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Résumé

BIOLOGIE DES POPULATIONS ET HISTOIRE DES INVASIONS DE PUCCINIA
STRIIFORMISF.SP.TRITICI A L'ECHELLE MONDIALE ET LOCALE

L'étude de la structure génétigue des populatiotagemts pathogénes a grandes échelles permet
d’identifier des réservoirs de diversité et desaswde migration, de retracer les trajectoiresudinas et

de repérer notamment des sources potentielles aeeles invasionsPuccinia striiformis f.sp. tritici
(PST), responsable de la rouille jaune du blé, rtépaondialement, constitue un modeéle fongique
d’intérét pour les études d’invasion étant donnécapacité de migration sur de longue distance et
I'apparition récurrente de nouvelles souches lonal®. Nous avons analysé la structure des popofatio
de PST a I'’échelle mondiale, a I'aide de marquenicsosatellites sur un échantillon de 409 isolasu$

des six continents (représentatif des collectiddiRA, France et AU, Danemark). Les génotypes ont été
répartis en six groupes génétiques correspondsiraorigine géographique grace a des méthodes de
classification bayésienne et multivariée. Les assdyindiquent une forte hétérogénéité géographigue
déséquilibre de liaison et diversité génotypiquecades signatures de recombinaison dans les g&d®n
I'Himalaya (Népal et Pakistan) et a proximité emn@hLa structure reste clonale pour les populatibes
autres régions. L'assignation des isolats aux miffts groupes génétiques a permis de déterminer
I'origine des invasions (récentes ou anciennespisidiles souches agressives adaptées a de hautes
températures, répandues de par le monde depuis 2800originaires de Mer rouge-Moyen Orient ; les
isolats d’Amérique du Nord et du Sud et d’Austrgiieviennent d’Europe du Nord-Ouest. Par ailleurs,
les isolats d'Afrique du Sud appartiennent au geoggnétique de la zone méditerranéenne. La
subdivision marquée entre les différentes zonegrg@biques indique qu’elles ne sont pas fortement
marquées par les migrations récentes. De pluspies de migration identifiées attestent de I'inigoce

des activités humaines dans la dispersion de A&Tgae distance. La biologie des populations degzo

les plus diverses (Chine et Pakistan) a été fineraardiée a l'aide d'échantillonnages réalisés deux
années consécutives. Une population échantilloan&904 et 2005 dans la vallée de Tianshui, (poavin
de Gansu, Chine), s’est révélée trés diverse,fmmé recombinante et non structurée spatialement et
temporellement. L'observation de clones identiqgaese les deux échantillons temporels a permis de
développer un estimateur du taux de sexualitédueadle relatif de la reproduction sexuée par oaipp
celui de la reproduction asexuée dans le mainteetagopulation. Ce taux de reproduction sexuée est
estimé a 74 %, alors que la taille efficace de dautation est de 1735, ce qui donne les premieres
indications du rdle du cycle sexué pour cette espE@chantillonnage réalisé au Nord du Pakistan a
permis de décrire quatre groupes génétiques agastune grande diversité génotypique et une steictu
recombinante. Le trés faible taux de ré-échantilbme de génotypes identiques au cours de deuxsannée
suggeére le réle prédominant de la reproduction&exians le maintien temporel des populations Iecale
La forte diversité génétique et génotypique, laaaigre de recombinaison et la capacité a la reptimiu
sexuée de PST dans la région himalayenne sugggrerdette zone est le centre d'origine potentikdle
PST. Les analyses d'approximations bayésiennesirgmnit la thése d'une dispersion a partir de
I'Himalaya vers les autres régions du monde. Leif®ak et Chine seront les populations les plus
ancestrales des populations testées. La varialpitité la capacité a produire des téleutosores,espor
indispensables a l'initiation de la phase sexué&gaanalysée (56 isolats mondiaux), et s'aveeediéa
variabilité génotypique et au taux de recombinaigom résultat conforte la thése de l'apparitionade
sexualité dans la zone himalayenne et a proximitécette zone et de la perte de sexualité lors de
migrations dans les zones ou I'h6te alternant bsert et ou le cycle épidémique est essentiellement
asexué. La description de l'origine, des voies @igation de populations mondiales de PST ainsidgie
son centre de diversité contribue a la compréhardippotentiel évolutif de PST et a la constructien
stratégies de gestion de lutte contre I'agent ggthe.



Abstract

POPULATION BIOLOGY AND INVASION HISTORY OF PUCCINIA STRIIFORMIS F.SP.
TRITICI AT WORLDWIDE AND LOCAL SCALE

Analyses of the large-scale population structurepathogens enable the identification of migration
patterns, diversity reservoirs or longevity of plgpions, the understanding of current evolutionary
trajectories and the anticipation of future onesc®identified, a detailed analysis of populatioms
centre of diversity, with emphasis on demographit @productive parameters should enable to ihker t
adaptive capacity of the pathogen and identify mtidie sources for new invasionBuccinia striiformis
f.sp.tritici (PST) is the causal agent of wheat yellow/stripst, rand despite a worldwide distribution, this
fungus remains a model species for invasion studiae to its long-distance migration capacity and
recurrent local emergence of new strains. Littlekimwn about the ancestral relationship of the
worldwide PST population, while its center of origé still unknown. We used multilocus microsatelli
genotyping to infer the worldwide population sturet of PST and the origin of new invasions, anatysi

a set of isolates representative of sampling perddr over six continents. Bayesian and multivariate
clustering methods partitioned the isolates into distinct genetic groups, corresponding to distinc
geographic areas. The assignment analysis confitheed/liddle East-Red Sea Area as the most likely
source of newly spreading, high-temperature-adagtetns; Europe as the source of South American,
North American and Australian populations; and Medanean-Central Asian populations as the origin
of South African populations. The existence of rsfy@opulation subdivision at worldwide level shows
that major genetic groups are not markedly affebiedecent dispersal events. However, the sounres f
recent invasions and the migration routes idemntiéephasize the importance of human activitieshen t
recent long-distance spread of the disease. THgsaseof linkage disequilibrium and genotypic dsigr
indicated a strong regional heterogeneity in levefs recombination, with clear signatures of
recombination in the Himalayan (Nepal and Pakistan)l near-Himalayan (China) regions and a
predominant clonal population structure in othegioas. To explain the variability in diversity and
recombination of worldwide PST populations, we ased their sex ability in terms of telial produntio
the sex-specific structures that are obligatoryH8iT sexual cycle, in a set of 56 isolates reptatea of
these worldwide geographical origins. We confirmiébdit the variability in genotypic diversity/
recombination was linked with the sex ability, pinging the Himalayan region as the possible ceotter
origin of PST, from where it then spread worldwidéhe reduced sex ability in clonal populations
certainly reflects a loss of sexual function, agsted to migration in areas where sexual alterhat is
lacking, or not necessary for the completion ofdepiic cycle. Approximate Bayesian computation
analyses confirmed an out of Himalaya spread of, R#th Pakistan and China being the most ancestral
population. An in-depth study was made in the Hayah region (Pakistan) and Near Himalayan region
(Gansu, China) to better describe the populatiomter@ance in two areas of high diversity. Analysés
Pakistani population at regional level revealed eékistence of a strong population subdivision, ghhi
genotypic diversity and the existence of recomlimasignature at each location reflecting the rmile
sexual recombination in the temporal maintenandecat level. A time spaced sampling of PST in the
valley of Tianshui (China) inspired the developmeh& new estimator, allowing to quantify the rislat
contribution of sexual reproduction and effectiwpplation size on the basis of clonal resampliridpivvi
and between years. A sexual reproduction rate &b 7145% confidence interval [CI]: 38-95%) and
effective population size of 1735 (95% CI: 675-280&s quantified in Chinese PST population. The
description of the origin and migration routes &TPpopulations worldwide and at its centre of dbitgr
contributes to our understanding of PST evolutipnpotential, and is helpful to build disease
management strategies.



SYNTHESE EN FRANCAIS

Biologie des populations et histoire des invasiome Puccinia striiformis f.sp. tritici a I'échelle

mondiale et locale

L'’étude de la structure génétique des populatioiagemts pathogénes permet lidentification des
réservoirs de diversité et des routes de migragbmajnsi de décrire les trajectoires évolutivesspas et
prévoir celles a venir. Une fois l'origine des sms d'invasions passées identifiées, une analyse
approfondie des paramétres démographiques et depladuction permettra d'inférer les capacités
d'adaptation de l'agent pathogéRaccinia striiformis f.sp. tritici (PST), responsable de la rouille jaune
du blé, reste un modéle fongique important poudiétues invasions, du fait de sa capacité a miguer

de longues distances. On connait mal I'histoirdudix@ des populations de PST a I'échelle mondile

particuliere centre d'origine et de diversité, amse l'origine des émergences récentes.

Dans une premiére analyse, nous avons donc mergnahge basée sur des microsatellites pour déduire
la structure de la population de PST a I'échellendmme et I'origine de nouvelles invasions a I'adtign
échantillon représentatif de la distribution dugBat pathogéne sur les six continents. Les méthdees
classification bayésienne et multivariée partitiemin I'ensemble des génotypes observés sur un
échantillon de 409 isolats en six groupes géné&igtistincts associés a leur origine géographique
probable. Les analyses de déséquilibre de liaisodeela diversité génotypique indiquent une forte
hétérogénéité régionale dans les niveaux de recaisbin, avec des signatures claires de recombmaiso
dans les régions de I'Himalaya (Népal et Pakistad proximité de I'Himalaya (Chine) et une struetu

clonale de la population dans les autres régions.



L'analyse a confirmé le Moyen-Orient et la régienla Mer Rouge comme étant I'origine géographique
des souches agressives adaptées a haute tempérpturent envahi le monde depuis 2000. Nous
confirmons que I'Europe du Nord-Ouest est a l'okgides souches isolées en Amérique du Sud,
Amérique du Nord et Australie. La zone méditereamm®& est a I'origine des populations d'Afrique du
Sud. La subdivision forte des populations obsemgeiiveau mondial montre que les populations du
centre de diversité ne sont pas a I'origine leséméents de dispersion récents. Les sources ebiles de

migration identifiées pour les invasions récentemment l'importance des activités humaines dans la

dispersion de PST a longue distance.

Pour expliquer la variabilité dans la diversitélatrecombinaison des populations de PST a traeers |
monde, nous avons dans une seconde étude évalarilEsons d’aptitude au cycle sexué chez PST, au
travers d’'une capacité a produire des téliosoretesiplantules de blé. Cette structure est nécessda
production de basidiospores qui ont la capacitéfeliter I’'h6te alternanBerberis spp. En analysant un
échantillon de 56 isolats représentatifs de la [ajmn mondiale, nous avons confirmé que la valitgbi
observée de la diversité génotypique et du tawedembinaison est liée a la capacité a la producieo
téliosores. Ce résultat est en faveur de I'hypahdsin role important de la sexualité dans la zone
himalayenne et a proximité de cette zone et d'wareepde sexualité lors de migration dans les zones
I'h6te alternant est absent, et ol la phase sedud@gcle n'est pas nécessaire pour lI'achévemeoyala

épidémique de PST.

Deux études complémentaires ont approfondi I'amalys la région himalayenne du Pakistan et de la

région de Gansu en Chine pour décrire la structes populations a l'aide de parameétres

démographiques et reproductifs. La population pakise est trés diverse, elle est subdivisée atrequ



groupes génétiques ayant tous une grande divegéitétypique et une signature de recombinaison
génétique. La comparaison des populations au amideux années montre I'absence de différentiation
au niveau Er. Le trés faible taux de ré-échantillonnage deseadosur les deux années consécutives

suggeére le réle prédominant de la reproductioné&exans le maintien temporel des populations lscale

La population chinoise de la province de Gansugztmsurvie estivale et hivernale de I'agent patheg
montre une grande diversité et une signature denmeimaison mais ne montre pas de structuration en
plusieurs groupes géographique. Le ré-échantiligardiun faible nombre de clones entre deux années
(2004 et 2005), suggere le role prédominant degfmoduction sexuée par rapport a la reproduction
asexuée dans le maintien de la population dans zette. Un estimateur a été développé pour guamtifi
la contribution relative de la reproduction sexeéda taille efficace de la population sur la bdseré-
échantillonnage clonal au sein et entre les pojpnisitemporelles. Un taux de reproduction sexuégdde

% (intervalle de confiance a 95 % [IC]: 38-95 %)eetaille efficace de la population de 1735 (95% C
675-2800) ont été estimés dans cette populatiomoide de PST. La méthode est disponible en ligne
(http://ciam.inra.fr/biosp/nease) et peut étreiséid pour quantifier les paramétres de reproduation
démographiques chez tout type d’organismes. Linftion sur les paramétres démographiques et
reproductifs contribuera a une meilleure compréioende la biologie des populations de ravageudeet

microorganismes.

A l'échelle mondiale, les résultats de notre ésudda diversité génétique et génotypique, la sigeade
recombinaison et la capacité a la reproductioné&exie PST dans la région himalayenne suggerest cett
zone comme le centre d'origine possible de PST, itl'se serait ensuite propagé dans le monde entier

Les analyses bayésiennes approximatives (ABC) amfirmé une dispersion a partir de I'Himalaya vers



les autres régions du monde ainsi que le Pakigtéan @hine étant les populations les plus ancestral
Cette étude a permis d’identifier ou de confirmierigine des invasions récentes de PST. La desmnipt
des centres de diversité et des voies de migrates populations dans le monde entier de PST
contribuera a la compréhension du potentiel évialigtiPST, et sera utile pour construire des stiedéte
gestion de variétés résistantes pour lutter cordte maladie. Les résultats obtenus dans ceite th
contribueront a comprendre la structure des pojpuakatd’'agents pathogénes au niveau mondial et local

dont l'intérét dépasse le modéle biologique étudié.

vi
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General introduction

In natural ecosystems, plant pathogens have deexavith their host plants in a general
context of high genetic diversity (for both pathongeand hosts) and under diverse environments. A
complex pattern of ecological interactions existshiese natural ecosystems, with varying impact on
population structure of both pathogen and hostb@si] 2002; Parker and Gilbert, 2004; von
Broembsen, 1989). The complexities of these intenag were reduced at the advent of plant
domestication and agricultural development, givige to new ecosystems: the agro-ecosystems
(Salaminiet al., 2002; Stukenbrock and McDonald, 2008). These-agosystems are characterized
by a reduced inter- and intra- specific diversityplant communities along with a common cropping
system over a large area and substantial humamvémtion (Altieri, 1999; Stukenbrock and
McDonald, 2008). This reduced diversity in agrosyatem compared to the natural ecosystems
turned in the favor of pathogen present in theasunding natural ecosystems and capable of attacking
the domesticated crops, resulting in outbreaks @b disease epidemics (Wolfe, 1985). Furthermore,
the migration of man from one region to the otresufted not only in the exchange of seeds, plant
materials and crop produce at continental and wadel scale but also provided new encounters of
pathogens and plants (Deeahal., 2012; Parker and Gilbert, 2004; Wellings and Nas$h, 1990).
When one of these newly introduced pathogens bex@uecessfully established in a given area, a
new disease epidemic is caused. A number of sisdage emergences have been reported causing
enormous impact on human society, cropping systadhthe overall agro- and natural ecosystem
(Anagnostakis, 1987; Anagnostakis, 2001; SmartFagd2001). Today, the increased homogeneity in
terms of host and cropping techniques in moderricaltpre, enhanced human mobility with
expanding global trade and the climatic changeslererthe modern agro-ecosystems prone to

biological invasions and disease emergences (Aadetsl., 2004; Harvelkt al., 2002).



General introduction

Disease emergence could be defined as the increasddnce of a disease in recent past due to the
incursion of a new pathogen or its new strain/pgthe the change in host range of an existing
pathogen and/or the acquisition of increased fér®s the pathogen. Immense losses to economy,
environment and overall human welfare have beemrtegp due to these diseases, often called
emerging infectious diseases (EID). Many crop pagins originate from natural pathogens of their
wild ancestors, via a host tracking of pathogers,tisat co-evolution is maintained during the
domestication of crop plants (Stukenbrock and Maddn2008). Some others, which evolved on non-
crop plants, became important crop pathogens thraulgost shift when crop plants were introduced
into the region out of their centre of origin (Gichet al., 2010). In a third case the incursion of a
pathogen (or its new strain/pathotype) has occurmed outside and become established in the region,
termed as biological invasion (Dilmaghaati al., 2012; Parker and Gilbert, 2004; Pimergelal.,
2005). A number of recently reported EIDs were abgred as the result of pathogen invasions
through the incursion of either a new disease oew pathogen strain with increased fithess from
outside (Desprez-Loustatial., 2007; Duteclet al., 2012; Hovmglleet al., 2008; Singtet al., 2006).
Thus worldwide distribution of crops is increasitige probabilities for new encounters and new
invasions; even the pathogens endemic in certats p&the world could invade to other regions. In
the case of worldwide distributed pathogens anccapnsidered the context of invasions (Palm, 2001),
some regions in the world could serve as a soucmdividuals with higher fitness (e.g., with amne
virulence (Singhet al., 2006), increased aggressiveness (Hovmgadtenl., 2008) or fungicide
resistance) to the rest of the world, renderingnettese widely spread pathogens important in the

context of disease re-emergence.

To bring such invasions and emergence under bletteran control, previously reported invasions
should be carefully analyzed and the potential cmirand targets of new invasions should be
identified (Campbell, 2001; Desprez-Loustital., 2007; Perringgt al., 2002). Identification of the

sources and migration patterns of the previoussiove would help to trace past invasions routed, an
4
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to forecast future ones. Although stochasticity ismain component of invasions in several aspects,
ranging from dispersal to host encounter and fadderaenvironment (Wingeret al., 2012),
identification of the potential sources of new sisaand the corresponding host targets would
contribute to the overall forecasting of new ineas. Both of these will require the knowledge of

worldwide pathogen population structure and divgrsentre(s).

The identification of centre(s) of diversity andographical zones with lesser diversity should be
accompanied with the knowledge of the regional @dappotential of the pathogen and host
population structure, as centre(s) of diversity ldawot serve as the sole source of new invasioad in
cases. The selection pressure could select newideous mutations with infinite individuals during
epidemic cycle even in less diverse populationsthnd could serve as the source of invasions. This
necessitates the comprehension of various selegiiessures and the adaptive potential of the
pathogen at regional level, which can be achieedugh an in depth description of the genetic
structure of neutral and adaptive traits. The kealgk on this adaptive potential coupled with vagiou
selection pressures (which is not addressed imiia manuscript but is addressed in the ANNEXE

[I) would reflect on the capacity of the pathoderestablish in the newly invaded regions.

The adaptive potential of a pathogen is stronglikdd to its mode of reproduction. Both sexual and
asexual reproduction have their own advantagesdsativantages in the context of evolutionary
potential and adaptation capacity (Fisher, 2007gidom, 1996). Asexual/clonal reproduction would
allow a rapid amplification of the fittest individls (de MeeQst al., 2007; Fisher, 2007), while
recombination would allow the production of new gaombinations that unite beneficial mutations
that appeared in distinct lineages (Goddetrdl., 2005; McDonald and Linde, 2002; Tayletral.,
1999). In addition, sexual recombination could imeathe differentiation of certain robust structjre
enabling survival of the population during adveeseZironmental/host conditions (e.g. teliospores;
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Anikster, 1986). Although variability in modes oéproduction does exist among pathogens from
complete clonality to obligate sexual cycle (Milgm, 1996; Tayloet al., 1999), pathogens provided
with both sexual and asexual reproduction will Bgrieom the advantages of both of these modes of
reproduction (Gladieuxt al., 2011; McDonald and Linde, 2002). Hence, the saathogen could
have different modes of reproduction in differeebgraphically spaced population (Atial., 2010;

Barrettet al., 2008; Salelet al., 2012b).

This variability in the mode of reproduction candaeised by the loss of sexuality after migratioa to
newly invaded region. Thus loss of sexuality cobdédcaused by the lack of one of the two mating
types (e.g. Magnaporthe grisea; Saétlal., 2012b) or alternate host (e.g. Puccinia graminip.
tritici; Groth and Roelfs, 1982) in the newly intitcced region; or by the degradation of sexual
reproduction ability through deleterious mutati@esumulation during the process of invasion (e.g.
Puccinia striiformis f. sp. tritici; Aliet al., 2010; e.g. Magnaporthe grisea; Sakthal., 2012a).
Whatever the reason, the information on modes pfoduction over a pathogen geographic range
would not only enable us to infer its adaptive pttd in different regions (Tayloet al., 1999), but
would also reflect on the possible centre of origirthe pathogen, from where the pathogen would
have migrated to the rest of the world (sexualdysidered as ancestral). This, however, will not be
the case for pathogens with an obligate sexualecyd the sexual reproduction is maintained
throughout the invasion process (Gladietial., 2008). In the case of obligate clonal pathogéhris,
loss of sexual reproduction could not be usefultrémk the centre of origin, for example if the
populations in the centre of origin had disappeanei the event of loss of sexual reproduction had
already occurred in the ancestral species. Howehisrapproach would be useful for the pathogens
with both clonal and sexual reproduction separatexpace and/or time. Thus, it will be important to

study the variability in sexual reproduction fologeaphically spaced populations.
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Thus once the regions presenting a high diversity sexual reproduction are identified, it would be
important to carry out detailed population analyaethe local level. One main focus of these sgidie
should address the description of modes of reptamycas they are essential for understanding both
demography, epidemiology and adaptive potentidhefpathogen (Barreét al., 2008; Tayloret al.,
1999). Through the production of high survival gmrone essential effect of sexuality is to inflieen
temporal maintenance of populations, and therafopact their effective population sizes. Although
pathogens produce millions and trillions of spodesing the epidemics, the across year survival is
highly limited due to lack of susceptible host amdavorable environment. The effective number of
individuals (effective population size) contribigino the next year's population would be orders of
magnitude lower than the number of spores produmtedpidemic climax. Although effective
population sizes have been estimated for plantsaaimdals (Caballero, 1994; Frankham, 1995), little
efforts have been made to estimate the effectiymilption sizes of pathogens, especially in natural
populations. Thus combining information on effeetsize and mode of reproduction are central for
understanding the adaptive potential of a path@genlocal level, and could enable us to pinpdiet t

potential zones of future invasions.

Despite the increased cases of invasions and enwgdittle is known about the sources and
migration patterns of previously reported invasiohthese pathogens. One explanation is that igtle
known about the global population structure, céajref diversity and ancestral relationship of
worldwide distributed pathogenBuccinia striiformis Westend. f.sptritici (PST) the causal agent of
wheat yellow/stripe rust, is one of these pathodbasremained important in the context of invasion
(Hovmglleret al., 2008; Singhet al., 2004; Wellings and Mcintosh, 1990) owing to wsd distance

migration capacity (Brown and Hovmgller, 2002).
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Fig. 1. Life cycle ofPuccinia striiformis. It passes its epidemic stage on wheat througérakasexual
cycles in the form of uredinial stage (a), prodgcielia (b) at the end of wheat season. The telia
contains teliospores (c), which undergo kayogamyad meiosis to produce a basidium developing
into four basidiospores (e). The basidiosporescirtige alternate hosBérberis spp.) to produce the
disease symptoms at the pycnial (f) and aecials{gpes on the upper and lower leaf surface,
respectively, as observed Berberis spp. at Pakistan.
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Wheat yellow rust is an economically important ds® in all wheat growing regions with
temperate/cold climate or with warm climate butdc@nd humid nights (Aliet al., 2009; de
Vallavieille-Popeet al., 2012; Hau and de Vallavieille-Pope, 2006; Hovienst al., 2011; Hovmgller

et al., 2010; Singhet al., 2004; Stubbs, 1985; Wellings, 2007; Wellings, 04adoks, 1961). This
pathogen had a particular importance for the dewatnt of the discipline of phytopathology, as it
was used to demonstrate the Mendelian geneticalarftdisease resistance in a host for the firseti
(Biffen, 1905). Since then, it remained an impartarodel pathogen in different studies aimed at
understanding the genetics of host-pathogen irtteracsuch as virulence evolution in response to

host resistance deployment (de Vallavieille-Peipa ., 2012; Dedryveet al., 2009; Johnson, 1992).

PST has been considered until very recently toodyme only asexually through dicaryotic
uredospores on wheat with the teliospores prodat#ue end of cropping season unable to encounter
an alternate/aecial host to finalize the sexualecy{€Cummins, 1971; Stubbs, 1985). However, very
recently PST has been shown to complete its sexatd on different species &erberis (Jinet al.,
2010). Although the detailed life cycle for PSThist yet fully described, its analogy with whearst
rust (Puccinia graminis f.sp.tritici) could provide an appropriate idea, as all thesypf spores have
been recovered in the above described study afthh (2010). The teliospores produced at theaénd
the epidemic cycle undergo karyogamy and meiosigyit@ the haploid basidiospores. These
basidiospores infect the upper sideBefberis spp. leaves to produce pycnia, which produce twegy

of gametes i.e., pycniospores and receptive hyphae pycniospores can fertilise a receptive hypha
of opposite mating type producing a dicaryotic niiyre, which produce aecia containing aeciospores
on the lower side of the leaf (Fig. 1). The aecatain aeciospores capable of infecting the whexg ¢

to start uredial cycles, at the origin of diseggiel@mics. Although a recombinant population strrgtu
was reported in Gansu, China (Mboeipal., 2009), the role of sexual cycle has never beewsh
under natural field conditions. The sexual cycle baen suggested to play important role in offseaso

survival of many uredinales, while for PST clonahgval has been assumed on volunteer plants and

9
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wheat seedlings, at least in clonal populations Ik NW Europe (Aliet al., 2010; de Vallavieille-
Popeet al., 2012). Similarly, long distance migration hasodieen suggested to play an important role
in re-establishment of PST each year (Brown andnifaller, 2002; de Vallavieille-Pops al., 2012;

Enjalbertet al., 2005; Hovmglleet al., 2002).

The long distance migration capacity of the patmogede it important in the context of invasion.
The isolates with virulence against a host restgtagene Yr9), first reported in Ethiopia in 1986,
invaded the whole Middle East and South Asia wittinyears (Singlet al., 2004). Similarly, PST
was absent in South Africa until 1996, date ofiitst report, probably due to a migration from Nort
and East Africa (Boshot#t al., 2002). While these migrations are mostly causewind dispersal

of uredospores, the incursion of PST into Australia978/79 was suggested to have been caused by
some human intervention (Wellings, 2007). Similampact of human activity has also been
suggested for the more recent increase in geographge of PST, reaching relatively warm climate
zones in south-east USA after 2000 (Chen, 2005% &inergence was linked to the incursion of two
closely related atypical aggressive strains (Holenaand Justesen, 2007) with high temperature
adaptation (Markell and Milus, 2008; Milagsal., 2009). Hovmagller et al. (2008) reported that ¢hes
aggressive isolates consisted of two closely rel&8T clonal lineages, one present in USA and
Australia (PstS1) and another in Eurasia and Eu(Bp&s2). However, nothing is known about the

source population and migration pattern of theggessive strains.

Despite the documentation of these continentaledssp events (Brown and Hovmgller, 2002; Singh
et al., 2004; Wellings and Mclintosh, 1990), little is kwo about the worldwide population structure
and the centre of diversity and origin of the pgtm The centre of origin (and diversity) for
cultivatedtriticae is the Fertile Crescent in the Middle East (Betdal., 2000; Heun, 1997; Salamieti

al., 2002). However, the centre(s) of origin/diversitly pathogens may differ from the centre of
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origin/diversity of the corresponding host (Brunmeral., 2007; Zaffarancet al., 2006). Individual
studies carried out at the regional and contindetadl have suggested very low genetic diversity of
PST populations in most parts of the world (Badtral., 2009; Cheret al., 1993; Enjalbertet al.,
2005; Wellings, 2007), while a high diversity waeported in Pakistan (Bahet al., 2011) and
recombinant population structure in China (Detal., 2010; Mboupet al., 2009). A detailed study is
thus required to describe the population structdireST at worldwide and local level as well as infe
the sources of recent invasions and migration pettas well as identify its centre of diversity,ileh

inferring on its centre of origin.

The present Ph.D. work was designed in the aboseritbed context to address the PST population
structure at worldwide and local level and the siwa history of the recently reported invasionse Th
study was designed utilising the materials and eigeeof the two laboratories, INRA France and
Aarhus University, Denmark. The overall work wasidid into four chapters / sub-parts along with a
preliminary task to develop an efficient molecul@notyping technique (presented in ANNEXE II).
Each of these parts is discussed in four chapadite the details of some additional tasks achieved

during the Ph.D. are given at the end in annexes.

1. In the first part, a representative set of isolatas assembled from the worldwide collection
of isolates to address the worldwide populatiorucitre of PST and infer the source

populations and migration patterns of recent inuasi

2. The second part was designed to assess whethatiftheence in diversity of worldwide
populations is linked with the difference in sexvgbroduction ability. As a proxy for this
sex-ability, we measured the telial productioneg-specific structures that are obligatory for

sexual cycle in a subset of isolates representafiveoridwide geographical origins.
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3. The third part was designed to describe the detgutgpulation structure in Pakistan, while
addressing the temporal maintenance of populatimhspatial population structure at local

level.

4. The fourth part was designed to address the terp@iatenance of the recombinant Chinese
population through the estimation of the effectpapulation size and the relative contribution

of sexual and asexual reproduction.
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ABSTRACT

Analyses of the large-scale population structur@athogens enable the identification of migration
patterns, diversity reservoirs or longevity of plgions, the understanding of current evolutionary
trajectories and the anticipation of future onekisTis particularly important for long-distance
migrating fungal pathogens suchRgccinia striiformisf.sp. tritici (PST), which is capable of rapid
spread to new regions and crop varieties. Althoagiange of recent PST invasions at continental
scales are well documented, the worldwide populasiabdivisions and the center of origin are still

unknown. In this study, we used multilocus micreii genotyping to infer the worldwide
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population structure of PST and the origin of newasions based on 409 isolates representative of
the distribution of the fungus on six continenBayesian and multivariate clustering methods
partitioned the set of multilocus genotypes intodistinct genetic groups associated with theielik
geographical origin. Analyses of the linkage disiguum and genotypic diversity indicated a strong
regional heterogeneity in levels of recombinatianith clear signatures of recombination in the
Himalayan (Nepal and Pakistan) and near-Himalayagions (China) and a predominant clonal
population structure in other regions. Our analgsisfirmed the Middle East-Red Sea Area as the
most likely source of newly spreading, high-tempaeradapted strains; Europe as the source of
South American, North American and Australian pafiohs; and Mediterranean-Central Asian
populations as the origin of South African popuas. The higher genotypic diversity, recombinant
population structure and high sex ability of théheaen in the Himalayan region pinpoints this regio
as the possible center of origin of PST. Althougbsingeographic populations are not markedly
affected by recent dispersal events, this studyhasipes the importance of human activities on the

recent long-distance spread of the disease.

Keywords:fungal pathogen, stripe rust, biological invasjalisease emergence, basidiomycete

AUTHOR SUMMARY

Domestication of ecosystems, climate change andralipg global trade have accelerated the pace of
disease emergence, caused by their introductionniedv areas with susceptible host or the spread of
new damaging genotypes. Wheat yellow rust pathégeme of these pathogens with recent reports
of invasions, significantly affecting worldwide wdieproduction. However, its origin and ancient
migration routes remain unclear and the sourceeafiynspreading strains is largely unknown. This
information is important for understanding thedwpries of current invasions and forecast theréutu
spread of PST, and more generally develop risksassent models of pathogen emergence. We
analyzed a set of worldwide representative isolafd3ST, which enabled us to identify six different

area-specific populations. Using population gesetiiols, we identified its centre of diversity et
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Himalayan and near Himalayan region. We also ifiedtithe origin of recently emerged populations;
Middle East-Red Sea area as the source of highemhpe-adapted strains; Europe as the source of
American and Australian populations; and MediteeamCentral Asian populations as the origin of
South African populations. We demonstrate the ingyae of human activities on the recent long-
distance spread of the disease, though most gdugrappulations are not markedly affected by

recent dispersal events.

INTRODUCTION

Domestication of ecosystems, climate change andralipg global trade have accelerated the pace of
pathogen emergence and spread (Parker and Gik@dy; Stukenbrock and McDonald, 2008).
Widely distributed and genetically homogenous cggmotypes are conducive for rapid pathogen
emergence and subsequent propagation across l&@g &rop plants with a worldwide distribution
are potentially vulnerable to new invasions by thgathogens. Even when these pathogens are
initially endemic to restricted geographical arghagy can rapidly emerge in new regions, provided
they encounter a farmland with susceptible hostsfanorable environmental conditions. For widely
grown food crops, many pathogens were introducedy lago and are now so geographically
widespread that they do not come to mind as inegsathogens (Palm, 2001). Although introductions
could have occurred centuries ago, the evolutiosuch ubiquitous pathogens remains a significant
cause of concern due to the risk of re-emergenasechby accidental dissemination of new, multi-
virulent races (Singlet al, 2006; Singhet al, 2004) or new, highly aggressive strains (Hovnmate

al., 2008). An accurate understanding of the origistrithution of diversity reservoirs and past and
recent migration routes of these pathogens is alrfmi understanding current epidemics, developing
risk-assessment models and alleviating the poteadigerse effects of disease emergence (Campbell,
2001; Perring®t al, 2002). This is particularly true for pathogenpatale of long-distance migration,
for which any newly advantageous mutant (increagedlence, aggressiveness or resistance to

fungicides) has the potential to invade a largeggmghical area (Brown and Hovmgller, 2002).
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Yellow (stripe) rust on wheat, which is causedHugccinia striiformisf.sp. tritici (PST), is present in
most wheat-growing regions of the world (&li al, 2009a; Aliet al, 2009b; de Vallavieille-Popet

al., 2012; Hovmgllert al, 2011; Hovmgllert al, 2010; Singhet al, 2004) and has major negative
impacts on wheat production due to re-emergencgéna@asions (Hovmaglleet al, 2008; Singtet al,
2004; Wellings, 2007). As for most ubiquitous pagiwes of major crops, the origin, introduction
pathways and current population structure of wigelidbw rust remains largely unknown. Although an
origin in Transcaucasia has been hypothesized baselisease prevalence and geographical barriers
(Stubbs, 1985; Stubbs, 1988), it has never bearssed in light of new knowledge on the population
structure of PST. Long-distance dispersal by wgthought to play a key role in the disseminatibn o
the disease. The fungus is capable of long-distanigeation, with well-documented cases of recurrent
re-establishment of pathogen populations in aredmrav there are no host plants during
summer/winter to allow the pathogen survival, sashthe main wheat-growing provinces of north-
eastern China (Brown and Hovmgller, 2002). Suckagican be due to successive jumps from field
to field by this polycyclic disease throughout $eason, as in the USA (Kolmer, 2005), as well as
direct long-distance migration caused by winds,dasumented between England and Denmark
(Justesenret al, 2002). Accidental spore transport via human ftraway also contribute to the
intercontinental dispersal of the pathogen, as @kéed by the introduction of PST into Australia i

1979 from Europe, certainly through contaminatedhéhg (Wellings, 2007).

Despite the capacity for long-distance migratidie worldwide spread of PST is relatively recent,
with most emergences reported only within the kesteral decades. The pathogen reached South
Africa in 1996 from an unknown source, but thetfpathotypes detected were similar to those present
in the Middle East and Mediterranean regions (Bfishibal, 2002; Hovmglleet al, 2008). PST was
also first reported in South America in the eaf 2entury, with an unknown origin (Rudorf and Job,

1934; Stubbs, 1985). More recently, an expansiothefgeographic range of PST into the warm
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climate of south-eastern USA (Chen, 2005) was shimnpe due to the emergence of an aggressive
strain adapted to higher temperatures than ustgglgrted to be optimal for PST (Markell and Milus,
2008; Milus et al., 2009). The same strain was doumAustralia, while another closely related one
was observed in Europe, Central and West Asia tlaadRed Sea Area (Hovmgillet al, 2008). In
addition to recently colonized areas, the diseasknobwn to periodically re-emerge through the
acquisition of new virulences. These events ard datumented for pathotypes carrying virulence
against resistance geia9, with a first report in 1986 in Eastern Africa (itpia) and subsequent
invasions of the Middle East, Pakistan and Indéaching Bangladesh in only 12 years (Siegfal,
2004). The geographical origins of most of the eimgr strains are unknown. However, the
population structure of PST is, therefore, likadydisplay the hallmarks of a complex mixture of re-
emergences over continuous wheat-growing areasrargd founder events due to long-distance
migration. Recent spreads of the disease are ltkelyduce marked changes in patterns of population

differentiation among regions, potentially erastihg ancient evolutionary history.

Our understanding of the population structure of P@s been changed very recently. Independent
studies using different genetic markers revealedlamal population structure with low genetic
diversity in Europe (Enjalberét al, 2005; Hovmglleret al, 2002), USA (Cheret al, 1993) and
Australia (Wellings, 2007). This was in accordamdth the accepted hypothesis of strictly asexual
reproduction of the fungus. However, a study pentxt in the Gansu province of China revealed a
PST population with an almost fully recombinant ggm structure (Mboupget al, 2009). Similarly,
isolates from Pakistan presented a higher divetisétig normally found in clonal populations (Baétri

al., 2011). Together, these studies suggested diffesenn the level of diversity among PST
populations, with Asian populations being more diee than other populations and probably

experiencing regular recombination.
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Table 1.Sampling regions and number of isolates selectedafavorld-wide phylogeographical
analysis ofPuccinia striiformisfrom wheat.

Continent Country Number of isolates Sampling year
Asia China 71 2004-05
Nepal 55 2008
Pakistan 68 2004-2006, 2008
Afghanistan 7 2009
Cyprus 9 2005-2006
Iran 17 2005
Israel 7 2005-2006
Lebanon 5 2006
Turkey 10 2005
Yemen 12 2003, 2005
Azerbaijan 11 2005
Kazakhstan 6 2005
Kyrgyzstan 7 2005
Uzbekistan 1 2003
Africa South Africa 6 1996-2004
Eritrea 23 2002-2005
Tunisia 4 2005, 2007
Morocco 2 2006
Algeria 7 2005-2006
Europe Italy 2 1998-2006
Portugal 4 2006
Spain 2 2006
Denmark 14 1995- 2006
France 6 1997-2008
United Kingdom 5 1975, 1978, 1991-1998
North America Mexico 4 1989, 2002-2003
USA 16 1981-1983, 1991-1997
South America Argentina 1 2010
Brazil 6 2010
Chile 7 2010
Uruguay 10 2010
Australia Australia 4 2002-2004
Total 409
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In the present study, we assembled a representsivef isolates from a larger collection of isetat
from the worldwide geographical range of PST aralyaed their genetic variability using a single set
of highly variable genetic markers. Our objectivesre the following: i) to identify the main genetic
groups in modern PST populations; ii) to identifg@ssible centre of diversity; and iii) to idegtthe
geographical origin of recently emerged populatiansl assess the ancestral relationships among

geographically spaced populations.

MATERIALSAND METHODS

Selection of isolates. A set of 409 isolates was selected to represemfebfjraphical regions on six
continents (Africa, Asia, Australia, Europe, NoAmerica and South America) from a collection of
more than 4,000 isolates available at Institut il de la Recherche Agronomique (INRA), France
and Aarhus University, Denmark. The selection waslento maximize the representation of each
population (partially assessed previously by AFhiGrosatellites and virulence profiles (Adt al,
2010; Bahriet al, 2009; Bahriet al, 2011; de Vallavieille-Popet al, 2012; Enjalberet al, 2005;
Hovmglleret al, 2008; Mboupet al, 2009)) such that isolates from different genatygrioups were
present in any given geographical region. Isoladgsesentative of aggressive strains were selected
from the two recently emerged aggressive straist§P(associated with the post-2000 epidemics in
the USA and Australia), and the European straitSEsas well as a set of aggressive isolates
frequently reported in Europe, PstS3, which wessde aggressive than PstS1 and PstS2 (Milus

al., 2009). Details regarding the number of isolai@sshown in Table. 1.

Molecular genotyping. For most isolates, DNA was already available, ingvbeen previously
extracted through modified CTAB protocols (Enjatbetral, 2002; Justeseet al, 2002). For isolates
received from Pakistan and Nepal in 2008 and Cinirz®05, DNA was extracted from 5 mg of spores
following Ali et al.(2011; ANNEX Il of thesis). Albf the isolates were multiplied from single pustul

lesions to avoid a mixture of genotypes. Moleciganotyping was carried out using a set of 20
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microsatellite loci in three multiplex reactionsittwsubsequent separation of the PCR products using
a Beckman Coulter CEQ-8000 DNA Analyzer. Electraplgoams were processed using the CEQ-

8000 Genetic Analysis System Software (Beckman t@gu/ANNEX Il of thesis; Aliet al, 2011).

Analyses of population subdivision. The level of population subdivision among différgeographical

regions was assessed using both model-based Bayasianon-parametric, multivariate clustering
approaches. We used the model-based Bayesian matptaimented in STRUCTURE 2.2 (Pritchard
et al, 2000). The rationale of this method is to assimitilocus genotypes to different clusters while
minimizing the Hardy-Weinberg disequilibrium andetihametic phase disequilibrium between loci
within clusters (where the number of clusters mayubnknown). The Monte Carlo Markov Chain
(MCMC) sampling scheme was run for 200,000 iteratiovith a 100,000 burn-in period, with K
ranging from 1 to 10 and 20 independent replicatifior each K. TheSTRUCTURE outputs were

processed with (MPP (Jakobsson and Rosenberg, 2007); a G'-statigtatgrthan 80% was used to

assign groups of runs to a common clustering patter

BecauseSTRUCTURE can overestimate the number of clusters when tiserelatedness among some
genotypes (e.g., due to asexual reproduction; &aal, 2007), we also analyzed the level of
population subdivision using a non-parametric apphothat does not rely on a particular population
model. We used discriminate analyses of principammonents (DAPC), implemented in the
ADEGENET package in the R environment (Jombattal, 2010). The number of clusters was
identified based on the Bayesian Information Cioter(BIC), as suggested by Jombaertal. (2010).
The relatedness among populations was plotted @asimgjghbor-joining population tree based on the
genetic distanc®, (Nei et al, 1983), as implemented in the POPULATION progrdrangella,
2008). Significance was assessed using 1000 bapssthe level of population differentiation was
assessed using pairwisgr statistics among pairs of populations (GENETIX5420(Belkhir et al,

2004)).
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Analyses for genetic variability and recombination. The quality of the set of markers for inferring
population structure was tested by assessing thityadf the set of microsatellite loci to detect
multilocus genotypes (MLGs) under panmixia, usinBN&LONE (Arnaud-Haond and Belkhir,
2007). The redundancy of the set of loci was tebtedstimating the linkage disequilibrium among
different loci and generating 1000 random permaotegti with GENETIX 4.05.2 (Belkhiet al,
2004). Within-population variability was assesseihg allele richness and gene diversity, calculated
with FSTAT 2.9.3 (Goudet, 2001). Private allelichmess was estimated using a rarefaction
approach, implemented in ADZE (Szpieeh al, 2008). Observed (Ho) and unbiased expected
heterozygosity (He) were computed using GENETIX5420(Belkhir et al, 2004). The null
hypothesis of Hardy-Weinberg equilibrium within bBagopulation was tested using the exact test
implemented in GENEPOP 4.0 (Raymond and Rouss8§)1€alculations were performed both on
the whole dataset and on the clone-corrected datad dataset in which only one representative of
each repeated MLG was kept). Only the clone-cogteclata are reported in cases where the two
datasets yielded different results because the lgagnpguring epidemics would result in over-
representation of certain clones due to the reggidémic clonality resulting from epidemic clonal

structure (Maynard-Smitat al, 1993).

Ancestral relationship and migration patterns among populations. Different competing scenarios
were tested to infer the ancestral relationship rampopulations through Approximate Bayesian
Computations (ABC) analyses implemented in DIYABRIb(nuetet al, 2010; Cornueet al, 2008).
The method has been reported to be appropriatecioplex population genetic models (Cornide
al., 2012; Dilmaghanet al, 2012), as instead of exact likelihood estimattbe, method estimates the
posterior probabilities of given scenarios based th@ posterior distributions of demographic

parameters from observed and simulated datasets.
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We used a “hierarchal” strategy for comparing défe scenarios, based on our understanding of the
population structure in different regions. In asfistep we made the comparison between three
populations at a time, termed as “triplets”. Watsth with the three recombinant populations in the
centre of diversity (Pakistan, Nepal and China}l #tren compared the rest of the populations among
each other using the same triplet strategy and witse recombinant populations (Supporting
information_on_ABC_Analyses). In the second stepewglored the relationship of Middle-Eastern,
Central Asian and Mediterranean populations witséhof the centre of diversity. In the third step w
included the NW European population to exploredheestral relationship among the overall world
populations. For each dataset, parameters wenmateti for the most appropriate scenarios. The

results shown in the thesis chapter will only bseabon “triplet” results.

A total of 10 simulated data was generated for each scenaria timelgeneralized stepwise mutation
model, with two parameters i.e., the mean mutatae (I) and the mean parameter (P) of the
geometric distribution used to model the lengtmoftation events (in number of repeats). Due to the
lack of empirical estimates of mutation rate forcrosatellites in PST, the mean mutation rate was
drawn from a uniform distribution of T0to 10°, while the mutation rate at each locus was drawn
from a gamma distribution (mean = u, shape =2). @drameter P was kept in the range of 0.1 to 0.3.
A range of 40 contiguous allelic states was keptefich locus, characterized by the individual value
of mutation rate () and the parameter of the geometric distributin, (which were obtained from a
Gamma distribution (with mean =1, range 5 X165 x 1 for I.; and mean = P, shape = 2, shape
0.01-0.09 for R). Mean number of alleles per locus, mean genetiersity (Nei, 1978), mean
variance in allele size, genetic differentiatiortvieen pairwise groups,st(Weir and Cockerham,

1984), and genetic distandg (Op; Goldsteiret al, 1995) were used as summary statistics.

A polychotomous logistic regression procedure (FRagset al, 2007) was used to estimate the

relative posterior probabilities of different scena using the 1% of simulated datasets closetteo
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observed data. The limiting distribution of the nmaxm likelihood estimators was used to compute
the confidence interval of the posterior probaieiit The posterior distribution of parameters were
estimated for the most likely scenario using thealdinear regression (Beaumoat al, 2002;
Cornuetet al, 2008) on 1% simulated datasets closest to therobd data. Confidence in model
choice was assessed using a leave-one-out methsilte{Cet al, 2011). For each model we drew
500 of the 1,000,000 simulated datasets used fatemselection and treated them as observed
datasetsife. pseudo-observed datasets). Posterior probasitificompeting models were evaluated
for each pseudo-observed dataset, using all rengagimulated datasets and the same methodology
as described for the observed dataset. Confidemaaaddel choice was then estimated using the
number of pseudo-observed dataset that gave hiisterior probability to the model they had been
simulated with. In tests of goodness-of-fit (i.expdel checking), we simulated datasets of similar
numbers of markers as observed datasets and ¢abtdta each dataset the average across loci of
several test quantities. The set of test quaniitielsded the summary statistics used in analys#seo
observed dataset. Because using the same staiisfiggameter inference and model checking can
overestimate the quality of the fit (Cornwtal, 2010), we selected additional summary statistias

had not been used in parameter inferences: meale alize variance across loci, mean index of
classification and mean gene diversity across Ibest statistics computed from observed data were
then ranked against the distributions obtained feimulated datasets (Cornuet al, 2010). (The
results of model checking and confidence in scenambice are not shown in the thesis chapter and
were only discussed as future perspectives duhiagtal PhD defense. This will be the addressed in

the version of this chapter submitted to an intiéonal journal.)
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Fig. 1. Discriminate analysis of principal components (ARnalysis of worldwide PST populations
sampled from different geographical regions, idexttisix distinct genetic groups of PST.
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Fig. 2. Assignment of 409 PST isolates representing wadedwgeographical regions to genetic
groups for the optimal K-value (K =6) in the DAP@adysis. PstS1 and PstS2 refers to the two
closely related aggressive strains, while PstS&sdb the older aggressive isolates regularlyrtedo

in Europe.
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RESULTS

Summary of genetic variation

We performed multilocus genotyping of 409 PST itdarepresentatives of a worldwide collection,
using a set of 20 microsatellite markers. Plottimg multilocus genotypes detected against the numbe
of loci re-sampled showed that the full set of SSRs sufficient for discriminating clonal lineages
(supplementary files; Fig. S1). No significant ige disequilibrium was found among SSR loci (data
not shown), suggesting a lack of redundancy amoaigkens. Some of the loci were monomorphic in
certain geographical areas, except that China hadfixed loci and Pakistan had only one

monomorphic locus (RIN-12; supplementary files;|&&1).

Population subdivision

Genotypes clearly clustered according to their gagagcal origin in the analyses with the model-
based clustering method implemented in STRUCTURE) an optimal number of cluster&)(
equal to 6, based on the rate of change in theptobability of data across successkevalues
(Evannoet al, 2005). AtK = 2, Middle Eastern, Mediterranean and CentrahAgiopulations were
assigned to one group; the Chinese population waigrsed to the other group; and Nepalese,
Pakistani and NW European populations had a mis=igament of the two groups (Fig. S2).
IncreasingK to 3 individualized a Pakistan-specific group, khincreasind< to 4 split the cluster of
Middle East, Central Asia and Mediterranean reg@ma two groups, one specific to the Middle East
and East Africa and the other specific to the Gafisia and Mediterranean region, with substantial
admixture from the Middle East. The Middle Easteand East African populations had no
differentiation from each other and are termed &¥dM East-Red Sea Area, onward.KAE 5, the
NW European populations were separated from thee3ki population, and Kt= 6, the Nepalese
group individualized (Fig. S2). Increasikgabove 6 did not reveal any further subdivisionee W
confirmed that the presence of some of the clobpufations would not result in strong deviation

from the STRUCTURE results, as the existence ofysixetic groups was further supported by the
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non-parametric DAPC analysis (Fig. 1 and Fig.2)e BIC curve in the DAPC analyses also
supported K=6 with a clear discrimination of gematy from China, Pakistan, Nepal, Middle East-

Red Sea Area, NW Europe and Central Asia-Mediteaamegion (Fig. 2).

Population differentiation among the different gseuwas estimated by means of pairwise
Populations showed a high differentiation, wittosty and significanEs; values for all pairs except
for PST from the Middle Eastern, Central Asian dfediterranean regions (Table 2), confirming a
relatively recent shared ancestry or significanhegdlow among these populations. Chinese,
Pakistani and Nepalese populations were differttidrom one another and from the Middle
Eastern and Mediterranean populations. These tti@r lpopulations were not highly differentiated
from one another (Fig. S2; Table 2). The NW Europpapulation showed a strong differentiation
from Mediterranean and Middle Eastern populatiomsvias closer to the Chinese population (Fig.

S2 and Fig. S3).

Table 2.Estimates of kr (upper diagonal) and its significance (lower dizagp based on 20 microsetillite loci for 386
PST isolates representing worldwide geographicgced populations. The lower two lines showsalRd its p-value
for isolates representing the post 2000 emergadhstr

NW North South Mediterranean  Centra  South East Middle

Europe  America America Region | Asa  Africa  Africa East Nepal  Pakistan China
NW Europe - 0.039 0.001 0.420 0.380 0.498 0.500 0.380 0.370 0.410 0.390
North America 0.100 - 0.046 0.409 0.368 0.485 0.490 0.378 0.364 0.400 0.398
South America 0.410 0.100 - 0.435 0.396 0.514 0.511 0.393 0.379 0.416 0.405
Mediterranean
Region 0.000 0.000 0.000 - 0.020 0.109 0.150 0.009 0.280 0.280 0.390
Central Asia 0.000 0.000 0.000 0.000 - 0.044 0.160 0.040 0.230 0.260 0.340
South Africa 0.000 0.000 0.000 0.010 0.190 - 0.229 0.160 0.298 0.314 0.419
East Africa 0.000 0.000 0.000 0.000 0.000 0.600 - 0.140 0.380 0.280 0.540
Middle-East 0.000 0.000 0.000 0.020 0.000 0.000 0.000 - 0.260 0.250 0.360
Nepal 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.220 0.210
Pakistan 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 000.0 - 0.450
China 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 000.0 0.000 -
Fsrfor aggressive
strains 0.420 0.408 0.434 0.000 0.010 0.099 0.150 0.010 0.270 0.270 0.390
P-value for
aggressive strains 0.000 0.000 0.000 0.860 0.070 0.040 0.000 0.020 0.000 0.000 0.000

Non-significantFst values (> 0.01) are shown in bold.
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Geographical patterns of genotypic variability

Populations from NW Europe, USA, South America, tfalga, South Africa, Eritrea, the Middle East
and the Mediterranean region displayed low genotglipiersity as well as an excess of heterozygosity
compared to expectations under HWE, confirmingrti@ig-term clonality. Samples from Pakistan,
Nepal and China did not depart from HWE, suggestimggoccurrence of recombination within the
populations (Fig. 3). Himalayan (Nepalese and Ratkisand near Himalayan (Chinese) populations
had a higher genotypic diversity, higher numbealt#les and higher allele richness (Fig. 4) than th
populations from Middle East-Red Sea area. Therlatto were themselves more diverse than the
European and Mediterranean populations, where tarimum clonal resampling was observed.
Thus, Asian populations appeared as the zone ohitjleest diversity of the pathogen. A similar
pattern was observed for private allele richnes#h Wwakistan possessing the highest number of
private alleles (Fig. 4). Isolates representing NBdrope also had high private allele richness,
probably due to their strict clonality (Enjalbet al, 2005; Justeseet al, 2002) and isolation from

other populations.

Source of recently emerged populations

We detected only a few recent migrants, admixed @amaksigned isolates in each geographical
region, in the clustering analyses (Fig. 2 and Big). Clear migration footprints were only found
when focusing on recently colonized areas. Analysedirmed NW Europe as the source of the
North American and Australian populations, and tediterranean region and Central Asia
appeared to be the source of the South African lptpo (Fig. 2 and Fig. S2; non-significaRgr,
Table 2). Additionally, the South American isolatesre assigned to NW European isolates and

displayed very low diversity, revealing anotherursgon from NW Europe.

35



Chapter |. Worldwide PST population structure and invasion history

0.8 1 * %

OHe OHo
0.7 4 * %

0.5 1 ns ns -

0.4
ns

0.3

Heterozygosity

0.2

0.1

Geographical Origin

Fig. 3. Expected (He) and observed (Ho) heterozygositghame-corrected data based on 20
polymorphic microsatellite loci for PST isolatesrgdled from diverse geographical regions.
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For both of the two recently emerged, aggressiranst (PstS1 and PstS2), PstS1 isolates assoeidttedhe
post-2000 epidemics in the USA and Australia, cstesi of only a single multilocus genotype (MLG-99)
resampled in other geographical regions as welEPwas closely related to the European strainZRst8ich
consisted of different multilocus genotypes, inahgdthis MLG-99. Both PstS1 and PstS2 were assigodhe
Middle Eastern-Red Sea area group, suggestingraesqu Middle East-Red Sea area for these widelgash
aggressive strains (Fig. 2 and Table 2). An oldetr of aggressive isolates frequently reported imope
(Enjalbertet al, 2005), although less aggressive than PstS1 ai$@ Psliluset al, 2009), were assigned to the

Central Asian-Mediterranean genetic group (represkas PstS3 in Fig. 2).

Ancestral relationship and migration patterns of populations

The results from the ABC analyses carried on ‘#tigl of different populations were combined to
give a preliminary vision about the ancestral iefethip among populations, summarised in Fig. 5
(detailed in Supporting information_on_ABC_analysefhe “triplet” results revealed that the
subdivision between Pakistani and Chinese populstie the most ancestral split among the three
Himalayan recombinant populations. Nepal was cowdid to be the result of an admixture between
Pakistan and China. A similar pattern was obsefeedViddle-East, East Africa and Central Asia,
when compared with Pakistan and China individuaiyalyses also revealed that the Mediterranean
population was an admixture between Middle East @edtral Asia, whereas the Central Asian
population itself was a divergence from Middle Eastpopulation. The comparison of NW European
population in “triplet” with other populations realed that this population resulted from an admixtur
from Pakistan and China. These results, howeved e be confirmed through the analyses of more
complex models including more than three populatijrio confirm the above mentioned historical
relationships and ii) to identify the relative pamning of different divergence and admixture egent

in time.
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DISCUSSION

We investigated the origin, migration routes angbypation structure of wheat-infectinguccinia
striiformis f.sp. tritici (PST) using a comprehensive set of isolates frontaintinents and 20 highly
informative SSR markers. We showed that despitdahg-distance dispersal and the recent global
spread of aggressive strains, the worldwide PSTulatipn has a clear genetic structure and is
separated into six groups corresponding to maidegpic areas. The maintenance of a clear genetic
structure despite substantial gene flow resulteaflimth strong clonality in many PST populations,

and strong founder effects in recently emerged |adipns.

Strong population subdivision despite long-distance dispersal

We report the existence of a strong population suddn within PST, with a clustering of isolates
according to their geographical origin despite ¢apacity for long-distance migration of the fungus
(Brown and Hovmagller, 2002; Hovmgller et al., 2Q1This pattern stands in stark contrast with the
previous understanding of the worldwide populatstructure of PST, which considers the potential
replacement of the local population by new invasi¢gBrown and Hovmgller, 2002; Singh et al.,
2004). On the basis of pathotype surveys that mpifite occurrence of strains with newly acquired
virulences that defeat recently deployéd (resistance) genes, the population structure df R8s
considered to be shaped by a continual replaceaigmt-existing populations by the newly emerged
and spread pathotypes, or aggressive strains.prbiess is well known as the boom and bust cycle
(de Vallavieille-Popeet al, 2012; Singhet al, 2004). However, such surveys were designed tk tra
the spread of a new, virulent race and, therefosze potentially biased due to sampling only from
varieties with the defeated resistance gene(s)ui@stipn but not from local landraces or other
varieties. These observations lead to Asia (exCépta) being considered as a single epidemiological
zone, with rapid and recurrent spread of new vircds over the whole zone, as in the case of
virulence matching thé&r9 resistance gene (Fig. 6 (Singh al, 2004)) and the recent virulence

matching the stem rust resistance g&n&l (Singhet al, 2006). Indeed, such geographic migrations
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are also documented in our study, but recently agbrgenotypes appear to coexist with and are
dominated by older populations specific to the nggngraphic areas, suggesting that migrants do not
replace the local populations in recombinant pdprian Asia despite the capacity for recurrent and
long-distance dispersal. In contrast, the invasibnew genotypes in clonal populations would result
in a population sweep and would replace the origimgulation. This was observed in the USA,
where the post-2000 PST population is dominatethbypathotypes characteristic of the aggressive
strain, PstS1, or its derivatives, shown above aeehoriginated from the Red Sea-Middle Eastern
region. These two patterns might emerge dependinth® importance of) the better adaptation of
local populations, more competitive in their regioh origin; andii) the selective advantage of

migrants, e.g. virulence to new widely deployesig@nce genes.

Regional differencesin levels of recombination

PST has long been considered a strictly asexuabgah on wheat due to the lack of knowledge of the
alternate host for sexual reproduction at the dnithed crop season (Cummins, 1971; Stubbs, 1985).
Population genetic surveys that revealed clonalladions with very low diversity in USA (Chest

al., 1993), Europe (Enjalbest al, 2005) and Australia (Wellings, 2007) were comsistwith this
hypothesis. Recently, populations with higher dsitgrwere reported in the Middle East (Baétial,
2009) and Pakistan (Bahet al, 2011), and a recombinant population structure feaad in China
(Mboup et al, 2009). Herein, we identified a recombinant popaiastructure and high diversity in
Nepal and Pakistan and confirmed previous findiimg€hina, suggesting the existence of possible
sexual reproduction in PST populations from a brageh ranging from the Himalayan region to the
Mongolian plateau. This possibility also recenthirged indirect experimental support, wBlerberis
spp.being shown to serve as an alternate host foriR&boratory conditions by Jin et al. (2010) and
a high sex ability (in the form of telial produatioreported in the Asian populations of PST (&tlial,
2010). Although the role derberisspp.for the life cycle of PST under natural conditigrgnains to

be further investigated, the presenceBeafrberis spp.in Pakistan, Nepal and China (Perveen and
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Qaiser, 2010; Ray et al., 2011) are consistent thiéh possible existence of a sexual cycle of the

pathogen in Asia.

On the source of new incursions and emergences

Assignment analyses allowed us to identify the s®wf new incursions and emergence (Fig. 6). The
source of the Australian and North American poporfet was confirmed to be NW Europe, in
accordance with previous findings, suggesting tiigration of PST from NW Europe to Australia in
1979 (Wellings, 2007) and probably earlier to No#America (Carleton, 1915; Hovmgllet al,
2011). We also identified the NW European sourcitefSouth American PST population, which was
reported earlier in the #0century with no inference on its source (Rudorfl dob, 1934; Stubbs,
1985). This suggests that the PST incursion intb bmrth and South America was made from NW
Europe, probably through human intervention. We afientified the Mediterranean-Central Asian
population as the source of South African poputejdirst reported in 1996 (Boshdaét al, 2002),

which might have resulted from wind dispersal oman intervention (Fig. 6).

Two closely related strains of PST, distinct fromedl populations, were recently reported in North
America, Australia and Europe (Hovmgllet al, 2008). These strains were shown to be highly
aggressive and adapted to high temperature (M, 2009). One of the two strains (PstS1) was
responsible for PST epidemics in south-central U8Agegion previously considered too warm for
yellow rust epidemics (in 2000; Chen, 2005; Miktsal, 2006), and in Western Australia (in 2002;
Wellings et al, 2003). Another strain (PstS2), closely relatedht® first one, was reported in NW
Europe with similar aggressiveness and strongréifiigation from local PST populations. Hovmagller
et al. (2008) reported the existence of the twairssrin the Mediterranean region and the Middlet-Eas
Red Sea area. Our analyses revealed that PstSdseepative isolates had a single multilocus
genotype (MLG-99), while PstS2 consisted of diffégrebut closely related, MLGs. Assignment

analyses revealed that both strains originated fiteenMiddle East-Red Sea Area, and such global
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patterns of dispersal certainly involve accidestare transport by human activities. The incurgibn
PST into the Americas and the spread of aggressiaens are most probably the direct consequence
of human-associated dispersal, as suggested alfeadlye initial introduction of PST in Australia
(Wellings, 2007). These results reflect the impaeeaof human intervention in the emergence of PST

epidemics.

Origin of the worldwide PST populations

Transcaucasia had previously been suggested asefitee of origin for PST, mainly based on its
diversity of virulence and distribution of pathogg (Stubbs, 1985; Stubbs, 1988). However, the
diversity of virulence and the distribution of patypes are strongly influenced by the resistance in
host populations as well, and this might lead taséd inferences of the location of the centre of
diversity of the pathogen. In our analyses, theesgntative isolates from Transcaucasia are less
diverse, clonal and do not exhibit strong divergefitom the rest of the Oriental populations. In
contrast, the existence of high levels of divergityvate alleles, a recombinant population struestu
the ability to produce sex-related structures @ilal, 2010) and the independent maintenance of PST
populations in the Himalayan region identify thentdlayan region as a more plausible centre of
origin for PST. If one considers that the centr@iidin of PST is in the Himalayan region, then PST
would have adapted to wheat through a host shdtrast following host-tracking co-evolution with
early wheat domesticates in the Fertile Crescenis Would add to the increasingly adopted view that

host-shift speciation is a major route of diseasergence in fungal pathogens (Giraidal, 2010).
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Fig. 5. Ancestral relationship among worldwide PST popaiet as inferred from the preliminary

analyses of approximate Bayesian computations.rélaéive contribution of Pakistan and China (and
Middle East and Central Asia in case of Mediterean@opulation) and the relative positioning in
time for the admixture and divergence events nedxktconfirmed.

Proposed scenario for historical migration routes of PST

Once adapted to wheat in its centre of origin i ltfimalayan region, PST would have spread to the
rest of the world while evolving independently iffefent parts of the Himalayan region, resulting i
population subdivision within the native area. TABC analyses confirmed the Himalayan
populations to be the ancestral populations andliffierentiation between Pakistan and China to be
the most ancestral split in this region (Fig. SpTRvould have spread northward from the Himalayas
to the Mongolian plateau in China, where it maimtai sexual reproduction and a high diversity in
some parts, with an acquisition of virulences te Bhinese wheat population. The Eastward
admixture of Pakistan and China could have resutteatie Nepali population. On the westward side
of the Himalayan region, the populations of Midiast, Central Asia East Africa and Mediterranean
region seemed to be the result of an admixture dmwPakistan and China (Fig. 5). These

populations, termed together as CWANA (Central ®Wekt Asia and North Africa), could have an
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independent evolution and a high gene flow withasteérn Africa, the Middle East, Central Asia and
the Mediterranean regions. The Mediterranean, Midgastern, East African and Central Asian
populations diverged less, despite the fact they ttover a large geographical area. The off-season
maintenance in some regions, its subsequent spoe@¥VANA regions and the lack of local off-
season survival through volunteers or sexual raptioh in all regions could result in a source and
sink relationship at the scale of the whole CWANZgion, as previously suggested (Baétial,
2009). The most recent incursion from this CWANApplation was into South Africa, where PST
was absent before 1996 (Boshetf al, 2002). The lesser divergence between the NW Earmop
population and the Chinese population, comparethéo CWANA population, suggests that PST
would have spread from China to NW Europe, prob#inlgugh some human intervention rather than
an airborne incursion from the Middle Eastern, CdnfA\sian and/or Mediterranean regions. The
preliminary ABC analyses revealed NW Europe to beesult of admixture between Pakistan and
China, however, the more detailed analyses neeth® tcarried out for its confirmation. This NW
European population succeeded in terms of off-geaswvival on volunteers in coastal areas and
resulted in a reduced sex ability (Adt al, 2010). The clonal evolution within the NW Europea
population resulted in a strong negativg value, owing to a clonal divergence of the dikaig/o
genomes (Enjalberet al, 2005), in line with what is expected accordingthe Meselson Effect
(Bultin, 2002). From NW Europe, PST would have tiheen recently introduced to North and South

America and even more recently to Australia (Fig. 6

Although this study points out the Himalayan regasrnthe likely centre of origin of PST and confirms
the previous migration hypotheses (invasion of U@ Australia from NW Europe and the source of
aggressive strains), we also proposed a scenarivdddwide PST migrations routes raising new
hypotheses like the migration to South Americatmr $ource of the European population (Fig. 6).
More extended surveys are necessary to provide@anaie view of the diversity and structure of PST
in Asia and confirm some of the hypotheses raisdibve, taking advantage of the

historical/epidemiological records of PST emergence
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Fig. 6. Origin and migration routes of recently emergeg@ydations of wheat yellow rust pathogen identif@dconfirmed through the population genetic
analyses of a worldwide representative set of ieslarhe years shows the first report of incideased on present work and previous work (Aggressive
strain = Hovmgiller et al., 2011; South African plgion = Boshoff et al., 2002; Spread of Vir9 = @inet al., 2004; incursion into Australia = Wellingnd

Mclintosh, 1990;).
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Conclusions

The existence of a high genotypic diversity, a égik ability as well as the independent maintenance
of strongly differentiated populations in the Himghn region pinpoint this region as the possible
centre of origin of PST. Differences in the levelsdiversity and mode of reproduction among
geographically distant populations are particulayevant in the context of risk-assessment for
disease emergence: Asian populations (China, NemhPakistan) with a high level of recombination,
diversity and sex ability could serve as possilbarses for the emergence of new, virulent and
aggressive strains. The maintenance of populasipasific to geographical regions in Asia suggests a
survival of local populations in these regions,gntially through sexual reproduction. For integdate
disease management, it would be important to giyatht relative contribution of sexual vs. asexual
reproduction to the diversity in different poputats around the world and identify sexual host(s) or
clonal over-summering/-wintering pathways. Finalthis study emphasizes how human inter-
continental travel has been a major driver in tmergence of PST. According to the evolution of the
political context, the intensification of busineasd tourism activities in regions known as major
sources of pathogen diversity should be considemedncreased risk for re-emergence of PST

worldwide.
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Table S1. Genediversity for 20 SSR loci in PST populations of diver se geographical origin.

NW Europe Mediterranean

SSR Locus N America** region Central Asia East Africa Middle-East Nepal Pakistan China
No. of isolates 29 21 25 24 67 54 68 70

No. of MLGs 3 2 8 4 12 13 25 51
RJIN5S 0.50 0.50 0.54 0.68 0.52 0.51 0.22 0.15
RJING 0.31 0.40 0.41 0.00* 0.05 0.46 0.19 0.34
RJIN13 0.00* 0.50 0.50 0.47 0.49 0.00* 0.09 0.17
RJINS 0.00* 0.00* 0.35 0.33 0.27 0.11 0.75 0.30
RJO21 0.00* 0.65 0.62 0.63 0.62 0.44 0.64 0.03
RJIN4 0.09 0.50 0.50 0.47 0.50 0.47 0.40 0.27
RJIN8 0.00* 0.50 0.50 0.47 0.49 0.00* 0.09 0.14
RJO18 0.50 0.50 0.54 0.47 0.51 0.55 0.22 0.47
RJIN12 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.02
RJIN10 0.50 0.40 0.43 0.47 0.55 0.50 0.26 0.22
RJO24 0.50 0.78 0.77 0.67 0.73 0.68 0.69 0.70
RJO4 0.50 0.65 0.64 0.72 0.65 0.67 0.59 0.06
RJO20 0.00* 0.17 0.08 0.00* 0.22 0.56 0.58 0.41
RJIN11 0.45 0.50 0.61 0.47 0.77 0.71 0.58 0.63
RJIN9 0.50 0.00* 0.00* 0.00* 0.05 0.00* 0.06 0.02
RJIN-2 0.80 0.83 0.79 0.68 0.85 0.59 0.83 0.64
WU-6 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.03 0.17
RJO-3 0.50 0.50 0.50 0.47 0.50 0.35 0.14 0.45
WU-12 0.50 0.47 0.48 0.47 0.44 0.32 0.63 0.04
RJO-27 0.63 0.50 0.58 0.72 0.60 0.59 0.74 0.06
Mean 0.31 0.42 0.44 0.41 0.44 0.38 0.39 0.26

* One allele fixed, i.e., no diversity (0.00)

** North American isolates prior to 2000
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Erit

Pk MdIEst

Ch

NWEu

Fig. S3. Microsatellite distance-based Neighbonidgj tree for PST isolates from worldwide
geographically spaced populations. Agr = Aggresstvain, CA = Central Asia, Ch = China, Erit =
East Africa, MdIEst = Middle East, Med = Mediteream region, Nep = Nepal, NWEuU = NW
European group, Pk = Pakistan and SA = South Africa
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SUPPORTING INFORMATION ON ABC

The overall results can be summarized as:

- Pakistan and China are ancestral to all populations

- Nepal is a recent admixture between Pakistan and China, in which Pakistan is ancestral to both
China and Nepal

- Then the Middle-East population was an admixture between China and Pakistan

- The Mediterranean population resulted from an admixture from Middle East and Central Asia,
which itself diverged from Middle East

- NW Europe would be an admixture between China and Pakistan

Thefour scenariostested for all combinationsare
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China and Pakistan with other populations
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Pakistan and Oriental populations
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Europe
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CHAPTER-II

Reduction in the sex ability of worldwide clonal
populations of Puccinia striiformisf.sp. tritici
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ABSTRACT

Puccinia striiformis f.sp. tritici (PST), has so far been considered to reproduceualbexvith until
very recently no known alternate host, has a clgagulation structure in the USA, Australia and
Europe. However, recently, high genotypic diversityjastern Asia and recombinant populations in
China has been reported. We assessed whethernamsiat the ability for sexual reproduction could
provide an explanation for such a geographicalaity in genotypic diversity and recombination.
In order to address this hypothesis, we testethfexistence of a relationship between the aliity
produce telia, sex-specific structures that arégatwry for sexual cycle, and the genetic diversity

populations measured using neutral markers, int @fsg6 isolates representative of six worldwide

geographical origins. Molecular genotyping and sgbent clustering methods assigned these isolates
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to five genetic groups corresponding to their gapgical origin, with eight inter-group hybrid

individuals. Isolates representing China, Nepal Badlistan displayed the highest telial production,
while clonal populations from France and the Meaditeean region displayed very low telial

production. The geographic variability in telialoduction corresponded to the variability of
genotypic diversity described during previous ssdishowing a clear difference in telial production
between clonal vs. diverse/recombinant populatidie higher mean Qst value (0.822) for telial
production than the Fst value (0.317) suggestet tiiml production has more probably evolved
through direct or indirect selection rather thamege drift alone. The existence of high telial
production in genetically diverse populations aisdéduction in clonal populations is discussed wit

regard to evolution of sex in the context of PSiiiteeof origin and distribution of its alternatiiest.

Keywords:wheat yellow (stripe) rust, genetic structure, teliospore production, microsatellites

INTRODUCTION

Pathogens generally display alternating sexualkaedual stages, thus harbouring complex life cycles
that strongly impact their adaptative potentialbmmh host and environmental selective pressures
(McDonald, Linde, 2002). Sexual reproduction allotlie rapid production of advantageous gene
combinations, while clonality enables the rapid &fieption of strongly fitted individuals (de Mee(s

et al.,, 2007; Samilset al., 2001). A selective advantage of sexual over adestrains has been
effectively found in case of yeast submitted tohanging environment (Goddasd al., 2005). In
addition, the sexual phase often involves the wiffdation of specific robust structures that eaabl
the pathogen to survive adverse environmentalbamsditions (Anikster, 1986; Barredt al., 2008).
Because of these two genetic and demographic effét sexual phase can therefore be expected to
enhance genotypic diversity (more allelic combiorag). As a consequence, populations differing in
terms of their ratio of sexual vs. asexual phaseslie expected to diverge with respect to allelic,
genotypic and phenotypic diversity. AccordinglyalBux et al. (2003) showed by theoretical

approaches that genotypic diversity decreases inttteasing rates of asexual reproduction, even if
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populations reproducing almost exclusively asexualan maintain high genotypic diversity
(Bengtsson, 2003). Indeed, a greater diversityeafial vs. asexual populations has been reported in
different plant pathogen species suchPRagcinia graminis f.sp. tritici (Burdon, Roelfs, 1985),
Puccinia recondita (Groth, Roelfs, 1982)Melampsora lini (Barrettet al., 2008) andMielampsora
larici-epitea (Samilset al., 2001) regarding both molecular and/or virulermaitd. In a context of
selection, the reduced diversity of weakly reconmgnpopulations is reinforced by hitchhiking
effects affecting neutral genetic diversity linkedloci subjected to strong positive selection (Bmno
1995; Kim, Stephan, 2000). In extreme cases, tniclg asexual population, a mutation conferring a
strong fithess advantage on an individual will leach complete genomic sweep, where the mutant
genotype completely replaces the initial populatibhis has been observed in the context of boom
and bust cycles of wheat yellow rust in responseeistance genes in Europe and Australia
(Enjalbertet al., 2005; Hovmglleret al., 2008; Wellings, 2007). Sexual and asexual phéses
present distinct adaptive advantages, and intagdgtmost plant pathogenic fungi combine the two
strategies: they reproduce predominantly througixwel reproduction but this is accompanied by
more or less regular sexual phases (Milgroom, 1996)eover, in a given species, populations from
different geographical areas may diverge with respetheir reproductive cycle (Barrettal., 2008;
Burdon, Roelfs, 1985; Groth, Roelfs, 1982). In ortle explain this variability in the mode of
reproduction, an issue related to the evolutiosedfin a species (McDonald, Linde, 2002; Miclebd
al., 2008), different hypothesis have been put forvaard have mainly focused on the long term vs.
short term adaptive advantages of sex, the resistaf sexual spores to adverse environments
(Anikster, 1986; Barretiet al., 2008) and the use of alternate hosts that mayJzlable at
appropriate times (Ironside, 2007). Knowledge & itlentity of species and populations and their
reproductive modes, while adopting a broad vievwpathogen behaviour in space and time, should
improve the abilities of pathologists for betteisalise management and even predict pathogen
behaviour (Tayloet al., 1999). In this regardRuccinia striiformis f.sp.tritici (PST, the causal agent
of wheat yellow/stripe rust) is an interesting miadeaddress the evolution of sex, because bo#dfix
and genetically diverse populations co-exist irfedént parts of the world (Bahgt al., 2009b;

Enjalbertet al., 2005; Hovmgller, 2002; Mbougt al., 2009).
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PST epidemics result from multiple infectious cyclmitiated by wind dispersed uredospores
produced asexually on whedtriticum aestivum), which is almost exclusively the only host (Stepb
1985). At the end of the cropping season, teligpaneduced and contain teliospores. These teliospore
germinate to form haploid basidiospores (gametegjugh meiosis, which may serve to attack an
alternative host for sexual reproduction, as indhse of wheat black/stem rust and brown/leaf rust
(Fig. 1: supplementary files) (Stubbs, 1985). Until very recently, no alternatest was known for
PST, and PST was considered to reproduce asexudaltordingly, efforts made to describe the
genetic structure of PST population in North-West&urope (Enjalberet al., 2005; Hovmgiller,
Justesen, 2007; Hovmgller, 2002; Newtbral., 1985), the USA (Chest al., 1993), Australia and
New Zealand (Steelet al., 2001) have confirmed their strong clonality. Bstreported in the case of
some other species initially considered to be thirmsexual species and subsequently shown to be
recombinant (Burtt al., 1996; Gavincet al., 2000; O'Gormaret al., 2009; Sujkowskkt al., 1994),
recent studies by our team revealed the presenteedflardy-Weinberg equilibrium and a lack of
linkage disequilibrium in a Chinese PST populatguggesting the presence of genetic recombination
(Mboup et al., 2009). Furthermore, the presence of relativeghér genotypic diversity has been
reported in PST populations in the Middle East (Bah al., 2009b) and Pakistan (Balei al.,
submitted), together with that of inter geneticlgrchybrid genotypes, also in accordance with the
presence of genetic recombination. The recent gi¢iser of Berberis chinensis as an alternative host
for PST in laboratory conditions (Jat al., 2010) might explain the origin of these recombiora
signatures, even if the true role of this speciasewolution and genetic structure of world PST
populations remains to be studied. The differemege studies realised so far are only partially
covering the wheat-growing areas affected by PSdlegpics, but they suggest variability in genetic
diversity from North-Western Europe and North Adito Eastern Asia, with a parallel increase in
levels of recombination. Is such a pattern linkea tcline in the rate of sexual reproduction, rasgl
itself from the ability to reproduce sexually arne tavailability of the alternate host, or is it doe

other causes? We assumed that the presence ofial sggle would be supported in the event of a
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correlation between an ability to differentiate s&ixstructure and the presence of genetic diversity
and recombination in populations. Indeed, in clg@bulations that derive from sexual populations,
sex-related structures might be expected to degendyecause traits that do not contribute to $gne
are lost during the course of evolution (Eckertal., 1999). Indeed the fact that the East-West
variability of genotypic diversity do not match ttraditional scheme of a PST origin in Transcausia
(Stubbs, 1985) raises the alternative hypothessshafst jump in Asia. In order to assess the impact
sexual recombination on the geographical varigbilit a setting of neutral genetic diversity, we
therefore tried to clarify the existence of a clatien between genetic diversity and an ability to
produce sex-specific structures, i.e. telia comairteliospores, which would give rise to haploid
gametes (basidiospores). We studied this sex-telaggt in 56 isolates representative of the six
worldwide geographical origins that display diffieti@l genotypic diversity. Our objectives were Yo i
to see whether any variability does exist for séxeproduction ability and ii) whether this varibtyi

in sexual reproduction could explain the variapiiit genetic diversity and recombination.
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Table 1. List of PST isolates from different geographicaigors, selected for the assessment of teliosore
production relative to their geographical origirdgrhylogenetic position.

Geographical origin  Isolate Code Graph code® Country  Year® Pathotype® Reference

Northern J89108 MC F1 France 1989 2,3,4,9,8d,S -

France J9850 F2 France 1998 1,2, 3,4,9, 175%d, Mboup, 2008
J99198 F3 France 1999 1,2,3,4,6,9, 17, Sd, Su Mboup, 2008
J08124 F4 France 2008 3,4,6,32, A, Sd, Su -

Mediterranean J8617 M1 France 1986 ,6,7,8 Mp20p8

Region J05253 M2 Tunisia 2005 2,6,7,8,9 A Bahsl., 2009
Beja 2007 M3 Tunisia 2007 2,6,7,8 A Bahri et2009
J06283m1 M4 Algeria 2006 1,2,3,4,6,9, 17,94, Babhri et al., 2009
J05386 M5 Algeria 2005 2,6,7,8,9 A, (Sd) Battral., 2009
JO0610am1 M6 Spain 2006 2,6,7,8 Bahri et al., 2009
J9706 M1 M7 France 1997 2,6,7,8 Bahri et alD920
J04003 M8 France 2004 2,6,7,8,9 A Bahri e28i09

Middle-East WRY 85-22 ME1 Lebanon 1985 ,6,7,9 lo@aec et al., 2002
J05183 M2 ME2 Iran 2005 2,6,7,9 A Bahri et 2009
J06448 M1 ME3 Lebanon 2006 2,6,7,8,A Bahri et2409
J05682 M1 ME4 Turkey 2005 2,6,7,8,9 A Bahrlet2009
J05001 ME5 Cyprus 2005 2,6,7,8 A Bahri et AQ2
J06007 M1 ME6 Cyprus 2006 2,6,7,9 A Bahri et2009
J05674 M2 ME7 Turkey 2005 2,6,7,9 A Bahri et 2009
J05684 M2 ME8 Turkey 2005 2,6,7,8 A Bahri et 2009

Pakistan J0624 M2 P1 Pakistan 2006 1,2,6, 19, S Babhri et al., in prep
J06208 M1 P2 Pakistan 2006 2,6,7,8,Su Bahti,eéharep
J06147 M1 P3 Pakistan 2006 1,2,3,6,7,8 BA, Babhri et al., in prep
JO695 M1 P4 Pakistan 2006 2,6,7,9 A, Su Batai.ein prep
JO6075 M3 P5 Pakistan 2006 2,6,7,8 A Bahri.etraprep
J06187 M1 P6 Pakistan 2006 2,6,7,8 A Bahri.etraprep
JO6050 M1 P7 Pakistan 2006 2,6,7,8,Su Bahti,éhgrep
J06105 M1 P8 Pakistan 2006 1,2,6,7,9,Su Balafi,&n prep
J06089 M1 P9 Pakistan 2006 2,6,7,8,A, Su Batad. ein prep
JO8X-P14 M1 P10 Pakistan 2008 1,2,6,7,9,A, Su -
JO8X-P46M1 P11 Pakistan 2008 1,2,6,7,9,Su -

Nepal JO8X-N011M1 N1 Nepal 2008 1,2,6,7,8,4, S -
JO8X-NO71M2 N2 Nepal 2008 1,2,6,7,8,A,Su -
JO8X-N095 M1 N3 Nepal 2008 1,2,6,7,8,A,Su -
JO8X-N097 M1 N4 Nepal 2008 1,2,6,7,8,A,Su -
JO8X-N103 M1 N5 Nepal 2008 1,2,6,7,8,A,Su -
JO8X-N112 M3 N6 Nepal 2008 1,2,3,4,7,9, A Sp, Su -
JO8X-N126 M1 N7 Nepal 2008 2,6,7,8,A Su -
JO8X-N144 M2 N8 Nepal 2008 1,2,6,7,8, A, Su -

China CHA4/11-07 C1l China 2004 - Mboup et al., 2009
CHA4/01-04 Cc2 China 2004 - Mboup et al., 2009
CH4/15-09 C3 China 2004 - Mboup et al., 2009
CH4/23-08 C4 China 2004 - Mboup et al., 2009
CH4/30-08 C5 China 2004 1,2,3,6,9, 17, A, Sp, Su bolp et al., 2009
CHA4/37-11 C6 China 2004 1,2,3,4,6,7,9, A, Sd.S8p Mboup et al., 2009
CH4/44-01 Cc7 China 2004 1,2,38,6,8,9,17, A, 9p, S Mboup et al., 2009
CH5/08-03 M1 C8 China 2005 - Mboup et al., 2009
CH5/24-04 M1 Cc9 China 2005 - Duan et al., 2010
CH5/29-01 M1 c10 China 2005 1,2,3,9,17, A, Su Detzal., 2010
CH2/018 Cl1 China 2001 - Duan et al., 2010
CH2/088 C12 China 2001 - Duan et al., 2010
CH2/141 C13 China 2001 - Duan et al., 2010
CH2/164 C14 China 2001 - Duan et al., 2010
CH2/197 C15 China 2001 - Duan et al., 2010

Recently spread DK66/02 R1 Denmark 2002 (2),6,7,8,9, (Sd) Milus et al., 2009

US-Euopean clone DK80/01 R2 Denmark 2001 (2),6,7,8,9, (Sd) Dr. M. Hovmgller

3 |solate code used in phylogentic tfeéear of collectiorf The virulence values given in brackets are of aerinediate infection type (5-
6); other virulence values are of a high infectigpe (7-9) on a 0-9 scale after infection on difar cultivars(de Vallavieille-Popet al.,
1995). Similarly, isolates not tested for theirhmaype or not reported are marked with * -°.
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MATERIALSAND METHODS
Selection and multiplication of isolates

In order to represent the genetic diversity of P&Tqgtal of 56 isolates were selected from sixarea

three continents: Europe, Africa and Asia. A sébectvas made among the two thousand isolates
available in our collection in order to maximise fiversity of each population (assessed in tefims o
AFLP, microsatellites and virulence) by choosingdses from the different genotypic groups present
in a given geographical region. Details regardimg mnumber of isolates and their virulence profiles

are given in Table 1.

All isolates were purified from a single lesion amere then multiplied simultaneously on the
susceptible cultivar Cartago. Spores were produtadfully confined S3-type greenhouse, with an 8
h 15°C dark period and a 16 h 19°C light periodttva light intensity of 300 umol quanta’ra?).
Fifteen days after inoculation, uredospores weredsted, placed in a silica gel-filled desiccatmr4
days at 4°C and then stored in liquid nitrogen. $peres were heat-shocked at 40°C for 10 minutes

before inoculation to achieve their maximum gerriiaracapacity (de Vallavieille-Popst al., 2002).

Analysis of molecular markers

Genomic DNA was extracted from 10 mg of sporesgiaimodified CTAB protocol (Enjalbeet al.,
2002). The extracted DNA was quantified on agagedend was stored at -20°C until further use. A
total of 16 simple sequence repeat (SSR) markere wsed for molecular genotyping, i.e. RJO-4,
RJO15, RJO-20, RJO-21 and RJO-24 (Enjaléeat., 2002) and RIN-2, RIN-3, RIN-4, RIN-5, RJIN-
6, RIN-8, RIN9, RJIN-10, RJIN-11, RJIN-12 and RINB&h( et al., 2009a). The isolates were
amplified with SSR markers for 25-50 ng of DNA, ngsian iCycler (Biorad) thermocycler with 35
cycles of 94°C for 30 s, 52°C for 45 s and 72°C30rs. Each reaction mix (10 pL) contained 4.75

pL of deionized water, 2 uL of 1X reaction buffér60 puL of 2.5 mM MgGl 0.80 pL of 2.5 mM
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solution of dNTPs, 0.05 uL of 5 U of Tag-polymerasel 0.4 pL of 0.2 uM of the marker together
with 1 puL of the DNA. The PCR products were anatlyirte 6% polyacrylamide gel and visualized by

silver staining (Chalhouét al., 1997).

The GENETIX 4.05.2 software (Belkhét al., 2004) was used to compute the number of alledes p
loci, linkage disequilibrium among loci and expettbeterozygosity (genetic diversity). The
GENECLONE software (Arnaud-Haond, Belkhir, 2007)svithen applied to test the ability of the set
of microsatellite loci to identify clones, by contmg the probability of re-sampling any recurrent
MLG (multilocus genotype) under panmixia. Populatisub-division was analyzed using the
STRUCTURE 2.2 software (Pritchaetial., 2000), which implements a Monte Carlo Markov @hai
(MCMC) approach in a Bayesian framework to clugtdividuals in K clusters so as to minimize the
Hardy-Weinberg disequilibrium and gametic phasedglislibrium between loci within clusters. The
MCMC scheme was run for 100,000 iterations with0g0@0 burn-in period, as recommended by
default, with K ranging from 1 to 10 with at lea®D repetitions to check the convergence of
likelihood value for each value of K. The numberpopulations best representing the observed data
was determined by plotting the graph of estimataides of Ln likelihood for each K, and selecting

the value which maximized the Ln likelihood of ttiata, as proposed by Evanno et al., (2005).

Because assumptions regarding the population gemedidel implemented under STRUCTURE
could be violated in our system, population sulmidri was also analyzed using non-parametric
multivariate analyses; i.e. factorial correspon@eacalysis (FCA) with GENETIX software (Belkhir

et al., 2004) and construction of a phylogenetic treenvtite POPULATION program (Langella,
2008) using the neighbour-joining (NJ) method wih Nei genetic distance and the most
parsimonious phylogenetic tree constructed with BHPY(Fig. S4). It should be noted that the lower
bootstraps values could result due to the intetygtoybrid isolates as the parsimony approach is not

appropriate when a hybrid occurs, along with thisterce of certain group specific rare alleles.
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Assessment of telial production ability

The Cartago cultivar was chosen to assess thépebduction ability of the selected isolates, heses

cv. Victo (previously considered to be highly systide) had displayed resistance to some Pakistani
isolates. Seeds were sown in 125 guts. Of the six pots per isolate, three pots werated with 20

mL maleic acid (0.25 gL, leaf senescence inhibitor) when the seedlinge ierm tall, in order to
observe the effect of senescence on telial proalucéipplications of maleic acid (hereinafter reéerr

to as the “senescence inhibitor”) delay first lsahescence and increase uredospore production by
blocking the growth of upper leaves. The plantsentbinned to 15 plants per pot when the seedlings
were 7 day-old, and then inoculated by sprayingntmath a spore suspension of one mg spores/300
pL soltrol (mineral oil). All inoculated plants weleft to evaporate the soltrol and then placed in
humid plastic bags that were placed in a climatiansber at 9°C for 24 hours, to serve as a dew
chamber. The plants were then transferred to angoeese with optimum conditions (15°C for 8 h
dark period and 19°C for 16 h-light period). A weadker inoculation, cellophane bags were placed
over each pot to prevent cross-contamination betwlee isolates. During the first set of experiments
the temperature was kept lower than 20°C in Marah April. During the second set of experiments,

the average temperature was higher (25°C), whigé @ffected plant growth.

A weekly scoring system was implemented, startiftgr dour weeks of inoculation and continuing
until seven weeks post-inoculation. Scores wererdeéhed on a 0-10 scale based on the percentage
of leaf covered by telia, taking account of itsidlemnce and relative intensity over the 15 plantspot

(Fig. 1). The whole experiment was repeated twiadial production data were analyzed using the
general linear model to test the telial productamea (0-10) as a function of isolates nested in six
geographical regions. Analyses were performed agggrat all four dates. Data for the four scoring
dates were converted into the area under the tet@uction curve (AUTPC) in order to reflect
overall telial production as affected by the presefSI-P) or absence (SI-A) of the senescence

inhibitor. Analyses of variance were performed gdime R statistical software (version 2.8.0).
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Percent of leaf area covered by teliosores
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Fig. 1. The overall scoring of telial production was pemied on a 0-10 scale (with 10 as the
maximum score) based on the percentage of leafcaresed by telia while considering its incidence
and relative intensity in 15 plants per pot.

Relationship between genotypic and phenotypic parameters

The relationship between genetic structure and@ltglioduction was assessed in the five genetic
groups by comparing their Qst calculated for AUT®@I their Fst estimated from SSR data. Qst
represents the degree of differentiation betwegmilations for a quantitative trait, and was calteda
according to the method described by Spitze (1988}, the degree of differentiation between
populations for neutral genetic markers (here S8}, estimated by the GENETIX software using a
pair-wise Fst estimation with 2000 permutationse Bignificance of the correlation between the two
differentiation matrices was assessed by a Maestl(Mantel, 1967), using a bilateral probability o

0.05 and 1000 random permutations, performed WwighLSTAT 2009 software.
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RESULTS

Genetic grouping vs. geographical distribution of PST isolates

Isolates were genotyped with 16 SSR markers, withrimer pair amplifying two loci (RJO-20low
and RJO-20up) so that a total of 17 loci were stofdl markers were polymorphic when all 56
isolates were considered, with the number of alednging from two (RIJN-8 and RIN-12) to 11
(RIN-2) (Table 2). Some loci were fixed in sometlodé populations; for example, six loci were
monomorphic in Northern French isolates, while RiENwas fixed in all populations except those
from China (data not shown). Genetic diversity egged in terms of expected heterozygosity (He)
was found to reach its maximum for RIN-2 (0.83) RJID-24 (0.80), whereas the lowest value was
recorded for RIN-12 (He = 0.03), as only two indinals presented a different allele. The linkage
disequilibrium (LD) between pairs of SSR loci wastimated with GENETIX software and its
significance was tested using 2000 permutation®l€T8). The overall low LD across all isolates
suggested a lack of any redundancy for utilisatibthe current set of loci. However, this LD could
be higher if it was estimated separately in eaatgggphical group. The asymptote reached when
plotting the number of multilocus genotypes detgagainst the number of loci re-sampled showed

that almost a full set of markers was necessadjffierentiate all the selected genotypes (Fig. S2).

71



FGB. 2010. 47, 828-838  Chapter 11. Worldwide reduction in PST sexual reproduction ability

Table 2. Number of alleles, expected (He) and observed teygosity (Ho) estimated for 17

polymorphic SSR loci in 56 PST isolates from sivg@phical origins.

Expected Observed

SSR locus No. of alleles Heter ozygosity Heter ozygosity
RJN-2 11 0.83 0.37
RJN-3 3 0.66 0.21
RJIN-4 4 0.51 0.53
RJN-5 4 0.59 0.72
RJIN-6 4 0.25 0.25
RJN-9 5 0.75 0.59
RJN-10 3 0.59 0.64
RJIN-11 5 0.74 0.87
RJN-13 3 0.45 0.33
RJO-15 3 0.46 0.6
RJN-8 2 0.28 0.33
RJN-12 2 0.03 0.03
RJO-4 3 0.59 0.64
RJO-20up 3 0.55 0.28
RJO-20low 7 0.76 0.79
RJO-21 5 0.77 0.17
RJO-24 10 0.80 0.86
Mean 4.53 0.57 0.48

Table 3. Permutation percentage (%) of real values (upp&res) and the presence of a linkage disequilibrium

(bold type) between SSR loci in the 56 PST isoltdsted.

s 2 I £ ¢ 2 9 ¥ 3 T 2 g 3 gz o3 ¥ 37

? 2 2 @ =2 =2 5 &5 &85 &8 & &5 2 28 28 3 8
RJN-2 0.10 27.85 25.15 0.25 77.45 15.35 4.05 3.30 83.75.10 0 90.65 1.60 7.55 0.30 0.20 12.70
RJN-3 - 4.15 2.95 93.90 29.65 0.00** 1.30 0.40 92.15 0.05 74.35 19.95 0.25 0.00** 0.05 53.50
RJIN-4 0.15 59.85 73.20 0.20 69.80 65.20 80.85 6.00 87.30.05 0.00** 1.40 0.00**  76.90
RJIN-5 32.15 9545 0.00** 69.60 5.65 5.85 1.65 15.50 0.40 0.70 1.050.00** 31.85
RJN-6 49.25 73.25 88.00 16.20 61.25 35.90 90.00 33.75 4030. 66.45 25.30 1.55
RJN-9 40.00 56.30 39.65 8.95 62.30 42.65 4.55 62.05 87.505.30 75.50
RJN-10 29.10 9.10 3.25 7.05 75.70 0.60 0.05 0.00** 0.75 14.30
RJN-11 17.45 32.10 0.25 98.20 27.800.00** 0.00** 1.75 20.80
RJN-13 50.90 0.00** 100.00 50.55 1.60 0.95 0.15 89.45
RJO-15 52.75 76.50 26.35 96.25 8.55 0.55 63.35
RJN-8 86.70 17.25 0.15 0.00** 0.00** 70.70
RJN-12 62.40 100.00 78.25 76.20 7.20
RJO-4 0.40 0.00**  0.00** 64.30
RJO-20up 0.00**  0.00** 74.10
RJO-20low - 0.00** 24.50
RJO-21 - 4.45
RJO-24 -

** P < 0.05%; a value of <10 over 2000 permutati¢redculated with GENETIX software) was considetethe

significantly associated
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Using STRUCTURE analysis to assess the presentteeajenetic structure in the dataset (Pritchard
et al., 2000), the Log likelihood of the data was drawaiast K (the number of clusters) in order to
identify the K value that best fitted the dataseippsed by Evanno et al. (2005). The Log likelihood
increased strongly up to five clusters (K = 5), ethappeared to be the optimum subdivision of our
dataset (Fig. S3Iupplementary file). These five genetic groups corresponded weléir tpredefined
geographical origins, with an addition of nine mgeoup hybrid individuals (Fig. 2). However, some
of the isolates were assigned to a genetic groapwhs not related to their geographical origin and
could be considered as migrants. French isolatee vggouped in one genetic group (G1),
Mediterranean and Middle-East isolates in a seadunster (G2), Pakistani isolates in a third group
(G3), Chinese isolates in a fourth group (G4), fanally Nepali isolates in a fifth group (G5). When
inter-group hybrid individuals were considered, ytheere mostly assigned in accordance with
previous results, except for J06448 (Middle-East)ich was now fully assigned to the Middle-
East/Mediterranean genotype (G2) using the largeofSSSR markers used during the present study.
Among the Pakistani isolates, eight were grouptmarseparate, Pakistan-specific cluster (G3),avhil
only two; i.e. JO5060M1 and J06147M1, were stroraggigned to the Mediterranean-Middle-East
population (G2). Isolate J06208 was assigned figrt@G3 and partially to G2, while JO695M1 was
not assigned to any group. Among the Nepali issjatdl were assigned partially to G5 (Nepal-
specific profile) with some partially assigned tther G3 or G4. Most of the Chinese isolates were
assigned to a distinct group (G4), specific to @hiwith a few being recombinant with any of the
other three genotypic groups (G2, G3 and G5). éstérgly, two Chinese isolates were assigned to
G1; i.e. Northern French isolates (CH2/141 and ©B). Similarly, of the two isolates
representative of the recently worldwide spreadreggive clone, DK80/01 was assigned to the
Middle-East/Mediterranean (G2) population while DM@ was partially assigned to G2
(Mediterranean/Middle-East-specific genotype) antl (@epal-specific genotype), with a genotype
that was similar to that of two Middle-Eastern ambinant isolates, i.e. J05001 and JO6007M1.
However, this G5 genotypic group did not remairbletavhen the K value was reduced to 4 (data not
shown), and DK66/02 was fully assigned to G2. Tdssignation was further affirmed by the tree

generated using PHYLIP (Fig. S4).
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Fig. 2. STRUCTURE software results showing the gassent of PST isolates to the five inferred
genotypic groups (G1-G5) on the basis of SSR palghiem. Each colour represents a different
genotypic group.
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Fig. 3 Factorial Correspondence Analysis of SSR data 8T Rsolates, showing five genetic groups
representative of six geographical origins, i.e.=Glrance; G2 = Mediterranean/Middle-East; G3 =iftak; G4
= China; G5 = Nepal; R = recombinant isolates.
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The relatedness of isolates was also confirmeBédnyorial Correspondence Analysis (FCA) on the
SSR data (Fig. 3). On the first two FCA axes (6%30f total genetic variance), the five
STRUCTURE groups were clearly separated, whilerigteup hybrid isolates were found to be
intermediate to them. The reliability of this stwe was also indicated by the neighbour-joinirggtr
constructed using POPULATION software (Fig. S4)d dhe most parsimonious phylogenetic tree
constructed with PHYLIP (not shown). The low bordptvalues are explained by both the presence
of inter-group hybrids with unsteady position i tinee, as well as the presence of few rare aligles

the origin of the discrimination of some of the gjps.

Ability for telial production

Highly significant differences between both geodjiagl origins and isolates were observed at all the
scoring dates (p < 0.01, Table 4). The repeatghilitthe results was demonstrated (Fig. 4) when
analysing the correlations between the final sgwiof the two experiments. However, a higher pace
of telial production occurred during the secondicagion, when the third scoring was equivalent to
the fourth scoring of the first replication, whilee fourth scoring was abandoned because of dofing

the plants. For this reason, the kinetics and sgeriof the first replicate are presented hereinafte
because they are more detailed (one additionaingcdate), while statistical analysis was performed
on the entire dataset. We therefore present tise riéplication data, instead of a mean over two

replications, knowing that the overall pattern ramad the same across the two replications.

All the isolates studied produced telia with a cle&rease in density over time (Fig. 5) during the
two repetitions. Telial production was higher fohi@a and Nepal isolates, followed by Pakistan
isolates, at all scoring dates. The mean valudl@thern France and Mediterranean PST isolates was
the lowest at all scoring dates. The Middle-Eastitégranean isolates and the recently disseminated
high temperature adapted clone representing isolagze between the two categories. Mean values
for all the geographical origins tested reached theximum at the third scoring date and remairted a

the same level on the fourth date, with a sligtéase for Middle-East isolates. It should be noted
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that there was a decrease after the third scofisgroe isolates, which may have been due to scoring

error, as some leaves had started to dry so tedelia could not be scored with total accuracy.

Table 4. Analysis of variance of teliospore productat four scoring dates for 56 PST isolates, rayri
the first experiment.

Weeks after inoculation

4™ week 51 week 6" week 7" week
F-calculated F-calculated F-calculated F-calculated
Geographical origin 55.25 *** 143.44 *** 161.11 *** 147.47 ***
Isolate 6.90 *** 17.36 *** 11.20 *** 10.54 ***
Multiple R 0.71 0.86 0.85 0.83

*** Displaying highly significant differences.

10 Final teliosore production

2nd Replication

R?=0.9644

1st Replication

Fig. 4. Final scoring of telial production (based @ 0-10 scale) for two replications performed
independently.
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When the isolates were regrouped with respect ® fihe genetic groups identified by the
STRUCTURE analysis, a very similar picture was oiad (Fig. 6, shown in terms of AUTPC). The
group containing all the hybrid isolates also digpll a higher level of telial production. Applicati

of the senescence inhibitor resulted in highealkt@ioduction than otherwise in all the geneticup®
(Fig. 6). The four French PST isolates producedsiimallest quantities of telia, while the highest
production was recorded for Chinese isolates, teddo be from a panmictic population (Mboetp
al., 2009), with highly variable telial production (arevalues ranging from 0.1 to 7.2). Inter-group
hybrid isolates displayed high variability (0.3%58), however, hybrid isolates from China, Nepal and

Pakistan had a higher telial production than hylsidates from the other genetic groups.

Relationship between phenotypic trait and genetic structure

The relationship between genetic structure andaltgiroduction was assessed by testing the
correlation between Qst and Fst in each pair offie inferred genetic groups (Table 5). The
pairwise Qst estimated for AUTPC revealed thafied genetic groups differed significantly in terms
of their telial production. High telial producingmgetic groups, i.e. China (G4), Pakistan (G3) and
Nepal (G5), displayed the maximum phenotypic distainom the low telial producing genetic groups
of France (G1) and Mediterranean/Middle-East (GRe minimum distance was found between G5

and G3 (Qst = 0.397), followed by G5 and G4 (0.535)
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Fig. 5. Telial production pattern on a 0-10 scal®ss four scoring dates (above) recorded 4—7 weeks
after inoculation for the six geographical origiNalues with different letters differ significantit P
0.05, based on the LSD test.
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Fig. 6. Area under the telial production curve (ARLO) of five genetic groups and recombinant
isolates (R) of PST isolates representative ofgsimgraphical origins. SI-P and SI-A represent the
presence or absence of the senescence inhibitbe@pp the pot, respectively. (G1 = France; G2 =
Mediterranean/Middle-East; G3 = Pakistan; G4 = @ha5 = Nepal; R = recombinant isolates).
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Pairwise Fst values between the six geographicginsrshowed that five out of the six geographical
origins were significantly distant from one anotli€able S1), while a similar pattern was displayed
for genetic groups made following STRUCTURE anayJiable 5). The maximum Fst was between
Northern France and Pakistan (0.411), while theimnim was recorded for Pakistan and Nepal
(0.197). The Mantel test performed on the Qst astdnfratrices revealed a weak but non-significant
(Mantel r value of 0.432, p = 0.23) relationshipvieen telial production behaviour and genetic
differentiation (Fig. 7). Indeed, populations thare related on the basis of their SSR diversitgewe
similar from a phenotypic point of view, while playpically distinct populations might or might not
be distinct genetically. When considering the altanean Fst and Qst values, Qst (0.822) was higher
than Fst (0.317), thus revealing a marked difféation in terms of telial production when compared
to the neutral genetic markers. Thus a strong geratiability was recorded for telial production

across the populations, with a higher pace of eiaviuor telial production than for neutral markers

DISCUSSION

We report here on the presence of highly significifferences regarding telial production between
PST isolates representative of the five major gergrbups identified during previous worldwide
studies. The higher telial production found for &g isolates agreed with the recent report of
diverse/recombinant populations in Pakistan andch&Bahriet al., 2009b; Duaret al., 2010; Mboup

et al., 2009). By contrast, the low teliospore produdingopean/Mediterranean isolates matched with
their clonal genetic structure (Hovmgller, Justes2®07; Newtonet al., 1985). These findings
therefore support the existence of sexual recortibman Asian populations and highlight the

importance of the evolution of sex related trastsimderstand PST population genetics.
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Table 5. Estimates of genetic (Fst, upper diagonaidd phenotypic (Qst, lower
diagonal)differentiation measurements for the sgare production of PST isolates from five genetic
groups representative of six geographical origies,G1 = France; G2 = Mediterranean/ Middle-East;
G3 = Pakistan; G4 = China; G5 = Nepal.

Genetic group Gl G2 G3 G4 G5

Gl - 0.6997 0.9585 0.9767 0.9391
G2 0.3698 - 0.9492 0.9801 0.9347
G3 0.4109 0.3024 - 0.8485 0.3972
G4 0.2693 0.3357 0.3775 - 0.5346
G5 0.3523 0.2506 0.1967 0.3052 -
Mean Fst 0.3170 Mean Qst 0.8218

All Fst values were significantly different at 5400 out of 2000 permutations).

1 + G2-G3 G1-G5
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g Mantel test r value =0.432

0.4 - ® G5-G3 p=0.23

0.3

0.15 0.2 0.25 0.3 0.35 0.4 0.45

Fst estimated with SSR

Fig. 7. Mantel test results for associations betwggenotypic differentiation measurements (Qst) and
genetic differentiation measurements (Fst) regarttie distance between five genetic groups of PST
isolates representative of six geographical origls = France; G2 = Mediterranean/Middle-East; G3
= Pakistan; G4 = China; G5 = Nepal).
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Phylogenetic position of isolates and genetic grouping of populations

Molecular marker analysis showed that selected@tsslconstituted a good reflection of geographical
origins, separating them into five genetic groupes, Northern France (Europe), Mediterranean and
Middle-East, Pakistan, Nepal and China (Fig. 4 dherall assignation of isolates to the five genet
groups was in accordance with previous populatioiliss, despite the use of a new set of SSR
markers that showed an increase in genetic diyefrsim western to eastern origins, and a parallel
increase in the frequency of hybrid or recombinsaiates (Bahriet al., 2009b; Bahriet al.,
submitted; Duaret al., 2010; Enjalberét al., 2005; Mboupet al., 2009). Interestingly, this study also
enabled the assignment of two isolates represeatatirecently emerging PST clones (Hovmagller,
Justesen, 2007) to a Mediterranean/Middle-Eastirorigreviously, Bahri et al. (2009b) had also
suggested that the recently emerging PST clonesSaifthern France originated from the
Mediterranean/Middle-East. Only a few genotypesewgentified as migrants, because of their
assignment to a genetic group endemic in a digtaographic region. Globally, the selected isolates

were well assigned to their genetic groups, ancermoitess representative of that geographicalrarigi

Sex-related traits vs. genetic diversity

We also report the presence of highly significaffecences in telial production between isolated an
between genetic groups or geographical origingh&@gyeographical and genetic groups were strongly
concordant, and because of the presence of ondwvanfigrants, we discuss below the phenotypic
variability found within genetic groups (i.e. geaghical origins corrected inter-group hybrids and
migrants). Isolates from the three genetic groigpsChina, Nepal and Pakistan had a high telial
production, while Northern French and Mediterrariaidle-East isolates had very low or no telial
production. Isolates identified as recombinant leetwtwo groups with a high telial production also
displayed high telial production. As expected, hingh telial production found for Chinese, Pakistani
and Nepali isolates was associated with populatiisigaying higher genetic diversity, as previously

found with a large set of isolates (Babktial., submitted; Mbouget al., 2009), andvice versa for
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clonal and low telial producing European isolafEisis concordance between telial production and
genetic structure was therefore in line with a cim®le for sexual recombination in the structufe o
PST genetic diversity, without there being defimpteof of its actual occurrence. Indeed, the sexua
cycle is not the only means of recombination ingiuand asexual recombination or parasexuality has
been described to various degrees in different dusgecies (Clutterbuck, 1996; Noguchi, Fujita,
2006; Spring, Zipper, 2006). In PST, parasexudléy been suggested as a means of generating new
virulence phenotypes by the rearrangement of whotdei (Little, Manners, 1969; Wright, Lennard,
1980), even if a complete parasexual cycle invgvimromosomal recombination has never been
demonstrated to date (Mbougt al., 2009). However, if asexual recombination doesubcc
significantly in some areas, a lack of correlatiogtween telia and genetic diversity would be
observed, with some populations exhibiting a stipngcombining genetic structure with poor telial
production, which was not the case here. So althoingre is little proof of parasexuality, it

nonetheless merits further investigation.

In the absence of any important role for sexuabmdmnation in population evolution, sex-related
traits should evolve as neutral traits, and thessftisplay a genetic structure that is coherert tie

marker structure. This should provide another opmity to test for the evolutionary importance of
telial production in PST populations. Thus the &xise of a quantitative variation in a sex-related
trait (a concept that has been the subject o€ Igtudied and described), raises questions comcgerni

an evolutionary basis for variations in telial pnotion.

Evolution of sex-related trait

The divergence between populations regarding plpitotraits and neutral markers provides a
means of comparing the relative importance of sieledorces and genetic drift to the evolution of a
trait (Kaeufferet al., 2006; McKay, Latta, 2002; Reed, 2007). On the loaied, fithess-related traits

are subject to selection, while molecular markeesassumed to be neutral, evolving through genetic
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drift (Kimura, 1983; McKay, Latta, 2002) or via &dmnhiking effect when in linkage disequilibrium
with QTLs. If divergent selection does occur icartly separated populations, differences between
populations with respect to the phenotypic trail Wwe greater than for neutral markers (Merila,
Crnokrak, 2001; Milleet al., 2008). On the other hand, if a similar set oésibn forces is driving a
phenotypic trait across different populations, tgeaifferentiation of neutral markers could be
expected (Lewontin, Krakauer, 1973). The overathparison between telial production and genetic
structure revealed a weak and non-significantiaeiahip: populations with a similar phenotype were
equally similar genetically, but phenotypically tdist populations could or could not be close
genetically. In addition, because the mean Qstevélu822) was higher than that of Fst (0.317), this
suggests the presence of divergent selection agreehpace of evolution of telial production across
populations than for neutral markers (Clifford, tBier, 1974; Lynchet al., 1999; McKay, Latta,
2002; Merila, Crnokrak, 2001). Therefore, genetift dlone (Brace, 1963; Wilkens, 1988) could not
explain this variation in telial production acrgsspulations, so that some direct/indirect selection
may be involved, as suggested previously (Pouls8@hijte, 1969; Regal, 1977). However, the
direction of the selection towards loss of teli@ihg a cost or relaxed selection on their mainteran
remains an open question because different hypeghesuld lead to higher Qs&imilarly, the
relationship between Qst and Fst within populatidisplaying partial or total clonality has not yet

been studied, and this point deserves further dtieat and experimental exploration.

Hypothetical scenario for the evolution of sex in PST

The hypothesis concerning evolution of this tragtsvan underlying feature of the present study: the
differences observed in telial production might ddveen related to the importance of sexual
reproduction to PST cycles in different regionsxusg reproduction is a plesiomorphic (ancestral)
trait in thePuccinia genus, as in all fungi, so it could have beeniloshe more or less recent past of
PST populations. Note that this loss of sexualeyglonly viable for this biotrophic fungus in asea

where there is an almost continuous presence oatyvlas urediniospores have a very low viability
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(max. 15 days). In Europe, the clonal survivallisence of wheat in summer can be explained by the
presence of volunteers in coastal regions (morg/yaiesponsible for a “green bridge” and source of
primary inoculum for next epidemics. Reciprocabyfunctional sexual cycle in some recombinant
PST populations also requires the presence of #uelahost, an assumption supported by the
distribution of the very recently report&grberis spp.as aecial host for PST in China, Central Asia
and Caucasus (Jet al., 2010). Thusmigrations of PST in regions where this host issabshould
result instantly in redundancy of the sexual cyéle.selection is released from this trait, deletasi
mutations could be expected to accumulate in geleElcated to the differentiation of sexual
structures, resulting in a deterioration of sexXualctions. Therefore, the degradation of sex-relate
functions such as telial production could be expe&db be proportional to the time elapsing since a
population turned to a strictly clonal behaviouewFexamples of sex trait deterioration with clotyali
have been described so far. The absence/losdastete production, or their germination capadaity i
clonally reproducing populations, has been repoiteeampsora lini (Barrettet al., 2008) and
observed to some extent PPuccinia graminis f.sp. tritici in the USA, where the eradication of
alternative hosts has affected both the genetictstre of the population (Groth, Roelfs, 1982) @ad
telial production capacity (Roelfs, personal comrioation). In the case oMagnaporthe grisea,
fertile female isolates lose their fertility whelmey are reproduced several times asexually (Didier
Tharreau, personal communication). Similarly, &slo$ sex-related traits in clonal populations has
also been reported in some plant species (Eckeat., 1999; Kennington, James, 1997; McKee,
Richards, 1996). Thus the evolution of these skated traits could be explained by an important
feature of evolution, i.e. the loss of traits tlamt not contribute to fitness, a point that has been
acknowledged since Darwin (1859) and further adar@<y others (Brace, 1963; Maugharal.,

2007; Poulson, White, 1969; Prout, 1964; Ralph61®&gal, 1977; Wilkens, 1988).

The loss of traits that do not contribute to fimesuld be explained by two major hypotheses; one
based on neutral genetic drifts (Brace, 1963; Witke1988), and the other on the direct or indirect
selective advantage of the mutations involved is thss (Poulson, White, 1969; Regal, 1977). As

mentioned above, Qst and Fst comparisons suggastlifferences in telial production could not be
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explained solely by genetic drift, because it exart equal impact on both telia and neutral markers
The other hypothesis could be answered by addgessé advantages linked to this loss. A fitness
advantage conferred by loss of sex implies thetexi® of a trade-off between teliospore and
uredospore production. However, initial attempiscompare the differences in both telial and
uredospore production in clonal (French) and redoenti (Chinese) isolates showed that Chinese
isolates produced more uredospores and telia themck isolates (Fig. 8). This could, however, be
explained by the accumulation of deleterious moietiin clonal populations, causing fithess peraltie
due to Muller’'s ratchet effect, and resulting irsdeaggressiveness than recombinant and diverse
populations. Detailed studies will be necessargstgess this trade-off concept in Chinese popukation

using a large set of isolates.

Conclusion

The higher levels of telial production by recomlmingsolates than by clonal populations, and the
concordance of the telial production variation witie variation in genetic diversity, have led us to
support the hypothesis of the presence of sexgahibination in this species, which might facilitate
identification of the cryptic alternate host forlPSBecause sex is an ancestral tralPugcinia spp.,

the evolution of sex is certainly a good angle frehich to throw light on the centre of origin ofgh
pathogen, which also remains unknown. The existasfca greater diversity and higher telial
production in China and Asia along with the digitibn of the recently reported aecial host i.e.,
Berberis spp. (Jinet al., 2010), could suggest an Asiatic origin of PSTd déimerefore support the
hypothesis of a host jump, rather than the geneeassumed theory of co-evolution at the centre of
origin of host i.e. the fertile crescent (see hosveicDonald, Linde, 2002). Gaining a clearer
understanding of the importance of sex in worldw&T populations is crucial to the development of
integrated disease management. It will not onlyphil clarify the role of recombination for
adaptation, as well as widely documented mutativents (Steeleet al., 2001), but will also

determine alternative pathways for the over-wimgiover-summering of this pathogen.
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Fig. 8. Comparison of telial and urediospore praidncin Chinese (recombinant) and French (clonal)
isolates.
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SUPPORTING INFORMATION

Asexual uredospore (n+n) to
infect wheat

Asexual cvele during
wheat growing season

Teliospore production at the
end of wheat growing season

Sexual cycle on
Berberis spp.

N

Basidiospores (n) to

infect alternate host
Telia containing
teliospores atthe end of
ing st
Basidiospores (n) on HOWInESage
basidiumreported in Teliospores (n+n)
laboratory conditions

Fig. S1. Life cycle of Puccinia striiformisf.sp. tritici, showing the asexual cycle (Stubbs, 1985; Jin et
al., 2010).
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Fig. S4. The phylogenetic tree generated by the UR@FION software (1000 bootstraps) for 56
PST isolates from five genetic groups of six gepfgreal origins. The low bootstraps values could
result due to the inter-group hybrid isolates dredxistence of group specific rare alleles.

Table S1. Estimates of Fst (upper diagonal) anagigsificance (lower diagonal) based on 17
SSR loci for PST isolates from six geographicagjios.

Northern Middle-

France M editerranean East Pakigtan China Nepal
Northern
France - 0.2340 0.2413  0.3313 0.1786 0.2757
M editerranean 0.01 - 0.0000  0.1357 0.1873 0.1332
Middle-East 0.02 0.42 - 0.1186 0.1988 0.1054
Pakistan 0.00 0.01 0.01 - 0.2521 0.0920
China 0.00 0.00 0.00 0.00 - 0.1097
Nepal 0.00 0.00 0.00 0.00 0.00 -
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ABSTRACT

Understanding the temporal maintenance of fungtiqugens in their centre of diversity is crucial for
comprehending the fungal ecology in the contexinefsion. The centre of diversity éfuccinia
striiformis f.sp. tritici (PST) has recently been reported in the Himalaggion, with Pakistan and
China harbouring ancestral to all other worldwidgylations. We investigated the between season
“temporal” maintenance of PST in the Himalayan eegiof Pakistan through microsatellite

genotyping of 684 isolates from 14 locations in @G&nd 2011. High genotypic and pathotypic
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diversity, recombinant population structure acrakdocations and shallow population subdivision
was observed. The genotypes were assigned to ématig groups in a complex mosaic, with a clear
subdivision only between a zone with no alternaist IBerberis), and theBerberis zone. The non-
Berberis zone population was closely related to the divenggr-summering population derberis
zone. This over-summering population seems to sasve source for the ndBerberis zone. Despite
the lack of any differentiation in populations asgdawo sampling years (non-significarg)i-only two
multilocus genotypes (MLGs) at the maximum wereanggled over both years at a given location,
suggesting a limited across-year survival througiality. A genotyping of infecte@erberis leaves
confirmed the presence Bliccinia striiformis; however, thdormae specialis needs to be confirmed.
Our results thus suggest the contribution of bettual recombination (in thgerberis zone) and over-
summering survival (in the ndBerberis zone) to the temporal maintenance of PST in theatigan

region of Pakistan.

INTRODUCTION

Knowledge of the population structure and tempanalntenance of fungal pathogens in ecological
context is critical for the development of efficiatisease management strategies. Due to theiirrole
recent disease emergences, fungi are being inoghasecognized as a major threat to food security
and ecosystem health (Deainal., 2012; Fisheet al., 2012; Gladiewet al., 2011; Simwamet al.,
2011). Modern molecular epidemiology tools can Hetter comprehend fungal ecology as they can
(i) provide insights into pathogen transmissibijlitiye longevity of populations and their maintereanc
over seasons, (ii) allow the identification of icfien reservoirs, and (iii) enable prediction o€ th
evolutionary potential of extant populations (Mc@th Linde, 2002; Milgroom, Peever, 2003;
Taylor, Fisher, 2003). An accurate understandingagulation structure is particularly important in
the centre of diversity of pathogens, as the zaevitks highest diversity represent a significant #ire
acting as reservoirs for rare alleles involved athpgenicity, drug-resistance or adaptive resptmse

abiotic factors. Individuals with such advantagealisles have an increased potential for invading
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new host populations or new territories. The imgace of such invasions becomes even more crucial
for evolutionary trajectories of pathogens lackggnetic diversity outside of these diversity zones
(e.g. pathogen with clonal population structurepezially if the pathogen has long distance migrati

capacity (Brown, Hovmgller, 2002).

Wheat yellow rust is an economically important wihdsease of all wheat-growing regions with
temperate to mild-cold climate (Adt al., 2009b; de Vallavieille-Popet al., 2012; Hovmglleset al.,
2011; Hovmglleret al., 2010; Singhet al., 2004). The disease is caused by a basidiomyoatus,
Puccinia striiformis f.sp. tritici (PST), which has a long distance migration capacifigrown,
Hovmgller, 2002). The pathogen remains importanthe context of invasions and re-emergence
(Hovmgller et al., 2008; Singhet al., 2004; Wellings, 2007), however, our understandifigts
biogeography and colonization history was limitedtiluvery recently. Population genetics surveys
revealed a clonal population structure in North{ews Europe, USA, Australia and Mediterranean
region (Babhriet al., 2009; Cheret al., 1993; Enjalbertt al., 2005; Hovmglleet al., 2002; Wellings,
2007), and a high diversity in China (Duetral., 2010; Mboupet al., 2009) and Pakistan (Balatial.,
2011). In many countries, PST reproduces exclugiggkexually on its main (uredial) host, wheat,
yielding a highly clonal population structure. lrese regions, summer and autumn survival of PST is
assumed to be dependent on volunteers or self-sdveat and, to a lesser extent, on other grass
species (Aliet al., 2010; de Vallavieille-Popet al., 2012; Enjalbertt al., 2005). New epidemics can
also be initiated by migration from regions wher8TPis capable of over-summering (Brown,
Hovmgller, 2002). Differences in wheat maturati@tvieeen regions of contrasted altitudes can allow
an overlapping period between the lowland sowind highland harvest periods, creating a “green
bridge” (Brown, Hovmgiller, 2002; Waet al., 2004). The sexual phase of the life cycle of P&%
only recently been documented Barberis spp. under laboratory condition (Jat al., 2010), ending
decades of unfruitful search (Stubbs, 1985). InchRugles like stem and leaf ruduccinia graminis

or Puccinia triticina), telia are produced at the end of season, andinedormant during the inter-
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cropping season. In early spring, the teliosposrsate to form haploid basidiospores, which then
infect an alternate (“aecial”) host to complete siexxual cycle. After a complex process, recombinant
dikaryotic aeciospores are produced in late spoimghe alternate host, responsible for the prodnocti

of an initial inoculum re-infecting the uredial id&heat) and initiating new epidemics (Fig.1).

Aecia onthe
lower side of
Berberis leaf

Telia producedatthe end of
wheatseason

Pycniaonthe SEXUAL CYCLE
upperside of
Berberis leaf

8 Teliospores

E (n+n)

Fig. 1. Life cycle ofPuccinia striiformis. It passes its epidemic stage on wheat througérakasexual
cycles in the form of uredinial stage (a), prodgcielia (b) at the end of wheat season. The telia
contains teliospores (c), which passes throughdgamy (d) and meiosis to produce a basidium
developing into four basidiospores (e). The basilioes infect the alternate hoBeiberis spp.) to
produce the disease symptoms at the pycnial (f)a@uial (g) stages on the upper and lower leaf
surface, respectively, as observedearberis spp. at Pakistan.
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Sexual reproduction has been suspected in popuatibPST that exhibit footprints of recombination
in their genetic structure, such as in China, Nepd&takistan (Aliet al., in preparation-a; Bahst al.,
2011; Duaret al., 2010; Mboupet al., 2009), but the effective role of an alternatet lspecies in the
biology of a PST population has not yet been idieqdti A detailed study using a comprehensive set of
samples collected worldwide identified the cenfrdigersity of the pathogen in the Himalayan region
ranging from Pakistan to Nepal, and confirmed #eombining population structure of PST in this
region and its clonal population structure in otparts of the world (Aliet al., in preparation-a).
Coalescent-based analyses of microsatellite vaniagiso pinpointed populations from Pakistan and
China as the most likely ancestral source of waddwPST populations (Akt al., in preparation-a).
Pakistan is thus a good candidate area for desgriBST populations involving, at least partly, the
sexual cycle on an alternate host. The identibcatof PST through molecular genotyping of rust
infected Berberis leaves would be a first step to demonstrate the ob sexual reproduction on
Berberis. However, the biological test for completing tlife lcycle would be necessary to be more

conclusive.

PST has remained an economically important whesgadie throughout the Pakistan, particularly in
the northern Himalayan region (Adi al., 2009b; Rizwaret al., 2010; Singtet al., 2004) with genetic
resistance being used as the most economical awmiblomment friendly control measure. As
successive epidemics resulted from the breakdowtheofajor yellow rust resistance genes that were
deployed, mainlyrr2, Yr9 andYr27 (Duveilleret al., 2007; Singtet al., 2004), efforts have also been
made for the deployment of minor genes basedapaesistance (Alet al., 2007; Aliet al., 2009a;
Shah et al., 2009). The pathogen, however, has proven capalwfi overcoming such partial
resistance as well (Huerta-Espino, Singh, 1996k, Mdcintosh, 1994). This capacity of the pathogen
to adapt to host resistance is likely a resultightwithin population diversity and sexual reprotioic

by the pathogen (Giraug al., 2010; Giraudet al., 2006; Gladieuwset al., 2011; McDonald, Linde,

101



Chapter 111. Temporal maintenance of Pakistani PST population

2002; Sobsey, Pillai, 2009; Stukenbrock, McDon&@08) as well as if the populations are

maintained stably over time.

Several hypotheses have been proposed regarditgntiperal maintenance of PST in Pakistan. Over-
summering of PST in the Himalayan region on sumwierat crop has been suggested as a source for
re-establishment in the winter wheat cropping regi¢Bahriet al., 2011; Chaube, Pundhir, 2005;
Hassan, 1968). Several lines of evidence sugggstsaible role of the sexual reproduction in the
temporal maintenance of PST in the Himalayan regidpakistan: i) the existence of a high genotypic
diversity and recombinant population structure (@lal., in preparation-a; Bahet al., 2011), i) a
high sexual reproduction ability, estimated frortiateproduction capacity (Alet al., 2010), and iii)

the presence of the supposed alternate Bedberis spp., in the region (Perveen, Qaiser, 2010; &ay
al., 2011). Others suggested repeated migrations themMiddle-East and central Asia to establish
the PST populations in Pakistan, exemplified by ithursion of pathotypes with virulenc&/9’

(Singhet al., 2004).

The temporal maintenance of PST can be investigayedomparing a series of temporally spaced
population samples to assess the role of over-sumgpenigration and/or sexual reproduction. The
temporal maintenance of isolates through volunpdents would result in resampling of clonemates,
in direct relation with the effective size of thepulation (Ali et al., In preparation-b; Burét al.,
1996). Effective population size itself will mosttiepend on the number of individuals establishing
the new epidemics, and therefore on the efficiesfcgver-summering clonal and/or sexual survival.
Presence of a “green bridge” would prevent a strbotlleneck, and allow the maintenance of
numerous clonal lineages, while survival througkusé reproduction would re-shuffle alleles into
new genotypes, and break up clonal lineages. Téomgpdral shifts in population along with the

comparison with over-summering populations wouldvjde a description of the temporal
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maintenance of PST in Pakistan. Confirmation ofghesence of yellow rust dBerberis leaves will

support the role of sexual reproduction in PST teralstability.

The present study was based on samples collectadheat cultivars in th8erberis and nonBerberis
zones of the Himalayan Mountains in Northern Pakistvhere wheat is cultivated from November to
May. A single sample was also collected from thermer wheat growing region with wheat season
from June to September. Aecia infecBmiberis leaves were also collected from different locadioh
Berberis zone. Multilocus microsatellite typing of a compeekive set of isolates was used i) to
investigate the existence of recombination andgenegraphic distribution of genetic and pathotypic
variability; ii) to assess the existence of spatiapulation subdivision; iii) to compare populason
sampled at the same place in two consecutive yeairser temporal maintenance of PST in these
areas; iv) to confirm the presence of yellow rusBerberis plants near wheat fields the Himalayan
region of Pakistan; v) and to test whether sumnfezai can serve as a “green-bridge” that maintains

inoculums during the off-season.

MATERIALS AND METHODS

Sampling, multiplication and molecular genotyping

PSTisolates were collected in the wheat-growing regionthe Himalayan Mountains of Pakistan,
ranging from Khyber in the Hindu-Kush at the frentof Afghanistan in the west to Skardu at the
frontier of Kashmir in the East (Fig. 2 and Table Eirst sampling was done from 10 different
locations in April 2010 for all regions (wheat griogy season: November-May) except for Skardu, in
the summer wheat growing region, which was sampiedugust 2010. This site was central for
testing the existence of a “green-bridge”, wherenmer wheat fields would ensure the over-
summering of the PST populations. In 2011, a secampling was done at 11 locations, eight of

which were the same as in 2010. Thus a total ofotdtions were included in the present study.
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Berberis spp. were absent in only two lowland locations fRe&ar and Nowshera, termed as “non-
Berberis zone”), whileBerberis spp. were abundant in all other locations (teratBerberis zone”),
including the over-summering areBerberis spp. leaves infected with rust were collected fraine

locations in 2011 to confirm whethBuccinia striiformis was present.

DNA was extracted from either 5 mg of spores omfra single lesion from infected wheat leaves
following Ali et al. (2011). A set of 20 microsaitds amplified in three multiplex PCR reactionsswa
used for molecular genotyping. PCR products weralyaad with a Beckman Coulter CEQ-8000
DNA Analyzer, allowing to record fragment lengtlos €ach allele (Alet al., 2011). From a subset of
eight Berberis infected leaves, isolated clusters of aecial cupsewcut out of the leaf for DNA

extraction and microsatellite genotyping usingshme procedure.
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Fig. 2. Sampling locations d?uccinia striiformis (PST) populations from the Himalayan region of
Pakistan surveyed during 2010 and 2011 to undetsR®T population structure and temporal
maintenance at its centre of diversity.
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Analyses of population structure

We first checked the suitability of the markers flatecting multilocus genotypes (MLGSs) under
panmixia by plotting the number of MLGs detectediagt the number of loci using GENECLONE
(Arnaud-Haond, Belkhir, 2007). The non-redundantythe set of loci was also investigated by

estimating linkage disequilibrium among marker paising GENETIX 4.05.2 (Belkhat al., 2004).

Observed (Ho) and unbiased expected heterozyg@isey were computed using GENETIX 4.05.2
software (Belkhiret al., 2004). The null hypothesis of Hardy-Weinberg éguum within each
population was tested using the exact test implésaeimn GENEPOP 4.0 (Raymond, Rousset, 1995).
Within population diversity was studied using adletichness and gene diversity calculated using
FSTAT 2.9.3 (Goudet, 2001) and genotypic divergifgs calculated using MULTILOCUS (Agapow,
Burt, 2001). Calculations were performed both om fill dataset and on a clone-corrected dataset
(i.e., a dataset in which only one representativeazh repeated MLG is kept) to avoid the bias

resulting from epidemic clonal amplification (MaydaSmithet al., 1993).

Spatial population structure was assessed usinly bmidel-based Bayesian and non-parametric
multivariate clustering methods. We used the mbdsled Bayesian method implemented in the
STRUCTURE 2.2 software (Pritchasetial., 2000), which assigns multilocus genotypes intesters
while minimizing the Hardy-Weinberg disequilibriuvamd gametic phase disequilibrium between loci
within clusters. A total of 20 independent runs waade with a burn-in period of 100,000 and a total
of 200,000 iterations, selectirtg ranging from 1 to 20. TRUCTURE outputs were processed with
CLumPP (Jakobsson, Rosenberg, 2007) to assign groupsnsfto a common clustering pattern (G'-
statistic greater than 80%). The optinkalvalue was determined using the method of Evanral. et

(2005) based on the rate of change in the log jpibtyeof data between successievalues.

105



Chapter 111. Temporal maintenance of Pakistani PST population

As STRUCTURE can overestimate the number of clastenen there is relatedness among some
genotypes (e.g. due to asexual reproduction;&alb, 2007)we also analysed population subdivision
using a non-parametric approach, which does ngt oel a particular genetic model. We used
discriminant analysis of principal components (DAR@Gplemented in AEGENET package (Jombart

et al., 2010), inR environment. For DAPC, the number of clusters wihentified based on the
Bayesian Information Criterion (BIC) as suggestgdlombartet al.(2010). The relationships among
populations were represented using a neighboumpi(NJ) tree based on Nei's genetic distance, as
implemented in the POPULATION software (Langell@p8). Significance was assessed using 1000
bootstraps. The extent of differentiation betweepypation pairs was assessed using painkise
with 1000 random permutations to test for significan (GENETIX 4.05.2; Belkhiet al., 2004).
Additionally, analyses of molecular variance (AMO)Avere carried out with ARLEQUIN 3.1
(Excoffier et al., 2005) to estimate the distribution of moleculariation within location, across

locations and over years.

ns OHe OHo
051 ns ns
"] ns p
ns g ns
- 04 1 ps = ns [T " . ns ns _ns ns
g e - o -
wn oy 1 ] . -
O 0.3 A - ]
oo
>
N
e 0.2 -
Q
+—
Q
I 01 A
0
< < > & > 2 A o N N > X
L, E T LTLESE S S
L & NP BN S SR SNC N
NSO N G P VTS P ST
¥ v

Geographical region

Fig. 3. Mean expected (He) and observed (Ho) heygasity over 20 microsatellite markers for
Puccinia striiformis f.sp.tritici populations from the Himalayan region of Pakistan.

106



Chapter 111. Temporal maintenance of Pakistani PST population

Characterization of virulence profiles

Virulence profiles for a subset of 127 isolateseva@etermined to assess the pathotypic diversitlgeof
Himalayan PST population and to compare it with pheviously characterized world and Pakistani
isolates. Each of the 127 isolates was multipliesf a single lesion on the susceptible cultivars
Cartago or Michigan Amber in a fully confined S$¢ygreenhouse as described previously (Beihri
al.,, 2011; de Vallavieille-Popet al., 2002). Virulence profiles were determined usingea of 36
differential lines from the world, European and i@&tie sets along with 17 Avocet wheat lines using a
gualitative infection-type scale of 0-9, as desadilpreviously (de Vallavieille-Popat al., 2012; de

Vallavieille-Popeet al., 1990; Johnsost al., 1972).

Temporal maintenance of PST populations

The temporal maintenance of populations was ingat#d by examining temporal shifts in genetic
composition at the eight locations sampled botB0h0 and 2011. Temporal shifts were assessed by
measuringFsr between the two years, inspecting the resamplingnaftilocus genotypes and
estimating the effective population size (basedte@nporal variance of allele frequencies: Waples,
1989). Additionally “historic” estimates, measuritige long-term effective population size from one
single sample, were estimated for all populatidfistoric estimates were made based on two linkage
disequilibrium methods i.e., the method of Pudowkiral. (1996) implemented in Ne-ESTIMATOR
software and the method of Waples and Do (2010)leémented in LDNe software. The over-
summering wheat population was compared with tleerofl3 locations, to assess whether some
genotypes were found in common, suggesting theepoesof a “green-bridge”. In that case, the 2010
samples would be considered as potential source®adlum for the over-summering area sampled in

late 2010, while 2011 locations would reverselybesidered as recipient populations.
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Table 1. Gene and genotypic diversity indices Faccinia striiformis populations for geographically spaced populationsnfthe Himalayan region of
Pakistan, sampled in 2010 and 2011.

Genotypic diversity

Gene diversity

vear Location Presence oBerberis _Nu_m_ber of MLGs G(_anotypic Most abundant _ L_inkgge _Geng No. of AIIeIic

spp. individuals diversity MLG's frequency  disequilibrium (Rd) diversity alleles Richness

Khyber Yes * 35 25 0.971 5 0.31 0.323 3.100 2.435
Peshawar No 12 9 0.939 3 0.303 0.422 2.650 2.575
Nowshera No 19 8 0.673 11 0.701 0.356 2.400 2.200
Haripur Yes * 42 20 0.864 15 0.33 0.301 3.050 2.360
Abbottabad Yes 34 31 0.993 3 0.112 0.333 3.200 2.401

g Mansehra Yes 28 27 0.997 2 0.174 0.349 3.200 2.531
o Battal Yes 46 33 0.967 8 0.305 0.328 3.300 2.489
Battagram Yes 9 9 1 1 0.092 0.341 2.500 2.500
Attarshisha Yes 30 22 0.966 5 0.207 0.284 2.600 2.148
Balakot Yes 24 18 0.975 3 0.152 0.368 3.100 2.600
Skardu Yes (O‘\j\ﬁ::(;;“me””g 63 54 0.991 5 0.115 0.441 3.600 2.798
Peshawar No 33 23 0.973 4 0.294 0.447 3.350 2.818
Nowshera No 16 10 0.825 7 0.609 0.337 2.150 2.079
Abbottabad Yes 18 9 0.706 10 0.593 0.386 2.450 2.322
Mansehra Yes 61 54 0.991 6 0.273 0.449 3.350 2.892

-  Tanawal Yes 22 19 0.983 3 0.249 0.345 3.050 2.629
§ Siran Yes 51 33 0.939 11 0.199 0.336 3.000 2.382
Oghi Yes 19 16 0.977 3 0.16 0.312 2.250 2.152
Battal Yes 35 30 0.99 3 0.126 0.319 2.450 2.198
Battagram Yes 20 17 0.984 2 0.257 0.373 3.050 2.700
Attarshisha Yes 40 31 0.953 9 0.174 0.302 3.100 2.290
Balakot Yes 27 21 0.977 3 0.178 0.328 2.750 2.306

* Berberis spp. present only on the surrounding mountaingoecvicinity to the fields.
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RESULTS

Summary of genetic variation

Multilocus microsatellite genotyping of 684 isolatef PST sampled from 14 locations in the
Himalayan region of Pakistan resulted in the deracbf 470 multilocus genotypes (232 MLGs in
2010 and 238 in 2011). The full set of markers wafficient to discriminate different clonemates, as
shown by the saturating curve of MLGs plotted agfaimarker number (Fig. S1, supporting
information). There was no redundancy among maykessrevealed by the overall non-significant

linkage disequilibrium among microsatellites (daté shown).

Microsatellite genotyping of the eight infected Vea of Berberis spp. from theBerberis zone of
Pakistan amplified the same alleles as amplifieBuccinia striiformis in our collections. The alleles
found were mostly the same as observed in the whésting PST collection of Pakistan, but with
some additional alleles not observed before. Thas®les presented three or four alleles at some SSR

loci, which was explained by the presence diffegamotypes within the same aecial lesion.

Geographical patterns of genetic variability

All populations revealed a clear signature of relsm@tion and high genotypic diversity. The
difference between observed (Ho) and expected [t@&rozygosity was non-significant across all
geographically spaced populations, consistent wipectations under Hardy-Weinberg equilibrium
(Fig. 3). Genotypic diversity was high at all ldoats for both sampling years, with the minimum
value of a 0.673 for the ndBerberis zone population of Nowshera in 2010. All locatidram the

Berberis zone had a genotypic diversity above 0.90, eximepibbottabad in 2011 (0.71). Populations
from Berberis zone had higher gene diversity, number of alleled allelic richness than the non-

Berberis zone populations (Table 1).
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Fig. 4. Assignment analyses of 6Bdccinia striiformis f.sp.tritici isolates from 14 different locations
from the Himalayan region of Pakistan. A = Assigninef isolates using STRUCTURE software. B
and C = Map of spatial distribution of genotypesdshon their membership coefficients in 4 genetic
groups for sampling years of 2010 and 2011. Isslatith at least 40% assignment to two different
groups were termed as “admixed (A)”, while thoseassigned to any specific group were considered
as “unassigned (U)".
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Population subdivision

Clustering analyses with the STRUCTURE softwarartyeidentified population subdivision in the
Pakistani samples. The clustering of isolates vgaessed foK ranging from 2 to 10 (Fig. S2), with
K=4 as the optimal number of clusters (Evashal., 2005: Fig. S3).K=2 separated the ndserberis
zone (Peshawar and Nowshera) from the rest ofstblates with a mixed assignment for the over-
summering population from Skardu (Fig. S2).K&t4, two groups were discriminated in tBerberis
zone, respectively in the Siran Valley and in Harjpwith substantial resampling in other areas.(Fig

4).

Non-parametric analyses mostly confirmed STRUCTURfalyses (Fig. S4). The overall data
analyses could separate only three populationsine. group comprised of the two nBerberis zone
and over-summerinBerberis zone populations together, another group of Siediey population and
a third group with the rest of thBerberis zone (Fig. S4). Similarly, the described population
subdivision was further confirmed by pairwigr estimates, with a strong differentiation of non-
Berberis zone populations from all other locations except diver-summering population from the
Berberis zone (Skardu: Table 2). Although pairwisg values were significant between most of the
populations, the level of differentiation was loveanong populations belonging to tBerberis zone.
The AMOVA revealed that 86% of variation was preseithin populations and 14% of the variation

was due to the between groups, while there wasanation due to sampling years (Table S1).

Comparison of temporally spaced populations and effective population size estimation

A non-significance differentiation was found betwegears for the eight locations sampled in both
2010 and 2011 (non-significals;, mean 0.0981 + 0.0618 (SD), Table 3) except fobditabad
(0.2375) and Attarshisha (0.1359). The number oftitncus genotypes (MLGs) resampled through

both years ranged from O to 2, suggesting a liméetbss year survival of populations through
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clonality (Table 3). The temporal effective popidatsize was the lowest at Abbottabad (9.1), while

for the rest of locations it ranged from 20 for Nahwera, to 35.2 for Battagram (Table 3). Estimates

based on linkage disequilibrium resulted in lowues of “historic” effective population size ranging

from 0.3 (Nowshera-2011) to 8.2 (Battagram-2010).

Table 2.Divergence of georgraphically spadegccinia striiformis populations from the Himalayan region of Pakistan
in terms of Fst (upper diagonal) and its signifc@afower diagonal) based on 20 microsatillite.loci

= @ g T %:- § o g:"u 5 w n

g2 § &8 3 58 § 5 ¢ o B € % 3 3

: 5 % s & § § & £ & § 3 3§ ¢
Khyber - 0.233 0.345 0.037 0.078 0.039 0.062 0.028 0.018 0.072 0.020 0.059 0.040 0.204
Peshawar 0.000 0.030 0.225 0.120 0.145 0.178 0.263 0.2212430 0.210 0.240 0.2230.063
Nowshera 0.000 0.000 - 0.328 0.184 0.225 0.280 0.366 0.3423230 0.311 0.336 0.311 0.112
Haripur 0.020 0.000 0.000 - 0.061 0.047 0.009 0.092 0.041 0.0610430 0.039 0.064 0.195
Abbottabad 0.000 0.000 0.000 0.000 - 0.017 0.031 0.084 0.0600430 0.038 0.054 0.047 0.092
Mansehra 0.000 0.000 0.000 0.000 0.010 - 0.031 0.040 0.046028 0.004 0.033 0.022 0.131
Tanawal 0.000 0.000 0.000 0.000 0.000 0.000 - 0.109.026 0.056 0.044 0.021 0.069 0.152
Siran 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.0550720 0.021 0.079 0.017 0.224
Oghi 0.070 0.000 0.000 0.010 0.000 0.000 0.060 0.000 - 0.071 0.043 0.045 0.054 0.178
Battal 0.000 0.000 0.000 0.0000 0.0000 0.0000 0.0000 0.000.0000 - 0.018 0.042 0.051 0.193
Battagram 0.010 0.000 0.000 0.000 0.000 0.220 0.000 0.050 0.000 0.000 - 0.029 0.009 0.185
Attarshisha 0.000 0.000 0.000 0.100 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.051@
Balakot 0.000 0.000 0.000 0.000 0.000 0.000 0.00.020 0.000 0.000 0.120 0.000 - 0.188
Skardu 0.000 0.030 0.000 0.000 0.090 0.000 0.000 0.000 0.000 0.000000.00.000 0.000 -

Non-significant kr values (> 0.01) are shown as bold.
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Fst values were significant for all comparisons of theer-summering population with the other
populations, except for Peshawar in 2016; & 0.028). The Lowestdr values were found for the
non-Berberis location (Peshawar) in both years, as well asrmeBerberis location (Nowshera) in
2010 and twoBerberis locations in 2011 (Table S3). However, none of lineations shared the
multilocus genotypes resampled in this over-summgeldcation, except for one single MLG that was

resampled at most of the locations.

Virulences and pathotypic diversity at the Himalayan region of Pakistan

Virulences were detected to 20 out of the 26 diffieryellow rust resistancér) genes, with regional
differences in virulence diversity (Table 5). Thusulence was absent only to six resistances genes
i.e., Yr3, Yr10, Yrl7, Yr26, Yr32 andYrSp. Virulence toYr2 andYr9 were fixed in all populations,
while V6 andV8 were fixed in four out of 11 tested populationsruiénces toYr5, Yrl5, VrSd and
Yr24 were rare and found only at some locations (T&QleThese virulences were present in 53
different virulence combinations (pathotypes) floe 127 tested isolates (Table 2), suggesting a high
pathotypic diversity when compared to other worltlviclonal populations of PST (de Vallavieille-
Popeet al., 2012). None of the pathotypes was prevalent énaverall region, as no pathotype was
found at all locations and no one was predominamh@e than two regions. Similarly, at a given
location no single pathotype had a frequency highan 30% in theBerberis zone. The highest
number of pathotypes was observed at Battal (18opgies) while the lowest was detected at

Peshawar (2 pathotypes).
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Table 3. Differentiation between temporally spad&ecinia striiformis f.sp. tritici populations Fsy),
temporal effective population size (Ne) and the benof resampled multilocus genotypes (MLGS) over
2010 and 2011 from 8 locations of Pakistan.

Number of resampled

Sample For MLGs and their
size between frequency over two

Locations 2010 and 2011 Ne £+ 95% CI years*
Peshawar 45 0.0719 32.6[17.7-61.6] 1(5:3)
Nowshera 35 0.0863 20.0 [10.0-38.0] 1(13:1)
Abbottabad 52 0.2375 9.1[5.5-14.0] 1(1:112)
Mansehra 89 0.0522 32.6 [19.7-51.8] 2 (2:2) (1:6)
Battal 81 0.0740 31.1[18.4-50.0] 0
Battagram 29 0.0661 35.2 [16.6-88.7] 0
Attarshisha 70 0.1359 23.1[13.8-36.7] 0
Balakot 51 0.0609 33.7 [18.5-60.5] 1(1:5)

* The first digit shows the number of multilocusnggypes (MLGs) resampled, while the frequency ih®@and 2011
are shown in brackets.

Table 4. Estimates of effective population siz&®%%o Cl)for Puccinia striiformis f.sp. tritici populations
from different locations in the Himalayan region Békistan using two methods based on linkage

disequilibrium.

Year Location Sample size LDNe softwaré Ne-estimator®
Khyber 35 1.2(1.1-1.4) 2.4 (2.2-2.6)
Peshawar 12 0.7 (0.6-0.9) - -
Nowshera 19 0.3 (0.3-0.4) 0.7 (0.7-0.8)
Haripur 42 1.5(1.3-1.7) 2.9 (2.7-3.2)

o Abbottabad 34 7.2 (4.1-10.1) 5 (4.5-5.5)
§ Mansehra 28 2.7 (2.3-3.1) 5.3 (4.8-5.9)
Battal 46 1.6 (1.4-1.8) 2.9 (2.7-3.1)
Battagram 9 8.2 2.6-44.0) 8.5 (6.2-12.5)
Attarshisha 30 1.6 (1.3-1.9) 2.8 (2.5-3.1)
Balakot 24 2 (1.6-2.4) 4 (3.6-4.4)
Skardu 63 3.3(2.9-3.6) 7.3 (6.8-7.9)
Peshawar 33 1.2 (1.1-1.9) - -
Nowshera 16 0.3 (0.3-0.4) - -
Abbottabad 18 0.4 (0.3-0.5) 0.8 (0.7-0.9)
Mansehra 61 1.5(1.3-1.6) 3.1 (2.9-3.3)
- Tanawal 22 1.51.3-1.8) 2.7 (2.5-3.0)
S Siran 51 1.5 (1.3-1.7) 3.6 (3.3-3.9)
Oghi 19 1.4 (1.0-1.8) 3 (2.6-3.5)
Battal 35 1.8 (1.5-2.2) 3.6 (3.1-4.0)
Battagram 20 1.5(1.3-1.7) 2.6 (2.3-2.8)
Attarshisha 40 4.4 (3.5-7.1) 4.7 (4.3-5.2)
Balakot 27 1.5(1.3-1.8) 3.5(3.1-3.8)

2 Following the algorithm of Waples and Do (2010%;Following the algorithm of Pudovkin et al. (1996)
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DISCUSSION

We used multilocus microsatellite genotyping anthpgenicity tests to infer the population structure
of PST in the Himalayan region of Pakistan, a rdgeamescribed centre of diversity (Aét al., in
preparation-a). Our analyses of natural PST pojpulsatsampled from wheat fields revealed the
existence of a recombining population structurghhlgenotypic and high pathotypic diversity at each
location. This level of diversity stands in stadntrasts with the very low genetic variability obst
PST populations around the world (&tial., in preparation-a). The high genotypic diversiy&T in
Pakistan reported by Bahri et al. (2011) on thdsbaka limited set of isolates, raised the questio
whether the observed high diversity in PakistanIdobe the result of migration or local
recombination. Here our results suggest the tenhgtahility of populations, despite the presenca of
spatial pattern of population subdivision at regiolevel, thus supporting the importance of local
survival through sexual cycle. The genotypingBarberis leaves infected with rust revealed the
presence ofuccinia striiformis sensu lato (Liu, Hambleton, 2010)supporting the role of sexual
recombination. The contribution of over-summeringulation, which seems to be maintained locally,

was very low to the populations Bérberis zone in comparison to ndBerberis zone.

High levels of genotypic diversity and recombining population structure

Analyses of microsatellite variation in Himalaya8 Ppopulations of Pakistan revealed the existence
of high levels of genotypic diversity, no signifitadifference between observed and expected
heterozygosity and low levels of linkage disequilim between markers consistent with the existence
of recombination in the area. Pakistani populatisrese clearly differentiated from other world
populations (Aliet al., in preparation-a) despite the capacity of lorgjadice migration in PST up to
continental scales (Brown, Hovmgller, 2002; Hovrezdt al., 2008), suggesting the local stability of
Pakistani genetic groups. This stability is alspparted by the fact that genotypes closely reléted
the recently spread aggressive strain PstS2 (Hdenalal., 2010) were present in Pakistan but did

not dominate the local Pakistani PST populationdntrast to the populations in the Middle-East (R.
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Table 5.Frequency (%) of different virulence factordHuaccinia striiformis populations from different locations of the Himadayregion of Pakistan sampled in 2010.

Virulence* Khyber Peshawar Nowshera Haripur Abbottabad Mansehra Battal Battagram Attarshisha Balakot %ardu Overall population
Vrl 72 0 0 30 7 60 8 33 0 27 25 24
Vr2 100 100 100 100 100 100 100 100 100 100 100 100
Vr3 0 0 0 0 0 0 0 0 0 0 0 0

Vr4 6 0 0 0 0 0 0 0 38 9 50 8
Vr5 0 0 0 0 0 0 8 0 0 0 0 2

Vr6 78 100 100 100 93 60 88 83 25 55 100 78
Vr7 89 100 100 100 100 100 100 100 100 100 100 98
Vvr8 61 100 100 45 64 40 75 100 81 82 100 71
Vr9 100 100 100 100 100 100 100 100 100 100 100 100
Vrl0 0 0 0 0 0 0 0 0 0 0 0 0
Vrl5 0 0 20 0 0 0 0 0 0 0 0 1
Vrl7 0 0 0 0 0 0 0 0 0 0 0 0
Vr24 0 0 0 0 0 0 4 0 0 0 0 1
Vr25 11 100 80 5 14 20 17 33 0 9 75 19
Vr26 0 0 0 0 0 0 0 0 0 0 0 0
Vr27 83 0 20 85 79 60 79 33 25 45 50 62
Vr32 0 0 0 0 0 0 0 0 0 0 0 0
VrA 22 100 80 25 36 40 21 17 6 18 100 29
VrSd 0 50 0 0 0 0 0 0 0 0 50 3
VrSu 94 0 20 95 86 80 92 100 100 91 25 85
VrSp 0 0 0 0 0 0 0 0 0 0 0 0
VrEp 11 100 80 5 14 20 38 17 0 9 100 23
VrVic 11 100 80 5 14 20 25 17 0 27 100 22
VrAv 50 100 80 50 79 60 46 50 56 55 100 58
Isolates tested 14 11 24 6 20 18 5 5 4 4 16 127

* Virulence factors for A, Sd, Su, Sp, Ep, Vic, Aefer to resistance genes of cvs Anza, StrubeskDjufk, Suwon92xOmar, Spalding Prolific, Early Prem,Victo,
Avocet, respectively.
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Amil, unpublished data) where PstS2 dominated ts¢ majority of the area. The temporal stability,
high genotypic diversity and recombining populatiiructure of local populations is therefore most
likely the result of sexual reproduction locallyther than recurrent immigration of genotypes from
other regions. The occurrence of local sexual réxoation is further supported by a high telial
production ability of Pakistani populations (A al., 2010), and by a high abundance Bérberis
spp. (the alternate host for the sexual cycle of :P¥Bn et al., 2010) in the Himalayan uplands
(Perveen, Qaiser, 2010; Ratyal., 2011). Thus we propose that local sexual recoation and not
migration from other world populations causes theva described high genotypic diversity of PST in
Pakistan. We identified plants d&erberis spp. severely infected with rust in all the prospdc
locations ofBerberis zone (Fig. 1). The microsatellite genotyping ofreigamples from these infected
leaves confirmed that they likely belongedPiaccinia striiformis sensu lato (Liu, Hambleton, 2010),
as our SSRs should be specific to yellow rustive. yerified that they do not amplif: triticina (leaf
rust) or P. graminis f.sp. tritici (stem rust). However, the amplification of closetyated species and

formae specialis needs to be confirmed through additional sequenoased analyses.

Pathotypic diversity in the Himalayan region of Pakistan

Analyses of virulence profiles of Pakistani PST glagions revealed the existence of high diversity i
the Himalayan region, confirming previous resuBalfri et al., 2011; Rizwaret al., 2010). The high
frequency or fixation of different virulenced®r@, Vr9, Vr6 and Vr8) is in accordance with the
cultivation of resistance varieties with the machyr genes (Bahrét al., 2011; Rizwaret al., 2010),
except forvr8 that is not deployed in Pakistan. Similar casesviailences not associated to a
corresponding host induced selection were foufi8, (Yr24, Yr15, YrSd), and are in accordance with
the high diversity of the pathogen in this arealdifionally avirulence was observed for Victo, whic
has been reported generally susceptible to PSatésoin other parts of the world (de Vallavieille-
Popeet al., 2012). Our results showed no dominance of anhgbgpe in any of the locations.

Additionally none of the pathotypes was specifiatgiven genetic group, except P-26 (wWitt2, 6, 7,
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8, 9, 25, A, Ep, Vic, Av), with nine isolates belonging to the genetic gralominant in Peshawar

valley.

Comparison of the pathotypes observed in the ptetady with a previous study conducted on PST
populations from Pakistan revealed the existencalrabst the same virulences but in more diverse
combinations. In Peshawar and Nowshera, samplétkeitwo studies, pathotype data were available
over three years. The dominant pathotype of 20@h(Et al., 2011) and 2008 (Shah, 2010) were not
the same as in 2010, but they were still resampl@®10. This could not arise from any host slat,
varieties based on the saiYregenes were cultivated during the period, but fbgsi result of founder
events, with recurrent re-establishment of the pgjmn from Berberis zone (likely from the over-
summering area). Comparison with the worldwide riisted pathotypes suggested very high
diversity in Pakistan, with pathotypes not relatedother geographic area (Balati al., 2009; de

Vallavieille-Popeet al., 2012; Hovmglleget al., 2002; Mbouget al., 2009).

Spatial patterns of population subdivision

Analyses of population subdivision revealed thestexice of a complex, albeit weak, pattern
population structure in PST populations from thendlayan region of Pakistan. Both Bayesian and
non-parametric analyses revealed the existenceleést four genetic groups (Fig. 4 and Fig. S2-S4)
The most contrasted populations were found in Reshand Nowshera (noBerberis zone), as they
mostly belong to a unique genetic group. In comtréee other locations are a genetic mosaic of
genotypes from the different groups, together wikimixed” and unassigned individuals. The
populations of Peshawar and Nowshera located imdimeBerberis zone clustered together with the
diverse over-summering population in tBerberis zone (Skardu), suggesting its role of source

population to establish PST in this nBerberis zone.
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Our analyses reveal the existence of populatiordigidion at the regional level for a pathogen
characterized for long distance migration (Browrgvhigller, 2002; Hovmglleet al., 2011) and
lacking population subdivision elsewhere at comttakand regional levels (Hovmgllet al., 2002;
Mboupet al., 2009). Previously, a stable population subdivissver years for PST was only reported
between the north and south of France (Enjakeat., 2005), which was explained by the difference
in host resistance gene deployment and differestizptation temperature (Mbowp al., 2012).
However, in the present study there was no signiticifference in resistance gene deployment across
locations and at least the same two varietiesl@hed1l and PS-2004) were present and sampled at all
locations, suggesting host pressure to be lessapl®lat the origin of this spatial structure. Sarij,

this pattern could not arise from differential aidgion to temperature, as differentiation existed
between different valleys in the upland Himalayagion despite the prevalence of the same climatic
conditions, while no differentiation existed betweronBerberis zone and the over-summering
Berberis zone despite their contrasting climatic conditigiisible 2). Alternatively, the observed
population structure, with local coexistence offatiént genetic groups, could be explained by a

specific demography and mode of reproduction of p&Julation in Pakistan.

Population dynamics across years

When testing for a difference between years efi@cpopulations sampled in two consecutive years,
no significant effect was detected by AMOVA, demoating the absence of any global genetic shift
in the surveyed area between years (Table S1).t€hiporal stability was further supported by the
non-significant kr between the eight temporally spaced populatiosvd¥er, we observed a limited
re-sampling of the same multilocus genotypes owth lyears at these locations, which could result
from sexual recombination and/or a high clonal diitg of the population. The limited clonal
resampling would suggest both a high global eféectize, and a limited survival through clonality,
contrasting with the clonal populations of NW Ewopand Mediterranean region, where the same

multilocus genotypes are resampled over years {(Bahr., 2009; Enjalberét al., 2002; Hovmglleet
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al., 2002). When analyzing more carefully the tempgatterns, the low values of the estimated
effective size (ranging from 9 to 35) in the diffat areas are giving a slightly different picture:
significant fluctuations in group frequencies/aldrequencies are occurring between years. The
genetic composition of populations in the Himalayara of Pakistan would be slightly fluctuating
through the effect of drift, or migration. The si&gares of recombination, high genotypic and
pathotypic diversity are consistent with a sigrafit role of sexual reproduction @erberis in the
local survival of the pathogen. However, in theecaba predominant local maintenance of inoculum
through sexual cycle, all genetic groups would ¢hfiie same locaBerberis plants, leading to the
recombination of all groups. Hence, a single geimraof survival overBerberis would generate
numerous hybrids, erasing after few generations @atyern of population subdivision. Different
hypotheses can be raised to explain the situatimereed. First, a significant part of the populatio
can survive through clonal survival on volunteewich is less probable due to extreme summer
temperatures (while severe cold temperature for-sueimering zone). Then, specialization on the
aecial host, i.eBerberis species, could be at the origin of a lack of hyiaetion between genetic
groups. Finally, some non-sampled areas might belyneomposed of a single genetic group, locally
maintaining the integrity of the group and beingoairce of migrants for the other populations. PST
populations in théBerberis zone of the Himalayan region would thus be maidiat least partly
through sexual reproduction on the alternate Bedberis spp. abundantly present in the region. The
over-summerind@erberis zone population would have little impact on thealopopulation in these
Berberis zone locations, as revealed by strong differentiatf these populations from the over-

summering population.

Significant differentiation of the over-summeripgpulation with these populations over both years
did not support the idea of a “green-bridge”, exdep nonBerberis zone. As the alternate host is
absent in the noBerberis zones like the Peshawar valley, PST populationg awe re-established

each year either through local survival on volurgeer through re-establishment resulting from
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migrations from other regions. The resampling ofiggpes dominant in the ndserberis zone in
populations of theBerberis zone (including the over-summering zone) suggesbwrce and sink
relationship between the nderberis zone andBerberis zone. Our analyses revealed that this
population is closer to the over-summerBberis zone population and highly diverged from the rest
of the Berberis zone. This would thus suggest that this populationd have a sink relationship with
the over-summerin@erberis zone, where the over-summering population wouldesess the source

population.

Conclusion

The present work confirmed the sexual recombinadioth to some extent over-summering survival at
the origin of the high genotypic and pathotypicedsity of Pakistan, the western part of the regentl
shown centre of diversity of PST (Adt al., in preparation-a). The populations were showhaee a
shallow spatial population structure with each paon displaying a signature of recombination and
high diversity. TheBerberis zone populations are maintained, at least partiypugh sexual
recombination with a potential role &erberis spp., while the nomerberis zone population of
Peshawar and Nowshera must be re-established hyitrants coming from the other populations,
apparently from the over-summeriBgrberis zone population. The high diversity coupled witRusd
recombination would grant high adaptation capaaitg evolutionary potential to the pathogen to
generate new pathotypes. Indeed virulences werepréo genes not deployed in Pakistan or even
worldwide (Yr5). The information generated in the study has séymactical applications and would
enable a better disease management at the loehliteRakistan as well as at a worldwide leveha t
context of invasions. The role of the alternatet iogemporal maintenance of PST in the region seed
to be fully assessed. Once the practical implicatbthe alternate host is confirmed, its eradoati
from the zones of diversity would enable a betisease management, as previously done for stem

rust to bring the disease to the level with litlgsonomic impact. Finally, our methodology based on

121



Chapter 111. Temporal maintenance of Pakistani PST population

the comparison of temporally and geographicallycepapopulations with genotyping based tracking

could be used for other fungi to better compretfendal ecology.
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SUPPORTING INFORMATION
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Fig. S1. Number ofPuccinia striiformis f.sp. tritici multilocus genotypes (MLG) detected as a
function of the number of loci re-sampled withire tARO microsatellite markers using GENECLONE
software. The box represents the average, minimuohmaaximum numbers of MLGs detected when
re-sampling on loci.
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Fig. S5. Neighbour-joining tree based on microfitaadistance for Puccinia striiformis population i
the Himalayan region of Pakistan. A. All 14 popidas were used to construct the tree; B. 10
populations were used in analyses, excluding Peshealley, Khyber and Skardu populations.

Table S1 : Analyses of molecular variancePaccinia striiformisf.sp.tritici isolates from 14 different
locations sampled over 2010 and 2011 in the Hinaadaggion of Pakistan.

Source of Variation d.f. Sum of squares Variance Perce_:nt_age of
components variation

Among populations 1 25.029 -0.03302 Va -0.81

Among_populations within 20 779.828 0.58260 Vb 14.22

groups

Within populations 1346 4775.041 3.54758 Vc 86.59

Total 1367 5579.897 4.09717
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Table S2.Distribution of 53 pathotypes (P-1-P-53) @fuccinia striiformis across different locations of the Himalayan regidrPakistan sampled in 2010, using differentiaééirable to
identify Vrl, Vr2, Vr3, Vr4, Vr5, Vr6, Vr7, Vr8, \®, Vrl0, Vrl5, Vrl7, Vr24, Vr25, Vr, Vr26, Vr27, 32, VrA, VrSd, VrSu, VrSp, VrEp, VrVic, VrAv.

Pathotypes  Virulence profile Khyber Peshawar NowsheHaripur Abbottabad Mansehra Battal Battagram arBttisha Balakot Skardu Overall Population
P-1 1211001191131127 113,541 6 - - - N - - - - - N 1
P-2 2150007590011, S Ui, - - - - . . 4 . 13 i ) >
P-3 210003 73:95000:27 1310, SU, - - . - . . 4 B . i ) 1
P-4 2, 7:8,9,10000000,SU,,,, - - - - - 20 _ _ _ _ _ 1
P-5 12000 148,91 111100100: SU, ., AV - - - - - - - _ 19 9 _ 3
P-6 20000 7:8,9,1111,27,,1,,SU, ., - - B - 7 N 4 . 6 _ . 5
p-7 N T 0 Y \V - N . - 7 . . B . . ) 1
P-8 12,16,7:,9111100011,SUs 1, - . - . , . _ . . 9 _ 1
P-9 12,,1,6,7,,9,,111115,1,SU,,ViC,, - - - - - R 4 R R R R 1
P-10 12,116,7,,9,1,,1,27,,,,SU, ., - - - 15 - . . . . 9 _ 3
P-11 12,116,71,9,,111,27,,,,,SU, ,,, AV - - - 10 14 - - - . - . 3
P-12 12,1,6,7,,9,,,,,27,,A,,,5U,,,,AV - - - 5 7 - 4 - - - - 2
P-13 12,1,6,7,,9,,,,25,,,A,,,,EP,Vic,, Av - - - 5 - . 4 . . . i 5
P-14 12,1,6,7,,9,,,,25,27,,,,,SU, ., - - - R 7 B . . . i . 1
P-15 12,11,6,7,8,9,,,111111,,SU,,,, 6 - 20 5 - - 4 17 6 _ _ 5
P-16 12,,,6,7,8,9,,111111,,,SU,,,,AV - - - 5 7 - _ 17 6 _ R 3
P-17 2,,,6,7,8,9,,,,,,27,,,,,SU,,,, - - - 10 - - 13 - 6 - - 5
P-18 2,1,6,7,8,9,,,,,,27,,,,,SU,,,,AV 6 - - 5 14 - 8 - - 9 - 6
P-19 12,1,6,7,8,9,,,,,,27,,,,,SU,,Vic,, - - - - i _ X . . 9 ) 1
P-20 2,1,6,7,8,9,,,.,,,27,,,,,SU,,Vic,,Av - - . - - . . . B 9 i 1
pP-21 12,1,6,7,8,9,,,,,,27,,,,,SU,ED, ., - - - - . N 8 B i _ ) 5
p-22 2,1,6,7,8,9,,,,,,27,,,,,SU,Ep,, AV - - - - N . 13 . . B . 5
P-23 2,,,6,7,8,9,,,.,,,27,,,,,SU,Ep,Vic,, - - - - - . 4 . . . i 1
P-24 2,1,6,7,8,9,,,,,,27,,A,,,SU,,,,Av 6 - - 10 12 - - - 6 B . 6
P-25 2,,1,6,7,8,9,,,,,25,,,,,,SU,.,, - - - - . . . 17 X i i 1
P-26 2,,,6,7,8,9,,,,,25,,,A,,,,Ep,Vic, Av 6 50 60 - 7 20 - - - 9 - 7
p-27 2,,6,7,8,9,,,,,25,,,A,SD,,,Ep,Vic, Av - 50 - - - - N - . . . 2
P-28 2,,,6,7,8,9,,,,,25,27,,A,,,,Ep,Vic, Av - - . - - - 4 . . ) 25 2
P-29 2,,,6,7,8,9,,,,,25,27,,A,,,SU,,,,AV - - - . - . 4 . . . i 1
P-30 2,,,6,7,8,9,,,,,25,27,,A,,,SU,Ep,Vic,, AV - - - - - - . 17 . . _ 1
P-31 2,,,6,7,8,9,,15,,,25,27,,A,,,,Ep,Vic,, Av - - 20 - - - N - . . . 1
P-32 2,,5,6,7,8,9,,,,,25,27,,A,,,5U,,Vic, Av - - - - - - 4 . . ) i 1
P-33 2,,5,6,7,8,9,,,,24,,,.,,,Su,Ep,Vic,, - - . . B . 4 . . . . 1
P-34 12,,4,,,7,,9, 111010000, SU,,, AV - - - - - - - R 6 _ B 1
P-35 12,,4,,,7,8,9,11111111,SUs s, - . B - . . . B 13 i ) 5
P-36 12,4, 7,8,9,,,111115,SU,,,,AV - - - - R - R R 13 9 B 2
P-37 2,4,,7,8,9,,,,,,27,,,,,SU,,,,AV - - . . - . . . 6 _ ) 1
P-38 2,,4,,6,7,8,9,,,,,25,,,A,SD,, Ep,Vic, AV - - - - - - N . - . 25 1
P-39 2,,4,,6,7,8,9,,,,,25,,,A,SD,,Su,Ep,Vic,Ju,Av - - - - - - . . . ) 25 1
P-40 1,2,,,,,,8,9,111,27,1,,,SU,,., 6 - - - . . . . . . _ 1
P-41 1,2,1,1,75:9,1100127,,,,,U,,,AV - - N B - 20 . . . ) . 1
P-42 1,2,111,7,8,9,111111090SUy11 - . B - . R . 71 i 9 ) 5
P-43 1,2,,,,,7,8,9,,11111015,SU,,,,AV 6 - - - - R R R R 9 R 2
P-44 1,2,1,,7,8,9,1111,27,1,,SU,,,, AV 6 - - - . . . . . _ . 1
P-45 1,2,,,,,7,8,9,,,,27,,A,,,SU, ,, - - - . . . . i i 9 _ 1
P-46 1,2,,,6,7,,9,,111,27,,,,,SU,,,, 28 - - 15 - 02 4 - - - . 8
P-47 1,2,,,6,7,,9,,,,,27,,A,,,SU,,,,AV 6 - - 5 - 20 - - - - . 2
P-48 1,2,,,6,7,8,9,,,,,,27,,,,,SUs ., 6 - - 5 . . - . . . . 2
P-49 1,2,,,6,7,8,9,,,,1,27,,,,,SU,,,,AV 6 - - 5 - - 4 17 - - - 3
P-50 1,2,,,6,7,8,9,,,,,27,,,,,SU,Ep,Vic,, - - - i 7 N . . . . . 1
P-51 1,2,,,6,7,8,9,,,,,,27,,A,,,,Ep,Vic,, Av - - - - B . . N . i 25 1
P-52 1,2,,,6,7,8,9,,,,,25,27,,A,,,Su,Ep,Vic, Av 6 - - - - B - . . . _ 1
P-53 1,2,,4,,6,7,8,9,111,1271,,,,SU,.,, AV 6 - - - - . . . ) . . 1
Number of isolates tested 18 4 5 20 14 5 24 6 16 11 4 127
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Table S3. Er Values estimated for over-summering populatiorsl(2 with all other 13
populations of PST resampled in the Himalayan regifdPakistan.

Between offseason ear = Significance
population and : y ST 9

Khyber 2010 0.168 0.000
2010 0.028 0.027

Peshawar
2011 0.076 0.000
2010 0.085 0.000

Nowshera
2011 0.135 0.000
Haripur 2010 0.164 0.000
2010 0.143 0.000

Abbottabad
2010 0.063 0.000
2010 0.170 0.000

Mansehra
2011 0.083 0.000
Siran 2011 0.176 0.000
Tanawal 2011 0.124 0.000
Oagi 2011 0.153 0.000
. 2010 0.234 0.000

Attarshisha
2011 0.147 0.000
2010 0.138 0.000

Balakot
2011 0.166 0.000
2010 0.146 0.000
Battal

2011 0.192 0.000
2010 0.142 0.000

Battagram
2011 0.119 0.000
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CHAPTER-IV

Recapturing clonesto estimate the sexuality and
population size of pathogens

Sajid Ali, Samuel Soubeyrand *, Pierre Gladieux rdllaeconte, Angélique Gautier, Mamadou

Mboup, Wanquan Chen and Claude de Vallavieille-Pdgd>me Enjalbert

* The mathematical work, the development of R-Pgekand simulations were carried out by Samuel
Soubeyrand.
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ABSTRACT

Quantifying reproductive and demographic parameteigucial for understanding the evolutionary
potential of pathogens. Molecular typing techniguas provide useful data for understanding the
factors that affect the spatial and temporal dyeamof diseases, but there are multiple
methodological challenges that are involved inrinfg the key population genetic parameters. Here,

we describe a new, fast and accurate method fotlyjajuantifying the relative contribution of sexua
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and asexual reproduction and the effective popmnaize based on clonal identity within and across
generations. The performance of the method wasssdeising simulations, which demonstrated that
reliable estimates could be obtained for a widgeanof parameters. The method was then applied to
the fungal pathogerPuccinia striiformisf.sp. tritici (PST), which causes stripe/yellow rust, a
significant wheat disease. We estimated a sexpabdection rate of 74% (95% confidence interval
[CI]: 38-95%) using two temporally spaced samplea €hinese PST population, which suggests a
high contribution from sexual reproduction in thisgion where recombination was previously
described. We estimated an effective populatioa eiz1735 (95% CI: 675-2800), which fell within
the estimates obtained using other methods fomasiig the instantaneous population size based on
the variance in allele frequencies (779 to 474®edding upon the method used). The new method
presented here can be used to quantify the reptisdwend demographic parameters of populations of
any organism given clonemate sampling at two dffiertimes and will contribute to better

understanding of the population biology of pesid mucrobes.

Keywords: Sex rate, effective population size, micganisms, clones

INTRODUCTION

Estimating the reproductive mode and effective jpajmn size of pathogens is a major concern for
scientists studying microbial population biology&dalla, 2003). These basic population parameters
play a key role in the emergence of new virulentlimg-resistant strains and knowledge of them can
assist in attempts to control disease-causing ag#villiams, 2010). Asexual reproduction, which is
widespread in microorganisms, can boost the adapésponse through multiplication of the fittest
individuals (de Meelset al, 2007), while recombination facilitates the fixati of beneficial
mutations (Goddarcet al, 2005) and the maintenance of favorable allelimlmioations within
individual genomes. The effective population sizwes the capture of novel adaptive mutations or
the purge of deleterious ones (Glémin, 2003; Pal8odmid, 2003).
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Because microbial pathogens are by nature incomsps; the use of molecular markers has become a
favored method for investigating their populatioaldgy (Maidenet al, 1998; Taylor, Fisher, 2003).
The use of these markers coupled with populatiometies tools have revolutionized our
understanding of the biology of microbes, provihg usefulness of the markers in determining if
species are purely clonal or if they also undesgmmbination (Buret al, 1996; Tayloret al, 1999).
However, recombination rates can only be quantiigdusing direct experimental estimates of the
mutation and recombination rates. Measures of gedetersity from population genomics data can
then be used to estimate the frequency of diffetygms of reproduction in the pathogen’s life cycle
or to infer the effective population size (Tsial, 2008). Because of these limitations, the sex rate
and the effective population siz&ld remain unknown for the vast majority of microangams,

including several model species.

Although microbial pathogens have a large censysulption size, many pathogens experience
recurrent bottlenecks due to the low probabilitgrahsmission to a new host, periodic fluctuations
host availability, host resistance and extreme renmental conditions. In such cases, although
pathogen populations can reach millions or billiehsndividuals within a single host, the effective
population size is often many orders of magnitudeer. Very few studies have attempted to estimate
Ne in microbial populations (Fisher, 2007). The cieals approach for estimating thide uses
measures of genetic diversity, mutation rate arsdiraes mutation-drift equilibrium (Fisher, 2007;
Zhanet al, 2001). This approach provides an estimate ofeffective population size over a long
period of time (Charlesworth, 2009), although ltstdittle or nothing about the effective populatio
size in the short term, though this is more reléfan the emergence of new, damaging pathogen
genotypes (Karasoet al, 2010). Alternate methods for inferring the inséa@ous effective size have
been proposed (Caballero, 1994; Wang, 2005). Onieofmost reliable methods infele from

temporal variation in allele frequency, which isdied by sequentially sampling populations across

137



Chapter IMstimating sexuality and effective population sigépathogens

generations (Wang, 2005; Waples, 1989). To our kedge, this method has not yet been applied to

microorganisms.

The rate of sexual versus asexual reproduction @&y is also very difficult to estimate, primgril
because key population genetic parameters, suftkation indicesks or Fsy, have similar values in
both obligate sexual and nearly completely clorgdypations (de Mee(s, Balloux, 2005). The first
evidence of clonality in a population is usuallg tthetection of clonemates, i.e., sets of genotias
are identical by descent and that have identicabigric sequences. Burt et al. (1996) first highkght
that genetic drift, which reduces clonal diversitya predominantly asexual population, can be
countered by sexual reproduction, which increatmsat diversity. On this basis, he proposed the use
of the frequency of clonemates to quantify the s#r. However, as the probability of clonemate
resampling depends on the product of the sex ratdtee effective population size (Bwtal, 1996),

this approach requires an independent estimateedaffective population size.

To untangle the interplay between the effective siad the sex rate, we extended the model of Burt e
al. (1996) by including the transmission of clod@leages and resampling within and across
generations to develop a new method for estimatiegsex rate antlle based on the sequential
sampling of a population over two generations. @lbaemate resampling probability within a sample
and across two generations allows for the joirtedton of the sex rate and the effective popuratio
size. We applied our method to a Chinese populatioRuccinia striiformisf.sp tritici (PST), a
fungal pathogen that causes wheat yellow/stripg amsimportant disease in wheat (Ati al, 2009;
Hovmglleret al, 2010; Singhet al, 2004). The low confidence intervals obtainedthar sex rate and
Ne estimates demonstrates the utility of the methmd quantifying demographic and life-cycle
parameters in microorganisms. This approach isiGgige to any organism provided that the same
population is sampled on two successive datessdngples contain at least some clonemates and

information on the number of generations betweentwo sampling dates is available. The method is
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freely available online in the form of R-script “NSE” (Ne And S Estimator) at

http://ciam.inra.fr/biosp/nease

THEORETICAL MODEL

Within generation clonality:Burt et al. (1996) postulated that the probabiityesampling a clone in
a population depends on the product of the sexaradehe effective population size. They derivea th
probability of resampling two clonemates in a fix@zherationf] for a population of constant sike
that has a constant sex ratat each cycle:

S S PRAC N DU I YO
f —Ne(l s) +(1 Nej f(1-9) [1]

wheref andf are the probability of resampling two clonemateghie first and second generation,
respectively. The two terms on the right-hand siti&quation [1] represents the probability of two
individuals being derived from clonal reproductiain) the same parent in the last generation and ii
the same parent in any other preceding generadibaquilibrium, f'=f, this equation allows for the
estimation osNeusing the formula

she=3{ £-1] 2
2\ f .

This equation can be used to estimate the produttieosex rate and the effective population size

from the clonemate resampling probability basedampling a single generation.
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} n, clonal cycles

Sample 1: 0000001000

J 1 cycle of mixed
(l-sL:\cIonaI Sy Sex sex/clonality
-~ ~ N
00000 000000
i } n, clonal cycles
Sample 2 : 000000 oo0000O

Fig. 1. The succession of n1 asexual cycles, fabblwy one sexual cycle and then followed by n2
asexual cycles, between the two temporally spaopdigtions.

Across-generation clonality:With two samples separated in time, the probabitifyclonemate
resampling across two generations provides a wagddpendently estimating the sex rate and the
effective size of the population. We extended tholeh of Burt et al. (1996) to jointly estimate the
sex rate and the effective population size by idiclg information on clonal lineage transmission and

resampling within and across generations.

Consider a population reproducing with a sex saad sampled in two successive generationsgLet
denote the probability that two random isolatesy, s§sampled from a given generation) ahd
(sampled from the following generation), are cloa&s. This probability can be written gs=
(probability thatl’ is not sexually derived) x [(probability thiats the parent of ) + (probability that

| is not the parent df) x (probability that and the parent df are clonemates)]:
1 1 f'
=(1-g)«—+|1-—— | fr=—. 3
J ( ){Ne( Nej } 1-s 3]
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A multi-cycle model:In real case studies, there may be several bidbgigcles during the gap
between collecting the two samples. We proposerpaeating this feature into the model. Suppose
that after collecting the first sample, cycles of strict clonality occur (epidemic cycldésliowed by
one cycle of partial sexual recombination at a wite (1-s = the proportion of the population that
continues to reproduce clonally), which is followdy n, additional cycles of strict clonal
reproduction before the second sample is colledtedhis casen+1+n, cycles separate the two
samples (Fig. 1). This sequence corresponds toralcpathogen passing through one overwintering

sexual stage during which sexual reproduction @caarong several individuals in the population.

Let F' denote the probability of sampling two clonematdsen the second sample is collected.

Iterating Equation [1] fon;+1+n, cycles with a sex rate equal to zerorfipandn, cycles leads to

) (.1_3)2 [Nie{io(l_ﬁlcej}+[l__lt;1 f] e [4]
S0 o (o [ g (0] e

wheref is still the probability of sampling two clonemata the first sample (see supplementary

material A). Whem;=0 andn,=0, Equation [4] is identical to Equation [1].

Let G denote the probability that two random isolatey,Is(from the first sample) anld (from the

second sample), are clonemates. In that case,

G=(1- s){Nie+(l—%ej f}. [5]

G is equal tog in Equation [3] when there is only one cycle wséxual reproduction in th@+1+n,

cycles.
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Fig. 2. Raw estimates (colored points) of effectbize Ne and sex rate obtained for simulations

performed under various Ne and s values (blacktgoand various numbers of cycles between the

two samplesr(=n,

n=1, n;=n,=5, n;=n,=10, N;=n,=15 andn;=17 andn,=7).
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Estimation based on a contrast functiofEstimates§ and Ne can be obtained by minimizing the

following contrast function:

(é, N@ = argmin, N)D[OJ]X{LZ,&_}_{( F- T:)Z +( G- @2} [6]

where F' andG are the measurementsffandG based on the two samplés.andG are obtained

through Equations [4] and [5] whehis replaced by its measuremeht, The expressions of

asymptotically unbiased measurement$, 6 andG are provided in supplementary material B. The

minimization of the contrast was performed using tigorithm from Nelder and Mead (1965).

Confidence intervals and, when necessary, biagcion for S and Ne can be calculated using a
parametric bootstrap approach (Efron, TibshiraBQ3). The NeASE code provides both raw and

bias-corrected point estimatessadndNe, confidence intervals (Cls) and their actual caget

PERFORMANCE IN SIMULATIONS

Simulations were used to assess the performanteeainethod whemNe s, n; andn, varied (see
supplementary material C). The accuracy of our pettlvas assessed on data sets generated using
forward and individual-centered simulations undariaus parameter values. Five hundred data sets
were generated for each valuesin [0.1, 0.5, 0.9] and each value Mg in [10?, 1C¢, 10f]. The
contrast function (Equation [6]) was minimized feach simulated data set. Fig. 2 illustrates the
distribution of estimates for various valuesngfandn,, includingn,;=17 andn,=7 (which correspond

to the real case studied hereafter). The methodbexhll satisfactory results with respect to lziad
variance and was generally able to distinguishvilaes ofNe ands that were used to generate the
simulations. Inaccuracies were observed only undey specific parameter conditions; the relative
bias and variance were large with small values\ieands and large values forl andn2 as well as

whenNewas large and; andn, were small.
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Table 1. Description of temporally samplBdccinia striiformisf.sp. tritici (PST) populations (2004

and 2005) from Chinaysed for effective population size and clonalitierastimation.

2004 2005
Sampling scheme Number of individuals 268 268
Number of sites sampled® 3 3
Clonality Distinct MLGs 232 220
Number of clonesre-sampled 36 48
Frequency of most abundant MLG 18 12
e ey f=0.057 f =0.050
Geneticdiversity  Expected heter ozygosity * 0.274 0.276
Observed heter ozygosity 0.287 0.288
Mean number of alleles per locus 3.389 3.556
Genotypic diversity 0.994 0.995

* There is a non-significant difference betweeneaotpd and observed heterozygosity, demonstrating
its recombinant structuré.The sites sampled shows the three geographic@inggvhich remained

the same for the two years, see supplementarfifl&3.

FCA-2

-300 -250

-300

FCA-1

02004 @ 2005

200

Fig. 3. Factorial correspondence analysis for GleneST populations sampled in two years (2004

and 2005).
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Small values for thé&\e ands effectively led to the fixation of single clone the population, while
large values for théNe maintained a high degree of diversity and resultedsery little clone
resampling. Increasing, andn, resulted in a higher relative contribution from salxreproduction
and therefore resulted in a lower proportion ohelmates. Overall, the estimation method seems to
be quite accurate. There are, however, for padicuhlues ofs, Ne n; andn,, some inaccuracies.
Table S4 provides medians and interquartile radgsarameter estimates (those shown in Fig. 2).
The medians of estimates are relatively closeu® walues oNe ands whatever these true values are.
However, the variation in the estimations may bgdafor a few combinations of parameters as
shown by the interquartile ranges. Indeed, for kmain, andNe=10", the method leads to strongly
varying estimates (large interquartile ranges).id@=s whens is small, the estimates e are
strongly varying and can even be excessively Igsge the cloud of blue points arouNe=10").
Finally, it has to be noted that the measuremenaisgsed in Appendix B led to better results than th

raw empirical measurements (results not shown).

APPLICATION TO A FUNGAL PATHOGEN

We used our method to estimate the sex rate anddlo¢ a natural population of wheat yellow rust
(Puccinia striiformisfsp tritici: PST) from the Gansu province of China. In manyntoes, PST
reproduces exclusively asexually on its main (@a@dnost, wheat; seasonal epidemics encompass
multiple cycles of asexual propagation. At the ehthe crop season, teliospores can be produced and
germinate to form haploid basidiospores, but nerad#te (called “aecial’) host has so far been
described as being infected by these spores. Tkgalsehase of the life cycle of PST has only
recently been documented @&erberis spp under laboratory conditions (Jet al, 2010). Under
natural conditions, sexual reproduction is susgetieoccur in populations that exhibit recombinatio
footprints in their genetic structure (Adit al, in preparation; Aliet al, 2010), such as in Gansu
(Mboupet al, 2009), but an alternate host species has ndiegt identified. The sexual phase would
occur once a year through the production of segpaftes that infect the alternate host. Therefore, a

PST population includes a proportiprof clonal individuals that result from survival enlunteers
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(Ali et al, 2010) and a proportion-d that result from sexual reproduction. To estimtie
contribution of the sexual cycle to the populatidalogy of PST in the Tianshui area of Gansu, we
analyzed the genetic and clonal diversity in sampkparated by two years, which were taken before

and after the putative sexual cycle.

Table 2.Raw and bias corrected estimates andNe as well as the 95% confidence intervals of the
parameters and the coverage rate of these inte(28[ iterations of parametric bootstrap). The
number of cycles separating the two samples isvasgduo be 28rm=17 andn,=7).

Raw estimates Bias-corrected estimates
S Ne S Ne

Estimate 0.745 1950 0.756 1735
95% Confidence interval 0.383-0.950 1450-3510 041690 675-2800
Coverage 0.93 0.90 0.90 0.94

=2
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Fig. 4. Sex rate (s) plotted against effective paton size Ne). Raw estimation (open circle), bias
corrected estimation (triangle) and estimationsioled for the 500 bootstrap samples (dots).
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Two temporally separated samples of a Gansu PSiilgtagm were collected in 2004 and 2005. The
sample collections were separated by 18 monthgeveled one cycle of sexual recombination (early
summer) and 24 clonal cycles (estimated as expldietow). The genotyping of 536 isolates with 20
SSR markers revealed 17 polymorphic SSRs with iablar number of alleles (ranging from 2 to 10)
and genetic diversity (ranging from 0.0037 to 0;688ble SI-1, supporting information). Neither
intra- nor inter-population subdivisions were obeervia STRUCTURE and factorial correspondence
analysis (Fig. 3). The resultirigst values were extremely low and non-significant (€abl-2). This
confirms that the two samples belonged to a sipgfulation. A high genotypic diversity (Table 1), a
lack of deviation from Hardy-Weinberg equilibriunfrig SI-1) and a very low overall linkage
disequilibrium [d) between markers (Table SI-3) confirmed that rdmoation occurred in both
populations. Clonal populations are expected tabéxbxactly the opposite indices (Gladieakal,
2010; Milgroom, 1996). Despite the presence of mdmoation, the resampling of clonemates within
and across the years revealed the persistencer#sin the area throughout the time covered by the
survey (Fig. SI-2). We confirmed the absence of emyelation in the distribution of the identified
clones, as the preferential resampling of clondkimia same field, or neighbor fields, in a givezay

or between the two sampled years (data no shown).

Sex rate and Neestimates:The sex rate and thie of the PST population were inferred using

empirical estimates of the clonemate resamplindpgdodity at the given generationf(: 0.057 for

2004 and®'= 0.050 for 2005) and the inter-generation clonemasampling probability(ﬁz

0.0014). To infer the number of generations thatioed between sample collections we considered
that asexual production of urediopores can takenfitO days to 2 months depending on the
temperature. The expected number of asexual cymesrring between the two samplings was
estimated using the Zadoks method (Rapilly, 197&pilR/, 1979; Zadoks, 1961) and the recorded
temperatures for the period. Because sexual spoea®leased in the Spring, the 18 months sepgratin

the two sampling dates correspondsniel? clonal generations before the sexual cycle ranel?
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clonal generations after the sexual cycle. Wheryapp NeASE to the PST population data (Fig. 4

and Table 2), we estimateo= 74% (95% CI: 38-95%) anNe = 1735 (95% CI: 675-2800). Very

satisfactory coverage of the confidence intervas whtained (over 90% of the simulations had the

true values oNe ands fall within their 95% confidence intervals).

Table 3. Various estimates of effective population si2ée)( for two temporally sampled PST

populations (2004 and 2005) from China.

Softwar e

M ethod used used Year Samplesize Ne Cl Method Reference

%, Clonal resampling based - 536 1735 675-2800 This article

a

£ MLNe - 536 779 -

% Momentsbased (Waples, 1989)

= NeEstimator - 536 4748 1958-23923

%— Likelihood based MLNe - 536 999 833-1000 (Wang and Whitlock, 2003)

= MCMC based MCLEEPS - 536 1300 1000-1600 (Anderson et al., 2000)
2004 268 159 -

S Heterozygosity excess NeEstimator (Pudovkin et al. 1996)

= 2005 268 96 -

S

@ 2004 268 558 350-1193

P NeEstimator (Hill, 1981)

o 2005 268 128  108-155

% Linkage disequilibrium

o 2004 268 82 67-99

S LDNe (Waples and Do, 2010)

°© 2005 268 44 38-50

o]

v 2004 268 487 -

I Thetabasad Ohta and Kimura (1973)
2005 268 525 -

* The number of generations between two samples28as
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We compared thé&le value to the estimates produced by other availatdéhods (Table 3). Thde
value fell in the range of the estimates obtaingidgitemporally spaced samples (range from 779 to
4748, Table 3). As with our method, these methaddgch are based on temporal change in allele
frequencies, give “instantaneous/contemporary’nestiés of the effective population size. Additional
methods based on the genetic parameters of a giogldation (e.g., excess of heterozygosity, lirkag
disequilibrium and genetic diversity) reflect amtiedemographic changes (Wang, 2005). These
“historic” estimates were lower than the temporaitimods and ranged from 44 to 552 (Table 3). This
discrepancy may result from the occurrence of batdenecks or selective sweeps in the ancient past
of the population that affect the “historic” estit®ms but not the instantaneous ones (Wang, 2005).
Clonality, which is not accounted for in the histoapproaches, may also contribute to the
discrepancy. Because of the absence of alternatethods for estimating, the reliability of the

inferred sex rate was confirmed through simulatiased criteria (as discussed above).

DISCUSSION

To our knowledge, the method we developed is th& joint estimate of sex rate and effective
population size performed on a natural populat@espite the importance of the two parameters in
shaping the genetic diversity of populations. Seg has been only estimated once in a plant pathoge
population, albeit using an artificial inoculatigrth traceable genotypes (Zhat al, 2001) and the
method employed was the subject of controversyWBr@®000; Zharet al, 2000; Zharet al, 2001).
Recent estimates have been performed on yeasty gemomic sequences (Tsgti al, 2008; Zeyl,
Otto, 2007), but these methods integrate the lang;tspecies-wide, evolutionary history and do not
provide estimates at the population level. Althoughthods have been proposed for testing the
presence or absence of recombination (de MeeldpuBal2005; de Meedst al, 2007), no
guantitative methods have been available to ddte.development of population-level estimates was
limited by the fact that most of the relevant genparameters are only affected by a very strouglle

of clonality, while the structure of a populationitiw low rates of recombination cannot be
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distinguished from that of a population with 100&xal reproduction (Ballouet al, 2003). This
effect is illustrated clearly in our rust study, evl clone resampling was the only effect of cldpali
detected (no deviation from Hardy-Weinberg equiilibr). As the presence of clonemates in a dataset
affects diversity level, linkage disequilibrium apdpulation genetic structure, a usual practice in
population genetics studies is to perform a douallalysis, on a full dataset first and then to agply
“clone-correction” by keeping a single copy of eaullti-locus genotype (Halkettt al, 2005).
NeASE method has the distinct advantage that it do¢ require any double analysis of the datat, as i
uses the clonal resampling as a direct input famesing the sex rate and effective population .size
Like any population genetic inference, the NeASHEnesor relies upon various assumptions such as
the absence of selection, spatial structure oratimr. However, instantaneous estimates based on
population resampling are mainly affected by stramdective pressures, as few generations are
involved. In such cases genetic analyses alloungeftr the presence of spatial structure or géme f

in the sample, as shown in our case-study. Speatifimtion should thus be paid to the samplingescal
in order to avoid oversampling of clones due toatclpy distribution (leaf or plant level in our Pst
case). One central and main difficulty involves #stimation of the number of clonal generations
between sampling events and recombinatioh gnd n2). Note that this caveat also concerns any
effective size estimate using the “Wapples-likeinpiing scheme (samplings spaced in time), when
performed on inconspicuous microbial organism. Thhe method is best applied to populations
where the number of generations and the timingegtiglity can be fairly accurately estimated. Note
that when testing for the effect of inaccuraciesvatues ofnl and n2, only small effects were
observed for mean and variance of estimates. Andthportant model assumption is constant
population size assumed by the model itself. Factflating populations, as often occur during
epidemic growth of microorganisms, the estimated giill be the geometric mean size of successive
sizes between the two sampled generations. Whea the severe bottleneck, as observed for PST
populations in summer, when the host disappearsdivharvest), estimated size will be close to this

bottleneck size.
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In our case study, the NeASE method presents time sange of variation, but with more reliable
estimates than the multilocus based estimatorglal®, the most reliable estimates on mating system
are based on progeny analyses. However, in mostobi populations progeny analysis is
impossible, both because progeny cannot be isolatedharvested, and because sexual/clonal
reproduction cycles are not occurring at the sataeepor time. The NeASE method therefore
provides a simple and rapid means of estimatingdle of sex and effective population size for any
organism providing sampling at two different dadesl the existence of at least some direct evidence
of clonality through clonemate resampling. The megiang probabilities developed here will mostly
be relevant for inferential methods (e.g., Approxien Bayesian Computation approaches) used to
investigate the contemporary and historical stmectof pathogen populations. The impact of
alternating clonal and sexual reproduction on pafoarh structure is crucial to the fields of agricul

and medical molecular epidemiology, as many patheglisplay such lifecycles (Gladiewt al,
2010; Milgroom, 1996). Obtaining information on lpagien population size and levels of clonality is
also important for mathematical epidemiology andielimg (McDonald, Linde, 2002; Regué al,

2009) and critical for understanding the causep#bhogen emergence and spread.

MATERIALSAND METHODS

Genetic description of two temporally spaced popigdas: A total of 536 isolates from two

temporally spaced PST populations (268 isolate®s ach, taken from 44 fields in 2004 and 30 fields
in 2005, and different plants within field) samplddring May 2004 and December 2005 in Gansu
Province, China, at three geographical regionstfiNBast, North-West and South; supplementary file
Fig. SI-3) were genotyped using 20 SSR markerdhiaet multiplex reactions following Ali et al.

(2011; ANNEX Il of thesis). The suitability of thmarkers was assessed by plotting the number of
recurrent multi-locus genotypes (MLGs) detecteddsampling the 20 SSR loci under panmixia and

reached an asymptote with the full set of SSRs. (549, suggesting that the set of markers used was
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sufficient for accurately genotyping the populaiofGENECLONE software; Arnaud-Haond,
Belkhir, 2007). The recombination signature ancelesf population polymorphism were assessed
using the number of alleles per loci, the linkageeduilibrium among loci, the observed and expected
heterozygosity levels (GENETIX 4.05.2 software; @ et al, 2004) and the estimation of the
genotypic diversity and the index of associationdisequilibrium among the loci (MULTILOCUS
software; Agapow, Burt, 2001). Departures from iaWdeinberg equilibrium were investigated using
the exact test (GENEPOP 4.0 software; Raymond, $&0u4995). The spatial population structure
was analyzed througkst (GENETIX 4.05.2 software; Belkhiet al, 2004) and non-parametric
multivariate analyses (factorial correspondencelyaisa FCA; (Belkhir et al, 2004). These
estimations were also made using clone-correctedtdaavoid an impact from recent clonality on our

estimates as a result of epidemic clonal strudtdiseynard-Smithet al, 1993).

Estimation of the number of generationsthe number of generations between two samples was
estimated using the method proposed by Zadoks {iRapd76; Rapilly, 1979; Zadoks, 1961). This
method estimates the latent period (the time frpores penetration to first sporulation) as a funrctio
of the temperature. The temperature determineletiygh of an asexual PST generation. We estimated
the total number of generations from May 1, 2004December 31, 2005, assuming no generational

overlap and the presence of wheat throughout tae ye

Estimation of the sex rateWe estimated the sex rate using our method T$emoretical model
developmentaibove) with the information on the probability ddbnemate resampling withirf) (and
across generationg). The clonal origin of these clonemates was cowdit using thgsexvalue,
which is the probability of a given MLG being obged in two independent sexual progenies
(Arnaud-Haond, Belkhir, 2007). An empirical estimatf f andg was obtained from the data as the
probability of re-sampling each clonemate while ming the probability of all MLGs sampled at

least twice.
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Effective population sizeWe also estimated the effective population sizegigireviously published
methods. Both temporally separated populations wsesl to estimate the “instantaneous” or short-
term effective population size and the “historid” long-term effective population size for each
population individually. Temporal estimates weresdzhon the change in allele frequencies between
the two temporally repeated samples (2004 and 2@@%)g the moment-based point estimate
proposed by Waples (1989; Ne-ESTIMATOR softwarbkg, likelihood approach used by Wang and
Whitlock (MINe software; 2003) and an MCMC-baseg@mach (MCLEEPS software; Anderseh

al., 2000). Furthermore, because recent clonal reptaucould affect the effective population size,
both the full dataset and the clone-corrected dats were used to estimate tNe with these

previously developed methods.

“Historic” or single-sample estimates are calcudatesing three parameters: the amount of
heterozygosity in the population, the linkage disigrium among the different loci and the amount
of diversity in the population. The heterozygostcess-based method (following Pudovkinal,
1996) implemented in thBeESTIMATOR software and the linkage disequilibrilmased method
implemented in both thBleESTIMATOR software (following Hill, 1981) and theDNe software
(following Waples, 2006) were used. Estimation lné Ne based on the diversity observed at the
microsatellite markers was obtained according tdaCind Kimura’'s estimate of the population

mutation parametet (Ohta, Kimura, 1973).
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Appendix A: Expression of F' (Eq. [4])
Let f, denote the probability of sampling two clonematfter cyclen (if the population after cycle

would be sampled)f, = f and f =F' correspond to the two actually sampled populations

41+,
For the firstn; cycles, the Burt et al (1996) formula without sdityas f, =(1/N)+ (1-1/N)f ,

with nin {1,...,n} if n;>0. Iterating this formula leads to [A1] (fag>0):
-1
f :(1/|\|)(Z“:;0 (1—1/N)P)+ (- 1INJ § A1]
Then, at cyclen+1, the Burt et al (1996) formula including sextyagjives [A2]:
foa =(1-8){ @ N)+ @-1/N) £} [A2]
Finally, like above, for the lask cycles, there is no sexuality and we get [A3] (fer0):
n,—1
oo, = (A N)(anO (1-1/N )P)+ @-1NF f.. (A

Combining [Al], [A2] and [A3] leads to the equatif4]:
(1-5)t| = i(l—i)i +(1——1Iﬂf if =0
Ne |3 Ne N
1[ed . 1Y o 1Y 1@ 1) 1\ .
We{;‘(l_ﬁe) }+(1—S) (1——NJ {_Ni,;(l__l\ll}-{l__r\je f} ifn,> C
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Appendix B: Measurements of within- and acr oss-gener ation clonality f, F' and G

The sex rates and the effective sizhe are estimated by minimizing a contrast functioze(&q. [6])

which depends on measuremerfts F' and G of f, P’ andG. Let Q (resp.Q’) be the effective

number of individuals of clonein the population from which the first (resp. sedpsample was
drawn. The index varies from 1 td (I is the number of clonal lineages in both poputajoand

Z::lQl = Z:le "= Ne. The probabilityf, F' andG satisfy:

_v QQ-1 v Q(Q-1 _vQQ
f_éw, F—; Né Nel; and G ;Q—ﬁe

The raw (empirical) estimates Hf' andG are

wherem (resp.m’) is the size of the first (resp. second) sampgle(resp.q’) is the number of
individuals of clona in the first (resp. second) sample, ands the total number of clonal lineages in
both samplesr tends td when the sample sizesandm’ increase.

The limit expectation (Wheriv goes tol) of G is G. However, the estimated and E' are
asymptotically biased: E( f) = Zir:l(QI INe* 003 Zilzl( Q/ N§’and
E( If') = zil;l(Q IN®* OO0 > (Q/ N§ . Thus, we useds = G as an estimate @ but we

searched for other estimates andF'.

The probabilityf can be written;; — _Ne Z':(&jz_ 1 . Consequently, we propose to estinfatg
Ne_l i=1 Ne Ne' 1

the asymptotically unbiased estimate:

f _ Ne f— 1
Ne-1  Ne-1’
and we considered a similar estimaté-af
Eio Ne ﬁ'—L,
Ne-1 Ne-1

These estimates cannot be used in general bebkiseunknown, however, they can be used in the
contrast minimization. Indeed, by explicitly wrigithe dependences Nge, s and the data, the contrast
satisfies:

(F '—|f')2+(G —G)2 :(F'(Ne, s f( Nedata))— F( Ne,dat@)2
+(G(Ne s f(Ne ,da))— G( da)t)i

and can be minimized with respectNeands.
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Appendix C: Simulation-based study of the performance of the estimation method

The method of estimation of the sex rand the effective population sikiewas applied to data sets
generated under the simulation model constructedttie parametric bootstrap approach. The
simulation model was run under various values efgbx rate, the effective size and the number of
cycles. For each value sfin [0.1, 0.5, 0.9] and each valueMéin [10°, 1, 10f], 500 data sets were
generated witm;=n,=0, n;=n,=1, n;=n,=5, n;=n,=10, n;=n,=15 andn;=15 andn,=12 (like for the real
data set). Then, the contrast function, equatipnvés minimized for each simulated data set. In al
the cases, the sample sizes were equal to the samps in the real data, that is to say 268 isslpér
sample. Fig. S5 (below) shows the estimations whiere obtained (these are the raw estimations, not

the bias corrected estimations).

Overall, the estimation method seems to be quitarate. There are, however, for particular valdes o
s, Ng n; andn,, some inaccuracies. Table S4 provides mediansnaadjuartile ranges of parameter
estimates (those shown in Figure 2). The medi&estonates are relatively close to true valuell®ef
ands whatever these true values are. However, theti@ian the estimations may be large for a few
combinations of parameters as shown by the intetitrizanges. Indeed, for smaij+n, andNe=1¢",

the method leads to strongly varying estimategé€lanterquartile ranges). Besides, wises small,
the estimates oNe are strongly varying and can even be excessityel (see the cloud of blue
points aroundNe=10"). Finally, it has to be noted that the measurempriposed in Appendix B led

to better results than the raw empirical measurésreasults not shown).

A large part of the estimation biases and variameekie to the use of measurements of the within-
and across-generation clonalfty F andG in the estimation method (even if the measuremiaiis
we used were better than the raw measurement&pgeEndix B). Indeed, Fig. S5 (below) shows (for

n,=n,=0 andn;=n,=10) the estimates which are obtained with the sar@thod as above except that

160



Chapter IMstimating sexuality and effective population sigépathogens

the true values df F’ andG are used instead of the measurementsF ' andG . The accuracy lost

due to the use of , F' and G is large wherNe s large because the samples of size 268 are much

smaller than the effective population size. In sachase, to improve the estimation method, more
accurate measurementsfofF’ and G should be used. Moreover, even with the true wabfé, F

and G, the estimation of small Ne and s is poor fordangmbers of cycles. In such a case, to improve
the estimation method additional information coloddintegrated in the contrast function (FeandG
should be used together with other statisticspagfample variations in allelic frequencies). lish

be noted that the bias correction which is propdsethe estimation procedure aims to take into

account the possible bias in the estimates.

Fig. Sb. Estimates (colored points) of effective size Nd aex rate s obtained for simulations carried
out under various Ne and s values (black pointsl) \aarious numbers of cycles between the two
samplesrf;=n,=0 andn;=n,=10). The estimates are not the raw ones but tbbgned by replacing

in the estimation method the measuremenfts Bf andG by their true values.
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Table S4. Medians and interquartile ranges of ratimates of effective sizble and sex rates
obtained for simulations carried out under varidlesand s values and various numbers of cycles
between the two samples£n,=0, n;=n,=1, n;=n,=5, n;=n,=10, n;=N,=15 andn;=17 andn,=7).

Median of estimates of Ne
Cycle Ne=100 Ne=1,000 Ne=10,000
number| s=0.1 | s=0.5 | s=0.9 | s=0.1 | s=0.5 | s=0.9 | s=0.1 | s=0.5 | s=0.9
0x0 107 101 101 963 1042 1002 6174| 10717, 11926
1x1 105 105 101 1005 1031 1016 8415| 11115 10363
5x5 114 110 105 1027 1042 1012 9310| 10620| 10274
10x10 121 117 108 1031 1057 1014 9681| 10094| 10105
15x15 135 118 110 1027 1053 1030 10039| 10474 10117
17x7 116 118 107 1010 1041 1014| 10008| 10644 10134
Interquartile range of estimates of Ne
Cycle Ne=100 Ne=1,000 Ne=10,000
number| s=0.1 | s=0.5 | s=0.9 | s=0.1 | s=0.5 | s=0.9 | s=0.1 | s=0.5 | s=0.9
0x0 69 18 9 1019 376 225| 4x 10°| 14417| 10644
1x1 68 27 14 752 282 185| 3x10 | 11493 6426
5x5 110 46 24 666 296 156 9172 5765 3372
10x10 193 65 34 636 305 155 9227 3708 2350
15x15 267 78 38 755 309 184 7421 3578 2374
17x7 202 74 27 801 371 162 7734 4860 2630
Median of estimates of s
Cycle Ne=0.1 Ne=1,000 Ne=10,000
number| s=0.1 s=0.5 s=0.9 s=0.1 s=0.5 s=0.9 s=0.1 s=0.5 s=0.9
0x0 0.091| 0.505| 0.907| 0.087| 0.492| 0.903| 0.086| 0.502| 0.974
1x1 0.113| 0.503| 0.909| 0.091| 0.506| 0.901| 0.089| 0.502| 0.917
5x5 0.092 0.513 0.921 0.100 0.490 0.902 0.084 0.502 0.907
10x10 0.091 0.535 0.936 0.098 0.500 0.910 0.099 0.494 0.903
15x15 0.077 0.524 0.953 0.114 0.507 0.906 0.094 0.502 0.904
17x7 0.082] 0.522| 0.933| 0.107| 0.507| 0.906| 0.090| 0.493| 0.904
Interquartile range of estimates of s
Cycle Ne=100 Ne=1,000 Ne=10,000
number| s=0.1 s=0.5 s=0.9 s=0.1 s=0.5 s=0.9 s=0.1 s=0.5 s=0.9
0x0 0.135 0.111 0.053 0.189 0.159 0.063 0.262 0.44®.199
1x1 0.167 0.171 0.075 0.143 0.137 0.0%6 0.234 0.308.166
5x5 0.229 0.258 0.109 0.148 0.134 0.0%7 0.180 0.182.076
10x10 0.236 0.297 0.140 0.164 0.151 0.062 0.162 500.1 0.064
15x15 0.224 0.355 0.150 0.175 0.175 0.0Y1 0.147 380.1 0.061
17x7 0.242 0.291 0.118 0.183 0.144 0.062 0.160 30.160.076
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Table S5. Effect of inaccuracy an andn, values on estimates of effective side and sex rate.
n,andn, where generated through random sampling in twos&auo distributions centered on 17 and
7, respectively (25% quantiles corresponding terirdls 15-19 and 5-9 respectively).

True values Simulated inaccuracies
n=17;n,=7 n=174c; n,=7+c
Mean C.1. Mean C.i.
Ne (raw) 1950 1450,3510 1950 1390,3540
Ne (bias corr.) 1740 670,2800 1730 610,284(
s (raw) 0.75 0.38, 0.95 0.75 0.37,0.95
s (bias corr.) 0.76 0.46,1.00 0.76 0.47,1.0
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SUPPORTING INFORMATION
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Fig. S1. Expected (He) and observed (Ho) heteraapgéor 17 polymorphic microsatellite loci for
PST population of 2004 (above) and 2005 (below).
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Fig S2. Frequency of multi-locus genotypes (MLGkampled across two Chinese PST populations
of 2004 and 2005.
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O 2004 (44 fields, 268 isolates)
O 2005 (30 fields, 268 isolates)

Fig. S3. The sampling plane for two years (2004 2065), showing three sub-populations in
Tianshui county, Gansu province-China.

— 1 B =
387 — ]
337 |
g 87|
= ——t
g —
2% -
°
z L
o 1874 —
g L
£
2
137 1 o
87,
37 I
0 1 2 3 4 5 6 7 8 9 10 i 12 13 14 15 16 17 18 19

Nurrber of loci

Fig. S4. Number of PST genotypes detected as aidnnaf the number of loci re-sampled within the
17 polymorphic microsatellite markers using GENEQUD software. The box represents the
average, minimum and maximum numbers of MLSTs detewhen re-sampling on loci.
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Table S1Number of alleles and expected (He) estimated Tgpdlymorphic SSR loci in the Chinese
PST population with 536 isolates.

2004 2005
Number Expected Number of Expected
of alleles  heterozygosity alleles heterozygosity p-value'
RJIN2 9 0,5515 10 0,6003 0,01
RJO3 2 0,4741 2 0,4127 0,00
RJN3 5 0,2988 5 0,2371 0,16
RJO4 2 0,0111 3 0,0074 0,25
RJIN4 2 0,2353 3 0,3642 0,00
RJINS 3 0,2136 3 0,1386 0,00
RJING 3 0,4157 4 0,3718 0,23
WU6 2 0,0438 2 0,2046 0,00
RJINS 5 0,0757 3 0,1004 0,00
RJIN9 2 0,0037 3 0,0111 0,63
RJIN10 2 0,238 2 0,1221 0,00
RJIN11 6 0,6239 6 0,603 0,01
RJIN12 2 0,0649 2 0,0855 0,43
RJIN13 2 0,0579 2 0,1901 0,00
RJO18 3 0,4855 2 0,4669 0,20
RJO20 2 0,4473 3 0,3833 0,00
RJO24 8 0,6878 8 0,6683 0,00

Table S2.Estimates of Fst (upper diagonal) and its signifgea (lower diagonal) based on 15 SSR
loci for two Chinese PST populations during 2004 2605.

G-1(2004) G-2(2004) G-3(2004) G-1(2005) G-2(2005) G-3 (2005)

G-1 (2004) - 0.010 0.009 0.011 0.003 0.035
G-2 (2004) 0.993 - 0.002 0.022 0.009 0.041
G-3 (2004) 0.998 0.743 - 0.013 0.007 0.038
G-1 (2005) 1.000 1.000 1.000 - 0.006 0.010
G-2 (2005) 0.906 0.993 1.000 0.989 - 0.028
G-3 (2005) 1.000 1.000 1.000 0.990 1.000 -

166



Chapter 1V. Estinrag sexuality and effective population size of patifens

Table S3.Permutation percentage (%) of real values and theepce of a linkage disequilibrium (bold type)westn 17 polymorphic SSR loci in the
Chinese PST population with 536 isolates.

RJIN2 RJO3 RJIN3 RJO4 RIN4 RIN5S RJIJN6 WU6 RIN8 RJIN9 RJINIO RJIN11 RJIN1Z RJIN13 RJO18 RJO20 RJO24
RJIN2 - 0.0459 0.0346 0.0168 0.0404 0.0304 0.0305 0.11P00311 0.0121 0.0612 0.0486 0.0555 0.1208 0.04020992 0.0432
RJO3 0.1258 - 0.0561 0.0374 0.1237 0.0350 0.0442 0.22900547 0.0332 0.0186 0.0576 0.0372 0.2412 0.08960826 0.0426
RJN3 0.1227 0.0201 - 0.0168 0.0345 0.0451 0.0417 0.08040247 0.0178 0.0588 0.0341 0.0291 0.1023 0.037843@ 0.0486
RJO4 0.9999 0.1755 1.0000 - 0.0324 0.0197 0.0266 0.0280107 0.0044 0.0310 0.0295 0.0337 0.0257 0.0270139 0.0198
RJIN4 0.2283 0.0010 0.8869 0.8888 - 0.0605 0.0598 0.2180538 0.0142 0.1259 0.0471 0.0769 0.2376 0.0200616 0.0677
RJINS 0.2297 0.3027 0.3133 0.8600 0.1271 - 0.0557 0.0920416 0.0181 0.0939 0.0568 0.08955 0.0783 0.5380849 0.0536
RJING 0.9579 0.4585 0.4557 0.9386 0.1948 0.0608 - 0.11880360 0.0129 0.0398 0.0389 0.0238 0.1325 0.063946@ 0.0486
wWu6 0.0001 0.0001 0.0039 0.8619 0.0001 0.0049 0.0003 -0.1206 0.0274 0.1536 0.0778 0.0968 0.5991 0.02981486 0.1169
RJNS 0.0574 0.0191 0.9988 1.0000 0.0213 0.5435 0.35600000. - 0.0113 0.0452 0.0392 0.0255 0.1424 0.02490503 0.0305
RJIN9 1.0000 0.6258 0.9990 1.0000 0.9744 0.9899 0.9867741@. 1.0000 - 0.0545 0.0244 0.0200 0.0272 0.033203635 0.0196
RJN10 0.0001 0.6698 0.0653 0.7671 0.0005 0.0024 0.45160000. 0.3397 0.1516 - 0.0767 0.0907 0.1391 0.09440633 0.0812
RJIN11 0.0001 0.0207 0.7526 0.6237 0.1065 0.0002 0.309%00a0. 0.3199 0.9159 0.0001 - 0.0265 0.1087 0.0473041@ 0.0499
RJIN12 0.0001 0.4020 0.6799 0.0029 0.6794 0.0001 0.781M0348. 0.6384 0.8485 0.0409 0.6522 - 0.1160 0.04660118 0.0721
RJIN13 0.0001 0.0001 0.0001 0.8645 0.0001 0.0307 0.00010000. 0.0001 0.7449 0.0021 0.0001 0.0113 - 0.0344163% 0.0998
RJO18 0.0148 0.0286 0.6754 0.8227 0.7828 0.0001 0.13607050. 0.8400 0.7264 0.0189 0.2967 0.4001 0.6287 - .0610 0.0561
RJO20 0.0001 0.0276 0.2979 0.9720 0.1935 0.0023 0.46230000. 0.1082 0.3074 0.1403 0.0521 0.9283 0.0001 26.21 - 0.0500
RJO24 0.0001 0.1853 0.0001 0.9985 0.0001 0.0013 0.05230000. 0.4805 0.9668 0.0001 0.0001 0.0001 0.0001 76.000.0162 -

** P < 0.01%; a value of < 2 over 2000 permutati¢cedculated with GENETIX software) was considetethe significantlyassociate.
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General Conclusion

The present work is the first comprehensive stodgescribe the worldwide population structure and
invasion history ofPuccinia striiformis f.sp. tritici (PST) and to explore the role of sexual
reproduction in PST temporal maintenance. In tre Gihapter, the results on worldwide populations
revealed strong population subdivision and thetemte of clonal population structure worldwide
except in the Himalayan region (Pakistan and Nepal in its proximity in China. The second
chapter’s results suggested that this variabitityeicombination and diversity was in accordancé wit
the worldwide variability in sexual reproductionpeaity; the recombinant population had high telial
production. The detailed study of populations fiBakistan (chapter 3) and China (chapter 4) further
endorsed the role of sexual reproduction in theptead maintenance of these recombinant PST
populations. It is also worth mentioning that oisian of worldwide PST diversity is also changesl, a
we considered a gradient of diversity from EasiMest (Ali et al. 2010), but this study clearly stsow
the existence of recombination only in Himalayard asear Himalayan region, with clonal/less
diverse structure in the rest of the world popuolagi As these results are thoroughly discusseddh e
chapter, the conclusion addresses the worldwidellptpn subdivision, identification of centre of
diversity and the role of sexual reproduction ia tamporal maintenance of recombinant populations
in the context of invasions and pathogen evolutipnpotential, while pointing out future

perspectives.

Impact of invasion on the worldwide population subdivision

Wheat yellow rust has been characterised for itg ldistance migration capacity evidenced through
its regional (Zeng and Luo 2006), continental (Bnoand Hovmgller 2002; Hovmagller et al. 2002;

Singh et al. 2004) and intercontinental disperSaidgh et al. 2004). Our results clearly demonstirate

the existence of worldwide population subdivisiamich permitted us to infer the sources of recent
invasions and their migration routes. Some of tliesent migrations, affecting different contineints
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few years, testify the role of human activitieslong distance dispersal of PST, previously reported
for other pathogens as well (Dilmaghani et al. 20@&Rdieux et al. 2008; Stukenbrock et al. 2006;
Zaffarano et al. 2006). However, the existence arfagic groups specific to different geographical
areas demonstrated that dispersal has not erasexhajor genetic groups, especially in centre of
diversity. The replacement of local populations thgse invasions would depend on the balance
between local adaptation of native populationsths.selective advantage of the migrants. In clonal
populations invasive strains/pathotypes may hakigla probability of replacing local populations if
they are more fit than the native population. Td¢uslld be the case for Mediterranean populations,
which were dominated by thér9 carrying pathotypes from the Middle East (Bahriaét 2009).
Similarly, the PST population in the USA after 20B0apparently dominated by a PstS1 type
pathotype or their derivatives after their invasior2000 (Chen 2005; Hovmgller et al. 2008) from a
source population in the Red Sea-Middle East. Hewewnolecular genotyping of the recent
population in the USA would be necessary to confih@ relative proportion of the pre-2000 and
post-2000 populations. In case of recombinant @imuls, the introgression of advantageous traits
into the native population (Desprez-Loustau et2807) would not result in the replacement of the
local population. This could be the case of Himalayopulations. Pathotypes carrying virulence
againstyr9, with a well described migration route startinglP86 in Ethiopia, then spreading through
the Middle East (Singh et al. 2004), did not repl#ite Himalayan populations. An alternative is that
the virulence could have been already presentamé#tive Pakistani population, though the available

studies suggest the first detection in 1990s (Bethed. 2011; Rizwan et al. 2010; Singh et al. 2004

Centre of diversity vs. sources of invasion

Identification of the diversity reservoirs in thentre of diversity as the potential source of ifwas
while the clonal populations outside this zonehasgotential targets could be helpful to predittife

invasion trajectories and to adopt better preventieasures (Campbell 2001; Desprez-Loustau et al.
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2007; Perrings et al. 2002). However, in the cantéxworldwide invasions, the regional adaptive
potential must also be known as the centre(s)\ardity would not always serve as the unique source
of new invasions. The success of invasions woulghedd on the pre-existence of new
virulences/advantageous alleles in the centre \rslity, the probability of their migration to othe
regions (possibly through human interventions) treselection pressure on mutants outside of the
centre of diversity. Although the diverse populaticof the pathogen could serve as a reservoir for
new virulences or other advantageous alleles, éhextion pressure during the epidemic cycle on the
pathogen population outside the centre of diversitigh virtually infinite population size at the
climax of epidemics, could also allow rare mutantslonal populations with low/no genetic diversity
to appear and be selected. This is shown by thptatitan of clonal populations to resistance genes
(Andrivon and de Vallavieille-Pope 1995; de Valkille-Pope et al. 2012; Goyeau et al. 2006;
Wellings 2007) or to local climatic conditions (Blgert et al. 2005; Mboup et al. 2012). The
probability that migration brings new invaders téasget host population would be linked with the
migration capacity of the pathogen. In the cas@$T, as invoked above, human activities are very
important in PST invasions. Thus despite the encsteof a centre of diversity in Himalayan and near
Himalayan region, most recent invasions came fratside of this region, most probably linked with
some human intervention. Thus along with the casiibn of diversity zone, the deployment of
resistance genes and the patterns of human asgiitiobility, exchange of material etc.) shoula als

be considered while predicting future invasiondctjries.

Worldwide variability in diversity, recombination and sexual reproduction

The analyses on diversity and recombination redeidle predominance of clonal population structure
in worldwide PST populations, except in its cemfa@iversity in the Himalayan region and nearby in
China. The observed difference in diversity andonegination signature was correlated with a

reduced telial production capacity outside the Hayan and near Himalayan region. This could be
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the result of a partial loss of sex ability in crpopulations during its worldwide spread. The
reduction/loss of sexual reproduction reportedtirenopathogens may be linked to the lack of one of
the two mating types due to genetic drift or difiece in relative fithess (Andrivon 1996; Salehlet a
2012b), lack of alternate host (Barrett et al. 2@B8th and Roelfs 1982) or the degradation of akxu
reproduction capacity when the pathogen passesghreeveral clonal cycles (Saleh et al. 2012a).
Reduction in PST sexual reproduction ability duritgy worldwide spread could result from its
migration into areas where the alternate hostdking or the sexual cycle is not necessary fora-ye
around epidemic cycle. Future studies should testtlie possibility of a sexual cycle of the
recombinant PST population on differeBerberis spp. present in the clonal region and the role of

Berberis spp. on population structure of PST populatiothancentre of diversity.

Centreof origin and ancestral relationship among populations

The results on the worldwide population subdivisidiversity, recombination signature and sexual
reproduction capacity suggest the Himalayan retpdre the most likely centre of origin of PST. This

was further endorsed by the approximate Bayesiempatation analyses, which identified the western
part of Himalayan chain (north of Pakistan) to be most ancestral population, while Nepal at the
eastern part of Himalayan chain to be a result dvhigture between Pakistan and China. The
existence of the centre of origin in the Himalayagion suggests host shift instead of co-evolution
with wheat in the Fertile Crescent, supporting ittegeasing evidence of host-shift in invasive fungi

(Giraud et al. 2010; Zaffarano et al. 2006). Furteidies would be necessary to elaborate the
population structure in the whole Himalayan regimgjuding western Afghanistan, southern China

and northern India. Furthermore, although mosthefworldwide populations were represented in the
present work, populations from Mongolia, the nomthpart of Central Asia and Russia must also be

studied to confirm the origin of NW European popiolas.
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Therole of Berberisin the temporal maintenance of PST

We have shown the first evidence of the role ofluséxeproduction oBerberis spp. in the temporal
maintenance of natural PST populations in the Hayeh region of Pakistan and suggest a similar
role in the recombinant population of Gansu, Chirfge temporal maintenance through a sexual cycle
on the alternate host resulted in the high genotstpd pathotypic diversity observed in the reghs.
Pakistani populations were shown to be the mosesiral in the present collection of isolates,
detailed studies on the yellow rust on local grassbe host barriers of the local yellow rust
population, the diversity in resistance genes éltital wheat landraces and the comparison of wheat

vs. Berberisinfecting PST population would be needed.

Empirical estimates of parameters on temporal maintenance of PST

The estimation of demographic and reproductive mpatars through the information on the
resampling of clones within and across generatienabled us to address the role of sexual
reproduction in the temporal maintenance of then€e recombinant population. Our method could
be applied to other PST populations, for which ame population is resampled across generations
with no spatial structuring and at least some dloggampling over generations. It can also be osed
other organisms with mixed reproductive modes ferieffective population size and the relative
contribution of sexual and asexual reproductionmnasy invasive pathogens have a mixed mode of
reproduction (Fisher 2007; Gladieux et al. 2011|gktiom 1996). A comparison of the estimates
from our methods with other estimates in certaircnmarganism, where clonal survival could be
traced, would help us to assess the accuracy ofmé#od. Information on demographic and
reproductive parameters are important for matheakgipidemiology and modeling and is critical for
understanding the causes for pathogen emergencepaadd (Fisher 2007; McDonald and Linde

2002; Regula et al. 2009).
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Concluding remarks

The information generated in the present study didmprove our understanding of PST population
biology and invasion history. The existence of waide population subdivision, identification of
diversity reservoirs and target populations andsthrces and migration patterns of recent invasions
would help predict future invasion risks. The rofenuman activities in recent invasions must also b
considered for preventing future invasions througgiter quarantine measure and increasing
awareness among people. ldentification of a ceofregenetic diversity with frequent sexual
reproduction would encourage orienting future éffan determining other centre(s) of diversity. The
evidence of the role dBerberis in temporal maintenance would reflect on the adepgiotential of

the pathogen in its centre of diversity. The infation on the temporal maintenance in the centre of
diversity would be useful for better management/béat yellow rust and resistance gene deployment
in the region, while considering the adaptive pttdrof the pathogen inside the centre of diversity

linked with the diversity and the role of sexugdnaduction.
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ADDITIONAL TASKS

During my PhD, apart from my PhD work | collaboxhte the following projects.

1.

| actively participated in data presentation anchusaript writing of the article describing
PST virulence dynamics over last 25 years in Frafte article was published in Plant

disease.

VIRULENCE DYNAMICS AND REGIONAL STRUCTURING OF PUCCINIA
STRIIFORMISF. SP.TRITICI IN FRANCE BETWEEN 1984 AND 20089.

de Vallavieille-Pope CAli S., Leconte M Enjalbert, J., Delos, M., Rouzet, J. 20P2ant
Disease96: 131-140.

| participated to the PhD of Rola EI-Amil in defitgj her PhD work and providing her the
basic training in molecular genotyping and popolatjenetic analyses. An abstract has been
submitted to BGRI meeting, from that work :

STATUS OF STRIPE (YELLOW) RUST IN SYRIA IN 2010-2011
R. ElI Amil, K. Nazari, C. de Vallavieille-Pop8, Ali, A. Yahyaoui and M. Hovmgller

| Participated to the post-doc work of Stephanieltévaon the origin, distribution and
evolution of the aggressive strains of PST, adaptedthigh temperature. | did the SSR
genotyping as well as contributed to the data jmeation and writing. An abstract has been
submitted to 13 ICRPMC, from that work:

RECENT INVASION OF WORLD-WIDE WHEAT GROWING AREAS B Y TWO
AGGRESSIVE STRAINS OF PUCCINIA STRITFORMIS

Stephanie_ WALTER Sajid ALI, Annemarie Fejer JUSTESEN, Jérdbme ENJALBERT,
Claude de VALLAVIEILLE-POPE, Mogens Stovring HOVM@ER

| collaborated to the work on newly spreading mviriilent pathotypes in collaboration with
Dr. Mogens S. Hovmgller group. | carried out thRSfenotyping of the isolates from these
pathotypes. An abstract from the work on the rechanges in European PST population, has
been submitted to 13 ICRPMC:

THE INFLUENCE OF MUTATION, RECOMBINATION AND EXOTIC
INCURSIONS ON THE RECENT DYNAMICS OF PUCCINIA STRIIFORMISIN
EUROPE

Mogens Stovring_ HOVM@LLER Stephanie WALTER,Sajid ALI, Annemarie Fejer
JUSTESEN, Jens Grgnbech HANSEN, Poul LASSEN, RogeBRYLES, Kerstin FLATH,
Claude de VALLAVIEILLE-POPE

In collaboration with the researchers from CIRADpmbellier working onMegnaporthe
oryzae, we developed a first version of research projedthis project, an effort will be made
to develop a joint collaborative effort to undergtahe population structure degnaporthe
oryzae in the Himalayan region. This will be done aftee tompletion of my PhD.
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CONFERENCES ATTENDED

| attended following conferences, workshops, callagand meetings during my PhD and benefited
from the work presented by experts from diverskl$iéncluding population genetics, fungal biology,
pathology, epidemiology and plant breeding and gesne

1. 05-08 June 201ZBeme colloque de la Société Francaise de Phytopadthgie. Paris, France.

2. 07-11 May, 2012 -Meeting on ongoing Yellow rust research work at gloal rust
reference centre (GRRC) Denmark.

3. 19-23 September 201XVI Congress of European MycologistsHalkidiki, Greece.

4. 25-29 June, 2011Jacques Monod ConferenceRoscoff, France.

5. 18" may 2011- Invited talk at Institute of Biotechnology and Genetic EnginegrikKP
Agricultural University Peshawar, Pakistan.

6. 18" may 2011- Invited talk at Department of Genetics, Hazara University Marsseh
Pakistan.

7. 15-17 February, 2011 €onference of BIOEXPLOIT final meeting, Wageningen, The

Netherlands.

25-26 November, 2010Annual meeting of EMERFUNDIS at Lauret-France.

2-4 June, 2016- Colloquium of“2eme Journee doctorant SPE-2010"Sophia-Antipolis,

France

10. 4™ may 2010- Invited talk at Midipile at University Paris Sud-11.

11.9-10 February, 2010 Technology Workshop orfMarker Assisted Selection: from
discovery to application”. Wageningen, The Netherlands.

12.25-29 January, 2010 8émes Rencontres de Phytopathologie — Mycologig@]JC 2010,
Aussois, France.

13.8-9 December, 2009 9th International Conference on Plant Diseases (G®1A-2009),
Tours, France.

14. 27 November, 20093ournee REID-Champignonat AgroParisTech, Paris-France.

15. 25-26 November, 2009Annual meeting of EMERFUNDIS at Paris-France.

16. 12 November, 2009 Colloquium on "Evolution de I'evolution” at AgroParisTech, Paris-
France.

17. 3-4 November, 2009 Workshop orDurable disease resistance managemehiRA-Paris-
France.

© x
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8-9 December, 2009 - 9th International ConferencenoPlant Diseases (CIMA-2009), Tours,
France.

TEMPERATURE ADAPTATION AND TELIOSORE PRODUCTION APT ITUDE OF
PUCCINIA STRITFORMISF.SP.TRITICI POPULATIONS IN RELATION TO THEIR
GEOGRAPHICAL AND PHYLOGENETIC POSITION

Sajid ALI, Marc LECONTE, Jérébme ENJALBERT and Claud e de VALLAVIEILLE-POPE

UMR 1290 BIOGER-CPP, INRA-AgroParisTech, Equipe Epdémiologie BP 01,
78 850 Thiverval-Grignon, France
sajid.ali@grignon.inra.fr

The recent expansion of yellow rust epidemiescginia striiformis f.sp. tritici : PST) in new areas
with a climate considered so far as too hot (SAuBA, West Australia, South Africa) has been
related to the emergence and global spread of rigkvtemperature adapted races from a narrow
genetic basis (Hovmgller et al. 2008). Furthermddbpup (2008) and Bahri (2008) reported the
presence of a gradient of diversity in PST popalegifrom North-western Europe to Pakistan and
China, along with a higher teliosore production fecombinant (Chinese) than clonal (French)
isolates. We report an overall variability for teenpture adaptation in terms of germination rate (at
20°C and 25°C) and relative infection efficiencylER for the isolates in accordance with their
phylogenetic position and geographical origin. Anssignificant difference among geographical
origins was observed for germination rate at 8°@e iBolates from Nepal, Middle-East and Pakistan,
the regions having hot climate, were high tempeeatdapted with even higher germination rate
and/or RIE than the two high temperature adaptéeremce isolates. This suggests that the high
temperature adapted isolates could be a resultigifation from the already adapted populations
present in these three regions. In the case aofsteies, isolates from Pakistan, Nepal and China had
high teliosore production, while the clonal popuas of Northern France and Mediterranean region
had very low teliosore production. This represent®rrespondence between the gradient in teliosore
production and the gradient of genetic diversityeadly described (Bahri 2008; Mboup 2008),
suggesting a strong relation between genetic dtyemnd teliosore production aptitude. The
phylogenetic position of most of the isolates wasi¢cordance with their geographical origin with
some off-type isolates. A general concordance fobetiveen phenotypic profile and genetic
structure along with the climatic conditions of gded locations reveals the presence of local
adaptation in PST populations for high temperatal@ptation and teliosore production. The probable
expansion risk of aggressive isolates from the zomigh higher diversity (Asia) to the areas with
clonal populations should thus be considered incdbmtext of climatic change and durable crop
protection.

Keywords:wheat yellow rust, geographical distribution, spore germination rate, microsatellites
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25-29 January, 2010 - 8émes Rencontres de Phytopalibgie — Mycologie, JJC 2010, Aussaois,
France.

GEOGRAPHICAL GRADIENT FOR TELIOSORE PRODUCTION OF PUCCINIA
STRIIFORMISF.SP.TRITICI ISOLATES IN RELATION TO THEIR PHYLOGENETIC
POSITION

Sajid ALI, Marc LECONTE, Laurent GERARD, Jérome ENLBERT and Claude de
VALLAVIEILLE-POPE
UMR 1290 BIOGER-CPP, INRA-AgroParisTech, BP 01,868 Thiverval-Grignon, France
sajid.ali@grignon.inra.fr

Puccinia striiformis f.sp. tritici (PST) is a basidiomycete, considered to reprodaegually through
dicaryotic uredospores on wheat. At the end of mirap season, teliosores are differentiated to
produce the teliospores, which in turns can gertait@form haploid basidiospores after meiosis. In
Uredinales, basidiospores infect an alternate mugtdescribed so far for PST. Accordingly, genetic
studies had shown a clonal PST population struatuféurope, Australia and USA. However, our
team has recently shown the genetic signaturecofmbination in Chinese populations along with the
presence of genetically diverse populations in Nédeiast and Pakistan, suggesting an overall
gradient of diversity from Western Europe to Eastésia (Bahriet al., 2009; Mboupet al., 2009). A
higher teliosore production for recombinant (Chéjegsolates than clonal (French) isolates was
equally observed. Here we attempted to assessifteeedce for teliosore production in populations
belonging to different geographical origins, anttibiting different levels of genetic diversity. &ts

of 56 isolates from six geographical origins weenatyped with 16 SSR markers, which amplified
17 loci. Genetic analysis of SSR data assigned tteerd genetic groups corresponding to their
geographical origin with some off-type and hybrigblates. An overall variability for teliosore
production was observed in accordance with theylqgenetic position and geographical origin.
Isolates from China, Nepal and Pakistan had hilipstare production, while the clonal populations of
France and Mediterranean region had very low tefemgproduction. This geographic gradient in
teliosore production corresponded to the gradiémenetic diversity mentioned above, suggesting a
clear relationship of teliosore production aptitwdéh genetic diversity. This could help in oriemi
the efforts to search for its alternate host amdreeof diversity. The overall relation betweendsbre
production, phylogenetic position and geographimagin, as detected by Fst and Qst analysis,
suggests that the selection pressure on teliosodugtion could be stronger than those influencing
neutral markers.

Keywords:wheat yellow rust, genetic structure, microsatellites, sexual reproduction trait

Bahri et al. (2009)Molecular Ecology, 18, 4165-4179.
Mboupet al. (2009)Fungal Genetics and Biology, 46, 299-307.
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2-4 June, 2010 — Colloquium of “2eme Journee doctant SPE-2010", Sophia-Antipolis, France

HIGH TEMPERATURE ADAPTATION IN WORLDWIDE POPULATION S OFPUCCINIA
STRIIFORMISF. SP.TRITICI IN RELATION WITH THEIR PHYLOGENETIC POSITION

Sajid ALI1, Marc LECONTEL, Laurent GERARD1, Anne-Sophie WALKER1, Bochra
BAHRI1, Mamadou MBOUP1, Jérdme ENJALBERT2 and Claude de VALLAVIEILLE-
POPE1

1UMR 1290 BIOGER-CPP, INRA-AgroParisTech, BP 0185@ Thiverval-Grignon, France
2UMR 320 Génétique Végeétale, INRA, Ferme du Moufi1 90 Gif sur Yvette, France

The genetic diversity of wheat yellow rust (PSHuccinia striiformis f.sp. tritici) is strongly
structured both by a clonal life cycle and by heslective pressures. Along with the description of
“boom and bust cycle” through arm-race between hoskt pathogen, we have suggested that other
selective pressures, like climatic conditions, barat the origin of the genetic structure of yellust
populations at a regional scale (Enjalbert et @05). The role of this climate adaptation is furthe
questioned by the recent expansion of PST epidetmitise areas previously considered hot for PST
(South USA, West Australia, South Africa) due toemt spread of high temperature adapted isolates
(Hovmgiller et al. 2008). Furthermore, the stricinality of PST can be questioned as Mbetpl.
(2009) and Bahri (2009) have reported the presaficeecombinant populations or genotypes in
Chinese and Pakistani populations. On the basia @forldwide sampling of PST, we studied
microsatellite polymorphism, high temperature adaph and teliosore production to test whether
two climatic and sex-related traits are linkedhe phylogeography of populations. The existence of
high temperature adapted isolates in Asiatic pdjmuia with higher diversity suggests that they are
the possible source for new emergence. Similavly,report a higher teliosore production, a sex-
specific trait, for isolates from genetically digerpopulations than clonal populations.
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25-29 June, 2011 - Jacques Monod Conference, Ro$cbfance.

WORLDWIDE GEOGRAPHICAL CLINE FOR GENOTYPIC DIVERSIT Y CORRELATES
WITH SEX ABILITY IN  PUCCINIA STRIIFORMISF.SP.TRITICI

Sajid Ali, Jérdme Enjalbert, Marc Leconte, Angélique Gautier, Mogens S. Hovmgler, Claude de
Vallavieille-Pope

Puccinia striiformis f.sp. tritici (PST) populations have been reported clonal inUB&, Australia
and Europe with a recent report of a high genotgversity in Pakistan (Bahri et al. 2011a) and
recombinant populations in China (Mboup et al. 2088ggesting an apparent gradient of diversity.
To confirm the existence of this phylogeographiediity gradient we genotyped a set of 385 isolates
representative of worldwide geographical origingthw20 SSR markers. Phylogenetic analyses
(STRUCTURE, DAPC and AFC) clustered these isolatts 6 distinct genetic groups according to
their geographical origins. Asiatic populations if2h Nepal and Pakistan) were found recombinant,
while Australian-European, African, and North Anoam populations were clonal. The East-West
genotypic diversity gradient was also confirmedhvw? ST populations from Middle-East and Central
Asia of intermediate diversity but lacking the redmnation signature. We assessed whether this
gradient in diversity/recombination could be linkad difference in the ability for sexual
recombination. As a proxy for this sex-ability, weeasured the telial production, a sex-specific
structures that are obligatory for sexual cycldial @roduction was measured in a set of 56 iselate
representative of these worldwide geographicalisigWe observed a geographic cline in telial
production in accordance with the observed gradiérgenotypic diversity/recombination, a result
defending the occurrence of sexuality in PST pdpmra. The higher mean Qst value (0.822) for
telial production than the Fst value (0.317) migliticate a direct or indirect selection affectietjal
production, rather than evolution under genetidt dlione. We suggest that these gradients might
reflect on the evolution of sex in PST populatiaming its worldwide migration, with a loss of sekua
function in areas where sexual alternate host ¢kilg, or not necessary for the completion of
epidemic cycle.
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ASIAN POPULATIONS OF THE WHEAT STRIPE RUST PATHOGEN AS A POTENTIAL
SOURCE OF NEW EMERGENCES, DUE TO THEIR HIGH GENOTYP IC AND
PHENOTYPIC DIVERSITY

Sajid Ali'*, Jéréme Enjalbert, Pierre Gladieux’, Marc Leconte', Angélique Gautier', Mogens S.
Hovmgler, Claude de Vallavieille-Popé

! UMR1290 BIOGER-CPP, INRA-AgroParisTech, 78850 Hnixal-Grignon, France
2UMR 320 Génétique Végétale, INRA, Ferme du Moulitil 90 Gif sur Yvette, France
% Laboratoire Ecologie Systématique Evolution, UMRB0Univ. Paris-Sud, CNRS, AgroParisTech,
Orsay, France
“University of Aarhus, Forsggsvej 1, DK-4200 SlageBenmark
* sajid.ali@grignon.inra.fibioscientist122 @yahoo.com

Keywords:Puccinia striiformisf.sp.tritici, invasive fungi, microsatellites, telial productio

Understanding the origin, migration routes, andsfimde changes in population biology of fungal
pathogens is essential for durable disease managehlere, we used microsatellite genotyping to
infer the invasion history of the wheat pathodewecinia striiformis f.sp.tritici (PST), based on a set
of 385 worldwide isolates. The pathogen has beparted clonal with cryptic molecular variation in
Europe, USA and Australia, but recent works hidttiégl the existence of a high diversity in Asian
PST populations (Bahri et al. 2011a; Mboup et 809. In the last decade, a high temperature
adapted strain, first reported in USA, has sprdabadly, with no known origin of emergence. Our
analyses, based on Bayesian and multivariate metlohastered worldwide PST populations into six
distinct groups, corresponding to their geograghac&in. Asiatic populations (China, Nepal and
Pakistan) were found recombinant and diverse, whAillsstralian-European, African, and North
American populations were clonal. Molecular datppsut a Mediterranean-Middle-Eastern origin of
the recently spread aggressive strain. The distobwof genetic variability was consistent with an
East-West genotypic diversity gradient, with PSpuydations from Middle-East and Central Asia of
intermediate diversity but lacking the recombinatisignature. To assess the role of sex in this
diversity cline, we used telial production as axgrdor sex-ability; telia being the sex-specific
obligatory structures for sexual cycle. The geofmapcline in telial production was found
significantly correlated with observed gradienigehotypic diversity/recombination in a subset of 56
representative isolates, defending the scenaria tafss of sex ability in clonal PST populations.
Temperature adaptation tests for the same 56 esotl@monstrated the existence of high variabitity i
temperature adaptation in Middle-East and Asianufajons. We conclude that Asian populations
having recombination/high diversity, high sex dpiland high variability in temperature adaptation
could serve as potential source of new emergences.
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ASIAN POPULATIONS OF PUCCINIA STRIIFORMIS F.SP.TRITICI AS A CENTRE OF
DIVERSITY WITH HIGH SEX ABILITY

Sajid Ali, Jérdme Enjalbert, Marc Leconte, Angélique Gautier, Mogens S. Hovmgller, Claude
de Vallavieille-Pope

The worldwide population analysis is crucial fordenstanding the evolutionary potential and
identifying centre of diversity for long distancegmating pathogens?uccinia striiformis f.sp. tritici
(PST) is one of these pathogens with worldwiderithistion but unknown centre of diversity and
origin. Early population analysis of PST has shalmal population structure in the USA, Australia
and Europe. Our recent work showed a high genogypiersity in Pakistan (Bahri et al. 2011a) and
recombinant populations in China (Mboup et al. 20688ggesting the existence of diverse population
at least in some Asian populations. To explorentbddwide population structure of PST a set of 385
isolates representative of worldwide geographicadims, were genotyped with 20 SSR markers.
These isolates were clustered into 6 distinct ehsstreflecting their geographical origins.
Recombination signature was present in Asiatic fajmns (China, Nepal and Pakistan) while absent
in Australian-European, African, and American p@pigins, confirming the East-West diversity
gradient. To infer on the possible origin of sextetombination for this gradient of diversity, we
measured the telial production, a sex-specificcttings that are obligatory for sexual cycle, asoxy

for this sex-ability. Telial phenotyping was mad® 66 isolates selected as representative of the
above mentioned geographical regions. Indeed, eli@ production was high in populations with
recombination signature (Pakistan, Nepal and Chiaile low in clonal populations. The cline
observed in telial production was in accordancehwihe observed gradient of genotypic
diversity/recombination, supporting the hypoth@disccurrence of sexuality in PST populations.
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WORLDWIDE POPULATION GENETIC ANALYSES SUGGESTS HIMA LAYA AS A
CENTRE OF DIVERSITY FOR PUCCINIA STRIIFORMIS F.SP.TRITICI ALONG WITH
HIGH SEX ABILITY AND TEMPERATURE ADAPTATION

Sajid Ali'*, Jéréme Enjalbert?, Pierre Gladieux**, Marc Leconte', Angélique Gautier',
Annemarie F. Justesefy Mogens S. Hovmgllet, Claude de Vallavieille-Popé

Identification of centre of genotypic and phenotygiversity and zone of sex occurrence is crucial f
understanding the evolutionary potential of crophpgens and subsequent disease management.
Puccinia striiformis f.sp. tritici (PST) is an economically important pathogen withrldwide
distribution but unknown centre(s) of diversity angreviously considered clonal. However, high
diversity has been shown very recently in Pakigiahri et al. 2011b) and recombination in China
(Mboup et al. 2009). To explore the worldwide p@tan structure of PST and identify the centre of
diversity and potential zones of sex occurrencsetaof 409 isolates were genotyped with 20 SSR
markers representative of worldwide geographicigims. We confirmed the existence of population
subdivision at worldwide level with 6 genetic clist according to their geographical origin,
suggesting the independent maintenance of eachlgimpu A very low diversity and clonal
population structure was observed in NW EuropeaitjdM-Eastern, Mediterranean, African, and
American populations, while a high genotypic divtsrend recombination signature was present in
Asiatic populations near to Himalayan Chain (Chiapal and Pakistan). These populations had also
a high sex ability in terms of telial productiondamore phenotypic variance for temperature
adaptation. Our results thus suggest Himalayanlptipos as centre of diversity for PST and could
be the potential zone of sex occurrence and thatsapte centre of origin. Additionally we identified
the Middle-East as the origin of the high tempematadapted aggressive strain (Milus et al. 2009),
and confirmed the NW European origin of South Arcemi population while the Mediterranean origin
of South African isolates. This information coul@ luseful for understanding the evolutionary
potential of the pathogen and its subsequent mamaggeat worldwide and local level.
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A rapid genotyping method for an obligate
fungal pathogen, Puccinia striiformis f.sp. tritici,
based on DNA extraction from infected leaf and
Multiplex PCR genotyping

Sajid Ali"", Angélique Gautier', Marc Leconte', Jéréme Enjalbert® and Claude de Vallavieille-Pope’

Abstract

Background: Puccinia striiformis f.sp. tritici (PST), an obligate fungal pathogen causing wheat yellow/stripe rust, a
serious disease, has been used to understand the evolution of crop pathogen using molecular markers. However,
numerous questions regarding its evolutionary history and recent migration routes still remains to be addressed,
which need the genotyping of a large number of isolates, a process that is limited by both DNA extraction and
genotyping methods. To address the two issues, we developed here a method for direct DNA extraction from
infected leaves combined with optimized SSR multiplexing.

Findings: We report here an efficient protocol for direct fungal DNA extraction from infected leaves, avoiding the
costly and time consuming step of spore multiplication. The genotyping strategy we propose, amplified a total of
20 SSRs in three Multiplex PCR reactions, which were highly polymorphic and were able to differentiate different
PST populations with high efficiency and accuracy.

Conclusion: These two developments enabled a genotyping strategy that could contribute to the development of

molecular epidemiology of yellow rust disease, both at a regional or worldwide scale.

Background

Puccinia striiformis f.sp. tritici (PST), an obligate basi-
diomycete that causes wheat yellow/stripe rust, a serious
disease in all major wheat growing regions [1-5]. The
development of different molecular markers has aided
the description of possible PST migration patterns [6],
the emergence of high temperature-adapted strains [7,8]
and the existence of recombination [9,10]. Despite these
recent developments, numerous questions still need to
be addressed, e.g. the evolutionary history of PST, its
centre of origin, its historic migration pathways or more
recent migrations causing new epidemics. These studies
necessitate the genotyping of a large number of isolates,
a process that is limited by both DNA extraction and
genotyping methods.

* Correspondence: sajid.ali@grignon.inra.fr

TUMR1290 BIOGER-CPP, INRA-AgroParisTech, BPO1, 78850 Thiverval-Grignon,
France

Full list of author information is available at the end of the article

( ) BiolVled Central

Two or three cycles of PST spore multiplication on
plants are usually necessary after sampling before DNA
extraction. Because of its obligate nature, PST cannot be
cultured on routine media to obtain sufficient biomass for
DNA extraction [11]. Spore production may be further
complicated when dealing with exotic isolates, which
involve the mandatory use of expensive, time-consuming
and wholly-contained facilities. In addition, using a given
set of susceptible varieties to increase the spores of exotic
isolates may give rise to bias. We had previously observed
very low levels of infection or even resistance reactions in
previously considered fully susceptible varieties such as cv.
Victo [12], Michigan Amber and Cartago when inoculated
with Pakistani isolates. This can result in the loss of iso-
lates having avirulence factors recognized by unknown
resistance genes in varieties used to increase spores. One
alternative is to extract DNA from one or few spores, and
then increase it through a whole genome multiple displa-
cement amplification [11] before performing genotyping.
However, the sophistication required for this method, as

© 2011 Ali et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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well as the need to prevent any contamination from other
organisms, limits its use. We therefore tested here a third
procedure, i.e. the direct extraction of fungal and plant
DNA from single spore-infected leaf.

Another issue was the availability of a set of molecular
markers sufficient to describe the population structure of
a pathogen. The use of microsatellites/simple sequence
repeat (SSR) markers with co-dominance and high poly-
morphism is of considerable value to the study of dikar-
yotic fungi such as PST [13]. When SSR detection and
allele sizing are performed using an automated DNA
fragment analyzer based on the separation of fluores-
cently-labeled amplicons, accurate and efficient genotyp-
ing can be achieved [14]. A good way to further enhance
the efficiency of SSR genotyping is to multiplex SSR
amplifications. Multiplex PCR refers to the simultaneous
amplification of several markers in a single reaction,
thereby saving the time and money required to manage
each PCR reaction separately [15]. This method has been
reported as achieving the same specificity as single con-
ventional PCR reactions [14]. We report here a protocol
that enabled the amplification of a set of highly informa-
tive SSR markers for PST studies, by means of three mul-
tiplex PCR reactions for PST.

Findings

Improvements to PST DNA extraction

To extract DNA from infected leaves, we selected both
sporulating leaves from the first cycle of spore multiplica-
tion and leaves sampled in the field with single sporulating
lesion, i.e. infections presumably resulting from a single
spore infection. A Qiagen DNeasy™ plant mini DNA
extraction kit protocol was used to extract DNA from the
sample. The infected leaves were put in 1.5 pL. Eppendorf
tubes containing 70 pL lysis (AP-1) solution (65°C) and
one tungsten bead, and then ground for 3 min at 30 rps
with a Retsch-MM300 grinder. An additional 70 pL of
lysis (AP-1) solution was added and the liquid material
was transferred into special tubes for extraction using the
Qiagen DNA ‘Biorobot 3000’ extraction robot. Further
details regarding the protocol are available in the manual
(available at http://www.qiagen.com). The DNA thus
extracted was then quantified on Nanodrop spectrophot-
ometer (Thermo Scientific) and stored at -20°C until
further use for molecular genotyping. The quantity of
DNA was within the range 2 ng uL™* to 6 ng pL ™, depend-
ing on the size of the leaf lesion. It is essential to remem-
ber that these extracts were containing the DNA of both
the plant and the fungus. Three PCR multiplex reactions
(targeting 20 SSRs, see below) were used to determine
whether the PST DNA was of sufficiently good quality for
genotyping. The gel pictures for the three multiplexes run
with DNA extracted from both the spores and the infected
leaves are shown in Figure 1. Although the DNA
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extractions from infected leaves produced smaller quanti-
ties of PCR-amplicons, the amplifications were always suf-
ficient to produce unambiguous signals for all loci when
run on a sequencer. To have an idea about the relative
amount of PST DNA in wheat DNA, we made a dilution
of DNA extracted from PST infected lesion and DNA
extracted from pure PST spores. In case of infected leaf
extracted DNA, a dilution of two times resulted in no or
very weak amplifications, while for DNA extracted from
PST spores, a dilution of 20 times was necessary to reach
to the lowest concentrations for PCR amplification. This
indicates that the infected leaf DNA contains 1/5 of fungal
DNA and 4/5 of leaf DNA. Thus at least 3 puL of the
infected leaf extracted DNA must be taken to have enough
PCR amplification. Further dilution will reduce the ampli-
fication to be able to read the alleles unambiguously.
Extraction made from infected leaves of different ages, dif-
ferent varieties or with different infection times gave equal
amplification. However, the quantity of the infection lesion
is important. An infection lesion of at least 2 cm long
must be used to have enough quantity of pathogen spores
and hyphae for DNA extraction and subsequent amplifica-
tion. Indeed, the amplification of DNA extracted from
non-infected leaves from two wheat varieties (Michigan
Amber and Sogood) did not achieve any amplification
(Figure 1). The extractions from infected leaves were first
validated in four different isolates (two from France and
two from Pakistan), for which SSR typing was strictly iden-
tical to the genotypes obtained from the DNA extracted
from spores (data not shown). This technique was then
applied to a set of more than 100 isolates sampled in Paki-
stan in 2010 which displayed little or no spore production
during multiplication. The SSR amplification was highly
efficient, while allelic patterns were matching those of iso-
lates sampled at the same location but genotyped after
DNA extraction from spores (data not shown). This tech-
nique could also be used for single sporulating lesion
infected leaves sampled in the field as such an infection
normally results from a single spore and has the same gen-
otype. However, in the case of leaves infected with several
sporulating lesions, they need to be cloned to obtain single
spore lesions that can then be used in the same manner as
discussed above. In both cases however, at least half of the
sporulating lesions must be preserved in order to retrieve
the isolate if it is required in the future. One option would
be to isolate samples through mono-chlorosis isolation or
single spore inoculation, and then use the infected leaf for
DNA extraction while at the same time retrieving the
spores for future pathotyping and other biological/epide-
miological studies. This direct use of infected leaves for
DNA extraction is applicable for any wheat pathogen
while considering the purity of races per lesion, eliminat-
ing the costly and critical step of exotic isolate multiplica-
tion in full confinement.
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Multiplex-1

Multiplex-2

Multiplex-3

Non-infected cv. Sogood adult plant DNA.

-

Figure 1 Gel run for the amplification of three multiplexes for DNA extracted directly from spores and from leaves infected with PST.
A: J1023M2 spore extracted, B: DNA extracted from plant infected with J1023M2, C: Non-infected cv. Michigan Amber seedling leaf DNA, D:

Development of an efficient and multiplexed set of SSR
for the PST population study

Another aim of this study was to obtain a reliable combi-
nation of different SSR markers that could be amplified
during a small number of PCR reactions, rather than a
separate PCR amplification for each SSR. We benefited
from a total set of 22 previously developed SSRs [13,16]
and a set of 13 SSRs sequences kindly provided by Dr. X.
Chen (Washington State University, Pullman, USA), out
of which only nine were amplified and two were

polymorphic. Amplifications were performed first of all on
each individual SSR and they were then combined in three
multiplexes as a function of their allele sizes. Based on
their polymorphism (assessed using a set of eight isolates
representing different genetic groups of global PST popu-
lations) and after selection for a successful amplification in
multiplex PCR reactions, a total of 20 SSRs were chosen.
For each SSR locus, the forward primer was labelled with
black, green or blue florescent dyes, the red fluorescent
dye being reserved for the size marker (Figure 2). SSR loci
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Figure 2 Chromatogram of Multiplex-2 with seven SSR loci labelled with blue (2 SSRs), green (2SSRs) and black (3 SSRs) fluorescent
dyes, while the red dye represents the length markers. The RJO-24 locus with a low strength peak could be read after zooming (top left).
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in the same or closed allele size range were then labelled
with different florescent dyes to achieve the maximum
possible number of loci per run of the sequencer. Table 1
provides details on the SSRs combined in each multiplex
PCR reaction.

The PCR reactions were performed using a QIAGEN
kit containing a single mix of Taq-polymerase, MgCl,
dNTPs and buffer, referred to as the Type-it microsatel-
lite kit specially designed for Multiplex PCR reactions.
Each reaction contained 2 pL water, 1 pL Q-solution, 1
pL of the primer mix (containing 2 pM of each SSR pri-
mer), 5 uL of the Type-it mix and 1 pL (15 ng) of DNA.
The amount of DNA was increased to 3 pL and no
water was added for infected plant leaves, as the PST
DNA was diluted with plant DNA. An optimization step
was performed to identify the optimum melting tem-
perature for all the SSRs in a given Multiplex. The opti-
mum PCR conditions thus determined were the same
for all three multiplexes, with preheating at 95°C for
5 min followed by 30 cycles of 95°C for 30 s, 57°C for
90 s and 72°C for 30 s, with a final extension step at
60°C for 30 minutes, using an iCycler (Biorad) thermo-
cycler. The PCR products were run on a 2% agarose gel
to reveal the amplification products. The amounts of
PCR product added to 35 pL of the Sample Loading
Solution, containing 0.4 puL Beckman Coulter 400-bp
size standard, varied as follows:1.5 pL for Multiplex-1
and Multiplex-3 and 2.2 for Multiplex-2 in the case of
spore DNA; 3 pL for Multiplex-1 and Multiplex-2 and 4
puL for Multiplex-2 in the case of infected leaf DNA.
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Amplicon fragments were separated using a Beckman
Coulter CEQ-8000 DNA Analyzer with the default
FRAG-3 run method. The fragments were read using
CEQ-8000 Genetic Analysis System Software (Beckman
Coulter) to record alleles manually for each locus
according to amplicon fragment lengths. All the alleles
were readable and there was no difference between
allele lengths whether the PCR was performed for each
SSR separately or in a multiplex reaction. Allele sizes
were within the range of previously reported alleles for
previously developed SSR markers [13,16], while for two
new SSRs, the allele sizes were within the range of 211-
213 bp for WU-6 and 325-334 bp for WU-12. The tech-
nique was then used to genotype more than a thousand
isolates representing the worldwide PST population and
we found no ambiguity in terms of allele reading,
together with an efficient discriminating power for this
set of SSRs. The data on these worldwide set of isolates
would be used to infer about the PST phylogeny and
evolutionary biology. The development of this multi-
plex-based amplification technique, together with the
reading of allele length through a sequencer, achieved
gains in time and accuracy, as well as regarding the
reproducibility of the results.

Conclusions

The extraction of DNA from infected leaves, together
with a Multiplex-based PCR reaction and the reading of
fluorescently labeled alleles through a sequencer thus
provides a ready-to-use method for the efficient

Table 1 Description of three PCR multiplexes enabling the genotyping of 20 Puccinia striiformis f.sp. tritici SSR

Multiplex SSR Locus Florescence Allele size range Reference
Multiplex 1 RIN5 Black 225-231 [13]
RING Black 310-322 [13]
RIN13 Green 150-153 [13]
RIN3 Green 339-347 [13]
RJO21 Blue 167-182 [16]
RIN4 Blue 258-264 [13]
RINS Blue 306-318 [13]
RJO18 Blue 334-360 [16]
Multiplex 2 RIN12 Black 192-200 [13]
RINTO Black 225-231 [13]
RJO24 Black 273-308 [16]
RJO4 Green 201-207 [16]
RJO20 Green 282-293 [16]
RINT1T Blue 173-185 [13]
RIN9 Blue 335-337 [13]
Multiplex 3 RIN2 Black 172-196 [13]
Wue Black 211-213 Provided by X. Chen
RJO3 Green 202-204 [16]
WU12 Green 325-334 Provided by X. Chen
RJIO27 Blue 217-243 [16]
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genotyping of PST, and enables clear gains in terms of
time, money, reproducibility and accuracy. Because of
the high level of polymorphism of the SSR markers
selected, the proposed SSR set could also constitute a
genotyping reference at worldwide level, enabling the
rapid comparison of genetic analyses. Such easily com-
parable sets of markers constitute an essential tool for
molecular epidemiology and to trace emerging races in
a fungus that is known for its highly efficient long dis-
tance migration [17]. Furthermore, the genotyping of
large number of isolates from different geographical
regions coupled with recent population genetics analyses
would assist to address ancestral relationship between
different geographically spaced populations, describe the
ancient migration routes and the role of host and geo-
graphy on pathogen population structuring. This will
help us to understand overall evolution of pathogens
and to consequently orientate disease management
strategies.
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Abstract

de Vallavieille-Pope, C., Ali, S., Leconte, M., Enjalbert, J., Delos, M., and Rouzet, J. 2012. Virulence dynamics and regional structuring of Puccinia
striiformis f. sp. tritici in France between 1984 and 2009. Plant Dis. 96:131-140.

Understanding of long-term virulence dynamics of pathogen popula-
tions in response to host resistance gene deployment is of major impor-
tance for disease management and evolutionary biology. We monitored
the virulence dynamics of Puccinia striiformis f. sp. tritici, the causal
agent of wheat stripe rust, over 25 years in France. Virulence dynamics
was explained by estimates of area associated with resistance genes
carried by farmers’ cultivars. The epidemics assessed through disease
severity significantly correlated with the number of P. striiformis f. sp.
tritici isolates collected each year, used to describe virulence dynam-
ics. In the south, the dominance of the Mediterranean pathotype 6E16
and the cultivation of a susceptible cultivar were associated with an
epidemic from 1997 to 1999. In the north, five epidemics occurred due

to successive acquisition of virulence to the resistance genes Yr7, Yr6,
Yr9, Yrl7, and Yr32, either by acquisition of the virulence in the previ-
ous dominant pathotype or by incursion or selection of one or two new
pathotypes. Frequency of pathotypes with Vr7 and Vr6 declined with
the reduction in the cultivation of corresponding Yr gene cultivars,
whereas the virulence Vr9 persisted longer than the cultivation of Yr9
cultivars. Although the first pathotypes carrying Vr9 decreased, this
virulence persisted in other pathotypes even in the absence of Yr9 culti-
vars. At the regional level, Y79 cultivars in the north caused a shift from
high Vr6 frequency to high Vr9 frequency whereas, in the central re-
gion, where Yr9 cultivars were rare, Vr6 remained prevalent.

Stripe rust (yellow rust) of wheat (Triticum aestivum L.), caused
by Puccinia striiformis f. sp. tritici Eriks., is a disease of
worldwide economic importance (2,23,30,50,52). The deployment
of resistance genes has been suggested to be the most economical
and environmentally friendly measure to control the disease
(2,22,48,50). At least 53 yellow rust resistance genes (Yr) have
been identified (42,53). These resistance genes are designated with
Yr and a suffix (i.e., Yrl, Yr2, Yr3, and so on) according to the se-
quence of their genetic characterization (42), and the matching
virulences to these resistance genes are designated as Vrl, Vi2, Vr3,
and so on, respectively. These resistance genes are mostly race
specific, fitting the well-described gene-for-gene theory (14,15,26).
Most of these genes are expressed at all growth stages of the plant
but some are effective only at the adult-plant stage. Most of these
resistance genes have been deployed in different cultivars, at
different geographical scales (region, country, and continent), and
for different periods of time, and, in general, have been associated
with short-term stripe rust control (8,33,52).

When resistance genes are deployed in popular cultivars on a
large area, strong selective pressure occurs in the pathogen popula-
tion (33,35,41,52,56). Selection pressure caused by the deployment
of resistance genes within host populations is particularly effective
for biotrophic pathogens such as P. striiformis f. sp. tritici, because
their entire life cycle depends on the availability of susceptible
living host tissue. Thus, virulent pathotypes are rapidly selected,
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leading to a loss of resistance-gene efficacy and, subsequently, to
a reduction in the cultivation of cultivars carrying this sole source
of resistance (8,41). The overall pathogen population may then
either become more complex through virulence accumulation in
the same pathotype (22,36,52) via strong direct or indirect (hitch-
hiking) selection (32), or remain quite stable, having the same
mean number of virulences per pathotype (4), depending on the
disease and the region studied. Despite considerable interest in
understanding how host selection pressure and pathogen adaptive
potential interact in the temporal dynamics of epidemics, few
studies have described the changes in virulence frequency over a
relatively long period of time and, hence, taken into account the
temporal evolution of area allocated to the corresponding resis-
tance genes.

In France, stripe rust most frequently occurred in the north,
where devastating epidemics in the 1960s (‘Joss Cambier’, YriI)
led to greater emphasis on breeding for resistance to this disease
(49). Since that time, a number of resistance genes have been de-
ployed in wheat cultivars. The P. striiformis f. sp. tritici population
pathotype survey began in 1984 in order to monitor the evolution
of virulence frequencies in the French P. striiformis f. sp. tritici
population using a set of differential cultivars (21,22). The
northwestern European P. striiformis f. sp. tritici population, which
included northern French P. striiformis f. sp. tritici populations,
was described as being predominantly clonal (25,29) and,
therefore, most similar to that reported for the Australian (55) and
northern American (12) P. striiformis f. sp. tritici populations,
while Oriental and Asiatic populations appeared to have varying
level of diversity (1,24,40). Despite this clonal behavior, a
succession of pathotypes has been detected in France across six
major epidemics, due to stepwise mutations and acquisition of new
virulences (25). The clonality of P. striiformis f. sp. tritici
populations in France and the succession of a low number of
pathotypes dominating the country provided a unique model to
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study the temporal dynamics of adaptation of P. striiformis f. sp.
tritici to resistance gene selective pressures.

Despite the long-distance migration capacity of P. striiformis f.
sp. tritici (11), a clear divergence has been reported in the northern
and southern French P. striiformis f. sp. tritici populations (25),
partly due to temperature adaptation (39) and, apparently, to
resistance gene deployment. This highlights the role of host genetic
composition at the regional level. To better understand the role of
host gene deployment on regional population structure, we used
the case of Yr6 and Yr9 cultivation in two regions. We assessed
whether the cultivation of the Yr9-based ‘Slejpner’ in northern
France and of the Yr6-based ‘Récital’ in both the northern and
central regions (GNIS, http://www.gnis.fr/) (22) might influence
the P. striiformis f. sp. tritici population structure at the regional
level.

The first objective of this study was to determine whether the
pathotype dynamics of P. striiformis f. sp. tritici in France may be
explained by changes in the deployment of resistance genes at the
national level, with particular emphasis on the subsequent evolu-
tion of the corresponding virulences over a long period of time.
The second objective was to see whether different host population
structures at the regional level made it possible to study their effect
on the pathogen population structure. We used the annual patho-
type and epidemic severity surveys conducted at the national level
to find answers to these questions.

Materials and Methods

Temporal fluctuations in the severity of stripe rust epidem-
ics. Annual surveys of the severity of stripe rust epidemics were
carried out by the Plant Protection Service, Ministry of Agricul-
ture, Paris. These estimates were used as indicators of epidemic
intensity. Detailed observations on disease severity were available
from 1975 in all production regions within France and had been
undertaken by a specialized network concerning cereal diseases.
Disease severity was assessed by visual scoring in farmers’ fields
throughout France. For the present study, the scores averaged
across all sites from northern and southern France each year were
represented on a scale from 0 to 3, where 0 = no disease; 0.5 = rare
epidemic cases observed; 1 = limited disease severity, either low
severity across a large area or high severity limited to a very small
area; 2 = severe disease severity over a large area with maximum
severity (i.e., 70%); and 3 = high disease severity with a larger area
severely infected (disease severity >70%). The disease severity
score presented herein was the median based on the distribution of
severity scores per year for representative regions in the north and
south of France. Each region comprised about 300 farmers’ fields
and 10 different cultivars. The disease evaluation in each reference
field in an area not treated with fungicides was based on weekly
visual observations of diseased leaf area on susceptible or highly
susceptible cultivars.

Survey of P. striiformis f. sp. tritici pathotypes. The frequency
of P. striiformis f. sp. tritici pathotypes was monitored throughout
France in farmers’ fields and noninoculated breeding nurseries
beginning in 1984. For the present study, information was obtained
from a range of institutes, including Service de la Protection des
Végétaux, Ministry of Agriculture, Paris; Arvalis—Institut du
Végétal, Paris; Chambers of Agriculture; agrochemical companies;
and wheat breeders. Randomly selected samples of diseased wheat
leaves were collected from fields that were not inoculated. The
leaves were wrapped in glycine bags or paper envelopes and sent to
the INRA laboratory in Versailles-Grignon. An isolate of a single
sporulating lesion was obtained from each sample and then used
for subsequent pathotyping.

The P. striiformis f. sp. tritici survey performed in northern
France during the period from 1987 to 1992 was used to assess the
regional structure of the P. striiformis f. sp. tritici population in
relation to resistance gene distribution of cultivars in farmers’
fields. In one region of northern France that included the cities of
Lille (50°38"14” N, 3°03’48” E) and Amiens (49°54’0” N, 2°180”
E), Slejpner, which carried the resistance gene Yr9 (7), was widely
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cultivated at that time; whereas, in one region of central France,
including Paris (48°51"24” N, 2°21°07” E) and Orléans (47°54°09”
N, 1°54’32” E), Slejpner was not grown and Récital (carrying Yr6;
22) was predominant. ‘Thésée’ (¥Yr2) was grown in both regions
and was susceptible to all prevalent pathotypes (either avirulent or
virulent to Yr6 and Yr9), because all pathotypes found during this
period carried Vr2 (22). The frequencies of Vr9 and Vr6 were com-
pared between the two regions to assess the regional structure of
the P. striiformis f. sp. tritici population relative to the distribution
of resistance genes.

Spore purification and multiplication. The P. striiformis f. sp.
tritici samples collected from the field were purified and multiplied
in a greenhouse for further pathotyping. Five wheat seeds per pot
were planted in square pots (7 by 7 by 8 cm) filled with standard
peat soil. In order to enhance spore production, the plants were
treated with 15 ml of maleic hydrazide solution (0.25 g/liter) per
pot when seedlings were 1 cm high, 4 to 5 days after sowing. All
isolates were single lesion and urediniospores were produced
through inoculation on seedlings at the two-leaf stage of the sus-
ceptible wheat ‘Michigan Amber’ or ‘Victo’. The latter cultivar is
highly susceptible to the northwestern European stripe rust popula-
tion and resistant to most of the leaf (brown) rust pathotypes (23).
Starting in the early 2000s, the plants were kept in a greenhouse
under continuous light for 6 h before inoculation to increase infec-
tion efficiency, with a light intensity of 300 pmol quanta m= s~!
(19). Inoculated plants were kept in a dark dew chamber at 8°C for
24 h and then placed in a greenhouse where the temperature was
maintained between 14°C at night and a maximum of 20°C during
day time. The daylight period was extended to 16 h through the use
of sodium vapor lamps (with a light intensity of 300 umol quanta
m~ s7!). Plastic cylinders or cellophane bags were placed over
each pot to prevent any cross-contamination. Plants bearing a sin-
gle lesion on a leaf were isolated in a cellophane bag to produce
single-lesion isolates, and the spores collected from this single
lesion were multiplied for further use. Seedlings were inoculated
with urediniospores mixed with talc. Urediniospores from plants
inoculated 15 to 21 days earlier were harvested using a cyclone
spore collector. These spores were placed in a desiccator (40%
relative humidity) for 4 days at 5°C and then stored in liquid nitro-
gen (20). After removal from storage, the urediniospores were heat
shocked (40°C for 10 min) before inoculation and used for either
spore multiplication or virulence profile tests.

Characterization of virulence profiles of P. striiformis f. sp.
tritici. The virulences of P. striiformis f. sp. tritici isolates were
determined using world and European sets of 15 differential lines
(22,34) plus additional varieties: ‘Chinese 166’ (Yrl), ‘Kalyon-
sona’ (Yr2), ‘Heines VII’ (Yr2+), ‘Vilmorin 23’ (¥Yr3), ‘Nord De-
sprez’ (Yr3+), ‘Hybrid 46’ (Yr4), T. spelta album (Yr5), ‘Austerlitz’
(Yr6), ‘Heines Kolben’ (Yr6+), ‘Heines Peko’ (Yr6 and Yr2), ‘Lee’
(Yr7), ‘Reichersberg 42’ (Yr7+), ‘Compair’ (Yr8+), ‘Federation
4x/Kavkaz’ (Yr9), ‘Clement’ (Yr9+), ‘Moro’ (Yri0), ‘VPMI’
(Yrl7), line TP981 (Yr25), Avocet isoline (Yr27), ‘Carstens V’
(Yr32), ‘Strubes Dickkopf’ (YrSd), ‘Spaldings Prolific’ (YrSp), and
‘Suwon92/Omar’ (YrSu) (http://www.ars.usda.gov/SP2UserFiles/
ad_hoc/36400500Resistancegenes/Yrgene.xls). Each differential
line carried at least one race-specific resistance gene (Yr) expressed
at the seedling stage. The “+” sign after the name of the Yr gene
indicated additional unknown resistance. During each test,
Michigan Amber or Victo was included as a susceptible control
(22,23). Each test included six plants for each isolate—wheat
genotype combination and was conducted twice. All the conditions
of plant growth and inoculum production were as described above.
The seedlings were inoculated 8 to 10 days after sowing, when the
first leaf was fully expanded and the second leaf emerging.
Seedlings were inoculated using 4 mg of spores suspended in 650
ul of Soltrol 170 mineral oil (Chevron-Phillips Chemical Co.,
Houston). After 15 min for oil evaporation, inoculated seedlings
were kept in a dark dew chamber for 24 h at 8°C before being
placed in a greenhouse (as described above) to promote disease
development. Seedling responses were assessed 17 to 19 days after



inoculation, using a qualitative infection-type scale of 0 to 9
defined by the presence of necroses and chloroses and the intensity
of sporulation (43) (http://public.wsu.edu/~wheaties/rustpic.html).
Compatible reactions (host susceptibility and pathogen virulence)
were defined as infection types 7 to 9. Infection types O to 4 were
defined as incompatible reactions (host resistance and pathogen
avirulence) and infection types 5 to 6 were considered to be
intermediate reactions.

The virulence phenotypes of the isolates were used according to
the pathotyping nomenclature (34) and their complete virulence
profile. The pathotype code is binary; the first number corre-
sponded to the avirulent or virulent infection types on the world
differential set and the second number described avirulent or viru-
lent infection types on the European differential set. The final num-
ber indicated avirulent or virulent infection types on the additional
differential lines for Yr/7 and Yr27.

Postulation of stripe rust resistance genes. The geographical
distribution of cultivars was provided by the Office National Inter-
professionnel des Grandes Cultures, Paris (47) and Arvalis—
Institut du Végétal, Paris. Resistance genes were determined at the
seedling stage using a set of 12 French pathotypes with comple-
mentary virulence patterns: 2 southern P. striiformis f. sp. tritici
pathotypes, 6E16 (Vr2, 6, 7, and 8) and 6E16V27 (V¥2, 6, 7, 8, 9,
25, 27, and Sd); and 10 northern P. striiformis f. sp. tritici patho-
types: 237E141V17 (Vrl, 2, 3, 4, 6, 9, 17, Sd, and Su),
169E136V17 (Vrl, 2, 3, 9, 17, and Sd), 40E8 (Vr3 and Sd), 43E138
(Vrl, 2, 3, 7, and Sd), 106E139 (Vi2, 3, 4, 7, Sd, and Su), 109E141
(WVrl, 2, 3, 4, 6, Sd, and Su), 232E137 (Vr2, 3, 4, 9, Sd, and Su),
233E169V17 (Vrl, 2, 3, 4, 9, 17, 32, Sd, and Su), 237E141 (Vr1, 2,
3,4, 6,9, Sd, and Su), and 239E141V17 (Vrl, 2, 3,4, 6, 7, 9, 17,
Sd, and Su) (22). The cultivars grown during the study period were
tested at the seedling stage, with the same conditions as described
above for pathotype determination (22).

Results

Prevalence and severity of stripe rust epidemics. In total,
1,574 isolates were collected over the 25-year period: 1,362 iso-
lates from the north and 212 from the south (Fig. 1). The geo-
graphical distribution of the number of isolates sampled per depart-
ment was six times higher in the north than in the south. North-
central France (departments of Calvados, Essonne, Eure, Eure et
Loir, Ille et Vilaine, Loir et Cher, Nord, Oise, Pas de Calais, Seine
et Marne, Seine Maritime, Somme, and Yvelines) had the highest
number of isolates collected in the north, ranging from 25 to 206
isolates per department. In southwestern and eastern France, where
the area of wheat cultivation was lower (www.gnis.fr), fewer iso-
lates were received. The analyses of pathotypes and disease sever-
ity considered the north and south of France separately. The maxi-
mum number of isolates received (n = 200) was in 1999, with 180
of them originating from northern regions with a disease severity
score of 2, corresponding to the 1999 to 2002 P. striiformis f. sp.
tritici epidemics (Table 1; Fig. 2A). The number of isolates
received in 1989 (121 isolates) corresponded to the 1988 to 1991 P.
striiformis f. sp. tritici epidemics. The number of isolates in 2008
(124 isolates) that corresponded to the 2007 to 2009 P. striiformis
f. sp. tritici epidemics was also high. A moderate epidemic
observed in 1994 (57 isolates) corresponded to the 1993 to 1995 P.
striiformis f. sp. tritici epidemics. For southern France, the
maximum number of isolates (n = 72) was collected in 1997 and
corresponded to the 1996 to 2001 P. striiformis f. sp. tritici
epidemics that were due to the cultivation of Victo. Those epidemic
periods corresponded to disease severity scores higher than 2 on
the 0-to-3 scale (Fig. 2A and B). There were four periods with no
epidemics: in 1986, 1992, 1996, and 2004 to 2006. For these years,
the number of isolates received was below 10 isolates per year and
the disease severity score was lower than 0.5.

The sources of isolates were the surveys conducted by the Plant
Protection Service, and it was hypothesized that the number of
isolates collected each year was indicative of epidemic severity of
that year. The severity of stripe rust epidemics and the number of

isolates received each year were found to be strongly correlated
(for the north: R? = 0.661 and P < 0.001, Fig. 2A; for the south: R?
= 0.608 and P < 0.001, Fig. 2B), showing that the number of P.
striiformis f. sp. tritici isolates received annually varied in line with
epidemic severity (Fig. 2A and B). Because we were interested in
the relative frequency of pathotypes and virulences, henceforth,
epidemic status was described using the number of isolates re-
ceived per year rather than disease severity.

The virulence frequency over the 25-year period in the north re-
vealed a succession of five epidemics, due to the sequential selec-
tion of the virulences Vr7, Vr6, Vr9, Vri7, and Vr32 (Fig. 3A). The
Vr7 frequency was high in 1984 and then declined. The Vr6 fre-
quency fluctuated three times from high to low and then to high
again. The Vr9 and Vrl7 virulences remained fixed in the popula-
tion after their selection. Finally, the V32 frequency was only high
at the end of the period. In the south, there was a single large epi-
demic, which was caused by a pathotype combining Vr7 and Vr6
(Fig. 3B). Vr9 and Vri7 were detected in 2000 in the south, corre-
sponding to some pathotypes characteristic of the north.

In total, 23 pathotypes were detected from the 1,574 P. stri-
iformis f. sp. tritici isolates collected during the study period. In
all, 20 pathotypes were identified in northern France and 14 in
southern France (Table 1). In the north, a succession of pathotypes
was detected during the 25-year period. During the epidemic in
1984, pathotype 43E138 containing Vr7 virulence was dominant
but decreased thereafter, coinciding with the diminishing pro-
duction area of Talent (Yr7) (Fig. 4A). The epidemics of 1987 to
1989 were due to two new pathotypes (45E140 and 109E141) with
Vr6 virulence, collected mainly from Yr6-based Récital and
Austerlitz (Fig. 4B). The next most frequent pathotype was
232E137, containing Vr9 virulence, which was detected in 1986
and became prevalent between 1990 and 1994 before declining.
The prevalence of 232E137 was mainly due to the cultivation of
Slejpner (Yr9). In 1989, another pathotype (237E141) appeared
carrying Vr6 in addition to V9. This was concomitant with the
cultivation of ‘Equinox’ and ‘Madrigal’, containing both Yr6 and
Yr9. In 1998, the two major newly detected pathotypes
(233E137V17 and 169E136V17) contained both the Vr9 and Vr17

O otos, Clst09. M10t049, M

Fig. 1. Distribution of the 1,574 Puccinia striiformis f. sp. tritici isolates collected
between 1984 and 2009 in 93 French departments. Range of numbers of isolates
per department: white areas, 0 to 4; light gray areas, 5 to 9; dark gray areas, 10 to
49, and black areas, > 50.
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virulences. The Vr9 virulence was already widespread and the Vri7
virulence was newly detected. The pathotypes 233E137V17 and
169E136V17 were found from 1998 to 2004. In 1999, a new
pathotype (237E141V17) possessing Vr9, Vr6, and Vrl7 was
identified, associated with the cultivation of ‘Ornicar’ and
‘Cardos’, containing both Yr6 and YrI7. This pathotype frequency
declined after 2003 and increased again in 20009.

Another pathotype (233E169V17), containing Vr9, Vrl7, and
Vr32, was detected in 2002 and became frequent during the epi-
demics of 2007 to 2009, while the pathotype 104E41, containing
Vr32 without Vr9 and Vrl7, was detected in 2008 and 2009. The
Yr32 gene was present mainly in ‘Toisondor’, ‘Aldric’, and
‘Alixan’. Some other minor pathotypes were also detected during
this 25-year period but at a very low frequency (Table 1).

By contrast, the southern French P. striiformis f. sp. tritici
population was clearly dominated by the pathotype 6E16 (150
isolates), with the remaining pathotypes, including four specific to
the south, being encountered much less frequently (Table 1). The
highest number of 6E16 isolates sampled (53 isolates out of the
total of 150 such isolates collected during the 25-year period) was
observed in 1997. The earlier 1986 epidemic, due to infection of
spring wheat ‘Prinqual’ in the Rhone-Alpes region (south of
France), was also caused by the pathotype 6E16.

Moreover, despite the marked divergence between northern and
southern P. striiformis f. sp. tritici populations, some pathotypes
from the north were found at very low frequencies in the south
during the years of severe epidemics (Table 1). Similarly, the
dominant pathotype in southern France (6E16) was found at a very

Table 1. Annual frequency and virulence profile of Puccinia striiformis f. sp. tritici pathotypes detected in northern and southern France between 1984 and

2009

Year?
Pathotype® 84 85 8 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 Virulence®
North
43E138 83 90 + + 7 2 - - - - - - - - - - - - - - - - - - = = 1237258S8d
171E138 7 - - - - - - - - - - - - - - - - - - - - - - - - - 1237925Sd
41E136 - 0 - 17 6 1 - - - - - - - - - - - - - - - - - - - - 123255
232E137 - - + - 3 21 44 52 + 44 46 38 + - - - - - - - - - - - - - 2349258d,Su
109E141 - - = 6 15 14 13 3 - - 2 3 - + 3 - - 2 - - - - - - - - 12346,25Sd,Su
169E136 - - - 11 - 1 3 6 + 388 26 13 + - - - - - - - - - - - - - 1239258d
45E140 - - - 56 67 58 35 6 - 3 - 5 + - - - 1 1 - - - - - - - - 1236258Sd
233E137 - - = 6 - - - - - - - - - - - - - - - - - - - - - - 12349.258d,Su
235E139 - - - - 3 - - - - - - - - - - - - - - - - - - = = = 123479255d,Su
237E141 - - - - = 3 3 30 + 16 26 41 - + - - - - 1 - + - - -2 - 1,234,6925,.Sd,Su
106E139 - - - - - = 2 - - - - - - 4+ - = - = = =+ = = - - - 2347255Sd,Su
169E136V17 - - - - - - - - - - - - - + 26 5 2 6 2 21 - - - 3 - - 1239,17.Sd
233E137V17 - - - - - - - - - - - - - + 68 8 91 75 41 43 + - - 1 - - 12349,1725,Sd,Su
237E141V17 - - - — — — - — - - - - - — — 1 1 11 48 29 - - - 1 - 42 123469,17,255d,Su
173E140V17 - - - - - — - - - - - - - - - - = 1 2 - 4+ - - - - - 123691725S8d
239E143V17 - - - - - - - - - - - - - - - - = 1 - - - - - - - - 12346,7917258Sd,Su
233E169V17 - - - - - - - - - - - - - - - - - - 5 7 - - - 9 77 31 12349,17,32,25,Sd,Su
104E41 - - - - - - - - - - - - - - - - - - - - - - = =21 27 34,6,32,25,Sd,Su
6E16 - -+ - - - = 3 - - - - - - 3 4 4 4 2 - - - - - - - 2618
40E8 - - - - - - - - - - - - - - - - - - - - - - - - - - 123258d
0EO - - - - - - = = - - - = = === == == == = ===
32E0 - - - - - - - = - - - - - = = 1 - - - - - - - - - - 258
6E16V27 - - - - - - - = = - - - = === - === === === 267,89,25,27,(Sd)
Isolate no. 12 10 4 18 72121 63 33 4 32 57 39 8 8 34180 90 108 105 14 7 0 0 115 124 104
South
43E138 - - - - - - - - - - - - - - - - - = = = = = = = = = 123725sd
171E138 - - - - - - - - - - - - = - - - = = === == == = 1,2379258d
41E136 - - -+ - - - - - - - - - - - - - - - = = = - = = = 123255
232E137 -+ - - - - - - - -+ = = 1 3 - 7 - - 4+ - - - - - - 2349258dSu
109E141 - - - - - - - = - = = - = 6 - - - - - - - - - - - - 12346,25Sd,Su
169E136 - - - - - - - - - - - - - = 3 - - - - + - - - - - - 123925Sd
45E140 - - - - - - 4+ - - - - - = 4 3 - - - - - - - - - - - 1236,255Sd
233E137 - - - - - - - - - - - - - - - - - - - - - - - - = - 12349255Sd,Su
235E139 - - - - - - - - - - - - = = - = = === === === 1,23479.25S8d,Su
237E141 - - - - - - - - - - - - - - - - - - - - - - - - = - 123469.258S8dSu
106E139 - - - - - - - - - - - - - - - - - - - - - - = = = = 2347258d,Su
169E136V17 - - - - - - - - - - - - - - 5 - - 3 - - - - - - - = 1239175Sd
233E137V17 - - - - - - - - - - - - - - - - 5 - - 4+ - - - - - - 12349,1725:Sd,Su
237E141VI7 - - - - - - - - - - - - - - - - - - - - - - - - - - 12346917.255dSu
173E140V17 - - - - - - - - - - - - - - - - - - - - - - - - - - 12369,1725S5d
239E143V17 - - - - - - - - - - - - - - - - - - - - - - - - - - 12346,79,17,25,Sd,Su
233E169V17 - - - - - - - - - - - - - - - - - - - - - - - - 4+ - 12349,17,32,25,Sd,Su
104E41 - - - - - - - - - - - - - - - - - - - - - - - -4+ 3463225SdSu
6E16 - - 4+ - - - - - - - - - 4 74 67100 43 97 + - - - - - - - 2678
40E8 - - - - - - - - - - - - 4 8 3 - - - - - - - - - - - 2325S8d
0EO - - - - - - - - - - = = = 4 - - - - - - - - - - - - _
32E0 - - - - - - - - - - - - = 3 8 - - - - - - - - - - - 258
6E16V27 - - - - - - - = - - - - - = - = = == -+ = === = 26789,2527,(Sd)
Isolate no. o 1 6 2 0 O 1 0 O O 1 O 9 72 3 20 14 33 1 3 4 0 0 0 5 1

2 Symbols: + indicates that the pathotype was present but the frequency was not calculated because the number of isolates sampled that year was <10 and —

indicates that the pathotype was not detected.

b Pathotypes were coded according to Johnson et al. (34). The virulences and avirulences tested were Vr1,2,3,4,6,7,8,9,10,17,25, 27,32,5d,Sp,Su.
¢ Virulence profile. Factors Sd, Sp, and Su referred to the resistance genes of the ‘Strubes Dickkopf’, ‘Spalding Prolific’; and ‘Suwon92’ x ‘Omar’ cultivars,
respectively. Sd infection types 5 to 6 were considered as intermediate reactions and were shown in parentheses.
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low frequency in the north (Alsace and Pas de Calais regions) on
Victo, which was rarely grown in the north. Interestingly, each new
pathotype was detected following epidemic-free years, as in the
case of Vr6 (after the epidemic-free year of 1986), Vri7 (after the
epidemic-free years 1996 to 1997), and Vr32 (after the epidemic-
free years 2005 to 2006).

Virulence dynamics versus resistance gene distribution. The
dynamics of P. striiformis f. sp. tritici virulence factors during the
past 25 years have been strongly influenced by the relative
distribution of resistance genes (Fig. 4). At the beginning of each
epidemic, two to three new pathotypes have been detected carrying
virulences that correlated with recent and widespread resistance
genes, one of them subsequently becoming dominant. The
frequency of this prevailing pathotype remained high for a few
years and then declined, mainly in response to a reduction in the
matching Yr gene (as in the cases of Vr7 and Vr6; Fig. 4A and B).
However, the virulence itself persisted for even longer in other
pathotypes, even after the disappearance of the Yr genes (as in the
case of Vr9; Fig. 4C) or reappeared in some new pathotypes with
additional virulences to the newly deployed resistance genes
associated with the target resistance gene (as in the case of Vri7;
Fig. 4D). In the case of Vr32, the corresponding resistance gene
Yr32 was present up to the end of the study in the grown cultivars,
and the Vr32 was selected (Fig. 4E).

The presence of Vr7 in P. striiformis f. sp. tritici isolates
collected at the beginning of the study period was correlated with
the relative distribution of a Yr7-based cultivar (‘Talent’) and,
indeed, its frequency declined during subsequent years as the
cultivation of Talent decreased (Fig. 4A). The 1988 epidemic was
more severe. Samples from seven regions (Nord, Picardie, Pays de
la Loire, Ile de France, Bourgogne, Rhone-Alpes, and Bretagne)
showed that the epidemic was caused by the 45E140 pathotype
first identified in 1987 (Fig. 4B). This pathotype possessed the
virulence that matched Y6, a resistance gene carried by the widely

cultivated Récital and Austerlitz. Interestingly, Vr6 first appeared
when Récital was at the seed multiplication stage in nurseries,
before its commercial cultivation. The frequency of the two
pathotypes (45E140 and 109E141) declined gradually as the
cultivation of Yr6-based cultivars decreased through 1992.

A pathotype analysis of the epidemics between 1990 and 1995
showed that the appearance of new pathotypes carrying Vr9 was
strongly correlated with the increase of cultivation of Yr9-based
cultivars (mainly Slejpner) during this period. After 1996, the Vr9-
containing pathotypes initially detected declined significantly,
although the presence of Vr9 remained constant in the population
and was still being observed in other pathotypes during the post-
1996 epidemics (Fig. 4C). The epidemics between 1998 and 2002
were caused by pathotypes containing Vr/7 and Vr9 and some V76,
not found in French pathotypes before 1997. The distribution of
Yr17 cultivars had been limited in France before reaching 10% of
grown wheat area in 1998 and 12% in 1999 (8). Thus, the appear-
ance of this virulence also corresponded with an increase in the
production area of corresponding Yrl7-carrying cultivars, mainly
‘Audace’, at the initiation of the epidemics (Fig. 4D). Although the
initially detected Vrl7-containing pathotypes decreased in fre-
quency, some new pathotypes containing Vrl7 were identified
during 2008 and 2009. Vri7 was associated with virulence Vr32,
which overcomes the resistance gene Yr32, present in Toisondor,
cultivated in France since 2004 (Fig. 4E).

Regional structure of P. striiformis f. sp. tritici pathotypes.
The relative production area planted with Récital (containing Y76),
Slejpner (containing Yr9), and Thésée (susceptible, containing
neither Yr6 nor Yr9) varied in two regions of northern and central
France during the period 1987 to 1992 (Fig. 5). The relative area
planted with Slejpner (Yr9) was high in the north whereas it was
rarely cultivated in the central region. Récital, on the other hand,
was grown in both regions and was more widely cultivated in the
central region than in the northern region. The frequency of iso-
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lates with Vr6 or Vr9 detected on these three cultivars varied in the
two regions during the period. Vr6 was detected in both regions
from 1988 to 1991, and no epidemic was detected in 1992 due to
unfavorable climatic conditions (data not shown). The Vr9 was
more frequent in the northern region than in the central region. A
shift of virulence frequency was detected in the northern region,
where Slejpner (Yr9) was cultivated, but in the central region,
where Récital (Yr6) cultivation was higher than in the northern
region, Vr6 remained dominant. The regional distribution of the
cultivars determined the regional structure of the P. striiformis f.
sp. tritici population.

Detection of sources of durable resistance. This survey dem-
onstrated the presence of some sources of durable resistance in
‘Camp Rémy’, ‘Renan’, ‘Soissons’ and ‘Apache’, which were
found to be resistant for at least 10 years despite their cultivation
on a large acreage (Table 2). Soissons and Apache were succes-
sively the most popular cultivars in France for 10 years. The resis-
tance of Camp Rémy and Apache was expressed from the seedling

stage while that of Soissons and Renan was expressed at the adult-
plant stage. Yr postulation at the seedling stage of Apache revealed
the presence of Yr7 and Yrl7, whereas no pathotype was wide-
spread in France with combined virulences to both Yr7 and YrI7.

Discussion

A clearer understanding of the appearance of pathotypes with
new virulences, and of their subsequent disappearance in line with
the cultivation of corresponding resistance genes, and of the exis-
tence of host selection pressure at a regional level may be helpful
in crop disease management. This survey has described the tempo-
ral dynamics of different virulence genes, explained by the distri-
bution of resistance genes. The severity of stripe rust epidemics
varied annually as a function of the deployment of resistant culti-
vars. Epidemic severity was consistently different between the
north and the south of France over the study period, with epidem-
ics being more frequent and severe in the former. This may have
been due to more favorable environmental conditions for sporadic
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Fig. 4. Virulence frequencies of Puccinia striiformis f. sp. tritici A, Vr7; B, Vr6; C, Vi9; D, Vr17; and E, Vr32 (continuous lines) and the relative cultivated area of cultivars with
the corresponding Yr gene (as bars) in northern France over the 25-year period. Dotted line represents the frequency of the races first detected with this virulence.
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disease development; more often in the north than in the south,
where temperatures are generally higher and rainfall lower as re-
quired for P. striiformis f. sp. tritici (27). Additionally, the
dominance of pathotype 6E16 in southern France coincided with
the cultivation of the highly susceptible Victo, which bears no
known Yr genes and was widely cultivated (5 to 6% of total wheat
production area in southern France during 1997 and 1998) because
of its resistance to leaf rust, the prevailing type of wheat rust in
southern France (27). The pathotype 6E16 was characterized as
being exotic because of a virulence spectrum that markedly
diverged from that of northern pathotypes (avirulent on YrSd and
virulent on Yr7 and Yr8). This pathotype was also found in a
sample from the durum wheat ‘Regal’, and its appearance seemed
to be constant and characteristic of southern P. striiformis f. sp.
tritici epidemics. Using molecular markers, the two populations
were shown to be highly divergent at a genotypic level (25), with
southern isolates belonging to a Mediterranean P. striiformis f. sp.
tritici genetic group (6) and northern isolates belonging to the
northwestern European genetic group (25). This divergence may
have resulted from both the cultivation of distinct cultivars and the
adaptation of the pathogen to different climatic conditions (39).
The years that were epidemic-free were 1986, 1992, 1996, 2004,
and 2006. These could be explained by environmental variables,
and especially winter temperatures. One important measure was
the cardinal temperatures (i.e., 0°C for infection) (49), which re-

duced the viability of the inoculum. In 1986, 11% more days with
minimum temperature below 0°C than the average over the 25-year
period in the north were recorded. Similarly, the absence of epi-
demics in 1992, in spite of the presence of both a susceptible host
(Yr9) and of the corresponding virulence (Vr9), could be due to the
extremely low winter temperatures in December 1991 and Febru-
ary 1992 (with 20% more days than average with minimum tem-
perature below 0°C). In 1996 and 2006, the percentages were 54
and 63%, respectively, while, in 2004, a dry spring (12% relative
humidity below the average) may account for the absence of an
epidemic. On the other hand, in years with severe epidemics, such
as 1999, where there were 11% fewer days than average with mini-
mum temperature below 0°C, temperature was mild and relative
humidity was high, conditions conducive to the disease (data not
shown). In Europe, clonal survival in the absence of wheat during
the summer can be explained by the presence of volunteers that
were responsible for a “green bridge” in humid coastal regions and
that constituted a source of primary inoculum for future epidemics
(1). This may explain the absence of epidemics between 2003 and
2005, when severe drought conditions in the summer of 2003 could
have caused the destruction of over-summering P. striiformis f. sp.
tritici spores. The mean temperature in the north from June to Sep-
tember 2003 was the highest of the 25 years under study, 11%
higher than the average temperature over the period. Overall, cli-
matic factors played an important role in the survival and size of
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Fig. 5. Regional distribution of Puccinia striiformis f. sp. tritici Vr6 and Vr9 virulence frequency in two regions of France (A, north and B, center) and the proportionate distribution of
‘Récital’ (Yr6), ‘Slejpner’ (Yr9), and Thésée’ (susceptible) in C, north and D, center of France. The two regions are indicated on the two maps of France (A and B).

Table 2. Cultivars with durable resistance according to the Puccinia striiformis f. sp. tritici survey performed during the period 1984 to 2009 in France

Registration  Duration of cultivation = Maximum annual Seedling Adult-plant

Cultivar year on major area cultivar area (%) resistance genes resistance genes Reference
Camp Rémy 1980 1981—present =11 QYr.inra-2BL ~ QYr.inra-2DS,

QYr.inra-5BL.2 37
Renan 1989 1990-present =5 Yrl7 QYr.inra-2BS,

QYr.inra-3BS, QYr.inra-6B 17,22
Soissons 1988 1989—present =40 Yr3 Undetermined 22
Apache 1998 1999—present =24 Yr7, Yrl7 QYr.inra-2AS2 Unpublished data
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the pathogen population, an issue outside of the scope of the cur-
rent study.

The overall virulence dynamics and succession of different
pathotypes in northern France were in accordance with the deploy-
ment of host resistance genes. Each epidemic in this region was
characterized by the breakdown of a newly deployed or redeployed
resistance gene. New pathotypes were detected in the years follow-
ing the absence of epidemics, as in the case of Vr6 in 1987 (no
epidemics in 1986), Vr/7 in 1998 (no epidemics in 1996 to 1997),
and Vr32 in 2007 (no epidemics in 2005 to 2006). A similar case
was reported in Denmark (28,29) where, following the absence of
epidemics in 1996, pathotypes with a new virulence (Vrl/7) were
detected and shown to be migrants from the United Kingdom. In
the case of Vr9, however, the epidemics in northern France that
occurred in 1989 followed the Vr6 epidemics without a break. Fur-
thermore, pathotypes containing Vr9 remained at the same fre-
quencies despite an epidemic-free year (1992). We also observed
the acquisition of new virulences in the French P. striiformis f. sp.
tritici population, well described as a clonal population (25). This
showed the adaptation of a clonal pathogen population to a host
through mutation (as has been mentioned in the Australian P. stri-
iformis f. sp. tritici population; 51) or migration (e.g., northwest-
ern-European populations; 29). This followed the arms race be-
tween the host and the pathogen in nature (16,38) but with human
intervention where the cultivation on large areas of a resistant culti-
var led to a “boom and bust cycle” (54). This resulted from the selec-
tion of a new mutant or migrant individual carrying the virulence to
the newly deployed cultivar with resistance to the prevalent pathogen
population. The frequency of this pathotype would increase in the
overall population, discouraging cultivation of the cultivar in ques-
tion. This was the case of the breakdown of Y79 and Yr!/7 in north-
western Europe (8) and of Yr/0 in the United States (13). The fre-
quency of the pathotype would decrease with the deployment of a
new cultivar resistant to this pathotype if there is a fitness cost. This
is repeated for new pathotypes and resistance genes.
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In the case of northern France, the evolution of pathotypes was
based on their chronological appearance and virulence profiles, as
well as on the deployment of Yr genes (Fig. 6A) and the phyloge-
netic position of the pathotypes previously studied (25). This
evolution followed a stepwise mutation model in a clonal popula-
tion, as initially suggested for the evolution of pathotypes in
Australia (55). Given that the most probable origin of the patho-
types in France was migration (11), the proposed scheme needs to
be considered at the level of northwestern Europe. Virulence to a
newly deployed Y7 gene can be acquired by any existing pathotype
clade but only one or two pathotypes were frequently found. As
mentioned earlier, the epidemics in France were due to the succes-
sive breakdown of Yr7, Yr6, Yr9, Yrl7, and Yr32 resistance genes.
When new Yr genes were deployed, pathotypes generally tended to
evolve over time toward complexity and the acquisition of new
virulences. However, in the present case, this adaptive process was
not achieved through successive accumulation of new virulences in
previously dominant pathotypes but through a more stochastic
emergence of virulence in existing clonal lineages. The introduc-
tion of cultivars with two resistance genes (i.e., Yr6+Yr9 and
Yr6+Yri7) led to the rapid selection of pathotypes with the two
corresponding virulences (Fig. 6A). Thus, these new French patho-
types probably originated through migration rather than mutation
in the existing population, because most of them displayed a viru-
lence profile that differed for more than two virulences from previ-
ously prevailing pathotypes. In most cases, these pathotypes had
already been described in other northwestern European countries
such as the United Kingdom (9) and Denmark (28) (http://
www.eurowheat.org). Hovmgller et al. (29) described the case of
Vr17 epidemics at the European level, where pathotypes migrated
in line with the cultivation of Yrl/7-based cultivars from the
United Kingdom to Denmark and then on to Germany and France
(8). Migration played a major role in the P. striiformis f. sp.
tritici structure, with the northern French populations belonging
to a clonal northwestern European population (25,29) while
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Fig. 6. A, Hypothetical scheme for the pathotype evolution of Puccinia striiformis f. sp. tritici populations in northern France, based on virulence profile, chronological
appearance, and pathotype prevalence. Virulence profiles included virulences Vr1, Vr2, Vi3, Vi4, Vir6, Vr7, VI8, V9, Vir17, Vr25, and Vr32. Pathotypes are indicated in
brackets. Genetic groups (G1 to G6) corresponded to B. Points indicate the number of amplified fragment length polymorphism (AFLP) markers that differed between the
strains (25). B, Phylogenetic tree constructed with AFLP genetic data from Enjalbert et al. (25) used to compare genetic subgroups (G1 to G6). SD (Strubes Dickkof)

virulence was shown in brackets.
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southern French populations belonged to a clonal Mediterranean
population (6).

The phylogenetic tree (25) supported our hypothesis by group-
ing ancestral and descendant pathotypes within closed genetic
groups (Fig. 6A). For example, we proposed that 109E141 isolates
gave rise to 237E141 while placing 233E137V17 on another closed
phylogenetic branch that gave rise to 237E141V17 and
233E137V17. This scheme took into account the acquisition of the
same virulence independently in different genetic groups (i.e., Vri7
in G2 for 169E136V17 and in G1 for 233E137V17, the latter being
the most frequent pathotype with Vr17).

Although the frequency of a pathotype decreased in line with re-
duction in the cultivation of corresponding resistance gene-contain-
ing cultivars, virulence itself either disappeared or remained as an
unnecessary virulence in other pathotypes carrying additional viru-
lences. The loss of utility of host-specific resistance due to selec-
tion of the corresponding virulence was a major reason to question
the use of such resistance genes. In our case, either the frequency
of a critical virulence decreased due to a reduction of that specific
Yr gene (e.g., Vr7 and Vr6; Fig. 4A and B) or the critical virulence
remained present in new pathotypes with additional virulence to
the newly deployed resistance gene (as in the case of Vr9 and Vri7;
Fig. 4C and D). This could be explained by the concept of the cost
of virulence, the trade-off between the ability to establish an
infection (i.e., virulence) and other characteristics of the parasite
(e.g., within-host growth or the production of transmission stages;
10). Such virulence trade-offs penalized the pathogen in the ab-
sence of corresponding resistance genes (5). Because of this cost,
all unnecessary virulence factors tend to be eliminated from a
population, and pathotypes with virulences that matched the par-
ticular resistance of a host can be expected to be favored (54). Such
a virulence cost was exemplified in the evolution of both Vr7 and
Vr6. The latter has already been shown to be coupled with a sub-
stantial fitness cost (5). Virulences that did not generate costs could
be expected to evolve as neutral traits in the absence of corre-
sponding resistance genes, or may even tend to become fixed if the
corresponding resistance gene is still cultivated to a lesser extent.
This may be true for Vr9 and VrI7 in our case. Vr9 has been sug-
gested to have compensated for its initial cost before becoming
neutral (5). This seemed logical when considering the fact that all
Vr17-harboring pathotypes carried Vr9. However, such frequency
evolution must be analyzed with caution in a clonal population,
because it can also be due to hitchhiking effects; a set of virulences
or avirulences can increase in frequency because they are associ-
ated (in one or more pathotypes) to another resistance gene submit-
ted to positive selection (29).

We reported here on the existence of a regional structure of P.
striiformis f. sp. tritici populations in terms of Vr6 and Vr9
virulence frequency in line with the distribution of cultivars
bearing Yr6 and Yr9 resistance genes. Although only a limited
number of isolates were available, preventing an exhaustive survey,
we were still able to determine a regional structure for P.
striiformis f. sp. tritici, despite their ability for long-distance
migration (11). The regional management of cultivars with
different resistance genes could be a key component in landscape
disease management because it can prevent the global spread of a
major pathotype by reducing the genetic uniformity of the host.
Strategies to increase the diversity of disease resistance genes
could prevent the widespread prevalence of one or more major
pathotypes (46,57). Previously, the utilization of cultivar mixtures
has been suggested as a means to increase intrafield diversity
(18,46). However, it has rarely been adopted on a large scale in
intensive crop production because it leads to some complications
arising from mixing cultivars with different cropping requirements.
The concept of landscape management may be useful in this
respect, because individual fields can be managed in a
conventional manner while cultivars can be chosen to maximize
the interfield diversity.

Both temporal and regional approaches should be adopted re-
garding host management in order to achieve durable rust resis-

tance. Temporal alteration of cultivars containing different resis-
tance genes may be useful to prevent the development of complex
pathotypes. At the regional level, the cultivation of cultivars with
different resistance genes would prevent the selection and uniform
spread of a specific pathotype. On a larger scale, this could help to
prevent the rapid spread of new pathotypes, as was observed for
the highly aggressive, temperature-adapted, and closely related
strains (44) that were first detected in the United States (45) and
that spread rapidly to Australia (55) and Europe (31). However,
these two strains have not been detected yet in northern France
because of a lack of certain virulences (Vr3, Vi4, Vrl7, and Vr25),
against which the corresponding Yr genes are frequently present in
grown cultivars (22). Similarly, at a continental level, the
differential deployment of Yr genes has resulted in pathotypes with
different virulences; for example, the presence of Vr9 in Europe
(21) and Asia (50) and its absence from the United States (21), and
vice versa for Vr/0 (21). Thus, variability in terms of resistance
genes at the regional, national, and continental levels, coupled with
an alternation of cultivars over time and the use of partial
resistance (issues addressed elsewhere; 2,3,48,50), could help to
avoid successions of virulences and their fixation and, thus,
achieve sustainable management of resistance. Similarly, the 25-
year survey demonstrated the presence of sources of durable
resistance in four cultivars. Those cultivars had quantitative trait
loci (QTLs) of resistance expressed at the adult-plant stage, and
QTLs of resistance have now been selected from Camp Rémy (37)
and Renan (17) and could be used in breeding programs to increase
the durability of resistance to stripe rust. We suggested using adult-
plant resistance in addition to the major resistance genes in a same-
host genotype, as observed for the -cultivars with durable
resistance, and diversifying the sources of resistance both
temporally and regionally. The scale of landscape diversification
could be the region, because we showed that the regional
distribution of resistant cultivars affected the pathotype frequency.
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BIOLOGIE DES POPULATIONS ET HISTOIRE DES INVASIONS DE PUCCINIA STRIIFORMISF.SP.TRITICI A
L'ECHELLE MONDIALE ET LOCALE

L'étude de la structure génétique des populatidagemts pathogenes a grandes échelles permet tifidedes réservoirs de diversité et des
routes de migration, de retracer les trajectoiresudives et de repérer notamment des sources fpgltea de nouvelles invasionBuccinia
striiformis f.sp. tritici (PST), responsable de la rouille jaune du blé, rtépaondialement, constitue un modeéle fongique tétiét pour les
études d’invasion étant donné sa capacité de nagratir de longue distance et I'apparition récugate nouvelles souches localement. Nous
avons analysé la structure des populations de A®€helle mondiale, & I'aide de marqueurs micrelliéés sur un échantillon de 409 isolats
issus des six continents (représentatif des calestINRA, France et AU, Danemark). Les génotypat &é répartis en six groupes
génétiques correspondant a leur origine géograplaggice a des méthodes de classification bayésermaltivariée. Les analyses indiquent
une forte hétérogénéité géographique de déségqudibtiaison et diversité génotypique, avec desasiges de recombinaison dans les régions
de I'Himalaya (Népal et Pakistan) et a proximitéCérine. La structure reste clonale pour les pomratdes autres régions. L'assignation des
isolats aux différents groupes génétiques a pedmidéterminer |'origine des invasions (récentesmtiennes). Ainsi, les souches agressives
adaptées a de hautes températures, répandues de pende depuis 2000, sont originaires de Mer eedgyen Orient ; les isolats
d'Amérique du Nord et du Sud et d’Australie provient d’Europe du Nord-Ouest. Par ailleurs, lesatsotl'Afrique du Sud appartiennent au
groupe génétique de la zone méditerranéenne. Ldivssibn marquée entre les différentes zones g@bimaes indique gu’elles ne sont pas
fortement marquées par les migrations récentespl® les voies de migration identifiées attestimt'importance des activités humaines
dans la dispersion de PST a longue distance. Uadiodes populations des zones les plus diveGein¢ et Pakistan) a été finement étudiée
a l'aide d‘échantillonnages réalisés deux annéesémitives. Une population échantillonnée en 2002085 dans la vallée de Tianshui,
(province de Gansu, Chine), s’est révélée tressiydortement recombinante et non structuréeapatent et temporellement. L'observation
de clones identiques entre les deux échantillompdeels a permis de développer un estimateur dudawsexualité, i.e. du rdle relatif de la
reproduction sexuée par rapport a celui de la ceprion asexuée dans le maintien de la popula@ertaux de reproduction sexuée est estimé
a 74 %, alors que la taille efficace de la popafagst de 1735, ce qui donne les premiéres inditatlu réle du cycle sexué pour cette espece.
L’échantillonnage réalisé au Nord du Pakistan angede décrire quatre groupes génétiques ayantuoeigrande diversité génotypique et
une structure recombinante. Le trés faible tauxré@échantillonnage de génotypes identiques au cderseux années suggére le role
prédominant de la reproduction sexuée dans le reaitémporel des populations locales. La forte ®it& génétique et génotypique, la
signature de recombinaison et la capacité a ladeption sexuée de PST dans la région himalayamygesent que cette zone est le centre
d'origine potentielle de PST. Les analyses d’apprations bayésiennes confirment la thése d’uneedsspn a partir de 'Himalaya vers les
autres régions du monde. Le Pakistan et la Chimmnsées populations les plus ancestrales des ptipok testées. La variabilité pour la
capacité a produire des téleutosores, spores entgples a l'initiation de la phase sexuée, arélysée (56 isolats mondiaux), et s’avére liée
a la variabilité génotypique et au taux de recorision. Ce résultat conforte la thése de l'appard®la sexualité dans la zone himalayenne et
a proximité de cette zone et de la perte de segualis de migrations dans les zones ou I'hoterate est absent et ou le cycle épidémique est
essentiellement asexué. La description de l'orjgites voies de migration de populations mondiakesP8T ainsi que de son centre de
diversité contribue a la compréhension du poterdialutif de PST et a la construction de stratégiesgestion de lutte contre I'agent
pathogéne.

POPULATION BIOLOGY AND INVASION HISTORY OF PUCCINIA STRIIFORMIS AT WORLDWIDE AND LOCAL SCALE

Analyses of the large-scale population structurpathogens enable the identification of migratiattgrns, diversity reservoirs or longevity
of populations, the understanding of current evoh#ry trajectories and the anticipation of futorees. Once identified, a detailed analysis
of populations in centre of diversity, with emplsasin demographic and reproductive parameters shenddble to infer the adaptive
capacity of the pathogen and identify potentialrses for new invasion®uccinia striiformisf.sp.tritici (PST) is the causal agent of wheat
yellow/stripe rust, and despite a worldwide disitibn, this fungus remains a model species forsiorastudies, due to its long-distance
migration capacity and recurrent local emergenceent strains. Little is known about the ancestedhtionship of the worldwide PST
population, while its center of origin is still umdwn. We used multilocus microsatellite genotypingnfer the worldwide population
structure of PST and the origin of new invasionslgzing a set of isolates representative of sargptierformed over six continents.
Bayesian and multivariate clustering methods pantid the isolates into six distinct genetic groupgsresponding to distinct geographic
areas. The assignment analysis confirmed the MiHidkt-Red Sea Area as the most likely source ofynspreading, high-temperature-
adapted strains; Europe as the source of South iéamerNorth American and Australian populationsg &iediterranean-Central Asian
populations as the origin of South African popuas. The existence of strong population subdivisioworldwide level shows that major
genetic groups are not markedly affected by redéspersal events. However, the sources for recemtsions and the migration routes
identified emphasize the importance of human attwion the recent long-distance spread of theadéseThe analyses of linkage
disequilibrium and genotypic diversity indicatedsttong regional heterogeneity in levels of recorabon, with clear signatures of
recombination in the Himalayan (Nepal and Pakistarg) near-Himalayan (China) regions and a predamhiclanal population structure in
other regions. To explain the variability in diviegsand recombination of worldwide PST populations, assessed their sex ability in terms
of telial production, the sex-specific structurbattare obligatory for PST sexual cycle, in a geb® isolates representative of these
worldwide geographical origins. We confirmed thia¢ tvariability in genotypic diversity/ recombinatiovas linked with the sex ability,
pinpointing the Himalayan region as the possibletereof origin of PST, from where it then spreadlawide. The reduced sex ability in
clonal populations certainly reflects a loss ofusdXunction, associated to migration in areas whssxual alternate host is lacking, or not
necessary for the completion of epidemic cycle. lhgpnate Bayesian computation analyses confirmedurof Himalaya spread of PST,
with Pakistan and China being the most ancestrallations. An in-depth study was made in the Hilyataregion (Pakistan) and Near
Himalayan region (Gansu, China) to better desctitee population maintenance in two areas of higtedity. Analyses of Pakistani
population at regional level revealed the existeate@ strong population subdivision, a high genatygiversity and the existence of
recombination signature at each location reflectimg role of sexual recombination in the temporaintenance at local level. A time
spaced sampling of PST in the valley of Tianshuiif@) inspired the development of a new estimatbowing to quantify the relative
contribution of sexual reproduction and effectivepplation size on the basis of clonal resamplinthiwiand between years. A sexual
reproduction rate of 74% (95% confidence inten@l]; 38-95%) and effective population size of 1195% CI: 675-2800) was quantified
in Chinese PST population. The description of thigim and migration routes of PST populations wailie and at its centre of diversity
contributes to our understanding of PST evolutipietential, and is helpful to build disease managya strategies.
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