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Abstract

With more than 100.000 extant species, Mollusca is the second Phylum for number of
species after arthropods. Molluscs are abundant in most marine and terrestrial
environments and some species have adapted to live in extreme conditions. Also, this
taxon shows a great diversity in term of morphology, size, complexity and behavioral
repertories. All these features make mollusc species excellent candidates for studying
evolution. Nevertheless, few comparative genomic or transcriptomic works are present in
literature and most of the biological questions investigated so far remain unexplored in this
Phylum. In addition, most of the bioinformatics tools required to analyze High Throughput
Sequencing (HTS) data are optimized for model species, making the investigation of non-
model organisms far to be straightforward.

During my PhD, my research activity was twofold: | first developed a pipeline specifically
designed for the annotation of transcriptomes in non-model animals; then | used RNA-Seq
data to investigate transcriptomes from mature gonads of R. decussatus and R.
philippinarum (Bivalvia, Veneridae), focusing my analyses on the evolution of sex-biased

genes and on the co-evolution of mitochondrial and nuclear genomes.
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+ LK 7 KURXI KSXWB HTXHQAQ) IRUMNG. 1Q)J
HYROMRQ

7KHGHYHOR SAHIQW 7K U R XGHKBXMQ F+ D& F K D Q JHGP S O HWWKHD \
ZD\RIGRL @R O RUHNVMHDELFKFHKIH UR/X\P DIH QR ZID\VFRPSOHWH G
ZLWKQHVWLPBRVRE ELO GLRRUDIGY \HDWMZRU®DUJH
WHFKQR Q@R $IUFRDYH KIDYBHHRD G HR G DA7 6K D YGU D VWUIFRG RPN G
FRVIVQY@LPBYIIHSBQW IRYEH HERHYHO RRIS®/ L MKMH TXHQFLQJ
D Q @ KTHX D COLQVA H Q RWAKKUHH D B B YEIH HQD S LIGQOAU H DV BO HG D
)RQV HFMD O $VD FRQVHTXHERHD LBDR PSS O BIMGR P ID\D G
WUDQVFULSQREPHMIRVFLHQIQ B W S UH F H HRO@WMAIB D WD
DY DL ORP@EXH GLOAW D E VKB W K6H T X H GHHD G U F K L&54 R W K H
7UDQVFULBKRRRBVY HPEDES KWWS ZZZ QFEL QUDFG QLW URQE
PDQSURMBEBRWQFUHDMKIXPERWDMHTXHQFRIRIG[D P S MWW
WKHQRPH. 3URMHFWDEOQRWKHH&HQFLQJYHUWHERQRAH V
_.RHSIOL HW DO
7KHD Y D L O DREIMOKLKAK\ 1D P R X @ WG D WDID O RZR/Q Y H V WYLLIIDW/BIR® O \
ELRORTXHNOHFEO UHQ G HHIBU XMHIGH FRO R B\QHWIRRQVHUYDWLRQ
ELROMRNGLRP HGILFHDERUHR YHKSIRV VL BLBR WS DIHQRP R Y
WUDQVFUKSWSPRVRXPSDER Y R O X WE RRYDRKR R VWEHIRSH U
VHTXHQBISSURDLMKVSRVVLE@K Y HV WELRORHT IXFHDVOV DRI\
HYROXWWRBDBMVKRZMLIXUBLIIHYHEPMWK RGBS SODWG
GLVWLYQRGMX WWR PBUR Y LIGQ DL K RE&/H HBH YUHHGD D W ILR)GIWVAKILJSR D
VHHR B [DP S ®RML WK O WRLFURHY R OXMAKRIXDLYAR ML Q
FORVHO\ UHODWHG VSHRBDHWRU ISRSXODWLRQV
*HQRPBY®UDQVFUDSWR A H WIRIUXALDWOR XRBW X GHYRIO XWLRQ
DQG& KH\WBDUJIKHOHIRSK\ORIJIHDEWQFPWHRQ Y HVWAHDAMHR SPHQ W
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JHQRPMWUXFWXQOWMU QBWLFHRJIXODWHRWXIR BNRWHLRYL O\

H[SDQVLRQ FRQWUDFWLRQ DQG JHQH JDLQ ORVV DFURVV W
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$OVE\DQDO\]W®W®B D WHS UR WHYLRYO X W LRICF BIDMA X DAY Bl YR H

QRQV\QRQWRXQRQ\PRXEVW L\VEX WLERUDS R V V IVERHHW BB B/L G O \
HYROYHQHNQ BV W L mMDWRIQ W U LFEIR IV W R/QH DG FDQLBRIQ HGWLIEQN

WKHYROXRVGRQ HWH QW D)JRHWA [DP S QWKHD O F X OFDIW L R3BPU R P
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WKRXVBQEQHWDPPDRDVKRAMKWWAHD QD WIS URWHIRD XWLRQ
UDQJEWWZHHQ QG &KLPSD@HTHXHQBIQBRQDO\WRYVRUWLXP
DQWKDERXW  RIQRQV\QRQ\PREWW L IVXMH RRYENG
SXULI\LQJ VHOHFWLRQ
$PHWKRIGDMS UH VBIRMWHREIH D N W K% R X Bk O R UW DHB'OL
DSRZHWSHURWRA Y HV VELLRIDRHY ¥ BIEON. & SHFZ KM DHHQRP H
UHIHU H@ROW DL OB ERHLIGRIRU P DWR RBWK D Q WHILXHD B i
DEXQ G DDKLHID VI UH DS DR QW KW XRSIH Y R O XWLLGREW\F RP PR Q O\
NQRZQKBFWDQJHW SDWLR WHRSRUDWHVBIORR FUXFUR QB
DGDSWYRIDXDMRUPH VS R QRIGEY H U JIH®HFWH O R SPIHQUAHERID

,QDFRWW KR QJRIRWWRZD UGH IHUH@HBYHVNYREHWZHHQ
F O R VDO DWBHE LIRVH [DP S ® R VRMW K$K H Q R VB\ISIILIF U HEGHRMHAM H Q
KXPDRQGKLPSDQPHHMM SODIEQAKDQJIHBURWEXYBWEH U
GLIIHUHQFHYHHJ X O DMRARHIRD O 7KHWVDPHD\PDOBWYG
|HP D OV DD P RVKWD PHH QR PBIQ & KGIL I I HUH@FHWRNWH[XDO
GLPRUSBQWGM KD YOLIRAUKUHH V R D MQ MWK D WSIU H | H U HIQ[\S U Bl OLEH G
RQR IW KRIW KH[ (OOHJ WD VFK )R WG H W DG& IOHRX VOVELRYQW L V
WRSLF VHH &KDSWHU

evolutionary time scales

targeted sequencing: UCEs

targeted sequencing: exome

|
RADseq

| | 1

J)LIXUH $SSOLFDWLRQ RI GLITHUHQW KLJK WKURXJKSXW VHTXHQFLQJ F
HYROXWLRQDU\ WLPH VFDOHV GD )RQVHFD HW DO
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7KH IP SRUBGFH R DQIP DAQRQ P RGHOVSHAHY

'KLORVRPWSHFDI®WUJPMRXRMWHTXHQGED@I Y DL ODWRHKEOLF
G DW D E PWKHAODY H Y HOUDHRIG D WREDZ L GUHD QR MV D [ W KLHQUWHEUDWH V
RIS UL P DDAPH. CKLDHV H Q R RJHH | H U HDQREHD P P DIDQH Q HD DEBH O O
FKDUDFWRQWKHR QW UBXGD VDD B Y D L OIREHS WLQBRSKLELDQ
ZKLEHUBDYBHHQHTXHQFERGH[WHQVMXN®\UIHFHQWOWHJUHQ
2 QW KRIW KKHDUQ B X W WLIBUHW H E\UHDTWKHHIVD G DGRID HD UU RPH L Q J
UHSUHVHRWDQWRMIEY HUWKWMHIRJHIHUHBGRPIHRDERXK VA |
W KLHD V HRFMB HOUQ/B X F 10 H \G\D WD Bl Y D L Ol RIBOHLHY H U W H\ERHRW H V
H[DPS'XK®Q 5\DQ 7KHUH I\W KHLR/IWH T X H QOFGILGADEDL. U H D W O \
ELDVWRZPRG NG H F LYHW W H E&/RRNHHAW VFCHE BSAH OV SHFLH V
XVHIGRDJIULFXOXW)SRYKMYDRNLQIRUPSBWHRQREHNYSDELWRWLHYV
LQIPDQELRORTKFAN®D Q&R D W KHN XFEH Y R O XD ERIGED V IR@
W KLHQ Y H VW RIDOALIPR@XPE R IV S H F LLHHV X RWWB@®IJHQHUDOR]DWLRQ
W KVHW X GPLHHRK D Q IDVPGA@ O L P L WRORWWERP S U H K HIDERWRWBD WW H U Q V
RIHYRO X YWIGRHHE B UNRQRQ PREMHID Q LRIMHBY FODL@HDJH VSHFLIL
IHDWXVMNFKDV IRULQVWD QB SWDWHRGIDLQ O RVNGIHQH
QHRIXQFWLRQROH[DP/SIGRHWH T X HQRIVPKID FLMHFDRRVHEHU U\
30HXUREEBDFKHERQR PAH VRV KH BW H Q R KRGV F U LLBHAYRIID\H G
W KBIEVH Q@AH2; JHQHDAZH MIF O D V\VQHEPOR W U DEDM K WEKN WY
HY LG HOQEH H VW KIBWHW H Q R SKHRUWDWW HPR OY®IGH S H QIGHRE@W O\
WK DQR W KBIQL P DORU R VD O 6LPLODUKIMHQRARHWKSIULFDQ
FRHOD F/DWWRHAKDD X PQB¥H FE B G 1HMWH QDY GHIXOBWRPNQW
LOQYRQQHPE XQDLYWEHYHORKRAHQWDHDE UDRQRBOIDFBURWYLGLQJ
LQVLLKQMARU W HE YR QXDNLEDON HU WRUD DYEDNELCRIH S RUWRPA
NHVLQGLRBWDUQRBHTXHQRLIXRQ P RWGSHF L IQRUGWHED YD
FRP S OGIDVRG V R DASKHHY R O XMW@ BF HV WORIWEBID S LWK TXHQFLQJ
G D WIDR W K®IH DWHAS U H V W@VHKGF O R E,.0DOY HUW MIE Q R ISFO/O LD Q F H
**$ LWRYLQONKGLUHFWFR@RPPXQRWWLHQWMMY®/ V
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9RROWW®DD DLPLWREWDLQEHWZHHQRPHYWUDQVFURSWRPHYV
QRQ PRGHO LQYHUWHEUDWH VSHFLHV

2 QW KRHW KKHDUR BRVX VEAHK L J K O L WKKBRMGN RQIR Q P RVGSHHTE L RVW H Q
IDWRHVWUDLJK W, JRWZIMEG) D OW K®D UJPRR XRWD WRP L QUR P

+76 ZHQHHBLRLQIRUW R RDFAMUGH V L J QHD/ DIQ@ SWLPLRH G
PRGMOHFISHOWRYVVHPEWKAKIR OHQRMRHNV UD QV F ULINSQERRHU V W

V W HSSF U L WELRALISKD Y LIUR RBQ Q RW DXMQ.GRMP HRWOQBGRZQVWUHD P
DQDO\RDQRIWKBQQRWBWWR&&HGRIDDUBDVHEVHTXHQFH
VLPLOBUQRHR VRW KHJ R VRIIDQF O H R WLGHHQ RHIVW D EPR/BIN R P
PRGHWBHFLWKIPHWKREPRUIDGHTX DRV D [WK DWW HDVRQDEO\
FORVH2ID@FY RO X W3 RIRIMLH Z 2 WRFKS H F L, HWKIL) RWKAD V B
FRQVLG HWISEHD V. & D YHL WE W) Q RW R WO RRX D DIOMRWDWLR Q
DVD UHVXXOHW XHQBBE H @ HBK QN Q RAR W BU®'H UER P P RQQ
GDWDEDVHV 7KLV LVVXH ZLOO EH GLVFXVVHG PRUH LQ GHYV
$Q RWEKMIR U B/MLAOMWV KGH W H RWRLLR/DK R QIRIJRRW W K RDBRRR/G L Q J
VHTXHQWKBWRO YHE® FRPPRDQFHVWHIDEQ G LY H UD KB U

V S HF L DHWLHRQIY! H U RIUQVK RLO/R BH Q WSLRDLQRA R P S D U IWIDYCH V H V
ZKLFKQVXUQ@XQGDPHAWH® G HYXORIO X WKLHRIH PID QP H W K RISWY

G HW H FRWIVDK REOXRM V HIQQV KEB VR R VRMW K HPUBD V HRGV HT X HQ F H
VLPLODWKMUHZRKHIZHFRPSDUSIHFIZHWIK\ORJHGHWWPRFHYV
KXQGURGPMLOOLRRURQOILIKPR QV HURUMBK R O RH @ MAL EM

LG HQWAK L V& RW KD WRR UYD U L IDE0GH. NRHROULHQ W H U HRUMKIHY X G \
RIHYROXWILERAG LV F D UGRIB KBIQD O\ WHKS R L ME &G LV F X \L\DH G
&KDSWHU

7KH WM R/ L P S\ORHD X MRMRKHS/AHR E OCHEPRAW\KMHN XFGQ R Q P RGSHHAF L H V
EXWQLQFUHD®MDLO®EWE G QP SOHPHQRVDIRLLRQ R WHARIRKDR/F
DOOR B UR SHRP S D U IE\HRVY HHHQY WD RMBVQHFHVMBRUWD FRPSOHWH
FRPSUHKHQVLRQ RI PDQ\ ELRORJLFDO ILHOGYV
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Genome-wide phylogenetic analisys resolved
the position of turtles within animals (Chiari
et al. 2012).

Chelonia mydas and
Pelodiscus sinensis

Duplication of genes involved in beak
morphology in response to predatory life
style (Zhan et al. 2013).

Falco peregrinus and
Falco cherrug

Accumulation of transposable elements is
responsible for most of the 100 times larger
genome size of spruce compared to other
plant species (Nystedt et al. 2013).

Picea abies

Missing of HOX genes and classical
Mnemiopsis leidyi and  neurotransmiter pathways provide insights
Pleurobrachia bachei  into early evolution and neuronal system

development (Moroz et al. 2014).

Gene loss associated with vertebrate
Latimeria chalumnae  transition from water to land (Amemiya et al.
(2013).

Gene duplication of opsin undelie visual
Heliconius melpomene  complexity (Heliconius Genome Sequencing
Consortium, 2012).

Expantion of genes involved in protection

Crassostieaa/o0s against heat and stress (Zhang et al. 2012).

Insights into genetic innovations, emerged at
Petromycon marinus  the base of vertebrates evolution (Smith et
al. 2013).

Expantion of gene families related to hypoxic
Bos grunniens stress in response to high altitudes (Qiu et al.
2012).

7DEOH ([DPSOH RI NH\ ILQGLQJV IURP JHQRPHYV DQG WUDQVFULSWRPHYV |
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'LWRKRUWKDQ  H[WD/GWF LOHRO O X\WWRMHFRQKB\OXRQXPEHU

RIV SH F IDHWBIWW K U RSIRG 8 U QDA 7KLWD|[RQ LJL GEHWRIGH

&D P E U DI R Q W BIILQ K\WV DFGD/D V \PHL\WY D &HISIK D O R SIRGDU R SR G D
6FDSKRSRBRRO\S O D FRIRRRIDO D F REBSIXRWMDI R YIHHQSRIDHQRJIDVWUH YV
7KHVEDDVVKRBIJUHBWY HUL\AN WRPP RUS KR @R R P S O HI IQWB\
EHKDY LIRHUUDHUWIRUKHWO RO O XVFRE X QGD@® WU LRO® HUUHVWULD
HQYLURQPHEWRP HV S H F LFIVQO L YLHQH [W U HPRIQ G L WL REHY V

K\GUR W KHUP®@RP iR IV S H F DHWQ Y D VA IYMIHEHH E XV VHIOHL YV VHQD
SRO\PRUWKBWXVHYHW DRLOORRRO RIHPARQREGDPDIAKLOH
RWKBUWHFWHRRIG V'V HDIVGI&D U D V ). XWHWK H WPRRRUBL Y D OR WAW H U V
FODPRXVVHQOBVWUR DE®WD RIXHHERQFIQGEHSKDORSYRBNVG
REFWR ®QEXWWOHHBUKDMBWP SR UVWRRGRX UFRUOGZLQHBEO O\

R W K\HSH F DHMVBIO VR S R U WRIMOKWS IULR G X RWSLHROQU\W W IDIQWB K H O O V

)R UD OVOK HV H D V RRIRO O XD/FE | X Q G D P HERWP® QR IQMV K H D IQHEV
DTXDEXOWXUH

JLIXUH $Q H[DPSOH RI WKH JUHDW GLYHUVLV$\ *DINKKEIXY I KWHD BRWOXMFR REBOO X V F |
% 7RQLFHOOD3RDQHDMNR S&K&RHDR IEG H WU FDBONILDHQLD DUGRQWGRIRIDVWUHV
BHSLRWHXWKLV&WIS & DROLRSHER W D O)LV  YBFDMIKRISR G D

Introduction 8



%HVLBKHER QRPQBFRORUIPSRO WHDRFEGOWBR R G HRUW X G\LQ J
EUDIRQJDQL]DOMHIROROBERUDQE\HGHYHORSPRBPWSUXQDU
'DQQLQJHU2JXUWDW O +RFKQHWDQ]PDQ 7DPYDF BINDLY

&RQV LG MKIHLIH BWY HUWK@XPERW SH F LINY® K HIQF L KWW R U\
PROOXKEYBOWKHI DWXWREWIRREGD QG L GIRWHWXG\HYROXWLRQ
QHYHUW KWMIOBAWEL G HOQ G HUUH S URZK QRMRE HIUHIQR P GIWY D
OROOXDPRQWHWD]RMW KK\ O XA WAKK®IR Z FADWE HRY Z HBIDF VRL R Q
VHTXHQFHG JHQRPHY DQG QXPEHU6RKIGOI® FHM HHIX WIS HELH YV

JLIXUH 1XPEHU RI GHVFULEHG VSHFLHY DQG IUDFWLRQ RI VHTXHQFHG JHQRP

,QGHR®O\JHQRPHNUSXEOLVRID® QW KBDWUWRRWHSUHVHRWDWLYF
WKBK\ORJHGHWHBVLYFHYRXWIHLIRWDVWHDWRRUHIHUHQFH
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JHQRPI$Q VW KIHY D L OFDFECMKH/E@ R P BIVHH W\D U L R BAOHHURPIV X D O L W\
DQGERPSOHWMDHEOHKHLUNBEHDVVHPEDB G ZDWKHRPSOHWH
JH QR ARHW K3D F LRI F W&HUWD V V R Y MOUDEYEl D Gl O IRO O RAWE H
JHQRPHM IRXBRWKEUY DO BH® FW DXCGAD WDWLOMWO ORSURYLQFLD
3DWLQRSHFWWHRG (DQEFUHLVVIBRD\PRUSKPDVWURSREWLD
JLIDQWBW HYOKGD WO\ VDO L | R & R QRIVU L EEMGID X U L F X00PAJ L D
%LRPSKDIODEUDWMDQAHSKDORSR® XV D F X 0 REGEHNH W OQ
$OWKRPXJIAKP RUWUD QV F UG BWRB WD L OP@GE E GIDFVDEDVHV
IHZFRP S D U DWULDYQHV F UZ S WHRB & B H V H@AMGIL W H UDIVB RWRMW K H
ELRORJLFDO TXHVWLRQV LQYHVWLJDWHG VR IDU UHPDLQ X¢
I RQVKRIQKD QQ X FOHDQR PBIWHD W RPHL ©K D U D FWHLR QKX V F D
RQWKRWKKDQ®LWRFKRQHQURPIPRW'1$\WKDYBHHPRUBHHSO\
LQYHVW LPIDWWEBX VL @D QJIJNH TXHQ BIXEK W X GUH YH DMHYG UD O
SHF X Ol D W XFJRIF/S D WWHRER VOH W D ] RDW R F K RIHEWRIARIP RO O XV F V
FD@HS D UW L FXO0UDIBON E K D Y HDBW L D MQHRQFR Q W H QWHUHR)V
ERWKQMDLIQORVV2DOG@RUGHAUWRPPROH RWMHDUUDQJIJHPHQW
% U H WM REO $OVRROORWFE1$WUM \LFB®&DVUDFWE\KL HG
V X E VW L WDMIHOREO D UIILHD FVRILGRRQ FROHQURXQWDVVLUEBIGRQV
85V ,QDGGLWXRQ TRHF KD QRYPL W R F K RIQIKUHUDLOMDIRXHL ®
a ELYD@SHFLHXW PDIQW O DQGWLEGBGLVFXMV\&RIH[W
&KDSWHU
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Assembly length / Estimated

Species #sequences N50 Technology Coverage BUSCO
genome size = % assembled

Octopus bimaculoides 2.4Gb/2.7Gb = 89% 151674 475 kb Hlumina 92 73.8
Crassostrea gigas 558 Mb / 890 Mb = 62.7% 7659 402 kb Humina 100 82
Mytilus galloprovincialis 1.6Gb / 1.9Gb =86% 2315965 1067 bp Hlumina 17 1.6
Pinctada fucata 1,150 Mb / NA 29682 14,5 kb 454/ lllumina 40 NA
Patinopecten yessoensis 988 Mb / 1.43 Gb = 69% 145537 804 kB Illumina 45 NA
Dreissena polymorpha 906Mb / 1.7 Gb = 53% 1057 855 bp 454 3 NA
Lottia gigantea 360 Mb /421 Mb =85% 4469 1870 kb Sanger 8.87 97.0
Patella vulgata 579 Mb / 1,460 Mb = 39.7% 295348 3160 bp Illumina 25.6 16.6
Conus tribblei 2,160 Mb / 2,757 Mb = 78% 1126156 2681 bp IMumina 28.5 44
Aplysia californica 927 Mb /1,760 Mb = 47% 4332 918 kb Illumina 66 94.1
Biomphalaria glabrata 916 Mb / 929 Mb =99% 331401 48 kb 454 27.5 89.1
Radix auricularia 910 Mb / 1.6 Gb =57% 4823 578 kb Illumina 72 94.6

7TDEOHMHQRPH VHTXHQFLQJ VWDWLVWLFV RI
JHQRPH VLIH
WHFKQRORJ\ XVHG IRU WKH VHTXHQFLQJ
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$ QXQXVXDAP HFKDQWP Rl P MFKRQGAUDO
|CKHUMUCFH

OHW D] RD@MK D U D F WEH DV Y\HUIEP PW/OIU Q R 19U LRAFDLQVFRHF K REOG U L D
QDPH®QOMHPDOWYDQWRMWRFKRYAGUKRIIVSUZBLOSDWHUQDO
P LW R F KRRV D DE\R WR RBEY G WB\L | | H @ B'QBF U RN D U\ BB\ R
6DWR ,WVRPPR®QGFHSWHKHEBYD S S H DIUHEH S H QRESIHIMWAL@ H V
LOWKHY RO XRMLRIPD U\R WX H V \B VWU RIQYR OXWDRBYD QWD JH
X QLS D UHIKMD Q WORBRGIL P LW KB HOKEQ G R V \ P BRIV WW Y D O
PXWDWLER®NO ILN®HWOQHRPHR@EHG X AIQNH U J HFQRROR O BALW W \
8 Q VOLRW KRIQ ®I\Q R HY R O X W VRWDEEHD S WVIER (1. Q H W D JIR/D

WKRXE®QLSDUHXMHMDOWD QFVHHRXURYV IRDGHW DULIDWHLOA R
IDU8, KDEHHQHSRUWBHG VSHFIRHWHY HQPLORIBNYDPRO®OXVFV
'RQDFLGODMWLLGOBUJIJDULWLONWLGDGDGHQRLBENRQLEBQ A
9HQH U L*XIVI? DIQW O ,Q'8, VSHF WZRL VWLFRWF K RALGIH.IDIH V
DUSUHV FGIHW\ SHQ K H UK WUHREX J KD Q & KIH W\ SIHQ K H WL MUHRGX J K
VSHUPKH PEUVRS RIGH UW L O UHRMLLERRWIK S IRWP L W R F K REDQM. MD
GHYHQRINR P D @HOHW\ SH VEW J U DRSE GO XIVHBEKIHG X & WD DIHO O
EHKRPRSODRBLKFHW \ SHOW KR Q W U BVBKHP E UGRY Y H Q. ROSIFRD O H
WKHW\SH @B UHGRP LQDKHR/Q DIBQ SUH VH@ VU L DP® M Q WK H
V R P D WMLLFV V X*HK\. V HHOWD IO &R QVH T X HVQK\EGB X B BVO Bl L GEG
KHWHURSODVPLF EXW KLV JDPHWHV ZLOO EH KRPRSODVPLI
ORVWIWKHVVXBER>RWLJIJH®R O XW DY DQW D DHMA D VZ H o/
PROHFRBPKDQLRMBY DUNWXQWMQRZAQXUNKR2WKGLYVWUIREXWLRQ
'8, VSHF ZHW KMKILYDBY DY K UHVHRIWHKEMF X ®HFH D QRV P
PLWRF KR QGHH DIOWAY G B W WIHFULHRW W S K\ O R J H QHUMZHPWHKQ W L U H
IDP L ORKIVUDFWENBLHBQ WKFR QW WD WHKDOLOLZKINUB, ZDV
GHWHFWRFPGY SHFILHWMRKDUD FWEWAJH GKL RW K HEW V8, 7KLV
HYLGHRFHIXHVWDRRYWRULRI®, LI18, DSSHDROBHX U MXIH
HY R O XR\% RY)D @ VRWD L YIKQR XEOHG D WIHEER Q FR P L W BVGHHKR O XW LR QD U\
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UDG L DRVMDRWR OD P HO OD BUKEE BKQ RUDUGRY L DLW KEMFXOLD U

L QK H U L RWDRXFHD \ ¥ R XKODGY EIH HOX EVH T X 6 RM@D QWD [BRXURV
2WKHUZ& VAR X OB YEH HRU L J L PID\VPW G PGIX'U MQBHY R O XRW L R Q

%LYDAYWHREDVRXOWDGGHSH®REHQRDIKW S ®RP NR RW

HYROXWDR YD QW DRIHRW FW LURRQEHY KEPY FKD Q L §®L @ HWKK H

K\SRW KRIDR X O WH BB bHJHRIBH DY LURDUA ZIDQ UR S REAH@L O Bl QL

DO DF FR U @/RDKWK H FPUWL UKR'X R B YIHQ | H FMWRHPGR LW R FKR QG UL D

SURY LW K®IUJD Q HZQ ONHKIHE L WMBW\RGE JUD GDWPE QDR GQ YD G H

WKH JHUP OLQH
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J)LIXUH 6FKHPDWLF LOOXVWUDWIRWRPRQWHFKBQYMPOL

7K HF X ODWRIBH VS HF L MWK H U B RDHW X BIBVCH U R SROFDV'RL'$
L@ DO HVW\ DB W\ IH QR PBHIVHH G\L I THU® 8 WXHQREP L @R LG
S GLVWDIFIEHF R U QLRDKWS H F LH\WOKR Z BADVD XHIV\ W L Od G V
KLIKHWYWQLRQXSGNR DQGLWIKWHUPMDBODW¥HQHUAGYV
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=RXURV 'RXFHW %HBDWS®Uq $OVELIIHUH@HMHR Q WIHDWV
JH QRIU GIHWHR P P REH W Z WH@IZIRRW ' 1 $'8 D U W L F X\DHDFURIEXGSR W K H
JHQFR]2 ESORQWHKUWKRIULIUERE2ZDRX Q@VKHJIHQR ARH
OXVFXOVUM@IORXIYDDVDPR@WL 6LPLOBMKMW\SIHHQRPRWN
S8QLRQUGREMH[WHQRLRQ FRGRIWKKHQBWKHR[JHQHUHWRQ
HVD O ,QWHUHV\AQSOL FRIWR RDD VG HWH PWMES XGLWDSHV
SKLOLSSLEODWXR) WKH ) W\SH JHQRPH

)L QD ©DW R F K RIGIQRIPROS , VS HF RHWKIU RASWHH D GIIU@P BVW K
XQNQRKRPRORDEXQFWPRRDQVORFDWMKSQDVVLIEMHIGRQV
85VW\SLFEIRRVEL Y DPW HL $V HBIL O BHAWLO 25)DQXHURX QG
ERWKW\DDEW\SHQRPRIVHYHBDWS HF DWW K BUFKD UDFWHUL]JHG
E\GLIIHOHQWDEGBRVLWSRQ YK RY6)B Q¥ HUHQ L WALRM@\OLGHW H G
QRQ FRGUKHI R VBHIRGKIPWOMHQ 31 P DDH D QXD \G HW H E@/RIGD G V
RI9HQ XV WD FRRQGKSV IO R BPIH] VSHFXLOIFFRIRRFEURWHBDYV
SURSREH%B U H HRIDO ,QD G G L WMURIQ V F B LISGVWREH5 ) D Q
USKP LG SKLOLSSZQWWSRUQYRGD GGG X DOBD Q VREH OH V
*KLVH@®L OLODELVHOQKQ HOIW®R 7KISURVBBEQ ZDV
GHWHEWHGW HRUOR ER Q | RFFIDKWJ RVEQRQ DY BD UWPEU\RV
ZHOLODQL *KLVHOOL ODXULJLL HW DO
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— Solemyoidea Mytilidae

— Nuculoidea
Nuculancidea
Mytiloidea

F Arcoida
i Pinnoidea
Protobranchia s
mnrg:giedaea r— Unionidae
Limoidea
’ Pectinoidea
" 2 r— Unionoidea
Autolamellibranchiata L— Trigonioidea - Hyriidine
Crassatellcidea
Carditoidea
Pandoroidea
Cuspidarioidea
Hiatelloidea — Margaritiferi
Lasaeidae
Lucincidea
Galeommatidae
Pholadoidea
Gastrochaenoidea
Tellincidea
Chamoidea
Cardioidea
Solenoidea
Mactroidea
Dreissencidea
Myoidea
Sphaeriidae
Vesicomyidae
Corbiculidae
Arcticidae
Veneroidea

Donacidae

Solenidae

Veneridae

JLIXUH 3K\ ORJHQHWLF GLVWULEXWLRQ RI '8, IDPLOLHV ZLWKLQ %L
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$IP R WKLV \KH\Y

0\ UHVH DA LDVAKY VW X GHOIW ZRIT RGP RUHHQH UWLNWOR WD U W
FUHDWLKRIPSDUDWDRDFHZRWBNQDOWH6 GDWOORQ PRGHKFLHYV
ELY DRORYGHIO A \VFIVU W L BKKBRIWMKLIHW RV M X FIKHW KR G R U R/JUDAERNBX U H
VWXGIKHY RO XRAIWRRLYDOYHFLHXGLW BHHEXVVDYENGLWDSHYV
SKLOLSSL@DUDXOMODMHULIEGDKUH RFXVIRQYHI[ELDVHEGQ HWQ G
PLWR QXFOHDU FRHYROXWLRQ

JLIXUBXGLWDSHV GHFXNMWDWOIGNDSHYV SKLOUSSKQYDUXP

'KLOB GHEXVVYD®WXRQRZIVJUR R YFHIBU SWHKAH O O3 DW MYRA/ K H
OHGLWH U DIM@XDE@ S HIDXO D DRVILES/ VS K L O L S SIDDDARMR Z0V
0D Q LFOIDD P2Q B WILYRPK L O L S SR QHIVQ & S DRO W K RXIKY K RG J
GHF XV VBRIV W R DIPECL@EA D &V KS$HU R G X RWLHRDQ RIRQAV DOS D L Q
DQG@RUWXWKX® HF HIQQW URGXGWURSHS5 SKLOLSS LOGDAJMR P
UHSODF RBH@ME XV VDIWBKS KL O L S S LRIDIUCDE X 8 YWXSRE B % R
DFRQVHTBHGDRIGHG HF XV VHRSKO D WMLKHR X W K Z H VWIRS @
IDFIWRPSDWBGGHEXVVBWXWLOLSSLBLHXRUQEGKH WILIDE W
UHDFXHYXPDWXUDWVRQOWHHVYDVWHRZLKQDBJIUHD@MREH U
RIVSDZQHYHQIWWHDW PRUH[WHQBHBHGIHULBQ® KLIKHU
UHVLVWDQFH WR GLVHDVH *RVOLQJ
ILNWRPHRWKBUYDOBHFLHVSKLOLSSLQYBKEBDFWHULSHG
3DVVDPRQ&ADOL VHMWKBDUD JUTSRK Q XV XTHF KD Q IRV P
PLWRFKRRDGHKH DIOWD B RV ER UNQW K MWK H ZDWF D U UR K @ R
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LQIRUPDADIVREDLODERKMVMKNLQRIPLWRFKRQGKH DDW®RD5Q FH
GHEXV VD WKWV XROIRAM L UV@D O \VKIR Z MK B VG H F X V VDXV,

V SHF L&K/D SWIHQIEK L V HH@®ML VR ID XV HGQ KR O O RZR (QNWR
LPSOHPRRPS DU DVQIDYHEH W Z HFHR@ JH QWS F IKKDW LR G LI THUHQW
P LW R F K RIGQAKUHLLDLEAHTFEPHD &K SW BDIQ\G 0RUHR G U PQ3IK'
,GHYHORSHGH WIS®IF L | IGH\LO TRAUBKIHQ Q RWR M/ IUP@VFULYWRPHYV
QRQ PRBDEDPDOKDSWHWKHXVHB1$ 6HTGDWDR REW DLIKH
PLWRFKROHGQRMR®5 GHFXVVDWRVGEW6D QJNH TXHQ PLAYG
LQYHVWLKNELV@REP L W R F K RLQDAKUHLLDL O KUIFSHH F LIH M8, Y\60, VHH
&KDSW I &K L V HOB@ LQYHVW\WLUDQWFGDSWDRRQ W X UH
JROD®V5 GHFXVVDW®BY SKLOLSSLIRFXXBR@WKHYROXRLRQ
VH[ ELDM\HHGH&KD SWHUD QD OVHHT X HR O U D Q V FYD S ML \RMIRHD
VXEXQRMWAKR[LGDWKRN S KR U\FORDAVSIORIGHW Z HWHKW ZR SHFLH V
IRFXVRQRLWR Q XAFOHORIO X\ DB @/ H W/ W U X F PAXZRHIBNQV KIIR X U
IROORRZKRIWAHULVFIRUUHVWEROBSHUVKREHHEXEOLYBHGE U -
&KDSWHRQKDEHH®OXEPLWMHGRPHLRORQ\GY ROXWSLHRAGLQJ
PDMRU UHYLVLRQ &KDSWHU DQG WZR LQ SUHSDUDWLRQ

$ WUDQVFULSWRPH DQQRWDWLRQ SLSHOLQH IRU QRQ P
7KH RP S OPMMAHR F K RIHIQRABHW KHJ R R YFHD® SHWM BXO0G LW D SHV
GHEXVVDWXWOYLD 9HQHULGDH
&RPSDUDWUYVH)VFULSQYWEREVYDONSHFLRMHUSLIIHUHQW
SHUVSHFWLYHVY RQ WKH HYROXWLRQ RI VH[ ELDVHG JHC
1RHYLGHIRRBIX FOARMSHQ V BWSIRRDKIHY BV F ZHWGKL I THUH QW
PHFKDQLVPV RI PLWRFKRQGULDO LQKHULWDOQFH

6KRUW VXPPDULHV RI WKH DUWLFOHY DUH UHSRUWHG LQ \
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6 KRWWXP P DUHV

$ WUDQVFULSWRPH DQQRWDWLRQ SLSHOLQH IRU QRQ PRC
7KH QW UR GRIFEMW IKRW K U RMHITKGHKWW HF X Q R D R DLIRENHGH D UWIRH U V

JHQH UDDWID PR X RUW QR FAF\W D L P LMRAN) &/ L PAK LRSSRUW X Q L W\
KD® JURXQGEUHPIDRE KWW XBARQ PREWID QLYER YOHD O

51$ 6HDQGHQRYWUDQVF URSWHRPBHBI'S U H B Y @ W X DVERXGHUR H
LQIRUPDWBRGLREKLREKQRRLHFVRXDBWUNYD UFBIEVHORZHYHU
VHTXHQBR@IVVHPBORQ QWKIH UXWWH 50 6 QD F F X UDQWHR WDW LR Q
IXQGDPHAWDIONL QRGE L R O RD RIPIDOM/QY R W BRW/ILRD®D V F U LIBRWR P H V
PRGH®JDQLVP® KHIORVHO\ VEBPMNGLWWUDLIKWDRGXDUG
JHQHUPDWKRRNVLP SOMTXHYERLODHMD WK RIRYYHUQRQ\PRGHO
RUJD Q LUPTVXR R HFR P S WHYGQ W H J B D RIFHIGGLXR IGWRQ IHHP R W H
KRPRORBRQ\EXQF W,ISRIGI VBIRIVG H O S® H L | MEKOFOXDRIUAMKIHQ Q R WRIW L R Q
WUDQVFURSQRRP RRREHID Q LWPRQ V IRV QW HJ DB RN KB W
FRPELQHVIHEHLRWQIRURWBRRWREWDLQLOWUDRERQWDPLQDQW
VHTXHQFHAs) SUHGLAVEHRQVL RISVWKBRJBEQBYWLILFYBEGO)\
WUDQVF URG QRWDW KIRRL (FF LOGH YDV HE® VRKY HTXH@ERLOD UL W\
DQ® QW KIHG H Q W L IR FFIRW VRIQGYRP® L) 8 UR WHLUQDWKMBRJIQLWLRQ
I X Q F W IDROGIROWV BVWLKBY VLI Q RHQWHUPW GHQWL RIRDWKR@ R JV
DQGDUDORDWQRWDWIKBXFOHRWYGEMRZXDOLGWQRWDQYERQ
SURWHDQYSWHG LFWHR® KEVS H B LQH D Q Q RW/KWWLDQQV F LIRISWR P H
5XGLWDSHV SKL@®LYBIOYRDXPHQHULGDH

7KHFRPSOHRMMRFKRQBQRBREAIWKHJRR YAHIBU SWHKH 6XOGLWDSHV
GHFXVVDWXYDOYLD 9HQHULGDH
OROOXINE@BDUWLELYDOBRREJI U HG MY H RWPLLWAR F K RIGIQURLPIHO/
LWHURNL]HKSVR .E DQGHDW XWKDMBIRAMR PPR@RVROHWD]RD
VXFRVKLIREURSRRWQRQ FREHJXHQBHAY JHQHHDUUDQJHPHQW\
GLIITHUH@FHWYBYPBIH GR Y SOR WHIGQLIHIQ Y. WO NQRXQFWLRQ
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25)DQVWOVRSHF X OHDWWKBK\D UDFWHU'LRIBURXQGELYDOYH

V SHF LNWVKGIR X EXGQ L S D UIHIMDIQ WD Q¥ HW KD U D J U HXIKQ XV XD O
PHFKDQLMAPLWRFKRQQKHDOWDRQHGHWHFRILBQ LVQR W

VW U DL JK VB IIRRIIZEDKMDHY HT X H D EW R F K RIGI®WRIPIHY SHF XN O Q
3&5 EDVBISSURDEKWEWLQBHN\STHO G W\SHD G [KLEOQWFOHRWLGH
S GLVWIDERYH SULPRDVWDMBPSORQRMWKHZRW'1$VLHO ®LQJ
IDOVH QHUBPWSGW KRXJED SS URDBFEHHQF D UKVOIGD QD O\V]LQJ
PLWRFKRQIGQRPIQGVUDQVFUGSWIRW B GH D V LEH W HRRVE R S\
PLWRFKRQGULDO YDULDQWYV

,QWKERUNXVH®B1$ 6HGDWORVVHPHR M KIH UWWPWKHRP SOHWH

P LW R F K RIHGURARHY KHJ R R YFHD®E S/HK\WBXOG LW BSIFXVVDWXNDOLQJ
W KSHUHVHRIBXQL TRXW ' 1% D U LLDEFDRW R O B'Q G4 P D MMM KH U HOR U H
VW U LEEDWOH U@X® U L WIPQ PHR F K RIQUB/KIME H FLHRHP LWRFKRQGULD ¢
JHQREBDWDWOVYROLGDWMHBIMHTXHQBDY B HUIRUPEGDORQ YV
VHTXHORB\PRUSEI D W U X FVDXLID® W @W K\HD P S OH\Q D O O\
FRPSDWKBILWR FKRIGI®WEEH\G HF XV VDMWWK RRIRWKHHQHULG
ELYDOYHV

&RPSDUDWILYMHQVFULSMWRPAREV. YD OWIHFLRWHUKLITHUHQW
SHUVSHFWLYHVY RQ WKH HYROXWLRQ RI VH[ ELDVHG JHQHYV
'"HV S LWKGILIIHUH@QAHWRNWH[XBOPRUSBPIQWHKDYPRO ID\Q G
IHP D OMK\D DB P RWKND P BIH Q R PAK H U H \R KD \P\B M RRIVW| VSHFELILF
FKD U D FOVMH®/N\U DI WA KHH V ROGWL | | H U HH) SAULIDVRIRBE@WR FDOOHG
HVH[ ELDNOIBYYHY LRXWNW S R UWKRE@ D QR U J D Q LMPQ/RWK D WH
PRURIWH[FO XV UMDV E@EUENED OH E LUBI\DHIK REK L J KW H
SURWHYROXWLRQ2FDOWXEDWRIE) RQV\QRQ\WRK\QRQ\PR XV
QXFOHRWEGWNL\GX VEIEROQU W L FRD O H GB\LINGHGH HW RHV KRR V W
GLYHUDB @RWHUPW UDQV FOH SMORQOL G HMAHS MKKIE R W KRV L V
DSRVLWR Y HH & B W IZRVBKBY R O XRNSLIRFMWHHITQX H CFH¥ UD QVF UL SW LR ¢
GLYHUJEQWH RAKKNKW XFSIV H[ E L DINHHOGLWE U X ARXM@ G HU V W IQIKS L Q J
PHEFKDQLRIPW QM HJIXO MWOQIGRVR O XWQRBVWLRIMWYRQXMLE Q
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WUDQVFRVNXWKRQ@HDWPRLVVIRBDQWDMQGREDWBEBRWKWRSLF
DUH DYDLODEOH RQ OROOXVFED
$QRWRHQVBRDIRW Q G H UV WIDRXGGH. KNP R O X\WZIKFD@K D SW WHD W H
RISURWHLTXHGRB Q B FR U GV RV KPR VUWH F HAKH R WLIHIVQ VF UL SW L F
O H YKHDE H HSQU R SRW R I8V KAHD LIQH V S R QN'RMEKDHD WIB U R VY IR XW L R Q
VWUREGJDWRYH HZDWRREH W ZIGHQGBQ & U D Q V FO H SMFILRRY V
WKH WKUHH GRPDLQV RI OLIH

,QWKEZRUNREW D IWXHR Q D G\IUD Q V F UIURW R PHD\D GH P D ORHW K H
(XURSHDMDE® GHFXVVDW®BWRPSDUNGLWKKBY DL ODE@BHGDO
WU D QV F UG B WAKR I HOIDQ IURWKWSHFIBHBKLOLSSLAKRYXP
FRPSD U DORORMR® Y HVWIRD/WH UWWAKN ZRLYD@SHF LMK H

HYROXRVERBK R WHHTX H Q P&/ UD Q V FO H SSWORIQ JRIQFHELDVHG
JHQHWOVRDUDFVWHWKBL]JRIGRS URF G WWHSW H V H@ VIR GH P D O H

PDWXRQDBRBW KWHZ\RSHFLOH®D OLAAY H V WW XMW W LIERHQWAMAB @

W U D Q V F QHNMORED VRIS U R WHHYLRDO XMEER®BEK GHFXVVD Q& V
SKLOLSSLQDUXP

IRHYLGHRA®XFORRBSHQVDKNSRW KHQLSHFLZHWAL I THUHQW
PHFKDQLVPV RI PLWRFKRQGULDO LQKHULWDQFH
OLW R FKRQUBUX.QG D P HHRW B R QRINY K¥HHX N D U FRVBLOFW K RAKKIBIU H
LQYROLYQP® Q\E L RO R BLLFFOFCH V B HFW Q WWD@H P L W R F K RIQVBKLD
SURG X RWIZR QY K U RK[LG D WHR VS KRU\DBWAIREHQHM) YRQQH G
W KRN W D ESRBOVL K DDHQ F R ENER VO F OBI@BIL W R F K RIH®RLDHDG
DW L JFRVH Y R OOXQABIRR Q H J X @ DWKIHVERH Q R PIHW V V H QWRIIDLAY WD L Q
HIILFPHQWFKRIGULYIGHRBG QY RUNY Y HV WWKBHWHIRWYD Y L Q J
GLIITHPMOWYDULZRWN ZQWKKWHD PB XFOEDINJUEXRUERGXFLQJ
F\WR S O BVPW EGKH VAR U NK R ZG/H W U L R-H CHVERRUOH W H U R S\DYDRKP \
DVUHGXFRIRRI®* 26 DFWLRLMGD\GDPHD JELVUXRWLRMRFKRQGULD (
X QF W I$PO@NK HM ML G H KH\S RW KWK H RMUAD MW D JRDYHY RO B H G
QRQ PHQGPIBEPDQIRVPLWRFK R DGKH D DWQRQUFHWUED Y R WK H
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SUHVHRIPH[HBW'1KDSORWWHWDPRUJDQUBPH UHGXFLQJ
WKH HPHUJHQFH RI JHQRPLF FRQIOLFWY DQG PLWR QXFOHD
$ 0 W K RX-IEH U DRV W@REB O IKW B U EIGMW KRR VAR P P ROH W K R'GH @& R
LQYHVWUBEKBWHFRAVKHWHURSDOQ®PAXWKE\QDPLIRIPLWR QXFOHDU
FR HYROWWKR®WH UR SOPYE® LMD R @ L DLF@W/XBIL R O R SURFF®I VV H V
PD\EHDIIHF®WMGKR2QW KR QW WQWK E, PDOKHWHUR SQDDARPXUD O

W KHUHMEWRORINGPWDRRGYWHUEFHWRQXG OBRBLWRFKRQGULD
D U W KXIQ D O WUHHHREHW R O X VOMWRKE R UNW R BIG Y D Q \R DMKBIDW X UD O
KHWHURSBRYBLRILBQVSHFLWMRHWQV L JKQWWRK B\ Q D P LFEIV
PLWR QXFR HYROXWRRED WHGN UD QV F U IRSWIRSOH V S H F I5H V
GHFEXVVD@®&KH, VSHFEHYKLOLSSLQRDYKF WWKIHVRBURWHLQ
HYROXDMURIQMUD Q VFR ERWRKROBIQ 8L W R F K RIHGH\D VR Q. QH G
PLWRFKRIQGBEWR®GYDUWLARBODREBH Q HI\VQ FR G RYX E X RUW V
2:3+26 FRPSOH[HV
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 QWURGXFWLRQ

7TKHGHYHORRAHQWKUR X J IS XWH Q FT6IK D GBS UR | R XS DEW
WKWWXBAQRQ PRGSIOFLHSDUWLEX® BHTD VDD ORZLHQWRVW YV
LQYHVVELRORH Y FBEYSHFZKWWHHQRRM IHUH@RAWDLODEOH
DQ@LWKHGXPMIGP D) ® I IRUGBFRO ML Y HU W K BQIRRG XD O LW\

W U D Q V F DLCSQVRVPIBNYRIROIDVW B F K L HYQHB R VRMW KEH. R L Q | R UWPRORVAL\F V
DUKV XDR®WLPLRBEBGNWSHFDHMBUJIJDQURBKLAKKHWHEXQGDQW
LQIRUPDWALRBIDWDEDKHWHIRBXOWL VRILWYXDU DEWHBDWV K
QHFHVVIRUGWRQIHWBPRMRPRORNDG UHGIXRVMEWIRAQ PRGHO
VSHFL$OWVRHL Q@ | D P LZO MBKKED LH Q Y L U R FRRHP@ W Q G /IR RBDQ/G
VFULSWLQ J2QIREHD\QOOMIQ D O\ LMUGE BIW DV XK RSAHR G X FH G
E\+762PD\UHSUHD BREWWDROBEQUHVHDUPRBUKUWDVRRA
GHYHOR®NW®QVFDQ YW WHWSIHRYSEHLILRQYRQ\P RRAH® Q LWP V
FRPELGHMH WHR@E®G D W D EIDE H BWEL OW K VX ORPRRQWDPLQDQW YV
DQ®D[L P LWHKGH W H RAULHRFRKARP R O R K\LYL S H @ MERHP S R \EH GBL |
PDLYWHSVPLYREWDLOQLOWHURBRQWDP VOID RMQF HAS5)

SUHG LAV HROW LIRISYVWKEBQJIJBEQBYWLILFYBGOD QV F UL BMOR
DEFIMHTXHQBRRWEWYR@/ HTXHYEPLODYR QMKHEHQWLRIFDWLRC
FRQVHGRP® IEQYU R WH 1 Q D WHARY Q D @ IBRIF W DRQ@RGVB\W KRIQ
DVVLIQRHQWVHUPW.GHQWL IRIRDWLKRIRSINVUDORQPKFOHRWLGH
VHTXH@RHRW DIWIQR@ FRGLYDQVF U LSRAX D ORYWQO RWDWGR Q
SURWHLQ IHDWXUH SUHGLFWLRQ ILJXUH

(DFR/WIRSVKFL SHQMHVFUVHEISG U DR WKEXD SWB 0 MKVHF UL SWV
XV HIBUBIH S R W @ EE5ES S H QUBIY KHHQ B IH D FAKR G X O RIVRVW KR KO ¥ G
DUMWDQG DLORVKHFD GHLQVW DREBAFHSRWUIJRWWHD QG

2 UW KR 0\&W H SV KDMT X IDUFHF AW W KZHH E7 K 46 D VKD Q J XDIW V HI® U

P R VRUW KVHF U LISQWB/QD X W R P B WHIVAL@ \QV K RYD O P RANAVDW RD NW K L V
SLSHOLQH PRUH ®*IULHQGO\" IRU UHVHDUFKHV WKDW KDYH G
7UDQVF U LWWSAHERIOR. MM QW KR X VDR TGXH QFEAW KKHQQRWDW LR Q
R IV X FIXO D UJPR XRIZD W B T X IKWHKH U | R U PIRFFHX WIRQ W Z DDUHN\A
%/$67+00(5 DQEIWHU3URSBED VXN UG X O W& B QV K DBRW K H
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SURJUPP®VVLDOURFNMDFKYDLOWEOBR® XWYKHRSDUDOOHO
VDY LWQUPR W KWUMD VW& R IDK L IJKH U | R U PFORPFIHX W DQ Y RUB W

O H DRVMS R Z H LPIXOW LZFRRUNAY WLINW\LIRRIXDH PR P P H Q RIRS\R VV V LIE O H
JRRGOWHUQFWRW®EPSXWODNRW[DPSO®PD]RQ& ,W \WOVR
LPSRUWRDMB W R F R XRMWAHR | W Z DQHBYKGID W D E R V HIBQV K H
SLSHOLQH UHTXLUH DQ DSSURSULDWH VWRUDJH VSDFH
3HUIRURHQPUFRE&WH @W KR XV D 8EXH QRAHR/P S X W D W.IQRMDHD@\CL\Y H
DQGEDWDNHYHGDOS$ SRV V LVERICH WMVARGS QVLKAHD SDOW WL ) \§ R
SDUWV2GHSRQWKEXPEHRUDYDLOQEGHYV 2DJX® D F&D RQD

QRGH &BBK{HR FDEONGIGHP SHDB S UR DBKKLN\L WS RV V MERMHY
SDUDOOHORWMRMMEDWIRUPVYEORDRR X UNBFXKURFABRHJ X Q

RQ PXOWLSOH WKUHDGV LQ D QRGH

7RWHWWBY SHOZKWH DQQRIWDWKGOLSSUGRDBEPUDQVFULSWRP
SUHYLRXYQRWRWHY/$67 *2DQ @ /$67;LQ *KLVHODO

&RP SDUMRY KSIUH Y LIRXY R W WKIBRGHOLIGIGHGPRUBIQQRWDWHG
JHQHV *HQHUDO VWDWLVWLFV IRU HDFK DQQRWDWLRQ VWFE
$ GHWDVYOHG E\ G/NWHSY LS MVIKSIQS H OD\ZH /D O/DK® D VRIE
SKLOLSSDQREBRXAD WERDL CCOEDHDHRZ SHOFLHQBB P HZ RGN

277 RVI LR SURMHFW
KWWSV RVI LR FGNE "YLHZBRQO\ | E FGH GE | G F
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& RQEP 1QDQWY 1AM

7KHLURRGXRMW KBIQQRWBSMSHRMLEEWHP R YR QWKHR QWDPLQDQW
VHTXHQEBPPHWUDQVHRBRERWNVQUR B KRIU JD Q L RAL @ W HI R RV
VWXGKHSURE GRHPPRQW D P LIQDIQWN® R 2@ 76 GDWDPHYHUWRHOHV YV
ILOWNWHER I WROLWWRGWDPLPD@MRIGLIIHW MDY RGULJILQ
GHSHQ RQ@VKRUJDQLNWRHFRORINKD Y LIRUGV KMDP S OMIGV V X H
FRPPRQRXUFHY¥RQWDPLQDWIKH®YLURQRHQ@WWY R LIDWHU
V\P E L REDQWG/SROUU D V LRARHWFK LWW H 81 [W U H PPI®R UW R QR\G G W D
PLVLQWH U DUHW BDBWL R Q L E RAMIR® QW RWKEU R GRIU J D Q L7\KR
VHFR®GVWDRNSIDUWLFEBWUOPEHQRDXOVE UR S D J DWK KR YWKH
GDWDEDVHV \LHOGLQJ HUURQHRXV D @G WPAK/W GILVMY D@HD U F
,QSULQFILSMHFADEESH U | R UFPHH GW KMV V H P BQ U HE QVEBAHH D & VU
DWW KBIVVHPRIWKHR QWIKMRUPESSURBDB W KBIG Y D Q W/EDHV
FRQWDPUGD@EWH[FOXGCHRBWKERZQVWEHRPHVYHE X FW R B
SRVVLRIHQHU FW L PHARFEWD QWS HH GLSWKIHV VHPBRFKLQG
RIDSSURMFKEOREWRR®VEMRERURHXP DHW O IDHW VFK
%OD[WHU ZDVVXFFHVVD$GOWHAGGHQWQMHPRYDHH[WHQVLYH
FRQW D P L IQIRWVIKEHYQ R IRHW KWID U G L9 BV IEE& XM D U.RXGLV RYRXORYV
HW O ,QWKPBW EHH I RUHD \L. G HQ WA KR Q W D P LQ B@BLZRR Q J
LQWH U S URHW/KIBI MWEDQHP D V V LKYRHU L ] RIGV@ BYO D Q V HHBUR R WH(E O
7KDWDLOVKIDSSURFBFPQQRWXVHB®QWUDQVFULSRIMRPHYV
3 SRVW DVVHPEO\" DSSURDFK PXVW EH WDNHQ
L QWKS8VSHONKMHPRRIFRQWDPERQ QWD ¥ K L HWIK G RDX% K$ 6 7 ;
VHDUBRWVHEXO SHUIRUPQMNGDHV V HPEDD L QYKWE D W D BA\V H
XVLGURIPDIW/$67ZLARW BN UV \EH\KWWRH D FKX H DD\Q & K H
W D [R'QR IW KX E M W/FEWD [ LIS M D FRD W F KR QJID Q MHE S S H Q$GIIR[U
GHW DLHIVZ HX VW KCHHQRPHVRFR Q ®XLEWEREWWKMOW®[RQRPLF
OLQHIDUR KH/$6 VWD[IZE&W E\ XV L QKX VWRFPU EIS\@ W HHD F K~
VWD[EGEEDVVRFLWBKI&K QWD [RQ FRIFHD QW RW KIVWIH OWHVLQ J
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SRVVLUEBEAWD[RQRMYE\NHHS RQBRQWLKBIWYBVWURQWFK
ZLWK WKH FKRVHQ WD[RQ

, QW KIHQ Q RWR M/ LSKQ O L S S LZGHIB BIX P. GVHRGH HBQ GWKTHX H U WHKB MG
KDYBIVWURQWEKWRHWD [ROWW BP® OREFKEHPRRDO RIWKH
FRQWLJY FRPLQJ IURP QRQ OHWD]RD FRQWDPLQDQWYV WDE
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25) SUHARWRQ

'"HWHFWERRB/LD H VYV HQMUDIY KTHQ Q R WRIRAKRRIEVH D Q V F UIGS WR P H
SULQFROOHTXHERW Z PN QY DQWBVWREBG R ® D FIXVVH P FFRHGV L J

FRXEBEBD FRGLOHTXHQMRZHY HD FRRQWDR QFOWG RS XWDWLYH
25)VEXWQ®QH2MWWRVINHZR WK H P2 ZAR0GIR DS U R WAKIHU H IR U H
SURJUBB/ KSUHGLRWRBQ@G)VLWYVVHQWLO@RIQ FRGHDIHQFHV
DQB8DNHARP SXW DR EHW W HITMWKPRGX@HXVIHILQGRWIKLV
SXUSRVBGRWR5) SUHGLW\RR®RY HOR'DH G F QW DQRY HVWHG
LQ .UDVLOHYW® DO 2VSHFELILEFDRWQRQ PRGROJDQLVPV
KWWSV JLWKXE FRP Y&/REPXS DIUMIS\WMKZ-EURSU H G L FWRIRRIQYL V
LQFOXBHW$67; VHDUPKDLQMINSDURWHIU GHIGQWOBEDVRP
FORVHO\ WSGIBFWRRKGID QQRWDWSRQWEDBWDEDYRRRQ PRGHO
VSHFIDHNBEOP FDOOZ DSV H G LEXWW BP D \Z L WIXERERDWDX S H U Y DVILAR Q
PD\LQFOKGHRAKHDGYDQWDWHK DB S URDWKKIENXVLGLIIHUHQW
GDWDEDHVIHAK HD UEKE®Y DO L GBWHKG WLOGH S H YRKXQ RS
H[DPSRIEDWDERVHBWKI6) SUHGLRBLRIQLOLS S L YKRIPD
WDEOMXUWKHUNRWRKOU I IRDPMPPVFDIQIUFKEDBOHPHM@VHG
+00(5 )LQMMWO  2DJDLQWHKEH DFRGDW D EL\QHW O L@®UGMR
SUHGA)WXVLOLGGHAQUNRBRGH®00 SURILELHMHIO(5 QHHGV
DPLQ@AELHTXHQRFHQ SHAGAHX V MV K(H % 2 6 6u W U D @ARHBITIFHHY O

W RV U D Q FRIDWHQVOWKWLIUDPHVY. QD ADY G RGHQ WILOIVHRY
IUDPHVRXMWD W ISRIGHP D WAVURSRGR ML VDVVHPEOBG VFDQEW YV
SVHXGRJHQHYV
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+ LJK TXD@W DP IQR DAG VHTXHQFH DQQREMRQ

7K H H Q WPIRIBX R I/ K& VS H B RQW ILVIMKVL JK T XDPLL@RF VGH T X HQ F H
DQQRWDRUNRKEXUSRAHX VI LI H DS WR D WKHRHMQ R WIKMH V
SUHGLEWWE DQ®UDQVBUBSWR WD WWHGERWKTXHQERLODULW\
VHDUFK DQG LGHQWLILFDWLRQ Rl SURWHLQ GRPDLQV
$ VHTXHQERLODKWDWRREWD IZQMI&/ $673$OWVHWIOO DQG
+00(5 ZHXVR6/$67DIDLGNKIML 3 GAOW DEDR/IBIQL3 BRWYVRUWLXP
LQVKZD\DVHTXH@ERLODHDMAKH U | R UPHG QWWIKXD O LW\
S U R WHHLTQX H G BV D EDQAMAKRIW KK-DUQ BV H D UEFIKV HR& L G GGIQU N R Y
ORGHO00 SURIILGBHA\WI IR UBRHEGO (5 DJD L WD RS D W D R2PA$18 7 3
DQG00(5 RXW SXUHRPEL QHRGH BN UQUIRWD OB O 7KLV
WRROO RZAUR YD GH F VBIURHEG LEVWLMR/Q JOHQEQWRORIWHUP V
$ VK E X UHQEHQ) 6LQMHWWDQG DPHRORISQJRWY RW DLOWEOW
VWIDHHGAKK/$67D QG000 (5 RXW SWR/NXS O R DRBGVKSH J RIH E
VHUYKWWS ZZZ PHGFRPS PHGLFLDQ@&KHIS KWW SOBRW
GRZQORDGHWLARQVXPYLWHKDEHHRXWRPDWRXBQQRWDWLRQ
SLSHOLQH VR WKDW LW FDQ EH H[HFXWHG IURP FRPPDQG C
,QDGGLWRRKHTXHYERLODHDWREHXVHQWHU3URR BB O
W B U R WEHRLR®D L, @W H U 3 UIRB YV R W ZBDHMNH O R'RB 8 QAWIHG LFW L Y H
VLIQDWSWRYLEB\HX O WG HWH E BYHYDP SR LIQDWRWHEDVHYV
X V HIGW KEHQ Q R WRBVBR QO LS S LYWKEREEW DE Q8 W H U 3 URBEDIQG H V
DO WRI T X H QFQF WSLLRHIEG L EWNIRBY VLI Q RHQW H U PMI X UN KR ZV
WKH FRQWULEXWLRQ RI HDFK5WRBRIOOLG SAK)BP DXQPQRWDWLRQ |
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JLIXUH &RQWULEXWLRQ RI ,QWHU3URGBFDQ %/$673 DQG +00(5 LQ WKH KLJK T
DQQRWDWLRQ OHIW DQG WKH FRQWULEXWLRQ RI $UJRW DQG ,QWHU3UR *2 L
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GHOMFDUIRQ R RUWR®J V DQG SDIDR]V

'"HW HF W RRIQV K P@SDW D @ DFW X MV ERSD QF RP S D U DWW D OKBAL V
IRBDQDQDO\WHMG HQW L RUIR D W K RZQ RAKEHY D L O/DER@\S W LLRD O
PRGNGHFLRVSHFMWKDWHIORVHO\ WRXBWHKGE UHIRRAELQDWLRQ
RIGLIIHWHRRIDNYV V H QWK O D VW RL QRS0 X V \R HRIMNV K R ORIARXS/V
&2*V

2UWKROEHW O L\R Q R IW KPR VZL G HXOAHGR | W Z DRIBIWVW KR O R J \
SUHG L FW LSRR J UFIDRX V W KLHQVS\KAVT X H QLFOHAVR W K R QIRIRROSWL Q J
DUHFLS ERRBWS 6 K LMS S UR D EXF KHIO 2UWKROWHUURJIJDWH"
WKHUWKRO&/ &KHBWD O S X E GBLOFW D BMDK/BIRVQ W RIUQWK RO R JR X V
JURXSVYH FRPSXWHM®MKRUWKROIZOJRUUWMKPUWKBABVRRGHO
RUJD Q DWURNWX@GHUUHSUH\PHLQ WEGPR O HW BOWK RO &/l R%
H[DPSQWRHYRMQ FOBGWH T X HQUFRI®S L U DA LWKU KD VRID O VR

XV URW H L Q PHF/K QRS O DQBUWKRIL@PENMU.HOO\ WZR
VWDQG BORHNKDRS O H FDHEA W H QGHHGVR RUKUHH F L S B R RKEMQV
PHWKRBWR VIW SR UW\W RB@MRREU H FWWW®RPWDEDYB®KHUHIRUH
W R HD URKR UWKRIO® $¥ F MHAMD WHORVHO\ WHRCKBMYHGYHVWLIDWHG
7DEOHWKRZIVOLRW S H F WHR/Z WX V HW® R U H DWMKISID W D EXDAHBL W K
3URW H L @XUBNWKARK R | 1) Q BXHUY K R 2ZW KFHR Q W U LE IK\D ER @ RQ@V K H
GHWHFWLRQ RI &2*V

J)LIXUH &RQWULEXWLRQ RI B3URWHLQ2UWKR 2UWKRILQGHU DQG 2UWKRO&/
RUWKRORJRXV JURXSYV

Chapter 1 33


https://paperpile.com/c/gYXBWc/uS5w
https://paperpile.com/c/gYXBWc/Up3u
https://paperpile.com/c/gYXBWc/Y4pe
https://paperpile.com/c/gYXBWc/nIWv
https://paperpile.com/c/gYXBWc/Ntxv

Chapter 1

34



Chapter 1

1 XFORWEH DOCRBMRQ

$ QXFOHRMIGH @RH) RW D V8 HRIQR UPGNK VW HES X VL Qe $67 1
$OWVIFWXOO DJDLQK@MN DW D ETKLAVR G XMW K R X\WRW Q RW D W H
VHTXHQFHV WKDW ZHUH QRW LQFOXGHG LQ WKH SUHYLRXV(

FRQWLJV WKDW GLG QRW JHW KLWV IURP WKH %/$67; VI
FRQWLJV IRU ZKLFK QR 25)V ZHUH SUHGLFWHG LQ VWH S
FRQWLJV ZLWK QR DPLQR DFLG VHTXHQFH DQQRWDWLR

7KLVHD UF®ORZR/Q I B &) VW KDRW R P M H D VRUGRMQ F O XN & H

SUHY L PXQ\DMD\VE W O OV RG H QU\R.Q\ F R\GH DX H QFKBDMME HR X Q@
51$ 6HT GDWD LUUHVSHFWLYH RI WKH NLQG RI OLEUDU\ SU
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| RZ TXDOW DP IQR DFAIG VHTXHQFH DOCREMRQ

J)LODQQRDQQRWDWER@ LQRWKHUH Y DMRXNBZEMXVHO00 (5 DQG

36, %/$63O0WVHFEROO WRKUWKHIUIRKHP RVRP RORKLARGXOH

L \E DV RV KRR Q F R W R WEHRLRDARQ V H U YIDQ\AGRF® X GBIV 0 (5

V H D WFKD L @K% D FG DW D ZID VIHR USIH U P L W K YW H V WRGVVRIAH G

LQ RWKHU VWHSV Rl WKH SLSHOLQH D 36, %/$67 SHUIRUP
, QW KV W S X VMV KHD P HQ S\KIY HIR W K%/ $67 Y HD URKWHSL H

FRQ WY KB WGRIM WL WMRW K%/ $67 VHD UWRKW H F RQWRPK L KXR
25)VZHUSIUHG LEQWWE S R Q WALMKD P L @FE MGH TXHQ DI RWIDQW LR Q
VW HSW U D Q VDLDNVKK 180 % 2 6 6 W U D QAREIG H DW®Q D V W MISH OB V

ORZ TXDQQWW W HR@ISRIHW LFFDOOMRING B H GLIHIEQ | H UKIR.RIO R J \
DQELRORINEPWURW®W KHH V XROWKIR § D O \W KIMQ Q R WREWL B RQ W&
WKLV PRGXOH PXVW EH VXSSRUWHG E\ KXPDQ VXSHUYLVLRC
$VDODVWHBKHQR QQR WIDWH W Q HY W& U RW K& B VW HS$X V H

GLIIHWHRGRWRE W B WQ X FI\W R WDHQ 8 RW DAMKWOE ORD @ [DP SRIH
VRIWZDUH WKDW PD\ EH XVHG IRU WKLV SXUSRVH
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7TDEOH $QQRWDWLRQ5UBKXOMWSS BODMBRIIWFULSWRPH &RORUV UHFDOOV WKRVH
VWHSV RI WKH DQQRWDWLRQ SLSHOLQH LQ )LIJXUH

7TDEOH[DPSOH RI GDWDEDVHY DQG VRIWZDUH XVHG LQ % KK WG RQWUBWL R Q |
&RORUYV UHFDOOV WKRVH XVHG IRU GLITHUHQW VWHSV RI WKH DQQRWD\
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The complete mitochondrial genome of
the grooved carpet shellRuditapes
decussatugBivalvia, Veneridae)

Fabrizio Ghiselli*, Liliana Milani**, Mariangela lannelfg
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! Department of Biological, Geological and Environmental Sciences, University of Bologna, Italy,
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* These authors contributed equally to this work.

ABSTRACT

Despite the large number of animal complete mitochondrial genomes currently
available in public databases, knowledge about mitochondrial genomics in
invertebrates is uneven. This paper reports, for the prst time, the complete
mitochondrial genome of the grooved carpet sheliditapes decussatalso known

as the European clarRuditapes decussaisisnorphologically and ecologically

similar to the Manila clanRuditapes philippinarupwhich has been recently
introduced for aquaculture in the very same habitatsRaflitapes decussatasd

that is replacing the native species. Currently the production of the European clam is
almost insignibcant, nonetheless it is considered a high value product, and therefore
it is an economically important species, especially in Portugal, Spain and Italy. In
this work we: (i) assemblelluditapes decussatnigochondrial genome from RNA-

Seq data, and validated it by Sanger sequencing; (ii) analyzed and characterized the
Ruditapes decussatmgochondrial genome, comparing its features with those of
other venerid bivalves; (iii) assessed mitochondrial sequence polymorphism (SP)
and copy number variation (CNV) of tandem repeats across 26 samples. Despite
using high-throughput approaches we did not Pnd evidence for the presence of two
sex-linked mitochondrial genomes, typical of the doubly uniparental inheritance of
mitochondria, a phenomenon known in100 bivalve species. According to our
analysesRuditapes decussaisisnore genetically similar to species of the Genus
Paphia than to the congenerRuditapes philippinaruna Pnding that bolsters the
already-proposed need of a taxonomic revision. We also found a quite low genetic
variability across the examined samples, with few SPs and little variability of the
sequences 3anking the control region (Largest Unassigned Regions (LURS).
Strikingly, although we found low nucleotide variability along the entire
mitochondrial genome, we observed high levels of length polymorphism in the LUR
due to CNV of tandem repeats, and even a LUR length heteroplasmy in two samples.
It is not clear if the lack of genetic variability in the mitochondrial genome of
Ruditapes decussatsis cause or an effect of the ongoing replacemeRuafitapes
decussatusith the invasiveRuditapes philippinarupand more analyses, especially
on nuclear sequences, are required to assess this point.
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INTRODUCTION

Despite a large number of animal complete mitochondrial genomes (MtDNAS) being
available in public databases (>55,000 in GenBank), up to how sequencing has been
focused mostly on vertebrates50,000 in GenBank), and the current knowledge about
mitochondrial genomics in invertebratesNwith the notable exception of few model
organisms (e.g., Drosophila adhenorhabditis elegdiNgs uneven. To better understand
invertebrate mitochondrial biologyNand, most importantly, mitochondrial biology and
evolution in generalNit is necessary to adopt a more widespread approach in gathering
and analyzing data. Failing to do so would bias our knowledge toward a few taxonomic
groups, with the risk of losing a big part of the molecular and functional diversity of
mitochondria. Actually, despite maintaining its core features in terms of genetic content,
mMtDNA in Metazoa shows a wide range of variation in some other traits such as, for
example, genome architecture, abundance of unassigned regions (URs)Nnamely region
with no assigned product (protein, RNA)Nrepeat content, gene duplications, introns,
UTRs, and even additional coding genes (8edon et al., 201fbr a review) or genetic
elements (e.g., small RNAs, saezi et al., 20).7All this emerging diversity is in sharp
contrast with theNat this point outdatedNtextbook notion about mtDNAs role being
limited to the production of a few subunits of the protein complexes involved in oxidative
phosphorylation.

This paper reports, for the brst time, the complete mitochondrial genome of the
grooved carpet shelRuditapes decussatusnaeus, 1758)Ruditapes decussdiagso
known as the European clamNis distributed all over the Mediterranean coasts, as well as
on the Atlantic shores, from Lofoten Islands (Norway) to Mauritania, including the
British IslesRuditapes decussaliues in warm coastal waters, especially in lagoons, and it
is morphologically and ecologically similar to the Manila clRuditapes philippinarum
which has been recently introduced for aquaculture in the very same habiRtsldépes
decussatus. Ruditapes philippingroative from the Philippines, Korea, and Japan, was
accidentally introduced into North America in the 1930s, and from there it was purposely
introduced in France (1972), UK (1980), and Ireland (1982) for aquaculture purposes
(Gosling, 2003According to historical recordRuditapes decussatuess one of the most
important species for aquaculture in Europe, but overbshing, irregular yields, recruitment
failure, and outbreaks of bacterial infection pushed the producers to introBucitapes
philippinarum Italy imported large quantities dRuditapes philippinarurseed from
UK in 1983 and 1984. Compared to the European clam, the Manila clam turned out to be
faster growing, more resistant to disease, to have a more extended breeding period anc
a greater number of spawning events, and to begin sexual maturation earlier (i.e., at a smalle
size). Upon introduction of the more robufuditapes philippinarunRuditapes decussatus
suffered a population decline in the Southwestern Eurdp@é-Pecz et al., 20)pand
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currently the production of the European clam is almost insignibcant. Nonetheless the
grooved carpet shell is considered a high value product, and therefore it is an economically
important species, especially in Portugal, Spain and Italys(ing, 20Q3.eite et al., 2033
de Sousa et al., 2014

Molluscs in general, and bivalves in particular, exhibit an extraordinary degree of
MtDNA variability and unusual features, such as: large mitochondrial genomes (up to

47Kb), high proportion of URs (i.e., number of base pairs annotated as URs over the

total mtDNA length), novel protein coding genes with unknown function, frequent and
extensive gene rearrangement, and differences in strand usege (annelli & Pesole,
2008 Breton et al., 201 Ghiselli et al., 2031 3/ilani et al., 2014pPlazzi, Puccio &
Passamonti, 20).&Voreover, mitochondrial genome size varies among bivalves
because of gene duplications and los§esi{ & Lydeard, 20pBassamonti et al., 2011
Ghiselli et al., 20),2and sometimes genes are fragmented as in the case of ribosomal gene
in oysters (ilbury et al., 2010 The most notable feature of bivalve mtDNA is the doubly
uniparental inheritance (DUI) system of transmissidsk({binski, Gallagher & Beynon,
199421994k Zouros et al., 19944994h. Under DUI, two different mitochondrial
lineages (and their respective genomes) are transmitted to the progeny: one is inheritec
from the egg (female-transmitted or F-type mtDNA), the other is inherited from the
spermatozoon (male-transmitted or M-type mtDNA). Following fertilization, the early
embryo is heteroplasmic, but the type of mitochondria present in the adult is tightly
linked to its sex. Females are commonly homoplasmic for F, while males are heteroplasmi
with the following distribution of mtDNA types: the germ line is homoplasmic for the
M-type (which will be transmitted via sperm to male progeny), the soma is heteroplasmic
to various degrees, depending on tissue type and/or spegfesg]li, Milani &
Passamonti, 20;L1Zouros, 20)3To date, the only known animals exhibiting DUI
are about 100 species of bivalve mollusesgman et al., 20).6This natural and
evolutionarily stable heteroplasmic system can be extremely useful to investigate sever:
aspects of mitochondrial biology (s€essamonti & Ghiselli, 2G@reton et al., 2014
Milani & Ghiselli, 2015Milani, Ghiselli & Passamonti, 2Q1thdeed, despite the fact that
many aspects of DUI are still unknown, there is evidence that DUI evolved from a strictly
maternal inheritance (SMI) systenV{lani & Ghiselli, 2015Milani, Ghiselli &
Passamonti, 20),tby modibcations of the molecular machinery involved in
mitochondrial inheritance, through as-yet-unknown specibc factors{seeDudley &
Skibinski, 20%Zouros, 201for proposed models). The detection of DUI is not a
straightforward process, especially using PCR-based approaches: given that the diverger
between F and M genomes is often comparable to the distance between mtDNAs of
different classes of Vertebrates, primers may fail to amplify one of the two mtDNAs,
yielding a false-negative result. Moreover, M-type mtDNA can be rare in somatic tissues,
so it may be difbcult to amplify from animals sampled outside of the reproductive
season, when gonads are absent (thoroughly discussetkiniogidis et al., 2008
High-throughput sequencing (HTS) approaches can overcome such problems, because
prior knowledge of the mtDNA sequence is not needed, and low-copy variants can be
easily unveiled (se& et al., 201 King et al., 2004 Until now, HTS has been scarcely
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utilized to study mitochondrial transcriptomes and genomes<ole et al., 2Q12mith,
2013, even if it showed very good potentidlubosy et al., 2017/2vuan et al., 2096

In this work we: (i) assembldduditapes decussatuisochondrial genome from RNA-Seq
data, and validated it by Sanger sequencing, (ii) analyzed and characiRudidpes
decussatumnitochondrial genome, comparing its features with those of other venerid
bivalves; (iii) assessed mitochondrial sequence polymorphism (SP) and structural
variantsNcopy number variation (CNV) of tandem repeatsNamong the sampled
animals.

MATERIALS AND METHODS

Sampling

The 26Ruditapes decussafiecimens used in this study were collected from the
Northern Adriatic Sea, in the river Po Delta region (Sacca di Goro, approximate GPS
coordinates: 46006 N, 12 1755 E) at the end of July 2011, during the spawning season.
Each individual was dissected, and gonadal liquid collected with a glass capillary tube.
All the samples showed ripe gonads, consistently with the time of the year when the
sampling occurred. The gonadal liquid was checked under a light microscope to assess tr
sex of the individual, and to make sure that the sample consisted of mature gametes.
Both the gamete samples and the clam bodies were RBash-frozen in liquid nitrogen, and
stored at- 80 C, until nucleic acid extractionlable Skshows the sample list, and details
about data availability.

RNA-Seq

In total, 12 samples (six males and six females) were used for RNA-Seq. Total RNA
extraction and library preparation were performed following the protocol described in
Mortazavi et al. (2008with the modibcations specibed @hiselli et al. (2012)The

12 samples were indexed, pooled and sequenced in two lanes (two technical replicates) ¢
lllumina GA lIx, using 76 bp paired-end reads.

De novo assembly

The mitochondrial genome dRuditapes decussatss not available in the databases, so
we used the transcriptome data to generate a draft to be used as a guide for Sanger
sequencing. lllumina reads from all 12 samples were pooled and compared to a set of
20 Bivalvia mitochondrial genomes to identify reads with mitochondrial origin.
Alignment was done using BLASTN. All reads with similarity yieldnagalue < 1E-5

were then assembled into contigs using the A5 pipeline (version 2013082t al., 201}

and joined into scaffolds using CAPB{ang & Madan, 1999 For the quality check step,

we applied a PHRED Q-score cutoff threshold of 33; the other A5 parameters were set a
default. CAP3 was run with default settings as well.

Sanger validation
In total, 14Ruditapes decussasasnples from the same collection campaignNsexed, and
stored at- 80 CNwere used for DNA extraction. DNA from the gonadic tissue was
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extracted using the Qiagen DNeasy kit. Primers for mtDNA amplibcation were designed
based on contigs obtained from RNA-Seq matching venerid mtDNA sequences, then the
Oprimer walking® method was used to Sanger-sequence the complete mitochondrial
genome ofRuditapes decussatlibe primers were designed with the software Primer3
(Rozen & Skaletsky, 2)@nd tested on several samples, then a female was chosen as
reference sample for Sanger validation of mtD8#\novassembly. In addition, we
amplibed the largest unassigned region (LUR) of 13 females to assess its variability
(see Results and Discussion). The list of the primers and their sequences are reported i
Table S2PCR reactions were performed in a Pnal volume ofrbQsing the GoTaq
Flexi DNA Polymerase Kit (Promega, Madison, WI, USA), on a 2720 Thermal Cycler
(Applied Biosystem, Foster City, CA, USA). The PCR reactions were set as follows: initia
denaturation 95 C for 1 min, then 30 cycles of amplibcation (denaturation @5for
1 min, annealing 48D6@ for 1 min, extension 72C for 1 min/kb), then the Pnal
extension at 72C for 5 min. PCR products were checked by electrophoretic run on
1% agarose gel, and then puribed using the DNA Clean & Concentrator-25 kit
(Zymo Research, Irvine, CA, USA).
Sanger sequencing was performed by Macrogen lig: {/www.macrogen.cojn
Sequences were aligned with the software MEGATB.M(ra et al., 20)3using the
contigs obtained by RNA-seq as a reference.

Annotation

Open reading frames (ORFs) were identibed with ORF bndéreeler et al., 2005
Alternative start codons were considered functional because they are common in Bivalvia
ORFs were annotated starting from the brst available start codon (ATG, ATA, or ATC)
downstream of the preceding gene, and ending with the brst stop codon in frame (TAA or
TAG). tRNA genes and their structure were identibPed with MITGS&r(it et al., 20)&and
ARWEN (Laslett & Canback, 200&econdary structures were predicted using the
RNAFold Server, included in the ViennaRNA Web Servibés:(/rna.tbi.univie.ac.at/
Gruber et al., 2008the folding temperature was set at X6 which is the average annual
temperature of the water from which tiuditapes decussaspgcimens used in this work
were bshed (download RNAFold results from bgstidtes://ndownloader.bgshare.com/
Ples/838767)2tRNAs and other secondary structures were drawn with the software Varna
GUI (Darty, Denise & Ponty, 200Ribosomal small subunitrnS) and large subunit

(rrnL) were identiped with BLASTN, and annotated considering the start and the end of
the adjacent genes as the boundaries of the rRNA genes. Non-genic regions were
annotated as URs. In order to identify the putative D-loop/control region (CR), we
analyzed the LUR with the MEME suitBdiley et al., 2009 Pnd DNA motifs using the
following bivalve species as comparisAnanthocardia tuberculatarctica islandica
Coelomactra antiquatkulvia muticaHiatella arcticaloripes lacteus, Lucinella divaricata,
Lutraria rhynchaena, Meretrix lamarcii-type), Meretrix lamarcki{iM-type),

Meretrix lusoria, Meretrix lyrata, Meretrix meretrix, Meretrix petechialis, Moerella
iridescens, Nuttallia olivacea, Paphia amabilis, Paphia euglypta, Paphia textile, Paphia
undulata, Ruditapes philippinaruff-type), Ruditapes philippinarurgM-type),
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Semele scabra, Sinonovacula constricta, Solecurtus divaricatus, Solen grandis, Solen st
Soletellina diphand the sea urchistrongylocentrotus purpurafiEEhinoidea,
Strongylocentrotidae). The list of the species used in the phylogenetic analysis and in the
comparative analyses of DNA motifs, sequence similarity, and gene order are available i
Table S3The GOMo (Gene Ontology for Motif$3uske et al., 20)Ltool of the MEME

suite was used to assign GO terms to the motifs discovered.

The number of repeats in the LUR of the reference sample (F4) was calculated with
tandem repeat Pnden(tp:/tandem.bu.edu/trf/trf.htm), since the complete LUR sequence
was available (download tandem repeat bPnder results from Figstigre’/ndownloader.
pPgshare.com/Ples/8387hda the other cases, in which the LUR could not be sequenced
without gaps, the number of repeats was inferred from agarose gel electrophoresis.

Other analyses

Comparisons among venerid complete mtDNAs were performed with BLAST Ring Image
Generator (BRIG) Alikhan et al., 20))land Easybgdullivan, Petty & Beatson, 2011
Descriptive statistics were obtained with MEGA v&.@njura et al., 20)3except for the
codon usage table, which was obtained with the Sequence Manipulation Siates]d,

2000. SP assessment from RNA-Seq reads was performed with the Genome Analysis
Toolkit (GATK, McKenna et al., 20),0with the Sanger-sequenced mtDNA as reference.
For SP discovery and genotyping we used standard hard Pltering parameters or variant
quality score recalibratioriePristo et al., 20)..The MitoPhast pipelinefan et al., 2016

was used to obtain the Maximum Likelihood (ML) tree, which was visualized with
Evolview v2 (e et al., 2016 Briel3y, MitoPhast takes as input GenBank bles (.gb),
extracts the coding sequences, probles the sequences withfRfemei(al., 2016

and PRINTS Attwood et al., 2003performs a multiple sequence alignment with

Clustal OmegaSievers et al., 201 temoves poorly aligned regions with trimAl
(Capella-Gutieez, Silla-Martinez & Gabaldp2009, concatenates the coding sequences,
performs data partitioning and model selection, and then carries out a ML analysis using
RAXML (Stamatakis, 20)A4The species used in the ML analysis, and their GenBank
Accession Numbers are listedable S3Amino acid sequences of three differeok3

ORFs inferred from Sanger sequencing and GATK polymorphism data were analyzed witt
InterProScan {ones et al., 2014

RESULTS

De novo assembly and Sanger validation

Despite using HTS on extracts of ripe gonads (i.e., mature gametes), and multiple
assembly strategies (see Discussion for details) we could not bnd evidence for DUI. The ©
novo assembly process produced 9 contigs, of which 8 included multiple genes, and ont
included a single gene (séeble ). The sequences of the contigs in FASTA format are
available on bgsharéifps://ndownloader.Pgshare.com/pPles/890y3BBfour cases

(Contigs 1, 3, 6, and 7) a clear polyadenylation signal was present, in other four cases
(Contigs 2, 5, 8, and 9) it was not. Contig 4, the only one including a single gex8d,(

ends with just 8 As, so it is not clear if a polyadenylation signal is present in this case.
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Table 1 Features of the contigs obtained bgle novoassembly of mtDNA.

Contig Length Gene content Poly-A Notes

1 6,794 atp6_nd3 nd5 coxl Yes Chimeric assembly. The contiguity
tRNA-Leul ndl nd2_nd4L betweemd5 and coxlis an artifact

2 1,884 rrnS_cox3 No b

3 1,288 atp6_nd3 Yes b

4 1,663 cox3 ? The contig ends with just 8 As

5 1,934 atp8 nd4_tRNA-His_tRNA-Glu_ No b
tRNA-Ser2_tRNA-Tyr

6 1,831 atp8_nd4_tRNA-His Yes b

7 5,478 cox2_ tRNA-lle_nd4L nd2 ndl_ Yes There is a polyadenylation signal
tRNA-Leul cox1 (56 As) after thecox2gene

8 2,879 cytb_rrnL No b

9 952 nd6_tRNA-Lys tRNA-Val_tRNA-PheNo b

tRNA-Trp_tRNA-Arg_tRNA-Leu2

In Contig 7 (that includesox2, tRNA-Ile, nd4L, nd2, nd1, tRNA-Leadd coxlgenes)
there is a polyadenylation signal (56 As) after tlo&2gene.

The nine contigs were used as a scaffold for the primer walking procedure used for
Sanger validation of thée novassembly. We Prst tried to connect the contigs designing
primers close to the Jand 3 ends of each contig and pairing them following the gene
order of Paphia, because the sequence of genes in the contigs suggedtediithpes
decussatugene order might have been similar. During such process, Contig 1 turned out
to be a chimeric assembly between two non-contiguous portions of the mtDNA, one
including atp6, nd3and nd5, the other includingcox1, tRNA-Leul, nd1, nd2yd nd4L
Once we ampliped and sequenced the portions of mtDNA between the contigs, we
proceeded with the Sanger resequencing of the remaining parts.

Annotation and mtDNA features
The mitochondrial genome contains 13 protein-coding genes, and in the reference female
is 18,995 bp longHig. J); the gene arrangement and other details are shownlirie 2 All
genes are located on the heavy strand, and in addition to the classic start codon ATG
(Met), the alternative start codons ATA (Met) and ATC (lle) are present. The most
frequently used start codons are: ATéox1, ndl, nd4L, cox2, cob, atp8,)nddd ATG
(nd2, atp6, nd3, nd5, nd6, cpxBhe stop codons found are TAGEx1, nd2, nd4L, cox2,
cytb, nddand TAA (nd1, atp6, nd3, atp8, niiéThe nd4 gene has an incomplete stop
codon (TA-). 22 tRNA genes were identibed, including two tRNAs for leucine, tRNA-Leul
(TAG) and tRNA-Leu2(TAA), and two for serine, tRNA-Ser1(TCT) and tRNA-Ser2
(TGA), both showing degenerate D-arm branches. tRNA structures are shdwn.i81
The two rRNAsrrnSandrrnL, were both identibed: thenSis located betweetpnx3and
coxlwhilerrnL is betweerytbandatp& URs were identiPed on the basis of unannotated
spaces between different genes; we found 24 UiRse( J.

The analysis of the nucleotide composition points out that the mitochondrial genome
of this bivalve species exhibits high A+T content, totaling 63% vs 37% G+C. The
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Figure 1 Ruditapes decussatuatDNA gene arrangement.

minimum values of A+T are found icytb(60.1%) andnd4 (61%). The nucleotide
composition of every gene is shown’iable 4 According to the analysis above, both A
and T occur very frequently at the third position of codons (64.6% on average of A+T),
while the less frequent base in third position is C (12%). The most used codons are UUU
(Phe), counted 269 times, and UUA (Leu) counted 210 times (6.78% and 5.29% of the
total, respectively), while the less used codons are CGC (Arg) counted 6 times (0.15%)
ACC (Thr) and CCG (Pro) each counted 16 times (0.4%affle 5. Only in four cases
over 20 (Lys, Leu, GIn, Val), the most frequently used codon matches the corresponden
mitochondrial tRNA anticodon.

The UR11is the LUR and is located betwagmBandnd5(Figs. land2A). The LUR of
the female used for whole mtDNA Sanger sequencing (i.e., the reference female, F4) is
2,110 bp long, and includes 6.5 repeated sequencesNeach repeat having a length of 54 |
Nlocalized in the 3 region of the LUR, just upstream trap8gene Fig. 24. DNA
secondary structure analysis predicted three stem-loop structures in such regioi%
and Supplemental Information bles on bgsharé&ps://ndownloader.Pgshare.com/ples/
838767, with a change in Gibbs free energy®) of - 71.38 Kcal/mol. We also amplibed
and sequenced the LUR of 13 more females. We were not able to completely sequence
LURs longer than 2,110 bp, because of the known difbculties in Sanger sequencing of

Ghiselli et al. (2017), PeerJ, DOI 10.7717/peerj.3692 8/30

Chapter 2

48


https://ndownloader.figshare.com/files/8387672
http://dx.doi.org/10.7717/peerj.3692
https://ndownloader.figshare.com/files/8387672
https://peerj.com/

Peer/

Table 2 MtDNA gene arrangement oRuditapes decussatus

Name Type Start Stop Length (bp) Start Stop Anticodon
coxl Coding 1 1,716 1,716 ATA TAG
tRNA- tRNA 1,754 1,815 62 TAG
Leul
ndl Coding 1,822 2,739 918 ATA TAA
nd2 Coding 2,755 3,774 1,020 ATG TAG
nd4l Coding 3,780 4,052 273 ATA TAG
tRNA-Ile tRNA 4,125 4,190 66 GAT
cox2 Coding 4,228 5,499 1,272 ATA TAG
tRNA-Pro tRNA 5,553 5,616 64 TGG
cytb Coding 5,641 6,864 1,224 ATA TAG
rrnL rRNA 6,865 8,385 1,521
atp6 Coding 8,386 9,123 738 ATG TAA
nd3 Coding 9,145 9,552 408 ATG TAA
nd5 Coding 9,631 11,268 1,638 ATG TAG
atp8 Coding 13,379 13,504 126 ATA TAA
nd4 Coding 13,526 14,865 1,340 ATA TA-
tRNA-His tRNA 14,866 14,928 63 GTG
tRNA-Glu tRNA 14,929 14,990 62 TTC
tRNA-Ser2 tRNA 14,991 15,052 62 TGA
tRNA-Tyr tRNA 15,081 15,140 60 GTA
tRNA-Asp tRNA 15,218 15,280 63 GTC
tRNA-Met tRNA 15,294 15,358 65 CAT
nd6 Coding 15,380 15,874 495 ATG TAA
tRNA-Lys tRNA 15,897 15,959 63 TTT
tRNA-Val tRNA 15,960 16,021 62 TAC
tRNA-Phe tRNA 16,030 16,092 63 GAA
tRNA-Trp tRNA 16,093 16,155 63 TCA
tRNA-Arg tRNA 16,171 16,232 62 TCG
tRNA- tRNA 16,233 16,295 63 TAA
Leu2
tRNA-Gly tRNA 16,297 16,358 62 TCC
tRNA-GIn tRNA 16,359 16,427 69 TTG
tRNA-Asn tRNA 16,435 16,497 63 GTT
tRNA-Thr tRNA 16,498 16,560 63 TGT
tRNA-Cys tRNA 16,565 16,626 62 GCA
tRNA-Ala tRNA 16,632 16,696 65 TGC
tRNA-Serl  tRNA 16,698 16,764 67 TCT
cox3 Coding 16,765 17,730 966 ATG TAA
rrnS rRNA 17,731 18,995 1,265
Note:
The anticodon of tRNAs are reported in the 3 direction.
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Table 3 Unassigned regions (URs).

UR name Start Stop Length (bp)
UR1 1,717 1,753 37
UR2 1,816 1,821 6
URS 2,740 2,754 15
UR4 3,775 3,779 5
UR5 4,053 4,124 72
UR6 4,191 4,227 37
URY7 5,500 5,552 53
URS 5,617 5,640 24
UR9 9,124 9,144 21
UR10 9,553 9,630 78
UR11 (LUR) 11,269 13,378 2,110
UR12 13,505 13,525 21
UR13 15,053 15,080 28
UR14 15,141 15,217 77
UR15 15,281 15,293 13
UR16 15,359 15,379 21
UR17 15,875 15,896 22
UR18 16,022 16,029 8
UR19 16,156 16,170 15
UR20 16,296 16,296 1
UR21 16,428 16,434 7
UR22 16,561 16,564 4
UR23 16,627 16,631 5
UR24 16,697 16,697 1

regions including multiple repeats. The sequence alignment of the 13 LURs is available fo
download from Pgshareh{tps://ndownloader.pgshare.com/Ples/836().7BIR lengths,
inferred from gel electrophoresis, are reportediable 6§ and they range from 2,000 to
5,000 bp. Two females (F3 and F17) showed length heteroplasmy of the LUR. The portior
of the genome occupied by URs varies between 14.11% and 29.38%, depending on
LUR length. The analysis with MEME (output shownkigs. Sand S3 unveiled two

motifs (Fig. 2Q that show a strong conservation within the Veneridae family, and with

S. purpuratusThe sea urchin was included in the analysis bec@aseet al. (2004)

reported a match between some motifs found in the CR of the marine mudsélsis
edulisand Mytilus galloprovincialiwith regulatory elements of the sea urchin CR.
Accordingly, the search with GOMo assigned a series of GO terms related to transcriptior
to the two motifs (Table S}

Polymorphism

Table 7(top) shows the statistics associated with the SP analysis performed with GATK on
the 12 samples used for RNA-Seq, with the Sanger-sequenced mtDNA as reference.
Overall, 257 SPs were called, of which 145 (56.4%) were located in coding sequences
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Table 4 Nucleotide composition.

Name Length (bp) T (%) C(%) A®%) G(@%) A+T (%) T3 (%) C3(%) A3 (%) G3(%) A3+T3 (%)
cox1 1,716 358 155 258 229 61.6 39 12.1 28.0 213 67.0
nd1 918 387 125 240 248 627 38 10.1 30.7 21.2 68.7
nd2 1,020 383 110 248 259 63.1 35 11.5 29.4 24.4 64.4
nda4l 273 399 128 253 220 652 34 14.3 30.8 20.9 64.8
cox2 1,272 207 148 291 264 588 30 15.3 27.4 27.6 57.4
cob 1,224 374 172 227 226 60.1 41 14.7 21.8 22.1 62.8
rL 1,749 332 115 326 226 65.8 33 10.6 33.4 23.0 66.4
atp6 510 420 157 208 216 628 45 135 21.8 20.0 66.8
nd3 408 395 110 248 248 643 33 11.0 30.1 25.7 63.1
nd5 1,638 376 117 277 230 65.3 35 11.0 34.2 19.8 69.2
atp8 126 444 119 190 246 634 45 438 23.8 26.2 68.8
nd4 1,340 389 129 221 261 61.0 41 10.8 24.9 235 65.9
ndé 495 392 121 230 257 622 38 13.9 27.9 20.0 65.9
cox3 966 369 127 248 256 617 39 9.6 28.6 23.0 67.6
s 1,265 327 123 329 221 65.6 35 13.5 316 19.5 66.6
All coding 14,920 363 132 265 240 630 37 12.0 28.9 22.4 65.7
All rRNAs 3,014 329 238 327 223 65.7

All tRNAs 1,394 354 128 302 217 65.6

All URs 2,681 282 141 341 236 623

All genic DNA 16,314 362 132 268 238 63.0

All DNA 18,995 351 133 279 237 63.0

Note:

URs, unassigned regions.

(CDS). Interestingly, most of the SPs were called because of private alleles of one sing|
male specimen (mRDIO1). More in detail, 151 SPs out of 257 (58.7%) along the whole
mtDNA sequence, and 103 SPs out of 145 (71%) in CDS, were private of mRDIO1. In
CDS, if we exclude the SPs associated with this male, the number of polymorphisms drop:
to 42 over 14,920 bp of coding mtDNA (GATK output in VCF format and a detailed list of
SPs in tabular format is available on bgshat&s://ndownloader.Pgshare.com/pbles/
890253Y, of which 18 are represented by indels, 6 of which are located in 4 different
coding genes: one eachdoxl cyth andnd5, plus 3 incox3(seeTable §. A ble showing

the ORF generated by the different variantco%3 and alignments between them is
available on bgsharét(ps://ndownloader.bgshare.com/pPles/84034Vdble 7(bottom)

shows the number of SPs in males, in males except mRDIO1, and in females both along th
whole mtDNA, and in CDS. The number in brackets represent the number of private SPs
for each category.

Comparison with other veneridae

Figure 3shows theRuditapes decussatutbNA map (external gray circle), and the
BLASTN identity (colored inner circles) with complete mtDNAs of other 10 venerid
species (see list ifeble SR Figure 4shows the ML tree obtained with the MitoPhast
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Table 5 Codon usage.

Amino acid Codon # Frequency %TOT Amino acid Codon # Frequency %TOT

Ala GCG 29 0.5 0.73 Pro CCG 16 0.12 0.40
GCA 44 0.23 1.11 CCA 36 0.27 0.91
GCT 85 0.45 2.14 CCT 58 0.43 1.46
GCC 30 0.16 0.76 CCC 24 0.18 0.61
Cys TGT 94 0.76 2.37 GIn CAG 25 044 0.63
TGC 30 0.24 0.76 CAA 32 0.56 0.81
Asp GAT 54 0.66 1.36 Arg CGG 23 031 0.58
GAC 28 0.34 0.71 CGA 21 0.28 0.53
Glu GAG 87 0.6 2.19 CGT 25 0.33 0.63
GAA 58 0.4 1.46 CGC 6 0.08 0.15
Phe TTT 269 0.78 6.78 Ser AGG 69 0.19 1.74
TTC 78 0.22 1.97 AGA 69 0.19 1.74
Gly GGG 131 04 3.30 AGT 55 0.15 1.39
GGA 61 0.9 1.54 AGC 23 0.06 0.58
GGT 98 0.3 2.47 TCG 18 0.05 0.45
GGC 36 0.11 0.91 TCA 33 0.09 0.83
His CAT 37 0.62 0.93 TCT 76 0.21 1.92
CAC 23 0.38 0.58 TCC 22 0.06 0.55
lle ATT 165 0.8 4.16 Thr ACG 21  0.17 0.53
ATC 40 0.2 1.01 ACA 30 0.24 0.76
Lys AAG 61 041 1.54 ACT 57 0.46 1.44
AAA 87 0.59 2.19 ACC 16 0.13 0.40
Leu TTG 122 0.23 3.08 Val GTG 113 0.3 2.85
TTA 210 0.39 5.29 GTA 121 0.32 3.05
CTG 43 0.08 1.08 GTT 119 0.32 3.00
CTA 70 0.13 1.76 GTC 23 0.06 0.58
CTT 75 0.14 1.89 Trp TGG 58 0.54 1.46
CTC 20 0.04 0.50 TGA 49 0.46 1.24
Met ATG 86 0.36 2.17 Tyr TAT 1030.69 2.60
ATA 155 0.64 3.91 TAC 47 0.31 1.18
Asn AAT 76 0.66 1.92 STOP TAG 34 0.58 0.86
AAC 39 0.34 0.98 TAA 25 042 0.63
Note:

The codons corresponding to a tRNA present in the mitochondrial genome are underlined and in bold. The highest
frequency among synonymous codons is also underlined and in bold. #, number of codons; Frequency, frequency of
each codon among synonymous codons; %TOT, frequency of each codon among all the codons.

pipeline; the complete input and output of this analysis is available on bgshare
(https://ndownloader.bgshare.com/ples/836().7BRjure Sshows the variation in gene
order betweerRuditapes decussatusl P. euglyptdFig. 54, M. lamarckiiF-type

(Fig. 5B, Ruditapes philippinarurB-type ¢ig. 50, and among all the four species
(Fig. 5D.
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Figure 2 Principal features of the Largest Unassigned Region (LUR)): map of the IUR; (B): DNA secondary structure predicted in the repeat
region (boxed in A); (C): Logos of the two DNA motifs found in the LUR.

Table 6 LUR length and number of repeats in the 13 female samples analyzed.

Specimen Length (bp) Number of repeats GenBank Acc. No.
F3 2,100BD3,500 6.5D25 MF055702
F5 5,000 45 MF055703
F7 3,500 25 MF055704
F9 3,500 25 MF055705
F10 3,000 20 MF055706
F11 3,000 20 MF055707
F13 3,500 25 MF055708
F15 3,000 20 MF055709
F16 3,500 25 MF055710
F17 2,500D3,500 8D25 MF055711
F19 3,500 25 MF055712
F20 2,500 8 MF055713
F21 2,100 6.5 MF055714
Note:

F3 and F17 are heteroplasmic with LURs of different length.

DISCUSSION

RNA-Seq-guided sequencing of mtDNA

The de novassembly of the mtDNA from RNA-Seq data turned out to be informative,
simplifying the primer walking procedure used for Sanger sequencing. Only one conting
(Contig 1) resulted to be a chimeric sequence obtained by the misassembly of two
smaller contigs. Most of the contigs (eight out of nine) contained more than one gene, and
most of the tRNA genes were included in tihe novassembly. Except foRNA-Pro,
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Table 7 Sequence Polymorphism (SP): SPs and small indels called by GATK.

Feature Value Min Median Mean Max
Depth (all SPs) b 6 1,357 1,521 3,880
Phred score (all SPs) b 3.30E+01 5.76E+03 4.18E+07 2.15E+09
Depth (SPs in CDS) b 222 2,038 2,150 3,880
Phred score (SPs in CDS) b 1.18E+02 1.01E+04 4.45E+07 2.15E+09
Total number of SPs 257 b b b b
Number of mRDIO1 private SPs 151 (58.7% of the total) b b b b
Number of SPs in CDS 145 (56.4% of the total) b b b b
Number of mRDIO1 private SPs in CDS 103 (71% of the SP in CDS) b b b b
Number of SPs in CDS (excluding mRDIO01) 42 b b b b
Frequency of SPs in CDS 0.0097 very 103 bp) b b b b
Frequency of SPs in CDS (excluding mRDIO1) 0.0028dvery 355 bp) b b b b
Total number of indels 18 b b b b
Number of indels in CDS 6 b b b b
Number of indels causing frameshift 4 b b b b
# Of SPs Whole mtDNA CDS
Males 234 (160) 136 (107)
Males (no mRDIO1) 84 (15) 32 (6)
Females 97 (23) 38 (9)
Note:

CDsS, coding sequences; Whole mtDNA, polymorphism in the whole mitochondrial genome; the number in brackets the bottom of the table repres&fspiévate
there are 23 female specibc SPs in the whole mtDNA and 9 female specibc SPs mval®);signibcance of the FisherOs exact test on number of SPs between sexes
(i.e., all males vs females, males except mRDIO1 vs females).

Table 8 Indels located in coding sequences.

Position Depth Qual Gene SP Frameshift Sample Allele frequency Notes

1,698 3,732 1.38E+04coxl C/CAAA No mRDI0O2, mRDIO3 0.089, 0.85 Insertion of 1 Lysine

6,364 1,929 2.15E+09cytb  CT/C Yes fRDIO4, mRDIO5  0.80, 0.81 Yields a shagh Possible
sequencing error due to the
homopolymer CTTTTTT

10,449 1,780 2.15E+09nd5 C/CT Yes fRDIO1, fRDIO4, 0.11, 0.10, 0.11 Yieldsna5 gene divided in 2 ORFs.

fRDIO5 Possible sequencing error due to the

homopolymer CTTTTT

17,619 2,272  5.98E+03cox3 AGCG/A No mRDIO1 0.97 Deletion of one Alanine

17,621 2,188 9.99E+04cox3 CG/C Yes mRDI01 0.99 Always combined with SP_17624.
Together change the last 35 amino
acids

17,624 2,287 5.98E+03cox3 C/CAT Yes mRDIO1 0.99 Always combined with SP_17621.
Together change the last 35 amino
acids

Note:

Depth, sequencing depth; Qual, quality of the called SP expressed in Phred score; Allele frequency, frequency of the alternative allele & iedatatzdriplthe
OSampleO column.

tRNA-lle,andtRNA-Leulall the other tRNA genes are organized in two big clusters: a 13-
gene cluster positioned betweemx3andnd6 and a 6-gene cluster betwestiband nd4
The assembly retrieved 6 out of 13 tRNAs from the brst cluster (migRNg-Gly, tRNA-
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Figure 3 BLASTN comparison ofRuditapes decussatusnd other Veneridae Ruditapes decussattDNA map (external gray circle), and
BLASTN identity (colored inner circles) with complete mtDNAs of other 10 venerid species (seelligtiinSR

Glu, tRNA-Asn, tRNA-Thr, tRNA-Cys, tRNA-AEdtRNA-Ser), and 4 out of 6 tRNAs

from the second cluster (missinBNA-Metand tRNA-Asp. All the tRNA genes not

located in these two clusterdRNA-Pro, tRNA-lleand tRNA-Leu) were included in the
contigs. The presence of a clear polyadenylation signal in four of the assembled contigs
(seeTable ) seems to indicate the existence of multiple polycistronic transcripts. Itis also
noteworthy that poly-A sequences seem to be absent in contigs having tRNA of rRNA
genes at one end (Contigs 2, 5, 8 and 9). This could be either an evidence supporting the
OtRNA punctation modelO of RNA processing proposedjbia, Montoya & Attardi
(1981)for human mitochondria, or a result of difbculties in sequencing/assembly of such
regions. More analyses are required to address this point.
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Figure 4 Maximum Likelihood (ML) tree of Veneridae obtained with all mitochondrial coding
genesML tree obtained with the MitoPhast pipeline; the complete input and output of this analysis
is available on bgsharkt{ps://doi.org/10.6084/m9.bPgshare.4970762.v1

General features
The size of the fully Sanger-sequenced mitochondrial genorReiditapes decussatus
(reference female F4) is of 18,995 bp, and it includes 13 protein-coding genes,
22 tRNAs and 2 rRNAs. Our data support the presence oath8gene in the mtDNA
of Ruditapes decussatus; &ip8 been reported as missing in several bivalve species,
however, more accurate searches often led to the identibcation of the gene, so, in most
cases, the alleged lackatp8is likely ascribable to annotation inaccuracies due to the
extreme variability and the small size of the geBes{on, Stewart & Hoeh, 2G10
Breton et al., 201#lazzi, Puccio & Passamonti, 2016

The mitochondrial genome dRuditapes decussasiimws a high content of A-T
(63%), a common feature in bivalve mtDNAs; moreover, T is the most common
nucleotide at the third codon base (64.6%). The most common codon is UUU (Phe),
which is also the most commonly used in bivalves, as well as in other invertebrates
(Passamonti et al., 2011

Ghiselli et al. (2017), PeerJ, DOI 10.7717/peerj.3692 16/30
Chapter 2 56


https://doi.org/10.6084/m9.figshare.4970762.v1
https://peerj.com/
http://dx.doi.org/10.7717/peerj.3692

Peer/

Figure 5 Comparison of gene order in venerid mtDNAsVariation in gene order betwedRuditapes
decussatandP. euglyptéA) M. lamarckiiF-type (B)Ruditapes philippinaruifi-type (C) and among all
the four species (D).
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Codon usage

As shown inTable 5 in 16 cases out of 20, the most frequently used codon does not
correspond to the anticodon of the inferred tRNA. In other words, there is not a
correspondence between the most abundant codons and the anticodons of the 22
mitochondrial tRNAs. According to the Owobble hypothesisONPrst proposed by

Crick (1966)the conformation of the tRNA anticodon loop enables some Rexibility at
the brst base of the anticodon, so a WatsonbCrick type of base pairing in the third position
of the codon is not strictly necessary. This allows an amino acid to be correctly
incorporated by ribosomes even if the tRNA is not fully complementary to the codon;
according to Crick, this explains the degeneracy of the genetic code. This feature is
particularly interesting in the light of the debate about natural selection acting at
synonymous sites: since the early 1980s, evidence of a correlation between synonymot
codon usage and tRNA abundances started accumulating. According to these authors,
synonymous codon usage is biased to match skews in tRNA abundance, as a result of
selective pressure maximizing protein synthesis rates (reviewe&daimary, Parmley &
Hurst, 200k Following this rationale, the results here reported and data from other
marine bivalves and metazoan&i(& Li, 2013 Passamonti et al., 2QMould suggest that

in some mitochondrial genomes translation efbciency is not maximized, and this
observation deserves further investigation.

Length and sequence polymorphism

The mtDNA of Ruditapes decussahas a high proportion of URs mostly depending on
the length of the LUR Table §; on average, bivalve mtDNAs have 1.the amount of

URs in respect to other analyzed Metaz@aniselli et al., 20)3and it is still unclear
whether there is an accumulation of non-functional sequences in bivalve mtDNA due to
genetic drift, or if such URs are maintained by natural selection because they containNso
far unknownNfunctional elements (seldilani et al., 20132014k Breton et al., 2014
Pozzietal., 20).7The LUR ofRuditapes decussatugst likely includes the mitochondrial

CR, as indicated by the presence of two motifg( 2C Figs SZand S3 similar to two
regulatory elements identibed in the sea urchin CR. These two motifs are the same
identiPed in previous analyses on the clRoditapes philippinarurand the mussel
Musculista senhougi@hiselli et al., 201 &uerra, Ghiselli & Passamonti, 204d@ they are
conserved across distant bivalve taxa, and the GO terms associated with such motifs al
related to transcriptional controlTable SX An interesting feature dRuditapes decussatus
LUR is its variable lengthréble §, most likely due to different repeat content. As a matter

of fact, the very same repeat sequence was present in every LUR, and our data strongl
suggest that LUR length variation is actually due to repeat CNV (see Supplemental
Information Ples on bgsharéttps://ndownloader.bPgshare.com/ples/838 7atd
https://ndownloader.pgshare.com/Ples/836(),788 observed in other bivalve species
(seeGhiselli et al., 201&uerra, Ghiselli & Passamonti, 20Tandem repeats have been also
reported in the mitochondrial genomes of the bival®esinthocardia tuberculatareyer &
Steiner, 20Q6Placopecten magellani¢us Roche et al., 199Moerella iridescens
Sanguinolaria olivaceSemele scalfsinonovacula constric&olecurtus divaricatus
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(Yuan et al., 20)2Ruditapes philippinaruifhiselli et al., 20),3and Musculista senhousia
(Guerra, Ghiselli & Passamonti, 20These repeats are believed to arise from duplications
caused by replication slippageuroker et al., 1996layasaka, Ishida & Horai, 1991
Broughton & Dowling, 19p4The tandem repeats found at theshd ofRuditapes decussatus
LUR are predicted to form a secondary structure (See2BandSupplemental Information
bles on bgshare) composed by multiple stem-loops, which obviously increase in number
with the increment of the number of tandem repeats. The effect, if any, of tandem repeats in
MtDNA is unknown: since the repeats are almost always localized in proximity of the CR,
they might interact with regulatory elementsNor even contain someNinRuencing
replication and/or transcription initiation, and such interactions might also be altered by
the formation of secondary structureSgssamonti et al., 2G13hiselli et al., 201&uerra,
Ghiselli & Passamonti, 2014

We assessed the genetic variabilitiRoflitapes decussatoONA using two different
approaches: by SP calling in CDS (RNA-Seq data on 12 individuals), and by analysis of th
LUR (Sanger sequencing of 14 individuals). The CR and its 3anking regions are known tc
be hypervariable, so they are commonly used to assess polymorphism at low taxonomi
levels. Our data strongly support a very low genetic variability: the number of SPs in CDS
is 145, of which 103 are private of a single individual (mRDI01)Nthus reducing the
number to 42Nwhile the number of variable sites in the analyzed LURs is 98 over 3,095
aligned positions. Considering the known variability of mtDNA in bivav@séi, lannelli
& Pesole, 200&hiselli et al., 201Breton et al., 201#Plazzi, Puccio & Passamonti, 2016
this is a surprising result. Even more if we compare the results of the present work to a
methodologically identical analysis performed onRiitapes philippinarusamples
from the Pacibc coast of USA, performed®yiselli et al. (2013)n that work, GATK
yielded 194 SPs in the M-type mtDNA and 293 in the F-type. Strikingly, tHeutltapes
philippinarumsamples analyzed were actually two families (6 siblings + 6 siblings). This
means that randomly sampled individualsRdiditapes decussatised in this work
showed a much lower mtDNA variability thaRuditapes philippinarurmsiblings. A
previous analysis on theoxlgene ofRuditapes decussataported a nucleotide diversity
() of 0.15 for a population from the Northern Adriatic Seadrdero, Pen& Saavedra,
2014. Another analysis on the same gen®aflitapes philippinarufrom the same range
resulted ina =0.25 Cordero et al., 20),50Ruditapes decussahas a lower nucleotide
diversity at thecoxllocus. The difference between the variability in mtDNARefditapes
decussatubat we are reporting here and that Bluditapes philippinarumeported in
Ghiselli et al. (2013ppears to be more marked. It is known that the genetic variability of
Ruditapes philippinarunm the Adriatic Sea is lower than in populations from its native
range in AsiaCordero et al., 20),7Jprobably because of the bottlenecks that this species
had to go through during the multiple colonization events. The introduction in North
America from Asia happened prst (in the 1930s), and from there the Manila clam was
introduced in Atlantic Europe (in the 1970s and 1980s), and lastly into the Adriatic Sea
(1983 and 1984), and it is plausible that the genetic diversity decreased at each
introduction event. AccordinglyCordero et al. (201 9bserved thaRuditapes
philippinarumgenetic variability in Europe is lower compared to that of the PaciPc coast
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of the USA, so the samples analyzedinselli et al. (2013ould have been more
polymorphic than those analyzed @ordero, Pen& Saavedra (2014thus explaining the

more pronounced differences in genetic variability between the Manila clam and the
European clam discussed above. In any case, all the available data point to a lower gene
diversity ofRuditapes decussatdNA, and it would be interesting to know whether it is

a cause or an effect of the ongoing replacemetRuafitapes decussatuith the invasive
Ruditapes philippinarunit will also be important to investigate genetic variability of the
nuclear genes, especially afferdero, Pen& Saavedra (2014&ported contrasting levels

of differentiation between mitochondrial and nuclear markers.

With respect to SP effects, we found six indels in CDS, 2 of which do not cause
frameshift, but a simple insertion/deletion of one amino acid (SP_1698, and SP_17619,
seeTable §. Of the remaining four, SP_6364 and SP_10449 consist of a deletion and an
insertion of a single T in two homopolymeric sequences (CTTTTTTTand CTTTTTT,
respectively), raising the possibility of a sequencing error. In any case, the two SPs yield
shorter CDS ¢ytband nd5, respectively), and are present at relatively low frequencies in
the specimens carrying them, except for SP_6364 which has a frequency of 80% in fRDIO:
The cox3gene shows three SPs: the brst one, SP_17619, does not cause a frameshift, &
results in the deletion of one alanine residue, and its frequency in mRDIO1 is 97%. The
second one, SP_17621, consists of a deletion of a G with respect to the reference sequen
which is the Sanger-sequenced mtDNA of sample F4; all the individuals analyzed with
RNA-Seq carry this deletion except for mRDIO1 which, at that position, has the same
sequence of the reference mtDNA (reference-like allele frequency in mRDIO1 = 99%). The
third indel, SP_17624, consists of an insertion of two nucleotides, and its frequency in
mRDIO01 is 99%. So, basically, foox3we have three types of sequences: (i) the Sanger-
sequenced reference, which yields a 966 bp (321 aa) ORF; (ii) a sequence found in 11/12
samples analyzed with RNA-Seq (except mRDIO01) that carries a single-nucleotide deletiol
(SP_17621), and yields a 963 bp (320 aa) ORF; (iii) a sequence, private of mRDI01, whicl
is obtained by combining SP_17624 and SP_17621 (both 99% of frequency, so most likel
co-occurring), which produces a 963 bp (320 aa) ORF. Interestingly, the ORFs obtained
from the sequences described in (ii) and (iii), are almost identical, namely the sequence
obtained by RNA-seq in 11/12 samples and the sequence obtained by RNA-Seq in
mRDIO01 are basically the same, and differ from the Sanger-sequenced reference, yieldir
an amino acid sequence that differs in the last 35 residues (all data available in
Supplemental Information bles on bgsharéps://doi.org/10.6084/m9.bgshare.4970762.
v3). Given this consistent difference between the sequence obtained by Sanger-sequenci
of DNA, and those obtained by RNA-Seq, it is tempting to speculate that this difference
might be caused by RNA editing, a mechanism observed in mtDNA of some animals
(Lavrov & Pett, 20)6and recently reported to be common in cephalopots¢ovitch-
Brauer et al., 20).7Actually,Liscovitch-Brauer et al. (20Iréported only A-to-I editing,
which is not the kind of change we are observing here, but other types of editing are
known across eukaryotes (s8ett & Emeson, 2036r a review), and some others, still
unknown, might exist as well. Post-transcriptional modibcations (thus including RNA-
editing) are still poorly understood mechanisms, but they appear to be responsible for
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most of the mitochondrial gene expression regulatiGal{eibye-Alsing et al., 2007
Schef er, 20Q8ilani et al., 2014n What we propose here is a pure conjecture, but we
think in the future it might be worthy to investigate mitochondrial transcriptomes
looking for such kind of OunexpectedO biological features.

Interestingly, in contrast with a low nucleotide variability along the entire mitochondrial
genome, we observed a pretty high polymorphism in LUR length due to CNV of tandem
repeats, and even a LUR length heteroplasmy: two females yielded two electrophoretic bant
each (2,100 and 3,500 bp in F3; 2,500 and 3,500 bp in F17; se&ble §. A possible
explanation is that the diversity (CNV) detected in the LURs could be recent: the
accumulation of nucleotide variation at diftat sites along the mitochondrial genome needs
time, while the kind structural variability we observed can be achieved in few generations
(or even one) considering that replicatiolippage is common in repeat-rich regions.

Phylogenetic relationship with  Ruditapes philippinarum

DespiteRuditapes decussatusl Ruditapes philippinaruineing morphologically similar

and being ascribed to the same genus, the results here reported clearly show that they a
quite different both for mtDNA sequencégs. 3and 4) and mtDNA gene arrangement
(Fig. 9. This is an unusual bnding, even among bivalves, which are known to be fast-
evolving for these characters. This may point to the fact that these two species are less
related than previously thought. Actually, this is not the brst clue Bhatitapes decussatus
and Ruditapes philippinarurare quite different genetically, as allozyme electrophoresis
(Passamonti, Mantovani & Scali, 199999 and satellite DNA contentRassamonti,
Mantovani & Scali, 199&ointed out. More in-depth analyses are therefore needed to
correctly trace the phylogenetic relationships of these two Ruditapes species, which ma
eventually end up in two different Genera. As showriins. E5, the Genus Paphia is the
most similar toRuditapes decussatus

Presence/absence of DUI

We could not bnd evidence for sex-specibc mtDNAs, typical of DUI. As stated in the
Introduction, the search for DUI is not a straightforward process. HTS can help thanks to
a much deeper sequencing coverage (in respect to the cloning-and-Sanger-sequencing
approach), and because it overcomes the problem of primer specibcity, a limitation of the
classical approach. One possible concern about using HTS approaches based on short
reads in presence of DUI is about the ability of softwares to detect divergent reads and
assembly them correctly. More specibcally, one could ask what is the divergence thresho
under which the assemblers are not able to partition the contigs into two sex-linked
groups. We do not know such a threshold, but we used different assembly strategies tryin
to retrieve sex-specibPc mtDNA sequences from our data. Other than the approach
reported in Materials and Methods (which is the one that produced the data reported
here), we tried other techniques. After identifying reads that blasted to bivalve
mitochondrial sequences present in GenBank and discarding all the other reads, we
generated A5+CAP3 assemblies: (i) for each of the samples (obtaining 12 separate
assemblies), and (ii) pooling the six males together and the six females together, and
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assembling the two sex-specibc pools. Both these approaches did not show evidence c
sex-specibc mtDNAs. Then we took the assembly obtained from the females and remove
the reads from each of the samples that mapped (<8 mismatches) to these sequences. \
then used the remaining reads as A5 input. The program could not assemble anything.
Lastly, we tried the software MetaVelvaa(iki et al., 201)Nthat assembles
metagenomesNon all the reads matching bivalve mtDNAs, and only one genome was
produced. After all these alternative approaches failed to bnd two sex-linked mtDNAs, we
decided to proceed with the assembly as indicated in Materials and Methods, because |
was the technique that yielded the best quality contigs, most likely because using the reac
from all 12 the individuals granted a higher coverage of the mtDNA. Given these results,
we can propose three different explanations.

1. Ruditapes decussatsi€haracterized by SMI of mitochondria, so a male-transmitted
mMtDNA is not present in this species.

2. The divergence between the two sex-specibc mtDNAs is too low to be detected. This
could be the outcome of two different situations.

a) DUl is very young in this species, so the two sex-linked mtDNAs did not have the
time to diverge.

b) A role-reversal event occurred recently. Role reversal (a.k.a. Oroute reversalO or
OmasculinizationO) is a processNobserved so far only in species of the Mytilus
complexNby which F-type genomes invades the male germ line becoming sperm-
transmitted, thus turning into M-type mtDNAsHoeh et al., 1997This event
actually resets to zero the divergence between F- and M-type, although substantia
differences in the control regions were reported between the original F-type and the
OmasculinizedO one (Seriros, 201for a thorough review). The hypothesis that
role reversal could have occurred multiple times in the evolutionary history of
bivalves and could have led to the complete replacement of M or F mtDNASs in
several species was proposedioygh et al. (199710 explain the scattered
phylogenetic distribution of DUI across Bivalvia. Indeed, according to the
hypothesis of a single origin, DUI arose >400 Mya, approximately at the origin of
Autolamellibranchia, but, as said, such hypothesis requires the assumption of
multiple role-reversal and/or DUI loss events in several branches of the bivalve tree
(seeZouros, 201for a detailed discussion). Recently, a multiple origin of DUI was
proposed Milani et al., 20132014k Milani, Ghiselli & Passamonti, 2Q2@itchell
etal., 201} and in such case there would be no need of multiple role-reversal events
to explain its phylogeny. In our opinion, until further evidence will be provided,
role-reversal should not be considered a rule, but rather an exception. Of course, we
cannot rule out that a masculinization event might have occurreRuwlitapes
decussatuso this hypothesis must be taken into consideration.

3. In our data, even if there is no clear evidence of a male-specibc mtDNA, a male sampl
(mRDIO1) clearly stood out from the others, both males and femalesTsee 7.
Overall, the divergence between mRDIO1 and the other 11 samples calculated
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considering its private SPs is of 151 sites over 18,995 bp (considering the whole
mtDNA), and of 103 sites over 14,920 bp (considering only CDS). In both cases the
divergence is very low (0.8% and 0.7%, respectively), which explains why the mtDNA of
mRDI01, although different, was not assembled as a separate genome. We have no
sufpcient data to evaluate if such divergence is normal whhiditapes decussatus
populations, but considered the variability usually observed in bivalves, we bnd the
difference unsurprising. On the contrary, the lack of variability among the other

11 samples is remarkable. For these reasons, we are inclined to believe that mRDI01
divergence is compatible with hypotheses (1) and (2). That said, there still could be a
third, quite conjectural, hypothesis by which these data might indicate an incipient
DUI, not yet bxed in the population.

All'in all, we have a preference for the brst explanation, but the present data are not
sufbcient to exclude the others, and a more thorough investigation is necessary to asse
this point.

Up to now DUI was identiPed in only three Veneridae specisiina sinensis
Ruditapes philippinarupand Meretrix lamarcki{Gusman et al., 20).6The status of
Paphia is still unknown, and in future works it would be interesting to investigate more
Heterodonta species to understand better the distribution of DUI in this derived group of
bivalves.
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ATP6-1
ATP6-1
ATP6-3
ATP6-3
ATP6-4
ATP6-4
ATP6-5
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CYTB-1
CYTB-1
ATP8-2
ATP82
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COX3-2
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ATP8ND6
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ATP6-CYTB
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CYTB-2
ATP6-2R

ND6COX3
R1

ATP62R
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ATP6-3R

ND6COX3
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ATP6-3R
COX3-R1
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m

A m X ™M XV MW XL M XV T XX M XV M XV T DOV T 3T

Sequenc&@0

ATTTGTGCTTCTTTTCAGTGTACTTTT
TCATCCCAATTACTAGAATAAAACAGG
TAACTGGTTGGTTCCCTTAATGTT
AACTTTAATAGGGGAGTTCTTCG
TTAAGGAAACGGTGTCTTATTTTTG
CTAGGAAAACAGATCACTGACAAGA
TTAGTTTGGTTGGGGTAATAATAAGG
GTTAGCACAAATACAACTACCACCAT
TATAGATTGAAATCAGTTGGGTTTTTC
TCAACTACCCTAGATATCCTTTACTGC
GATCATATAAACCGTAAGCGAATAATG
ATATCTAGCAACTAACCCAACCCTAAT
GGGCGTGTAGATGAATAGATTTTTA
CTCTAAAGAAGGGATCACACCATAA
TAAATGTAATAAGGCGCTATAATCACC
TATTTCTGCCACCCTAACAAAATAAAG
TTAAATTAACCTTAACCAACGAAATAGG
TAATTCGAATTTGCTTTTTATTAAGTGA
GCTTTAGGGTGTTCGATTCACTCAGGA
AAACGCCCCCGTAAAAGCTAAGAACAC

AGTTGTGTGGATCTGGCCACAGAGAAA

TACCTGGGAAACCCCCATTATTCGCTT

ATGGCGTAATGGAGGGTGTACGATTTC
CACCGGCCATTTAGAAATTTCAGGCA
TCTGTGTTCAAAAATGTACAGCATAAT
CTTTCTTTTTCAGAGACAAGCAACTT

ATTAATAGTAGGTTGGGATGGTTTAGG

AAATCGCCCGGCGTTCTTGAATACTGA

TTCATGTAATTTTAGGAATTTGCTTTC
AAATCGCCCGGCGTTCTTCTTGAATACTGA

AACTTTAATAGGGGAGTTCTTCG

AAATCGCCCGGCGTTCTTGAATACTGA

AACTTTAATAGGGGAGTTCTTCG
TTCATGTAATTTTAGGAATTTGCTTTC
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1255bp
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AAGGGGAGGTAGCGAGAAAA
GGCAACGAGGAACCTACAGT
GTGACACGGTGGATTATTGCTT

AAACCCCATCACACAAACACAC

TGGGTACATGTCCCGTAGAAGA

TATGAACGCCTTACCCTATCCC
TGGGGCTCTTTCAATAGCTGT
GCAAGCAAGAGGAGCAAACT
TGTAGAAATAGGCTGAATTCGAGG
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Supplementay figures andables

Supplementary figure 1. Distribution of amino acidgistance of orthologusgenes betweerR.
decussatuandR. philippinarum

Supplementary figure 2Transcription leves correlation between orthologous genesf R. decussatus
(log2(FPKM) Rde&nd R. philippinaum (log2(FPKM) Rph
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Supplementary Table 1: R. decussatude novoassembly statistics.

Chapter 3

Total number of reads
Total nucleotides
Contigs
Total number of contigs
Median length of contig sequences
N50 length ofcontig sequences
Representative logequences
Total number of loci
Median length of locsequences
N50 length ofoci sequences
Total length of all locsequences

Number of loci having multiple contigs

67,386,984

5,121,410,784

69,279
795

2,064

39,467
668

1,672
43,791,854

12,300
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Supplemantary Table 2:completeness assessment of transcriptome assemblies according to
BUSCO v2 as implemented in gVolantgtps://gvolante.riken.jp/)
eBUSCO = Eukaryota ortholog set; mBUSCO = Metaatlolog set.

R. decussatus R. philippinarum
eBUSCO mBUSCO eBUSCO mBUSCO
Total # of core genes queried 303 978 303 978
Complete 276 (91.09%) 853 (87.22%) 224 (73.93%) 692 (70.76%)
Complete + Partial 292 (96.37%) 926 (94.68%) 282 (93.07%) 859(87.83%)
Missing 11 (3.63%) 52 (5.32%) 21 (6.93%) 119 (12.17%)

SEQUENCE STATISTICS

# of sequences 39467 22,818
Total length (nt) 43,791,854 17,963136
Longest sequence (nt) 28,079 24,386
Shortest sequence (nt) 300 259
Mean sequence length (nt) 1,110 787
Median sequence length (nt) 668 502
N50 sequence length (nt) 1,672 1,006
L50 sequence length (nt) 7,117 4,649
# of sequences > 1K (nt) 13,276 (33.6%) 4,687 (20.5%)
# of sequences > 10K (nt) 60 (0.2%) 13 (0.1%)
GC-content (%) 35.05 39.18

. A:33.08, C17.16, G:17.77, A:32.27, C:18.76, G:20.41,
Basecomposition (%) T:31.66, N:0.33 T:28.55, N:0.01
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&KEBWMJ

1 RFNGHIHI RUQFODUARP SHODIRD
K\ SREHVLIOVGHAHYZ WL QLT HIHQV

P HKDQWP VR P MRFKRQB DO QKHIMIRH

0 DUDQYIHD, DQHR * XIAHP R3XAAR ) HHIFR3@) ] L ) DY IR* KMVHI ¢
DGO DUFR3DAP RQU

$IILOLDWLRQV
'"HSDUWPHQW RI %LRORJLFDO *HRORJLFDO DQG (QYLURQPHC

, WD O\

{7KHVH DXWKRUV FRQWULEXWHG HTXDOO\ WR WKLV ZRUN

$XWKRU IRU &RUUHVSRQGHIGPHI WPEHQ W IRR %WUR/GRIAIEDO *HRC
(QYLURQPHQWDO 6FLHQFHY 8QLYHUVLW\ RI %RORJQD %ROR.
HPDLO DGGUHVV IDEUL]JLR JKLVHOOL#XQLER LW
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Chapter 4

$ YRV

OLWRFKRQMENX QDG D P FHRMSIRAR MVQ&NMK N D UR RWERBMU LY REB U KH YL Q J

. SURWHREBDOWHKEBPX¥RR F KR 6 &08MBHE K RUL J1HDOQRP R VRAW K H

JHQHYYRQEH G JH QHWR ¥ V LQISRLIFRHR \RWDK/HRWH D QIHBHDHF REB\H G

WKMXFOBRVRKIHQHY YR QQOMKHD LU R FRIMD H IBAR G X RVPLIRR/QV

HXND U\RWBDSKIRMVS KR U2 (BB WE. R IQHQ FREWER WK FOBARW$D QG

PLWR FKRRW'UKIH® R PTHKW U HDW U ARWU H J XED-DMZBRKOQ ® QEX "1 $

LVHVV H QRWR DW R F K ROQFGAULLEDADE W VW KBWH VR MW R QJ OBVWRQXFOHDU

FR HYRQWWIRPP R QPR H SWKEHW DEKR Y R ODQRX P H Q BHOKLD@L V P

RIPLWRFKRQ® H UDWVEYQRRWHESHU H V R @R HHFON ' 1 K D S O R MANSKAHD P H

RUJDQRYEHGXFRFIRQIOLEBIMVR QXPOFRPSDWGEEY 8 DRONY

LQ Y H V WA KHI\WHHRBAK\D Y LGOLI | H B WQIVEY D U L D RWWNVE QWAKKD PGIX FOH D U

EDFNJUBRXSUR G XFWQR S O RVERULLIFKH \ZHR U MK R @ H W U L PIHIGIRY ©

KHWHURS/XBFBRIHG XFRVRPR3 26 DFWLRLMADWDPB GHVUXBWLRQ

PLWRFKRQGULDO IXQFWLRQV

*KLOPRVMWXN D U\IRMAKD U D F VEN D L6]\W G LEDWON UQRIOU L VD QR H

PLWRFKR/@REWYS B FRHV Y DORGIO 3 VFAWMIQRX E@Q L S D UHIKMDQW D Q FH

'8, ZKHWHRL V VP LARF K RQ Q HDIEN V)H\G VE I K H WIKWIRN IR Q G

0 W\SIHQ K H WLKAUHRBSIHKBR L Q8, V S H F WHWD PGIX F OBHDFUN J URDOYHR

FRRUGWQ@®RMW HH P HVQRVF K RQGLELKD U D F WDK L JBOGF O HRWIHAH H Q F H
DQG GLIIHUHQW UHSOLFDWLRQ DQG WUDQVFULSWLRQ C

,QWKZRUZAHWR RS Y D QRWDKIHD WX HW® UR BR Q 8 RWB R\QS H P RWW

LQVLILRQWNRG\QDPRPLWR Q ¥ROHDRIDONMRLF XIDOUHERS$ 6 HW R

LQYHV W KHD WY@ V FDUUGRISROR W M RQ RW2 L R42 6J H QHYR Q IRONZ R

UH O B WHDBOSYHH 5 X L WEDHSHHXW DD SVHKFZLLIB/B, D QFX G L WSKS L. SSLQD U XP

D VSHFLHV ZLWK '8,
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OLWRFKPDQUGIBUDPBRP SR @HORAHX N D UFRIW QR KBUFKDUDFWHUL]HG
SHFXOHDW KB A ¥ H WXHRIIL JH YR O XDVQEB@K H U IPMB R B B, MW/ R Z
FRPPRRQPONQRZ WKIDIW®RFKEBGIWNRBUHH QLYWRW HR EW RaY\W UL X P
ELOOHRMYRHFDPG QG RV \PED PQWKDHBDUWDD |IRDWKRURXJK
UHYLBDW KK YHRWD DF® X AL KHY R O RWHLARND U \RMMIW[D P S O H
ODUWLBRQLQ /DQHODUWLQ 6LQWH HODVVLNEGMHUD QWRNIK H
DQFHWPWW R BKRE GRRBMMKHX FO HRG R V\ PEL@WULDFORMA A X GXHIE Q J
HY R O XDAQUBERQRMWV KIHH Q HY Y R Q@ $H.GV R F K RQGRWDEBQ R J H Q@ HIR ¥
HQFRBWGQXFORAXKPHWO 1HYHUWRHWORFKE BE UNRWEK H L U
RULJIPQRPIPW KH R WHLYQRRD §\HED LU R FRIN @Y H S\R G XR\W RR @/
HXND U\R WIHR MM RHS KR URODAR 6 RQ B F RB\WGE WW KIHK F O H D U
QX'1ISRWHKHWRFKRBAGQRPHO 1$D QB K KD YHX Q F WVIRR QILYQREKRN
FRPSOH{RPSOQH/[,,9 DQ&73DVSHFFRUG ILIDS UR S RWKHDEWL J K W
FR HYR @QBRRQH JX R DWKHAV/GEHRH Q R LMYV VH QWVRDRL.Q W QHIQLFLH QW
PLWRFKRPG®UVHMAH[DP SEDHIHENO % DU <DIDBHAY $O0O0OHQ
6 W LROLOV R F K RQEHLRIBIVA E X @ H\WMW E HV X E MM WM | H H M R X W RRIG BV \
FRP S DU@IGF O/KKE X QR WQ/V WY QJFDRVIHP L Q RVE T X BHQ RKD XFADLARRX O DW H G
D W KU W IORR Q V\ Q R VPR B \§ HRRYV \ Q R Y\IPVREKIHK P ERMAQ R Q\P R X V
PXWDWHRRYV\QROAP\BE\VGRIPLWRFKRQEXNDRUWNDURBEWKD Q
W KR MY X F OVHXEX Q @VOAD LR Y H V WIRIDW HIB H [ D P SIOHE K RI@]O
3RSDE DD ) X UW K H WRKRILMHHY L G HRY¥ W URXQU L | VLHQOH BWWR Q J
PLWRFKRQGULDR G306 2 6MXERGEARS\D 8 W@ 3LJDQHDPXH :DONHU
HYH®LJRIBRVLWHLYHEWIWDFOY RSRUDMEWO & DV W HHIED Q D
3DYORWO *LEVRW®@O 7KUKW RW B HVBHWR S RARH SODX K
GLITHUHQBRWW R F K RQ &HPLED/X E X FRW @ BV X E WHEVWY J K WOIMW LR Q D O
FRQVWVYDQRKBNVHMBERIRK :3+26FRPSOHKHLKFOMKEXQLWV2ZWKD\
D UIHQ V WHRIVGH U L S K H U EGIXFRRGEBME UHH O D/[HGH FAKIDRO®6 UR X JKW R Q
3RSDE DD BHFRQ®LWRFKREGGBP®® L RD-OWEWF FXPXODWH
PXWDWWURBWR W L PIHDW WYHKBVGQHX F QJHHEDR A HQ F K\ O SRVLWLYH
VHOHERXBBR\ND XF QHDHAL 6V X EX WRR RS H QWIANHX U RIPQYE D WQ R Q V
PLWR F K RG®UHD OX DISQPR S/HUU X FW X U DROD MX BRERVQARKBI DX @ 1L W V
2:3+26FRPSOHKLWKHRDO POIGF BRPEH Q KD SRR KHDN/R & R SEN H G
VHY DXWKRYVMR® 'RZOLMO 2VDGBNDVKL +DYLW®RDQ
$SDQH@®O %XUWBRQ@UUHWRKLU®G EKR®@|O SUR S RWKHDGV
W U D Q V FOUH.ERRXK RIGV KPHD LIQH V S R Q @LIEIDFHW KEDR/ISUR WM RQ@ X WL R Q
2:3+26 JHQHWXS SR UMKBQ/V XP SWKBMHJDVWRVHWHODWLRQZFDOOH
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Chapter 4

FRUUHO D W LER-HQM 2\M HIYQWBFEXLSEIDETHRVSHU R WM R Q X3WKIDRQ@ D Q J
+R2V L LAWWEHR HY R @MW ZRIBVWDR F K PQGX E DB DR PERDPD Q\

ZRUN@YHVWLHIBDWR® U Y IGQ.J | HRW Q\Y D U L DRWNL @/KHD PHX FOH D U
EDFNJURSQUR G XF\IMORI'S OIONERILLERWP R IWK HMBEH UL R B ® XGEHGE. G V
FDUUPLGWR FK PQ@X EDEBIDRRIBLIIHUSIPMOAVH QHBO 6DFNWRQ
HVO 1LHKMDM VKRZIRBHY LG HRGEHWULRHBRWMWHURSODVP)\
VXFXWHGXPRVLR®26DFWLR[LMADBDRBEDPGLVUXBIWLR@RFKRQGULD
IXQFW VRIGRMI [DPSMHXQHRWO ORUHQR /RVHKEBUWRWDUUHWR
%XUWRQ6LPLOPVXBWEWDAQHIB WHU S KSEKOBBWIRIGMR FKRQGULD
Y D U L B QIWH/ULHRQRNK RA\RH D G 7S WWMKIGH HIY S HE XWALOBHBIFWN J U BoDQI® H W R

%XUWRQ (OOLVR®XUWRQ 6KD U SHOW\O 7KHUHIRWRQXFOHDU
LQFRPSDWLBHO®RDILMRD G QP S R UWRDGWY W] \HERWUEBGBSWDWLRQ
DQG VSHRELDWLRQ %DOODUG HW DO :ROIl HW DO

6LQPH[LGLIIHPHYRFKRPQGUPDIRY WHHP HUJRQABRPRE | RILFW V
JHQHPDWR QXPFERPS D WI\E D& HWMQHR/S RAWKDBHW D KROD/HHY R OY H G
QRQ P HQBHIFKIDEPLRVRFKR Q& H UL M®LQHIY R BHW HVRRPAMHUD O
PW'1%DSORWYSHHD PRHUJDQUWMRHU[DPIOHN\ /DQH ,QGHHG
PHWD]RDBYPRQWD UEREOD F\EWO LRIPG W R F K RQLGJNAD QDPHO\

RQ OH P D WD (P\LRVLR\F K W& GRH L\DS ZIKQ HBIW HPU QIR K R @ Q WIUIL& X W LR Q
DYRLIGHIBG\L |  HUD\@WURXNMD U\RMWHM 6DWBDWR 8Q VQIREN K H

RQ OI\QR ZHY RO X W VRWIIFIEH® S WIBR QL @ HW D LRIBKR XEBQLSDUHQWDO
,QKHULWDG@GRHELOWENL D E=RXURVEB®WO =RXURBHUKDXVHU
% D ® @ O DS HF XPH BKD ®RIPLAV R F K KOG HBE®H U RH GV S HFRIH V

E LY DROR/GHO X-\XKF/\P Bl @Y O ,Q8, VSHFWH®L VVWILQWR¥ K QG UDD BV
SUHVW®WN\ SHQ K H IWKAUHREIIRD QW KOHW \ SIHQ K H WWKAUHRGSIHKKU RL O H

) W\SPAV'14 W U D Q VIRLRBWPHDAE/HR\WOSU R J QN \ PV '1$ WUDQVPLWWH
| URPDOWRD G RIJRQ@RQVHTXHBIVIHWM PR S O CRUWPH. AV \ ZH L O H
PDOBIMHWHURSI®B VP GRUIHH UWR®WWHW D ]LRB, ELY D OXHWP H
QXFOEDANJURBQGER HYZQWHKZR67,1&PW'1$\8UHVHQ WILIK
QXFOHBMMIGHI MW =RXURV DQGLIIHUHOWLBPQWURQVFULSWL]
G\QDPFRVVHWOL 2EDWDINO *KLVH®OL OLODBIQMO *XHUUD

HW O 7KXV8, VSHFRHWUXQLTRHS R U WXRIZL YAV WLKBHD MM FRW V/

KHW H U R 30O KR MVERH Q H B\DMRES OKD\E P LLFYVK S, PD OHHWHURSODV P\
L \D D W XMKOHA HWRURD RIXLFOILGREDW H U B A W Z@EIFIOCHORY. WRFKRQG UL D
DUH WKH XQDOWHUHG UHVXOW RI HYROXWLRQ

, QW KZR/UAHL Q Y H V WALKUEDRVISIG R \W M RQ O\PBRBIU D Q V FOUHBHIX R QH D U
DQBW'1$ HQFRGHIBY XE X QQWZRH O B WYHIROSHHF & X L WAEHSHHXW V D W X V
FKDUDF®\EU,RPGWRF KRQ&BUGIDWIKI VY SSZDWE,XPPLWRFKRQGULD
‘HDOMPPLQYHEHODWERYZWHRQ V FOUH BHEIR Q62 ;3+26VXEXQLWYV
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/DVWOL QY HV WLKUDW/SIG R W M RQ RUWDXEQ@HDUWYYROPHERFKRQGULD
IXQFWLRQV

0 DAMIDYDQGO0 HKRG/

" DY
7UDQVFUGBWRPW XREODGR® ZHDQYG LY LGXDRD/D 8WELP D O R B
GHFX VD QWXNOYGILY L\GIHDRODD EVAR DORB SKLOLS SAHWH WRILHY HG
UHVSHRWRPHLOHW@DY X E P LWRM B & PeH. R OIRQE® R O X W H R GRLIDM R U
UHYLVDR@KLVHOMQ 5DZUHDBY® UDQV F DIVS\MRIBR\E R W K
H[SH UL PRIDIWIVL GRIESH.X Q GHUR3IURBEHIMWY 5 SKLOLSS ID@IU X P
35-1$% 5 GHFXVV)RWYW KG HRIDERYMGHD R PR/ VHPEB®EL I THUHQWLDC
WUDQVFDQBWERYWZRB QB GH P D QHHM MR K L V HOD Q % R W K
WUDQVFUZHIIMRERWDMRSESHOSBFLIGHYQORERQ PREHDQLVPYV
*KLVHIOWDLOLQSUHSDUBWRR@ERHBHWDLQHRU P IDW DR Q R O
KWWSV RVI LR FGNE "YLHZBRQO\ | E FGRUWKRORHRHW F H}
EHWZWH® ZRSHFZHVIRR X QXG/LQUWKR 9 HQQQHW O ZLWEHIDXOW
SDUDPHWFHONDU H(BFRGHWEXQHWRXFRPEL@URIURWBOORWDWLRQ
R EW DE\Q4 66 7 3& D P D FRARO +00(5 OLVWBO DQ®WHU3URGBFDQ
-RQHWO DVLPSOHPHQWBERYH PH@WQRWIBS HRQ Q H
OW'1$ HQFR.GHB6VXEXQHWN W UILHRWHEHL WRFKREQEPH®LODEOH
RQL&% *H Q % DXQMG WK$F F H V VILXKRPE H$% DQG% IR 5
SKLOLSSOQQDUXPW'1$WD Q& IRB GHF XV VKW X M GBADL
7UDQVF OHSRMOR QA $ HQ FR GHIBV X E X DD MD/O F XEOP IVSHAMYUHH D G V
RQ ZKROH PLWRFKRQGULDOD JHQIERIQV ZLWK %:$

7UQAUSIROR 2 3+26 JHHV

'H SHUIRDPRIBS D UM WD Q Y FDLQLISAR RXE OIQREV ' 1$ H Q PRXCEK®IL W V
FRPSOH[HV LQYROYHG LQ 2:3+26

"L11H U HIQW KM¥U D Q V FOUH \SHGN REXFMDHOBELW R F K R E XDBR MW VHVV H G
E\S O R WWWEHOMW U REDRNLR Q D QW KHO FR [JROQ N WBHZPVE H U | R UPPWH G
VWDWYVX®SKBBH U D IFRIKXO\FIDEQDLAYX EVD L G HYD\Y COQUFGR W W KZRIGV
DSSOWHBIBQHWIMIQ V FH MR & HD W RIERMK F CCHIBLWRFKRQGULD
VXEXQOWINFKD P S 6&$H D U PR U UH GRW L R ZIDAVOMO F X O B WRI\GV
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W U D Q V FOLH YSRWPLDRODH®IG P D CRHAD WIS H FOLQESF UR D OIHQIG PDBDHW ZHH Q
VSHFLHV

, OR U GMBIH WMHHQ GVBWI FLH V WS MALDIQFV § D WSREZURB\D & X EX QLW V
Z HF D O F XFORDUAJHH® D W/ ARSI Y URW K 80 O RZR. QG L B/ GRIG X VR D &/ WV

5 GHFXVVWDRD)XBHIKLOLSSPROBSKLOL S SIHPDUPUIHGE H W DRD V
HDBSIRE:3+26VXE X HADO F X\ BB/HHISU FFIRQ \H O LLRAGRNY @ W P D W H
W KMUD QVF BRIW HR@BQ & OQ P SOHYR QURIQY ARQ G LOWDMRUZ A H W
YLVXDOL]HIGHW WP RS VK

5DAVR SIRMOQHYROMROR 2 3+2 6 \MEXQW

‘HXVIE86&/( (GJDU WRORWWKROBBRM RHYKEYRWBLQPQPHQW V
ZHWEDFN WUDQWRPOHFGWILIEN VVBRFULB.WB&DOFXODWRIO

Z D XV HAGR E WY KIBD \R IGRR Q V\ Q R QN RRQXR/Q \ RIRXAO HRXAELVGAHL W X W L R
Gl GEHWZBH®HFXV\DIMBXBKLOLSS L6Q QEPKFO BY) GH P D GRHIS/
SKLOLSSKQDGEXPHPHQYWFKRGRPHMW HSR VM EB GV WD BIR U
PLWR F K RQXEXBQR/H | H WURMISORL W R F K RQXEXIQEQY BBH W Z B H Q
GHFXVDR® SKLOLSSLADSKMORBQUH I HWRHBDPWN R F KR/XEN QL &/ V
Gl GBHWZH GG F XV DD®SKLOLSS)L Q/DIHPS O R WWGHLG/ WU REXW LR Q
Gl GEIQXFODHEUWRFKRQEBSOB QWK HO FR RMADE H U IR WIRN G O XD W H
VLIQLIGED & WHQFHAMRQ Y HV W KSHDMAMR G RH U H D IDWI®RE GIBQ G
W U D QV FOUH BEASFOR WOW H G) 3. B 1Q X F OHEWX Q QWK IS1LUG & B R \W K
GHFXVUDRWXKWLOLSSERDBNPQWRFKREEXN@EMORWRHG 3 .RI
5 SKLOLSSPROBXPLY BBHW ZH GO FXVDR® SKLOLSSQLWDSMP
OLNHZIHSHRVOWRHE G)3.®R15 SKLOLSS LMIUBHPY LQ YV \BBEHW Z5H HQ
GHFXVUDRWXKLOLS S)L YDYEKPD DIIRK RWROBRI )3.R5 GHFXVVDWXV
PLWRFKRQYEXDDBIEN FHW ZHEBF X VU RIWXKLOL S S)L QYDSHK® F H
) W\SNRQV L @/HIPIFEH PWWRPKREGREBRXURYV 7K@ SHD U RIDEIN
FRUUHODWLRQ FRHIILFLHQW ZDV FDOFXODWHG IRU HDFK FRP

5DAV R SURMQ HROMRQ R QFODU JHHY LORYHG LQ P WRFKRQBUDD
SRR

, QR U GMRG H QW IQINYY RO®PH® R FK SQG® B HRHMXWWEBL*2 %DOVD &DQWR
HWO WRHOGRBD QR \EDWHKEGE WHEFLWRFKRQGBYRMYVRFLDWHG
FKLW®E& URHQV K HWH BM UHH F R J @LMRHUGY K KO RVIAW KW ZRSHFEZH YV
REW DG D & O O R KADIPH. S H DHXQHHRBR; 3+ 26V XE X OKLM@®UWKRORJR XV
JHQKNDBG1 GOLIKMKIDQZHXVIBGIL*26XSHBO WRLJIKOLRRW
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D Q Q R W (VR MIRKYHS H FD B@H W ZR BN W H ZRHWYH. V X DOV IWES SOLFDWLRQ
'"\1HWRHQDHEWQ IURWKRHNWRVS$DSWREKDQORQ /RWHIO

'KHQ H QBN UPRWH F RJ ®MRHIGY K ZGIR YYBE9 L * 2W R E WW K@
DQQRWRMIKRIGHFLHY UBEEYREPHGR F K BQURE HVQ® W HUP V
QHWZRUNV ZH YLVXDOL]JHG ZLWK '\1HW
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Chapter 4

S5 XAV

' U HHQMIDADQFUSIROR 2 3+26 JHHY/

&R P E L QUKHD Q R VRIEEWVIDRURFRGS 673 00 (5 DQOWHUSBRIHWULHYHG
QXFOHDU WQEPREHVO @HB- 26 $0PW'1$ HQ FPRGEH®@HUWIMWULHYHG
EXDW BD @ RMD F O X GHEQ D OB VIR DRIMNB RPQ Q RW D W L RLQ/ D RRWKILR/H Q W
JHQH LQ E%BVYBI®RHW DO
7K AV U D Q V FUH BN RQ 6V X E X QQWWIWHZRS H ALLWIN S RIUGMHSSS OHPHQW D U\
WDE @H\NG7KMW UDQVFUHBHIXRQHDU HOFREKEXDRRRWHRUUHODWHG
EHW ZMHMHABINGI PD D HW K BB FE KEBHFXVVDWEBXSSOHPHQWIHIHHQ
GRVBVSKLOLSSLQDUSPSSOHPHQIWDHDGHRWWQGHENMW ZRBIQH V
6SHDURDIQFMRUUHODWLBXSSOHP HIQWD HRUD GRMWM GHPDOHYV
6SHDUPDIQFMRUUHODW IBK@ SOHP HIQWDH\HGRWHWZMEBFLHV
& R P S D B IHVEXX F OWXCEX QALKWAY D Q V FAUHLYRMEIMR ©$ H Q FRRGEDGD DMV V
FRUUHEOHDWZAPBIQBYGIPD @HW KISGI FEHAHFXVVDWX\KSSOHPHQWD U\
ILJXUBDUNHWOQLDGJIKHLWLSSLQDYXPXUBDERWH LD QX IDW
VKRDKLIKARUUHBEPDWIZRBQRMW KHZRSHFBESWDURPD@RNUUHODWLRQ

ILJXUGID BN D @JH. D @IIBHW ZIMIPO IS D UPD@®RUUHODWLRQ
6XSSOHPHQWDU\ ILJXUH GDUN UHG WULDQJOHYV
'H FRPSDWHKWBUDQVFOUHBSRIMEXGEOBERBW'1$ HQFRGWE&R OR QRIXV
LQYRQYMB+26 ,QERVBKGHFXV\DIMVMBXVKLOLS S MKIMINORQ V FRIL SW LR C
PLW R F K RQXEX QDWW N HG O KW K DVX R M) X F OVDORX QIILWX/U H Q5
G HF X VWBRAHGVVDIOD Q V FOHBHAMLWR R F K R G 6 XID\WD R & G J KAHKY &FDIW
QXFOMKEXQLWNM.0 DRSSRWRG)3.0 UHVSHFWO¥R®REY WD O X H

( ,Q5 SKLOLSSMXBHEPW QD Q V FUH FMRLRR F K RIXE X I &/ V

IR OKE J KW K DVX B VD X FOMDEX QLWW3.0 YV )3.0 UHVSHFWLYHO\
'LOFRMRIS/WDOXH ( &RQVLCGAHUQBWGEHPDYHSYDUPMMORKRQGULD
VX E X @UIMAVW L PRIR UW U D Q V WKIDEHFEOWORX Q RMDVO R GHFEXVVDW XV

"LOFRWRIGY’ WD O X H ( W L PRHR/UMU D Q VIEQHL EBI@K5VG HF X VV D W X V
"LOFRYZRE/WDOXH ( W L PRF-RYUUMU D Q V E @ DEORIB/ SKLOLSSLQDUXF
'LOFRMRBSYWDOXH ( DQG WLPPRUNMUDQVEQHPBGHS/
SKLOLSSLQDBRPRAYWDOXH ( 6XSSOHPHQWDH,\QQXFOHDU

FRP SO M[{KWU D Q V FOUH YSHAGL R'@& HP R UMD U L B \W BRHAIYGI PD R B V
GHFX\WVBDXWLFROPRIDA,HPDQE73DVH2ZKW@ R WH. P LEXH-DWZIHH Q
PDOBQEHPD @MY SKLOLSS LEXBISXOM P HQ WK 2 Q W KR Q W WKW\
WUDQVFHBIRIL W@ FKFEQS 5 0BWH ? LIDADRB D ORIV SKLOLSSRQBUXP
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PDOBI@IGIPD @VGHF XV \ZKWGHP D BIBVSKLOLS SD QAKX D FWHUL]HG
ORZBIQBRUDULDROH)3.BI&RPSQBRIGLIKMHRI )3.RI&RPSOH|
6XSSOHPHQWDU\ ILIXUH %

‘H SHU IR WDKK & U D UFOOUF \BDELLL @RIV D Q V FOH G MIEXFEQ@HIEX @ L W V
PDOBYGIPD BBV GHFXVDD®WXS\KLOLSS LIQDUXHK L OFD QR IWK HV H
VXEXQ@HWWRDWLPLOBYROW DQVAUEBRWKROHFYRPHXEXALW YV
&RPSOHO DQE7 3D DHMXFRRUMUD Q VIEQ® DEHRIE GHF XV\BBRWE V
SKLOLS SW@&BUWIXE@V FOUH SR B L | FEBIRV ZAHHABINGI PDD BB QHUD 0 O\
ORZWKD/GIDBY G HF XV \ZEKW B B OW WM'® & D DK L J KWHWD Q V FRIPSVIDURICE

IHP D 0K S/D W WHWQQWRHN LP D ORIF G HF X VWR®XVW S D U DRPIOO

RW K/HDP S OKH\OMKEHD X \D\VQ 1D OA U D\E @/KRH S DEJRWHKH] B Q\GS H FALDAVRIG
WKHLU WUDQVFULSWLRQ OHYHO LW GLG QRW FOXVWHU WRJF
7K N D P H U D FRO\FDWDIANIE M U IR B BPHL@/ R F K R @ 6 X Q DBW HQ
WKENVHPDAKBVSKLOLS SEQRWWED UDWRPWNDE S GMNWMW KH JKH U

W UD QV RIMOSENKIERER F SOHFR[FR[FR[ & RPSOQHF\WEQRQWHXEXQLW
RIERPSOHIDGD QBWR KHRZWUDQV FRILBMHXEX EHORQURRBSOH|

QDG DDGQDGQDG 2Q W KFHR QW WIXWU D Q V FUHL FM/R RVINK E X Q VW V
FRP S D PR OBIYIGHI PDABVG HF X VD QRBOXORIY SKLOLS SV @DILDAP

W KFHD X \DVQIDOR R XD BIVO Z IR @ X AWM IS D U\D WHHZORS H F § 8 VIR KE D'V H
VXEXQLWYV ZHUH QRW FOXVWHUHG WRJHWKHU EDVHG RQ &RP:
'KHQ@HFRQ VL0 BROIHR 6V X E X DEWHYD X D\ B OX YAILRX QWKDLW RFKRQ G U LD
V X E X QUHFGVER O X WIS D U DWRHBGD\P FO\OQDX F OVDOELX QELXWAVRY K HKILU K H U
WUDQV FOUH B VAR HP HQ WWDHEP R QUD P S OHHR/D ®HBV SKLOLSSLQDUXF
FO X W\W B D UI\RBI GOV K/HDB S BHIFD R MHKH. JXD U L DIEQVEKIFMLW RFKR QG U LD
VXEXQUWQVFW KB QR G HF X VFO WKW S D U D WP\ NDP SOXWR
WKHLU KLJKHU WUDQVFULSWLRQ OHYHO RI VRPH QXFOHDU VX
‘HSHUIRBRHGHROI®DIWLRRQS3426VXEXQUWQVFILUSWHRED URWH O\
PDOBYGHPD BRHERWEHFERVUHGRBWILR ERPRMKE X Q UMIWS RUY H G
6XSSOHPHQWDU\ WDEOH
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( YFOMRIY WDM/R 2; 3+26 JHHY/

7KH DVWRLGRR QV\QR QVRR A R Q \ PRXFO HRX\ELNGMHL &/ X WBERWD OF XODWH G
EHW ZGIHRYXEYXREVEWF X VY Q3BSKWLOLS SEAZMPNR FKREEX QDWW V
RI5 GHFXVDMEXSKLOLSS) QD BHPEH W Z AHW@ R F K ROXE X IGLEV V
GHFXV\DIMBXSYKLOLSSDQD\SEHPVKRZ@MLIXUH 1 GRIQ X F OIQ®
PLWR FKRQGE X DESW ¥ XWQL\ RRIIPG IOOXF OHD UPH G LBD@H F XV VIBW X V
SKLOLSS)LQYDVIKP PHGIED@HFXVYBWKVOLSSL @DEXP DQWKH
GLIIHUBQ@RWN D W LV MIGAD BPR Q@X F OHXEX Q L WXWUEX SSOHPHQWD U\
WDEGH. G6YDULREWHKJIKHYOXBRPSOHPHGLDQ DQGBRZMB WX HV
L@RPSQHPHGLDQ $PROQILWRFKRQEXNQRMXUKBRPSOHIBQG
$73D WK WHKH. JKE V VBLEW ISHG H F X VV IBWSXX\L. O L S S0 QD FRP SDULV R Q
Gl G6+ ILIX$HDQBGHFXVYBVBXYOLSS)L YDEKPS D UILLIK@H

Gl G6+ ZKLORPSOQH[FKDUDFBE\MWUIRZGDOEH G6 ILJIXYHk
6XSSOHPHQWDU\ WDEOH

SRUHDAR) EHAHD WIQAISWRQ GYHO DG HYROWMWRDY WM 1Q
2; 3+26 JHH

JLIXUWKRIMUHODWERQVZRRY )3.0Q061 ABMXFOHPPUWRFKRQGULD
V X E X Ol & MBR WQD® H J D RRLY BiH BHDW/ANRKID Q V OUHSHIETR GRBQ X FOH D U
VXEXQHWW BHGH F X V VEOBW oW FFIRQIM ODW ISRQDOXH ILJIX $H
FLUFQRW® SKLOLSS LSHDXAFRYIM ODWISRQDOXH 1LJXWH

FLUF GMW KWHWD PED\ ZHGLQRMW QBVWDWLVWEEROMHIHEGBEWEZRE Q

W U D Q V FOUH $DAMCRIMR H5 U R WHHLRID XLVZR. RV R F K RUXE XX IGD S\ W IKBH U

GHF XV \VEBWMBPVY FRYYMHODWBSRYDOXHILIX $H O DFUNLD QRLE V
SKLOLSSDQM\S¥RS HDUPLRUIWHODWLBQYDOXH ILIXUWHHPSW\
WULD QURIBVSKLOLSS) WD BAKPHDUFRQUHODWERM@OXHLIXUH

% EODFN WULDQJOHV

$ QQRENRQ DG AL I HHMOMQAUSIROR JHH/IQRYHELO
P WKRQBUDCERRI\

HIRXQG ORE® GHEXVDDRWXW G SKLOLSSLQOQ R WDWARKBAKK H
*2 WHUPLW R FKRRQUIBQRLIRWY LWSGURAWKID\RHFL LG GHFXVEDRW® XV
L@ SKLOLSSZROMIFRIQMHG/KEE RIYWKRBZRSHFZKNVOHZHUH
VSHFLSLFGRFX\DMDPAN XVZHUH YSHBKLOIFSBLQDUXP
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Chapter 4

$PROQRUWKRORQBFD R \Z DWHKE W H L W R F KR @GIUHR/Q'L FDRHFGE
ZLWKDRISURWMRQ X W LOBRDQVRI@ KB DQQRWDXAKRQBIMH) YROFHG
UHJXORWILUR® VFWUDW VR® WIHFQR P E L Q B WS RER DIRGM H PEQG

UHV S RQYLHG DWAYHVX U$ O LR/IW KPHR \DVE X Q EDWWURMNOV R S RIUQV H G
6XSSOHPWDWQBESDUW LW KB\IRY Q HEMMWMKKH. J KD WIS U R WM R@ XWLRQ
Gl G6 DUH LQYROYHG LQ PLWRFKRQGULDO WUDQVODWL
&RQFHWYWGHFLHV VISQIERM®& GHFXVEUDRWXKLOLSSEtDDQRXRRWDWLRQ
VHHME H D L QUOAO DWRH & R F K RROGIWDLR QD WL IRRIX VLRQBSRSWRWLF
FKDQJHYXUHG6HY H{2DWH WR-MU R X GIGF O X VIL@ HEH F X V V) WXXAWH
JUHEBRGHYSSOHPWOQW®M\SKLOLSS ) RIDUMPHER GEHYSSOHPHQWD U\
WDEOB QWK IBWUPDLQAYRQQHEIXORWLR® FKRRGIDL@RIJBWLRQ
ORFDOL OM)IFAY®P EURQHDQL]PIMIRBEKRIQEVLRSH PRLWRFKRQGULR
RUJDQL]D@D R PLKIER P HR VIMRGDL V] X OPIMLRRF K RIBGWH DPOLFDWLRQ
WUDQVFULSWLRQ DQG WUDQVODWLRQ
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" VAXWIRD

, QW KZR/UAHL Q Y H V WALKUEDRVISIG R \WM M RQ O\PBR/GU D Q V FOUHBHAX R Q H D U
DQBW'1$ HQFRGHTBV X E X QQWVKEL Y D\DYHHFLDHGA/L WDKSLHOL SSDQ B U X P
5X G L WEDHSAHXW B [BW X @ L S S\LIQMIWKKIK E L Y DVCSYHHDISHIE XPLLWRFKR QG UL D
LQKHUIPMB&BBWY RLW R F K RILGQUALCDUEY H VLY WHWH. P RQW 2 W K H

) W\SHW.WD Q VP\P\RW KHERMWMOSH R J HD@WEQ H 2 VO KW\ S HW.WD Q VIP\LW W H G
IDW KHRIVORY O\K HUHBRIKILOL S SIL\QDWXHKIBDW B U R 5QBWRFO HD U
JHQRRE®RR HYRQWMZEBLIIHBH®YWF K RIGI®RPRHOW KR QW B D U\
GHF XV BRAKBWY D F \E M. WHIEQRSIDW 6 U@ OHDU IRMFDLQVFRIF K RZX G WHOH

S D W HRILQ/DROF K RARGUN. DICAR WR R@K 8 U H MRKHR P S D UR.NDR@ OHDE

P LW R F K RQGEX.EUIWNZ WHKGW BER SHFRHWDQH[FH S WR B R OWKR) L W\
LQYHVWEKIDQDPRPLWR QXN®RODXDQRKIH V S R @KHF OJHDRW R
QDWXUDO FRQGLWLRQ RI KLJK PLWRFKRQGULDO YDULDELOLW

5DMR SIRMOHRYROMROR 2 3+2 6 \KEXQW

7KHUDWIBURWINIRD XGHLRERIPW'1$ HQFRGHZEVXEX@DWWD UJHO\
LQYHVWLEDRWMED VRIDR B [DP SSRMSDEM® 3LIJDQHDPXH :DONHU
IDEKR®P FRPPRQ®YHYODYXHTO RV URRH[SOWKONURQJ
SXULIN.KO HFIWERWR\ S RW K HVK PH\®/ R F K RQXEXI(IIEMY E MMR W U L F W
I X Q F W [FRR@IVAV WD QKDY V H P\E RIHR URH 2:3+26 FRP SO H] B W@/ K H
DFFXPXCROWRRE®\QRQYRE X W LPADXMRLARSU R WIK$H R SFURWHLQ SURW H
UHFRJQLMWLHRUDN K M DG MREKFLH KGH1U GRSIP LW R F K RQIF2 BD)OE X @D W V
UH S RIJYWHHIBQ WEORMKRR V LRV M € [V [HHGEH B WWR@ L W R F K B B G BQVD IOH
ROKD Q%D HWO UHSRMWICARGRYW LWHOHRPMR Q$SDUWLERODUO\
LQYHUWBEHBMWHY RIQRQV\QRQARRXW LEVUM NRLQON-® P W O
2 QW KRHV KKIDIQREW R/MVUX & X B VH WWK\BSBH FZLHAK. JHKQ H Q@ H HGXM R
WKBRFRPRENWN DU D F W\DO RS GRP LW RFK R (BGUBDXE X QLW V
FRP S DWRSH FZILNIR ZHHQH Q B\HZQW KR Q WRIIDWR F K R BG-0 B\DXE X Q L W V
RNV SH FZLHER R UM G H QWHIBNDK L J KGHIUGEBK HIYO 6 W U RIKDR
OLWWHU BREHPNR ZLF]&KRQDXHOOHWRQV L GMOHRGHIQH Q 8\H G V
W K$HX W K RB\R W K HDMULH B G K G L | M.K)AQ H BW WR@PIL W R F K ROBH2I6D O
VXEXQLWYV UDWKHU WKDQ DQ DGDSWLYH HYROXWLRQ
+HUHHV KRZKOWGRIPLWRF KR G2 BDXOE X DHWYHE BF X VD QW X V
SKLOLSSLD®UBPPD JQ L WIXIGHRE S DA IFDR\R \DWP L VDGR Y HVWLJIDWH
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Chapter 4

VRDUDEKRDQ 3RSDBWQ ERWKHAFRQVEGKUOLSSL@DENP
DQB SKLOLSSQ QWX KR P S D WLWRKEG HF XV VIR WXWH KHUHIRUH
DS SDURQWRE K RQXEXIIOGW K HWIH FR HB O O REEGP R UMD U L DBGH
QRQV\QRQXRRXW L VAFXPRIQWWER BSDWREB VWWD LI Y HV WLRDW H G
&RQVLGHBLDEFRPSOMHEWD UB W IB®D Q EHHW ZHHI® G ZLVWKKJIKHU
YDOXERRPSQOPQE73IDHIORZHBRPSOBR&RP S QHIL E R WKKH
GHFXVWDM/ SKLOLSSL QDSHPPSDULVRQEBH DQG GHF XV WDW XV

5 SKLOLSSLWDEHKPSD U LVRQ@H $ VP HQW LRIQIRE HI K& GBR X O G

U H | OHHAVEKRIUL R/WYHHD DM GH RV WRWQ KID QIGH ZHL Q Y H V WAL BWIH G
PW'1$ HQFPRGH®DQWZRL Y D\CSYHH KIPMDYGH W\H G H QW IHEIN Q B RY W

R W KWL E X U L B\GVHD P& H U HWREKHHI KGHLU GFER X RS/ KUHH VRXDMA O D [IDQV L R Q
IXQFWERQYDW G R\W @& \WNH G H QWY K W\BH F2OW KRHV KIDIQLGWK R K 6 G
KLJKO LWHVEYNGE Z RS H FLLGIYWH V WOLURBK/DW® F \E HEJLLIIH® H B KD QR NV P V
PLWR FKR@&HIUDMOIBZARWV'1$Y DU L Z® WARKUHH WL I THUS/GIWXHQFH
FR HILWVWKLOLSSDPRQRBGGLVWDQFS$O VIRVD BV V X WHKEW 1$
JHQRRH®, VS H LGIHRIRIBEHK D QD BB DV WBW KDY ®H QR RINGHFLH V
ZLWMW D QBDWE UQRBU LOVDE K B\KW Z R L W R F K RYDGULIETROVE/G Y H

VH[ VSHRQIEWERGQWVRY 7KH U H WK J KGHIU GFBR XBHE XWBSRVLWLYH
VHOHBWWR@W'1$ Q8, VS HF)DHMMKMOL Y AU PRIVPSHFLHVBERWK
DQG0,2FRXRBMSROD WHKHER L HOMW H U Q DW/DE HHIDM F H §WROS RWK-DBN

W UDQV FQM SMA RED LG HW H U R IQQ D B PAMWLKGHD W H5 U R WHIYIRGD XRW L R Q
PLWRFKRQXEXQN®IRHY[DPSODHEKRI@®|O 3R SD & B )R D

G H W DALLO/HFG 0 ¥ RRM@NY R SVLHAM KSHD U D JJUTIK8HK O DWE R @/\ZWIHD QVF UL SWL |
OHYHO DQG UDWH RI SURWHLQ HYROXWLRQ LQ 2;3+26 VXEXQL
YHZZRUN® Y H VWAL KBRS U R VAEY RQD XRWVERWQE F OHTRIW '1$ HQFRGHG
2:3+26VXEXDQWMNHRHY R EXHWLZRIEPVIRI QRPMMRH[DP SIDHE KR O]
HWO 3RSDEWQ % XUMIBRA) 'RZOLHOWO 2VDGBNDVKL
+DYLUBORDQ $DQHWO % XUWRDUUHWRDEKR®DY 3RSDGLQ
HWO , QS D U W LPFRARIVK IWWWHX CRIFYVRIFAR GHO R UV & BKSAPLP DW H V
PLFBQBRSHSRGSQ Y HV W\LKHD VHHR@® Y W R F K KGIGWUHLDRB\G DRB\X FL Q J
F\WR S O RVEPULIEBYHR | W KPID L R\'S R W KIHE/RIMMWG\ QD P RFERLWR QXFOHDU
FRHY R Q¥WHLRXQF PRIPIH Q KDS\R R KIHLLSHY VW \K@X\F OHKEX B Y RO'Y H
IDVW/HREBPSHQR DMWKH. JAKX WD WRRIBW ' 1$D QlBQ VWUMUR FHBERIQLWLRQ
DPRQ@J3+26VXEXQOQWNZRUNHLQY H VWY KEX\FHOGHDWUS RMEVQHD W X U D O
FRQ G IRAHRWH U RS QW WAEHE R & HV F XWIVIKG GBIPLWRFKR/QE X QD @/ V
$FFR U @R F FIRIPIS H Q WDS\RLVR IZHHIM [LS/H PMWRHBIQ Q F UR B XL H!

Q X F O/KEX QQW V S RIGAKEH. J KUDBRVSHU R\WMRQ RW L R® F K R B GHW B 6
VSHFHLY Y H VWX DSWH® KQ G®\ GBW KPHLWR FK R/ E X DD ®Y GH U
PDJQLWXIARP SDWREH ZAKHBHWR QRREMRIPOWQR &V WIRDIUW H G
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G1 GRIQXFOWHEXQEWR P S D UNDRE RBINY W RSB F DHIAW K H W R RDULHR
VWD W L \WW LG DIaseD QAW HQWHNE LV W U LEEDGM LG BH W Z IXEG OBIQ G
PW'1$ HQFRGEDQILWXUH KHUHIRRIMLGHR BN FOF-RCPB HQ \ZIDW LR Q
IRX QQV KN \SHH AL@I M V S RIGRMKH. J KHDRIHY R O RWLRR FKRBQ R P® O
DGGLWKERBRWRPSHQVWWPRQ N EGKGWHL Q Y HV W KIDRV\GHRW L R Q
VHT X HREHD\RK3+26FRPS®HPB D UDRRI@X F O/MKEX @ RW 8 O,H{ DW K H
KLIKBVWPHGIGIQG6 R QKR QWALRPLS\O,EKDW IOHR Z H BRMSHJU RW H L Q
HYR O OWRRFL W R F K FQE® S DRI G IGDLQG 6 I X UW K HURRRISOHN [
DQ$73DWHGH A6KLJKHPLWRFKRQAEXDRBSDWGGF O/KEX Q L W H
DQG 6XSSOHPMWDEDBLPLOBNYXZGWMEWDEQHED O\WAQRQ\PRXV
V X E VW U\D MBMD RGR Q V\ Q R WWPERKW U\D YOMR R (B+26D QEBRQ 2:3+26
JHQHYHUWHEUD®@8WRXIJKWRTXK IDXWHKRYWXB®IMRIPLWRFKRQGULD
V X E X Q\QRENO Z IX\IVJ KWKV BRI X F OMHKEX QWD FIR P S MHYEX JJHBWH G
PLQRBIRBRPSHQ\PHFRDQMWRH RORRLRR6JHQ BB WKRDIK
ZRUNXSSWKM SRUWIDSHHR & OW HUDFRVQ@FBQ 26V XE X QLKBHVHVHQW
V W XUED WWKHIU FDV@AQVG H S HVQUBHRAQAX F COHIIBL W R F K R Q332 BIPROP SOH [H V
FRQFHUQIFEN R\MMRQ X GOLGED LIWK R EGF® Q V L & VD MvS U IR WDHULHD V/
X Q GSHUU L | VLHQOJH W WRIO R KBV GV6 KDWRHR VVEBORZ$OVRKLPBQ\
ZRUNWSRBUVBIEQR:3+26VXEXQHM\R UKD YH{D P L @QHE | H RWWK H V H
PXWDWICRORWMNQEWE RRQ VHMDO  $]HYHIBWO  6FK P HEWO
7KHUHLRASIR V VWEKD+ 2 6S U R WFHDMIRO A X VW WK ROWQWDLQLQJ
W K HX QF W IQR\QD FFYR E X VW BH VWD QR S D U W L FE XOXBROON D VD L RHFW
GRPD D@L UHEQWR Q QMKEH) W H U D PR QRXEX QRLIMWX FFKX W D VB IURIQ V
FRPSHQEDRWKHMHRIQV\QRQWRE XYW L WQOMLRIQMWY RO RQV\I\QRQ\PR XV
VXEVW PR X QBRI | | HRGWVKH R W MLLQX WK X\WHO ®ZRUNERP SOH |
SDUWLERNGB EANIKREZHWD DRI XE UHPNGWWRHORFVKEBGRRIEO
W K/ H FZZHEQ Y H V Y RRVD &V H O D W/ IL YL OGEGXIO R R UYHD U LHD[Q XMWV K L Q
5 SKLOLSSL)Q\DINPE W\SHEDQYZRUKVJKOW BEMIDWILWRWDYLQJ
GLIIHPW QW D U LDLQNWWIKGD FRHJ J D L@WEQ L S D UE R MWDEW DWRAKRQGULL
L WV K R X\ R B/YHHY R OLYQR G GMBJY RR.IG L G L | | H P H\@ RVF K ROQ @ bl DOHER/U
H[DP$DBH 6RDBR\RWKIRUNERXWR QX6 BRPID W QE/LHOLWLLIHDW H
W KHH | H RWKW W H U RS\ I VDWW MQRIS OOWERILIFRW KFHR Q V H UXIKEQXMRWIL R Q
EUHDN®RZQ+26ZD\DVFUMERBIBLYVPDRHWZEKBDOMHDBLWRFKRQGULD
VXE X G HWAHY HNM K D@QDWRRQ G IRIKIHRQH URSXRPO®RAD U HAFRG HG
VX E X G EWRWAH HWP R HD | | H FEM WGP W R F K /@G U D BVGKEKYY D F WK b VHH G
V' S HFDM\H IR K H$ O H YEVOLROMDKQHXUF QJHHIDUAR X BI® L NH@X R Q@ H G
PLWR QXPFERDPSDWOE MK RO/MHE VILLGR 8 W H U R KOBDWIBRARU R S FEX H G
(OOLDBR@XUWRQ , W W QR ZNMK IV HDUK QXFOMHOQHPYYRQQHG
PLWRFKRQGORD® ODFH WKRIYWRR QV WDRMHADPRMY R FKR QG ULD
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JHQRBH$VDQSURWBQGRPRHIW K HWIQHRXPH HV SR QR/EEWR QXFOHDU
LQFRP S D W6 EQBHKWHIHMRRIB G HF XV XD WBHRQ W HU DRQIR\Q H
PLWR F K RQE UDRIGH HHX F QMIDRRE SKLOLS SH YR ONREH UDLFWKL Q J
W ZRL 1 HPHWYRF K ROQ G H ROKENS i FSLUHR/YIXGH. TFXXHD Q\FRQ Y H V WKL.D YW H
JHQHYDQH YR ONDH/GYEUH V S RURLH R F K R@E&W DIFR CMKEWU S B W H
LQY H V VRILIWD MRIGR F RIEND BILMS K W DPW WYRF K RVUDGRIGEIO G J KAHKD Q

DOYRGHWHPRMEGHV @BIEEY RIP HW R F K RQEGRI:BRE X QIBQ HV
LQYRQQUIGI X O B WLIRIDQ V F W IUDVQ VR WLHRFKR P E L Q B W E RGBE W RQ \
DVVHPEQGH VSRR HG DWW Y H\IX U HQS D U W LA R P ®Z RH Q BIVW K
G1 GBI LQYRQ®PHGVR F K RMUETUQ\DMD W LR@BHSARG W RWQEFW HU P V
LQYRQPHGV R F K RIQIG ¥ DBGY U V FOUQYS WD @ @HIMD WX @® R Q J
VSHFLHV QS HABIHIHYIXUH,QDGG LWL WO URMW RQPHG/RFKRQGULD
RUJDQL]DWLRQPLWREKGQEN IRPEXVLRQYDIPHQWDLWREKRQGULD
ORF DO L QIS RSV R V IOFZ BRIG\U H V YGW FIGH \OSRHEDLO LIFGR&X U W R Q

D O U FSIUR\S RWKOBF QHHMWHY Y R @ PHL.GV R F K RAQUEDUQL \DFBIRDGBIE R Q

UHVSRQRUEMR QXRFHREFS D W DBIZDK R HAM YR QYPIGWR QXFOHDU
FRHY R OPHIHRIG! SW KD HYY R O @HG X OPMYL B Q V PIQMEUDLROD W LR Q
ZHO@ HVSLBRDIRW\H P E DWHRNK L JIKDRISIU R WM R Q X WIKRNGBH FLH V
DQG FRXOG EH VXEMHFW WR D IDVWHU HYROXWLRQ LQ UHVSR

7 IAUSIRQBYHR P MRFKRQAUIDCDQGQFGILR : 3+ 2 6 \KEXQW

‘H IR X QWG\I WD Q V FIUH\BWOMR 0$ H Q FR G HZBV X E X QWPW MK L J KHKID Q

W KRIR/X F O H D U \HXERRIERANWKVES H F1KIB\D W MHUGU WBIG RIUGZ M G H

UD QRIHX N D U ZR\WM MAHNHU D QU E X QEWIPIFWR FK FGE XN DR W R B GJIKH U

W K VR MY X F OHXEX Q @O\ P D O'R (XE& J KLIHKEIO DR @G/ R GK& J KLHIX Q J L
IDEKRD®D +DYLUBODRDQ +HUZAHUH SBKU\IKE X Q GRRIPMRFKRQGULD
W U D Q VLRW LGSHAK V \DOQMBS YD U W L KX OIORXID GID® FSHK L O L S S MKIDWAK P
UHVSHFWILR ®@G |R&GJKHKDGWHU D QV FRUQ ¥ AVAIRIEX Q L WXL H

7KW HDRROKUMP D U IGD EIG HHY BB Q B EX QBB IQW APIHVOR F K DQEU LD O
Q X F O/EKEX QWY RAVD HTKUSD W BWIHEIOR S RABHEEY F U WRHGE X W R SIRIIU W\
PLWR F K RWGIUQ \DRELDLFSKN R@GLL | | H K HSRWY KZHHVOMAD NLMIKR Q VL GHUD W LR
VXFX\ QHIILPLW®WK RQUDUQ\DEBORGIVERIMEK RU\  +D Y LUGEEO RD Q

, VL \D RAAD H.WJKMHU D Q V FOLH YSNAEL R QHDCPIRA@KITGH 2 6V X EX GIUWMY Z R KW V
IRXGOWWFRQNUD Q DPRIGSVE XDE O/R Q\WR B/HD PPH3 +26F RP S OMHIQ
‘DYHUH@RUDHYV *D U E HB® “H IR X QUKD MO X D\ B GRQV X D O O\
VHSDVUDMIPBVRG/ SHF.ONEH [ QS D U W LAKHIBIFR Q V RE H OHKEX Q L W V
PDORIY GHFXVFOWEE B RWK KL UKWHWD Q V E MRS RXOREWRS O H [
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&RPSOM[DQG73DVH. IJXUH$ GLIIHSHGWWKRZXHRYHFRQVLGHU
PLWRFKRQEYXZK® WPDRBE\SKLOLS SEQOWE 8D U DWROURW K H U
VDPSOXWR KK LUKMHWD QV FOUHYSWIOHRRD R B\GHF X VN O WWWSDUDWH O\
IURPDORM KMZRSHFFZKNVAO X WARH B WIKIKW HQ W H U H WWAHQ X @ W H U
D Q D O\ \DIRME @R H S D VU D EWXHE DWR GV K IF RP S O HI[L O LLDEVQRROQVAK L V

REV H U WXW.LHRWX\BMYD Q B E ¥ Q SUNORFGV L GHID IR ® X E X @ Q@R
SDWRIARMSOH[ VR MU DR Y VR X @ GKRNDSH F,ICH G G L AHSRIQ IRUPH G
FRUUHPDWURPR ¥ XE X @ HS D UR®B OMYG P D O®ID KIS H FLYHMQ

W KREVVDO D RWFRP SOH[ VFSRAFW HLSAD W W @ IQGLHIDMFIR Q G LMLI R QH
6XSSOHPHQWDHW K LLW Q W H UEINFDBGRIRMN KH3 + 2 6V X E X B LLIW

V D PUHD W @RF® P S O MI[IF YIRW R P\HX E X @ MNGH 3 D V4+ W W HIPBQ Q

&R Q F H URLLVQR F K R\OXEXLALWR/R XEOHE L J K O L WKKDRKBAQ R Z O IDE REK W

P LW R F K RAQUEDUQ \DRID Z SRR W W U D QUMFIXLCERMER @R Y BWR W H L Q

W X U QIRW H W\H V W WBLLRMABIEQ W L Q JO R VRAW K/HW X B E IRW MMAR-E RFF\X V
R®DPPDO®WVLQ &D\XKOWDIVVRO® GO QF D VPHD Q\H QBIQFEH FKDQLV PV
UHP XIQE KD U D E WHRRLWHK® S U LZ/HVQ\IOR) BN) RZKIHRBIBIR O\DGHQ\OD WL
L@ LW R F K RQUOWQ\DFINE S RPWR 9 QO R IMKDRO \ Vi DFLRAD YW B BAR\MARY R O

W U D Q VHFQ V. SWHEA/LLUWRW KQHK F CDHORBO O K ¥ L W R MWAJLDRQQY DRDWELLRAQX
OLQF]XN 2QW KHR Q WDDRIA\ VEDLIVOH T X LRAMIGD Q& AU U SE [EW ERVGI U L D
DQSODPAWRFKR®GOLPWGL B6RZKDIWVKIRRISRO\WOIMQLPDO
PLWR FKRQGLQDMUH S W R Q NHW D E ROLVA D WK X MUBHIKGI UD GDW LR Q
VLPLODBORNDUGRW P RHNE D SUR S RWKNSBWHWZRH F K D QER/ R ® G

FR HL®MNVRFKRAGVY L BMHKRNHI E UIIRWIL B \6 HHTS H U L B HFIRQW W U X F W H C
E\LVROB\WRDOD G H Y\ DIDQWNQ R 3WHHR R M/ ISHR O\VSDWVRQGDPBQWD O

W KRIQ KD QIGISRO\ WDLVMOH T X LR& & J U D GBD\W VRQ PWWIHEXIQ GRQ F H
SRO\DGH QAOD@ANFBZIRSVENE X ¥ WD Q VGFHN \SW/E'H GU D GDQMLKRHY K H U
KDQGS RO\ V$DLIVOH T X LRIBROW W D E L ®LGMILLRDQEIT WD R @/ L ELDP\DMVEL R Q
SRO\DGH Q\ODGNFRN G®/'S'U HD\GR QMW H V WRLIVIXWM U R Q \WIF KIID [BOREY
HYHQWBOBYKARQY RGXWHPRIS VU R W HLOH V BLLRVR F K RRXGIKEHDQ

H[S OW KIBE V HR)IWHH S H FRRWE H DIDMRBID2 6F R P S O i MAKILW KEHD V H

ZHV KR XOO0GWRD NG WR Q VL G HFAUKSIR VR Q BALIOR WA R F K RQGIQDPUL SWRP |
LQYDULDEO\ \LHOGV QRLV\ GDWD

7KDAMD LZGIREVH DY BRBIFR W U D Q DOWIRRQLURRD/KEX QY MA@ X FOHD U
JHQMAK HWI L G ROPIREZR U U HBDWIVRDD Q V FOUH BHMSERRMU EXQ GD Q F H
DQGWDWVWLPWWRE RIWK¥D U LDLVDER R WHRLAF H Q I/ ME®XWL R Q
SRVW WUDQVFULSWYRUIRI@D 00D HFRADWHL R Q
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7 KHUHDMRQKLS EHE HOWIQAUSWRQ GYHIDOGDAMR SIRMOQHYROWRD
1Q2: 3+2 6 \KEXQW

$FFRU®/IBYD S MEW\H DIGH RUWAD Q V FOUH\BRAKRIDLIQ F \& RIW H U IKQIL Q J
UDRVSIU R M M RQ XD/QKR QK O\ W U DIDYB UHKDH® F B\D B ZHHGG § KD Q J
<DQJ 7KHUHWKHMHQ HID WRYH H ODHNV L@ BER U U H GEBIW/IZRIQ Q
WUDQUDEYQBMQEH GEHFHQMW{H5 FRUUH 2PDW DREGFR QVLGMRDWLR Q
H[S OW KIERZ DRVISIU R W M RQ OW HEQ/L\PR F K R (BG2 B\DXE X @ DWK R O]
DW IRX@@HJIJDWRYHHEBPWIRBDQVFHBEIRQ6VXEXQDEV
G1 GB@GLIIHBHQHQ DQRKIK W KRWR'S RWKIBGAH. JW U D Q V FAUHL YR R Q
PLWRFKR 8 QHWERD LLWHV S R QRAW FEREDRISIURWMRQ X BB HVH QW
ZRUDNHL QY HV WLKEHO DGV E R @2 BE) Q \DFEXLSOVIDQEIH A6 ZRL Y DO Y H
VSHFIZHYNWDQLQWHUBGDQRILQYEHSKLOLSSKQDSPORI WL KXLIRUO\
W U D Q V FRURLISMR RV X & X QKDWY | R B GJ KKHRP S DUBDGE /KKEX RQ W V
| R K& J KW KV IDQ@R W KDHQUL PR @V R F K RIQXE X PIK® ¥ H DEF IR UVBR 6 J
FRUUH ODWHARIDU NDREZ® H G ¥ K R XFOK® U D F RVIHAWR. FHK RVQXEXLGRLI®Y V
SKLOLSSEQIBIREGEW K N XIE X QK MIKY H F® P S DURME R IDW P D QLMW
L QVWAHRIPG D UW BOG H F X V VZKMXWHKW U D Q V FRIIIPS WY/IRFEQ RIGIG®UHIVD O
FRQVLGIWRZEQ\DGGLWHRBQ @ RW QBQ\QHJDWRYH H QDHA MRQH U
PLWR F K R®R@NY E DEXEX Q@R WHH HF LIHNK UGILP LOBYXBUWEWDLQHG
E\+DYLN@EORDQ LG ODQWW KHKW KRRIYFOWEE®WD QDEX RS QFH
FDQE@RMW VSR OQRAE GHX KD S VWHDO U IEL § F XO/BRMMGH ME&H DU H 1 X O
L  H D U FOEIRQUIU H B IDW Z\R RBWZRD U L DIEHOBNF R Q | QURPY L G MR 5
FRUUH @ DWRRIDH V X G RE KW WD Q V FOUH. RMNORREX F (DHIBLWRFKRQGULD
V X E X QWA YKYOD U L IDEIEMW\Q RX\WQ L | RHIYADP R @D P SDIHW K IS® F2 KV
RSLQLWE&®W G6Q RW | H FEMW G D Q \DFEXGGDWQIBHY X J J WK\ WHR B H
WUDQVFULSWLRQ OHYHO LQ GHWHUPLQLQJ WKH UDWH RI SUR
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) XZBQ)

7KLV ZRUN ZDV VXSSRUWHG E\ WKH ,WDOLDQ OLQLVWU\ RI (G’
),5 BURJUDPPH >5%)5 7 $ IXQGHG WR )*@ DQG E\ WKH &D
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5 HHHIHY

$DQHQ '. 6SHOEULQN -1 %HHNPDQ O KDW FRVW PLWREFK
IXQFWLRQDO PLWRFKRQGULDO '1$ ZLWKLQ DQG DFURVV JHQH
%LRO 6FL GRVYWE

$OOHQ -) K\ FKORURSODVWY DQG PLWRFKRQGULD UHWD
VIVWHPV &RORFDWLRQ IRU UHGR[ UHJXODWLRQ RI JHQH H[SL

$VLQ &D\XHOD - *XVWDIVVRQ &0 OLWRFKRQGULDO WUDQ
PDPPDOLDQ FHOOV 7UHQGV %LRFKHP G6FL +

$]JHYHGR / HW DO (SLVWDWLF LQWHUDFWLRQV PRGXODW !
PLWRFKRQGULDO UHVSLUDWRU\ FRPSOH[ FRPSRQHQWV %0& °
%DOODUG -:2 OHOYLQ 5* .DWHZD 6' 0DDV . OLWRFKRQG!
DVVRFLDWHG ZLWK PHDVXUDEOH GLIIHUHQFHV LQ OLIH KLVWI
'URVRSKLOD VLPXODQV (YROXWLRQ +

%DOVD &DQWR ( +HQULTXHV ' *iERU $ %DQJD -5 $0,*2

PRGHOLQJ RSWLPL]DWLRQ DQG FRQWURO LQ V\VWHPV ELROR

%DUUHWR )66 %XUWRQ 566 (OHYDWHG R[LGDWLYH GDPD
LQWHUSRSXODWLRQ K\EULGV RI D PDULQH FRSHSRG 3URFHH
6FLHQFHYV

%DU <DDFRY ' %OXPEHUJ $ OLVKPDU ' OLWRFKRQGULDO
HITHFWV RQ 2;3+26 DFWLYLW\ DQG UHJXODWLRQ %LRFKLP %l

%D]LQ ( *OpPLQ 6 *DOWLHU 1 3RSXODWLRQ VL]H GRHV Q
GLYHUVLW\ LQ DQLPDOV 6FLHQFH +

%LUN\ &: -U 8QLSDUHQWDO LQKHULWDQFH RI PLWRFKRQC
DQG HYROXWLRQ 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ F

%YUHWRQ 6 6WHZDUW '7 +RHK :5 &KDUDFWHUL]DWLRQ RI
JHQGHU DVVRFLDWHG PW'1$V RI O\WLOXV VSS %LYDOYLD 0\
$73DVH JHQH ODU *HQRPLFV *

%XUWRQ 56 %DUUHWR )6 $ GLVSURSRUWLRQDWH UROH |
LQFRPSDWLELOLWLHV" ORO (FRO *

%XUWRQ 56 (OOLVRQ &. +DUULVRQ -6 7KH VRUU\ VWDW}
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PLWRFKRQGULDO '"1$ HYROXWLRQ LQ DOORSDWULF SRSXODWL
&DPDFKR & HW DO %/$67 DUFKLWHFWXUH DQG DSSOLFD

&DVWHOODQD 6 9LFDULR 6 6DFFRQH & (YROXWLRQDU\ S
OHWD]RD H[SORULQJ WKH UROH RI PXWDWLRQ DQG VHOHFWL
*HQRPH %LRO (YROIEGIRHYU

&KRQJ 5% OXHOOHU 5/ /IRZ PHWDEROLF UDWHV LQ VDODP
VHOHFWLYH FRQVWUDLQWY RQ PLWRFKRQGULDO JHQHV (YRO

'RZOLQJ '. )ULEHUJ 8 /LQGHOO - (YROXWLRQDU\ LPSOLF
JHQHWLF YDULDWLRQ 7UHQGV (FRO (YRO +

(GJDU 5& 086&/( PXOWLSOH VHTXHQFH DOLJQPHQW ZLWHE
WKURXJKSXW 1XFOHLF $FLGV 5HV .

(OOLVRQ &. %XUWRQ 56 *HQRW\SH GHSHQGHQW YDULDW
SURILOHV LQ LQWHUSRSXODWLRQ K\EULGY 3URFHHGLQJV RI

GD )RQVHFD 55 -RKQVRQ :( 2Y1%ULHQ 6- 5DPRV 0- $QWXQHYV
RI WKH PDPPDOLDQ PLWRFKRQGULDO JHQRPH %0& *HQRPLFV

*DJOLDUGL ' 6WHSLHQ 33 7HPSHUOH\ 5- /LIKWRZOHUV 51 &
OHVVHQJHU 51%$ VWDELOLW\ LQ PLWRFKRQGULD GLIIHUHQW P

*DUELDQ < 2YDGLD 2 'DGRQ 6 OLVKPDU ' *HQH H[SUHVYV
SKRVSKRU\ODWLRQ FRPSOH[ , VXEXQLWY DUH RUJDQL]JHG LQ
*HUVKRQL 0 7THPSOHWRQ $5 OLVKPDU OLWRFKRQGULDO
IRUFH RI VSHFLDWLRQ %LRHVVD\V +

*KLVHOOL ) HW DO 'H1RYR DVVHPEO\ RI WKH ODQLOD FO

WUDQVFULSWRPH SURYLGHY QHZ LQVLJKWY LQWR H[SUHVVLR
LOQKHULWDQFH DQG VH[ GHWHUPLQDWLRQ ORO %LRO (YRO

*KLVHOOL ) HW DO 6WUXFWXUH WUDQVFULSWLRQ DQG Y

JHQRPH SHUVSHFWLYHV IURP DQ XQXVXDO PLWRFKRQGULDO
+

*KLVHOOL ) HW DO 7KH FRPSOHWH PLWRFKRQGULDO JHQ|
SXGLWDSHV GHFXVVDWXV %LYDOYLD 9HQHULGDH 3HHU - I

*KLVHOOL ) OLODQL / 3DVVDPRQWL O 6WULFW VH[ VSHFL
OLQH RI WKH '8, VSHFLHVY 9HQHUXSLY SKLOLSSLQDUXP %LYD
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+

*LEVRQ -' 1LHKXLV 2 9HUUHOOL %& *DGDX - &RQWUDVW
LQ QXFOHDU HQFRGHG JHQHV RI WKH R[LGDWLYH SKRVSKRU\C
DQRG WKHLU SRVVLEOH UROH LQ K\EULG EUHDNGRZQ LQ 1DVRC(

*RHQDZDQ ,+ %U\DQ . /\QQ '- "\1HW YLVXDOL]DWLRQ DQ
LQWHUDFWLRQ QHWZRUNV %LRLQIRUPDWLFV +

*XHUUD ' *KLVHOOL ) OLODQL / %UHWRQ 6 3DVVDPRQWL O
VH[ OLQNHG PLWRFKRQGULDO "1$V LQ WKH GRXEO\ XQLSDUHGC
SKLOLSSLQDUXP %LYDOYLD 9HQHULGDH +HUHGLW\ *

*XVPDQ $ /HFRPWH 6 6WHZDUW '7 3DVVDPRQWL 0 %UHWRQ
XQGHUVWDQGLQJ WKH WD[RQRPLF GLVWULEXWLRQ RI WKH V\
PW'1$ 3HHU- H

+DYLUG -& 60RDQ "% 7KH UROHV RI PXWDWLRQ VHOHFW
UHODWLYH UDWHY RI HYROXWLRQ LQ PLWRFKRQGULDO YV Q>
PROEHY PVZ

+LOO *( OLWRQXFOHDU FRHYROXWLRQ DV WKH JHQHVLYV F

EDUFRGH JDS (FRO (MRB GRL

+LOO *( 7TKH PLWRQXFOHDU FRPSDWLELOLW\ VSHFLHV FR

+*WWHPDQQ 0 /HH , 6DPDYDWL / <X + 'RDQ -: SHIXODW

SKRVSKRU\ODWLRQ WKURXJK FHOO VLJQDOLQJ %LRFKLP %LI

-DPHV -( 3LJDQHDX * (\UH :DONHU $ 7KH UDWH RI DGDS\

PLWRFKRQGULD ORO (FRO *

-RQHV 3 HW DO ,QWHU3URG6FDQ JHQRPH VFDOH SURWHL
+

.DI]XQR $ $ HW DO ,GHQWLILFDWLRQ RI PLWRFKRQGULDO

PLWRFKRQGULDO PDWUL[ S+ DQG LQWUDFHOOXODU FDOFLXP

.LWDQR + %LRORJLFDO UREXVWQHVY 1DW O5HY *HQHW

/IDQH 1 7KH SUREOHP ZLWK PL[LQJ PLWRFKRQGULD &HOC

/IDQH 1 ODUWLQ : 7KH HQHUJHWLFV RI JHQRPH FRPSOH]JL

/IL + '"XUELQ 5 )DVW DQG DFFXUDWH VKRUW UHDG DOLJQI

%LRLQIRUPDWLFV +

IRWLD 6 ORQWRMR - 'RQJ < %DGHU *' 3LFR $5 &\WRVFD
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+

I\QFK 0 .RVNHOOD % 6FKDDFN 6 OXWDWLRQ SUHVVXUH L

JHQRPLF DUFKLWHFWXUH 6FLHQFH +

ODUWLQ :) *DUJ 6 =LPRUVNL 9 (QGRV\PELRWLF WKHRULFE

7UDQV 5 6RF /RQG % %LRO B6FL

ODUWLQ : .RRQLQ (9 ,QWURQV DQG WKH RULJLQ RI QXFO

1DWXUH +

OF.HQ]LH 0 &KLRWLV 0 3LQNHUW &$ 7URXQFH ,$ )XQF W

PXULG [HQRPLWRFKRQGULDO F\EULGV H[SRVH FRHYROXWLROQI

VXEXQLWV RI FRPSOH[ ,,, ORO %LRO (YRO +

OLODQL / *KLVHOOL ) ,DQQHOOR 0 3DVVDPRQWL 0 (YLG

PDOH WUDQVPLWWHG PLWRFKRQGULDO JHQRPH LQ WKH '8, VS

9HQHULGDH &XUU *HQHW +

OLVWU\ - )LQQ 5' (GG\ 65 %DWHPDQ $ 3XQWD 0 &KDOO}

+00(5 DQG FRQYHUJHQW HYROXWLRQ RI FRLOHG FRLO UHJLR
QDU JNW

OLWWHUERHFN 7) $GDPRZLF] 6- JOLJKW ORVV OLQNHG W

SURF %LRO 6FL

ORUHQR /RVKXHUWRYVY 5 HW DO 'LITHUHQFHYV LQ UHDFWLY}
SKHQRW\SHV DVVRFLDWHG ZLWK FRPPRQ PRXVH PLWRFKRQGL

+

1DEKRO] % (OOHJUHQ + :ROI -%: +LJK /HYHOV RI *HQH (|
(YROXWLRQDU\ &RQVWUDLQW RI OLWRFKRQGULDO 3URWHLQ &
PROEHY PVYV

1LHKXLV 2 -XGVRQ $. *DGDX - &E\WRQXFOHDU JHQLF LQF
PRUWDOLW\ LQ PDOH ) K\EULGV RI 1DVRQLD JLUDXOWL DQG 1
2EDWD 0 6DQR 1 .RPDUX $ 'LITHUHQW WUDQVFULSWLRQI
WUDQVPLWWHG PLWRFKRQGULDO '1$ DQG WLVVXH VSHFLILF H
O\WLOXV JDOORSURYLQFLDOLV 'HY *URZWK 'LIIHU +

2VDGD 1 $NDVKL + OLWRFKRQGULDO QXFOHDU LQWHUDF'

HYROXWLRQ HYLGHQFH IURP WKH SULPDWH F\WRFKURPH & R
+

3DYORYD $ HW DO 3XULI\NLQJ VHOHFWLRQ DQG JHQHWLF ¢
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PLWRFKRQGULDO JHQRPH LQ DQ HQGDQJHUHG $XVWUDOLDQ |

3LIJDQHDX * (\UH :DONHU $ (YLGHQFH IRU YDULDWLRQ LC
DQLPDO PLWRFKRQGULDO '1$ 3/R6 2QH H

SRSDGLQ .< 1LNRODHY 6, -XQLHU 7 %DUDQRYD 0 $QWRQDUI
ODPPDOLDQ OLWRFKRQGULDO 3URWHLQ &RGLQJ *HQHV ,V +LJk
(YROXWLRQ RI 1XFOHDU *HQHV ORBROEBEHR®VWRO GRL

5DQG 'O +DQH\ 5% )U\ $- &\WRQXFOHDU FRHYROXWLRQ \
7UHQGV (FRO (YRO +

5SRUEDFK - OLQF]XN 0 7KH SRVW WUDQVFULSWLRQDO OLI
%LRFKHP - +

6DFNWRQ 7% +DQH\ 5% 5DQG '0 &\WRQXFOHDU FRDGDSW

F\WWRFKURPH F R[LGDVH DFWLYLW\ LQ EDFNFURVYVY JHQRW\SHV

6DWR 0 6DWR . ODWHUQDO LQKHULWDQFH RI PLWRFKRQC
HOLPLQDWH SDWHUQDO PLWRFKRQGULDO '"1$ %LRFKLP %LRS

6FKPLGW 75 :X : *RRGPDQ 0 *URVVPDQ /, (YROXWLRQ R

PLWRFKRQGULDO HQFRGHG VXEXQLW LQWHUDFWLRQ LQ F\WR
+

6KDQQRQ 3 HW DO &\WRVFDSH D VRIWZDUH HQYLURQPHC
LQWHUDFWLRQ QHWZRUNV *HQRPH 5HV +

6KDUSOH\ 06 HW DO +HWHURSODVP\ Rl PRXVH PW'1$ LV J
DOWHUHG EHKDYLRU DQG FRJQLWLRQ &HOO +

BKHQ < < 6KL 3 6XQ < % =KDQJ < 3 SHOD[DWLRQ RI VHO
PLWRFKRQGULDO '1$ IROORZLQJ WKH GHJHQHUDWLRQ RI IOLJ
6LUH\ 70 3RQWLQJ &3 L QVLIJKWYVY LQWR WKH SRVW WUDQ\
PLWRFKRQGULDO HOHFWURQ WUDQVSRUW FKDLQ %LRFKHP 6
BNLELQVNL '2 *DOODJKHU & %H\QRQ &0 D OLWRFKRQGUL

+

BNLELQVNL '2 *DOODJKHU & %H\QRQ &0 E 6H[ OLPLWHG F
LQ WKH PDULQH PXVVHO 0\WLOXV HGXOLV *HQHWLFV +
BORPRYLF 6 3RUWQR\ 9 B6FKXVWHU * &KDSWHU  'HWHFV

3RO\DGHQ\ODWHG 51$ LQ (XNDU\D %DFWHULD $UFKDHD DQGC
(Q]\PRORJ\ 9RO 9ROXPH $FDGHPLF 3UHVV 'HSDUWPHQW R
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, QVWLWXWH RI 7THFKQRORJ\ +DLID ,VUDHO SS *

BWURKP -+7 *ZLD]GRZVNL 5$ +DQQHU 5 )DVW ILVK IDFH
3DWWHUQV RI G1 G6 DFURVV ILVK PLWRJHQRPHV *HQH +
6XSHN ) %RAQMDN 0 aANXQFD 1 AaPXF 7 5(9,*2 VXPPDUL]F
JHQH RQWRORJ\ WHUPV 3/R6 2QH H

7LPPLV -1 $\OLIIH 0$ +XDQJ &< ODUWLQ : (QGRV\PELRW
JHQRPHV IRUJH HXNDU\RWLF FKURPRVRPHV 1DW 5HY *HQHMW
9RJHO & ODUFRWWH (0 ,QVLJKWV LQWR WKH UHJXODWLR
DQG WUDQVFULSWRPLF DQDO\VHV 1DW 5HY *HQHW +
‘DOODFH '& $ PLWRFKRQGULDO SDUDGLJP RI PHWDEROLF

DQG FDQFHU D GDZQ IRU HYROXWLRQDU\ PHGLFLQH $QQX 5

:DQJ ' =KDQJ < =KDQJ = =KX - <X - .D.VB&DOFXODWRU
*DPPD 6HULHVY OHWKRGV DQG 60LGLQJ :LQGRZ 6WUDWHJILHV
+

YDQ :DYHUHQ & ORUDHV &7 7TUDQVFULSWLRQDO FR H[SUI
FRGLQJ IRU FRPSRQHQWY RI WKH R[LGDWLYH SKRVSKRU\ODW

:ROIlI -1 /DGRXNDNLV (" (QUYLTXH] -$ 'RZOLQJ . OLWRQ:
HYROXWLRQDU\ FRQVHTXHQFHY RYHU PXOWLSOH ELRORJLFDC
6FL GRL UVWE

=KDQJ ) %URXJKWRQ 5( OLWRFKRQGULDO QXFOHDU LQW !
YDULDEOH IXQFWLRQDO FRQVWUDLQW DPRQJ YHUWHEUDWH R
(YRO +

=KDQJ - <DQJ - 5 '"HWHUPLQDQWY RI WKH UDWH RI SURW
*HQHW +
=RXURV ( %LSDUHQWDO ,QKHULWDQFH 7KURXJK 8QLSDUFH

8QLSDUHQWDO ,QKHULWDQFH '8, RI OLWRFKRQGULDO '"1$ (Y|

=RXURV ( %DOO $2 6DDYHGUD & )UHHPDQ .5 OLWRFKRQ

=RXURV ( 2EHUKDXVHU %DOO $ 6DDYHGUD & )UHHPDQ .5
'1$ LOQKHULWDQFH LQ WKH EOXH PXVVHO O\WLOXV 3URF 1DW
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Main figures

Figure 1: Transcription level of nuclear (NU) and mitochondrial (MT) OXPHOS subuRitsigcussatus
andR. philippinarum
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Figure 2: hierarchical clustering heatmay nuclear OXPHOS subunits transcription in male (M&) and
female (F1F6) samples oR. decussatuéRde) andR. philippinarum(Rph).
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Figure 3: hierarchical clustering heatmap of mitochondrial OXPHOS subunits transcription in male (M1
M6) and female (E-F6) samples oR. decussatugRde) andR. philippinarum(Rph).
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Figure 4: heatmaps of transcription correlation matrices among OXPHOS subunits in males and females
of R. decussatu@espectively A and B) and males and femaleRofphilippinarum(respecively C and D).
Red=positive correlation; Blue=negative correlation. Black solid squares=correlation among nuclear
subunits within each OXPHOS complex; black dotted squares=correlation among mitochondrial subunits;
yellow dashed squares=correlation amomgiclear and mitochondrial subunits.
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Figure 5: rate of protein evolution between nuclear OXPHOS subunits (NB) decussatuand R.
philippinarum (Rde_Rph) and between mitochondrial OXPHOS subunits (MR). alecussatuand R.
philippinarum Ftype (Rde RphF) andr. decussatuand R. philippinarumM-type (Rde_RphM).
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Figure 6: rate of protein evolution of nuclear subunits separately for each OXPHOS complex.
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Figure 7: rate of protein evolution between mitochondrial OXPHOS subuni® aflecussatuand R.
philippinarum M-type (A) andR. decussatuand R. philippinarum~type (B) separately for each OXPHOS
complex.
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Figure 8: Relationship between transcription level (log2(FPKM)) and rate of protein evolution (dN/dS) of
OXPHOS subunits R. decusstas (A) andR. philippinarum(B). Circles=nuclear subunits; black triangles=
Ftype mitochondrial subunits; empty triangles= Nyype mitochondrial subunits. Lines represent linear
regression among nuclear subunits (solid line), amontyjpe mitochondrial slunits (dashed line) and
among Mtype mitochondrial subunits (dotted line).
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Figure 9mitochondrial GO annotations of faster evolving genes (dN/dS >0.2). Brighter colors indicate
more represented GO terms; similar GO terms are linked by edges.

Figure 10: Mitochondrial GO annotations &. decussatugyreen) andr. philippinarum(red) specific
genes. Shared annotations among species specific genes are visualized in white. Similar GO terms are
connected by green edges R. decussatuand red edgs inR. philippinarum
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Supplementary materials

Supplementary figure 1: Correlation of OXPHOS subunits transcription levels between males and females
within species (R. decussatus=green; R. philippinarum=blue), between mal&s décussatuand R.
philippinarum (orange) and between females &. decussatuand R. philippinarum(red). Dots=nuclear
subunits; triangles=mitochondrial subunits.
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Supplementary figure 2: Transcription level of nuclear (NU) and mitochondrial (MT) OXPHOS subunits in
R. decussatu@Rde)and R. philippinarum(Rph), separately for male (M) and female (F) samples.

Supplementary figure 3: transcription level of nuclear (A) and mitochondrial (B) subunits separately for
each OXPHOS complex in maleRRofdecussatusemales ofR.decussatusmales ofR. philippinarumand
females ofR. philippinarum
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Supplementary figure 4:hierarchical clustering heatmap of OXPHOS subunits transcription in male (M1
M6) and female (FF6) samples oR. decussatugRde) andR. philippinarum(Rgh).
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Supplementary figure 5hierarchical clustering heatmap of transcription correlation matrices among
OXPHOS subunits in maleskf decussatudked=positive correlation; Blue=negative correlation.
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Supplementary figure 6: hierarchical clusterimgatmap of transcription correlation matrices among
OXPHOS subunits in femalesk®f decussatusRed=positive correlation; Blue=negative correlation.
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Supplementary figure 7: hierarchical clustering heatmap of transcription correlation matrices among
OXROS subunits in males &. philippinarum Red=positive correlation; Blue=negative correlation.

Chapter 4 171



Supplementary figure 8hierarchical clustering heatmap of transcription correlation matrices among
OXPHOS subunits in femalesRf philippinarum Red=positive correlation; Blue=negative correlation.
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Supplementary table 1: Transcription levels (FPKM) of nuclear and mitochondrial OXPHOS subunits in males and feiRatiitapes philippinarum

Name Rph_F1 Rph_F2 Rph_F3 Rph_F4 Rph_F5 Rph_F6 Rph_M1 Rph_M2 Rph_M3 Rph_M4 Rph_M5 Rph_M6
NU_CI_NDUFS1  9.02843 242811 3.81139 105065 952189 102262 1.87598 6.14987 9.40763 144318 3.60722 11.2678
NU_CI_NDUFS2 248683 1.19202 4.05167 3.30141 6.00435 1.11809 1.79284 7.49446 3.32824 6.77676 4.05176 5.08449
NU_CI_NDUFS3 706618 956179 73.8358 114322 103659 101656 107.343 140473 104764 147512 119658 147581
NU_CI_NDUFS4 317896 139249 314406 408833 425555 469897 183321 189052 209239 256055 305463 288764
NU_CI_NDUFS7 173334 13977 198798 163827 131669 131523 11605 130256 125688 199349 14312 173876
NU_CI_NDUFS8  2.64739 6.45042 84926 10.1466 3.79971 8.73442 6.04826 19484 11224 225488 238286 227322
NU_CI_NDUFV1  9.64544 1.30209 5.8243 4.18471 451733 3.65911 6.96205 3.56333 4.33634 121489 0.812406 6.17088
NU_CI_NDUFV2 297933 382672 594522 66.735 430226 59.0929 158403 413371 31.6714 386636 288225 279752
NU_CI_NDUFA3 288745 198331 286337 228711 487834 259998 4.34527 224622 133739 238289 227783 223871
NU_CI_NDUFA4 575513 358771 316761 254076 150549 26.3694 17.1459 20.8691 39138 14.0688 125103 14.2581
NU_CI_NDUFA7 757042 650396 108544 122439 659803 123613 11399 122518 152497 16374 161524 239222
NU_CI_NDUFA8  3.35037 3.49741 7.40858 250695 5.4012 238793 212059 6.31793 4.48955 6.0769 117631 7.24271
NU_CI_NDUFA10 26.0626 7.33697 37.4311 0.007203 0.03657 0.65223 34.7889 551504 30.0882 0.977368 42.7296 0.677183
NU_CI_NDUFA12 590982 45129 149716 169245 198763 3.31754 146371 457194 543395 504106 7.02941 3.17635
NU_CI_NDUFB2 190523 826986 77.8042 925717 680915 77.8454 123735 75.0469 88.7854 719189 525672 99.3637
NU_CI_NDUFB3 178706 110351 217328 228843 172426 211925 314409 367.607 312235 36901 349109 433754
NU_CI_NDUFB4 299576 296528 285646 459653 56984 487.659 20364 363419 359038 375171 465485 396487
NU_CI_NDUFB5 212717 130669 250775 239477 191256 203746 28547 423032 393596 412474 412628 494445
NU_CI_NDUFB6  5.05955 0.07748 2.65158 1.49809 0.091832 0.047021 3.04437 8.63543 5.38312 2.8573 9.30637 0.023984
NU_CI_NDUFB7 37972 195865 241134 405769 754173 601117 332672 331295 505741 520482 628846 625948
NU_CI_NDUFB9 195327 3.12404 17.6965 247321 30.1628 29.1613 19.0283 458051 226004 50262 414162 30.9506
NU_CI_NDUFB10 102921 0.2015 194824 8.90959 128946 184385 10.7163 23.0875 16.2238 214978 26.675 20.0757
NU_CI_NDUFB11 12661 67.7378 826335 124786 123359 135562 16266 191468 154476 179286 259705 228358
NU_CII_SDHC 1.8131 3.01584 0.486838 4.1449 0.219107 0.10947 12757 3.12991 286094 6.4723 6.57852 3.80679
NU_CII_SDHD 529956 18.8094 29.6273 541351 601857 711792 516097 56.2047 20.6441 825868 50.9071 66.3728
NU_CII_SDHA 112953 0.87176 5.05843 115116 8.32319 123992 556921 4.96171 3.62208 7.58335 16.1058 3.97212
NU_CII_SDHB 1.12588 0.934187 0.65734 152964 5.76163 20.9904 0.791933 0.92778 0.70772 26.0714 4.10613 2.95079
NU_CIII_ISP 22.6858 34.5422 43.6189 0.551608 1.07632 3.05872 333434 6.83246 47.4173 0.687648 416776 7.86171
NU_CIII_QCR2 6.51899 156937 5.16311 7.76294 6.08646 5.2267 6.02446 7.74536 7.21305 16.2925 188457 156168
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NU_ClIl_QCR7
NU_CIV_COX10
NU_CIV_COX4
NU_CIV_COX6B
NU_CIV_COX11
NU_CIV_COX15
NU_ATPase_delta
NU_ATPase_epsilc
NU_ATPase_OSCI
NU_ATPase b
NU_ATPase _c
MT_CI_NAD1
MT_CI_NAD2
MT_CI_NAD3
MT_CI_NAD4
MT_CI_NADA4L
MT_CI_NAD5
MT_CI_NADG6
MT_CIlII_CYTB
MT_CIV_COX1
MT_CIV_COX2
MT_CIV_COX3
MT_ATPase_ATPE6

9.00852
0
67.0821
198185
34.21
15.8627
278236
311814
295826
17911
465248
35837
114648
26597
696885
25991
133328
267008
625828
1691042
740805
1128207
414465

27.9651
115619
13.8155
10115
19.3757
0.185439
108562
313377
100572
15.7097
239.052
251283
416.69
23365
575312
134.86
119875
171586
558577
1576012
774409
1086787
288113

22192
9.21124
67.7196
147.897
14.7921
2.68805
261982
284.162

356.22
12.3675
574,041
354697

65849

36851
402762

32581

82343
287324

1076108
2072759
868658
1227082
320693

56.3005
6.1152
84.5157
141788
37.7078
24.028
329433
328951
370613
14.8089
500471
240653
41885
416.77
354756
22445
60023
1637.25
516329
1184975
444635
754364
167737

449194
8.20368
85.0554
193124
18.9221
26.5659
207.955
272122
330.832
129775
630177
216603
43454
26185
302477
15298
60101
15049
76288
1299118
615167
778882
153673

64.2702

9.5855
79.6494

166.14
34.3066
6.34897
342446
422253
355172
7.83668
503433
174842

516.15

33384
337532

23009
108412
126405
504056
147953
758114

60374
188534

39.9618
4.73721
47.8632
222001
15.7142
2.23894
179247
296.462
150529
6.22236
443964
318101

79013
218284
126228
199467
171156
266228
153619
456274
345315
406131
178502

62.029
6.28552
50.4276
251093
315412

64.6775
195138
43.6096
351733
154274

3.89234 0.036828

298616
264.365
177432
11.0061
669.719
620781
232247
600416
341875
431135
308826
4204
613157
667017
82561
1120107
547337

245997
334.695
125796
19.0371
381473
480679
188188
349229
260974
366188
274158
449743

37447
725635
729801
852155

44506

100959
3.36148
97.1632
223078
30.6524
2.2837
398389
255002
379.653
9.91204
599452
3768
778.66
46629
147032
239995
10305
311813
21997
6067.6
5287.89
316332
501219

111223
2.8752
74.8571
257041
34.3189
0.030677
356.087
188207
304.061
30.8882
61273
431507
127581
310579
151266
252468
238734
451503
235758
44094
58638
332823
29384

158479
1.18388
80.8579
247823
25.5433

1.9928
264.705
277144
278041
19.8203
431188
510498
139021
701746
261376
178426
141181
800959
315531
649471
760046
652249
663546
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Supplementary table 2: Transcription levels (FPKM) of nuclear and mitochondrial OXPHOS subunits in males and feRatéapés decussatus

Name Rde F1 Rde F2 Rde F3 Rde F4 Rde F5 Rde F6 Rde M1 Rde M2 Rde M3 Rde M4 Rde M5 Rde M6
NU_CI_NDUFS1 0.256574 16.7106 3.33154 0 5.0892 9.18158 259195 0 6.46754 0 7.78973 0.198751
NU_CI_NDUFS2 425147 54.6407 5.26758 42287 26.7237 44.0125 103476 47.6604 586937 628251 67.4573 86.2929
NU_CI_NDUFS3 341574 341171 263842 259392 266037 286568 816366 833139 676064 765031 637.045 627521
NU_CI_NDUFS4 386802 165185 214523 246135 240983 240627 648893 680014 834103 66653 524091 44537

NU_CI_NDUFS7 294366 212568 361977 248751 237185 18165 323256 265822 356108 328178 386533 426466
NU_CI_NDUFS8 16727 246767 160411 187073 192321 14841 521313 460639 540737 42878 402236 517306
NU_CI_NDUFV1l 33,6196 282461 17.1711 215651 287509 7.31502 235278 20.6488 294908 157486 17.7176 322796
NU_CI_NDUFV2 401388 6.9801 132259 6.23965 135757 11.0722 7.52973 8.48713 10.1912 9.67821 9.32791 24.1668
NU_CI_NDUFA3 114055 675886 116964 60.6896 105784 46357 709505 423828 66.2619 36.3486 27.3013 48.0383
NU_CI_NDUFA4 894162 115007 86.6172 122289 104028 1398 100073 736636 89.4358 56.3933 86.8765 53.5075
NU_CI_NDUFA7 15377 132651 964216 133019 128958 194232 923261 862175 607.764 476135 415393 306254
NU_CI_NDUFA8 80.9358 982589 80.6626 820531 66.5864 60.1945 886035 117.899 114358 915422 938534 86.348

NU_CI_NDUFA10 313717 358263 469629 397088 425566 189254 463147 481533 582719 397.057 385279 673996
NU_CI_NDUFA12 439798 290282 29284 26031 282768 447548 656055 754392 848721 688136 558168 498026
NU_CI_NDUFB2 485688 305396 432744 330634 362583 466313 132997 137807 148235 955301 955833 403714
NU_CI_NDUFB3 535608 245096 414251 361062 329662 413064 651101 507287 515774 523301 379792 443614
NU_CI_NDUFB4 438565 315271 232771 293704 330757 123523 224033 27096 194067 227714 222031 56.8999
NU_CI_NDUFB5 294337 0.533173 46486 7.39293 1.0687 101743 106282 670381 652493 856799 290369 1.83171
NU_CI_NDUFB6 77.4328 854307 56.4676 753248 437429 109231 259796 251972 314598 218857 139476 101722
NU_CI_NDUFB7 46.5873 483753 427036 47.8067 41406 755905 208911 127288 176411 96.989 113844 78.0546
NU_CI_NDUFB9 373713 25524 46.1634 137877 17.0272 90.8604 206817 198337 329196 158161 184 58.8796
NU_CI_NDUFB10 144642 28089 160132 244643 17639 380787 101318 936537 104023 780003 72349 558245
NU_CI_NDUFB11 130745 159902 111775 139199 106182 151178 326483 267.032 385226 244575 211116 16656

NU_CIl_SDHC 0.806169 10.9878 5.01509 7.74532 6.13995 6.97471 6.52103 5.27481 16.8891 105562 7.23024 11.0986
NU_CII_SDHD 122276 201019 136451 177.849 142737 174353 32576 300227 342777 342871 229888 230997
NU_CII_SDHA 80.5888 101417 933534 96.3164 54.1203 315364 90.5438 49.9664 32.0673 54.6383 36.0965 71596

NU_CIl_SDHB 14.0585 0 0.017886 0 138131 0.229216 154906 0.705397 30414 21594 0.257981 0.120339
NU_CIIL_ISP 438514 320455 1.47707 223062 218801 1.8049 381437 222474 219964 99.8521 599606 2.13514
NU_CIIl_QCR2 446431 26.674 327279 326057 319574 315176 101522 101894 155671 138643 110248 83.3897
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NU_CIll_QCR7
NU_CIV_COX10
NU_CIV_COX4
NU_CIV_COX6B
NU_CIV_COX11
NU_CIV_COX15

57015
512095
554.097
850.122
1.86984
14587

NU_ATPase_delta 511765
NU_ATPase_epsilc 57294
NU_ATPase_OSCI 515682

NU_ATPase b
NU_ATPase ¢
MT_CI_NAD1
MT_CI_NAD2
MT_CI_NAD3
MT_CI_NAD4
MT_CI_NADA4L
MT_CI_NAD5
MT_CI_NADG6
MT_CIII_CYTB
MT_CIV_COX1
MT_CIV_COX2
MT_CIV_COX3

66.6265

260883

3135269
2501801
2212241
2899706
1692393
1548966
3319512
5712202
6139872
5791332
5572661

MT_ATPase_ATPE 3577.745

364.729
159731
654531
480.145
4.13135
152271
874.829
541086
378333
81.4617
400507
3248212
2280796
1515474
5175253
1009684
2150238
2933951
6297558
6385616
5004019
4506484
3603098

367.685
364.629
427.868
704.339
8.0935
143361
527.858
396.65
484933
57.1459
245085
2330334
2195536
1096656
4056368
974.7059
1375886
205686
6385257
730102
5612452
3920555
2222948

333784
167416
536.512
509467
2.85903
127538
725927
427979
335729
451624
299539
2974398
3162572
2002482
7216748
1321445
2624303
3360866
7334151
8237131
6511007
5830732
435333

355353
251732
422091
576.891
8.97131
161466
610509
407.959
326427
43.2948
289432
3863442
2877766
2032695
51595
1750217
2205046
41605
8406908
9016431
6489742
6517493
3952429

667.961
88.4264
733219
112088
1.76175
70.6341
656.873
169928
270316
92.0064
37629
3071939
2542762
1768666
405614
1182136
1994498
3791407
4111683
5398148
3844308
4088493
2833674

178185
624519
226466
249885
3.34279
44.1779
128837
591687
594452
163492
715042
1565915
1416605
1637.737
2755904
9931324
132087
4334672
194187
3378831
4005916
4009083
1656353

20561
65.5523
200377
271879
3.3148
36.5379
109088
694012
957.07
131068
672186
1735106
1284135
1784499
2868544
1815467
1083028
5196441
2134804
3449165
3673058
4316274
2196444

207864
83.9875
203712
26718
2.30843
61.4581
115212
474268
681824
166.154
617289
1899751
1202011
1751381
2160515
1262647
1172797
4092202
2022261
3480555
3377702
4229351
1818909

172357
65.2078
19225
204874
2.06289
39.831
11429
419874
563802
184.502
617916
1186188
986.5388
865.6536
2812234
149961
836.3867
4734026
1879716
3843588
3753142
4041913
1769062

164817
71.6373
126984
184439
1.42561
29.7333
964.526
448252
547596
93.6314
595035
1117561
1003032
1241233
2773395
1078721
766.1857
3400761
1575928
3058105
3619641
3475111
139527

825073
53.9088
164416
103631
0.923233
34.6929
108578
106078
602187
70.0394
44428
1205396
1070944
614.7322
2628979
98325
1072841
1623972
250589
4378005
4249544
347122
2065612
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. +@ Echhjkh! foBA foE fohE foRAE
. +@ ExHhsjkh fohi AeC VioAE foBA
. +dPQRIQ<KZ ! folE feCAE fokE fePA
. + dPQRIAQ<kZ foR/E forih VioAE fo
6 6
. +@ e kh! fohE foRsE AoEA oA foAR
. +@ EcHh<jkh FokE foE forh ieAA fobA
. + dPQRIAQ<CKZ ! fokE feCE fokE foBA fo
. + dPQRIQ<ckZ Aok s feBA Ao\ foR
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/kddYZ I [j<gsj<DY A Z 1 GR[h] NG >G Nigl <EP$8+ $/ §ZdYre"1.Q . dPPG G
Dijqll[ [KEY<ghkDk[ @h] N kGp<dl h@ Ekhhejkh<] G. kG<dl hdPORdQ<ckz 2 0.Q . dP
PG >G Djql1[ ZQ B [ GRYKDK[ §h] N kGD<dl h@ Ekhhxjkh<[ G. kGP<dl hdPQRdQ<ckZ

jsdlZ 0.@~. dP! bG>@ Djqll[ ZQ EP| [ GRYKDK[ Gh] N kGP<dl h@ Ekhhjkh<[ G

. k@D<dl hdPQEdQ<gkZ ! jsdI «

&, &, &, &9 $73DVH
18 5GHa5 SK
&, &, &,9 $73DVH
07 5GHa5SK)
07 5GHa5SK 0
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$AERAR 1@ QY GKEQ[ dd B th AmAQ)
$AMCAA  jo QI Q- " YIZd¥YIG AdeCL)
$AMOMEE g Q[ ING FEIQ[+ " Y1Zd¥IG EEAD
$AMEEE/E  johZ1ZDy ! jod bl g BEAU
$-AAACAAA  dP] hdP] g% @ BEQU
$AMCAAA  jod Y QI A
$-AMACEAA Q[ jod bl g AR
$-AMCACE  dd jI Q dP] P Y QI AR
S-AMEEE Qi 0B W¥ghQl <Y od KB QI PeAAL
SAMAME  Z1iPSY Q[ JeAAU)
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$AMCAA d B Q[ PerEL)
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& RCFGMRQY

7KHZRURND UURKBQNV KWWK HDIOWREH® B HYHYRBRHWKRGRORJLFD
DSSURDIFRKUYGG D\W D D OWRMK VHGPFRP S D U DWDLPHHZ RADND E O H
WRQYHYVWLKBWROXRMDRKGOBR®LWRFKROMGUHMDGZRROOXVF
VSHFLHXGLWD SHW XVVDIVQE 5XGLWD SHKLOLSSLQBUXPOYLD
9HQHULGDH 2SURYLGK@MER RO R X FROH VIVGDY 3K\OXPKHUH
JHQRPGPW DGID U PHOV L&RIP S D WHAGD [ Y H V W\ B D WWHREGIV XIS\
WKHWHRRQ PRGHHF IRH MH UGG | H SHQW S H FRMVHIY W BEDRO RJLFED O
LVVXHYV

%\DQDO\]EI% VHMURBRQD®Y5 GHFXVVDW&BVSKLOLSSLQDUXP
LQYHVWLJDWHKHEBWRWAKD RO O XV F W WEK®YVFOHYHWO& 8 TXHQFH

HY R O XRWLHR[QE L DMHHIHAK HWHS HF VKR ZIDO@ RQXPERIWH[ ELDVHG
JHQHNFRPSDWHBWKWD[DKLVVQRWXUS U DMLIQJRID D RO ANH [ X D O
GLPRUSRMYIR®OPDWLEHKDYZRUAKUHHYV SR QNRAE RMD MR B LW\
GLIIHUHQWLQWDF EHSWAHRHEIHM HY HUW K MKHN\W HFRQVLGHUDEOH
GLITHUHQ@FKMUDQVFRN SFMHRGLNQ RRUWKROREM ELIWVRW

PDL QW EHWHAMKMZRS H F DIQWE KRR VIW H T XFHRQ\G LIWIHRSUHVHQWH G
E\JHQHWKDWHIPDOH EL@RDHIG H F DH)\E Q E L DIV BRIW KABLH FL H V
7KL XUSUMLIQFEBOH E LIMQHNGK RW KIH H DWHIIQ V FE L '8 MLRHD F H
LOPRVWWXGRBWKRWKKDQG LQY HVW M OWHTX H GIFFHR O XRMLR Q
VH[ ELDMHED\WQ Gl R X Q\GK DRVQ HWK D WRID OH E LIDE RGMWK\HS HE L H V

D UFK D U D F WEH D K | H GHIVW/IS U R VHFY IR XMRLQRIQ UPS MW \WREYVBU Y H G

L @ R VRMW KW D [DK LIWY L G H\OEH H VWK BRAMWWU D Q V FO H SBHOYRIQ JHQ F H
DQGDW IS URWHHTX H @ B H L DDFRRM KHHY R O XRWLHR[ QE L DIVHHOGH, D
SDUWLPXDDWHR O XRMBR Q@ WHLTX H YFHH PWEHSUHGRPLURDQW
PDOH ELDH/QIKEQN KBIQD O\YHGI FLAKL OR R UWD UL MEUTHQVFULSWLR (
UHJXODWER® UNRUBPDOH ELBDYH®BJIJHVWKQKHWEBERL QBN
HYROXPMPLRBGHFRXS,QBEGGLWKRQ Y HVW RIDWE R B \E R WWKK H

V SHF LYY H DI B 6 AN F R U U H ODHWMLARHQHIDRHS U R WHILRO XIVQ & Q
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WU D QV FOH S6A@AFRKHY R O X WL BRWESVYRWRX@P DLQAQIOXHQFHG
E\LWWUDQV F O HYWIFRRY @LRHE H QW KINRMMKSD RNFRUUH QW LR Q
W K HW BRL Y DOYHF VB J HV KDY WK VS R W KRHDVILKWRDWE F R XRBR G L Q J
VHTXHQFH HYROXWLRQ LQ DOO WKH OHWD]RD

7KH/ WXBIELY DOYHF RH N UIHIBDRH [FHS W RB S B O WWKRXQL YWV W LJD W H
WKG\QDP RARLWR Q XHYORIDXMPLIRFEV G HF XV VD@QBKXBKLOLSSLQDUXP
DURKDUDFWE\WA]HGE PHEWD Q LRIPY. W R F K R QGKH.DION Q GF H
SKLOLSSBQHYMBPW XBDG LRWPLLRVR F K RCHANH. D RS, QW KZFR U N
UHSRUBKGSWHWRRIGYDQWDIKERQG IMBRRIGKAR HYRCGXNWLRQ
PLWR F K RIXB®X DPOHDYR P,HR X Q\GK D@Y K HWSHH F MHUHD WIS URW H L Q
HYROXWHRPXDMGL G®RIPLWRFKRZGULOWX E X QLMNGR U GRIIU
PDJQLWXGKHRIPSDWREK D@ S HF ZHW WPPH W R Q XFROHHYTRDZADWL R Q
LQYHVW MMPIWHREOQWKARQW GBIUGRIQXFOHDBY 26 VXE X QLW V
FRPSDUDROHD@®W KHH F LTHMIL. Q G GR HYRWX S SR QW IW KRD L Q
K\SRW K HMVER/XWK G \QDPLRVPLWR QXFAHIYBOXWHKRQXFOHDU
FRPSHQVKWIRW K HAKLVAKR V LWR/IDW F O M B B X QH. YWR/OI' DI WIHR)

FRP SHQ WDKKIHJ R X W D V@ HR/IFON IR@P W' 1 $W K ¥MQ VX WL RBU R SH U
PROHF XIODVWH UDFRMR@®RD; 3+26 VXEXQIWMWKRRXEOHDU HQFRGH
2:3+26 VXEX Q@QRYRWHHR EHD | I HF W\HPG W R F K RYQDBULLLDED FOX. Q\G

W K B W K@IXJF O HHDQHAR X @ BO L NH@Y R Q. YPHIGV R Q XLFDAHRPLSDW LELOL W
*HQHVQYROLXHEJIJXOMRWWROQ QVFUNLISIQR@INVELHRFR PEL RDOW LR Q
PLWRFKRQGUDNDHCO/JHQHWRWKHH VS L UBK\DRIY V H P BQ\G
UHVSRWRH GDWWVYHENVYHKDUDFWHVLJQGE | LKDIKHD\GI6Q K H
DQDO\VBE F LVHAI J H V VILDQBAY R O XWRLHR\QS RVQ W MKHL JKLW R FKRQ G UL D
SURWHLQ VHTXHQFH YDULDELOLW\

J RORQKDQ®B KX USARVWKWKHYDW RQ F U HDKMQ R Z0 HDERX W
PROOXREOWKRWKKDNQBRVRLRORIVFXBINP DXQH[S O RQWICH VH

V S HF LIHY® L W.WNOQHR ZME R XWK HHYJR O X WG RO W DW ERH)Y HORSPHQW
*HQRPLEFIVWDER ZP R UW K BI@ HWD W RE W D HY H U W K\M KBHQD/O \ V L V
RIVXFKRPS@HIE[WHQE DWW WQRRSWLPIRBBQ PREBIHIDQLVPYV
'XULQUKZRUN LQ G HKIBGN RD F N H Y H WBHEF K QLVADXCR R V R/ W K H
ELRLQIRWPRNAEQ I HUG L QB U HHQ SWLDDDIOR®D WU ULEFKRHQW
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ELRORSURFIG \ZHHGELVFD WG IQGHK R UNRGRPRGNWSHF LIV
DGGLWIKDP@VRBHYHORBQQRWBWIHR®@R@RQ PRBWID QLWRI W
FRPEL GH G HWHRGBEING DW D E DRW\G\W B H W H I RKARHP R OR QB H

QRQ PRREUWIDQLVP | PLGIMB®REH W H RIRURWK FOGRSID U D KM H

UH P D UNDLEROHY B WH & DWW D Q W (¥\S Hl A DHNAGCH V W IDXDBVHED Q
KDYBHHISP SDE@N KHQ W H U S URH WD WXERER/S D U DIW QYRHP IKFOVD

I X Q G D P HIRADIEWM® P AWW ILHRIELRORBY Q. PSUR Y HIRFHROPAS DUD W L Y H
PHWKRGV2ERWKUBWBAFX QL DINGPE R LIRWEHWM[ISORLWDWLRQ
JHQRPLFV GDWD LQ WKH QH[W IXWXUH
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5 HHUWHQFH

$OEHUWLQ &% HW DO 7TKH RFWRSXV JHQRPH DQG WKH
DQG PRUSKRORJLFDO QRYHOWLHYV 1DWXUH +
$OWVFKXO 6) HW DO *DSSHG %/$67 DQG 36, %/$67 D QF
GDWDEDVH VHDUFK SURJUDPV 1XFOHLF $FLGV 5HYV +
$OWVFKXO 6) *LVK : OLOOHU : O\HUV (: /LSPDQ '- % D\
VHDUFK WRRO - ORO %LRO *

$PHPL\D &7 HW DO 7KH $IULFDQ FRHODFDQWK JHQRPH .
WHWUDSRG HYROXWLRQ 1DWXUH +

$VKEXUQHU 0 HW DO *HQH RQWRORJ\ WRRO IRU WKH X
2QWRORJ\ &RQVRUWLXP 1DW *HQHW *

%LUN\ &: -U 8QLSDUHQWDO LQKHULWDQFH RI PLWRFKR(

PHFKDQLVPVY DQG HYROXWLRQ 3URF 1DWO $FDG 6FL 8 6

%RRWKE\ 7& HW DO (YLGHQFH IRU HIWHQVLYH KRUL]RQ
GUDIW JHQRPH RI D WDUGLJUDGH 3URF 1DWO $FDG 6FL ¢

%YUHWRQ 6 HW DO $ UHVRXUFHIXO JHQRPH XSGDWLQJ
HYROXWLRQDU\ UROH RI DQLPDO PLWRFKRQGULDO "1$V 77Ul

%UHWRQ 6 HW DO &RPSDUDWLYH PLWRFKRQGULDO JHQ
%LYDOYLD 8QLRQRLGD ZLWK GRXEO\ XQLSDUHQWDO LQKH
RSHQ UHDGLQJ IUDPHVY DQG SXWDWLYH RULJLQV RI UHSOLF

&KHQ ) ODFENH\ $- 6WRHFNHUW &- -U 5RRV '6 2UWKROE

FRPSUHKHQVLYH PXOWL VSHFLHY FROOHFWLRQ RI RUWKROTF
' +

&KLDUL < &DKDLV 9 *DOWLHU 1 'HOVXF ) 3K\ORJHQRP

SRVLWLRQ RI WXUWOHYV DV WKH VLVWHU JURXS RI ELUGV D(

&KLPSDQ]JHH BHTXHQFLQJ DQG $QDO\VLV &RQVRUWLXP
FKLPSDQ]HH JHQRPH DQG FRPSDULVRQ ZLWK WKH KXPDQ JH

'RXFHW %HDXSUp + HW DO OLWRFKRQGULDO SK\ORJHQF
OROOXVFED VHDUFKLQJ IRU WKH RULJLQ DQG PLWRJHQRPL
LOQKHULWDQFH RI PW'1$ %0& (YRO %LRO

'XQQ &: 5\DQ -) 7KH HYROXWLRQ RI DQLPDO JHQRPHYV
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+

(OOHJUHQ + *HQRPH VHTXHQFLQJ DQG SRSXODWLRQ JH

RUJDQLVPV 7UHQGV (FRO (YRO +
(OOHJUHQ + 3DUVFK - 7KH HYROXWLRQ RI VH[ ELDVHG
H[SUHVVLRQ 1DW 5HY *HQHW +
(PPV '0 .HOO\ 6 2UWKR)LQGHU VROYLQJ IXQGDPHQWD(

FRPSDULVRQVY GUDPDWLFDOO\ LPSURYHV RUWKRJURXS LQIH

)DOGD 0 HW DO $UJRW D ODUJH VFDOH IXQFWLRQ SUH
VLPLODULW\ RI ZHLIJKWHG *HQH 2QWRORJ\ WHUPV %0& %LR

J)LQQ 5" HW DO 3IDP WKH SURWHLQ IDPLOLHYVY GDWDED)\
B

J)LQQ 5 &OHPHQWYV - (GG\ 65 +00(5 ZHE VHUYHU LQWH
VLPLODULW\ VHDUFKLQJ 1XFOHLF $FLGV 5HYV - =

JLVFKHU 6 HW DO 8VLQJ 2UWKRO&/ WR DVVLJQ SURWHL
WR FOXVWHU SURWHRPHY LQWR QHZ RUWKRORJ JURXSV &X
8QLW +

GD )RQVHFD 55 HW DO 1H[W JHQHUDWLRQ ELRORJ\ G6HT
DSSURDFKHV IRU QRQ PRGHO RUJDQLVPV O0ODU *HQRPLFV

*KLVHOOL ) HW DO 'H 1RYR DVVHPEO\ Rl WKH 0DQLOD F
WUDQVFULSWRPH SURYLGHV QHZ LQVLJKWY LQWR H[SUHVVL
XQLSDUHQWDO LQKHULWDQFH DQG VH[ GHWHUPLQDWLRQ 0

*KLVHOOL ) HW DO 6WUXFWXUH WUDQVFULSWLRQ DQG
PLWRFKRQGULDO JHQRPH SHUVSHFWLYHV IURP DQ XQXVXD
VI\VWHP *HQRPH %LRO (YRO +

*KLVHOOL ) HW DO 7KH FRPSOHWH PLWRFKRQGULDO JH
VKHOO 5XGLWDSHV GHFXVVDWXV %LYDOYLD 9HQHULGDH
*KLVHOOL ) OLODQL / 3DVVDPRQWL O 6WULFW VH[ VSH
WKH JHUP OLQH RI WKH '8, VSHFLHV 9HQHUXSLY SKLOLSSLQ
%LRO (YRO *

**$ &RPPXQLW\ RI 6FLHQWLVWY HW DO 7KH *OREDO ,Q°
$OOLDQFH *,*$ GHYHORSLQJ FRPPXQLW\ UHVRXUFHV WR V
JHQRPHYVY - +HUHG +

*RVOLQJ (O %LYDOYH OROOXVFV %LRORJ\ (FRORJ\ DQG

2QO0LQH /LEUDU\

*XVPDQ $ /HFRPWH 6 6WHZDUW '7 3DVVDPRQWL 0 %UHWR(
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TXHVW IRU EHWWHU XQGHUVWDQGLQJ WKH WD[RQRPLF GLV
XQLSDUHQWDO LQKHULWDQFH RI PW'1$ 3HHU- H

+DUULVRQ 3: :ULJKW $( ODQN -( 7KH HYROXWLRQ RI Jt
WUDQVFULSWRPH SKHQRW\SH UHODWLRQVKLS 6HPLQ &HOC

+DV]SUXQDU * 6FKDQGHU & +DODQ\FK .0 ,Q 3K\ORJHQ\
OROOXVFD HGV 3RQGHU : J/LQGEHUJ ' 5 + 8QLY RI .

+DV]SUXQDU * :DQQLQJHU $ OROOXVFV &XUU %LRO

+RFKQHU % *ODQ]PDQ '/ (YROXWLRQ RI KLJKO\ GLYHUV
PROOXVFV &XUU %LRO 5 +5

-RQHV 3 HW DO ,QWHU3URG6FDQ JHQRPH VFDOH SURW
%LRLQIRUPDWLEYV +

.RHSIOL . 3 3DWHQ % *HQRPH . &RPPXQLW\ RI 6FLHQWLVW
*HQRPH . BURMHFW D ZD\ IRUZDUG $QQX 5HY $QLP %LRVF

.RXWVRYRXORV * HW DO 1R HYLGHQFH IRU HIWHQVLYH

JHQRPH RI WKH WDUGLJUDGH +\SVLELXV GXMDUGLQL 3URF
+

.UDVLOHYD .9 HW DO 6HSDUDWLQJ KRPHRORJV E\ SKDV
WUDQVFULSWRPH *HQRPH %LRO 5

. XPDU 6 -RQHV 0 .RXWVRYRXORV * &ODUNH 0 %OD[WHU 0
UDZ JHQRPH GDWD IRU FRQWDPLQDQWY V\PELRQWV DQG SI
*& FRYHUDJH SORWV )URQW *HQHW

IDHWVEK '5 %OD[WHU 0/ %ORE7RROV ,QWHUURJDWLRG
)  5HV GRL | UHVHDUEK

IDQH 1 7KH SUREOHP ZLWK PL[LQJ PLWRFKRQGULD &H{¢
/JHFKQHU 0 HW DO SURWHLQRUWKR GHWHEWLRQ RI FR
DQDO\VLV %0& %LRLQIRUPDWLFV

/L / 6WRHFNHUW &- -U 5RRV '6 2UWKRO&/ LGHQWLILFC
HXNDU\RWLF JHQRPHV *HQRPH 5HV +

OHUFKDQW 6 :RRG '( 6DO]JEHUJ 6/ 8QH[SHFWHG FURVYV
LQ JHQRPH VHTXHQFLQJ SURMHFWY 3HHU- H

oLobQL / *KLVHOOL ) *XHUUD ' %UHWRQ 6 3DVVDPRQWL O
DQRDO\VLYV RI PLWRFKRQGULDO 25)DQV QHZ FOXHV RQ WKHL
GRXEO\ XQLSDUHQWDO LQKHULWDQFH RI PLWRFKRQGULD *|

oLobQL / *KLVHOOL ) ,DQQHOOR O 3DVVDPRQWL O (YL
WUDQVFULSWLRQ RI PDOH WUDQVPLWWHG PLWRFKRQGULDO
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SKLOLSSLQDUXP %LYDOYLD 9HQHULGDH &XUU *HQHW

OLODQL / *KLVHOOL ) ODXUL]JLL 0* 1X]KGLQ 69 3DVVDPRQV
WUDQVPLWWHG PLWRFKRQGULD H[SUHVV D QHZ JHQH RI SR
(YRO +

OLODQL / *KLVHOOL ) 3DVVDPRQWL O OLWRFKRQGULDC
HYROXWLRQ RI ELRORJLFDO QRYHOWLHV &XUU =RRO :

ORUR] // HW DO 7TKH FWHQRSKRUH JHQRPH DQG WKH HY
V\VWHPV 1DWXUH +

ORUWD]DYL $ :LOOLDPV %$ OF&XH . 6FKDHIIHU / :ROG %
TXDQWLI\LQJ PDPPDOLDQ WUDQVFULSWRPHYV E\ 51$%$ 6HT 1D

I\VWHGW % HW DO 7KH 1RUZD\ VSUXFH JHQRPH VHTXHC
HYROXWLRQ 1DWXUH

2JXUD $ ,NHR . *RMRERUL 7 &RPSDUDWLYH DQDO\VLV
FRQYHUJHQW HYROXWLRQ RI FDPHUD H\H EHWZHHQ RFWRSX

+

S3SDUNHU - +HOPVWHWWHU $- 'HYH\ ' :LONLQVRQ 7 3DSDGR
JLHOG EDVHG VSHFLHVY LGHQWLILFDWLRQ RI FORVHO\ UHOD!
VHTXHQFLQJ 6FL 5HS

SDVVDPRQWL 0 *KLVHOOL ) 'RXEO\ XQLSDUHQWDO LQK
JHQRPHVY RQH SUHFLRXV PRGHO IRU RUJDQHOOH '"1$ LQKHU
%LRO *

3DVVDPRQWL 0 5LFFL $ 0OLODQL / *KLVHOOL ) OLWRFK

8QLSDUHQWDO ,QKHULWDQFH QHZ LQVLIJKWYV IURP OXVFXOL
PLWRFKRQGULDO '1$V %LYDOYLD O\WLOLGDH %0& *HQRPL|

SDVVDPRQWL O 6FDOL 9 *HQGHU DVVRFLDWHG PLWRFK
WKH YHQHULG FODP 7DSHV SKLOLSSLQDUXP OROOXVFD %LY

4LX 4 HW DO 7KH \DN JHQRPH DQG DGDSWDWLRQ WR OL

5LFH 3 /RQJGHQ , %OHDVE\ $ (0%266 WKH (XURSHDQ (
2SHQ 6RIWZDUH 6XLWH 7UHQGYV *HQHW *

5RPHUR ,* 5XYLQVN\, *LODG < &RPSDUDWLYH VWXGLH
WKH HYROXWLRQ RI JHQH UHJXODWLRQ 1DW 5HY *HQHW

6DWR 0 6DWR . ODWHUQDO LQKHULWDQFH RI PLWRFKR!

PHFKDQLVPV WR HOLPLQDWH SDWHUQDO PLWRFKRQGULDO '
-+

6FKHOO 7 HW DO $Q DQQRWDWHG GUDIW JHQRPH IRU 5
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OROOXVFD ELRS5[LY GRL

6LPMR )$ :DWHUKRXVH 50 ,RDQQLGLV 3 .ULYHQWVHYD (9
%86&2 DVVHVVLQJ JHQRPH DVVHPEO\ DQG DQQRWDWLRQ FF

RUWKRORJYV %LRLQIRUPDWLFV *

6PLWK 6$ HW DO SHVROYLQJ WKH HYROXWLRQDU\ UHOL
SK\ORJHQRPLF WRROV 1DWXUH +

7TDPYDFDNLV $1 6HQDWRUH $ .DW] 36 ,GHQWLILFDWLR
OHDUQLQJ DQG PHPRU\ LQ WKH EUDLQ WUDQVFULSWRPH RI
FUDVVLFRUQLY /HDUQ OHP *

7KH +HOLFRQLXV *HQRPH &RQVRUWLXP NXWWHUIO\ JH(
HIFKDQJH RI PLPLFU\ DGDSWDWLRQV DPRQJ VSHFLHV 1DWX
9RROVWUD &5 *LJD &RPPXQLW\ RI :JUKHLGH * [/RSH] -9
WKURXJK WKH *OREDO ,QYHUWHEUDWH *HQRPLFV $OOLDQFF
=KDQ ; HW DO SHUHJULQH DQG VDNHU IDOFRQ JHQRPH
LQWR HYROXWLRQ RI D SUHGDWRU\ OLIHVW\OH 1DW *HQHW
=KDQJ * HW DO 7KH R\ VWHU JHQRPH UHYHDOV VWUHVYV
VKHOO IRUPDWLRQ 1DWXUH +

=RXURV ( %LSDUHQWDO ,QKHULWDQFH 7KURXJK 8QLSD!

'RXEO\ 8QLSDUHQWDO ,QKHULWDQFH '8, RI OLWRFKRQGULL
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