH�

LQWHUDFWLQJ�ZLWK�+<��FRQVLVWHQWO\�LQ�DOO�WKH�WKUHH�LQGHSHQGHQW�DVVD\V��)LJXUH����D���7R�IXUWKHU�

FRQILUPHG� RXU� UHVXOWV�� WKH� LQWHUDFWLRQ� EHWZHHQ� +<�� DQG� 3<(� ZDV� IXUWKHU� DQDO\]HG� XVLQJ�

ELPROHFXODU� IOXRUHVFHQFH� FRPSOHPHQWDWLRQ� �%L)&�� DVVD\V�� )RU� WKH� %L)&� DVVD\V�� 3<(�ZDV�

IXVHG�WR�WKH�1�WHUPLQDO�SDUW�RI�<)3��Q<)3�3<(��DQG�+<��ZDV�IXVHG�ZLWK�&�WHUPLQDO�SDUW�RI�

<)3��+<��F<)3���+<��ZDV�DOVR�IXVHG�ZLWK�1�WHUPLQDO�SDUW�RI�<)3��Q<)3�+<���ZKLFK�LV�

XVHG�DV�D�SRVLWLYH�FRQWURO��:H�REVHUYHG�VWURQJ�VLJQDO�ZKHQ�+<��F<)3�ZDV�DVVD\HG�ZLWK�Q<)3�

3<(�DQG�Q<)3�+<���ZKHUHDV�QR� VLJQDO�ZDV�REVHUYHG�ZKHQ�+<��F<)3�ZDV� DVVD\HG�ZLWK�

Q<)3� DQG� �Q<)3�3<(� ZDV� DVVD\HG� ZLWK� F<)3� �)LJXUH� ���E��� 7KLV� DVVD\� FRQILUPV� WKH�

LQWHUDFWLRQ�REVHUYHG�E\�<�+�H[SHULPHQW� 

 

)LJXUH������+<��DQG�3<(� LQWHUDFW�ZLWK�HDFK�RWKHU���D���<�+�DVVD\V��E+/+����E+/+����

E+/+����E+/+�����E+/+�����E+/+�����E+/+�����3<(��),7��%76�DQG�E+/+����IXVHG�
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Figure 1. HY5 and PYE play additive roles in regulating iron deficiency response.
A. Y2H assays. bHLH34, bHLH38, bHLH39, bHLH100, bHLH101, bHLH104, bHLH105, PYE, FIT, BTS and bHLH115
fused with the GAL4 activation domain (AD) and HY5 with the GAL4 binding domain (BD) were cotransformed in the yeast
strain. The different yeast strains were plated on non-selective media (-LW) and also on selective media (-LWHA). AD
alone was used as negative control. The growing colonies on the selective media represent positive Y2H interacting
colonies and they were identified after 7 days of growth. H, histidine; L, leucine; W, tryptophan, A, adenine. B. BiFC
assays. PYE was fused with N-terminal part of YFP(nYFP) and HY5 was fused with both N-terminal and C-terminal part of
YFP (cYFP) prior to infiltration into Nicotiana benthamiana leaves and analysis was done using confocal microscopy.
nYFP and cYFP alone were used as a negative control. Bar=100µM.
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ZLWK�WKH�*$/��DFWLYDWLRQ�GRPDLQ��$'��DQG�+<��ZLWK�WKH�*$/��ELQGLQJ�GRPDLQ��%'��ZHUH�

FRWUDQVIRUPHG�LQ�WKH�\HDVW�VWUDLQ��7KH�GLIIHUHQW�\HDVW�VWUDLQV�ZHUH�SODWHG�RQ�QRQ�VHOHFWLYH�PHGLD�

��/:�� DQG�DOVR�RQ� VHOHFWLYH�PHGLD� ��/:+$���$'�DORQH�ZDV�XVHG�DV�QHJDWLYH� FRQWURO��7KH�

JURZLQJ�FRORQLHV�RQ�WKH�VHOHFWLYH�PHGLD�UHSUHVHQW�SRVLWLYH�<�+�LQWHUDFWLQJ�FRORQLHV�DQG�WKH\�

ZHUH�LGHQWLILHG�DIWHU���GD\V�RI�JURZWK��+��KLVWLGLQH��/��OHXFLQH��:��WU\SWRSKDQ��$��DGHQLQH���E���

%L)&�DVVD\V��3<(�ZDV�IXVHG�ZLWK�1�WHUPLQDO�SDUW�RI�<)3��Q<)3��DQG�+<��ZDV�IXVHG�ZLWK�

ERWK� 1�WHUPLQDO� DQG� &�WHUPLQDO� SDUW� RI� <)3� �F<)3�� SULRU� WR� LQILOWUDWLRQ� LQWR� 1LFRWLDQD�

EHQWKDPLDQD�OHDYHV�DQG�DQDO\VLV�ZDV�GRQH�XVLQJ�FRQIRFDO�PLFURVFRS\��Q<)3�DQG�F<)3�DORQH�

ZHUH�XVHG�DV�D�QHJDWLYH�FRQWURO��%DU� ����0� 

������*HQHWLF�LQWHUDFWLRQ�H[LVW�EHWZHHQ�+<��DQG�3<(� 

&RQVLGHULQJ�WKH�ILQGLQJ�WKDW�+<��LQWHUDFWV�ZLWK�3<(��:H�QH[W�ZDQWHG�WR�XQGHUVWDQG�WKH�JHQHWLF�

LQWHUDFWLRQ� EHWZHHQ� WKHP�� )RU� WKLV�� ZH� JHQHUDWHG� K\�S\H� GRXEOH� PXWDQW� E\� FURVVLQJ� WKH�

FRUUHVSRQGLQJ�VLQJOH�PXWDQWV�DQG�FRPSDUHG�LWV�SKHQRW\SH�ZLWK�WKH�ZLOG�W\SH��:7��DV�ZHOO�DV�

ERWK�WKH�K\��DQG�S\H�VLQJOH�PXWDQWV��:KHQ�JURZQ�RQ��)H��ERWK�WKH�K\��DQG�S\H�VLQJOH�PXWDQWV�

ZHUH�PRUH�VHQVLWLYH�WR��)H�DV�FRPSDUHG�WR�WKH�:7�ZKLFK�LV�LQ�DFFRUGDQFH�ZLWK�WKH�SUHYLRXVO\�

SXEOLVKHG�UHSRUWV��/RQJ�HW�DO���������0DQNRWLD�HW�DO����������)LJXUH����D���)XUWKHUPRUH��ZH�

REVHUYHG�WKDW�WKH�K\�S\H�GRXEOH�PXWDQW�ZDV�PRUH�VHQVLWLYH�XQGHU��)H�DV�FRPSDUHG�WR�ERWK�WKH�

VLQJOH�PXWDQWV� DQG� KDV� VLJQLILFDQWO\� VKRUWHU� URRWV�ZKHQ�JURZQ�RQ� �)H� DV� FRPSDUHG� WR� �)H�

FRQGLWLRQV��)LJXUH����E���7KH�SHUFHQWDJH�UHGXFWLRQ�LQ�WKH�FKORURSK\OO�FRQWHQW�RI�K\�S\H�GRXEOH�

PXWDQW� JURZQ� RQ� �)H� DV� FRPSDUHG� WR� WKRVH� JURZQ� RQ� �)H�ZDV� DOVR� IRXQG� WR� EH� KLJKHU� DV�

FRPSDUHG�WR�ERWK�WKH�VLQJOH�PXWDQWV��)LJXUH����F���1H[W��ZH�FKHFNHG�)H�FRQWHQW�LQ�WKH�URRWV�RI�

K\�S\H�GRXEOH�PXWDQW�DQG�FRPSDUHG� LW�ZLWK� WKH�FRUUHVSRQGLQJ�VLQJOH�PXWDQWV�DQG�:7��:H�

IRXQG�WKDW�WKH�)H�FRQWHQW�LV�OHVV�LQ�WKH�K\��PXWDQW��PRUH�LQ�WKH�S\H�PXWDQW�DV�FRPSDUHG�WR�WKH�
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FRQWHQW�ZDV� OHVV�DV�FRPSDUHG� WR� WKH�:7�DQG�S\H�VLQJOH�PXWDQW� �/RQJ�HW�DO��������� �)LJXUH�

���G�H���$OWRJHWKHU��WKHVH�UHVXOWV�VXJJHVW�WKDW�+<��DQG�3<(�SOD\�DGGLWLYH�UROHV�LQ�WKH�UHJXODWLRQ�

RI�VHHGOLQJ�JURZWK�XQGHU��)H�FRQGLWLRQV�� 
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Figure 2. HY5 and PYE play additive roles in regulating iron deficiency response.
A. Phenotypes of the Arabidopsis wild type (WT), hy5, pye and hy5pye grown for 10 days on Fe-sufficient and Fe-deficient
medium. Scale bars, 0.5cm. B. Boxplot of root length of the wild type (WT), hy5, pye and hy5pye grown for 10 days on Fe-
sufficient and Fe-deficient medium. Means within each condition with the same letter are not significantly different
according to one-way ANOVA followed by post hoc Tukey test, P < 0.05. (c) Percentage reduction in Chlorophyll content
of the wild type (WT), hy5 , pye and hy5pye grown grown on ±Fe as compared to those grown on +Fe. Data shown is an
average of three independent experiments. Each experiment consists of 4 biological replicates and each replicate consists
of a pool of around six seedlings. Error bars represent �SEM. Means within each condition with the same letter are not
significantly different according to one-way ANOVA followed by post hoc Tukey test, P < 0.05.
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grown on Fe-sufficient medium for 5 days. Bars = 100µm.
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RQH�ZD\�$129$� IROORZHG� E\� SRVW� KRF�7XNH\� WHVW�� 3� �� ������ �F��� 3HUFHQWDJH� UHGXFWLRQ� LQ�
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FRPSDUHG�WR�WKRVH�JURZQ�RQ��)H��'DWD�VKRZQ�LV�DQ�DYHUDJH�RI�WKUHH�LQGHSHQGHQW�H[SHULPHQWV��

(DFK�H[SHULPHQW�FRQVLVWV�RI���ELRORJLFDO� UHSOLFDWHV�DQG�HDFK� UHSOLFDWH� FRQVLVWV�RI�D�SRRO�RI�

DURXQG�VL[�VHHGOLQJV��(UURU�EDUV�UHSUHVHQW��6(0��0HDQV�ZLWKLQ�HDFK�FRQGLWLRQ�ZLWK�WKH�VDPH�

OHWWHU�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�DFFRUGLQJ�WR�RQH�ZD\�$129$�IROORZHG�E\�SRVW�KRF�7XNH\�

WHVW��3����������G���3HUO¶V�VWDLQHG�DQG��H���3HUOV�'DE�VWDLQHG�PDWXUDWLRQ�]RQH�RI�:7��K\���S\H�

DQG�S\HK\��JURZQ�RQ�)H�VXIILFLHQW�PHGLXP�IRU���GD\V��%DUV� �����P� 

������ *HQRPH�ZLGH� H[SUHVVLRQ� DQDO\VLV� VKRZHG� PLV�UHJXODWLRQ� RI� )H� GHILFLHQF\�

UHVSRQVLYH�JHQHV�LQ�WKH�K\���S\H�DQG�S\HK\��PXWDQW� 

6LQFH�� +<�� LQWHUDFWV� ZLWK� 3<(� DQG� K\�S\H� GRXEOH� PXWDQW� ZDV� PRUH� VHQVLWLYH� WR� �)H� DV�

FRPSDUHG�WR�ERWK�WKH�VLQJOH�PXWDQWV��:H�QH[W�ZDQWHG�WR�ILQG�RXW�WKH�JHQHV�UHJXODWHG�E\�+<��

DQG�3<(�WRJHWKHU��)RU�WKLV��ZH�DQDO\]HG�WKH�WUDQVFULSWRPLF�FKDQJHV�LQ�WKH�URRWV�RI�S\H��K\��

K\�S\H� DQG�:7� WKDW�ZHUH�JURZQ�RQ��)H� FRQGLWLRQV� IRU���GD\V� DQG�H[SRVHG� WR��)H�RU� �)H�

�����ȝ0�)HUUR]LQH��FRQGLWLRQV�IRU���GD\V�EHIRUH�KDUYHVWLQJ��:H�FRPSDUHG�WKH�GLIIHUHQWLDOO\�

H[SUHVVHG� JHQHV� LQ� WKH� S\H�� K\��� DQG� K\�S\H� ZLWK� WKH�:7� ��)H� YV� �)H���:H� XVHG� ����IROG�
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���D���$PRQJ�WKHVH������JHQHV�ZHUH�WKH�FRPPRQ�'(*V�LQ�WKH�S\H��K\��DQG�K\�S\H�PXWDQW�

�)LJXUH����D���2XW�RI�FRPPRQ�'(*V������JHQHV�ZHUH�FRPPRQO\�XSUHJXODWHG�LQ�DOO��DQG�����
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�)LJXUH����G���6R��QH[W�ZH�SHUIRUPHG�T57�3&5�WR�FRQILUP�WKH�51$�VHT�UHVXOWV�DQG�ZH�IRXQG�

WKDW�237���<6/��DQG�1$6��ZHUH�PRUH�XSUHJXODWHG�LQ�WKH�K\��PXWDQW�DV�FRPSDUHG�WR�WKH�:7�

EXW�QRW�KLJKO\�LQGXFHG�OLNH�WKH�S\H�DQG�WKH�K\�S\H�GRXEOH�PXWDQW��)LJXUH����H���,Q�DGGLWLRQ�WR�

WKHVH�JHQHV��%76�ZKLFK�LV�D�(��XELTXLWLQ�OLJDVH��DQG�D�QHJDWLYH�UHJXODWRU�RI�)H�XSWDNH�JHQHV�

ZDV�DOVR�IRXQG�WR�EH�PRUH�XSUHJXODWHG�LQ�WKH�K\��DQG�S\H�PXWDQW�ZKLFK�LV�LQ�DFFRUGDQFH�ZLWK�

SUHYLRXVO\� SXEOLVKHG� UHSRUWV�� DQG�ZH� IRXQG� WKDW� LQ� WKH� K\�S\H� GRXEOH�PXWDQW� LW� ZDV�PRUH�

LQGXFHG�DV�FRPSDUHG�WR�WKH�VLQJOH�PXWDQWV��$OWRJHWKHU�� WKHVH�UHVXOWV�VXJJHVWV� WKDW�K\�S\H� LV�

PRUH�VHQVLWLYH�WR�)H�GHILFLHQF\�EHFDXVH�WKH�JHQHV�LQYROYHG�LQ�)H�XSWDNH�DUH�YHU\�OHVV�LQGXFHG�

LQ�WKH�S\HK\��GRXEOH�PXWDQW�DV�FRPSDUHG�WR�WKH�:7�DQG�WKH�JHQHV�LQYROYHG�LQ�)H�WUDQVSRUW�DUH�

PRUH� LQGXFHG�� 7R� IXUWKHU� H[SORUH� WKH� 51$�VHT� GDWD�� ZH� SHUIRUPHG� *HQH� 2QWRORJ\� �*2��

DQDO\VLV�XVLQJ�3DQWKHU�IRU�WKH�FRPPRQO\�GLIIHUHQWLDOO\�XSUHJXODWHG�DV�ZHOO�DV�GRZQUHJXODWHG�

JHQHV�LQ�WKH�K\���7���S\H��7��DQG�K\�S\H��7��DV�FRPSDUHG�WR�WKH�:7��7���7KLV�ZDV�FRQGXFWHG�

XVLQJ�JHQHV�WKDW�ZHUH�XSUHJXODWHG�RU�GRZQUHJXODWHG�PRUH�WKDQ�����IROG��0DMRU�*2�FOXVWHUV�IRU�

DOO�WKH�XSUHJXODWHG�JHQHV�DUH�VKRZQ�LQ�)LJXUH����D�DQG�QLWUDWH�PHWDEROLF�SURFHVV��JOXWDWKLRQH�

PHWDEROLF�SURFHVV�DQG�QLWUDWH�DVVLPLODWLRQ�ZHUH�DPRQJ�WKH�HQULFKHG�XSUHJXODWHG�*2�WHUPV��2Q�

WKH�RWKHU�KDQG�� WKH� UHVSRQVH� WR� LURQ� LRQ�VWDUYDWLRQ�� UHVSRQVH� WR�QXWULHQWV� OHYHOV�� UHVSRQVH� WR�
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�7�� DV� FRPSDUHG� WR� WKH� :7� �7��� ZH� SHUIRUPHG� *2� DQDO\VLV� IRU� WKH� JHQHV� GLIIHUHQWLDOO\�

H[SUHVVHG�RQO\�LQ�WKH�K\���7����7KH�*2�FOXVWHUV�IRU�WKH�XSUHJXODWHG�JHQHV�DQG�GRZQUHJXODWHG�

JHQHV�DUH�VKRZQ�LQ�)LJXUH����F�DQG����G���*2�DQDO\VLV�RI�JHQHV�VSHFLILFDOO\�GRZQUHJXODWHG�LQ�

WKH�K\�� �7��DV�FRPSDUHG�WR�WKH�:7��7��UHYHDOHG�WKDW�DQ�R[LGRUHGXFWDVH�DFWLYLW\�FOXVWHU�ZDV�

LQYROYHG��LQFOXGLQJ�)52���ZKLFK�LV�GLUHFWO\�SRVLWLYHO\�UHJXODWHG�E\�+<���)LJXUH����F���2Q�WKH�

RWKHU�KDQG��*2�DQDO\VLV�RI�XSUHJXODWHG�JHQHV�UHYHDOHG�WKDW�$%&�W\SH�[HQRELRWLF�WUDQVSRUWHU�

DFWLYLW\��WUDQVFULSWLRQ�UHJXODWRU�DFWLYLW\�DQG�51$�ELQGLQJ�FOXVWHUV�ZHUH�LQYROYHG��)LJXUH����G��� 
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Figure 2. Fe deficiency-responsive genes are misregulated in the pye, hy5 and hy5pye double mutant.
A. Venn diagram showing overlap of differentially expressed genes (DEGs; fold change; |FC| > 1.5) in the hy5, pye and
hy5pye (T) versus WT (T). B. Venn diagram showing overlap of commonly downregulated genes in the hy5, pye and
hy5pye (T) versus WT (T). C. Venn diagram showing overlap of commonly upregulated genes in the hy5, pye and hy5 (T)
versus WT (T). D. Heat map of selected Fe deficiency responsive genes. E. Expression levels of OPT3, YSL2, and NAS4.
Relative expression was determined by qRT-PCR in WT, hy5, pye and hy5pye double mutant grown on +Fe for days, and
then transferred to both +Fe and ±Fe (+300µM Fz) for 3 days. Data shown is an average of three biological replicates (n=2
technical replicates). Each biological replicate comprises of pooled RNA extracts from roots of 90 seedlings. Error bars
represent �SEM. *Significant difference by Student's t-test (Pௗ�ௗ0.05).
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S\HK\���7��YHUVXV�:7��7����G���+HDW�PDS�RI�VHOHFWHG�)H�GHILFLHQF\�UHVSRQVLYH�JHQHV��7KH�FRORU�

EDU�RQ�WKH�ULJKW�VLGH�GHPRQVWUDWHV�WKH�ORJ���)ROG&KDQJH��RI�D�JLYHQ�JHQH�LQ�UHVSRQVH�WR�LURQ�

GHILFLHQF\�IRU�D�JLYHQ�JHQRW\SH���H���([SUHVVLRQ�OHYHOV�RI�237���<6/���DQG�1$6���5HODWLYH�

H[SUHVVLRQ�ZDV�GHWHUPLQHG�E\�T57�3&5�LQ�:7��K\���S\H�DQG�S\HK\��GRXEOH�PXWDQW�JURZQ�RQ�

�)H�IRU�GD\V��DQG�WKHQ�WUDQVIHUUHG�WR�ERWK��)H�DQG�±)H�������0�)]��IRU���GD\V��'DWD�VKRZQ�

LV�DQ�DYHUDJH�RI�WKUHH�ELRORJLFDO�UHSOLFDWHV��Q ��WHFKQLFDO�UHSOLFDWHV���(DFK�ELRORJLFDO�UHSOLFDWH�

FRPSULVHV�RI�SRROHG�51$�H[WUDFWV� IURP� URRWV�RI���� VHHGOLQJV��(UURU�EDUV� UHSUHVHQW��6(0��
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Gene ontology analysis of the genes commonly upregulated genes in the hy5 (T), pye (T) and 
hy5pye (T) as compared to the WT (T)
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Gene ontology analysis of the genes commonly downregulated genes in the hy5 (T), pye (T) 
and hy5pye (T) as compared to the WT (T).
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Figure 3.4 (c) Gene ontology analysis of the genes specifically downregulated genes in the hy5 (T) and (d) 
upregulated genes in the hy5 (T) as compared to the WT (T) 
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JHQHV�VSHFLILFDOO\�GRZQUHJXODWHG�JHQHV�LQ�WKH�K\���7��DQG��G��XSUHJXODWHG�JHQHV�LQ�WKH�K\���7��
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XSVWUHDP��UHJLRQ�,���RQH�&$�+\EULG�ZKLFK�LV�����ES�XSVWUHDP��UHJLRQ�,,��WR�$7*��7KH�)5'��

SURPRWHU�KDV�RQH�7�*�ER[�ZKLFK�LV�����ES�XSVWUHDP��UHJLRQ�,���RQH�$&(�HOHPHQW�ZKLFK�LV�
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XSVWUHDP��UHJLRQ�,,���RQH�7�*�ER[�ZKLFK�LV�����ES�XSVWUHDP��UHJLRQ�,,,���RQH�*�ER[�ZKLFK�LV�

����ES�XVWUHDP��RQH�7�*�ER[�ZKLFK�LV�����ES�XSVWUHDP��RQH�*�ER[�ZKLFK�LV�����ES�XSVWUHDP�

�UHJLRQ�,9��DQG�RQH�&*�+\EULG�ZKLFK�LV������ES��UHJLRQ�9��XSVWUHDP�WR�$7*��7KH�<6/��JHQH�

KDV�RQH�$�ER[�ZKLFK�LV�����ES�XSVWUHDP�WR�$7*��)LJXUH����D���&KURPDWLQ�LPPXQRSUHFLSLWDWLRQ�

�&K,3��T3&5�ZDV�SHUIRUPHG�XVLQJ�DQWL�*)3�DQWLERG\�WR�FKHFN�ZKHWKHU�+<��GLUHFWO\�ELQGV�WR�

WKH�SURPRWHU�RI�WKHVH�JHQHV�WR�UHJXODWH�WKH�H[SUHVVLRQ�RU�QRW��7KH�3UR�+<��+<��<)3�K\��DQG�

��6�H*)3�ZHUH�XVHG� IRU� WKH�&K,3�H[SHULPHQWV��7KH�&K,3�T3&5�UHVXOWV� UHYHDOHG� WKDW�+<��

GLUHFWO\�ELQGV�WR�WKH�SURPRWHU�RI�)5'���<6/���13)����DW�UHJLRQ�,,��$&(�HOHPHQW��&$�+\EULG�

ER[��DQG�(�ER[�UHVSHFWLYHO\���<6/��DW�UHJLRQ�,��$�ER[��DQG�237��DW�UHJLRQ�,9��*�ER[��7�*�

ER[���)LJXUH����E��� 
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)LJXUH������+<��GLUHFWO\�ELQGV�RQ�<6/���)5'���13)�����237��DQG�<6/��SURPRWHU���D���

6FKHPDWLF�GLDJUDP�RI�WKH�SURPRWHU�RI�WKH�<6/���)5'���13)�����237��DQG�<6/���:KLWH�ER[�

UHSUHVHQW�&$�+\EULG�ER[HV��JUH\�ER[HV�UHSUHVHQW�*�ER[HV��RUDQJH�ER[HV�UHSUHVHQW�7�*�ER[HV��

EOXH�ER[HV�UHSUHVHQW�$&(�HOHPHQW��JUHHQ�ER[HV�UHSUHVHQW�$�ER[HV�DQG�\HOORZ�ER[HV�UHSUHVHQW�

(�ER[HV��/LQHV�XQGHU�WKH�ER[HV�UHSUHVHQW�VHTXHQFHV�GHWHFWHG�E\�&K,3�T3&5���E���&K,3�T3&5�

VKRZLQJ�UHODWLYH�HQULFKPHQW�RI�WKH�<6/���)5'���13)�����237��DQG�<6/��UHJXODWRU\�UHJLRQV�

ERXQG�E\�+<���7KH�&K,3�DVVD\�ZDV�SHUIRUPHG�XVLQJ�S+<���+<��<)3�K\��DQG���6�H*)3�

VHHGOLQJV�JURZQ�RQ��)H�PHGLD�IRU����GD\V��(UURU�EDUV�UHSUHVHQW��6(0��6LJQLILFDQW�GLIIHUHQFH�

E\�6WXGHQW¶V�W�WHVW��3�������� 

 

Figure 4. 

HY5 directly binds on YSL3, FRD3, NPF5.9, OPT3 and YSL2 promoter. 

(a) Schematic diagram of the promoter of the YSL3, FRD3, NPF5.9, OPT3 and YSL2. White box represent CA-Hybrid 
boxes, grey boxes represent G-boxes, orange boxes represent T/G-boxes, blue boxes represent ACE-element, green 
boxes represent A-boxes and yellow boxes represent E-boxes. Lines under the boxes represent sequences detected by 
ChIP qPCR. (b) ChIP-qPCR showing relative enrichment of the YSL3, FRD3, NPF5.9, OPT3 and YSL2 regulatory regions 
bound by HY5.. The ChIP assay was performed using pHY5::HY5:YFP/hy5 and 35S:eGFP seedlings grown on +Fe media 
for 10 days. Error bars represent �SEM. 6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�W�WHVW��3�������
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������+<��DQG�3<(�LQWHUDFW�ZLWK�WKH�VDPH�SURPRWHU�ORFL�RQ�3<(�DQG�1$6��SURPRWHU�� 

:H� IRXQG� WKDW� +<�� GLUHFWO\� UHJXODWHV� 237��� <6/��� <6/��� )5'�� DQG� 13)���� DQG� WKH�

H[SUHVVLRQ�RI�WKHVH�JHQHV�ZDV�DOVR�IRXQG�WR�EH�PRUH�LQGXFHG�LQ�WKH�S\H�PXWDQW��3<(�LV�NQRZQ�

WR�ELQG�*�ER[�DQG�(�ER[��'H�0DVL�HW�DO����������6R��ZH�K\SRWKHVL]HG�WKDW�+<��DQG�3<(�PLJKW�

WRJHWKHU�LQWHUDFW�LQ�SODQWD�ZLWK�WKH�VDPH�SURPRWHU�ORFL�RQ�237��DQG�13)����WR�UHJXODWH�WKH�

H[SUHVVLRQ�RI�WKHVH�JHQHV��)RU�WKLV��&K,3�H[SHULPHQWV�ZHUH�SHUIRUPHG�RQ�WKH�WUDQVJHQLF�OLQH�

3UR�3<(�3<(�*)3�S\H�XVLQJ�WKH�DQWL�*)3�DQWLERG\��7KH�UHVXOWV�UHYHDOHG�WKDW�3<(�GRHV�QRW�

LQWHUDFW� ZLWK� WKH� VDPH� SURPRWHU� ORFL� DV� +<�� GRHV� RQ� 237�� DQG� 13)���� �)LJXUH� ���D���

7KHUHIRUH��3<(�PLJKW�UHJXODWH�WKH�H[SUHVVLRQ�RI�WKHVH�JHQHV�LQGLUHFWO\�� 

,Q�RXU�SUHYLRXV�VWXG\��ZH�KDYH�IRXQG� WKDW�+<��ELQGV� WR� WKH�UHJLRQ�,�RQ�3<(�SURPRWHU�DQG�

QHJDWLYHO\� UHJXODWHV� LWV� H[SUHVVLRQ�� ,W� LV� NQRZQ� WKDW� ,/5�� DQG� 3<(� DOVR� LQWHUDFWV�ZLWK� WKH�

SURPRWHU�RI�3<(��7LVVRW�HW�DO����������6R��QH[W�ZH�ZDQWHG�WR�FRQILUP�ZKHWKHU�3<(�DOVR�ELQGV�

WR�VDPH�UHJLRQ�,�WR�ZKLFK�+<��ELQGV��)RU�WKLV��ZH�SHUIRUPHG�&K,3�H[SHULPHQW�DQG�ZH�IRXQG�

WKDW�3<(�DOVR�LQWHUDFWV�DW�WKH�VDPH�ORFXV�DV�+<��GRHV�RQ�WKH�3<(�SURPRWHU��)LJXUH����D��� 

$V�ZH�KDYH�IRXQG�WKDW�1$6��ZKLFK�LV�D�NQRZQ�GLUHFW�WDUJHW�RI�3<(�LV�PRUH�LQGXFHG�LQ�WKH�K\��

PXWDQW�DV�FRPSDUHG�WR�WKH�:7��7LVVRW�HW�DO����������)LJXUH����H���1H[W��ZH�ZDQWHG�WR�FKHFN�

ZKHWKHU�+<��DOVR�GLUHFWO\�ELQGV�WR�WKH�1$6��SURPRWHU�UHJLRQ�RQ�ZKLFK�3<(�ELQGV��7R�FRQILUP�

WKLV��ZH�SHUIRUPHG�&K,3�H[SHULPHQW�XVLQJ�3UR�+<��+<��<)3�K\��DQG���6�H*)3��:H�IRXQG�

WKDW�+<��DOVR�LQWHUDFWV�DW�WKH�VDPH�UHJLRQ�RQ�1$6��SURPRWHU�WR�ZKLFK�3<(�ELQGV��)LJXUH����E����

,Q�DGGLWLRQ�WR�1$6��DQG�3<(��3<(�LV�NQRZQ�WR�DFW�DV�D�GLUHFW�WUDQVFULSWLRQDO�UHSUHVVRU�RI�LURQ�

VWRUDJH��)(5���)(5��DQG�)(5���DQG�LURQ�DVVLPLODWLRQ��1((7��JHQHV��7LVVRW�HW�DO����������6R��

ZH�QH[W�FRPSDUHG�WKH�H[SUHVVLRQ�RI�WKHVH�JHQHV�LQ�WKH�K\��PXWDQW��7��ZLWK�WKH�S\H�DQG�:7�

�7���7KH�JHQHV�LQYROYHG�LQ�LURQ�VWRUDJH�DQG�DVVLPLODWLRQ�LQFOXGLQJ�)(5���)(5���)(5���DQG�

1((7�DUH�PRUH�H[SUHVVHG�LQ�WKH�S\H��7��DV�FRPSDUHG�WR�:7��7��ZKLFK�LV�LQ�DFFRUGDQFH�ZLWK�

WKH� SUHYLRXVO\� SXEOLVKHG� UHSRUWV� �)LJXUH� ���F���:H� IRXQG� WKDW� LQ� WKH� K\�� PXWDQW� �7�� WKH�

H[SUHVVLRQ�LV�VLPLODU�WR�WKH�:7��7��DQG�WKHVH�JHQHV�DUH�QRW�LQGXFHG�LQ�WKH�K\���7���$FFRUGLQJ�

WR�D�SUHYLRXV�VWXG\��WKH�H[SUHVVLRQ�RI�0+5��DQG�0+5���ZKLFK�DUH�NQRZQ�WR�EH�LQYROYHG�LQ�

GLIIHUHQWLDWLRQ� RI� URRW� KDLUV� LV� UHSUHVVHG�PRUH� LQ� WKH� S\H�PXWDQW�� 6R��ZH� DOVR� FKHFNHG� WKH�

H[SUHVVLRQ�RI�WKHVH�JHQHV�LQ�WKH�K\��PXWDQW�DQG�IRXQG�WKDW�WKHVH�JHQHV�DUH�QRW�UHSUHVVHG�LQ�WKH�

K\��PXWDQW��)LJXUH����F�� 
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)LJXUH������3<(�DQG�+<��GLUHFWO\�LQWHUDFW�DW�VDPH�UHJLRQ�RQ�3<(�DQG�1$6��SURPRWHU�

�D��� &K,3�T3&5� DQDO\VLV� RI� WKH� ELQGLQJ� RI� WKH� 3<(� WR� WKH� SURPRWHU� UHJLRQV� RI� WKH�237���

13)���� DQG� 3<(� WKDW� DUH� WDUJHWHG� E\� +<��� 7KH� &K,3� DVVD\� ZDV� SHUIRUPHG� XVLQJ�

S3<(��3<(�*)3�S\H�DQG���6�H*)3�VHHGOLQJV�JURZQ�RQ��)H�PHGLD�IRU����GD\V��(UURU�EDUV�

UHSUHVHQW��6(0��6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�W�WHVW��3���������E���&K,3�T3&5�DQDO\VLV�

RI�WKH�ELQGLQJ�RI�WKH�+<��WR�WKH�SURPRWHU�UHJLRQ�RI�WKH�1$6��ZKLFK�LV�WDUJHWHG�E\�3<(��7KH�

&K,3�DVVD\�ZDV�SHUIRUPHG�XVLQJ�S+<���+<��<)3�K\��DQG���6�H*)3�VHHGOLQJV�JURZQ�RQ��)H�

PHGLD�IRU����GD\V���F���+HDW�PDS�RI�VHOHFWHG�)H�UHODWHG�JHQHV��7KH�FRORU�EDU�RQ�WKH�ULJKW�VLGH�

GHPRQVWUDWHV�WKH�ORJ��)ROGFKDQJH��RI�D�JLYHQ�JHQH�LQ�UHVSRQVH�WR�LURQ�GHILFLHQF\�IRU�D�JLYHQ�
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Figure Heat map of selected Fe related genes. The color bar on the right side demonstrates the log2(FoldChange) 
of a given gene in response to iron deficiency for a given genotype. 
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Figure 5.  

PYE directly interacts at same region on PYE promoter that is targeted by HY5. 

(a). ChIP-qPCR analysis of the binding of the PYE to the promoter regions of the OPT3, NPF5.9 and PYE that are 
targeted by HY5. The ChIP assay was performed using pPYE::PYE:GFP/pye and 35S:eGFP seedlings grown on +Fe 
media for 10 days. Error bars represent �SEM. 6LJQLILFDQW�GLIIHUHQFH�E\�6WXGHQW¶V�W�WHVW��3�������
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$Q� H[WHQVLYH� UHJXODWRU\� QHWZRUN� FRPSULVLQJ� RI� QXPHURXV� E+/+� 7)V� LV� HVVHQWLDO� IRU� WKH�

UHJXODWLRQ�RI�)H�KRPHRVWDVLV�LQ�SODQWV��)H�XSWDNH��WUDQVSRUW��VWRUDJH��DQG�DVVLPLODWLRQ�PXVW�EH�

WLJKWO\�UHJXODWHG�LQ�RUGHU�WR�PHHW�)H�UHTXLUHPHQWV�LQ�YDULRXV�WLVVXHV�DQG�RUJDQV��3<(��D�E+/+�

7)� EHORQJLQJ� WR� VXEJURXS� ,9E� LV� NQRZQ� WR� DFW� DV� WUDQVFULSWLRQDO� UHSUHVVRU� WR� UHJXODWH� WKH�

H[SUHVVLRQ�RI�JHQHV�LQYROYHG�LQ�LQWHUQDO�PRELOL]DWLRQ�RI�)H��WUDQVSRUW�RI�)H�IURP�URRW�WR�VKRRW��

DQG�)H�VWRUDJH��/RQJ�HW�DO���������7LVVRW�HW�DO����������5HFHQWO\��+<��EHORQJLQJ�WR�E=,3�7)�

IDPLO\�KDV�EHHQ�IRXQG�WR�UHJXODWH�VRPH�RI�WKH�JHQHV�LQYROYHG�LQ�)H�XSWDNH��0DQNRWLD�HW�DO���

�������+RZHYHU��LW�LV�VWLOO�XQFOHDU�ZKHWKHU�+<��DOVR�UHJXODWHV�RWKHU�)H�PRELOL]DWLRQ�RU�VWRUDJH�

UHODWHG�JHQHV�RU�QRW� 

,Q�WKLV�VWXG\��ZH�KDYH�GRQH�<�+�DVVD\�IROORZHG�E\�%L)&�WR�LGHQWLI\�WKH�LQWHUDFWLQJ�SDUWQHUV�RI�

+<���7KH�UHVXOWV�UHYHDOHG�WKDW�+<��LQWHUDFWV�ZLWK�3<(��)LJXUH����D��E���7KH�VWXG\�RI�K\�S\H�

GRXEOH�PXWDQW�UHYHDOHG�WKDW�WKH�GRXEOH�PXWDQW�ZDV�PRUH�VHQVLWLYH�WR�)H�GHILFLHQF\�DV�FRPSDUHG�

WR�ERWK�WKH�VLQJOH�PXWDQWV�XQGHU��)H��)LJXUH�������7UDQVFULSWLRQDO�DQDO\VLV�RI�:7��K\���S\H��DQG�

K\�S\H�GRXEOH�PXWDQW�UHYHDOHG�WKDW�WKH�PDMRU�)H�XSWDNH�JHQHV�ZHUH�OHVV�LQGXFHG�LQ�WKH�K\��DV�

ZHOO�DV�S\H�VLQJOH�PXWDQW�DQG�WKH\�ZHUH�HYHQ�PRUH�OHVV�LQGXFHG�LQ�WKH�K\�S\H�GRXEOH�PXWDQW�

XQGHU��)H�FRQGLWLRQV��)LJXUH�������,QYHUVHO\��WKH�)H�WUDQVSRUW�UHODWHG�JHQHV�ZHUH�IRXQG�WR�EH�

PRUH�LQGXFHG�LQ�WKH�S\H��K\���DQG�K\�S\H�GRXEOH�PXWDQW�XQGHU��)H�FRQGLWLRQV��)LJXUH�������

7DNHQ� WRJHWKHU�� WKHVH� UHVXOWV� VXJJHVW� WKDW�+<��DQG�3<(�KDYH� DGGLWLYH� UROHV� DQG�+<�� DOVR�

IXQFWLRQV�DV�D�UHSUHVVRU�RI�)H�WUDQVSRUW�JHQHV� 

)H�WUDQVSRUW�IURP�URRW�WR�VKRRW�DQG�LWV�UHGLVWULEXWLRQ�IURP�VKRRWV�WR�YDULRXV�VLQN�RUJDQV�LV�YHU\�

FUXFLDO�IRU�WKH�VXSSO\�RI�)H�WR�YDULRXV�SODQW�SDUWV�DQG�XOWLPDWHO\�RSWLPXP�SODQW�JURZWK��)H�LV�

PDLQO\�WUDQVSRUWHG�DQG�UHGLVWULEXWHG�WR�GLIIHUHQW�SODQW�SDUWV�YLD�[\OHP�DQG�SKORHP��,Q�RXU�VWXG\��

ZH�IRXQG�WKDW�VRPH�RI�WKH�NH\�)H�WUDQVSRUW�JHQHV�LQFOXGLQJ�)5'���237���13)�����<6/��DQG�

<6/��ZHUH�PRUH�LQGXFHG�LQ�WKH�K\��PXWDQW�DV�FRPSDUHG�WR�WKH�:7�XQGHU��)H�FRQGLWLRQV�DQG�

+<��GLUHFWO\�ELQGV�WR�WKH�SURPRWHU�RI�WKHVH�JHQHV��)LJXUH������������7KHVH�UHVXOWV�LQGLFDWH�WKDW�

+<��DFWV�DV�D�GLUHFW�WUDQVFULSWLRQDO�UHSUHVVRU�RI�)H�WUDQVSRUW�JHQHV�LQFOXGLQJ�237���)5'���

13)�����<6/��DQG�<6/��XQGHU��)H�� 

3<(�LV�NQRZQ�WR�LQWHUDFW�ZLWK�,/5��DQG�GLUHFWO\�QHJDWLYHO\�UHJXODWH�WKH�H[SUHVVLRQ�RI�JHQHV�

LQYROYHG� LQ�)H� WUDQVSRUW� �1$6���� VWRUDJH� �)(5���)(5���)(5�� DQG�97/��� DQG� DVVLPLODWLRQ�

�1((7���,Q�DGGLWLRQ�WR� WKLV��3<(�LV�DOVR�NQRZQ�WR�UHSUHVV�LWV�RZQ�H[SUHVVLRQ� �7LVVRW�HW�DO���

�������,Q�RXU�VWXG\��ZH�FKHFNHG�ZKHWKHU�3<(�DOVR�ELQGV�RQ�WKH�SURPRWHU�RI�RWKHU�)H�WUDQVSRUW�

JHQHV�RQ�WKH�VDPH�UHJLRQ�DV�+<��GRHV�DQG�ZH�IRXQG�WKDW�3<(�GRHV�QRW�ELQG�WR�WKH�SURPRWHU�
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RI�)H�WUDQVSRUW�JHQHV���,Q�RXU�SUHYLRXV�VWXG\��ZH�KDYH�VKRZQ�WKDW�+<��ELQGV�RQ�WKH�SURPRWHU�

RI�3<(�DQG�QHJDWLYHO\�UHJXODWH�LWV�H[SUHVVLRQ��0DQNRWLD�HW�DO����������+HUH��ZH�FRQILUPHG�WKDW�

3<(�DOVR�ELQGV�WR�WKH�VDPH�UHJLRQ�DV�+<��GRHV�RQ�LWV�SURPRWHU��)LJXUH����D���7KH�1$6��JHQH�

H[SUHVVLRQ�ZDV�DOVR�IRXQG�WR�EH�PRUH�LQGXFHG�LQ�WKH�K\��PXWDQW�DV�FRPSDUHG�WR�WKH�:7��)LJXUH�

���H���:H� IRXQG� WKDW� +<�� DOVR� LQWHUDFWV� RQ� WKH� VDPH� UHJLRQ� RI� 1$6�� DV� 3<(� GRHV� DQG�

QHJDWLYHO\�UHJXODWHV�LWV�H[SUHVVLRQ��)LJXUH����E���7KHVH�UHVXOWV�VXJJHVWV�WKDW�VRPH�RI�WKH�JHQHV�

LQFOXGLQJ�1$6��DQG�3<(�DUH�UHJXODWHG�E\�3<(�DQG�+<��WRJHWKHU��ZKHUHDV�WKH�RWKHU�)H�UHODWHG�

JHQHV�DUH�UHJXODWHG�E\�+<��DQG�3<(�LQGHSHQGHQWO\��SRVVLEO\�E\�LQWHUDFWLQJ�ZLWK�VRPH�RWKHU�

E+/+�7)V�� 

%DVHG�RQ�RXU�UHVXOWV�DQG�H[LVWLQJ�OLWHUDWXUH��ZH�SURSRVH�D�PRGHO�GHVFULELQJ�WKH�UROH�RI�+<��LQ�

LQWHUFHOOXODU�)H�WUDQVSRUW�XQGHU�)H�GHILFLHQF\�LQ�$UDELGRSVLV��,PSRUWDQWO\��ZH�IRXQG�WKDW�+<��

GLUHFWO\�QHJDWLYHO\�UHJXODWHV�WKH�H[SUHVVLRQ�RI�JHQHV�LQYROYHG�LQ�)H�WUDQVSRUW�VXFK�DV�237���

<6/���<6/���)5'��DQG�13)�����$GGLWLRQDOO\��+<��LQWHUDFWV�ZLWK�3<(�DQG�WKH\�ERWK�LQWHUDFW�

ZLWK�WKH�VDPH�UHJLRQ�RI�3<(�DQG�1$6��SURPRWHU� 

� 

)LJXUH������0RGHO�GHVFULELQJ�WKH�UROH�RI�+<��LQ�UHJXODWLRQ�RI�)H�KRPHRVWDVLV���D��8QGHU�

)H�GHILFLHQF\��+<��DFWV� D�GLUHFW� WUDQVFULSWLRQDO� UHSUHVVRU�RI�JHQHV� LQYROYHG� LQ� LQWHUFHOOXODU�

WUDQVSRUW�RI�)H�IURP�WKH�YDVFXODU�WLVVXHV�VXFK�DV�237���)5'���13)�����<6/��DQG�<6/����E��

+<��LQWHUDFWV�ZLWK�3<(��3<(�LV�NQRZQ�WR�LQWHUDFW�ZLWK�,/5��DQG�UHSUHVV�WKH�H[SUHVVLRQ�RI�

1$6���LQYROYHG�LQ�)H�WUDQVSRUW���)(5���)(5���)(5��DQG�97/���LQYROYHG�LQ�)H�VWRUDJH��DQG�
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1((7��LQYROYHG�LQ�)H�DVVLPLODWLRQ��DV�ZHOO�DV�LW�UHSUHVVHV�LWV�RZQ�H[SUHVVLRQ��3<(�DQG�+<��

LQWHUDFW� DW� WKH� VDPH� UHJLRQ� RQ� WKH� SURPRWHU� RI�3<(� DQG�1$6�� WR� QHJDWLYHO\� UHJXODWH� WKHLU�

H[SUHVVLRQ��2YDO�ER[HV�UHSUHVHQW�P51$�DQG�UHFWDQJXODU�ER[HV�UHSUHVHQW�SURWHLQ��'RWWHG�OLQHV�

UHSUHVHQW�WKH�SRVVLEOH�PHFKDQLVPV�RI�UHJXODWLRQ�WKDW�DUH�DOVR�LQ�DJUHHPHQW�ZLWK�WKH�GDWD� 

,Q�VXPPDU\��WKH�GDWD�SURGXFHG�LQ�WKLV�VWXG\�DQG�LQ�WKH�SUHYLRXV�VWXGLHV�VXJJHVW�+<��LQWHUDFWV�

ZLWK�3<(��DQG�WKH\�SOD\�DGGLWLYH�DV�ZHOO�DV�LQGHSHQGHQW�UROHV�LQ�UHJXODWLRQ�RI�)H�GHILFLHQF\�

UHVSRQVHV��+<��DQG�3<(�ZHUH�IRXQG�WR�WRJHWKHU�UHJXODWH�WKH�H[SUHVVLRQ�RI�1$6��DV�ZHOO�DV�

3<(�� +<�� DFWV� DV� D� ERWK� WUDQVFULSWLRQDO� DFWLYDWRU� DQG� UHSUHVVRU� RI� SODQW� UHVSRQVHV� WR� )H�

GHILFLHQF\�ZKLFK� HQVXUHV� WKH� RSWLPXP�H[SUHVVLRQ� RI� JHQHV� LQYROYHG� LQ�PDLQWHQDQFH� RI�)H�

KRPHRVWDVLV�ZKLFK�LV�FUXFLDO�IRU�SODQW�JURZWK�DQG�GHYHORSPHQW� 

����0DWHULDOV�DQG�0HWKRGV� 

3ODQW�PDWHULDOV�DQG�JURZWK�FRQGLWLRQV 

&ROXPELD��&RO����HFRW\SH�RI�$UDELGRSVLV�WKDOLDQD�ZDV�XVHG�DV�:7��7KH�PXWDQW�OLQHV�XVHG�LQ�

WKLV�VWXG\�ZHUH�K\���6$/.B��������DQG�S\H��6$/.B��������LQ�WKH�&RO���EDFNJURXQG��7KH�

S+<��+<��<)3�K\�� OLQH� ZDV� SURYLGHG� E\� 5RPDQ� 8OP�� 7KH� S3<(��3<(�*)3�S\H� ZDV�

SURYLGHG� E\�7HUUL� /RQJ� �/RQJ� HW� DO��� �������7KH� K\�S\H� GRXEOH�PXWDQW� ZDV� JHQHUDWHG� E\�

FURVVLQJ�WKH�K\��DQG�S\H�VLQJOH�PXWDQWV��7KH�PXWDQWV��VLQJOH�DV�ZHOO�DV�GRXEOH��ZHUH�FRQILUPHG�

E\�SHUIRUPLQJ�JHQRW\SLQJ�3&5��7KH�SULPHUV�ZKLFK�DUH�XVHG�IRU�SHUIRUPLQJ�WKH�JHQRW\SLQJ�

3&5�DUH�OLVWHG�LQ�7DEOH������)RU�VHHG�VWHULOL]DWLRQ�����VRGLXP�K\SRFKORULWH�DQG�����HWKDQRO�

ZDV� XVHG��$IWHU� VWHULOL]DWLRQ�� VHHGV� ZHUH� NHSW� LQ� �°C for 3 days. Seeds were sown on ½ 

Murashige and Skoog media (Caisson Labs, Smithfield, UT, USA) with Fe (+Fe) or without 

Fe (-Fe). The media pH was maintained to 5.7 with KOH. For making media Fe deficient, 300 

ȝM of [3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine sulfonate] Ferrozine (Sigma-Aldrich, 

Bangalore, India) was added in -Fe media. Seedlings were grown under long-day conditions, 

16 h light and 8 h dark at 22 °C with a light intensity of 100±���ௗȝPROௗFPí�ௗVHFí� and 50% 

humidity. The soilrite, perlite and compost (3:1:1) mixture was used as soil.  

Phenotypic studies  

For phenotypic study, the seeds were grown on ½ MS media containing Fe (+Fe) and on ½ MS 

media without Fe (-Fe). In the growth chamber, the plates were placed vertically and after 10-

days, plates were scanned using the Epson Perfection V600 with 1200 dpi resolution. The root 
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length quantification was performed using ImageJ 1.52a software (National Institutes of 

Health). 

&KORURSK\OO�FRQWHQW�GHWHUPLQDWLRQ 

)RU�WKH�PHDVXUHPHQW�RI�FKORURSK\OO�FRQWHQW�VHHGOLQJ�ZHUH�JURZQ�RQ��)H�DQG��)H�IRU����GD\V��

7KH�FKORURSK\OO�ZDV�H[WUDFWHG�IURP�WKH�OHDI�WLVVXH�RI�ILYH�VL[�VHHGOLQJV�XVLQJ��PO�����

DFHWRQH�DQG�LQFXEDWHG�LQ�GDUN�IRU����K��7KH�FKORURSK\OO�FRQWHQW�ZDV�PHDVXUHG�XVLQJ�WKH�

IRUPXOD���PJ�J�ௗ ௗ�����ௗîௗA645ௗ�ௗ����ௗîௗA663�ௗîௗV/Wௗîௗ��3 (Aono et al., 1993). 

)H�VWDLQLQJ� 

)RU�)H�VWDLQLQJ��VHHGOLQJV�JURZQ�RQ��)H�IRU���GD\V�ZHUH�XVHG��DQG�YDFXXP�LQILOWUDWHG�ZLWK�D�

VROXWLRQ�RI�����Y�Y��+&O�DQG�����Z�Y��.�IHUURF\DQLGH�IRU���PLQ��7KH�VHHGOLQJV�ZHUH�ZDVKHG�

XVLQJ�ZDWHU�IRU���WR���WLPHV�DQG�LPDJHG�XVLQJ�1,.21�(&/,36(�1L�8�PLFURVFRSH�� 

7KH� GLDPLQREHQ]LGLQH� �'$%�� LQWHQVLILFDWLRQ� ZDV� GRQH� DIWHU� 3HUOV� VWDLQLQJ� DQG� IRU� WKLV�

VHHGOLQJV� ZHUH� NHSW� LQ� PHWKDQRO� FRQWDLQLQJ� ��P0� 1D�$]LGH� DQG� ����� �Y�Y�� H2O2 IRU�

LQFXEDWLRQ�IRU���KRXU��$IWHU���KRXU�LQFXEDWLRQ��WKH�VHHGOLQJV�ZHUH�ZDVKHG�XVLQJ����P0�1D�

SKRVSKDWH�EXIIHU��S+������DQG�DJDLQ�LQFXEDWHG�LQ�VDPH�EXIIHU�ZKLFK�FRQWDLQV���������Z�Y��

'$%�DQG���������Y�Y��H2O2. The reaction was stopped by washing the seedlings with water. 

The images of stained seedlings were captured using NIKON ECLIPSE Ni U microscope. 

Targeted Yeast Two-Hybrid (Y2H) 

For performing Y2H, the AD (pDEST/GADKT7) and BD (pDEST/pGBKT7) constructs of the 

selected genes were generated by gateway cloning. The constructs were co-transformed into 

PJ697a, followed by plating on selection plate -2 ��/HX���7US���7KH�FRORQLHV�ZHUH�REWDLQHG�DIWHU�

��WR���GD\V��ZKLFK�ZHUH�GLVVROYHG�LQ����ȝO�RI�DXWRFODYHG�PLOOLSRUH�ZDWHU��2�'�����ZDV�DGMXVWHG�

WR�����LQ�D����ZHOO�SODWH�DQG�VSRWWLQJ�ZDV�GRQH�RQ������/HX���7US���+LV���$GH��VHOHFWLRQ�SODWHV��

7KH�SODWHV�ZHUH�VFDQQHG�DIWHU���WR���GD\V�WR�FKHFN�JURZWK�DQG�LGHQWLI\�LQWHUDFWLQJ�FRORQLHV� 

Cloning for BiFC 

The CDS of gene of interest was first cloned in pENTR/D/TOPO vector. The pENTR/D/TOPO 

construct of the gene of interest was used to set up LR reaction with the gateway compatible 

destination vector pSITE BiFC cEYFP or pSITE BiFC nEYFP. The translational fusion was 

confirmed by performing restriction digestion and sequencing. 
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Bimolecular Fluorescence Complementation Assay 

The Nicotiana benthamiana was grown for 16 hrs light and 8 hrs dark conditions for the 

bifluorescent complementation assay. The 2-week-old old plant leaves were used for 

Agrobacterium-infiltration. After 3 days of infiltration, the leaves were screened with the help 

of a confocal microscope. The vectors containing the N- and C-terminal fragments of YFP 

respectively were utilized for the generation of N-terminal and C-terminal fusion of PYE and 

HY5. The constructs of nYFP and cYFP-HY5, nYFP-HY5 and cYFP-HY5, nYFP-PYE and 

cYFP or of nYFP-PYE and cYFP-HY5 were transformed into Agrobacterium strain GV3101.  

$JUREDFWHULXP�PHGLDWHG�LQILOWUDWLRQ 

7KH� YDULRXV� FRQVWUXFWV� LQ� WKH�$JUREDFWHULXP�ZHUH� VHSDUDWHO\� LQRFXODWHG� LQ� �PO� /%�ZKLFK�

FRQWDLQV� ULIDPSLFLQ�� JHQWDP\FLQ�� DQG� VSHFWLQRP\FLQ��7KH�$JUREDFWHULXP�KDYLQJ�S���51$L�

VXSSUHVVRU� JHQH� FRQVWUXFW� ZDV� DOVR� LQRFXODWHG� VLPLODUO\� LQ� �PO� /%� FRQWDLQLQJ� ULIDPSLFLQ��

JHQWDP\FLQ��DQG�NDQDP\FLQ��$OO�WKH�FXOWXUHV�ZHUH�NHSW�LQ�VKDNHU�DW����ႏ�IRU�JURZWK��$IWHU����

KRXUV�� WKH� FXOWXUHV� ZHUH� FHQWULIXJHG� DW� ����USP� IRU� ��� PLQXWHV��$IWHU� FHQWULIXJDWLRQ�� WKH�

VXSHUQDWDQW�ZDV�GLVFDUGHG��DQG�WKH�SHOOHWV�ZHUH�VXVSHQGHG�LQ��PO�RI�LQILOWUDWLRQ�EXIIHU�ZKLFK�

FRQWDLQV� ��P0�0JFO��� ��P0�0(6�.2+� �S+� ������ ����0�$FHWRV\ULQJRQH���7KH� �PO� RI�

LQILOWUDWLRQ�EXIIHU�ZDV�XVHG� WR�ZDVK� WKH�SHOOHW� WZLFH��7KH�SHOOHW�ZDV� ILQDOO\� UHVXVSHQGHG� LQ�

LQILOWUDWLRQ�EXIIHU�DQG�2'����ZDV�DGMXVWHG�LQ�WKH�UDQJH�RI�����WR������7KH�UHVXVSHQGHG�EDFWHULDO�

FHOOV�ZHUH�ILQDOO\�PL[HG�LQ�D�������UDWLR�LQ�D��PO�0&7�DQG�NHSW�IRU�LQFXEDWLRQ�IRU���KRXU�DW�

��ႏ�� 7KH� UHVXOWLQJ� PL[WXUH� ZDV� LQMHFWHG� LQ� WKH� DED[LDO� VXUIDFH� RI� D� OHDI� RI� 1LFRWLDQD�

EHQWKDPLDQD��7KH�SODQWV�ZHUH�NHSW�DW���ႏ�DQG�OHDYHV�ZHUH�VFUHHQHG�DIWHU���WR���GD\V�XVLQJ�D�

FRQIRFDO�PLFURVFRSH��/HLFD�63��XSULJKW�� 

&RQIRFDO�PLFURVFRS\ 

)RU�FRQIRFDO�PLFURVFRS\��WKH�OHDYHV�ZHUH�VWDLQHG�ZLWK�3URSLGLXP�,RGLGH�������J�PO��LQ�G+����

7KH�OHDYHV�ZHUH�WKHQ�VFDQQHG�XVLQJ�/HLFD�63��XSULJKW� ODVHU�VFDQQLQJ�FRQIRFDO�PLFURVFRSH��

$UJRQ�ODVHU������QP��ZDV�XVHG�WR�H[FLWH�WKH�<)3�DQG�3URSLGLXP�,RGLGH�ZDV�H[FLWHG�XVLQJ�����

QP�ODVHU��7KH�HPLVVLRQ�VSHFWUD�ZDV�FROOHFWHG�DW���������QP�DQG���������QP��UHVSHFWLYHO\�� 

51$�LVRODWLRQ�DQG�T57�3&5 

7KH�WRWDO�51$�ZDV�LVRODWHG�IURP�WKH�URRWV�RI�VHHGOLQJV�ZKLFK�ZHUH�JURZQ�IRU���GD\V�RQ�½ MS 

and transferred to +Fe or -Fe for 3 days using the Qiagen Plant RNeasy kit following the 

manufacturer's protocol. The isolated RNA was treated with DNase I for the removal of 
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genomic DNA. The cDNA was synthesized from 2�J�51$� XVLQJ� WKH�5HYHUW$LG70� )LUVW�

6WUDQG� F'1$� V\QWKHVLV� NLW� �7KHUPR���7KH� T3&5�ZDV� VHW� XS� XVLQJ� WKH� /LJKW&\FOHU� ���� ,,�

�5RFKH��DQG�7%�*UHHQ70�3UHPL[�([��7KH�UHODWLYH�H[SUHVVLRQ�OHYHOV�ZHUH�PHDVXUHG�XVLQJ�WKH�

FRPSDUDWLYH�WKUHVKROG�F\FOH�PHWKRG��ǻǻ&7� and for the reference gene, ȕ-tubulin was used. 

The primers used are listed in Table 3.1. The 3�J� RI� LVRODWHG� 51$� ZDV� VHQW� IRU� 51$�

6HTXHQFLQJ� 

51$�6HTXHQFLQJ�GDWD�DQDO\VLV 

51$�VHTXHQFLQJ�GDWD�ZHUH�REWDLQHG�XVLQJ�DQ�,OOXPLQD�VHTXHQFLQJ��%XON�51$�VHTXHQFLQJ�GDWD�

ZDV�DQDO\]HG�DV�SHU�WKH�VWDQGDUG�SUDFWLFHV��%ULHIO\��4&�ZDV�SHUIRUPHG�RQ�DOO�IDVWT�ILOHV�XVLQJ�

)$674&� IROORZLQJ� ZKLFK� �¶� VHTXHQFHV� DQG� DGDSWHU� VHTXHQFHV� ZHUH� UHPRYHG� XVLQJ�

WULPPRPDWLF��%ROJHU�HW�DO����������7KH�RXWSXW�IDVWT�ILOHV�ZHUH�PDSSHG�WR�$UDELGRSVLV�WKDOLDQD�

JHQRPH� �7$,5���� XVLQJ� +,6$7�� �=KDQJ� HW� DO��� ������� 6XEVHTXHQWO\�� WKH� FRXQWV� ILOH� ZDV�

JHQHUDWHG�XVLQJ�IHDWXUH&RXQWV��/LDR�HW�DO����������$OO�GRZQVWUHDP�DQDO\VLV�ZDV�SHUIRUPHG�LQ�

D� 3\WKRQ� HQYLURQPHQW�� &RXQWV� ILOHV� IRU� DOO� WKH� VDPSOHV�ZHUH� LPSRUWHG� DV� D� GDWDIUDPH� DQG�

VXEMHFWHG�WR�EDVLF�ILOWHULQJ�LQ�ZKLFK�JHQHV�KDYLQJ�FRXQWV�OHVV�WKDQ����ZHUH�UHPRYHG��7KHUHDIWHU��

)3.0�ZDV�FDOFXODWHG�IRU�DOO�WKH�JHQHV�DQG�D�VHFRQG�ILOWHULQJ�VWHS�ZDV�DSSOLHG�WR�UHPRYH�JHQHV�

KDYLQJ�)3.0��������6HDERUQ�DQG�PDWSORWOLE�ZDV�XVHG�IRU�SORWWLQJ��&RXQWV�ILOH�ZDV�XVHG�WR�

SHUIRUP�'(*V�DQDO\VLV�XVLQJ�S\'(6(4���$�S�YDOXH�FXWRII�RI������DQG�)ROG�&KDQJH�FXWRII�RI�

����ZDV�DSSOLHG�WR�LGHQWLI\�VLJQLILFDQW�'(*V� 

&K,3�DVVD\ 

7KH�&K,3�H[SHULPHQW�ZDV�FRQGXFWHG�DFFRUGLQJ�WR�D�SUHYLRXVO\�GHVFULEHG�PHWKRG��*HQGUHO�HW�

DO��� ������� 7KH� S+<��+<��<)3�K\�� DQG� ��6�H*)3� ZDV� LQ� WKH� /HU� EDFNJURXQG�� 7KH�

S3<(�3<(�*)3�S\H� DQG� ��6�H*)3� ZDV� LQ� WKH�&ROXPELD� EDFNJURXQG��7KH� VHHGOLQJV�ZHUH�

JHUPLQDWHG� DQG� JURZQ� RQ� ½ MS media for 10 days. The fixation was done using 1% 

formaldehyde. The nuclei isolation was done followed by sonication using Qsonica 800R 

ultrasound sonicator with around 30 cycles of 70% pulse amplitude for 15 sec followed by 45 

sec of pulse off time. The protein-G magnetic beads (10004D; Dynabeads) and anti-GFP 

antibody (a290; Abcam) were used to pull down protein-DNA complexes. IgG was used as a 

negative control. The beads were washed and the immunocomplexes bound to the beads were 

eluted and reverse crosslinked. The precipitated chromation was used to set up qPCR. For 

calculating Fold enrichment, normalization was done against the negative control, i.e., IgG. 

The primers used are mentioned in Table 3.1. 
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Statistical analysis  

Data was expressed as means of ± SEM. P-YDOXHV�ZHUH�GHWHUPLQHG�XVLQJ�6WXGHQW¶V�W-test or 

one-way ANOVA followed by post hoc Tukey HSD test. The P-value of � 0.05 was considered 

as statistically significant.  

Table 3.1: Primers used in the study: 

pye-1, LP TTCAAGACCTCATTCACTGGC 

pye-1, RP GGGGATTGATTATGTTTGGTG 

hy5, LP TTCACTCTCGATATCCGTTCG 

hy5, RP ATGCGAGTGAATGACCATTTC 

qRT_NAS4_F GGCTTCGACGTTGTGTTCTT 

qRT_NAS4_R AGCAAAGCACCAGGAGACAT 

qOPT3-F AAGCTTACTATAAACAGAGCCTTAGCTT 

qOPT3-R ACAGGATCAACAAGGTACCTCCTC 

qRT YSL2 FP GGATACTTATTCTTCTCCCTTGTC 

qRT YSL2 RP CCATCGTTTTTTCCTGCC 

pOPT3 Chip FP CATACTCCTCTTAATAACATTGG 

pOPT3 Chip RP CAGAAAGTGAATGCTGTTAC 

pOPT3 Chip II RP CATTGGGAGGTTCCAAATGG 

pOPT3 Chip II FP AGTGTCAAAAAAACGGGACC 

pOPT3 Chip III FP TTATGTTCTGCGCACACCAC 

pOPT3 Chip III RP TCCAGATCAAAGCTTGTCTC 

pOPT3 Chip IV FP GGACAACCAATAGAAAGTGC 
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pOPT3 Chip IV RP CTAGGTGTGGTTAGCTCGTG 

pOPT3 Chip V FP CAAGAGAGATTCATGCATGT 

pOPT3 Chip V RP AACACAGTCTATGTTAGCTG 

pYSL2 ChIP  FP TTTTATGTTACCTCCTAACTTAC 

pYSL2 ChIP  RP CACTGTTACACAACAACAATATTT 

pFRD3 ChIP FP GGAAACCTTTGTTTTCTTC 

pFRD3 ChIP RP GAAGATATCAATAAGTGTTTCG 

pFRD3 ChIP II FP GCGGTTAACTCTACGATAAC 

pFRD3 ChIP II RP GTTGTATATAGTGCGTGTCG 

pYSL3 ChIP FP TTCAGATAATTATGCTTGGG 

pYSL3 ChIP RP TCAAAACAAAAACCCAAAAG 

pYSL3 ChIP II FP ATGAAGGTTATATATGTGGAG 

pYSL3 ChIP II RP AAGAGAAAAGAGTTTTGGGG 

pNPF5.9 ChIP FP GTTTTTATATGCGACGCCTG 

pNPF5.9 ChIP RP AGGTATCATGTACGAAGAGG 

pNPF5.9 ChIP II FP AATCCACCCTATAATGGCAC 

pNPF5.9 ChIP II RP CTTTCTTTTTTTGTCGAAAGG 

pPYE ChIP FP GACGTGTCCATGAGAGATGA 

pPYE ChiP RP TTTTTGGAGGAAGAAGGTCC 

pNAS4 ChiP FP 
 
CGAAATATGAAGACAACACATGC 

pNAS4 ChiP RP TGAGAGTACACGTGCCATCG 
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����5HIHUHQFHV� 

$KQ��<�2���6KLPL]X��%�,���6DNDWD��.���*DQWXOJD��'���=KRX��=���%HYDQ��'�5��DQG�(VHQ��$��
�������6FRSROLQ�K\GURO\]LQJ�ȕ�JOXFRVLGDVHV�LQ�URRWV�RI�$UDELGRSVLV��3ODQW�&HOO�3K\VLRO���
�������±���� 

$QGURQLV��&���%DUDN��6���.QRZOHV��6�0���6XJDQR��6��DQG�7RELQ��(�0���������7KH�FORFN�
SURWHLQ�&&$��DQG�WKH�E=,3�WUDQVFULSWLRQ�IDFWRU�+<��SK\VLFDOO\�LQWHUDFW�WR�UHJXODWH�JHQH�
H[SUHVVLRQ�LQ�$UDELGRSVLV��0RO��3ODQW�������±����$YDLODEOH�DW��
KWWS���G[�GRL�RUJ���������PS�VVP���� 

$QJ��/���&KDWWRSDGK\D\��6���:HL��1���2\DPD��7���2NDGD��.���%DWVFKDXHU��$��DQG�'HQJ��
;���������0ROHFXODU�,QWHUDFWLRQ�EHWZHHQ�&23��DQG�+<��'HILQHV�D�5HJXODWRU\�6ZLWFK�
IRU�/LJKW�&RQWURO�RI�$UDELGRSVLV�'HYHORSPHQW����������±���� 

$RQR��0���.XER��$���6DML��+���7DQDND��.��DQG�.RQGR��1���������(QKDQFHG�WROHUDQFH�WR�
SKRWRR[LGDWLYH�VWUHVV�RI�WUDQVJHQLF�QLFRWLDQD�WDEDFXP�ZLWK�KLJK�FKORURSODVWLF�
JOXWDWKLRQH�UHGXFWDVH�DFWLYLW\��3ODQW�&HOO�3K\VLRO� 

%DFDLFRD��(���0RUD��9���=DPDUUHxR��È�0���)XHQWHV��0���&DVDQRYD��(��DQG�*DUFtD�0LQD��
-�0���������$X[LQ��$�PDMRU�SOD\HU�LQ�WKH�VKRRW�WR�URRW�UHJXODWLRQ�RI�URRW�)H�VWUHVV�
SK\VLRORJLFDO�UHVSRQVHV�WR�)H�GHILFLHQF\�LQ�FXFXPEHU�SODQWV��3ODQW�3K\VLRO��%LRFKHP���
�������±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�SODSK\������������� 

%DON��-��DQG�6FKDHGOHU��7�$���������,URQ�&RIDFWRU�$VVHPEO\�LQ�3ODQWV��$QQX��5HY��3ODQW�
%LRO���������±�����$YDLODEOH�DW��ZZZ�DQQXDOUHYLHZV�RUJ� 

%Oi]TXH]��0�$���6DQWRV��(���)ORUHV��&�/���0DUWtQH]�=DSDWHU��-�0���6DOLQDV��-��DQG�
*DQFHGR��&���������,VRODWLRQ�DQG�PROHFXODU�FKDUDFWHUL]DWLRQ�RI�WKH�DUDELGRSVLV�736��
JHQH��HQFRGLQJ�WUHKDORVH���SKRVSKDWH�V\QWKDVH��3ODQW�-����������±���� 

%OXP��$���%UXPEDURYD��7���%DXHU��3��DQG�,YDQRY��5���������+RUPRQH�LQIOXHQFH�RQ�WKH�
VSDWLDO�UHJXODWLRQ�RI�,57��H[SUHVVLRQ�LQ�LURQ�GHILFLHQW�$UDELGRSVLV�WKDOLDQD�URRWV��3ODQW�
6LJQDO��%HKDY����� 

%ROJHU��$�0���/RKVH��0��DQG�8VDGHO��%���������7ULPPRPDWLF��$�IOH[LEOH�WULPPHU�IRU�
,OOXPLQD�VHTXHQFH�GDWD��%LRLQIRUPDWLFV����������±����� 

%UXPEDURYD��7���%DXHU��3��DQG�,YDQRY��5���������0ROHFXODU�PHFKDQLVPV�JRYHUQLQJ�
$UDELGRSVLV�LURQ�XSWDNH��7UHQGV�3ODQW�6FL����������±�����$YDLODEOH�DW��
KWWS���G[�GRL�RUJ���������M�WSODQWV������������� 

%UXPEDURYD��7��DQG�,YDQRY��5���������7KH�1XWULHQW�5HVSRQVH�7UDQVFULSWLRQDO�5HJXORPH�
RI�$UDELGRSVLV��L6FLHQFH���������±�����$YDLODEOH�DW��
KWWSV���GRL�RUJ���������M�LVFL������������� 

%XUNR��<���6HOX]LFNL��$���=DQGHU��0���3HGPDOH��8��9���(FNHU��-�5��DQG�&KRU\��-���������
&KLPHULF�DFWLYDWRUV�DQG�UHSUHVVRUV�GHILQH�+<��DFWLYLW\�DQG�UHYHDO�D�OLJKW�UHJXODWHG�
IHHGEDFN�PHFKDQLVP��3ODQW�&HOO���������±���� 

%XUVFK��.���7ROHGR�2UWL]��*���3LUH\UH��0���/RKU��0���%UDDW]��&��DQG�-RKDQVVRQ��+��
�������,GHQWLILFDWLRQ�RI�%%;�SURWHLQV�DV�UDWH�OLPLWLQJ�FRIDFWRUV�RI�+<���1DW��3ODQWV�����
���±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 



ϭϮϱ 
 

&DWDOi��5���0HGLQD��-��DQG�6DOLQDV��-���������,QWHJUDWLRQ�RI�ORZ�WHPSHUDWXUH�DQG�OLJKW�
VLJQDOLQJ�GXULQJ�FROG�DFFOLPDWLRQ�UHVSRQVH�LQ�$UDELGRSVLV��3URF��1DWO��$FDG��6FL��8��6��
$�������������±������ 

&KDL��7���=KRX��-���/LX��-��DQG�;LQJ��'���������/6'��DQG�+<��DQWDJRQLVWLFDOO\�UHJXODWH�UHG�
OLJKW�LQGXFHG�SURJUDPPHG�FHOO�GHDWK�LQ�$UDELGRSVLV��)URQW��3ODQW�6FL�������±��� 

&KHQ��/�4���4X��;�4���+RX��%�+���6RVVR��'���2VRULR��6���)HUQLH��$�5��DQG�)URPPHU��:�%��
�������6XFURVH�HIIOX[�PHGLDWHG�E\�6:((7�SURWHLQV�DV�D�NH\�VWHS�IRU�SKORHP�WUDQVSRUW��
6FLHQFH�������������������±���� 

&KHQ��6�<���*X��7�<���4L��=�$���<DQ��-���)DQJ��=�-���/X��<�7���/L��+��DQG�*RQJ��-�0��
�������7ZR�13)�WUDQVSRUWHUV�PHGLDWH�LURQ�ORQJ�GLVWDQFH�WUDQVSRUW�DQG�KRPHRVWDVLV�LQ�
$UDELGRSVLV��3ODQW�&RPPXQ�������±��� 

&KHQ��:�:���<DQJ��-�/���4LQ��&���-LQ��&�:���0R��-�+���<H��7��DQG�=KHQJ��6�-���������
1LWULF�R[LGH�DFWV�GRZQVWUHDP�RI�DX[LQ�WR�WULJJHU�URRW�IHUULF�FKHODWH�UHGXFWDVH�DFWLYLW\�LQ�
UHVSRQVH�WR�LURQ�GHILFLHQF\�LQ�DUDELGRSVLV��3ODQW�3K\VLRO�����������±���� 

&KHQ��;���<DR��4���*DR��;���-LDQJ��&���+DUEHUG��1�3��DQG�)X��;���������6KRRW�WR�5RRW�
0RELOH�7UDQVFULSWLRQ�)DFWRU�+<��&RRUGLQDWHV�3ODQW�&DUERQ�DQG�1LWURJHQ�$FTXLVLWLRQ��
&XUU��%LRO����������±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�FXE������������� 

&KHQJ��/���:DQJ��)���6KRX��+���HW�DO���������0XWDWLRQ�LQ�QLFRWLDQDPLQH�DPLQRWUDQVIHUDVH�
VWLPXODWHG�WKH�)H�,,��DFTXLVLWLRQ�V\VWHP�DQG�OHG�WR�LURQ�DFFXPXODWLRQ�LQ�ULFH��3ODQW�
3K\VLRO������������±����� 

&KH]HP��:�5���0HPRQ��$���/L��)�6���:HQJ��-�.��DQG�&OD\��1�.���������6*��W\SH�5�5��
0<%�WUDQVFULSWLRQ�IDFWRU�0<%���FRQWUROV�GHIHQVH�LQGXFHG�OLJQLILFDWLRQ�DQG�EDVDO�
LPPXQLW\�LQ�DUDELGRSVLV��3ODQW�&HOO����������±����� 

&OXLV��&�3���0RXFKHO��&�)��DQG�+DUGWNH��&�6���������7KH�$UDELGRSVLV�WUDQVFULSWLRQ�IDFWRU�
+<��LQWHJUDWHV�OLJKW�DQG�KRUPRQH�VLJQDOLQJ�SDWKZD\V��3ODQW�-����������±���� 

&RQQROO\��(�/���&DPSEHOO��1�+���*URW]��1���3ULFKDUG��&�/��DQG�*XHULQRW��0��/RX��������
2YHUH[SUHVVLRQ�RI�WKH�)52��)HUULF�&KHODWH�5HGXFWDVH�&RQIHUV�7ROHUDQFH�WR�*URZWK�RQ�
/RZ�,URQ�DQG�8QFRYHUV�3RVWWUDQVFULSWLRQDO�&RQWURO��3ODQW�3K\VLRO������������±����� 

&RQWH��6�6���&KX��+�+���&KDQ�5RGULJXH]��'���3XQVKRQ��7���9DVTXHV��.�$���6DOW��'�(��DQG�
:DONHU��(�/���������$UDELGRSVLV�WKDOLDQD�\HOORZ�VWULSH��OLNH��DQG�\HOORZ�VWULSH��OLNH��
ORFDOL]H�WR�LQWHUQDO�FHOOXODU�PHPEUDQHV�DQG�DUH�LQYROYHG�LQ�PHWDO�LRQ�KRPHRVWDVLV��
)URQW��3ODQW�6FL�������±��� 

&XULH��&���3DQDYLHQH��=���/RXOHUJXH��&���'HOODSRUWD��6�/���%ULDW��-���:DONHU��(�/��DQG�
0RQWSHOOLHU��Æ�(���������0HWKRGV�1RJR�UHFRPELQDQW�SURWHLQV������������±�����
$YDLODEOH�DW��ZZZ�QDWXUH�FRP� 

'HONHU��&���6RQQWDJ��/���-DPHV��*�9���HW�DO���������7KH�'(7��&23��+<��3DWKZD\�
&RQVWLWXWHV�D�0XOWLSXUSRVH�6LJQDOLQJ�0RGXOH�5HJXODWLQJ�3ODQW�3KRWRPRUSKRJHQHVLV�DQG�
7KHUPRPRUSKRJHQHVLV��&HOO�5HS����������±����� 

'L'RQDWR��5�-���5REHUWV��/�$���6DQGHUVRQ��7���(LVOH\��5�%��DQG�:DONHU��(�/���������
$UDELGRSVLV�<HOORZ�6WULSH�/LNH���<6/����$�PHWDO�UHJXODWHG�JHQH�HQFRGLQJ�D�SODVPD�
PHPEUDQH�WUDQVSRUWHU�RI�QLFRWLDQDPLQH�PHWDO�FRPSOH[HV��3ODQW�-����������±���� 

'RUH\��6���%DLOOLHXO��)���3LHUUHO��0�$���6DLQGUHQDQ��3���)ULWLJ��%��DQG�.DXIIPDQQ��6��



ϭϮϲ 
 

�������6SDWLDO�DQG�WHPSRUDO�LQGXFWLRQ�RI�FHOO�GHDWK��GHIHQVH�JHQHV��DQG�DFFXPXODWLRQ�RI�
VDOLF\OLF�DFLG�LQ�WREDFFR�OHDYHV�UHDFWLQJ�K\SHUVHQVLWLYHO\�WR�D�IXQJDO�JO\FRSURWHLQ�
HOLFLWRU��0RO��3ODQW�0LFUREH�,QWHUDFW����������±���� 

'XEHDX[��*���1HYHX��-���=HOD]Q\��(��DQG�9HUW��*���������0HWDO�6HQVLQJ�E\�WKH�,57��
7UDQVSRUWHU�5HFHSWRU�2UFKHVWUDWHV�,WV�2ZQ�'HJUDGDWLRQ�DQG�3ODQW�0HWDO�1XWULWLRQ��0RO��
&HOO��������������H�� 

'XUUHWW��7�3���*DVVPDQQ��:��DQG�5RJHUV��(�(���������7KH�)5'��PHGLDWHG�HIIOX[�RI�
FLWUDWH�LQWR�WKH�URRW�YDVFXODWXUH�LV�QHFHVVDU\�IRU�HIILFLHQW�LURQ�WUDQVORFDWLRQ��3ODQW�
3K\VLRO�����������±���� 

(LGH��'���%URGHULXV��0���)HWW��-��DQG�*XHULQRW��0��/RX��������$�QRYHO�LURQ�UHJXODWHG�
PHWDO�WUDQVSRUWHU�IURP�SODQWV�LGHQWLILHG�E\�IXQFWLRQDO�H[SUHVVLRQ�LQ�\HDVW��3URF��1DWO��
$FDG��6FL��8��6��$�����������±����� 

)RXUFUR\��3���6LVy�7HUUD]D��3���6XGUH��'���HW�DO���������,QYROYHPHQW�RI�WKH�$%&*���
WUDQVSRUWHU�LQ�VHFUHWLRQ�RI�VFRSROHWLQ�DQG�GHULYDWLYHV�E\�$UDELGRSVLV�URRWV�LQ�UHVSRQVH�WR�
LURQ�GHILFLHQF\��1HZ�3K\WRO�����������±���� 

)RXUFUR\��3���7LVVRW��1���*D\PDUG��)���%ULDW��-�)��DQG�'XERV��&���������)DFLOLWDWHG�)H�
1XWULWLRQ�E\�3KHQROLF�&RPSRXQGV�([FUHWHG�E\�WKH�$UDELGRSVLV�$%&*���3'5��
7UDQVSRUWHU�5HTXLUHV�WKH�,57��)52��+LJK�$IILQLW\�5RRW�)H���7UDQVSRUW�6\VWHP��0RO��
3ODQW��������±���� 

)XJOVDQJ��$�7���*XR��<���&XLQ��7�$���HW�DO���������$UDELGRSVLV�SURWHLQ�NLQDVH�3.6��LQKLELWV�
WKH�SODVPD�PHPEUDQH�+���$73DVH�E\�SUHYHQWLQJ�LQWHUDFWLRQ�ZLWK��������SURWHLQ��3ODQW�
&HOO����������±����� 

)XJOVDQJ��$�7���.ULVWHQVHQ��$���&XLQ��7�$���HW�DO���������5HFHSWRU�NLQDVH�PHGLDWHG�FRQWURO�
RI�SULPDU\�DFWLYH�SURWRQ�SXPSLQJ�DW�WKH�SODVPD�PHPEUDQH��3ODQW�-����������±���� 

*DQJDSSD��6�1��DQG�%RWWR��-�)���������7KH�0XOWLIDFHWHG�5ROHV�RI�+<��LQ�3ODQW�*URZWK�DQG�
'HYHORSPHQW��0RO��3ODQW���������±����� 

*DQJDSSD��6�1��DQG�.XPDU��6�9���������'(7��DQG�+<��&RQWURO�3,)��0HGLDWHG�
7KHUPRVHQVRU\�(ORQJDWLRQ�*URZWK�WKURXJK�'LVWLQFW�0HFKDQLVPV��&HOO�5HS����������±
�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�FHOUHS������������� 

*DR��)���5REH��.���%HWWHPERXUJ��0���1DYDUUR��1��DQG�6DQWRQL��9���������7KH�
7UDQVFULSWLRQ�)DFWRU�E+/+����,QWHUDFWV�ZLWK�E+/+������,/5����DQG�,WV�&ORVHVW�
+RPRORJV�WR�5HJXODWH�,URQ�+RPHRVWDVLV�LQ�$UDELGRSVLV�����������±���� 

*DR��)���5REH��.��DQG�'XERV��&���������)XUWKHU�LQVLJKWV�LQWR�WKH�UROH�RI�E+/+����LQ�WKH�
UHJXODWLRQ�RI�LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD��3ODQW�6LJQDO��%HKDY�������
$YDLODEOH�DW��KWWSV���GRL�RUJ������������������������������� 

*DR��<�4���%X��/�+���+DQ��0�/���:DQJ��<�/���/L��=�<���/LX��+�7��DQG�&KDR��'�<���������
/RQJ�GLVWDQFH�EOXH�OLJKW�VLJQDOOLQJ�UHJXODWHV�SKRVSKDWH�GHILFLHQF\�LQGXFHG�SULPDU\�URRW�
JURZWK�LQKLELWLRQ��0RO��3ODQW����������±������$YDLODEOH�DW��
KWWSV���GRL�RUJ���������M�PROS������������� 

*DUFtD��0�-���&RUSDV��)�-���/XFHQD��&���HW�DO���������$�VKRRW�IH�VLJQDOLQJ�SDWKZD\�UHTXLULQJ�
WKH�RSW��WUDQVSRUWHU�FRQWUROV�JVQR�UHGXFWDVH�DQG�HWK\OHQH�LQ�DUDELGRSVLV�WKDOLDQD�URRWV��
)URQW��3ODQW�6FL�������±��� 



ϭϮϳ 
 

*DUFtD��0�-���/XFHQD��&���5RPHUD��)�-���$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������
(WK\OHQH�DQG�QLWULF�R[LGH�LQYROYHPHQW�LQ�WKH�XS�UHJXODWLRQ�RI�NH\�JHQHV�UHODWHG�WR�LURQ�
DFTXLVLWLRQ�DQG�KRPHRVWDVLV�LQ�$UDELGRSVLV��-��([S��%RW�����������±����� 

*DUFtD��0�-���6XiUH]��9���5RPHUD��)�-���$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������$�
QHZ�PRGHO�LQYROYLQJ�HWK\OHQH��QLWULF�R[LGH�DQG�)H�WR�H[SODLQ�WKH�UHJXODWLRQ�RI�)H�
DFTXLVLWLRQ�JHQHV�LQ�6WUDWHJ\�,�SODQWV��3ODQW�3K\VLRO��%LRFKHP����������±�����$YDLODEOH�
DW��KWWS���G[�GRL�RUJ���������M�SODSK\������������� 

*H��6���+H��/���-LQ��/���;LD��;���/L��/���$KDPPHG��*�-���4L��=���<X��-��DQG�=KRX��<���������
/LJKW�GHSHQGHQW�DFWLYDWLRQ�RI�+<��SURPRWHV�P\FRUUKL]DO�V\PELRVLV�LQ�WRPDWR�E\�
V\VWHPLFDOO\�UHJXODWLQJ�VWULJRODFWRQH�ELRV\QWKHVLV��1HZ�3K\WRO������������±����� 

*HQGUHO��$�9���/LSSPDQ��=���0DUWLHQVVHQ��5��DQG�&RORW��9���������3URILOLQJ�KLVWRQH�
PRGLILFDWLRQ�SDWWHUQV�LQ�SODQWV�XVLQJ�JHQRPLF�WLOLQJ�PLFURDUUD\V��1DW��0HWKRGV��������±
���� 

*UDW]��5���0DQLVKDQNDU��3���,YDQRY��5���HW�DO���������&,3.���'HSHQGHQW�3KRVSKRU\ODWLRQ�
0RGXODWHV�),7�$FWLYLW\�WR�3URPRWH�$UDELGRSVLV�,URQ�$FTXLVLWLRQ�LQ�5HVSRQVH�WR�
&DOFLXP�6LJQDOLQJ��'HY��&HOO��������������H��� 

*UD]LDQR��0��DQG�/DPDWWLQD��/���������1LWULF�R[LGH�DFFXPXODWLRQ�LV�UHTXLUHG�IRU�PROHFXODU�
DQG�SK\VLRORJLFDO�UHVSRQVHV�WR�LURQ�GHILFLHQF\�LQ�WRPDWR�URRWV��3ODQW�-����������±���� 

*ULOOHW��/���/DQ��3���/L��:���0RNNDSDWL��*��DQG�6FKPLGW��:�������D��,521�0$1�LV�D�
XELTXLWRXV�IDPLO\�RI�SHSWLGHV�WKDW�FRQWURO�LURQ�WUDQVSRUW�LQ�SODQWV��1DW��3ODQWV��������±
�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V���������������\� 

*ULOOHW��/���/DQ��3���/L��:���0RNNDSDWL��*��DQG�6FKPLGW��:�������E��,521�0$1�LV�D�
XELTXLWRXV�IDPLO\�RI�SHSWLGHV�WKDW�FRQWURO�LURQ�WUDQVSRUW�LQ�SODQWV��1DW��3ODQWV��������±
���� 

*UXEHU��%�'���*LHKO��5�)�+���)ULHGHO��6��DQG�:LUpQ��1��YRQ��������3ODVWLFLW\�RI�WKH�
$UDELGRSVLV�URRW�V\VWHP�XQGHU�QXWULHQW�GHILFLHQFLHV��3ODQW�3K\VLRO�����������±���� 

*XR��=���;X��-���:DQJ��<���HW�DO����������7KH�SK\%ဨGHSHQGHQW�LQGXFWLRQ�RI�+<��SURPRWHV�
LURQ�XSWDNH�E\�V\VWHPLFDOO\�DFWLYDWLQJ�)(5�H[SUHVVLRQ���(0%2�5HS��������±��� 

+lQVFK��5��DQG�0HQGHO��5�5�������D��3K\VLRORJLFDO�IXQFWLRQV�RI�PLQHUDO�PLFURQXWULHQWV�
�&X��=Q��0Q��)H��1L��0R��%��&O���&XUU��2SLQ��3ODQW�%LRO����������±���� 

+lQVFK��5��DQG�0HQGHO��5�5�������E��3K\VLRORJLFDO�IXQFWLRQV�RI�PLQHUDO�PLFURQXWULHQWV�
�&X��=Q��0Q��)H��1L��0R��%��&O���&XUU��2SLQ��3ODQW�%LRO����������±���� 

+DUGWNH��&�6���*RKGD��.���2VWHUOXQG��0�7���2\DPD��7���2NDGD��.��DQG�'HQJ��;�:��
�������+<��VWDELOLW\�DQG�DFWLYLW\�LQ�$UDELGRSVLV�LV�UHJXODWHG�E\�SKRVSKRU\ODWLRQ�LQ�LWV�
&23��ELQGLQJ�GRPDLQ��(0%2�-�����������±����� 

+LQGW��0�1���$NPDNMLDQ��*�=���3LYDUVNL��.�/���3XQVKRQ��7���%D[WHU��,���6DOW��'�(��DQG�
*XHULQRW��0��/RX��������%58786�DQG�LWV�SDUDORJV��%76�/,.(��DQG�%76�/,.(���
HQFRGH�LPSRUWDQW�QHJDWLYH�UHJXODWRUV�RI�WKH�LURQ�GHILFLHQF\�UHVSRQVH�LQ�$UDELGRSVLV�
WKDOLDQD��0HWDOORPLFV��������±�����$YDLODEOH�DW��
KWWS���G[�GRL�RUJ���������&�07�����(� 

+LQGW��0�1��DQG�*XHULQRW��0��/RX��������*HWWLQJ�D�VHQVH�IRU�VLJQDOV��5HJXODWLRQ�RI�WKH�
SODQW�LURQ�GHILFLHQF\�UHVSRQVH��%LRFKLP��%LRSK\V��$FWD���0RO��&HOO�5HV� 



ϭϮϴ 
 

+ROP��0���0D��/���4X��/��DQG�'HQJ��;���������7ZR�LQWHUDFWLQJ�E=,3�SURWHLQV�DUH�GLUHFW�
WDUJHWV�RI�&23��PHGLDWHG�FRQWURO�RI�OLJKW�GHSHQGHQW�JHQH�H[SUHVVLRQ�LQ�$UDELGRSVLV����
����±����� 

+XDQJ��/���=KDQJ��+RQJFKHQJ��=KDQJ��+XL\RQJ��'HQJ��;�:��DQG�:HL��1���������+<��
UHJXODWHV�QLWULWH�UHGXFWDVH����1,5���DQG�DPPRQLXP�WUDQVSRUWHU�����$07�����LQ�
$UDELGRSVLV�VHHGOLQJV��3ODQW�6FL�����������±�����$YDLODEOH�DW��
KWWS���G[�GRL�RUJ���������M�SODQWVFL������������� 

,VKLPDUX��<���6X]XNL��0���7VXNDPRWR��7���HW�DO���������5LFH�SODQWV�WDNH�XS�LURQ�DV�DQ�)H���
SK\WRVLGHURSKRUH�DQG�DV�)H����3ODQW�-����������±���� 

-LDQJ��/���3KLOOLSV��7�(���+DPP��&�$���'UR]GRZLF]��<�0���5HD��3�$���0DHVKLPD��0���
5RJHUV��6�:��DQG�5RJHUV��-�&���������7KH�SURWHLQ�VWRUDJH�YDFXROH��$�XQLTXH�
FRPSRXQG�RUJDQHOOH��-��&HOO�%LRO�����������±����� 

-RE��1���<DGXNULVKQDQ��3���%XUVFK��.���'DWWD��6��DQG�-RKDQVVRQ��+���������7ZR�%�ER[�
SURWHLQV�UHJXODWH�SKRWRPRUSKRJHQHVLV�E\�RSSRVLWHO\�PRGXODWLQJ�+<��WKURXJK�WKHLU�
GLYHUVH�&�WHUPLQDO�GRPDLQV��3ODQW�3K\VLRO������������±����� 

-RQDVVHQ��(�0���/HD��8�6��DQG�/LOOR��&���������+<��DQG�+<+�DUH�SRVLWLYH�UHJXODWRUV�RI�
QLWUDWH�UHGXFWDVH�LQ�VHHGOLQJV�DQG�URVHWWH�VWDJH�SODQWV��3ODQWD����������±���� 

-RQDVVHQ��(�0���6pYLQ��'�&��DQG�/LOOR��&���������7KH�E=,3�WUDQVFULSWLRQ�IDFWRUV�+<��DQG�
+<+�DUH�SRVLWLYH�UHJXODWRUV�RI�WKH�PDLQ�QLWUDWH�UHGXFWDVH�JHQH�LQ�$UDELGRSVLV�OHDYHV��
1,$���EXW�QHJDWLYH�UHJXODWRUV�RI�WKH�QLWUDWH�XSWDNH�JHQH�157�����-��3ODQW�3K\VLRO��������
����±����� 

.HYLQ�5REH���(VWKHU�,]TXLHUGR���)ORUHQFH�9LJQROV���+DWHP�5RXDFKHG�������&�'���������
7KH�&RXPDULQV��6HFRQGDU\�0HWDEROLWHV�3OD\LQJ�D�3ULPDU\�5ROH�LQ�3ODQW�1XWULWLRQ�DQG�
+HDOWK� 

.LP��6�$���/D&URL[��,�6���*HUEHU��6�$��DQG�*XHULQRW��0��/RX��������7KH�LURQ�GHILFLHQF\�
UHVSRQVH�LQ�$UDELGRSVLV�WKDOLDQD�UHTXLUHV�WKH�SKRVSKRU\ODWHG�WUDQVFULSWLRQ�IDFWRU�85,��
3URF��1DWO��$FDG��6FL��8��6��$�������������±������ 

.LP��6�$���3XQVKRQ��7���/DQ]LURWWL��$���/L��$���$ORQVR��-�0���(FNHU��-�5���.DSODQ��-��DQG�
*XHULQRW��0��/RX��������/RFDOL]DWLRQ�RI�LURQ�LQ�$UDELGRSVLV�VHHG�UHTXLUHV�WKH�YDFXRODU�
PHPEUDQH�WUDQVSRUWHU�9,7���6FLHQFH��������������������±����� 

.LQGJUHQ��3���1RUpQ��/���%DUDMDV�/ySH]��-�'�'���6KDLNKDOL��-��DQG�6WUDQG��c���������
,QWHUSOD\�EHWZHHQ�+($7�6+2&.�3527(,1����DQG�+<��FRQWUROV�3K$1*�H[SUHVVLRQ�
LQ�UHVSRQVH�WR�WKH�*81��SODVWLG�VLJQDO��0RO��3ODQW��������±���� 

.RED\DVKL��7��DQG�1LVKL]DZD��1�.�������D��,URQ�XSWDNH��WUDQVORFDWLRQ��DQG�UHJXODWLRQ�LQ�
KLJKHU�SODQWV��$QQX��5HY��3ODQW�%LRO����������±���� 

.RED\DVKL��7��DQG�1LVKL]DZD��1�.�������E��,URQ�XSWDNH��WUDQVORFDWLRQ��DQG�UHJXODWLRQ�LQ�
KLJKHU�SODQWV��$QQX��5HY��3ODQW�%LRO����������±���� 

.RLNH��6���,QRXH��+���0L]XQR��'���7DNDKDVKL��0���1DNDQLVKL��+���0RUL��6��DQG�1LVKL]DZD��
1�.���������2V<6/��LV�D�ULFH�PHWDO�QLFRWLDQDPLQH�WUDQVSRUWHU�WKDW�LV�UHJXODWHG�E\�LURQ�
DQG�H[SUHVVHG�LQ�WKH�SKORHP��3ODQW�-����������±���� 

.URK��*�(��DQG�3LORQ��0���������&RQQHFWLQJ�WKH�QHJDWLYHV�DQG�SRVLWLYHV�RI�SODQW�LURQ�
KRPHRVWDVLV��1HZ�3K\WRO������������±����� 



ϭϮϵ 
 

.VHQLD�7URILPRY��5HJLQD�*UDW]��5XPHQ�,YDQRY��<YRQQH�6WDKO��3�%��DQG�%UXPEDURYD��
7���������)(5�/,.(�,521�'(),&,(1&<�,1'8&('�75$16&5,37,21�)$&725�
�),7��DFFXPXODWHV�LQ�KRPR��DQG�KHWHURGLPHULF�FRPSOH[HV�LQ�G\QDPLF�DQG�LQGXFLEOH�
QXFOHDU�FRQGHQVDWHV�DVVRFLDWHG�ZLWK�VSHFNOH�FRPSRQHQWV��ELR5[LY�3UHSU� 

/DQTXDU��9���/HOLqYUH��)���%ROWH��6���HW�DO���������0RELOL]DWLRQ�RI�YDFXRODU�LURQ�E\�
$W15$03��DQG�$W15$03��LV�HVVHQWLDO�IRU�VHHG�JHUPLQDWLRQ�RQ�ORZ�LURQ��(0%2�-� 

/DX��.���3RGROHF��5���&KDSSXLV��5���8OP��5��DQG�+RWKRUQ��0����������3ODQW�SKRWRUHFHSWRUV�
DQG�WKHLU�VLJQDOLQJ�FRPSRQHQWV�FRPSHWH�IRU�&23���ELQGLQJ�YLD�93�SHSWLGH�PRWLIV���
(0%2�-��������±��� 

/HH��%�5���.RSULYRYD��$��DQG�.RSULYD��6���������7KH�NH\�HQ]\PH�RI�VXOIDWH�DVVLPLODWLRQ��
DGHQRVLQH��ƍ�SKRVSKRVXOIDWH�UHGXFWDVH��LV�UHJXODWHG�E\�+<��LQ�$UDELGRSVLV��3ODQW�-�������
����±����� 

/HH��-���+H��.���6WROF��9���HW�DO���������$QDO\VLV�RI�WUDQVFULSWLRQ�IDFWRU�+<��JHQRPLF�ELQGLQJ�
VLWHV�UHYHDOHG�LWV�KLHUDUFKLFDO�UROH�LQ�OLJKW�UHJXODWLRQ�RI�GHYHORSPHQW��3ODQW�&HOO������
���±���� 

/HL��5���/L��<���&DL��<���/L��&���3X��0���/X��&���<DQJ��<��DQG�/LDQJ��*���������E+/+����
)XQFWLRQV�DV�D�'LUHFW�/LQN�WKDW�)DFLOLWDWHV�WKH�$FWLYDWLRQ�RI�),7�E\�E+/+�,9F�
7UDQVFULSWLRQ�)DFWRUV�IRU�0DLQWDLQLQJ�)H�+RPHRVWDVLV�LQ�$UDELGRSVLV��0RO��3ODQW������
���±�����$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�PROS������������� 

/L��;���=KDQJ��+���$L��4���/LDQJ��*��DQG�<X��'��7ZR�E+/+�7UDQVFULSWLRQ�)DFWRUV��E+/+���
DQG�E+/+�����5HJXODWH�,URQ�+RPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD����$YDLODEOH�DW��
ZZZ�SODQWSK\VLRO�RUJ�FJL�GRL���������SS���������� 

/L��<���/X��&�.���/L��&�<���HW�DO����������,521�0$1�LQWHUDFWV�ZLWK�%58786�WR�PDLQWDLQ�
LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV���3URF��1DWO��$FDG��6FL��������H����������� 

/L��=���=KDQJ��/���<X��<���4XDQ��5���=KDQJ��=���=KDQJ��+��DQG�+XDQJ��5���������7KH�
HWK\OHQH�UHVSRQVH�IDFWRU�$W(5)���WKDW�LV�WUDQVFULSWLRQDOO\�PRGXODWHG�E\�WKH�E=,3�
WUDQVFULSWLRQ�IDFWRU�+<��LV�D�FUXFLDO�UHSUHVVRU�IRU�HWK\OHQH�ELRV\QWKHVLV�LQ�$UDELGRSVLV��
3ODQW�-���������±��� 

/LDQJ��*���=KDQJ��+���/L��;���$L��4��DQG�<X��'���������E+/+�WUDQVFULSWLRQ�IDFWRU�E+/+����
UHJXODWHV�LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD��-��([S��%RW�����������±������
$YDLODEOH�DW��KWWSV���DEUF�RVX�HGX�� 

/LDR��<���6P\WK��*�.��DQG�6KL��:���������)HDWXUH&RXQWV��$Q�HIILFLHQW�JHQHUDO�SXUSRVH�
SURJUDP�IRU�DVVLJQLQJ�VHTXHQFH�UHDGV�WR�JHQRPLF�IHDWXUHV��%LRLQIRUPDWLFV���������±���� 

/LOOR��&���������6LJQDOOLQJ�FDVFDGHV�LQWHJUDWLQJ�OLJKW�HQKDQFHG�QLWUDWH�PHWDEROLVP��%LRFKHP��
-����������±��� 

/LQ��)���-LDQJ��<���/L��-���<DQ��7���)DQ��/���/LDQJ��-���&KHQ��=�-���;X��'��DQG�'HQJ��;�:��
�������%�%2;�'20$,1�3527(,1���QHJDWLYHO\�UHJXODWHV�SKRWRPRUSKRJHQHVLV�E\�
UHSUHVVLQJ�WKH�DFWLYLW\�RI�WUDQVFULSWLRQ�IDFWRU�K\��DQG�XQGHUJRHV�&23��PHGLDWHG�
GHJUDGDWLRQ��3ODQW�&HOO����������±����� 

/LQJDP��6���0RKUEDFKHU��-���%UXPEDURYD��7���3RWXVFKDN��7���)LQN�6WUDXEH��&���%ORQGHW��
(���*HQVFKLN��3��DQG�%DXHU��3���������,QWHUDFWLRQ�EHWZHHQ�WKH�E+/+�WUDQVFULSWLRQ�
IDFWRU�),7�DQG�(7+</(1(�,16(16,7,9(��(7+</(1(�,16(16,7,9(��/,.(��
UHYHDOV�PROHFXODU�OLQNDJH�EHWZHHQ�WKH�UHJXODWLRQ�RI�LURQ�DFTXLVLWLRQ�DQG�HWK\OHQH�



ϭϯϬ 
 

VLJQDOLQJ�LQ�$UDELGRSVLV��3ODQW�&HOO����������±����� 

/RQJ��7�$���7VXNDJRVKL��+���%XVFK��:���/DKQHU��%���6DOW��'�(��DQG�%HQIH\��3�1���������
7KH�E+/+�WUDQVFULSWLRQ�IDFWRU�323(<(�UHJXODWHV�UHVSRQVH�WR�LURQ�GHILFLHQF\�LQ�
DUDELGRSVLV�URRWV��3ODQW�&HOO����������±����� 

/XFHQD��&���5RPHUD��)�-���*DUFtD��0�-���$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������
(WK\OHQH�SDUWLFLSDWHV�LQ�WKH�UHJXODWLRQ�RI�)H�GHILFLHQF\�UHVSRQVHV�LQ�VWUDWHJ\�,�SODQWV�DQG�
LQ�ULFH��)URQW��3ODQW�6FL�������±��� 

/XFHQD��&���:DWHUV��%�0���5RPHUD��)�-���*DUFtD��0�-���0RUDOHV��0���$OFiQWDUD��(��DQG�
3pUH]�9LFHQWH��5���������(WK\OHQH�FRXOG�LQIOXHQFH�IHUULF�UHGXFWDVH��LURQ�WUDQVSRUWHU��
DQG�+���$73DVH�JHQH�H[SUHVVLRQ�E\�DIIHFWLQJ�)(5��RU�)(5�OLNH��JHQH�DFWLYLW\��-��([S��
%RW�����������±����� 

0DQNRWLD��6���6LQJK��'���0RQLND��.���.DOUD��0���0HHQD��+���0HHQD��9���<DGDY��5�.���
3DQGH\��$�.��DQG�6DWEKDL��6�%���������(/21*$7('�+<32&27</���UHJXODWHV�
%58786�DQG�DIIHFWV�LURQ�DFTXLVLWLRQ�DQG�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD��3ODQW�-���
���������±����� 

0DVL��)��'H��*URYH��&�$���9HGHQNR��$���$OLEpV��$���*LVVHOEUHFKW��6�6���6HUUDQR��/���%XO\N��
0�/��DQG�:DOKRXW��$�-�0���������8VLQJ�D�VWUXFWXUDO�DQG�ORJLFV�V\VWHPV�DSSURDFK�WR�
LQIHU�E+/+�'1$�ELQGLQJ�VSHFLILFLW\�GHWHUPLQDQWV��1XFOHLF�$FLGV�5HV�����������±����� 

0HLVHU��-���/LQJDP��6��DQG�%DXHU��3���������3RVWWUDQVODWLRQDO�UHJXODWLRQ�RI�WKH�LURQ�
GHILFLHQF\�EDVLF�KHOL[�ORRS�KHOL[�WUDQVFULSWLRQ�IDFWRU�),7�LV�DIIHFWHG�E\�LURQ�DQG�QLWULF�
R[LGH��3ODQW�3K\VLRO������������±����� 

0RUULVVH\��-��DQG�*XHULQRW��0��/RX��������,URQ�XSWDNH�DQG�WUDQVSRUW�LQ�SODQWV��7KH�JRRG��
WKH�EDG��DQG�WKH�LRQRPH��&KHP��5HY������������±����� 

0XUJLD��,���7DUDQWLQR��'���6RDYH��&��DQG�0RUDQGLQL��3���������$UDELGRSVLV�&<3��&��
H[SUHVVLRQ�LV�GHSHQGHQW�RQ�)H�DYDLODELOLW\�DQG�FLUFDGLDQ�UK\WKP��DQG�FRUUHODWHV�ZLWK�
JHQHV�LQYROYHG�LQ�WKH�HDUO\�)H�GHILFLHQF\�UHVSRQVH��-��3ODQW�3K\VLRO�����������±�����
$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�MSOSK������������� 

1DZNDU��*�0���.DQJ��&�+���0DLEDP��3���HW�DO���������+<���D�SRVLWLYH�UHJXODWRU�RI�OLJKW�
VLJQDOLQJ��QHJDWLYHO\�FRQWUROV�WKH�XQIROGHG�SURWHLQ�UHVSRQVH�LQ�$UDELGRSVLV��3URF��1DWO��
$FDG��6FL��8��6��$������������±����� 

1LJHO�M��5RELQVRQ��&DWKHULQH�0��3URFWHU��(ULQ�/��&RQQROO\�DQG�0DU\�/RX�*XHULQRW�
�������$�IHUULF�FKHODWH�UHGXFWDVH�IRU�LURQ�XSWDNH�IURP�VRLOV��1DWXUH����������±���� 

1RUpQ��/���.LQGJUHQ��3���6WDFKXOD��3���5�KO��0���(ULNVVRQ��0�(���+XUU\��9��DQG�6WUDQG��
c���������&LUFDGLDQ�DQG�SODVWLG�VLJQDOLQJ�SDWKZD\V�DUH�LQWHJUDWHG�WR�HQVXUH�FRUUHFW�
H[SUHVVLRQ�RI�WKH�&%)�DQG�&25�JHQHV�GXULQJ�SKRWRSHULRGLF�JURZWK��3ODQW�3K\VLRO���
���������±����� 

2VWHUOXQG��0�7���+DUGWNH��&�6���:HL��1��DQG�'HQJ��;�:���������7DUJHWHG�GHVWDELOL]DWLRQ�
RI�+<��GXULQJ�OLJKW�UHJXODWHG�GHYHORSPHQW�RI�$UDELGRSVLV��1DWXUH��������±�� 

2\DPD��7���6KLPXUD��<��DQG�2NDGD��.�������D��7KH�$UDELGRSVLV�+<��JHQH�HQFRGHV�D�
E=,3�SURWHLQ�WKDW�UHJXODWHV�VWLPXOXV��LQGXFHG�GHYHORSPHQW�RI�URRW�DQG�K\SRFRW\O��*HQHV�
'HY�����������±����� 

2\DPD��7���6KLPXUD��<��DQG�2NDGD��.�������E��7KH�$UDELGRSVLV�+<��JHQH�HQFRGHV�D�



ϭϯϭ 
 

E=,3�SURWHLQ�WKDW�UHJXODWHV�VWLPXOXV�LQGXFHG�GHYHORSPHQW�RI�URRW�DQG�K\SRFRW\O����
����±����� 

3DLN��,��DQG�+XT��(���������3ODQW�SKRWRUHFHSWRUV��0XOWL�IXQFWLRQDO�VHQVRU\�SURWHLQV�DQG�
WKHLU�VLJQDOLQJ�QHWZRUNV��6HPLQ��&HOO�'HY��%LRO����������±�����$YDLODEOH�DW��
KWWSV���GRL�RUJ���������M�VHPFGE������������� 

3DOPHU��&�0���+LQGW��0�1���6FKPLGW��+���&OHPHQV��6��DQG�*XHULQRW��0��/RX��������
0<%���DQG�0<%���$UH�5HTXLUHG�IRU�*URZWK�XQGHU�,URQ�/LPLWLQJ�&RQGLWLRQV��3/R6�
*HQHW����� 

3HWLW��-�0���%ULDW��-�)��DQG�/REUpDX[��6���������6WUXFWXUH�DQG�GLIIHUHQWLDO�H[SUHVVLRQ�RI�WKH�
IRXU�PHPEHUV�RI�WKH�$UDELGRSVLV�WKDOLDQD�IHUULWLQ�JHQH�IDPLO\��%LRFKHP��-�����������±
���� 

3LVNLQ��(���&LDQFLRVL��'���*XOHF��6���7RPDV��0��DQG�&DSDQRJOX��(���������,URQ�$EVRUSWLRQ��
)DFWRUV��/LPLWDWLRQV��DQG�,PSURYHPHQW�0HWKRGV��$&6�2PHJD����������±������ 

3RGROHF��5��DQG�8OP��5���������3KRWRUHFHSWRU�PHGLDWHG�UHJXODWLRQ�RI�WKH�&23��63$�(��
XELTXLWLQ�OLJDVH��&XUU��2SLQ��3ODQW�%LRO���������±����$YDLODEOH�DW��
KWWS���G[�GRL�RUJ���������M�SEL������������� 

3RQQX��-���5LHGHO��7���3HQQHU��(���6FKUDGHU��$��DQG�+RHFNHU��8���������&U\SWRFKURPH���
FRPSHWHV�ZLWK�&23��VXEVWUDWHV�WR�UHSUHVV�&23��XELTXLWLQ�OLJDVH�DFWLYLW\�GXULQJ�
$UDELGRSVLV�SKRWRPRUSKRJHQHVLV��3URF��1DWO��$FDG��6FL��8��6��$�������������±������ 

5DL��6���6LQJK��3�.���0DQNRWLD��6���6ZDLQ��-��DQG�6DWEKDL��6�%���������,URQ�KRPHRVWDVLV�LQ�
SODQWV�DQG�LWV�FURVVWDON�ZLWK�FRSSHU��]LQF��DQG�PDQJDQHVH��3ODQW�6WUHVV�������������
$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�VWUHVV������������� 

5DMQLDN��-���*LHKO��5�)�+���&KDQJ��(���0XUJLD��,���:LUpQ��1��9RQ�DQG�6DWWHO\��(�6���������
%LRV\QWKHVLV�RI�UHGR[�DFWLYH�PHWDEROLWHV�LQ�UHVSRQVH�WR�LURQ�GHILFLHQF\�LQ�SODQWV��1DW��
&KHP��%LRO����������±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

5HHG��-�:���1DJSDO��3���3RR�H��'�6���)XUX\D��0��DQG�&KRU\D���-���������0XWDWLRQV�LQ�WKH�
*HQH�IRU�WKH�5HG�)DU�5HG�/LJKW�5HFHSWRU�3K\WRFKURPH�%�$OWHU�&HOO�(ORQJDWLRQ�DQG�
3K\VLRORJLFDO�5HVSRQVHV�WKURXJKRXW�$UDELGRSVLV�'HYHORSPHQW��3ODQW�&HOO��������±���� 

5REH��.���,]TXLHUGR��(���9LJQROV��)���5RXDFKHG��+��DQG�'XERV��&���������7KH�&RXPDULQV��
6HFRQGDU\�0HWDEROLWHV�3OD\LQJ�D�3ULPDU\�5ROH�LQ�3ODQW�1XWULWLRQ�DQG�+HDOWK��7UHQGV�
3ODQW�6FL����������±���� 

5RGUtJXH]�&HOPD��-���&RQQRUWRQ��-�0���.UXVH��,���HW�DO���������$UDELGRSVLV�%58786�
/,.(�(��OLJDVHV�QHJDWLYHO\�UHJXODWH�LURQ�XSWDNH�E\�WDUJHWLQJ�WUDQVFULSWLRQ�IDFWRU�),7�IRU�
UHF\FOLQJ��3URF��1DWO��$FDG��6FL��8��6��$�������������±������ 

5RGUtJXH]�&HOPD��-���/LQ��:�'���)X��*�0���$EDGtD��-���/ySH]�0LOOiQ��$�)��DQG�6FKPLGW��
:���������0XWXDOO\�H[FOXVLYH�DOWHUDWLRQV�LQ�VHFRQGDU\�PHWDEROLVP�DUH�FULWLFDO�IRU�WKH�
XSWDNH�RI�LQVROXEOH�LURQ�FRPSRXQGV�E\�DUDELGRSVLV�DQG�0HGLFDJR�WUXQFDWXOD��3ODQW�
3K\VLRO������������±����� 

5RPHUD��)�-���/XFHQD��&��DQG�$OFjQWDUD��(���������3ODQW�KRUPRQHV�LQIOXHQFLQJ�LURQ�XSWDNH�
LQ�SODQWV��,URQ�1XWU��3ODQWV�5KL]RVSKHULF�0LFURRUJ������±���� 

5XFNOH��0�(���'H0DUFR��6�0��DQG�/DUNLQ��5�0���������3ODVWLG�VLJQDOV�UHPRGHO�OLJKW�
VLJQDOLQJ�QHWZRUNV�DQG�DUH�HVVHQWLDO�IRU�HIILFLHQW�FKORURSODVW�ELRJHQHVLV�LQ�$UDELGRSVLV��



ϭϯϮ 
 

3ODQW�&HOO����������±����� 

6DLQL��3���%KDWLD��6���0DKDMDQ��0���HW�DO��(/21*$7('�+<32&27</��1HJDWLYHO\�
5HJXODWHV�'(&5($6(�:$;�%,26<17+(6,6�WR�,QFUHDVH�6XUYLYDO�GXULQJ�89�%�
6WUHVV����$YDLODEOH�DW��ZZZ�SODQWSK\VLRO�RUJ�FJL�GRL���������SS���������� 

6DNXUDED��<���.DQQR��6���0DEXFKL��$���0RQGD��.���,ED��.��DQG�<DQDJLVDZD��6���������$�
SK\WRFKURPH�%�PHGLDWHG�UHJXODWRU\�PHFKDQLVP�RI�SKRVSKRUXV�DFTXLVLWLRQ��1DW��3ODQWV��
�������±������$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

6DQWL��6��DQG�6FKPLGW��:�������D��'LVVHFWLQJ�LURQ�GHILFLHQF\�LQGXFHG�SURWRQ�H[WUXVLRQ�LQ�
$UDELGRSVLV�URRWV��1HZ�3K\WRO������������±������$YDLODEOH�DW��
ZZZ�QHZSK\WRORJLVW�RUJ� 

6DQWL��6��DQG�6FKPLGW��:�������E��'LVVHFWLQJ�LURQ�GHILFLHQF\�LQGXFHG�SURWRQ�H[WUXVLRQ�LQ�
$UDELGRSVLV�URRWV��1HZ�3K\WRO������������±����� 

6FKDDI��*���/XGHZLJ��8���(UHQRJOX��%�(���0RUL��6���.LWDKDUD��7��DQG�:LUpQ��1��9RQ�
�������=P<6��)XQFWLRQV�DV�D�3URWRQ�FRXSOHG�6\PSRUWHU�IRU�3K\WRVLGHURSKRUH��DQG�
1LFRWLDQDPLQH�FKHODWHG�0HWDOV��-��%LRO��&KHP������������±����� 

6FKOXHSPDQQ��+���3HOOQ\��7���'LMNHQ��$��9DQ��6PHHNHQV��6��DQG�3DXO��0���������
7UHKDORVH���SKRVSKDWH�LV�LQGLVSHQVDEOH�IRU�FDUERK\GUDWH�XWLOL]DWLRQ�DQG�JURZWK�LQ�
$UDELGRSVLV�WKDOLDQD��3URF��1DWO��$FDG��6FL��8��6��$������������±����� 

6FKPLG��1�%���*LHKO��5�)�+���'|OO��6���0RFN��+�3���6WUHKPHO��1���6FKHHO��'���.RQJ��;���
+LGHU��5�&��DQG�:LUpQ��1��YRQ��������)HUXOR\O�&R$��ƍ�+\GUR[\ODVH��GHSHQGHQW�
FRXPDULQV�PHGLDWH�LURQ�DFTXLVLWLRQ�IURP�DONDOLQH�VXEVWUDWHV�LQ�$UDELGRSVLV��3ODQW�
3K\VLRO�����������±���� 

6HORWH��'���6DPLUD��5���0DWWKLDGLV��$���*LOOLNLQ��-�:��DQG�/RQJ��7�$���������,URQ�ELQGLQJ�
H��OLJDVH�PHGLDWHV�LURQ�UHVSRQVH�LQ�SODQWV�E\�WDUJHWLQJ�EDVLF�KHOL[�ORRS�KHOL[�
WUDQVFULSWLRQ�IDFWRUV�>RSHQ@��3ODQW�3K\VLRO�����������±���� 

6KLQ��-���3DUN��(��DQG�&KRL��*���������3,)��UHJXODWHV�DQWKRF\DQLQ�ELRV\QWKHVLV�LQ�DQ�+<��
GHSHQGHQW�PDQQHU�ZLWK�ERWK�IDFWRUV�GLUHFWO\�ELQGLQJ�DQWKRF\DQLQ�ELRV\QWKHWLF�JHQH�
SURPRWHUV�LQ�$UDELGRSVLV��3ODQW�-����������±���� 

6LERXW��5���6XNXPDU��3���+HWWLDUDFKFKL��&���+ROP��0���0XGD\��*�.��DQG�+DUGWNH��&�6��
�������2SSRVLWH�URRW�JURZWK�SKHQRW\SHV�RI�K\��YHUVXV�K\��K\K�PXWDQWV�FRUUHODWH�ZLWK�
LQFUHDVHG�FRQVWLWXWLYH�DX[LQ�VLJQDOLQJ��3/R6�*HQHW����������±����� 

6LVy�7HUUD]D��3���/XLV�9LOODUUR\D��$���)RXUFUR\��3���%ULDW��-�)���$EDGtD��$���*D\PDUG��)���
$EDGtD��-��DQG�ÈOYDUH]�)HUQiQGH]��$���������$FFXPXODWLRQ�DQG�VHFUHWLRQ�RI�
FRXPDULQROLJQDQV�DQG�RWKHU�FRXPDULQV�LQ�$UDELGRSVLV�WKDOLDQD�URRWV�LQ�UHVSRQVH�WR�LURQ�
GHILFLHQF\�DW�KLJK�S+��)URQW��3ODQW�6FL�������±��� 

6LZLQVND��-���6LDWNRZVND��.���2OU\��$���HW�DO���������6FRSROHWLQ���K\GUR[\ODVH��$�QRYHO�
HQ]\PH�LQYROYHG�LQ�FRXPDULQ�ELRV\QWKHVLV�DQG�LURQ�GHILFLHQF\�UHVSRQVHV�LQ�
$UDELGRSVLV��-��([S��%RW�����������±����� 

6RQJ��=���<DQ��7���/LX��-���%LDQ��<���+HQJ��<���/LQ��)���-LDQJ��<���:DQJ�'HQJ��;��DQG�;X��
'���������%%;���%%;����+<��DQG�%%;������IRUP�D�IHHGEDFN�ORRS�WR�ILQH�WXQH�
SKRWRPRUSKRJHQLF�GHYHORSPHQW��3ODQW�-�����������±���� 

6WDFH\��0�*���.RK��6���%HFNHU��-��DQG�6WDFH\��*���������$W237���D�PHPEHU�RI�WKH�



ϭϯϯ 
 

ROLJRSHSWLGH�WUDQVSRUWHU�IDPLO\��LV�HVVHQWLDO�IRU�HPEU\R�GHYHORSPHQW�LQ�$UDELGRSVLV��
3ODQW�&HOO����������±����� 

6WDFH\��0�*���3DWHO��$���0F&ODLQ��:�(���0DWKLHX��0���5HPOH\��0���5RJHUV��(�(���
*DVVPDQQ��:���%OHYLQV��'�*��DQG�6WDFH\��*���������7KH�DUDELGRSVLV�$W237��SURWHLQ�
IXQFWLRQV�LQ�PHWDO�KRPHRVWDVLV�DQG�PRYHPHQW�RI�LURQ�WR�GHYHORSLQJ�VHHGV��3ODQW�
3K\VLRO�����������±���� 

6WUDFNH��5���)DYRU\��-�-���*UXEHU��+���%DUWHOQLHZRHKQHU��/���%DUWHOV��6���%LQNHUW��0���
)XQN��0���:HLVVKDDU��%��DQG�8OP��5���������7KH�$UDELGRSVLV�E=,3�WUDQVFULSWLRQ�
IDFWRU�+<��UHJXODWHV�H[SUHVVLRQ�RI�WKH�3)*��0<%���JHQH�LQ�UHVSRQVH�WR�OLJKW�DQG�
XOWUDYLROHW�%�UDGLDWLRQ��3ODQW��&HOO�(QYLURQ���������±���� 

7KRPLQH��6��DQG�/DQTXDU��9���������,URQ�7UDQVSRUW�DQG�6LJQDOLQJ�LQ�3ODQWV��,Q�SS����±���� 

7LDQ��4���=KDQJ��;���<DQJ��$���:DQJ��7��DQG�=KDQJ��:�+���������&,3.���LV�LQYROYHG�LQ�
LURQ�DFTXLVLWLRQ�RI�$UDELGRSVLV�E\�DIIHFWLQJ�IHUULF�FKHODWH�UHGXFWDVH�DFWLYLW\��3ODQW�6FL���
�������±����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�SODQWVFL������������� 

7LVVRW��1���5REH��.���*DR��)���HW�DO���������7UDQVFULSWLRQDO�LQWHJUDWLRQ�RI�WKH�UHVSRQVHV�WR�
LURQ�DYDLODELOLW\�LQ�$UDELGRSVLV�E\�WKH�E+/+�IDFWRU�,/5���1HZ�3K\WRO� 

7ROHGR�2UWL]��*���-RKDQVVRQ��+���/HH��.�3���%RX�7RUUHQW��-���6WHZDUW��.���6WHHO��*���
5RGUtJXH]�&RQFHSFLyQ��0��DQG�+DOOLGD\��.�-���������7KH�+<��3,)�5HJXODWRU\�
0RGXOH�&RRUGLQDWHV�/LJKW�DQG�7HPSHUDWXUH�&RQWURO�RI�3KRWRV\QWKHWLF�*HQH�
7UDQVFULSWLRQ��3/R6�*HQHW������ 

7VDL��+�+���5RGUtJXH]�&HOPD��-���/DQ��3���:X��<�&���9pOH]�%HUP~GH]��,�&��DQG�6FKPLGW��
:���������6FRSROHWLQ���K\GUR[\ODVH�PHGLDWHG�IUD[HWLQ�SURGXFWLRQ�LV�FUXFLDO�IRU�LURQ�
PRELOL]DWLRQ��3ODQW�3K\VLRO�����������±���� 

7VDL��+�+��DQG�6FKPLGW��:�������D��0RELOL]DWLRQ�RI�,URQ�E\�3ODQW�%RUQH�&RXPDULQV��
7UHQGV�3ODQW�6FL����������±�����$YDLODEOH�DW��
KWWS���G[�GRL�RUJ���������M�WSODQWV������������� 

7VDL��+�+��DQG�6FKPLGW��:�������E��0RELOL]DWLRQ�RI�,URQ�E\�3ODQW�%RUQH�&RXPDULQV��
7UHQGV�3ODQW�6FL����������±���� 

9DQKROPH��5���6XQGLQ��/���6HHWVR��.�&���HW�DO���������&26<�FDWDO\VHV�WUDQV±FLV�
LVRPHUL]DWLRQ�DQG�ODFWRQL]DWLRQ�LQ�WKH�ELRV\QWKHVLV�RI�FRXPDULQV��1DW��3ODQWV���������±
������$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

9pOH]�%HUP~GH]��,�&��DQG�6FKPLGW��:���������+RZ�3ODQWV�5HFDOLEUDWH�&HOOXODU�,URQ�
+RPHRVWDVLV��3ODQW�&HOO�3K\VLRO����������±���� 

9HUW��*���*URW]��1���'pGDOGpFKDPS��)���*D\PDUG��)���*XHULQRW��0��/RX��%ULDW��-�)��DQG�
&XULH��&���������,57���DQ�$UDELGRSVLV�WUDQVSRUWHU�HVVHQWLDO�IRU�LURQ�XSWDNH�IURP�WKH�VRLO�
DQG�IRU�SODQW�JURZWK��3ODQW�&HOO� 

:DQJ��1���&XL��<���/LX��<���)DQ��+���'X��-���+XDQJ��=���<XDQ��<���:X��+��DQG�/LQJ��+�4��
�������5HTXLUHPHQW�DQG�IXQFWLRQDO�UHGXQGDQF\�RI�,E�VXEJURXS�E+/+�SURWHLQV�IRU�LURQ�
GHILFLHQF\�UHVSRQVHV�DQG�XSWDNH�LQ�DUDELGRSVLV�WKDOLDQD��0RO��3ODQW��������±�����
$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������PS�VVV���� 

:DQJ��6���=KRX��=���5DKLPDQ��5���/HH��*�6�<���<HR��<�.���<DQJ��;��DQG�/DX��2�6���������
/LJKW�UHJXODWHV�VWRPDWDO�GHYHORSPHQW�E\�PRGXODWLQJ�SDUDFULQH�VLJQDOLQJ�IURP�LQQHU�



ϭϯϰ 
 

WLVVXHV��1DW��&RPPXQ�������$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V������������������ 

:DQJ��;���/XR��=���+X��4���7DQJ��:���/X��+���0D��&���:DQJ��=���%DOWDHYLFK��$�0��DQG�
.RQJ��;���������/LJKW�LQGXFHG�VKRRW�VRXUFHG�WUDQVFULSWLRQ�IDFWRU�+<��UHJXODWHV�WKH�
QLWUDWH�XSWDNH�RI�FRWWRQ�E\�VKRRW�WR�URRW�VLJQDO�WUDQVSRUW��3ODQW�3K\VLRO��%LRFKHP��������
��������$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�SODSK\������������� 

:DWHUV��%�0���&KX��+�+���'L'RQDWR��5�-���5REHUWV��/�$���(LVOH\��5�%���/DKQHU��%���6DOW��
'�(��DQG�:DONHU��(�/���������0XWDWLRQV�LQ�$UDELGRSVLV�<HOORZ�6WULSH�/LNH��DQG�
<HOORZ�6WULSH�/LNH��UHYHDO�WKHLU�UROHV�LQ�PHWDO�LRQ�KRPHRVWDVLV�DQG�ORDGLQJ�RI�PHWDO�
LRQV�LQ�VHHGV��3ODQW�3K\VLRO������������±����� 

:DWHUV��%�0���/XFHQD��&���5RPHUD��)�-���-HVWHU��*�*���:\QQ��$�1���5RMDV��&�/���
$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������(WK\OHQH�LQYROYHPHQW�LQ�WKH�UHJXODWLRQ�RI�
WKH�+��$73DVH�&V+$��JHQH�DQG�RI�WKH�QHZ�LVRODWHG�IHUULF�UHGXFWDVH�&V)52��DQG�LURQ�
WUDQVSRUWHU�&V,57��JHQHV�LQ�FXFXPEHU�SODQWV��3ODQW�3K\VLRO��%LRFKHP����������±���� 

;LDR��<���&KX��/���=KDQJ��<���%LDQ��<���;LDR��-��DQG�;X��'���������+<���$�3LYRWDO�
5HJXODWRU�RI�/LJKW�'HSHQGHQW�'HYHORSPHQW�LQ�+LJKHU�3ODQWV��)URQW��3ODQW�6FL��������±
��� 

;X��'���-LDQJ��<���/L��-���/LQ��)���+ROP��0��DQG�'HQJ��;�:���������%%;����DQ�$UDELGRSVLV�
%�ER[�SURWHLQ��GLUHFWO\�DFWLYDWHV�+<��DQG�LV�WDUJHWHG�E\�&23��IRU���6�SURWHDVRPH�
PHGLDWHG�GHJUDGDWLRQ��3URF��1DWO��$FDG��6FL��8��6��$������������±����� 

<DGXNULVKQDQ��3���5DKXO��3�9��DQG�'DWWD��6���������+<��VXSSUHVVHV��UDWKHU�WKDQ�SURPRWHV��
DEVFLVLF�DFLG�PHGLDWHG�LQKLELWLRQ�RI�SRVWJHUPLQDWLRQ�VHHGOLQJ�GHYHORSPHQW��3ODQW�
3K\VLRO�����������±���� 

<DQDJLVDZD��6���������7UDQVFULSWLRQ�IDFWRUV�LQYROYHG�LQ�FRQWUROOLQJ�WKH�H[SUHVVLRQ�RI�QLWUDWH�
UHGXFWDVH�JHQHV�LQ�KLJKHU�SODQWV��3ODQW�6FL�����������±�����$YDLODEOH�DW��
KWWS���G[�GRL�RUJ���������M�SODQWVFL������������� 

<DQJ��-�/���&KHQ��:�:���&KHQ��/�4���4LQ��&���-LQ��&�:���6KL��<�=��DQG�=KHQJ��6�-��
�������7KH��������SURWHLQ�*(1(5$/�5(*8/$725<�)$&725����*5)����DFWV�
GRZQVWUHDP�RI�QLWULF�R[LGH�WR�UHJXODWH�LURQ�DFTXLVLWLRQ�LQ�$UDELGRSVLV�WKDOLDQD��1HZ�
3K\WRO�����������±���� 

<DQJ��<���2X��%���=KDQJ��-���6L��:���*X��+���4LQ��*��DQG�4X��/�-���������7KH�$UDELGRSVLV�
0HGLDWRU�VXEXQLW�0('���UHJXODWHV�LURQ�KRPHRVWDVLV�E\�DVVRFLDWLQJ�ZLWK�(,1��(,/��
WKURXJK�VXEXQLW�0('����3ODQW�-����������±���� 

<HQ��0�5���7VHQJ��<�+��DQG�6DLHU��-���������0DL]H�<HOORZ�6WULSH����DQ�LURQ�
SK\WRVLGHURSKRUH�XSWDNH�WUDQVSRUWHU��LV�D�PHPEHU�RI�WKH�ROLJRSHSWLGH�WUDQVSRUWHU��237��
IDPLO\��0LFURELRORJ\� 

<LQJ�<L�DQG�0DU\�/RX�*XHULQRW��������7KH�3ODQW�-RXUQDO���1RYHPEHU��������<L���*HQHWLF�
HYLGHQFH�WKDW�LQGXFWLRQ�RI�URRW�)H�,,,�FKHODWH�UHGXFWDVH�DFWLYLW\�LV�SGI� 

<RXQJ��+�6���&KHRO��0�<���$Q��3�+���HW�DO���������'1$�ELQGLQJ�VWXG\�LGHQWLILHV�&�ER[�DQG�
K\EULG�&�*�ER[�RU�&�$�ER[�PRWLIV�DV�KLJK�DIILQLW\�ELQGLQJ�VLWHV�IRU�67)��DQG�ORQJ�
K\SRFRW\O��SURWHLQV��3ODQW�3K\VLRO������������±����� 

<X��<���:DQJ��-���=KDQJ��=���4XDQ��5���=KDQJ��+���'HQJ��;�:���0D��/��DQG�+XDQJ��5��
�������(WK\OHQH�3URPRWHV�+\SRFRW\O�*URZWK�DQG�+<��'HJUDGDWLRQ�E\�(QKDQFLQJ�WKH�
0RYHPHQW�RI�&23��WR�WKH�1XFOHXV�LQ�WKH�/LJKW��3/R6�*HQHW����� 



ϭϯϱ 
 

<XDQ��<���:X��+���:DQJ��1���/L��-���=KDR��:���'X��-���:DQJ��'��DQG�/LQJ��+��4���������
),7�LQWHUDFWV�ZLWK�$WE+/+���DQG�$WE+/+���LQ�UHJXODWLQJ�LURQ�XSWDNH�JHQH�H[SUHVVLRQ�
IRU�LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV��&HOO�5HV����������±�����$YDLODEOH�DW��ZZZ�FHOO�
UHVHDUFK�FRP� 

=DPLRXGLV��&���+DQVRQ��-��DQG�3LHWHUVH��&�0�-�����������*OXFRVLGDVH�%*/8���LV�D�
0<%���GHSHQGHQW�NH\�UHJXODWRU�RI�UKL]REDFWHULD�LQGXFHG�V\VWHPLF�UHVLVWDQFH�DQG�
PRGXODWHV�LURQ�GHILFLHQF\�UHVSRQVHV�LQ�$UDELGRSVLV�URRWV��1HZ�3K\WRO�����������±���� 

=KDQJ��+���=KDR��;���/L��-���&DL��+���'HQJ��;�:��DQG�/L��/���������0LFURUQD����LV�FULWLFDO�
IRU�WKH�+<��63O��JHQH�QHWZRUN�WKDW�PHGLDWHV�WKH�FRRUGLQDWHG�UHVSRQVH�WR�OLJKW�DQG�
FRSSHU��3ODQW�&HOO����������±����� 

=KDQJ��/���/L��*���:DQJ��0���'L��'���6XQ��/���.URQ]XFNHU��+�-��DQG�6KL��:���������
([FHVV�LURQ�VWUHVV�UHGXFHV�URRW�WLS�]RQH�JURZWK�WKURXJK�QLWULF�R[LGH�PHGLDWHG�UHSUHVVLRQ�
RI�SRWDVVLXP�KRPHRVWDVLV�LQ�$UDELGRSVLV��1HZ�3K\WRO�����������±���� 

=KDQJ��;���+XDL��-���6KDQJ��)���;X��*���7DQJ��:���-LQJ��<��DQG�/LQ��5���������$�
3,)��3,)��+<��%%;���WUDQVFULSWLRQ�IDFWRU�FDVFDGH�DIIHFWV�SKRWRPRUSKRJHQHVLV��3ODQW�
3K\VLRO������������±����� 

=KDQJ��<���3DUN��&���%HQQHWW��&���7KRUQWRQ��0��DQG�.LP��'���������5DSLG�DQG�DFFXUDWH�
DOLJQPHQW�RI�QXFOHRWLGH�FRQYHUVLRQ�VHTXHQFLQJ�UHDGV�ZLWK�+,6$7��1��*HQRPH�5HV�������
����±����� 
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&KDSWHU�� 

&RQFOXVLRQV�DQG�IXWXUH�SHUVSHFWLYHV 

 

 

 

 

 

 

 

 

 

 



ϭϯϳ 
 

&KDSWHU����&RQFOXVLRQV�DQG�IXWXUH�SHUVSHFWLYHV 

 

)H�DYDLODELOLW\�LQ�WKH�VRLO�GHWHUPLQHV�WKH�JURZWK�DQG�GHYHORSPHQW�RI�SODQWV��)H�OLPLWDWLRQ�DQG�

H[FHVV� ERWK� DUH� GHWULPHQWDO� IRU� SODQWV�� 7KHUHIRUH�� LW� LV� HVVHQWLDO� WR� VWXG\� WKH� UHJXODWRU\�

PHFKDQLVPV�WKDW�PDLQWDLQ�)H�KRPHRVWDVLV�LQ�SODQWV��0DQ\�7)V�EHORQJLQJ�WR�WKH�E+/+�IDPLO\�

DUH�NQRZQ�WR�SOD\�D�FUXFLDO�UROH�LQ�PDLQWDLQLQJ�)H�KRPHRVWDVLV��+LQGW�DQG�*XHULQRW���������,Q�

WKLV�VWXG\��ZH�KDYH�VKRZQ�WKDW�D�E=,3�7)��+<��DOVR�SOD\V�D�FUXFLDO�UROH�LQ�PDLQWHQDQFH�RI�)H�

KRPHRVWDVLV� 

7UDQVFULSWRPH�UHSURJUDPPLQJ�LV�RQH�RI�WKH�VRSKLVWLFDWHG�VWUDWHJLHV�ZKLFK�SODQWV�KDYH�HYROYHG�

WR�PDLQWDLQ�)H�KRPHRVWDVLV�XQGHU�)H�GHILFLHQF\��)H�GHILFLHQF\�WULJJHUV�WKH�H[SUHVVLRQ�RI�PDQ\�

)H�XSWDNH� UHODWHG� JHQHV� ZKLFK� LQFOXGH� E+/+� 7)V� �),7�� E+/+���� E+/+���� E+/+�����

E+/+������)52���,57���DQG�FRXPDULQ�ELRV\QWKHVLV�DV�ZHOO�DV�VHFUHWLRQ�UHODWHG�JHQHV��)�¶+���

6�+��&<3��&���%*/8����3'5���0<%���DQG�0<%�����/LDQJ�HW�DO���������:DQJ�HW�DO���������

<XDQ�HW�DO���������/L�HW�DO�����������+<��KDV�EHHQ�IRXQG�WR�SRVLWLYHO\�UHJXODWH�)H�GHILFLHQF\�

UHVSRQVH�LQ�$UDELGRSVLV�DV�K\��PXWDQW�SODQWV�ZHUH�IRXQG�WR�EH�PRUH�VHQVLWLYH�WR�)H�GHILFLHQF\�

DV�HYLGHQFHG�E\�GHFUHDVH�LQ�URRW�OHQJWK��)&5�DFWLYLW\�DQG�FKORURSK\OO�FRQWHQW��)LJXUH�����DQG�

������7KH�)H�DFFXPXODWLRQ�ZDV�DOVR�IRXQG�WR�EH�SRVLWLYHO\�UHJXODWHG�E\�+<���)LJXUH����G�DQG�

H��� +<�� IXQFWLRQ� ZDV� IRXQG� WR� EH� FUXFLDO� IRU� WKH� RSWLPXP� H[SUHVVLRQ� RI� )H� GHILFLHQF\�

UHVSRQVLYH�JHQHV��,W�DFWV�ERWK�DV�DQ�DFWLYDWRU�DQG�UHSUHVVRU�WR� UHJXODWH�WKH�H[SUHVVLRQ�RI�)H�

GHILFLHQF\�UHVSRQVLYH�JHQHV��+<��ZDV�IRXQG�WR�SRVLWLYHO\�UHJXODWH�WKH�H[SUHVVLRQ�RI�,57���),7�

LQGLUHFWO\�DQG�)52��GLUHFWO\�ZKLFK�DUH�LQYROYHG�LQ�)H�XSWDNH��)LJXUH�����DQG��������+<��DFWV�

D�GLUHFW�QHJDWLYH�UHJXODWRU�RI�%76�DQG�3<(��)LJXUH������DQG��������%76�LV�NQRZQ�WR�QHJDWLYHO\�

UHJXODWH�)H�GHILFLHQF\�UHVSRQVHV�DQG�3<(�LV�NQRZQ�WR�DFW�DV�D�WUDQVFULSWLRQDO�UHSUHVVRU�RI�)H�

PRELOL]DWLRQ�JHQHV� WR�PDLQWDLQ�)H�KRPHRVWDVLV� �/RQJ�HW�DO���������6HORWH�HW�DO����������:H�

VKRZHG� WKDW�+<��DFWV�XSVWUHDP�WR�%76�LQ� WKH�)H�GHILFLHQF\�UHVSRQVLYH�VLJQDOOLQJ�SDWKZD\�

�)LJXUH��������7KH�H[SUHVVLRQ�RI�FRXPDULQ�ELRV\QWKHVLV�JHQHV�ZKLFK�LQFOXGH�6�+��&<3��&���

)�¶+��DQG�%*/8���ZDV�DOVR�IRXQG�WR�EH�SRVLWLYHO\�UHJXODWHG�E\�+<���)LJXUH������� 

,Q�DGGLWLRQ�WR� WKH�WUDQVFULSWLRQDO� LQGXFWLRQ�RI�JHQHV�UHODWHG�WR�)H�XSWDNH�� WKH�WUDQVFULSWLRQDO�

UHSUHVVLRQ�RI�JHQHV�UHODWHG�WR�)H�WUDQVSRUW��VWRUDJH��DQG�DVVLPLODWLRQ�ZKLFK�LV�PHGLDWHG�E\�WKH�

3<(�,/5��FRPSOH[�LV�DOVR�HVVHQWLDO�IRU�WKH�PDLQWHQDQFH�RI�)H�KRPHRVWDVLV�XQGHU�)H�GHILFLHQF\�

�7LVVRW�HW�DO����������,Q�RXU�VWXG\��ZH�IRXQG�WKDW�+<��LQWHUDFWV�ZLWK�3<(��DQG�WKH\�SOD\�DGGLWLYH�

UROHV�LQ�UHJXODWLRQ�RI�)H�GHILFLHQF\�UHVSRQVH�DV�WKH�K\�S\H�GRXEOH�PXWDQW�GLVSOD\HG�VWURQJHU�

GHFUHDVH�LQ�URRW�JURZWK�DQG�FKORURSK\OO�FRQWHQW�XQGHU�)H�GHILFLHQF\�WKDQ�WKH�K\��DQG�S\H�VLQJOH�
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PXWDQW��)LJXUH�����DQG�������3<(�LV�NQRZQ�WR�QHJDWLYHO\�UHJXODWH�WKH�H[SUHVVLRQ�RI�PDQ\�)H�

WUDQVSRUW�UHODWHG�JHQHV�HLWKHU�GLUHFWO\�RU�LQGLUHFWO\�DQG�LQ�RXU�VWXG\��ZH�IRXQG�WKDW�+<��DOVR�

DFWV�DV�D�QHJDWLYH�UHJXODWRU�RI�VHYHUDO�NH\�JHQHV�LQYROYHG�LQ�)H�WUDQVSRUW��)LJXUH�������+<��

ZDV� IRXQG� WR� DFW� DV� D� GLUHFW� WUDQVFULSWLRQDO� UHSUHVVRU� RI� JHQHV� LQYROYHG� LQ� LQWHUFHOOXODU� )H�

WUDQVSRUW� LQFOXGLQJ�237���<6/���<6/���)5'��DQG�13)�����)LJXUH�������:H�DOVR�IRXQG�WKDW�

1$6��ZKLFK�LV�D�GLUHFW�GRZQVWUHDP�RI�3<(�ZDV�PRUH�LQGXFHG�LQ�WKH�K\��PXWDQW�XQGHU��)H�

�)LJXUH�������,QWHUHVWLQJO\��+<��DQG�3<(�ZHUH�IRXQG�WR�ELQG�RQ�WKH�VDPH�UHJLRQ�RI�3<(�DQG�

1$6��SURPRWHU��)LJXUH�������7DNHQ�WRJHWKHU��WKHVH�UHVXOWV�VXJJHVW�WKDW�+<��LQWHUDFWV�ZLWK�3<(��

DQG�WKH\�WRJHWKHU�GLUHFWO\�UHJXODWH�WKH�H[SUHVVLRQ�RI�3<(�DQG�1$6���2Q�WKH�RWKHU�KDQG��WKH�

RWKHU�GLUHFW�WDUJHWV�RI�+<��ZKLFK�LQFOXGH�ERWK�)H�XSWDNH�DQG�)H�WUDQVSRUW�UHODWHG�JHQHV�PLJKW�

EH�UHJXODWHG�E\�+<��E\�LQWHUDFWLQJ�ZLWK�RWKHU�)H�UHODWHG�E+/+�7)V��� 

2YHUDOO�� RXU� VWXG\� UHYHDOHG� WKDW� WKH� ORVV� RI�+<�� IXQFWLRQ� OHDGV� WR� UHGXFHG� WROHUDQFH� WR�)H�

GHILFLHQF\��UHGXFWLRQ�LQ�)H�DFFXPXODWLRQ�DQG�D�ZHDNHU�WUDQVFULSWLRQDO�LURQ�GHILFLHQF\�UHVSRQVH���

)XUWKHU�LQYHVWLJDWLRQ�LV�UHTXLUHG�WR�XQGHUVWDQG�ZKHWKHU�+<��GLUHFWO\�UHJXODWHV�WKH�H[SUHVVLRQ�

RI�FRXPDULQ�ELRV\QWKHVLV�XOWLPDWHO\�DIIHFWLQJ�FRXPDULQ�FRQWHQW�RU�QRW��,Q�WKLV�VWXG\��ZH�KDYH�

FKHFNHG�WKH�LQWHUDFWLRQ�RI�+<��ZLWK�VRPH�RI�WKH�VHOHFWHG�E+/+�7)V��)XUWKHU�H[SHULPHQWV�DUH�

UHTXLUHG�WR�ILQG�RXW�ZKHWKHU�+<��LQWHUDFWV�ZLWK�VRPH�RWKHU�NQRZQ�7)V�LQYROYHG�LQ�UHJXODWLRQ�

RI�)H�GHILFLHQF\�UHVSRQVH��,Q�WRPDWR��+<��LV�NQRZQ�WR�DFW�GRZQVWUHDP�WR�SK\%�DQG�DFWLYDWH�

WKH�H[SUHVVLRQ�RI�)(5��*XR�HW�DO����������,Q�$UDELGRSVLV��SK\%�PXWDQW�ZDV�QRW�IRXQG�WR�EH�

VHQVLWLYH�WR�)H�GHILFLHQF\�XQOLNH�K\��PXWDQW��)LJXUH�������$�UHFHQW�VWXG\�KDV�UHSRUWHG�WKDW�EOXH�

OLJKW�SURPRWHV�WKH�)H�XSWDNH�UHVSRQVHV�GRZQVWUHDP�RI�),7�LQ�$UDELGRSVLV� �7URILPRY�HW�DO���

�������)XUWKHU�VWXGLHV�DUH�UHTXLUHG�WR�IXOO\�XQGHUVWDQG�WKH�UROH�RI�OLJKW�VLJQDOOLQJ�DQG�GHWHUPLQH�

WKH�SKRWRUHFHSWRUV�LQYROYHG�LQ�WKH�UHJXODWLRQ�RI�)H�GHILFLHQF\�UHVSRQVH��,Q�WKH�K\��PXWDQW��DV�

ZH�KDYH�IRXQG�WKDW� WKH�H[SUHVVLRQ�RI�JHQHV�UHODWHG�WR� LQWHUFHOOXODU� WUDQVSRUW�RI�)H�ZDV�PLV�

UHJXODWHG�� LW� ZLOO� EH� IXUWKHU� LQWHUHVWLQJ� WR� VWXG\� WKH� LPSDFW� RI� ORVV� RI� K\�� IXQFWLRQ� RQ� WKH�

LQWHUFHOOXODU�GLVWULEXWLRQ�RI�)H�� ,Q� DGGLWLRQ� WR� WKH�)H�UHODWHG�JHQHV�� WKH� H[SUHVVLRQ�RI�JHQHV�

LQYROYHG�LQ�VRPH�RWKHU�SDWKZD\V�ZDV�DOVR�IRXQG�WR�EH�DIIHFWHG�LQ�WKH�K\��PXWDQW��VXJJHVWLQJ�D�

SRVVLELOLW\�RI�+<��LQ�WKH�UHJXODWLRQ�RI�WKHVH�SDWKZD\V��)LJXUH����F�DQG�G���$V��WKH�UROH�RI�+<��

LV� NQRZQ� WR� EH� FRQVHUYHG� LQ� QXWULHQW� XSWDNH� DQG� XWLOL]DWLRQ� LQ� GLIIHUHQW� SODQW� VSHFLHV�� WKH�

NQRZOHGJH�REWDLQHG�RQ�+<��IXQFWLRQ�DQG�LWV�UROH�LQ�)H�KRPHRVWDVLV�LQ�$UDELGRSVLV�ZRXOG�EH�

EHQHILFLDO�IRU�IXUWKHU�VWXG\LQJ�LWV�UROH�LQ�)H�KRPHRVWDVLV�LQ�FURS�SODQWV� 
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5HIHUHQFHV� 

$KQ��<�2���6KLPL]X��%�,���6DNDWD��.���*DQWXOJD��'���=KRX��=���%HYDQ��'�5��DQG�(VHQ��$��

�������6FRSROLQ�K\GURO\]LQJ�ȕ�JOXFRVLGDVHV�LQ�URRWV�RI�$UDELGRSVLV��3ODQW�&HOO�3K\VLRO���

�������±���� 

$QGURQLV��&���%DUDN��6���.QRZOHV��6�0���6XJDQR��6��DQG�7RELQ��(�0���������7KH�FORFN�

SURWHLQ�&&$��DQG�WKH�E=,3�WUDQVFULSWLRQ�IDFWRU�+<��SK\VLFDOO\�LQWHUDFW�WR�UHJXODWH�JHQH�

H[SUHVVLRQ�LQ�$UDELGRSVLV��0RO��3ODQW�������±����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������PS�VVP���� 

$QJ��/���&KDWWRSDGK\D\��6���:HL��1���2\DPD��7���2NDGD��.���%DWVFKDXHU��$��DQG�'HQJ��

;���������0ROHFXODU�,QWHUDFWLRQ�EHWZHHQ�&23��DQG�+<��'HILQHV�D�5HJXODWRU\�6ZLWFK�

IRU�/LJKW�&RQWURO�RI�$UDELGRSVLV�'HYHORSPHQW����������±���� 

$RQR��0���.XER��$���6DML��+���7DQDND��.��DQG�.RQGR��1���������(QKDQFHG�WROHUDQFH�WR�

SKRWRR[LGDWLYH�VWUHVV�RI�WUDQVJHQLF�QLFRWLDQD�WDEDFXP�ZLWK�KLJK�FKORURSODVWLF�

JOXWDWKLRQH�UHGXFWDVH�DFWLYLW\��3ODQW�&HOO�3K\VLRO� 

%DFDLFRD��(���0RUD��9���=DPDUUHxR��È�0���)XHQWHV��0���&DVDQRYD��(��DQG�*DUFtD�0LQD��

-�0���������$X[LQ��$�PDMRU�SOD\HU�LQ�WKH�VKRRW�WR�URRW�UHJXODWLRQ�RI�URRW�)H�VWUHVV�

SK\VLRORJLFDO�UHVSRQVHV�WR�)H�GHILFLHQF\�LQ�FXFXPEHU�SODQWV��3ODQW�3K\VLRO��%LRFKHP���

�������±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�SODSK\������������� 

%DON��-��DQG�6FKDHGOHU��7�$���������,URQ�&RIDFWRU�$VVHPEO\�LQ�3ODQWV��$QQX��5HY��3ODQW�

%LRO���������±�����$YDLODEOH�DW��ZZZ�DQQXDOUHYLHZV�RUJ� 

%Oi]TXH]��0�$���6DQWRV��(���)ORUHV��&�/���0DUWtQH]�=DSDWHU��-�0���6DOLQDV��-��DQG�

*DQFHGR��&���������,VRODWLRQ�DQG�PROHFXODU�FKDUDFWHUL]DWLRQ�RI�WKH�DUDELGRSVLV�736��

JHQH��HQFRGLQJ�WUHKDORVH���SKRVSKDWH�V\QWKDVH��3ODQW�-����������±���� 

%OXP��$���%UXPEDURYD��7���%DXHU��3��DQG�,YDQRY��5���������+RUPRQH�LQIOXHQFH�RQ�WKH�

VSDWLDO�UHJXODWLRQ�RI�,57��H[SUHVVLRQ�LQ�LURQ�GHILFLHQW�$UDELGRSVLV�WKDOLDQD�URRWV��3ODQW�

6LJQDO��%HKDY����� 

%ROJHU��$�0���/RKVH��0��DQG�8VDGHO��%���������7ULPPRPDWLF��$�IOH[LEOH�WULPPHU�IRU�

,OOXPLQD�VHTXHQFH�GDWD��%LRLQIRUPDWLFV����������±����� 

%UXPEDURYD��7���%DXHU��3��DQG�,YDQRY��5���������0ROHFXODU�PHFKDQLVPV�JRYHUQLQJ�

$UDELGRSVLV�LURQ�XSWDNH��7UHQGV�3ODQW�6FL����������±�����$YDLODEOH�DW��
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KWWS���G[�GRL�RUJ���������M�WSODQWV������������� 

%UXPEDURYD��7��DQG�,YDQRY��5���������7KH�1XWULHQW�5HVSRQVH�7UDQVFULSWLRQDO�5HJXORPH�

RI�$UDELGRSVLV��L6FLHQFH���������±�����$YDLODEOH�DW��

KWWSV���GRL�RUJ���������M�LVFL������������� 

%XUNR��<���6HOX]LFNL��$���=DQGHU��0���3HGPDOH��8��9���(FNHU��-�5��DQG�&KRU\��-���������

&KLPHULF�DFWLYDWRUV�DQG�UHSUHVVRUV�GHILQH�+<��DFWLYLW\�DQG�UHYHDO�D�OLJKW�UHJXODWHG�

IHHGEDFN�PHFKDQLVP��3ODQW�&HOO���������±���� 

%XUVFK��.���7ROHGR�2UWL]��*���3LUH\UH��0���/RKU��0���%UDDW]��&��DQG�-RKDQVVRQ��+��

�������,GHQWLILFDWLRQ�RI�%%;�SURWHLQV�DV�UDWH�OLPLWLQJ�FRIDFWRUV�RI�+<���1DW��3ODQWV�����

���±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

&DWDOi��5���0HGLQD��-��DQG�6DOLQDV��-���������,QWHJUDWLRQ�RI�ORZ�WHPSHUDWXUH�DQG�OLJKW�

VLJQDOLQJ�GXULQJ�FROG�DFFOLPDWLRQ�UHVSRQVH�LQ�$UDELGRSVLV��3URF��1DWO��$FDG��6FL��8��6��

$�������������±������ 

&KDL��7���=KRX��-���/LX��-��DQG�;LQJ��'���������/6'��DQG�+<��DQWDJRQLVWLFDOO\�UHJXODWH�UHG�

OLJKW�LQGXFHG�SURJUDPPHG�FHOO�GHDWK�LQ�$UDELGRSVLV��)URQW��3ODQW�6FL�������±��� 

&KHQ��/�4���4X��;�4���+RX��%�+���6RVVR��'���2VRULR��6���)HUQLH��$�5��DQG�)URPPHU��:�%��

�������6XFURVH�HIIOX[�PHGLDWHG�E\�6:((7�SURWHLQV�DV�D�NH\�VWHS�IRU�SKORHP�WUDQVSRUW��

6FLHQFH�������������������±���� 

&KHQ��6�<���*X��7�<���4L��=�$���<DQ��-���)DQJ��=�-���/X��<�7���/L��+��DQG�*RQJ��-�0��

�������7ZR�13)�WUDQVSRUWHUV�PHGLDWH�LURQ�ORQJ�GLVWDQFH�WUDQVSRUW�DQG�KRPHRVWDVLV�LQ�

$UDELGRSVLV��3ODQW�&RPPXQ�������±��� 

&KHQ��:�:���<DQJ��-�/���4LQ��&���-LQ��&�:���0R��-�+���<H��7��DQG�=KHQJ��6�-���������

1LWULF�R[LGH�DFWV�GRZQVWUHDP�RI�DX[LQ�WR�WULJJHU�URRW�IHUULF�FKHODWH�UHGXFWDVH�DFWLYLW\�LQ�

UHVSRQVH�WR�LURQ�GHILFLHQF\�LQ�DUDELGRSVLV��3ODQW�3K\VLRO�����������±���� 

&KHQ��;���<DR��4���*DR��;���-LDQJ��&���+DUEHUG��1�3��DQG�)X��;���������6KRRW�WR�5RRW�

0RELOH�7UDQVFULSWLRQ�)DFWRU�+<��&RRUGLQDWHV�3ODQW�&DUERQ�DQG�1LWURJHQ�$FTXLVLWLRQ��

&XUU��%LRO����������±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�FXE������������� 

&KHQJ��/���:DQJ��)���6KRX��+���HW�DO���������0XWDWLRQ�LQ�QLFRWLDQDPLQH�DPLQRWUDQVIHUDVH�

VWLPXODWHG�WKH�)H�,,��DFTXLVLWLRQ�V\VWHP�DQG�OHG�WR�LURQ�DFFXPXODWLRQ�LQ�ULFH��3ODQW�

3K\VLRO������������±����� 
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&KH]HP��:�5���0HPRQ��$���/L��)�6���:HQJ��-�.��DQG�&OD\��1�.���������6*��W\SH�5�5��

0<%�WUDQVFULSWLRQ�IDFWRU�0<%���FRQWUROV�GHIHQVH�LQGXFHG�OLJQLILFDWLRQ�DQG�EDVDO�

LPPXQLW\�LQ�DUDELGRSVLV��3ODQW�&HOO����������±����� 

&OXLV��&�3���0RXFKHO��&�)��DQG�+DUGWNH��&�6���������7KH�$UDELGRSVLV�WUDQVFULSWLRQ�IDFWRU�

+<��LQWHJUDWHV�OLJKW�DQG�KRUPRQH�VLJQDOLQJ�SDWKZD\V��3ODQW�-����������±���� 

&RQQROO\��(�/���&DPSEHOO��1�+���*URW]��1���3ULFKDUG��&�/��DQG�*XHULQRW��0��/RX��������

2YHUH[SUHVVLRQ�RI�WKH�)52��)HUULF�&KHODWH�5HGXFWDVH�&RQIHUV�7ROHUDQFH�WR�*URZWK�RQ�

/RZ�,URQ�DQG�8QFRYHUV�3RVWWUDQVFULSWLRQDO�&RQWURO��3ODQW�3K\VLRO������������±����� 

&RQWH��6�6���&KX��+�+���&KDQ�5RGULJXH]��'���3XQVKRQ��7���9DVTXHV��.�$���6DOW��'�(��DQG�

:DONHU��(�/���������$UDELGRSVLV�WKDOLDQD�\HOORZ�VWULSH��OLNH��DQG�\HOORZ�VWULSH��OLNH��

ORFDOL]H�WR�LQWHUQDO�FHOOXODU�PHPEUDQHV�DQG�DUH�LQYROYHG�LQ�PHWDO�LRQ�KRPHRVWDVLV��

)URQW��3ODQW�6FL�������±��� 

&XULH��&���3DQDYLHQH��=���/RXOHUJXH��&���'HOODSRUWD��6�/���%ULDW��-���:DONHU��(�/��DQG�

0RQWSHOOLHU��Æ�(���������0HWKRGV�1RJR�UHFRPELQDQW�SURWHLQV������������±�����

$YDLODEOH�DW��ZZZ�QDWXUH�FRP� 

'HONHU��&���6RQQWDJ��/���-DPHV��*�9���HW�DO���������7KH�'(7��&23��+<��3DWKZD\�

&RQVWLWXWHV�D�0XOWLSXUSRVH�6LJQDOLQJ�0RGXOH�5HJXODWLQJ�3ODQW�3KRWRPRUSKRJHQHVLV�DQG�

7KHUPRPRUSKRJHQHVLV��&HOO�5HS����������±����� 

'L'RQDWR��5�-���5REHUWV��/�$���6DQGHUVRQ��7���(LVOH\��5�%��DQG�:DONHU��(�/���������

$UDELGRSVLV�<HOORZ�6WULSH�/LNH���<6/����$�PHWDO�UHJXODWHG�JHQH�HQFRGLQJ�D�SODVPD�

PHPEUDQH�WUDQVSRUWHU�RI�QLFRWLDQDPLQH�PHWDO�FRPSOH[HV��3ODQW�-����������±���� 

'RUH\��6���%DLOOLHXO��)���3LHUUHO��0�$���6DLQGUHQDQ��3���)ULWLJ��%��DQG�.DXIIPDQQ��6��

�������6SDWLDO�DQG�WHPSRUDO�LQGXFWLRQ�RI�FHOO�GHDWK��GHIHQVH�JHQHV��DQG�DFFXPXODWLRQ�RI�

VDOLF\OLF�DFLG�LQ�WREDFFR�OHDYHV�UHDFWLQJ�K\SHUVHQVLWLYHO\�WR�D�IXQJDO�JO\FRSURWHLQ�

HOLFLWRU��0RO��3ODQW�0LFUREH�,QWHUDFW����������±���� 

'XEHDX[��*���1HYHX��-���=HOD]Q\��(��DQG�9HUW��*���������0HWDO�6HQVLQJ�E\�WKH�,57��

7UDQVSRUWHU�5HFHSWRU�2UFKHVWUDWHV�,WV�2ZQ�'HJUDGDWLRQ�DQG�3ODQW�0HWDO�1XWULWLRQ��0RO��

&HOO��������������H�� 

'XUUHWW��7�3���*DVVPDQQ��:��DQG�5RJHUV��(�(���������7KH�)5'��PHGLDWHG�HIIOX[�RI�

FLWUDWH�LQWR�WKH�URRW�YDVFXODWXUH�LV�QHFHVVDU\�IRU�HIILFLHQW�LURQ�WUDQVORFDWLRQ��3ODQW�
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3K\VLRO�����������±���� 

(LGH��'���%URGHULXV��0���)HWW��-��DQG�*XHULQRW��0��/RX��������$�QRYHO�LURQ�UHJXODWHG�

PHWDO�WUDQVSRUWHU�IURP�SODQWV�LGHQWLILHG�E\�IXQFWLRQDO�H[SUHVVLRQ�LQ�\HDVW��3URF��1DWO��

$FDG��6FL��8��6��$�����������±����� 

)RXUFUR\��3���6LVy�7HUUD]D��3���6XGUH��'���HW�DO���������,QYROYHPHQW�RI�WKH�$%&*���

WUDQVSRUWHU�LQ�VHFUHWLRQ�RI�VFRSROHWLQ�DQG�GHULYDWLYHV�E\�$UDELGRSVLV�URRWV�LQ�UHVSRQVH�WR�

LURQ�GHILFLHQF\��1HZ�3K\WRO�����������±���� 

)RXUFUR\��3���7LVVRW��1���*D\PDUG��)���%ULDW��-�)��DQG�'XERV��&���������)DFLOLWDWHG�)H�

1XWULWLRQ�E\�3KHQROLF�&RPSRXQGV�([FUHWHG�E\�WKH�$UDELGRSVLV�$%&*���3'5��

7UDQVSRUWHU�5HTXLUHV�WKH�,57��)52��+LJK�$IILQLW\�5RRW�)H���7UDQVSRUW�6\VWHP��0RO��

3ODQW��������±���� 

)XJOVDQJ��$�7���*XR��<���&XLQ��7�$���HW�DO���������$UDELGRSVLV�SURWHLQ�NLQDVH�3.6��LQKLELWV�

WKH�SODVPD�PHPEUDQH�+���$73DVH�E\�SUHYHQWLQJ�LQWHUDFWLRQ�ZLWK��������SURWHLQ��3ODQW�

&HOO����������±����� 

)XJOVDQJ��$�7���.ULVWHQVHQ��$���&XLQ��7�$���HW�DO���������5HFHSWRU�NLQDVH�PHGLDWHG�FRQWURO�

RI�SULPDU\�DFWLYH�SURWRQ�SXPSLQJ�DW�WKH�SODVPD�PHPEUDQH��3ODQW�-����������±���� 

*DQJDSSD��6�1��DQG�%RWWR��-�)���������7KH�0XOWLIDFHWHG�5ROHV�RI�+<��LQ�3ODQW�*URZWK�DQG�

'HYHORSPHQW��0RO��3ODQW���������±����� 

*DQJDSSD��6�1��DQG�.XPDU��6�9���������'(7��DQG�+<��&RQWURO�3,)��0HGLDWHG�

7KHUPRVHQVRU\�(ORQJDWLRQ�*URZWK�WKURXJK�'LVWLQFW�0HFKDQLVPV��&HOO�5HS����������±

�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�FHOUHS������������� 

*DR��)���5REH��.���%HWWHPERXUJ��0���1DYDUUR��1��DQG�6DQWRQL��9���������7KH�

7UDQVFULSWLRQ�)DFWRU�E+/+����,QWHUDFWV�ZLWK�E+/+������,/5����DQG�,WV�&ORVHVW�

+RPRORJV�WR�5HJXODWH�,URQ�+RPHRVWDVLV�LQ�$UDELGRSVLV�����������±���� 

*DR��)���5REH��.��DQG�'XERV��&���������)XUWKHU�LQVLJKWV�LQWR�WKH�UROH�RI�E+/+����LQ�WKH�

UHJXODWLRQ�RI�LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD��3ODQW�6LJQDO��%HKDY�������

$YDLODEOH�DW��KWWSV���GRL�RUJ������������������������������� 

*DR��<�4���%X��/�+���+DQ��0�/���:DQJ��<�/���/L��=�<���/LX��+�7��DQG�&KDR��'�<���������

/RQJ�GLVWDQFH�EOXH�OLJKW�VLJQDOOLQJ�UHJXODWHV�SKRVSKDWH�GHILFLHQF\�LQGXFHG�SULPDU\�URRW�

JURZWK�LQKLELWLRQ��0RO��3ODQW����������±������$YDLODEOH�DW��
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KWWSV���GRL�RUJ���������M�PROS������������� 

*DUFtD��0�-���&RUSDV��)�-���/XFHQD��&���HW�DO���������$�VKRRW�IH�VLJQDOLQJ�SDWKZD\�UHTXLULQJ�

WKH�RSW��WUDQVSRUWHU�FRQWUROV�JVQR�UHGXFWDVH�DQG�HWK\OHQH�LQ�DUDELGRSVLV�WKDOLDQD�URRWV��

)URQW��3ODQW�6FL�������±��� 

*DUFtD��0�-���/XFHQD��&���5RPHUD��)�-���$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������

(WK\OHQH�DQG�QLWULF�R[LGH�LQYROYHPHQW�LQ�WKH�XS�UHJXODWLRQ�RI�NH\�JHQHV�UHODWHG�WR�LURQ�

DFTXLVLWLRQ�DQG�KRPHRVWDVLV�LQ�$UDELGRSVLV��-��([S��%RW�����������±����� 

*DUFtD��0�-���6XiUH]��9���5RPHUD��)�-���$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������$�

QHZ�PRGHO�LQYROYLQJ�HWK\OHQH��QLWULF�R[LGH�DQG�)H�WR�H[SODLQ�WKH�UHJXODWLRQ�RI�)H�

DFTXLVLWLRQ�JHQHV�LQ�6WUDWHJ\�,�SODQWV��3ODQW�3K\VLRO��%LRFKHP����������±�����$YDLODEOH�

DW��KWWS���G[�GRL�RUJ���������M�SODSK\������������� 

*H��6���+H��/���-LQ��/���;LD��;���/L��/���$KDPPHG��*�-���4L��=���<X��-��DQG�=KRX��<���������

/LJKW�GHSHQGHQW�DFWLYDWLRQ�RI�+<��SURPRWHV�P\FRUUKL]DO�V\PELRVLV�LQ�WRPDWR�E\�

V\VWHPLFDOO\�UHJXODWLQJ�VWULJRODFWRQH�ELRV\QWKHVLV��1HZ�3K\WRO������������±����� 

*HQGUHO��$�9���/LSSPDQ��=���0DUWLHQVVHQ��5��DQG�&RORW��9���������3URILOLQJ�KLVWRQH�

PRGLILFDWLRQ�SDWWHUQV�LQ�SODQWV�XVLQJ�JHQRPLF�WLOLQJ�PLFURDUUD\V��1DW��0HWKRGV��������±

���� 

*UDW]��5���0DQLVKDQNDU��3���,YDQRY��5���HW�DO���������&,3.���'HSHQGHQW�3KRVSKRU\ODWLRQ�

0RGXODWHV�),7�$FWLYLW\�WR�3URPRWH�$UDELGRSVLV�,URQ�$FTXLVLWLRQ�LQ�5HVSRQVH�WR�

&DOFLXP�6LJQDOLQJ��'HY��&HOO��������������H��� 

*UD]LDQR��0��DQG�/DPDWWLQD��/���������1LWULF�R[LGH�DFFXPXODWLRQ�LV�UHTXLUHG�IRU�PROHFXODU�

DQG�SK\VLRORJLFDO�UHVSRQVHV�WR�LURQ�GHILFLHQF\�LQ�WRPDWR�URRWV��3ODQW�-����������±���� 

*ULOOHW��/���/DQ��3���/L��:���0RNNDSDWL��*��DQG�6FKPLGW��:�������D��,521�0$1�LV�D�

XELTXLWRXV�IDPLO\�RI�SHSWLGHV�WKDW�FRQWURO�LURQ�WUDQVSRUW�LQ�SODQWV��1DW��3ODQWV��������±

�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V���������������\� 

*ULOOHW��/���/DQ��3���/L��:���0RNNDSDWL��*��DQG�6FKPLGW��:�������E��,521�0$1�LV�D�

XELTXLWRXV�IDPLO\�RI�SHSWLGHV�WKDW�FRQWURO�LURQ�WUDQVSRUW�LQ�SODQWV��1DW��3ODQWV��������±

���� 

*UXEHU��%�'���*LHKO��5�)�+���)ULHGHO��6��DQG�:LUpQ��1��YRQ��������3ODVWLFLW\�RI�WKH�

$UDELGRSVLV�URRW�V\VWHP�XQGHU�QXWULHQW�GHILFLHQFLHV��3ODQW�3K\VLRO�����������±���� 
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*XR��=���;X��-���:DQJ��<���HW�DO����������7KH�SK\%ဨGHSHQGHQW�LQGXFWLRQ�RI�+<��SURPRWHV�

LURQ�XSWDNH�E\�V\VWHPLFDOO\�DFWLYDWLQJ�)(5�H[SUHVVLRQ���(0%2�5HS��������±��� 

+lQVFK��5��DQG�0HQGHO��5�5�������D��3K\VLRORJLFDO�IXQFWLRQV�RI�PLQHUDO�PLFURQXWULHQWV�

�&X��=Q��0Q��)H��1L��0R��%��&O���&XUU��2SLQ��3ODQW�%LRO����������±���� 

+lQVFK��5��DQG�0HQGHO��5�5�������E��3K\VLRORJLFDO�IXQFWLRQV�RI�PLQHUDO�PLFURQXWULHQWV�

�&X��=Q��0Q��)H��1L��0R��%��&O���&XUU��2SLQ��3ODQW�%LRO����������±���� 

+DUGWNH��&�6���*RKGD��.���2VWHUOXQG��0�7���2\DPD��7���2NDGD��.��DQG�'HQJ��;�:��

�������+<��VWDELOLW\�DQG�DFWLYLW\�LQ�$UDELGRSVLV�LV�UHJXODWHG�E\�SKRVSKRU\ODWLRQ�LQ�LWV�

&23��ELQGLQJ�GRPDLQ��(0%2�-�����������±����� 

+LQGW��0�1���$NPDNMLDQ��*�=���3LYDUVNL��.�/���3XQVKRQ��7���%D[WHU��,���6DOW��'�(��DQG�

*XHULQRW��0��/RX��������%58786�DQG�LWV�SDUDORJV��%76�/,.(��DQG�%76�/,.(���

HQFRGH�LPSRUWDQW�QHJDWLYH�UHJXODWRUV�RI�WKH�LURQ�GHILFLHQF\�UHVSRQVH�LQ�$UDELGRSVLV�

WKDOLDQD��0HWDOORPLFV��������±�����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������&�07�����(� 

+LQGW��0�1��DQG�*XHULQRW��0��/RX��������*HWWLQJ�D�VHQVH�IRU�VLJQDOV��5HJXODWLRQ�RI�WKH�

SODQW�LURQ�GHILFLHQF\�UHVSRQVH��%LRFKLP��%LRSK\V��$FWD���0RO��&HOO�5HV� 

+ROP��0���0D��/���4X��/��DQG�'HQJ��;���������7ZR�LQWHUDFWLQJ�E=,3�SURWHLQV�DUH�GLUHFW�

WDUJHWV�RI�&23��PHGLDWHG�FRQWURO�RI�OLJKW�GHSHQGHQW�JHQH�H[SUHVVLRQ�LQ�$UDELGRSVLV����

����±����� 

+XDQJ��/���=KDQJ��+RQJFKHQJ��=KDQJ��+XL\RQJ��'HQJ��;�:��DQG�:HL��1���������+<��

UHJXODWHV�QLWULWH�UHGXFWDVH����1,5���DQG�DPPRQLXP�WUDQVSRUWHU�����$07�����LQ�

$UDELGRSVLV�VHHGOLQJV��3ODQW�6FL�����������±�����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������M�SODQWVFL������������� 

,VKLPDUX��<���6X]XNL��0���7VXNDPRWR��7���HW�DO���������5LFH�SODQWV�WDNH�XS�LURQ�DV�DQ�)H���

SK\WRVLGHURSKRUH�DQG�DV�)H����3ODQW�-����������±���� 

-LDQJ��/���3KLOOLSV��7�(���+DPP��&�$���'UR]GRZLF]��<�0���5HD��3�$���0DHVKLPD��0���

5RJHUV��6�:��DQG�5RJHUV��-�&���������7KH�SURWHLQ�VWRUDJH�YDFXROH��$�XQLTXH�

FRPSRXQG�RUJDQHOOH��-��&HOO�%LRO�����������±����� 

-RE��1���<DGXNULVKQDQ��3���%XUVFK��.���'DWWD��6��DQG�-RKDQVVRQ��+���������7ZR�%�ER[�

SURWHLQV�UHJXODWH�SKRWRPRUSKRJHQHVLV�E\�RSSRVLWHO\�PRGXODWLQJ�+<��WKURXJK�WKHLU�
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GLYHUVH�&�WHUPLQDO�GRPDLQV��3ODQW�3K\VLRO������������±����� 

-RQDVVHQ��(�0���/HD��8�6��DQG�/LOOR��&���������+<��DQG�+<+�DUH�SRVLWLYH�UHJXODWRUV�RI�

QLWUDWH�UHGXFWDVH�LQ�VHHGOLQJV�DQG�URVHWWH�VWDJH�SODQWV��3ODQWD����������±���� 

-RQDVVHQ��(�0���6pYLQ��'�&��DQG�/LOOR��&���������7KH�E=,3�WUDQVFULSWLRQ�IDFWRUV�+<��DQG�

+<+�DUH�SRVLWLYH�UHJXODWRUV�RI�WKH�PDLQ�QLWUDWH�UHGXFWDVH�JHQH�LQ�$UDELGRSVLV�OHDYHV��

1,$���EXW�QHJDWLYH�UHJXODWRUV�RI�WKH�QLWUDWH�XSWDNH�JHQH�157�����-��3ODQW�3K\VLRO��������

����±����� 

.HYLQ�5REH���(VWKHU�,]TXLHUGR���)ORUHQFH�9LJQROV���+DWHP�5RXDFKHG�������&�'���������

7KH�&RXPDULQV��6HFRQGDU\�0HWDEROLWHV�3OD\LQJ�D�3ULPDU\�5ROH�LQ�3ODQW�1XWULWLRQ�DQG�

+HDOWK� 

.LP��6�$���/D&URL[��,�6���*HUEHU��6�$��DQG�*XHULQRW��0��/RX��������7KH�LURQ�GHILFLHQF\�

UHVSRQVH�LQ�$UDELGRSVLV�WKDOLDQD�UHTXLUHV�WKH�SKRVSKRU\ODWHG�WUDQVFULSWLRQ�IDFWRU�85,��

3URF��1DWO��$FDG��6FL��8��6��$�������������±������ 

.LP��6�$���3XQVKRQ��7���/DQ]LURWWL��$���/L��$���$ORQVR��-�0���(FNHU��-�5���.DSODQ��-��DQG�

*XHULQRW��0��/RX��������/RFDOL]DWLRQ�RI�LURQ�LQ�$UDELGRSVLV�VHHG�UHTXLUHV�WKH�YDFXRODU�

PHPEUDQH�WUDQVSRUWHU�9,7���6FLHQFH��������������������±����� 

.LQGJUHQ��3���1RUpQ��/���%DUDMDV�/ySH]��-�'�'���6KDLNKDOL��-��DQG�6WUDQG��c���������

,QWHUSOD\�EHWZHHQ�+($7�6+2&.�3527(,1����DQG�+<��FRQWUROV�3K$1*�H[SUHVVLRQ�

LQ�UHVSRQVH�WR�WKH�*81��SODVWLG�VLJQDO��0RO��3ODQW��������±���� 

.RED\DVKL��7��DQG�1LVKL]DZD��1�.�������D��,URQ�XSWDNH��WUDQVORFDWLRQ��DQG�UHJXODWLRQ�LQ�

KLJKHU�SODQWV��$QQX��5HY��3ODQW�%LRO����������±���� 

.RED\DVKL��7��DQG�1LVKL]DZD��1�.�������E��,URQ�XSWDNH��WUDQVORFDWLRQ��DQG�UHJXODWLRQ�LQ�

KLJKHU�SODQWV��$QQX��5HY��3ODQW�%LRO����������±���� 

.RLNH��6���,QRXH��+���0L]XQR��'���7DNDKDVKL��0���1DNDQLVKL��+���0RUL��6��DQG�1LVKL]DZD��

1�.���������2V<6/��LV�D�ULFH�PHWDO�QLFRWLDQDPLQH�WUDQVSRUWHU�WKDW�LV�UHJXODWHG�E\�LURQ�

DQG�H[SUHVVHG�LQ�WKH�SKORHP��3ODQW�-����������±���� 

.URK��*�(��DQG�3LORQ��0���������&RQQHFWLQJ�WKH�QHJDWLYHV�DQG�SRVLWLYHV�RI�SODQW�LURQ�

KRPHRVWDVLV��1HZ�3K\WRO������������±����� 

.VHQLD�7URILPRY��5HJLQD�*UDW]��5XPHQ�,YDQRY��<YRQQH�6WDKO��3�%��DQG�%UXPEDURYD��
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7���������)(5�/,.(�,521�'(),&,(1&<�,1'8&('�75$16&5,37,21�)$&725�

�),7��DFFXPXODWHV�LQ�KRPR��DQG�KHWHURGLPHULF�FRPSOH[HV�LQ�G\QDPLF�DQG�LQGXFLEOH�

QXFOHDU�FRQGHQVDWHV�DVVRFLDWHG�ZLWK�VSHFNOH�FRPSRQHQWV��ELR5[LY�3UHSU� 

/DQTXDU��9���/HOLqYUH��)���%ROWH��6���HW�DO���������0RELOL]DWLRQ�RI�YDFXRODU�LURQ�E\�

$W15$03��DQG�$W15$03��LV�HVVHQWLDO�IRU�VHHG�JHUPLQDWLRQ�RQ�ORZ�LURQ��(0%2�-� 

/DX��.���3RGROHF��5���&KDSSXLV��5���8OP��5��DQG�+RWKRUQ��0����������3ODQW�SKRWRUHFHSWRUV�

DQG�WKHLU�VLJQDOLQJ�FRPSRQHQWV�FRPSHWH�IRU�&23���ELQGLQJ�YLD�93�SHSWLGH�PRWLIV���

(0%2�-��������±��� 

/HH��%�5���.RSULYRYD��$��DQG�.RSULYD��6���������7KH�NH\�HQ]\PH�RI�VXOIDWH�DVVLPLODWLRQ��

DGHQRVLQH��ƍ�SKRVSKRVXOIDWH�UHGXFWDVH��LV�UHJXODWHG�E\�+<��LQ�$UDELGRSVLV��3ODQW�-�������

����±����� 

/HH��-���+H��.���6WROF��9���HW�DO���������$QDO\VLV�RI�WUDQVFULSWLRQ�IDFWRU�+<��JHQRPLF�ELQGLQJ�

VLWHV�UHYHDOHG�LWV�KLHUDUFKLFDO�UROH�LQ�OLJKW�UHJXODWLRQ�RI�GHYHORSPHQW��3ODQW�&HOO������

���±���� 

/HL��5���/L��<���&DL��<���/L��&���3X��0���/X��&���<DQJ��<��DQG�/LDQJ��*���������E+/+����

)XQFWLRQV�DV�D�'LUHFW�/LQN�WKDW�)DFLOLWDWHV�WKH�$FWLYDWLRQ�RI�),7�E\�E+/+�,9F�

7UDQVFULSWLRQ�)DFWRUV�IRU�0DLQWDLQLQJ�)H�+RPHRVWDVLV�LQ�$UDELGRSVLV��0RO��3ODQW������

���±�����$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�PROS������������� 

/L��;���=KDQJ��+���$L��4���/LDQJ��*��DQG�<X��'��7ZR�E+/+�7UDQVFULSWLRQ�)DFWRUV��E+/+���

DQG�E+/+�����5HJXODWH�,URQ�+RPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD����$YDLODEOH�DW��

ZZZ�SODQWSK\VLRO�RUJ�FJL�GRL���������SS���������� 

/L��<���/X��&�.���/L��&�<���HW�DO����������,521�0$1�LQWHUDFWV�ZLWK�%58786�WR�PDLQWDLQ�

LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV���3URF��1DWO��$FDG��6FL��������H����������� 

/L��=���=KDQJ��/���<X��<���4XDQ��5���=KDQJ��=���=KDQJ��+��DQG�+XDQJ��5���������7KH�

HWK\OHQH�UHVSRQVH�IDFWRU�$W(5)���WKDW�LV�WUDQVFULSWLRQDOO\�PRGXODWHG�E\�WKH�E=,3�

WUDQVFULSWLRQ�IDFWRU�+<��LV�D�FUXFLDO�UHSUHVVRU�IRU�HWK\OHQH�ELRV\QWKHVLV�LQ�$UDELGRSVLV��

3ODQW�-���������±��� 

/LDQJ��*���=KDQJ��+���/L��;���$L��4��DQG�<X��'���������E+/+�WUDQVFULSWLRQ�IDFWRU�E+/+����

UHJXODWHV�LURQ�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD��-��([S��%RW�����������±������

$YDLODEOH�DW��KWWSV���DEUF�RVX�HGX�� 
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/LDR��<���6P\WK��*�.��DQG�6KL��:���������)HDWXUH&RXQWV��$Q�HIILFLHQW�JHQHUDO�SXUSRVH�

SURJUDP�IRU�DVVLJQLQJ�VHTXHQFH�UHDGV�WR�JHQRPLF�IHDWXUHV��%LRLQIRUPDWLFV���������±���� 

/LOOR��&���������6LJQDOOLQJ�FDVFDGHV�LQWHJUDWLQJ�OLJKW�HQKDQFHG�QLWUDWH�PHWDEROLVP��%LRFKHP��

-����������±��� 

/LQ��)���-LDQJ��<���/L��-���<DQ��7���)DQ��/���/LDQJ��-���&KHQ��=�-���;X��'��DQG�'HQJ��;�:��

�������%�%2;�'20$,1�3527(,1���QHJDWLYHO\�UHJXODWHV�SKRWRPRUSKRJHQHVLV�E\�

UHSUHVVLQJ�WKH�DFWLYLW\�RI�WUDQVFULSWLRQ�IDFWRU�K\��DQG�XQGHUJRHV�&23��PHGLDWHG�

GHJUDGDWLRQ��3ODQW�&HOO����������±����� 

/LQJDP��6���0RKUEDFKHU��-���%UXPEDURYD��7���3RWXVFKDN��7���)LQN�6WUDXEH��&���%ORQGHW��

(���*HQVFKLN��3��DQG�%DXHU��3���������,QWHUDFWLRQ�EHWZHHQ�WKH�E+/+�WUDQVFULSWLRQ�

IDFWRU�),7�DQG�(7+</(1(�,16(16,7,9(��(7+</(1(�,16(16,7,9(��/,.(��

UHYHDOV�PROHFXODU�OLQNDJH�EHWZHHQ�WKH�UHJXODWLRQ�RI�LURQ�DFTXLVLWLRQ�DQG�HWK\OHQH�

VLJQDOLQJ�LQ�$UDELGRSVLV��3ODQW�&HOO����������±����� 

/RQJ��7�$���7VXNDJRVKL��+���%XVFK��:���/DKQHU��%���6DOW��'�(��DQG�%HQIH\��3�1���������

7KH�E+/+�WUDQVFULSWLRQ�IDFWRU�323(<(�UHJXODWHV�UHVSRQVH�WR�LURQ�GHILFLHQF\�LQ�

DUDELGRSVLV�URRWV��3ODQW�&HOO����������±����� 

/XFHQD��&���5RPHUD��)�-���*DUFtD��0�-���$OFiQWDUD��(��DQG�3pUH]�9LFHQWH��5���������

(WK\OHQH�SDUWLFLSDWHV�LQ�WKH�UHJXODWLRQ�RI�)H�GHILFLHQF\�UHVSRQVHV�LQ�VWUDWHJ\�,�SODQWV�DQG�

LQ�ULFH��)URQW��3ODQW�6FL�������±��� 

/XFHQD��&���:DWHUV��%�0���5RPHUD��)�-���*DUFtD��0�-���0RUDOHV��0���$OFiQWDUD��(��DQG�

3pUH]�9LFHQWH��5���������(WK\OHQH�FRXOG�LQIOXHQFH�IHUULF�UHGXFWDVH��LURQ�WUDQVSRUWHU��

DQG�+���$73DVH�JHQH�H[SUHVVLRQ�E\�DIIHFWLQJ�)(5��RU�)(5�OLNH��JHQH�DFWLYLW\��-��([S��

%RW�����������±����� 

0DQNRWLD��6���6LQJK��'���0RQLND��.���.DOUD��0���0HHQD��+���0HHQD��9���<DGDY��5�.���

3DQGH\��$�.��DQG�6DWEKDL��6�%���������(/21*$7('�+<32&27</���UHJXODWHV�

%58786�DQG�DIIHFWV�LURQ�DFTXLVLWLRQ�DQG�KRPHRVWDVLV�LQ�$UDELGRSVLV�WKDOLDQD��3ODQW�-���

���������±����� 

0DVL��)��'H��*URYH��&�$���9HGHQNR��$���$OLEpV��$���*LVVHOEUHFKW��6�6���6HUUDQR��/���%XO\N��

0�/��DQG�:DOKRXW��$�-�0���������8VLQJ�D�VWUXFWXUDO�DQG�ORJLFV�V\VWHPV�DSSURDFK�WR�

LQIHU�E+/+�'1$�ELQGLQJ�VSHFLILFLW\�GHWHUPLQDQWV��1XFOHLF�$FLGV�5HV�����������±����� 



ϭϰϴ 
 

0HLVHU��-���/LQJDP��6��DQG�%DXHU��3���������3RVWWUDQVODWLRQDO�UHJXODWLRQ�RI�WKH�LURQ�

GHILFLHQF\�EDVLF�KHOL[�ORRS�KHOL[�WUDQVFULSWLRQ�IDFWRU�),7�LV�DIIHFWHG�E\�LURQ�DQG�QLWULF�

R[LGH��3ODQW�3K\VLRO������������±����� 

0RUULVVH\��-��DQG�*XHULQRW��0��/RX��������,URQ�XSWDNH�DQG�WUDQVSRUW�LQ�SODQWV��7KH�JRRG��

WKH�EDG��DQG�WKH�LRQRPH��&KHP��5HY������������±����� 

0XUJLD��,���7DUDQWLQR��'���6RDYH��&��DQG�0RUDQGLQL��3���������$UDELGRSVLV�&<3��&��

H[SUHVVLRQ�LV�GHSHQGHQW�RQ�)H�DYDLODELOLW\�DQG�FLUFDGLDQ�UK\WKP��DQG�FRUUHODWHV�ZLWK�

JHQHV�LQYROYHG�LQ�WKH�HDUO\�)H�GHILFLHQF\�UHVSRQVH��-��3ODQW�3K\VLRO�����������±�����

$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�MSOSK������������� 

1DZNDU��*�0���.DQJ��&�+���0DLEDP��3���HW�DO���������+<���D�SRVLWLYH�UHJXODWRU�RI�OLJKW�

VLJQDOLQJ��QHJDWLYHO\�FRQWUROV�WKH�XQIROGHG�SURWHLQ�UHVSRQVH�LQ�$UDELGRSVLV��3URF��1DWO��

$FDG��6FL��8��6��$������������±����� 

1LJHO�M��5RELQVRQ��&DWKHULQH�0��3URFWHU��(ULQ�/��&RQQROO\�DQG�0DU\�/RX�*XHULQRW�

�������$�IHUULF�FKHODWH�UHGXFWDVH�IRU�LURQ�XSWDNH�IURP�VRLOV��1DWXUH����������±���� 

1RUpQ��/���.LQGJUHQ��3���6WDFKXOD��3���5�KO��0���(ULNVVRQ��0�(���+XUU\��9��DQG�6WUDQG��

c���������&LUFDGLDQ�DQG�SODVWLG�VLJQDOLQJ�SDWKZD\V�DUH�LQWHJUDWHG�WR�HQVXUH�FRUUHFW�

H[SUHVVLRQ�RI�WKH�&%)�DQG�&25�JHQHV�GXULQJ�SKRWRSHULRGLF�JURZWK��3ODQW�3K\VLRO���

���������±����� 

2VWHUOXQG��0�7���+DUGWNH��&�6���:HL��1��DQG�'HQJ��;�:���������7DUJHWHG�GHVWDELOL]DWLRQ�

RI�+<��GXULQJ�OLJKW�UHJXODWHG�GHYHORSPHQW�RI�$UDELGRSVLV��1DWXUH��������±�� 

2\DPD��7���6KLPXUD��<��DQG�2NDGD��.�������D��7KH�$UDELGRSVLV�+<��JHQH�HQFRGHV�D�

E=,3�SURWHLQ�WKDW�UHJXODWHV�VWLPXOXV��LQGXFHG�GHYHORSPHQW�RI�URRW�DQG�K\SRFRW\O��*HQHV�

'HY�����������±����� 

2\DPD��7���6KLPXUD��<��DQG�2NDGD��.�������E��7KH�$UDELGRSVLV�+<��JHQH�HQFRGHV�D�

E=,3�SURWHLQ�WKDW�UHJXODWHV�VWLPXOXV�LQGXFHG�GHYHORSPHQW�RI�URRW�DQG�K\SRFRW\O����

����±����� 

3DLN��,��DQG�+XT��(���������3ODQW�SKRWRUHFHSWRUV��0XOWL�IXQFWLRQDO�VHQVRU\�SURWHLQV�DQG�

WKHLU�VLJQDOLQJ�QHWZRUNV��6HPLQ��&HOO�'HY��%LRO����������±�����$YDLODEOH�DW��

KWWSV���GRL�RUJ���������M�VHPFGE������������� 

3DOPHU��&�0���+LQGW��0�1���6FKPLGW��+���&OHPHQV��6��DQG�*XHULQRW��0��/RX��������



ϭϰϵ 
 

0<%���DQG�0<%���$UH�5HTXLUHG�IRU�*URZWK�XQGHU�,URQ�/LPLWLQJ�&RQGLWLRQV��3/R6�

*HQHW����� 

3HWLW��-�0���%ULDW��-�)��DQG�/REUpDX[��6���������6WUXFWXUH�DQG�GLIIHUHQWLDO�H[SUHVVLRQ�RI�WKH�

IRXU�PHPEHUV�RI�WKH�$UDELGRSVLV�WKDOLDQD�IHUULWLQ�JHQH�IDPLO\��%LRFKHP��-�����������±

���� 

3LVNLQ��(���&LDQFLRVL��'���*XOHF��6���7RPDV��0��DQG�&DSDQRJOX��(���������,URQ�$EVRUSWLRQ��

)DFWRUV��/LPLWDWLRQV��DQG�,PSURYHPHQW�0HWKRGV��$&6�2PHJD����������±������ 

3RGROHF��5��DQG�8OP��5���������3KRWRUHFHSWRU�PHGLDWHG�UHJXODWLRQ�RI�WKH�&23��63$�(��

XELTXLWLQ�OLJDVH��&XUU��2SLQ��3ODQW�%LRO���������±����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������M�SEL������������� 

3RQQX��-���5LHGHO��7���3HQQHU��(���6FKUDGHU��$��DQG�+RHFNHU��8���������&U\SWRFKURPH���

FRPSHWHV�ZLWK�&23��VXEVWUDWHV�WR�UHSUHVV�&23��XELTXLWLQ�OLJDVH�DFWLYLW\�GXULQJ�

$UDELGRSVLV�SKRWRPRUSKRJHQHVLV��3URF��1DWO��$FDG��6FL��8��6��$�������������±������ 

5DL��6���6LQJK��3�.���0DQNRWLD��6���6ZDLQ��-��DQG�6DWEKDL��6�%���������,URQ�KRPHRVWDVLV�LQ�

SODQWV�DQG�LWV�FURVVWDON�ZLWK�FRSSHU��]LQF��DQG�PDQJDQHVH��3ODQW�6WUHVV�������������

$YDLODEOH�DW��KWWSV���GRL�RUJ���������M�VWUHVV������������� 

5DMQLDN��-���*LHKO��5�)�+���&KDQJ��(���0XUJLD��,���:LUpQ��1��9RQ�DQG�6DWWHO\��(�6���������

%LRV\QWKHVLV�RI�UHGR[�DFWLYH�PHWDEROLWHV�LQ�UHVSRQVH�WR�LURQ�GHILFLHQF\�LQ�SODQWV��1DW��

&KHP��%LRO����������±�����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

5HHG��-�:���1DJSDO��3���3RR�H��'�6���)XUX\D��0��DQG�&KRU\D���-���������0XWDWLRQV�LQ�WKH�

*HQH�IRU�WKH�5HG�)DU�5HG�/LJKW�5HFHSWRU�3K\WRFKURPH�%�$OWHU�&HOO�(ORQJDWLRQ�DQG�

3K\VLRORJLFDO�5HVSRQVHV�WKURXJKRXW�$UDELGRSVLV�'HYHORSPHQW��3ODQW�&HOO��������±���� 

5REH��.���,]TXLHUGR��(���9LJQROV��)���5RXDFKHG��+��DQG�'XERV��&���������7KH�&RXPDULQV��

6HFRQGDU\�0HWDEROLWHV�3OD\LQJ�D�3ULPDU\�5ROH�LQ�3ODQW�1XWULWLRQ�DQG�+HDOWK��7UHQGV�

3ODQW�6FL����������±���� 

5RGUtJXH]�&HOPD��-���&RQQRUWRQ��-�0���.UXVH��,���HW�DO���������$UDELGRSVLV�%58786�

/,.(�(��OLJDVHV�QHJDWLYHO\�UHJXODWH�LURQ�XSWDNH�E\�WDUJHWLQJ�WUDQVFULSWLRQ�IDFWRU�),7�IRU�

UHF\FOLQJ��3URF��1DWO��$FDG��6FL��8��6��$�������������±������ 

5RGUtJXH]�&HOPD��-���/LQ��:�'���)X��*�0���$EDGtD��-���/ySH]�0LOOiQ��$�)��DQG�6FKPLGW��

:���������0XWXDOO\�H[FOXVLYH�DOWHUDWLRQV�LQ�VHFRQGDU\�PHWDEROLVP�DUH�FULWLFDO�IRU�WKH�



ϭϱϬ 
 

XSWDNH�RI�LQVROXEOH�LURQ�FRPSRXQGV�E\�DUDELGRSVLV�DQG�0HGLFDJR�WUXQFDWXOD��3ODQW�

3K\VLRO������������±����� 

5RPHUD��)�-���/XFHQD��&��DQG�$OFjQWDUD��(���������3ODQW�KRUPRQHV�LQIOXHQFLQJ�LURQ�XSWDNH�

LQ�SODQWV��,URQ�1XWU��3ODQWV�5KL]RVSKHULF�0LFURRUJ������±���� 

5XFNOH��0�(���'H0DUFR��6�0��DQG�/DUNLQ��5�0���������3ODVWLG�VLJQDOV�UHPRGHO�OLJKW�

VLJQDOLQJ�QHWZRUNV�DQG�DUH�HVVHQWLDO�IRU�HIILFLHQW�FKORURSODVW�ELRJHQHVLV�LQ�$UDELGRSVLV��

3ODQW�&HOO����������±����� 

6DLQL��3���%KDWLD��6���0DKDMDQ��0���HW�DO��(/21*$7('�+<32&27</��1HJDWLYHO\�

5HJXODWHV�'(&5($6(�:$;�%,26<17+(6,6�WR�,QFUHDVH�6XUYLYDO�GXULQJ�89�%�

6WUHVV����$YDLODEOH�DW��ZZZ�SODQWSK\VLRO�RUJ�FJL�GRL���������SS���������� 

6DNXUDED��<���.DQQR��6���0DEXFKL��$���0RQGD��.���,ED��.��DQG�<DQDJLVDZD��6���������$�

SK\WRFKURPH�%�PHGLDWHG�UHJXODWRU\�PHFKDQLVP�RI�SKRVSKRUXV�DFTXLVLWLRQ��1DW��3ODQWV��

�������±������$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

6DQWL��6��DQG�6FKPLGW��:�������D��'LVVHFWLQJ�LURQ�GHILFLHQF\�LQGXFHG�SURWRQ�H[WUXVLRQ�LQ�

$UDELGRSVLV�URRWV��1HZ�3K\WRO������������±������$YDLODEOH�DW��

ZZZ�QHZSK\WRORJLVW�RUJ� 

6DQWL��6��DQG�6FKPLGW��:�������E��'LVVHFWLQJ�LURQ�GHILFLHQF\�LQGXFHG�SURWRQ�H[WUXVLRQ�LQ�

$UDELGRSVLV�URRWV��1HZ�3K\WRO������������±����� 

6FKDDI��*���/XGHZLJ��8���(UHQRJOX��%�(���0RUL��6���.LWDKDUD��7��DQG�:LUpQ��1��9RQ�

�������=P<6��)XQFWLRQV�DV�D�3URWRQ�FRXSOHG�6\PSRUWHU�IRU�3K\WRVLGHURSKRUH��DQG�

1LFRWLDQDPLQH�FKHODWHG�0HWDOV��-��%LRO��&KHP������������±����� 

6FKOXHSPDQQ��+���3HOOQ\��7���'LMNHQ��$��9DQ��6PHHNHQV��6��DQG�3DXO��0���������

7UHKDORVH���SKRVSKDWH�LV�LQGLVSHQVDEOH�IRU�FDUERK\GUDWH�XWLOL]DWLRQ�DQG�JURZWK�LQ�

$UDELGRSVLV�WKDOLDQD��3URF��1DWO��$FDG��6FL��8��6��$������������±����� 

6FKPLG��1�%���*LHKO��5�)�+���'|OO��6���0RFN��+�3���6WUHKPHO��1���6FKHHO��'���.RQJ��;���

+LGHU��5�&��DQG�:LUpQ��1��YRQ��������)HUXOR\O�&R$��ƍ�+\GUR[\ODVH��GHSHQGHQW�

FRXPDULQV�PHGLDWH�LURQ�DFTXLVLWLRQ�IURP�DONDOLQH�VXEVWUDWHV�LQ�$UDELGRSVLV��3ODQW�

3K\VLRO�����������±���� 

6HORWH��'���6DPLUD��5���0DWWKLDGLV��$���*LOOLNLQ��-�:��DQG�/RQJ��7�$���������,URQ�ELQGLQJ�

H��OLJDVH�PHGLDWHV�LURQ�UHVSRQVH�LQ�SODQWV�E\�WDUJHWLQJ�EDVLF�KHOL[�ORRS�KHOL[�



ϭϱϭ 
 

WUDQVFULSWLRQ�IDFWRUV�>RSHQ@��3ODQW�3K\VLRO�����������±���� 

6KLQ��-���3DUN��(��DQG�&KRL��*���������3,)��UHJXODWHV�DQWKRF\DQLQ�ELRV\QWKHVLV�LQ�DQ�+<��

GHSHQGHQW�PDQQHU�ZLWK�ERWK�IDFWRUV�GLUHFWO\�ELQGLQJ�DQWKRF\DQLQ�ELRV\QWKHWLF�JHQH�

SURPRWHUV�LQ�$UDELGRSVLV��3ODQW�-����������±���� 

6LERXW��5���6XNXPDU��3���+HWWLDUDFKFKL��&���+ROP��0���0XGD\��*�.��DQG�+DUGWNH��&�6��

�������2SSRVLWH�URRW�JURZWK�SKHQRW\SHV�RI�K\��YHUVXV�K\��K\K�PXWDQWV�FRUUHODWH�ZLWK�

LQFUHDVHG�FRQVWLWXWLYH�DX[LQ�VLJQDOLQJ��3/R6�*HQHW����������±����� 

6LVy�7HUUD]D��3���/XLV�9LOODUUR\D��$���)RXUFUR\��3���%ULDW��-�)���$EDGtD��$���*D\PDUG��)���

$EDGtD��-��DQG�ÈOYDUH]�)HUQiQGH]��$���������$FFXPXODWLRQ�DQG�VHFUHWLRQ�RI�

FRXPDULQROLJQDQV�DQG�RWKHU�FRXPDULQV�LQ�$UDELGRSVLV�WKDOLDQD�URRWV�LQ�UHVSRQVH�WR�LURQ�

GHILFLHQF\�DW�KLJK�S+��)URQW��3ODQW�6FL�������±��� 

6LZLQVND��-���6LDWNRZVND��.���2OU\��$���HW�DO���������6FRSROHWLQ���K\GUR[\ODVH��$�QRYHO�

HQ]\PH�LQYROYHG�LQ�FRXPDULQ�ELRV\QWKHVLV�DQG�LURQ�GHILFLHQF\�UHVSRQVHV�LQ�

$UDELGRSVLV��-��([S��%RW�����������±����� 

6RQJ��=���<DQ��7���/LX��-���%LDQ��<���+HQJ��<���/LQ��)���-LDQJ��<���:DQJ�'HQJ��;��DQG�;X��

'���������%%;���%%;����+<��DQG�%%;������IRUP�D�IHHGEDFN�ORRS�WR�ILQH�WXQH�

SKRWRPRUSKRJHQLF�GHYHORSPHQW��3ODQW�-�����������±���� 

6WDFH\��0�*���.RK��6���%HFNHU��-��DQG�6WDFH\��*���������$W237���D�PHPEHU�RI�WKH�

ROLJRSHSWLGH�WUDQVSRUWHU�IDPLO\��LV�HVVHQWLDO�IRU�HPEU\R�GHYHORSPHQW�LQ�$UDELGRSVLV��

3ODQW�&HOO����������±����� 

6WDFH\��0�*���3DWHO��$���0F&ODLQ��:�(���0DWKLHX��0���5HPOH\��0���5RJHUV��(�(���

*DVVPDQQ��:���%OHYLQV��'�*��DQG�6WDFH\��*���������7KH�DUDELGRSVLV�$W237��SURWHLQ�

IXQFWLRQV�LQ�PHWDO�KRPHRVWDVLV�DQG�PRYHPHQW�RI�LURQ�WR�GHYHORSLQJ�VHHGV��3ODQW�

3K\VLRO�����������±���� 

6WUDFNH��5���)DYRU\��-�-���*UXEHU��+���%DUWHOQLHZRHKQHU��/���%DUWHOV��6���%LQNHUW��0���

)XQN��0���:HLVVKDDU��%��DQG�8OP��5���������7KH�$UDELGRSVLV�E=,3�WUDQVFULSWLRQ�

IDFWRU�+<��UHJXODWHV�H[SUHVVLRQ�RI�WKH�3)*��0<%���JHQH�LQ�UHVSRQVH�WR�OLJKW�DQG�

XOWUDYLROHW�%�UDGLDWLRQ��3ODQW��&HOO�(QYLURQ���������±���� 

7KRPLQH��6��DQG�/DQTXDU��9���������,URQ�7UDQVSRUW�DQG�6LJQDOLQJ�LQ�3ODQWV��,Q�SS����±���� 

7LDQ��4���=KDQJ��;���<DQJ��$���:DQJ��7��DQG�=KDQJ��:�+���������&,3.���LV�LQYROYHG�LQ�



ϭϱϮ 
 

LURQ�DFTXLVLWLRQ�RI�$UDELGRSVLV�E\�DIIHFWLQJ�IHUULF�FKHODWH�UHGXFWDVH�DFWLYLW\��3ODQW�6FL���

�������±����$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������M�SODQWVFL������������� 

7LVVRW��1���5REH��.���*DR��)���HW�DO���������7UDQVFULSWLRQDO�LQWHJUDWLRQ�RI�WKH�UHVSRQVHV�WR�

LURQ�DYDLODELOLW\�LQ�$UDELGRSVLV�E\�WKH�E+/+�IDFWRU�,/5���1HZ�3K\WRO� 

7ROHGR�2UWL]��*���-RKDQVVRQ��+���/HH��.�3���%RX�7RUUHQW��-���6WHZDUW��.���6WHHO��*���

5RGUtJXH]�&RQFHSFLyQ��0��DQG�+DOOLGD\��.�-���������7KH�+<��3,)�5HJXODWRU\�

0RGXOH�&RRUGLQDWHV�/LJKW�DQG�7HPSHUDWXUH�&RQWURO�RI�3KRWRV\QWKHWLF�*HQH�

7UDQVFULSWLRQ��3/R6�*HQHW������ 

7VDL��+�+���5RGUtJXH]�&HOPD��-���/DQ��3���:X��<�&���9pOH]�%HUP~GH]��,�&��DQG�6FKPLGW��

:���������6FRSROHWLQ���K\GUR[\ODVH�PHGLDWHG�IUD[HWLQ�SURGXFWLRQ�LV�FUXFLDO�IRU�LURQ�

PRELOL]DWLRQ��3ODQW�3K\VLRO�����������±���� 

7VDL��+�+��DQG�6FKPLGW��:�������D��0RELOL]DWLRQ�RI�,URQ�E\�3ODQW�%RUQH�&RXPDULQV��

7UHQGV�3ODQW�6FL����������±�����$YDLODEOH�DW��

KWWS���G[�GRL�RUJ���������M�WSODQWV������������� 

7VDL��+�+��DQG�6FKPLGW��:�������E��0RELOL]DWLRQ�RI�,URQ�E\�3ODQW�%RUQH�&RXPDULQV��

7UHQGV�3ODQW�6FL����������±���� 

9DQKROPH��5���6XQGLQ��/���6HHWVR��.�&���HW�DO���������&26<�FDWDO\VHV�WUDQV±FLV�

LVRPHUL]DWLRQ�DQG�ODFWRQL]DWLRQ�LQ�WKH�ELRV\QWKHVLV�RI�FRXPDULQV��1DW��3ODQWV���������±

������$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V����������������� 

9pOH]�%HUP~GH]��,�&��DQG�6FKPLGW��:���������+RZ�3ODQWV�5HFDOLEUDWH�&HOOXODU�,URQ�

+RPHRVWDVLV��3ODQW�&HOO�3K\VLRO����������±���� 

9HUW��*���*URW]��1���'pGDOGpFKDPS��)���*D\PDUG��)���*XHULQRW��0��/RX��%ULDW��-�)��DQG�

&XULH��&���������,57���DQ�$UDELGRSVLV�WUDQVSRUWHU�HVVHQWLDO�IRU�LURQ�XSWDNH�IURP�WKH�VRLO�

DQG�IRU�SODQW�JURZWK��3ODQW�&HOO� 

:DQJ��1���&XL��<���/LX��<���)DQ��+���'X��-���+XDQJ��=���<XDQ��<���:X��+��DQG�/LQJ��+�4��

�������5HTXLUHPHQW�DQG�IXQFWLRQDO�UHGXQGDQF\�RI�,E�VXEJURXS�E+/+�SURWHLQV�IRU�LURQ�

GHILFLHQF\�UHVSRQVHV�DQG�XSWDNH�LQ�DUDELGRSVLV�WKDOLDQD��0RO��3ODQW��������±�����

$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������PS�VVV���� 

:DQJ��6���=KRX��=���5DKLPDQ��5���/HH��*�6�<���<HR��<�.���<DQJ��;��DQG�/DX��2�6���������

/LJKW�UHJXODWHV�VWRPDWDO�GHYHORSPHQW�E\�PRGXODWLQJ�SDUDFULQH�VLJQDOLQJ�IURP�LQQHU�



ϭϱϯ 
 

WLVVXHV��1DW��&RPPXQ�������$YDLODEOH�DW��KWWS���G[�GRL�RUJ���������V������������������ 

:DQJ��;���/XR��=���+X��4���7DQJ��:���/X��+���0D��&���:DQJ��=���%DOWDHYLFK��$�0��DQG�

.RQJ��;���������/LJKW�LQGXFHG�VKRRW�VRXUFHG�WUDQVFULSWLRQ�IDFWRU�+<��UHJXODWHV�WKH�

QLWUDWH�XSWDNH�RI�FRWWRQ�E\�VKRRW�WR�URRW�VLJQDO�WUDQVSRUW��3ODQW�3K\VLRO��%LRFKHP��������
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