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7+$1.)8/1(66

2QFH\RXPHHWVRPHRQH\RXQHYHUUHDOO\IRUJHWWKHPLQ6SLULWHG$ZD\
/LIHLVVXIIHULQJ,WLVKDUG7KHZRUOGLVFXUVHG%XWVWLOO\RXILQGUHDVRQVWRNHHSRQOLYLQJLQ3ULQFHVV
0RQRQRNH
:HHDFKQHHGWRILQGRXURZQLQVSLUDWLRQ6RPHWLPHVLW¶VQRWHDV\LQ.LNL V'HOLYHU\6HUYLFH
7KHVPDOOHVWDFWRINLQGQHVVLVZRUWKPRUHWKDQWKHJUDQGHVWLQWHQWLRQ2VFDU:LOGH



7KHUHDUHPDQ\SHRSOH,DPWKDQNIXOP\IDPLO\IULHQGVDQGFROOHDJXHV7KH\DOOLQGLIIHUHQW

ZD\VKHOSHGPHWRFDUU\RQDQGILQLVKHYHU\WKLQJWKDWLVSDUWRIWKLVWKHVLV(DFKHYHU\GD\DFWGHILQHV
KRZPXFKHDFKSHUVRQLVLPSRUWDQWWRPHDQGKRZ,FKHULVKWKHLUVXSSRUWVR,GRQ¶WILQGWKHXUJHWR
QDPHHYHU\RQHHVSHFLDOO\DVLWZRXOGEHZRHIXOLI,PLVVDQDPH
,PXVWDOVRWKDQNWKH%RWDQ\'HSDUWPHQWRI%LRVFLHQFHV,QVWLWXWHRI8QLYHUVLW\RI6DR3DXOR
IRUWKHDFDGHPLFDQGVWUXFWXUDOVXSSRUWDQG)$3(63IRUWKHJUDQWDQGILQDQFLDOVXSSRUW
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5(6802
$VIROKDVSDUDDPDLRULDGDVHVSpFLHVYHJHWDLVVmRRSULQFLSDOyUJmRUHVSRQViYHOSHODIL[DomRGH
FDUERQR'XUDQWHRGHVHQYROYLPHQWRIROLDURSRWHQFLDOIRWRVVLQWpWLFRDXPHQWDDWpDIROKDDWLQJLUD
VXDPDWXULGDGH&RQVHTXHQWHPHQWHQRPRPHQWRTXHRSURJUDPDGHVHQHVFrQFLDVHLQLFLDDIROKD
DSUHVHQWD D PDLRU WD[D GH IRWRVVtQWHVH D TXDO SDVVD HQWmR D GHFOLQDU FRQIRUPH R FORURSODVWR VH
GHVRUJDQL]DHDPDTXLQDULDIRWRVVLQWpWLFDpGHJUDGDGD$SHVDUGDUHGXomRQDIL[DomRGHFDUERQRR
FDWDEROLVPRGHPDFURPROpFXODVSRVVLELOLWDDUHPRELOL]DomRGHQXWULHQWHVSDUDRVyUJmRVGUHQRHP
GHVHQYROYLPHQWR1HVWHFRQWH[WRDWUDVDUDVHQHVFrQFLDGHVWDFDVHFRPRXPDSURPLVVRUDHVWUDWpJLD
SDUDDXPHQWRGDSURGXWLYLGDGHXPDYH]TXHHVWHQGHRSHUtRGRGHPi[LPDIL[DomRGHFDUERQRGDV
IROKDV 2XWUD HVWUDWpJLD TXH WHP UHFHELGR DWHQomR SRU SRWHQFLDOPHQWH UHJXODU D FDSDFLGDGH
IRWRVVLQWpWLFDHDIHWDUDTXDOLGDGHQXWULFLRQDOGRVyUJmRVFROHWiYHLVpDPDQLSXODomRGDGHJUDGDomR
GD FORURILOD 'XUDQWH R FDWDEROLVPR GHVWH SLJPHQWR R ILWRO OLEHUDGR p UHFLFODGR SRGHQGR VHU
DUPD]HQDGR LHQDIRUPDGHpVWHUHVGHILWLOFRPiFLGRVJUD[RV VHUXWLOL]DGRQDVtQWHVHGHQRYDV
PROpFXODVGHFORURILODRXVHULQFRUSRUDGRQDURWDELRVVLQWpWLFDGHWRFRIHUyLV(VWHV~OWLPRVFRPSRVWRV
SRUVHXSRWHQFLDODQWLR[LGDQWHSRVVXHPDOWRYDORUQXWUDFrXWLFR1RHQWDQWRDPDLRUSDUWHGRVHVWXGRV
VREUHVHQHVFrQFLDHGHJUDGDomRGHFORURILODIRLUHDOL]DGDQDSODQWDPRGHOR$UDELGRSVLVWKDOLDQDRX
HPJUDPtQHDVWRUQDQGRHVFDVVDVDVLQIRUPDo}HVUHODWLYDVDSODQWDVFRPIUXWRVFDUQRVRVGHLQWHUHVVH
SDUDDGLHWDKXPDQD1HVVHkPELWRRWRPDWHLUR6RODQXPO\FRSHUVLFXPpXPH[FHOHQWHPRGHORGH
HVWXGR QmR DSHQDV SHOD GLVSRQLELOLGDGH GH UHFXUVRV JHQpWLFR H JHQ{PLFRV PDV WDPEpP SHOD
LPSRUWkQFLD DJURQ{PLFD H QXWULFLRQDO GHVWD HVSpFLH $VVLP HVWH WUDEDOKR SUHWHQGH H[SDQGLU R
FRQKHFLPHQWRDFHUFDGRVHIHLWRVGDPDQLSXODomRGDGHJUDGDomRGHFORURILODHGDVHQHVFrQFLDVREUHR
PHWDEROLVPRHSURGXWLYLGDGHGRWRPDWHLUREHPFRPRVREUHDTXDOLGDGHQXWULFLRQDOGRVIUXWRV'H
PRGRDVHDYDOLDUDVFRQVHTXrQFLDVGHDOWHUDo}HVQDGHJUDGDomRGHFORURILODLQLFLRXVHSRULGHQWLILFDU
HFDUDFWHUL]DUHPWRPDWHLURDVHQ]LPDVFORURILODVHHIHRILWLQDVHDVTXDLVFDWDOLVDPDGHILWLODomRGD
PROpFXOD GH FORURILOD 8PD YDVWD DQiOLVH ILORJHQpWLFD HYROXWLYD H WUDQVFULFLRQDO SHUPLWLX D
LGHQWLILFDomR GH GRLV JUXSRV GH FORURILODVHV XP GRV TXDLV HVWDULD HQYROYLGR QD SODVWLFLGDGH GH
UHVSRVWDVDHVWtPXORVHRRXWURQDKRPHRVWDVHGRVQtYHLVGHFORURILOD-iSDUDIHRILWLQDVHVRPHQWHXP
JUXSRIRLLGHQWLILFDGRRTXDOHVWiUHODFLRQDGRDSURFHVVRVILVLRORJLFDPHQWHSURJUDPDGRVTXHOHYDP
j GHJUDGDomR GH FORURILOD LH VHQHVFrQFLD IROLDU H DPDGXUHFLPHQWR GH IUXWRV  'DGR R SDQRUDPD
REWLGR D IHRILWLQDVH IRL HVFROKLGD SDUD VHU FRQVWLWXWLYDPHQWH VLOHQFLDGD GH PRGR D VH DYDOLDU DV
FRQVHTXrQFLDV SDUD R PHWDEROLVPR GH IROKDV H IUXWRV &RPR FRQVHTXrQFLD GR VLOHQFLDPHQWR DV
OLQKDJHQV WUDQVJrQLFDV PRVWUDUDPVH LQFDSD]HV GH GHJUDGDU FORURILOD GXUDQWH D VHQHVFrQFLD PDV
HPERUDFRPXPDWUDVRQDVHWDSDVLQLFLDLVDGHJUDGDomRDRORQJRGRDPDGXUHFLPHQWRGHIUXWRVQmR
ϭϭ
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IRL FRPSURPHWLGD 'LYHUVRV SDUkPHWURV IRWRVVLQWpWLFRV H ELRTXtPLFRV IRUDP LQGLFDWLYRV GH
IRWRLQLELomRSRVVLYHOPHQWHHPYLUWXGHGHXPDGHILFLrQFLDQDUHFLFODJHPGDFORURILODHPIROKDV,VWR
DFDUUHWRXHPXPDXPHQWRQDH[SRUWDomRGHDo~FDUHVSDUDIUXWRVLQFUHPHQWDQGRDFRQFHQWUDomRGH
Do~FDUHV VRO~YHLV QRV IUXWRV PDGXURV TXH HP FRQWUDSDUWLGD UHVXOWRX QD TXHGD QRV WHRUHV GH
FDURWHQRLGHV$TXHGDQHVWHVFRPSRVWRVDQWLR[LGDQWHVIRLDRPHQRVSDUFLDOPHQWHFRPSHQVDGDSRU
XPDXPHQWRQRVQtYHLVGHWRFRIHUyLV2VUHVXOWDGRVLQGLFDUDPTXHDIHRILWLQDVHSRVVXLXPSDSHODOpP
GDGHJUDGDomRGHFORURILODDVVRFLDGDjVHQHVFrQFLDHTXHVXDPDQLSXODomROHYDDRGHVHQYROYLPHQWR
GHIUXWRVFRPPDLRUWHRUGHDo~FDUHVVRO~YHLVHGHWRFRIHUyLVDRFXVWRGDUHGXomRQRGHFDURWHQRLGHV
'HVWD IRUPD HVWDV HYLGrQFLDV VXSRUWDP D PDQLSXODomR GD FORURILOD FRPR HVWUDWpJLD SDUD R
PHOKRUDPHQWR GH IUXWRV FDUQRVRV 3DUD LQYHVWLJDU R HIHLWR GD VHQHVFrQFLD VREUH D SURGXWLYLGDGH H
TXDOLGDGH GH IUXWRV IRL HVFROKLGR R IDWRU GH WUDQVFULomR 25(6$5$ R TXDO HVWi DPSODPHQWH
FDUDFWHUL]DGR HP $ WKDOLDQD H p FRQVLGHUDGR XP UHJXODGRU FKDYH QR GHVHQFDGHDPHQWR GHVWH
SURFHVVR $ SDUWLU GH XPD H[WHQVD DQiOLVH ILORJHQpWLFD H GD FDUDFWHUL]DomR GH VXD UHJXODomR XP
SXWDWLYR RUWyORJR IRL VHOHFLRQDGR FRPR DOYR SDUD VLOHQFLDPHQWR &RPR FRQVHTXrQFLD GHVWD
PDQLSXODomR IROKDV DSUHVHQWDUDP RV QtYHLV GH FORURILOD LQFUHPHQWDGRV $OpP GLVWR WD[DV
IRWRVVLQWpWLFDVPDLRUHVTXHDVGRJHQyWLSRFRQWUROHIRUDPPDQWLGDVSRUPDLRUWHPSRLQGLFDQGRTXH
DLQLFLDomRGDVHQHVFrQFLDIRLUHWDUGDGD$VVLPHVWDVSODQWDVSURGX]LUDPXPPDLRUQ~PHURGHIUXWRV
FRQVHTXHQWHPHQWH DXPHQWDQGR R tQGLFH GH FROKHLWD GHVVDV OLQKDJHQV 2V IUXWRV PDGXURV
DSUHVHQWDUDPPDLRUHVWHRUHVGHDo~FDUHVVRO~YHLVHGHWRFRIHUyLV2VUHVXOWDGRVGHPRVWUDUDPTXHR
UHWDUGRGRLQtFLRGDVHQHVFrQFLDpXPDHVWUDWpJLDHIHWLYDSDUDDXPHQWRGDSURGXWLYLGDGHGHWRPDWHLUR
&ROHWLYDPHQWHRVUHVXOWDGRVREWLGRVDSURIXQGDPRFRQKHFLPHQWRDFHUWDGRVLPSDFWRVGDGHJUDGDomR
GH FORURILOD H VHQHVFrQFLD VREUH R PHWDEROLVPR GH SODQWDV FRP IUXWRV FDUQRVR DOpP GH SURYHU
HVWUDWpJLDVSDUDVHLQFUHPHQWDUDSURGXWLYLGDGHHDTXDOLGDGHQXWULFLRQDOGHIUXWRV






ϭϮ
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$%675$&7
/HDYHV DUH UHVSRQVLEOH IRU WKH PDMRULW\ RI WKH IL[HG FDUERQ LQ PRVW SODQW VSHFLHV $ORQJ OHDI
GHYHORSPHQWWKHSKRWRV\QWKHWLFFDSDFLW\LQFUHDVHVXQWLOWKHRUJDQUHDFKHVPDWXULW\&RQVHTXHQWO\
DWWKHRQVHWRIVHQHVFHQFHWKHOHDYHVKDYHWKHKLJKHVWSKRWRV\QWKHWLFDFWLYLW\WKHQDVWKHFKORURSODVWV
DUHGLVPDQWOHGDQGWKHSKRWRV\QWKHWLFPDFKLQHU\LVGHJUDGHGOHDYHVJUDGXDOO\ORVHWKHUDWHRIFDUERQ
DVVLPLODWLRQ $OWKRXJK WKH FDSDFLW\ WR IL[ FDUERQ GHFOLQHV DV VHQHVFHQFH SURJUHVVHV QXWULHQW
UHPRELOL]DWLRQIURPPDFURPROHFXOHGHJUDGDWLRQQRXULVKHVWKHGHYHORSLQJVLQNRUJDQV,QWKLVUHJDUG
GHOD\LQJ OHDI VHQHVFHQFH VWDQGV RXW DV D SURPLVLQJ VWUDWHJ\ WR LQFUHDVH SODQW \LHOG DV H[WHQGV WKH
ZLQGRZ RI WLPH ZLWK PD[LPXP FDUERQ IL[DWLRQ UDWH $QRWKHU DSSURDFK WKDW LV UHFHLYLQJ PXFK
DWWHQWLRQLVWKHPDQLSXODWLRQRIFKORURSK\OOGHJUDGDWLRQRQFHLWSRWHQWLDOO\UHJXODWHVSKRWRV\QWKHWLF
FDSDFLW\ DQG DIIHFWV WKH QXWULWLRQDO TXDOLW\ RI KDUYHVWDEOH RUJDQV $V FKORURSK\OO LV GHJUDGHG WKH
UHOHDVHG SK\WRO LV UHF\FOHG DQG FDQ EH HLWKHU VWRUHG LH DV IDWW\ DFLG SK\W\O HVWHUV  XVHG IRU
FKORURSK\OO V\QWKHVLV RU EH LQFRUSRUDWHG LQ WRFRSKHURO ELRV\QWKHVLV 7RFRSKHUROV KDYH KLJK
QXWUDFHXWLFDOYDOXHGXHWRWKHLUDQWLR[LGDQWSURSHUWLHV+RZHYHUWKHPDMRULW\RIWKHVWXGLHVUHJDUGLQJ
VHQHVFHQFHDQGFKORURSK\OOGHJUDGDWLRQZHUHFDUULHGRXWLQWKHPRGHOSODQW$UDELGRSVLVWKDOLDQDRU
JUDVVHVFUHDWLQJDNQRZOHGJHJDSDERXWWKHVHSURFHVVHVLQIOHVK\IUXLWEHDULQJSODQWVRIKXPDQGLHW
LQWHUHVW ,Q WKLV UHJDUG WKH WRPDWR 6RODQXP O\FRSHUVLFXP LV DQ H[FHOOHQW PRGHO QRW RQO\ IRU WKH
JHQHWLF DQG JHQRPLF UHVRXUFHV EXW DOVR IRU LWV DJURQRPLF DQG QXWULWLRQDO LPSRUWDQFH 7KXV WKLV
SURMHFWDLPVWRH[WHQGZKDWLVNQRZQDERXWWKHHIIHFWVRIFKORURSK\OOGHJUDGDWLRQDQGVHQHVFHQFH
PDQLSXODWLRQRYHUWKHPHWDEROLVPDQG\LHOGRIWRPDWRSODQWVDVZHOODVIUXLWQXWULWLRQDOTXDOLW\,Q
RUGHU WR HYDOXDWH WKH FRQVHTXHQFHV RI DOWHUDWLRQ LQ FKORURSK\OO GHJUDGDWLRQ ILUVW WKH HQ]\PHV
FKORURSK\OODVH DQG SKHRSK\WLQDVH ERWK FDSDEOH RI GHSK\W\ODWLQJ WKH FKORURSK\OO PROHFXOH ZHUH
LGHQWLILHG DQG FKDUDFWHULVHG $Q H[WHQVLYH SK\ORJHQHWLF HYROXWLYH DQG WUDQVFULSWLRQDO DQDO\VLV
DOORZHGWKHLGHQWLILFDWLRQRIWZRJURXSVRIFKORURSK\OODVHVRQHSXWDWLYHO\LQYROYHGLQWKHUHVSRQVH
WRGLIIHUHQWVWLPXOLZKLOHWKHRWKHUPD\DFWLQFKORURSK\OOKRPHRVWDVLV$VIRUSKHRSK\WLQDVHRQO\
RQH JURXS ZDV LGHQWLILHG EHLQJ UHODWHG WR SK\VLRORJLFDOO\ SURJUDPPHG SURFHVVHV WKDW WULJJHU
FKORURSK\OOGHJUDGDWLRQ LHOHDIVHQHVFHQFHDQGIUXLWULSHQLQJ *LYHQWKLVVFHQDULRSKHRSK\WLQDVH
ZDVFKRVHQWREHFRQVWLWXWLYHO\NQRFNHGGRZQLQRUGHUWRHYDOXDWHWKHHIIHFWVRYHUWKHPHWDEROLVP
RIOHDYHVDQGIUXLWV$VFRQVHTXHQFHRIWKLVPDQLSXODWLRQWUDQVJHQLFSODQWVZHUHLPSDLUHGLQWKHOHDI
VHQHVFHQFHDVVRFLDWHG FKORURSK\OO EUHDNGRZQ EXW DOWKRXJK ZLWK DQ LQLWLDO GHOD\ IUXLW ULSHQLQJ
DVVRFLDWHG GHJUHHQLQJ ZDV QRW FRPSURPLVHG 6HYHUDO SKRWRV\QWKHWLF DQG ELRFKHPLFDO SDUDPHWHUV
ZHUHVLJQVRISKRWRLQKLELWLRQSRVVLEO\GXHWRDGHILFLHQF\LQFKORURSK\OOUHF\FOLQJLQOHDYHV7KLV
OHGWRDQLQFUHDVHLQVXJDUH[SRUWDWLRQWRZDUGVIUXLWVXOWLPDWHO\LQFUHDVLQJVROXEOHVXJDUFRQWHQWRI
ϭϯ
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ULSHIUXLWV+RZHYHUDVDFRQVHTXHQFHFDURWHQRLGOHYHOVZHUHUHGXFHGZKDWDWOHDVWSDUWLDOO\LWZDV
FRPSHQVDWHGE\DQLQFUHDVHLQWRFRSKHUROFRQWHQW7KHUHVXOWVLQGLFDWHGWKDWSKHRSK\WLQDVHSOD\VD
UROH EH\RQG VHQHVFHQFHDVVRFLDWHG FKORURSK\OO GHJUDGDWLRQ DQG LWV PDQLSXODWLRQ OHG WR WKH
GHYHORSPHQWRIIUXLWZLWKLQFUHDVHGVROXEOHVXJDUVDQGWRFRSKHUROVDWWKHFRVWRIORZHULQJFDURWHQRLG
OHYHOV7KXVWKHVHHYLGHQFHVVXSSRUWWKHPDQLSXODWLRQRIFKORURSK\OOEUHDNGRZQDVDVWUDWHJ\IRU
LPSURYHPHQWRIIOHVK\IUXLWSODQWV,QRUGHUWRDGGUHVVWKHHIIHFWVRIVHQHVFHQFHRYHU\LHOGDQGIUXLW
TXDOLW\WKHWUDQVFULSWLRQIDFWRU25(6$5$ZKLFKKDVEHHQZLGHO\FKDUDFWHULVHGLQ$WKDOLDQDDQG
LV FRQVLGHUHG D NH\ UHJXODWRU RI VHQHVFHQFH LQLWLDWLRQ ZDV WDUJHWHG $IWHU D FRPSUHKHQVLYH
SK\ORJHQHWLFDQDO\VLVDQGWKHFKDUDFWHUL]DWLRQRIWKHUHJXODWRU\PHFKDQLVPVRQHSXWDWLYHRUWKRORJ
ZDV VHOHFWHG WR EH VLOHQFHG $V FRQVHTXHQFH RI WKLV PDQLSXODWLRQ OHDYHV GLVSOD\HG LQFUHDVHG
FKORURSK\OOFRQWHQW0RUHRYHUDVVHQHVFHQFHZDVGHOD\HGWKHH[WHQWRISKRWRV\QWKHWLFDFWLYLW\RI
WKHOHDYHVZDVDOVRH[SDQGHG$VWKHQXPEHURIIUXLWVZDVLQFUHDVHGLQWKHNQRFNGRZQOLQHVWKLV
UHIOHFWHG LQ DQ LQFUHPHQW LQ WKH KDUYHVW LQGH[ 5LSH IUXLWV DFFXPXODWHG PRUH VROXEOH VXJDUV DQG
WRFRSKHUROV&ROOHFWLYHO\WKHUHVXOWVVXSSRUWWKHPDQLSXODWLRQRIOHDIVHQHVFHQFHDVDVWUDWHJ\ IRU
WRPDWR\LHOGLPSURYHPHQW$OWRJHWKHUGDWDREWDLQHGHQKDQFHWKHNQRZOHGJHDERXWWKHLPSDFWVRI
FKORURSK\OO GHJUDGDWLRQ DQG OHDI VHQHVFHQFH RYHU WKH PHWDEROLVP RI IOHVK\IUXLW SODQWV SURYLGLQJ
VWUDWHJLHVWRLQFUHDVH\LHOGDQGQXWULWLRQDOTXDOLW\RIIUXLWV






ϭϰ

14





*(1(5$/,1752'8&7,21
 6HQHVFHQFHUHJXODWLRQDQGPDQLSXODWLRQIRUFURSLPSURYHPHQW
3ODQWV DV VHVVLOH RUJDQLVPV PXVW FRSH ZLWK HQYLURQPHQWDO FKDQJHV E\ SK\VLRORJLFDO
DGMXVWPHQWV7KHFDSDELOLW\WRGRVRLVDQHVVHQWLDOHYROXWLRQDU\WUDLWDVLWDIIHFWVGLUHFWO\WKHILWQHVV
LQ D VSHFLILF HFRORJLFDO VHWWLQJ )HQQHU   7KHVH DGMXVWPHQWV PD\ KDYH GLIIHUHQW PDJQLWXGHV
DFFRUGLQJO\WRWKHVWLPXOXVYDU\LQJ IURPPLQRU PHWDEROLFVKLIWVWRFKDQJHVLQWKHGHYHORSPHQWDO
SURJUDP 6XOWDQ ,QWKLVFRQWH[WOHDYHVSOD\DPDMRUUROH$VWKHVHRUJDQVDUHUHVSRQVLEOHIRU
PRVWRIWKHOLJKWKDUYHVWHGHQHUJ\OHDYHVDUHLQYROYHGLQOLJKWSHUFHSWLRQZKLFKLVDPDMRUDELRWLF
IDFWRUWKDWUHJXODWHVSODQWGHYHORSPHQW *\XODHWDO 
/LJKWGULYHQDGMXVWPHQWVDUHSDUWLFXODUO\LPSRUWDQWLQWKHUHJXODWLRQRIFDUERQIL[DWLRQ%\
FRQWUROOLQJ WKH SK\OORWD[LHV FKORURSODVW GLIIHUHQWLDWLRQ DQG SRVLWLRQLQJ DQG OHDI VKDSH OLJKW
DEVRUSWLRQLVRSWLPL]HG %XVFKPDQQHWDO6PLWK:HVWRQHWDO,QRXHHWDO
7VXND\D   'XULQJ OHDI GHYHORSPHQW WKH UDWH RI FDUERQ IL[DWLRQ DQG FRQVHTXHQWO\ WKH
DYDLODELOLW\RISKRWRDVVLPLODWHVWRWKHGHYHORSLQJSDUWVRIWKHSODQWJUDGXDOO\LQFUHDVHVXQWLOLWUHDFKHV
WKHPD[LPXP7KHQDWDFHUWDLQSRLQWWKHLQWHUSOD\RIHQYLURQPHQWDODQGHQGRJHQRXVVLJQDOVWULJJHUV
WKHOHDIVHQHVFHQFHDQGWKHUDWHRISKRWRV\QWKHVLVVWDUWVWRGHFUHDVH )LJ 


)LJXUH  /HDI OLIHVSDQ G\QDPLFV 5HSUHVHQWDWLRQ RI WKH
FKORURSK\OOFRQWHQW JUHHQ DQGQHWFDUERQDVVLPLODWLRQ EOXH 
GXULQJOHDIOLIHVSDQ%RWKSDUDPHWHUVLQFUHDVHJUDGXDOO\DVWKH
OHDIJURZVDQGGHYHORS$WWKHRQVHWRIVHQHVFHQFHRFFXUVWKH
QHWFDUERQDVVLPLODWLRQLVDWLWVPRVWEXWGHFOLQHVDIWHUZDUGV
DV WKH FKORURSODVW VWUXFWXUH LV GLVDVVHPEOHG DV VHQHVFHQFH
SURJUHVVHV$GDSWHGIURP7KRPDVDQG+RZDUWK  



6HQHVFHQFHLVDQDJHGHSHQGHQWSURFHVVWKDWFDQRFFXUDWGLIIHUHQWOHYHOV LHFHOOXODUWLVVXH
RUJDQ RU RUJDQLVP OHYHO  DQG OHDGV WR D PDVVLYH FDWDEROLVP SURJUDP WKDW HQDEOHV QXWULHQW
UHPRELOL]DWLRQDQGXOWLPDWHO\GHDWKRUHQGRIWKHRUJDQOLIHVSDQ 1RRGpQ <HWQRWRQO\DJH
EXWDOVRPDQ\LQWHUQDODQGH[WHUQDOIDFWRUVVXFKDVIUXLWULSHQLQJVHHGVHWWLQJWHPSHUDWXUHOLJKW
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GURXJKWQXWULHQWDYDLODELOLW\DQGSDWKRJHQLQIHFWLRQFDQWULJJHUWKHVHQHVFHQFHSURJUDP 1RRGpQ
DQG*XLDPHW+HQVHOHWDO1DP 
7KHFDSDFLW\WRLQLWLDWHDFRRUGLQDWHGFDWDEROLVPSURJUDPLQUHVSRQVHIRUERWKHQGRJHQRXV
DQGH[RJHQRXVIDFWRUVLVFULWLFDOIRULPSURYLQJWKHILWQHVV /LPHWDO $VFKORURSODVWVDUHWKH
ILUVWRUJDQHOOHVWREHGHJUDGHG 'RGJH WKHUHF\FOLQJRIFKORURSODVWVOLSLGVDQGSURWHLQVLVDQ
LPSRUWDQWVRXUFHRIQXWULHQWVIRUVLQNRUJDQV)RUH[DPSOHQLWURJHQVDOYDJLQJFDQDFFRXQWIRUXSWR
RIWKHILQDOFRQWHQWLQJUDLQVDQGWKHIDWW\DFLGFRQWHQWFDQGHFUHDVHXSWRLQVHQHVFHQW
OHDYHV ,VFKHEHFNHWDO3DGKDPHWDO<DQJDQG2KOURJJH:DWDQDEHHWDO
*LURQGpHWDO 6LQFHGXULQJWKHLUOLIHVSDQFKORURSODVWVDUHWKHVRXUFHVRIFDUERQDQGDUHPDMRU
VRXUFHVRIQLWURJHQZKLOHEHLQJGHJUDGHGLWLVH[SHFWHGDILQHWXQLQJRIOHDIVHQHVFHQFHWRJXDUDQWHH
WKHSURSHUFDUERQDQGQLWURJHQSDUWLWLRQLQJWRGHYHORSLQJRUJDQV
'LIIHUHQWO\ WR FKORURSODVWV WKH QXFOHXV DQG PLWRFKRQGULD DUH RQO\ GHJUDGHG LQ ODWHU
VHQHVFHQFH VWDJH 7KRPVRQ DQG 3ODWW$ORLD  1RRGpQ   DV DORQJ WKH SURFHVV WKH FHOO
UHPDLQV WUDQVFULSWLRQDOO\ DQG PHWDEROLFDOO\ DFWLYH 7KXV LQ WKH HDUO\ VWDJHV RI VHQHVFHQFH
FKORURSODVWVDUHGLVUXSWHGDQGFDUERQDVVLPLODWLRQFHDVHVZKLOHWKHQXFOHXVUHPDLQVDFWLYHVKLIWLQJ
WKHJHQHWLFSURJUDPPHWKDWXOWLPDWHO\OHDGVWRFHOOGHDWK <HQDQG<DQJ4XLULQRHWDO
6LPHRQRYDHWDO&DRHWDO 
)RU DOO WKH DERYH PHQWLRQHG WKH RQVHW RI VHQHVFHQFH VWDQGV RQ WKH SRLQW RI HTXLOLEULXP
EHWZHHQ YHJHWDWLYH JURZWK E\ PHDQV FDUERQ IL[DWLRQ DQG FKORURSODVW GLVPDQWOLQJ DQG QXWULHQW
UHPRELOLVDWLRQ $V WKH GHOD\ RU LPSDLUPHQW RI OHDI VHQHVFHQFH KDV EHHQ SURSRVHG DV D VWUDWHJ\ WR
LPSURYHSODQW\LHOG 5RVVLHWDO LWPXVWEHHYDOXDWHGWRZKLFKH[WHQGLWLVSRVVLEOHWRUHWDUG
VHQHVFHQFHLQLWLDWLRQZLWKRXWFRPSURPLVLQJQXWULHQWUHPRELOLVDWLRQ
3ODQWV GHILFLHQW LQ GLVWLQFW DVSHFWV RI VHQHVFHQFH SURFHVV ZHUH FKDUDFWHUL]HG DQG QDPHG DV
VWD\JUHHQJHQRW\SHV 7KRPDVDQG+RZDUWK7KRPDVDQG2XJKDP 7KLVFODVVLILFDWLRQ
LQFOXGHVDJUHDWGLYHUVLW\RIPXWDWLRQVWKDWDIIHFWVIURPFKORURSK\OOFDWDEROLVPWRNH\UHJXODWRUVRI
WKHVHQHVFHQFHLQLWLDWLRQRUSURJUHVVLRQ 7KRPDVDQG2XJKDP )RUPRVWRIWKHVHPXWDQWVWKH
JHQHWLFEDVHVWKDWXQGHUQHDWKWKHVWD\JUHHQSKHQRW\SHUHPDLQXQNQRZQ1RQHWKHOHVVVHYHUDOJHQHV
WKDW DUH XSUHJXODWHG GXULQJ VHQHVFHQFH QDPHG VHQHVFHQFHDVVRFLDWHG JHQHV 6$*V  KDYH EHHQ
LGHQWLILHG %XFKDQDQ:ROODVWRQ1DP*HSVWHLQHWDO*XRHWDO/LQHWDO
%XFKDQDQ:ROODVWRQHWDO 7KHRQHVILUVWO\FKDUDFWHULVHGKDVEDFNHGVWUDWHJLHVIRU\LHOG
LPSURYHPHQW *XRDQG*DQ VSHFLDOO\ 6$*WKDWHQFRGHVDVHQHVFHQFHVSHFLILFYDFXRODU
F\VWHLQHSURWHLQDVHZKLFKZDVILUVWLGHQWLILHGLQ$UDELGRSVLVWKDOLDQD /RKPDQHWDO 
ϭϲ
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'XHWRWKHKLJKVSHFLILFLW\RI6$*SURPRWHULWKDVEHHQZLGHO\XVHGWRGULYHWKHH[SUHVVLRQ
RI,623(17(1</75$16)(5$6( ,37 DLPLQJWRGHOD\OHDIVHQHVFHQFH *DQDQG$PDVLQR
*XRDQG*DQ 7KLVDSSURDFKUHOLHVXSRQWKHLQKLELWRU\HIIHFWVRIF\WRNLQLQVRYHUVHQHVFHQFH
'¶$JRVWLQR DQG .LHEHU   DV WKH ILUVWFRPPLWWHG DQG UDWH OLPLWLQJ VWHS RI WKLV KRUPRQH
V\QWKHVLVLVFDWDO\VHGE\,37 %DUU\ HWDO ,QFUHDVLQJWKHOHYHOVRIWKLVHQ]\PHDWDQHDUO\
VWDJHRIVHQHVFHQFHSURPRWHVDF\WRNLQLQGULYHQEORFNDJHRIWKLVSURFHVVSURJUHVVLRQDQGDUHYHUVLRQ
WRWKHFHOOYHJHWDWLYHSURJUDP *DQDQG$PDVLQR 
7KHHIIHFWLYHQHVVRI36$*,37H[SUHVVLRQZDVILUVWDGGUHVVHGLQ1LFRWLDQDWDEDFXPUHQGHULQJ
SODQWV ZLWK GHOD\HG VHQHVFHQFH LQFUHDVHG ELRPDVV DQG QR PRUSKRJHQHWLF DEQRUPDOLWLHV DV
FRQVHTXHQFHRIWKHHFWRSLFF\WRNLQLQV\QWKHVLV *DQDQG$PDVLQR +RZHYHULIJURZQXQGHU
OLPLWHG QLWURJHQ VXSSO\ GHYHORSLQJ RUJDQV ZHUH SHQDOL]HG VKRZLQJ QXWULWLRQDO GHILFLHQF\
SKHQRW\SHVVXFKDVORZFKORURSK\OOFRQWHQWGXHWRWKHVKRUWDJHRIWKLVQXWULHQW -RUGLHWDO 
7KHVXFFHVVRIWKLVDSSURDFKOHGWRWKHXVDJHRISURPRWHUVRIRWKHUVHQHVFHQFHDVVRFLDWHGJHQHVWR
GULYH,37H[SUHVVLRQVXFKDVWKHRQHIURPWKH6(1(6&(1&($662&,$7('5(&(37253527(,1
.,1$6( 6$5.  5LYHURHWDO3HOHJHWDO.XSSXHWDO 6RODQXPO\FRSHUVLFXP
$*3DVH6 /XRHWDO *RVV\SLXPKLUVXWXP&<67(,1(3527(,1$6( *KF\VS  /LXHWDO
  $ WKDOLDQD 6$* 6ZDUW]EHUJ HW DO   DQG 2U\]D VDWLYD 6$* /LX HW DO  
%HVLGHV1WDEDFXPLQFUHDVHLQELRPDVVDQGRU\LHOGZDVDOVRUHSRUWHGLQRWKHUSODQWVVXFKDV$
WKDOLDQD =KDQJ HW DO   %UDVVLFD QDSXV /XR HW DO   * KLUVXWXP /LX HW DO  
$UDFKLVK\SRJDHD 4LQHWDO DQG2VDWLYD 3HOHJHWDO 
$OWKRXJKWKH36$*,37VWUDWHJ\KDVSURYHQWREHVXFFHVVIXOWRGHOD\VHQHVFHQFHDQGLQFUHDVH
\LHOGWKHDFWLYDWLRQRI6$*WUDQVFULSWLRQRFFXUVDIWHUWKHVLJQDOWKDWWULJJHUVWKHRQVHWRIVHQHVFHQFH
7KXV DQRWKHU LQWHUHVWLQJ DSSURDFK WR PDQLSXODWH OHDI VHQHVFHQFH WDUJHWV WKH WUDQVFULSWLRQ IDFWRUV
7)V LQYROYHGLQWKHLQLWLDWLRQRIWKHSURFHVV %UHH]HHWDO/LHWDO*XR:RR
HW DO   ,Q WKLV UHJDUG WKUHH IDPLOLHV RI 7)V KDYH EHHQ FKDUDFWHULVHG DV PDMRU VHQHVFHQFH
UHJXODWRUV WKH 0<% :DUQHU HW DO  *XR DQG *DQ  =KDQJ HW DO   WKH :5.<
=HQWJUDIHWDO DQGWKH1$& *XRDQG*DQ.LPHWDO/HHDWDO+LFNPDQ
HWDO 
7KH1$0$7$)&8& 1$& IDPLO\LQFOXGHVDJUHDWQXPEHURI7)WKDWDUHLQYROYHGLQPDQ\
SURFHVVHVDORQJSODQWGHYHORSPHQW 0LWVXGDHWDO2OVHQHWDO3XUDQLNHWDO=KX
HWDO0DXJDUQ\&DOHVHWDO DQGKDVUHFHLYHGVSHFLDODWWHQWLRQLQWKHSDVWIHZ\HDUVE\
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WKHFKDUDFWHULVDWLRQRI1$&GRPDLQFRQWDLQLQJSURWHLQVDVNH\UHJXODWRUVRIVHQHVFHQFH 7KRPDV
DQG2XJKDP.LPHWDO SDUWLFXODUO\25(6$5$ 25( 
7KH GHOD\HG OHDI VHQHVFHQFH SKHQRW\SH DOORZHG WKH LGHQWLILFDWLRQ RI WKH $ WKDOLDQD RUH
PXWDQW 2KHWDO ZKLFKZDVODWHU FKDUDFWHULVHGDVGHIHFWLYHLQD 1$&GRPDLQFRQWDLQLQJ
SURWHLQ7KHIXQFWLRQDOFKDUDFWHULVDWLRQRI$W25(GHPRQVWUDWHGWKDWWKHHQFRGHGSURWHLQLVDNH\
7)LQYROYHGLQVHQHVFHQFHWULJJHULQJ .LPHWDO%DOD]DGHKHWDODE'XHWDO
0DWDOODQD5DPLUH]HWDO5DXIHWDO.LPHWDO*DUDSDWLHWDO4LX
HWDO=KDQJHWDO $W25(WUDQVFULSWDFFXPXODWLRQLVLQGXFHGE\VHYHUDOVHQHVFLQJ
SURPRWLQJVWLPXOLVXFKDVHWK\OHQHDEVFLVLFDFLGDQGGDUNQHVVZKLOHUHSUHVVHGE\OLJKWDQGPL5
.LP HW DO   2QFH WUDQVODWHG WKH SURWHLQ LQGXFHV WKH H[SUHVVLRQ RI 6$*V ZKLOH UHSUHVVLQJ
FKORURSODVWPDLQWHQDQFHUHODWHGJHQHVE\SK\VLFDOO\LQWHUDFWLQJDQGLQDFWLYDWLQJ*2/'(1/,.(
*/. 7) 5DXIHWDO  )LJ 

)LJXUH  25( UHJXODWRU\ QHWZRUN 25( SURPRWHV VHQHVFHQFH E\ GLUHFWO\ DFWLYDWLQJ VHQHVFHQFH
DVVRFLDWHG JHQHV ZKLOH UHSUHVVHV WKH FKORURSODVW PDLQWHQDQFH VLJQDO E\ LQDFWLYDWLQJ *2/'(1 /,.(
WUDQVFULSWLRQ IDFWRUV 'LYHUVH VHQHVFHQFH LQGXFLQJ VWLPXOL VXFK DV K\GURJHQ SHUR[LGH +2  QLWULF R[LGH
12 DJHDEVFLVLFDFLG $%$ HWK\OHQHDQGGDUNQHVVLQGXFHV25(WUDQVFULSWLRQZKLOHLWLVUHSUHVVHGE\
OLJKWVLJQDODQGWKHWUDQVFULSWVDUHUHJXODWHGE\WKHPLFUR51$PL5%OXHOLQHVSRVLWLYHUHJXODWLRQUHG
OLQHV QHJDWLYH UHJXODWLRQJUH\ OLQHV SK\VLFDO LQWHUDFWLRQ GDVKHG OLQH SUHVXPHG UHJXODWLRQ ZLWKRXW GLUHFW
HYLGHQFH\HOORZVTXDUHVVWLPXOLRUDQJHVTXDUHVUHJXODWRUVLQYROYHGLQWKHVLJQDOWUDQVGXFWLRQSXUSOHFLUFOHV
WUDQVFULSWLRQ IDFWRUV 3+<% 3+<72&+520( % UHGIDU UHG OLJKW UHFHSWRU  3,) 3+<72&+520(
ϭϴ
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,17(5$&7,1* )$&725 WUDQVFULSWLRQ IDFWRU QHJDWLYHO\ UHJXODWHG E\ OLJKW  (,1 (7+</(1(
,16(16,7,9( HWK\OHQH VLJQDO WUDQVGXFWLRQ IDFWRU  $%, $%$ ,16(16,7,9( $%$ VLJQDO WUDQVGXFWLRQ
IDFWRU $7$)$5$%,'236,675$16&5,37,21$&7,9$7,21)$&725 1$&GRPDLQFRQWDLQLQJ
SURWHLQLQYROYHGLQ$%$VLJQDOOLQJ 

$OWKRXJKWKHNQRZOHGJHUHJDUGLQJVHQHVFHQFHNHHSVLQFUHDVLQJWKLVSURFHVVKDVEHHQPRVWO\
DGGUHVVHGLQWKHPRGHOSODQW$WKDOLDQDRULQJUDVVHVWKDWXQGHUJRZKROHSODQWVHQHVFHQFHDIWHUWKH
VHHG ILOOLQJ SKDVH WKXV WKHUH LV D JDS RI NQRZOHGJH DERXW WKH UHJXODWLRQ DQG WKH LPSDFWV RI LWV
PDQLSXODWLRQLQRWKHUVSHFLHV7KLVLVSDUWLFXODUO\LQWHUHVWLQJLQIUHVKO\IUXLWEHDULQJSODQWVWKDWGR
QRWXQGHUJRZKROHSODQWVHQHVFHQFHGXULQJIUXLWVHHGPDWXUDWLRQ0RUHRYHUPDQ\HYHQWVWKDWRFFXU
GXULQJVHQHVFHQFHVXFKDVWKHGHJUDGDWLRQRIFKORURSK\OODUHVWLOOQRWIXOO\HOXFLGDWHGEXWDUHFULWLFDO
IRUWKHSURSHUQXWULHQWUHPRELOLVDWLRQ


 &KORURSK\OOGHJUDGDWLRQ
3UREDEO\WKHPRVWQRWRULRXVDVSHFWRIOHDIVHQHVFHQFHLVWKHORVVRIJUHHQQHVVWXUQLQJLQWRD
\HOORZLVKWRQHWKLVV\PSWRPLVHYHQDQHVWDEOLVKHGVHQHVFHQFHPDUNHU /LPHWDO +RZHYHU
WKHUHLVPRUHLQYROYHGLQWKLVSKHQRPHQRQWKDQMXVWDFRVPHWLFFKDQJHLQOHDIFRORXU
7KH FKORURSK\OO DV PRVW WHWUDS\UUROH PROHFXOHV LV D FRPSRXQG WKDW FDQ OHDG WR R[LGDWLYH
GDPDJHRQFHLIQRWSURSHUO\UHJXODWHGH[FLWDWLRQE\OLJKWFDQJHQHUDWHUHDFWLYHR[\JHQVSHFLHV RS
GHQ&DPSHWDO 7KXVLWLVSDUDPRXQWDILQHUHJXODWLRQRYHULWVPHWDEROLVP$VVHQHVFHQFH
WDNHVSODFHWKHFHOOSURJUDPLVVKLIWHGIURPFKORURSODVWPDLQWHQDQFHWRFDWDEROLVPDQGWKHH[SUHVVLRQ
RIVHYHUDOSURWHDVHVDQGFKORURSK\OOGHJUDGLQJHQ]\PHVLVHQKDQFHGOHDGLQJWRWKHGLVDVVHPEOHRI
FKORURSK\OOSURWHLQ FRPSOH[HV DQG LQFUHDVH LQ WKH QXWULHQWV DYDLODEOH IRU UHPRELOLVDWLRQ WR VLQN
RUJDQV 2XJKDPHWDO+DYpHWDO 
$V FKORURSK\OO LV D FRPSOH[ PROHFXOH FRPSRVHG E\ D WHWUDS\UUROH KHDG ZLWK D FHQWUDO
PDJQHVLXPLRQFRQGHQVHGWRDSK\WROGHULYHGVLGHFKDLQ 7DQDNDDQG7DQDND LWVGHJUDGDWLRQ
UHTXLUHVVHYHUDOVWHSV,QIDFWFKORURSK\OOEUHDNGRZQFDQEHGLYLGHGLQWZRVWHSV7KHILUVWRFFXUV
ZLWKLQ WKH FKORURSODVWV DQG FRPSUHKHQGV WKH UHPRYDO RI WKH PDJQHVLXP LRQ GHSK\W\ODWLRQ DQG
FDWDEROLWH LQDFWLYDWLRQ 7KH VHFRQG VWHS WDNHV SODFH LQ WKH F\WRVRO DQG YDFXROH DQG LQYROYHV WKH
PRGLILFDWLRQVRIWKHOLQHDUWHWUDS\UUROHPROHFXOHXQWLOLWVILQDOVWRUDJHLQVHQHVFLQJYDFXROHV &KULVW
DQG +|UWHQVWHLQHU   7KHVH VWHSV DUH SDUW RI WKH VR FDOOHG ³3+(23+25%,'( $

ϭϵ
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2;<*(1$6(SK\OORELOLQ 3$23%  SDWKZD\´ DQG LV FRQVLGHUHG WKH FDQRQLFDO FKORURSK\OO
GHJUDGDWLRQSDWKZD\ +|UWHQVWHLQHU 
,Q RUGHU WR EH DFFHVVLEOH IRU WKH HQ]\PHV ILUVW WKH FKORURSK\OO PXVW EH UHOHDVHG IURP WKH
SURWHLQFRPSOH[HVWKDWDUHDVVRFLDWHGZLWKWKLVSLJPHQW7KH67$<*5((13527(,1 6*5 QRW
RQO\GLVUXSWWKHFKORURSK\OOSURWHLQLQWHUDFWLRQEXWDOVRE\SK\VLFDOO\LQWHUDFWLQJZLWKWKHPLWEULQJV
WRJHWKHU WKH FKORURSK\OOGHJUDGLQJ HQ]\PHV FUHDWLQJ D PXOWLSURWHLQ FRPSOH[ WKDW FKDQQHO DOO WKH
UHDFWLRQV XQWLO WKH FDWDEROLWH LV LQDFWLYDWHG LH LV QR ORQJHU D SRWHQWLDO VRXUFH RI UHDFWLYH R[\JHQ
VSHFLHV  6DNXUDEDHWDO  )LJ 
7KH FKORURSK\OOGHJUDGLQJ PXOWLSURWHLQ FRPSOH[ RQO\ FDWDEROLWHV FKORURSK\OO D GXH WR WKH
3$2DIILQLW\ 3UXåLQVNiHWDO+|UWHQVWHLQHUDQG.UlXWOHU 6RFKORURSK\OOEPROHFXOHV
PXVWEHUHGXFHGE\WKHVXEVHTXHQWDFWLRQRI&+/2523+<//%5('8&7$6( &%5  .XVDEDHW
DO DQG+<'52;<0(7+</&+/2523+<//$5('8&7$6( +&$5  0HJXURHWDO
 WRFKORURSK\OOD )LJ )XUWKHUWKHPDJQHVLXPLRQDQGSK\WROFKDLQDUHUHOHDVHGIURPWKH
FKORURSK\OOPROHFXOHWKHQWKHVXEVHTXHQWUHDFWLRQVPRGLI\MXVWWKHWHWUDS\UUROHKHDG
8QWLO UHFHQWO\ LW ZDV WKRXJKW WKDW FKORURSK\OO ZDV ILUVW GHSK\W\ODWHG E\ WKH DFWLRQ RI
&+/2523+<//$6( &/+  7VXFKL\DHWDO UHOHDVLQJSK\WRODQGFKORURSK\OOLGHWKHODWWHU
ZDVWKHQGHFKHODWHGSURGXFLQJWKHF\FOLFWHWUDS\UUROHSKHRSKRUELGHD )LJ +RZHYHUHYLGHQFHV
IURP JHQRW\SHV GHIHFWLYH IRU &/+ TXHVWLRQHG WKH UROH RI WKLV HQ]\PH LQ VHQHVFHQFHDVVRFLDWHG
GHJUHHQLQJ 6FKHQN HW DO   7KLV OHG WR WKH LGHQWLILFDWLRQ RI DQRWKHU GHSK\W\ODVH WKH
3+(23+<7,1$6( 33+ WKDWUHPRYHVWKHSK\WROFKDLQIURPSKHRSK\WLQDWKHPDJQHVLXPIUHH
FKORURSK\OOFDWDEROLWHJHQHUDWLQJSKHRSKRUELGHD 6FKHOEHUWHWDO  )LJ $VSSKPXWDQWLV
LPSDLUHGLQVHQHVFHQFHDVVRFLDWHGFKORURSK\OOGHJUDGDWLRQ 6FKHOEHUWHWDO DQG33+EXWQRW
&/+LVDEOHWRSK\VLFDOO\LQWHUDFWZLWK6*5DQGRWKHUFKORURSK\OOGHJUDGLQJHQ]\PHV 6DNXUDEDHW
DO    LW LV QRZ FRQVLGHUHG WR EH WKH VHQHVFHQFHDVVRFLDWHG GHSK\W\ODWLQJ HQ]\PH
+|UWHQVWHLQHU&KULVWDQG+|UWHQVWHLQHU 
5HJDUGLQJWKHUHPRYDORIWKHPDJQHVLXPLRQLWKDVIRUORQJEHHQVSHFXODWHGZKHWKHUDPHWDO
FKHODWLQJVXEVWDQFHRUDQHQ]\PHZRXOGEHUHVSRQVHIRUWKLVUHDFWLRQ +|UWHQVWHLQHU 5HFHQWO\
LW ZDV HOXFLGDWHG WKDW 6*5 SURWHLQ LV UHVSRQVLEOH IRU WKH GHFKHODWLQJ DFWLYLW\ RI FKORURSK\OO D
UHQGHULQJSKHRSK\WLQD 6KLPRGDHWDO  )LJ 
7KXVDIWHUGHSK\W\ODWLRQHLWKHUE\&/+RUE\33+SKHRSKRUELGHDLVOLQHDUL]HGE\WKHDFWLRQ
RI3$2 3UXåLQVNiHWDO UHQGHULQJWKHUHGFKORURSK\OOFDWDEROLWHZKLFKLVLQDFWLYDWHGE\WKH
ϮϬ
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5('&+/2523+<// &$7$%2/,7(5('8&7$6( 5&&5  0DFK HWDO   )LJ 7KH
ILQDO SURGXFW RI WKLV ILUVW VWHS RI FKORURSK\OO GHJUDGDWLRQ LV WKH SULPDU\ IOXRUHVFHQW FKORURSK\OO
FDWDEROLWHWKDWLVQRWSKRWRUHDFWLYHDQGLVH[SRUWHGWRWKHF\WRVROZKHUHVHYHUDOFKHPLFDOUHDFWLRQV
FDQ RFFXU IXUWKHU PRGLI\LQJ LQ D JUHDW QXPEHU RI SRVVLEOH VWUXFWXUDOO\ VLPLODU FRPSRXQGV WKDW
UHPDLQVLQWKHF\WRVRORULQWKHYDFXROHRIVHQHVFLQJFHOOV &KULVWDQG+|UWHQVWHLQHU 
6LPLODUO\ WR WKH VHQHVFHQFH WRSLF DOPRVW DOO WKH NQRZOHGJH DERXW FKORURSK\OO GHJUDGDWLRQ
FRPHVIURPVWXGLHVLQ$WKDOLDQDDQGIURPLGHQWLILFDWLRQWRWKHIXQFWLRQDOFKDUDFWHUL]DWLRQWKHUHLV
VFDUFHLQIRUPDWLRQDERXWWKLVSURFHVVLQRWKHUVVSHFLHV7KLVLQIRUPDWLRQLVSDUWLFXODUO\RILQWHUHVWLQ
QXWULWLRQDOO\ LPSRUWDQW FURSV RQFH FKORURSK\OO PHWDEROLVP LV KLJKO\ OLQNHG WR WKH ELRV\QWKHVLV RI
LPSRUWDQWQXWUDFHXWLFDOFRPSRXQGV HJFDURWHQRLGVSURYLWDPLQ$DQGWRFRSKHUROVYLWDPLQ( DV
WKH\VKDUHSUHFXUVRUVSURGXFHGE\WKHPHWK\OHU\WKULWROSKRVSKDWH 0(3 SDWKZD\ ,VFKHEHFN HW
DO  0RFKL]XNL HW DO   7KXV XQUDYHOOLQJ WKH PHFKDQLVPV LQYROYHG LQ FKORURSK\OO
PHWDEROLVPFDQSURYLGHQHZVWUDWHJLHVWRLQFUHDVHWKHQXWUDFHXWLFDOYDOXHRIFURSV


)LJXUH  0XOWLHQ]\PDWLF VHQHVFHQFHDVVRFLDWHG FKORURSK\OOGHJUDGLQJ FRPSOH[ 6LPSOLILHG
UHSUHVHQWDWLRQRIWKHFDQRQLFDOFKORURSK\OOGHJUDGDWLRQSDWKZD\ OHIW DQGWKHSURWHLQFRPSOH[DVVHPEOHGE\
WKHHQ]\PHV ULJKW )RUVHQHVFHQFHDVVRFLDWHGFKORURSK\OOEUHDNGRZQWKH67$<*5((13527(,1 6*5 
KRPRGLPHUL]HVDQGSK\VLFDOO\LQWHUDFWVZLWKWKH/,*+7+$59(67&203/(;,, /+&,, DQGDOORWKHU
FKORURSK\OOGHJUDGLQJHQ]\PHVFUHDWLQJDPXOWLHQ]\PDWLFFRPSOH[WKDWFKDQQHODOOUHDFWLRQVQHFHVVDU\IRU
FKORURSK\OO GHJUDGDWLRQ DQG FKORURSK\OO FDWDEROLWH GHJUDGDWLRQ 7KH LQWHUDFWLRQ ZLWK /+& ,, PDNHV
FKORURSK\OOPROHFXOHVDFFHVVLEOHIRUWKHHQ]\PHV&KORURSK\OOE &KOE PROHFXOHVPXVWILUVWEHUHGXFHGWR
FKORURSK\OOD &KOD E\WZRVXEVHTXHQWUHDFWLRQVFDWDO\VHGE\&+/2523+<//%5('8&7$6( &%5 
DQG+<'52;<0(7+</&+/2523+<//$5('8&7$6( +&$5 7KHQ6*5GHFKHODWHV&KODDQG
UHOHDVHV WKH PDJQHVLXP LRQ 0J  DQG SKHRSK\WLQ D 3KHLQ D  7KH ODWWHU LV WKH K\GURO\VHG E\
3+(23+<7<1$6(SURGXFLQJSK\WRODQGSKHRSKRUELGHD 3KHLGHD $OWHUQDWLYHO\&KODFDQEHK\GURO\VHG
Ϯϭ
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E\&+/2523+</$6( &/+ UHOHDVLQJWKHSK\WROVLGHFKDLQDQGSURGXFLQJFKORURSK\OOLGHD &KOLGHD 
ZKLFKLVFKHODWHGE\DVWLOOXQNQRZQVXEVWDQFHUHQGHULQJ3KHLGHD(LWKHUZD\3KHLGHDLVOLQHDUL]HGLQWRWKH
UHG FKORURSK\OO FDWDEROLWH 5&&  E\ WKH DFWLRQ RI 3+(23+25%,'( $ 2;<*(1$6( 3$2  WKHQ WKLV
FDWDEROLWH LV LQDFWLYDWHG E\ WKH UHDFWLRQ FDWDO\VHG E\ WKH 5(' &+/2523+<// &$7$%2/,7(
5('8&7$6( 5&&5 )LQDOO\WKHSULPDU\IOXRUHVFHQWFKORURSK\OOFDWDEROLWH S)&& LVSURGXFHGDQGZLOO
EH WUDQVORFDWHG WRWKH F\WRVRO ZKHUH LW ZLOO EH PRGLILHG DQG VWRUHG LQ WKH YDFXROH (Q]\PH DUH SRVLWLRQHG
DFFRUGLQJO\WRWKHSK\VLFDOLQWHUDFWLRQEHWZHHQHDFKRIWKHP5HGDUURZKHDGVLQGLFDWHWKHRUGHURIUHDFWLRQV
ZKHQ WKH FRPSRXQG SURGXFHG LV QRW VKRZQ +0&KO K\GUR[\PHWK\O FKORURSK\OO D )&& IOXRUHVFHQW
FKORURSK\OO FDWDEROLWH 1&& QRQIOXRUHVFHQW FKORURSK\OO FDWDEROLWH 7KH VTXDUH FRORXUV LQGLFDWH WKH
IOXRUHVFHQFHVSHFWUXPRIWKHFRPSRXQG$GDSWHGIURP6DNXUDEDHWDO  



 3ODVWLGLVRSUHQRLGGHULYHGFRPSRXQGVFKORURSK\OOWRFRSKHUROVDQG
FDURWHQRLGV
7KH SODVWLGLDO 0(3 SDWKZD\ SURGXFHV JHUDQ\OJHUDQ\O GLSKRVSKDWH **'3  ZKLFK LV D

EUDQFKLQJSRLQWWKDWGLYHUWVWKHPHWDEROLFIOX[WRZDUGVWKHELRV\QWKHVLVRIFDURWHQRLGV)XUWKHUWKH
JHUDQ\OJHUDQ\O GLSKRVSKDWH UHGXFWDVH **'5  FRQYHUWV **'3 WR SK\W\O GLSKRVSKDWH 3'3  D
OLPLWLQJSUHFXUVRUIRUWKHV\QWKHVLVRIFKORURSK\OODQGWRFRSKHUROV /LFKWHQWKDOHU'HOOD3HQQD
DQG 3RJVRQ  4XDGUDQD HW DO  $OPHLGD HW DO   )LJ   $V PHQWLRQHG DERYH
FKORURSK\OO GHJUDGDWLRQ UHOHDVHV SK\WRO ZKLFK FDQ EH UHF\FOHG SURGXFLQJ 3'3 %HVLGHV WKH
LPSRUWDQFH IRU FKORURSK\OO KRPHRVWDVLV SK\WRO VDOYDJH LV WKH PDLQ VRXUFH RI 3'3 IRU WRFRSKHURO
ELRV\QWKHVLV ,VFKHEHFNHWDOYRP'RUSHWDO$OPHLGDHWDO 

ϮϮ
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)LJXUH  %LRV\QWKHWLF SDWKZD\ RI FDURWHQRLGV FKORURSK\OOV DQG WRFRSKHUROV 7KH PHWDEROLVP RI
FKORURSK\OOV JUHHQ  FDURWHQRLGV RUDQJH  DQG WRFRSKHUROV EOXH  LV WLJKWO\ OLQNHG E\ JHUDQ\OJHUDQ\O
S\URSKRVSKDWH **'3 7KLVLVRSUHQRLG LV SURGXFHG E\ WKH SODVWLGLDO PHWK\OHU\WKULWRO SKRVSKDWH 0(3 
SDWKZD\ LV D SUHFXUVRU IRU FDURWHQRLGV V\QWKHVLV DQG RQFH UHGXFHG WR SK\W\OGLSKRVSKDWH 3'3  IRU
FKORURSK\OOVDQGWRFRSKHUROV)URPFKORURSK\OOGHJUDGDWLRQWKHSK\WROSURGXFHGFDQEHSKRVSKRU\ODWHGLQWR
SK\W\OSKRVSKDWH 33 WKDWFDQEHIXUWKHUSKRVSKRU\ODWHGLQWR3'3WKDWFDQIHHGGHQRYRFKORURSK\OOV\QWKHVLV
RUWKHWRFRSKHUROSDWKZD\'RWWHGOLQHVLQGLFDWHWKDWLQWHUPHGLDWHVWHSVDUHRPLWWHG$GDSWHGIURP$OPHLGDHW
DO

%RWK FDURWHQRLGV DQG WRFRSKHUROV DUH HVVHQWLDO IRU WKH SURWHFWLRQ RI SODQW FHOOV DJDLQVW
R[LGDWLYH GDPDJH WKXV SUHVHUYLQJ WKH LQWHJULW\ RI WKH UHDFWLRQ FHQWUHV DQG FRQVHTXHQWO\
SKRWRV\QWKHWLF DFWLYLW\ .ULHJHU/LV]ND\ HW DO  (VWHEDQ HW DO   $V FRQVHTXHQFH RI
FKORURSK\OOSKRWRH[FLWDELOLW\WKHUHDFWLRQVFHQWUHVRISKRWRV\VWHP,DQG,,EHFRPHPDMRUJHQHUDWLQJ
VLWHVRIUHDFWLYHR[\JHQVSHFLHV $VDGD.ULHJHU/LV]ND\7ULDQWDSK\OLGqVDQG+DYDX[
 
7RFRSKHUROVVFDYHQJHR[\JHQVLQJOHWVDQGLQKLELWWKHSURSDJDWLRQRIOLSLGSHUR[LGDWLRQWKDW
FDQGLVUXSWWKHPHPEUDQRXVVWUXFWXUHRIWKHFHOO 0XQQp%RVFK DQG$OHJUH+DYDX[ HWDO
.UXNHWDO.ULHJHU/LV]ND\HWDO 
Ϯϯ
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,QWKHFDVHRIFDURWHQRLGVHDFKW\SHRIWKLVPDMRUSLJPHQWIDPLO\DFWVLQDGLIIHUHQWZD\WR
SURWHFWWKHFHOOXODUIXQFWLRQ %ULWWRQ+LUVFKEHUJ )RULQVWDQFHȕFDURWHQHLVFRPSRQHQW
RIWKHSKRWRV\VWHP,, /ROOHWDO DQGQRWRQO\TXHQFKVLQJOHWR[\JHQEXWDOVRDFWVLQWKHF\FOLF
HOHFWURQIORZ .UDVQRYVN\0L\DNHHWDO7HOIHUHWDO)UDQNDQG%UXGYLJ
.ULHJHU/LV]ND\HWDO7HOIHU 7KH[DQWKRSK\OOVVSHFLDOO\YLROD[DQWKLQDQG]HD[DQWKLQ
WKDWDUHSDUWRIWKHVRFDOOHG[DQWKRSK\OORUYLROD[DQWKLQF\FOHKDYHDPDMRUUROHDVFRPSRQHQWRI
WKHQRQSKRWRFKHPLFDOTXHQFKLQJ7KHLUFDSDELOLW\WRGLVVLSDWHWKHH[FHVVRIHQHUJ\DEVRUEHGE\WKH
FKORURSK\OOVUHOLHVRQWKHHQ]\PDWLFGHHSR[LGDWLRQRIYLROD[DQWKLQLQWR]HD[DQWKLQDIWHUZDUGVWKH
SRRORIYLROD[DQWKLQLVUHVWRUHGE\HSR[LGDWLRQRI]HD[DQWKLQ 'HPPLJ$GDPV<RXQJHWDO
 'UHXZ HW DO  'HPPLJ$GDPV DQG $GDPV  /DWRZVNL HW DO  -DKQV DQG
+RO]ZDUWK $QRWKHU[DQWKRSK\OOF\FOHZKLFKLVDOVRDFRPSRQHQWRIWKHQRQSKRWRFKHPLFDO
TXHQFKLQJ LV WKH OXWHLQ HSR[LGH F\FOH LQ ZKLFK OXWHLQ HSR[LGH LV UHYHUVLEO\ FRQYHUWHG LQWR OXWHLQ
%XQJDUGHWDO*DUFtD3OD]DRODHWDO 
7KHVHDQWLR[LGDQWVFRPSRXQGVDUHQRWRQO\LPSRUWDQWIRUWKHPDLQWHQDQFHRISODQWFHOOXODU
IXQFWLRQVEXWDOVRIRUKXPDQKHDOWK +XQWHUDQG&DKRRQ $VKXPDQVDUHLQFDSDEOHRIGHQRYR
V\QWKHVLV RI YLWDPLQ $ LW PXVW EH VXSSOHPHQWHG E\ WKH GLHW WR ZKLFK HVSHFLDOO\ LQ GHYHORSLQJ
FRXQWULHVSODQWFDURWHQRLGVDFFRXQWIRUPRVWRIWKHGDLO\LQWDNH :HVWDQG'DUQWRQ+LOO 6LQFH
WKH\ DUH FRQYHUWHG WR YLWDPLQ $ E\ WKH LQWHVWLQDO FHOOV FDURWHQRLGV DUH FODVVLILHG DV SURYLWDPLQ $
FRPSRXQGVKRZHYHURQO\RIWKHPDUHNQRZQWRKDYHSURYLWDPLQ$DFWLYLW\ĮFDURWHQHȕFDURWHQH
ȖFDURWHQH DQG ȕFU\SWR[DQWKLQ <RQHNXUD DQG 1DJDR  *UXQH HW DO   )URP WKRVH ȕ
FDURWHQH LV WKH RQH ZLWK KLJKHVW DFWLYLW\ DQG FRQYHUVLRQ WR YLWDPLQ $ <HXP DQG 5XVVHO 
+DUULVRQ*UXQHHWDO+DVNHOO 7KLVFDURWHQRLGLVSDUWLFXODUO\RILQWHUHVWVLQFH
YLWDPLQ$GHILFLHQF\LVDSXEOLFKHDOWKSUREOHPHVSHFLDOO\LQGHYHORSLQJFRXQWULHVVXFKWKRVHIRU
$IULFDDQG$VLDWKDWFDQOHDGWRFKLOGKRRGEOLQGQHVVUHGXFHGLPPXQLW\DQGLQFUHDVHGPRUWDOLW\ULVN
IURPJDVWURLQWHVWLQDOGLVHDVHVDQGPHDVOHV %HDWRQHWDO2OVRQ:HVWDQG'DUQWRQ+LOO
 :RUOG +HDOWK 2UJDQL]DWLRQ  +DVNHOO   ,QGHHG WR VXSSUHVV WKH QXWULWLRQDO
GHILFLHQF\ RQH RI WKH PRVW ZHOONQRZQ DSSURDFK ZDV WKH GHYHORSPHQW RI WKH SURYLWDPLQ $ULFK
JROGHQULFH 3DLQHHWDO \HWLWLVVWLOOWREHDSSURYHGIRUFRQVXPSWLRQ
ȕFDURWHQH LV QRW WKH RQO\ FDURWHQRLG LPSRUWDQW IRU KXPDQ KHDOWK OXWHLQ DQG ]HD[DQWKLQ
DFFRXQWVWRJHWKHUDSSUR[LPDWHO\RIWKHFDURWHQRLGFRPSRVLWLRQRIWKHPDFXODUSLJPHQW %RQH
HWDO/DQGUXPDQG%RQH DQGKDYHDOVREHHQGHWHFWHGLQWRSULPDWHEUDLQV &UDIWHWDO
9LVKZDQDWKDQHWDO /XWHLQDQG]HD[DQWKLQQRWRQO\FDQSUHYHQWPDFXODUGHJHQHUDWLRQ
Ϯϰ
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WKDWFDQFDXVHEOXUUHGRUHYHQORVVRIWKHYLVLRQ .ULQVN\HWDO$EGHO$DOHWDO EXW
DOVRUHFHQWHYLGHQFHVXQUDYHOOHGDFRUUHODWLRQEHWZHHQWKHFRQFHQWUDWLRQRIWKHVHSLJPHQWVDQGWKH
FRJQLWLYH IXQFWLRQ RI HOGHUO\ SHRSOH DQG SHRSOH ZLWK FRJQLWLYHLPSDLULQJ GLVHDVHV VXFK DV
$O]KHLPHU¶VGLVHDVH -RKQVRQHWDO1RODQHWDO5HQ]LHWDO9LVKZDQDWKDQHW
DO 
7KHHIIHFWVRIWRFRSKHURORQKXPDQKHDOWKDUHOHVVNQRZQ7KHVHOLSLGVROXEOHDQWLR[LGDQWV
DUH FRPSRQHQW RI WKH FHOO PHPEUDQHV PDLQWDLQLQJ WKHLU LQWHJULW\ DQG SURWHFWLQJ WKHP DJDLQVW
R[LGDWLYH VWUHVV ,PPXQH FHOOV DUH SDUWLFXODUO\ HQULFKHG LQ WRFRSKHUROV DQG LW KDV EHHQ UHFHQWO\
UHSRUWHGWKDWYLWDPLQ(ERRVWVWKHLPPXQHV\VWHPHIIHFWLYHQHVVHVSHFLDOO\ZLWKDJHLQJ 3DHHWDO
 0RFFKHJLDQL HW DO   0RUHRYHU E\ VFDYHQJLQJ IUHH UDGLFDOV DQG FRQVHTXHQWO\
FRQWUROOLQJ WKH R[LGDWLYH VWDWH RI WKH FHOOV LW KDV EHHQ VXJJHVWHG WKDW WRFRSKHUROV SOD\ D UROH LQ
SUHVHUYLQJ WKH JHQRPH VWDELOLW\ WKXV SURWHFWLQJ DJDLQVW VRPH W\SHV RI FDQFHU &OD\FRPEH DQG
0H\GDQL9LUWDPRHWDO3HKHWDO DWKHURVFOHURVLV 7HUDVDZDHWDO DQG
ORVVRIQHXURQLQWHJULW\ 8ODWRZVNLHWDO 
)RU DOO WKH DERYH PHQWLRQHG LW EHFRPHV HYLGHQW WKDW WKH PHWDEROLVP RI FKORURSK\OO
FDURWHQRLGV DQG WRFRSKHUROV DUH HQWZLQHG DQG LV QRW RQO\ LPSRUWDQW IRU SODQW GHYHORSPHQW DQG
SK\VLRORJ\EXWDOVRKDYHLPSOLFDWLRQVRQWKHQXWULWLRQDOTXDOLW\RIKDUYHVWDEOHRUJDQV,QWKLVUHJDUG
WKHWRPDWR 6RODQXPO\FRSHUVLFXP IUXLWLVDQLQWHUHVWLQJPRGHOWRVWXG\WKHLQWHUFRQQHFWLRQVRIWKHVH
SDWKZD\VDVWKHIUXLWULSHQLQJFRXSOHVFKORURSK\OOGHJUDGDWLRQWRFRSKHUROV\QWKHVLVDQGDFWLYH0(3
SDWKZD\IRUFDURWHQRLGDFFXPXODWLRQ 6H\PRXUHWDO$OPHLGDHWDO 


 7KHWRPDWR6RODQXPO\FRSHUVLFXP
7RPDWR LV RQH RI WKH PRVW LPSRUWDQW FURS LQ WKH ZRUOG HFRQRP\ RFFXS\LQJ WKH HOHYHQWK
SRVLWLRQLQWKHUDQNRIWRQQHVKDUYHVWHGLQDQGLVWKHPRVWFRQVXPHGIUXLW )RRGDQG$JULFXOWXUH
2UJDQL]DWLRQRIWKH8QLWHG1DWLRQV)$2KWWSIDRRUJIDRVWDW $OVRLWLVDPRGHOSODQWIRU
WKH VWXG\ RI IOHVK\ IUXLW GHYHORSPHQW DQG PHWDEROLVP ZKRVH JHQRPH KDV EHHQ IXOO\ VHTXHQFHG
*LRYDQQRQL7RPDWR*HQRPH&RQVRUWLXP 
$VEULHIO\PHQWLRQHGDERYHGXULQJWRPDWRIUXLWULSHQLQJZKLFKLVWULJJHUHGE\WKHHWK\OHQH
DQGWKHUHVSLUDWLRQEXUVWDJUHDWGLYHUVLW\RIPHWDEROLFFKDQJHVRFFXUVWKDWUHVXOWVLQWKHFKDQJHVLQ
IODYRXUVDYRXUILUPQHVVDQGFRORXU *LRYDQQRQL&DUUDULDQG)HUQLH*LRYDQQRQL
%DUVDQ HW DO  %LDQ HW DO  (JHD HW DO  %DUVDQ HW DO   ,QWHUHVWLQJO\ WKH
Ϯϱ
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FRQYHUVLRQRIFKORURSODVWVLQWRFKURPRSODVWVFRXSOHVFKORURSK\OOGHJUDGDWLRQDQGWKHHQKDQFHPHQW
RI 0(3 SDWKZD\ IRU FDURWHQRLG DFFXPXODWLRQ 6H\PRXU HW DO   ERWK VRXUFHV RI WKH SUHQ\O
SUHFXUVRU IRU WRFRSKHURO ELRV\QWKHVLV $OPHLGD HW DO   7KXV WKLV VSHFLHV VWDQGV RXW DV DQ
LQWHUHVWLQJPRGHOWRH[SORUHWKHOLQNEHWZHHQFKORURSK\OOWRFRSKHUROVDQGFDURWHQRLG$GGLWLRQDOO\
WRPDWRLVDQLPSRUWDQWVRXUFHRIWKHVHFRPSRXQGVDVLWLVKLJKO\DQGZLGHO\FRQVXPHGZRUOGZLGH
*DUFtD&ORVDVHWDO&DQHQH$GDPV HWDO5HERXOHWDO-HV~V3HULDJR HWDO
3HUYHHQHWDO 
7KH UHVXOWLQJ FKHPLFDO FRPSRVLWLRQ GLUHFWO\ DIIHFWV WKH FRPPHUFLDO YDOXH RI WRPDWR IUXLW
%H\RQGWKHQXWUDFHXWLFDOFRQWHQW LHFDURWHQRLGVDQGWRFRSKHUROV WKHPRVWLPSRUWDQWFKHPLFDOWUDLW
IRU LQGXVWU\ LV WKH WRWDO VROXEOH VROLGV LH EUL[  DV LW GHWHUPLQHV WKH YLVFRVLW\ RI WKH IUXLW MXLFH
'HILQLWLYHO\ IUXLW QXPEHU DQG VL]H DUH DOVR PDLQ WUDLWV DV WKH\ GHILQH \LHOG 7KXV VHYHUDO VWXGLHV
DWWHPSWWRXQUDYHOWKHPHFKDQLVPVDQGWKHJHQHWLFGHWHUPLQDQWVWKDWXQGHUQHDWKWKRVHWUDLWV %D[WHU
HWDO6FKDXHUHWDO%HUP~GH]HWDO)HUQLHDQG6FKDXHU.DPHQHW]N\HW
DO.OHHDQG7LHPDQ7LHPDQHWDO ,QGHHGGLIIHUHQWVWUDWHJLHVLQFUHDVHGWRPDWR
\LHOG .ULHJHU HW DO  %HP~GH] HW DO  +HOGHQV HW DO  6R\N HW DO   DQG
QXWUDFHXWLFDOFRQWHQW 5|PHUHWDO)UDVHUHWDO'DYXOXULHWDO(QILVVLHWDO
)UDVHUHWDO$SHODQG%RFN KRZHYHULWUHPDLQVWREHDGGUHVVHGWKHLPSDFWRI
DOWHUDWLRQVLQFKORURSK\OOGHJUDGDWLRQDQGOHDIVHQHVFHQFHRQSODQWSK\VLRORJ\DQGIUXLWSURGXFWLRQ


 5HIHUHQFHV
$EGHO$DO ( 6 0 $NKWDU + =DKHHU .  $OL 5   'LHWDU\ VRXUFHV RI OXWHLQ DQG
]HD[DQWKLQFDURWHQRLGVDQGWKHLUUROHLQH\HKHDOWK1XWULHQWV  
$OPHLGD-$VtV50ROLQHUL916HVWDUL,/LUD%6&DUUDUL) 5RVVL0  )UXLWV
IURPULSHQLQJLPSDLUHGFKORURSK\OOGHJUDGHGDQGMDVPRQDWHLQVHQVLWLYHWRPDWRPXWDQWVKDYH
DOWHUHGWRFRSKHUROFRQWHQWDQGFRPSRVLWLRQ3K\WRFKHPLVWU\
$OPHLGD-GD6LOYD$]HYHGR06SLFKHU/*ODXVHU*YRP'RUS.*X\HU/ 'HPDUFR
'   'RZQUHJXODWLRQ RI WRPDWR 3+<72/ .,1$6( VWURQJO\ LPSDLUV WRFRSKHURO
ELRV\QWKHVLV DQG DIIHFWV SUHQ\OOLSLG PHWDEROLVP LQ DQ RUJDQVSHFLILF PDQQHU -RXUQDO RI
H[SHULPHQWDOERWDQ\  
$SHO: %RFN5  (QKDQFHPHQWRIFDURWHQRLGELRV\QWKHVLVLQWUDQVSODVWRPLFWRPDWRHVE\
LQGXFHGO\FRSHQHWRSURYLWDPLQ$FRQYHUVLRQ3ODQW3K\VLRORJ\  
$VDGD .  3URGXFWLRQDQGVFDYHQJLQJRI UHDFWLYHR[\JHQVSHFLHV LQFKORURSODVWVDQGWKHLU
IXQFWLRQV3ODQWSK\VLRORJ\  

Ϯϲ
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%DOD]DGHK66LGGLTXL+$OOX$'0DWDOODQDǦ5DPLUH]/3&DOGDQD&0HKUQLD0 
0XHOOHUǦ5RHEHU% D $JHQHUHJXODWRU\QHWZRUNFRQWUROOHGE\WKH1$&WUDQVFULSWLRQ
IDFWRU$1$&$W1$&25(GXULQJVDOWǦSURPRWHGVHQHVFHQFH7KH3ODQW-RXUQDO  

%DOD]DGHK6:X$ 0XHOOHU5RHEHU% E 6DOWWULJJHUHGH[SUHVVLRQRIWKH$1$&
GHSHQGHQWVHQHVFHQFHUHJXORQLQ$UDELGRSVLVWKDOLDQD3ODQWVLJQDOLQJ EHKDYLRU  

%DUU\*)5RJHUV6*)UDOH\57 %UDQG/  ,GHQWLILFDWLRQRIDFORQHGF\WRNLQLQ
ELRV\QWKHWLFJHQH3URFHHGLQJVRIWKH1DWLRQDO$FDGHP\RI6FLHQFHV  
%DUVDQ&6DQFKH]%HO35RPEDOGL&(JHD,5RVVLJQRO0.XQW]0 3HFK-&  
&KDUDFWHULVWLFV RI WKH WRPDWR FKURPRSODVW UHYHDOHG E\ SURWHRPLF DQDO\VLV -RXUQDO RI
([SHULPHQWDO%RWDQ\HUT
%DUVDQ & =RXLQH 0 0D]D ( %LDQ : (JHD , 5RVVLJQRO 0   /DWFKp $  
3URWHRPLFDQDO\VLVRIFKORURSODVWWRFKURPRSODVWWUDQVLWLRQLQWRPDWRUHYHDOVPHWDEROLFVKLIWV
FRXSOHG ZLWK GLVUXSWHG WK\ODNRLG ELRJHQHVLV PDFKLQHU\ DQG HOHYDWHG HQHUJ\SURGXFWLRQ
FRPSRQHQWV3ODQWSK\VLRORJ\  
%D[WHU&-&DUUDUL)%DXNH$2YHU\6+LOO6$4XLFN3: 6ZHHWORYH/-  
)UXLWFDUERK\GUDWHPHWDEROLVPLQDQLQWURJUHVVLRQOLQHRIWRPDWRZLWKLQFUHDVHGIUXLWVROXEOH
VROLGV3ODQWDQG&HOO3K\VLRORJ\  
%HDWRQ*+0DUWRUHOO5$URQVRQ.$(GPRQVWRQ%5RVV*0$& +DUYH\%  
0LFURQXWULHQW GHILFLHQFLHV 9LWDPLQ $ VXSSOHPHQWDWLRQ DQG FKLOG PRUELGLW\ DQG PRUWDOLW\ LQ
GHYHORSLQJFRXQWULHV LQWURGXFWRU\WH[W )RRGDQG1XWULWLRQ%XOOHWLQ  
%HUP~GH]/8ULDV80LOVWHLQ'.DPHQHW]N\/$VLV5)HUQLH$5 5RVVL0  
$ FDQGLGDWH JHQH VXUYH\ RI TXDQWLWDWLYH WUDLW ORFL DIIHFWLQJ FKHPLFDO FRPSRVLWLRQ LQ WRPDWR
IUXLW-RXUQDORI([SHULPHQWDO%RWDQ\  
%HUP~GH]/*RGR\)%DOGHW3'HPDUFR'2VRULR64XDGUDQD/ 5RVVL0  
6LOHQFLQJ RI WKH WRPDWR VXJDU SDUWLWLRQLQJ DIIHFWLQJ SURWHLQ 63$  PRGLILHV VLQN VWUHQJWK
WKURXJKDVKLIWLQOHDIVXJDUPHWDEROLVP7KH3ODQW-RXUQDO  
%LDQ : %DUVDQ & (JHD , 3XUJDWWR ( &KHUYLQ & =RXLQH 0   3HFK - &  
0HWDEROLFDQGPROHFXODUHYHQWVRFFXUULQJGXULQJFKURPRSODVWELRJHQHVLV-RXUQDORI%RWDQ\

%RQH5$/DQGUXP-7+LPH*:&DLQV$ =DPRU-  6WHUHRFKHPLVWU\RIWKH
KXPDQPDFXODUFDURWHQRLGV,QYHVWLJDWLYH2SKWKDOPRORJ\ 9LVXDO6FLHQFH  
%UHH]H(+DUULVRQ(0F+DWWLH6+XJKHV/+LFNPDQ5+LOO& =KDQJ&  
+LJKUHVROXWLRQWHPSRUDOSURILOLQJRIWUDQVFULSWVGXULQJ$UDELGRSVLVOHDIVHQHVFHQFHUHYHDOVD
GLVWLQFWFKURQRORJ\RISURFHVVHVDQGUHJXODWLRQ7KH3ODQW&HOO  
%ULWWRQ*  2YHUYLHZRIFDURWHQRLGELRV\QWKHVLV&DURWHQRLGV
%XFKDQDQ:ROODVWRQ9  7KHPROHFXODUELRORJ\RIOHDIVHQHVFHQFH-RXUQDORIH[SHULPHQWDO
ERWDQ\  
%XFKDQDQǦ:ROODVWRQ93DJH7+DUULVRQ(%UHH]H(/LP321DP+* /HDYHU&
-  &RPSDUDWLYHWUDQVFULSWRPHDQDO\VLVUHYHDOVVLJQLILFDQWGLIIHUHQFHVLQJHQHH[SUHVVLRQ
Ϯϳ
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DQG VLJQDOOLQJ SDWKZD\V EHWZHHQ GHYHORSPHQWDO DQG GDUNVWDUYDWLRQǦLQGXFHG VHQHVFHQFH LQ
$UDELGRSVLV7KH3ODQW-RXUQDO  
%XQJDUG5$5XEDQ$9+LEEHUG-03UHVV 0&+RUWRQ3 6FKROHV-'  
8QXVXDOFDURWHQRLGFRPSRVLWLRQDQGDQHZW\SHRI[DQWKRSK\OOF\FOHLQSODQWV3URFHHGLQJVRI
WKH1DWLRQDO$FDGHP\RI6FLHQFHV  
%XVFKPDQQ&0HLHU'.OHXGJHQ+. /LFKWHQWKDOHU+.  5HJXODWLRQRIFKORURSODVW
GHYHORSPHQWE\UHGDQGEOXHOLJKW3KRWRFKHPLVWU\DQG3KRWRELRORJ\  
&DQHQH$GDPV.&DPSEHOO-.=DULSKHK6-HIIHU\(+ (UGPDQ-:  7KHWRPDWR
DVDIXQFWLRQDOIRRG7KH-RXUQDORIQXWULWLRQ  
&DR--LDQJ) &XL.  7LPHFRXUVHRISURJUDPPHGFHOOGHDWKGXULQJOHDIVHQHVFHQFHLQ
(XFRPPLDXOPRLGHV-RXUQDORISODQWUHVHDUFK  
&DUUDUL )  )HUQLH $ 5   0HWDEROLF UHJXODWLRQ XQGHUO\LQJ WRPDWR IUXLW GHYHORSPHQW
-RXUQDORI([SHULPHQWDO%RWDQ\  
&KULVW %  +|UWHQVWHLQHU 6   0HFKDQLVP DQG VLJQLILFDQFH RI FKORURSK\OO EUHDNGRZQ
-RXUQDORISODQWJURZWKUHJXODWLRQ  
&OD\FRPEH . -  0H\GDQL 6 1   9LWDPLQ ( DQG JHQRPH VWDELOLW\ 0XWDWLRQ
5HVHDUFK)XQGDPHQWDODQG0ROHFXODU0HFKDQLVPVRI0XWDJHQHVLV  
&UDIW 1 ( +DLWHPD 7 % *DUQHWW . 0 )LWFK . $  'RUH\ & .   &DURWHQRLG
WRFRSKHURODQGUHWLQROFRQFHQWUDWLRQVLQHOGHUO\KXPDQEUDLQH[SHULPHQWDODQLPDOV
'¶$JRVWLQR,% .LHEHU--  0ROHFXODUPHFKDQLVPVRIF\WRNLQLQDFWLRQ&XUUHQW2SLQLRQ
LQ3ODQW%LRORJ\  
'DYXOXUL*59DQ7XLQHQ$)UDVHU3' 0DQIUHGRQLD $1HZPDQ5%XUJHVV' 
%UDPOH\ 3 0   )UXLWVSHFLILF 51$LPHGLDWHG VXSSUHVVLRQ RI '(7 HQKDQFHV
FDURWHQRLGDQGIODYRQRLGFRQWHQWLQWRPDWRHV1DWXUHELRWHFKQRORJ\  
'HOOD3HQQD' 3RJVRQ%-  9LWDPLQV\QWKHVLVLQSODQWVWRFRSKHUROVDQGFDURWHQRLGV
$QQX5HY3ODQW%LRO
'HPPLJ$GDPV %   &DURWHQRLGV DQG SKRWRSURWHFWLRQ LQ SODQWV D UROH IRU WKH [DQWKRSK\OO
]HD[DQWKLQ%LRFKLPLFDHW%LRSK\VLFD$FWD %%$ %LRHQHUJHWLFV  
'HPPLJǦ$GDPV %  $GDPV : :   3KRWRSURWHFWLRQ LQ DQ HFRORJLFDO FRQWH[W WKH
UHPDUNDEOHFRPSOH[LW\RIWKHUPDOHQHUJ\GLVVLSDWLRQ1HZ3K\WRORJLVW  
'RGJH-'  &KDQJHVLQFKORURSODVWILQHVWUXFWXUHGXULQJWKHDXWXPQDOVHQHVFHQFHRI%HWXOD
OHDYHV$QQDOVRI%RWDQ\  
'UHXZ $ )OHPLQJ * 5  +HDG*RUGRQ 0   &KORURSK\OO IOXRUHVFHQFH TXHQFKLQJ E\
[DQWKRSK\OOV3K\VLFDO&KHPLVWU\&KHPLFDO3K\VLFV  
'X - /L 0 .RQJ ' :DQJ / /Y 4 :DQJ -   +H <   1LWULF R[LGH LQGXFHV
FRW\OHGRQVHQHVFHQFHLQYROYLQJFRRSHUDWLRQRIWKH1(60$'DQG(,1DVVRFLDWHG25(
VLJQDOOLQJSDWKZD\VLQ$UDELGRSVLV-RXUQDORIH[SHULPHQWDOERWDQ\HUW
(JHD , %LDQ : %DUVDQ & -DXQHDX $ 3HFK - & /DWFKp $   &KHUYLQ &  
&KORURSODVWWRFKURPRSODVWWUDQVLWLRQLQWRPDWRIUXLWVSHFWUDOFRQIRFDOPLFURVFRS\DQDO\VHVRI
Ϯϴ
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FDURWHQRLGVDQGFKORURSK\OOVLQLVRODWHGSODVWLGVDQGWLPHODSVHUHFRUGLQJRQLQWDFWOLYHWLVVXH
$QQDOVRIERWDQ\  
(QILVVL()UDVHU3'/RLV/0%RURQDW$6FKXFK: %UDPOH\30  0HWDEROLF
HQJLQHHULQJRIWKHPHYDORQDWHDQGQRQǦPHYDORQDWHLVRSHQWHQ\OGLSKRVSKDWHǦIRUPLQJSDWKZD\V
IRU WKH SURGXFWLRQ RI KHDOWKǦSURPRWLQJ LVRSUHQRLGV LQ WRPDWR 3ODQW %LRWHFKQRORJ\ -RXUQDO
  
(VWHEDQ52ODQR-0&DVWUHVDQD-)HUQiQGH]Ǧ0DUtQ%+HUQiQGH]$%HFHUULO-0 
*DUFtDǦ3OD]DROD - ,   'LVWULEXWLRQ DQG HYROXWLRQDU\ WUHQGV RI SKRWRSURWHFWLYH
LVRSUHQRLGV [DQWKRSK\OOVDQGWRFRSKHUROV ZLWKLQWKHSODQWNLQJGRP3K\VLRORJLDSODQWDUXP
  
)HQQHU 0   7KH SKHQRORJ\ RI JURZWK DQG UHSURGXFWLRQ LQ SODQWV 3HUVSHFWLYHV LQ 3ODQW
(FRORJ\(YROXWLRQDQG6\VWHPDWLFV  
)HUQLH $ 5  6FKDXHU 1   0HWDERORPLFVDVVLVWHG EUHHGLQJ D YLDEOH RSWLRQ IRU FURS
LPSURYHPHQW"7UHQGVLQ*HQHWLFV  
)UDQN + $  %UXGYLJ * :   5HGR[ IXQFWLRQV RI FDURWHQRLGV LQ SKRWRV\QWKHVLV
%LRFKHPLVWU\  
)UDVHU3'5|PHU6.LDQR-:6KLSWRQ&$0LOOV3%'UDNH5 %UDPOH\30
 (OHYDWLRQRIFDURWHQRLGVLQWRPDWRE\JHQHWLFPDQLSXODWLRQ-RXUQDORIWKH6FLHQFHRI
)RRGDQG$JULFXOWXUH  
)UDVHU3'(QILVVL(0+DONHW-07UXHVGDOH05<X'*HUULVK& %UDPOH\30
 0DQLSXODWLRQRISK\WRHQHOHYHOVLQWRPDWRIUXLWHIIHFWVRQLVRSUHQRLGVSODVWLGVDQG
LQWHUPHGLDU\PHWDEROLVP7KH3ODQW&HOO  
*DQ 6  $PDVLQR 5 0   ,QKLELWLRQ RI OHDI VHQHVFHQFH E\ DXWRUHJXODWHG SURGXFWLRQ RI
F\WRNLQLQ6FLHQFH  
*DUDSDWL3;XH*30XQQp%RVFK6 %DOD]DGHK6  7UDQVFULSWLRQIDFWRU$7$)LQ
$UDELGRSVLV SURPRWHV VHQHVFHQFH E\ GLUHFW UHJXODWLRQ RI NH\ FKORURSODVW PDLQWHQDQFH DQG
VHQHVFHQFHWUDQVFULSWLRQDOFDVFDGHV3ODQWSK\VLRORJ\SS
*DUFtD&ORVDV 5 %HUHQJXHU $ 7RUPR 0 - 6iQFKH] 0 - 4XLURV - 5 1DYDUUR &  
$UGDQD](  'LHWDU\VRXUFHVRIYLWDPLQ&YLWDPLQ(DQGVSHFLILFFDURWHQRLGVLQ6SDLQ
%ULWLVK-RXUQDORI1XWULWLRQ  
*DUFtD3OD]DROD-,0DWVXEDUD6 2VPRQG&%  7KHOXWHLQHSR[LGHF\FOHLQKLJKHU
SODQWVLWVUHODWLRQVKLSVWRRWKHU[DQWKRSK\OOF\FOHVDQGSRVVLEOHIXQFWLRQV )XQFWLRQDO3ODQW
%LRORJ\  
*HSVWHLQ66DEHKL*&DUS0-+DMRXM71HVKHU0)2<DULY, %DVVDQL0  
/DUJHǦVFDOHLGHQWLILFDWLRQRIOHDIVHQHVFHQFHǦDVVRFLDWHGJHQHV7KH3ODQW-RXUQDO  

*LRYDQQRQL - -   *HQHWLF UHJXODWLRQ RI IUXLW GHYHORSPHQW DQG ULSHQLQJ 7KH SODQW FHOO
 VXSSO 66
*LRYDQQRQL--  )UXLWULSHQLQJPXWDQWV\LHOGLQVLJKWVLQWRULSHQLQJFRQWURO&XUUHQWRSLQLRQ
LQSODQWELRORJ\  

Ϯϵ
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*LURQGp$(WLHQQH37URXYHULH-%RXFKHUHDX$/H&DKpUHF)/HSRUW/ 6RXOD\)
 7KHFRQWUDVWLQJ1PDQDJHPHQWRIWZRRLOVHHGUDSHJHQRW\SHVUHYHDOVWKHPHFKDQLVPV
RISURWHRO\VLVDVVRFLDWHGZLWKOHDI1UHPRELOL]DWLRQDQGWKHUHVSHFWLYHFRQWULEXWLRQVRIOHDYHV
DQGVWHPVWR1VWRUDJHDQGUHPRELOL]DWLRQGXULQJVHHGILOOLQJ%0&SODQWELRORJ\  
*UXQH7/LHW]*3DORX$5RVV$&6WDKO:7DQJ* %LHVDOVNL+.  ȕ
&DURWHQH LV DQ LPSRUWDQW YLWDPLQ $ VRXUFH IRU KXPDQV 7KH -RXUQDO RI QXWULWLRQ   
66
*XR < &DL =  *DQ 6   7UDQVFULSWRPH RI $UDELGRSVLV OHDI VHQHVFHQFH 3ODQW FHOO 
HQYLURQPHQW  
*XR< *DQ6  $W1$3D1$&IDPLO\WUDQVFULSWLRQIDFWRUKDVDQLPSRUWDQWUROHLQOHDI
VHQHVFHQFH7KH3ODQW-RXUQDO  
*XR <  *DQ 6   $W0<% UHJXODWHV ZKROH SODQW VHQHVFHQFH E\ LQKLELWLQJ F\WRNLQLQ
PHGLDWHG EUDQFKLQJ DW ODWH VWDJHV RI GHYHORSPHQW LQ $UDELGRSVLV 3ODQW 3K\VLRORJ\  

*XR <   7RZDUGV V\VWHPV ELRORJLFDO XQGHUVWDQGLQJ RI OHDI VHQHVFHQFH 3ODQW 0ROHFXODU
%LRORJ\  
*XR <  *DQ 6 6   7UDQVODWLRQDO UHVHDUFKHV RQ OHDI VHQHVFHQFH IRU HQKDQFLQJ SODQW
SURGXFWLYLW\DQGTXDOLW\-RXUQDORIH[SHULPHQWDOERWDQ\  
*\XOD36FKlIHU( 1DJ\)  /LJKWSHUFHSWLRQDQGVLJQDOOLQJLQKLJKHUSODQWV&XUUHQW
RSLQLRQLQSODQWELRORJ\  
+DUULVRQ(+  0HFKDQLVPVRIGLJHVWLRQDQG DEVRUSWLRQRIGLHWDU\ YLWDPLQ$ $QQX5HY
1XWU
+DVNHOO 0 -   7KH FKDOOHQJH WR UHDFK QXWULWLRQDO DGHTXDF\ IRU YLWDPLQ $ ȕFDURWHQH
ELRDYDLODELOLW\ DQG FRQYHUVLRQ²HYLGHQFH LQ KXPDQV 7KH $PHULFDQ MRXUQDO RI FOLQLFDO
QXWULWLRQDMFQ
+DYDX[0(\PHU\)3RUILURYD65H\3 '|UPDQQ3  9LWDPLQ(SURWHFWVDJDLQVW
SKRWRLQKLELWLRQDQGSKRWRR[LGDWLYHVWUHVVLQ$UDELGRSVLVWKDOLDQD7KH3ODQW&HOO  

+DYp00DUPDJQH$&KDUGRQ) 0DVFODX['DXEUHVVH&  1LWURJHQUHPRELOLVDWLRQ
GXULQJOHDIVHQHVFHQFHOHVVRQVIURP$UDELGRSVLVWRFURSV -RXUQDORI([SHULPHQWDO%RWDQ\
HUZ
+HOGHQV-:*<NHPD0+HUODDU)9DQ6WHH03 /DPEDON--0  863DWHQW
1R:DVKLQJWRQ'&863DWHQWDQG7UDGHPDUN2IILFH
+HQVHO / / *UELü 9 %DXPJDUWHQ ' $  %OHHFNHU $ %   'HYHORSPHQWDO DQG DJH
UHODWHG SURFHVVHV WKDW LQIOXHQFH WKH ORQJHYLW\ DQG VHQHVFHQFH RI SKRWRV\QWKHWLF WLVVXHV LQ
$UDELGRSVLV7KH3ODQW&HOO  
+LFNPDQ5+LOO&3HQIROG&$%UHH]H(%RZGHQ/0RRUH-' 0HDG$  
$ ORFDO UHJXODWRU\ QHWZRUN DURXQG WKUHH 1$& WUDQVFULSWLRQ IDFWRUV LQ VWUHVV UHVSRQVHV DQG
VHQHVFHQFHLQ$UDELGRSVLVOHDYHV7KH3ODQW-RXUQDO  
+LUVFKEHUJ-  &DURWHQRLGELRV\QWKHVLVLQIORZHULQJSODQWV&XUUHQWRSLQLRQLQSODQWELRORJ\
  
ϯϬ
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+|UWHQVWHLQHU 6  .UlXWOHU %   &KORURSK\OO EUHDNGRZQ LQ KLJKHU SODQWV %LRFKLPLFD HW
%LRSK\VLFD$FWD %%$ %LRHQHUJHWLFV  
+|UWHQVWHLQHU 6   8SGDWH RQ WKH ELRFKHPLVWU\ RI FKORURSK\OO EUHDNGRZQ 3ODQW 0ROHFXODU
%LRORJ\  
+XQWHU6& &DKRRQ(%  (QKDQFLQJYLWDPLQ(LQRLOVHHGVXQUDYHOLQJWRFRSKHURODQG
WRFRWULHQROELRV\QWKHVLV/LSLGV  
,QRXH6,.LQRVKLWD77DNHPL\D$'RL0 6KLPD]DNL.,  /HDISRVLWLRQLQJRI
$UDELGRSVLVLQUHVSRQVHWREOXHOLJKW0ROHFXODUSODQW  
,VFKHEHFN7=ELHU]DN$0.DQZLVFKHU0 '|UPDQQ3  $VDOYDJHSDWKZD\IRUSK\WRO
PHWDEROLVPLQ$UDELGRSVLV-RXUQDORI%LRORJLFDO&KHPLVWU\  
-DKQV 3  +RO]ZDUWK $ 5   7KH UROH RI WKH [DQWKRSK\OO F\FOH DQG RI OXWHLQ LQ
SKRWRSURWHFWLRQ RI SKRWRV\VWHP ,, %LRFKLPLFD HW %LRSK\VLFD $FWD %%$ %LRHQHUJHWLFV
  
-HV~V3HULDJR0*DUFtD$ORQVR--DFRE.%HOpQ2OLYDUHV$-RVp%HUQDO0'RORUHV,QLHVWD
0 5RV*  %LRDFWLYHFRPSRXQGVIRODWHVDQGDQWLR[LGDQWSURSHUWLHVRIWRPDWRHV
/\FRSHUVLFXPHVFXOHQWXP GXULQJYLQHULSHQLQJ ,QWHUQDWLRQDOMRXUQDORIIRRGVFLHQFHVDQG
QXWULWLRQ  
-RKQVRQ(-9LVKZDQDWKDQ5-RKQVRQ0$+DXVPDQ'%'DYH\$6FRWW70 
1HOVRQ 3 7   5HODWLRQVKLS EHWZHHQ VHUXP DQG EUDLQ FDURWHQRLGVWRFRSKHURO DQG
UHWLQROFRQFHQWUDWLRQVDQGFRJQLWLYHSHUIRUPDQFHLQWKHROGHVWROGIURPWKH*HRUJLD&HQWHQDULDQ
6WXG\-RXUQDORIDJLQJUHVHDUFK
-RUGL:6FKDSHQGRQN$+&0'DYHODDU(6WRRSHQ*03RW&6'H9LVVHU5 
$PDVLQR50  ,QFUHDVHGF\WRNLQLQOHYHOVLQWUDQVJHQLF36$*±,37WREDFFRSODQWV
KDYH ODUJH GLUHFW DQG LQGLUHFW HIIHFWV RQ OHDI VHQHVFHQFH SKRWRV\QWKHVLV DQG 1 SDUWLWLRQLQJ
3ODQW&HOO (QYLURQPHQW  
.DPHQHW]N\ / $VLV 5 %DVVL 6 GH *RGR\ ) %HUPXGH] / )HUQLH $ 5   &DUUDUL )
  *HQRPLF DQDO\VLV RI ZLOG WRPDWR LQWURJUHVVLRQV GHWHUPLQLQJ PHWDEROLVPDQG \LHOG
DVVRFLDWHGWUDLWV3ODQWSK\VLRORJ\  
.LP-+:RR+5.LP-/LP32/HH,&&KRL6+ 1DP+*  7ULIXUFDWH
IHHGIRUZDUGUHJXODWLRQRIDJHGHSHQGHQWFHOOGHDWKLQYROYLQJPL5LQ$UDELGRSVLV6FLHQFH
  
.LP+-+RQJ6+.LP<:/HH,+-XQ-+3KHH%. 1DP+*  *HQH
UHJXODWRU\ FDVFDGH RI VHQHVFHQFHDVVRFLDWHG 1$& WUDQVFULSWLRQ IDFWRUV DFWLYDWHG E\
(7+</(1(,16(16,7,9(PHGLDWHGOHDIVHQHVFHQFHVLJQDOOLQJLQ$UDELGRSVLV-RXUQDORI
H[SHULPHQWDOERWDQ\  
.LP+-1DP+* /LP32  5HJXODWRU\QHWZRUNRI1$&WUDQVFULSWLRQIDFWRUVLQ
OHDIVHQHVFHQFH&XUUHQW2SLQLRQLQ3ODQW%LRORJ\
.OHH+- 7LHPDQ'0  *HQHWLFFKDOOHQJHVRIIODYRULPSURYHPHQWLQWRPDWR7UHQGVLQ
*HQHWLFV  
.UDVQRYVN\ -U $ $   6LQJOHW PROHFXODU R[\JHQ LQ SKRWRELRFKHPLFDO V\VWHPV ,5
SKRVSKRUHVFHQFHVWXGLHV0HPEUDQH FHOOELRORJ\  
ϯϭ
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.ULHJHU8/LSSPDQ=% =DPLU'  7KHIORZHULQJJHQH6,1*/()/2:(575866
GULYHVKHWHURVLVIRU\LHOGLQWRPDWR1DWXUHJHQHWLFV  
.ULHJHU/LV]ND\$  6LQJOHWR[\JHQSURGXFWLRQLQSKRWRV\QWKHVLV-RXUQDORI([SHULPHQWDO
%RWDQ\  
.ULHJHU/LV]ND\$)XIH]DQ& 7UHEVW$  6LQJOHWR[\JHQSURGXFWLRQLQSKRWRV\VWHP,,
DQGUHODWHGSURWHFWLRQPHFKDQLVP3KRWRV\QWKHVLV5HVHDUFK  
.ULQVN\1,/DQGUXP-7 %RQH5$  %LRORJLFPHFKDQLVPVRIWKHSURWHFWLYHUROHRI
OXWHLQDQG]HD[DQWKLQLQWKHH\H$QQXDOUHYLHZRIQXWULWLRQ  
.UXN-+ROOlQGHU&]\WNR+2HWWPHLHU: 7UHEVW$  7RFRSKHURODVVLQJOHWR[\JHQ
VFDYHQJHULQSKRWRV\VWHP,,-RXUQDORISODQWSK\VLRORJ\  
.XSSX 6 0LVKUD 1 +X 5 6XQ / =KX ; 6KHQ *   =KDQJ +   :DWHUGHILFLW
LQGXFLEOHH[SUHVVLRQRIDF\WRNLQLQELRV\QWKHWLFJHQH,37LPSURYHVGURXJKWWROHUDQFHLQFRWWRQ
3/R62QH  H
.XVDED0,WR+0RULWD5,LGD66DWR<)XMLPRWR0 7DQDND$  5LFH121
<(//2: &2/25,1* LV LQYROYHG LQ OLJKWKDUYHVWLQJ FRPSOH[ ,, DQG JUDQD GHJUDGDWLRQ
GXULQJOHDIVHQHVFHQFH7KH3ODQW&HOO  
/DQGUXP - 7  %RQH 5 $   /XWHLQ ]HD[DQWKLQ DQG WKH PDFXODU SLJPHQW $UFKLYHV RI
ELRFKHPLVWU\DQGELRSK\VLFV  
/DWRZVNL ' .XF]\ĔVND 3  6WU]DáND .   ;DQWKRSK\OO F\FOH±D PHFKDQLVP SURWHFWLQJ
SODQWVDJDLQVWR[LGDWLYHVWUHVV5HGR[5HSRUW  
/HH66HR3-/HH +- 3DUN&0  $1$&WUDQVFULSWLRQIDFWRU17/SURPRWHV
UHDFWLYHR[\JHQVSHFLHVSURGXFWLRQGXULQJGURXJKWǦLQGXFHGOHDIVHQHVFHQFHLQ$UDELGRSVLV7KH
3ODQW-RXUQDO  
/L = 3HQJ - :HQ ;  *XR +   *HQH 1HWZRUN $QDO\VLV DQG )XQFWLRQDO 6WXGLHV RI
6HQHVFHQFHǦDVVRFLDWHG *HQHV 5HYHDO 1RYHO 5HJXODWRUV RI $UDELGRSVLV /HDI 6HQHVFHQFH
-RXUQDORILQWHJUDWLYHSODQWELRORJ\  
/LFKWHQWKDOHU + .   7KH GHR[\'[\OXORVHSKRVSKDWH SDWKZD\ RI LVRSUHQRLG
ELRV\QWKHVLVLQSODQWV$QQXDOUHYLHZRISODQWELRORJ\  
/LP32.LP+- *LO1DP+  /HDIVHQHVFHQFH$QQX5HY3ODQW%LRO
/LQ-) :X6+  0ROHFXODUHYHQWVLQVHQHVFLQJ$UDELGRSVLVOHDYHV7KH3ODQW-RXUQDO
  
/LX/=KRX<6]F]HUED0:/L; /LQ<  ,GHQWLILFDWLRQDQGDSSOLFDWLRQRIDULFH
VHQHVFHQFHDVVRFLDWHGSURPRWHU3ODQWSK\VLRORJ\  
/LX<'<LQ=-<X-:/L-:HL+/+DQ;/ 6KHQ))  ,PSURYHGVDOW
WROHUDQFHDQGGHOD\HGOHDIVHQHVFHQFHLQWUDQVJHQLFFRWWRQH[SUHVVLQJWKH$JUREDFWHULXP,37
JHQH%LRORJLD3ODQWDUXP  
/RKPDQ.1*DQ6-RKQ0& $PDVLQR50  0ROHFXODUDQDO\VLVRIQDWXUDOOHDI
VHQHVFHQFHLQ$UDELGRSVLVWKDOLDQD3K\VLRORJLD3ODQWDUXP  
/ROO % .HUQ - 6DHQJHU : =RXQL $  %LHVLDGND -   7RZDUGV FRPSOHWH FRIDFWRU
DUUDQJHPHQWLQWKHcUHVROXWLRQVWUXFWXUHRISKRWRV\VWHP,,1DWXUH  
ϯϮ
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/XR;/L'+RX/<DQJ*-LQ= 3HL<  ([SUHVVLRQRIDXWRUHJXODWHGLSWJHQHRI
LQKLELWLQJOHDIVHQHVFHQFHLQUDSHVHHG %UDVVLFDQDSXV -RXUQDORIDJULFXOWXUDOELRWHFKQRORJ\
  
/XR<<*LDQIDJQD7--DQHV+:+XDQJ%:DQJ= ;LQJ-  ([SUHVVLRQRI
WKHLSWJHQHZLWKWKH$*3DVH6SURPRWHULQWRPDWRUHVXOWVLQXQEUDQFKHGURRWVDQGGHOD\HG
OHDIVHQHVFHQFH3ODQWJURZWKUHJXODWLRQ  
0DFK-0&DVWLOOR$5+RRJVWUDWHQ5 *UHHQEHUJ-7  7KH$UDELGRSVLVDFFHOHUDWHG
FHOOGHDWKJHQH$&'HQFRGHVUHGFKORURSK\OOFDWDEROLWHUHGXFWDVHDQGVXSSUHVVHVWKHVSUHDG
RIGLVHDVHV\PSWRPV3URFHHGLQJVRIWKH1DWLRQDO$FDGHP\RI6FLHQFHV  
0DWDOODQD5DPLUH]/35DXI0)DUDJH%DUKRP6'RUWD\+;XH*3'U|JH/DVHU:
 0XHOOHU5RHEHU %   1$& WUDQVFULSWLRQ IDFWRU 25( DQG VHQHVFHQFHLQGXFHG
%,)81&7,21$/ 18&/($6( %)1  FRQVWLWXWH D UHJXODWRU\ FDVFDGH LQ $UDELGRSVLV
0ROHFXODUSODQW  
0DXJDUQ\&DOHV$*RQFDOYHV%-RXDQQLF60HONRQLDQ0:RQJ*.6 /DXIV3  
$SSDULWLRQ RI WKH 1$& WUDQVFULSWLRQ IDFWRUV SUHGDWHV WKH HPHUJHQFH RI ODQG SODQWV
02/(&8/$53/$17  
0HJXUR 0 ,WR + 7DNDED\DVKL $ 7DQDND 5  7DQDND $   ,GHQWLILFDWLRQ RI WKH 
K\GUR[\PHWK\OFKORURSK\OODUHGXFWDVHRIWKHFKORURSK\OOF\FOHLQ$UDELGRSVLV7KH3ODQW&HOO
  
0LWVXGD16HNL06KLQR]DNL. 2KPH7DNDJL0  7KH1$&WUDQVFULSWLRQIDFWRUV
167DQG167RI$UDELGRSVLVUHJXODWHVHFRQGDU\ZDOOWKLFNHQLQJVDQGDUHUHTXLUHGIRUDQWKHU
GHKLVFHQFH7KH3ODQW&HOO  
0L\DNH&<RQHNXUD..RED\DVKL< <RNRWD$  &\FOLFHOHFWURQIORZZLWKLQ36,,
IXQFWLRQVLQLQWDFWFKORURSODVWVIURPVSLQDFKOHDYHV3ODQWDQGFHOOSK\VLRORJ\  
0RFFKHJLDQL(&RVWDUHOOL/*LDFFRQL50DODYROWD0%DVVR$3LDFHQ]D) 0RQWL'
  9LWDPLQ (±JHQH LQWHUDFWLRQV LQ DJLQJ DQG LQIODPPDWRU\ DJHUHODWHG GLVHDVHV
,PSOLFDWLRQVIRUWUHDWPHQW$V\VWHPDWLFUHYLHZ$JHLQJUHVHDUFKUHYLHZV
0RFKL]XNL17DQDND 5*ULPP%0DVXGD70RXOLQ06PLWK$* 7HUU\0-
  7KH FHOO ELRORJ\ RI WHWUDS\UUROHV D OLIH DQG GHDWK VWUXJJOH 7UHQGV LQ SODQW VFLHQFH
  
0XQQp%RVFK 6  $OHJUH /   7KH IXQFWLRQ RI WRFRSKHUROV DQG WRFRWULHQROV LQ SODQWV
&ULWLFDO5HYLHZVLQ3ODQW6FLHQFHV  
1DP + *   7KH PROHFXODU JHQHWLF DQDO\VLV RI OHDI VHQHVFHQFH &XUUHQW 2SLQLRQ LQ
%LRWHFKQRORJ\  
1RODQ-0/RVNXWRYD(+RZDUG$10RUDQ50XOFDK\56WDFN- 7KXUQKDP',
  0DFXODU SLJPHQW YLVXDO IXQFWLRQ DQG PDFXODU GLVHDVH DPRQJ VXEMHFWV ZLWK
$O]KHLPHU VGLVHDVHDQH[SORUDWRU\VWXG\-RXUQDORI$O]KHLPHU V'LVHDVH  
1RRGpQ/'  7KHSKHQRPHQDRIVHQHVFHQFHDQGDJLQJ,Q6HQHVFHQFHDQG$JLQJLQ3ODQWV
±
1RRGpQ /' *XLDPHW--  5HJXODWLRQRIDQGVHQHVFHQFHE\ WKH IUXLWLQPRQRFDUSLF
SODQWV3K\VLRORJLD3ODQWDUXP  
ϯϯ
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2K6$3DUN-+/HH*,3DHN.+3DUN6. 1DP+*  ,GHQWLILFDWLRQRI
WKUHHJHQHWLFORFLFRQWUROOLQJOHDIVHQHVFHQFHLQ$UDELGRSVLVWKDOLDQD7KH3ODQW-RXUQDO  

2OVHQ$1(UQVW+$/HJJLR// 6NULYHU.  1$&WUDQVFULSWLRQIDFWRUVVWUXFWXUDOO\
GLVWLQFWIXQFWLRQDOO\GLYHUVH7UHQGVLQSODQWVFLHQFH  
2OVRQ - $   +\SRYLWDPLQRVLV $ FRQWHPSRUDU\ VFLHQWLILF LVVXHV 7KH -RXUQDO RI QXWULWLRQ
 6XSSO 66
RSGHQ&DPS5*3U]\E\OD'2FKVHQEHLQ&/DORL&.LP&'DQRQ$ 1DWHU0
  5DSLG LQGXFWLRQ RI GLVWLQFW VWUHVV UHVSRQVHV DIWHU WKH UHOHDVH RI VLQJOHW R[\JHQ LQ
$UDELGRSVLV7KH3ODQW&HOO  
2XJKDP++|UWHQVWHLQHU6$UPVWHDG,'RQQLVRQ,.LQJ,7KRPDV+ 0XU/  
7KH FRQWURO RI FKORURSK\OO FDWDEROLVP DQG WKH VWDWXV RI \HOORZLQJ DV D ELRPDUNHU RI OHDI
VHQHVFHQFH3ODQW%LRORJ\ V 
3DGKDP$.+RSNLQV07:DQJ7:0F1DPDUD/0/R05LFKDUGVRQ/* 
7KRPSVRQ-(  &KDUDFWHUL]DWLRQRIDSODVWLGWULDF\OJO\FHUROOLSDVHIURP$UDELGRSVLV
3ODQW3K\VLRORJ\  
3DH00H\GDQL61 :X'  7KHUROHRIQXWULWLRQLQHQKDQFLQJLPPXQLW\LQDJLQJ
$JLQJDQGGLVHDVH  
3DLQH-$6KLSWRQ&$&KDJJDU6+RZHOOV50.HQQHG\0-9HUQRQ* 'UDNH
5   ,PSURYLQJ WKH QXWULWLRQDO YDOXH RI *ROGHQ 5LFH WKURXJK LQFUHDVHG SURYLWDPLQ $
FRQWHQW1DWXUHELRWHFKQRORJ\  
3HK + < 7DQ : ' /LDR :  :RQJ : )   9LWDPLQ ( WKHUDS\ EH\RQG FDQFHU
7RFRSKHUROYHUVXVWRFRWULHQRO3KDUPDFRORJ\ WKHUDSHXWLFV
3HOHJ = 5HJXHUD 0 7XPLPEDQJ ( :DOLD +  %OXPZDOG (   &\WRNLQLQǦPHGLDWHG
VRXUFHVLQN PRGLILFDWLRQV LPSURYH GURXJKW WROHUDQFH DQG LQFUHDVH JUDLQ \LHOG LQ ULFH XQGHU
ZDWHUǦVWUHVV3ODQW%LRWHFKQRORJ\-RXUQDO  
3HUYHHQ56XOHULD+$5$QMXP)0%XWW063DVKD, $KPDG6  7RPDWR
6RODQXP O\FRSHUVLFXP  &DURWHQRLGV DQG /\FRSHQHV &KHPLVWU\ 0HWDEROLVP $EVRUSWLRQ
1XWULWLRQ DQG $OOLHG +HDOWK &ODLPV²$ &RPSUHKHQVLYH 5HYLHZ &ULWLFDO UHYLHZV LQ IRRG
VFLHQFHDQGQXWULWLRQ  
3UXåLQVNi$7DQQHU*$QGHUV,5RFD0 +|UWHQVWHLQHU6  &KORURSK\OOEUHDNGRZQ
SKHRSKRUELGHDR[\JHQDVHLVD5LHVNHW\SHLURQ±VXOIXUSURWHLQHQFRGHGE\WKHDFFHOHUDWHGFHOO
GHDWKJHQH3URFHHGLQJVRIWKH1DWLRQDO$FDGHP\RI6FLHQFHV  
3XUDQLN66DKX336ULYDVWDYD36 3UDVDG0  1$&SURWHLQVUHJXODWLRQDQGUROHLQ
VWUHVVWROHUDQFH7UHQGVLQSODQWVFLHQFH  
4LQ + *X 4 =KDQJ - 6XQ / .XSSX 6 =KDQJ <   =KDQJ +   5HJXODWHG
H[SUHVVLRQ RI DQ LVRSHQWHQ\OWUDQVIHUDVH JHQH ,37  LQ SHDQXW VLJQLILFDQWO\ LPSURYHV GURXJKW
WROHUDQFHDQGLQFUHDVHV\LHOGXQGHUILHOGFRQGLWLRQV3ODQWDQG&HOO3K\VLRORJ\  

4LX./L=<DQJ=&KHQ-:X6=KX; =KRX;  (,1DQG25(DFFHOHUDWH
GHJUHHQLQJ GXULQJ HWK\OHQHPHGLDWHG OHDI VHQHVFHQFH E\ GLUHFWO\ DFWLYDWLQJ FKORURSK\OO
FDWDEROLFJHQHVLQ$UDELGRSVLV3/R6*HQHW  H
ϯϰ
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4XDGUDQD/$OPHLGD-2WDL]D61'XII\7'D6LOYD-9&GH*RGR\) 5RVVL0
  7UDQVFULSWLRQDO UHJXODWLRQ RI WRFRSKHURO ELRV\QWKHVLV LQ WRPDWR 3ODQW PROHFXODU
ELRORJ\  
4XLULQR % ) 1RK < 6 +LPHOEODX (  $PDVLQR 5 0   0ROHFXODU DVSHFWV RI OHDI
VHQHVFHQFH7UHQGVLQSODQWVFLHQFH  
5DXI0$ULI0'RUWD\+0DWDOODQDǦ5DPtUH]/3:DWHUV071DP+* %DOD]DGHK
6   25( EDODQFHV OHDI VHQHVFHQFH DJDLQVW PDLQWHQDQFH E\ DQWDJRQL]LQJ *ǦOLNHǦ
PHGLDWHGWUDQVFULSWLRQ(0%2UHSRUWV  
5HERXO ( 5LFKHOOH 0 3HUURW ( 'HVPRXOLQV0DOH]HW & 3LULVL 9  %RUHO 3  
%LRDFFHVVLELOLW\ RI FDURWHQRLGV DQG YLWDPLQ ( IURP WKHLU PDLQ GLHWDU\ VRXUFHV -RXUQDO RI
$JULFXOWXUDODQG)RRG&KHPLVWU\  
5HQ]L/0'HQJOHU 0-3XHQWH$0LOOHU /6 +DPPRQG%5  5HODWLRQVKLSV
EHWZHHQ PDFXODU SLJPHQW RSWLFDO GHQVLW\ DQG FRJQLWLYH IXQFWLRQ LQ XQLPSDLUHG DQG PLOGO\
FRJQLWLYHO\LPSDLUHGROGHUDGXOWV1HXURELRORJ\RIDJLQJ  
5LYHUR506KXODHY9 %OXPZDOG(  &\WRNLQLQGHSHQGHQWSKRWRUHVSLUDWLRQDQGWKH
SURWHFWLRQRISKRWRV\QWKHVLVGXULQJZDWHUGHILFLW3ODQW3K\VLRORJ\  
5|PHU6)UDVHU3'.LDQR-:6KLSWRQ&$0LVDZD16FKXFK: %UDPOH\30
  (OHYDWLRQ RI WKH SURYLWDPLQ $ FRQWHQW RI WUDQVJHQLF WRPDWR SODQWV 1DWXUH
ELRWHFKQRORJ\  
5RVVL0%HUPXGH]/ &DUUDUL)  &URS\LHOGFKDOOHQJHVIURPDPHWDEROLFSHUVSHFWLYH
&XUUHQWRSLQLRQLQSODQWELRORJ\
6DNXUDED<6FKHOEHUW63DUN6<+DQ6+/HH%'$QGUqV&% 3DHN1&  
67$<*5((1DQGFKORURSK\OOFDWDEROLFHQ]\PHVLQWHUDFWDWOLJKWKDUYHVWLQJFRPSOH[,,IRU
FKORURSK\OOGHWR[LILFDWLRQGXULQJOHDIVHQHVFHQFHLQ$UDELGRSVLV7KH3ODQW&HOO  

6DNXUDED <.LP<6<RR6&+|UWHQVWHLQHU6 3DHN1&  +\GUR[\PHWK\O
FKORURSK\OO D UHGXFWDVH IXQFWLRQV LQ PHWDEROLF FKDQQHOLQJ RI FKORURSK\OO EUHDNGRZQ
LQWHUPHGLDWHVGXULQJOHDIVHQHVFHQFH%LRFKHPLFDODQG%LRSK\VLFDO5HVHDUFK&RPPXQLFDWLRQV
  
6FKDXHU 1 6HPHO < 5RHVVQHU 8 *XU $ %DOER , &DUUDUL )   :LOOPLW]HU /  
&RPSUHKHQVLYH PHWDEROLF SURILOLQJ DQG SKHQRW\SLQJ RI LQWHUVSHFLILF LQWURJUHVVLRQ OLQHV IRU
WRPDWRLPSURYHPHQW1DWXUHELRWHFKQRORJ\  
6FKHOEHUW6$XEU\6%XUOD%$JQH%.HVVOHU).UXSLQVND. +|UWHQVWHLQHU6  
3KHRSK\WLQ SKHRSKRUELGH K\GURODVH SKHRSK\WLQDVH  LV LQYROYHG LQ FKORURSK\OO EUHDNGRZQ
GXULQJOHDIVHQHVFHQFHLQ$UDELGRSVLV7KH3ODQW&HOO  
6FKHQN16FKHOEHUW6.DQZLVFKHU0*ROGVFKPLGW(('|UPDQQ3 +|UWHQVWHLQHU6
  7KH FKORURSK\OODVHV $W&/+ DQG $W&/+ DUH QRW HVVHQWLDO IRU VHQHVFHQFHǦUHODWHG
FKORURSK\OOEUHDNGRZQLQ$UDELGRSVLVWKDOLDQD)(%6OHWWHUV  
6H\PRXU*%VWHUJDDUG/&KDSPDQ1+.QDSS6 0DUWLQ&  )UXLWGHYHORSPHQW
DQGULSHQLQJ$QQXDOUHYLHZRISODQWELRORJ\
6KLPRGD<,WR+ 7DQDND$  $UDELGRSVLV67$<*5((10HQGHO VJUHHQFRW\OHGRQ
JHQHHQFRGHVPDJQHVLXPGHFKHODWDVH7KH3ODQW&HOOWSF
ϯϱ


35




6LPHRQRYD(6LNRUD$&KDU]\ĔVND0 0RVWRZVND$  $VSHFWVRISURJUDPPHGFHOO
GHDWKGXULQJOHDIVHQHVFHQFHRIPRQRDQGGLFRW\OHGRQRXVSODQWV3URWRSODVPD  

6PLWK +   3K\WRFKURPHV DQG OLJKW VLJQDO SHUFHSWLRQ E\ SODQWV²DQ HPHUJLQJ V\QWKHVLV
1DWXUH  
6R\N60OOHU1$3DUN6-6FKPDOHQEDFK,-LDQJ.+D\DPD5 /LSSPDQ=%
 9DULDWLRQLQWKHIORZHULQJJHQH6(/)3581,1**SURPRWHVGD\QHXWUDOLW\DQGHDUO\
\LHOGLQWRPDWR1DWXUH*HQHWLFV  
6XOWDQ6(  3KHQRW\SLFSODVWLFLW\IRUSODQWGHYHORSPHQWIXQFWLRQDQGOLIHKLVWRU\7UHQGVLQ
SODQWVFLHQFH  
6ZDUW]EHUJ''DL1*DQ6$PDVLQR5 *UDQRW'  (IIHFWVRIF\WRNLQLQSURGXFWLRQ
XQGHU WZR 6$* SURPRWHUV RQ VHQHVFHQFH DQG GHYHORSPHQW RI WRPDWR SODQWV 3ODQW %LRORJ\
  
7DQDND5 7DQDND$  7HWUDS\UUROHELRV\QWKHVLVLQKLJKHUSODQWV$QQX5HY3ODQW%LRO

7HOIHU$)URORY'%DUEHU-5REHUW% 3DVFDO$  2[LGDWLRQRIWKHWZRȕFDURWHQH
PROHFXOHVLQWKHSKRWRV\VWHP,,UHDFWLRQFHQWHU%LRFKHPLVWU\  
7HOIHU$  6LQJOHWR[\JHQSURGXFWLRQE\36,,XQGHUOLJKWVWUHVVPHFKDQLVPGHWHFWLRQDQG
WKHSURWHFWLYHUROHRIȕFDURWHQH3ODQWDQG&HOO3K\VLRORJ\  
7HUDVDZD</DGKD=/HRQDUG6:0RUURZ-'1HZODQG'6DQDQ' )DUHVH59
  ,QFUHDVHG DWKHURVFOHURVLV LQ K\SHUOLSLGHPLF PLFH GHILFLHQW LQ ĮWRFRSKHURO WUDQVIHU
SURWHLQDQGYLWDPLQ(3URFHHGLQJVRIWKH1DWLRQDO$FDGHP\RI6FLHQFHV  
7KRPDV +  +RZDUWK & -   )LYH ZD\V WR VWD\ JUHHQ -RXUQDO RI H[SHULPHQWDO ERWDQ\
 VXSSO 
7KRPDV+ 2XJKDP+  7KHVWD\JUHHQWUDLW-RXUQDORI([SHULPHQWDO%RWDQ\  

7KRPVRQ : :  3ODWW$ORLD . $   8OWUDVWUXFWXUH DQG VHQHVFHQFH LQ SODQWV ,Q 3ODQW
6HQHVFHQFH,WV%LRFKHPLVWU\DQG3K\VLRORJ\
7LHPDQ'=KX*5HVHQGH0)/LQ71JX\HQ&%LHV' ,NHGD+  $FKHPLFDO
JHQHWLFURDGPDSWRLPSURYHGWRPDWRIODYRU6FLHQFH  
7RPDWR*HQRPH&RQVRUWLXP  7KHWRPDWRJHQRPHVHTXHQFHSURYLGHVLQVLJKWVLQWRIOHVK\IUXLW
HYROXWLRQ1DWXUH  
7ULDQWDSK\OLGqV& +DYDX[0  6LQJOHWR[\JHQLQSODQWVSURGXFWLRQGHWR[LILFDWLRQDQG
VLJQDOLQJ7UHQGVLQSODQWVFLHQFH  
7VXFKL\D72KWD+2NDZD.,ZDPDWVX$6KLPDGD+0DVXGD7 7DNDPL\D.,  
&ORQLQJRIFKORURSK\OODVHWKHNH\HQ]\PHLQFKORURSK\OOGHJUDGDWLRQILQGLQJRIDOLSDVHPRWLI
DQG WKH LQGXFWLRQ E\ PHWK\O MDVPRQDWH 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV
  
7VXND\D+  /HDIGHYHORSPHQW7KHDUDELGRSVLVERRNH
8ODWRZVNL/3DUNHU5:DUULHU*6XOWDQD5%XWWHUILHOG'$ 0DQRU'  9LWDPLQ
(LVHVVHQWLDOIRU3XUNLQMHQHXURQLQWHJULW\1HXURVFLHQFH
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9LUWDPR-7D\ORU35.RQWWR-0lQQLVW|68WULDLQHQ0:HLQVWHLQ6- $OEDQHV'
  (IIHFWV RI ĮǦWRFRSKHURO DQG ȕǦFDURWHQH VXSSOHPHQWDWLRQ RQ FDQFHU LQFLGHQFH DQG
PRUWDOLW\Ǧ<HDUSRVWLQWHUYHQWLRQIROORZǦXSRIWKH$OSKDǦ7RFRSKHURO%HWDǦ&DURWHQH&DQFHU
3UHYHQWLRQ6WXG\,QWHUQDWLRQDOMRXUQDORIFDQFHU  
9LVKZDQDWKDQ51HXULQJHU06QRGGHUO\'06FKDOFK: -RKQVRQ(-  0DFXODU
OXWHLQ DQG ]HD[DQWKLQ DUH UHODWHG WR EUDLQ OXWHLQ DQG ]HD[DQWKLQ LQ SULPDWHV 1XWULWLRQDO
QHXURVFLHQFH  
9LVKZDQDWKDQ5,DQQDFFRQH$6FRWW70.ULWFKHYVN\6%-HQQLQJV%-&DUERQL*
6FKDOFK:  0DFXODUSLJPHQWRSWLFDOGHQVLW\LVUHODWHGWRFRJQLWLYHIXQFWLRQLQROGHU
SHRSOH$JHDQGDJHLQJ  
YRP'RUS.+|O]O*3ORKPDQQ&(LVHQKXW0$EUDKDP0:HEHU$3 '|UPDQQ3
  5HPRELOL]DWLRQ RI SK\WRO IURP FKORURSK\OO GHJUDGDWLRQ LV HVVHQWLDO IRU WRFRSKHURO
V\QWKHVLVDQGJURZWKRI$UDELGRSVLV7KH3ODQW&HOO  
:DUQHU1%UHH]H(+DUULVRQ( %XFKDQDQ:ROODVWRQ9  8QUDYHOOLQJWKHUROHVRIWZR
VHQHVFHQFHHQKDQFHG 0<% WUDQVFULSWLRQ IDFWRUV &RPSDUDWLYH %LRFKHPLVWU\ DQG 3K\VLRORJ\
3DUW$0ROHFXODU ,QWHJUDWLYH3K\VLRORJ\  6
:DWDQDEH 0 %DOD]DGHK 6 7RKJH 7 (UEDQ $ *LDYDOLVFR 3 .RSND -   +RHIJHQ 5
  &RPSUHKHQVLYH GLVVHFWLRQ RI VSDWLRWHPSRUDO PHWDEROLF VKLIWV LQ SULPDU\ VHFRQGDU\
DQG OLSLG PHWDEROLVP GXULQJ GHYHORSPHQWDO VHQHVFHQFH LQ $UDELGRSVLV 3ODQW SK\VLRORJ\
  
:HVW-U.3 'DUQWRQ+LOO,  9LWDPLQ$GHILFLHQF\,Q1XWULWLRQDQGKHDOWKLQGHYHORSLQJ
FRXQWULHV SS +XPDQD3UHVV
:HVWRQ(7KRURJRRG.9LQWL* /ySH]-XH](  /LJKWTXDQWLW\FRQWUROVOHDIFHOODQG
FKORURSODVWGHYHORSPHQWLQ$UDELGRSVLVWKDOLDQDZLOGW\SHDQGEOXHOLJKWSHUFHSWLRQPXWDQWV
3ODQWD  
:RR+5.LP+-1DP+* /LP32  3ODQWOHDIVHQHVFHQFHDQGGHDWK±UHJXODWLRQ
E\PXOWLSOHOD\HUVRIFRQWURODQGLPSOLFDWLRQVIRUDJLQJLQJHQHUDO-&HOO6FL  

:RUOG+HDOWK2UJDQL]DWLRQ*OREDOSUHYDOHQFHRIYLWDPLQ$GHILFLHQF\LQSRSXODWLRQVDWULVN±
 :+2 JOREDO GDWDEDVH RQ YLWDPLQ $ GHILFLHQF\ *HQHYD :RUOG +HDOWK 2UJDQL]DWLRQ

<DQJ= 2KOURJJH-%  7XUQRYHURIIDWW\DFLGVGXULQJQDWXUDOVHQHVFHQFHRI$UDELGRSVLV
%UDFK\SRGLXP DQG VZLWFKJUDVV DQG LQ $UDELGRSVLV ȕR[LGDWLRQ PXWDQWV 3ODQW 3K\VLRORJ\
  
<HQ&+ <DQJ&+  (YLGHQFHIRUSURJUDPPHGFHOOGHDWKGXULQJOHDIVHQHVFHQFHLQ
SODQWV3ODQWDQGFHOOSK\VLRORJ\  
<HXP.- 5XVVHOO50  &DURWHQRLGELRDYDLODELOLW\DQGELRFRQYHUVLRQ$QQXDOUHYLHZ
RIQXWULWLRQ  
<RQHNXUD/ 1DJDR$  ,QWHVWLQDODEVRUSWLRQRIGLHWDU\FDURWHQRLGV0ROHFXODUQXWULWLRQ
IRRGUHVHDUFK  
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<RXQJ$-3KLOOLS'5XEDQ$9+RUWRQ3 )UDQN+$  7KH[DQWKRSK\OOF\FOH
DQGFDURWHQRLGPHGLDWHGGLVVLSDWLRQRIH[FHVVH[FLWDWLRQHQHUJ\LQSKRWRV\QWKHVLV 3XUHDQG
$SSOLHG&KHPLVWU\  
=HQWJUDI 8 /DXQ 7  0LDR <   7KH FRPSOH[ UHJXODWLRQ RI :5.< GXULQJ OHDI
VHQHVFHQFHRI$UDELGRSVLVWKDOLDQD(XURSHDQMRXUQDORIFHOOELRORJ\  
=KDQJ - 9DQ 7RDL 7 +X\QK /  3UHLV]QHU -   'HYHORSPHQW RI IORRGLQJWROHUDQW
$UDELGRSVLV WKDOLDQD E\ DXWRUHJXODWHG F\WRNLQLQ SURGXFWLRQ 0ROHFXODU %UHHGLQJ   

=KDQJ;-X+:&KXQJ06+XDQJ3$KQ6- .LP&6  7KH55W\SH0<%
OLNHWUDQVFULSWLRQIDFWRU$W0<%/LVLQYROYHGLQSURPRWLQJOHDIVHQHVFHQFHDQGPRGXODWHVDQ
DELRWLFVWUHVVUHVSRQVHLQ$UDELGRSVLV3ODQWDQGFHOOSK\VLRORJ\  
=KDQJ < /LX = &KHQ < +H - ;  %L <   3+<72&+520(,17(5$&7,1*
)$&725 3,) SRVLWLYHO\UHJXODWHVGDUNLQGXFHGVHQHVFHQFHDQGFKORURSK\OOGHJUDGDWLRQ
LQ$UDELGRSVLV3ODQW6FLHQFH
=KX71HYR(6XQ' 3HQJ-  3K\ORJHQHWLFDQDO\VHVXQUDYHOWKHHYROXWLRQDU\KLVWRU\
RI1$&SURWHLQVLQSODQWV(YROXWLRQ  
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2%-(&7,9(6


7KLV ZRUN DLPHG WR LPSURYH WKH NQRZOHGJH UHJDUGLQJ WKH G\QDPLFV RI FKORURSK\OO
GHSK\W\ODWLRQDQGWKHFRQVHTXHQFHRILWVPDQLSXODWLRQIRUIUXLWGHYHORSPHQWDQGPHWDEROLVPDVZHOO
DVWRHOXFLGDWHLIDOWHUDWLRQVLQOHDIVHQHVFHQFHLVDSRWHQWLDOVWUDWHJ\WRLPSURYHWRPDWR\LHOG7KXV
WKLVWKHVLVKDGWKHIROORZLQJREMHFWLYHV
,

,GHQWLI\DQGFKDUDFWHULVHWKHFKORURSK\OOGHSK\W\ODWLQJHQ]\PHVLQWRPDWRJHQRPH

,,

(YDOXDWH KRZ SHUWXUEDWLRQ LQ FKORURSK\OO GHSK\W\ODWLRQ DIIHFWV WRPDWR SODQW
GHYHORSPHQWDQGIUXLWPHWDEROLVPDQGQXWULWLRQDOFRQWHQW

,,,

,GHQWLI\SXWDWLYHOHDIVHQHVFHQFHUHJXODWRUDQGDGGUHVVWKHSK\VLRORJLFDOFRQVHTXHQFHV
RIGHOD\LQJOHDIVHQHVFHQFHRYHUWRPDWRIUXLW\LHOGDQGQXWULWLRQDOYDOXH
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&+$37(5,&+/2523+<//'(3+<7</$7,1*(1=<0(6'<1$0,&6
,162/$180/<&23(56,&80


7KHUHVXOWVPHWKRGRORJ\DQGGLVFXVVLRQRIWKLVFKDSWHUDUHSUHVHQWHGDVDSDSHUSXEOLVKHGLQ
*HQH6XSSOHPHQWDU\PDWHULDOFRUUHVSRQGVWRWKHDWWDFKPHQW,
/LUD % 6 GH 6HWWD 1 5RVDGR ' $OPHLGD - )UHVFKL /  5RVVL 0   3ODQW
GHJUHHQLQJ HYROXWLRQ DQG H[SUHVVLRQ RI WRPDWR 6RODQXP O\FRSHUVLFXP  GHSK\W\ODWLRQ
HQ]\PHV*HQH  

$EVWUDFW
&KORURSK\OO LV WKH PRVW DEXQGDQW SLJPHQW RQ HDUWK DQG GXH LWV KLJK SKRWRH[FLWDELOLW\
QHFHVVLWDWHV D WLJKW UHJXODWLRQ RI LWV GHJUDGDWLRQ SDWKZD\ &KORURSK\OO EUHDNGRZQ VHTXHQWLDOO\
LQYROYHV D GHSK\W\ODWLRQ VWHS WHWUDS\UUROH ULQJ RSHQLQJ DQG FDWDEROLWH LQDFWLYDWLRQ WR DYRLG
SKRWRWR[LFLW\RIGHJUDGDWLRQSURGXFWVUHVXOWLQJLQDOLQHDUWHWUDS\UUROHPROHFXOHWKDWLVVWRUHGLQWKH
YDFXROH7KHUHDUHWZRSRVVLEOHZD\VE\ZKLFKWKHSK\WROFKDLQFDQEHK\GURO\VHGGLUHFWO\IURPWKH
FKORURSK\OO D PROHFXOH E\ WKH DFWLRQ RI &+/2523+</$6( &/+  RU IURP SKHRSK\WLQ WKH
PDJQHVLXPIUHH FKORURSK\OO FDWDEROLWH E\ WKH UHDFWLRQ FDWDO\VHG E\ 3+(23+<7<1$6( 33+ 
$OWKRXJK &/+ ZDV ILUVW LGHQWLILHG FXPXODWLYH HYLGHQFHV TXHVWLRQHG LWV UROH LQ WKH VHQHVFHQFH
DVVRFLDWHG FKORURSK\OO GHJUDGDWLRQ OHDGLQJ WR WKH LGHQWLILFDWLRQ RI 33+ LQ $UDELGRSVLV WKDOLDQD
:KLOHWKHSODVWLGLDO$W33+LVUHVSRQVLEOHIRUWKHVHQHVFHQFHDVVRFLDWHGFKORURSK\OOGHJUDGDWLRQWKH
VXEFHOOXODU ORFDOL]DWLRQ RI $W&/+ LV DUJXDEOH DQG LWV DEVHQFH GRHV QRW LPSDFW FKORURSK\OO
GHJUDGDWLRQ ,Q RUGHU WR DGGUHVV WKH G\QDPLFV RI WKHVH GHSK\W\ODWLQJ HQ]\PHV LQ WRPDWR OHDI
VHQHVFHQFHDQGIUXLWULSHQLQJWKHJHQRPHRI6RODQXPO\FRSHUVLFXPZDVVXUYH\HGIRUJHQHVHQFRGLQJ
SXWDWLYH RUWKRORJV RI WKHVH HQ]\PHV :KLOH D VLQJOH FRS\ RI 33+HQFRGLQJ JHQH ZDV IRXQG IRXU
FRSLHVRI&/+HQFRGLQJJHQHVZHUHLGHQWLILHG$FRPSUHKHQVLYHSK\ORJHQHWLFDQDO\VLVXVLQJVSHFLHV
ZLWK IXOO\ VHTXHQFHG DQG DVVHPEOHG JHQRPHV UHYHDOHG WKDW &/+ JURXS LQWR WZR FODGHV $Q
HYROXWLRQDU\DQDO\VLVRIWKHFRGLQJVHTXHQFHVUHYHDOHGWKDW33+DQG*URXS,,RI&/+HYROYHGXQGHU
SXULI\LQJVHOHFWLRQZKLOH*URXS,RI&/+H[KLELWHGDUHOD[HGVHOHFWLRQFRQWDLQLQJFRGRQVHYROYLQJ
E\ERWKSXULI\LQJVHOHFWLRQDQGQHXWUDOHYROXWLRQ0RUHRYHUDFRPSUHKHQVLYHWUDQVFULSWLRQSURILOH
XSRQ VHQHVFHQFHLQGXFLQJ WUHDWPHQWV DQG DORQJ IUXLW ULSHQLQJ EURXJKW H[WUD LQVLJKWV DERXW WKH
IXQFWLRQRIWKHVHJHQHV7KHH[SUHVVLRQRIWKH&/+EHORQJLQJWR*URXS,,VKRZHGFRUUHODWLRQZLWK
WKHFKORURSK\OOOHYHOVZKLOHWKHP51$DFFXPXODWLRQSDWWHUQRI*URXS,ZDVYDULDEOHLQUHVSRQVHWR
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KRUPRQDOWUHDWPHQWVDQGULSHQLQJ6O33+WUDQVFULSWOHYHOVZHUHXSUHJXODWHGDORQJVHQHVFHQFHDQG
ULSHQLQJ&ROOHFWLYHO\WKHGDWDREWDLQHGDOORZHGWKHSURSRVLWLRQRIDPRGHOLQZKLFK33+HYROYHV
XQGHU D KLJK VHOHFWLYH FRQVWUDLQW DQG LV DVVRFLDWHG WR FKORURSK\OO GHJUDGDWLRQ LQ SK\VLRORJLFDOO\
SURJUDPPHGSURFHVVHVVXFKDVVHQHVFHQFHDQGIUXLWULSHQLQJ*URXS,&/+ZKLFKLVXQGHUDUHOD[HG
VHOHFWLYHFRQVWUDLQWDUHUHVSRQVLYHWRHQYLURQPHQWDODQGKRUPRQDOVWLPXOLSOD\LQJDUROHLQSODQW
DGDSWDWLRQ SODVWLFLW\ DQG *URXS ,, &/+ WKDW LV HYROYLQJ XQGHU KLJK VHOHFWLYH FRQVWUDLQW DFWV LQ
FKORURSK\OOUHF\FOLQJ
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a b s t r a c t
Chlorophyll is the most abundant pigment on earth and even though it is known that its high photo-excitability
necessitates a tight regulation of its degradation pathway, to date there are still several steps in chlorophyll
breakdown that remain obscure. In order to better understand the ‘degreening’ processes that accompany leaf
senescence and fruit ripening, we characterized the enzyme-encoding genes involved in dephytylation from tomato (Solanum lycopersicum). A single pheophytinase (PPH) gene and four chlorophyllase (CLH) genes were
identiﬁed in the tomato genome. A phenetic analysis revealed two groups of CLHs in eudicot species and further
evolutionary analysis indicated that these enzymes are under diverse selection pressures. A comprehensive expression proﬁle analysis also suggested functional speciﬁcity for these dephytylating enzymes. The integrated
analysis allows us to propose three general roles for chlorophyll dephytylation: i) PPH, which is under high selective constraint, is responsible for chlorophyll degradation during developmentally programed physiological processes; ii) Group I CLHs, which are under relaxed selection constraint, respond to environmental and hormonal
stimuli and play a role in plant adaptation plasticity; and iii) Group II CLHs, which are also under high selective
constraint, are mostly involved in chlorophyll recycling.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Chlorophyll (Chl) is responsible for light absorption during photosynthesis, a process upon which life on Earth depends. Chl is composed
of a tetrapyrrole ring with a central magnesium ion and a phytol chain
and its metabolism can be divided into three phases: biosynthesis, the
chlorophyll cycle, and degradation. However, in part due to its complex
biochemical structure, various aspects of Chl metabolism are still poorly
understood, and this is especially true for those associated with its
degradation (Hörtensteiner, 2013). In general, the Chl degradation
pathway resembles bacterial detoxiﬁcation processes, and for many

Abbreviations: ABA, abscisic acid; Chl, chlorophyll; Chlide, chlorophyllide; CLH,
chlorophyllase; dN, non-synonymous distance; dS, synonymous distance; gf, green ﬂesh
mutant; LTR, likelihood ratio test; MS, Murashige and Skoog media; Nc, number of codons;
PAO, pheophorbide a oxygenase; PAR, photosynthetically active radiation; pFCC, primary
ﬂuorescent chlorophyll catabolite; Pheide, pheophorbide; Pheo, pheophytin; PPH,
pheophytinase; RCC, red chlorophyll catabolite; SAG12, senescence associated gene 12;
SE, standard error; SGR, stay green protein; UTR, untranslated regions.
⁎ Corresponding author at: Departamento de Botânica, Instituto de Biociências,
Universidade de São Paulo, Rua do Matão, 277, 05508-900 São Paulo, Brazil.
E-mail addresses: bslbsl@usp.br (B.S. Lira), setta@ufabc.edu.br (N. de Setta),
daniele.rosado@usp.br (D. Rosado), juliana.almeida.silva@usp.br (J. Almeida),
freschi@usp.br (L. Freschi), mmrossi@usp.br (M. Rossi).
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years it was considered to be a simple Chl detoxiﬁcation phenomenon
(Hörtensteiner, 2006). However, recent studies indicate that the process is more complicated since more Chl derived catabolites are being
discovered, although few of these have been assigned a biological function (Hörtensteiner, 2013; Hörtensteiner and Kräutler, 2011).
Chl breakdown sequentially involves a dephytylation step, tetrapyrrole ring opening and catabolite inactivation to avoid phototoxicity of
Chl degradation products, resulting in a linear tetrapyrrole molecule
that is stored in the vacuole. For many years, it was accepted that
dephytylation was catalyzed by chlorophyllase (CLH), an enzyme that
hydrolyzes Chl a to generate phytol and chlorophyllide (Chlide a), a
compound that is further converted to pheophorbide a (Pheide a) by a
still unknown metal dechelatase. The enzyme pheophorbide a oxygenase (PAO) then opens the tetrapyrrolic backbone structure, producing
the red chlorophyll catabolite (RCC) that follows the “PAO pathway”
of Chl breakdown until catabolite inactivation (Hörtensteiner, 2013).
However, data obtained from experiments with Arabidopsis thaliana
double mutants demonstrated that CLHs are not required for
senescence-related Chl breakdown in vivo (Schenk et al., 2007). Furthermore, subcellular localization analyses have resulted in contradicting observations since Arabidopsis CLHs have been reported to be
cytoplasmic proteins (Schenk et al., 2007), while it was demonstrated
that a Citrus CLH resides in the plastid and is post-transcriptionally
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regulated by cleavage (Azoulay-Shemer et al., 2008, 2011; Harpaz-Saad
et al., 2007). This discrepancy might reﬂect a difference in experimental
approaches, but this issue remains to be resolved. In 2009, Schelbert
et al. identiﬁed an A. thaliana plastidial protein that dephytylates the
Mg-free Chl a, pheophytin (Pheo a), yielding phytol and Pheide a. This
new dephytylating enzyme was named pheophytinase (PPH) and
shown to be associated with the thylakoid membrane as part of a Chl
breakdown complex recruited by the STAY-GREEN protein (SGR). Interestingly, this degradation complex involves all the enzymes that catalyze the stepwise degradation of Chl to the compound known as
primary ﬂuorescent chlorophyll catabolite (pFCC), allowing metabolic
channeling of phototoxic Chl breakdown intermediates. Subsequently,
pFCC is exported from the plastid to the vacuole (Sakuraba et al.,
2013). Interestingly, CLH is not part of this enzymatic complex
(Sakuraba et al., 2012), suggesting different and/or complementary
roles for the two dephytylation enzymes.
Chl degradation has been extensively investigated and most studies
to date have used leaf senescence as the associated experimental system. Leaf senescence is a highly regulated process that involves several
changes in cell structure, metabolism, and gene expression. The earliest
and most evident cell structure change is the breakdown of the chloroplast, accompanied by catabolism of chlorophyll and macromolecules
(e.g. proteins, lipids, and RNA). Regarding gene expression, leaf senescence is characterized by the decrease of genes related to photosynthesis and protein synthesis and by increased expression of senescenceassociated genes (SAGs) (Lim et al., 2007). Senescence is an integrated
response of plants to endogenous developmental and external environmental stimuli, and plant hormones play an important role in signaling.
Our current understanding of the relationship between environmental
responses and leaf senescence comes from the study of senescence response to the phytohormone abscisic acid (ABA), involved in response
to abiotic stresses such as drought, high salt condition, and low temperature and; jasmonic acid (JA) and salicylic acid (SA) that participate in
biotic stress regulation. Meanwhile, ethylene has extensively been described as a major hormone in hastening age-dependent leaf senescence (Khan et al., 2013). However, relatively little is known about
other examples when degreening occurs, such as the mechanisms of
Chl degradation that accompany fruit ripening (Hörtensteiner, 2013).
Fleshy fruit ripening involves major biochemical and physiological alterations that inﬂuence texture, ﬂavor and aroma as well as color
(Seymour et al., 2013). This complex metabolic process is mainly controlled by ABA and ethylene. In the climacteric fruits such as tomato,
there is an increase in ABA preceding the increase in ethylene. Exogenous application of ABA induces ethylene through the transcriptional
activation of the biosynthesis genes, while the suppression of ABA
leads to a delay in fruit ripening (McAtee et al., 2013). Additionally,
this hormone has also been associated with fruit growth in tomato.
ABA accumulates at the end of the expansion phase, and ABAdeﬁcient mutants have reduced fruit size (Nitsch et al., 2012). In this
framework, the cultivated tomato, Solanum lycopersicum, whose fruit
exhibits clear color changes during maturation, is a potentially valuable
model for comparative studies of degreening during leaf senescence and
fruit ripening in relationship with their hormonal control. To our knowledge, the only report describing Chl degradation-associated genes in
S. lycopersicum (Efrati et al., 2005) involved the mapping of three CLH
genes and a PAO gene as part of a search for candidates for the gf
(green ﬂesh) mutant phenotype, which was later demonstrated to be
SGR (Barry et al., 2008).
In this current study, we performed a genomic and evolutionary
characterization of tomato CLH and PPH genes, in order to gain a more
comprehensive understanding of their role in Chl dephytylation. Additionally, the expression patterns of these genes in leaves submitted to
different hormonal treatments and during fruit development and ripening were analyzed. Our data demonstrate that the diversity of
dephytylating enzymes is associated with different selective constraints
and expression proﬁles, suggesting functional specialization.

2. Materials and methods
2.1. Phenetic and evolutionary analyses
Tomato CLH and PPH gene sequences were identiﬁed by using
the coding sequence of both A. thaliana CLH genes (AT1G19670
and AT5G43860) and the PPH gene (AT5G13800) to interrogate
the tomato genome sequence, available at the Sol Genomics Network
(http://solgenomics.net/). The chromosomal locations were determined by the position of the closest marker, based on the TomatoEXPEN-2000 map (http://solgenomics.net/). In silico prediction of
the protein subcellular localization was performed using TargetP
(Emanuelsson et al., 2007), Cello v2.5 (Yu et al., 2006), SherLoc2
(Briesemeister et al., 2009), MultiLoc2 (Blum et al., 2009), BaCelLo
(Pierleoni et al., 2006), Plant-mPLoc (Chou and Shen, 2010), ChloroP
(Emanuelsson et al., 2007) and iPSORT (Bannai et al., 2002). Other
plant sequences that are homologous to the A. thaliana CLHs and PPH
genes were identiﬁed by searching the Phytozome 9.0 database
(http://www.phytozome.net/), NCBI (http://www.ncbi.nlm.nih.gov)
and Sol Genomics Network, using the tBLASTx program (Altschul
et al., 1990). The sequences were aligned using the MUSCLE package
available in the MEGA 5.2 software with default parameters (Tamura
et al., 2007) in a codon-based manner and inspected manually. The
alignment was analyzed using the Neighbor-Joining method, the distances were calculated according to the best model pointed by MEGA
5.2 software and the tree topology was evaluated with 5000 bootstrap
replications. Detailed information of all sequences used for the analyses
is shown in Table S1.
The evolutionary analysis was performed as previously described by
Almeida et al. (2011). Non-synonymous (dN) and synonymous (dS) distances, as well as their standard error (SE) values were estimated by the
Nei–Gojobori method (p-distance) using the MEGA 5.2 software. In
order to preserve the reading frames, the alignment gaps were deleted.
Alignments are presented in Figs. S1 to S10. Codon bias was determined
by the effective number of codons (Nc) value computed by the CodonW
program (mobyle.pasteur.fr/cgi-bin/portal.py?-form¼codonw). The Nc
value varies from 21, when only one codon is used per amino acid, to 61,
when synonymous codons for each amino acid are used at similar frequencies. One-way ANOVA with Tukey's posthoc test was performed
using the InfoStat software (www.infostat.com, Grupo InfoStat, FCA,
Universidad Nacional de Córdoba, Argentina) to evaluate signiﬁcant
differences in codon usage. In order to compare codon evolution models
to determine selective constraint, three models were ﬁtted using
the CODEML program of the PAML suite (Yang, 2007). The ﬁrst
model, M0, assumes that all codons across the sequences have the
same dN/dS ratio (ω). The value for ω provides an indication of the
selection at the protein level: 0 b ω b 1 indicates purifying selection;
ω = 1 is neutral evolution; and ω N 1 points to the presence of positive
selection. Model M1a suggests the existence of two classes of codons, a
proportion with 0 b ω b 1 and the remainder of codons with ω = 1.
Model M2a indicates three types of codon evolution: purifying selection, neutral evolution, and positive selection. The ﬁt of models M0 versus M1a, and M1a versus M2a was evaluated by a likelihood ratio test
(LRT), comparing the difference in log likelihoods with a χ2 distribution
two times (Yang, 2007).
2.2. Plant material
S. lycopersicum L. (cv. MicroTom) seeds were obtained from the
Laboratory of Hormonal Control of Plant Development (ESALQ,
Universidade de São Paulo). The plants were grown in 1 L pots in a
greenhouse under automatic irrigation (four times a day) at an average
mean temperature of 25 °C, 11.5 h/13 h (winter/summer) photoperiod
and 250–350 μmol m−2 s−1 of incident photo-irradiance. Fruit pericarp
material (without placenta and locule walls) at the green (G, ~1.5 cm in
diameter), mature green (MG, jelly placenta and ~2.5 cm in diameter),
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yellow (Y, ~ 2.5 cm in diameter) and ripe (R, ~ 2.5 cm in diameter)
stages was harvested at 15, 25, 28 and 45 days after anthesis.
For phytohormone-regulated senescence assay, tomato seeds were
surface-sterilized according to Pino et al. (2010) and germinated on
half strength MS salts (Murashige and Skoog, 1962), 30 g L−1 sucrose
and 2 g L−1 Phytagel (Sigma, St. Louis, MO, USA). The growth chamber
conditions were 400 μmol PAR m−2 s−1 with a 12 h photoperiod and air
temperature of 25 ± 1 °C. Four-week-old in vitro plants were treated
with 100 μM abscisic acid (ABA), 100 μM salicylic acid (SA) or 5 mL L−1
ethylene (ET). Treatment with 500 μL L− 1 1-methylcyclopropene
(MCP), an inhibitor of ethylene perception (Blankenship and Dole,
2003), started three weeks before harvest time and was renewed weekly. Proper volumes of the gaseous ET and MCP solutions were added in
the headspace of the sealed ﬂasks containing the plants to achieve the
ﬁnal concentrations mentioned above. The preparation of MCP followed
the manufacturer's instructions (SmartFresh® powder 0.14%). Source
leaf tissue from the second node from the bottom of the plant was collected after two and four days of hormonal treatment. MCP-treated
plants were harvested at the exact same age of those exposed to
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hormonal treatments. All samples were frozen in liquid nitrogen, powdered and stored at −80 °C.
2.3. Chlorophyll measurement
For chlorophyll a and b quantiﬁcation, 50 mg of homogenized tissue
was incubated with N,N-dimethylformamide at room temperature in
darkness for 1 h, the supernatant was collected and the extraction was
repeated one more time. The absorption spectrum of the combined supernatants at 647 and 664 was measured and the pigment content was
calculated as described by Lichtenthaler (1987). Chlorophyll data were
analyzed by ANOVA followed by a Tukey test (p b 0.05) using the
Infostat software (Di Rienzo et al., 2011).
2.4. qPCR
RNA extraction and qPCR reactions were performed as described by
Quadrana et al. (2013). The PCR primers used are listed in Table S2. The
SlPAO (Solyc11g066440) and SlSAG12 (Solyc02g076910) genes were

Fig. 1. Genomic characterization of S. lycopersicum chlorophyllase and pheophytinase genes. (A) Chromosomal positioning of SlCLH1 (Solyc06g053980.2), SlCLH2 (Solyc09g065620.2),
SlCLH3 (Solyc09g082600.1), SlCLH4 (Solyc12g005300.1) and SlPPH (Solyc01g088090.1) according to the closest marker mapped onto the Tomato-EXPEN-2000 map (http://
solgenomics.net/). T0834 (32 cM) for SlCLH1, C2_At4g02680 (56.3 cM) for SlCLH2, cLET-42-O2 (72 cM) for SlCLH3, TG180 (9 cM) for SlCLH4 and T1677 (46 cM) for SlPPH. (B) Schematic
representation of gene structures. Black boxes and lines indicate exons and introns, respectively. Untranslated regions (UTRs) are represented as white boxes for those genes with
available information. The gray arrows represent the primers used for the qPCR experiments. Scale bar indicates 200 bp. The representation was made with Exon–Intron Graphic
Maker (http://wormweb.org/exonintron).
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used as controls for chlorophyll degradation and senescence related
gene expression, respectively. All reactions were performed with
two technical replicates and at least three biological replicates. mRNA
levels were quantiﬁed using a 7500 Real-Time PCR system (Applied
Biosystem) and SYBR Green Master Mix (Applied Biosystem). Data
were analyzed with LinRegPCR software (Ruijter et al., 2009) to obtain
Ct values and to calculate primer efﬁciency. Expression values were normalized to the mean of two constitutively expressed genes, TIP41 and
Expressed (Quadrana et al., 2013). A permutation test, which lacks sample distribution assumptions (Pfafﬂ et al., 2002), was used to detect
statistical (p b 0.05) differences in expression levels between samples
and developmental stages using the algorithms in the fgStatistics
software (Di Rienzo, 2009). The normalized expression pattern was presented by a heat map constructed with GENE-E program (http://www.
broadinstitute.org/cancer/software/GENE-E/).
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In order to evaluate the diversity of dephytylation enzymes, the tomato genome sequence (The Tomato Genome Consortium, 2012) was
searched using A. thaliana CLHs and PPH coding sequences as queries.
Four CLH-like and one PPH-like genes were identiﬁed, distributed on
chromosomes 1, 6, 9 and 12 (Fig. 1A). These genes were named and
will be referred to hereafter as SlCLH1, SlCLH2, SlCLH3, SlCLH4, and
SlPPH. SlPPH contains seven exons and there is variation in the SlCLH
gene structures, with two or three exons (Fig. 1B). In order to predict
the subcellular location of tomato proteins, eight different programs
were tested using the protein sequence of AtPPH as control, which is experimentally demonstrated to localize in chloroplasts (Schelbert et al.,
2009). Interestingly, all tested programs accurately predicted AtPPH to
be located in plastid. However, for tomato proteins the predictions
were ambiguous. Most of the programs indicated that SlPPH is a plastidial protein whereas for SlCLHs suggested chloroplastic, cytosolic and
even, plasma membrane localization (Table S3).
The topology of the PPH tree was for the most part in agreement
with the phylogenetic distribution of the species and among the plant
species considered, PPH was found to be mostly encoded by a single
copy gene. When paralogs were found, as was the case for Glycine
max and Brassica rapa, the sequences clustered together, indicating
species-speciﬁc gene duplications (Fig. 2A).
The CLH phenetic analysis revealed one distinct clade containing all
the Eudicot sequences, while those of the monocotyledonous species,
conifers and Eucaliptus grandis grouped together in a not well supported
clade (Fig. 2B). In agreement with that reported by Gupta et al. (2012),
within the Eudicot clade, two groups could be distinguished, which are
highlighted as Group I and Group II. All the analyzed species were represented by at least one CLH copy in each group, suggesting ancient
gene duplication in the ﬂowering plant lineage.
An integrated analysis of the phenogram, combined with the limited
functional data available further revealed some interesting features.
AtCLH1 (Benedetti et al., 1998; Liao et al., 2007; Tsuchiya et al., 1999),
BoCLH1 (Büchert et al., 2011) and CsCLH3 (Jacob-Wilk et al., 1999),
which belong to Group I, have been shown to be hormone or environmental stimuli-responsive enzymes; however, their paralogs are constitutively expressed, or suggested to be non-responsive to hormone
treatments (Büchert et al., 2011; Tang et al., 2004).
The existence of two types of dephytylation enzymes in land plants,
namely two paralog CLH-encoding genes and a single PPH, is intriguing
in terms of their putative physiological roles as well as the evolutionary
history of their functional differentiation. We therefore explored the
patterns of sequence diversiﬁcation by applying a likelihood ratio test
(LRT) to evaluate the selective constraints in which these sequences
are evolving. Three different models were tested. The ﬁrst, M0, assumes
that all codons have the same dN/dS (ω). The second, M1a, proposes
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Fig. 2. Phenogram of PPHs and CLHs. Sequence diversity for PPHs (A) and CLHs (B). Details
of sequence data are listed in Table S1. Only genes from species with fully sequenced genomes were included in the analysis. Within the Eudicots, two groups of CLHs, Groups I
and II, could be distinguished. S. lycopersicum sequences are highlighted with open circles.
Filled and open rhombuses indicate CLH sequences that have been functionally characterized as hormone-responsive or non-responsive, respectively. Bootstrap values are shown
on the branches. Arabidopsis thaliana (At), Brassica oleracea (Bo), Brassica rapa (Br), Citrus
clementine (Cc), Citrus sinensis (Cs), Eucalyptus grandis (Eg), Glycine max (Gm), Nicotiana
tabacum (Nt), Oryza sativa (Os), Picea sitchensis (Ps), Populus trichocarpa (Pt), Ricinus
communis (Rc), Solanum lycopersicum (Sl), Solanum tuberosum (St), Sorghum bicolor
(Sb), Vitis vinífera (Vv), and Zea mays (Zm).
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that a subset of codons is under purifying selection while the others exhibit neutral evolution. The third model, M2a, is able to categorize codons in three classes: those with purifying selection, those with a
neutral evolution pattern, and the remainder that are under positive selection. In order to avoid data misinterpretation, the Nc was estimated
and the comparison between species did not show statistically signiﬁcant differences, indicating that there is no codon usage bias. No positive
selection was detected for any of the groups of sequences tested (data
not shown). When phylogenetically distant sequences were compared
(all PPHs, all CLHs, Group I-CLHs or Group II-CLHs, Table 1), PPH and
CLHs showed evidence of evolving in accordance with the M1a model,
with both neutral and constrained evolving codons. However, looking
exclusively at Solanaceae or Brassicaceae sequences, a different scenario
was uncovered. While, PPH and Group II-CLHs have codons constrained
exclusively by purifying selection, Group I-CLHs exhibited a relaxed selection, containing codons evolving by both purifying selection and neutral evolution (Table 1).
3.2. Expression proﬁles of tomato PPH and CLH genes upon hormone
treatments and along fruit development and ripening
To generate additional evidence for an association between the
roles of the different dephytylating enzymes with distinct physiological
processes, we performed a comprehensive expression analysis in
leaves submitted to different hormonal treatments and during fruit
development and ripening (green (G), mature green (MG), yellow
(Y) and ripe (R) stages). Chl a and Chl b levels decreased upon
ET, ABA and SA treatments while the leaves grown in the presence of
1-methylcyclopropene (MCP), an inhibitor of ethylene perception,
displayed higher levels of Chls (Fig. 3). As expected, Chl content also declined during ripening (Fig. 4). ET, ABA and SA treatments triggered leaf
senescence as demonstrated by the increase of the mRNA levels of the
SlSAG12 gene, which is a senescence marker (Weaver et al., 1998). In
MCP treated leaves, SlSAG12 showed reduced amount of transcripts
compared with control. PAO has shown to be ubiquitously expressed
in green tissues to avoid the phototoxicity of Pheide a (Hörtensteiner,
2013). Thus, we might speculate that the increment in Chl content observed upon MCP treatment would result in increased levels of PAO
mRNA as observed in Fig. 5 although, to our knowledge, this correlation
is still unexplored. In agreement with previous report, PAO expression
correlated positively with Chl degradation induced by ET, ABA and SA
(Pružinska et al., 2003) (Fig. 5, Tables S4, S5).
Transcripts corresponding to the dephytylating enzymes SlCLH1,
SlCLH4 and SlPPH were detected in all samples tested. SlCLH2 showed
expression in leaves, but only very low amounts of mRNA were detected
in fruits and exclusively at the G stage. None of the analyzed samples

Fig. 3. Chlorophyll content upon hormonal treatment. Chlorophyll a and chlorophyll
b content in leaves collected after 0, 2 and 4 days of hormonal treatment. MCP refers to
1-methylcyclopropene. Asterisks indicate statistically signiﬁcant values compared with
non-treated T0 (p b 0.05).

showed detectable levels of SlCLH3 expression. In leaves SlCLH2
and SlCLH4 showed low and similar expression levels, which represent
4 and 8-fold less than SlPPH and SlCLH1, respectively. This difference
in the magnitude of expression enlarges in fruits where SlPPH and
SlCLH1 displayed more than 50-fold mRNA than SlCLH2 and SlCLH4
(Table S6). A detailed analysis of the temporal and spatial expression
patterns suggested that the four enzymes have distinct functional
roles (Fig. 5, Table S4). SlCLH1 expression correlated with Chl content
showing a mild decrease following the three treatments that induced
leaf senescence. In the presence of MCP, leaves maintained SlCHL1 transcript level displaying a little reduction after 4 days. SlCLH2 expression
peaked after two days of MCP, ET and ABA treatment, while the presence of SA inhibited SlCLH2 mRNA accumulation compared against
non-treated samples. SlCLH4 expression exhibited variable responses
upon growth regulator application. Leaves of plants grown in the
presence of MCP accumulate less, yet constant, amount of SlCLH4
mRNA than controls. Upon ET application, SlCLH4 expression decreased

Table 1
Evolutionary analysis of CLH and PPH sequences.
Number of
sequences

Number of
codons

Mean dN ± SE

Mean dS ± SE

Mean Nc ± SD

a

M0
b

ω0

c

g

M1a
d

e

2Δl (M1a–M0)
f

ω0

p0

ω1

p1

lnl

All CLHs

38

234

0.330 ± 0.014

0.723 ± 0.010

51.14 ± 8.64

0.23984

1.00000 -16042.717743

0.17541

0.69088

1.00000

0.30912

-15781.792075

521.85*

Group I

13

281

0.186 ± 0.011

0.613 ± 0.015

50.08 ± 3,04

0.15071

1.00000

-5917.189525

0.09879

0.80370

1.00000

0.19630

-5845.329127

143.72*

Group II

16

269

0.325 ± 0.013

0.637 ± 0.013

55.97 ± 4.21

0.28053

1.00000

-8068.742702

0.14568

0.60939

1.00000

0.39061

-7912.028941

313.43*

Solanaceae Group I

4

278

0.140 ± 0.011

0.355 ± 0.023

53.46 ± 1.96

0.28452

1.00000

-2231.814979

0.18233

0.83215

1.00000

0.16785

-2225.767086

12.09*

Brassicaceae Group I

3

324

0.066 ± 0.050

0.323 ± 0.239

60.82 ± 0.31

0.21138

1.00000

-1936.781773

0.02253

0.73739

1.00000

0.26261

-1930.121126

13.32*

p0

lnl

Solanaceae Group II

4

288

0.090 ± 0.009

0.348 ± 0.026

47.38 ±2.17

0.16221

1.00000

-2084.000701

0.14081

0.96064

1.00000

0.03936

-2082.982486

2.04

Brassicaceae Group II

3

317

0.053 ± 0.041

0.325 ± 0.270

55.57 ± 0.52

0.17562

1.00000

-1797.414114

0.09724

0.88243

1.00000

0.11757

-1794.771181

5.29

All PPHs

18

326

0.143 ± 0.009

0.635 ± 0.013

53.92 ± 2.42

0.12057

1.00000

-8204.934624

0.07911

0.86475

1.00000

0.13525

-8069.057688

Solanaceae PPHs

3

478

0.054 ± 0.006

0.197 ± 0.017

50.72 ± 1.71

0.23623

1.00000

-2787.421353

0.17129

0.90511

1.00000

0.09489

-2786.327631

2.18

Brassicaceae PPHs

3

476

0.071 ± 0.019

0.313 ± 0.038

54.33 ± 1.15

0.23429

1.00000

-3047.214210

0.19376

0.93393

1.00000

0.06607

-3046.592305

1.24

271.75*

a
Nc: effective number of codons and the corresponding standard deviation (SD). No signiﬁcant differences in codon usage were identiﬁed (p b 0.01). b ω0: ω estimates for the codons
under purifying selection. c p0: estimated proportion of codons under purifying selection. d lnl: log likelihood of model. e ω1: ω estimates for the codons under neutral evolution. f p1:
estimated proportion of codons under neutral evolution. g 2Δl (M1a–M0): the likelihood ratio statistics (2Δl) is approximated by the χ2 distribution (degree of freedom = 1). Null
hypotheses (M0) rejected is highlighted in dark gray and indicated with an asterisk in the 2Δl (M1a–M0) (p b 0.01). Null hypotheses (M0) accepted are highlighted in light gray.
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Fig. 4. Chlorophyll content during fruit development and ripening. (A) Phenotypic characteristics of the fruits. (B) Chlorophyll a and chlorophyll b content in fruits. Fruit pericarp material
was sampled during natural development and ripening at four different stages: green (G), mature green (MG), yellow (Y) and ripe (R). Different letters indicate statistically signiﬁcant
values compared with the corresponding G stage (p b 0.05).

after 2 days of treatment and rapidly returned to basal levels. ABA and
SA application inhibited SlCLH4 mRNA accumulation, which decreased
76% and 90% after 4 days, respectively. Finally, SlPPH showed an

expression proﬁle that mirrored the Chl a content and SlCLH1 expression pattern, suggesting its involvement in senescence-induced chlorophyll degradation.

Fig. 5. Expression of the dephytylating enzyme-encoding genes in leaves and fruits. Schematic view of the Chl degradation pathway showing the relative expression proﬁle of SlCLH1,
SlCLH2, SlCLH4 and SlPPH assayed by qPCR. Leaves were analyzed after 0, 2 or 4 days of treatment with 1-methylcyclopropene (MCP), ethylene (ET), abscisic acid (ABA) or salicylic
acid (SA). Fruit transcript proﬁles were performed at green (G), mature green (MG), yellow (Y) and ripe (R) stages. SlSAG12 and SlPAO were included as controls. Values represent
means from at least three biological replicates. Mean relative expression was calculated from the means of two technical replicates and normalized against non-treated samples
(day 0) or green fruits (G). Leaf expression data were expressed as the ratio between the treatment value and the corresponding untreated control. The expression values and the corresponding statistically signiﬁcant differences (p b 0.05) between samples are detailed in Tables S4 and S5. Gray boxes denote not detected. Chl a, chlorophyll a; Pheo a, pheophytin a; Chlide
a, chlorophyllide a; Pheide a, pheophorbide a; RCC, red chlorophyll catabolite; CLH, chlorophyllase; PPH, pheophytinase; PAO, pheophorbide a oxygenase; SAG12, senescence-induced
marker gene.
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Once tomato fruits are fully expanded at the MG stage, one of the
most obvious visible changes is a modiﬁcation of color resulting from
the degradation of chlorophyll and the accumulation of carotenoid pigments. Indicative of the early onset of chlorophyll degradation, the
SlPPH and SlCLH1 showed a peak of expression at the MG stage, which
decreased towards the R stage. In contrast, SlCLH4 displayed a ﬂuctuating expression proﬁle with higher mRNA levels in the G and Y stages
and lower amount of transcripts in the MG and R stages (Fig. 5,
Table S5).
4. Discussion
Although the cytotoxic effects of Chl metabolism intermediates are
well known, there are still many poorly understood steps in the Chl degradation pathway. Moreover, since most studies have focused on Chl
breakdown during leaf senescence, knowledge of Chl degradation during fruit ripening is very limited (Hörtensteiner, 2013). We therefore
performed a comparative study of both processes in S. lycopersicum focusing on the gene encoding dephytylating enzymes. A survey of the tomato genome (The Tomato Genome Consortium, 2012) revealed four
CLH-like and a single PPH-like genes.
In silico prediction of subcellular localization suggested that, as described for the A. thaliana ortholog, SlPPH is located in the chloroplast
(Schelbert et al., 2009). In agreement with the divergent data obtained
from different experimental approaches (Azoulay-Shemer et al., 2008,
2011; Harpaz-Saad et al., 2007), for SlCLHs the protein sequence analyses were not conclusive with respect to organelle targeting. The phenetic analysis showed that, with the exception of E. grandis and Oryza
sativa, the analyzed species had two or three copies of CLH genes. Interestingly, among the fourteen species examined, Solanum tuberosum and
S. lycopersicum were the only examples with four CLHs, suggesting a
lineage-speciﬁc duplication. In contrast, PPH was apparently present
as a single copy gene. The existence of two groups of CLHs suggests
functional diversiﬁcation, and a selective constraint study revealed
that different dephytylating-encoding genes are likely subjected to distinct selective pressures. Moreover, the differing expression proﬁles
discussed below further suggests the existence of functional speciﬁcity.
However, it is important to note that in Citrus, chlorophyllase is subjected to N- and C-terminal processing, so post-translational regulatory
mechanisms may also participate in the regulation of enzyme activity
(Azoulay-Shemer et al., 2011).
Our expression data indicate that SlPPH is the principal dephytylating
enzyme acting during leaf senescence, as has been demonstrated for the
ortholog in A. thaliana (Schelbert et al., 2009), and its expression coincides with Chl a catabolism. The levels of SlCLH1 mRNA gradually decreased correlating with Chl amount during hormone-induced leaf
senescence. The same behavior was observed for the CLH of Ginkgo biloba
during autumnal yellowing (Tang et al., 2004) and AtCLH2 along darkinduced senescence (Liao et al., 2007), which belong to the same group
of SlCLH1. These results are indicative of Group II CLH involvement in
the homeostasis of Chls in leaves, as was previously suggested by Tang
et al. (2004). In contrast, SlCLH2 and SlCLH4 displayed variable expression patterns upon the tested stimuli. This is in agreement with all functional studies performed with Group I CLHs that have indicated
responsiveness to external and hormonal stimuli, such as abscisic acid
(ABA) (Gupta et al., 2012), methyl-jasmonate (Kariola et al., 2005;
Schenk et al., 2007; Tsuchiya et al., 1999), wounding (Benedetti and
Arruda, 2002; Kariola et al., 2005), pathogen elicitors (Kariola et al.,
2005) and salicylic acid (Kariola et al., 2005). It is worth to remark the
drastic reduction of SlCLH2 and SlCLH4 expression in response to SA,
which after 2 days of treatment the mRNA levels dropped to 2% and
19%, respectively. The corresponding ortholog gene from A. thaliana,
AtCLH1, has also shown to modulate SA signaling. During an SAdependent defense response, cell damage causes Chl leaking. As a result
of the phototoxic nature of this pigment, the delay of free Chl degradation by the AtCLH1 transcriptional inhibition enhanced reactive oxygen
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species accumulation, which boosts defense response (Kariola et al.,
2005).
Regarding SlCLH3, the absence of detectable levels of mRNA described here is in accordance with RNAseq public data available at
Tomato Functional Genomic Database at Sol Genomics Network
(http://solgenomics.net/) for S. lycopersicum cv. Heinz and Solanum
pimpinellifolium. However, a comprehensive analysis of the gene sequence did not indicate any feature that could suggest that SlCLH3
locus was a pseudogene.
The expression of the gene encoding the dephytylating enzymes
during fruit degreening showed similar behavior from what was observed during leaf senescence. At the MG stage, when fruits have
reached their maximum size and Chl content before the triggering of
ET biosynthesis (Giovannoni, 2004), SlCLH1 exhibited the highest levels
of mRNA accumulation, which then decreased during ripening together
with both Chl a and b levels. From G to MG stage, SlPPH expression increased over 40-fold. This expression pattern indicates that SlPPH and
SlCLH1 transcriptional regulation is ET-independent in fruits. The correlation of SlCLH1 expression patterns with Chl content again indicates its
involvement in pigment homeostasis. Additionally, SlPPH up-regulation
demonstrates that Chl degradation during tomato degreening mostly
depends on this enzyme. However, the transcriptional induction of
SlCLH1 observed in MG stage (2.5-fold) suggests a synergistic action of
SlPPH and SlCLH1 on fruit Chl catabolism during chloroplast to chromoplast transition. Additionally, as observed in leaves, the expression of
SlCLH4 showed to be responsive to ABA displaying reduction of mRNA
levels following ABA accumulation at late expansion (G) and early ripening (Y) phases (McAtee et al., 2013; Seymour et al., 2013), further
underlining the responsiveness of Group I CLHs to phytohormones.
However, in light of the extremely low expression level of SlCLH4, the
role of Group I CLHs in tomato ripening is questionable.
The data presented here, together with previous studies, indicate
three main physiological roles for the dephytylating enzymes. PPH
acts as part of a multi-enzymatic complex during developmentally
programed physiological processes such as leaf senescence and fruit ripening, and so experiences a high degree of selective constraint
(Sakuraba et al., 2012, 2013). CLHs belonging to Group I respond to external and hormonal stimuli. Since this group of enzymes is under relaxed purifying selection, a certain degree of sequence variability may
have helped the development of tailored defense response pathways
according to the varying environment and pathogen pressures during
the evolutionary history. Finally, CLHs belonging to Group II are involved in Chl homeostasis and phytol recycling in leaves and fruits,
and are subjected to higher levels of purifying selection (Almeida
et al., 2011; Ischebeck et al., 2006; Quadrana et al., 2013; Tang et al.,
2004; Vavilin and Vermaas, 2007). In summary, an integrated analysis
of the results obtained from the genomic, evolutionary and expression
studies of tomato PPH and CLH-encoding genes, demonstrated that the
different Chl dephytylation enzymes play speciﬁc roles in plant physiology and plant–environment interactions.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gene.2014.05.051.
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Although chlorophyll (Chl) degradation is an essential biochemical pathway for plant physiology, our knowledge regarding this process still has unﬁlled gaps. Pheophytinase
(PPH) was shown to be essential for Chl breakdown in
dark-induced senescent leaves. However, the catalyzing enzymes involved in pigment turnover and fruit ripening-associated degreening are still controversial. Chl metabolism is
closely linked to the biosynthesis of other isoprenoidderived compounds, such as carotenoids and tocopherols,
which are also components of the photosynthetic machinery. Chls, carotenoids and tocopherols share a common precursor, geranylgeranyl diphosphate, produced by the
plastidial methylerythritol 4-phosphate (MEP) pathway.
Additionally, the Chl degradation-derived phytol can be
incorporated into tocopherol biosynthesis. In this context,
tomato turns out to be an interesting model to address
isoprenoid–metabolic cross-talk since fruit ripening combines degreening and an intensely active MEP leading to
carotenoid accumulation. Here, we investigate the impact
of PPH deﬁciency beyond senescence by the comprehensive
phenotyping of SlPPH-knockdown tomato plants. In leaves,
photosynthetic parameters indicate altered energy usage of
excited Chl. As a mitigatory effect, photosynthesis-associated carotenoids increased while tocopherol content remained constant. Additionally, starch and soluble sugar
proﬁles revealed a distinct pattern of carbon allocation in
leaves that suggests enhanced sucrose exportation. The
higher levels of carbohydrates in sink organs down-regulated
carotenoid biosynthesis. Additionally, the reduction in Chlderived phytol recycling resulted in decreased tocopherol
content in transgenic ripe fruits. Summing up, tocopherol
and carotenoid metabolism, together with the antioxidant
capacity of the hydrophilic and hydrophobic fractions, were
differentially affected in leaves and fruits of the transgenic
plants. Thus, in tomato, PPH plays a role beyond senescenceassociated Chl degradation that, when compromised, affects
isoprenoid and carbon metabolism which ultimately alters
the fruit’s nutraceutical content.

Abbreviations: DXS, 1-deoxy-D-xylulose-5-P synthase; ETR,
electron transport rate; GGDR, geranylgeranyl diphosphate
reductase; GGPP, geranylgeranyl diphosphate; MEP, methylerythritol 4-phosphate; NPQ, non-photochemical quenching;
PDP, phytyl diphosphate; PPH, pheophytinase; SGR, STAY
GREEN 1; TEAC, Trolox equivalent antioxidant capacity;
Chl, Chlorophyll; PSII, Photosystem II; PSY, phytoene
synthase; VTE, vitamin E; SK, shikimate; VTE5, phytol
kinase; VTE6, phytyl-phosphate kinase; PAO, pheophorbide
a oxygenase; PDS, phytoene synthase; LCY, lycopene bcyclase chloroplast-speciﬁc; CYC, lycopene b-cyclase chromoplast-speciﬁc; Rd, respiration; E, transpiration; gs, condutance;
Fv/Fm, dark-adapted PSII maximum quantum efﬁciency; A,
CO2 assimilation; qP, open PSII centers;  PSII, PSII operating
efﬁciency; PPHL, PPH-like; O2, singlet oxygen.

Introduction
Photosynthesis, the process upon which life relies, converts
light energy by coupling chlorophyll (Chl) with an electron
transport chain. The extension of photosynthetic activity for
longer periods, by delaying leaf senescence, might lead to improvement in carbon assimilation. Thus, this phenotype, called
stay green, has been considered as a strategy for breeding for
yield (Rossi et al. 2015) and has been classiﬁed as cosmetic or
functional (Thomas and Howarth 2000). Genotypes with deﬁciency in senescence-associated Chl degradation are considered
cosmetic, since the non-visible components of senescence are
mostly unaffected (Thomas and Ougham 2014). This seems to
be the case in the Arabidopsis thaliana pheophytinase (AtPPH)
mutant (pph-1). Pheophytinase (PPH) catalyzes the dephytylation of pheophytin a, releasing phytol, the Chl lipophilic chain.
pph-1 is unable to degrade Chl and the functionality of photosynthesis is strongly affected upon induction of senescence
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(Schelbert et al. 2009). Similar results have been obtained for
the Solanum lycopersicum ortholog gene, SlPPH (Guyer et al.
2014), as Chl breakdown is impaired in dark-induced senescent
leaves of SlPPH-knockdown plants. The fruits of transgenic lines
showed a transient delay of Chl degradation that was accompanied by a transitory accumulation of pheophytin a, but, ultimately, they degraded Chl and pheophytin a like the wild-type
genotype. These results demonstrate the involvement of SlPPH
in ripening-associated degreening; however, they also indicate
that other dephytylating activities may compensate for the
reduced levels of PPH in transgenic fruits.
Another elusive mechanism regarding Chl metabolism is Chl
turnover. It has been demonstrated that chlorophyll synthase reesteriﬁes chlorophyllide a; nevertheless the enzyme responsible
for the hydrolysis of the ester bond yielding chlorophyllide a and
free phytol is still unknown (Lin et al. 2014, Zhang et al. 2015).
Pheophytin a and Chl a differ only in one magnesium ion; thus, it
seems likely that the de-esteriﬁcation is catalyzed by a PPH-like
enzyme. Interestingly, pheophytin a recycling might also be
needed for proper photosystem turnover as it is known to be
the primary electron acceptor in Photosystem II (PSII) (Vass and
Cser 2009). Furthermore, PPH-like genes are found from cyanobacterial to angiosperm genomes and have been shown to be
localized in plastids (Schelbert et al. 2009, Guyer et al. 2014).
Chl metabolism is closely linked to biosynthesis of carotenoid and tocopherol, which are the major lipid-soluble antioxidants of the thylakoid membrane and consequently, important
players in maintenance of photosynthetic activity (Havaux et al.
2005). These isoprenoid-derived compounds are synthesized
from geranylgeranyl diphosphate (GGPP) produced by the plastidial methylerythritol 4-phosphate (MEP) pathway
(DellaPenna and Pogson 2006) (Fig. 1). While GGPP is the substrate for the ﬁrst enzyme of carotenoid biosynthesis, phytoene
synthase (PSY), the Chl and tocopherol prenyl side chain derives from phytyl diphosphate (PDP), which in turn is produced
by geranylgeranyl reductase (GGDR) (Almeida et al. 2015).
Tocopherols, which belong to the vitamin E (VTE) family of
compounds, are further synthesized from the condensation
of PDP and homogentisate from the plastidial shikimate (SK)
pathway (Almeida et al. 2011). Additionally, PDP for tocopherol
biosynthesis can also originate from the activity of phytol kinase
(VTE5) and phytyl-phosphate kinase (VTE6), which recycle Chl
degradation-derived phytol (Ischebeck et al. 2006, Valentin
et al. 2006, vom Dorp et al. 2015, Almeida et al. 2016).
Although Chl, tocopherols and carotenoids share a common
precursor, few studies have provided comprehensive insight
into the regulation of their metabolic network (Quadrana
et al. 2013, Zhang et al. 2014, Almeida et al. 2015, Zhang et al.
2015). It has been demonstrated that STAY GREEN 1 (SlSGR), a
Chl degradation regulatory protein, controls lycopene and
b-carotene accumulation by interacting directly with SlPSY1
during tomato ripening (Luo et al. 2013). Recent evidence indicates that PDP for tocopherol biosynthesis is mostly supplied
by Chl degradation (Zhang et al. 2015). In seeds of A. thaliana,
neither PPH nor chlorophyllases, the other known Chldephytylating enzyme, seems to be responsible for producing
Chl-derived phytol for tocopherol biosynthesis, although

AtPPH-overexpressing lines displayed increased levels of tocopherol (Zhang et al. 2014). Taken together, these data suggest
the existence of an unknown source of phytol for tocopherol
biosynthesis as well as an as yet unknown complex regulatory
network of isoprenoid-derived compounds.
Tomato (Solanum lycopersicum) turns out to be an interesting model to address the above-described isoprenoid–
metabolic cross-talk since, during fruit ripening, chloroplast
to chromoplast transition combines degreening and an intensely active MEP, leading to carotenoid accumulation (Egea
et al. 2011, Barsan et al. 2012, Seymour et al. 2013), while the
total tocopherol content remains constant (Quadrana et al.
2013). Moreover, tomato is one of the most widely consumed
fruits worldwide and is a major source of these nutraceutical
compounds for the human diet (Canene-Adams et al. 2005,
Chun et al. 2006).
In this work, we further characterized SlPPH-knockdown
plants to address the role of PPH in Chl, carotenoid and tocopherol homeostasis and the physiological impact of PPH deﬁciency beyond senescence. The transgenic plants showed
altered photosynthetic parameters that were reﬂected in modiﬁcations in carbon partitioning. Carotenoid and tocopherol
content and composition were affected differently in leaves
and fruits of SlPPH-knockdown plants, which could be explained by the transcriptional proﬁle of the respective biosynthetic genes as well as by the inﬂuence of sugars over
carotenoid metabolism. In addition, antioxidant activities in
both organs were altered in accordance with carotenoid and
tocopherol contents. Finally, a comprehensive survey of the
tomato genome revealed the presence of three other PPH-like
genes. The transcriptional proﬁles suggested that they all might
play a role in leaf Chl metabolism, while SlPPHL3 could, in addition, be involved in ripening-associated degreening. The integrated data analysis showed that SlPPH deﬁciency affects
isoprenoid metabolism in an organ-speciﬁc manner, modifying
the nutritional content of the edible fruit.

Results
Isoprenoid-derived compounds and Trolox
equivalent antioxidant capacity (TEAC) proﬁles
are altered in SlPPH-knockdown plants
Aiming to investigate the effect of PPH deﬁciency on the metabolism of carotenoids and tocopherol, three independent SlPPHknockdown lines, with at least 85% reduction of the SlPPH mRNA
level (Supplementary Fig. S1), were characterized.
Linear (lycopene) and cyclized (b-carotene, lutein, violaxanthin and neoxanthin) carotenoids were measured
(Table 1). In leaves, all detected carotenoids were increased
in a statistically signiﬁcant manner, except for lutein that remained unaltered. On the other hand, a contrasting scenario
was found in fruits. While no signiﬁcant changes were found at
the mature green stage, ripe fruits of SlPPH-knockdown plants
showed reduced carotenoid levels compared with the control
genotype. Again, lutein was the only measured compound that
showed similar levels to wild-type fruits.
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Fig. 1 Chl, tocopherol and carotenoid metabolism. Schematic representation of the interconnection between Chl synthesis and degradation
(green), carotenogenesis (orange) and tocopherol biosynthetic (blue) pathways. Dotted lines denote that intermediate steps were omitted.
Enzymes whose genes have been transcriptionally proﬁled in this work are indicated. Enzymes and compounds are named according to the
following abbreviations: DXS, 1-deoxy-D-xylulose-5-P synthase; GGDR, geranylgeranyl diphosphate reductase; PSY, phytoene synthase; PDS,
phytoene desaturase; LCYb, chloroplast-speciﬁc b-lycopene cyclase; CYCb, chromoplast-speciﬁc b-lycopene cyclase; GGPP, geranylgeranyl
diphosphate; PDP, phytyl diphosphate; PP, phytyl phosphate; PPH, pheophytinase; PAO, pheophorbide a oxygenase; pFCC, primary ﬂuorescent
Chl catabolite; VTE5, phytol kinase; VTE6, phytyl phosphate kinase; MPBQ, 2-methyl-6-geranylgeranylbenzoquinol; VTE1, tocopherol cyclase;
VTE2, homogentisate phytyl transferase; VTE3, 2,3-dimethyl-5-phytylquinol methyltransferase; VTE4, tocopherol C-methyl transferase; MEP,
methylerythritol 4-phosphate. Adapted from Almeida et al. (2016).

Similar to that described for carotenoids, distinct tocopherol
proﬁles were observed between organs. The levels of a-, g- and
total tocopherol in leaves of SlPPH-knockdown plants were
similar to those observed in the wild type; however, the transgenic lines also presented detectable amounts of d-tocopherol.
Mature green fruits of the transgenic plants accumulated
higher levels of a- and g-tocopherol, which resulted in about
a 12% increase in total tocopherol content. At the ripe stage,
the amount of total tocopherol decreased in SlPPH-knockdown
lines as a consequence of the reduction of the minor tocopherol
forms, g- and d-, whose extent was not compensated by the
increment in a-tocopherol (Table 2).
As SlPPH knockdown affected the proﬁle of tocopherols and
carotenoids, the antioxidant capacity in leaf and fruit extracts
was estimated by the TEAC assay. The hydrophilic fraction of
leaves and ripe fruits showed increased TEAC in transgenic
plants, while reduced levels were detected at the mature

green stage (Fig. 2A). In terms of antioxidant capacity of the
lipophilic fraction, leaves of SlPPH-knockdown plants did not
differ signiﬁcantly from the wild-type genotype. Interestingly,
the fruit TEAC proﬁle in the non-polar extract of transgenic
lines displayed the opposite pattern to that observed in the
hydrophilic fraction (Fig. 2B).
These data indicate that the metabolism of isoprenoidderived compounds as well as the antioxidant capacity is differentially adjusted in response to SlPPH deﬁciency in leaves
and fruits.

SlPPH deﬁciency alters the transcript proﬁle
of tocopherol and carotenoid biosynthetic
enzyme-encoding genes
To address whether the alterations in tocopherol and carotenoid contents observed in transgenic plants are explainable by a
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Table 1 Carotenoid contents in SlPPH knockdown lines
WT

L17

L24

L27

Neoxanthin

41.82 ± 7.63

52.39 ± 6.92

65.56 ± 8.8

56.11 ± 6.97

Violaxanthin

36.57 ± 10.36

66.23 ± 10.17

71.36 ± 12.65

70.87 ± 14.32

Lutein

52.75 ± 7.05

53.03 ± 7.38

61.25 ± 6.37

59.94 ± 4.69

ND

ND

ND

ND

39.16 ± 6.08

60.81 ± 5.66

64.32 ± 6.4

69.7 ± 10.5

Leaf

Lycopene
b-Carotene
Mature green fruit
Neoxanthin

2.00 ± 0.39

1.81 ± 0.24

2.28 ± 0.18

2.22 ± 0.6

Violaxanthin

2.16 ± 0.32

1.80 ± 0.12

2.38 ± 0.23

2.33 ± 0.5

Lutein

6.16 ± 0.99

5.74 ± 0.69

6.22 ± 0.52

5.76 ± 1.32

Lycopene

ND

ND

ND

ND

1.74 ± 0.10

1.77 ± 0.16

2.07 ± 0.15

1.89 ± 0.07

0.19 ± 0.02

0.14 ± 0.01

0.13 ± 0.01

0.14 ± 0.02

Violaxanthin

0.50 ± 0.05

0.38 ± 0.02

0.34 ± 0.06

0.38 ± 0.04

Lutein

2.40 ± 0.22

2.20 ± 0.11

2.24 ± 0.13

411.04 ± 11.51

326.42 ± 34.76

10.13 ± 0.72

9.02 ± 0.32

b-Carotene
Ripe fruit
Neoxanthin

Lycopene
b-Carotene

271.3 ± 16.62
7.25 ± 0.78

2.22 ± 0.16
283.32 ± 10.53
7.88 ± 1.28

Statistically signiﬁcant differences between the wild-type (WT) control and transgenic lines are indicated in bold (t-test, P < 0.05). Values represent means ± SD from at
least three biological replicates. Values are expressed in mg g–1 FW. ND, not detected.

Table 2 Tocopherol content in SlPPH-knockdown lines
WT

L17

L24

L27

a-Tocopherol

326.49 ± 3.59

322.41 ± 12.32

301.85 ± 13.54

308.35 ± 15.61

b-Tocopherol

ND

ND

ND

ND

g-Tocopherol

5.01 ± 0.94

6.11 ± 0.88

6.32 ± 1.04

4.36 ± 0.48

d-Tocopherol

ND

2.05 ± 0.33

2.31 ± 0.19

1.81 ± 0.20

331.50 ± 6.07

330.57 ± 22.65

310.48 ± 14.42

314.51 ± 20.09

a-Tocopherol

134.88 ± 1.97

149.08 ± 8.38

141.04 ± 2.81

146.74 ± 4.90

b-Tocopherol

2.78 ± 0.18

2.38 ± 0.22

2.60 ± 0.36

2.70 ± 0.22

g-Tocopherol

6.28 ± 0.79

11.86 ± 0.50

13.96 ± 2.01

14.33 ± 1.53

d-Tocopherol

ND

ND

ND

ND

143.94 ± 2.43

163.32 ± 4.32

157.60 ± 3.58

163.77 ± 2.77

a-tocopherol

145.54 ± 17.48

167.40 ± 13.76

165.67 ± 22.62

170.72 ± 30.55

b-tocopherol

3.24 ± 0.18

2.85 ± 0.27

3.22 ± 0.13

3.00 ± 0.21

W-tocopherol

93.07 ± 8.23

27.47 ± 6.11

36.49 ± 3.42

50.21 ± 4.39

Leaf

Total tocopherol
Mature green fruit

Total tocopherol
Ripe fruit

d-tocopherol
Total-tocopherol

2.10 ± 0.15

1.28 ± 0.08

1.35 ± 0.10

1.31 ± 0.11

243.94 ± 25.88

198.99 ± 25.41

206.72 ± 11.56

225.23 ± 17.69

Statistically signiﬁcant differences between the wild-type (WT) control and transgenic lines are indicated in bold (t-test, P < 0.05). Values represent the means ± SD
from at least three biological replicates. Values are expressed in mg g–1 DW. ND, not detected.
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Fig. 2 Trolox equivalent antioxidant capacity (TEAC) in SlPPH-knockdown lines. The TEAC assay was carried out in hydrophilic (A) and
lipophilic (B) extracts of leaves and fruits at mature green and ripe
stages. Values represent the mean ± SD from at least three biological
replicates. Statistically signiﬁcant differences (P < 0.05) between the
control genotype and transgenic lines are marked with an asterisk.

transcriptional regulation of the respective biosynthetic genes,
the mRNA levels of isoprenoid metabolism-related genes
(Fig. 1) were proﬁled in leaves and fruits (Fig. 3;
Supplementary Table S1).
Due to the role of SGR protein in recruitment of Chl catabolic enzymes (Sakuraba et al. 2012) and regulation of carotenoid biosynthesis (Luo et al. 2013), the transcript proﬁle of SlSGR
was also evaluated. Interestingly, while no effect was found in
leaves and mature green fruits, signiﬁcantly lower amounts of
SlSGR mRNA were detected at breaker and ripe stages of SlPPHknockdown fruits. Pheophorbide a oxygenase (PAO) is another
member of the Chl catabolic enzyme complex (Sakuraba et al.
2012), and SlPAO also showed reduced levels of mRNA in leaves
and fruits of SlPPH-knockdown plants, indicating that these
plants are, to some extent, also impaired in tetrapyrrole ring
breakdown. In A. thaliana the overexpression and silencing of
AtSGR1 resulted in higher and lower amounts, respectively, of
AtPPH mRNA (Sakuraba et al. 2014). Reciprocally, the results
presented here showed that the reduced expression of SlPPH
leads to the down-regulation of SlSGR and SlPAO, suggesting
the existence of transcriptional co-regulation of the members
of the Chl catabolic enzyme complex.
During tomato fruit ripening, the expression of the 1-deoxyD-xylulose-5-P synthase-encoding gene (SlDXS) increases while
the amount of transcripts of SlGGDR diminishes. These changes
in the transcriptional proﬁle enhance the availability of isoprenoid intermediates for fruit carotenoid accumulation
(Quadrana et al. 2013, Almeida et al. 2015). Interestingly, the
fruits of the transgenic plants showed a reversed pattern of
expression, displaying higher and lower levels of transcripts
for SlGGDR and SlDXS, respectively. Conversely, the leaves of
the SlPPH-knockdown plants showed increased amounts of
mRNA for SlDXS.
Carotenoid metabolism was addressed by proﬁling the
transcript amount of PHYTOENE SYNTHASE (SlPSY1 and
SlPSY2), PHYTOENE DESATURASE (SlPDS) and LYCOPENE
-CYCLASE (the chloroplast-speciﬁc SlLCY and the
chromoplast-speciﬁc SlCYC) genes. It is worth mentioning

Fig. 3 Transcript proﬁle of Chl degradation, carotenogenesis and tocopherol biosynthetic genes in leaves and durng fruit ripening of SlPPHknockdown lines. Heatmap representation of the statistically signiﬁcant (P < 0.05) relative transcript amount compared with the corresponding wild-type sample. The expression values are detailed in
Supplementary Table S1. Abbreviations: SlSGR, stay-green; SlPAO,
pheophorbide a oxygenase; SlDXS, 1-deoxy-D-xylulose-5-P synthase;
SlGGDR, geranylgeranyl diphosphate reductase; SlVTE1, tocopherol
cyclase; SlVTE2, homogentisate phytyl transferase; SlVTE3, 2,3-dimethyl-5-phytylquinol methyltransferase; SlVTE4, tocopherol C-methyl
transferase; SlVTE5, phytol kinase; SlVTE6, phytyl phosphate kinase;
SlPSY, phytoene synthase; SlPDS, phytoene desaturase; SlLCY, chloroplast-speciﬁc b-lycopene cyclase; SlCYC, chromoplast-speciﬁc b-lycopene cyclase; LF, leaf; MG, mature green fruit pericarp; BR, breaker fruit
pericarp; RR, ripe fruit pericarp. Values represent means from at least
three biological replicates. SlVTE3(2) was not evaluated in fruits (gray
boxes) because it is leaf speciﬁc (Quadrana et al. 2013).

that in chloroplasts of wild-type plants, both SlPSY genes and
SlLCY are highly expressed, contributing to the biosynthesis
of photosynthesis-associated carotenoids. In fruits, SlPSY2
expression is insigniﬁcant, while SlCYC is the most abundant LYCOPENE -CYCLASE, being 7-fold more expressed
than SlLCY (Supplementary Table S2). As an overall pattern, SlPPH silencing led to the down-regulation of the analyzed genes, with the exception of SlLCY at breaker and
ripe stages.
The mRNA levels of tocopherol biosynthetic [SlVTE1,
SlVTE2, SlVTE3(1), SlVTE3(2) and SlVTE4] and phytol recycling
(SlVTE5 and SlVTE6) enzyme-encoding genes were also evaluated. In comparison with the control genotype, leaves of transgenic plants displayed a reduction in SlVTE4 and SlVTE3(2)
expression, whereas in breaker fruits SlVTE2, SlVTE4 and
SlVTE5 showed lower amounts of transcript. The latter was
also reduced at the mature green stage in SlPPH-deﬁcient
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Table 3 Photosynthetic parameters in SlPPH-knockdown lines

plants. Moreover, reduced amounts of mRNAs for SlVTE6 were
also observed in breaker and ripe fruits of SlPPH-knockdown
plants compared with controls.
These data showed that SlPPH silencing alters the expression
of several isoprenoid metabolism-related genes in leaves and
fruits, reinforcing the tight link between Chl, carotenoid and
tocopherol metabolisms.

SlPPH knockdown affects photosynthesis and
primary carbon metabolism
Given that SlPPH deﬁciency led to signiﬁcant changes in carotenoid and tocopherol content, the effect on plant growth and
photosynthesis was also evaluated.
The height and node number data were monitored during
13 weeks of growth and, although some transitory changes in
plant height were observed up to the ninth week, shoot growth
in SlPPH-knockdown lines was largely similar to that of wildtype plants (Supplementary Fig. S2).
Regarding Chl content, no signiﬁcant alterations were identiﬁed in source leaves, mature green and ripe fruits. However,
age-induced senescent leaves and petioles had impaired Chl
degradation in transgenic lines (Supplementary Fig. S3).
Photosynthetic parameters were evaluated in source leaves
of 7-week-old plants (Table 3). SlPPH silencing did not affect
respiration (Rd), transpiration (E), conductance (gs) and darkadapted PSII maximum quantum efﬁciency (Fv/Fm). However,
reduction in CO2 assimilation (A), proportion of open PSII centers (qP), PSII operating efﬁciency (PSII) and electron transport
rate (ETR), as well as an increase in non-photochemical quenching (NPQ) were detected in comparison with the wild type.
These results implied that reduced transcript levels of SlPPH
alter the energy usage of excited Chl.
Starch and soluble sugar composition was further evaluated
in SlPPH-knockdown plants (Fig. 4). In leaves, the allocation of
ﬁxed carbon as starch diminished, whereas sucrose and glucose
accumulated at higher levels. In fruits, sucrose was remarkably
increased in transgenic plants in all three stages analyzed.
Additionally, breaker fruits of SlPPH-knockdown plants
showed higher levels of starch and glucose, whereas higher glucose and fructose amounts were detected in ripe fruits of most
transgenic lines. The starch and soluble sugar proﬁle revealed an
altered pattern of carbon distribution in the analyzed organs of
transgenic lines that suggest enhanced sucrose export from
leaves towards sink organs.

WT

L17

L24

L27

A

13.35 ± 0.86

12.16 ± 0.89

11.92 ± 0.93

11.85 ± 0.94

Rd

2.46 ± 0.17

2.31 ± 0.14

2.37 ± 0.20

2.42 ± 0.17

E

4.05 ± 0.17

3.92 ± 0.28

3.90 ± 0.14

4.03 ± 0.14

gs2

0.34 ± 0.02

0.30 ± 0.04

0.31 ± 0.03

0.31 ± 0.04

Fv/Fm

0.61 ± 0.02

0.62 ± 0.02

0.63 ± 0.02

0.60 ± 0.01

qP

0.38 ± 0.01

0.33 ± 0.03

0.34 ± 0.03

0.32 ± 0.03
1.15 ± 0.07

NPQ

0.97 ± 0.04

1.01 ± 0.05

1.18 ± 0.12

PSII

0.22 ± 0.01

0.18 ± 0.01

0.19 ± 0.01

0.20 ± 0.01

ETR

98.45 ± 3.11

84.98 ± 2.99

86.51 ± 7.49

85.27 ± 8.71

Photosynthetic parameters were measured in the sixth fully expanded leaf from
the base of 7-week-old plants. Statistically signiﬁcant differences between the
wild-type (WT) control and transgenic lines are indicated in bold (t-test,
P < 0.05). Values represent the means ± SD from at least three biological replicates. Carbon assimilation rate (A) and leaf dark respiration (Rd) are expressed
in mmol CO2 m–2 s–1. Transpiration (E) and leaf stomatal conductance (gs) are
expressed in mol H2O m–2 s–1. Fv/Fm, dark-adapted PSII maximum quantum
efﬁciency; qP, proportion of open PSII centers; PSII, PSII operating efﬁciency;
NPQ, non-photochemical quenching; ETR, electron transport rate.

contained uncharacterized a/b-hydrolase-like genes and were
named PPH-LIKE (PPHL) 1–3.
The tomato genome harbors a single copy gene in the PPH,
PPHL1 and PPHL2 clade; while two paralogs were identiﬁed for
the PPHL3 clade. All of the predicted protein sequences contained the PPH motif with a high degree of similarity and the
conserved serine active residue (Schelbert et al 2009), suggesting that these proteins share the catalytic domain described for
SlPPH (Supplementary Fig. S4). As expression was not detected for PPHL3.1 (Solyc02g085070) in the public RNA-seq
database (http://bar.utoronto.ca/efp_tomato/cgi-bin/efpWeb.
cgi), this gene was not further analyzed.
The abundance of mRNA of the identiﬁed SlPPHL genes was
proﬁled in leaves and during fruit ripening in wild-type plants
(Fig. 6; Supplementary Table S1). The three genes showed >5fold more transcripts in leaves than in fruits. The amount of
SlPPHL1 mRNA decreased during ripening while SlPPHL2 maintained constant levels from the mature green to the ripe stage.
Similarly to SlPPH, the amount of SlPPHL3 mRNA increased at
the breaker stage. It is worth highlighting that the mRNA levels
of SlPPHL genes were up to 6-, 80-, 300- and 1,000-fold less than
SlPPH in leaves, mature green, breaker and ripe fruits, respectively, SlPPHL3 being the gene with the highest expression after
SlPPH (Supplementary Table S2). To evaluate co-silencing in
SlPPH-knockdown plants, the SlPPHL transcripts were further
proﬁled (Fig. 7). Interestingly, a considerable level of cosilencing in leaves and fruits was veriﬁed up to 80% and 60%
for SlPPHL1 and SlPPHL3, respectively. SlPPHL2 was only
silenced in breaker fruits of the SlPPH-knockdown plants.
Although the fragment of 400 bp of the hairpin RNA (RNAi)
construct used for SlPPH silencing does not contain the conserved PPH motif, it spans a highly conserved region shared by
the four genes (Supplementary Fig. S5), explaining the
observed off-target silencing. The expression levels suggest
that SlPPHL genes are more likely to play a role in leaf Chl
metabolism than in fruits. However, taking into account the
mRNA abundance and proﬁle ﬂuctuation, SlPPHL3 might also

The tomato genome harbors four PPH-like genes
SlPPH knockdown led to diverse effects of the plant’s physiology
by affecting leaf senescence-associated degreening (Guyer et al.
2014), metabolism of isoprenoid-derived compounds, antioxidant capacity and carbon allocation. Nevertheless, Chl is still
degraded during fruit ripening. Aiming at the identiﬁcation of
the missing dephytylating enzymes, a comprehensive survey for
putative a/b-hydrolases homologous to SlPPH resulted in the
identiﬁcation of four clades in plant genomes (Fig. 5;
Supplementary Table S4). One, named PPH, included the previously functionally characterized enzymes, AtPPH (Schelbert
et al. 2009) and SlPPH (Guyer et al. 2014). The other three

647

58

B. S. Lira et al. | Metabolic alterations in SlPPH-knockdown tomato

Although without apparent effect on vegetative growth,
SlPPH deﬁciency led to a slight reduction in carbon assimilation.
This might be a consequence of photoinhibition as evidenced
by a reduced PSII and ETR, and by the increment in the NPQ
(Table 3). The xanthophyll cycle is one of the main components of NPQ that dissipate excessively absorbed photons via
harmless heat (Wilhem and Selmar 2011). In this sense, the
increase in violaxanthin content observed in leaves of the
SlPPH-knockdown plants (Table 1) is indicative of an enhancement of the xanthophyll cycle. Additionally, neoxanthin and bcarotene were also increased in leaves of transgenic plants, and
their role as PSII-derived singlet oxygen (1O2) quenchers has
been extensively described (Pospı́šil 2012). Interestingly, SlDXS,
the ﬁrst MEP enzyme-encoding gene, showed up-regulation,
whereas a reduced level of expression of SlLCY was observed
in the transgenic leaves (Fig. 3). Since no increment in Chl was
veriﬁed (Supplementary Fig. S3), the alterations in the expression proﬁle described might have resulted in higher precursor
availability for carotenogenesis, thus explaining the increment
in photosynthesis-associated carotenoids in SlPPH-knockdown
plants. Interestingly, a similar transcript pattern for carotenogenesis-related genes was found in the sgr tomato mutant
(Almeida et al. 2015). Regarding tocopherol, the reduction of
the amount of SlVTE4 mRNA (Fig. 3) accounts for the slight
decrease in a-tocopherol and the increase of d-tocopherol towards detectable levels; however, these ﬂuctuations did not
affect the total tocopherol content in transgenic plants
(Table 2). These data indicate that the leaves of SlPPH-knockdown plants accumulate carotenoids as a mechanism to attenuate photoinhibition (Fanciullino et al. 2014). Additionally,
other compensatory protective mechanisms, such as those that
contribute to the observed increment of the hydrophilic TEAC
in leaves (Fig. 2A) (e.g. the ascorbic acid–glutathione cycle;
Foyer and Shigeoka 2011), are likely to guarantee a constant
Fv/Fm in SlPPH-knockdown plants. This is in agreement with the
observation in the tocopherol-deﬁcient vte1 Arabidopsis
mutant, in which the enhancement of NPQ is accompanied
by a compensatory increment in hydrophilic antioxidants
(Kanwischer et al. 2005). Additionally, accumulation of xanthophylls was observed in response to limited PSII photoinhibition
in this mutant. Furthermore, the xanthophyll- and tocopheroldeﬁcient vte1 npq1 double mutant displayed severe oxidative
symptoms, pointing to the overlapping antioxidant function of
both compounds (Havaux et al. 2005). Interestingly, the allocation
of ﬁxed carbon as starch diminished, whereas sucrose accumulated at higher levels in leaves of the transgenic plants (Fig. 4). This
shift in partitioning, away from starch and towards soluble sugars,
has been described as being associated with photohibition, due to
the role of sucrose as a stress signal and antioxidant protective
agent (Bolouri-Moghaddam et al. 2010). Tomato plants showed
enhanced sucrose accumulation in leaves upon low temperature
treatment, together with reduction in qP, PSII and ETR, as well as
an increase in NPQ (Liu et al. 2012), in agreement with that
observed in SlPPH-knockdown plants. Considering that in
tomato carbon is mostly translocated in the form of sucrose
(Barker et al. 2000), this carbohydrate proﬁle hints at enhanced
carbon export from the leaves towards sink organs.

Fig. 4 Starch and soluble sugar content in SlPPH-knockdown lines.
The content of starch and soluble sugars (glucose, fructose and sucrose) was measured in leaves and fruits at the mature green and ripe
stages. Values represent the mean ± SD from at least three biological
replicates. Statistically signiﬁcant differences (P < 0.05) between the
control genotype and transgenic lines are marked with an asterisk.

be involved in degreening during ripening, even though further
experiments are needed to address the role of these SlPPHL
genes precisely.

Discussion
Our knowledge of Chl metabolism has signiﬁcantly increased in
recent years, especially regarding tetrapyrrole biosynthesis
(Tanaka and Tanaka 2007), the Chl cycle (Tanaka and Tanaka
2011) and senescence-associated degradation (Hörtensteiner
2013). However, a few critical processes, such as Chl turnover
(Lin et al. 2014) and ripening-induced degreening (Guyer et al.
2014), remain elusive. Interestingly, although induced upon
senescence and onset of ripening, AtPPH and SlPPH are transcribed in non-senescent source leaves and in developing green
fruits (Schelbert et al. 2009, Lira et al. 2014). Beyond the impairment in leaf Chl degradation associated with dark-induced senescence and the delay in fruit degreening described in tomato
(Guyer et al. 2014), this work investigated the effects that PPH
deﬁciency has on the content of close metabolically linked
compounds, photosynthetic performance and primary carbon
metabolism in an integrated manner under normal growth
conditions.
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Fig. 5 Phenetic analysis of PPH homologous protein sequences. PPH homologs were identiﬁed in the Phytozome database (Supplementary
Table S4). Tree topology reveals four clades: the already functionally characterized PPH clade and three as yet uncharacterized clades that were
named PPH-LIKE1–3.

Accordingly, fruits of SlPPH-knockdown plants accumulated
higher amounts of starch and soluble sugars (Fig. 4). It has
already been demonstrated that the increment in sugar availability in sink organs led to the reduction of carotenoid accumulation by repressing the expression of enzyme-encoding
genes of the carotenoid biosynthetic pathway in tomato
(Mortain-Bertrand et al. 2008). In agreement with this, SlDXS
expression is highly reduced in fruits of the SlPPH-deﬁcient
plants, limiting the input of precursors towards GGPP. The
genes encoding the ﬁrst two committed steps in carotenogenesis also showed reduced levels of expression: SlPSY1—which is
the most highly expressed paralog in fruits (Tomato Genome
Consortium 2012) and its essential role in carotenogenesis
during ripening, has already been demonstrated (Fantini et al.
2013)—and SlPDS. Thus, it is reasonable to propose that the
massive reduction in carotenoid content observed in the fruits
of transgenic plants (Table 1) is linked to the increased sugar
availability. Additionally, the relatively higher reduction of lycopene may also be the consequence of a failure of SlLCY transcriptional repression during ripening (Fig. 3). The perturbation
in Chl metabolism in SlPPH-knockdown plants resulted in an
altered tocopherol proﬁle in fruits as well (Table 2). Taking into

account that tomato mature green fruits harbor an active
photosynthetic ETR (Piechulla et al 1987), the slight increment
in total tocopherol suggests a tuning of protective antioxidant
compounds to deal with oxidative stress. Chl degradationderived phytol is the main source of PDP for tocopherol synthesis in tomato, as demonstrated by the tocopherol depletion
described in SlVTE5-silenced plants (Almeida et al. 2016).
Although SlVTE5 and SlVTE6 are down-regulated in SlPPHknockdown fruits, such a severe phenotype is not veriﬁed because of the failure of transcriptional repression of SlGGDR
during ripening, which deﬂects GGPP from carotenogenesis
towards PDP biosynthesis (Fig. 3) (Quadrana et al. 2013,
Almeida et al. 2015). However, the de novo PDP supply is not
enough to maintain wild-type levels of tocopherol in ripe fruits.
The transgenic fruits showed TEAC inverted patterns in hydrophilic and hydrophobic fractions (Fig. 2), which were negatively
and positively correlated, respectively, to the variation in lipophilic antioxidant content, especially total tocopherol. These
results provided evidence for the existence of a compensatory
regulation between antioxidant mechanisms and reinforced the
role of tocopherol as an 1O2 scavenger in PSII (Kaiser et al. 1990,
Fukuzawa et al. 1997).
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Fig. 6 Transcript proﬁle of SlPPH and SlPPHL genes in leaves and durng fruit ripening of the wild-type genotype. Data represent the mean ± SD
from at least three biological replicates and are expressed as relative transcript amount compared with the corresponding mature green stage.
Statistically signiﬁcant differences (P < 0.05) compared with the mature green stage are marked with an asterisk.

construct targeted at SlPPH (Solyc01g088090) in S. lycopersicum (cv Ailsa Craig).
T2 plants were grown in a greenhouse under automatic irrigation (four times a
day) at an average mean temperature of 25 C, 11.5/13 (winter/summer) light
hours and 250–350 mmol m–2 s–1 of incident photoirradiance. Plant height and
leaf number were measured weekly. The sixth fully expanded leaves from the
base of 7-week-old plants were harvested in the middle of the light period.
Pericarp samples from fruits at mature green, breaker and ripe stages were
harvested at approximately 39 (displaying jelly placenta), 42 and 52 d after
anthesis, respectively. All samples were frozen in liquid N2, powdered and
stored at –80 C. For tocopherol content determination, leaf and pericarp samples were dried by lyophilization before extraction.

Based on the collected data and the state of knowledge, it
seems reasonable to propose that PPH, beyond the already
demonstrated function in senescence degreening, plays a role
in photosystem-associated pigment recycling. The identiﬁcation of three SlPPH-like genes brings new players to the Chl
metabolic network for further investigation (Fig. 5). In this
sense, Arabidopsis orthologs of SlPPH-like2 and SlPPH-like3
were previously proposed to be associated with steady-state
Chl turnover (Lin et al. 2014). According to the expression
pattern, SlPPH-like3 appears to be a candidate responsible
for the delayed ripening-associated degreening observed in
SlPPH-knockdown fruits (Fig. 6). It is worth highlighting that
co-silencing of the SlPPHL genes (Fig. 7) has two implications:
they could partially compensate the deﬁciency of SlPPH in fruit
degreening, and also the above-described phenotypes might be
a consequence not only of the SlPPH knockdown but also of the
slight reduction in the expression of any of the SlPPHL genes.
In summary, SlPPH silencing in tomato affects photosynthesis, carbon partitioning and, in an organ-speciﬁc manner, isoprenoid metabolism, which, ultimately, results in fruits with
reduced levels of nutraceutical compounds but enriched
levels of soluble sugars.

Quantitative PCR analysis
RNA extraction, cDNA synthesis, primer design and qPCR assays were performed as described by Quadrana et al. (2013). Primer sequences used are
detailed in Supplementary Table S3. qPCRs were carried out in a 7500 realtime PCR system (Applied Biosystems) using 2  SYBR Green Master Mix reagent (Life Technologies) in a 20 ml ﬁnal volume. Absolute ﬂuorescence data
were analyzed using the LinRegPCR software package (Ruijter et al. 2009) in
order to obtain quantitation cycle (Cq) values and calculate PCR efﬁciency.
Expression values were normalized against the geometric mean of two reference genes, TIP41 and EXPRESSED, according to Quadrana et al. (2013). A
permutation test lacking sample distribution assumptions (Pfafﬂ et al. 2002)
was applied to detect statistical differences (P < 0.05) in expression ratios using
the algorithms in the fgStatistics software package version 17/05/2012 (Di
Rienzo 2009).

Tocopherol and pigment quantiﬁcation

Materials and Methods

Tocopherols were extracted from approximately 25 mg DW as described in
Almeida et al. (2015). The samples were adjusted to 4 ml ﬁnal volume. Aliquots
of 3 ml were dried under N2 and dissolved in 200 ml of mobile phase composed
of hexane/tert-butyl methyl ether (90 : 10). Chromatography was carried out on
a Hewlett-Packard series 1100 HPLC system coupled with a ﬂuorescence

Plant material, growth conditions and sampling
SlPPH-silenced transgenic lines (L17, L24 and L27) were generated in a previous
study (Guyer et al. 2014) by constitutively expressing an intron-spliced RNAi

650

61

Plant Cell Physiol. 57(3): 642–653 (2016) doi:10.1093/pcp/pcw021

then centrifuged for 10 min at 4 C at 5,000  g. The supernatant was immediately analyzed for hydrophilic antioxidant activity and the pellet was resuspended in 1.5 ml of hexane, incubated at 4 C for 30 min and then centrifuged
for 10 min at 4 C at 5,000  g. This procedure was performed three times and
the organic extract was reduced to 500 ml under vacuum and immediately
analyzed for lipophilic antioxidant activity. Both hydrophilic and lipophilic
antioxidant activities were specrophotometrically determined as the deactivation of an activated 2,20 -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS+) solution prepared as described in Re et al. (1999) and compared
with a standard curve of 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox). Absorbance was read at 734 nm after 2 h of incubation at
25 C and the results were expressed as TEAC.

Leaf gas exchange and ﬂuorescence measurements
Gas exchange and Chl ﬂuorescence parameters were measured in the sixth
fully expanded leaf from the base of 7-week-old plants between 10 and 12 h
using a portable open gas-exchange system incorporating infra-red CO2 and
water vapor analyzers (LI-6400XT system; LI-COR) equipped with an integrated modulated Chl ﬂuorometer (LI-6400–40; LI-COR). The reference CO2
concentration was held at 400 mmol mol–1 and leaf temperature at 28 C for
all measurements. Air humidity inside the leaf chamber was equivalent to
values measured inside the greenhouse (approximately 75%). Carbon assimilation rate (A), leaf stomatal conductance (gs), leaf dark respiration (Rd),
transpiration (E) and ﬂuorescence parameters were measured at 800 mmol
PPFD m–2 s–1. For the values of minimal (Fo) and maximal (Fm) ﬂuorescence
and leaf dark respiration, leaves were dark-adapted for 30 min before a
saturating pulse of light. The parameters derived from Chl ﬂuorescence,
including dark-adapted PSII maximum quantum efﬁciency (Fv/Fm), proportion of open PSII centers (photochemical quenching, qP), PSII operating efﬁciency (PSII), NPQ and ETR were calculated according to Maxwell and
Johnson (2000).

Fig. 7 Transcript proﬁle of SlPPHL genes in SlPPH-knockdown plants
in leaves and during fruit ripening. Data represent the mean ± SD
from at least three biological replicates and are expressed as relative
transcript amount compared with the corresponding wild-type
sample. Statistically signiﬁcant differences (P < 0.05) compared with
the mature green stage are marked with an asterisk.

Quantiﬁcation of starch and soluble sugars
Extraction and quantiﬁcation of soluble sugars and starch were performed as
described in Freschi et al. (2010) with some modiﬁcations. Brieﬂy, 100 and 300
mg FW of leaf and pericarp samples, respectively, were extracted in 1 ml of 80%
ethanol for 15 min at 80 C and the supernatants were recovered by centrifugation (5,000  g, 15 min). Pellets were re-extracted ﬁve times and all supernatants were combined and reduced to dryness under vacuum. Starch content
was determined from dried pellets as described in Suguiyama et al. (2014). The
supernatant residue was resuspended in 50 ml of pyridine and derivatized for 40
min at 60 C with 20 ml of N,O-bis(trimethylsilyl)triﬂuoroacetamide with 1%
trimethylchlorosilane. Sample volumes of 1 ml of the trimethylsilylated extracts
were analyzed on a gas chromatograph coupled to a mass spectrometer (model
GCMS-QP2010 SE, Shimadzu) and total ion current spectra were recorded in
the mass range of 50–700 atomic mass units in scanning mode. The chromatograph was equipped with a fused-silica capillary column (30 m, ID 0.25 mm, 0.5
mm thick internal ﬁlm) DB-5 MS stationary phase using helium as the carrier gas
at a ﬂow rate of 4.5 ml min–1. The initial running condition was 100 C for 5 min,
followed by a gradient up to 320 C at 8 C min–1. The injector temperature was
250 C and the following mass spectrometry (MS) operating parameters were
used: ionization voltage, 70 eV (electron impact ionization); ion source temperature, 230 C; interface temperature, 260 C. The endogenous metabolite
concentration was obtained by comparing the peak areas of the chromatograms with commercial standards.

detector (Agilent Technologies series 1200) on a normal-phase column
Õ
(LiChrosphere 100 Diol Si; 250 mm  4.0 mm, 5 mm; Agilent Technologies)
at room temperature, with the mobile phase running isocratically at 1 ml min–1.
Eluted compounds were detected by excitation at 295 nm and ﬂuorescence was
quantiﬁed at 330 nm.
Chl extraction was carried out as described in Porra et al. (1989). A 1 ml
aliquot of dimethylformamide (DMF) was added to 100 or 300 mg FW for leaf
or fruit samples, respectively. After sonication for 5 min and further centrifugation ar 9,000  g for 10 min, the supernatant was collected. The procedure
was repeated until total removal of tissue green color. Spectrophotometer
measurements were performed at 664 and 647 nm.
Carotenoid extraction was modiﬁed from Sérino et al. (2009). Aliquots of 200
mg FW were sequentially extracted with a solution of saturated NaCl, dichloromethane and hexane : diethyl ether (1 : 1). After centrifugation, the supernatant
was collected and the last step was repeated three more times. Samples were
dried by vacuum and dissolved in 200 ml of acetonitrile. Chromatography was
carried out on an Agilent Technologies series 1100 HPLC system on a normalphase Phenomenex column (Luna C18; 250  4.6 mm, 5 mm particle diameter) at
room temperature with a ﬂow rate of 1 ml min–1. The mobile phase was a
gradient of ethyl acetate (A) and acetonitrile : water 9 : 1 (B): 0–4 min with 20%
A/80% B; 4–30 min with 65% A/35% B; 30–35 min with 65% A/35% B; 35–40 min
with 20% A/80% B. Eluted compounds were detected between 340 and 700 nm
and quantiﬁed at 450 nm.

Phenetic analysis
For the phenetic analysis, the Phytozome v10.1 database (Goodstein et al. 2012)
was surveyed for AtPPH homologous sequences (Supplementary Table S4).
The retrieved protein sequences were aligned by Clustal in MEGA 6.0 software
(Tamura et al. 2013) using default parameters. The tree reconstruction from the
obtained alignment was performed using the PHYML 3.0 algorithm
(Guindon et al. 2010) hosted at http://www.hiv.lanl.gov/content/sequence/
PHYML/interface.html with the following parameters: LG substitution
model, four substitutions rate categories; tree optimization by topology and
branch length; and improvement by subtree pruning and regrafting. From
the data set, the proportion of invariable sites, equilibrium of frequencies

Trolox equivalent antioxidant capacity (TEAC)
Leaf and pericarp samples of 100 and 500 mg FW, respectively, were ground in
liquid nitrogen and subsequently homogenized in 1 ml of 100 mM sodium
acetate buffer pH 7.0. The homogenate was incubated at 4 C for 30 min and
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and gamma shape parameter were estimated. Branches were supported by SHlike support.
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Data analyses
Differences in parameters were analyzed in Infostat software version 17/06/
2015 (Di Rienzo et al. 2011). When the data set showed homoscedasticity, t-test
(P < 0.05) was performed to compare transgenic lines against the wild-type
control genotype. In the absence of homoscedasticity, a non-parametric comparison was performed by applying Mann–Whitney. test (P < 0.05). All values
represent the mean of at least three biological replicates. A parameter was
considered to be affected by SlPPH silencing if at least two out of the three
transgenic lines differed signiﬁcantly from the wild-type genotype.
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45

Abstract

46

Senescence is the process that marks the end of leaves lifespan. As it progresses, the massive

47

macromolecular catabolism dismantles the chloroplasts and, consequently, decreases the

48

photosynthetic capacity of these organs. Thus, senescence manipulation is a strategy to improve

49

plant yield by extending the leaf photosynthetically active window of time. However, it remains

50

to be addressed if this approach can improve fleshy fruit production and nutritional quality. One

51

way to delay senescence initiation is by regulating key transcription factors (TFs) involved in

52

triggering this process, such as the NAC TF ORESARA1 (ORE1). Here, three senescence-related

53

NAC TFs from Solanum lycopersicum were identified, namely SlORE1S02, SlORE1S03 and

54

SlORE1S06. All three genes showed to be responsive to senescence-inducing stimuli and post-

55

transcriptionally regulated by the microRNA miR164. Moreover, the encoded proteins physically

56

interacted with the chloroplast maintenance related TF SlGLKs. This characterization led to the

57

selection of a putative tomato ORE1 as target gene for RNAi knockdown. Transgenic lines

58

showed delayed senescence and enhanced carbon assimilation that, ultimately, increased the

59

number of fruits and their total soluble solid content. Additionally, the fruit nutraceutical

60

composition was enhanced. In conclusion, the data provide robust evidence that the

61

manipulation of leaf senescence is an effective strategy for yield improvement in fleshy fruit-

62

bearing species.

63
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Introduction

67
68

The ever-growing demand for food and biofuels has been a significant driving force behind

69

studies focussed on crop yield manipulation. As a complex trait, many strategies can lead to yield

70

improvement, such as manipulation of morphogenetic patterns, source activity, source to sink

71

communication or sink activity (Rossi et al., 2015). Delaying senescence to extend leaf

72

photosynthetic activity is considered one mechanism to strengthen source activity aiming to

73

increase the net carbon availability for sink organs (Thomas & Ougham, 2014; Rossi et al., 2015).

74

The expression of ISOPENTENYL TRANSFERASE (IPT), which encodes the enzyme responsible for

75

the rate-limiting step in cytokinin biosynthesis, under the control of the SENESCENCE

76

ASSOCIATED GENE 12 (SAG12) promoter has been extensively used for delaying leaf senescence

77

(Gregersen et al., 2013). Once the expression is activated during senescence by the SAG12

78

promoter, the increment in cytokinin levels blocks senescence progression thereby retaining

79

photosynthetically active leaves. This approach has proven to successfully block or attenuate

80

both age- and stress-related leaf senescence in different crop species like rice (Liu et al., 2010),

81

cassava (Zhang et al., 2010), wheat (Sykorova et al., 2008) and tomato (Swartzberg et al., 2006).

82

With the increase in the knowledge about the genetic control of senescence, transcription

83

factors (TFs), such as those belonging to the WRKY, MYB and NAM/ATAF1/CUC2 (NAC) families,

84

stand out as regulators of this process (Balzadeh et al., 2008). The extensive NAC family regulates

85

a diversity of processes along plant development (Mitsuda et al., 2005, Olsen et al., 2005,

86

Puranik et al., 2012). Particularly, the Arabidopsis thaliana ORESARA1 gene (AtORE1) has

87

received special attention for encoding a master regulator of senescence initiation (Oh et al.,

88

1997, He et al., 2005, Kim et al., 2009, Balazadeh et al., 2010, Kim et al., 2011, Rauf et al., 2013),

89

as Atore1 mutant exhibits a delayed senescence phenotype (Oh et al., 1997, Kim et al., 2009).

90

Besides being induced by ethylene, salt, darkness and abscisic acid (Kim et al., 2009, Balazadeh

91

et al., 2010, Kim et al., 2011, Sakuraba et al, 2014; Song et al., 2014,) AtORE1 is also post-
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92

transcriptionally regulated by microRNA miR164 (Kim et al., 2009). AtORE1 not only induces

93

senescence-related genes, but also physically interacts with and inactivates the chloroplast

94

maintenance-related TF GOLDEN2-LIKE (GLK), shifting the cell from a photosynthetically active

95

program towards senescence (Rauf et al., 2013, Garapati et al., 2015). GLKs have been shown to

96

control chloroplast development in several species, in which usually a pair of paralogs with

97

functional redundancy occurs in the genome of several species (Fitter et al., 2002, Waters et al.,

98

2008, 2009). In tomato, Solanum lycopersicum, the paralogs exhibit organ specificity; while

99

SlGLK1 is mostly expressed in vegetative organs, SlGLK2 is exclusively transcribed in the stylar

100

portion of the fruits (Powell et al, 2012, Nguyen et al., 2014). Interestingly, Slglk2 mutation,

101

which was fixed in many cultivated varieties, negatively impacts fruit chloroplast differentiation;

102

on the other hand, SlGLK2 overexpression increases fruit starch, soluble sugar and carotenoid

103

content (Powell et al., 2012).

104

Although being a model plant for fleshy fruit physiology, the senescence regulatory network and

105

its impacts on fruit development and quality in tomato remains elusive. Here, putative AtORE1

106

orthologs, namely SlORE1S02, SlORE1S03 and SlORE1S06, were identified in tomato genome.

107

The genes were functionally characterised regarding their responsiveness to senescence-

108

inducing treatments, regulation by SlmiR164 and capability to physically interact with SlGLKs and

109

to complement Atore1 mutant phenotype. Moreover, SlORE1S02-knockdown plants displayed

110

delayed senescence, enhanced carbon assimilation and altered source-sink sugar partitioning

111

leading to the development of more fruits with increased soluble sugar content. The results

112

obtained provide robust evidences that the manipulation of leaf senescence is a promising

113

strategy for yield improvement in the fleshy fruit-bearing species.

114
115

Results

116
117

Solanum lycopersicum genome harbours three putative senescence-related AtORE1 orthologs

71

118

To identify putative S. lycopersicum AtORE1 orthologs, the protein sequences of all NAC

119

transcriptions factors of S. lycopersicum and A. thaliana, retrieved from the Plant Transcription

120

Factors Database (http://planttfdb.cbi.pku.edu.cn/), were aligned (Supplemental Table 1). The

121

phylogenetic reconstruction (Supplemental Fig. S1) allowed the selection of three putative NAC

122

domain-containing proteins (Supplemental Fig. S2), named SlORE1S02, SlORE1S03 and

123

SlORE1S06 accordingly to the chromosome localization (Fig. 1). Then, their responsiveness to

124

senescence-inducing treatments was addressed.

125

The transcript profile of SlORE1S02, SlORE1S03 and SlORE1S06 was evaluated upon different in

126

vitro treatments for senescence induction, i.e. treatment with ethylene, darkness, jasmonic acid,

127

salicylic acid or salt (Fig. 2). Confirming the induction and progression of senescence, all
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128

treatments triggered significant reduction in leaf chlorophyll content as well as down- and up-

129

regulation of SlGLK1 (the chloroplast maintenance-related TF) and SlSAG12 (the senescence-

130

associated gene) genes, respectively (Supplemental Fig. S3). The mRNA profile of the three

131

SlORE1s was modulated by the various treatments. While SlORE1S03 was induced in all cases,

132

the level of SlORE1S02 mRNA increased upon the application of ethylene, salicylic acid and salt

133

solution, and SlORE1S06 was upregulated by ethylene and darkness. Thus, although with

134

differences, all three genes were transcriptionally activated by senescence-inducing stimuli.
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135

The transcriptional profile of SlORE1s during fruit development and ripening was also assessed

136

(Fig. 3). For all three SlORE1s, the highest expression levels were identified at early immature

137

stages declining towards the ripe stage. Thus, although in leaves these genes were induced by

138

ethylene, mRNA accumulation did not coincide with the ripening-associated climacteric peak of

139

ethylene production typically observed at the breaker (BR) stage. This result indicates that,

140

although a role in early fruit development cannot be ruled out, a direct function of SlORE1s along

141

fruit ripening seems unlikely, as revealed by the expression pattern in this organ. Moreover, the

142

data suggest an organ-specific ethylene-mediated regulation of SlORE1 genes.

143
144

SlORE1s are regulated by SlmiR164 and their encoded proteins physically interact with SlGLKs

145

and partially recover the Atore1 phenotype

146

In silico analysis of the coding sequences revealed putative binding sites for SlmiR164 in all three

147

SlORE1s. However, this site is disrupted by an insertion of 29 bp in SlORE1S02 (Fig. 4A). To

148

ascertain if this insertion affects SlmiR164 recognition, a modified 5’ RACE was performed to

149

detect cleaved transcripts, using RNA extracted from non-senescing leaves. This allowed the

150

identification of SlmiR164-guided cleavage transcripts of SlORE1S03 and SlORE1S06, but not of

151

SlORE1S02 (Fig. 4A).

152

To gain further knowledge about the role of SlmiR164 for SlORE1s regulation, the mRNA of the

153

three genes was profiled in transgenic lines harbouring a 35S:AtMIR164a construct (abbreviated

154

as OEmiR164a) in non-senescent, early senescing and late senescing leaves (Fig. 4B). The mRNA

155

pattern of SlGLK1 and SlSAG12 was also assessed as senescence markers. In wild-type plants
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156

(WT), leaf senescence was accompanied by a progressive downregulation in SlmiR164 and

157

SlGLK1 and upregulation of SlSAG12, SlORE1S02, SlORE1S03 and SlORE1S06. As expected,

158

OEmiR164a lines displayed high levels of SlmiR164 in both, non-senescent and senescent leaves

159

stages. As a result, a lag in SlGLK1 decrease and SlSAG12 accumulation, together with the

160

increased chlorophyll levels, were indicatives of delayed senescence initiation (Fig. 4C). The

161

marked reduction of SlORE1S03 and SlORE1S06 mRNA levels observed in OEmiR164a lines is in

162

agreement to both being directly regulated by SlmiR164. Interestingly, the levels of SlORE1S02

163

in non-senescent and senescing leaves were the same as those observed in non-senescent WT

164

leaves, meaning that the maintenance of high levels of SlmiR164 prevented the senescence-

165

associated induction of this gene. Although SlmiR164 is not capable of cleaving SlORE1S02

166

transcripts, it regulates it by targeting a currently unknown factor that, in turn, drives the

167

senescence-associated mRNA accumulation of this gene. Thus, SlmiR164 directly controls the

168

transcript levels of SlORE1S03 and SlORE1S06 and indirectly regulates the transcript abundance

169

of SlORE1S02, what is in line with the known transcriptional regulation of AtORE1 by AtmiR164

170

(Kim et al., 2009).
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171

Moreover, AtORE1 is known to physically interacts with AtGLKs in the nucleus, preventing the

172

activity of these chloroplasts maintenance TFs (Rauf et al., 2013). Then, it was first addressed

173

whether SlORE1s and SlGLKs are nucleus-targeted proteins. Confocal analysis of Nicotiana

174

tabacum leaves transiently expressing transcription factor - GFP fusion proteins revealed that

175

SlORE1S02, SlORE1S03, SlORE1S06, SlGLK1 and SlGLK2 were localized in the nucleus as the GFP

176

fluorescence in all cases co-localized with the fluorescence of the DAPI marker (Supplemental

177

Fig. S4). For the latter, the result confirmed that previously reported in tomato protoplasts by

178

Tang et al. (2015). Next, bimolecular fluorescence complementation (BiFC) was used to test the

179

physical interaction. The C-terminal of SlORE1s and SlGLKs were fused to the N- (VYNE) and C-

180

terminal (VYCE) of the Venus YPF protein, respectively (Fig. 5). The interaction between AtORE1

181

and AtGLK2 was used as positive control. In all interactions tested, fluorescence was detected in
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182

the nucleus, thus, all SlORE1s physically interact with both SlGLKs. Of note, a strong fluorescence

183

signal was observed in the nucleolus in all SlORE1-SlGLK interactions, and also for AtORE1 and

184

AtGLK2.

185

It has been suggested that the ubiquitin proteasome system may be active in the nucleolus,

186

where ubiquitin and proteasome were immunolocalized (Stępiński, 2012). In addition, this

187

compartment provides a site for transient inactivation of enzymatic or regulatory proteins

188

(Stępiński, 2014). As SlGLK2 was shown to be degraded by the ubiquitin-proteasome system

189

(Tang et al., 2015), one may speculate that the ORE1-GLK complex is transferred to the nucleolus

190

where GLKs are inactivated by ubiquitination and subsequently degraded in this compartment.

191

These results show similarities between SlORE1s and AtORE1 regulation. To address whether

192

SlORE1s were able to recover the Atore1 delayed-senescence phenotype, each SlORE1s was

193

constitutively overexpressed in the Arabidopsis mutant background, Atore1-OE:SlORE1S02,

194

Atore1-OE:SlORE1S03 and Atore1-OE:SlORE1S06. In line with AtORE1 overexpression in Col-0

195

background (Rauf et al., 2013), no visible phenotype was observed in young plants. Dark-induced

196

senescence was assayed in detached leaves. After seven days, while Atore1 leaves remained
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197

green, the leaves overexpressing any of the SlORE1s acquired a yellowish tone indicative of

198

ongoing senescence, but not to the same extent as the Col-0 genotype (Fig. 6). Thus, all three

199

SlORE1s were able to partially recover the senescence delay in Atore1 mutant.

200
201

SlORE1S02-knockdown in tomato increases photosynthesis and delays dark-induced

202

senescence

203

Among the three SlORE1s, SlORE1S02 was chosen for stable RNA interference (RNAi) knockdown

204

as this is the closest ortholog to AtORE1 in the phylogenetic reconstruction, its transcript levels

205

are highly modulated along senescence and indirectly regulated by SlmiR164, and the encoded

206

protein physically interacts with SlGLKs and partially complement the Atore1 mutant. Five
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207

tomato transgenic lines were obtained and three lines displaying over 70% silencing

208

(Supplemental Fig. S5), namely L1, L3 and L6, were chosen for further phenotyping.

209

Interestingly, SlORE1S03 and SlORE1S06 were also reduced in leaves of SlORE1S02-knockdown

210

lines, but not to the same extent as SlORE1S02. Since there is an extremely low degree of

211

similarity among the RNAi target region of SlORE1S02 and the coding sequences of SlORE1S03

212

and SlORE1S06, the possibility of cross-silencing can be ruled-out. Instead, it is likely that

213

SlORE1S02 is an upstream positive regulator of SlORE1S03 and SlORE1S06 (Supplemental Fig.

214

S6).

215

Gas exchange and chlorophyll fluorescence parameters were measured by using an infra-red gas

216

analyser (IRGA) at two developing stages of the plant: (I) before the beginning of flowering stage,

217

in the fifth leaf of 70-day-old plants (referred as young plant leaves - YPL), and (II) in fruit-bearing

218

stage, in the sixth leaf of 120-day-old plants (referred as mature plant leaves - MPL). No

219

differences were found in photosynthetic parameters in YPL. However, MPL from SlORE1S02-

220

knockdown plants showed increased carbon assimilation (A) in comparison to the

221

untransformed control genotype (MT), while all other measured parameters remained

222

unaltered (Table 1).
Table 1. Photosynthetic parameters of SlORE1S02-knockdown lines.
Genotype
MT YPL
MPL
L1 YPL
MPL
L3 YPL
MPL
L6 YPL
MPL

CO2 assimilation (A)
(μmol CO2/m² s)

Electron transport rate
(ETR) (μmol/m² s)

Photochemical
quenching (qP)

Non-photochemical
quenching (NPQ)

4.31 ± 0.21
3.92 ± 0.15
4.63 ± 0.64
5.93 ± 0.84
8.55 ± 0.95
5.28 ± 0.46
3.97 ± 0.46
5.57 ± 0.08

65.80 ± 3.16
35.93 ± 3.90
75.51 ± 7.47
49.91 ± 4.38
70.13 ± 6.71
41.63 ± 1.34
66.31 ± 4.47
38.68 ± 2.98

0.28 ± 0.01
0.18 ± 0.02
0.30 ± 0.03
0.24 ± 0.02
0.31 ± 0.03
0.21 ± 0.01
0.31 ± 0.02
0.21 ± 0.01

1.69 ± 0.21
2.18 ± 0.21
1.57 ± 0.12
2.13 ± 0.04
2.23 ± 0.34
2.28 ± 0.19
1.87 ± 0.15
1.76 ± 0.18

Values represent mean ± SD of at least three biological replicates. Statistically significant differences to MT control
are in bold.

223

Chlorophyll levels in YPL and MPL were higher in transgenic plants than in equivalent leaves of

224

the MT genotype (Fig. 7A). Whereas, at MPL stage, the density of chloroplasts per mesophyll cell

225

was slightly higher in transgenic lines (Fig. 7B), the ultrastructure of this organelle was not
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226

affected by the downregulation of SlORE1S02 (Supplemental Fig. S7). Accordingly, SlGLK1 mRNA

227

levels were higher in both YPL and MPL of transgenic plants (Fig. 7C). Interestingly, while the

228

senescence marker SlSAG12 was undetectable in YPL, lower levels were detected in transgenic

229

MPL compared to the corresponding MT control (Fig. 7C). Together these results suggest a delay

230

in senescence in SlORE1S02-knockdown plants. To further corroborate this hypothesis, the

231

eighth leaf of 120-day-old plants was detached and kept in the dark for 10 days. While MT leaves

232

turned yellowish, transgenic ones kept greenness, supporting the conclusion that SlORE1S02

233

deficiency delays senescence (Fig. 7D).
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235

SlORE1S02-knockdown in tomato increases yield and brix

236

As transgenic plants assimilate carbon for an extended period of time, the impact of SlORE1S02-

237

knockdown over yield was evaluated. Transgenic plants produced more fruits than MT control

238

plants, rendering a significant increase in harvest index (HI), as no difference was detected in

239

aerial shoot mass (Fig. 8A). The transgenic fruits showed no alteration in the shape, weight and

240

diameter (Supplemental Fig. S8). Besides, SlORE1S02-knockdown lines showed higher levels of
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241

soluble solids in ripe fruits as reflected by the increment in brix units (Fig. 8B), which is also an

242

important trait in tomato, especially for industrial processing.

243

Enhanced HI and brix are typically due to increased levels of glucose, fructose and sucrose and

244

are indicative of altered carbohydrate metabolism. Thus, the content of starch and soluble

245

sugars in leaves and fruits was determined (Fig. 9). The fruits of transgenic plants showed an

246

increased content of glucose in all analysed stages and of fructose in both ripening stages, which

247

explains the increment in brix units. Moreover, starch content in mature green and breaker fruits

248

of SlORE1S02-knockdown lines were also higher when compared to MT control. As expected, six

249

days after the breaker stage, starch was totally degraded in all genotypes. In leaves, while YPL

250

of transgenic plants accumulated higher starch and sucrose levels than MT control genotype;

251

when fruits are developing, in the MPL, the allocation of fixed carbon as starch diminished,

252

whereas sucrose still accumulated at higher levels. The upregulation in the leaf carbohydrate

253

levels triggered by SlORE1S02-knockdown is consistent with the above-mentioned increase in

254

carbon assimilation observed in the transgenic lines. Moreover, considering that in tomato

255

carbon is mostly translocated as sucrose (Barker et al., 2000), this carbohydrate pattern suggests

256

an enhanced carbon export from leaves towards sink organs in SlORE102-deficient plants.
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258

Isoprenoid metabolism is affected by SlORE1S02-knockdown tomato plants

259

It was shown that lowering SlORE102 transcript abundance affects chlorophyll accumulation and

260

carbon assimilation and partitioning. To better understand the origin of these metabolic

261

alterations and their impact of fruit chemical composition, isoprenoid-derived compounds (i.e.

262

chlorophyll, tocopherols and carotenoids, Supplemental Table S3) were quantified and the

263

mRNA levels of chlorophyll-, tocopherol- and carotenoid-metabolism associated genes profiled

264

(Supplemental Table S4) (Fig. 10). The analysed genes were those that showed to be

265

transcriptionally regulated key points of the biosynthetic pathways (Quadrana et al., 2013;

266

Almeida et al., 2015, 2016).
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267

In MPL of SlORE1S02-knockdown plants, the chlorophyll recycling/biosynthesis was enhanced,

268

as evidenced by the increase in CHLOROPHYLL SYNTHASE (SlCHLG), PHEOPHYTINASE-LIKE 1

269

(SlPPHL1) and PHYTOL KINASE (SlVTE5) transcript abundance. Although the mRNA levels of

270

PHYTOENE SYNTHASE 1 (SlPSY1) and PHYTOENE DESATURASE (SlPDS) were increased in YPL, no

271

differences were found in leaf carotenoid contents, except for a slight reduction in lutein from
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272

MPL. Regarding tocopherol synthesis, YPL showed similar levels of tocopherol in both

273

genotypes, which is in line with the expression of the enzyme encoding genes that supply phytyl

274

diphosphate (PDP) precursor, such as GERANYLGERANYL DIPHOSPHATE REDUCTASE (SlGGDR),

275

SlVTE5 and PHYTYL PHOSPHATE KINASE (SlVTE6). However, in SlORE1S02-knockdown MPL, due

276

to chlorophyll biosynthesis enhancement, PDP availability for tocopherol synthesis is reduced

277

compared to MT control resulting in reduced levels of this compound. It is worth mentioning

278

that the most abundant form of vitamin E is D-tocopherol that perfectly correlates with the

279

amount of total-tocopherol (Supplemental Table S3). Apparently, the maintenance of a highly

280

active photosynthetic apparatus in MPL requires less amounts of antioxidant tocopherol

281

compounds.

282

The impact of SlORE102-knockdown on fruit isoprenoid profile was distinct from those observed

283

in leaves. There was no difference in fruit chlorophyll content between transgenic and control

284

plants. Similarly, carotenoid metabolism remained almost unaffected, displaying punctual

285

reductions in neurosporene and lutein content in MG and BR1 fruits, respectively. Tocopherols

286

were more abundant in SlORE1S02-knockdown than in control fruits, which is in accordance to

287

the transcript levels of SlGGDR, SlVTE6, HOMOGENTISATE PHYTYL TRANSFERASE (SlVTE2), 2,3-

288

DIMETHYL-5-PHYTYLQUINOL METHYLTRANSFERASE (SlVTE3(1)), TOCOPHEROL CYCLASE (SlVTE1)

289

and TOCOPHEROL C-METHYL TRANSFERASE (SlVTE4).

290

Therefore, SlORE1S02-knockdown plants showed organ-specific regulation of isoprenoid

291

metabolism.

292
293

Discussion

294
295

The leaves are the major photosynthetic organs and the net carbon fixed during the

296

photosynthetic period is critical for plants’ fitness and sink organ development (Wu et al, 2012).

297

Thus, source-sink relationship is tightly linked to leaf lifespan and, consequently, affected by the
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298

fine control of senescence. In this regard, a straightforward approach to increase yield is to

299

extend the photosynthetic function phase. This has been achieved in grasses by silencing NAC

300

TF encoding genes. Although an increase in grain yield was observed due to extended grain filling

301

time, seed quality was compromised by reduced nutrient remobilization (Waters et al., 2009;

302

Liang et al., 2014). Yet, the impact of delayed senescence remains poorly explored in non-

303

monocarpic species that do not undergo whole-plant senescence after the reproductive phase

304

(Thomas, 2012).

305

To gain insight on how fleshy fruit development and yield can be affected by altering leaf

306

senescence, the senescence master regulator ORE1 was targeted in S. lycopersicum. Three

307

putative orthologs were identified in the tomato genome, namely SlORE1S02, SlORE1S03 and

308

SlORE1S06. As all were induced by senescence-inducing treatments, regulated by SlmiR164, able

309

to physically interact with SlGLKs and capable to rescue Atore1 mutant, SlORE1S02, the

310

phylogenetically closest one to AtORE1, was chosen for knockdown by RNA interference.

311

The reduction in the amount of SlORE1S02 transcripts affected the metabolism of source leaves,

312

both of young and mature plants. The increase in chlorophyll content and the expression of

313

SlGLK1 TF, together with the increment in carbon assimilation and the reduced SlSAG12 mRNA

314

levels in leaves of mature plants, hint that senescence is delayed in transgenic plants. This was

315

corroborated by the dark induction senescence assay on detached leaves. The aforementioned

316

phenotype in leaves from the SlORE1S02-deficient plants might be explained, at least in part,

317

because GLK TFs are known to coordinate the expression of genes related to chlorophyll

318

synthesis (e.g. PROTOCHLOROPHYLLIDE OXIDOREDUCTASE) and the photosynthetic machinery

319

(e.g. light harvesting complex proteins) leading to proper chloroplast differentiation and

320

maintenance (Waters et al., 2009; Nguyen et al., 2014). This is in agreement with the increased

321

chloroplast number in mesophyll cells of mature leaves. Additionally, higher levels of SlCHLG

322

transcript, whose encoded protein is a key enzyme for chlorophyll biosynthesis and also
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323

regulates the synthesis of chlorophyll-binding proteins (Shalygo et al., 2009), contributes to the

324

extended photosynthetic active period in transgenic plants.

325

Tocopherol metabolism was also affected in leaves of SlORE1S02-knockdown plants. As

326

chlorophyll, tocopherols are isoprenoid-derived compounds that play a main role in protecting

327

photosynthetic machinery by either quenching oxygen singlet (1O2) or inhibiting the progression

328

of lipid peroxidation (Havaux et al., 2005). It has been demonstrated that the recycling of

329

chlorophyll degradation-derived phytol is the main source of tocopherol side chain in tomato

330

(Almeida et al., 2015). In agreement with this, the delayed senescence progression proposed

331

above for SlORE1S02-knockdown plants explains the reduction in tocopherol content measured

332

in leaves from mature plants. In this sense, it has been suggested that increasing tocopherol

333

content along senescence contributes to the proper dismantling and recycling of plastid

334

thylakoid lipids (Chrost et al., 1999). Additionally, the boost in chlorophyll turnover, evidenced

335

by the increment in mRNA abundance of SlPPHL1 (Lin et al., 2016), SlVTE5 (Almeida et al., 2016)

336

and SlCHLG, driving PDP towards chlorophyll synthesis, further support this statement.

337

The delayed senescence progression was also reflected in both leaf and fruit sugar composition.

338

During the vegetative phase, before the onset of flower anthesis, while the fifth leaf from control

339

young plants were the main source of assimilates for sink organs, in SlORE1S02-deficient plants,

340

these leaves retained higher levels of fixed carbon mainly as starch, as older leaves retained high

341

photosynthetic activity. As fruits began to develop, the starch was remobilised to sucrose and

342

reallocated to these organs. The boosted carbon exportation in SlORE1S02-knockdown plants

343

increased yield as the result of the increment in fruit number. Interestingly, the fruits developed

344

slightly faster than the control genotype as the number of days to reach the breaker stage was

345

reduced (Supplemental Fig. S9A). Additionally, BR1 and BR6, but not MG fruits were enriched in

346

total soluble protein content, which might indicate that SlORE1S02-knockdown affect protein

347

degradation during chloroplast-chromoplast transition (Supplemental Fig. S9B).
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348

Regarding fruit nutritional quality, SlGGDR mRNA accumulated to higher levels in transgenic

349

fruits during ripening increasing PDP availability for tocopherol synthesis. Moreover, in

350

SlORE1S02-knockdown genotype, the tocopherol biosynthesis-related genes were upregulated

351

along fruit ripening, contributing to the increment of this nutraceutical.

352

Altogether, the metabolic alterations indicate that SlORE1S02 deficiency delays ageing by means

353

of extending chloroplast maintenance and carbon assimilation. Consequently, photoassimilate

354

exportation towards fruits is enhanced, ultimately, improving harvest index and the content of

355

tocopherol antioxidant and soluble sugars in ripe fruits. Thus, the data obtained suggests that

356

the manipulation of leaf senescence is a promising strategy to improve fleshy fruit yield and

357

metabolism.

358
359

Materials and Methods

360
361

Plant material, growth conditions and sampling

362

In vitro treatments for senescence induction were performed with wild type Solanum

363

lycopersicum (cv Micro Tom, MT) harboring the wild-type allele SlGLK2. Tomato seeds were

364

surface sterilized, sown and cultivated in vitro as described by Lira et al. (2014). Four-week-old

365

plants had senescence induced either by application of ethylene (gaseous to a final

366

concentration of 5 M.L-1), jasmonic acid (gaseous to a final concentration of 30 μM), salicylic acid

367

(liquid solution to a final concentration of 30 μM), salt (liquid NaCl solution to a final

368

concentration of 300 mM) or kept in darkness. Leaf samples were collected 30 min, 1 h, 3 h, 6

369

h, 48 h after treatment.

370

For SlORE1s fruit transcriptional profiling, tomato plants were grown in 1-L pots in a greenhouse

371

under automatic irrigation in an average mean temperature of 25°C, 11.5/13 (winter/summer)

372

light hours and 250-350 μmol m-2 s-1 of incident photo-irradiance. The pericarp from the top

373

portion of the fruit was sampled at immature green 3 (IG3), immature green 5 (IG5), mature
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374

green (MG), breaker (BR), breaker + 3 (BR3) and breaker + 5 (BR5) stages were harvested

375

approximately at 10, 22, 37 (displaying jelly placenta) and, approximately, 42 (when the first

376

signals of carotenoid accumulation are visualized), 45 and 48 days after anthesis, respectively.

377

All samples were frozen in liquid N2, powdered and stored at -80°C.

378

The transgenic lines overexpressing AtMiR164a (miR_2 and miR_3) were generated via a 176 bp

379

fragment encompassing the AtMIR164a precursor (MIR164aAt2g47585) that was amplified

380

from genomic DNA of Arabidopsis thaliana ecotype Columbia (Col-0). The PCR product was sub-

381

cloned into TOPO TA (Invitrogen, http://www.lifetechnologies. com) and sequenced. The

382

confirmed AtMIR164a precursor was digested using the XbaI and Pst restriction enzymes, and

383

subsequently cloned into binary vector under the control of the CaMV 35S promoter. Once

384

cleaved, the mature AtMIR164a has the exact sequence of the mature SlmiR164 (Accessions for

385

miRbase; http://www.mirbase.org/; AtMIR164: MI0000197; SlmiR164: MI0027570). The genetic

386

transformation was made in Slglk2 Solanum lycopersicum (cv Micro Tom) background according

387

to Pino et al. (2010). T2 plants were grown as above described and non-senescent (NS), early

388

senescing (ES) and late senescing (LS) leaves were collected. Leaves stages were set according

389

to the untransformed genotype yellowish phenotype.

390

For subcellular localization and BiFC assays, Nicotiana tabacum plants were cultivated for 4

391

weeks in 1-L pots as described above.

392

To evaluate the capability of SlORE1S02, SlORE1S03 and SlORE1S06 to recover Atore1 mutant

393

phenotype, this mutant was independently transformed with the three tomato gene coding

394

sequences under the control of the constitutive CaMV 35S promoter. A. thaliana plants were

395

grown and transformed according to Balazadeh et al. (2010). Plants from three independent

396

lines of T2 generation were used for dark-induced senescence assay. A pool of 10 detached

397

leaves from three-month-old plants for each genotype were kept in darkness for seven days.

398

SlORE1S02-knockdown lines (L1, L3 and L6) were generated by constitutively expressing an

399

intron-spliced hairpin RNA (RNAi) construct of 186 bp targeted to SlORE1S02 (Solyc02g088180).
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400

The fragment was cloned into pK7GWIWG2(I) (Karimi et al, 2002) and introduced in wild type

401

Solanum lycopersicum (cv Micro Tom) background, which harbours the wild-type SlGLK2 allele,

402

following the protocol described in Pino et al. (2010). Gas exchange and chlorophyll fluorescence

403

parameters were measured in the fifth leaf of 70-day-old plants (YPL) and in the sixth leaf of

404

120-day-old plants (MPL) between 10 and 12 h and were subsequently harvested for

405

biochemical analyses and transcriptional profiling. T1 plants were grown as above described.

406

Pericarp samples from fruits at MG, BR1 and BR6 stages were harvested. For tocopherol content

407

determination, leaf and pericarp samples were dried by lyophilization before extraction. For

408

yield evaluation, an independent set of plants without any destructive sampling was cultivated

409

and all ripe fruits were sampled and weighted until the plants reach 160-day-old when

410

destructive harvest took place. At harvest time, aerial part was weighted and harvest index

411

calculated according to HI = (total ripe fruit mass)*100/(aerial part mass + total ripe fruit mass).

412

Brix was measured in ripe fruits with a refractometer DR201-95 (Kruss).

413
414

Phylogenetic analysis

415

For the phylogenetic analysis, all NAC transcriptions factors of S. lycopersicum and A. thaliana

416

(Supplemental Table S1) were retrieved from the Plant Transcription Factors Database

417

(http://planttfdb.cbi.pku.edu.cn/). The retrieved protein sequences were aligned by Clustal in

418

MEGA 6.0 software (Tamura et al. 2013) using default parameters. The tree reconstruction from

419

the obtained alignment was performed using PHYML 3.0 algorithm (Guindon et al. 2010) hosted

420

at http://www.hiv.lanl.gov/content/sequence/PHYML/interface.html with the following

421

parameters: LG substitution model, four substitutions rate categories, tree optimization by

422

topology and branch length and, improvement by subtree pruning and regrafting. From the

423

dataset, the proportion of invariable sites, equilibrium of frequencies and gamma shape

424

parameter were estimated. Branches were supported by SH-like support.

425
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426

qPCR and miRNA analysis

427

RNA extraction, complementary DNA (cDNA) synthesis, primer design and qPCR assays were

428

performed as described by Quadrana et al. (2013). Primer sequences used are detailed in

429

Supplemental Table S5. Stem loop pulse reverse transcriptase were performed as

430

described previously in Varkonyi-Gasic et al., (2007) and modified 5’RACE were performed

431

as described in Morea et al. (2016). qPCR reactions were carried out in a QuantStudio 6 Flex

432

Real-Time PCR system (Applied Biosystems) using 2X Power SYBR Green Master Mix reagent

433

(Life Technologies) in a 14 μL ﬁnal volume. Absolute fluorescence data were analysed using the

434

LinRegPCR software package (Ruijter et al. 2009) in order to obtain quantitation cycle (Cq) values

435

and calculate PCR efficiency. Expression values were normalised against the geometric mean of

436

two reference genes, TIP41 and EXPRESSED, according to Quadrana et al. (2013). A permutation

437

test lacking sample distribution assumptions (Pfaffl et al. 2002) was applied to detect statistical

438

differences (P < 0.05) in expression ratios using the algorithms in the fgStatistics software

439

package version 17/05/2012 (Di Rienzo 2009).

440
441

Subcellular localization and BiFC assay

442

The full-length open reading frames encoding AtORE1 (AT5G39610), AtGLK2 (AT5G44190),

443

SlGLKs and SlORE1s were amplified using specific primers listed in Supplemental Table S5 and

444

cloned into pCR™ 8/GW/TOPO TA Cloning vector (Invitrogen). For the subcellular localization

445

experiment, each recombination cassette was amplified using the universal M13 pair of primers

446

and then recombined into the binary vector pK7FWG2 (Karimi et al., 2002) using LR clonase. For

447

BiFC assay, each entry vector was recombined into the binary vector pDEST-VYCE(R)GW or

448

pDEST-VYNE(R)GW (Gehl et al., 2009), which carry the C-teminal and N-teminal fragment of

449

Venus YFP, respectively, using LR Clonase. All BiFC fusion proteins were tagged at the C-

450

terminus. The binary vectors were introduced in Agrobacterium tumefaciens strain GV3101. For

451

subcellular localization, cultures were resuspended in infiltration buffer (50 mM MES pH 5.6, 2
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452

mM sodium phosphate buffer pH 7, 0.5% glucose and 200 μM acetosyringone (Sigma-Aldrich))

453

to a final OD600 of 0.5, incubated for 3 h in the dark at room temperature, and infiltrated into

454

leaves of 4-week-old Nicotiana tabacum plants. For BiFC experiments, leaves were co-infiltrated

455

with a mix of both cultures at 0.5 OD600. To avoid SlGLKs degradation, 100 μM of the proteasome

456

inhibitor MG132 (Sigma-Aldrich #C2211) was added to the solution before infiltrating. After 48

457

or 72 h for localization and BiFC experiments, respectively, the transformed tissues were

458

observed in a confocal laser microscope (Zeiss LSM 780-NLO). DAPI staining was performed by

459

infiltrating 10 μg/mL of water dissolved DAPI (Life Technologies #D1306) 20 min before the

460

confocal microscope observation. GFP signal was captured over a 508-553 nm range after

461

excitation at 488nm, while DAPI fluorescence was excited at 405 nm and captured over a 415-

462

501 nm range.

463

The controls VYNE-Cnx6 and VYCE-Cnx6 constructs were kindly provided by Prof. Jörg Kudla,

464

Institute of Plant Biology and Biotechnology, Münster, Germany. CNX6 is a protein that belongs

465

to the complex of molybdopterin synthase involved in MoCo biosynthesis. As reported in Gehl

466

et al. (2009), when VYNE-Cnx6 and VYCE-Cnx6 fusion proteins (approximately 40 KDa), are

467

transiently co-expressed in N. benthamiana leaves by agroinfiltration, they localize not only in

468

the cytoplasm but also in the nucleus. This is due to their small size that allows the diffusion

469

through the nuclear pores, which exclusion size is 60 KDa. Thus, Cnx6 auto-dimerization was

470

used as positive control, while VYNE-Cnx6/SlGLK2-VYCE and VYCE-Cnx6/SlORE1S02-VYNE

471

interactions were used as negative controls.

472
473

Leaf gas exchange and fluorescence measurements

474

Gas exchange and chlorophyll fluorescence parameters were measured using a portable open

475

gas-exchange system incorporating infra-red CO2 and water vapor analysers (LI-6400XT system;

476

LI-COR) equipped with an integrated modulated chlorophyll fluorometer (LI-6400-40; LI-COR).

477

Reference CO2 concentration was held at 400 μmol mol-1 and leaf temperature at 28˚C for all
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478

measurements. Air humidity inside the leaf chamber was equivalent to values measured inside

479

the greenhouse (approximately 75%). Carbon assimilation rate (A), leaf stomatal conductance

480

(gs), transpiration (E) and fluorescence parameters were measured at 800 μmol PPFD m-2 s-1. For

481

the values of minimal (Fo) and maximal (Fm) fluorescence and leaf dark respiration, leaves were

482

dark-adapted for 30 min before a saturating pulse of light. The parameters derived from

483

chlorophyll fluorescence, including dark-adapted PSII maximum quantum efficiency (Fv/Fm),

484

proportion of open PSII centers (photochemical quenching, qP), PSII operating efficiency (ΦPSII),

485

non-photochemical quenching (NPQ) and electron transport rate (ETR) were calculated

486

according to Maxwell and Johnson (2000).

487
488

Chloroplast number

489

Chloroplasts in leaf mesophyll cells were counted following the methodology described in Pyke

490

(2011). Briefly, leaf pieces were fixed in 3.5% (v/v) glutaraldehyde solution for 1 h, then calcium

491

ions were chelated by transfering the leaf samples to 0.1 M NaEDTA solution and keeping them

492

for 4 h at 60°C and then overnight at 4°C. The pieces were transferred to a microscope slide and

493

macerated with a blunt scalpel for tissue desintegration, and visualised by light microscopy.

494
495

Transmission electron microscopy

496

Leaf segments were ﬁxed at 4 °C in Karnovsky's solution [2.5% (v/v) glutaraldehyde, 2% (v/v)

497

paraformaldehyde in 0.1 M sodium phosphate buffer pH 7.2] for 24 h. After washing in buffer,

498

the samples were post-ﬁxed in buffered 1% (w/v) osmium tetroxide, washed, dehydrated in a

499

graded series of acetone, and embedded in Spurr resin. The resin was polymerized at 60ºC.

500

Ultrathin sections were stained with saturated uranyl acetate (Watson, 1958) and lead citrate

501

(Reynolds, 1963), and observed using a Zeiss EM 900 transmission electron microscope.

502
503

Total soluble proteins, starch and soluble sugars quantification
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504

Total soluble proteins extraction and quantification were performed as described in Jones et al.

505

(1989). Starch and soluble sugars extraction were performed as described in Lira et al. (2014).

506

Soluble sugar quantification was performed according to Mainardi et al. (2006). Briefly, 1 mL of

507

the extract was evaporated under vacuum in a SpeedVac system. The residue was resuspended

508

with 1 mL of ultrapure water and filtered through 0.22 um membrane. Soluble sugars (i.e.,

509

glucose, fructose, sucrose) were analysed by high performance anion exchange chromatography

510

with pulsed amperometric detection (HPAEC-PAD; Dionex, Sunnyvale, CA, USA), using a

511

Carbopac PA1 (250 x 4 mm, 5 um particle size, Dionex) in an isocratic run with 18 mM NaOH as

512

mobile phase. The content of each sugar was calculated with the standard curves made with

513

pure glucose, fructose and sucrose (Sigma-Aldrich, Co).

514
515

Tocopherol and pigment quantification

516

Tocopherols were extracted from approximately 25 mg dry weight as described in Almeida et al.

517

(2015). The samples were adjusted to 4 mL final volume. Aliquots of 3 mL were dried under N2

518

and dissolved in 200 μL of mobile phase composed of hexane/tert-butyl methyl ether (90:10).

519

Chromatography was carried out on a Hewlett–Packard series 1100 HPLC system coupled with

520

a fluorescence detector (Agilent Technologies series 1200) on a normal-phase column

521

(LiChrosphere® 100 Diol Si; 250 mm x 4.0 mm, 5 μm; Agilent Technologies, Germany) at room

522

temperature, with the mobile phase running isocratically at 1 mL min-1. Eluted compounds were

523

detected by excitation at 295 nm and fluorescence was quantified at 330 nm.

524

Chlorophyll extraction was carried out as described in Porra et al. (1989). One mL of

525

dimethylformamide (DMF) was added to 100 mg or 300 mg of fresh weight for leaf or fruit

526

samples, respectively. After sonication for five min and further centrifugation of 9000 g for 10

527

min, the supernatant was collected. The procedure was repeated until total removal of tissue

528

green colour. Spectrophotometer measurements were performed at 664 and 647 nm.
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529

Carotenoid extraction was modified from Sérino et al. (2009). Aliquots of 200 mg of fresh weight

530

were sequentially extracted with a solution of saturated NaCl, dichloromethane and

531

hexane:diethyl ether (1:1). After centrifugation, the supernatant was collected and the last step

532

was repeated three more times. Samples were dried by vacuum and dissolved in 200 μL of

533

acetonitrile. Chromatography was carried out on Agilent Technologies series 1100 HPLC system

534

on a normal-phase column Phenomenex (Luna C18; 250 x 4.6 mm; 5 μm particle diameter) at

535

room temperature with a flow rate of 1 mL min-1. The mobile phase was a gradient of ethyl

536

acetate (A) and acetonitrile:water 9:1 (B): 0-4 min with 20% A/80% B; 4-30 min with 65% A/35%

537

B; 30-35 min with 65% A/35% B; 35-40 min with 20% A/80% B. Eluted compounds were detected

538

between 340-700 nm and quantified at 450 nm.

539
540

Data analyses

541

Differences in parameters were analyzed in Infostat software version 17/06/2015 (Di Rienzo et

542

al. 2011). When the data set showed homoscedasticity, Student´s t-test (P < 0.05) was

543

performed to compare transgenic lines against the control genotype. In the absence of

544

homoscedasticity, a non-parametric comparison was performed by applying the Mann-Whitney

545

test (P < 0.05). All values represent the mean of at least three biological replicates. A parameter

546

was considered to be affected by SlORE1S02 silencing if at least two out of the three transgenic

547

lines differed significantly from the untransformed genotype.

548
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7KLV SURMHFW REMHFWLYHV DLPHG WR LQFUHDVH WKH NQRZOHGJH UHJDUGLQJ PDQLSXODWLRQ RI
FKORURSK\OOGHJUDGDWLRQDQGRIVHQHVFHQFHRYHUWKHPHWDEROLVPDQG\LHOGRIDIOHVK\IUXLWVSHFLHV
$OWKRXJKVHYHUDODGYDQFHVZHUHPDGHLQWKHSDVW\HDUVUHJDUGLQJWKHUHJXODWLRQDQGSURFHVVHV
LQYROYHG LQ FKORURSK\OO PHWDEROLVP DQG VHQHVFHQFH PRVW IRFXV RQ WKH PRGHO SODQW $UDELGRSVLV
WKDOLDQDRURQJUDVVHV7KXVWKHUHLVDODFNRINQRZOHGJHLQRWKHUVSHFLHVDQGVSHFLDOO\RYHUWKH
PHWDEROLVP DQG GHYHORSPHQW RI IOHVK\ IUXLW EHDULQJ VSHFLHV ,Q WKLV VHQVH WRPDWR 6RODQXP
O\FRSHUVLFXP FRPHVRXWDVDQH[FHOOHQWPRGHOSODQWQRWRQO\EHFDXVHLWVIUXLWVXQGHUJRFKORURSODVW
FKURPRSODVW FRQYHUVLRQ WKDW LQYROYHV FKORURSK\OO GHJUDGDWLRQ DQG DFFXPXODWLRQ RI QXWUDFHXWLFDO
LVRSUHQRLGGHULYHGFRPSRXQGVEXWDOVRIRULWVHFRQRPLFYDOXH
7KHILUVWUHTXLUHPHQWVIRUFKORURSK\OOGHJUDGDWLRQLVWKHUHPRYDORIWKHSK\WROGHULYHGFKDLQ
DQGRIWKHPDJQHVLXPLRQ&KORURSK\OOGHSK\W\ODWLRQFDQEHFDWDO\VHGHLWKHUE\FKORURSK\OODVHRUE\
SKHRSK\WLQDVHKHUHLWZDVLGHQWLILHGGLIIHUHQWHYROXWLYHFRQVWUDLQWVXQGHUZKLFKWKHFRGLQJJHQHVRI
HDFKHQ]\PHHYROYHGUHIOHFWLQJSK\VLRORJLFDOVSHFLILFLWLHVIRUHDFKRIWKHP7KXVGLIIHUHQWHQ]\PHV
SOD\DUROHLQFKORURSK\OOGHSK\W\ODWLRQDVVRFLDWHGWRSK\VLRORJLFDOO\SURJUDPPHGSURFHVVHVDQGLQ
UHVSRQVHWRHQYLURQPHQWDOVWLPXOL
:KHQ SKHRSK\WLQDVH WKH VHQHVFHQFHDVVRFLDWHG FKORURSK\OO GHSK\W\ODWLQJ HQ]\PH ZDV
NQRFNHGGRZQWRPDWRSODQWVGLVSOD\HGVLJQVRISKRWRLQKLELWLRQLQOHDYHV\HWWKLVHQKDQFHGIUXLW
QXWULWLRQDOFRQWHQWE\LQFUHDVLQJWKHFRQWHQWRIVROXEOHVXJDUVDQGWRFRSKHUROVKRZHYHUFDURWHQRLG
DFFXPXODWLRQZDVSHQDOLVHG
'HOD\LQJVHQHVFHQFHLQLWLDWLRQKDYHSURYHGWREHDSURPLVLQJVWUDWHJ\IRU\LHOGLPSURYHPHQW
LQWRPDWR7KHPDLQWHQDQFHRISKRWRV\QWKHWLFDOO\DFWLYHOHDYHVIRUPRUHWLPHOHGWRDQLQFUHDVHLQ
WKHKDUYHVWLQGH[DVSODQWVSURGXFHGPRUHIUXLWVZKLFKDOVRDFFXPXODWHGPRUHVROXEOHVXJDUVDQG
WRFRSKHUROV
7RFRQFOXGHDVPRUHLQIRUPDWLRQLVEHFRPLQJDYDLODEOHLQ$WKDOLDQDDQGRWKHUPRGHOFURSV
LW LV QHFHVVDU\ WR H[SORUH LI WKH PHFKDQLVPV DUH WKH VDPH LQ IOHVK\ IUXLW VSHFLHV DQG WKH SRVVLEOH
DSSOLFDWLRQVIRULPSURYLQJ\LHOGDQGRUQXWULWLRQDOYDOXHVRIFURSVSHFLHV
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'LUHFWO\UHODWHGWRWKLVWKHVLV
/LUD%6GH6HWWD15RVDGR'$OPHLGD-)UHVFKL/ 5RVVL0  3ODQWGHJUHHQLQJ
HYROXWLRQDQGH[SUHVVLRQRIWRPDWR 6RODQXPO\FRSHUVLFXP GHSK\W\ODWLRQHQ]\PHV *HQH
  
/LUD%65RVDGR'$OPHLGD-GH6RX]D$3%XFNHULGJH063XUJDWWR(*X\HU/
+|UWHQVWHLQHU6)UHVFKL/ 5RVVL0  3KHRSK\WLQDVHNQRFNGRZQLPSDFWVFDUERQ
PHWDEROLVPDQGQXWUDFHXWLFDOFRQWHQWXQGHUQRUPDOJURZWKFRQGLWLRQVLQWRPDWR3ODQWDQG
&HOO3K\VLRORJ\  

:LWKUHVXOWVREWDLQHGLQWKHWKHVLVEXWDUHQRWSDUWRILW
*X\HU/+RIVWHWWHU66&KULVW%/LUD%65RVVL0 +|UWHQVWHLQHU6  'LIIHUHQW
PHFKDQLVPV DUH UHVSRQVLEOH IRU FKORURSK\OO GHSK\W\ODWLRQ GXULQJ IUXLW ULSHQLQJ DQG OHDI
VHQHVFHQFHLQWRPDWR3ODQWSK\VLRORJ\  


&ROODERUDWLRQVLQRWKHUVSURMHFWV
GH*RGR\)%HUP~GH]//LUD%6GH6RX]D$3(OEO3'HPDUFR'$OVHHNK6,QVDQL
0 %XFNHULGJH 0 6 $OPHLGD - *ULJLRQL * )HUQLH $ 5  5RVVL 0  
*DODFWXURQRV\OWUDQVIHUDVH  VLOHQFLQJ DOWHUV SHFWLQ FRPSRVLWLRQ DQG FDUERQ SDUWLWLRQLQJ LQ
WRPDWR-RXUQDORIH[SHULPHQWDOERWDQ\  
(OEO3/LUD%6$QGUDGH6&6-R/GRV6DQWRV$/:&RXWLQKR//)ORK(,6 
5RVVL0  &RPSDUDWLYHWUDQVFULSWRPHDQDO\VLVRIHDUO\VRPDWLFHPEU\RIRUPDWLRQDQG
VHHG GHYHORSPHQW LQ %UD]LOLDQ SLQH $UDXFDULD DQJXVWLIROLD %HUWRO  .XQW]H 3ODQW &HOO
7LVVXHDQG2UJDQ&XOWXUH 3&72&   
$OPHLGD-$VtV50ROLQHUL916HVWDUL,/LUD%6&DUUDUL)3HUHV/(( 5RVVL0
 )UXLWVIURPULSHQLQJLPSDLUHGFKORURSK\OOGHJUDGHGDQGMDVPRQDWHLQVHQVLWLYHWRPDWR
PXWDQWVKDYHDOWHUHGWRFRSKHUROFRQWHQWDQGFRPSRVLWLRQ3K\WRFKHPLVWU\
5RVDGR ' *UDPHJQD * &UX] $ /LUD % 6 )UHVFKL / GH 6HWWD 1  5RVVL 0  
3K\WRFKURPH ,QWHUDFWLQJ )DFWRUV 3,)V  LQ 6RODQXP O\FRSHUVLFXP 'LYHUVLW\ (YROXWLRQDU\
+LVWRU\ DQG ([SUHVVLRQ 3URILOLQJ GXULQJ 'LIIHUHQW 'HYHORSPHQWDO 3URFHVVHV 3OR6 RQH
  H
0HOR1.%LDQFKHWWL5(/LUD%62OLYHLUD30=XFFDUHOOL5'LDV'/'HPDUFR'
3HUHV / ( 5RVVL 0  )UHVFKL /   1LWULF R[LGH HWK\OHQH DQG DX[LQ FURVVWDON
PHGLDWHVJUHHQLQJDQGSODVWLGGHYHORSPHQWLQGHHWLRODWLQJWRPDWRVHHGOLQJV3ODQWSK\VLRORJ\
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Table S1. Sequence information.

Name
PsHCLH
PsHCLH2
PsHCLH3
AtCLH1
AtCLH2
BoCLH1
BoCLH2
BoCLH3
BrCLH1
BrCLH2
CcCLH1
CcCLH2
CsCLH1
CsCLH2
CsCLH3
EgCLH
GmCLH1
GmCLH2
GmCLH3
OsCLH1
PtCLH1
PtCLH2
PtCLH3
SbCLH1
SbCLH2
SbCLH3
SlCLH1
SlCLH2
SlCLH3
SlCLH4
StCLH1
StCLH2
StCLH3
StCLH4
ZmCLH1
ZmCLH2
AtPPH
BrPPH
BrPPH1
CsPPH
CcPPH
EgPPH
GmPPH
GmPPH1

Species
Picea sitchensis
Picea sitchensis
Picea sitchensis
Arabidopsis thaliana
Arabidopsis thaliana
Brassica oleracea
Brassica oleracea
Brassica oleracea
Brassica rapa
Brassica rapa
Citrus clementina
Citrus clementina
Citrus sinensis
Citrus sinensis
Citrus sinensis
Eucalyptus grandis
Glycine max
Glycine max
Glycine max
Oryza sativa
Populus trichocarpa
Populus trichocarpa
Populus trichocarpa
Sorghum bicolor
Sorghum bicolor
Sorghum bicolor
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Solanum lycopersicum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Solanum tuberosum
Zea mays
Zea mays
Arabidopsis thaliana
Brassica rapa
Brassica rapa
Citrus sinensis
Citrus clementina
Eucalyptus grandis
Glycine max
Glycine max
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Accession number
BT070775 a
EF677023 a
EF087079 a
NP_564094.1 a
NP_199199.1 a
AF337544_1 a
AF337545_1 a
AF337546_1 a
Bra036000 b
Bra025756 b
clementine0.9_016047m b
clementine0.9_015518m b
orange1.1g020950m b
orange1.1g020188m b
orange1.1g020199m b
Eucgr.B01023 b
Glyma10g00570 b
Glyma09g31250 b
Glyma07g10840 b
Os10g28370 b
POPTR_0010s09240 b
POPTR_0284s00200 b
POPTR_0005s23590 b
Sb02g012300 b
Sb07g024090 b
Sb01g021520 b
Solyc06g053980.2 c
Solyc09g065620.2 c
Solyc09g082600.1 c
Solyc12g005300.1 c
PGSC0003DMT400041941 c
PGSC0003DMT400016518 c
PGSC0003DMC400033622 c
PGSC0003DMC400037791 c
GRMZM2G103197_T01 b
GRMZM2G170734_T01 b
BAH19780 b
Bra023436 b
Bra006215 b
orange1.1g009834m b
clementine0.9_005955m b
Eucgr.G03276.1 b
Glyma09g36010 b
Glyma12g01320 b

GmPPH2
NtPPH
OsPPH
PtPPH
RcPPH
SbPPH
SlPPH
StPPH
VvPPH
ZmPPH
a

Glycine max
Nicotiana tabacum
Oryza sativa Japonica
Populus trichocarpa
Ricinus communis
Sorghum bicolor
Solanum lycopersicum
Solanum tuberosum
Vitis vinifera
Zea mays

b
NCBI (http://www.ncbi.nlm.nih.gov/).
SolGenomicsNetwork (http://solgenomics.net/).

Glyma11g16070 b
CAO99125.1 b
NP_001057593.1 b
POPTR_0009s05960 b
30221.m002221 b
Sb04g002990 b
SGN-U572366 c
PGSC0003DMT400017406
CAO40741.1 b
ACF87407.1 b

Phytozome
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c

(http://www.phytozome.net/).

c
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Primer
RT-CLH1-F
RT-CLH1-R
RT-CLH2-F
RT-CLH2-R
RT-CLH3-F
RT-CLH3-R
RT-CLH4-F
RT-CLH4-R
RT-PPH–F
RT-PPH-R
RT-SAG12-F
RT-SAG12-R
RT-PAO-F
RT-PAO-R
RT-Expressed-F
RT-Expressed-R
RT-TIP41-F
RT-TIP41-R

CAT
GCC
GGC
CGG
CTT
GTA
ATT
GCA
TAT
TGG
ATG
TTT
TCA
TAT
GCT
TGG
ATG
GCT

GGC
TGC
TTC
CAG
CTC
ATC
CCG
GCA
GGA
AGG
TCC
CAG
GAA
CCC
AAG
GTG
GAG
GCG

Table S2. Primers used for qPCR.

Sequence 5’-3’
TTC ATT GTT GTT GCT
TAG TCC AAG TTT CGT
ATG CTC CAA CCT AG
TAC GGA TTT GAG G
CTC CAA AGC CAC TC
CGT CAG GTA ACC AGT
CCT CCA ACC CGA CT
CAG AGT TGA GCT TCT
GGG AGC AAG TAC GC
GCA GAG GAA AAG TAC
TCC TCA AAG CCA AA
TTG GTG TAG CCC TT
GTG GGT GAT ATG GA
CGT CAT ACA CCT TA
AAC GCT GGA CCT AAT
TGC CTT TCT GAA TG
TTT TTG AGT CTT CTG
TTT CTG GCT TAG G
C

G

TAG C

TT

CC
C
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Cl

SlPPH
SlCLH1
SlCLH2
SlCLH3

SlCLH4
AtPPH

a

Cl
Cl

Cello v2.5
Cl
Cl/Ct
PM
PM

b

Cl
Cl

SherLoc2
Cl
Cl
Cl
Cl

c

Ct
Cl

MultiLoc2
Ct
Ct
Cl
Ct

d

Subcellular compartment

Ct
Cl

BaCelLo
N
Cl
Cl
Cl

e

Cl
Cl

Plant-PLoc
Cl
Ct
Cl
PM

f

No
Yes

No
Yes

Chloroplast signal
peptide
ChloroP a iPSORT g
No
Yes
No
Yes
No
No
Yes
Yes

AtPPH w as used as a control of the prediction accuracy. Cl: chloroplast. N: nucleus. Ct: cytosol. PM: plasma membrane. -: compartment other than mitochondrion, chloroplast
or secretory pathway. a Emanuelsson et al. (2007). b Yu et al. (2006). c Briesemeister et al. (2009). d Blum et al. (2009). e Pierleoni et al. (2006). f Chou and Shen (2010). g
Bannai et al. (2002).

TargetP
-

Protein

Table S3. Subcellular compartment prediction for S. lycopersicum PPH and CLH proteins.
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Gene

No treatment
Days
Horm onal treatment
after
MCP
ET
ABA
SA
treatment
1.00±0.18 aA
0
1.00±0.07 aA
1.00±0.07 aA
1.00±0.07 aA
1.00±0.07 aA
0.83±0.08 aA
SlCLH1
2
0.90±0.05 aA
0.63±0.05 bB
0.53±0.04 bB
0.30±0.03 bC
0.90±0.08 aA
4
0.53±0.04 bB
0.39±0.02 cC
0.77±0.07 cA
0.46±0.02 bB
aA
aA
aA
aA
1.00±0.09
0
1.00±0.05
1.00±0.05
1.00±0.05
1.00±0.05 aA
SlCLH2
2
0.10±0.01 bA
0.55±0.01 bB
0.20±0.02 bC
0.55±0.04 bB
0.02±0.00 bD
bA
cB
bA
cB
4
0.13±0.02
0.28±0.02
0.12±0.01
0.27±0.01
0.05±0.01 cC
0
ND
ND
ND
ND
ND
SlCLH3
2
ND
ND
ND
ND
ND
ND
4
ND
ND
ND
ND
0
1.00±0.17 aA
1.00±0.09 aA
1.00±0.09 aA
1.00±0.09 aA
1.00±0.09 aA
0.96±0.14 aA
SlCLH4
2
0.46±0.04 bB
0.33±0.03 bC
0.48±0.04 bB
0.19±0.02 bD
aA
bB
aA
bC
0.84±0.14
4
0.57±0.05
0.90±0.06
0.24±0.01
0.10±0.01 cD
1.00±0.13 aA
0
1.00±0.07 aA
1.00±0.07 aA
1.00±0.07 aA
1.00±0.07 aA
0.89±0.12 aA
SlPPH
2
0.60±0.03 bB
1.75±0.09 bC
1.74±0.20 bC
1.94±0.11 bC
4
0.89±0.20 aA
0.85±0.06 aA
2.58±0.15 cB
1.49±0.08 bC
1.69±0.09 cC
aA
aA
aA
aA
1.00±0.15
0
1.00±0.04
1.00±0.04
1.00±0.04
1.00±0.04 aA
SlPAO
2
1.17±0.19 aA
1.68±0.13 bB
2.50±0.15 bC
1.50±0.32 abB
3.12±0.21 bD
aA
bB
bC
bB
4
0.93±0.12
1.47±0.07
2.72±0.18
1.69±0.10
1.73±0.10 cB
0
1.00±0.18 aA
1.00±0.05 aA
1.00±0.05 aA
1.00±0.05 aA
1.00±0.05 aA
SlSAG12
2
0.79±0.14 aA
0.46±0.01 bB
9.38±1.89 bC
34.10±3.79 bD
9.21±1.19 bC
aA
bB
bC
cD
0.89±0.16
4
0.45±0.01
20.12±4.70
13.28±0.35
20.90±0.87 cC
Values represent means ± SE from at least three biological replicates. The mean relative expression w as calculated from means of
tw o technical replicates and normalized against the samples from day 0. Different letters indicate statistically significant dif f erences
(p<0.05) in the time course (low er case) and among treatments (upper case) according to a permutation test, that lack assumptions of
sample distribution (Pfaffl et al., 2002). MCP: 1-methylcyclopropene; ET: ethylene; ABA: abscisic acid; SA: salicylic acid; ND: not
detected.

Table S4. Relative expression of genes encoding chlorophyll degradation-related enzymes in leaves
submitted to different hormonal treatments.
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Green

Mature Green

Yellow

Fruit stage
Ripe

SlCLH1 1.00±0.11 a 3.82±0.41 b 2.78±0.20 ab 1.14±0.23 a
SlCLH2
1.00±0.21
ND
ND
ND
SlCLH3
ND
ND
ND
ND
SlCLH4 1.00±0.10 a 0.14±0.03 b
0.51±0.03 a 0.02±0.01 c
SlPPH 1.00±0.08 a 42.03±3.51 b 21.96±1.85 c 6.50±1.40 d
SlPAO 1.00±0.18 a 2.39±0.27 b
5.04±0.35 c 5.93±1.00 c
SlSAG12
ND
ND
ND
ND
Values represent means ± SE from at least three biological replicates. The
mean relative expression w as calculated from means of tw o technical
replicates and normalized against green fruits. Statistically significant
differences (p<0.05) betw een samples are indicated w ith different letters
according to a permutation test, that lack assumptions of sample distribution
(Pfaffl et al., 2002). ND: not detected.

Gene

Table S5. Relative expression of genes encoding chlorophyll
degradation-related enzymes along fruit development and
ripening.
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Non treated leaves (0
days)

Green fruits

SlCLH1
4.51±0.50
112.42±4.20
SlCLH2
1.00±0.10
1.00±0.12
ND
ND
SlCLH3
0.75±0.09
2.09±0.31
SlCLH4
8.12±0.84
110.88±2.39
SlPPH
13.21±0.85
485.69±9.11
SlPAO
SlSAG12
0.92±0.11
ND
Values represent means ± SE from at least three biological
replicates. The mean relative expression w as calculated from
means of tw o technical replicates and normalized against the
corresponding SlCLH2 expression level. ND: not detected.

Gene

Table S6. Relative expression among genes encoding
chlorophyll degradation-related enzymes in the same
tissue.
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Supplementary Fig. S1 SlPPH transcript profile in SlPPH-knockdown lines. The extension of
SlPPH silencing was addressed in leaves and fruits at mature green, breaker and ripe stages.
Data represent the mean ± SD from at least three biological replicates. Statistically significant
differences (P<0.05) between the wild type and transgenic genotype are marked with an
asterisk.
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Supplementary Fig. S2
A

B

Supplementary Fig. S2 Vegetative growth of SlPPH- knockdown lines. Plant height (A) and node number (B) were
monitored for thirteen week. Values represent the mean ± SD from at least three biological replicates. Statistically
significant differences (P<0.05) between the control genotype and transgenic lines are marked with an asterisk.
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Supplementary Fig. S3
A

B

WT

L17

L24

L27

5 cm

1 cm

Supplementary Fig. S3 Chlorophyll content and impairment of age-induced senescence-associated degreening in
SlPPH-knockdown lines. Chlorophyll was measured in leaves, mature green and ripe fruits. Data represent the mean
± SD from at least three biological replicates. Statistically significant differences (P<0.05) between the wild type and
transgenic genotype are marked with an asterisk (A). Age-induced senescent leaves (above) and the corresponding
petioles after leaf detachment (below) of 9-week- old plants (B).

116

Supplementary Fig. S4

Supplementary Fig. S4 Protein sequence alignment of AtPPH, SlPPH and SlPPHLs. The grey line localizes the PPH motif
with the Ser active residue pointed by the arrow (Schelbert et al 2009). Residues were shaded with 75% identity
threshold. Alignment representation was made in BioEdit (Hall et al. 1999).
Hall, T.A. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows
95/98/NT. Nucl. Acids. Symp. Ser. 41:95-98.
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Supplementary Fig. S5

Supplementary Fig. S5 Alignment of SlPPHLs along the fragment of the hairpin RNA (RNAi) construct used for SlPPHknockdown plants (between arrows). Residues were shaded with 75% identity threshold. Alignment representation
was made in BioEdit (Hall et al. 1999).
Hall, T.A. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows
95/98/NT. Nucl. Acids. Symp. Ser. 41:95-98.
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Supplementary Table S2 Relative transcript ratio.
Leaf

Mature green fruit

Breaker fruit

Ripe fruit

SlPPH

1.00 ± 0.14

1.000 ± 0.160

1.000 ± 0.074

1.000 ± 0.4650

SlPPHL1

0.22 ± 0.02

0.040 ± 0.002

0.006 ± 0.001

0.004 ± 0.0020

SlPPHL2

0.16 ± 0.02

0.012 ± 0.001

0.003 ± 0.001

0.001 ± 0.0001

SlPPHL3

0.16 ± 0.01

0.040 ± 0.003

0.013 ± 0.001

0.007 ± 0.0020

Leaf

Mature green fruit

Breaker fruit

Ripe fruit

SlPSY1

1.00 ± 0.16

1.00 ± 0.06

1.00 ± 0.13

1.00 ± 0.09

SlPSY2

0.60 ± 0.07

0.03 ± 0.01

0.0033 ± 0.0001

0.0042 ± 0.0008

Leaf

Mature green fruit

Breaker fruit

Ripe fruit

1.00 ± 0.09

1.00 ± 0.02

1.00 ± 0.16

1.00 ± 0.19

0.04 ± 0.008

3.13 ± 0.07

6.93 ± 0.52

3.54 ± 0.34

SlLCYβ1
SlCYCβ

2

Statistically significant differences between the transcript ratio are indicated in bold terms (t-test, P<0.05). Values
represent means ± SD from at least three biological replicates and are expressed as relative transcript amount compared
to SlPPH, SlPSY1 and SlLCYβ, correspondingly. 1Chloroplast-specific. 2Chromoplast-specific β-lycopene cyclase.
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Different Mechanisms Are Responsible for Chlorophyll
Dephytylation during Fruit Ripening and Leaf
Senescence in Tomato1[W][OPEN]
Luzia Guyer 2, Silvia Schelbert Hofstetter 2, Bastien Christ, Bruno Silvestre Lira,
Magdalena Rossi, and Stefan Hörtensteiner*
Institute of Plant Biology, University of Zurich, CH-8008 Zurich, Switzerland (L.G., S.S.H., B.C., S.H.); and
Departemento de Botânica, Instituto de Biociências, Universidade de São Paulo, CEP05508–090 Sao Paulo,
Brazil (B.S.L., M.R.)

Chlorophyll breakdown occurs in different green plant tissues (e.g. during leaf senescence and in ripening fruits). For different plant
species, the PHEOPHORBIDE A OXYGENASE (PAO)/phyllobilin pathway has been described to be the major chlorophyll
catabolic pathway. In this pathway, pheophorbide (i.e. magnesium- and phytol-free chlorophyll) occurs as a core intermediate.
Most of the enzymes involved in the PAO/phyllobilin pathway are known; however, the mechanism of dephytylation remains
uncertain. During Arabidopsis (Arabidopsis thaliana) leaf senescence, phytol hydrolysis is catalyzed by PHEOPHYTINASE (PPH),
which is speciﬁc for pheophytin (i.e. magnesium-free chlorophyll). By contrast, in fruits of different Citrus spp., chlorophyllase,
hydrolyzing phytol from chlorophyll, was shown to be active. Here, we enlighten the process of chlorophyll breakdown in tomato
(Solanum lycopersicum), both in leaves and fruits. We demonstrate the activity of the PAO/phyllobilin pathway and identify tomato
PPH (SlPPH), which, like its Arabidopsis ortholog, was speciﬁcally active on pheophytin. SlPPH localized to chloroplasts and was
transcriptionally up-regulated during leaf senescence and fruit ripening. SlPPH-silencing tomato lines were impaired in chlorophyll
breakdown and accumulated pheophytin during leaf senescence. However, although pheophytin transiently accumulated in
ripening fruits of SlPPH-silencing lines, ultimately these fruits were able to degrade chlorophyll like the wild type. We conclude
that PPH is the core phytol-hydrolytic enzyme during leaf senescence in different plant species; however, fruit ripening involves
other hydrolases, which are active in parallel to PPH or are the core hydrolases in fruits. These hydrolases remain unidentiﬁed, and
we discuss the question of whether chlorophyllases might be involved.

Chlorophyll breakdown is an important physiological
process in plants that occurs during different phases of
plant development. Most obvious and eye-catching is the
loss of green pigment color during autumnal leaf senescence in deciduous trees, but also the ripening phase of
many fruits such as banana (Musa acuminata) and tomato
(Solanum lycopersicum) includes massive degradation of
chlorophyll.
For many years, chlorophyll degradation was considered a biological enigma (Hendry et al., 1987). Only
the identiﬁcation and structure determination of a ﬁrst
colorless nonﬂuorescent chlorophyll catabolite from
senescing barley (Hordeum vulgare) as a (ﬁnal) breakdown product (Kräutler et al., 1991) paved the way for
the step-wise elucidation of a pathway of chlorophyll
1
This work was supported by the Swiss National Science Foundation (grant no. 31003A–132603 to S.H.).
2
These authors contributed equally to the article.
* Address correspondence to shorten@botinst.uzh.ch.
The author responsible for distribution of materials integral to the
ﬁndings presented in this article in accordance with the policy described in the Instructions for Authors (www.plantphysiol.org) is:
Stefan Hörtensteiner (shorten@botinst.uzh.ch).
[W]
The online version of this article contains Web-only data.
[OPEN]
Articles can be viewed online without a subscription.
www.plantphysiol.org/cgi/doi/10.1104/pp.114.239541
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degradation (for review, see Hörtensteiner and Kräutler,
2011; Kräutler and Hörtensteiner, 2013; Christ and
Hörtensteiner, 2014). This pathway leads to the ultimate
degradation of chlorophyll to a group of colorless,
linear tetrapyrroles, termed phyllobilins (Kräutler
and Hörtensteiner, 2013).
The pathway can be divided into two parts. Early
reactions take place within senescing chloroplasts and
result in the formation of a colorless primary ﬂuorescent
chlorophyll catabolite (pFCC; Fig. 1; Mühlecker et al.,
1997). The reactions catalyzing the chlorophyll-to-pFCC
conversion are commonly present in land plants
(Hörtensteiner, 2013) and, therefore, represent the core
part of the pathway. The second part of the chlorophyll
degradation pathway is characterized by largely speciesspeciﬁc modiﬁcations at different peripheral positions
within pFCC (indicated in Fig. 1 with R1–R4) and ultimate
conversion to respective nonﬂuorescent phyllobilins that
represent the end products of chlorophyll breakdown in
most species and are stored in the vacuole (Kräutler and
Hörtensteiner, 2013).
To date, a total of four steps are known to be required
for the conversion of chlorophyll a to pFCC. Except for
the activity that is responsible for magnesium dechelation, genes encoding these catalytic activities have been
identiﬁed in Arabidopsis (Arabidopsis thaliana) and other
species. Since all except one of the phyllobilins that have
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Figure 1. Structural outline of the PAO/phyllobilin pathway of chlorophyll breakdown showing the chemical constitutions of
chlorophyll a and of selected chlorophyll catabolites that are relevant for this work. R1 to R4 indicate sites of modiﬁcations that
are found in nonﬂuorescent phyllobilins of different plant species (Kräutler and Hörtensteiner, 2013). Relevant reactions (PPH,
CLH, PAO, and RCCR) are indicated. Note that dephytylation by PPH was shown to be the major reaction of pheophorbide a
formation during leaf senescence in Arabidopsis (Schelbert et al., 2009). The inset indicates that conversion of chlorophyll to
pFCC requires the concerted action of different CCEs and of SGR.

been characterized structurally are derived from chlorophyll a (Hörtensteiner and Kräutler, 2011), the reductive
part of the chlorophyll cycle that converts chlorophyll b
into chlorophyll a has been considered an integral part
of senescence-related chlorophyll breakdown (Tanaka
et al., 2011).
The magnesium- and phytol-free intermediate of
chlorophyll a, pheophorbide a, is a genuine breakdown
product of chlorophyll (Langmeier et al., 1993). However, the means of pheophorbide formation during leaf
senescence was (and still is) controversial, because the order
of reactions—that is, dechelation versus dephytylation—
was unclear (Amir-Shapira et al., 1987), although the
favored hypothesis was that dephytylation by CHLOROPHYLLASE (CLH) would precede magnesium
dechelation (Tanaka and Tanaka, 2006). We recently
showed that the two CLHs of Arabidopsis are dispensable for leaf senescence (Schenk et al., 2007). Instead, we
and others identiﬁed a novel esterase, PHEOPHYTINASE (PPH), which speciﬁcally dephytylates pheophytin, but not chlorophyll, and is required for chlorophyll
breakdown in Arabidopsis and rice (Oryza sativa; Morita
et al., 2009; Schelbert et al., 2009; Ren et al., 2010). Thus,
PPH-deﬁcient mutants exhibit a stay-green phenotype,
which is characterized by a high retention of chlorophyll
together with the accumulation of signiﬁcant amounts of
pheophytin during leaf senescence. This indicates that
dechelation precedes dephytylation, at least during leaf
senescence. By contrast, CLHs have been implicated in
the postharvest senescence of broccoli (Brassica oleracea
var italica) and citrus (Citrus spp.) fruit ripening (JacobWilk et al., 1999; Azoulay Shemer et al., 2008; Chen et al.,
2008; see below). Pheophorbide a, the last chlorin-type

intermediate of chlorophyll breakdown, is oxygenolytically opened by PHEOPHORBIDE A OXYGENASE
(PAO) to yield a red chlorophyll catabolite, which is
further reduced to pFCC by RED CHLOROPHYLL CATABOLITE REDUCTASE (RCCR; Rodoni et al., 1997).
PAO is responsible for the open tetrapyrrolic backbone of
the phyllobilins. For this reason, the pathway described
above is now termed the PAO/phyllobilin pathway
of chlorophyll breakdown (Kräutler and Hörtensteiner,
2013).
Recently, it was shown that the chloroplast-localized
chlorophyll catabolic enzymes (CCEs) physically interact
at the thylakoid membrane, most likely to allow metabolic channeling of the breakdown intermediates upstream of pFCC that are potentially phototoxic (Sakuraba
et al., 2012). STAY-GREEN (SGR), a chloroplast-localized
protein (Hörtensteiner, 2009), is critical for these interactions; nonyellowing1-1, an Arabidopsis SGR mutant
(Ren et al., 2007), is defective in CCE protein interaction
(Sakuraba et al., 2012). This indicates that, rather being
biochemically active itself, SGR may function as a scaffold protein to recruit CCEs for protein complex formation during chlorophyll breakdown. As a consequence,
mutants that are deﬁcient in SGR exhibit a stay-green
phenotype (Barry, 2009; Hörtensteiner, 2009). In addition, SGR (negatively) regulates carotenoid biosynthesis
during tomato fruit ripening (Luo et al., 2013) and
(positively) regulates root nodule senescence in Medicago
truncatula (Zhou et al., 2011), implying that SGR has
diverse functions that are not restricted to chlorophyll
degradation.
The PAO/phyllobilin pathway has largely been
elucidated through investigations that focused on leaf
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senescence. Nevertheless, chlorophyll breakdown during fruit ripening was considered to be identical to the
mechanism occurring during leaf senescence (Hörtensteiner
and Kräutler, 2011). Deﬁciency of SGR, as for example
in the tomato green ﬂesh (gf) and the red pepper
(Capsicum annuum) chlorophyll retainer mutants, causes a
stay-green phenotype of these mutants in leaves and
fruits (Barry et al., 2008; Borovsky and Paran, 2008),
indicating that SGR is required for chlorophyll breakdown in both tissues. Similarly, PAO and RCCR were
found to be active in chromoplast membranes isolated
from tomato and red pepper fruits (Moser and Matile,
1997; Akhtar et al., 1999), and recently, different ﬂuorescent and nonﬂuorescent phyllobilins were shown to
occur in ripening apple (Malus domestica), pear (Pyrus
communis), and banana (Kräutler, 2008; Moser et al.,
2009). Finally, SGR and PAO have been identiﬁed in
a recent proteome analysis of tomato chromoplasts
(Barsan et al., 2010). In summary, these data indicate
that the pathways of chlorophyll breakdown during
fruit ripening and leaf senescence are identical. Yet,
the identiﬁcation of PPH as the major dephytylating
enzyme of leaf senescence (Schelbert et al., 2009)
challenges this view, because, contrary to the situation in leaves, CLH was shown to be involved during
ethylene-induced ripening of citrus fruits (Jacob-Wilk
et al., 1999; Harpaz-Saad et al., 2007; Azoulay Shemer
et al., 2008).
The aim of this work, therefore, was to investigate
whether PPH, besides its requirement for leaf senescence,
is also involved in chlorophyll breakdown during fruit
ripening. Using tomato as a model, we show that the
PAO/phyllobilin pathway is active both during fruit
ripening and leaf senescence, because genes encoding
CCEs and SGR are transcriptionally up-regulated in

both ripening fruits and senescing leaves. However, lines
silenced in tomato PPH (SlPPH) were speciﬁcally deﬁcient in leaf senescence-related chlorophyll breakdown,
while the involvement of PPH in fruit ripening-related
breakdown seems to be less important. Although our
data show a transient delay of chlorophyll breakdown
in the absence of PPH, SlPPH-silencing fruits ultimately
degrade chlorophyll like the wild type. Pheophytinspeciﬁc phytol hydrolysis was reduced in chromoplasts of SlPPH-silencing lines, but substantial enzyme
activity remained in these lines, which leads us to
speculate that other hydrolases are important (in
addition to PPH). The identity of these activities
remains elusive.
RESULTS
The PAO/Phyllobilin Pathway Is Active during
Chlorophyll Degradation in Tomato Leaves and Fruits

To enlighten whether the PAO/phyllobilin pathway
is responsible for the loss of chlorophyll in tomato, CCE
gene expression was analyzed during leaf senescence
and fruit ripening. Yellowing was observed during the
progression of natural senescence of tomato leaves
starting at 60 d after germination (Fig. 2A), and within
23 d, the content of chlorophyll a and b decreased to
around 30% of the initial amount (Fig. 2C). As shown in
Figure 2, B and D, the chlorophyll content of tomato
fruits at the breaker stage was reduced within 4 d of
ripening, and red and yellow pigments, mainly carotenoids (Egea et al., 2010), became visible. Gene expression
levels of SlSGR and SlPAO, as analyzed by semiquantitative reverse transcription (RT)-PCR, increased during
both leaf senescence and fruit ripening (Fig. 2, E and F).

Figure 2. The PAO/phyllobilin pathway is active
during chlorophyll degradation in tomato leaves and
fruits. A, Phenotypic appearance of the ﬁrst true
leaves from wild-type tomato during natural senescence starting from 60 d after germination. B, Phenotypes of fruits during ripening. GM, Green mature;
B, breaker. C and D, Quantiﬁcation of total chlorophyll during natural leaf senescence (C) and fruit
ripening (D). Total leaves and fruit exocarp and
mesocarp tissues at the indicated times were used for
chlorophyll quantiﬁcation. Data represent means of
three technical replicates 6 SD. FW, Fresh weight. E
and F, Analysis of gene expression during natural leaf
senescence (E) and fruit ripening (F). SlTIP41 was
used as a control (Expósito-Rodrı́guez et al., 2008).
Expression was analyzed with the number of PCR
cycles as indicated. PCR products were separated on
agarose gels and visualized with ethidium bromide.
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These results conﬁrmed published quantitative PCR
(qPCR) data on CCE gene expression (Lira et al., 2014)
and indicated that the PAO/phyllobilin pathway is
activated during chlorophyll breakdown in tomato
and that chlorophyll is degraded in a similar manner

in tomato leaves and fruits. Nevertheless, it remained
to be demonstrated whether the core phytol hydrolytic
enzyme during chlorophyll degradation is PPH, as
demonstrated in Arabidopsis leaves (Schelbert et al.,
2009).

Figure 3. Analysis of PPH proteins from different plant species. A, Maximum likelihood phylogenetic tree of PPH proteins from
different higher plant species. Branch support values are based on 100 bootstrap replicates and are indicated when higher than
0.6. Aegta, Aegilops tauschii; Ambtr, Amborella trichopoda; Araly, Arabidopsis lyrata; Arath, Arabidopsis; Bradi, Brachypodium
distachyon; Capru, Capsella rubella; Cicar, Cicer arietinum; Citcl, Citrus clementina; Citsi, Citrus sinensis; Cucsa, Cucumis
sativus; Eutsa, Eutrema salsugineum; Frave, Fragaria vesca; Genau, Genlisea aurea; Glyma, soybean; Horvu, barley; Lotja, Lotus
japonicus; Medtr, Medicago truncatula; Nicta, Nicotiana tabacum; Orybr, Oryza brachyantha; Orysa, rice; Phavu, common
bean; Poptr, Populus trichocarpa; Prupe, Prunus persica; Setit, Setaria italica; Solly, tomato; Soltu, Solanum tuberosum; Sorbi,
Sorghum bicolor; Theca, Theobroma cacao; Triur, Triticum urartu; Vitvi, Vitis vinifera; Zeama, Zea mays. B, Alignment of PPH
proteins from Arabidopsis (Arath) and tomato (Solly). Two potential start Met residues are underlined. Cleavage sites of the
chloroplast transit peptide sequences as predicted by ChloroP (Emanuelsson et al., 1999) are indicated with arrows. The PPH motif
(Schelbert et al., 2009) containing the active-site Ser residue (arrowhead) is boxed. Identical amino acids are shaded in gray.
Plant Physiol. Vol. 166, 2014
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SlPPH Is Expressed in Tomato and Localizes
to Chloroplasts

BLASTP searches (Altschul et al., 1997) for PPH protein
homologs in tomato identiﬁed SlPPH (Solyc01g088090).
Highly homologous PPH proteins were present in all
sequenced plant genomes as single proteins, except for
soybean (Glycine max) and common bean (Phaseolus
vulgaris), with three and two PPHs, respectively (Fig. 3A).
PPHs of species within different plant families, including Fabaceae, Brassicaceae, Solanaceae, and
Gramineae, clustered into separate clades. Overall
protein sequence identity within families was between
65% and 96%, and even the most divergent PPH from
Genlisea aurea was more than 58% identical to the other
protein sequences. An alignment of SlPPH and AtPPH,
which exhibits 62.8% sequence identity, is shown in
Figure 3B. The conserved PPH domain (Schelbert et al.,
2009) with its proposed active-site Ser residue (boxed in
Fig. 3B) was present in all PPH proteins included in the
phylogenetic tree of Figure 3A. Expression of SlPPH, as
analyzed by semiquantitative RT-PCR, increased with
the onset of leaf senescence and fruit ripening and correlated with the transcript levels of SlPAO and SlSGR
(Fig. 2, E and F). From these results, we concluded that
SlPPH is involved in chlorophyll breakdown and likely
acts as the phytol hydrolytic enzyme in leaves and fruits.
In order to analyze the subcellular localization of SlPPH,
which based on its proposed function was expected to
localize to plastids, we constructed C-terminal GFP fusions (SlPPH-GFP). The sequence of the predicted SlPPH
complementary DNA (cDNA) contained two possible inframe start codons (underlined Met residues in Fig. 3B);
however, none of these encoded a PPH version that
would contain an N-terminal chloroplast transit peptide
according to the prediction by ChloroP (Emanuelsson
et al., 1999). Therefore, both varieties, SlPPH(long) and
SlPPH(short), were cloned. The fusion proteins were
transiently expressed in senescing Arabidopsis mesophyll
protoplasts and analyzed by confocal laser-scanning
microscopy. As shown in Figure 4, the overlay of GFP

ﬂuorescence and chlorophyll autoﬂuorescence indicated
that the long SlPPH version localized to the chloroplast,
while the GFP signal of the short version was detected in
the cytosol. From these results, we conclude that SlPPH is
indeed located in the chloroplast and that SlPPH(long)
represents the full-length SlPPH version, with a likely 61amino acid chloroplast transit peptide as predicted by
ChloroP (Emanuelsson et al., 1999; Fig. 3B).
SlPPH Is a Genuine PPH

Phylogenetic analysis and sequence alignment of PPH
homologs revealed the PPH motif including the proposed
active-site Ser residue to be present in SlPPH (Fig. 3B).
This indicated that SlPPH is a genuine PPH and, thus,
an ortholog of Arabidopsis PPH (Schelbert et al.,
2009). To conﬁrm this, the Arabidopsis pph-1 mutant
was complemented with an SlPPH cDNA construct
(long version) under the control of the cauliﬂower
mosaic virus (CaMV) 35S promoter. As shown earlier,
pph-1 is impaired in chlorophyll breakdown and shows a
stay-green phenotype (Schelbert et al., 2009). To induce
senescence, detached T1 leaves of three independent
complementation lines (pph-1/35S::SlPPH_1, pph-1/35S::
SlPPH_2, and pph-1/35S::SlPPH_10) were dark incubated
for 7 d. Indeed, ectopic expression of SlPPH complemented the pph-1 phenotype, and leaves of all three
tested lines showed leaf yellowing comparable to the
wild type (Fig. 5A). To further verify the function of
SlPPH as PPH, we examined the enzymatic activity of a
recombinant truncated version of SlPPH devoid of the
predicted chloroplast transit peptide (DSlPPH). DSlPPH
was expressed in Escherichia coli as an N-terminal
maltose-binding protein fusion (MBP-DSlPPH). The
recombinant fusion protein was highly stable and
largely located in the soluble bacterial cell fraction (Fig.
5B). Using chlorophyll a or pheophytin a, or mixtures of
both as substrate, we could conﬁrm SlPPH to be highly
speciﬁc for pheophytin a (Fig. 5, C and D), comparable to
its Arabidopsis ortholog (Schelbert et al., 2009). These

Figure 4. Subcellular localization of
SlPPH. Two SlPPH varieties, SlPPH(long)
and SlPPH(short), were transiently expressed
as GFP fusions in Arabidopsis protoplasts
isolated from senescent leaves. GFP ﬂuorescence (GFP) and chlorophyll autoﬂuorescence (chlorophyll) were examined
by confocal laser-scanning microscopy.
Merged images show the overlay of GFP
and autoﬂuorescence. Bars = 10 mm.
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data strongly support the assumption that SlPPH acts as
genuine PPH.
SlPPH Catalyzes the Cleavage of Phytol in Senescing
Tomato Leaves

To analyze whether SlPPH is required for in vivo
chlorophyll breakdown in tomato, transgenic tomato
plants were generated that harbored an SlPPH-silencing
construct expressed under the control of the CaMV 35S
promoter (SlPPHi). Levels of SlPPH expression of several
independent transgenic tomato lines were determined in
leaf and fruit tissues by semiquantitative RT-PCR and
qPCR (Supplemental Fig. S1). Several independent RNA
interference (RNAi) lines displayed strongly reduced
SlPPH expression as compared with the wild type, and
lines SlPPHi_17 and SlPPHi_27, with expression levels of
less than 16% and 7%, respectively, in leaves and fruits at
breaker + 1 d were chosen for further analysis.
To elucidate whether the absence of SlPPH causes a
stay-green phenotype during chlorophyll breakdown in
leaves as described for Arabidopsis (Schelbert et al.,
2009), senescence was initiated in detached leaves of the
wild type, gf, SlPPHi_17, and SlPPHi_27 by dark incubation for up to 10 d in the presence of 1 mM ethephon,
a precursor of ethylene. After 6 d, visual yellowing
(Fig. 6A) and decrease of chlorophyll a and b (Fig. 6B)
were observed in wild-type leaves, while leaves of gf and
the two silencing lines still appeared green and chlorophyll
degradation was signiﬁcantly delayed. Thus, after 10 d,
chlorophyll content was decreased to less than 50% in the
wild type, whereas in gf, SlPPHi_17, and SlPPHi_27, approximately 70% of the initial chlorophyll was still present.
In addition, HPLC analysis of pigment extracts showed
that pheophytin accumulated in both analyzed RNAi
lines after 6 and 10 d of dark incubation (Fig. 6C). By
contrast, pheophytin was detected in only marginal
amounts in wild-type and gf leaves. This was in agreement with the in vitro substrate speciﬁcity of SlPPH for

Figure 5. Conﬁrmation of SlPPH as a genuine PPH. A, Complementation of Arabidopsis pph-1 with SIPPH. Detached leaves of 4-week-

old plants of three independent transformants (pph-1/35S::SlPPH_1,
pph-1/35S::SlPPH_2, and pph-1/35S::SlPPH_10) in the T1 generation
were dark incubated for 7 d. Col-0, Columbia-0. B to D, Analysis of
recombinant SlPPH. B, Heterologous expression of MBP and MBPDSlPPH fusion proteins in E. coli. U, Cells before induction with
isopropylthio-b-galactoside; I, cells after isopropylthio-b-galactoside
induction for 3 h; S, soluble cell fraction after lysis. Note that MBPDSlPPH was largely retained in the soluble cell fraction. Molecular
size markers (kD) are indicated on the left. C, HPLC analysis of 60-min
assays employing soluble E. coli lysates expressing MBP-DSlPPH or
MBP alone with mixtures of chlorophyll a and pheophytin a as substrate.
Note that SlPPH speciﬁcally hydrolyzed pheophytin a to pheophorbide a,
although chlorophyll a was present in excess. Arrows indicate HPLC
retention times of substrates and the respective dephytylated products. D, Time-dependent formation of pheophorbide a and chlorophyllide a from pheophytin a and chlorophyll a, respectively, in
assays with MBP-DSlPPH. Note that the activity of MBP-DSlPPH with
chlorophyll a as substrate is marginal. Data are means 6 SD of three
assays.
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Figure 6. Silencing of SlPPH results in
a stay-green phenotype in senescing tomato leaves. A, Leaf phenotype after 0,
6, and 10 d of ethylene-induced senescence in the dark. B to D, Pigment
composition in senescing tomato leaves.
B, Quantiﬁcation of total chlorophyll. C,
Quantiﬁcation of pheophytin a. Note
that pheophytin a was not detected (n.d.)
in the wild type (WT) after 6 d of dark
incubation. D, Quantiﬁcation of phyllobilins after 10 d of dark incubation. All
data are means of three biological replicates 6 SD. FW, Fresh weight.

pheophytin (Fig. 5) and comparable to the effect in the
Arabidopsis pph-1 mutant (Schelbert et al., 2009).
In Arabidopsis and many other species, nonﬂuorescent phyllobilins have been shown to constitute ﬁnal
catabolites of chlorophyll breakdown (Hörtensteiner and
Kräutler, 2011; Kräutler and Hörtensteiner, 2013). Tomato
wild-type leaves accumulated large quantities of phyllobilins after 10 d of dark incubation (Fig. 6D). By contrast,
in SlPPHi_17 and SlPPHi_27 as well as in gf, phyllobilins
did not accumulate to the same extent (Fig. 6D), conﬁrming the impairment of chlorophyll degradation in
these lines. In summary, we conclude that SlPPH is the
core hydrolytic enzyme during chlorophyll breakdown
in tomato leaves and that its absence blocks the overall
process of chlorophyll degradation. As a consequence,
chlorophyll is retained, pheophytin accumulates, and
phyllobilin abundance is largely diminished.

SlPPH Is Active during Fruit Ripening, But Other
Unknown Hydrolases Are Active in Parallel

As shown in Figure 2, chlorophyll breakdown in tomato occurs during both leaf senescence and fruit ripening. Hence, we were interested in whether dephytylation
in tomato fruits was also catalyzed by SlPPH, as shown
for tomato leaves (Fig. 6). For this, we analyzed pigment
composition in fruits of the wild type, gf, and the two
RNAi lines SlPPHi_17 and SlPPHi_27 during the process
of ripening at four different ripening stages: green mature, breaker, breaker + 2 d, and breaker + 4 d (Fig. 7).
When compared with the wild type, the two SlPPHsilencing lines were retarded in chlorophyll breakdown
and showed higher chlorophyll levels at the onset of
ripening (breaker) and the half-ripe stage (breaker + 2 d).
However, at the full-ripe stage (breaker + 4 d), the RNAi

lines had lost chlorophyll comparable to the wild type.
This indicated that the absence of SlPPH caused a transient retention of chlorophyll during fruit ripening but
did not result in a true stay-green phenotype, as in gf
fruits (Fig. 7A; Barry et al., 2008). The transient retardation
of chlorophyll degradation in the silencing lines was accompanied by a transient accumulation of pheophytin a,
the substrate of SlPPH, while wild-type and gf fruits did
not accumulate pheophytin a at any stage of ripening
(Fig. 7B). Thus, the RNAi lines accumulated up to 13-fold
levels of pheophytin a at the breaker stage as compared
with the controls. However, pheophytin a quantities were
largely reduced at the breaker + 4 d stage in SlPPHsilencing fruits and were comparable to the wild type and
gf (Fig. 7B). This transient accumulation of pheophytin a
during the fruit ripening process implied an involvement
of SlPPH in chlorophyll breakdown also during fruit
ripening on the one hand; on the other hand, however, it
indicated that other phytol hydrolytic activities may be
involved and may compensate for the absence of PPH in
the silencing lines. To address this, we performed in vitro
activity assays using chromoplasts of wild-type and
RNAi lines at the breaker + 2 d stage, thereby comparing
pheophytin-speciﬁc activities in solubilized and nonsolubilized chromoplast membranes. For different plant
species, including citrus fruits, membrane solubilization
has been shown to be a prerequisite for the activation of
CLHs (and possibly other dephytylating activities), which
are present in membranes in a latent form (Amir-Shapira
et al., 1986; Matile et al., 1999). Dephytylation of pheophytin was signiﬁcantly reduced by about 25% in nonsolubilized chromoplasts of SlPPHi_17 and SlPPHi_27
when compared with the wild type (Fig. 7C). These differences likely reﬂect the absence of SlPPH in the RNAi
lines; in addition, other dephytylating activities are present in chromoplasts. Furthermore, after solubilization,
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overall activity in the wild type was about twice that
compared with nonsolubilized chromoplasts, but it was
not different between the wild type and the silencing lines
for both chlorophyll and pheophytin (Fig. 7D). This indeed supports the assumption that, besides PPH, major
additional activities are present in ripening tomato fruit
chromoplasts that are capable of dephytylation of either
chlorophyll or pheophytin.
To test whether CLHs could be important, we analyzed tomato CLH (SlCLH) expression during leaf senescence and fruit ripening. The tomato genome contains
four CLH genes. The deduced proteins of two of them
(Solyc06g053980 = SlCLH1 and Solyc09g082600 = SlCLH3)
clustered with Arabidopsis CLH2 in a phylogenetic tree,
while Solyc09g06520 (SlCLH2) and Solyc12g005300
(SlCLH4) were more similar to AtCLH1 (Supplemental
Fig. S2A; Lira et al., 2014). With the exception of a slight
up-regulation of SlCLH1 during leaf senescence, the expression of none of the SlCLHs as analyzed by semiquantitative RT-PCR correlated with the progression of
leaf senescence (Supplemental Fig. S2B) or fruit ripening
(Fig. 8). Transcripts for SlCLH3 were hardly detectable.
This conﬁrmed published qPCR data on SlCLH expression (Lira et al., 2014). It is interesting that these results
reﬂect the situation in Arabidopsis, where CLH1 expression decreases during leaf senescence (Zimmermann
et al., 2004; Winter et al., 2007) and PPH represents the
major dephytylating activity (Schelbert et al., 2009).
DISCUSSION

The identiﬁcation of pheophorbide a as an intermediate of chlorophyll breakdown (Hörtensteiner et al.,
1995) demonstrated that dephytylation is an early step
of breakdown and occurs within plastids. Phytol
removal is important for two reasons: (1) it renders
chlorophyll breakdown products water soluble (that is,
a prerequisite for their ultimate storage in the vacuole as
phyllobilins; Matile et al., 1988; Kräutler and Hörtensteiner,
2013); and (2) removal of phytol is regarded as a prerequisite for the degradation of chlorophyll-binding proteins during senescence. Thus, mutants that are incapable
of phytol hydrolysis, such as Arabidopsis pph-1 and
rice nonyellow coloring3 (nyc3), exhibit a stay-green phenotype during leaf senescence and retain large quantities of light-harvesting complex subunits (Morita et al.,
2009; Schelbert et al., 2009). Likewise, mutations in

Figure 7. Analysis of SlPPH during fruit ripening. A and B, Analysis of
pigment composition during fruit ripening in SlPPH-silencing lines. A,
Quantiﬁcation of total chlorophyll. Note that silencing of SlPPH causes
a transient delay of chlorophyll degradation. B, Quantiﬁcation of
pheophytin a. Note that SlPPH-silencing lines transiently accumulate

pheophytin a. GM, Green mature; B, breaker. C and D, Phytol hydrolytic activities of tomato chromoplasts at the breaker + 2 d stage.
Pheophytin a + b or chlorophyll a + b was used as substrate, and the
formation of the respective products (pheophorbide a or chlorophyllide a) was analyzed by HPLC. Note that, because the b forms of
substrates were present in only small quantities in the assays, their
products were not quantiﬁed. C, Hydrolytic activities in nonsolubilized chromoplasts (2Triton X-100). D, Total hydrolytic activities
in solubilized chromoplasts (+Triton X-100). Data are means of three
biological replicates 6 SD. FW, Fresh weight; WT, wild type.
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Figure 8. Gene expression analyses of SlCLH1 to SlCLH4 during fruit
ripening in wild-type tomato. SlTIP41 was used as a control (ExpósitoRodrı́guez et al., 2008). Expression was analyzed with the number of
PCR cycles as indicated. PCR products were separated on agarose gels
and visualized with ethidium bromide. PCR on genomic DNA (gDNA)
was performed to test the efﬁcacy of the primers used for gene expression analyses. The sizes of the fragments ampliﬁed with genomic
DNA are indicated on the right. GM, Green mature; B, breaker.

steps upstream of dephytylation, such as SGR and NYC1
(that is, a CCE involved in chlorophyll b-to-chlorophyll
a reduction), also result in stay-greenness coupled to
apoprotein retention (Kusaba et al., 2007; Park et al.,
2007; Aubry et al., 2008; Barry et al., 2008; Horie et al.,
2009).
Pigment dephytylation was considered for more than a
century to be catalyzed by CLHs (Willstätter and Stoll,
1913) that are able to hydrolyze both chlorophyll and
pheophytin (Schelbert et al., 2009). However, their molecular identiﬁcation in 1999 (Jacob-Wilk et al., 1999;
Tsuchiya et al., 1999) was puzzling, since, in contrast with
the predicted localization within plastid membranes,
some of the cloned CLHs were suggested to localize
extraplastidically and all of the identiﬁed genes encoded
predicted soluble rather than membrane-localizing proteins (Takamiya et al., 2000; Hörtensteiner, 2006). Several
reports that address the subcellular localization of CLHs
have been published with conﬂicting results. Thus, the
two Arabidopsis CLHs were shown to reside in the cytosol (Schenk et al., 2007), while the CLHs of citrus and
Ginkgo biloba localize within plastids (Okazawa et al.,
2006; Azoulay Shemer et al., 2008). The conﬂicting subcellular localization of CLHs prompted the hypothesis
that additional extraplastidial breakdown pathways for
chlorophyll may exist (Takamiya et al., 2000). However,
demonstration that chloroplast-localized PAO, acting
downstream of dephytylation, is involved in chlorophyll
breakdown (Hörtensteiner et al., 1995; Sakuraba et al.,
2012) and the ﬁnding that the absence of both Arabidopsis CLHs had only a marginal effect on chlorophyll
breakdown (Schenk et al., 2007) challenged this idea
and questioned whether CLHs are involved at all. The
identiﬁcation of PPH as a pheophytin-speciﬁc phytol
hydrolase (Schelbert et al., 2009) supported this view,
and now it is commonly accepted that PPHs rather
than CLHs are responsible for leaf senescence-related
chlorophyll breakdown (Tanaka et al., 2011), at least in
Arabidopsis and rice. The results of this study extend

this assumption to tomato, because, as in Arabidopsis
pph mutants (Schelbert et al., 2009), leaf yellowing was
largely blocked in SlPPH-silencing lines and signiﬁcant
amounts of pheophytin a accumulated upon senescence
induction in the dark (Fig. 6). Furthermore, genes encoding highly conserved PPHs are commonly present in
higher plants (Fig. 3), allowing the extrapolation that
pheophytin-speciﬁc dephytylation by PPHs may be a
common feature of chlorophyll breakdown during
leaf senescence.
Chlorophyll breakdown, however, not only occurs
during leaf senescence but also, for example, during leaf
desiccation in resurrection plants (Craterostigma pumilum and Xerophyta viscosa), during fruit ripening and
seed maturation (Armstead et al., 2007; Delmas et al.,
2013; Christ et al., 2014). Analysis of the dephytylation
step in ripening fruits has been limited nearly exclusively to Citrus spp. (Amir-Shapira et al., 1987; Trebitsh
et al., 1993; Jacob-Wilk et al., 1999; Azoulay Shemer
et al., 2008), where leaf senescence-related chlorophyll
breakdown has not been studied in detail (Katz et al.,
2005). We chose tomato as a model because, besides a
rather short life cycle, it offers established genetic tools
as well as well-deﬁned methods for fruit ripening and
leaf senescence analysis (Akhtar et al., 1999; Barry et al.,
2008) and, thus, allowed the simultaneous analysis of
dephytylation during leaf senescence and fruit ripening
(Figs. 6 and 7). With the SlPPH-silencing lines produced
here, we are able to demonstrate that PPH surely participates in chlorophyll breakdown also during tomato
fruit ripening, but its contribution is limited. Based on
activity measurements on isolated chromoplast membranes (Fig. 7), we conclude that other phytol hydrolytic
activities are present in ripening tomato fruits that either
naturally participate in dephytylation as well or compensate for the absence of PPH in the silencing lines. The
nature of these activities remains elusive; however, CLHs
appeared as possible candidates. CLHs have been shown
to dephytylate chlorophyll and pheophytin in vitro
(Schelbert et al., 2009). Furthermore, CLHs exhibit an
intriguing latency, which requires their in vitro activation
by detergents or high concentrations of solvents (AmirShapira et al., 1986; Matile et al., 1999). In our assays,
solubilization of chromoplasts with Triton X-100 increased the overall pheophytin hydrolytic activity by
about 2-fold, indicating that CLHs contribute to the
overall activity. This view that tomato CLHs may participate in dephytylation and/or may substitute for PPH
seems to be in agreement with studies in citrus, where
CLH was shown to play a major role in fruit ripening
(Trebitsh et al., 1993; Brandis et al., 1996; Jacob-Wilk et al.,
1999). Thus, citrus CLH was detected in chloroplasts by
in situ immunoﬂuorescence labeling. Furthermore, the
enzyme is proteolytically processed at the N- and C termini, posttranslational modiﬁcations that are unrelated to
chloroplast targeting but were shown to be important for
activity (Harpaz-Saad et al., 2007; Azoulay Shemer et al.,
2008; Azoulay-Shemer et al., 2011). Finally, citrus CLH is
transcriptionally up-regulated during ethylene-induced
citrus ripening (Jacob-Wilk et al., 1999). Because of the
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presence of four CLH genes in the tomato genome, analysis of CLH function during fruit ripening was beyond
the scope of this work and needs to be addressed in
a separate study in the future. Nevertheless, we analyzed CLH expression, but in contrast to PPH expression (Fig. 2), CLH transcript levels were rather low
and did not correlate with the progression of fruit
ripening or leaf senescence (Fig. 8; Supplemental Fig. S2B).
We cannot exclude, however, the possibility that,
also in tomato, CLHs may be regulated posttranscriptionally rather than at the expression level. Nevertheless, it is interesting that CLHs have not been identiﬁed
in proteome analyses of tomato chromoplasts, in
contrast to many CCEs, such as PPH, SGR, PAO and
RCCR (Barsan et al., 2010, 2012; Wang et al., 2013),
pointing to their presence, if at all, in rather low
abundance.
Thus, despite the implication that CLHs may contribute to the overall phytol hydrolytic activity observed
in tomato fruit chromoplasts, other explanations are
possible as well. The genome of tomato, like other
species (Schelbert et al., 2009), encodes several hundred
a/b-hydrolases, many of which are predicted to localize to plastids. The common feature of such hydrolases
is the presence of a catalytic triad with a conserved Ser
residue (Tsuchiya et al., 2003), but they group into
distinct protein families based on sequence similarity.
As an example, both tomato PPH and CLHs belong to
the a/b-hydrolases, but their overall sequence identity
is below 27%. It is possible that one or several other, so
far unidentiﬁed, plastid-localizing hydrolases are involved in dephytylation during chlorophyll breakdown
in tomato fruits. These activities may also contribute to
the remaining chlorophyll degradation activities observed in leaves of SlPPH-silencing lines (Fig. 6B) and
Arabidopsis pph mutants (Schelbert et al., 2009).
This view is supported from investigations in
Arabidopsis, where VITAMIN E5 (VTE5) has been
shown to be responsible for the biosynthesis of 80% of
a-tocopherol present in seeds (Valentin et al., 2006).
VTE5 catalyzes the phosphorylation of phytol to
phytyl phosphate (i.e. the ﬁrst of two phosphorylation steps required to synthesize phytyl pyrophosphate for salvage into tocopherol; DellaPenna and
Last, 2006; Ischebeck et al., 2006). It is commonly
accepted that phytol hydrolysis of chlorophyll is a
major source of phytol for tocopherol biosynthesis.
Surprisingly, however, the absence of PPH, the two
CLHs, or all three genes in a triple mutant does not
affect seed tocopherol content in Arabidopsis (Zhang
et al., 2014), pointing to a different phytol hydrolytic
activity. Furthermore, triple pph-1 clh1 clh2 mutants
do not show an embryo stay-green phenotype (Zhang
et al., 2014), contrary to mutants deﬁcient in SGR
or NYC1 (Nakajima et al., 2012; Delmas et al., 2013).
Thus, it appears that SGR and some CCEs, such as
NYC1 and PAO, are commonly active during chlorophyll degradation in different plant tissues, while
PPH is active in leaf senescence but plays only a minor role during fruit ripening and seed development.

MATERIALS AND METHODS
Plant Material and Senescence Induction
Seeds of tomato (Solanum lycopersicum) ecotype Ailsa Craig wild type and gf were
obtained from Yoram Eyal (Volcani Center). For analysis of fruit ripening, plants
were grown in soil under nutrient-sufﬁcient conditions; plants were kept in small
pots with limited nutrient supply to induce timely leaf senescence. Growth was
under long-day conditions in a greenhouse with ﬂuence rates of 100 to 200 mmol
photons m22 s21 at 25°C and 60% humidity. Alternatively, sterilized seeds were
placed on one-half-strength Murashige and Skoog (MS) medium (2.2 g L21 MS basal
salt mixture, 10 g L21 Suc, and 0.6% [w/v] phyotagar), and plants were grown for 4
to 6 weeks at 80 mmol photons m22 s21 at 21°C. Plants were subsequently transferred to soil and grown for another 5 to 6 weeks in a phytotron (12-h/12-h light/
dark cycle [40 to 50 mmol photons m22 s21], 60% humidity, and 22°C). For induction
of senescence with ethylene, leaves of phytotron-grown plants were placed on ﬁlter
paper soaked with 1 mM ethephon and incubated in the dark at room temperature.
Likewise, leaves of Arabidopsis (Arabidopsis thaliana) Columbia-0 and pph-1 (Schelbert
et al., 2009) were placed on wet ﬁlter paper and incubated in the dark.

Analysis of Chlorophyll and Catabolites
For the determination of chlorophyll and pheophytin concentrations, pigments were extracted from tomato leaf tissue and ﬂavedo of fruits by homogenization in liquid nitrogen and subsequent extraction into 90% (v/v)
acetone and 10% (v/v) 0.2 M Tris-HCl, pH 8 (Schelbert et al., 2009; Christ et al.,
2012). After centrifugation (2 min, 16,000g, and 4°C), supernatants were used
for spectrophotometric analysis (Strain et al., 1971) or for reverse-phase HPLC
(C18 Hypersil ODS column [125 3 4.0 mm, 5 mm], Linear 206 PHD-diode
array detector [365–700 nm], and ChromQuest version 2.51 software [Thermo
Fisher Scientiﬁc]) as described (Langmeier et al., 1993). Phyllobilins were
extracted and analyzed by HPLC as described (Christ et al., 2012).

Biocomputational Methods and Phylogenetic Analysis
SlPPH (Solyc01g088090.2) and SlCLHs (SlCLH1, Solyc06g053980.2; SlCLH2,
Solyc09g065620.2; SlCLH4, Solyc12g005300.1; and SlCLH3, Solyc09g082600.1) were
identiﬁed by BLASTP searches (Altschul et al., 1997) with the Sol Genomics Network database (http://solgenomics.net/) using Arabidopsis PPH (AtPPH) and
CLH1 (AtCLH1), respectively, as queries. Full-length protein sequences of PPH
homologs from other species were identiﬁed by BLASTP searches at the National
Center for Biotechnology Information (http://ncbi.nlm.nih.gov/). Phylogenetic
trees (Fig. 3A; Supplemental Fig. S2A) were estimated using the maximum likelihood method (http://phylogeny.fr; Dereeper et al., 2008). Branch support
values of the phylogram are based on 100 nonparametric bootstrap replicates.
The sequence alignment between SlPPH and AtPPH (Fig. 3B) was performed
using the program DIALIGN (http://bibiserv.techfak.uni-bielefeld.de/dialign/
submission.html; Morgenstern, 2004).

Generation of Transgenic Tomato Lines and
pph-1 Complementation
cDNA derived from mature green tomato fruits was obtained from Yoram Eyal
and was used to clone the full-length sequence of SlPPH [SlPPH(long)]. For silencing of SlPPH by RNAi, a 400-bp cDNA sense and antisense fragment of SlPPH
was ampliﬁed using Pfu polymerase (Promega) with gene-speciﬁc primers as
listed in Supplemental Table S1 and cloned in the silencing vector pHannibal
(Wesley et al., 2001). A NotI fragment containing the silencing construct between
the CaMV 35S promoter and an OCTOPINE SYNTHASE terminator was
excised and subcloned into pGreen0029 (Hellens et al., 2000). For ectopic complementation of pph-1, full-SlPPH(long) was cloned in a pGreen0029-derived vector
(pGr-At-RCCR; Pruzinská et al., 2007) that harbors a CaMV 35S promoter and a
CaMV poly(A) terminator. For that, the NdeI/EcoRI insert of pGr-At-RCCR was
replaced with a PCR-ampliﬁed (for primers, see Supplemental Table S1), NdeI/
EcoRI-restricted fragment containing SlPPH(long). After verifying the inserts by
sequencing, both constructs were transformed into Agrobacterium tumefaciens
strain GV3101 together with pSOUP (Hellens et al., 2000). Arabidopsis pph-1
mutants were transformed by the ﬂoral dip method (Clough and Bent, 1998).
Transformants were selected on kanamycin, and plants of the T1 generation
were used for further experiments.
To generate SlPPH-silencing tomato lines, seeds were sterilized with 1.2% (v/v)
sodium hypochlorite for 15 min. Seeds were rinsed three times with sterile water
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and placed on medium (one-half-strength MS, 1.5% [w/v] Suc, and 0.8% [w/v]
phytagar) in 10-cm-high sterile glass pots. After 9 to 12 d of growth under longday conditions in a culture room at 80 mmol photons m22 s21 at 21°C, cotyledons
were excised by removing 2 to 3 mm of the leaf blades from both the proximal and
distal ends. Cotyledons were placed upside down in petri dishes containing D1
medium (4.4 g L21 MS salts including B5 vitamins, 30 g L21 Glc, 1 mg L21
zeatin, 0.1 mg L21 naphthyl acetic acid, 1 mg L21 folic acid, 2 mM MES-KOH,
pH 5.6–5.7, and 8 g L21 phytagar) and incubated in the culture room for 2 d.
A. tumefaciens cells harboring the silencing construct were grown overnight at
28°C. Cells of a 20-mL culture were collected by centrifugation (6,000g for 15 min),
and the pellet was resuspended in MSO-KOH, pH 5.6 (4.4 g L21 MS salts including
B5 vitamins and 20 g L21 Suc) to an optical density at 600 nm of 0.4 to 0.5. Acetosyringone (100 mM) was added, and the culture was grown for another 2 h at
28°C. For transformation, cotyledons were incubated with the bacterial culture for
2 h in the dark. After another 2 to 3 d of cultivation on D1 medium, the cotyledons
were transferred to D1 medium containing kanamycin (75 mg L21) and timenten
(100 mg L21). Shoot regeneration was detected after about 30 d, and respective
plantlets were then transferred to DL medium (4.4 g L21 MS salts including B5
vitamins, 20 g L21 Glc, 2 mg L21 indole-3-butyric acid, 1 mg L21 folic acid, 2 mM
MES-KOH, pH 5.6–5.7, and 8 g L21 agar) for root induction. Rescued transformants were transferred to soil.

GFP Fusion Protein Analysis
Both SlPPH cDNA varieties, SlPPH(long) and SlPPH(short), were ampliﬁed
using PCR Extender polymerase (5Prime) with the gene-speciﬁc primers listed in
Supplemental Table S1. After restriction digestion with XmaI, the fragment was
cloned into the corresponding site of pUC18-spGFP6 (Meyer et al., 2006), thereby
producing C-terminal fusions of SlPPH with GFP (SlPPH-GFP). Sequence accuracy
was conﬁrmed by sequencing. Mesophyll protoplasts were isolated from leaves of
Arabidopsis (Columbia-0) grown under short-day conditions according to published procedures (Endler et al., 2006). Leaves were incubated in the dark for
3 d prior to protoplast isolation. Cell numbers were quantiﬁed with a Neubauer
chamber, and density was adjusted to 2 3 106 protoplasts mL21. Transformation of
protoplasts was performed with 20% (w/v) polyethylene glycol as published
(Meyer et al., 2006). Transformed protoplasts were incubated in the dark at room
temperature for 24 to 48 h prior to confocal laser-scanning microscopic analysis
(Leica TCS SP5; Leica Microsystems). GFP ﬂuorescence was imaged at an excitation wavelength of 488 nm, and the emission signal was detected between 495 and
530 nm for GFP and between 643 and 730 nm for chlorophyll autoﬂuorescence.

RNA Isolation, Semiquantitative RT-PCR, and qPCR
For semiquantitative RT-PCR, total RNA was extracted from leaf tissues or
the ﬂavedo of fruits using TRIzol according to the manufacturer’s instructions
(Life Technologies). Polyvinylpolypyrrolidone was added to ground tissue for
extraction. After DNA digestion with RQ1 DNase (Promega), ﬁrst-strand
cDNA was synthesized from total RNA using either the RETROscript kit
(Life Technologies) or Moloney murine leukemia virus reverse transcriptase
(Promega) and oligo(dT)15 primers (Promega). PCR was performed with genespeciﬁc primers as listed in Supplemental Table S1. To control primer suitability for RT-PCR analysis, PCR was run with genomic DNA extracted from
tomato fruits. Tomato type 2A-interacting protein41 (SlTIP41) (Solyc10g049850.1)
was used as the control gene (Expósito-Rodríguez et al., 2008).
RNA extraction for qPCR analysis and qPCR were performed as described
(Quadrana et al., 2013). The PCR primers used are listed in Supplemental Table S1.
All reactions were performed with two technical replicates and at least three biological replicates. mRNA levels were quantiﬁed using the 7500 Real-Time PCR
system (Applied Biosystems) and SYBR Green Master Mix (Applied Biosystems).
Data were analyzed with LinRegPCR software (Ruijter et al., 2009) to obtain cycle
threshold values and to calculate primer efﬁciency. Expression values were normalized to the mean of two constitutively expressed genes, TIP41 and EXPRESSED
(Solyc07g025390.2.1; Expósito-Rodríguez et al., 2008). A permutation test, which
lacks sample distribution assumptions (Pfafﬂ et al., 2002), was used to detect statistical (P , 0.05) differences in expression levels between samples using the algorithms in the fgStatistics software (http://sites.google.com/site/fgStatistics/).

primers as listed in Supplemental Table S1. After restriction digestion with EcoRI,
the fragment was cloned into pMal_c2 (New England Biolabs), producing a truncated MBP-SlPPH fusion (MBP-DSlPPH). After verifying the insert by sequencing,
the construct was transformed into E. coli BL21(DE3). Recombinant SlPPH protein
was expressed and cells were lysed as described (Schelbert et al., 2009). PPH activity
assays (300 mL) were performed with 15 mL of crude protein extract (approximately
130 mg of soluble protein), 0.1 mM pheophytin a and/or chlorophyll a (ﬁnal acetone
concentration, 6.7% [v/v]), and 0.1 M HEPES-KOH, pH 8, containing 1 mM
EDTA. In assays with substrate mixtures, pheophytin a and chlorophyll a were
present at concentrations of 35 and 65 mM, respectively. After incubation at
34°C for various time periods, reactions were stopped by adding 2 volumes of
acetone and analyzed by reverse-phase HPLC as described (Schelbert et al.,
2009). Pheophytin a was produced from pure chlorophyll a (LivChem) by
acidiﬁcation as described (Schelbert et al., 2009).

Chromoplast Isolation and Activity Measurements
Chromoplasts of tomato mesocarp tissue at the breaker + 2 d stage were
isolated as published for red pepper (Capsicum annuum; Christ et al., 2012) with
some modiﬁcations. Mesocarp tissue was blended in a Sorvall mixer three
times for 5 s with isolation buffer (1 mL g21 fresh weight) containing 400 mM
Suc, 50 mM Tris-MES, pH 8, 2 mM EDTA, 10 mM polyethylene glycol 4000,
5 mM dithiothreitol, and 5 mM L(+)-ascorbic acid. Subsequently, the suspension
was ﬁltered through two layers of gauze and centrifuged (10 min at 12,000g).
The pellet was carefully resuspended in isolation buffer (1 mL g21 fresh
weight). After repeating the centrifugation step, chromoplasts were resuspended in Tris-MES buffer (0.05 mL g21 fresh weight) containing 25 mM TrisMES, pH 8, and 5 mM L(+)-ascorbic acid. Isolated chromoplasts were divided
into two fractions and either supplemented with 0.1 volume of Tris-MES
buffer containing 10% (v/v) Triton X-100 to obtain a ﬁnal Triton X-100 concentration of 1% (v/v) (+Triton X-100) or chromoplasts were supplemented with
0.1 volume of Tris-MES buffer (2Triton X-100). Both chromoplast fractions were
incubated with rotation in the dark at 4°C for 30 min. Aliquots of isolated
chromoplasts were frozen in liquid nitrogen and stored at 280°C. Phytol
hydrolysis assays (total volume of 100 mL) consisted of 10 mL of chromoplasts
(corresponding to 0.2 g fresh weight), 70 mM pheophytin a/b or chlorophyll
a/b, with about 10-fold excess of the a pigment in both cases (3% [v/v] ﬁnal
acetone concentration) and reaction buffer (0.1 M HEPES-KOH, pH 8, and 1 mM
EDTA). After incubation at 34°C for 45 min, reactions were stopped by adding 2
volumes of acetone. After centrifugation (16,000g for 2 min), samples were analyzed by reverse-phase HPLC as described (Langmeier et al., 1993). Substrate
production and quantiﬁcation were performed as described (Schelbert et al., 2009).
GenBank or Sol Genomics Network (http://solgenomics.net/) identiﬁcation numbers for the DNA/protein sequences used in this work are as follows.
PPH sequences: Aegilops tauschii, 475611823; Amborella trichopoda, 548840076;
Arabidopsis lyrata, 297811489; Arabidopsis, 15240707 (AtPPH, At5g13800); Brachypodium distachyon, 357123819; Capsella rubella, 565459260; Cicer arietinum,
502127590; Citrus clementina, 567892823; Citrus sinensis, 568858818; Cucumis sativus,
449436343; Eutrema salsugineum, 567173584; Fragaria vesca, 470134497; Genlisea aurea,
527208569; soybean, 356539136 (Glyma1), 356531629 (Glyma2), 356542875
(Glyma3); barley, 326498881; Lotus japonicus, 388497996; Medicago truncatula,
357458507; Nicotiana tabacum, 156763846; Oryza brachyantha, 573959173; rice,
115467988; common bean, 561022305 (Phavu1), 561004436 (Phavu2); Populus trichocarpa, 224106163; Prunus persica, 462415467; Setaria italica, 514804304; tomato,
460367643 (SlPPH, Solyc01g088090.2); Solanum tuberosum, 565357100; Sorghum
bicolor, 242060434; Theobroma cacao, 508704687; Triticum urartu, 473998920;
Vitis vinifera, 225449963; and Zea mays, 226530215. Additional sequences for
Arabidopsis: AtCLH1, 30912637 (At1g19670); AtCLH2, 30912739 (At5g43860);
SGR, 75100772 (At4g22920); and PAO, 41688605 (At3g44880). Additional
sequences for tomato: SlCLH1, 460390857 (Solyc06g053980.2); SlCLH2,
460403437 (Solyc09g065620.2); SlCLH4, 460412186 (Solyc12g005300.1);
SlCLH3 (Solyc09g082600.1); SlTIP41, 460406627 (Solyc10g049850.1); and
EXPRESSED, 460394765 (Solyc07g025390.2.1).

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. Expression analysis of SlPPH in SlPPH-silencing
lines.

Analysis of Recombinant SlPPH
For heterologous expression of SlPPH in Escherichia coli, a truncated cDNA
fragment, lacking the 61 59-terminal amino acids encoding the likely chloroplast
transit peptide, was produced by PCR using Extender polymerase (5Prime) with

Supplemental Figure S2. Analysis of tomato CLHs.
Supplemental Table S1. List of primers used in this study.
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Supplemental Table S1: List of Primers
Gene/construct

Primer name

Sequence (5'-3')
RT-PCR

SlSGR
SlPAO
SlPPH
SlCLH1
SlCLH2
SlCLH3
SlCLH4
TIP41

SlSGR_S

AACTCCCTGTGGTTCTCAAG

SlSGR_AS

GGAAAGCAACAGGCACAAGC

SlPAO_S

GCATTCCGAAATTGGCTTAGAC

SlPAO_AS

GCTAATCCAGCACTTATAATTGC

SlPPH_S

GTGTCGAATGAACAATGTACC

SlPPH_AS

CCATTGAGAAGTCATTGATCC

SlCLH1_S

GGTAGACTTGCTAGTGACCTG

SlCLH1_AS

CAAGCTGGCTTGCAACATTCG

SlCLH2_S

CTCTAAAATTCTCAGCACTCC

SlCLH2_AS

GACCATAATCCTTAGCAAGG

SlCLH3_S

CTCATGTTGGGCCAAATTTG

SlCLH3_AS

ACCATAAGTTGCCTTTCCTC

SlCLH4_S

GCTGAGTTTTTCAACGAGAG

SlCLH4_AS

CAGGATCAAGTTTAATAGGAC

TIP41_S

GCTGCGTTTCTGGCTTAGG

TIP41_AS

ATGGAGTTTTTGAGTCTTCTGC
qPCR

SlPPH
Expressed
TIP41

SlPPH(long)
SlPPH(short)

RT-PPH–F

TATGGAGGGAGCAAGTACGC

RT-PPH-R

TGGAGGGCAGAGGAAAAGTAC

Expressed F

GCTAAGAACGCTGGACCTAATG

Expressed R

TGGGTGTGCCTTTCTGAATG

TIP41 F

ATGGAGTTTTTGAGTCTTCTGC

TIP41 R

GCTGCGTTTCTGGCTTAGG

cloning SlPPH-GFP
GGCCCGGGATGGAATTTTGTTCTTTCTATTCG
SIPPH(long)_XmaI_f
SIPPH_XmaI_r

GGCCCGGGCTGGAGAGTAAACTCCATCTTG

SIPPH(short)_XmaI_f

GGCCCGGGATGTTTTCTAGACTAAAAGAAAG

SIPPH_XmaI_r

GGCCCGGGCTGGAGAGTAAACTCCATCTTG
cloning MBP- ¤SlPPH

SlPPH

SlPPH_EcoRI_LP

GGAATTCGCTTCTGTTAAGGGGGTTGAC

SlPPH_EcoRI_RP

GGAATTCTTATGGAGAGTAAACTCCATCTTG
cloning 35S::SlPPH

SlPPH

SlPPH_Eco_RP

GGAATTCTTATGGAGAGTAAACTCCATCTTG

SlPPH_LPNde

GTTCCATATGGAATTTTGTTCTTTCTATTCG
cloning SlPPHi

SlPPH

SlPPH_XhoISacII_LP

CCCTCGAGCCGCGGACAACTAAATTTTAAAGAG

SlPPH_KpnI_RP

GGGGTACCAGATTTTAGAAACATGGAAAG

SlPPH_BamHI_LP

CGGGATCCGGACAACTAAATTTTAAAGAG

SlPPH_ClaI_RP

CCATCGATAGATTTTAGAAACATGGAAAG
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A
WT

15

17

18

20

21

22

23

27

21

22

23

27

SlPPH
SlTIP41
fruit exo- and mesocarp tissue

B
WT

15

17

18

20

SlPPH
SlTIP41
leaf tissue

C
Relative SlPPH expression

1.4
leaf tissue
fruit tissue

1.2
1.0
0.8
0.6
0.4
0.2
0.0
WT

SlPPHi_17

SlPPHi_27

Supplemental Figure S1. Analysis of SlPPH expression of
in SlPPH-silencing lines. A, Semi-quantitative gene
expression analysis in fruits. B, Semi-quantitative gene
expression analysis in leaves. SlTIP41 was used as a control
(Expósito-Rodríguez et al., 2008). PCR products were
separated on agarose gels and visualized with ethidium
bromide. Transgenic lines 17 and 27 were chosen for further
investigations. C, Expression of SlPPH in lines 17
(SlPPHi_17) and 27 (SlPPHi_27), used in this study, was
analyzed by qPCR in leaves and fruits at breaker + 1.
Expression levels were normalized against two
constitutively expressed genes SlSIP41 and Expressed
(Expósito-Rodríguez et al., 2008). Data are mean ± SE of at
least three biological replicates with each two technical
replicates.
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A

B
60

69

76

gDNA

83

SlCLH1

28x

251 bp

SlCLH2

35x

470 bp

SlCLH3

35x

409 bp

SlCLH4

33x

262 bp

SlTIP41

28x

Supplemental Figure S2. Analysis of tomato
chlorophyllases. A, Maximum likelihood phylogenetic tree
of CLH proteins from Arabidopsis (AtCLHs) and tomato
(SlCLHs). Branch support values are based on 100 bootstrap
replicates. B, Analysis of gene expression of SlCLH1-4
during natural leaf senescence in wild-type tomato starting
from 60 days after germination. SlTIP41 was used as a
control (Expósito-Rodríguez et al., 2008). Expression was
analyzed with the number of PCR cycles as indicated. PCR
products were separated on agarose gels and visualized with
ethidium bromide. PCR on genomic DNA (gDNA) isolated
from tomato fruits was performed to test efficacy of the
primers used for gene expression analyses. Size of the
fragments amplified with gDNA is indicated on the right.
Note that the results on gDNA shown here are identical to
the ones shown in Figure 8.
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Supplemental Figure S1

Supplemental Figure S1. Phylogenetic representation of the NAC subfamily of Solanum lycopersicum and Arabidopsis
thaliana. Phylogenetic reconstruction obtained from the alignment of all NAC transcription factors of A. thaliana and
S. lycopersicum obtained from the Plant Transcription Factor Database. Three putative orthologs (in blue) were
chosen, namely SlORE1S02, SlORE1S03 and SlORE1S06 accordingly to the chromosome position. Marked with green
or red circles are the functionally characterised proteins from A. thaliana or S. lycopersicum, respectively
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Supplemental Figure S2

Supplemental Figure S2. Alignment of SlORE1s, AtORE1 and AtORS1. The subdomains A-E of the NAC
domain are underlined. Shading threshold = 100%
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Supplemental Figure S3

Supplemental Figure S3. Chlorophyll and senescence marker transcript levels after 48 hours of
senescence-inducing treatments. Images of the leaves after 48 hours of senescence-inducing
treatments. Heat map indicating the relative transcript ratio of SlGLK1 (Solyc07g053630) and SlSAG12
(Solyc02g076910) normalized against values from samples harvested 0h and 48h after ethylene
treatment, respectively. Values represent the mean from at least three biological replicates. Black
colour = not detected. Statistically significant differences compared with the corresponding controls (P
< 0.05) are coloured accordingly to the scale. Chlorophyll content in leaf samples. Values represent
the mean ± SE from at least three biological replicates. Statistically significant differences compared to
not-treated control are marked with asterisks (P < 0.05).
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Supplemental Figure S4

GFP

DAPI

Bright-field

Merge

SlORE1S02-GFP

SlORE1S03-GFP

SlORE1S06-GFP

SlGLK1-GFP

SLGLK2-GFP

Supplementary Figure S4. Nuclear subcellular localization of SlGLKs
and SlORE1s proteins. GFP fusion proteins were transiently expressed
in Nicotiana tabacum leaves by infiltration with Agrobacterium
tumefaciens. GFP, DAPI nuclear marker, bright-field and merged signals
are indicated above the panels. Bars, 20 μm.
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Supplemental Figure S5

Supplemental Figure S5. SlORE1S02 knockdown effectiveness. SlORE1S02 mRNA level in young plant
leaves (YPL), mature plant leaves (MPL), mature green fruits (MG), breaker +1 fruits (BR1) and breaker
+6 fruits (BR6) of untransformed and SlORE1S02 knockdown plants. Value mean ± SE of at least three
biological replicates normalised against the respective sample from MT control genotype. Asterisks
denote statistically significant differences between MT control and the transgenic lines (P < 0.05).
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Supplemental Figure S6

Supplemental Figure S6. SlORE1S02 knockdown effect over SlORE1S03 and SlORE1S06 transcript
abundance. Top: SlORE1S03 and SlORE1S06 mRNA level in young plant leaves (YPL) and mature
plant leaves (MPL) from control genotype (MT) and SlORE1S02-knockdown plants. Value mean ±
SE of at least three biological replicates normalised against the respective sample from MT control
genotype. Asterisks denote statistically significant differences between MT control and the
transgenic lines (P < 0.05). Bottom: detail of the alignment of the coding sequence of SlOREs, the
blue boxes highlight the region of SlORE1S02 targeted by the RNAi construct. Each coloured arrow
pair indicates the primers used for qPCR analysis. Threshold for shading = 100%.
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Supplemental Figure S7

PG
G

MT
G
PG

G

L1

PG

PG
G

PG

L3

G
G

PG
G

L6
G
PG

Supplemental Figure S7. Chloroplast ultrastructure of MPL leaves of SlORE1S02-knockdown and
MT control genotype. PG, plastoglobulus; G, granum.
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Supplemental Figure S8

Supplemental Figure S8. SlORE1S02-knockdown effects on fruit morphology and size.
Morphology, diameter and weight of breaker+6 fruits from MT and SlORE1S02-knockdown
genotypes. Values represent the mean ± SE from at least forty four biological replicates. Asterisks
denote statistically significant differences to the MT control genotype (P < 0.05). Bar = 0.7 cm.
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Supplemental Figure S9
A

B

Supplemental Figure S9. Effect of SlORE1S02 knockdown on fruit
development and metabolism. A, Number of days from anthesis to
reach breaker stage. Value mean ± SE of at least ten biological
replicates. Asterisk denote statistically significant differences compared
to the corresponding sample from MT control (P < 0.05). B, Total soluble
protein (TSP) of mature green fruits (MG), breaker +1 fruits (BR1) and
breaker +6 fruits (BR6) from MT control genotype and SlORE1S02knockdown plants. Value mean ± SE of at least three biological
replicates. Asterisk denote statistically significant values compared to
the corresponding sample from MT control (P < 0.05).
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SlORE1S06
1.00 ± 0.07
1.92 ± 0.25
2.72 ± 0.41
0.65 ± 0.07
0.60 ± 0.06
0.63 ± 0.03
0.64 ± 0.04
0.53 ± 0.03
0.47 ± 0.06

NS:non-senescent leaves; ES: early senescing leaves; LS: late senescing leaves. Values represent mean of at least three biological replicates normalysed against the NS WT
sample. Statistically significant differences in comparison to the NS WT sample are indicated in bold (P < 0.05).

Supplemental Table S2. Relative transcript values of genes addressed in leaves of OEmiR164a lines.
SlmiR164
SlSAG12
SlGLK1
SlORE1S02
SlORE1S03
1.00 ± 0.08
1.00 ± 0.06
1.00 ± 0.05
1.00 ± 0.09
1.00 ± 0.11
NS
0.81 ± 0.07
10.50 ± 1.82
0.82 ± 0.04
2.09 ± 0.21
3.01 ± 0.24
WT
ES
0.42 ± 0.05
207.27 ± 26.26
0.52 ± 0.07
9.86 ± 0.77
6.72 ± 0.83
LS
6.77 ± 0.53
0.23 ± 0.02
1.68 ± 0.13
1.10 ± 0.06
0.32 ± 0.03
NS
8.10 ± 0.74
1.19 ± 0.09
1.17 ± 0.08
1.04 ± 0.08
0.31 ± 0.02
miR_2
ES
7.06
±
0.55
5.41
±
0.42
0.81
±
0.06
1.14
±
0.09
0.40 ± 0.03
LS
8.34 ± 0.61
0.11 ± 0.01
1.45 ± 0.15
1.09 ± 0.11
0.28 ± 0.03
NS
8.70 ± 0.88
1.18 ± 0.05
1.20 ± 0.09
1.03 ± 0.04
0.24 ± 0.01
miR_3
ES
6.14
±
0.48
14.17
±
1.11
0.97
±
0.08
0.99
±
0.05
0.32 ± 0.02
LS
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Tocopherols
Gamma
2.61 ± 0.16
4.43 ± 0.55
3.66 ± 0.40
3.75 ± 0.25
20.75 ± 1.47
26.33 ± 0.92
34.09 ± 3.96
28.95 ± 0.76
33.51 ± 3.07
38.56 ± 4.89
54.95 ± 5.95
29.45 ± 1.33
0.78 ± 0.03
1.01 ± 0.06
0.85 ± 0.10
0.80 ± 0.04
1.84 ± 0.17
1.98 ± 0.14
1.62 ± 0.10
1.49 ± 0.04

Beta
0.82 ± 0.03
1.06 ± 0.02
1.02 ± 0.01
1.18 ± 0.17
1.62 ± 0.07
1.52 ± 0.06
1.96 ± 0.08
1.82 ± 0.08
1.78 ± 0.22
2.02 ± 0.09
3.20 ± 0.26
2.20 ± 0.17
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND

ND
ND
ND
ND

1.85 ± 0.25
1.55 ± 0.26
3.20 ± 0.12
1.66 ± 0.13

1.45 ± 0.34
0.99 ± 0.12
2.47 ± 0.20
1.07 ± 0.18

ND
ND
ND
ND

Delta

415.99 ± 6.40
362.17 ± 3.41
333.62 ± 7.38
375.26 ± 2.08

254.83 ± 4.48
280.46 ± 8.11
250.61 ± 1.58
252.95 ± 15.82

174.83 ± 10.74
199.15 ± 8.59
248.57 ± 12.64
214.06 ± 11.36

175.39 ± 4.55
208.33 ± 3.15
224.79 ± 8.34
209.00 ± 3.34

121.98 ± 2.84
157.38 ± 1.42
152.86 ± 0.86
166.08 ± 2.30

Total

1.59 ± 0.01
1.74 ± 0.02
1.71 ± 0.01
1.72 ± 0.01

1.85 ± 0.01
1.97 ± 0.03
2.00 ± 0.02
1.98 ± 0.02

ND
ND
ND
ND

11.11 ± 0.61
11.70 ± 0.06
11.92 ± 0.53
11.38 ± 0.36

41.70 ± 0.32
41.54 ± 0.42
41.55 ± 0.32
41.37 ± 0.86

Chlorophyll

Statistically significant differences between the control genotype (MT) and transgenic lines are indicated in bold (P < 0.05). Values represent means ± SE from at least three biological replicates. Values of carotenoids are expressed in μg g–1 FW, of tocopherol in μg g–1 DW, of
chlorophyll of YPL and MPL in mg g–1 FW and of MG and BR1 in μg g–1 FW. ND, not detected.

Supplemental Table S3. Carotenoid, tocopherol and chlorophyll content in SlORE1S02 -knockdown lines
Carotenoids
Lutein
Lycopene
Neurosporene
β-Carotene
Alpha
Mature Green
MT
1.42 ± 0.12
ND
0.20 ± 0.01
0.49 ± 0.05
118.74 ± 2.62
L1
1.47 ± 0.07
ND
0.22 ± 0.01
0.46 ± 0.03
151.87 ± 1.15
L3
1.42 ± 0.22
ND
0.20 ± 0.02
0.75 ± 0.22
146.57 ± 1.39
L6
1.42 ± 0.14
ND
0.21 ± 0.01
0.53 ± 0.14
155.65 ± 5.02
Breaker +1 day
MT
0.86 ± 0.02
ND
0.24 ± 0.01
0.53 ± 0.05
152.03 ± 3.31
L1
0.78 ± 0.02
ND
0.20 ± 0.01
0.43 ± 0.02
179.38 ± 1.94
L3
0.64 ± 0.06
ND
0.20 ± 0.01
0.29 ± 0.10
182.92 ± 7.83
L6
0.89 ± 0.01
ND
0.22 ± 0.01
0.48 ± 0.05
176.62 ± 4.55
Breaker +6 days
MT
0.54 ± 0.07
25.36 ± 1.26
0.35 ± 0.01
0.94 ± 0.05
137.83 ± 7.64
L1
0.54 ± 0.08
19.56 ± 0.43
0.59 ± 0.11
0.78 ± 0.07
158.09 ± 3.23
L3
0.56 ± 0.02
28.37 ± 1.03
0.42 ± 0.06
0.96 ± 0.03
181.24 ± 5.79
L6
0.62 ± 0.05
36.19 ± 3.14
0.35 ± 0.01
0.85 ± 0.05
175.59 ± 6.25
Young Plant Leaf
MT
46.43 ± 2.23
ND
0.59 ± 0.02
36.08 ± 2.14
253.88 ± 4.51
L1
48.90 ± 3.72
ND
0.66 ± 0.02
37.72 ± 2.77
279.38 ± 8.03
L3
40.85 ± 2.19
ND
0.57 ± 0.01
31.78 ± 1.75
249.76 ± 1.50
L6
51.85 ± 5.25
ND
0.61 ± 0.05
38.12 ± 3.81
263.51 ± 7.50
Mature Plant Leaf
MT
31.94 ± 2.18
ND
0.37 ± 0.03
16.56 ± 0.43
408.78 ± 7.21
L1
25.69 ± 1.21
ND
0.33 ± 0.01
16.73 ± 1.15
357.92 ± 3.03
L3
24.57 ± 1.56
ND
0.42 ± 0.01
18.35 ± 0.29
338.40 ± 5.19
L6
29.08 ± 0.48
ND
0.40 ± 0.04
17.10 ± 1.89
373.63 ± 2.17
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SlVTE2
1.00 ± 0.01
1.18 ± 0.05
1.17 ± 0.07
0.92 ± 0.12
1.00 ± 0.02
1.35 ± 0.09
1.29 ± 0.05
1.19 ± 0.17
1.00 ± 0.07
0.86 ± 0.05
0.87 ± 0.03
0.87 ± 0.07
1.00 ± 0.13
1.23 ± 0.04
1.15 ± 0.01
1.20 ± 0.07
1.00 ± 0.05
1.61 ± 0.13
1.35 ± 0.10
1.81 ± 0.13

SlVTE3(1)
1.00 ± 0.02
1.13 ± 0.03
1.02 ± 0.07
1.34 ± 0.05
1.00 ± 0.03
1.24 ± 0.07
0.93 ± 0.09
1.16 ± 0.11
1.00 ± 0.14
1.03 ± 0.04
1.23 ± 0.07
1.33 ± 0.05
1.00 ± 0.02
1.07 ± 0.06
0.94 ± 0.03
1.11 ± 0.02
1.00 ± 0.05
1.61 ± 0.16
1.00 ± 0.03
1.34 ± 0.06

Statistically significant differences between the transcript ratio of transgenic and MT control plants are indicated in bold terms (P <0.05). Values represent mean ± SE from at least three biological replicates. ND: Not detected. NA: Not assayed.

Supplemental Table S4. Relative transcript values of genes addressed in leaves and along fruit ripening of SlORE1S02 -knockdown lines.
SlGLK1
SlGLK2
SlORE1S02
SlORE1S03
SlORE1S06
SlSAG12
SlVTE1
MT
1.00 ± 0.04
NA
1.00 ± 0.12
1.00 ± 0.03
1.00 ± 0.08
ND
1.00 ± 0.05
L1
1.72 ± 0.28
NA
0.18 ± 0.05
0.49 ± 0.09
0.66 ± 0.05
ND
1.19 ± 0.08
YPL
L3
1.71 ± 0.27
NA
0.39 ± 0.16
0.67 ± 0.07
0.67 ± 0.02
ND
1.01 ± 0.25
L6
1.36 ± 0.16
NA
0.24 ± 0.03
0.51 ± 0.15
0.43 ± 0.19
ND
1.07 ± 0.16
MT
1.00 ± 0.17
NA
1.00 ± 0.11
1.00 ± 0.16
1.00 ± 0.13
1.00 ± 0.14
1.00 ± 0.04
L1
2.28 ± 0.13
NA
0.09 ± 0.01
0.45 ± 0.01
0.39 ± 0.02
0.35 ± 0.01
1.29 ± 0.01
MPL
L3
1.64 ± 0.17
NA
0.15 ± 0.07
0.50 ± 0.17
0.47 ± 0.03
0.24 ± 0.04
1.20 ± 0.13
L6
1.34 ± 0.04
NA
0.13 ± 0.03
0.50 ± 0.02
0.51 ± 0.08
0.32 ± 0.02
1.12 ± 0.08
MT
NA
1.00 ± 0.09
1.00 ± 0.24
NA
NA
NA
1.00 ± 0.13
L1
NA
1.22 ± 0.23
0.05 ± 0.01
NA
NA
NA
1.72 ± 0.13
MG
L3
NA
1.67 ± 0.10
0.05 ± 0.01
NA
NA
NA
1.92 ± 0.15
L6
NA
1.89 ± 0.23
0.04 ± 0.01
NA
NA
NA
1.76 ± 0.13
MT
NA
1.00 ± 0.05
1.00 ± 0.07
NA
NA
NA
1.00 ± 0.03
L1
NA
0.97 ± 0.14
0.10 ± 0.02
NA
NA
NA
0.88 ± 0.04
BR1
L3
NA
0.65 ± 0.17
0.06 ± 0.03
NA
NA
NA
1.02 ± 0.08
L6
NA
1.17 ± 0.10
0.09 ± 0.01
NA
NA
NA
0.91 ± 0.03
MT
NA
ND
1.00 ± 0.05
NA
NA
NA
1.00 ± 0.02
0.98 ± 0.19
L1
NA
ND
0.16 ± 0.07
NA
NA
NA
BR6
L3
NA
ND
0.12 ± 0.02
NA
NA
NA
1.21 ± 0.03
L6
NA
ND
0.10 ± 0.02
NA
NA
NA
1.13 ± 0.07
SlVTE3(2)
1.00 ± 0.04
0.90 ± 0.01
0.86 ± 0.09
1.00 ± 0.09
1.00 ± 0.02
1.38 ± 0.02
1.27 ± 0.15
1.16 ± 0.06
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

SlVTE4
1.00 ± 0.02
1.20 ± 0.06
1.18 ± 0.14
1.03 ± 0.06
1.00 ± 0.06
1.00 ± 0.01
0.99 ± 0.01
1.03 ± 0.09
1.00 ± 0.05
1.16 ± 0.05
1.28 ± 0.03
1.32 ± 0.01
1.00 ± 0.07
0.94 ± 0.03
0.98 ± 0.07
1.07 ± 0.02
1.00 ± 0.10
1.52 ± 0.17
1.97 ± 0.09
1.77 ± 0.23

SlVTE5
1.00 ± 0.05
0.89 ± 0.06
0.74 ± 0.06
0.84 ± 0.07
1.00 ± 0.05
1.22 ± 0.02
1.26 ± 0.08
1.15 ± 0.03
1.00 ± 0.10
1.05 ± 0.15
1.28 ± 0.05
1.20 ± 0.03
1.00 ± 0.03
0.87 ± 0.01
0.82 ± 0.07
0.93 ± 0.03
1.00 ± 0.11
0.99 ± 0.07
1.00 ± 0.08
1.01 ± 0.15

SlVTE6
1.00 ± 0.05
1.19 ± 0.07
1.02 ± 0.09
0.76 ± 0.11
1.00 ± 0.02
1.02 ± 0.02
0.93 ± 0.08
1.03 ± 0.06
1.00 ± 0.05
1.70 ± 0.11
1.58 ± 0.03
1.86 ± 0.02
1.00 ± 0.03
0.88 ± 0.01
0.79 ± 0.02
0.79 ± 0.04
1.00 ± 0.04
1.32 ± 0.15
1.31 ± 0.10
1.14 ± 0.06

SlPPH
1.00 ± 0.03
2.02 ± 0.23
1.35 ± 0.20
1.33 ± 0.14
1.00 ± 0.03
0.96 ± 0.16
0.82 ± 0.03
0.96 ± 0.07
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

SlPPHL1
1.00 ± 0.11
1.53 ± 0.14
1.02 ± 0.38
0.65 ± 0.29
1.00 ± 0.05
1.73 ± 0.23
1.54 ± 0.33
1.38 ± 0.15
1.00 ± 0.36
3.17 ± 0.24
8.33 ± 0.66
4.55 ± 0.14
1.00 ± 0.21
1.12 ± 0.04
1.04 ± 0.10
1.01 ± 0.05
1.00 ± 0.06
0.97 ± 0.09
1.13 ± 0.10
1.34 ± 0.35

SlCHLG
1.00 ± 0.06
1.05 ± 0.04
0.83 ± 0.10
0.61 ± 0.11
1.00 ± 0.03
1.31 ± 0.03
1.32 ± 0.12
1.07 ± 0.03
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

SlGGDR
1.00 ± 0.15
1.13 ± 0.31
1.09 ± 0.25
0.63 ± 0.16
1.00 ± 0.19
3.95 ± 0.15
2.21 ± 0.41
1.76 ± 0.13
1.00 ± 0.04
0.72 ± 0.13
2.10 ± 0.23
1.36 ± 0.07
1.00 ± 0.03
1.57 ± 0.19
0.70 ± 0.13
1.55 ± 0.28
1.00 ± 0.24
3.79 ± 0.75
2.48 ± 0.50
3.10 ± 0.80

SlPDS
1.00 ± 0.04
1.29 ± 0.04
1.22 ± 0.08
1.11 ± 0.06
1.00 ± 0.03
1.00 ± 0.02
1.19 ± 0.06
0.93 ± 0.05
1.00 ± 0.21
1.02 ± 0.10
1.03 ± 0.04
1.22 ± 0.07
1.00 ± 0.05
1.12 ± 0.04
0.96 ± 0.08
1.07 ± 0.03
1.00 ± 0.06
1.28 ± 0.10
1.18 ± 0.16
1.39 ± 0.08

SlPSY1
1.00 ± 0.13
1.43 ± 0.07
1.00 ± 0.19
1.34 ± 0.09
1.00 ± 0.05
1.01 ± 0.04
1.04 ± 0.07
1.07 ± 0.20
1.00 ± 0.18
0.62 ± 0.16
0.45 ± 0.02
0.36 ± 0.01
1.00 ± 0.08
1.05 ± 0.04
0.77 ± 0.04
0.98 ± 0.03
1.00 ± 0.05
1.77 ± 0.11
1.12 ± 0.06
1.47 ± 0.15

SlPSY2
1.00 ± 0.17
1.09 ± 0.12
0.94 ± 0.12
0.55 ± 0.20
1.00 ± 0.02
1.20 ± 0.05
1.00 ± 0.10
1.08 ± 0.09
1.00 ± 0.05
1.72 ± 0.02
1.65 ± 0.12
1.60 ± 0.12
1.00 ± 0.06
1.58 ± 0.05
0.69 ± 0.16
1.29 ± 0.16
1.00 ± 0.04
1.55 ± 0.22
1.05 ± 0.08
1.25 ± 0.13

SlLCY β
1.00 ± 0.02
1.01 ± 0.12
0.88 ± 0.07
1.10 ± 0.05
1.00 ± 0.03
1.08 ± 0.08
1.02 ± 0.06
1.08 ± 0.12
1.00 ± 0.10
0.75 ± 0.02
1.10 ± 0.02
0.81 ± 0.02
1.00 ± 0.05
1.04 ± 0.06
0.63 ± 0.03
0.93 ± 0.01
1.00 ± 0.03
1.00 ± 0.16
0.92 ± 0.08
1.11 ± 0.17

SlCYC β
1.00 ± 0.10
1.07 ± 0.17
0.90 ± 0.25
0.68 ± 0.18
1.00 ± 0.01
0.64 ± 0.05
0.51 ± 0.07
0.68 ± 0.07
1.00 ± 0.04
0.82 ± 0.22
0.78 ± 0.16
0.79 ± 0.05
1.00 ± 0.02
1.28 ± 0.07
1.18 ± 0.10
0.93 ± 0.12
1.00 ± 0.05
1.14 ± 0.17
0.81 ± 0.05
0.90 ± 0.07

Supplemental Table S5. Primers used in the experiments.
Sequence
Gene Name
Locus
SlORE1S02- knockdown construct
F
CACCCATCATCTTCTATCAAGTTCCCC
SlORE1S02
Solyc02g088180
R
GTCATGATCTTCGTAACCTCTC
SlORE1 s overexpression construct
F
CACCATGGAAATTGTGTGTGGATTTGGTGGTC
SlORE1S02
Solyc02g088180
R
TCAATAATTCCATAGACAATCGATGTCCACTGG
F
CACCATGATGATGGAGAATTTTTCTGCAAGTGTTAAGATG
SlORE1S03
Solyc03g115850
R
TCAGTAAGTCCAGAAGCAATCAAGATCTTGTTG
F
CACCATGGAGAATTATTCAGGAGTTGTTAAGG
SlORE1S06
Solyc06g069710
R
TCAGCAACTCCAGAGACAATC
BiFC and confocal construct
F
ATGGAAATTGTGTGTGGATTTGGTGGTC
Solyc02g088180
SlORE1S02
R
CCCAGTGGACATCGATTGTCTATGGAATTAT
F
ATGATGATGGAGAATTTTTCTGCAAGTGTTAAGATG
SlORE1S03
Solyc03g115850
R
CAACAAGATCTTGATTGCTTCTGGACTTAC
F
ATGGAGAATTATTCAGGAGTTGTTAAGGATGATGATC
SlORE1S06
Solyc06g069710
R
GGGTCTTGATTGTCTCTGGAGTTGC
F
ATGCTAGTTGTGTCACCTTTTAGTAACACAACG
SlGLK1
Solyc07g053630
R
GGGTACCTAAAATACCACCAACTTGTGCA
F
ATGCTTGCTCTATCTTCATCATTG
SlGLK2
Solyc10g008160
R
GATTACCAAAATACCCCCAACT
F
ATGGATTACG AGGCATCAAGAATCG
AtORE1
At5G39610
R
CAGAAGAATTGGATTGCGTTTGGAATTTC
F
ATGTTAACTGTTTCTCCGGCTCCAG
AtGLK2
At5G44190
R
CAAGGAGTTTCT AATGTTCCTCCTCTTCCT
Stem-loop RT-PCR
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTGCACG
SlmiR164
NA
qPCR primers
F
ACAACAGCGAGAAGTAGTGG
Solyc02g088180
SlORE1S02
R
GCATCAATCCAGAATCTCCATAC
F
ACATTTCAGGGCTTGTGAGA
Solyc03g115850
SlORE1S03
R
AGGTGAATTGTTGAAGGAATTGAT
F
GATTCTGCTACTGCTACTGCTT
Solyc06g069710
SlORE1S06
R
GGATCTTGAACCCCAAATGAAG
F
GCTGTAGAGCAACTAGGTGTAGATAAGG
SlGLK1
Solyc07g053630
R
CAACTCGCTGCCTCCACTTC
F
ATGTCCTCCTCAAAGCCAAA
SlSAG12
Solyc02g076910
R
TTTCAGTTGGTGTAGCCCTT
F
ACTGATGTGGAGAAGCAGGGCA
SlmiR164
NA
R
GTGCAGGGTCCGAGG
F
CGAACTCCTCATAGCGGGTATC
Solyc08g068570
SlVTE1
R
CACGCCAGTAAACCGAGGC
F
CAATTCCAGTTCCTGCTGAG
Solyc07g017770
SlVTE2
R
CCTCCAACATGCTCTTGCGTG
F
CTTGACCAATCTCCTCATC
Solyc09g065730
SlVTE3(1)
R
GCACGCCTTTCCTCCAGG
F
GCTAAGGCTAGGCAGAAGGAG
Solyc03g005230
SlVTE3(2)
R
CAGGCAACCCCACCTATGG
F
CAGATCATCGTGCTGCTCAG
Solyc08g076360
SlVTE4
R
CCTCTCTGCTTGTACAGGAC
F
CGTATCAGGACGGGCTCGC
Solyc03g071720
SlVTE5
R
TCACCACCACACATCATTGCTAATG
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SlVTE6

Solyc07g062180

SlPPH

Solyc01g088090

SlPPHL1

Solyc02g062610

SlPSY1

Solyc03g031860

SlPSY2

Solyc02g081330

SlLCYβ

Solyc06g074240

SlCYCβ

Solyc04g040190

SlPDS

Solyc03g123760

SlGGDR

Solyc03g115980

SlCHLG

Solyc09g014760

Expressed

Solyc07g025390

TIP41

Solyc10g049850

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

AGCACAAGCATCAGTGTCTG
AAGAAAGCAGCCGCAATACC
TATGGAGGGAGCAAGTACGC
TGGAGGGCAGAGGAAAAGTAC
GATTTGGTGCTTCTGCCTTTC
GCTGTTTCTTCAGTTCCTTC
CGATGGTGCTTTGTCCGATAC
CTCATCAACCCAACCGTACC
GCATCACACATAACTCCACAAGC
CGCATTCCTTCAACCATATCTCTG
GCACCCACATCAAAGCCAGAG
GCCACATGGAGAGTGGTGAAG
TTGACTTAGAACCTCGTTATTGG
AACAGTTCCCTTTGTCATTATCT
CGTTCCGTGCTTCTCCGC
CTAGAACATCCCTTGCCTCCAG
CAGAGACGCTCGCTAAGG
GCTTCAGAGTCTGTCCGATATC
CCAATTCCTTCAGGTGCGGT
CCCACCAAGGCAAGCTGATA
TGGGTGTGCCTTTCTGAATG
GCTAAGAACGCTGGACCTAATG
GCTGCGTTTCTGGCTTAGG
ATGGAGTTTTTGAGTCTTCTGC
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