
  

 ǧ
 ǧ
A   QeXaKeRSQMc-baWed   WXYd]   Sf   X[S   WMXeW   fVSQ   XLe   BaVbadMaR   Veef   W]WXeQ   ǧǧ

 ǧ

  SMQTWSR   S 1-3 ,   BeXXaYeV   V 1-3 ,   RaQacLaRdVaR   A 1 ,   KVaQeV   S 1 ,   MaLSR   S 5 ,   MedMRa   M 6 ,   VaPPȑW  ǧ
Y 7 ,   DYQeaY\   V 1,4 ,   VaPPȑW   H 7 ,   WaPWL   D 1 ,   HaPPeXX   MT* 1-3  ǧ

 ǧ

 ǧ

1    DeTaVXQeRX   Sf   BMSPSg]  ǧ
2    CeRXVe   fSV   ATTPMed   S]RXLeXMc   BMSPSg]  ǧ
3    DeTaVXQeRX   Sf   CSQTYXeV   ScMeRce   aRd   SSfX[aVe   ERgMReeVMRg  ǧ
4    PERFORM   CeRXVe  ǧ
CSRcSVdMa   URMZeVWMX],   MSRXVeaP,   QYebec,   CaRada  ǧ
 ǧ

5    CSVaP   Reef   ReWXSVaXMSR   APPMaRce   (CORALL),   BaVbadSW,   WeWX   IRdMeW  ǧ
 ǧ

6    DeTaVXQeRX   Sf   BMSPSg],   PeRRW]PZaRMa   SXaXe   URMZeVWMX],   URMZeVWMX]   PaVO,   PA,   USA  ǧ
 ǧ

7    DeTaVXQeRX   Sf   BMSPSg]   aRd   CLeQMcaP   ScMeRceW,   URMZeVWMX]   Sf   XLe   WeWX   IRdMeW,  ǧ
CaZe   HMPP,   BaVbadSW,   WeWX   IRdMeW  ǧ

 ǧ
*    QMcLaeP.LaPPeXX@cSRcSVdMa.ca  ǧ

AbWXVacX  ǧ

We  WXYd]  XLe  QMcVSbMSQe  Sf  Wea  [aXeV  cSPPecXed  fVSQ  X[S  PScaXMSRW  Sf  XLe  BaVbadMaR  cSVaP  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VeefW.  TLe  X[S  WMXeW  dMffeV  MR  WeZeVaP  eRZMVSRQeRXaP  aRd  ecSPSgMcaP  ZaVMabPeW  MRcPYdMRg  XLeMV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eRdSgeRSYW  beRXLMc  cSQQYRMX]  MR  addMXMSR  XS  XLeMV  TVS\MQMX]  XS  YVbaR  deZePSTQeRX  aRd  VYRSffW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
fVSQ  MRPaRd  [aXeVWLedW.  TLe  cSQTSWMXMSR  Sf  XLe  QMcVSbMaP  cSQQYRMX]  [aW  eWXMQaXed  YWMRg  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[LSPe  geRSQe  DNA  WLSXgYR  WeUYeRcMRg.  APXLSYgL  bSXL  WMXeW  e\LMbMX  a  WMQMPaV  degVee  Sf  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VMcLReWW,  XLe  PeWW  YVbaRM^ed  WMXe  (Ma]cScOW  Veef  aX  HaRgQaRƅW  Ba])  MW  WXVSRgP]  cSRceRXVaXed  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[MXL  TLSXSXVSTLW.  IR  cSQTaVMWSR,  XLe  QSVe  YVbaRM^ed  PScaXMSR  (BePPaMVW  ReWeaVcL  IRWXMXYXe)  MW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eRVMcLed  fSV  cSTMSXVSTLW,  QacVSaPgaP  W]QbMSRXW  aRd  QaVMRe-VePaXed  dMWeaWe-beaVMRg  SVgaRMWQW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
fVSQ  Xa\a  WcaXXeVed  acVSWW  XLe  XVee  Sf  PMfe.  OZeVaPP,  SYV  WaQTPeW  aRd  aWWScMaXed  QeaWYVeQeRXW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Sf  cLeQMcaP  aRd  eRZMVSRQeRXaP  UYaPMXMeW  Sf  XLe  [aXeV  aVe  MR  PMRe  [MXL  TVeZMSYW  QaVMRe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QMcVSbMSQe  TVSƻPeW  Sf  [aVQ  SceaR  WYVface  [aXeVW.  TLMW  WYggeWXW  SYV  aTTVSacL  caTXYVeW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WaPMeRX  MRfSVQaXMSR  VegaVdMRg  XLe  WXaXe  Sf  eacL  cSVaP  Veef  WMXe  aRd  WeXW  XLe  WXage  fSV  PaVgeV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PSRgMXYdMRaP   WXYdMeW   Sf   cSVaP   Veef   d]RaQMcW   MR   BaVbadSW.   ǧ ǧ

IRXVSdYcXMSR   ǧǧ
CSVaP  VeefW  aVe  fVagMPe  ecSW]WXeQW  [LMcL  LSYWe  a  WMgRMƻcaRX  fVacXMSR  Sf  XLe  TPaReXƅW  bMSdMZeVWMX]  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd  WeVZe  aW  XLe  ecSRSQMc  fSYRdaXMSR  XS  QaR]  cSQQYRMXMeW,  TVSZMdMRg  a  WSYVce  Sf  fSSd  aRd  a  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
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defeRWe QecLaRMWQ agaMRWX e\XVeQe QeXeSVSPSgMcaP eZeRXW.ž1±5​. TVSTMcaP cSVaP Veef W]WXeQWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VeUYMVe TVecMWeP] XYRed cSRdMXMSRW fSV effMcMeRX ecSPSgMcaP fYRcXMSRaPMX] aRd WYVZMZaP MRcPYdMRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cPeaV SPMgSXVSTLMc [aXeVž6,7​, a RaVVS[ baRd Sf [aXeV XeQTeVaXYVeWž8​, PaVZaP VecVYMXQeRX fVSQ dMWXaPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SVMgMRWž9 aRd cSRXMRYSYW RYXVMeRX YTXaOež10​. TVSTMcaP cSVaP Veef W]WXeQW MR XLe CaVMbbeaR VegMSRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
LaZe beeR WYbNecX XS bSXL gPSbaP aRd PScaP WXVeWWSVW SZeV XLe TaWX 50 ]eaVW, VeWYPXMRg MR aR 80%ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PSWW Sf cSVaP cSZeVž11,12​. GPSbaP WXVeWWSVW MRcPYde cPMQaXe cLaRge [MXL aWWScMaXed MRcVeaWed Weaǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XeQTeVaXYVeW aRd WeZeVe WXSVQWž1,3,13​, SceaR TSPPYXaRXW MRcPYdMRg TPaWXMc [aWXež14 ​aRd SceaRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ  ǧ ǧ
acMdMfMcaXMSRž15​.ǧǧ

TLe Veef W]WXeQ WXYdMed LeVe, [LMcL PMeW SR XLe [eWX WMde Sf BaVbadSW, LaW [MXReWWed aǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
70% decPMRe MR cSVaP cSPSRMeW SZeV XLe TaWX X[S decadeW aRd LaW WYffeVed X[S QaWW bPeacLMRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eZeRXW MR 2005 aRd 2010ž11,16±18​. BaVbadSW LaW aPWS e\TeVMeRced VeTeaXed gSPdeR XMdaP eZeRXWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
caYWed b] SaVgaWWYQ Wea[eed SVMgMRaXMRg fVSQ XLe XVSTMcaP AXPaRXMc SceaR, eaWX Sf BVa^MP, [LMcLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WXVeWW XLe ecSW]WXeQW ZMa PMgLX VedYcXMSR, S\]geR deTPeXMSR, aRd b] MRcVeaWMRg RYXVMeRX PeZePWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd QSVXaPMX] Sf aWWScMaXed Veef fMWLeWž19,20​. TLeWe WaQe Veef W]WXeQW aVe RegaXMZeP] MQTacXedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
b] WeZeVaP bMSXMc aRd abMSXMc PScaP WXVeWWSVW MRcPYdMRg SZeVfMWLMRgž12​, QecLaRMcaP dMWXYVbaRceWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
fVSQ [aXeV-baWed acXMZMXMeW, aRd eYXVSTLMcaXMSR dYe XS agVMcYPXYVaP VYRSffW, We[age, aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRXLVSTSgeRMc TSPPYXMSRž11,21,22ǧ

SMRce QMcVSbMSQeW MRfPYeRce aRd VefPecX XLe eRZMVSRQeRX XLe] MRLabMX, aR YRdeVWXaRdMRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Sf XLe RaXYVaP ZaVMabMPMX] aRd WLMfXW MR cSQQYRMX] gVadMeRXW Sf XLe cSVaP Veef WMXeW Qa] aPPS[ fSVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLe TVecMWe MdeRXMfMcaXMSR Sf eRZMVSRQeRXaP dMWXYVbaRceW, MR XYVR WYggeWXMRg WTecMfMc TVSTL]PacXMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QeaWYVeW XLaX cSYPd be XaOeR XS cYPP RegaXMZe MRfPYeRceWž23±27​. IRdMceW Sf Veef LeaPXL LaZe beeRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XVadMXMSRaPP] fSVQed b] cSQbMRMRg MRfSVQaXMSR SbXaMRed fVSQ TL]WMcaP ecSPSgMcaP aWWeWWQeRXWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(XMWWYe daQage, cSVaP dMWeaWe aRd bPeacLMRg)ž28,29 aRd QeaWYVeW Sf dMZeVWMX] Sf fMWL aRd SXLeVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Veef MRLabMXMRg WTecMeWž30,31​. TLe WXaXYW Sf XLe BaVbadSW Veef W]WXeQ LaW VePMed SR WYcL QeXLSdWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WMRce 1982 XS QSRMXSV 43 WMXeW MR fMZe-]eaV c]cPeWž17​. TLe QMcVSbMaP cSQQYRMX] [MXLMR XLe cSVaPWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd [aXeV WYVVSYRdMRg XLeWe cSVaPW LaW RSX beeR WXYdMed e\XeRWMZeP] RSV beeR WYbNecXed XSǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
LMgL-XLVSYgLTYX YRbMaWed QSPecYPaV TVSfMPMRg. žOYV gSaP LeVe MW XS TVSfMPe XLe BaVbadMaR cSVaP Veefǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QMcVSbMSQe aRd MRXegVaXe XLMW MRfSVQaXMSR [MXLMR XLe cSRXe\X Sf WMQMPaV effSVXW Ped b]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MRXeVRaXMSRaP cSRWSVXMa XS gPSbaPP] TVSfMPe SceaRMc QMcVSbMaP cSQQYRMXMeWž8,32±34​.ǧǧ

TLeWe effSVXW e\TPSMX XLe TS[eV Sf LMgL XLVSYgLTYX QeXageRSQMcW WeUYeRcMRg MR SVdeVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XS cLaVacXeVM^e cSVaP Veef W]WXeQW, aRd WLS[ LS[ feaXYVeW cLaRge dYe XS bMSXMc aRd abMSXMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MRfPYeRceW, YRVaZePPMRg Oe] PMROW XS eRZMVSRQeRXaP ZaVMabPeWž27,35ž. TLe cLaVacXeVM^aXMSR Sf XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QMcVSbMSQeW acVSWW ZaV]MRg ecSPSgMcaP, eRZMVSRQeRXaP aRd geSTL]WMcaP TVSTeVXMeW MR BaVbadSWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VeTVeWeRXW a fMVWX WXeT XS[aVdW XLe MdeRXMfMcaXMSR Sf QSPecYPaV bMSQaVOeVW Sf Veef LeaPXLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TVSgVeWWMSR aRd adaTXaXMSR, aRd aPWS XS[aVdW MdeRXMf]MRg MRXeVZeRXMSRW fSV cSVaP Veef VeWXSVaXMSR.ǧǧ

ReWYPXWǧ

TLe X[S Veef WMXeW dMffeV MR a VaRge Sf ecSPSgMcaP, eRZMVSRQeRXaP aRd cLeQMcaP QeXVMcW.ǧǧ

TLe BePPaMVW Veef PMeW Sff XLe [eWX (CaVMbbeaR) cSaWX Sf HSPeXS[R, a deRWeP] TSTYPaXed aVea Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLe MWPaRd [MXL XSYVMWQ aRd SXLeV YVbaR MRfVaWXVYcXYVež36ž. IX MW WYbNecX XS WeZeVaP VYRSffWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SVMgMRaXMRg fVSQ aR MRPaRd [aXeVWLedž37ž. TLe BePPaMVW Veef PMeW [MXLMR XLe BabadSW (FSPOeWXSRe)ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
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MaVMRe ReWeVZe aRd MW TVSXecXed fVSQ fMWLMRg aRd ZeLMcPe XVaffMc, aPXLSYgL WXMPP WYbNecX XS LMgLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VecVeaXMSRaP acXMZMX]. TLe Ma]cScOW Veef aPWS PMeW Sff XLe [eWX cSaWX bYX MR a WTaVWeP] TSTYPaXedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aVea [MXL RS cSaWXaP YVbaR deZePSTQeRX bYX a WQaPP VeWMdeRXMaP cSQQYRMX] MRPaRdž36ž. WLeVeaWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLe BePPaMVW WMXe MW XLe bacO Veef ^SRe Sf a fVMRgMRg cSVaP Veef dMVecXP] adNaceRX XS XLe WLSVe MRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WLaPPS[ [aXeV (b10 Q), Ma]cScOW MW a baRO Veef PScaXed MR deeTeV [aXeV (b15Q) aTTVS\MQaXeP]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
1.5 OQ fVSQ WLSVe (žFMKYVe 1A-Cž). TLe beRXLMc cSQTSWMXMSR aX bSXL WMXeW [aW deXeVQMRed afXeVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
bSXL VeceRX bPeacLMRg eZeRXW bYX X[S ]eaVW TVeZMSYW XS XLMW WXYd]ž11ž. IR cSQTaVMWSR [MXL BePPaMVW,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Ma]cScOW e\LMbMXW a LMgLeV abYRdaRce Sf cSVaPW, a QSVe YRMfSVQ dMWXVMbYXMSR Sf WTecMeW,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WMgRMfMcaRXP] QSVe LaVd cSVaPW, PeWW fMPaQeRXSYW aPgae, a PS[eV aZeVage TeVceRXage Sf deadǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSVaPW aRd gVeaXeV aZeVage fMWL bMSQaWW ž(TabPe 1A)ž. WaXeV WaQTPeW [eVe cSPPecXed fVSQ bSXLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WMXeW b1Q abSZe eacL Veef, aRd WeUYeRXMaPP] fMPXeVed XS cSRceRXVaXe SVgaRMWQW beX[eeR 3ʽQǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd 0.22ʽQ MR PMRe [MXL TaVa OceaRW TaVaQeXeVWž33ž. We QeaWYVed WeZeVaP cLeQMcaP aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eRZMVSRQeRXaP TaVaQeXeVW aRd SbWeVZed XLaX žMa]cScOW Lad a WMgRMfMcaRXP] gVeaXeV PeZeP Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dMWWSPZed S\]geR aRd PS[eV PeZeP Sf RMXVaXe (NOž3ž; žTabPe 1Bž, žMeXLSdW 1,2ž). We aPWS eWXMQaXed XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
RYQbeV aRd WM^e Sf QMcVSbeW TVeWeRX MR SYV WaQTPeW YWMRg QMcVSWcST] (žMeXLSdW 2ž) aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SbWeVZed XLaX SZeVaPP bSXL WMXeW Lad aTTVS\MQaXeP] XLe WaQe RYQbeV Sf SVgaRMWQW TeV QLž3ž, bYXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLaX Ma]cScOW LaW a XeRdeRc] XS[aVdW WQaPPeV SVgaRMWQW cSQTaVed XS BePPaMVW (žSYTTPeQeRXaPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
FMKYVe 1ž).ǧ

WLSPe geRSQe WeUYeRcMRg Sf XLe QMcVSbMSQe Sf Veef [aXeV fVSQ XLe X[S WMXeW.ǧǧ

DNA [aW e\XVacXed aRd [LSPe geRSQe WLSXgYR WeUYeRced (NSZaSeU 2 \ 150bT, IPPYQMRa IRc.,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MeXLSdW 3,4ž). TLe VeWYPXaRX TaMVed-eRd VeadW [eVe fMVWX TVSceWWed b] SYV bMSMRfSVQaXMc TMTePMReǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
fSV Vead XVMQQMRg, UYaPMX] cSRXVSP (žMeXLSdW 5ž). TLe KVaOeR2ž38 aRd BVacOeRž39 TacOageW [eVe XLeRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
YWed XS aPMgR XLe VeadW agaMRWX a cSQTeRdMYQ Sf daXabaWeW fVSQ XLe QMcVSbMaP WYbWeX Sf XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
NCBIž40 aRd MaV QaVMRe VefeVeRce daXabaWež41 MR SVdeV XS eWXMQaXe Xa\a abYRdaRceW (žMeXLSdW 6ž)ž.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Read cSYRXW fVSQ bSXL WMXeW [eVe QaTTed XS RSdeW Sf XLe XVee Sf PMfe cVeaXed YWMRg XLe NCBIǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Ta\SRSQ] daXabaWež42ž ž(žMeXLSdW 7ž).ǧǧ

ReadW QaTTed XS RSR-QMcVSbMaP Xa\a [eVe VeQSZed fVSQ XLe daXaWeX, bYX [e RSXe XLaXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRaP]WMW Sf VeadW QaTTed XS MeXa^Sa, EQbV]STL]Xa aRd QYPXMcePPYPaV fYRgM MdeRXMfMed QaVMReǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd XeVVeWXVMaP WTecMeW MRdMgeRSYW XS BaVbadSW aRd SVRaQeRXaP TPaRXW aRd cVSTW gVS[R aPSRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLe cSaWX (žSYTTPeQeRXaP IRfSVQaXMSR 1ž). TLe fMRaP QMcVSbMaP QeXageRSQMc daXaWeX afXeV fMPXeVMRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd UYaPMX] cSRXVSP cSRWMWXW Sf 4.5M aRd 9.2M VeadW aX BePPaMVW aRd Ma]cScOW VeWTecXMZeP]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(žTabPe 1Cž). IR XSXaP, XLe TVSfMPeW MdeRXMfMed 2415 (BePPaMVW, B) aRd 2479 (Ma]cScOW, M) geReVa aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
9089 (B) aRd 9461 (M) WTecMeW. CSRZeVgeRce XS XLeWe RYQbeVW SccYVW [LeR XLe Vead daXa MWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dS[RWaQTPed XS NYWX SRe-XLMVd Sf XLe XSXaP daXaWeX, aRd SXLeV QeaWYVeW Sf ecSPSgMcaP VMcLReWWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
faMPed XS TVedMcX aR] addMXMSRaP Xa\a aX eMXLeV WMXe (žSYTTPeQeRXaP IRfSVQaXMSR 2ž). We bYMPX PMReaVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QSdePW XS adNYWX abYRdaRce QeaWYVeW VePaXMZe XS geRSQe WM^e (žSYTTPeQeRXaP IRfSVQaXMSR 3ž).ǧ
ǧ Ma]cScOW e\LMbMXW a VePaXMZe eRVMcLQeRX Sf BacXeVMa aRd CLPSVSTL]Xa [LeVeaW BePPaMVWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSRXaMRW QSVe eYOaV]SXMc (TVMQaVMP] fYRgaP) aRd aVcLaeaP Xa\a (žFMKYVe 1Dž). APP Sf XLeWeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dMffeVeRceW aVe WMgRMfMcaRX (T << 0.01, žPeaVWSRƅW 𝛘ž2ž, žMeXLSdW 8až). TLMW gPSbaP bVeaOdS[R MWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSRWMWXeRX [MXL XLe TaVa OceaRW 2009-2013 TVSNecXž8,33,43 [LMcL dMd RSX WaQTPe MR XLe ZMcMRMX] Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
BaVbadSW: b81% Sf aPP VeadW [eVe QaTTed XS BacXeVMa aRd 3% Sf aPP VeadW aW AVcLaea MR bSXLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
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Table  1.  Comparison  of  the  Bellairs  and  Maycocks  sites  across  different  parameters  sets.  A .  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
The  benthic  composition  of  the  Bellairs  and  Ma]cocks  Reef  based  on  the  percentage  cover  of  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
major  benthic  categories  on  the  substratum  (from  Oxenford  and  Valles,  2016).   B.  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Measurements  of  several  environmental  and  chemical  variables.  The  *  and  **  denote  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
signiƻcance  at  p  <  0.01  with  a  t-test  and  Wilcoxon  test  respectivel].   C.  Results  of  the  whole  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
genome   shotgun   metagenomic   sequencing.  ǧ
 ǧ
 ǧ
  
  

A.   Benthic   community  ǧ  ǧ B.   Chemical   and   Environmental  ǧ  ǧ C.   Sequencing   parameters  ǧ

 ǧ Bell.  ǧ Ma].  ǧ  ǧ  ǧ Bell.  ǧ Ma].  ǧ  ǧ  ǧ Bell.  ǧ Ma].  ǧ

Gorgonians   ǧǧ 0.14  ǧ 0.83   ǧǧ  ǧ Dissolved   Ox]gen  ǧ
(%)   *  ǧ

89.73   ǧǧ
(sd   0.95)  ǧ

95.30  ǧ
(sd   0.2)  ǧ

 ǧ Paired   end  ǧ
reads   ǧǧ

18.6M  ǧ 29.1M  ǧ

Hard   Coral   ǧǧ 15.85  ǧ 26.94  ǧ  ǧ Dissolved   Ox].  ǧ
(mg/L)   *  ǧ

5.68   ǧǧ
(sd   0.08)  ǧ

6.04  ǧ
(sd  ǧ
0.03)  ǧ

 ǧ Reads   ǧǧ
classiƻed  ǧ

7.4M  ǧ 13.1M  ǧ

Sponges  ǧ 11.50  ǧ 20.99  ǧ  ǧ Salinit]   (ppt)   ǧǧ 35.03   ǧǧ
(sd   0.48)  ǧ

34.78   ǧǧ
(sd  ǧ
0.60)  ǧ

 ǧ Meta^oan  ǧ
reads  ǧ

1.7M  ǧ 2.3M  ǧ

Filamentous  ǧ
algae ǧ

54.84  ǧ 26.86  ǧ  ǧ Temp   ( qC)  ǧ 29.03   ǧǧ
(sd   0.01)  ǧ

29.13   ǧǧ
(sd  ǧ
0.05)  ǧ

 ǧ Embr]o-  ǧ
ph]ta  ǧ

1.1M  ǧ 1.6M  ǧ

Coralline   algae  ǧ 13.32  ǧ 22.48  ǧ  ǧ Nitrate   (NO 3 )  ǧ
(mg/L)   **  ǧ

1.78   ǧǧ
(sd   0.35)  ǧ

1.06   ǧǧ
(sd  ǧ
0.21)  ǧ

 ǧ Microbial  ǧ
reads  ǧ

4.5M  ǧ 9.2M  ǧ

Sand  ǧ
Rubble   ǧǧ

4.0  ǧ 0.99  ǧ  ǧ Nitrite   (NO 2 )  ǧ
(   (mg/L)  ǧ

0.018   ǧǧ
(sd   0.005)  ǧ

0.013   ǧǧ
(sd  ǧ
0.003)  ǧ

 ǧ Taxa  ǧ
 ǧ

14.64K  ǧ 15.15K  ǧ

Filamentous  ǧ
c]anobacteria  ǧ

0.21  ǧ 0.83  ǧ  ǧ Phosphate   (PO 4 )  ǧ
(mg/L) ǧ

0.070  ǧ
(sd   0.036)  ǧ

0.078   ǧǧ
(sd  ǧ
0.08)  ǧ

 ǧ Genera  ǧ 2415  ǧ 2479  ǧ

Zoanthid   ǧǧ 0.14  ǧ 0.08  ǧ  ǧ Turbidit]   (NTU)  ǧ 6   ǧǧ
(sd   2.65)  ǧ

7  ǧ
(sd1.00)  ǧ

 ǧ Species  ǧ 9089  ǧ 9461  ǧ
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daXaWeXW. TLe] dMZeVge fSV ZMVYWeW (7.5% TaVa ZW 4.7% BaVbadSW) aRd EYOaV]SXa (4.6% TaVa ZWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
10.9% BaVbadSW)ž33ž.ǧǧ

BePPaMVW MW eRVMcLed fSV bacXeVMa MRZSPZed MR Vec]cPMRg Sf SVgaRMc QaXXeVǧ

TLeVe [aW eZMdeRce fSV 6,279 WTecMeW aX BePPaMVW aRd 6,459 WTecMeW aX Ma]cScOW acVSWW 1,434ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dMWXMRcX bacXeVMaP geReVa, aPXLSYgL XLe dMWXVMbYXMSR MR abYRdaRceW dMffeVW WMgRMfMcaRXP] beX[eeRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLe WMXeW (žFMKYVe 1E, FMKYVe 2Až). BePPaMVW MW eRVMcLed MR gVaQ RegaXMZe PVSXeSbacXeVMa (48% B ZWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
25% M) aRd XLe FMbVMSbacXeVeW-CLPSVSbM-BacXeVSMdeXeW (FCB) gVSYT (10% B ZW 3% M) [LeVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Ma]cScOW LaW a WXVSRg TVefeVeRce fSV XLe TeVVabacXeVMa gVSYT (37% B ZW 69% M). TLeWeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dMffeVeRceW aVe aPP LMgLP] WMgRMfMcaRX (T << 0.01, žMeXLSdW 8a-cž). žFMKYVe 2A (aRd žSYTTPeQeRXaPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
FMKYVe 8ž) eWXabPMWLeW XLaX XLe QaNSVMX] Sf dMffeVeRXMaPP] abYRdaRX geReVa cSVVeWTSRd XSǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PVSXeSbacXeVMa aRd TeVVabacXeVMa.ǧǧ

WMXLMR XLe PVC gVSYT, žXLe PPaRcXSQ]ceXeW [eVe QSVe TVeZaPeRX aX BePPaMVW XLaRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Ma]cScOW (KVYWOaP-WaPPMW KW, T << 0.01, žMeXLSdW 8cž) [MXL XLe geRYW RLSdSTMVePPYPa e\LMbMXMRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dMffeVeRXMaP abYRdaRce. RLSdSTMVePPYPa MW a [MdeP] dMWXVMbYXed QaVMRe geRYW XLaX TPa]W aRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MQTSVXaRX VSPe MR gPSbaP caVbSR aRd RMXVSgeR c]cPMRgž44ž. MaVMRMbPaWXYW fYcMcSPa aRd SXLeVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QMcVSbMSXa aWWScMaXed [MXL cSVaP degVadaXMSR aRd aPgae cSZeV aVe eRVMcLed aX BePPaMVWž45ž.ǧǧ

WMXL VeWTecX XS XLe FCB gVSYT, BacXeVSMdeXeW aVe WMgRMfMcaRXP] eRVMcLed aX BePPaMVW (8.2%ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
B ZW 2.8% M, KW, T << 0.01). TLeWe gVaQ-RegaXMZe RSR-WTSVe fSVQMRg bacXeVMa aVe SfXeRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
deXecXed MR XLe gYX Sf aRMQaPW, aRd aPWS Wea[aXeV, [LeVe XLe] degVade TSP]QeVMc SVgaRMc QaXXeV.ǧǧ

Ma]cScOW WLS[ed a WMgRMfMcaRX eRVMcLQeRX Sf XLe geReVa CaRdMdaXYW AcXMRSQaVMRa, YPXVaǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WQaPP fVee PMZMRg WTecMeW XLaX TeVfSVQ TLSXSLeXeVSXVSTLMc QeXabSPMWQ aRd QMVVSV WMQMPaVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
geSgVaTLMc dMWXVMbYXMSRW XS TMcSc]aRSbacXeVMa WTecMeWž46ž. HS[eZeV, QaR] SXLeV AcXMRSbacXeVMaǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aVe cSQQSRP] fSYRd MR XLe WSMP Sf QaVMRe ecSW]WXeQW [LeVe XLe] TPa] a VSPe MR Vec]cPMRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VefVacXSV] bMSQaXeVMaPW aRd TeVfSVQ RMXVSgeR fM\aXMSR MR W]QbMSWMW [MXL TPaRXWž47ž. SYcLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
AcXMRSbacXeVMa aVe eRVMcLed aX BePPaMVW MRcPYdMRg IPPYQaXSbacXeV cSccMReYW aRd AVXLVSbacXeV WT.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
LS16.ǧ

Ma]cScOW MW LMgLP] eRVMcLed fSV TLSXSXVSTLMc TeVVabacXeVMaǧ

TeVVabacXeVMa MW XLe QSWX dMWcSVdaRX Sf aPP Xa\a beX[eeR XLe X[S WMXeW (37% B ZW 69% M). TLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ZaWX QaNSVMX] Sf XLe Ma]cScOW TeVVabacXeVMa VeadW aVe QaTTed XS C]aRSbacXeVMa (60 Sf 69%;ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
FMKYVe 1Ež). C]aRSbacXeVMa aVe TLSXSXVSTLMc bacXeVMa XLaX W]RXLeWM^e SVgaRMc cSQTSYRdW fVSQǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
caVbSR dMS\Mde, aRd TVSdYce S\]geR aW a b]-TVSdYcX. TLe] aVe e\XVeQeP] abYRdaRX MRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
RYXVMeRX-TSSV [aVQ [aXeVW. IR SYV daXa, XLe aYXSXVSTLMc geReVa PVScLPSVScSccYW aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
S]RecLScSccYW accSYRX fSV SZeV 98% Sf aPP C]aRSbacXeVMa MdeRXMfMed MR SYV WXYd] (žFMKYVe 2Až),ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSRWMWXeRX [MXL XLe SPMgSXVSTLMc RaXYVe Sf XLe BaVbadMaR QaVMRe eRZMVSRQeRXž48ž. PVScLPSVScSccYWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MW X]TMcaPP] QSVe TVeZaPeRX MR RYXVMeRX TSSV [aXeV [LMPe S]RecLScSccYW MW QSVe TVeZaPeRX MRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eYXVSTLMc [aXeV aRd cSaWXaP TPYQeW Sf VMZeVW, PMOeP] dYe XS MRcVeaWed RMXVaXe aRd TLSWTLaXeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PeZePWž49ž. TLMW MW cSRWMWXeRX [MXL SYV daXa [LeVe [e SbWeVZe a 3.7:1 PVScLPSVScSccYW XSǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
S]RecLScSccYW VaXMS aX BePPaMVW, bYX a 5.3:1 VaXMS aX Ma]cScOW. A WXYd] Sf XLe cSVaP Veefǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ecSW]WXeQW MR XLe CaVMbbeaR [aXeVW Sf CYVažȐžaS aPWS VeTSVXed a LMgL TeVceRXage Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
C]aRSbacXeVMa (30-43%), [ePP be]SRd PeZePW SbWeVZed MR XLe RSVXL AXPaRXMc OceaR, MedMXeVVaReaRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
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 ǧ
 ǧ

*MKYVI  2  A.  TLI  PSK  VaXMS  SJ  XLI  JVacXMSR  SJ  aPP  bacXIVMaP  VIaHW  aX  BIPPaMVW  ZIVWYW  XLI  JVacXMSR  SJ  aPP  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
bacXIVMaP  VIaHW  aX  Ma]cScOW  acVSWW  aPP  KIRIVa  [MXLMR  XLI  BacXIVMa  WYTIVHSQaMR.   B.   ARaPSKSYW  XS  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TaRIP  A  I\cITX  LIVI  aXXIRXMSR  MW  VIWXVMcXIH  XS  KIRIVa  [MXLMR  PVSXISbacXIVMa.   C.  A  LIaXQaT  SJ  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VIPaXMZI  abYRHaRcI  SJ  MRHMZMHYaP  WTIcMIW,  aRH  aWWScMaXIH  QIaWYVIW  SJ  IcSPSKMcaP  HMZIVWMX],  aRH  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TL]WMS-cLIQMcaP-L]HVSKVaTLMc  aXXVMbYXIW  MRXIKVaXMRK  XLI  BaVbaHMaR  cSVaP  VIIJ  TVSƻPIW  [MXL  XLI  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SYRaKa[a   IX   aP.   TaVa   OcIaRW   HaXa.   ǧ ǧ
 ǧ

 ǧ ǧ
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Sea aRd PacMfMc OceaRž50ž. MSVeSZeV, a VeceRX WXYd] Sf RSVXLeVR CaVMbbeaR Veef W]WXeQW aPWSǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
LMgLPMgLXed LMgL abYRdaRce Sf C]aRSbacXeVMa aQSRg XLeMV WMXeW [MXL a VePaXMZe abYRdaRceǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VaRgMRg fVSQ 13.2% XS 29.7% Sf aPP bacXeVMaP aRd aVcLaeaP TL]Pa, agaMR TVMQaVMP] dYe XS XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TVeWeRce Sf PVScLPSVScSccYW aRd S]RecLScSccYWž25ž. OYV SbWeVZed fVeUYeRcMeW fSVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
C]aRSbacXeVMa aX Ma]cScOW aVe WMgRMfMcaRXP] QSVe e\XVeQe.ǧ

TLe VeQaMRdeV Sf TeVVabacXeVMa WLS[ eRVMcLQeRX aX BePPaMVW MRcPYdMRg XLe FMVQMcYXeW, aRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
e\XVeQeP] dMZeVWe gVSYT Sf eRdSWTSVe-fSVQMRg bacXeVMa abPe XS WYVZMZe MR e\XVeQe eRZMVSRQeRXWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd SfXeR fSYRd MR RYXVMeRX-VMcL eRZMVSRQeRXW MRcPYdMRg QaVMRe WedMQeRXž51 (žSYTTPeQeRXaPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
FMKYVe 9ž). SeZeVaP geReVa [eVe QSVe abYRdaRX aX BePPaMVW MRcPYdMRg XLe TYQebacMPPYWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(gVaQ-TSWMXMZe WTSVe fSVQMRg WYPTLYV-S\MdMWMRg bacXeVMa XLaX LaZe beeR MWSPaXed fVSQ dMZeVWeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eRZMVSRQeRXW WYcL aW aPgaP WcYQ, fVeWL[aXeV, WSMP aRd QaRgVSZeWž52 aRd [MXLMR XLe WOePeXaPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QYcYW Sf CaVMbbeaR cSVaP TSVMXeWž53ž) žaRd XLe FMcXMbacMPPYW (aeVSbMc bacXeVMa Sf [LMcL WSQeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WTecMeW TSWWeWW TVSXeaWe-TVSdYcMRg abMPMXMeW XLaX TPa] a QaNSV VSPe MR XLe bMSdegVadaXMSR Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSVaPWž54ž).ǧ

BePPaMVW MW eRVMcLed fSV APTLaTVSXeSbacXeVMa aWWScMaXed [MXL aPgae aRd SceaR WedMQeRXǧ

APTLa- aRd GaQQa-TVSXeSbacXeVMa aVe bePMeZed XS cSRXVMbYXe XLe QaNSVMX] Sf bacXeVMSTPaROXSR XSǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SceaR [aXeVW, aR SbWeVZaXMSR cSRWMWXeRX [MXL XLe VePaXMZe abYRdaRceW MR SYV daXaǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(APTLaTVSXeSbacXeVMa 24% BePPaMVW ZW 14% Ma]cScOW, GaQQaTVSXeSbacXeVMa 12% BePPaMVW ZeVWYWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
6% Ma]cScOW; žFMKYVeW 1Ež). TLe WLMfX XS[aVdW BePPaMVW MW WMgRMfMcaRX MR bSXL caWeW (KW aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
DYRRƅW XeWX, T <<0.01, žMeXLSdW 8c, FMKYVe 2Bž).ǧǧ

RLSdSbacXeVaPeW caR YXMPM^e ZaVMSYW SVgaRMc aRd MRSVgaRMc cSQTSYRdW aRd caVV] SYXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WYPfYV S\MdaXMSR, aeVSbMc aRS\]geRMc TLSXSW]RXLeWMW, caVbSR QSRS\Mde S\MdaXMSR aRd XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TVSdYcXMSR Sf WecSRdaV] QeXabSPMXeW; XLeVe MW eZMdeRce XLaX QeQbeVW Sf RLSdSbacXeVaPeWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSVVePaXe [MXL XLe WedMQeRXaV] WeXXMRgž55 (žSYTTPeQeRXaP FMKYVe 10ž). APXLSYgL WSQeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
RLSdSbacXeVaceae bacXeVMYQ WXVaMRW [eVe LMgLP] abYRdaRX aRd bMaWed XS[aVdW Ma]cScOW, XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ZaWX QaNSVMX] Sf geReVa WLS[ed a geReVaP XVeRd XS[aVdW XLe BePPaMVW WMXe (KW XeWX, T << 0.01)ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
LMgLPMgLXMRg geReVa DMRSVSWeSbacXeV, TaXe]aQaVMa aRd JaRRaWcLMa. DMRSVSWebacXeV aVe aeVSbMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRS\]geRMc TLSXSXVSTLMc bacXeVMa, ORS[R XS be LMgLP] abYRdaRX MR QaVMRe XYVf aPgae. SSQeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
DMRSVSWeSbacXeV WTecMeW fSVQ eTMbMSXMc VePaXMSRWLMTW [MXL Ved XMde dMRSfPagePPaXeWž56ž.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TaXe]aQaVMa MW a geRYW Sf QaVMRe gVaQ-RegaXMZe aeVSbMc bacXeVMa MWSPaXed fVSQ cSaWXaP QaVMReǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eRZMVSRQeRXW. TaXe]aQaVMa LaZe beeR MdeRXMfMed aW cSQTSReRXW Sf WSfX cSVaPW aRd cSVaPPMReǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aPga QMcVSbMSQeW. WMXLMR XLe aPga QMcVSbMSQe, TaXe]aQaVMa WTecMeW aVe abPe XS WYVZMZe aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MRcVeaWe abYRdaRceW YRdeV acMdMfMcaXMSR cSRdMXMSRWž57ž. JaRRaWcLMa aVe aeVSbMc aRS\]geRMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TLSXSXVSTLMc bacXeVMa. SSQe WTecMeW TPa] a VSPe MR XVaRWTSVX aRd RMXVaXe VedYcXMSRž58ž. OXLeVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WTecMeW aTTeaV XS be TaVX Sf QMcVSbMaP cSQQYRMXMeW aWWScMaXed [MXL cSVaPWž59ž.ǧ ǧ

CSRZeVWeP], XLe SPMgSXVSTLMc geRYW CaRdMdaXYW PePagMbacXeV MW WMgRMfMcaRXP] WLMfXedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XS[aVdW Ma]cScOW (KW XeWX, T << 0.01). TLeWe WQaPP fVee-PMZMRg LeXeVSXVSTLMc WTecMeW, [LMcL aVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SRe Sf XLe QSWX abYRdaRX geReVa MdeRXMfMed MR SYV WXYd], aVe YWYaPP] fSYRd XLVMZMRg MRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PS[-RYXVMeRX eRZMVSRQeRXW, [LMcL TPa] a WMgRMfMcaRX VSPe MR caVbSR c]cPMRg, feedMRg SR dMWWSPZedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SVgaRMc caVbSR aRd RMXVSgeRž60,61ž. TLe WTecMeW CaRdMdaXYW P. YbMUYe bePSRgW XS XLe SAR11 cPadeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
YbMUYMXSYW MR XLe [SVPd'W SceaRW ž61ž.ǧǧ
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BePPaMVW MW eRVMcLed fSV TaXLSgeRW Sf QaR] dMQeRWMSRW Sf XLe Veef bMSW]WXeQǧ

WMXLMR GaQQaTVSXeSbacXeVMa, XLe geRYW VMbVMS [aW SRe Sf XLe QSWX LMgLP] abYRdaRX geReVa MRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SYV daXaWeX aRd e\LMbMXW a WXVSRg WOe[ XS[aVdW BePPaMVW (KW, T << 0.01) MRZSPZMRg QaR] WTecMeWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MRcPYdMRg cSVaPPMP]XMcYW, XYbMaWLMM, LaVZe]M, aWXVMaVeRae, RMgVMTYPcLVMXYdS, aRd TSRXMcYWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(žSYTTPeQeRXaP žFMKYVe 11ž)ž. žVMbVMS aVe gVaQ-RegaXMZe QSXMPe bacXeVMa cSQQSRP] fSYRd MR QaVMReǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eRZMVSRQeRXW aRd aVe facYPXaXMZe aRaeVSbeW, caTabPe Sf TVSdYcMRg ATP b] aeVSbMc VeWTMVaXMSR Mfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
S\]geR MW TVeWeRX, bYX aPWS abPe XS W[MXcL XS feVQeRXaXMSR. SSQe žVMbVMS WTecMeW TPa] aǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WMgRMfMcaRX caYWaXMZe VSPe MR cSVaP dMWeaWeW aRd dMWVYTX cSVaPW W]QbMSXMc VePaXMSRWLMT [MXLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
^SS\aRXLePPae. žTLeVe aVe MRdMcaXMSRW XLaX LMgL RYXVMeRX PeZePW TVSQSXe TaXLSgeRMc bacXeVMaǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MRcPYdMRg VMbVMS WTT. XS dSQMRaXe MR LeaPXL] cSVaP Veef W]WXeQWž62​. IR SYV daXa, XLeVe [aW eZMdeRceǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
fSV WeZeVaP VMbVMS WTecMeW aX BePPaMVW MRcPYdMRg V. cSVaPPMP]XMcYW (MQTPMcaXed MR [LMXe baRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
W]RdVSQe) aRd V. LaVZe]M (PMROed XS ]ePPS[ WTSX W]RdVSQe bYX aPWS TVeWeRX MR LeaPXL] cSVaPWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aPbeMX PeWW fVeUYeRXP]ž63​), V. XYbMaWLMM (MQTPMcaXed MR WLePPfMWL ZMbVMSWMW aRd Qa] aPWS be a ZMVYPeRceǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
facXSV MR dMWeaWeW Sf WcPeVacXMRMaR cSVaPW, [LeVe MX TPa]W a VSPe MR TLSXSMRacXMZaXMSR Sf XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSVaPž64​), V. aWXVMaVeRae (a geReVaPMWX MR QaR] Veef W]WXeQWž65​), V. RMgVMTYPcLVMXYdS (a WLVMQTǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TaXLSgeR [MXL QaNSV MQTacX SR faVQW MR JaTaR aRd Ne[ CaPedSRMaž66​), aRd V. TSRXMcYW (a fMWLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TaXLSgeRž67​). PLSXSbacXeVMYQ, aPWS a geRYW Sf VMbVMSRaPeW, MW cSQQSR MR QaVMRe eRZMVSRQeRXWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd caR WYVZMZe MR bSXL aeVSbMc aRd aRaeVSbMc eRZMVSRQeRXW. P. daQWePae, [LMcL [aW QSVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
abYRdaRX aX BePPaMVW, MW a [ePP-WXYdMed TaXLSgeR Sf QaVMRe SVgaRMWQW MRcPYdMRg fMWL aRd LaWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Qade WMgRMfMcaRX RegaXMZe fMRaRcMaP MQTacX SR fMWLeVMeW [SVPd-[Mde ž68​. žT[S WTecMeW Sf XLe geRYWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
AcMReXSbacXeV [MXLMR PWeYdSQSRadaPeW aVe eRVMcLed aX XLe BePPaMVW WMXe. AcMReXSbacXeV MW aǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
gVaQ-RegaXMZe geRYW [LMcL TPa]W aR MQTSVXaRX VSPe MR XLe QMReVaPM^aXMSR Sf aVSQaXMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSQTSYRdW [MXLMR WSMP MRcPYdMRg QaVMRe W]WXeQW, aRd QaR] WTecMeW caR VedYce RMXVaXeW XSǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
RMXVMXeWž69​. OYV WXYd] LMgLPMgLXW A. WcLMRdePeVM aRd A. MRdMcYW, bSXL eQeVgMRg STTSVXYRMWXMc LYQaRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TaXLSgeRW XLaX caR WYVZMZe MR QaR] eRZMVSRQeRXWž70​.ǧǧ

IR cSRXVaWX, XLe QSWX dMffeVeRXMaPP] abYRdaRX aX XLe Ma]cScOW WMXe aVe WeZeVaPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
YRcPaWWMfMed GaQQaTVSXeSbacXeVMa MRcPYdMRg QeQbeVW Sf XLe SAR86 cPade, [LMcL aVe gPSbaPP]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
abYRdaRX TPaROXSRMc bacXeVMaž71ž.ǧǧ

BePPaMVW MW eRVMcLed fSV WYPfaXe VedYcMRg DePXaTVSXeSbacXeVMaǧ

TLe DePXa-ETWMPSR WYbdMZMWMSR dMWTPa]W a dVaQaXMc WTPMX MR XLeMV TVefeVeRce beX[eeR XLe X[S WMXeWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(žSYTTPeQeRXaP žFMKYVe 12ž)ž. ETWMPSR QeQbeVW aVe WOe[ed XS[aVdW Ma]cScOW (KW XeWX, T<<0.01)ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
bYX PMe cPSWe XS XLe 95% cSRfMdeRce MRXeVZaP fSV XLe gPSbaP QeaR (Ved baVW). TLe ZaWX QaNSVMX] Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
DePXaTVSXeSbacXeVMa aVe WOe[ed XS[aVdW BePPaMVW MRcPYdMRg XLe DeWYPfSQMcVSbMYQ, a geRYW Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WYPfaXe VedYcMRg bacXeVMa XLaX XLVMZe MR QaVMRe aRS\Mc eRZMVSRQeRXW aRd MRXeVfaceW WYcL aWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QMcVSbMaP QaXWž72 MRcPYdMRg XLe WTecMeW D. SVaPe [LMcL LaW beeR TVeZMSYWP] MdeRXMfMed MR AXPaRXMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSaWXaP QaVMRe [aXeVWž73ž. SeZeVaP SAR324 WTecMeW aVe LMgLP] abYRdaRX [MXL a TVefeVeRce fSVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Ma]cScOW. TLe] LaZe a ZeVWaXMPe QeXabSPMWQ [MXL LeXeVSXVSTLMc caVbSR YXMPM^aXMSR caTabMPMXMeWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd aVe MQTPMcaXed MR WYPfYV S\MdaXMSRž74ž.ǧǧ
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Ma]cScOW MW a PMXLSXVSTLMc LSXWTSX aRd BePPaMVW MW WMQMPaV XS SXLeV [aVQ SceaR [aXeVWǧ

We cSQTaVed SYV TVSfMPeW [MXL XLe TaVa OceaRW effSVX [LMcL geReVaXed 243 WaQTPeW fVSQ 68ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PScaXMSRW MR eTMTePagMc aRd QeWSTePagMc [aXeVW žVeWXVMcXed XS SRP] bacXeVMaP Xa\a (R=139,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MeXLSdW 9ž)ž33ž. žFMKYVe 2C ždMVecXP] cSQTaVeW SYV VeWYPXW [MXL SYRaga[a eX aP.ž33 žacVSWW WeZeVaPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
X]TeW Sf ZaVMabPeW MRcPYdMRg QeaWYVeW Sf ecSPSgMcaP dMZeVWMX], žTL]WMS-cLeQMcaP-L]dVSgVaTLMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aXXVMbYXeW aRd žVePaXMZe abYRdaRceW Sf MRdMZMdYaP WTecMeW. HeVe [e YWed YRWYTeVZMWed cPYWXeVMRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XS MRZeWXMgaXe LS[ SYV WMXeW cSQTaVe acVSWW XLe gPSbaP WMXeW WaQTPed b] TaVa OceaRW. BePPaMVWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd Ma]cScOW cS-cPYWXeV [MXL SXLeV WaQTPeW LaVZeWXed fVSQ XLe WYVface aRd deeT cLPSVSTL]PPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Qa\MQYQ Pa]eVW (SRF, DCM VeWTecXMZeP], žFMKYVe 2Cž) Sf XLe XVade aRd cSaWXaP bMSQeW. TLMW MWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSRWMWXeRX [MXL XLe fMRdMRg fVSQ SYRaga[a eX aP. XLaX deTXL MW XLe WMRgPe QSWX MQTSVXaRX facXSVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLaX deXeVQMReW WTecMeW abYRdaRce aW MX e\TPaMRW 75% Sf ZaVMaXMSR ZMa PVMRcMTaP CSSVdMRaXeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ARaP]WMW. BSXL BePPaMVW aRd Ma]cScOW aVe cPSWeWX XS Red Sea aRd IRdMaR OceaR WaQTPeW.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
APXLSYgL cSRceRXVaXMSRW Sf RMXVaXeW NOž2 aRd POž4 aX Ma]cScOW aVe WMQMPaV XS PeZePW SbWeVZed MRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WaQTPeW MX cS-cPYWXeVW [MXL, RMXVaXe PeZePW Sf BePPaMVW aVe LMgLeV aRd QSVe WMQMPaV XS QeWSTePagMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Pa]eVW (MES MR žFMKYVe 2Cž).ǧǧ

AbYRdaRce PeZePW acVSWW XLe WePecXed geReVa aVe geReVaPP] cSRWMWXeRX [MXL XLe TaVaǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
OceaR daXa. TLe VMgLX WYbXVee Sf žFMKYVe 2C MW eRVMcLed fSV aYXSXVSTLW cSRWMWXeRX [MXL XLe facXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLaX BaVbadSW MW a LSX cPMQaXe [MXL SPMgSXVSTLMc [aXeVW. HS[eZeV, WeZeVaP geReVa [eVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
YRdeV-VeTVeWeRXed aX bSXL PScaXMSRW MR cSQTaVMWSR XS TaVa OceaRW. TLMW MRcPYdeW MagReXSWTMVa,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
LMXSVMcSPa, TLMSXLVM\, O[eR[eeOWMa, OceaRSbacXeV aRd CS\eMPPa. CSRZeVWeP], SXVeTXSQ]ceW aXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
BePPaMVW [aW aR SYXPMeV e\LMbMXMRg aR abYRdaRce LMgLeV XLaR aPP SXLeV WaQTPeW.ǧ

BSXL WMXeW e\LMbMX LMgL PeZePW Sf QeXLaRe TVSdYcMRg aRaeVSbMc AVcLaeaǧ

IR XSXaP, XLeVe [aW eZMdeRce Sf 440 WTecMeW aX BePPaMVW aRd 442 WTecMeW aX Ma]cScOW acVSWW 122ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dMWXMRcX aVcLaeaP geReVa. A LMgL TeVceRXage Sf aPP aVcLaeaP VeadW [eVe QaTTed XS EYV]aVcLaeSXaǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aX bSXL WMXeW, aPXLSYgL XLeVe MW a WMgRMfMcaRXP] LMgLeV fVacXMSR aX Ma]cScOW (63% B ZW 82% M;ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
FMKYVe 3Až). FSV bSXL WMXeW, XLe WecSRd LMgLeWX fVacXMSR Sf aVcLaeaP VeadW [eVe QaTTed XS XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TACK (TLaYQaVcLaeSXa, XLe aRceWXSV Sf XLe CVeR-, CaRd. BaXL]- aRd CaRd. KSV-aVcLaeSXa)ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
gVSYT, aPXLSYgL LeVe XLeVe MW a WMgRMfMcaRXP] LMgLeV fVacXMSR aX BePPaMVW (32% B ZeVWYW 13% M).ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TLeWe dMffeVeRceW aVe aPP WMgRMfMcaRX (T << 0.01, žMeXLSdW 8ž).ǧǧ

SeZeVaP geReVa fVSQ MeXLaRSQada gVSYTW aVe LMgLP] abYRdaRX MR eUYaP TVSTSVXMSRW aXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
bSXL WMXeW (žFMKYVe 3Cž). TLe MeXLaRSWaVcMRa geRYW cSRXaMRW aRaeVSbMc QeXLaRSgeRW XLaXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSRdYcX QeXLaRSgeReWMW MR dMZeVWe eRZMVSRQeRXW XLVSYgLSYX XLe [SVPd MRcPYdMRg Wea[aXeV aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MR cSVaP VYbbPež75ž. MeXLaRSbVeZMbacXeV MW a geRYW Sf QeXLaRe TVSdYcMRg aRaeVSbMc aVcLaea.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SSQe ORS[R WTecMeW Sf XLMW geRYW MRLabMX aRMQaP MRXeWXMRaP XVacXW, deca]MRg TPaRXW aRd We[ageǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd aVe YWed aW MRdMcaXSVW Sf faecaP TSPPYXMSR MR cSaWXaP [aXeVWž76ž. MeXLaRScePPa WTecMeW aVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ORS[R WSMP aRd WedMQeRX aVcLaeSRWž77ž. SeZeVaP geReVa LS[eZeV MRcPYdMRg MeXLaRSTPaRYW aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MeXLaRSWLTaeVYPa LaZe WMgRMfMcaRXP] LMgLeV VePaXMZe abYRdaRce aX Ma]cScOW. TLMW geRYWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSRXaMRW QeXLaRSgeRMc WTecMeW XLaX aVe ORS[R XS TPa] eRdSW]QbMSXMc VSPeW [MXL QaVMReǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cMPMaXeWž78ž aRd SXLeV WTecMeW aWWScMaXed [MXL WTSRgeW MR aRS\Mc eRZMVSRQeRXWž79ž.ǧ
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*MKYVI  3  A.  ARaPSKSYW  XS  XLI  TPSXW  2A,B  bYX  LIVI  JScYW  MW  VIWXVMcXIH  XS  EYOaV]SXa.  B.   PIVcIRXaKI  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SJ  XSXaP  VIaH  cSYRXW  JSV  abYRHaRX  WYb-Xa\a  SJ  EYOaV]SXa.   C.   TLI  WcaXXIVTPSX  JSV  AVcLaIa.  D.  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PIVcIRXaKI   SJ   XSXaP   VIaH   cSYRXW   JSV   abYRHaRX   WYb-Xa\a   SJ   AVcLaIa.  ǧ
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PLSXSLeXeVSXVSTLMc eYV]aVcLaeSXa aVe LMgLP] eRVMcLed aX Ma]cScOWǧǧ

TLe QaNSVMX] Sf EYV]aVcLaeSXa VeadW aX Ma]cScOW aVe QaTTed XS DMafSVaVcLae [MXL WQaPPeVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aQSYRXW QaTTMRg XS XLe SXeRSWaVcLaea gVSYT (24% B ZW 29% M), aRd MeXLaRSQSda (žFMKYVe 3ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
A,Cž). žSTecMeW fVSQ XLe CaRdMdaXYW PSWeMdSRMaPeW SVdeV aVe ​WSQe Sf XLe QSWX abYRdaRXǧ ǧ ǧ ǧ ǧ ǧ ǧ   ǧ ǧ ǧ ǧ ǧ
TPaROXSRMc aVcLaeSRW MR SceaR WYVface [aXeVWž80ž, cSRWMWXeRX [MXL XLe ePeZaXed VePaXMZeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
abYRdaRceW MR SYV daXa. TLe aRceWXSV Sf CaRd. PSWeMdSRMaPeW MW a QSXMPe TLSXSLeXeVSXVSTL,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
caTabPe Sf degVadMRg TVSXeMRW aRd PMTMdW, aPXLSYgL XLeVe MW geRYW-WTecMfMc PMfeWX]Pe aRd RMcLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TaVXMXMSRMRgž80ž.ǧ

BePPaMVW MW eRVMcLed fSV XLaYQaVcLaeSXa MRZSPZed MR RMXVMfMcaXMSRǧ

TLe QaNSVMX] Sf TLaYQaVcLaeSXa VeadW aX BePPaMVW aVe QaTTed XS XLe NMXVSWSTYQMPaPeW SVdeVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(23% B ZeVWYW 3% M, DYRRƅW XeWX, T << 0.01; žFMKYVe 3Cž)ž. žNMXVSWSTYQMPYW aVe žaQQSRMa-S\MdM^MRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aVcLaeSRW cSQQSRP] fSYRd MR QaVMRe eRZMVSRQeRXWž81​. TLe cLeQSPMXLSaYXSXVSTLMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
NMXVSWSTYQMPYW QaVMXMQYW WTecMeW, [LMcL MW eRVMcLed aX XLe BePPaMVW WMXe, LaW beeR eWXabPMWLedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aW a dSQMRaRX cSRXVMbYXSV XS RMXVMfMcaXMSRž75​. žSeZeVaP addMXMSRaP NMXVSWSTYQMPaPeW geReVa aVe aPWSǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dMffeVeRXMaPP] MdeRXMfMed beX[eeR BePPaMVW aRd Ma]cScOW MRcPYdMRg žCaRdMdaXYW NMXVSWSTePagMcYW, aǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TPaROXSRMc TePagMc aQQSRMa-S\MdM^MRg XLaYQaVcLaeSR MRZSPZed MR RMXVSgeR aRd caVbSR fM\aXMSRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MR QaVMRe eRZMVSRQeRXWž82​.ǧǧ

Ma]cScOW MW LMgLP] eRVMcLed MR TLSXSW]RXLeXMc aYXSXVSTLMc CLPSVSTL]Xaǧ

TLe X[S WMXeW MdeRXMfMed a WMQMPaV TeVceRXage Sf EYOaV]SXa Sf [LMcL aTTVS\MQaXeP] LaPf aVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
OTMWXLSOSRXa, WTecMfMcaPP] FYRgM (žFMKYVe 3Bž). APXLSYgL WeZeVaP ƈXVYe ]eaWXWƉ WaccaV]SQ]ceXa aVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
LMgLP] abYRdaRX, [e dMd RSX SbWeVZe a TVefeVeRce fSV eMXLeV WMXe. VMVMdMTPaRXae e\LMbMXW aR eRVMcLQeRXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aX Ma]cScOW (21% B ZW 32% M) [MXL 99% Sf XLeWe VeadW QaTTMRg XS žXLe aYXSXVSTLMc gVeeR aPgaeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
CLPSVSTL]Xa (žFMKYVe 3Dž). TLMW MRcPYdeW MMcVSQSRaW TYWMPPa aRd cSQQSda [LMcL aVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TLSXSW]RXLeXMc TMcSeYOaV]SXeW ORS[R XS XLVMZe gPSbaPP] MR XVSTMcaP QaVMRe eRZMVSRQeRXWž83 aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TPa] a Oe] VSPe MR XLe TVMQaV] TVSdYcXMSR [MXLMR XLe eYTLSXMc ^SRež84ž. žTLeWe fMRdMRgW aVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSRWMWXeRX [MXL a VeceRX CaVMbbeaR WXYd] LMgLPMgLXMRg MMcVSQSRaWž85ž.ǧǧ

BSSdPea cSQTSWMXa, [LMcL MW abYRdaRX aX XLe BePPaMVW WMXe, MW a cSQQSR gVeeR aPgae MRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSaWXaP QaVMRe eRZMVSRQeRXWž86ž. TLeWe QacVSaPgae aVe caTabPe Sf bPSSQW fSVQMRg deRWe XYVf SVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QaXW MR RYXVMeRX VMcL [aXeVW. B. cSQTSWMXa gVS[XLW LaZe beeR SbWeVZed XS WQSXLeV cSVaPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSPSRMeWž87ž. STecMeW Sf XLe geRYW CaYPeVTa [eVe TVeWeRX SRP] aX BePPaMVW. OZeVaPP XLe XLVee WTecMeWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Lad PS[ abYRdaRce, aPXLSYgL C. bVS[RMM [aW [MXReWWed b] NYWX SZeV 200 VeadW. CaYPeVTa MW aǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
geRYW Sf RMXVSTLMPMc QacVSaPgae XLaX cSQQSRP] MRLabMX XVSTMcaP QaVMRe eRZMVSRQeRXW MRcPYdMRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
CaVMbbeaR cSVaP VeefWž88ž. LMOe B. cSQTSWMXa, WSQe WTecMeW caR bPSSQ cVeaXMRg caVTeXW [LMcLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WQSXLeV cSVaP cSPSRMeWž89ž. CaYPeVTa WTecMeW aWWMQMPaXe RYXVMeRXW fVSQ WedMQeRX aRd gVS[ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WYcceWWfYPP] MR LabMXaXW [MXL aRXLVSTSgeRMc dMWXYVbaRce WYcL aW [aWXe aRd WXSVQ[aXeVž90ž.ǧǧ

 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 3, 2021. ; https://doi.org/10.1101/2021.01.02.425083doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.02.425083
http://creativecommons.org/licenses/by/4.0/


 

Ma]cScOW MW eRVMcLed fSV SVgaRMWQW MRZSPZed MR TVMQaV] TVSdYcXMSR aRd VegYPaXMSR Sf XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QMcVS-TPaROXSRMc cSQQYRMX]ǧ

TLe SXVaQeRSTMPeW-APZeSPaXeW-RLM^aVMa (SAR) WYTeVgVSYT, [LMcL [e [MRRS[ed fSV WMRgPe cePPYPaVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SVgaRMWQW, e\LMbMXW bVSad LeXeVSgeReMX], cSRXVMbYXMRg SYXP]MRg WTecMeW aRd geReVa aX bSXL WMXeWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(žFMKYVe 3D, SYTTPeQeRXaP FMKYVe 13ž). SeZeVaP WTecMeW Sf XLe SAR WYTeVgVSYT WTecMeW aVe QSVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
LMgLP] abYRdaRX aX Ma]cScOW. GeRYW PePagSQSRaW MW QSRSX]TMc cSRXaMRMRg SRP] XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TMcSTPaROXSR P. caPceSPaXa, a XMR] TLSXSW]RXLeXMc fPagePPaXed aPga XLaX cSRXVMbYXeW XS TVMQaV]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TVSdYcXMSR MR QaVMRe eRZMVSRQeRXWž91ž. BMecLePeVMSTWMW cSRXaMRW WQaPP QaVMRe TLSXSXVSTLMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TPaROXSRMc dMRSfPagePPaXeW XLaX TPa] a VSPe aW TVMQaV] TVSdYceVW aRd W]QbMSXMc TaVXReVWž92ž.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
KaVPSdMRMYQ aVe TL]XSTPaROXSRMc cSaWXaP dMRSfPagePPaXe QM\SXVSTLMcW XLaX VeP] SR bSXLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TLSXSW]RXLeWMW aRd TLagSXVSTL] aRd caR caYWe XS\Mc aPgaP bPSSQW [LeR RYXVMeRXW aVe WcaVceǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[MXLMR XLeMV eRZMVSRQeRXWž93ž. EYgPeRa WTecMeW aVe LeXeVSXVSTLMc TVMQaV] TVSdYceVW [MXLMR QaVMReǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ecSW]WXeQWž94ž. APe\aRdVMYQ MW a geRYW Sf TPaROXSRMc dMRSfPagePPaXeW XLaX cSRXVMbYXe XS TVMQaV]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TVSdYcXMSRž95ž.ǧ

OXLeV WTecMeW aRd geReVa bMaWed XS[aVdW Ma]cScOW aVe VegYPaXSVW Sf XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QMcVS-TPaROXSRMc cSQQYRMX] SV LaZe W]QbMSXMc VSPeW [MXL cSVaP aRd WTSRgeW. TLeWe MRcPYde fSVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
e\aQTPe XLe SX]PSR]cLMaž96​, AQSebSTLV]a (QaVMRe TaVaWMXMc dMRSfPagePPaXeW XLaX MRLabMX cSaWXaPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[aXeVž97​), XLe gSPdeR aPgae OcLVSQSRaW (WQaPP YRMcePPYPaV QM\SXVSTLMc fPagePPaXeW XLaX TPa] a Oe]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VSPe MR VegYPaXMRg bacXeVMaP abYRdaRcež98​), XLe dMRSfPagePPaXeW Sf CPadScSTMYQ (XLaX eWXabPMWLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eRdSW]QbMSWMW [MXL cRMdaVMaR WTecMeW WYcL aW cSVaPž99​), CPadScSTMYQ WTecMeW (dSQMRaRXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
W]QbMSRXW Sf WSQe WXSR] cSVaPW [MXLMR XLe CaVMbbeaR MRcPYdMRg BaVbadSWž100​), aRd EYTPSXeWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(fMPXeV-feedMRg cMPMaXeW PMROed XS XLe MRgeWXMSR Sf cSVaP XMWWYež101​ (žFMKYVe 3Cž).ǧ

BePPaMVW MW eRVMcLed fSV beRXLMc eTMTL]XeW gVS[MRg SR cSVaP aRd aPgaeǧ

MaR] WTecMeW Sf SXVaQeRSTMPeW aVe SbWeVZed YRMUYeP] aX BePPaMVW (žFMKYVe 3D ždeRSXed b] SVaRgeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WXaV, 11 Sf aPP 34 YRMUYeP] MdeRXMfMed SVgaRMWQW MdeRXMfMed aX BePPaMVW, L]TeVgeSQeXVMc bMRRed b]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eYOaV]SXMc TL]Xa, T << 0.01). TLMW MW RSX PMOeP] dYe XS XLe deTXL Sf WeUYeRcMRg aPSRe gMZeR XLaXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Ma]cScOW VeceMZed 1.57 fSPd QSVe VeadW XLaR BePPaMVW aRd gMZeR SYV dS[RWaQTPMRg e\TeVMQeRXWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
deWcVMbed eaVPMeV.ǧǧ

SeZeVaP QaVMRe dMaXSQW [eVe MdeRXMfMed MRcPYdMRg LMcQSTLSVa (cSQQSR eTMTL]XeWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
abYRdaRX SR WYbWXVaXeW WYcL aW fMPaQeRXSYW aPgae SV cSVaPW [LeVe XLe] caR fSVQ QaXW [LMcLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WQSXLeV cSVaPž102ž); C]PMRdVSXLeca (YbMUYMXSYW MR cSaWXaP aVeaW [SVPd[Mde žXLaX YXMPM^e PaXeRXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
RMXVSgeR aRd TLSWTLSVYW RYXVMeRXW MR XLe eRZMVSRQeRXž103ž); SeQMRaZMW (SfXeR aWWScMaXed [MXLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Wea[eed PMZMRg [MXLMR cSVaP Veef ecSW]WXeQWž104ž); MMRYXScePPYW (WTecMfMcaPP] WTecMeW M.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TSP]QSVTLYW, a W]QbMSRX Sf beRXLMc FSVaQMRMfeVaž105 fSYRd XS be cSdSQMRaRX [MXL bVS[R XMde,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[LMcL XLVMZeW MR eYXVSTLMc QaVMRe eRZMVSRQeRXWž106ž); H]aPSWMVa (ORS[R XS aXXacL XS Wea[eedW MRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MRXeVXMdaP eRZMVSRQeRXWž107ž); aRd, GVaQQaXSTLSVa (aR eTMTL]XMc QaVMRe geRYW Sf dMaXSQW fSYRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MR cSaWXaP QaVMRe eRZMVSRQeRXWž108ž). FYVXLeVQSVe, BePPaMVW MdeRXMfMeW QeQbeVW Sf XLe geRYWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
G]VSdMRMYQ (QaVMRe LeXeVSXVSTLMc dMRSfPagePPaXeW [LMcL TVe] SR dMaXSQW aRd caR caYWe Vedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XMdeWž109ž), aRd PPeYVScPadMa (beRXLMc bVS[R aPga eTMTL]XeW Sf QacVSaPgae).ǧ
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BePPaMVW e\cPYWMZeP] LaW PS[ PeZePW Sf FSVaQMRMfeVaǧǧ

ARaPSgSYW XS XLe SXVaQeRSTMPeW, XLe FSVaQMRMfeVa cSRXVMbYXe a WYVTVMWMRg RYQbeV Sf YRMUYeP]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MdeRXMfMed geReVa (9 Sf 34; T << 0.01, L]TeVgeSQeXVMc bMRRed b] cPadeW dMVecXP] fVSQ XLe VSSX Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
EYOaV]SXa; žFMKYVe 3Dž). TLeVe [aW RS eZMdeRce Sf a FSVaQMRMfeVa Xa\SR aX Ma]cScOW.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
FSVaQMRMfeVa aVe WMRgPe-cePPed WLePPed TVSXMWXW aRd VecSgRM^ed aW SRe Sf XLe QSWX abYRdaRXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
gVSYTW Sf QMcVSSVgaRMWQW MR XLe WLaPPS[ QaVMRe [aXeVW. TLe facX XLaX XLeMV WM^e VaRgeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(100vQ-20cQ) MW [ePP be]SRd SYV fMPXeVed VaRge Qa] e\TPaMR XLe TaYcMX] Sf VeadW fSV XLeWe Xa\a.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SSQe aQSebSMd TVSXMWXW aVe SfXeR beRXLMc SV PMZe MR XLe Wea WedMQeRX; aX PeaWX 40ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QSVTLSWTecMeW aVe TPaROXSRMc aRd fSVQ W]QbMSXMc VePaXMSRWLMTW [MXL QaVMRe aPgae. TLe] aVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WeRWMXMZe XS XLe WYbXPe cLaRgeW MR XLe aQbMeRX eRZMVSRQeRX aRd WTecMeW aVe ORS[R XS WYVZMZeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd MRcVeaWe MR RYQbeVW MR TSPPYXed aVeaWž110ž. PPaROXSRMc fSVaQMRMfeVa TPa] aR MQTSVXaRX VSPe MRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLe caVbSRaXe TYQT, cSRXVMbYXMRg YT XS 50% Sf XLe XSXaP caVbSRaXe MR XLe SceaR WedMQeRXž111ž.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
GeReVa NeSgPSbSUYadVMRa, GPSbSVSXaPMa, PPaRSgPbVaXePPa, EPTLMdMYQ, RSWaPMRa, APPSgVSQMa aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
RSXaPMePPa aVe aPP VecSgRM^ed aW TPaROXMc. RSWaPMRa, fSV e\aQTPe, MW ORS[R XS aXXacL XS Wea[eedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd SXLeV QaVMRe beRXLMc WYVfaceW [MXLMR WLaPPS[ eRZMVSRQeRXW aRd caR aPWS be fSYRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
YRaXXacLed [MXLMR WedMQeRXž112ž. STecMeW WYcL aW R. PeeM aVe abPe XS XLVMZe MR ecSPSgMcaPP] WXVeWWedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eRZMVSRQeRXWž113ž.ǧǧ

OXLeV TVSXMWXW aRd WMRgPe cePP aPgae WYTTSVX TVMQaV] TVSdYcXMSR aX Ma]cScOWǧ

WMXL VeWTecX XS XLe VeQaMRMRg WYbcPadeW Sf EYOaV]SXa, XLe HaTXSTL]Xa aVe bMaWed XS[aVdWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Ma]cScOW (DYRRƅW XeWX, T < 0.01) aRd cSRXVMbYXe WeZeVaP SYXP]MRg geReVa MRcPYdMRg XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSccSPMXLSTLSVMd geRYW EQMPPMaRMa. TLe QaMR WTecMeW [MXLMR XLMW geRYW MW E. LY\Pe]M, a YRMcePPYPaVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TLSXSW]RXLeXMc eYOaV]SXe XLaX MW a Oe] cSRXVMbYXSV XS XLe SceaRMc caVbSR c]cPe ZMa caPcMfMcaXMSR,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TLSXSW]RXLeWMW aRd e\TSVX Sf MRSVgaRMc QaXXeV XS XLe SceaRWƅ MRXeVMSVž114ž. TLe TPaROXSRMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
YRMcePPYPaV fPagePPaXeW PV]QReWMYQ aVe aPWS QSVe abYRdaRX aX Ma]cScOW.ǧǧ

C]aRSTLageW aVe LMgLP] eRVMcLed aX Ma]cScOW, a WMXe LMgLP] eRVMcLed fSV c]aRSbacXeVMaǧ

MeXageRSQMc aRaP]WMW Sf QaVMRe ZMVYWeW [aW MRZeWXMgaXed [MXLMR XLe cSRXe\X Sf XLe TaVa OceaRWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PVSNecXž115 bYX XLeWe effSVXW YWed WeUYeRcMRg aRd bMSMRfSVQaXMcW TPaXfSVQW WTecMfMc fSV ZMVSQeW.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
OYV MRZeWXMgaXMSR LeVe MW PMQMXed, WMRce [e WePecXed fSV SVgaRMWQW beX[eeR 0.22 ʽQ aRd 3 ʽQ.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
NeZeVXLePeWW, 5.8% (B) aRd 3.6% (M) Sf aPP VeadW QaTTed XS ZMVYWeW (žSYTTPeQeRXaP žIRfSVQaXMSRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
4ž). CSRWMWXeRX [MXL XLe WXVSRg TVefeVeRce fSV C]aRSbacXeVMa (MRcP. PVScLPSVScSccYW aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
S]RecLScSccYW) aX Ma]cScOW (26% B ZW 62% M), XLeVe MW a cSQTaVabP] WXVSRg TVefeVeRce fSVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
c]aRSTLageW aX Ma]cScOW (KW aRd DYRRƅW XeWX fSV CaYdSZMVaPeW, bSXL T << 0.01). OXLeVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[ePP-eWXabPMWLed TLageW Sf PVScLPSVScSccYW aRd/SV S]RecLScSccYWž116 MRcPYdMRg M]S-, SMTLS-ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd PSdS- ZMVYWeW aVe aPWS MdeRXMfMed MR SYV daXa. IR cSRXVaWX, XLe WQaPP LeXeVSXVSTLMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PePagMbacXeV, a QeQbeV Sf XLe YbMUYMXSYW SAR11 cPade, MW LMgLP] eRVMcLed aX Ma]cScOW, LS[eZeVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PSdSZMVYW TLageW Sf PePagMbacXeV aVe W]WXeQaXMcaPP] WLMfXed XS[aVdW BePPaMVW (KW, DYRRƅW XeWX,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
T<<0.01), WYggeWXMRg eRVMcLQeRX Sf XLe PSdSZMVYWeW aX BePPaMVW.ǧǧ
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DMWcYWWMSRǧ
TLe X[S WMXeW Sf XLe BaVbadMaR cSVaP Veef W]WXeQ WXYdMed LeVe dMffeV MR eRZMVSRQeRXaP aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ecSPSgMcaP aXXVMbYXeW. TLMW MRcPYdeW dMffeVeRceW MR XLeMV eRdSgeRSYW beRXLMc cSQQYRMXMeWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MRcPYdMRg LaVd cSVaPW, cSVaPPMRe aRd WTSRgeW. APXLSYgL bSXL LaZe WYffeVed YRdeV XLe WaQeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
gPSbaP WXVeWWSVW, XLeVe MW PMOeP] a dMffeVeRXMaP MR XLe effecXW Sf PScaP WXVeWWSVW. FSV e\aQTPe,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eYXVSTLMcaXMSR LaW PSRg beeR TSWXYPaXed aW a QaNSV RegaXMZe MRfPYeRce SR XLe LeaPXL Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
BaVbadMaR VeefW [LMcL PMe cPSWe XS YVbaR aVeaW aRd cSaWXaP VYR-SffWž16 aRd cSVVeWTSRdMRg žWXYdMeWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Sf XLe QacVSbeRXLMc cSQQYRMX] LaZe RSXed deca] MR aPQSWX eZeV] dMQeRWMSR Sf WYcLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ecSW]WXeQWž17ž. žTLMW MW XLe fMVWX WXYd] XS YWe [LSPe geRSQe WLSXgYR WeUYeRcMRg Sf XLe BaVbadMaRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Veef [aXeV QMcVSbMSQe. TLe WeUYeRce daXa MdeRXMfMeW SZeV 9,000 WTecMeW acVSWW XLe XVee Sf PMfeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aX bSXL WMXeW, aRd XLe cSQTSWMXMSR Sf bSXL cSQQYRMXMeW aTTeaVW MR cSRcSVdaRce [MXL TVeZMSYWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
fMRdMRgW VegaVdMRg cSVaP Veef LeaPXL MR BaVbadSW. APXLSYgL SYV WXYd] LeVe MW PMQMXed MR WcSTe, SYVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WaQTPeW dS WLaVe QaR] WMQMPaVMXMeW [MXL SXLeV SceaR WMXeW MRcPYdMRg XLe TaVa OceaR TVSNecX aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WeZeVaP CaVMbbeaR WTecMfMc TVSNecXW, WYggeWXMRg XLaX XLe WeUYeRcMRg LaW caTXYVed QaR] VePeZaRXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
feaXYVeW Sf XLe ecSW]WXeQW.ǧ

APXLSYgL MX MW MRfeaWMbPe XS UYaRXMXaXMZeP] eWXMQaXe XLe TL]WMSPSgMcaP VePeZaRce Sf XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SbWeVZed dMffeVeRceW MR VePaXMZe fVeUYeRcMeW Sf Xa\a, XLeVe aVe WXVMOMRg aRd cSRWMWXeRXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dMffeVeRceW beX[eeR BePPaMVW aRd Ma]cScOW. Ma]cScOW MW WXVSRgP] cSRceRXVaXed [MXLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TLSXSXVSTLW aRd MW a cPeaV SYXPMeV MR XLMW dMQeRWMSR [LeR cSQTaVed agaMRWX daXa fVSQ XLe TaVaǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
OceaR TVSNecX. TLe PeZePW Sf PVScLPSVScSccYW aRd S]RecLScSccYW aVe SRP] QaXcLed b] a WXYd]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Sf ReaVb] CYVacaS, WYggeWXMRg XLaX XLe WSYXLeVR CaVMbbeaR cSRWXMXYXeW a c]aRSbacXeVMaPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
LSXWTSX. TLe VePaXMZe abYRdaRce Sf TLSXSW]RXLeXMc SVgaRMWQW SXLeV XLaR XLe c]aRSbacXeVMa aVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aPWS WMgRMfMcaRXP] LMgLeV aX Ma]cScOW XLaR BePPaMVW MRcPYdMRg geReVa CaRdMdaXYW PePagMbacXeV,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
CaRdMdaXYW PSWeMdSRMaPeW, žMMcVSQSRaW aRd XLe EQMPPMaRMa.ǧ

IR cSQTaVMWSR, BePPaMVW MW eRVMcLed fSV cSTMSXVSTLW, QacVSaPgaP W]QbMSRXW aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QaVMRe-VePaXed dMWeaWe-beaVMRg SVgaRMWQW fVSQ Xa\a WcaXXeVed acVSWW XLe XVee Sf PMfe. FSVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
BacXeVMa aPSRe, XLMW MRcPYdeW WTecMeW fVSQ XLe FMVQMcYXeW (fSYRd MR RYXVMeRX-VMcL e\XVeQeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eRZMVSRQeRXW), WTecMeW fVSQ XLe žPPaRcXSQ]ceXeW ([MXL eWXabPMWLed VSPeW MR cSVaP degVadaXMSRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[LeVe XYVf aPgae MW dSQMRaRX), QaR] RLSdSbacXeVaPeW WTecMeW (XLaX YXMPM^e cSQTSYRdW MR aǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
RYXVMeRX VMcL eRZMVSRQeRX fSV XLe TVSdYcXMSR Sf WecSRdaV] QeXabSPMXeW), aX PeaWX WM\ geReVa Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
DMRSVSWeSbacXeV (cSQQSRP] fSYRd MR QaVMRe XYVf aPgae aRd [LMcL TaVXMcMTaXe MR RMXVaXeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VedYcXMSR), XLe DeWYPfSQMcVSbMYQ (WYPfaXe-VedYcMRg bacXeVMa XLaX XLVMZe MR QaVMRe aRS\Mcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eRZMVSRQeRXW aRd MR MRXeVfaceW WYcL aW QMcVSbMaP QaXW), XLe AcMReXSbacXeV (aWWScMaXed [MXLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QMReVaPM^aXMSR Sf aVSQaXMc cSQTSYRdW), aRd WeZeVaP WTecMeW Sf XLe geRYW VMbVMS ([ePPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MQTPMcaXed MR QaVMRe dMWeaWeW MRcPYdMRg [LMXe baRd aRd ]ePPS[ WTSX W]RdVSQe). žTLe AVcLaeaǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
LMgLPMgLX XLe žNMXVSWSTYQMPaPeW geReVa (žTePagMc aQQSRMa-S\MdM^MRg XLaYQaVcLaeSR MRZSPZed MRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
RMXVMfMcaXMSR aRd caVbSR fM\aXMSR). žTLe EYOaV]SXa MRcPYde XLe BSSdPea (RMXVSTLMPMc QacVSaPgaeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WTecMeW caTabPe Sf VaTMd gVS[XL MR RYXVMeRX VMcL [aXeVW), MR addMXMSR XS QaR] dMaXSQW aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dMRSfPagePPaXeW (LMcQSTLSVa, C]PMRdVSXLeca, SeQMRaZMW, G]VSdMRMYQ, PPeYVScPadMa, MMRYXScePPYW).ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TLeWe aPP LaZe eWXabPMWLed VSPeW MR QaVMRe cSVaP Veef WeXXMRgW MRcPYdMRg XLe abMPMX] XS fSVQ aPgaPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QaXW [LMcL WQSXLeV cSVaP.ǧǧ
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OYV daXa MRdMcaXeW a WLMfX fVSQ cSVaP XS QacVSaPgae beX[eeR BePPaMVW aRd Ma]cScOW, aRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SbWeVZaXMSR [MXL TSXeRXMaP MQTSVXaRce fSV XLe deWMgR aRd feaWMbMPMX] Sf cSVaP VeLabMPMXaXMSRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TVSNecXW aVSYRd XLe MWPaRd. MSVe geReVaPP], bVSadeV PSRgMXYdMRaP WXYdMeW [SYPd TVSZMde QSVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MRfSVQaXMSR VegaVdMRg XLe VaXe aRd dMVecXMSR Sf cLaRge, aRd Qa] TeVLaTW MdeRXMf] ecSPSgMcaPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QaVOeVW WYMXabPe fSV dMagRSWXMc, TVSgRSWXMc SV TVedMcXMZe TYVTSWeW [LeR MRXegVaXed [MXLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QacVSbeRXLMc QSRMXSVMRg aRd MRXeVRaXMSRaP SceaRMc TVSfMPMRg TVSNecXW.ǧ

MeXLSdWǧ
ARaP]WeW LeVe [eVe caVVMed SYX MR R ZeVWMSR 4.03ž117ž.ǧǧ

1. SaQTPe cSPPecXMSR aRd TVeTaVaXMSRǧǧ
SaQTPeW [eVe cSPPecXed dYVMRg XLe afXeVRSSR fVSQ X[S PScaXMSRW aPSRg XLe [eWX cSaWX Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
BaVbadSW; FSPOeWXSRe MaVMRe ReWeVZe (13q11'30.2"N 59q38'29.2"Wž) aRd HaRgQaR'W Ba]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(13q17'32.9"N 59q39'47.5"W) SR JaRYaV] 30XL aRd 31WX 2018 VeWTecXMZeP]. AX XLe XMQe Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WaQTPMRg XLe SceaR cYVVeRX [aW fPS[MRg MR a RSVXL[eWXeVR dMVecXMSR beX[eeR XLe X[S WaQTPeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
da]Wž118ž. Sea [aXeV [aW cSPPecXed fVSQ XLe BePPaMVW Veef WMXe PScaXed MR FSPOeWXSRe MaVMReǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ReWeVZe NYWX bePS[ XLe WYVface. Sea[aXeV [aW cSPPecXed aX 1 QeXVe abSZe XLe Ma]cScO Veefǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PScaXed MR HaRgQaRƅW Ba] YWMRg SCUBA aRd a bSaX fSV Veef acceWW. APP WaQTPeW [eVe cSPPecXedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
YWMRg 7L acMd-[aWLed bSXXPeW beX[eeR 1-3TQ MR XLe afXeVRSSR. TLe WaQTPeW [eVe XVaRWTSVXedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
bacO XS WLSVe aRd MQQedMaXeP] TaWWed XLVSYgL a 3ʽQ TSVe TSP]caVbSRaXe QeQbVaRe fMPXeV,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
fSPPS[ed b] 0.22 ʽQ TSVe SXeVMZe\ fMPXeV, MR bSXL caWeW YWMRg a TeVMWXaPXMc TYQT (7Ɖ Sf QeVcYV]).ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
OVgaRMWQW caTXYVed b] XLe 3ʽQ fMPXeV [eVe dMWcaVded. RNA PaXeV [aW added XS XLe 0.22ʽQ fMPXeVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd WXSVed aX -80žqC. We XLeVefSVe e\TecXed XLaX SVgaRMWQW WQaPPeV XLaR ž0.22ʽQ aVe VeQSZedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
fVSQ XLe aRaP]WMW. TLe VaRge Sf SVgaRMWQ WM^e MW cSRWMWXeRX [MXL XLe WaQTPe cSPPecXMSRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WTecMfMcaXMSRW Sf XLe TaVa OceaRW TVSNecXž33,34ž. SYVface Wea [aXeV XeQTeVaXYVe aX XMQe Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSPPecXMSR [aW eWXMQaXed YWMRg aVcLMZed daXa aRd MQageW fVSQ XLe NOAA CSVaP Reef WaXcLž119ž.ǧ

2. NYXVMeRX aRaP]WMW aRd eWXMQaXeW Sf QMcVSbMaP cSRXeRX MR XLe Wea[aXeV WaQTPeWǧ
WaXeV QeaWYVeQeRXW [eVe XaOeR YWMRg aR EXO2 MYPXMTaVaQeXeV SSRde, 20Q aTaVX aX a deTXL Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
5Q aX bSXL WaQTPMRg WMXeW. TLMW aRaP]WMW [aW cSRdYcXed SR SeTXeQbeV 4XL 2020. Sea[aXeVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XeQTeVaXYVe, WaPMRMX] aRd dMWWSPZed S\]geR MRfSVQaXMSR [aW cSPPecXed (3 WaQTPe VeadMRgW TeVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PScaXMSR). Sea [aXeV WaQTPeW [eVe aPWS cSPPecXed XS cSRdYcX aRaP]WMW Sf RMXVaXeW, RMXVMXeW,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TLSWTLaXeW aRd XYVbMdMX]. TLeWe aRaP]^eW [eVe cSRdYcXed b] XLe CeRXVe fSV ReWSYVceǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MaRageQeRX aRd ERZMVSRQeRXaP SXYdMeW (CERMES, BaVbadSW). NMXVaXe aRd RMXVMXe cSRceRXVaXMSRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[aW deXeVQMRed YWMRg XLe cadQMYQ VedYcXMSR QeXLSd, TLSWTLaXe cSRceRXVaXMSR b] XLe aWcSVbMcǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
acMd QeXLSd, [LMPe XYVbMdMX] [aW deXeVQMRed YWMRg a XYVbMdMX] QeXeV.ǧǧ

DMVecX cSYRXW Sf BacXeVMa, AVcLaea aRd VMVYW-PMOe TaVXMcPeW [eVe geReVaXed YWMRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QeXLSdW deWcVMbed TVeZMSYWP]ž120ž. APMUYSXW Sf XLe Wea[aXeV WaQTPeW YWed fSV XLe QeXageRSQMcWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[eVe WXSVed aX -80žqC žMR acMd-[aWLed X[S 60QP TSP]caVbSRaXe bSXXPeW [MXL žTE-gP]ceVSP XS eacLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
bSXXPe, XLe] [eVe XLeR MQQedMaXeP] WXSVed aX -80žqC. AX XMQe Sf QMcVSWcST], WaQTPeW [eVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
YRfVS^eR aRd aPMUYSXW Sf 6 QP TeV WaQTPe [eVe fM\ed [MXL EPecXVSR MMcVSWcST] ScMeRceW 4%ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
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PaVafSVQaPdeL]de (5025999, FMWLeV ScMeRXMfMc), WXaMRed [MXL SYBRžTM GSPd NYcPeMc AcMd GeP SXaMRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(S11494, TLeVQSFMWLeV) aRd ceRXVMfYged fSV 3 LSYVW. TLe WaQTPeW [eVe TPaced SRXS 0.02 žʽQǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ARSdMWc MRSVgaRMc fMPXeVW (WHA68096002, MMPPMTSVe SMgQa) aRd QSYRXed SR gPaWW WPMdeW.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
CSYRXMRg [aW dSRe YWMRg eTMfPYSVeWceRce QMcVSWcST]. IžQageW [eVe caTXYVed SR a NMOSR TMǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MRZeVXed QMcVSWcSTe eUYMTTed [MXL QeXaP LaPMde PaQT (NMOSR), GFP fMPXeV (480/40e\, 520/75eQ),ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd PLSXSQeXVMcW PVMQe BSI caQeVa YWMRg NIS EPeQeRXW WSfX[aVe. IQageW [eVe XLeRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TVeTVSceWWed YWMRg FIJI IQageJ.ǧǧ

3. NYcPeMc acMd e\XVacXMSRǧ
DNA [aW e\XVacXed fVSQ XLe SXeVMZe\ fMPXeV YWMRg XLe DNEASY PS[eVWaXeV KMX (ž14900, žQMageRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
IRc.) [MXL aR addMXMSRaP ž37qC IRcYbaXMSR WXeT. TLe SXeVMZe\ fMPXeV [aW XLa[ed, YRfSPded aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
caVefYPP] TPaced MRXS a PS[eVWaXeV bead XYbe. žTS MRMXMaXe cePP P]WMW, 1 QP Sf a bYffeV cSQTSWed Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
gYaRMdMRe XLMSc]aRaXe (PW1) [aW žTVeLeaXed XS 55žqC fSV 10 QMRYXeW aRd added XS XLe bead XYbe.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TLe bead XYbe [aW TPaced LSVM^SRXaPP] XS MRcYbaXe aX 65qC fSV 10 QMRYXeW. TLe bead XYbe [aWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLeR ZSVXe\ed aX 3000 RPM fSV 5 QMRYXeW. AfXeV ZSVXe\MRg, XLe bead XYbe [aW ceRXVMfYged fSV 1ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QMRYXe aX 3,000g. ORce ceRXVMfYged, 600-650 vP Sf WYTeVRaXaRX [aW XVaRWfeVVed XS a Re[ 2 QPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSPPecXMSR XYbe. TLeR, 1vP Sf RNAWe A [aW added aRd XLe XYbe [aW MRcYbaXed aX 37 qC fSV 30ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QMRYXeW. AfXeV MRcYbaXMSR XLe XYbe [aW ceRXVMfYged aX 13,000g fSV 1 QMRYXe; XLe WYTeVRaXaRX [aWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLeR XVaRWfeVVed XS a Re[ 2 QP cSPPecXMSR XYbe aRd 200 vP Sf aR IRS WSPYXMSR (PW2) [aW added.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TLe XYbe [aW XLeR ZSVXe\ed bVMefP] fSPPS[ed b] MRcYbaXMSR aX 4qC fSV 5 QMRYXeW, XLeR ceRXVMfYgedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
fSV 1 QMRYXe aX 13000g. TLe WYTeVRaXaRX [aW XLeR XVaRWfeVVed XS a Re[ 2QP cSPPecXMSR XYbe; 650ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
vP Sf a LMgL cSRceRXVaXed WaPX WSPYXMSR (PW3) [aW TVeLeaXed XS 55qC aRd added; XLe XYbe [aWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLeR ZSVXe\ed bVMefP]. 650 vP Sf XLe WYTeVRaXaRX [aW PSaded SRXS a MB STMR CSPYQR FMPXeV aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ceRXVMfYged aX 13000g fSV 1 QMRYXe. TLe fPS[-XLVSYgL [aW dMWcaVded aRd ceRXVMfYgaXMSR [aWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VeTeaXed YRXMP aPP Sf XLe WYTeVRaXaRX [aW TVSceWWed. TLe MB STMR CSPYQR [aW TPaced MRXS aǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Re[ 2 QP cSPPecXMSR XYbe; 650 vP Sf aR aPcSLSP-baWed WSPYXMSR (PW4) [aW added. TLe XYbe [aWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLeR ceRXVMfYged fSV 1 QMRYXe aX 13000g. TLe fPS[-XLVSYgL [aW dMWcaVded aRd 650 vP Sf eXLaRSPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(PW5) [aW added. TLe XYbe [aW XLeR ceRXVMfYged aX 13000g fSV 1 QMRYXe; XLe fPS[-XLVSYgL [aWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dMWcaVded aRd XLe XYbe [aW agaMR ceRXVMfYged fSV aR addMXMSRaP 2 QMRYXeW. TLe MB STMR CSPYQRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[aW XLeR TPaced MRXS a Re[ 1.5 QP XYbe PMd VeQSZed); 50 vP Sf aR ePYXMSR bYffeV (PW6) [aW addedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd XLe XYbe [aW PefX XS WMX fSV 2 QMRYXeW. TLe XYbe [aW ceRXVMfYged aX 13000g fSV 1 QMRYXe. TLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WYTeVRaXaRX [aW XLeR XVaRWfeVVed XS a Re[ 1.5 QP XYbe ([MXL PMd) aRd WXSVed aX -80qC.ǧǧ

4. DNA WeUYeRcMRgǧǧ
IR TVeTaVaXMSR fSV WeUYeRcMRg XLe X[S DNA e\XVacXed WaQTPeW [eVe XLa[ed aRd VeWYWTeRded MRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
10 QM TVMW-HCP TH 8.0 [MXL 0.1QM Sf EDTA. Ne\X geReVaXMSR DNA-PeZeP WeUYeRcMRg [aWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TeVfSVQed SR XLe X[S WaQTPeW aX XLe McGMPP URMZeVWMX] aRd GeRSQe QYebec CeRXVe SR XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
NSZaSeU PE 150 TPaXfSVQ geReVaXMRg 2 \ 150bT TaMVed-eRd VeadW. LMbVaV] TVeTaVaXMSR [aWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TeVfSVQed b] GeRSQe QYebec baWed SR XLe fSPPS[MRg TVSXScSP. gDNA [aW UYaRXMfMed YWMRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QYaRX-MTžƦ PMcSGVeeR dWDNA AWWa] KMX (P11496, LMfe TecLRSPSgMeW IRc). LMbVaVMeW [eVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
geReVaXed YWMRg NEBNe\X UPXVa II DNA LMbVaV] PVeT KMX fSV IPPYQMRa (E7103, Ne[ ERgPaRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
BMSPabW). TLe IDT URMUYe DYaP IRde\ adaTXeVW aRd YRMZeVWaP TVMQeVW YWed [eVeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
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[AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC][AGATCGGAAGAGCGTCGTGTAGGGAAAGA
GTGT]. SM^e WePecXMSR Sf PMbVaVMeW aX 360bT [aW TeVfSVQed YWMRg STaVQ beadW (QMageR IRc.).ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
LMbVaVMeW [eVe UYaRXMfMed YWMRg KaTa IPPYQMRa GA [MXL ReZMWed PVMQeVW-SYBR FaWX URMZeVWaP OMXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(KaTa BMSW]WXeQW IRc.). AZeVage WM^e fVagQeRX [aW deXeVQMRed YWMRg a LabCLMT GXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(PeVOMREPQeV IRc.) MRWXVYQeRX.ǧǧ

5. QYaPMX] cSRXVSP Sf WeUYeRcMRg VeWYPXWǧǧ
TLe XSXaP RYQbeV Sf Va[ TaMVed eRd VeadW (2 \ 150bT) VeXYVRed b] NSZaSeU [aW 19 aRd 30.5ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QMPPMSR aX BePPaMVW aRd Ma]cScOW VeWTecXMZeP]. TLe UYaPMX] Sf VeadW [aW fMVWX aWWeWWed YWMRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
FaWXQC ZeVWMSR 0.11.5ž121ž, [LMcL TVSZMdeW WeZeVaP QeXVMcW fSV aWWeWWMRg XLe SZeVaPP UYaPMX] Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VeadW MRcPYdMRg GC bMaW, WeUYeRce UYaPMX], baWe WeUYeRce cSRXeRX, baWe N cSRXeRX, WeUYeRceǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PeRgXL dMWXVMbYXMSR, WeUYeRce dYTPMcaXMSR PeZePW, SZeVVeTVeWeRXed WeUYeRceW, XLe adaTXeV, XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dMWXVMbYXMSR Sf SbWeVZed O-QeVW, aRd XLe VePMabMPMX] aRd UYaPMX] Sf aPP baWeW aX eacL TSWMXMSR aPSRgǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
a Vead. IPPYQMRa adaTXeVW fVSQ XLe TaMVed-eRd VeadW [eVe XVMQQed YWMRg TVMQQSQaXMc ZeVWMSRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
0.38 [MXL TaVaQeXeVW ƄILLUMINACLIP:NSZaSeU.fa:2:30:10 LEADING:3 TRAILING:3ǧ ǧ ǧ ǧ ǧ ǧ
SLIDINGWINDOW:4:15 aRd MINLEN:36ƅž122ž. TVMQQSQaXMc aPWS fMPXeVed SYX 2.1M VeadW [LMcLǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[eVe eMXLeV fSYRd XS be YRTaMVed SV Lad a PeRgXL PeWW XLaR 36bT. QYaPMX] Sf XLe VeadW [aWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aWWeWWed TSWX-XVMQQMRg YWMRg FaWXQC. žURTaMVed, WLSVX SV TSSV UYaPMX] VeadW [eVe VeQSZedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(4.1% aRd 4.5% Sf aPP VeadW fSV BePPaMVW aRd Ma]cScOW, VeWTecXMZeP]).ǧǧ

6. Read aPMgRQeRX & Xa\a cPaWWMfMcaXMSR ZMa KVaOeR2/BVacOeRǧǧ
We YWed KVaOeR2ž38 XS aPMgR aRd cPaWWMf] XLe SbWeVZed WeUYeRcMRg VeadW agaMRWX a VaRge Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
geRSQeW. žKVaOeR2 cSQTaVeW XLe dMWXVMbYXMSR Sf O-QeVW MR a UYeV] WeUYeRce, [LMcL MW a Vead (SVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TaMV-eRd Vead afXeV TVe-TVSceWWMRg), agaMRWX XLe O-QeV dMWXVMbYXMSR Sf geRSQeW MR a daXabaWe Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XaVgeX Xa\a. FSV eacL UYeV] WeUYeRce, KVaOeR2 MdeRXMfMeW XLe PeaWX cSQQSR aRceWXSV (LCA) Sfǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLeWe Xa\a MR SžYV XaVgeX geRSQeW [LMcL MRcPYde žXLe TPaWQMd, ZMVaP, TVSXS^Sa, TPaRX, URMVec,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eRZ_RV, RV, bacXeVMa, aVcLaea aRd fYRgM NCBI dS[RPSadW aRd XLe MAR VefeVeRce daXabaWe fSVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QaVMRe QeXageRSQMcWž41ž. BVacOeRž39 [aW XLeR aTTPMed XS XLe Xa\SRSQMc aWWMgRQeRXW Qade b]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
KVaOeR2. BVacOeR YWeW XLe KVaOeR2 aWWMgRQeRXW MR addMXMSR XS MRfSVQaXMSR abSYX XLe geRSQeWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLeQWePZeW XS beXXeV eWXMQaXe abYRdaRce aX XLe WTecMeW PeZeP, XLe geRYW PeZeP, SV abSZe.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
BVacOeR [aW YWed LeVe [MXL a O-QeV PeRgXL Sf 35 aRd a Vead PeRgXL Sf 100. BVacOeR dMWcaVdWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VeadW baWed SR a gMZeR XLVeWLSPd. Ta\a [MXL XSXaP VeadW PeWW XLaR XLe WeX XLVeWLSPd Sf 10 VeadWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[eVe dMWcaVded.ǧǧ

7. Ta\SRSQMc aRaP]WMWǧǧ
OYV MR-LSYWe aRaP]WMW Qade YWe Sf XLe NCBI Ta\SRSQ] daXabaWe (ZeVWMSR MaVcL 31, 2020)ž40ž.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
AfXeV MQTSVXMRg XLe Ta\SRSQ] daXabaWe MRXS R, [e QaTTed Vead cSYRXW fSV bSXL WMXeW SR XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
RSdeW Sf XLe XVee. ReadW QaTTed XS RSR-WMRgPe cePP Xa\a [eVe VeQSZed fVSQ XLe aRaP]WMWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(žSYTTPeQeRXaP IRfSVQaXMSR 1ž). TLe daXa [aW e\aQMRed fSV ecSPSgMcaP VMcLReWW/dMZeVWMX] aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
adNYWXed XS LaRdPe ^eVS cSYRXW (žSYTTPeQeRXaP IRfSVQaXMSR 2ž) aRd fSV geRSQe WM^eǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(žSYTTPeQeRXaP IRfSVQaXMSR 3ž).ǧ
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8. CSQTSWMXMSRaP DaXa aRd CSQTaVaXMZe aRaP]WeWǧǧ
OYV QeXageRSQMc daXa MW cSQTSWMXMSRaP MR RaXYVež123Ɓ125 aRd [e LaZe aXXeQTXed XS fSPPS[ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WS-caPPed CSDa (CSQTSWMXMSRaP DaXa) beWX-TVacXMce gYMdePMReWž124,125ž.ǧ
ǧ
8a. A WXaRdaVd PeaVWSRƅW 𝛘ž2 XeWX [aW YWed XS XeWX fSV WXaXMWXMcaPP] WMgRMfMcaRX dMffeVeRceWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
beX[eeR X[S QYPXMRSQMaP dMWXVMbYXMSRW [MXL T-ZaPYe XLVeWLSPdW deTeRdMRg SR XLe cSRXe\Xǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(cLMWU.XeWX R fYRcXMSR). HeVe XLe RYPP dMWXVMbYXMSR MW XLaX bSXL WMXeW [eVe geReVaXed b] a WMRgPeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QYPXMRSQMaP dMWXVMbYXMSR.ǧǧ
ǧ
8b. A X[S-WMded bMRSQMaP XeWX [aW YWed XS XeWX fSV WXaXMWXMcaPP] WMgRMfMcaRX dMffeVeRceW beX[eeRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLe SbWeVZed QaVgMRaP fVeUYeRc](fSV a cSQTSReRX Sf XLe QYPXMRSQMaP) ZeVWYW MXW fVeUYeRc]ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
accSVdMRg XS XLe QYPXMRSQMaP dMWXVMbYXMSR (fYRcXMSR bMRSQ.XeWX R fYRcXMSR).ǧǧ
ǧ
8c. A KVYWOaP-WaPPMW XeWX [aW YWed XS XeWX fSV WXaXMWXMcaPP] WMgRMfMcaRX dMffeVeRceW beX[eeR X[S SVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QSVe gVSYTW (Xa\a, deWcVMbed aW QYPXMRSQMaP dMWXVMbYXMSRW deVMZed fVSQ SYV SbWeVZed daXa;ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
OVYWOaP.XeWX R fYRcXMSR). TLe RYPP L]TSXLeWMW MW XLaX bSXL WMXeW [eVe geReVaXed b] XLe WaQeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
dMWXVMbYXMSR. WLeR XLe aPXeVRaXMZe L]TSXLeWMW MW acceTXed, MX MQTPMeW XLaX aX PeaWX SRe gVSYTǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WXScLaWXMcaPP] dSQMRaXeW aRSXLeV gVSYT. SMgRMfMcaRce [aW eWXMQaXed YWMRg a T-ZaPYe XLVeWLSPd.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
DYRRƅW XeWX [aW YWed XS MdeRXMf] [LMcL Xa\a MW WXScLaWXMcaPP] dSQMRaRX.ǧǧ

9. CompaUiVon ZiWh Whe TaUa OceanV maUine meWagenomic VampleV 
TLe QeXageRSQMc WeUYeRceW aRd XLe aWWScMaXed QeXadaXa [eVe dS[RPSaded fVSQ XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSQTaRMSR [ebWMXe Sf SYRaga[a aRd cSPPeagYeWž33ž. SaQTPeW XLaX [eVe RSX fMPXeVed fSVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SVgaRMWQW MR XLe VaRge Sf 0.22žʽQ aRd 3žʽQ [eVe e\cPYded fVSQ SYV aRaP]WeW. WMXL VeWTecX XSǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XLe QeXadaXa, [e TVMQaVMP] Qade YWe Sf TabPeW W1 (deWcVMTXMSR Sf XLe WaQTPMRg WMXeW), W5ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(QMTAG VePaXed daXa) aRd W8 (a bVSad VaRge Sf QSPecYPaV cSRceRXVaXMSRW, XeQTeVaXYVeW, aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSQTYXaXMSRaP QeaWYVeW Sf dMZeVWMX]). TLe QMTAG 16S abYRdaRce eWXMQaXMSRW [eVe PSaded MRXSǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SYV R daXa fVaQe aW deWcVMbed MR MeXLSdW 8. We fMVWX aXXeQTXed XS adNYWX fSV ^eVSW MR XLMWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
daXaWeX aPSRgWMde SYV X[S WaQTPeW YWMRg a QYPXMTPMcaXe Ba]eWMaR aTTVSacLž126ž, bYX cSYPd RSXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
acLMeZe cSRZeVgeRce, WMRce WSQe TaVa OceaRW WaQTPeW Lad ^eVS cSYRXW fSV >50% Sf XLe Xa\a.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
TS acLMeZe cSRZeVgeRce [e Lad XS VeQSZe Xa\a, a TVScedYVe [e deeQed YRdeWMVabPe aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
YRReceWWaV] aW XLe SbWeVZed adNYWXQeRXW [eVe ZeV] WQaPP. We STXed MRWXead XS WMQTP] add 1 XSǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aPP eRXVMeW MR XLe cSYRX QaXVM\.ǧǧ

CPYWXeVMRg [aW TeVfSVQed b] fMVWX MdeRXMf]MRg XLe QSWX abYRdaRX Xa\a fSV eacL WaQTPe,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aRd XLeR XVaRWfSVQMRg XLeWe abYRdaRceW XS VaROW. TLeR XLe KeRdaPP žÊ dMWXaRce QeXVMc [aW YWedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[MXL WaVdƅW aPgSVMXLQ XS cSRWXVYcX X[S dMQeRWMSRaP LMeVaVcLMcaP cPYWXeVW. 

AcORS[PedgeQeRXWǧ
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We XLaRO XLe BePPaMVW ReWeaVcL IRWXMXYXe Sf McGMPP URMZeVWMX] aRd XLe CeRXVe fSV ReWSYVceǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
MaRageQeRX aRd ERZMVSRQeRXaP SXYdMeW (CERMES) aX XLe URMZeVWMX] Sf XLe WeWX IRdMeW, CaZeLMPPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
CaQTYW, fSV XLeMV aWWMWXaRce [MXL XLe PSgMWXMcW Sf e\TeVMQeRXW.ǧ

AYXLSV CSRXVMbYXMSRWǧ
ǧ
MH SbXaMRed XLe aTTVSTVMaXe CITES TeVQMX fSV XLMW [SVO. RR, SM aRd VM aWWMWXed [MXL XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PSgMWXMcW Sf WaQTPe cSPPecXMSR aRd XVaRWTSVXaXMSR. MM aRd AR cSPPecXed XLe WaQTPeW XaOeR aXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Ma]cScOW aRd BePPaMVW VeWTecXMZeP]. SS aRd SK TVeTaVed WaQTPeW fSV WeUYeRcMRg. HV aRd YVǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eZaPYaXed WaQTPMRg, cSPPecXed QeXadaXa aRd [aXeV cLeQMWXV]. SS, VD aRd VB bYMPX XLeǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
bMSMRfSVQaXMc TMTePMReW. SS, VD aRd MH TeVfSVQed daXa WcMeRce aRaP]WeW. DW TVSZMdedǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
gYMdaRce aRd fMRaRcMaP WYTTSVX fSV WeUYeRcMRg. MH deWMgRed aRd WYTeVZMWed XLe TVSNecX,ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
cSRXVMbYXMRg fYRdMRg, aRaP]WeW, aRd QaRYWcVMTX TVeTaVaXMSR. SS cSRdYcXed XLe QMcVSWcST] aRdǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
QeaWYVeQeRX Sf TL]WMS-cLeQMcaP ZaVMabPeW MR XLe WXYd]. TLMW [SVO [aW WYTTSVXed b] gVaRXWǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
a[aVded XS MH fVSQ XLe NSERC DMWcSZeV] aRd XLe CaRadMaR ReWeaVcL CLaMVW TVSgVaQW.ǧǧ

CSQTeXMRg MRXeVeWXWǧ

TLe aYXLSVW decPaVe RS cSQTeXMRg MRXeVeWXW.ǧ

DaXa aZaMPabMPMX]ǧ
ǧ
TLe Va[ WeUYeRcMRg daXa MW aZaMPabPe aX XLe NaXMSRaP CeRXeV fSV BMSXecLRSPSg] IRfSVQaXMSRǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(NCBI) SeUYeRce Read AVcLMZe (SRA) [MXL BMSPVSNecX acceWWMSR RYQbeV PRJNA685579.ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
NSVQaPM^ed WeUYeRcMRg daXa MW aZaMPabPe aX XLe JSMRX GeRSQe IRWXMXYXe (JGI) fVSQ XLe GOLDǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
daXabaWe [MXL WXYd] ID GW0136136. APP cSde MW aZaMPabPe ZMa GMXHYb aXǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
LXXTW://gMXLYb.cSQ/LaPPeXXQMOeX/baVbadMaR-Veefž. TLMW VeTSWMXSV] MR XYVR TVSZMdeW acceWW XS aPPǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
daXa aRd aRaP]WeW aX ZeRSdS.ǧ

TLMW [SVO [aW aTTVSZed b] XLe CSaWXaP ZSRe MaRageQeRX URMX, Sf XLe MMRMWXV] Sf MaVMXMQeǧ
AffaMVW aRd XLe BPYe EcSRSQ], Sf XLe GSZeVRQeRX Sf BaVbadSW CZ01/9/9.ǧ
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 ǧ
SYTTlemeRXal   FigYVe   1 .   DiWXVibYXion   of   Xhe   (log)   aVea   acVoWW   b270K   ƻeld   of   Zie[W   (FOVW)   fVom  ǧ
60   imageW   of   Veef   [aXeV   fVom   BellaiVW   and   Ma]cockW.   We   obWeVZe   an   enVichmenX   of   Wmall  ǧ
oVganiWmW   aX   Ma]cockW.  ǧ
 ǧ

  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 3, 2021. ; https://doi.org/10.1101/2021.01.02.425083doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.02.425083
http://creativecommons.org/licenses/by/4.0/


  

 ǧ
SYTTlemeRXal  FigYVe  2.  The  diWXVibYXion  of  MeXa^oan  WpecieW.  HeVe  Xhe  \-a\iW  coVVeWpondW  Xo  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Xhe  log  VaXio  of  Xhe  fVacXion  of  VeadW  mapped  Xo  a  WpecieW  aX  BellaiVW  (VelaXiZe  Xo  Xhe  XoXal  nYmbeV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
of  VeadW  mapped  Xo  MeXa^oa  aX  BellaiVW)  ZeVWYW  Xhe  fVacXion  of  VeadW  mapped  Xo  a  WpecieW  aX  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Ma]cockW  (VelaXiZe  Xo  Xhe  XoXal  nYmbeV  of  MeXa^oan  VeadW  aX  Ma]cockW).  The  ]-a\iW  iW  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
log-WYm  of  VeadW  acVoWW  boXh  WiXeW.  BlYe  lineW  denoXe  UYanXileW.  The  Ved  lineW  denoXe  a  95%  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
booXWXVap  conƻdence  inXeVZal  foV  Xhe  mean  of  Xhe  diWXVibYXion.  The  ƈZ  WhapeƉ  in  Xhe  lo[eV  lefX  and  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VighX   UYadVanXW   coVVeWpond   Xo   Xa\a   idenXiƻed   YniUYel]   aX   Ma]cockW   and   BellaiVW   VeWpecXiZel].   ǧǧ
 ǧ
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 ǧ
 ǧ
 ǧ

SYTTlemeRXal  FigYVe  3.  The  diWXVibYXion  of  EmbV]oph]Xa  WpecieW.  HeVe  Xhe  \-a\iW  coVVeWpondW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Xo  Xhe  log  VaXio  of  Xhe  fVacXion  of  VeadW  mapped  Xo  a  WpecieW  aX  BellaiVW  (VelaXiZe  Xo  Xhe  XoXal  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
nYmbeV  of  VeadW  mapped  Xo  MeXa^oa  aX  BellaiVW)  ZeVWYW  Xhe  fVacXion  of  VeadW  mapped  Xo  a  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WpecieW  aX  Ma]cockW  (VelaXiZe  Xo  Xhe  XoXal  nYmbeV  of  EmbV]oph]Xa  VeadW  aX  Ma]cockW).  The  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
]-a\iW  iW  Xhe  log-WYm  of  VeadW  acVoWW  boXh  WiXeW.  BlYe  lineW  denoXe  UYanXileW.  The  Ved  lineW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
denoXe   a   95%   conƻdence   inXeVZal   foV   Xhe   mean   of   Xhe   diWXVibYXion.  ǧ
 ǧ

 ǧ
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 ǧ
 ǧ
 ǧ
 ǧ
 ǧ
 ǧ
 ǧ
 ǧ
 ǧ
 ǧ
 ǧ
 ǧ

SYTTlemeRXal  FigYVe  4  A.   Do[nWampling  of  Xhe  paiVed-end  VeadW  highlighXing  Xhe  nYmbeV  of  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WpecieW  idenXiƻed.   B.   Do[nWampling  of  Xhe  paiVed  end-VeadW  highlighXing  Xhe  nYmbeV  of  geneVa  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
idenXiƻed.   ǧ ǧ
 ǧ
 ǧ
 ǧ

 ǧ
 ǧ ǧ
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 ǧ
 ǧ

 ǧ
 ǧ
 ǧ

SYTTlemeRXal  FigYVe  5.  A   The  eWXimaXed  nYmbeV  of  WpecieW  aX  boXh  WiXeW  ZeVWYW  Xhe  log  nYmbeV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
of   VeadW.    B    iW   Xhe   coVVeWponding   hiWXogVam   of   fVeUYencieW.   ǧ ǧ
  ǧǧ
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 ǧ
SYTTlemeRXal   FigYVe   6.    The   VelaXionWhip   beX[een   genome   Wi^e   and   nYmbeV   of   VeadW   mapped   Xo  ǧ
Xhe   genome   acVoWW   all   domainW   befoVe   coVVecXion.  ǧ
 ǧ
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 ǧ
SYTTlemeRXal   FigYVe   7.    The   VelaXionWhip   beX[een   genome   Wi^e   and   nYmbeV   of   VeadW   mapped   Xo  ǧ
Xhe   genome   acVoWW   all   WpecieW   acVoWW   and   all   domainW   afXeV   adjYWXing   b]   Xhe   Wlope   obXained  ǧ
fVom   a   lineaV   model   acVoWW   all   WpecieW.   ǧǧ

 ǧ
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 ǧ
SYTTlemeRXal  FigYVe  8.   A  WchemaXic  Sf  Xhe  majSV  BacXeVia  Xa\a  ideRXiƻed  aX  BellaiVW  aRd  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Ma]cSckW.  HeVe  Xhe  nYmbeVW  aVe  Xhe  peVcenXage  of  all  bacXeVial  VeadW  mapped  Xo  Xhe  Xa\a  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(B/M).  BlYe  and  ]ello[  ciVcleW  indicaXe  Xa\a  [heVe  VeadW  aVe  WigniƻcanXl]  biaWed  Xo[aVdW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
BellaiVW   and   Ma]cockW   VeWpecXiZel]   aW   deXeVmined   Zia   Xhe   KW   XeWX   (p   <   0.01).   ǧǧ
 ǧ
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 ǧ

 ǧ
 ǧ

SYTTlemeRXal   FigYVe   9.    A   log-log   WcaXXeVploX   aX   Xhe   genYW   leZel   of   FiVmicYXeW.  ǧ
 ǧ
 ǧ
 ǧ

 ǧ
 ǧ
 ǧ
 ǧ

 ǧ ǧ
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 ǧ
 ǧ
 ǧ

 ǧ
SYTTlemeRXal  FigYVe  10.   A  log-log  WcaXXeV  ploX  of  Xhe  log  VaXio  of  VeadW  foV  all  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
AlphapVoXeobacXeVia  WpecieW  ZeVWYW  Xhe  XoXal  nYmbeV  Xhe  XoXal  nYmbeV  of  VeadW  foV  Xhe  WpecieW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
acVoWW   all   of   Xhe   bacXeVial   domain   bYX   aX   Xhe   genYW   leZel.  ǧ
 ǧ
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 ǧ

SYTTlemeRXal  FigYVe  11.   A  log-log  WcaXXeV  ploX  of  Xhe  log  VaXio  of  VeadW  foV  all  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
GammapVoXeobacXeVia  WpecieW  ZeVWYW  Xhe  XoXal  nYmbeV  Xhe  XoXal  nYmbeV  of  VeadW  foV  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WpecieW.  ǧ
 ǧ
 ǧ

 ǧ ǧ
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 ǧ
 ǧ
 ǧ

 ǧ
SYTTlemeRXal  FigYVe  12.  A  log-log  WcaXXeV  ploX  of  Xhe  log  VaXio  of  VeadW  foV  all  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
delXa-epWilonpVoXeobacXeVial  WpecieW  ZeVWYW  Xhe  XoXal  nYmbeV  Xhe  XoXal  nYmbeV  of  VeadW  foV  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WpecieW.  ǧ
 ǧ
 ǧ
 ǧ
 ǧ
 ǧ
 ǧ
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 ǧ
 ǧ
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 ǧ
 ǧ
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 ǧ
 ǧ

SYTTlemeRXal  FigYVe  13.   A  log-log  WcaXXeV  ploX  of  Xhe  log  VaXio  of  VeadW  foV  all  SAR  WpecieW ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ZeVWYW   Xhe   XoXal   nYmbeV   Xhe   XoXal   nYmbeV   of   VeadW   foV   Xhe   WpecieW.  ǧ

 ǧ
 ǧ
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 ǧ

 ǧ
SYTTlemeRXal  FigYVe  14   SchemaXic  Sf  Xhe  majSV  Xa\a  ideRXiƻed  aX  BellaiVW  aRd  Ma]cSckW.  HeVe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Xhe  nYmbeVW  aVe  Xhe  peVcenXage  of  all  eYkaV]oXa  VeadW  mapped  Xo  Xhe  Xa\a  (B/M).  BlYe  and  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
]ello[  ciVcleW  indicaXe  Xa\a  [heVe  VeadW  aVe  WigniƻcanXl]  biaWed  Xo[aVdW  BellaiVW  and  Ma]cockW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VeWpecXiZel]  aW  deXeVmined  Zia  Xhe  KW  XeWX  (p  <  0.01).  SpecieW  YniUYel]  idenXiƻed  aX  a  giZen  WiXe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aVe   denoXed   in   blYe   foV   BellaiVW   and   ]ello[   foV   Ma]cockW.  ǧ
 ǧ
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 ǧ
SYTTlemeRXal  FigYVe  15.   A  log-log  WcaXXeV  ploX  of  Xhe  log  VaXio  of  VeadW  foV  all  ZiVYWeW  ZeVWYW  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XoXal   nYmbeV   Xhe   XoXal   nYmbeV   of   VeadW   foV   Xhe   ZiVYW.  ǧ
 ǧ
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SXSSOePeQWaO   IQfRUPaWiRQ   1   -   PURfiOiQg   caSWXUed   eQYiURQPeQWaO   DNA   
AlXhoYgh  oYV  WampleW  [eVe  ƻlXeVed  Xo  VemoZe  laVge  cellW ,  [e  neZeVXheleWW  obWeVZed  VeadW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
mapping  Xo  non-micVobial  Xa\a  WYch  aW  MeXa^oa,  EmbV]oph]Xa,  and  mYlXicellYlaV  fYngi.  The  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
genomeW  of  XheWe  oVganiWmW  Xend  Xo  be  oVdeVW  of  magniXYde  laVgeV  in  Wi^e  Xhan  BacXeVia  and  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
AVchaebacXeVia.  TheVefoVe  eZen  a  fe[  WYch  EYkaV]oXic  cellW  eWcaping  oYV  ƻlXeVing  [oYld  pVoZide  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
a  diWpVopoVXionaXe  amoYnX  of  gDNA  in  oYV  WampleW  and  gaVneV  a  WigniƻcanX  nYmbeV  of  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WeUYencing  VeadW.  BefoVe  VemoZing  XheWe  oVganiWmW  fVom  oYV  anal]WiW,  [e  ƻVWX  aWked  [haX  Xa\a  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[eVe  idenXiƻed  aX  Xhe  WiXeW.  TVace  cellW  [ill  likel]  noX  giZe  accYVaXe  eWXimaXeW  of  VelaXiZe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
fVeUYencieW,  bYX  Xhe  e\iWXence  of  maVine  and  VelaXed  WpecieW  likel]  indigenoYW  Xo  Xhe  Veef  W]WXem  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[oYld  pVoZide  WYppoVXing  eZidence  Xo[aVdW  Xhe  Xechnical  ZalidiX]  of  oYV  appVoach  Xo  deXecX  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
maVine   WpecieW.  ǧ

MYlXicellYlaV   conXenX:   MeXa^oa   aVe   pVimaVil]   maVine-VelaXed   and   ofXen   indigenoYW   Xo   BaVbadoW  ǧ

An  e\aminaXion  of  MeXa^oa  ( SYTTlemeRXal  FigYVe  2 )  idenXiƻed  WeZeVal  WpecieW  of  ƻWh  aX  boXh  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WiXeW  inclYding  Taki  fYgY,  SpaViWoma  ZiVide,  LaXimeVia  menadoenWiW,  and  MegalobVama  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ambl]cephala.  AlXhoYgh  XheWe  Xa\a  aVe  indiginoYW  Xo  Xhe  BaVbadian  Veef  W]WXem,  moWX  of  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Vemaining  WpecieW  idenXiƻed  did  noX  haZe  a  cleaV  link  Xo  BaVbadoW,  alXhoYgh  Xhe]  Vemained  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
maVine  VelaXed.  We  h]poXheWi^e  XhaX  ZeV]  fe[  VeadW  mapped  Xo  ZeV]  laVge  genomeW  [eVe  noX  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WYƽcienX  Xo  Veliabl]  diffeVenXiaXe  beX[een  lo[eV  leZelW  in  Xhe  XVee  of  life.  FoV  e\ample  WeZeVal  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
oXheV  WpecieW  of  ƻWh  [eVe  idenXiƻed  inclYding  caVp,  Walmon  and  aXlanXic  mackeVel.  SeZeVal  coValW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(eg  OVbicella  faZeolaXa  and  PoViXeW  lobaXa),  CnidaVia  (NemaXoWXella  ZecXenWiW,  H]dVacXinia  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
W]mbiolongicaVpYW),  WpongeW  (Amphimedon  UYeenWlandica),  XYnicaXeW  (Haloc]nXhia  VoVeX^i)  ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WhVimp  (MacVobVachiYm  nipponWenWe),  a  XYnicaXe  (OikopleYVa  doica),  a  Wea  Wnail  (HalioXiW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
diWcYW),  a  [aXeV  Ƽea  (Daphnia  magna),  Xhe  XoVXoiWe  bYg  (EYV]gaWXeV  maWXeV),  WeZeVal  WpecieW  of  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(maVine)  [oVmW,  and  man]  baWal  fVee-liZing  mYlXicellYlaV  EYkaV]oXa  (eg  TVichopla\  adhaeVenW).  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
BoXh  WiXeW  had  DNA  fVom  nemaXodeW,  WnakeW,  inWecXW  (inclYding  WeZeVal  WpecieW  of  ƼieW)  and  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
biVdW.  BoXh  WiXeW  had  a  WigniƻcanX  nYmbeV  of  VeadW  mapped  Xo  hYman,  gVeen  monke]  (an  old  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[oVld  pVimaXe  common  acVoWW  Xhe  iWland),  Wheep,  poWWYm,  and  Vock  h]Va\.  The  laXXeV  X[o  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WpecieW  haZe  cloWe  eZolYXionaV]  VelaXiZeW  diWXVibYXed  acVoWW  Xhe  iWland.  ReadW  mapped  Xo  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WeZeVal  non-indigenoYW  maVine  mammalW,  eWpeciall]  aX  Xhe  Ma]cockW  WiXe  inclYding  Weal,  [alVYW.  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ReadW  fVom  all  MeXa^oa  [eVe  VemoZed  fVom  oYV  daXaWeX,  Xhe  VelaXiZe  fVeUYencieW  of  all  Xa\a  [eVe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VecompYXed.   ǧǧ

MYlXicellYlaV  conXenX:  EmbV]oph]Xa  coVVeWpond  Xo  maVine,  cVop  oV  oVnamenXal  planXW  common  Xo  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Xhe   iWland  ǧ

An  e\aminaXion  of  Xhe  mYlXicellYlaV  EmbV]oph]Xa  ( SYTTlemeRXal  FigYVe  3 )  idenXiƻed  WeZeVal  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
maVine-VelaXed  WpecieW  inclYding  Ƽo[eVW  (PapaZeV  WomnifeVYm,  HelianXhYW  annYYW)  and  XVeeW.  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
We  WXVeWW  again  XhaX  Xhe  genomeW  of  XheWe  Xa\a  aVe  ZeV]  laVge  bYX  conXVibYXe  jYWX  XVace  amoYnXW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
of  DNA  Xo  oYV  WampleW.  The  nYmbeV  of  VeadW  iW  likel]  inWYƽcienX  Xo  idenXif]  Xhe  pVeciWe  WpecieW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
oV  geneVa  of  XVee.  Ho[eZeV,  [e  did  idenXif]  coaWXal  WalX-XoleVanX  planXW  inclYding  C]nomoViYm  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
coccineYm  and  PaWpalYm  ZaginaXYm  in  Xhe  Ma]cockW  Wample,  conWiWXenX  [iXh  Xhe  obWeVZaXion  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XhaX  Ma]cockW  haW  VeXained  a  [ild  gVaWW]  beach  [heVeaW  Xhe  BellaiVW  beacheW  iW  adjacenX  Xo  a  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ

  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 3, 2021. ; https://doi.org/10.1101/2021.01.02.425083doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.02.425083
http://creativecommons.org/licenses/by/4.0/


  

VeWeaVch  inWXiXYXe  and  hoXelW.  The  pVeWence  of  PaWpalYm  ZaginaXYm  on  Xhe  iWland  [aW  VepoVXed  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VecenXl]  and  iW  likel]  aWWociaXed  [iXh  Xhe  deZelopmenX  of  golf  coYVWeW 1 .  DNA  XhaX  ma]  haZe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
oViginaXed  fVom  agVicYlXYVal  cVopW  diVecXl]  inland  fVom  Ma]cockW  [eVe  deXecXed  inclYding  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[heaX/Vich  (TViXicYm  XimopheeZil,  OV]^a  glabeVVima),  ginWeng  (Pana\  ginWeng),  bamboo  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(Ph]lloWXach]W  edYliW),  and  jYXe  (CoVchoVYW  capWYlaViW).  SeZeVal  WpecieW  [eVe  idenXiƻed  onl]  aX  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
BellaiVW  inclYding  climbing  ƻg  (FicYW  pYmila),  loUYoX  (EVioboXV]a  Japonica),  PlaX]caV]a  XVee  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(PlaX]caV]a  WXVobilacea),  XVopical  feVn  (NephVolepiW  biWeVVaXa)  and  Xhe  mYkY  XVee  (AphanXhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
aWpeVa).  OXheV  Xhan  Xhe  XVopical  feVn  (NephVolepiW  biWeVVaXa)  XheWe  WpecieW  coYld  noX  be  diVecXl]  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
idenXiƻed  aW  being  pVeWenX  on  WhoVe  aX  BellaiVW.  Some  planX  WpecieW  XhaX  can  be  foYnd  on  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WhoVe  of  bellaiVW  inclYde  WeWX  Indian  mahogan]  (S[ieXenia  mahagoni),  Ƽambo]anX  XVee(Deloni\  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Vegia),  ]ello[-Ƽambo]anX  (PelXophoVYm  pXeVocaVpYm),  MacaVXhYV  palm  (PX]choWpeVma  ǧ ǧ ǧ ǧ ǧ ǧ ǧ
macaVXhYVii)  golden  cane  palm  (D]pWiW  lYXeWcenW),  manchineel  XVee  (Hippomane  mancinella),  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
coconYX  XVee  (CocoW  nYcifeVa)  and  Xhe  [hiWXling  pine  XVee  (CaWYaVina  eUYiWeXifolia).  AlXhoYgh  noX  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
diVecXl]  idenXiƻed  in  oYV  anal]WiW  Wome  of  XheWe  planX  WpecieW  XhaX  aVe  pVeWenX  on  Xhe  WhoVe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
come  fVom  WimilaV  cladeW  and  oVdeVW  of  Xhe  WpecieW  idenXiƻed  onl]  aX  BellaiVW.  The  WpecieW  C.  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eUYiWeXifolia  belongW  Xo  Xhe  OVdeV  FagaleW  of  [hich  P.  WXVobilacea  iW  alWo  a  membeV.  While  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WpecieW  S.  mahagoni,  D.  Vegia,  P.  pXeVocaVpYm,  H.  mancinella  belong  Xo  Xhe  RoWidW  clade  of  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[hich  E.  japonica  and  A.  aWpeVa  aVe  membeVW  of.  We  noXe  XhaX  WeUYencing  aX  Xhe  BellaiVW  WiXe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
pVodYced  faV  fe[eV  oZeVall  VeadW  XhaX  Ma]cockW.  TheVefoVe,  eZen  foV  a  VaVe  WpecieW,  iX  iW  Ynlikel]  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Xo  be  deXecXed  aX  BellaiVW  bYX  noX  aX  Ma]cockW.  AfXeV  VemoZing  XheWe  Xa\a,  [e  alWo  VemoZed  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VeadW  mapped  Xo  WeZeVal  mYlXicellYlaV  fYngi  and  algae,  in  addiXion  Xo  plaWmidW  and  aVXiƻcial  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WeUYenceW.   ǧǧ

SYpplemenXal   InfoVmaXion   2:   RichneWW,   diZeVWiX]   and   handling   ̂ eVoW   

BiodiZeVWiX]  can  be  meaWYVed  in  man]  diffeVenX  [a]W  inclYding  Xa\onomic  diZeVWiX]  (Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
pVeWence  of  diffeVenX  WpecieW),  ph]logeneXic  diZeVWiX]  (Xhe  pVeWence  of  diffeVenX  eZolYXionaV]  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
lineageW),  oV  fYncXional  diZeVWiX]  (Xhe  ZaVieX]  of  gVo[Xh  foVmW  and  VeWoYVce  YWe  WXVaXegieW) 2 .  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
AbYRdaRce  VefeVW  Xo  Xhe  fVacXion  of  each  WpecieW  aX  a  WiXe,  and  Wince  [e  aVe  in  CoDa  WeXXing,  XhiW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
iW  inheVenXl]  a  VelaXiZe  abYndance.  DiZeVWiX]  iW  a  meaWYVe  of  Xhe  diWXVibYXion  of  XheWe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
abYndanceW.  ThVoYghoYX  XhiW  manYWcVipX  [e  YWe  Xhe  Shannon  inde\  aW  oYV  meaWYVe  of  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
diZeVWiX] 3    [iXh   a   peVmYXaXion   baWed   appVoach   Xo   eWXimaXe   p-ZalYeW  ǧ

 ¬ p ¬ᐧ¬ln¬p ¬H = ¬ ƙ W   T    W W  ǧ
[heVe  iW  Xhe  ZecXoV  of  VelaXiZe  abYndance  foV  all  Xa\a  and  iW  Xhe  pVobabiliX]  of  Xa\a  .  ǧ T ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ pW ǧ ǧ ǧ ǧ ǧ W ǧ
BVieƼ],  XheVe  iW  an  incVeaWe  in  Xhe  Shannon  inde\  (enXVop])  aW  Xhe  diWXVibYXion  of  abYndanceW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
appVoacheW  a  ƈƼaXƉ  YnifoVm  diWXVibYXion,  and  decVeaWed  enXVop]  aW  Xhe  fVeUYenc]  of  one  (oV  a  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
fe[   WpecieW)   appVoacheW   one.   ǧǧ

RMcLReWW  iW  deƻned  aW  Xhe  nYmbeV  of  WpecieW  [iXhin  a  Wpeciƻed  clade  aX  a  WiXe.  We  aWked  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
if  XheVe  [aW  a  diffeVence  in  VichneWW  beX[een  BellaiVW  and  Ma]cockW.  Ho[eZeV,  [e  mYWX  ƻVWX  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
adjYWX  foV  Xhe  facX  XhaX  Ma]cockW  and  BellaiVW  had  diffeVenX  leZelW  of  WeUYencing  coZeVage.  MoVe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Wpeciƻcall],  bYdgeX  and  Xechnical  limiXaXionW  impl]  XhaX  Xhe  nYmbeV  of  dVa[W  made  b]  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WeUYenceV  fVom  Xhe  YVn  iW  ƻniXe  alXhoYgh  laVge.  The  WeUYencing  coZeVage  (XoXal  nYmbeV  of  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VeadW)  ma]  noX  be  WYƽcienXl]  laVge  Xo  idenXif]  [iXh  high  pVobabiliX]  VaVe  WpecieW  in  Xhe  Wample.  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
FoV  inWXance,  a  WpecieW  [hoWe  DNA  conXVibYXeW  onl]  1  Vead  Xo  an  YVn  [iXh  10M  VeadW  iW  Ynlikel]  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
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Xo  be  idenXiƻed,  if  Xhe  WeUYencing  coZeVage  iW  onl]  1M.  In  oYV  daXa,  [e  obXained  b4.5M  and  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
b9.2M  mappable  paiVed-end  VeadW  fVom  BellaiVW  and  Ma]cockW  VeWpecXiZel].  TheVefoVe,  [e  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
e\pecX  Xo  idenXif]  moVe  Xa\a  in  Ma]cockW  Xhan  in  BellaiVW  dYe  Xo  XhiW  VeaWon  alone.  In  oXheV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[oVdW,  WpecieW  VichneWW  incVeaWeW  [iXh  Wample  Wi^e,  and  diffeVenceW  in  VichneWW  ma]  be  dYe  Xo  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
diffeVenceW   in   Wample   Wi^e.  ǧ

To  addVeWW  XhiW,  [e  ƻVWX  do[nWampled  fVom  Xhe  IllYmina  paiVed-end  VeadW  fVom  1-50%,  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
and  coYnXed  Xhe  nYmbeV  of  idenXiƻed  WpecieW  and  geneVa  ( SYTTlemeRXal  FigYVe  4 ).  AfXeV  onl]  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
b3M  VeadW  aX  Ma]cockW  and  b1.5M  VeadW  aX  BellaiVW  (<   of  XoXal  in  boXh  caWeW),  all  Xa\a  haZe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
been   idenXiƻed.   Ma]cockW   ho[eZeV   conZeVgeW   272   moVe   WpecieW   (64   moVe   geneVa)   Xhan   BellaiVW.   ǧǧ

RaVefacXion  pVoZideW  a  Wecond  appVoach  Xo  e\ploVing  XhiW  iWWYe.  A  WXaXiWXical  coVVecXion  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
iW  compYXed  XhaX  eWXimaXeW  Xhe  nYmbeV  of  Xa\a  [e  [oYld  haZe  obWeVZed  aX  Xhe  WiXeW  if  [e  had  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WeUYenced  Ma]cockW  Xo  Xhe  Wame  coZeVage  aW  BellaiVW.  To  VaVef]  WampleW  fVom  N  Xo  n  XoXal  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
VeadW,  [e  YWed  Xhe  VaVef]  fYncXion  in  Xhe  Zegan  package 4 .  In  paVXicYlaV,  [e  e\XVapolaXed  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
nYmbeV  of  WpecieW  aX  each  WiXe  indiZidYall]  and  alWo  [iXh  pooled  daXa  YWing  Xhe  pVeWXondiWXV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
fYncXion  Xo  eWXimaXe  Xhe  log-noVmal  ƻX,  and  Xhe  ZeileWpec  fYncXion  Xo  eWXimaXe  Xhe  inXegVal  ƻXXed  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[iXh   preVWondiVWr .  ConWiWXenX  [iXh  ]oYV  do[nWampling  appVoach,  XhiW  WXaXiWXic  WYggeWXed  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XhaX  no  change  in  Xhe  nYmbeV  of  idenXiƻed  WpecieW.  ThiW  WYggeWXW  oYV  WeUYencing  coZeVage  iW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WYƽcienX   foV   all   bYX   Xhe   moWX   e\XVemel]   VaVe   oVganiWmW.  ǧ

In  ecological  commYniXieW  inclYding  maVine,  moWX  WpecieW  aVe  VaVe 5 .  PVeWXon  aVgYed  XhaX ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XhiW  implieW  XhaX  VichneWW  [oYld  follo[  a  XVYncaXed  log  noVmal  diWXVibYXion  (PVeWXon  1948).  ThiW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
iW  XVYe  foV  Xhe  VelaXiZe  fVeUYencieW  obXained  foV  oYV  daXa  aW  depicXed  in   SYTTlemeRXal  FigYVe  5 .  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ThiW  allo[W  YW  Xo  eWXimaXe  Xhe  XheoVeXical  VichneWW  aX  boXh  WiXeW,  Xhe  Wo-called  PVeWXon  Zeil 4,6 .  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Speciƻcall],  b]  inXegVaXing  Xhe  ƻXXed  log-noVmal,  Xhe  PVeWXon  Zeil  WpecYlaXeW  ho[  long  Xhe  VighX  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Xail  iW  if  [e  had  inƻniXe  WeUYencing  daXa.  Ho[eZeV,  conWiWXenX  [iXh  Xhe  anal]WiW  aboZe,  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PVeWXon  Zeil  did  noX  pVedicX  an]  ne[  WpecieW  [oYld  haZe  been  idenXiƻed  (iX  pVedicXed  0.28  moVe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WpecieW   aboZe   Xhe   9089   WpecieW   obWeVZed).   The   VeWYlXW   foV   Ma]cockW   [eVe   eUYall]   inWigniƻcanX.  ǧ

If  XheVe  iW  a  laVge  diffeVence  in  Xhe  WeUYencing  coZeVage  beX[een  WiXeW  (aW  iW  oYV  caWe),  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Xhe  pVeWence  ̂ eVoW  in  Xhe  Whallo[eV  WiXe  can  haZe  non-inXYiXiZe  effecXW  on  anal]WeW  eWpeciall]  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
[iXh  VeWpecX  Xo  diWXance  meaWYVeW  and  clYWXeVing.  MoVeoZeV,  CoDa  anal]WiW  (WYch  aW  oYVW  heVe)  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ofXen  VelieW  on  log-VaXioW  of  Xhe  foVm   [heVe  and  aVe  Xhe  eWXimaXeW  of  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ og¬¬(¬ )l

pB, W 
pM , W 

ǧ ǧ pB,W ǧ pM ,W ǧ ǧ ǧ ǧ ǧ

fVeUYenc]  of  Xa\a   aX  BellaiVW  and  Ma]cockW  VeWpecXiZel].  ThiW  iW  VefeVVed  Xo  aW  Xhe  ̂ eVo  ǧ ǧ ǧ W ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
handling  pVoblem 7 .  We  applied  a  Ba]eWian-mYlXiplicaXiZe  VeplacemenX  WXVaXeg]  XhaX  adjYWXW  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
coYnX  maXVi\  (foV  all  Xa\a  aX  boXh  WiXeW)  in  a  manneV  XhaX  pVeWeVZeW  Xhe  VaXioW  beX[een  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
non-^eVo  componenXW 8 .  Ho[eZeV,  [hen  e\XeVnal  daXaWeXW  (eg  TaVa  OceanW)  [eVe  inclYded  in  XhiW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
anal]WiW  [iXh  lo[eV  WeUYencing  coZeVage,  Xhe]  had  >  50%  ̂ eVoW.  We  [eVe  noX  able  Xo  Veach  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
conZeVgence  YnleWW  [e  VemoZed  Xa\a.  AfXeV  VemoZing  Xa\a  XhaX  had  ̂ eVo  coYnXW  in  moVe  Xhan  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
50%   of   Xhe   WampleW,   [e   Veached   conZeVgence   bYX   Xhe   adjYWXmenX   had   liXXle   effecX   on   Xhe   daXa.   ǧǧ
 ǧ
 ǧ
 ǧ
 ǧ
 ǧ
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 ǧ

SYpplemenXal   InfoVmaXion   3:   CoVVecXing   foV   genome   Wi^e  ǧ

We  aWked  if  XheVe  [aW  a  coVVelaXion  beX[een  genome  Wi^e  and  nYmbeV  of  VeadW  aligned  Xo  each  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WpecieW  acVoWW  AVchaea,  BacXeVia,  EYkaV]oXa  and  ViVYWeW.  The  log-log  WcaXXeVploXW  of  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SYTTlemeRXal   FigYVe  6 depicXW  XheWe  VelaXionWhipW  acVoWW  all  WpecieW.  ViWYal  inWpecXion  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WYggeWXW  a  coVVelaXion  beX[een  log  genome  Wi^e  and  log  Vead  coYnX  aW  e\pecXed.  To  adjYWX  foV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XhiW   effecX,    [e   ƻX   a   Wimple   lineaV   model   of   Xhe   foVm  ǧ

 og¬(f )¬∽¬log¬(g )¬ Ƥl V,W V + ¬ ǧ
[heVe  f W,X  iW  Xhe  fVacXion  of  all  VeadW  mapped  Xo  Xa\on  X  aX  WiXe  W,  and  g W  iW  Xhe  genome  Wi^e  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(Mbp)  foV  WpecieW  W,  and  ¿  iW  a  noVmall]  diWXVibYXed  Vandom  ZaViable.  An  impliciX  aWWYmpXion  in  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
XhiW  Wimple  model  iW  XhaX  Xhe  ZaWX  majoViX]  of  Xa\a  haZe  appVo\imaXel]  Xhe  Wame  fVacXion  of  Vead ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
coYnXW  f W,X .  The  paVameXeVW  of  Xhe  ƻX  [eVe  Xhen  YWed  Xo  coVVecX  Xhe  obWeVZed  Vead  coYnXW.  GiZen  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Xhe  compoWiXional  naXYVe  of  oYV  daXa,  an]  inZeWXigaXionW  in  XhiW  manYWcVipX  XhaX  Week  Xo  compaVe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
X[o   Xa\a    [MXLMR    Xhe   Wame   WiXe   mYWX   ƻVWX   adjYWX   Vead   coYnXW   YWing   Xhe   lineaV   model.   ǧǧ

The  coVVecXed  VelaXiZe  abYndance  eWXimaXeW  of  all  WpecieW  aVe  depicXed  in   SYTTlemeRXal  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
FigYVe  7 .  The  adjYWXmenXW  highlighX  a  high  abYndance  of  Xhe  bacXeVia  CandidaXYW  PelagibacXeV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
and  PVochloVococcYW.  SeZeVal  AVchaea  inclYding  Xhe  MaVine  GVoYp  II/III  and  Cand.  PoWeidonialeW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
appeaV  on  magniXYde  belo[,  follo[ed  b]  ZiVYWeW  XhaX  inƼecX  PVochloVococcYW  and  laWXl]  one  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
EYkaV]oXa   MicVomonaW   commoda   appeaV.  ǧ

SYpplemenXal   InfoVmaXion   4:   ViVYWeW  ǧ
MaVine  ZiVYWeW  affecX  micVobial  popYlaXionW  b]  VeleaWing  caVbon  and  nYXVienXW  inXo  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ecoW]WXem  XhVoYgh  l]WiW,  b]  comple\ing  nYXVienXW  WYch  aW  iVon,  XhVoYgh  VepVogVamming  of  hoWX  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
meXaboliWm  and  hoVi^onXal  gene  XVanWfeV,  and  Zia  Xhe  foVmaXion  of  VelaXionWhipW  inclYding  foV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
e\ample  c]anobacXeVia-c]anophage  VelaXionWhipW  [hich  affecX  CO2  ƻ\aXion   9Ɓ13 .  MeXagenomic  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
anal]WiW  of  maVine  ZiVYWeW  haW  been  inZeWXigaXed  inclYding  in  Xhe  conXe\X  of  Xhe  TaVa  OceanW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
PVojecX   11 .  BVYm  and  colleagYeW  iWolaXed  oVganiWmW  belo[  0.22  ̔ m  and  bYilX  opXimi^ed  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WeUYencing  and  bioinfoVmaXicW  plaXfoVmW  Wpeciƻc  foV  Xhe  anal]WiW  of  ZiVomeW.  OYV  inZeWXigaXion  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
heVe  iW  limiXed,  Wince  [e  WelecXed  foV  oVganiWmW  beX[een  0.22  ̔ m  and  3  ̔ m.  NeZeVXheleWW,  5.8%  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
(B)  and  3.6%  (M)  of  all  VeadW  mapped  Xo  ZiVYWeW  ( SYTTlemeRXal  FigYVe  14 ).  BVYm  and  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
colleagYeW  alWo  bYilX  Wpeciali^ed  anal]Xic  pipelineW;  [e  ho[eZeV  YWe  Xhe  Wame  pipeline  foV  oYV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
pVeliminaV]   inZeWXigaXionW   heVe.   ǧǧ

ViVYWeW:   BellaiVW   iW   highl]   enViched   foV   YnchaVacXeVi^ed   phageW  ǧ

A  laVge  fVacXion  of  all  ZiVal  VeadW  [eVe  mapped  Xo  ZiVYW  genomeW  VepoVXed  ƻVWX  in  a  WXYd]  XhaX  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
deZeloped  an  aWWembl]-fVee  Wingle  molecYle  nanopoVe  WeUYencing  appVoach  foV  ZiVYWeW  fVom  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
enZiVonmenXal  WampleW  obXained  cloWe  Xo  Ha[aii 14 .  TheWe  Wo-called  aWWembl]-fVee  ZiVYW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
genomeW  (AVGVW)  Who[  a  cleaV  pVefeVence  foV  BellaiVW  (KW,  p  <<  0.01).  MoVeoZeV,  Xhe  oViginal  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
ZiVYW-enViched  WampleW  WeUYenced  b]  BeaYlaYVieV  [eVe  collecXed  aX  25,  117,  oV  250  meXeVW  [iXh  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
n=565,  93,  1023  VeWpecXiZel].  The  WampleW  fVom  BeaYlaYVieV  eX  al.  [eVe  ƻlXeVed  Xo  VemoZe  all  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
oVganiWmW  >  0.22  ̔ m.  Of  Xhe  14  MaVine  ZiVYW  AFVG  in  Xhe  97.5%  peVcenXile  acVoWW  all  ZiVYWeW  in  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
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oYV  daXa  ( SYTTlemeRXal  FigYVe  15 ),  11  [eVe  haVZeWXed  aX  25  meXeVW.  ThiW  depXh  iW  cloWeWX  Xo  oYV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WampleW  haVZeWXed  jYWX  belo[  Xhe  WYVface.  In  BeaYlaYVieV  eX  al,  Xhe]  eWXimaXe  XhaX  26%  of  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
AFVGW  fVom  25m  coVVeWpond  Xo  c]anophageW,  13.3%  Xo  SAR11  phageW,  12%  Xo  SAR116  phageW,  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
and   3%   Xo   VibVio   phageW.  ǧ

ViVYWeW:   C]anophageW   aVe   highl]   enViched   aX   Ma]cockW,   a   WiXe   highl]   enViched   foV   c]anobacXeVia  ǧ

ConWiWXenX  [iXh  Xhe  WXVong  pVefeVence  foV  C]anobacXeVia  (incl.  PVochloVococcYW  and  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
S]nechococcYW)  aX  Ma]cockW  (26%  B  ZW  62%  M),  XheVe  iW  a  compaVabl]  WXVong  pVefeVence  foV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
c]anophageW  aX  Ma]cockW  (KW  and  DYnnƅW  XeWX  foV  CaYdoZiValeW,  boXh  p  <<  0.01,   SYTTlemeRXal  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
FigYVe  15 ).  ConWiWXenX  [iXh  pVeZioYW  ƻndingW 15 ,  M]o-,  Sipho-  and  Podo-  ZiVYWeW  aVe  foYnd  in  oYV  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
daXa;   XheWe   aVe   [ell   eWXabliWhed   phageW   foV   PVochloVococcYW   and/oV   S]nechococcYW.   ǧǧ

ViVYWeW:   BellaiVW   iW   enViched   foV   phageW   of   PelagibacXeV  ǧ

AlXhoYgh  Xhe  Wmall  heXeVoXVophic  PelagibacXeV,  a  membeV  of  Xhe  YbiUYiXoYW  SAR11  clade,  iW  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
highl]  enViched  aX  Ma]cockW,  PodoZiVYW  phageW  of  PelagibacXeV  aVe  W]WXemaXicall]  WhifXed  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Xo[aVdW   BellaiVW   (KW,   DYnnƅW   XeWX,   p<<0.01).   ǧǧ

ViVYWeW:   BellaiVW   iW   enViched   foV   planX,   animal   and   algae   ZiVYWeW  ǧ

SeZeVal  addiXional  planX,  animal  and  algae  ZiVYWeW  [eVe  enViched  aX  BellaiVW  inclYding  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
NegaVnaZiVYWeW  (Canine  moVbilliZiVYW,  Salmon  iWaZiVYW),  PoX]ZiVYWeW  (TYVnip  moWaic  ZiVYW,  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
SYgaVcane   moWaic   ZiVYW),   Ph]codnaZiVYWeW   and   IVidoZiVYWeW.  ǧ

ViVYWeW:   CompaViWon   [iXh   Xhe   TaVa   OceanW   daXa  ǧ

We  compaVed  Xhe  Shannon  inde\  of  Xhe  M]oZiVidae,  PodoZiVidae  and  GiVYWeW  againWX  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
analogoYW  ZalYeW  VepoVXed  foV  Xhe  TaVa  OceanW  daXa 16 .  AX  11  degVeeW  laXiXYde,  TaVa  OceanW  daXa  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
eWXabliWhed  Xhe  enXVop]  aX  3+/-  0.2  foV  M]oZiVidae,  [heVeaW  [e  VepoVX  a  WlighXl]  higheV  enXVop]  aX  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
3.68  (B)  and  3.63  (M).  FoV  PodoZiVidae,  TaVa  OceanW  VepoVXW  5  +/-  0.1,  [heVeaW  [e  haZe  a  mYch  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
WmalleV  enXVop]  aX  2.94  (B  and  M).  The  gianX  ZiVYWeW  (giVYWeW)  haZe  an  enXVop]  of  5.5  +/-  0.1  in  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
Xhe  TaVa  OceanW  daXa.  AW  a  [oVking  deƻniXion  foV  ZiVYWeW,  [e  inclYded  an]  ZiVYW  WpecYW  Xo  Xhe  ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ ǧ
nYcleoc]XoZiVicoXa   clade.   In   oYV   daXa   Xhe   Shannon   inde\   iW   mYch   lo[eV   aX   3.19   (B)   and   3.2   (M).   ǧ  
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