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Le parasitisme est un mode de vie répandu dans tous lesstérnsy de la planéte. Il
FRQFHUQH XQH GLYHUVLWp H Hendrs iaht paQepi-ha@éi(es GMrakD Q LV P
végétale, unicellulaire, etc.), leurs cycles de vie, ou Imwdes de transmission (Poulin and

Morand 2004; Barrett et al. 2008). En détournant les ressourdesrddidtes a leur profit, les

parasite$ peuvent en affecter le cycle de vie, le mode de repriotuet de dispersion ou

encore la survie (revue dans Gémez and Nichols 2013).uéhfainsi un role prépondérant

GDQV OD GLVWULEXWLRQ JpRIJUDSKDLXQN IHWXE TG PR U XO\OL /@
des écosystemes (Dunne et al. 2013; Gémez and Nichols 20I3X Q SRLQW GH YXH pYF
compréhension de la dynamique des associations hbte-pathmmygronc renseigner sur des
pPURFHVVXV DXVVL GLYHUV TXH OELRSHIFIMCHUVWIRA) RK POPH) W
des génomes, lui conférant ainsi un intérét scientifiquegeur. Cet intérét prend une
GLPHQVLRQ VXSSOpPHQWDLUH ORUY TO4HH FSHOWF ESAKVEIRR L QQ H V
UHVVRXUFHV TXL OXL VRQW LQGGWHIHOVRERHAW LR KV PMHI GIDRF
de leurs capacités évolutives est alors un élément cdanal le développement de stratégies

de controles efficaces pour maintenir les dommages gérgméslessous de seuils
economiguement acceptables (Lebarbenchon et al. 2008a)

En effet, bien que les producto@®JULFROHY UpSRQGHQW GIDERUG | OL
besoins vivriers des populations humaines, elles coettbé@galement a la production
GYIpQHUJLH GH ILEUHV WH[WLOHM EXXWQFRHW GBDQFNRBH FKI
gestion des especes pathogenes qui leur sont associ@&sengpiun enjeu socio-économique
de premier ordre. Ces espéces peuvent ainsi étre rebf@snsie pertes économiques
majeures, voire de famines séveres, comme celle déciepende mildiou de la pomme de
terre en Irlande au XI¥*®siécle (Goodwin et al. 1994). Pour éviter de telles situatiess
modes de production du X¥ siecceVH VRQW DSSX\pV VXU OH GpYHORSSH
SURGXLWY SK\WRVDQLWDLUHV TXIGRNWREXMNH VHR XKLYRHDG\W Wpp Y3
32% des pertes de rendements enregistrées entre 1996 et 1998 auit espéces les plus
cultivées au monde.¢. OH EOp OH UL] OH PDwV OHRMUIUHH @MH B/HRWI\D H
sucriére et le coton) étaient liées a des agents pad®mgeén absence de contrble ces pertes
auraient pu atteindre 67% (Bohan et al. 2013y pDQPRLQV OYXWLOLVDWLRQ GF

plus en plus contestée en raison de leur toxicité pouédesystemes ou encore la santé
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humaine. Cette prise de conscience ¥ RULVp OYpPHUJHQFH HW OH GpYHOR
de contrdle innovantes.

/ID OXWWH JpQpWLTXH HVW OTXQH BW G HXWRONLKRBHR Q(G!
plantes possédant différents systemes de défense, regsmuyle terme de résistances. Ces
résistances sont sous contrble génétique et sont irnesdiians les variétés cultivées par
croisements successifs avec des espéces apparentées,digsmilieu naturel, sur lesquelles
les organismes pathogenes peuvent étre présents depois@&@QLHUY GIDQQpHV &HV
VRQW GRQF OH UpVXOWDW GXQLOSBRTXHEHUR @ WNINHX & DANIDVE N
hotes dans des écosystémes naturels. Dans les agrsténwesy les variétés portant ces
résistances sont confrontées a des populations de pathaggues du milieu sauvage depuis
SOXV RX PRLQV ORQJWHPSV ,0 H[LSRNHU BOIHOGERAVpQKHWDR
partiellement efficaces contre ces populations ou pourpsmda temps trés court et ceci de
facon variable, en fonction des zones géographiques ou eilesitdlisées. Face au faible
nombre de genes disponibles, aux colts et au temps néeessdeveloppement de variétés
FXOWLYpPHV JpQpWLTXHPHQW SHUIRBRDPQWMIQHU | BYWGEDPISS
constitue uneQpFHVVLWp DEVROXH SRXU ODTXROXW LO G WD WIKW
est un facteur essentiel.

Pour tous les agents pathogénes, ce potentiel dépend sida feon histoire évolutive, qui
VIHVW GpURXOpH GDQV OH PLOLHMVWSONYRSBUHYVHW f3HHV E RNV E
capacités de dispersion ou la taille efficace de ses pgam#aDans les agro-écosystemes, ces
parameétres peuvent étre largement modifiés par les asthitdaines inhérentes au milieu
agricole. Il peut donc paraitre pertinent de les évaluars dan environnement ou ces
perturbations sont limitées. Nous avons donc testé cettedgpsur un modele constitué par
XQ FRPSOH[H GTHVSgFH K{WBtia vulyBrisEsd.WIgatt DY betterdve U Lq U H
maritime @eta vulgaris ssp. maritima) et deux espéces de nématodes phytoparasites,
Heterodera schachtiiet Heterodera betae DILQ GYREWHQLU GHV LQIRUPLEL
IDYRULVDQW OYRULHQWDWLRQ HWVOBHGEYSOREBRRRBRQYWG

résistantes de betterave sucriere dans les agro-écnegste

Page §



1.1. Potentiel évolutif des agents pathogenes

1.1.1. Définition

Le concept de potentiel évolutif a été initialement dgfar McDonald et Linde (2002) pour
HI[SULPHU OD FDSDFLWp GHV SDWKRY4JOBYYSI\WRBUL DXH VU i\H.
génétiques utilisées pour les contrbler. Ces résistay@@giques exercent des pressions de
VPOHFWLRQ SOXV RX PRLQV IRUWHK\D BODRMW BWRXRIQ HRIKH WO\
GpYHORSSHPHQW GHV SDWKRJqgQHSU R PIOWHWX ¥ RGO/ $HWQ WD
populations de pathogénes, processus visant a contourmeédasismes de résistance de la
SODQWH K{WH /fXWLOLVDWLR8OGTX®HGRIL DW DSHHNIH Q QW
efficacité (Parlevliet 2002) /D YLWHVVH HW O 1D Pedd XdntoGriknfeRt\Me P p F D Q
UpVLVWDQFH GpSHQGHQW QpDQPRMLHQW GH\& DA KddPQH) LV \H
GIXQ HQVHPEOH GH WUDLWYV GI{KWWR LW3HH 6W UH. H5 TK{FOHKX DC
de dispersion actives ou passives, la taille des populatonm®de de reproduction ou encore
OfKLVWRLUH GH OfYHVSgFH DX FRXWWGBVW®HGDHEHWVR PU
conditionnent en effet fortement les niveaux de divergénétique rencontrés en population
naturelle, substrat sur lequel peut agir la sélection ft@teconduire éventuellement a une
PYROXWLRQ GfRUGUH DGDSWDWLI

/ID FRPELQDLVRQ GH FHV FDUDF@®RQEVOLO THOHS\D b YW @ XGN Kt
j VIDGDSWHU j XQH SUHVVLRQ GH O/fpOLHGHW GK D SEBW RFHOHW  ON
des populations. Ces approches permettent en effet de défnment un variant virulent,
cestaGLUH D\DQW FRQWRXUQp XQ PpFDQWMWHAH & MHH [SpWLLR/AMD €
répandre dans un ensemble de populations. Dans leur étude, Ntt@brainde (2002)
considérent que les agents pathogenes présentant de grapde#tés de dispersion,
GILPSRUWDQWHY WDLOOHYV GHV SR SKI(WWLRPQYDHW XJH PRS
sexuée et asexuée) sont ceux possédant les plus grandéesauaptatives a une résistance
génétique, c'est-a-dire un grand potentiel évolutif. La g#&on de ces caractéristiques pour
XQH HVSqFH SDWKRJgQH D GRQF SR UVEXW TXIBEIQKY LUHBWp
une résistance génétique, c'est-a-dire la vitesse allgatk résistance perdra son efficacité.
De facon générale, un pathogene avec un potentiel dvéleté aura une probabilité plus
LPSRUWDQWH GH VI{DGDSWHU j XQH H pWD Whp@eEyst idontp Qp W LT
GILQLWLHU GHV pSLGpPLHVY UHVSRQWBQWWHWWH SHUWHV GH

/IH SRWHQWLHO pYROXWLI UHSUpVHG@WWLBHRWFOKY RXMN
DGDSWDWLYHV GT1XQ SDWKRJqQH RX ®HLYHYVHURIBRO®XVWLIRE)L
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OfHIILFDFLWpP GHV UpVLVWDQFHNSWpDIQ®P MYV L LW QDT Ak
contexte agronomique et seulement pour des espéces fondagupsncipes évolutifs sous-

jacents a sa définition restent les mémes pour topgecegpathogéne (De Meeds et al. 2007a)

a tout autre type de pressions de sélectittRPPH FHOOHV H[HUFpHV SDU (
SHVWLFLGHYVY RX GI{DQWLELRWLTX@W 3B VERRIKHQW LAHD \pH R
plus spécifiquement RPPH VD FDSDFLWp j VIDGDSWHU BRR Up{WWHN W I
PDLV SOXV JpQpUDOHPHQW FRPPOTWDI N S®EFLGH FPGWORHQ!

imposée par son environnement.

1.1.2. (VWLPDWLRQ GX SRWHQWLHO pYROXWLs GTfXQ
GIXQH pWXGH GH VWUXFWXUH JpQpWLTXH GHYV

La génétique des populations est une discipline qui étad@nttionnement des populations
d'étres vivants en se fondant sur la variabilité génétigugtaexi entre les individus qui
composent une population (Hartl 1988). Cette variation sauitrgpar une distribution
GLIIpPUHQWLHOOH GHV QLYHDX[ GJH HXIUY HHWW LFQW DHQ M IVT €
GLVWULEXWLRQ TXL HVW OH GplVKIC®SEMRUB/Es dsfiiztesdarR Q VLP
OH WHPSV HW GDQV OYHVSDFH RROWGWURWYH UpIGRWETLRXRDB LK
genes Encadré ). Ces forces évolutives peuvent chacune laissersigmature génétique
SDUWLFXOLqUH UHIOpWanR vassedobddpenip@ding oGi HptXepriribués a
la formation des patrons actuels de distribution géograpliquiea diversité génétique. La
JpQpWLTXH GHV SRSXODWLRQV H[DPLSXODBW QR QN KRKW RARJAH
leur dynamique actuelle, ce qui se révele essentiel pomuler des prédictions sur leur
devenir.

Quel que soit le contexte évolutif, seule une partie diéviersité génétique est adaptative,
cestaGLUH LPSOLTXpH GDQV OYpYROXWVYRQHHEWBR@GERDVH | X
diversité génétique est dite neutre, car elle ne comieagantage ni inconvénient en termes
de valeur sélectiVaux individus (Halliburton 2004) /D VPOHFW LR Q 134 @irebt® W SDV
VXU OD YDULDWLRQ JpQpWLTXH REBNW WDHVLYLEYDWXQHW IO
autres forces évolutives au cours du temps. De plus,uesiél génes et la dérive génétique
affectent a la fois la diversité adaptative et neuff@ TXDQWLILDQW OTLQWHQVL
JpQpWLTXH HW GHV IOX[ GH JqgQ HLVY HUMNWMNXG Hp Q pIW LYTDXUHL QD WX
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Encadré 1 : Les cing forces évolutived 1 D S Hatjigurton (2004)
La mutation HVW GplILQLH FRPPH XQ FKDQJHPHQW K%L DWBEOEL®HGHDI
aléatoire, et correspond a la formation de nouveaux alléegf;ecGLUH GH FRSLHV DOWHUQ
méme locus. Cette modificatt SHXW rWUH EpQpILTXH QHXWUHWRKX)pl/DVWH
mutation correspond au mécanisme ultime de formation de lssitiévgénétique au sein des especes.

&THVW XQ VXEVWUDW JpQpUp DOp@DWRXUHO B GYB.NXW 88BVXH®HOD |

La recombinaison est une seconde source de variation génétique qui est généradssmiée a la
UHSURGXFWLRQ VH[XpH HW TXL FUpHHGH QRW YW OTCXHHV GAHR BRLXQ/DHIL
Elle peut donc générer de nouveaux phénotypes caractérisés paledes sélectives variables pour

lesquels la sélection peut agir.

La sélection QDWXUHOOH FRUUHVSRQG j OfLGpH TOXHHX O HH/Q ¥ QGR ® RGP
survivent mieux et se reproduisent plus que les autresidtefd ainsi plus de descendants darﬁs la
génération suivante qui transmettront leurs génes a leurs propesndants, aboutissant a L{ne
augmentation en fréquence au cours du temps des génes impligsiés daleur sélective. De fag?n

générale, la sélection natu@lH FRUUHVSRQG | XQH FRQWUDLQWH ‘ LPSRVp!
RUJDQLVPHV j GHV QLYHDX[ GYRUJD @VYDWIRHV SREX\O BRW LPRRQ\D VH

La dérive génétiquecorrespond a la fluctuation stochastique des fréquencegwdeldans unﬁe
SRSXODWLRQ DVVRFLpH DX WLUDJHJDP@WD WR LGJDiQGﬂX@WQRFPEXJCBiI
former la génération suivante. Ce processus tend a érodeidovagénétique, neutre, favorable Fu
défavorable, au sein des populations sur le long terme. Commeoessirs microe Y RO X W L | ‘ QITHVW
déterministe, il se déroule indépendamment dans chaque tiopud peut ainsi favoriser IeL*r

divergence génétique.

Les flux de genesFRUUHVSRQGHQW DX GpSODFHPHQW G‘ﬂLQGLrR‘LGXV R X
QDWDOH MXVTXH GDQV XQH DXWUM RH LLLH\/SURIGQ(\KWIEDQ)WH‘QWV FRX
modifier la constitution génétique de la population en questios.flug de génes peuvent doT\c
représenter une source de variation pour une population quandédles ialtialement absents y sqnt
LQWURGXLWYV &HW DSSRUW UHQG GDCHH/VS@IS)(D—DWI—HRQNHS)?)\MHQ/LDFE[
JgQHV FH TXL OLPLWH OHXU GLYI-I—MUD—[;Q/FIBIJRWLWW\RI-$$3R1VGFBBQLFLjY(

ainside comprendre commenDD GLYHUVLWp JpQpWLTXH TXTHOOH VR
répartie dans et entre les populations, ce qui contrilmmrgprendre comment elles peuvent
VIDGDSWHU j XQH SUHVVLRQ GH VpPOHFWLRQ GRQQpH

Dans ce cadre théorique, le potentiel évolutif dépendra deafdére dont la diversité

génétique est générée, échangée et éliminée dans les popu@gismsformations sont, pour
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la plupart, accessibles en décrivant la structure génétigugendes populations. A des
échelles spatiales fines et sur un nombre de génératioit,réa structure génétique des
SRSXODWLRQV UHIOqQWH HVVHQW®WHHIRQH PIN QBVQ W HLI @ IKDLAHAQHR
dérive génétique et les flux de genes dans et entre les popsi@¥icDonald and Linde 2002;
Criscione et al. 2005) /fpWXGH GH FHW W he su@levfehctibringvheR QctueHesyV H L J
populations, c'est-a-dire sur la facon dont les fréqueald&gues évoluent en fonction des
FDUDFWpPULVWLTXHV ELRORJLTXHV H3URPRUGH G HO YH\BXIRGX
capacités de dispersion etc.). Cette dynamique, qui ne congjdé quelques générations
successives, est répétable sur de petites unités de teaigmn$, années, décennies). Sur des
pPFKHOOHY GH WHPSV DXVVL FREDOHY GOMHH @ RHIQUYDLFRMR QULH/RAH
climat, le relief ou méme les interactions inter-spgaés, restent relativement stables et
KRPRJgQHV GDQV OfHVSDFH FH TXEWSHHRXWNWGIFHORAMWWUGRIGXKE
En revanche, sur de grandes échelles temporelles (siecifiénaires, périodes
glaciaire« OfHQYLURQQHPHQW SHXW FRQQDLWIURD WEIHT XHMD Q
geéologiques ou structurels qui affectent les especes quemtviCes perturbations influencent
fortement les patrons de structure spatiale du polymorphigmétique observés a grandes
pPFKHOOHY JpRJUDSKLTXHV FRQWLQOITPWIXGHH F5XH XRR GIQLVHE
SRSXODWLRQV UpSDUWLHYVY VXU WRXWHPBW IGSH GHRWWU DLIK
PYQOQHPHQWY KLVWRULTXHV D\D QWH OB GHpnetofigieRIO/X W L R (
GLVWLQFWHYV /TfHQVHPEOH GH EHM pYR@MKMHQW VG HRW SRGWO
QRWDPPHQW pWXGLpH DX WUDYHUV MILVFEBRHKHW ®H S K\(
SRWHQWLHO pYROXWLI GTXQ DJH QW coipuésnie qriparmpbrai G R QF
HW KLVWRULTXH TXTLO HVW QpFHVMDIOXYVGIH QHHHIQWHS 8RN X
FDSDFLWpV GI{DGDSWDWLRQ GI1XQ DIJHQW SDWKRJgQH

1.1.3. Dynamique évolutive des populations
1.1.3.1.Dérive génétique et taille des populations

/TLQI @XMl #erive génétique est étroitement associée auudalions démographiques
TXH SHXW FRQQDLWUH XQiHflueriResde@erte/ foR&QévaliveHsd iatiuit O
notamment en termes probabilistes qui dépendent de lka d@l populations. Ainsi, plus
OfHIIHFWLI GIXQH SRSXODW LR Quhaiédé daipgeixiiWiR >S\O XOM HJ DH B/U 6
hasard est grande et ceci méme si cet alleéle confeagamage sélectif a son porteur (Buri
1956; Hartl and Clark 1997). En effet, par simple ségrégation niemaé, cet allele est

distribué au hasard et dans une partie seulement desegates individus qui le possédent.
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Comme ces gametes ne sont pas tous utilisés pour la refiwadile transmission de cet
allele & la génération suivante sera finalement aléat®ae conséquent, si un alléle est en
faible fréquence dans une population ele-PH GH WDLOOH UpGXLWH OH ULVT
maniére fortuite est @ Yp 3DU DLOOHXUV SOXV OYHUBDGW®LISGCXXQW®
SUREDELOLWpP GYDSSDULWLRQ GH QRXYH DXJ B 0d3WOxF\R SPH)
de mutations sont généralementba® D SUREDELOLWp GYDSSDULSWHBRQ HW
plus forte dans les populations de grande taille. En résdn%leg tailles de populations sont
grandes, plus la mutation pourra générer de diversité gtsne dérive génétique sera en
PHVXUH GTpOLPLQHU FHV QRXYHORGBHKWINWURDW LRTXWQ BUE QL
sont de grandes tailles, plus sa diversité génétique adappatut étre importante ce qui
accroit son potentiel évolutif (McDonald and Linde 2002).

(Q JpQPWLTXH GHV SRSXODWLRQV O WWHQDV/GEYWLPN GHD
parametre, appelé taille efficace des populatiodes; (Encadré ). La taille efficace décrit
mieux la quantité de dérive génétique subie par une populatiosoqueffectif réel car elle
tient compte du fait que tous les individus ne se reprodusenavec la méme probabilité
(Wright 1931) &H SDUDPgWUH VILQWHUSUqQWHH fusDQtRIRLQV Gt
efficace des popODWLRQV HVW SHWLWH SOXV QG3HXG @NpY\HX G p W
estimé rigoureusement la valeurde GDQV GHV SRSXODWLRQV GYDIJHQWYV
des études théoriques prédisent que la taille efficace de pepulations est probablement
réduite en raison de certains traits biologiques ou csitgpatiaux, comme la subdivision,
OfDJUpIJDWLRQ HW OD FRQ\Wpulatonsvd R @énéiativh Buivante, GuHV VR
tendent a diminuer les valeurs Ne en dessous des valeurs attendues pour des especes non
parasites (Price 1980; Criscione and Blouin 2005; Criscioa¢ 2005). Ces hypotheses ont
pWp FRQILUPpHY SDU XQ FHUWD LXQUQ®RLAEFIHH Q WoHWX BWYqHR 8 L
pathogenes fongiques et de protozoaires parasites (Sentahdle2006; Vardo and Schall
2007; Bayon et al. 2009; Zwart et al. 2011; Fabre et al. 2012)

SDUDOOQqQOHPHQW XQH DXWUH SOfbineseHque kes Patho@ehés W p U D
généralistes devraient étre capables de maintenir des popsilde plus grandes tailles. En
HITHW HQ DEVHQFH GH IDFWHKXUELWiHOMQPXD \@ IR Q O3RSE W B
les flux entre populations de pathp@H OfJLQIHVWDWLRQ GH SOXVLHXUV
UHQGUH LQGpSHQGDQWH OD G\QDPLTXH GHVQSKR{WHOBD/UR QN
(Dobson 2004; Barrett et al. 2008). Cette hypothése a récemtéesitrifiée par une étude de
OD WDLOOH HIILFDFH GHV 3IRI®3OMyyiE BxEpdrasSithit Qix @gp&bswW R G H
GIRQJXOpV YLYDQW HQ V\P S DAKKd dthd E£znivé 2001).TDe Fac@>unl R U G
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Encadré 2: Concept de taille efficace de population Ne
Dans les populations naturelleR XY OHV LQGLYLGXV GIYXQH SRSXODWL
uniforme et donc ne participent pas de la méme facon a laagiénésuivante. Il peut, en effet, exist

RQ QH \

er

un nombre différents de males et de femelles chez les individus uefgros, des variations des taux

GH UHSURGXFWLRQ HQ IRQFWLRQ G PHkG B QR XOHQWRFUH \
individu & un autre(Q FRQVPTXHQFH OfpYROXWLRQ GHKYWpPPRXH
cours des générations est sinildl H | FHOOH DWWHQGXH SRXU RQHEHOS$R
VLPSOH QRPEUH GYLEYGEYLGXYVY UHFHQVpV

Fige 1 &RPSDUDLVRQ GH OfpYROXWLRQ GHW QUKPWRFRVIRW
attendues et observées sur 107 populations expérimentales B@ drosophiles sur 19 générationsLes
données observées correspondent aux traits pleins, les psilil les tirets) aux résultats attendus pour
population de 9 (et 16) individus sous un modele supposant un orgatifgoide et sexué, des génératia
discrétes, la panmixie, une taille constante des popnftune absence de flux de genes, de sélection
mutation (Buri 1956; Halliburton 2004)DQV FHWWH H[SpULHQFH OfpYROXRMH
alléliques semblent plus concordante avec les résuttatedas pour une population de 9 individus, ce qui
pJDOHPHQW OH FDV GH O Y KmprwmphveRip\géRétatiddisD SUqV XQ FHUWDL

3RXU GpFULUH FRUUHFWHPHQW OXpHWRQAOXWIKRKRWQ GHV DUpPT

K Qi SUW

RPHWH M
T X1 DOML

D I ORLRVHHOV

une
ns

et de
IMRQ GH
est

(

DXRHUQYF 13 V

FRQFHSW GH WDLOOH HIILFDFH GLHHNSRQXBOI]DXNQHR(B‘EUQRGM’HLI@GHYLT

une population idéale, c'est-a-dire comportant autant des matede femelles et dans laquelle chaque

individu aurait le méme nombre de descendants. Cette populatéda sibirait la méme intensité (

dérive génétique que la population naturelle étudiée. Ce pmeapst un estimateur de la déri

e

ve

JIPQPWLTXH TXL LQIRUPH VXU IR DIFGWHERCOWL ) 1@ PRGLOOH G HIW W

dans une population relativement a une situation théoriqueagpsur la panmixie et une tail
infinie de population. Plus la taille efficace de populatsh petite, plus la variation des fréquen
DOOpOLTXHV GTXQH JpQpUDWLRQ LY®THEXW ULH HOH Q R/IUHW

gestion des populations, ce paramétre est intéressant pougréstaprévenir les risques d'extincti

le
ces
HDBW %C(

DN

des populations.
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peu similaire, plusieurs espéces de pathogenes des cultusesitpné également de
grandes tailles efficaces de population (McDonald and Linde 260&)ng et al. 2013). Ce
dernier §HPSOH LOOXVWUH ELHQ TXH OD GpODYHrPpQp@IONXHQ
GTIXQ SDWKRJgQH j OfDXWUH PDLV pRDPH PN QW XWXLHY KD TQHP S
correctement appréhendé sans information sur une autee dwolutive importante : les flux

de génes.

1.1.3.2.Patrons de flux géniques
La perte de diversité engendrée par la dérive génétique pepli&trou moins compensée par
OfDIIOX[ GH JDPqQWHV HW RX GTLQUG/LYDGKKNQNMW UL QW VRLQ Y\t
population considérée. Comme les alléles apportés paniggants sont ceux présents dans
OHXU SRSXODWLRQ GTRULJLQH D SRV WHBURGX EWQRY L DX
VLPLODLUHYV TXYHOOHV QH OYDX3DOLHRW VPpWXHDW D BN QIFH
WHQGHQW |j KRPRJpQpPLVHU OHV SRROWLONVQRMIOLHIW G K
homogénéisation ne nécessite que tres peu de migrantgéparation (Wright 1940)
Toutefois, plus les flux de genes seront faibles, plas populations évolueront
LQGPSHQGDPPHQW OHV X @etl Yonbdd® d® M \Wddive \genveRgxie/ de TaH
VPOHFWLRQ HW GH OD PXWDW LR JPXQ FBYDIG$HHXRO B PH QW X\WM
a la formation de nouvelles espéces (Slatkin 1985). Paséqaent, les flux de genes
permettent de maintenir une 8 DLQH FRKpVLRQ JpQpWLTXH DX VHLQ GTY>
de contrebalancer les effets de la dérive en ralentidaaudivergence génétique entre
SRSXODWLRQV /RUVTXH OTHIITHWHGCH @QW GHVWHOEMULWBRVFRPBEB
la dérive gén®W LTXH RQ GLW TXH OD SRSXODWvR ). HutéhMson OTp T XL
& Templeton 1999). Cette situation reste théorique, mepsésente un modele intéressant
SRXU WHVWHU XQ FHUWDLQ QRPE&U pIVE N\ FEWM K IDOEING DIV W/dRFH
3).

Outre OYDFWLRQ KRPRJpQpLVDWULFH GHQpWKXTX®EN JEOQMNVL
PWXGHY VRXOLJQHQW OfLPSRUWDQVWBHGW\W YHD/S GHLVOIK{ |
SDWKRJgQH G D Q \pathfigyd&EBCanddh@t &. H996; Thrall and Burdon 2002;

Morgan et al. 2005) 8Q DJHQW SDWKRJqQH ViBrgebt SSWsehUHdteD L Q V L
localement, si ses capacités de dispersion sont sugériauwelles de ce-dernier. Dans cette
situation, les flux apportent de la variation génétiquelaguelle la sélection peut agir et
IDYRULVHQW DLQVL OfDGé@te aitDatvh R @téoKse&/EWIER plySddrs &
SDWKRV\VWgqPHVY HW FRQFRUGH DVRRW pL®HH P KB VW HI\H VG R[C
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Encadré 3: Comment mesurer la différenciation génétique des populations ? ‘
En théorie, une espéce correspond a IR¥SH GILQGLYLGX Verdp® au/\tdajﬁ'd(JﬁUIéIH’Q W ©
VRQW VXVFHSWLEOHV GH VH UHSURGXLCDJﬂI—Kp—I\ADN\!LR—Dp—Q(p{LW‘pDJ@RRUG

écologique du milieu, ces individus sont généralement distribuiées @uasieurs sous-groupes, appeflés

populations ou démes, plus ou moins connectés entre eux, au sein desqéelahges génétiuns

VRQW SOXV SUREDEOHV TXf{HQWUH LQGLYLGYXN J]Fp)@[;iWDS]JfHTD(II-HIFPFI'
facon indépendante les fréquences alléligues de chacune demsdatipns, ce qui favorise Iedfr
différenciation, cest&aLUH OHXU GLYHUJHQFH JpQpWLTXM] $I-D$|]‘b1QYIN’UV}
VIRSSRVH j FHWWH GLYHUJHQFH GWLY ESLR—@(CFIX!WLCRBQ\GI;ID@@JI—HQIVMDE
reflewWw GH OfLQIOXHQFH GH FHV GHX[ IRUFHVY pYROXWLYHV

La mesure la plus communément utilisée pour estimer la difiéteon génétique des populatiorrs,
cest-aGLUH OD GLIIpUHQFH GHV IU pTXU—RQQAHVHIVWO@Q])ILQF&IHjEFHQW UH[
Wrighw TXL HVW OfXQ GHV WURLV SDUDR§WH HR/X GJpJFQ.RWDSQ_WXB
populations, avec I&s et leFr /fLQGLFH G%r corpEpdntd R @ corrélation entre d%ux

gameétes tirés au hasard dans la méme sous-population part rapfeorpopulation entiere ?t
VILQWHUSUqWH FRPPH OD SDUW GH WY HOQGGXH W IRXY (G)-H-v @ RGOV
Weinberg associée a la structure des populations. Il est défini pa

(i L

* F*i
* .
i
ol Hr UHS U pV HQ W Hie@ffeqqug/ pduR3 \pbRulation entiere et HO'ﬂKprUR]\JFﬁWLH DW
dansla souSRSXODWLRQ 1RWRQV TXJLO H[LVWH QWGRX¥FWM XO $‘lD[QMJG)_FGJ
SOXV IRQGpV VXU GHV UDSSRUWYV GﬂKprURﬂ]éhﬂﬂ\W&Hlélicﬁbqva IRQG

entre population (ex. Weir & Cockerham 1984 ; revue dans mtgasi& Weir 2009.

Cet indice varie entre 0 et 1. Plus sa valeur est proche desOlepl populations sont génétiqueant
SURFKHV FH TXL SHXW WpPRLJQHU GHWDQW p¥ HDQE B VYOAIX [SOE
proche de 1 plus les populations sont génétiquement différencidescepotentiellement isolées ?n
termes de flux géniques. En pratique, la différenciation gérmétilgs populations est considélrée

comme importante des géer> 0,1.

/D IDFLOLWp GH OfLQWHUSUpW DWILRIQV G HS R B WOIDQG MFH G—Q‘QGLO‘B(VI
des populations qui est aussi aBdopH j] OD GLYHUVLWp GHV TXHVW‘LRQV T X
VWUXFWXUDWLRQ VSDWLDOH GHV SRSX(IDMLLPR(;&\RS(X){DPE)\W\W‘ILIR@NVLC
démographigues des populations ou encore la détection de régions qé&OBdUS sélectiqn
(Beaumont 2005; Holsinger and Weir 2009) ‘
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propagaton GfDOOqOHYVY DGDSWpV | XQ PRGH GH WUMHMWLRQ
antibiotiques, pesticides) a large échelle (Greischar kgkella 2007). Dans les agro-
PFRV\WVWgqPHV OHV 10X[ JpQLTXWUNFWRHXW VD G RIUY!I H VO\DD WRLIR/G
VDLQHY PDLV pJDOHPHQW GHV UGQGVGR MWD BEHWIK HC O 1UPBC
méthode de gestion (Bousset and Chevre 2013). En ce seagelets pathogenes dont les
flux de génes sont plus intenses peuvent plus facilemegmbpager entre populations ce qui
augmente leur potentiel évolutif.

1pDQPRLQV OfDIIOX[ GIfDOOqOHYV SHMRN QD QMP B IVX I/ YR
LQYHUVH HQ HPSIrFKDQW O 1D Xe}RenQtypds WdaeQertt &laptép aux H Q F H
conditions du milieu. Chez les espéces pathogenes, cesnpiées de mal-adaptation ne sont
JpQpUDOHPHQW SDV DWWHQGXV HQY¥ W BIIKR QWRL Fi WBMDY QW
temps de génération courts, qui favorisent des changeherdsmposition génétique plus
rapides que chez les especes hbétes (Kaltz and Shykoff H8&e et al. 2005). Ces
phénomenes de mal-adaptation ont pourtant déja été obs#amé différentes associations
hote-pathogene (ex. Spitzer 2006; Adiba et al. 2010 ; Kniskeah 2011; Glais et al. 2014).
Les flux de génes peuvent donc jouer des BEOWLSOHYV HW DQWDJRQLVWHYV
asociations hote-pathogénes qui justifient la nécessitéledequantifier pour estimer

correctement le potentiel évolutif de ces organismes.

1133.+LVWRLUH pYROXWLYH GfXQH HVSqgFH
- ORQJ WHUPH OYDFWLRQ FRPELQ®XWGHYNV GIR UgdsH QWVHILWW
SRSXODWLRQV &HWWH KLVWRLUH PRUPHURORQGEGIY OFTEHQWHB
structure génétique de leurs populations au cours du temps@tastruction sur plusieurs
GL]IDLQHVY GH PLOOLHUV GTDQQpHV BHXOW VFHU/P H VOW R Y L GLI|
patrons géographiques observés. Par exemple, il est laxgeemnnu que des facteurs
biogéographiques, tel que le climat ou la formation de refpeisyent induire le déplacement
ou le fractionnement des aires de distributions des esgaat dans les écosystemes marins
gue terrestres (Hewitt 2000; Gillespie and Roderick 2014). A phes dchelle, de telles
PRGLILFDWLRQV JpRJUDSKLTXHV 8 H®XYH [BW QixatriRi@oveD) FRH O
OfHIWLQFWLRQ GHV SRSXODWLRQV SIHW/L.GWBHQERYOQEWDHOL
structuration géographique de la diversité génétique des populatorefinissent la

composition génétique dont elles disposent a un instanédia leur histoire.
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8QH SRSXODWLRQ SHXW DLQVL FRQQ DHIWHRN X QH VIRpG/X BWI
GH GLIIpPUHQWY PpFDQLVPHV FRPPHHG DR X LOrPpHQ GIIX\@ KRR & @
dégradation de son habitat, etc. (ex. Brasier et al. 1998gHagjger and Di Giulio 2010). Ce
SKpPQRPgQH DSSHOp JRXORWOD fPMWUWWR I JG PIRIPQ W L YLHY GXIXVD
GLYHUVLWpP JpQpWLTXH LQLWLD ®@HF FPDRIW ¥RPBFWWGHI DGHR |
dérive JpQpWLTXH SRXYDQW HQFRUH DFFHQWQHHY QIHD/SBDIEWU L
OHV HVSgQFHV SDWKRJqQHV OHV WRXX®EBWHYVQGY pW/RIWD\Q BOH B
mauvaise saison (Tack and Laine 2014pRUV GH OD GL \(udriet &Y PGOY, GuH O TK{\
méme lors des phases de transmission et de déploiementrddaldie (Gutiérrez et al. 2012;
Fabre etal. 2014) '"H IDoRQ VLPLODLUH OfHIIBWGIRYGHEORE B KB H D WWVC
QRXYHOOH SRSXODWLRQ j SDUWLU \G BRUWRREV G UHYHV U
VHXOHPHQW GH OD GLYHUVLWp JpOQRQ LG KR WaikpGMd QWH G
McCauley 1988) 'DQV FHWWH VLWXDWLRQ SOXV OGH W RFAEWHWGSI(
OfLPSDFW GH OD GpULYH JpQpWLiisXé$s gty WeemmsrR foMilde) W O
SUpVHQWHQW DORUV OHV QLYHDN¥[ I®H E®IHNH UNTHW pl W p RoOQNGL
perte de diversité qui y est associée sont des phénensenwent observés lors de la
FRORQLVDWLRQ G fXuSteRet 4HII9K WVRtErd/ & Al 2013). lls sont ainsi
FDUDFWpPULVWLTXHY GHV URXWHWHE1EDRY DOH \VF@RhHBMEEH/ FRD
al. 2013a,b) $ OfLQYHUVH XQH SRSXODWLRQHSHAXW VRMHS/LSLDFHHF
GIXQH SOXV JUDQGH T X DyQ peutWaporGet senReXpdnsib ggddkdphigus
HW RX GpPRJUDSKLTXH 'DQV FH FDVW ®O HW SOF V§ UpH HIDF K5
rares, caractéristique des populations en expansion, petd\&risée (Excoffier et al. 2009)
Les conséquences de ces événements sur la structurigugmets populations, notamment
lors des phases de conttdcLRQ GpSHQGHQW j OD IRLV GHPOTLTNVNQINVAWANLL
GH OHXU VXFFHVVLRQ GDQV OH WHWSAFHIYINWUIW[B RBEDORIO HG
reconnexion des populations peuvent générer des pics dsitéi\ggnétique et accroitre leurs
capacités adaptatives (Alcala et al. 2013; Alcala and Vuilleugtil4) $ OfLQYHUVH SOX!'
événements de fondation consécutifs induisent un appauwessegraduel des nouvelles
SRSXODWLRQV SDU UDSSRUW DX[ RQRHR LH\QIyHNd s& fédldf VGR L U H
FRPSOH[H QRWDPPHQW GDQV OH FDV IGIMRHUD Q W\LRKW PP,
tels que les agents pathogénes.

Enfin, il est nécessaire de considérer certaines phartiids des especes pathogénes que
VRQW OHV FKDQ3H(R HoSt\whift » Gef K{ idsd-jump »). Ces phénomenes
FRUUHVSRQGHQW j OD FRORQLVDWIFRHQKYWRXGHDLQ HO I ISXBAHD Y
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JpQpUDOHPHQW REVHUYpV GDQV DDWM(dREENDEt GLI20VBX SdeV VX U
WLWUH LOV QYLQIOXHQFHQW S\ YGLGHRMWERBR®D\G R QWA
pathogéne car ces macro-processus se mettent en mlase2ahelles de temps plus longues.
Néanmoins, plusieurs études montrent que les « host-jurbges & host-shift » sont des
PpFDQLVPHV IUpTXHQWV FKH] OHW S®HWK BRSHMHODWDRQSpBI
SDWKRJgqQH | XQ K{WH GRQQp QTLPSQWT XHiBRIN ceR UFp P H (
SRSXODWLRQV DYHF FHOOHV VH G pFou@eR &8 oad 2088) GTD X
Spottiswoode et al. 2011; Clarkson et al. 201Q)b OD SHUWH GH OD FDSDFLWp
especes plus ou moins proches phylogénétiquement (Hoberg and BB@iksPoulin and

Keeney 2008) (Q FH VHQV OfKLVWRLUH pYROXD/WUYHUGE XXQDK D!
OfDXWUH HW LO HVW GRQF SUplppDEDEHOBYDYRUUOGHW UL
OfDVVRFLDWLRQ HQWUH XQ SDWKRI@GH UeilivkXigatri{svdéed GR QQ
structuration génétique observés (Stukenbrock and McDonald 2008).

1.1.4. Autres facteurs pouvant affecter le potentiel évolutif des agents
pathogenes
"fDXWUHYV PpFD Q Ld8eR&Hdé¢rive QéretitjeReUdés flux géniques, comme le mode
de reproduction et le type de résistance rencontré, peégatement jouer un role dans
OIDGDSWDWLRQ GHV DJHQWYV SMMD&RId g HivdeCPRG2)Y DULpW pV F

1.1.4.1.Mode de reproduction

/IH PRGH GH UHSURGXFWLRQ HVW XQHGHXQDBFMASIRBVT XX HG
IDORQ GRQW OHV JgQHV VRQW WXWQWP LN GH XSHX Wp G RQFW
distribution spatiale de la diversité génétique inteintra-population (Hamrick and Godt

1996) /YLQIOXHQFH GHV I10X[ GH JgqQHV HWORBUYVOD K@ UW YR
modifiée. De facon globale, la reproduction peut étexwde, sexuée ou un mélange des

GHX[ 'DQV OH FDV GH OD UHSURGXFQVYIWRIQN XH K% @ LQELC
SURYLHQW TXH GIXQ VHXO SDUHQW SBQ VGIHYV BH & Q B QMA XSBIEX \
qui correspond a une reproduction agamétigue chez les aniaetauggétative chez les

plantes, ouj SDUWLU GT1XQ °XI QRQ IpFRQGp UIDHP\GIR GH P HGGHO &
parthénogénése. La parthénogénése est un mode de reproffecimmment observé chez

les especes pathogéenes, dont il existe plusieurs varigntese différencient principalement

par la présence/absence de méiose et de recombinaisomsnditiduelles lors de la

formation des gametes et dont les conséquences évolsbineassez variées (de Meeds et al.

2007b). 1l est généralement admis que les populations asex@# moins diverses
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génétiguement. Toutefois, ce type de reproduction préses\aiéles favorables apparus par

mutation car ils sont moins sujets aux effets de tvel@énétique, qui ne dépend plus que de
OfH[WLQFWLRQ DOpDWRLUH GHOMB B AORQGIVWAIRI®D GHHW DI
WHPSV SHXW rWUH j OTJRULJLQH GUXY® UH[GH VOD & p WhHhURILW
(Judson and Normark 1996; Hansson and Westerberg 2002). Dans tleesaystémes
plantes-pathogénes, ce mode de reproduction peut étreageaxitcar il ne brise pas les
DVVRFLDWLRQV GYfDOOQqOHV DG D SWHO KEWéfid Kpwel 93D QFHYV J

/ID UHSURGXFWLRQ VH[XpH SHUPHVD QY I®UPDW LHRWOWJ BPp
chaque parent a toute leur progéniture. Il existe différgpe de croisements qui
VIpFKHORQQHQW GH OD FRQVREXL®WWRL VW U'IDFYWHW RXND O ¢
descendants sont génétiquement différents des parentsageafesion des gametes males et
femelles et au brassage génétique associé aux mécanismesmbimaison intra et inter-
FKURPRVRPLTXH /D UHSURGXFWLRQH &K gFHU [SHUu VUHDGBW & HPR
diversité géneétique, sans avoir a attendre une mutatiaie, fetvoriser ainsi la diversification
HW OYDGDSWDWLRQ GHV RUJDQLVPHSL®XY FEPQJHRKEGW
environnementales (Burt 2000). Chez les organismes pathogeates, hypothese a été
notamment vérifiee chez les helminthes parasites (Gadtaali 2001; Galvani et al. 2003)
mais a été bien moins étudiée chez les autres especstesandn corollaire de cette théorie
HVW TXH OD UHSURGXFWLRQ Vhé[depddndahte Beldlusoup plusSvanié& X FW L
ameéliorant potentiellement les capacités de survie et de repmydde la progéniture du
SDWKRJgQH PDOJUp XQH IRUWH VpOBEW LROQ@ WABSRMpGXBEWU
devrait étre favorisée par rapport a la reproduction asesi€z les especes parasites. Cette
K\SRWKqVH D UpFHPPHQW pWp Y pWU OIfLh @ VEGIH B DNEREEHER IS\LOXLA
et un pathogéne du bi®ycosphaerella graminicol&Zhan et al. 2007; Gibson and Fuentes
2015)

Il existe néanmoins de nombreux agents pathogénes présatgansystemes de
reproduction mixte, qui peuvent a la fois développer destsires sexuées et asexuées au
FRXUV GH OHXU F\FOH GH YLH %dftaiveménXSonadgsHQwhelle HOOH
puceron du pois, certains protozoaires (Ex/panosomandLeishmania ou champignons
pathogenesek. Candida albicany Mais méme de faible taux de reproduction sexuée peuvent
limiter, voire occulter, les effets de la reproductionxage sur la structure génétique des
populations (Halkett et al. 2005). Pour ces espéces, il est possible de générer de
QRXYHOOHY FRPELQDLVRQV GYDOOq@HHW sfBmAntBHsBldmR G X FW L

conservéesia une reproduction asexuée. Dans les cultures, cette capadtitéypepermettre
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GH VIDGDSWHU UDSLGHPHQW | OBRW LKHE@H WX\ RGIF ODNDIY
grand potentiel évolutif que les especes strictement sertiéemales.

1.1.4.2.Intensité de la sélection et potentiel évolutif

Les pressions de sélection imposées sur un agent pathgayesen environnement et par son

héte constituent le principal moteur du processus adaptapithogene. Elles peuvent donc

impacter le potentiel évolutif du pathogene, en influencathmment la vitesse a laquelle
OYDGDSWDWLRQ j XQH SUHVVLRQ BHHWOHRHW LIRQ FFHHX W HD\
peuvent étre de différentes intensités, en fonctiomadacon de leur impact sur la valeur
VPOHFWLYH GH OfHQVHPEOH GHV WQRBQYBOGXY HUip YR G BWHGCA
IDYRULVpPVY SDU OD VpOHFW LR & WV WQWISEY W HHO % D XOD O
(McDonald and Linde 2002). Dans le cas des pathogénes des cultileQ WHQVLWp GH
sélection varie en fonction du nombre de variétés wgigt du type de résistances génétiques
TXYHOOHVY FRQWLHQQHQW /D PBEXODNWRRQY GH \OIQ B RWHIRQ
OHV YDULpWpPV HVW GIDLOOHXDYp@OPLRY KWH \D I HKILHIEL G RW P

génetiques.

1.1.5. Bilan: potentiel évolutif et formation de populations virulentes

(Q UpVXPp OH SRWHQWLHO pYRRBRGEWRIVGIIDXQWDGRQW pS MHW KR (
SDU VRQ KLVWRLUH pYROXWLYH BW L&RH) VR QFRALLVRAERRER)PHH YR «
OD FRPSRVLWLRQ JpQpWLTXH GIRQAH SRBXOWWUR QG H XA D KV
GHV GLIIpUHQWHY IRUFHV pYROXWRY R QDWXH PR UH GIH WANHL
SDWKRJgQH DJURQRPLTXH OfKLVWRHUd@¥ifiusRpe-Adaptésld GpWH
une résistance génétique, appelés virulents. Leur fréqudfesteadirectement le délai
QpFHVVDLUH j OYDGDSWDWLRSE) e§ iHdiOdDs SiRkISsGdniahser@s de

la population lors de la mise en place de la pressionéteet®n, c'est-a-dire lors du
GpSORLHPHQW GYXQH YDULpW pR U @garaitreé BpomahEménDdanSie X Y H Q
SRSXODWLRQ SDU PXWDWLRQ RX UIHCAPXELQHVL VSRRE X IR
biais de flux de genes. La force de la sélection egepad la résistance génétique favorise

alors leur multiplication, et a terme, la formation mhgpulations capables de se développer

PrPH HQ SUpVHQFH GX RX GHV JgQHY{®H{ U/MMDRAIW B Q WHD \@ DR
fréquence des individus virulents dans la population restenm&ins dépendante de la taille

GH SRSXODWLRQ TXL GpWHUPLQH LLILOTCRIQRIPEEH GHVPIX
SRXYDQW DSSDUDLWUH GDQV OD SRSHMOWDWLRQOHKEQAMREXQ VL

sélection.
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Figue 2 /H SRWHQWLHO pYROXWLI RX OfDFMYMRYQHFRWE G pHR GHWQ R QIQHA
SRSXODWLRQV VXU OD FDSDFLWp GTXQ® IHQ WWSIDWEAKER Arpp@iikd BAKIG D S W H
taille efficace HV SRSXODWLRQV HW UHSUpVHQWH OJLPSDFW GH OD GpULYH J

1.2. Potentiel évolutif, durabilité des résistances et milieu
sauvage

1.2.1. Potentiel évolutif et durabilité des résistances

/P YDOXDWLRQ GX SRWHQWLHO pYROXWHI R&X ariS\BopMK RJ q Q|
caractere prédictif de la durabilité des résistances. Isestagces correspondent, de maniere
JpQpUDOH DX[ IDFWHXUV JpQpWLPSBW ISEHLUPLHWWWDH W TG § WH
un pathogene et sa plante héte. Une résistance esti@@asicomme durable si elle reste

efficace malgré son utilisation prolongée a large échaddlas un environnement favorable a

la maladie (Johnson 1984). DaRsHWWH GpILQLWLRQ OD GXUPWUIHNPDUDPp
SODQWH OH SDWKRJqQH OTHQY QURQEMR/M@DD FHHV QO HKYRAP FSH
Soi, mais uniquement dans un contexte précis. En considéranmbre limité de génes de
résistances présents dans les pools génétiques des esfinvess et la durée nécessaire a la
SURGXFWLRQ GTXQH YDULpWp SHUIRLD RDQWRLTABD SWL\DH DH
GIXQ DIHQW SDWKRJgQH HVW GR Q@F EW K FG4R @xidtaBtede@dV PD L Q
GpSLW GTXQH XWLOLVDWLRQ UpFXUHMQ@WHY $FNIRRXWINIB XY Q
SURFHVVXV GH VpPpOHFWLRQ YDULpWDIOH WHW HBEK GlpTXHDOR DI
SULQFLSDOHPHQW pWp GpG Ligdtitg deDreBidddrices| semuw d eciove 8 O T H
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en assurer la stabilité (Bousset 20143 LQVL OH GpSORLHPHQW GYfXQ QRPEL
UpVLVWDQW H YV iohDdéRpdpuNation® fid. gath@ge¥nes par des individus virudents
PqgQH j OD SHUWH GYHIILFDFLWp GH FHV YDULpWpV

&HWWH SHUWH GYHIILFDFLWp HVW G 3HO0ELN WBQRAHRX U QXCE
vue agronomique, ce contournement survient lorsque les plertesidements associées aux
populations de pathogene deviennent supérieures a un seuil égoaomnt acceptable.
'fXQ SRLQW GH YXH pYROXWLI OH FRQWRXSREEBHQW G KO@K
la composition génétique de la populati@X SDWKRJqQH VXLWH j OfDSSOLFL
VPOHFWLRQ XQLGLUHFWLRQQHOOWHRHOAMAK DXJBBROMN FR VY WX
en réponse a une pression de sélection décrit dans lanspcécédente. Les délais de
contournement sont variable GIXQ SDWKRJgQH j OfYDXWUH HW SHXYF
guelques mois ou de plusieurs décennies (ex. Johnson 1981; Pa#eok:tKang et al.
2005). En plus du potentiel évolutif du pathogéne, ils déper@gtOHPHQW GIDXWUHYV
comme le type de résistance déployé, les itinérairdsnigues utilisés et le déploiement
spatio-temporel des variétés (Hossard et al. 2010; Mundt 2014).

1.2.2. Les mécanismes de résistances chez les plantes
Les organismes parasites se caractérisent par une lispéoia extréme a leur ressource
trophique qui implique le développement de relations plus ou moinste&travec leur hbte
(Huyse et al. 2005). Cette interaction suppose que les egabegénes disposent de tout un
arsenal GITRXWLOV PROpFXODLUHYV SK\WLRORFLOAMAD QR/X OF
recRQQDLVVDQFH OfLQIHVWDWLR QF Hhitve. GiHréBomaeHI€uR 8&@ds P H Q W
développent tout un arsenal de défenses visant a empécimselaen place de la relation
parasitaireR X | HQ U p G X (Bbbth @tfdl. PLSI)- Rarmi elles, il y a par exemple le
systéme immunitaire des mammiféres, la synthese de nitdals@condaires chez les plantes
ou encore le développement de collaborations entséepis especes comme celles observées
des plantes tropicales et des champignons qui réduesmtiveaux foliaires ou entre des
fourmis et des bactéries dont les antibiotiques protegentileses fongiques (ex. Minchella
1985 ; Brunham et al. 1993 ; Currie et al. 1999 ; Mejia et al. 20B%) espéces végétales
GLVSRVHQW pJDOHPHQW GH PpFDQWW®WVVEH OfiVRNWOLOQNF
présente dans chaque cellule (ex. récepteurs transmexinbsabeucin-Rich-Repeat, LRR)
spécifiqgues au pathogene, protéines de résistance, PRy, lefsssignaux systémiques (ex.
hormones végétales, acide salycilique et jasmonate) émdearsites infectés (Jones and
Dangl 2006) $X QLYHDX PROpFXODLUH OfYLQWHWIFFWORQP K YW HF
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place de réactions de défenses complexes, qui peuvergp&ifiques ou non a une espéce
pathogéne donnée, et qui découlent des résistances génélimiedispose la plante. Elle
peuvent étre de deux types, qualitative ou quantitative, etterftedifférement la dynamique
évolutive des populations de pathogénes.

1.2.2.1.La résistance qualitative et les interactions géne-pour-gene

La résistance qualitative discrimine les plantes-hdtesdeux catégories: celle dite
«sensible2 SRXU ODTXHOOH OfLQWHUDFNAHRQWDFRFSOM ISOAHK R
dite « résistant¢¢ SRXU ODTXHOOH O9LQW p stRdtalgrméhQinddrvipatiblelOH S D W
Cette variation en «tout ou rieh UHSRVH VXU OD UHFRQQDLVVDQFH VS
pathogéne par des récepteurs transmembranaires, génétademgpes LRR, codés par des
JGQQHV SDUWLFXOLHUV O H\pourdes ipathd@dhBsYet dexrésidtanedd (R $iY U
PDMHXUH SRXU OHV SODQWHV QTEX SBWKRWYyYQHFBDOTOBGHS
1971; Salvaudon et al. 2008). Selon ce modéle, il existe un géngoArchaque gene R et
OYDEVHQFH GH OfXQ RX OYDXWUHH®D LAHiMerd@toHONeF KH] OF
pathogene empéche la reconnaissance du pathogene partdagtlde déclenchement des
mécanismes de défenseiqure 3 /D QpFHVVLWpPp SRXU OH SDWWRQJYQH G
étre reconnu et celle des plantes-hotes de recontestigenotypes mutants des pathogenes
IDYRULVH DORUV ODFFURLVVHPHQWF&MN] SRRIK\{PARH SHN. VOGPHH &
(Dodds and Rathjen 2010), ainsi que la coévolution entre lespdetenaires. La dynamique
évolutive de cette interaction a été intensément étidié@rmalisée ayDLGH GHV PRGQqOH
« FRXUVH | O%DeU &HdedaoN frequence-dépendante (Woolhouse €t0@2;

Gandon et al. 2008; Brown and Tellier

2011).

Figure 3 : lllustration du systéme géne pour géne

entre deux hoétes (rectangles bleu) et quatre

génotypes de pathogénes (rond rougeshes

triangles et carrés jaunes et verts représentent des
récepteurs des hobtes et des effecteurs des
SDWKRJgQHYV TXL QH SHXYHQW rWUH
sont identiques(Q FDV @4 GeE kéekRteurs et
HITHFWHXUV FRPSDWLEOHYV LO QT\ D
PpFDQLVPHYVY GH GplHQVH FKH] OD SOL
Woolhouse et al. 2002.
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&KH] OD SODQWH OD OLDLVRQ GH HO YR MVF WXHX LH @VKH RIE
mécanismes physiologgHY GRQW OD PRUW FHOOXODLUHHSGRJUDPI
pathogéne. Avec ce type de mécanisnieSSHOp UpDFWLRQ BsTHAgRIUVHQV!
occasionnés a la plante sont minimes ce qui expligtertléntérét que lui portd toujours les
sélectionneurs. Cette résistance correspond a une prefsigélection tres forte puisque
seulement quelques génotypes de pathogénes sont en meserdédelopper sur les plantes
qui les portent. Par conséquent, ces résistances soéalginent tres efficaces mais peu
durables, comme dans le cas du contournement séquentiel deekias variétés résistantes
de blé utilisées contre la rouille dans les années 1950-1960 asxUgiat(Browning and
Frey 1969). Pour le pathogéne, cette stratégie a menécgalies de réductions drastiques des
effectifs des populations, suivis de la multiplicatexponentiennelle des individus virulents.
ITPpWXGH GH Fbbum-Bnd-ttdt\d @©montré que les populations de pathogene
conservaient longtemps les genes de virulence adapt@eneg R utilisés dans des cultures
précedentesHigure 9, ce quiSHXW DYRLU GYfLPSRUpSWD @@WépiermrehQ Vp T XH

futur de variétés contenant un ou plusieurs de ces gendarilt(2014)

Figure 4 : Exemple de cycle « boom-and-burst GHV JgqQHVY PDMHXUV GH UpVLVWDQFHV G
pathogéne fongique en lowa (Etats-Unis). Les courbes correspondesu pourcentage de champ (en

superficie) ou les variétés Victoria et Bond étaient cultées entre 1942 et 1954/H GpSORLHPHQW G{XQ
JgQH GH UpVLVWDQFH HVW VXLYL G XIS GX JEH @MIDDIW p R R HRF XV GRIYV RIR
dans les popDWLRQV GH SDWKRJgqQHV 1pDQPERIcRswe deDOvdiién BofidkanparerL VD W LR
de 1948, les génes de virulence contre le gene de résidetaevariété Victoria est toujours présent dans les
populations six ans plustardf D SU qV 2014 G W
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1.2.2.2 La résistance quantitative

En plus des génes majeurs de résistances, il existe égaleim autre type de résistance
DSSHOpH UpVLVWDQFH TXDQW LWV KtkbgEn® Qiserirhibe EDV  Of
plantes hétes en de nombreuses catégories. Ces ocatégomiespondent a des niveaux de
UpVLVWDQFH TXDQWLWDWLYH T>XJDDHRPSDMQAE LOHWD QGHgqOH
fonction des couples individu plante-individu pathogene. Aveméeanisme, la plupart des
JPQRW\SHV GIXQ DJHQW SDWKRJgQBWR QRD ED SDHOH ¥\ 6 @ HC
limité ou ralenti par rapport a celui réalisé sur un rte résistant ce qui réduit leur valeur
sélective. En conséquence, les résistances quantitatwesegalement appelées résistances
partielles, par opposition a la résistance qualitative egii qualifiée de totale. La base
moléculaire de cette résistance est moins bien coriliee.est néanmoins polygénique et
LPSOLTXH OYDFWLYDWLRQ GH GLIIPHHRHNHOMH YGRH HOA BKL G HR ¢
RX GH OYDFLGH MDVPRQLTXH /HV ORRQWLDPSHO HDYNMVA4RZDQYVY
7UDLW /RFL 47/V HW OHXU L P SKIpFIRW\B QT B QH/V @/DY D pM_IDVEV
OfDXWUH HW PrPH G {SaRatddnitial pUg FoudbreDeXal 2013).

$X QLYHDX SKpQRW\SLTXH OfDVVRWLDXH\R Qp@®@t WFIHT X\WH § HL
SKpQRW\SHVY GH UpVLVWDQFH QTHWW SMHW W R YBEWED § FIHX/NV V
Ainsi, malgré la nature théoriquement polygénique de cesadses, certaines interactions
présentent des caractéristiques similaires a celles rdegadtions geéne-pour-gene. Par
H[HPSOH LO H[LVWH XQH FHUWL@HelatpseralAntohigs €6 H O LQ
al. 2011), et certains phénotypes de résistance partietie plathosystémes sont controlés par
des genes uniques (Laine et al. 2011){DXWUH SDUW GHV DVVRFLDWLRQ\
majeurs ont été mis en évidence dans des pathosystémagesguévélant la complexité des
mécanismes de résistances chez les plantes (Bevarl @3] Ericson and Burdon 2009)

Ces combinaisons entre QTLs et genes majeurs se soemégdalrévélées intéressantes
pour ralentir le contournement des résistances danat&tés cultivees (Palloix et al. 2009;
Brun et al. 2010) 8Q FHUWDLQ QRPEUH GTpWXGHYV WXUH MODHYWV R X
plus durables en moyenne que les genes majeurs de résigRamegliet 1988; Delourme et
al. 2014). Traditionnellement, cette hypothése a été assacipkis grand nombre de genes
associés aux mécanismes de résistances, qui sont dlendopgs a contourner, et aux
pressions de sélection plus faibles exercées sur lesapiopslde pathogénes. Pourtant, aucun
OLHQ QYD HQFRUH pWp FODLG®HPO®IK) W ppM. B EOIQ HERA WHYVODGE I
al. 2004; Moury and Simon 2011). De plus, des études aux chames ebnditions
HISPULPHQWDOHY RQW PRQWU pVT KHRGHW. HUQW L B WHDR) ©HHV \ASHDF
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perte compléete de leur efficacité (Villaréal and Lannou 20@6ntarry et al. 2012), un
processus qui dépendrait notamment des compromisHen®HY WUDLWYV GIKLVWHF
OYDGDSWDWLRQ ORFDOH HW OHMundddD20p45H JgQHYV FKH] OH SC

1.2.3. Evaluation du potentiel évolutif Gf§XQ SDWKRJgQH GHV FXOW
milieu sauvage

Les agro-écosystémes se caractérisent par la gestorpalglements de végétaux par
OfKRPPH TXL HQ RSWLPLVH OTHHSOBEW DYWWVREYV SRQW F R X UX
GH PRGLILHU OD G\QDPLTXH pFRORDXNWpBIVHGA Y B @FHWL Y M LG\
HQ SDUWLFXOLHU FHOOH GHV DJH@EWSR UM W KRGIip&EsX U 70K V
améliorant la croissance des plantes cultivées darch&sps représente une caractéristique
des agro-écosystemes qui rend ces milieux extrémemerduqgifs. Dans de tels
environnements, les effectifs des populations de plaotdisvées et de leurs agents
pathogenes augmentent, le colt associé a cedibsD LWV G{KLVWRLUH GH YLH F
V 1D O QlgppekPescua and Buckling 2008; Loeuille et al. 2013), et legactions
parasitaires sont favorisées par rapport aux interactimnsalistes (Hochberg et al. 2000;
Thrall et al. 2007).& HV FDUD FW p U L V&tdsysieime/ reGddnt @&t Cedviréhnement
particulierement favorable aux agents pathogenes et peiaediter leur adaptation a toute
forme de pression de sélectoff DXWUH SDUW OfYLQWHQVLILFBOMLRQ HW
mené a une perte de diversité spécifique, génétique etiqaehau sein des parcelles et des
bassins de production. EIIk H FDUDFWpULVH SDU OfXWHOVds LRQ G

YRLUH GTXQH VHXOH GH TXH O TKX®&a&steragor ktdentiyueluhd® OHV T
grandes échelles spatiales, et ceci parfois pendantypisienées successives (Loeuille et al.
2013) Dans ce contexte, une variété cultivée représentdaodslane ressource extremement
abondante et une pression de sélection drastique powelets gpathogenes, ce qui favorisent
une spécialisation a la plante héte (Loeuille et al. 20E3¥in, le milieu agricole se
FDUDFWpULVH pJDOHPHQW SDUQGIA WL G HVIIRW MRQ WEIHX B 16 VWAL
mortalité accrue tend a favoriser les génotypes agastcycles courts, a maturation et a
reproduction plus précoces (Loeuille et al. 2013), mais pibuégalement augmenter
indirectement les densités des pathogénes en accrolasamnérabilité des plantes hétes
(Abrams and Matsuda 2005).

'DQV O9YHQVH P-EdDdystemés \gomd dhh&des milieux propices au développement

de pathogénes spécialistes, dont les tailles de populatiohsrgportantes et sur lesquelles les
pressions de sélection sont énorme§$.LFFURLVVHPHQW GH OD WDLOOH GHYV
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pathogénes augmente leur probabilité de rencontzleP LQXH OHV SUREDIEL OLWpV
populations de pathogenes qui pourraient ainsi avoir mansglifficultés a se maintenir
localement, contrairement & ce qui est observé dansakosystemes sauvages (Jousimo et
al. 2014) 8Q WHO PDLQWLHQ GTLQRFXOX® LYW B OBOGPE QW HOV IS
HW OfH[SDQVLR (BuaddnvamuShéalpZ@0siVH IDoRQ VLPLODLUH OfH]
PLOLHX DJULFROH DFFURLW OHWFRQW BR WR/X B Q WW plVOF D YUKXF
naturelles qui peuvent représenter de véritables refugagsetvoirs pour les espéces
pathogénes capables de se développer sur les espéces ganty @ies contacts peuvent
favoriser les échanges génétiques entre les différentpslgtons de pathogénes et
OYDSSDULWLRQ GH JpQRW\SHV FDSDE (@Bdrdanfah YnbaK LU OH\
2008) Enfin, la simplification du milieu perme® {XWLOLVDWLRQ GX PrPH PDWpU
SDUFHOOH j OfYDXWUH HW UpGXDWWAHNXPW pDRRPYOQ EWH W § DD
entre parcelles et donc a la dissemination des pathogénes

/9 D Jéedsysteme est donc un milieu ou les activités humainessifient les
interactions entre les plantes hoétes et les agertegetes et modifient un certain nombre de
caractéristiques évolutives des populations de ces derritansni elles, le cycle de
développement, les flux de génes ou les tailles des populatienspathogéenes sont
particulierement affectés. 1l est néanmoins impossibleateprendre comment les activités
KXPDLQHV DIIHFWHQW OH SRWHO®\WLE DD f YRR G EaDPX Q SD
G\QDPLTXH pYROXW L&dire, @Bnd/ ded populationsFfiHNe \8bnt pas soumises
aux perturbations rencontrées dans les agro-écosystemes.

'"IDXWUH SDUW OHV SDW KR Jga3ystéms soptvddovganisthe@sQsSusO HV [
du milieu sauvage depuis plus ou moins longtemps. lls peuverdffet, avoir suivi leurs
hétes cultivés dés le début du processus de domesticatimintéoemment été mis en contact
avec un hote cultivé qui était absent de leur proprey8tarse et/ou avoir récemment connu
un « host-jump » leur permettant de se développer avec ssstoredes hbétes cultivés
(Stukenbrock and McDonald 2008)3DU FRQVpPpTXHQW SRXU UHFREQVWUXL!
OfHVSgFH HW SDV VHXOHPHQW OWXVWWREDH GH 6 DHMEKYR\
QpFHVVDLUH GH OTpWXGLHU GDQWIGEK\WQ KR B0 DDV RIQIH VTHK LC
choisi soigneusement, en fonction des connaissanoesrc@ant le pathosystéme.

Face a ces caractéristiques inhérentes aux agro-écosgstavorisant le développement
HW OIDGDSWDWLRQ GHV SDWKRJJQHR/Q IGH HHHW B B QIF QA WLPG
UDLVRQQpH GDQV OH WHPSV HW® qifH3/Hs COFTHH V SWiWw HPJH ERQRNV S |
HVW GplLQL SDU OYKLVWRLUH HW OWLE@MDPIAXW DPWEHRL
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gestion. Nous avons choisit de développer cette approche suculinee a fort intérét
agronomique, la betterave sucriére, dont deux pathogésegretodes a kystereterodera
schachtiiet Heterodera betgeparasitent également une apparentée sauvage de la leetterav

suciére Beta vulgarisssp.maritima

1.3. Etude de cas : le complexe Heterodera schachtii / H.
betae/ Beta vulgaris ssp. maritima

1.3.1. Les nématodes phytoparasites
Le phylum Nematoda est un embranchement de vers non sEgneenstitué actuellement de
26 000 especes décrites (Hugot et al. 2001). Il présente une drimamogénéité
morphologique et anatomique malgré la grande diversiténdeles de vie qui caractérise les
QpPDWRGHY HW OHXU SUpVHQFH GDXHWV VMR W I©WUY HYRARWNWW
des déserts (Dorris et al. 1999). Ce phylum serait apparu at di¢iCambrien vers moins
PLOOLRQVARRRQD p998) SUREDEOHPHQW VRXV OD IRUPH G
qui se seraient ensuite mis a utiliser de nouvelles reegguwomme des hotes animaux ou
végétaux apparus plus tardivement (Wang et al. 1999; Sand2e€®) /IDSSDULWLRQ
parasitisme reste néanmoins difficile a dater, car itexieu de fossiles de nématodes. Chez
les animauy, il existe des traces de nématodes paragieteddeces fossilisés de dinosaures
datant de PLOOLR QVPamabap@padost 2006; Hugot et al. 2014) ainsi que des
VSpFLPHQV GH QpPDWRGHY HQWRPRSH VGIORVID QWY GYIDpXI (PR I
PLOOLRQV(PERDZD@Bp HHKH] OHV SODQWHV FH W\SH WH IRVVI
découvert, mais la distribution mondiale de la sous{fardesHeteroderinadaisse supposer
TXH OHV DQFrWUHYV GH FH JURXSH G MW DICH Q WV GipdWijyFa Bl iyW\H Q W
PLOOLRQVF&rEO9Q vekVers 2004). De nos jours, le parasitismenasiode
GH YLH SOXW{W UpSDQGX FKH] OHV QmADWHRLGHVF GXGWVXHR
le phylumNematodaFigure 5. Par ailleurs, une majorité des espéces animales dhiggéa
généralement une, voire plusieurs, espéces de nématodsggsagui leur sont associées
(Gilabert and Wasmuth 2013). Dans le cas des nématodes phgitasmrie parasitisme est
apparu de facon indépendante au moins a trois reprises, edansdres deJriplonchida
Dorylaimida et Tylenchomorpha DX FR XUV G H(Baldwry B CaK VXZAOR) Q Ces
RUJDQLVPHV VRQW JpQpUDOHPHQMWULDXHVLEQHQ TR °E B UQ\
eux soient des parasites de tiges et de feuilleAf@xelenchoidespp.). Tous se caractérisent
SDU OD SUpVHQFH GuMmX QgWwiigvareudaret proXractild \sMiée dans la partie
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antérieure du nématode. Ce stylet leur permet de piquerlleleserégétales de leur hote et
de développer des structures spécifiques appelées sites eosirgii leur permettent de se
développerigure 6.

Figre5 5HSUpVHQWDWLRQ GH O 1D U E U NerSatoda&pigsenany leF cing cladesS K\ O X P
numérotés de | a V et le groupe paraphylétiqueChromadorida(C) basé sur a séquence de la petite sous-
XQLWpPpGH O1$'1LessERERFOAFDVOFRUUHVSRQGHQW j OfpFRORJLGHWTIIRSMEWY T X
GHV H[HPSOHV GYHVSgFHV VRQW :G/RIQ®DyVe irEKJRIWIRMooBArdokes XeWhiHQ EDV
Phasmarhabditis hermaphrodijtRaragordius tricuspidatus ' D SU q V t'dR U999 & Hdlterman et al. 2006.

La production agricole est particulierement touchée par lgeces endoparasites
VPGHQWDLUHY GHV UDFLQHV | Q[HNILW DG UBDWVEQHH G XTKDRL.QW
majorité de leur cycle de développement, notamment les ésntiédMeloidogynidaeet des
Heteroderinae & HV GHX[ JURXSHV QH SDUWDJHQW H/D W & XIMHARf VO
similitudes dans leurs morphologies et leurs modes de vie me gg@ le résultat de

phénomeénes de convergence évotifiolterman et al. 2006). Sur les parties aériennes des
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plantes, les attaques de ces nématodes se traduisent pgmi¢dmes rarement spécifiques

des espéces impliquées : les plantes se décolorent, spinise flétrissent ou ont une
croissance plus lente (Oka et al. 2000). Ces plantesépatties en foyers qui forment des

taches au milieu des champs, qui pourraient étre causéesnp#out autre probleme
parasitaire ou agronomique. En revanche, certains symptéomasie une forte ramification

GX V\WWgPH UDGLFXODLUH RX OfIRRBEMHWYBWLBRY BER B B/
QpPDWRGHV VXU OHV UDFLQHV SHYQRQWIL BHBEPXMMEWUH G
OfHQVHPEOH OHV GpJkWV VRQWQB HG WA B® X WIDRIDQ W X WWDHALC
parcelles infestées, et/ou qualitatif, impliquant une balssk qualité du produit récolté qui

peut les rendre impropres a la commercialisation.

Figure 6 : Caractéristiqgues des nématodes phytoparasitesD /D biMétodeh schachtiib. Diversité des

VLWHYV QRXUULFLHUV GpYHORSSpV SSDJUWYMChHYW eHAL.S20F2H VF SKRWHER BRVU B LW
schachtii d. Coupe transversale de la pénétration du styldRatglenchulus reniformislans une cellule de

cooon /D PHPEUDQH SODVPLF VILQYDIE H) RXWRAL KX NWWNOIRW PHWG R Q WC
j F{Wp GH OYRULILFH GX VW\OHW BRXWUL8H QMWHWS\DUH Ol dir PR MVSRE IHR QG TBL
2013) H &RXSH WUDQVYHUVDOH GT1XQ Wamdylivd L ncP n8dib®ipdPdelMERI®ES J dNAV W
Gheysen and Mitchum 2011).
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1.3.2. Biologie des nématodes a kystes (Heteroderinae

Cette famille est constituée de 18 genres dont six corrdspba des nématodes a kystes dont
le genreHeterodera TXL FRQWLHQW SUqV G 1 Xécktey Sudio@wtRILQH G
2001) Cette famille de nématod® FDUDFWpULVH SDU OD IRUPDWIHRQ G{X
kyste, qui correspond au durcissement de la cuticule du derpsfemelle apres sa mort et un
fort dimorphisme sexuel OHV PKOHV VRQW ILOLIRUPKWWHWWHPE OIOH\E VI
CtULIRUPHY EODQFKHV HW G TXWiréi [SubbotiH eGaff POQOY.LURQ XQ C

Le cycle biologique des nématodes a kystes est globalecnenposé de quatre stades
ODUYDLUHV HW GIXQ VWDGH DGHOW™WH WROQWYYHSDOhW S BX
biologique se déroule dans la plante et les kystes contier@esecond stade larvaire.
/IMPFORVLRQ GH FHV ODUYHV HMW [ MM RDUAYV pUHD 6§ DQ DQ. D HSWJ ©OMLH
SDU OHV SODQWHV K{WHV TXL OH & 1O RMHIDMW BIBRQEODELDNF H QvmH U
2008) /D ODUYH SHUFH DORUV OD SBWRE URJIpMADVCH j DOYTHR W k
UDFLQH MXVTXYDX YRLVLQDJH GWHN \FWIg® H YIDW EX DL URMMU® E
nourricier, appelé syncytium, qui correspond a la fusionplisieurs cellules végétales
(Figure 6; Gheysen and Mitchum 2011). Ces syncytiums fonctionnemime de véritables
puits métaboliques qui détournent les ressources derfte@a profit du nématode. Celui-ci
HITHFWXH VHV PXHV VXFFHVVLYHWYOMXVITXAXAMDIW MWD G I RDUGVX C
pouvoir ORFDOLVHU OHV IHPHOOHY HWPHOOHS URGXMLN VWQWY G\
pFODWHU OYfpSLGHUPH GHV UDFLOHVYH $BU®W QW §UREORWpLL
IHPHOOH HW \ SRXUVXLYHQW OHXU D@¥YH@RLhIEERKEQW MX\
meurt et sa cuticule durcit et brunit, ce qui forme lesdsysCes structures peuvent conserver
OHV ODUYHV HQIHUPpHV SHQGDRBRWH QP VAH XSO QW E pk{MVHQ
cycle est influencée par la température et certaines esspgmmmeH. schachtiiou H.

cruciferaepeuvent effectuer plusieurs générations par an (Subbatin210).

1.3.2.1 Heterodera schachtii
Heterodera schachtiest une espece sexuée et diploide qui parasite laavettencriere en
FDXVDQW GYLPSRUW D Q ¥¢ieQe Tk Wexhad e DeuL 86 dB¥elapper sur une
JDPPH GYK{WH SDUWLFXOLqQUHPHQWHXWH® G5 gKHVF & R S®IH
familles de plantesBrassicaceae ChenopodiacegeAmaranthaceaePolygonaceae getc.)
cultivées ou non (Subbotin et al. 2010). La présence de espéce a été observée en
Ameérique du nord, en Asie et autour du bassin méditerranéen aindags toutes les zones
EHWWHUDYLqQUHV GT(XURSH GX VXG® \GH @ 9)WMB@REK HOBX/[ BXDQ
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betteraves sucrieres sont particulierement infestaéesua des sucreries. Par exemple, en
fonction des régions, il y 10 & 35% des surfaces de betteigy étaient contaminées en
/ID GLVWULEXWLRQ GH FH QpPRWRIGH ®NEYV VDD \pFRQ Q)

Figure 7 &\FOH GH GpY HiderR®&arbPsehQotiies larves au deuxieme stade de développement

/ E $SUqV OTLQYDVLRQ GH @BQUWDFMHH OBWWODHROMHEHVEBDGUDELQH
Mitchum 2011).F )HPHOOH TXL VH UHB®S@dtA. 1998)dl Veurz fTem8lldsgblanche. e. Kystes
a différents niveaux de développement (les plus agés sont $esophiores).

Les kystes déd. schachtiSHXYHQW FRQWHQLU MXVTXT]j HUV HW
viables au moins pendant six ans en conditions défavoraBlesime pour tous les
Heteroderinae OfpFORVLRQ GHV ODUYHV HVWD&RS fmaid veptéel SDU
VWLPXODWLRQ HVW PRLQ WeldRodafathr TesHosdRiohs fa@dfdbENe H V
température sont suffisantes pour provoquer une éclosictastiblle. Néanmoins, le temps
GIpFORVLRQ GT1XQ F\FOH j O DXEYRéhty aneH vewiHL9WSom Byl H QW
GH GpYHORSSHPHQW SHXW GRQF FRPPH@QWVHUX[ MOR RW FIRPA
VXIILVDPPHQW IURLG SRXU UDOHQWRQUDREX HDQFRH WHWK{@/H GQ|

Page P9



survivent seulement quelgues jours dans le sol, ce qui peetnfamt réduire les effectifs des
populations. Au champ, deux a cing générations sont possilnlesne méme culture de

betterave (Subbotin et al. 2010). Lors de forte infestatiences cultures, les pertes de
rendements atteignent 30 a 60% de la moyenne régionale.

1.3.2.2 Heterodera betae

Heterodera betaest une espéece qui a été découverte dans les champs devéetteriere du
sud des Pays-Bas (Maas et al. 19828 HV DXWHXUV RQW G&maiERUJEG SHQV
découvrir un nouveau biotope du nématddletrifolii pour qui la betterave est un hbte
SDUWLFXOLqQUHPHQW LQKDELWXHO GBGRRSSHPHQ@W HHWV@Q FX}HD P/P
GHJ betaesont fortement similaires a ceux ¢k schachtii(Maas et al. 1982; Maas and
Heijbroek 1982; Subbotin et al. 2010)3ARXUWDQW FH Qfiel WaltsTeX fatH Q
décriventH. betae FRPPH XQH HYV S q HHtriBliL.VOstie @$§p@cel n€&Sgose de réels
problemev DJURQRPLTXHV TXJfHQ GH UDUHW F LOQF REQWRWB QIEH VI
G\QDPLTXH pYROXWLYH GH FHWWH HMBQHHE h&®W pWp PRLQV

Cette espece est parthénogénétique et tétraploide, et emédanne semble avoir été
observé a ce jour (Steele and Whitehand 1984). Hormis cetbtéerde particularite, le
GpYHORSSHPHQW HW OD PRUSKRORHRHQWWH \AHPW ML BIM 8 qjF H
schachti &HV REVHUYDWLRQV R QWH. Béta@pouyaiD udik 3éramimegiv H T X
PYROXp | I BdhawhtilR XSHGdlycinesqui possedent toutes FKURPRVRPHV  F{H\
dire, deux a quatre fois moins gde betae(Mulvey 1957, 1958, 1959; Steele and Whitehand
1984). Depuis sa découverte initiale, cette espéce a été @bganncipalement dans les
cultures européennes de betteraves, en France, en Alleneagtialie, aux Pays-Bas, en
Suede et en Suisse (Subbotin et al. 2010). Commehhaschachtij sa distribution dans les
pFRV\VWqgPHV VDXYDJHV QTHVW SDV FRQQXH

1.3.3. Contrdle des nématodes a kystes de la betterave

La Ilutte chimique, RWDPPHQW OfYXWLOLVDWLRQ GH IXPLJDQ
GIRUJDQRSKRVSKRUpV D ORQJWHPBHH pMRIQW D HP MK R Q piP D
kystes. Pourtant, plusieurs de ces molécules actives Jadoptus efficaces, se sont révélées
hautement nocivesRXU OD VDQWp KXPDLQH HW OfHQOLVRW QRIE@ HHQA
DXMR XU G T KZhurauEWaH 20B0). Warni les stratégies de gestions aitesngti ont

été développHY OD OXWWH FXOWXUDOH SUpPR GHWH FXTPDADXOR
fonction des sols et de la densité des populations deatodes. Cette méthode semble

prometteuse, mais reste difficile a mettre en praticareyic grand nombre de plantes pouvant
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rWUH FXOWLYpHV j OD SO D FHWG pJ DO HEPHHVD MY Iscki s R HO QK HF W 1GyTU H
PrPH IDoRQ OHV PpWKRGHV GH OXWWRHY GHKW VROV FRIP BH/
nématodes, ou la solarisation, qui augmente la tempémusurface du sol, sont aléatoires et
VRXYHQW GLIILFLOHV j XWLOLVHU EGHFKU@H et Blo BOQ0)plleR QRP LT
HVVDLV GH FRQW Wi{6cHachtii Ro@Rmént gaHf SW LOLVDWLRQ GIXQ FI
SDUDVLWH GX QpPDWRGH (Méfed el RoheXtp ZDP2) / T.QOW LIQEYBW LR C
variétés résistantes de plantes hétes constitue domecdasysteme, la meilleure alternative

aux nématicides.

Les résistances génétiques contre les nématodes se sonéwddges plus durables que
celles utilisées contre les champignons ou les bactgaibegenes (Castagnone-Sereno 2002;
Molinari 2011). En effet, plusieurs especes ne réalisent quelgpgénérations par an et leur
SHWLWH WDLOOH QH OHXU FRQIqUGIL H EWaKcaeH1968).SHaF LWp G
exemple, le gene H1 chez la pomme de terre a été utilsiape30 ans contre le nématode a
kyste,Globodera rostochiensi®t le gene Mi-1 a, quant a lui, contrélé pendant plu&0dens
OHV QpPDWRGHYV j JDOOHV GH ODTWHRCEDXWHH DL QQWLGX DWBISI
Cdifornie (Kaloshian et al. 1996; Fleming 1998). Néanmoins, quel queles@athogéene,
DXFXQH VRXUFH GH UpVLVWDQFH Q 1HWW VW XGHD B @@IH HR\D I3 H X
déja été documentés pour différentes espéces de nématkyldssa(ex. Lange et al. 1993;

Lasserre et al. 1996; Dong and Opperman 1997, Fournet et al. 2@1i8grjt la nécessité de
développer une gestion durable des résistances génétiques.

'DQV OH FDV GHV QpPDWRGHV VOYWIDIQRDH IMWp GHITXQHWY BD L
inhiber la formation de femelles (Trudgill 1991)3OXVLHXUV PpFDQLVPHYV SHUPH
cetobjectif L OH UHWDUG RX OD U p Giesparlds @xsBdatsOfEm&H©®R VLR Q

LL XQH UpDFWLRQ GYK\SHUVHGOVGELOLWH QBXYgWV LED HRL VW
perturbe ou bloque le développement du nématode ; et (iii) $aulgisation des juvéniles
qui peut étre associé a un mauvais fonctionnement du sitéaier ou a la mauvaise qualité
de la plante héte (Grundler et al. 1997; Sobczak €204l5; Thurau et al. 2010). Chék
schachtij les mécanismes de contréle mis en jeu dépendent deule ri la résistance,
gualitative ou quantitative, qui limite plus ou moins efficaeat le développement des
femelles Figure §. Néanmoins, les mécanismes favorisant un arrét de déveleppe
précoce, comme la déstabilisation du site nourricier, oMAXVTXYj] SUpVHQW pV
garantissant les résistances les plus durables (Casta§eoeno et al. 1996; Mugniéry et al.
2007)
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Figure 8 1RPEUH GH I|HPH CHetervderhl sahsi¢iiipar gtafit de betterave sucriere en fonction

de la nature de la résistance de la planté&kouge : variété sensible, sans résistance génétiquageOraariété
possédant une résistance patrtielle (Quantitative) ; \Vearieté contenant un géne majeur de résistance
(qualitative). Les nombres au-dessus des barres corresp@ntientoyenne du nombre de kystes obtenus par
variété.

1.3.4. Betteraves sucriére et maritime
1.3.4.1.La betterave sucriére

La plupart des informations connues suirschachtiiet H. betae VR QW LVVXHV GH Ofp
populations de champs de betterave sucriBega( vulgarisssp.vulgaris) au sein desquelles
ils causent le plus de dégats. La betterave sucriermegtlante bisannuelle appartenant a la
famille desAmaranthaceaecultivée depuis le XVIA™ siécle pour la production industrielle
de sucreEncadré ). Le sucre de betterave constitue, en effet, prés ded20Rs production
mondiale actuelle de sucre. En France, premier productendiai de sucre de betterave,
cette culture se déroule généralement sur une année étengfgr pres de 370 000 hectares de
terres (http://www.labetterave.com/).

La sélection des variétés de betteraves a été imtiédllemagne en 1786 par Francois-
Charles Achard, qui ne considérait alors que des caractenggologigues comme la taille
GHV WXEHUFXOHYV OD SUpVHQKH) GITXNQHVU@ORQQMWDFPBIOD U L
3XLV OH SURFHVVXV GH VpOHF®W I(R®@ VR QF pik) VGKH W H ROQR ML
JpQpPWLTXH PROpFXODLUH HW VXWWIDQ B/ B ®ingidtvmdntO THYV S g
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Encadré4:/H VXFUH OD EHWWHUDYH HW XQ SHX GYKLV

1575: Olivier de Serres décrit le jus sucré que produit lataeftelors de sa cuisson.

1789: A la veille de la Révolution, la France est a la tBiecommerce et du raffinage de sucre
FDQQH OH VHXO VXFUH TXL HVW FULVWDOOLVDEOH j OfY¢

1806: Suite a la défaite de Trafalgar, Napolédhidstitue
OH EORFXV FRQWLQHQWDO GH OfY¢
Antilles et ouvre deux fabriques de sucre de bettérave
Chelles et a Saint-Ouen (lle-de-France). Il comtiaa

a développer la filiére de production de sucre de bettera
MXVTXTj OD FKXWH GH OYf(PSLUH H

Figuue 9 /H PLQLVWUH GH Of,QW p UnsHix
VXFUH GH EHWWH U GMWire de PeéRcS HUH XU

1815-1845 Retour du sucre de canne en France et effondrement deslo®usre de betterave. P
la suite, différentes politiques fiscales sur les sucres coborghbetteraviers ménent a la fermet
GTXQ JUDQG QRPEUH GH VXFUHULHYV

Figure 10: Tensions entre les sucres de canne et de
betterave.Gravure de Doumier est paru en 1839
dans Le Charivari n°263.

1848 /YfDEROLWLRQ GH OfHVFODYDJH PgQH j XQH IRUWH

augmentation du prix du sucre de canne.

1860 S5SpWDEOLVVHPHQW GH OfpJDOLWpPp GHV GURLWYV

entre les sucres de canne et de betterave.

1870: La France devient le premier producteur européen de subettdeave
1890-1912 Augmentation de la productio
de sucre, dont 60% est issu de la bette
sucriere. Pour écouler la production, L
YPULWDEOH FDPSDJSDH le<
bienfaits du sucre est lancée pour augme
la consommation des francais qui perdu
MXVTXYj ODMdi&leG X ;;

Figure 11: Buvard plubicitaire de la
campagne 1956-1957.
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1914-1918 Premiére guerre Mondiale : les régions betteravieeegdiises les plus importantes sont
situées dans les zones de combal3. SURGXFWLRQ FKXWH IRUWHPHQRWUWWEHVW

guerre.
1940: Durant la Seconde Guerre mondiale, le sucre est a nowate&nné pendant les combats.

1950-1975: Développement des variétés polyploides et monogerme deabegiesucrieres et de la

mécanisation de la culture.

1990-2000 'pYHORSSHPHQW GHV FDUEXUD QWW D ED WK B lpyWKD QRO W

OHV UHQGHPHQWY S$XMRXUGTKXUXNOQW SWXH EDRQGKXLGH EH
kilo de sucre (Bordet 1997) / { DiBrpt@n variétale a également concerné la gestion des
especes pathogenes. Plusieurs programmes de criblage dessedp®auatre sections du
genre Beta (BetaNanae Corollinae et Procumbentes) ont ainsi été mis en placg po
rechercher des génes de résistance ou de toléranceféeerdds maladies comme la
rhizomanie, associée a la présence du virus BNYB¥e{ necrotic yellow veimirus) ou
encore les nématodes a kystes (Zhang et al. 2008).

Dans le cas des nématodes a kystes, au moins trois geréesstience différents ont été
trouvés dans la sectidfrocumbetes, chez les espéc&eta procumbens3. webbianaet B.
patellaris Le géneHslest situé sur les chromosomes homologues 1 des tpaéisesgHs2 est
présent sur les chromosomes homologues Beda procumbenst deBeta webbianat Hs3
est sur le chromosome 8 Beta webbiangLange et al. 1993; Mesbah et al. 1997; Thurau et
al. 2010). Bien que le déterminisme moléculaire de ces gimesgsistance soit toujours a
définir, le contournement ddsl mais pas déis2 SDU XQ SDWKRW)\ScHacYiti UXOHQ\
suggere leur implication dans différents mécanismes deamsis{Lange et al. 1993). Ces
genes ont par la suite été introduits dans des vadétégtterave sucriere par hybridation et
FURLVHPHQW VXFFHVVLIV HW $HGPNWHHQYWWHY KERHQ B/RISE |
schachtii(Werner et al. 1995; Dewar 2005)PDLYVY SDV GHYV s Bea(RdaasvanR QV G 1
Heijbroek 1982). Les rendements de ces variétés restentdegpenférieurs a ceux obtenus
avec des variétés sensibles, ce qui restreint fortiele@mutilisation au champ.

Des résistances partielles, ou quantitatives, ont égatedte identifiees cheafiparentée
sauvage de la betterave sucrieBeta vulgarisssp.maritima &HV UpVLVWDQFHYV QYH
SDV OfLQIHFWLRQ GH OD SOD®WHHX Bddie@él emellpPforiveBsGHY P
(Thurau et al. 2010). De nos jours, la plupart des variétésneocialisées portent ces

résistances partielles, et sont celles qui sont les musent utilisées en présence de
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QpPDWRGHV j N\WWWHV &THVW SRIXRDWRRQ GDXQ % ROMH BIVG. U ©
SRSXODWLRQMW. schaxhtiCH\W G@de nous avons choisi de travailler sur la
EHWWHUDYH PDULWLPH TX LceHl¥ ¥eés @§istdnteld geratilyed étHinjh@ed VR .
sur lequel les deux nématodes se développent(Maas and Hell9@k

1.3.4.2.La betterave maritime

Beta vulgarisssp.maritima est une sous-espéce sauvage de betterave inféodée aauxitto
GX SRXUWRXU PpGLWHUUDQpPHQ DX[GHW MM @IVKE DN QM HVX 80G
comme les Acores (Letschert 1993). Cette espece peut égalporetuellement coloniser
OTLQWpULHXU GHVY WHUUHYV GDQOVHOHEFHUY DL B QVWIUH\E XS IXR/!
apparaitre dans des sites rudéraux tels que des bords dedesutessés ou des friches. Dans
certains cas, comme dans le sud-ouest de la Frareesehlors en contact avec les zones de
production de semences de betteraves cultivées, avecllesaplie est totalement interfertile
et peut générer des hybrides (Dijk et al. 2004; Fénart et al. 2008ud et al. 2009; Arnaud
et al. 2011).

La betterave maritime est une espéce pérenne et itéradpatda durée de vie peut varier
entre deux et dix ans en fonction de la stabilité deditons environnementales (Hautekeete
et al. 2002). DeOD PrPH IDoRQ OfkJH GH OD SUMPGqVHODDBUBPVYR
DQQpH DX VXG GH VRQ DLUH GH UQBDIWHPRLOGRG@ IDERRDV\
généralement lieu que lors de la deuxieme année. Ce polymuepbi& associé a un besoin
de vernalisation déterminé par un gene majeur, noBirfgour « bolting »), dont les alléles
UHWDUGHQW RX QRQ OY (Buary EtvdlL Fog¥) QdtteodanteOeRt L& falemh&nQ
anémophile et auto-incompatible (Owen 1942). Ses fleurs sont goppé paquets de deux
a huit le long des axes floraux, fusionnent au sein dgaquets pour former un fruit sec et
non charnu, le glomérule, qui contient un nombre dengsaiégal au nombre de fleurs
initialement présentes-(gure 1J. Les graines produites peuvent étre dormantes et constitue
des banques de graines pérennes dans les populations naturellassoles cultures de
betteraves sucriéres (Arnaud et al. 2010).

Les populations naturelles ddeta vulgarisssp.maritima peuvent étre gynodioiques, et
contenir a la fois des individus femelles et des individustfonnellement hermaphrodites,
notamment le long des cotes francaises (Biancardi. &042). Le sexe des individus est
déterminé par une interaction entre des genes cytoplasndqu&sgrilité male et des alleles
nucléaires de restauration de la fonction male (Cugueh @994; Fénart et al. 2006). Il

existe quatre principaux genes cytoplasmiques de stérilité odil peuvent induire un
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JPQRW\SH IHPHOOH GRQW OD IUpTXHMWMFBHX UDWDMVRQ T XYHD UFLH-
SR SXODW L RDpfay €@ fID200W)ULE valeur sélective des différents types résultant

GH FHV LQWHUDFWLRQV |IHPHOOKHHNU ACHI KRIORSKUIWRKG\W. V) R RIOHA
équivalente, ce qui influence le sex-ratio local, et darstructure des populations naturelles

de betteraves maritimes (De Cauwer et al. 2010; De Cauwer26tlal).

Figure 12: Morphologie de Beta vulgarisssp.maritima. a. Individu adulte. b)) OH XU GTXQ LQGLYLGX IHP
OHV pWDPLQHV VRQW UpGXLWEX KWUPIDEKWY RE LMDHH O HEH XGH V. @&ADYRL Q H
pollen. d. Grains de pollen aprés coloration alexandemgiligint les grains viables (violet) et non viables (vert).

H *ORPpUXOHV IUXLW | 30DQWDXB®WMQHSRBXDBWLRQ QDWXUHOOH

1.4. Plan de la thése

/I YTREMHFWLI GH FH WUDYDLO GQHOWKYRIDXWW GHpEBBH XK QP PDH
de la betterave sucriere, a ¥f(HUV OfpWXGH GH OD VWUXFWXUH JpQpV
biogéographique de leurs populations. Les résultats attendus doiapurter des

LQIRUPDWLRQV XWLOHV DX GpYHORSSHP HQW DEID HV @ H D Wp
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génétiques utilisées pour les contrdler. Ce travail mdiérement réalisé sur des populations
de nématodes se développant sur des plantes hotes sals/Bgés vulgarisssp.maritima Il
VIHVW VFLQGpP HQ GHX[ D[HV SULQFLSDX]

(1) Le premier axe se concentre sur la reconstRIQF HW OD FRPSUpKHQVLRQ
PYROXWLYH GH Y. SRasHiGINA Gda@sur Ia fetterave maritime. Pour réaliser
FH WUDYDLO LO D WRXW GIDERU® P\ DFVFHWMDHW H FGRHD |
génétiguement les populations de ces deux pathogenes ddfistidution dans les
pFRV\VWgPHVY WHUUHVWUHYV QYpVWDLORXXYXHBNX BGRFPFRRANM @SS
XQ pFKDQWLOORQQDJH KLpUDUFKLTXH AV IDQG B{QWH ®XV DAL
Gibraltar en Espagne MTXfHQ 6XgGH /H JpQRW\SDJH GHW3RSXIOW W L
GH QpPDWRGHY QRXV RQW HQVXLVWH SHEFRIOR GJHEHBARLLRO $ FO

respectifs des trois especes.

(2) Dans un second temps, nous nous sommes attachés a kdésmiteture genétique des
SRS XODWL RDAchtiG] une échelle plus locale, en nous concentrant plus
SDUWLFXOLqQUHPHQW VXU OD GRXEQHW HLQ p@pKMQH B HG H WO 1
JpQLTXHV &H WUDYDLO D pWp UQPQODInhppwHalf® Ut Heus 1XQ pl
années consecutives et permet de mieux comprendre la dynaoigiles du pathogéne en
VLWXDWLRQ QDWXUHOOH ,0 DSSRYEWHKHQD ORI®@ HMQW @M V¥ QdC
activités humaines sur la structure génétique des populat@ngmatodes localisés au sein

des agro-écosystemes.
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2. Geographical occurrence and patterns of
genetic diversity of two cyst beet nematode:
and its associated host-plant, the sea beet

2.1. Characterization of the geographical distribution of
nematode populations in the wild

2.2. Spatial distribution and basic ecology of Heterodera
schachtii and H. betae wild populations developing
on sea beet, Beta vulgaris ssp. maritima

2.3. Comparative phylogeography of host/parasite wild
populations: wild beets and cyst nematodes as a case
study

2.4. What is new and what to do next
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2.1. Characterization of the geographical distribution of nematode
populations in the wild

2.1.1. A comprehensive sampling on the putative species distribution area
as a prerequisite

The first step was to describe the large-scale geographstabution of nematodes and host-
plant species along with their patterns of spatiakterstructure. This survey may help to
localize the species of interest in poorly investigataitats and to define the extent of their
geographical distribution range. This information may betiqdarly useful for the
monitoring of endangered species or of economically inapbispecies like crop pathogens.
$GGLWLRQDOO\ SUHFLVH NQRZOHGJH\ KIHD SV S\HRF IFHRVQIW $ KW
results performed on fine spatial scales where micadugenary processes are likely to
dominate.

Population genetic structure is mainly shaped by the utieraof two fundamental
micro-evolutionary forces over space and time: genetft and gene flow. Dispersal events
implying effective gene flow are generally not random in spawk @an have important
consequences in the dynamics of genes, in shaping population dpmpgand in
determining the spatial and temporal scale at which popuofatan respond to selection.
Genetic drift is another evolutionary force with antagomisfluence to gene flow. The
equilibrium between gene flow and genetic drift is thus &rakprocess in shaping the spatial
distribution of genetic diversity within and among populasgio in determining species
cohesion and how they can extend their range. Integéstpopulations are often composed
of distinct breeding units that can display hierarchigahetic patchiness due to spatially
restricted gene flow. Gene flow and genetic drift thus gotleerset-up of fine-scale genetic
structure and the size of local genetic neighborhoodsmatthiich selective processes will
take place. However, present-day species diversity and geoeahdistribution are also the
products of past historical and ecological factors occunvmy large periods of time. Beyond
studying local patterns of genetic structure, understandiagutiderlying mechanisms of
range shifts and characterizing large-scale patterns afribet gene flow are therefore key
elements to understand species cohesion and evolutionamntipbof their populations. The
scale of investigation is then inherent to specific questim®volutionary trajectories of
populations/species.

In this respect, co-evolutionary and co-adaptive intemastamong host and pathogen

species are long-lasting evolutionary processes whichplake over the lifespan of host and
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pathogen populations. To detect such evolutionary processes,necessary to go back
enough in time and a continental study sounds as a su#edlle to investigate co-adaptive
interactions. However, the possibility to detect the faotmf past events in a given species
also depends on tools and approaches. For example, qgemeatiers can trace back past
events depending on their evolution rate. Fast-evolvingkensr such as neutral DNA
microsatellites, cannot apprehend geological processesntmast, using a molecular clock,
mitochondrial DNA can be a high-resolution tool for the ingztion of prehistoric
demographic events, such as founder effects and populapamsons. In the same way, the
generation time is important because it also impactsfao a molecular marker can go back
in time to trace genetic signatures of past historicahtsvd-or example, microsatellites of a
perennial species such as trees should be able to detecewddes than in annual plants
because trees produce less generations on the sameqieiioel.

In the case of sea beet populations, previous work showednibeosatellite markers
were enough informative to describe past evolutionarggsses occurring since the last
Glacial Maximum, suggesting these markers are suitablbdanvestigation of the history of
this plant (Leys et al. 2014). However, for nematode spesigh information was not
available. Because parasites are expected to evolve tlaatetheir hosts (Huyse et al. 2005;
Nieberding and Olivieri 2007), we decided to used both micrdisasdbci and mitochondrial
sequences to increase our chances to detect signatbicggedgraphic factors. Moreover, all
the work presented in this section was based on a hierdrshioaling performed along the
European Atlantic coastline, from the North of Moroccdhe strait of Kattegat in Sweden.
This sampling design, composed of several nested scalghengarticularly relevant to give
a posteriori information on the relevant geographical scale to densin the study of

evolutionary processes occurringHeterodera schachtandH. betae

2.1.2. Sampling wild nematodes populations is a hard task
As for many crop pathogens, almost nothing was known onctwerence oH. schachtiiand
H. betaein natural ecosystems at the beginning of the projectethdeild populations of
cyst nematodes, an#fleterodera species in particular, were only described in coastal
foredunes and grasslands (van der Putten et al. 2006). Howevehoth ecosystems
nematode identification was generally limited to the getafition, and there were no clear
references tdd. schachtiior H. betaeoccurrencgVerschoor et al. 2001; Verschoor et al.
2002; van der Putten et al. 2005; Van der Stoel et al. 2006). Adalitipexperimentations in

controlled conditions showed that visual symptoms induced $lyrematodes on wild host-
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plants may be limited, or similar to symptoms causedbytia stresses in natural conditions
(Brinkman et al. 2005). Thus, the presence of wild populatiof cyst beet nematodes is
difficult to diagnose and may limit the development of adezmjsampling designs. Individuals
of Heteroderaspp. are dominant in the soil nematode community of foreduviesre the
specieHeterodera arenaridhas been extensively studied (see references in van den Butt
al. 2006). Similarly, other studies reported the occurrencddedérodera avena@nd more
recently ofHeterodera manin sub-humid coastal plains and in foredunes (Mokabhlet
2001; Mateille et al. 2014). This suggests that coastal envimismeay be particularly
suitable for the development of a large spectrurHeteroderaspecies including our species
of interest.

Based on this literature, we expected to find tiegeroderaspecies in soil samplelt.
arenaria, H. avenaeand H. schachtii Indeed, they all have been observed in the coastal
habitat andH. schachtiihas been found in cultivated fields of all countries ledalong the
Atlantic coastline (Subbotin et al. 2010). This may indith&e these latitudes are beneficial
for its development in the wild. In contrabt, betaehas mainly been reported from cultivated
fields of northeastern Europe. As a restit, betaewas not initially expected in wild soil
samples. However, its ability to damage sugar beet fielsidaigge occurrence in all the
investigated area (cf. 8 2.2) and cross-amplification ofrgsatellite markers betwedn.
schachtiiandH. betaeencouraged us to include the studyHobetaein this project.

Beta vulgarisssp.maritima is a wild relative species of sugar beet (Beta vulgsss
vulgaris) occurring along the Atlantic and Mediterranednorelines, which is known as a
suitable host for bothl. schachtiiandH. betag(Maas and Heijbroek 1982). This plant has the
particularity to be the source of most of the sugar besstant varieties used to manade
schachtii in the fields (Thurau et al. 2010). Studies on wild cyst ned® populations
developing within sea beet populations may thus give insahtbe evolutionary potential of
field nematode populations (McDonald and Linde 2002). This spedeur on the Atlantic
shorelines since the Last Glacial Maximum, suggesting vgket cyst nematodes populations
may have had a long interaction (Leys et al. 2014). Aesalt the sea beet was suspected to
support large populations of nematodes containing virulentighails which may represent a
potential danger for sugar beet fiel®ta vvulgarisssp.maritimais sensitive to competition
and restricted to the shoreline, just at the upper lefvbigh tides where salt and drought
conditions limit the density of competitor plants in theghborhood (Coons 1954; Biancardi
and De Biaggi 1979; Biancardi et al. 2012). These charstitsrimake the sea beet a host

plant of choice for the development of a workable samgpbrocedure. Moreover, the coastal
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environment has the advantage to be relatively narrow amsbdenous along the shoreline,
which limits the spatial area to survey. Hence, among ttraltive host species for both
nematodes, the sea beet appeared as an excellent cafolidafest survey of geographical
distribution of wild populations in cyst beet nematodes.

2.1.3. Preliminary results on geographic structure of genetic diversity of
the three species, hypotheses and objectives

The sampling and molecular analyses of host plant and adengbpulations started before
my PhD. The evolutionary history of the sea beet was ibescfor populations distributed
from Morocco to Brittany. Sea beets persisted in latitudegid than the North of Portugal
during the Last Glacial Maximum, and expanded northwardugirgpostglacial migrations
(Leys et al. 2014). Phylogeographic information from sequeedata of two nuclear genes for
both nematode species showed a total absence of geographicalring amondd. schachtii
populations and evidenced a phylogeographical pattern in popslatidh betae(Voldoire
et al. unpublished data).

Two main scenarios emerged from these preliminary redtiltst, nematodes and sea
beet populations could have interacted for a long timejtheg in common phylogeographic
histories that favor the development of co-adaptatiocosevolutionary processes. In this
case, population genetic structure of the host-planttla@garasitic nematode should show
some congruence in their genetic signatures (Avise 2000;eHetysl. 2005). Second, the
nematodes could not interact preferentially with thebssdt, which was infested as any other
suitable host-species along the shoreline. In that, ¢hsehost and the parasites may have
different evolutionary trajectories and may exhibitfefiént phylogeographical patterns.
Observed differences between the two nematode species sy frem very different
biological traits like their reproductive mode, their tacange or their dispersal capabilities. It
may also be an artifact related to the use of limitechber of nuclear genes. Indeed,
genealogies result from the interaction between differ evolutionary forces and
demographic variations. Random processes may slightly fezedif for each locus and may
not reflect the true history of the species. As a ltesu phylogeographical studies, the
combination of data from several markers is stronglgmenended to give a good support to
D SDUWLFXODU ELRJHRJUDSKLFDEONVWEHN@RDQUHR BIOVSHFLHVY |

In this context, my work was devoted to confront the obskegengraphical distribution
of the two nematodes species with the literature, pdatiy for H. betaewhich occurred at

higher frequencies than previously expected. Next, | genotyed. ssp. maritima, H.
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schachtiiandH. betaepopulations with existing microsatellite loci. Finallydéveloped new

sequence markers (nuclear and mitochondrial genes fortoeesaand a mitochondrial gene

for the sea beet) together with sequencing procedures (R&dhgequencing technology) for

nematode genes. These data were subsequently used to ahalyxurrence of the two

nematodes in the wild and to develop a comparative phyloggbigal study of the three

species. Results were grouped in the two articles preserited section.

1.

In the first one, presence/absence data for geographicatrence of the three
species were used to (i) describe their respective distibalong the Atlantic
coastline, (ii) investigate whether nematodes were or matoraly distributed in
space (iii) identify potential environmental factors thatay drive their
distributions. This work has been publishedNematologyin 2014 (vol. 16, p.
797-805).

In the second article, the genetic diversity of thed species was investigated to
trace back and compare their phylogeographical patterns. iSpkgifthis study
aimed at (i) determining whether there is congruence betgessetic structures of
B. v.ssp.maritima and of the two nematodes or not, (ii) gaining further intsig
into the post-glacial recolonisation history of the beat in its northern part of
species distribution area and (iii) identifying factors inficiag the large-scale
spatial genetic structure in the three species. A pantitadas will be made on the
effects of climatic fluctuations or marine hydrodynamic. sTiork is still in

progress and will be submitted for publication later.
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2.2. Spatial distribution and basic ecology of Heterodera schachtii
and H. betaewild populations developing on sea beet, Beta
vulgaris ssp. maritima

Cécile GRACIANNE, Eric J. EETIT, Jean-Frangois RNAUD, Catherine BRTE, Lionel RENAULT,
Didier FOuVILLE, Claudia ®PUAUX, Sylvain FOURNET

Published in Nematology (2014), vol. 16, p. 797-805

ABSTRACT

Most populations of crop pathogens have wild relative pdipukg from which they can
originate but for which basic knowledge on their ecolabiequirementsn naturais scarce.
However, the study of spatial distribution and ecologwitd pathogen populations may help
control them in crops through a better understanding oethvironmental factors driving
population dynamics. Here, we focused eterodera schachtiand H. betag two cyst
nematodes that cause severe damage to sugaBetetvllgarisssp.vulgaris) crops and can
develop on a wild beet relative, the sea b8eitg vulgarisssp.maritimg). We investigated
the occurrence of both nematode species in the wild ardregpsome environmental factors
that may influence their geographical distribution. To dovem,sampled the wild ho&. v.
ssp.maritima along the European Atlantic and North Sea coastliResults showed thad.
schachtiimainly occurred in the colder environments of northerrope&irwhereasH. betae
was preferentially distributed in the warm environmentaftsern Europe. It was previously
established thatl. betaeonly recently appeared in The Netherlands, which areeifNibrth of
Europe. Thus, our results do not support this hypothesis. Dvétia study accurately
documents the geographical occurrence of two nematode crogpsests in the wild and
helps identify the main environmental factors affectmgr distribution range.

Keywords:cysts nematode; environmental factors; geographicaiison; wild beet; wild

crop pathogen populations.
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INTRODUCTION

Yield reduction due to crop plant pests is a worldwide concausing several billion euros of
economic losses annually and can sometimes even |dadhitte. Pest management has thus
been a challenge for agronomic research for severalddsc(Matthews 1984). Recently,
increasing restrictions on the use of pesticides leak tb the development of new
environmentally friendly control methods, among which resistarieties often appear as
one of the most cost-effective alternatives. In nuetes, resistance comes from the wild
relatives of cultivated species and results from longwattionary interactions between wild
host plants and wild pathogen populations (Cook 2004). Aldd,gethogen populations can
be assumed to originate more or less recently from wd@thogen populations and to
exchange some individuals with wild reservoirs (accordmgheir dispersal features). As a
result, the efficiency of introduced resistance inpcplants depends on the similarity of
genetic characteristics between field and wild pathogen pagmsa Thus, any knowledge
about the spatial distribution, ecology and genetiosilof pathogen populations will give us
a better understanding about the dynamics of those spawsiesnay shed lights on the
management of field pathogen populations by improving cropstaesie deployment
strategies (van der Putten et al. 2006).

There is little information currently available on thstdbution and the basic ecology of
wild populations of most plant-parasitic nematodes aattiwith major crops. This is
particularly true forHeterodera schachtiand H. betag two species of cyst nematodes that
cause severe annual damage to sugar Bega (vulgarisssp.vulgaris). In sugar beet fields,
the use of resistant varieties developed from the wild tedegtive, the sea bedBéta vulgaris
ssp. maritimg), has recently become the only way to contiolschachtiipopulations or to
minimise their effects on yield. This nematode is an lamjctic species that is widely
distributed throughout the world and has a lot of altéreabost species. ResistanceHo
schachtiibred in certain sugar beet varieties has also helpedntootél. betaepopulations,
although to a lesser extertieterodera betaes considered as a true species (Wouts et al.
2001) and has been found in Europe and Morocco(Amiri et al. ZR@aotin et al. 2010)
although its reproductive mode and host range remain tortfienced.

Heterodera schachtandH. betaecan reproduce oB. v.ssp maritimain the laboratory
(Maas and Heijbroek 1982; Steele et al. 1983). This wild host glamidely distributed all
along the European Atlantic and Mediterranean coast{Bescardiet al. 2012) on a narrow

area, very close to the sea. Ecosystems where staobeurs may thus be considered as
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potential natural reservoirs of field populations of bo¢imatodes specieBeta vulgarisssp
maritima is an ideal candidate for a study on the geographicaircence and basic ecology
of wild populations oH. schachtiiandH. betaein Europe. Here, we carried out a large-scale
study to define the geographical distribution of both nededpto test the influence of
environmental factors on their respective distributiogasgd to give a description of the
favourable wild habitats for two major nematode cropgest

MATERIALS AND METHODS

Biological material and sampling procedures

Sampling was designed according to previous population genetigsasa onH. schachtii
field populations, which demonstrated that gene flow caruroeenong populations of
nematodes occurring iB. vulgarisssp.vulgaris fields separated by distances of up to ~100
km (Plantard and Porte 2004). To select distinct populatiores sampled 33 different
locations separated by distances of 150 km. They wereibdigd along the Atlantic
coastline, from northern Morocco to southern Sweden @BigAt each location, a minimum
of three different sites were sampled along 20 km ef ¢bastline. At each site, one
population ofB. v.ssp maritimawas characterised by selecting at least 10 live plaots fr
which fresh leaves were collected for molecular idargifon. Soil samples surrounding the
roots of each plant in these populations were collectedegh@nd stored in a single plastic
bag. Each bulk soil sample taken from a site was tlmsidered as a population bif
schachtiiand/orH. betaeif nematodes were present. Cyst$Heteroderaspp. were manually
collected in every soil sample after extraction usirgo# elutriator. Cysts were then stored

in moistened sand at 4°C before molecular charactiersa

Molecular characterisation of nematodes

Heteroderidae speciedd.( schachtij H. betage H. ciceri, H. diverti H. galeopsidis H.
glycines H. medicaginisand H. trifolii) can be discriminated by RFLP polymorphism of
ribosomal DNA (Subbotiet al. 2000, 2001). In our case study, the digestion of PCR psoduct
by Mval (2 h at 37°C) leads to specific restriction profiles the H. schachtiiand theH.
betaelTS sequence, allowing accurate identification of theseatodes (Amiriet al. 2002)
(see Fig. 2).

Page b0



Figure 1: Geographical
distribution of Heterodera
schachti, Heterodera betae
and their common host, Beta
vulgaris ssp. maritima, along
the Atlantic coastline. Black
circles represent locations where
B. vulgaris ssp.maritima plants
were found. Gray and white
circles correspond to locations
whereH. schachtiiandH. betae
respectively, were observed.
Black crosses correspond to
locations whereB. vulgarisssp.
maritima was not  found.
Numbers refer to the location
code used in Table 1.

Figure 2: Restriction patterns of
ITS amplified fragments. The
amplification and the digestion of
the ITS region were used to
discriminate H. schachtii and H.
betae individuals. 1, 2, 3, 6, 8:
Heterodera schachtii 4, 5, 7:
Heterodera betael: ladder.
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For each population and for a minimum of 20 cysts, cyste wanually crushed and one
juvenile from each cyst was transferred to a tube contaiBthgtl of NaOH (0.25 M)
overnight. Samples were then incubated at 99°C for 2 Anbuffer (0.25 M HCI, 0.5 M Tris
HCI (pH 8), 2% Triton X-100) was added to samples that wereittoerbated for 2 min at
99°C. Proteinase K (5x) was subsequently added and samplebeidet 55°C for 1 h. Two
primers (5-TTGATTACGTCCCTGCCCTTT-3" and 5-TTTCACTCGCCGTIMAGG-
targeting the nematode ITS region were used for PCR acaidn. The cycling procedure
for PCR amplification was as follows: 1 min at 94°C, 35 egokith 1 min at 94°C, 50 s at
60°C, 1 min at 72°C, and a final step at 72°C for 5 min.

Genetic characterisation ofBeta vulgarisssp.maritima

To avoid any possible confusion with other species of Bleta genus, the multilocus
genotypes of plants collected in sampled locations weaeacterised individually to ensure
subspecies identity and reveal another potential host pfgecies, the closely related self-
fertilising speciesBeta macrocarpa This genotyping is described elsewhere (Leysal.
2014).

Habitat analysis

The overall degree of differentiation or exclusiortls two nematode species was evaluated
ZLWK WKH NDSSD VWD \astivatéd &s desé&iBed th@Guelat et al. (2008). This
statistic is an analogue of the correlation coefficilentcategorical variables. In our study,

this index was used to evaluate whether the spatialtdisoms ofH. schachtiiandH. betae

were correlated,e., whether they preferentially c R FFXUUH G ZDV FRQVLGHUHG
random expectations if the 95% confidence interval of tbetdtrap (1000 replicates)
distribution did not include zero.

Generalised linear models (GLM) were also used to teshéoeffects of habitat variables
on the geographical distributions of the two nematode epedihe habitat variables we
considered included abiotic and biotic factors (see Tahte deftails). GLM are an extension
of classical multiple regressions and are particulswiyable for analysing spatial distribution
of species because they can handle binomial presencecali#ta and non-normal response
variables (Guisan et al. 2002). Rdr schachtii(or H. betag, GLM were fitted consideringl.
betae(or H. schachtij as an explanatory variable.

Correlation tests were performed to remove redundantrietles and simplify models.

All analyses were performed with R software version 2.15.2 (Rebpment Core Team
2012).
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RESULTS

Molecular characterisation of the sampled sea begitpkensured that all soil samples were
taken fromB. v.ssp.maritimaor its closely related specid3, macrocarpgLeys et al. 2014)
Beta v.ssp.maritimawas present in all locations surveyed along the Atlaama North Sea
coastlines, except in Germany and one Moroccan populatiorposed oB. macrocarpa
totalling 90 populations oB. v. ssp. maritima from 29 locations (Fig. 1, Table 1). ITS
characterisation revealed 27 populationshbf schachtii distributed in 15 (52%) of the
sampled locationsHeterodera schachtiwas mainly observed in northern Spain and in
northwestern France. It also occurred sporadically ituBal, Denmark and The Netherlands.
ITS characterisation also revealed 21 population$i.obetaein 12 (41%) locations. Ten
populations ofH. betaewere found in association witH. schachtii(Table 1).Heterodera
betaepopulations were mainly observed in France, Spain and Portualeae absent from
northern Europe (Fig. 1).

The two species occurred together significantly more frequérah expected by chance,
but WKH ORZ YDOXH VXJIJHVWV WKDR QRMW BRPSWHRVPNORR E
0.29; 95% CI (0.07, 0.49)). Results of GLM showed tHatschachtiiwas preferentially
distributed at high latitude values (northern Eurog®)<(0.001) and wherél. betaewas
present P < 0.01). Occurrence di. betaeoccurred preferentially at low latitudes (southern
Europe) wherdH. schachtiiwas presentR < 0.001) and when the probability of presence of
alternative hosts plants was high<€ 0.05). There were no significant effects of the distanc

to the nearest cultivated fields or the nearest rivielaeg for either species.

DISCUSSION

This study investigated environmental factors influencing theiadpaistribution of wild
populations of two crop nematodes along the Atlantic andhNSda coastlines. Results
showed that nematodes are widely distributed in Europe, witlige area of overlapped
distribution, and are influenced by the latitude, a proxyeaiperature, and the presence of

other host species fot. betae
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Table 1: Location and number codes of nematode population®resence (x) dfl. schachtiiand/orH. betae
was determined by ITS characterization.

. . Presence
Igggztlon Country Region Site Eggglaﬂon Efetf;gge of of H. )
schacht ii
1 Sweden Skalderviken Torekov Sul-1
Torekov Sul-2
2 Batfjorden Venner Suz2-1
3 Denmark Kerteminde Nordskov Danl-1
Nordskov Dan1-2
Kalunborg Reerso Danl-3 X
4 The Netherlands Den Helder Den Helder Hol2-1
Wieringen Den Oever Hol2-2 X
5 Belgium West-Vlaanderen Zwin Holl-1
6 France Nord-Pas de Calais Groffiers Fral0-1
Etaples Fral0-2 X
Wimereux / Slack Fral0-3 X
Audresselles Fral0-4 X
7 Haute Normandie Honfleur Fra9-1 X
Pennedepie Fra9-2
Pennedepie Fra9-3 X
8 Fermenville Fra8-1 X
Cosqueville Fra8-2 X
Gatteville le Phare Fra8-3
Montfarville Fra8-4 X X
9 United Kingdom Jersey Gouray Gb1-1 X
10 France Basse Normandie Granville Fra7-1 X X
Granville Fra7-1No X X
Carolles Fra7-2 X
Genéts Fra7-3
Saint Léonard Fra7-4 X X
11 Paimpol Fra6-1
Loguivy Fra6-2
lle a bois Fra6-3
fle & bois Fra6-4 X
12 Aber lldut Fra5-1
Pors Gored Fra5-2
Pors Gored Fra5-3
13 Bretagne Gavres Fra4-1 X
Gavres Fra4-2 X
Maguero Fra4-3 X
Barre d'Etel Fra4-4 X
Nestadio Fra4-5
14 Port Jean Fra4-bisl X
Saint Gilles Croix de
15 Pays de Loire Vie Fra3-1
Saint Gilles Croix de
Vie Fra3-2
La Sauzaie Fra3-3
La Sauzaie Fra3-4
16 Poitou-Charentes Baie d'Yves Fra2-1
Fouras Fra2-2 X
Tle Madame Fra2-3 X X
Port des Barques Fra2-4
Marennes Fra2-5 X
17 Aguitaine Contis plage Fral-1
18 Spain Euskadi Lekeitio Espl-1
Laga Espl-2
Kanala Espl-3
19 Cantabria Oyembre Esp2-1 X X
San Vicente de la
Barquera Esp2-2
San Vicente de la
Barquera Esp2-3 X X
San Vicente de la Esp2-4 X X

Page b4



Barquera
San Vicente de la

Barquera Esp2-5 X X
San Vicente de la
Barquera Esp2-6
San Vicente de la
Barquera Esp2-7
20 Asturias Verdicio Esp3-1
Verdicio Esp3-2 X
Xago Esp3-3 X
21 Galicia Celtigos Esp4-1
Celtigos Esp4-2 X X
Espasante Esp4-3
22 Texueiro Esp5-1
San Francisco Esp5-2
San Francisco Esp5-3 X
23 Portugal Viana do Castelo Paco Poril-1
Areosa Porl-2
Areosa Porl-3
24 Coimbra Praia da Tocha Por2-1
Quiaios Por2-2
Cabedelo Por2-3
25 Lisboa Ericeira Por3-1 X
Ericeira Por3-2
Lizandro Por3-3
26 Setubal Samogqueira Por4-1
Porto Covo Por4-2
Pessegueiro Por4-3 X
27 Faro Carvoeiro Por5-1
Carvoeiro Por5-2 X
Marinha Por5-3 X
Armacao de Pera Por5-4
Chiclana de la
28 Spain Andalucia Frontera Esp6-1
Sancti Petri Esp6-2
Roche Esp6-3
Barbate Esp7-1 X
Zahara Esp7-2 X
Zahara Esp7-3
29 Morocco Sidi Boukdanel Marl-1

Table 2: Description of environmental variables used in théabitat use analysisAll habitat variables were
estimated with the measure tool of the 7.1.1 GooglthEsoftware.

Habitat variable Justification
Proxy of temperatures which is known to
Latitude Influence larval development in laboratory
conditions
Distance to the nearest cultivated field Elzi‘;‘;ble exchanges between fields and sea beet
Possible facilitation of the surface runoff carrying
Distance to the nearest river estuary cysts from inland zones to the coast by the

presence of river drainage basins

Probability of having alternative host-plant
species for both nematode species coded as a
binary variable (0 or 1) based on the observation
in the immediate vicinity of sampled plants. 0: no
contact between sea beet and potential
alternative host plants (Goodey et al 1965) ; 1:
presence of potential alternative host plants
close to sea beet

Presence of alternative hosts
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Geographical distribution of nematodes in wild populations of the sea beet

Heterodera schachtivas found in 52% of its wild host locations. Its presemas previously
reported in cultivated fields in all European countries m@dlin this study (see Subbotin et
al. 2010 for a review). This is the first work that documdtgsgeographical occurrence
throughout Europe on one of its wild hodtieterodera schachtseemed to be relatively rare
in southern Spain and in Portugal, whereas it was more fiequethe northern coast of
Spain, in France, in The Netherlands and in Denmark. Thesswaltions were supported by
the analysis of the effect of habitat variables, shownagH. schachtiioccurred preferentially
in northern Europe, therefore in cooler habitats. Theselts were in accordance with several
studies on the impact of temperature on the biologifd.ofchachtii Indeed, cyst survival,
maximal reproduction, root penetration and juvenile developmenuropreferentially
between 10 and 28°C, and the development of juveniles and efenmlinhibited at
temperatures greater than 30°C (Wallace 1955; Thomason &antl9ei2; Griffin 1981; Maas
and Heijbroek 1982)Heterodera schachtiis thus better adapted to temperate and cold
climatic conditions, explaining its presence only in thégated cultivated fields of the
warmest regions of the southern Iberian Peninsula.

Heterodera betaean also develop successfully on sugar beets in tlikdiel on wild
beets in laboratory experiments (Stestl@l. 1983; Woutst al. 2001). This species was found
in 41% of the sampled locations. It has recently been dected in cultivated fields in
Sweden, The Netherlands, Belgium, Germany, Lithuania, 8watad, France and Italy
(Subbotinet al. 2010), but our study is the first that describedigsibution in wild habitats.
Moreover, its occurrence in Spain and Portugal has neasm keported before. In several
locations, H. betaeco-occurred with populations off. schachtii Previous studies have
indicated high similarities in the host ranges-bfbetaeandH. schachtii(Maas et al. 1982;
Steele et al. 1983), but this is the first time, to our Kadge, that mixed populations have
EHHQ GHVFULEHG 7KH XQLYDULNMWH HWWIDQVLWWD®W 2DW DML F
to find both species co-occurring than either specieseal®his suggests that, while both
species were found alone in areas matching their typidaitabarequirementsi.g., cold
conditions forH. schachtiiand warmer conditions fdi. beta¢, they preferentially co-occur
in natural areas with favourable environmental conditifamsboth species. A8. v. ssp.
maritima is a particularly suitable host for both species,ytlecur in the same host
populations in a given location.

The distribution oH. schachtiiwas not influenced by th@esence of other host species in

areas surrounding sampled sites. This nematode has ahesfierange including several
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species with a wide geographical distribution in disturbedid&izb{Goodey et al. 1965), such
as urban areas. By contrast, the distributiorHobetaewas influenced by the presence of
other host species in the surrounding area. Accordingdditerature, this nematode has a
host range that is as large as the host rangd. aschachtii(Maas and Heijbroek 1982;
Andersson 1984). However, understanding clearly how the presd#natternative hosts
influences the distribution ¢f. betaeandH. schachtiirequires further investigation.

Finally, the distribution of these nematode species wasalated to the distance to the
nearest estuary or cultivated fields. This suggeststhiegpresence of nematodes on wild sea
beet is independent of their potential occurrence invadd fields. The detection of effective
exchanges of individuals among wild and field populations neetiger population genetics

investigations.

The natural history of Heterodera betaeevisited
Our results challenge what was previously knownHoibetae This species was discovered
in Dutch beet fields in 1975 and was first considered as a biofyjpe clover cyst nematode,
H. trifolii, able to parasitise a non-usual hd&t,v. ssp.vulgaris (Maaset al. 1982). More
recently, molecular and morphological characterisagistablished tha#. betaewas distinct
from theH. trifolii complex and constituted a true species (Wetital. 2001). Interestingly,
H. betae has 35, possibly 36, chromosomes and reproduces by mitotice pagenesis
indicating that this species is potentially tetraploid (®tesmhd Whitehand 1984). More
specifically, it was suggested early on thhtbetaemay have evolved very recently frath
schachtiior H. glycinesbecause both species have nine chromosomes (Mulvey 1957, 1958,
1959; Triantaphyllou and Hirschmann 1964; Steele and Whitehand 1984; Subbati.
2010). HoweverH. glycineswas absent from Europe until 2008, which brings into question a
common ancestry withH. betae (Steele and Whitehand 1984; Greco and Inserra 2008)
Comparative morphological studies show tHatbetaeandH. schachtiiare similar but have
minor differences in size. Eggs and juvenile$lobetaeare longer than those Bif schachtii
(Steele and Whitehand 1984; Wouts et al. 2001; Amiri et al. 2008gmatodes, differences
in ploidy are often associated with differences in viglial size (Hirschmann 1956;
Hirschmann and Triantaphyllou 1979). Thus, the differencessaniarities between those
two species could be the result of speciation by polgiglavherebyH. betaederives fromH.
schachtii

After its discoveryH. betaewas documented only in Dutch regions for 10 years. It was
thus assumed that its native area was The NetherlandslgSand Whitehand 1984).
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However, we did not find any occurrence of this nematodB.onssp.maritimain northern
European countries (Germany, Sweden or Denmark), whereas it veasedein cultivated
fields of the same countries (Subbotin eall0). Moreover, our habitat use analysis showed
thatH. betaewas preferentially located in warm habitats of southern Eui®pain, Portugal
and France). These results may be due to our samplilgndd®e 20 km coastline segments
were randomly defined and it is possible that locatiorts.dfetaewere missed. Nevertheless,
the systematic presence of the nematode in westencd-emnd on the Iberian Peninsula does
not suggest that there was any sampling bias. MoreovegbgervedH. betaedistribution
was consistent with the biology of this nematode: thehirag rate of juveniles from cysts is
higher at warm temperatures (between 25 and 30°C) and claseotfor temperatas below
15°C (Maas and Heijbroek 1982). Unlikke schachtij H. betaemay thus be better adapted to
warm climatic conditions and its presence in northerropeimay result from the cultivation
of sugar beet crops in favourable climatic conditions. I§inaur results do not support the
assumption of a very recent appearance of this spegidssuggest a more complex
evolutionary history in natural environment, unldss betae arises recurrently from its
amphimictic relativeH. schachtii Thus, The Netherlands, which is located in northern

Europe, is probably not the center of origin-bfbetae

CONCLUSIONS

Our study demonstrated that. schachtiiand H. betaeare widely distributed along the
Atlantic coastline, with a large area of overlappedrithigtion. Temperature appeared to
influence their relative spatial distribution. Our rigswaise many questions on the origin and
evolution of those nematodes and on their coexistan& v. ssp.maritima The centre of
origin of both nematode species is still unknown. Deteingi its location could provide
interesting clues for breeders selecting new resisestt \@rieties. The relationship between
B. v. ssp. maritima and both nematode species is also an interesting i$baewild beet
shows a soutks-north phylogeographical pattern attesting to post-glaciabloetsation
(Leys et al., in press). Both nematode species should thus exhibitatine secolonisation
history, unless alternative hosts may have played armale in their evolutionary history.
This hypothesis requires further phylogeographic analyseallithe significant presence of
both nematodes species in natural environment also @iEssions as to the contamination

risk of cultivated fields.
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2.3. Comparative phylogeography of host/parasite wild
populations: wild beets and cyst nematodes as a case study

Cécile GRACIANNE , Michael HCKERSON Jaanus BvM, Sylvain FOURNET, Catherine BRTE, Sylvie
BARDOU-VALETTE, Eric J. EETIT, Jean-Frangois RNAUD

INTRODUCTION

Comparative phylogeography aims at investigating the effeétspast history and
biogeographic events on evolutionary trajectories amondistobuted species. Signatures
left in spatial genetic structure are particularly relé¢waridentify shared environmental, past
historical factors or anthropogenic disturbances expigithe current patterns of population
genetic structure (Bermingham and Moritz 1998; Avise 2000; Kno20€9). Indeed, large-
scaled factors may induce similar demographic variatiogeetic differentiation within and
among populations of phylogenetically distant species shasimgilar geographical
distributions. Occurrence of concordant phylogeographicaiepest among multiple co-
distributed species is considered as a signature of conewmlntionary histories, which is
commonly used to understand large-scaled responses ofsspeodimate change (Avise
2000; Hickerson et al. 201.0)

Whether concordant phylogeographical patterns arise hasessived great attention in
host-pathogen systems (de Vienne et al. 2013). These agsugiare characterized by an
intimate interaction between the parasite and the hasth may favor co-evolutionary
processes and thus concordance of phylogeographical pattgrathofiens and host (Huyse
et al. 2005). Intrinsic features of pathogens such as lpesifisity, vertical transmission,
short generation time, high mutation rate and limited dégpeabilities may make pathogen
evolutionary history suitable to infer ecology or histafythe host (Whiteman and Parker
2005; Nieberding and Olivieri 2007), even sometimes giving itsighto the history of
associated species like host predators or parasitoids @aeb@l. 2012; Marske et al. 2013)
Conversely, host range-shifts and biogeographical patterngigésalues into habitat history
RI WKH SDWKRJHQ ,W DOORZ DSPEMW®RHUQ X\ KHVWRDQ T KQ.
blurred due to (i) the occurrence of multiple co-distribubedt species (Nieberding et al.
2008) or (ii) to a quicker loss of demographic and/or coldioizagenetic signatures because
of shorter generation time (Léotard et al. 2009; Silveritar et al. 2012). Therefore,
properties of host-pathogen systems favored the develdpned comparative

phylogeographic studies devoted to various evolutionary isswss:pathogen interactions
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and calibration of a parasite molecular clock (Niebegdiet al. 2004), impact of
recombination rate on pathogen genetic diversity (R@ @011), estimation of the level of
specificity of a pathogen for different host specietef@on et al. 2008), description of host
population functioning and dispersal (McCoy et al. 2005)herrole of human activities on
pathogen histories (Morgan et al. 2012). Most of these stushewed that concordant
patterns were not necessary the rule among host and patbpgeies and highlighted the
importance of species-specific characteristics likgpetsal, life-history traits or ecological
requirements (Clayton et al. 2004; Toon and Hughes 2008; Bagteyohnson 2014) beyond
host specificity and biogeographical factors (Crandall e2@08; Stefka et al. 2011; du Toit
et al. 2013; Werth et al. 2013). Consequently, comparativegéybraphy may thus allow
inferring crop pathogen histories which are generally coxnpézause of (i) the involvement
of different evolutionary mechanisms such as host-tngchiybridization or host-shift and of
(i) anthropogenic influence on migration at all spatiedles (Stukenbrock and McDonald
2008). Phylogeographical approaches have already been uséfaté back field pathogen
population history on cultivated hosts.g. Picard et al. 2007; Ceresini et al. 2007; Zaffarano
et al. 2009; Boucher et al. 2013), and on wild hosig. Brewer 2010; Tamm 2013). Indeed,
crop pathogens generally emerged from wild pathogen populaticoiging on wild hosts,
suggesting that evolutionary histories should be inferredvitch populations (Stukenbrock
and McDonald 2008)

In this respect, studying biogeographical patterns of wild host/gathsystems would be
valuable to better understand the impact of wild populationsoip epidemiology. Numerous
studies have evidenced low levels of genetic differentisdimong pathogen populations from
wild and cultivated host species, reflecting the occueaf gene flow among wild and field
pathogen populations (Fournier and Giraud 2008; Stukenbrock and MdD20@8; Kiros-
Meles et al. 2011; Clarkson et al. 2013). Wild populations rop gpathogen were thus
considered as reservoirs of genetic diversity and/ominots. Consequently, the role they
may play in crop pathogens diversity and epidemiologyeteiving increasing attention
(Burdon and Thrall 2008; Leroy et al. 2014). However, the evialuaif the impact of wild
populations on genetic diversity of field populations rezgiifirst to investigate the genetic
legacy of wild pathogen populations in field pathogen populatio

The phylum Nematoda contains almost 4,100 plant parasitic odemtspecies, and
several of which are major soilborn crop pests causindgdwa@e economic losses (Jones et
al. 2013). To date, there is few available data on the ewpary relationships between plant-

parasitic nematodes and their hosts. One study performeélbeosubfamily Anguinidae has
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shown that gall-forming plant parasitic nematode th&irgeto the same taxa were generally
associated with host plants belonging to the same oedektstematic groups, suggesting
some host specificity among nematode species developitigecsame gall-type (Subbotin et
al. 2004). Phylogeographical histories of plant-parasiticatedes were only described for
three nematodes specigsjobodera pallid Globadera rostochiensiand Bursaphelenchus
xylophilus(Picard et al. 2007; Boucher et al. 2013; Mallez et al. 2014).tWbefirst species
are cyst nematodes originating from South America anck wabsequently introduced in
Europe and North America. Beyond highlighting origin and invaspneagl, both studies
gave valuable information on the type of genetic rastgtdhat may be suitable to efficiently
manage these species in potato fields according to thejraggacal origin.

Other cyst nematodes species, nantédyerodera schachtiand Heterodera betaeare
involved in economic losses worldwide in sugar beet cr&mta( vulgarisspp. vulgaris).
Management strategies involve crop rotation, and an isicigaise of resistant varieties due
to the toxicity and the progressive ban of traditionahubals (Thurau et al. 2010). Genetic
UHVLVWDQFHY PD\ EH RYHUFRPHGRRUHWRUWXHV Q HTXDLW IR G\H K
evolve, but there is no information available on thewolutionary potential so farH.
schachtiiandH. betaeare also able to develop on the wild coastal relapecies of sugar
beet, the sea beeBdta vulgarisspp. maritima). Sea beets are the source of most genetic
resistances used in sugar beet resistant varieties nagmdield nematode populations. Sea
beet is widely distributed along the European Atlantic aretiMrranean coastlines. This
species is thought to have persisted in the SouthwestuafpE during the last Glacial
Maximum and to have recolonized the Atlantic coastheethward by sequential founder
events (Leys et al. 2014)

Because pollen oB. v. ssp.maritima is wind-dispersed and seeds can be drifted by
marine currents, phylogeographical patterns in this speciesxgected to display similar
genetic discontinuities than those observed in maimke coastal species. In contrast, active
dispersal capabilities in the two nematodes are extrenmlied (Wallace 1968), and the
extent of passive dispersal is still unknown in the wildwever a study performed on field
populations oH. schachtiisuggested passive gene flow among fields distant of 150 km from
each other (Plantard and Porte 2004). Assuming equivalgmrsié capabilities among wild
populations, some long-distance episodes of gene flawoncur among distant populations
and may lead to the appearance of similar phylogeographicst bseobserved in the host
However, the shorter generation times of nematodes and flreguent

extinction/recolonization events occurring in sea bepuladions may favor the development
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of more spatially-structured patterns of genetic structDeeGauwer et al. 2012). Similarly,
the differences in reproductive mode, sexualHoischachtiiand parthenogenic fdi. betag
may also result in more structured patterns of genetiierdiitiation in the latter species. In
this study, we explored and compared the large-scaled spatiatic structure of the two
nematodes species along with those observed in segdpelations. Specifically, (i) we
searched for concordant phylogeographical patterns in hastplytoparasitic nematode
species, (i) we examined the influence that climatic vanatof the Pleistocene may have
had on their patterns of population genetic structurgiahd/e discussed the potential role of
micro-evolutionary processes in shaping the genetictsting at both global and regional
scales. In particular, the role of water current hgfthost seeds and/or cyst nematodes and
the presence of northern refugia are questioned. We didsniss the effect of the poor
dispersal capability dfl. schachtiiandH. betaein enhancing drift effects and bluring genetic
signatures of past colonization events.

MATERIAL AND METHOD

Sampling

Geographical occurrence of host and cyst nematode populatiotise iwestern part of
VSHFLHVY UDQJH BGdanmaddel &IU(2EHA @singx hierarchical sampling along
the European Atlantic coastline. This survey was perfdriinem Morocco to southern
Sweden to get soil and host leave samples from 91 sjpasased by distances ranging from
300 m to 150 km. Samples used in this study comprised alwsliere nematodes occurred
on host sea beetB.(vulgarisspp.maritima). However, we discarded populations located in
United Kingdom and in French islands owing to likely independetitement events and
independent evolutionary histories from that of mainland poipuk We also included sites
free of nematode species to get a comprehensive samplihg séa beet in its western range
margin. Finally, a total of 38 populations Béta vulgarisspp. maritima, 25 populations of
Heterodera schachtiand 21 populations oH. betae were collected and analyzed for
molecular variation (Fig. 1A). Populations of sea bemirresponded to a maximum of 20
different plants living in one sampled site. Populatioheematodes corresponded to a poo
of soil samples collected around roots of sea beetyvekaaf sea beets were dried and stored
at room temperature. Soil samples were filtrated usingehmade sieves (250um and 800um)
before manual examination of filtrates to extract cydtdd. schachtiiand H. betae and

storage in moistened sand at 4°C.
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Figure 1: Best piecewise regression model of genetic diveysdlong costal distances and results from simple linear regreisn analysesCircles: Beta vulgarisssp.
maritimg Triangles:Heterodera schachtiRectanglestHeterodera betaelight grey: southern group; dark grey: northern group, asetiby the expected heterozygosity in
each species. Hs: expected heterozygosity; Ar: allelimess; ArP: private allelic richness; ArHap: haplatypchness. A. Distribution of the populations of the three
species along the Atlantic coastline. B to K: linesgression of genetic diversity along coastal disgnBe C, D, E:Beta vulgarisssp.maritimg F, G, H:Heterodera
schachtij I, J, K:H. betae Numbers within regression figures: first line: €cand line: p-value of the regression model.
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Molecular characterization and genotyping: nematodes

To limit sibling relationships related fine-scaled genetiadtrring inH. schachtij only one
larva per cyst was manually extracted for molecular iflesion and genotyping. The
distinction ofHeteroderaspecies found in soil samples was based on restrictidiegrof
the ITS region using the Mval enzyme. DNA extraction ar@@RPamplification were
performed following protocols described in Amiri et al. 2002.rBo¢matodes species were
genotyped at eight nuclear microsatellites, named Hs33, H&SHH, Hs56, Hs68, Hs84,
Hs111, and Hs114, initially developed idr schachtij that also successfully cross-amplified
in H. betae Development, primers, and PCR amplifications are destrin Montarry et al.
(2015). Electrophoresis and analyses of PCR products wegmed with an ABI Prism®
3130xI sequencer (Applied Biosystems). Allele sizes deterromatias performed with
automatic binning procedures implemented in GeneMapper v4.1 (Afpibsystems) and
manual checking. To check stability of results, irregularoggpes, rare alleles, and missing
data, the complete procedure of genotyping, from PCR dogpidn to the electrophoresis,
was performed twice for 10% of individuals in each speddismultilocus genotypes with
more than two missing data were removed from the finasgat Finally, 441 (18+1.5; mean
per population * standard error, see Table 1) and 168 indisi(Btel.7; mean per population
+ standard error, see Table 1) were successfully genotyped scthachi and H. betae

respectively.

Molecular characterization and genotyping: sea beet

Beta vulgarisssp. maritima DNA was extracted and purified from dried leaves using the
NucleoSpin® 96 Plant Il (Macherey-Nagel) and following st@ndard extraction guidelines
outlined in the handbook protocol. Samples were first geeotyusing eight nuclear
microsatellites, FDSB1027 (McGrath et al. 200Bym3 (Morchen et al. 1996), Caal, Gttl
(Viard et al. 2002), SB04, SB06, SB07, and SB15 (Richards &t084) Primers, PCR
amplifications, and allele sizing were performed as desdriin Fénardet al. (2007)
Additionally, cytoplasmic polymorphism of samples was atd@mracterized using four
mitochondrial minisatellites, TR1, TR2, TR3, and TR4 (Nislhaaet al. 2000) whose primers
and PCR amplification conditions were described in Féstaat. (2008). Electrophoresis and
analysis of PCR products were conducted on a 3130xI Genetic Ana(ppplied
Biosystems). Allele sizing was performed as above and @D%l dataset was genotyped
twice to remove irregular results and missing data. dhibmdrial genome oB. vulgarisssp.

maritimais inherited as a single linkage unit. We therefore considéecombination of the

Page |6



Table 1: Genetic diversity and summary statistics for hostBeta v.ssp.maritima) and nematodes populations sampled in 2012 and 20&gnificant values of k are
highlighted in bold. n: number of genotypes; Hs: expecteerbzygosity; Ar: allelic richness; Private Ar: Privatiéelic richness; An: number of alleles; Nb Haplonther
of haplotypes; Hapr: haplotypic richness.
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four minisatellite loci as a single haplotype in subsetjaaalyses (see Fievet et al. 2007; De
Cauwer et al. 2010; Leys et al. 2014). Overall, a total of 51Vithdils were genotyped for
both kind of markers (13+1.1; mean per population + standesd see Table 1).

Sequencing

Increasing the number and kinds of molecular markers inepiteey accuracy of inferences of
phylogeographical histories (Hickerson et al. 2010; Robinson 20&4). We thus sequenced
additional mitochondrial and nuclear loci in both nematspecies, and chloroplastic and
mitochondrial loci in the sea beet (Appendix 1). We did inolude sequence data in this
chapter because the 454 sequencing of nematode samplesayasl delDecember 2014.

Data analyses

The number of sampled cystshh schachtiiandH. betaeranged from 1 to 24 per population
(Table 1). Similarly, sea beet population samples congpfige 20 individuals. Small sample
size can result in artifacts in frequency-based analySkerefore, we only considered
populations with a minimum of nine individuals for frequenagdd analyses, while using all
individuals in other analyses like Bayesian clustering. Bssidecause the sea beet has a
coastal distribution, we considered its habitat to be umdsional at the scale of our
investigation. In all analyses, geographical coordinates pfilptions thus corresponded to
their costal distance to the southernmost sampled pagpyldor which we arbitrarily set to

zero its coordinate.

Genetic diversity characterization

Genetic variation was investigated using classical des@igtimmary statistics. Number of
alleles (Na), allelic richness (Ar) and expected heteraztgéHe) were computed using the
software FSTAT version 2.9.3.2 (Goudet 1995). Linkage disequilibaionmng all pair of loci
and departures from Hardy-Weinberg (HW) equilibrium were tdsted using permutations
procedures implemented in FSTAT. Departures from HW eapiens were assessed using
the estimation of intra-population fixation indexd). Fis significance was assessed through a
randomization procedure applying sequential Bonferroni caorecfor multiple comparisons
(Rice 1989). Additionally, private allelic richness was alsongoted for all populations
considering the rarefaction method implemented in the AB&fEvare version 1.0 (Szpiech
et al. 2008)
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We tested of the relationship between estimates of igatieersity and coastal distances
using both simple linear and piecewise regression modes ¢combined two linear
regressions. All possible piecewise regression models bugiteby dividing the data set into
two parts, each containing different combination of poriat The threshold delimiting the
two geographical data sets varied among models: theri’del combined a linear regression
computed with the two southernmost populations and a lingaesgon computed with all
other populations; the second model was computed for a cambiod a regression with the
three southernmost populations and a regression computedlingtiner populations, and so
on. These regressions were performed using the R softwas®v 3.1.1 (R Development
Core Team 2014)In addition, likelihood-ratio tests were also implengehin R to test
whether each piecewise regression model better fddkeethan the simple linear regression.

Spatial distribution of genetic diversity
Geographical distribution of genetic diversity among popatetiwas first investigated using
spatial Principal Component Analysis (SPCA). sPCA is a pioNvexploratory tool which is
not based on any population genetic assumptions like demariumen HW or linkage
equilibrium (Jombart et al. 2008). This method summarizeetge variation into synthetic
variables maximizing the product of the variance of thegathetic variables and of the
0 R U DI@htlék .e. spatial autocorrelation). A network based on relatieighbors was used
IRU FDOFXODW In@egd OtRidJtp® Hivnetwork gives the highest values diaspa
autocorrelation in the three species and picture thet fathfully connections among
nematode and sea beet populations given their low dispeegabilities. Synthetic
components can be positive or negative reflecting respéctglobal, with positive spatial
autocorrelation among genetic units, or local structwih, negative spatial autocorrelation
among genetic units. To draw a comprehensive synthetiesemation of SPCA scores, each
of the first two principal component scores were simelbaisly represented into a channel of
colors, as described in Menozzi et al. (1978). All analyedssanificance of global and local
structures were performed using the R package ADEGENET (Jombart)2008a
Large-scale population genetic structure was also investigased) the Bayesian
clustering algorithm implemented in Structure 2.3.3 (Paitdhet al. 2000). This method
probabilistically assigned individuals to one or several gemdtisters according to allelic
frequencies of each locus and ancestral origins afiduhls (Falush et al. 2003; Hubisz et al.
2009). Noa prioi DVVXPSWLRQ RQ LQGLYLGXDOVY SRHRBXOWIMFKRQ

speciesK values ranging from 1 to the maximum number of populatie&a® tested using
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runs with 3.1 iterations and a burnin period of 1.°1@dmixture ancestry with correlated
allele frequencies was assumed and 10 independent runs wierenpd for eaclK tested to
check consistency of results. CLUMPP v1.1 was used dotlfie best alignment over all runs
(Jakobsson and Rosenberg 2007). Mean values of log-likehdkyl, and the "K statistic
(Evanno et al. 2005) were both used to determine the optiomaber of genetic clusters.
Results were visualized using DISTRUCT (Rosenberg 2004)

Hierarchical population genetic differentiation

Hierarchical analyses of population structure were perfortoequantify levels of genetic
differentiation based on population grouping featured legewise regressions, sPCA and
Bayesian clustering. In each case, the genetic ditiatem was investigated among groups
(geographical areas and genetics clusters), among populatithia groups, and within
populations. The estimation of variance componentsaf bararchical level and the test for
their statistical significance were performed with th@d®kage Hierfstat (Goudet 2005), as
described in De Mee(ls and Goudet (2007).

Search for isolation by distance

Isolation by distance (IBD) testing may also give infation on micro-evolutionary
processes underlying population genetic structure such as gemeafid genetic drift
(Holsinger and Weir 2009). Analyses were performed among alllsdngopulations and
among populations within groups defined by piecewise regresddatause the Atlantic
coastline can be considered as a one dimensional habitggenfeemed a linear regression
between pairwis&s; estimates and coastal distances among populations (se8sedRd997)
Mantel tests were used to evaluate the statistical ignde of IBD patterns, as described in
Smouse et al. (1986).

Genetic discontinuities in depicted IBD

Genetic discontinuities in population structure are gdiyesiasociated with areas favoring or
limiting dispersal of individuals among locations. Gendligcontinuities were identified in
each species with a spatially explicit approach, calledsDr@e. distribution of residuals
dissimilarity, Keis et al. 2013). This analysis seeks geogralbhiconsistent patterns in the
distribution of residuals in IBD, which are explored by esging pairwise genetic distances
over pairwise geographical distances. The DresD procedwblasto identify geographic
areas where local genetic differentiation was too liggrriers) or too low (corridors) when

compared with patterns expected under a pure isolation tandesmodel.
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Concordance of population genetic structure among the three species
We used the statistical procedure described in Legendre apuainte (2004) to estimate the
congruence among depicted genetic structure in sea beet aradode populations. The
CDAM (congruence among distance matrix) test is annsxia of Mantel test allowing for
FRPSDULVRQ RI PRUH WKDQ WZRRBEXWEGQGRFMKHN BBRAUWI[ F: K6 N
(1972) among pairwise populations for each species and thsts@jnificance of congruence
among all matrix using CDAM implemented in the ape packag¢h® R framework
(Legendre and Lapointe 2004). Owing to the variation in thelistwibution of species,
subsets of eight populations and four populations were edléat analyses between the sea
beet andH. schachtiiandH. betae respectively. This analysis was also performed between
the two nematodes considering only four common populations.

RESULTS

Spatial distribution of levels of genetic diversity

After Bonferroni correction, no significant linkage diséfpuium were detected in the
16,240, the 11,200 and the 4,480 comparisons performed among ahdoall populations of
B. vulgarisspp.maritima, H. schachtiiandH. betae respectively. For sea beet populations,
6% (2%) out of 232 single-locu;s values were significantly positive (negative). These
departures from HW equilibrium were not associated to péaticloci or populations
suggesting spurious effects of genetic drift and/or genetiessucturing. Overall mean
multilocus Fis estimate was significanF = 0.02Q P < 0.05) and mean single-locus values
ranged from -0.094 to 0.158 (Table 1).

In H. schachtii(H. betag populations,Fs values ranged from -0.002 (-0.813) to 0.481
(0.483), also suggesting departures from panmixia (Table 1): 26% (2%f 460 sinde-
locusFs values oH. schachtiiwere significantly positives (negatives), and 19% (8%) 6ut o
60 single-locs Fis values estimated id. betaewere significantly positive (negative). Overall
mean multilocud-s values were also significantly positivid.(schachtii Fis=0.197;H. betae
Fs=0.135; all:P < 0.05), and higher as compared to sea beet populations.

For sea beet populations, a total of 172 alleles were \@ubdor nuclear loci, ranging
from 8 (Gttl) to 36 (SB07) alleles (Table 2). Mean multiloeleswas of 0.612 (Table 1). For
mitochondrial minisatellite loci, a total of 31 haplotgpevere observed; 8 of which
represented 80.55% of the total number of haplotypes. All atsim of nuclear and
mitochondrial diversity showed a significant northward desgefilom southern Spain to
Sweden (H: r?=0.308; Ar:r2=0.390; ArP:r2=0.397; allat P < 0.001; ArHapr?=0.137;P <
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0.05). For nematode species, nuclear polymorphism was much lathe48vand 50 alleles
observed irH. schachtiiandH. betag respectively, ranging from 2 (Hs36) to 9 or 10 (Hs84),
(Table 2). There was no significant correlation betweenma@gsures of genetic diversity and
coastal coordinates in nematode species.

For the three species, piecewise regressions betwesh oh estimators of genetic
diversity and coastal coordinates better exeldithe data than a simple linear regression
(Figure 2). For sea beet populations, samples from #gr&albPeninsula were separated from
all other populations regarding nuclear allelic and mitodhahhaplotypic richness (Fig. 2B,
D). The same separation was observed with the analysspected heterozygosity, but only
with the third best piecewise regressions model. Tha fimodel separated Danish and
Swedish populations from all other populations (Fig. ZAgcewise regressions performed
on private allelic richness separated the four most soutpopulations from the rest of
European populations (Fig. 2C). For populations located in libeah Peninsula, allelic
richness and expected heterozygosity decreased significaottlyward (H: r2=0.506; Ar:
r2=0.499; all at < 0.05), but not cytoplasmic genetic diversity and privdeti@krichness. In
contrast, populations distributed from the West of Fearec Sweden showed a significant
decrease of nuclear and cytoplasmic genetic diversitywvart (Hs: r2=0.740; Ar:r2=0.858;
ArHap: r2=0.702; all: P<1.16; Fig. 1B, C and E).

Piecewise regressions split genetic diversity of the neimatodes into groups that were
similar to groups defined for the sea beet. Spatial trémdsvels of allelic richness and
expected heterozygosity iH. schachtiiseparated populations in the North of Brittany from
all populations located in the South of this peninsulecdse regressions for private allelic
richness show similar patterns except that part of Spanishlgimns split from the rest of
populations Fig. 2E, F and G). Splitting of the dataset occurred thusim#ar geographical
area for the three estimators. In the most southempgrgenetic diversity did not show any
correlation with increasing northward coastal coordsaéxcept for private allelic richness
which significantly decrease northward (AnP=0.96,P < 0.01; Fig. 1H). In contrast, in the
second group of populations, allelic richness and privatecatiehiness showed a significant
southward increase and the same pattern was almost sighfficaexpected heterozygosity
(Hs: r2=0.272, P=0.058; An2=0.563; ArP:r2=0.215, both: P<0.05; Fig. 2E, F and G).

In H. betae piecewise regressions performed on expected heterozygusltyprivate
allelic richness split the datasets into two groups thae \senilar to what was observed for
both B. v. ssp maritima and H. schachtii(Fig. 2H and J). In contrast, there was no model

significantly better than the global linear regression &elic richness (Fig. 21). No
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significant correlation was observed between all genewersity estimators and coastal
coordinate in all of these groups (Fig. 11, J and K).

Table 2: Genetic diversity and Weir and Cockerham (1984) F-statisticssemated over all Beta vulgaris
subsp. maritima (n = 29), H. schachtii (n = 20) and H. betae (n=8) populations for eight nuclear
microsatellites and four cytoplasmic minisatellite loci.

Locus An Hs Fst Fs

B. v. spp. maritima

FDSB1027 17 0,562 0.204 0.030
Bvm3 32 0.740 0.168 0.005
Caal 34 0,716 0.201 0.033
Gttl 8 0,378 0.126 -0031
Sb04 17 0,584 0.234 0.097
Sb06 11 0,647 0.166 -0.007
Sb07 36 0,665 0.210 0.056
Sb15 17 0,606 0.139 -0.037

Average 21.5 0,612 0.185 0.020
H. schachtii
Hs55 3 0,238 0,269 -0.009
Hs68 8 0,533 0,196 0522
Hs33 7 0,253 0,279 0.062
Hs36 2 0,269 0,166 0.009
Hs56 4 0,327 0,147 0.076
Hs84 9 0.540 0,328 0.399
Hs111 7 0,561 0,219 0.020
Hs114 8 0,515 0,255 0.168
Average 6 0,405 0,241 0.197
H. betae
Hs55 10 0,328 0,569 -0.351
Hs68 5 0,304 0,657 0.446
Hs33 3 0,134 0,735 -0.092
Hs36 2 0,209 0,527 0.163
Hs56 4 0,166 0.740 0.324
Hs84 11 0,557 0,397 0.462
Hs111 6 0,407 0,474 0.125
Hs114 9 0,418 0,572 -0.107
Average 6.3 0,315 0,577 0.135

Population genetic structure

sPCA analyses performed on populations of sea beet eevaalignificant global structur® (
< 0.001), but no local structur® € 0.137) for nuclear data. Neither globBl £ 0.053) nor
local structure P = 0.821) was found for mitochondrial data. Global patterns waptured
by the first two axes of SPCA € 0.658, var = 0.230 arid= 0.695, var = 0.123, respectively)
Four different geographic entities can be identified orrélselting synthetic map of principal

component scores: (1) the Swedish and Danish coastsp2)the North Sea coasts to the
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South of Brittany, (3) the rest of the Bay of Biseamd (4) the South of the Iberian Peninsula
(Fig. 3A). No significant global and local structures weréeded inH. schachtiiand H.
betae In H. schachtij most of variability was captured by the two first axistiod SPCA
which allowed the identification of two geographic entitid9: from the Danish coastlines to
the South of Brittany and (2) the rest of the Bay ot8yswith the Iberian Peninsula (Fig.
3D). In H. betae only the first axis accounted for the observed geneti@bility, which
revealed two geographical entities: (1) all the French boasbgether with the North-East of
Spain and (2) the West and South of the Iberian Peni(Bigla3G.

Likewise, Bayesian clustering analysis identified 4n8 2 clusters in the whole datasets
of B. v.spp.maritima, H. schachtiiandH. betae respectively. The evolution of log-likelihood
probability of the data and théK statistics can be visualized in Figure S1. For sea beet
populations, genetic clusters were characterized by lowsl@feldmixture and corresponded
to the four distinct geographical areas identified by sPGéyaas (Fig. 3B, 3C). In nematode
species, genetic clustering did not match any clear gebiged areas (Fig. 3E, 3F and 3H,
31). However, populations of both species showed rathereegls of genetic admixture. This
observation was particularly true fdd. betae for which only two populations showed

potential admixture.

Population genetic differentiation, isolation by distance, and genetic disntinuities

For sea beet populations, hierarchical analyses showecmhsties between the genetic
variance partitioning resulting from piecewise regrassicsPCA and Bayesian clustering
analyses. For piecewise regressions, most of the ged#éterentiation occurred among
populations (Fopulationsicrougs0.166, P < 0.001; Table 3). In contrast, population structure
analyses partitioned populations into groups which had ttegest significant genetic
differentiation observed among all hierarchical levelsSCE&P Feroupstorar0.119; Bayesian
clustering: kiustersmotar0.124; both aP < 0.001; Table 3). For nematode species, hierarchical
analyses showed that most of the genetic variation matamong populations of the two
species, independently of the global partitioning of populati@able 3), suggesting a very
strong influence of local processes on the evolution pfifations.H. betaeshowed higher
average value oF-statistic among populations thah schachtii(mean valueH. betae

Fropulations/crougs0.510;H. schachtii Fegpulationsicrouss0.217), suggesting a stronger structuring
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Figure 2: Percentage of variance explained by models of piewgse regressions of genetic differentiation versus coastakthnces.Model 1 gives the variance explained
by a regression computed with the two southernmost popugadit a regression computed with all other populationdeMd gives the variance explained by a regression
computed with the three southernmost populations and a regressinputed with all other populations and so on. Dashed liapresented the percentage of variance
explained by a simple linear regression, without spijtthe dataset. Plain lines corresponded to the upperoliie 95% confidence interval of the percentage ofwag

of the simple regression: piecewise regression modédlsvira significantly better than the simple regressnmuel are above these lines (likelihood-ratio tekfs= 2; P <

0.05).
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Figure 3: Population genetic memberships forBeta vulgaris ssp. maritima, Heterodera schachtiiand
Heterodera betaeA, D, G: synthetic maps of first SPCA scores. BHEBarplots of individual probabilities of
memberships. C, F, I: Map of mean population membership lpfities for the modal K clusters. A, Beta
vulgaris ssp.maritimg C, D: H. schachtij E, F:H. betae
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of populations oH. betae Nevertheless, in contrast kb schachtij variance partitioning at
the upper hierarchical level iAl. betaevaried among the different analyses (Piecewise
regressions:  &oupsotaF0;  SPCA!  keographical  groupsiTomm0.119;  Bayesian  clustering:
Festersmotaf0.420). The highest differentiation value corresponded to aiqairtg which did
not take the geographical localization of populations atcount. This suggests that distant
populations oH. betaecan be either extremely similar or extremely different

In Beta vulgarisspp.maritima, DresD analysis identified significant departures fronepur
isolation by distance model in three geographical areigs 4A). Populations of the North
West of the Iberian Peninsula and populations of Swedistt Danish coasts were
characterized by a higher genetic differentiation thapeeted under a pure IBD model
assuming migration/drift equilibrium. These geographical areasprabably correspond to
barriers of gene flow among sea beet populations. Inastpgpopulations of the North West
of France showed a lower genetic differentiation thgmeeted under IBD. As a result, this
region should correspond to a corridor for dispersal. DrasBlyses did not identify any
genetic discontinuities for nematode species. HoweaveschachtiiandH. betaeshowed a
negative and a positive relationship with coastal dissamnehich suggest two different
colonization routes of European beaches for the two toetea species (Fig. 4B and C).

These observations were concordant with IBD analyses.dndesea beet populatiors,
significant IBD was observed for nuclear and cytoplasmi@ @hong populations of the
Iberian Peninsularg = 0.494;rz = 0.322; all atP < 0.05; Fig. 5A and C). For populations
distributed from France to Sweden, a significant IBD pasteras observed for nuclear data
(rz = 0.645,P < 0.01; Fig. 5B), but not for cytoplasmic data (Fig. 5D)significant IBD
pattern was also observed among populationsi.ochachtiidistributed in the North of
Brittany (rz=0.497P = 0.01; Fig. 5F), but not among populations located in thelSof this
Peninsula (Fig. 5E). Global IBD pattern among all poputatiof H. betaewas almost
significant ¢z = 0.70;P = 0.064; Fig. S2). Similarly, IBD pattern among populations ef th
West and the North-West of France was close to be significz = 0.39;P = 0.051; Fig.
5G). There were not enough populationdHofbetaeto investigate IBD patterns in the most

southern group of populations determined by piecewise regnsssi
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Table 3: Analysis of molecular variance according to populations partioning by each analysis of genetic
diversity structure.

_ _ o Components Percent of F-
Species  Analysis Source of variation ) . o
of variance variation  statistics

Beta v.spp. Piecewise

maritima  regressions Between groups 0.305 4.96 0.050
Between populations within groups 0.972 15.8 0.166
Within populations 0.099 1.61 0.020
Total 4.773
sPCA Between geographical groups 0.737 11.9 0.119
Between populations within geographical
groups 0.570 9.22 0.105
Within populations 0.099 1.60 0.020
Total 4.773
Bayesian
clustering  Between genetic clusters 0.763 12.4 0.124
Between populations within genetic clusters 0.536 8.69 0.099
Within populations 0.099 1.6 0.020
Total 4.773
Heterodera Piecewise
schachtii  regressions Between groups 0.200 4.57 0.046
Between populations within groups 0.928 21.2 0.221
Within populations 0.646 14.7 0.198
Total 2.611
sPCA Between geographical groups 0.254 5.72 0.057
Between populations within geographical
groups 0.922 20.8 0.221
Within populations 0.647 14.6 0.198
Total 2.611
Bayesian
clustering  Between genetic clusters 0.244 5.59 0.056
Between populations within genetic clusters 0.863 19.8 0.209
Within populations 0.647 14.8 0.198
Total 2.611
Heterodera Piecewise
betae regressions Between groups 0.000 0 0
Between populations within groups 3.377 57.7 0.577
Within populations 0.363 6.20 0.146
Total 2.116
sPCA Between geographical groups 0.748 11.9 0.119
Between populations within geographical
groups 3.066 48.7 0.553
Within populations 0.363 5.77 0.146
Total 2.116
Bayesian
clustering  Between genetic clusters 2.957 42.0 0.420
Between populations within genetic clusters 1.632 23.2 0.400
Within populations 0.330 4.69 0.134
Total 2.118
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Figure 4: DresD residuals along coastal distances Beta vulgarisssp.maritima, Heterodera schachtiand Heterodera betaeDispersion of IBD residuals (equivalent to
IBD corrected FST) are represented according to populati@tidos on the x axis. The plain line corresponded to al haslation by distance model. Red parts
corresponded to geographical area which significantly depfaedthe basal model. Barriers can be suspected aboveashérhodel and corridors can be suspected below
the basal model. ABeta vulgarisssp.maritima B: H. schachtij C: H. betae No significant phylogeographical breaks were observethéntwo nematode species.

Heterodera schachtandH. betaealso showed contrasting global differentiation patterns
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Figure 5: Isolation by distance in southern and northern poputions groups defined by piecewise
regressions inBeta vulgarisssp. maritima, Heterodera schachtiand Heterodera betaeA, C, E: IBD over
populations in the southern areas; B, D, F, G: IBD over pdipuals in the northern groups. A, Beta vulgaris
ssp.maritima, nuclear markers; C, Beta vulgarisssp.maritima, cytoplasmic markers; E, H. schachtij G:

H. betae slope: slope of the linear regression model; rz : rat®Macoefficient; pvalue : p-value of the Mantel
test.

Concordance of population structure among the three species

We tested for congruence among genetic distance mattheahree species using CDAM.
Global CDAM tests between matrix Bf v.spp.maritimaandH. schachtiiand betweeB. v.
spp. maritima and H. betaedid not reject the null model of incongruence among matri

suggesting different patterns of population genetic structuresith species.

DISCUSSION

This study aimed at investigating and comparing the phylogpbgraf two phytoparasitic
crop nematodes and their wild host plant to determine wh#tbee species share some part
of their evolutionary histories. Our data strengthen gbstglacial northward recolonization
scenario of the shoreline observed in a previous wodearbeet populations distributed from
Morocco to Brittany (Leys et al. 2014). Our results also ssiggkat the history of
recolonization may have been more complex than eggde®esults orH. schachtiishow

very different patterns of population genetic structuringn ttheose observed among sea beet
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andH. betaepopulations. Overall, this study emphasized the conbetsteen the large-scale
geographical structuring of genetic diversity observed inhbst plant and the lack of
concordant patterns in population genetic structures d¢f bematodes which are probably
influenced by local and regional micro-evolutionary @sses.

A southern origin for nematodes and sea beg?

Analyses of genetic diversity levels and spatial structpii¢ the Atlantic coastline into
southern and northern homogeneous growpsch are approximately identical among the
host plant and the two nematode species. This suggests tHat simgeographical events
may have influenced the spatial genetic structure otiiee tspecies.

In sea beet populations, the southern group is compospdpofations of the Iberian
Peninsula and is characterized by a significant northwareéasein nuclear genetic diversity
and a significant IBD pattern. Such decreasing pattern efgliy may result from sequential
founder events along the shoreline implying a small numbeolonizers. However, 1BD
could either result from this colonization process omfrshort-range dispersal among sea
beet populations (lbrahim et al. 1996; Austerlitz et al. 1$&chmaille et al. 2011). This
suggests a gradual northward recolonization of the Iberiam$tda, as reported in previous
work (Leys et al. 2014). In contrast, cytoplasmic genetierdity did not show any northward
decrease. First, the influence of genetic drift isrgjer on cytoplasmic markers due to their
lower effective population size and may erase any gen@itatsires of leading edge
expansions. Second, previous work evidenced that kin-strudaureder events and recurrent
arrival of seeds from distant populations may also styoaffect the spatial distribution of
cytoplasmic genetic diversity within populations (De Caueteal. 2010). Therefore, at large
spatial scale, the combination of these processediovemay lead to the faster disappearing
of the colonization signal in mitochondrial genomes.

In nematodes, the southern group is also composed of popsldtom the lberian
Peninsula, but also includes populations from southern-mestence. This split is not
always exactly the same depending on the genetic divestimators used. Additionally, the
small number of populations considered in analyses basetletio fiequencies may have
lead to a reduced statistical power of piecewise regressialyses. Nevertheless, this split is
supported by the concordant opposition of Spanish populat@hp@pulations of southern-
western France with the rest of the dataset for bmtimatode species. In this southern
biogeographical nematode entity, the genetic diversity didshow any correlation with

coastal coordinates nor isolation by distance. Consmglethe northern limit of species
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distribution ranges and their temperature optima, rit loa assumed that the two nematodes
species were distributed farther in the South during theglastations (Thomason and Fife
1962; Griffin 1981; Maas and Heijbroek 1982; Gracianne et al. 2014). féherdwo
potential colonization scenarios of northern Europeaasacan be put forward.

First, nematodes may have followed the sea beet pasgblspread and recolonized
Europe along the coastline. In this case, a faster éwolof nematode populations would
explain the lack of reduced genetic diversity expected dmtfedge populations experiencing
serial bottlenecking (see Waters et al. 2013). Indeed, tmsagreement with other work that
reported substantial influence of genetic drift on local gerseructure of populations d.
schachtiidue to limited dispersal, short generation time and sefgdttive population size
(Jan et al. in review; Gracianne et al. in review). €hl#e-history traits may have led to
independent evolution of populations, which favors the lospost-glacial recolonization
signal over time. Precise knowledge on biological trfaitdd. betaeis still lacking. However,
this species is thought to be parthenogenetic, which majaiaxthe stronger genetic
differentiation observed among populationgdofbetaethan amongd. schachtiipopulations.

Second, the nematodes did not follow KH LU K R)MdMIfrecodR2aMIn route but
recolonized Western Europe using alternative hosts distdbalong the shoreline. In this
case, independent colonization events of sea beet popglatiay have occurred along the
shoreline and/or inland. This resulted in non-geneticallyedlaoastal nematode populations
that depart from biogeographical patterns observed in sea. hagtited dispersal events
along with moderate effective population sizes may thee Feavored a mosaic of genetically
differentiated populations with divergent evolutionarydcépries.

In H. schachtij the second colonization scenarios may be supported ytsrasf
population structure which did not evidence any clear spatiatigestructure. Likewise,
hierarchical analyses of genetic differentiation showwat the apportionment of genetic
variation may be explained by evolutionary processesirang among populations,e. at
local and/or regional spatial scale. It should be notedsgietial genetic structure . betae
did not show clear patterns of genetic structure probadbause of the smaller number of
populations sampled in this study. On the other hand, higteate allelic richness was
observed in populations of the southern group, supportpotential origin and/or an older
colonization of southern areas. Concordantly, sPCA Bayesian analyses featured a
common ancestry among Portuguese and Andalusian populatioict, may favor the first

colonization scenario.
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A two-step recolonization of Europe?

In the northern group of sea beet populations, nuclear wioghlasmic genetic diversity
significantly decreased northward and this pattern was assdawvith a significant isolation
by distance, suggesting a northward recolonization by sequdatiader events. The
occurrence of IBD in cytoplasmic data suggests this readtion of northern areas was
more recent.

Surprisingly, a highly localized hotspot of genetic diversityi@und in Brittany. High
levels of genetic diversity may be produced by admixturevdset genetically differentiated
colonizing lineages in northward part of sea beet distributsolge. Such an increase of
genetic diversity was unexpected because sequential foenwdets generally result in a
decrease of genetic diversity, particularly when theyamsociated with limited gene flow
among populations (Austerlitz et al. 1997). A recent stegorted high levels of genetic
diversity soon after the colonization of a new habitat. after a drastic founder event
involving adaptive evolution through rapid population growtkroa very short evolutionary
time scale (de Bruyn et al. 2014). Nevertheless, suclersago may be unlikely in sea beet
SRSXODWLRQV EHFDXVH LW UHTXQUWHW MWRKH UK UKKY CHIHY LSU
GLIILFXOW (i Bruyb &V &IHA014). Alternatively, the reestablishmengefe flow
among populations which were disconnected during a prolongeddperay result in the
observed increase of genetic diversity on the Frencét \@@ast. Indeed, specific alleles may
accumulate in isolated populations and be spread aftenthef isolation. A simulation study
showed that this phenomenon creates a peak of diversighwhin be conserved for a long
time in populations (Alcala et al. 2013)

The isolation of sea beet populations distributed in \t'est of France may have
happened owing to climatic oscillations observed afterLdmt Glacial Maximum (LGM).
13,000 years ago, climate warmed favoring the retreat of padatsfand probably the
northward expansion of southern species (Bonifay 1992). Nedest) climatic conditions
were then degraded during the periods of the Bdélling-Alleréd (-12;100900 years before
present (BP)) and of the Younger Dryas (-10,950; 10,150 yearsvB&e temperatures
dropped dramatically (Isarin and Bohncke 1999; Fig. S3). During tex$eds, polar fronts
progressed southward, but not as far as during the LGM simggéle southern limit of
permafrost was localized more in the North than durind- @l (Bonifay 1992; Waters et al.
2013). Thus, sea beet populations may have persisted at ugpdetathan during the LGM.
Isoclines reconstruction of the Younger Dryas supports this hgpst and shows that

temperatures reached a maximum of 14°C in July in the Sd@httany in the West France
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(Isarin and Bohncke 1999; Fi§3). This temperature corresponds to the isotherm obsetved a
the current northern range limit of sea beet and sugtiedtsea beet populations were able to
persist in this region during the Young Dryas period. This ldegrease in temperature at
global scale may have disturbed long-distance geme dlmong sea beet populations which
may have temporary isolated Iberian and French popnatbsea beet. As a result, the West
coast of France may have played the role of a crypirthern refugium for the sea beet
during the periods of the Bdlling-Allerdd and the Younger Dryas.

Refugia are defined as locations where populations survivézpef regionally adverse
climate, and should correspond to a contraction of thelevipecies range (Stewart et al.
2010). For the sea beet, range contraction may have edcbecause climate cooling
probably led to the extinction of populations which were ablee&zhr higher latitudes than
Brittany during the climate warming at the beginning of theliBgdAlleréd (Stewart et al.
2010). Nevertheless, the presence of refugia should be mdlepéy inferred from fossil
record, phylogeographical and species distribution modelingestu@Gavin et al. 2014)
Radiocarbon studies on soil macrofossil charcoal evidktcat the South of the Bay of
Biscay was a cryptic refugia for European beech during tder@ryas (-16,300; -12,700
years BP), which was one of the coldest interval efléist glacial period (de Lafontaine et al.
2014a; de Lafontaine et al. 2014b).These findings of crypiigie north of well-established
southern peninsula refugium is consistent with resultgavious plant species (Tzedakis et al.
2013). This suggests that in warmer periods such as the Boéllingidlend the Younger
Dryas, populations of sea beet may also have persisti West of France. This area was
already reported as potential refugia in several phylogpb@ga studies on terrestrial species
such as plant pathogenic fungus, orchid and hair-grass, whietadditional supports to this
refugia hypothesis (Pfeifer et al. 2009; Vercken et al. 201gHat al. 2014).

Nematode data are also compatible with a potential infe®f past climatic fluctuations
of the Bolling-Alleréd and the Younger Dryas on their popafatgenetic structures, as
evidenced by the split between southern and northerrschachtii populations groups
observed in the sPCA. The weaker signal of this evemieimatode genetic data may be
related to a lack of diversity of microsatellite markansl/or to the quicker loss of the genetic
signature of this event due to marked influence of local gedeift. However, our results
supported different recolonization scenarios fbr schachtiiand H. betae The genetic
diversity of the northern group &f. schachtiipopulations significantly increased northward
and was associated to a strong IBD pattern. This patteranisordant with the northward

increase of genetic differentiation evidenced by the Dresdllysis, but may be counter-
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intuitive. Indeed, it suggests a northern origin of miggamthich is in opposition with the
potential southern origin of nematodes. Additionally, thB |Battern suggests some genetic
relationships between the closest populations, which a@nimadiction with the unstructured
distribution of population membership inferred by Bayesiarstering along the Atlantic
coastline. A northward recolonization scenario, assumingindand distribution of an
alternative host-plant species with a subsequent atfestof coastal populations of sea beet,
and occasional migration between inland and coastal edmaiopulations, may generate
such patterns. None of these hypotheses can be tested uwittlataset, because genetic
information for nematodes populations distributed onnithlalternative hosts is lacking.
However, this scenario implies a recent infestation af lsget populations, which may be
consistent with the presence of an IBD signal occurrim@eu migration-drift equilibrium.

In contrast with patterns observedHn schachtij the private allelic richness &f. betae
increased in populations distributed in western France,eamtid to decrease northward. It is
worth noting that neither this pattern nor the related NB&re significant. The lack of
significant results clearly evidenced low statistical poafeanalyses in this species. Thisyna
be related (i) to the small number of population includeallglic frequencies based analyses
and/or (ii) to a lack of genetic diversity induced by the lpagenetic reproduction of this
species or (iii) to ascertainment bias due to cross-speniesosatellite amplification.
However that may bdl. betaedata showed concordant trends with patterns observed in the

sea beet populations.

Marine currents and coastal dispersal

Spatial and clustering analyses evidenced additional gesteticturing in the northern and
southern populations groups defined by piecewise regressibit was particularly evident
for the sea beet. Most locations of genetic changesegmond to well-known
phylogeographical boundaries, and were clearly identified asetsaior corridors to gene
flow among sea beet populations. Some of these genel@kdralso appear in nematode
genetic structures.

A first genetic discontinuity was located on the Spariistpe Finisterre in the North-
West of the Iberian Peninsula and was described as rbiarrgene flow among sea beet
populations (Leys et al. 2014). It is also identifiedHinbetag but not inH. schachtij which
may be related to a stronger isolation of coastal papuotatfrom inland populations fdt.
betae Although no genetic discontinuity is detected using tresDranalysis, spatial analyses

and the Bayesian clustering performedHhrbetaepopulations clearly separated populations
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of the West and the Southwest of the Iberian Peninfsata the rest of populations. The
North-West of the Iberian Peninsula was previously repasea phylogeographical break in
several marine species. Indeed, this area corresponds twiiact zone of two different
water-masses which creates two distinct biogeographicas anethe North and the South of
the Spanish Cape Finisterre (Pifieira et al. 2008. 6). Marine currents act as a physical
barrier to dispersal in various marine species such as aiga#e snails, seahorses or fishes
(Lundy et al. 1999; Pifieira et al. 2008; Woodall et al. 2011; Nefval. 2012), but also in
another coastal plant speci€&syngium maritimum(Kadereit et al. 2005). Our results thus
suggest that hydrodynamic characteristics of the Spanigh Eaisterre may also influence
population genetic structure ¢f. betaeand its host plant, the sea beet, while it remain
unclear forH. schachtii

Another barrier to gene flow has also been detected asemfeet populations from the
Channel and North Sea and populations from the Easedd#émish peninsula. This genetic
discontinuity was absent in both nematodes specieshwias consistent with the absence of
genetic structuring observed lh schachtiiand with the absence &f. betaepopulations in
this area. Although incoming water masses from the Norim&ke a counterclockwise loop
in the Skagerrak (Fig. 6), this region has generally not lbssociated to a geographical
break. Several studies have reported gene flow and lowigeifégrentiation among fish and
coastal plants populations of the North Sea and thene of Skagerrak and of Kattegat
(Knutsen et al. 2004; Kadereit et al. 2005). However, further watileeced that
environmental specificitiese(g. weak marine current and lower salinity, Fig. 6) of thisaeg
lead to the establishment of a transition zone cheniaed by specific genotypes which have
few exchanges with populations from the Baltic and thetiN&ea (Nielsen et al. 2004;
Johannesson and André 2006; Limborg et al. 2012). As a resolggical properties of this
area may limit gene flow among marine populations frdwea North Sea and from the
Kattegat.

Because the sea beet is a terrestrial coastal gaotes, it should be not affected by this
non-physical barrier. The genetic differentiation otaed among North Sea populations and
Kattegat populations would then result from the use of temraltive colonization route by
Kattegat populations, as observedTinglochin maritima Indeed, one genetic group of this
coastal plant species independently recolonized the DenamatkSweden coasts using an
inland route before the opening of the Baltic Sea (Lactt et al. 2007). However, in our
case study, this scenario is unlikely because inland setapbg@ulations are only found in

human-made habitats in Mediterranean areas (BiandaaiZ011). Moreover, as observed
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Figure 6: Main marine currents along the European Atlantic coastli® and phylogeographical breaks
observed in the sea beet and the two nematodésfter Lee and Ramster 1968; Salomon and Breton 1993;
Krause et al. 1995; Koutsikopoulos and Le Cann 1996; Danielss¢nl®87; Lazure and Jegou 1998; Barnay et
al. 2003; Peliz et al. 2005; Johannesson and André 2006; Réfieira2008). Pictures corresponded to species
evidencing similar barriers (in red) and corridor (in greenylispersal when compared to sea beet genetic
structure. Arrows with solid lines represented dominaniectsr Arrows with dotted lines represented temporary
currents associated with specific conditions. a: Scophtilrmaximus (Nielsen et al. 2004); b, Fucus
serratus(Johannesson and André 2006)Cekile maritima(Kadereit et al. 2005); ddadus morhugNielsen et

al. 2003); e:Mytilus edulis(Johannesson and André 2006)S&lsola kali(Kadereit et al. 2005); gOwenia
fusiformis(Barnay et al. 2003); Eurytemora affinigWinkler et al. 2011); jMerluccius merlucciugLundy et

al. 1999); k:Fucus ceranoids (Neiva et al. 2012); IHippocampus hippocampu$Voodall et al. 2011); m:
Eryngium maritimum(Kadereit et al. 2005); ri:ittorina saxatilis (Pifieira et al. 2008); oPhocoena phocoena
(Fontaine et al. 2007).
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for sea beet, most marine species of the BalticsBew very low levels of genetic diversity.
These patterns were related to relatively recent rangensigps in these areas due to the
opening of the Baltic Sea, only 8,000 years ago (Bjérck 19%&niesson and André 2006)
The subsequently isolation of the Baltic Sea populatmosnoted the effect of genetic drift
which may have prevented genetic diversity recovering (Jokaaneand André 2006)
Finally, another plant specieSakile maritima that recolonized the Atlantic shoreline by the
coast, showed genetically distinct populations from the N&#a and the Baltic Sea
(Kadereit et al. 2005). To summarize, sea beet disp@saisto be strongly related to marine
currents, but also to ecological characteristics ostimeline.

In addition to phylogeographical barriers, the DresD aralygidenced the presence of a
corridor of gene flow among sea beet populations in nogteme France, along the Channel.
This result may also be associated to marine curretiesiti&s water masses enter in the West
of the Channel and flow eastward to the Dove Strait. Thisepurits the North of the
Cotentin peninsula and isolates thersdalo gulf which is characterized by several gyres
induced by tidal movements (Salomon & Breton 1993). In #gon, marine currents may
facilitate gene flow through seed drifted among sea bestalgeopulations located along the
Channel (Fievet et al. 20Q7)his hypothesis is also supported by a fine-scale investigation o
the population genetic structure of the sea beet ondidéls on the Channel which evidences
a concordant eastward and parallel recolonization patterboth the English and French
shorelines (Arnaud, unpublished data)

We did not find any evidence for a corridor of gene flomthie two nematode species.
Populations distributed in the West of the Saint-Mald gté highly structured and show low
levels of admixture. At the regional scale, the gyemt gyres of the Gulf of Saint-Malo are
able to persist in a wide range of climatic conditionsd aplit the gulf into two parts,
isolating the western part of the gulf from the rddhe Channel (Salomon and Breton 1993;
Barnay et al. 2003). Marine currents may thus isolate toafagpopulations of the Gulf of
Saint-Malo and generate high genetic structuring. This hggathwvas supported by a similar
situation observed iRl. schachtiiandH. betaepopulations of Cantabria, in Northern Spain, a
region also characterized by a long-term persisting neagyre (Météo France, data not
shown). Similarly, the modeling of dispersal in polycledatvae has shown that coastal water
movements may improve dispersal along the Channel eastinardlso westward (Barnay
2003 Fig. 6). Such water movements may facilitate westward dlene among close
nematode populations resulting in the IBD pattern and the exwutlhecrease of genetic

diversity observed itd. schachtiipopulations in northern populations. As a result, our data

Page B8



suggest that marine currents may influence nematode disperadal and regional spatial
scales. This kind of dispersal mode was never considefedebfor cyst nematodes species,
because these species are generally studied in fields.essilg water current-mediated cyst
dispersal was only documented for an endoparasitic plamtoele Pratylenchusssp., which

is able to survive to seawater immersion inside the rhizoiite host before developing on a
new host. Thus, exceptional events, such as storms, gy lasg-distance dispersal of this
nematode (de la Pefia et al. 2011). Such a scenario is elikedityfor H. schachtiiandH.
betaethat make most of their development cycle inside timésr of their hosts. Storms may
disperse cysts, which are dormant structure able toaditee/ for years in soil. However, we
cannot conclude on this hypothesis, because no informabioat cyst survival in seawater is
available so far.

Finally, our data suggest that both global processes suclimesgic fluctuations of the
Bolling-Allerod and of the Younger Dryas and more local prsesslike marine
hydrodynamic may have a strong influence on the genetidsteuaf coastal populations for
the three species. However, this influence varied amongespgepending on their biological

specificities, and also according to their respectiveutizoiary histories.

CONCLUSION

Results from this study suggest that the sea beet atddh@ematodes may have persisted in
southern Europe during the last Glacial Maximum. At the @ihglaciations, they expanded
northward, but their spreading was probably disturbed by cliffiatittiations of the Bolling-
Alleréd and the Younger Dryas period, which may have affecteah thifferently (Figure 7).
The current sea beet genetic population structure probahlitsréom a two-step coastal
northward recolonization of the Atlantic coastline whinhy have been driven by physical
and ecological properties of the coastal marine environrh@erestingly microsatellite data
indicate thatH. schachtiimay have recolonized Europe through inland alternativ&sho
rather than by strictly following the sea beet. Thisofenization may have, however, also
occurred in two steps due to the climate cooling during ther@dhillerdd Younger Dryas.
Thus,H. schachtiiand the sea beet did not share the same evolutiorsoyiés, and thus did
not co-evolve together over long evolutionary time-sdalecontrast, concordant trends with
the genetic population structure of the sea beet may duggesoastal northward
recolonization of Europe fad. betae However,H. betaebiological requirements may have
prevent its persistence in a northern cryptic refugigute 7). Further investigations, based

on a more significant sampling or based on additionalkens, will be required to give
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reliable conclusions on this species. Finally, this studyvshiat the investigation of the
evolutionary history of a host may improve the understanaf spatial genetic patterns

observed in its parasites.
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Figure 7: Summary of the recolonization scenario of the EuropeaAtlantic coastline by the sea beet and the two nematodeA: climate warming favored northward
range expansions in the three species. B: Climate coolinggdiwénperiods of the Bdolling-Alleréd and of the Yougner Brigplated sea beet aktd schachtiipopulations.
Biological requirements dfl. betae which preferred warmer temperatures, potentially predettie persistence of this nematode at upper latitudedicBon of species
distributions are based on their current northernmost disiwib and the isothermal reconstruction of Isarin andnBké (1999). Green arrow and dot lines: sea beet; red
arrow and dot lineddl. schachtij yellow arrow and dot line$d. betae
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SUPPORTING INFORMATION

JLIXUH 6 . VW DW L \\Wdlilfood Gb@indd Kdd e&rR K value tested inBeta vulgaris ssp.
maritima, Heterodera schachtiand Heterodera betae
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Figure S2: Isolation by distances over all populations iBeta vulgarisssp.maritima, Heterodera schachtii
and Heterodera betaeA: Beta vulgarisssp.maritima, nuclear microsatellites; BBeta vulgarisssp.maritima,
mitochondrial minisatellites; G:deterodera schachtiiD: Heterodera betaeslope: slope of the linear regression
model; rz : rz Mantel coefficient; pvalue : p-value of Mantel test.

Figure S3: Late Weichselian and Holocene geochronology mean yukemperatures for the British Isles
based on beetle data (dashed line) and d180 values (after Isaand Bohncke 1999).
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2.4. What is new and what to do next

As for their wild host, our data supported that the two nedes may have recolonized
Europe from southern areas. This is clearly in conttiadiavith the current literature a.
betae(Steele and Whitehand 1984). Our studies further highlighintkeest to combine data
from the sea beet and the two nematodes to better undktsgaobserved patterns of parasite
genetic structure and to propose new hypothés€y SDUDVLWHV Y KLMNéRW LHYV
studies give new information on the occurrence, theirorgd the history of the two
nematodes and one of their wild host-plant species. Thismiation was currently almost
inexistent for telluric crop pathogens though they maynberesting for the management of
field pest populations. For example, cyst beet nematwdes more widely distributed along
the Atlantic coastline than expected given their lahiactive dispersal capabilities (Wallace
1968). This observation and the potential impact of main mammeents in driving the
dispersal of cyst nematodes strongly questioned thenexif passive dispersal of cyst
nematodes and of the identification of potential displevectors. The mismatch observed
amongB. v. ssp.maritima andH. schachtiisuggested a non-shared history between the two
species. From an agronomic point of view, this may pretvenpresence of major resistance
genes in the sea beet. Therefore, it brings into questie nature of resistance mechanisms
found in wild host-plant populations and its consequencth@éodevelopment of new resistant
varieties of sugar beet. However, several conclusions dseghéy these studies require

additional supports.

2.4.1. Comparative phylogeography of the three species: a work still in

progress

The comparison of evolutionary histories of the threecisgerequires additional data.
Microsatellite loci gave results which allowed definingedevant scenario of postglacial
recolonization of Europe by the sea beet. Nonetheleiss pattern was not evident for
nematode species, particularly fdr betae This may be partly related to the small sample
sizes in several locations, which were thus excluded front afgeerformed analyses. Small
sample sizes are usually not a problem in phylogeographichéste.g. Kadereit et al. 2005
provided that a sufficient number of loci is used (Robirgatd). Different markers may give
higher statistical power to phylogeographic analysis and mdy be to refine the
evolutionary histories of the three species. As a resuteasing the number of molecular

markers may improve the strength of our hypotheses.
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We thus planned to incorporate a set of additional sequénacesuclear, mitochondrial
and choloroplastic genomes to the current dataset to esguditional informationAppendix
1). Each genome has a specific evolution rate and igrtfarsnative on different time scales.
For example, microsatellites are fast evolving markieosveng relatively recent evolutionary
history, but mitochondrial and choloroplastic genomesadie to trace back past historical
events further in time. We thus chose to sequence thesoplastic and one mitochondrial
gene inB. v.ssp.maritima We also sequenced seven nuclear and two mitochondriahlo
nematodes. These data may help validate hypotheses @toagerhistories. All these data
will be first analyzed to investigate the spatial patterrgeoietic structure in each species and
refine post-glacial colonization scenarios. A carefulcdpgon of genetic diversity is
required before any statistical evaluation of scendoyosiodel comparison like Approximate
Bayesian Computation (ABC) methods to define the mosvaatemodels for our data to
avoid incorrect inferences (Lombaert et al. 2014).

ABC is a statiscal framework for model comparison and parameter estmatmainly
based on summary statistics and extensive simulation$ \ahawv to not performed the exact
likelihood calculations (Beaumont 2010; Bertorelle et al. 2@gliléry et al. 2010). More
precisely, this approach estimates posterior probabilifiiferent models or parameters by
evaluating the similarities between the observed value® e summary statistics and the
values coming from a large number of simulated dataseB&£ Aethods were already
successfully used to infer invasion routes and colonizahistory of two crop pests,
Diabrotica virgifera virgiferaand Mycrocyclus ule(Miller et al. 2005; Barres et al. 2012)
ABC analyses may thus complement our current picturésgeographical patterns. During
my PhD, ABC analyses were initiated during a short stay én labboratory of Michael
Hickerson (The City College of New York), which is collabdorg on these features of the
study. The complete picture of the European colonizatidheotwo nematodes and their wild

host is thus still in progress and will be developed fuiithéne next few months.

2.4.2. Heterodera betaés still an open question
Adding an additional set of sequences to analyze thelgapugenetic structure di. betae
may also give clues on key life-history traits, suchhaskireeding system or the ploidy level
which are still poorly documented. In the current literatomost studies investigating the
biology of H. betaewere made before its description as a full species byt§¥vand
coworkers in 2001. These studies actually considered guiarebiotype oH. trifolii instead

of H. betaeindividuals, making difficult to draw any clear condtuss. For example, mitotic
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parthenogenesis has early been suggested for this nemidtouweheless, specimens used in
these studies were not definitively identifiedrasbetaeindividuals, resulting in uncertainties
in the reproduction mode of this species (Steele and Whideh@84). The substantial levels
of genetic differentiation observed among our survelledetae populations supported a
parthenogenetic reproduction mode. Levels of population gesiéferentiation were indeed
higher when compared tbl. schachtiiwhich is a sexual species with probably similar
dispersal capabilities. Our results may thus give the dupport for a parthenogenetic mode
of reproduction irH. betae Another uncertainty comes from the ploidy levekbfbetae As
for the reproduction mode, cytological studies suggestirtg-thbetaemay be tetraploid were
performed far before the true description of the spe€iemntaphyllou and Hirschmann
1978; Steele and Whitehand 1984). Moreover, microsatelliteéloculs genotypes only rarely
evidenced triploid or tetraploid profiles, preventing us teadlyy determine whether these
genotypes were the results of amplification artifactdher results of additional copies of
amplified loci. Therefore, we decided to remove irregpleofiles and to analyzel. betae
dataset using the same analyses asifachachtii A rigorous estimation dfl. betaeploidy
level is obviously required before performing supplemenpapulation genetic analyses.

Another area of uncertainty comes from a diversitypmblems with the molecular
characterization whicked us to consider with caution the conclusions drawn byattadysis
of genetic diversity ofH. betae SeveralH. betae populations were characterized by
amplification failures at multiple microsatellite lodihis situation was already reported for
cross-species amplified markers (Selkoe and Toonen 2006), amdinduce a loss of
statistical power in analyses on this species. Howeveotggng with molecular markers do
not allow the complete distinction between the two nematsplesies. Indeed, we performed
a Discriminant Analysis of Principal Components (DAPC), whictaisuitable analysis to
identify and describe genetic clusters. We wanted tomia the specificities of
microsatellites multilocus profiles to each species Byirtg the presence of distinct genetic
clusters corresponing for each nematode species (Joeatkart2010f~igure 13. The DAPC
clearly allowed the distinction of most Bif schachtiiandH. betaepopulations. However, in
sympatric populations, wheté. betaeandH. schachtiico-occurred in the same host-plants,
there is no distinction of the two species anymorevateaced by the overlapping of some
populations on the DAPC. This overlapping of sevetabetaeandH. schachtiiindividuals
raise the question of the correct identificatiorHofschachtiispecimens and of the boundaries
of the H. betaespecies. Similarly, in field populations composed withschachtiiand H.

betae individuals, the genetic and morphological differencesnvben the two species are
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however more pronounced (data not shown). However, tmdigiduals coming from a
Finnish field population with both species showed an mmeeliary microsatellite profile
containing bothH. betae and H. schachtii characteristics, which may correspond to
hybridization between the two species (data not showms dbservation was unexpected
because of the difference in ploidy level betwétnbetaeand H. schachtii it raises the
guestion of the species delimitationtbf betae

These uncertainties may have numerous reasons, sucbnasformative molecular
markers, incorrect identification of nematodes, and shaistory between the two species, as
H. betaeis assumed to have recently evolved frmschachtii(Mulvey 1957, 1958, 1959;
Triantaphyllou and Hirschmann 1964; Steele and Whitehand 1984; Suletcadin 2010)
These uncertainties mainly evidenced the crucial necessiglarify the biology and the
definition of H. betaeas well as its phylogenetic relationships whithschachtiibefore going
further into the investigation of population genetic suetin this species. Therefore, we
chose to not pursue the work bin betaewhich is not included in the fine-scale studies that

are presented in the next section.

2.4.3. Heterodera schachtii how explaining large-scale patterns of

population genetic structure?

For both species, population genetic structure obsereed) ahe Atlantic coastline mainly
evidenced the little influence of global evolutionary prgesson spatial genetic structure.
Coastal populations of the two species are also potgraféected by marine hydrodynamics
which was unexpected for a strictly terrestrial spediésreover, these results suggest the
differences observed among the two nematodes speciesbenaglated to their different
reproduction mode or different levels of gene flow withaimd populations. The striking
absence of genetic structuring in space observed in mdst sthachtiipopulations and the
strong genetic differentiation observed at the populdgweel point out the importance of the
influence of local evolutionary processes in this ssec

This conclusion was not patrticularly surprising for a pteaand was documented in
various plant pathogen species (Capelle and Neema 2005; TacR@t2)l. Nevertheless, the
absence of structuring patterns strongly contrasts waitlstudy on fieldH. schachtii
populations which suggested this nematode may be able to digpevsg fields that are 150
km distant of each other (Plantard and Porte 2004). Natmch field populations oH.
schachtii populations may thus be differently inter-connected lamchan activities, which

play a central role in the agro-ecosystems functionarg, potentially involved in this
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dPCA 2:10.2%

discrepancy. Finally, dispersal capabilities appeared ® Ky factor in understanding both
natural and field population dynamics df schachtii Dispersal capabilities determine the
relative influence of gene flow and genetic drift on thieletion of genetic diversity within
and among populations over space and time. The investigatfiothese two mio-
evolutionary forces at small spatial scales may thusigeoinsights into the genetic

structuring observed over a continental scale.

dPCA 1:50.1%

Figure 13: Genotypic discrimination of the two nematodes specieA discriminant of principal component
analysis (DAPC, Jombart et al. 2010) was performed on thé 26hachtii(red) and 2HH. betae(black) wild
populations included in the phylogeographical study. Pointesept individuals. The analysis uses genotypic
profiles obtained with 8 microsatellites and was pertmwith the Adegenet package of the software R version
3.1.1 (Jombart 2008a; R Development Core Team 20h4)first principal component axis a 50.1% of the total
inertia and mainly discriminate the two species. In cehtthe second dPCA axis represents only 10.2% of the
total inertia of the data and evidences the genetichiitysaamongH. betaepopulations. In contrast, the 27 wild
populations oH. schachtiioverlap suggesting they are genetically homogeneous.
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3.Population genetic structure ofHeterodera
schachtiiat a local scale

3.1.

3.2.

3.3.

3.4.

3.5.

Context, objectives and strategy

Heterozygote deficits in cyst plant parasitic
nematodes: possible causes and consequences

Temporal sampling and variation in the genetic
structure of naturally occurring populations of a
plant-parasitic nematode.

1. Insights from the estimation of effective population sizes

Temporal sampling and variation in the genetic
structure of naturally occurring populations of a

plant-parasitic nematode .

2. Separating the relative effects of gene flow and genetic
drift

llluminating the evolutionary biology of  H. schachtii
in the wild and in agro-ecosystems
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3.1. Context, objectives and strateg y

3.1.1. Fine-scale studies to understand patterns of genetic diversity in wild
and field nematode populations

The first objective of fine-scale studies was to elueiddte interplay between micro-
evolutionary processes in wild. schachtiipopulations, which may give insights into the
phylogeographical patterns observed along the Atlantic coasiti this species. Genetic
structure results from the interaction between gene flawich spreads alleles among
populations, and genetic drift, which randomly reduces genatiation. The understanding
and the estimation of their respective influences aneialrto define nematode population
boundaries and to predict their adaptive capabilities to a netvohahe durability of control
strategies. Levels and patterns of gene flow are relatiedritmsic characteristics of pathogen
species such as dispersal ability and reproductive mode|sbutoaextrinsic factors such as
landscapes features and interspecific interactions (KakkioLopez-Sepulcre 2006). Patterns
of population genetic structure observed in wild nematode pigmdamay thus result from
equilibrium between all these components.

As for all pathogen species, human activities in agreyatems correspond to an
additional external factor able to modify this initlzlance. Human-mediated interferences
generally disturb the natural evolutionary dynamics of pathgggrulations (Stukenbrock
and McDonald 2008). This may result in nematode outbreaks eidsfi Despite the
accumulating evidence attesting of the influence of huawivities on nematode population
structure (Plantard and Porte 2004; Picard and Plantard 2006g\étlal. 2010; Boucher et
al. 2013; Gilabert and Wasmuth 2013; Alenda et al. 2014), therenavasvestigation on
dynamics of wild nematode populations and how exactly huactimities has changed the
original population evolutionary dynamic. These questiormilshbe examined in an area
relatively free of human influence, like natural ectsys and requires a sampling at the
suitable spatial scales to allow the comparison oftesuth field populations. The fine-scale
study of wild nematode populations may be thus also intege® improve the understanding
of the evolutionary dynamic of field nematode populationsl am propose possible
improvements for management strategies in sugar beps ¢k@n der Putten et al. 2006;
Burdon and Thrall 2008).
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3.1.2. Sampling in space, but also in time

To investigate issues developed above, a particular staveld be given to the sampling
design. Indeed, considering multiple spatial scalesgsired to take into account local and
regional genetic structuring observedHn schachtiiamong sites distant from a few hurdire
meters up to 150 km. It is also particularly suitable fordbtection and the estimation of
gene flow events among populations (Broquet and Petit 2608lot et al. 2009). The
inclusion of sites that are 150 km distant of each oshatl also favor the comparison of
results with existing data from nematode field populatiovisich were sampled on similar
spatial scales (Plantard and Porte 2004).

Empirical studies have shown that genetic structure beayot stable over time (e.g.
Honnay et al. 2009; Antoa et al. 2011). This suggests that idwamubifficult to generalize
our results if only one point estimation of genetic strees is considered. Similarly, while
pairwise estimates ofdl, a statistic widely used to investigate patterns of gleme &re able
to provide insights into the historical connection of populatidhey cannot determine
whether geneticonnectedness results from ongoing migration or is tbdyat of historical
processes such as recent common ancestry (Holsinger amd2909). Temporal sampling
may help to distinguish between historical and contempoilignature (Broquet and Petit
2009). Temporal surveys also allow the evaluation of theenfie of genetic drift through the
estimation of effective population size. Effective popalasize corresponds to the number of
individuals of an ideal population, where all individuals p#vtte similarly to the next
generations, and which experiences as much genetic driftheareal population (Wright
1931). There is a wealth of methods designed to estimietieé populations size (Barker
2011). However, only those based on temporal methods arpatibte with biological
characteristics offl. schachtij especially a high level of inbreeding (Plantard and P62,
Montarry et al. 2015). Several sampling sessions spac@dantere thus planned to reliably
estimate the effective population size and to assesstability of genetic structure over time.

Most of the work presented in this second section was bas#tesampling of a set of
sea beet individual plants collected within four beaclwamt of 300 m to 150 km from each
other. All the sampling procedure was performed twice during bz ih falls 2012 and
2013. My work was to develop the sampling design, to organize arormpesampling
sessions, to help in the sample treatment (cyst ekinaahd genotyping) and to analyze the
data. The two latter tasks were performed with the colktions of two Master 8V VW XGHQW V
Eric Olivier and Pierre-Loup Jan, whom | co-supervised dunegt ODVWHU YV WKHVLV
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3.1.3.How picturing the population genetic structure in Heterodera
schachtir?

Little is known about the genetic structure of plantagdic-nematode, and all data available
come from studies on few nematode species mostly perfoomdield populations (Plantard
and Porte 2004; Picard et al. 2006; Villate et al. 2010; Alendha 2014; but see Mallez et al.
2014). These studies showed that cyst nematode populateogsrarally connected by long-
distance passive dispersal events potentially mediated by hachaities or abiotic factors
such as water or wind. In the specific casetbfschachtij very low level of genetic
differentiation was observed among field populations sgedrby 150 km from one another,
and most of the genetic variation was observed at aloesy scale, within fields (Plantard
and Porte 2004). Altogether, these observations suggedt tisahachtiipopulations may be
potentially connected by long-distance episodes of gene dlod/or characterized by high
effective population sizes. At a finer scale, the vemyall size of this nematode (<1mm)
induces a physical limit of its active dispersal capabdi(\Wallace 1968). Similarly, the high
Fis values reported in field populations laf schachtiiwere considered as a result of mating
among related individuals barely able to disperse (PlargaddPorte 2004). The current
resulting model of ofH. schachtii population functioning thus assumes that spatially-
restricted dispersal of nematodes favors inbreeding withpulptions and passive long-
dispersal events counteract the genetic differentiaimong populations.

This model may be consistent with a regional pattern oftgeskeucture observed in the
Saint-Malo gulf and in northern Spain populations. Howeitedpes not fit well with the
absence of genetic structuring observed among other wild ggagnd along the shoreline.
Moreover, this model has several weaknesses that need tldressed, even for field
populations. First, the investigation of gene flow resglfiom passive and active dispersal is
incomplete. Indeed, at large spatial scale, there isfaomation on the intensity of gene flow
among fields. Their real impact on the evolution of gengitversity thus remains unknown.
At finer scale of investigation, high fixation inde¥d) values may also result from
methodological artifacts, such as sub-population streau null alleles. These explanations
deserve to be explored given that recent work reportedtthathachtiijuveniles are able to
move at least 30 cm to reach a sugar beet root in fielditamms (Westphal 2013). This may
thus limits inbreeding at the scale of the host-plantofaceffective population size has
never been estimated and the role played by geneticadritematode population genetic

structure is unknown. Lack of relevant data in field poputatis related to the high levels of
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field infestation which suggests high population sizesadillf to measure. However, genetic
drift is a major non-adaptive evolutionary process gctin pathogen evolution even in large
populations (Huyse et al. 2005). It has to be investigated touuatlerstand the evolutionary
dynamic of wild nematode populations. The work presented ins#udon aimed to give
insights on the relative effect of gene flow and gergiit and is structured in three parts:

1. The first paper corresponds to results obtained in &groeveloped by Josselin
Montarry and Eric Petit and for which | was involveddata gathering. This study
aimed at disentangling the relative impact of inbreeding population sub-
structuring in observed levels of heterozygote deficendData coming from two
sampling sessions were used to investigate this questiwitdipopulations. This
study gave insights conditioning my PhD project. This work wesntdy accepted
in Molecular Ecology

2. The study of the second part of this section correspnte first article of a set
of two companion papers studying the genetic structure dfpapulations oH.
schachtii This article focused on the estimation of the effecpopulation size of
wild populations ofH. schachtiiusing a temporal sampling. This work was
performed in 2014 during the Master thesis of Pierre-Loup darahd is planned

to be submitted t&volutionary Applications

3. The last part of this section corresponds to the secqret pa genetic structure of
wild populationsH. schachtiithat examines the level and the scale over which
gene flow occur among nematode populations during two comnge@ampling

years. This article will also be submittedBwolutionary Applications
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3.2. Heterozygote deficits in cyst plant parasitic nematodes:
possible causes and consequences

Josselin MONTARRY, Pierre-Loup AN, Cécile GRACIANNE, Andrew D. J. @ERALL, Sylvie BARDOU-
VALETTE, Eric QLIVIER, Sylvain FOURNET, Eric GRENIER and Eric J. BTIT

Published in Molecular Ecology (2015), vol.24, p. 1654-1677

ABSTRACT

Deviations of genotypic frequencies from Hardy-Weinberg equilibr(HWE) expectations
could reveal important aspects of the biology of populatiDeviations from HWE due to
heterozygote deficits have been recorded for thre¢ p&masitic nematode species. However,
it has never been determined whether the observedtsl@iere due (i) to the presence of null
alleles, (ii) to a high level of consanguinity and/m) (0 a Wahlund effect. The aim of the
present work was, while taking into the possible confoundirigctefof null alleles, to
disentangle consanguinity and Wahlund effect in naturgluladions of those three
economically important cyst nematodes using microsatetlaekers:Globodera pallida G.
tabacumandHeterodera schachtiipests of potato, tobacco and sugar-beet, respectively. The
results show a consistent pattern of heterozygote eefigiin the three nematode species
sampled at the spatial scale of the host plant. We dstnade that the prevalence of null
alleles is weak and that heterozygote deficits do not hasingle origin. Our results
suggested that it is restricted dispersal that leads terdzggote deficits through both
consanguinity and sub-structure, which effects can bediria soil movement, cyst density,
and the number of generations per year. We discuss potengleations for the durability of
plant resistances that are used to protect crops agamasitpa in which mating between
relatives occur. While consanguineous mating leads to hggostity at all loci, including loci
governing avirulence/virulence, which favors the expressforirulence when recessive, the
Wahlund effect is expected to have no particular effecthe adaptation of nhematodes to
resistances.

Keywords:consanguinity, heterozygote deficit, microsatellite, agrde, null allele, Wahlund

effect
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INTRODUCTION

Deviations of genotypic frequencies from Hardy-Weinberg equilibr(HWE) expectations
can theoretically reveal important aspects of the biotafgyopulations. Heterozygote excess
or deficits can be linked to the way individuals dispersevéen populations and mate within
populations (Paxton et al. 1996; Goudet et al. 20B@) example, deficits are characteristic
of selection against hybrids in hybrid zones (Alexandrind.€2095). They can also inform
the researcher about their ignorance of population lithitaples and Gaggiotti 2006) when
for example the deficit is linked to various gene poolsidgpenixed in a sample (Wahlund
effect - Wahlund 1928). Experimental artefacts can atsawl Ito deviations from Hardy-
Weinberg equilibrium. Heterozygote deficits can arise wireallele is not amplified because
the flanking region to which a primer sequence has begaté&at bears a mutation (so-called
null alleles, Callen et al.1993; Brookfield 1996; Chapuis artdups2007), or when alleles
drop-out because DNA template concentrations are lowefTet et al. 1996) (Taberlet et al.
1996). Heterozygote excess can appear when false allelesali@e lmecause of low DNA
guality or quantity, inappropriate experimental proceduresuoran errors (Pompanon et al.
2005). Contrary to allelic dropouts or false alleles thatnawstly encountered in noninvasive
genetic sampling, null alleles are frequent when employiogsespecies amplification or in
species harboring large effective sizes (Chapuis andugs2607). It is hence difficult to
distinguish whether the cause of heterozygote defibibi®gical or experimental.

Picard et al. (2004), Plantard and Porte (2004), and moretkeddenda et al. (2014)
have documented strong heterozygote deficits in threesiparayst nematodes;lobodera
pallida, Globodera tabacumand Heterodera schachtiiwhich attack potato, tobacco and
sugar-beet, respectively. As soil-borne obligatory paasif very small sizes (length is about
500 um on average), the active dispersal of nematodiesitesd to relatively short distances
(Wallace 1968). This possibly favors mating between siblingg;wtould be responsible for
the strong heterozygote deficit observed (Picard et al. Z@atard and Porte 2004; Alenda
et al.2014). This is the hypothesis that has been presentedsi ¢hees and others (Gilabert
and Wasmuth 2013), although alternative explanations existgsove) and have not been
explored. This is important in the case of such parakéeause the methods that are used to
control their populations are based on the deployn@ntresistant host plants. The
overcoming of host resistance corresponds to the adgquiby the parasite of the capacity to
infect and multiply in host genotypes resistant to othersgargenotypes, hereafter termed

virulence (Vanderplank 1963, 1968). Exploring evolutionary prosesssponsible for
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parasite adaptation to a new resistant host is crugiahéodevelopment and sustainable use
of plant resistances. Plant-parasite interactiotenafonform to the widely accepted gene-for-
gene model, which predicts that successful diseaseamasasts triggered only if a resistance
gene product in the host plant recognizes, directly orantly, a specific avirulence gene
product from the pathogen (Flor 1956; Flor 1971; Jones and Dang). 2086 durability of
such resistance genes depends on the ability of the parsiexpress virulence, which, in
pure genetic (Flor 1942; Janssen et al. 1991; Staskawicz di9@h), as well as in
metapopulation genetic models (Cornell et al. 2003), iitéed in a homozygous state. In
contrast to sub-structure and null alleles, heterozygoteitdéfie to consanguinity reflects a
true population scenarig,e. inbreeding. Consequently, among the three hypotheses we
formulate, consanguinity is the only one that represenoe excess homozygosity and is thus
relevant to the durability of resistance genes.

Overall and Nichols (2001) have described a likelihood-basedhomheallowing the
differentiation between excess homozygosity causedobganguineous mating and excess
homozygosity due to undetected population sub-structumudhr analysis of multilocus
genotypes. The method is based on the fact that consaggndipopulation subdivision can
generate distinctive patterns of homozygosity in muti®data, with individuals showing an
excess homozygosity at each locus for the former,irahdiduals homozygous at different
loci for the latter. Here, we used that method in ordeatcutate a likelihood surface for the
genetic correlation due to population subdivisioh &énd the proportion of the population
practicing consanguinity (C) (Overall & Nichols 2001) in thygant parasitic nematode
species attacking different crops: the potato cyst nematdpallida the tobacco cyst
nematodeG. tabacumand the beet cyst nematotte schachtii In addition, we used a

combination of methods to check whether null alleles aneaf@et in these species.

MATERIALS AND METHODS

Biology of cyst nematodes

Nematodes are a group of worms that include free-living spaciels asCaenorhabditis
elegansas well as many parasitic species of animals and pldatg-parasitic nematodes are
major parasites that cause considerable economic limsagsculture: worldwide crop losses
caused by nematodes have been estimated around $100 billion pgagser and Freckman
1987). Cyst nematodes enter the plant roots as secondjstagdes (J2) and establish a
specialized feeding structure, the syncytium (Jones anchétae 1972), which is a severe

nutrient sink for the plant. Sex is environmentally deteedi through the size of the
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syncytium that is induced (Trudgill 1967; Grundler et al. 198#ult males leave the root in
order to mate females. The females continue to feeadvaerd egg development is completed,
they die and form a cyst, enclosing hundreds of eggs,hwduastitute a survival stage that
can stay viable for several years in soils.

G. pallida, G. tabacumandH. schachtiiare gonochoristici.e. with separate males and
females) and diploid organisms with obligatory sexual repramtucContrary toG. pallida
andG. tabacumyvhich are specialized on Solanaceous plaheshost range dfl. schachtiiis
large, causing damage to other species belonging to plantieanChenopodiaceae,
Cruciferae and Brassicaceae (Raski 19&80)pallidaandG. tabacum are considered native to
South-America, andH. schachtiinative to Europe (Cooke 1992; Grenier et24111) G.
pallida achieves only one generation per year, whefe@asabacumand H. schachtiican
achieve between two to five generations per year in someoemantal conditions (Raski
1950; Adams et al. 1982; Johnson 1998).

Nematode populations sampling

Given the restricted active dispersal ability of plpatasitic nematodes (Wallace 1968), and
because it is the smallest scale at which heterozygoigtsldfave already been reported
(Picard et al. 2004), we chose to sample populations at dm¢ gtale. Because the three
species we sampled infest different crops, we had to d#aldiferent local partners who
have specific constraints when sampling, which led to tjighfferent sampling schemes at
the field scale. Likewise, these three species haverdift biogeographic origins, which
allowed us to sample various compartments (field vs. wiftlfaions inH. schachtij Europe
vs. South America irG. pallida) when possible. Our aim here was not to investigate the
particular influence of specific environmental factors otetozygote deficits encountered in
these species, but to investigate their origin in alldé@ms where these species can be
sampled given our current knowledge of their distributiadh lzinlogy.

For G. pallida 19 populations were sampled at the plant scale (Tablamng those
populations, four were sampled in a Peruvian potato fieldatdmc in the region of
$QGDKXD\ODV *36 SRLQW f 1 1171 DQG f 1T UGTT2
et al. 2004), and for which DNA samples were maintained at -80°C ®inee, whereas the
other populations were sampled in Western France during surB@i¥: ten coming
respectively from five plants randomly chosen in two distipotato fields located in the

island of Noirmoutier, and five coming from five plant:iddamly chosen in a potato field
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near Saint-Malo (Fig. S1, Supporting information). For eaclpallida population, between
20 and 40 larvae taken from distinct cysts were genotyped.

For G. tabacum 13 populations were sampled in Southwestern France durmmeu
2012 from six distinct tobacco fields (Fig. S1, Supportingrimfation), with a unique plant
from four fields and four and five plants randomly chofegrthe two other fields. For each
tabacumpopulations, between 25 and 33 larvae from distinct cystsgesratyped (Table 2).

Forty-oneH. schachtiipopulations were sampled in Northern France during summer and
fall 2012 (Table 3). Among those populations, eight were samplédorcultivated sugar-
beet fields after randomly choosing four plants by fieldeseas the other populations were
sampled in the wild compartment from four distinct beache&b wild beet plantsBeta
maritima(Fig. S1, Supporting information). For eddhschachtiipopulation, between 16 and
29 larvae from distinct cysts were genotyped.

Microsatellite genotyping

Cysts of the three nematodes species were obtainedsbibimsing a Kort elutriator. In order
to obtain enough DNA from single larvaee( one second-stage juvenile J2), an extraction
procedure using sodium hydroxide and proteinase K was perforifedifg Boucher et al.
(2013). Species identity of these samples were checked byRECR-of the ITS region as
previously described (Thiéry and Mugniéry 1996).

G. pallida populations were genotyped using 11 microsatellite markers (Gp106, Gp108,
Gpl09, Gplll, Gpll2, Gpll6, Gpll7, Gpll8, Gpl22, Gpl26 and GpIable S1,
Supporting information) developed directly from available geooseguences (Cotton et al.
2014) The program QDD (Meglécet al. 2010) was used to select sequences and design
primer pairs for sequences containing perfect microsateilitefs with at least four repeats
and flanking regions without tandem-repetition. Among thasekers, we discarded small
PCR products (< 100 nucleotides) and all tri-nucleotides mkiés most likely to appear in
coding regions because they do not cause any frameEaift; et al. 2000). Two multiplex
panels were defined to reduce the time and cost requirechtiyge the 585 individuals at
the 11 loci (Multiplex Manager Software - Holleley ande@s 2009).

G. tabacumpopulations were genotyped using eight microsatellite mark€p108,
Gpl16, Gr56, Gr58, Gr67, Gr68, Gr82 and GBBkable S1, Supporting information) initially
developed foiG. pallida andGlobodera rostochiensi@Boucher et al. 2013) and selected for
their ability to cross-amplify ifs. tabacumTwo multiplex panels were defined to genotype
the 383 individuals at the eight loci.
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Table 1: Localization of the sampled potato fields,G. pallida population name, number of larvae
genotyped (n), ks, proportion of loci showing significant heterozygote deficitinter-loci variance of Rg,
allelic richness (R) and unbiased gene diversity (H)l'he right part of the table shows the joint maximum-
OLNHOLKRRG RI G.p&lidGa@puRtion MithFalksignificant heterozygote deficit.

localization population Fs significapt loci intgr-loci R(n=16) H } c
name proportion  variance
21533 40 0.041 ns 2/11 0.016 4.93 0.56 . .
Andahuaylas 21534 36 0.118 * 3/11 0.031 4.85 0.61 0.12  0.0C
(Peru) 2158 37 0.134* 2/11 0.069 455  0.59 0.1f  0.0¢
e..._2159 33 _0171* ___4/11 ____ 0.035____467.__055 __01: 0.
< N1-02 29 -0.051ns 0/10 0.122 239 035
=) Noirmoutier N1-04 30 0.080 * 2/11 0.049 3.41 0.46 0.0 0.4z
c=5 field 1 N1-06 30 0.084 * 1/11 0.028 3.11 0.42 0.0 0.41
o N1-08 34 0.021 ns 1/11 0.021 2.82 0.39
@© eemmeeoo___N210____31__0.009ns___0Q/11_____ 0007____271__038_  _____._____.
E N2-01 20 -0.047ns 0/7 0.300 2.00 0.29
o . . N2-02 34 0.011 ns 1/10 0.168 2.50 0.30
o Noirmoutier
o field 2 N2-06 27 0.017 ns 0/9 0.172 2.26 0.31
o N2-08 26 0.036 ns 0/10 0.102 2.51 0.32
O . ____N209___ 31 _008ns ___0/9 ____ 0165 __ 241 032 _____..____.
SMO01 26 0.243* 4/11 0.027 3.05 0.53 0.1 0.51
SM03 31 0.142* 2/11 0.037 3.10 0.50 0.0¢ 0.47
Saint-Malo SMO05 29 0.094 * 2/11 0.056 3.36 0.50 0.0 0.4t
SM08 29 0.108 * 1/11 0.014 351 052 0.0¢ 0.4
SM10 32 0.113* 1/11 0.016 3.19 0.50 0.0C 0.4¢
total 585 0.087

Table 2: Localization of the sampled tobacco fieldsG. tabacumpopulation name, number of larvae
genotyped (n), ks, proportion of loci showing significant heterozygote deficitinter-loci variance of Rg,
allelic richness (R) and unbiased gene diversity (H)'he right part of the table shows the joint maximum-
OLNHOLKRRG RI G.DeQacurgopBlatiorl\with i significant heterozygote deficit.

localization population Fs significar_]t loci inte_r—loci R (n=16) H } c
name proportion variance
Reo01 30 0.156* 1/7 0.038 219 038 0.1¢  0.0C
Reo02 30 0.247* 3/7 0.093 2.04 037 0.2: 0.0C
e La Réole Reo03 32 0131* 3/8 0.187 212 034 0.1: 0.0C
8 Reo04 30 0216~ 2/7 0.038 232 037 0.2  0.0C
© . _Reods 31 0240% 218 . 0062 __237 038 00 _07i
S __Calvignac cam _____ 3102897 | 214 . 0061 ___150 017 _01i 05¢
- gui-01 27 0.701* 1/2 0.500 119 0.02 0.7¢  0.51
g Guinarthe gui-02 26 1.000 * 1/1 0.000 112 0.01 090 1.0¢
S gui-03 29 1.000 * 2/2 0.000 1.20 0.02 0.9C 1.0C
O . qui0s. 32 0551 ___ 2/4 ______ 0339____136__ 003  ___06:_ .06
S __Savagnac____26____ 25 0842% __1/2 Q416____121_ 006  ___ 08 _ 05
() --lamagolD __Lab 33 0044ns _ 0/4 Q015 ___140__ 013 . .
Larnagol P LarP 27 0.293* 0/4 0.066 149 0.17 0.3:  0.0C
total 383 0.233
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Table 3: Localization of the sampled sugar-beet fields (Thibie anflomacle) and beaches (Granville North,
Granville South, Montfarville and Saint Léonard), H. schachtii population name, number of larvae
genotyped (n), ks, proportion of loci showing significant heterozygote deficitinter-loci variance of Rg,
allelic richness (R) and unbiased gene diversity (H)I'he right part of the table shows the joint maximum-
OLNHOLKRRG RI H.BdQdsht¥pddrlatiod dithla significant heterozygote deficit.

- opulation significant loc inter-loci \
localization p game Fs groportion variance R (n=16, H } C
HsP101 23 0.012ns  0/8 0.074 2.78 0.46 . .
Thibie HsP102 25 0.174* 3/7 0.101 3.05 0.47 0.0 0.62
HsP103 25 0.106* 2/8 0.080 2.98 0.46 0.1z 0.0C
________ HsP104 _16_00631s_ _1/8 _ _ 0117 _ 188 049  __ _.__ _.
HsP301 28 0.247* 3/7 0.139 2.81 0.44 0.2¢ 0.0C
Pomacle HsP303 22 0.184* 217 0.148 3.03 0.40 0.21 0.0C
HsP304 25 0.188* 1/7 0.046 2.94 0.41 0.1€ 0.0C
HsP305 16 0.258* 3/7 0.121 2.50 0.44 0.2¢ 0.0C
"""" Fra7IN-P2.” 25 -0.162ns” 076  0.057 194 032 ~ "7
Fra.71IN.P2. 25 0.056ns 0/8 0.027 2.38 0.36
Fra.71N.P2. 25 0.021ns  0/7 0.031 2.44 0.39
Fra.71N.P2. 23 0.021ns  0/7 0.017 2.06 0.36
Fra.71IN.P2. 22 -0.04Cns  0/7 0.037 2,51 0.41
- Granville NoF™@71N-P2. 24 0.013ns  0/8 0.079 2.13 0.38
=] Fra.71N.P2. 24 0.123ns 1/7 0.142 2.03 0.34
% Fra.71N.P2. 22 0.071ns 1/8 0.060 2.63 0.37
a Fra.71N.P1. 25 0.085ns 0/8 0.041 2.65 0.41
- Fra.71IN.P3. 21 0.051ns 0/8 0.021 2.15 0.40
8 Fra.71N.P4. 27 0.103ns 1/7 0.151 2.33 0.33 . .
© Fra.71N.P5. 26 0.162* 217 0.086 2.21 0.36 0.1¢ 0.0C
L Fra7_1.P5. 22 0.10ins” 078 ~~ 0.021 291 045 ~ "7
o Fra.7_1.P5. 25 0.145* 1/6 0.132 2.58 0.34 0.1C 0.0C
o Fra7 1.P5. 25 0.030ns 0/7 0.007 1.98 0.29
] Fra7 1.P5. 20 0.014ns 0/8 0.007 2.54 0.34
% Granville Sou'Fra.7_1.P5. 20 0.036ns 2/8 0.220 2.44 0.38
Fra.7_1.P5. 25 0.008ns 0/8 0.068 2.69 0.42
Fra.7_1.P5.. 23 0.108ns 2/8 0.130 2.76 0.37
Fra.7_1.P2. 24 -0.072ns 1/8 0.189 2.39 0.35
_______ Fra7 1.P4. 20 01361 _1/8 __ 0043 229 034 ___.___.
Fra8_4.P1. 25 0.391"* 217 0.239 2.21 0.35 0.32 0.0C
Fra.8_4.P1. 25 0.269" 217 0.130 2.50 0.38 0.1C 0.7t
Fra.8_4.P1. 25 -0.307ns 0/6 0.135 2.60 0.41 . .
Montfarville Fra.8_4.P1. 22 0.192* 1/6 0.023 2.33 0.34 0.17 0.0C
Fra.8_4.P1. 28 0.097ns 1/6 0.063 2.65 0.38 . .
Fra.8_4.P2. 23 0.165* 1/6 0.099 1.99 0.35 0.1¢ 0.0C
_______ Fra8 4.P3._26_:0094ns_ _1/6 __ 0092 _ 257 041 ___.___.
Fra.7_4.P1. 21 -0.243ns  0/6 0.020 2.55 0.40
Fra7_4.P1. 24 -0.054ns 0/6 0.017 2.34 0.33
Saint LéonarcFra.7_4.P1. 24 -0.218rs  0/7 0.023 2.08 0.29
Fra.7_4.P1. 24 0.096ns 1/6 0.085 2.07 0.34
Fra.7_4.P2. 29 0.063ns 1/7 0.060 2.34 0.32
total 969 0.061
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H. schachtiipopulationswere genotyped using eight microsatellite markers (Hs33, Hs36,
Hs55, Hs56, Hs68, Hs84, Hs11ll and Hsl#Zable S1, Supporting information). Those
markers were developed according to the procedure developedidyssizt al. (2011) using
next-generation sequencing and library enrichment. Genomic BNgeveralH. schachtii
populations was extracted from entire cysts with the &3)® Blood and Tissue Kit (Qiagen)
using the protocol for animal tissue. Construction, emal§iCR and 454 GS-FLX titanium
pyrosequencing of the microsatellite-enriched DNA libraves carried out by Genoscreen
(Lille, France). The program QDD (Meglécz et al. 2010) wasius select sequences and
design primer pairs as described aboveGopallida Three multiplex panels were defined to
genotype the 969 individuals at the eight loci.

PCR was performed using a 384-well reaction module (BIO-RAD C100@) 5 pL
volume containing 1X of Type-it Microsatellite PCR Kk4 0 RI SULPHU PL[ DQG /
template DNA. Cycling conditions included an initial denatoraat 95 °C for 5 min,
followed by 30 cycles of denaturation at 95 °C for 30 s, ammgali 57 °C (and 58°C fdH.
schachti) for 90 s and extensionat 72°Cfor V . IROORZHG E\ D ¢QDO H[WHQV
30 min. PCR products were then diluted to 1:25Gompallida 1:40 forG. tabacumand 1:10
for H. schachtiiin sterile water and 3 pL of this dilution were mixed w@l®5 pL of
GeneScan 500 LIZ Size Standar $SSOLHG %LRV\VWHPV DQG /I RI IR
Biosystems). Analyses of PCR products were conducted on A&h® 3130x| sequencer
(Applied Biosystems).

Allele sizes were determined by the automatic calling and binnodyula of GeneMapper
v4.1 (Applied Biosystems) with manual examination of irtaguesults. To minimize the rate
of genotyping errors, a second round of PCR and electrofghoras performed for 10% (190
randomly drawn larvae among the 1,937 that were genotyped)eofilobal number of

individuals, considering the three species altogether.

Genetic diversity and heterozygosity estimation

Genetic diversity was estimated through allelic richnessa(id)unbiased gene diversity (H)
(Nei 1978). Allelic richness R corresponds to the mean numbelieddés per locus and gene
diversity H corresponds to the average probability acrasstdodraw at random different
alleles in the same population. R was estimated on a mdaceple of 16 individuals using
the rarefaction method implemented in Populations 1.2.88gella 2000). H anéks were

computed usin@GENETIX 4.05.2 (Belkhir et al. 1996). The statistical significaot& s values
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for each population was tested using the allelic permutatiethod (1000 permutations)
implemented INGENETIX. The proportion of loci showing a significant hetergate deficit
and the inter-locus variance were calculated using the tSUBPGENETIX.

Estimation of null allele frequency

In order to test for the presence and to estimate dogidncy of null alleles in our data sets,
two independent methods were used. First, the relatiobshigeen the percentage of missing
data for each locus arfels was examined (Beaumont et al. 200 WK WKH 6SHDUPDQY
correlation coefficient rho using the statistical s@fte R, version 2.15.0 (R Development
Core Team, 2012). A positive relationship betw&gnand missing data would indicate that
amplification failure is due to individuals bearing a nulele at the homozygous state.
Second, we used the likelihood-based method of ChybickBanckzyk (2009) implemented

in the INEst program, that simultaneously estimates nldleafrequencies and inbreeding
coefficients. Finally, data sets simulated with EasyP?.¢ (Balloux 2001) were used in
order to assess the effect of null alleles oand C estimates. We simulated a set of 20
populations made of 20 diploid individuals (10 females and 1@smahting randomly) with

a mutation rate of 0.0005 at 10 distinct loci. Each lo@as99 possible allelic states, the same
probability to mutate to any allelic state, and free recontibimdetween loci was allowed.
The migration model used for all simulations was an islaodel with a migration ratefo
0.01 for both males and females. This simulation scheme reg@gated ten times for
simulations that spanned enough time (1,000 generations) to ezpdhbrium. One
population was sampled in each of the ten replicatesused to infer C and, which were
expected to equal zero. Null alleles were then added foesllowing frequencies between
zero and 30% by steps of approximately 2.5%, and we looked diffdxence between the
estimated and expected C andalues. Likewise, we used five of our populations (showing
less than 3.5% of null alleles, estimated using INEst) tonadlichlleles with frequencies that
reached up to 35% in order to explore their influencehenestimation of C and on real

data.

DQG & HVWLPDWLRQ
In order to distinguish consanguinity and Wahlund effect, vee tise method of Overall and
Nichols (2001). The method requires knowledge of the repro@ubtology and ecology of
species in order to define the degree of relatedness betwesmduats implied in

consanguineous mating. Because larvae coming from areyststers, we chose a degree of
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relatedness of 1/4, which corresponds to the probability tleabtfispring of siblings will
inherit two identical-by-descent genes at any one locus.

To evaluate the posv of the method, we simulated a total of sixteen scenahat mixed
consanguinity and the Wahlund effect with allele freqiesnof each of three populations we
sampled. These populations were chosen because they exHilgh (the 215-3&. pallida
population), intermediate (the Fra.7_1.P%7 schachtiipopulation), or low (the LarDG.
tabacumpopulation) gene diversity and no significant heterozygletiecit (Tables 1, 2 and
3). The sixteen scenarios corresponded to four C values (@.8.4nd 0.5) and four values

DQG 7KH VWDUWLQJZIRL QW H ROF W R BIO \BIRPSXXADD

frequencies. Population sub-structure was simulated by rhanadjusting the allele

frequencies until the desiredwas obtained between two sub-populations (one with original

\2 — _
allele frequencies and one with adjusted) according]teé_ a“d%(p- p) /p(l- p). From the

resulting allele frequency distributions, arrays of @ksible single locus genotypes were
generated in proportion to their expected frequencies as liedan Overall and Nichols
(2001). Multilocus genotypes were generated by randomly drawing fiese arrays.
Population sizes were held at N = 100. For example, forcémasio C = 0.1, = 0.5, the two
arrays of allele frequencies differing by= 0.5 were each used to generate 50 multilocus
genotypes, 5 of which were in Hardy-Weinberg equilibrium, 4xlo€h were inbred withirs

= 0.25. These were then combined to give a population of MG This procedure was
repeated five times for each population scenario ancethdtant likelihoods combined.

The method was then applied to the 10, 12 and 12 populations nghaignificant
heterozygote deficits in the plant parasitic nemat@deallida, G. tabacunandH. schachtij
respectively. The output matrices of likelihood values were usedentify the most likely
parameter combination (over a grid of 10,000 combinationsamid C values) for explaining
the heterozygote deficit observed, and to draw graphs ofikbhood surface for each

nematode population using the software R.

RESULTS

Heterozygote deficits and genotypic diversity

The newly developed markers confirmed the results ofrdPiebal. (2004) for the four
Peruvian populations ofs. pallida (0.04 < Fs < 0.17, Table 1). Regarding French
populations, the five populations from Saint-Malo showeadifig@ntly positiveFis (0.09 <

Fis < 0.24, Table 1), whereas only two populations from Noirmquaisrong the 10 tested,

Page [L18



showed a significantly positiies. Gene diversity H was higher for populations from Peru (H
varied between 0.55 and 0.61, Table 1) and Saint-Malo (H variseede 0.50 and 0.53,
Table 1) than for populations from Noirmoutier (H varied betw®8.29 and 0.46, Table 1).
Accordingly, the allelic richness R was the highest iruRR varied between 4.55 and 4.93,
Table 1), intermediate in Saint-Malo (R varied betw8b6 and 3.51, Table 1), and the
lowest in Noirmoutier (R varied between 2.00 and 3.41, Table 1).

All but one of theG. tabacunpopulations (LarD with &s = 0.04) showed a significantly
positiveFis (0.13 <Fis < 1.00, Table 2). Gene diversity H ranged from 0.01 to 0.38 €Tbl
and allelic richness from 1.12 to 2.37 (Table 2) revealingnadenotypic diversity for that
species.

Six H. schachtiipopulations from cultivated fields, among the eight testbdwed a
significant heterozygote deficit (0.01 s < 0.26, Table 3). However, fad. schachtii
populations from the wild compartment, only six populati@mpng the 33 tested, showed a
significantly positiveF;s (-0.31 <Fis < 0.39, Table 3). In terms of genotypic diversity, gene
diversity and allelic richness were higher in the cutedacompartment (0.40 < H < 0.49 and
1.88 < R < 3.05, Table 3) than in the wild compartment (0.29 OHIsand 1.94 < R < 2.91,

Table 3), as seen mainly from the H statistic.

'LVHQWDQJOLQJ DQG & E\ D VLPXODWLRQ DSSURDFK
In all situations, the 95% confidence envelopes of estomatand C values contained the
simulated values (Fig. S2, Supporting information), excepthm 215-33G. pallida
population when DQG & Itis striking, however, that, for the range of gene
diversities observed in our nematode populations, morenmaftion can be retrieved on sub-
structure than on consanguinity levels. Unless the maxinketihood is at C = 0, C is often
over-estimated and confidence intervals for this paranmateost always encompass the
whole range of possible values. In contrasis always close to its true value or slightly
under-estimated, and point estimates which confidence ifdedl@anot comprise = 0 are

clearly indicative of a Wahlund effect.

Frequency of null alleles and their effectcon DQG & HVWLPDWLRQV

Results provided by INEst showed low frequencies of null allel€396. 0.00% and 3.83%
for G. pallida G. tabacumandH. schachtij respectively. A locus by locus analysis showed
that two markers had potentially null allelesGn pallida (2.92% for Gp135 and 4.49% for
Gpll2) and that four markers had potentially null allelebl.irschachtii(0.47% for Hs36,
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8.32% for Hs56, 9.88% for Hs84 and 11.95% for Hs68) with frequenaeéslith not exceed
12%. Moreover, the relationship between the percentageissing data for each locus and
Fis was never significantX(> 0.05). The simulations showed that the estimationwés not
influenced by the addition of null allele in the datass®fariation of C became importarnte(

+ 0.1) only if the null allele frequency was above 20% (E)g-These results were confirmed
using allelic frequencies of five of our real populationsich showed little variation in
estimated C and values, at least as long as null allele frequencies wefeirange of what
we observed in the populations sampled (Fig. S3, Suppontioignation). Altogether, those
results showed that loci used here were only weakly affdxteaill alleles, or that estimated
frequencies of null alleles have no consequence on tineagisin of and C.
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'c _ ]
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4;,4)/ 'L i
0 1 N
005
0 005 01 015 0.2 0.25 03

Percentage of null alleles

Fig. 1 Variations of the genetic correlation due to population sudivision ( ) and the proportion of the
population practicing consanguinity (C) (x standard error) accordingto the percentage of null alleles
(between 0 and 30%) from simulated populationsThe hatched area represents the zone corresponding to o
empirical datai(e. a maximum of 12% of null alleles, as estimated by INEst).

DQG & LQ QHPDWRGH SRSXODWLRQV
Among the tenG. pallida populations showing a heterozygote deficit, the deviafiiom
HWE was attributed to genetic structure at a sub-populatae éa Wahlund effect) only for
the three Peruvian populations (Fig. 2A and Table 1), vaketewas mainly attributed to
consanguineous mating for French populations (Fig. 2A atdeTl) with a proportion of the

population practicing consanguinity varying between 41% and 51%¢ Iy For one French
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population (SM-01), the most likely parameter combinationefglaining the heterozygote
deficit included both sub-structure and consanguinity.
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Fig. 2 Likelihood surfaces showing estimated and C values with 95 and 99% confidence envelopes
(internal and external envelopes of the highest likelihoodsjsualized as grey shades, respectively) for (A)
the 10G. pallida populations, (B) the 12G. tabacumpopulations and (C) the 12H. schachtii populations
showing significant heterozygote deficits, respectively. and C are represented on the x-axis and y-axis,
respectively.

For all G. tabacumpopulations, the most likely parameter combination includedyha hi
level of sub-structure (Fig. 2B and Table 2). There wasuigence of consanguinity for four
of the five populations from La Réole and the last popratiReo-05) showed a higheand
a lower C when we run the method with a degree of relasedoie1/8 ( = 0.15 and C =
0.63). Such a degree of relatedness could correspond to urebmeeh half-sibs. The
population from Calvignac showed also both consanguinitysabdstructure for explaining

the heterozygote deficit. The LarP surface differsnftbe others (Fig. 2B), with two maxima
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giving quite different interpretation of the data< 0.08 and C = 1.00 or= 0.31 and C =
0.00). This is to be expected from this method, which is ahlg to disentangle C from
whenever C < 100% (Overall & Nichols 2001). With alternatwedues of the degree of
relatedness (1/8 and 1/16), the maximum-likelihood value favorsubestructure scenario
(not shown). Finally, the method did not disentangéand C fo G. tabacunpopulations from
Guinarthe and Salvagnac showifg > 0.5 (Fig. 2B and Table 2).

In all H. schachtiifield populations but HsP102, the heterozygote deficit wabatitd to
sub-structure (Fig. 2C and Table 3). The heterozygote diefieit schachtiipopulations from
the wild compartment was also attributed to sub-structuregpéxtor the population
Fra.8_4.P1.2 (Fig. 2C and Table 3).

Altogether, those results showed that heterozygote defi@ve not a single origin
whatever comparisons are made between species or betwadatjpms. Indeed, we found
evidence for both consanguineous mating and the Wahlund édfeloé associated with
observed heterozygote deficits.

DISCUSSION

We report a consistent pattern of heterozygote defigiem¢hree species of plant parasitic
nematodes. Though it has been shown that parasitic odesatan exhibit null alleles (Grillo
et al. 2007; Silvestre et al. 2009; Brouat et al. 2011), we demanttedttheir prevalence is
weak in our focal species. We furthermore show by simulatiat the level of null allele
frequency we detect is unlikely to bias our estimates of cgugaity and of the Wahlund
effect. Because the probability of homozygosity is afiom of allele frequencies, the method
of Overall and Nichols (2001) requires the use of highly pofypimc markers (Selkoe and
Toonen 2006). Molecular markers developed for the threeato&l® species were
polymorphic, however those used to type tabacumpopulations were less variable than
those used to typ@. pallidaandH. schachtiipopulations. That difference could be due to the
fact that the eight microsatellite markers used in tpisces were issued from another
species. Several studies have indeed reported a loss ohatieeness in cross-amplifying
markers between species due to mutations within the mieflitsaarrays (FitzZSimmons et al.
1995; Fredholm and Wintero 1995; Selkoe and Toonen 2006). Aqumersee was that it was
more difficult to disentangle consanguinity from theaWind effect inG. tabacumwhen
compared to the other two species.

We detected heterozygote deficits by sampling at the raesiated spatial scale, that is,

at the level of a single individual host, as is commonpciced in parasitic species that
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frequently exhibit a distribution aggregated according to halvidual (e.g. Thiele et al.
2008; Guzinski et al. 2009; Dharmarajan et al. 2010; Dharmarajah 2011). Facing a
common pattern in three species that differ in hbasit range, distribution, number of
generations/year, etc., we expected to find a common ggdhat could explain our results.
But, like in other parasitic (Rougeron et al. 2009; Dharraaraj al. 2011) and non-parasitic
(Castric et al. 2002) species, it seems that heterozggditsts have not a single origin. This
conclusion holds whatever comparisons are made betgmeries or between populations
within species (our examples, Castric et2l02; Thiele et al. 2008). The common feature
between these different case studies is that rexstricispersal lies behind both main
biological processes that favor heterozygote deficitshiWal effect (this study; Thiele et al.
2008; Rougeron et al. 2009; Dharmarajan et al. 2011) and mating bhetalagves (this
study; Castric et al. 2002; GuzingKial. 2009).

In our studied species, we found evidence for both consamgusnmating and the
Wahlund effect to be associated with observed heterozyggieits. Although C could be
over-estimated (Fig. S2, Supporting information) and confieentervals of this parameter
are large, this is not the case forat least irnG. pallidaandH. schachtij and point estimates
of both variables do vary between populations. We expldhede variations in point
estimates of and C to examine whether they are consistent witldeee that it is restricted
dispersal that leads to heterozygote deficits through &ab-structure at the plant scale and
consanguinity. First, soil movement should erase &y af the Wahlund effect through the
mixing of cysts. Field populations of beet and potato parasiinatodes sampled in Europe
are mixed every year through ploughing and tuber or root harge3he other populations
live in soils that are more stable: the region of Andahsagferu) is a hilly region where
growers do not use agricultural machines in their potato figllsacco fields are less
ploughed than potato or beet fields, and the harvestipg dtenot lead to soil movement; the
sand of beaches where we samgptedchachtiionly moves during strong storms. Comparing

values between these two groups of populations, we indeedh@tdevidence for the
Wahlund effect is less pronounced in populations that gaugjir regular soil movement &
0.09+0.03; meanzstandard error) than in populations that amoia stable grounds (=
0.31+0.06).

Second, the proportion of consanguineous mating should asecreith increasing
nematode density, because of increased mating opporsuniti&. pallida, the only species
for which we have density estimates, the proportiomerhatode populations showing a

significant heterozygote deficit that is attributed to emggiineous mating was higher in the
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field near Saint-Malo (5/5,e. 100%) than in fields of Noirmoutier (2/1De. 20%). Indeed,
Fournet et al. (2013) reported 3 larvaeersus 82 larvae per g of soil for these fields,
respectively.

Finally, we note thatG. pallida achieves only one generation per year whei@as
tabacumand H. schachtiiare able to achieve several generations per year (Raskj 1950
Adams et al. 1982; Johnson 1998). We think that this could explanthe heterozygote
deficit in nematode populations found in tobacco and beesfie mainly attributed to sub-
structure, meaning that the Wahlund effect can build up witlsimgle crop season in these
multivoltine species.

Altogether, these results point to a plausible scerfaricheterozygote deficits in cyst
forming phytoparasitic nematodes. After a new nematode papuiatfounded (through any
mechanism of passive dispersal that allows individual cysteéet suitable hosts), low
densities associated with restricted active dispersabdties lead to consanguineous mating
that result in heterozygote deficits that are mainlyibatted to consanguinity. For field
populations that live on plants that are harvested afieh nematode generatida. (pallida),
this signal is easily erased through soil movementsnd€ulates contain large enough
nematode populations (Noirmoutier), this does not allow hejgode deficits to arise
through sib-mating. In multivoltines species, the sudorsof different generations
associated with low active dispersal abilities allows abeumulation of allele frequency
differences between sub-populations at the plant scailegdarrsingle crop season, leading to
Wahlund effects. This signal can be eventually erased ladirvesting and tillage.

The fact that variations in and C values between the investigated species and
populations are consistent with the biology of cyst rtedws supports the view that our
results are sound and interpretable in terms of restridigpersal. We must acknowledge,
however, that our sampling scheme was not set up to teshevhsoil movement, cyst
density, or the number of generation per year, influeheeftequency of consanguineous
mating or the buildup of a Wahlund effect. This cleasiyl require further investigations
before definitive conclusions on the relative importanéehese two processes are reached.
The scenario we propose is testable through both fieldrempnts and population genetic
modeling. This scenario for instance predicts that réstricdispersal should lead to
heterozygote deficits through consanguineous mating inrak tspecies: this could be tested
by sampling populations of the different species after omy generation on the host. A
second prediction that could be tested through appropsetepling schemes is that the

Wahlund effect increases through time in mutlivoltine sgedie already have some support
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for this prediction. Among the populations bff. schachtiithat we sampled in the wild
compartment in 2012, some were resampled one year latee inourse of a companion
project on effective population sizes (PL Jan, C Gramma S Fournet and EJ Petit, data not
shown). We used this opportunity to look at the tempomlugion of the heterozygote deficit
and its causes in sixteen populations that were sampldubtin years. We observed an
increase oF s in all but one population, and this increase was linked tm@aease of the
Wahlund effect (permutation test for paired values, 10,000ygatimns,P = 0.005) but not to
an increase in the proportion of individuals that originfiten consanguineous mating
(permutation test for paired values, 10,000 permutati®ns, 0.130). Finally, population
genetic modeling through individual based simulations could durtfelp understanding
under which conditions of density and dispersal limitatieterozygote deficits can build up
through consanguinity and the Wahlund effect, and whetietwo processes can follow
each other in multivoltine species.

What remains, though, is that we could identify sev@rgdallida populations, sampled in
potato fields, in which all the heterozygote deficit was atted to consanguineous mating
(N1-04, N1-06, SM-03, SM-05, SM-08 and SM-10, see Fig. 2A), atrdgtlis not sensitive
to our choice of the relatedness coefficient (1/4) betweatingn partners (data not shown).
This is important in terms of transfer to agro-ecosysteand in particular for the
management of plant resistances. Because the cartpdént parasitic nematodes through
application of toxic chemical nematicides has been redinc® European Union because of
environmental concern, growth of resistant cultivars besome the preferred method for
nematode control. While consanguineous mating leads to homdazygball loci, including
loci governing avirulence/virulence, which favors the expressiovirulence when recessive
(Flor 1942; Janssen et al. 1991; Cornell e2@03) heterozygote deficits due to the Wahlund
effect are expected to have no particular effect orattaptation of nematodes to resistance
genes. Our results imply that sexually reproducing parasit@gich consanguinity occurs
should get around resistance genes more efficientlyrtiiomly mating ones, thus lowering
durability, a process that is not included in the conceptudemaroposed by McDonald &
Linde (2002). This opens new research areas to identify égragiypractices that improve the

durability of cyst nematode resistance genes.
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SUPPORTING INFORMATION

Additional supporting information may be found in the onimeesion of this article.

Table S1: Microsatellite markers developed for the three cyst ematode speciesGlobodera pallida
Globodera tabacunand Heterodera schachtiiMicrosatellite motif, PCR product size and primers (fachand
reverse) were indicated for each marker.

PCR
Locus Repeat . .
name motif pro_duct forward primer reverse primer
size
Gpl06 ATTIT 185196 TCTGTTCAGCGCACTTATGG ATTTGATCGTTCCCTCGTTG
Gpl08 AATC 189290 TAACGGCTATCAGCCCAATC TCGGCCAAAACGTAAAACTC
Gpl09 ACGG 122-143 TCTCGCAGAAGGGAAAAGAATAAAAGACGGAAGAACGGGA
_‘g Gplll TCGG 107-115 TCCATTTGTTTTGGGGACAT CCGTGTCCGATAAATTCCTG
= Gpll2 AATG 211-255 GTTTTAAGCAGACAAGGCCG ATCTCATAGCAATTTGCCCG
8 Gplié CGTC 131-166 ATTCATTCGCAATGTTTCCC TGGAAATGTGAGAAAGGGCT
. Gpll7 GCCC 112-132 GTCTATTGGCGGCACGTATT TTCCAAATCCGCCATAATTG
O Gpl18 TCCG 130-188 ACCGATGAAGAACATCGTCC TCGTTCCGTCTTCGTAATCC
Gpl22 CATT 134-154 AGAGGGTGCCTTTGCTTCTT ATTGAGTGCCAATAATCCGC
Gpl26 GATT 193223 GTTATTGTGGCGGATGGAAT GTACTGTATGATGCCGGGCT
Gpl35 GA 145159 GCGAAATGAACGGTCGTAGTATTACATTGCCCAAATCGGA
Gpl08 AATC 263378 TAACGGCTATCAGCCCAATC TCGGCCAAAACGTAAAACTC
E Gplle CGTC 126-131 ATTCATTCGCAATGTTTCCC TGGAAATGTGAGAAAGGGCT
8 Gr56 GT 303309 TACAGATGTGCCTGAATGGC CTTCCTAAAGCAACAACGGC
_g Gr58 GA 255257 GTTTTGGAAAGGCCTTGGAT TGAATGAGCTTATCACCGCC
9 Gr67 GT 166-172 ACCTGAACGTCGTCATTTCC TTTTCTTACCCGAATGGCAC
- Gr68 TG 176-183 TGCAAAAGACAATCCATGAAAGAACGTGTCTGTCTGAACGC
o Gr82 GA 137-139 CGTCTGCATTTIGTCGTGTT GTTCCGGCCAAATCCGTC
Gr85 CA 120126 CCAAAAATTGATTGGCATCC AATATCGCGTTGTTCCCAAG
Hs33 TC 375444 TCGATCAGTCTCGAGGTCAA AAATACATTTCGCTCGGGTG
‘S HS36 TC 289292 AATTTCGTGTGAAAATGGGG TTGAATGCCTCCAAAAATCC
% Hs55 CT 146-156 ACTGATCACTTCTGACGGGG CCGACACAACAACACTCGAC
g HS56 GA 147-150 CGTCCCATTACGAAAATGTC GTCTCTCTCTTICTCTITGCTTC
8 Hs68 AG 106-120 TGAGGAGAAAGAGGGAGAG(TCTTCCCTTCCACTCTCCAA
- Hs84 GT 228247 CACTGGTGGCCTITCAAAAT CATAAGCCCTGAGGGGATG
L Hs111l GT 112-133 ATCAATTGACCAATCGACGG AAATTTACTCCAGATTTTATIGTC
Hs114 TC 121-140 ATTCACAAAAAGCCGCAAAT CACATTTGTGCGCAGTATCA
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Fig. S1: Map of France showing the localization where the diffent cyst nematode populations have been
collected Globodera pallidaGlobodera tabacunand Heterodera schacht)i
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Fig. S2: Consensus likelihood surfaces for five simulations rfoeach population scenario, showing
estimated and C values (black dots) with 95 and 99% confidence envelopésternal and external
envelopes of the highest likelihoods, visualized as greyastes, respectively) for 16 scenarios of C and
values (showed as thin strait lines)(A) Simulations run with allele frequencies of the 215@3pallida
population; (B) Simulations run with allele frequencies o# thra.7_1.P5.M. schachtii population; (C)
Simulations run with allele frequencies of the LaDtabacunpopulation.
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Fig. S2 (continued)
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Fig. S2 (continued)
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Fig. S3: Variations of the genetic correlation due to populationubdivision ( ) and the proportion of the
population practicing consanguinity (C) according to the percentagefaull alleles (between 0 and 35%)
using allelic frequencies of five nematode population.he shaded area represents the zone corresponding to

our real empirical data.
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3.3. Temporal sampling and variation in the genetic structure of
naturally occurring populations of a plant-parasitic nematode.
1 - Insights from the estimation of effective population sizes

Pierre-Loup AN, Cécile GRACIANNE, Sylvain FOURNET, Eric OLIVIER, Jean-Francois RNAUD,
Catherine PRTE, Sylvie BARDOU-VALETTE, Marie-Christine [BNIS, Eric J. FETIT

Submitted inEvolutionary Applications

ABSTRACT

Sustainability of modern agriculture relies on strateglest tan control the ability fo
pathogens to overcome chemical or genetic resistanmaigih natural selection. This
evolutionary potential, which depends on effective poputasize (), is largely affected by
human activities. In this context, wild pathogen popultatioan provide valuable information
for assessing the long-term risk associated with crots.pbsthis study, we estimated the
effective population size of the beet cyst nematdtkterodera schachtiiby sampling 34
populations infecting the sea bdsta vulgarisspp maritimatwice within a one-year period.
Only 20 populations produced enough generations to analyze theiovaria allele
frequencies, with the remaining populations showing a hightality rate of the host plant
after only one year. The 20 analyzed populations showed isogly low effective
population sizes, with most havimg close to 85 individuals. We attribute these low values to
the variation in population size through time, high inbimegdand unbalanced sex-ratios. Our
results suggest that. schachtiihas low evolutionary potential in natural environmentst Pe
control strategies in which crop populations mimic wild popoites may help prevent
parasite adaptation to host resistance.

Keywords: Heterodera schachtiBeta vulgarisspp.maritima, effective population size,

temporal sampling, wild nematode populations.

Page [L34



INTRODUCTION

Modern agriculture must develop integrated strategies ¢hat control epidemics with
reduced pesticide use (Pimentel 2005; Berny 2007; Meissle @0H0) These strategies
involve reconciling agronomical, economical and socioldgamnstraints with biological
realities. One particular challenge ahead is to btiltteyies that account for the evolutionary
potential of pests, which is a determining factor of longatgpathogen-related risks
(McDonald and Linde 2002; Barrett et al. 2008he use of chemical or genetic resistance
commonly employed for parasite control may not be sustain@lle parasites have the
evolutionary potential to overcome these resistaneehamisms via natural selection (see
Mundt 2014 for a recent review and Fournet et al. 2013 for anmeabased on a cyst
nematode). This potential can be partly estimated beffieetive population size\g), a key
evolutionary parameter that determines the strength oétige drift within populations
Effective population size depends on demographic factomich as census population size,
dispersal ability or the mating systetn and is a fundamental factor in the estimation of the
risk associated with resistance durability in parasite ptpo(McDonald and Linde 2002;
Barrett et al. 2008; Charlesworth 2009). Small effective poipulatizes imply that genetic
drift predominates and genetic diversity is reduced, makinglatiquos less prone to respond
to natural selection. Thus, populations with small effecsizes are likely to have reduced
capacity for adaptation and, in the special case of gatigy a low probability of overcoming
chemical or host resistance.

Crop pathogens or parasites can also be faumdld hosts (Barres et al. 2008; Barrett et
al. 2009; Gracianne et al. 2014particularly because wild hosts are the initial host igjgec
before their domestication or because parasites haftefrsinn wild host to some cultivated
plants (Stukenbrock and McDonald 2008). Once in the cultivatmtpartment, the
geographical distribution, host associatiomsd disease dynamics of pests are mainly
influenced by human activities (Morgan et al. 2012; Bouasdt Chevre 2013). Knowledge
on their genetic structure in natural areas free of numfduence is thus a valuable approach
for understanding the evolutionary histories of populatibos also for calibrating the
evolutionary potential of populationse. the ability of populations to evolve under natural
selection.

The taxonomic groupf nematodes contains more than 4,100 plant parasitic specie
causing damages estimated at $US80 billion per year (Hugot et al. 20@k et al. 2013)

Control of these parasites mainly includes crop rotaioth the use of genetically resistant
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crops (Van der Putten et al. 2006; Nicol et al. 2009); howewvercdhtrol of plant-parasitic
nematodes would greatly benefit from knowledge on spatidl evolutionary patterns that
arise in wild ecosystems (Van der Putten et al. 2086petheless, to date, no studies have
investigated the effective population sizes of these pasadiVe thus set out to assess the
effective population size in a plant-parasitic nematddeterodera schachtii This cyst
nematode infests the roots of the sugar bBetd vulgarisspp vulgarig and is one of the
most damaging pathogens of sugar beet cfdpang et al. 2008)senetic resistance of sugar
beet against this nematode is considered as the most m@roentrol method, and has
already proven effective (Thureau et al. 2010). In thiedjepopulation genetic structure of
cyst nematodes is thought to be largely influenced by humtavnitias (Alenda et al. 2014).
The wild sea beetBeta vulgarisspp. maritima), the wild ancestor of all cultivated beets, is
also one of the host plants fBI: schachtiiin natural ecosystems (Maas and Heijbroek 1982).
Our study focused on wild populationstéf schachtiito assess effective population sizes of
wild populations free of human-related disturbance.

There are a wealth of methods for estimating contempaetiective population size
(Wang 2005; Palstra and Ruzzante 2008; Luikart et al. 20b@)y can be divided into two
basic categories. First, single-sample estimatoreapodate Ne from parameters such as
linkage disequilibrium and heterozygote excess, or summatystgts included in an
approximate Bayesian computation (Pudovkin et al. 1996; Tallhah 2008; Waples and
Do 2008) Second, temporal methods consider the variation ineaftelquencies between
temporally spaced samples as the impact of genetic drifthw¢an be translated intde
estimatesBoth types of methods have their advantages and drawhadkshe biological
characteristics oH. schachtiimay especially affect the results of single-samptenasors,
namely the potentiality for inbreeding and fine-scaled suketiring of populations (Plantard
and Porte 2004; Montarry et al. 2015). Regular inbreeding pie\tbat extrapolation of
effective size from the excess of heterozygotes dAdfia and Pudovkin 2008) or linkage
disequilibrium (Waples and Do 2010) and population sub-stractusi known to downward
bias single-sample estimators (Holleley et al. 2014)rdfbee, to avoid these potential biases
we estimatedN, of H. schachtiipopulations by using temporal methods.

To estimate the effective size of wild populations Hhf schachtii using temporal
methods, we sampled 34 populations parasitizing wild sea ineRtsrmandy, France twice,
with a sampling interval of one year. Beyond the basdeustanding of genetic structure, the
Ne of these populations may give insights into the undedstg of the evolutionary dynamics

of H. schachtiiand help assess the long-term risks of overcomingraseistance in the field.
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MATERIALS AND METHODS

Biology of Heterodera schachtii

H. schachtiiis a cyst nematode that infests the roots of wild sets laawl cultivated sugar
beets. Active dispersal abilities &f. schachtiiare considered to be extremely limitéd
about a few centimeterd due to their small size and their inability to move in amgHyut
fluids (Plantard and Porte 2004). Thus, one nematode populatiefined at the scale of a
single, individual plant oB. vulgaris spp.maritima Cyst nematodes are characterized by the
solidification of the female -cuticle after reproductiomith one or several males
(Triantaphyllou and Esbenshade 199 males then become a cyst that contains the eggs of
the next generation. Eggs can be dormant for a long wseecially when cysts do not
receive the proper stimuli, and hatching time can beemely variable among cysts (Zheng
and Ferris 1991)The development of larvae involves distinct stages, thiéhsecond-stage
juvenile (J2) being the only larval stage that is freexivand mobile. The genetic diversity
and population structure &f. schachtiihas been studied in sugar beet fields and substantial
departures from Hardy-Weinberg (HW) expectations suggest asembreeding due to
mating between relatives (Plantard and Porte 2004). Airestedy conducted both on field
and wild populations suggested that HW departures may also kmnexpby genetic sub-
structuring due to Wahlund effects at the scale of the hast (Montarry et al. 2095

Biological material and sampling design

Soil samples were collected around root8ofulgarisspp.maritima plants on four different
beaches in Normandy, France. The beaches, nad&QWIDUYLOOH f 1

1 *UDQYLOOH 1RUG f 1, Granville $udf f~ 1 ~ : f 1 andl
6DLQW /pRQDUG f 1 ° were sepafated dy distances ranging from 300 m
to 150 km (Fig. 1). This geographical sampling range is of thee sarder of magnitude as
previous investigations on this nematode conducted in sugafidddst(Plantard and Porte,
2004). Populations of the host plant, the sea beet, Bme admposed of individuals clustered
in geographicajt and genetically distinct patches (De Cauwer et al. 200@)ty-four sea
beet plants, with a maximum of 10 plants on each beeete sampled. The temporal method
requires two distinct sampling sessions, ideally separatetllegs five generations (Waples
and Yokota 2007)in the first sampling (November 2012), sampled plants wer&ed with
numbered plastic tags for easy identification duringsaeond sampling session (November
2013) We recorded whether sampled plants were dead or alive atetitend sampling

session. Cysts dfl. schachtiiwere extracted from soil samples using homemadesi60
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pm and 800 pm) and manual examination of filtrates. Cyste stered at 4°C in moistened

sand before molecular characterization.

Figure 1: Beach locations (a) and relative locations of sampled pdalations (host plants) on each beach (b).
Symbols show effective sizes estimated with the pseudo-likelod method (see text)Effective population
size classes (and the corresponding gray scale) were takeRifo

Molecular characterization and genotyping

For each sampled nematode population, 40 second-stage jusevale were used to perform
DNA extraction and each larva was extracted from ardiffieand randomly chosen cyst, to
avoid family structure biases caused by sibling relationsAiail sample can contain cysts
from different Heterodera species; therefore, molecular characterizationedasn the
restriction profiles of ITS sequence was used for spade&gification. By multiplying the

ratio of H. schachtiiamong the 40 larvae with the number of cysts we sampie@stimated
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the number ofH. schachtii cysts contained in our samples. DNA extraction, PCR
amplification of ITS sequence and digestion of PCR pradwetre performed as described in
Gracianneet al. (2014)

We ultimately genotyped 761 and 834 schachtii individuals in 2012 and 2013,
respectively, using eight microsatellite loci, named Hs33, Hs365,H4s56, Hs68, Hs84,
Hs111 and Hs114 and described in Montarry et al. (2015). MicliitsaRCR products were
analyzed on a\BI Prism® 3130x| sequencer (Applied Biosystems) and alledlesswere
identified using the automatic calling and binning procedure of KAepper v4.1 (Applied
Biosystems) and completed by a manual examinationrefutar results. Samples with
dubious genotypes were reamplified.

Characterization of basic genetic parameters

Single and multilocus departures from Hardy-Weinberg (HW)libgum were tested for all
populationson each beach using permutation tests (10,000 permutations) adjosted
multiple tests with Bonferroni corrections, as impleteenin the software Fstat version 2.9.3
(Goudet 1995)This procedure is based on the estimatioifrgffor each population and its
statistical significance. Genetic diversity of nematodepyttions was evaluated by
estimatng expected heterozygosity {Hand allelic richness (Ar) using Fstat. Allelic richness

was estimated using the rarefaction method describedMois$adik and Petit (1996).

Number of generation produced between the two sampling sessions

The temporal method requires knowledge of the numberenérmtions produced between
sampling periods. To date, there is no data on the gemetatie of H. schachtiiin wild
populationsHowever,H. schachtiiproduces about four generations a year in cultivated fields
(Subbotin et al. 2010). Sugar beets can be parasitized dapprgximately seven months in
cultivated fields before being removed during the harirestutumn, whereas sea beets are
perennial plants in our surveyed geographical areas (Hautekeste2002; De Cauwer et al.
2010, 2012). Thus, we assumed that wild populationd.afchachtiiproduce at least four
generations in one year, and consider it the minimum numbgenerations produced per
year. The generation time of cyst nematodes alsogiifralepends on temperature (Griffin
1988), as measured by Kakaire et al. (2012) under controlledatabprconditions. We
modeled their results on minimum generation time atrdiffetemperatures with a non-linear
regression model based on the least squares method andstaGausve using the software
R (R Development Core Team 2011, version 2.12.2). This modethgasused along with

monthly temperature data provided by two weather stations @vi&tEnce data), one located
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near Granville and Saint Léonard, and the other one locatedontfarville, to estimate the
maximum number of generations produced Wy schachtii between the two sampling
sessions. In subsequent analyses, we used these minimurmaamechum numbers of
generations as well as their median value to evaltiaeimpact of this demographic

parameter on effective population size estimations.

Effective population size estimation

Two methods were applied to estimate the effective popuolataes oH. schachtii We used
the moment-based method developed by Jorde and Ryman (200@menped in th
software NeEstimator v2 (Do et al. 2014). Alleles with freqiesnbelow 0.05 were excluded
to avoid any bias caused by rare alleles, as described int(8lo2014) We also used the
pseudo-likelihood method of Wang (2001) implemented in the saftviNLE 1.0 (Wang
and Whitlock 2003) Both methods are complementary: the moment-based megibluts
unbiased but rather imprecid& estimates, while the pseudo-likelihood method gidgs
estimates that can be slightly upwardly biased, but thamare precise (Jorde and Ryman
2007; Do et al. 2014). If the variation in allele frequencigsvéen temporal samples is too
low compared with sampling error, the moment-based metladsyan infinite estimate of
effective population size. Given differences in computechhiques, the pseudo-likelihood
estimate reaches in such cases the upper limit of possibhlesvéhere fixed at 35,000
individuals), which is then considered infinite as well.

To check whether the two kinds N§ estimators gave similar and biologically meaningful
results, the two set of results were compared for siamfi differences using a Wilcoxon
signed-rank test on nematode populatichK DUDFWHUL]J]HG E\ 23ILQLWH ™ HIIHFV
results.

Both methods assume that no migration or selection s@nd that the variation in allele
frequencies between temporal samples is only due to gefrdti@and sampling errors. To
verify this hypothesis, we performed an exact test of lygmeity in allele frequencies using
the software Genepop v4.2 (Raymond and Rousset 1B98&]t tests can detect nematode
populations that show significant changes in allele fregesnbetween two temporal
samples. Populations with significant changes were sdleadecandidates to test for the
presence of non-random variation in allele frequencies tkageneralized test described in
Waples (1989) The generalized test was performadposteriori because it requires an

estimation of effective population size. To this end,used the pseudo-likelihood estimation
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of Ne, thought to be more precise, assuming the median numlggnefations between the
temporal samples to perform this test.

Waples and Wilcoxon tests were computed with R (R Developr@ere Team 2011,
version 2.12.2).

RESULTS

Number of generations produced between the two sampling sessions

The relationship between temperature and the minimum ge&mretahe ofH. schachtiiwas
modeled by a Gaussian curve (Fig. S1). The resulting maximumber of generations
produced each month ranged from 0.2 to 1.2 (Fig. S2). Overalhgaddiall the generations
over the whole year resulted in 9.9 generations for Fontle beach and 10.6 for the three
remaining surveyed beaches. Wid schachtiipopulations may thus have produced up to ten
generations between two sampling sessions. The number oatieneithat elapsed between
the two sampling sessions was therefore set to the miniffaum generations), maximum

(ten generations) and their median values (seven gemeyain subsequent analyses.

Estimations of effective population sizes

Characterization of the microsatellite loci and populsiosed for effective population size
estimation are presented in Table 1 and 2, respectivelyn\8thesidering the median value of
seven generations, effective population sizes were regtyevariable among populations,
with 14 populations showing an infinite effective populatgre for at least one estimator
(Table 3). The other 20 populations showed finite effectiveufadion size estimates with
both methods. These populations will be called "finite pajmis" as opposed to the 14
remaining "infinite populations”. Based on a seven-geimgrapan among temporal samples,
mean effective sizes of finite populations were eqoaRi8 and 209 individuals for the
moment-based and the pseudo-likelihood estimates, resggctivhe distribution of the
effective size of finite populations fit a log-nornahstribution (Fig. 2) and the modes of these
distributions were 80 for the moment-based estimator @indor the pseudo-likelihood
estimator. As expected (Jorde and Ryman 2007), the mdmasatt method had greater
variance (80,826) than the pseudo-likelihood method (52,167). Howlee®se methods did
not give significantly different estimates (Wilcoxon reggl rank test, p=0.67) for finite
populations. Effective population sizes obtained when corns@a ten-generation span were

twice as large as results with a four-generation span 8). Given the small sizes observed,
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the number of generations generally had a low influence st ofoestimates of effective
population size.

Impact of non-random forces

The exact homogeneity tests detected significant changakele frequencies between the
two sampling sessions in nine populations. Of these, omylation 2 exhibited a significant
action of non-random forces such as selection or tgréWaples test, p<0.05, Table S1).

Figure 2: Effective sizes of finite populations ofHeterodera schachtiilog scale). Effective sizes were
estimated with the pseudo-likelihood method (see text)The dashed line indicates the mode of this
distribution. The gray curve corresponds to a theordtigahormal distribution.
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Figure 3: Influence of the number of generations on the effectv sizes of finite Heterodera schachtii
population. Effective sizes were estimated with the pseudo-likelihoathod (see text). Populations are
ordered from the lowest to the highest effective size.

DISCUSSION

The aim of this study was to estimate the effective @ijuul size ofH. schachtiiin wild
ecosystems. Despite the occurrence of 14 populationsirgihamfinite Ne estimates for at
least one of the estimators used, the 20 other effqubipalation sizes ranged between 20 and

1,300 individuals, with most of them having ldsclose to 80-90 individuals.

Requirements and reliability of effective population size estimatesyttemporal sampling
Most of single-sample estimators are biased in cases of $§tr@sgortative mating or
population sub-structuring (Zdhanova and Pudovkin 2008; Wapte©ar2009; Holleley et
al. 2014). We therefore used temporal approaches to esteffatdive population sizes.
However, temporal methods also have underlying assumsptitat can greatly affect the
reliability of effective size estimates if they areolated. First, this method requires that
temporal samples be separated by several generaBenause the generation time Idf
schachtiiin the wild is poorly documented, it was necessary to apmpairi this parameter
using data from field nematode populations (Subbotin €04l0) and previous experiment
(Kakaire et al. 2012). We determined that seven generationspplosnus three, elapsed

between samples. Second, temporal methods assumetaligergerations, which did not
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Table 1. Characterization of the polymorphic microsatellite locemployed onHeterodera schachtiat four study sites and two sampling sessions (2012 and 2013):
Number of alleles (Nall), number of individuals typed (n) andexpected heterozygosity (He).

Granville Nord Granville Sud Saint Léonard Montfarville
Nall n He Nall n He Nall n He Nall n He
Locus 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013 2012 2013
Hs55 3 241 280 0.470 0465 3 189 244 0.348 0.351 3 166 154 0.423 0415 1 164 172 0.000 0.000
Hs68 4 240 280 0.481 0.476 4 189 242 0485 0509 5 165 156 0.492 0502 6 140 141 0.539 0.560
Hs33 4 240 269 0.168 0.136 4 184 229 0.135 0.109 1 157 144 0.000 0.000 1 101 94 0.000 0.000
Hs36 2 198 211 0.269 0.198 2 141 167 0.299 0.295 2 146 117 0.130 0.068 2 151 147 0.204 0.134
Hs56 3 241 274 0.038 0.078 2 189 242 0.132 0.111 2 166 155 0.245 0.210 2 165 164 0.453 0.451
Hs84 7 239 270 0.452 0473 5 181 240 0.474 0468 5 165 154 0.410 0.347 6 151 161 0.635 0.582
Hs11ll 5 241 281 0519 0555 6 189 240 0525 0514 5 166 156 0.458 0430 3 165 172 0.543 0.531
Hsl114 5 241 280 0.578 0582 6 189 242 0573 0542 5 166 156 0.403 0.428 4 165 171 0.594 0.538
Mean 41 2351 268.1 0.372 0.370 4 181.4 230.8 0.371 0.362 3.5 162.1 149.0 0.32 0.300 3.1 150.3 152.8 0.371 0.350
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Table 2. Characteristics of Heterodera schachtiipopulations: number of individuals typed (n), allelic
richness (Ar), expected heterozygosity (He), and deviation frontHW proportions (Fs). Significant
deviations are presented in boldPopulation codes are identical to codes in Gracianne (enalublished data).

Site Population Code n Ar He Frs
2012 2013 2012 2013 2012 2013 2012 2013
1 Fra7INPl: 25 18 2.09 2.04 0.409 0.390 0.085 0.124
2 Fra7IN.P2 25 23 1.78 1.96 0.324 0.361 -0.162 0.143
3 Fra7IN.P2: 25 16 1.93 1.94 0.361 0.346 0.056 0.284
4 Fra7INP2: 25 30 2.06 2.06 0.390 0.384 0.021 0.094
_ 5  Fra7IN.P2.< 23 27 1.90 2.07 0.358 0.396 0.021 0.137
Granville Nord 6  Fra7IN.P2f 22 27 2.08 2.04 0.412 0.380 -0.04 0.189
7 Fra7IN.P2¢ 22 35 207 2.05 0.371 0.380 0.071 0.151
8  Fra7IN.P3; 21 35 2.01 2.00 0.398 0.388 0.051 0.192
9  Fra7IN.P4’ 27 38 1.89 1.83 0.331 0.306 0.103 0.170
10 Fra7INP5.: 26 32 1.92 1.93 0.361 0.361 0.162 0.171
11 Fra7 1P37 19 19 2.02 2.02 0421 0.415 0.144 0.129
12 Fra7 1P41 20 22 1.85 1.89 0.339 0.333 0.136 0.185
13 Fra7 1P51 22 25 2.29 2.06 0.445 0.407 0.101 0.222
14  Fra7 1P52 25 25 1.94 1.86 0.341 0.312 0.145 0.092
Granville Sud 15 Fra7 1P52 25 32 1.79 1.80 0.294 0.312 0.030 -0.076
16  Fra7 1P54 20 30 1.91 1.93 0.344 0.355 0.014 0.191
17 Fra7 1P56€ 20 23 211 2.05 0.381 0.374 0.036 0.281
18 Fra7 1P57 25 32 222 2.08 0.418 0.376 0.008 0.099
19  Fra7 1P5€ 13 37 201 2.08 0.349 0.367 0.080 0.041
20  Fra7 4P11 21 25 2.06 1.82 0.398 0.316 -0.243 0.201
21 Fra7 4P12 24 19 1.86 1.89 0.325 0.344 -0.054 0.362
22 Fra7 4P12 13 11 1.87 1.73 0.335 0.276 0.025 0.141
e 23 Fra7 4P17 24 22 1.82 1.91 0.292 0.365 -0.218 -0.077
Saint Léonard 24 Fra7 4P1€ 24 17 1.84 1.70 0.339 0.293 0.096 0.125
25  Fra7 4P1.¢ 19 28 1.97 1.87 0.368 0.328 0.070 0.058
26 Fra7 4P21 29 17 1.86 1.71 0.318 0.296 0.063 0.138
27  Fra7 4P3E 12 17 1.53 1.43 0.188 0.172 -0.140 -0.112
28 Fra8 4P11 25 21 1.96 1.92 0.354 0.339 0.391 0.199
29 Fra8 4P12 25 22 210 1.87 0.377 0.314 0.269 0.294
30  Fra8 4P132 25 24 212 1.98 0.408 0.351 -0.307 0.128
Montfarville 31  Fra8 4P14 22 33 200 1.92 0.343 0.315 0.192 0.235
32 Fra8 4PLE 28 26 2.14 2.04 0.385 0.371 0.097 0.262
33  Fra8 4.P27 17 24 204 1.96 0.3750.374 0.211 0.205
34  Fra8 4P2S 23 22 208 2.12 0.3450.368 0.165 0.360
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Table 3. Effective population sizes ofieterodera schachtiwhen considering a seven-generation span using
two estimation methods (see text). indicate populations with an infinite estimate of effecthee.

Estimated effective size

Plant status (95% confidence interval)

Beach Population  in 2013 Moment based Pseudo-likelihooc
(Jorde and Ryman 2007) (Wang 2001)
1 alive 329 (127 - 626) 548 (48 -’
2 alive 46 (15 - 94) 203 (59 -’
3 alive 37 (12 - 77) 175 (40 -
4* dead e ' -’
Granville 5* dead R ' -
Nord 6 dead 48 (19 - 89) 98 (35 - 1430)
7 dead 1224 (492 - 2283) 284 (57 -’
8* dead oL ' - ")
o* dead o ' -’
10* dead e ' -’
11 dead 113 (39 - 226) 353 (40 -’
12* alive 239 (78 - 489) ’ -
13 dead 650 (280 - 1171) 102 (36 - 1495)
Granville 14 dead o o
sud 15 dead 190 (57 - 401) 975 (92 -’
16* dead B 553 (59 -’
17 dead 111 (44 - 207) 444 (59 -’
18* dead B 417 (60 -’
19* dead o ' -’
20 dead 39 (15-74) 43 (19 - 146)
21 alive 162 (59 - 315) 175 (36 -’
22 alive 256 (70 - 560) 67 (13-’
Saint 23 alive 65 (19 - 136) 136 (29 -’
Léonard 24 alive 21 (6 - 44) 27 (10 - 90)
25* dead B ’ -
26 alive 373 (129 - 743) 124 (29 -’
27* alive o 264 (12 -’
28* alive B 1527 (56 -’
29 alive 40 (16 - 75) 44 (20 - 139)
30 alive 51 (21 - 94) 43 (22 - 108)
Montfarville 31 alive 140 (51 - 273) 76 (27 - 628)
32 alive 342 (132 - 651) 90 (29 - 6905)
33 dead 133 (49 - 259) 176 (32 -’
34* dead 160345 (58793 - 311870) ’ -
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necessarily hold in our case study. However, the determinetiarush generations between
sampling sessions was high enough to reduce the influenceed&gping generations as
shown by Waples and Yokota (2007), although there is likely a supatbrd bias for
populations with only four or five generations. In thesecafH. schachtij however, an
additional difficulty is that cysts sampled in 2013 nagtentially come from the same
generatioms cysts sampled in 201Because cysts can survive in the soil for many years in
the case of unfavorable environmental conditions. We atoknow whether environmental
conditions influenced the dynamics of cyst hatching beatwibe two sampling sessions.
Therefore, few generations may have elapsed between the mwpdirgp sessions, leading to
insufficient genetic variation for estimating effectigepulation size. This may explain the
frequent occurrence of infinite population effective sidesfact, 79% of the host plants
tagged and characterized by infinite nematode population si|#s between the two
sampling sessions (Tab. 3). However, 40% of finite-size ptpn&awere also associated
with dead host plants, suggesting a more complex situaior example, survival of
underground plant partsr recent death of the host plant may have allowed nematode
populations to produce enough generations to correctly estieffgctive population sizes.
The analysis of temporal variation in mean multilo€ysestimates can give information on
the likelihood that new generations constituted 2013 sampleslife cycle ofH. schachtii
and the low dispersal ability of larvae result in inbreedind/@ sub-structuring (Wahlund
effect), which lead to an increase in heterozygote @efaes over time (Plantard and Porte
2004; Montarry et al. 2015). However, this increase in heterogydgficiencies is of course
only possible in populations that produce new generationsh@srs(see Fig. 4anincrease
was indeed observed for populations with finite effectizes, but not in populations with
infinite effective sizes (paired permutation test; 10,000mpéations; p<0.001 and p=0.12,
respectively). Furthermore, the number of cysts obsenveslir samples (corrected by the
proportion ofH. schachtiicysts relative to other species) was remarkably similawdmat
finite and infinite populations (permutation test; 10,000 pertiauts; p=0.60), with a mean
number of cysts of 158.2 + 19.8 (s.e.m.) and 175 + 23.8, resggctefuting the hypothesis
that infinite population size results from huge censzass In addition, infinite estimates of
effective population size may also be caused by an stwmaion of the number of
generations between samples, which reduces the effechefigdrift. However, all infinite
Ne estimates remained infinite when we decreased thé@uaf generations from ten to four.
Overall, our findings suggest that the occurrence of infipibgulation sizes estimates

correspond to nematode populations lacking significant t@miain temporal allele
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frequencies, probably because new nematode generationaatgm®duced between the two

sampling sessions.

Figure 4: Variation of mean FIS of finite and infinite populations over time. Error bars represent standard
error. **: p<0.001.

Temporal methods assume no influence of other micodubonary forces, such as
migration or selection. The relevance of this assumpticour dataset was tested by applying
a generalized test developed by Waples (1989): only populatiothiBited a significant
impact of non-random forces. The effective population sizenmeggd by the pseudo-
likelihood method, used to compute this test, was much highethbaof the moment-based
method, for which the Waples test was non-significanta(dat shown). Thus, it is possible
that this population was not affected by non-random evolutoftaces, and\. was over-
estimated for this population. Therefovee consideed that our populations were not strongly
affected by migration or selection during the one-yearvatebetween the two samples and
that the assumptions of the temporal method held Her finite-size populations, thereby
giving reliable estimates

Population density in soil samples was around 40 cyditk sEhachtiiper 100 g of soil.
Assuming that each cyst contains between 500 and 600 eggs (S@@ddjnthe census size
N of the populations we sampled was, at least, 10,000 indigiduddile both estimators
yielded effective populations sizes that were less than0lindividuals, with a majority of
effective population sizes of around 85 individuals. ThusNdd ratio was less than 1% for
most populations, which is extremely low. Low effectiveesizof wild populations are

common, but theNy/N ratios in these populations are generally closer to 10%mKRamn,
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1995; Palstra and Ruzzante, 2Q08) is unlikely that we underestimated the effective
population sizes because bdth estimators gave very similar results. The momentébase
estimator has been demonstrated to be essentially utb&s® the pseudo-likelihood
estimator is slightly upwardly biased in specific casesd@d@nd Ryman 2007). Our low
estimates of effective population sizes are thus coasee.

Biological insights gleaned fromthe estimation of effective population sizes for cyst
nematodes

The effective population size is affected by many pomrateatures, three of which may
dramatically influence effective sizeskh schachtii First, the factor with the highest impact
on effective population size is the variatimnpopulation size through time (Frankham 1995;
Charlesworth 2009). In the casetbfschachtij the death of the host and the recolonization of
a patch by host plants may eventually lead to variatiopdpulation census sizes. In
Normandy,B. maritimalives seven to nine years on average (Hautekeete et al., 200Ra
significant rate of host death is unexpected in a onepedod. However, the high number of
dead plants observed in the second sampling session suppertsypothesis of host
instability. The death of these plants can be attributedistnrbance events such as storms
(De Cauwer et al. 2012), but another possibility is fBatmaritima populations contain
numerous annual individuals along with bisannual and perenniaidndig (Biancardi et al.
2012). Moreover, the distribution of effective size appear§itta log-normal distribution
(Fig. 2), which is common in populations living in a fluctuatemvironment (Lewontin and
Cohen 1969)These facts suggest thidt schachtiilives in an environment in which local
conditions often fluctuate, directly affecting thenses size of the population, and possibly
explaining the low effective size of their populations.

Second, low effective population sizes can also be eqady certain life-history traits if.
schachtii Its populations are characterized by high levels of iminge(Plantard and Porte
2004), which increases the correlation between maternal amdnglaalleles, and thus
increases the impact of genetic drift and reduces effepiymilation sizes (Charlesworth
2009). Third, the sex-ratio inH. schachtii can be extremely unbalanced because sex
determination depends on environmental factors such asd®gistance, which can greatly
increase the male/female ratio in a population (Mull@85) The wild sea beet has been
recognized as a resistant host plant speciell fachachtiisince a long time (see Panella and
Lewellen 2007)Wild populations oH. schachtiimay thus have very unbalanced sex-ratios,

as well as high variance among individuals in reproductiveesscdJnequal sex-ratios and
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variance in offspring number are two major factors thaiiceN. below the census size of the
population (Charlesworth 2009). However, the actual resistdribe avild sea beets sampled
in this study is poorly known and its possible impact on ogshatode sex-ratios requires
further investigation.

Implications for the management of field cyst nematode populations

This study demonstrated that populationdHofschachtiihave effective population sizes of
around 85 individuals. For comparison, estimates of tleetéfe population size of the free-
living nematodeCaenorhabditis elegansange (i) from 200 to 9,600 individuals with AFLP
markers (Barrierre and Felix 2005); (ii) from 50 to 10,200 with nsiatellite markers
(Sivasundar and Hey 2005); and (iii) around 80,000 with full-lengtiuesnces (Cutter 2006).
The census sizes of most ©f elegangopulations are of the order of 10,000 individuals or
less (Félix and Duveau 2012). The effective size of an arparalsitic nematode,
Trichostrongylus axeis estimated to be of the order of 10 million at theapepulation scale
(Archie and Ezenwa 2011Comparison of these data with ours have to be madecaittion,
because we only estimated effective size at the host; doalvever, macroparasimodels
predict an even loweN/N ratio when considering the whole metapopulation, mainlytdue
the subdivision of breeders between hosts (CrisciodeBéouin 2005)

Thus, effective population sizes foundhh schachtiimay be considered as surprisingly
low compared with other nematodes. However, these seatét consistent with the work of
Barrett et al. (2008), which predicted a low effective poputatsize for macroparasite
populations subject to inbreeding, restricted dispersal, daveloping on short-lived hosts
like H. schachtiipopulations T. axej however, maintains high rates of gene flow and great
genetic diversity). Low effective sizes have been otegkin other plant pathogens such as
fungi (Bayon et al. 2009) and vires(Sentandreu et al. 2005, Fabre et al. 2012) although not
in all (Zhan and McDonald 2004; Gurung et al. 2013; and see McDondldiade 2002 for
a review)

Low effective population sizes imply that genetic drifbegly affects wild populations of
H. schachtij calling into question its capacity to evolve under ciengnvironments. Wild
plant-parasitic nematode complexes can be subject to tmrgvolutionary histories,
promoting the rise of new genetic resistance in the host, flat also the occurrence of more
virulent nematode populations (Cook 2004; Van der Putten et al. .2006¢gard toH.
schachtiiand its wild sea beet host, wild cyst nematode populatiane the potential of

being a dangerous source of virulent nematodes for crops, tiigenide passive dispersal
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abilities of cyst nematodes (Picard et al. 2004). However|aw effective population sizes
suggest that wildH. schachtiipopulations have low evolutionary potential and make this
scenario unlikely.

The use of genetic resistance in crop plants is comrsidas the most promising
control method forH. schachtiiin fields, given the negative environmental impact of
nematicides and the economic costs of physical methblisréau et al. 2010). If actual
effective field population sizes &f. schachtiiare similar to those estimated in this study, then
the genetic resistance used in sugar beet fields maysberable for a long time (Van der
Putten et al. 2006). However, field populationstHbfschachtiiare expected to differ from
wild populations (Plantard and Porte 2004; Porte et al. 198&kased passive dispersal and
population density, in particular, can increase the effecize of field population compared
with a population that is not subject to agricultural pcast Because our results have shown
that H. schachtiipopulations are vulnerable to genetic drift, one cleveraighis feature
could prevent the parasite from overcoming plant resista@rop rotation is an efficient way
to modify population census size ldf schachtiithrough time, by introducing large variation
in host presence, similar to that experienced in wild populati This method is however
difficult to develop for controllingd. schachtiibecause it is a generalist parasite that can live
off of most Brassicaceaeplants. Furthermore, crop rotation does not suit imiens
agricultural practices (Van der Putten et al. 2006; Thureaal. 2010). Another way to
influence effective population size would be to prontbtehost resistance affecting the sex-
ratio of H. schachtii(Muller 1985). Small effective population sizes in thelds would be
greatly beneficial for a long-term use of plant resise to controH. schachtiipopulations.

Further comparative studies are needed to identify twfdactors are responsible for the
low effective size of wildH. schachtiipopulations. For instance, fine-scaled sub-structuring
or demographic fluctuations must be further documented to iregraor understanding of the
evolutionary dynamics and history &f. schachtii As demonstrated here, low effective
population sizes give insights regarding potential controhous forH. schachtiiin sugar
beet fields to preserve the effectiveness of redistarieties over the long term. We
recommend future studies on the estimation of effegiiymulation sizes of crop pests, in both
natural environments and agrosystems to identify the fatiatsbest control crop pathogen
populations.
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SUPPORTING INFORMATION

Table S1. :DSOHVY JHQHUDOL]HG WHVW UHVXOWYVY WHP SRIEXO DAVKIDRYJIW VZ LG
frequencies (exact homogeneity test): significant, n.s.: non-significant.

Population | Effective size| Waples's test

2 203 *

6 98 n.s
13 102 n.s
20 43 n.s
24 27 n.s
29 44 n.s
30 43 n.s
31 76 n.s
32 90 n.s
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Figure S1: Generation time ofHeterodera schachtias a function of temperature. The solid line corresponds
to the data from Kakaire et al. (2012) and the dotted line to thean-linear regression model.

Figure S2: Mean temperature (bar plots) and maximum number of gesrations of Heterodera schachtii
produced every month between the two sampling sessionsnég). Black: Montfarville; Gray: Granville Nord,
Granville Sud and Saint-Léonard.
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3.4. Temporal sampling and variation in the genetic structure of
naturally occurring populations of a plant-parasitic nematode.
2 - Separating the relative effects of gene flow and genetic drift

Cécile GRACIANNE, Pierre-Loup AN, Sylvain FOURNET, Eric OLIVIER, Jean-Frangois ANAUD,
Catherine PRTE, Sylvie BARDOU-VALETTE, Marie-Christine [BNIS, Eric J. FETIT

Submitted inEvolutionary Applications

ABSTRACT

Studying wild pathogen populations in natural ecosystems offersopportunity to better
understand the evolutionary dynamics of biotic diseas&sops and to enhance pest control
strategies. We used simulations and genetic markers &stigate the spatial and temporal
population genetic structure of wild populations of the bgst mematodéleterodera schachtii
on a wild host plant species, the sea b8eitd vulgarisspp. maritima), the wild ancestor of
cultivated beets. Our analysis of the variation of emlirosatellite loci across four study sites
showed that (i) wildH. schachtiipopulations displayed fine-scaled genetic structure with no
evidence of substantial levels of gene flow beyond thée suf the host plant, and comparisons
with simulations indicate that (i) genetic drift subgtally affected the residual signals of
isolation-by-distance processes, leading to departures frogration-drift equilibrium. In
contrast to what can be suspected for (crop) field popusatiins showed that wild cyst
nematodes have very low dispersal capabilities and aregégrdisconnected from each other.
Our results provide some key elements for designing pestbtatiategies, such as decreasing
passive dispersal events and limiting the spread of virulenteld nematode populations.

Keywords: Heterodera schachtivild nematode populations, assignment tests, migrakitin-

equilibrium, gene flow.
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INTRODUCTION

Agrosystems are highly homogenous artificial environmems are particularly amenable to
the emergence and development of pathogens (Stukenbrock eddn&ld 2008). In such
artificial, disturbed habitats, gene flow is a crucial paater that determines the adaptive value
of pathogen populations and the risk they represent fpscespecially through the evolution of
virulence and resistance breakdown (McDonald and Linde 2002.id lparticularly true for
pathogens with high dispersal abilities that have altematild hosts outside the cropping area
even in the absence of crops (Burdon and Thrall 200&re is increasing evidence that crop
pathogens can develop on wild host species, related or ter&dethe usual cultivated hostg.
Lebeda et al. 2008; Monteil et al. 2013; Rouxel et al. 201Hh¢réfore, wild populations of
pathogens may act as reservoirs of genetic diversdyiratiate local crop epidemics (Burdon
and Thrall 2008; Leroy et al. 2014). In this respect, a fewiestuzh wild pathogen populations
have investigated patterns of gene flow between wild and celtivdsee examples in
Stukenbrock and McDonald 2008). However, there are no publishedsepothe patterns of
gene flow among wild pathogen populations, which are noresth@ln important determinant of
pathogen population structure and thus of its potential sodewvdrulence reservoir

Studying wild pathogen populations offers the opportunity toebetinderstand the
evolutionary dynamics of crop pathogen populations, and @ander clues on the influence of
human activities on the genetic structure of pathogen ptipnsg in agrosystems (Lebarbenchon
et al. 2008b; Morgan et al. 2012). Although advocated, this agpiuas received very little
attention thus far, with only one study on readily idertifazoopathogens (see Morrison and
Hoglund 2005). Soilborne diseases are difficult to diagnesen in crop plants, because most
symptoms occur underground or are very similar to those indogeabiotic factors on the
aboveground organs of plants (Raaijmakers et al. 2009). etawt these diseases in wild
hosts is thus particularly challenging, but may have anpially crucial role in improving crop
management strategies.

Among soilborne pathogens, plant-parasitic hematodesm@escopic organisms and
major crop pests of agrosystems that can cause ses@mergic losses annually (Jones et al.
2013). Interestingly, plant nematodes occur naturally inrdé&vecosystems such as coastal sand
dunes, grassland or coniferous forests (van der Puttah 8006). However, there are few
detailed investigations of their population genetic structanel even scarcer information on
ther spatial genetic structure in the wild (van der PuttealeR006; Gilabert and Wasmuth
2013) All available data come from two studies on the pinewoodatede, Bursaphelenchus
xylophilus and four crop field surveys on the dagger nemak¥igkinema indexand three cyst

nematodesGlobodera pallida Globodera tabacumand Heterodera schachti(Plantard and
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Porte 2004, Picard and Plantard 2006; Villate et al. 2010; Mallelz 2013; Alenda et al. 2014;
Mallez et al. 2014). The latter three plant-parasitic atentes cause severe damage to vineyards
and potato fields in Europe, tobacco fields and sugar bees fredaidwide, respectivelyB.
xylophilusdamages pine forests around the world and differs fronatosla species in its life
history, requiring an intermediary insect species to digpépm one pine tree to another. The
population genetic structure of this nematode indicatesBhatylophiluspopulations can be
differentiated among individual trees at a very smaltiapacale, according to the dispersal of
the insect vector (Mallez et al. 2013). In contrast, ogshatodes are soilborne endoparasitic
nematodes with direct life history cycles, in which onlotfree-living developmental stages
(males and juveniles) can disperse actively in the soil. Dugheir small size (<1 mm),
nematodes can travel over short distances only (Wall8é8; Norton and Niblack 1991)
Interestingly, populations o&. pallida and H. schachtii exhibit low genetic differentiation
among cultivated fields located 50 km and 150 km apart regplrcsuggesting the occurrence
of gene flow over large spatial scales. This patternatiabuted to large nematode population
sizes in cultivated fields and passive dispersal of agstgyricultural areas via natural factors
and human activities (Picard et al. 2006; Villate et al. 201€ndd et al. 2014). However, there
have been no investigations on wild populations of croptydarasitic nematodes to date, and
the question remains as to whether plant-parasitic nelesitalso passively disperse over large
distances in wild ecosystems.

In this study, we examined the genetic structure of wild popukif a cyst nematodél.
schachtij using both empirical and simulated datasets. Sugar Be&t {ulgarisspp.vulgaris)
is the usual cultivated host bff schachtiiwhich can also develop on wild relative of the sugar
beet, the sea be&eta vulgarisspp. maritima (Subbotin et al. 2010). Sea beets are common
along the European Atlantic and Mediterranean coastliautekeete et al. 2002; De Cauwer
et al. 2010). Wild populations dfi. schachtiihave been found on wild sea beet populations
located along the Atlantic coastline from Spain to Denm@tacianne et al. 2014). This wide
geographical occurrence provides the opportunity to explorgakterns of gene flow over
different spatial scales in the wild. Specifically, (i) vrevestigated the levels of genetic
differentiation in local wild populations dfl. schachtiito examine what hierarchical scale
should be considered to define a populations in the wildwé examined the spatial genetic
structure of nematode populations to identify signatofedispersal events and the scale over
which they occur, and (iii) we separated the respectiveteftdagene flow and genetic drift in
observed population genetic structWée hypothesized that genetic drift has a strong influence
on genetic structure due to small effective sizes of wildufdions ofH. schachtii(Jan et al.

unpublished data)Nonetheless, the extent to which gene flow may poiBntaunteract the
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influence of genetic drift depends on its intensity atsd geographical range. Thus, to
distinguish equilibrium from non-equilibrium dynamics, westesl the stability of local
population structure using a temporal sampling design, anedaut extensive simulations to
investigate the influence of genetic drift and to evaluae¢hability of assignments tests under
different sampling schemes of populations structured throughodation-by-distance model.
Finally, we discuss our results in the light of how poportagenetics data from wild pathogen
populations can be helpful for designing disease contrategies devoted to overcoming
resistance in field nematode populations.

MATERIAL AND METHOD

Soil samples were collected around root8efa vulgarisspp.maritima plants on four different
beaches in Normandy, Frand®istances separating the four beaches (Montfarville, Gianvil
Nord, Granville Sud, and Saint Léonard) ranged from 300 m tok@b(for more details, see
Jan et al. unpublished data). This geographical sampling ranfghessame order of magnitude
as previous investigations dth schachtiiconducted in sugar beet fields (Plantard and Porte,
2004). Populations of the host plant, the sea beet, @ afimposed of individuals clustered in
geographically and genetically distinct patches (De Cauweér 20E0). Thus, a maximum of 10
sea beet plants were sampled in three to five arbitrdafined patches of 3 m in diameter
randomly distributed on each beach. In fall 2012, 120 plante s@mpled and marked with
plastic tags. Active dispersal bif. schachtiiindividuals occurs over very short spatial distances
(Westphal 2013). Thus, the soil sampled around the rootseoplant was considered as being
one nematode population for subsequent analyses. Thousangst®fwere found in all soil
samples. To reduce the amount of biological materialecndar analyses were performed, for
each beach, on all nematode populations coming fromeméeet patch and on one nematode
population coming from the other patches of sea beetgametyped 40 nematode populations
from this 2012 sampling. In fall 2013, only 34 of those 40 populati@re resampled because
six host plants disappeared between the two sampling datets GfyH. schachtii were
extracted from soil samples using homemade sieves (250anpdm800 pum) and manual
examination of filtrates. Cysts were stored at 4°C in reoed sand until molecular

characterization.

Molecular characterization and genotyping

As a soil sample can contain cysts from differéfgteroderaspecies, we used restriction
profiles of the ITS sequence for species identificatDNA extraction, PCR amplification of
ITS sequence and digestion of PCR products were performedaghdd in Amiri et al. (2002)

In all, 1754 H. schachtii individuals were identified and successfully genotyped ighte

Page [L59



microsatellite loci, named Hs33, Hs36, Hs55, Hs56, Hs68, Hs84, Hs1ll and Hzll1l4 a
described in Montarry et al. (2015). Microsatellites PCRdpeats were analyzed on #Bl
Prism® 3130xl sequencer (Applied Biosystems)lelk sizes were identified using the
automatic calling and binning procedure of GeneMapper v4.1 (Appliedy&ems) and
completed by a manual examination of irregular resulisagfes with dubious genotypes were
reamplified.

Data analysis

Jan et al. (unpublished data) estimated the effective gapulksizes ofH. schachtiion the 34
populations of nematodes found in the two sampling yearthe€dé populations, 14 had infinite
estimates of effective population sizes, suggesting thae sscematode populations were not
able to produce enough generations to detect substantiaicgeagation between the two
sampling sessions. Therefore, to avoid potential pseudicatpn in our population dataset, we
performed our analysis on the whole 2012 dataset, but orgppulations with finite estimates
of effective population size in 2013 (see Table 1).

Characterization of basic genetic parameters

Single and multilocus departures from Hardy-Weinberg (HW)iliegum were tested by
estimatingFs values for all populations on each beach. Statisticalf&ignce ofFs values was
assessed using 10,000 permutation of alleles among individdpistead for multiple tests with
Bonferroni corrections, as implemented in the softwaseat version 2.9.3 (Goudet 1995)
Similarly, linkage disequilibrium among loci was also assgsssing permutation tests adjusted
with Bonferroni corrections implemented in Fstat. Gendtiersity of nematode populations
was evaluated through the estimation of expected hetersinygble) and allelic richnessA()
using Fstat. Allelic richness was estimated using the rai@famethod as described in El
Mousadik and Petit (1996)

Levels of genetic differentiation

Three hierarchical levels of population structure wemsitered to explain the partitioning of
genetic differentiation: the level of the host plasgnsidered as hosting one nematode
population, as described above; the level of the patdmedeas a geographical clustering of
host plants within a beach; and the level of the beammpdsing all the set of host plants
surveyed for nematode population sampling. We used the R padierfstat (Goudet 2005) to
estimate variance components of each hierarchical ledetatest their statistical significance,
as described in De Meels and Goudet (2007). To test fotiasoly distance (IBD)j.e. a
gradual increase of genetic differentiation with increasinggggphical distance among

populations, we estimated pairwise populatibgr and performed regression analyses as
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described in Rousset (1997) using the R package Adegenet (Jombait Zi@dificance of the
relationship between the two variables was tested usingozh$dantel tests (Smouse et al.
1986) The same analyses were performed on both (2012 and 2013) datasets

Migrant detection: empirical data
At migration-drift equilibrium, a pattern of IBD depicted ahgh variation in genetic
differentiation among populations reflects spatially iet#d gene flow. However, such
population structure can be a residual signal of ancegna flow that no longer occurs or can
be the result of diverse non-equilibrium situations fagholonization (Barker 2013), secondary
contact between allopatric populations (Petrou et al. 20t 3)opulation expansion (Awad et al.
2014). Thus, to distinguish equilibrium from non-equilibriunuaitons in IBD patterns, we
used assignment tests to detect real-tinge first-generation) migrants, which are assumed to
reflect current gene flow (Manel et al. 2005; Broquet ametit R009) Detection of first-
generation migrants and population assignment of individuate conducted using Bayesian
criteria based ornthe computation of the probability of observing a given ggetin each
population (see Rannala and Mountain 1997 for details). Ppoach is generally used when
all population sources are not known and, in Geneclassr €Pal. 2004), it was applied to
define the statistical criteria that estimate theliitood that an individual originates from a
given population. Detection of first-generation migramtas performed by computing the
likelihood of the individual genotype within the population whigre individual was sampled
For each individual, the probabilities of belonging to esenmpled population was estimated by
simulating 10,000 multilocus genotypes using a Monte-Carlomplgag procedure, as
described in Paetkau et al. (2004). Individuals with a probalokiter than 0.01 of occurring in
the sampled population were considered as potential migfnssthreshold corresponds to the
minimal tolerable type | error expected from assignmens tesing this procedure (Paetkau et
al. 2004). Assignments of individuals to a population weredas computation of individual
exclusion probabilities. In this case, the population eatthdp the highest membership
probability was considered as the population of origin ofitbésidual. Individuals assigned to
another population from which they were sampled were comsicees migrants. To ensure that
the number of detected migrants in each distance classindapendent of the number of
pairwise populations occurring in each distance class, wehtegighe frequency of migrants by
the number of times a particular class of distance olEerved for both the empirical and
simulated datasets (see below).

In contrast to simulated datasets, with known spatialtipasi it is difficult to define
which populations oH. schachtiiare adjacent in natural ecosystems. For instancés an

bring two populations into contact, although these populatinagy seem clearly spatially
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separated according to the host plant position. Moreoverdid not sample all sea beet plants
occurring in patches, and the two closest populationkettnpirical dataset may be actually
separated by one or seveuasampled nematode populations. However, simulations edidiae
estimation of proportion of migrants observed among tadjcent populations (see below).
We thus used this estimate to define a potential numberlohigiants for each beach.

Assignment tests assumed Hardy-Weinberg equilibrium. In 2012, laous in Saint
Léonard, two loci in Montfarville and in Granville Nord, andeth loci in Granville Sud
exhibited significant departure from HWE (see below). In 204/&et loci in Montfarville and
Granville Sud, four loci in Saint Léonard and seven loci in Gtenhord showed significant
departures from HWE. To assess the influence of loci degaftom HWE on results,
assignment tests were performed with and without thesddo populations sampled in 2012.
Results did not show any difference in distribution aledeed migrants over distance classes
(data not shown). As a result, we considered results &ssignment tests considering all loci in
2012 and 2013 in subsequent analyses. All analyses computed oncalngatiasets were
performed separately for the different beaches.

Migrant detection: simulations

Reliability and performance of assignment tests are wellmhented for populations connected
in an island model (Berry et al. 2004; Paetkau et al. 200§le&aand Gaggiotti 2006)
However, there is no information on statistical poweasdgignment tests for populations under
IBD models. To improve our understanding of observed resaltsituations where IBD
processes are suspected, we simulated datasets using deateties mirroring our empirical
population genetic data. To do so, we simulated a grid of 11 x121) populations each
composed of 400 individuals with equal sex-ratio using thevsoét Easypop version 2.0.1
(Balloux 2001). Assuming random mating, we used a two-dimensstephing-stone migration
model because it reflects the spatial positions off $e& beet plants, and it entails that migration
events only occur among adjacent host plants, in acomedasith the restricted dispersal
capabilities inH. schachtii We set a migration rat& 0.025 for both males and females, and a
mutation rate of 0.0005 at five independent loci to mimic woosditions in empirical datasets
(i.e. the smallest number of loci at equilibrium in 2012). Mutai@ccurred following a K-
allele model with eight possible allelic states, whiolresponded to the maximal number of
alleles observed in our set of microsatellite loci.Hesitnulation spanned enough time to reach
migration-drift equilibrium (2000 generations). We randomly dach20 individuals in nine
simulated populations, the same number as in the emlpolEtaset, from each of the 100
replicates of the simulation procedure. Sampled populatieere located in the center of the

simulated grid to avoid potential border effects. Two samaiggemes were applied. In the first
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one, we sampled a square of 3 x 3 populations, including negghimt exchange migrants in
the stepping-stone migration model. The second scheméasasl on a set of 100 simulations
in which we sampled nine populations separated from each lmth@yn-sampled populations.
Under a strict stepping-stone model of population stractwe expected to detect migrants
between adjacent populations grayd none for all other increasing distance classes, thther
type | errors. Thus, in the first sampling scheme, we eégddo detect migrants for the smallest
distance class and none for the other distance class#sn the second sampling scheme, none
for all distance classes other than, again, typedrer Additionally, assignment tests should
detect more migrants in datasets of the first sampligrae than in simulations where only
non-adjacent populations were sampled. Statistical tigteaf migrants was performed as for
empirical data. Handling and analysis of all datasets weferperd using R version 3.1.R(
Development Core Team 2012).

Impact of genetic drift

In the case of no gene flow, genetic drift is the onlyl@i@nary force that may significantly
affect variation in allelic frequencies between sampdéen a few generations apart. Natural
selection is expected to have negligible effect om vhriation of neutral markers such as
microsatellites. Moreover, in a companion paper (Jah,airgpublished data), we estimated that
populations ofH. schachtii have small effective sizes and that the number of gdoas
produced between the two sampling sessions is in the rarigardb ten. Therefore, mutation
cannot have a great influence on allelic frequencies durirgy dlhort evolutionary period.
Overall, due to small population sizes, genetic drift mayeha strong influence on gene
dynamics; particularly if the level of gene flow is low (dedow). If genetic drift is the only
evolutionary force that acts on population structure, Hiipes should decrease and mean and
variance in genetic differentiation should increase owee.t If such variation is indeed
observed, observed IBD patterns will actually correspondrasidual signal of gene flow that
no longer occurs or to another non-equilibrium process.

To test for non-migration-drift equilibrium, we simulatéde evolution of allele
frequencies obtained from our data after several gemesaunder pure genetic drift using allele
frequencies of populations sampled in 2012, which we sampledregtacement to build the
next generation using R. The number of generations elapstageen the two sampling sessions
was assumed to range from four to ten. We thus repeaesathpling step four, seven, and ten
times to simulate the random action of genetic driit ttould have affected these populations
between the 2012 sampling and the 2013 sampling. We used minimalaandal values of
effective population sizes estimated in Jan et al. (unphdalislata) with the pseudo-likelihood

method (Wang 2001) to set effective population sizes irsithelations. The whole procedure

Page [L63



was repeated 1000 times to generate distributions of IBD slapeans and variances of
pairwiseFst values that were compared with estimates observed in 2019dmulations, data
handling, and testing were performed with R.

RESULTS

Genetic data

We did not detect any significant linkage disequilibrium &owl were consequently considered
as independent. Multilocus genotypic data showed cdimgagsvels of genetic diversity among
sampled beaches (Table 1). Forty-one alleles were ols@eveging from 1 to 7 per locus) and
expected heterozygosity {Hanged from O to 0.582. The overall averag&efwas significant

in 2012 Es=0.041) and in 2013+s=0.153). Some loci showed significant departures from HW
equilibrium, which represented 12% and 15% of the 320 and 272 $ougle-tests performed
among loci over all populations in 2012 and 2013, respectively. rtimse tests, 8% and 15%
(4% and 0%) ofFs values were significant (positive or negative) in 2012 and 2013,
respectively. These values were not associated with @ydartlocus or population, suggesting
spurious effects of genetic drift and/or population germile-structuring. As a result, 30% and
65% of populations exhibited significant multilockig values ranging from -0.307 to 0.391 and
from 0.099 to 0.362 in 2012 and 2013, respectively (Table 1). Some (22042 and 65% in
2013) were significantly positive, suggesting heterozygote dafies (Table 1).

Population differentiation and isolation by distance

Only 1.5% and 1.8% of the genetic variance could be attritotetifferences between host
plant patches in 2012 and 2013, respectively. Population difigtien explained by host plant
patch membership was low, or virtually absent, and marginalyif&iant only for the 2012
dataset. In contrast, populations were significantly difieamong beaches and host plants in
2012 (Fseachestotaf0.120; FiantsiBeaches0.049; all at P<0.001) and in 2013dfchesotar0.146; F
plants/Beaches0.051; all at P=0.001).

There was a significant IBD signature over the wholeskdtt (P<0.01 in 2012 and 2013;
Fig. 1A). Within single-beaches, we observed contrastingt#iins with either non-significant
(Granville Nord and Montfarville for both sampling sessioes Big. 1B and 1E) or significant
IBD patterns (Granville Sud and Saint Léonard for populationgleaimin 2012 only; see Fig.
1C and 1D).
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Table 1: Genetic diversity and summary statistics for nematode popations sampled in 2012 and 2013.
Significant values of E are highlighted in bold. n: number of genotypes; Arelallrichness; He: expected

heterozygosity.
. n Ar Hs Fis
Site Plant code
2012 2013 2012 2013 2012 2013 2012 2013
Granville Nord  Fra.71N.P1.4 25 18 2.09 2.04 0.409 0.390 0.085 0.124
Fra.71N.P2.1 25 23 1.78 1.96 0.324 0.361 -0.162 0.143
Fra.7IN.P2.2 25 16 1.93 1.94 0.361 0.346 0.056 0.284
Fra.7IN.P2.2 25 30 2.06 2.06 0.390 0.384 0.021 0.094
Fra.7IN.P2.4 23 27 1.90 2.07 0.358 0.396 0.021 0.137
Fra.71N.P2.5 22 27 2.08 2.04 0.412 0.380 -0.04 0.189
Fra.71N.P2.€ 24 - 187 - 0.379 - 0.013 -
Fra.71N.P2.7 24 - 191 - 0344 - 0.123 -
Fra.71N.P2.€ 22 35 2.07 2.05 0.371 0.380 0.071 0.151
Fra.7IN.P3.7 21 35 2.01 2.00 0.398 0.388 0.051 0.192
Fra.71N.P4.1 27 38 1.89 1.83 0.331 0.306 0.103 0.170
Fra.7IN.P5.2 26 32 1.92 1.93 0.361 0.361 0.162 0.171
Granville Sud  Fra.7_1.P25 24 - 190 - 0.345 - -0.072 -
Fra.7_1.P3.7 19 19 2.02 2.02 0.421 0.415 0.144 0.129
Fra.7_1.P41 20 22 1.85 1.89 0.339 0.333 0.136 0.185
Fra.7_1.P5.1 22 25 2.29 2.06 0.445 0.407 0.101 0.222
Fra.7_1.P5.2 25 25 194 1.86 0.341 0.312 0.145 0.092
Fra.7_1.P5.3 25 32 1.79 1.80 0.294 0.312 0.030 -0.076
Fra.7_1.P54 20 30 1.91 1.93 0.344 0.355 0.014 0.191
Fra.7_1.P5.6 20 23 211 2.05 0.381 0.374 0.036 0.281
Fra.7_1.P5.7 25 32 222 2.08 0.418 0.376 0.008 0.099
Fra.7_1.P5.8 13 37 2.01 2.08 0.349 0.367 0.080 0.041
Fra.7_1.P5.1( 23 - 209 - 0.365 - 0.108 -
SaintLéonard  Fra.7_4.P1.1 21 25 2.06 1.82 0.398 0.316 -0.243 0.201
Fra.7_4P1.2 24 19 1.86 1.89 0.325 0.344 -0.054 0.362
Fra.7_4P1.3 13 11 187 1.73 0.335 0.276 0.025 0.141
Fra.7_4P1.7 24 22 182 1.91 0.292 0.365 -0.218 -0.077
Fra.7_4.P1.8 24 17 1.84 1.70 0.339 0.293 0.096 0.125
Fra.7_4.P1.9 19 28 1.97 1.87 0.368 0.328 0.070 0.058
Fra.7_4.P1.1( 18 - 191 - 0.352 - 0.015 -
Fra.7_4.P2.1 29 17 1.86 1.71 0.318 0.296 0.063 0.138
Fra.7 4.P3.5 12 17 1.53 1.43 0.188 0.172 -0.140 -0.112
Montfarville Fra.8 4.P1.1 25 21 1.96 1.92 0.354 0.339 0.391 0.199
Fra.8 4.P1.2 25 22 2.10 1.87 0.377 0.314 0.269 0.294
Fra.8 4.P1.3 25 24 212 1.98 0.408 0.351 -0.307 0.128
Fra.8 4.P1.4 22 33 2.00 1.92 0.343 0.315 0.192 0.235
Fra.8 4.P15 28 26 2.14 2.04 0.385 0.371 0.097 0.262
Fra.8 4.P2.7 17 24 2.04 1.96 0.3750.3Fra.7_4 0.211 0.205
Fra.8 4.P2.9 23 22 2.08 2.12 0.345 0.368 0.165 0.360
Fra.8_4.P3.1 26 - 217 - 0.409 - -0.094 -
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Fig. 1: Patterns of isolation by distance (IBD)Black and gray dots and lines correspond to 2012 and 2013
data, respectively. Displayed scores correspond, in widisce order, to slopes, thez Mantel correlation
coefficient and p-value of Mantel tests for 2012 (black) and 201&y)gRegression lines of genetic
differentiation with respect to distance (log scale) forpapulations on all beaches (A), for populations at
Granville Nord (B); for populations at Granville Sud (C); podolz at Saint Léonard (D), for populations at
Montfarville (E).

Detection of migrants

We detected 26 potential migrants in 2012 and 16 in 2013 over the erhplacal dataset. A
similar proportion of migrants was observed for all dista classes on all beaches and
frequencies of migrants were always in the same rangee@sefncies of simulated datasets
(Fig. 2A). Many more migrants were detected with datasktaireed from simulations of
migration-drift equilibrium IBD patterns. When sampling coispd adjacent populations,
257 migrants were equivalently detected in all distancesesassth only 35% of migrants
being detected in the smallest distance class. In datastét non-adjacent populations only,
282 migrants were detected and were also distributed dwist@nce classes. There was no
overrepresentation of migrants in the smallest distarlass for datasets with adjacent
populations, and assignment tests detected a similar papaftimigrants whether strictly

adjacent populations were sampled or not. Therefore, d®tsicted migrants were $a&

Page [L66



positives (65% and 100% of detected migrants in datasetsagjfitent and non-adjacent
populations, respectively), because no exchange of indigidceah occur between non-
adjacent populations in a strict stepping-stone modemmajfration (Fig. 2B). We thus
considered that a maximum of 35% of detected migrants weratbtenigrants in the

empirical datasets. Applying this percentage to the numbenigrants detected on each
beach, one migrant may be considered as a real migr@ramville Nord and Granville Sud

in 2012, with no migrants detected in other beaches, ral lieaches sampled in 2013.

Fig. 2: Weighted number of migrants over distance classes iratural and simulated populations. Circle

size is proportional to the total number of migrantsairdistance class in natural (A) and simulated (B)
populations (note that the absolute scales differ betweenwo graphs because much fewer migrants were
detected in the empirical datasets). In natural populatmrdes correspond to data pooled over all beaches
obtained in 2012 (black) and 2013 (gray), respectively. In simulated piopslecircles correspond to sampling
schemes with (black) and without (gray) adjacent populatiospectvely (see text for details). In simulated
populations, a distance of 1 (step) corresponds to adjagemions. Thus, circles for this value represent real
migrants, and all other (black or gray) circles represdaefpositive migrants (distances of more than one step).
Interestingly, adjacent populations do not show more migrdrais other, more distant classes. In natural
populations, adjacent populations cannot be representedrebirtherently included in the smallest distance
class. As observed for simulated data, there was moepvesentation of migrants in this distant class.

Genetic drift

IBD patterns differed among sampled beaches, but thispagmained quite stable between
2012 and 2013 (Fig. 1). Similarly, the mean and variance of paigseralues did not
change between the two sampling sessions for all surveyathd® (Fig. 3). We explored,
through simulations, whether these patterns couldeatxplained by pure drift because this
migrant rate seemed extremely low (see Results) and $ethe number of generations that
elapsed between the two sampling sessismather low (Jan et al. unpublished data). These
simulations showed that the IBD slopes we observed in 2013 iwaghe 95% confidence

interval of what could be expected under pure drift, bothnfinimal and maximal effective
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population sizes (Fig. 4). Likewise, the mean and varian@airwiseFsr values observed in
Montfarville, Granville Nord and Saint Léonard sampled in 2013 wetke 95% confidence
intervals of simulated distributions of those variakddter four, seven, and sometimes, ten
generations, for both the lower and upper bound of @éffeqopulation size (Fig. S1). For
these three sampled beaches, simulations thus suggestdtetl@bserved values of IBD
slopes resulted from a pure genetic drift process. Only GraSuleshowed a mean (and, to
a lesser extent, varianc&€gr value that lay outside the lower confidence interval &6
simulations tested (Fig. S1), suggesting that genetic drift ma& the only evolutionary

process acting on population genetic structure on this beach

Fig. 3: Temporal change in the mean of pairwis&srvalues.Black and gray histograms show mean pairwise
Fstin 2012 and 2013, respectively. Error bars show the stad@aidtion of pairwisd=st values in each beach
and sampling year.

(Montarry et al. 2015)
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Fig. 4: Temporal change in isolationby-distance (IBD) slopes under a pure drift procesBBox and whisker plot of the distribution of the simulated I1B&pe values. The
central black line in the gray box is the median and tlge® of the box give the upper and lower 95% confidence @&iseof simulated values. Dotted lines indicate the
observed IBD slope in 2013. Dotted lines located within they gl@ox indicate that the observed value can arise frometgendrift only.
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DISCUSSION

We investigated the geographical scale over which effeckebamges of migrants occurred
among populations iil. schachtii Temporal sampling documented the stability of observed
spatial genetic structure (this study) and also serveditoate effective population sizes (see
Jan et al. unpublished data), which were required for thmulagiions. Empirical and
simulation studies show that, over time, spatial gergtticcture can be stable.¢ Hoffman

et al. 2004; Palmé et al. 2013) or unstable (Honnay et al. 2008¢ A&ntal. 2011)Temporal
surveys therefore deliver more information on the ewohaly processes that act on
population dynamics and persistence than studies basedingle sampling session (Habel
et al. 2014)In contrast to what has been suggested for agrosysteenPlgestard and Porte,
2004), levels of gene flow may be low, or even absent, amaldgpepulations owing to
spatially restricted dispersal events of cysts and/oadarv

Isolation by distance patterns: the question of migration-drift eilibrium

The genetic differentiation among wiltl. schachtii populations suggested contrasting
patterns of population structure among beaches, samplesl aed spatial scales. IBD was
detected on two beaches sampled in 2012 (Granville Sud and Szomard), but,
interestingly, these IBD patterns were not maintainedfahewing year. In Saint Léonard,
the IBD slope was still positive, suggesting that Mantdktasere not powerful enough to
confirm the spatial pattern, because fewer populations genotyped that year. In contrast,
the strong decrease in the IBD slope (0.013 in 2012 dropping to 0 in 2B&8jved in
Granville Sud implied that the loss of IBD signal was not duewostatistical power, but to
local evolutionary processes. At higher spatial scalls, relationship between genetic
differentiation and geographical distance was signifieemn all populations at all sampled
beaches were examined. According to Hutchison and Temp(é&99), the absence of a
temporally stable IBD pattern over the geographical rangauoftudy area means that the
population structure is not at equilibrium lih schachtii Therefore, observed IBD patterns
may not result from current gene flow.

This hypothesis is consistent with our results on fyesteration migrant detection.
Assignment tests detected migrants in Granville Sud and Séartakd where IBD pattern
were also detected, but simulated data showed that assigmests mainly detect false-
positives. Therefore, most of the (few) migrants detkate our empirical dataset were
probably false-positives. This conclusion echoes thaWahg (2014) who showed that

population assignment approaches tend to overestimateatioigrrates among poorly
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differentiated populations evolving under an IBD model. Sidyilathe comparison of the
ranges of migrant frequencies in simulated and empiridal alad the estimation of the real
number of migrants showed that there were no or, at raabt,one migrant observed in
sampled wildH. schachtiipopulations. However, at migration-drift equilibrium, migratio
events should arise under IBD. Assignment tests thustéettte conclusion that there is an
insufficient number of migrants occurring in wild. schachtiipopulations to generate and
maintain the IBD patterns observed in Granville Sud and Sainbdtdo As such, IBD
patterns were probably not generated by current gene flow.

Additional simulations provided further support that genetidt diione can explain the
observed variation in population genetic structures betweetwo sampling years for at least
three of the four surveyed beaches. Only a few migrantsegrered to prevent population
differentiation and counteract the influence of geneliift (Slatkin 1985). As a result, if
migration actually occurred, the variation in allele freqieshdetween the two sampling
events cannot be attributed to genetic drift only on thiese beaches. In Granville Sud, it
seems unlikely that the loss of the IBD pattern between 20d2@13 results from regular
gene flow, because we did not detect more migrants oéhish than on the other beaches,
and because when recurrent gene flow drives IBD, this patberald be stable over time
Overall, our results suggest that wiitl schachi populations were not at migration-drift

equilibrium and probably exchange few or no genes at s@aigsg from 10 cm to 150 km.

The scale of gene flow in wildH. schachtii populations

In non-equilibrium situations, patterns of genetic stmecare dominated by historical factors,
such as colonization history (Ibrahim et al. 1996; Austeetital. 2000). This may even be
more pronounced in populations that are founded by seeddsfptancysts (nematodes),
which are forms that can survive belowground until local cantiitallow their development.
Once a potential host plant grows in a place where eystpresent, the local multiplication
of nematodes may generate a patchy distribution of pomudatand heterogeneity in
infestation levels among hosts, as observed in sevesalatode species (Jan et al
unpublished; Gavassoni et al. 2001; Villate et al. 2008). Ircdse, migration dfl. schachtii
juveniles may occur among roots of adjacent host plastauseH. schachtiijuveniles are
able to move at least 30 cm to reach a sugar beet pldieid conditions (Westphal 2013)
Such dispersal events would be difficult to detect due ttothgenetic differentiation among
source populations and newly colonized host plants. Masattgle movements in coastal

populations may be thus related to exceptional events sutiglatides during storms. In this
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case, the small number of detected migrants in this snalyd be thus related to the
colonization history of beaches. However, further studigls an exhaustive sampling of all
host plants of a beach conducted over several yearsauneed to gain further insight into the
influence of colonization processes on the observedrpatbdf genetic structure.

Alternatively, the small number of detected migrants nmeayetated to the low genetic
variability of microsatellites markers, which is known to itithe statistical power of
assignment tests (Waples and Gaggiotti 2006). However, theoance of results from
observed population genetic differentiation with simuladath under genetic drift suggests
that low migrant detection was not just an artifact. &wer, Jan et al. (unpublished data)
have shown that effective population sizes range fromo5M0 individuals. Small effective
sizes are one consequence of limited gene flow among popslafdogether, these results
strongly support the hypothesis that populationsl.o$chachtiiare genetically disconnected,
even at very small spatial scalék. schachtiithus appears to be a species constituted of very
small isolated populations in the wild.

These population genetic features are expected in pardiies {980), particularly in wild
plant pathosystems characterized by low host densitiethese pathosystems, genetic drift
likely has a strong influence, with wild parasite populationisgphenore vulnerable to local
extinction and maladapted to their local hosts due to tlwewer dispersal capabilities
compared with that of their hosts (Gandon et al. 1996;ITdmd Burdon 2002; Morgan et al.
2005). Interestingly, similar population genetic structure waseved inHeterorhabditis
marelatus an obligate parasite of a soil-dwelling insect, and was atlsibuted to the very
low dispersal capabilities of this nematode (Blouin et1809). However, small effective
population sizes and low levels of gene flow are far friigpical in pathosystemse(g.
Fournier and Giraud 2008; Glais et al. 2014), even in nemaipeeies (Falk and Perkins
2013; Pereira et al. 2013) and among crop pests which genexa#lycbntrasted population

structure.

Wild versus field populations ofHeterodera schachtii

In agrosystemd;l. schachtiihas huge populations connected through gene flow among fields
separated by distances that reach 150 km (Porte et al. 188€arg and Porte 2004). These
studies attributed the scale of gene flow to soil transptantvests of sugar beet crops lead to
the loss of several tons of soil per hectare andhperest (Ruysschaert et al. 2007). The
inadvertent transport of a massive quantity of soil massipaly disperse large numbers of

cysts, resulting in higher levels of gene flow amongiwatied fields than among wildH.
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schachtii populations. This difference in gene flow in wild and crop tpfzarasites is
supported by the higher genetic differentiation occurring rgméhe wild populations
surveyed here (pairwis€st ranging from 0 to 0.3) than among crop field populations
(pairwiseFst ranging from -0.01 to 0.12; Plantard and Porte 2004) separataddxyuivalent
geographical range (0 to 150 km). Anthropogenic influence onpitead of cyst nematodes
has been documented at global scale with the transpof. gfallida and Globodera
rostochiensiswvorldwide through the potato tuber trade (Plantard et al. 2008¢H20 et al.
2013). Long-range transport has also been demonstrateératedtiate spatial scales, within
and among field populations & tabacumandX. index where patterns of population genetic
structure matched those of agricultural practices (Vikatal. 2010; Alenda et al. 2014).

The evolutionary potential of field nematode populatiatefined as the ability of a
pathogen to overcome resistance (McDonald and Linde 2002), tsy be higher in
agrosystems compared with the evolutionary potential af wédmatode populations. This
difference in evolutionary potential may heighten tis& posed byH. schachtiipopulations
for cultivated crops. For example, gene flow and high nedeatlensities in sugar beet fields
also imply higher effective population sizes, which fatlee persistence and the spread of
new virulent alleles. Most of the work on wild and fieldhmagen populations has focused on
the role played by the general characteristics of agtesys such as host uniformity, densities
and resistance genes (Stukenbrock and McDonald 2008; Rodelgelétral. 2013), but not
on intrinsic characteristic of pathogens, such as thispersal capability. However, limiting
gene flow among parasite populations represents an affmafinement strategy, which has
already been strongly advocated by several authors ¢Buaidd Thrall 2008; Stukenbrock
and McDonald 2008), and can be easily implemented because lagthaties are probably

the main vector of gene flow among field populations st cgmatodes and other pathogens.

Consequences for resistant varieties management

Evidence that human activities may be the main veotfothe spread oM. schachtii
populations in fields has also profound consequences formidngagement of resistant
varieties used to control cyst nematodes. In agrosysiispersal capabilities of nematodes
exceed those of crops, which are inherently restrictedjtioudtural use. Simulation studies
have shown that greater pathogen dispersal results inttar lalaptation of pathogen
populations to their local hosts (Gandon et al. 1996; Thrall Burdon 2002; Morgan et al.
2005). The high availability of suitable host plants alsoaenbs the probability that.

schachtiipopulations become well adapted to sugar beet varietiestéky et al. 2008), and
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may explain the extensive damage they cause in sugarrbgst Eligh nematode densities in
field populations arise from the use of crops favorableeimatode development, such as
tolerant sugar beet varieties (as are most currently useeties) or alternativel. schachtii
hosts €.g.0il seed rape). The growth and yield of tolerant vaseare not affected by high
nematode infestation rates, but they greatly increaseptpulation size oH. schachtii
(Fournet, unpublished data). Therefore, any strategy destgniemit the level of gene flow
and decrease the effective population size can help limietlolutionary potential of cyst
nematodes. The use of resistant varieties that careae nematode population sizes may
thus increase the impact of genetic drift, limiting théumfice of any new virulent alleles at
the local scale. Similarly, the limitation of passiveman-mediated gene flow among fields
will isolate avirulent from virulent populations and deceeabe ability of nematode

populations to overcome resistance over large spatia&sscal

CONCLUSION

This study used temporal sampling to investigate the gerriatwe of wild populations of
the beet cyst nematode. Wild populations Hof schachtiiwere characterized by a non-
equilibrium population structure, weak levels of gene flmyond the scale of the host plant,
and a non-negligible impact of genetic drift. This pattgypeared stable over a short period
of time, suggesting no isolated disturbance. Our residts suggest that the evolution of
resistance in field nematode populations can be limited st pentrol strategies focus on
limiting passive human-mediated gene flow and field nematodétidsn®ata on the genetic
structure of wild and field populations are still lacking foosh plant-parasite nematodes.
However, this study showed how population genetics is usefuli)fadentifying potential
improvement strategies for the control of field nematpdpulations and (ii) improving our

general understanding of the epidemiology of diseasg<these.
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SUPPORTING INFORMATION

Fig. S1: Temporal change in the mean and variance in pairwisEsr values under a pure drift process.
Gray and dark-gray histograms represent distributions ofiis@n of pairwisd=st values considering to the
minimal and maximal values of effective population sizemested for each beach. Solid lines represent the
limits of the 95% confidence interval. Dotted linesresent the observed value of the mean pairWwigein
2013. Dotted lines located within the 95% confidence intenditate that the observed values of mEgpcan

arise from genetic drift only.
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Fig. S1 (continued)
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Fig. S1 (continued)
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Fig. S1 (continued)
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3.5. llluminating the evolutionary biology of  H. schachtii in the
wild and in agro-ecosystems

The results obtained in this sectionvganew insights on the genetic structure of wild
populations ofH. schachtiiat local and regional spatial scales. Spatial genetictsire
appeared to involve high genetic sub-structuring at smalladtales, moderate effective
population sizes and low levels of gene flow among hostiplaeparated by tens of
centimeters to several hundreds of kilometers fromaomgher. These findings provide some
explanations on the phylogeographical patterns observetldmematode populations. Our
results also give information on the functioning ofdigopulations and fuels the debate on
adaptive processes involved in this pathosystem.

3.5.1. Definition of a nematode population in the wild and consequences in
agro-ecosystems

At the scale of a single host-plant, populations havel &ffiective sizes and are characterized
by genetic sub-structuring. These results suggest thae atipersal of males and juveniles,
which is likely to occur at this scale, may be actually vergitéd even among sub-
populations located on the same host plant. This low rplilong with a small effective
population sizemay induce the build-up of family structure. This fine-scaleegenstructure
may favor a relative reproductive isolation among papulations, leading to genetic erosion
and inbreeding within sub-populations. Sub-populations may torrespond to the smaller
genetic unit of interbreeding individuals of the species, the boundaries of populations
(Waples and Gaggiotti 2006). This hypothesis is also censistith the lack of gene flow
events observed at higher spatial scale, suggesting anioisotd#t nematode populations
belonging to different host-plants.

This demic structure inside a single host-plant has beerlypdocumented in plant-
pathogen species (but see Capelle and Neema 2005). Co-infeloyiossveral pathogen
genotypes were often reported in plant pathosystemsréséeiences in Tack et al. 2012).
Infrapopulations, which include all the individuals of a pieaspecies in an individual host
at a particular time, have also been observed in akezeoparasite species.§.Bush et al.
1997; Vilas et al. 2003; Theron et al. 2004). This last observatanbe the result of species
life-histories specificities or intraspecific interactomwithin the host (Parker et al. 2003;
Prugnolle et al. 2005; Keeney et al. 2007; Criscione @04ll). This definition implies that a

population of parasite can be defined at the scale ofrmivddual host even it is composed of
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several distinct genetic entities. This concept isi@ddrly interesting for telluric nematodes
because they are difficult to sample independently acuprdo their sub-population
affiliation and because it allows considering that individismpled on the same single host-
plant belong to the same genetic unit in future studies.

Similar sub-structuring patterns were also observedieid H. schachtii populations,
suggesting that active dispersal capabilities of nematogegquivalent in wild and field
conditions. Effective population sizes of field popuats are unfortunately not available.
Therefore, we cannot determine whether field sub-populgtiare demographically and
genetically similar to what is found in the wild. However, spbtirestricted dispersal at the
scale of the host-plant strongly suggest that the lowsetgedifferentiation observed among
fields probably result from modification of levels of pag long-distance gene flow. Indeed,
at spatial scale higher than a single sea beet, passpershl is likely to occur among
populations. However, extremely low levels of gene flow wdrgeoved among plants of all
surveyed beaches for the two sampling sessions. Dispsesadistances ranging from a few
tens of centimeters up to hundreds of kilometers is thusetimand probably associated to
exceptional events, such as storms or high tides. Thigation of passive dispersal should
prevent nematode spreading among fields. Additional fathois facilitate passive dispersal
in agro-ecosystems, which supports the contribution of humetivities in disease

dissemination among sugar beets within the field, and arfireldg within a production area.

3.5.2. Micro-evolutionary processes, host colonization, andarge-scale
phylogeography

Let us consider now this model of population functioning incihvetext of the colonization of
new sea beet plants along the shoreline. In this scenaripopulation of nematode
corresponds to all individuals living on one sea beet, whaoh lwe grouped into several
genetically distinct demes. Before the colonizatiomgvan initialH. schachtiipopulation is
developing since several generati@msa host planta sea beet or on any other suitable host-
plant species foH. schachtij located not too far from the shoreline. Exceptional esyesuch
as storms, landslides or high tides then disperse oysts or less far away from this initial
source population on new host sea beets. During dispereats, some nematodes do not
survive and some of them are also not able to infeshéle hosts. This results in founder
events with associated bottlenecks and loss of gedetsrsity. Surviving nematodes then
develop on their new host and after a few generatiaisssucturing reappears at the scale

of the host plant. However, small effective populatisares strengthen the influence of
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genetic drift over time. Consequently population genetiedifitiation increases among host-
plant individuals. Genetic differentiation may alsargmse because of the variability in host-
plant resistance. Differential resistances seeneta Wwidespread characteristic in several wild
pathosystems and may differently affect the fitndstifeerent nematodes (Laine et al. 2011)
This hypothesis is consistent with the fact that onlyiglaresistances were reported in the sea
beet so far (Biancardi et al. 2012)

The hierarchical sampling design of the phylogeographical singjied pooled soil
samples collected on several sea beets in a rangevdéhs of meters. Analyzing our dataset
based on a pooling of genetically distinct units may leatedoss of the genetic signature of
any colonization process and result in unstructured gepatterns. The erasing of subtle
spatial genetic structure may be also amplified by temgwa@ution of the initial population
source of nematodes. It should be noticed that neingiation, nor recombination are
included in this hypothetic model of population dynamics bec@luseere is no information
on these two forces iH. schachtiiand (i) because the influence of genetic drift limit the
invasion of new alleles in small population (see below). Hewethis model of population
functioning allows building a colonization scenario of beschkonsistent with large-scale
phylogeographical patterns bf. schachtiialong the Atlantic coastline. In this case, coastal
population ofH. schachtiimay have recolonized Europe by the coast along withethdeet,
suggesting the two species may have interacted more xpacted from phylogeographical

results alone.
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4.Discussion and perspectives

4.1. What can be learned from our results?

4.2. Evolutionary potential of H. schachtii populations
and co-evolution with  B. vulgaris ssp. maritima
populations

4.3. Relationships between wild and field populations in
H. schachtii: a missing point in the estimation of the
evolutionary potential of this nematode

4.4. Alternative host species of H. schachtii as a blank
page for future research
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4.1. What can be learned from our results?

4.1.1. Objectives and main results
Cyst nematodes are one of the most damaging pathogensyaf beet crops. Knowledge
provided by wild populations of pathogens may be informative sesaslong-term risk
associated with crop pests. To generate informatioritédgig the prediction of the durability
of genetic resistance used to control cyst beet nematogalations, this PhD project
investigated their evolutionary potential (McDonald and Eir2002). In this work, the
evolutionary potential is defined as the capability of taggen to evolve to overcome genetic
resistance of its host. Such adaptation capabilities malapend on the history of the
pathogen and the current evolutionary dynamic of its popuoltover space and time.
Consequently, we investigated the evolutionary history odl widpulations ofHeterodera
schachtii and H. betae over the species distribution area along with morallsurveys
devoted to disentangle the respective effects of gene dlodv genetic drift. This work
highlighted numerous features of the biology and of the evolutiodgnamics of beet cyst

nematodes.

(1) Heterodera schachtiand H. betaeshowed a large distribution along the Atlantic
shoreline. The colonization history of coastal habitats prasumably influenced by climatic
fluctuations occurring since the Last Glacial Maximum. &l&® cannot rule out the effect of
marine currents in driving cyst dispersal, which was an unexgeesult given the terrestrial
nature of these nematodes species. Dispersal of thasesp®y thus be more complex than

expected in cysts nematode species.

(2) The lack of congruence between the phylogeographical patibsesved for the sea
beet andHeterodera schachtisuggested a non-shared evolutionary history. This situation
may be related to a larger spectrum of host-plant spelesving for direct inland
recolonization of northern Europe. Alternatively, fasicdl evolutionary dynamics of

nematode populations may blur any genetic signatures ofplastization events.

(3) Heterodera betaalid not originate from The Netherlands, as previously exttspl.
Populations were strongly genetically differentiated, suggesioth a geographical isolation
of populations and the influence of their parthenogenetimemof reproduction. This
reproduction mode may explain the differences observed itakganetic structure when

compared tdd. schachtii However, ecological preferences and host range mayedsilt in
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similar patterns of genetic structure. Overall, microsttetiiata suggested that a classical
coastal recolonization scenario was more likely for tieisiatode than fdd. schachtii

(4) Wild populations oH. schachtiiwere characterized by moderate effective population
sizes, geographical isolation, and genetic structuringeaketvel of the host plant. Active and
passive dispersal capabilities may be spatially-restrictest ghort distances in natural
ecosystems. Long-distance episodes of gene flow may lgyollee mainly related to
exceptional events such as high tides or storms. Thesgagdsatures implied a substantial
influence of random genetic drift and also underlined haistic demographic events like
recurrent extinction/colonization events on the evolugbpopulation genetic structure over

time.

4.1.2. Evolutionary potential of beet cyst nematodes and durability of
resistances

Altogether, our results are not yet satisfactory to defely conclude on the evolutionary
history of H. betaeand of its adaptive capacity to evolve under selectivespres like host
resistances. However, the physical isolation of populatialong with parthenogenetic
reproduction may lead to a lower evolutionary potentiat@spared toH. schachtii and
according to the criteria defined in the study of McDonald ainde (2002) figure 19.
Nevertheless, parthenogenesis and limited gene flow mayeaiso local adaptation in wild
populations because nematode cannot escape to selectisarpeeimposed by the host. More
studies are thus required to understand hbowetaepopulations evolve on wild hosts. This is
also true for field populations because there is no daddlable to make any comparison
between evolutionary characteristics of field and wild pdpnia.

According to the study of McDonald and Linde (2002), small ewdlgene flow and
small effective population sizes are thought to result w kdaptive value for wild
populations ofHeterodera schachtiiSpecifically, the strong influence of genetic drift limit
the strength of selection pressures as well as the irpaaitation (see § 4.2). Consequently,
resistance breakdown in wild populations is probably difficugigesting that occurrence of
virulent individuals adapted tB. v. ssp.maritima may be a rare event. Moreover, low levels
of gene flow among wild nematode populations suggested they depresent a great risk
for newH. schachtiivirulences occurring in fields, though the question of geawe among
wild and field nematode populations remains to be investigaeed§ 4.3).

In fields, the situation is a little bit different. @high density oH. schachtiijuveniles

observed in sugar beet fields is expected to generatedfegtive population sizes, which in
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turn are also favored by high levels of gene flow. Lafffgcve population sizes reduce the
influence of genetic drift and may increase the streodtnatural selection. Additionally, in
large populations, the same favorable mutation may appearatdimes, decreasing its
probability to be lost. In fields, where resistant crogzresent a strong selective pressure for
nematode populations and where effective population sizpathogens are supposed to be
high, new virulent alleles thus have a high probabilitggoead over large spatial scales. The
study of local genetic structure of nematode species latgalighted the importance of
consanguineous mating in several cyst nematode species. ndlicDand Linde (2002)
supposed that less new genotypes are created in inbreed pathibge in outcrossing
species. In their model, inbreeding is thus expected to reithecadaptive capabilities of
pathogens. However, inbreeding can also lead to increasedzligosity, including loci
governing avirulence/virulence, which favors the expressibmirulence when underlying
genes are recessives, and thus the adaptation of hogic gamséstance. Field nematode
populations may thus have a higher evolutionary potengeliuse they may have higher
levels of genetic diversity and a higher capacity to feesistances as compared to wild
populations. In this context, a careless use of genesistaaces would probably favor
adaptation ofH. schachtiipopulations and lead to resistance breakdown. As a redlult,
management strategies of resistant varieties devoted toergdue flow events among fields
and to reduce nematodes densities should improve their diyrabili

'XUDEOH FURSVY SURWHFWLRQV DJBLlgQivat davéeldpiogl U L F
management methods considering higher spatio-temporakdtan one field during a given
cropping year. Such an approach has already been proposestifgrfiangi and would be
suitable to maintain the whole pathogen metapopulationdapiad to its hosts and to prevent
epidemics (Bousset and Chevre 2013; Bousset 2014). Nonetluedspite the general view
assuming that field populations of nematode are large, itb@angteresting to clearly estimate
their effective population sizes. In practice, such aystuduld be difficult to conduct in
fields because point estimation methods are not adapt#te tbiology of nematodes and
because temporal methods are challenging to implememininal crops, such as sugar beet.
Nevertheless, in multivoltine species suchHaschachtij two sampling at the beginning and
the end of the growing season may be possible to deshabevolution of allelic frequency
variations. Sampling may be performed at the plant anthierfield scale to apprehend

effective population sizes at different spatial scales.
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Figure 14 : Estimation of the evolutionary potential of a pathogen and #n risk it represents for crops
according to reproduction/mating system, gene/genotype flow anaffective population size (from
McDonald and Linde 2002).Effective population size (Ne) is on a8lscale where 1 is small Ne, 2 is average
Ne, and 3 is large Ne. Assignment of total risk value assuhagsall effects are additive. This risk model
assumes that mutation rates are constant and that @elecgfficient for all pathogens. In the case of natura
populations ofH. schachtiisexual reproduction characterized by inbreeding associatiedvtgene flow and
small effective population size give an evolutionary paainf 4, which is one of the lowest value on this scale
In fields, gene flow mediated by man activities among fieldirge geographical scale and higher population
sizes raises the evolutionary potential to a value mgn@iom 6 to 8. In the case &¢i. betag asexual
reproduction associated to isolation of population wousdltén a low evolutionary potential ranging from 3 to
5.

4.2. Evolutionary potential of H. schachtii populations and co-
evolution with B. v.ssp.maritima populations

Our results suggested that the specializationHofschachtiito sea beets may not be
straightforward. Indeed, in all surveyed populations, any faaarable allele is likely to be
quickly lost through the stochastic effects of genetift dKimura 1957, 1962; Otto and
Whitlock 1997). In small populations, such as wildschachtiipopulations, natural selection
cannot counteract the influence of genetic drift which prayent the emergence of virulent
alleles specific to sea beets. Similarly, the limitataf gene flow among populations yna
prevent the spread of virulent alleles from distant pdjouis, reducing also the adaptive

capabilities ofH. schachtiipopulations. In addition, the frequent extinction/ren@ation
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events characterizing sea beet populations also repr@edeghly changing environment for
nematodes, where the distribution of genetic resistaamoesg sea beet populations may be
highly heterogeneous over space and time.

This spatio-temporal instability may thus limit the develepimof specific genotype-
genotype interactions between sea beetstangthachtij and may prevent the development
of specific control method in the host, like major geesistances (Harrison et al. 2013)
Indeed, recurrent localized extinction/recolonization &vetserved in sea beet populations
(see De Cauwer et al. 2012) may correspond to a renewalcalf hmst genotypes for
nematodes. In this situation, nematodes adapted to prewausegt generations may have
lower infective capabilities on their new hosts, as ofeskrn Susi and Laine (2013). The
non-specialization of nematode populations may thus reprres advantage for long term-
persistence. This hypothesis may explain why no majista@se genes againdt schachtii
were reported so far iB. v. ssp.maritima accessions, which, in contrast, exhibited partial
resistances. It is generally assumed that the polygexioen of these resistances affect a
larger range of pathogen genotypes, enhancing the probaidilitye host plant to reduce
pathogen pressures. However, quantitative resistance sawvaly among host populations,
and only some of this variation is adaptive (Salvaudon @08I8). To understand the role of
partial resistance in the evolution of this pathosystemvould be particularly interesting to
estimate how much this quantitative resistance diffeagati result from the action of local
selective pressures or from other neutral processesasugdnetic drift or gene flow.

The hypothesis of non-specialization of nematodes hss @bnsequences on their
capacity to evolve through space and time. This non-dgetian prevents the appearance of
pre-adapted nematode individuals able to deal with newaasestgene. In this case, gaining
insights into phylogeographical patterns in the wild may na¢ gieaningful information into
the adaptive capacity of nematodes to evolve in man-mduatsalike the agro-ecosystems.
However, population genetic structure of sea beet populai®m@dso influenced by the
occurrence of long-lived seed banks which mainly stay énribighborhood of the mother
plants and can stay dormant in the soil (Sester &0&6; Arnaud et al. 2010). Long-lived
seed banks can be viewed as sleeping genes that buffer chraggestic composition of the
host plant population over time. Therefore, this lifedngtrait may favor longer interactions
between related host genotypes and cyst nematodes. Inags adapted genotypes may
occur and initiate parasitic interactions.

It is thus difficult to conclude on the relative infleenof ron-adaptive processgsuch as

genetic drift and demographic fluctuation, and of naturacsien in the evolution of host-
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pathogen association betwdgeta vulgarisssp.Maritima andHeterodera schachtiiBecause
our study only considered neutral variation in sea beet anditoden populations, the
understanding of adaptive dynamics of this pathosystem would fyam further
investigations considering genetic and/or phenotypic chaizatien of host and nematode
populations for virulence and resistance. This approachdiféicult to implement so far,
because virulence factors d¢i. schachtii and associated genetic resistances were not
available. Genotyping for resistance was thus impossibletenghenotyping of wild host
plant would be difficult to interpret because the qualigator quantitative nature of the
resistance would be unknown. Nevertheless, the recent gudnticof a genetic marker in sea
beet related to resistance ltb schachtiimay facilitate the screening of wild host plant for
nematode resistance and the association of genotypes phimotypic characterization
(Stevanato et al. 2014). The concomitant developmentrolewice markers itd. schachtii
using for example, new sequencing technologies, would defilyitmeen a new area of

investigation in this pathosystem.

4.3. Relationships between wild and field populationsi n H.
schachtii: a missing point in the estimation of the evolutionary
potential of this nematode

Wild pathogen populations represent a reservoir of inmewdnd genetic diversity when they
are connected through gene flow with field populations (M and Linde 2002; Burdon
and Thrall 2008). Our findings described above suggest this situsitioikely to arise in the
case oBeta vulgarisssp.maritimaandHeterodera schachtiiwild nematode populations are
connected by low levels of gene flow and non-adaptive presdssit the appearance of
individuals adapted to genetic resistances of the host. plometheless, it is difficult to
determine whether the evolutionary dynamics of nematamjmulations living in habitat
adjacent to fields is more influenced by field or wild nesdat population dynamics (higrs
low gene flow). It is also difficult to determine whethkette are gene exchanges between the
two habitats. It would be thus interesting to clearly exanthig question. This issue is
currently investigated by considering two different approaches.

First, we sampled one wild nematode population on seahosés in a beach along the
shoreline, and four field nematode populations located withirr feg fields in inland areas:
one just next to the sampled beach and three otleabzied far away from the shoreline and
every 5 km from each other. We proceeded similarly for &dditional sampled beaches.

Cysts were extracted from soil samples and genotypedthathame set of microsatellite loci
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used in the work previously presented. Analyses are still runnirtg. tW$ dataset, we would
like to estimate whether dispersal events can be detectedg field and wild nematode
populations. We also would like to evaluate the intensitygeme flow among fields.
Additionally, this study may give clues on how field neoaks populations may influence the
population genetic structure of surrounding wild nematode pbgota Numerous studies
investigated the occurrence of gene flow between wild ahivatied plant species, such as
carrots and apples (Cornille et al. 2013; Rong et al. 2013),ammong wild and field
populations of aerial pathogens (Clarkson et al. 2013) amd yilas (Webster and Adkins
2012; Almeyda et al. 2014). However, no studies documented this kinigi@ctions for soll
organisms as they are not expected to disperse over largeaghical distances.

Second, the aim of this PhD project was also to investibatv genetic diversity is
partitioned among field nematode populations at higher geogedguale. We decided to
sample one to three fields located in several Europeantices and to genotygdd. schachtii
populations using the same set of microsatellite IBgjLe 15. These two steps are still in
progress and only a part of the dataset is already awailBlhls dataset may help to trace back
the origin and spread of field nematode populations. Weallgithypothesized thatH.
schachtiipopulations were recently transferred to fields fronursd ecosystems because the
sugar beet cultivation only exists since the 19th cenAigpmparison between field and wild
nematode populations may help to determine whether this registls relevant and may
allow the identification of potential wild sourcestdf schachtiiinfesting fields. Alternatively,
H. schachtimay be a species already present in the soil at dtablshment of cultural
practices, and field populations may not be related to etwr. Therefore, the study of
population genetic features of field populations may helglistinguish among these two
hypotheses. We also plan to phenotype these field nematgpddapons to investigate the
potential correlations between neutral genetic structure andente profiles. Tl
investigation would be a first step to understand the adagyivemic of this pathosystem and

a good source of information for the use of genetistasce at large geographical scale.

4.4. Alternative host species of Heterodera schachtii as a blank
page for future research

Heterodera schachtis a pathogen with tens of alternative host spedaesrang both in wild
and cultivated habitats (Goodey et al. 1965). For practical pagpave did not take into

account this large spectrum of hosts in this work, selpamy one host plant species with
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agronomical and ecological interests. However, altemndtost species may also impact the
evolutionary history oH. schachtiiand investigating the population genetic structurél of

schachtiiamong alternative hosts may be thus interesting ateliffdevels.

Figure 15: Distribution of field populations of H. schachtii in Europe. Green: samples with genotyped
populations (microsatellites); Red: samples in process.

First, the consideration of alternative host speciey hep to better understand the
phylogeography of this nematode. Similar approaches as thesedaruthis PhD applied on
another host plant species may help (i) to determirettvenH. schachtiirecolonized Europe
on inland host species, (ii) to explain the southwardlomization pattern observed H.
schachtij (iii) to determine whetheB. v. ssp.maritimais a favorite host of this nematode or
just a dead endi.e. the last suitable species occurring on beaches befolhespitable
habitats,i.e. the sea. These hypotheses were not considered in our pigidapkical study
but should be investigated to understand how this telluric pathegswed under climatic
fluctuations and how strong was its interaction with t lseet. Indeed, the inefficiency of
B.v. ssp. maritima resistances ofd. betaeand the existence of major resistance genes
controlling H. schachtiiin anotherBeta species suggest theeteroderaspp. andBeta spp.
species may have interacted and/or co-evolved morestpaatted based on our results alone.

A large-scale comparative study comparithgschachtiipopulations developing on the host-
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plant community associated with seveBaita species would be very helpful to have a larger
understanding of the history and the evolution of this nedat

Second, the study and the comparisotdotchachtiipopulations developing on the sea
beet and alternative host-plant species may also eeegting to refine our understanding of
local dynamics of wild populations of this nematode. Indeedyéhieal expectations assumes
that generalist pathogens are able to maintain larger pa@mdathan specialists because the
population dynamics of the pathogen does not depend angmdine population dynamics of
a unique host species (Dobson 2004; Barrett et al. 2008). Thretibabassumption recently
received empirical support from a study on a zoo-paraséinatode (Archie and Ezenwa
2011). This suggests that the evolutionary dynamic$i.ochachtiimay also be more
complex than expected. Higher effective population wiaald resultin a lower influence of
genetic drift and demographic processes on the genaiitiste of populations, which may
lead to very different evolutionary dynamics as the omserd®ed in our results. Moreover, the
occurrence of gene flow among populations developing oerdiif host species may have
contrasting consequences for the adaptive dynamies ethachtiipopulations. On the one
hand, the specialization to a particular host specigdendifficult due to the spread of alleles
adapted to differertiost species. On the other hand, there is empirical evidbatgene flow
among populations does not always prevent pathogen adaptatloe host (Spottiswoode et
al. 2011; Laine et al. 2014). As a result, the adaptive cafedibf nematode populations
may vary among populations due to local conditions.

Third, the consideration of alternative host plant speciag be interesting to take into
account potential host-shifts or host-jumps in the hisbdiy. schachtii These events cannot
be detected using phylogeographical studies because they octanger evolutionary time
scales (Hoberg and Brooks 2008; de Vienne et al. 2013). Howeegrnthy impact the
understanding of the recent evolutionary history of poparati For example, several
emergent pathogens resulted from the contemporary catamz of new host species
(Stukenbrock and McDonald 2008 this situation, focusing on populations only developing
on the new host would only give a part of the histonjhefgiathogen, which may obscure the
localization of its native area or the understandingsofidaptive dynamic. As a result, our
study may probably give only a partial picture of nematodeu&enlry history, but is a good
starting point for the development of additional investi@ns in wild populations of telluric

nematodes.
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Appendix 1: sequencing protocol

Nematodes

To complement the nematode microsatellite dataset, weeseed 7 nuclear loci, and 2
PLWRFKRQGULDO ORFL DFFRUGLQJ S RFKAHEXDPYOGHARRUI EL
protocols handbook associated with a GS FLX 454 pyrosequeRoehd technologies).

Amplicon sequencing is based on two sequential PCR. Theofwstis dedicated to gene
amplification, and the second one associates a sp#tliic(e.i. barcode) to each sample for
identification in subsequent bioinformatic analyses. Adlgedures, from the first PCR to the

final pools were performed twice, from the same DNA dasmpnd sequenced independently

on two different quarters of run plate to estimate coesty of results.

a. Primers design
H. schachtiiandH. betaeare non-models species without reference genome. ¥ergénes

were already described in literature for both species aedselected thus genes with

sequences already available in GenBarnk®&p( database. Primers

were then designed using the web software Primer3Plus (Usserga al. 2007), and were
listed in the Table S1. All markers were designed to be betd@@ and 530 bp after the two
PCRs.

Table S1: Forward and Reverse primers.

Gene Forward primer Reverse primer

Col GCAGGTATTAGTTCTATCGGAC GTATTCCAACAACAAATATATGAT(
Coll GGTAGTTGGTCATCAATGATAT GCCACGGGTATAAAGGAATGA
CLE2 TGGCAAAAGTAAAATATTGAAA GTGGAACCTGGTAAAAATGAGTT
CM2 GAGCAACTCTGACTGCGCT GTCTCCATAATTGTCCCCAATG
VAP2 RTCGCCCTCTTTTTCATGCT GAAAATGTTCCGCCATTCA
PENG. GTCTCGTGGACCGATGTG GAGCTTGGCACCAAGATCACT
PENG: CTGAGTGACGCGAACACC GGCAACTTTGGTGAAGAATTCAA
ENG2 ATGCACAGTCGGAGATAACG GTCGTAGTGATCTGGTGTCAAG
AD TTGGAGAATACGGAGAACAAT(GTTTTTGTACTCGGCACAGC

b. Gene amplification
Gene amplification was performed on pools of DNA coming oRaland 21 populations of
H. schachtiiand H. betae Nematode larvae used in DNA extraction are composdua avit
small number of cells, limiting the DNA concentration afrples. As a result, the use of one

single larva is insufficient to sequence some genes. \Wideatkthus to pool DNA coming
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from 1 to 10 larvae, according to the number of individuaVailable in populations, to
perform PCR. Because of this specific number of cells anduse DNA extractions were
performed in the same conditions with the same protorut&l DNA concentrations were
expected to be homogenous among all selected nematodes iatsivilGRs were performed
in 26pL of reaction volumes with the Go Taq® Flexi (Promegg H>.O and 0.6 uM of
forward and reverse primers. Thermal cycling protocol was sirfolaall amplicons with
94°C denaturation for 5 min, 30 cycles of 94°C for 1 min,G5¥r 1 min, and 72°C for 1
min, then followed by 5 min of extension at 72°C.

c. MIDs incorporation and sample pooling
Previous PCR products contained a universal tail allowing sudisequent fusion with 454
adaptors and MIDs in a second PCR. Pyrosequencing was unafieg¢etith only one MID
to tag one population of one nematode species. We chose toopagatppns and not
individuals to reduce the number of MIDs and so sequencing obshe study. As a result,
we selected 48 MIDs from Roche protocols and previous studiese(BdhlGomperet al.
201Q Boerset al. 2012 PCRs were performed in 25uL of reaction volumes, with Go
Tag® Flexi (Promega) kit, #0 and 0.15uM of forward and reverse primers. The cycling
procedure was the same than for the first PCR.

Emulsion-based clonal amplification performed during a 4B#osequencing run
preferentially amplifies small DNA fragments than longees. As a result, amplicons should
exhibit similar size and samples should be purified of alduals fragments coming library
preparation, as primers dimers. As a result, PCR prodwete separated with an
electrophoresis on a 2% agarose gel. DNA fragments wipeoted sizes were manually
excised from the gel with a scalpel and purified with théa@en MinElute® Gel Extraction
Kit. Concentrations of pools were estimated using thdysisaof pictures of E-Gels® 96
Agarose gels 1% calibrated with the E-Gel® Low Range Quawtt®NA Ladder with the
software ImageJ version 1.47. Indeed, the Quantitative DNAefaaltbws computing a linear
correlation between intensity of samples and their Dddfcentrations. Amplification was
homogenous among genes. Estimations of concentratiosangdles allowed thus to pools

them in equimolar concentrations.

d. Data pre-processing
Raw data were extracted from SFF files and filtered acogriheir length and quality scores
using the Mothur toolkit version 1.24.0 (Schledsal. 2009). Reads smaller than 150pb and

with an average base quality score below 20 were removed Mbithur Toolkit was also
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used to list reads associated with each MID. Reads figesitof fasta and quality files were
then modified according this list to include codes of popuiatiosing homemade Python
scripts. Primers, adapters, universal tails and MID wezr removed using Galaxy tools and
Cutadapt (Giardine et al. 2005; Blankenberg et al. 2010a; Blankertedr@@10b; Goecks et
al. 2010; Martin 2011). Output files were then used to build ceusesequences for each
amplicons using thde novoassembling option of the software Mira version 4.0.2 (Ghevr
et al. 1999). Reads were then mapped on those consensus sequemthe wiapping option
of Mira. Mapping results were output under the ace formatetaised with the software
Haplotyper 454 version 2.10 to detect SNPs (Boutte unpublished data).sdftware
considers all sites of a sequence as a potential vaaiahtcan generate haplotypes with
different allele for several sites of the sequencés. dnalysis can be performed on the global
dataset and per populations to detect local variations. Alys@s, except assemblies with
Mira, were performed using the Galaxy instance of the Gengletstform (Le Braset al.
2013) and were independently conducted for the two quarters.of run

Sea beet

Three chloroplastic one mitochondrial regions werecsetefor sequencing to complement
the microsatellite dataset including a part of thetk gene, tharnD-trnT and thetrnL-trnF
intergenic spacers and tloex1-cox2intergenic region. The matK region was amplified in
three overlapping fragments because of its size (~2000 Ryiohers pairs wereK1-F
(GTTGCCCGGGATTCGAA)/MatK1-R  (ATTAGGGCATCCCATTAGTA) (anneain
temperature  (J=54°C, modified from Fénart et al. 2006), Matk2-
(CTAGCACAAGAAAGTCGAAG)/Matk6B-R (GGATTTCTAACCATCTTGTT) (F=50°C,
modified from Fénaret al. (2006)) and MatK2-F/k6B2-R (GGTTCAAACTCTTCGCTAC)
(Te=50°C) trnD-trnT and thetrnL-trnF intergenic spacers were amplified with primers and
annealing temperatures described in Féetal. (2006). PCR amplification was performed in
conditions detailed in Fénaet al. (2006) with the DreamTaq polymerase (5U/ul) kit (Thermo
scientific). Cycling procedures were as follow: 1 min at 94°C, y&es with 45 seconds at
94°C, 45 seconds at theg fEmperature and 1 to 1 min 30 seconds (depending on the fragment
length) at 72°C and 10 min at 72°C for a final elongation stée. cox1-cox2intergenic
region was amplified using primers detailed in Nishizawa .e2807). PCR amplification
was performed in 10uL of reaction volumes containing 3 mNMg€l,, 200 uM of each
dNTP, 0.2uL of BSA and DMSO, 0.2uM of each primer and 0.9 U.pE DreamTaq
(DreamTagq polymerase (5U/uL) kit (Thermo scientific)). Thakcycling was composed of 5
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min at 94°C, 30 cycles with 30 seconds at 94°C, 60 seconds aafd8°45 seconds at 72°C,
and 10 min at 72°C for a final extension step. All PCR producte wemn purified with the
NucleoFas®96 PCR (Macherey-Nagel) and sequenced with a BigDye Tetonind. 1 Cycle
sequencing Kit on a 3130xl Genetic Analyzer (Applied Biosystems). Reta were read,

checked and aligned with the software SeqScape version Rpli€d Biosystems).
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