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6 XPPDU\

7KH JUDSHWVLIOH YLQILNMWRIH RI WKH PRVW HFRQRPLFDOO\ LP
UHQRZQHG E\ LWV VLJQLILFDQW JHQHWLF GLYHUVLW\ ZKLFKk
XQLTXH PRUSKRORJLFDO DJURQRPLF DQG TXDOLWDWLYH WL
YDULDELOLW\ LV HVVHQWLDO IRU HIIHFWLYH JUDSHYLQH PDQ
DQG WKH GHYHORSPHQW RI DGYDQFHG EUHHGLQJ VWUDWH,
VHTXHQFLQJ 1*6 WHFKQRORJLHV VXFK DV JHQRW\SLQJ E\ \
5$' VHTXHQFLQJ GG5$'VHT KDYH SURYLGHG SRZHUIXO WRR
LGHQWLI\LQJ IXQFWLRQDO JHQHV DQG FKDUDFWHUL]LQJ ORF

7KLY UHVHDUFK DLPV WR H[SORUH WKH SRSXODWLRQ VWUXF)
D FROOHFWLRQ RI FORQHY GHULYHG IURP &DPSDQLDQ DQG $:
GHVLUDEOH WUDLWYV LQ YLWLFXOWXUH DQG ZLQHPDNLQJ

7KH ILUVW VWXG\ DQDO\]HG D WRWDO RI FORQHV IURP VL]
VRXWKHUQ ,WDO\ VDPSOHG LQ &DPSDQLD DQG $SXOLD 7KH
HQYLURQPHQWY ZLWK GLIIHUHQW FOLPDWLF FRQGLWLRQV 71
YDULHME HAE £8G*$s1,873$622 DQG WKH ZKEMMEHY TKHGSXOLDQ
FORQHV LQFOXGH WZR Gk G7EH\DWQLG G 6YsD(54 HM@, L He/ DV ZHO O

DV WKH ZKLOWIH7EMUdik HTZ R UHGXFHG UHSUHVHQWDWLRQ VHTX
DQG GG5%¥MHW XVHG WR H[WUDFW VLQJOH QXFOHRWLGH SRO\

7KLV VWX&REXD® WKDW PHUJLQJ GLIIHUHQW 613 GDWDVHWV LV
LQWHU DQG LQWUD VSHFLILF JHQHWLF GLYHUVLW\ RI JUDSH
KDYH SURYLGHG D UHSHDWDEOH IUDPHZRUN WR VWUHDPOLQ
UHWULHYDO RI LQIRUPDWLRQ IURP SDUWLDO DQDO\VHV SHU
WHFKQLTXHV 7KH VWXG\ UHYHDOHG KLJK JHQHWLF GLYHUVL\
YDULHW\ 3RSXODWLRQ VWUXFWXA i CDOFX@\Y WV FOQVG LIQ {(I1\W DRVG
JHQHWLF VLPLODULW\ DPRQJ YDULHWLHV RULJLQDWLQJ IURP

ORFL ZHUH LGHQWLILHG )Z2LWK G LAHVUKHQ D PORMWBWWG H[R
ZKLFK ZHUH OLQNHG WR LPSRUWDQW WUDLWYVY OLNH SKH(
UHVSRQVLYHQHVVY 7KHVH ILQGLQJV RIIHU YDOXDEOH RSSRUV

$GGLWLRQDOO\ WKH JHQHWIFODDQUHDYBEUBPWSROLD3 LQFOXGL
FHUWLILHG FORQHV SURSDJDWHG RYHU VHYHUDO \HDUV ZDV
$ WRWDO RI ILOWHUHG 613V ZHUH DQDO\]HG DQG SDLL



VKRZHG KLJK YDULDELOLW\ ,%6 DPRQJ WKH FORQHV *H
PDLQ JURXSV GLIIHUHQWLDWHG E\ JHRJUDSKLF RULJLQ &O
GLYLGHG LQWR WZR GLVWLQFW FOXVWHUV FRUUBMSRQGLAQ.
DQDO\VLY LGHQWLILHG QXPHURXV ORFL DVVRFLDWHG ZLWK
LQFOXGLQJ JHQHV LQYROYHG LQ VWUHVV UHJXODWLRQ DV Z
VXFK DV JOXWDPDWH UHFHSWRUV DQG DX[LQ DQG HWK\OHQH

$ FRPSUHKHQVLYH DQDO\VLV Rl ILYH LPSRUWDQW2 $SXOLDC
0$/9%6,$1(58 B8,0,7,920,1872/2%%1&2 DQ& §752,3 XVLQJ WKH *%6 DSSUI
XQFRYHUHG VLJQLILFDQW LQWUD DQG LQWHU YDULHWDO JH
PHWDEROLVP VWUHVYV UHVLOLHQFH DQG:EHKHWIUVIOXDBOWMS\WAH
IDFWRUV DQG HQJ\PHVY WKDW LQIOXHQFH ZLQH IODYRU DURP
VL[ 613 SDQHO WR \GLVWIY@QINHBMOLHY IURP $SXOLD LV FUXFL
YLWLFXOWXUH 7KLV JHQHWLF EDUFRGH RIIHUV D UHOLDEOF
HQVXULQJ WKH DXWKHQWLFLW\ RI ORFDO ZLQHV DQG SUHYHQ
TXDOLW\ FRQWURO DQG SURWHFWYV $SXOLD V YLWLFXOWXUL
$GGLWLRQDOO\ LW DLGV LQ UHIJXODWRU\ FRPSOLDQFH KHO
VWDQGDUGY ZKLFK EHQHILWY ERWK SURGXFHUV DQG FRQVX]

7KH UHVHDUEFK KLJKOLJKWVY WKH LPSRUWDQFH RI SUHVHUYL
ZKLFK LV HVVHQWLDO IRU WKH VXVWDLQDELOLW\ DQG DGDSYV
RI FKDQJLQJ HQYLURQPHQWDO FRQGLWLRQV



SLDVVXQWR

/D YLOLMW LV YLQQIKQD GHOOH FROWXUH SLs LPSRUWDQWL GD
JOREDOH FDUDWWHUL]]DWD GD XQD QRWHYROH GLYHUVLW,j .
FDUDWWHULVWLFKH PRUIRORJLFKH DJURQRPLFKH H TXDOLWI
GL TXHVWD YDULDELOLWj g HVYVHQ]LDOH SHU XQH GHQWHRUWLH i
JHQHWLFKH H SHU OR VYLOXSSR GL VWUDWHJLH GL VHOH]LR
VHTXHQ]LDPHQWR GL QXRYD UBHGIR\W]ERQH E1 *HH & XABHKIEQH
GLJHVW 5$%' VHGEH®FLMT KDQQR IRUQLWR SRWHQWL VWUXP
JHQHWLFD LGHQWLILFDUH L JHQL IXQJLRQDOL H FDUDWWEF
DJURQRPLFL

4XHVWD WHVL PLUD D HVSORUDUH OD VWUXWWXUD GHOOD S
FKLDYH LQ XQD FROOH]LRQH GL FORQL GHULYDWL GD YDULH!
GHVLGHUDELOL LQ YLWLFROWXUD H YLQLILFD]JLRQH

,O SULPR VWXGLR KD DQDOL]]IDWR XQ WRWDOH GL FORQL
FDPSLRQDWL LQ &DPSDQLD H 3XJOLD 4XHVWL FORQL VRQR
FRQGL]JLRQL FOLPDWLFKH GLYHUVH , FORQL FDP&SBQISHRPSU
$*/,$1,82/%6&2 H bXx2>%s182D EDFFD ELDQFD , FORQL SXJOLHVL F
EDFFD URY¥Y VD2,$HO$/9%6,$1(5% ' % ,1',6, H LQ@802/2%3%1&2D EDFFD ELDQ
6RQR VWDWL XWLOL]]IDWL GXH PHWRGL GL VHTXHQ]JLDPHQWR
GL SROLPRUILVPR D VLQJROR QXFOHRWLGH 613

/IR VWXGLR KD ULYHODWR XQ HOHYDWD GLYHUVLW] JHQHWLF
/| DQDOLVL GHOOD VWUXWWXUD GHOOD SRS R DDR@HR H QGLF
XQD VLJQLILFDWLYD VRPLJOLDQ]D JHQHWLFD WUD OH YDULH)
VWDWL LGHQWLILFDWL FLUFD )s/ORFL FIR@OPIDQWEWRR LGELOH
PROWL GHL TXDOL FROOHJDWL D WUDWWL LPSRUWDQWL FRP
AXHVWL ULVXOWDWL RITURQR SUH]JLRVH RSSRUWXQLWj SHU O

,QROWUH g VWDWD HVDPLQDWD O®0YDUGH BOML B/X JIOH®H WLEFL
VHOH]LRQDWL H FHUWLILFDWL SURSOUB@RWSSUQ G IEX HUHVILX HDG
VHTXHQJLDPHQWR 6RQR VWDWL DQDOL]]DWL 613 ILOWU
PRVWUDWR XQ HOHYDWD YDULDELOLW] ,%6 WUD L FORQC
JUXSSL SULQFLSDOL GLIIHUHQ]JLDWL SHU RULJLQH JHRJUD
XOWHULRUPHQWH VXGGLYLVL LQ GXH JUXSSL GLVWLQWL FRU



/| DQDEALKD LGHQWLILFDWR QXPHURVL ORFL DVVRFLDWL DOOH
WUD FXL JHQL FRLQYROWL QHOOD UHJROD]JLRQH GHOOR VWUH
L UHFHWWRUL GHO JOXWDPPDWR H OD VHIJIQDOD]LRQH GHOO

,O WHU]R VWXGLR FRQVLGHUD XQ DQDOLVL SLe DPSLD GL FL
SXJOUUHY$b$520%$/9%6,81(5% ', % ,1',6, 8,0,7,920,1872/%%$1&2H89% ', 752,%
XWLOL]]IDQGR O DSSURFFLR *%6 KD SRUWDWR DOODL@X\FHHUX Q
YDULHWDOH O6RQR VWDWL LGHQWLILFDWL JHQL FKLDYH OHJ
VWUHVV H DOOD TXDOLWj GHOOH EDB R KHJ OV UDQ FIXR.L LFIKDHVMR O
VDSRUH O DURPD H OD SLIJPHQWD]JLRQH GHO YLQR /R VYLOX
YDULOWWIGL YEROQOHW BXJOLD q FUXFLDOH SHU ED VY ERGEGERW WEOR
RITUH XQ PHWRGR DIILGDELOH SHU LGHQWLILFDUH OH YDULH
SUHYHQHQGR OH IURGL 5DIIRU]D OD WUDFFLDELOLWj VXSSR
YLWLFROR SXJOLHVH VDOYDJXDUGDQGR OH YDULHWj) WUDGL
DLXWDQGR D YHULILFDUH FKH L YLQL VRGGLVILQR JOL VWDQ
SURGXWWRUL FKH GHL FRQVXPDWRUL

/ID ULFHUFD HYLGHQ]LD O LPSRUWDQ]D GL SUHVHWYBQ H BIOHNS
OD VRVWHQLELOLW) H O DGDWWDELOLWj GHOOD YLWLFROW:?
PXWHYROL



L, OQWURGXFWLRQ

/KH *UDSHYLQH

/KH JHQHWLF URRWY GRPHVWLFDWLRQ DQG L

*UDSHYLQHV EHORQUWERL WK HH QARXYDVVHY DSSUR[LPDWHO\
$PRQJ WO AWLH YLQIMMKH PRVW HFRQRPLFDOO\ LPSRUWDQW |
FXOWLYDWHG ZLQH DQG WDEOH JUDSHV DOVR KDV DQFLHQW
FXOWXUH *UDVVL DQG 'H /RUHQ]LV 7KLV HW DO "HL

,QGHHG DV ZDV HYLGHQFHG E\ QXPHURXV DU#fKWHRIRQLFBO
ZDV DVVRFLDWHG ZLWK GHLWLHY DQG ZDV OLQNHG WR VSHI
UHSUHVHQWHG LQ WKH DUWHIDFWYV RI PDQ\ DQFLHQW FXOW:
SRPDQ FXOWXUHV OF*RYHUQ 6DYR HW DO

7KH GRPHVWLFDWLRQ RI JUDSIHWLYD IV Q URPU 5 RUSKEOVERM NRQY G VW
RFFXUUHG EHWZHHQ DQG \HDUV DJR ZLWK WKH PDLQ
7UDQVFDXFDVXV UHJLRQ ZKLFK H[WHQGV IURP WKH %ODFN

YDULHWLHV LV XQGHUVWRRG WR KDYH FRPPHQFHG IURP WKH
E\ KXPDQV ZKR SURSDJDWHG WKHP H[WHQVLYHO\ WKURXJKF
UHJLRQ 'H /RUHQI]LV HW DO *UDVVL DQG $UUR\R *DUFLD

7KH JHQHWLF GLYHUVLW\ REVHUYHG LQ WKH FXOWLYDWHG
SURFHVVHVY KRZHYHU GXULQJ GRPHVWLFDWLRQ KXPDQV VH
WR WKH XQLQWHQWLRQDO ORVV RI UHVLOLHQFH IDFWRUV |C
DQG WKH WUDQVLWLRQ RI WKH VH[XDO V\VWHP IURP GLRHF\ W

5LD] HW DO YRU H[DPSOH 7KH WUDQVLWLRQ IURP GLR}
JUDSHYLQHV LV D SKHQRPHQRQ WKDW KDV EHHQ OLQNHG WR
FXOWLYDWLRQ ODVVRQQHW HW DO 3LFT HW DO

7KH VWXG\ RI JUDSHYLQH JHQHWLFV DQG LWV RQJRLQJ HYRC
DJULFXOWXUDO SURGXFWLYLW\ ZLWK WKH SUHVHUYDWLRQ R
HQVXULQJ WKH UHVLOLHQFH RI WKLV LFRQLF VSHFLHV LQ WK



%LRGLYHUVLW\ FRQVHUYDWLRQ DQG DGYDQF

7KH VXEVWDQWLDO JHQHWLF GLYHUVLW\ Rl JUDSHYLQHV LV

FXOWLYDUV ZRUOGZLGH /LDQJ HW DO 7KHLQH HW
YDULHWLHY KDYH D KLJK GHJUHH RI JHQHWLF FRPSOHW[Q®\ Zk
FORQHV ZKLFK DULVH IURP VSRQWDQHRXV VRPDWLEF PXWDWL
SURSDJDWLRQ &ORQDO OLQHV DUH VHOHFEWHG IRU WKHLU X
LQFOXGH YDULDWLRQV LQ EXQFK FRPSDFWQHVV DQG EHUU\
/IRUHQ]LV E 3HOV\ 9H]]XOOL HW DO 9LOODQR HV

7KH SUHVHQFH RI ZLOGYUWODWLD@E VRIDERXGELEY FRQWULEX
JHQHWLF GalwMiUw Y\DFRIHQD DV DQ DOOHOLF UHVHUYRLUV WUD
GLVHDVH UHVLVWDQFH 7KLV HW DO &DUUDVFR HW DO

'HVSLWH WKLV FRQVLGHUDEOH ELRGLYHUVLW\ WKHUH KDV E
JUDSHYLQHV LQ UHFHQW GHFDGHV OHDGLQJ WR WKH H[WLQF
RI WKH JOREDO ZLQH LQGXVWU\ DURXQG D VPDOO QXPEHU RI
GHFOLQH LQ WKH JHQHWWYE QMDHHMPWINM G X WIROWKH GHJUDGE
KDELWDWYV +RZHYHU LQ UHFHQW \HDUV QXPHURXVEHHIHWL
LPSOHPHQWHG LQ JUDSH SURGXFLQJ FRXQWULHV $V D UHVX
EHHQ FROOHFWHG DQG FRQVHUYHG LQ ILHOG FROOHFWLRQV

+RZHYHU JLYHQ WKH FRQVLGHUDEOH WLPH IRU ILHOG HI[SF
FRQVLGHUHG WKH SUHIHUUHG PHDQV RI TXDQWLI\LQJ YDULDYV
D FRQVLGHUDEOH QXPEHU RI DGYDQWDJHV LQ FRPSDULVRQ
$KPDG HW DO RaNRYLU 9LOODQR HW DO

5SHFHQW DGYDQFHPHQWYV LQ JHQRPLF UHVHDUFK H[HPSOLILH
KDG D SURIRRQEGKIHP BLLHFOMG Rl JUDSHYLQH JHQHWLFV IDFLOLW
UROH LQ SODQW ELRGLYHUVLW\ 7KH LGHQWLILFDWLRQ RI J
UHVHDUFKHUV WR JDLQ D PRUH SURIRXQG XQGHUVWDQGLQJ
WKHLU SRWHQWLDO IRU LQFOXVLRQ LQ IXWXUH EUHHGLQJ S|
FRQVHUYDWLRQ RI JUDSHYLQH JHUPSODVP EXW DOVR DOL
ELRGLYHUVLW\ D FRUQHUVWRQH RI VXVWHOLWYDPOHNDDOLFXOW



'RUOGZLGH DQG ,WDO\ HFRQRPLF LPSRUWDQF

7KH JUDSHWWIQHYLQLNMHFRQVLGHUHG RQH RI WKH ZRUOG V P|
DGGLWLRQ WR LWV H[WHQVLYH XWLOLVDWLRQ LQ WKH ZLQH L
RI VXOWDQDV IUHVK IUXLW MXLFH OHDYHV RU IRU WKH SXL
DSSOLFDWLRQV ,W LV DOVR YDOXHG DV DQ RUQDPB@WDE& D
VRXUFH Rl VHFRQGDU\ PHWDEROLWHY ZKLFK ILQG DSSOLFD)
LQGXVWULHV $OL HW DO $OVWRQ DQG 6DPEXFFL -1

$FFRUGLQJ WR 3&RXQWU\ 6WDWLVWLEV 2,9° 7DEOH VKR
JURZLQJ DUHD WR WKRXVDQGV Rl KHFWDUHV NKD LQ
6SDLQ OHDGV WKH ZRUOG ZLWK NKD UHSUHVHQWLQJ F
LQ VHFRQG DQG WKLUG SODFH LQ WKH ZRUOG UDQNLQ
ZKLOH ,WDO\ PDUNV D PRGHVW LQFUHDVH RI ZLWK DQ DL
DUHD 6RPH FRXQWULHV VXFK DV 3RUWXJDO DQG &KLOF
,QGLD VKRZV WKH ODUJHVW SHUFHQWDJH LQFUHDVH Q
XQOLNH %UD]JLO ZKLFK JUHZ E\ $PRQJ WKH SRVLW
ZLWK DQ LQFUHDVH RI ZKLOH 8]EHNLVWDQ DQG RWKHU FF
G\QDPLFV VKRZ ERWK FRQVROLGDWLRQ WUHQGY DQG VLJQLIL
GLIIHUHQW UHJLRQDO FKDOOHQJHV DQG SULRULWLHYV

Table 1. Vineyard area in thousands of hectares (kha) of major wine-producing countries in 2022 and 2023, percentage

change between 2023 and 2022 and value percentage of world ared]l ~“Z—e>¢1 ¢Se’e’Ecel)l & 1XVXZil
Country i?éz 2k(?]2a3 23/22 % var. 2023 % world
Spain 955 945 -1.0% 13.1%
France 795 792 -0.4% 11.0%
China 758 756 -0.3% 10.5%
Italy 718 720 0.2% 10.0%
Tarkiye 413 410 -0.8% 5.7%
USA 392 392 0.0% 5.4%
Argentina 207 205 -1.1% 2.8%
Romania 188 187 -0.5% 2.6%
Portugal 193 182 -5.8% 2.5%
India 175 180 2.7% 2.5%
Chile 182 172 -5.6% 2.4%
Iran 165 165 0.0% 2.3%
Australia 159 159 0.0% 2.2%
South Africa 124 122 -1.9% 1.7%
Uzbekistan 122 122 0.0% 1.7%

Moldova 117 117 0.0% 1.6%



Russia 101 105 4.1% 1.5%

Germany 103 104 0.3% 1.4%
Afghanistan 100 100 0.0% 1.4%
Greece 93 94 0.9% 1.3%
Egypt 85 85 0.0% 1.2%
Brazil 81 83 1.5% 1.1%
Algeria 70 70 0.0% 1.0%
Bulgaria 65 62 -4.6% 0.9%
Hungary 61 61 -1.1% 0.8%
Other countries 814 815 0.1% 11.3%
World total 7237 7202 -0.50% 100%
7KH 2,9 VWDWHV WKDW ZLQH SURGXFWLRQ LQ IHOO WR
D SHU FHQW GURS FRPSDUHG WR 7TDEOH 7KLV C
HYHQWY VXFK DV IURVW KHDY\ UDLQ GURXJKW DQG IXQJDO
KDUG ,Q (XURSH SURGXFWLRQ GHFOLQHG E\ ZLWK
ORZHVW YDOXH VLQFH JUDQFH WKH ZRUOG OHDGHU LQ
UHFRUGHG D KLVWRULF GURS RI PKO WKH ORZHVW
PLOGHZ 6SDLQ DOVR VXIIHUHG D VKDUS GURS ZLWK

ILIXUHV KLJKOLJKW WKH GLIILFXOWLHV RI WKH VHFWRU PDI
FOLPDWLF FRQGLWLRQV 32&RXQWU\ 6WDWLVWLFV _ 2,9

Table 2.Wine production (excluding juices and musts) in millions of hectolitréd) (@f major countries in 2022 and 2023, percentage
change between 2023 and 2022 and percentage of world poodug& RXQWU\ 6 WDWLVWLFV _ 2,9~

2022 2023 23/22 2023 %

Clobin sy mhl mhl % var. world
France 46 48 4.4% 20.2%
Italy 49.8 38.3 -23.2% 16.1%
Spain 35.8 28.3 -20.8% 11.9%
USA 22.4 24.3 8.5% 10.2%
Chile 12.4 11 -11.4% 4.6%
Australia 13.1 9.6 -26.2% 4.1%
South Africa 10.3 9.3 -10.0% 3.9%
Argentina 11.5 8.8 -23.0% 3.7%
Germany 8.9 8.6 -3.8% 3.6%
Portugal 6.8 7.5 9.8% 3.2%
Romania 3.8 4.6 21.2% 1.9%
Russia 5 4.5 -10.0% 1.9%
New Zealand 3.8 3.6 -5.8% 1.5%
Brazil 3.2 3.6 12.1% 1.5%
China 4.7 3.2 -33.0% 1.3%
Hungary 25 2.4 -2.1% 1.0%

Austria 2.5 24 -6.5% 1.0%



Georgia 1.9 1.9 -3.0% 0.8%

Moldova 1.4 1.8 27.0% 0.7%
Greece 2.1 14 -34.4%  0.6%
Switzerland 1 1 1.8% 0.4%
Other countries 13.6 13.2 -2.7% 5.6%
World total 262.6 237.3 -9.6% 100.0%

'"HVSLWH SURGXFWLRQ GLIILFXOWLHV WKH ZLQH VHFWRU FRQC

&RXQWULHV $FFRUGLQJ WR 2,9 6WDWLVWLF LQ )UD
RI WKH YDOXH RI JOREDO ZLQH H[SRUWV )UDQFH UHPDLQ
(85 ELOOLRQ IROORZHG E\ ,WDO\ ZLWK (85 ELOOLRQ I

ILIXUHVY UHIOHFW WKH VWUDWHJLF LPSRUWDQFH RI H[SRUWYV
WKH VHFWRU V HFRQRP\

,Q WKLV VFHQDULR ,WDO\ NQRZQ IRU LWV ULFK FXOWXUDO K
ODUJHVW FRXQWULHV LQ WHUPV RI VXUIDFH DUHD DQG WKH
H[SRUW YDOXH RI DURXQG ELOOLRQ RI (85 2,9 LW LV
WKH ,WDOLDQ UHJLRQV ,Q ,WDO\ RYHU YDULHWLHV KDY
5HJLVWHU RI 9LQH 9DULHWLHV 35HJLVWUR 1D]JLRQDOH GHOO
RI YLQH YDULHWLHVY JURZQ DQG FRQVHUYHG LQ JHUPSODVP
EH HYWLPDWHG ZLWK FHUWDLQW\ 9LOODQR HW DO $P
9HQHWR QRUWK SURGXFH DOPRVW WKH PRVW PLOOLRQ
PLOOLRQ WRQQHV DQG 6LFLO\ PLOOLRQ WRQQHV DV VK

$V LOOXVWUDWHG LQ 7DEOH LQ ,WDO\ V JUDSH SURGX|
VRXWKHUQ UHJLRQV LQ WHUPV RI ERWK TXDQWLW\ DQG FXOV
JUDSH SURGXFWLRQ ZLWK D WRWDO RI PLOOLRQ TXLQWD!
TXLQWDOV 6LFLO\ DOVR SOD\HG D VLJQLILFDQW UROH SDU\
ODUJHVW FXOWLYDWHG DUHD

,Q WKH 1IRUWK 9HQHWR VWDQGV RXW IRU HIILEFLHQF\ ZLWK R
(PLOLD 5RPDJQD DQG 7XVFDQ\ DOVR PDNH VLJQLILFDQW FRC
PLOOLRQ TXLQWDOV WKHUHE\ UHLQIRUFLQJ WKH QDWLRQDO
PDLQWDLQV LWV GRPLQDQFH IROORZHG E\ 6LFLO\ ZKLOH UF
WHUPV Rl SURGXFWLYLW\ UHODWLYH WR WKHLU DUHD ORUHR
RI WKH GDWD IRU ZLQH JUDSHV DQG WDEOH JUDSHV VKRZ Wtk



TXDQWLWLHYV SURGXFHG EXW DOVR IRU WKH H[WHQVLYH D
GRPLQDWLQJ B3&ROWLYD]JLRQLx 8YD YLQR ROLYH ROLR ~

7KLY GDWD KLJKOLJKWYVY WKH IXQGDPHQWDO UROH RI ,WDO\T\

Table 3.Production of Wine and Table Grapes in Italy by Region - Year 2024 (S@Iréd)

Table grapes Grape for vine

Region Total area Total p_roduction Total area Total production
(hectares) (quintals) (hectares) (quintals)
3XJOLD
6LFLOLD
/ID]JLR
6DUGHJQD
$EUX]]R

%DVLOLFDW
&DODEULD
3LHPRQWH
9HQHWR
&DPSDQLD
7RVEDQD
OROLVH
(PLOLD 5RPDJ
/IRPEDUGLD
S8PEULD
ODUFKH
JULXOL 9HQH]LE
7UHQWLQR $OW
/LIXULD
9DOOH G $RV




-

Total production (quintals) - T
24,500.00 17,921,500.00

Con tecnologia Bing
@ GeoNames, Microsoft, TomTom

Con tecnologia Bing
@ GeoNames, Microsoft, TomTom

Total area (hectares) -
497.00  140,541.00

Figure 1. Total production (quintals) and total area (hectars) for Italian region datatish aggregate data for wine and
table grapes



7KH UROH RI 9LWLFXOWXUH LQ $SXOLD

$SXOLD LV D SURPLQHQW UHJLRQ LQ ,WDO\ V YLWLFXOWXUDO
VLIQLILFDQWO\ FRQWULEXWH WR QDWLRQDO SURGXFWLRQ IF
YLQR ROLYH ROLR °

7KH SHFXOLDU FOLPDWLF FRQGLWLRQV FKDUDFWHULVHG E\
DQG PLOG ZLQWHUV LPSDFW RQ WKH SKHQROLF FRPSRVLWL

ZLQHV &UXSL HW DO SXVWLRQL HW DO ,Q DGGLW
ZLQH JURZLQJ DUHD LQ ,WDO\ ZKHUH PDQ\ WUDGLWLRQDO LC
/IRUHQ]JLV HW DO 9LOODQR HW DO

$SXOLDQ YLWLFXOWXUH LV RI FRQVLGHUDEOH HFRQRPLF LPS
DQG VDOH RI ZLQH EXW DOVR WR WRXULVP LQH WRXULVP L
SURPRWHYV ZLQH FXOWXUH DQG VXSSRUWYV ORFDO ZLQHULHV
SURGXFHUV DQG WUDGLWLRQV )XUWKHUPRUH WKH JURZLQJ
IRU WKH FRQVHUYDWLRQ RI JHOQHWLF UHVRXUFHV IXUWKHU H
HW DO ‘f2ULD HW DO *UHFKL HW DO

7KH UHPDUNDEOH ELRGLYHUVLW\ WKDW GHILQHV $SXOLDQ YL
JUDSH YDULHW I(HV03$E0I DX Gol&»d '1752,$0$/936,31(5$DQ G16872/2

%$162 7TKHVH FXOWLYDUV FRQWULEXWH WR WKH SB3RREW AWWRIC
'HVLJQDWLRQ RI 2ULJLQ 3*, 3URWHFWHG *HRJUDSKLFDO ,QC
'HVLJQDWLRQ RI 2ULJLQ DQG ,*7 7\SLFDO *HRJUDSKLFDO ,Q¢
HW DO 6DEHWWD HW DO



ODULHWDO LGHQWLILFDWLRQ IURP DPSHORJU

7KH HYROXWLRQ RI JUDSHYLQH LGHQWLILFDWLRQ DQG ZLQl
WUDQVIRUPDWLRQ GULYHQ E\ WKH LQWHJUDWLRQ RI JHQHW
OHG WR D PRUH SURIRXQG FRPSUHKHQVLRQ RI JUDSHYLQH G
DXWKHQWLFLW\ ORUHRYHU WKH HYLGHQFH RI WKLV SURJU
SUHFLVLRQ DQG REMHFWLYLW\ DEKLHYHG RYHU WLPH IROO
DGYDQFHPHQWYV )LJXUH

Level of precisionand objectivity achieved

Molecularand Advanced Technologies
Genetic Analysis and Big Data

Traditional identification Ampelographicand iochemical Techniques

Ampelometric Approaches

Figure 2. The evolution of grapevine identification

,Q WKH HDUOLHVW SKDVHV RI JUDSHYLQH LGHQWLILFDWLRQ

HPSLULFDO NQRZOHGJH 3ULRU WR WKH WK FHQWXU\ JUDS
VHQVRU\ REVHUYDWLRQ RI YLVLEOH SODQW WUDLWYV VXFK D
FRORXU 7KHVH GHVFULSWRUV ZHUH SDVVHG GRZQ WKURXJK
SURFHVYV ZDV VXEMHFWLYH LQFRQVLVWHQW DQG VXVFHSWLE

'XULQJ WKH WK DQG WK FHQWXULHVY WKH DGYHQW RI DPS
PDUNHG D SDUDGLJP VKLIW HVWDEOLVKLQJ D PRUH VA\VWHP
6WDQGDUGLVHG GHVFULSWRUV IRU YLQH PRUSKRORJ\ H J E
WKXV SURYLGLQJ D VWUXFWXUHG PHWKRGRORJ\ IRU WKH FK
EHFDPH D UHFRJQLVHG VFLHQWLILF GLVFLSOLQH DQG SOD\H
FXOWLYDWHG DQG KHULWDJH YDULHWLHYV +RZHYHU GHVSLW



RQ KXPDQ H[SHUWLVH DQG ZDV KLJKO\ VHQVLWLYH WR HQYL
PRUSKRORJLFDO WUDLWVY DQG OHDG WR LQFRQVLVWHQFLH\
PHWKRGYV ZHUH QRW DEOH WR GLVWLQJXLVK FORVHO\ UHODW
QRW SKHQRW\SLFDOO\ DSSDUHQW VXEMHFW WR DPELJXLW\ L
6DQWRYV HW DO 7KLV SURFHVV ZDV ODERXU LQWHQV
DFFRUGDQF I ZSMXRWKBSKLF FKDUD FWH U, QWWHFYDRLIRPDO DL
9LQH DQG :[QH 2,9 KWWSV | ZZQ R WKXYWLQRGHFDODELOLW\ |
VFDOH LGHQWLILFDWLRQ HIIRUWV ZDV IXUWKHU OLPLWHG E
&DUQHLUR HW DO &HUYHUD HW DO - /LX HW DO

7KH DGYHQW RI ELRFKHPLFDO DQG FKHPLFDO WHFKQLTXHV L
VKLIW WRZDUGV D PRUH VFLHQWLILF DSSURDFK WR JUDSHYLQ
FRPSOHPHQWHG ZLWK TXDQWLWDWLYH DVVHVVPHQWY 7KHVI
JUDSHYLQH FXOWLYDUV ZLWK UHVSHFW WR WKHLU JHRJUDSI
YRODWLOH FRPSRXQGY DPLQR DFLGV PLQHUDOV DQG WK
FRPSRXQGV ,Q WKH FRQWH[W RI ZLQH FXOWLYDU LGHQWLILI
DQG ELRFKHPLFDO SURILOLQJ RI NH\ FRPSRQHQWYV VXFK DV
DQG YRODWLOH FRPSRXQGV 7KHVH SURILOHV DUH WKHQ HI
FRPSDULVRQ ZLWK UHIHUHQFH VDPSOHY VHUYLQJ WR VXEVW
HYLGHQW XWLOLW\ WKHVH WHFKQLTXHVY ODFNHG WKH UHVR(
YDULHWLHYVY DQG ZHUH OLPLWHG WR JHQHUDO ELRFKHPLFD
JXUWKHUPRUH IDFWRUV VXFK DV WHUURLU FXOWLYDWLRQ V
LOQWURGXFH YDULDELOLW\ WKHUHE\ FRPSURPLVLQJ WKH UHO
6DQWRYV HW DO fTHVVLHU HW DO

7KH V VDZ D EUHDNWKURXJK LQ WHUPV RI JUDSHYLQH LGHC
GXH WR WKH DGRSWLRQ RI PROHFXODU JHQHWLFV 7KLV QH.:
OHYHOV RI DFFXUDF\ XVLQJ PROHFXODU PDUNHUV 5H\QROG
PHWKRGV LQFOXGLQJ UHVWULFWLRQ IUDJPHQW OHQJWK SR
GHYHORSHG LQ WKH V 7KHVH PHWKRGV ZHUH DEOH WR \
ILQJHUSULQWY IRU JUDSHYLQHY DQG URRWVWRFNV 1\ERP H!'

+RZHYHU 5)/3 UHTXLUHG ODUJH TXDQWLWLHV RI KLJK
ZKLFK OHG WR LWV UHSODFHPHQW E\ 3&45 EDVHG PHWKRGV ..
HDUO\ V UDQGRP DPSOLILHG SRO\PRUSKLF '1$ 5%$3' DQDC
IDVWHU DOWHUQDWLYH 'HVSLWH LWV FRQYHQLHQFH 5%$3" V



LQ H[SHULPHQWDO FRQGLWLRQV VXFK DV WKHUPDO F\FOLQ
SULPHU FRQFHQWUDWLRQV -RQHV HW DO 6DQWRYV HW
DPSOLILHG IUDJPHQW OHQJWK SRO\PRUSKLVP $)/3 DQDO\VL
IHDWXUHV RI 5)/3 DQG 3&5 WR HQKDQFH WKH GLVFULPLQDWF
XVHIXO IRU FXOWLYDU GLVFULPLQDWLRQ DQG WKH DVVHVVPFE
JHQHUDWHG FRPSOH[ EDQG SDWWHUQV WKDW ZHUH GLIILEXO
&UHWDI]]R HW DO 6DQWRY HW DO

7KH ODWH VVvDZ WKH LOQOWURGXFWLRQ RI PLFURVDWHOOLW
UHSHDWV ZKLFK EHFDPH D FRUQHUVWRQH RI YDULHWDO IL
SRO\PRUSKLVP DQG UHSURGXFLELOLW\ 'RNXSLORYi HW DO
WKH SUHFLVH GLITHUHQWLDWLRQ RI JUDSHYLQH YDULHWLHYV
&UHWD]]R HW DO (\GXUDQ HW DO 7TKH XWLOLW\ RI
ODUJH JHUPSODVP FROOHFWLRQV DQG KDYH EHHQ ZLGHO\ LQ
LQFOXGHG LQWR WKH 2,9 OLVW (PDQXHOOL HW DO 32,9
,Q WKH HDUO\ V VLQJOH QXFOHRWLGH SRO\PRUSKLVI
QHZ HUD LQ PROHFXODU JHQHWLFV 613V ZKLFK GHWHFW VL
IXUWKHU UHILQHG JHQHWLF SURILOLQJ ZLWK KLJKHU UHVROX

9RJHO DQG ORWXOVN\ LQ GHILQHG WKDW 32$ SRO\PRUSKL\
HILVWV LQ WKH SRSXODWLRQ LQ DW OHDVW WZR SKHQRW\SH
Rl ZKLFK LV UDUH WKDW LV QHLWKHU RI ZKLFK RFFXUV ZLWHK

7KH DGYHQW Rl '"1$ VHTXHQFLQJ WHFKQLTXHVY DQG WKH LQF
GDWDEDVHV KDV IDFLOLWDWHG PRUH HIILFLHQW DVVHVVPH
LOQVHUWLRQV RU GHOHWLRQV 7KLV GHYHORSPHQW KDV HC
SRO\PRUSKLVP 613 PDUNHUV %DUFDFFLD DQG )DOFLQHOOL

$Q 613 LV GHILQHG DV D YDULDWLRQ DW D VLQJOH QXFOHF
LQGLYLGXDOV RI D VSHFLHV )RU H[DPSOH DW D VSHFLILF SF
DQ DGHQLQH $ ZKLOH DQRWKHU LQGLYLGXDO PD\ KDYH D J»
VHTXHQFHG '1$ IUDJPHQWYVY IURP GLIIHUHQW LQGLYLGXDOV ¢
QXFOHRWLGH GLIIHUHQFH ,Q WKLV LQVWDQFH ZH GHVLJQD)
QHDUO\ DOO FRPPRQ 613V DUH FKDUDFWHULVHG E\ WKLV WZR
613V FDQ EH DVVLJQHG D PLQRU DOOHOH IUHTXHQF\ DG®HDLQH
VSHFLILF ORFXV ZLWKLQ WKDW SRSXODWLRQ 6XNKXPVLULFK



7KLV YDULDWLRQ FDQ RFFXU LQ YDULRXV UHJLRQV RI WKH
UHJXODWRU\ UHJLRQV ,W FDQ KDYH VLJQLILFDQW LPSOLFDW
UHVLVWDQFH IUXLW TXDOLW\ RR®WRELUR® PXQWMDO DG DPW!
ODPPDGRY HW DO

7KH XVH RI 613 PDUNHUV KDV EHFRPH D VWDQGDUG SURFHG:
ZKLFK D UHIHUHQFH JHQRPH LV DYDLODEOH ODPPDGRY HW D

JLIXUBLQJOH QXFOHRWLGH SRO\PRUSKLVP * 613 36LQJOH QXFOHRWLGH &

$GYDQFHV LQ *HQRPLF 7THFKQRORJLHV IRU *UL

1H[W JHQHUDWLRQ VHTXHQFLQJ 1*6 WHFKQRORJLHV KDYH F
6DQJHU VHTXHQFLQJ RIIHULQJ LPSURYHG GDWD WKH®&ESIKSX
QHZ ZD\V WR H[SORUH SODQW JHQRPHV DQG GHYHORS JHQR

+X HW DQ*6 LV D ELJ VWHS IRUZDUG LQ WHFKQRORJ\ ,W |
DW WKH VDPH WLPH SURYLGLQJ XV FRPSUHKHQVLYH LQVLJ
YDULDWLRQV JHQH DFWLYLW\ DQG DOWHUDWLRQV LQ JHQH
EHHQ IRFXVHG RQ DFFHOHUDWLQJ WKH SURFHVV RI VHTXHQF
DQG HQKDQFLQJ GDWD DQDO\VLV +X HW DO 6DWDP HW



*HQHUDWLRQV RI VHTXHQFLQJ WHFKQRORJLHV RYHU WKH OL
HYROXWLRQ FDQ EH FDWHJRULVHG LQWR WKUHH JHQHUDWLR

First generation Second generation Third generation
(next generation sequencing)

8
N - =
I =R J =
Sanger sequencing 454, Solexa, PacBio
Maxam and Gilbert lon Torrent, Oxford Nanopore
Sanger chain termination lllumina
Infer nucleotide identity using dNTPs, High throughput from the Sequence native DNA in real time
then visualize with electrophoresis parallelization of sequencing reactions with single-molecule resolution
500-1,000 bp fragments ~50-500 bp fragments ‘ | Tens of kb fragments, on average
Short-read sequencing Long-read sequencing

Figure 4. The evolution of DNA sequencing togBacBio, 2020)

7KH ILUVW JHQHUDWLRQ UHSUHVHQWHG E\ WKH 6DQJHU PHW
ZDV EDVHG RQ XVLQJ '1$ SRO\PHUDVH DQG FKDLQ WHUPLQDV
IUDJPHQWY RI YDU\LQJ OHQJWK 7KH IUDJPHQWYV ZHUH VHSD!I
UHDG WKH VHTXHQFH :LWK LWV DELOLW\ WR VHTXHQFH IUDJF
ZDV DXWRPDWHG ZLWK WKH LQWURGXFWLRQ RI IOXRUHVEHQ
HIITLFLHQF\ EXW UHPDLQLQJ OLPLWHG LQ WHUPV RI WKURXJK
VPDOO VFDOH DSSOLFDWLRQV $EGXO $]L] DQG ODVPRXGL

7KH DGYHQW RI VHFRQG JHQHUDWLRQ VHTXHQFLQJ 1*6 PD!
7HEKQRORJLHV VXFK DV WKH RQH GHYHORSHG E\ ,00XPLC
DPSOLILFDWLRQ ZKHUHLQ DGDSWHUV OLJDWHG DW ERWK HJ[
IORZ FHOO UHVXOWLQJ LQ WKH IRUPDWLRQ RI D ORRS RU EU
UHYHUVH VWUDQG VI\QWKHVLV 7KLV DSSURDFK FKDUDFWHUL
LW SRVVLEOH WR VHTXHQFH PLOOLRQV RI IUDJPHQWY VLPXOV
WR WKH 6DQJHU PHWKRG 1HYHUWKHOHVV WKH UHDGV SURG
D OHQJWK RI DURXQG EDVHV PDNLQJ WKHP LGHDO IRU )
$NLQWXQGH HW DO +X HW DO 6ODWNR HW DO



7KH WKLUG JHQHUDWLRQ RI VHTXHQFLQJ WHFKQRORJLHV |
I1DQRSRUH LQWURGXFHG WKH SRVVLELOLW\ Rl UHDGLQJ YHU'
EDVHV LQ D VLQJOH UHDG 7KHVH WHFKQRORJLHV RYHUFRPH
UHJLRQV DQG FRPSOH[ VWUXFWXUDO YDULDQWYV WR EH DQDO

,Q SObDQW VFLHQFH WKH PRVW XVHG 1*6 WHFKQRORJLHV

GG5%$'VHT GRXEOH GLJHVW 5%$' VHTXHQFLQJ %RWK *%6 DQG

ZLGH VLQJOH QXFOHRWLGH SRO\PRUSKLVPV 613 GHWHFWLR?
LOLWEYOGHUYQ HW DO "f2QRIULR HW DO OLD]]L HW
HW DO

*HQRW\SLQJ E\ 6HTXHQFLQJ *%6 LV D YHUVDWLOH JHQRPLF
LGHQWLI\ UDQGRP 613 YDULDQWY DFURVV WKH JHQRPH 7KL
HQJ\PHV VXFK DV $SH., WR UHGXFH JHQRPH FRPSOH[LW\ E\
IUDJPHQWY (OVKLUH HW DO )DYUH HW DO *%6 KI
GLYHUVLW\ JHQHWLF OLQNDJH DQDO\WLV PROHFXODU PDI
LPSOHPH@QRWPH ZLGH DVVRFLDWLRQ VWXGLHV *:$6 DQG WKH
SDUWLFXODUO\ IRU VSHFLHV ZLWK ODUJH RU FRPSOH[ JHQREF
JRRG DQG SURPLVLQJ IRU DQDO\WLQJ WKH JHQHWLF GLYHUV
PDUNHUV ODXBILODEOBSOLFDWLRQ LV PRUH LQWHUHVWLQJ IRU
LA VBWRQW JHUPSODVP SDUWLFXODUO\ FRQVLGHULQJ DERX
RI QRQ PRGHO VSHFLHV WKDW DUH NHSW LQ VWRUDJH DOO R

7KH ZRUNIORZ LOOXVWUDWHG LQ )LIJXUH UHTXLUHV IRXU
GLJHVWHG ZLWK UHVWULFWLRQ HQJ\PHV IRU LQVWDQFH $SH
HQGV 7KHVH VWLFN\ HQGV SURYLGH ELQGLQJ VLWHV IRU DGI
DGDSWHUV DUH OLJDWHG WR WKH VWLEN\ HQGV RI WKH '1$
EDUFRGH DOORZLQJ PXOWLSOH[LQJ RI PXOWLSOHLEDPIOH
SUHSDUDWLRQ DQG VHTXHQFLQJ %DUFRGHG '1$ IUDJPHQWV
WR VHTXHQFLQJ ZLWK SODWIRUPV VXFK DV ,00XPLQD 'DWI
DFFRUGLQJ WR WKHLU XQLTXH EDUFRGHV DVVLJQLQJ HDFK L
DQDO\WHG WR LGHQWLI\ 613V DQG DVVHVV JHQHWLF GLYHUYV
5D\DSUROX HW DO

*%6 KDV EHHQ XVHG ZLWK VSHFLHV WKDW KDYH FRPSOHWH ¢
FRPELQHVY PDUNHU GLVFRYHU\ DQG JHQRW\SLQJ LQWR RQH



UHVROXWLRQ YLHZ RI JHQHWLF YDULDWLRQ WKURXJKRXW WI]
DQRG UHIJXODWRU\ UHJLRQV IDFLOLWDWLQJ FRPSUHKHQVLYH
KXQGUHGY RI VDPSOHYVY LQ D FRVW HIIHFWLYH PHWKRG ZKLC
LQYDOXDEOH IRU DGGUHVVLQJ GLYHUVH JHQRPLF VWXGLHYV

ApeKl site ApeKl site ApeKl site
Genopnic DNA
N =
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by digesting each DNA sample with a - =i
restriction enzyme (ApeKl)
= =1 e —
= = =i =
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Figure 5. Workflow of GBS approackElshire et al., 2011)

'RXEOH GLIJHVWLRQ UHVWULFWLRQ VLWH DVVRFLDWHG '1%

LQH[SHQVLYH DQG IOH[LEOH PHWKRG ZLGHO\ XVHG WR DQDO
RUJDQLVPV /HYHUDJLQJ WZR HQ]J\PH GLJHVWLRQ DQG SUHF
UHVHDUFKHUV WR JHQHUDWH UHGXFHG UHSUHVHQWDWLRQ
HINTLFLHQF\ ZKLOH PDLQWDLQLQJ DFFXUDF\ 'RXEOH GLJHVW &



JHQRPLF NQRZOHGJH DQG SURYLGHV DQ XQELDVHG DQG DGDSE
YDULDQWY LQ D SRSXODWLRQ $JXLUUH HW DO (VSRVLW

$V VKRZQ LQ

JLIXUWKH SURFHVV LQYROYHV WKUHH PDLQ VWHSYV GLJH\
HQJ\PHV WR FUHDWH IUDJPHQWYV OLIJIDWLRQ RI VSHFLILF I
I UDJPHQWY RI D SUHFLVH VL]H UDQJH IRU DPSOLILFDWLRQ 7
HITLFLHQF\ E\ H[FOXGLQJ H[WUHPHO\ VKRUW RU ORQJ IUD
LQWHUIHUHQFH ,Q DGGLWLRQ GG5%$' VHT HPSOR\V FRPELQD
HYHQ WKRXVDQGV RI VDPSOHV WR EH VHTXHQFHG VLPXOWDQ

7KLV PHWKRG LV SDUWLFXODUO\ DGYDQWDJHRXV IRU SRSXOD
LW GRHV QRW UHTXLUH SULRU JHQRPLF LQIRUPDWLRQ 7KH
GLVFRYHU\ SRSXODWLRQ VWUXFWXUH DQDO\VLV DQG JHQR
LPSURYHV DFFXUDF\ E\ HOLPLQDWLQJ UDQGRP FXWRII DQG 1
EHWZHHQ VDPSOHV ,Q DGGLWLRQ LW LV FRPSXWDWLRQDOC



VHTXHQFLQJ UHDGV HYHQ LQ GDWDVHWYV ZLWK KLJK JHQHWI
DO

LWK LWV FRPELQDWLRQ RI ORZ FRVW KLJK WKURXJKSXW
LQGLVSHQVDEOH WRRO IRU JHQHWLF UHVHDUFK RIITHULQJ XC
DQG JHQRPLF VWXGLHVY LQ GLYHUVH ELRORJLFDO V\VWHPV %
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| s— i = T
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Figure 6. Double digest RADseq meth@Beterson et al., 2012)

*UDSHYLQH JHQRPHYV

LWLV YLQUWWHNBHUHQQLDO GLFRW\OHGRQRXV VSHFLHV FKDL
FKURPRVRPHVY DQG D KLJK OHYHO RI KHWHUR]J\JRVLW\ 7KH IL
RXW LQ E\ WKH J)UHQFK ,WDOLDQ 3XEOLF &RQVRUWLXP |
*HQRPH XVLQJ WKH KLJKO\ KRPR]J\JRXV JHQRW\SH 31 GH
WKH FXaQwilY,pU/KBH ILUVW GUDIW RI WKH JHQRPH ZLWK DQ F
DOORZHG JHQHV WR EH DQQRWDWHG DQG UHYHDOHG WHEK
DQG WUDQVSRVDEOH HOHPHQWY -DLOORQ HW DO

7KH JHQRPH DVVHPEO\ 31 DQG KLV VXEVHTXHQW XSGDWHV
RI JUDSHYLQH UHVHDUFK HQDEOLQJ JHQH FKDUDFWHULVDWI
DO 7KHUH KDYH DOVR EHHQ VLJQLILFDQW DGYDQFHPHQ
JUDSHYLQH FXOW LsYeDddV6s 4 9QE OIX @®KQQ &W DO OLQLR HW
&50e1E5( OLQLR HW DO D, 1)D1YG PREAVINVRHW DO



,Q DGGLWLRQ WKH JHQRPHV RI VH¥RUIBODIUE S H /KDY HH BVH HY
UHOHDVHG *DPELQR HW DO SRDFK HW DO V ERNQU
XSGDWHG ZLWK PRUH DQG PRUH GHWDLOHG YHUVLRQV XS W

DQG WKH PRVW WRHIORP MWUHORPHUHHTXHQFH REWDLQHG
+L)L ORQJ UHDGV 7KLV QHZ YHUVLRQ ILOOHG JDSV LQ SUHY|
WKDQ WKH ;Y YHUVLRQ DV ZHOO DV SURYLGLQJ FRPSOHW
HW DO :DQJ HW DO

&KDOOHQJHV DQG 2SSRUWXQLWLHY LQ *UDSH"

7KH RQJRLQJ GHYHORSPHQW RI PROHFXODU ELRORJ\ KDV |
ELRLQIRUPDWLFV IDFLOLWDWLQJ FRPSUHKHQVLYH JUDS
LOQVHUWLRQ GHOHWLRQ ,Q'HO PDUNHUV LGHQWLILHG WKUR?>
ILQJHUSULQWLQJ E\ HQDEOLQJ GHWHFWLRQ RI JHQHWLF YDUI
GLVHDVH UHVLVWDQFH IUXLW TXDOLW\ DQG DGDSWDWLRQ W
KDV DOVR OHG WR WKH GHYHORSPHQW RI VRSKLVWLFDWHG
DQDO\WVLQJ ODUJH DPRXQWV RI GDWD FROOHFWHG IURP QHI[V

3DQDKL HW DO THFKQLTXHV VXFK DV ZKROH JHQRP
PRUH DFFHVVLEOH DQG DUH QRZ XVHG WR LPSURYH WKH G|
FROOHFWLRQV 7KLV KDV UHVXOWHG LQ D QHZ HUD ERBIGDFYV
LQVLIKWY LQWR WKH JHQHWLF FRPSRVLWLRQ RI JUDSHYLQI
JHQRPLFV RWKHU HPHUJLQJ RPLFV WHFKQRORJLHV * VXFK
SURYLGH FRPSOHPHQWDU\ LQVLIJKWYV WKXV IDFLOLWDWLQJ
YDULHWLHYV 7KH FRPELQDWLRQ RI WKHVH DSSURDFKHV ZLWK
DQG VXSSRUW WKH EUHHGLQJ RI QHZ FXOWLYDUV ZLWK GHYV

,Q UHFHQW \HDUV WKH DSSOLFDWLRQ Rl PDFKLQH OHDUQLQ
DXWRPDWHG DSSURDFKHV WR JUDSHYLQH LGHQWLILFDWLR
FODVVLILFDWLRQ XVLQJ FRQYROXWLRQDO QHXUDO QHWZRUN
OHDYHV 7KHVH V\WWHPV KDYH EHHQ GHPRQVWUDWHG WR S
FXOWLYDUV LQ UHDO WLPH +RZHYHU WKHVH PRGHOV UHTXL
WR YLQWRDQB\DUG YDULDELOLW\ LQ HQYLURQPHQWDO FRQG
IHYHUWKHOHVYVY WKH DGYDQFHPHQW RI GLJLWDO YLQH\DUCG
DORQJVLGH WKH LQWHJUDWLRQ RI ELJ GDWD DQG DUWLILFL
VLIJQLILHV D VKLIW WKDW $V JHQRPLF DQG ELJ GDWD WHFKQ



LQ SURPRWLQJ VXVWDLQDEOH YLWLFXOWXUH DQG FRPEDWLC
LQWHJULW\ Rl JOREDO ZLQH SURGXFWLRQ %UXQL HW DO
g]DOWOQ DQG .R\XQFX



2EMHFWLYHV RI WKH 7KHVLYV

7H SUHVHQW GRFWRUDO WKHVLV WLWOHG 3*HQHWLF $QDO\V
'LVFORVH *HQRPLF 9DULDQWYV LQ *UDSHYLQH &XOWLYDUV "~ D
WKH JHQHWLF GLYHUVLW\ DQG SRSXODWLRQ VWUXFWXUH RI ¢

7KH REMHFWLYHV RI WKLV WKHVLV ZHUH WR H[SORUH WKH JH
JUDSHYLQH YDULHWLHYV XVLQJ FXWWLQJ HGJH JHQRPLF WHEFK
FORQHVY 6SHFLILFDOO\ WKH UHVHDUFK DLPHG WR

$QDO\WH LQWUD DQG LQWHU YDULHWDO JHQHWLF GLYHUVLW

X ,GHQWLI\ NH\ JHQRPLF YDULDQWY DQG GLYHUJHQW ORFL
VWUHVV UHVLOLHQFH VHFRQGDU\ PHWDEROLWH SURGXF

x 9DOLGDWH PROHFXODU PDUNHUV IRU YDULHWDO LGHQ\
HQVXULQJ DXWKHQWLFLW\ DQG HQKDQFLQJ WKH FRPSHYV
JOREDO PDUNHW

x &RQWULEXWH WR WKH VXVWDLQDEOH FRQVHUYDWLRQ DC
LQWHJUDWLQJ JHQRPLF LQVLJKWYV LQWR SUHFLVLRQ YLW



%%LEOLRJUDSK\

$EGXO $]L] 0 ODVPRXGL . OROHFXODU EUHDNWKURXJK
+RUWLF 30DQW - + KWWSV GRL RUJ M KSM
$IXLUUH 1 & J)LOLSSL & 9 9HUD 3 % 3XHEOD $ ) =DLQD
SDQLHJR 1 % 'RXEOH 'LJHVW S5HVWULFWLRQ 6LW

GG5%'VHT 7HFKQRORJ\ LQ 6KDYUXNRY < (G 3ODQW -
6SULQJHU 86 1HZ <RUN 1< SS * KWWSV GRL RUJ

$KPDG 5 $NEDU $QMXP 0 1D] 6 OXNKWDU %DODO 5
LQ )JUXLW &URSV IRU %UHHGLQJ3URJUDPV2$ B5HYL

KWWSV GRL RUJ SK\WRQ

$NLQWXQGH 2 7XFNHU 7 &DUDEHWWD 9 - 7KH HYR
WHFKQRORJLHV $U;LY DU;LY Y

$OED 9 5XVVL $ &DSXWR $5 *HQWLOHVFR * &OLT
+LVWRULFDO 7UHQGV DQG )XW X UH 6FHQDULRYV
KWWSV GRL RUJ DWPRYV

$OL . ODOWHVH ) &KRL <+ O9HUSRRUWH 5 OHWDER
GHULYHG SURGXFWV 3K\WRFKHP 5HY + KWW SV

$OVWRQ -0 6DPEXFFL 2 *UDSHV LQ WKH :RUOG (FRQR
7KH *UDSH *HQRPH 6SULQJHU ,QWHUQDWLRQDO 3
KWWSV GRL RUJ B

$PRU O0' -RKQVRQ - & -DPHV ( $ ,GHQWLILFDWLRQ

XVLQJ QH[W JHQHUDWLRQ VHTXHQFLQJ GG5%$'VHT JXLC
%RVVLDHD Y RPEDRMD H 3HUVSHFW 30DQW (FRO (Y
KWWSV GRL RUJ M SSHHYV

$QGUHZYVY .5 *RRG -0 OLOOHU 05 [/XLNDUW * +RKHQOF
RI 5$'VHT IRU HFRORJLFDO DQG HYROXWLRQDU\ JHQRF

KWWSV GRL RUJ QuUJ

%DUFDFFLD * J)DOFLQHOOL O *HQHWLFD H *HQRPLFI
JHQHWLFKH VHFRQGD HGL]JLRQH

%RaNRYLU - ,QIOXHQFH Rl *HQHWLF 9DULDELOLW\ RI *

$JURQ 7HFKQRO (QJ 0DQDJ -RXUQDO RI $JURQRP\ 7HFKQ
+

%ULWR & 3HUHLUD 6 ODUWLQV 6 ORQWHLUR $ ORXWLC(
IRU DFKLHYLQJ WKH VXVWDLQDEOH GHYHORSPHQW JRDC

6XVWDLQ )RRG 6\VW KWWSV GRL RUJ IV X1V
%UXQL 9 'RPLQLMDQQL * 9LWXODQR $ ODFKLQH /HEL
%XQFK 'HWHFWLRQ %DVHG RQ 2SSRQHQW &RORU\
KWWSV GRL RUJ V X
&DOGHUYQ / ODXUL 1 O0OXxR] & &DUERQHOO %HMHUDQR 3
7DOTXHQFD 6 5R\R & ,EixH] - ODUWtQH] =DSDWHU

JHQRPH UHVHTXHQFLQJ DQG FXVWRP JHQRW\SLQJ XQYHL
9LWLV YLQLIHUD / 6FL 5HS KWWSV GRL RUJ



&DQDJXLHU $ *ULPSOHW - 'L *DVSHUR * G6FDODEULQ 6
*XLFKDUG & SRPEDXWV 6 /IH &ODLQFKH %pUDUC
5XVWHQKRO] & ORUJDQWH O /H 3DVOLHU 0 & %UXQ
QHZ YHUVLRQ RI WKH JUDSHYLQH UHIHUHQFH JHQRPH D
9&RVW Y *HQRPLFV 'DWD * KWWSV GRL RUJ

&DUQHLUR *$ &XQKD $ $XEU\ 7 - BRXVD - $GYDQF
$ 6\WVWHPDWLF 5HYLHZ Rl '"HHS /HDUQLQJ DQG ODFKLQH /H
+ KWWSV GRL RUJ DJULHQJLQHHULQJ

&DUUDVFR ' =KRX 7VDQJ $ O5RGULJXH] ,]JTXLHUGR $ 2FHW
&RDVWDO :LOG *UDSHYLQH $FFHVVLRQ 9LWLV YLQLIH

DQG (DUO\ 7TUDQVFULSWRPH &KDQJHV XQGHU 6DOW 6WUH
SLFKWHU 3O0DQWYV KWWSV GRL RUJ SODQ

&DVWUR , 'Y2QRIULR & ODUWtQ -3 2UWL] -0 'H /RUHQ
(IHIHEWLYHQHVV RI $)/3V DQG UHWURWUDQVSRVRQ EI
3RUWXJXHVH JUDSHYLQH FXOWLYDUV DQG FORQHV ORO

&HUYHUD 0 7 &DEH]DV - $ 6DQFKD - & ODUWtQH] '"H 7R
$SSOLFDWLRQ RI $)/3V WR WKH FKDUDFWHUL]DWLRQ RI Jl
$ FDVH VWXG\ ZLWK DFFHVVLRQV IURP 5LRMD 6SDLQ

KWWSV GRL RUJ V

&KLQ & 6 3HOXVR 3 6HGOD]JHFN )- 1DWWHVWDG 0 ¢
290DOOH\ 5 )LIXHURD %DOGHUDV 5 ORUDOHV &UX] $
& (FNHU -5 &DQWX ' 5DQN '5 6FKDW] 0 & 3K
ZLWK VLQJOH PROHFXOH UHDO WLPH VHTXHQFLQJ
KWWSV GRL RUJ QPHWK

&ROWLYD]LRQL x 8YD YLQR ROLYH ROLR > !
KWWS GDWL LVWDW LW ,QGH[ DVS["4XHU\,G DFFHV

&RUWDVVD 7KH /DEHOOLQJ DQG 3DFNDJLQJ RI :LQH L
‘LQH ODZ +

&RWWRQ & 0 O0OXUUD\ - & 7KH +XPDQ *HQRPH DQG
XXO 6 ( (GV $YHU\TV 'LVHDVHV RI WKH 1HZERUQ 7HQ!

H KWWSV GRL RUJ %
&RXQWU\ 6WDWLVWLFV _ 2,9 >::: 'RFXPHQW@ ZEGR FBRX QWL

UHSRUW"RLY DFFHVVHG

&UHWD]IR ( OHQHJKHWWL 6 'H $QGUpV 0 W *DIRULR
GLIIHUHQWLDWLRQ DQG YDULHWDO LGHQWLILFDWLRQ E\
RUGHU WR DVVHVV WKH FORQDO VHOHFWLRQ RI JUDSHYL
OROO DXWRFKWKRQRXV FXOWLYDUV Rl ODMRUFD $
KWWSV GRL RUJ M [

&UHWD]]JR ( ORUHQR 6DQ] 3 /RUHQIJL 6 %HQtWH] 0/ 9H
&KDUDFWHUL]DWLRQ E\ 665 ODUNHUV RI D &RPSUHKHQVL
5DQFKR GH oD OHUFHG $QGDOXVLD 6SDLQ
KWWSV GRL RUJ SODQWV

&UXSL 3 $OED 9 *HQWLOHVFR * *DVSDUUR O JHUUDL
SLWLFXOWXUDO &OLPDWH ,QGH[HV DQG 7KHLU 5ROH LQ
JODYRQRLGYV &RQWHQW LQ 6HHGOHVV 7TDEOH *ULC
KWWSV GRL RUJ KRUWLFXOWXUDH



"T$IJRVWLQR 1 7TDUDQWR ) &DPSRVHR 6 obQJLQL * )D

3bYybQ 6 GL 5LHQJR 9 6DEHWWD : /RPEDUGR / =HO
ORQWHPXUUR & *%6 GHULYHG 613 FDWDORJXH XQY
JHRIJUDSKLFDO UHODWLRQVKLSV RI ,WDOLDQ ROLYH
KWWSV GRL RUJ \% \

'H /RUHQ]LV * &DVDV */ %UDQFDGRUR / G6FLHQ]D $
JHUPSODVP GHYRXWHBRYPG WKHLU UHODWLRQVKLSV ZLWK ¢

* KWWSV GRL RUJ M VFLHQWD
'H /RUHQ]LY * OHUFDWL ) %HUJDPLQL & &DUGRQH 0)
$SEEDWH |/ %»DUEDJDOOR O * $QWRQDFFL 6 XQVHU

JHQRW\SLQJ HOXFLGDWHY WKH JHQHWLF GLYHUVLW\ RI (
KLVWRULFDO RULJLQ DQG GLVVHPLQDWLRQ %0& 30DQW
\

'RNXSLORYI , awXxXUGtN ( OLKiOLN ' &KDUDFWHUL]D\
$FWD &KLP 6ORYDFD + KWWSV GRL RUJ DF\

'RQJ = /LX : /L ; 7DQ : =KDR 4 :DQJ O 5HQ 5 0D
UHODWLRQVKLSV RI JUDSHYLQH YDULHWLHV DQG FRQ\
PDUNHUYV %LRWHFKQRO %LRWHFKQRO (TXL
KWWSV GRL RUJ

'f2QRIULR & 7XPLQR * *DUGLPDQ 0O &UHVSDQ 0 %LJQDF
0XJDQX 0 ORUFLD & 1RYHOOR 9 6FKQHLGHU $ 7HU]
*UDSHYLQH O9DULHWLHV DV ,QIHUUHG )URP 613 *HQR

KWWSV GRL RUJ ISOV

' 2UuLD 0 7DQGD 0 * 7RGDUR 9 $VVHVVPHQW RI /RFD¢
DQG 5&0 O0OXOWL ORGHO 3URMHFWLRQV 2YHU WKH 6DOI
KWWSV GRL RUJ Z

(OVKLUH 5 - *ODXELW] -& 6XQ 4 3RODQG -$ .DZDPRWI
$ SGREXVW B6LPSOH *HQRW\SLQJ E\ 6HTXHQFLQJ *%6 $SS
3/26 21( H KWWSV GRL RUJ MRXUQDO SRQH

(PDQXHOOL ) /RUHQJL 6 *U]JHVNRZLDN / &DWDODQR 9
ODUWLQH] =DSDWHU - 0 =\SULDQ ( ORUHLUD )0 *UL
DQG SRSXODWLRQ VWUXFWXUH DVVHVVHG E\ 665 DQG 61

RI JUDSH %0& 30DQW %LRO KWWSV GRL RUJ
(UHQ . 7DNWDNR+OX 1 3LULP |, '1$ 6HTXHQFLQJ OHW
- OHG 6 +6 KWWSV GRL RUJ HXUDVLDQMPHG

(VSLQRVD ( %DXWLVWD 5 IDUURVD 5 30DWD 2
VHTXHQFLQJ WHFKQRORJLHV DQG DOJRULWKPYV
KWWSV GRL RUJ M \IJHQR

(VSRVLWR 6 &DUGL 7 &DPSDQHOOL * 6HVWLOL 6 'tH] ¢
GG5$%' VHTXHQFLQJ EDVHG JHQRW\SLQJ IRU SRSXODWLRQ
SURYLGHYV QHZ LQVLJKWY LQWR WKH JHQRPLF GLYHUVLW
OLIH JHUPSODVP +RUWLF 5HV + KWWSV GRL RUJ

(\GXUDQ 6 3 (UFLVOL 6 $NLQ O (\GXUDQ ( *HQHWI
JUDSHYLQH FXOWLYDUV IURP (DVWHUQ 7XUNH\ E\ VLPSC
%LRWHFKQRO (TXLS * KWWSV GRL RUJ



J)DEUHV 3 - &ROOLQV & &DYDJQDUR 75 O5RGUtIJXH] /ySH]
2PLFV 'DWD ,QWHJUDWLRQ IRU 7THUURLU $QDO\VLV LQ 9

KWWSV GRL RUJ ISOV
)DYUH ) -RXUGD & %HVVH 3 &KDUURQ & *HQRW\SL
7D[RQRP\ DQG 3K\ORJHQ\ LQ %HVVH 3 (G OROHEXO
BURWRFROV 6SULQJHU 86 1HZ <RUN 1< SS + KW V
B

JLVFKHU 1 (IIHUWK 7 1LNL ( &DSDQRJOX ( 6LHQLDZV
WHFKQRORJLHV IRU JUDSHYLQH 9LWLV YLQLIHUD UH
KWWSV GRL RUJ -%5

JUHP 0 3HWURQWLQR $ )XFLOOL 9 6DQVLYLHUR & %R]]
*UDSHYLQHV (QYLURQPHQWDO (YDOXDWLRQ DQG 6RFLF

$FFRXQWDQF\ 'DW D 1HWZRUN '‘DWD +RUWLF
KWWSV GRL RUJ KRUWLFXOWXUDH

*DPELQR * 'DO OROLQ $ %RFFDFFL 3 OLQLR $ &KLWD
3HUURQH , 5DLPRQGL 6 6FKQHLGHU $ 3H]JRWWL 0
0 ‘KROH JHQRPH VHTXHQFLQJ DQG 619 JHQRW\SLQJ
FORQHV 6FL 5HS KWWSV GRL RUJ V

*DQDO 0 : $OWPDQQ 7 5|GHU 0 6 613 LGHQWLILFDW
%LRO *HQRPH BWXGLHV DQG OROHFXODU *H
KWWSV GRL RUJ M SEL

*HQWLOHVFR * &ROHWWD $ 7DUULFRQH / $OED 9
THPSHUDWXUH DQG 6XEVHTXHQW )XWXUH 6FHQDULRYV RI

BRXWKHUQ ,WDO\ $JULFXOWXUH KWWSV GRL RUJ

*UDVVL ) $UUR\R *DUFLD 5 (GLWRULDO 2ULJLQV DQG
6FL KWWSV GRL RUJ ISOV

*UDVVL ) 'H /RUHQ]JLV * D %DFN WR WKH 2ULJLQV %DF
'RPHVWLFDWLRQ ,QW - ORO 6FL KWWSV GRL R

*UDVVL ) 'H /RUHQ]JLV * E %DFN WR WKH 2ULJLQV %DF
'RPHVWLFDWLRQ ,QW - ORO 6FL KWWSV GRL R

*UHFKL ' 3DYLRQH ( *D]]JROD 3 &DUGLQL ) 7UDGLW
,QGXVWU\ 7KH %HVW 3UDFWLFHV Rl &DVD 3DODC
KWWSV GRL RUJ V X

+H - =KDR ; /DURFKH $ /X = : /LX EAVHIXHQFLQJ*H®R\
XOWLPDWH PDUNHU DVVLVWHG VHOHFWLRQ 0$6 WRRO W

KWWSV GRL RUJ ISOV

+X 7 &KLWQLV 1 ORQRV ' 'LQK $ 1H[W JHQHUDW
RYHUYLHZ +XP ,PPXQRO 1H[W *HQHUDWLRQ BHTXHQFI
IDERUDWRU\ ,PPXQRORJ\ + KWWSV GRL RUJ

+XDQJ < ) 3RODQG -$ :LJKW & 3 -DFNVRQ (: 9%LQNHU
BHTXHQFLQJ *%6 IRU *HQRPLF 'LVFRYHU\ LQ &XOWLYD
KWWSV GRL RUJ MRXUQDO SRQH

,/NWHQ + eDUL ' 6DELU $ OH\GDQ + OXWOX 1 ()
VHOHFWHG ZLOG JUDSHYLQH JHQRW\SHV IURP 6RXWKHUC



DQG LOQWHU 3ULPHU %LQGLQJ 6LWH L3%6 PDUNHUYV
KWWSV GRL RUJ Vv

-DLOORQ 2 $XU\ - 0 1RHO % 3ROLFULWL $ &OHSHW &
9LWXOR 1 -XELQ & O9HJIJL $ J/HJHDL ) +XJXHQH\ 3

-XEORW ' 3RXODLQ - %UX\qQUH & %LOODXOW $ 6H,
&DWWRQDUR ) $QWKRXDUG 9 O9LFR 9 'HO )DEEUR &
JHOLFH 1 3DLOODUG 6 -XPDQ , ORUROGR 0 6FDOD

ODODFULGD * 'XUDQG ( 3HVROH * /DXFRX 9 &KDWH¢
0 3H]JRWWL 0 /HFKDUQ\ $ 6FDUSHOOL & $UWLJIXHQ
0 &DERFKH 0 $GDP %ORQGRQ $ ) :HLVVHQEDFK -
JUHQFK+,WDOLDQ 3XEOLF &RQVRUWLXP IRU *UDSHYLQH
JUDSHYLQH JHQRPH VHTXHQFH VXJJHVWY DQFHVWUDO Kt

1DWXUH + KWWSV GRL RUJ QDWXUH
LD * =KDQJ 1 <DQJ < -LQ 4 -LDQJ - =KDQJ +RQJ *X
&KHQ 5 +XDQJ - /\X 0 1*6 %DVHG O0XOWL $00
JLQJHUSULQWLQJ )DFLOLWDWH *HQHWLF 'LVFULPLQDW!
+RUWLFXOWXUDH KWWSV GRL RUJ KRUWLFX(
-RQHV & - (GZDUGV .- &DVWDJOLRQH 6 :LQILHOG 0 2

* 9RVPDQ % ODWWKHV 0 'DO\ $ %YUHWWVFKQHLGHU
ODOFHYVFKL $ ODUPLUROL 1 $HUW 5 O9ROFNDHUW *
.DUS % 5HSURGXFLELOLW\ WHVWLQJ RI 5%$3" $)/3 C
QHWZRUN R (XURSHDQ ODERUDWRULHYV ORO
KWWSV GRL RUJ $

.D\D + % 'LOOL < 2QFX 2QHU 7 hQDO $ ([SORULQ.
VWUXFWXUH RI D ODUJH JUDSHYLQH 9LWLV YLQLIHUD /
6FL KWWSV GRL RUJ ISOV

. XPDU 3 *XSWD 9. OLVUD $. ORGL '5 3DQGH\ % .
LQ 30DQW %LRWHFKQRORJ\ 30DQW 2PLFV -RXUQDO

/LDQJ = 'XDQ 6 6KHQJ - =KX 6 1L ; B6KDR - /LX &
=KX <LIDQ 'HQJ : <DQJ 0 +XDQJ + /LX < 'LQJ < /L
/L 6 +H ; &KHQ : 'RQJ < ‘KROH JHQRPH UHVHTX
IRU JUDSHYLQH GLYHUVLW\ DQG GHPRJUDSKLF KLVWRL
KWWSV GRL RUJ Vv

/LX - :DQJ + )DQ : =KDQJ < 6XQ / J/LX & )DQJ = =
(VWDEOLVKPHQW DQG DSSOLFDWLRQ RI D OXOWLSOH
LGHQWLILFDWLRQ V\VWHP IRU JUDSH FXOWLYDUYV

KWWSV GRL RUJ M VELHQWD

/ILX = :DQJ 1 6X < /RQJ 4 3HQJ < B6KDQJIIXDQ / =KD
'XH + 0D = /LX : ;X ; /L & &DR ; $KPDG % 6X
0 /LX =KHQ\D *DQ < 6XQ / )DQ ; =KDQJ & =KRQJ
7 3HL ' X ; -LQ = :DQJ < J/LX & &KHQ - *DXW
+ =KRX < *UDSHYLQH SDQJHQRPH IDFLOLWDWHYV W
*HQHW + KWWSV GRL RUJ v

ODPPDGRY - $JJDUZDO 5 %X\\DUDSX 5 .XPSDWOD 6

30DQW %UHHGLQJ ,QW - 30DQW *HQRPLFV KW



ODVVRQQHW 0 &RFKHWHO 1 OLQLR $ ORQGUDV $ 0 /LG
'HOOHGRQQH 0 5LD] 6 )JLIJXHURD %DOGHUDV 5 *DXV
EDVLV RI VH[ GHWHUPLQDWLRQ LQ JUDSHV 1DW &RPPXQ

]

OF*RYHUQ 3 ( $QFLHQW :LQH 7KH 6HDUFK IRU WKH 2ULJ
3UHVV KWWSV GRL RUJ

oLD]]IL 00 'Yf$IJRVWLQR 1 'L 5LHQ]JR 9 O9HQHULWR 3 6DYl
9 SLUROR & /ID 1IRWWH 3 ORQWHPXUUR & 7DUDQ
*HUPSODVP IURP $SXOLD G6RXWKHUQ ,WDO\ 5HSUHVHQ\
'LYHUVLW\ $JURQRP\ KWWSV GRL RUJ DJURC

OLQLR % ODVVRQQHW O JLIXHURD %DOGHUDV 5 &DVWUF
$VVHPEO\ RI WKH :LQH *UDSH &DUPpQQUH * *HQHV*H(
KWWSV GRL RUJ J

OLQLR $ ODVVRQQHW O )LIXHURD %DOGHUDV 5 9RQGUDYV
, VR 6HT $OORZV *HQRPH ,QGHSHQGHQW 7UDQVFULSWRPH
* *HQHV*HQRPHV*HQHWLFV * KWWSV GRL RUJ

ORXUD 0 ) 'H 20LYHLUD */ B5RGULJXHV & 6 3DLROL 3LUH
LQ JUDSHYLQH SURGXFWLRQ LQ $GYDQFHV LQ %RWDC
KWWSV GRL RUJ EV DEU

1DVLUL $ 7DKHUL *DUDYDQG $ )DQRXUDNLV ' =KDQJ <
*UDSHYLQH &XOWLYDU ,GHQWLILFDWLRQ YLD /HDI ,PD.
1IHWZRUNV R$ERUORFAISW 6WXG\ (PSOR\LQJ 3ULPDU\ ,UDQLD

KWWSV GRL RUJ SODQWYV

1\ERP + :HLVLQJ . B5S5RWWHU % '1$ ILQJHUSULQWLQ
,QYHVWLJ *HQHW KWWSV GRL RUJ

2,9 67$7( 2) 7+( :25/' 9,1( $1' :,1( 6(&725 ,1

2,9 3URWRFRO IRU LGHQWLILFDWLRQ RI YDULHWLHV _
KWWSV ZZZ RLY LQW QRGH DFFHVVHG

g]DOWOQ g .R\XQFX 1 $ IRYHO )HDWXUH 6HOHFWLRQ
*UDSHYLQH ,PDJHV 8VLQJ &RQYROXWLRQDO 1HXUDO
KWWSV GRL RUJ Vv

3DF%LR BHTXHQFLQJ 7KH (YROXWLRQ RI '1$ 6HTXH(

SDF%LR 85/ KWWSV zZzZZ SDFE FRP EORJ WKH HYROXWLF

3DQDKL % ORKDPPDG]DGHK -DODO\ + +DPLG 5 8V
DSSURDFK IRU GLVFRYHU\ DQG FKDUDFWHUL]DWLRQ RI S¢
KWWSV GRL RUJ M FSE

SHOV\ ) OROHFXODU DQG FHOOXODU PHFKDQLVPV RI GL
* KWWSV GRL RUJ KG\

SHWHUVRQ % . ‘HEHU -1 .D\ (+ )LVKHU + 6 +RHNVWUL
$Q ,QH[SHQVLYH OHWKRG IRU 'H 1RYR 613 'LVFRYHU\ DQ((
ORGHO 6SHFLHV 3/26 21( H KWWSV GRL RUJ



3HWHUVRQ * 'RQJ < +RUEDFK & %X HITXH QFLQJ*HOQR 30D
'LYHUVLW\ $QDO\VLV $ /DE *XLGH IRU 613 *HQRW\S
KWWSV GRL RUJ G

3LFT 6 6DQWRQL 6 /DFRPEH 7 /DWUHLOOH 0 :HEHU $
$UUR\R *DUFLD 5 &KDWHOHW 3 7KLV 3 /HUUDO -
FKURPRVRPDO UHJLRQ H[SODLQV VH[ GHWHUPLQDWLRQ L
WR KHUPDSKURGLWLVP LQ GRPHVWLFDWHG JUDSHYL

KWWSV GRL RUJ Vv ]

3URFLQR 6 OLD]]JL 00 6DYLQR 91 /D 1RWWH 3 9HQHL
ORQWHPXUUR & *HQRPH VFDQ DQDO\VLV IRU DGYD
VWUDWHJILHV Rl 3ULPLWLYR FORQHV 9LWLV YLQLIHUD /

5DSHDQX * &RQVWDQWD 9 %LFKHVFX & 3RVVLELOLW
S5RPDQLDQ RRG %LRWHFKQRO

5D\DSUROX / 'HVKSDQGH 6 3 *XSWD 5 *HQRW\SLQJ

VHTXHQFLQJ *%6 OHWKRG IRU $FFHOHUDWLQJ ODUNHU ¢
:DQL 6 + .XPDU $ (GV *HQRPLFV RI &HUHDO &URSYV
* KWWSV GRL RUJ B

SHIJLVWUR 1DJLRQDOH GHOOH 9DULHW,| GL 9LWH >
KWWS FDWDORJRYLWL SROLWLFKHDJULFROH LW FDWDO!

5H\QROGV §$ * *UDSHYLQH EUHHGLQJ SURJUDPV IRU WK

5LD] 6 'H /RUHQJLV * O9HODVFR ' .RHKPVWHGW $ O0DJKU
0 =GXQLF * /DXFRX 9 $QGUHZ :DONHU 0 )DLOOD 2
*DUFLD 5 *HQHWLF GLYHUVLW\ DQDO\VLV Rl FXOWL
/ DFFHVVLRQV DURXQG WKH OHGLWHUUDQHDQ EDVLQ D¢
KWWSV GRL RUJ Vv

5RDFK 0 - -RKQVRQ '/ %RKOPDQQ - O9XXUHQ + - - YDQ
6$ %RUQHPDQ $ 5 3RSXODWLRQ VHTXHQFLQJ UH
LQEUHHGLQJ LQ WKH JUDSHYLQH FXOWLYDU &KDUGR
KWWSV GRL RUJ MRXUQDO SJHQ

5XVWLRQL / $OWRPDUH $ 6KDQVKLDVKYLOL * *UHFR
JUDFDVVHWWL OLFURFOLPDWH RI *UDSH % XQFK D
(ITHFW RQ :LQH 4XDOLW\ )RRGYV KWWSV GRL RUJ

6DEHWWD &EHQWURQH O '"T$IRVWLQR O 'LIRQ]R * 0D
3LFDUGL ( &HFL /5 7DPPD * &DSRQLR ) ORQWHPXU
:LQH ODNHV *RRG %ORRG"™ $Q ,QWHJUDWHG $SSURDFK W
*UDSHYLQHYV DV 3URPLVLQJ &DQGLGDWHYV IRU +HDOWK\

KWWSV GRL RUJ LMEV

6DQWRV 6 20LYHLUD 0 $PRULP $ 9DQ $VFK % $ |
LGHQWLILFDWLRQ RLWLWYDSHHMULQMDDLHWLHY XVLQJ 67¢
(/1(&7523+25(6,6 + KWWSV GRL RUJ HOSV

6DWDP + -RVKL . ODQJUROLD 8 :DJKRR 6 =DLGL * 5]
OLVKUD $. 'DV * ODORQLD 6 . 1H[W *HQHUDW
&XUUHQW 7UHQGYV DQG $GYDQFHPHQWYV %

KWWSV GRL RUJ ELRORJ\



6DYR 9 . XPEDULF $ &DQHYD * *UDSHYLQH 9LWLV Y|

(XUR OHGLWHUUDQHDQ &XOWXUHV (FRQ %RW +
[

6FDUDQR & 9HQHUXVR , 'H 6LPRQH 55 'L %RQLWR * 6|

7KLUG *HQHUDWLRQ 6HTXHQFLQJ &KDOOHQJH 1RYHO ,QV
KWWSV GRL RUJ ELRP

6KL : &DR 6 :DQJ : +XDQJ 6 :DQJ <XH /LX = /LX
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Sexual reproduction has contributed to a signi cant degree of variability in
cultivated grapevine populations. However, the additiona | in uence of
spontaneous somatic mutations has played a pivotal role in shaping the diverse
landscape of grapevine agrobiodiversity. These naturally occurring selections,
termed ‘clones,’ represent a vast reservoir of potentially valuable traits a nd alleles
that hold promise for enhancing grape quality and bolstering plant resilience
against environmental and biotic challenges. Despite their potential, many of
these clones remain largely untapped.In light of this context, this study aims to
delve into the population structure, genetic diversity, and distinctive genetic loc
within a collection of 138 clones derived from six Campanian and Apulian
grapevine varieties, known for their desirable attributes in viticulture and
winemaking. Employing two reduced representation sequencing methods, we
extracted Single-Nucleotide Polymorphism (SNP) markers. Population structure
analysis and xation index (FST) calculations were conducted both between
populations and at individual loci. Notably, varieties originating from the same
geographical region exhibited pronounced genetic similarity.The resulting SNP
dataset facilitated the identi cation of approximately two hundred loci featuring
divergent markers (FST  0.80) within annotated exons. Several of these loci
exhibited associations with essential traits like phenoty pic adaptability and
environmental responsiveness, offering compelling opportunities for grapevine
breeding initiatives. By shedding light on the genetic variability inherent in th ese
treasured traditional grapevines, our study contributes t o the broader
understanding of their potential. Importantly, it underscores the urgency of
preserving and characterizing these valuable genetic resources to safeguard their
intra-varietal diversity and foster future advancements in grapevine cultivation.

KEYWORDS

Vitis vinifera , intra-varietal diversity, genotyping by sequencing, dou ble digest
restriction associated DNA, molecular markers, divergent loci
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the present study is aimed to analyse population structure, genetic
diversity, and divergent loci in a panel of 138 clones belonging to six
Campanian and Apulian grapevine varieties characterised b

Organization EAOSTAT, 202 Italy holds a signicant position attractive traits from a viticultural and oenological point of view.

among the leading grape-producing nations. This prominence cd/® 9enotype this plant material, we used ddRADseq and GBS
be attributed to several unique factors, all encapsulated in tfRFNniques on Campanian and Apulian clones, respectively. The
concept ofterroir’. The Italian wine industry is variegated duednalysis revealed the complex genetic structure of the varieties
to the distinct characteristics of the regions, including their physicalnder investigation at the clonal level, their relationships, and the
climatic, and cultural aspects. However, the biggest contributijesence of divergent SNP loci within genes involved in grape

Introduction

According to the data from the Food and Agriculture

factor is the availability and use of a wide range of grapeviff'€nology and adaptation to the environment.

varieties cultivated in different part of the Countfya(daro et al.,
2017 Pomarici et al., 2031

To date, based on the Italian Vitis databasés( Vitis Database,
2025 D'Onofrio and Scalabrelli, 20)Lland the National Register of

Grapevine Varietiesh{tp://catalogoviti.politicheagricolg.imore than
1,100 varieties have been collected and described; hptlhevactual
number of grape varieties cultivated and kept in germplasiections
in Italy is much higher and cannot be estimated with cenaifihe
invaluable germplasm of Italian grapes includes many latitocous
varieties. Although sexual reproduction has led to a giedbility

Materials and methods
Plant material

A total of 138 grapevine clones belonging to 6 autochthonous
varieties of Southern Italy were sampled in Campania and in Apulia
(Supplementary Table %k1They are traditionally grown in
environments with different climate conditions: plains with hot,

among varietiesi.g, inter-varietal diversity), spontaneous somatiadry summers and mild winters for the Apulian varieties; hills with

mutations have further contributed to the kaleidoscoperapeyine
diversity with the so-called cloneSa{maso et al., 200As a result,
autochthonous varieties are made up of groups of diffelenés with
genotypic, morphological, and physiological characteristightly
different from those of the original mother plarite( intra-varietal
diversity). An effective approach to explore the inter- iatvé-varietal
diversity relies on the use of molecular markers. Micrtiigegeare the

warm, humid summers and cold winters for the Campanian
varieties. The Campanian clones include two red-berry varieties,
camaIoLA (formerly BARBERA DEL SANNID (N. 20) andaGLIANICO LASCO
(n.64), and the white-berrgreco B (n. 24).AGLIANICO LASCO has
loose clusters able to reduce the development of mold during
ripening.camaioLA has intense ruby red colour berries suitable for
violet hues wines, anskeco B fruits give rise to high quality wines

most used markers in grapevine, and a standard set of niné locappreciated for the complex aroma ptes (Antonacci et al., 20)7

currently used for international cataloguing(s et al., 20G4-aucou
et al., 2011Vitis International Variety Catalogue VIVC, 2023ingle
nucleotide polymorphisms (SNPs) are another class of msaridely
used for grape genotyping, which promise a higher map tésglu
higher throughput, lower cost, and lower error rate tharrasiatellites
(Vezzulli et al., 200&umar et al., 20%2/ishwakarma et al., 20R2
Analyses of SNPs variations can only be conducted in a saibh
of the genome with Reduced Representation Sequencing((RRS)

The Apulian clones belong to two red-berry varieti&go b1 TRoIA
(synonymuva bpi TROIA; N. 16) andMALVASIA NERA DI BRINDISI
(hereafter referred agaLvasia NErRA N. 8), and to the white-berry
minuToLo b. (n. 6).NERO DI TROIAIS @ high-quality, avourful variety
cultivated mainly in northern Apulia to make an ever-increasing
number of monovarietal wines or blen@guwvasia NERAIS a variety

of Greek origin, widely cultivated in the southern part of Apulia,
which produces fruity wines often together with the local variety

et al., 202)) The most popular techniques use restriction enzymes t@&GrRAMARQ MINUTOLO b. is an aromatic white variety with relatively

prepare DNA for sequencing (Restriction-site-Associatéd: RAD).

small and loose clusters, which in the past was widely grown in the

Many methods based on the RAD approach have been developedjecic area of Apulia region called lItria Valley. The map of the

recent years, differing in the number of enzymes used orditiaail

sampling sites is shown ingure 1 No major morphological and

library preparation steps\(idrews et al., 20)dn plant, the most used physiological differences were found among the clones of the six

are GBS (genotyping-by-sequencing), which generadlg miia single

varieties analysed. In addition, four natiweL{ANiCO DEL VULTURE

restriction enzymet|shire et al., 20)and ddRADseq (double-digest AGLIANICO TAURAS|, AGLIANICO DEL TABURNOand sanGlovesg and two

RAD sequencing), in which DNA is digested with two resticti
enzymes Reterson et al., 201@'Leary et al., 20).8Both GBS and
ddRADseq techniques have been successfully uséiisigenotyping
to study intra-varietal diversityMiazzi et al., 20Z0Calderm et al.,
2021 D'Onofrio et al., 2021

international ¢HARDONNAY and merLoT) varieties were used for
microsatellite (SSR) analysis.

DNA isolation

Southern Italy is recognised as the oldest wine-growing area in

Italy where many traditional and autochthonous varieties are still

As for Campanian clones, the total DNA was extracted from

cultivated De Lorenzis et al., 20).9They represent a vast reservoirl gr of young leaf tissue following the method Ispelaghi et al.

of traits/alleles that could be useful for improving the quality of2011)with a few modications, such as a ratio of 0.2 g tissue/1 mL
grape as well as plant tolerance to environmental and biotic stressegraction buffer, an increase in the concentration of soluble PVP
However, most of them are still underexploited. In this frameworkrom 2% (w/v) to 4% (w/v) in the extraction buffer, and an
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@ Aglianico Lasco ©  Camaiola @® GrecoB.

FIGURE 1
Map of southern Italy with the sampling sites for the Campanian and Apulian clones of the six varieties under investigation.

additional washing step with 70% (v/v) ethanol (EtOH)SNP calling
before elution.

As for Apulian samples, the DNA was extracted following the Campanian genetic material was genotyped using ddRADseq
procedure described ifpadoni et al. (2019For all samples, the (Peterson et al., 20).2The ddRADseq tags were aligned to the
yield, quantity, and quality of extracted DNA were estimated usingference genome GCA_000003745.2 (Pinot Noir, PN40024) using
a NanoDrop 1000 Spectrophotometer (Thermo Sciemti BWA-MEM (Li and Durbin, 200Q The gstacksand populations
Wilmington, DE, USA), a 0.8% agarose gel, anduarimeter (with options -R = 0.75 andmax-obs-het = 0.8) utilities included
(Qubit 2.0, Thermo Fisher Scient) with the Qubit dsDNA BR in Stacks v2.53Jatchen et al., 20) Were used for SNP calling and
Assay kit (Invitrogen, CA, USA). for applying ltering options. Genotyping-by-sequencing and SNP
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calling on Apulian samples were performed by Elshire group Ltdoefcient (gi) >0.55 was used to separate the individuals irte su
(https://lwww.elshiregroup.co.f)zas described inviiazzi et al. populations. Discriminant Analysis of Principal CompoisgiDAPC)
(2020) using the same reference genome as above. was used as an exploratory data analysis to investigatéafiopu
structure Jombart et al., 20i@ombart and Ahmed, 20L1The
optimal number of principal components (PCs) to maintainswa
SNP ltering and statistics determined using a value 1:200. The optimal number of k-means
was determined using the Bayesian information criterid@)YBs a
ddRADseq and GBS produced two Variant Call Format (VCFtatistical measure of goodness-bfPrincipal component analysis
les respectively for Campanian and Apulian varieties, lwhiqPCA) was performed using SVS and Neighbor-joining trees
underwent SNP ltering using VCFtools v. 0.1.164necek et al., (bootstrap = 1,000) were built with MEGA v.11. FigTree wiag
201). For these two datasets, SNP markers with minor allelesed to visualise treefRdmbaut, 20%4htip://tree.bio.ed.ac.uk/
frequency (MAF) < 5%, minimum site count < 15%, and aoftware/gtreg Tamura et al., 20J1 Haplotype diversity and
minimum depth of coverage of 5 werédtered out. Instead, for analysis of molecular variance (AMOVA) was conducted using
the dataset of each variety, SNP markers with a call rate of 1008@nALEXx version 6.5P¢akall and Smouse, 2)0© calculate
minor allele frequency (MAF) < 5%, and a minimum depth ofvariance components and their levels of statistical signce for
coverage of 5 werdtered out. The choice of not having missingvariation between and within populations.
data was necessary for the intra-varietal analysis, as the missing data
affected the Identity-by-State (IBS) values. VCFtools were also used
to generate various statistics on the datasets under investigation and

to add gene annotations to VCHes. Microsatellite analysis

Total genomic DNA was extracted from young leaves of
Identity-by-State and linkage AcLianico Lasco clones using the Qiagen Plant DNeasy Maxi Kit
disequilibrium analysis (Qiagen, Valencia, CA, USA), following the manufactisrer

procedure. Microsatellite analysis was carried out witrerse
PLINK v.1.90 furcell et al., 20)Avas used to obtain the IBS nuclear markers (VVMD27, VVIb01, VvIn16, VVIp60, VVIq52,
distance matrix for each variety. Duplicate individualsevigenti ed VrZAG79, and VVS2) fromLaucou et al. (2011)PCR
by setting IBS value 0.99 as the threshold. Only one individual wasampli cation, size calibration, alleles detection was performed as
retained among duplicates and used for downstream analyses reported byVillano et al. (2014) Validation of results was
For each dataset, linkage disequilibrium (LD) analysis waerformed with three biological and technical replicates. Allele
performed using the Golden Helix SNP and Variation SuiteS|SV sizes were normalised using SSR data reported in the Vitis
v.8.8.3 (Golden Helix Inc.). TH&lonlinear Regressidriunction was International Variety Catalogh(tp://www.vivc.de). The
used to plot theTvalues against the physical distance of the markershylogenetic clustering tree was constructed with the neighbour
and the LD decay was estimated at the critical level 90r20. joining method using MEGA X Tamura et al., 2091 The
robustness of the clusters was tested by bootstrap resampling (n =
1,000) with the Darwin softwaré €rrier et al., 2003
Merging SNP data points

After removing the duplicates, bcftoolsxref (Li, 201) was ~ Signature of divergence
used to x the inconsistencies in reference (REFalternative
(ALT) alleles between the two VCles. Then the/cf-mergaeitility Per-site k+calculation was performed on thdtered dataset
of VCFtools Danecek et al., 20). Wwas used. VCFtool®@anecek using SVS and comparing pairs of populations each time as
et al., 201)land PLINK (Purcell et al., 200Qwere used tolter out  described inTaranto et al. (2020)Only divergent SNP markers
individuals with SNP markers with a missingness per individual §st 0.80) within annotated exons were considered for the search
85%, MAF < 5% and missingness per marker >20%. The kinsHir candidate genes. Grapevine gene annotations were retrieved at
coef cient was calculated using theelatedness®ption in  https://urgi.versailles.inra.fr/Species/Vitis/Annotations
VCFtools. The dataset was LD prune@l {10.50) using SVS.

Results
Genetic diversity and population structure
Intra-varietal diversity: genome-wide
Allele frequency and ancestry estimation were performed ddNPS discovery and the extent of
ltered and pruned dataset using ADMIXTURE v. 1.3&xander linkage disequilibrium
and Lange, 20)1 with 10-fold cross validation (CV) for sub-
populations (K) ranging from 1 to 10, and 1,000 bootstraficajes. A total of 114,465 and 180,840 SNP markers were scored in the
CV scores were used to estimate the optimal K value. A memjbers108 Campanian and in the 30 Apulian clones, respectively. After
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ltering, 59,149 and 17,296 SNPs were retained in the Campanijafter-varietal diversity; population

and Apulian datasets, respectivelyable 1 Supplementary structure and F st
Figures 1AB). Transitions (Ti) were more abundant (81%) in the
Campanian dataset than in Apulian (63.33%), with a Ti/Tv ratio of The 78 clones retained after IBS analysis were merged ingle s
4.22 and 1.72, respectively. Taking advantage of the genomataset of 2,235 SNP markers. Aftiering, 1,091 high-quality SNPs
coordinates of the reference gene models, 15,611 (26.4%) and 72 individuals were retaineci(pplementary Table %1The
8,877 (51.3%) SNPs fell within annotated exons for Campanialistribution of SNPs along the 19 chromosomes is shown in
and Apulian datasets, respectively. The number of SNPs before ahdbplementary Figure SThe dataset was further pruned for LD
after ltering and the statistics of high-quality SNPs are show(r? = 0.50) resulting in 500 SNPs, out of which 280 fall within gene
in Table 1 Population diversity was analysed using different appesacThe

The clones of each variety were separated into six l€&Fand  population structure indicated K = 6 and K = 7 as the best nusnbe
each dataset was subjected to thering procedure. Afterltering,  of sub-populations, based on cross-validation erfarpplementary
9,963 and 9,461 (on average, avg) SNPs were retained in Ehgure S AtK7 (Figure 24, all the varieties grouped their own clones
Campanian and Apulian datasets, respectively. into separate sub-populations, with the exception @fisico Lasco

Of these SNPs, an average of 3,086 fell within annotated gemdsch was separated into two sub-populations (hencefotth @nd
in the Campanian datasets and 4,544 in the Apulian onesuAdia  AL2), comprising nine and four clones, respectively. Individuals
showed the greatest number of SNPs within genes (N = 7,648¢longing to the sub-populationstoLo, CamaioLa, AL2, GREco
while GReco B. showed the least (N = 2,966). In all the varietieB. and Nero DI TRoIA shared a co-ancestry cagént (q) > of 0.99,
there were more transitions (Ts) (7,079 avg) than transversions (Twhereas the clones of AL1 andiMasia had greater variability with;q
(2,572 avg) and the average Ts/Tv ratio was higher in thanging from 0.99 to 0.60 and from 0.99 to 0.57, respectiValy
Campanian varieties (4.60) than in the Apulian oneglones AL1-62, AL1-1, MvasiA-100 and Muvasia-101 resulted
(1.80) (rable ). admixed. In addition, clone AL1-18 was grouped with clones

The high-quality SNP datasets were then used to calculate thelonging to @GuaioLa instead of Auianico Lasca DAPC analysis
pairwise IBS distance between clones of each variety. Clone paies then performed which cormed the existence of seven clusters
with an allele sharing rate > 99% were considered duplicates afilipplementary Figure Balbeit with a slightly different clone
only one of them was retained for downstream analysis. Ndistribution (Figure 25. The Nero Di Troia and GwvaioLa clones
duplicate clones were found ina@aioLa and Apulian were alone in therst and second quadrant, respectively. TRedGB.
germplasm, whereas 47 and 13 duplicates were removed clones were grouped in the centre of the plot, while thoseiofco
AcLianico Lasco and Greco B., respectively, resulting in aal  Lasco(AL1 and AL2) were scattered in the fourth quadrant together
number of 78 clonesS(upplementary Table The LD decay was with Mawvasia NeEra and MinutoLo. Inter-varietal structuring within
estimated for each dataset. Af10.20, AsLianico Lascoshowed the  clones was supported by the neighbour-joining tfégi(e 20. The
slower LD decay of 254.3 kb. In contraspm@oLa, GrReco B.,  phylogenetic analysis highlighted the geographicalatifiation of the
MinuToLo, MALvasia and Nero i TrRoia were characterised by very clones. The Apulian and Campanian clones formed well distinct
rapid LD decay (< 0.093kby(pplementary Figure 52 clusters within which the clones belonging to each var@tydd

TABLE 1 Number of SNPs before and after Itering procedure and statistics of high-quality SNPs calculated for each dataset.

#SNPs before = #SNPs after

Dataset ltering ltering #SNPs within genes  Transitions (Ts) Transversions (Tv)  Ts/Tv ratio
Apulia 180,841 17,296 8,877 10,953 6,343 1.72
Campania 114,465 59,149 15,611 47,832 11,317 4.22
Aglianico Lasco| 114,465 9,061 2,966 7,426 1,635 4.54
Camaiola 114,465 10,930 3,248 8,983 1,947 4.61
Greco Bianco 114,465 9,899 3,044 8,125 1,774 4.58
Average 9,963 3,086 8,178 1,785 5
Malvasia 180,841 15,883 7,643 9,964 5,647 1.76
Minutolo 180,841 7,408 5,511 4,708 2,648 1.77
Nero di Troia 180,841 5,094 3,746 3,271 1,781 1.83
Average 9,462 5,633 5,981 3,359 2
Average (Total) 147,653 9,712.50 4,359.60 7,079.50 2,672 3.18

Transitions are interchanges of A/G and C/T bases, whereas transversions are interchanges of A/C, A/T, G/T and C/G bases.

Frontiers in Plant Science 05 frontiersin.org



Villano et al. 10.3389/fpls.2023.1201287

1
A o
08
07
06
405
04
03
02
01
4

:EEEEEEEEEEEEEEEEEEE;ﬂﬁﬁﬂ“www@w
35555555555555555666 3227

mql mq2 g3 mq4 mqS mq6 mq7

01 <ALl
«AL-2

cm
ANT

sPQ2

o
02 015 01 005 Qg 005 01 015 02 025
005 + Ma

Lt “Mn
s -Gr

D Pc1

FIGURE 2

(A) Bar-plot describing the population structure estimated by ADMIXTURE. Each bar is divided into K coloured segments each representing the
proportion of ancestry (q ;) in each individual. (B) PCA plot of 72 grapevine clones obtained using 1,091 SNPs. (C) Neighbour-Joining tree.

(D) Heatmap of xation indices (Fst) between subpopulations.

well-supported subclades. Also, the clustering efisico Lasco  distance range was different within the two populations, 0.61-0.70
con rmed the results of ADMIXTURE. These clones were dividefibr AL1 and 0.78-0.99 for AL2. IBS values calculated between AL1
into two subclusters, except for AL1-1, AL1-18, and AL1462wfell and AL2 individuals showed that IBS ranged from 0.53 to 0.73.
respectively in AL2, imaioLa and GrecoB. The separation of Auanico Lasco into two populations
The analysis of haplotype diversity corroborated thesétsesn  (namely AL1 and AL2) was further investigated using a set of

fact GavaioLa and GrecoB. showed lower values (h =0.041 and 0.05&even discriminating microsatellite markers and the tiase
respectively) than AL1 (h = 0.427), AL2 (h = 0.456)yUvbLo (h =  AcLIANIcO DEL VULTURE, AGLIANICO TAURASI, AGLIANICO DEL
0.173), MroDi Troia (h = 0.236) and Muvasia Nera(h = 0.350). This  TABURNO, SANGIOVESE CHARDONNAY and MerLoT. The neighbour
was supported by the within-population sum of squares (9Skatia  joining tree differentiated two main clustersidure 3. The rst
the AMOVA analysis, where SSWP was 349.636 and 423.78&¢ar G included all international varieties andwsiovesg the other
B. and GmaioLa, respectively. The highest SSWP was found in Alibcluded AL1, AL2 and all duanico biotypes. In the latter, the
(2097.001). Additionally, the AMOVA revealed high geneti@bility ALl clones were grouped together witlsLANICO DEL VULTURE,
within (41%) and between (59%) populations. Further inyatn of  TAurasi and AcLianico DeL TaBurno, while the AL2 clones were
genetic distances was performed using the genetton index (k1)  clearly grouped in a separate sub-cluster where no other varieties
between sub-populations as emerged from clustering of XOMRE ~ were included.
and DAPC Figure 20). The heatmap irFigure 2Dshows that all
varieties are genetically distinct. The greatest distance onad f
between @vaioLa and all the other populations ¢rmean value > ldenti cation of divergent loci
of 0.52), with the highest value detected betweemaGLa and
MinutoLo/NERO DI TRoIA (FsT=0.58), followed by Bko bl Troia with Genetic differentiation among the seven populations described
Fst mean value > 0.48. Clones belonging to AL1 showed the lowestove was further investigated by Wright Fixation Indexy)(F
mean valuesHst = 0.27) with loweiFst (0.16) detected with AL2. analysis at individual loci. All comparisons revealed numerous

loci with an Ry value > 0.25 (high differentiation}-gure 4. To

look for strongly divergent loci,gr  0.80 was used as a threshold,

Genetic distance of AL1 and AL2 resulting in 1,016 divergent SNPs, out of which 285 SNPs were non
sub-populations based on IBS and redundant. Among the latter, 200 were in gene regions, and their
microsatellite analyses distribution along the chromosomes was reporteéimure Séand

Supplementary Table SEhe largest number of divergent SNPs was
An additional intra-variety IBS and Kinship analysis wadound in CamaioLa (N. = 453) followed by kRo b1 TRolA(N. = 404)
performed for AL1 and AL2 individuals. The pairwise genetiand MinutoLo (N. = 317), while AL1 showed the lowest number
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Number of SNPs with Fst> 0.25 (yellow), Fst> 0.5 (orange), Fst>

AL1-21 0.8 (red) and Fst =1 (darkred) detected in each comparison by
computing pairwise Fstindex between all loci.

—— AL2-23

AL2-24
‘< _ Alar comparisons), which are involved ifcellular component
72 organisation and biogenesisprimary metabolisrfy “regulation
s~ AL22 of gene expressidrand “stress responserespectively. Additional
AL2-15 information associated with the 200 gene-associated divergent SNPs

86

Ghardannay was retrieved from published data and allowed the ideation of

78 63 SNPs associated with genes involved in grape phenology and

_72| Werlot adaptation to the environmenB(ipplementary Table 3Among
Sangiovese the latter genes, VIT_204s0008g01910 (mainly mvisia and

} } | | | NEero b1 TRoia comparisons) and VIT_215s0048g02790 (mostly in

8.00 6.00 4.00 200 0.00 CamaioLa comparisons) were the most enriched in divergent SNPs.

FIGURE 3 They are annotated as ferredoxin-related gene and PMT26

Dendrogram generated by neighbour-joining clustering of S SR markers methyltransferase, respectively, and known to be linked to the

for clones AL1, AL2, and AsLianico, as well as SiGiovess CHARDONNAY, and
Mereot. Bootstrap values greater than 60% are indicated. initiation of berry ripening Supplementary Table }4

(N. = 117). An upset plot showing the co-occurrence of pairwise) ISCUSSION

divergent loci is shown iRigure 5 As indicated by théset sizéin

the Figure 5 CamaioLa had the largest number of divergent genesThe combination of ddRADSeq and GBS

between the other varieties, 100 against AL2, 91 againstddo, leads to a single high-quality SNP dataset

85 against lro pi Troia, 81 against MiLvasia, 57 against &coB.

and 39 against AL1SUpplementary Table $3dn total, 81% of Six varieties were genotyped with two RRS strategies; GBS was
divergent genes were found inaMioLa comparisons. On the used for the Apulian clones, while ddRADSeq for the Campanian
counterpart, AL1 and AL2 showed only two divergent genesnes. These methods differ in the number and type of restriction
(Supplementary Table J3wvhich represented the lowest numberenzymes (REs) used to digest and access the genome and affected the
among all comparisons. To further our understanding of the 20tdtal number of SNPs spanning on the reference genome. As
gene-associated divergent SNPs, we annotated the correspondixigected, the ddRAD-seq dataset has more SNPs compared to
loci and categorised them into 14 major groups (e.g., developmefegiwer SNPs from GBS data, due to more restriction sites that are
hormone signalling, primary and secondary metabolism, streasore polymorphic than GBSR(iperao et al., 20p.3The RE affected
response, etc.)S(pplementary Table 54The most represented also the number of SNPs detected in genic and intergenic regions,
group was the'primary metabolisrh with 62 genes, followed by indeed, the RE used for the Apulian dataset WasK1, a
“cellular component organisation and biogerie&8 genes), and methylation-sensitive RE showing increased cleavage frequency in
“regulation of gene expressiof24 genes). The largest number ofsingle-copy genomic regions that are enriched with genesi(e
divergent SNPs (N=5) were found in VIT_214s0060902480 (maindy al., 201). Otherwise, a double digestion with a pair of rare and
identi ed in MaLvasia comparisons), VIT_215s0021g01230 andrequent cutter REsSph and Mobl) performed for samples from
VIT_212s0059902300 (only inehb pi Troia vs MINUTOLO)  Campania, according to the method proposedHmjerson et al.

and VIT_205s0029901285 (mostly found irerRd b TrRola  (2012) and modi ed by Scaglione et al. (20158howed higher
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FIGURE 5

UpSet plot showing the number of the co-occurence of divergent SNPs ( Fst  0.80) shared between the seven populations. The dot-and-line chart
in the bottom combination matrix indicates intersections between the seven populations. The upper bar chart (black bars) indicated the numbers of
divergent loci in each set; The lower left horizontal bar chart (coloured bars) indicated the number of divergent loci for each intersection. Different
colours represent comparisons of Apulia vs Apulia varieties (red), Campania vs Campania varieties (yellow) and Apulia vs Campania varieties (blue).

number of SNPs in intergenic regions. To address this challengiagal., 2022 An exceptionally large number of identical genotypes
task, we searched for and found common SNP markers between s observed within thechianico Lasco population, where more
Campania and Apulia datasets and corrected for discrepancies udiman 70% of collected samples was duplicated. This redundancy is
an in silicoapproach. Remarkably, after removing duplicate clongsobably linked to the propagation history of clones, likely deriving
from each variety, we successfully merged all clones into a sinfylean few homogenous plots of mother plants which were multiplied
dataset consisting of 2,235 SNP markers that was then used for crésdocal growers in a restricted cultivation area, under similar
varietal analysis. To date, orfyuillardi-Calvo et al. (2019used  environmental pressures and selection criteria. After elimination of
both genotyping methods in Mediterranean evergreen oaks fduplicated individuals, we were left with a set of 78 individuals that
technical comparison purposes. To the authkrowledge, this is we employed in downstream investigations. We found that
the rst time that ddRADSeq and GBS datasets have been mergaaiaioLa, GrRecoB., MnuToLo, MaLvasia, and Nero bi TRola split
and used to analyse the structure and genetic diversity of grapevin® separated populations. Thiading indicates that these varieties
populations. Following this approach, we provide a consistent amde represented by clones with a genetically uniform IproAn
repeatable framework that not only streamlines computationaxception was found in the population ot#anico Lasco which
analyses, but also facilitates more general comparisons betwseparated into two groups called AL1 and AL2. To shed lights on the
different datasets, adhering tBAIR (Findability, Accessibility, genotypic identity of each sub-population oéufnico Lascqg we
Interoperability, and Reusability) principlé&/i(kinson et al., 2015 performed a comparative analysis based on microsatellites using,

among others, the main red variety grown in CampaniaL@ico)

with which AcLianico Lascois generally matched and confused. The

RRS-based methods describe a complex AL1 population included individuals genetically similar to all
genetic structure of grape varieties at the Acuianico biotypes (Burasy Tasurno and VULTURS), whereas AL2
clonal level grouped individuals with microsatellite piies divergent from those

of AL1. The high IBS values and the Kinship coieit within AL2

As acknowledged by the International Organization of Vine an{iTable Sy suggest that these individuals have a more preserved
Wine in resolutions OIV-VITI 424/2010 and OIV-VITI 564B-20E9 genetic diversity, and therefore can be considered the tuenco
crucial conservation strategy to protect the world hedtaj Lascq whereas AL1 individuals showed a greater variability,
grapevine is based on the assessment of intra-varietal diversity amdicating that they may be homonyms (different cultivars named
polyclonal selectionKesolution OIV-VITI 424/2010, 2010 alike) of the most renowned cultivarcAanico, whichhas at least
Resolution OIV-VITI 564B-2019, 20)L9n this study, the use of three different biotypes inside.
RRS-based analysis allowed the ideation of a reliable set of clonal Misattribution of names is frequently reported in grapevine
genetic variants to be employed in our genotyping experiment aff@respan and Milani, 200De Lorenzis et al., 20jl8unseri et al.,
the elimination of identical individuals within each variety studied201g Fanelli et al., 20)1and is considered the main cause of
The presence of duplicated samples withalds, nurseries and varietal confusion\(illano et al., 202
germplasm repositories is quite common in clonally propagated To explain the genetic diversity of the varieties under study, it is
specieslpek et al., 20Q&Ciftci et al., 201;7/0rek et al., 20225elga  necessary to consider their origin and ancestry. Despite PCA plot
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did not re ect the geographical grouping, neighbour-joining treémmature to mature growthXalumbo et al., 20)4This is a crucial
clearly separated the Campanian from the Apulian varietiephysiological event that marks the ripening onset (calkzdisoh
indicating that the geographical origin could be one of the maimwhere numerous molecular, biochemical, and physiological changes
drivers in dening varietal relationships in grapevine species, ascur that strongly impact the quality of wineqnde et al., 2007
observed in other studiesdnelli et al., 2091 Fasoli et al., 201Zastellarin et al., 201Basoli et al., 20)8Among
NEro bi Trola takes its name from the city of Troia in the divergent'switch genésidenti ed, VIT_203s0088g01250 and
the Daunia region, where it is mainly cultivated. It derives fronVIT_218s0001g14270 fell within phenology-related QTies (10
the spontaneous crossing between the Frermhrd8 Lan and the et al., 201pon chromosomes 3 and 18 responsible for phenotypes
BomeiNO BIANCO, giving origin also to other Apulian varieties such aselated to budding, owering, soluble solid concentration, brix, and
Bomeino NErRo and Impigno (Miazzi et al., 20200’'0Onofrio et al., ripening. We also found signature of divergence in some genes
202). The reduced genetic variability between cloneseoNbl  involved in the regulation of multiple stress response and, therefore,
Troia and their high genetic distance from the other Apulianputative players of plant adaptation to adverse biotic and abiotic
varieties could further support the hypothesis that the province abnditions (ee et al., 20)0For example, the arachidonic acid-
Foggia represents a biodiversity hotspot for differentpsro induced DEA1 protein (VIT_202s0154g00280) in grapevine is
(Conversa et al., 20]Bisani et al., 203;Lnative varieties such as involved in the phospholipid signalling processes and i@ th
Nero pi TrRola could have been marginalised in those areas amégulation of programmed cell death (PCD) in the scion/
therefore have underexplored gene pools that deserve to be studigotstock joining Cookson and Ollat, 2033Assunéo et al.,
to search for new and bengal alleles. By contrast, the populations2019. Notably, regulation of PCD is of paramount importance in
of MaLvasia NErA MinuToLo, ALL and AL2 partially overlapped. plant-microbe interactions and is observed in many host resistance
This could be explained considering that these four varieties shareeaponsesiickman and Fluhr, 20)3GrecoB. and Nero pI TRoIA
common ancestor, namelyséaroLa Indeed, it has been reported were different at this locus. The drought tolerance reported éaoN
that MaLvasia NEraderives from a cross betweeadroamaroand  bi Trola (Antonacci, 200ytand its high susceptibility to powdery
MALVASIA BIANCA LUNGA, Where NGroamARrO is a descendent of mildew compared to the low sensitivity to downy and powdery
MaioLica, an offspring of WsparoLa In addition, the aromatic mildew of Greco B. (Rauscedo, 20)Jare in agreement with
variety MnutoLo derives directly from MparoLas also related to these data.
AcLianico (putative AL1 in our study) and its offspring; this We also found 14 divergent rootstock-responsive loci according
con rms the centrality of \sparora in the origin of many to Corso et al. (2016)Among them, the protein CYCLIC
grapevine varieties of Southern Italy'©nofrio et al., 2021 As NUCLEOTIDE-GATED CHANNEL 14 (CNGC14,
the AL2 and AL1 populations partially overlap in the PCA plot, w&/IT_204s0069g00790) and VIT_203s0038g02140. The former is
hypothesise a parent-offspring relationship betweensfico and  known to be essential for therst step of auxin-induced Ca2+
AcLianico Lasca Regarding @vaioLa, PCA and krresults showed signalling and growth inhibition in Arabidopsis rootl{ih et al.,
that it differed more than anyone else from all the other varieties015 Dindas et al., 20)8the latter is an auxin irux carrier
analysed. On the origin of this genetic distance, some hypothegestein, which is differentially expressed in graft interface tissues
can be made based on the scarce information available. Rord possibly involved in directing the reconnection of vascular
example, the geographical distribution afMZioLA is restricted to  tissues in et al., 2012Cookson and Ollat, 20).3Finally, we
the surroundings of Castelvenere city, where it is mostly cultivatedenti ed an FKBP12-rapamycin complex-associated protein
and has probably maintained a specand uncontaminated genetic (VIT_203s0088g00450), with many divergent SNPs iroNbi
makeup. It should also be noted that DNA plog provided Troia, which probably underwent selective pressure acting on this
evidence that @vaioLa does not share close genetic links withocus. The expression of VIT_203s0088g00450 was previously
any other Campania cultivacpstantini et al., 200%illano et al., associated with bud dormancyslfangguan et al., 2020an
2019. This suggests thata@aioLa has been introduced relatively essential adaptation process that allows temperate woody
recently in Campania and supports the historical research tperennials to survive adverse environmental conditions during
Selvaggio and Carlo (2015) winter (Arora et al., 20083 Taken together, our data showed that
the selection process shaped the genetic diversity of viticulturally
attractive loci involved in fruit quality, growth and reproductive
A subset of divergent SNP loci is related to processes, thene-tuning of which determines thetness of fruit
phenology and plasticity trees in changing climate conditions. We hypothesise that the
molecular signatures we found could be the result of the selection
In this work, the search for genetic differentiation at single lo@perated by growers. It is possible that ripening time, 1suga
yielded nearly 200 divergent SNPs and detected putative geaesumulation and stress response could have played a key role in
under selection. GuaioLa displayed the greatest number ofdetermining whether a given cultivar was adapted to their speci
divergent loci, which supports its separation from all the othelocal climate conditions. Interestingly, these functi@ppear
varieties in the &ranalysis. About 30% of the 200 divergent locstrikingly similar to those in domesticated apple, peach, apricot
were in genes/QTLs involved in important phenological processesd pear trees in which selective sweeps pointed to genes associated
For example, 12 divergent loci have been describetbwisch  with growth cycle Groppi et al., 202land fruit quality (<han et al.,
genes actively involved in the shift of berry developmental from2014 Wu et al., 2018Guan et al., 2091
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Our results provided evidence that a number of divergent locinalised the latest version of the manuscript. All authors
overlapped with previously idengd differentially methylated contributed to the article and approved the submitted version.
regions (DMR) in grapevine samples grown under changing
environmental conditionsXie et al., 201/ Among these we .
found the aforementioned VIT_203s0088g00450, angundmg
VIT_208s0007g07380, an HSP40 protein (also known as the DnaJ
protein), which is known to contribute to cellular protein ~ This research was supported by the INDIGENA (CUP
homeostasis under various biotic and abiotic stressesr( et al., G12C21000190003), RINNOVALA (CUP J92C20001030009), and
202). Mounting evidence suggests that DNA methylation cafP!lCOVALE (CUP B24119000450009) projects, all funded by the
affect local adaptation or plasticity by shaping the phenotypdsampania Region, under the Rural Development Program 2014/
that allow organisms to respond to their local environment2020, Measure 16.1, Action 2. The research was also supppted
(Richards et al., 20).0However, an active debate surrounds thé\pulia Region within the PSR Puglia 2014-2020 REGEVIP project,
question of whether (and to what extent) such epigenetic variatiofgUP B17H22003530009); Misura 10-Pagamenti agro-climatico-
may either directly or indirectly affect local adaptation. Furthepmbientali; Sottomisura 10.2-Sostegno per la conservaZisteel

experimental work is needed to corroborate these hypotheses. 10 sviluppo sostenibili delle risorse genetiche in agtical

Operazione 10.2.1-Progetti per la conservazione e valorizzazione.
Conclusions This study was also carried out within the Agritech National
Research Center and received funding from the European Union
In this study, we used genome-wide SNP datasets generated\jté;(t_ GenerationEU (PIANO NAZIONALE DI RIPRESA E
the GBS and ddRADSeq methods to assess the clonal diversity 01RS|XSIL|ENZA 6 (PNRR)- MISSIONE 4 COMPONENTE 2,
traditional grapevine varieties. We have shown that merging differelr'1\{VEST|MENTO 1.4-D.D. 1032 17/06/2022, CNOO000022).
SNP datasets is possible and valuable to study the inter- and intra-
speci ¢ genetic diversity of grape populations. This provided that th&\CkKnowledgments
same reference genome is used. Through such an approach, we have
provided a repeatable framework to streamline future computational We thank Dr. R. Garramone and Dr. A. Gallucci for
studies based on the retrieval of information from partial analységchnical assistance.
performed at different times and with different techniques. Our
results also demonstrated the value of advanced genomic methods ) )
in the study of population structure and synonymy/homonymyCOIN ICt of interest
detection (as exempkd by AsLianico Lascg as well in identifying
possible recent introduced outgroup variety such as Camaiola for Author CM was employed by the company SINAGRI S.r.l.
Campania. This is a crucial task in any germplasm management and The remaining authors declare that the research was conducted
conservation strategy. Finally, we ideat several divergent SNP lociin the absence of any commercial anancial relationships that
within genes involved in grapevine phenology and environmentabuld be construed as a potential cam of interest.
adaptation. This evidence emphasises that some traits, such as those
related to budding, owering, and fruit quality could have played a )
key role in assessing whether a given cultivar was adapted tocspe&’ UDIISher’s note
local climatic conditions.
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SUPPLEMENTARY FIGURE 1
SNP density plot showing the number of Itered SNPs in 1 Mb size windows
for the 19 Vitis vinifera chromosomes in (A) Campanian and (B)
Apulian datasets.

SUPPLEMENTARY FIGURE 2
Scatter plot showing the decay of linkage disequilibrium (r 27 0.20) calculated
for each of the six varieties.

SUPPLEMENTARY FIGURE 3
SNP density plot showing the number of SNPs in 1 Mb size windows for the 19

chromosomes of Vitis vinifera.

SUPPLEMENTARY FIGURE 4
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SUPPLEMENTARY FIGURE 6
Distribution of divergent SNPs along the 19 chromosomes of Vitis vinifera.
SUPPLEMENTARY TABLE 1

List of clones under study. For each clone, the region of origin, the name of
the variety, the clone identi er and the sampling site are reported. The clones
selected after IBS analysis are in bold. The asterisks indicate the individual
removed after Itering on merged dataset.

SUPPLEMENTARY TABLE 2
Identity-by-state (IBS) values and Kinship coef cients (Relatedness-PHI)
calculated for the AL1 and AL2 populations.

SUPPLEMENTARY TABLE 3

Cross-validation error estimates for each value of K (i.e., number of sub-
populations) tested.

List of divergent SNPs (Fst 0.80) falling into gene regions.

SUPPLEMENTARY TABLE 4

List of divergent SNPs derived from pairwise comparisons between clusters
identi ed by ADMIXTURE and DAPC. Gene identier, number of SNPs
identi ed following pairwise comparison, gene function and functi onal
group were reported.

SUPPLEMENTARY FIGURE 5
(A) Percentage cumulative variance for retained PCA eigen vectors. (B)
Bayesian information criterion (BIC). (C) Scatterplot of the DAPC and DAPC
F statistic.
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Table S1. List of clones under study. For each clone, the region of origin, the name of the variety,

Region of origin Name of the variety id(e:rll(ziz‘]iir Sampling site Collection site
Campania Greco bianco GR1 Tufo (AV) UNINA
Campania Greco bianco GR2 Tufo (AV) UNINA
Campania Greco bianco GR3 Tufo (AV) UNINA
Campania Greco bianco GR4 Tufo (AV) UNINA
Campania Greco bianco GR5 Tufo (AV) UNINA
Campania Greco bianco GR6 Tufo (AV) UNINA
Campania Greco bianco GR7 Tufo (AV) UNINA
Campania Greco bianco GR8 Tufo (AV) UNINA
Campania Greco bianco GR9 Tufo (AV) UNINA
Campania Greco bianco GR10 Tufo (AV) UNINA
Campania Greco bianco GR11 Tufo (AV) UNINA
Campania Greco bianco GR12 Tufo (AV) UNINA
Campania Greco bianco GR13 Tufo (AV) UNINA
Campania Greco bianco GR14 Tufo (AV) UNINA
Campania Greco bianco GR15 Tufo (AV) UNINA
Campania Greco bianco GR16 Tufo (AV) UNINA
Campania Greco bianco GR17 Tufo (AV) UNINA
Campania Greco bianco GR18 Tufo (AV) UNINA
Campania Greco bianco GR19 Tufo (AV) UNINA
Campania Greco bianco GR20 Tufo (AV) UNINA
Campania Greco bianco GR24 Avellino (AV) UNINA
Campania Greco bianco GR25 Avellino (AV) UNINA
Campania Greco bianco GR26 Avellino (AV) UNINA
Campania Greco bianco GR27 Avellino (AV) UNINA
Campania Aglianico Lasco AL1-1 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL2-2 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL3 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL4 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL1-5 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL6 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL7 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL8 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL9 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL10 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL11 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL12 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL13 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL14 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco  AL2-15 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL16 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL17 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco  AL1-18 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL19 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco  AL1-20 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco  AL1-21 Ariano Irpino (AV) UNINA
Campania Aglianico Lasco AL22 Ariano Irpino (AV) UNINA



Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania

Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Aglianico Lasco
Camaiola
Camaiola
Camaiola
Camaiola
Camaiola
Camaiola
Camaiola
Camaiola

AL2-23
AL2-24
AL25
AL26
AL27
AL28
AL29
AL30
AL31
AL32
AL1-34
AL35
AL36
AL2-37
AL38
AL39*
AL42
AL43*
AL45
AL46
AL47
AL48
AL49
AL50
AL1-51
AL1-52
AL1-54
AL58
AL59
ALG6O
AL61
AL1-62
AL63
AL64
AL65
AL6G6
AL67
ALG8
AL69
AL70
AL71
AL72
Cm-73
Cm-74
Cm-75
Cm-76
Cm-77
Cm-78
Cm-80
Cm-81

Ariano Irpino (AV)
Andretta (AV)
Andretta (AV)
Andretta (AV)
Andretta (AV)
Andretta (AV)

Castelfranci (AV)
Castelfranci (AV)
Castelfranci (AV)
Castelfranci (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)
Avellino (AV)

Ariano Irpino (AV)

Eboli (SA)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Manocalzati (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)

Ariano Irpino (AV)
Amorosi (BN)
Amorosi (BN)
Amorosi (BN)

Telese (BN)
Telese (BN)
Telese (BN)
S. Lorenzello (BN)
S. Lorenzello (BN)

UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA
UNINA



Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Campania
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia
Apulia

Camaiola
Camaiola
Camaiola
Camaiola
Camaiola
Camaiola
Camaiola
Camaiola
Camaiola
Camaiola
Camaiola
Camaiola
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Uva di Troia
Malvasia Nera
Malvasia Nera
Malvasia Nera
Malvasia Nera
Malvasia Nera
Malvasia Nera
Malvasia Nera
Malvasia Nera
Minutolo
Minutolo
Minutolo
Minutolo
Minutolo
Minutolo

Cm-82
Cm-86
Cm-87
Cm-88
Cm-89
Cm-90
Cm-91
Cm-92*
Cm-93
Cm-94
Cm-95
Cm-96
NT-77
NT-78
NT-79
NT-80
NT-81
NT-82
NT-83
NT-84
NT-85
NT-86
NT-87
NT-88*
NT-89
NT-90
NT-91*
NT-94
Ma-92
Ma-93
Ma-96
Ma-97
Ma-98
Ma-99
Ma-100
Ma-101
Mn-C2D2
Mn-C21G
Mn-C25A
Mn-C25F
Mn-C25I
Mn-C24L*

S. Lorenzello (BN)
S. Lorenzello (BN)
S. Lorenzello (BN)
S. Lorenzello (BN)
Faicchio (BN)
Faicchio (BN)
Faicchio (BN)
Faicchio (BN)
Castelvenere (BN)
Castelvenere (BN)
Castelvenere (BN)
Castelvenere (BN)
Canosa di Puglia (BAT)
Ruvo di Puglia (BA)
Canosa di Puglia (BAT)
Canosa di Puglia (BAT)
Cerignola (FG)
Ruvo di Puglia (BA)
Canosa di Puglia (BAT)
Cerignola (FG)
Cerignola (FG)
Cerignola (FG)
Cerignola (FG)
Cerignola (FG)
Cerignola (FG)
Cerignola (FG)
Ruvo di Puglia (BA)
Brindisi
Brindisi
Mesagne (BR)
Brindisi
Crispiano (TA)
Brindisi
Brindisi
Mesagne (BR)
Bitonto (BA)
Locorotondo (BA)
Locorotondo (BA)
Ostuni (BR)
Ostuni (BR)
Cisternino (BR)
Fasano (BR)

UNINA

UNINA

UNINA

UNINA

UNINA

UNINA

UNINA

UNINA

UNINA

UNINA

UNINA

UNINA

CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA
CRSFA



Table S2. Identity-by-state (IBS) values and Kinship coefficier
(Relatedness-PHI) calculated for the AL1 and AL2 population

ID-1 ID-2 IBS RELATEDNESS_PHI
AL1-1 AL1-1 1 0.5
AL1-18  AL1-18 1 0.5
AL1-20 AL1-20 1 0.5
AL1-21  AL1l-21 1 0.5
AL1-34  AL1l-34 1 0.5
AL1-5 AL1-5 1 0.5
AL1-51  AL1-51 1 0.5
AL1-54  ALl1-54 1 0.5
AL1-62  AL1l-62 1 0.5
AL2-15  AL2-15 1 0.5
AL2-2 AL2-2 1 0.5
AL2-23  AL2-23 1 0.5
AL2-24  AL2-24 1 0.5
AL2-37  AL2-37 1 0.5
AL2-37  AL2-2 0.993654 0.458733
AL2-24  AL2-15 0.988522 0.428571
AL2-23  AL2-15 0.909006 0.311808
AL2-24  AL2-23 0.903156 0.306011
AL2-24  AL2-2 0.877166 0.30541
AL2-37  AL2-24 0.875345 0.296364
AL2-37  AL2-15 0.869165 0.263352
AL2-2 AL2-15 0.871206 0.261484
AL2-24  AL1-1 0.718133 0.143079
AL2-23  ALl-1 0.730328 0.137288
AL2-15 ALl-1 0.719457 0.133648
AL2-23  AL2-2 0.780764 0.103846
AL1-20 ALl-1 0.701578 0.0994152
AL1-51 ALl-1 0.743309 0.0862801
AL1-51  AL1-20 0.743932 0.0806223
AL2-37  AL2-23 0.780598 0.0804829
AL1-51 AL1l-5 0.737349 0.0569536
AL1-51 ALl-21 0.719715 0.039031
AL2-24  AL1-54 0.686017 0.0302521
AL2-24  AL1-51 0.722812 0.03003
AL1-21  AL1-20 0.684637 0.0194444
AL2-15  AL1-54 0.682044 0.0119048
AL2-15  AL1-51 0.716359 0.0106222
AL1-5 AL1-20 0.706765 0.00546448
AL1-62  AL1-51 0.713415 0
AL2-24  AL1-20 0.614171 -0.00155521
AL2-24  AL1-5 0.596071 -0.00434153
AL2-15  AL1-20 0.612184 -0.0110063
AL1-21  ALl-1 0.655171 -0.0138889
AL1-5 AL1-21 0.680333 -0.0143229
AL2-37  AL1-1 0.658592 -0.0219966
AL1-54  AL1-51 0.715174 -0.0227618

AL2-15  AL1-5 0.595188 -0.0248538



AL2-2

AL1-51
AL1-54
AL1-54
AL2-24
AL1-51
AL2-37
AL2-24
AL1-54
AL1-54
AL1-62
AL1-5

AL2-15
AL1-34
AL2-15
AL1-62
AL2-2

AL1-5

AL1-62
AL2-37
AL2-23
AL2-2

AL2-37
AL1-34
AL1-21
AL1-62
AL2-23
AL2-37
AL2-2

AL1-34
AL2-2

AL2-24
AL2-23
AL1-34
AL2-24
AL1-5

AL2-23
AL1-54
AL1-20
AL2-23
AL2-37
AL2-37
AL2-15
AL1-62
AL2-15
AL2-2

AL2-23
AL2-2

AL2-2

AL2-37

AL1-1

AL1-34
AL1-21
AL1-20
AL1-21
AL1-18
AL1-54
AL1-62
AL1-1

AL1-5

AL1-21
AL1-34
AL1-62
AL1-18
AL1-21
AL1-1

AL1-51
AL1-1

AL1-5

AL1-51
AL1-51
AL1-54
AL1-20
AL1-21
AL1-18
AL1-20
AL1-20
AL1-5

AL1-5

AL1-20
AL1-20
AL1-34
AL1-54
AL1-1

AL1-18
AL1-18
AL1-62
AL1-34
AL1-18
AL1-5

AL1-21
AL1-62
AL1-34
AL1-54
AL1-18
AL1-62
AL1-21
AL1-21
AL1-34
AL1-34

0.657764
0.699041
0.672498
0.682816
0.557941
0.716359
0.678126
0.551319
0.679064
0.658205
0.664717
0.673932
0.550215
0.687617
0.555292
0.612901
0.695294
0.640547
0.653736
0.689258
0.695498
0.678623
0.593036
0.684582
0.688169
0.629125
0.591822
0.574054
0.573447
0.669187
0.594085
0.553747
0.634312
0.618089
0.579958
0.660192
0.551374
0.655722

0.66273
0.567653
0.541772
0.546187
0.552091
0.638506
0.579075
0.545801
0.533164
0.541717
0.553857
0.555016

-0.0358306
-0.0372493
-0.0446429
-0.0471698
-0.0500736
-0.0503049
-0.0570902
-0.0592217
-0.0597484
-0.0628655
-0.0688623
-0.0691563
-0.0770548
-0.0785256
-0.078869
-0.0791139
-0.0816327
-0.0819672
-0.0838235
-0.0863192
-0.0929853
-0.0971731
-0.101523
-0.106892
-0.119581
-0.120253
-0.123729
-0.126761
-0.132931
-0.142222
-0.14658
-0.152997
-0.154982
-0.157037
-0.158784
-0.164464
-0.165428
-0.165869
-0.167457
-0.169279
-0.185008
-0.185529
-0.188198
-0.196918
-0.201709
-0.206406
-0.215655
-0.221538
-0.228099
-0.228522



AL1-18
AL1-62
AL1-54
AL1-62
AL2-2

AL2-37
AL2-23
AL2-23

AL1-1

AL1-18
AL1-18
AL1-34
AL1-18
AL1-18
AL1-34
AL1-18

0.647059
0.649321
0.668249
0.610308
0.573557
0.574937
0.530184
0.562686

-0.233807
-0.247849
-0.247863
-0.263242
-0.269982
-0.285185
-0.375215
-0.382189
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Abstract: The success of the RIMITIVO variety underscores the critical need for the manag-
ing of clone genetic conservation, utilization, and improvement. By combining genomic
and environmental data, breeders can better predict the performance of varieties, thereby
improving breeding ef ciency and enabling more targeted development of high-quality
grapevine cultivars. In this study, 35 P RIMITIVO clones were analysed, including selected
and certi ed clones that have been propagated over several years in Apulia. Genetic
variability among the P RIMITIVO clones was assessed through genotyping by sequencing.
Using 38,387 ltered SNPs, pairwise identity-by-state (IBS) analysis demonstrated the
unigueness of the 35 clones (IBS < 0.75), indicating a high degree of variability among
the samples. Genetic diversity analysis revealed three primary groups, which were dif-
ferentiated based on geographic origin. The clones from Gioia del Colle were grouped
into two distinct clusters, which aligns with the observed variation in grape-related traits.
The xation index ( Fst> 0.50) identi ed numerous loci putatively associated with stress
responses and developmental traits, including genes involved in key plant biological pro-
cesses, stress response regulation, and adaptation to environmental conditions such as
glutamate receptors, auxin, and ethylene signalling.

Keywords: genotyping by sequencing; single nucleotide polymorphisms; outlier SNPs;
molecular markers; genetic divergence; viticultural zoning

1. Introduction

Italy is recognized as the foremost global wine producer after Spain and France, with
approximately 710,000 hectares of vineyard surface area and a production of 38,291 million
hectolitres of wine in 2023 [1].

Apulia is a renowned wine-growing region in both Italy and Europe, covering an
area of 95,000 hectares with a production of 1,202,860 tonnes in 20237]. The region's
extensive latitude along the Adriatic plain and the Apennine ridge, coupled with 800 km of
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coastline exposed to the Adriatic and lonian Seas, creates a variety of microclimates ideal
for viticulture. Additionally, the numerous migrations since ancient times have introduced
diverse plant material to Apulia, contributing to the extraordinary genetic richness of its
grape germplasm. Until a few decades ago, Apulian viticulture focused on producing large
quantities of bulk and high alcoholic wines, used to reinforce other products and often
sold as unbottled wines, despite the richness and peculiarity of autochthonous varieties.
Recently, increasing awareness of the region's rich varietal heritage in combination with
the development of oenological techniques has led to the recognition of the potential of
varieties like PRIMITIVO , NEGRAMARO, BOMBINO , SUSUMANIELLO , also thanks to the
development of numerous small vineyards, where farmers successfully maintain quality,
biodiversity, and tradition [ 3]. Efforts to valorise local grape varieties, also supported by
EU funds, have contributed to the revival and ourishing of Apulian viticulture, making

the region the national wine producer with the highest density of wineries [ 4]. The most
outstanding example of this valorisation is the P RIMITIVO grape variety. Once primarily
used to increase the alcohol content, intensity of colour, and structure of weaker wines,
PrRIMITIVO has now achieved signi cant success under the protected designation of origin
(PDO) mark, speci cally P RIMITIVO DI MANDURIA and PRIMITIVO DI GIOIA DEL COLLE.
In 2021, these PDOs saw extraordinary sales of 23 million litres, with a market value of
EUR 195 million [ 5].

PrRIMITIVO is used to produce wines that achieve the highest average alcohol strength,
dry extract values, glycerol, and also, in some cases, high residual reducing sugars due to
incomplete alcoholic fermentation [ 6]. These wines feature spicy and red-fruit avours| 7],
a ruby-purple colour that could be very stable over time, and a low polymerization rate of
anthocyanin pigments, which could limit their aging potential [ 8]. According to tradition,
PrRIMITIVO was selected in the territory of Gioia del Colle in the province of Bari towards
the end of the 18th century as an early-ripening clone [ 9,10]. The variety is also found in
other countries, where it is known under synonyms such as the Montenegrin K RATOSIJA,
the Croatian CRLJENAK KASTELANSKI, and the American Z INFANDEL [11-15]. Studies on
the origin of the P RIMITIVO variety have revealed that the variety has strong genetic rela-
tionships also with Austrian, Croatian, and Hungarian varieties, such as the autochthonous
Dalmatian cultivar P LAVvAC M ALI of which Z INFANDEL is one of the parents [16]. Despite
these genetic connections, a divergence between RIMITIVO and these other varieties has
been demonstrated, likely due to the spatial and temporal separation of P RIMITIVO from
the others [16].

The current success of the Apulian PRIMITIVO has emphasised its rich intra-varietal di-
versity, prompting exploration of the “zoning” concept in the production area. The concept
of “zoning” in viticulture or “viticultural zoning”, also referred to as the characterisation of
“terroir zoning”, refers to the process of identifying and delineating speci ¢ areas within a
wine-growing region that shares peculiar homogeneous environmental and growing condi-
tions. These conditions include factors such as soil type, climate, topography, germplasm,
and cultivation techniques. The main goal of zoning is to match grape varieties and speci ¢
clones with the optimal environmental conditions for their growth, thereby maximizing the
speci city, the quality, and consistency of the wine produced [ 17]. Interest in this concept
dates back to the 1970s, when it was recognised that ecotypes within polyclonal populations
could enhance the diversity and uniqueness of the wines' olfactory and avour pro les, as
well as improve adaptability to speci ¢ growing conditions or wine style/characteristics.

In Apulia, a regional, clonal, and sanitary selection programme was launched to
promote the selection and comparative evaluation of the best clones and their molecular
characterisation for varietal identity and product traceability. This also included the “sani-
tation” of candidate clones affected by virus and virus-like diseases and the evaluation of
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oenological quality of clones with distinctive characteristics. After at least three years of
evaluation of the phenology, agronomic, productive performances, and oenological traits
in of cial comparison and registration elds for at least three vintages, the programme
led to the homologation of eight clones included in Italian National Register of Grape
Varieties. These clones now represent the foundation of the current production of Apulian
PrRIMITIVO [18].

To further valorise the clonal diversity of Apulian P rRiMITIVO and fully exploit its po-
tential, it is necessary to better characterise its rich clonal genetic diversity. A molecular ap-
proach is essential to provide unique ngerprints and reveal cases of synonymy or misiden-
ti cation. Microsatellites (simple sequence repeats; SSRs) have been the most commonly
used markers for varietal identi cation due to their stability, high reproducibility, and poly-
morphism [ 19,20]. These markers are also used as references in several grapevine databases:
Vitis International Variety Catalogue, https://www.vivc.de (accessed on 25 June 2024);
European Vitis Database, http://www.eu-vitis.de/index.php (accessed on 24 June 2024);
Italian Vitis Database, https://vitisdb.it/  (accessed on 24 Jun€024) P1-23]. Recently,
whole genome sequencing of the PN40024 grapevine genome, along with its several up-
dated versions [24,25] as well as the genome assemblies of various grapecultivars [ 26-29],
have facilitated the development of numerous single nucleotide polymorphisms (SNP) sets
for Vitis spp. [30-32]. Reduced-representation sequencing methods such as genotyping
by sequencing (GBS) and double-digest RAD sequencing (ddRADseq) offer exible and
cost-effective strategies for providing in-depth insights into the genetic architecture of
germplasm collections [ 33-35)].

Genomic information, encompassing genetic diversity, structural variants, allele fre-
guencies, and phylogenetic relationships, is increasingly being used to inform decisions
at both the population and individual levels. Integrating genomics with traditional phe-
notypic methods accelerates the selection process, enabling breeders to more accurately
predict the performance of grapevine varieties or clones. Additionally, the combination of
robust genomic data with terroir zoning offers a powerful framework for personalizing
viticultural practices [ 36-39].

Genomic insights allow for the selection of grape varieties best suited to the speci c
conditions of each de ned zone, while also facilitating the identi cation of genetic variants
that improve grape yield and quality, tailored to the unique soil and climate conditions of
each region.

In this study, we present a genome scan aimed at (i) exploring the intra-genetic
variability within P RIMITIVO clones retrieved from different areas of the Apulian region by
the high-throughput GBS strategy and (ii) identifying divergent loci as a proxy for future
sustainable breeding strategies.

2. Results
2.1. Genetic Diversity oPRIMITIVO Clones

The analysed dataset consisted of 35 RIMITIVO clones and 184,895 un ltered
SNPs. After ltering, the number of SNP loci was reduced to 77,607, among which
38,387 polymorphic SNPs were identi ed in the P RIMITIVO clones and retained for
downstream analysis. The Itered VCF has been submitted in Mendeley Data, V2
(https://doi.org/10.17632/ktfz4nn959.2 ). Figure S1 reports the mean coverage depth
per cultivar. Transitions (Ts) were more prevalent (63.7%) than transversions (Tv) (35.2%),
resulting in a Ts/Tv ratio of 1.8. The most frequent substitutionwas C ! T (31.9%), while
the least frequent was C! G (6.8%) (see Table S2). Of the total SNPs identi ed, 18,997
(49.49%) were in genic regions, and 19,390 (50.51%) were in intergenic regions. Speci cally,
23,108 SNPs were situated within annotated exons, impacting a total of 4820 genes. The
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distribution of SNPs across the chromosomes is detailed in Table S3 and Figure 1. Chromo-
somes 5 (2840 SNPs) had the highest number of SNPs, while chromosomes 6 (1311 SNPs)
and 17 (2285 SNPs) had the fewest. The average SNP density across the chromosomes was
~1871.37 SNPs.

Figure 1. SNP density plot across the 19 chromosomes ofVitis vinifera L. illustrating the number of
SNPs within a 2 Mb window size. The plot provides a detailed representation of SNP distribution,
highlighting regions with varying SNP densities across the grapevine genome.

No duplicate P RIMITIVO clones were detected in the dataset based on the pairwise IBS
distance, with an average IBS distance of 0.75 between clones. Background levels of LD
were reached at a distance of 11 kb (Figure S2).

Further data pruning was conducted to re ne the dataset for population structure
analysis, resulting in a nal set of 22,908 SNPs. The MDS plot in Figure 2A displays
the distribution of clones across two dimensions, revealing three main groups based on
geographical origin. Clones from Gioia del Colle (GC) were in two distinct groups, GC1
and GC2, situated in the Il and IV quadrants, respectively.

The GC1 cluster included only four registered clones, whereas the GC2 cluster com-
prised ve clones, two of which were registered. The PC2 (y-axis) clearly distinguished
clones from Manduria (a town in the province of Taranto), while the remaining clones from
Taranto province were more dispersed throughout the plot.

Although the analysis of the population structure revealed that the optimal number
into which to divide the population is K = 1, as expected in the case of clones, the strati ca-
tion of the population at K = 2 was also evaluated (Figure S3). The two sub-populations
identi ed by ADMIXTURE con rmed the separation of the GC2 clones into a distinctive
sub-population labelled C2 (g2 = 1). Twenty-two clones were classi ed into the C1 sub-
population (g1 > 0.90), which included individuals form various geographic origins. Eight
clones were identi ed as admixed (g ; < 0.72), and from now on, we refer to this admixed
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group as C3 (Figure 2B). None originated from GC1 or Manduria. The neighbour-joining
tree supported these ndings, clustering clones PR_76, PR_74, and PR_73 into a separated
clade, which was closely related to PR_75 and PR_79, all of which are grouped within GC2
(Figure 2C).

Figure 2. (A) A multidimensional scaling plot of the P RIMITIVO clones. The plot visualizes the genetic
relationships among the clones, with each point representing an individual clone. ( B) A bar plot
describing the population structure estimated by ADMIXTURE. Each bar is divided into K coloured
segments, each representing the proportion of ancestry (qi) in each individual. ( C) Neighbour-
joining tree. The clusters were coloured based on ADMIXTURE sub-populations. Asterisks indicate
registered clones.
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2.2. Divergent Loci and Putative Candidate Genes

Based on the panel of 38,387 SNPs, divergent loci between the RIMITIVO groups
classi ed by ADMIXTURE (C1, C2 and C3) were identi ed.

The pairwise xation index was calculated for individual SNPs, with a signi cance
threshold set at >0.50. The analysis signi cance threshold revealed 11, 153, and 159 non-
redundant SNPs for C1vs. C3, C2vs. C3, and C1 vs. C2 comparisons, respectively (Figure3,
Table S4). Among these, 43 and 29 SNPs fell within genes in C2 vs. C3 and C1 vs. C2
(Table S5).

Figure 3. The Venn diagram illustrates the overlap of divergent loci in the three pairwise comparisons.
The diagram visually represents the common and unique loci identi ed in each comparison, highlight-
ing the genetic similarities and differences between the groups. The intersections indicate the number
of shared loci, while the non-overlapping sections represent loci unique to each pairwise comparison .

All eleven divergent SNPs identi ed in C1 vs. C3 were identi ed also in the C1 vs. C2
comparison, while twenty-one were shared between C1 vs. C2 and C2 vs. C3. The eleven
SNPs detected in C1 vs. C3 hadFgt values between 0.50 and 0.59, and were distributed
only on chromosomes 4, 8, and 10. The xation index ( Fst)values in C1 vs. C2 and in C2 vs.
C3 were higher, with maximum values of 0.94 and 0.89, respectively, and were distributed
on all chromosomes with the exception of chr.5 in C1 vs. C2.

Due to the fairly rapid decay of LD, we chose to de ne a 50 kb region both downstream
and upstream of the divergent SNPs to identify candidate genes. Seven SNPs detected
on chr4 in Clvs. C3 and C1vs. C2 anked a cluster of GLUTAMATE RECEPTOR
genes (VIT_204s0069900295, VIT_204s0069g00320 and VIT_204s00699g00330), involved in
responses to low temperature and salt stress in grapes, highlighting the clear differentiation
between C1 and C2/C3.

Numerous signatures of divergence were identified between C1 vs. C2 (Tablel). Genes
associated with divergent loci include those involved in pl ant adaptation to biotic and abiotic
stress conditions and plant architecture. Remarkable genes are NAC DOMAIN IPR003441
(VIT_202s0025g02710)HISTONE ACETYLTRANSFERASE (HAT, VIT_212s0034g00573),
BRANCHLESS TRICHOME(BLT, VIT_202s0025¢g02670KYDROXYPYRUVATE REDUCTASE
(HPR, VIT_203s0038g02510BIREFRINGENCE-LIKE(TBL, VIT_214s0066¢g01710)\WAX2-LIKE
(VIT_215s00459g01520, VIT_215s00459g01590, VIT_215s0fBtB500), which are located on chro-
mosomes 2, 3, 12, 14, 15, and 19, respectively.
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Table 1. List of divergent SNP markers ( Fst > 0.50) associated with genes in RRIMITIVO clones. In
grey are SNPs located within genes.

Chr Gene Gene ID Gene Description Population Comparison SNP ID
Start End

1 8677,792 8,680,892  VIT 201s0026g00050 RADICAL SAM (SAM) Clvs C2,C3 vs C2 18,680,396

1 9655509 9,657,926  VIT 201s0026¢00810 TRICHOME BIREFRINGENCE (TBL) C3_vs_C2 Toeso:
2:2,332,434;

2 2326977 2,327,833  VIT_ 2025002502670 BRANCHLESS TRICHOME (BLT) Cl_vs C2 R
2:2332,452
2:2,332,434;
212,332,445

2 2,347,183 2,348,922  VIT_20250025g02710 NAC DOMAIN IPR003441 Cl vs C2 22 330aae
22,332,452

BIFUNCTIONAL NITRILASE NITRILE .

2 13235212 13237896  VIT_20250109900430 {1y SRATAGE (NITAD) Clvs C2,C3 vs C2  2:13,240,982

3 1749439 1,753,048  VIT_203s0038g02510 &L%?OXYPYRUVATE REDUCTASE Cl vs_C2 3:1,750,037

4 8211269 8212587  VIT 2045006900295 g
4:8,231,760

4 8254697 8256154  VIT_20450069g00320 8,231,760,

- g GLUTAMATE RECEPTOR Clvs C2,Cl vs C3 4:8,231,768;
4:8,231,792

4 8256197  8269,048  VIT 20450069g00330 4:8231.812
4:8231'828
7:5,892,591;

7 5910664 50913487  VIT 207s0005g03080 AUXIN-INDUCED 5NG4 C3 vs C2 7'5,898,400"
75,920,514

12 16,109,720 16,110,902  VIT 21250034g00512 TOBACCO MOSAIC VIRUS (TMV) Cl vs_C2 12:16,221,921

12 16,251,921 16,252,399  VIT_21250034g00573 ("ﬂi%o“E ACETYLTRANSFERASE Cl vs_C2 12:16,221,921

14 114200 121,866  VIT_214s0060g00100 PHYTOCHROME A C3_vs_C2 L
14:8,625,549;
14:8,625,552;

ETHYLENE-RESPONSIVE ELEMENT 14:8,625,580;

14 8660502 8661017  VIT_214s0081g00520 ENHYLENERESPONSIVE ELEME C3.vs C2 PR R
14:8/625,591"
14:8/625,595

14 93389 98,859 VIT_21450060g00090 VAMP-LIKE YKT61 C3_vs_C2 PR

14 28045323 28,048,092  VIT 21450066g01710 TRICHOME BIREFRINGENCE (TBL) C3 vs C2 14:28,052,743

FASCICLINLIKE .

14 25652002 25653312  VIT 2145006802005 hroCICHINLIKE C3 vs C2 14:25,652,715

15 7,543,895 7,547,614  VIT 2155004501520 157,625,555

15 7,639,601  7,643264  VIT 2155004501590 WAX2 - LIKE Cl vs C2 157,625,555

15 7,647,421  7,648971  VIT 2155004501600 157,625,555

15 10,692,688 19,693,047  VIT 21550046g03060 KTEL MOTIF-CONTAINING C3_vs_C2 T
19:10,385,096;

19 10,399,653 10,401,970  VIT 219s0015g01720 FRYCTOSE-BISPHOSPHATE Cl vs_C2,C3 vs C2 19:10,385.169;

ALDOLASE (FBA) 1910382158
URACIL 19:10,385,096:
19 10,402,253 10,419,777  VIT 219s0015g01730 PHOSPHORIBOSYLTRANSFERASE ~ C1 vs C2,C3 vs C2  19:10.385.169:

(UPRT)

19:10,385,179

The divergent SNPs were found to be signi cantly divergent in the C3 vs. C2 com-
parison, i.e., located in the genesAUXIN-INDUCED 5NG4 (VIT_207s0005g03080)}PHY-
TOCHROME A (VIT_214s0060g00100)AMP-LIKE YKT61 (VIT_214s0060g00090%ASCI-
CLINLIKE ARABINOGALACTAN (VIT_214s00689g02005ETHYLENE-RESPONSIVE ELE-
MENT BINDING FACTOR (VIT_214s0081g00520KTEL MOTIF-CONTAINING (VIT_215s00

46903060), andTRICHOME BIREFRINGENCE(TBL, VIT_214s0066901710).



Plants2025 14, 437

8 of 20

Many genes were detected in both C1 vs. C2 and C3 vs. C2 comparisons such as
BIFUNCTIONAL NITRILASE NITRILE HYDRATASE NIT4B (VIT_202s0109g00430RADI-
CAL SAM (SAM, VIT_201s00269g00050)FRUCTOSE-BISPHOSPHATE ALDOLASHFBA,
VIT_219s00159g01720)JRACIL PHOSPHORIBOSYLTRANSFERASEUPRT, VIT_219s0015g
01730), highlighting the differentiation between C2 and the other two groups.

Finally, we identified another TRICHOME BIREFRINGENCE(TBL, VIT_201s0026g00810)
located 130 kb from the divergent SNP on chromosome 1. Additionally, we considered
the TOBACCO MOSAIC VIRUS RESISTANCEgene (TMV, VIT_212s0034g00512), which is
situated 110 kb from the divergent SNP with an Fgt value of 0.94 on chromosome12.

3. Discussion

In recent decades, rising temperatures, increased CQ levels, and greater dryness in
wine-producing regions, have signi cantly impacted grapevine physiology and biochem-
istry, leading to changes in berry quality [ 39]. Given the global wine industry's substantial
socio-economic importance, research on grapevine germplasm biodiversity has become
increasingly critical. Enhancing genetic diversity is now seen as essential for developing
superior grapevine varieties that are more adaptable to changing environmental conditions
while maintaining high-quality [ 40].

In grapevines, spontaneous somatic mutations give rise to cultivars containing mul-
tiple clonal lines, each exhibiting slight genotypic and phenotypic differences from the
original mother plant. This intra-varietal variability can be bene cial for identifying poten-
tially useful alleles associated with key traits in Vitis vinifera [41].

The PRIMITIVO grapevine variety has garnered attention since the 1970s due to its
rich clonal diversity and the potential for applying the concept of “zoning”. This approach
focuses on identifying optimal interactions between grapevine clones and their environ-
ment, providing valuable insights that can guide stakeholders in developing new adaptive
strategies [42—44]. The long-standing cultivation of P RIMITIVO , including farmer-to-farmer
exchanges, has likely contributed to its diverse clonal population [ 13]. This diversity is
evident in the variability observed across the 35 clones analysed in this study.

This highlights the importance of preserving clonal diversity to identify the best-
performing clones for optimizing yield and quality across various growing conditions.
According to the International Organization of Vine and Wine, as outlined in resolutions
OIV-VITI 424/2010 and OIV-VITI 564B-2019, evaluating intra-varietal diversity and im-
plementing polyclonal selection are essential strategies for preserving global grapevine
heritage. In recent years, grapevine genetic diversity has been extensively studied using
various genetic markers, including RFLP, AFLP, SSR, SNV, and SNPs §5]. These methods
have been particularly applied to key varieties including P INOT NOIR [46-49], CHARDON -
NAY [26,50-52], and the American synonym of P RIMITIVO , ZINFANDEL [435354]. The
primary goal of this work is to leverage genomic tools and techniques to optimize the
evaluation of grapevine genetic resources, strengthen conservation strategies, and advance
selection and breeding in viticulture.

We employed a GBS-based approach to identify a robust set of clonal genetic variants,
enabling a detailed exploration of genomic variability within the P RIMITIVO clones. The
extensive dataset of SNP markers generated through GBS provided a comprehensive
genetic analysis, uncovering genomic differences that might have been overlooked by
other techniques. While the use of 18 K SNPs to detect clonal variations in the biotypes of
AGLIANICO and M uUscAT of Alexandria cultivars was insuf cient to distinguish biotypes
within the same cultivar [ 41], our approach demonstrated greater sensitivity in revealing
subtle clonal differences.
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The combination of datasets generated by RADseq and GBS approaches has previ-
ously been applied to study clones of grape varieties in southern Italy. However, this
analysis revealed a notable lower number of SNPs [35] compared to those identi ed in
PRIMITIVO using only the GBS approach. In contrast, the analysis of M uscAT of Alexandria
clones using ~40 k SNPs derived from GBS successfully discriminated between clones [55],
reaf rming GBS as the most suitable reduced-representation approach for rapid, large-scale
SNP genotyping. This is largely due to the abundance of SNPs in intergenic regions, which
tend to harbour more polymorphisms than coding regions.

The population structure analysis revealed that the selected PRIMITIVO clones could
be categorized into two main clusters, irrespective of their geographical origin. Notably,
PrRIMITIVO clones from the Gioia del Colle district were distinctly separated. This clustering
likely re ects the signi cant environmental differences that impact clonal variation, as
previously observed by Alba et al. [ 56] and Meneghetti et al. [ 57,58]. Additionally, the
division of Gioia del Colle clones into two genetic groups is consistent with observed
variation in bunch-related traits, such as bunch weight and berry weight.

This likely stems from earlier preferences for higher-yielding clones between 1992 and
1996, which were characterized by larger size and weight. However, agronomic and oeno-
logical preferences have evolved over time, driven by shifts in consumer tastes and wine
consumption habits favouring higher quality over quantity. A thorough understanding
of genetic diversity, along with insights into past and current selection targets and novel
allelic variations in P RIMITIVO clones, will facilitate the introduction of potentially useful
allelic variation and improve the performance of P RIMITIVO under changing environmental
conditions. Allelic richness, a key indicator of genetic variation, is crucial and serves for
identifying populations that should be conserved. For P RIMITIVO clones, the availabil-
ity of diverse allele variants offers valuable opportunities for developing new strategies
for PRIMITIVO conservation, optimizing clonal selection and propagation by leveraging
somatic variation.

The xation index was used to identify divergent loci between populations, as revealed
by population structure analysis, and to explore associations with putative candidate genes
involved in key plant biological processes, stress response regulation, and adaptation to
environmental conditions [ 59].

Within the identi ed groups, Fst highlighted several divergent loci, notably associated
with putative candidate genes essential for stress response and adaptation to both biotic
and abiotic challenges [59]. Group C1 was distinct from both C2 and C3 due to SNP variants
located near a cluster of GLUTAMATE RECEPTORgenes, which play a role in modulating
plant growth and development in response to abiotic stresses. This gene cluster, identi ed
on chromosome 4, was also reported by Sun et al. [60] using a genome-wide approach.
Transcriptomic analysis demonstrated that these genes are regulated during grape leaf
aging and response to cold and salt stress in fruits. The signi cant divergence between C1
and C2, as well as between C2 and C3, appears to be primarily associated with genomic
regions involved in environmental stress responses. The gene showing the highest Fstin
the C1 vs. C2 comparison was TMV, indicating that virus resistance may have been a driver
in clonal selection by breeders and/or farmers. Indeed, since the 1960s, clonal selection
has focused on propagating vines with speci c desirable traits, particular those free from
viruses [61,62] or visible symptoms of viral diseases. Although TMV is not a virus of
concern for grapevines, this gene may still play a role in the host's broader response to viral
infections, potentially in uencing the modulation of symptoms caused by  such pathogens.

Another divergent locus with a high Fstvalue is located near the gene annotated as
HAT, which is crucial for various aspects of berry development and ripening, as well as
for responses to day length and environmental stresses [63]. Recent research has high-
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lighted the role of HAT s as epigenetic modulators in the plant's response to environmental
stresses, supporting adaptation to diverse conditions [ 64,65]. Additionally, we identi-
ed the HYDROXYPYRUVATE REDUCTASE (HPR), which is essential for maintaining
fundamental plant functions and plays an important role in adaptation to various stress
conditions [ 66-68]. The enzyme was upregulated in grapevines following the application
of dry yeast extracts (DYESs), which enhanced aromatic and secondary metabolites in wine
while reducing oxidative stress in berries [ 69]. Yang et al. [70] pointed out the importance
of the putative HPR-encoding gene AtHPR1 (AT1G68010) in Arabidopsis, noting its crucial
role in stress response, including drought resistance [71], high light conditions, and the
maintenance of reactive oxygen species ROS) homeostasis [72]. Similar functions have
been observed in soybeans [/3,74], suggesting a potential interaction between the enzyme
and phytohormones. Divergence was observed in several genes associated with trichome
development, including TRICHOME BIREFRINGENCE-LIKE(TBL) and BRANCHLESS
TRICHOME (BLT) genes. Trichomes act as a protective barrier against various threats such
as herbivores, ultraviolet (UV) radiation, pathogens, and excessive transpiration [ 74]. Their
morphology and density are crucial for mediating interactions between the plant and its
environment [ 75]. Additionally, trichomes contribute to increased epidermal thickness
and higher content of long-chain fatty acids compared to other epidermal cells, helping
to reduce evaporation and regulate temperature [ 76]. The TBL gene family is involved in
trichome development; for instance, in Arabidopsis, TBL44 is associated with powdery
mildew resistance [ 77], while TBL3 plays a crucial role in xylan acetylation [ 78,79].

Moreover, mutations in TBL genes in Arabidopsis can lead to reduced xylem vessels,
extremely slow plant growth [ 80], dwar sm, weak stems, and stunted development [ 81].
In cotton, Wang et al. [82], identi ed four TBL genes involved in bre formation and
development [ 83], with overexpression of GhTBL34enhancing resistance to Verticillium
wilt [ 84,85]. In rice, TBL1and TBL2 affect the plant's response to rice blight disease [86].
Overall, these studies emphasize the important role of TBL genes in breeding programmes,
particularly their regulatory function in trichome development. Additionally, the BRANCH-
LESS TRICHOME(BLT) gene regulates trichomes branching by affecting endoreduplication
in trichome precursor cells [ 87]. In Arabidopsis, the BLT gene acts as a negative regulator of
complex trichomes development, with loss-of-function mutations resulting in an increased
number of complex trichomes. Another divergent gene between the C1 vs. C2 groups is
WAX2-LIKE, which is associated with the production of cuticular waxes crucial for pro-
tecting plant aerial organs from biotic and abiotic stressors [ 88]. In cucumber, CSWAX2, a
homolog of Arabidopsis AtWAX2, is highly expressed in the epidermis and endoplasmic
reticulum and is induced by low temperatures, drought, salt stress, and ABA. Transgenic
cucumber plants expressing CsWAX2 exhibited signi cantimprovements in pollen viability
and enhanced resistance to water loss and pathogens compared to wild-type plants [ 89,90].

We have identied NAC transcription factors that are essential for owering and
the ripening of climacteric fruits, including grapes [ 91]. Speci cally, VVNAC26 promotes
ripening by increasing levels of ethylene and abscisic acid [ 92).

Notably, we detected the NIT4B gene on chromosome 2, located within a selective
sweep region identi ed by Liang et al. [ 93] through the whole-genome resequencing of
472 Vitis accessions. This gene is essential for cyanide detoxi cation and nitrogen recovery
from cyanogenic glycosides, thereby impacting both plant development and defence.

Finally, a group of genes related to auxin and ethylene signalling pathways, as well
as photoperiod-dependent processes such as owering, distinguish group C2 from C3.
Auxin and ethylene, along with genes involved in their regulation (e.g., VAMP, KTEL) act
as the main stimuli in uencing berry development, as well as phytochrome-mediated light
perception [ 94-96]. Berry size and ripening processes signi cantly impact wine quality and
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production, which in turn have substantial economic implications. This likely in uenced
the selection of these clones by growers in speci ¢ areas [97], as in the case of Apulia.

While the results obtained are promising, this work is biased by a methodological lim-
itation that should be addressed when developing a clonal sequencing protocol. Although
the GBS technique offers high sequencing coverage and robust variant calling, providing a
strong foundation for reliable data, sequencing multiple biological replicates are essential
for assessing the reproducibility and reliability of the sequencing process. Although clonal
material is genetically identical, technical variations in library preparation, sequencing, or
data analysis can introduce errors. Sequencing multiple replicates enables the assessment
of the consistency of genotype calls and helps identify and correct potential errors that
may occur during the experimental work ow. Additionally, while a single clonal sample
can suf ce for certain applications, including replicates enhances the statistical power
of the analysis and increases con dence in the accuracy of genotype identi cation. We
believe that the high coverage and rigorous quality control measures in place reduced
the likelihood of signi cant errors in the sequencing data. However, we recognize that
incorporating replicates could improve the robustness of the clonal identi cation protocol.
Unfortunately, we did not include biological replicates in our study, and we recognize that
this could pose a limitation. Soon, we plan to use Sanger sequencing of the relevant SNPs
to con rm the robustness of the results obtained. This step will be crucial for validating
our ndings and ensuring the accuracy of the identi ed genetic markers. By performing
Sanger sequencing, we aim to provide a more detailed and reliable con rmation of the
SNPs of interest, which will further strengthen the foundation for future genomic studies
and breeding applications.

4. Materials and Methods
4.1. Plant Material and Phenotyping

The germplasm under investigation was conserved in a well-established regional
ex situ gene bank managed by CRSFA-Centro Ricerca, Sperimentazione e Formazione
in Agricoltura “Basile Caramia” in Locorotondo (Bari) [ 98] with a planting density of
1.0 2.5 m, following standard agronomic practices. The 35 analysed clones originated
from various geographical locations in Apulia: 9 from the province of Bari, 22 from Taranto,
and 4 from Brindisi. The clones from Taranto were further categorized based on their
proximity to three towns, Mottola, Crispiano, and Manduria, which are ~74 km apart
(Figure 4). The clone identi ers, sampling sites, provinces of origin, and geographical
coordinates (latitude and longitude) are listed in Table 2. All samples were con rmed
to be clones of the PRIMITIVO variety using a set of SSR markers routinely employed
for grapevine genotyping: VVMD5, VVMD7, VVMD27, VVMD31, VVMD32, VVMS2,
VRZAG62, and VRZAGT9.

Table 2. List of PRIMITIVO clones under study. For each clone, the identi er, sampling site, and
province are reported. The national varietal register code for the registered/certi ed clones (marked
with an asterisk) is provided in brackets.

Clone Identi er

PR_46 * (UBA 55/A)
PR_47 * (UBA 46/H)
PR_48 * (UBA 47/A)
PR_49 * (UBA 47/B)
PR_50
PR 51
PR 52

Sampling Site Province Clone Identi er Sampling Site Province
Gioia del Colle BA PR_67 Manduria TA
Gioia del Colle BA PR_69 Mottola TA
Gioia del Colle BA PR_70 Mottola TA
Bari BA PR 71 Mottola TA

Torricella TA PR_72 Mottola TA
Lizzano TA PR_73 Acquaviva delle Fonti  BA
Crispiano TA PR_74*(CD Ta7) Gioia del Colle BA
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Table 2. Cont
Clone Identi er Sampling Site Province Clone Identi er Sampling Site Province
PR_53 Crispiano TA PR_75 Gioia del Colle BA
PR_54*(CD Ta 19) Crispiano TA PR_76 Gioia del Colle BA
PR_55 Manduria TA PR_77*(CDTal1l2) Mottola TA
PR_57 Manduria TA PR_78 Crispiano TA
PR_58 Manduria TA PR_79 Crispiano TA
PR_59 Manduria TA PR_80 Mottola TA
PR_60 Manduria TA PR_82 Mottola TA
PR_62 San Pancrazio Salentino  BR PR_83 Mottola TA
PR_63 San Pancrazio Salentino BR PR_85 Manduria TA
PR_64 San Pancrazio Salentino  BR PR_86 Alberobello BA
PR_65 * (E 210) San Pancrazio Salentino  BR

Figure 4. A map of Apulian region in southern Italy showing the distribution of P

RIMITIVO clones.

Dot symbols are assigned based on geographical coordinates reported in Table S1.

The clonal selection of the Primitivo cultivar began in the early 1970s and continued
until 1995 across various areas of the Apulia region. This process took place in vineyards
with plants of varying ages (ranging from a minimum of 35 years to over 60 years old) and
featuring diverse training systems (“alberello”, trellis, or “spalliera” and “tendone” system).
Over the past 15 years, among all the Primitivo selections conserved in the gene bank
and tested by ELISA for 7 viruses (Grapevine Virus A (GVA), Grapevine Virus B (GVB),
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Grapevine Leafroll associated Virus 1 (GLRaV-1), GLRaV-2, GLRaV-3, Grapevine Fanleaf
Virus (GFLV), and Grapevine Fleck Virus (GFkV), 35 promising clones were selected based
on their distinctive phenotypic, the main productive characteristics, and the absence of key
viruses that signi cantly affect critical quantitative production parameters. The phenotypic
data summarized in Table S1 represent averages of measurements collected for these clones
over several years. The clones were transferred to a conservation eld at different times
and monitored for the key production traits, including real fertility (number of bunches per
plant/number of buds, yield (kg/vine), number of bunches per plant, bunch weight (g),
berry weight (g), pruning wood weight (kg/vine), and the Ravaz index (yield/pruning
weight). Real fertility, bunch weight, and berry size/weight were speci cally evaluated

due to their signi cant impact on overall yield, grape quality, and bunch compactness,
which affects the susceptibility of grape clusters to rot. These data were used solely to
illustrate the phenotypic variability that formed the basis for selecting the 35 clones in
this study analysed at the genomic level. Among the samples, 8 clones were subsequently
registered over time as follows: one in 1992, three 1996, three in 2013, and one in 2020. The
clones resulted infected were submitted to sanitation treatments by meristem tip culture
eventually associated with thermotherapy on invitro explants. After the sanitation, these
eight clones, according with the EU and Italian Certi cation schemes and protocols, were
assessed for the absence of the 7 above-mentioned viruses plus the Arabis Mosaic Virus
(ArMV) by RT-PCR as well the lack of the main symptoms of viral diseases (infectious
degeneration, leafroll, rugose wood, rupestris stem pitting, Kober stem grooving, corky
bark, vein necrosis, eck) was proved by graft indexing on 5 woody indicators. Finally,
the healthy vines underwent the necessary testing for registration in the Grapevine Italian
National Catalogue in accordance with Ministerial Decree n. 489243 30 September 2021
(Figure 5 and Table S1) p9,104.

Figure 5. Bunches of the registered PRIMITIVO clones in the Italian Grapevine Varieties Catalogue.
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4.2. DNA Extraction, SNP Calling, Filtering, and Statistics

The methods described in Spadoni et al. [101] were utilized to extract and evaluate the
quality and quantity of the gDNA. Elshire Group Ltd. (Palmerston North, New Zealand)
performed GBS and SNP calling on 188 grapevine samples using the 12X.v2 version of
the Vitis vinifera PN40024 reference genome sequence (assembly GCA _000003745.2) in
2017, following the methodology described by Miazzi et al. [ 31]. The resulting raw VCF

le included data from 188 grapevine accessions and contained 184,895 un Itered SNPs.
Among these, half are Apulian, national, and international grapevine accessions, while the
other half consists of clones of Apulian varieties, including 35 P RIMITIVO clones. Some
of these accessions were analysed in Miazzi et al. B1] and Villano et al. [ 35, while the
remaining data are unpublished. For this study, 35 P RIMITIVO clones were extracted from
the original VCF le and then subjected to a Itering procedure using Golden Helix SNP
and Variation Suite (SVS) v.8.8.4 (Golden Helix Inc., Bozeman, MT, USA) with the following
parameters: minor allele frequency (MAF) < 5% and call rate > 20%.

VCFtools vs. 0.1.17 [L0Z] was used to generate various statistics for the dataset under
investigation and to add gene annotations to the VCF le. SNP density for each chro-
mosome was visualized using the Circle Manhattan Plot (CMplot) R package 4.5.1 [ 103.
The dataset was LD (linkage disequilibrium)-pruned (r 2 = 0.20) for population structure
analysis using SVS.

4.3. ldentity-by-State and Linkage Disequilibrium Analysis

The Itering procedure produced a high-quality SNP marker dataset, which was used
to calculate the pairwise identical-by-state (IBS) distance matrix among all clones using
SVS. Duplicated clones with an allele sharing rate  99% were considered duplicates, and
only one of them was selected for downstream analysis. The Linkage Disequilibrium (LD)
Adjacent Pairs Analysis function in SVS was employed to compute the average LD decay,
predicted at the critical level of r 2 = 0.20.

4.4. Genetic Diversity and Population Structure

Genetic diversity was evaluated using multidimensional scaling (MDS) using TASSEL
v.5 [104], and a neighbour-joining tree with 1000 bootstrap replicates generated using
MEGA v.11 [105. The resulting tree was visualized with FigTree v.1.4 [ 106].

In this study, we used ADMIXTURE v. 1.3.0 [ 107)] to identify potential gene pools
within the P RIMITIVO clones. Although population analysis by ADMIXTURE is typically
employed for population structure analysis in large SNP datasets of unrelated individuals,
we opted to use it as a preliminary exploratory tool to investigate the overall genetic struc-
ture. This analysis provided an initial framework for understanding genetic differentiation,
which was then compared with more appropriate methods, such as neighbour-joining tree
and PCA, both of which account for relatedness among individuals.

We performed 10-fold cross-validation (CV) for sub-populations (K) ranging from
K =1 to 10 with 1000 bootstrap replicates. The optimal K value was determined based on
CV scores. Individuals were assigned to a speci c group if their membership coef cient
(qi) exceeded 0.90.

4.5. Divergent Loci Between Groups

To assess genomic divergence at individual loci between de ned groups, we used the
population-based pairwise Fgtindex [108], as detailed in Taranto et al. [109. Divergent
loci with an Fst  0.50 were considered for intra-clonal analysis. Candidate genes were
identi ed using grapevine gene annotations from the source [ 11(. The LD decay distance
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was employed to de ne the region around each outlier marker, thus encompassing potential
QTLs or genes associated with agronomically important traits.

5. Conclusions

This study highlights the substantial clonal diversity within the P RIMITIVO grapevine
variety, offering important insights for viticulture, especially in the context of climate change
and shifting industry priorities. By employing genomic tools, particularly the GBS-based
approach, we identi ed key clonal variations that could impact crucial traits such as yield,
berry quality, and stress resilience. Genetic analysis revealed distinct clusters of PRIMITIVO
clones, closely associated with environmental factors and historical selection practices.
These ndings underscore the potential of genomic diversity to guide the selection of
clones better suited to speci ¢ growing conditions, thereby improving both environmental
sustainability and grape quality.

The study further demonstrates that genomic techniques, which facilitate a compre-
hensive exploration and utilization of intra-clonal genetic diversity, can greatly enhance the
conservation, propagation, and effective use of grapevine germplasm. These advancements
are particularly relevant for promoting climate-smart viticulture in Apulia. The genomic
insights highlight the unique potential of each clone and provide valuable guidance for
shaping future conservation and selection strategies for PRimMITIVO clones, with far-reaching
implications for the advancement of grapevine cultivation and genetic improvement.

Moreover, by integrating environmental data with genomic and future metabolomic
analyses, we expect to gain a more comprehensive understanding of the molecular mecha-
nisms driving the effects of terroir.

While the findings of this study are promising, several meth odological limitations—such
as the need for biological replicates to enhance sequencing robustness—should be ad-
dressed in future research to re ne clonal sequencing protocols and further validate
the results.

Supplementary Materials: The following supporting information can be downloaded at  https://
www.mdpi.com/article/10.3390/plants14030437/s1 . Figure S1: Bar charts showing mean depth
per the 188 grapevines, including the 35 clones of Primitivo; Figure S2: Scatter plot showing the
decay of linkage disequilibrium (r 2 = 0.20) calculated for PRIMITIVO clone germplasm; Figure S3:
Cross-validation error estimates for each value of K (i.e., number of sub-populations) tested; Table St
List of clones under study. For each clone, the Italian National Register of Vine Varieties code,
the internal code, the phenotypic data, the sampling site, province, latitude, and longitude are
reported; Table S2: Number of polymorphic SNPs before and after Itering procedure and statistics
of high-quality SNPs calculated for P RIMITIVO dataset; Table S3: The distribution of SNPs along
the 19 chromosomesand the unknown chromosome (20); Table S4: Divergent SNP loci detected by
pairwise comparisons between the sub-populations C1, C2, and C3 using Fst (>0.50). SNP name,
physical position on PN40024.v2 (chromosome and bp), reference and alternate alleles andFgt values
are reported; Table S5 List of candidate genes anking the divergent SNPs ( Fst  0.50) in PRIMITIVO
clones. In bold are SNPs that fall within gene regions.
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6WXG\ RI WKH JHQHWLF GLYHUVLW\
FKDUDFWHUL]H WKH $SXOLDQ ZLQH \
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7KH $SXOLDQ ZLQH LQGXVWU\ D NH\ SOD\HU LQ ,WDOLDQ YL
QDWLYH JUDSHYLQH YDULHWLHYV ZKLFK FRQWULEXWH WR WK
JHQRPLF GLYHUVLW\ Rl ILYH HPEOHRRWLFIE 25BAHBLBPQYP58JUDSH
35,0,7,920,1872/2%%1&2 DQ& 8 752,$ XVLQJ JHQRW\SLQJ E\ VHTXHQF
DQDO\VLV RI KLJK TXDOLW\ 613 PDUNHUV DFURVYV FOR
DQG LQWHU YDULHWDO JHQHWLF YDULDWLRQ SURYLGLQJ
PHWDEROLVP VWUHVV UHVLOLHQFH DQG EHUU\ TXDOLW\ V
VXVWDLQDEOH EUHHGLQJ DQG FRQVHUYDWLRQ VWUDWHJLH
DGDSWDELOLW\ RI $SXOLDQ ZLQHV

$,0

7KLV VWXG\ DLPV WR DQDO\VH WKH JHQHWLF GLYHUVLW\ RI |
HISORULQJ LQWUD DQG LQWHU YDULHWDO JHQHWLF YDULDE
OLQNHG WR ZLQH DURPD SLIJPHQWDWLRQ VWUHVV UHVLOLH
YDULHWDO GLVFULPLQDWLRQ WUDFHDELOLW\ DQG WDUJH
UHVLOLHQFH DQG FRPSHWLWLYHQHVV RI $SXOLDQ JUDSH YD

5(68/76

7KH VWXG\ UHYHDOHG VLJQLILFDQW JHQHWLF GLYHUVLW\ DP]
ERWK LQWUD DQG LQWHU YDULHWDO YDULDWLRQ 7KURXJK
DOORZHG IRU WKH FODVVLILFDWLRQ Rl WKH YDULHWLHV LC
JHRJUDSKLFDO RULJLQV DQG KLVWRULFDO VHOHFWLRQ SUH\
ORFL ZHUH OLQNHG WR WUDLWYV LQIOXHQFLQJ VHFRQGDU\ PH'
IDFWRUV LQ GHWHUPLQLQJ ZLQH DURPD SLJPHQWDWLRQ DQ
ELRVI\QWKHVLYV JO\FRV\ODWLRQ D6G WWUDHWAE UL WKARMV HBIE
UHJXODWRUV JO\FRV\OWUDQVIHUDVHVY DQG 2 PHWK\OWUDQ\
YDULHWDO GLVFULPLQDWLRQ DQG WDUJHWHG EUHHGLQJ 7R
WKURXJK 3&5 DPSOLILFDWLRQ DQG 6DQJHU VHTXHQFLQJ UH)|
DQG JHQHWLF VHOHFWLRQ 7KHVH UHVXOWVY GHPRQVWUDWH
VHOHFWLRQ YLWLFXOWXUDO JRQLQJ DQG ZLQH TXDOLW)\ RS\

%\ SURYLGLQJ D FRPSUHKHQVLYH JHQHWLF IUDPHZRUN WKL
EUHHGLQJ VWUDWHILHVY HQVXULQJ WKH SUHVHUYDWLRQ D
YDULHWLHY LQ UHVSRQVH WR HYROYLQJ HQYLURQPHQWDO D



+RUWLFXOWXUDO 30DQW -RXUQDC

6WXG\ RI WKH JHQHWLF GLYHUVLW\ RI ILYH JUDSH YDUL

ODQXVFULSW 1XPEHU
$UWLFOH 7\SH
.H\ZRUGV

&RUUHVSRQGLQJ $XWKRU

JLUVW $XWKRU
2UGHU RI $XWKRUYV

$EVWUDFW

2SSRVHG 5HYLHZHUYV

VFHQDULR
ODQXVFULSW 'UDIW

5HVHDUFK 3DSHU

&OLPDWH FKDQJH VLQJOH QXFOHRWLGH SRO\PRUSKLVP 6!
YDULHWDO GLVFULPLOQDWLRQ WUDFHDELOLW\

JUDQFHVFD 7DUDQWR
,QVWLWXWH RI %LRVFLHQFH DQG %LRUHVRXUFHV 1DWLRQD
VA VES

6LOYLD 3URFLQR

6LOYLD 3URFLQR

ORQLFD ODULOHQD OLD]]L 3K
BLHUIHGHULFR /D 1RWWH
3DVTXDOH 9HQHULWR
I1XQJLR " $JRVWLQR 3K’
JUDQFHVFD 7DUDQWR

&LQ]LD ORQWHPXUUR

7KH $SXOLDQ ZLQH LQGXVWU\ D FRUQHUVWRQH RI ,WDOLDC
JHQHWLF GLYHUVLW\ RI ORFDO JUDSH YDULHWLHY WKDW DL
FXOWXUDO KHULWDJH Rl $SXOLDQ ODQGVFDSH 7KH DLP RI
JHQRPLF GLYHUVLW\ RI ILYH UHSUHVHQWDWLYH $SXOLDQ J!
1HUD 3ULPLWLYR OLQXWROR %LDQFR DQG 8YDGL 7URLD
%\ DQDO\VLQJ KLJK TXDOLW\ VLQJOH QXFOHRWLGH SR
DFURVV FORQHV ZH ZHUH DEOH WR GHWHFW VLJQLILFDQ"
EHWZHHQ YDULHWLHV 7KH UHVXOWYV KLJKOLJKWHG GLYHUJ
IRU VHFRQGDU\ PHWDEROLVP VWUHVV UHVLOLHQFH DQG E
LGHQWLILHG LQ WKLV VWXG\ LQFOXGH :5.< WUDQVFULSWLR
HQJ\PHV VXFK DV JO\FRV\OWUDQVIHUDVHY DQG 2 PHWK\OWL
LPSRUWDQW UROH LQ WKH ELRV\QWKHVLV RI VHFRQGDU\ PF
DURPD DQG SLJPHQWDWLRQ $GGLWLRQDOO\ VL[ 613 ORFL
GLVFULPLQDWLRQ E\ 3&5 DPSOLILFDWLRQ DQG 6DQJHU VHT
IRU WUDFHDELOLW\ 7KHVH UHVXOWV SURYLGH D VROLG JH«
RI WDUJHWHG EUHHGLQJ SURJUDPV WR HQKDQFH WKH TXDO
$SXOLDQ ZLQHV LQ WKH IDFH RI FKDQJLQJ FRQVXPHU=-V SU}
FRQGLWLRQV 7KLV VWXG\ HPSKDVL]HV WKH LPSRUWDQFH R
DV D YLWDO JHQHWLF UHVRXUFH IRU VXVWDLQDEOH ZLQH S
FRPSHWLWLYH SRVLWLRQLQJ RI $SXOLDQ ZLQHV LQ QDWLRC
DGYDQWDJH RI DGYDQFHG JHQRPLF WRROV RXU UHVHDUFK
LQQRYDWLRQV LQ YLWLFXOWXUH DQG RHQRORJ\ HQVXULQJ
$SXOLD V ULFK ZLQH KHULWDJH

*LRUJLR *DPELQR
JLRUJLR JDPELQR#LSVS FQU LW
H[SHUW RI DQDO\VLV RI JUDSHYLQH E\ XVLQJ JHQRPLF DSSL

*RUDQ =GXQLF
*RUDQ =GXQLF#NUV KU

6FLHQWLILF DQG 3URIHVVLRQDO ,QWHUHVWYV JHQHWLF ILQ.
HYDOXDWLRQ
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Study of the genetic diversity of five grape varieties that
characterize the Apulian wine scenario

$EVWUDFW

Th& Apulian wine industry, a cornerstone of Italian viticulture, benefits from the great genetic
diversity of local grape varieties that are closely linked to the traditional and cultural heritage of
Apulfan landscape. The aim of this study is to investigate the genomic diversity of five representative
Apulian grape varieties, B6RAMARO, MALVASIA NERA, PRIMITIVO, MINUTOLO BIANCO, and WA

DI JrROIA - using genotyping-by-sequencing. By analysing 59,183 high-quality single nucleotide
polyifiorphism (SNP) markers across 75 clones, we were able to detect significant genetic variation
withih and between varieties. The results highlighted divergent loci associated with genes crucial for
secbRdary metabolism, stress resilience, and berry quality traits. Key genes identified in this study
intBuide WRKYtranscription factordMYB regulators, and enzymes such as glycosyltransferases and
O-nidthyltransferases, all of which play an important role in the biosynthesis of secondary metabolites
thed influence wine flavour, aroma, and pigmentation. Additionally, six SNP loci were validated for
vdrtetal discrimination by PCR amplification and Sanger sequencing, confirming their potential for

trag@@ability. These results provide a solid genomic foundation for the development of targeted

18 breeding programs to enhance the quality, traceability, and resilience ofrApiriies in the face of

22

24
25

27

28

18hanging FRQVXPHUYV SUHIHU HIgh&tid \condtiDrnd. NTHigV stid) €émphasizes the
imd&dtance of conserving local vine germplasm as a vital genetic resource for sustainable wine
pRdduction, while also supporting the competitive positioning of Apulian wines in national and
international markets. Taking advantage of advanced genomic tools, our research paves the way for
fut2@e innovations in viticulture and oenology, ensuring the preservation and valorisation of Apulia's

rich wine heritage.

K&@vords: Climate change, single nucleotide polymorphism (SNP) markers, outlier SNPs, varietal

discrimination, traceability

1. ,QWURGXFWLRQ

29 Grapevine Yitis viniferalL.) is one of the most important tree crops worldwide, characterized by
ex@énsive genetic diversity resulting from its long history of cultivation and adaptation to diverse

edlironmental conditions (Dong et al., 2023; Marrano et al., 2018). In Italy, historical migrations



34

35

37

39

hav@troduced a vast array of allochthonous plant material, further enriching the genetic landscape
of B&tive varieties. As a result, the Country boasts remarkable diversity, with over 650 wine grape
varieties registered in the National Register of Vine Varieties and 1,774 officially recoglined

32272 FDWDORJRYLWL SROLWLFKHDJULFROH LW FDWDORJR SK
ApGia is a prominent Italian wine region, encompassing 95,025 hectares of vineyards and yielding
13,578,500 tonnes of grapes in 2023KWW S GDWL LVWDW LW ,QGH[ DVSI["
20233 Its diverse landscapes and climate conditions, allowed the adaptation of grape varieties to
distinct local conditions (Seccia and Santeramo, 2018). TReW HUSOD\ EHW AHi#L® WKH
pMGical and biological environment and traditional agricultural practices imparts distinctive qualities
to #& wines, contributing to the success of the Apulian wines (Alba et al., 2024; Gentilesco et al.,
20282. In recent years, Apulia has experienced significant valorisation and enhancement of its wine

prodQ@ction, leading to greater recognition and appreciation in both national and international markets.

44 Apulian wines produced from theeNRAMARO, PRiMITIVO, andUVA DI TROIA grape varieties rank

46

amdhg the most widely produced and exported Italian wines. These varieties originate from different
areas of the region: B¢RAMARO from the South, RmiTivo from the central zones, andvAJDI

T&0IA from the North. They play a key role in the production of several QWPSR (Quality wines
pA&iuced in specified regions), both DOC (Controlled Designation of Origin) or PDO, and IGT
(T¢pical Geographical Indication) or PGI wines (Gentilesco et al., 2023; Tarricone et al., 2014).

THe RRIMITIVO grape variety has undergone significant evolution, transitioning from a blending wine
usetll to enhance weaker product of other countries or regions to a distinguished variety for

nghovarietal regional PDO. Originally recognized and cultivated in Gioia del Colle (BA), Apulia, as

53an early-ripening valuable variety in the late 18th centurwiiPivO has since spread globally. It is

54 known as ANFANDEL in the U.S.PRIBIDRAG/TRIBIDRAG/CRLIENAK K $47 (/$16.in Croatia and

57

Kratasjia in Montenegro (Marinov et al., 2024). Genetic studies revealed a strong connection between

58PRrIMITIVO and other varieties likeLRvAC MALI and D2 % 5,y (Calo et al., 2008; Maras et al., 2004)

DOWKRXJK WKH UHFHQW VWXG\ RI ODULQRY HW DO H[FO



580ss between HMITIVO and D2%5,y. dWhile evidence of clonal divergence suggests their
Sadependent geographical and temporal evolution.
60 NEGRAMARO, a red grape variety, originates from southeastern Apulia, produces wines with a deep
61 red colour and a well-balanced aromatic profile. Traditionally, it is blended with other gragtees
@® produce 14 Apulian PDO wines (Marzano et al., 2016).
UGB DI TROIA is native to the northern region of Apulia and has gained increasing recognition in
64 recent years for its ability to produce wines of exceptional quality. This grape variety, knatgn for
65 rich polyphenol content and intense ruby red colour, is the result of a natural cross betwegoB
66BIANCO and QUAGLIANO (also known as BUTEILLAN), a variety once widely cultivated in northern
6Apulia (Lacombe et al., 2013). At presenyA bl TROIA is authorized for use in several PDO wines
68nd, like RiMITIVO and NEGROAMARGQ, is included in all six regional PGls: Puglia, Daunia, Murgia,
$alento, Tarantino, and Valle d'ltria (https://www.regione.puglia.it/web/produzioni-di-qualita/vini-
70 igp).
7Trhe black grape variety M\VASIA NERA is widely cultivated in the southern part of Apulia, mainly
miX2d with Negramaro to produce important PDOs of Salento, known with the two local hames
7TMALVASIA NERA DI BRINDISI and MALVASIA NERA DI LECCE according to Crespan et al. (2008),
74  these are synonymous and have emerged from the crossbreeding of the arematxAVBIANCA
75 LUNGA (also known as MLVASIA DEL CHIANTI) with NEGROAMARO.
MiGUTOLO BIANCO, an aromatic grape variety cultivated in southern Italy since the 1200s, is
recgnized for its yellow pulp, elliptical shape, and medium-small size. These characteristics
78ntribute to MNUTOLO wines' the distinctive floral aromas. Traditionally grown in the Itria Valley,
79 a territory known for its calcareous and clay soils, the variety benefits from enhanced aromati
80 complexity. For many years, INUTOLO was believed to be related tonkoO BIANCO typical of the
81 Campania region, often referred to asN® AROMATIC, FIANELLO, or HANO MINUTOLO. However,
82 studies, confirmed its true genetic relationship witho9daTo BIANCO and MOSCATO DI

83 ALESSANDRIA 'Y$JDWD 5XIID. HW DO
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91
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96

98

The 84e of single nucleotide polymorphism (SNP) markers generated by Next Generation Sequencing
(NB5) technologies has provided high-throughput and cost-effective approach for characterizing
genetic variation. This data uncovers patterns of allele variability and identifies key geegions
ass®ciated with complex traits, enhancing breeding accuracy and efficiency (Kumar et al., 2024;
Pras@8 et al., 2024). Fully annotated, complete reference genomes (Zhou et al., 2019; Massonnet et
al., 2020; Vondras et al., 2021; Minio et al., 2022; Navarro-Paya et al., 2022; Shi et al., 2023) enable
th@Q0dentification and mapping of allelic variants in understudied varieties, which represent an
untapped reservoir of alleles potentially valuable for breeding. These rare alleles could be useful for
traceability, maintaining typicality, and preserving varietal identity (Bianchi et al., 2020; Didrienz
et @3 2021; Kaya et al., 2023; Miazzi et al., 2020). However, few studies have investigated genetic
\@tiability within Apulian varieties (Meneghetti et al., 2012; Miazzi et al., 2020; Villano et al., 2023;
M@atemurro et al., 2024; Procino et al., 2025). Therefore, studying both intra- and inter-varietal
genetic diversity is a crucial first step in developing a panel of SNP markers that can be bstd for
9Variety discrimination and wine traceability (Sion et al., 2021).
Preserving local viticultural biodiversity characterized by unique quality traits and a strorgigdrrit
ider®y has become an asset for wineries seeking to expand their market opportunities. The quality
oflff@pe berries for winemaking is determined by complex and dynamic interactions between the
plEDt and its environment. Climate change and in particular global warming is increasingly impacting

tH®faditional wine-producing regions, altering grapevine physiology and biochemistry and, in turn,

103 affecting berry quality. Identifying the genomic regions and key genes thadate these traits is

107

109

crudi@éifor developing sustainable strategies to help growers to navigate the challenges posed by the
l@predictable climatic conditions (Droulia and Charalampopoulos, 2021).

W@ this in mind, we assessed the genomic variability both within and among five Apulian grapevine
varieties (NGRAMARO, MALVASIA NERA, PRIMITIVO, MINUTOLO BIANCO, andUVA DI TROIA) using
thE08§enotyping-by-sequencing (GBS) approach. The specific objectives of the study were: i) to

explore clonal variability within each variety, ii) to explore inter-varietal genetic variatiprno ii



ider@ify putative divergent loci/genes between varieties that could be responsible for morpho-
111 qualitative traits relevant to breeding purposes, and iv) to validate unique allelic variants for each

14driety, enabling improved varietal discrimination, identification, and traceability.

113 2. ODWHULDOV DQG PHWKRGYV
114 2.1Plant Material
115

11&he genetic material consists of five grapevine varieties cultivated in different areas of Apulia:
117 MALvAsiA NERA (MN, 8 clones), BGRAMARO (NE, 16 clones), Ua DI TRoIA (UT, 13 clones),
113INnuTOLO BiaNcO (M, 5 clones), and®miTivo (PR, 33 clones) (Figure 1, Table S1). The clones,
119 identified duringalongoDVWLQJ FORQDO DQG VDQLWDU\ Wk@HbHeWILRQ S
in 126 Regional ex situ conservation Center at the CRSFA - Centro Ricerca, Sperimentazione e
121 )RUPD]JLRQH LQ $JULFROWXUD p%DVLOH &DUDPLDY LQ /RFRUR
2B, following standard agronomic practices. All samples were confirmed as clones of the five
123 varieties using a set of SSR markers, as described by Montemurro et al. (2024), and their sanitary

stdi?é was assessed , according to the procedure outlined in Procino et al. (2025).



125

126 Figure 1. A map of southern Italy indicating the collection sites of the five grapeuiltivars studied in this
127 research, located within the Apulia region.

128

129 22'1$ HHIWUDFWLRQ 613 FDOOLQJ ILOWHULQJ DQG VWDWLV

13DNA extraction was performed according to Spadoni et al. (2019). GBS and SNP calling were

131 performed by Elshire Group Ltdatfps://www.elshiregroup.co.nzdsing the 12X.v2 version of the

Viti8iniferaPN40024 reference genome sequence (NCBI genome GCA_000003745.2) , as detailed
bylBBazzi et al. (2020). The raw VCF file included data from 188 grapevine accessions and 184,895
unfilBdred SNPs. Some of these accessions were analysed in Miazzi et al. (2020), Villano et al. (2023)
135 and Procino et al. (2025), while the remaining data are unpublished. For this study, 8tlones
136 MALVASIA NERA,16 of NEGRAMARO, 13 of WA DI TROIA, 5 of MINUTOLO BIaNCO, and 33 of
AwITiVO (PR, 33 clones) were extracted from the original VCF file and then subjected to a filtering
@rd8edure using the Golden Helix SNP and Variation Suite (SVS) v.8.8.4 (Golden Helix Inc.,
B82eman, MT, USA) with a minor allele frequency (MAF) threshold of < 5%, and call rate > 20%.
ValfidQs statistics were generated using VCFtools v.0.1.17 (Danecek et al., 2011), which also added

141gene annotations to the VCF file.



142 2.3 Identity-by-state, linkage disequilibrium and population structure analysis
111341 The filtering process resulted in high-quality SNP marker datasets, which were used toecalculat
tid5airwise identity-by-state (IBS) distance matrix between all clones using SVS. Duplicated
146individuals were identified based oD SHUFHQWDJH RI0¥K Dhéth@rdge©dedhpdd V
likage disequilibrium (LD) across the entire collection was calculate using TASSEL v. 5.2.94
(B4&dbury et al., 2007) with a sliding window of 50 SNPs and a MAF threshold of 0.05, at the critical
149level of 0.20, as described by Remington et al. (2001).
Gdagtic structure was assessed via Principal Components Analysis (PCA) using TASSEL. The
getttic relationships among individuals were determined using a Neighbour-Joining tree with 1,000
bddigtrap replicates using MEGA Xl (Tamura et al., 2021). The resulting trees were visualized using

153 FigTree v.1.4 (Rambaut, 2014). The average observed heterozygosity (Ho) for each variety was

154 calculated as follow:

155 o= nH
156 m

157 where nHis the number of heterozygous genotypes for each indivicarad m is the number of total
matlkds. Pairwise genetic distances between sub-populations were estimated using Weir and
159 & RF N H U K D P fixatorvimtlek[Fdd implemented in SVS v.8.4.0.

160

161 2.41dentifying candidate genes in divergent genomic regions
o2 1630 assess the contribution of genomic divergence at individual loci in distinguishing the five
164 grapevine varieties, we applied the population-based paifgséWeir and Cockerham, 1984),
165 following the approach outlined by Taranto et al. (2022). Only loci withsawalue of 1, indicating

corhptete divergence, were considered for identifying candidate genes. Gene annotations were

167 obtained from the URGI platformhitps://urgi.versailles.inra.fr/PlatfopmThe LD decay distance

waslésed to define the size of regions containing each divergent marker, thus encompassing potential

Ifigantitative trait loci (QTLs) or genes influencing agronomically important traits. functional



170 information for these genes was retrieved through a BLAST search agaigigiveniferagenome
(GAA1000003745.2). SNP impacts on gene sequences were evaluated using SnpEff (Cingolani et al.,

1722012), with default settings applied.

TF8 in-silico validation of the SNP effect was performed using BLASTx alignments (Altschul et al.,

174 1997).

175

176 2.5SNP validation
177

178 Based on divergent loci witst = 1, six SNP markers capable of discriminating among the five
gradpEine varieties were selected for validation thorough PCR amplification and Sanger sequencing
180 (Eurofins Sanger Sequencing Services, Cologne, Germany). A genomic region of apprpXiétatel
nucl&dtides flanking each SNP locus was extracted, and primer design was guided using Primer3Plus

182 SKWWSV Z7Z7ZZ SULPHU. SOXV FRP

183 3. BHVXOWYV
184 3.1 GBS-derived SNP markers
185

18BBe analysed dataset comprised 75 clones, as detailed in Material and Methods, along with
188.B95 unfiltered SNPs. After filtering, 59,183 183 high-quality SNP markers, distributed across the
19 tB8omosomes were retained (Table S2). These SNPs were used for downstream analysis.
Chi@®osomes 5 (4,146 SNPs) and 14 (3,785 SNPs) had the largest number of SNPs, while
ct®Omosomes 2 (2,224 SNPs) and 17 (1,862 SNPs) had the fewest.
Thel@lverage SNP density across all chromosomes was ~2,900. Of the total SNPs, 63.3% were
trdi®dtions (Ts) and 36.7% were transversions (Tv), yielding a Ts/Tv ratio of 1.7 (Table S3). The most

193 commonVXEVWLWXWLRQ ZbWeWKH OHDVW IUHTXH QBdsetiDVthe : *
geridic coordinates of grapevine gene models, 28,475 (48.2%) SNPs were in genic regions, and
3®53 (51.8%) in intergenic regions. Of the genic SNPs 13,265 (22.4%) were found within annotated
19éxons, affecting a total of 13,175 genes.

197



198 3.2Dissecting the genetic structure of the population
199 No 20plicate clones were detected based on the pairwise IBS distance within and between varieties.
201 The intra-chromosomal LD decay showed a mean value of 110 kb (Figure 2A). The aderage
202 heterozygosity calculated for each variety was higherdaRMMARO (0.37), RimiTivOo (0.33) and
203 UvADi TRoIA UT (0.30) than MLVASIA NERA (0.26) and NNuTOLO BIANCO (0.23).
PQ@RA4vas used to assess the population structure (Figure 2B). The first two principal components
205 explained approximately 49% of the variance, with 31% for PC1 and 18% for PC2reR€fed
206 high variability among the five varieties and relatively low variability within clones of each variety.
20Tlones of WA DI TROIA and MNUTOLO BIANCO were clustered in the Il quadrant, while clones of
208 MALvAsIA NERA and NEGRAMARO were grouped in the Il quadrant. AIRRITIVO clones were
209 positioned in the IV quadrant. Notably, one clon&/afLvasiA NERA (namely MN_127) clustered
210 closed to the MiuTOLO BIANCO clones.
Th21Neighbour-Joining tree corroborated the PCA results, revealing the presence of three main
212 clusters (Figure 2C). Cluster | consisted eiNRTIVO clones, cluster Il groupededRAMARO and
213 MALVASIA NERA, while the third cluster includes INUTOLO BiIANCO and WA DI TROIA. The
214 MN_127 clone formed a distinct clade, closely related to the node grougegAMARO and
215 MALVASIA NERA. To assess sub-population differentiation, we calculeéedaluesbetween the five
216 varieties. Strong differentiation was observed in all comparisons, with the highestlue of 0.41
217 Dbetween MLVASIA NERA and WA DI TROIA and the lowesEst value of 0.27 betweenB$RAMARO

218 and MaLVASIA NERA (Figure 2D).

219



220

221 Figure 2. A) LD decay calculated on the entire grapevine collection. B) PCA plot andighbdeir-Joining
222 tree based on 75 clones and 59,183 SNPs. D) Genetic distance between théefies wasessed using the
223 fixation index(Fst). PR = RiMITIVO; MN = MALVASIA NERA; MI = MINUTOLO; UT = UVA DI TROIA,

224 NE = NEGRAMARO.

225

226 3.3Molecular signatures of divergence

227

228 A total of 59,183SNPs were analysed to identify molecular signatures of divergencd=sthe

229 was calculated for each individual SNPs, with a significance thresholdD 8t 7KH DQDO
230 identified 8,373 divergent SNPs across ten comparisons (Figure 3), distributed throughout all 19
231 chromosomes (including the unknown chromosome) olilis vinifera genome. Of these, 5,363
23%vere non-redundant betweeomparisonsTable S4. Among the divergent SNPs, 1,785 were in
gerz&3 with 887 found in untranslated regions (UTRs), 518 in introns, and 380 in the coding sequences

234 (CDS).



235

236

237

238

239

Overall, this analysis revealed tHIMITIVO exhibited the lowest number of molecular signatures
(N. = 1,979) compared to the other four grapevine varieties, WhNeTOLO BIANCO andUVA DI

TrRoOIA showed the largest number (N. = 5,306 and N. = 4,485). The fewest divergent loci were
observed in the comparisons betwddBGRAMARO with PRiMITIVO (N. = 105) and between
NEGRAMARO andMALVASIA NERA (N. = 260).

SBd@ivergent loci were selected to identify uniqgue SNP markers for each of the five varieties and
wedd validated through Sanger sequencing. All polymorphisms were confirmed, indicating that the

ca@dination of these 6 SNP markers is effective for discriminating among the five varieties (Table

243 S5, Supplementary file S1).
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Figure 3. Venn diagrams illustrating the number of divergent IBgi£€ 1) among the five grapevine varieties
PR = RIMITIVO; MN = MALVASIA NERA; MI = MINUTOLO; UT = UvA DI TROIA; NE = NEGRAMARO.

The panel of 5,363 SNPs was analysed using SnpEff, which identified 1,785 variants affecting the
genes (Figure S1). Of these, 51.65% (922) were in exons, with 76.7% (N. = 707) of these being
synonymous variants and 23.32% (N. = 215) non-synonymous variants. Annotation analysis revealed

that thirteen divergent loci witkst= 1 hadvariants classified as "HIGH" impact, suggesting a
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significant effect on gene function or protein struc(i&ble 1, Figure 4 Among these SNPs, seven

had a stop gained effect, four were splice acceptor variants, and two were stop lost variants. The
variants with a stop gained effect were found within theDIATOR OF RNA POLYMERASE I
TRANSCRIPTION SUBUNION chromosom@5s, AT5G42310tIKE on chromosomé&8, ARMADILLO BETA
CATENINLIKE REPEAFCONTAINING PROTEIN on chromosome 19, HYDROXYPHENYLPYRUVATE
DIOXYGENASE(HPPD) gene on chromosome 2, and tbaLCluM ION BINDING and CALCIUM-

TRANSPORTING ATPASE CHLOROPLASgENes on chromosomes 6 and 19, respectively.
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Figure 4. The overall impact of the SnpEff tool. A) Percentage contribution of simgieotide
polymorphisms (SNPs) in high, low, moderate and modifier types of effects. doefmércentage sub-
classification of B) high, C) low, D) moderate and E) modifier groups. In bratketaumber of SNPs
identified in each effect.

The Supplementary figure S1 presents BLASTx alignments comparing the nucleotide sequences
containing the SNP to the original protein sequences of three genes: VIT_202s00129g01990,
VIT_206s0004g00600, and VIT_219s0002g00042. The pairwise alignments confirm the predicted
changes in the protein sequences caused by the nucleotide modification. Additional candidate genes

were identified based on divergent loci wisr = 1, located within the genes or their proximal
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regions, as inferred from LD decay analysis (Table S6). Six outlier SNPs, identified in isomgar
betweenMINUTOLO BIANCO Vs the other varieties, fall within genes involved in regulating plant
growth and development, including gibberellin and mycorrhizal signalling, as well as responses to
abiotic and biotic stresses. These genes incled®VTHREGULATING FACTORVIT 2155004801740,

GRF), APETALAR/ETHYLENE RESPONSE FACTORQ/IT 216s0013g00890, AP2/ERFSETHYLENE
RESPONSIVE TRANSCRIPTION FACT@R(VIT_216s0013g01050), andRAS FAMILY TRANSCRIPTION
FACTOR(VIT_208s0007g00510, VIT_213s0019g01780). Six loci, divergent betWgami TROIA

and the other four varieties, were all in ¥eGAI1A (VIT_214s00689g01610) gene. In addition, a
GIBBERELLIN(GA)-REGULATED PROTEIRR PRECURSORVIT _218s0072901120) was divergent between
UvA DI TROIA andMALVASIA NERA andNEGRAMARO. Numerous divergent loci identified WRKY
transcription factors and SAUR (small auxin upregulated RNA) genes, which are distributed across
several chromosomes.

Several genes associated with secondary metabolism were also found. Among these,
GLYCOSYLTRANSFERASES (GTSs) genes  (VIT_202s0033g00240;  VIT_204s0023902510;
VIT_205s0062g00270 etc.) are involved in the glycosylation of secondary metabolites, wbHe the
METHYLTRANSFERASEOMT; VIT_210s0003g00440, gene is involved in flavonoid decoration.

Other relevant divergent genes were involved in the production of secondary metabolites such as the
family of the GLUTATHIONE STRANSFERASHGST, VIT_ 201s00269g01330; VIT_201s0026g01340;
VIT_201s0026g01370) which play a critical role in fruit pigmentation. Additionally TATHIONE
PEROXIDASESGPXs, VIT_202s0025g03610; VIT_202s00259g03620) are involved in the transport of
anthocyanins and flavonoid. SeveralYB TRANSCRIPTION FACTORgenes (e.g.,
VIT_201s0011g03110; VIT_201s0011g03730; VIT_201s0026g01050) were identified as divergent

among the analysed varieties.

Table 1.List of genes containing divergent SNIFg:(=1) that are predicted to have a significant effect (HIGH

impact) on gene function or protein structure.



Chr SNP Gene ID Gene Gene End  Gene Function Comparison Variant effect
position start
2 8634201 VIT_202s0012g01990 8633024 8634459 ﬁ;/droxyphenylpyru PRvs NE StoP_gained|
— ) €.235C>T|p.GIn79*
vate dioxygenase
[l-diaminopimelate stop_gained|
3 9286731 VIT_203s0088g01050 9270890 9287382 aminotransferase Ml vs UT C.461G>A|p. Trp154*
splice_donor_variant
4 183565 VIT_204s0008g00260 183115 183936 amino acid MN vs Ml &intron_variant |
C.273+1A>G
swim zinc finger- splice_donor_variant
4 22943741 VIT_204s0044g01395 22934239 22945853 like protein 9 MIvs UT  &intron_variant|
P €.1208+2C>T
ankyrin repeat- splice_donor_variant
5 21880163 VIT_205s0102g00060 21880043 21882648 containing protein PRvs Ml &intron_variant|
at3g12360-like c.619+1G>A
calcium ion binding stop_gained|
6 766380 VIT_206s0004g00600 765088 767737 protein UT vs MI ¢.1122T>G|p. Tyr374*
8 14728017 VIT 208s0007g00420 14724285 14728537 protein kinase NEvsmi ~ StOP_lostc.1216T>A|
p.Ter406Lysext
uncharacterized
13 3740818 VIT 213s0019g02490 3740333 3756703  protein NE vs UT St‘%‘é;é%s?tg'zsiitlfﬂ
loc100259879 P- y
mediator of rna stop_gained|c.2116G:
15 20140123 VIT_215s50046903620 20139683 20144426 polymerase ii PRvsMI  T|
transcription subunil p.Gly706*
pentatricopeptide splice_acceptor_varia
17 2884982  VIT_217s0000g03060 2882518 2889082 repeat-containing MN vs Ml nt&intron_variant|
protein €.*529-1A>G
o stop_gained|c.601C>
18 15161094 VIT 218s0076g00100 15159481 15161375 210942310-like UTvsMI |
partial "
p.GIn201
armadillo beta- stop_gained|c.1116T:
19 7844035 VIT_219s0090g01800 7842956 7844371 catenin-like repeat- NEvsMI  A|
containing protein p.Tyr372*
calcium- stop_gained|c.1228C:
19 18219189 VIT_219s0027g00042 18219094 18221860 transporting atpase UT vs MI T
chloroplastic-like p.GIn410*
295
296 4. 'LVFXVVLRQ
29The International Organization of Vine and Wine (OIV) recognizes the importance of preserving
ZBRY @@GAeVine heritage through intra-varietal diversity assessment and polyclonal selection, as
299 outlinedinthe®5(62/87,21 2,9 9,7, and35(62/87,21 2VI91564B- "

THO@rotection of local grape biodiversity is increasingly considered as a strategic advantage for



301 producers, especially given the impact of climate change on grapevine physiology and beyry quali
(Bx@ieri et al., 2013; Lozsa et al., 2015). The identification of key genomic regions and genes that
re@date these traits can support the development of sustainable viticultural practices (Piarulli et al.,

304 2024). This is particularly relevant for Apulian grape varieties suclRasT®R’0, NEGRAMARO, and
BO% DI TROIA, which play an important role in the region's wine production (Fanelli et al., 2021; Riaz
eB@k, 2018). Additionally, local policies are encouraging the cultivation of other varieties such as

30vIiNnuTOLO and MALVASIA NERA, valued for their contribution to fruity and aromatic wines, and
re8e8tly also considered for the preparation of sparkling wines (Capozzi et al., 2022; Fanelli et al.,

309 2019).

Bliing on previous studies that focused on analysing intra-clonal genomic diversity in the
311 PriMITIVO, UVA DI TROIA, MINUTOLO BIANCO, and MALVASIA NERA varieties (Villano et al., 2023;
P8d€ino et al.,, 2025), this study aimed to: i) comprehensively investigate inter-varietal genetic
d@ff8rences, ii) identify key genes responsible for variations in major morpho-agronomic and
gBaltative traits, and iii) develop a reliable set of SNP markers for accurate varietal discrimination.
To3ddditer understand the genetic diversity of the studied varieties, it was essential to examine their

316 origin and ancestry. IBS and genetic diversity analyses confirmed a high deg@sabfariability
aBmbss all five varieties. Inter-varietal comparisons revealed significant genetic divergence, with

318 MaALVASIA NERA displaying the lowest differentiation froEGRAMARO and the greatest fromvd

319 DI TROIA. The genetic proximity between AWASIA NERA and NEGRAMARO likely reflects

320NEGRAMARO TV S U HIWHQVASkA NERA § pedigree (De Lorenzis et al., 2019).

B2imiTivo and NEGRAMARO were found to have high heterozygosity and a lower number of divergent
32Bci compared to MiuToLO BiIANCO and MALVASIA NERA. These results could be due to greater
323 intra-clonal variability as previously reported by Villano et al. (2023) and Procino et al. (2025) for
324 the same varieties. As two of the most important grape varieties in Ap&islTRO and

NERZBHMARO have undergone extensive selection programs targeting genomic regions associated



witB2@ne-quality traits. This has resulted in a great number of accessions/clones and increased intra-
B&Tetal variability following the accumulation and fixation of somatic mutations in a heterozygous
328 state through clonal propagation, as shown by Vondras et al. (2019) in Zinfandel. Irdeeny®
HRONGRAMARO have a large number of clones widely distributed over the territory where they show
330 phenotypic plasticity reflected in the genome by an increased variability. In contrastyavio
IBrNco and MALVASIA NERA exhibited lower overall heterozygosity and fewer differences between
33Zlones. The intra-varietal variability affects the vihghysiology and phenology and is crucial for
aBaptability and resilience to different environmental condition. Studies carried out on cv Malbec
coBBdmed the effects of somatic mutations on shaping phenotypic diversity and adaptation capacity
oBBB@lbec variety (Calderon et al., 2021), and in Nebbiolo clones, single-nucleotide variants (SNVS)
weB86found associated with genes involved in stress response and geographical origin of the
337 accessions (Boccacci et al., 2020). The genetic variation underlying clonal differerbesoid
338 variety Chardonnay has also been proposed as a genetic marker for identifgifig slpmes for

alB@nticity testing, or as breeding markers for new clonal selections (Roach et al., 2018).

Zhe variety WA DI TROIA showed a significant genetic distance from the other Apulian varieties, and
&84igh number of divergent loci, confirming the results of previous studies (Villano et al., 2023,
342 Miazzietal., 2020) 7KLV GLIITHUHQWLDWLRQ FRXOG EH GXH WR WKH )
343 et al.,, 2021), and was referable in particular to two candidate ger@EGULATED PROTEINZ
344 pPRECURSORand VVGAI14) belonging to theDELLA subfamily within theGRASfamily of plant
345 regulatory proteins (Jaiswal et al., 2022; Tyler et al., 2004). These genes are involved into gibberellin
346 (GA)-mediated regulatory networks during seed and berry development (Vargas et al., 2@&t3; Wu
34l., 2015; Wang et al., 2020). TM@GAI14 gene (VIT_214s0068g01610) includes six SNPs that
348 were divergent between UT and the other four varieties. Bo®AllandGA- REGULATED PROTEIN
3#BECURSORare associated with flowering time regulation, a crucial factor in plant adaptation. This

reg@B@ory mechanism enables vines to adjust to early or late frosts and seasonal temperature



Badtuations. Such adaptability ensures optimal flowering and fruiting periods, ultimately improving
352ipening conditions (Van Leeuwen et al., 2019).
353 A large number of divergent loci were also identified in the comparison betisieIiTOLO and the
354 other varieties, including genes related\p@TALR/ETHYLENERESPONSIVE FACTOAP2/ERF), ERF,
355 Grass Family Transcription Factors, and growth-regulating factors (GRFs) families. Thesplggn
kega6les in regulating plant growth and development, particularly in hormone responses, root growth,
357and resistance to environmental stréfislUTOLO is particularly known for the volatile compounds
35&hat define the unique aromatic profile of its wikkNUTOLO is a terpenic variety closely related to
359 MoscATO BIANCO and MOSCATO DIALESSANDRIA. ZKLFK EHORQJ WR WKH 30XVFDV
360 WKHLU KLJK OHYHOV R |UH(Ma&apdRMhEAgS 2DQ \h cantr&siviTivo
@6l NEGRAMARO are non-aromatic varieties (Capone et al., 2013). The aroma profile plays a
fun@a&thental role in the sensory characteristics and consumer preferences of wine, and results from
S§i@aificant biochemical modifications, including esterification, hydrolysis, and redox reactions, all
364 facilitated by enzymes (Baiano et al., 2015). The aromatic composition of grapesoga daring
rip&dibg (Fenoll et al., 2009), with key aromatic compounds, such as terpenes and esters, largely
d&8a&d from secondary metabolites, synthesized during flowering and fruit development. Studies
had@7shown that the expression of specific genes involved in flowering is also associate with the
prd@8ction of these aromatic compounds (Carmona et al., 2008; Fenoll et al., 2012). The timing of
fle@&ring and the environmental conditions during this period can greatly influence the aromatic
370 profile of the grapes, as the accumulation of aroma precursors is closely linked to fruit maturity (Sun
37%t al., 2011; Ubeda and Cortiella, 2017).
MBMAToLo showed divergent SNP loci also in other genes involved in the production of secondary
373 metabolites that affect wine aroma, suclva@ssandomTs
IWE was in agreement with the findings of Li et al. (2017) who found that monoterpenyl
375 glycosyltransferases differentially contribute to the production of monoterpenyl glycosidesaypical

376 aromaticV. viniferavarieties.



D8&3pite their importance, there is limited data available in the literature on these Apulian grape
378 varieties, and the focus is mainly orADbI TROIA, NEGRAMARO and RRIMITIVO . These varieties were
s@ifedin terms of bioactive compounds, wine aroma volatiles, and antioxidant properties, and to
380 optimize production processes, ensuring traceability, or verifying the trueness to type Sadietta
381 2022). Fewer studies have been conducted anvABIA NERA, (Dinu et al., 2021; Morcia et al.,
3822021; Pesavento et al., 2008; Pollon et al., 2019),MmabToLo, which only recently has been
88&stigatedfor sparkling wine production and for evaluating the effects of the use of a non-
SaBdharomycestarter on the chemical and sensory properties of wines (Fanelli et al., 2019; Capozzi
38®t al., 2022; Paradiso et al., 2022).

386 A more in-depth analysis of the functional significance of the genetic variations founsdumdvo
GBidpared to the other varieties will provide valuable insights into the regulation of biosynthetic
patld88ys responsible for the synthesis and degradation of primary (e.g., sugars, amino acids, organic
aci@89etc.) and secondary metabolites (e.g., phenolic compounds, volatile flavour compounds, and

3abeir precursors) in grapes (Rienth et al., 2021).
JdinuToLo and WA DI TROIA were distinguished from the other varieties for SNPs in genes primarily
392 related to plant growth, such as WW&RKYtranscription factors anBAURgenes. The first group is
esse3fial for plant development by regulating genes that respond to carbohydrates (such as sucrose.
gludBde, and fructose) and hormones (including abscisic acid and auxins) in many species, including

395 grape where their expression varies across different stages of berry development (Huang et al., 2021
TIBOBAURgenes form the largest family of early auxin response genes (Spartz et al., 2012) and
reg@fate various aspects of plant growth by promoting cell elongation. In grapevine, several SAUR
m&88ers are known to influence berry size, making them potential candidates for grape selection (Li

399 etal., 2021).
400 Finally, theMYBgenes also contain SNPs that are divergent between vafi#¥iBgenes constitues
d0arge family of transcription factors involved in epidermal cell differentiation, stomatal opening,

402 flavonoid synthesis, and stress resistance (Kim et al.,, 2024). In grap®iis are central in



403 regulating anthocyanin accumulation (Yan et al., 2021). In particulaR2RS8-MY Btranscription
faifddr regulates flavonol synthesis during berry development (Czemmel et al., 2009), while two
40thocyanin-relateMYBAclusters play overlapping and cooperative roles in influencing grape and
wid@®@juality traits such as colour and astringency (Matus et al., 2017). Further understanding of the
rolel@nd regulation of these enzymes would facilitate the development of strategies to enhance the
set@dry properties of wine by promoting the accumulation of secondary metabolites that positively
4odtribute to wine aroma, ultimately improving both grape and wine composition.
410 Among the key loci, three showed divergences with a high impact on protein functiod- The
411 HYDROXYPHENYLPYRUVATE DIOXYGENA@#PPD) gene, which is divergent betweerniMPrivo and
NEIGRAMARO, plays a role in the biosynthesis of tocopherols and plastoquinones. It also significantly
inidénces the accumulation of anthocyanins, responsible for the coloration of grape berries (Mei et
414 al., 2025). The colour of grape berries is largely determined by the presence and concetration
415anthocyanins, flavonoid compounds that are synthesiaadthe phenylpropanoid pathway.
AFRIMITIVO and NEGRAMARO exhibit distinct anthocyanin profiles that contribute to their unique
417 colour and sensory characteristics (Negro et al., 2021; Sabetta et al., 20@2)v® is known for
418 its deep, intense colour and robust fruity flavour profile, whiEsRhMARO typically produce less
cold@ed wines with more suitable secondary aromatic nuances. Two high-impact variants were
420 identified in thecALCIUM ION BINDINGgene an@ALCIUM-TRANSPORTING ATPASE CHLOROPLASTENE
421vhich are divergent betweeniiToLo BIANCO and WA DI TROIA. Some studies have shown that
422 these genes are involved in the molecular mechanisms underlying the calcium-induced accumulation
428f anthocyanins (Yu et al., 2020). SincenMToLO BIANCO has a low anthocyanin content due to the
whitedberry phenotype, these SNPs, which both generate stop-gain mutations, should be further
ind@&tigated by functional studies to determine whether they are actually linked to the observed
426edifferences in anthocyanin content.
Oizrall, these findings emphasize the critical role of identifying outlier SNPs in understanding the

428 genetic basis of grapevine diversity and its influence on wine quality. Outlier variants, especially
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449

thé2@ with significant functional relevance, enable the identification of key genes involved in essential
prat&3ses such as anthocyanin biosynthesis, flowering regulation, and the production of aromatic
codAgiounds. By isolating SNPs that show significant divergence between varieties, we gain valuable
ind@hts into the genetic mechanisms driving variation in grape composition, growth patterns, and
seA88ry attributes. This approach not only improves our understanding of grapevine biology but also
o@&ds up new opportunities for breeding programs to improve grape and wine quality. Further
fundBb6nal studies of these outlier SNPs could lead to the development of more precise strategies for
4BBancing specific traits and ultimately allowing for the cultivation of grapevine varieties with
4RTimized aromatic profiles and resilience to environmental stresses.
Fiady, the development of a panel of six SNPs which allows to discriminate between the analysed
Apulian varietie sk ROGV VLJQLILFDQW YDOXH IRU WKH UHJLRQTYTV YL
precise and reliable method for identifying specific grapevine varieties and will help to preserve the
addlienticity of regional wines and to prevent mislabelling or fraud. By ensuring that the correct
vatiy is linked to a wine's origin, the SNP panel strengthens traceability and supports quality control
inddh@ wine industry. The ability to distinguish between these varieties also aids in maintaining the
LOQWHJULW\ RI $SXOLDYV YLWLFXOWXUDO KHULWDJH HQVXUL
it enhances legal and regulatory compliance by providing a tool for verifying that wipesagienal

|ddélling standards, which is vital for protecting both local producers and consumers.
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7DEOH 6 /LVW RI VL[ 613 ORHAIRQHD H3RVE HIP SFOUW Y BDWERWY D Q GH6 DLOYH B

ODUNHU $OOHOHV &KURPRVRPH 3RVLWLRQ )RUZDUG BHWUPHWULPHU 5H OHOWLQJ WHPSHUDWXIUGX WSRO LFR@YDV]IHD EBUD 1HJUDPDUR B3ULPLWLYR
7 * T&T&S*TT*&$**$8&&*$$$$$ &&TTTETRTN&T&$*&$S** . . * 7
$ * &7$&&BT*7TT7T&T&ES&KE*T&T™ $& IRIWHESSS$*&$&$& 5 5 5 $ *
7 & ST ***TFFE***&F*7* TT*$**$TP7***$7*&T7*$$ < & < 7 <
* & &&T***$$$*8$$7$3&$*$$*8& &T7&&RF&$&E$&ETTE$TE 6 & 6 * 6
*$ TT&TT***$$*&T&STS*T7*** &T7T&TEFRT&TT&E&ETT&&S*S $ 5 5 * 5
& * FTRT**T*QT***$T7TT*$*$7* FRPTE*T*FTRT*****$$& * 6 6 & 6



7DEOH 6 /LVW RI FDQGLGDWH JHGBHXLMWXF PG L Q& KULRMHRMRPMW BRVLWLE@LRE@DG 6HQHP SOF

&KURPRVRPH

*HQH
VWDUW H G

*HQH

1
’

*HQH '"HVFULSWLRQ 613 LPSDFW

$11 * GRZQVWUHDPBJHQHBYDULDQW 02',),678,7B V

v o _WUDQVFULSW_9,7B V J QJ $UmeuQBFRG|
P\E OLNH WUDQVFULSWLRQ IDFWRVWURIQBY DULDQW _02',),(5_9788 W JJ 9
SURWHLQ _WUDQVFULSW_9,7B VvV J _SURWHISQBFRGLQJ |

$11 * GRZQVWUHDPBJHQHBYDULDQW 02',),678,7B V

v o _WUDQVFULSW_9,7B V J QJ $UmeuQBFRG|
PHWDOOR EHWD ODFWDPDVH*GREWIURQBYDULDQW _02',),(5_9788 W JJ 9
FRQWDLQLQJ SURWHLQ _WUDQVFULSW_9,7B V J _SURWHIBQBFRGLQJ |

$11 * GRZQVWUHDPBJHQHBYDULDQW 02',),678,7B V

VAR _WUDQVFULSW_9,7B V J QJ $UmeuQBFRG|
SK\WRFKURPH DQG IORZHULQY WQWHRQBYDULDQW _02',),(5_97B8 W JJ 9
UHJXODWRU\ SURWHLQ _WUDQVFULSW_9,7B V J _SURWHIBQBFRGLQJ |

$11 7_V\QRQ\PRXVBYDULDQW /2: 9,7B W J

_WUDQVFULSW_9,7B V J _SURWHLBORGEQD_ _|

B B 7 _GRZQVWUHDPBJHQHBBY,JBLDQW 02°

J 975 v o _WUDQVFULSW_9,7B_ SVRWHLQBFR
IUXLW SURWHLQ SNLZL GLQJ__ &'7

$11 7 V\QRQ\PRXVBYDULDQM//Z 9,7B W I

_WUDQVFULSW_9,7B V J _SURWHL)BORGEQD_ _|

B B 7 _GRZQVWUHDPBJHQHBBY,JBLDQW 02°

J 9,7B V1 _WUDQVFULSW_9,7B_ SVRWHLQBFR

DOJ LQWHUDFWLQJ SURRWALQ F &7



J

SUREDEOH ULERVH
LVRPHUDVH OLNH

$11 7_V\QRQ\PRXVBYDULDQW /2: 9,7B W J _9,7B

_WUDQVFULSW_9,7B V J _SURWHBQ8BRIGLQJ_
$UJ_ 3 N 7 _V\QRQ\PRXV®BYBULDQW

J 9,7B V. _WUDQVFULSW_9,7BSWRWHLQBFRG
QJ_ _F “1$_ S $UJ  $UJ_ _ 7 _V\QROQ\PR
XVBYDULDQW /2: 9,7B V J _9,7BUDQVRULSWWO9,7B
v oo _SURWHLQBFRGLQJ_ _FS$UJ*I$_S $UJ

B __ 7_V\QRQ\PRXVBYDULDQW /2:_9,7B V

VAR _WUDQVFULSW_9,7B V J QJ_SURWHLOBFRGI
I$ S $UJ  $UJ_ B B _UHDBRZMYMBYDULDQ\
02',),(5_9,7B VvV J _9,7B V3 _W/UDQ@WBFUYS

J _SURWHLQBFRGLQJ__F @VWUHDPBJHQHBRDULI
02',),(5_9,7B VvV J _9,7B V3 _W/UDQWBFUYS

J _SURWHLQBFRGLQJ__F @VWUHDPBJHQHBRDULI
02',),(5_9,7B VvV J _9,7B V3 _W/UDQ@WBFUYS

J _SURWHLQBFRGLQJ__F @VWUHDPBJHQHBRDULI
02',),(5_9,7B VvV J _9,7B V3 _W/UDQWBFUYS

J _SURWHLQBFRGLQJ__F @VWUHDPBJHQHBRDULI
02',),(5_9,7B VvV J _9,7B V3 _W/UDQWBFUYS

J _SURWHLQBFRGLQJ__F @VWUHDPBJHQHBRDULI
02',),(5_9,7B VvV J _9,7B V3 _W/UDQ@WBFUYS

J _SURWHLQBFRGLQJ__F @VWUHDPBJHQHBRDULI
SKRVSKBWS, 7BV J _9,7B V3 _W/UDQWBFUYS

J _SURWHLQBFRGLQJ__F &7



J

J

$11 7_V\QRQ\PRXVBYDULDQW /2: 9,7B W J _9,7B

_WUDQVFULSW_9,7B V _SURWHBQ8BRGLQJ_
$UJ_ 3 N 7 _V\QRQ\PRXV®BYBULDQW

J 9,7B V3 _WUDQVFULSW_9,7BSWRWHLQBFRG
QJ_ _F “1$_ S $UJ  $UJ_ _ 7 _V\QROQ\PR
XVBYDULDQW /2: 9,7B V J _9,7BUDQVRULSWWO9,7B
v o _SURWHLQBFRGLQJ_ _FS$UJ*I$_S $UJ

B __ 7_V\QRQ\PRXVBYDULDQW /2:_9,7B V

VAR _WUDQVFULSW_9,7B V J QJ_SURWHLOBFRGI
I$ S $UJ  $UJ_ B B _UHDBRZMYMBYDULDQ\
02',),(5_9,7B VvV J _9,7B V3 _W/UDQ@WBFUYS

J _SURWHLQBFRGLQJ__F @VWUHDPBJHQHBRDULI
02',),(5_9,7B VvV J _9,7B V3 _W/UDQWBFUYS

J _SURWHLQBFRGLQJ__F @VWUHDPBJHQHBRDULI
02',),(5_9,7B VvV J _9,7B V3 _W/UDQ@WBFUYS

J _SURWHLQBFRGLQJ__F @VWUHDPBJHQHBRDULI
02',),(5_9,7B VvV J _9,7B V3 _W/UDQWBFUYS

J _SURWHLQBFRGLQJ__F @VWUHDPBJHQHBRDULI
02',),(5_9,7B VvV J ~9,7B V3 _W/UDQWBFUYS

J _SURWHLQBFRGLQJ__F @VWUHDPBJHQHBRDULI
02',),(5_9,7B VvV J _9,7B V3 _W/UDQ@WBFUYS

J _SURWHLQBFRGLQJ__F @VWUHDPBJHQHBRDULI
02',),(5_9,7B VvV J _9,7B V3 _W/UDQ@WBFUYS

DX[LQ HIIOX[ FDUULHU IDPLO\ SSERWWHQQBFRGLQJ_ _F &7 _

$11 * XSVWUHDPBJHQHBYDULDQW _02',),(59.9%,BB VV J
J _WUDQVFULSW_9,7B VvV J _FSURWHLQBFRGLQ.
71& _ * XSVWUHDPBJHQHBYBUMQW 02',),(5_9

9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSIURMWH
71& _* GRZQVWUHDPBJHQ#BBDULDQW 02',),(5
9,7B VvV _WUDQVFULSW_9,7B URWHUIQBFRGLQJ_
71& _* LQWURQBYDULDQWJ02',) 457®,78 V
J _WUDQVFULSW_9,7B V J J_SURMHLQBFRGLQ

71& * LQWURQBYDULDQW 02')9(¥B9,78 M J

_WUDQVFULSW_9,7B V _SURWHLQRBFRGLQJ

* LQWURQBYDULDQW 02',),(5_9,7B V J _\VQUIBQVV
[\ORVIOWUDQVIHUDVH FUUNHW _9,7B V  J _SURWHLQBFRIGLQJ __ _F

$11 $ _VIQRQ\PRXVBYDULDQW /2: 9,7B W I

_WUDQVFULSW_9,7B VvV J _SURWISLGBARGLQW_ |

FKORURSODVW WDUJHWRIG FRSSHU



$11 $_PLVVHQVHBYDULDQW_02'(5%$7(_9,7B W <

_WUDQVFULSW_9,7B VvV J _SEHRWRHLDEFRGWQJ
OHW _ _ _ __ $ LOQWI2RQ,BEYDILBQW
J ~9,7B V3 _WUDQVFULSW_9,7B_ SVRWHLQBFR
DX[LQ HIIOX[ FDUULHU FERRIRQHEW &'7
$11 * VIQRQ\PRXVBYDULDQW /2: 9,7B W JJ _9,7B
_WUDQVFULSW_9,7B V J _SURMW&I LBERGLQU |
B B __ * VIQRQ\PRXVBYDBILDQWJ/2: 9,
_9,7B V3 _WUDQVFULSW_9,7B WHLQ@BFRGLRUR _
$!& S *O\ *O\_ B  SVWUHRPBJHQHBYDULLI
02'),(5_9,7B VvV J 9,7B V. _W/UDQ@WBFUYS
J _SURWHLQBFRGLQJ__F
$1& _ * XSVWUHDPBJHQHBYBULDQW 02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURWH
$1& _ * XSVWUHDPBJHQHBYBULDQW 02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQIURMWH
$1& _ * XSVWUHDPBJHQHBYBULDQW 02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSIURMWH
$1& _ * XSVWUHDPBJHQHBYBULDQW 02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURMWH
$1& _ * XSVWUHDPBJHQHBYBULDQW 02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURMWH
JDL OLNH SURWHLQ $1& B



QDGK GHK\GURJHQDVH

$11 * VIQRQ\PRXVBYDULDQW /2: 9,7B W JJ _9,7B

_WUDQVFULSW_9,7B V _SURMW&I LD BERGLQU |
B B __ * VIQRQ\PRXVBYDBILDQWJ/2: 9,
_9,7B V. _WUDQVFULSW_9,7B WHLQ@BFRGLRUR _
$!& S *O\ *O\_ B _ SVWUHRPBJHQHBYDULLI

02'),(5_9,7B VvV J 9,7B V1 _W/UDQ@WBFUYS
J _SURWHLQBFRGLQJ__F
$1& _* XSVWUHDPBJHQHBYBULDQW 02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURMWH
$1& _ * XSVWUHDPBJHQHBYBULDQW 02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURMWH
$1& _ * XSVWUHDPBJHQHBYBULDQW 02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURMWH
$1& _ * XSVWUHDPBJHQHBYBULDQW 02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURMWH
$1& _ * XSVWUHDPBJHQHBYBULDQW 02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSIURMWH
VXBXQLW
$11 & GRZQVWUHDPBJHQHBYDULDQW _02',),957B,7B V
VAR _WUDQVFULSW_9,7B V J QJ_SURWRI*QBFRGI

& GRZQVWUHDPBJHQHBYDULDQW 02',09(6B9,7B V

v o _WUDQVFULSW_9,7B V J QJ_SURWRI*QBFRGI
& GRZQVWUHDPBJHQHBYDULDQW 02',9(BB9,7B V
v o _WUDQVFULSW_9,7B V J QJ_SURWRI*QBFRGI
& GRZQVWUHDPBJHQHBYDULDQW 02',9(BB9,7B V
v o _WUDQVFULSW_9,7B V J QJ_SURWRI*QBFRGI
& GRZQVWUHDPBJHQHBYDULDQW 02',9(BB9,7B V
v o _WUDQVFULSW_9,7B V J QJ_S$URWRI*QBFRGI
& LQWURQBYDULDQW 02',),(5_97BB VV JJ 9
_WUDQVFULSW_9,7B V _SURWHLQBFRGLQJ_ |
7 & LQWURQBYDULDQW 02')9¥B9,78 \ J
_WUDQVFULSW_9,7B VvV J _SURWHLQBFRGLQJ_
A & LQWURQBYDULDQW 02')9¥B9,78 \ J
_WUDQVFULSW_9,7B VvV J _SURWHLQBFRGLQJ_

UDGLFDO VDP GRPDLQ FROWDLQLQ& LQWURQBYDULDQW 02',)9¥B9,78 \V J

SURWHLQ

_WUDQVFULSW_9,7B VvV J _SURWRI*QBFRGLQJ_



$11 * VIQRQ\PRXVBYDULDQW /2: 9,7B W JJ _9,7B

_WUDQVFULSW_9,7B V _SURVGHBQBXRGHRJ |
B B __ * XSVWUHDPBJHQH®EYBDWBDQW 02"
J 9,7B V3 _WUDQVFULSW_9,7BSWRWHLQBFRGL
J__F
$1x _ * XSVWUHDPBJHQHBYBULDQWI 02',),(5_9
_9,7B V3 _WUDQVFULSW_9,7B NLQBFRGLQSURMW
$1x _ * XSVWUHDPBJHQHBYBULDQW] 02',),(5_9
_9,7B V3 _WUDQVFULSW_9,7B NLQBFRGLQSURMW

$11 7_ BSULPHB875BYDULDQW _02',),(5_9%BB VV J

J _WUDQVFULSW_9,7B V J _SERWHLQBFRGLQJ
$17_ _7_BSULPHB875BYDULDWQW X2',),057B,7B

VAN _WUDQVFULSW_9,7B V J LQJ SURWHLQBFR
$17_ _ 7_GRZQVWUHDPBJHQHBYDWULDOW 02',),(5_
9,7B V J _WUDQVFULSW_9,7B VLQBFRGLQSIURWH

$11 7_ BSULPHB875BYDULDQW _02',),(5_9%BB VV J

J _WUDQVFULSW_9,7B V J _SERWHLQBFRGLQJ
$17_ _7_BSULPHB875BYDULDWQW X02',),057B,7B

VAR _WUDQVFULSW_9,7B V J LQJ SURWHLQBFR
$17_ _ 7_GRZQVWUHDPBJHQHBYDWULDOW _02',),(5_
9,7B V J _WUDQVFULSW_9,7B VLQBFRGLQSIURWH

JOXWDWKLRQH V WUDQVISHUDVH _

$11 * LQWURQBYDULDQW _02',),(5_9,7B W JJ _9,7B
_WUDQVFULSW_9,7B V J _SURWHLQBFRGLQJ_ |

71& * LQWURQBYDULDQW 02')9¥B9,78 \

J
ZUN\ WUDQVFULSWLRQ _WUDQVFULSW_9,7B VvV J _SUFRWHLQB&RGLQJ



$11 * VIQRQ\PRXVBYDULDQW /2: 9,7B W JJ _9,7B
_WUDQVFULSW_9,7B VvV J _SURMWH ISQBFR G I$S@D __  _|
B B __ * VIQRQ\PRXVBY,DBLDWQW J2: 9
9,7B V3 _WUDQVFULSW_9,7BURWHIQBFRGLQJ_
_F  $!*_S $0D $OD_ B VI\QRQ\PRXVBYDULDQW
2: 9,7B VvV ~9,7B V. J _WUDQVY¥ULSW _9,7B
_SURWHLQBFRGLQJ_ _F $!* S $0OD _$0OD_ _
* GRZQVWUHDPBJHQHBYDULDQW _02',),(9,®B7BV V J
J _WUDQVFULSW_9,7B VvV J _SUBRWHLQBFRGLQJ_
* GRZQVWUHDPBJHQHBYDULDQW _02',) (5, 7B7BV V J
J _WUDQVFULSW_9,7B VvV J _SURWHLQBFRGLQJ_
VQI UHODWHG SURWHL * GRZQVWUHDPBJHQHBYDULDQW 02',) (%, 787BV V J
VXEXQLW JDPPD OLNHJ _WUDQVFULSW_9,7B VvV J _SUBWHLQBFRGLQJ_

$11 & BSULPHB875BSUHPDWXUHBVWDUWSFBGRQBJIDLQB
J ~9,7B V3 _WUDQVFULSW_9,7B_ SVRWHLQBFR
GLQJ_ _F

71% & BSULPHB875BSUHPDWXUHBNWRUWEBRGRQ

VAR 9,7B V. _WUDQVFULSW_9,7BSUOWRWHL
QBFRGLQJ_ F

7 & BSULPHB875BSUHPDWXUWUHBWWRUWBMBRGRQ

VAR ~9,7B V3 _WUDQVFULSW_9,7BSUWRWHL
QBFRGLQJ_ _F
71% & BSULPHB875BSUHPDWXUHBNWRUWEBRGRQ

v o ~9,7B V. _WUDQVFULSW_9,7BSUOWRWHL
QBFRGLQJ_ F

7= & BSULPHB875BSUHPDWXUWUHBWWRUWBMBRGRQ

VAN ~9,7B V3 _WUDQVFULSW_9,7BSUWRWHL
QBFRGLQJ_ _F
71% & BSULPHB875BYDULDQW J02',),9578,7B V

VAR _WUDQVFULSW_9,7B V J QJ_SURWHLQBFRGI
71% & BSULPHB875BYDULDQW 02',),(% 7878

VAR _WUDQVFULSW _9,7B V J LQJ SURWHLQBFR
71% & BSULPHB875BYDULDQW 02',),(% 78 78

VAR _WUDQVFULSW_9,7B V J LQJ_SURWHLQBFR
AL & BSULPHB875BYDULDQW _02',),(% 78 7B
VAR _WUDQVFULSW_9,7B V J LQJ_SURWHLQBFR
AL & BSULPHB875BYDULDQW _02',),(% 78 7B
v o _WUDQVFULSW_9,7B V J LQJ_SURWHLQBFR
71% & XSVWUHDPBJHQHBYDWLDQW _029,)7B5_9,7B

v o _WUDQVFULSW_9,7B V J LQJ SBRWHLQBFR



VDXU IDPLO\ SURWHLQ

$11 & BSULPHB875BSUHPDWXUHBVWDUWSBFBGRWQBJIDLQB

J ~9,7B V. _WUDQVFULSW_9,7B_ SVRWHLQBFR
GLQJ_ _F

AL & BSULPHB875BSUHPDWXUHBWWRUWREMBRGRQ
VAR ~9,7B V1 _WUDQVFULSW_9,7BSUWRWHL
QBFRGLQJ_ _F

7ix & BSULPHB875BSUHPDWXUHBNVWRUWEBRGRQ
VAR 9,7B V3 _WUDQVFULSW_9,7BSUWRWHL
QBFRGLQJ_ _F

AL & BSULPHB875BSUHPDWXUHBWVWRUWREMBRGRQ
VAR 9,7B V3 _WUDQVFULSW_9,7BSUWRWHL
QBFRGLQJ_ _F

7ix & BSULPHB875BSUHPDWXUHBNWDRUWEBRGRQ
VAR 9,7B V1 _WUDQVFULSW_9,7BSUWRWHL
QBFRGLQJ_ _F

AL & BSULPHB875BYDULDQW J02',),9578B,7B V
VAR _WUDQVFULSW_9,7B V J QJ_SURWHLQBFRGI
AL & BSULPHB875BYDULDQW _02',),(% 78 7B
VAR _WUDQVFULSW_9,7B V J LQJ SURWHLQBFR
AL & BSULPHB875BYDULDQW _02',),(% 78 7B
VAR _WUDQVFULSW_9,7B V J LQJ _SURWHLQBFR
AL & BSULPHB875BYDULDQW _02',),(% 78 7B
VAR _WUDQVFULSW_9,7B V J LQJ SURWHLQBFR
AL & BSULPHB875BYDULDQW_02',),(% 78 7B
VAR _WUDQVFULSW_9,7B V J LQJ SURWHLQBFR
AL & XSVWUHDPBJHQHBYDWLDQ@W _029,)7B5_9,7B
v o _WUDQVFULSW_9,7B V J LQJ SBRWHLQBFR

71%



$11 & BSULPHB875BSUHPDWXUHBVWDUWSBFBGRWQBJIDLQB

J ~9,7B V. _WUDQVFULSW_9,7B_ SVRWHLQBFR
GLQJ_ _F

AL & BSULPHB875BSUHPDWXUHBWWRUWREMBRGRQ
VAR ~9,7B V1 _WUDQVFULSW_9,7BSUWRWHL
QBFRGLQJ_ _F

7ix & BSULPHB875BSUHPDWXUHBNVWRUWEBRGRQ
VAR 9,7B V3 _WUDQVFULSW_9,7BSUWRWHL
QBFRGLQJ_ _F

AL & BSULPHB875BSUHPDWXUHBWVWRUWREMBRGRQ
VAR 9,7B V3 _WUDQVFULSW_9,7BSUWRWHL
QBFRGLQJ_ _F

7ix & BSULPHB875BSUHPDWXUHBNWDRUWEBRGRQ
VAR 9,7B V1 _WUDQVFULSW_9,7BSUWRWHL
QBFRGLQJ_ _F

AL & BSULPHB875BYDULDQW J02',),9578B,7B V
VAR _WUDQVFULSW_9,7B V J QJ_SURWHLQBFRGI

AL & BSULPHB875BYDULDQW _02',),(% 78 7B

VAR _WUDQVFULSW_9,7B V J LQJ SURWHLQBFR

AL & BSULPHB875BYDULDQW _02',),(% 78 7B

VAR _WUDQVFULSW_9,7B V J LQJ _SURWHLQBFR

AL & BSULPHB875BYDULDQW _02',),(% 78 7B

VAR _WUDQVFULSW_9,7B V J LQJ SURWHLQBFR

AL & BSULPHB875BYDULDQW_02',),(% 78 7B

VAR _WUDQVFULSW_9,7B V J LQJ SURWHLQBFR

AL & XSVWUHDPBJHQHBYDWLDQ@W _029,)7B5_9,7B

v o _WUDQVFULSW_9,7B V J LQJ SBRWHLQBFR



OHD SURWHLQ

$11 7_PLVVHQVHBYDULDQW _02'(5$7(_9,7B W I 9,71

_WUDQVFULSW_9,7B VvV J _SEHRWHLRBFRGLQJ
6HU _ B B __ 7_PLVVH@ (6BYDWLDBRW
v o 9,7B V3 _WUDQVFULSW_9,7B SWRWH
LQBFRGLQJ_ _F 71$ S &\V  6HU_ _ 7 _PLVVH
QVHBYDULDQW_02'(5%$7(_9,7B VvV J _9,7BVUBQVEUL
SW_9,7B V J _SURWHLQBFRGL&®Y_ 6HU_ 7!$_S
B _ 7 _PLVVHQVHBYDULDBBW W2'(5$7(_09,
9,7B V3 _WUDQVFULSW_9,7BURWHIQBFRGLQJ_
_F 71$_ S &\V  6HU_ _ __PLVVHQ@VHBYDULDQ
02'(5$7(_9,7B VvV J 9,7B V. _WUDIBVFYLSW
J _SURWHLQBFRGLQJ_ _F 71$_ S &\V  6HU_
B 7 _PLVVHQVHBYDULDQW 02'(5$7( 97 W J
J _WUDQVFULSW_9,7B V J QJ_SURWHLQBFRGL
S &\V  6HU_ _ B 7 _XSEH/BYWDHLPEM 02",
). (5_9,7B VvV 9,7B V. J _WUWBQVWULSW_9,
_SURWHLQBFRGLQJ__F
7S _ 7_XSVWUHDPBJHQHB¥DUVDQW _02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURWH
7S 7 _XSVWUHDPBJHQHB¥DUVDQW _02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURMWH
7S 7 _XSVWUHDPBJHQHB¥DUVDQW _02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURWH
7S 7 _XSVWUHDPBJHQHB¥DUVDQW _02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURWH
7S 7 _XSVWUHDPBJHQHB¥DUVDQW _02',),(5_9
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURMWH
7'$
$11 * XSVWUHDPBJHQHBYDULDQW _02',),(59.9.BB VV J
J _WUDQVFULSW_9,7B V J _FSURWHLQBFRGLQ.
71& _ * GRZQVWUHDPBJHQ#HBBDULDQW 02',),(5
9,7B V3 _WUDQVFULSW_9,7BURWHIQBFRG@LQJ _
71& _ * LQWURQBYDULDQW D2',),057®,78/
J _WUDQVFULSW_9,7B V J QJ_SURWHLQBFRGL

JUDV IDPLO\ WUDQVFULSWL&Q IDFWRU



$11 & V\QRQ\PRXVBYDULDQW /2: 9,7B W J _9,7B

_WUDQVFULSW_9,7B V J _SURWH_LY9BEMGLRYO |

D_ _ _ __:$51,1*B5()B'2 (GBEBTR + B *(

120( & GRZQVWUHDPBJHQHBYDULDQW_02',),957B,7B V

\Y; J _WUDQVFULSW _9,7B V J LQJ_SBRWHLI@BFRG

___ _ & GRZQVWUHDPBJHQHBYDULDQW_029)76&_9,7B

\Y; J _WUDQVFULSW _9,7B V J LQJ_SBRWH$I®BFRG

___ _ & GRZQVWUHDPBJHQHBYDULDQW_029)76&_9,7B

\Y; J _WUDQVFULSW _9,7B V J LQJ_SBRWHLI@BFRG

___ _ & GRZQVWUHDPBJHQHBYDULDQW_029)766_9,7B

\Y; J _WUDQVFULSW _9,7B V J LQJ_SBRWHLI@BFRG

___ _ & GRZQVWUHDPBJHQHBYDULDQW_029)76&_9,7B

\Y; J _WUDQVFULSW _9,7B V J LQJ_SBRWH$I®BFRG

JUDV IDPLO\ WUDQVFULSWLRQ IDFWRU

$11 & PLVVHQVHBYDULDQW 02'(5%$7(_9,7B W 1 9,71
_WUDQVFULSW_9,7B V J _SEHRWHEQBBRGLQJ_

$UJ_ _ _ __:$51,1*B5()B'2(6BIRABO (1

20( & _ GRZQVWUHDPBJHQHBYDULDQW _02',),057B, 78 V \
J _WUDQVFULSW _9,7B V J QJ_SHRWHI®BFRGL
& GRZQVWUHDPBJHQHBYDULDQWJ02',)95/®,7B V

SHSWLGH QLWUDWH WLV J _WUDQVFULSW _9,7B V J QJ_ _FURWHEQBFRGI
OLNH _
$11 & V\QRQ\PRXVBYDULDQW_/2:_9,7B W J _9,7B
_WUDQVFULSW _9,7B V J _SURWE LDBREGLAKXIU |
_ _ __:$51,1*B5()B'2(6B127808%7(120
( & VIQRQ\PRXVBYDULDQW /2: 9,7B V J @B VvV
DQVFULSW_9,7B V J _SURWHLBFR&UQJIZKU_F 7
_ _ __:$51,1*B5()B'2(6B127BB${R20(

& XSVWUHDPBJHQHBYDULDQW _02',),(578,7B/ VJ J 9
_WUDQVFULSW _9,7B V J _SURWHLQBFRGLQJ_ _F
$1*_ _ & XSVWUHDPBJHQHBWDUYDQW_02',),(5_9,

9,7B V J _WUDQVFULSW _9,7B VLQBFRGLQURMWH

JUDV IDPLO\ WUDQVFULSW$IRQ IDFWRU



$11 & V\QRQ\PRXVBYDULDQW /2: 9,7B W J _9,7B

_WUDQVFULSW_9,7B V _SURW& LBRBGLTKU |
B B __:$51,1*B5()B'2(6B127&0B7(120

( & VIQRQ\PRXVBYDULDQW /2: 9,7B V J @BV

DQVFULSW_9,7B V J _SURWHLRBFREGUQJIZKU F 7
B B __:$51,1*B5()B'2(6B127BB$ {820 (

& XSVWUHDPBJHQHBYDULDQW 02',),(57®,7B/ VJ J 9
_WUDQVFULSW_9,7B VvV J _SURWHLQBFRGLQJ__F
$1x & XSVWUHDPBJHQHBWDUYDQW 02',),(5_9,

9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSIURWH

QLWUDWH DQG FKORULGH SWUDQVSRUWHU

$11 & BSULPHB875BYDULDQW _02',),(5_9978 W J

J _WUDQVFULSW_9,7B V J _SEHRWHLQBFRGLQJ
71& _:$51,1*B5()B'2(6B127B0$7&+B*RSVA(P&B
875BYDULDQW _02',),(5_9,7B V J _9,7BWWDQVFULS
W_9,7B V. J _SURWHLQBFRGLQJ_ _F

UDV UHODWHG SURWHLQ ©I&__ _:$51,1*B5()B'2(6B127B0$7&+B*(120(
$11 * VIQRQ\PRXVBYDULDQW /2: 9,7B W JJ _9,7B
_WUDQVFULSW_9,7B V J _SURWIHKLGBHARGLOUY |

_ B _ __:$51,1*B5()B'2(6BQS7&+B*(
120( *_XSVWUHDPBJHQHBYDULDQW _02',),(59.9.BB VV J

J _WUDQVFULSW_9,7B V J J__SURWHLQBFRGLQ
71& _ * GRZQVWUHDPBJHQ#HBBDULDQW 02',),(5
9,7B V3 _WUDQVFULSW_9,7BURWHIQBFRGLQJ _

HWK\OHQH UHFHSWRU 71& _

$11 $ VIQRQ\PRXVBYDULDQW /2: 9,7B W I _9,7B
_WUDQVFULSW_9,7B VvV J _SURWHLGBRRGLQY |
UR_ _ _ __ $ _V\QRQ\WRKXAMBYIBLDQ
J _9,7B V3 _WUDQVFULSW_9,7B_ SVRWHLQBFR
GLQJ_ _F &!7_S 3UR 3UR._ _ __ $_V\QRQ\
PRXVBYDULDQW /2: 9,7B V I _9,7BWWDQVFULSW _9
B V J _SURWHLQBFRGLQJ_ _F3UR&!7_S 3UR

B __$ BSULPHB875BYDULNDDBY_02',)J(5
9,7B V1 _WUDQVFULSW_9,7BURWHIQBFRGLQJ_
_F &7 _$_ BSULPHB875BYBULDQWJ 02',),(5_9,
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURWH
&'7 _$ BSULPHB875BYDULDWQW JX2',),057B,7B
v o _WUDQVFULSW_9,7B V J LQJ_SURWHILQBFR

JUDV IDPLO\ WUDQVFULBWLRQ IDFWRU



$11 $ V\QRQ\PRXVBYDULDQW /2: 9,7B W I _9,7B

_WUDQVFULSW_9,7B V J _SURWHLGBRRGLQI |
UR_ _ B __$ V\QRQ\WRKXMBYIBLDYQ
J 9,7B V. _WUDQVFULSW_9,7B_ SVRWHLQBFR
GLQJ_ _F &!7_S 3UR  3UR._ _ __ $_V\QRQ\
PRXVBYDULDQW /2: 9,7B V J _9,7BWWDQVFULSW _9
B V J _SURWHLQBFRGLQJ_ _F3UR&!7_S 3UR
_ __$_ BSULPHB875BYDULNDDBV_02',)J(5
9,7B V3 _WUDQVFULSW_9,7BURWHIQBFRGLQJ_
_F &7 _$_ BSULPHB875BYBULDQWJ 02',),(5_9,
9,7B V. J _WUDQVFULSW_9,7B VLQBFRGLQSURW I
&7 _$_ BSULPHB875BYDULDWQW JX2',),057B,7B

SUREDEOH SHSWLGH QLWDWH WUWQVORBEWIHSW 9,7B V J LQJ SURWHISQBFR
DW J OLNH 7

$11 $ _VIQRQ\PRXVBYDULDQW /2: 9,7B W I
_WUDQVFULSW_9,7B V J _SURW$H IQBKBGL7GKU_ |
B B __:$51,1*B5()B'2(6B127&80B7(120
GHIHFWLYH LQ DQWKHU(GHKLVFHQFH
$11 $ PLVVHQVHBYDULDQW 02'(5$7(_9,7B W I 9,71
_WUDQVFULSW_9,7B V J _SERWHILQBBRGLQJ_
6HU _ _ __ $_XSVWUHHMWPBHQHBY®DUBD
v o _9,7B V3 _WUDQVFULSW_9,7BSUOWRWHLQ
BFRGLQJ__F
17 _ $ XSVWUHDPBJHQHBA¥®UNDQW 02',),(5_9,
HWK\OHQH UHVSRQVLYH HBHPHQW ELQGMUIDIQVFULSW_9,7B VLQBFRGLQIURWH
IDFWRU &'s$

$11 * VIQRQ\PRXVBYDULDQW /2: _9,7B W JJ
DS HUI GRPDLQ FRQWDLOWWIQVFULSW _9,7B V J _ SURMH ISQBF® G 9QD |
WUDQVFULSWLRQ IDFWRU

$11 & LQWURQBYDULDQW_02',),(5_9,7B VV J1

_WUDQVFULSW_9,7B V _SURWHLQBFRGLQJ_ _F
&'* & LQWURQBYDULDQW 02',)9¥B9,78 V J
J _WUDQVFULSW_9,7B VvV J _SAURWHLQBFRGLQJ_

JURZWK UHJXODWLQJ IDFWRUY

$11 7_V\QRQ\PRXVBYDULDQW /2: 9,7B W J
DS HUI GRPDLQ FRQWDLQULWDQVFULSW_9,7B V J _SURWHISQBFR G I$S@D __  _|
WUDQVFULSWLRQ IDFWRU B o
$11 $ V\QRQ\PRXVBYDULDQW /2: 9,7B W I _9,7B
_WUDQVFULSW_9,7B V J _SURWHISQBEFRGEFEQ®D |
B B __:$51,1*B5()B'2(6B127BBH{&20(
HWK\OHQH UHVSRQVLYHSWGRRDYFWUHDPBQHQHBYDULDQW _02',),0578,78/ V J
IDFWRU J _WUDQVFULSW_9,7B V J _SURM/HLQBFRGLQJ_



$11 $ VIQRQ\PRXVBYDULDQW /2: 9,7B W I _9,7B

_WUDQVFULSW_9,7B V J _SURMWSILQOBBRGBOQR_ |
B _ __:$51,1*B5()B'2(6B127BB$ {820 (
$ VIQRQ\PRXVBYDULDQW /2: 9,7B V 1 _9VUDQV

VFULSW_9,7B V

J _SURWHLQBFRBGRQ3UR_F  &!$_

_:$51,1*B5()B'2(6B127B0$7&+B*§120QR

Q\PRXVBYDULDQW _/2:_9,7B V 3 _9,7BVUDQVEFULSW _
_SURWHLQBFRGLQJ_ 3UR_ &!$_S 3UR
_ :$51,1*B5()B'2(6B127B0$7&+B*(120(

, 7B
UUu P\E WUDQVFULSWLRQ

\Y,

J

$11 $ _VIQRQ\PRXVBYDULDQW /2: 9,7B W I _9,7B
_WUDQVFULSW_9,7B V J _SURWHISQBRRGEQQJ |

9,7B

\% J

*1$ S *0\

7B

VXFURVH WUDQVSRUWHURWHLQBFRGLQJ_ _F *1$ S *O\ *O\_

\Y

J

_ $_VIQRQ\PRXVBYBULDQWI_/2:_9,7

_WUDQVFULSW_9,7B VLQBFRGLQSURW I

*O\_
9,7

_ _ _ PRXMBRODULDQW /2: 9
B V J _WUDQVFULSW _9,7BS V

$11 $ VIQRQ\PRXVBYDULDQW /2: 9,7B W I _9,7B
_WUDQVFULSW_9,7B V _SURWHISQBRRGEQQJ |
__ $_V\QRQ\PRXVBYBULDQWI /2:_9,7
_WUDQVFULSW_9,7B VLQBFRGLQSURW I

9,7B

\% J

*1$ S *0\

7B

JUDV IDPLO\ WUDQVFULSBRWRQQBFRM®RIUQJ _F *1$ S *O\ *O\_

\Y

J

*O\_
9,7

_ _ _ PRXMBRDULDQW /2: 9
B V J _WUDQVFULSW _9,7BS V

$11 $ VIQRQ\PRXVBYDULDQW /2: 9,7B W I _9,7B
_WUDQVFULSW_9,7B V J _SURWHISQBRRGEQQJ |

9,7B

\% J

*1$ S *0\

7B

VXFURVH WUDQVSRUWHURWHLQBFRGLQJ_ _F *1$ S *O\ *O\_

\Y,

J

_ $_VIQRQ\PRXVBYBULDQWI_/2:_9,7

_WUDQVFULSW_9,7B VLQBFRGLQSURW I

*O\_
9,7

_ _ _ PRXMBRODULDQW /2: 9
B V J _WUDQVFULSW _9,7BS V

$11 $ _V\QRQ\PRXVBYDULDQW /2: 9,7B W I _9,7B
_WUDQVFULSW_9,7B V J _SURWHISQBRRGEQQJ |

9,7B

\% J

*1$ S *0\

7B

JLEEHUHOOLQ UHJXODWHGVSIURWFRGQLQJ _F  *1$ S *O\ *O\_

\Y,

J

_ $_VIQRQ\PRXVBYBULDQWI_/2:_9,7

_WUDQVFULSW_9,7B VLQBFRGLQSURW I

*O\_
_9,7

_ _ _ PRXMBRODULDQW /2: 9
B V J _WUDQVFULSW _9,7BS V



$11 $ V\QRQ\PRXVBYDULDQW /2: 9,7B W I _9,7B

_WUDQVFULSW_9,7B V

9,7B V. J _WUDQVFU

*1$ S *O\ *O\_ B

7BV J 9,7B V. J
P\E WUDQVFULSWLRQ IDIFRWRHILQBFRGLQJ_ _F

J _SUR\MHISQBRRBQQJ

$ VIQRQ\PRXVBYBULDQW /2: 9,7

LSW_9,7B VLQBFRGLQSURW
B _ PRXMBRDULDQW /2: 9
_WUDQVFULSW_9,7BS V

*1$ S *O\ *O\_

$11 $ V\QRQ\PRXVBYDULDQW /2: 9,7B W I _9,7B

_WUDQVFULSW_9,7B V

9,7B0 V. J _WUDQVFU
*1$ S *O\ *O\_ _

SUREDEOH SHSWLGH QLMBUDWH WUDQY.IBUWHU J
DW J OLNH URWHLQBFRGLQJ_  _F

J _SUR\MHISQBRRGQQJ

__$ V\QRQ\PRXVBYBULDQWI /2: 9,7

LSW_9,7B VLQBFRGLQSURW
_ PRXMBRDULDQW /2: 9

_WUDQVFULSW_9,7BS V

*1$ S *O\ *O\_

$11 $ VI\QRQ\PRXVBYDULDQW /2: 9,7B W I _9,7B

_WUDQVFULSW_9,7B V

9,7B. V. J _WUDQVFU
*1$ S *O\ *O\_ _

SUREDEOH SHSWLGH QLMBUDWH WUDQY.IBUWHU J
DW J URWHLQBFRGLQJ_  _F

J _ SUR\MHISQBRRGQQJ

~__ $ V\QRQ\PRXVBYBULDQWI /2: 9,7

LSW_9,7B VLQBFRGLQSURW ¥
_ PRXMBRDULDQW /2: 9

_WUDQVFULSW_9,7BS V

*1$ S *O\ *O\_

$11 $ V\QRQ\PRXVBYDULDQW /2: 9,7B W I _9,7B

_WUDQVFULSW_9,7B V

9,7B. V. J _WUDQVFU
*1$ S *O\ *O\_ B

SUREDEOH SHSWLGH QLMBUDWH WUDQYSIBUWHU J
DW J OLNH URWHLQBFRGLQJ_  _F

J _ SUR\MHISQBRRGQQJ

$ VIQRQ\PRXVBYBULDQW /2: 9,7

LSW_9,7B VLQBFRGLQSURW

_ PRXMBRDULDQW /2: 9
_WUDQVFULSW_9,7BS V
*1$ S *O\ *O\_



UuUu P\E WUDQVFULSWLROF &7

$11 7_V\QRQ\PRXVBYDULDQW _/2: 9,7B W J _9,7B

_WUDQVFULSW_9,7B VvV J _SURWHISQBFRGEQJI_ |
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&RQFOXVLROQ

7TKH SUHVHQW 3K' WKHVLV ZDV VWUXFWXUHG LQWR WKUHH
FROQWULEXWHG WR WKH XQGHUVWDQGLQJ RI JHQHWLF GLYHU
LQ JUDSHYLQH FXOWLYDUV 7KH FHQWUDO REMHFWLYH ZDV
WHFKQRORJLHVY WR H[SORUH YDULDELOLW\ ZLWKLQ DQG EHW.
&DPSDQLDQ YDULHWLHYV 7KURXJK WKH DSSOLFDWLRQ RI FX
SURYLGHG QHZ LQVLIKWYV LQWR WKH JHQHWLF DUFKLWHFW
JUDSHYLQH FXOWLYDUV FRQWULEXWLQJ WR WKHLU FRQVHUY

7KH ILUVW SKDVH&KDBMBUBHGHYBEFKKDUDFWHULVH WKH JHQF
EHORQJLQJ WR VL[ LQGLJHQRXV YLQHSYRM s WIS USIRP 6 R X W
&$0$,2/$IlURP &DPSDx2OGBLIE0$/9%6,81(58 G5, %,6DQG16872/2%$1&2

IURP $SXOLD 7TKHVH YDULHWLHY SUHVHQW XQLTXH PRUSKRO
YDOXDEOH IRU ERWK WKH VXVWDLQDELOLW\ RI YLWLFXOWXUL

7KH LQWHJUDWLRQ RI GLVWLQFW 613 GDWDVYVERWKRPRN &5
DGYDQWDJHRXV IRU WKH H[DPLQDWLRQ Rl ERWK LQWHU DQ
SRSXODWLRQV 7KLV LV RQO\ SRVVLEOH KRZHYHU LI WKH \
DSSURDFK KDV HQJHQGHUHG D UHSOLFDEOH IUDPHZRUN WKF
FRPSXWDWLRQDO VWXGLHV $V VKRZQ DGYDQFHG JHQRPLE |
VWUXFWXUH DQG GHWHFWLQJ ViQR QABa&KRAKRY\P\D DDV VZ MVWKI
YDULDWLRQ DFURVV WKH &DPSDQLDQ DQG $SXOLDQ FORQHYV
GLYHUJHQFH 7KHVH UHVXOWV VXJJHVW D SLYRWDO UROH IF
VKDSLQJ WKH JHQHWLF GLYHUVLW\ Rl WKHVH SRSXODWLRQYV
IL[DWLRQstQGH[ZHUH LGHQWLILHG ZLWKLQ WKH DQQRWDWHG
DVVRFLDWHG ZLWK WUDLWV UHODWHG WR SKHQRW\SLF SOD'
SURYLGH HVVHQWLDO JHQHWLF UHVRXUFHV IRU VHOHEWLRQ
LQ OHGLWHUUDQHDQ YLWLEXOWXUH

7KH VHFRQG U H \G&HDSAKHREFW GHIGLFDWHG WR DQ LB5,GHIWK JH(
D KLVWRULF DQG HFRQRPLFDOO\ VLJQLILFDQW JUDSHMLQH |
FORQHV LQFOXGLQJ VHOHFWHG DQG FHUWLILHG FORQHV SU
*0p6 7KLV DSSURDFK LGHQWLILHG ILOWHUHG VLQJOH QX
VXEVHTXHQWO\ XVHG WR HYDOXDWH JHQHWLF UHODWLRQVKL



7KH UHVXOWV Rl WKH ,GHQWLW\ E\ 6WDWH ,%6 DQDO\VLV L
35,0,7,9FORQHV ZLWK YDOXHV EHORZ LQ VHYHUDO FRPSDL
LGHQWLILHG WKUHH PDLQ JHQHWLF JURXSV GLIIHUHQWLDW
DJURQRPLF WUDLWV &ORQHV RULJLQDWLQJ IURP WKH *LRLC
UHIOHFWLQJ YDULDWLRQV LQ JUDSH UHODWHG FK DALD RWDDUF I\
WR HQYLURQPHQWDO VWUHVYV

)XUWKHUPRUH WKH IXQFWLRQDO DQQRWDWLRQ RI ORFL H[KI
NH\ JHQHV LQYROYHG LQ VWUHVV UHVSRQVH PHFKDQLVPV
UHFHSWRUV DX[LQ DQG HWK\OHQH VLJQDOOLQJ SDWKZD\\
VLIQLILFDQFH RI JHQHWLF2NORQBELDQ®/\SURBLGH D IRXQGDVW
XWLOLVDWLRQ LQ EUHHGLQJ SURJUDPPHY WKDW DUH RULHQV
ZLQH TXDOLW\

7TKH WKLUG&RBWWWHIKWNYH D SDUWLFXODU IRFXV RQ ILYH PDM
1(*52%0%$520%$/9%6,%L(5% 35,0,7,920,1872/2%%$1&2DQ& 8752,$ 7KH JHQRW\SL
E\ VHTXHQFLQJ DSSURDFK ZDV DSSOLHG WR DVVHVV JHQHWL
OHYHOV UHYHDOLQJ D VLJQLILFDQW GHJUHH RI JHQHWLF GL|

7KURXJK JHQRPH ZLGH 613 DQDO\VLV WKLV VWXG\ LGHQWL
DJURQRPLF WUDLWYV LQFOXGLQJ VHFRQGDU\ PHWDEROLVP G
JHQHV HQFRGLQJ :5.< WUDQVFULSWLRQ IDFWRUV ZKLFK SOD
ZHUH IRXQG WR EH SDUWLFXODUO\ UHOHYDQW $GGLWLRQI
LQIOXHQFLQJ ZLQH IODYRU DURPD DQG SLIPHQWDWLRQ ZF
PDUNHUV IRU HQKDQFLQJ JUDSH DQG ZLQH WUDFHDELOLW\

$ FULWLFDO DVSHFW RI WKLV VWXG\ ZzDV WKH YDOLGDWLRQ |
DQG DXWKHQWLFDWLRQ 7KLV ZRUN FRQWULEXWHV WR PDLQW
E\ RITHULQJ UREXVW WRROV IRU FXOWLYDU GLVFULPLQDW
GHYHORSPHQW RI JHQRPLF PDUNHUV IRU WUDFHDELOLW\ LV !
ZLQH LQGXVWU\ ZKHUH HQVXULQJ SURGXFW DXWKHQWLFLW\

7KLV WKHVLV LV EDVHG RQ WKUHH \HDUV RI VWXG\ GXULQJ Z
WHFKQRORJLHYVY LQ SDUWLFXODU *%6 DQG GG5%$' VHT KDYH
FDSDFLW\ WR FKDUDFWHULVH JUDSHYLQH JHQHWLF GLYHUV
GHPRQVWUDWHY WKDW 613 EDVHG PROHFXODU PDUNHUV L



GLIIHUHQWLDWLRQ LGHQWLI\LQJ DJURQRPLFDOO\ YDOXDEOH
FXOWLYDUV ,Q DGGLWLRQ WKH ILQGLQJV RI WKLV ZRUN KDY

X

%LRGLYHUVLW\ &RQVHUYDWLRQ 7KH FKDUDFWHULVDWLR
D VFLHQWLILF IRXQGDWLRQ IRU WKH SUHVHUYDWLRQ RI V
WKHLU UHVLOLHQFH LQ WKH IDFH Rl FOLPDWH FKDQJH DC
B3UHFLVLRQ %UHHGLQJ DQG 6HOHFWLRQ *HQRPLF YDULD
DQG IUXLW TXDOLW\ KDYH RSHQHG QHZ DYHQXHV IRU VI
DJURQRPLF WUDLWV

‘LQH $XWKHQWLFLW\ DQG 7UDFHDELOLW\ 7KH YDOLGDWL
LV LPSHUDWLYH IRU HQKDQFHG YDULHWDO GLVFULPLQI
DSSURDFK LV LQVWUXPHQWDO LQ VDIHJXDUGLQJ WKH LQ
FRQWULEXWLQJ WR WKH SUHVHUYDWLRQ RI $SXOLD V UH
6XVWDLQDEOH YLWLEXOWXUH 7KH LQWHJUDWLRQ RI JHQ
NH\ FRQWULEXWLRQ RI WKLV UHVHDUFK DLPLQJ WR |
OHGLWHUUDQHDQ YLQH\DUGV WKURXJK WKH SURPRWLRQ
HIILFLHQW SURGXFWLRQ V\VWHPV

,Q FRQFOXVLRQ WKLV WKHVLV UHSUHVHQWY D VXEVWDQWLLEL
H[HPSOLI\LQJ WKH HIILFDF\ RI QH[W JHQHUDWLRQ VHTXHQFLC

R

PROHFXODU JHQHWLFYVY DQG ELRLQIRUPDWLFV ZLOO FRQWL

HOQKDQFHPHQW RI $SXOLDQ DQG &DPSDQLDQ YLWLFXOWXUH |
RI WKHVH ZLQH UHJLRQV LQ WKH \HDUV WR FRPH
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