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6FKRRO�RI�%LRVFLHQFHV��8QLYHUVLW\�RI�1RWWLQJKDP��
6XWWRQ�%RQLQJWRQ��/HLFHVWHUVKLUH��8.��/(����5'5HFHLYHG�������������

$FFHSWHG�������������

3DUW�RI�3K'�WKHVLV�VXEPLWWHG�WR�8QLYHUVLW\�RI�1RWWLQJKDP��8.
����$VVLVWDQW�3URIHVVRU��'HSDUWPHQW�RI�9HWHULQDU\�3K\VLRORJ\��&ROOHJH�RI�9HWHULQDU\�	�$QLPDO�6FLHQFHV��0DQQXWK\��
&RUUHVSRQGLQJ�$XWKRU��(PDLO��UDML#NYDVX�DF�LQ
���3URIHVVRU�RI�'HYHORSPHQWDO�%LRORJ\��6FKRRO�RI�%LRVFLHQFHV��8QLYHUVLW\�RI�1RWWLQJKDP��6XWWRQ�%RQLQJWRQ��/HLFHVWHUVKLUH��
8.��/(����5'��(PDLO��NHYLQ��VLQFODLU#QRWWLQJKDP�DF�XN

$EVWUDFW
6KHHS�JUDQXORVD�FHOOV�ZHUH�FXOWXUHG�ZLWK�

WKUHH�GRVHV�RI�)6+������QJ�DQG���QJ�PO���DQG�
IRU�WKUHH�GLIIHUHQW�WLPH�SHULRGV�RI���K����K�DQG�
���K�WR�GHWHUPLQH�WKH�HIIHFWV�RI�)6+�RQ�VWHURLG�
SURGXFWLRQ�FHOO�SUROLIHUDWLRQ��DQG�JRQDGRWURSKLQV�
UHFHSWRU�H[SUHVVLRQ��&HOO�QXPEHU�GLG�QRW�GLIIHU�
EHWZHHQ�DQ\�RI�WKH�WKUHH�WLPH�SRLQWV�H[FHSW�IRU�
FHOOV�ZLWKRXW�)6+�LQ�WKH�PHGLD��IRU�ZKLFK�WKHUH�
2HVWUDGLRO�SURGXFWLRQ�ZDV�IRXQG�WR�GHFUHDVH�DQG�
SURJHVWHURQH�SURGXFWLRQ�ZDV�IRXQG�WR�LQFUHDVH�

LQFUHDVH��3��������LQ�H[SUHVVLRQ�RI�)6+U�ZLWK�
DOO�GRVHV�RI�)6+�ZLWK�WLPH��$W����KU�WKHUH�ZDV�
FHOOV� FXOWXUHG�ZLWK� DQG�ZLWKRXW� )6+��:LWKRXW�
)6+�LQ�WKH�PHGLD�WKH�UHFHSWRU�H[SUHVVLRQ�WHQGV�
WR�GHFUHDVH�1R�FKDQJH�LQ�H[SUHVVLRQ�RI�/+U�ZDV�
QRWLFHG�ZLWK�WLPH�DQG�GLIIHUHQW�GRVHV�RI�)6+��
.H\ZRUGV��*UDQXORVD�FHOOV��)6+��RHVWUDGLRO��
SURJHVWHURQH��)6+U��/+U

2YDU\� LV� D� FRPSOH[� HQGRFULQH� JODQG�
UHVSRQVLEOH�IRU�SURGXFWLRQ�RI�VH[�VWHURLGV�DQG�
LV�WKH�VRXUFH�RI�IHUWLOL]DEOH�RYD�IRU�UHSURGXFWLRQ��
7KH�RYDU\�SRVVHVVHV�WZR�SULPDU\�VWHURLGRJHQLF�
FHOO�W\SHV��7KH�WKHFD�FHOOV�DUH�UHVSRQVLEOH�IRU�
DQGURJHQ� V\QWKHVLV�� JUDQXORVD� FHOOV� SURGXFH�
RHVWUDGLRO� E\� DURPDWLVDWLRQ� RI� DQGURJHQV�

VHFUHWHG� E\� WKH� WKHFD� FHOOV� �)RUWXQH�� �������
*UDQXORVD� FHOOV� FRQVWLWXWH� WKH� YDVW�PDMRULW\�
RI� IROOLFXODU� FHOOV� LQ� WKH�PDPPDOLDQ� RYDU\�
DQG� WKH\� QXUVH� WKH� RRF\WH� YLD� JDS� MXQFWLRQ�
FRPPXQLFDWLRQ�DQG�WKH\�DUH�WKH�PDLQ�VRXUFH�
RI� WKH� IHPDOH� VH[� KRUPRQHV� RHVWUDGLRO� DQG�
SURJHVWHURQH��ZKLFK�FRQWURO�WKH�RHVWUXV�F\FOH�
DQG� UHSURGXFWLRQ� �$PVWHUGDP� HW� DO��� �����
DQG�5RENHU�HW� DO��� �������7KH� GHYHORSPHQW�
RI� JUDQXORVD� FHOOV� LV� XQLTXHO\� FRQWUROOHG� E\�
IROOLFOH�VWLPXODWLQJ� KRUPRQH� �)6+�� GXULQJ�
IROOLFXORJHQHVLV��FDXVLQJ�WKHP�WR�SUROLIHUDWH�DQG�
VXEVHTXHQWO\�GLIIHUHQWLDWH��6DVVRQ�HW�DO����������
0DQ\�DVSHFWV�RI�WKH�SURFHVV�RI�JUDQXORVD�FHOO�
SUROLIHUDWLRQ� DQG� GLIIHUHQWLDWLRQ� UHPDLQ� WR� EH�
XQGHUVWRRG��7KLV�UHTXLUHV�D�GUDPDWLF�SODVWLFLW\�
LQ� JHQH� IXQFWLRQ��PRGXODWHG� SUHGRPLQDQWO\�
E\� D� VLQJOH� JO\FRSURWHLQ� KRUPRQH�� )6+�� YLD�
DFWLYDWLRQ� RI� D�*�FRXSOHG� �� WUDQVPHPEUDQH�
GRPDLQ� UHFHSWRU� ORFDWHG� XQLTXHO\� RQ� WKH�
PHPEUDQH�RI� JUDQXORVD� FHOOV� �$PVWHUGDP�HW�
DO����������7KHUHIRUH��LW�LV�LPSRUWDQW�WR�DQDO\]H�
WKH�HIIHFW�RI�)6+�RQ�JUDQXORVD�FHOO� IXQFWLRQV�
LQ�D�FRPSUHKHQVLYH�PDQQHU�� ,Q� WKLV�VWXG\�ZH�
H[SORUH� WKH� HIIHFW� RI� GLIIHUHQW� GRVHV� RI� )6+�
RQ�PDLQWHQDQFH�RI�JUDQXORVD�FHOO�IXQFWLRQ�DQG�
GLIIHUHQWLDWLRQ��PDLQO\�LQ�WHUPV�RI�SUROLIHUDWLRQ��
RHVWUDGLRO�SURGXFWLRQ��SURJHVWHURQH�VHFUHWLRQ��
)6+U��H[SUHVVLRQ���DQG��/+U��H[SUHVVLRQ�ZKLFK�
LV�FULWLFDO�WR�WKH�GHYHORSPHQW�RI�LQ�YLWUR�JUDQXORVD�
FHOO�FXOWXUH�V\VWHPV�
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� (IIHFW�RI�GLIIHUHQW�GRVHV�RI�)6+���

0DWHULDOV�DQG�0HWKRGV
2YDULHV� ZHUH� FROOHFWHG� IURP� D� ORFDO�

DEDWWRLU�DQG��RQ�DUULYDO�DW�WKH�ODERUDWRU\��WKH\�
ZHUH�ZDVKHG�ZLWK�ZDUP�3%6�����&���)ROOLFOHV�
ZHUH�DVSLUDWHG�DQG�WKH�DVSLUDQWV�ZHUH�GHFDQWHG�
LQWR� D� ���PP� SHWUL� GLVK� DQG� RRF\WHV� ZHUH�
UHPRYHG��7KH� UHPDLQLQJ� FHOOV� DQG� IROOLFXODU�
FHQWULIXJHG�DW����J�IRU���PLQ��7KH�*UDQXORVD�
FHOOV��*&V��ZHUH�KDUYHVWHG�DQG�WKH�*&�SHOOHWV�
ZHUH�UH�VXVSHQGHG�LQ�PHGLXP�DQG�WKH�YLDEOH�
*&V�ZHUH� FRXQWHG� E\� WU\SDQ�EOXH� H[FOXVLRQ�
PHWKRG��9LDEOH�FHOO�FRXQWV�ZHUH�FDOFXODWHG�IRU�
�PO�RI� WKH�FHOO�VXVSHQVLRQ�DQG�FXOWXUH�PHGLD�
DQG�FHOO�VXVSHQVLRQ�PL[HG�WR�SURYLGH�D�VHHGLQJ�
GHQVLW\�RI����[����FHOOV�ZHOO�LQ�����O�LQ����ZHOO�
SODWHV��&HOO�FXOWXUH�PHGLXP�XVHG�IRU�JUDQXORVD�
FHOOV�FRQVLVWHG�RI�����Y�Y�7&0����DQG�����
Y�Y�RI�GRXEOH�GLVWLOOHG�ZDWHU�VXSSOHPHQWHG�ZLWK�
������Z�Y�/�JOXWDPLQH�������Z�Y�%6$����QJ�

VWUHSWRP\FLQ��&HOOV�ZHUH�LQFXEDWHG�DW������&�LQ�
�IRU�����K��(YHU\����K������RI�WKH�PHGLXP�ZDV�UHQHZHG�

ZLWK�IUHVK�PHGLXP��7R�HVWDEOLVK�WKH�HIIHFWV�RI�
)6+� RQ� JUDQXORVD� FHOO� SUROLIHUDWLRQ�� VWHURLG�
SURGXFWLRQ�DQG�JRQDGRWURSKLQ�UHFHSWRU��)6+U�
DQG�/+U��H[SUHVVLRQ��WKH�FHOOV�ZHUH�DOVR�FXOWXUHG�
ZLWK�GLIIHUHQW�GRVHV�������DQG���QJ�PO��RI�)6+�
IRU���K����K�DQG����K�WR�GHWHUPLQH�WKH�HIIHFW�
RI�)6+��$IWHU��������DQG����K�RI�LQFXEDWLRQ��WKH�
VSHQW�PHGLD�ZDV�FROOHFWHG�IURP�HDFK�ZHOO�DQG�
FHOOV�ZHUH�UHPRYHG�E\�LQFXEDWLQJ�ZLWK�7U\SVLQ�
('7$��7ZR�ZHOOV�IURP�HDFK�WUHDWPHQW�ZHUH�XVHG�
IRU�WKH�FHOO�FRXQWLQJ�DW�HDFK�RI�WKH�WKUHH�WLPH�
SRLQWV��&HOOV�ZHUH�VXVSHQGHG�LQ�3%6�DQG�PL[HG�
9LDEOH�FHOOV�ZHUH�FRXQWHG�LQ�D�KDHPRF\WRPHWHU�
DQG�FHOO�QXPEHU�PO�FDOFXODWHG��&XOWXUH�PHGLD�

ZDV� FROOHFWHG� HYHU\� ��K�� DQG� RHVWUDGLRO� DQG�
SURJHVWHURQH� FRQFHQWUDWLRQV� GHWHUPLQHG� E\�
UDGLRLPPXQRDVVD\��&HOOV� IURP� ��ZHOOV�ZHUH�
SRROHG�DQG�51$�ZDV�H[WUDFWHG�IURP�VDPSOHV�
XVLQJ�51HDV\Ñ�SOXV�0LQL�NLW��4LDJHQ�/WG��:HVW�
6XVVH[��8.��IRU�DQDO\VLV�RI�JHQH�H[SUHVVLRQ��E\�
VHPL�TXDQWLWDWLYH�3&5��57�UHDFWLRQ�ZDV�FDUULHG�
RXW�XVLQJ�2PQLVFULSW�57�NLW��4LDJHQ�/WG��:HVW�
6XVVH[��8.���

7KH�F'1$�SUHSDUHG�IURP�WKH�57�UHDFWLRQ�
ZDV� WKHQ� DPSOLILHG� ZLWK� WKH� JHQH� VSHFLILF�
SULPHUV� ZKLFK� ZHUH� GHVLJQHG� E\� 3ULPHU��
VRIWZDUH� �7DEOH���� %LR0L[�5HG� �%LROLQH� /WG��
/RQGRQ��8.��ZDV�XVHG�DV� WKH�0DVWHUPL[� IRU�
WKH�3&5�UHDFWLRQ��0XOWLSOH[�3&5�UHDFWLRQ�ZDV�
FDUULHG�RXW�WR�QRUPDOL]H�WKH�JHQH�H[SUHVVLRQ�WR�
WKH�LQWHUQDO�VWDQGDUG���V�U51$��4XDQWXP51$�
8QLYHUVDO� ��6� ,QWHUQDO� 6WDQGDUG��$SSOLHG�
%LRV\VWHPV��:DUULQJWRQ��8.���(OHFWURSKRUHVLV�
ZDV�FRQGXFWHG�XVLQJ�D������DJDURVH�JHO�ZLWK�
HWKLGLXP�EURPLGH��)LJXUH����3&5�SURGXFWV�ZHUH�

'DWD�LQ�DOO�H[SHULPHQWV�ZHUH�DQDO\VHG�
E\�$129$�XVLQJ�*HQVWDW�UHOHDVH������*HQVWDW��
�������([SHULPHQWV�ZHUH�DQDO\VHG�DV�D�IDFWRULDO�
DUUDQJHPHQW�RI� WUHDWPHQWV�ZLWK�� IRU�H[DPSOH��
WKUHH�GRVHV�RI�)6+�DQG�WKUHH�WLPH�SRLQWV������
��� DQG� ���K���2HVWUDGLRO� DQG� SURJHVWHURQH�
FRQFHQWUDWLRQ� GDWD� ZHUH� ORJ��� WUDQVIRUPHG�
SULRU�WR�DQDO\VLV�LQ�RUGHU�WR�QRUPDOL]H�WKH�GDWD�
DQG�VWDQGDUGLVH�HUURUV���'DWD�DUH�SUHVHQWHG�DV�
VLPSOH�PHDQV�ZLWK�WKHLU�6�(�0�V�����
5HVXOWV�DQG�'LVFXVVLRQ

6KHHS� JUDQXORVD� FHOOV� ZHUH� FXOWXUHG�
ZLWK�WKUHH�GLIIHUHQW�GRVHV�RI�)6+������QJ�DQG�
��QJ�PO���DQG�IRU�WKUHH�GLIIHUHQW�WLPH�SHULRGV�RI�
��K����K�DQG����K�WR�GHWHUPLQH�WKH�HIIHFWV�RI�
)6+�RQ�FHOO�SUROLIHUDWLRQ��VWHURLG�SURGXFWLRQ�DQG�

7DUJHW�JHQH

&&7&7**$&&**7&$77&7$
7*77*&$$$77**$7*$$**
$&&7*&&$$&$$$$*$*&$*
&77***7*$*&$*$$$&&$7
4XDQWXP51$8QLYHUVDO���6�,QWHU�
QDO�6WDQGDUG��$PELRQ�

���ES

���ES

���ES

10B����������2YLV�DULHV

/������2YLV�DULHV

)6+U

/+U

��V�U51$

3ULPHU�VHTXHQFH��¶��¶ 3URGXFW�
VL]H 1&%,$FFHVVLRQ�QXPEHU

7DEOH����3ULPHUV�IRU�)6+U�DQG�/+U�IRU�VHPL�TXDQWLWDWLYH�3&5
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JRQDGRWURSKLQ� UHFHSWRU� H[SUHVVLRQ��$� SODWLQJ�
GHQVLW\� RI� �������� FHOOV�ZDV� VHOHFWHG� LQLWLDOO\��
*UDQXORVD�FHOOV�ZHUH�FXOWXUHG�IRU���K����K�DQG�
���K�WR�RSWLPLVH�WKH�WLPH�SRLQW�IRU�VWXG\��

&HOO� QXPEHU� GLG� QRW� GLIIHU� EHWZHHQ�
DQ\� RI� WKH� WKUHH� WLPH� SRLQWV� H[FHSW� IRU� FHOOV�
ZLWKRXW�)6+�LQ�WKH�PHGLD��IRU�ZKLFK�WKHUH�ZDV�D�

DQ\�SDUWLFXODU�WLPH�SRLQW�ZLWK�GLIIHUHQW�GRVHV�RI�
)6+��)LJ����D���0RQQLDX[�DQG�3LVVHOHW��������
QRWLFHG� DQ� LQFUHDVH� LQ� FHOO� QXPEHU� DW� ��K�
ZLWK�WKHLU�RYLQH�JUDQXORVD�FHOO�FXOWXUH�V\VWHP��
6WXGLHV�E\�5RXLOOLHU�HW�DO���������DOVR�REVHUYHG�
D� VOLJKW� LQFUHDVH� LQ� WKH� SHUFHQWDJH� RI� YLDEOH�
FHOOV�DW���K�FRPSDUHG�ZLWK���K�LQ�WKHLU�ERYLQH�
JUDQXORVD� FHOO� FXOWXUH� V\VWHP�� ,Q� WKH� FXUUHQW�
VHULHV�RI�VWXGLHV�LQ�RUGHU�WR�JLYH�FHOOV�PD[LPXP�
H[SRVXUH�WR�WKH�DGGHG�)6+�D�FXOWXUH�SHULRG�RI�
���K�ZDV� HYHQWXDOO\� XWLOLVHG��1R�GRVH�HIIHFW�
RQ�SUROLIHUDWLRQ�ZDV�QRWLFHG�IRU�)6+��)LJ����D���
HYHQ�WKRXJK�LW�KDV�EHHQ�VKRZQ�WKDW�)6+�FDQ�
VWLPXODWH� SUROLIHUDWLYH� DFWLYLW\� RI� JUDQXORVD�
FHOOV�LQ�YLYR��UDWV��5DR�HW�DO����������+RZHYHU�
LQ�YLWUR�VWXGLHV� IDLOHG� WR�GHPRQVWUDWH�VXFK�DQ�
HIIHFW�LQ�HZHV��0RQQLDX[�DQG�3LVVHOHW���������
0RQQLDX[� ������� IRXQG� WKDW� )6+� HQKDQFHG�
WK\PLGLQH�LQFRUSRUDWLRQ�LQ�VKHHS�JUDQXORVD�FHOOV�
DIWHU� ���PLQ�RI� FXOWXUH�� EXW� WKH\�DOVR�QRWLFHG�
WKDW� WKLV� HIIHFW� ZDV� QRW� VXVWDLQHG� LQ� ORQJHU�
LQFXEDWLRQV� LQ� YLWUR��0RQQLDX[� DQG� 3LVVHOHW�
�������K\SRWKHVLVHG� WKDW�)6+� LQ� YLWUR�PDNHV�
VRPH�FHOOV�PRYH�IURP�WKH�*��WR�WKH�6�SKDVH�
RI�WKH�FHOO�F\FOH��EXW�WKDW�LQ�YLWUR�FRQGLWLRQV�DUH�
QRW�FDSDEOH�RI�VXVWDLQLQJ�WKH�VXEVHTXHQW�HYHQWV�
OHDGLQJ�WR�FHOO�PXOWLSOLFDWLRQ���

2HVWUDGLRO� FRQFHQWUDWLRQV� LQ� VSHQW�

�3�������� LQ�RHVWUDGLRO� SURGXFWLRQ�DW���K�DQG�
���K�FRPSDUHG�WR���K��)LJ����E���7KHUH�ZDV�QR�
HIIHFW� RI� GLIIHUHQW� GRVHV�RI�)6+�RQ�RHVWUDGLRO�
SURGXFWLRQ� DW� HLWKHU� ��K� RU� ���K��&DPSEHOO�
HW� DO�� ������� DOVR� GHPRQVWUDWHG� D� UHGXFWLRQ�
LQ� RHVWUDGLRO� SURGXFWLRQ� RYHU� WLPH�ZLWK� RYLQH�
JUDQXORVD� FHOOV� IURP� !���PP� VL]H� IROOLFOHV��
HVSHFLDOO\�ZKHQ�WKH\�ZHUH�FXOWXUHG�ZLWKRXW�)6+�
LQ�WKH�PHGLXP��5RXLOOLHU�HW�DO���������REVHUYHG�
D�GHFOLQH� LQ� RHVWUDGLRO� SURGXFWLRQ� IURP�GD\���
WR�GD\���GXULQJ�ERYLQH�JUDQXORVD�FHOO�FXOWXUH�LQ�
VHUXP�IUHH�FRQGLWLRQ��EXW�WKH\�GLG�QRW�REVHUYH�
DQ\�GRVH�HIIHFW�RI�)6+�RQ�RHVWUDGLRO�SURGXFWLRQ��
7KH\�DOVR� IRXQG� WKDW� WKH�DGGLWLRQ�RI��QJ�PO�RI�
)6+�LQFUHDVHG�WKH�SURGXFWLRQ�RI�RHVWUDGLRO�E\�
WKH�JUDQXORVD� FHOOV� DIWHU� IRXU� GD\V�RI� FXOWXUH��
ZKHUHDV�D�QHJDWLYH�HIIHFW�ZDV�REVHUYHG�ZLWK�WKH�
DGGLWLRQ�RI���QJ�PO��$V�REVHUYHG�E\�&DPSEHOO�
HW�DO����������WKH�GRVH�RI�)6+�UHTXLUHG�WR�REWDLQ�
PD[LPXP�VWLPXODWLRQ� LQ�RHVWUDGLRO� SURGXFWLRQ��
LQ� ERYLQH� FHOOV��ZDV���� WLPHV� ORZHU� WKDQ� WKDW�
UHTXLUHG�E\�VKHHS�JUDQXORVD�FHOOV��,Q�WKH�SUHVHQW�
VWXG\����QJ�PO�RI�)6+�VKRZHG�D� WHQGHQF\� WR�
LQFUHDVH�RHVWUDGLRO�SURGXFWLRQ�DQG�WKLV�HIIHFW�ZDV�
VDPH�WUHQG�LQ�RHVWUDGLRO�SURGXFWLRQ��WKH�OHYHO�RI�
RHVWUDGLRO�REVHUYHG�LQ�WKH�FXUUHQW�VWXG\�ZDV�IDU�
EHORZ�WKDW�UHSRUWHG�E\�RWKHU�ZRUNHUV��&DPSEHOO�
HW�DO����������7KLV�LV�SUREDEO\�GXH�WR�WKH�ODFN�RI�
WHVWRVWHURQH�LQ�WKH�FXOWXUH�PHGLXP�ZKLFK�LV�WKH�
VXEVWUDWH�IRU�RHVWUDGLRO�SURGXFWLRQ��

,Q� WKH� FXUUHQW� VWXG\�� WKHUH� ZDV� QR�

)LJ�����$��5HSUHVHQWDWLYH�)6+U�DQG���V�LQWHUQDO�VWDQGDUG�H[SUHVVLRQ�LQ�D�PXOWLSOH[�3&5�UHDFWLRQ��%��
5HSUHVHQWDWLYH�/+U�DQG���V�LQWHUQDO�VWDQGDUG�H[SUHVVLRQ�LQ�D�PXOWLSOH[�3&5�UHDFWLRQ
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GXH�WR�GLIIHUHQW�GRVHV�RI�)6+�������DQG���QJ���
+RZHYHU�� WKHUH� ZDV� D� VLJQLILFDQW� LQFUHDVH�
�3��������LQ�SURJHVWHURQH�SURGXFWLRQ�ZLWK�WLPH�
LQ� FXOWXUH� �)LJ�� ��F���3URJHVWHURQH�SURGXFWLRQ�
ZDV�IRXQG�WR�LQFUHDVH�DIWHU���K��KRZHYHU��WKH�
GLIIHUHQFH� LQ� SURGXFWLRQ�ZDV� QRW� VLJQLILFDQW�
LQ� FHOOV� ZLWKRXW� )6+� LQ� WKH�PHGLXP�� .KDOLG�
HW�DO�� �������DOVR� UHSRUWHG� WKDW� WKHUH�ZDV�QR�

��K�RI�FXOWXUH�ERYLQH�FDOI�VHUXP�ZDV�LQFOXGHG�
LQ�WKH�PHGLXP��ZLWK���QJ�PO�RI�)6+��0RQQLDX[�
DQG�3LVVHOHW��������UHSRUWHG�D�GRVH�GHSHQGHQW�
HIIHFW� RI�)6+�RQ�SURJHVWHURQH�SURGXFWLRQ�E\�
VKHHS� JUDQXORVD� FHOOV� ZKLFK�ZHUH� FXOWXUHG�
LQ� D�PHGLXP� FRQWDLQLQJ� RYLQH� IRHWDO� VHUXP��
5RXLOOLHU�HW�DO���������UHSRUWHG�WKDW�SURJHVWHURQH�
SURGXFWLRQ� LQ� ERYLQH�JUDQXORVD� FHOOV� FXOWXUHG�
LQ�D�VHUXP� IUHH�PHGLXP� LQFUHDVHG� LQ�D�GRVH�
GHSHQGHQW�PDQQHU�ZLWK��QJ�PO�DQG���QJ�PO�RI�
)6+��,Q�WKH�FXUUHQW�VWXG\��KRZHYHU��HYHQ�WKRXJK�
SURJHVWHURQH�SURGXFWLRQ�ZDV�XQDIIHFWHG�E\�WKH�
DGGLWLRQ�RI�)6+�WR�PHGLXP��LW�ZDV�QRWLFHG�WKDW�
FHOOV�ZLWKRXW�)6+�LQ�WKH�PHGLXP�GLG�QRW�SURGXFH�
PRUH� SURJHVWHURQH� RYHU� WLPH�� LQGLFDWLQJ�
DQ� HIIHFW� RI� )6+� RQ� WHPSRUDO� SURJHVWHURQH�
SURGXFWLRQ�� 7KH� GHFUHDVH� LQ� RHVWUDGLRO� DQG�
LQFUHDVH�LQ�SURJHVWHURQH�RYHU�WLPH�PD\�LQGLFDWH�
VRPH�OHYHO�RI�OXWHLQL]DWLRQ�RI�FHOOV�RYHU�WLPH�ZLWK�
WKLV�FXOWXUH�V\VWHP��

)6+U� H[SUHVVLRQ� ZDV� TXDQWLILHG� E\�
VHPL�TXDQWLWDWLYH� 57�3&5� DQG� H[SUHVVLRQ�
QRUPDOL]HG�WR���6�U51$
LQFUHDVH� �3�������� LQ� H[SUHVVLRQ� RI� )6+U�
GRVHV�RI�)6+� �)LJ�� ��D���7KHUH�ZDV�QR�GRVH�
HIIHFW�RI�)6+�RQ�)6+U�H[SUHVVLRQ�DW�HLWKHU����

RU� ��� K��+RZHYHU�� E\� ���K�)6+U� H[SUHVVLRQ�
ZDV� ORZHU� LQ�JUDQXORVD�FHOOV�FXOWXUHG�ZLWKRXW�
)6+�LQ� WKH�PHGLD��)LJXUH���D��0DUVWHUV�HW�DO��
������� UHSRUWHG� D� GHFUHDVH� LQ� H[SUHVVLRQ� RI�
)6+U
FHOO�FXOWXUH��7KH\�WKHQ�REVHUYHG�DQ�LQFUHDVH�LQ�
H[SUHVVLRQ�DW���K�DQG���K�IROORZHG�E\�D�GHFOLQH�
DW����K��7KH\�VXJJHVW� WKDW� FHOOV� UHYHUW� WR�DQ�
LPPDWXUH�SKHQRW\SH�GXULQJ�WKH�HDUO\�VWDJHV�RI�
FHOO�FXOWXUH�ZLWK�PDUNHG�GRZQ�UHJXODWLRQ�LQ�WKH�
H[SUHVVLRQ� RI�)6+U�� DQG� WKDW� WKH� H[SUHVVLRQ�
RI�)6+U�GHSHQGV�RQ�WKH�FOXPSLQJ�RI�FHOOV�DQG�
WKHLU�VWHURLGRJHQLF�DFWLYLW\��7KHUH�ZDV�QR�GRVH�
HIIHFW�RI�)6+�LQ�WKH�PHGLXP�RQ�WKH�H[SUHVVLRQ�
RI�)6+U��*XWLHUUH]�HW�DO���������VXJJHVWHG�WKDW�
RYLQH�JUDQXORVD�FHOOV�DUH�OHVV�VHQVLWLYH�WR�)6+�
VWLPXODWLRQ�DW�DOO�VWDJHV�RI�IROOLFOH�GHYHORSPHQW�
FRPSDUHG� WR� ERYLQH� FHOOV�� 'RUULQJWRQ�HW� DO�
�������UHSRUWHG�WKDW�)6+�DGPLQLVWHUHG�LQ�YLYR
KDV�D�SURIRXQG�HIIHFW�RQ�IROOLFXODU�GHYHORSPHQW�
LQ�UDWV��EXW�LWV�HIIHFWV�GXULQJ�LQ�YLWUR�FXOWXUH�DUH�
PRGHVW��$V�REVHUYHG�LQ�WKH�VWXGLHV�RI�&DPSEHOO�
HW�DO����������WKH�GRVH�RI�)6+�UHTXLUHG�WR�REWDLQ�
PD[LPXP�VWLPXODWLRQ�RI�RHVWUDGLRO�SURGXFWLRQ�
LQ� ERYLQH� FHOOV�ZDV���� WLPHV� ORZHU� WKDQ� WKDW�
UHTXLUHG�E\�VKHHS�JUDQXORVD�FHOOV��7KHUHIRUH��
LQ�RUGHU�WR�REVHUYH�D�GLIIHUHQFH�LQ�H[SUHVVLRQ�
RI�)6+U�LQ�VKHHS�JUDQXORVD�FHOOV��D�KLJKHU�GRVH�
RI�)6+�PLJKW�EH�UHTXLUHG��+RZHYHU��WKHUH�ZDV�

)6+U� H[SUHVVLRQ� LQ�
FHOOV�FXOWXUHG�ZLWKRXW�)6+�LQ�PHGLXP�DW����K�
RI�FXOWXUH��LQGLFDWLQJ�D�SRVLWLYH�HIIHFW�RI�)6+�RQ�
)6+U�H[SUHVVLRQ�DW�OHDVW�DIWHU���K�

/+U�H[SUHVVLRQ�ZDV� DOVR� GHWHUPLQHG�
E\� VHPL�TXDQWLWDWLYH�57�3&5�DQG�H[SUHVVLRQ�
QRUPDOL]HG� WR� ��6� U51$�� � 1R� FKDQJH� LQ�
H[SUHVVLRQ� RI� /+U� ZDV� QRWLFHG� ZLWK� WLPH��

)LJ�����0HDQ����6�(�0��HIIHFW�RI�FXOWXUH�GXUDWLRQ�DQG�GRVH�RI�)6+�RQ�RYLQH�JUDQXORVD�FHOO�SUROLIHUDWLRQ�DQG�
VWHURLGRJHQHVLV���'DWD�SUHVHQWHG�DUH�FHOO�QXPEHU��D���RHVWUDGLRO��E���DQG�SURJHVWHURQH��F��FRQFHQWUDWLRQV�LQ�
VSHQW�FXOWXUH�PHGLD��2HVWUDGLRO�YDOXHV�DUH�SUHVHQWHG�DV�JHRPHWULF�PHDQV��2HVWUDGLRO�DQG�SURJHVWHURQH�OHYHOV�
H[SUHVVHG�DUH�IRU�����[�����FHOOV�
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�5DML�.DQDNNDSDUDPELO�DQG�.HYLQ�'�6LQFODLU�

6LPLODUO\�� WKHUH�ZDV�QR�HIIHFW�RI�)6+�GRVH�RQ�
/+U�H[SUHVVLRQ��)LJXUH���E��3LTXHWWH�HW�DO���������
REVHUYHG� WKDW� WKH� WUHDWPHQW� RI� UDW� JUDQXORVD�
FHOOV�ZLWK�)6+�FDQ�LQFUHDVH�/+U�H[SUHVVLRQ�LQ�
D�GRVH��DQG�WLPH�GHSHQGHQW�PDQQHU��.DQ]DNL�
HW�DO���������REVHUYHG�WKDW�FXOWXUHG�UDW�RYDULDQ�
JUDQXORVD� FHOOV� EHFDPH� GLIIHUHQWLDWHG� DQG�
H[SUHVVHG�/+U�ZKHQ�WKH\�ZHUH�LQFXEDWHG�ZLWK�
KLJK�GRVHV�����QJ�PO���EXW�QRW�ZLWK�ORZ�GRVHV�
���QJ�PO�� RI� )6+�� )DURRNKL� DQG�'HVMDUGLQV�
������� VXJJHVWHG� WKDW� WKH� GLVUXSWLRQ� RI� WKH�
FHOO� MXQFWLRQV�� SULRU� WR� JUDQXORVD� FHOO� FXOWXUH��
FDQ� DIIHFW� )6+�VWLPXODWHG� LQGXFWLRQ� RI�/+U
H[SUHVVLRQ�� ,Q� WKH� UDW��/+U� H[SUHVVLRQ�ZDV�
LQGXFHG�LQ�DOO�)6+�FRQWDLQLQJ�FXOWXUHV�FRQWDLQLQJ�
QRQ�GLVSHUVHG�JUDQXORVD� FHOOV� �)DURRNKL� DQG�
'HVMDUGLQV�� ������� ,Q� FRQWUDVW��ZLWK�GLVSHUVHG�
FHOOV��)6+�DORQH�IDLOHG�WR�LQGXFH�/+U�H[SUHVVLRQ��
+RZHYHU�� WKH� LQFOXVLRQ�RI� HLWKHU� RHVWUDGLRO� RU�
WHVWRVWHURQH�ZLWK�)6+�UHVWRUHG�/+U��H[SUHVVLRQ��
LQGLFDWLQJ�WKDW�FHOO�FHOO�FRPPXQLFDWLRQ�PD\�EH�
QHFHVVDU\�IRU�/+U�LQGXFWLRQ�LQ�JUDQXORVD�FHOOV��
DQG� WKDW� RHVWUDGLRO� FDQ� SURPRWH� LQWHUFHOOXODU�
LQWHUDFWLRQV��5DQL�HW�DO���������DOVR�UHSRUWHG�WKDW�
WKH�)6+�GHSHQGHQW�LQGXFWLRQ�RI�/+U�H[SUHVVLRQ�
LQ�FXOWXUHG�UDW�JUDQXORVD�FHOOV�FDQ�EH�EORFNHG�
E\�DQ�LQKLELWRU�RI�VWHURLGRJHQHVLV��.HVVHO�HW�DO�
�������REVHUYHG�WKDW�LQFUHDVLQJ�FRQFHQWUDWLRQV�
RI� RHVWURJHQ�PDLQWDLQHG�/+U� H[SUHVVLRQ� LQ� D�
GRVH�GHSHQGHQW� IDVKLRQ� LQ� UDW� JUDQXORVD� FHOO�

RHVWURJHQ�DQWLERGLHV�SDUWLDOO\�EORFNHG�WKH�)6+�
VWLPXODWLRQ�RI�/+U�H[SUHVVLRQ�� ,Q� WKH�SUHVHQW�
VWXG\� WKHUH� ZDV� QR� HIIHFW� RI� )6+� RQ� /+U�
H[SUHVVLRQ��7KLV�PD\�KDYH�EHHQ�GXH�WR�WKH�LQLWLDO�
GLVSHUVLRQ�RI�FHOOV�WKDW�ZDV�QHHGHG�WR�SODWH�HTXDO�
QXPEHUV�RI�FHOOV�LQ�HDFK�ZHOO�ZKLFK�PD\�DIIHFW�
WKH� VWHURLGRJHQLF� UHVSRQVH� WR�)6+� �5RXLOOLHU�
HW� DO��� ������ DQG� LQGLUHFWO\� WKH� H[SUHVVLRQ� RI�
JRQDGRWURSKLQ�UHFHSWRUV��0RUHRYHU��WKHUH�ZDV�
QR�WHVWRVWHURQH�LQ�WKH�FXOWXUH�PHGLXP�LQ�OHYHO�
RI�RHVWUDGLRO�ZDV�DOVR�ORZ

,Q� WKH� SUHVHQW� VWXG\� WKHUH� ZDV� QR�
FHOOV� GXH� WR� FXOWXULQJ� IRU� ���KUV�ZLWK�)6+� LQ�
WKH�PHGLXP�� +RZHYHU�� WKHUH� ZDV� LQFUHDVH�
LQ� QXPEHU�ZKHQ� WKH� FHOOV�ZHUH� FXOWXUHG� IRU�
��KUV� ZLWKRXW� )6+� LQ� WKH� PHGLXP�� 7KHUH�
ZDV�D�GHFUHDVH�LQ�RHVWURJHQ�DQG�LQFUHDVH�LQ�
SURJHVWHURQH�GXH�WR�FXOWXULQJ�RI�FHOOV�IRU����KUV�
ZKLFK� LQGLFDWHG� JUDGXDO� OXWHLQL]DWLRQ� RI� FHOOV�
ZLWK�WKH�SUHVHQW�FXOWXUH�FRQGLWLRQV��7KHUH�ZDV�
LQFUHDVH�LQ�H[SUHVVLRQ�RI�)6+U�ZLWK�WLPH�DQG�WKH�
LQFOXVLRQ�RI�)6+�LQ�WKH�PHGLXP�DW��QJ�RU���QJ�
ZDV�IRXQG�WR�LPSURYH�WKH�H[SUHVVLRQ�RI�)6+U
ZKHQ�WKH�FHOOV�ZHUH�FXOWXUHG�IRU����KUV��7KHUH�
RI�/+U�GXH� WR� WLPH�RU� LQFOXVLRQ�RI�)6+� LQ� WKH�
PHGLXP��7KH�UHVXOWV�RI�WKLV�VWXG\�PD\�IRUP�WKH�
EDVLV�RI� IXUWKHU�VWXGLHV� LQTXLULQJ� WKH�HIIHFW�RI�
FHOOV�ZKLFK�PDLQWDLQ�WKHP�LQ�SUROLIHUDWLYH�VWDWH�
RU�ZKLFK�WDNH�WKHP�WR�GLIIHUHQWLDWHG�VWDWH�ZKLFK�
DUH�QHFHVVDU\�IRU�SURSHU�GHYHORSPHQW�RI�IROOLFOH�
DQG�IHUWLOL]DWLRQ�SRWHQWLDO�RI�RRF\WHV�
$FNQRZOHGJHPHQW

7KH� DXWKRUV� DFNQRZOHGJH� WKH� XVHIXO�
DGYLFH�RI�5�*��/HD��:�<��.ZRQJ��DQG�-��+XJKHV�
DQG� WKH� DVVLVWDQFH� SURYLGHG� E\�0��0LWFKHOO�
DQG�1��6DXQGHUV�ZLWK� KRUPRQH�DVVD\V��5DML�
.DQDNNDSDUDPELO�ZDV�VXSSRUWHG�E\� WKH�256�
DZDUG�VFKHPH��WKH�%ULWLVK�)HGHUDWLRQ�RI�:RPDQ�
*UDGXDWHV��DQG�WKH�8QLYHUVLW\�RI�1RWWLQJKDP�
5HIHUHQFHV
$PVWHUGDP��$��� +DQRFK�� 7��� 'DQWHV�� $���

.LPLKLVD� � 7� � � 6WUDXVV� , � � -� � DQG�
6HJHU�� 5�� �����0HFKDQLVPV� RI�
JRQDGWURSLQGHVHQVLWL]DWLRQ�0RO��&HOO��
(QGRFULQRO���������±���

$PVWHUGDP��$���5RWPHQVFK��6��DQG�%HQ�=H¶HY��
$�� ������ � &RRUGLQDWHG� UHJXODWLRQ�

)LJ������)6+��D��DQG�/+��E��UHFHSWRU�H[SUHVVLRQ��0HDQ�
��6�(�0���LQ�RYLQH�JUDQXORVD�FHOOV�FXOWXUHG�IRU�YDU\LQJ�
SHULRGV�XS�WR�����K�LQ�WKH�SUHVHQFH�RI�GLIIHULQJ�GRVHV�
RI�)6+�
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�� (IIHFW�RI�GLIIHUHQW�GRVHV�RI�)6+���

RI� PRUSKRORJLFDO� DQG� ELRFKHPLFDO�
GLIIHUHQWLDWLRQLQ� D� VWHURLGRJHQLF� FHOO��
WKH� JUDQXORVD� FHOO� PRGHO��7UHQGV�
%LRFKHP��6FL���������±����

&DPSEHOO��%��.���6FDUDPX]]L��5��-��DQG�:HEE��
5��������,QGXFWLRQ�DQG�PDLQWHQDQFH�RI�
RHVWUDGLRO�DQG� LPPXQRUHDFWLYHLQKLELQ�
SURGXFWLRQ�ZLWK�)6+�E\�RYLQH�JUDQXORVD�
FHOOV�FXOWXUHG�LQ�VHUXP�IUHH�PHGLD��-��
5HSURG��)HUWLO������������

'RUULQJWRQ�� -���&KXPD��$��9�� DQG�%HQGHOO�� -��
-�� ������7UDQVIRUPLQJ� JURZWK� IDFWRU�
EHWD�DQG� IROOLFOH�VWLPXODWLQJ�KRUPRQH�
SURPRWH�UDW�JUDQXORVD�FHOO�SUROLIHUDWLRQ��
(QGRFULQRO���������������

)DURRNKL��5��DQG�'HVMDUGLQV��-��������/XWHLQL]LQJ�
KRUPRQH�UHFHSWRU�LQGXFWLRQ�LQ�GLVSHUVHG�
JUDQXORVD�FHOOV�UHTXLUHV�HVWURJHQ��0RO��
&HOO�(QGRFULQRO������������

)RUWXQH� -�(�������2YDULDQ�IROOLFXODU�JURZWK�DQG�
GHYHORSPHQW�LQ�PDPPDOV��%LRO�5HSURG�
�������������

*XWLHUUH]��&��*���&DPSEHOO��%��.��DQG�:HEE��
5�� ������ 'HYHORSPHQW� RI� D� ORQJ�
WHUP� ERYLQH� JUDQXORVD� FHOO� FXOWXUH�
V\VWHP�� LQGXFWLRQ� DQG�PDLQWHQDQFH�
RI� HVWUDGLRO� SURGXFWLRQ�� UHVSRQVH�
WR� IROOLFOH�VWLPXODWLQJ� KRUPRQH�� DQG�
PRUSKRORJLFDO� FKDUDFWHULVWLFV��%LRO��
5HSURG��������������

.DQ]DNL��0���+DWWRUL��0��$���+RULXFKL��5�� DQG�
.RMLPD��,��������&R�RUGLQDWH�DFWLRQV�RI�
)6+�DQG�LQVXOLQ�OLNH�JURZWK�IDFWRU�,�RQ�
/+�UHFHSWRU�H[SUHVVLRQ�LQ�UDW�JUDQXORVD�
FHOOV�-��(QGRFULQRO���������������

.HVVHO��%���/LX��<��;���-LD��;��&��DQG�+VXHK��$��
-�� ������$XWRFULQH� UROH� RI� HVWURJHQV�
LQ� WKH� DXJPHQWDWLRQ� RI� OXWHLQL]LQJ�
KRUPRQH�UHFHSWRU�IRUPDWLRQ�LQ�FXOWXUHG�
UDW�JUDQXORVD�FHOOV��%LRO��5HSURG�����
����������

.KDOLG��0���+DUHVLJQ��:��DQG�/XFN��0��5��������
6HFUHWLRQ�RI�,*)���E\�RYLQH�JUDQXORVD�
FHOOV�� HIIHFWV�RI�JURZWK�KRUPRQH�DQG�
IROOLFOH� VWLPXODWLQJ� KRUPRQH��$QLP��
5HSURG��6FL��������������

0DUVWHUV��3���.HQGDOO��1��5��DQG�&DPSEHOO��%��.��
������7HPSRUDO�UHODWLRQVKLSV�EHWZHHQ�
)6+� UHFHSWRU�� W\SH� �� LQVXOLQ�OLNH�
JURZWK�IDFWRU�UHFHSWRU��DQG�DURPDWDVH�

H[SUHVVLRQ� GXULQJ� )6+�LQGXFHG�
GLIIHUHQWLDWLRQ�RI�ERYLQH�JUDQXORVD�FHOOV�
PDLQWDLQHG�LQ�VHUXP�IUHH�FXOWXUH��0RO��
&HOO�(QGRFULQRO���������������

0RQQLDX[��'��������6KRUW�WHUP�HIIHFWV�RI�)6+�
LQ�YLWUR�RQ�JUDQXORVD�FHOOV�RI�LQGLYLGXDO�
VKHHS� IROOLFOHV��-��5HSURG��)HUWLO�����
��������

0RQQLDX[��'��DQG�3LVVHOHW��&��������&RQWURO�RI�
SUROLIHUDWLRQ�DQG�GLIIHUHQWLDWLRQ�RI�RYLQH�
JUDQXORVD� FHOOV� E\� LQVXOLQ�OLNH�JURZWK�
IDFWRU�,�DQG�IROOLFOH�VWLPXODWLQJ�KRUPRQH�
LQ�YLWUR��%LRO��5HSURG��������������

3LTXHWWH�� *�� 1��� /D3ROW�� 3�� 6��� 2LNDZD��0��
DQG�+VXHK��$�� -�� ������ 5HJXODWLRQ�
RI� OXWHLQL]LQJ� KRUPRQH� UHFHSWRU�
PHVVHQJHU� ULERQXFOHLF�DFLG� OHYHOV�E\�
JRQDGRWURSLQV�� JURZWK� IDFWRUV�� DQG�
JRQDGRWURSLQ�UHOHDVLQJ� KRUPRQH� LQ�
FXOWXUHG�UDW�JUDQXORVD�FHOOV��(QGRFULQRO��
���������������

5DQL��&��6���6DOKDQLFN��$��5��DQG�$UPVWURQJ��'��
7�� ������)ROOLFOH�VWLPXODWLQJ�KRUPRQH�
LQGXFWLRQ� RI� OXWHLQL]LQJ� KRUPRQH�
UHFHSWRU�LQ�FXOWXUHG�UDW�JUDQXORVD�FHOOV��
DQ�H[DPLQDWLRQ�RI�WKH�QHHG�IRU�VWHURLGV�
LQ� WKH� LQGXFWLRQ� SURFHVV��(QGRFULQRO��
���������������

5DR��0�&���0LGJOH\��$�5�� -U�� DQG�5LFKDUGV��
-�6�� ������ +RUPRQDO� UHJXODWLRQ� RI�
RYDULDQFHOOXODU�SUROLIHUDWLRQ���&HOO��������

5RENHU�� 5�� /��� 5XVVHOO�� '�� /���<RVKLRND�� 6���
6KDUPD��6��&���/\GRQ�-��3���2¶0DOOH\��
%��:���(VSH\��/��/��DQG�5LFKDUGV��-��6��
������2YXODWLRQ�� D�PXOWL�JHQH��PXOWL�
VWHS�SURFHVV��6WHURLGV���������±����

5RXLOOLHU�� 3��� 0DWWRQ�� 3��� 6LUDUG�� 0��$�� DQG�
*XL OEDXOW � � /� � $�� ������ )RO O LF OH�
VWLPXODWLQJ�KRUPRQH�LQGXFHG�HVWUDGLRO�
DQG�SURJHVWHURQH�SURGXFWLRQ�E\�ERYLQH�
DQWUDO� DQG� PXUDO� JUDQXORVD� FHOOV�
PHGLXP��-��$QLP�6FL����������������

6DVVRQ�� 5��� 'DQWHV�� $��� 7DMLPD�� .�� DQG�
$PVWHUGDP��$�� ������ 1RYHO� JHQHV�
PRGXODWHG� E\� )6+� LQ� QRUPDO� DQG�
LPPRUWDOL]HG� )6+�UHVSRQVLYH� FHOOV��
QHZ� LQVLJKWV� LQWR� WKH�PHFKDQLVP� RI�
)6+�DFWLRQ��)$6(%��-����������������


