N

N

THmbB2m b- QM 2bi K2BHH2m , /m -H2 /:
/| Mb H6 / Ti iIBQM mt BMb2+iB+B/2b +?72x H:
C2 MGQmMT AK#2 i *H ~2i

hQ +Bi2 i?Bb p2 ' bBQM,

C2 MGQmMT AK#2 i *H "2iX THmbB2m b-QM 2bi K2ZBHH2m , /m "~H2 /2
BMb2+iB+B/2b +?2x H2b KQmbiB[m2bXX "BQ+?BKB2- "BQHQ;B2 JQHQ
6° MIT BbX LLh, kykjlJPL:ykN X i2H@y9ekyedy

> G A/, i2ZH@y9ekyedy
?2iiTh,ffi?2b2bX? HXb+B2M+2fi2H@y9ekyedy
am#KBii2/ QM kR CmM kyk?9

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://theses.hal.science/tel-04620670
https://hal.archives-ouvertes.fr

™ #8881 % " &$'

(1#&

I$(#)#)

HE" 1S *EH#E+ &, *
- $ /'# -0-1

"&(H#H ! ( #H# 2

&! 3#4 [*"$(
&# o+ L ro#
/& 4
&# :
#t 2 IS ( 1F #
v&,) ™ , #

+ #1$( 4

#$" (1 (344
58/ &l#

58/ &l#

# 1 #( 16"
& #1 #

& #1 #



[KQBVRAREWHKWEHUD GHRFWHXU

GHT8QLYEBRDWESHOOLHU
( FRUIGRARDDI* $,9$

$SOXVLRIGHUAWVAL O OGN UYWGHHG/XSOLFO/QRQV
ODGDSMDWVIWNVREO WKFH)BPRXVWLTXHV

3UpVHQPHSDU- HOQ/ RXS &/ $5( 7
6RXVD QUHAARQ GH3HIUFN/ $ 984 HABDWDOD LBV



SHPIRUHPHQWYV
1pGD@WLOIGHOQQPpHW 1B X0 I$ O D G\HLWD QGR Q\D FX O VRX U H
|OHXUXQBD h WERUMHL D IQWAD VAVEL KIHA/Q F H - HPATW XS® R Q YpH F
ERQKIXDSSUpBLDIAS UHPWHEPBX®MHQVIEWRRBUYHHOHPHQW
GpFRXYMNUBESU R F X USTROGUR YWD OTLXASHOW\DAHEX U D FRVLRIDAWMBARK U
PHVVDIRUGH¥ q ORDAR YN\Y H UH QFRRP SOV D @6 N RGHE MAK Y U H V
VXLYXQW/UDPRP P X QB SLG H B HQW L& HDREGMYp F L /IVW L D WY X H V
G p W D DOWH IQEX G I X BRE T XKQpH) ROWPH O O IHWD G | XRHP WL J X U H
W R X MRDGHYWHR X YELCHR@® S U p S DOUDpQIE PEQHU D TEHWXDR PDU T XH U D
LPPD QT X D EQHHIPYHHQWD YSUHHIVP H @HVEHBIW TID IU PR Q D O KEMHD W
P X HHUQX Q¥H U \SLAQRM)s D CHB/ONKEY P D G @FHT X 1 HDO/CS Hij (GIHLYWWDQA UEGK MV
VR®pULSBHR GWE HOPHNVD S IGREJHNH O R SSH B Y RGNS B @ VjDQITK J H
DG X GW XY HRXN H WQLE UBHIMR Q GIIBD W D VAKDIQMEBIVH S HGAVHW UR L V
G H U Q D QUDHRFDMDVX \S\DH[ W H Q WLRR®M IDTXRYA p S D P B QOWG B R Q W
HQWUWPTB QLY MBVENMETHP S r iGN B XQBIH VW IPVRXGW BRIMIWp F L W V
TXHI B YRLUPIDOWLPW LG HP E HIGEE XWU D Q HXYRERIOBD Q JHUH X V H
)L Q D O HPHH\@WKIgPATHD Xj LPIR @V RXWU FSLHY T H P E D GTDXEHRS U R § X HW H
PR @ R\DU® LW LYDHKLE XWR L GHDIJIGH P B p\QMIPR E WEH DGR RYR U D W
6LFES UpDP BXOHP H U F LSIP QMY R/IE T HEBAWE® UTPHTHL[Q \KWQ H
DXWSIRHLERWP P ¥ QVR ®WWp FDW VT XM BR P S PRI [ S p U L HOHKR XD D
SUR W D JRIGM/ENWABIH X @ THHW R/X MR X P& T D B/K R X VB IM-RBDQ W R X U D J H
GHXHO DPHVHLG BWRP SDJGRRXWHN O X r\J BR¥WWXV® HpFLW
W URXIHB H XU HKYHXG R QFHP HUFR®MH P E WGHR/D& RP P X Q BXW p
0 7$Q QEHINKX BIWJ q GHD UB PR @ O O L BIQE HDXRHUM QU G D BWL R Q
FHP D Q X \HRWILDAE R X WG WF VAR KSRV LE O H V
- DR Q J WRHFHSUF R B P HRUVQ LIVHIMUH P H U F L IS PEXQB/R\P P H QA U
ILQTXHRHPLQ SR RY D G UHRVK/IHAFX D F N QYHE HIFG U BIf® XEOLHU
SHUV QG MR LIOR ¥ L WDHORCHY H Q [GAQUTH Y L COHDOKFFHKEWR P H ® WiHH
VXEYMURBIRQ L VBl UBRGKMTP HG IR R © L H HWR YXU\H F HX QWX L W H
GHPHUFKXEHXWP E\DIH@XY H® M/ r \W B MK\ R \ H ] D/ X U L HVAREKWR L W
GXF°X$X[pYHQWXRONOQHWP "DQTXDEREWHXMEBRISRXUWDQW
EHDXFRKSG BHVAHO PRMAP S U XjQUBPR/P PI-H \§ DAY D LRIDA.NU D Q G
SDWARXUBJIMHWHPHUBSDEBRLWE {H QWMDY \EVLITAMEWR X G HBL V
MUHHPHPRLEWPRLW{H QW DY \ELIT@WRXOWpPULWHULH]’
"-HFRPPHQEBRDDP L CP®A q UMDW D 8 WRI Q F-OMR X\KWANHOOHPHQW
UHFRQ QO BPVVY RV \G Il 8 GIFLRP S U HRIDUMHRLAR XRUB X L B\DLXW p
HQF RYRIMD/Y H|XP HIDLBRQILDB D UVBHIRA U RGHD T+ RWUXW T X D X [
FKD QW NH OGN 31 O 0% RUW [ILA@VWXQHD QG T8 QLY N RWPMVD Y H]
ODLMMPHV¥KRH®TD YWR X WGIDPAR K M3 U R MeHWEMWHQ Kk FAHW W H
FRQILDXQMTER TpS D QHRAE B Q V WOUHULAULH
- HRU R I XWMI/ROUH P H FFHDF YR T R G W Q@ ¥V U DIY DITQVM B HP H
O D @GTHO WW X 6 HR/R/@ D Q o-RID\Q OHDRRAP D IFG D F X @ WMRX R JOW H |
W RYOP HW U D Q V)P@B WEWD BID V VIDRMR YOW H5]R XY R VPP W/ MHRBK@D LV D Q W



S UHGYIQ®F URJIBIEOH. OHD KIVB/KD F & | HV[ S p UL H YAARK Y HBQHLWU V
PRPHGSIVWMEW HR DDW W HERGCRXPMY RX WRIOER QH SDBL V H

8 QJ U DPISUjFQ T 8 Q L YGIHOW L W @ERR/Q W S HEMALHTUXMI D{@EH S X L V
SUHVGKB Q\ERQMRKRXGHY L HX-[HO X&R LH/Q VDXV B H\B O EHO O H V
UHQFROQWERMHR UPLGEBBUHYI@DQWY L HEI®UWD ® B XKDAWHW
V X U \B RO V RAD@MIAW T XVHIG®@IDYP 1L P D JCBXRWLGLH Q

+R QR WIDG HAHHU p JRMBIR )XG\) G L F BFFOH. § R @ PIDILG\R © R/DW WX
P HP R Q WMWROUWMH QVODODDPLO DO T XRI@® OMWH CGB IR@EKRLVLW
OH UG D YRWEL p VWEIER QG F HIYQ Q B N R Q W L Q KriFWDUHHD XOHR Q Y
GLVWIXQRKYSDUH

$ FHOOXR HV X S S R&DVAR @ WAH GV H UB H S GIpVB 0 BW L DTQ V
ODULRE UGN r VOUEHR Xl G D UDH. W 1 D \ RSV R OGIR QWY DEMW RHL QY
QRWDPOROWHGS H U QRLRILGMV K gYRDOIRRLQ¥RPSOLZRP W POIV
PrPi5R¥U@TGIS O XX T H VIV WHKHG L'V

9L H Q QHHEWWOLIMEHU Z L GB\R XWUR ® WRAR X TUX/IB R YOW RQXL YWIQW HPEOH
PDLQWEADB®HKVR QJ UMY F KGN pY L \VAIROW D XN IRD /U p VEIHOW
V F U HSMHR/U W L6 B/WR\L LEDHA M X KL R Q WIE L HVQR X MORSKR) IV U M XI[W
F 9 HW VLMV @ P PoHD - HQ 1D XS4k Y@ U0PQH L O DUHRODSYHOH TIKHB@ R Q JH U
G D QW\p D Q GUBIEL R ORY R B XOMIUYSHR XALR ® WAR S D P Q WAX U \J/ RERW W
ELHQW{W

3RXN,6(R@DRR OIDEW®Y UD Y D OPMHRIXWHH/U V RIXR HEH Q W
HQDLX@ QG BRRQYWRIQKM X UG KD U OIBYDHAS XQ[G R F W ROUYDHIRR\ DX
ERLWXHS HX \WHS OD L GEGHDHK F B %3 W IS RUWR ® VWH J DRIGW HTHEX V
V X LY COLMA QD\VG L YW&IRFPPEHADV j 0D U S R YOUN\L O R P$ EVWAHRDRENF/R V
E D O /G®RD P SXRRU H D & OVHHWRWR E5IKHRWY RVL V H D X [ «

(QILPRQ@TXLSHUDPRP S SRWUDS L F X COMHBXQBMR P E LHHWH V
DILFLRQBEF®RXWWHRRW U B R XOUHH WPLRWEAX U H P R QOARHRQUWXOD Q G
Y R YP\HY R\ LHHU D W DOMLY@HRB/U G L QOHAHFEADQ GIBD W 1S REMR ©OW M U
DLGIMPDQLBNWUFKEDP LD VD X® P L VHO B X (RLVXDR®Q/FULSW
VDY EWUBQWRRSP S O% R PR H W R X MDR/QMR X U OWHRS XK\ $ D LERIX U
OHWQRPEBREOSWWLPD WX UBRXWLHQY H HAOEMW B \DW X
W TVHRU & IF HWH U PLRHUNV

,ZRXDOOGQRMWW DWHKR S SR UWRQ YAV G HH SHDWR\D ®F % UL G H
DQ&XN+DEPBR XD UHR VDR D] LLOHV H D D PEH B DO0GL W KR XM 3K '
Z R X O GY RAD YEHH FACR/HD P4X N LZ R QMRIHWR XWH D FKL2QJ¥ E1 J
L

$XWRXKHMNUD G&M |V

0\OqOQWRIXPJLPSUHV\AQFRW QDWNQW KgqMM TDXDIUR QG
PSUHXWHMQHRUFMYQFRXUDXMYDGBURHRQ GpB B QIR XWB V
F R Q W VDBRIX FELHDX WWINVIDIWK L B B/R Q V 9 H® R XWRRHTX W DD IS\R X U
OTpTFIISHVIW D SOHMWLKANRX TROYHQBELHBVELVRXV

3DV FMHOUS R YWRHIQ W K R XFR Q WDHMIM DV WM X WM p WQ UMK RX VLDV W
DXVVQHUBWSDWLHQFY® W pD O XWIMFARPSUNQRIED O ORDWYG



PrPH TH[S O IOTRHIW BXFDOWEM R XWHRUZ @ HD B H U | H DMLCRI® QWL O OH V V H
ERXWBWHW D G WD LG D v\ @ U L \§ D ¥ BMBIO D QUG LSHD U G-B GELX
PDPH[SULWRUMWDBHDWIWMBHVVIXOWE HS HQWRBF F XHR®N H
WURS XUMM RIXBIX qGHD LER K H X UH X \VIHRPHER M & H P E O A X BV IXW
QYD S S USIIEHAVVHW U HHXIX\M B L B\ F LG X S S RAUHAFEH W/ LWV QIR QH
PRPHOMKK\GN RET XEDX IQRKYVHUY H

(QILQRRWHD DL @ HS R B H U &IRFPNP HELWW HP S O HAPREQWX M W H
GRLYXHWBHUVR®BHS R QP YE IR HOD QGBI QW H F K H B FKMIX Q
G H X[ L gAR™IOUL J Q @ LX VAVLLS L O O CPLLUGH PPHD@WD/ VDI HEVOWW U DiQ JH U
F HVBWHFL VI DOVX VARW LM @ V H LH @ HRR Q WTDOTHRH W W (3 O &/H
VKRZPDQWRMSMWHOOB@ X QW p U HV?BOHNVR GqGH3AQDP LAKW
SR S X O DPW BRIV, T HW QVF RVURHKR  DB/R Q@R S S R G MY X EDQNNROKAIA K V/
HQ Y HIgVHS U H QD09 MgVW X DDL G B K D TSO®/ IF KD R @ K H PLH) D UG ®
W r W R XQHBWY F X \GR. @WKV V RIWR B MY HRR Q VXU WD\ V DARELM Q
TXRDGIDSS O LTUKHBW R T B }O 1S O D GV DV WHIR D\D PH\S GATK Q
GLUH BWHKDWHTXSD UGN BL HBIENE B D LDVX \OALK L V &/H HOM GHR Q
VRFLRGRERO LWL XRBWUGH 1D Y B HUO®p q YWXI E\H WP H5 H
JpQpD GRIMRE Y HFRA.IE % LOPDUVE®O ORIQ E & D YRUPDHP HIIDXK V

TXTEQUHBWHKXNMpULWBEOH



 QWOGXFWLRQ

., $G D S WIWICLIRLIDGNQ RDEAUAR S GHIVR F X V
9D U L IV QW X F W&(IUYDHIIP/Q pWp L T X H
GPOHFOMHRYWLPSOHV «
6 p O H FHAIKE B & R OGKABA V/

L, OpVLVWRIDFWHHFWKRMBVRXYXVWLTXHV
5pVLVSDRRGILILFEDOVDREW\OFKROLQHVWpPpUDVH
/HY6 9\G T D FAK KX OFHL S L\H QV
/HW9\G 1D K KRR S KHXOPHWD®

,+» (WP DW K @VCHNARODWV

*ORVMDLU

&KDSH,V&DUDFWpUpQBWILEFIX S O L FOEQRRKH/A XV HF HD/I HWV
GWBEBLRLQIRUPDWLTXH

, OpWKRB B Q IOEXXHS O L F B WHORES\B ' X «
, /HIpQREBWPpPIpUHQFH
4X D OAL@mpIpUHQFH
,GHQOWPMIREBHpIpUHQFH
., /IHGRQQPRPLEXKWH V
., ,GHQW L G.HIXS IOR GIDAML R Q V
., $QRSKHD®HYV

SUWLFOHYV S NVWH X FVEHQMEMKH VWRBHQ R X8O LARBWIL\RD QFH
D O OBIKTEXVL. GVIHY HUR/MHR SKARWVXLWRHYV -~

., &XOWH[0
'"HOYLPSRGWDOFGHAR Q QpMIYTXHQoDJH
,GHQW L G.HRW DR V VHGILHY H G WY f®DHBKS OLFDWLRQV

*gq QHHWV E D U TPRPS U Q&I H GARFHD/OWWXQH BWA/Q'Glg O HV
&S "

,,,&RQFOXYUMQDOEVRNVNQIRUPDWLTXHYV
8 QP RWXQBR Q | L POIAAR URBSHIUQ DORVR M. QIRUPDWLTXHV

$SDUWWP[RQRPAMPRP SO BHARP SOH[HV
$ 'LYHMQREWQRS KHPHEWDBI®X OHLS L\H QV
$ $QRSKHIPHEWDO
$ &XOSISLHOQV

& KD SH, W85 SRJF KSHR S X O D W G RDQQ\HUIDEBWIXO OG@R HU LHWYR O XWLRQ

S D U D O GDjFOFBRH
, $ ODHFKHUHBPIOK@ R SO L AKPORBIHEIZIREBMHF W

, 6WUXBWXQUBIqOHV



4 X HO TPRHOW L G pW D MKLQRLONK H V
"HW W U X FWERMMP®D ([GHD/O O 9 H WPDLLHAX [
'LY HUG® NW XE MBSO L A-DAML R Q V

, 2ULJIQRIJUDSKLTXH

., (YR O XS\DLUIRING Q4 DPIE VDB SLS L\HQV

., OXWDVGIHRQALVWDQFH

., 6\QWIBHRIQBXSOLTXpHV

., 'XSOLFIKRPRQY¥QHYV

SUWLFOMROXW MRUIDGHW W RFEZDWR S XPEHDULDMWQA RQV
HVLVWDQH@®XOSLSLPRWTXLWRHYV

vy, XSOLFKWWRQRIgqQHV
., opDUUDQWVHFHFHROQWBGDIQWYEWSOLFDWLRQV
,, MONKRPAHVVDJIH

& KD SH, W X S O L F DRWRQ W W OIQUAHH F W G FQISFEDIAD RE D O
, /IHORXYHBRHAVEGRRQQDO\VH
, 5GO
. YJVF
. BXSHWNWHU
,,,GHQWL GHIXNSIORGDWLRQV
., 5GO
5plpUH@ARU P D OG YR&GLRI@H. E O H
., YJVF
., BXSHWNWHU
"HW W U X BWHUUHHEMHHNWH VW H'U D V H V
6W U XAWNXURMYVQWpHV
1IRPEHRUL GGV UXFWXUHYV

., »PSRUVGHYFK HO L FKONQYFRDBWD DWIDQAWMHRFW LFLGH YV

'LVEXVYpREUDOH
, SERXROOSBLGHPHQW
, 'LYHUGBWWWU X BRW & JXY¥DQ B QIOFD\ Olg®@MHYWLILpV"
, HWRLRMDV)GEMWFRPELQDLVRQ"
, 'XSOLFDGBORQVHU
,, dDULVGAHEFORBRQJ

,, *PQRPLIRSIXODWAEIR DG DBWP OVH R\FR/RWD WA R R WD O
DXOREDO

., \QDPLTXDpVLVAWMLQRBNpOHFX\WEBIDRXIRFDO
& RQF O Xp/QRURD O H



, QURGXARQ

, $GDSWDBWDR QDBNREEGF R S GHAVR F X V

/HS UR F H3/fMXG/D SSAHDMYIBAEQY HVULYPS O HIRXHDA@WED O WG 1BQVA IRHOX
HQW UDHRRGLILFDW HEB@®R S X O DDA Q¥ F )XIHPRE L ILFDRQWQ V
GX VWV GIED B LY H UyQ pWS OB O H VD MRXH WHROEH HILRYPFOL® H V
JpQpUDWLRRVYL D ESAMVOW D QW D XHKHQIWHRQ WH V VHLY bl PTHQH/Q F H
MXVTH Q)Y DKRPSOqWHBROWODWURDRQ 'HYDGWWVEBISDUHQWH
VLPSOKXEDWRWRQUL Q IRRPPVHEHW D BRKW R MEHGHD GDSWDWLR
G p F K DWEBIV V HRG W IWVRX QR P P X QWKW WILD LAY IBEYW Q F U H
H@DUPRQ QXQUbIp S RODAM L V |DALNV\D BYMNHR/ RIQAEH. BEM X T X Q H
W K dHVQHT FOVMWR R Y @ L) DAY R E 16 MFBA H IQ-GMD G\R @ § HVPHQH[B OLFLWH U
T X H O DRI RQYU\DXH D G D SVOIWQ R QW MRQXY.E O MPBRRBQWS RV
W R B YD R @GH HP D Q X VFHIDWE H Y LGDIDW. O\OMHL XISHY XOUD L VW\QHWU B DR L U
FRPSOH pH@®IHS/URFHV VXV

9D U L DVQWANK F VIHYGULLY XI[U M QAW L T X H

/DGLYHUNQPMWH VI p S PBHR/X W D W DRSINX Y SISO L H X U V
IRUPIBW SXOND OWE J PRVELRTBXOHNGH $'1 6 LQIXHFOHRWOQGARUSKLVPV
613VMXVTXHPDO QLB RHIEW p T X H QFMR/P L THRWHWYX PV X IUDBDW V
3DUPKS H U@L EHP X W D VRIGR IQWW DOPRGL | L FG M BRY VIWIORRP L T X H
GIXVHJIPIEIW IRXOWKDQJIJHB WRE U L HQ WDUWDLRVDIRE Q WH B QIVR Q V
UHVSHFWLYWARDQWBIHFWOIQWPEGH RSLGHD RF)X\RSAXPEHU
9DULDVEULRQNVXERP S UH Q B3@WWLRSOW HWYR RIQW HBWX SOLFDWLR Q)
GRXE O HPHMPWX H Q RHW H Q F RI(DXWUWZHLD S S H GBOIR @ HRRQW UD FW LR (
GILQVHUWLBRXGHAQ § W I8 R @AW O H

4XHOXNRDW \SHP XWDWEBRQY HUNVQWWLIK® pV X-O/MMHS LW D O H
V X U V8 R XKW HVOH@HA p V H IS RELID G D SHAD/BNR @ RF ° X G HWF L H GFIH V
OfpY R OXWALKRHU FH X8 D/FWG R P D VAR @R Q JWHPGMH QWX H V
Ofp VBB B ULQF LSO DHEW QWL F XLODKp § ©Q WM HE WORDX M H W

“IXMDHj GHVHQ B WP H GHSRSXOMRQ SOMMIXHFHXL GHSoPH SXVIXIOBHIGP IHY] FRP SMGHpRKHID]
OIXHD! GDECBBIRY MH SUGASDBP HQV - PIHIVXQ SURFHWKY GFD0 TXL DIHAM XQ JURXSH GLQAYIGY
LOMIPFRIBARP VDY P r P H/FRQAURQ/HYLURQGHP HQUBY

&HTXH YRXV QI \Wv BHQ\EUSDY WMV FKHUH GRMUURH 0 0V RQ GH VAP [ HQWH TXHIBYP DQ/SRXULW
\FP EHUFHAR\KG\H

2 Q QTERGHD SDV LA B FDV GH @ SROSBR@EH TXL Up\XEM GH GSTFDIRYY X JpQRP H FRP SBIV PR\

LOAUAXDQNP DVANRS pBRIQ) GHFHTXHNTLPWGD



VXOHTMHE Y LHRGWDH® R Q JFHRVH] ARH[LV VG HEGIPBS RXUWDQW
p WR F X P HIQMVODHV MYEE © @ ML \GMRA. IUMF L § B WDHPPHIRM/U D Y D X |
SLRQ QEHE WX UWHYOH@MD U UD QB K B R B RAWRPK AOKBIWR V R SLKI. O H
p W XXGQBIX W D&M &QEDTUXH Q W IKINPIRKE L | L FEDMMIRRIGSHA YA XH QX Q H
ED UYMHHU W LGF BBIR PP R G L | L FIDW ] R @J bl R ¥ ROURHY \OT}CHIPOX Y\8pA W
GXSOLBMKYUWHY YRWN V\RIOIQEHUOOHUSR X @ pVXFPHWU D GBIX [
6 W X U WHONQ@WED Us W X U WDHWYIRGWY B D S LS R/Q LY GORDH X6 9D H
FKDQJHBHQRPAE®H RSLBXS O L FHDW/I®EVEHR QYWH U 8 XRY@ED U
VIR 'S p UHD\L\W QEDUPW X 16 @FFHR/X W D \V L RDID Q p U DBMDRUW HY D Q W
&H B p F R X YWHHWRHMAY S BIRH CG0HO p P HIQWADWQ V S R Y DEJDMHW SRV D E O H
(OHPHRMGD UBDFED L QMR FN FHWp TXHGF$ K EL T XQ W\R BBV
SURSUISPH@WY \P D LHO © MWU D Q V SARAVCHIL W X W R @ BHRHW L OOV D Q W
P D F K L GFHHWOLODCOME.QRIR KW H G Lp U H © RAMBWI Q R AFHU p IDQ \G/HLV
VpTXHDFIDW RUDYBQ WIEM WA RUHFRPELIOPRRABLO®DFWLYLWp
GHMVLQGGDRWPD@HBRBRWHQWLBGDS\WBREBKUD GHW P LW ]
SRXUH Y XAV H UjDQ YR U IGIDQEHBI U WS R U \G BXGDUH. DGWY R QHAOH
FRPSOBHNV@RPE® XV pAKHWO HR/Q R PHQCHYI®R Q
3HQGODIPW Q F MY X L Y LOUHYBREVX W R X WUHH R p B XpHHF BB@® Q
O H V VE IDMULDYIBRE Q F H ¢ WRIH\RAN, O D X GUWDW DEBBQURp H VS R X U
TXBTRYVLXQH JGEQQ VR OWHN \O DWP HHRWSP@EpYHORSGH PHQW
QRXYHWBFKNQGHYHVXHQ QHAHQHUDWIRE QFL*@J &HERQG
WHFKQR S R UMM Q [N YGIR PHQMW IHFUAVQ GD O H 8 R QWD B MG H
SRS X O WMRQGH 6 © SR 8 VWP R G QM) R X Y FQGI KXY LHVQ @ W Q WH U
O HRE V H U Y®RWL R Q WHHRRIDQ MUPDW @ WX I Q RIS [ 1D S S DAJHOW V&RHE D W

HW O , D 1'U BIWDHO (PHUVRW O (QSDUD GGHPMWMX G HV
GYDFFXPXGCOMWWLIRWHKN @ WGH QW F VORHA/B @ D S S DAJHOW VRQFHK W
DO /LS LQNW\NO 6 F KU IH3HQ & HW\ S D Q CHO/AWLHE B Wip

FHUWDBR QWVDLLIIOVH WEXSRIS X O MW MRXQMNH THIDHVH U P HGVVLHPQ W H U

O YL P SDHFWp O H FVDIMRQG KPR U ¥ € p WHEXEL DAWVp FKDQW LW RQQD.
HOBEBIWHUBLN\D S SEBWHIUX E YR VO p TXIBQBHE S DQURWRRQHP H QW
SOXOH Y XIHH GEHBVL 3 VO HW g Q H PGHIH® Y/S/O L RIRWYLDRPEPHH QDAL G IR

&HTXLOLYDGDXQSU[ 1 REHDEHGH/DQQpHY SOVMILGE HATELV GHQRP EUHKHY USSP H
/ SHAHQIHD GH BXU LP STRAWHP BB WU LY SHYHASDUH HP SBi DSpUHU YRUH FRP SO\WP HQAHP S AKHU
OH SIAMRQGHIoQHHMLQPUDQANEDQY GRUVTYXHFHVFRADM . LZHD  / WK



G XRUG&H UD Q GHXW p T X H® ¥ WVL 3V 6 F K U IHGIHA .DWM X
%HWKRUVVR@QHDBWXYSRUWRRVOH W IVIXGIS REHPME LY HUVLWp
JpQp WHVHPRP SREHKIHKSOLFIYWSBRV IHH X B SO HSW LPDWH V
+DQVIHINMOU /DXHWUHVKDPSRXQWHY XH

6POHF\WHRDAYLPSOHV «

IRXMYRQXHXHPDGLIWWQpOBH Y H UyVQ pWpH WN®hEUpFLVp
TX8 DG D W D ERREY S DD p O H FPVD LERRP P WIMIF W X"H 1\M HEED D
V p O H FWRKRODPXHN DMALIR@F \6 NR@T L P 8 RBYH Q VE FRDOUD FWpULVWL T
REVHUYOSKOHYR VRSO KR Q F U q W K® B QOW XO H F M WNFHWW V W
DV V R FSIY DHBWV U D& ¥EHHY HEIDUR KW D WR RO@I H I&/HD IV p O H FIVDD R @/
G D E R YIGQ W pj USIIVB/A-DURALH id WOMIK Q B @QSID U D P§RVSHMHO D W QR@XQHH O
M X V W N RFEHOMN. A D FIE \HVWD HOLGFHD E,HG D BR S X O DAMMRE®R Q FH S W
IDL VDR WU B R EATH. Q G IGYXERRIS X OW Wi RGIRTQWND UDFWpULVWLT
JpQp W VHXIHMYLHPQ W FIHOEM ®R S X OREWLHRIGY P B Q LSO BV D WL, T X H
SHXWUHYV X Pp®IR P EGH. Q G IWH.SSUR/G X FQHXIUTVE H 7 WRRMFES\WRA D Q W
X QBIR S X O DOVEHR Q FSHRWGHF D O FXW B® [ K D Q J HPHUQ WX HDQOFGHIVO L T X H V
FDX VDG HSURFHWW R¥ KD VIXISMMUM J U RVRSE/ DS SH G BIpWLR €
JpQpW GDXHO SR S X O DGVLIREHD OB p F LAMM@M R G g®HHULIKW )LVKHU
ULJKW PDLWRIDXV&KDUOHYVZRUWKDUW TKQNR G WW pIV
V p O H FIOXIURER. P S DAEMM FXO i K D Q JHE HIQWT X HDE 6 ¥ OCCLD KWW
SRSXOOWURQNHHMP® pWLTEHPHDXDIQ G L QYOHPYRGYWQRQ
SRS X 06 WOLIRADHIF W ¥R P S R&YHHQ G IDYS.SDUMHERQFQ pWLTEHRHQW
GLVW NVOIBDWXMHWOWH LY G p WEDRRIQ V p TP\ X FAWIDRQY H T X H
1, R DU®HIR X GGRMWW UD QR REHFPWMW N @BBN QW SBEXMPWUDVQHU
OfpOpYBWR B BUPV X HQR HMBL [ D WSLDRP U LGYHHH U WDBDLANORIF/S U L V
GpOpWHqUHNT X QFGHMID p W ISQ U A/H QWD \EHFU L V &/HR €Q ISD U
HIIH@MR Q G DMKLIRRRB VR Q

& R Q V L GRIJ IRGW X QFDXQWD DL IRLQY DRYHR S X O V@ B QW G H
H@WLYHVR@H Y H/GILDD RIYWY H Q W LGILCFENBEBRID SIISAKW Q R W \GBrlPTHX H
GD GWNR QG L\ BRQSRK WWURDX WM RRMHU { O3 W H U LM@Y WO D Q H U

/ D YDBXKU\GRMYH GXQ YOUDQARIMKGH P HXUH UHIMYH GH VRQ \WFFGV U-BURGEMKUP R HOSDULSSRYY AHOL
X UMM GH D SRSXDINRY A0V XQHMURIGHP HINERQQ HAKUSOMEXY I pQoUDARY/

6RWKQH SROXDINRQ TXL GHMEDY O HARH SIUM \pORIRY @ P LIUDNRQ HAD P XWBMRQ SDQP LANNXH GH \VELHH
FROXEQAM HAD{ I pQoUDIRQY QRO FKHYDXAKDQM/



GLVSDBUWERRD ULQRWD PR KDWHGRDS S D UT MR @BX W DMALR Q
UDBB N HF REREGIG LW 5R Q W IWX\W H VP W W D WRIRAY L WD E DN R V H
GHVFHQGD@WRIOWHUDUpPpGLBEOBEXBR WM RHR UWH X U

“X VT % Wjp VA DLV XEPHD 0 RQELVQ LU IR S § RRWW DMV@RXQD OLILD QW
G & p O pRWG UMY D Q W RUIH B @THIW B S K AW DWXAQ OXQH DWH Y W
SDVL[HPDL@pSHQGX®QTXLOEEB SO H HAMpPHD H FMWBER Q L WHK p R U L H
TXDVL QHEWKDVOLVSHH QRRXE UHPWHBSWH[HB§REXWDWLR Q
SR Q F WWRHELOKD @M X HFQRRE-DGMVS HL V H ORORHG LO B D G 1B FOLRELHD p V
RQ DX D ODLOIRBUAX W DR/R QA O/ \ Q RIQOEHG\R Q@ © WHIRHUF WQ R\ LHD O H
ODSURWPRGHE&H FKDQJH PIN@WS O XWR X Y I6Q @/p Waqg U HG H6 1 3 V
QRQ V\QR®pPKBJDISWUHY]S p GLIHDEFK P XCOMXWLIRWR HRFEW [HGH U
DO & THYRW D P@HDQWX D Q8 X WDMQWXIRDXYDHSE O LE DHDQ W
SURWQ DIHH GLOQDW WRYWR [LFRHAPGD WU W DRQREND P DO D G L H
GY$0]KHERHHW LB EWWXW]IHORXE § DPNBIBVPH O L'REN R Q
'DQNHRND OB pOHFMARKY OGIE X H L | HDQMWHDBQ R UQ WU RTX HQF H
GHOP XWDWKRDXIFLYVSD Y SWRKRRLQ@R@IHUMVDOOGPAYWqUHYV
SHX Y FAIQS\H QGADEBN Q WHRXIWGEP@WHS/R S X O DOR\R Q R HLERQ W
UpFHWYHIGMW TH[S UT R fJ YRIPR ]\ JRWW UR X FBOMODpOHFWLRQ
G D @\HM\ Q R WK MAP U R ] GILR WFHR\Q W X DIPLXKV D DAIHRE @8 K p Q R &/MS H
PDQLERWL W LNWMD OWXWH FWHVUHRDOY HP H Q DUPDHS § RBW \ H QBHH
OBRSXODMURDX BB P H QXK T X 1 HHOOYHD FOLB/R/SHX O B (B DRI@ H
D O RGWHV p O H FS\RIVR.QL RYWHA X 6 D QOWF DG HI g Q SO pLRWRURSWV] GLUH
VIH[SU . mMDUDAB B X V LYHXDOMWP/O H FOM XR® W D WYRNS H Q GBIGHVH
LPSDEW®M HQV IBREQHU HYW WIXOW V THBDWIWH P X W D 9/H R
PRGLIDH®R UD EXMRIB@WAQ W UBKHRIH® Y | D WK X WBLXH S KE®j
FHWRP S URF RO XWULDG H CRMUWHIDLBA D H BW X REW D B/ SRHOXGO/MH.
OTHQY L URIDIDW TR U g¥ BFIX W DM IRQW B DHEX® HO IGHRQ Q p
S H OW QAHLp Y p&iHILD &R Q¥ X WD M p O H FIWGAR @FH p V XMW BIBO D Q F H
FRP S Q K[ U H @ ARKH/O/GHWWBIE 8 R HH\G QHVHQMNHEKI QW pJUDWLR
JPQRRHD QL\BRE XOBWERQ

3RXU AW G GAM DU YRXGIWAERY VD SDIHH LOMNYPH 3 @LRYRSH 3 XQ JoQH AH QHMEDY XQSRIUP P H
Gdp ] XQVHOWKF / HIpQRP HFTHWAXQJ URY ER.GHOGH SBLOQ GH FRUHMNRQY HABN QMR LR/ &IHWRP P H
XQIWRV5 XBANIV&XEH GSORHIXQRW) SHWADQIHUGWM] 1D0RHY



$XFRX® N DW K gM AHV X VX U W & WW UG Vp/Fokl H Q B P L(TOHHH W H V
Y D U L DDQWW IGTHE HpWU H Q RVAEWp VM RMP rPHFKURPRVRBMIDQVP LV
HQVHRBMHVFHQRGQEEI®IL D UYROWHJ WH H L DQYW KD Q THDWQ W
VPTXHGF$'MH Q WK HR P R \KRRAPHR\O ROBH ¥ R P E LXFMMIPRHYLDLVRQV
SOXBHXMLWIRBW\VLTXHPRQYXNEFKURPRSREN UREDEX DX p
PYpQHBHIQWE R P E LQHEN'S BIGHD H YHIM Y H U V HEIH I FMOIDQ VT X H Q F H
G 1 0@® 0@ PP SHFIY O H DWLRICP G W @ BWH X O H FO-BRW LB/ RQ LD QW
VpOHFWIDRSHEWp W H GEILIMI R Q HYQ R P L A WIQW UW RGMAD UL D Q W V
SUR F R®S/D WE0ED O D Vp DHF M HVE Y $I, QW S BXGY V L DB DWW H
OD pOHBWR VR @180 O00HQ WiDX BDXR FXR/QRWR Y FOTPOK JPHE WD W LR Q
1Up T X GIFDHU L B QpWAK REMND X VRIFDW) O 1 L Q YaHBLAMB/MHD U LO GV
X QX W D@Vl QREBWAVE B HMpio-H BWILIRRWDL g EBIFNOVB O H PW1L, W F
& R P PSR YOUHE\R W W OGHRORIE N V G D MW, QVHAH O H W IVHLFHSIVE U R F HOMY X V
EDFRXQGHOHPWLRGHMPAS UH VIO BYQRPHI, QW TXYRQOWWDQW
G 7L Q GIFMRLTHNMD HE/L R O R TLRDW piYWR CHHVX IY @ WCSIRXIH FRQ VW U X L U
O 1K L \pW R DUHMALPPHR J U D SKI/Y 8 i FRIVW HOREMY O D \\D ©f MV RVQ WY/
SKpQRPWQBQ V IGHMRAIPHVD QL QUHNQ Y LU R Q Q WRIS@WW DHOH V
FRQ G L ®/LRRM D SIOLXPWIQHF@W V p T YXOHERLFYHH U Y Q PR T X HLHMDD H
V XV F H SSWriVB@N COESOUXIRp Y p Q H FSHAOP® H FWEL IR/ J Q BIRRFWLY LW p
V pURIGHOM HP $VJ |, QF/R X U WWVGIR BBY L W 16 WHAN WRIVGE [RSHIHS/
WDE P XWDMWRHEEFRPELQBLV®GHDO WY@ p WLEXGHNTHqQH V
PLJUD W X REKDW W HXIU N F WOHQMW T X HDQOFHPG IDTRKPHR S X ODW LR Q
/TLP S BFHVY p OH FRMDVRQY /G SWHMX QHp G X FGMDBQ Y HU VLW p
JpQpWHDSHWD O HB B QW DFLVELHYUE QW W IS-RD\PRUSRKIMFP W
X QIR U BSHY p O H BWIFRBO D QEFIOW TRETRRXV GLQYERGDXVLHXUV
W\SHURQFVGIHRQFDQLVYPSULTRYYOHAWRLRQHQFH GHSGM GD QW
SURFHOWXOHEWDORQBEPHKR X URGQ D U IQGINWD Q WDXIBHRY VT X L O
H VWD G VS R S X O D MAGR.®U H QVW/HRI\D W Bl BLLHRVG J6 FHW h YIHWIBOWD Q F
PDFX@MWOWDQVE XD O R GWHENQ SHY pOHFWURKRNQ R\ VSHRFLp V
G HW\SE N R P S R U WEHIPVHOLRE BVMQ WAHKQOXNP\K O B W H W W SIg Il F H
XQ\VW@EHSILHUUH IHXL®DQHRLARYB®O) /HWKOHYRIHE OH XH
p W D E OG. I8 Y M@ MYUVU H\IVR U TCHRGWAL Y € R KIRH O@HRW O HARIVR U D Q J H
H QY D K IOVAYHHIQWE MDBKIWRIKHO\H® D H F K HAHAHPHH O @ W O HARIUM D X Q H
VILQW U R B M H QGAMDR MBKOW § HD L VOIWE RIGHH¥W P HOOH V



YLIXUQW (I THBYPR JpQpWIOKBIYL DOHDRVRUE K UR P R WARRHW
p FK D QW LODYCDRAGEZSHUE & p O H FR@ B R X GSRTWW U D Q D HOPIHHEBWO D
UHFRPELDQPRYRPRXWMUIPIS O ®R QH URNS Lp UH © W\ B WRR @V
UHS U p VS ROHEH\ Q HW W IQFOLQRHAY D \§ HR @6 HYH U FYOHHMY® O g O H
DQFHGW @B F DACHAH U E@HNRU D Q D 190 OIHYW®EX HG R F BIG/H V
FHURGRKIMXYW D ®@h8 QOWE GMYQJRFDO



/DV W U D\ p U IHHY/ & HPYK-O R M D GHINBW. @G\pll DS DR W U DIW P WELHAK O H V
MDXQMNHVWRWRXDL QFD®IP W U DOV BIGHRK O B® HKXVY R @YW

U H WRXSD B\DO\HPK O R D QU HWH V YH VK F AGHY/S U R G MFFKVD EGKHD H V
SKp QR VAVSMMWEL U H F WeHSHIQE BV QW p T X HUGIFOHD GWLDYEHR QGIDX@AHH
VW U DGVIp@WBHR S X OO IV R AW V F H $ & 1.IE Q ¥ID K IS\DYUR Bi X \Q8UWDH

V H F RIQ\GGH/ p O H FBDICRO K RIE VHXIY@E p Q RWOIS 9 0W D QW B Y MX |
ONKpWpU RS B WBHGUWX S H U G R RDQIDVQF-UBRY b @ R VK\BMp U R VIR W H
DXJPHRWRHUQU p T X HEDFEMS R S X O P LRRRP PH®@ p F H \SVOLWWIV H Q F H
OTHI[LV®/DERHGWH XD U L IDHKWp T X HOFEG@W L Q W N @)DHBMHIKD
SRSXODWLRY &RPPED @WDEHNDOD\Dp 8 W OWDIpI&H FEWOP® F p H
O D LXYQWL J Q DIW® B P LUTHKAR Q Q D R \QVIDEVOBHE MFHH@ R P BHJ AH VOM. |
YDULDQM VX HQWHI UPDGERLWHOHFWLRQQp

6 p O H FHA{R® R O MAR NV

-XV T X B ROPW RQOXO H3/Lp UH QRWHPG N/ p O H FWS R QY Bl MK XIQ H
P X W D S\R.@ W (OHISHEYN YIHIE PAG KD r P HID 0 R @ 9 & H S H Q G RIDISV® D
W D IGOXCHH P B @V T X 1 DOW qQUHNWVQ J H Q G KDWY J H B K RAWRMW\SLTXHV
P X O W GROWWIH W XQWD D OVXQH F W B @R \ H GSIDHKF'S R U WYXFHDIWGE V
DXB13VHWXSEHXYH@WWWIB B W D JRERLOMBIYU HQRRIP\S D FADpNV
H[H P S@BH ARR S G P®HO pRVO B Q X E O GBI Q WDEX S O L F QW/LEEY Q H
PRGLILF®N HRQS UH VVQ & R LMIHXE WSOUDH K UX L OG BRNVIH Q H
GRVDJ&HFXWDWRR@Y O R UG JXDBHp WEKIRIDEI D G DHOE V R YW q V
O DHIP HIQMX G Kp T K X P THOGENDY O % XFKDQF&HUHU &R O GIMD V
DO 3DH[HP SZHAMRGLILFOW§GQIDB 3HULSKHOBQRWHLQ
VRQWV SR QWIEXH R SOXMK/MHMPIH YSHUL SK pOLIVSHUVH@DLELOLV
3UHVWIRG + H UH GLMMUR S0 WHK\D EW R MM ¥ X O 8 R U VA YoIL.ap W p
RX07 $ &KDUFRWRRMHKS$S O R UVAYIM SO LHRMP? (R¥X 133D RUV

G HP X W D VB RROFW X HROMHK\G 6 1 LQOT HDAVIBVILYW R Q DXDTXWY i@ By
PDMRWHAW Y R L 8 QO W BPLHSWE M U GHRQAD\G IGASINXUB H X L@V

/ H3QRP BIH H ML GH YDUDQN GRQAWH SO LFL. \RXWARP P H 2 @ GP LOMRQ GH @ AYHIWY JpQRP LTYH
UH\VXEBQACH GTRRNMY GH @ \PBRIRQ TXH M P HRIRQILY SOV KDAWAMRQAGH]  CESUADARQY TXL QoFHAMN
FKOPXQH XCH YDBXU GH Wl pHFH -H QHQ SOWBLIL SDV LA P OV LOH IMM SOMHXY RAMY SRXUFRP SIHU @
QYHMMY JpQMIXH REVHYPH | XQ DMK G LH VOV \WBRIRY YRUY WWHADO SRXUXCH UHYXH
FRP SO\M

e TXLOEH UHDWY GH AKDNXH JqQH TXL SHOMWWH SHYMUED SDUGH SIAMRQ GIXQH FRIIH \KSSPP HOBILH RX
P DONXDQMGRONATSSTUMRQ UVKEM IVIXQ69



YLI¥UQW 2ULJLGIMEH VWILED/S WG ME LY HHUWW S KBV MG X SOLFDWLRQ\
JpQpWLPRIGLGLHL O HVR O &KDTUHFW D@ SOHXEBRSE HX Q
ORFXOWRNRXOHMRGY TRHQWYHXARSLHY DAMGRIGOBYGHQWLTHKHYV
FRUUH YV SjR®HXDEWD R W LE U N GWAR W VR FLEHM Q F WERQNLQFWH YV
/9 p F K 1&GOHHPESWAR G L B O@IBO q FXRHLHUBAHRR X O & XOUWU L g pts 3 O BQW
SURFHVFRXHW ORQUHUPSH VHVGXSOLFRRRRINQDWWR FG HXQ[W
KDSORWGSOWATH@OH ,O0FHX Y HDWHO HF WS B[G P\BSRDIGH V

DY D Q W B DHDWV G W)DXVQL H\Q G HPFHFEU\E U R W YD HpW -~ O R @/.H ULPOHV
SHXYERYHUWFTXGBMEXYHRQHAWLR®VDQOHRDEHKXSOLFDWLRQ)
KpWpUROBQMHOQBBOpOLSIKHFQGMN SOLFDWHRYS O L FDHAXLYRIGW
rWVBOHFWHRBQYPHS HUGR FDRO SAM P HOBWHRGWE W URQ/ pLQH YV
GLpUHQMWEBIV U Lj YIH UD WS RIQV T X DHHOR@W DIIH F WS BIU HD U G B BIX
VpJUpJDWLRRLKHP W p UR WV IRDNHEDEB VFHQ G BE®HFRNM R LV HPM QW V
OHXSUM SR VR QRGY FXBNV VR XM \G HX[R S UHWP S O IGHARIQFW LR Q V
G Lp UH QW B[ D WRIRIOH X YHHQWGLL\W HE D Y D QMWVR BHb F L BIQ E\RHUWA



OHSURFHWYR® XWALYX OGHDQ@W O H FS\R\RLQE HF H U WG 1. 19 @R\X H

"HOOHQHBWRWK KR LD O HP H @XBIQ YU RWO

7R X® HW\ SE M 9 \0 T RSDW HVY P HIWVR Q V p T Xk @ FORKVB/ Y [HH\P SCDHHV
LQYHUYR R QUMW MO F WS R QIEXITHHG P $INF KOHOHF R P E LIMDHOWR Q
KpWpUR]\WL RVOHE\L YALKGHIW V TXEFEW R P R 8 R BRAH Q Y HFPADULS/R @ H
FKURPRWRIPHS Op P H QR IUMp URF D U\ R OBHW U D v DH.IQIDH Q W
W U D Q V BILNRKLSRIPH® V H SEO 19 DG O B WIDHWH WD RVUND QRVRPPLPYRD
VHOBFRX XS Q1B O XV LADGYD G D SPEDMNMMW B R F WEXE/DIWKLARIPVD R Q V
G HMQ Y H UR/ QOREGPAMEPD RIP HEGORAE X P H QHDOH Q U BEXIW R IBW F K)HDJU L D
H /O 0pURWO -DHO 6 F K DM@

/H\G X S O L FIPRADLR/QDAVDXEHUDIVGI GS5HS 9 T XDW RXDW W L F X OMGW HEB i Q V
O 1 D W VEHHEYMRLARFOG LV N R Q GOAMBRIGR STRAFHR/X W D W R RIQQWR X U F H
GHPDWpULGI®OWS ORI UOH pW D E OGHYRIPHHDEWQ AWORE@RPEUHXVHV
IDPL®APWLIpHTKRIGWOWHY D QWX GW D Qb WELIE BRRF HDWV X V
FRXQW YROMDMLGRIN H2ZKQR /HPRGF®DVVAKQIR /\QFK
&RQHU\ SURSRVBID QB DMRGHMDE K X S O L FR Q/ERRR\S VHIW D L W
SHUGYOHD FF X P X ODHX W OQ WALTRG/MY X 10 1 DG S HOBWH X GRJIpQLVDWL
7R X W HG R XA DR +O HOH XF[R S IVHH\U DRLRIQWAH ¥ X b Y P FOHRQQN W H S V
VRYXVK\SRWXI@BEQ W RBWSHUSDEpULRMARQWUH VpOBFWRRQQp
SURSRXI® B UH YV GHRIO HAW B R 6 WKDICFMGGINR S IVHAWU D @k FXQpHH
P X W D@/R B ®D OGPOEYWGUDNIH XGHS/H X P S D FRRL. QW D OWX@H BW L Y H
VRRUVBN XK VDB H F RYEAWR X MDRXVKD BRIQ F V& DXRRF XN @ p VX OWHUD L\
GHXNMVVSRVVLEOBYRIRQFWLRRE DG HVIDXR & QHWQOQ BRQFEW LR Q
RULJL®QX O@MD QIXIEM D M\@EFH XK BEIR/X Y HAMOHD X EIRQFWLRQQDOL
R *X Q 8D UG/HDHDR Q F VB XRY@HHVAR Q V HSDEHIHD TRRHS EHM XS H U FOHHWX U
PDLOQWQMRQ GINIPHRE W L P LY DWHIORHFRW B@OF LD O kXD KMH\R Q
JRUFH /\QFK)RUFH 8QH[HP MWP HQWKGKPRIRQFWLRQQDOL)\
H VUM W UGRIX@Y0V Q 18 YO DD P L G BRAS V LIOKHHZ FBWU L P DAY O
'X O BIVO 'RPLQ\/XFDV 6B6XUUH®IH 8QBXSOLBNWQRQ
FRG B g YURS V LYOHUMKHE] HAD WKOLUQM L Q G KM $ Q B RIQE@IHX URDH. GV
ORPRIRQFWLR@NIGHER B WHR XE @ D D S\S IEUHRAE/ V. ROR-IVEREMD D
YLV IVRWL F K U RPKOHY HYX SIgEHFHF OD GRPLQ\/XFDV  9DOOHQGHU

9R XV H P D U TKHI® HW p G L PAXIDREHVY HEH.I Q IEX S O L W ¥IpHV
H[HPSDHMIB@ R QQp F H V \GLVAH@IKHI R & R © X SROVHP\H W MQ) H



SO D EBD XMBIHTX T XGX-5 O L V BWHMR/® P R H @WK 8 Q @BIR S X ODRWUR Q
HQY L WM B O XWHRRQGDLUHYV

8 QP R\ HWD S GGIH[ KWWY D U IHDAYWM O H WD MRX@ BICME KBGO Dp OHFW LR Q
G H3/X S O L FODN IQREM F PH B ORI p Y FEOB\WR IBGHHIQ WO HRE@ YUDWLRQV
2 QDY XT X TH @R @ WO p \& PN UWVD P® W R&HAVDPS F K U H DU
&HSHQGOQWWIHRPEUW{KP SOBXSOLFIPRPRQD\DE PISQ\BHVLY HV
GXSOLFAORPIRRIQRBPSOLILEPQULTIRQIOW S$H X YHMQMIOHFWLRQQpH
SR XQY D Y D @ WIDQ WL XDMBIQ M CH/@INQ WQ GHNOQW REOXIQP r P H
KD S O RN UHRE @ X V EHRSWMAM R XRWX US UR GXSAVRRORGH M V
2QFRQ GDYRPEUHKP SOMMKpQRPGQIB D X V HV)SYF FIVQ VEIFW H V
G X S O L FHFDQWL B WOQHUGIWS UGIVHVQ RKEW W R [L | T KD WX BRIQP H@/MW H Q W
VXUYLYOUM[SRY XWR@RELRWRILMH BB QD VV)LHOG 'HV
DPSOLILFDYGGREN 1D P\ GBIWIP H W YWHKXORD LHMY O H XSIVA NG qO H V
FRP SDJRRQD/D W SHYD X SKRP H V V& - XM XIGIBO L P H QUL FM@ R Q
Fp U p DIHMWE O $[HOVN®OQ 'HOBPrPHWPDQLGWEXSOLFDWLRQ"
KRPRJMROMS OLTO®WD GD$WPROLGEXUK®®  HWXPpWDX]
ORXBIGNGHE/D FW pYURBRI\FNULLHY R¥PrPHQFRBD®WpVLVWDQFH
D XW U D L WRHFGH. @\ W HFGWEHHH L V K P O RUHHNO YRLRQGUDVKRY

S R XJWH YW DG I8B0XS-0 L FEDDAQRDG/D $ WIDXMINRITHD X VWAL IS®A Y
G X S O L FIDWWLRREIY Q MIDAVOG O YR PXVUP rPHEU GY $' 1R G D WDADHR U V
GHsXSOLFIMWLRORE KQ AXNRSER U U H V SRR D  QVRG\LYSHH @V H V
SHUPH\S VM QWP SOH L [HXIQS K p Q R W pS\Wp U R D YR\@ W BI.DA B (& H
VXSHUGRPLROG@B EHOL O HIWXO 2 QQ R WIHXUBDHIH X[R S VHR\Q W
GLpUHQ®HD pYpQHPHERMNS OLFBWILRIQHELpUHQGHN D\GH
QpRIRQFWLR GQOKYDVDWRARP L THFING XSO L FRMNWLRORIR Q WV
LQGLVFHGEMHXPHYp SPWpRRXVXE IRQFWLR QO RP E B QD WYHRI)
IL[DWHMVRDH G H Q WQ OEYR Q G U D V K RND E BHIVO 0L O HWIO
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G\ @ AYHIUMY GX UMM GHO\ETXHFHHMWHFRIIHYG6 HMHFRSIHYS R HMHFRIHYS 8 TXOQGRQ
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SUHPpRFAXHLOM 6 pW D LPLO B 8§ BH A RE O | JYILQ B UR W FBAR O H
FDUDF W prUMVHDWRIRRBE L W LR Q V

$XILQ DO®® H WDHWE RILHOWH \B\D ) V DIE)SW\RFROBIW U L X U RWRFR O H
GYDQDIQDERH D QV SHRP B B®RP DAR[V B RXXUQBUpVHQWHDWRR®W L O
G LG HQ WILX MAIBDWY. RQKS$'Xp$ F D X HE/LL F X O WK O M I®RLF IGGp
PHIDLOB D L\DXXQM HXHE R Q QG ¥\D F LIORHQ W ISRV HEOGIOL. FDW LR Q"
KpWpURUGEBWGDLGMVXSRSXODWRRQMEFQAROXTMKM IDYDLV
FRPPHRPW X ®IREW R YW IBH HX[L PG DV VBB BR Q V p TN HILW
W U D Y®RL @B pE[D G GH V W DGBFIHWP ICHER Q QpPIR'S K HRMWXDOLILHUDL
G L GHRXIHYD L VIRAWIG p W D LSOMENYNTH AT M H F REAEXYS p U L PH\@ WD O
FRPSOH YHOFHG/R Q QX O H{ DDLO W H Q @AlIE H XD G G HWU D WIHMON D Q W
G 1 D ERH\B W K RHGRHK VWLXQM\R Q GRS KB YODE¥IWR Q | U R RGWRHQQ p H V
&XOHDPQV¥H KD SIMASUH VH@WIBUDE W pGHDW D W E R QWG R RVDGBKHH
SO XV IGHSDL FG&DVE R Q TXHD UGS p W D IOGGOLE W O WR /P D LIDHD\D
DQDO\NE® RV WH Q/KBIOMR X N GRIE\XW DOFERHP S U p K B @\RIGRQM H W
G W HF K HRWR K O GrHIWE WV VBLTR Q WipQUr WRIIHR Q F W L R QOBHRRUHAIA
OBRQILDRX B BO DW READQWDQ D OG\WHD R P LFTIRAS D UDRWWHX fHO O H.
LP S OL BN WX B WXRPMNFRPSOH[HV

« HBXVXQDAH HMFRIHXQDMH
$YH YRV QRIY @ SURSHMRQ G FKHIKHWY HQ BRQRPDIXH| I0UWH GV M GHPRNV SOV RX PRQY
XLV SRXUGRP P HUBKWYWDORIMKP H/"' -JELYRXOXP . HAD HUDAK«  YH@ERW



, OpWKREB Q DEHA/ XS O L F DFW HRR@ P ' X «

,OH [ L VGALB U H @P\W W K RSGRBAE H Q \@ HIELXSJO L F D WE.GREKD F O @I U V
DY D Q WHIMIHAR Q Y pi@ B KDQBHMW D LSDIVARIDLKQ B H YW HRR/P S Mg W I
PFUSH/® OO HPB®G 3RXXDHIDGOMWRpW K VRIGWY WILQH KV
D QD OSSO Q p U DEOHWF DIIDR EGX p QRRWHIS S U RIPXQHVK HUFK HQ W
SDNVpW X XIQB B FKXGS D U W L FPOCELSHUR WKGHp W H /' WULVR (P DAM D TDOH
GpWUIGP MOBW D F W pl U QGAEVX ISROQ F B WL IRWAD W H UGHPROM@IH ¥ R B H
O HEM D N S R BB\ XVwDpaYR P EGHE R S LW U R E 0@ PpHRK & B OVETHOH
UpDUUDQVWRKEG WHQEKG RGWYpDUUD QIERHR@EQYRNRGD YV
MATLQWpXBYVVOHMHQIMF H D)X p EKQV RPOW KKDSLWOMREMHW
PRQD QD Op WHELR\QFFO D L U L IBH QWS DI . O O MXBJLW S R&VPLLA'SRUW D QW F
UH V VR XUFERIFL TS MW U D S [F X UW/iDXQSWHWY R HEIPR O ODE R UD W H X

V XOB D U D FW pl&H®DS\OLLRE@RWPLRRIQ® HHAK pW p URSH QAN H]

$QRSKHPIBER KLY LD S S UA R EBDRIS BDAEM V R HEDO W R @V
O DG D S ROV HO RSEH.$ H GELHBH W H WG R R Q DDXWHR P DG T X H
OB K L W HE MAKSIBIL FD WU KGR [ & H RIX WIHG 'K QHG pH. P SO H
SXLVTINXIDPGIBWE XS OH VM@ X O WE R 6 BRWDp T X H SARIGIQB X V
JUD QG B QGWHW (S PUWD S HRP WWSDHME X HY R POD O L JQ BADAG V'V X V
GXpTXHQRPNEG GLBRUNGHXBXSOLNXWQERQRBHpIpUH QH H
GpSRXGHDB X S O L FHIVXIHR/QR IGREN HXIQYBHX J P H Q \@ BOBLURRQ R QBG-H X U
FRXYHUMSVRIEE R Y HUREHY XOB R U VBIHR@ R P X VHES O X V ERSWUW V
JRAEIXSOLSREWHS PRPWILEBRY G XS GETKPD 8 YHPRIGIMR XY HUW X UH
SHUBHWG H QW R MIHWY R H@ERHP EGHHR S GHRH V8 W 10 L K QSWQLR\D
G 1 X¥® D Q J HPHREVD B U p V IEEERHS O L ADIVD RQ@MUJI Q DAB )X B HDLX X H
QLY HEIH® D G H Y D X6 KIBRQUAG HD/G X S O L F DIWVDRGEB-HF H WWHQ D W X U H
SHUPHBWWHB WhREMNIRYVLWhGRF LG MMV Q VE WPREHEX SO LR X p H
SRLGWDVVEHBENSRLROBFKpAD , +pO BYHVWK T OMWFW\S H
G 1 D Q DHOMUE VS H QGHD DX\D GLHWIH V V RXUFRPL X Wi @ L@ PRIIFH O O H
GXIpQRBHI plp U HHEFHOSOWp T X H QoMM U HIQOWGWL YAMXXW LFXOLqUHP F
GD Q@ DR+FRPPLHQ R EBMHPWXGR P LHVOIB H O DAWMLLRGF W XU DRQFW L
SUpFL&/HRQP G L MWOQB/QGHYPISOLEB RV LB/HERM® N S RIFAR QW H Q X
HQqQHNED URYHRIIHSWLP R SRXDERP SUp KB BKIpRBME\ S H

«






%2;, 5HSUpVHQWDMKIBTRKIH H®UQHK L VIHH'IKWSXQAUL F DHWL RRL H U V
G 1 H Q@pFpHV \DDG USH/O R Q BV/G L BOEWYH F W I Q IOHHMNF K IGHNUR/U W L H V
VR 8 ® D X YOHRX WELISB\H Q G R B WY UMD TKIENW\F U IGI\W @ D&PYHB RS SpV
SDBHWRLQRQW G L THQED HX¥ VO L D L MRBR/L Q W.IQEED & HIQMD S H V

R SW L R RQUHRDCPHWKHVHR Q G IORUIR QXIS U p \BIDQNPMO B § IRQUHQ J H
/HVS RV L WIpR@RW L TXHR/XG HVUqQHPLEOHWHNFY HQ W RXG@AIM R Q V
GLDJQRVWITXHYR OF H VR Q WQ V H GIDIRBLWF KW H DWRPRNP FO-H V

SD UD P § WINFHKVEKRHROOUH U D SEHE W R | R GAHRXY H UWDGEPRIQ H

j UHSUp VARRXVORIKKRILS/R MUH S U p \OHIQI\WW 5 O DG MIRIMOBIW DS RV LW LR Q
/DO LJQGMY DRIGHH Y &XOQBIp QREBHW plpUH QKD POYPE DM RXWLO
EZPHP/L 'XUELQ /HVLFKIGHDWLJGSHRBERRQYY QLHWHD R HF/
GLpUHRXWMAID WX MH RXWLHONXLBW&SS5'DSS HSDAY7. 9D G HU
$XZHUDR &RQQRU /HILFKGHDOLJ QP X @ VWIPW\YHKEY F UG BW
PDFRQFHS$WLR @ HF DIE$\U FH\W E W0 IBRO&QR U P D G X' R E (TH
'R&QRUPDPRVYPH Y OBRE&P R\HQ®¥Iq QWD S S R VDR &P p G L QH
FKURPRRRRMR &P R\HQ®MHIQ QG p I pUARGBR X W HIK QWH X O H
FRSDHQRQFW L R XQ@EIP Y IQPN.  DLQBR. 5T XD Q W L WIDQMIY I GLY L G X
SR UVEH XQ QHHYX QWH XFORISL KM Q'R &Q R U P D®UW K fBHHHW D FIEND Q V
OADE T X®R P R]\JRXSHD IOTKPOMNBD REKH RX SRXWKpWpUR]J\VIRWH
GXSOLTXp PRQR FRSLSBWKRQ'X UHFDORX QL0 H FGN@W W UH V
LQIRUP XWIL®RH[ H P SO p V 6J RBXW D B/ILIRID RV WB RXH MALR Q
UHQVH IGIIGOMH M. F K LEITUH/Q VRXHI FROUDR & PR\H Q BW p G L DAHV
FKURPRVRPHYR &G X q QfH. EFOVAR P S DOUY H X R ® WHQ@LQ W\Ukd BIOVHW

W U R X XShd U IXHIXUDHSEKHR & H VAW R GIXRQMH F /GG I$SMWX EUHDNSRLQWYV
H[W WDDHBWR V L VF DROG\L 6 R YILHRW D N S RALHQ 18 X S O L F BNSIRR/Q W [RRYQW
GpWHBWHBHL Q | R U P IBWIRR @VF CHISGEWEV D LEFDH/B Q RVU P DRLHN
)L J,



JLIXU, 3BRWRFREGHWHFGHBRRLQMHFDVMGWHGXSOLFD\WLRQV
FDUD F W pGHEROWVBLHR/G &/ B X S O L FIDWHRER M VE B@H. Q IRUPHDWLR Q
UH D G\R QWD O L J @ NIRGIRWPHD\S D L GH V F R U'GRQ@WS/p VIH WDV

W D IGCED1E VO WAWS D G EDGIBHWD S S DELR @QQ#HY W L POV R GEJTR Q H
GXSOLH®KH HP S O DEGHWDH/YWIHW R | W F GHLCSENP® X YHY DOLJQHQW
T X M XUQ$HD UGN HWX T X HIQAR 8 0D | AK H Y B@M R Q FRHGRIE R S GHHV

OB X SO L K TRRQY f D O D@ HEMX MO DL G K PR QGX S O LVIXKBHd Q R P H
GWplpUH® ML GRYVGEDRBOBR VLBLB®LEWD V VKW piF X S ©UDD Q W
SRV LWIORRP VTXUD T XGHDAMH. JQ M P HQWHUURP SW



, /HJpQRBWDpPIWQFH

/JHIpQRBHIpIpUHYWSUHPRBEVYWEORDHTXGIMDH Q F RE@V@ WA/
DQDOVAPINQW LR Q B L WWE MV L QT ROWHBL\RDWQ RW plpUHQFH
QROGXSOLAN@WS URW BARGH QWG X048 DR D WLHRID EVHP LqUH
D Q Q@ NV K (PVIHD XSUHU RSLHVR P S U H 0 & KB LRHMW Wik U H @B X D O IRV WV
YLWPOBRQRBRIQ G KW HWXGEHHQWUKEULHQ@B DY P L Q B WFREW V
GH/ pTXH QD ISIHHU PLYB H VIDW BP H Q VG DOVRLARE®M p QR PG p IpUH Q F H
GLV S R @HEOMHB/OLRVQPWIYU L DIEFOM Y PPRIQUNW S qFRIY PRGqOH YV

AXDOGMPpIBQFH
- DHLQHIIH WW X GIHM V S g BRYWH V T X & PrOBHR/M Q R PG p I pUH Q F H

G LV SR Q WDQHHHW WHGMN U HRW D P E HBEF RO X$JLILQ FY 8B WH XUV

G 8 D O X GL@ PUH THAV X G E RWL SVDERY UQR'PE U B X X HS®WHUQPWLRQDC

WUD® AR GH VS FONK@WI p U 8 OHFHF H D OBIGHIWBP 3 p W D ESORLBIW L U

G HD M R X RKHA D E R U DQUDIPIEHBD 617 + R Gy O ORQJH@O

/1D Q QR W FFWIRDH P FHOVD\BBIXE MW U DV R® E U i X XHE /R Q WE B X H

UHFHG R HM R p)J X O B @UHQ YeH U X HQ T X H | Bl @ 5 D SVLXHRQM/V

Y H F WGHKDJWE R 8 DR/Q HV D Ehp BH QGBWR X MHREIINK 1R D IEWR Q «H W

L OWR G\R (BFH ¥ W X G Y pIX DXIIVO PXHY S HVQ W p U HAHWHHOW VHP EO D JH

GLVSROREUHMVSqBMPERWDWKq¥HTXLQTXH | D&V/FLLIVR X ¥ K H

“RKDQQH Y B IHERNIFR P S ROMXIU D QRPEGHF RQWY PV X HQ F$'\

FKHYDXF KpY WOHDY VV V H FEHMDD & W VW U @\R LGHO DUp VRO XW LR Q

FKURPRV RRLIXRIBHQIDPEL'BIHP r P HO 1D Q Q FOWIIHIAL RIQP B &/

HVVHQW LS OXGLAFEQIVWEHNG HR'R G q &/HY R WELH X6 HW Q Q RYA DI

DOJR UL WE&® H YSIDpM¥p U L BELIHY H P SO&HD/Q D OGWHWD Q VF YRISW R P H

K H X U H X \SHRPPIRLW@ R X DO H P PQ B XHp VR O Xp F KGHOIOHR PRI R P H

UDSLG Ip PHQYEXE O SEQ B p EG M DW K gFVHiF XDF R Q V L G p U DIEROLHDR RV W

PHYQDO\QHB QP RIRI Q RWIDNWDRID QFKSPRQUWHWE bpp UHQFH V

HQVDWHRp QRPGHU p 1 p UIBQ ¥ B R GLROOMHPR X VW STREB\K H @K' 8 H

VIH[S O SDVXBPWHIXRIS R U \W IWDHRMMH F WH XWXE W QQWHVWLVVHPHC

DV\P p W GIDTEM p WKHDH XIp\D RPN LY X VYROHWDLBWR?SOH[LWpV

&HTXL DHQUHYDGFKHADYDQMI HGHP DYRUSHP LV GHWDYDXABUDYH TXHIXHY XQHVSDUP LBV SOVLP SRATQM/
GHH HIBY HD \RX\M FRQLDGFH (RQ GH P ELDGRH GH FRP SPWMIRQ TXH ML SX REVHYHUSRXUM ARP P XQDAW
PVMGADQBY$ QRIKHBY



UHVSHEWVGHWRPHYWHWF OEFRQWUOEB OHpQRBK[TXLQTXHIDVFLDW
H VIAHIIH &/H X R 1SVO ®R @ X AH GE4IQJ D P E LOHVGEHU H Q RHD IHY BRI X U

X QSIH WSLDADWjp KIQ®Ip J ¢HPW H GBVQ R PEAUH Q AKK[ TXLQ TXHIDAEF LD W X \
SDUWLFKRURY XQW{OGID QOHWp SR QPHPK QL VHNRPYRMGRUpPGXFWLF
$ U H QIUHEXMO &HWWB W LSS RKIWIHR[@ OS. DO H Q GTDXFOM

P R X V W LFTR(®IR Q@ HWBIX[Q V D OKERIGI® XIj A W D W LRUHYL TKPHWL G X V

G HE LR F LHOBIX'W IRIF/S R \HI R Y q Q HO/XQ@\H V T X\M OSPRHS/T D X WNWISHGF H V
VXUYLEHOWQOD QWS R DQ F&SRAHE O I6MHIDAGAIQ B RWHMRWW R X W

i X QBIF W QWY $1®@ KRIR U & Bo@W P QUD\D V S RV DIEIDID\R G I |
TXLQTXH I HIWFNPIIMMRQ VLG p U B B ® YK WR (G D VO/H SRXU
$QJDPELDH SRXJUTXLQTXHIDIHHOR OWODX + $0RXNU V

FRP &HFMIHY ROV VH P EHM WD OWRBAQWEH H Y L HSOBUWDQBWWHPHQW
SORRP S O®IRKV D PjFSHHQWEWW H O O H

,GHQWXYWQPRBHWpIBQFH
9R XIV' X USH X W UrfVPLDHT K ¥ P H Q W LRI @ V H P B@IpJ piU SIR X b
FKDT)HQ Y EJID P E ISIRHOBIH QUHR SKHR/HWX L Q T X H | [3RBELDMHY V
H VIAQHITH W p T X QW LOOAP\QHRUS I X BW'S SFU-R FFIRHP PUHp | p U B R XKD H
PW X GH DV VH BEIRNGR RV XWQW U D )Y [3DOHVY W LayRIGIWD V W L GIIWA X [
O X W L GLT\XEDWILpRIG QR FIKMR X Y\HXLW D @WI IV RIKDWR Q VL BER B P H
W H O G R OUHDVQ D OV VEDW B @D H F K HAFRKUHW KR @\R WIBHERIVW H I R LV
V X L YOTRE MNP E K D@0 MHH\BVE 19 O D Q FONSWBIWSHMBESLGHPHQW
GHY HQLDF WAL &D@WR EWE WV R @ UEWDF L O HRHDHW SUp WD E O
FRPPAHH OPWPRADMFIH®@ TLQW p J 8 B WIIQXE WS X 8 B L FLDHWL R RXDYPW V
GHNV S qBHNHQMGNY BIMIH G T XSBHBPWQMNQBEQD G\XE8HFKHOOH
Jp QR P W /G XTLXYEBRR Q V p THI QUG GG H F LGALIRQY H PRE D DH
H® D >XS\DE P S FONHOFGL Y H Q FHHOWMHMBE\Y F H VD WP X IB®F K D XD U H
0HVV XM IBWHW DSHSD UW IHHOBIHHQ @&/H YU R X SSHW VS BPKFIWVHODWLRQV
W D[R Q R FARTXSHO/H [#HRK D QY R ® WE QW Q H D VDD SIWR PMLK R XH/Q
S D U OHH® pWIDYLOBDAK D SV WILHD FHADAY V L R Q61D NIMQ BERXSOLFDWLR Q)
SURY HRBRW X O HREFR@XYXXQHpIpUBQBHPE LD D SR \V@H

-HYRXVOMHLP DILGHIBV N TXHU-BUpVHM GIVMUNQ TXOQG RO YHAWFRMUGH pRKOQMIRQ/ GHO@YHY
&D SRAUDW WH SILHQRA MDY SX WODBUNKUGY $SHHY SIUH PSB! SUVAH X IpQRP HHW

FRPSROA(7RHH $ DH\SW 7X  &RDMWV/ 1 HHHADO $ BHREXUJHHADO



SUREOOBHVLS WQRFXHYWU OFIKH&]X O R PO D Q BONWRKX FEHR/U IRJL Q H
SLSLNWN@MVI/S L GHPHQPB OPEKKSUREOp P D WHEFH)XOHSHYR Y H Q B&JW
TXLQTXHIDVFLDWXV

., IHGRQQIPORPLEXKWHV
7URY R X FERIVW 8 IE\XH\D L AOpWLpRIGEMROUHGILLYQHHTIVE V
R QUWAFU p p I©9Y, 6 @I R U'W fiH SDBIW R H © WR QI® Q p W E fl BBAQ D
VRXFXHplpUMBBMIBES®W Y R LDVE BHHVO (O ORI T X H QIR H V
HWH VpTXHQFpHM OXPEDIEW &K RHGD @HG/H XD VH Q
DM R XH®@XWD G R X Y M R OFEEH H OM¥M\QLW U R VIXEIWR/QIB Q p W& A X H

6/$ %P D IS\R U WGHIXEHKIS O L RRWR REQSU R Y HIJEDQMV L QI E X H

& R Q F H OGERWWHIHR/S K QA G V S RE 1 RQIMNED I THHR Q Q/pRDW
ODRUFRH$ QRS KHDMMBLDHJIJHQR BRW KBKW V$5 XGURGIHW

VpTXHQ®PRKVWIGH RS X0 MDMWQAMES O H WHRPSWHIRSKHOH V
JDPEVMD@® QJDPEWVDWWQFROXKHBRQQI@ VFQVERIPS UHR@NQ W

GH JpQRPGNPRXVWISURMHGB QBD\EB $1ULSTEH6D KD HWWH Q Q H
SHUP HGR\HEPIS S U B RIS O D WA IR QXQHNCEIBBQ V L VRN Q FH FWLFLGH V
(QSOBW HYHV VR RBRFW S R & BRROY/QIIPH\R P L TG B X XD RIS R U

SUR Y HIJDREX O DN WRK@BHQFRKOWE MG, YRLUH

,,  GHQWLIGHVWLRIOFDMWH RQV
., $QRSKWOHYV

$UWLFOH VS MW X FMGHIDEIE MK HWRBIHQ B XS O L FLBWIL\RV@ D Q F H
DOOMBHAXL\EBHYHUQHD RS K PQRIWWT X L W-RIIDYQ “/ RXOD WIHW LR Q

'L /LHIJ®QLEBPLDAVHQRBYWRJIJEDW WIDANR X Q BRXK R QRLIQ H
&pGBHB Q HWAAHYH L ®MV B DO H¥W H UADLERDS H VMG HHUG L W\

J)LQ R@HRQQDIXYRDNX®XS O L KPW R ® FHTBH QWHQUH
$QRSKHGQHV$VVRIEDO $XGPEBEWDWKMROpPRQWHXQH
GLY H GVIDWDD pOHR/Q QIHOMLKY W L B Q GMQER S X O DOMDVRXQUBHQ O H V
FROXG LWGH, Y RIHUGHU H P VIRX 'S oGRIQ YH [ L VGAIPIRNYHHDIDX]'q U R @ W
Q pWX Lj V@I D Q B GINYHT X HIQ DHRWY \ DLFTHGHBR S X O BWD RRXV VR WN UR
<RSRXJRRXVDYLEOWX 0@ O qWHSVYREDE @ B P MPWU GDHB W V



SR S X O DRWDIQRRQGVH W H FGVHIRCRUP F X U X EHIWIAL J Q L | GFERPIQIR WS H V
KpWpUR |D3B\W HBBDW § DRAU Wp T X HIQ RHRWY \ LW WHHVDRSSB @ P L [L H
3R>XOAR Q| L QARHY RQW LYOQWHB\RSY Sp FLIGARNB G0 ¢GHY H OSRBS p
$V VR HEND HQR DY RKJIM F W L Y\M B RGIR P E ULHDJ L SLRAMNEHK U V
FHVO O i RW M XBHR Q VOWP QP RX QPR L XID O OQR® G X S/RIUTW P L W
pJDOHBR QMK HVNE R WIW@D p T X H3F BR SLHQ VE MK SOLFDWLRQ
W R X WBIHRQ & L YIDGEKQ W D ISHRQWVIHBK\UW\DXIHVIDVI? PUHDQUBHRKTLX 19 R V
HVW L P B WLRTQ\MRALHIR BVX V W H V

$ QRWUB R\GR Q Q KDH QWK KBGIF 1D (A g OQHS H U P HRW\E Bl REILDVQ W
GTH[SORRKXSIQq VOHRIIF @WK pWpURE YRR IODUp TX BQEH '
S U LHWV@R P SGHHV F GV K p W p U FS]N URAY BWR D IOH @ 0HD L | LG-DQAL & HV
VLERLQMWRIUDSKMFNPSRWXEGYREOBWWOLGHVWDE , 8QH
RULJSRQBIHPHIDAK QR & XHFHELVFR UG TDYAMAD SLG W FBE Q@R KV
DY RQNF LGIp W YO HHLUVSARHAQHFGEN DHDGBQRS 19 & \GTLY pAH@EVIV' 1R X V
DYR®RFB URLYEURWRBROPHRLBDRP S GHYHB E R ULROHW WG D QV
&OBW\WOLGHYVSHUPHW ®PLABW @WRR URVGIHE ¥ 8 O L FKOPMLIRIRI g Q H V
GLpUHGWB YV HWG D HAD T X HRFEXW D OOXBHLLY H G LHIVP O § O BRL V
HQVHUBHLY H DWD RFFXFHH W QV H U 8 HAW U X FMORIPHL. TRXD Y R Q V
QRWDPWHRWERXY B O OURHH ORSSP ALBWO SRREWHQLU
GLUHF VWHRB OR & XIHBIF Hj SD UGLAD T X H QLADQIRISGRHBBR G X L W V
3&5XQPpWKREBWWSONQWHBR L QYD E R UTDHXIHS S WRIDIGHL WLR QQH ¢
S DRJO R QHWIHT X H GdIQIISHRIOD D UMW b X FIDRPHH KHAMXAHE R Q Q pH V
TXMPHY X HYH BROGY) Y H O @ 8 5 SO WY B IDAWPR |

$Y HFH®R Q Q@ R YW REMIIH F W L YRHP\MIM@MNL G FD®RHV pJ U @B W LR Q
SO XV LIHXQ&O H \G D @MHIR S X O DAHKRRR/X V V RIERISR X JIRDHEQ
SRO\PRU POUVMPBHSONVRLQV )LJ GD@VBWWOLGHV\&HV
QR XY HDOIDXJ$D HS/D U WD REXYWE ' OPrPHCD S O FB\RYSBIR SWpV LV WD QW H
TXWHON M QGPRHAMI R X H W bR BOHB B QWO O$DBEVQUHYDQFKH
L OAR @R KR U WGHIKLDVS O & U SHHERRVOH KR S6. H W BY R WG IIPOWPD W LR Q V
GLVFUL® HRRSQMRQP VO R Q \RX M LW XD QWD W LR@EWD/CL G UHVV
$ OTDGGSLSHOUXY RXOW RRX VALY @ Y LG HEXMHR RNV O OHD H V
pW D VH B MO 3REHVDE L UG H Q WH @uWHHIE N'W U X FRARWPH\TRRIP S U L V
DYHADOOHOHWWI 6 )LJ GD@ROBWWOLGUHRWMPpWHRQILUPp
HQ V XSLDABN HA&BY S p F L IG AR Q FRVQ BN S O LE R QW ORFESH V



7DEQH2 UL JIGHWR X F¥OHRAH HWX D GELHWE L J Q H PHIADDVE\S H X8 EDWR IRE HD\O O PHHVDY T R U WIL[@R) RE BTORXK PR/M RF L
D L QNXLB HAW D W L WDOLO X HVH® MR 6 W p | p UH QR G F \8 HB/Q Q BHAD T X H Q 0 DUIHF R X Y HSIRAXHJ F HEQWB QR RHB WU p I p U H G
FRX YOHRE 1D O L J OHP6H ORR\H T QA B GUEEDPHMS 34 PR\H GOIKD GYWELIQHPHQW

6RXKH 2 WICH 5 pl pUHIFH
6/ $ % Upl pUHIFHVHQUED &[ TXQRHDWADMY (I8 QV * HRUKIRX HADO
' XFRY &S &[ TXQRXHDADMY 0 DWMITXH / CEEp HADO
0 DAUQ &S &[ SISIHY/ 0 RQEHTHJ / CEEp HADO
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(\V&gHH $ @O $ QH R il
Wl FRXYHM o 6( 4 0$34 Wl FRXYHIM % 6( 4 0$34
&[ TXQNHDWADM &S’
& S SSHY &S’
&[ S SSHY &S’
& TXQNHDADM 6QE
& TXQNHDWADM &S’
& S SSHY &S’
& S SSHY &S’
&[ TXQNHDWADM &S5 |

&[ TXAQDHDHDMY 6@QE



DOO$DENWI ' $VVRBIBMD W RG MM X Y HDOIDXJ | R @ B/V LSARLA B
WHFM XLQGLTXBHXOPSOLFREWDQEWR B HH\RLGWDVVXBEAW
LGHQWRDMHYUHQHAXHOSRPHEEDVHYV

-HG LV F X @/HA HTDXU R XAK JJ q FH @AM/ KN\GHO TR U HMIEBURFHV V XV
SHUPHOMDIQWE I WQIS® O\P R U SKDL.O@WHK D S |, WG BI@\WW D GG HF H
FKDSEFWRWUWRPRQVp TXHHWHAHPHYWG T K WHBWT XMWR XKDLWH
D E R UGHHUIH W H Vg W MGG \QGHD B LY H G WLpW K H Q& NW U X F\K b$IOH V
JDPEMD @ IPWHH Q SRM VT EBBWD X D GIHWE V V RKIUFS$R/G REKIBHWVW H
HVSgMBESXI UKk FAHOID QPIRG L S H G WMXH WVRIXGW HWH @\§ 8V RGHK H V
PLVH® YLGHQHE X S O L FPMKEL R © SN\DTDR.Q WXIWIE D VYHIL T X HRXHIQ W
OR &G K B X W DSR.EEWAPRHD PEGID QWAL VW D @ FSHR % ¥ D QOXEHRIP EUHH
FR S I5HWW G T X000 0GOSO H VXY VKHD V D U &Gl B S U FBOKKFR E XHAMBNH
FRPELFHHUQYHR UPDWHER QGOWWBRXYHGBWXQH HUD S S R B WEEKH
FKURPRWRPTHIQ QEHJplpUIRPERPHR FROHHHWIPHDY HFQBUDQGH
SURIRQEGEHETUXHQHOBQH QRBHpIpUBQHHH O R B QXY HUW X UH
ORFRID¥W F DB WW B BRVX Y HERAXIQBIIHR GX pQRRARBPHQBH YV
FR Q F O XVLLRRR/H M HXGIXQBX OW LS GHVD WXERHR/L QIRUBBWWUTXHV
REWISRIVPEV X OWBDXWEAVIHX Tp Y L 5 plQRVGHP HWH P BFGHHS H QreVIMQINR S

VR X YRIQ\W GIp@IR P BN WXGBHRWP L T X H V

., &XOWI[O

'"HOLP SR GWIDXPHENWR Q Q@M PTXHQoDJH

$XG p EGMWDW K gWE LV S FE\RDEME/R Q GEpUHAB/MANT X H GoHM B RP H V
FRP S GHIW D WRIXF B 8 DEDR X WKIH) VG I O H U HOFBRR X FEKRIWW H X V H V
G DO GXSGOVLGE KpWH 8V &S ' &S ' LQWURMNXBOME PrPH
W H F K Q BORFIITXH QDR DDHMpW L CSLRMBHVX DW BN FK WO XP LGB
SDHG HP®B®GY SELQVHUWGHSURIRQGHIRXYHUWRE WH OJG PV
PpW U LG NE\D CELNHD GWR XM MD W LV | DG V. B QY W B BN DVLERMHMHED X
VpTXHRG B W DWDGEIHRH QT KM\ Q PRD S VG B F HIPMMHG/R Q QQoHH V
SHUPHWS\W® f p\§ WEHR BEIX S O LFIR@ WH Q D K Q HillP K@V L YR W H
SLSHDXRHBYLY H ORRSE@I D P E VD® BD U D F W [EBLHEXK3\U L RRVOIHR Q V
SDUGHMR Q Q@MY TXHQRIM IJHV THWRD S PP FKIBRXAHXJHWUR LV
VRXFEXSOLTXpHV



/TDORGOHRULILADXEFRSXORWIDRI@® TXH | DM VAW WXGRX F K H
G X S O LSTROPUD T XGIRXNR GYREV HX QBN Y WIH H Q W BBRIER)Q. J
3RXAB 'HWS ' VIQA XW P E BIBIFW L YRIPWHOIP O ) PXHPHQWEBWLRQ
'R&F R K p UDYQHIMBIU p V Y R@ XS O L AW & QEMU WDRIGHHRQYLFWLRQ
SR>0OWD H S pH/W@W D P W/R V \GLIEERHO L RLHARIWMHRW D PG KIIGWIR U W H V
YD UL DOWHRREQAKOTHQVBREOMRPRVREPH 3RXWH @WRPSUHQGUH
SRX U DRRLY L BGWH Q Q AR K p UcHDD REPYR 5 M HQBIRSHMOU D B BIRQ[G D Q W
OHVSUHPPRURDNKgVBR QR XRP PE YD ERUGFXKPNBURIRQGH XU
V X O HWW D W L& WOLT X HBIP XY VY RIQYH QEIMEQMG H Q \B KG ILpIWH Q F H
PDUTXEQVOHBIR Q Q@MY T X H QDX FERVW BX\VH VHWS 'SDU
UDSSR&SN' VIFHQ THVD THQV MG N FE H 'V H QGVHIBLLW/QWW L E X W L R ¢
D Q R U PONY B Y GIIHAHGULW WM BBDH. G P DDWHGRHR U YL DSILR Q V
UDS IRPRGHWWEB B G EEB R XS ' RXGHWL VW U LEPXD ZRIGEND DIV
W D LG PLHOE RO H \OHWR XFKRHY 1HVHPE GDRX YIRQBUULPIDQH U
T X D GLHRTR Q QM ¥ T X H Q R IIGIREUIND 0 RVQURINIL Q DQRIDW RIDYR U V
VXVSHARRBLYHQHABDWUHEXLQTXH | BIVGA ISD & DSWOX/Yr BMLONB D X H
Q R W Q A D SjDREE.WWHO M3WUS O L FEOSV'IHRBY'Y LO@ O L J Q N ROH@PD R P H
GHRplpUSQIXH Q T X H | CB\RPWDI W WUVSHR W R GREY R\@ M Q ¥ h P IOWAN U
Vp T X HYR X VD QXOVR MDD QLR XYY RRQE GARW QD G\WWMD ULDWLRQV
GHR &D XY H XHJ R GQR OW RALD V VEUREV KM Q'MREQ R U P D OY IRWBR|
., PR\HO®HM HW SRXIHVR@FHGHS 'HWS 'UHVSHFWLYHPHQ
SXLVFMNW¥D O HXLLHAX T p O HWIPHSYS U B FIKHHADONHW HFE &KX R PRJ\VJRWH
GXSOLTMURFKKH (QpW X GRDREWR\H QEHM QHQWRRBB QR/X V
G pW HFOMYER Q WX RFE H § R XOUP R L QM QW VWHK@ Y B RWAKURPRVRPH
FHTX pWDRUWOHFR® /D WIYEHFHK \ S R W KyBb#HG X S O L FB RELRWTVX D Q W
SOXVUH® WY K XAWBOWL URPWIFWHMES ' ODOKHXUHBGXBEWQW
G HO DWW H J P HIPWWR P L BXBRAR X Y HUNVDWERDWW T X H Q B MAU R G IDTXH V
ODQ MO WKE KREWP L Q GWLER@EGHMQHY HW SRXFHFKH]
&S 'HWS ' UHVBWHWYVSRAIDU | ILGHHD WO M WHULX BWEXWIR X F K H V
VXLYDPHOM/HQGDQFH

3RUWBSHDES'  HMRIWILGIH GIXGH SROXOMRQ CESDWWIRN P r P HRSPHTXH®IIpQRP HGH I pUHIFH
& TAQDXHDWADMY j AQHIHGHES' HA&S' TXORMBRWIGHE[ SISIHY/
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YLI¥YU 'LVW UL EXWIYR@EHQN & HGAL | HUW RX FERMXOMNNY TXHQOoDJIHV
GH HW )LIXBEWHOHGBHIRXWROLRNRBRQHFKQLNRD
VRXPKHDRIS ' SUpVHKQ&IHY W U MEGWILIRHG M fiD W BVYHHRRPR G H
SURBKH SESR X@® W WGE B GE S R OUDK WWRXF KBX ULR) ' 'XFRV

&S ' 60DE ORRGGIHBLVWUHESNYSRQFKH SEPDLSWpVHQWH
YDULEBBXFROXWSRUWB®M H H @FRYDMWUH W U FSOYPYEWR Q Q p H V
GNpTXHG@HDJHT X\LR Q WW WRHRIHENVW LDEOH V



+HXUH XV & DWW GAHX DXV WK GH HVMOBWWO  QRPWYRQV
HXEHVRHIp TXHROBBR XY NRRF&I4 SR UWGE MOVIID KSqD 16 R GW

S D U CSHOUKDEE p WADL@W U R F K R DS LIWKWBVR XD Y REIUWR BLRWHF TX HQ FH U
GH)RXYBBWR XFERVWIBXHVES 'HWS ' ,00XPLGESDHG HQG
HDGV SEQVHUWRE& (Q Q R OW RQR QM OHIR X Y HEQRAHEHH V
VpTXHERMHYURRY FKHDW B54H GO XME $ QRWUBWEHSULVH
OTHVVBEWWRDO § R K\R XD/Y L RIGHVQ F R I WNUTSAY p VHAIY\R QWV R O X V
GIHX[ PrePYWYARDQDISUSHG 1. Q® DDR DN RIVFD SD EGHWWR G XL UH
GHMWDSEHR&PRQWSOR®DLUBARQWXSOL BRIEMO OGO HYV

G XSOLFIOPWRIRI FRPSEBHYE H[ SLSLIFRPPSIRXQUBXSOLFDWLRQ
KRPRJ&SHs )LJ, (QSOBWRQIL QPN XS WD\ IREMHBERMW

&S ' QRXOW RDVQPWEHP HV XGNHLIQE BRV L &HEALD N S FSLROWURG M V

DO O FMRAXV T p VDY pWRS RV \DLYEHFHSU p F p GG RQ/PIBA SR LIQGR W H U
FHSHQH\IVR M RXOUHIR Q QM V FRPPIR ¥WHO®HY QR¥RQVWDWRQV
W R X NKRIXIH @/19 R U WIL[RK) RE HYX E@ R S @ VXD O L J G HPRI@MMp H V
JpQRPLEREW WWH RMIH W H\O 06 BOWDES 'RXS 5 W RXWVXN
ONHVE&RFMNLQTXH | DSAFL\DHGYARHIFHF R X YHGW X QRBHW plpUHQFH
FRPSHQWUHVN SRXUFHRWHERKXYHUWpPFDUW W\BXD BIBX|
GHS 'RX&S 'LVVEGMTHVE&{BSHSLN@BGW SWRF&HYV

PFDUW W\&HELpUH @AKWY R UGHQBQ & KWW W U BSONWBOWE H YV
ODRQEXSOLTMHEWDOXH DS SR UMBDUIHAGYLH HGFHIY $HH F D FELYV p
SURW RHRIDAHR ¥ U XQWUL SR YD W U R L QKE\H\B i () GFDKFCPASKEMO O G 61 H V

Up VL VEIDEMFRHIG Q p WARXMHX/@Q E EVO 0L O H\VOLE WINVO

,GHQWLIGHIRLGWD VMXGLYH GHMDhLOEBKEOLFDWLRQV

3R XWR XOHAWR X FE XS O L SU-CABRIYV L VS RQR [ L BBIBHDYMSRLQW V
pW B RWH O D W DY_FDRYHEBFAR Q QipHi V- 1 IFIK H UjFOKHBWD | LRUAFLV PP HQW
HXWLOERBRMRDJIDPELOH Q| R UPHW\DLLIOEDHAHWW R V L &/H R Q
VRIW F CHISGW\GL J ¥ EDMPW pRYBIRVOEB R U JEHVP SOL PR @WH V
ERUQMOMES 'HWS ' Q T RIDEN W UG H Q WDLX MRBHP/F L V p AHIBW Y/ X
W URXGHWHRIW F OHLSGWG P H @M PWWUG B@N UWQ B Q \BHU gbVX VML
SHUVAQMGF HU LN BB R V L & HERRU QHEVHF HE' H X/[R X F KBAW L P p H

«  SRXUP D\DQ P HQBB! HARHIB GHVRXV WY . HARHIBY TXL GHYDIHAKELUP H/@P HQBIRQY JHIQHP HOW
LGFHXDQVHABRPDGAHV A YHYHY



7DE QO H % UH D N SRARQWIHQX THHF X SOLFRWQR[@RP E WGHRR SLHV
HVWLESPH3&YDSRYVLBHRRR UFKWAKURP R VIRR G L BRPFHE D T X H
JqQFLEOHW DO HoXQ R P EGHAR S HNB/ H U FRRXW\H V § FO@®R M I QEHHY
PHVXGHVU R p% O MFIDRK\QV XWIH R p'% O EERW R J MTXRDVE L YLREXKWY/
FKD TWRIX FKAHTH[FHGM/BER G R)XOHTRREMG LVSRVREVIL®GLYLG X
KRPR]\JRWH
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YLIXU % UHDN SRUGOWY EDXpFHWR X F &N S O L B [BH\E LW @NV
SRVLWLBRFLGKERD NS RE QWY H & HV/P R UXW VO RPBYULILEFDWLRQ
SD3&5TXDQWNVRDWGYBORGIKURPRVRPBPRUFRO R HW W

R Q3\H U FELI\R E VGHIR'H U X G MQ/R P EGHAR S ISHDW3 & 5Y R WUH [HAB E,
FHORD@MIR XREWKR X p



HQWUH OEHW  OESRXS$ ' HWQWUH OEHW  OESRXS$ '
7DE

1pD QP RD MW WHY W IDGFH XIQFAHUW BMDHQPpILDPEW | FHV
UpVXGWDQNOELRY QIR U PNDYDLFTRXUESHY X L YOUSIU D WK D K HWGXX O O H
ODER U DIV&RRWH L BRRAEV H U YDDGHW B Y Q& U B D WAHXEH3E 5- 1D L
DL QWD S R LOWNIP RUFSIVFL I GDXQAHWR QAR QV H B Y E BIHIIR QX
VHH@XWERMN®MX S O L FIDIME@R VX0 B B P EGHAR S IGHVHN\R Q B D3L 5
TXD QW L(\W6 MWW HEEXPDRWE BR G HWX SO L FI WRUREAER Q I L ORIN U
'R&SUpGEUMEL RLQ IR U P D@KBEXHD IGHG/H) U HIYAWOL® MM ] HW
7DE 0D OKH XU H XOHNPRIQNS Y E FSIRPOUg QFFR G B R )0W F D VOHL @ HQ
SRWHVQWXQPUBRU QGRS 'HHEKRS ' &S 5HB/R W Q Bl) )LJ
. QTRIDNMR Q F W IFRIQQVD LEXTPEADPM® Q T&M S p F L |,LGF H\Y ¥ GSLRDD F
HQV p O HF WE& RYRXHBSOROMHM EH B Q D O HWIHR/Q | L FIRKDLY H Q D EDOHHP HQ W
HVWLPEWRRQMRUPDMVERUHBHES ' &S 5D\DGWrWWIEHQWLILpHV
SUpPFLVPRAMQMR QM OHPRQ&XIVP R UV filYO L G GBIDMWY T D XGNVMH
MR Q FRMQVEBINOP SO L F RY VP B BB & 5M R Q F/\DLOREER DPMV R HEDO

SR XQWHEX SO L FHQILIRRBEAD & HWAEED S H U RN R Q | L DR

SUpGLNMXQBRYL@/HERID N S FELIHEN XX SO L FBBMIMR @VAER Q ILUPH U
TXBHWSOLFREHARPSRVGHAR XS 'HWUBRXS 5 VIRLQLMBQW
WDQGHP

/HS U H PW pUXFODAUDTWEDHDNE Q D OMWRNHE R Q W U D i B HT X B © BWVWAD
REVHSRBQJIDPE LOKBX S O L FOMFIUFEGMEI\S L S LV @W R GDW R X W H V
LGHQWOFHNEO U 4SH\&S ' HWS 'SUpVHQRBBEAR U GHYU H QUADH V
UHYDQSFXKHBE GXSOLKRWRRADWS ' GXSOLKDPWDRQWREW X [
RULJL @GDLIJWHW L GIDTWWD HPYPWER U QEHE, 6LOHRUQIWWPEOHQW
SOXRQVHUTXEHW HQ VB O L F DW KERIAL W IDRIQW REWP r P HG H
SO XV INEKHNG X S O L FO[VBILIS QW @VH p Y g O M EWLHE® XDV XAHO O HV
UHQFROMHPHVPEMD&H NEBRXS '] NBRXS 'HWPH
NESRXUTD RBqOHWS 5 XQMDULDEXDR QW D P WMATN Q VTKHX FW X UH
UHW USRXOWH Q VE REOSO L FIQWD R DVDO

8 QV H F RIQ & XFCDA I WD QM\Q A BRI WD DIBFEWH ¥R S VX O H PH Q W
6 UHW UFRSRWIRE MV 0§D HY K { WGHT , Y RH.TW B R OW R\@ ¥ RXQ i

0 HALO0 \ @QH
$ XQP RP HQACLV ®IUHIEK GHRHP DQOAUW



KpWpUR ZpQ RPVE@HIR S ISRVCUHDO O8O HW &S 'HWS 'SUPVHQWHQW
pJDOHBH@ERSLKYV 6 FRQILUPEGM O &S 'HERPSRUWRL V

5 6 ,01\pWD O HPGI\Y PG R Q Q WORGHES U p V B MW WWULRR SEH V
LGHQWERRHMOR D CMDE WDO p W @RWTPE HAD S O ROVA B3 V
H@WUHWURBRXYDE&S 'QI& Ld U H @R OB X W DWH\RSR GEIDEHVH VW D Q F H
* 6 R H)WH WM MS R WYHRNIHO OHOMHDVBXO D p Y H UBALDRIH V
FRSBEHOWES 5H@ERSESOXTWE/TXGKS O L BCIWRNRRYT XD Y DELpM y p
S UR SRR HYE EHVO

*qQHW EDXp V¥ R P BHQ B\ | HQFGIV D O M KO H BWING 6§ O H'V

3RXUD S HHBO OO HNWS 'VR YWE O [ \O N pHRPR [ \JREVXQ THV W
SDURDEHKS ' QRX\DY BOWLO QKMXPB HWW XBEWpUTLHKNOIN W
SUREDE G FBHEMW D W PR Q V TOM@ B X S O L FHIMWHLFRAGDT@WN I QHHW
TXOIF H /D E E{VO H WL O HWIO -1 BBR @ W XGRR Q VHH)Q@ X H
H P E D U BXpR/D TGOKS O L BIRWAR QRMHRIOL HYW U X F OB KBS DVER® D
Y D O HWD H F R X BIH | D L UMIY GBLY D E K WG @LNDIRQ Q RGMIWQ R &8H
TXLQTXH I B\LVISIRDXERAHE H S H Q & B D O X WAp VDWW 8 R WD MW IR Q
GHP D Q L (pUXHV R P DYWL DXRALGYT r WRUSHW L PD DIELR W D P RIHH@W R@MAMI p
LQDG p T XHDQWDBRIRR U G RIGRE pHBIRIGLHNG Q H W HMp V X GWIDOVM Q HP H Q W
HIIH F WSKRYDUF H - 1 DALR G p | pUIpDA®@ B L J Q KERGIMIVE UBH §Q H&/%
1DWLRIPQWRAL RW H F K Q RRAUPID W L RHXX W L 0% @ D § &/W VIF R O

GISOXVPRXYWHBISWHQRSKEHBGMEXOHR VRS KIXVUR QH
GXSOLAWFRPSOWHDQQRMW B W LERHYDVWY B MWXH \8 R X WLR/H W W U H
HQ®YLGHQBHE R Q WHIDAQ BWEX S O L FDMHRR § F & HR/Q O 'g GOHHW
DOOQESMWRRQES 'HWS 5 HPE DU VXBOMUIYOWG OBWFH&S
VL[OBHDNSRIVG/WW R FRWXXHP HqQ H®S 'V H X O HPXHDQWRE
3DUPHYqQHYED U D¥HR/QFWAHR QX V VHRGRIQ QM M QGHQWLILHU
TXVY HP E MHREUU{ P M IEOGWS/U R F HAPWKIVE RBWPXHORSSHPHQWD )
OHMD H P R O MPYSYKHIQRWDRHE Q & GI.RMW HLKR. R B O DB IWV B F WHRFUH SRAXRIY
SRW HAR®E R W DVER

&HYDUL DG @®VR P EUMD D WXHNM QHPEDUGRIEMVXSOLFDWLRQ!
V R QR W HPXMTFW SGVILLEPG I FFNHHVE Up U HKQ@Y N UG N OVWXQH R QY L Y H
HIHW@E KD QJHPHE RWD B LAXIMWQ pUD ONFREMBIOWp GEWDRR Y LW p
GHD 3 URWPXB®EH VOUS U R GTOLSH YS\W U W B BIFFXUL OEER AKLPSDXH V



H[H P $1@HR P SO B RV D HHOHDOWE UpHU HXY\@ MR/ D U L DADLQREDR B HH
JGQHARGBQYHSURW P LDRIW { P W D E LG ISRUSRXQWBR @O W p U H U
OFApWDEROMWPWHBEDOWXWHFWLWID $ F NV W ILENWR X WGHLIFELL\D H
GHJHOQHBAPUH QEHARQWHQYYHPEDUDXBKp QRVEMBKEO p)WDOLWp
O 1 pKVRDPVR ]\ J RHHH WE VSDHI[H P S/IKW S URXOB®X\S O L FRWS R @W D Q W
SOGWIQHPEDUTXSVVROWH XTOHM K Up VIS QMESIK p Q R WIDSHU DL W

V H P ELQ@pV X XWGLY L Q \SHOUGXHHg Q MY E D U T XOMVU CEHNHHOMX@ B D O H X U
VpOHBWXW R U VEEH Q WHOOWH HIO OSFOVHY WE IR RS L/H VD MW B H
EHDN S RIGQEV D &S q @MV URKYOWp T X HRFRIDEMIGQ FHUWDLQHPHQ'
VXQBHX[LHPR®XNqQIB5GRPDLQ FRYBWDOHIPRQW] HWE HW

. H\NQSIL VWD RV p U 1S R WIS QN REKLD Q RK\R B R ]\ MRVEI© p DRBYOT H V W
SDUWDEBHKS 'TXSUpVISQWHIOPM Kp Q RWABPPFHEHX[OOqOHYV
FRP SO pP HRQVKH QKO W p UDLWU R Q B/ WKHEFR Q QoMIVT X HQ o D J H
VKRWWGYHs H U PRV WSIDRELHY H F R Q VDW IHWRHXUHW D WKYDESHD R & MS/H V
GLpUHFRBIGHFHYqQHWPEDU M@ R XM R XY BRRESM VD Y RIOH V

SURW plQA-RG/RHEAR Q V H RXP B'W p LOPI$\S D G B 8 X F LIDHY W DEG-H
FRP S OPMEHQUD O S\DBHD' S S U RG WH YT X H Qo QD GAVD LD/X VSMG H V

DSSURBRMRQFW L R Q\UHIOQOHH LSSUMLVRED R@T H [ S 0RO HQ@ W U H
SKpQRMEXIS O L FBWLTR(H G&D GHHWR X FE K S O L jTE& ppHVH\DWDESHH V
GpYHORSISYBRMHSWR F KD LRI O RQ 6 X HV WE R Q MD GGJK D

W K @MaD [ L PBHU DHVB/R X U@ B/S RTUXNHHOUD X IR V. & MAHD L H Q

., &RQF O X\XDRIY D OEVRYQIRUPDWLTXHYV
6 LM KR GVSLU p V HHAMPRDHE\D R E OTpRPEHR/ DWW RIQWQ F RIDWEBIWH P L H U
MHEHGRQQEHWP T X H Qi WMMHFH p Q R FBBHU p | p U HGEFHIVY S g FH W V W
SULQFLSB R MBI Q WpNIBW UDXA X H V W XA QRVRWQIW IQWR 6\R VWU
O 1D VERRAVMRL T KB H X Y SIMWRW N Qaa-DVA D OG\HH\D R P L T7R M WOHHW
PpWULG XWYR QELHE ® Bl GELHHD G.\) G L TTOHMME/R Q Qip®IRVBUN SRVLWLRQ
p W D GHECR/D QXD CPLDAQ/R XO\R X' \R P P RIIY O WRIXMW UGB R QL PSRVVLELOL
G 6 p W HFRTWANY HDMBSIQ XADWWGS 1D DG X SO L FIDW RRQ VM MW VV LE O H
TXB D XD GLHS' H[W SR T X H QY RH WD XIVFHMOIIBDWHWURXY p

GILQIRUVPWDXR @GLIM$'UH S8 PAQT HQ WL BRWRDCSp T X H @aD JH

( QVRXWM KR WY FTHIADXAWL SOUAH XA DWW XHODVRYM , GHRWLHJFRARKRXURY DADpW DX XUGHP B
SUPRFPXSDIRQY SHIEDQMBAV GMQDQ



RXWRXWWP S OHPHQMND P pOLRBHWWERQR®HVITHH QD OV H
H[S O LO BGHIU H GRHOW X D XDV HHUQ\B M X[H R N p TXHQF H YV

8QPRWXOBRQILPRFFRYBHBQDOEVRVLQIRUPDWLTXHYV
$Y HG YU H FEKBR Q V L GAPRIEDMRVL D XWW T ® bW DS @O XMW X DV Vo R Q Q p
GHOTDGpPpTKRQWIRSY pGLAWLWRB HYQD OGWEINR LQIRURPWDWY T X H
UpV X GW B WHP WHNAS/ L Q F R P FOIRIWNE VR HYWR P H W VAR X Y H
pJDOHPEAQYWURXKBRW P SLGH XMBALUHBLHG/p | D X WIS/H X Y Bl QRQ WV
D Q D O VHHIVV XQWT X HPXKIMME Q D BE\WVRI L Q | R UHP\D WBILTL K M QW i M V
O 1D Q DLAEWHV U X BWW OWNKS gFHY VRHXUV
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Abstract (206 words)

Anopheles gambiae s.I. has been the target of intense insecticide treatment since the mid-XX®
century to try and control malaria. A substitution in the ace-1 locus has been rapidly selected for,
allowing resistance to organophosphate and carbamate insecticides. Since then, two types of
duplication of the ace-1 locus have been found in An. gambiae s.l. populations: homogeneous
duplications that are composed of several resistance copies, or heterogeneous duplications that
contain both resistance and susceptible copies. Heterogeneous duplications confer a permanent
intermediate trade-off between the resistance induced by the mutation in the presence of
insecticides and the disadvantages it incurs in their absence. So far, a single heterogeneous
duplication has been described in An. gambiae s.l. populations (in contrast with the multiple
duplicated alleles found in Culex pipiens mosquitoes). We used an innovative approach,
combining long and short read sequencing with Sanger sequencing to precisely identify and
describe at least nine different heterogeneous duplications, in two populations of An. gambiae
s.l.. We show that these alleles share the same structure as the previously identified
heterogeneous and homogeneous duplications, namely 203-kb tandem amplifications with
conserved breakpoints. Our study sheds new light on the origin and maintenance of these alleles

in An. gambiae s.|. populations, and their role in mosquito adaptation.
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Introduction

Human activities have huge impacts on the environment, these diverse anthropogenic
modifications can lead to spectacular adaptations in species subjected to them (see for example
Otto 2018 or Hendry et al., 2017). Among these, resistance to biocides (e.g. antibiotic resistance
in bacteria or resistance to pesticides in crop pests and disease vectors) are probably the most
studied and the best understood, because of their crucial impacts on economy and public health.
From an evolutionary biology point of view, these are also major models to decipher the genetics
of the adaptation (e.g. polygenic vs mono- or oligo-genic) or to understand how evolutionary
processes shape these dynamics (e.g. spatial variation in selective pressure intensity, fluctuating
selection overtime; Guillemaud et al., 1998, David et al., 2010, Milesi et al., 2016). Notably,
studying resistance revealed the complexity and the diversity of the genomic structural
rearrangements underlying adaptations, well beyond the role of single nucleotide polymorphisms
(SNPs). For example, cases of xenobiotic resistance linked to gene duplications are plenty
(Devonshire & Sawicki, 1979, Leister, 2004, Labbé et al., 2007, Kwon et al., 2010, Patterson et
al.,, 2018). In the present study, we focused on one of these well-known models, the case of
insecticide resistance in the malaria-vector mosquito Anopheles gambiae s.l., and on the genomic
nature and diversity of resistance alleles at the ace-1 locus.

An. gambiae s.l. has been the target of intense insecticide treatment since the mid-XXt"
century, particularly on the African continent, to control malaria. While pyrethroids (PYR) are the
most used insecticides, organophosphates (OP) and carbamates (CX) have also been utilised
VLQFH WKH TV 7KH\ W D Erase\|AGDE)HaW aizynie kha e iate¥\the activity
of the synaptic neurotransmitter acetylcholine (Weill et al., 2003). A unique substitution in the
AChE-encoding gene ace-1, resulting in a glycine to serine substitution at the 280 codon of the
protein (G280S). The substitution enables resistance to OP/CX by hindering their binding to AChE
(R allele, Weill et al., 2004), often referred to as the G119S mutation according to its position in

the homolog gene of Torpedo californica, where AChE structure was first elucidated (Schumacher
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et al., 1986). A nomenclature we will adopt here. This mutation has been independently selected
for in multiple mosquito species (Weill et al., 2003; Huchard et al., 2006). However, the enzymatic
activity of the protein encoded by the R allele is 60% lower than its wild-type susceptible
counterpart (S allele; Bourguet et al., 1997, Alout et al., 2008, Labbé et al., 2014). As a result, the
R alleles are selected against in the absence of OP/CX insecticides. So far in An. gambiae s.I.,
G119S is the only SNP mutation that has been found responsible for OP/CX insecticide
resistance, introgressed from An. coluzzii to An. gambiae s.s. (Weill et al., 2003, Djogbenou et
al., 2008, Assogba et al., 2016, Grau-Bové et al., 2021; a couple of other mutations have however
been found in other mosquito species, Alout et al., 2007a, 2007b).

Other types of mutations, i.e. structural variants (SVs), have also been selected in
response to the use of these insecticides. Two types of duplication of the ace-1 locus have been
found in An. gambiae s.I. (Fig. 1A): i) homogeneous duplications, i.e. composed of several R
copies, i.e. (R* alleles; Assogba et al., 2016, Grau-Bové et al., 2021), or ii) heterogeneous
duplications, containing both R and S copies (D alleles; Assogba et al., 2015, 2016, Grau-Bové
et al., 2021). R* alleles confer higher resistance levels and are favoured in highly-treated areas.
Yet the heterogeneous duplications (D alleles) enable the fixation of the heterozygous phenotype
(Labbé et al., 2014, Assogba et al., 2015, Milesi et al., 2017), i.e. an intermediate trade-off
between resistance in the presence of insecticides and disadvantage in their absence (or
SVHOHFWLYH FRVW’ ™ Eeé&tW., Q3. WHII® R1ARIDSY@&nain respectively the fittest
alleles in highly-treated and non-treated areas, D alleles are the fittest in populations exposed to
intermediate selective pressures, in those areas exposed to reduced concentrations of treatments
per se, or to temporal or geographical variations in treatment intensity (Labbé et al., 2014, Milesi
et al., 2017).

Diversity in duplicated alleles (and more generally in copy-number variations or CNV) can
result from two types of variation: i) variation in the DNA sequence of the amplicons, in particular
the ace-1 haplotypes, and/or ii) copy-number variations (for example R* alleles carry different

copy-numbers of the same haplotype). In the present study, we focussed on haplotype variations:



92 we will refer to alleles carrying different ace-1 KDSORW\SHV DVDUYWOIHARHYQFHDQG
93 GLIIHULQJ LQ QXPEHU Rumb&-DLAHYHIDM . YYaRie s.I., a single R sequence-
94 allele, but with multiple copy-number-alleles or R* alleles, was found in several African countries
95 (Assogba et al., 2016). Similarly, only one D sequence-allele, named Ag-D: (thereafter D1 for
96 simplicity), has been formally described, using direct sequencing of cloned fragments of the ace-
97 1 gene (real haplotypes, Djogbénou et al., 2008). D1 carries two ace-1 copies, one R copy (the
98 haplotype is identical to that found in R* alleles) and one S copy, in 203-kb tandem amplicons
99 (Assogba et al., 2016). D1 is found all over West Africa (Assogba et al., 2018), which is in sharp
100 contrast with Cx. pipiens, where several different D sequence-alleles are often found segregating
101 in the same population (Milesi et al., 2018). Grau-Bové et al., (2021) recently analysed a large
102 dataset of lllumina paired-end genomes of An. gambiae s.l. from all over Africa (The Anopheles
103 gambiae 1000 Genomes Consortium (2021): Ag1000G phase 3). Based on the variations in depth
104 of coverage of the alternative bases at position 119 (i.e. of R or S sequences), they suggested
105 that several copy-number-alleles, differing in their numbers of R and S copies, might actually be
106 segregating in Africa, while the nature of their data (i.e. short-read sequencing) was unreliable to
107 assess whether multiple D sequence-alleles were segregating in the African populations.
108 Evidence for the existence of diversity in D alleles could help us understand the origin of
109 these mutations, and more generally how SVs are selected for short-term adaptation. So, we
110 adopted a comprehensive approach to assess the ace-1 haplotype diversity and the number of R
111 and S copies in heterogeneous duplications and used information from various sources to
112 understand the origin of this diversity. As previous studies have shown that the frequency of D
113 alleles in An. gambiae s.l. was particularly high in lvory Coast (Assogba et al., 2018) and as Grau-
114 Bové et al. (2021) suggested that several D copy-number-alleles could segregate there, we
115 analysed the structures and diversity of the heterogeneous duplications present in two natural
116 populations of Ivory Coast, Yamoussoukro and Yopougon. By screening samples from Assogba
117 et al. (2018), we found the presence of the D: allele alone could not explain the observed

118 frequencies of D alleles. By cloning and sequencing a large part of the ace-1 locus for several
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individuals, we obtained the various haplotypes of each of their D(R) and D(S) copies. We also
tested a more recently developed, and logistically easier approach, based on long-read
sequences of PCR products (Namias et al., 2023). We revealed that at least nine different ace-1
D alleles segregate in these two populations. Using whole genome sequencing, we showed that
at least five of these alleles share the exact same structure, two 203-kb tandem amplicons, with
the exact same breakpoints. Finally, we discuss what these findings suggest in terms of

duplication origin, but also the role of SVs in the adaptation process.

Material & Methods

Sampling and identification

We focused on two localities from Ivory Coast where the presence of the D1 heterogeneous
duplication has already been documented (Assogba et al., 2018, Grau-Bové et al., 2021), and
where resistance has been monitored since 2012. We first used DNA previously extracted from
adult mosquito samples, collected in 2012, 2015, 2016, and preserved at -80°C in the lab
(Assogba et al., 2018). To assess the frequencies at the time of the study, we collected new fourth
instar (L4) larvae samples in the same sites, in 2019. They were identified as An. coluzzii through

a multiple PCR protocol: the first PCR was able to discriminate An. arabiensis from An. gambiae

s.s. and An. coluzzi 6 XSSRUWLQJ LQIRUPDWLRQ #beE, 1993},Ga8daFskddM’

6 FF

one distinguishing An. gambiae s.s. from An. coluzzii 6 XSS ,QIR 7DE Favia)®UP~

al.,1997).

DNA extraction and PCR conditions.
We extracted DNA from individual L4 following a protocol modified from Collins et al.
(1987). Briefly, each larva was ground in 200uL CTAB buffer (100mM Tris HCL, pH8.0, 10mM

EDTA,1.4M NaCl, 2% CTAB), then incubated for 15 minutes, at 60°C. 200uL of chloroform with
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4% of isoamyl alcohol were added and the solution was centrifuged for 10 minutes at 8000
rotations/min. The supernatant was transferred to a new tube with 200uL of isopropanol, to
precipitate DNA at room temperature. DNA was washed with 400pL of 70% ethanol after 10
minutes of centrifugation (10000 rotations/min), dried, and then rehydrated in 50uL H20.

The PCR tests described below were performed using the Promega PCR kit (Madison,
Winsconsin, USA) with ca QJ RI JHQRPLF '"1$ L QWi and/ustp Bi&fBllowing:
94°C for 30s, annealing temperature for 30s, and 72°C for 1 to 2 min for a total of 30 cycles

(primers and annealing temperatures are listed in Supp. Info. Tab. 1).

Heterogeneous duplication detection and frequency estimation

ace-1 phenotyping . :H SHUIRUPH&&e-WISHKHQRW\S HRFLB &dst described in
Djogbénou et al., (2008): it amplifies an 817bp sequence of the ace-1 locus encompassing the
resistance-diagnostic G119S mutation. This mutation generates an Alu | restriction site and
enables the distinction between three phenotypes: resistant homozygous [RR], susceptible
homozygous [SS], and heterozygous [RS] (Fig. 1B-1). However, it does not enable the
differentiation between standard heterozygous individuals for single-copy alleles (RS) and
individuals carrying a heterogeneous duplicated allele (D), as D alleles associate both susceptible
D(S) and resistant D(R) haplotypes of the ace-1 locus (Assogba et al., 2015). Alleles with multiple
identical copies (e.g. RX) also cannot be distinguished from alleles carrying the same haplotype

but as single-copy.

Estimation of D allele frequencies . D allele frequencies can nevertheless be inferred from the
phenotypic frequencies (Tab. 1), as their presence in a population causes an excess of [RS]
relative to what is expected under Hardy-Weinberg equilibrium (Lenormand et al., 1998). We took
advantage of this observation and used the same approach as in Assogba et al. (2018) to

compute the D allele frequencies, independently for each year and location, implementing the
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maximume-likelihood approach developed by Lenormand et al. (1998). We calculated the log-

likelihood, L, of observing all the data as follow:

Li : :

with nj and fit, the observed number and the predicted frequency of individuals with phenotype i
in population j at time t, respectively. (Lmax) was maximised for each sample using a simulated
annealing algorithm (Labbé et al., 2009; Lenormand, et al., 1998). The support limits (SL,
equivalent to 95% confidence intervals) were defined as the minimum and maximum allele
frequencies that did not significantly decrease the likelihood. Recursions and likelihood
maximization  algorithms  were  written and compiled with Lazarus v1.0.10

(http://www.lazarus.freepascal.org/).

Discriminating new D alleles f rom D1 allele and standard heterozygotes.  Before this study a
single D allele had been characterised in An. gambiae s.l., referred to as D1 (Assogba et al., 2018,
Grau Boveé et al., 2021). For each population and year, we tested whether this allele alone could
explain the estimated frequency of D alleles, or if more alleles (hereafter Di) could segregate in
the populations. To do so, we used a PCR-RFLP test specific to the D1 susceptible ace-1 copy
317 3 &RFLP-test, Supp. Info. Tab. 1; Assogba et al., 2015) on all individuals with an [RS]
phenotype (those that could harbour a D allele): the same 817bp fragment of the ace-1 gene is
PCR-amplified and an Aval restriction site specific to the D1(S) copy distinguishes between D1
carriers ([D1+] phenotype) and individuals that do not carry D1 ([D1-] phenotype; Fig. 1B-2). We
then compared a model considering only three alleles (R, S, D1) with models considering either
four (R, S, Sob1, D1) or five alleles (R, S, Sp1, D1, Di), using likelihood ratio tests (Labbé et al., 2009;
Milesi et al., 2016); we took into consideration the possibility of occurrence of single-copy
susceptible alleles Sp1, carrying the same Aval-diagnostic mutation as the D1(S) copy (Tab. 2).
Our goal was then to characterize the ace-1 haplotypes present in these potentially new Di alleles.

We first sequenced (Sanger sequencing ABI 3500 xL, Applied Biosystems by Thermo Fisher


http://www.lazarus.freepascal.org/

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

Scientific) the 817bp ace-1 PCR product for all the [RS D1-] (Fig. 1B-3), i.e. individuals that could
carry a D but not D1 (except for three controls). If, as expected, these individuals harbour at least
one Di allele (genotypes DR, DiS or DiDj), then up to three ace-1 haplotypes should be present in
the PCR product (Di(R), Di(S) and another one), which would result in SNPs with multiple peaks
in the Sanger sequence (e.g. two peaks for an heterozygote). Providing the different haplotypes
FDUU\ GLITHUHQW 613V RQH FRXOG H[SHFW GLDJQRV tliffefent WU L
SNPs can be found) in this mix sequence. This enables discrimination of Di carriers from standard
RS heterozygotes. Although powerful to detect new D alleles, this approach can lead to an
underestimation of the new Di allele frequencies: when the ace-1 haplotypes are similar between

D alleles and single-copy resistance or susceptible alleles, triple peaks would not be detected.

Heterogeneous duplication diversity.

To identify the different haplotypes present in the ace-1 PCR products of Di carriers (i.,e. SWULSOH
SHDN" LQGLYLGXDOV ZH XVHG WZR DSSURDFKHVY L FODVVL
preliminary TA cloning step to provide individual haplotypes from the mixed products, and ii) an
approach initially developed to assess the diversity of Wolbachia cid genes multigenic family,

which is less tedious and more sensitive than TA cloning (Namias et al., 2023). In this approach,

the PCR product is directly sequenced using Nanopore long-reads: each read then corresponds

to one individual haplotype.

TA cloning/ Sanger sequencing . We purified the ace-1 3&5 SURGXFWV RBHDRWU
individuals, using the BS664-250 Preps EZ-10 Spin Column PCR Purification kit (New England
BioLabs, Evry France). The purified products were then cloned (TOPO TA Cloning Kit pCR 2.1-
TOPO Vector and TOP10F' invitrogen bacteria). For each individual, we genotyped 24 clones
(Supp. Info. Tab. 2) using the Alul RFLP test (to discriminate R and S copies). All R haplotypes

recovered so far in An. gambiae s.l. were strictly identical on this 817bp fragment: we Sanger-
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sequenced one resistance clone (i.e. D(R) or R), and at least 11 susceptible clones (i.e. D(S) or

S; ABI 3500 xL, Applied Biosystems by Thermo Fisher Scientific).

Nanopore sequencing of ace -1 PCR products . We directly sequenced the purified ace-1 PCR
SURGXFW RFESHBWU LLSXAH Y L G X D O WOOXLcoverade fBrHeBe inglividual) using
Nanopore long-reads technology to capture, in a single read, each full 817 bp amplicon. Six of
these individuals, which had been previously analysed with the TA cloning/Sanger sequencing
approach, served as controls to assess the reliability of the Nanopore sequencing-based
approach (Supp. Info. Tab. 2). We then adapted the bioinformatic pipeline developed by Namias
et al. (2023): reads were mapped on a reference file containing two reference haplotypes, one R
and one S, using minimap2 v.2.24 (Li, 2018) with the options map-ont and without secondary
alignments. SNPs were then called using bcftools 1.15, with the config-ont option, and a minimum
mapping quality of 10. Finally, haplotype phasing was performed using WhatsHap 1.4 (Martin et
al., 2023) with the default options. As mentioned in Namias et al. (2023), some heterozygous
SNPs on the S haplotypes were not called: although they were supported by a high number of
reads, the read distribution did not fit with a diploid framework (with only two S copies). We used

the script provided by Namias et al. (2023) to recover those SNPs.

ace-1 haplotype trees . To assess the diversity of ace-1 haplotypes obtained through the two
approaches, we aligned and compared them using a Neighbour-Joining phylogram compiled by
MEGA software (MEGAL11: Molecular Evolutionary Genetics Analysis version 11; Tamura et al.,
2021). We added several known ace-1 haplotypes to this phylogram: an R reference haplotype
and the reference Di1(S) copy haplotype. We used the information from molecular tests, whole
genome sequencing, ace-1 PCR product long-read sequencing and haplotype frequency to
discriminate the haplotypes corresponding to a D(S) copy from those corresponding to a single-

copy S allele, in each individual.

10



248 To infer the geographical origin of the newly characterized D alleles, we then added publicly-
249 available ace-1 S haplotypes to our alignment, from samples collected in the same time period
250 as or samples and in Ivory Coast or nearby countries (Ghana, sequences from Weetman et al.,
251 2015; and Benin, Burkina Faso and Ivory Coast from Assogba et al., 2018; see Supp. Info. Tab.
252  3). We then computed a maximum likelihood phylogram using a Tamura 3 parameters model with
253 gamma distributed invariant site (G+I) mutation rates (best model fit determined with MEGAL11).
254 The phylogram was then plotted using the ggplot2 (Wickham H. 2016) and ggtree packages (Xu

255 etal., 2022) using the R software (v.4.2.2, R Core Team, 2022; https://www.R-project.org/).

256

257 Duplication architecture

258 Genomic characterisation . To determine the structural architecture of the newly characterised

259 Dialleles, we followed the protocol developed by Assogba et al. (2016) for D1. The whole genomes

260 RI WZHOY-BHWN'LBQELYLGXDOV ZHUH VHT X H-@nddeguet®ingdWwGs) O X P |
261 150bppb reads, 350 bppb insert size; Supp. Info. Tab. 2). Reads from each individual were

262 mapped to the An. gambiae PEST reference genome assembly (AgamP4.13;

263  https://www.vectorbase.org) using the bwa (-mem) algorithm (Li & Durbin, 2009). The per-base

264 depth of coverage (pbDoC) between positions 3,436,000 and 3,639,000 of the 2R chromosome
265 (ace-1 lies between positions 3,484,107 and 3,495,790) was obtained using the samtools suite
266 (Danecek et al.,2021). We then standardized them (pbDoCsq4), dividing each by the average
267 pDoC calculated over the whole 2R chromosome (pbDoCstqa = pbDoC/uDoC) and plotting the
268 pbDoCsy along this chromosome, using R software. It allowed a fine scale observation of the
269 structure of duplications (location, size, gene copy number, etc.). To determine the precise
270 position of the duplication breakpoints, we isolated reads mapping at £1 kb from the putative
271 breakpoints determined from the pbDoCst graphs and analysed the insert-size among discordant
272 paired-reads (i.e. paired-reads from each side of the junction between amplicons would map on

273 each extremity of the amplicons, with an apparent insert-size equal to the amplicon size) and the

11
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274 frequency of soft-clipped reads (i.e. the reads encompassing the junction and mapping partially
275 on each extremity of the amplicons; see Assogba et al., 2016, Fig. S1).

276

277 Molecular validation of structural ~ homologies . Assogba et al. (2016) developed a diagnostic
278 PCR test for R* and D1 duplications, which amplifies a 460bp sequence overlapping the junction
279 EHWZHHQ WKH DPSOLFRQV 6XSS ,Q lisedisEPCR tc futtQeF sgdeBsQ
280 whether the newly identified Di alleles also shared the junction and the breakpoints of both D1 and
281 R*alleles, using susceptible [SS] individuals as controls.

282

283 Results

284 Ivory Coast populations are highly polymorphic for D alleles.

285 We first analysed samples collected in two populations of Ivory Coast (Yamoussoukro and
286 Yopougon) for which resistance was monitored between 2012 and 2016 (Assogba et al., 2018)
287 (Tab. 1). We built the first model (Model A) to analyse W Kade-L S KH Q R \Wat&ahd found that
288 the two populations showed a significant excess of heterozygotes compared to panmixia,
289 suggesting the presence of D alleles at relatively high frequencies (>0.15; Tab. 2A). Using the
290 VSHFLILMPR'OHF X 6abdd awatsingle diagnostic mutation (Assogba et al., 2015), we built
291 a second model (Model B) taking this information into account (Fig. 1B-3), including the rare S
292 allele, subsequently named Spi and identified from [SS] individuals positive for this 3'1 “test (Tab.
293 1). It showed that D1 alone did not explain the observations as well as the third model (Model C)
294  which considered several D alleles (model C fitted significantly better than model B for three out
295 of the six populations, Yopougon 2015, and Yamoussoukro 2015 and 2016, p <0.05, Tab. 2C),
296 with more coherent R and overall D frequencies (Tab. 2A and C vs B). This strongly supports the
297 presence of at least one other D allele segregating in these populations. Interestingly, D1 was not

298 always the most frequent D allele (e.g. Yamoussoukro 2015 and 2016, Tab. 2C).

12
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To identify the alleles present in these populations, we first Sanger-sequenced a fragment
of the ace-1 locus for RR individuals. Only one single resistance haplotype was found (already
known from previous studies; Weill et al., 2003; Djogbenou et al., 2008; Assogba et al., 2016;
Grau-Bové et al., 2021), i.e. no other R sequence-allele (although there were probably different
copy-numbers-alleles; Assogba et al., 2016; Djogbénou et al., 2015).

The only other known resistance allele was Di1. We amplified the same PCR fragment in
[RS, D1-] individuals, (individuals that could carry a D but not D1; N = 97, Tab. 1), plus three D1
carriers as controls. The PCR product mixes several haplotypes, both R and S, which results in
multiple SHDNV IRU 613V LQ WKH 6DQJHU VHTXHQFH )LJ $ VHH 3
D DOOHOH DQG VWDQGDUG KHWHURJ\JRWHV" ODWHULDOV DQG
(N = 22) displayed several positions with triple peaks (henceforth SWUBSS&SHOM"~ LQGLYLG
confirming the existence of at least three haplotypes (R and S) in the mix and the presence of
other D alleles (Di) segregating in these An. gambiaesl. SRSXODWLRQV :H IRXQG VL
SHDN" LQGLYLGXDOV LQ QidZ0OMINP/Sitdh &l DbnbUSMUKIG (among 27
[RS] individuals analysed for each population), consequently, D WRWDO R & H DNV ULG®LHY L C
from 2012 to 2019 were identified.

To describe the diversity of the Di resistance alleles, we used two approaches. First,
Sanger sequencing of PCR products, which required a preliminary TA cloning step to get
individual R and S haplotypes from the mix. As this protocol is tedious and difficult to apply to
large numbers of individuals, we also tested another approach, using Nanopore long-reads
sequencing of PCR products to directly access the various haplotypes carried by each individual
(one read corresponds to one haplotype; Namias et al., 2YHU WKH LQGLYLGX
SHDN’ ZHUH FORQHSano@i® sequérdetdH{Supp. Info. Tab. 2). Six individuals
among the cloned 22 served as controls for the Nanopore approach (Namias et al., 2023):

adapting the previously described pipeline, we were able to recover the exact same haplotypes

with both approaches (the 8300X high coverage of each haplotype allows easily correcting the
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325 PCR and/or sequencing errors). This demonstrates the robustness of Namias H W sXZD2¥)

326 approach, which could be used to process much larger samples in the future.

327 $V H[SHFWHG IRUSHDRK BEQGL$ODGBXDO FDUU\LQJ DW OHDVW
328 ace-1 haplotypes were identified, one R (119S), and two S (119G) with different SNPs. The R

329 haplotypes of all individuals were identical to D1(R) (the R copy carried by D1) and to the haplotype

330 recovered from RR individuals: as a result, a unique sequence carrying the G119S mutation is

331 presentin all resistance alleles, whether R or D. The different D resistance alleles differed only in

332 the S copies they carried (or D(S)): we found 26 different S haplotypes, which could be a D(S) or

333 aSsinge-FRS\ DOOHOH VHH )LJ % 3SFRPELQHG 3&5° 7TKH\ GLIII
334 mostly found in introns, resulting in a relatively low divergence (d = 0.012; dexons= 0.008 vs.

335  dinrons=0.027). To discriminate the D(S) copies from the S alleles, we compiled a neighbour-joining

336 SK\ORJUDP ZLWK 6 KDSORW\SHY UHBRYPHNUH®@ GURPGWXBIOY 3WUL:
337 We then assigned the various haplotypes as follow:

338 i) We expected the D(S) haplotypes to be more frequent as they are directly selected for in the

339 presence of insecticides (they provide resistance) and our protocol selected specifically for D-

340 carriers; therefore, clusters of identical S haplotypes were more likely to correspond to D(S)

341 copies than to S alleles (Supp. Info. Fig. 1A). Moreover, when several individuals had a first S

342 haplotype in a cluster, their second S haplotype would often be different and attributed to single-

343 copy S alleles.

344 i) This approach was first validated by the observation of an expected cluster corresponding to

345 Dai(S) (purple, Fig. 2). The second haplotypes found in the same individuals were different, as

346 expected. For example, the individuals Yam19-11 and Yam19-24 (Fig. 2, Supp. Info. Tab. 4): two

347 haplotypes (Yam19-11-S1 and Yam19-14-S1) were similar to D1(S), but the two others (Yam19-

348 11-S2 and Yam19-14-S2) were different; they were identified as D1S individuals.

349 iii) Similarly, a second large cluster was found (pink, Fig. 2), which could unambiguously be

350 assigned to a second D allele, henceforth, D2.

14



351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

iv) A third and a fourth smaller clusters were found, with respectively three and two individuals
sharing one S haplotype. We tentatively named them D3(S) and D4(S) (dark green and orange,
resp., Fig. 2).

v) Rather than inflating the number of potential D alleles, we chose to conservatively consider
individuals carrying one haplotype similar to Di(S) or D2(S) as DS heterozygotes, even if the
second S haplotype was found in another cluster, so they could actually be DiD; heterozygotes
(e.g. Yam19-39 and Yam19-11 carried either Di(S) or D2(S), but their second S haplotypes
clustered together; Fig. 2, Supp. Info. Tab. 4). This parsimonious approach was further supported
by genomic analyses (see below) that confirmed three such individuals were DS heterozygotes
(Yopl6-41, Yopl6-6, Yopl6-16; Supp. Info. Fig. 2). Following this principle, we identified the D(S)
copy of Yopl12-45 as Yopl2-45-S2, tentatively named Ds(S) (light blue, Fig. 2), because Yop12-
45-S1 was identical to Yop12-54-S1, while Yop12-54-S2 was identical to D1(S) (Fig. 2, Supp. Info.
Tab. 4).

vi) For some individuals, the total number of ace-1 copies they carried was independently known
from genomic analyses (WGS, see Material and methods): Yop16-60 carried four copies (Fig. 3),
but only three different haplotypes, one R and two S. Yop16-60 carried two different D alleles, it
was a D2Ds heterozygote (Fig. 2): Yopl6-60-S1 was identical to D2(S), and Yopl6-60-S2
belonged to the tentative D3(S) cluster, which incidentally confirmed the existence of the D3 allele.
vii) Conversely, genomics showed that Yop16-50 carried three ace-1 copies (Supp. Info. Fig. 2)
and was a DS heterozygote. As Yop16-50-S1 was identical to D2(S), it strongly suggested that
Yop16-50-S2 was the single-copy S allele. Yop15-49-S1, which was identical to Yop16-50-S2
(Fig. 2, Supp. Info. Tab. 4), was most probably an S allele too. Consequently, as Yop16-49 carried
a duplicated allele (one R and two S haplotypes), it was the second S haplotype, Yop15-49-S2,
that was the D(S) copy (despite being isolated in the tree; Fig. 2); this new allele has been named
De.

viii) For the last three D-carriers, Yam15-41, Yam16-42 and Yopl15-3, both S haplotypes have

single occurrences in the tree (Fig. 2, Supp. Info. Tab. 4). Although each carried at least one new

15



378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

D allele, hence D7, Ds and Dy, which S haplotypes corresponded to their D(S) copies remained
undetermined.

From the 28 analysed triple-peak individuals, we were able to conservatively infer that at
least nine different D sequence-alleles (including D1) were segregating in Yamoussoukro and
Yopougon. From the same 28 individuals, we also recovered 17 susceptible S alleles (Fig 2 and
Supp. Info. Tab. 4). For comparison, only one other resistance haplotype, R, was found in our
samples, the same as that encountered in across West Africa. Apart from D1, D2 and Ds, their
D(S) haplotype identification remained however unsure. Different D alleles (up to four) were
recovered in each population and year (Supp. Info. Tab. 4), indicating that the two populations
remained polymorphic for these resistance alleles from 2012 to 2019 (> 70 generations). D1, D2
and Ds in particular, were found over the whole period, while the other D alleles were found only
once. However, it does not mean that these alleles have appeared and disappeared rapidly: our
study protocol was designed to assess the overall diversity of D alleles, but not to infer their
frequency, or even their presence over time (the sampling size was too limited, one to eight
individuals per year and population, and limited to those displaying the triple-peak signal).

Of course, nine D sequence-alleles is a minimum estimate of the real diversity of the
duplicated resistance alleles (our approach was not exhaustive). This relatively high diversity,
segregating in only two lvory Coast populations, immediately begs the question of their molecular
origins: i) could a single original duplication event followed by secondary rearrangements (e.g.
recombinations, deletions) have generated this diversity? or ii) are multiple independent events
of duplication required, one for each allele? To try and answer this question, we used two

approaches, the first one based on phylogeography, the second using genomics.

ace-1 haplotypes do not show structure at the geographical or species level.
We first tried to assess whether the different D alleles could be associated with a particular
geographical origin in West Africa. We added around 30 ace-1 S haplotypes from neighbouring

countries (Benin, Burkina Faso, Ghana) of both An. gambiae and An. coluzzii and computed a
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phylogenetic model (Fig. 4; Tamura 3 parameters G+, see Materials). This revealed no clustering
pertaining to geographical origin or species for the different S copies (whether S or D(S)). Despite
testing different models of evolution, we found that close or identical S copies can be found in all
countries, and that none of the different D(S) copies are associated with a particular country. In
fact, the only highly supported nodes are those of the D(S) clusters (Fig. 4). The diversity is
relatively low and mostly concentrated in the introns. Translating the exonic part of the ace-1
haplotypes carried by D alleles showed that all mutations were synonymous, except G119S for
the D(R) haplotypes.

Overall, we have no evidence if the different D alleles identified in the present study have
originated in the populations where we found them or elsewhere, and cannot rule out the

possibility of a unique origin for all.

All D alleles share a common genomic architecture.

We then took advantage of the bioinformatic approach developed by Assogba et al. (2016)
to analyse the genomic architecture of these alleles (copy number, amplicon size, breaking points,
etc.): we already knew that D1 and R* alleles share the same breaking points, but what about
these new D alleles? Different genomic structures would support independent origins.

Copy number and amplicon size : Twelve individuals carrying different D alleles (D2, Ds,
D4, D7, Ds, D9) were sequenced using Illumina paired-end sequencing (Supp. Info. Tab. 2 and 4;
we could not get enough DNA for individuals carrying Ds and Ds). The reads were first mapped
onto the reference A. gambiae PEST genome (Vector-Base; AgamP4.13). We also mapped short-
reads from the susceptible reference strain Kisumu as a non-duplicated reference. For each
individual, we calculated a standardised depth of coverage (pbDoCsq) for each base in a region
surroundingace-l VHH ODWHULDOV DQG OHWKR G VpbD®Et¢aahnedclde
to 1 over the whole region (Fig. 3A). By contrast, all D-carriers displayed a consistent pbDoCstqg
increase over a 203 kb region encompassing the ace-1 locus, similar to that seen for D1 (Fig. 3B

and Supp. Info. Fig. 2). For 11 individuals we observed a 1.5-fold pbDoCstq increase (1.5+0.14 for
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the duplicated region vs. 1+0.16 for the flanking non-duplicated regions), which is consistent with
a DS genotype (Supp. Info. Fig. 2). Yop16-60, displayed a 2-fold pbDoCstq increase in the same
area (Fig. 3B), suggesting a DD genotype (actually D2D3, see D(S) copies identification above).

Breakpoint positions : We further combined information from insert-size among
discordant read pairs, i.e. pairs overlapping the amplicon junction, and local enrichment in soft-
clipped reads, i.e. reads overlapping the amplicon junction, to precisely map the breakpoints of
the duplication. For all the analysed D alleles, i) the insert-size of the discordant read pairs showed
the duplication to be 203 kb, and ii) a significant increase of soft-clipped reads was found on
positions similar WR WKH 9 BEQBDNSRLQW SRslyLiténtiReQ Yor DU fhosition
3,436,927 and position 3,639,836; resp.; Fig. 3B; Assogba et al., 2016). We finally submitted
these individuals to the specific PCR test designed by Assogba et al. (2016) that amplifies a 460bp
pb fragment overlapping the amplicon junction in D1 and R* alleles. The fragment was amplified
in all 12 individuals.

Together, this PCR test and the genomic analysis indicate that all the D alleles share the
exact same genomic architecture, i.e. two amplicons only, with the same boundaries and sizes

(without any internal deletion as seen in some R* alleles, Assogba et al., 2016, 2018).

Discussion

An unsuspected duplicated allele diversity  : beyond the spotlight effect

So far, in An. gambiae s.l., the only ace-1 SNP that has been linked to OP/CX insecticide
resistance is G119S (Weill et al., 2003; Djogbenou et al., 2008; Assogba et al., 2016; Grau-Bové
et al., 2021; a couple of other substitutions have been found in other mosquito species e.g. Alout
et al.,2007a, 2007b). Moreover, it appears that this mutation occurred only once in An. gambiae
s.l. (introgressing from An. coluzzii to An. gambiae s.s.; Djogbenou et al., 2008), so that a single

R haplotype has rapidly spread over all West Africa (Weill et al., 2003; Djogbenou et al., 2008;
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457 Assogba et al., 2016, this study). Interestingly, no single-copy R allele has been found, only
458 homogeneous duplications, with various copy-number-alleles of repeated identical R haplotype
459 (R*, Fig. 1A; Assogba et al., 2016, Grau-Bové et al., 2021).

460 Despite indications of more variations (Grau-Bové et al., 2021), the only resistance allele
461 known in An. gambiae s.l. was one heterogeneous duplication, D1, also found across all West
462 Africa (Djogbenou et al., 2008; 2009; Assogba et al., 2016): this allele carries one R and one S
463 copy, resulting in a [RS] phenotype using the usual molecular test (Fig. 1). Our study showed that
464 significant excess of apparent heterozygotes in two populations of Ivory Coast could not be
465 explained by the presence of D1 alone (Tab. 2). Through a multi-approach genotyping and
466 sequencing protocol, we have further evidenced high diversity of ace-1 resistance alleles in West
467 African An. gambiae s.l., with eight new D sequence-alleles, found in only two Ivory Coast
468 populations. All D alleles carry one identical R haplotype, but carry a unique S haplotype, i.e. their
469 D(S) copy is different (similarly to most of the 27 different D alleles described so far in Cx. pipiens;
470 Milesi et al., 2018). They also share the same genomic architecture as D1, only two ace-1 copies,
471 the same amplicon size and breakpoints. The D allele diversity is high compared to a unique R
472 sequence-allele, but it is only half that of single-copy S alleles, segregating in the same
473 populations (17 different S haplotypes, Supp. Info. Tab. 4).

474 The fact that only D1 had been described since the seminal work of Djogbénou et al. (2008),
475 despite regular surveys (Djogbenou et al., 2008; Assogba et al., 2016, 2018; Grau-Bové et al.,
476 2021, Kouamé et al.,20 KLIJKOLJKWY D ELDV LQ WKH ZD\ WKHVH YDUL
477 approach, based on field-caught individuals, crossed in the laboratory with a reference
478 susceptible strain (Labbé et al., 2007; Assogba et al., 2016; Milesi et al., 2018), will only retain
479 genotypes frequent enough to be sampled, and more importantly, individuals fit enough to survive
480 DQG UHSURGXFH LQ W KiHaj@ prBdRebh ividéR siudyiny\vdliplicBied alleles that are
481 often plagued with strong deleterious effects (Innan & Kondrashov, 2010; Schrider & Hahn, 2010;
482  Schrider et al., 2013; Milesi et al., 2018). On the other hand, surveys relying on specific molecular

483 WHVWYV IRU D IHZ GLDJQRVWLF PXWDWLRQV Dild.Hhey 0aR Qnly fWR DV
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484 what they are looking for, especially when these mutations are not directly causal for the
485 resistance phenotype.

486 The last decade has seen a giant leap in sequencing and bioinformatics analyses based
487 on NGS data, which are now affordable for extensive surveys of natural populations. However,
488 there are also limitations when it comes to precisely describing (at the sequence level) structural
489 variants in natural populations, as is the case in our study. For example, in Ivory Coast, Grau-
490 Bové et al. (2021) suggested variation in the number of S copies in D alleles (i.e. copy-number-
491 alleles) of which we found no evidence: all the D alleles identified in the present study carried only
492 two copies, one S and one R haplotype. While we cannot exclude the existence of D copy-
493 number-alleles, our analyses suggest that this discrepancy may come from how the number of
494  copies were determined in these two studies. Identifying S/R copy number ratio only from the ratio
495 of allelic coverage at a single diagnostic position (here the G119S point mutation, see Grau-Bové
496 et al.,, 2021) can lead to inaccurate copy-number estimations, especially with low depth of
497 coverage (see simulations in Karunarathne et al., 2023). In our study, using the average depth of
498 coverage across the whole ace-1 gene to assess the number of copies and to deduce the
499 genotype, proved to be more reliable (Supp. Info Tab. 5). Similarly, despite indications that
500 suggested the potential existence of D sequence-alleles, Grau-Bové etal. |V VWXG\ GLG QR
501 their specific identification, because haplotype reconstruction is particularly difficult from short-
502 read data when several copies are present. We demonstrated the potential of long-read
503 sequencing to overcome this issue. We described the same haplotypes through direct long-read
504 sequencing of the PCR mix and bioinformatics analyses and with the logistically heavy but
505 reliable, TA cloning/Sanger sequencing approach. As long-read sequences become more
506 accessible and reliable, some limitations may reduce, especially for structural variant detection
507 and study (Mantere et al., 2019; De Coster et al., 2023, Namias et al., 2023, although these
508 methods are still limited for the amplicon size we are using; see Hook and Timp, 2023 for a
509 review).

510
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511 The molecular origins of D alleles remain to be confirmed, although secondary

512 recombinations are likely

513 The surprising diversity of D resistance alleles found in two populations poses questions
514  on their origin(s) in Anopheles mosquitoes.

515 Deletions/duplications are frequent for multi-copy genes (e.g. esterases, Milesi et al.,
516 2016), due to unequal recombination, so that the existence of different R* copy-number-alleles is
517 expected (note that all the copies have the same size exactly, although a secondary internal
518 deletion has been described; Assogba et al., 2016, 2018). The existence of several D alleles
519 carrying one identical R haplotype and different S haplotypes could be explained by two different
520 scenarios, as proposed for D alleles in Cx. pipiens (Labbé et al., 2007, Milesi et al., 2018). The
521 first one requires multiple independent unequal recombination events in RS heterozygotes
522 (scenario 1, Fig. 5). The second scenario (scenario 2, Fig. 5) only requires one unequal
523 recombination event, followed by secondary recombination event between the D(S) copy bound
524 in the duplication (or one R copy of a R? allele) and a single-copy S allele in heterozygous DS (or
525 R?S) individual. These secondary recombination events could be limited to the ace-1 sequence
526 or much larger (up to 203kb, i.e., encompassing all the genes embedded in the duplication).

527 In Cx. pipiens, both scenarios are probably at play: both D(R) and D(S) copies differ
528 between some D alleles, which is expected in scenario 1; however, many share the same D(R)
529 copy, and the D(S) copies are found as single-copy S alleles in the same populations, a pattern
530 expected in scenario 2 (Milesi et al., 2018). In An. gambiae, all D alleles (as well as R*) display a
531 strict structural homology, i.e., the exact same boundaries and breakpoints, which would require
532 frequent and precisely localized de novo unequal recombination under scenario 1. While Assogba
533 et al. (2016) did find a harbinger transposable HOHPHQW RQ WKH T HQG RI WKH
534 evident that it fits such recurrent recombination events in the same genomic area. Therefore,
535 scenario 1 does not appear to be the most parsimonious. The diversity of D alleles we observed
536 was more likely to be generated by secondary recombination events between S copies. Single-

537 copy S alleles with close haplotype sequences are found in the same populations (Fig. 2), further
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supporting the hypothesis that the diversity of D alleles was likely due to secondary
recombinations, but the lack of geographic structure tends to weaken it (Fig. 4). To confidently
evaluate those hypotheses, complete haplotypes of the duplicated alleles are required. This could
soon be possible, with the improvement of long-read sequencing (but for the amplicon size, see
above).

Nonetheless, both scenarios imply a high recombination rate in this genomic region, as
these alleles are fairly recent in terms of evolutionary time: OP and CX insecticides have only
been used for 50-60 years to control An. gambiae s.I. population; resistance was first reported in
WKH ODWHDUQO\V Eli§sd et al., 1994; 17*XHV ®8RIQ2003); the first reports of a D

allele are even more recent (Djogbenou et al., 2008).

How is the ace-1 resistance alleles diversity maintained in the populations?

Several studies in An. gambiae or Cx. pipiens have shown that various resistance alleles
at the ace-1 locus conferred different fitness (e.g. Assogba et al., 2015, 2016 in An. gambiae,
Labbé et al., 2007, 2014, Milesi et al., 2018, 2022 in Cx. pipiens). For the homogenous duplicated
alleles R, a larger number of copies (e.g. 5 vs 3) confers both a higher resistance level and higher
selective disadvantages, although it does not follow a linear pattern (Assogba et al., 2016 in An.
gambiae, Milesi et al., 2022 in Cx. pipiens). These alleles appear to be selected in areas exposed
to intense selective pressure, the copy-number-allele diversity is potentially being maintained by
small insecticide treatment fluctuations (Assogba et al., 2018). On the other hand, D1, the only
heterogenous duplicated allele known before the present study in An. gambiae, has been shown
to confer a phenotype similar to standard heterozygotes RS: it provides more resistance than S
but less than R* alleles, and less selective disadvantages than R* but more than S (Assogba et
al., 2015, 2016), as observed for D alleles in Cx. pipiens (Labbé et al., 2014). These alleles are
selected for in areas where insecticide treatments are moderate or fluctuating (Assogba 2015,

2016, Lenormand et al., 1998, Labbé et al., 2007, 2014, Milesi et al., 2018, 2017).
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564 In the present study, in all samples except those from Yopougon in 2012, the resistant
565 heterozygous phenotype was more frequent than the susceptible phenotype, and the frequency
566 of [RR] individuals was very low (maximum one individual per sample, Supp. Info. Tab. 4). The
567 overall D frequency remained globally stable from 2012 to 2019, despite a slight increase in
568 resistance (binomial test, p = 5.5x10'! and p = 2.4x10* for Yopougon and Yamoussoukro,
569 respectively; Supp. Info. Fig. 3). As the response to change in selective pressure is usually fast
570 for resistance alleles (even seasonal; Lenormand et al., 1999, Milesi et al., 2016, Milesi et al.,
571 2017), it suggests that the insecticide treatments did not change much over the period of the
572 study. The higher frequency of D over R* among resistance alleles and the persistence of S alleles
573 atrelatively high frequencies, further suggests that these populations were exposed to moderate
574  (or fluctuating) treatment intensities.

575 We found nine D sequence-alleles that differ only by their D(S) copy and up to four of them
576 have been co-segregating in the same population over at least 70 generations (Supp. Info. Tab.
577 4). At first glance, these alleles are not expected to confer different resistance levels. Previous
578 studies in Cx. pipiens suggests that the intermediate resistance level displayed by D alleles
579 depends entirely on the association of an R and an S copy (i.e. one carrying the G119S mutation
580 and the other not), but not on the sequence of the R or S alleles captured in the duplication (Labbé
581 etal., 2007, 2014, Milesi et al., 2018). While D alleles are clearly selected for over the S and R*
582 alleles in conditions of intermediate selective pressures, the D sequence-alleles found here are
583 expected to be neutral in terms of selective advantage. A first parsimonious explanation would be
584 that the polymorphism observed in D alleles reflects the rate at which new D alleles are generated,
585 i.e. the duplication rate - genetic drift equilibrium considering scenario 1, or the recombination rate
586 - genetic drift equilibrium in scenario 2. In such cases, the diversity of D alleles should be similar
587 tothatof the S alleles, and their frequency spectrum should also be similar. However, the diversity
588 of the D alleles is lower than the neutral expectancy provided by the diversity of S alleles found
589 intheexaFW VDPH LQGLYLGXDOYHDR WROKLYEWXDSOOH DOOHOHYV I

590 nine different D haplotypes over 29 D sequences, but significantly more S haplotypes (17 different
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haplotypes over 27 S sequences; binomial test, $ = 4.5, df = 1, p = 0.03). Similarly, some D
alleles segregate at a much higher frequency than the S alleles (Tab. S4 and Supp. Info. Fig. 1B):
for instance, D2 and D1 were found 11 and 8 times, respectively (relative frequency over all D
alleles = 0.38 and 0.28, resp.; Supp. Info. Fig. 1B), while one S allele was found five times and
the second most frequent S three times (relative frequency over all S alleles = 0.18 and 0.11,
resp.; Supp. Info. Fig. 1B). Our limited sample size (1 to 8 D carriers per sample) and the fact that
we captured a D2D3 heterozygote (under panmixia fp2ps= 2fpofps), further suggests that the D
alleles captured in this study must segregate at a higher frequency. It is unlikely that the D(S)
copies would be a random sample of the S diversity, considering that our discovery approach was
meant to maximise the diversity in D alleles while not affecting S allele diversity.

It appears that the observed diversity and frequencies of D alleles are probably not the
results of neutral processes only. How could selection contribute to explaining the persistence of
D resistance allele polymorphism at the population scale? In Cx. pipiens several populations are
polymorphic for D alleles (Milesi et al,. 2018). These D alleles are associated with various
deleterious effects expressed only in homozygotes and independent from ace-1 (Labbé et al.,
2014) and they complement each other (each D allele compensates for each other's flaws, so
that a DiDj heterozygote is fine; Labbé et al., 2007, Milesi et al., 2018). Simulations have shown
that such alleles can be maintained in the same population by frequency-dependent selection
(Milesi et al., 2018). Gene duplications are extensive structural rearrangements that are known to
be largely detrimental (Schrider et al., 2013; Katju and Berthogsson, 2013), whether for structural
reasons (e.g., gene disruption, deleterious mutation hitchhiking) or in relation to gene-dosage
imbalance. It would not be surprising that similarly detrimental D alleles, that could complement
each other, might be found in An. gambiae s.l. too. However, D1 was not sublethal when
homozygous in lab experiments (although less fit than S in absence of insecticides; Assogba et
al., 2015) and this frequency-dependent selection among D alleles should last only until S and R*
alleles are eliminated. On the other hand, S allele frequency remained relatively high and globally

stable over the whole period of the study (Tab. 2, Supp. Info. Fig. 4), arguing for a complex
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balancing selection situation, as was observed in Cx. pipiens (Milesi et al., 2018). A definitive
approach to assess the primacy of selection over neutral processes in the observed D diversity
would require measuring the fitness of these new D alleles, either by establishing a mosquito line
for each of these alleles, introgressed on a unique genomic background (e.g., Labbé et al., 2007,
Assogba et al., 2015, 2016, Milesi et al., 2018) or by monitoring their dynamics in the populations
over many years (e.g., Labbe et al., 2009, Milesi et al., 2016). Both require extensive long-lasting
effort. By revealing the existence of this unexpectedly high polymorphism of D allele in An.

gambiae s.l., our study represents the first step in that direction.

Conclusion

Altogether our findings highlight the relatively high local diversity and frequency of ace-1
heterogeneous duplications implicated in the adaptation to OP/CX insecticides in Anopheles
mosquitoes, particularly when compared to the regional uniqueness of the other resistance allele
(R). This diversity likely results from frequent secondary recombination events between single-
copy and duplicated alleles, not only restricted to ace-1 but potentially involving a large portion of
the 203kb amplicon. Our study supports a role for selection in the maintenance of D allele
polymorphism in the populations, but further investigations are required to better assess the
relative roles of neutral processes and selection.

More generally, our study highlights the challenges that must be overcome when analysing
large-scale structural variants (SV). The last 15 years have seen an increase of interest in the
role of SVs in the adaptation process (e.g. Wellenreuther et al., 2019). Gene copy-number
variations are a perfect example of genomic mutations that are particularly arduous to investigate
for technical reasons (they are mostly just more of the same sequence, all mapping together on
reference genomes), but also because of their often multi-allelic nature. For large-scale segmental
duplications, our study of An. gambiae s.l. clearly demonstrates that both the number of copies
(R* alleles) and the specific sequence carried by the copies (D alleles) are relevant to understand

their evolution. It also showed that the study of copy-number variations (CNVSs) is prone to
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misinterpretations with rushed approaches (as both the number and the nature of the copies can
affect the phenotype).

These large genomic mutations are frequent and ubiquitous (Emerson et al., 2008; Itsara
et al., 2009; Reams et al., 2010; Langley et al., 2012; Katju & Bergthorsson, 2013; Schrider et al.,
2013, Remnant et al., 2013, Mérot et al., 2020), they played a decisive role in the evolution of
living organisms and are still determinant in the adaptation process, even at the micro-
evolutionary scale (e.g. Kondrashov, 2012 and references therein); therefore they are worth the

painstaking endeavour to study them.
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