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<0"G)$& 8$+0!*.11>! =>"Pa! =>"PP!
%->$''>! =>=aJ! =><<`!

6","5"& 8$+0!*.11>! :=><=a! :=>J`<!
%->$''>! =>"J<! =><"L!

L%,?"0M& 8$+0!*.11>! =>"L<! :=>JO`!
%->$''>! =>Pa"! =>M"L!

N0",-%& 8$+0!*.11>! =>=P`! :=>"O`!
%->$''>! =>"JJ! =><"O!

Q%0?",1& 8$+0!*.11>! :=>"P=! :=>=P<!
%->$''>! =><<"! =><Ja!

R,5)"& 8$+0!*.11>! :=>=LJ! =>""L!
%->$''>! =>""`! =><"`!

R+"$1& 8$+0!*.11>! :=>=PL! :=>JJP!
%->$''>! =>""`! =><J=!

S"2",& 8$+0!*.11>! =>"M"! :=>=O=!
%->$''>! =>"M`! =><P"!

9%+>%0$",53& 8$+0!*.11>! =>=PM! =><M=!
%->$''>! =><MP! =>JOP!

'2"),& 8$+0!*.11>! :=>=LL! :=>=P=!
%->$''>! =>"Ja! =><=J!

'T%5%,& 8$+0!*.11>! :=>"<J! :=>MJ"!
%->$''>! =>J"`! =>PPa!

'T)+G%0$",5& 8$+0!*.11>! :=><L`! :=>JM`!
%->$''>! =>PJa! =>PJa!

8U& 8$+0!*.11>! =>"OM! =>"`J!
%->$''>! =>"a<! =><JM!

8V'V& 8$+0!*.11>! =>"LL! =>=`P!
%->$''>! =>"=O! =>"=<!

Y2bEVEC&

!

E$%&4-%!21!6'2&3!,283+'.%20%!12'!$+'4)!+0*!4+-$!'$%320*$0-%!+'$!'$32'-$*!.0!F+54$!B!O>!b+'4):

'$%320*$0-%!+'$!-/2%$!@/2!,2834$-$*!-/$!%&'($)!*&'.06!-/$!1.'%-!+0*!%$,20*!'2&0*!+0*!4+-$:

'$%320*$0-%!+'$!-/2%$!@/2!,2834$-$*!-/$!%&'($)!*&'.06!-/.'*!'2&0*>!F/$!'$%&4-%!%/2@!02!%.60.1.,+0-!

*.11$'$0,$!+-!-/$!MK!,201.*$0,$!4$($4>!
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! a!

D283+'.%20%!21!%-+-.%-.,%!12'!020:'$%320*$0-%!+6+.0%-!'$%320*$0-%!+'$!'$32'-$*!.0!F+54$!B!`>!!T!/.6/$'!

3'23$0%.-)!-2!+0%@$'!1'28!+&-/2'%!@.-/!5$--$':,.-$*!3+3$'%!.%!12&0*!12'!9'+0,$7!?-+4)7!B3+.0!+0*!-/$!X>B>!!

T&-/2'%!21!3+3$'%!@.-/!82'$!,2:+&-/2'%!+'$!+4%2!82'$!4.C$4)!-2!/+($!+0%@$'$*!1'28!V'+Z.47!\$'8+0)7!

?-+4)!+0*!-/$!X>B>!F/&%7!+4-/2&6/!-/$'$!.%!%28$!'$%320%$!5.+%7!.-!.%!02-!.0!-/$!*.'$,-.20!-/+-!20$!8.6/-!

/)32-/$%.Z$>!!!!

!

!"#$%&'&D&!T.X=0./23&-.?2"0)3.,3V&!X!%3+3V&]12.+>%3)G%5&5)44%0%,-%&^,.,X0%32.,5%,+&_&0%32.,5%,+`aE&

& & !.+"$&&
6)+%3&

9/?#%0&.4&
"/+>.03&

B/3+0"$)" 8$+0!*.11> :=>=JL =>=JM
& %->$''>! =>=La! =>"P<!
<%$=)/?& 8$+0!*.11>! :=><Oa! :=><`P!
& %->$''>! =>"O<! =><<<!
<0"G)$& 8$+0!*.11>! =>=aa! =>JL`!
& %->$''>! =>=PO! =>"<Mi!
6","5"& 8$+0!*.11>! =>==L! =>"O=!
& %->$''>! =>=OJ! =>"=M!
L%,?"0M& 8$+0!*.11>! :=>==<! :=>""P!
& %->$''>! =><<P! =><P<!
N0",-%& 8$+0!*.11>! =>"<<! =>=<L!
& %->$''>! =>=Mai! =>=LP!
Q%0?",1& 8$+0!*.11>! =>"Ma! =><=M!
& %->$''>! =>=L<! =>=LLi!
R,5)"& 8$+0!*.11>! =>=<L! =>==a!
& %->$''>! =>=M<! =>=LO!
R+"$1& 8$+0!*.11>! =>"a"! =><aa!
& %->$''>! =>=O"i! =>"<i!
S"2",& 8$+0!*.11>! =>=aL! =>""<!
& %->$''>! =>=M<! =>=a=!
9%+>%0$",53& 8$+0!*.11>! =>=OL! =>=J"!
& %->$''>! =>"<P! =>"`a!
'2"),& 8$+0!*.11>! =>"O"! =>=M"!
& %->$''>! =>=OPi! =>=LM!
'T%5%,& 8$+0!*.11>! :=>=P=! =>=aL!
& %->$''>! =>"JJ! =>"aa!
'T)+G%0$",5& 8$+0!*.11>! =><"<! =><=O!
& %->$''>! =><==! =><==!
8U& 8$+0!*.11>! =>"PJ! =>"<J!
& %->$''>! =>=aJ! =>"=a!
8V'V& 8$+0!*.11>! =>JMP! =>"PO!
& %->$''>! =>=M<i! =>=PLi!
Y2bEVEC&

!
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! L!

E$%&4-%!21!-$%-!,283+'.%20%!12'!1&44:'$%320*$0-%!+6+.0%-!3+'-.+4!'$%320*$0-%!Q*'232&-%W!+'$!'$32'-$*!.0!

F+54$!B!a>!E$%&4-%!.0*.,+-$!-/+-!82'$!,.-$*!+&-/2'%!1'28!V$46.&8!@$'$!82'$!4.C$4)!-2!*'232&-!5$12'$!

,2834$-.06!-/$!%-&*)>!F/$!2332%.-$!.%!-'&$!12'!82'$!,.-$*!+&-/2'%!1'28!?0*.+7!@/2!@$'$!82'$!4.C$4)!-/+0!

4$%%:,.-$*!-2!-+C$!-/$!%&'($)!.0!1&44>![&-,/!+&-/2'%!@.-/!82'$!,2+&-/2'%!+'$!+4%2!82'$!4.C$4)!-2!/+($!

,2834$-$*!-/$!%&'($)!.0!1&44>!!!

&

!"#$%&'&O&!T.X=0./23&-.?2"0)3.,3V&!X!%3+3V&]12.+>%3)G%5&5)44%0%,-%&^-.?2$%+%&_&50.2./+`aE&

& & !.+"$&&
6)+"+).,3&

9/?#%0&.4&
"/+>.03&

B/3+0"$)"& 8$+0!*.11>! :=>"O<! :=>OJ`!
%->$''>! =><<P! =>J`"!

<%$=)/?& 8$+0!*.11>! :=>LO<! :=>"<=!
%->$''>! =>P=Mi! =>POJ!

<0"G)$& 8$+0!*.11>! :=>=OM! :=><La!
%->$''>! =>"=P! =><LL!

6","5"& 8$+0!*.11>! =>"Oa! :=><M`!
%->$''>! =>"M=! =><P<!

L%,?"0M& 8$+0!*.11>! =>=<L! :=><LJ!
%->$''>! =>O`=! =>OM=!

N0",-%& 8$+0!*.11>! =>"L<! =><`a!
%->$''>! =>"<<! =>"L`!

Q%0?",1& 8$+0!*.11>! :=>=LO! :=>Ja`!
%->$''>! =><=`! =><JO!

R,5)" 8$+0!*.11> =>"LO =>=OP
%->$''>! =>=aPi! =>"`M!

R+"$1& 8$+0!*.11>! :=>=OL! :=>P"`!
%->$''>! =>"=M! =><JL!

S"2",& 8$+0!*.11>! =>"`O! =>=`L!
%->$''>! =>"PP! =><"P!

9%+>%0$",53& 8$+0!*.11>! =>MOM! =>a`<!
%->$''>! =><L=! =>PJai!

'2"),& 8$+0!*.11>! =>"""! :=>=Oa!
%->$''>! =>""`! =>"L<!

'T%5%,& 8$+0!*.11>! =>P="! :=>"O"!
%->$''>! =>J==! =>Ja`!

'T)+G%0$",5& 8$+0!*.11>! :=>aJ<! :=>P`L!
%->$''>! =>M"`! =>PMM!

8U& 8$+0!*.11>! =>="M! :=>=OJ!
%->$''>! =>"`M! =><a<!

8V'V& 8$+0!*.11>! :=>"J=! =>"=M!
%->$''>! =>"="! =>""a!

Y&2bEVEC&

!

!

Nature Biotechnology: doi:10.1038/nbt.2449



! "=!

G= C%)5/'5,./*,C%("*',,

T44!'$%320*$0-%!@/2!.0*.,+-$*!-/+-!-/$)!/+*!%-&*.$*!2'!@2'C$*!.0!+!,2&0-')!*.11$'$0-!12'8!-/$.'!,2&0-')!

21!2'.6.07!@$'$!+%C$*!@/$-/$'!2'!02-!-/$)!/+*!%&5%$H&$0-4)!'$-&'0$*>!!!

F/2%$!@/2!/+*!'$-&'0$*7!@$'$!+%C$*!-2!'+-$!-/$!.832'-+0,$!21!-/$!'$+%20%!5$/.0*!-/$.'!*$,.%.20!-2!

'$-&'0>!F/$!'+-.06!%,+4$!'+06$*!1'28!"!-2!M!@.-/!%-$3%!21!>"7!@/$'$!"!@+%!R-2-+44)!&0.832'-+0-S!+0*!M!

@+%!R$I-'$8$4)!.832'-+0->S!T($'+6$!%,2'$%!+%%.60$*!5)!'$-&'0$$%!-2!$+,/!21!-/$!82-.(+-.20%!5)!,2&0-')!

21!2'.6.0!Q+0*!'$-&'0W!+'$!'$32'-$*!.0!F+54$!B!L>!

!"#$%&'&P&].T&)?2.0+",+&T"3&%"->&.4&+>%&4.$$.T),=&0%"3.,3&#%>),5&1./0&5%-)3).,&+.&0%+/0,&+.&+>%&-./,+01&T>%0%&1./&$)[%5&
T>%,&1./&T%0%&(OV&B[%0"=%&3-.0%&

6789!:;&7N&
7:RQR9&

&
&
&
&
&

%*-%$$%,-%
c&20%3+)=%&

.4&+>%&
),3+)+/+).,&
),&?1&"0%"&
.4&0%3%"0->&

&
&

./+3+",5),
=&4"-/$+1H&

-.$$%"=/%3&
.0&0%3%"0->&

+%"?&
&

&
&

#%++%0&
0%3%"0->&

),40"3+0/-+
/0%3&",5&
4"-)$)+)%3&
&

&
&

=0%"+%0&
"[")$"#)$)+1&
.4&0%3%"0->&

4/,53&
&

&

#%++%0&
T"=%&c&

?.,%+"01&
-.?2%,3"+)

.,&
&

&

#%++%0&
40),=%&

#%,%4)+3&
^2"0%,+"$&
$%"[%3H&

2%,3).,H&
),3/0",-%H&V

V`&

#%++%0&
T.0M),=&

-.,5)+).,3&
^["-"+).,3H&

>./03&.4&
T.0MH&VV`&
&
&

.22.0+/,)+
1&+.&T.0M&

T)+>&"&
32%-)4)-&
=0./2&.4&

3->.$"03&.0&
-.$$%"=/%3&

&

#%++%0&d.#&
.22.0+/,)+
1&.0&-"0%%0&
20.32%-+3&

&
&

&
&

#%++%0&
e/"$)+1&.4&

$)4%&
&
&

&
&
&

2%03.,"$&
.0&4"?)$1&
0%"3.,3&

&
&

&
&

&

[)3"&.0&
)??)=0"+).
,&0%"3.,3&

&
&

&
&

&

B/3+0"$)"& J>"! J>"! <>a! <>O! <>L! <>`! <>a! <>L! J><! P>"! P>J! ">L!

<%$=)/?& <>a! <>L! <>O! <>M! <>P! <>L! <>a! J>J! J>P! J>M! P>P! ">a!

<0"G)$& J>"! J>=! <>P! <>O! <>`! <>O! <>O! <>L! J>J! J>J! P>"! ">L!

6","5"& J>J! J>J! <>L! <>L! <>a! J><! <>L! <>L! J>P! J>L! P>"! ">O!

L%,?"0M& <>a! J>"! <>`! <>`! <>a! J>"! J>"! <>a! J>"! J>M! P>M! ">J!

N0",-%& J>P! J>P! <>a! <>P! <><! J>O! J>J! J>P! J>P! J>a! P><! ">M!

Q%0?",1& J>P! J>M! J><! J>J! <>a! J>"! <>`! J><! J>O! J>J! P>=! ">O!

R,5)"& P>=! J>M! J>J! J>J! <>a! J>=! J>"! J>"! J>P! J>J! P>"! <>"!

R+"$1& <>O! <>O! ">L! ">a! ">a! <><! <><! <>`! <>O! J><! P>J! ">P!

S"2",& J><! J><! J>J! J>"! J>=! <>a! <>`! J><! J>O! J><! J>`! <>=!

9%+>%0$",53& <>L! J>"! <>a! <>O! <>O! <>O! <>O! <>L! J>J! J>"! P>"! ">O!

'2"),& <>a! J>=! <>J! <>J! <>J! <>O! <>O! J>=! J>P! J>`! P>M! ">P!

'T%5%,& <>a! <>a! <>`! <>L! <>P! J>M! J><! <>`! J>=! J>`! P>M! ">M!

'T)+G%0$",5& J>O! J>O! J>`! J>`! J>O! J>"! <>a! J>J! J>O! J>a! P>J! ">M!

8U& J>O! J>M! <>L! <>L! <>P! <>M! <>O! J><! J>P! <>L! J>L! ">a!

8'B& J>O! J>O! J>M! J>P! J>"! <>`! <>P! J>"! J>a! <>L! J>L! ">a!

Bf@:BQ@&& IVI& IVI& JVP& JVO& JVF& JVP& JVD& IV(& IVK& IVK& KV(& (VD&
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! ""!

F+54$!B!"=!'$32'-%!-/$!3$',$0-!-/+-!'+-$*!+%!R.832'-+0-S!2'!R($')!.832'-+0-S!-/$!%+8$!82-.(+-.20%>!

E$6+'*4$%%!21!,2&0-')7!-/$!82%-!4.C$4)!'$+%20!%,.$0-.%-%!6.($!12'!'$-&'0.06!-2!-/$.'!,2&0-')!21!2'.6.0!.%!12'!

3$'%20+4!2'!1+8.4)!'$+%20%>!!

!"#$%&'&(E&].T&)?2.0+",+&T"3&%"->&.4&+>%&4.$$.T),=&0%"3.,3&#%>),5&1./0&5%-)3).,&+.&0%+/0,&+.&+>%&-./,+01&T>%0%&1./&$)[%5&
T>%,&1./&T%0%&(OV&Z%0-%,+&),5)-"+),=&g)?2.0+",+h&.0&g%*+0%?%$1&)?2.0+",+h&
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&
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T"=%&c&
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.,&
&
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&
\&
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#%,%4)+3&
^2"0%,+"$&
$%"[%3H&

2%,3).,H&
),3/0",-%H&V

V`&
\&

#%++%0&
T.0M),=&

-.,5)+).,3&
^["-"+).,3H&

>./03&.4&
T.0MH&VV`&

&
&

\&

.22.0+/,)+
1&+.&T.0M&

T)+>&"&
32%-)4)-&
=0./2&.4&

3->.$"03&.0&
-.$$%"=/%3&

&
\&

#%++%0&d.#&
.22.0+/,)+
1&.0&-"0%%0&
20.32%-+3&

&
&
&
&

\&

#%++%0&
e/"$)+1&.4&

$)4%&
&
&
&
&

&
\&

2%03.,"$&
.0&4"?)$1&
0%"3.,3&

&
&
&
&
&

\&

[)3"&.0&
)??)=0"+).
,&0%"3.,3&

&
&
&
&
&

\&

B/3+0"$)"& JJ>O! <`>L! "M>O! "">O! <J>J! <O>=! <<>P! <`>=! JM>`! Oa>P! aJ>J! O>P!

<%$=)/?& <=>P! <=>P! "<>O! L>O! `>J! <L>=! "`>L! P">O! P`>M! PM>=! aO>=! `>J!

<0"G)$& P=>L! JP>L! "J>O! <<>P! <<>O! <<><! "L>"! <L>"! P<>a! PO>=! `M>P! "<>=!

6","5"& PJ>=! P=>O! <">M! <J>P! <<>O! P=><! <a>=! <M>`! PP>J! OO>M! `J>P! M>M!

L%,?"0M& <<>`! JM>=! <<><! <<>`! "L>M! JL>J! PJ>J! <=>"! Ja>L! PP>L! L">M! J>M!

N0",-%& P">O! P">=! "`><! a>P! a>=! MJ>O! Ja>"! PM>"! PP>L! O=>a! a=>P! M>=!

Q%0?",1& Pa>"! PL>a! JO>"! JL>a! "L>J! JP>=! "L>"! JO>J! PL>O! Ja><! `<><! `>O!

R,5)"& O`><! PL>L! JM>O! JL>M! "L>O! <P>a! <`>a! J<>=! JL>"! JP>L! `=>a! "P>J!

R+"$1& <=>`! <<>=! M><! M>M! P>a! "">P! a>M! <`>=! <J>a! J`>O! a<><! ">L!

S"2",& JP>L! J">O! Ja>a! <`>a! <P>a! "O>`! "P>`! JM>"! M<>"! J<>M! ML><! L>`!

9%+>%0$",53& <<>`! <a>J! "L>=! "M>O! "`>a! "`>`! "O>O! <`><! PM>`! J`>P! `M>"! `><!

'2"),& <<>M! J">=! `><! `>M! a>M! "O>a! "P>L! J">J! PM><! M`>a! a`>L! <>L!

'T%5%,& <J>a! <">a! <<>a! <J>"! O>P! Pa>"! J<>P! <<>`! <O>J! M<>P! a`>M! ">J!

'T)+G%0$",5& MM>O! M<>J! MO>O! MO>a! M=>P! JM>`! "a>a! P<><! Pa>`! O=>`! a<>`! J><!

8U& PL>`! PJ>a! "L>a! "a>a! a>M! "">M! "P>a! JO><! PJ>=! "L>O! OM>a! ""><!

8'B& MO>O! MJ>L! M=>P! PP>L! JO>"! <=>O! "J>J! JP><! O<>O! <P>J! OO><! "=>`!

Bf@:BQ@&& KEVC& IOVP& JCVP& JIVP& (OV(& JFVO& JEVK& IIVP& KCVI& KIVC& DKVC& DVC&

!

! !
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! "<!

!

H= I%/2*)#J04,>0@%*50(+,/.,./*%02',8/*',540%'(05(5,

F/$!,20,$0-'+-.20!'+-$!3'$%$0-$*!.0!,24&80!P!.0!-/$!3+3$'!+0*!'$32'-$*!.0!,24&80!<!21!F+54$!B!""!

8$+%&'$%!-/$!3$',$0-!21!+!,2&0-')j%!12'$.60!%,.$0-.1.,!323&4+-.20!,28.06!1'28!-/$!-23!12&'!,2&0-'.$%>!!?0!

2'*$'!-2!3'2(.*$!+!6425+4!8$+%&'$!21!*.($'%.-)!21!12'$.60!52'0!'$%$+',/$'%!+0*!c/[!%-&*$0-%!.0!$+,/!21!

-/$!,2'$!,2&0-'.$%7!@$!,283&-$!-/$!_$'1.0*+/4k_.'%,/8+0!,20,$0-'+-.20!.0*$I!Q_W!21!-/$!%/+'$%!21!

.88.6'+0-%!5)!,&''$0-!,2&0-')!Q,24&80!J7!F+54$!B!""W>!F/$!_!.0*$I!.%!+!%-+0*+'*!.0*.,+-2'!&%$*!-2!

8$+%&'$!8+'C$-!,20,$0-'+-.20>!!

92'!$+,/!,2'$!,2&0-')!.7!-/$!,2''$%320*.06!_!.0*$I!.%!,283&-$*!+%!

! 

Hi = s j
2( )

j=1

C

" *100 !!

@/$'$! D! .%! -/$! -2-+4! 0&85$'! 21! %2&',$! ,2&0-'.$%! +0*! ! ! .%! -/$! %/+'$! 21! .88.6'+0-%! .0!

,2&0-')!.!1'28!,2&0-')!A!Q W!@.-/!'$%3$,-!-2!-/$!-2-+4!0&85$'!21!.88.6'+0-%!.0!,2&0-')!.!Q W>!_.6/$'!

(+4&$%!21!-/$!_!.0*$I!.0*.,+-$!/.6/$'!6$26'+3/.,!,20,$0-'+-.20!21!-/$!.88.6'+0-%7!@.-/!+0!&33$'!52&0*!

(+4&$!21!"==>!F/$! 42@$'!52&0*!21! -/$! .0*.,+-2'! .%!6.($0!5)!_lQ"eDWi"==>!F/.%!@2&4*!5$! -/$!,+%$! 12'!+!

,2'$! ,2&0-')! -/+-! /+%! -/$! %+8$! 0&85$'! 21! .88.6'+0-%! 1'28! +44! -/$! 32%%.54$! %2&',$! ,2&0-'.$%! Q"<`!

,2&0-'.$%!.0!2&'!*+-+%$-!@.-/!+!,2''$%320*.06!42@$'!52&0*!21!!=>`LW>!V)!,20%-'&,-.20!-/$!.0*.,+-2'!-$0*%!

-2!6.($!82'$!@$.6/-!-2!4+'6$'!%/+'$%>!!
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,2'$!,2&0-'.$%!+0*!B@.-Z$'4+0*!.%!-/$!82%-!,20,$0-'+-$*>!D+0+*+!+0*!T&%-'+4.+!%/+'$!(.'-&+44)!-/$!%+8$!
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! 

s j = N j /NTOT

! 

N j

! 

NTOT
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! "J!

!"#$%&'&((&_&R,5)-"+.03&.4&=%.=0"2>)-"$&-.,-%,+0"+).,&.4&4.0%)=,&#.0,&3-)%,+)3+3&-/00%,+&T.0M),=&.0&3+/51),=&),&.,%&.4&+>%&-.0%&
-./,+0)%3&

68::@9!&6789!:;&

7N&i7:U&7:&

'!8L;!

N./0&-./,+01&

-.,-%,+0"+).,&0"+%&

&

&

]&),5%*&.4&-.,-%,+0"+).,&

&

B/3+0"$)"& PJ>O! `>`!

<%$=)/?& M<><! a>`!

<0"G)$& MP>=! a>`!

6","5"& PJ>J! O>J!

L%,?"0M& PP>M! L>P!

N0",-%& J`><! M>L!

Q%0?",1& J=><! P><!

R,5)"& "==! i!

R+"$1& P<>O! O>a!

S"2",& O=>M! "P>a!

9%+>%0$",53& P=>O! O><!

'2"),& P=><! O><!

'T%5%,& JP>`! M>=!

'T)+G%0$",5& ML>P! "O>J!

8U& J`>O! M>a!

8'B& P<>L! O>M!
Y&9/?#%03&"0%&+..&3?"$$&+.&20.[)5%&?%",),=4/$&3+"+)3+)-3&

!

!

K= C%.%*%'4%5,,

_+$&%%4$'7!D>!!"#"$%&'()*+,&-.!P=Y"=M!Q<=""W>!
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.0*&%-'.+4!'$%$+',/7S!\$2'6.+!?0%-.-&$!21!F$,/02426)7!@2'C.06!3+3$'!Q<="=W>!

#+4%/7!;7!#!D2/$07!+0*!D!D/2>!!!"#"$%&'()*+,&-!JOY""aP!Q<==`W>!!

!
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