
 
 
 
 
 

DISCOVERING THE EFFECTS OF INTRINSIC AND EXTRINSIC SIGNALS ON THE 
DEVELOPING PITUITARY GLAND 

 
 
 
 
 
 

BY 
 

XIYU GE 
 
 
 
 
 
 
 

DISSERTATION 
 

Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Molecular and Integrative Physiology 

in the Graduate College of the  
University of Illinois Urbana-Champaign, 2022 

 
 
 

Urbana, Illinois 
 
 
 
Doctoral Committee: 
  
 Associate Professor Lori Raetzman, Chair  

Associate Professor Erik Nelson 
Associate Professor Catherine Christian-Hinman  
Professor Jodi Flaws 

 
 
 
 



 

 LL 

$%675$&7 

7KH�SLWXLWDU\�JODQG�DFWV�DV�D�³PDVWHU�JODQG´�RI�WKH�HQGRFULQH�V\VWHP�DQG�PHGLDWHV�PXOWLSOH�

SK\VLRORJLFDO� SURFHVVHV�� '\VIXQFWLRQV� LQ� SLWXLWDU\� GHYHORSPHQW� FDQ� OHDG� WR� K\SRSLWXLWDULVP�� D�

GHILFLHQF\� LQ� SLWXLWDU\� KRUPRQH� VHFUHWLRQ� WKDW� FDXVHV� GLVUXSWHG� HQGRFULQH� IXQFWLRQV�� ,QWULQVLF�

VLJQDOV�LQFOXGLQJ�VHTXHQWLDO�H[SUHVVLRQ�RI�WUDQVFULSWLRQ�IDFWRUV�DQG�DFWLYDWLRQ�RI�PXOWLSOH�VLJQDOLQJ�

SDWKZD\V��DV�ZHOO�DV�H[WULQVLF�VLJQDOV�LQFOXGLQJ�KRUPRQH�VLJQDOV�IURP�RWKHU�HQGRFULQH�JODQGV�DQG�

H[SRVXUH� WR� HQGRFULQH� GLVUXSWLQJ� FKHPLFDOV� DUH� WZR� UHJXODWRUV� IRU� SLWXLWDU\� GHYHORSPHQW��

8QGHUVWDQGLQJ�RI�WKH�PHFKDQLVPV�E\�ZKLFK�WKH�LQWULQVLF�DQG�H[WULQVLF�VLJQDOV�UHJXODWH�WKH�SLWXLWDU\�

GHYHORSPHQW�LV�QHFHVVDU\�IRU�XV�WR�XQGHUVWDQG�WKH�SURSHU�IXQFWLRQLQJ�RI�WKH�JODQG��DQG�WKXV�KHOS�

XV�WR�GHYHORS�WUHDWPHQWV�IRU�K\SRSLWXLWDULVP��  

7KH�127&+� VLJQDOLQJ� SDWKZD\� KDV� EHHQ� NQRZQ� WR� EH� DQ� LQWULQVLF� UHJXODWRU� RI� SLWXLWDU\�

GHYHORSPHQW�DQG�RXU�ODE¶V�SUHYLRXV�VWXGLHV�KDYH�LQGLFDWHG�WKDW�LW¶V�QHFHVVDU\�IRU�SLWXLWDU\�VWHP�FHOO�

UHQHZDO��PDLQWHQDQFH��DQG�GLIIHUHQWLDWLRQ��,Q�WKLV�VWXG\��ZH�LGHQWLILHG�D�QRYHO�SLWXLWDU\�VWHP�FHOO�

PDUNHU�� JO\FRSURWHLQ� KRUPRQH� VXEXQLW� DOSKD� �� �*3+$����ZKLFK�ZH� IRXQG� WR� EH� UHJXODWHG� E\�

127&+���DQG�ZH�K\SRWKHVL]HG�LW�IXQFWLRQV�DV�D�SDUDFULQH�IDFWRU�VHFUHWHG�E\�VWHP�FHOOV�WR�UHJXODWH�

QHLJKERULQJ� FHOOV¶� PDLQWHQDQFH��:H� DSSOLHG� WHFKQLTXHV� LQFOXGLQJ� VLQJOH� FHOO� 51$� VHTXHQFLQJ�

DQDO\VLV��TXDQWLWDWLYH�UHDO�WLPH�3&5�� LQ�VLWX�K\EULGL]DWLRQ��LPPXQRKLVWRFKHPLVWU\��ZHVWHUQ�EORW��

DQG�SLWXLWDU\�H[SODQW�FHOO�FXOWXUHV��:H�LGHQWLILHG�*3+$��VLJQDOV�WKURXJK�WKH�WK\URLG�VWLPXODWLQJ�

KRUPRQH�UHFHSWRU��76+5��VLJQDOLQJ�SDWKZD\�LQ�WKH�SLWXLWDU\�DQG�SURYLGHG�D� WDUJHW�UHFHSWRU�IRU�

IXWXUH�LQYHVWLJDWLRQV�RQ�*3+$�¶V�IXQFWLRQV�LQ�WKH�SLWXLWDU\��  

'L���HWK\OKH[\O��SKWKDODWH��'(+3��LV�DQ�HQGRFULQH�GLVUXSWLQJ�FKHPLFDO��('&��WKDW¶V�NQRZQ�

WR� LQWHUIHUH� ZLWK� UHSURGXFWLYH� IXQFWLRQV�� ,Q� WKLV� VWXG\�� ZH� LQYHVWLJDWHG� '(+3¶V� LPSDFWV� DV� DQ�

H[WULQVLF� VLJQDO� RQ� WKH� GHYHORSLQJ� SLWXLWDU\� JODQG�� :H� K\SRWKHVL]HG� '(+3� DFWLYDWHV� DU\O�

K\GURFDUERQ�UHFHSWRU��$K5��VLJQDOLQJ�SDWKZD\�LQ�WKH�SLWXLWDU\�DQG�LPSDFWV�JRQDGRWURSK�IXQFWLRQV��

:H� SHUIRUPHG� LQ� YLYR� GRVLQJ� DQG� LQ� YLWUR� SLWXLWDU\� H[SODQW� FXOWXUH�� ZLWK� DQDO\VLV� WHFKQLTXHV�

LQFOXGLQJ�TXDQWLWDWLYH�UHDO�WLPH�3&5�DQG�GXDO�OXFLIHUDVH�UHSRUWHU�DVVD\��:H�UHSRUWHG�'(+3��DQG�
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LWV�SULPDU\�PHWDEROLWH�PRQR���HWK\OKH[\O��SKWKDODWH��0(+3�� WR�KDYH�ERWK�V\VWHPLF�DQG�GLUHFW�

DFWLRQV�RQ�WKH�SLWXLWDU\�JODQG��6SHFLILFDOO\��ZH�IRXQG�0(+3�DFWLYDWHV�$K5�VLJQDOLQJ�GLUHFWO\�RQ�

WKH� SLWXLWDU\� DQG� FDXVHG� D� GHFUHDVH� LQ� JRQDGRWURSLQ� H[SUHVVLRQ��$OWKRXJK�ZH� IRXQG� QR� GLUHFW�

DVVRFLDWLRQ� EHWZHHQ�$K5� DFWLYDWLRQ� DQG� WKH� UHGXFWLRQ� LQ� JRQDGRWURSLQ� H[SUHVVLRQ�� RXU� VWXG\�

SURYLGHG� D� GLUHFWLRQ� IRU� IXWXUH� VWXGLHV� LQ� WHUPV� XQGHUVWDQGLQJ� WKH� UHJXODWLRQ� RI� JRQDGRWURSK�

GHYHORSPHQW�DQG�IXQFWLRQV��SRVVLEO\�LQ�UHODWLRQ�WR�$K5�VLJQDOLQJ�SDWKZD\�LQ�WKH�SLWXLWDU\��  
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$&.12:/('*(0(176 

,�ZRXOG�OLNH�WR�WKDQN�P\�IDPLO\�IRU�VXSSRUWLQJ�PH�WKURXJK�WKLV�MRXUQH\��(VSHFLDOO\�P\�PRWKHU��

6XSLQJ�� DQ� LQFUHGLEOH� ZRPDQ� ZKR� JLYHV� PH� VWUHQJWK� WR� RYHUFRPH� DQ\� GLIILFXOWLHV� LQ� OLIH� E\�

WHDFKLQJ�PH�DERXW�FRQILGHQFH��UHVSRQVLELOLW\��DQG�ORYH��7R�HYHU\�IDPLO\�PHPEHU��WKDQN�\RX�IRU�

JLYLQJ�PH�VXFK�D�ORYLQJ�DQG�VXSSRUWLYH�KRPH�DQG�DOO�RI�\RX�PDGH�PH�WKH�SHUVRQ�DV�,�DP�WRGD\��  

7R�P\�DGYLVRU�'U��/RUL�5DHW]PDQ��,�ZDQW�WR�WKDQN�\RX�IRU�DOO�WKH�JXLGDQFH�DQG�VXSSRUWV�\RX¶YH�

JLYHQ�PH��,¶P�H[WUHPHO\�OXFN\�WR�EH�D�PHPEHU�RI�\RXU�ODE��DQG�WKHVH�SDVW�IHZ�\HDUV�KDYH�EHHQ�RQH�

RI�WKH�EHVW�H[SHULHQFHV�LQ�P\�OLIH��<RX¶UH�DQ�H[WUDRUGLQDU\�VFLHQWLVW�DQG�PHQWRU��<RXU�LQWHOOLJHQFH��

SDWLHQFH��NLQGQHVV�DQG�KXPRU�ZLOO�DOZD\V�EH�WKH�PRVW�YDOXDEOH�WKLQJV�,¶YH�OHDUQHG��  

,�ZRXOG�DOVR�OLNH�WR�WKDQN�P\�ODE�PHPEHUV��HVSHFLDOO\�.DUHQ�:HLV��7KDQN�\RX�.DUHQ�IRU�\RXU�

SDWLHQFH�DQG�NLQGQHVV�WR�PH��DQG�WKDQN�\RX�IRU�DOO�WKH�VNLOOV�DQG�NQRZOHGJH�\RX¶YH�WDXJKW�PH��,¶P�

YHU\�JUDWHIXO�WR�KDYH�\RX�JXLGLQJ�PH�WKURXJK�WKLV�MRXUQH\��7R�5DFKHO�*RQ]DOH]��WKDQN�\RX�IRU�\RXU�

IULHQGVKLS�DQG�VXSSRUW�DQG�DOO�WKH�KHOS� 

,�ZDQW�WR�WKDQN�P\�FRPPLWWHH�PHPEHUV��'U��(ULN�1HOVRQ��'U��&DWKHULQH�&KULVWLDQ�+LQPDQ�

DQG�'U��-RGL�)ODZV�IRU�\RXU�LQVLJKWV�DQG�NLQG�RIIHUV�WR�KHOS�ZLWK�P\�SURMHFWV��,¶G�DOVR�OLNH�WR�WKDQN�

HYHU\RQH�LQ�WKH�'HSDUWPHQW�RI�0ROHFXODU�DQG�,QWHJUDWLYH�3K\VLRORJ\�IRU�\RXU�VXSSRUWV�DQG�IRU�

JLYLQJ�PH�VXFK�D�JUHDW�FRPPXQLW\�� �  

)LQDOO\�� WKDQN�\RX� WR�DOO�P\�IULHQGV� IRU�\RXU�FRPSDQLRQ��7KDQN�\RX�IRU�JLYLQJ�PH� DOO� WKH�

MR\IXO�H[SHULHQFHV�DQG�VXSSRUWV�,�QHHG�ZKHQ�,¶P�DZD\�IURP�KRPH� 
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Abstract 

7KH� SLWXLWDU\� JODQG� LV� FUXFLDO� IRU� UHJXODWLQJ� WKH� HQGRFULQH� FRQWURO� RI� PDQ\� SK\VLRORJLFDO�

V\VWHPV�DQG�LWV�IXQFWLRQV�FRXOG�EH�LPSDLUHG�E\�H[SRVXUH�WR�HQGRFULQH�GLVUXSWLQJ�FKHPLFDOV��('&V���

+XPDQV�DQG�DQLPDOV�DUH�H[SRVHG�WR�('&V�WKURXJKRXW�OLIH��EXW�H[SRVXUH�GXULQJ�FULWLFDO�SHULRGV�

ZKHQ� WKH� RUJDQV� DUH� GHYHORSLQJ� FRXOG� KDYH�PRUH� GDPDJLQJ� FRQVHTXHQFHV�� ,Q� WKLV� UHYLHZ��ZH�

VXPPDUL]HG�WKH�GHYHORSPHQW�RI�SLWXLWDU\�JODQG�UHJXODWHG�E\�LQWULQVLF�DQG�H[WULQVLF�VLJQDOV��DQG�

WKH�HIIHFWV�RI�LQ�YLYR�('&�H[SRVXUH�GXULQJ�GHYHORSPHQW�RQ�WKH�SLWXLWDU\��7KHVH�LQFOXGH�FKDQJHV�

LQ�SLWXLWDU\�KRUPRQH��P51$�DQG�SURWHLQ�H[SUHVVLRQ�OHYHOV��DV�ZHOO�DV�SLWXLWDU\�FHOO�QXPEHU�DQG�

SURSHUWLHV��(DFK�KRUPRQH�SURGXFLQJ�FHOO�W\SH�DQG�SLWXLWDU\�VWHP�SURJHQLWRU�FHOOV�ZDV�UHYLHZHG��

DQG�ZH�SRLQWHG�RXW� WKH� FXUUHQW� JDSV� LQ�NQRZOHGJH� DQG� VXJJHVWHG� IXWXUH�GLUHFWLRQV� LQ� WHUPV�RI�

XQGHUVWDQGLQJ�HIIHFWV�RI�LQWULQVLF�DQG�H[WULQVLF�VLJQDOV�RQ�SLWXLWDU\�JODQG�GHYHORSPHQW� 

 

Introduction 

7KH� SLWXLWDU\� JODQG� LV� WKH� ³PDVWHU� JODQG´� RI� HQGRFULQH� V\VWHP�� DQG� LW� LV� UHVSRQVLEOH� IRU�

UHJXODWLQJ� YDULRXV� SK\VLRORJLFDO� SURFHVVHV� LQFOXGLQJ� ERG\� JURZWK�� VWUHVV� UHVSRQVH�� HQHUJ\�

PHWDEROLVP�� SLJPHQWDWLRQ�� UHSURGXFWLRQ�� ODFWDWLRQ�� DQG� ZDWHU� EDODQFH�� 7KH� SLWXLWDU\� JODQG�

UHJXODWHV�WKHVH�FRPSOLFDWHG�SURFHVVHV�E\�WDNLQJ�VLJQDOV�IURP�WKH�ERG\�DQG�H[HFXWLQJ�LWV�IXQFWLRQV�

YLD� D� JURXS� RI� FHOOV� WKDW� PDNH� XS� WKH� JODQG�� VRPDWRWURSKV�� SURGXFH� JURZWK� KRUPRQH� �*+���

FRUWLFRWURSKV�� SURGXFH� DGUHQRFRUWLFRWURSLF� KRUPRQH� �$&7+��� WK\URWURSKV�� SURGXFH� WK\URLG�

VWLPXODWLQJ�KRUPRQH��76+���PHODQRWURSKV��SURGXFH�PHODQRF\WH�VWLPXODWLQJ�KRUPRQH��Į06+���

JRQDGRWURSKV��SURGXFH�JRQDGRWURSLQ��OXWHLQL]LQJ�KRUPRQH��/+��DQG�IROOLFOH�VWLPXODWLQJ�KRUPRQH�

�)6+���ODFWRWURSKV��SURGXFH�SURODFWLQ��35/���DQG�SRVWHULRU�SLWXLWDU\�FHOOV��SURGXFH�R[\WRFLQ�DQG�

YDVRSUHVVLQ��$'+���'URXLQ��������%HVLGHV��WKHUH�DUH�SLWXLWDU\�VWHP�SURJHQLWRU�FHOOV�UHVSRQVLEOH�

IRU�SRSXODWLQJ� WKH�JODQG�ZLWK� WKHVH�KRUPRQH�FHOOV� �1DQWLH�HW�DO��������(GZDUGV�DQG�5DHW]PDQ�



 

 � 

������DQG�IROOLFXORVWHOODWH�FHOOV�UHVSRQVLEOH�IRU�FHOO�QHWZRUNLQJ�DQG�LQWUDSLWXLWDU\�LQWHUDFWLRQV��OH�

7LVVLHU�DQG�0ROODUG��������  

'\VIXQFWLRQV�LQ�WKH�SLWXLWDU\�FRXOG�UHVXOW�LQ�LPSDFWV�DFURVV�GLIIHUHQW�RUJDQV�DQG�V\VWHPV�LQ�

WKH�ERG\��6SHFLILFDOO\��FRQJHQLWDO�SLWXLWDU\�KRUPRQH�GHILFLHQFLHV��K\SRSLWXLWDULVP��VXFK�DV�*+��

76+��$&7+�� /+� DQG� )6+� GHILFLHQF\� �'URXLQ� ������ OHDG� WR� JURZWK� UHWDUGDWLRQ� �7ULWRV� DQG�

.OLEDQVNL�������DQG�UHSURGXFWLYH�GLVRUGHUV��GH�$QJHOLV�HW�DO��������0LNKDHO�HW�DO���������DPRQJ�

RWKHU�SUREOHPV��*HQHWLF�FDXVHV�RI�FRPELQHG�SLWXLWDU\�KRUPRQH�GHILFLHQF\��&3+'��DOVR�NQRZQ�DV�

SDQK\SRSLWXLWDULVP���ZKLFK�LV�FKDUDFWHUL]HG�E\�FRPELQHG�VKRUWDJH�RI�*+�DQG�DW�OHDVW�RQH�RWKHU�

SLWXLWDU\�KRUPRQH��LQFOXGH�PXWDWLRQV�LQ�3URS���3RX�I���+HV[���/K[���DQG�/K[���&DVWLQHWWL�HW�DO��

������)DQJ�HW�DO��������*UHJRU\�DQG�'DWWDQL��������'HVSLWH�LQWHQVLYH�VWXGLHV�WR�LGHQWLI\�PXWDWLRQV�

WKDW�FDXVH�K\SRSLWXLWDULVP��RQO\�����RI�SDWLHQWV�ZLWK�K\SRSLWXLWDULVP�DUH�GLDJQRVHG�ZLWK�NQRZQ�

JHQHWLF� DEQRUPDOLWLHV� �%RVFK� L� $UD� HW� DO�� ������� 7KLV� FKDOOHQJH� LQ� GHWHUPLQLQJ� FDXVHV� RI�

K\SRSLWXLWDULVP�LQGLFDWHV�HQYLURQPHQWDO�IDFWRUV�PD\�DOVR�FRQWULEXWH�WR�WKH�G\VIXQFWLRQ�DORQJVLGH�

JHQHWLF�IDFWRUV��  

(QYLURQPHQWDO� IDFWRUV� WKDW� FRXOG� FDXVH� SLWXLWDU\� G\VIXQFWLRQV� LQFOXGH� WUDXPDWLF� LQMXULHV��

LQIHFWLRQV��DQG�FKHPLFDO�H[SRVXUHV��$PRQJ�DOO�WKH�HQYLURQPHQWDO�IDFWRUV�DVVRFLDWHG�ZLWK�SLWXLWDU\�

G\VIXQFWLRQ�� WKH� HIIHFWV� RI� HQGRFULQH�GLVUXSWLQJ� FKHPLFDOV� �('&V�� DUH� DWWUDFWLQJ� LQFUHDVLQJ�

UHVHDUFK�LQWHUHVW�DV�KXPDQV�DUH�FRQVWDQWO\�H[SRVHG�WR�WKHP��&RPPRQO\�NQRZQ�W\SHV�RI�('&V�DQG�

WKHLU�XVHV�DUH�LQGXVWULDO�('&V�LQFOXGLQJ�GLR[LQV��EURPLQDWHG�IODPH�UHWDUGDQWV��WULEXW\OWLQ��7%7���

DQG� SRO\FKORULQDWHG� ELSKHQ\OV� �3&%V��� SHVWLFLGHV� LQFOXGLQJ� GLFKORURGLSKHQ\OWULFKORURHWKDQH�

�''7���QHRQLFRWLQRLGV��DQG�HQGRVXOIDQ��SODVWLFL]HUV�LQFOXGLQJ�SKWKDODWHV�DQG�ELVSKHQRO�$��%3$���

SKDUPDFHXWLFDO�('&V�LQFOXGLQJ�SDUDEHQV�DQG�WULFORVDQ��DQG�KHDY\�PHWDOV�LQFOXGLQJ�DUVHQLF�DQG�

PHUFXU\��/DXUHWWD�HW�DO��������<LOPD]�HW�DO���������('&�H[SRVXUHV�FDQ�KDYH�PXOWLSOH�PHFKDQLVPV�

RI� DFWLRQ� LQFOXGLQJ� DFWLYDWLQJ� RU� LQKLELWLQJ� KRUPRQH� UHFHSWRUV�� DFWLYDWLRQ� RI� NLQDVH� VLJQDOLQJ�

SDWKZD\V�� LQWHUIHUHQFH�ZLWK� KRUPRQH� IHHGEDFN� UHJXODWLRQ�� GLVUXSWLRQV� LQ� KRUPRQH� SURGXFWLRQ��

WUDQVSRUWDWLRQ��DQG�PHWDEROLVP��<LOPD]�HW�DO���������DQG�HSLJHQHWLF�UHJXODWLRQ��$ODYLDQဨ*KDYDQLQL�
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HW�DO��������:HQ�HW�DO���������  

$OWKRXJK�KXPDQV�DQG�DQLPDOV�DUH�FRQVWDQWO\�H[SRVHG�WR�('&V��VRPH�SHULRGV�RI�H[SRVXUH�DUH�

FRQVLGHUHG�FULWLFDO�ZLQGRZV�GXULQJ�ZKLFK�H[SRVXUH�FDQ�FDXVH�PRUH�VHULRXV�FRQVHTXHQFHV��&ULWLFDO�

ZLQGRZV�LQFOXGH�JHVWDWLRQ�� WKH�QHRQDWDO�SHULRG��DQG�SXEHUW\��3DODQ]D�HW�DO��������.XPDU�HW�DO��

������ DV� WKRVH� DUH� GHYHORSPHQWDO� SHULRGV� ZKHQ� WKH� SLWXLWDU\� JRHV� WKURXJK� LQWHQVLYH� WLVVXH�

SUROLIHUDWLRQ��GLIIHUHQWLDWLRQ��DQG�PDWXUDWLRQ��0DQ\�RI�WKH�LPSDFWV�RI�GHYHORSPHQWDO�H[SRVXUH�WR�

('&V� FRXOG� ODVW� LQWR� DGXOW� OLIH� �+RU]PDQQ� HW� DO�� ������ DQG� HYHQ� EH� SDVVHG� RQ� WR� WKH� QH[W�

JHQHUDWLRQV��%UHKP�HW�DO��������'UREQi�HW�DO��������:HQ�HW�DO���������,Q�WKLV�UHYLHZ��ZH�ZLOO�JR�

WKURXJK� WKH�GHYHORSPHQW� DQG�UHJXODWLRQ�RI� WKH�SLWXLWDU\�JODQG�DQG�KRZ�H[SRVXUH� WR�('&V�FDQ�

DIIHFW�WKH�GHYHORSLQJ�SLWXLWDU\��:H�ZLOO�GLVFXVV�HDFK�GLVWLQFW�KRUPRQH�SURGXFLQJ�FHOO�W\SH�LQ�WKH�

SLWXLWDU\�DQG�KRZ�H[SRVXUH�WR�('&V�FRXOG�DIIHFW�WKHP�GXULQJ�SLWXLWDU\�GHYHORSPHQW��7DEOH�������

:H�ZLOO� DOVR� FRQVLGHU�ZKDW� LV� NQRZQ� DERXW� LQWULQVLF� VLJQDOV� UHJXODWLQJ� SLWXLWDU\� GHYHORSPHQW��

IRFXVLQJ�RQ�WKH�127&+�SDWKZD\� 

 

Intrinsic regulation of pituitary gland development 

7KH�DQWHULRU�DQG�LQWHUPHGLDWH�SLWXLWDU\�OREHV�RULJLQDWH�IURP�5DWKNH¶V�SRXFK��DQ�LQYDJLQDWLRQ�

IURP�RUDO�HFWRGHUP��7KH�SRVWHULRU�SLWXLWDU\�RULJLQDWHV�IURP�DQ�HYDJLQDWLRQ�IURP�QHXUDO�HFWRGHUP��

GHULYHG�IURP�WKH�YHQWUDO�GLHQFHSKDORQ��'DO\�DQG�&DPSHU��������)LJXUH�����$���7RJHWKHU�WKH\�IRUP�

WKH�SLWXLWDU\�JODQG�VWDUWLQJ�IURP�JHVWDWLRQDO�ZHHN���LQ�KXPDQV�DQG�HPEU\RQLF�GD\�������H������LQ�

PLFH��$ODW]RJORX�HW�DO���������  

7KH�GHYHORSPHQW� RI� KRUPRQH�SURGXFLQJ� FHOOV� LQ� WKH� DQWHULRU� DQG� LQWHUPHGLDWH� SLWXLWDU\� LV�

UHJXODWHG� E\� YDULRXV� WUDQVFULSWLRQ� IDFWRUV� �7)V��ZKLFK� VHTXHQWLDOO\� DFWLYDWH� GLIIHUHQW� VLJQDOLQJ�

SDWKZD\V��)LJXUH�����%���7KH�HDUOLHVW�7)V�DFWLYDWHG�DUH�3LWXLWDU\�+RPHRER[����3LW[���DQG�3LW[���

IROORZHG�E\� H[SUHVVLRQ�RI�/,0�+RPHRGRPDLQ�3URWHLQ��� �/K[��� DQG�/K[���'LIIHUHQW� KRUPRQH�

SURGXFLQJ�FHOOV�KDYH�XQLTXH�7)V�LQFOXGLQJ�FRUWLFRWURSKV�PDUNHG�E\�7�%R[�7UDQVFULSWLRQ�)DFWRU�



 

 � 

����7E[�����PHODQRWURSKV�PDUNHG�E\�7E[���DQG�3DLUHG�%R[����3D[����JRQDGRWURSKV�PDUNHG�E\�

1XFOHDU� 5HFHSWRU� 6XEIDPLO\� �� *URXS�$�0HPEHU� �� �1U�D���� DQG� 328� &ODVV� �� +RPHRER[� ��

�3RX�I��� SRVLWLYH� FHOOV�ZKLFK� WKHQ�GLIIHUHQWLDWH� LQWR� VRPDWRWURSKV�� ODFWRWURSKV� DQG� WK\URWURSKV�

�$ODW]RJORX�HW�DO���������1XPHURXV�7)V�DQG�VLJQDOLQJ�SDWKZD\V�DUH�LQYROYHG�LQ�PDLQWHQDQFH�DQG�

FHOO� IDWH� GHFLVLRQ�RI� VWHP�SURJHQLWRU� FHOOV� LQ� WKH�SLWXLWDU\�JODQG��7KH�PDMRU� SLWXLWDU\� VWHP� FHOO�

VSHFLILF�7)V�LQFOXGH�65<�%R[�7UDQVFULSWLRQ�)DFWRU����6R[���DQG�6R[���'DO\�DQG�&DPSHU��������

7KH�SRSXODWLRQ�RI�SLWXLWDU\�62;��62;���FHOOV�GHFUHDVHV�DV�GLIIHUHQWLDWLRQ�SURFHHGV��KRZHYHU��

WKH\�PRVWO\�UHVLGH�DORQJ�WKH�FOHIW�LQ�WKH�DGXOW�SLWXLWDU\�DQG�SOD\�D�OLPLWHG�UROH�LQ�PDLQWDLQLQJ�RUJDQ�

KRPHRVWDVLV��+DVWRQ�HW�DO��������� �  

0DMRU�VLJQDOLQJ�SDWKZD\V�LQYROYHG�LQ�SLWXLWDU\�VWHP�SURJHQLWRU�FHOO�UHJXODWLRQ�LQFOXGH�6RQLF�

+HGJHKRJ��6++���ZLQJOHVV��:17���DQG�127&+�VLJQDOLQJ��6SHFLILFDOO\��WKH�127&+�VLJQDOLQJ�

SDWKZD\�LV�D�KLJKO\�FRQVHUYHG�VLJQDOLQJ�SDWKZD\�SUHVHQW�LQ�PXOWLSOH�RUJDQV�LQFOXGLQJ�WKH�SLWXLWDU\�

JODQG��,W¶V�DFWLYH�LQ�WKH�HDUO\�VWDJH�RI�HPEU\RQLF�GHYHORSPHQW��DQG�LW¶V�PDLQWDLQHG�LQ�VWHP�FHOOV�

WKURXJKRXW� WKH� OLIH� RI� WKH� RUJDQLVP��7KH�127&+� VLJQDOLQJ� SDWKZD\� LV� LQYROYHG� LQ� SURFHVVHV�

FUXFLDO�WR�GHYHORSPHQW��LQFOXGLQJ�UHJXODWLRQ�RI�VWHP�FHOO�UHQHZDO��PDLQWHQDQFH��DQG�GLIIHUHQWLDWLRQ��

7KH�DFWLYDWLRQ�RI�127&+�VLJQDOLQJ�UHTXLUHV�FRQWDFW�EHWZHHQ�127&+�UHFHSWRUV�DQG�FHOO�VXUIDFH�

H[SUHVVHG�127&+�OLJDQGV�RQ�DGMDFHQW�FHOOV��IROORZHG�E\�FOHDYDJH�RI�WKH�UHFHSWRU�DQG�UHOHDVH�RI�

127&+� LQWUDFHOOXODU� GRPDLQ� �1,&'�� LQWR� F\WRSODVP��1,&'� WUDQVORFDWHV� LQWR� WKH� QXFOHXV� DQG�

ELQGV�ZLWK�WUDQVFULSWLRQ�IDFWRU�5HFRPELQDWLRQ�6LJQDO�%LQGLQJ�3URWHLQ�)RU�,PPXQRJOREXOLQ�.DSSD�

-� �5%3-��� WKHQ� WKH� FRPSOH[� UHFUXLWV� FRDFWLYDWRUV�FRUHSUHVVRUV� DQG� HYHQWXDOO\� UHJXODWHV� WKH�

WUDQVFULSWLRQDO�DFWLYLW\�RI�WDUJHW�JHQHV�LQFOXGLQJ�+HV��DQG�+H\����=KRX�HW�DO���������  

,Q�WKH�SLWXLWDU\�JODQG��H[SUHVVLRQ�RI�1RWFK��DQG�1RWFK��DORQJ�ZLWK�WKHLU�OLJDQGV�DQG�HIIHFWRUV�

+HV��DQG�+H\��FDQ�EH�GHWHFWHG�GXULQJ�HDUO\�GHYHORSPHQW�LQ�5DWKNH¶V�SRXFK��5DHW]PDQ�HW�DO��������

=KX�HW�DO��������5DHW]PDQ�HW�DO��������0RQDKDQ�HW�DO���������DQG�WKH�H[SUHVVLRQ�LV�PDLQWDLQHG�

GXULQJ�SRVWQDWDO�GHYHORSPHQW��1DQWLH�HW�DO��������=KX�HW�DO���������127&+�VLJQDOLQJ�LV�QHFHVVDU\�

IRU�SLWXLWDU\�VWHP�FHOO�SUROLIHUDWLRQ�DQG�PDLQWHQDQFH�DV�ORVV�RI�HLWKHU�HIIHFWRU�JHQH�+HV��RU�WKH�



 

 � 

UHFHSWRU�1RWFK�� OHDGV�WR�GHFUHDVHG�SLWXLWDU\�YROXPH��GULYHQ�E\�GHFUHDVHG�FHOO�SUROLIHUDWLRQ�DQG�

LQFUHDVHG�FHOO�F\FOH�H[LW��0RQDKDQ�HW�DO��������1DQWLH�HW�DO���������%HVLGHV��127&+�VLJQDOLQJ�LV�

DOVR�HVVHQWLDO�IRU�VWHP�FHOO�GLIIHUHQWLDWLRQ�DQG�OLQHDJH�VSHFLILFDWLRQ� LQ�WKH�SLWXLWDU\��127&+�KDV�

EHHQ� UHSRUWHG� WR� EORFN� 3RPF� OLQHDJH� �FRUWLFRWURSK� DQG� PHODQRWURSK�� GLIIHUHQWLDWLRQ�� 1,&'�

H[SUHVVLRQ� LQKLELWHG�3RPF� OLQHDJH�GLIIHUHQWLDWLRQ� � �*ROGEHUJ�HW�DO��������DQG� LQGXFHG� WKHP�WR�

UHJUHVV�WRZDUG�D�SURJHQLWRU�OLNH�VWDWH��/��&KHXQJ�HW�DO���������DQG�LQKLELWLRQ�RI�127&+�VLJQDOLQJ�

OHG�WR�LQFUHDVHG�3RPF�P51$�OHYHOV��1DQWLH�HW�DO���������2Q�WKH�RWKHU�KDQG��127&+�VLJQDOLQJ�LV�

UHTXLUHG� IRU�FRPPLWPHQW�RI�3LW�� OLQHDJH�DV�ERWK�NQRFNRXW�RI�5ESM� DQG�1RWFK�� LQ� WKH�SLWXLWDU\�

FDXVHG�GHFUHDVHG�WK\URWURSK�DQG�VRPDWRWURSK�SRSXODWLRQV��=KX�HW�DO��������1DQWLH�HW�DO���������,Q�

WHUPV� RI� PHFKDQLVPV� E\� ZKLFK� 127&+� IXQFWLRQV� LQ� WKH� SLWXLWDU\�� 1RWFK�� LV� WKRXJKW� WR� EH�

UHJXODWHG�E\�3URS���5DHW]PDQ�HW�DO��������DQG�UHFLSURFDOO\��3URS�¶V�H[SUHVVLRQ�ZDV�GHFUHDVHG�LQ�

1RWFK���RU�5ESM��FRQGLWLRQDO�NQRFNRXW�SLWXLWDULHV��=KX�HW�DO��������1DQWLH�HW�DO���������+RZHYHU��

GHWDLOHG�PHFKDQLVPV�IRU�WKH�UHODWLRQVKLS�DQG�UHJXODWLRQ�EHWZHHQ�3URS��DQG�1RWFK��VWLOO�UHPDLQ�

XQFOHDU��%HVLGHV��127&+�VLJQDOLQJ�LQ�UHODWLRQ�WR�RWKHU�7)V��LWV�GRZQVWUHDP�WDUJHWV�VSHFLILFDOO\�LQ�

WKH�SLWXLWDU\�DQG�WKHLU�PHFKDQLVPV�RI�DFWLRQ�DUH�VWLOO�LQ�QHHG�IRU�IXWXUH�LQYHVWLJDWLRQ� 

,Q�DGGLWLRQ� WR�PDMRU�VLJQDOLQJ�SDWKZD\V��PDQ\�RWKHU�VLJQDOLQJ�SDWKZD\V� LQFOXGH�PLWRJHQ�

DFWLYDWHG� SURWHLQ� NLQDVH� �0$3.��� 5(7�3,7��S��$5)�S��� DQG� 3,�.�$NW� SDWKZD\V� DUH� DOVR�

LQYROYHG�LQ�UHJXODWLRQ�RI�SLWXLWDU\�GHYHORSPHQW��+DVWRQ�HW�DO��������5RRI�DQG�*XWLHUUH]�+DUWPDQQ�

�������2YHUDOO��WKH�LQWULQVLF�UHJXODWLRQ�RI�SLWXLWDU\�JODQG�GHYHORSPHQW�LV�GHOLFDWH�DQG�FRPSOLFDWHG��

7KH�UHJXODWLRQ�FRXOG�EH�LPSDFWHG�E\�PDQ\�IDFWRUV�LQFOXGLQJ�H[SRVXUH�WR�('&V��DQG�VWXGLHV�KDYH�

DOUHDG\�UHSRUWHG�('&¶V�HIIHFWV�RQ�7)�H[SUHVVLRQ�DV�ZHOO�DV�DOWHUDWLRQV�LQ�VLJQDOLQJ�SDWKZD\V�LQ�

WKH�SLWXLWDU\��%UDQQLFN�HW�DO��������+DQQRQ�HW�DO�������� 

 

Extrinsic regulation of pituitary gland development 

7KH�NH\�IXQFWLRQV�RI�WKH�SLWXLWDU\�JODQG�DUH�DOVR�UHJXODWHG�E\�K\SRWKDODPLF�VLJQDOV��DQG�DQ\�



 

 � 

GHYHORSPHQWDO�FKDQJHV� LQ� WKH�QXPEHU��QHXURSHSWLGH�H[SUHVVLRQ�RU� IXQFWLRQ�RI� WKH�QHXURQV� WKDW�

FRQWDLQ� WKHVH� QHXURSHSWLGHV� FRXOG� LPSDFW� SLWXLWDU\� IXQFWLRQ�� ,PSRUWDQWO\�� GHYHORSPHQWDO� ('&�

H[SRVXUH�LV�NQRZQ�WR�LPSDFW�K\SRWKDODPLF�QHXURQ�SRSXODWLRQV�DQG�RU�VLJQDOLQJ�QHWZRUNV��*UDFHOL�

HW�DO��������/RSH]�5RGULJXH]�HW�DO��������3DWLVDXO��������2WKHU�WKDQ�UHJXODWLQJ�WKH�VHFUHWLRQ�RI�

SLWXLWDU\�KRUPRQHV�WKURXJK�K\SRWKDODPLF�SLWXLWDU\�D[LV��K\SRWKDODPLF�VLJQDOV�FDQ�DOVR�LPSDFW�WKH�

GHYHORSPHQW�RI�WKH�SLWXLWDU\�JODQG��)RU�H[DPSOH��LQ�DGGLWLRQ�WR�VWLPXODWLQJ�WKH�SLWXLWDU\¶V�UHOHDVH�

RI�*+��JURZWK�KRUPRQH�UHOHDVLQJ�KRUPRQH��*+5+��LV�DOVR�HVVHQWLDO�IRU�SRVWQDWDO�H[SDQVLRQ�RI�

WKH� VRPDWRWURSK� OLQHDJH� VSHFLILFDOO\� �/LQ� HW� DO�� ������� )RU� WK\URWURSKV�� WK\URWURSLQ�UHOHDVLQJ�

KRUPRQH��75+��LV�UHTXLUHG�IRU� WKHLU�SRVWQDWDO�PDLQWHQDQFH��EXW�LV�QRW�QHFHVVDU\�IRU�HPEU\RQLF�

GLIIHUHQWLDWLRQ��6KLEXVDZD�HW�DO���������,QWHUHVWLQJO\��75+�FDQ�DOVR�LQGXFH�WKH�GLIIHUHQWLDWLRQ�RI�

JRQDGRWURSKV�DQG�ODFWRWURSKV��EXW�ZKHWKHU�WKH�LQGXFWLRQ�LV�GLUHFW�LV�XQNQRZQ��+HULWLHU�DQG�'XERLV�

������� %HVLGHV�� JRQDGRWURSLQ� UHOHDVLQJ� KRUPRQH� �*Q5+�� KDV� EHHQ� IRXQG� WR� LQGXFH� WKH�

GLIIHUHQWLDWLRQ�RI�JRQDGRWURSKV�DQG�WK\URWURSKV��+pULWLHU�DQG�'XERLV��������  

7KH�SLWXLWDU\�JODQG�FDQ�DOVR�EH�UHJXODWHG�E\�RWKHU�SLWXLWDU\�H[SUHVVHG�KRUPRQH�UHFHSWRUV�WKDW�

WDNH�IHHGEDFN�VLJQDOV�IURP�GRZQVWUHDP�HQGRFULQH�RUJDQV�RI�WKH�K\SRWKDODPLF�SLWXLWDU\�D[LV�VXFK�

DV�HVWURJHQ�UHFHSWRU��(5���$UDR�HW�DO���������DQGURJHQ�UHFHSWRU��$5���5\DQ�HW�DO��������DQG�WK\URLG�

KRUPRQH�UHFHSWRU��7+5���2UWLJD�&DUYDOKR�HW�DO���������'LVUXSWLRQV�LQ�KRUPRQH�VLJQDOLQJ�DW�WKH�

OHYHO�RI�SLWXLWDU\�FDQ�FDXVH�LPSDLUHG�SLWXLWDU\�IXQFWLRQV�LQ�PRXVH�PRGHOV��)RU�H[DPSOH��(5Į�LQ�

WKH�SLWXLWDU\�LV�IRXQG�WR�EH�QHFHVVDU\�IRU�IHUWLOLW\�LQ�IHPDOHV�DV�SLWXLWDU\�VSHFLILF�(5Į�NQRFNRXW�

�.2��PLFH�SUHVHQWHG�ZLWK�LUUHJXODU�HVWURXV�F\FOHV�DQG�LQIHUWLOLW\��*LHVNH�HW�DO���������$GGLWLRQDOO\��

H[RJHQRXV�HVWUDGLRO�DGPLQLVWUDWLRQ�SRVWQDWDOO\�UHJXODWHG�JRQDGRWURSK�JHQH�H[SUHVVLRQ��(FNVWUXP�

HW�DO���������$QGURJHQ�VLJQDOLQJ�DW�WKH�SLWXLWDU\�LV�FUXFLDO�IRU�UHSUHVVLRQ�RI�SURODFWLQ�VHFUHWLRQ�DQG�

ODFWRWURSK� GHYHORSPHQW� LQ� PDOHV� DV� SLWXLWDU\�VSHFLILF� $5� .2� PDOH� PLFH� VKRZHG�

K\SHUSURODFWLQHPLD�DQG�IHPDOH�OLNH�ODFWRWURSK�GHYHORSPHQW�DQG�GLVWULEXWLRQ��2¶+DUD�HW�DO���������

([FHSW�IRU�.2�PRGHOV��DQGURJHQ�LV�DOVR�NQRZQ�WR�UHJXODWH�JRQDGRWURSLQ�H[SUHVVLRQ��.UHLVPDQ��

6RQJ��<LS�� %�� Y��1DWDOH�� HW� DO�� ������ DQG� JRQDGRWURSLQ�UHOHDVLQJ� KRUPRQH� UHFHSWRU� �*QUKU�� LQ�



 

 � 

JRQDGRWURSKV� �5\DQ� HW� DO�� �������$V� IRU� WK\URLG� KRUPRQH�� LW� LV� HVVHQWLDO� IRU� PDLQWDLQLQJ� WKH�

SRSXODWLRQ�RI�VRPDWRWURSKV�DQG�ODFWRWURSKV�LQ�WKH�PRXVH�DQG�FKLFNHQ��6WDKO�HW�DO��������/LX�DQG�

3RUWHU� ������� DQG� D� FRQJHQLWDO� K\SRWK\URLGLVP� PRXVH� PRGHO� H[KLELWHG� LQFUHDVHG� QXPEHUV� RI�

WK\URWURSKV��6WDKO�HW�DO���������,PSRUWDQWO\��KRUPRQH�VLJQDOLQJ�DW�WKH�SLWXLWDU\�FRXOG�EH�DIIHFWHG�

E\�HQGRFULQH�GLVUXSWLRQV��LQFOXGLQJ�GLUHFW�HIIHFWV�DW�WKH�SLWXLWDU\�DQG�WKURXJK�FLUFXODWLQJ�KRUPRQH�

OHYHO�FKDQJHV��DQG�WKXV�LPSDFW�SLWXLWDU\�GHYHORSPHQW�� �  

*LYHQ�WKH�FRPSOLFDWHG�UHJXODWLRQ�RI�SLWXLWDU\�GHYHORSPHQW�E\�GLIIHUHQW�LQWULQVLF�DQG�H[WULQVLF�

IDFWRUV��GLVUXSWLRQV�LQ�DQ\�RI�WKRVH�PHFKDQLVPV�DERYH�FRXOG�XOWLPDWHO\�LPSDFW�SLWXLWDU\�IXQFWLRQ��

('&V�FRXOG�SRWHQWLDOO\�LPSDFW�ERWK�H[WULQVLF�DQG�LQWULQVLF�UHJXODWLRQ�RI� SLWXLWDU\�GHYHORSPHQW��

+RZHYHU��PRVW�FXUUHQW�VWXGLHV�FRQFHUQLQJ�('&¶V�HIIHFWV�RQ�GHYHORSLQJ�SLWXLWDU\�RQO\�IRFXVHG�RQ�

FKDQJHV�LQ�FLUFXODWLQJ�SLWXLWDU\�KRUPRQH�OHYHOV�ODWHU�LQ�OLIH��'LUHFW�LPSDFWV�RI�('&V�RQ�WKH�SLWXLWDU\�

LQFOXGLQJ� FKDQJHV� LQ� SLWXLWDU\� JHQH� DQG� SURWHLQ� H[SUHVVLRQ� GXULQJ� GHYHORSPHQW�� SLWXLWDU\�

SURJHQLWRU� SURSHUWLHV�� DV� ZHOO� DV� DOWHUDWLRQV� LQ� 7)� UHJXODWLRQ� DQG� VLJQDOLQJ� SDWKZD\V� UHPDLQ�

XQGHUVWXGLHG��7KLV�UHYLHZ�ZLOO�GHWDLO�WKH�NQRZQ�HIIHFWV�RI�GHYHORSPHQWDO�('&�H[SRVXUH�RQ�WKH�

SLWXLWDU\�DQG�SRLQW�RXW�DUHDV�IRU�IXUWKHU�VWXG\� 

 

Effects of developmental EDC exposure on gonadotrophs 

$PRQJ�DOO�WKH�HQGRFULQH�IXQFWLRQV�WKH�SLWXLWDU\�JODQG�UHJXODWHV��G\VUHJXODWLRQ�LQ�UHSURGXFWLYH�

IXQFWLRQV�� ZKLFK� LV� PHGLDWHG� WKURXJK� JRQDGRWURSKV�� LV� WKH� PRVW� ZHOO�VWXGLHG� WDUJHW� RI�

GHYHORSPHQWDO� ('&� H[SRVXUH�� (IIHFWV� RI� ('&V� RQ� JRQDGRWURSK� IXQFWLRQV� FRXOG� EH� UHIOHFWHG�

WKURXJK� GLIIHUHQW� DVSHFWV�� FKDQJHV� LQ� VHUXP� JRQDGRWURSLQ� KRUPRQH�� /+� DQG� )6+� OHYHOV�� LQ�

JRQDGRWURSLQ�P51$�DQG�RU� SURWHLQ� OHYHOV�� LQ�*QUKU� OHYHOV�� DQG� LQ�JRQDGRWURSK� FHOO� QXPEHUV��

$OWHUDWLRQV�LQ�JRQDGRWURSK�IXQFWLRQV�FDXVHG�E\�('&�H[SRVXUH�FDQ�EH�REVHUYHG�LQ�YDULRXV�DQLPDO�

PRGHOV�DQG�VRPHWLPHV� WKH�HIIHFWV�FRXOG�EH�GLYHUVH�GHSHQGLQJ�RQ� WKH� W\SHV�RI�('&V��H[SRVXUH�

ZLQGRZV��H[SRVXUH�GRVDJH��VH[�GLIIHUHQFHV��DQG�WLPHSRLQWV�RI�LQVSHFWLRQ��  



 

 � 

(VWURJHQLF�DQG�DQWLDQGURJHQLF�('&V�OLNH�ELVSKHQRO�$��%3$��DQG�GL����HWK\OKH[\O��SKWKDODWH�

�'(+3��FDQ�RIWHQ�LQGXFH�VHUXP�OHYHO�RI�JRQDGRWURSLQV�DV�ZHOO�DV�LQGXFLQJ�WKH�P51$�RU�SURWHLQ�

OHYHOV��)RU�H[DPSOH��SUHQDWDO�DQG�ODFWDWLRQDO�H[SRVXUH�WR�%3$����ȝJ�NJ�GD\��LQFUHDVHG�VHUXP�/+�

OHYHOV�LQ�IHPDOH�UDWV�DW�SRVWQDWDO�GD\�����3�����*iPH]�HW�DO���������,QWHUHVWLQJO\��GLIIHUHQW�%3$�

H[SRVXUH�OHYHOV�VHHP�WR�KDYH�RSSRVLWH�HIIHFWV�DW�D�\RXQJHU�DJH��IHPDOH�PLFH�H[SRVHG�WR�%3$�IURP�

HPEU\RQLF�GD\�������H������XQWLO�H�����ZHUH�IRXQG�WR�KDYH�LQFUHDVHG�/KE��)VKE�DQG�*QUKU�P51$�

DIWHU� EHLQJ� H[SRVHG� WR� ���� ȝJ�NJ�GD\�%3$� DW� 3��� EXW�P51$� OHYHOV� RI� WKRVH� WKUHH� JHQHV�ZHUH�

GHFUHDVHG�LQ�PLFH�H[SRVHG�WR����ȝJ�NJ�GD\�RI�%3$��%UDQQLFN�HW�DO���������3UHQDWDO�DQG�ODFWDWLRQDO�

H[SRVXUH�WR�'(+3�FDXVHG�DQ�LQFUHDVH�LQ�/KE�P51$�LQ�IHPDOH�PLFH����������PJ�NJ�GD\���DV�ZHOO�

DV�LQFUHDVH�LQ�/KE�DQG�)VKE�P51$�LQ�PDOHV����PJ�NJ�GD\��DW�3����3RFDU�HW�DO���������,PSDFWV�RI�

SKWKDODWHV�DQG�%3$�FDQ�EH�LQIOXHQFHG�E\�VH[�GLIIHUHQFHV�DQG�YDULRXV�WLPHSRLQWV�RI�LQVSHFWLRQ��,Q�

IHPDOH� TXDLOV� H[SRVHG� WR� '(+3� ������ ����� PJ�NJ�� IURP� 3��� WR� 3��� �D� SHULRG� EHIRUH� VH[�

PDWXUDWLRQ���VHUXP�/+�OHYHOV�ZHUH�LQFUHDVHG�DW�3����KRZHYHU��)6+�OHYHOV�ZHUH�GHFUHDVHG��/L�HW�

DO���������,Q�UDWV��SUHQDWDO�H[SRVXUH�WR�'%3������DQG�����PJ�NJ�GD\��IURP�H���WR�H���ZDV�UHSRUWHG�

WR�GHFUHDVH�RQO\�/KE�P51$�OHYHOV�DW�3���������DQG�����ZKLOH�����PJ�NJ�GD\�'%3�GRVDJH�LQFUHDVHG�

WKH�/KE� OHYHO�DW�3���DQG�3��� �&KHQ�HW�DO���������%HVLGHV��SUHQDWDO�H[SRVXUH� WR� HLWKHU�%3$�����

ȝJ�NJ��RU�'(+3�����ȝJ�NJ��LQ�PDOH�UDWV�FRXOG�FDXVH�LQFUHDVHV�LQ�/+ȕ�DQG�)6+ȕ�SURWHLQ�OHYHOV�DW�

3����EXW�GHFUHDVHV�LQ�ERWK�SURWHLQV�DW�3����$EGHO�0DNVRXG�HW�DO���������  

,Q�WHUPV�RI�XQGHUVWDQGLQJ�D�PHFKDQLVP�IRU�SKWKDODWH¶V�GLVUXSWLRQ�RI�JRQDGRWURSLQ�H[SUHVVLRQ��

LW�LV�NQRZQ�WKDW�DU\O�K\GURFDUERQ�UHFHSWRU��$K5��VLJQDOLQJ�LPSDFWV�JRQDGRWURSLQ�V\QWKHVLV��VHH�

EHORZ���+DWWRUL�HW�DO���������DOWKRXJK�WKH�LQYROYHPHQW�RI�$K5�LQ�'(+3�PHGLDWHG�JRQDGRWURSLQ�

FKDQJHV� LV� VWLOO� XQGHU� LQYHVWLJDWLRQ�� 3UHQDWDO� H[SRVXUH� WR� WKH� GLR[LQ� ��������

WHWUDFKORURGLEHQ]RGLR[LQ��7&''�����ȝJ�NJ���D�SRWHQW�$K5�OLJDQG��DW�H���GHFUHDVHG�VHUXP�/+�DQG�

)6+� OHYHOV� DV� ZHOO� DV� GHFUHDVHG� /KE� DQG�)VKE� P51$� OHYHOV� LQ� UDW� IHWXVHV� IURP� H��� WR� 3���

0HFKDQLVWLFDOO\��7&''�LQGXFHG�LQFUHDVHV�LQ�KLVWRQH�GHDFHW\ODVH�OHYHOV�DQG�WKLV�FRUUHODWHG�ZLWK�D�

GHFUHDVH�LQ�DFHW\ODWHG�KLVWRQH�UHFUXLWPHQW�WR�/KE¶V�SURPRWHU�UHJLRQ���7DNHGD�HW�DO���������  



 

 � 

2WKHU�WKDQ�7&''��HDUO\�OLIH�3&%�H[SRVXUH�LV�FRUUHODWHG�ZLWK�UHGXFHG�VHUXP�/+�OHYHOV�LQ�

SUHSXEHUWDO� ER\V� �*UDQGMHDQ� HW� DO�� ������ DQG� /+� DQG� )6+� OHYHOV� LQ� PDOH� UDWV� �3&%����� ���

ȝJ�NJ�GD\�� �<DPDPRWR� HW� DO�� ������� ,QWHUHVWLQJO\�� IHPDOH� ODPEV�ZHUH� IRXQG� WR�KDYH� LQFUHDVHG�

JRQDGRWURSLQ�UHOHDVLQJ�KRUPRQH��*Q5+��LQGXFHG�/+�DQG�)6+�OHYHOV�DIWHU�SUHQDWDO�DQG�ODFWDWLRQDO�

H[SRVXUH�WR�3&%��3&%��������ȝJ�EZ�GD\���.UDXJHUXG�HW�DO���������3UHQDWDO�H[SRVXUH�WR�K\GUDXOLF�

IUDFWXULQJ�FKHPLFDOV��XQFRQYHQWLRQDO�RLO�DQG�QDWXUDO�JDV��82*��PL[WXUH�DW�������������ȝJ�NJ�GD\��

LQ�IHPDOH�PLFH�UHGXFHV�VHUXP�/+�DQG�)6+�OHYHOV�DW�3����ZKLFK�LV�D�ORQJ�WHUP�HIIHFW�RI�SUHQDWDO�

H[SRVXUH��.DVVRWLV�HW�DO���������)LQDOO\��SUHQDWDO�RU�HDUO\�OLIH�SRVWQDWDO�H[SRVXUH�WR�RWKHU�('&V�

VXFK�DV�S\UHWKURLG�LQVHFWLFLGH�F\SHUPHWKULQ�������������ȝJ�NJ���PLFURF\VWLQ�/5��0&�/5�����ȝJ�/���

KH[DYDOHQW�FKURPLXP�����������SSP��DQG�7%7�����PJ�NJ��KDYH�DOVR�EHHQ�IRXQG�WR�LQFUHDVH�/+�

DQG�RU�)6+�KRUPRQH�OHYHOV�DQG�P51$�OHYHOV�LQ�ERWK�VH[HV�LQ�UDWV�RU�]HEUDILVK��.DUL\D]RQR�HW�DO��

������+RX�HW�DO��������<H�HW�DO��������6KREDQD�HW�DO�������� 

'HYHORSPHQWDO� H[SRVXUH� WR� ('&V� DOVR� DIIHFWV� JRQDGRWURSK� FHOO� QXPEHUV� DQG� SURSHUWLHV��

3UHQDWDO�H[SRVXUH�WR�ORZ�GRVH�%3$������ȝJ�NJ�GD\��LQFUHDVHG�JRQDGRWURSK�FHOO�QXPEHU�DV�ZHOO�DV�

SLWXLWDU\�SUROLIHUDWLRQ� LQ�IHPDOH�PLFH�DW�3�� �%UDQQLFN�HW�DO���������6KHHS�SUHQDWDOO\�H[SRVHG�WR�

VHZDJH�VOXGJH�KDG�GHFUHDVHG�QXPEHUV�RI�/+ȕ��DQG�(5Į��SRVLWLYH�JRQDGRWURSKV�LQ�ERWK�VH[HV�DW�

H���� �%HOOLQJKDP�HW� DO�� �������2WKHU�('&V� OLNH� GL�Q�EXW\O� SKWKDODWH� �'%3�� DQG�PHWKR[\FKORU�

�0;&�� KDYH�PRUH� FRPSOLFDWHG� LPSDFWV� RQ� JRQDGRWURSK� FHOO� QXPEHU�� ODWH� HPEU\RQLF� WKURXJK�

ODFWDWLRQDO�H[SRVXUH�WR�'%3��������SSP��GHFUHDVHG�)6+�SRVLWLYH�FHOOV��EXW�LQFUHDVHG�/+�SRVLWLYH�

FHOOV� LQ� ERWK�PDOHV� DQG� IHPDOHV� DW� 3����ZKLOH� ERWK� VH[HV� KDG� LQFUHDVHG� )6+�SRVLWLYH� FHOOV� DW�

SRVWQDWDO�ZHHN�����31:���� �/HH�HW�DO���������([SRVXUH� WR�0;&�������SSP��GXULQJ�D�VLPLODU�

SHULRG�GHFUHDVHG�/+��DQG�)6+�SRVLWLYH�FHOOV�LQ�PDOHV��EXW�RQO\�GHFUHDVHG�/+�SRVLWLYH�FHOOV� LQ�

IHPDOHV�DW�31:���+RZHYHU��)6+�SRVLWLYH�FHOOV�ZHUH�LQFUHDVHG�LQ�IHPDOHV�DW�31:����0DVXWRPL�

HW�DO���������  

,Q� VXPPDU\�� H[DPLQLQJ� WKH� HIIHFWV� RI� YDULRXV� ('&V� RQ� UHSURGXFWLYH� IXQFWLRQV�� %3$� DQG�

SKWKDODWHV�DUH�WZR�RI�WKH�PRVW�ZHOO�VWXGLHG�W\SHV��$V�IRU�WKHLU�LPSDFWV�RQ�JRQDGRWURSK�IXQFWLRQV��



 

 �� 

VSHFLILFDOO\�DIWHU�GHYHORSPHQWDO�H[SRVXUH��WKH\�ZHUH�DEOH�WR�LQFUHDVH�JRQDGRWURSLQ�KRUPRQH�DQG�

P51$�OHYHOV�LQ�ERWK�VH[HV�DW�PXOWLSOH�DJHV�LQ�PRVW�FDVHV��7KHVH�UHODWLYHO\�FRQVLVWHQW�RXWFRPHV�

LQGLFDWH�WKDW�WKH�PRVW�OLNHO\�PHFKDQLVPV�RI�WKHLU�DFWLRQV�PD\�EH�WR�LQWHUIHUH�ZLWK�WKH�UHJXODWLRQ�RI�

WKH� K\SRWKDODPLF�SLWXLWDU\�JRQDGDO� �+3*�� D[LV�� 7KHVH� ('&V� FRXOG� GLUHFWO\� LPSDFW� JRQDGDO�

VWHURLGRJHQHVLV�RU�EORFN�WKH�QHJDWLYH�IHHGEDFN�IURP�HVWURJHQV�RU�DQGURJHQV�RQ�WKH�SLWXLWDU\�DQG�RU�

K\SRWKDODPXV��WKXV�PDNLQJ�WKH�SLWXLWDU\�LQFUHDVH�WKH�SURGXFWLRQ�RI�JRQDGRWURSLQV��+RZHYHU��%3$�

DQG�SKWKDODWHV��DV�ZHOO�DV�RWKHU�W\SHV�RI�('&V�PHQWLRQHG�LQ�WKLV�VHFWLRQ��FDQ�KDYH�PXOWLSOH�PRGHV�

RI�DFWLRQ��7KLV�LV�UHIOHFWHG�LQ�WKH�IDFW�WKDW�GLIIHULQJ�UHVXOWV�ZHUH�VHHQ�GHSHQGLQJ�RQ�VH[��H[SRVXUH�

ZLQGRZ�� GRVDJH�� DQG� WLPH� RI� LQVSHFWLRQ�� 0RUH� VWXGLHV� QHHG� WR� EH� GRQH� WR� XQGHUVWDQG� WKH�

PHFKDQLVPV�UHJXODWLQJ�KRZ�JRQDGRWURSKV�LQ�GLIIHUHQW�FRQGLWLRQV�UHVSRQG�WR�GHYHORSPHQWDO�('&�

H[SRVXUH��,Q�DGGLWLRQ��DOWKRXJK�QXPHURXV�VWXGLHV�UHSRUWHG�FKDQJHV�LQ�JRQDGRWURSK�IXQFWLRQV�LQ�

UHVSRQVH�WR�GHYHORSPHQWDO�('&�H[SRVXUH��PRVW�RI�WKHP�RQO\�IRFXVHG�RQ�JRQDGRWURSLQ�KRUPRQH�

DQG�RU�P51$�OHYHOV�FKDQJHV��)XWXUH�VWXGLHV�DUH�QHHGHG�WR�EHWWHU�XQGHUVWDQG�WKH�GLUHFW�LPSDFWV�RI�

GHYHORSPHQWDO�H[SRVXUH� WR�('&V�RQ�JRQDGRWURSKV��7KHVH�VWXGLHV�VKRXOG�H[DPLQH�SUROLIHUDWLRQ�

DQG�PDLQWHQDQFH�RI�JRQDGRWURSKV��DOWHUDWLRQV�LQ�7)V�UHJXODWLQJ�JRQDGRWURSKV��OLNH�15�$��DQG�

)2;/���FKDQJHV�LQ�KRUPRQH�UHFHSWRUV�RQ�JRQDGRWURSKV��DQG�VLJQDOLQJ�SDWKZD\V�UHJXODWLQJ�WKH�

H[SUHVVLRQ�RI�JRQDGRWURSLQV�OLNH�DFWLYLQV�DQG�LQKLELQV��  

 

Effects of developmental EDC exposure on lactotrophs 

/LNH�JRQDGDWURSKV��ODFWRWURSKV�DUH�DQRWKHU�FRPPRQ�WDUJHW�RI�GHYHORSPHQWDO�('&�H[SRVXUH�

WKDW� LV� UHODWHG� WR� GLVUXSWLRQV� LQ� UHSURGXFWLYH� IXQFWLRQV�� HVSHFLDOO\� ODFWDWLRQ��&KDQJHV� LQ� VHUXP�

SURODFWLQ��35/��OHYHOV��SLWXLWDU\�3UO�P51$�OHYHOV��DQG�ODFWRWURSK�QXPEHUV�DUH�UHSRUWHG�WR�RFFXU�

ZLWK�('&�H[SRVXUH��  

6WXGLHV�LQ�URGHQWV�UHYHDOHG�SUHQDWDO�H[SRVXUH�WR�KH[DYDOHQW�FKURPLXP�����������SSP��DQG�

K\GUDXOLF�IUDFWXULQJ�FKHPLFDOV��82*�PL[WXUH�DW������������������ȝJ�NJ�GD\��GHFUHDVHG�VHUXP�35/�



 

 �� 

OHYHOV�LQ�PDOHV�DW�3����6KREDQD�HW�DO��������DQG�IHPDOHV�DW�3����.DVVRWLV�HW�DO���������UHVSHFWLYHO\��

2WKHU�('&V�FDXVHG� WKH�RSSRVLWH�HIIHFW�RQ�35/�OHYHOV� LQ�PXOWLSOH�DQLPDO�VSHFLHV��SUHQDWDO�DQG�

ODFWDWLRQDO�H[SRVXUH�WR�JO\SKRVDWH�EDVHG�KHUELFLGH������PJ�NJ�GD\��LQFUHDVHG�35/�OHYHOV�LQ�DGXOW�

PDOH�UDWV��*RPH]�HW�DO���������$V�IRU�IHPDOHV��H[SRVXUH�WR�'(+3�������PJ�NJ��IURP�3���WR�3���

LQFUHDVHG�35/�OHYHOV�LQ�TXDLOV��/L�HW�DO���������%3$�DQG�SKWKDODWHV�DUH�WKH�PRVW�ZHOO�VWXGLHG�('&V�

LQ�WHUPV�RI�ODFWRWURSK�IXQFWLRQ�GLVUXSWLRQV��,Q�UDWV��SUHQDWDO�H[SRVXUH�WR�%3$������ȝJ�NJ��LQFUHDVHG�

35/�OHYHOV�LQ�PDOHV�DW�3����5DPRV�HW�DO���������DQG�VLPLODU�HIIHFWV�RI�%3$����������SSP�RU������

����PJ�NJ�GD\��ZHUH�REVHUYHG�LQ�PLFH�DQG�IHPDOH�UDWV�ZLWK�D�ORQJHU�H[SRVXUH�WLPH��SUHQDWDO�DQG�

SRVWQDWDO�H[SRVXUH���.HQGLJ�HW�DO��������'HOFORV�HW�DO���������5HVHDUFKHUV�KDYH�DOVR�LQYHVWLJDWHG�

WKH�HIIHFWV�RI�H[SRVXUH�WR�PL[WXUHV�RI�('&V��3UHQDWDO�DQG�SHULQDWDO�H[SRVXUH�WR�DQ�DQWL�DQGURJHQLF�

PL[��$$PL[�����FRQWDLQLQJ�GLIIHUHQW�W\SHV�RI�SKWKDODWHV�DQG�SHVWLFLGHV�GHFUHDVHG�35/�OHYHOV�LQ�

IHPDOH�UDWV�DW�3����-RKDQVVRQ�HW�DO���������  

3UHQDWDO�H[SRVXUH�WR�('&V�DOVR�FKDQJHG�WKH�SRSXODWLRQ�DQG�SURSHUWLHV�RI�ODFWRWURSKV�LQ�UDWV��

/DWH�HPEU\RQLF�DQG�ODFWDWLRQDO�H[SRVXUH�WR�'%3��������SSP��GHFUHDVHG�WKH�QXPEHU�RI�ODFWRWURSKV�

LQ�ERWK�PDOHV�DQG�IHPDOHV�DW�3����/HH�HW�DO���������,QWHUHVWLQJO\��SUHQDWDO�DQG�ODFWDWLRQDO�H[SRVXUH�

WR�'(+3������ȝJ�NJ�GD\��LQFUHDVHG�WKH�ODFWRWURSK�SRSXODWLRQ�LQ�DGXOW�IHPDOHV�DW�3����3pUH]�HW�DO��

�������7KH�UHDVRQ�IRU�WKLV�RSSRVLWH�HIIHFW�RQ�ODFWRWURSK�SRSXODWLRQ�FDXVHG�E\�GLIIHUHQW�W\SHV�RI�

SKWKDODWHV�LV�XQNQRZQ�DQG�SRVVLEOH�H[SODQDWLRQV�LQFOXGH�GLIIHUHQFHV�LQ�SKWKDODWHV��'%3�YV��'(+3���

GLIIHUHQW�GRVDJHV� �������SSP�YV������ȝJ�NJ�GD\��� YDULRXV�GHYHORSPHQWDO�VWDJHV� DW� WKH� WLPH�RI�

LQVSHFWLRQ��3���YV��3����DQG�GLIIHUHQW�H[SRVXUH�ZLQGRZV��H�����3���YV��H����3�����/DWH�HPEU\RQLF�

DQG� SHULQDWDO� H[SRVXUH� WR� 0;&� ������ SSP�� FDXVHG� PRUH� FRPSOLFDWHG� HIIHFWV� RQ� ODFWRWURSK�

SRSXODWLRQV�EHWZHHQ�GLIIHUHQW�VH[HV�DW�GLIIHUHQW�DJHV��0;&�H[SRVXUH�GHFUHDVHG� ODFWRWURSK�FHOO�

QXPEHU�DW�31:��LQ�PDOHV�EXW�LQFUHDVHG�ODFWRWURSK�FHOO�QXPEHU�DW�31:���LQ�IHPDOHV��0DVXWRPL�

HW�DO���������,Q�DGGLWLRQ�WR�LQFUHDVLQJ�ODFWRWURSK�QXPEHU��'(+3������ȝJ�NJ�GD\��H[SRVXUH�DIIHFWHG�

WKH�SURSHUWLHV�RI�ODFWRWURSKV�DV�GHFUHDVHG�SURSRUWLRQV�RI�(5Į��DQG�(5ȕ��SRVLWLYH�ODFWRWURSKV�ZHUH�

IRXQG�LQ�DGXOW�IHPDOHV��3pUH]�HW�DO���������  



 

 �� 

$V�WKH�PRVW�ZHOO�VWXGLHG�('&V��%3$�DQG�SKWKDODWHV�JHQHUDOO\�LQFUHDVH�35/�OHYHOV�DQG�RU�WKH�

ODFWRWURSK�SRSXODWLRQ� LQ�GHYHORSPHQWDOO\� H[SRVHG� DQLPDOV��7KHVH� FRQVLVWHQW� RXWFRPHV�PD\�EH�

H[SODLQHG�E\�WKHLU�HVWURJHQ�OLNH�SURSHUWLHV��DV�HVWUDGLRO�LV�NQRZQ�WR�EH�DEOH�WR�LQGXFH�ODFWRWURSK�

SUROLIHUDWLRQ�DQG�35/�VHFUHWLRQ��=iUDWH�DQG�6HLOLFRYLFK��������+RZHYHU��WKH�PHFKDQLVPV�IRU�WKH�

LQGXFWLRQ�DUH�VWLOO�XQFOHDU��6LQFH�35/�VHFUHWLRQ�IURP�ODFWRWURSKV�LV�JHQHUDOO\�LQKLELWHG�E\�GRSDPLQH�

VHFUHWHG�IURP�WKH�K\SRWKDODPXV��'RERO\L�HW�DO���������LW�LV�SRVVLEOH�WKDW�FKDQJHV�LQ�ODFWRWURSKV¶�

UHVSRQVH�WR�GRSDPLQH��VXFK�DV�FKDQJHV�LQ�GRSDPLQH�UHFHSWRU�H[SUHVVLRQ�DQG�GRZQVWUHDP�VLJQDOLQJ�

FDVFDGHV�� FDXVHG� E\� ('&� H[SRVXUH� FRXOG� EH� SDUW� RI� WKH� PHFKDQLVP�� 7KH� GRZQUHJXODWLRQ� RI�

HVWURJHQ� UHFHSWRUV� E\�'(+3� LQ� ODFWRWURSKV� �3pUH]� HW� DO�� ������ DOVR� LQGLFDWHV� WKDW�'(+3�PD\�

LQWHUIHUH�ZLWK�HVWURJHQ�VLJQDOLQJ�SDWKZD\V��DQG�IXWXUH�VWXGLHV�DUH�QHHGHG�IRU�XQGHUVWDQGLQJ�WKH�

GHWDLOHG� PHFKDQLVPV�� *LYHQ� WKH� LPSRUWDQW� UROH� ODFWRWURSKV� SOD\� LQ� UHJXODWLQJ� UHSURGXFWLYH�

IXQFWLRQV�� PRUH� UHVHDUFK� LV� QHHGHG� WR� EHWWHU� XQGHUVWDQG� WKH� PHFKDQLVPV� RI� GLUHFW� LPSDFWV� RI�

GHYHORSPHQWDO�('&�H[SRVXUH�RQ�ODFWRWURSKV��6SHFLILFDOO\��VLQFH�WKH�GHYHORSPHQW�RI�ODFWRWURSKV�LV�

VH[�GHSHQGHQW�DQG�WKH\¶YH�EHHQ�NQRZQ�WR�EH�VHQVLWLYH�WR�HVWURJHQ�DQG�DQGURJHQ�UHJXODWLRQ��,VKLGD�

HW�DO��������2¶+DUD�HW� DO��������� IXWXUH�VWXGLHV�VKRXOG�DOVR�FRQVLGHU� WKH�('&V¶� LPSDFWV�RQ�VH[�

VWHURLG�KRUPRQH�OHYHOV�DQG�UHFHSWRU�VLJQDOLQJ�LQ�UHODWLRQ�WR�ODFWRWURSK�GHYHORSPHQW�DQG�IXQFWLRQV�

LQ�GLIIHUHQW�VH[HV��$QRWKHU�FKDUDFWHULVWLF�DERXW�ODFWRWURSKV�LV�WKH�IDFW�WKDW�SURODFWLQRPDV�DUH�WKH�

PRVW�SUHYDOHQW�IRUP�RI�SLWXLWDU\�DGHQRPD��3HNLF�HW�DO���������&RQVLGHULQJ�WKH�FRQVWDQW�H[SRVXUH�

WR�('&V�LQ�KXPDQ�OLYHV��WKH�TXHVWLRQ�DV�WR�ZKHWKHU�WKHUH¶V�DQ�DVVRFLDWLRQ�EHWZHHQ�GHYHORSPHQWDO�

('&� H[SRVXUH� DQG� SURODFWLQRPD� IRUPDWLRQ� LV� ZRUWK� LQYHVWLJDWLRQ�� 6SHFLILFDOO\�� IXWXUH� VWXGLHV�

PLJKW� H[DPLQH� WKH� FRUUHODWLRQ� EHWZHHQ� ('&� OHYHOV� DQG� SURODFWLQRPD� FDVHV�� DQG� WKH� SRVVLEOH�

LPSDFWV�RI�GHYHORSPHQWDO�('&�H[SRVXUH�RQ�ODFWRWURSK�SUROLIHUDWLRQ�ERWK�DFXWHO\�DQG�ODWHU�LQ�OLIH�

LQ�UHVSRQVH�WR�DGGLWLRQDO�HQYLURQPHQWDO�H[SRVXUHV�� �  

 

Effects of developmental EDC exposure on thyrotrophs 

%HFDXVH�RI� WKH� UHTXLUHPHQW� IRU� FRQJHQLWDO�K\SRWK\URLGLVP�VFUHHQLQJ� LQ�QHZERUQV�VWDUWLQJ�



 

 �� 

IURP�PLG�����V��WKHUH�KDYH�EHHQ�H[WHQVLYH�KXPDQ�VWXGLHV�LQYHVWLJDWLQJ�WKH�FRUUHODWLRQ�EHWZHHQ�

PDWHUQDO�H[SRVXUH�WR�('&V�DQG�WKH�QHZERUQ¶V�WK\URLG�IXQFWLRQ��3LWXLWDU\�SURGXFHG�76+�OHYHOV�DUH�

PHDVXUHG�DV�D� UHIOHFWLRQ�RI� WKH� IXQFWLRQ�RI� WKH�K\SRWKDODPLF�SLWXLWDU\�WK\URLG� �+37��D[LV��$Q\�

LPSDFW�RI�('&V�RQ�WK\URWURSK�KRUPRQH�SURGXFWLRQ�RU�IHHGEDFN�UHJXODWLRQ�ZRXOG�QHJDWLYHO\�DIIHFW�

WKLV�FULWLFDO�GHYHORSPHQWDO�D[LV��0XOWLSOH�VWXGLHV�KDYH�VKRZQ�DOWHUDWLRQV�LQ�QHZERUQ¶V�76+�OHYHOV�

DVVRFLDWHG�ZLWK�H[SRVXUH�WR�GLIIHUHQW�W\SHV�RI�('&V��6XQ�HW�DO���������  

,Q�DGGLWLRQ�WR�KXPDQ�VWXGLHV�ORRNLQJ�DW�FRUUHODWLRQV�EHWZHHQ�SUHQDWDO�('&�H[SRVXUH�DQG�76+�

OHYHOV��GRVLQJ�H[SHULPHQWV�XVLQJ�URGHQWV�KDYH�UHYHDOHG�PRUH�GLUHFW�UHODWLRQVKLSV�EHWZHHQ�('&�

H[SRVXUH� DQG� WK\URWURSK� IXQFWLRQV�� 3UHQDWDO� H[SRVXUH� WR� K\GUDXOLF� IUDFWXULQJ� FKHPLFDOV� �82*�

PL[WXUH�DW�����ȝJ�NJ�GD\��LQ�PLFH�FDXVHG�HOHYDWHG�76+�OHYHOV�LQ�DGXOWKRRG��.DVVRWLV�HW�DO���������

3HULQDWDO�H[SRVXUH�WR�JO\FRSKRVSKDWH�EDVHG�KHUELFLGH��������PJ�NJ�GD\��GHFUHDVHG�76+�OHYHOV�DW�

3��� �GH�6RX]D� HW� DO�� �������'L�Q�KH[\O� SKWKDODWH� �'Q+3�� DQG�GLF\FORKH[\O� SKWKDODWH� �'&+3��

FRXOG�DOVR�KDYH�ORQJ�WHUP�HIIHFWV�RQ�ERWK�VH[HV�LQ�UDWV�DIWHU�SUHQDWDO�H[SRVXUH��EXW�WKHLU�HIIHFWV�DUH�

GRVH�GHSHQGHQW��'Q+3������PJ�NJ�GD\��GHFUHDVHG�76+�OHYHOV�ZKLOH�'&+3�LQFUHDVHG�76+�OHYHOV�

DW�D�ORZHU�GRVDJH����������PJ�NJ�GD\��DQG�LQFUHDVHG�76+�OHYHOV�DW�D�KLJKHU�GRVDJH������PJ�NJ�GD\��

�*RNWHNLQ� DQG� %DUODV� ������� 6LPLODU� SHULRGV� RI� H[SRVXUH� WR� 3&%����� ����� ��� ȝJ�NJ�� FDXVHG�

HOHYDWHG�IHWDO�76+�OHYHOV�DW�H����5�*��$KPHG�HW�DO���������)RU�ORQJHU�H[SRVXUH�SHULRGV��SUHQDWDO�

DQG�ODFWDWLRQDO�H[SRVXUH�WR�'(+3���������������PJ�NJ�GD\��DQG�SURS\OWKLRXUDFLO��378����SSP��

FDXVH�HOHYDWHG�76+�OHYHOV�LQ�SUHSXEHUWDO�RIIVSULQJ��%DQVDO�DQG�=RHOOHU�������'RQJ�HW�DO���������

7KH�HIIHFWV�RI�%3$�H[SRVXUH�RQ�WK\URWURSKV�DUH�PRUH�FRPSOLFDWHG�GHSHQGLQJ�RQ�GLIIHUHQW�H[SRVXUH�

ZLQGRZ��VH[�DQG�WLPHSRLQW�RI�LQVSHFWLRQ��3UHQDWDO�H[SRVXUH�WR�%3$�FDXVHG�PDOHV�WR�KDYH�GHFUHDVHG�

76+�DW�3��������PJ�NJ�GD\��DQG�IHPDOHV� WR�KDYH�LQFUHDVHG�76+�DW�3�������������PJ�NJ�GD\��

�'HOFORV�HW�DO���������KRZHYHU��RWKHU�VWXGLHV�VKRZHG�LQFUHDVHG�76+�LQ�\RXQJ�RIIVSULQJ�FDXVHG�E\�

SUHQDWDO�DQG�RU�ODFWDWLRQDO�%3$�H[SRVXUH��5��$KPHG�HW�DO��������0DKPRXGL�HW�DO���������  

2YHUDOO�� DOWKRXJK� WKHUH� KDV� EHHQ� H[WHQVLYH� UHVHDUFK� ORRNLQJ� DW� 76+� OHYHOV� LQ� UHODWLRQ� WR�

GHYHORSPHQWDO�('&�H[SRVXUH��,Q�PRVW�FDVHV��D�PHFKDQLVP�RI�DFWLRQ�IRU�DOWHUHG�76+�OHYHOV�ZDV�
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QRW� VWXGLHG�� +\SRWKHVHV� LQFOXGH� LQWHUIHUHQFH� ZLWK� WK\URLG� IXQFWLRQ� DQG� WK\URLG� KRUPRQH�

SURGXFWLRQ��7KLV�FRXOG�OHDG�WR�IHHGEDFN�OHYHO�DOWHUDWLRQV�RI�75+�IURP�WKH�K\SRWKDODPXV�DQG�76+�

IURP�WKH�SLWXLWDU\��DORQJ�ZLWK�WK\URLG�KRUPRQH�UHFHSWRU�VLJQDOLQJ�LQWHUIHUHQFH��6WXGLHV�KDYH�VKRZQ�

WKDW� WK\URWURSK�GHYHORSPHQW�DQG�SUROLIHUDWLRQ�FDQ�EH� UHJXODWHG�E\� WK\URLG�KRUPRQH��75+��DQG�

HVWURJHQV� �0DODJXWL� HW� DO�� ������ 7RQ\XVKNLQD� HW� DO�� ������� ZKLFK� FDQ� DOO� EH� LPSDFWHG� E\�

GHYHORSPHQWDO�('&�H[SRVXUH��)XWXUH�VWXGLHV�FRXOG�IRFXV�RQ�XQGHUVWDQGLQJ�WKH�LPSDFWV�RI�('&V�

RQ� WK\URWURSKV�E\�GLVFRYHULQJ� WKH�PHFKDQLVPV�E\�ZKLFK�KRUPRQH� VLJQDOV� LQ� WKLV� SDWKZD\� DUH�

LPSDFWHG� E\�('&� H[SRVXUH�� ,Q� DGGLWLRQ�� XQFRYHULQJ� WKH� GLUHFW� GHYHORSPHQWDO� LPSDFW� RI� ('&�

H[SRVXUH�RQ�FRPSRQHQWV�RI�WKH�+37�D[LV�DW�GLIIHUHQW�H[SRVXUH�OHYHOV�PD\�\LHOG�PRUH�FRQVLVWHQW�

UHVXOWV�DQG�DOORZ�PHFKDQLVPV�WR�EH�LQIHUUHG�PRUH�UHDGLO\� 

 

Effects of developmental EDC exposure on somatotrophs 

,QWHUHVWLQJO\��FRPSDUHG�WR�WKH�FRPSOLFDWHG�HIIHFWV�RI�GLIIHUHQW�('&V�RQ�RWKHU�SLWXLWDU\�FHOO�

W\SHV�� FXUUHQW� VWXGLHV� UHYHDOLQJ� WKH� FRQVHTXHQFHV� RI� GHYHORSPHQWDO� H[SRVXUH� WR� ('&V� RQ�

VRPDWRWURSKV�DUH�VRPHZKDW�FRQVLVWHQW��0RVW�GHYHORSPHQWDO�('&�H[SRVXUHV�FDXVHG�D�GHFUHDVH�LQ�

*+� OHYHOV� LQ� DQLPDOV� UHJDUGOHVV� RI� GLIIHUHQW� H[SRVXUH�ZLQGRZ� �SUHQDWDO� RU� SRVWQDWDO��� YDULRXV�

WLPHSRLQWV� RI� LQVSHFWLRQ� �HPEU\RQLF�� SUH�SXEHUWDO�� DQG� DGXOW�� DQG� VH[�GLIIHUHQFHV��([SRVXUH� WR�

ERWK�3&%�������������ȝJ�NJ��DQG�GH[DPHWKDVRQH��'(;$������PJ�NJ��VWDUWLQJ�IURP�H��GHFUHDVHG�

UDW� IHWDO�*+� OHYHOV� DW� H��� �$KPHG� ������5�*��$KPHG� HW� DO�� �������$V� IRU� D� VOLJKWO\� GLIIHUHQW�

H[SRVXUH�ZLQGRZ��SUHQDWDO�DQG�ODFWDWLRQDO�H[SRVXUH�WR�VRGLXP�YDOSURDWH�����PJ�NJ��DOVR�GHFUHDVHG�

*+�OHYHOV�LQ�SUHSXEHUWDO�UDWV�DW�3���DQG�3����$�*�HW�DO���������2QH�GRVH�H[SRVXUH�WR�7&''�������

±����ȝJ�NJ��DQG�����������SHQWDFKORURGLEHQ]RIXUDQ��3Q&')���������ȝJ�NJ��DW�H���DOVR�GHFUHDVHG�

*+�OHYHOV��DV�ZHOO�DV�*K�P51$�OHYHOV��LQ�ERWK�IHWDO��H����DQG�SHUL�DGROHVFHQW��31:���UDWV��7DXUD�

HW�DO���������$V�IRU�ORQJ�WHUP�HIIHFWV�����GD\�H[SRVXUH�WR�IXUDQ���������PJ�NJ�GD\��IURP�3��WR�3���

GHFUHDVHG�*+�OHYHOV�LQ�DGXOW�PDOH�UDWV��5HKPDQ�HW�DO���������  
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$OWKRXJK�PRVW� ('&V� FDXVHG� D� GHFUHDVH� LQ�*+� OHYHOV�� VRPH� RWKHU� ('&V� FRXOG� KDYH� WKH�

RSSRVLWH�RU�PRUH�FRPSOLFDWHG�HIIHFWV�LQ�WHUPV�RI�VRPDWRWURSK�IXQFWLRQV��3UHQDWDO�H[SRVXUH�WR�D�

K\GUDXOLF� IUDFWXULQJ� FKHPLFDO� �82*� PL[WXUH� DW� ���� ȝJ�NJ�GD\�� FDXVHG� IHPDOH� UDWV� WR� KDYH�

LQFUHDVHG�*+�OHYHOV�GXULQJ�DGXOWKRRG��.DVVRWLV�HW�DO���������)XUWKHUPRUH��*+�OHYHOV�RI�GLIIHUHQW�

VH[HV�VHHP�WR�UHVSRQG�WR�%3$�H[SRVXUH�GLIIHUHQWO\��HDUO\�OLIH�SRVWQDWDO�H[SRVXUH�LQ�PDOH�UDWV������

���ȝJ�NJ��FDXVH�D�GHFUHDVH�LQ�*+�OHYHOV��5��$KPHG�HW�DO���������ZKLOH�DQ�LQFUHDVH�ZDV�VHHQ�LQ�

IHPDOHV� ����������� ������PJ�NJ�� �5DPLUH]� HW� DO�� �������+RZHYHU�� WKH�RSSRVLWH� HIIHFW� REVHUYHG�

IURP�WKHVH�WZR�VWXGLHV�FRXOG�DOVR�EH�GXH�WR�D�GLIIHUHQW�H[SRVXUH�ZLQGRZ��3��3���YV��3���3����

GLIIHUHQW� GRVDJHV�� DV� ZHOO� DV� GLIIHUHQW� WLPHSRLQWV� RI� LQVSHFWLRQ�� 3��� �LPPHGLDWHO\� DIWHU� WKH�

H[SRVXUH�� YV�� �� PRQWKV� �ORQJ�WHUP� HIIHFWV��� 2WKHU� WKDQ� FKDQJHV� LQ� *+� OHYHOV�� SUHQDWDO� DQG�

ODFWDWLRQDO�H[SRVXUH�'(+3����������Q0��ZDV�IRXQG�WR�DOWHU�VRPH�SURSHUWLHV�RI�VRPDWRWURSKV��WKH�

SURSRUWLRQ�RI�(5Į��DQG�(5ȕ��SRVLWLYH�VRPDWRWURSKV�ZDV�GHFUHDVHG�LQ�DGXOW�IHPDOH�UDWV��3pUH]�HW�

DO���������  

,Q�VXP��PDQ\�LPSDFW�RI�GHYHORSPHQWDO�('&�H[SRVXUH�RQ�*+�OHYHOV�LV�UHODWLYHO\�FRQVLVWHQW���

PRVW� VWXGLHV� UHSRUWHG� GHFUHDVHG�*+� OHYHOV� UHJDUGOHVV� RI� WKH� W\SHV� RI� ('&V� DQG� H[SHULPHQWDO�

FRQGLWLRQV��6LQFH�*+�LV�FUXFLDO�IRU�PXOWLSOH�SK\VLRORJLFDO�V\VWHPV�LQ�WKH�ERG\��HVSHFLDOO\�GXULQJ�

GHYHORSPHQW�� XQGHUVWDQGLQJ� WKH� UROH� RI� GHYHORSPHQWDO� ('&� H[SRVXUH� LQ� DVVRFLDWLRQ� ZLWK�

FRQGLWLRQV�UHODWHG�WR�*+�GHILFLHQF\�LV�LQ�GLUH�QHHG��7DNH�JURZWK�KRUPRQH�GHILFLHQF\��*+'��RU�

FRPELQHG�SLWXLWDU\�KRUPRQH�GHILFLHQF\��&3+'��DV�H[DPSOHV��PRVW�VWXGLHV�IRFXVHG�RQ�JHQHWLF�RU�

WUDXPD�LQGXFHG�FDXVHV�RI�WKHVH�FRQGLWLRQV�ZKLOH�YHU\�IHZ�RI�WKHP�ORRNHG�DW�WKHLU�UHODWLRQVKLSV�WR�

('&�H[SRVXUH��VSHFLILFDOO\�GXULQJ�GHYHORSPHQW�ZKHQ�VRPDWRWURSKV�DUH�QRW�IXOO\�HVWDEOLVKHG�DQG�

SRVVLEO\� VHQVLWLYH� WR� GLVUXSWLRQV�� )XUWKHUPRUH�� WKH� SUROLIHUDWLRQ� DQG� GLIIHUHQWLDWLRQ� RI�

VRPDWRWURSKV�FDQ�EH�PHGLDWHG�E\�KRUPRQHV�LQFOXGLQJ�*+5+��WK\URLG�KRUPRQH��JOXFRFRUWLFRLGV��

DQG�UHWLQRLF�DFLG��(OOVZRUWK�DQG�6WDOOLQJV��������DOO�RI�ZKLFK�FRXOG�SRWHQWLDOO\�EH�GLVWXUEHG�E\�

GHYHORSPHQWDO�('&�H[SRVXUH��2QH�GLUHFWLRQ� IRU� IXWXUH�VWXGLHV�FRXOG�EH� H[DPLQLQJ� LPSDFWV�RI�

GHYHORSPHQWDO�('&�H[SRVXUH�RQ�VLJQDOLQJ�SDWKZD\V�UHJXODWHG�E\�WKRVH�KRUPRQHV�DW�VRPDWRWURSKV��  
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Effects of developmental EDC exposure on corticotrophs 

7KH� HIIHFWV� RI� GHYHORSPHQWDO� ('&� H[SRVXUH� RQ� FRUWLFRWURSKV� KDYH� EHHQ� HYDOXDWHG� E\�

TXDQWLI\LQJ� VHUXP� $&7+� OHYHOV� RU� PHDVXULQJ� SLWXLWDU\� 3RPF� P51$� OHYHOV�� +RZHYHU�� WKH�

UHODWLRQVKLS� EHWZHHQ� GHYHORSPHQWDO� ('&� H[SRVXUH� DQG� FRUWLFRWURSK� IXQFWLRQV� LV� OHVV� VWXGLHG�

FRPSDUHG�WR�RWKHU�FHOO�W\SHV��3UHQDWDO�DQG�ODFWDWLRQDO�H[SRVXUH�WR�VRGLXP�YDOSURDWH�����PJ�NJ��

FDXVHG�DQ�LQFUHDVH�LQ�$&7+�OHYHOV�LQ�SUHSXEHUWDO�UDWV�DW�WKH�DJHV�RI�3���DQG�3����$�*�HW�DO���������

([SRVXUH�WR�QRQ\OSKHQRO����ȝJ�P/�LQ�GULQNLQJ�ZDWHU��GXULQJ�D�VLPLODU�H[SRVXUH�ZLQGRZ�FDXVHG�D�

ORQJ�WHUP�LQFUHDVH�LQ�$&7+�OHYHOV�LQ�DGXOW�PDOH�UDWV��&KDQJ�HW�DO���������%HVLGHV��D�VKRUWHU�SHULRG�

RI�H[SRVXUH��H���WR�3���WR�%3$����ȝJ�NJ��DOVR�FDXVHG�LQFUHDVHV�LQ�$&7+�OHYHOV�LQ�DGXOW�PDOH�UDWV�

DV� ZHOO� �&KHQ� HW� DO�� ������� ,QWHUHVWLQJO\�� D� ��GD\� SRVWQDWDO� H[SRVXUH� �3�� WR� 3��� WR� %3$� �����

ȝJ�NJ�GD\��FDXVHG�D�GHFUHDVH�LQ�SLWXLWDU\�3RPF�P51$�OHYHO�LQ�PLFH�DW�3���(FNVWUXP�HW�DO���������

ZKLFK� LV� FRQWUDGLFWRU\� WR� SUHYLRXV� ILQGLQJV� GHVFULELQJ� WKH� FKDQJH� RI�$&7+� OHYHO� LQ� DGXOWV��

+RZHYHU��VLQFH�$&7+�LV�WKH�SURGXFW�XQGHUJRLQJ�SRVW�WUDQVODWLRQDO�PRGLILFDWLRQ�IURP�320&��WKH�

SRVVLELOLW\�RI�('&�H[SRVXUH�LQWHUIHULQJ�ZLWK�LQWHUPHGLDWH�SURFHVVHV�WKDW�FDXVHG�GLIIHUHQW�FKDQJHV�

LQ�$&7+�DQG�3RPF�VWLOO�QHHGV�IXUWKHU�LQYHVWLJDWLRQ��  

*LYHQ� WKH� OLPLWHG� QXPEHU� RI� VWXGLHV� LQYHVWLJDWLQJ� WKH� LPSDFWV� RI� GHYHORSPHQWDO� ('&�

H[SRVXUH�RQ�FRUWLFRWURSKV��OLWWOH�LV�NQRZQ�DERXW�WKH�PHFKDQLVPV�RI�KRZ�('&V�LPSDFW�FRUWLFRWURSK�

GHYHORSPHQW��+RZHYHU��LW¶V�DQ�LPSRUWDQW�DUHD�IRU�UHVHDUFK�VLQFH�VWXGLHV�KDYH�VKRZQ�WKH�DVVRFLDWLRQ�

EHWZHHQ�GHYHORSPHQWDO�('&�H[SRVXUH�DQG�FKDQJHV�LQ�VWUHVV�UHVSRQVH��.LWUDNL�HW�DO��������*RUH�

HW�DO���������ZKLFK�FRXOG�EH�UHODWHG�WR�RUJDQL]DWLRQDO�K\SRWKDODPLF�SLWXLWDU\�DGUHQDO�D[LV�HIIHFWV��

&KDQJHV� LQ� 7)V� H[SUHVVLRQ�� VSHFLILFDOO\� 3LW[�� DQG� 7E[��� WKDW� UHJXODWH� WKH� GLIIHUHQWLDWLRQ� RI�

FRUWLFRWURSKV��DOWHUDWLRQV�LQ�FRUWLFRWURSKV¶�UHVSRQVH�WR�&5+�DQG�FRUWLVRO��DQG�UHJXODWLRQ�RI�&5+�

UHFHSWRU�DQG�JOXFRFRUWLFRLG�UHFHSWRU�H[SUHVVLRQ�LQ�UHVSRQVH�WR�GHYHORSPHQWDO�('&�H[SRVXUH�FRXOG�

EH�GLUHFWLRQV�IRU�IXWXUH�VWXG\��  
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Effects of developmental EDC exposure on stem cells/progenitor cells 

8QOLNH� KRUPRQH�SURGXFLQJ� FHOOV� LQ� WKH� DQWHULRU� SLWXLWDU\�� WKH� LPSDFWV� RI� GHYHORSPHQWDO�

H[SRVXUH�WR�('&V�RQ�SLWXLWDU\�VWHP�SURJHQLWRU�FHOOV�DUH�TXLWH�XQGHUVWXGLHG��6R�IDU��RQO\�RQH�SDSHU�

IRFXVHG� RQ� UHYHDOLQJ� KRZ� GHYHORSPHQWDO� H[SRVXUH� WR� %3$� ������ ��� ȝJ�NJ�GD\�� FRXOG� DIIHFW�

SLWXLWDU\�VWHP�SURJHQLWRU�FHOO�SURSHUWLHV��3UHQDWDO�H[SRVXUH�WR�%3$�IURP�H�����WR�H�����LQFUHDVHG�

SUROLIHUDWLRQ�LQ�ZKDW�DSSHDUHG�WR�EH�WKH�VWHP�FHOO�SRSXODWLRQ�VXUURXQGLQJ�WKH�FOHIW�ZKLOH�LQFUHDVLQJ�

JRQDGRWURSK�QXPEHU�RQO\�LQ�IHPDOH�RIIVSULQJ��7KLV�ILQGLQJ�LQGLFDWHV�WKDW�GHYHORSPHQWDO�H[SRVXUH�

WR�%3$�LQ�PLFH�FRXOG�LQIOXHQFH�UHSURGXFWLYH�IXQFWLRQV�E\�DIIHFWLQJ�SLWXLWDU\�VWHP�FHOO�SUROLIHUDWLRQ�

DQG�GLIIHUHQWLDWLRQ� LQWR�JRQDGRWURSKV��ZKLFK� FRXOG� EH� IROORZHG�E\� DOWHUHG�JRQDGRWURSLQ� OHYHOV�

�%UDQQLFN�HW�DO�������� 

6WHP�FHOOV� DUH� WKH� HDUOLHVW� W\SH�RI� FHOOV� DSSHDULQJ� LQ� WKH�SLWXLWDU\�JODQG�� ,W¶V� LPSRUWDQW� WR�

XQGHUVWDQG�WKH�LPSDFWV�RI�GHYHORSPHQWDO�('&�H[SRVXUH�RQ�WKH�SLWXLWDU\�VWHP�SURJHQLWRU�FHOOV�DV�

WKH\�DUH�UHVSRQVLEOH�IRU�IRUPLQJ�WKH�JODQG�DQG�UHJXODWLQJ�WKH�SRSXODWLRQ�VL]H�RI�GLIIHUHQW�FHOO�W\SHV��

7R�XQGHUVWDQG�WKH�GLUHFW�LPSDFWV�RI�('&V�RQ�SLWXLWDU\�VWHP�SURJHQLWRU�FHOOV��IXWXUH�VWXGLHV�FRXOG�

LQYHVWLJDWH�GLIIHUHQW�DVSHFWV�LQFOXGLQJ�WKH�H[SUHVVLRQ�RI�NH\�7)V�UHODWHG�WR�VWHP�FHOOV�PDLQWHQDQFH�

DQG�SUROLIHUDWLRQ�OLNH�6R[���6R[���DQG�1RWFK�VLJQDOLQJ��$GGLWLRQDOO\��WKH�LPSDFWV�RQ�OLQHDJH�GULYLQJ�

7)V�OLNH�7E[����3RX�I��DQG�1U�D��VKRXOG�DOVR�EH�H[SORUHG� 

 

Transgenerational effects of developmental EDC exposure 

,Q�UHFHQW�\HDUV��LQFUHDVLQJ�DPRXQW�RI�VWXGLHV�IRFXVH�RQ�XQGHUVWDQGLQJ�WKH�WUDQVJHQHUDWLRQDO�

HIIHFWV�RI�('&�H[SRVXUH��5LVVPDQ�DQG�$GOL�������YDQ�&DXZHQEHUJK�HW�DO��������0DUWLQL�HW�DO��

�������ZKLFK�DUH�XVXDOO\�FDUULHG�RXW�E\�HSLJHQHWLF�LQKHULWDQFH�IURP�H[SRVHG�LQGLYLGXDOV��)���WR�

VXEVHTXHQW�JHQHUDWLRQV��DQG�WKH�PHFKDQLVPV�LQFOXGH�'1$�PRGLILFDWLRQ��KLVWRQH�PRGLILFDWLRQ�DQG�

QRQ�FRGLQJ�51$V��QF51$V���5LVVPDQ�DQG�$GOL��������7UDQVJHQHUDWLRQDO�HIIHFWV�RQ�UHSURGXFWLYH�

IXQFWLRQV�LV�D�KRW�UHVHDUFK�WRSLF�DQG�PXOWLSOH�VWXGLHV�H[DPLQHG�ERWK�PDOH�DQG�IHPDOH�UHSURGXFWLYH�
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IXQFWLRQ�DOWHUDWLRQV�LQ�WKH�RIIVSULQJ��%UHKP�DQG�)ODZV��������+RZHYHU��YHU\�IHZ�VWXGLHV�ORRNHG�

VSHFLILFDOO\� DW� WUDQVJHQHUDWLRQDO� HIIHFWV� RQ� SLWXLWDU\� IXQFWLRQV�� DQG�ZH� FRXOG� RQO\� ILQG� OLPLWHG�

UHVXOWV�VKRZLQJ�FKDQJHV�LQ�JRQDGRWURSLQ�DQG�*QUKU� OHYHOV��(PEU\RQLF�H[SRVXUH�WR�'(+3������

PJ�NJ�GD\��IURP�H���XQWLO�ELUWK�LQ�WKH�)��JHQHUDWLRQ�FDXVHG�)��IHPDOHV�WR�KDYH�VLJQLILFDQW�LQFUHDVH�

LQ� )6+� DQG� ERUGHUOLQH� LQFUHDVH� LQ� /+� OHYHOV� DW� �� \HDU� RI� DJH� �%UHKP� HW� DO�� �������7ZR�GRVH�

HPEU\RQLF�H[SRVXUH�WR�D�3&%�PL[WXUH��$URFORU������������������PJ�NJ��DW�H���DQG�H���LQ�WKH�)��

JHQHUDWLRQ�FDXVHG�D�GHFUHDVH�LQ�/+�OHYHOV�LQ�)��IHPDOHV�GXULQJ�SURHVWUXV�DW�DJH�RI�3����6WHLQEHUJ�

HW�DO���������)��HPEU\RQLF�H[SRVXUH�WR�7&''������QJ�NJ�GD\��IURP�H��WR�H���FDXVHG�DQ�LQFUHDVH�

LQ� /+� OHYHOV� LQ� )�� IHPDOHV� GXULQJ� HVWUXV� DW� DJH� RI� 3��� �<X� HW� DO�� ������� ([FHSW� IRU� URGHQWV��

WUDQVJHQHUDWLRQDO�HIIHFWV�RI�('&�H[SRVXUH�ZHUH�DOVR�REVHUYHG�LQ�RWKHU�DQLPDO�PRGHOV��,Q�PHGDND�

�2U\]LDV�ODWLSHV���D���GD\�HPEU\RQLF�H[SRVXUH�WR�%3$������ȝJ�/�LQ�ZDWHU��LQ�)��ILVK�FDXVHG�DGXOW�

PDOHV� IURP� )�� JHQHUDWLRQ� WR� KDYH� LQFUHDVHG� *QUKU�� P51$� OHYHO�� DQG� H[SRVXUH� WR� ��Į�

HWKLQ\OHVWUDGLRO��((��FDXVHG�WKHP�WR�KDYH�DQ�LQFUHDVH�LQ�/KE�P51$�OHYHO��7KD\LO�HW�DO���������  

0RVW� WUDQVJHQHUDWLRQDO� ('&�VWXGLHV� KDYH� IRFXVHG� RQ�JRQDGV� DQG�YHU\� IHZ�RI� WKHP� KDYH�

LQYHVWLJDWHG�FKDQJHV�LQ�WKH�SLWXLWDU\�JODQG��7KXV��PRUH�H[SORUDWLRQV�RQ�('&V¶�WUDQVJHQHUDWLRQDO�

HIIHFWV�RQ�WKH�SLWXLWDU\�DUH�LQ�QHHG��HVSHFLDOO\�ZLWK�UHJDUG�WR�LPSRUWDQW�PHFKDQLVWLF�LQVLJKW�VXFK�DV�

HSLJHQHWLF� PRGLILFDWLRQV� LQFOXGLQJ� '1$� PHWK\ODWLRQ� DQG� KLVWRQH� PRGLILFDWLRQV�� 6SHFLILFDOO\��

HSLJHQHWLF�PRGLILFDWLRQV�LQ�WKH�SLWXLWDU\�KDYH�EHHQ�H[WHQVLYHO\�VWXGLHG�IRU�WKHLU�DVVRFLDWLRQ�ZLWK�

YDULRXV�W\SHV�RI�SLWXLWDU\�DGHQRPDV��DQG�WKH�HSLJHQHWLFDOO\�PRGLILHG�JHQHV�LQFOXGH�PXOWLSOH�WXPRU�

VXSSUHVVRU�JHQHV�DQG�LPSULQWHG�JHQHV��3HDVH�HW�DO��������+DXVHU�HW�DO���������+RZHYHU��WKHUH�KDVQ¶W�

EHHQ� DQ\� UHVHDUFK� IRFXVLQJ�RQ�SRVVLEOH� FKDQJHV� LQ� HSLJHQHWLF�PRGLILFDWLRQV� LQ� WKH�SLWXLWDU\� LQ�

UHVSRQVH�WR�GHYHORSPHQWDO�('&�H[SRVXUH��ZKLFK�FRXOG�EH�D�QHZ�SHUVSHFWLYH�IRU�XQGHUVWDQGLQJ�

PHFKDQLVPV�RI�('&V¶�WUDQVJHQHUDWLRQDO�HIIHFWV�RQ�WKH�SLWXLWDU\�JODQG� 
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Thesis aims 

$V�WKH�PDVWHU�JODQG�UHJXODWLQJ�WKH�ERG\¶V�HQGRFULQH�V\VWHP�WKDW�LV�DVVRFLDWHG�ZLWK�PXOWLSOH�

SK\VLRORJLFDO� IXQFWLRQV�� XQGHUVWDQGLQJ� WKH� GHYHORSPHQW� RI� WKH� SLWXLWDU\� JODQG�� LQFOXGLQJ� WKH�

PHFKDQLVPV�WKDW�HVWDEOLVK�WKH�SURSHU�IXQFWLRQLQJ�RI�GLIIHUHQW�FHOO�W\SHV�LQ�WKH�JODQG��LV�FULWLFDO�DV�

GLVUXSWLRQV�GXULQJ�GHYHORSPHQW�FRXOG�UHVXOW�LQ�DEQRUPDO�SLWXLWDU\�IXQFWLRQV�DQG�HYHQWXDOO\�OHDG�

WR�K\SRSLWXLWDULVP�� ,Q� WKLV� VWXG\��ZH� LQYHVWLJDWHG�ERWK� DQ� LQWULQVLF� DQG� DQ� H[WULQVLF� VLJQDO� WKDW�

LPSDFW�SLWXLWDU\�GHYHORSPHQW�DQG�SURSRVHG�QRYHO�PHFKDQLVPV�RI�WKHLU�DFWLRQV� 

,Q�&KDSWHU����ZH�LQYHVWLJDWHG�WKH�PHFKDQLVPV�E\�ZKLFK�127&+�VLJQDOLQJ�UHJXODWHV�SLWXLWDU\�

GHYHORSPHQW�DQG�LWV�GRZQVWUHDP�WDUJHWV��:H� LGHQWLILHG�D�QRYHO�PDUNHU�IRU�SLWXLWDU\�VWHP�FHOOV��

JO\FRSURWHLQ�KRUPRQH�VXEXQLW�DOSKD����*3+$����:H�K\SRWKHVL]HG� WKDW�*3+$��LV�UHJXODWHG�E\�

127&+�VLJQDOLQJ�LQ�WKH�GHYHORSLQJ�SLWXLWDU\��:H�GLVFXVVHG�LWV�SRWHQWLDO�IXQFWLRQV�IRU�NHHSLQJ�WKH�

XQGLIIHUHQWLDWHG�VWDWH�RI�VWHP�FHOOV�DV�ZHOO�DV�DFWLQJ�DV�D�VWHP�FHOO�VHFUHWHG�SDUDFULQH�VLJQDO�WKURXJK�

76+5� VLJQDOLQJ� SDWKZD\� DQG� SRVVLEO\� UHJXODWLQJ� WKH� QHLJKERULQJ� FHOOV� IRU� SRVWQDWDO� SLWXLWDU\�

PDLQWHQDQFH� 

,Q�&KDSWHU� ���ZH� LQYHVWLJDWHG� WKH� V\VWHPLF� DQG�GLUHFW� DFWLRQV�RI� WKH� HQGRFULQH�GLVUXSWLQJ�

FKHPLFDO�'(+3��DQG�LWV�SULPDU\�PHWDEROLWH�0(+3��RQ�WKH�GHYHORSLQJ�SLWXLWDU\��:H�K\SRWKHVL]HG�

WKDW� '(+3�0(+3� FRXOG� LQWHUIHUH� ZLWK� DQGURJHQ� VLJQDOV� WKURXJK� WKH� K\SRWKDODPLF�SLWXLWDU\�

JRQDGDO�D[LV��DQG�DFWLYDWH�$K5�VLJQDOLQJ�SDWKZD\�GLUHFWO\�RQ�WKH�SLWXLWDU\�WR�UHJXODWH�WKH�IXQFWLRQV�

RI�JRQDGRWURSKV��  

&KDSWHU� �� UHSUHVHQWV� DQ� LQLWLDO� FKDUDFWHUL]DWLRQ� RI� WKH� SLWXLWDU\� LPSDFW� RI� GHYHORSPHQWDO�

H[SRVXUH�WR�DQ�HQYLURQPHQWDOO\�UHOHYDQW�SKWKDODWH�PL[WXUH��  

2XU� RYHUDOO� K\SRWKHVLV� IRU� WKLV� SURMHFW� LV� WKDW� GHYHORSPHQW� RI� WKH� SLWXLWDU\� JODQG� FDQ� EH�

UHJXODWHG�DQG�DIIHFWHG�E\�ERWK�LQWULQVLF�DQG�H[WULQVLF�VLJQDOV��DQG�WRJHWKHU�WKH\�DUH�HVVHQWLDO�IRU�

WKH�SURSHU�GHYHORSPHQW�DQG�IXQFWLRQLQJ�RI�WKH�SLWXLWDU\�JODQG� 
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Figure and table 

 

  

)LJXUH�����'HYHORSPHQW�RI�WKH�SLWXLWDU\�JODQG��$��WKH�VFKHPDWLF�GLDJUDPV�RI�WKH�GHYHORSLQJ�SLWXLWDU\�LQ�VDJLWWDO�
VHFWLRQ�IURP�H�����WR�H������'DUN�JUHHQ��WKH�GLHQFHSKDORQ��OLJKW�JUHHQ��WKH�LQIXQGLEXOXP��\HOORZ��WKH�LQWHUPHGLDWH�
OREH��UHG��WKH�SURJHQLWRU�FHOOV�RI�WKH�SUHVXPSWLYH�DQWHULRU�SLWXLWDU\��%��PDMRU�WUDQVFULSWLRQ�IDFWRUV�UHJXODWLQJ�WKH�
SUROLIHUDWLRQ�DQG�GLIIHUHQWLDWLRQ�RI�GLIIHUHQW�FHOO�W\SHV�LQ�DQWHULRU�DQG�LQWHUPHGLDWH�SLWXLWDU\�JODQG� 
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*RQDGRWURSKV 

3DSHU $QLPDO 6H[ ('& 'RVLQJ�SHULRG 'HWHFWLRQ�WLPH 3LWXLWDU\�HIIHFW 

�*UDQGMHDQ�HW�DO������� +XPDQ 0DOH 3&%   ���\HDUV 'HFUHDVHG�/+ 

�.UDXJHUXG�HW�DO������� /DPE )HPDOH 3&% 3UHQDWDO�DQG�ODFWDWLRQ�  3�� ,QFUHDVHG� LQ� *Q5+�LQGXFHG� /+� DQG�
)6+ 

�.DVVRWLV�HW�DO������� 0RXVH )HPDOH +\GUDXOLF�IUDFWXULQJ�
FKHPLFDO H�����ELUWK 3�� 'HFUHDVHG�/+�)6+ 

�<H�HW�DO������� 0RXVH 0DOH 
3\UHWKURLG�
LQVHFWLFLGH�
&\SHUPHWKULQ 

3����3�� 3�� ,QFUHDVHG�/+�)6+�/KE�)VKE 

�3RFDU�HW�DO������� 0RXVH %RWK '(+3 ,Q�XWHUR�DQG�ODFWDWLRQ�  3�� ,QFUHDVHG�/KE�LQ�IHPDOH��LQFUHDVHG�/KE�
DQG�)VKE�LQ�PDOH 

�%UDQQLFN�HW�DO������� 0RXVH )HPDOH %3$ H�������H���� 3� 
,QFUHDVHG� SLW� SUROLIHUDWLRQ�� LQFUHDVHG�
JRQDGRWURSK� FHOO� QXPEHU�� LQFUHDVHG�
/KE��)VKE��*QUKU 

�%HOOLQJKDP�HW�DO������� 2YLQH %RWK 6HZDJH�6OXGJH (PEU\RQLF�  H��� 
'HFUHDVHG� .LVV��� GHFUHDVHG� NLVV��
SRVLWLYH� /+ȕ� DQG� (5Į� H[SUHVVLQJ�
JRQDGRWURSKV 

�/L�HW�DO������� 4XDLO )HPDOH '(+3 ��������GD\�EHIRUH�VH[�
PDWXULW\�  3�� ,QFUHDVHG�/+��GHFUHDVHG�)6+ 

�0DVXWRPL�HW�DO������� 5DW %RWK 0HWKR[\FKORU��
0;& H�����3�� ������ZHHN 

'HFUHDVHG�/+�)6+�FHOOV�LQ�PDOHV��RQO\�
/+� FHOOV� LQ� IHPDOHV� DW�ZN��� LQFUHDVHG�
)6+�FHOOV�LQ�IHPDOHV�DW�ZN�� 

�/HH�HW�DO������� 5DW %RWK '%3 H�����3�� 3����SQZ�� 'HFUHDVHG�)6+�SRVLWLYH�FHOOV��LQFUHDVHG�
/+�SRVLWLYH�FHOOV�LQ�PDOHV�DQG�IHPDOHV 

�&KHQ�HW�DO������� 5DW 0DOH '%3 H���±�H�� 3��� 3��� 3���� 3����
3����3�� 

'HFUHDVHG�/KE�DW�3���3���3����3�� 

,QFUHDVHG�/KE�DW�3����3�� 

�<DPDPRWR�HW�DO������� 5DW 0DOH 3&% H����H�� ������ZHHNV 'HFUHDVHG�/+�DQG�)6+ 
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�6KREDQD�HW�DO������� 5DW 0DOH +H[DYDOHQW�
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�7DNHGD�HW�DO������� 5DW %RWK 7&'' H���RQH�GRVH H���±�3� 'HFUHDVHG�/+��)6+�DQG�/KE��)VKE 

�*iPH]�HW�DO������� 5DW )HPDOH %3$ H����3�� 3�� ,QFUHDVHG�/+ 

�.DUL\D]RQR�HW�DO������� 5DW   7%7 H���RQH�GRVH H�� ,QFUHDVHG�/KE 

�$EGHO�0DNVRXG� HW� DO��
����� 5DW PDOHV %3$���'(+3 H�����H�� 3����3�� ,QFUHDVHG� /+ȕ� )6+ȕ� SURWHLQ� DW� 3����

GHFUHDVHG�DW�3�� 

�+RX�HW�DO������� =HEUDILVK )HPDOH 0LFUR�F\VW�LQ�/5 ����� GD\� SRVW�
IHUWLOL]DWLRQ 3�� ,QFUHDVHG�/KE�)VKE 

 
/DFWRWURSKV 

3DSHU $QLPDO 6H[ ('& 'RVLQJ�SHULRG 'HWHFWLRQ�WLPH 3LWXLWDU\�HIIHFW 

�.DVVRWLV�HW�DO������� 0RXVH )HPDOH +\GUDXOLF�IUDFWXULQJ�
FKHPLFDO H�����ELUWK 3�� 'HFUHDVH�35/ 

�.HQGLJ�HW�DO������� 0RXVH 0DOH %3$ H������3�� 3�� ,QFUHDVH�35/ 

�/L�HW�DO������� 4XDLO )HPDOH '(+3 ������ GD\� EHIRUH� VH[�
PDWXULW\�  3�� ,QFUHDVH�35/ 

�0DVXWRPL�HW�DO������� 5DW %RWK 0HWKR[\FKORU��
0;& H�����3�� ������ZHHN 'HFUHDVH� 35/� FHOOV� LQ� PDOHV� DW� ZN���

LQFUHDVH�35/�FHOOV�LQ�IHPDOHV�DW�ZN�� 

�6KREDQD�HW�DO������� 5DW 0DOH +H[DYDOHQW�
FKURPLXP H�����H�� 3�� 'HFUHDVHG�35/ 

�-RKDQVVRQ�HW�DO������� 5DW )HPDOH $$PL[ H�����H����3�����3�� 3�� 'HFUHDVHG�35/�  

�/HH�HW�DO������� 5DW %RWK '%3 H�����S�� 3�������ZHHN 'HFUHDVHG�35/�SRVLWLYH�FHOOV�PDOHV�DQG�
IHPDOHV�DW�3�� 

�3pUH]�HW�DO������� 5DW )HPDOH '(+3 H������3�� 3����3�� ,QFUHDVH� ODFWRWURSK�� GHFUHDVHG� (5Į�� ȕ�
SRVLWLYH�ODFWRWURSK 
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�*RNWHNLQ�DQG�%DUODV������ 5DW %RWK '+3��'&+3 H����H�� $GXOW 

'HFUHDVH�76+� E\�'+3� LQ� ERWK� VH[HV��
,QFUHDVH� 76+� E\� '&+3� LQ� DW� ORZHU�
FRQFHQWUDWLRQ�� GHFUHDVH�76+� DW� KLJKHU�
FRQFHQWUDWLRQ 

�'RQJ�HW�DO������� 5DW %RWK '(+3 H����3�� 3��3���3�� ,QFUHDVHG�76+ 

�0DKPRXGL�HW�DO������� 5DW %RWK %3$ H����3�� <RXQJ ,QFUHDVHG�76+ 
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�GH�6RX]D�HW�DO������� 5DW 0DOH *O\FRSKRVSEDWH�
EDVHG�KHUELFLGH H�����3� 3�� 'HFUHDVHG�76+�QR�FKDQJH�7VKE�  

 
6RPDWRWURSKV 

3DSHU $QLPDO 6H[ ('& 'RVLQJ�SHULRG 'HWHFWLRQ�WLPH 3LWXLWDU\�HIIHFW 
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%UHKP�(��5DWWDQ�6��*DR�/��)ODZV�-$��������3UHQDWDO�H[SRVXUH�WR�'L���HWK\OKH[\O��SKWKDODWH�

FDXVHV�ORQJ�WHUP�WUDQVJHQHUDWLRQDO�HIIHFWV�RQ�IHPDOH�UHSURGXFWLRQ�LQ�PLFH��(QGRFULQRORJ\��

GRL���������HQ������������ 

&DVWLQHWWL�)��5H\QDXG�5��6DYHDQX�$��-XOOLHQ�1��4XHQWLHQ�0+��5RFKHWWH�&��%DUOLHU�$��(QMDOEHUW�$��

%UXH�7��������0(&+$1,606�,1�(1'2&5,12/2*<��$Q�XSGDWH�LQ�WKH�JHQHWLF�

DHWLRORJLHV�RI�FRPELQHG�SLWXLWDU\�KRUPRQH�GHILFLHQF\��(XU�-�(QGRFULQRO���������5���±

5�����GRL���������(-(���������� �  



 

 �� 

YDQ�&DXZHQEHUJK�2��GL�6HUDILQR�$��7\WJDW�-��6RXEU\�$��������7UDQVJHQHUDWLRQDO�HSLJHQHWLF�

HIIHFWV�IURP�PDOH�H[SRVXUH�WR�HQGRFULQH�GLVUXSWLQJ�FRPSRXQGV��$�V\VWHPDWLF�UHYLHZ�RQ�

UHVHDUFK�LQ�PDPPDOV��&OLQ�(SLJHQHWLFV���������GRL���������V������������������ 

&KDQJ�/�/��:XQ�:�6$��:DQJ�36��������,Q�XWHUR�DQG�QHRQDWH�H[SRVXUH�WR�QRQ\OSKHQRO�GHYHORSV�

K\SHUDGUHQDOLVP�DQG�PHWDEROLF�V\QGURPH�ODWHU�LQ�OLIH��,��)LUVW�JHQHUDWLRQ�UDWV��)����

7R[LFRORJ\�������±�����±����GRL���������M�WR[��������������  

&KHQ�)��=KRX�/��%DL�<��=KRX�5��&KHQ�/��������6H[�GLIIHUHQFHV�LQ�WKH�DGXOW�+3$�D[LV�DQG�

DIIHFWLYH�EHKDYLRUV�DUH�DOWHUHG�E\�SHULQDWDO�H[SRVXUH�WR�D�ORZ�GRVH�RI�ELVSKHQRO�$��%UDLQ�

5HV��������GRL���������M�EUDLQUHV������������� 

&KHQ�;��/L�/��/L�+��*XDQ�+��'RQJ�<��/L�;��:DQJ�4��/LDQ�4��+X�*��*H�56��������3UHQDWDO�

H[SRVXUH�WR�GL�Q�EXW\O�SKWKDODWH�GLVUXSWV�WKH�GHYHORSPHQW�RI�DGXOW�/H\GLJ�FHOOV�LQ�PDOH�UDWV�

GXULQJ�SXEHUW\��7R[LFRORJ\�������GRL���������M�WR[������������� 

&KHXQJ�/��OH�7LVVLHU�3��*ROGVPLWK�6*-��7UHLHU�0��/RYHOO�%DGJH�5��5L]]RWL�.��������127&+�

DFWLYLW\�GLIIHUHQWLDOO\�DIIHFWV�DOWHUQDWLYH�FHOO�IDWH�DFTXLVLWLRQ�DQG�PDLQWHQDQFH��(OLIH�����

GRL���������(/,)(������� 

'DO\�$=��&DPSHU�6$��������3LWXLWDU\�'HYHORSPHQW�DQG�2UJDQRJHQHVLV��7UDQVFULSWLRQ�)DFWRUV�LQ�

'HYHORSPHQW�DQG�'LVHDVH������±�����GRL��������������������������B��� �  

'HOFORV�.%��&DPDFKR�/��/HZLV�60��9DQODQGLQJKDP�00��/DWHQGUHVVH�-5��2OVRQ�*5��'DYLV�.-��

3DWWRQ�5(��GD�&RVWD�**��:RRGOLQJ�.$��HW�DO��������7R[LFLW\�(YDOXDWLRQ�RI�%LVSKHQRO�$�

$GPLQLVWHUHG�E\�*DYDJH�WR�6SUDJXH�'DZOH\�5DWV�)URP�*HVWDWLRQ�'D\���7KURXJK�3RVWQDWDO�

'D\�����7R[LFRORJLFDO�6FLHQFHV������������±�����GRL���������WR[VFL�NIX�����  

'RERO\L�$��2OiK�6��.HOOHU�'��.XPDUL�5��)D]HNDV�($��&VLNyV�9��5HQQHU�e��&VHUYHQiN�0��������

6HFUHWLRQ�DQG�)XQFWLRQ�RI�3LWXLWDU\�3URODFWLQ�LQ�(YROXWLRQDU\�3HUVSHFWLYH��)URQW�1HXURVFL��

����GRL���������IQLQV������������ 



 

 �� 

'RQJ�-��&RQJ�=��<RX�0��)X�<��:DQJ�<L��:DQJ�<XDQ��)X�+��:HL�/��&KHQ�-��������(IIHFWV�RI�

SHULQDWDO�GL����HWK\OKH[\O��SKWKDODWH�H[SRVXUH�RQ�WK\URLG�IXQFWLRQ�LQ�UDW�RIIVSULQJ��(QYLURQ�

7R[LFRO�3KDUPDFRO�������±����GRL���������M�HWDS��������������  

'UREQi�=��+HQULNVHQ�$'��:ROVWHQKROPH�-7��0RQWLHO�&��/DPEHWK�36��6KDQJ�6��+DUULV�(3��=KRX�

&��)ODZV�-$��$GOL�0��HW�DO��������7UDQVJHQHUDWLRQDO�HIIHFWV�RI�ELVSKHQRO�D�RQ�JHQH�

H[SUHVVLRQ�DQG�'1$�PHWK\ODWLRQ�RI�LPSULQWHG�JHQHV�LQ�EUDLQ��(QGRFULQRORJ\����������

GRL���������HQ������������ 

'URXLQ�-��������3LWXLWDU\�'HYHORSPHQW��,Q��7KH�3LWXLWDU\��(OVHYLHU��S���±���� �  

(FNVWUXP�.6��(GZDUGV�:��%DQHUMHH�$��:DQJ�:��)ODZV�-$��.DW]HQHOOHQERJHQ�-$��.LP�6+��

5DHW]PDQ�/7��������(IIHFWV�RI�([SRVXUH�WR�WKH�(QGRFULQH�'LVUXSWLQJ�&KHPLFDO�%LVSKHQRO�

$�'XULQJ�&ULWLFDO�:LQGRZV�RI�0XULQH�3LWXLWDU\�'HYHORSPHQW��(QGRFULQRORJ\������������±

�����GRL���������HQ������������� �  

(FNVWUXP�.6��:HLV�.(��%DXU�1*��<RVKLKDUD�<��5DHW]PDQ�/7��������,FDP��H[SUHVVLRQ�H[KLELWV�

VH[�GLIIHUHQFHV�LQ�WKH�QHRQDWDO�SLWXLWDU\�DQG�LV�UHJXODWHG�E\�HVWUDGLRO�DQG�ELVSKHQRO�$��

(QGRFULQRORJ\�������������±������GRL���������HQ����������� 

(GZDUGV�:��5DHW]PDQ�/7��������&RPSOH[�LQWHJUDWLRQ�RI�LQWULQVLF�DQG�SHULSKHUDO�VLJQDOLQJ�LV�

UHTXLUHG�IRU�SLWXLWDU\�JODQG�GHYHORSPHQW���%LRO�5HSURG�����������±�����

GRL���������ELROUH�LR\����� �  

(OOVZRUWK�%6��6WDOOLQJV�&(��������0ROHFXODU�0HFKDQLVPV�*RYHUQLQJ�(PEU\RQLF�'LIIHUHQWLDWLRQ�

RI�3LWXLWDU\�6RPDWRWURSHV��7UHQGV�LQ�(QGRFULQRORJ\�DQG�0HWDEROLVP���������

GRL���������M�WHP������������� 

)DQJ�4��*HRUJH�$6��%ULQNPHLHU�0/��0RUWHQVHQ�$+��*HUJLFV�3��&KHXQJ�/<0��'DO\�$=��$MPDO�

$��0LOOiQ�0,3��%LOJH�2]HO�$��HW�DO��������*HQHWLFV�RI�FRPELQHG�SLWXLWDU\�KRUPRQH�

GHILFLHQF\��5RDGPDS�LQWR�WKH�JHQRPH�HUD��(QGRFU�5HY���������GRL���������HU����������� 



 

 �� 

*iPH]�-0��3HQDOED�5��&DUGRVR�1��%HUQDVFRQL�36��&DUERQH�6��3RQ]R�2��3DQGROIL�0��6FDFFKL�3��

5H\QRVR�5��������([SRVXUH�WR�D�ORZ�GRVH�RI�ELVSKHQRO�$�LPSDLUV�SLWXLWDU\�RYDULDQ�D[LV�LQ�

SUHSXEHUWDO�UDWV��(QYLURQ�7R[LFRO�3KDUPDFRO���������±����GRL���������M�HWDS�������������� �  

*H�;��:HLV�.��)ODZV�-��5DHW]PDQ�/��������3UHQDWDO�H[SRVXUH�WR�WKH�SKWKDODWH�'(+3�LPSDFWV�

UHSURGXFWLRQ�UHODWHG�JHQH�H[SUHVVLRQ�LQ�WKH�SLWXLWDU\��5HSURGXFWLYH�7R[LFRORJ\�������

GRL���������M�UHSURWR[������������� 

*LHVNH�0&��+\XQ�-.��/HJDQ�6-��.RR�<��.UXVW�$��&KDPERQ�3��.R�&0��������3LWXLWDU\�

JRQDGRWURSK�HVWURJHQ�UHFHSWRU�Į�LV�QHFHVVDU\�IRU�IHUWLOLW\�LQ�IHPDOHV��(QGRFULQRORJ\����������

GRL���������HQ����������� 

*RNWHNLQ�(��%DUODV�1��������%LRFKHPLFDO�DQG�+LVWRSDWKRORJLFDO�(IIHFWV�RI�LQ�8WHUR�'L�1�+H[\O�

3KWKDODWH�DQG�'L�&\FORKH[\O�3KWKDODWH�([SRVXUH�RQ�WKH�7K\URLG�$[HV�DQG�7���7���76+�

+RUPRQH�/HYHOV�RI�0DOH�DQG�)HPDOH�5DWV��DW�$GXOWKRRG��(UFL\HV�7ÕS�'HUJLVL�(UFL\HV�

0HGLFDO�-RXUQDO�����������±�����GRL���������HWG�������������  

*ROGEHUJ�/%��$XMOD�3.��5DHW]PDQ�/7��������3HUVLVWHQW�H[SUHVVLRQ�RI�DFWLYDWHG�1RWFK�LQKLELWV�

FRUWLFRWURSH�DQG�PHODQRWURSH�GLIIHUHQWLDWLRQ�DQG�UHVXOWV�LQ�G\VIXQFWLRQ�RI�WKH�+3$�D[LV��'HY�

%LRO��GRL���������M�\GELR������������� 

*RPH]�$/��$OWDPLUDQR�*$��/HWXULD�-��%RVTXLD]]R�9/��0XxR]�GH�7RUR�0��.DVV�/��������0DOH�

PDPPDU\�JODQG�GHYHORSPHQW�DQG�PHWK\ODWLRQ�VWDWXV�RI�HVWURJHQ�UHFHSWRU�DOSKD�LQ�:LVWDU�

UDWV�DUH�PRGLILHG�E\�WKH�GHYHORSPHQWDO�H[SRVXUH�WR�D�JO\SKRVDWH�EDVHG�KHUELFLGH��0RO�&HOO�

(QGRFULQRO��������±����GRL���������M�PFH��������������  

*RUH�$&��0RRUH�7��*URRP�0-��7KRPSVRQ�/0��������3UHQDWDO�([SRVXUH�WR�DQ�('&�0L[WXUH��

1HXUR0L[��(IIHFWV�RQ�%UDLQ��%HKDYLRU��DQG�6WUHVV�5HVSRQVLYHQHVV�LQ�5DWV��7R[LFV���������

GRL���������WR[LFV��������� 

*UDFHOL�-%��'HWWRJQL�56��0HUOR�(��1LxR�2��GD�&RVWD�&6��=DQRO�-)��5tRV�0RUULV�($��0LUDQGD�
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$OYHV�/��'HQLFRO�$&��������7KH�LPSDFW�RI�HQGRFULQH�GLVUXSWLQJ�FKHPLFDO�H[SRVXUH�LQ�WKH�

PDPPDOLDQ�K\SRWKDODPLF�SLWXLWDU\�D[LV��0RO�&HOO�(QGRFULQRO�������

GRL���������M�PFH������������� 

*UDQGMHDQ�3��*U¡QOXQG�&��.M U�,0��-HQVHQ�7.��6¡UHQVHQ�1��$QGHUVVRQ�$�0��-XXO�$��

6NDNNHE N�1(��%XGW]�-¡UJHQVHQ�(��:HLKH�3��������5HSURGXFWLYH�KRUPRQH�SURILOH�DQG�

SXEHUWDO�GHYHORSPHQW�LQ����\HDU�ROG�ER\V�SUHQDWDOO\�H[SRVHG�WR�SRO\FKORULQDWHG�ELSKHQ\OV��

5HSURGXFWLYH�7R[LFRORJ\�����������±�����GRL���������M�UHSURWR[�������������� �  

*UHJRU\�/&��'DWWDQL�07��������7KH�PROHFXODU�EDVLV�RI�FRQJHQLWDO�K\SRSLWXLWDULVP�DQG�UHODWHG�

GLVRUGHUV��-RXUQDO�RI�&OLQLFDO�(QGRFULQRORJ\�DQG�0HWDEROLVP����������

GRL���������FOLQHP�GJ]���� 

+DQQRQ�35��3HUHW]�-��)ODZV�-$��������'DLO\�H[SRVXUH�WR�GL���HWK\OKH[\O��SKWKDODWH�DOWHUV�HVWURXV�

F\FOLFLW\�DQG�DFFHOHUDWHV�SULPRUGLDO�IROOLFOH�UHFUXLWPHQW�SRWHQWLDOO\�YLD�G\VUHJXODWLRQ�RI�WKH�

SKRVSKDWLG\OLQRVLWRO���NLQDVH�VLJQDOLQJ�SDWKZD\�LQ�DGXOW�PLFH��%LRO�5HSURG��

GRL���������ELROUHSURG������������ 

+DVWRQ�6��0DQVKDHL�6��0DUWLQH]�%DUEHUD�-3��������6WHP�SURJHQLWRU�FHOOV�LQ�SLWXLWDU\�RUJDQ�

KRPHRVWDVLV�DQG�WXPRXULJHQHVLV��-RXUQDO�RI�(QGRFULQRORJ\���������5�±5����

GRL���������-2(���������� �  

+DWWRUL�<��7DNHGD�7��1DNDPXUD�$��1LVKLGD�.��6KLRML�<��)XNXPLWVX�+��<DPDGD�+��,VKLL�<��������

7KH�DU\O�K\GURFDUERQ�UHFHSWRU�LV�LQGLVSHQVDEOH�IRU�GLR[LQ�LQGXFHG�GHIHFWV�LQ�VH[XDOO\�

GLPRUSKLF�EHKDYLRUV�GXH�WR�WKH�UHGXFWLRQ�LQ�IHWDO�VWHURLGRJHQHVLV�RI�WKH�SLWXLWDU\�JRQDGDO�

D[LV�LQ�UDWV��%LRFKHP�3KDUPDFRO���������±�����GRL���������M�EFS��������������  

+DXVHU�%0��/DX�$��*XSWD�6��%L�:/��'XQQ�,)��������7KH�HSLJHQRPLFV�RI�SLWXLWDU\�DGHQRPD��

)URQW�(QGRFULQRO��/DXVDQQH������0$<�������GRL���������)(1'2������������%,%7(;� 

+HULWLHU�$*��'XERLV�30��������,QIOXHQFH�RI�WK\UROLEHULQ�RQ�WKH�UDW�SLWXLWDU\�FHOO�W\SH�



 

 �� 

GLIIHUHQWLDWLRQ��DQ�LQ�YLWUR�VWXG\��(QGRFULQRORJ\������������±�����

GRL���������(1'2���������������� �  

+pULWLHU�$*��'XERLV�30��������5H�(YDOXDWLRQ�RI�*RQDGRWURSLQ�5HOHDVLQJ�+RUPRQH��*Q5+��

$FWLRQ�RQ�3LWXLWDU\�&HOO�'LIIHUHQWLDWLRQ�ZLWK�6SHFLDO�5HJDUG�WR�LWV�(IIHFW�RQ�/+�DQG�76+�

&HOO�7\SHV��-�1HXURHQGRFULQRO���������±����GRL���������-����������������7%������;�� �  

+RU]PDQQ�.$��/LQ�/)��7DVODNMLDQ�%��<XDQ�&��)UHHPDQ�-/��������(PEU\RQLF�DWUD]LQH�H[SRVXUH�

DQG�ODWHU�LQ�OLIH�EHKDYLRUDO�DQG�EUDLQ�WUDQVFULSWRPLF��HSLJHQHWLF��DQG�SDWKRORJLFDO�DOWHUDWLRQV�

LQ�DGXOW�PDOH�]HEUDILVK��&HOO�%LRO�7R[LFRO�����������±�����GRL���������6����������������

<� 

+RX�-��/L�/��:X�1��6X�<��/LQ�:��/L�*��*X�=��������5HSURGXFWLRQ�LPSDLUPHQW�DQG�HQGRFULQH�

GLVUXSWLRQ�LQ�IHPDOH�]HEUDILVK�DIWHU�ORQJ�WHUP�H[SRVXUH�WR�0&�/5��$�OLIH�F\FOH�DVVHVVPHQW��

(QYLURQPHQWDO�3ROOXWLRQ���������±�����GRL���������M�HQYSRO�������������� �  

,VKLGD�0��7DNDKDVKL�:��,WRK�6��6KLPRGDLUD�6��0DHGD�6��$ULWD�-��������(VWURJHQ�DFWLRQV�RQ�

ODFWRWURSK�SUROLIHUDWLRQ�DUH�LQGHSHQGHQW�RI�D�SDUDFULQH�LQWHUDFWLRQ�ZLWK�RWKHU�SLWXLWDU\�FHOO�

W\SHV��$�VWXG\�XVLQJ�ODFWRWURSK�HQULFKHG�FHOOV��(QGRFULQRORJ\����������GRL���������HQ������

����� 

-RKDQVVRQ�+./��-DFREVHQ�35��+DVV�8��6YLQJHQ�7��9LQJJDDUG�$0��,VOLQJ�/.��$[HOVWDG�0��

&KULVWLDQVHQ�6��%REHUJ�-��������3HULQDWDO�H[SRVXUH�WR�PL[WXUHV�RI�HQGRFULQH�GLVUXSWLQJ�

FKHPLFDOV�UHGXFHV�IHPDOH�UDW�IROOLFOH�UHVHUYHV�DQG�DFFHOHUDWHV�UHSURGXFWLYH�DJLQJ��

5HSURGXFWLYH�7R[LFRORJ\��������±�����GRL���������M�UHSURWR[��������������  

.DUL\D]RQR�<��7DXUD�-��+DWWRUL�<��,VKLL�<��1DULPDWVX�6��)XMLPXUD�0��7DNHGD�7��<DPDGD�+��������

(IIHFW�RI�	OW�L	JW�LQ�XWHUR	OW��L	JW��H[SRVXUH�WR�HQGRFULQH�GLVUXSWRUV�RQ�IHWDO�

VWHURLGRJHQHVLV�JRYHUQHG�E\�WKH�SLWXLWDU\�JRQDG�D[LV��D�VWXG\�LQ�UDWV�XVLQJ�GLIIHUHQW�ZD\V�RI�

DGPLQLVWUDWLRQ��-�7R[LFRO�6FL�����������±�����GRL���������MWV��������� �  



 

 �� 

.DVVRWLV�&'��%URPILHOG�--��.OHPS�.&��0HQJ�&�;��:ROIH�$��=RHOOHU�57��%DOLVH�9'��,VLJX]R�&-��

7LOOLWW�'(��1DJHO�6&��������$GYHUVH�5HSURGXFWLYH�DQG�'HYHORSPHQWDO�+HDOWK�2XWFRPHV�

)ROORZLQJ�3UHQDWDO�([SRVXUH�WR�D�+\GUDXOLF�)UDFWXULQJ�&KHPLFDO�0L[WXUH�LQ�)HPDOH�

&��%O���0LFH��(QGRFULQRORJ\�������������±������GRL���������HQ������������ �  

.HQGLJ�(/��%XHVLQJ�'5��&KULVWLH�60��&RRNPDQ�&-��*HDU�5%��+XJR�(5��.DVSHU�61��

.HQG]LRUVNL�-$��8QJL�.5��:LOOLDPV�.��HW�DO��������(VWURJHQ�/LNH�'LVUXSWLYH�(IIHFWV�RI�

'LHWDU\�([SRVXUH�WR�%LVSKHQRO�$�RU���Į�(WKLQ\O�(VWUDGLRO�LQ�&'��0LFH��,QW�-�7R[LFRO��

���������±�����GRL���������������������������  

.LWUDNL�(��1DOYDUWH�,��$ODYLDQ�*KDYDQLQL�$��5�HJJ�-��������(IIHFWV�RI�SUH��DQG�SRVW�QDWDO�

H[SRVXUH�WR�ELVSKHQRO�$�RQ�WKH�VWUHVV�V\VWHP��(QGRFULQH�'LVUXSWRUV��������

GRL������������������������������� 

.UDXJHUXG�0��$OHNVDQGHUVHQ�0��1\HQJDDUG�-5���VWE\�*&��*XWOHE�$&��'DKO�(��%HUJ�9��)DUVWDG�

:��6FKZHGHU�7��6NDDUH�-8��HW�DO��������,Q�XWHUR�DQG�ODFWDWLRQDO�H[SRVXUH�WR�3&%�����DQG�

3&%�����DOWHU�RYDULDQ�IROOLFXODU�G\QDPLFV�DQG�*Q5+�LQGXFHG�OXWHLQL]LQJ�KRUPRQH�

VHFUHWLRQ�LQ�IHPDOH�ODPEV��(QYLURQ�7R[LFRO������������±�����GRL���������WR[�������� �  

.UHLVPDQ�0-��6RQJ�&,��<LS�.��1DWDOH�%�Y���1DWDOH�'5��%UHHQ�.0��������$QGURJHQV�PHGLDWH�

VH[�GHSHQGHQW�JRQDGRWURSLQ�H[SUHVVLRQ�GXULQJ�ODWH�SUHQDWDO�GHYHORSPHQW�LQ�WKH�PRXVH��

(QGRFULQRORJ\�������������±������GRL���������HQ������������ 

.XPDU�0��6DUPD�'.��6KXEKDP�6��.XPDZDW�0��9HUPD�9��3UDNDVK�$��7LZDUL�5��������

(QYLURQPHQWDO�(QGRFULQH�'LVUXSWLQJ�&KHPLFDO�([SRVXUH��5ROH�LQ�1RQ�&RPPXQLFDEOH�

'LVHDVHV��)URQW�3XEOLF�+HDOWK���������GRL���������)38%+������������� 

/DXUHWWD�5��6DQVRQH�$��6DQVRQH�0��5RPDQHOOL�)��$SSHWHFFKLD�0��������(QGRFULQH�GLVUXSWLQJ�

FKHPLFDOV��(IIHFWV�RQ�HQGRFULQH�JODQGV��)URQW�(QGRFULQRO��/DXVDQQH�������

GRL���������)(1'2������������ 
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/HH�.�<��6KLEXWDQL�0��7DNDJL�+��.DWR�1��7DNLJDPL�6��8QH\DPD�&��+LURVH�0��������'LYHUVH�

GHYHORSPHQWDO�WR[LFLW\�RI�GL�Q�EXW\O�SKWKDODWH�LQ�ERWK�VH[HV�RI�UDW�RIIVSULQJ�DIWHU�PDWHUQDO�

H[SRVXUH�GXULQJ�WKH�SHULRG�IURP�ODWH�JHVWDWLRQ�WKURXJK�ODFWDWLRQ��7R[LFRORJ\�������±������±

�����GRL���������M�WR[�������������� �  

/L�;�1��/L�+�;��<DQJ�7�1��/L�;�:��+XDQJ�<�4��=KX�6�<��/L�-�/��������'L����HWK\OKH[\O��

SKWKDODWH�LQGXFHG�GHYHORSPHQWDO�DEQRUPDOLWLHV�RI�WKH�RYDU\�LQ�TXDLO��&RWXUQL[�MDSRQLFD��YLD�

GLVUXSWLRQ�RI�WKH�K\SRWKDODPLF�SLWXLWDU\�RYDULDQ�D[LV��6FLHQFH�RI�7KH�7RWDO�(QYLURQPHQW��

������������GRL���������M�VFLWRWHQY�������������� �  

/LQ�6&��/LQ�&5��*XNRYVN\�,��/XVLV�$-��6DZFKHQNR�3(��5RVHQIHOG�0*��������0ROHFXODU�EDVLV�RI�

WKH�OLWWOH�PRXVH�SKHQRW\SH�DQG�,PSOLFDWLRQV�IRU�FHOO�W\SH�VSHFLILF�JURZWK��1DWXUH��

�����������GRL���������������D�� 

/LX�/��3RUWHU�7(��������(QGRJHQRXV�WK\URLG�KRUPRQHV�PRGXODWH�SLWXLWDU\�VRPDWRWURSK�

GLIIHUHQWLDWLRQ�GXULQJ�FKLFNHQ�HPEU\RQLF�GHYHORSPHQW��-RXUQDO�RI�(QGRFULQRORJ\����������

GRL���������MRH����������� 

/RSH]�5RGULJXH]�'��)UDQVVHQ�'��%DNNHU�-��/RPQLF]L�$��3DUHQW�$6��������&HOOXODU�DQG�PROHFXODU�

IHDWXUHV�RI�('&�H[SRVXUH��FRQVHTXHQFHV�IRU�WKH�*Q5+�QHWZRUN��1DW�5HY�(QGRFULQRO��

�������GRL���������V������������������ 

0DKPRXGL�$��*KRUEHO�+��)HNL�,��%RXDOODJXL�=��*XHUPD]L�)��$\DGL�/��6D\DGL�6��������

2OHXURSHLQ�DQG�K\GUR[\W\URVRO�SURWHFW�UDWV¶�SXSV�DJDLQVW�ELVSKHQRO�$�LQGXFHG�

K\SRWK\URLGLVP��%LRPHGLFLQH�	�3KDUPDFRWKHUDS\����������±������

GRL���������M�ELRSKD��������������  

0DODJXWL�$��GHOOD�&DVD�&��&DVWRULQD�6��0DUWHOOL�$0��5RWL�(��0DUWLQR�(��7RQL�5��������0ROHFXODU�

PHFKDQLVPV�IRU�SLWXLWDU\�WK\URWURSK�FHOO�JURZWK��-�(QGRFULQRO�,QYHVW�������6XSSO�� 

0DUWLQL�0��&RUFHV�9*��5LVVPDQ�()��������0LQL�UHYLHZ��(SLJHQHWLF�PHFKDQLVPV�WKDW�SURPRWH�



 

 �� 

WUDQVJHQHUDWLRQDO�DFWLRQV�RI�HQGRFULQH�GLVUXSWLQJ�FKHPLFDOV��$SSOLFDWLRQV�WR�EHKDYLRUDO�

QHXURHQGRFULQRORJ\��+RUP�%HKDY�������GRL���������M�\KEHK������������� 

0DVXWRPL�1��6KLEXWDQL�0��7DNDJL�+��8QH\DPD�&��/HH�.�<��+LURVH�0��������$OWHUDWLRQ�RI�

SLWXLWDU\�KRUPRQH�LPPXQRUHDFWLYH�FHOO�SRSXODWLRQV�LQ�UDW�RIIVSULQJ�DIWHU�PDWHUQDO�GLHWDU\�

H[SRVXUH�WR�HQGRFULQH�DFWLYH�FKHPLFDOV��$UFK�7R[LFRO�����������±�����GRL���������V������

���������[�� �  

0LNKDHO�6��3XQMDOD�3DWHO�$��*DYULORYD�-RUGDQ�/��������+\SRWKDODPLF�SLWXLWDU\�RYDULDQ�D[LV�

GLVRUGHUV�LPSDFWLQJ�IHPDOH�IHUWLOLW\��%LRPHGLFLQHV��������

GRL���������%,20(',&,1(6�������� 

0RQDKDQ�3��5\EDN�6��5DHW]PDQ�/7��������7KH�QRWFK�WDUJHW�JHQH�+HV��UHJXODWHV�FHOO�F\FOH�

LQKLELWRU�H[SUHVVLRQ�LQ�WKH�GHYHORSLQJ�SLWXLWDU\��(QGRFULQRORJ\����������

GRL���������HQ����������� 

1DQWLH�/%��+LPHV�$'��*HW]�'5��5DHW]PDQ�/7��������1RWFK�6LJQDOLQJ�LQ�3RVWQDWDO�3LWXLWDU\�

([SDQVLRQ��3UROLIHUDWLRQ��3URJHQLWRUV��DQG�&HOO�6SHFLILFDWLRQ��0ROHFXODU�(QGRFULQRORJ\��

���������±�����GRL���������PH������������ �  

2¶+DUD�/��&KULVWLDQ�+&��OH�7LVVLHU�3��6PLWK�/%��������+\SHUSURODFWLQHPLD�LQ�D�PDOH�SLWXLWDU\�

DQGURJHQ�UHFHSWRU�NQRFNRXW�PRXVH�LV�DVVRFLDWHG�ZLWK�IHPDOH�OLNH�ODFWRWURSK�GHYHORSPHQW��

$QGURORJ\��������GRL���������DQGU������� 

2UWLJD�&DUYDOKR�70��6LGKD\H�$5��:RQGLVIRUG�)(��������7K\URLG�KRUPRQH�UHFHSWRUV�DQG�

UHVLVWDQFH�WR�WK\URLG�KRUPRQH�GLVRUGHUV��1DW�5HY�(QGRFULQRO����������

GRL���������QUHQGR���������� 

3DODQ]D�3��1DJHO�6&��3DUPLJLDQL�6��YRP�6DDO�)6��������3HULQDWDO�H[SRVXUH�WR�HQGRFULQH�

GLVUXSWRUV��VH[��WLPLQJ�DQG�EHKDYLRUDO�HQGSRLQWV��&XUU�2SLQ�%HKDY�6FL������±����

GRL���������-�&2%(+$������������� 



 

 �� 

3DWLVDXO�+%��������5HSURGXFWLYH�WR[LFRORJ\ௗ��(QGRFULQH�GLVUXSWLRQ�DQG�UHSURGXFWLYH�GLVRUGHUVௗ��

,PSDFWV�RQ�VH[XDOO\�GLPRUSKLF�QHXURHQGRFULQH�SDWKZD\V��5HSURGXFWLRQ����������

GRL���������5(3��������� 

3HDVH�0��/LQJ�&��0DFN�:-��:DQJ�.��=DGD�*��������7KH�5ROH�RI�(SLJHQHWLF�0RGLILFDWLRQ�LQ�

7XPRULJHQHVLV�DQG�3URJUHVVLRQ�RI�3LWXLWDU\�$GHQRPDV��$�6\VWHPDWLF�5HYLHZ�RI�WKH�

/LWHUDWXUH��3/R6�2QH��������(�������GRL���������-2851$/�321(���������� �  

3HNLF�6��6WRMDQRYLF�0��3RSRYLF�9��������3LWXLWDU\�WXPRUV�DQG�WKH�ULVN�RI�RWKHU�PDOLJQDQFLHV��LV�

WKH�UHODWLRQVKLS�FRLQFLGHQWDO�RU�FDXVDO"�(QGRFULQH�2QFRORJ\��������GRL���������HR��������� 

3pUH]�3$��7ROHGR�-��6RVD�/�GHO�9��3HLQHWWL�1��7RUUHV�$,��GH�3DXO�$/��*XWLpUUH]�6��������7KH�

SKWKDODWH�'(+3�PRGXODWHV�WKH�HVWURJHQ�UHFHSWRUV�Į�DQG�ȕ�LQFUHDVLQJ�ODFWRWURSK�FHOO�

SRSXODWLRQ�LQ�IHPDOH�SLWXLWDU\�JODQGV��&KHPRVSKHUH��������������

GRL���������M�FKHPRVSKHUH��������������  

3RFDU�3��)LDQGDQHVH�1��6HFFKL�&��%HUULQL�$��)LVFKHU�%��6FKPLGW�-6��6FKDHGOLFK�.��%RUURPHR�9��

������([SRVXUH�WR�'L���HWK\O�KH[\O��SKWKDODWH��'(+3��LQ�8WHUR�DQG�GXULQJ�/DFWDWLRQ�

&DXVHV�/RQJ�7HUP�3LWXLWDU\�*RQDGDO�$[LV�'LVUXSWLRQ�LQ�0DOH�DQG�)HPDOH�0RXVH�

2IIVSULQJ��(QGRFULQRORJ\������������±�����GRL���������HQ������������  

5DHW]PDQ�/7��&DL�-;��&DPSHU�6$��������+HV��LV�UHTXLUHG�IRU�SLWXLWDU\�JURZWK�DQG�PHODQRWURSH�

VSHFLILFDWLRQ��'HY�%LRO����������GRL���������M�\GELR������������� 

5DHW]PDQ�/7��5RVV�6$��&RRN�6��'XQZRRGLH�6/��&DPSHU�6$��7KRPDV�34��������'HYHORSPHQWDO�

UHJXODWLRQ�RI�1RWFK�VLJQDOLQJ�JHQHV�LQ�WKH�HPEU\RQLF�SLWXLWDU\��3URS��GHILFLHQF\�DIIHFWV�

1RWFK��H[SUHVVLRQ��'HY�%LRO����������GRL���������M�\GELR������������� 

5DPLUH]�0&��%RXUJXLJQRQ�16��%RQDYHQWXUD�00��/X[�/DQWRV�9��/LEHUWXQ�&��%HFX�9LOODORERV�

'��������1HRQDWDO�[HQRHVWURJHQ�H[SRVXUH�DOWHUV�JURZWK�KRUPRQH�GHSHQGHQW�OLYHU�SURWHLQV�

DQG�JHQHV�LQ�DGXOW�IHPDOH�UDWV��7R[LFRO�/HWW������������±�����



 

 �� 

GRL���������M�WR[OHW��������������  

5DPRV�-*��9DUD\RXG�-��.DVV�/��5RGUtJXH]�+��&RVWDEHO�/��0XxR]�GH�7RUR�0��/XTXH�(+��������

%LVSKHQRO�$�,QGXFHV�%RWK�7UDQVLHQW�DQG�3HUPDQHQW�+LVWRIXQFWLRQDO�$OWHUDWLRQV�RI�WKH�

+\SRWKDODPLF�3LWXLWDU\�*RQDGDO�$[LV�LQ�3UHQDWDOO\�([SRVHG�0DOH�5DWV��(QGRFULQRORJ\��

�����������±������GRL���������(1������������ �  

5HKPDQ�+��8OODK�,��'DYLG�0��8OODK�$��-DKDQ�6��������1HRQDWDO�H[SRVXUH�WR�IXUDQ�DOWHUV�WKH�

GHYHORSPHQW�RI�UHSURGXFWLYH�V\VWHPV�LQ�DGXOW�PDOH�6SUDJXH�'DZOH\�UDWV��)RRG�DQG�

&KHPLFDO�7R[LFRORJ\���������±�����GRL���������M�IFW��������������  

5LVVPDQ�()��$GOL�0��������0LQLUHYLHZ��7UDQVJHQHUDWLRQDO�HSLJHQHWLF�LQKHULWDQFH��)RFXV�RQ�

HQGRFULQH�GLVUXSWLQJ�FRPSRXQGV��(QGRFULQRORJ\����������GRL���������HQ����������� 

5RRI�$.��*XWLHUUH]�+DUWPDQQ�$��������&RQVLGHU�WKH�FRQWH[W��5DV�(5.�DQG�3,�.�$.7�P725�

VLJQDOLQJ�RXWFRPHV�DUH�SLWXLWDU\�FHOO�W\SH�VSHFLILF��0RO�&HOO�(QGRFULQRO��������±����

GRL���������-�0&(�������������� �  

5\DQ�*(��%RKDF]XN�6&��&DVVLQ�-��:LWKDP�($��6KRMDHL�6��+R�(�Y���7KDFNUD\�9*��0HOORQ�3/��

������$QGURJHQ�UHFHSWRU�SRVLWLYHO\�UHJXODWHV�JRQDGRWURSLQ�UHOHDVLQJ�KRUPRQH�UHFHSWRU�LQ�

SLWXLWDU\�JRQDGRWURSHV��0RO�&HOO�(QGRFULQRO�������GRL���������M�PFH������������� 

6KLEXVDZD�1��<DPDGD�0��+LUDWR�-��0RQGHQ�7��6DWRK�7��0RUL�0��������5HTXLUHPHQW�RI�

7K\URWURSLQ�5HOHDVLQJ�+RUPRQH�IRU�WKH�3RVWQDWDO�)XQFWLRQV�RI�3LWXLWDU\�7K\URWURSKV��

2QWRJHQ\�6WXG\�RI�&RQJHQLWDO�7HUWLDU\�+\SRWK\URLGLVP�LQ�0LFH��0ROHFXODU�(QGRFULQRORJ\��

���������±�����GRL���������0(1'������������ �  

6KREDQD�1��.XPDU�0.��1DYLQ�$.��$NEDUVKD�0$��$UXOGKDV�00��������3UHQDWDO�H[SRVXUH�WR�

H[FHVV�FKURPLXP�DWWHQXDWHV�WUDQVFULSWLRQ�IDFWRUV�UHJXODWLQJ�H[SUHVVLRQ�RI�DQGURJHQ�DQG�

IROOLFOH�VWLPXODWLQJ�KRUPRQH�UHFHSWRUV�LQ�6HUWROL�FHOOV�RI�SUHSXEHUDO�UDWV��&KHP�%LRO�

,QWHUDFW��������������GRL���������M�FEL��������������  



 

 �� 

GH�6RX]D�-6��.L]\V�00/��GD�&RQFHLomR�55��*OHERFNL�*��5RPDQR�50��2UWLJD�&DUYDOKR�70��

*LDQQRFFR�*��GD�6LOYD�,'&*��'LDV�GD�6LOYD�05��5RPDQR�0$��HW�DO��������3HULQDWDO�

H[SRVXUH�WR�JO\SKRVDWH�EDVHG�KHUELFLGH�DOWHUV�WKH�WK\URWURSKLF�D[LV�DQG�FDXVHV�WK\URLG�

KRUPRQH�KRPHRVWDVLV�LPEDODQFH�LQ�PDOH�UDWV��7R[LFRORJ\��������±����

GRL���������M�WR[��������������  

6WDKO�-+��.HQGDOO�6.��%ULQNPHLHU�0/��*UHFR�7/��:DWNLQV�&KRZ�'(��&DPSRV�%DUURV�$��/OR\G�

5�Y���&DPSHU�6$��������7K\URLG�KRUPRQH�LV�HVVHQWLDO�IRU�SLWXLWDU\�VRPDWRWURSHV�DQG�

ODFWRWURSHV��(QGRFULQRORJ\����������GRL���������HQGR������������ 

6WHLQEHUJ�50��:DONHU�'0��-XHQJHU�7(��:ROOHU�0-��*RUH�$&��������(IIHFWV�RI�3HULQDWDO�

3RO\FKORULQDWHG�%LSKHQ\OV�RQ�$GXOW�)HPDOH�5DW�5HSURGXFWLRQ��'HYHORSPHQW��5HSURGXFWLYH�

3K\VLRORJ\��DQG�6HFRQG�*HQHUDWLRQDO�(IIHFWV���%LRO�5HSURG������������±������

GRL���������ELROUHSURG�������������  

6XQ�0��&DR�;��:X�<��6KHQ�/��:HL�*��������3UHQDWDO�H[SRVXUH�WR�HQGRFULQH�GLVUXSWLQJ�FKHPLFDOV�

DQG�WK\URLG�IXQFWLRQ�LQ�QHRQDWHV��$�V\VWHPDWLF�UHYLHZ�DQG�PHWD�DQDO\VLV��(FRWR[LFRO�

(QYLURQ�6DI�������GRL���������M�HFRHQY������������� 

7DNHGD�7��)XMLL�0��7DXUD�-��,VKLL�<��<DPDGD�+��������'LR[LQ�VLOHQFHV�JRQDGRWURSLQ�H[SUHVVLRQ�LQ�

SHULQDWDO�SXSV�E\�LQGXFLQJ�KLVWRQH�GHDFHW\ODVHV��$�QHZ�LQVLJKW�LQWR�WKH�PHFKDQLVP�IRU�WKH�

LPSULQWLQJ�RI�VH[XDO�LPPDWXULW\�E\�GLR[LQ��-RXUQDO�RI�%LRORJLFDO�&KHPLVWU\�����������

GRL���������MEF�0����������� 

7DXUD�-��7DNHGD�7��)XMLL�0��+DWWRUL�<��,VKLL�<��.XURNL�+��7VXNLPRUL�.��8FKL�+��)XUXH�0��<DPDGD�

+������������������3HQWDFKORURGLEHQ]RIXUDQ�LV�IDU�OHVV�SRWHQW�WKDQ���������

WHWUDFKORURGLEHQ]R�S�GLR[LQ�LQ�GLVUXSWLQJ�WKH�SLWXLWDU\±JRQDG�D[LV�RI�WKH�UDW�IHWXV��7R[LFRO�

$SSO�3KDUPDFRO�����������±����GRL���������M�WDDS�������������� �  

7KD\LO�$-��:DQJ�;��%KDQGDUL�3��YRP�6DDO�)6��7LOOLWW�'(��%KDQGDUL�5.��������%LVSKHQRO�$�DQG�



 

 �� 

��Į�HWKLQ\OHVWUDGLRO�LQGXFHG�WUDQVJHQHUDWLRQDO�JHQH�H[SUHVVLRQ�GLIIHUHQFHV�LQ�WKH�EUDLQ±

SLWXLWDU\±WHVWLV�D[LV�RI�PHGDND��2U\]LDV�ODWLSHV����%LRO�5HSURG�������������±������

GRL���������ELROUH�LRDD�����  

OH�7LVVLHU�35��0ROODUG�3��������5HQHZLQJ�DQ�ROG�LQWHUHVW��3LWXLWDU\�IROOLFXORVWHOODWH�FHOOV��-�

1HXURHQGRFULQRO��GRL���������MQH������� 

7RQ\XVKNLQD�.1��.UXJ�6��2UWL]�7RUR�7��0DVFDUL�7��.DUOVWURP�52��������/RZ�WK\URLG�KRUPRQH�

OHYHOV�GLVUXSW�WK\URWURSH�GHYHORSPHQW��(QGRFULQRORJ\����������GRL���������HQ����������� 

7ULWRV�1$��.OLEDQVNL�$��������(IIHFWV�RI�*URZWK�+RUPRQH�RQ�%RQH��,Q��3URJUHVV�LQ�0ROHFXODU�

%LRORJ\�DQG�7UDQVODWLRQDO�6FLHQFH��9RO������ 

:HQ�<��5DWWDQ�6��)ODZV�-$��,UXGD\DUDM�-��������0XOWL�DQG�WUDQVJHQHUDWLRQDO�HSLJHQHWLF�HIIHFWV�RI�

GL����HWK\OKH[\O��SKWKDODWH��'(+3��LQ�OLYHU��7R[LFRO�$SSO�3KDUPDFRO��������������

GRL���������-�7$$3������������� 

<DPDPRWR�0��1DULWD�$��.DJRKDWD�0��6KLUDL�0��$NDKRUL�)��$ULVKLPD�.��������(IIHFWV�RI�

0DWHUQDO�([SRVXUH�WR����ƍ����ƍ���3HQWDFKORURELSKHQ\O��3&%�����RU����ƍ����ƍ����ƍ�

+H[DFKORURELSKHQ\O��3&%�����RQ�7HVWLFXODU�6WHURLGRJHQHVLV�DQG�6SHUPDWRJHQHVLV�LQ�0DOH�

2IIVSULQJ�5DWV��-�$QGURO�����������±�����GRL���������M����������������WE������[��  

<H�;��/L�)��=KDQJ�-��0D�+��-L�'��+XDQJ�;��7KRPDV�(�� � &XUU\�-U��/LX�:��/LX�-��������3\UHWKURLG�

,QVHFWLFLGH�&\SHUPHWKULQ�$FFHOHUDWHV�3XEHUWDO�2QVHW�LQ�0DOH�0LFH�YLD�'LVUXSWLQJ�

+\SRWKDODPLF±3LWXLWDU\±*RQDGDO�$[LV��(QYLURQ�6FL�7HFKQRO��������������±�������

GRL���������$&6�(67��%������� �  

<LOPD]�%��7HUHNHFL�+��6DQGDO�6��.HOHVWLPXU�)��������(QGRFULQH�GLVUXSWLQJ�FKHPLFDOV��H[SRVXUH��

HIIHFWV�RQ�KXPDQ�KHDOWK��PHFKDQLVP�RI�DFWLRQ��PRGHOV�IRU�WHVWLQJ�DQG�VWUDWHJLHV�IRU�

SUHYHQWLRQ��5HYLHZV�LQ�(QGRFULQH�DQG�0HWDEROLF�'LVRUGHUV���������������������±�����

GRL���������6����������������=�� �  
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<LOPD]�%��7HUHNHFL�+��6DQGDO�6��.HOHVWLPXU�)��������(QGRFULQH�GLVUXSWLQJ�FKHPLFDOV��H[SRVXUH��

HIIHFWV�RQ�KXPDQ�KHDOWK��PHFKDQLVP�RI�DFWLRQ��PRGHOV�IRU�WHVWLQJ�DQG�VWUDWHJLHV�IRU�

SUHYHQWLRQ��5HY�(QGRFU�0HWDE�'LVRUG�����������±�����GRL���������V����������������]��  

<X�.��=KDQJ�;��7DQ�;��-L�0��&KHQ�<��7DR�<��/LX�0��<X�=��������7UDQVJHQHUDWLRQDO�LPSDLUPHQW�

RI�RYDULDQ�LQGXFHG�E\���������WHWUDFKORURGLEHQ]R�S�GLR[LQ��7&''��DVVRFLDWHG�ZLWK�,JI��DQG�

+���LQ�DGXOW�IHPDOH�UDW��7R[LFRORJ\��������������GRL���������M�WR[��������������  

=iUDWH�6��6HLOLFRYLFK�$��������(VWURJHQ�5HFHSWRUV�DQG�6LJQDOLQJ�3DWKZD\V�LQ�/DFWRWURSHV�DQG�

6RPDWRWURSHV��1HXURHQGRFULQRORJ\�����������±�����GRL�������������������� �  

=KRX�%��/LQ�:��/RQJ�<��<DQJ�<��=KDQJ�+��:X�.��&KX�4��������1RWFK�VLJQDOLQJ�SDWKZD\��

DUFKLWHFWXUH��GLVHDVH��DQG�WKHUDSHXWLFV��6LJQDO�7UDQVGXFWLRQ�DQG�7DUJHWHG�7KHUDS\�����������

������±����GRL���������V����������������\�� �  

=KX�;��7ROONXKQ�-��7D\ORU�+��5RVHQIHOG�0*��������1RWFK�'HSHQGHQW�3LWXLWDU\�62;���6WHP�

&HOOV�([KLELW�D�7LPHG�)XQFWLRQDO�([WLQFWLRQ�LQ�5HJXODWLRQ�RI�WKH�3RVWQDWDO�*ODQG��6WHP�&HOO�

5HSRUWV�����������±������GRL���������-�67(0&5������������� 

=KX�;��=KDQJ�-��7ROONXKQ�-��2KVDZD�5��%UHVQLFN�(+��*XLOOHPRW�)��.DJH\DPD�5��5RVHQIHOG�0*��

������6XVWDLQHG�1RWFK�VLJQDOLQJ�LQ�SURJHQLWRUV�LV�UHTXLUHG�IRU�VHTXHQWLDO�HPHUJHQFH�RI�

GLVWLQFW�FHOO�OLQHDJHV�GXULQJ�RUJDQRJHQHVLV��*HQHV�'HY����������GRL���������JDG��������� 
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Abstract 

$V�WKH�PDMRU�W\SH�RI�1RWFK�UHFHSWRU�LQ�WKH�SLWXLWDU\��1RWFK��LV�H[SUHVVHG�LQ�VWHP�FHOOV�DQG�LV�

QHFHVVDU\� IRU� VWHP� FHOO� PDLQWHQDQFH�� SUROLIHUDWLRQ� DQG� GLIIHUHQWLDWLRQ�� +RZHYHU�� WKH� VLJQDOLQJ�

SDWKZD\V�127&+�� HQJDJHV� WR� DIIHFW� SLWXLWDU\� GHYHORSPHQW� UHPDLQ� XQFOHDU�� ,Q� WKLV� VWXG\��ZH�

K\SRWKHVL]HG� WKDW� *3+$�� LV� GRZQVWUHDP� RI� 127&+�� DQG� FRQWULEXWHV� WR� VWHP� FHOO� DFWLRQV��

*3+$�� LV� D� VWHP� FHOO� H[SUHVVHG� JHQH� LQ� WKH� FRUQHD� DQG� LV� WKH� DOSKD� VXEXQLW� RI� WKH� KRUPRQH�

WK\URVWLPXOLQ��DQ�DJRQLVW�RI�WKH�WK\URLG�VWLPXODWLQJ�KRUPRQH�UHFHSWRU��76+5���:H�PLQHG�VLQJOH�

FHOO�51$�VHTXHQFLQJ�GDWD�RI�QHRQDWDO�PRXVH�SLWXLWDULHV�DQG�IRXQG�*SKD��P51$�LV�UHVWULFWHG�WR�D�

VXEVHW�RI�WKH�VWHP�FHOO�SRSXODWLRQ��WKDW�ZH�FRQILUPHG�E\�51$VFRSH� LQ�VLWX�K\EULGL]DWLRQ��%RWK�

T57�3&5�DQDO\VLV�DQG� LQ�VLWX�K\EULGL]DWLRQ�VKRZHG�D�VLJQLILFDQW�UHGXFWLRQ�RI�*SKD��P51$�LQ�

1RWFK��F.2�SLWXLWDULHV�FRPSDUHG�ZLWK�ZLOGW\SH��:7��OLWWHUPDWHV��ZKLFK�LQGLFDWHV�WKH�H[SUHVVLRQ�

RI�*SKD��LQ�WKH�SLWXLWDU\�LV�DVVRFLDWHG�ZLWK�1RWFK���:H�WKHQ�LQYHVWLJDWHG�WKH�SRVVLEOH�IXQFWLRQV�RI�

*3+$���1HRQDWDO�DQG�DGXOW�SLWXLWDULHV�WUHDWHG�ZLWK�D�*3+$��SHSWLGH�VKRZHG�LQFUHDVHG�S&5(%�

H[SUHVVLRQ��,Q�GLVVRFLDWHG�DGXOW�SULPDU\�SLWXLWDU\�FHOOV��WKLV�LQGXFWLRQ�ZDV�UHYHUVHG�E\�FR�WUHDWPHQW�

ZLWK�D�76+5�LQKLELWRU��7KHVH�GDWD�VXJJHVW�*3+$��DFWLYDWHV�WKH�76+5�VLJQDOLQJ�SDWKZD\�DQG�WKLV�

GRZQVWUHDP� VLJQDOLQJ� FRXOG� EH� D� NH\� FRPSRQHQW� LQ� 127&+�¶V� UHJXODWLRQ� RI� SLWXLWDU\�

GHYHORSPHQW� 

 

Introduction 

+\SRSLWXLWDULVP� LV� D� FRQGLWLRQ� GHILQHG� DV� D� VKRUWDJH� RI� RQH� RU� PRUH� NLQGV� RI� SLWXLWDU\�

KRUPRQHV��ZKLFK�FDQ�WKHQ�OHDG�WR�YDULRXV�V\PSWRPV�LQ�WKH�LQGLYLGXDO��LQFOXGLQJ�JURZWK�UHVWULFWLRQ��
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PHWDEROLF�GHILFLHQFLHV��DQG�UHSURGXFWLYH�G\VIXQFWLRQ��%RVFK�L�$UD�HW�DO���������*HQHWLF�FDXVHV�RI�

K\SRSLWXLWDULVP�KDYH�EHHQ�H[WHQVLYHO\�LQYHVWLJDWHG�DQG�PXOWLSOH�JHQHV�KDYH�EHHQ�LGHQWLILHG�WR�EH�

DVVRFLDWHG� ZLWK� WKLV� FRQGLWLRQ�� 0RVW� RI� WKHP� DUH� FULWLFDO� WUDQVFULSWLRQ� IDFWRUV� UHJXODWLQJ� WKH�

GHYHORSPHQW�RI�WKH�SLWXLWDU\� LQFOXGLQJ�/K[���/K[���3URS���3LW��3RX�I��� DQG�+HV[���)DQJ�HW�DO��

�������+RZHYHU��RWKHU�WKDQ�WKH�DOUHDG\�NQRZQ�JHQHWLF�PXWDWLRQV�OHDGLQJ�WR�K\SRSLWXLWDULVP��WKH�

FDXVHV�RI�RYHU�����RI�WKH�FDVHV�UHPDLQ�XQFOHDU��)DQJ�HW�DO���������7KLV�LQGLFDWHV�RWKHU�PHFKDQLVPV�

\HW�WR�EH�GLVFRYHUHG�FRXOG�EH�LQYROYHG�ZLWK�WKLV�FRQGLWLRQ��  

7KH�127&+�VLJQDOLQJ�SDWKZD\� LV� FUXFLDO� IRU� WKH� SLWXLWDU\�GHYHORSPHQW��6SHFLILFDOO\�� WKH�

127&+�VLJQDOLQJ�SDWKZD\�LV�QHFHVVDU\�IRU�PHGLDWLQJ�SLWXLWDU\�SUROLIHUDWLRQ�DQG�GLIIHUHQWLDWLRQ��

DV�127&+�WDUJHW�JHQH�+HV��PXWDQW�PLFH�KDG�UHGXFHG�SLWXLWDU\�SUROLIHUDWLRQ�DQG�FHOO�VSHFLILFDWLRQ�

GXULQJ�HPEU\RJHQHVLV��5DHW]PDQ�HW�DO���������%HVLGHV��WKH�127&+�VLJQDOLQJ�LV�DOVR�LPSRUWDQW�IRU�

SRVWQDWDO�SLWXLWDU\�SURJHQLWRU�FHOO�PDLQWHQDQFH�DQG�H[SDQVLRQ��7UHDWPHQW�ZLWK�127&+�LQKLELWRU��

1�>1������GLIOXRURSKHQDFHW\O�/�DODQ\O�@�6�SKHQ\OJO\FLQH� W�EXW\O� HVWHU� �'$37��� UHVXOWHG� LQ�

GHFUHDVHG� SURJHQLWRU� FHOO� QXPEHU� DQG� SRVWQDWDO� SUROLIHUDWLRQ�� DV� ZHOO� DV� GHFUHDVHG� SRVWQDWDO�

DQWHULRU� SLWXLWDU\� YROXPH� �1DQWLH� HW� DO�� �������$PRQJ� GLIIHUHQW� 127&+� UHFHSWRUV��1RWFK�� LV�

H[SUHVVHG�LQ�WKH�SLWXLWDU\�JODQG�DQG�VSHFLILFDOO\�LQ�SLWXLWDU\�VWHP�SURJHQLWRU�FHOOV��5DHW]PDQ�HW�DO��

�������2XU�ODE¶V�SUHYLRXV�VWXG\�UHSRUWHG� WKDW� WKH�SKHQRW\SHV�RI�D�1RWFK��FRQGLWLRQDO�NQRFNRXW�

PRXVH�PRGHO��1RWFK��F.2��DUH�YHU\�VLPLODU�WR�3URS��PXWDQW�PLFH��ZKLFK�LV�D�NQRZQ�PRGHO�IRU�

K\SRSLWXLWDULVP� �%DUWNH� DQG�%URZQ�%RUJ� �������7KH� VKDUHG� SKHQRW\SHV� EHWZHHQ�1RWFK��F.2�

PLFH� DQG� 3URS�� PXWDQW� PLFH� LQFOXGH� DQWHULRU� SLWXLWDU\� K\SRSODVLD� DQG� UHGXFHG� ODFWRURSK��

WK\URWURSK�DQG�VRPDWRWURSK�GLIIHUHQWLDWLRQ��OHDGLQJ�WR�UHGXFHG�ERG\�VL]H�FRPSDUHG�WR�OLWWHUPDWHV�

�1DQWLH�HW�DO���������$OWKRXJK�ZH�VHH�WKH�K\SRSLWXLWDULVP�OLNH�SKHQRW\SHV�LQ�1RWFK��F.2�PLFH��

WKH� GRZQVWUHDP� WDUJHWV� RI�1RWFK�� VLJQDOLQJ� LQ� WKH� SLWXLWDU\� DQG� WKH�PHFKDQLVPV� RI� KRZ� WKH\�

UHJXODWH�WKH�IXQFWLRQV�RI�WKH�SLWXLWDU\�WKDW�OHDG�WR�WKH�SKHQRW\SH�UHPDLQ�XQFOHDU��  

7R�IXUWKHU�LQYHVWLJDWH�WKH�GRZQVWUHDP�WDUJHWV�RI�127&+�VLJQDOLQJ�SDWKZD\�LQ�WKH�SLWXLWDU\��

RXU� ODE� SHUIRUPHG� PLFURDUUD\� DQDO\VLV� RQ� 1RWFK��F.2� PLFH� DQG� IRXQG� P51$� RI� WKH� JHQH�
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HQFRGLQJ�JO\FRSURWHLQ�KRUPRQH�VXEXQLW�DOSKD����*SKD���ZDV�VLJQLILFDQWO\�GHFUHDVHG�LQ�1RWFK��

F.2�SLWXLWDULHV�FRPSDUHG�WR�:7�SLWXLWDULHV��XQSXEOLVKHG�GDWD���*SKD��KDV�EHHQ�UHSRUWHG� WR�EH�

PRVWO\�H[SUHVVHG�LQ�WKH�H\H�DQG�SLWXLWDU\�JODQG�LQ�URGHQWV��1DJDVDNL�HW�DO���������$V�RI�LWV�IXQFWLRQV��

*3+$��ZDV�UHFHQWO\�UHSRUWHG�DV�D�QRYHO�PDUNHU�IRU�FRUQHDO�TXLHVFHQW�VWHP�FHOOV�LQ�PLFH��$OWVKXOHU�

HW�DO���������DQG�LW�ZDV�IRXQG�WR�VXSSRUW�WKH�XQGLIIHUHQWLDWHG�VWDWH�RI�FRUQHDO�VWHP�FHOOV�LQ�KXPDQ�

�&ROOLQ�HW�DO���������*3+$��DOVR�FDQ�KHWHURGLPHUL]H�ZLWK�JO\FRSURWHLQ�KRUPRQH�VXEXQLW�EHWD���

�*3+%����7RJHWKHU�WKH\�DFW�DV�KRUPRQH�WK\URVWLPXOLQ�DQG�DFWLYDWH�76+5�VLJQDOLQJ�LQ�PXOWLSOH�

FHOO�OLQHV�DQG�RUJDQV�LQFOXGLQJ�WKH�RYDU\��1DJDVDNL�HW�DO��������2NDGD�HW�DO��������6XQ�HW�DO���������

$FWLYDWLRQ�RI�76+5�E\�WK\URVWLPXOLQ�LQYROYHV�PXOWLSOH�GRZQVWUHDP�VLJQDOLQJ�SDWKZD\V�LQFOXGLQJ�

3.$�&5(%��3,�.�$.7��0$3.�(5.��DQG�WUDQV�DFWLYDWHG�(*)5�VLJQDOLQJ��+XDQJ�HW�DO���������

+RZHYHU��WKH�WDUJHW�UHFHSWRUV�RI�*3+$��DQG�WKH�GRZQVWUHDP�VLJQDOLQJ�SDWKZD\V�WKDW�LW�DFWLYDWHV�

DV�D�PRQRPHU�LQ�WKH�SLWXLWDU\�JODQG�DUH�XQNQRZQ��  

,Q�WKLV�VWXG\��ZH�K\SRWKHVL]H�����*SKD�� LV�RQH�RI�WKH�GRZQVWUHDP�WDUJHW�JHQH�RI�127&+�

VLJQDOLQJ�LQ�WKH�SLWXLWDU\��DQG����*3+$��DFWV�WKURXJK�76+5�LQ�WKH�SLWXLWDU\�LQ�D�SDUDFULQH�PDQQHU��

:H� DLP� WR�� ��� XQGHUVWDQG� WKH� H[SUHVVLRQ� SDWWHUQ� DQG� UHJXODWLRQ� RI�*3+$�� LQ� WKH� GHYHORSLQJ�

SLWXLWDU\� LQ�PLFH�� SRVVLEO\� WKURXJK� WKH�127&+� VLJQDOLQJ� SDWKZD\�� DQG� ��� GLVFRYHU� WKH� WDUJHW�

UHFHSWRU�DQG�VLJQDOLQJ�SDWKZD\�RI�*3+$��LQ� WKH�SLWXLWDU\�DQG� LWV�SRVVLEOH� UROH� LQ� WKH�SLWXLWDU\�

GHYHORSPHQW�� :H� PLQHG� VLQJOH� FHOO� 51$� VHTXHQFLQJ� �VF51$�VHT�� GDWDVHWV� IURP� PRXVH�

GHYHORSLQJ�DQG�DGXOW�SLWXLWDULHV��GHWHFWHG�WKH�H[SUHVVLRQ�RI�*SKD��P51$�LQ�1RWFK��F.2�PRXVH�

SLWXLWDULHV�FRPSDUHG�WR�:7�SLWXLWDULHV�XVLQJ�ERWK�T57�3&5�DQG�LQ�VLWX�K\EULGL]DWLRQ��,6+���DQG�

WUHDWHG� SLWXLWDULHV� ZLWK� *3+$�� SHSWLGH� DQG�RU� 76+5� LQKLELWRUV� WR� LQYHVWLJDWH� GRZQVWUHDP�

VLJQDOLQJ�SDWKZD\V�WKDW�*3+$��DFWLYDWHV�LQ�WKH�SLWXLWDU\�� �  
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Materials and Methods 

0LFH 

&'���PLFH��&'���PLFH�ZHUH�RULJLQDOO\�REWDLQHG�IURP�&KDUOHV�5LYHU�DQG�ZHUH�EUHG�LQ�KRXVH�

DW�WKH�DQLPDO�IDFLOLW\�RI�WKH�8QLYHUVLW\�RI�,OOLQRLV�8UEDQD�&KDPSDLJQ�IRU�DOO�H[SHULPHQWV�GHVFULEHG��

6H[�ZDV�FRQILUPHG�E\�YLVXDO�LQVSHFWLRQ�DQG�65<�JHQRW\SLQJ�RI�WKH�WDLO�XVLQJ�WKH�IRUZDUG�SULPHU��

�¶��7*&$*&7&7$&7&&$*7&77*��¶�DQG�UHYHUVH�SULPHU���¶��*$7&77&$77777$*7*77&�

�¶��7KH�8QLYHUVLW\�RI�,OOLQRLV�8UEDQD�&KDPSDLJQ�,QVWLWXWLRQDO�$QLPDO�&DUH�DQG�8VH�&RPPLWWHH�

DSSURYHG�DOO�SURFHGXUHV� 

1RWFK��F.2�PLFH��1RWFK�IO�IO PLFH�ZHUH�EUHG�WR�)R[J���FUH�PLFH��ERWK�SXUFKDVHG�IURP�WKH�

-DFNVRQ� /DERUDWRU\�� WR� JHQHUDWH� 1RWFK���IO�)R[J���FUH� DQG 1RWFK���IO�)R[J��� PLFH�� 7KRVH� WZR�

JHQRW\SHV�ZHUH�WKHQ�EUHG�WR�JHQHUDWH�1RWFK��F.2�PLFH��'HWDLOHG�LQIRUPDWLRQ�ZDV�GHVFULEHG�LQ�D�

SUHYLRXV�SXEOLFDWLRQ��1DQWLH�HW�DO���������  

 

6LQJOH�FHOO�51$�VHTXHQFLQJ�DQDO\VLV�  

0RXVH� VLQJOH� FHOO� 51$� 6HT� �VF51$�VHT�� GDWD� ZHUH� GRZQORDGHG� IURP�*HQH� ([SUHVVLRQ�

2PQLEXV� �*(2�� ZHEVLWH� XQGHU� DFFHVVLRQ� QXPEHU� *6H�������� *6H������� DQG� *6H��������

VF51$�VHT�GDWD�GRZQORDGHG�IURP�*(2�ZHUH�DQDO\]HG�LQ�5�XVLQJ�6HXUDW�������SDFNDJH��)RU�FHOO�

ILOWHULQJ��ZH�ILOWHUHG�RXW�FHOOV�ZLWK�D�JHQH�QXPEHU�IHZHU�WKDQ������RU�PRUH�WKDQ�������DQG�RQO\�

NHSW�FHOOV�ZLWK�OHVV�WKDQ�����PLWRFKURQGULDO�JHQHV��7RS������YDULDEOH�JHQHV�ZHUH�LGHQWLILHG�XVLQJ�

³)LQG9DULDEOH)HDWXUHV´� IXQFWLRQ�ZLWK� ³YVW´�PHWKRG��$IWHU� QRUPDOL]LQJ� WKH�GDWD��ZH�SHUIRUPHG�

SULQFLSDO�FRPSRQHQW�DQDO\VLV��3&$��DQG�WKH�WRS����3&V�ZHUH�VHOHFWHG�IRU���GLPHQVLRQ�UHGXFWLRQ�

E\� XQLIRUP�PDQLIROG� DSSUR[LPDWLRQ� DQG� SURMHFWLRQ� �80$3���:H� LGHQWLILHG� WKH� FOXVWHUV� XVLQJ�

NQRZQ�PDUNHU�JHQHV�GHVFULEHG�LQ�WKH�RULJLQDO�SDSHU�WKDW�JHQHUDWHG�DQG�DQDO\]HG�WKH�GDWDVHW��/�<�0��

&KHXQJ�HW�DO��������&KHXQJ�DQG�&DPSHU�������5XI�=DPRMVNL�HW�DO�������� 
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,Q�VLWX�K\EULGL]DWLRQ��,6+��  

$�SUREH�IRU�*SKD��ZDV�JHQHUDWHG�E\�3&5�DPSOLILFDWLRQ�IURP�PRXVH�JHQRPLF�'1$�XVLQJ�

IRUZDUG� SULPHU�� �¶�$7*&&&$7**&$&&$&*$*7&��¶�� DQG� UHYHUVH� SULPHU�� �¶�

$**$*$&7*&7*$*$***&&��¶��7KH�VHTXHQFH�ZDV�WKHQ�FORQHG�LQWR�S*(0��7�(DV\�9HFWRU�

XVLQJ�7$�FORQLQJ�NLW��3URPHJD��IROORZLQJ�WKH�PDQXIDFWXUHU¶V�LQVWUXFWLRQV�DQG�DQWLVHQVH�VHTXHQFH�

ZDV�DPSOLILHG�E\�3&5�UHDFWLRQ�XVLQJ�IRUZDUG�SULPHU�DQG�7��SULPHU�DQG�SXULILHG�XVLQJ�:L]DUG��

69�*HO�DQG�3&5�&OHDQ�8S�6\VWHP��3URPHJD��IROORZLQJ�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��3UREHV�ZHUH�

WKHQ�ODEHOHG�ZLWK�'1$�GLJR[LJHQLQ�873��',*��DQG�SXULILHG�XVLQJ�DPPRQLXP�DFHWDWH��1+�$F��

DQG�GLOXWHG�LQ�K\EULGL]DWLRQ�VROXWLRQ��  

+HDGV�RI�PLFH�DW�SRVWQDWDO�GD\����3���RI�ZHUH�IL[HG�LQ������IRUPDOGHK\GH��6LJPD�$OGULFK��

GLOXWHG� LQ� 3%6� DQG� HPEHGGHG� LQ� SDUDIILQ� IRU� VHFWLRQLQJ�� $IWHU� VHFWLRQLQJ�� VOLGHV� ZHUH�

GHSDUDIILQL]HG��UHK\GUDWHG��DQG�LQFXEDWHG�LQ�3%6�ZLWK������7ULWRQ�;������6LJPD�$OGULFK��WKHQ�

SHUPHDELOL]HG�XVLQJ�SURWHLQDVH�.��/LIH�7HFKQRORJLHV���6DPSOHV�ZHUH�WKHQ�SRVWIL[HG�XVLQJ������

IRUPDOGHK\GH��6LJPD�$OGULFK��DQG�DFHW\ODWHG�IRU����PLQXWHV�LQ�WULHWKDQRODPLQH��6LJPD�$OGULFK��

EXIIHU� FRQWDLQLQJ� ������ DFHWLF� DQK\GULGH� �6LJPD�$OGULFK��� $IWHU� DFHW\ODWLRQ�� VHFWLRQV� ZHUH�

LQFXEDWHG�LQ�K\EULGL]DWLRQ�VROXWLRQ�DW����&�IRU���KRXUV��$IWHU�LQFXEDWLRQ��',*�ODEHOHG�SUREHV�IRU�

*SKD��ZHUH�GHQDWXUHG�DW����&�IRU���PLQXWHV�DQG�DGGHG�WR�WKH�VOLGHV�LQ�K\EULGL]DWLRQ�VROXWLRQ�DW�

K\EULGL]DWLRQ�WHPSHUDWXUH�RYHUQLJKW��ZLWK�QR�SUREH�K\EULGL]DWLRQ�VROXWLRQ�DV�D�FRQWURO��7KH�QH[W�

GD\��VDPSOHV�ZHUH�WUHDWHG�ZLWK�D�VROXWLRQ�RI�����IRUPDPLGH��6LJPD�$OGULFK��IRU����WR����PLQXWHV�

DW� WKH� K\EULGL]DWLRQ� WHPSHUDWXUH�� IROORZHG� E\� EORFNLQJ� DQG� WKHQ� DSSOLFDWLRQ� RI� DQWL�',*� )DE�

IUDJPHQWV��6LJPD�$OGULFK��IRU���KRXUV�DW�URRP�WHPSHUDWXUH��6OLGHV�ZHUH�WKHQ�ZDVKHG��WUHDWHG�ZLWK�

FKURPDJHQ�EXIIHU�VROXWLRQV��6LJPD�$OGULFK��RI�LQFUHDVLQJ�S+��DQG�GHYHORSHG�DW�URRP�WHPSHUDWXUH�

RYHUQLJKW� LQ� FKURPDJHQ� EXIIHU� FRQWDLQLQJ� QLWUR� EOXH� WHWUD]ROLXP���EURPR���FKORUR���LQGRO\O�

SKRVSKDWH��  

4XDQWLILFDWLRQ�RI�,6+�VWDLQLQJ�ZDV�DGDSWHG�IURP�D�SUHYLRXVO\�SXEOLVKHG�SDSHU�XVLQJ�,PDJH�-�

�'REU]\FNL�HW�DO���������7R�FRPSDUH�WKH�VLJQDO�LQWHQVLW\�EHWZHHQ�1RWFK��F.2�DQG�:7�SLWXLWDULHV��
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�� VHFWLRQV� IURP�GLIIHUHQW� LQGLYLGXDOV� RI� HDFK�JURXS�ZHUH� LPDJHG�XVLQJ� D�/HLFD�'0�����/('�

RSWLFDO�PLFURVFRSH�DW���[�PDJQLILFDWLRQ�DQG�XVHG�IRU�DQDO\VLV��  

 

51$VFRSH�LQ�VLWX�K\EULGL]DWLRQ�  

:KROH�HPEU\RV�DW�HPEU\RQLF�GD\������DQG������RU�ZKROH�KHDGV�RI�PLFH�DW�3��ZHUH�IL[HG�LQ�

�����IRUPDOGHK\GH��6LJPD�$OGULFK��GLOXWHG�LQ�3%6�DQG�HPEHGGHG�LQ�SDUDIILQ�IRU�VHFWLRQLQJ��$IWHU�

VHFWLRQLQJ��51$VFRSH�0XOWLSOH[�)OXRUHVFHQW�5HDJHQW�.LW�Y���$GYDQFHG�&HOO�'LDJQRVWLFV��$&'��

ZDV�XVHG�IROORZLQJ�WKH�PDQXIDFWXUHU¶V�LQVWUXFWLRQV�IRU�IRUPDOLQ�IL[HG�SDUDIILQ�HPEHGGHG�WLVVXHV��

3UREHV�IRU�6R[��DQG�*SKD��ZHUH�SXUFKDVHG�IURP�$&'��  

 

,Q�YLWUR�SLWXLWDU\�FXOWXUH 

3LWXLWDULHV�ZHUH�UHPRYHG�IURP�&'���PLFH�DW�WKH�DJH�RI�3���3LWXLWDULHV��Q� ������IURP�WKH�VDPH�

VH[�ZHUH�FXOWXUHG�RQ����ZHOO�SODWH��0LOOLSRUH��LQ�'0(0�)���PHGLXP�FRQWDLQLQJ�����FKDUFRDO�

VWULSSHG�)HWDO�%�RYLQH�6HUXP��)%6��6LJPD���DQG��������,8�3HQLFLOOLQ��������ȝJ�PO�6WUHSWRP\FLQ�

�3�6�� )LVKHU� 6FLHQWLILF��� 3LWXLWDULHV� ZHUH� DOORZHG� WR� UHFRYHU� IRU� �� KRXU� DQG� WKHQ� WUHDWHG� ZLWK�

*3+$��SHSWLGH��6LQR�%LRORJLFDO��DW���ȝJ�P/�RU�IRUVNROLQ��6LJPD�$OGULFK��DW������ȝJ�P/�IRU����

PLQXWHV��3LWXLWDULHV�ZHUH�WKHQ�FROOHFWHG�IRU�FU\RVHFWLRQLQJ�DQG�LPPXQRKLVWRFKHPLVWU\� 

 

,PPXQRKLVWRFKHPLVWU\��,+&��  

3LWXLWDULHV�IURP�LQ�YLWUR�FXOWXUH�ZHUH�IL[HG�LQ������IRUPDOGHK\GH��6LJPD�$OGULFK���GLOXWHG�LQ�

3%6�IRU����PLQXWHV��DQG�FU\RSURWHFWHG�LQ�����VXFURVH�VROXWLRQ�LQ�3%6�RYHUQLJKW��3LWXLWDULHV�ZHUH�

WKHQ�VQDS�IUR]HQ�LQ�2�&�7�FRPSRXQG��7LVVXH7HN��&$��86$���6HULDO�FRURQDO�VHFWLRQV������P��ZHUH�

FROOHFWHG�DQG�PRXQWHG�RQ�VOLGHV�ZKLOH�WKH\�ZHUH�NHSW�IUR]HQ��)UR]HQ�VHFWLRQV�ZHUH�WKHQ�WKDZHG�

DQG�IL[HG�LQ������IRUPDOGHK\GH��6LJPD�$OGULFK���IROORZHG�E\�D�3%6�ZDVK�DQG��D���PLQXWH�KRW��;�



 

 �� 

VRGLXP�FLWUDWH�����ȝ0��S+ �����EDWK�DW�ERLOLQJ�WHPSHUDWXUH��6OLGHV�ZHUH�WKHQ�EORFNHG�LQ�EORFNLQJ�

VROXWLRQ�����QRUPDO�GRQNH\�VHUXP�����ERYLQH�VHUXP�DOEXPHQ�DQG������WULWRQ�;����GLOXWHG�LQ�

VWHULOH�3%6�� IRU� ��KRXU� DQG� LQFXEDWHG� LQ�SULPDU\� DQWLERG\�SKRVSKR�&5(%� �S&5(%�� DQWLERG\�

�UDEELW���������8SVWDWH��DW���&�RYHUQLJKW��6OLGHV�ZHUH� WKHQ�ZDVKHG�ZLWK�3%6�ZLWK������ WZHHQ�

�)LVKHU� 6FLHQWLILF�� DQG� LQFXEDWHG� ZLWK� &\��FRQMXJDWHG� VHFRQGDU\� DQWLERG\� �������� -DFNVRQ�

,PPXQR5HVHDUFK���6OLGHV�ZHUH�WKHQ�PRXQWHG�ZLWK�PRXQWLQJ�PHGLD�FRQWDLQLQJ��ƍ���GLDPLGLQR���

SKHQ\OLQGROH��'$3,����������6LJPD�$OGULFK��DQG�YLVXDOL]HG�XVLQJ�D�/HLFD�'0�����/('�RSWLFDO�

PLFURVFRSH��,PDJHV�ZHUH�WDNHQ�XVLQJ�D�5HWLJD�����5�FRORU�FDPHUD�DQG�DFTXLUHG�XVLQJ�4�&DSWXUH�

VRIWZDUH��,PDJHV�ZHUH�WKHQ�SURFHVVHG�ZLWK�$GREH�3KRWRVKRS������DQG�S&5(%�VLJQDO�LQWHQVLW\�

ZDV�TXDQWLILHG�XVLQJ�,PDJH-�VRIWZDUH��)RU�TXDQWLILFDWLRQ����SLFWXUHV�RI�HDFK�VLGH�RI�DQWHULRU�OREH�

IURP�WKH�VDPH�SLWXLWDU\�ZHUH�WDNHQ�DQG�WKUHH�SLWXLWDULHV�LQ�WRWDO�ZHUH�XVHG�IRU�DQDO\VLV� 

 

'LVVRFLDWHG�SLWXLWDU\�FHOO�FXOWXUH 

3LWXLWDULHV�ZHUH�UHPRYHG�IURP�DGXOW�&'���PLFH��3LWXLWDULHV��Q� ������IURP�ERWK�PDOHV�DQG�

IHPDOHV�FRPELQHG�ZHUH�WUHDWHG�ZLWK�������WU\SVLQ�IRU����PLQXWHV�LQ����&�IROORZHG�E\����PLQXWHV�

WUHDWPHQW�LQ�'1DVH��$IWHU�LQDFWLYDWLRQ�RI�WU\SVLQ�ZLWK�HTXDO�YROXPH�RI�+%66��&RUQLQJ��������

GRQNH\�VHUXP��SLWXLWDU\�WLVVXHV�ZHUH�WULWXUDWHG�ZLWK�ZLGH�DQG�QDUURZ�ERUH�3DVWHXU�SLSHWV��&HOOV�

ZHUH�FHQWULIXJHG�IRU���PLQXWHV�DW�����[�J�DQG�UHVXVSHQGHG�LQ�'0(0�)���PHGLXP�FRQWDLQLQJ�����

FKDUFRDO�VWULSSHG�)%6��DQG����3�6��&HOO�QXPEHUV�ZHUH�FRXQWHG�XVLQJ�KHPDF\WRPHWHU�DQG�SODWHG�

LQ���ZHOO�SODWH�ZLWK�GHQVLW\�RI���PLOOLRQ�FHOOV�ZHOO��&HOOV�ZHUH�DOORZHG�WR�UHFRYHU�DQG�DWWDFK�WR�WKH�

SODWH�RYHUQLJKW��7KH�PHGLD�ZHUH�UHSODFHG�E\�IUHVK�'0(0�)����FKDUFRDO�VWULSSHG�)%6�3�6�PHGLD�

FRQWDLQLQJ�76+5�LQKLELWRU�0/�����0HG&KHP([SUHVV��DW�ILQDO�FRQFHQWUDWLRQ�RI���ȝJ�P/�RU�HTXDO�

YROXPH�RI�'062�DV�FRQWURO��$IWHU����PLQXWHV�SUH�WUHDWPHQW�RI�76+5�LQKLELWRU�'062��*3+$��

SHSWLGH�RU�3%6�ZDV�DGGHG�DW�WKH�ILQDO�FRQFHQWUDWLRQ�RI�����QJ�P/�DQG�FHOOV�ZHUH�LQFXEDWHG�IRU�

DQRWKHU����PLQXWHV��&HOOV�ZHUH�WKHQ�FROOHFWHG�IRU�ZHVWHUQ�EORW�DQDO\VLV� 



 

 �� 

:HVWHUQ�EORW�  

&HOOV�ZHUH�FROOHFWHG�RQ�LFH�DQG�O\VHG�XVLQJ�UDGLRLPPXQRSUHFLSLWDWLRQ�DVVD\�EXIIHU��5,3$���

3URWHLQ�IUDJPHQWV�ZHUH�REWDLQHG�E\�FHQWULIXJDWLRQ�DQG�WRWDO�SURWHLQ�FRQFHQWUDWLRQ�ZDV�PHDVXUHG�

YLD�D�%&$�SURWHLQ�DVVD\�NLW��7KHUPR�)LVKHU��DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��3URWHLQ�

VDPSOHV�����ȝJ��ZHUH�PL[HG�ZLWK�5,3$�EXIIHU�DQG��[�/DHPPOL�ORDGLQJ�G\H�DQG�WKHQ�KHDWHG�DW�

���&� IRU� ��� PLQXWHV�� 6DPSOHV� ZHUH� ORDGHG� RQ� D� ���� 6'6�3$*(� JHO� DQG� WUDQVIHUUHG� WR� D�

QLWURFHOOXORVH�PHPEUDQH��%LR5DG���7KH�PHPEUDQH�ZDV�EORFNHG�IRU�WZR�KRXUV�LQ����QRQ�IDW�PLON�

LQ�WULV�EXIIHUHG�VDOLQH��7%6��WKHQ�LQFXEDWHG�ZLWK�S&5(%�DQWLERG\��UDEELW����������8SVWDWH���&5(%�

DQWLERG\��UDEELW���������&HOO�6LJQDOLQJ��RU�Į�WXEXOLQ�DQWLERG\��PRXVH����������6LJPD�$OGULFK��DV�

FRQWURO�LQ����PLON�ZLWK������WZHHQ�IRU�RYHUQLJKW�DW���&��6HFRQGDU\�JRDW�DQWL�UDEELW�RU�DQWL�PRXVH�

DQWLERG\� ��������� FRQMXJDWHG� WR� ,5G\H� ���FZ� �/,�&25� %LRVFLHQFHV�� ZDV� DGGHG� DW� URRP�

WHPSHUDWXUH�IRU���KRXU��0HPEUDQHV�ZHUH�WKHQ�LPDJHG�ZLWK�WKH�2G\VVH\�LQIUDUHG�LPDJLQJ�V\VWHP�

�/,�&25���7KH� UHODWLYH�SURWHLQ� OHYHOV�ZHUH� DQDO\]HG�E\�,PDJH-��)RU�TXDQWLILFDWLRQ��S&5(%�RU�

&5(%� SURWHLQ� OHYHOV� ZHUH� QRUPDOL]HG� WR� Į�WXEXOLQ� DV� KRXVHNHHSLQJ� SURWHLQ� E\� GLYLGLQJ� WKH�

LQWHQVLW\�RI�S&5(%�&5(%�EDQG�WR�Į�WXEXOLQ�EDQG�LQ�WKH�VDPH�ODQH��$OO�H[SHULPHQWDO�JURXSV�ZHUH�

WKHQ�FRPSDUHG�ZLWK� WKH�FRQWURO�JURXS�E\�GLYLGLQJ�HDFK�JURXS¶V�QRUPDOL]HG�LQWHQVLW\�WR�FRQWURO�

QRUPDOL]HG�LQWHQVLW\�DQG�IROG�FKDQJH�YDOXHV�IRU�HDFK�WUHDWPHQW�JURXS�ZHUH�REWDLQHG�DQG�XVHG�IRU�

VWDWLVWLFDO�DQDO\VLV��7KH�GHWDLOHG�PHWKRGV�DGDSWHG�IRU�TXDQWLILFDWLRQ�ZHUH�GHVFULEHG�LQ�WKLV�SDSHU�

�3LOODL�.DVWRRUL�HW�DO���������7KUHH�LQGLYLGXDO�VHWV�RI�H[SHULPHQWV�ZHUH�SHUIRUPHG��  

 

51$�LVRODWLRQ�DQG�F51$�SUHSDUDWLRQ 

3LWXLWDULHV�DW�DJH�RI�3��IURP�1RWFK��.2�PLFH�DQG�:7�OLWWHUPDWHV�ZHUH�KRPRJHQL]HG�DQG�

51$�ZDV�LVRODWHG�XVLQJ�WKH�51$TXHRXV�0LFUR�NLW��,QYLWURJHQ��DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU¶V�

SURWRFRO��7RWDO�51$�ZDV�UHYHUVH�WUDQVFULEHG�DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU¶V�LQVWUXFWLRQV�XVLQJ�

WKH�3URWR6FULSW�6WUDQG�F'1$�6\QWKHVLV�NLW��1HZ�(QJODQG�%LRODEV��DV�SUHYLRXVO\�GHVFULEHG��0RUDQ�



 

 �� 

HW�DO�������� 

 

4XDQWLWDWLYH�UHDO�WLPH�SRO\PHUDVH�FKDLQ�UHDFWLRQ��T57�3&5� 

2OLJRQXFOHRWLGH�SULPHUV�IRU�*SKD���/LIH�7HFKQRORJLHV��ZHUH�XVHG�WR�DPSOLI\�JHQH�VSHFLILF�

WUDQVFULSWV�E\�T57�3&5��7KH�H[SUHVVLRQ�OHYHOV�RI�JHQHV�RI�LQWHUHVW�ZHUH�QRUPDOL]HG�WR�$FWE�P51$�

OHYHOV��$FWE� LV� D� VWDEOH� KRXVHNHHSLQJ�JHQH� IRU� T57�3&5�QRUPDOL]DWLRQ� WKDW�ZH� FRQILUPHG�KDG�

FRQVLVWHQW� H[SUHVVLRQ� OHYHOV� DFURVV� GLIIHUHQW� JHQRW\SHV� �1DQWLH� HW� DO�� ������� 7KH� GDWD� ZHUH�

DQDO\]HG� XVLQJ� WKH� VWDQGDUG� FRPSDUDWLYH� F\FOH� WKUHVKROG� YDOXH� PHWKRG� ��±¨¨&W�� DV� SUHYLRXVO\�

GHVFULEHG� �*ROGEHUJ� HW� DO�� ������� 3&5� SULPHU� VHTXHQFHV� IRU� *SKD�� IRUZDUG�� �¶��

$**&7*&&$&77*&$&&&&��¶�� *SKD�� UHYHUVH�� �¶�&7&&&&$&*&7**77&&&��¶�� $FWE�

IRUZDUG�� �¶�*$&$7**$*$$*$7&7**&$��¶�� $FWE� UHYHUVH�� �¶�

**7&7&$$$&$7*$7&7***7��¶� 

 

6WDWLVWLFDO�DQDO\VLV 

$OO� GDWD�ZHUH� SUHVHQWHG� DV�PHDQ� ���� 6(0�� 6WDWLVWLFDO� VLJQLILFDQFH�ZDV� GHWHUPLQHG� XVLQJ�

6WXGHQW¶V�W�WHVW�RU�RQH�ZD\�$129$�IROORZHG�E\�'XQQHWW¶V�RU�7XNH\¶V�PXOWLSOH�FRPSDULVRQV�WHVW�

DV�QRWHG�LQ�WKH�ILJXUH�OHJHQGV��3�YDOXHV�OHVV�WKDQ������ZHUH�FRQVLGHUHG�VLJQLILFDQW��$OO�DQDO\VHV�

ZHUH�SHUIRUPHG�XVLQJ�*UDSK�3DG�3ULVP������� 

 

Results 

*SKD��P51$�ZDV�H[SUHVVHG�LQ�VXEVHW�RI�VWHP�FHOOV�LQ�GHYHORSLQJ�PRXVH�SLWXLWDU\ 

)URP�WKH�3��PRXVH�SLWXLWDU\�VF51$�VHT�GDWDVHW��ZH�LGHQWLILHG�GLIIHUHQW�FOXVWHUV�RI�FHOOV�XVLQJ�

PDUNHU�JHQHV�GHVFULEHG�LQ�WKH�RULJLQDO�SDSHU� �&KHXQJ�DQG�&DPSHU��������:H�IRXQG���GLIIHUHQW�

VWHP�FHOO�FOXVWHUV��6WHP���6WHP��DQG�6WHP���XVLQJ�VWHP�FHOO�PDUNHU�6R[���)LJXUH�����$�%���8VLQJ�



 

 �� 

SUROLIHUDWLRQ�PDUNHU�0NL����ZH�LGHQWLILHG�SUROLIHUDWLQJ�VWHP�FHOOV��6WHP���DQG�QRQ�SUROLIHUDWLQJ�

VWHP�FHOOV��6WHP��DQG�6WHP���)LJXUH�����&�'���1RWFK��ZDV�PRVWO\�H[SUHVVHG�LQ�6WHP��DQG�6WHP��

�)LJXUH�����(�)���DQG�*SKD��ZDV�H[SUHVVHG�LQ�WKH�VDPH�FOXVWHUV�DV�1RWFK���EXW�RQO\�LQ�D�VXEVHW�RI�

FHOOV�LQ�WKRVH�FOXVWHUV�DQG�PRVWO\�LQ�WKH�QRQ�SUROLIHUDWLQJ�6WHP���)LJXUH�����*�+���*SKE��ZDV�QRW�

GHWHFWHG�LQ�WKH�GDWDVHWV� 

)URP� WKH� DGXOW� PRXVH� SLWXLWDU\� VF51$�VHT� GDWDVHW� �&KHXQJ� HW� DO�� ������� WKH� VWHP� FHOO�

SRSXODWLRQ�ZDV� UHVWULFWHG� WR��� FOXVWHU� �)LJXUH�����$�%��DV� WKH�SUROLIHUDWLQJ�VWHP�FHOOV�ZHUH�QRW�

GHWHFWDEOH�DQ\PRUH��)LJXUH�����&�'���1RWFK���)LJXUH�����(�)��DQG�*SKD���)LJXUH�����*�+��ZHUH�

VWLOO�SUHVHQW�LQ�DGXOW�SLWXLWDU\�VWHP�FHOOV��$JDLQ��*SKE��ZDV�QRW�GHWHFWHG� 

)ROORZLQJ� WKH� VF51$�VHT� DQDO\VLV�� ZH� H[DPLQHG� WKH� H[SUHVVLRQ� RI� *SKD�� P51$� LQ�

GHYHORSLQJ�SLWXLWDULHV�DW�HPEU\RQLF�GD\�������H�������H�����DQG�3���DQG�REVHUYHG�FR�ORFDOL]DWLRQ�

RI�*SKD��DQG�6R[��VLJQDOV�DW�DOO�DJHV��)LJXUH�������6SHFLILFDOO\��LQ�3��SLWXLWDULHV��ZH�REVHUYHG�D�

IHZ�6R[��� FHOOV�H[SUHVVLQJ�VWURQJ�*SKD�� VLJQDOV�RQO\� LQ� WKH� LQWHUPHGLDWH� OREH� �)LJXUH�����&���

2WKHU�6R[���*SKD���FHOOV�ZHUH�VFDWWHUHG�LQ�WKH�DQWHULRU�OREH�SDUHQFK\PD��ZLWK�UHODWLYHO\�ZHDNHU�

*SKD��VLJQDOV�FRPSDUHG�WR�*SKD���FHOOV�LQ�WKH�LQWHUPHGLDWH�OREH��)LJXUH�����'���*SKD��ZDV�QRW�

H[SUHVVHG�LQ�WKH�6R[���VWHP�FHOOV�DORQJ�WKH�FOHIW��)LJXUH�����&�'���  

 

*SKD��H[SUHVVLRQ�ZDV�DVVRFLDWHG�ZLWK�1RWFK��LQ�WKH�SLWXLWDU\ 

*LYHQ� WKH� UHVXOWV� IURP� VF51$�VHT� DQDO\VLV� VKRZLQJ� *SKD�� DQG� 1RWFK�� P51$V� ZHUH�

H[SUHVVHG�LQ�WKH�VDPH�FOXVWHUV�RI�FHOOV��ZH�H[DPLQHG�WKH�H[SUHVVLRQ�RI�*SKD��P51$�LQ�1RWFK��

F.2�PRXVH�SLWXLWDULHV�FRPSDUHG�WR�:7�SLWXLWDULHV��%RWK�T57�3&5�DQDO\VLV��)LJXUH�����$��DQG�

,6+�VWDLQLQJ��)LJXUH�����%�&��IROORZHG�E\�TXDQWLILFDWLRQ��)LJXUH�����'��VKRZHG�*SKD��H[SUHVVLRQ�

OHYHOV� ZHUH� VLJQLILFDQWO\� GHFUHDVHG� LQ� 1RWFK��F.2� SLWXLWDULHV� FRPSDUHG� WR� :7� SLWXLWDULHV��

LQGLFDWLQJ�WKH�H[SUHVVLRQ�RI�*SKD��LQ�WKH�SLWXLWDU\�FRXOG�EH�UHJXODWHG�E\�WKH�127&+�VLJQDOLQJ�

SDWKZD\��  



 

 �� 

76+5�ZDV�H[SUHVVHG�LQ�PRXVH�SLWXLWDU\�DQG�LWV�VLJQDOLQJ�ZDV�DFWLYDWHG�E\�*3+$��  

7R�LGHQWLI\�WKH�WDUJHW�UHFHSWRU�DQG�GRZQVWUHDP�VLJQDOLQJ�SDWKZD\�WKDW�*3+$��DFWLYDWHV�LQ�

WKH�SLWXLWDU\��ZH�H[DPLQHG�WKH�SRVVLEOH�WDUJHW�RI�*3+$��LQ�WKH�SLWXLWDU\��76+5��,W�LV�H[SUHVVHG�LQ�

WKH�SLWXLWDU\��1DJDVDNL�HW�DO��������DQG�LW�KDV�EHHQ�UHSRUWHG�WR�EH�WKH�UHFHSWRU�IRU�WK\URVWLPXOLQ�

�1DNDED\DVKL�HW�DO��������6XQ�HW�DO��������+XDQJ�HW�DO���������+RZHYHU��WKH�FHOOV�H[SUHVVLQJ�76+5�

LQ�WKH�SLWXLWDU\�UHPDLQHG�XQFOHDU��)URP�DGXOW�PRXVH�SLWXLWDU\�VF51$�VHT�GDWDVHW��5XI�=DPRMVNL�

HW�DO���������ZH�REVHUYHG�H[SUHVVLRQ�RI�7VKU�ZDV�UHODWLYHO\�VSDUVH�DFURVV�GLIIHUHQW�FHOO�W\SHV��ZLWK�

D�FRQFHQWUDWLRQ�LQ�WKH�SDUV�WXEHUDOLV��37��URVWUDO�WLS�WK\URWURSHV���)LJXUH�������  

$V�D�ILUVW�VWHS�LQ�GHWHUPLQLQJ�LI�*3+$��FRXOG�VLJQDO�LQ�WKH�SLWXLWDU\��ZH�SHUIRUPHG�LQ�YLWUR�

SLWXLWDU\�H[SODQW�FXOWXUHV�ZLWK�*3+$��RU�IRUVNROLQ�DV�D�SRVLWLYH�FRQWURO��IROORZHG�E\�,+&�ZLWK�

S&5(%�DQWLERG\� �)LJXUH�����$���&5(%�SKRVSKRU\ODWLRQ� LV� D� NQRZQ�GRZQVWUHDP� WDUJHW� RI� WKH�

76+5�VLJQDOLQJ�SDWKZD\��+XDQJ�HW�DO���������4XDQWLILFDWLRQ�RI�,+&�VWDLQLQJ�VKRZHG�D�VLJQLILFDQW�

LQFUHDVH�RI�S&5(%�VLJQDO�LQ�SLWXLWDULHV�WUHDWHG�ZLWK�HLWKHU�*3+$��RU�WKH�NQRZQ�DGHQ\O\O�F\FODVH�

DFWLYDWRU� IRUVNROLQ� �)LJXUH� ���� %��� LQGLFDWLQJ� LQGXFWLRQ� RI� S&5(%� E\� *3+$��� 7R� WHVW� WKH�

K\SRWKHVLV�WKDW�LQGXFWLRQ�RI�S&5(%�ZDV�WKURXJK�76+5�VLJQDOLQJ��ZH�WKHQ�SHUIRUPHG�GLVVRFLDWHG�

SLWXLWDU\�FHOO�FXOWXUHV��WUHDWLQJ�WKH�FHOOV�ZLWK�*3+$��DQG�RU�76+5�LQKLELWRU�DQG�H[DPLQHG�S&5(%�

OHYHOV�XVLQJ�ZHVWHUQ�EORWV��:HVWHUQ�EORW�DQDO\VLV�VKRZHG�VLJQLILFDQW�LQGXFWLRQ�RI�S&5(%�LQ�FHOOV�

WUHDWHG�ZLWK�*3+$��SHSWLGH��DQG�WKH�LQGXFWLRQ�ZDV�LQKLELWHG�E\�FR�WUHDWPHQW�ZLWK�76+5�LQKLELWRU�

�)LJXUH�����$���$V�D�FRQWURO�SURWHLQ��&5(%�UHPDLQHG�XQFKDQJHG�LQ�DOO�H[SHULPHQWDO�JURXSV��)LJXUH�

����%�� 

 

Discussion 

2YHUDOO��WKHVH�GDWD�GHVFULEH�D�QRYHO�VWHP�FHOO�JHQH��*SKD���LQ�WKH�PRXVH�SLWXLWDU\�WKDW�FKDQJHV�

LQ�SDUDOOHO�ZLWK�127&+�VLJQDOLQJ��7KH�VF51$�VHT�DQDO\VLV�DOORZHG�XV�WR�LGHQWLI\�GLIIHUHQW�W\SHV�

RI� VWHP� FHOOV� LQ� QHRQDWDO� SLWXLWDULHV��7KH�KHWHURJHQHLW\�RI� VWHP�FHOOV�� LQFOXGLQJ�ZLWK� UHJDUG� WR�
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SUROLIHUDWLRQ�� LQGLFDWHV� WKH\� FRXOG� EH� UHVSRQVLEOH� IRU� GLIIHUHQW� IXQFWLRQV� GXULQJ� SLWXLWDU\�

GHYHORSPHQW��&RPSDUHG�ZLWK�DGXOW�SLWXLWDULHV��SUROLIHUDWLQJ�VWHP�FHOOV�DUH�H[FOXVLYH�WR�QHRQDWDO�

SLWXLWDULHV��7KH�VF51$�VHT�DQDO\VLV�LGHQWLILHG�*SKD��H[SUHVVLRQ�LQ�VWHP�FHOOV�LQ�WKH�SLWXLWDU\��:H�

GHPRQVWUDWHG� E\� 51$VFRSH� ,6+� WKDW�*SKD�� ZDV� H[SUHVVHG� LQ� D� VXEVHW� RI� VWHP� FHOOV� LQ� WKH�

LQWHUPHGLDWH�DQG�DQWHULRU�OREHV��7KH�IDFW�WKDW�1RWFK��DQG�*SKD��DUH�H[SUHVVHG�LQ�ERWK�QHRQDWDO�

DQG� DGXOW� SLWXLWDULHV� LQGLFDWHV� WKH\� PD\� SOD\� HVVHQWLDO� UROHV� LQ� VWHP� FHOO� PDLQWHQDQFH� DQG�RU�

GLIIHUHQWLDWLRQ��3UHYLRXV�VWXGLHV�KDYH�UHSRUWHG�WKDW�*SKD��LV�D�PDUNHU�IRU�TXLHVFHQW�FRUQHDO�VWHP�

FHOOV��$OWVKXOHU�HW�DO��������DQG�IXQFWLRQDOO\��LW�VXSSRUWV�WKH�XQGLIIHUHQWLDWHG�VWDWH�RI�WKH�VWHP�FHOOV�

�&ROOLQ� HW� DO�� �������7DNLQJ� WKH� VF51$�VHT�GDWD� DQG�SUHYLRXV� ILQGLQJV� WRJHWKHU�� IXWXUH� VWXGLHV�

LQYHVWLJDWLQJ�WKH�IXQFWLRQV�RI�*SKD��DQG�1RWFK��LQ�WKH�SLWXLWDU\�FRXOG�IRFXV�RQ�WKHLU�SRWHQWLDO�UROH�

LQ�PDLQWDLQLQJ�WKH�TXLHVFHQW�DQG�XQGLIIHUHQWLDWHG�VWDWH�RI�SLWXLWDU\�VWHP�FHOOV� 

$V�IRU�WKH�UHODWLRQVKLS�EHWZHHQ�1RWFK��DQG�*SKD��LQ�WKH�SLWXLWDU\��RXU�FXUUHQW�GDWD�VXJJHVW�

*SKD�¶V� H[SUHVVLRQ� LQ� WKH� SLWXLWDU\� LV� UHJXODWHG� E\�1RWFK�� DV� WKH\� DUH� H[SUHVVHG� LQ� WKH� VDPH�

FOXVWHUV� RI� VWHP� FHOOV� DQG� *SKD�¶V� H[SUHVVLRQ� ZDV� VLJQLILFDQWO\� GHFUHDVHG� LQ� 1RWFK��F.2�

SLWXLWDULHV��7KH�UHGXFWLRQ�RI�*SKD��P51$�OHYHOV� LQ� WKH�1RWFK��F.2�SLWXLWDU\�FRXOG�EH�GXH� WR�

GLUHFW� WUDQVFULSWLRQDO� UHJXODWLRQ�RI�*SKD��E\�127&+��VLJQDOLQJ��$OWHUQDWLYHO\��*SKD��P51$�

PD\�EH�UHGXFHG�GXH�WR�WKH�GHFUHDVH�LQ�VWHP�FHOO�SRSXODWLRQ�FDXVHG�E\�ORVV�RI�1RWFK���DV�ZH¶YH�

SUHYLRXVO\�UHSRUWHG�WKH�ORVV�RI�VWHP�FHOOV�LQ�1RWFK��F.2�SLWXLWDULHV�DIWHU�ELUWK��1DQWLH�HW�DO���������

+RZHYHU��ZKHWKHU�1RWFK�� GLUHFWO\�RU� LQGLUHFWO\� UHJXODWHV�*SKD�� UHPDLQV�XQNQRZQ��7R� IXUWKHU�

XQGHUVWDQG�LI�*SKD��LV�D�GLUHFW�WDUJHW�RI�127&+�VLJQDOLQJ��IXWXUH�VWXGLHV�FRXOG�H[DPLQH�SRVVLEOH�

ELQGLQJ�RI�127&+�VLJQDOLQJ�HIIHFWRU�5%3-��&DVWHO�HW�DO��������ZLWKLQ�WKH�*SKD��SURPRWHU�UHJLRQ��  

,Q�WHUPV�RI�*3+$�¶V�GRZQVWUHDP�WDUJHWV�LQ�WKH�SLWXLWDU\��ZH�GHPRQVWUDWHG�DFWLYDWLRQ�RI�WKH�

76+5�VLJQDOLQJ�SDWKZD\�E\�*3+$���1HRQDWDO� SLWXLWDULHV� DQG�GLVVRFLDWHG� DGXOW� SLWXLWDU\� FHOOV�

WUHDWHG�ZLWK�*3+$��SHSWLGH�KDG�LQGXFHG�S&5(%�OHYHOV��,Q�GLVVRFLDWHG�SLWXLWDULHV��WKH�LQGXFWLRQ�

RI� S&5(%� E\� *3+$�� ZDV� LQKLELWHG� E\� FR�WUHDWPHQW� ZLWK� 76+5� LQKLELWRU�� 7KLV� LV� WKH� ILUVW�

GHPRQVWUDWLRQ�WKDW��LQ�WKH�SLWXLWDU\��PRQRPHULF�*3+$��FRXOG�VLJQDO�WKURXJK�76+5��7KLV�ILQGLQJ�



 

 �� 

SURYLGHG�XV�VHYHUDO�SHUVSHFWLYHV�IRU�XQGHUVWDQGLQJ�*3+$��IXQFWLRQV�LQ�WKH�SLWXLWDU\��$V�D�SHSWLGH�

VHFUHWHG� IURP� VWHP� FHOOV�� *3+$��PD\� IXQFWLRQ� DV� D� SDUDFULQH� IDFWRU� WR� UHJXODWH� QHLJKERULQJ�

SURJHQLWRU�FHOOV�WKURXJK�WKH�76+5�VLJQDOLQJ�SDWKZD\��)LJXUH�������7KLV�SRVVLEOH�SDUDFULQH�UROH�RI�

*3+$��LQ�SLWXLWDU\�LV�LQVSLUHG�E\�D�UHFHQW�VWXG\�UHSRUWLQJ�WKDW�SLWXLWDU\�VWHP�FHOOV�ZHUH�DEOH�WR�

VHFUHWH�SDUDFULQH�:17�VLJQDOV�DQG�UHJXODWH�WKH�QHLJKERULQJ�FHOO¶V�SUROLIHUDWLRQ�GXULQJ�SRVWQDWDO�

SLWXLWDU\�H[SDQVLRQ� �5XVVHOO� HW�DO���������6LPLODU� WR�:17�VLJQDOLQJ� WKDW� LV�FUXFLDO� IRU�SLWXLWDU\�

H[SDQVLRQ�GXULQJ�HDUO\�GHYHORSPHQW� �&KDPEHUV�HW� DO��������2VPXQGVHQ�HW�DO���������127&+�

VLJQDOLQJ�LV�D�SDUDOOHO�SDWKZD\�WKDW�SOD\V�LPSRUWDQW�UROHV�LQ�UHJXODWLQJ�SLWXLWDU\�GHYHORSPHQW�DQG�

PDLQWHQDQFH��$OWKRXJK�ZH�GR�QRW�NQRZ�LI�*3+$��LV�VROHO\�IXQFWLRQLQJ�LQ�D�SDUDFULQH�PDQQHU��ZH�

KDYH�LGHQWLILHG�76+5�DV�RQH�WDUJHW�WKURXJK�ZKLFK�*3+$��H[HUWV�LWV�IXQFWLRQV�DQG�WKLV�UHFHSWRU�LV�

QRW� LQ� VWHP� FHOOV�� ,W� LV� DOVR� SRVVLEOH� WKDW� *3+$�� � KDV� D� UROH� GLUHFWO\� LQ� SLWXLWDU\� VWHP� FHOO�

TXLHVFHQFH�DV�LW�GRHV�LQ�WKH�FRUQHD��$OWVKXOHU�HW�DO��������WKURXJK�D�\HW�WR�EH�LGHQWLILHG�SDWKZD\��

)XWXUH� VWXGLHV� DUH� QHFHVVDU\� WR� IXOO\� XQGHUVWDQG� WKH� PHFKDQLVPV� RI� *3+$�¶V� DFWLRQV� LQ� WKH�

SLWXLWDU\� 

 

Acknowledgements 

7KH�DXWKRUV�ZLVK�WR�WKDQN�/HDK�1DQWLH�IRU�LQLWLDO�H[SHULPHQWDO�DVVLVWDQFH�DQG�'U��(ULN�1HOVRQ�

IRU� SURYLGLQJ�JXLGDQFH� DQG� UHDJHQWV� DV�ZH�EHJDQ� GLVVRFLDWHG� FHOO� FXOWXUH� DQG�*3+$��SHSWLGH�

WUHDWPHQW� 

 

  



 

 �� 

Figures 

)LJXUH�����VF51$�6HT�DQDO\VLV�VKRZLQJ�6R[���$�%���0NL����&�'���1RWFK���(�)��DQG�*SKD���*�+��H[SUHVVLRQ�OHYHOV�
DFURVV�GLIIHUHQW�FHOO�W\SHV�LQ�3��SLWXLWDU\��6RP��VRPDWRWURSKV��6WHP��VWHP�FHOOV��&RUW��FRUWLFRWURSKV��&RQQ��FRQQHFWLYH�
WLVVXH��*RQD��JRQDGRWURSKV��3RVW��SRVWHULRU�SLWXLWDU\�FHOOV��7K\��WK\URWURSKV��(QGRWK��HQGRWKHOLDO�FHOOV��,PPX��LPPXQH�
FHOOV��6HTXHQFLQJ�GDWD�ZHUH�GRZQORDGHG�IURP�*(2�XQGHU�DFFHVVLRQ�FRGH��*6(�������DQG�SORWV�ZHUH�JHQHUDWHG�XVLQJ�
6HXUDW�SDFNDJH�LQ�5� 

$ % 

& ' 

( ) 

* + 



 

 �� 

 

)LJXUH�����VF51$�6HT�DQDO\VLV�VKRZLQJ�6R[���$�%���0NL����&�'���1RWFK���(�)��DQG�*SKD���*�+��H[SUHVVLRQ�OHYHO�
DFURVV� GLIIHUHQW� FHOO� W\SHV� LQ� DGXOW� SLWXLWDU\�� 6RP�� VRPDWRWURSKV�� 6WHP�� VWHP� FHOOV�� &RUW�� FRUWLFRWURSKV�� &RQQ��
FRQQHFWLYH� WLVVXH��*RQD��JRQDGRWURSKV��3RVW��SRVWHULRU�SLWXLWDU\�FHOOV��7K\�� WK\URWURSKV�� (QGRWK��HQGRWKHOLDO�FHOOV��
,PPX��LPPXQH�FHOOV��3UROL��SUROLIHUDWLQJ�FHOOV��6HTXHQFLQJ�GDWD�ZHUH�GRZQORDGHG�IURP�*(2�XQGHU�DFFHVVLRQ�FRGH��
*6(�������DQG�SORWV�ZHUH�JHQHUDWHG�XVLQJ�6HXUDW�SDFNDJH�LQ�5� 

$ % 

& ' 

( ) 

* + 



 

 �� 

)LJXUH� ����51$VFRSH� ,6+�VWDLQLQJ� VKRZLQJ�*SKD�� �JUHHQ��DQG�6R[�� �UHG��P51$�RYHUODSSHG�ZLWK�'$3,� �EOXH��
VWDLQLQJ�WKH�QXFOHL�LQ�WKH�SLWXLWDU\�DW�H������$���H������%��DQG�3���&��'���3/��SRVWHULRU�OREH��53��5DWKNH¶V�SRXFK��,/��
LQWHUPHGLDWH�OREH��$/��DQWHULRU�OREH��:KLWH�DUURZV�LQGLFDWH�*SKD��VLJQDO��JUD\�DUURZV�LQGLFDWH�UHG�EORRG�FHOOV� 

 

)LJXUH�����T57�3&5��$��DQG�,6+��%�'��VKRZLQJ�GHFUHDVHG�*SKD��P51$�OHYHO�LQ�1RWFK��F.2�PRXVH�SLWXLWDULHV�
FRPSDUHG� WR�:7�PRXVH�SLWXLWDULHV��4XDQWLILFDWLRQ�RI� ,6+�ZDV�GRQH�XVLQJ�,PDJH-�VRIWZDUH�PHDVXULQJ� WKH�*SKD��
VLJQDO� LQWHQVLW\�QRUPDOL]HG� WR�EDFNJURXQG� �'���)RU�$�DQG�'�� WKH�JUDSK� UHSUHVHQWV� WKH�PHDQ���í�6(0� �Q� �������
6WXGHQW
V�W�WHVW�ZDV�SHUIRUPHG�DQG�
3���������



3������� 

 

)LJXUH� ���� VF51$�6HT� DQDO\VLV�VKRZLQJ�7VKU� H[SUHVVLRQ� OHYHO� DFURVV� GLIIHUHQW� FHOO� W\SHV� LQ� DGXOW� SLWXLWDU\��6RP��
VRPDWRWURSKV��6WHP��VWHP�FHOOV��&RUW��FRUWLFRWURSKV��&RQQ��FRQQHFWLYH� WLVVXH��*RQD��JRQDGRWURSKV��3RVW��SRVWHULRU�
SLWXLWDU\�FHOOV��7K\��WK\URWURSKV��(QGRWK��HQGRWKHOLDO�FHOOV��0HO��PHODQRWURSKV��0DFUR��PDFURSKDJHV��7FHOOV��%FHOOV��
7�FHOOV��%�FHOOV��37��SDUV�WXEHUDOLV��6HTXHQFLQJ�GDWD�ZHUH�GRZQORDGHG�IURP�*(2�XQGHU�DFFHVVLRQ�FRGH��*6(�������
DQG�SORWV�ZHUH�JHQHUDWHG�XVLQJ�6HXUDW�SDFNDJH�LQ�5� 

$ % & ' 

$
[ 

%
[ 

& 

' 

7VK



 

 �� 

 

)LJXUH�����,+&�VWDLQLQJ�VKRZLQJ�S&5(%�RYHUODSSHG�ZLWK�'$3,�VWDLQLQJ�LQ�WKH�SLWXLWDULHV�DW�3���$���4XDQWLILFDWLRQ�
RI�,+&�ZDV�GRQH�XVLQJ�,PDJH-�VRIWZDUH�PHDVXULQJ�WKH�S&5(%�VLJQDO�LQWHQVLW\�QRUPDOL]HG�WR�EDFNJURXQG��%��DQG�WKH�
JUDSK�UHSUHVHQWV�WKH�PHDQ���í�6(0��Q� �����2QH�ZD\�$129$�IROORZHG�E\�'XQQHWW¶V�PXOWLSOH�FRPSDULVRQV�WHVW�ZDV�
GRQH��$VWHULVN��
��UHSUHVHQWV�VLJQLILFDQW�GLIIHUHQFH�IURP�YHKLFOH�FRQWURO��*3+$�����ȝJ�P/��)RUVNROLQ�������ȝJ�P/��
2QH�ZD\�$129$�3� ���������
3�������


3��������E\�'XQQHWW¶V�PXOWLSOH�FRPSDULVRQV�WHVW� 

 

 

)LJXUH�����:HVWHUQ�EORW�DQDO\VLV�VKRZLQJ�H[SUHVVLRQ�OHYHOV�SI�S&5(%��$��DQG�&5(%��%��SURWHLQV�UHODWLYH�WR�Į�WXEXOLQ�
LQ�GLIIHUHQW�WUHDWPHQW�JURXSV��*3+$�������QJ�P/��,QK��76+5�LQKLELWRU����ȝJ�P/��)RU�TXDQWLILFDWLRQ��IROG�FKDQJH�
OHYHOV�ZHUH�XVHG�IRU�VWDWLVWLFV�DQDO\VLV�DQG�WKH�JUDSK�UHSUHVHQWV�WKH�PHDQ���í�6(0��Q� �����2QH�ZD\�$129$�IROORZHG�
E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQV�WHVW�ZDV�GRQH��$VWHULVN��
��UHSUHVHQWV�VLJQLILFDQW�GLIIHUHQFH�IURP�YHKLFOH�FRQWURO��
2QH�ZD\�$129$�3� ���������
3������E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQV�WHVW� 

$ % 

$
[ 

%
[ 



 

 �� 

 

)LJXUH�����+\SRWKHVL]HG�PHFKDQLVPV�RI�DFWLRQ�RI�*3+$��LQ�WKH�SLWXLWDU\��([SUHVVLRQ�RI�*SKD��JHQH�LV�UHJXODWHG�E\�
1RWFK��LQ�WKH�SLWXLWDU\�VWHP�FHOO��IROORZHG�E\�VHFUHWLRQ�RI�*3+$��SHSWLGH��*3+$��DFWV�WKURXJK�76+5�RQ�QHLJKERULQJ�
FHOOV�DQG�DFWLYDWHG�GRZQVWUHDP�VLJQDOLQJ�SDWKZD\��  

 

References 

$OWVKXOHU�$��$PLWDL�/DQJH�$��7DUD]L�1��'H\�6��6WULQNRYVN\�/��+DGDG�3RUDW�6��%KDWWDFKDU\D�6��

1DVVHU�:��,PHUL�-��%HQ�'DYLG�*��HW�DO��������'LVFUHWH�OLPEDO�HSLWKHOLDO�VWHP�FHOO�

SRSXODWLRQV�PHGLDWH�FRUQHDO�KRPHRVWDVLV�DQG�ZRXQG�KHDOLQJ��&HOO�6WHP�&HOO���������



 

 �� 

GRL���������M�VWHP������������� 

%DUWNH�$��%URZQ�%RUJ�+��������/LIH�([WHQVLRQ�LQ�WKH�'ZDUI�0RXVH��&XUU�7RS�'HY�%LRO������

GRL���������6��������������������� 

%RVFK�L�$UD�/��.DWXJDPSROD�+��'DWWDQL�07��������&RQJHQLWDO�+\SRSLWXLWDULVP�'XULQJ�WKH�

1HRQDWDO�3HULRG��(SLGHPLRORJ\��3DWKRJHQHVLV��7KHUDSHXWLF�2SWLRQV��DQG�2XWFRPH��)URQW�

3HGLDWU����������GRL���������)3('�������������%,%7(;� 

&DVWHO�'��0RXULNLV�3��%DUWHOV�6--��%ULQNPDQ�$%��7DMEDNKVK�6��6WXQQHQEHUJ�+*��������'\QDPLF�

ELQGLQJ�RI�5%3-�LV�GHWHUPLQHG�E\�QRWFK�VLJQDOLQJ�VWDWXV��*HQHV�'HY���������

GRL���������JDG������������ 

&KDPEHUV�7-*��*LOHV�$��%UDEDQW�*��'DYLV�-5(��������:QW�VLJQDOOLQJ�LQ�SLWXLWDU\�GHYHORSPHQW�

DQG�WXPRULJHQHVLV��(QGRFU�5HODW�&DQFHU���������GRL���������(5&��������� 

&KHXQJ�/<0��&DPSHU�6$��������3523��'HSHQGHQW�5HWLQRLF�$FLG�6LJQDOLQJ�5HJXODWHV�

'HYHORSPHQWDO�3LWXLWDU\�0RUSKRJHQHVLV�DQG�+RUPRQH�([SUHVVLRQ��(QGRFULQRORJ\��8QLWHG�

6WDWHV�����������GRL���������HQGRFU�ETDD���� 

&KHXQJ�/<0��*HRUJH�$6��0F*HH�65��'DO\�$=��%ULQNPHLHU�0/��(OOVZRUWK�%6��&DPSHU�6$��

������6LQJOH�&HOO�51$�6HTXHQFLQJ�5HYHDOV�1RYHO�0DUNHUV�RI�0DOH�3LWXLWDU\�6WHP�&HOOV�

DQG�+RUPRQH�3URGXFLQJ�&HOO�7\SHV��(QGRFULQRORJ\�����������GRL���������HQ������������ 

&ROOLQ�-��4XHHQ�5��=HUWL�'��%RMLF�6��'RUJDX�%��0R\VH�1��0ROLQD�00��<DQJ�&��'H\�6��5H\QROGV�

*��HW�DO��������$�VLQJOH�FHOO�DWODV�RI�KXPDQ�FRUQHD�WKDW�GHILQHV�LWV�GHYHORSPHQW��OLPEDO�

SURJHQLWRU�FHOOV�DQG�WKHLU�LQWHUDFWLRQV�ZLWK�WKH�LPPXQH�FHOOV��2FXODU�6XUIDFH������

GRL���������M�MWRV������������� 

'REU]\FNL�7��.UHFVPDULN�0��%RQNKRIHU�)��3DWLHQW�5��0RQWHLUR�5��������$Q�RSWLPLVHG�SLSHOLQH�

IRU�SDUDOOHO�LPDJH�EDVHG�TXDQWLILFDWLRQ�RI�JHQH�H[SUHVVLRQ�DQG�JHQRW\SLQJ�DIWHU�LQ�VLWX�

K\EULGLVDWLRQ��%LRO�2SHQ��������GRL���������ELR�������� 



 

 �� 

)DQJ�4��*HRUJH�$6��%ULQNPHLHU�0/��0RUWHQVHQ�$+��*HUJLFV�3��&KHXQJ�/<0��'DO\�$=��$MPDO�

$��0LOOiQ�0,3��%LOJH�2]HO�$��HW�DO��������*HQHWLFV�RI�FRPELQHG�SLWXLWDU\�KRUPRQH�

GHILFLHQF\��5RDGPDS�LQWR�WKH�JHQRPH�HUD��(QGRFU�5HY���������GRL���������HU����������� 

*ROGEHUJ�/%��$XMOD�3.��5DHW]PDQ�/7��������3HUVLVWHQW�H[SUHVVLRQ�RI�DFWLYDWHG�1RWFK�LQKLELWV�

FRUWLFRWURSH�DQG�PHODQRWURSH�GLIIHUHQWLDWLRQ�DQG�UHVXOWV�LQ�G\VIXQFWLRQ�RI�WKH�+3$�D[LV��'HY�

%LRO��GRL���������M�\GELR������������� 

+XDQJ�:/��/L�=��/LQ�7<��:DQJ�6:��:X�)-��/XR�&:��������7K\URVWLPXOLQ�76+5�VLJQDOLQJ�

SURPRWHV�WKH�SUROLIHUDWLRQ�RI�1,+�29&$5���RYDULDQ�FDQFHU�FHOOV�YLD�WUDQV�UHJXODWLRQ�RI�WKH�

(*)5�SDWKZD\��6FL�5HS�����GRL���������VUHS������ 

0RQDKDQ�3��5\EDN�6��5DHW]PDQ�/7��������7KH�QRWFK�WDUJHW�JHQH�+HV��UHJXODWHV�FHOO�F\FOH�

LQKLELWRU�H[SUHVVLRQ�LQ�WKH�GHYHORSLQJ�SLWXLWDU\��(QGRFULQRORJ\����������

GRL���������HQ����������� 

0RUDQ�7%��%UDQQLFN�.(��5DHW]PDQ�/7��������$U\O�K\GURFDUERQ�UHFHSWRU�DFWLYLW\�PRGXODWHV�

SURODFWLQ�H[SUHVVLRQ�LQ�WKH�SLWXLWDU\��7R[LFRO�$SSO�3KDUPDFRO��

GRL���������M�WDDS������������� 

1DJDVDNL�+��:DQJ�=��-DFNVRQ�95��/LQ�6��1RWKDFNHU�+3��&LYHOOL�2��������'LIIHUHQWLDO�H[SUHVVLRQ�

RI�WKH�WK\URVWLPXOLQ�VXEXQLWV��JO\FRSURWHLQ�Į��DQG�ȕ��LQ�WKH�UDW�SLWXLWDU\��-�0RO�(QGRFULQRO��

�������GRL���������MPH��������� 

1DNDED\DVKL�.��0DWVXPL�+��%KDOOD�$��%DH�-��0RVVHOPDQ�6��+VX�6<��+VXHK�$-:��������

7K\URVWLPXOLQ��D�KHWHURGLPHU�RI�WZR�QHZ�KXPDQ�JO\FRSURWHLQ�KRUPRQH�VXEXQLWV��DFWLYDWHV�

WKH�WK\URLG�VWLPXODWLQJ�KRUPRQH�UHFHSWRU��-RXUQDO�RI�&OLQLFDO�,QYHVWLJDWLRQ��

GRL���������-&,�������� 

1DQWLH�/%��+LPHV�$'��*HW]�'5��5DHW]PDQ�/7��������1RWFK�6LJQDOLQJ�LQ�3RVWQDWDO�3LWXLWDU\�

([SDQVLRQ��3UROLIHUDWLRQ��3URJHQLWRUV��DQG�&HOO�6SHFLILFDWLRQ��0ROHFXODU�(QGRFULQRORJ\��



 

 �� 

���������±�����GRL���������PH������������>DFFHVVHG������$XJ���@��

KWWSV���DFDGHPLF�RXS�FRP�PHQG�DUWLFOH������������������ 

2NDGD�6/��(OOVZRUWK�-/��'XUQDP�'0��+DXJHQ�+6��+ROORZD\�-/��.HOOH\�0/��/HZLV�.(��5HQ�+��

6KHSSDUG�32��6WRUH\�+0��HW�DO��������$�JO\FRSURWHLQ�KRUPRQH�H[SUHVVHG�LQ�FRUWLFRWURSKV�

H[KLELWV�XQLTXH�ELQGLQJ�SURSHUWLHV�RQ�WK\URLG�VWLPXODWLQJ�KRUPRQH�UHFHSWRU��0ROHFXODU�

(QGRFULQRORJ\���������GRL���������PH����������� 

2VPXQGVHQ�$0��.HLVOHU�-/��0DUN�7DNHWR�0��'DYLV�6:��������&DQRQLFDO�:17�VLJQDOLQJ�

UHJXODWHV�WKH�SLWXLWDU\�RUJDQL]HU�DQG�SLWXLWDU\�JODQG�IRUPDWLRQ��(QGRFULQRORJ\�����������

GRL���������HQ������������ 

3LOODL�.DVWRRUL�/��6FKXW]�*HVFKZHQGHU�$5��+DUIRUG�-$��������$�V\VWHPDWLF�DSSURDFK�WR�

TXDQWLWDWLYH�:HVWHUQ�EORW�DQDO\VLV��$QDO�%LRFKHP�������GRL���������M�DE������������� 

5DHW]PDQ�/7��&DL�-;��&DPSHU�6$��������+HV��LV�UHTXLUHG�IRU�SLWXLWDU\�JURZWK�DQG�PHODQRWURSH�

VSHFLILFDWLRQ��'HY�%LRO����������GRL���������M�\GELR������������� 

5DHW]PDQ�/7��5RVV�6$��&RRN�6��'XQZRRGLH�6/��&DPSHU�6$��7KRPDV�34��������'HYHORSPHQWDO�

UHJXODWLRQ�RI�1RWFK�VLJQDOLQJ�JHQHV�LQ�WKH�HPEU\RQLF�SLWXLWDU\��3URS��GHILFLHQF\�DIIHFWV�

1RWFK��H[SUHVVLRQ��'HY�%LRO����������GRL���������M�\GELR������������� 

5XI�=DPRMVNL�)��=KDQJ�=��=DPRMVNL�0��6PLWK�*5��0HQGHOHY�1��/LX�+��1XGHOPDQ�*��0RULZDNL�

0��3LQFDV�+��&DVWDQRQ�5*��HW�DO��������6LQJOH�QXFOHXV�PXOWL�RPLFV�UHJXODWRU\�ODQGVFDSH�RI�

WKH�PXULQH�SLWXLWDU\��1DW�&RPPXQ���������GRL���������V����������������Z� 

5XVVHOO�-3��/LP�;��6DQWDPEURJLR�$��<LDQQL�9��.HPNHP�<��:DQJ�%��)LVK�0��+DVWRQ�6��*UDEHN�$��

+DOODQJ�6��HW�DO��������3LWXLWDU\�VWHP�FHOOV�SURGXFH�SDUDFULQH�:17�VLJQDOV�WR�FRQWURO�WKH�

H[SDQVLRQ�RI�WKHLU�GHVFHQGDQW�SURJHQLWRU�FHOOV��(OLIH������GRL���������(/,)(������� 

6XQ�6&��+VX�3-��:X�)-��/L�6+��/X�&+��/XR�&:��������7K\URVWLPXOLQ��EXW�QRW�WK\URLG�

VWLPXODWLQJ�KRUPRQH��76+���DFWV�DV�D�SDUDFULQH�UHJXODWRU�WR�DFWLYDWH�WKH�76+�UHFHSWRU�LQ�
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Abstract 

3KWKDODWHV� DUH� FKHPLFDOV� XVHG� LQ� SURGXFWV� LQFOXGLQJ� SODVWLFV�� SHUVRQDO� FDUH� SURGXFWV�� DQG�

EXLOGLQJ�PDWHULDOV��OHDGLQJ�WR�ZLGHVSUHDG�FRQWDFW��3UHYLRXV�VWXGLHV�RQ�SUHQDWDO�H[SRVXUH�WR�'L����

HWK\OKH[\O��SKWKDODWH��'(+3��LQ�PLFH�DQG�KXPDQV�GHPRQVWUDWHG�SXEHUWDO�WLPLQJ�DQG�UHSURGXFWLYH�

SHUIRUPDQFH� FRXOG� EH� DIIHFWHG� LQ� H[SRVHG� RIIVSULQJ�� +RZHYHU�� WKH� LPSDFWV� DW� WKH� SLWXLWDU\��

VSHFLILFDOO\�UHJDUGLQJ�VLJQDOLQJ�SDWKZD\V�HQJDJHG�DQG�GLUHFW�HIIHFWV�RQ�WKH�JRQDGRWURSLQV�/+�DQG�

)6+�� DUH� XQNQRZQ��:H� K\SRWKHVL]HG� SUHQDWDO� H[SRVXUH� WR� '(+3� GXULQJ� D� FULWLFDO� SHULRG� RI�

HPEU\RQLF� GHYHORSPHQW� �H����� WR� H������ ZLOO� FDXVH� VH[�VSHFLILF� GLVUXSWLRQV� LQ� UHSURGXFWLRQ�

UHODWHG� P51$� H[SUHVVLRQ� LQ� RIIVSULQJ¶V� SLWXLWDU\� GXH� WR� LQWHUIHUHQFH� ZLWK� DQGURJHQ� DQG� DU\O�

K\GURFDUERQ�UHFHSWRU��$K5��VLJQDOLQJ��:H�IRXQG�WKDW�SUHQDWDO�'(+3�H[SRVXUH� LQ�YLYR�FDXVHG�D�

VLJQLILFDQW� LQFUHDVH� LQ� )VKE� VSHFLILFDOO\� LQ� PDOHV�� ZKLOH� WKH� DQWL�DQGURJHQ� IOXWDPLGH� FDXVHG�

VLJQLILFDQW�LQFUHDVHV�LQ�ERWK�/KE�DQG�)VKE� LQ�PDOHV��$K5�WDUJHW�JHQH�&\S�E��ZDV�LQFUHDVHG�LQ�

ERWK� VH[HV� LQ�'(+3�H[SRVHG�RIIVSULQJ�� ,Q� HPEU\RQLF�SLWXLWDU\� FXOWXUHV�� WKH�'(+3�PHWDEROLWH�

PRQR����HWK\OKH[\O��SKWKDODWH��0(+3��LQFUHDVHG�&\S�D��DQG�&\S�E��P51$�LQ�ERWK�VH[HV�DQG�

&\S�E�� LQGXFWLRQ� ZDV� UHGXFHG� E\� FR�WUHDWPHQW� ZLWK�$K5� DQWDJRQLVW��$K5� UHSRUWHU� DVVD\� LQ�

*+)7��FHOOV�FRQILUPHG�0(+3�FDQ�DFWLYDWH�$K5�VLJQDOLQJ��/KE��)VKE� DQG�*QUKU�P51$�ZHUH�

VLJQLILFDQWO\�GHFUHDVHG� LQ�ERWK� VH[HV�E\�0(+3��EXW� FR�WUHDWPHQW�ZLWK�$K5�DQWDJRQLVW� GLG�QRW�

UHVWRUH�P51$� OHYHOV� LQ�SLWXLWDU\�FXOWXUH�� ,Q�VXPPDU\��RXU�GDWD�VXJJHVW�SKWKDODWHV� FDQ�GLUHFWO\�

DIIHFW� WKH� IXQFWLRQ� RI� WKH� SLWXLWDU\� E\� DFWLYDWLQJ� $K5� VLJQDOLQJ� DQG� DOWHULQJ� JRQDGRWURSLQ�

H[SUHVVLRQ�� 7KLV� LQGLFDWHV� '(+3¶V� LPSDFWV� RQ� WKH� SLWXLWDU\� FRXOG� FRQWULEXWH� WR� UHSURGXFWLYH�
 

1� 3XEOLVKHG��*H��;���:HLV��.���)ODZV��-���	�5DHW]PDQ��/����������3UHQDWDO�H[SRVXUH�WR�WKH�SKWKDODWH�'(+3�LPSDFWV�UHSURGXFWLRQ�

UHODWHG�JHQH�H[SUHVVLRQ�LQ�WKH�SLWXLWDU\��5HSURGXFWLYH�WR[LFRORJ\��(OPVIRUG��1�<����6����������������������$GYDQFH�RQOLQH�

SXEOLFDWLRQ��KWWSV���GRL�RUJ���������M�UHSURWR[������������ 
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G\VIXQFWLRQV�REVHUYHG�LQ�H[SRVHG�PLFH�DQG�KXPDQV� 

 

Introduction 

'L���HWK\O�KH[\O�� SKWKDODWH� �'(+3�� LV� RQH� RI� WKH� PRVW� SUHYDOHQW� SKWKDODWHV�� XVHG� DV� D�

SODVWLFL]HU�DQG�LQGXVWULDO�VROYHQW��'(+3�FDQ�EH�IRXQG�LQ�YDULRXV�SURGXFWV�LQFOXGLQJ�39&�PDWHULDOV��

IRRG� FRQWDLQHUV�� SHUVRQDO�FDUH� SURGXFWV�� FRVPHWLFV�� DQG� PHGLFDO� GHYLFHV�� +XPDQV� DQG� RWKHU�

DQLPDOV�DUH�FRQVWDQWO\�H[SRVHG�WR�'(+3�RQ�D�GDLO\�EDVLV�DQG�LW�FDQ�HQWHU�KXPDQ�ERGLHV�WKURXJK�

GLIIHUHQW�SDWKV�LQFOXGLQJ�LQJHVWLRQ��LQKDODWLRQ�DQG�GHUPDO�FRQWDFW��6WDSOHV�HW�DO���������  

'(+3� LV� GHILQHG� DV� DQ� HQGRFULQH� GLVUXSWLQJ� FKHPLFDO� �('&�� GXH� WR� LWV� DELOLW\� WR� FDXVH�

HQGRFULQH�G\VIXQFWLRQ�LQ�KXPDQV�DQG�RWKHU�DQLPDOV��$GLEL�HW�DO��������0DUWLQH]�DUJXHOOHV�HW�DO��

�������$OWHUDWLRQ�LQ�UHSURGXFWLYH�IXQFWLRQ�LV�RQH�RI�WKH�PRVW�FRPPRQ�HIIHFWV�RI�'(+3�DV�DQ�('&�

�.D\�HW�DO��������=KRX�HW�DO���������,Q�PDOHV��'(+3�FDQ�KDYH�DQWL�DQGURJHQLF�HIIHFWV�DQG�FDXVH�

WHVWLFXODU�G\VJHQHVLV�OLNH� V\QGURPHV� �7'6�� LQFOXGLQJ� GHFUHDVHG� DQRJHQLWDO� GLVWDQFH� �$*'���

UHGXFWLRQ�LQ�WHVWRVWHURQH�SURGXFWLRQ��DQG�DOWHUDWLRQV�LQ�VH[XDO�GLIIHUHQWLDWLRQ� �6ZDQ�HW�DO��������

+X�HW�DO��������5DGNH�HW�DO���������7KHVH�HIIHFWV�DUH�FRQVLVWHQW�ZLWK�HIIHFWV�RI�H[SRVXUH�WR�RWKHU�

DQWL�DQGURJHQV�VXFK�DV�IOXWDPLGH��.UHLVPDQ��6RQJ��<LS��%��9��1DWDOH��HW�DO���������LQGLFDWLQJ�WKDW�

'(+3� FRXOG� DIIHFW� DQGURJHQ�PHGLDWHG� ELRORJLFDO� SURFHVV�� ,Q� IHPDOHV�� '(+3� FDQ� VXSSUHVV�

HVWUDGLRO�SURGXFWLRQ�LQ�WKH�RYDU\��/RYHNDPS�6ZDQ�DQG�'DYLV�������DQG�DFFHOHUDWH�UHSURGXFWLYH�

DJLQJ��+DQQRQ�HW�DO���������  

+XPDQV�DQG�DQLPDOV�DUH�FRQVWDQWO\�H[SRVHG�WR�'(+3�WKURXJKRXW�OLIH�EXW�WKH�SUHQDWDO�SHULRG�

LV�WKRXJKW�WR�EH�RQH�RI�WKH�FULWLFDO�ZLQGRZV�GXULQJ�ZKLFK�'(+3�H[SRVXUH�FDQ�FDXVH�PRUH�VHULRXV�

FRQVHTXHQFHV�� ,Q� PDOH� URGHQWV�� SUHQDWDO� H[SRVXUH� WR� '(+3� FRXOG� DIIHFW� VSHUPDWRJHQHVLV� DQG�

VSHUP�'1$�PHWK\ODWLRQ� �3UDGRV� HW� DO�� ������ DQG� LQGXFH� SUHPDWXUH� UHSURGXFWLYH� VHQHVFHQFH��

GHFUHDVHG�IHUWLOLW\��GHFUHDVHG�VHPHQ�TXDOLW\� DQG�PRELOLW\� �%DUDNDW�HW�DO��������� LQ� IHPDOHV�� WKH�

H[SRVXUH�FRXOG� OHDG� WR�DEQRUPDO�IROOLFXODU�GHYHORSPHQW��=KRX�HW�DO��������%UHKP�HW�DO���������
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GLVUXSWHG� HVWURXV� F\FOLFLW\� DQG� IROOLFXORJHQHVLV�� HDUO\� RQVHW� RI� SXEHUW\� DQG� GHFUHDVHG� IHUWLOLW\�

UHODWHG� LQGLFHV� �1LHUPDQQ� HW� DO�� ������� 6RPH� HIIHFWV� FDQ� EH� SDVVHG� RQ� WR� WKH� RIIVSULQJ� LQ� D�

WUDQVJHQHUDWLRQDO� PDQQHU� �%UHKP� HW� DO�� ������� $V� IRU� KRUPRQH� FKDQJHV�� GHFUHDVHG� )ROOLFOH�

6WLPXODWLQJ�+RUPRQH��)6+���,QKLELQ�%�DQG�WHVWRVWHURQH�OHYHOV��DV�ZHOO�DV�LQFUHDVHG�/XWHLQL]LQJ�

+RUPRQH� �/+�� DQG� HVWUDGLRO� OHYHOV�ZHUH� IRXQG� LQ�RIIVSULQJ� �%UHKP�HW� DO�� �������(YHQ� WKRXJK�

PXOWLSOH� ILQGLQJV� VXJJHVW� D� FRUUHODWLRQ� EHWZHHQ� SUHQDWDO� '(+3� H[SRVXUH� DQG� UHSURGXFWLYH�

IXQFWLRQ�GLVUXSWLRQV��WKH�PROHFXODU�PHFKDQLVPV�VKRZLQJ�KRZ�'(+3�H[SRVXUH�FRXOG�FDXVH�WKRVH�

GLVUXSWLRQV�DUH�XQNQRZQ��$OVR��HIIHFWLYH�LQWHUYHQWLRQV�WKDW�FRXOG�UHYHUVH�WKH�QHJDWLYH�HIIHFWV�RI�

'(+3�KDYH�QRW�EHHQ�IRXQG��  

7KH� UHSURGXFWLYH� V\VWHP� LQ� KXPDQV� DQG� URGHQWV� LV� UHJXODWHG� E\� +\SRWKDODPLF�3LWXLWDU\�

*RQDGDO��+3*��D[LV��.DSUDUD�DQG�+XKWDQLHPL��������6WXGLHV�KDYH�IRXQG�WKDW�SUHQDWDO�H[SRVXUH�

WR�'(+3�FRXOG�FDXVH�DOWHUDWLRQV�LQ�ERWK�WKH�K\SRWKDODPXV�DQG�SLWXLWDU\��6SHFLILFDOO\��LQ�XWHUR�DQG�

ODFWDWLRQDO�'(+3�H[SRVXUH�LQ�PLFH�VLJQLILFDQWO\�LQFUHDVHG�JRQDGRWURSLQ�JHQH�H[SUHVVLRQ�LQ�PDOH�

DQG�IHPDOH�RIIVSULQJ�ZKHQ�H[DPLQHG�LQ�DGXOWKRRG��3RFDU�HW�DO���������$�VLPLODU�H[SRVXUH�SHULRG�

LQ� UDWV�FDXVHG�D�GHFUHDVH� LQ�HVWURJHQ�UHFHSWRU� �(5�Į�DQG�ȕ�H[SUHVVLRQ� LQ�SUHSXEHUWDO�DQG�DGXOW�

IHPDOH�SLWXLWDU\��3pUH]�HW�DO���������'HVSLWH�WKLV�PRXQWLQJ�HYLGHQFH�VKRZLQJ�WKDW�'(+3�LPSDFWV�

+3*�D[LV�IXQFWLRQ�GXULQJ�GHYHORSPHQW��QR�VWXGLHV�KDYH�ORRNHG�GLUHFWO\�DW�WKH�GHYHORSLQJ�SLWXLWDU\�

WR�GHWHUPLQH�GLUHFW� HIIHFWV�� HVSHFLDOO\�ZLWK� ORZHU�GRVHV�RI�'(+3��$GGLWLRQDOO\�� OLWWOH� LV� NQRZQ�

DERXW�KRZ�'(+3�FRXOG�GLUHFWO\�DIIHFW�WKH�SLWXLWDU\�JODQG�WKURXJK�PHFKDQLVPV�RWKHU�WKDQ�LWV�DQWL�

DQGURJHQLF�HIIHFWV��  

/LPLWHG� GDWD� VXJJHVW� WKDW� '(+3�� WRJHWKHU� ZLWK� RWKHU� JURXSV� RI� SKWKDODWHV�� FDQ� EH� ZHDN�

DJRQLVWV�RI�DU\O�K\GURFDUERQ�UHFHSWRU��$K5��DQG�FDQ�DFWLYDWH�$K5�LQ�PXOWLSOH�FHOO�W\SHV�RI�KXPDQV�

RU�URGHQWV��(UQVW�HW�DO���������$K5�LV�D�WUDQVFULSWLRQ�IDFWRU�WKDW�LV�WKRXJKW�WR�IXQFWLRQ�SULPDULO\�DV�

D� VHQVRU� RI� HQYLURQPHQWDO� WR[LFDQWV��$K5� VLJQDOLQJ� DFWLYDWHV� WKH� GRZQVWUHDP� WUDQVFULSWLRQ� RI�

JHQHV�LQFOXGLQJ�&\S�D���&\S�E��DQG�&\S�D���)RUPRVD�DQG�9DVVDOOR�������WKDW�DUH�F\WRFKURPH�

3���V�HQ]\PHV�ZKLFK�DUH�LQYROYHG�LQ�WKH�GHJUDGDWLRQ��PHWDEROLVP�DQG�H[FUHWLRQ�RI�WR[LFDQWV��$K5�
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VLJQDOLQJ�FRXOG�EH�DFWLYDWHG�E\�D�UDQJH�RI�OLJDQGV�LQ�GLIIHUHQW�FDWHJRULHV�LQFOXGLQJ�KDORJHQDWHG�

DURPDWLF� K\GURFDUERQV� �+$+V�� OLNH� ��������WHWUDFKORURGLEHQ]R�S�GLR[LQ� �7&''�� GLR[LQ��� QRQ�

KDORJHQDWHG� SRO\F\FOLF� DURPDWLF� K\GURFDUERQV� OLNH� ȕ�QDSKWKRIODYRQH�� DQG� SRO\FKORULQDWHG�

ELSKHQ\OV��3&%V���3HWNRY�HW�DO���������'(+3�RU�LWV�SULPDU\�PHWDEROLWH��0(+3�FRXOG�LQGXFH�$K5�

VLJQDOLQJ�LQ�YLYR�LQ�WUDQVJHQLF�]HEUDILVK��-XQDLG�HW�DO���������DV�ZHOO�DV�LQ�PRXVH�RYDULDQ�JUDQXORVD�

FHOOV� �/RYHNDPS�6ZDQ� HW� DO�� ������� ,Q� LQ� YLWUR� H[SHULPHQWV��'(+3�PRGHVWO\� LQGXFHG� DQ�$K5�

UHSRUWHU� OXFLIHUDVH�H[SUHVVLRQ�YHFWRU� LQ�+HSD����F5�FHOOV� �.U�JHU� HW�DO���������+RZHYHU�� WKHUH�

KDYH�QRW�EHHQ�DQ\�VWXGLHV�VKRZLQJ�DFWLYDWLRQ�RI�$K5�LQ�WKH�SLWXLWDU\�JODQG�LQ�YLYR�RU�LQ�YLWUR�E\�

'(+3��DQG�PRUH�VSHFLILFDOO\��KRZ�LW�FRXOG�DIIHFW�UHSURGXFWLYH�UHODWHG�JHQH�H[SUHVVLRQ��  

,W�LV�NQRZQ�WKDW�$K5�VLJQDOLQJ�LPSDFWV�WKH�SLWXLWDU\�JODQG��7KH�$K5�VLJQDOLQJ�SDWKZD\�LV�

FUXFLDO�IRU�PDLQWDLQLQJ�WKH�QRUPDO�UHSURGXFWLYH�IXQFWLRQV�RI�WKH�SLWXLWDU\�JODQG��DV�JRQDGRWURSLQ�

P51$�H[SUHVVLRQ�LQ�WKH�SLWXLWDU\�ZDV�VLJQLILFDQWO\�GHFUHDVHG�LQ�$K5.2�PLFH��+DWWRUL�HW�DO���������

2WKHU�WKDQ�LWV�HQGRJHQRXV�IXQFWLRQV��$K5�DFWLYDWLRQ�ZLWK�7&''�KDV�EHHQ�NQRZQ�WR� EH�DEOH�WR�

GHFUHDVH�/KE�H[SUHVVLRQ�LQ�ERWK�PDOH�DQG�IHPDOH�URGHQWV��0XWRK�HW�DO���������DQG�DFWLYDWLRQ�ZLWK�

DJRQLVW�ȕ�QDSKWKRIODYRQH�ZDV�IRXQG�WR�UHGXFH�WKH�H[SUHVVLRQ�RI�$KU�DQG�3UO�P51$�LQ�*+��FHOOV�

�0RUDQ� HW� DO�� �������7KHUH� DUH� DOVR� FRQWUDGLFWRU\� ILQGLQJV� LQ� RYDULHFWRPL]HG� IHPDOH�PLFH�� DQ�

LQFUHDVH�LQ�&JD��/KE�DQG�(VU��P51$�OHYHOV�ZHUH�FDXVHG�E\�7&''�H[SRVXUH��&DR�HW�DO���������

$OWKRXJK� SOHQW\� RI� VWXGLHV� VKRZHG� WKH� LPSDFWV� RI�$K5� DFWLYDWLRQ� RQ� WKH� UHSURGXFWLYH�UHODWHG�

IXQFWLRQV�LQ�WKH�SLWXLWDU\��PRVW�RI�WKHP�RQO\�IRFXVHG�RQ�WUDGLWLRQDO�$K5�DJRQLVWV�VXFK�DV�7&''�

RU�ȕ�QDSKWKRIODYRQH��/LWWOH�LV�NQRZQ�DERXW�WKH�HIIHFWV�RI�RWKHU�SRVVLEOH�$K5�DJRQLVWV��OLNH�'(+3��

RQ�WKH�SLWXLWDU\��  

,Q�WKLV�VWXG\�ZH�DLPHG�WR����GHWHUPLQH�WKH�HIIHFWV�RI�GHYHORSPHQWDO�H[SRVXUH�WR�'(+3�RQ�

SLWXLWDU\�JRQDGRWURSHV�DQG�LWV�UHODWLRQVKLS�WR�DQGURJHQ�VLJQDOLQJ�����HOXFLGDWH�WKH�GLUHFW�HIIHFWV�RI�

'(+3�DQG�LWV�SULPDU\�PHWDEROLWH��0(+3��RQ�WKH�SLWXLWDU\��DQG�H[DPLQH�WKH�LPSDFW�RI�'(+3�RQ�

$K5� VLJQDOLQJ� DQG� WKH� SRVVLEOH� UHODWLRQVKLS� EHWZHHQ�$K5� DQG� JRQDGRWURSLQ� UHJXODWLRQ�� :H�

SHUIRUPHG�GRVLQJ�H[SHULPHQWV��HPEU\RQLF�SLWXLWDU\�H[SODQW�FXOWXUH�DQG�GXDO�OXFLIHUDVH� UHSRUWHU�



 

 �� 

DVVD\�� ZKLFK� SURYLGHG� XV� ERWK� LQ� YLYR� DQG� LQ� YLWUR� HYLGHQFH� WR� H[SORUH� '(+3¶V� LPSDFWV� RQ�

UHSURGXFWLYH�IXQFWLRQ� 

 

Materials and Methods 

0LFH 

&'���PLFH�ZHUH�RULJLQDOO\�REWDLQHG�IURP�&KDUOHV�5LYHU�DQG�ZHUH�EUHG�LQ�KRXVH�DW�WKH�DQLPDO�

IDFLOLW\�RI� WKH�8QLYHUVLW\�RI� ,OOLQRLV�8UEDQD�&KDPSDLJQ�IRU�DOO�H[SHULPHQWV�GHVFULEHG��6H[�ZDV�

FRQILUPHG�E\�YLVXDO�LQVSHFWLRQ�DQG�65<�JHQRW\SLQJ�RI�WKH�WDLO�XVLQJ�WKH�SULPHU�VHTXHQFHV�OLVWHG�

LQ� WDEOH� ��� 7KH� 8QLYHUVLW\� RI� ,OOLQRLV� 8UEDQD�&KDPSDLJQ� ,QVWLWXWLRQDO�$QLPDO� &DUH� DQG� 8VH�

&RPPLWWHH�DSSURYHG�DOO�SURFHGXUHV��  

 

,Q�YLYR�GRVLQJ�DQG�SLWXLWDU\�FROOHFWLRQ 

7LPHG�SUHJQDQW�&'���PLFH�ZHUH�UDQGRPO\�GLYLGHG�LQWR���GLIIHUHQW�GRVLQJ�JURXSV��FRQWURO��

IOXWDPLGH�DQG�'(+3�JURXS��HDFK�JURXS�FRQWDLQV�����GDPV��6WDUWLQJ�IURP�JHVWDWLRQDO�GD\������XQWLO�

������ HDFK�PRXVH� UHFHLYHG� D� GDLO\�GRVH�RUDOO\� WKURXJK� FRQVXPSWLRQ�RI� FKHPLFDOV� GLVVROYHG� LQ�

WRFRSKHURO�VWULSSHG�FRUQ�RLO�IURP�D�SLSHW�WLS�DW�WKH�VDPH�WLPH�HYHU\�GD\��7KH�WLPH�SHULRG�H�����

H�����ZDV�VHOHFWHG�EHFDXVH�PDOH�PLFH�KDYH�D�SUHQDWDO�WHVWRVWHURQH�VXUJH�ZKLFK�LV�FULWLFDO�IRU�JRQDG�

DQG� VH[XDOO\�GLPRUSKLF�GHYHORSPHQW� �:HLV]� DQG�:DUG��������7KLV� WHVWRVWHURQH� VXUJH� VWDUWV� DW�

HPEU\RQLF�GD\������ DQG� VWXGLHV� KDYH� VKRZQ� WKDW� EORFNLQJ� WKLV� WHVWRVWHURQH� VXUJH�E\� H[SRVLQJ�

PDOHV�SUHQDWDOO\�ZLWK� DQWL�DQGURJHQV� FRXOG� DIIHFW� JRQDGRWURSLQ� H[SUHVVLRQ� LQ�PDOHV� DQG�PDNH�

WKHP�IHPDOH�OLNH��.UHLVPDQ��6RQJ��<LS��%��9��1DWDOH��HW�DO���������7KH�GRVHV�LQ�IOXWDPLGH��7RFULV��

DQG�'(+3� �6LJPD��JURXS�ZHUH����PJ�GD\� DQG������J�NJ�GD\�� UHVSHFWLYHO\�� WKH� FRQWURO� JURXS�

UHFHLYHG�����/�'062��7KH�GRVDJH�RI�IOXWDPLGH�ZDV�SLFNHG�EDVHG�RQ�D�SUHYLRXV�SDSHU�VKRZLQJ�

HIIHFWV�RQ�SLWXLWDU\�JRQDGRWURSLQV��.UHLVPDQ��6RQJ��<LS��%��9��1DWDOH��HW�DO���������7KH�GRVDJH�RI�

'(+3�������J�NJ�GD\��ZDV�FKRVHQ�EHFDXVH�LW�LV�WKH�GRVDJH�WKDW�LV�FORVHVW�WR�KXPDQ�GDLO\�H[SRVXUH�
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UDQJH��'(+3�7',��a���J�NJ�GD\��DQG�DOVR�KDG�UHSURGXFWLYH�RXWFRPHV�LQ�ERWK�PDOH�DQG�IHPDOH�

RIIVSULQJ��1LHUPDQQ�HW�DO���������7KH�ZKROH�SLWXLWDU\�JODQG�ZDV�WDNHQ�RXW�IURP�RIIVSULQJ�RQ�WKH�

GD\�RI�ELUWK��3���DQG�SUHVHUYHG�LQ�51$ODWHU��7KHUPR�)LVKHU��DW������&� 

 

$QRJHQLWDO�GLVWDQFH�DQG�ZHLJKW�PHDVXULQJ 

$QRJHQLWDO�GLVWDQFH��$*'��DQG�ERG\�ZHLJKW�ZHUH�PHDVXUHG�XVLQJ�D�FDOLSHU�DQG�DQ�HOHFWURQLF�

VFDOH��UHVSHFWLYHO\��7KH�$*'V�ZHUH�QRUPDOL]HG�WR�ERG\�ZHLJKW�IRU�DQDO\VLV��  

 

,Q�YLWUR�SLWXLWDU\�FXOWXUH 

(PEU\RV�IURP�&'���PLFH�ZHUH�WDNHQ�RXW�RI�WKH�XWHUXV�RQ�HPEU\RQLF�GD\������DQG�WLVVXH�IURP�

HDFK�HPEU\R�ZDV�FROOHFWHG�IRU�65<�JHQRW\SLQJ�IRU�VH[�GHWHUPLQDWLRQ��7KH�ZKROH�SLWXLWDU\�JODQGV�

ZHUH�WDNHQ�RXW�DQG�WUDQVIHUUHG�WR����ZHOO�SODWH�ZLWK����/�SKRVSKDWH�EXIIHUHG�VDOLQH��3%6������

DQWLELRWLF�DQWLP\FRWLF�VROXWLRQ��DQWL�DQWL��7KHUPR�)LVKHU���3LWXLWDULHV�ZHUH�ZDVKHG�WZLFH�ZLWK�3%6�

����DQWL�DQWL�DQG�����/�RI�PHGLD��SKHQRO�UHG�IUHH�'0(0�)����7KHUPR�)LVKHU���VXSSOHPHQWHG�

ZLWK�����FKDUFRDO�VWULSSHG�IHWDO�ERYLQH�VHUXP��6LJPD�$OGULFK��DQG����DQWL�DQWL��ZLWK�GLIIHUHQW�

WUHDWPHQWV�������J�P/�����J�P/������J�P/�DQG������J�P/�0(+3�'(+3��6LJPD��DGGHG�WR�HDFK�

ZHOO��7KH�FRQFHQWUDWLRQV�RI�0(+3�'(+3�ZHUH�SLFNHG�EDVHG�RQ�SUHYLRXV�SDSHUV�GHVFULELQJ�PRXVH�

RYDULDQ� FXOWXUHV� ZLWK� 0(+3�'(+3� �+DQQRQ�� %UDQQLFN�� :DQJ�� DQG� )ODZV� ������ +DQQRQ��

%UDQQLFN��:DQJ��*XSWD�� HW� DO�� ������� 3LWXLWDULHV�ZHUH� FXOWXUHG� DW� ��� �&� IRU� ��� KRXUV�ZLWKRXW�

FKDQJLQJ� WKH� PHGLD�� 7R� FR�WUHDW� WKH� SLWXLWDU\� ZLWK� 0(+3� DQG� $K5� DQWDJRQLVW�� &+�������

�$SH[%LR���SLWXLWDULHV�ZHUH�KDUYHVWHG�DQG�ZDVKHG�DV�GHVFULEHG�DERYH�DQG�ILUVW�WUHDWHG�ZLWK� WKH�

DQWDJRQLVW�GLVVROYHG�LQ�'062�LQ�WKH�����&�LQFXEDWRU�IRU���KRXUV��WKHQ�0(+3�ZDV�DGGHG�DW�WKH�

ILQDO� FRQFHQWUDWLRQ� RI� ���� �J�P/�� 6RPH� SLWXLWDULHV� ZHUH� RQO\� WUHDWHG� ZLWK� WKH� DQWDJRQLVW� WR�

HOLPLQDWH�SRVVLEOH�HIIHFWV�RI�WKH�DQWDJRQLVW��7KH�ILQDO�FRQFHQWUDWLRQ�RI�WKH�$K5�DQWDJRQLVW�ZDV�DW�

������J�P/�DV�LQVWUXFWHG�E\�WKH�PDQXIDFWXUHU¶V�SURGXFW�FDWDORJ� 
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51$�SUHSDUDWLRQ�DQG�F'1$�SUHSDUDWLRQ�  

3LWXLWDULHV�IURP�ERWK�WKH�LQ�YLYR�DQG�LQ�YLWUR�H[SHULPHQWV�ZHUH�KRPRJHQL]HG�DQG�51$�ZDV�

LVRODWHG� XVLQJ� WKH� 51$TXHRXV�0LFUR� NLW� �,QYLWURJHQ��� 7RWDO� 51$� ZDV� UHYHUVH�WUDQVFULEHG�

DFFRUGLQJ� WR� WKH�PDQXIDFWXUHU¶V� LQVWUXFWLRQV� XVLQJ� WKH� 3URWR6FULSW� 6WUDQG� F'1$�6\QWKHVLV� NLW�

�1HZ�(QJODQG�%LRODEV��DV�SUHYLRXVO\�GHVFULEHG��1DQWLH�HW�DO��������� �  

 

4XDQWLWDWLYH�UHDO�WLPH�SRO\PHUDVH�FKDLQ�UHDFWLRQ��T57�3&5� 

3LWXLWDULHV�IURP�LQ�YLYR�H[SHULPHQWV��Q� ������RU�FXOWXUH�IURP�LQ�YLWUR�H[SHULPHQWV��Q� ��������

ZHUH�VXEMHFWHG�WR�T3&5�IRU�P51$�DQDO\VLV�RI�VSHFLILF�JHQHV��2OLJRQXFOHRWLGH�SULPHUV�IRU�$KU��

*QUKU��/KE��)VKE��3UO��&\S�D��DQG�&\S�E���/LIH�7HFKQRORJLHV��SULPHU�VHTXHQFH�VHH�7DEOH����ZHUH�

XVHG�WR�DPSOLI\�JHQH�VSHFLILF�WUDQVFULSWV�E\�T3&5��7KH�H[SUHVVLRQ�OHYHOV�RI�JHQHV�RI�LQWHUHVW�ZHUH�

QRUPDOL]HG� WR� 3SLD� P51$� OHYHOV�� 3SLD� LV� D� VWDEOH� KRXVHNHHSLQJ� JHQH� IRU� T57�3&5�

QRUPDOL]DWLRQ�0XxR]� HW� DO�� ������ WKDW� ZH� FRQILUPHG� KDG� FRQVLVWHQW� H[SUHVVLRQ� OHYHOV� DFURVV�

GLIIHUHQW� WUHDWPHQWV� ERWK� LQ� YLYR� DQG� LQ� YLWUR�� 7KH� GDWD� ZHUH� DQDO\]HG� XVLQJ� WKH� VWDQGDUG�

FRPSDUDWLYH�F\FOH�WKUHVKROG�YDOXH�PHWKRG����¨¨&W���*ROGEHUJ�HW�DO���������  

 

7DEOH������3&5�SULPHUV�XVHG�LQ�WKLV�VWXG\ 

*HQH )RUZDUG�6HTXHQFH��¶��¶ 5HYHUVH�VHTXHQFH��¶��¶ 

3SLD &$$$7*&7**$&&$$$&$&$$$&* *77&$7*&&77&777&$&&77&&& 

6U\ 7*&$*&7&7$&7&&$*7&77* *$7&77&$77777$*7*77& 

&\S�D� *7&&&**$7*7**&&&77&7&$$$ 7$$&7&77&&&7**$7*&&77&$$ 

&\S�E� $$7*$**$*77&***&*&$&$ **&*7*7**$$7**7*$&$** 

)VKE 7**7*7*&***&7$&7*&7$& $&$*&&$**&$$7&77$&**7&7& 

*QUKU $7*$7**7**7*$77$*&& $77*&*$*$$*$&7*7** 

/KE &&&$*7&7*&$7&$&&77&$& *$**&$&$**$**&$$$*& 
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7UDQVIHFWLRQ�DQG�GXDO�OXFLIHUDVH�UHSRUWHU�DVVD\ 

,PPRUWDOL]HG�SLWXLWDU\�SURJHQLWRU�FHOO�OLQH�*+)7��FHOOV��/HZ�HW�DO��������NLQGO\�XVHG�ZLWK�

SHUPLVVLRQ�IURP�'U��3DPHOD�0HOORQ��ZHUH�PDLQWDLQHG�LQ�'0(0�PHGLD�ZLWK�SKHQRO�UHG��7KHUPR�

)LVKHU���VXSSOHPHQWHG�ZLWK�����IHWDO�ERYLQH�VHUXP��+\&ORQH��DQG����SHQLFLOOLQ�VWUHSWRP\FLQ�

�)LVKHU��� &HOOV�ZHUH� SODWHG� LQ� ���ZHOO� SODWH� DQG� WUDQVIHFWHG� DW� a���� FRQIOXHQF\�� ���� QJ�$K5�

UHSRUWHU� FRQVWUXFW� �&LJQDO�� PL[HG� ZLWK� ����� UHQLOOD� FRQWURO� UHSRUWHU� FRQVWUXFW� �&LJQDO�� ZHUH�

WUDQVIHFWHG�LQ�HDFK�ZHOO�ZLWK�����ȝ/�/LSRIHFWDPLQH�������,QYLWURJHQ��DV�WUDQVIHFWLRQ�UHDJHQW�DQG�

2SWL�0(0� �7KHUPR�)LVKHU�� DV� WUDQVIHFWLRQ� PHGLD��$IWHU� �� KRXUV� RI� WUDQVIHFWLRQ�� PHGLD� ZDV�

UHSODFHG�DQG�IUHVK�SKHQRO�UHG�IUHH�'0(0�)���PHGLD��7KHUPR�)LVKHU���VXSSOHPHQWHG�ZLWK�����

FKDUFRDO�VWULSSHG�IHWDO�ERYLQH�VHUXP��6LJPD�$OGULFK��DQG����DQWL�DQWL�ZLWK�GLIIHUHQW�WUHDWPHQWV�

ZDV�DGGHG��7UHDWPHQWV�FRQVLVWHG�RI������J�P/�0(+3�������QJ�P/�7&''�RU�'062�DV�WKH�FRQWURO�

WUHDWPHQW��$IWHU����KRXU�WUHDWPHQW��FHOOV�ZHUH�O\VHG�DQG�GXDO�OXFLIHUDVH�DVVD\�V\VWHP��3URPHJD��

ZDV�SHUIRUPHG� DFFRUGLQJ� WR�PDQXIDFWXUHU¶V� LQVWUXFWLRQV��5HODWLYH� OXFLIHUDVH�XQLWV� �5/8��ZHUH�

GHWHFWHG�XVLQJ� D� OXPLQRPHWHU� �+LJK�7KURXJKSXW�6FUHHQLQJ�)DFLOLW\��8,8&�� DQG�QRUPDOL]HG� WR�

UHQLOOD�5/8��  

 

6WDWLVWLFDO�DQDO\VLV 

)RU�LQ�YLYR�H[SHULPHQWV��PDOH�DQG�IHPDOH�RIIVSULQJ�ZHUH�DQDO\]HG�VHSDUDWHO\�DQG�GDWD�IURP�

PXOWLSOH�SXSV�LQ�RQH�OLWWHU�ZHUH�DYHUDJHG�WR�RQH�GDWD�SRLQW�DQG�HDFK�OLWWHU�ZDV�FRQVLGHUHG�DV�RQH�

XQLW�VWDWLVWLFDOO\��)RU�LQ�YLWUR�H[SHULPHQWV��HDFK�SLWXLWDU\�LQ�RQH�FXOWXUH�ZDV�FRQVLGHUHG�DV�RQH�GDWD�

SRLQW�DQG�DW�OHDVW�WKUHH�FXOWXUH�H[SHULPHQWV�ZHUH�SHUIRUPHG��  

$OO�GDWD�DUH�SUHVHQWHG�DV�PHDQ�������6(0��6WDWLVWLFDO�VLJQLILFDQFH�ZDV�GHWHUPLQHG�XVLQJ�WZR�

ZD\��LQ�YLYR��RU�RQH�ZD\��LQ� YLWUR��$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH� FRPSDULVRQV� WHVW�RU�

'XQQHWW¶V� PXOWLSOH� FRPSDULVRQV� WHVW�� 3� YDOXHV� OHVV� WKDQ� ����� ZHUH� FRQVLGHUHG� VLJQLILFDQW��$OO�

DQDO\VHV�ZHUH�SHUIRUPHG�XVLQJ�*UDSK�3DG�3ULVP������� 
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Results 

*RQDGRWURSLQ�JHQH�H[SUHVVLRQ�LV�DIIHFWHG�E\�'(+3�RU�0(+3�LQ�WKH�GHYHORSLQJ�SLWXLWDU\�  

7R�GHWHUPLQH�LI�'(+3�LQWHUIHUHV�ZLWK�WHVWRVWHURQH�VLJQDOLQJ��ZH�IRFXVHG�GRVLQJ�RQ�WKH�SHULRG�

RI�WHVWRVWHURQH�VXUJH�LQ�PDOH�PLFH��H�����WR�H������DQG�FROOHFWHG�RIIVSULQJ�DW�31'����:H�DOVR�XVHG�

D�NQRZQ�DQWL�DQGURJHQ��IOXWDPLGH��WR�FRPSDUH�WR�WKH�HIIHFWV�RI�'(+3��  

:H�PHDVXUHG�WKH�DQRJHQLWDO�GLVWDQFH��$*'��RI�WKH�RIIVSULQJ��)LJ������ULJKW�EHIRUH�FROOHFWLQJ�

WKH�SLWXLWDULHV�EHFDXVH�$*'�LV�UHIOHFWLYH�RI�WHVWRVWHURQH�OHYHOV��:H�IRXQG�QR�VLJQLILFDQW�FKDQJH�LQ�

$*'�QRUPDOL]HG�WR�ERG\�ZHLJKW�LQ�ERWK�PDOH�DQG�IHPDOH�RIIVSULQJ�H[SRVHG�WR�'(+3��+RZHYHU��

DV� H[SHFWHG�� PDOH� RIIVSULQJ� WUHDWHG� ZLWK� IOXWDPLGH� KDG� D� VLJQLILFDQW� GHFUHDVH� LQ� $*'�%:�

FRPSDUHG�WR�FRQWURO�JURXS� 

:H� WKHQ� ORRNHG� DW� P51$� H[SUHVVLRQ� FKDQJHV� RI� JRQDGRWURSLQ� DQG� UHODWHG� JHQHV� LQ� WKH�

RIIVSULQJ�DQG�IRXQG�'(+3�H[SRVXUH�VLJQLILFDQWO\�LQFUHDVHG�WKH�P51$�OHYHO�RI�IROOLFOH�VWLPXODWLQJ�

KRUPRQH�VXEXQLW�EHWD��)VKE��LQ�PDOHV�RQO\��)LJ�����%���+RZHYHU��WKH�LQGXFWLRQ�ZDV�QRW�REVHUYHG�

IRU� OXWHLQL]LQJ� KRUPRQH� VXEXQLW� EHWD� �/KE�� LQ� HLWKHU� VH[� �)LJ� ����$��� )OXWDPLGH� VXFFHVVIXOO\�

LQFUHDVHG�H[SUHVVLRQ�OHYHOV�RI�ERWK�/KE�DQG�)VKE�LQ�PDOHV��DQG�DV�H[SHFWHG��LW�KDG�QR�HIIHFW�RQ�

IHPDOHV�GXH� WR� IHPDOH¶V� ODFN�RI� SUHQDWDO� DQGURJHQ� VXUJH� �)LJ� ����$�%���:H�DOVR� H[DPLQHG� WKH�

H[SUHVVLRQ�RI�JRQDGRWURSLQ�UHOHDVLQJ�KRUPRQH�UHFHSWRU��*QUKU��P51$�DQG�IRXQG�QR�VLJQLILFDQW�

FKDQJH�FDXVHG�E\�HLWKHU�'(+3�RU�IOXWDPLGH�LQ�ERWK�VH[HV��)LJ�����&���  

7R�IXUWKHU�H[SORUH�ZKHWKHU�'(+3�FRXOG�GLUHFWO\�FDXVH�WKRVH�FKDQJHV�GHVFULEHG�DERYH�DW�WKH�

OHYHO�RI�WKH�SLWXLWDU\��ZH�FRQGXFWHG�LQ�YLWUR�HPEU\RQLF�SLWXLWDU\�FXOWXUH�H[SHULPHQWV�DQG�FKHFNHG�

JRQDGRWURSLQV�DQG�UHODWHG�JHQH�H[SUHVVLRQ�FKDQJHV�LQ�FXOWXUHG�SLWXLWDULHV��&XOWXUHV�ZHUH�WUHDWHG�

ZLWK�'(+3¶V�SULPDU\�PHWDEROLWH�0(+3�EHFDXVH�WKHUH�LV�D�ODFN�RI�PHWDEROLF�PDFKLQHU\�WR�FRQYHUW�

'(+3�WR�0(+3�LQ�WKH�LQ�YLWUR�VHWWLQJ��+DQQRQ��%UDQQLFN��:DQJ��DQG�)ODZV��������,Q�FRQWUDVW�WR�

LQ� YLYR� H[SHULPHQWV�� ERWK� /KE� �)LJ� ���� $�%�� DQG� )VKE� �)LJ� ���� &�'�� P51$� OHYHOV� ZHUH�

VLJQLILFDQWO\�GHFUHDVHG�ZKHQ� WUHDWHG�ZLWK������J�P/�0(+3� LQ�ERWK�PDOH� �)LJ�����$��&�� DQG�



 

 �� 

IHPDOH��)LJ�����%��'��SLWXLWDULHV��$V�IRU�*QUKU�P51$��WKHUH�LV�QR�VLJQLILFDQW�GLIIHUHQFH�FDXVHG�E\�

0(+3�WUHDWPHQW�RQO\�ZLWK�D�WUHQG�RI�GHFUHDVH�DW�WKH�KLJKHVW�FRQFHQWUDWLRQ�������J�P/���7DNHQ�

WRJHWKHU��WKHVH�GDWD�GHPRQVWUDWH�WKDW�ERWK�LQ�YLYR�DQG�GLUHFWO\�DW�WKH�HPEU\RQLF�SLWXLWDU\��'(+3�

FDQ�DIIHFW�JRQDGRWURSLQ�P51$�SURGXFWLRQ� 

 

$K5�GRZQVWUHDP�JHQHV�ZHUH�LQGXFHG�ZLWK�ERWK�LQ�YLYR�DQG�LQ�YLWUR�H[SRVXUH�WR�'(+3�RU�0(+3 

7R�GHWHUPLQH�LI�'(+3�HQJDJHG�$K5�VLJQDOLQJ�LQ�WKH�SLWXLWDU\��ZH�ORRNHG�DW�P51$�OHYHOV�RI�

&\S�D��DQG�&\S�E���WZR�JHQHV�WKDW�DUH�WUDQVFULSWLRQDOO\�LQFUHDVHG�E\�$K5�VLJQDOLQJ��:H�IRXQG�

QR�FKDQJH�LQ�&\S�D���)LJ�����$��P51$�OHYHOV�EXW�D�VLJQLILFDQW�LQFUHDVH�LQ�&\S�E���)LJ�����%��

P51$�LQ�ERWK�VH[HV�WR�VLPLODU�OHYHOV��,QWHUHVWLQJO\��IOXWDPLGH�KDG�QR�HIIHFW�RQ�ERWK�JHQHV�LQ�HLWKHU�

VH[��)RU�WKH�LQ�YLWUR�FXOWXUH�H[SHULPHQW��VLQFH�ZH�IRXQG�QR�EDVHOLQH�GLIIHUHQFH�EHWZHHQ�PDOH�DQG�

IHPDOH�&\S�D��RU�&\S�E��JHQHV��ZH�FRPELQHG�WKH�GDWD�RI�ERWK�VH[HV�ZKHQ�DQDO\]LQJ��%RWK�����

DQG������J�P/�WUHDWPHQW�RI�0(+3�FDXVHG�D�VLJQLILFDQW�LQFUHDVH�LQ�&\S�D��P51$�OHYHO��)LJ�����

$���ZKLOH�&\S�E��P51$�OHYHO�ZDV�VLJQLILFDQWO\�LQFUHDVHG�E\����DQG������J�P/�WUHDWPHQW��)LJ�

����%���:H�DOVR�WUHDWHG�WKH�SLWXLWDULHV�ZLWK�'(+3�DQG�H[DPLQHG�WKH�H[SUHVVLRQ�FKDQJH�RI�ERWK�

JHQHV�DQG�IRXQG�QR�FKDQJH�FDXVHG�E\�'(+3�DW�WKH�WZR�KLJKHU�FRQFHQWUDWLRQV��)LJ�����&�'���ZKLFK�

FRQILUPHG�WKDW�LQ�YLWUR��0(+3�ZDV�WKH�FKHPLFDO�WKDW�H[HUWHG�WKH�HIIHFWV�GLUHFWO\�DW�WKH�SLWXLWDU\��,Q�

DOO��WKHVH�GDWD�VKRZ�WKDW�'(+3�0(+3�FDQ�OLNHO\�VLJQDO�WKURXJK�$K5�LQ�WKH�HPEU\RQLF�SLWXLWDU\� 

7R�FRQILUP�ZKHWKHU�WKH�LQGXFWLRQ�RI�&\S�D��DQG�&\S�E��P51$�E\�0(+3�RFFXUV�WKURXJK�

WKH�$K5�VLJQDO�SDWKZD\��ZH�FR�WUHDWHG� WKH�SLWXLWDU\�H[SODQWV�ZLWK�0(+3�DQG�$K5�DQWDJRQLVW��

&+������� DQG� FKHFNHG� ZKHWKHU� WKH� LQGXFWLRQ� FRXOG� EH� UHYHUVHG� �)LJ� ������ 7KH� LQGXFWLRQ� RI�

&\S�D��P51$�ZDV�QRW�EORFNHG�E\�WKH�DQWDJRQLVW�DV�QR�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�0(+3�

DQG�0(+3���DQWDJRQLVW�WUHDWPHQW�JURXS�ZDV�IRXQG��DQG�ERWK�DUH�VLJQLILFDQWO\�LQFUHDVHG�FRPSDUHG�

WR� FRQWURO� JURXS� �)LJ� ����$��� ,Q� DGGLWLRQ�� WKH� WUHDWPHQW� RI�$K5� DQWDJRQLVW� DORQH� VLJQLILFDQWO\�

GHFUHDVHG�&\S�D��H[SUHVVLRQ��$V�IRU�&\S�E���)LJ�����%���WKH�FR�WUHDWPHQW�RI�$K5�DQWDJRQLVW�ZLWK�
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0(+3� VXFFHVVIXOO\� EURXJKW� WKH� P51$� OHYHO� EDFN� WR� WKH� OHYHO� RI� FRQWURO�� ,QWHUHVWLQJO\�� WKH�

DQWDJRQLVW�DORQH� WUHDWPHQW� GLG� QRW� DIIHFW� &\S�E�� P51$�� 7DNHQ� WRJHWKHU�� WKHVH� VWXGLHV�

GHPRQVWUDWH�WKDW�WKH�LQGXFWLRQ�RI�&\S�E��E\�0(+3�ZDV�LQGHHG�PHGLDWHG�WKURXJK�DFWLYDWLRQ�RI�

$K5�VLJQDOLQJ� 

 

0(+3�GLUHFWO\�DFWLYDWHV�$K5�DV�VKRZQ�E\�$K5�UHSRUWHU�DVVD\ 

7R�IXUWKHU�GHWHUPLQH�ZKHWKHU�0(+3�FRXOG�GLUHFWO\�DFWLYDWH�$K5�VLJQDOLQJ��ZH�SHUIRUPHG�DQ�

$K5�UHSRUWHU�DVVD\�ZLWK�D�UHSRUWHU�FRQVWUXFW�FRQWDLQLQJ�[HQRELRWLF�UHVSRQVH�HOHPHQW��;5(��OLQNHG�

WR� OXFLIHUDVH� LQ� WKH� LPPRUWDOL]HG� SLWXLWDU\� SURJHQLWRU� FHOO� OLQH� *+)7���:H� REVHUYHG� 0(+3�

WUHDWPHQW�DW�WKH�FRQFHQWUDWLRQ�RI�����PJ�P/�VLJQLILFDQWO\�LQGXFHG�WKH�OXFLIHUDVH�DFWLYLW\�FRPSDUHG�

WR� '062� WUHDWPHQW� DV� FRQWURO�� :H� DOVR� WUHDWHG� WKH� FHOOV� ZLWK� 7&''� DV� SRVLWLYH� FRQWURO� WR�

JXDUDQWHH� D� IXQFWLRQDO�$K5� UHSRUWHU� FRQVWUXFW� �)LJ� ������ 7KHVH� GDWD� FRQILUPHG� 0(+3� FRXOG�

DFWLYDWH�$K5�VLJQDOLQJ�LQ�WKH�SLWXLWDU\�DQG�LQGXFH�WUDQVFULSWLRQ�WKURXJK�;5(� 

 

7KH� GHFUHDVH� RI� JRQDGRWURSLQ� JHQHV� LQ� YLWUR� ZDV� QRW� GLUHFWO\� FDXVHG� E\� DFWLYDWLRQ� RI�$K5�

VLJQDOLQJ 

1H[W��ZH�H[DPLQHG�WKH�H[SUHVVLRQ�FKDQJH�RI�JRQDGRWURSLQV�DQG�UHODWHG�JHQHV�ZKHQ�FR�WUHDWHG�

ZLWK�$K5�DQWDJRQLVW�LQ�RUGHU�WR�ILQG�RXW�ZKHWKHU�WKHUH�LV�GLUHFW�DVVRFLDWLRQ�EHWZHHQ�WKH�DFWLYDWLRQ�

RI�$K5�VLJQDOLQJ�DQG�GHFUHDVH�LQ�JHQH�H[SUHVVLRQ��)LJ�������)RU�DOO�WKUHH�JHQHV��/KE��)LJ�����$�

%���)VKE��)LJ�����&�'��DQG�*QUKU��)LJ�����(�)���FR�WUHDWPHQW�ZLWK�$K5�DQWDJRQLVW�GLG�QRW�EULQJ�

WKH�P51$�EDFN� WR� FRQWURO� OHYHOV�� WKHUH� LV� QR� VLJQLILFDQW� GLIIHUHQFH�EHWZHHQ�0(+3�DORQH� DQG�

0(+3���DQWDJRQLVW� WUHDWPHQW�JURXS��7KLV�VXJJHVWV�WKDW�HYHQ�WKRXJK� WKH�$K5�ZDV�DFWLYDWHG�E\�

0(+3��DQG�0(+3�FDXVHG�WKH�GHFUHDVH�RI�JRQDGRWURSLQ�JHQHV�DW�WKH�OHYHO�RI�SLWXLWDU\��WKHUH�LV�QR�

GLUHFW�DVVRFLDWLRQ�EHWZHHQ�WKHVH�WZR�HIIHFWV� 
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Discussions 

'(+3�KDV�DQWL�DQGURJHQLF�HIIHFWV�RQ�PDOH�URGHQWV�WKURXJK�SRVVLEOH�PROHFXODU�PHFKDQLVPV�

LQFOXGLQJ�LQWHUIHULQJ�ZLWK�FKROHVWHURO�WUDQVSRUW�DQG�VWHURLGRJHQHVLV�LQ�WKH�WHVWLV��%RUFK�HW�DO���������

,Q� WKLV� VWXG\�ZH� LQYHVWLJDWHG� SRVVLEOH� DQWL�DQGURJHQLF� HIIHFWV� RI�'(+3� RQ� SUHQDWDOO\� H[SRVHG�

RIIVSULQJ�� VSHFLILFDOO\� IRFXVLQJ� RQ� LPSDFWV� DW� WKH� SLWXLWDU\� DQG� UHSURGXFWLYH� JHQH� H[SUHVVLRQ��

&RPSDUHG� WR� WKH�SRWHQW� DQWL�DQGURJHQ�� IOXWDPLGH��'(+3�DW� WKH�GRVH�RI� �����J�NJ�GD\�GLG�QRW�

VLJQLILFDQWO\�DIIHFW�$'*��D�WR[LFRORJLFDO�PDUNHU�IRU�IHWDO�DQGURJHQ�DFWLRQ��6FKZDUW]�HW�DO��������

RI�WKH�RIIVSULQJ��+RZHYHU��WKLV�FRXOG�EH�GXH�WR�WKH�UHODWLYHO\�ORZHU�GRVDJH�DQG�WKH�VKRUWHU�GRVLQJ�

SHULRG��H�����WKURXJK�H������ZH�FKRVH��RU�FRXOG�DOVR�EH�GXH�WR�WKH�DJH�WKDW�ZH�FKRVH�WR�PHDVXUH�

IRU�WKH�RIIVSULQJ��31'����VLQFH�SUHYLRXV�VWXGLHV�VKRZHG�D�KLJKHU�GRVDJH������PJ�NJ�GD\��ZLWK�

ORQJHU�GRVLQJ�SHULRG��H�����WKURXJK�H������RI�'(+3�FRXOG�GHFUHDVH�WKH�PDOH�$*'�DW�WKH�DJHV�RI�

31'����DQG����PRQWKV��%DUDNDW�HW�DO���������$QRWKHU�GLIIHUHQFH�PD\�EH�PHFKDQLVP�RI�DFWLRQ��

'(+3�DFWV�E\�LQWHUIHULQJ�ZLWK�WKH�UHJXODWLRQ�RI�VWHURLGRJHQHVLV��-�HW�DO��������ZKLOH�IOXWDPLGH�DFWV�

DV�DQ�DQGURJHQ�UHFHSWRU�DQWDJRQLVW��6LPDUG�HW�DO���������  

(YHQ�WKRXJK�QR�VLJQLILFDQW�DQWL�DQGURJHQLF�LPSDFW�RI�'(+3�RQ�SUHQDWDO�H[SRVHG�RIIVSULQJ�

ZDV� IRXQG� DW� WKH� SK\VLRORJLFDO� OHYHO�� HYLGHQFH� LQGLFDWLQJ� WKDW� '(+3� FRXOG� LPSDFW� DQGURJHQ�

VLJQDOLQJ�ZDV�IRXQG�DW�WKH�PROHFXODU�OHYHO��D�VLJQLILFDQW�LQFUHDVH�RI�)VKE�P51$�OHYHO�ZDV�IRXQG�

RQO\�LQ�PDOH�RIIVSULQJ�H[SRVHG�WR�'(+3��7KLV�FKDQJH�RI�)VKE�FDXVHG�E\�'(+3�ZDV�FRQVLVWHQW�

ZLWK�WKH�LPSDFW�RI�IOXWDPLGH�DQG�LV�VLPLODU�WR�DQRWKHU�VWXG\�VKRZLQJ�H[SRVXUH�WR�IOXWDPLGH�GXULQJ�

WKH�WHVWRVWHURQH�VXUJH�LQFUHDVHV�)VKE�LQ�PDOHV��.UHLVPDQ��6RQJ��<LS��%��9��1DWDOH��HW�DO��������� �  

,QWHUHVWLQJO\��/KE�ZDV�QRW�DIIHFWHG�E\�'(+3��ZKLFK�LV�RIWHQ�WKRXJKW�WR�EH�FRUUHODWHG�ZLWK�

)VKE� DQG� WKH\�ZHUH�H[SHFWHG� WR�FKDQJH� LQ� D�VLPLODU�ZD\�DV� WKH\�DUH�ERWK� UHJXODWHG�E\�VWHURLG�

KRUPRQHV� LQ�D�QHJDWLYH�IHHGEDFN� ORRS��7KLV� LQGLFDWHV� WKDW�PRUH� WKDQ�RQH�PHFKDQLVP�FRXOG�EH�

LQYROYHG�LQ�UHJXODWLQJ�WKHVH�WZR�JRQDGRWURSLQ�JHQHV�LQ�UHVSRQVH�WR�'(+3�ZKLFK�FDXVHG�WKHP�WR�

FKDQJH�GLIIHUHQWO\��7UDQVFULSWLRQ�RI�ERWK�/KE�DQG�)VKE�FRXOG�EH�UHJXODWHG�E\�*Q5+�SXOVDWLOLW\��

KLJKHU� SXOVH� IUHTXHQF\� IDYRUV�/KE�ZKLOH� ORZHU� IUHTXHQF\� IDYRUV�)VKE� �7KRPSVRQ� DQG�.DLVHU�
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������� )XWXUH� VWXGLHV� VKRXOG� H[DPLQH� *Q5+� SXOVDWLOLW\� LQ� GHWDLO� DQG� H[SORUH� ZKHWKHU� '(+3�

H[SRVXUH�LV�DVVRFLDWHG�ZLWK�*Q5+�SXOVDWLOLW\�FKDQJHV��%HVLGHV��WUDQVFULSWLRQ�RI�)VKE�FRXOG�DOVR�

EH� UHJXODWHG� LQGHSHQGHQWO\� E\� DQ� DFWLYLQ�IROOLVWDWLQ�LQKLELQ� ORRS�� DFWLYLQ� UHOHDVHG� E\� JRQDGV�

XSUHJXODWHV�)VKE�ZKLOH� LQKLELQ�DQG�IROOLVWDWLQ�GRZQUHJXODWH� LW� �*UHJRU\�DQG�.DLVHU�������� ,Q�D�

SUHYLRXV� VWXG\�� LW� KDV� EHHQ� IRXQG� WKDW� SUHSXEHUWDO� PDOH� RIIVSULQJ� H[SRVHG� WR� '(+3� GXULQJ�

JHVWDWLRQ�DQG�ODFWDWLRQ�KDG�VLJQLILFDQWO\�GHFUHDVHG�VHUXP�LQKLELQ�%��%RUFK�HW�DO��������%UHKP�HW�

DO���������DQG� WKLV�FRXOG�EH�D�SRVVLEOH�H[SODQDWLRQ� IRU�WKH�LQFUHDVH�RI�)VKE�IRXQG�LQ�RXU�VWXG\��

)XWXUH�H[SHULPHQWV�VKRXOG�H[DPLQH�SRVVLEOH�FKDQJHV�RI�DFWLYLQ��LQKLELQ�DQG�IROOLVWDWLQ�DIWHU�'(+3�

H[SRVXUH�WR�EHWWHU�XQGHUVWDQG�WKH�LQ�YLYR�PHFKDQLVPV�UHJXODWLQJ�)VKE¶V�H[SUHVVLRQ�FKDQJH�FDXVHG�

E\�'(+3��  

:H�VDZ�D�GHFUHDVH�LQ�ERWK�/KE�DQG�)VKE�P51$�LQ�WKH�SLWXLWDU\�H[SODQW�FXOWXUH�H[SHULPHQW�

WUHDWHG�ZLWK� ���� �J�P/�0(+3��7KHVH� RSSRVLWH� UHVXOWV� FRPSDUHG� WR� LQ� YLYR� GDWD� LQGLFDWH� WKDW�

GLIIHUHQW�PHFKDQLVPV�UHJXODWLQJ�WKH�H[SUHVVLRQ�RI�JRQDGRWURSLQV�RWKHU�WKDQ�DQGURJHQ�VLJQDOLQJ�

DQG�WKH�QHJDWLYH�IHHGEDFN�ORRS�WKURXJK�+3*�D[LV�FRXOG�EH�LQYROYHG�ZKHQ�WKH�ERG\�LV�H[SRVHG�WR�

'(+3�0(+3��2QH�SRVVLEOH�PHFKDQLVP�WKDW�ZH�FRQVLGHUHG�ZDV�WKH�$K5�VLJQDOLQJ�SDWKZD\�VLQFH�

LW�LV�UHODWHG�WR�PHWDEROLVP�RI�WR[LFDQWV�LQ�WKH�ERG\�DQG�LW�LV�DOVR�DFWLYH�LQ�WKH�SLWXLWDU\��)RUPRVD�

DQG�9DVVDOOR�������7DSHOOD�HW�DO���������'(+3�KDV�EHHQ�NQRZQ�DV�D�ZHDN�DJRQLVW�RI�$K5��(UQVW�

HW�DO��������DQG�DFWLYDWLRQ�RI�$K5�E\�'(+3�KDV�EHHQ�IRXQG�LQ�GLIIHUHQW�RUJDQLVPV��(UQVW�HW�DO��

������7VDL� HW� DO�� ������ -XQDLG� HW� DO�� �������6SHFLILFDOO\��ZKHQ� LW� FRPHV� WR�$K5�DFWLYDWLRQ� DQG�

JRQDGRWURSLQ�UHJXODWLRQ��GHFUHDVHG�/KE�DQG�)VKE�P51$�OHYHO�DQG�VHUXP�OHYHO�RI�/+�DQG�)6+�

ZHUH�REVHUYHG�LQ�PLFH�ZLWK�WKH�$K5�VLJQDOLQJ�SDWKZD\�DFWLYDWHG�GHYHORSPHQWDOO\��0XWRK�HW�DO��

������+DWWRUL�HW�DO���������7KHVH�ILQGLQJV�DUH�FRQVLVWHQW�ZLWK�RXU�LQ�YLWUR�FXOWXUH�H[SHULPHQW�UHVXOWV�

EXW�DUH�QRW�UHIOHFWHG�E\�RXU�LQ�YLYR�H[SHULPHQWV��7KLV�VXJJHVWV�WKDW�LQ�FRQWUDVW�WR�'(+3�0(+3¶V�

DQWLDQGURJHQLF�HIIHFWV�WKDW�DUH�OLNHO\�H[HUWHG�WKURXJK�WKH�+3*�D[LV��DFWLYDWLRQ�RI�WKH�$K5�VLJQDOLQJ�

SDWKZD\�E\�'(+3�0(+3�GLUHFWO\�DW�WKH�SLWXLWDU\�LV�DVVRFLDWHG�ZLWK�GHFUHDVHG�JRQDGRWURSLQ�JHQH�

H[SUHVVLRQ��  
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:H�GHPRQVWUDWHG�LQGXFWLRQ�RI�$K5�GRZQVWUHDP�JHQHV�&\S�D��DQG�&\S�E��E\�0(+3�LQ�YLWUR��

KRZHYHU��ZH�REVHUYHG�D�PRUH�FRPSOLFDWHG�H[SUHVVLRQ�FKDQJH�RI�WKHVH�WZR�JHQHV� LQ�YLYR��%RWK�

PDOH�DQG�IHPDOH�RIIVSULQJ�IURP�WKH�LQ�YLYR�H[SHULPHQW�KDG�DQ�LQFUHDVH�LQ�&\S�E��P51$�OHYHO�

DIWHU�EHLQJ�H[SRVHG�WR�'(+3�SUHQDWDOO\��ZKLOH�WKH�&\S�D��UHPDLQHG�XQFKDQJHG��7KH�LQGXFWLRQ�RI�

&\S�E��P51$�ZDV�FRQVLVWHQW�ZLWK�RXU�K\SRWKHVLV�WKDW�$K5�ZDV�DFWLYDWHG�E\�'(+3��+RZHYHU��D�

SRVVLEOH�H[SODQDWLRQ�IRU�XSUHJXODWHG�&\S�E��DQG�XQFKDQJHG�&\S�D��LQ�YLYR�LV�WKDW�WKHUH�PLJKW�EH�

RWKHU� PHFKDQLVPV� LQYROYHG� WKDW� GRZQUHJXODWHG� &\S�D��� ZKLFK� FRXQWHUDFWHG� WKH� LQGXFWLRQ� RI�

&\S�D�� E\�$K5� DFWLYDWLRQ� DIWHU� '(+3� H[SRVXUH�� ,W� KDV� EHHQ� NQRZQ� WKDW� ��ȕ�HVWUDGLRO� FRXOG�

UHGXFH�RQO\�&\S�D��EXW�QRW�&\S�E��H[SUHVVLRQ�DW�WKH�WUDQVFULSWLRQDO�OHYHO�E\�VTXHOFKLQJ�DYDLODEOH�

QXFOHDU�IDFWRU���LQ�KXPDQ�HQGRPHWULDO�FHOOV��5LFFL�HW�DO���������)XWXUH�VWXGLHV�FRXOG�IRFXV�PRUH�

VSHFLILFDOO\�RQ�WKH�UHODWLRQVKLS�EHWZHHQ�'(+3�DFWLYDWLRQ�DQG�LWV�HIIHFWV�RQ�HVWURJHQ�DQG�HVWURJHQ�

UHFHSWRU�UHJXODWLRQ�DQG�SRVVLEOH�DVVRFLDWLRQ�ZLWK�$K5�RU�RWKHU�VLJQDOLQJ�SDWKZD\V��(YHQ�WKRXJK�

LQ�YLYR�H[SHULPHQWV�VKRZHG�RQO\�&\S�E��P51$�ZDV�LQGXFHG�E\�'(+3�H[SRVXUH��ERWK�&\S�D��

DQG�&\S�E��P51$�ZHUH�IRXQG�LQFUHDVHG�E\�0(+3�LQ�WKH�LQ�YLWUR�FXOWXUH�H[SHULPHQW��,QWHUHVWLQJO\��

ZH�VDZ�D�QRQPRQRWRQLF�GRVH�UHVSRQVH�FXUYH�LQ�&\S�D��P51$�OHYHOV��PDUNHG�E\�KLJKHU�OHYHO�RI�

&\S�D�� H[SUHVVLRQ� LQ�SLWXLWDULHV� WUHDWHG�ZLWK������J�P/�0(+3�FRPSDUHG� WR��� DQG�����J�P/�

0(+3��1RQPRQRWRQLF�GRVH�HIIHFWV�DUH�RIWHQ�REVHUYHG�LQ�UHVSRQVH�WR�('&�H[SRVXUHV��9DQGHQEHUJ�

HW�DO���������)XUWKHU��SUHQDWDO�H[SRVXUH�WR�'(+3�KDV�EHHQ�UHSRUWHG�WR�KDYH�QRQPRQRWRQLF�GRVH�

HIIHFWV�RQ�WHVWLFXODU�DQG�VHUXP�WHVWRVWHURQH�DQG�$*'�LQ�PDOH�PLFH��'R�HW�DO���������$OWKRXJK�WKH�

PHFKDQLVPV� FDXVLQJ� WKH� QRQPRQRWRQLF� GRVH� HIIHFWV� DUH� VWLOO� XQNQRZQ�� RXU� ILQGLQJV� VKRZLQJ�

QRQPRQRWRQLF�GRVH�HIIHFWV�RQ�&\S�D��LQ�UHVSRQVH�WR�0(+3�WUHDWPHQW�FRXOG�EH�FUXFLDO�IRU�IXWXUH�

VWXGLHV� RQ� WKH� HIIHFWV� RI� H[SRVXUH� WR� SKWKDODWHV�� HVSHFLDOO\� HQYLURQPHQWDOO\� UHOHYDQW� ORZ�GRVH�

H[SRVXUHV��%HVLGHV��WKH�DEVHQFH�RI�QRQPRQRWRQLF�GRVH�HIIHFWV�RQ�&\S�E��LV�DQRWKHU�LQGLFDWLRQ�WKDW�

PXOWLSOH� PHFKDQLVPV� FRXOG� EH� LQYROYHG� LQ� UHJXODWLQJ� &\S�D�� DQG�&\S�E�� H[SUHVVLRQ� LQ� WKH�

SLWXLWDU\�LQ�UHVSRQVH�WR�'(+3�0(+3�H[SRVXUH��7KHVH�ILQGLQJV�DERYH�FRQILUPHG�WKDW�0(+3�FRXOG�

GLUHFWO\�LPSDFW�WKH�SLWXLWDU\�DQG�WKH�FRPSDULVRQ�WR�'(+3�WUHDWPHQW�VKRZHG�WKDW�DW�WKH�SLWXLWDU\��
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'(+3�FRXOG�RQO\� H[HUW� LWV� HIIHFWV� DIWHU� EHLQJ�PHWDEROL]HG� WR�0(+3��7KH�GLIIHUHQW� FKDQJHV�RI�

&\S�D�� LQ� YLWUR� FRPSDUHG� WR� LQ� YLYR� DOVR� LQGLFDWHG� WKDW�PXOWLSOH�PHFKDQLVPV� DUH� OLNHO\� WR� EH�

LQYROYHG�ZKHQ�WKH�ERG\�ZDV�H[SRVHG�WR�'(+3�DQG�WKH�HIIHFWV�WKURXJK�RWKHU�PHFKDQLVPV�FRXOG�EH�

RSSRVLWH�WR�WKH�GLUHFW�HIIHFWV�DW�WKH�SLWXLWDU\��  

:H�GLVFRYHUHG� WKH� LQGXFWLRQ�RI�&\S�E��� EXW� QRW�&\S�D��� E\�0(+3�FRXOG�EH�EORFNHG�E\�

FRWUHDWPHQW�ZLWK�DQ�$K5�DQWDJRQLVW��2QH�SRVVLEOH�H[SODQDWLRQ�IRU�WKH�DQWDJRQLVW�QRW�EHLQJ�DEOH�WR�

EORFN� WKH�&\S�D�� LQGXFWLRQ� E\�0(+3�ZDV� WKDW� WKH� LQGXFWLRQ�PLJKW� EH�PHGLDWHG� WKURXJK� WKH�

FRPELQDWLRQ�RI�$K5�DQG�RWKHU�VLJQDOLQJ�SDWKZD\V��2QH�FDQGLGDWH�WKDW�FRXOG�EH�FRQVLGHUHG�LV�WKH�

SHUR[LVRPH�SUROLIHUDWRU�DFWLYDWHG�UHFHSWRUV��33$5V���ZKLFK�DUH�OLJDQG�DFWLYDWHG�QXFOHDU�UHFHSWRUV�

WKDW�IXQFWLRQ�DV�WUDQVFULSWLRQ�IDFWRUV�WR�UHJXODWH�JHQH�H[SUHVVLRQ�LQ�UHVSRQVH�WR�HQGRJHQRXV�DQG�

H[RJHQRXV�OLJDQGV��3HUD]D�HW�DO���������0(+3�'(+3�LV�FRQVLGHUHG�D�OLJDQG�RI�33$5V�DQG�LW�KDV�

EHHQ�NQRZQ�WR�EH�DEOH�WR�GLVUXSW�PDOH�DQG�IHPDOH�UHSURGXFWLYH�WUDFW�WKURXJK�33$5V��/DWLQL�HW�DO��

�������33$5V�KDYH�EHHQ�UHSRUWHG�WR�EH�H[SUHVVHG�LQ�WKH�SLWXLWDU\��+HDQH\�HW�DO��������%RJD]]L�HW�

DO��������.QLJ�HW�DO��������DQG�FRXOG�LQGXFH�&\S�D��H[SUHVVLRQ�LQGHSHQGHQW�IURP�$K5�SDWKZD\�

�6pUpH�HW�DO���������7KXV��33$5�VLJQDOLQJ�SDWKZD\�FRXOG�EH�RQH�RI�WKH�GLUHFWLRQV�WR�LQYHVWLJDWH�WR�

XQGHUVWDQG�WKH�LQGXFWLRQ�RI�&\S�D��DQG�'(+3�H[SRVXUH�IRU�IXWXUH�VWXG\��,W�LV�DOVR�SRVVLEOH�WKDW�

WKH�$K5�DQWDJRQLVW�FRXOG�KDYH�OLJDQG�RU�WDUJHW�JHQH�VHOHFWLYH�HIIHFWV��)RU�H[DPSOH��&+�������ZDV�

UHSRUWHG�WR�KDYH�SUHIHUHQWLDO�LQKLELWRU\�HIIHFWV�RQ�+$+V�W\SH�OLJDQGV�OLNH�7&''��EXW�KDYH�OLWWOH�

HIIHFW� RQ� %1)� DQG� 3$+V� �=KDR� HW� DO�� �������$QRWKHU� LQWHUHVWLQJ� ILQGLQJ� ZDV� WKDW� WKH�$K5�

DQWDJRQLVW�DORQH�ZDV�DEOH�WR�GHFUHDVH�&\S�D��P51$�H[SUHVVLRQ�LQ�WKH�DEVHQFH�RI�0(+3��7KLV�

VXJJHVWV� WKDW� WKH�EDVDO� OHYHO�RI�&\S�D�� H[SUHVVLRQ�FRXOG�EH�GHFUHDVHG�E\� WKH�SUHVHQFH�RI�$K5�

DQWDJRQLVW� DQG� WKH� XQFKDQJHG� &\S�D�� LQ� UHVSRQVH� WR�$K5� DQWDJRQLVW� LQGLFDWHG� WKH� SRVVLEOH�

LQYROYHPHQW�RI�GLIIHUHQW�PHFKDQLVPV�LQ�UHJXODWLRQ�RI�&\S�D��DQG�&\S�E���  

%HFDXVH�ZH� VDZ� DQ� LQFRQVLVWHQW� UHVSRQVH� RI�&\S�D�� DQG�&\S�E�� WR�$K5� DQWDJRQLVW��ZH�

IXUWKHU�H[SORUHG�WKH�DFWLYDWLRQ�RI�$K5�E\�0(+3�XVLQJ�DQ�$K5�UHSRUWHU�DVVD\��:H�GHPRQVWUDWHG�

0(+3� GLUHFWO\� DFWLYDWHV�$K5� VLJQDOLQJ� LQ� WKH� SLWXLWDU\� E\� VKRZLQJ� VLJQLILFDQW� LQFUHDVHV� LQ�



 

 �� 

QRUPDOL]HG�OXFLIHUDVH�DFWLYLW\�LQ�*+)7��FHOOV�WUHDWHG�ZLWK�0(+3��7KH�LQGXFWLRQ�ZDV�QRW�DV�VWURQJ�

DV�WKDW�HOLFLWHG�E\�7&''��VXJJHVWLQJ�'(+3�0(+3�KDYH�D�UHGXFHG�DELOLW\�WR�LQGXFH�$K5�VLJQDOLQJ�

FRPSDUHG� WR� WKH�SURWRW\SLFDO� OLJDQG��7DNHQ� WRJHWKHU�� WKHVH�GDWD�VXJJHVW� WKDW�'(+3�0(+3�FDQ�
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Abstract 

3KWKDODWHV�DUH�D�JURXS�RI�HQGRFULQH�GLVUXSWLQJ�FKHPLFDOV�XVHG�DV�VROYHQWV�DQG�SODVWLFL]HUV�WKDW�

DUH�SUHYDOHQW�LQ�GDLO\�OLIH��&RQVWDQW�H[SRVXUH�WR�SKWKDODWHV�LQ�KXPDQV�FRXOG�FDXVH�G\VIXQFWLRQV�LQ�

PXOWLSOH� V\VWHPV� DQG� UHSURGXFWLYH� G\VIXQFWLRQV� DUH� WKH�PRVW� FRPPRQ� RXWFRPHV� RI� SKWKDODWH�

H[SRVXUH��(PEU\RQLF�GHYHORSPHQW� LV�D�SDUWLFXODUO\� VHQVLWLYH�SHULRG� WR� WKH� LPSDFWV�RI�SKWKDODWH�

H[SRVXUH��ZKLFK�FDQ�OHDG�WR�ORQJ�WHUP�FRQVHTXHQFHV��0RVW�VWXGLHV�RQ�SKWKDODWHV¶�LPSDFWV�IRFXVHG�

RQ�VLQJOH�SKWKDODWH��KRZHYHU��XULQH�VDPSOH�DQDO\VLV�UHYHDOHG�WKDW�KXPDQV�DUH�H[SRVHG�WR�D�PL[WXUH�

RI� GLIIHUHQW� W\SHV�RI� SKWKDODWHV� DQG� LW� LV� FULWLFDO� WR� XQGHUVWDQG� WKH� HIIHFWV� RI� SKWKDODWH�PL[WXUH�

FRPSDULQJ�ZLWK�D�VLQJOH�SKWKDODWH��,Q�WKLV�VWXG\�ZH�LQYHVWLJDWHG�WKH�LPSDFWV�RI�SUHQDWDO�H[SRVXUH�

WR�DQ�HQYLURQPHQWDOO\�UHOHYDQW�SKWKDODWH�PL[WXUH�RQ�WKH�UHSURGXFWLYH�IXQFWLRQV�RI�WKH�RIIVSULQJ��

VSHFLILFDOO\�DW�WKH�OHYHO�RI�WKH�SLWXLWDU\��DQ�XQGHUVWXGLHG�SDUW�RI�WKH�UHSURGXFWLYH�D[LV��:H�IRXQG�

WKDW�SUHQDWDO�SKWKDODWH�PL[WXUH�H[SRVXUH�FDXVHG�QR�FKDQJH�LQ�JRQDGRWURSLQ�JHQH�/KE�DQG�)VKE�

P51$�OHYHOV�LQ�WKH�RIIVSULQJ�DW�GLIIHUHQW�DJHV�IURP�SRVWQDWDO�GD\���XS�WR����PRQWKV� 

 

Introduction 

([SRVXUH�WR�HQGRFULQH�GLVUXSWLQJ�FKHPLFDOV��('&V��FRXOG�FDXVH�DOWHUDWLRQV�DQG�G\VIXQFWLRQV�

LQ�WKH�ERG\¶V�YDULRXV�RUJDQV�DQG�V\VWHPV�LQFOXGLQJ�PDOH�DQG�IHPDOH�UHSURGXFWLYH�GLVRUGHUV��REHVLW\��

W\SH���GLDEHWHV��DGUHQDO�GLVRUGHUV��WK\URLG�GLVRUGHUV��DQG�JURZWK�KRUPRQH�GLVUXSWLRQV��<LOPD]�HW�

DO���������$OWKRXJK�KXPDQV�DQG�DQLPDOV�DUH�FRQVWDQWO\�H[SRVHG�WR�('&V�WKURXJKRXW�OLIH��WKHUH�DUH�

VRPH� FULWLFDO� ZLQGRZV� GXULQJ� ZKLFK� WKH� ERG\� JRHV� WKURXJK� LQWHQVLYH� WLVVXH� SUROLIHUDWLRQ��

GLIIHUHQWLDWLRQ��DQG�PDWXUDWLRQ��7KH�HPEU\RQLF�SHULRG� LV�RQH�RI� WKH�FULWLFDO�ZLQGRZV�DV� LW¶V� WKH�

SHULRG�ZKHQ� WKH�PDMRU�RUJDQV� DUH� IRUPLQJ� DQG�GHYHORSLQJ�� DQG� WKH�HIIHFWV�RI�HPEU\RQLF�('&�

H[SRVXUH� FRXOG� ODVW� ORQJ�XQWLO� DGXOW� OLIH� �+RU]PDQQ� HW� DO�� ������ DQG� HYHQ�SDVV� RQ� WR� WKH�QH[W�
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JHQHUDWLRQV��=KRX�HW�DO������E��%UHKP�DQG�)ODZV�������:HQ�HW�DO�������� 

3KWKDODWHV� DUH� D� W\SH� RI� ('&V� WKDW� DUH� ZLGHO\� XVHG� DV� SODVWLFL]HUV� DQG� VROYHQWV� LQ� GDLO\�

SURGXFWV� LQFOXGLQJ� SODVWLFV�� SHUVRQDO� FDUH� SURGXFWV�� FRVPHWLFV�� DQG� EXLOGLQJ� PDWHULDOV�� 7KH�

SKWKDODWH� IDPLO\� LV�PDGH�XS�RI� D� JURXS�RI� FKHPLFDOV�ZLWK�GLIIHUHQW�PROHFXODU�ZHLJKWV� DQG� WHQ�

FRPPRQO\�XVHG�SKWKDODWHV�LQFOXGH�ORZHU�PROHFXODU�ZHLJKW�SKWKDODWHV��HVWHU�VLGH�FKDLQ�FRQWDLQLQJ�

��WR���FDUERQV���GLPHWK\O�SKWKDODWH��'03���GLHWK\O�SKWKDODWH��'(3���DQG�GLEXW\O�SKWKDODWH��'%3���

DV�ZHOO�DV�KLJKHU�PROHFXODU�ZHLJKW�SKWKDODWHV��HVWHU�VLGH�FKDLQ�FRQWDLQLQJ�PRUH�WKDQ���FDUERQV���

GLLVREXW\O�SKWKDODWH��'L%3���EHQ]\OEXW\O�SKWKDODWH��%]%3���GLF\FORKH[\O�SKWKDODWH��'&+3���GL���

HWK\OKH[\O��SKWKDODWH��'(+3���GL�Q�RFW\O�SKWKDODWH��'Q23���GL�LVRQRQ\O�SKWKDODWH��'L13���DQG�GL�

LVRGHF\O�SKWKDODWH��'L'3���:DQJ�HW�DO���������3KWKDODWHV�DUH�FRPPRQO\�NQRZQ�DV�DQWL�DQGURJHQV�

DV�WKH\�FRXOG�GLVUXSW�DQGURJHQ�VWHURLGRJHQHVLV��%RUFK�HW�DO���������%HVLGHV��WKH\�KDYH�DOVR�EHHQ�

UHSRUWHG�WR�EH�WKH�OLJDQGV�RI�YDULRXV�UHFHSWRUV�DVVRFLDWHG�ZLWK�WR[LFDQWV�H[SRVXUH�LQFOXGLQJ�DU\O�

K\GURFDUERQ� UHFHSWRU� �$K5�� �(UQVW� HW� DO�� ������ *H� HW� DO�� ������ DQG� SHUR[LVRPH� SUROLIHUDWRU�

DFWLYDWHG�UHFHSWRUV��33$5���/DWLQL�HW�DO���������$OWKRXJK�QXPHURXV�VWXGLHV�LQYHVWLJDWHG�LPSDFWV�

RI�GLIIHUHQW�W\SHV�RI�SKWKDODWHV�RQ�PXOWLSOH�RUJDQV�LQFOXGLQJ�PDOH�DQG�IHPDOH�JRQDGV��WK\URLG�JODQG��

DGUHQDO�JODQG��DQG� WKH�SLWXLWDU\�JODQG��PRVW�RI� WKHP�IRFXVHG�RQ�WKH�HIIHFWV�RI�VLQJOH�SKWKDODWHV�

VXFK�DV�'(+3��'L13�DQG�%]%3��%DUDNDW�HW�DO��������)RUQHU�3LTXHU�HW�DO��������:DUQHU�HW�DO���������

+RZHYHU�� VWXGLHV�DQDO\]LQJ�SKWKDODWH�PHWDEROLWH� FRPSRQHQWV� LQ�KXPDQ�XULQH�VDPSOHV� UHYHDOHG�

WKDW�KXPDQV�DUH�H[SRVHG�WR�PL[WXUH�RI�GLIIHUHQW�SKWKDODWHV�UDWKHU�WKDQ�D�VLQJOH�W\SH��6LOYD�HW�DO��

������'RQJ�HW�DO���������,W¶V�LPSRUWDQW�WR�XQGHUVWDQG�WKH�HIIHFWV�RI�SKWKDODWH�PL[WXUHV�UHOHYDQW�WR�

KXPDQ�GDLO\�H[SRVXUH�OHYHOV�DV�LW�LV�PRUH�UHOHYDQW�WR�UHDO�OLIH�SKWKDODWH�H[SRVXUH�LQ�KXPDQV��  

5HFHQWO\�� WKHUH�KDV�EHHQ� DQ� HPHUJHQFH�RI� VWXGLHV� IRFXVLQJ�RQ� WKH� LPSDFWV� RI� H[SRVXUH� WR�

HQYLURQPHQWDOO\� UHOHYDQW� SKWKDODWH� PL[WXUHV� RQ� GLIIHUHQW� RUJDQV� LQFOXGLQJ� RYDULHV� DQG� XWHUXV�

�:DUQHU�HW�DO��������/L�HW�DO��������*LOO�HW�DO���������SURVWDWH�GHYHORSPHQW��6FDUDQR�HW�DO���������

UHSURGXFWLYH�DJLQJ��%UHKP�DQG�)ODZV��������DV�ZHOO�DV� WUDQVJHQHUDWLRQDO�HIIHFWV� �%UHKP�HW�DO��

������ /L� HW� DO�� �������+RZHYHU�� YHU\� IHZ� VWXGLHV� LQYHVWLJDWHG� WKH� LPSDFWV� RI� HQYLURQPHQWDOO\�
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UHOHYDQW�SKWKDODWH�PL[WXUHV�RQ�WKH�SLWXLWDU\�JODQG��ZKLFK�LV�WKH�PDVWHU�JODQG�UHJXODWLQJ�PXOWLSOH�

HQGRFULQH�IXQFWLRQV��3UHYLRXV�VWXGLHV�KDYH�UHSRUWHG�HIIHFWV�RI�VLQJOH�SKWKDODWHV�VXFK�DV�'(+3�RQ�

WKH�SLWXLWDU\��ZKLFK�LQFOXGH�FKDQJHV�LQ�JRQDGRWURSLQ�P51$�OHYHOV��3RFDU�HW�DO��������DQG�HVWURJHQ�

UHFHSWRU��(5��H[SUHVVLRQ�OHYHOV��3pUH]�HW�DO���������7KRVH�ILQGLQJV�IURP�VLQJOH�SKWKDODWHV�VWXGLHV�

OHG�WR�WKH�GHPDQG�IRU�XQGHUVWDQGLQJ�WKH�LPSDFWV�RI�HQYLURQPHQWDOO\�UHOHYDQW�SKWKDODWH�PL[WXUHV�

RQ�WKH�SLWXLWDU\�FRPSDUHG�WR�VLQJOH�SKWKDODWHV� 

,Q�WKLV�SURMHFW�ZH�IRFXVHG�RQ�WKH�HIIHFWV�RI�HPEU\RQLF�H[SRVXUH�WR�HQYLURQPHQWDOO\�UHOHYDQW�

SKWKDODWH�PL[WXUHV�RQ�WKH�UHSURGXFWLYH�IXQFWLRQV�LQ�WKH�RIIVSULQJ�LQ�ERWK�VH[HV�DW�WKH�OHYHO�RI�WKH�

SLWXLWDU\��VSHFLILFDOO\�WKH�FKDQJHV�RI�JRQDGRWURSLQ�JHQH��OXWHLQL]LQJ�KRUPRQH�VXEXQLW�EHWD��/KE��

DQG�IROOLFOH�VWLPXODWLQJ�KRUPRQH�VXEXQLW�EHWD��)VKE��H[SUHVVLRQV�DW�GLIIHUHQW�DJHV�LQ�WKH�RIIVSULQJ�

LQ�ERWK�VH[HV� 

 

Materials and methods 

&KHPLFDOV 

� � � 7KH�HQYLURQPHQWDOO\�UHOHYDQW�SKWKDODWH�PL[WXUH�LQFOXGHV�'(3������������'(+3������������

'%3������������'L%3�����������'L13������������DQG�%]%3�����������7KH�FRQFHQWUDWLRQ�RI�HDFK�

SKWKDODWH� ZDV� GHWHUPLQHG� E\� PHDVXUHPHQW� RI� SKWKDODWH� PHWDEROLWHV� LQ� WKH� XULQH� VDPSOHV� RI�

SUHJQDQW�ZRPHQ�LQ�FHQWUDO�,OOLQRLV��3DF\JD�HW�DO���������7KH�SKWKDODWH�PL[WXUH�ZDV�PL[HG�ZLWK�

WRFRSKHURO�VWULSSHG�FRUQ�RLO�ZKLFK�ZDV�DOVR�XVHG�DV�YHKLFOH�FRQWURO��7KH�GRVHV�XVHG�IRU�WKH�VWXG\�

ZHUH����ȝJ�NJ�GD\������ȝJ�NJ�GD\��DQG�����PJ�NJ�GD\�DQG�WKH�MXVWLILFDWLRQ�RI�WKH�GRVHV�XVHG�LQ�

UHOHYDQW� WR� KXPDQ� GDLO\� H[SRVXUH� OHYHOV� ZHUH� GHVFULEHG� LQ� SUHYLRXV� SDSHU� SXEOLVKHG� E\� RXU�

FROODERUDWRUV��=KRX�HW�DO������D���  

 

$QLPDOV�DQG�WUHDWPHQWV�  

&'��� PLFH� ZHUH� KRXVHG� DW� WKH� 8QLYHUVLW\� RI� ,OOLQRLV� DW� 8UEDQD�&KDPSDLJQ�� 9HWHULQDU\�
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0HGLFLQH�$QLPDO� )DFLOLW\� LQ� SRO\VXOIRQH� FDJHV� XQGHU� ���K� OLJKW�GDUN� F\FOHV�ZLWK� WHPSHUDWXUH�

PDLQWDLQHG�DW���������&��$OO�WKH�H[SHULPHQWDO�SURFHGXUHV�UHJDUGLQJ�DQLPDO�XVHV�ZHUH�DSSURYHG�E\�

7KH�,QVWLWXWLRQDO�$QLPDO�&DUH�DQG�8VH�&RPPLWWHH��,$&8&��DW�WKH�8QLYHUVLW\�RI�,OOLQRLV�DW�8UEDQD�

&KDPSDLJQ��  

)HPDOHV��Q� �����ZHUH�PDWHG�ZLWK�XQWUHDWHG�PDOHV�DQG�WKH�SUHVHQFH�RI�YDJLQDO�VSHUP�SOXJ�

PDUNHG�WKH�GDWH�RI�JHVWDWLRQDO�GD\������*������2Q�*������SUHJQDQW�GDPV�ZHUH�UDQGRPO\�DVVLJQHG�

LQWR� IRXU� WUHDWPHQW� JURXSV� LQFOXGLQJ� YHKLFOH� FRQWURO�� ��� ȝJ�NJ�GD\�� ���� ȝJ�NJ�GD\�� DQG� ����

PJ�NJ�GD\� SKWKDODWH� PL[WXUH� GRVLQJ� JURXSV� ������� GDPV�WUHDWPHQW� JURXS���7KH� WUHDWPHQW�ZDV�

JLYHQ�RUDOO\�RQFH�D�GD\�DW�WKH�VDPH�WLPH�IURP�*�����WLOO�WKH�GDPV�JDYH�ELUWK��7KH�H[SRVXUH�ZLQGRZ�

ZDV�FKRVHQ�EDVHG�RQ�WKH�SHULRG�RI�RYDULDQ�GHYHORSPHQW� LQ�WKH�PRXVH�DV�GHVFULEHG�LQ�SUHYLRXV�

SXEOLVKHG�SDSHU��=KRX�HW�DO������D���'RVLQJ�ZDV�SHUIRUPHG�LQ�WKH�ODE�RI�'U��-RGL�)ODZV�E\�KHU�ODE�

PHPEHUV� 

 

3LWXLWDU\�FROOHFWLRQ 

2Q�SRVWQDWDO�GD\V��������������PRQWK�DQG����PRQWK��DW�OHDVW�RQH�PDOH�DQG�RQH�IHPDOH�SXS�SHU�

OLWWHU�ZHUH� UDQGRPO\� FKRVHQ� IRU� WLVVXH� FROOHFWLRQ��7R� HOLPLQDWH� WKH� HIIHFWV� HVWURJHQ� IOXFWXDWLRQ�

GXULQJ�HVWURXV�F\FOH��IHPDOH�RIIVSULQJ�ZHUH�FROOHFWHG�GXULQJ�GLHVWUXV��'LIIHUHQW�RUJDQV�DQG�WLVVXHV�

LQFOXGLQJ�VHUXP�EORRG��RYDULHV��XWHUXV��LQWHVWLQH��EUDLQ��DQG�WHVWHV�ZHUH�FROOHFWHG�DW�WKH�VDPH�WLPH�

E\�FROODERUDWRUV��2XU�ODE�FROOHFWHG�WKH�SLWXLWDU\�JODQG�DW�HDFK�WLPH�SRLQW�IRU�DQDO\VLV��7KH�SLWXLWDU\�

JODQGV�IURP�HDFK�RIIVSULQJ�ZHUH�UHPRYHG�IURP�WKH�EDVH�RI�WKH�VNXOO�DQG�VQDS�IUR]HQ�RQ�GU\�LFH��

WKHQ�VWRUHG�LQ�����&�IUHH]HU�XQWLO�UHDG\�IRU�WLVVXH�SUHSDUDWLRQ��  

 

51$�LVRODWLRQ�DQG�F51$�SUHSDUDWLRQ 

51$� LVRODWLRQ� IURP� IUR]HQ� SLWXLWDULHV�ZDV� SHUIRUPHG� E\� WKH� VWDQGDUG�7UL]RO� �,QYLWURJHQ��

H[WUDFWLRQ� PHWKRG�� 7RWDO� 51$� ZDV� UHYHUVH�WUDQVFULEHG� DFFRUGLQJ� WR� WKH� PDQXIDFWXUHU¶V�
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LQVWUXFWLRQV�XVLQJ�WKH�3URWR6FULSW�6WUDQG�F'1$�6\QWKHVLV�NLW��1HZ�(QJODQG�%LRODEV��DV�RXU�ODE�

KDV�SUHYLRXVO\�GHVFULEHG��0RUDQ�HW�DO�������� 

 

4XDQWLWDWLYH�UHDO�WLPH�SRO\PHUDVH�FKDLQ�UHDFWLRQ��T57�3&5� 

3LWXLWDULHV�RI�HDFK�VH[�IURP�HDFK�WUHDWPHQW�JURXS��Q� ����ZHUH�SUHSSHG�IRU�T57�3&5�DQDO\VLV��

2OLJRQXFOHRWLGH�SULPHUV�IRU�/KE�DQG�)VKE��/LIH�7HFKQRORJLHV��SULPHU�VHTXHQFH�VHH�7DEOH����ZHUH�

XVHG�WR�DPSOLI\�JHQH�VSHFLILF�WUDQVFULSWV�E\�T3&5��7KH�H[SUHVVLRQ�OHYHOV�RI�JHQHV�RI�LQWHUHVW�ZHUH�

QRUPDOL]HG�WR�3SLD�P51$�OHYHOV��3SLD�LV�D�VWDEOH�KRXVHNHHSLQJ�JHQH�IRU�T57�3&5�QRUPDOL]DWLRQ�

�0XxR]�HW�DO��������WKDW�ZH�FRQILUPHG�KDG�FRQVLVWHQW�H[SUHVVLRQ�OHYHOV�DFURVV�GLIIHUHQW�WUHDWPHQWV�

7KH�GDWD�ZHUH�DQDO\]HG�XVLQJ�WKH�VWDQGDUG�FRPSDUDWLYH�F\FOH�WKUHVKROG�YDOXH�PHWKRG���±¨¨&W��DV�

SUHYLRXVO\�GHVFULEHG��*ROGEHUJ�HW�DO�������� 

 

7DEOH������3&5�SULPHUV�XVHG�LQ�WKLV�VWXG\ 

*HQH )RUZDUG�6HTXHQFH��¶��¶ 5HYHUVH�VHTXHQFH��¶��¶ 

3SLD &$$$7*&7**$&&$$$&$&$$$&* *77&$7*&&77&777&$&&77&&& 

)VKE 7**7*7*&***&7$&7*&7$& $&$*&&$**&$$7&77$&**7&7& 

/KE &&&$*7&7*&$7&$&&77&$& *$**&$&$**$**&$$$*& 

 

6WDWLVWLFDO�DQDO\VLV 

0DOH� DQG� IHPDOH� GDWD� ZHUH� DQDO\]HG� VHSDUDWHO\�� DQG� HDFK� SXS� IURP� GLIIHUHQW� OLWWHU� ZDV�

FRQVLGHUHG� DV� RQH� XQLW� VWDWLVWLFDOO\�� $OO� GDWD� ZHUH� SUHVHQWHG� DV� PHDQ� ���� 6(0�� 6WDWLVWLFDO�

VLJQLILFDQFH�ZDV�GHWHUPLQHG�XVLQJ�RQH�ZD\�$129$�IROORZHG�E\�'XQQHWW¶V�PXOWLSOH�FRPSDULVRQV�

WHVW��3�YDOXHV�OHVV�WKDQ������ZHUH�FRQVLGHUHG�VLJQLILFDQW��$OO�DQDO\VHV�ZHUH�SHUIRUPHG�XVLQJ�*UDSK�

3DG�3ULVP������� 
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Results 

*RQDGRWURSLQ�P51$�OHYHOV�ZHUH�QRW�FKDQJHG�LQ�WKH�RIIVSULQJ�SLWXLWDU\�DW�GLIIHUHQW�DJHV 

7R�GHWHUPLQH�ZKHWKHU�WKH�SUHQDWDO�H[SRVXUH�WR�DQ�HQYLURQPHQWDOO\�UHOHYDQW�SKWKDODWH�PL[WXUH�

DW�GLIIHUHQW�GRVHV�ZRXOG�DIIHFW�WKH�RIIVSULQJ¶V�UHSURGXFWLYH�IXQFWLRQV�DW�WKH�OHYHO�RI�WKH�SLWXLWDU\��

ZH�H[DPLQHG�WKH�JRQDGRWURSLQ�JHQHV��/KE�DQG�)VKE��P51$�H[SUHVVLRQ�OHYHOV�LQ�WKH�SLWXLWDU\�DW�

WKH�DJH�RI�3���QHRQDWDO�SHULRG���3����SUH�SXEHUWDO�SHULRG���3����PDWXUH�DGXOWV���DQG����PRQWKV�

�DJHG�� IHPDOHV� RQO\�� LQ� ERWK� PDOH� DQG� IHPDOH� RIIVSULQJ��:H� IRXQG� QR� VLJQLILFDQW� GLIIHUHQFH�

EHWZHHQ�GLIIHUHQW�SKWKDODWH�PL[WXUH�GRVLQJ�JURXS�����ȝJ������ȝJ��DQG�����PJ�NJ�GD\��DQG�FRQWURO�

JURXS¶V�JRQDGRWURSLQ�JHQH�P51$�OHYHOV�DW�GLIIHUHQW�WLPH�SRLQWV�LQ�QHLWKHU�PDOH��)LJXUH������RU�

IHPDOH��)LJXUH������RIIVSULQJ� 

 

Discussion 

7KH� DEVHQFH� RI� P51$� OHYHO� GLIIHUHQFHV� EHWZHHQ� SUHQDWDO� SKWKDODWH� PL[WXUH� H[SRVHG�

RIIVSULQJ�DQG�FRQWURO�JURXS�LQGLFDWHV�WKH�SRVVLELOLW\�WKDW�WKHUH¶V�QR�VXEVWDQWLDO�FKDQJH�FDXVHG�E\�

WKH� SKWKDODWH� PL[WXUH� DW� WKH� OHYHO� RI� WKH� SLWXLWDU\��7KLV� UHVXOW� LV� LQWHUHVWLQJ� FRPSDULQJ� WR� GDWD�

UHSRUWHG�IURP�SUHYLRXV�VWXGLHV�VKRZLQJ�SUHQDWDO�DQG�ODFWDWLRQDO�H[SRVXUH�WR�WKH�VLQJOH�SKWKDODWH�

'(+3�����ȝJ�DQG���PJ�NJ�GD\��LQ�PLFH�FRXOG�FDXVH�JRQDGRWURSLQ�JHQH�P51$�OHYHOV�WR�LQFUHDVH�

LQ�ERWK�VH[HV�DW� WKH�DJH�RI�3����3RFDU�HW�DO���������2QH�H[SODQDWLRQ� IRU� WKH�GLIIHUHQW�RXWFRPH�

EHWZHHQ�GLIIHUHQW�VWXGLHV�FRXOG�EH�DWWULEXWHG� WR�GLIIHUHQW�H[SRVXUH�ZLQGRZV��DV� LQ� WKH�SUHYLRXV�

VWXG\�WKH�RIIVSULQJ�ZHUH�GRVHG�ZLWK�'(+3�WKURXJKRXW�ZKROH�HPEU\RQLF�DQG� ODFWDWLRQDO�SHULRG�

LQVWHDG�RI�RQO\�H������H������$QRWKHU�SRVVLELOLW\�FRXOG�EH�WKDW�GLIIHUHQW�W\SHV�RI�SKWKDODWHV�LQ�WKH�

PL[WXUH�FRXOG�KDYH�FRXQWHUDFWLQJ�HIIHFWV�RQ�HDFK�RWKHU�LQ�WHUPV�RI�JRQDGRWURSLQ�P51$�H[SUHVVLRQ�

DQG� WKLV� ZRXOG� UHVXOW� LQ� WKH� XQFKDQJHG� /KE� DQG� )VKE� P51$� OHYHOV�� )RU� H[DPSOH�� SUHQDWDO�

H[SRVXUH�WR�'%3������DQG�����PJ�NJ�GD\��IURP�H�����WR�H�����LQ�UDWV�ZDV�UHSRUWHG�WR�GHFUHDVH�

/KE�P51$�OHYHOV�DW�WKH�DJH�RI�3���������DQG�����DQG�����PJ�NJ�GD\�'%3�GRVDJH�LQFUHDVHG�WKH�
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/KE�OHYHO�DW�WKH�DJH�RI�3���DQG�3����&KHQ�HW�DO���������KRZHYHU��'(+3�ZDV�IRXQG�WR�LQFUHDVH�/KE�

�3RFDU�HW�DO�������� 

$OWKRXJK�ZH�GLGQ¶W�VHH�D�FKDQJH�LQ�JRQDGRWURSLQ�P51$�OHYHOV��WKHUH�FRXOG�EH�FKDQJHV�LQ�

VHUXP�/+�DQG�)6+�OHYHOV�RU�/+ȕ�DQG�)6+ȕ�SURWHLQ�OHYHO�FKDQJHV��)XWXUH�VWXGLHV�VKRXOG�IXUWKHU�

LQYHVWLJDWH�WKH�VHUXP�OHYHO�DQG�SURWHLQ�OHYHO�RI�WKH�JRQDGRWURSLQV� 
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)��JHQHUDWLRQ�RI�IHPDOH�PLFH��(QYLURQPHQWDO�HSLJHQHWLFV�������GYDE�����

GRL���������((3�'9$%���� 

%UHKP�(��)ODZV�-$��������7UDQVJHQHUDWLRQDO�HIIHFWV�RI�HQGRFULQH�GLVUXSWLQJ�FKHPLFDOV�RQ�0DOH�

DQG�IHPDOH�UHSURGXFWLRQ��(QGRFULQRORJ\����������GRL���������HQ������������ 

%UHKP�(��=KRX�&��*DR�/��)ODZV�-$��������3UHQDWDO�H[SRVXUH�WR�DQ�HQYLURQPHQWDOO\�UHOHYDQW�

SKWKDODWH�PL[WXUH�DFFHOHUDWHV�ELRPDUNHUV�RI�UHSURGXFWLYH�DJLQJ�LQ�D�PXOWLSOH�DQG�

WUDQVJHQHUDWLRQDO�PDQQHU�LQ�IHPDOH�PLFH��5HSURGXFWLYH�7R[LFRORJ\������

GRL���������M�UHSURWR[������������� 

&KHQ�;��/L�/��/L�+��*XDQ�+��'RQJ�<��/L�;��:DQJ�4��/LDQ�4��+X�*��*H�56��������3UHQDWDO�

H[SRVXUH�WR�GL�Q�EXW\O�SKWKDODWH�GLVUXSWV�WKH�GHYHORSPHQW�RI�DGXOW�/H\GLJ�FHOOV�LQ�PDOH�UDWV�

GXULQJ�SXEHUW\��7R[LFRORJ\�������GRL���������M�WR[������������� 

'RQJ�5��=KRX�7��=KDR�6��=KDQJ�+��=KDQJ�0��&KHQ�-��:DQJ�0��:X�0��/L�6��&KHQ�%��������

)RRG�FRQVXPSWLRQ�VXUYH\�RI�6KDQJKDL�DGXOWV�LQ������DQG�LWV�DVVRFLDWLRQV�ZLWK�SKWKDODWH�

PHWDEROLWHV�LQ�XULQH��(QYLURQPHQW�,QWHUQDWLRQDO�������GRL���������M�HQYLQW������������� 

(UQVW�-��-DQQ�-&��%LHPDQQ�5��.RFK�+0��)LVFKHU�%��������(IIHFWV�RI�WKH�HQYLURQPHQWDO�

FRQWDPLQDQWV�'(+3�DQG�7&''�RQ�HVWUDGLRO�V\QWKHVLV�DQG�DU\O�K\GURFDUERQ�UHFHSWRU�DQG�

SHUR[LVRPH�SUROLIHUDWRUDFWLYDWHG�UHFHSWRU�VLJQDOOLQJ�LQ�WKH�KXPDQ�JUDQXORVD�FHOO�OLQH�.*1��

0ROHFXODU�+XPDQ�5HSURGXFWLRQ��GRL���������PROHKU�JDX���� 

)RUQHU�3LTXHU�,��0\ORQDV�&&��)DNULDGLV�,��3DSDGDNL�0��3LVFLWHOOL�)��GL�0DU]R�9��&DOGXFK�*LQHU�-��

3pUH]�6iQFKH]�-��&DUQHYDOL�2��������(IIHFWV�RI�GLLVRQRQ\O�SKWKDODWH��'L13��RQ�WKH�

HQGRFDQQDELQRLG�DQG�UHSURGXFWLYH�V\VWHPV�RI�PDOH�JLOWKHDG�VHD�EUHDP��6SDUXV�DXUDWD��

GXULQJ�WKH�VSDZQLQJ�VHDVRQ��$UFKLYHV�RI�7R[LFRORJ\���������GRL���������V���������������

�� 
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*LOO�6��%UHKP�(��/HRQ�.��&KLX�-��0HOLQJ�''��)ODZV�-$��������3UHQDWDO�H[SRVXUH�WR�DQ�

HQYLURQPHQWDOO\�UHOHYDQW�SKWKDODWH�PL[WXUH�DOWHUV�RYDULDQ�VWHURLGRJHQHVLV�DQG�

IROOLFXORJHQHVLV�LQ�WKH�)��JHQHUDWLRQ�RI�DGXOW�IHPDOH�PLFH��5HSURGXFWLYH�7R[LFRORJ\��

������±����GRL���������M�UHSURWR[��������������  

*ROGEHUJ�/%��$XMOD�3.��5DHW]PDQ�/7��������3HUVLVWHQW�H[SUHVVLRQ�RI�DFWLYDWHG�1RWFK�LQKLELWV�

FRUWLFRWURSH�DQG�PHODQRWURSH�GLIIHUHQWLDWLRQ�DQG�UHVXOWV�LQ�G\VIXQFWLRQ�RI�WKH�+3$�D[LV��

'HYHORSPHQWDO�%LRORJ\��GRL���������M�\GELR������������� 

+RU]PDQQ�.$��/LQ�/)��7DVODNMLDQ�%��<XDQ�&��)UHHPDQ�-/��������(PEU\RQLF�DWUD]LQH�H[SRVXUH�

DQG�ODWHU�LQ�OLIH�EHKDYLRUDO�DQG�EUDLQ�WUDQVFULSWRPLF��HSLJHQHWLF��DQG�SDWKRORJLFDO�DOWHUDWLRQV�

LQ�DGXOW�PDOH�]HEUDILVK��&HOO�%LRORJ\�DQG�7R[LFRORJ\�����������±�����GRL���������6������

����������<� 

/DWLQL�*��6FRGLWWL�(��9HUURWWL�$��GH�)HOLFH�&��0DVVDUR�0��������3HUR[LVRPH�3UROLIHUDWRU�

$FWLYDWHG�5HFHSWRUV�DV�0HGLDWRUV�RI�3KWKDODWH�,QGXFHG�(IIHFWV�LQ�WKH�0DOH�DQG�)HPDOH�

5HSURGXFWLYH�7UDFW��(SLGHPLRORJLFDO�DQG�([SHULPHQWDO�(YLGHQFH��33$5�5HVHDUFK��

GRL��������������������� 

/L�.��/LV]ND�0��=KRX�&��%UHKP�(��)ODZV�-$��1RZDN�5$��������3UHQDWDO�H[SRVXUH�WR�D�SKWKDODWH�

PL[WXUH�OHDGV�WR�PXOWLJHQHUDWLRQDO�DQG�WUDQVJHQHUDWLRQDO�HIIHFWV�RQ�XWHULQH�PRUSKRORJ\�DQG�

IXQFWLRQ�LQ�PLFH��5HSURGXFWLYH�7R[LFRORJ\������GRL���������M�UHSURWR[������������� 

0RUDQ�7%��%UDQQLFN�.(��5DHW]PDQ�/7��������$U\O�K\GURFDUERQ�UHFHSWRU�DFWLYLW\�PRGXODWHV�

SURODFWLQ�H[SUHVVLRQ�LQ�WKH�SLWXLWDU\��7R[LFRORJ\�DQG�$SSOLHG�3KDUPDFRORJ\��

GRL���������M�WDDS������������� 

0XxR]�--��$QDXDWH�$&��$PDUDO�$*��)HUUHLUD�)0��:DWDQDEH�(+��0HFD�5��2UPDQML�06��%RLP�

0$��2QXFKLF�/)��+HLOEHUJ�,3��������3SLD�LV�WKH�PRVW�VWDEOH�KRXVHNHHSLQJ�JHQH�IRU�T57�

3&5�QRUPDOL]DWLRQ�LQ�NLGQH\V�RI�WKUHH�3NG��GHILFLHQW�PRXVH�PRGHOV��6FLHQWLILF�5HSRUWV�
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������������������±����GRL���������V����������������[��  

3pUH]�3$��7ROHGR�-��6RVD�/�GHO�9��3HLQHWWL�1��7RUUHV�$,��GH�3DXO�$/��*XWLpUUH]�6��������7KH�

SKWKDODWH�'(+3�PRGXODWHV�WKH�HVWURJHQ�UHFHSWRUV�Į�DQG�ȕ�LQFUHDVLQJ�ODFWRWURSK�FHOO�

SRSXODWLRQ�LQ�IHPDOH�SLWXLWDU\�JODQGV��&KHPRVSKHUH��������������

GRL���������M�FKHPRVSKHUH��������������  

3RFDU�3��)LDQGDQHVH�1��6HFFKL�&��%HUULQL�$��)LVFKHU�%��6FKPLGW�-6��6FKDHGOLFK�.��%RUURPHR�9��

������([SRVXUH�WR�'L���HWK\O�KH[\O��SKWKDODWH��'(+3��LQ�8WHUR�DQG�GXULQJ�/DFWDWLRQ�

&DXVHV�/RQJ�7HUP�3LWXLWDU\�*RQDGDO�$[LV�'LVUXSWLRQ�LQ�0DOH�DQG�)HPDOH�0RXVH�

2IIVSULQJ��(QGRFULQRORJ\������������±�����GRL���������HQ������������  

6FDUDQR�:5��%HGUDW�$��$ORQVR�&RVWD�/*��$TXLQR�$0��)DQWLQDWWL�%($��-XVWXOLQ�/$��%DUELVDQ�

/)��)UHLUH�33��)ODZV�-$��/HPRV�%��������([SRVXUH�WR�DQ�(QYLURQPHQWDOO\�5HOHYDQW�

3KWKDODWH�0L[WXUH�GXULQJ�3URVWDWH�'HYHORSPHQW�,QGXFHV�0LFUR51$�8SUHJXODWLRQ�DQG�

7UDQVFULSWRPH�0RGXODWLRQ�LQ�5DWV��7R[LFRORJLFDO�6FLHQFHV����������

GRL���������WR[VFL�NI]���� 

6LOYD�0-��6DPDQGDU�(��3UHDX�-/��5HLG\�-$��1HHGKDP�//��&DODIDW�$0��������4XDQWLILFDWLRQ�RI�

���SKWKDODWH�PHWDEROLWHV�LQ�KXPDQ�XULQH��-RXUQDO�RI�&KURPDWRJUDSK\�%��$QDO\WLFDO�

7HFKQRORJLHV�LQ�WKH�%LRPHGLFDO�DQG�/LIH�6FLHQFHV����������

GRL���������M�MFKURPE������������� 

:DQJ�<��=KX�+��.DQQDQ�.��������$�UHYLHZ�RI�ELRPRQLWRULQJ�RI�SKWKDODWH�H[SRVXUHV��7R[LFV��

������GRL���������72;,&6�������� 

:DUQHU�*5��/L�=��+RXGH�0/��$WNLQVRQ�&(��0HOLQJ�''��&KLDQJ�&��)ODZV�-$��������2YDULDQ�

0HWDEROLVP�RI�DQ�(QYLURQPHQWDOO\�5HOHYDQW�3KWKDODWH�0L[WXUH��7R[LFRORJLFDO�6FLHQFHV��

����������±�����GRL���������WR[VFL�NI]�����  

:HQ�<��5DWWDQ�6��)ODZV�-$��,UXGD\DUDM�-��������0XOWL�DQG�WUDQVJHQHUDWLRQDO�HSLJHQHWLF�HIIHFWV�RI�
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GL����HWK\OKH[\O��SKWKDODWH��'(+3��LQ�OLYHU��7R[LFRORJ\�DQG�$SSOLHG�3KDUPDFRORJ\��

������������GRL���������-�7$$3������������� 

<LOPD]�%��7HUHNHFL�+��6DQGDO�6��.HOHVWLPXU�)��������(QGRFULQH�GLVUXSWLQJ�FKHPLFDOV��H[SRVXUH��

HIIHFWV�RQ�KXPDQ�KHDOWK��PHFKDQLVP�RI�DFWLRQ��PRGHOV�IRU�WHVWLQJ�DQG�VWUDWHJLHV�IRU�

SUHYHQWLRQ��5HYLHZV�LQ�(QGRFULQH�DQG�0HWDEROLF�'LVRUGHUV���������������������±�����

GRL���������6����������������=��  

=KRX�&��*DR�/��)ODZV�-$������D��3UHQDWDO�H[SRVXUH�WR�DQ�HQYLURQPHQWDOO\�UHOHYDQW�SKWKDODWH�

PL[WXUH�GLVUXSWV�UHSURGXFWLRQ�LQ�)��IHPDOH�PLFH��7R[LFRORJ\�DQG�$SSOLHG�3KDUPDFRORJ\��

������±����GRL���������M�WDDS��������������  

=KRX�&��*DR�/��)ODZV�-$������E��([SRVXUH�WR�DQ�HQYLURQPHQWDOO\�UHOHYDQW�SKWKDODWH�PL[WXUH�

FDXVHV�WUDQVJHQHUDWLRQDO�HIIHFWV�RQ�IHPDOH�UHSURGXFWLRQ�LQ�PLFH��(QGRFULQRORJ\��

GRL���������HQ������������  
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&+$37(5����&21&/86,216�$1'�',6&866,21 

$V� WKH� PDVWHU� JODQG� UHJXODWLQJ� WKH� HQGRFULQH� V\VWHP�� WKH� SLWXLWDU\� PHGLDWHV� QXPHURXV�

SK\VLRORJLFDO�SURFHVVHV��'\VIXQFWLRQV�LQ�WKH�JODQG�FDQ�FDXVH�GLVHDVHV�LQFOXGLQJ�K\SRSLWXLWDULVP��

D�GHILFLHQF\�LQ�SLWXLWDU\�KRUPRQH�VHFUHWLRQ�WKDW�OHDGV�WR�GLVUXSWHG�HQGRFULQH�IXQFWLRQV�LQ�PXOWLSOH�

V\VWHPV��7KH�FDXVHV�RI�RYHU�����RI�K\SRSLWXLWDULVP�FDVHV�UHPDLQ�XQNQRZQ��ZKLFK�LQGLFDWHV�QRYHO�

JHQHV�DQG�PHFKDQLVPV�\HW�WR�EH�GLVFRYHUHG�FDQ�FRQWULEXWH�WR�WKH�GLVHDVH��3LWXLWDU\�GHYHORSPHQW�LV�

D�FULWLFDO�SURFHVV��DV�DQ\�GLVUXSWLRQV�GXULQJ�WKH�SHULRG�FRXOG�OHDG�WR�DEQRUPDO�SLWXLWDU\�IRUPDWLRQ�

DQG�IXQFWLRQ��WKDW�HYHQWXDOO\�FRXOG�EH�WKH�FDXVH�RI�K\SRSLWXLWDULVP�RU�RWKHU�SLWXLWDU\�GLVHDVHV��7KH�

UHJXODWLRQ�RI�SLWXLWDU\�GHYHORSPHQW�FRPSULVHV�WZR�SDUWV��LQWULQVLF�VLJQDOV�ZLWKLQ�WKH�GHYHORSLQJ�

SLWXLWDU\�� LQFOXGLQJ� VHTXHQWLDO� H[SUHVVLRQ� RI� WUDQVFULSWLRQ� IDFWRUV� DQG� LQYROYHPHQW� RI� PXOWLSOH�

VLJQDOLQJ� SDWKZD\V�� DQG� H[WULQVLF� VLJQDOV� IURP� RWKHU� HQGRFULQH� RUJDQV� DV� ZHOO� DV� DEHUUDQW�

HQYLURQPHQWDO�VLJQDOV��LQFOXGLQJ�H[SRVXUH�WR�HQGRFULQH�GLVUXSWLQJ�FKHPLFDOV��%RWK�LQWULQVLF�DQG�

H[WULQVLF�VLJQDOV�DUH�FUXFLDO�IRU�SLWXLWDU\�GHYHORSPHQW�DQG�XQGHUVWDQGLQJ�RI�WKHLU�PHFKDQLVPV�RI�

DFWLRQ�FRXOG�KHOS�XV�WR�GHYHORS�WUHDWPHQWV�IRU�K\SRSLWXLWDULVP��7KH�VWXGLHV�GHVFULEHG�LQ�&KDSWHU���

IRFXVHG�RQ�LQWULQVLF�VLJQDOV��VSHFLILFDOO\�D�QRYHO�PDUNHU�IRU�SLWXLWDU\�VWHP�FHOOV�DQG�LWV�UHJXODWLRQ�

DQG�IXQFWLRQV�LQ�WKH�GHYHORSLQJ�SLWXLWDU\��&KDSWHU���DQG�&KDSWHU���IRFXVHG�RQ�H[WULQVLF�VLJQDOV��

VSHFLILFDOO\�H[SRVXUH�WR�RQH�RU�D�PL[WXUH�RI�SKWKDODWHV�DQG�WKHLU�LPSDFWV�RQ�JRQDGRWURSK�IXQFWLRQV�

GXULQJ�GHYHORSPHQW� 

 

GPHA2 is a novel marker for pituitary stem cells and is regulated by NOTCH signaling 

$OWKRXJK�127&+�VLJQDOLQJ�LV�NQRZQ�WR�EH�FUXFLDO�IRU�SLWXLWDU\�GHYHORSPHQW�LQFOXGLQJ�VWHP�

FHOO�SUROLIHUDWLRQ��PDLQWHQDQFH��DQG�GLIIHUHQWLDWLRQ��0RQDKDQ�HW�DO��������1DQWLH�HW�DO���������WKH�

PHFKDQLVPV�E\�ZKLFK�127&+�VLJQDOLQJ�H[HUWV�LWV�IXQFWLRQV�LQ�WKH�SLWXLWDU\�UHPDLQV�XQFOHDU��,Q�

&KDSWHU���ZH�LGHQWLILHG�D�QRYHO�VWHP�FHOO�PDUNHU��JO\FRSURWHLQ�KRUPRQH�VXEXQLW�DOSKD����*3+$����

WKDW�LV�UHJXODWHG�E\�127&+�VLJQDOLQJ��:H�LGHQWLILHG�H[SUHVVLRQ�RI�*SKD��LQ�SLWXLWDU\�VWHP�FHOOV�
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IURP�PXOWLSOH�VLQJOH�FHOO�51$�VHTXHQFLQJ��VF51$�VHT��GDWDVHWV�DQG�FRQILUPHG�WKH�H[SUHVVLRQ�RI�

*SKD��LQ�VWHP�FHOOV�E\�51$VFRSH�LQ�VLWX�K\EULGL]DWLRQ��,6+��VWDLQLQJ�VKRZLQJ�FR�ORFDOL]DWLRQ�RI�

*SKD��DQG�WKH�VWHP�FHOO�PDUNHU�6R[��DW�PXOWLSOH�DJHV�GXULQJ�GHYHORSPHQW�LQ�PLFH��1RWDEO\��ERWK�

VF51$�VHT�GDWD�DQG�51$VFRSH�,6+�VWDLQLQJ�VKRZHG�H[SUHVVLRQ�RI�*SKD��RQO\�LQ�D�VXEVHW�RI�VWHP�

FHOOV��VF51$�VHT�GDWD�VKRZHG�GLIIHUHQW�FOXVWHUV�RI�VWHP�FHOOV�LQFOXGLQJ�SUROLIHUDWLQJ��0NL�����DQG�

QRQ�SUROLIHUDWLQJ�VWHP�FHOOV��DQG�WKH�PDMRULW\�RI�*SKD��H[SUHVVLQJ�FHOOV�ZHUH�QRQ�SUROLIHUDWLYH��

7KH� H[SUHVVLRQ� SDWWHUQ� RI�*SKD�� LV� WKH� VDPH� DV�1RWFK�� DFFRUGLQJ� WR� VF51$�VHT� GDWD�� )URP�

51$VFRSH� ,6+� VWDLQLQJ��ZH� REVHUYHG� H[SUHVVLRQ� RI�*SKD�� LQ� WKH� LQWHUPHGLDWH� OREH� �,/�� DQG�

DQWHULRU�OREH��$/��VWHP�FHOOV��EXW�LQWHUHVWLQJO\��*SKD��H[SUHVVLRQ�LQ�WKH�$/�LV�RQO\�SUHVHQW�LQ�WKH�

SDUHQFK\PD� VWHP� FHOO� QLFKHV�� EXW� QRW� LQ� WKH�PDUJLQDO� FHOO� OD\HU� �WKH� ³FOHIW´���7KH� GLIIHUHQFHV�

EHWZHHQ�WKHVH�WZR�W\SHV�RI�VWHP�FHOO�QLFKHV�KDYH�EHHQ�UHSRUWHG�LQ�VWXGLHV�RQ�URGHQWV��VWHP�FHOOV�LQ�

WKH�FOHIW�DUH�FRQVLGHUHG�SULPDU\�QLFKHV�WKDW�DSSHDU�HDUO\�LQ�GHYHORSPHQW�DQG�GHFUHDVH�LQ�QXPEHU�

LQ� DGXOWKRRG�� SDUHQFK\PD� VWHP� FHOOV� DUH� FRQVLGHUHG� VHFRQGDU\� QLFKHV� WKDW� RULJLQDWH� IURP� WKH�

SULPDU\�QLFKHV�DQG�LQFUHDVH�LQ�QXPEHU�DIWHU�ELUWK��*UHPHDX[�HW�DO���������+RZHYHU��PRUH�GHWDLOHG�

IXQFWLRQDO�GLIIHUHQFHV�EHWZHHQ�WKH�WZR�W\SHV�RI�VWHP�FHOOV�DUH�VWLOO�XQFOHDU��7R�IXUWKHU�LQYHVWLJDWH�

WKH�IXQFWLRQV�RI�*3+$��LQ�WKH�SLWXLWDU\��WKH�FKDUDFWHULVWLFV�RI�SDUHQFK\PD�VWHP�FHOOV�VKRXOG�EH�

FRQVLGHUHG�ZKHQ�IRUPLQJ�WKH�K\SRWKHVLV�DV�WKH�GLVWLQFW�H[SUHVVLRQ�SDWWHUQ�RI�*SKD��VXJJHVWV�LWV�

IXQFWLRQV�DUH�UHODWHG�WR�SDUHQFK\PD�VWHP�FHOOV��  

,Q�DGGLWLRQ��ZH�UHSRUWHG�*SKD��H[SUHVVLRQ�LQ�WKH�SLWXLWDU\�EHLQJ�UHJXODWHG�E\�1RWFK��EHFDXVH�

RI�UHGXFWLRQ�RI�*SKD��LQ�1RWFK��F.2�SLWXLWDULHV��+RZHYHU��RXU�FXUUHQW�GDWD�FDQQRW�VKRZ�ZKHWKHU�

1RWFK��GLUHFWO\�UHJXODWHV�*SKD��RU�DFWV�WKURXJK�RWKHU�PHGLDWRUV�WKDW�HYHQWXDOO\�UHGXFH�WKH�*SKD��

H[SUHVVLRQ��)XWXUH�VWXGLHV�FRXOG� LQYHVWLJDWH� LI� WKHUH¶V�GLUHFW� UHJXODWLRQ�RI�*SKD��E\�1RWFK��E\�

DSSO\LQJ� WHFKQLTXHV� VXFK� DV� FKURPDWLQ� LPPXQRSUHFLSLWDWLRQ� VHTXHQFLQJ� �&K,3� �VHT�� RU�

&87	581� WKDW� ORRN� IRU� SRVVLEOH� ELQGLQJ�RI� WKH�127&+� WUDQVFULSWLRQ� UHJXODWRU�5%3-� LQ� WKH�

UHJXODWRU\�UHJLRQ�RI�*SKD��JHQH��  
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GPHA2 activates TSHR signaling in the pituitary  

,Q�WHUPV�RI�IXQFWLRQV�RI�*3+$��LQ�WKH�SLWXLWDU\��RXU�VWXG\�LV�WKH�ILUVW�WR�LGHQWLI\�*3+$��DV�D�

OLJDQG�IRU�WK\URLG�VWLPXODWLQJ�KRUPRQH�UHFHSWRU��76+5���:H�VKRZHG�LQGXFWLRQ�RI�D�GRZQVWUHDP�

WDUJHW�RI�76+5�VLJQDOLQJ��SKRVSKR�&5(%��S&5(%��SURWHLQ�LQ�ERWK�QHRQDWDO�DQG�DGXOW�SLWXLWDULHV�

DQG�LQKLELWLRQ�RI�S&5(%�LQGXFWLRQ�E\�FR�WUHDWPHQW�ZLWK�76+5�LQKLELWRU�LQ�GLVVRFLDWHG�SLWXLWDU\�

FHOOV��3UHYLRXV�OLWHUDWXUH�UHSRUWHG�WK\URVWLPXOLQ��D�KHWHURGLPHU�JO\FRSURWHLQ�KRUPRQH�FRPSRVHG�

RI�*3+$��DQG�JO\FRSURWHLQ�KRUPRQH�VXEXQLW�EHWD����*3+%����IXQFWLRQHG�LQ�D�SDUDFULQH�PDQQHU�

VLJQDOLQJ�WKURXJK�76+5�LQ�WKH�RYDU\��6XQ�HW�DO���������+RZHYHU��*3+$��KDV�DOVR�EHHQ�UHSRUWHG�

WR�DFW�DV�D�PRQRPHU��&ROOLQ�HW�DO���������ZKLFK�ZRXOG�SDUDOOHO�ZKDW�ZH�ZRXOG�SUHGLFW�KRZ�LW�ZRXOG�

DFW� LQ� WKH�SLWXLWDU\��:H� WKLQN�*3+$��FRXOG�EH� D� SDUW� RI� WKH�SLWXLWDU\� VWHP�FHOO� VHFUHWRPH� WKDW�

LQFOXGHV�:17�VLJQDOV�WKDW�DFW�LQ�D�SDUDFULQH�PDQQHU�RQ�QHLJKERULQJ�SURJHQLWRU�FHOOV�WR�UHJXODWH�

WKHLU�SUROLIHUDWLRQ��5XVVHOO�HW�DO���������$V�PHQWLRQHG�LQ�D�SUHYLRXV�VHFWLRQ��*SKD��LV�ORFDWHG�LQ�
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