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+.4-'.,( 4-O-0-b+,-$.( $2( !"-.+X( -.( W'&,( /&-+( +.5( .$#,"'#.( /2#-4+( B)"':"'#5( LK9Gc(
]=5-.(MHHHNE(3=#-.*(,"$=&+.5&($2(1'+#&(&'0'4,-$.(,$$V(:0+4'X(+2,'#(LFIJX(2-#&,(U1Y#-5(
6'+(#$&'X(%$#'(,"+.(\\HHH(%$5'#.(4=0,-O+#&("+O'(Y''.(5'&4#-Y'5E(;$&'(-&(-.(,"'(,$:(
2-O'( $2( $#.+%'.,+0( :0+.,&X( :+#,01( Y'4+=&'( $2( ,"'( O+&,( 5-O'#&-,1( -.( :0+.,( "+Y-,( +.5(
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&:'4-2-4( "1Y#-5-b+,-$.E( /Y$=,( ,'.( &:'4-'&( 2#$%( *'.=&( !"#$( 4$.,#-Y=,'5( ,$( ,"'(
5'O'0$:%'.,( $2( 4=0,-O+,'5( #$&'X( W"-4"( +#'( !?- 9),2*2#,#X( !?- >"*(,1$X( !?- <$'',9$X( !?-
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5','#%-.'(+.5(,"$&'(W"$("+O'(&''.(2'W(&:'4-'&(4+.(5-&,-.*=-&"(,"'%(%$#'('+&-01(,"+.(
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%*#3*0)"1"#( +.5( !"#$- Y1( 4$.5=4,-.*( ;/<3`Y+&'5( :"'.',-4( +.+01&-&X( &=Y*'.'#+(
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4$%:#-&-.*( \( &=Y*'.'#+X( I( &'4,E(!"#$( +.5( I( &=Y&'4,-$.&( $2( &'4,E(:$2,2$*-Y1( =&-.*(
/Sa<( 5+,+E( 6"'( ;'&=0,( &=::$#,'5( ,"+,( &:'4-'&( $2( &'4,E( :$0"',2$*( +.5( &'4,E(
:,22$+"+*$*( &"$=05( Y'( %'#*'5E( Q'+.W"-0'X( ,"'( #'&=0,&( +0&$( &=**'&,'5( ,"+,(
&=Y&'4,-$.(!&B,<,2*$*( -&( +(%$.$:"10',-4( *#$=:(W-,"-.( &'4,E(:$2,2$*( B8$$:%+.X( ',(
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&'4,-$.+0(5-22'#'.,-+,-$.($2( ,+T+( -.(&'4,E(:$2,2$*X(5='( ,$( -,&(:'4=0-+#(9$2,2$(%'-$&-&(
5'&4#-Y'5( KH( 1'+#&( +*$X( W"-4"( -.O$0O'&( "','#$*+%1( +.5( %+,#$40-.+0( $22&:#-.*(
4+=&'5(Y1(+.(+&1%%',#-4+0(%'-$&-&E(6"'&'(&,=5-'&( -.5-4+,'5( ,"+,(%+-.01(?=#$:'+.(
&'4,-$.(:$2,2$*(B5$*#$&'&(:0+1&(+.('&&'.,-+0(#$0'(-.(,"'(:#$5=4,-$.($2(#$$,(&,$4V&(2$#(
$#.+%'.,+0( #$&'( Y#''5-.*N( +#'( 4$%:0'T( +00$:$01:0$-5&( Y1( +.+01b-.*( .=40'+#(
#-Y$&$%+0(3C/(5+,+X(+.5(&=**'&,'5(,"+,(,"'(:'.,+:0$-5(:$2,2$*(*'.$%'($#-*-.+,'5(
2#$%(5-22'#'.,(.$.`5$*#$&'&( &:'4-'&( B<'.0+.5(LKM\c(C1Y$%X(?&&'0-.VX( ',( +0EX( MHH9c(
;-,bX()4"%=,"&X(',(+0EX(MHH9NE((

6"'( 4"+.*'&( -.( ;$&+( :"10$*'.',-4( #'0+,-$.&"-:&( 5'%$.&,#+,'( ,"'( 4$%:0'T-,1( $2(
%$5'#.( 4=0,-O+#&(*'.',-4(Y+4V*#$=.5(4+=&'5(Y1(O+#-$=&( 2+4,$#&( B8$$:%+.X(MHHFNE(
6"'#'2$#'X( 5-&,-.*=-&"( %$#:"$0$*-4+0( ,#+-,&( +.5( -5'.,-21( ,"'( $#-*-.( &$=#4'( $2( ,"'(
4=0,-O+#&X( ,"'&'(%$0'4=0+#( +&&-&,'5( Y#''5-.*( +.5( &'0'4,-$.( +#'( O'#1( -%:$#,+.,( 2$#(
#$&'( Y#''5'#&( ,$( Y#''5( .'W( O+#-',-'&X( +.5( W"-4"( +0&$( "'0:( h<Dd( B7.,'#.+,-$.+0(
h.-$.(2$#(,"'(<#$,'4,-$.($2(C'W(d+#-',-'&N(,$(:#$,'4,(Y#''5'#e&(#-*",&E(
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!"#$($#-*-.+,'&(2#$%(,'%:'#+,=#'(#'*-$.&($2(.$#,"'#.("'%-&:"'#'X(Y',W''.(MH(+.5(
JH( 5'*#''&( 0+,-,=5'X( -.40=5-.*(C$#,"( /%'#-4+X( ?=#$:'X( C$#,"W'&,( /2#-4+X( /&-+( +.5(
,"'(Q-550'(?+&,(B<"-00-:&(+.5(;-T(LKFFNE(S$&&-0(#'4$#5&($2(;$&+(4+.(Y'(,#+4'5(Y+4V(,$(
\9(%-00-$.(1'+#&(+*$(BD0-*$4'.'(':$4"N(B!$TX(LKKKNE(;$&'&(+#'(2#'_='.,01(%'.,-$.'5(
-.(#'4$#5&(2#$%(Q-550'(?+&,(+#$=.5(\HHH(1'+#&(+*$E(!?-+"#9)$($(+.5(!?->"*(,1$(W'#'(
4=0,-O+,'5( 'T,'.&-O'01( 2$#( ,"'-#( #':=,'5( %'5-4-.+0( O+0='( +.5( ( $#.+%'.,+0( 5=#-.*(
;$%+.( '#+E( /2,'#( LMHH( /3X( ,"'( #$&'( "+&( Y''.( #'*+#5'5( +&( Y$,"( $#.+%'.,+0( +.5(
%'5-4-.+0(:0+.,&( -.(?=#$:'( BR$1'+=&X( MHH\NE( !$%%'#4-+0(%$5'#.( #$&'&(=&'5( ,$(Y'(
Y#'5( +.5( *#'W(%+-.01( -.(C$#,"'#.("'%-&:"'#'X( Y=,(.$W( ,"'1( +#'(Y'-.*(:#$5=4'5(
+#$=.5(,"'(W$#05E((

>'4+=&'( $2( ,"'-#( "-*"( '4$.$%-4( +.5( $#.+%'.,+0( O+0='X( +( 0+#*'( .=%Y'#( $2( #$&'(
4=0,-O+#&( "+O'( Y''.( 5'O'0$:'5( 2$#( 5-22'#'.,( :=#:$&'&X( -E'E( *+#5'.( :0+.,X( 4=,( #$&'X(
-.5$$#&(:$,(:0+.,&X( #$&'("-:&X( +.5('O'.( 2$$5(+55-,-O'&( BO-,+%-.(!NE( 7.(MHH\X(W$#05(
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,#-.=40'$,-5'( #':'+,&( Y'1$.5( +( 4'#,+-.( 0'.*,"( -.( 4'#,+-.( *'.'&( 0'+5&( ,$( :+#,-4=0+#(
5-&'+&'&E( >'4+=&'( $2( ,"'-#( %=0,-`+00'0-4( :#$:'#,1X( 'T,'.&-O'( *'.$%'( 4$O'#+*'( +.5(
4$5$%-.+.,( -."'#-,+.4'X( %-4#$&+,'00-,'&( "+O'( Y''.( =&'5( 'T,'.&-O'01( 2$#( *'.',-4(
%+::-.*X( :"10$*'.1( -5'.,-2-4+,-$.X( +.5( ':-5'%-$0$*1( +.+01&-&( B!"-&,-+V$OX( ',( +0EX(
MHHINE((

/5858!)K+'9&*&+14!O",&!&@'%3+1'*#.K!4'*7&P3&*4&7!'(!

-'%K-%'12K!!!

<$01:0$-51X(-&(,"'("'#-,+Y0'(4$.5-,-$.($2(:$&&'&&-.*(%$#'(,"+.(,W$(4$%:0','(&',&($2(
4"#$%$&$%'c(-,(-&(+(%+@$#(2$#4'(-.(,"'('O$0=,-$.($2(%+.1('=V+#1$,'&E(/&(+(#'&=0,($2(
'-,"'#(,"'(5$=Y0-.*($2(4"#$%$&$%'&(+#-&'(W-,"-.(+(&+%'(&:'4-'&(B+=,$:$01:0$-51N($#(
=:$.(+.(-.,'#&:'4-2-4("1Y#-5-b+,-$.(B+00$:$01:0$-51N(Y',W''.(40$&'01(#'0+,'5(&:'4-'&(
4$.,+-.-.*( "$%$0$*$=&( B"$%$'$0$*$=&N( *'.$%'&X( :$01:0$-51( -&( W'00( ,$0'#+,'5( -.(
%+.1( '=V+#1$,'&( *#$=:&( B!$%Y'#( ',( +0EX( MHLHc( )+#+"X( MHHJNE( 6"'( %+@$#-,1( $2(
20$W'#-.*(:0+.,&("+O'(5'&4'.5'5(2#$%(:$01:0$-5(+.4'&,$#&X(-.40=5-.*(+.4-'.,('O'.,&(



(
(

J(

+&( W'00( +&( %+.1( #'4'.,( +00$:$01:0$-51( 'O'.,&( -.( O+#-$=&( :0+.,( *#$=:&X( -.40=5-.*(
W"'+,X(4$,,$.X(&$1Y'+.X(',4E(B>0+.4(+.5(Z$02'(MHHGc(/5+%&X(MHHJc(a-%(',(+0EX(MHHFNE(
7.( ;$&+( ,"'( :0$-51( 0'O'0&( O+#1( 2#$%( 5-:0$-5( BM.fMTN( ,$( "'T+:0$-5( BM.fITN(
BZ-&&'%+..(+.5(U'00W-*X(LKKJNE(Q$&,($2(,"'(W-05(&:'4-'&(+#'(5-:0$-5(+.5(,"'(Y+&-4(
4"#$%$&$%'(.=%Y'#(-&(J(BC1Y$%X(MHHKNX(W"'#'+&(,"'(%+@$#-,1($2(4=0,-O+,'5(#$&'&(
,'.5(,$(Y'(,#-:0$-5(+.5(,',#+:0$-5(B;$=,(',(+0X(LKKKNE((<$01:0$-51(5$'&(.$,(+0W+1&(0'+5(
,$( &,+Y0'( *'.$%'&E( 7.( W"'+,( ,"'( :$01:0$-51( &,+,'( -&( %+-.,+-.'5( Y1( &=::#'&&-.*(
#'4$%Y-.+,-$.( Y',W''.( ,"'( *'.$%'&E( 6"'( *'.'( ( B<"L( 0$4=&( -.( :$01:0$-5( W"'+,N(
#'&:$.&-Y0'(2$#(,"'(&=::#'&&-$.($2(Y-O+0'.,(:+#-.*($2(,"'(4"#$%$&$%'&("+&(Y'*=.(,$(
Y'(=.#+O'0'5(B]#-22-,"&X(',(+0EX(MHHINE(

1.3 Disease resistance  

/5;5/!L%#*+!217&#7&!.&717+#*4&!-.'+&1*!719*#%1*9I!QRNST66!!

7.( 4$.,#+&,( ,$( +.-%+0&X( :0+.,&( 0+4V( ,"'( +5+:,-O'( -%%=.-,1( &1&,'%( ,$( #'&:$.5( ,$(
:+,"$*'.&E( 6$( &=44'&&2=001( 5','4,( +.5( *=+#5( $22( ,"'( :+,"$*'.&X( :0+.,&( 'O$0O'5( +(
&:'4-2-4('22'4,'#`,#-**'#'5(-%%=.-,1(%'4"+.-&%E()$`4+00'5(g5-&'+&'(#'&-&,+.4'(*'.'&e(
B;`*'.'&N( +#'( ,"'( &:'4-2-4-,1( 5','#%-.+.,&( $2( ,"'( :0+.,( -%%=.'( #'&:$.&'X( W"-4"(
-.O$0O'&(+(&:'4-2-4(-.,'#+4,-$.(Y',W''.("$&,(;(*'.'&(+.5(:+,"$*'.(+O-#=0'.4'(*'.'&(
B+O#N(B[$=&&'2X(MHHGc(>#$51(+.5(;$*'#X(MHHINE(6"'-#(+4,-$.&X( -.(%$&,(4+&'&X( 0'+5(,$(
0$4+0-b'5( :#$*#+%%'5( 4'00( 5'+,"X( W"-4"( -&( ,'#%'5( U1:'#&'.&-,-O'( ;'&:$.&'( BU;N(
BC-%4"=VX( ',( +0EX( MHH\NE( 6"'(%+@$#-,1( $2( ;`*'.'&( '.4$5'( :0+.,( #'&-&,+.4'( :#$,'-.&(
4$.,+-.-.*( +( .=40'$,-5'`Y-.5-.*( &-,'( BC>)NX( +( &'#-'&( $2( 0'=4-.'`#-4"( #':'+,&( Ba;;NX(
+.5( +( :=,+,-O'( +%-.$`,'#%-.+0( &-*.+0-.*( 5$%+-.X( +.5( ,"'1( +#'( ,'#%'5( C>)`a;;(
:#$,'-.&( BQ'1'#&X( ',( +0EX( MHH\NE( 7.( :=Y0-4( 5+,+Y+&'X( $O'#( LIHH( C>)`a;;( *'.'`
'.4$5-.*(&'_='.4'&(+#'(+%:0-2-'5(Y+&'5($.(,"'(4$.&'#O'5(&'_='.4'&(W-,"-.(,"'(C>)(
5$%+-.E( 6"'&'( &'_='.4'&( &:#'+5( -.( .$.`O+&4=0+#( :0+.,&X( +.*-$&:'#%&X( +.5(
*1%.$&:'#%&E(Ba'+"X(',(+0EX(MHHINE((

?+4"(C>)`a;;(:#$,'-.('.4$5'&(+("-*"01(4$.&'#O'5(C>)(5$%+-.(2$#(/6<("15#$01&-&(
+.5(#'0'+&'($2(&-*.+0(B6+%'0-.*(',(+0EX(MHHMNE(a;;(5$%+-.&(+#'(0$4+,'5(+,(,"'(4+#Y$T1(
,'#%-.-( $2( :0+.,( C>)`a;;( :#$,'-.X( 4$.,+-.-.*( ,+.5'%( a;;&E( 7.( 4$.,#+&,( ,$( .$(
2#'_='.,(*'.'`4$.O'#&-$.('O'.,&(-.(C>)(5$%+-.X(,"'(a;;(#'*-$.(,'.5&(,$(Y'("-*"01(
O+#-+Y0'X( 5='( ,$( =.'_=+0( 4#$&&-.*`$O'#( +.5( *'.'( 4$.O'#&-$.X(W"-4"( *'.'#+,'5( ,"'(
O+#-+,-$.(-.(,"'(.=%Y'#(+.5(:$&-,-$.($2(a;;&(Ba'+"(',(+0EX(MHHINE(6"'(a;;(5$%+-.(-&(
+(4$%%$.(%$,-2X(W"-4"("+&(Y''.(2$=.5(-.($O'#(MHHH(:#$,'-.&E(6"'(+%-.$`,'#%-.+0(
+.5(4+#Y$T1`,'#%-.+0(5$%+-.&(-.(a;;(+#'(#'&:$.&-Y0'(2$#(%$5=0+,-.*(+4,-O+,-$.(+.5(
Y+4,'#-+0( #'4$*.-,-$.( B[$=&&'2( ',( +0EX( MHHINE( )'O'#+0( 0-.'&( $2( 'O-5'.4'( -.5-4+,'( ,"'(
#'*=0+,$#1( 2=.4,-$.( $2( a;;( 5$%+-.&X( 2$#( 'T+%:0'X( ,#=.4+,-$.( $2( :$,+,$( ;( *'.'( ;T(
B#'&-&,+.4'(,$(<$,+,$(d-#=&(AN(a;;(5$%+-.(0'+5(,$(+.(-.4#'+&'(-.(,"'("1:'#&'.&-,-O'(
#'&:$.&'(B>'.5+"%+.'(',(+0EX(MHHMNE((
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7.,#$*#'&&-$.( $2( ;( *'.'&( 2#$%( W-05( &:'4-'&( -&( O'#1( -%:$#,+.,( 2$#( ,"'( 5-&'+&'(
#'&-&,+.,( 4=0,-O+#&( 4#'+,-$.E( 6$( 5+,'X( \( &-.*0'( 5$%-.+.,( ;( 0$4-( "+O'( Y''.(
4"+#+4,'#-b'5( -.( #$&'&X( M( Y0+4V( &:$,( ;( 0$4-X( !10FX( !10GX( +.5( $.'( :$W5'#( %-05'W(
#'&-&,+.,(0$4=&(!33F(BO$.(Q+0'V(+.5(3'Y'.'#(LKKFc(a-.5'(',(+0EX(MHHGc(Z"-,+V'#(',(
+0EX(MHLHNE(((

/5;58!R%#4M!7-'+!.&717+#*4&!

>0+4V(&:$,(5-&'+&'(4+=&'5(Y1(C,3'"9$03"2-0"#$*-H"'>(B+(:"1,$:+,"$*'.-4(+&4$%14','(
2=.*=&N( -&( $.'( $2( ,"'(%$&,( W-5'&:#'+5( 5-&'+&'&( +%$.*( $,"'#&( B:$W5'#1(%-05'WX(
#=&,( +.5( 4#$W.( *+00N( $2( #$&'&E( 7,( -&( O'#1( 5-22-4=0,( ,$( 4$.,#$0( +.5( 4+=&'&( &-*.-2-4+.,(
0$&&'&('O'#1(1'+#(BU$#&,X(LKF\c(]+4"$%$(+.5()-%'$.X(MHLHNE(7,(4+.(Y'(2$=.5($.(Y$,"(
W-05(&:'4-'&(+.5(%$&,(4=0,-O+#&X(,"'(%+@$#(&$0=,-$.($2(,"-&(&'#-$=&(5-&'+&'(-&(#'*=0+#(
&1&,'%-4( 2=.*-4-5'&(&:#+1(B3#'W'&`/0O+#'bX(MHH\c(]+4"$%$X(MHH9NE(U$W'O'#X(W-,"(
,"'( -.4#'+&-.*($2(:=Y0-4(4$.4'#.(+.5( 2=.*-4-5'&( 0'*+0(#'&,#-4,-$.X(#$&'(Y#''5'#&(+#'(
%$#'( -.,'#'&,'5( -.( 5'O'0$:-.*( +,,#+4,-O'( #$&'&( 4=0,-O+#&( W-,"( "-*"( 5-&'+&'(
#'&-&,+.4'E(/(:#'#'_=-&-,'($2(,"-&($Y@'4,(-&(,$(2-.5(+(#'&-&,+.,(0-.'(+&(,"'(#'&$=#4'($2(
#'&-&,+.,(*'.'&E(3='(,$( 0-%-,'5(*'.',-4(5-O'#&-,1(+%$.*(#$&'(4=0,-O+#&X(W-05(&:'4-'&(
Y'4$%'(,$(Y'(,"'(:#-.4-:0'(#'&-&,+.4'(*'.'&(#'&$=#4'&(B3'Y'.'#X(MHHHNE((

6"'(%'4"+.-&%&($2(:"1&-$0$*-4+0(+.5(Y-$4"'%-4+0('O-5'.4'($2(,"'(#$&'&(-.2'4,'5(Y1(
C,3'"9$03"2-0"#$*("+&(Y''.(=.#+O'0'5(B]+4"$%$(+.5()-%'$.X(MHLHNE(6"'(*'.',-4&($2(
:+#,-+0( #'&-&,+.4'( ,$(Y0+4V(&:$,("+&(1',( ,$(Y'('0=4-5+,'5X(%=0,-:0'(:+,"$*'.-4(#+4'&(
"+O'(Y''.(5-22'#'.,-+,'5(-.(&$%'(4$=.,#-'&(B3'Y'.'#X(LKKFc(h**0+(!+#0&$.`C-0&&$.c(
Z"-,+V'#( +.5( ),+.X( MHHKNE( 6"'( 2-#&,( 5$%-.+.,( #'&-&,+.4'( *'.'( +*+-.&,( Y0+4V( &:$,(
B;5#LN( +.5( -,&( 0$4+,-$.( W-,"-.( +( 4$.,-*( $2( 2$=#( $O'#0+::-.*( >/!( 40$.'&( "+&( Y''.(
4"+#+4,'#-b'5(#'4'.,01(B6'#'2'(+.5(3'Y'.'#X(MHLHNE(
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789(",5:(-
D2( +00( :$&&-Y0'( &=Y@'4,&( #'0'O+.,( ,$( #$&'( Y#''5-.*( +.5( ,$( ,"'( &,=51( $2( *'.',-4(
5-O'#&-,1(-.(#$&'&X(,"-&(,"'&-&(W-00(5'+0(W-,"(,"'(2$00$W-.*(&=Y@'4,&P(

• 6"'(%$5'($2(-."'#-,+.4'(-.(*+#5'.(#$&'&(

• !$%:+#'( *'.',-4( 5-O'#&-,1( $2( a;;( #'*-$.( $2( ;5#L( :+#+0$*='&( +%$.*( #$&'(
4=0,-O+#&(+.5(W-05(#$&'(&:'4-'&E(

• !$%:+#'( *'.',-4( 5-22'#'.,-+,-$.( +%$.*( ?=#$:'+.( *+#5'.( #$&'&X( !+.+5-+.(
*+#5'.(#$&'&X(+.5(4=,(#$&'(4=0,-O+#&(Y1(=&-.*(.'=,#+0(%-4#$&+,'00-,'(%+#V'#&E(
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./01,(2-;-</(-+%)(-%=-5$/(25,0$"(-5$-*02)($-2%>(>-

2.1 Introduction 

Q'-$&-&(-&(,"'(Y+&-4(:#$4'&&(2$#(+00(&'T=+0(&:'4-'&E(7,(4$.,#-Y=,'&(,$(%+-.,+-.-.*(,"'(
*'.$%'( &,+Y-0-,1( +.5( :#$%$,-.*( ,"'( *'.',-4( 5-O'#&-,1( BD::'#%+.X( ',( +0EX( MHHGc(
!-2='.,'&X( ',( +0EX( MHLHNE( Q'-$&-&( #'0-'&( $.( ,"'( #'4$*.-,-$.( $2( -.,'#4$..'4,'5(
"$%$0$*$=&( 4"#$%$&$%'&X( #'4$%Y-.+,-$.X( -.,-%+,'5(+&&$4-+,-$.( +.5( &1.+:&-&( B5'(
Q=1,( ',( +0EX( MHHKNE( !$##'4,( &'*#'*+,-$.( $2( 4"#$%$&$%'&( #'_=-#'&( &,+Y0'( Y-O+0'.,(
2$#%+,-$.( 2#$%( %',+:"+&'( 7E( 6"-&( -&( '&:'4-+001( 5'%+.5-.*( -.( :$01:0$-5( &:'4-'&X(
W"-4"( 4$.,+-.( %$#'( ,"+.( M( &',&( $2( 4"#$%$&$%'&E( Z-,"$=,( &,+Y0'( Y-O+0'.,&X(
=.Y+0+.4'5( &'*#'*+,-$.( $2( 4"#$%$&$%'&( B%=0,-:0'( $#( -00'*-,-%+,'( 4"-+&%+,-4(
+&&$4-+,-$.N( W-00( 0'+5( ,$( +.'=:0$-51( +.5( :+#,-+0( -.2'#,-0-,1( B/#%'0( ',( +0EX( MHLHc(
!-2='.,'&X(',(+0EX(MHLHNE((

!1,$0$*-4+0( 5-:0$-5-b+,-$.X( ,"'( :#$4'&&( ,"+,( -.( :$01:0$-5( &:'4-'&e( %'-$&-&( 0'+5&( ,$(
Y+0+.4'5(*+%','&X("+&(Y''.(#'4$*.-b'5(+&(+( 4#-,-4+0( &,':( 2$#(+=,$:$01:0$-5(&:'4-'&(
+.5( +00$:$01:0$-5( &:'4-'&E( 72( %$#'( ,"+.( M( 4$:-'&( $2( 5=:0-4+,'5( 4"#$%$&$%'&( -.(
+=,$:$01:0$-5(&:'4-'&("+O'(,"'(&+%'(4"+.4'($2(4"#$%$&$%'(#'4$%Y-.+,-$.(5=#-.*(
%'-$&-&X( ,"'.( '+4"( 4"#$%$&$%'( W-00( :+-#( #+.5$%01( W-,"( +.1( $2( -,&( "$%$0$*$=&E(
)-.4'(,"'(:+-#-.*(4+.(&,+#,(+,(5-22'#'.,(4"#$%$&$%'(&-,'&X("$%$0$*$=&(4"#$%$&$%'(
%+1( &W-,4"( ,"'( :+#,.'#&X( 0'+5-.*( ,$(%=0,-O+0'.,( 5=#-.*(%'-$&-&( BZ=( ',( +0EX( MHHLNX(
+.5(4#$&&$O'#&(4+.(Y'(2$#%'5(Y',W''.(%$#'(,"+.(M("$%$0$*$=&(4"#$%$&$%'&X(2$#(
,"'(,',#+:0$-5(&:'4-'&E(6"-&(-&(4+00'5(,',#+&$%-4(-."'#-,+.4'(B!$%Y'#X(',(+0EX(MHLHNE(7,(
-&( *'.'#+001( 4$.&-5'#'5( +&( -.5-4+,-O'( $2( +=,$,',#+:0$-51E( 72( ,"'( "$%$0$*$=&(
4"#$%$&$%'&( -.( +.( +=,$:$01:0$-5&( :+-#( 2$00$W-.*( ,"'( %=0,-O+0'.,( %$5'0X( ,W$(
4"#$%+,-5&($2(+(&-.*0'(4"#$%$&$%'(4$=05(:+&&(,$(,"'(&+%'(*+%','X(W"-4"(4+=&'(,"'(
:"'.$%'.$.X( 4+00'5( 5$=Y0'( #'5=4,-$.( BQ+,"'#X( LK\INE( 7,( -&( +( O'#1( -%:$#,+.,(
41,$0$*-4+0(4"+#+4,'#-&,-4($2(:$01:0$-5&(=.5'#*$-.*(%=0,-O+0'.,(4"#$%$&$%'(:+#-.*(
BZ=( +.5(Q+X( MHH9NE( 3$=Y0'( #'5=4,-$.( -&( 4+=&'5( Y1( +( 4$%Y-.+,-$.( $2( ,"#''(%+@$#(
'O'.,&( 5=#-.*( %'-$&-&P( 4#$&&-.*( $O'#( Y',W''.( .$.`&-&,'#( 4"#$%+,-5&X( +.(
+::#$:#-+,'5( :+,,'#.( $2( 5-&@=.4,-$.X( +.5( ,"'( &=Y&'_='.,( %-*#+,-$.( $2( ,"'(
4"#$%$&$%+0(&'*%'.,&(4+##1-.*(+(:+-#($2(&-&,'#(+00'0'&(,$(,"'(&+%'(*+%','(BZ=(',(
+0EX(MHHLNE(

7.( 4$.,#+&,X( +00$:$01:0$-5( &:'4-'&( 4$%Y-.'( 5-22'#'.,( &',&( $2( #'0+,'5( Y=,( 5-&,-.4,(
4"#$%$&$%'&E( <+-#-.*( +.5( 4#$&&$O'#&( W-00( Y'( 2$#%'5( $.01( Y',W''.( "$%$0$*$=&(
4"#$%$&$%'&( B!$%Y'#X( ',( +0EX( MHLHNE( 6"-&( 0'+5( ,$( 5-:0$-5`0-V'( %'-$,-4( Y'"+O-$#X(
*'.'#+001(4$.&-5'#'5(+&(-.5-4+,-O'($2(+00$:$01:0$-51c(.+%'01($2(5-&$%-4(-."'#-,+.4'E((

U$W'O'#X( ,"'(5-&,-.4,-$.(Y',W''.(5-&$%-4(+.5( ,',#+&$%-4( -."'#-,+.4'( -&(.$,(40'+#`
4=,X(+.5( -,(4$=05(Y'( -.20='.4'5(Y1(,+T$.$%1(+.5(*'.$%'(&-%-0+#-,1($2(:+#'.,&E(S$#(
'T+%:0'X( 5-&$%-4X( ,',#+&$%-4( +.5( -.,'#%'5-+,'( -."'#-,+.4'( "+&( Y''.( 2$=.5( -.( +(
,',#+:0$-5(;$#-::+( B['00$W(!#'&&N( :$:=0+,-$.( B),-2,X( ',( +0EX( MHHFNE( 7.( +55-,-$.X(W-,"(
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,"'('O$0=,-$.($2(,"'(&:'4-'&X(,"'(-."'#-,+.4'(%+1(&"-2,(2#$%(5-&$%-4(,$(,',#+&$%-4($#(
,',#+&$%-4(,$(5-&$%-4(B$#(O-4'(O'#&+NX(W"-4"(%+1(,+V'(&'O'#+0(*'.'#+,-$.&(,$(%-00-$.(
1'+#&E( 7.( +=,$,#+:0$-5&X( 2$=#( "$%$0$*$=&( 4"#$%$&$%'&( 4+.( 5-22'#'.,-+,'( -.,$( ,W$(
&',&($2(:#'2'#'.,-+001(:+#-.*(4"#$%$&$%'X(0'+5-.*(,$(41,$*'.',-4(5-:0$-5-b+,-$.E(S$#(
+00$,',#+:0$-5X(,"'(%'-$,-4(:+#-.*(%+1(.$,(+0W+1&(2$00$W(&,#-4,(:#'2'#'.,-+0(:+#-.*X(&$(
,"+,( 4#$&&$O'#( Y',W''.( .$.`"$%$0$*$=&( 4"#$%$&$%'&( 4+.( "$%$*'.-b'( ,"'(
*'.$%'(B),-2,X(',(+0EX(MHHFc()1Y'.*+X(LKJ9c(h5+00X(',(+0EX(MHH9NE(7,("+&(Y''.(#':$#,'5(
,"+,(2'W'#(%=0,-O+0'.,&(+#'(2$#%'5(-.(,"'(.'W01('&,+Y0-&"'5(+=,$,',#+:0$-5(0-.'&($2(
I0$B,1"3#,#-()$',$2$('4$,1:'(!$0=%Y-+(+2,'#(%$#'(,"+.(L\(*'.'#+,-$.&(B)+.,$&(',(+0EX(
MHH\NE(6"'$#',-4+0(%$5'0&(&=**'&,(,"+,('O$0=,-$.($2(:+-#-.*(*'.'&(-&(.$,('&&'.,-+0(2$#(
,"'('&,+Y0-&"%'.,($2(5-&$%-4(-."'#-,+.4'X(Y=,(-,(5$'&(#'_=-#'("-*"(#+,'&($2(%=,+,-$.X(
#'4$%Y-.+,-$.(+.5( -.O'#&-$.&E(/44$#5-.*( ,$( ,"'-#('O$0=,-$.+#1(%$5'0X( #=.($O'#(LH(
HHH( *'.'#+,-$.&X( ,"'( :$:=0+,-$.( 'T"-Y-,&( ,',#+&$%-4( -."'#-,+.4'( +,( 0$W( 2#'_='.41E(
D.4'( ,"'( 5-&$%-4( -."'#-,+.4'( -&( '&,+Y0-&"'5X( ,"'( :$:=0+,-$.( ,'.5&( ,$( +4,( 0-V'( +.(
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2.4 Discussion  
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*'*%+$&,'/2!-'/I&!1$<(!&1(!2(+5,/6!,/.'>*$&,8,+,&7!*)'8+(>2;!$/-!&1(!.1)'>'2'>(2!
5)'>!*$)(/&2!.$/!8(!-,2&,/6%,21(-;!5')!,/2&$/.(;!$8.-!$/-!(561!?M%!(&!$+9!#CCNR!M%!
(&!$+9;!#CCPR!A&,5&!(&!$+9!#CCYR!K'>8()!(&!$+9!#CCOD9!J/!'%)!)(2($).1;!&1(2(!2,>%+$&,'/!
>'-(+2! .$//'&! 8(! %2(-! 5')! $/$+7V,/6! &1(! ,/1(),&$/.(! >'-(! '5! ZP! *'*%+$&,'/;!
8(.$%2(!&1(!.1)'>'2'>(2!.$//'&!8(!-,2&,/6%,21(-!$&! &1(!8(6,//,/69! J/!$--,&,'/;! ,5!
&1(! *$)(/&2! $)(! $%&'*'+7*+',-! ')! $++'*'+7*+',-;! F1,.1! ,2! /'&! .+($)! &''9! X1()(5')(;!
$..')-,/6! &'! &1(! 2(6)(6$&,'/!'82()<(-!'/! &1(! 6(+;! &'! .'/2&)%.&! &1(!1$*+'&7*(! 5,)2&;!
$++'F!%2!&'!8(!$8+(!&'!,-(/&,57!&1(!,/1(),&$/.(!>'-(!'5!ZP!&(&)$*+',-!)'2(!*'*%+$&,'/9! 
[''B,/6!8$.B! &'! &1(!-$&$! '82()<(-!'/! &1(! 6(+2;! $..')-,/6! &'! '%)! .$+.%+$&,'/;! 8$/-!
#OQ8*! .$/! 8(! $+,6/(-! ,/&'! &1,2! 1$*+'&7*(;! $/-! /(,&1()! -,2'>,.! ,/1(),&$/.(! /')!
&(&)$2'>,.! ,/1(),&$/.(9!L%(! &'! +$.B,/6! '5! (/'%61!8$/-2! 5)'>!>$+(! *+$/&;!F(! .$/I&!
>$B(!2%)(!>$+(!*+$/&!5'++'F!-,2'>,.!')!&(&)$2'>,.!,/1(),&$/.(9!X1()(5')(!F1(&1()!
>$+(!*+$/&2!$)(!$%&'&(&)$*+',-!')!$++'*'+7*',-;!F1,.1!/((-!&'!8(!.'/5,)>(-!87!'&1()!
>%+&,!+'.%2!>$)B()29!!
T')!&1(!5(>$+(!*+$/&2;!$++!&1(!8$/-2!5)'>!>'&1()!*+$/&2!(0.(*&!5')!8$/-!Q""8*;!&1(!
)(.'>8,/$&,'/! $>'/6! &1(2(! 5'%)! 8$/-2! 21'%+-! 8(! .$%2(-! 87! &1(! >'&1()! *+$/&2I!
6$>(&(2!5')>$&,'/!$&!>(,'2,29!J5!&1(!5(>$+(!*+$/&2!$)(!$%&'&(&)$*+',-;!&1(/!,&!,2!<()7!
%/+,B(+7! &'! *)'-%.(! $+>'2&! YC4! *)'6(/7! &1$&! 5'++'F! &1(! 2$>(! .1)'>'2'>(!
2(6)(6$&,'/!>'-(!'5!$++'&(&)$*+',-!*+$/&29!J&!,2!1,61+7!*'22,8+(!&1$&!&1(!5(>$+(!*+$/&!
,2!$++'*'+7*+',-!)'2(!.%+&,<$)29!X1(!)($2'/!5')!#C4!)(.'>8,/$&,'/!,/!&1,2!*'*%+$&,'/!
2&,++!/((-!&'!8(!.'/5,)>(-!87!>')(!>$)B()2!'/!&1,2!.1)'>'2'>(!,/!5%)&1()9!J5!,&!F$2!
.$%2(-! 87! &1(! 1'>'('+'6'%2! )(.'>8,/$&,'/;! &1(/! &1(! $/(%*+',-7! *)'6(/7! ,2! <()7!
+,B(+7! &'! $**($)! ,/! &1,2!*'*%+$&,'/;! $/-! &1(!*+',-7! +(<(+! '5! &1,2!*'*%+$&,'/!1$2!/'&!
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2.5 Conclusion 

#$%&'!()!*+&!,$-,.-$*/()!$)'!$)$-0%/%1!23!*&*4$5-(/'!4(%&!5(5.-$*/()!6(--(7!'/%(8/,!
/)+&4/*$),&1!*+&!6&8$-&!5-$)*!/%!9&40!-/:&-0!$)!$--(*&*4$5-(/'!4(%&!,.-*/9$4;!+(7&9&41!
7+&*+&4!(*+&4!%&*%!(6!,+4(8(%(8&%!$--!6(--(7!*+&!%$8&!%&<4&<$*/()!%*/--!)&&'!*(!=&!
,()6/48&'! =0! 8(4&! 8.-*/-(,.%! 8$4:&4%>! ?&$)7+/-&1! *+&! 4&%.-*%! %.<<&%*! *+$*! *+&!
4&,(8=/)$*/()!/%!9&40!-/:&-0!,$.%&'!=0!+(8(&(-(<(.%!(4!+(8(-(<(.%!4&,(8=/)$*/()!
*+$)! *&*4$%(8/,! /)+&4/*$),&1!=.*! %*/--!)&&'! *(!=&!,()6/48&'!=0!,0*(-(</,$-!$)$-0%/%;!
'.&! *(! %&-6@/),(85$*/=/-/*0! $)'! <4&$*! %&<4&<$*/()! (6! 6$9(4/*&! *4$/*%! (6! 8(%*! 4(%&!
,.-*/9$4%1! /*! /%!)(*!$!<(('!,+(/,&!*(!.%&!*+&!23!4(%&!5(5.-$*/()!$%!$!8('&-!5-$)*! *(!
%*.'0! /6! *+&! 4(%&! 5(5.-$*/()! 7(.-'! %+/6*! 64(8! '/%(8/,! *(! *&*4$%(8/,! (4! )(*! $6*&4!
%&9&4$-!<&)&4$*/()!(6!%&-6@,4(%%/)<>!!
A+/%! %*$*/%*/,$-! $)$-0%/%! (6! 8.-*/-(,.%! <&)&! ,$)! =&! .%&'! 6(4! ,()%*4.,*/)<! *+&!
B+$5-(*05&C! (6! *&*4$5-(/'! %5&,/&%1! &9&)! 7/*+! .):)(7)! <&)&*/,! =$,:<4(.)'! (6!
5(-05-(/'0!%5&,/&%1!$)'!/6! *+&!54/8&4%!$4&!+/<+-0!5(-08(45+/,1!7+/,+!,(.-'!+&-5!*(!
-/):! &)(48(.%!8$4:&4%!7/*+! '/66&4&)*! +$5-(*05&! =0! ,(8=/)/)<! (*+&4! %(6*7$4&>! D)!
$''/*/()1!*+/%!8&*+('!,$)!+&-5!*(!6/)'!*+&!54(<&)0!6(--(7/)<!'/%(8/,!/)+&4/*$),&1!%(!
$%!*(!,()%*4.,*!8(4&!$,,.4$*&!-/):$<&!8$5>!
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!"#$%&'()(*&+&%,-(.,//&'&+%,#%,0+('&1&#'-"(0+(%20(3'04$1(0/(
'01&1(

3.1 Introduction 

$%&'!()*+'&!(%(,)*'-%+! &(./-.&! &0%1!2-33.4.+'! ).5.)&! %3! 6.+.'-/! &'4,/',4-+67!10-/0!
8*9! :.! /*,&.2! :9! *! 5*4-.'9! %3! +%+;8,',*))9! .</),&-5.! 3*/'%4&7! )-=.! .+5-4%+8.+'*)!
:*44-.4&7! 0-&'%4-/*)! (4%/.&&.&>! ?./*,&.! '0.! 6.+.'-/! &'4,/',4.! 4.3)./'&! '0.! *)).).&!
.</0*+6.!/%+2-'-%+!:.'1..+!(%(,)*'-%+&7!,+2.4&'*+2-+6!6.+.!3)%1!*+2!24-3'!:./%8.!
'%!:.!'0.!/.+'4*)!'%!8*+9!4.&.*4/0!3-.)2&!-+/),2-+6!(%(,)*'-%+!6.+.'-/&!*+2!./%)%697!
/%+&.45*'-%+! :-%)%69! *+2! .(-2.8-%)%69! @A4*+/%-&! *+2! B-/%)*&7! CDDCE>! F0.!
*(()-/*'-%+! %3! 8%)./,)*4! 8*4=.4! 3%4! -2.+'-39-+6! '0.! (09)%6.+.'-/! 4.)*'-%+&0-(! 0*&!
:..+! 2%+.! &,//.&&3,))9! -+! 4%&.&! *+2! 8*+9! %'0.4! &(./-.&! @G&&.)-+=! .'! *)>7! CDDCH!
I0-&'-*=%5!.'!*)>7!CDDJE>!!!K-+/.!'0.!2.5.)%(8.+'!%3!(%)98.4*&.!/0*-+!4.*/'-%+!@LIME!
-+!NOPD&!@K*-=-!.'!*)>7!NOP#E7!8-/4%&*'.))-'.&!0*5.!:..+!1-2.)9!,&.2!3%4!-+5.&'-6*'-+6!
'0.! 6.+.'-/! &'4,/',4.! *+*)9&-&! *+2! *224.&&-+6! Q,.&'-%+&! -+! '0.! .5%),'-%+*49! *+2!
/%+&.45*'-%+! :-%)%69! @A4*+/%-&! *+2! B-/%)*&7! CDDCH! R22%,;$,4*'%4-%! .'! *)>7! CDD"H!
S+24.*!.'!*)>7!CDD#H!T%4=%5.)%&!.'!*)>7!CDDPH!K8,)2.4&!.'!*)>7!CDDOE>!

U.+.'-/! 2-5.4&-'9! -&! -8(%4'*+'! 3%4! '0.! 8*-+'.+*+/.! %3! '0.! 5*4-*:-)-'9! *+2!
.5%),'-%+*49! %3! (%(,)*'-%+&! *+2! &(./-.&>! L%(,)*'-%+! /*+! *5%-2! 3-'+.&&! 2./)-+.&!
/*,&.2! :9! .+5-4%+8.+'*)! /0*+6.! '04%,60! (0.+%'9(-/! ()*&'-/-'97! :9! 8-64*'-%+! '%!
%'0.4!)%/*)-'-.&7!*+2!:9!*2*('*'-%+!@V,8(!.'!*)!CDDJH!M%)3!.'!*)!CDDPE>!F0.4.!*4.!'1%!
(4-+/-().! 3%48&! %3! 6.+.'-/! 2-5.4&-'9W! +.,'4*)! 6.+.'-/! 5*4-*'-%+! *+2! *2*('-5.! %4!
&.)./'-5.! 6.+.'-/! 5*4-*'-%+! @M%)3! .'! *)! CDDJE>! F0.! +.,'4*)! 6.+.'-/! 2-5.4&-'9! @A&'E!
4.3.4&! '%! *! 6.+.! %4! *! )%/,&! '0*'! 0*&! +%! @%4! *)8%&'! +%E! .33./'! %+! '0.! 3-'+.&&>! F0.!
+.,'4*)!8%)./,)*4!8*4=.4&!0*5.!:..+!,&.2!3%4!&',29-+6!3%4!/,44.+'!2-&(.4&*)7!6.+.!
3)%17! *+2!8-64*'-%+! 3%4! %5.4! '1%! 2./*2.&! @M%)3! .'! *)! CDDPE>! F0.! &.)./'-5.! 6.+.'-/!
5*4-*'-%+!/%88%+)9!4.3.4&!'%!*!Q,*+'-'*'-5.!'4*-'!@X&'E7!4*4.)9!*!6.+.>!I%88%+)9!-'!-&!
*+*)9Y.2! -+! Q,*+'-'*'-5.! 6.+.'-/! .<(.4-8.+'&! ,+2.4! /%+'4%)).2! *+2! ,+-3%48!
.+5-4%+8.+'*)!/%+2-'-%+&!@M%)3!.'!*)!CDDJE>!K.5.4*)!4.&.*4/0.&!-+2-/*'.2!'0*'!A&'!*'!
+.,'4*)! 8-/4%&*'.))-'.&! 8*4=.4&! *4.! +%'! -+3),.+/.2! :9! 2-5.4&-39-+6! &.)./'-%+!
@&.)./'-%+!0.'.4%6.+.-'9E!-+!'0.!%,'/4%&&-+6!(%(,)*'-%+&!@I0*4).&1%4'0!.'!*)>7!NOOZH!
[*''*7! NOOPH! M%)3! .'! *)! CDDJH! L%4/0.4! .'! *)! CDDJH! M%)3! .'! *)! CDDPE>! S//%42-+6! '%!
L%4/0.4! .'! *)! @CDDJE7! %+)9! 0-60)9! &.)3-+6! &(./-.&!1-'0! &'4%+6! )-+=*6.! 2-&.Q,-)-:4-*!
*8%+6!)%/-7! '0.-4!A&'!*'!+.,'4*)!8-/4%&*'.))-'.&!8*4=.4&!*4.!-+3),.+/.2!:9!&.)./'-%+!
0.'.4%6.+.-'9>! F0.9! 3%,+2! '0*'! -+! (4.2%8-+*+')9! &.)3-+6! &(./-.&! !"#$%&'()%)*
+,#-%#.#! '0*'! .5%)5.2! 2,4-+6! P! 6.+.4*'-%+&7! '0.! 6.+.'-/! 2-33.4.+'-*'-%+! %3! +.,'4*)!
8-/4%&*'.))-'.&! -&!8,/0! )*46.4! ,+2.4! 0.'.4%6.+.%,&! &.)./'-%+! '0*+! ,+2.4! ,+-3%48!
&.)./'-%+>!

F%!.&'-8*'.!'0.!/%++./'-%+!*+2!(*''.4+&!%3!6.+.!3)%1!*8%+6!(%(,)*'-%+&7!.<'4.8.)9!
1-2.)9! 4.&.*4/0.&! 0*5.! :..+! 2%+.! 4.)9! %+! A-<*'-%+! -+2.<! @AKF7! A\K! A\FE! @]4-60'7!
NO#NE7! *! (*4*8.'.4! 2.&/4-:-+6! '0.! 2.64..! %3! 6.+.'-/! 2-33.4.+'-*'-%+! *8%+6!
(%(,)*'-%+7!10-/0!8.*&,4.&!'0.!8.*+!(4%(%4'-%+!%3!'%'*)!6.+.'-/!5*4-*+/.!/%+'*-+.2!
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$%C$.$C)&*=! (A! =)DE'(')*&+$(%=! &=! F(<'&0/C! +(! G&0C?!H/$%D/0@! /I'/F+&+$(%1! &*=(!
F&**/C!$%D0//C$%@!F(/AA$F$/%+6!:+!F(<'&0/=!+8/!&./0&@/!(D=/0./C!8/+/0(>?@(=$+?!,G(5!
(A! $%C$.$C)&*=! $%!/&F8!=)D'(')*&+$(%!&%C!G&0C?!H/$%D/0@!/I'/F+/C!8/+/0(>?@(=$+?!
,G/5! A(0! &**! =)D'(')*&+$(%=6! 78/! &./0&@/! C$AA/0/%F/! D/+B//%!G(! &%C!G/! $=! C)/! +(!
%(%E0&%C(<!<&+$%@6!J%(+8/0! 9:7!</&=)0/=! +8/! 8(<(>?@(=$+?! (A! $%C$.$C)&*=! $%! +8/!
+(+&*! '(')*&+$(%! &%C! +8)=! </&=)0/=! +8/! C/.$&+$(%! A0(<! +8$=! G&0C?! H/$%D/0@!
/I'/F+&+$(%6! 78/! +80//! $%C$F/=! &0/! F(%%/F+/C! D?! +8/! A&<()=! /K)&+$(%! ,LE9;75M! ,LE
9:;5,LE9;75!,C/!N//O=!&%C!P()C/+1!233QR!N&++8/B1!233S56! 
78/!$%+/0'0/+&+$(%!(A!9;7!.&*)/=!F&%!D/!C$AA$F)*+!+&=T1!A(0!$%=+&%F/=1!=&</!9;7!.&*)/=!
F&%! D/! (D+&$%/C! A0(<!C$AA/0/%+! '&++/0%=! (A! &**/*/! A0/K)/%F$/=! ,H0$@8+1! LSQUR!G&0+*!
&%C!V*&0T1!LSSQ56!7B(!/I+0/</!.&*)/=!A(0!9;7!&0/!L!&%C!36!J!.&*)/!(A!L!=+&%C=!A(0!%(!
C$./0=$+?!B$+8$%!=)D'(')*&+$(%=1!+8/!(+8/0!/I+0/</!.&*)/!3!</&%=!+8&+!+8/!=&<'*/=!
B$+8$%!&!'&%<$F+$F! ,</&%=!0&%C(<!<&+$%@5!)%$+! ,90&%F($=!&%C!W$F(*&=1!233256!9(0!
A)0+8/0! $%+/0'0/+&+$(%! (A! 9;71! $+! 8&=! D//%! $%C$F&+/C! &! .&*)/! 0&%@/! A0(<! 3! +(! 363X!
=+&%C=! A(0! *$++*/! @/%/+$F! C$AA/0/%+$&+$(%R! D/+B//%! 363X! &%C! 36LX! </&%=! <(C/0&+/!
C$AA/0/%+$&+$(%R!.&*)/!A0(<!36LX!+(!362X!</&%=!@0/&+!C$AA/0/%+$&+$(%1!+8/!.&*)/!&D(./!
362X!</&%=!./0?!@0/&+!@/%/+$F!C$AA/0/%+$&+$(%!,G&0+*!&%C!V*&0T1!LSSQ56!9(0!+8/!(+8/0!
$%C$F/=!9:;!&%C!9:71!.&*)/!0&%@/!A0(<!EL!+(!L6!:A!+8/!.&*)/!$=!%/@&+$./1!$+!</&%=!+8&+!G(!
$=!*&0@/0!+8&%!G/1!C)/!+(!()+D0//C!D/+B//%!=)D'(')*&+$(%=6!:A!+8/!.&*)/!$=!'(=$+$./1!
+8/%!<(0/!$%D0//C$%@!D/+B//%!=)D'(')*&+$(%=!,P&%@D$&(1!233SR!G(C&!/+!&*61!233S56! 
V&%&C$&%!@&0C/%!0(=/=!&0/!F8&0&F+/0$>/C!D?!B$%+/0!8&0C$%/==6!78/!&$<!(A!V&%&C$&%!
@&0C/%! 0(=/=! D0//C$%@! $=! F(<D$%/! 8$@8! */./*! (A! B$%+/0! 8&0C$%/==! B$+8! C$=/&=/!
0/=$=+&%F/1! *(%@! A*(B/0$%@! =/&=(%! &%C! &''/&*$%@! A*(B/0! +0&$+=6! 78/! $%8/0$+&%F/! (A!
B$%+/0!8&0C$%/==!=+)C?!$%C$F&+/C!+8&+!+8$=!+0&$+! $=!F(%+0(**/C!D?!A/B!@/%/+$F!A&F+(0=!
,9/*$F$+&=1! LSQS56! :%./=+$@&+$(%! (A! @/%/+$F! C$AA/0/%+$&+$(%! &<(%@! Y)0('/&%! @&0C/%!
0(=/=1! V&%&C$&%! @&0C/%! 0(=/=! &%C! F)+! 0(=/=! B$**! D/! )=/A)*! A(0! D0//C$%@! %/B! 0(=/!
F)*+$.&0=!B$+8!$<'0(./C!+0&$+=6!!
Z*&FT! ='(+! $=! (%/! (A! <(=+! =/0$()=! &%C! B$C/! ='0/&C! C$=/&=/! $%! 0(=/=6! ;$%F/! +8/!
C(<$%&%+! 0/=$=+&%+!@/%/![C0L!B&=!C$=F(./0/C! $%!LSSU1! =/./0&*!<(*/F)*&0!<&0T/0=!
A(0! +8/!@/%/!8&./!D//%!C/./*('/C! ,\(%!N&*/T!/+! &*61! 2333R!]&)A<&%%!/+! &*61! 2334R!
7/0/A/!&%C!^/D/%/01!23L356![CL_[[! $=!C/./*('/C! A0(<!&!8$@8*?! F(%=/0./C!'&0+!(A!
_[[!0/@$(%!(A!S!F(<'*/+/*?!=/K)/%F/C![C0L!'&0&*(@)/=!(A!D*&FT!='(+!0/=$=+&%+!!"#$%
&'()*+(",$!@/%(+?'/!,7/0/A/!&%C!^/D/%/01!23L356!JFF(0C$%@!+(!7/0/A/!&%C!^/D/%/0!
,23L351! &<'*$A$F&+$(%! (A! 4"! 0(=/! F)*+$.&0=! 0/=)*+/C! $%! X2! C$=+$%F+! A0&@</%+=1!
0/'0/=/%+$%@!&!<$%$<)<!(A!X2!C$AA/0/%+!WZ;E_[[!@/%/=6!78/!8$@8!C$./0=$+?!A(0!+8/!
%)<D/0! &%C! &**/*$F! F(<'(=$+$(%! (A! +8/! [CL_[[! '0(.$C/! &%! (''(0+)%$+?! +(!
$%./=+$@&+/!+8/!C$AA/0/%+$&+$(%!(A!+8$=!D*&FT!='(+!0/=$=+&%+!@/%/!!-,.!&<(%@!C$AA/0/%+!
0(=/! ='/F$/=1! $%F*)C/!B$*C! ='/F$/=! &%C! F)*+$.&0=1! C)0$%@!<(C/0%! 0(=/! D0//C$%@6! :%!
+8$=! =+)C?1! B/! B$**! )=/! +8$=! [CL_[[!<)*+$*(F)=! ;;[!<&0T/0! +(! C/+/F+! +8/! @/%/+$F!
C$./0=$+?!&<(%@!0(=/!F)*+$.&0=!&%C!B$*C!0(=/!='/F$/=6!
7(!D/!&D*/!+(!F(<'&0/!+8/!@/%/+$F!.&0$&+$(%!(A!Y)0('/&%!@&0C/%!0(=/=!&%C!V&%&C$&%!
@&0C/%!0(=/=1!=/./0&*!%/)+0&*!<$F0(=&+/**$+/=!<&0T/0=!B$+8!@((C!'(*?<(0'8$=<!B$**!
D/! =/*/F+/C! +(! C/+/0<$%/! +8/! C/@0//! (A! C$AA/0/%+$&+$(%! &<(%@! 4! @0()'=! (A! 0(=/!
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$%&'()*+,-!./0!12.!*'!'/0,0!30%'+*&!224!5*+60+,!$*3!70!8(+0$'&9!%,08!:;+!*3*&9<(3=!'/0!
=030'($! )*+(*'(;3! *38! >;>%&*'(;3! 8(::0+03'(*'(;3! *5;3=! ?%+;>0*3! =*+803! +;,0,@!
A*3*8(*3!=*+803!+;,0,@!*38!$%'!+;,0,-!

3.2 Material and method 

!"#"$%&'()*%+(*,-.('%

BC!+;,0,!)*+(0'(0,!D('/!)*+(;%,!>&;(89!&0)0&,!D0+0!,0&0$'08@!(3$&%8(3=!EF!D(&8!,>0$(0,!
:+;5! :;%+! ,0$'(;3,! !"#$#"%&' ()#*+),"%&' -",,$."#"%&' /$01$#%,,$23,$"%! GH($';+(*! *38!
I0'0+@!JFFKL!4;70+',!0'!*&-@!JFFKM!G.*7&0!NJ-M@!*38!JC!5;80+3!+;,0!$%&'()*+,-!./0,0!
BC!+;,0!)*+(0'(0,!D(&&!70!%,08!:;+!*3*&9<(3=!'/0!,(5(&*+('9!*38!8(::0+03'(*'(;3!;:!'/(,!
4567!>*+*&;=%0,!7*,08!;3!'/0!O44!$;3,0+)08!+0=(;3-!P03;5($!QRS!(,;&*'(;3!:;&&;D,!
'/0!,*50!>+;';$;&!D('/!$/*>'0+!N-!
.*7&0!NJ-!O(,'!;:!'/0!>&;(89!&0)0&!*38!$*'0=;+(0,!;:!BC!$%&'()*+,!

R%570+! 2%7=03%,!43*"! I&;(89!

IN! $)JT' 4;;',';$6! JRUC!
IJ! $)JK' 4;;',';$6! JRUC!
IE! $)EN' A%'!+;,0,! JRU"!
I"! $)"T' A%'!+;,0,! JRU"!
IB! $)"K' A%'!+;,0,! JRU"!
IC! $)BF' A%'!+;,0,! JRU"!
I#! $)BJ' A%'!+;,0,! JRU"!
IT! $)B#' A%'!+;,0,! JRU"!
IK! $)CJ' A%'!+;,0,! JRU"!
INF! $)NCC' A%'!+;,0,! JRU"!
INN! $)BBB' A%'!+;,0,! JRU"!
INJ! $)BCC' A%'!+;,0,! JRU"!
INE! 42BK' Q(>&;(8!+;,0!$%&'()*+! JRUJ!
IN"! 42CF' Q(>&;(8!+;,0!$%&'()*+! JRUJ!
INB! 42BB' Q(>&;(8!+;,0!$%&'()*+! JRUJ!
INC! 42KJ' Q(>&;(8!+;,0!$%&'()*+! JRUJ!
IN#! 42NT' Q(>&;(8!+;,0!$%&'()*+! JRUJ!
INT! VJ-FB' Q(>&;(8!+;,0!$%&'()*+! JRUJ!
INK! 42"EC' Q(>&;(8!+;,0!$%&'()*+! JRUJ!
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$%&! '("""! )*+,-*.!/-01!23,4*56/! %78%!
$%9! '(""%! )*+,-*.!/-01!23,4*56/! %78%!
$%%! '("":! )*+,-*.!/-01!23,4*56/! %78%!
$%;! 99:! )*+,-*.!2/-00*<=!+6/1<40! %78%!
$%"! 99>! )*+,-*.!2/-00*<=!+6/1<40! %78%!
$%?! $#@:! A14/6+,-*.!2/-00*<=!+6/1<40! %78"!
$%@! $?"&! A14/6+,-*.!2/-00*<=!+6/1<40! %78"!
$%:! "#!$%&'&%! (124*-<!(%&'&%)! %78?B!
$%#! "#!*'++,-%!.,++'-! (124*-<!(%&'&%)! %78;C"B!
$%>! "#!'&,/,0%! D<E<-F<! %78@B!
$;&! "#!/1.%+'-! (124*-<!(%&'&%)! %78?B!
$;9! "#!-2)0%0/''! (124*-<!(%&'&%)! %78"C?C@B!
$;%! "#!$%)-'%! (124*-<!(%&'&%)! %78?B!
$;;! "#!$%&'&%! (124*-<!(%&'&%)! %78?B!
$;"! "#!$,03.4'5)0%! (124*-<!(%&'&%)! %78?B!
$;?! "#!$,03.4'5)0%! (124*-<!(%&'&%)! %78?B!
$;@! "#!%0*)&-'-! (124*-<!63&-73+%)! %78%B!
$;:! "#!%0*)&-'-! (124*-<!63&-73+%)! %78%B!
$;#! "#!8%++'$%! (124*-<!9%++'$%&%)! %78"B!
$;>! "#!8+%1$%! (124*-<!(%&'&%)! %78"B!
$"&! "#!8+%1$%! ! (124*-<!(%&'&%)! %78"B!
$"9! "#!:1&/;'++''! (124*-<!(%&'&%)! %78@B!
$"%! "#!:1&/;'++''! (124*-<!(%&'&%)! %78@B!
$";! "#!7,.)&7)++%! (124*-<!(%&'&%)! %78?B!
$""! "#!-14$,++'&%! (124*-<!(%&'&%)! %78?B!
$"?! "#!)++'<7'$%! (124*-<!(%&'&%)! %<8?B!
$"@! "#!7,.)&7)++%! (124*-<!(%&'&%)! %78?B!
$":! "#!$%&'&%! (124*-<!(%&'&%)! %78?B!
$"#! "#!.'$0%&72%! (124*-<!(%&'&%)! !
$">! "#!-<'&,-'--'.%! (124*-<!='.<'&)++'5,+'%)! %<8"G!
$?&! ",-%!>!'00)81+%0'-! D<E<-F<! !
$?9! "#!7,.)&7)++%! (124*-<!(%&'&%)! %78"C?B!
$?%! "#!$,03.4'5)0%! (124*-<!(%&'&%)! %78?B!
$?;! "#!014'8'&,-%! (124*-<!(%&'&%)! %78?B!
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$%"! !"#$%&%'()*%# &'()*+,!+%,,-(%*%)#-.,(/'012! 3,4"5!

$%%! !"#$%&%'()*%# &'()*+,!+%,,-(%*%)#-.,(/'012! 3,4"5!

$%6! !"#$%&%'()*%# &'()*+,!+%,,-(%*%)#-.,(/'012! 3,4"5!

781''! 91+.:;! +<! 1+;'! (./)*=01;! ->::',?*5! @2A! *,(/.?*,9! B0,0?*0,! 901?',! 1+;';! -CD!
(./)*=01;! (+,)0*,! $01E/0,?! 0,?! F5:/+1'1! ;'1*';2A! F.1+:'0,! 901?',! 1+;';! -#G!
(./)*=01;2A! 0,?! (.)! 1+;';! -CC! (./)*=01;2A! H'1'! ;'/'()'?! <+1! 0,0/IJ*,9! )8'! 9',')*(!
?*<<'1',)*0)*+,!-K&72!.;*,9!,'.)10/!9',')*(!L01E'1;!-&&M;2N!

!"#"#$%&'()*+,-..&,-$/+(0-(*$$

M?COMM! :1*L'1! ?'='/+:'?! PI! Q'P','1! -7'1'<'! 0,?! Q'P','1A! 3RCR2!H0;! .;'?! <+1!
$BM!0L:/*<*(0)*+,!+<!)8';'!1+;'!(./)*=01!0,?!H*/?!;:'(*';!-%6!(./)*=01;2!-70P/'!C32N!

>((+1?*,9! )+! )8'! )';)! 1';./);! +<! )8'!:+/IL+1:8*;L!S.0/*)I! +<! &&M!:1*L'1!:0*1;A! C"!
&&M!:1*L'1!:0*1;! -70P/'! CG2!H*)8! 9++?!:+/IL+1:8*;L!H'1'!.;'?! )+! 9','10)'! &&M!
L01E'1;! <1+L!C%R!:1*L'1!:0*1;! ->::',?*5! @@2! *,=';)*90)'?!PI!Q'P','1! -7';)'?!PI!
$0./! >1',;2A! 0,?! )8'! 9',+L*(! QT>! *;+/0)*+,! 0,?! $BM! :1+)+(+/! <+//+H! )8'! ;0L'!
:1+('?.1'!H*)8!U%!)')10:/+*?!1+;'!:+:./0)*+,N!!

70P/'!CG!O*;)!+<!:1*L'1!:0*1!.;'?!<+1!$BM!0L:/*<*(0)*+,N!

V01E'1! V+)*='! $1*L'1!;'S.',(';!-%WXGW2!
F5:'()'?!:1+?.()!
/',9)8!-P:2!

>//'/'!T+N!
>,,N!
7'L:N!
-YB2!

MV&RRG! Z>!
K[!7ZZZ>>>ZZZ>>>ZB>>B>!

M[!>>ZZ7>ZZB>Z>>Z7Z>B>Z>B>7!
C%C! CR\CC! %R!

MV&RR]! Z>!
K[!7B7B7ZBZ>B>>>>>B>>>B>B7!

M[!BB>7Z>>ZBZZBZZ>Z>ZZ>!
CD6! D! %G!

MV&RC%! Z>!
K[!7>>7Z7>ZZB>Z>7>7>>>ZZ>Z7!

M[!ZB>ZB7ZB>B>>B>>ZZ>>!
C]%! CR\CC! %R!

MV&RCD! >7^Z7!
K[!>ZZ7BBBZ77>777B>ZZ!

M[!>Z77ZZB77>7ZZB77777!
3"6! ]! %R!

MV&R3#! Z>!
K[!ZZ>7>>>>BB>>BZZZ>B>Z>B7B!

M[!7BBZ>B>BB>7BBB7BB7>B>7>>!
3RC! D! %%!

MV&RG"! Z>!
K[!ZB77B7BZZ7B7BZ7ZB7B7B!

M[!B7BBBZB7B>>>7B>>7>>>7B7B!
CG6! CR! %%!

MV&R"D! Z>!
K[!ZB7BBB7B>>777BB>B7B>!

M[!>BB>>BBB>>77BZB7B>7!
#]! ]! %R!

MV&R63! Z>^Z7!
K[!ZBZ>>BZZB>777>B77Z7!

M[!ZZ77Z77B7ZZZ7ZZ77777!
C]#! CC! %R!
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$%&#'#! ()!
*+!(,))),---(-)(((---,,)!

$+!))(()-),-,-)))-,),),-))(,!
./0! 1! "#!

$%&#'.! .2(-!
*+!--,--,-,-,(,((--)-)(!

$+!)(,-())((-())((-())(!
//0! 34'! ""!

$%&#'"! (-!
*+!-)(,,,-)(-,)-),))(,,!

$+!),,--(-)(--(--))(,((!
.#5! 6! ""!

$%&#''! (-!
*+!),,)(-)),()-),-),,-,)(!

$+!(--((,,),--(()),,),)!
.#3! /#! ""!

$%&#13! (-7()!
*+!-),)((,)(--,-,,-,-,-!

$+!,-)(,)--,),),,-)()),,-!
/80! "! ""!

$%&//.! -)7()!
*+!,--((-)-,,-(),((-(-(-!

$+!-(---)((-,-(,),,(---!
..3! "! ""!

!

)9:! ;,$! <=>?@A@:B! >CDBEFGH! I:C:! B@?EG:B! @J! /+/#! @J! G9:! ?D<B@JK! LEAA:C! <JB!
:?:FGCD>9DC:H@H!DJ!G9:!8M"N!>D?O<FCO?<=@B:!K:?!LO!EH@JK!PQ6,R$!5.##!<J<?OS:C!<JB!
PQ6,R$! 50##! <J<?OS:CM! )9:! >C:H:JF:! DA! &&$! <??:?:H!I<H! HFDC:B! <??:?:! LO! <??:?:T! JD!
<GG:=>G!I<H!BDJ:!GD!HFDC:!G9:!<??:?:!BDH<K:M!

(:J:G@F!B@AA:C:JG@<G@DJ!HG<G@HG@F<?!<J<?OH@H!

&G<G@HG@F<?! <J<?OH@H! I<H! F<CC@:B! LO! GID! HDAGI<C:H+! &;-(:U@! /M0! V&><G@<?! ;<GG:CJ!
-J<?OH@H! DA! (:J:G@F! U@W:CH@GOXVY<CBO! <JB!Z:[:=<JH\! .##.X! ADC! >D>E?<G@DJ! K:J:G@F!
<J<?OH@H! <JB!])&^&! .M#.! V$D9?A\! /11'X! ADC! F?EHG:C@JK! <J<?OH@H! L<H:B! DJ!=D?:FE?<C!
B<G<!I@G9! G9:! EJI:@K9G:B! ><@C! KCDE>!=:G9DB! EH@JK! <C@G9=:G@F! <W:C<K:! V_;(%-XM!
)9:! K:J:G@F! B@HG<JF:! <=DJK! G9:H:! FE?G@W<CH! I<H! <HH:HH:B! LO! <! ;,R! >?DG! <J<?OH@HM!
&;-(:U@! /M0! F<J! 9<JB?:! G9:! B<G<! ACD=! G9:! >?<JGH! I@G9! W<C@DEH! >?D@BO! ?:W:?H\! G9:!
K:J:G@F! B@AA:C:JG@<G@DJ! V*&)X! <FCDHH! C:K@DJH! V`ECD>:<J! <JB! ,<J<B<X! I<H! <?HD!
F<?FE?<G:B!LO!G9@H!HDAGI<C:M!!!

!

!

!

!

!

!
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3.3 Results 

!"!"#$%&'&()*$+,-),().'$,/.'0$-.1&$*23()+,-1$,'4$5)34$-.1&$

16&*)&1$7,1&4$.'$(8&$94#:99$$

$%&! '(')*+,+! -,./! &0#1&&! ,(! 23!-,)0! +456,5+! 7)'(5! 89:";<! '(0! 8;! =>+5! 6?).,@'=+!
7)'(5! #:8;<! -,./! 0,AA5=5(.! 4)>,0*! )5@5)+! =5+?).50! ,(! B8! 6)5'=! '(0! ,(A>=C'.,@5!
A='DC5(.+!7+55!A,D?=5!EF<F!!

!
G,D?=5! EF! $>)*'6=*)'C,05! D5)+! >A! &0#1&&! A='DC5(.! 4'..5=(+! A>=! ";! =>+5! 6?).,@'=+F!
1'(5+#!'(0!8!'=5!=>>.+.>6H+I!)'(5+!2!.>!#8!'=5!.5.='4)>,0!6?.!=>+5+I!)'(5+!#2!.>!88!'=5!
0,4)>,0! =>+5+! @'=,5.,5+I! )'(5+! 82! '(0! $8E! '=5! 0,4)>,0! 6=>++,(D! 4'=5(.+! >A! #! =>+5!
4>4?)'.,>(I! )'(5+! 8"! .>! 8;! '=5! .5.='4)>,0! 6=>++,(D! 4'=5(.+! >A! J"! =>+5! 4>4?)'.,>(I!
)'(5+!89!.>!";!'=5!-,)0!+456,5+!7K'L)5!#8<F!!
K/5!M$NOP!.=55!-'+!D5(5='.50!L'+50!>(!./5!0'.'!>(!B8!,(A>=C'.,@5!L'(0+F!K/5!";!
=>+5!+'C4)5+!-5=5!0,@,050!,(.>!8!C',(!6)?+.5=+!'.!3F98!+,C,)'=,.,5+!6>5AA,6,5(.!L'+50!
>(!./5!QQ&!0'.'!7A,D?=5!"F<F!K/5!-,)0!+456,5+!7$89:";<!'(0!#!=>>.+.>6H!6?).,@'=!-5=5!
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$%&'()! *+! ,!-&*+! '%./0(12! 34(! 1(/0! 56! 04(! 15/(! '.%0*7&1/!8*04! )*66(1(+0! $%5*)9! %(7(%!
:3&;%(!,#<!8(1(!/($&1&0()!*+05!&+504(1!5+(2!=+!04(!6*1/0!'%./0(1>!04(!4*?4(/0!?(+(0*'!
/*-*%&1*09!'5(66*'*(+0!:@2AA<!&-5+?!04(!(+0*1(!"B!/&-$%(/!8&/!CDA!:!"#$%&'(&>!#+EFG<!
&+)! CFB! :!"# )*+,-),%%&>! #+E"G<>! CDH! :!"# &./,-010>! #+E#G<! &+)! CF#! :!"# 2'-341%%11>!
#+EBG<2!3&I*+?!@2H"!&/!&!041(/45%)>!04(!/('5+)!-&*+!'%./0(1!8&/!)*7*)()!*+05!D!/.;J
'%./0(1/>!*+!84*'4!0(01&$%5*)!'15//*+?!$&1(+0/!C#"!:CKBH<>!C#B!:C"F@<!&+)!0(01&$%5*)!
'.0! 15/(/! '%./0(1()! 05?(04(12! 34(! )*$%5*)! '15//*+?! $&1(+0/! C#D! :,,H<>! C#F! :,,A<!
8(1(!$%&'()!8*04!)*$%5*)!15/(!7&1*(0*(/>!;.0!,!1550/05'I!7&1*(09!:C#!#+EBG<!8&/!&%/5!
*+'%.)()!*+05!04*/!/.;J'%./0(1>!&+)!04(!/*-*%&1*09!'5(66*'*(+0!;(08((+!C#!&+)!C#F!*/!
-51(!04&+!04(!5+(!;(08((+!C#D!&+)!C#F2!34(!04*1)!/.;J'%./0(1!'5+0&*+()!F!)*$%5*)!
7&1*(0*(/!:C,B>!,K>!#@>!##<>!;.0!04(/(!&1(!L.*0(!)*//*-*%&12!

!
M*?.1(!"2! N%./0(1! &+&%9/*/! :OCPQR<!56! 15/(! 7&1*(0*(/! ;&/()!5+!K#!;&+)/! &-$%*6*()!
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