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The distribution of the activities of molybdenum соfасtor (МоСо) and molybdenum containing enzymes 

– nitrate reductase (NR), aldehyde oxidase (АО) and xanthine dеhуdrоgеnаsе (XDH) in different parts of 

dormant and developing wheat seeds are studied. The activities of МоСо, АО and XDH were highest in the 

embryo. The aleurone layer of the seed also showed these activities; however, activity levels in the aleurone 

were approximately three times lower than those in the embryo. The activities of these molybdoenzymes 

were not detected in the endosperm portion of the seed. There was no detectable NR activity in any part of 

the seed. The XDH activity remained at a steady level in both the embryo and endosperm throughout the 

course of seed development and maturation, whereas АО activity was extremely low in these same seed 

parts. However, АО activity increased at a high rate when seeds entered desiccation phase. At this stage, 

the content of ureides also increased by two and a half times. It is known that AO is involved in abscisic acid 

(ABA) biosynthesis, converting abscisic aldehyde to ABA, and the by-product of this reaction is superoxide. 

Therefore, we propose that increased ABA synthesis results in the increase of reactive oxygen species 

(ROS), which are scavenged by uric acid forming ureides.

Key words: Aldehyde oxidase, dormancy, molybdoenzymes, molybdenum cofactor, nitrate reductase, 

wheat seeds, xanthine dehydrogenase.
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Би дай дә ні нің ты ныш тық күйі мен да му са ты сын да ғы  

мо либ до фер мент тер жә не мо либ ден ді ко фак тор

Ты ныш тық күй мен да му са ты сын да ғы би дай дән де рі нің түр лі бө лік те рін де мо либ ден ді ко-

фак тор лар (Мо-со) мен мо либ ден ді фер мент тер: нит рат ре дук та за (НР), альде ги док си да за(АО) мен 

ксан тин де гид ро ге не за ның(КДГ) та ра луы зерт тел ді. МоСо, АО мен КДГ жо ға ры бел сен ді лік те ұрық та 

анық тал ды. Ұрық бө лі мі не қа ра ған да алей рон ды қа бат та осы фер мент тер мен МоСо бел сен ді лі гі 

үш есе тө мен бол ды. Дән нің эн дос перм дік бө лі мін де бұл фер мент тер дің бел сен ді лі гі тір кел ме ді. НР 

бел сен ді лі гі дән нің еш қан дай бө лі гін де анық тал ма ды. КДГ бел сен ді лі гі да му жә не же ті лу ке зең де-

рін де ұрық бө лі мін де де, эн дос перм бө лі гін де де бір дей бо лып сақ тал са, ал АО бел сен ді лі гі атал ған 

бө лік тер де экс три мал ды тө мен дең гейде анық тал ды. Алай да, АО дән де гид ра та ция фа за сы ке зін де 

көп те ген ыл ғал ды жо ға лт қан жағ дайда жо ға ры жыл дам дық пен арт ты. Осы фа за да уреид тер де 2,5 

есе арт ты. АО абс циз альде ги дін АБҚ-на дейін өз гер тіп, АБҚ био син те зі не қа ты са тын ды ғы жә не 

осы реак ция өні мі су пе рок сид екен ді гі бел гі лі. 

Сон дық тан да, біз АБҚ-ның жо ға ры био син те зі не сеп қыш қы лы ар қы лы бейтарап та нып, уреид 

тү зе тін от те гі нің реак тив ті ра ди кал да ры ның пай да бо лу ына алып ке ле ді деп бол жай мыз. 

Түйін сөз дер: альде гид ок си да за, би дай дән де рі, ты ныш тық, мо либ до фер мент тер,мо либ ден ді 

ко фак тор, нит рат ре дук та за, ксан тин де гид ро ге на за.
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Мо либ до фер мен ты и мо либ де но вый ко фак тор  

в сос тоя нии по коя и раз ви тия 

се ме ни пше ни цы

Изу че ны расп ре де ле ние мо либ де но во го ко фак то ра (Мо-со) и ак тив нос тей мо либ ден со дер жа-

щих фер мен тов – нит рат ре дук та зы (НР), альде гид ок си да зы (AО) и ксан тин де гид ро ге на зы ( КДГ) в 

раз лич ных час тях по кояще го ся и соз ре вающе го ся зер на пше ни цы. Бы ли по ка за ны наибо лее вы-

со кие ак тив нос ти МоСо, АО и КДГ – в за ро ды ше. В три ра за мень ше уро вень ак тив нос ти этих же 

фер мен тов и Мо со наб лю дал ся в алей ро но вом слое, чем в за ро ды ше. Ак тив нос ти этих фер мен тов 

не об на ру жи ва лись в эн дос пер маль ной час ти се ме ни. Ак тив ность НР не об на ру жи ва лась ни в од-

ной час ти зер на. Ак тив ность КДГ ос та ва лась рав но мер ной как в за ро ды ше, так и в эн дос пер ме в 

те че ние пе ри ода раз ви тия и соз ре ва ния, тог да как ак тив ность АО бы ла экс тре маль но низ кой в 

этих час тях зер на. Од на ко ак тив ность АО уве ли чи лась с вы со кой ско рос тью, ког да зер нов ка те ря ла 

влаж ность во вре мя фа зы де гид ра та ции. В этой фа зе со дер жа ние уреи дов так же уве ли чи ва лось в 

2,5 ра за. Из ве ст но, что АО вов ле чен в био син тез АБК, прев ра щая абс ци зо вый альде гид до АБК, и 

су пе рок сид  стано вит ся про дук том этой реак ции. Поэто му мы пред по ла гаем, что по вы шен ный био-

син тез АБК при во дит к уве ли че нию реак тив ных ра ди ка лов кис ло ро да, ко то рые нейт ра ли зуют ся с 

по мощью мо че вой кис ло ты об ра зуя уреиды.

Клю че вые сло ва: альде гид ок си да за, се ме на пше ни цы, по кой, мо либ до фер мен ты, мо либ де но-

вый ко фак тор, нит рат ре дук та за, ксан тин де гид ро ге на за.

3UH�KDUYHVW�VSURXWLQJ��3+6��LQ�ZKHDW��JHUPLQD-
WLRQ�RI�WKH�JUDLQ�RQ�WKH�SODQW�EHIRUH�KDUYHVW��LV�D�PD-
MRU�VRXUFH�RI�ORVV�IRU�WKH�JUDLQ�LQGXVWU\�LQ�.D]DNK-

VWDQ��3+6�DIIHFWV�WKH�HFRQRPLF�YDOXH�RI�WKH�KDUYHVW�
VLQFH� JHUPLQDWHG� VHHGV� DUH� VROG� DW� D� PXFK� ORZHU�
SULFH� IRU�XVH� DV� IHHG� WKDQ� WKH�JUDLQ� IRU�ÀRXU� �7KH�
SKHQRPHQRQ�LV�GXH�WR�ODFN�RI�$%$�LQ�\RXQJ�VHHGV�
DQG�RU�WKHLU�LQVHQVLWLYLW\�WR�WKH�GRUPDQF\�LQGXFLQJ�
KRUPRQH��$%$�LV�D�SODQW�JURZWK�UHJXODWRU�LQYROYHG�
LQ�YDULRXV�SURFHVVHV��LQFOXGLQJ�UHVSRQVH�WR�HQYLURQ-

PHQWDO�VWUHVVDQG�VHHG�PDWXUDWLRQ�DQG�GRUPDQF\ �
'RUPDQF\� LV�D�PHFKDQLVP�WR�SUHYHQW�JHUPLQDWLRQ�
GXULQJ�XQIDYRUDEOH�HFRORJLFDO�FRQGLWLRQV��ZKHQ�WKH�
SUREDELOLW\�RI� VHHGOLQJ�VXUYLYDO� LV� ORZ�>�@��$�GRU-
mant seed is one that is unable to germinate for a 

VSHFL¿F�SHULRG�RI�WLPH�XQGHU�D�FRPELQDWLRQ�RI�HQYL-
URQPHQWDO�IDFWRUV�WKDW�DUH�QRUPDOO\�VXLWDEOH�IRU�WKH�
JHUPLQDWLRQ�RI� WKH�QRQ�GRUPDQW� VHHG� >�@�,Q�FHUHDO�
FURSV��DQ�RSWLPXP�EDODQFH�EHWZHHQ�GRUPDQF\�DQG�
QRQ�GRUPDQF\�LV�GHVLUDEOH��'RUPDQF\�DW�KDUYHVW�LV�
GHVLUHG�EHFDXVH� LW�SUHYHQWV� WKH�JHUPLQDWLRQ�RI� WKH�
SK\VLRORJLFDOO\�PDWXUH�JUDLQ��L�H��3+6�LQ�WKH�KHDG�
SULRU� WR�KDUYHVW�� D�SKHQRPHQ�RQ� WKDW� FRQVLGHUDEO\�
ORZHUV� JUDLQ� TXDOLW\� DQG� LV� HVSHFLDOO\� FRPPRQ� LQ�
FRRO��PRLVW�HQYLURQPHQWV��$%$�UHJXODWHV�D�QXPEHU�
RI�NH\�HYHQWV�GXULQJ�VHHG�GHYHORSPHQW��VXFK�DV�WKH�
GHSRVLWLRQ�RI�VWRUDJH�UHVHUYHV��SUHYHQWLRQ�RI�SUHFR-

FLRXV�JHUPLQDWLRQ��DFTXLVLWLRQ�RI�GHVLFFDWLRQ�WROHU-
DQFH��DQG�LQGXFWLRQ�RI�SULPDU\�GRUPDQF\�>�@��

,Q�KLJKHU�SODQWV��$%$�LV�GHULYHG�IURP�DQ�HSR[\�
FDURWHQRLG�SUHFXUVRU� WKDW� LV�R[LGDWLYHO\�FOHDYHG� WR�
SURGXFH� [DQWKR[LQ� >���@�� )ROORZLQJ� WKH� FOHDYDJH��
[DQWKR[LQ�LV�FRQYHUWHG�WR�$%$�E\�D�VHULHV�RI�ULQJ�
PRGL¿FDWLRQV� WR� \LHOG� DEVFLVLF� DOGHK\GH��ZKLFK� LV�
R[LGL]HG� WR�$%$�E\�$2� �(&������������ D�PRO\E-

GHQXP�FRQWDLQLQJ� HQ]\PH� >�@�� ,Q� DGGLWLRQ� WR�$2��
SODQW�0R&R�FRQWDLQLQJ�HQ]\PHV�LQFOXGH�QLWUDWH�UH-
GXFWDVH��15��(&����������DQG�;'+��(&�����������
>�@� ;'+� DQG� $2� KDYH� EHHQ� FKDUDFWHUL]HG� IURP�
YDULRXV�RUJDQLVPV�DQG�VKRZQ�WR�EH�KRPRGLPHUV�RI�
150-kDa subunits that have a high similarity in their 

DPLQR�DFLG�VHTXHQFH�DQG�PRWLIV��DPRQJ�ZKLFK�DUH�
WKH�ELQGLQJ�VLWHV� IRU� WZR� LURQ�VXOIXU�FHQWHUV�DQG�D�
0R&R�ELQGLQJ� UHJLRQ>������ ��@��:KHUHDV��15� UH-
TXLUHV�D�GLR[R�PRO\EGHQXP��FHQWHU�;'+�DQG�$2�
FRQWDLQ�PRQR�R[R0R&R�LQ�ZKLFK�WKH�VHFRQG�R[\-

JHQ�ZDV�UHSODFHG�E\�D�VXOIXU�OLJDQG��$2�EHORQJV�WR�D�
PXOWLJHQH�IDPLO\�>�@�DQG�DSSHDUV�WR�GLVSOD\�D�EURDG�
UDQJH�RI�VXEVWUDWH�VSHFL¿FLWLHV� >����������@�RQH�RI�
ZKLFK�LV�WKH�R[LGDWLRQ�RI�LQGROH���DFHWDOGHK\GH�WR�
LQGROH���DFHWLF�DFLG��,$$��>��@�

0XFK� DWWHQWLRQ� KDV� UHFHQWO\� EHHQ� IRFXVHG� RQ�
SODQW�ȺɈV�EHFDXVH�RI�WKHLU�LQYROYHPHQW�LQ�WKH�ELR-

V\QWKHVLV�RI�ȺȼȺ��ɚ�SK\WRKRUPRQH�WKDW�SOD\V�LPSRU-
tant roles in the prevention of pre-harvest sprouting 

RI�VHHGV��$2�LV�ORFDOL]HG�DOPRVW�H[FOXVLYHO\�LQ�WKH�
HPEU\R�RI�GU\��GRUPDQW�ZKHDW�VHHGV��DQG�WKLV�LV�GXH�
WR� WKH�SURGXFWLRQ�RI�$%$� LQ� WKH�GRUPDQW� HPEU\R�
>��@��+RZHYHU��XQWLO� WKH�SUHVHQW�VWXG\� WKH�DFWLYLW\�
RI�ȺɈ�KDV�QHYHU�EHHQ�LQYHVWLJDWHG�GXULQJ�WKH�HQWLUH�
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FRXUVH�RI�VHHG�GHYHORSPHQW�DQG�PDWXUDWLRQ�$OLNX-

ORY�DQG�6FKLHPDQ�>��@VKRZHG�WKH�H[LVWHQFH�RI�DF-
WLYH�Ɇɨɋɨ�LQ�GRUPDQW�GU\�VHHGV�RI�ZKHDW�DQG�EDU-
OH\��,Q�FRQWUDVW��WKH�DFWLYLW\�RI�15�ZDV�QRW�GHWHFWHG�
LQ�EDUOH\�DQG�ZKHDW�VHHGV��DQG�WKH�FHOO�IUHH�H[WUDFW�
RI�GRUPDQW�VHHGV�GLG�QRW�UHDFW�ZLWK�SRO\FORQDO�DQWL-
ERGLHV�REWDLQHG�DJDLQVW�EDUOH\��VTXDVK�DQG�WREDFFR�
15V�>��@��,Q�WKLV�SDSHU��ZH�UHSRUW�WKH�UHVXOWV�RI�RXU�
VWXG\�RQ�WKH�GLVWULEXWLRQ�RI�PRO\EGHQXP�FRQWDLQLQJ�
HQ]\PHV�DQG�0RFR�LQ�GLIIHUHQW�SDUWV�RI� WKH�ZKHDW�
VHHG��DQG�WKHLU�DOWHUDWLRQ�GXULQJ�VHHG�GHYHORSPHQW�
DQG�PDWXUDWLRQ��7KH�GDWD�RQ�WKH�V\QWKHVLV�RI�WKHVH�
HQ]\PHV� LQ� GHYHORSLQJ� DQG�PDWXULQJ�ZKHDW� VHHGV�
WKDW� DUH� REWDLQHG� IURP� JUHHQKRXVH�JURZQ� SODQWV�
DUH�SUHVHQWHG��:H�DOVR�GLVFXVV�WKH�SRVVLEOH�UROH�RI�
PRO\EGHQXP�FRQWDLQLQJ�HQ]\PHV�LQ�WKH�ELRFKHPL-
FDO�SURFHVVHV�RI�VHHG�GHYHORSPHQW�DQG�PDWXUDWLRQ�

In our investigations used the 

VHHGV�RI�WKH�VSULQJ�ZKHDW�� ���FXO-
tivar ��7KH�VHHGV�ZHUH�REWDLQHG�IURP�
WKH� $�,�� %DUDHY� .D]DNK� 6FLHQWL¿F�5HVHDUFK� ,QVWL-
WXWH� RI� *UDLQ� )DUPLQJ� �5HSXEOLF� RI� .D]DNKVWDQ��
$NPROD� UHJLRQ�� WRZQ� RI� 6KRUWDQG\��� 7KH� FXOWLYDU�
ZDV�JURZQ�LQ�¿HOGV�DW�WKH�$�,��%DUDHY�.D]DNK�6FL-
HQWL¿F�5HVHDUFK�,QVWLWXWH�RI�*UDLQ�)DUPLQJ�QHDU�WKH�
WRZQ� RI� 6KRUWDQG\� �5HSXEOLF� RI�.D]DNKVWDQ�� $N-

PROD�UHJLRQ��DQG�LQ�.XUJDO]KLQ�ODQGV�QHDU�WKH�FLW\�
RI�$VWDQD��5HSXEOLF�RI�.D]DNKVWDQ��$NPROD�UHJLRQ��
LQ������DQG������

)RU�JURZWK�FKDPEHU�H[-

SHULPHQWV��ZKHDW�VHHGV�ZHUH�SUH�JHUPLQDWHG� LQ�DQ�
LQFXEDWRU�DW���0&�DQG�SODQWHG� LQ� IUHH�GUDLQLQJ�����
FP�GLDPHWHU� SRWV� ¿OOHG� ZLWK� DFLG�ZDVKHG� TXDUW]�
VDQG�� 3ODQWV� ZHUH� ZDWHUHG� ZLWK� D� PRGL¿HG� +RD-
JODQG¶V� VROXWLRQ� DQG� JURZQ� LQ� D� JURZWK� FKDPEHU�
at 220C /180C day/night temperature under a 12-

KRXU� SKRWRSHULRG�� )RU� JUHHQ� KRXVH� H[SHULPHQWV��
VHHGV�ZHUH� JHUPLQDWHG� DQG�JURZQ� LQ� ���/�SODVWLF�
SRWV� ¿OOHG�ZLWK� D� VRLO� VXEVWUDWXP� FRQWDLQLQJ� OLJKW�
KLJK�VSKDJQXP�SHDW��GDUN�KLJK�SHDW��XSSHU�VSKDJ-

QXP� SHDW� PRVV�� 3*�0L[� ������������ FKDON� DQG�
VDQG��WKH�JURXS�RI�2-6&�3HDW�(QWHUSULVH�©1HVWHU-
RYVNRLHª�DQG�©7RUIRª�/WG���5XVVLD��ZZZ�WRUIR�UX���
3ODQWV� ZHUH� JURZQ� LQ� D� JUHHQKRXVH� DW� ��0C/180C 

GD\�QLJKW�WHPSHUDWXUH�XQGHU�D����KRXU�SKRWRSHULRG��
In order to harvest samples of the same develop-

PHQW�VWDJH��DSSUR[LPDWHO\�����VSLNHV�ZHUH�WDJJHG�
LQ�WKH�SRWV��'HYHORSLQJ�VSLNHV�ZHUH�UHPRYHG�IURP�
WKH�PRWKHU�SODQW�DW�¿YH�GD\�LQWHUYDOV��VWDUWLQJ�DW�GD\�
���DIWHU�SROOLQDWLRQ��'$3��WR�GD\����DQG�DOVR�DW�WKH�

VWDJH�RI�FRPSOHWH�VHHG�PDWXULW\��$IWHU�WKH�UHPRYDO��
VSLNHV�ZHUH� IUR]HQ� LPPHGLDWHO\� LQ� OLTXLG�QLWURJHQ�
and kept in a freezer at -800&��0R&R�DQG�PRO\EGR-

HQ]\PH�DFWLYLWLHV�ZHUH�DVVD\HG�LQ�H[WUDFWV�REWDLQHG�
IURP�WKH�IUR]HQ�NHUQHOV�RQ�WKH�VDPH�GD\���,Q�WKH�FDVH�
RI�DOO� VDPSOHV��NHUQHOV�ZHUH� UHPRYHG� IURP�VSLNHV�
LPPHGLDWHO\�EHIRUH�KRPRJHQL]DWLRQ�

7KH� VXUIDFH� RI� WKH�
VHHGV�ZDV�VWHULOL]HG�LQ�1D&O2�VROXWLRQ�����DFWLYH�
FKORULQH�IRU���PLQXWHV��ZDVKHG�DQG�LPELEHG�LQ�GLV-
WLOOHG�ZDWHU��0DWXUH�DQG�GRUPDQW�VHHGV�ZHUH�VRDNHG�
DW�URRP�WHPSHUDWXUH�IRU����KRXUV��6LQFH�DIWHU�VXFK�
LPELELWLRQ� VHHGV� EHFDPH�YHU\� VRIW�� LW�ZDV� HDV\� WR�
GLVVHFW�DQG�VHSDUDWH� WKHLU�SDUWV��0RUHRYHU��H[SHUL-
PHQWV� VKRZHG� WKDW� WKH�0R&R� FRQWHQW� DQG� WKH� DF-
WLYLWLHV�RI�;'+��ȺɈ�DQG�15�GLG�QRW�FKDQJH�LQ�WKH�
VHHGV� DIWHU� ��� KRXUV� RI� LPELELWLRQ�� 7KH� HPEU\RV�
ZHUH� UHPRYHG� PDQXDOO\�� DQG� WKH� HQGRVSHUP� ZDV�
UHPRYHG� IURP� WKH� VHHG� FRDW� E\� JHQWOH� VTXHH]LQJ��
6HHG�FRDW�ZDV�XVHG�DV�DOHXURQH�OD\HU��$OWKRXJK�WKH�
HPEU\R�DQG�HQGRVSHUP�REWDLQHG�E\�WKLV�SURFHGXUH�
ZHUH�FOHDQ��WKH�VHHG�FRDW�ZDV�FRQWDPLQDWHG�ZLWK�HQ-

GRVSHUP�IUDJPHQWV��+RZHYHU��WKH�DERYH�PHQWLRQHG�
PRO\EGRHQ]\PHV� GLG� QRW� KDYH� DQ\� DFWLYLW\� LQ� WKH�
HQGRVSHUP��VHH�5HVXOWV��7DEOH����� DQG� WKH�VHSDUD-
WLRQ�SURFHGXUH�SURYLGHG�VDWLVIDFWRU\�DQDO\VLV�RI�PR-

O\EGRSURWHLQV�LQ�WKH�VHHG�SDUWV�LVRODWHG��,Q�WKH�FDVH�
RI� GHYHORSLQJ� VHHGV�� LW�ZDV�QRW� SRVVLEOH� WR� H[FLVH�
HPEU\RV�FOHDQO\�IURP�VHHGV�\RXQJHU�WKDQ����'$3��
7KHUHIRUH�� DW� HDUO\� VWDJHV� RI� VHHG� GHYHORSPHQW��
VHHGV�ZHUH�GLYLGHG�WR�WKH�HPEU\R�DQG�HQGRVSHUP�DW�
DQ�DSSUR[LPDWH�UDWLR�RI������UHVSHFWLYHO\��DORQJ�WKH�
OHQJWK�RI�VHHGV��7KH�\RXQJHVW�DJH�DW�ZKLFK�UHODWLYH-
O\�FOHDQ�HPEU\RV�FRXOG�EH�REWDLQHG�IRU�VDWLVIDFWRU\�
DQDO\VLV�ZDV����'$3�

�6WUXFWXUDO�SDUWV�
RI�WKH�ZKHDW�VHHG�ZHUH�PDFHUDWHG�ZLWK�DFLG�ZDVKHG�
VDQG�LQ�DQ�LFH�FROG�H[WUDFWLRQ�EXIIHU�FRQWDLQLQJ����
P0�7ULV�+&O� �S+�  � ������ ��P0� HWK\OHQH� GLDPL-
QHWHWUDDFHWLF� DFLG� �('7$��� �� P0� /�JOXWDWKLRQH�
�*6+������ȝ0� OHXSHSWLQ�������P0�1D

2
0R2� and 

�����P0�ÀDYLQ�DGHQLQH�GLQXFOHRWLGH�GLVRGLXP�VDOW�
GLK\GUDWH��)$'���$OO�H[WUDFWLRQV�ZHUH�GRQH�DW�D�UD-
WLR� RI� ����PJ� IUHVK�ZHLJKW�� ��PO� EXIIHU��7KH� KR-

PRJHQDWH�ZDV�FHQWULIXJHG�DW��������USP�DW���&�IRU�
���PLQXWHV�DQG�WKH�VXSHUQDWDQW�SDUW�ZDV�VDYHG�IRU�
DQDO\VLV�

� &RIDFWRU�
DFWLYLW\� LQ� VHHG� WLVVXH�ZDV� HVWLPDWHG� XVLQJ� D�15�
PXWDQW�QLW���RI�1HXURVSRUDFUDVVD� WKDW� LV�XQDEOH� WR�
V\QWKHVL]H�HQGRJHQRXV�0R&R��0R&R�DFWLYLW\�ZDV�
GHWHUPLQHG� E\� WKH�PHWKRG� RI� 6DYLGRY� HW� DO�� >��@�
3URWHLQ�IUDFWLRQV����ȝO��RI�WKH�ZKHDW�VHHG��REWDLQHG�
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13=�$��$OLNXORY�HW�DO�

E\�6�����JHO�FKURPDWRJUDSK\��ZHUH�XVHG�DV�0R&R�
VRXUFHV�� 0R&R� ZDV� GLVVRFLDWHG� IURP� LWV� ELQGLQJ�
SURWHLQV� E\� KHDWLQJ� DW� ���&� LQ� WKH� SUHVHQFH� RI� ��
P0�*6+IRU���PLQ��7KH�0R&R�SUHSDUDWLRQV����ȝO��
ZHUH�DGGHG�WR�D�UHDFWLRQ�PL[WXUH�FRQWDLQLQJ�FUXGH�
H[WUDFW� ���ȝO�RI� QLW��� RI�1�� FUDVVD�� ��ȝ0�)$'����
P0�1D

2
0R2�����P0�.12

3
������P0�QLFRWLQDPLG-

HDGHQRVLQH�GLQXFOHRWLGH�SKRVSKDWH��1$'3+��DQG���
P0�*OXFRVH���3KRVSKDWH��*�3��LQ�D�¿QDO�YROXPH�
RI� ���ȝO��1$'3+�15� FRPSOHPHQWDWLRQ�ZDV� FDU-
ULHG�RXW�DW����&�IRU����KRXUV��1LWULWH�DFFXPXODWLRQ�
WRRN�SODFH�GXULQJ�FRPSOHPHQWDWLRQ�SHULRG�EHFDXVH�
RI�WKH�DFWLYLW\�RI�WKH�QHZO\�UHFRQVWLWXWHG�15��1LWULWH�
ZDV�GHWHUPLQHG�LPPHGLDWHO\�DIWHU�WKH�FRPSOHPHQ-

WDWLRQ�DQG�SULRU�WR�WKH�DVVD\�RI�WKH�UHFRQVWLWXWHG�HQ-

]\PH��7KH�UHFRQVWLWXWHG�HQ]\PH�ZDV�DVVD\HG�ZLWK�
����P0�1$'3+�DQG���P0�.12

3
 at 300C for 30 

PLQ��7KH�0R&R�DFWLYLW\�ZDV�HVWLPDWHG�RQ� WKH�ED-
VLV� RI� WKH� DPRXQW� RI� QLWULWH� SURGXFHG� E\� UHVWRUHG�
1$'3+�15��ȝPRO�PO��K����

�15�DFWLY-

LW\�ZDV� GHWHUPLQHG� LQ� YLWUR� DFFRUGLQJ� WR� 6DYLGRY�
HW�DO�>��@� �7KH� UHDFWLRQ�PHGLXP�FRQWDLQHG����P0�
1D�SKRVSKDWH�EXIIHU��S+� ���������P0�.12

3
 and 

���ȝ0�)$'��7KH� UHDFWLRQ�ZDV� VWDUWHG� E\� WKH� DG-

GLWLRQ�RI�WKH�HQ]\PH��L�H���VHHG�SDUW�H[WUDFW���$IWHU�
���PLQ�RI�LQFXEDWLRQ�DW����&��WKH�UHDFWLRQ�ZDV�WHU-
PLQDWHG�E\� DGGLQJ����ȝO� RI� D�PL[WXUH�RI� ����P0�
SKHQD]LQHPHWKRVXOIDWH��306��DQG���0�=Q�DFHWDWH�
������ WR� UHPRYH� UHVLGXDO� 1$'3+� IURP� WKH� DVVD\�
PHGLXP��7KLV�VWHS�ZDV�IROORZHG�E\�WKH�DGGLWLRQ�RI�
����PO�RI�D�PL[WXUH�RI��������1('��DQG�����6$��
������ IRU� QLWULWH� GHWHUPLQDWLRQ�� 5HDFWLRQ� PL[WXUHV�
ZHUH�FHQWULIXJHG�DW�������USP�IRU���PLQ��DQG�WKHLU�
DEVRUEDQFH�ZDV�UHDG�DW�����QP�DIWHU����PLQ�

;'+�DQG�$2�DFWLYLWLHV�ZHUH�GHWHFWHG�LQ������
SRO\DFU\ODPLGH� JHOV� DIWHU� SURWHLQ� IUDFWLRQDWLRQ� E\�
QDWLYH�JHO� HOHFWURSKRUHVLV�XVLQJ�K\SR[DQWKLQH�DQG�
[DQWKLQH�DV�VXEVWUDWHV�IRU�;'+�DQG�YDQLOOLQ�RU�LQ-

GROH���DOGHK\GH�DV�VXEVWUDWHV�IRU�$2�>��@��UHVSHF-
WLYHO\��7KH�VDPSOHV��ZKLFK�FRQWDLQHG�DSSUR[LPDWHO\�
������ȝJ�RI�VROXEOH�SURWHLQ��ZHUH�ORDGHG�RQWR�ZHOOV�
DQG�HOHFWURSKRUHVHG�DW���&�IRU�������KRXUV��7KHQ��
WKH�JHOV�ZHUH�HTXLOLEUDWHG�DQG�ZDVKHG�LQ�����P0�
VRGLXP�SKRVSKDWH�EXIIHU��S+� ������E\�JHQWOH�VKDN-

LQJ�IRU����PLQ��ZKLFK�ZDV�IROORZHG�E\�LQFXEDWLRQ�LQ�
D�UHDFWLRQ�PL[WXUH�FRQWDLQLQJ�����P0�306����P0�
������GLPHWK\OWKLD]RO\O�������GLSKHQ\OWHWUD]ROL-
XP�EURPLGH� �077�� DQG� ��P0� VSHFL¿F�;'+�$2�
VXEVWUDWH��7KH�DFWLYLWLHV�RI�;'+�DQG�ȺɈ�ZHUH�HVWL-
PDWHG�EDVHG�RQ�WKH�DPRXQW�RI�ɆɌɌ�UHGXFWLRQ�WKDW�
UHVXOWHG� LQ� WKH� GHYHORSPHQW� RI� VSHFL¿F� IRUPD]DQ�
EDQGV��7KH�LQWHQVLW\�RI�IRUPD]DQ�EDQGV�ZDV�GLUHFW-

O\�SURSRUWLRQDO� WR�HQ]\PH�DFWLYLW\� LQ� WKH�SUHVHQFH�
RI� H[FHVV� VXEVWUDWH� DQG� WɟWUɚ]ɨOLXP�VDOW��4XDQWLWD-
WLYH�DQDO\VHV�ZHUH�PDGH�E\�VFDQQLQJ�WKH�IRUPD]DQ�
EDQGV�LQ�WKH�JHO�ZLWK�ɚ�FRPSXWLQJ�ODVHU�GHQVLWRPHWHU�
�0ROHFXODU�'\QDPLFV��XVLQJ�WKH�VRIWZDUH�SURYLGHG�
�,PDJH�4XDQW�YHUVLRQ����������6WDQGDUG�FXUYHV�IRU�
HVWLPDWLRQ�RI�;'+�DFWLYLW\�ZHUH�EDVHG�RQ� IRUPD-
]DQ�EDQG�GHQVLW\�LQ�WKH�JHOV�ORDGHG�ZLWK�LQFUHDVLQJ�
DPRXQWV�RI�FRPPHUFLDO�[DQWKLQH�R[LGDVH����XQLW�SHU�
����PJ�SURWHLQ��6LJPD���ɏ'ɇ�DFWLYLW\� LQ�JHOV�ZDV�
H[SUHVVHG�DV�HQ]\PH�XQLW¶V�PJ�O�SURWHLQ�K�O�

;'+� DFWLYLW\� ZDV� DOVR� DVVD\HG� VSHFWURSKRWR-

PHWULFDOO\�DFFRUGLQJ�WR�7ULSOHWW�HW�DO��>��@�E\�IROORZ-

LQJ�WKH�SURGXFWLRQ�RI�UHGXFHG�QLFRWLQDPLGH�DGHQLQH�
GLQXFOHRWLGH� �1$'+�� DW� ���� QP��$2� DFWLYLW\� DOVR�
ZDV�DVVD\HG�PRQLWRULQJ�WKH�FKDQJH�RI�DEVRUEDQFH�DW�
����QP�RI�WKH�HOHFWURQ�GRQRU�����GLFKORURLQGRSKHQRO�
�'&,3��>��@�7KH�DEVRUEDQFH�RI�WKH�HQ]\PH�SURGXFWV�
ZHUH�PHDVXUHG�LQ�D��VSHFWURSKRWRPHWHU���-HQZD\��

 

8UHLGHV�ZHUH�H[WUDFWHG�ZLWK�����HWKDQRO�DQG�PHD-
VXUHG�DFFRUGLQJ� WR�9RJHOV�DQG�9DQ�GHU�'ULIW� >��@�
XVLQJ�DOODQWRLQ��6LJPD��DV�UHIHUHQFH��7KH�FRORULPHW-
ULF�DVVD\�ZDV�FDUULHG�RXW�HVVHQWLDOO\�DV�GHVFULEHG�E\�
9RJHOV� DQG�9DQ� GHU�'ULIW� WR�PHDVXUH� XUHLGHV�� E\�
DGGLQJ�SKHQ\OK\GUD]LQH��7KH�UHDFWLRQ�PL[WXUH�FRQ-

WDLQHG�WKH�IROORZLQJ�����P0�7(6�1D2+��S+�������
����P0�0Q62��� �����P0�SKHQ\OK\GUD]LQH�+&O��
����P0� VRGLXP� XUHLGRJO\FRODWH�� DQG� DQ� DGHTXDWH�
DPRXQW�RI�HQ]\PH��7KH�UHDFWLRQ�ZDV�VWDUWHG�E\�WKH�
DGGLWLRQ� RI� VXEVWUDWH�� DQG� WKH� LQFXEDWLRQ�ZDV� FDU-
ULHG�RXW�DW����&��&RQYHQLHQW�DOLTXRWV�ZHUH�GUDZQ�
IURP� WKH� UHDFWLRQ� PL[WXUH� DW� GLIIHUHQW� LQFXEDWLRQ�
WLPHV�DQG�WUDQVIHUUHG�WR�WXEHV�NHSW�RQ�LFH��$IWHU���
PLQ�RQ�LFH����PO�RI����0�+&O�DQG�����PO�RI������
P0�������Z�Y��SRWDVVLXP�IHUULF\DQLGH�ZHUH�DGGHG�
WR�HDFK�WXEH��7KH�DEVRUEDQFH�ZDV�PHDVXUHG�DW�����
QP�DIWHU����PLQ�RI�LQFXEDWLRQ�DW�URRP�WHPSHUDWXUH��
&RQWUROV� ZHUH� DOZD\V� LQFOXGHG� WR� GHWHUPLQH� WKH�
QRQ�HQ]\PDWLF� IRUPDWLRQ�RI�XUHLGHV�:DWHU�VROXEOH�
SURWHLQV�LQ�WKH�DVVD\V�ZHUH�PHDVXUHG�DFFRUGLQJ�WR�
%UDGIRUG� >��@�XVLQJ�ERYLQH�VHUXP�DOEXPLQ��%6$��
DV�UHIHUHQFH�

0R&R�FRQWHQW� DQG�PRO\EGRHQ]\PHV�DFWLYLWLHV�
LQ�WKH�VWUXFWXUDO�SDUWV�RI�GRUPDQWZKHDW�VHHGV��

7DEOH���VKRZV�WKH�GLVWULEXWLRQ��RI�Ɇɨɋɨ��$2��
;'+�DQG�15�DFWLYLWLHV�LQ�GLIIHUHQW�VWUXFWXUDO�SDUWV�
RI� WKH� GRUPDQW� ZKHDW� VHHGV�� $FFRUGLQJ� WR� WKHVH�
GDWD��0R&R�DFWLYLW\�ZDV�KLJKHVW�LQ�WKH�HPEU\R�DQG�
DOHXURQH�OD\HU��ZKLOH�LW�ZDV�QHJOLJLEOH�LQ�WKH�HQGR-
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�� 0RO\EGRHQ]\PHV�DQG�PRO\EGHQXP�FRIDFWRU�LQ�GRUPDQW�DQG�GHYHORSLQJ�ZKHDW�VHHGV

VSHUP�SRUWLRQ� RI� GRUPDQW� VHHGV��7KH� HPEU\R� DQG�
DOHXURQH�OD\HU�H[WUDFWV�H[KLELWHG�DOVR�;'+�DQG�$2�
DFWLYLWLHV� �7DEOH� ���� +RZHYHU�� DFWLYLWLHV� RI� WKHVH�
PRO\EGRHQ]\PHV�LQ�WKH�DOHXURQH�OD\HU�ZHUH�ORZHU�

WKDQ� WKDW� LQ� WKH� HPEU\R�� 7KHUH�ZDV� QR�;'+� DQG�
$2�DFWLYLW\�WKDW�LV�GHWHFWDEOH�LQ�HQGRVSHUP�H[WUDFWV��
6LPLODUO\��QR�15�DFWLYLW\�ZDV�GHWHFWHG�LQ�H[WUDFWV�RI�
DQ\�GRUPDQW�ZKHDW�VHHG�SDUW��7DEOH���

�±�$FWLYLWLHV�RI�0R&R��$2��;'+�DQG�15�LQ�GLIIHUHQW�SDUWV�RI�GRUPDQW�ZKHDW�VHHGV

6HHG�3DUWV 0R&R AO XDH NR

Embryo ���� 85 ��� ���
Aleurone layer ���� 65 ��� ���

Endosperm ��� ��� ��� ���
*ȝPRO�12�

2
 formed by nit-1 NR mg-1 protein hour-1�

**฀฀QPRO�'&,3�PJ-1 protein min-1��
***ȝPRO�1$'+�PJ-1 hour-1�
****ȝPRO�12�

2
 mg-1 protein hour-1�

7KH�GLVWULEXWLRQ�RI�$2�DFWLYLW\�LQ�WKH�GLIIHUHQW�
VWUXFWXUDO�SDUWV�RI�GRUPDQW�ZKHDW�VHHGV�DIWHU�QDWLYH�
JHO�HOHFWURSKRUHVLV� �)LJXUH�����$2�EDQGV�ZHUH�YL-
VXDOL]HG�LQ�WKH�HPEU\R�DQG�DOHXURQH�OD\HU��7KH�$2�
DFWLYLW\�ZDV�KLJKHVW��XS�WR������LQ�HPEU\R�H[WUDFWV��
IROORZHG�E\�DOHXURQH�OD\HU�H[WUDFWV�������

0R&R��15��;'+�DQG�$2�DFWLYLWLHV�LQ�GHYHORS-

LQJ�VHHGV�ZHUH�PHDVXUHG�DW���GD\�LQWHUYDOV�VWDUWLQJ�DW�
���'$3��7KH�WLPH�FRXUVH�RI�WKH�FKDQJHV�LQ�DFWLYLWLHV�
RI�Ɇɨɋɨ�DQG�PRO\EGRHQ]\PHV�LQ�WKH�HPEU\R�GXU-
LQJ�GHYHORSPHQW�DQG�PDWXUDWLRQ�DUH�VKRZQ�LQ�7DEOH�
��7KH�0R&R�OHYHO�LQ�WKH�HPEU\R�DQG�DOHXURQH�OD\HU�
JUDGXDOO\�LQFUHDVHG�IURP���'$3�DQG�UHDFKHG�D�PD[-

LPXP�DW����'$3��7KH�DFWLYLW\�RI�Ɇɨɋɨ�LQ�ERWK�WKH�
HPEU\R�DQG�DOHXURQH�OD\HU�ZDV�ORZ�DW����'$3��+RZ-

HYHU��D�VORZ�EXW�VWHDG\�LQFUHDVH�RI�Ɇɨɋɨ�DFWLYLW\�RF-
FXUUHG�LQ�ERWK�SDUWV�RI�WKH�GHYHORSLQJ�VHHGV�DIWHU����
'ȺɊ��DQG�WKH�V\QWKHVLV�RI�WKH�FRIDFWRU�ZDV�KLJK�DW����
'$3��UHDFKLQJ�D�PD[LPXP�DW�������'$3�DQG�WKHQ�

�±�7KH�DFWLYLW\�RI�$2�LQ�GLIIHUHQW�SDUWV�RI�GRUPDQW�
VHHGV�IURP�WKH�ZKHDW�FXOWLYDU�/XWHVFHQV�����(P�±�HPEU\R��

$O�±�DOHXURQH�OD\HU��(Q�±�HQGRVSHUP��0R&R�FRQWHQW�
DQG�PRO\EGRHQ]\PHV�DFWLYLWLHV�LQ�WKH�VWUXFWXUDO�SDUWV�RI�

GHYHORSLQJ�DQG�PDWXULQJ�ZKHDW�VHHGV

SODWHDXLQJ�DQG�VKRZLQJ�QR�FKDQJH�IURP�������'$3�
WR�PDWXULW\��,Q�WKH�FDVH�RI�$2��H[WUHPHO\�ORZ�DFWLY-

LW\�ZDV�GHWHFWHG�LQ�WKH�HPEU\R�DQG�DOHXURQH�OD\HU�RI�
GHYHORSLQJ�VHHGV�XQWLO����'$3��7DEOH����)LJXUH�����

$IWHU����'$3��WKH�DFWLYLW\�LQFUHDVHG�UDSLGO\�LQ�
WKH�HPEU\R� � UHDFKLQJ�D�PD[LPXP�DW����'$3�DQG�
VKRZLQJ�D� VOLJKW�GHFUHDVH�DW�PDWXULW\�� ,Q�FRQWUDVW��
WKHUH�ZDV�RQO\�VOLJKW�LQFUHDVH�LQ�HQ]\PH�DFWLYLW\�LQ�
WKH� DOHXURQH� OD\HU�� DQG� WKH� DFWLYLW\� UHPDLQHG� DW� D�
VWHDG\�OHYHO�WKHUHDIWHU��7DEOH����)LJXUH�����

;'+�DFWLYLW\�ZDV�SUHVHQW�LQ�WKH�HPEU\R�DQG�DO-
eurone layer of seeds throughout their development 

DOWKRXJK�WKH�DFWLYLW\�LQ�WKH�DOHXURQH�OD\HU�ZDV�VLJQL¿-

FDQWO\�ORZHU�WKDQ�WKDW�LQ�WKH�HPEU\R��6LQFH�VXFK�XUHLGHV�
DV�DOODQWRLQ�DQG�DOODQWRLF�DFLG�DUH�D�SURGXFW�RI�SXULQH�
FDWDEROLVP��;'+�DFWLYLW\�DQG�XUHLGHV�ZHUH�DVVD\HG�LQ�
WDQGHP�WKURXJKRXW�WKH�VHHG�GHYHORSPHQW��;'+�DFWLY-

LW\�UHPDLQHG�DW�D�FRQVWDQW�OHYHO�XQWLO�IXOO�PDWXULW\��EXW�
WKH�FRQWHQW�RI�XUHLGHV�LQFUHDVHG�����IROG�DURXQG�������
'$3��)LJXUH�����FRUUHVSRQGLQJ�WR�D�VKDUS�LQFUHDVH�LQ�
$2�DFWLYLW\� �7DEOH�����8UHLGHV� UHDFKHG�D�PD[LPXP�
DW�DQG�DURXQG�������'$3�DQG�WKHQ�GHFUHDVHGXQWLO�IXOO�
PDWXUDWLRQ��7KURXJKRXW�VHHG�GHYHORSPHQW��WKH�DPRXQW�
RI�XUHLGHV�ZDV�PXFK�KLJKHU�LQ�WKH�HPEU\R�WKDQ�WKDW�LQ�
WKH�DOHXURQH�OD\HU��)RU�H[DPSOH�WKHXUHLGHV�FRQWHQW�LQ�
WKH�HPEU\R�ZDV���WLPHV�KLJKHU�WKDQ�WKDW�LQ�WKH�DOHX-

URQH�OD\HU�GXULQJ�VHHG�GHK\GUDWLRQ�GDWD�QRW�VKRZQ��
7KHUH�ZDV�QR�15�DFWLYLW\�GHWHFWDEOH� LQ�YLYR�DQG�

LQ�YLWUR�LQ�WKH�HPEU\R��HQGRVSHUP�DQG�DOHXURQH�OD\HU�
RI�GHYHORSLQJ�VHHGV��,Q�FRQWUDVW��ZKHQ�VHHGV�ZHUH�UH-
PRYHG�IURP�WKH�VSLNHV�WKDW�ZHUH�DW�GLIIHUHQW�VWDJHV�RI�
PDWXUDWLRQ�DQG�LQFXEDWHG�LQ����P0�.12��VROXWLRQ�IRU�
���KRXUV��15�DFWLYLW\�ZDV�GHWHFWHG�LQ�HPEU\RV�VWDUWLQJ�
DW����'$3��7DEOH�����7KH�PD[LPXP�OHYHO�RI�15�DFWLY-

LW\�ZDV�REVHUYHG�LQ�WKH�HPEU\R�SRUWLRQ�RI�PDWXUH�VHHGV�
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15=�$��$OLNXORY�HW�DO�

� ±�&KDQJHV� LQ�0R&R��$2��;'+�DQG�15�DFWLYLWLHV� LQ� WKH� HPEU\R�RI�ZKHDW� VHHGV� GXULQJ�GHYHORSPHQW� DQG�
PDWXUDWLRQ��(P�±�HPEU\R��$O�±�DOHXURQH�OD\HU�

'$3
0R&R* AO** XDH*** NR****#

Em Al En Em Al En Em Al En Em Al En

10 ��� ��� ��� ���� ��������� ��� ��� ��� ��� ��� ��� ���
15 ��� ��� ��� ���� ��������� ��� ��� ��� ��� ��� ��� ���
20 ��� ��� ��� ���� ��������� ��� ��� ��� ��� ��� ��� ���
25 ���� ��� ��� ���� ��������� ��� ��� ��� ��� ��� ��� ���
30 ���� ��� ��� ���� ��������� ��� ��� ��� ��� ��� ��� ���
35 ���� ��� ��� ���� ��������� ��� ��� ��� ��� ��� ��� ���
�� ���� ��� ��� ���� ��������� ��� ��� ��� ��� ��� ��� ���

Full maturity ���� ��� ��� ���� ���������� ��� ��� ��� ��� ��� ��� ���
*ȝPRO�12�

2
 formed by nit-1 NR mg-1 protein hour-1���



฀฀QPRO�'&,3�PJ-1 protein min-1�
***ȝPRO�1$'+�PJ-1 hour-1�฀฀฀฀
****ȝPRO�12�

2
 mg-1 protein hour-1��'HYHORSLQJ�VHHGV�ZHUH�UHPRYHG�IURP�VSLNHV�DQG�LQFXEDWHG�LQ����P0�.12

3
 for 30 hours and 

1$'+�15�DFWLYLW\�ZDV�GHWHUPLQHGLQ�WKHLU�H[WUDFWV�

�±��7KH�DFWLYLW\�RI�$2�LQ�GLIIHUHQW�SDUWV�RI�GHYHORSLQJ�DQG�PDWXULQJ�VHHGV�RI�WKH�ZKHDW�
FXOWLYDU�/XWHVFHQV�����(P�±�HPEU\R��$O�±�DOHXURQH�OD\HU��(Q�±�HQGRVSHUP�

�±�(IIHFW�RI�FHOO�IUHH�H[WUDFWV�RI�GHYHORSLQJ�VHHGV�RQ�
WKH�LQGXFWLRQ�RI�15�DFWLYLW\�LQ�WKH�HPEU\RV�RI�GRUPDQW�ZKHDW�VHHGV*

 
*����PJ�RI�IUHVKO\�H[FLVHG�VHHGV�ZHUH�ULJRURXVO\�KRPRJHQL]HG�LQ���PO�GLVWLOOHG�ZDWHU�DQG�WKHQ�FHQWULIXJHG��7KHQ��WKH�VXSHUQDWDQW�

ZDV� KHDWHG� LQ� ERLOLQJ� ZDWHU� IRU� ��PLQXWHV� DQG� FHQWULIXJHG�� 7KH� VHFRQG� VXSHUQDWDQW� ZDV�PL[HG� ZLWK� QLWUDWH� VROXWLRQ� WR� D� ¿QDO�
FRQFHQWUDWLRQ�RI����P0��WKLV�FRQFHQWUDWLRQV�RI�QLWUDWH�ZDV�IRXQG�WR�EH�RSWLPDO�IRU�WKH�LQGXFWLRQ�RI�15�LQ�WKH�HPEU\R���7KHQ��WKLV�
VROXWLRQ�ZDV�XVHG�DV�LQFXEDWLRQ�PHGLXP�WR�WHVW�LWV�LQKLELWRU\�HIIHFW�RQ�WKH�15�LQGXFWLRQ�LQ�WKH�HPEU\R�

)XUWKHUPRUH��ZH�VWXGLHG�WKH�HIIHFWV�RI�FHOO�IUHH�
H[WUDFWV�REWDLQHG� IURP�VHHGV�DW�GLIIHUHQW� VWDJHV�RI�
GHYHORSPHQW�RQ�WKH�LQGXFWLRQ�RI�15�DFWLYLW\�LQ�WKH�
HPEU\RV�H[FLVHG�IURP�GRUPDQW�VHHGV��)LJXUH����7KH�

UHVXOWV�VKRZHG�D�FRUUHODWLRQ�EHWZHHQ�WKH�LQKLELWRU\�
HIIHFWV�RI�HQGRVSHUP�H[WUDFWV�RI�GHYHORSLQJ�VHHGV�
DQG�WKH�$2�DFWLYLW\��DV�VKRZQ�LQ�7DEOH����7KH�HIIHFW�
RI� $%$� RQ�15� DFWLYLW\� ZDV� DOVR� LQYHVWLJDWHG� E\�
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WUHDWLQJ�H[FLVHG�HPEU\RV�LQ�WKDW�WKH\�ZHUH�LQFXEDW-
HG�LQ�WKH�SUHVHQFH�RI�GLIIHUHQW�$%$�FRQFHQWUDWLRQV�
DQG����P0�.12�IRU����KRXUV��$V�VKRZQ�LQ�)LJ-

XUH����WKH�LQFUHDVLQJ�FRQFHQWUDWLRQV�RI�$%$�LQGHHG�
LQFUHDVHG� WKH� LQKLELWLRQ� RI�15� DFWLYLW\� LQ� H[FLVHG�
ZKHDW�HPEU\RV�EHFDXVH�GHFUHDVHV�LQ�HQ]\PH�DFWLY-

LW\�ZHUH�SURSRUWLRQDO�WR�WKH�FRQFHQWUDWLRQ�RI�$%$�
XVHG�� +RZHYHU�� 15� DFWLYLW\�ZDV� QRW� LQKLELWHG� E\�
$%$�LQ�FHOO�IUHH�H[WUDFWV�ZKHQ�����0�$%$�ZDV�
DGGHG�WR�WKH�UHDFWLRQ�PL[WXUH�

�±�(IIHFW�RI�LQFUHDVLQJ�$%$�FRQFHQWUDWLRQV�RQ�WKH�
LQGXFWLRQ�RI�15�DFWLYLW\�LQ�H[FLVHG�ZKHDW�HPEU\RV�

Discussion

$OWKRXJK� 15� LV� ZLGHVSUHDG� DPRQJ� SODQWV�
DQG� WKH� HQ]\PH� ZDV� ¿UVW� LVRODWHG� DQG� FKDUDFWHU-
L]HG�PRUH� WKDQ� ��� \HDUV� DJR�� LWV� UROH� LQ� GHYHORS-

LQJ�DQG�PDWXULQJ� VHHGV�KDV�QRW�EHHQ� LQYHVWLJDWHG��
7KLV�HQ]\PH�LV�FRQVLGHUHG�WR�EH�D�OLPLWLQJ�IDFWRU�IRU�
JURZWK��GHYHORSPHQW��SURWHLQ�SURGXFWLRQ�DQG�\LHOG�
LQ� SODQWV�,Q� WKLV� VWXG\�� ZH� ZHUH� XQDEOH� WR� GHWHFW�
15�DFWLYLW\�LQ�H[WUDFWVRI�GRUPDQW�ZKHDW�VHHG�SDUWV�
ZKHQ�1$'3+��UHGXFHG�ÀDYLQ�DGHQLQH�GLQXFOHRWLGH�
�)$'+�� RU� 0HWK\O� YLRORJHQK\GURJHQDVH� �09+��
ZDV�XVHG�DV�HOHFWURQ�GRQRUV��7DEOH�����,QGHHG��RXU�
SUHYLRXV� VWXG\�VKRZHG� WKDW�DQWLERGLHV� � WR�15�GLG�
QRW�GHWHFW�D�FURVV�UHDFWLQJ�DQWLJHQ�DPRQJ�SURWHLQV�
H[WUDFWHG� IURP� HPEU\RV�� HQGRVSHUP� DQG� DOHXURQH�
OD\HU��VHHG�FRDWV��RI�WKH�ZKHDW�VHHG��&RQVLVWHQW�ZLWK�
WKH�SUHYLRXV�UHVXOWV��RXU�FXUUHQW�VWXG\�GLG�QRW�DOVR�
GHWHFW� DQ\�15�DFWLYLW\� LQ�YLYR� DQG� LQ�YLWUR� LQ� WKH�
HPEU\R�� HQGRVSHUP�DQG� DOHXURQH� OD\HU��+RZHYHU��
WKH�LQFXEDWLRQ�RI�ZKHDW�VHHGV�LQ�QLWUDWH�VROXWLRQ�IRU�
������KRXUV� UHVXOWHG� LQ� WKH� DSSHDUDQFH�RI�15�DF-
tivity in the embryo but not in the endosperm and 

DOHXURQH�OD\HU��7DEOH�����*XSWD�HW�DO��>��@GHWHFWHG�
15�DFWLYLW\�LQ�H[FLVHG�HPEU\RV�RI�EDUOH\�VHHGV�DI-
WHU���KRXU�RI�LQFXEDWLRQ�LQ�QLWUDWH�VROXWLRQ��)XUWKHU-
PRUH�� WKHVH� DXWKRUV� GHPRQVWUDWHG� WKDW� HQGRVSHUP�

H[WUDFWV�LQKLELW�WKH�LQGXFWLRQ�RI�15�LQ�H[FLVHG�HP-

EU\RV��,Q�RXU�H[SHULPHQWV��HPEU\RV�RI�������'$3�
ZHUH�¿UVW�H[FLVHG�DQG�WKHQ�LQFXEDWHG�LQ�QLWUDWH�VR-

OXWLRQ��ZKLFK� OHG� WR� WKH� LQGXFWLRQ� RI�15� DFWLYLW\��
6SHFL¿FDOO\��D�VLJQL¿FDQW�OHYHO�RI�15�DFWLYLW\�ZDV�
REVHUYHG��GHWHFWDEOH�¿UVW�DIWHU���KRXU�RI�LQFXEDWLRQ�
LQ����P0�QLWUDWH�DQG� UHDFKLQJ�D�SHDN�DIWHU�������
KRXUV� RI� LQFXEDWLRQ� �GDWD� QRW� VKRZQ��7KHVH� GDWD�
suggest that nitrates are taken up and assimilated in 

ZKHDW� URRWV� DQG� OHDYHV� EXW� QRW� LQ� GHYHORSLQJ� DQG�
PDWXULQJ�VHHGV�

)XUWKHUPRUH��ZH�VWXGLHG�WKH�HIIHFWV�RI�FHOO�IUHH�
VHHG� H[WUDFWV�PDGH� DW� GLIIHUHQW� VWDJHV� RI� GHYHORS-

PHQW�RQ�WKH�LQGXFWLRQ�RI�15�DFWLYLW\�LQ�HPEU\RV�H[-

FLVHG�IURP�GRUPDQW�VHHGV��)LJXUH�����7KHVH�UHVXOWV�
VKRZ�WKDW�HQGRVSHUP�H[WUDFWV�LQKLELW�WKH�DFWLYLW\�RI�
$2��,W� LV�DOVR�NQRZQ�WKDW�WKH�LQGXFWLRQ�RI�15�DF-
WLYLW\�LV�HQKDQFHG�E\�F\WRNLQLQV�DQG�VXSSUHVVHG�E\�
$%$��6LQFH�$2�LV�LQYROYHG�LQ�$%$�ELRV\QWKHVLV��
ZH�K\SRWKHVL]HG�WKDW�$%$�UHJXODWHV�WKH�H[SUHVVLRQ�
RI�15�LQ�ZKHDW�HPEU\RV��7KXV��ZH�VWXGLHG�WKH�HIIHFW�
RI�$%$�RQ�15�DFWLYLW\�E\� VXEMHFWLQJ� WKH� H[FLVHG�
HPEU\RV� WR�$%$� WUHDWPHQW�� 2XU� UHVXOWV� LQGLFDWHG�
WKDW�WKH�LQGXFWLRQ�RI�15�DFWLYLW\�ZDV�UHVSRQVLYH�WR�
$%$��,W�VKRXOG�EH�HPSKDVL]HG�WKDW�WKH�DFWXDO�$%$�
XSWDNH�UDWH�E\�WKH�HPEU\R�LV�QRW�PHDVXUHG�DQG�FDQ�
EH�ORZHU�WKDQ�WKDW�VKRZQ�LQ�)LJXUH����%HFDXVH�ZH�
GR�QRW�NQRZ�KRZ�PXFK�$%$�ZDV�WDNHQ�XS�E\�WKH�
HPEU\R�� WKH�DFWXDO�$%$�FRQFHQWUDWLRQV�DW� WKH� WDU-
JHW�VLWH�PD\�EH�PXFK�ORZHU�WKDQ�WKH�FRQFHQWUDWLRQV�
WKDW�ZHUH�XVHG�LQ�WKH�H[SHULPHQW��1HYHUWKHOHVV��RXU�
GRVH�UHVSRQVH�VWXG\�RI�$%$�FOHDUO\� LQGLFDWHV� WKDW�
WKH�H[SUHVVLRQ�RI�15�DFWLYLW\�LV�UHJXODWHG�E\�$%$��
,Q� IDFW�� WKH� HQGRVSHUP�$%$�VHHPV� WR�SOD\� D� UROH�
LQ� WKH� UHJXODWLRQ� RI� 15� H[SUHVVLRQ� LQ� GHYHORSLQJ�
ZKHDW�HPEU\RV��3UHYLRXVO\�VKRZHG�WKDW�WKH�UHJXOD-
WLRQ�RI�15�JHQH�H[SUHVVLRQ�E\�$%$�LQ�EDUOH\�OHDYHV�
LV�DW�WKH�OHYHO�RI�WUDQVFULSWLRQ��7KXV��15�DFWLYLW\�LQ�
ZKHDW�HPEU\RVLV�LQGXFHG�E\�QLWUDWH�DW�ODWHU�VWDJHV�RI�
VHHG�GHYHORSPHQW�ZKHQ�WKH�$%$�OHYHO�LV�ORZ��,W�LV�
FRQFHLYDEOH�WKDW��QLWUDWHV�WDNHQ�XS�IURP�WKH�VRLO�GR�
QRW�UHDFK�GHYHORSLQJ�VHHGV�EHFDXVH�RI�WKHLU�DVVLPL-
ODWLRQ�LQ�URRWV�DQG�WKHQ�LQ�OHDYHV�

$V�PHQWLRQHG�EHIRUH��WKH�HPEU\R�DQG�DOHXURQH�
OD\HU� H[WUDFWV� RI� GRUPDQW� ZKHDW� VHHGV� FRQWDLQHG�
ERWK� ȺɈ� DQG� ;'+� DFWLYLWLHV�� KRZHYHU�� $2� DQG�
;'+�DFWLYLW\�LQ�WKH�DOHXURQH�OD\HU�ZDV�ORZHU�WKDQ�
WKDW�LQ�WKH�HPEU\R��7KH�DFWLYLWLHV�RI�WKHVH�HQ]\PHV�
ZHUH�QRW�GHWHFWHG�LQ�HQGRVSHUP�H[WUDFWVRI�GRUPDQW�
VHHGV��WKLV�LV�QRW�VXUSULVLQJ�VLQFH�WKHUH�ZDV�OLWWOH�QR�
0R&R�REVHUYHG�LQ�WKLV�WLVVXH��7DEOH�����,W�LV�NQRZQ�
WKDW�ȺɈ�FDWDO\]HV� WKH�FRQYHUVLRQ�RI�DEVFLVLF�DOGH-
K\GH� WR�ȺȼȺ�� DQG�$2� LV� ɚ�PRO\EGHQXP�FRQWDLQ-
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��=�$��$OLNXORY�HW�DO�

LQJ�HQ]\PH��7KLV�FRQFOXVLRQ�ZDV�FRQ¿UPHG�E\�WKH�
H[SHULPHQWV� RI� 2PDURY� HW� DO�� >��@� SHUIRUPHG� RQ�
URRWV�RI�SODQWV�IHG�ZLWK�WXQJVWDWH��2XU�UHVXOWV�VKRZ�
WKDW�ȺɈ�DFWLYLW\� LQ�ERWK� WKH� HPEU\R�DQG�DOHXURQH�
OD\HU� RI� WKH� GHYHORSLQJ� ZKHDW� VHHG� EHJLQV� WR� LQ-
FUHDVH�ZKHQ� WKH�ZDWHU� FRQWHQW� RI� VHHGV� EHJLQV� WR�
GHFUHDVH��,QGHHG��WKH�ZDWHU�FRQWHQW�RI�WKH�VHHG�DW-
WDLQHG�D�SHDN�DW����'$3�DQG�WKHQ�UHDFKHG�LWV�ORZHVW�
OHYHO�DW�PDWXULW\��ZKHUHDV�D�OLQHDU�LQFUHDVH�LQ�IUHVK�
DQG�GU\�PDWWHU�RI� WKH� VHHG�ZDV�REVHUYHG�EHWZHHQ�
��� DQG� ���'$3� �GDWD� QRW� VKRZQ���$IWHU� WKLV� DJH��
WKH� DFWLYLW\� RI�$2� LQ� WKH� HPEU\R� VKRZHG� D� VKDUS�
LQFUHDVH��UHDFKLQJ�D�PD[LPXP�DW����'$3��7DEOH�����
$V�IRU�WKH�LQFUHDVH�RI�$2�DFWLYLW\�LQ�WKH�HPEU\R��LW�
IROORZHG�WKH�SDWWHUQ�RI�0R&R�DFWLYLW\�REVHUYHG�LQ�
WKH�HPEU\R��7KXV��Ɇɨɋɨ�DQG�ȺɈ�DFWLYLWLHV�UHDFKHG�
WKHLU�PD[LPXP�OHYHO�DW����'3$��ZKHUHDV�ȺɈ�DFWLY-
LW\�LQ�GHYHORSLQJ�VHHG�SDUWV�LQFUHDVHG�VKDUSO\�DW����
'$3��7KH�LQFUHDVH�RI�Ɇɨɋɨ�DFWLYLW\�LQ�WKH�HPEU\R�
DQG�DOHXURQH� OD\HU�DFFRPSDQLHG� WKHLU�ȺɈ�DFWLYLW\�
GXULQJ�VHHG�GHYHORSPHQW�DQG�PDWXUDWLRQ��$OWKRXJK�
ZH�GLG�QRW�PHDVXUH� � WKH�ȺȼȺ�FRQWHQW� LQ� WKH� HP-
bryo and aleurone layer of developing and maturing 
VHHGV��.DZDNDPL�HW�DO��>��@�VKRZHG�WKDW�WKH�ȺȼȺ�
FRQWHQW�LQ�HPEU\RV�RI�ZKHDW�UHVLVWDQW�WR�SUH�KDUYHVW�
VSURXWLQJ�EHJDQ�WR�LQFUHDVH�DW����'Ⱥ3�DQG�UHDFKHG�
PD[LPXP�DW����'ȺɊ��7KXV��RXU�UHVXOWV�DUH�LQ��DF-
FRUGDQFH�ZLWK�WKH�GDWD�REWDLQHG�E\�.DZDNDPL�HW�DO��
>��@��,Q�IDFW��ZKHQ�VHHGV�HQWHU�WKH�VWDJH�RI�PDWXULW\�
WKH�DFWLYLW\�RI�$2�UHPDLQV�DOPRVW�DW�VWHDG\�OHYHOV��
ZKHUHDV�WKH�$%$�FRQWHQW�GHFUHDVHV�WZR�WLPHV��

;'+�SOD\V�D�NH\�UROH�LQ�FDWDEROLF�SDWKZD\V�RI�
SXULQHV� IURP�ZKLFK� XUHLGHV� VXFK� DV� DOODQWRLQ� DQG�
DOODQWRLF�DFLG�DUH�SURGXFHG� >������@�;'+�DFWLYLW\�
data from embryos and aleurone layers of both dor-
mant and developing seeds are presented in Tables 
��DQG����2XU�UHVXOWV�VKRZ�WKDW�ɏ'ɇ�DFWLYLW\�UHPDLQV�
at a steady level throughout seed development and 
PDWXUDWLRQ�� ZKLOH� XUHLGHV� LQFUHDVH� LQ� D� FRUUHODWHG�
IDVKLRQ�ZLWK� WKH� LQFUHDVH� LQ�ȺɈ�DFWLYLW\��7KLV�RE-
VHUYDWLRQ�UDLVHV�LQWHUHVWLQJ�TXHVWLRQV�FRQFHUQLQJ�WKH�
UROH�RI�ȺɈ�LQ�XUHLGH�ELRV\QWKHVLV�

,W�VKRXOG�EH�SRLQWHG�RXW�WKDW�VXFK�HQYLURQPHQ-
WDO� VWUHVVHV� DV� GURXJKW�� VDOLQLW\� DQG� FKLOOLQJ� FDXVH�
GHK\GUDWLRQ� RI� SODQW� FHOOV�� 6LPLODUO\�� QDWXUDO� VHHG�
PDWXUDWLRQ� SURFHVV� DOVR� OHDGV� WR� GHK\GUDWLRQ� RI�
FHOOV�LQ�VHHGV��,W�KDV�DOVR�EHHQ�ZHOO�HVWDEOLVKHG�WKDW�
WKHUH�LV�FRUUHODWLRQ�EHWZHHQ�ȺȼȺ�FRQWHQW�DQG�SODQW�
UHVSRQVH� WR� GHK\GUDWLRQ�� )XUWKHUPRUH�� SODQW� FHOOV�
UHVSRQG�WR�HQYLURQPHQWDO�VWUHVVHV�E\�SURGXFLQJ�UH-
DFWLYH�R[\JHQ�VSHFLHV��526���7KHUH�LV�DOVR�VXEVWDQ-
WLDO�GDWD�LQGLFDWLQJ�WKDW�PRO\EGR�HQ]\PHV��[DQWKLQH�
R[LGDVH� DQG�ȺɈ� DUH� WKH�PDLQ� F\WRVROLF� SURGXFHUV�
RI� 526� GXULQJ� R[LGDWLYH� VWUHVV� LQ� DQLPDO� FHOOV� ��

%RWK�VXSHUR[LGH�DQLRQ�DQG�K\GURJHQ�SHUR[LGH�DUH�
SURGXFHG�YLD�HLWKHU�ɚ�RQH�HOHFWURQ�RU� WZR�HOHFWURQ�
WUDQVIHU�LQ�WKH�UHDFWLRQ�RI�DQLPDO�ȺɈ�ZLWK�R[\JHQ�
��%DVHG�RQ�WKH�VLPLODULW\�RI�DQLPDO�DQG�SODQW�$2V��
ZH�SURSRVH�WKDW�WKH�SODQW�HQ]\PH�DOVR�SURGXFHV�IUHH�
R[\JHQ� UDGLFDOV� GXULQJ� WKH� FRQYHUVLRQ� RI� DEVFLVLF�
DOGHK\GH� WR� ȺȼȺ�� )XUWKHUPRUH�� OLJQRVWLOEHQH� GL-
R[\JHQDVHV��WKH�NH\�HQ]\PHV�LQ�ȺȼȺ�ELRV\QWKHVLV��
ZKLFK�XVH�R[\JHQ�LQ�WKH�FRQYHUVLRQ�RI�YLROR[DQWKLQ�
DQG�QHR[DQWKLQ�WR�[DQWKR[LQ��PD\�DOVR�SURGXFH�VX-
SHUR[LGH� DQLRQ� �� 7KXV�� LQFUHDVHG� $ȼ$� V\QWKHVLV��
ZKLFK�LQ�SODQW�FHOOV�FDQ�ULVH�IURP�����WR����IROG�GXU-
LQJ� HQYLURQPHQWDO� VWUHVVHV�� UHVXOWV� LQ� WKH� LQFUHDVH�
RI�526�

8ULF�DFLG��ɚ�SURGXFW�RI�;'+�UHDFWLRQ��LQ�OLYLQJ�
FHOOV�LV�R[LGL]HG�WR�DOODQWRLQ�E\�WKH�HQ]\PH�XULFDVH��
DQG�DOVR�QRQ�HQ]\PDWLFDOO\�DV�SRWHQWLDO�DQWLR[LGDQW�
E\�526��8ULF�DFLG�LV�VKRZQ�WR�EH�ɚ�SRZHUIXO�ZDWHU�
VROXEOH�526�VFDYHQJHU�LQ�DQLPDO�FHOOV��,W�LV�DQ�HIIHF-
tive inhibitor of ROS at levels found in human plas-
PD��ZKHUHDV�DVFRUEDWH�DQG�JOXWDWKLRQH�DUH�SURWHFWLYH�
DW�FRQFHQWUDWLRQV�H[FHHGLQJ�WKRVH�RI�XULF�DFLG���8ULF�
DFLG�PD\�DOVR�SOD\�DQ�HIIHFWLYH�UROH�LQ�WKH�SURWHFWLRQ�
IURP�526�DWWDFN�DQG�UHPRYLQJ�WKH�R[LGDWLYH�VWUHVV�LQ�
SODQWV��)RU�H[DPSOH��FDWDEROLVP�RI�K\SR[DQWKLQH�LQ�
PDL]H�URRW�WLSV�ZDV�DFFHOHUDWHG�PRUH�WKDQ�����IROG�E\�
VDOW�VWUHVV�RU�VXFK�VWUHVV�UHVXOWHG�LQ�WKH�DFFXPXODWLRQ�
RI�DOODQWRLQ�LQ�WLVVXH�FXOWXUH�OHDGLQJ�WR�LQFUHDVHG�FRQ-
YHUVLRQ�RI�XULF� DFLG� WR� DOODQWRLQ��7KXV��ZH�SURSRVH�
WKDW� LQFUHDVHG� V\QWKHVLV� RI� ȺȼȺ� LQ� VHHGV� OHDGV� WR�
WKH�LQFUHDVH�RI�526�FRQWHQW�GXULQJ�WKHLU�PDWXUDWLRQ��
526�FKHPLFDOO\�R[LGL]H�XULF�DFLG�WR�DOODQWRLQ��WKXV��
WKH�DPRXQW�RI�XUHLGHV�LQFUHDVHDV�UHVXOW�RI�VHHG�GHK\-
GUDWLRQ�GXULQJ�PDWXUDWLRQ��,W�LV�ZHOO�NQRZQ�WKDW�JOX-
WDPLQH�DQG�DVSDUDJLQH�DUH�LPSRUWDQW�VRXUFHV�RI�DP-
PRQLD�GXULQJ�VHHG�JHUPLQDWLRQ��,QFUHDVHG�V\QWKHVLV�
DQG�DFFXPXODWLRQ�RI�XUHLGHV�GXULQJ�VHHG�PDWXUDWLRQ�
may also play important roles during seed germina-
WLRQ�ODWHU�EHFDXVH�WKH\�DUH�DQ�LPSRUWDQW�UHVHUYH�DQG�
WUDQVSRUW�IRUPV�RI�QLWURJHQ�LQ�SODQWV��%DVHG�RQ�WKHVH�
UHVXOWV�ZH� SURSRVH� WKDW� WKH�PDLQ� IXQFWLRQ� RI� SODQW�
ɏ'ɇ�LV�LQ�WKH�SURGXFWLRQ�RI�XULF�DFLG��ZKLFK�SOD\V�DQ�
LPSRUWDQW�UROH�LQ�WKH�SURGXFWLRQ�RI�526�VFDYHQJHUV��
XULF�DFLG�DQG�XUHLGHV��7KXV��;'+�DFWLYLW\�UHPDLQHG�
DW�D�VWHDG\�DQG�FRQVLGHUDEO\�KLJK�OHYHO�GXULQJ�VHHG�
GHYHORSPHQW��ZKLOH�WKH�LQFUHDVHG�DOODQWRLQ�V\QWKHVLV�
IROORZHG�WKH�SDWWHUQ�RI�$2�DFWLYLW\�LQFUHDVH��7DEOH�
���)LJ����

&DOFXODWLRQ� RI�':�� DW� HDFK� VWDJH� RI� VHHG� GH-
YHORSPHQW�����RI����IUHVKO\�H[FLVHG�HPEU\RV�IURP�
WKH�VSLNHV�DQG� �VHHGV�ZHUH�KRPRJHQL]HG�LQ�EXIIHU�
DQG� WKH� H[WUDFWV�ZHUH� XVHG� IRU� DOODQWRLQ� DQG� WRWDO�
DQWLR[LGDQW�GHWHUPLQDWLRQV��$QRWKHU����RI����VHHGV�
ZHUH�GULHG�DQG�ZHLJKHG�
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�±�7RWDO�XUHLGHV��DOODQWRLQ��FRQWHQW�LQ�WKH�HPEU\R�
RI�GHYHORSLQJ�DQG�PDWXULQJ�ZKHDW�VHHGV�

]\PHV��DQG�LQ�PRO\EGHQXP�HQULFKHG�VR\EHDQ�VHHGV�
1�DFFXPXODWLRQ��VHHG�\LHOG��DQG�VHHG�SURWHLQ�FRQ-

WHQW� LQFUHDVH�&DPSR� HW� DO��� ������� +RZHYHU�� ELR-

FKHPLFDO�UHODWLRQVKLSV�DPRQJ�PRO\EGRHQ]\PHV�LQ�
WKH�PDWXULQJ�ZKHDW� VHHG� LV� YHU\�PXFK� LQ� QHHG� RI�
IXUWKHU� LQYHVWLJDWLRQV��7KLV�ZRXOG�KHOS�XQGHUVWDQG�
WKH�ELRFKHPLFDO�PHFKDQLVP�RI�SUH�KDUYHVW� VSURXW-
LQJ�RI�JUDLQV��ZKLFK��UHPDLQV�WR�EH�D�PDMRU�SUREOHP�
LQ�DJULFXOWXUH�

Conclusions

,Q� GHYHORSLQJ� ZKHDW� VHHGV� WZR� PRO\EGHQXP�
FRQWDLQLQJ�HQ]\PHV��$2�DQG�;'+��DUH�V\QWKHVL]HG�
FRQVWLWXWLYHO\��:KHUHDV��15��WKH�WKLUG�PRO\EGRHQ-

]\PH��LV�LQGXFHG�E\�QLWUDWH��6HHG�PRO\EGRHQ]\PHV�
PD\� SOD\� DQ� LPSRUWDQW� UROH� LQ� GHYHORSLQJ� FHUHDO�
VHHGV�� ,W� KDV� EHHQ� NQRZQ� WKDW� PRO\EGHQXP�GH¿-

FLHQF\� GHFUHDVHV� WKH� DFWLYLW\� RI� SODQW�PRO\EGRHQ-

�� =HHYDDUW��-�$�'���&UHHOPDQ��5�$���������0HWDEROLVP�DQG�SK\VLRORJ\�RI�DEVFLVLF�DFLG��$QQXDO�5HYLHZ�RI�3ODQW�3K\VLRORJ\�
DQG�3ODQW0ROHFXODU�%LRORJ\�������������

�� %ODFN��0���%HZOH\��-�'���+DOPHU��3����������7KH�(QF\FORSHGLD�RI�VHHGV��6FLHQFH��7HFKQRORJ\�DQG�8VHV��:DOOLQJIRUG��2[IRUG-

VKLUH��&$%�,QWHUQDWLRQDO��SS�����
�� %DVNLQ��-�0���%DVNLQ��&�&���������$�FODVVL¿FDWLRQ�V\VWHP�IRU�VHHG�GRUPDQF\�6HHG�6FLHQFH�5HVHDUFK������������
�� )DQJ��-��DQG�&KX��&���������$EVFLVLF�DFLG�DQG�WKH�SUH�KDUYHVW�VSURXWLQJ�LQ�FHUHDOV�3ODQW�6LJQDOLQJ�	�%HKDYLRU������������

�����
�� 3DUU\��$�'���1HLOO��6�-���+RUJDQ��5���������;DQWR[LQ�OHYHOV�DQG�PHWDEROLVP�LQ�WKH�ZLOG�W\SH�DQG�ZLOW\�PXWDQWV�RI�WRPDWR��

3ODQWD�������������
�� )DQJ��-���&KDL��&���4LDQ��4���/L��&���7DQJ��-���6XQ��/���+XDQJ��=���*XR��;���6XQ��&���/LX��0���������0XWDWLRQV�RI�JHQHV�LQ�V\QWKH-

VLV�RI�WKH�FDURWHQRLG�SUHFXUVRUV�RI�$%$�OHDG�WR�SUH�KDUYHVW�VSURXWLQJ�DQG�SKRWR�R[LGDWLRQ�LQ�ULFH��3ODQW�-RXUQDO������������
�� /H\GHFNHU��0�7���0RXUHDX[��7���.UDHSLHO��<���6FKQRUU��.���&DERFKH��0���������0RO\EGHQXP�FRIDFWRU�PXWDQWV��VSHFL¿FDOO\�

LPSDLUHG�LQ�[DQWKLQH�GHK\GURJHQDVH�DFWLYLW\�DQG�DEVFLVLF�DFLG�ELRV\QWKHVLV��VLPXOWDQHRXVO\�RYHUH[SUHVV�QLWUDWH�UHGXFWDVH��
3ODQW�3K\VLRORJ\���������������

�� 6FKZDU]��*���0HQGHO��5�5���5LEEH��0�:���������0RO\EGHQXP�FRIDFWRUV��HQ]\PHV�DQG�SDWKZD\V��1DWXUH���������±����
�� 2UL��1���(VKHG��<���3LQWR��3���3DUDQ��,���=DPLU��'���)OXKU��5���������7$2���D�UHSUHVHQWDWLYH�RI�PRO\EGHQXP�FRIDFWRU�FRQWDLQLQJ�

K\GUR[\ODVHV�IURP�WRPDWR��-RXUQDO�RI�%LRORJLFDO�&KHPLVWU\����������������
��� 6HNLPRWR��+���6HR��0���'RKPDH��1���7DNLR��.���.DPL\D��<���.RVKLED��7���������&ORQLQJ�DQG�PROHFXODU�FKDUDFWHUL]DWLRQ�RI�

SODQW�DOGHK\GH�R[LGDVH��-RXUQDO�RI�%LRORJLFDO�&KHPLVWU\�����������������
��� .UXVH��7���*HKO��&���*HLVOHU��0���/HKUNH��0���5LQJHO��3���+DOOLHU��6���+DQVFK��5���0HQGHO��5�5��������,GHQWL¿FDWLRQ�DQG�ELR-

FKHPLFDO�FKDUDFWHUL]DWLRQ�RI�PRO\EGHQXP�FRIDFWRU�ELQGLQJ�SURWHLQV�IURP�$UDELGRSVLV�WKDOLDQD�-RXUQDO�RI�%LRORJLFDO�&KHP-

LVWU\����������±�����
��� .RVKLED��7���6DLWR��(���2QR��1���<DPDPRWR��1���6DWR��0�� �������3XUL¿FDWLRQ� DQG�SURSHUWLHV�RI�ÀDYLQ�� DQG�PRO\EGHQXP�

FRQWDLQLQJ�DOGHK\GH�R[LGDVH�IURP�FROHRSWLOHV�RI�PDL]H�3ODQW�3K\VLRORJ\�������������
��� 2PDURY��5�7���$NDED��6���.RVKLED��7���/LSV��6�+���������$OGHK\GH�R[LGDVH�LQ�URRWV��OHDYHV�DQG�VHHGV�RI�EDUOH\��+RUGHXPYXO-

JDUH�/����-RXUQDO�RI�([SHULPHQWDO�%RWDQ\�����������
��� $OLNXORY��=��DQG�6FKLHPDQQ��-���������3UHVHQFH�RI�DFWLYH�PRO\EGHQXP�FRIDFWRU�LQ�GU\�VHHGV�RI�ZKHDW�DQG�EDUOH\��3ODQW�6FL-

HQFH������������
��� 6DYLGRY��1�$���$OLNXORY��=���/LSV��+���������,GHQWL¿FDWLRQ�RI�DQ�HQGRJHQRXV�1$'3+�UHJHQHUDWLQJ�V\VWHP�FRXSOHG�WR�QLWUDWH�

UHGXFWLRQ�LQ�YLWUR�DQG�IXQJDO�FUXGH�H[WUDFWV��3ODQW�6FLHQFH��������������



,661��������������������������������������������.D]18�%XOOHWLQ��%LRORJ\�VHULHV��ʋ������������

��=�$��$OLNXORY�HW�DO�

��� 9RJHOV�DQG�9DQ�GHU�'ULIW����������'LIIHUHQWLDO��DQDO\VHV�RI�JO\R[\ODWH�GHULYDWLYHV���$QDO\WLFDO�%LRFKHPLVWU\������������
��� �%UDGIRUG��0�0���������$�UDSLG�DQG�VHQVLWLYH�PHWKRG�IRU�WKH�TXDQWLWDWLRQ�RI�PLFURJUDP�TXDQWLWLHV�RI�SURWHLQ�XWLOL]LQJ�WKH�

SULQFLSDO�RI�SURWHLQ�G\H�ELQGLQJ��$QDO\WLFDO%LRFKHPLVWU\���������
��� *XSWD��$�.���6KDUPD��$�.���*XKD�0XNKHUMHH��6���6RSRU\��6�.���������,QKLELWLRQ�RI�QLWUDWH�UHGXFWDVH�LQGXFWLRQ�LQ�JHUPLQDWLQJ�

EDUOH\�HPEU\RV�E\�HQGRVSHUP�3ODQW�6FLHQFH�������������
��� .DZDNDPL��1���0L\DNH��<���.]XKLNR��1���������$%$�LQVHQVLWLYLW\�DQG� ORZ�$%$�OHYHOV�GXULQJ�VHHG�GHYHORSPHQW�RI�QRQ�

GRUPDQW�ZKHDW�PXWDQWV��-RXUQDO�RI�([SHULPHQWDO�%RWDQ\������������������
��� 7ULSOHWW��(�:���%OHYLQV��'�*���5DQGDOO��'�'���������3XUL¿FDWLRQ�DQG�SURSHUWLHV�RI�VR\EHDQ�QRGXOH�[DQWKLQH�GHK\GURJHQDVH��

$UFKLYHV�RI�%LRFKHPLVWU\�DQG�%LRSK\VLFV������������


