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German summary — Zusammenfassung

Eingeschrankter Genfluss in Populationen fihrt awmlichen Klumpung von verwandten
Individuen. Dies hat Inzucht und einen Verlust denetischen Diversitat zur Folge. Die
theoretischen Folgen dieser Prozesse sind grutidbatzachvollziehbar. Die konkreten
Folgen fir reale Organismen in einer realen, vormddben veranderten Landschaft sind
jedoch nicht sofort offenkundig. Zusatzlich ergdath aus dem anthropogenen Einbringen
von exotischen Arten oder gezichteten Kulturpflanpedie Landschaft die Méglichkeit von
Introgression durch Genfluss zu ihren einheimisategmen Verwandten.

Die beiden TaxaPopulus nigra (Europdische Schwarzpappel) uf®l x canadensis
(,Kanadapappel’, Hybrid au®. deltoidesundP. nigra) wurden als Modellsystem benutzt, um
Kenntnis Uber quantitative Ausbreitungsmuster ihaklr des Mosaiks von verbliebenen
natirlichen Vorkommen vorP. nigra und Plantagen vol. x canadensizu gewinnen.
Hierfir wurden genetische Untersuchungen mit Hifen nSSR-Makern (nuclear simple
sequence repeats, Mikrosatelliten-Orte des Zelferdurchgefuhrt. Dabei konnten
Eigenschaften wie ein hoher Polymorphiegrad, kodamtie Vererbung und das
Vorhandensein von artspezifischen Allelen dazu weedet werden, eine einfach zu
handhabende Methode zur Gewinnung von genetischngrerabdriicken der Individuen zu
erstellen. Es wurden 6ffentlich erhaltliche alletie Leitern fur jeden Locus hergestellt. Auf
diese Weise kann das Markersystem dazu genutztewerderlassliche und eindeutige
Ergebnisse fur genetische Studien an Pappel zwggpe die zwischen unterschiedlichen
Genotypisierungssystemen Ubertragbar sind. Aufedigise ist es mdglich, Klonvarietéten
zu zertifizieren und molekulare Datenbanken zu ng$grn. Dies ist insbesondere fur die
Forstwirtschaft von grol3em Nutzen.

In dieser Studie wurde das Markersystem aul3erdemn\dawendet, die genetische Diversitat
und die raumlich-genetische Struktur einer natiidic Schwarzpappelopulation zu
bestimmen. Im Zusammenhang mit Plantagen in derdbongy wurde die Hybridisierung
zwischenP. nigra und P. x canadensisintersucht. Elternschaftsanalysen von Samlingen
sowie von Jungwuchs aus réaumlich begrenzter Nafiingung wurden dazu genutzt, den
pollen- und samenvermittelten Genfluss zu quaimifen. Die raumlich-genetische Struktur
der Schwarzpappel-Altbaumpopulation deutet darauf, ldass Genfluss Uber kurze
Entfernungen vorherrscht, dessen Hauptanteil vo% 70nerhalb von 1 km Umkreis um die
Quelle stattfindet. Anhand dieser Ergebnisse Igis$t die verminderte genetische Diversitat

des untersuchten Jungwuchses erklaren. GenflussclzenP. nigra und P. x canadensis



wurde in beide Richtungen gefunden. Die jeweilifgaten schwankten allerdings stark, was
auf stochastische Umweltbedingungen sowie vor algrh die raumliche Verteilung der
Altbaume zurickgefuhrt wurde. Grundsatzlich beggbhstvar die Hybridisierung von
weiblichen P. x canadensisund mannlichenP. nigra Baumen. Zusatzlich konnte die
Etablierung von Nachkommen mit Hybridisierungshigtand nachgewiesen werden.
Bezuglich dieser Ergebnisse werden praktische Kopresezen sowohl fur zukinftige Studien
als auch fir effektive SchutzmalRnahmen der Europérs Schwarzpappel vorgeschlagen.
Die Ergebnisse werden auf3erdem im Bezug auf Hybeidingsprozesse und im Hinblick auf
die Risikoeinschatzung fur die Ausbreitung von Bgenen durch Genfluss von gentechnisch
veranderten Kultursorten diskutiert. Die Ergebnidseser Studie kénnen aulRerdem auf das
Management von Pflanzenarten tUbertragen werdendatiePappel &hnliche Ausbreitungs-
mechanismen aufweisen.
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English summary

Limitations of gene flow in populations lead to sphaggregation of related individuals,
which implicates inbreeding and a loss of genetersity. The theoretical consequences of
these processes are generally understood. Howeweasequences for real populations,
distributed across man made landscapes are notdrataly apparent. The anthropogenic
introduction of exotic species or domesticated icats into landscapes has increased the
possibility of introgressive gene flow to their @itelatives. The two tax@opulus nigraand

P. x canadensig/ere used as a model system to obtain knowleddkeoquantitative patterns
of dispersal within and between the mosaic of remhmetive individuals of. nigra and
plantations ofP. x canadensisFor this purpose, key features of nSSR markeus|¢ar
simple sequence repeats), namely high polymorphismgominant inheritance and
availability of species-specific alleles were s#ld to create an easy-to-handle tool for
obtaining multilocus genetic fingerprints. As pubfi available allelic ladders of each locus
have been created, the presented marker systertegmniad generation of transferable genetic
data on poplar in different laboratory settings. tBis means, the marker assay can help to
enlarge present clonal molecular data bases. diss essential for certification purposes in
commercial forestry.

Using the marker assay, a natural populatio® ohigra was analysed for genetic diversity
and spatial genetic structure. Parentage analysegeallings as well as juveniles from a
restricted area of natural regeneration enabledjtiamtification of pollen and seed-mediated
gene flow, respectively. Consequences for geneiwersity could be concluded and
consequences for the management of natural re@mnitecould be deduced. Spatial genetic
patterns of thé®. nigraadult tree population suggest prevailing shortagise gene flow, the
major part of which (i. .70 %) takes place witdistances of less than 1 km. This helps to
explain the reduced diversity in investigated julem

In the context of surrounding plantations, intregiee gene flow betwedp. nigra and the
bred taxorP. x canadensig/as studied. For this purpose, progeny of both s analysed.
Introgressive gene flow was found in both direcsioRarticular rates varied greatly and were
probably due to stochastic environmental conditiangl the spatial distribution of trees.
However, preferential hybridisation was found beswdéemaleP. x canadensiand maleP.
nigra. Moreover, introgressed individuals could be foundnatural recruitment. Practical

consequences for both upcoming studies and theep@ts®n of naturaP. nigra populations
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are implicated. Results of this research are dssmisvith respect to hybridisation processes
and concerning the risk assessment of transgeme filom genetically modified taxa.
Findings may also be transferred to management pdrplant species exhibiting similar

dispersal mechanisms as poplar.
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1. Introduction

1.1 Gene flow in contemporary real landscapes: stasning genetic diversity

and ‘risking’ hybridisation and introgression at the same time

Gene flow among populations of a species is an itapbforce that influences their genetic
structure. When gene flow is restricted and poputat become fragmented and genetically
isolated, they risk to lose their genetic diversiievertheless, it is critical to the long-term
survival of populations - especially under changemgironmental conditions (Primack 2000;
Frankham et al. 2002). Limitations of gene flow kading to spatial aggregation of related
individuals that is called ‘isolation by distandélardy & Vekemans 1999; Born et al. 2008).
Theoretically, consequences of such changes amrstodd. However, consequences for real
organisms that are distributed across real lan@scagre not immediately apparent.
Knowledge about the genetic diversity and the dwve inside the remaining populations of
endangered species provides key information forageuy their population dynamics (Lowe
et al. 2005). Hence, there is an increasing intearegene dispersal in landscapes that have
been modified by human activities concerning thedot that habitat loss, disturbance and
fragmentation may have on plant populations (eogk & Smouse 2006; Brunner et al. 2007;
Meagher 2007). Additionally, the introduction ofatic species or bred taxa into landscapes
for agricultural, ornamental and forestry purposess increased the possibility of
hybridisation and introgressive gene flow betwegagcges that are normally isolated (Olden et
al. 2004). For the sake of clarity, definitions tmrtain terms are given below. In this thesis,
natural species that are non-native in their prebehitat are referred to as ‘exotic species’.
The term ‘bred taxa’ represents bred cultivars wrepspecies (native and exotic) as well as
hybrids. ‘Hybridisation’ is the mating of genetilyatlistinguishable groups or taxa leading to
the production of progeny. These groups or taxa malude individuals of two different
species, varieties of the same species or indilgdihat are already hybrids (Hails & Morley
2005; Mallet 2005). The transfer of genetic matebatween hybridising taxa in many
generations of backcrosses is called ‘introgressithinis the invasion of foreign genetic
material into a genome. The method of introduci®misually sexual contact. The result of
introgression is the transfer of traits found ire@pecies to another (Hails & Morley 2005;
Mallet 2005). Planting of exotic species or bregatavithin the natural range of a related
native species therefore leads to hybridisationiatrdgressive gene flow if the two taxa are
able to produce viable offspring (Ellstrand et1#199; Hails & Morley 2005). Consequently,
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evolutionary effects on native populations mayeaas allele frequencies are shifted or new
alleles are introduced (Ellstrand et al. 1999). Mattention has been given to introgressive
gene flow as a potential way for the escape ofsfganes into natural populations (e.qg.
Colwell et al. 1985; Hails & Morley 2005; Kuparingh Schurr 2008). Hybridisation with
bred taxa has also been implicated in the extinadfocertain wild relatives (Ellstrand 1992b;
Rhymer & Simberloff 1996; Levin et al. 1996).

In order to assess gene flow patterns as well asrigks of introgressive gene flow,
knowledge is required on the patterns of dispessidlin and between the mosaic of remnant
populations and plantations. For the study of géme, highly polymorphic genetic markers
such as nuclear simple sequence repeats (nNSSRsnsglear microsatellite markers) are
required. They are reproducible, codominant andlfzigolymorphic. If an adequate number
of loci is combined, they allow the unambiguousiifecation of each individual (Jones et al.
1997; Dayanandan et al. 1998; Jones & Ardren 200&ir allelic information can be used
for the statistical procedures of parentage ansgJyspatial autocorrelation and Bayesian
assignment analyses (Sampson & Byrne 2008). Paerdaalysis may deliver concrete
distances of effective pollen and seed dispersaw([X Ashley 1998). In order to get
significant results, sample sizes have to be lamgeugh for the detection of gene flow at
biologically significant levels (>1 %) (Ellstrand al. 1999). Autocorrelation analyses of
spatial genetic structure (SGS) may reveal pattefnsolation by distance. In Bayesian
assignment methods, the calculation of posteriobgilities of ancestry makes it possible to
distinguish between pur®. nigra, F2 and various backcrosses Bf nigra and P. x
canadensigAnderson & Thompson 2002; Buerkle 2005).

It has been reported that particularly tree spemiedikely to be resilient to landscape changes
because they already contain high genetic diver&igpecially wind-pollinated trees have
successful mechanisms for extensive gene flow (i&n#004). However, extensive gene
flow coincides with the enhanced likelihood of odressive gene flow if related bred taxa are
present (Kuparinen & Schurr 2008). This is becaunsay tree species reproduce for a long
time before they are harvested and compatible ematatives can frequently be found in
close proximity to plantations of bred taxa. Conseyly, hybridisation can occur easily
(James et al. 1998; Williams & Davis 2005). The siiom is whether genetically isolated,
sometimes small remnant populations risk to losé tpenetic diversity due to restricted gene
flow and to what extent they are affected by intesgive gene flow. As a model system in
gene flow studies, members of the geRopulusare suitable for a number of reasons. These

include the possibility to hybridise different spec (Stettler et al. 1996) as well as
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commercial use and extensive plantation of bred {@suffa et al. 1996). Additionally, in the
European context, the European black pogharrnigra L.) is an important native keystone
species of habitats that have been modified extelysdue to anthropogenic needs (Guilloy-
Froget et al. 2002).

1.2 The genuglopulus: a model forest tree in commercial exploitation

PopulusL. (family Salicaceae) is a genus comprising at3fuspecies, which are distributed
throughout the temperate and subtropical zonesi@fNorthern Hemisphere (Eckenwalder
1996; Farmer 1996Ropulusspecies are predominantly dioecious and obligatatgrossers.
Poplar pollen is wind-dispersed and its seeds @&@petsed by wind and water in light
hydrophobic cotton (Legionnet et al. 1997). Olcesre&an supply over 50 million seeds in a
single season (OECD 2000). Therefore, gene flowdbeurs through the effective dispersal
of pollen and seeds, migration rates, and geneterslty of poplar populations are assumed
to be high (Legionnet & Levevre 1996). The geRapulusis considered a model forest tree
in plant biology (Bradshaw et al. 2000; Taylor 2D0Ohe main reasons are that poplars grow
fast, they are easy to propagate clonally througftings and they have a relatively small
genome size (x = 19, 2n = 2x = 38, 450-550 mega pass) (Bradshaw et al. 2000). In 2003,
the poplar genome was the first tree genome thatfully sequenced (Taylor 2002). Within
ongoing research, it is possible to identify spectiene sequences and to clarify their
corresponding phenotypic traits, such as stregwrse. This is one advantage of poplar over
any other tree species, especially with regard reeeding purposes (Cervera et al. 2001;
Taylor 2002; Sims et al. 2006; Gaudet et al. 2008)ng controlled hybridisation, breeders
are able to combine the favorable traits of diffieqgarental species in one cultivar (Bradshaw
et al. 2000). The heterosis in growth charactesgstf these so-called ‘F1-hybrids’ makes
them attractive for commercial use (Zsuffa et 804). Individual cultivars of these bred taxa
are typically represented by a single clone (Ragr&ahman 2003). Poplar plantations
usually represent one single cultivar or clone fideo to minimise the variability in growth
and wood quality within the plantation. They aregheasily processed in industry (Zsuffa
1974; Fossati et al. 2005). These qualities hatteédea widespread production of cultivated
poplar plantations in Europe. The utility of bredpfar taxa ranges from their use as
windbreaks to the production of wood, such as plydvgackages, structural timber, matches,

chopsticks and paper (Castiglione et al. 1993; MiR63). Additionally, plantations of hybrid
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poplar have already been appreciated for a long @% an alternative resource for wood
production due to increasing demands for renewabbrgy (Zsuffa 1975; Bekkaoui et al.
2003; Rajora & Rahman 2003; Sims et al. 2006). Ribcethe conversion of abandoned
agricultural areas to woodland has been promoteithdoyuropean Community (De-Lucas et
al. 2008). Poplars can also be used for monitotiteglevel of pollution of trace elements
(Madejon et al. 2004). Aside from conventional bliag, new highly productive poplar
cultivars have also been created by transgenineegng. Benefits of genetically modified
(GM) trees arise from the transfer of traits that ot readily available either in the breeding
population or the genetic resource. By this mebaggficial traits such as stress tolerance or
resistance to pests and herbivores can be traedferherefore, GM taxa gain importance in
commercial forestry (Hoenicka & Fladung 2006; Brenat al. 2007).

Poplar species that are frequently used in breegingrammes in order to produce hybrid
cultivars areP. nigra the North American cottonwoods deltoidesMarsh. (both belonging
to section Aigeiros Duby) and three species ofsiet. Tacamahaca, namély trichocarpa
Torr. Ex Gray,P. balsamifera.. andP. maximowicziHenry, also classified &3. suaveolens
s.l. (Eckenwalder 1996). More than 90 percent bfaltivated poplars are assumed to belong
to the interspecific hybrid taxoR. x canadensi®oench (syn.P. x euramericangdDode)
Guinier) and their parental speciésdeltoidesMarsh. andP. nigraL. (FAO 1979).P. nigra
has many desirable characteristics that lead toinitdusion as a parent in breeding
programmes: wide adaptability to many environmemd different kinds of soil, excellent
rooting ability of cuttings and fair resistancecmmmon diseases. Today, 63 % of the poplar
cultivars descend from. nigra either as a pure species or from interspecifluriag (Cagelli

& Lefevre 1997).

Due to their immense commercial relevance, poptaeders, growers and industry call for
proper identification of poplar cultivars in order avoid commercial frauds (Fossati et al.
2005; De-Lucas et al. 2008). Therefore, Europegulations such as the German Law on
Forest Reproductive Material (Forstvermehrungsgéty demand certificates of origin and
clonal identity (FoVG 2006). The traditional methéat this is based on morphological,
phenological and floral characteristics (UPOV 19819wever, it turned out that phenotypic
methods of identification are not always satisfyinhey were described as difficult,
ambiguous, time-consuming and subjective (RajorBaaman 2003). This is caused by the
instability of morphological characters due to eamimental and management factors as well
as by the age of the tree and its state of hekltssati et al. 2005; De-Lucas et al. 2008).

Currently, molecular markers are used for diffeii@n and identification purposes (e.g.
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Rajora & Dancik 1992; Castiglione et al. 1993; Risset al. 2005). Thereby, highly
polymorphic nSSR markers turned out to supply Hrgdst amount of reliable information
(Rajora & Rahman 2003; Fossati et al. 2005; De-kueb al. 2008). SSR markers were
isolated and characterised, and they have already bsed for clone identification and the
assessment of genetic relationships in poplar @ayanandan et al. 1998; De-Lucas et al.
2008). However, due to the common problem of repcddlity of absolute DNA fragment
lengths in different electrophoretic platforms a®dtings (de Valk et al. 2007), these studies

have not produced any unambiguously transferalldtseso far.

1.3 The European black poplar: a riparian pioneerin manipulated
habitats

The European black poplar is a keystone specieparfian ecosystems in Europe, Northern
Africa and Central and West Asia (Fig. 1). In Ewpp is the only native member of the sect.
Aigeiros. Together with other members of the fandglicaceae, it dominates the early
successional stage of floodplain woodlands in mé&yperate areas (Fig. 2). Natural
occurrences oP. nigramainly exist along rivers and streams, their thstron is sometimes

very scattered and extended natural populationsaaeg Guilloy-Froget et al. 2002).

Figure 1 Geographic distribution range Bf nigra(Vanden Broeck et al. 2003)
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As a pioneer species, it colonises bare, moistasoiliverbanks by both, sexual reproduction
through seeds and asexual reproduction of cuttimg®ot suckers (Legionnet et al. 1997).
Prior to leaf shooting in early spring (March-Apmhale and female trees produce flowers
clustered in pendulous catkins (Vanden Broeck.2G03).

The wind- and water-dispersed seeds have a shaiility period. They need very specific
water/soil conditions for germination (Braatne ¢t B996; Guilloy-Froget et al. 2002).
Successful regeneration only occurs when the meisitisediment remains high enough for
seedling roots to establish (Legionnet et al. 198B®generation is generally poor within old
established stands as the riparian forest natuealbives towards hardwood formations
(Lefevre et al. 1998). By means of asexual vegeatatproduction, genotypes can persist for
long periods of time beyond the longevity of sindlees (Jenik 1994). For instance,
mechanical damage stimulates sprouting of dormamapdial tissue in roots and shoots
(Barsoum 2001), or branches that are sheared effigposited downstream and subsequently

take root to become viable clonal saplings (Rooal.€2003).

: '.i‘;'t X _;‘( 3 g
Figure 2 Floodplain woodland, the typical habitatffnigra
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Because of human activities such as wood cuttinghaitat loss due to drainage of rivers or
management of riverbanks, natural populations atlblpoplar in Europe have declined or
completely disappeared. The artificial regulatioh floods has limited the regeneration
capacities of the species and favoured the successinative poplar stands by hardwood
forests (Lefevre et al. 1998). Furthermore, mariiable habitats have been transformed into
plantations mainly of productive. x canadensisultivars Accordingly, habitat loss and poor
natural regeneration have caused that today thep€an black poplar is one of Europe’s
most endangered native trees (Tabbener & Cott@B2 Pospiskova & Salkova 2006). In
Germany, it is categorised as ‘vulnerable’ in tretidhal Red List (BfN 2008). The goals of
the conservation of genetic resources are bothaiatain a large gene pool for evolution that
will ensure the potential for adaptation and tovde base material for further breeding
programmes (Cagelli & Lefévre 1997). Much theomdtiwvork on conservation d®. nigra
has been carried out in Europe on a national aednational scale. A combined conservation
strategy was developed by the EUFORGEN (EuropeassEGenetic Resources Programme)
Populus nigraNetwork (Cagelli & Lefevre 1997; Arbez & Lefévr®97).

Genetic analyses dP. nigra populations have been performed with the use fiérént
molecular markers, such as isozymes and AFLPsl(egjonnet & Levevre 1996; Cervera et
al. 1996). Recent studies mainly focussed on teecfi®SSRs (e.g. Imbert & Levevre 2003;
Fossati et al. 2003; Pospidkova & Salkova 2006;|8ensi et al. 2008b). Gene flow studies on
P. nigrarevealed a SGS that was caused by isolation lbgndie (Legionnet & Levevre 1996;
Imbert & Levévre 2003; Pospiskova & Salkova 20@8)rthermore, due to their immense
polymorphism and the resulting ability to distingfui between single individuals, nSSR
markers have been used successfully in paternigyyses inPopulus (e.g. Tabbener &
Cottrell 2003; Pospiskova & Salkova 2006; VandeneBk et al. 2006). However, in all
cases, estimates of effective pollen and seed igpkmitations could only be specified by
single findings or indirectly by statistical andlysf estimated SGS (Imbert & Levevre 2003,
Pospiskova & Salkova 2006). Therefore, quantitathemsures of effective pollen and seed
dispersal distances which cause spatial genetierpatin poplar populations are still missing.
Apart from intraspecific loss of genetic diversityye gene pool integrity oP. nigra is
threatened by interspecific introgressive gene flivam bred poplars of the F1 hybrid
generation (e.g. Heinze 1997; Heinze 1998b; Levetvad. 2001; Vanden Broeck et al. 2004;
Ziegenhagen et al. 2008). Due to the fecundity bitkltivars, mating among themselves or
mating with pureP. nigra generates either F2 or backcross progenies resggdBradshaw

et al. 2000). Thus, under certain circumstanced)ybtids ofP. x canadensimay swamp the
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gene pool of native black poplar, thereby reducitsy genetic diversity and causing
introgressive gene flow d®. deltoidesgenes into th®. nigra gene pool (Cagelli & Lefevre
1997; Vanden Broeck et al. 2004).

Introgressive gene flow can be analysed usingreiffetypes of genetic markers. Chloroplast
(cp) markers can identify the female contributiop B. deltoides(e.g. Heinze 1998b;
Holderegger et al. 2005) but cannot detect hyaitha events oP. nigrafemales and male
hybrid clones (Ziegenhagen et al. 2008). Some niB&iRcan be used as diagnostic markers
to identify hybridisation and introgressive genewfl since they contain species-specific
alleles (Bekkaoui et al. 2003; Fossati et al. 20Q%sa et al. 2005). Due to their codominant
inheritance, hybridisation can be detected in eitheection. Field studies on introgressive
gene flow in openly pollinateB. nigraandP. x canadensistands revealed varying results.
Several studies showed no evidence for introgresgene flow(e.g. Fossati et al. 2003;
Imbert & Levevre 2003; Tabbener & Cottrell 2003).dontrast, Vanden Broeck et al. (2003)
reported on the production of viable seeds undeciBp field conditions. Furthermore, recent
studies revealed the establishment of both F2 aackdoossed poplars in the field
(Pospiskova & Salkova 2006; Heinze 2008; Smuldees. €008a; Ziegenhagen et al. 2008).
A first estimate of the degree of introgression whasained by Ziegenhagen et al. (2008).
They demonstrated the benefit of combined diagonosp and SSR markers for the
identification of juveniles withP. x canadensiparental background. To date, all studies that
reported on mating dP. nigra andP. x canadensigjualitatively revealed the existence of
spontaneous hybridisation or the survival of prggém principle. However, quantitative
studies are still missing. They would help to asgbe risk of introgressive gene flow. This
would contribute to an effective management of eorettion activities for black poplar.

1.4 Objectives of this thesis

The aim of this study was to systematically anajysken and seed mediated gene flow in the
model systemP. nigraP. x canadensisKey features of SSR markers, namely high
polymorphism, codominant inheritance and availgbihf species-specific alleles were used
to create a tool for obtaining high-definition niiticus genotypes. These so-called genetic
fingerprints allow the unambiguous identificatiohirmdividuals and the assessment of species
affiliation concerningP. nigraandP. deltoides Therefore, an easy-to-handle assay of seven

SSR markers was established which offered all ese¢hrequested features (paper ). This
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marker system was applied in several genetic aealySeedlings, juveniles from natural

recruitment and an adult tree population were stlidirhis allowed a detailed insight into

gene flow patterns and their consequences for apgenetic structure, diversity and

introgression of th®. nigrapopulation. | focussed on the following aims:

)

ii)

| used the high information content offered by #even-loci SSR genetic
fingerprints to establish a fast but reliable amé&mbiguous identification of
individuals belonging to the hybrid complex Bf nigraandP. x canadensis
Allelic ladders and reference genotypes allow aeniiication that is
transferable to different laboratory settings. Efere, | established a first
standardised hybrid clone register consisting of diffierent clones of
commercial interest (paper I). The marker assay waia® the basis for
subsequent studies as laboratory routines werélsstad that allowed large

sample throughput.

| systematically analysed quantitative measuresffeictive pollen- and seed-
mediated gene flow inside a natural populatioiPohigra | compared these
results to spatial genetic patterns of the adekdr Consequences for genetic
diversity could be concluded and consequenceshontanagement of natural
recruitment could be deduced. For this, | used epvgise approach in
examining different ontogenetic stages (seedlijuy®niles and adult trees): In
a first step, | characterised and compared gedetarsity of both an adulP.
nigra population and the juveniles, its offspring popiola. Hereby, the results
are discussed in relation to other European stuhdsack poplar. Secondly, |
used two different approaches for measuring geowe: findirect measurement
on the basis of SGS in the adult tree populatiowelsas direct monitoring of
the effective pollen and seed dispersal as obtamegarentage analysis of
seedlings. For the first time, both effective polend seed dispersal insid® a
nigra population could be quantified in the context leé surrounding area. |
used this to explain and classify SGS and to gmelications for in-situ

conservation measures (paper II).

Finally, the choice of several markers exhibitingedes-specific alleles
markers allowed to study introgressive gene flowwveenP. nigra andP. x
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canadensisand to assess the hybrid status of individualexplored and
guantified introgressive gene flow systematicallybath species grow in direct
vicinity to each other at the study site. Analy$esussed on both, produced
viable seeds and juveniles. | analysed large sasipds of progeny originating
from seeds of known mothers of both poplar taxa anekniles at four
diagnostic nSSR marker loci. Maternal speciesiafiin of juveniles from
natural recruitment was assessed by a cp-marker[l@mesure et al. 1995)).
By this means, rates of progeny production withx canadensisancestry
could be estimated in total and the two differergtemal origins could be

analysed separately (paper Ill).

All papers are discussed regarding natural conservaf P. nigraagainst the background of
gene flow and hybridisation. A transfer of resultay contribute to the general understanding
of gene flow and hybridisation processes. Thisudebk possible consequences for managing
populations of wind-pollinated trees and pioneeacsgs on a landscape level. Results are also
discussed concerning GM trees and the risk assessinansgene flow.
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2. Publications and manuscripts

2.1Paper I:
Allelic ladders and reference genotypes for a rigmus standardisation of poplar
microsatellite data
G. Rathmacher, M. Niggemann, H. Wypukol, K. Gebhasd Ziegenhagen and R. Bialozyt

Trees — Structure and Function (in press), DOI:1D0.7/s00468-008-0302-z

The original publication is available at www.spranjnk.com
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Abstract

A correct identification of members of the poplabhd complexPopulus x canadensis
essential in breeding programmes and studies ingréssive gene flow. Molecular marker
protocols have been developed for this purpose. étew due to missing standards, these
techniques have so far not been suited to thefaraatresults between different laboratories.
We present here a powerful system of nuclear matetige DNA (nSSR) fingerprints,
standardised by allelic ladders and reference gpmeet Seven nSSR loci provided
fingerprints of 65 commercial poplar clones. Thaileles were used to construct allelic
ladders. Thus, a first standardised register ofgvogones is now available. All procedures
were optimised according to simplified DNA extracti protocols, multiplexed PCR and
electrophoresis procedures. Corresponding dataatigg from two different electrophoretic
platforms in different laboratories were congruemben the allelic ladder was used.
Unambiguous differentiation of the clones was baseda very low probability of identity
(PI) of 1.95 x 1C. Our results revealed discrepancies between aenetations and genetic
fingerprints. This suggests that, potentially, menshof the clone collection could have been
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mixed up, thus confirming the demand for rigorotemdards. The protocol presented can be
exploited in a manifold way, e.g. to enlarge thesgnt clonal molecular data base, or to use it
for purposes of certification and control. Furthers the allelic ladders are recommended for
use in poplar population genetic studies acrodsréiiit laboratories. The allelic ladders and

single sample reference genotypes can be obtamedérmand.

Introduction

Members of the genus Populus (Salicaceae) are nmjppliers of industrial wood
worldwide. They are fast-growing, and many poplaecses are suitable for clonal forestry.
For breeding purposes, one advantage of poplar amgrother tree species is that both
physical and molecular genetic maps are availabla #which links between phenotypic traits
and genes can be deduced (Cervera et al. 20010rT2802; Sims et al. 2006; Gaudet et al.
2008).

Through controlled hybridisation (Taylor 2002), éders are able to combine the favorable
traits of different parental species in one cultivGimple and cost-effective vegetative
propagation of cultivars can be exploited for clodatribution. Clonal plantations exhibit
fast growth as well as homogeneity of size and wquality. They are thus easily processed
in industry (Zsuffa 1975; Fossati et al. 2005).ned#ions of hybrid poplar have since long
been appreciated as an alternative resource fodwwoaduction due to increasing demands
for renewable energy (Zsuffa 1975; Bekkaoui e2@03; Rajora & Rahman 2003; Sims et al.
2006). Recently, the conversion of abandoned aguwial areas to woodland has begun to be
promoted by the European Community (De-Lucas €G08).

More than 90 percent of all cultivated poplars assumed to belong to the interspecific
hybrid P. x canadensiMoench (syn.Populus x euramericangDode) Guinier) and their
parental specieB. deltoidesMarsh. andP. nigraL (FAO 1979).Consequently, many poplar
breeding programmes have focusedRordeltoidesx P. nigra controlled crosses which has
led to a large number of cultivars and clones.

The proper identification of the highly producticeltivars ensures the correct assignment
between the declared and the true identity of aecl®&uch interest, shown by poplar breeders,
growers and industry, is legitimate and needs teupported (Fossati et al. 2005; De-Lucas et

al. 2008). In addition, European regulations susthe German Law on Forest Reproductive
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Material (Forstvermehrungsgutgesetz), demand mat#fs of origin and clonal identity
(FoVG 2006).

The traditional method adopted by the Internatidhaplar Commission for identification,
registration and certification of poplar cloneshased on a total of 64 morphological,
phenological and floral characteristics (UPOV 1981)

Phenotypic methods of identification are not alwagtsfactory because of the instability of
morphological characters caused by environmentlnaanagement factors as well as by the
age of the tree and its state of health (De-Lutaa.e2008). Individual descriptions are of
limited use if two or more similar clones cannotdixserved at the same time and in the same
environment (Fossati et al. 2005). On the wholés thethod for clonal identification is
difficult, ambiguous, time-consuming and subject(®ajora & Rahman 2003). Currently,
molecular markers are used for differentiation mlahtification purposes. These are allozyme
polymorphism (Rajora & Dancik 1992) or DNA marketsch as RAPDs (Castiglione et al.
1993; Rajora & Rahman 2003), AFLPs (Cervera et296; Cervera et al. 2005; Fossati et al.
2005; Zhou et al. 2005) or nuclear simple sequeegeats (nSSR, syn. nuclear microsatellite
markers) (Rajora & Rahman 2003; Fossati et al. 20@5Lucas et al. 2008). The latter are
the markers of choice. They are reproducible, cadant, highly polymorphic, and if an
adequate number of loci is combined, they allow @inembiguous identification of each
individual (Jones et al. 1997; Smulders et al. 199&yanandan et al. 1998; Gerber et al.
2000; Jones & Ardren 2003). SSR markers were istjatharacterised and have already been
used for clone identification and the assessmentheir genetic relationship in poplars
(Dayanandan et al. 1998; Bekkaoui et al. 2003; lRafpRahman 2003; Fossati et al. 2005;
De-Lucas et al. 2008). Due to the common problenrepfoducibility of absolute DNA
fragment lengths in different electrophoretic patis and settings (de Valk et al. 2007),

these studies did not present any unambiguousigfeeable results so far.

The aim of our research was to enable a fast, ddistbte and transferable identification of
commercial poplar clones belonging to the hybridnptex of P. x canadensisFor that
purpose, seven-loci SSR genetic fingerprints wesedufor composing allelic ladders and

establishing a first standardised clone registasisting of 65 different clones.
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Material and methods

DNA extraction

Leaves of 91 trees representing commercially relepaplar clones of different specid3.
canadensis P. deltoides P. nigra P. trichocarpa Torr. & Grey andP. nigra x P.
maximovicziiHenry, see Table 1) were kindly provided by thedkedd of four German clone
collections. The plant material was dried for 24usoat 36 °C. Approximately 0.5 cm? of leaf
material was homogenised using a Retsch shakingRatsch, Hilden, Germany), according

to the protocol described by Ziegenhagen et aBZ)19

The DNA was extracted in two different ways:

The first subset of samples was extracted accorttintpe ATMAB procedure (Dumolin-
Lapegue et al. 1997). The DNA concentration was smeal using the BioPhotometer
(Eppendorf, Hamburg, Germany). The quality of theéracted DNA was estimated by
calculating the 260:280 OD ratios and by checkirggduitability of the DNA as a template in
the PCR procedures.

The second subset of samples was extracted usimyetime- and cost-effective method of
DNA extraction following Jump et al. (2003). Devidrom that protocol, homogenised leaf
tissue was mixed with 300 pul of 0.5 M NaOH + 2 %¢eBn 20.

Optimisation of PCR and genotyping procedures

PopulusDNA was analysed at seven highly polymorphic n&&R WPMS05 and WPMS09

were described by van der Schoot et al. (2000), \SPM WPMS18, WPMS20 were taken
from Smulders et al. (2001). Loci PMGC14 and PMG&21ere selected from the IPGC
(International Populus Genome Consortium) SSR Resou
(http://'www.ornl.gov/sci/ipgc/ssr_resouce.htm). Alinarkers are completely unlinked
(Cervera et al. 2001; Gaudet et al. 2008).

For optimisation purposes, the seven loci were esubgl to multiplex PCR reactions
comparable to studies fQuercusandPinus (Dzialuk & Burczyk 2004; Dzialuk et al. 2005).

Three groups of marker loci were formed accordimghree different panels of annealing
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temperatures. The marker loci PMGC14 and WPMSO0O&hédu referred to as the Temp50
panel, were amplified at annealing temperature @G The marker loci PMGC2163,
WPMS09 and WPMS18, further referred to as the Téhgaihel, were amplified at annealing
temperature of 55 °C. The marker loci WPMS14 andM8RO, further referred to as the
Temp60 panel, were amplified at annealing tempezatf 60 °C. Primers were labelled with
different fluorescent colors (FAM, HEX and TAMR) wrder to distinguish amplification
products in the following automated multiplex etephoresis.

PCR was performed in a volume of @i3containing 10 ng of genomic DNA (extraction
following Dumolin-Lapegue et al. (1997)) or prefelsa 1 pul of DNA extract (extraction
following Jump et al. (2003)), 2.4 uM of all amptdtion primers (2.9 uM (WPMSO05) and
2.15 uM (PMGC14) for the Temp50 panel), 0.2 mMadedNTP, 1.75 mM MgGl(2.5 mM
for the Temp55 panel), and 0.2 U of Promega GoThé [polymerase (Promega, Madison,
WI, USA) in 1 x Green GoTaq Flexi Buffer (Prome§éadison, WI, USA). Thermocycling
was performed in a T1 thermocycler (Biometra, Ggen, Germany) following the protocol
described in Dayanadan et al. (1998): After anahidenaturation of 1 min at 94 °C, five
cycles were performed for a duration of 1 minuteheat 94 °C (denaturation), annealing
temperature depending on the marker panel and 12xXt€nsion), followed by 30 cycles for
a duration of 30 seconds each. To check the suctemsplification, several PCR products
were controlled. 6 pl each were run on 1% agagseand then stained with GelRed
(Biotum, Hayward, CA, USA).

Automated multiplex capillary electrophoresis

For automated multiplex capillary electrophoreslgil Temp55 panel PCR were treated
separately while each 1 pl of Temp50 and Temp6@Ipamere merged. This was possible, as
the DNA fragments of locus WPMS05 were expectedbdofar longer than the fragments
expected from the other three loci present in tG& Rocktail. Hence, both primers of the
panel Temp50 (WPMS05 and PMGC14) were labelled tighsame fluorescent color. By
this means, four loci could be genotyped in onlg step of electrophoresiSach cocktail of
PCR products was mixed with 7.75 ul of distilledtevaand 0.25 pl of ET-ROX 400 marker
(GE Healthcare, Diegem, Belgium) each. Followingatearation of the samples for 1 min at
95°C and rapid cooling to 4 °C they were injectetbca MegaBACE 500 equipped with a 96

capillary array. Injection and running parameteesexperformed according to the instructions
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of the manufacturer (GE Healthcare). The fragmed of each PCR product was estimated

using Genetic Profiler 2.2 software (GE Healthcare)

Validation of the system

In order to rate the discriminatory power of the lttacus allelic information of the
commercial clones, several parameters were cadmjléhe number of alleles as well as the
observed heterozygositifl§) and the Probability of IdentityP() for each locus and combined
loci. All parameters were calculated using the vgafe package GenAlEx 6 (Peakall &
Smouse 2006).

Composing allelic ladders

Allelic ladders were composed by merging the PG&Rlpcts of samples displaying one out of
all the alleles occurring in the clone collectidghone allele did not occur in a homozygous
status in the clone collection, a homozygous sarmapk. nigra (own unpublished data) was
taken whenever possible. This procedure was usecdoh locus. The volume of PCR
product taken for the ladder depended on the ifiteasamplification as seen in the peaks of
the MegaBACE fluorogram. Identification and scorioigthe alleles was standardised by a
one-letter code (allele A, B, C, etc.). Due to figant stutter peaks of WPMS05 PCR
products, the construction of an allelic laddedefhi Instead heterozygous single-sample
reference genotypes were selected with main pesteirdies of at least six base pairs (bp). In
electrophoresis, each of them had to be analysadingle lane.

The allelic ladders were run on the MegaBACE 508 iana second laboratory on a LI-COR
4300 DNA Analysis System together with samples wbwn DNA fragment length. Both
PCR products of single samples and the allelicdegsldvere reamplified using 1 pl of PCR
product directly as a DNA template in the stand@@R protocol. For the transfer to the LI-
COR-system, all markers were labelled with the O infra-red dye 700. As this system
only allows the detection of one fluorescent colmplified fragments of multiplex PCR
reactions can not be distinguished by differenelaolors but only by substantial differences
in bp length. Therefore, multiple PCR reactionsldoonly be performed for the Temp50
panel, as expected fragments of WPMSO05 and PMG@fetat! in length of at least 50 bp.

All other PCR reactions had to be conducted seglgrdbr each locus and consequently
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amplified fragments had to be run separately irctedphoresis as well. Preparation of
samples and running parameters were performed dingorto manufacturer’s
recommendations (LI-COR). The fragment size of da&CR product was estimated using the
Sag&" 3.3 genotyping software (LI-COR).
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Table 1 Species affiliation, clonal groups (=samples witimgruent multilocus genotypes), clone
collection of origin (Ori 1-4), licensure of clowariety in Germany (cat. D) and allelic letter cdde
91 poplar clones.

Species/  Official name  Reference Ori cat. WPMS05 WPMS09 WPMS14 WPMS18 WPMS20 PMGC14 PMGC2163
clonal of variety Accession D
groups FAO-register name/No.
N/1 Blom Blom10 4 x G L J I CcC S C F E F H M I S
Not registered  Neunburg 2 G L J J cC S €C F E F H M 1 S
D x N/2  Brabantica Brabantica 1 M R A K 1 K A D D F B F A R
Brabantica Brabantica 3 M R A K I K A D D F B F A R
D x N/3  Baden Baden (30/58) 1 G N A O I K A 1 D F A H A w
Dromling Dromling I x G N A O ] K A 1 D F A H A i
D x N/4  Dorskamp Dorschkamp 4 G N A I P S A 1 D E A M A J
Grandis Grandis9 4 x G N A ] P S A 1 D E A M A J
D x N/5  Flachslanden Flachslanden 3 N X A ] K S A 1 D E B H A J
Flachslanden Flachslanden I x N X A J K S A 1 D E B H A J
Forndorf Forndorf 1 N X A 1] K S A 1 D E B H A J
D x N/6  Grandis Grandis 1 X L M A Zs 1 K A E D D A F A R
Grandis Grandis 3 % L M A Zs 1 K A E D D A F A R
D x N/7  Gelrica Gelrica 2 X N N A M F K A F D I B F A S
Lons Lons3 4 x N N A M F K A F D 1 B F A S
D x N/8  Lons Lons I x N N A Zs K Q A I D D B E A R
Lons Lons 3 X N N A Zs K Q A I D D B E A R
D x N/9  Marilandica Marilandica I x N R A N I K A F D D A F A R
Marilandica Marilandica 2 X N R A N I K A F D D A F A R
D x N/10 Robusta Robusta 1 X G N A J P S A 1 D E A M A J
Robusta Robusta B % G N A 1] P S A 1 D E A M A J
Robusta Robusta 2 X G N A 1 P S A 1 D E A M A I
Zeeland Robusta Zeeland 1 G N A ] P S A 1 D E A M A J
(231/54)
D x N/11  Selys Selys 1 M M A N I K A F D F B E A H
Serotina Serotina 1 M M A N I K A F D F B E A H
D Not registered ~ 4/45 (1) 2 N N A A K L A A D D A B A A
D Marquette Marquette 1 x N N A A K N A A D D B B A A
D Alcinde Alcinde 2 M N A A K O A A D D B B A A
N Not registered Harvard 2 R T H ] I K F F E F D E H R
D Harvard Harvard 1 N T A A K N A A A D B B A A
D xN Not registered Harvard19 4 M R A K I K A D D F B F A R
N Not registered  Plantierensis 1 G X J N ] S I 1 F F H M ] J
(101/49)
N Italica Italica 2 G X J N J S F 1 E F H M ] '
N Not registered ~ Pyramidalis 1 N N J N D I D F G G H H H '
(134/49)
N Blanquillo de  Blanquillo de Bucos 1 N X K N J J D F D F H M 1] S
Bucos
N Not registered  Erlbach 2 M P J J F T D J F G E H K S
N Not registered  Erlbach17 4 L R J N K K D F D G D H L S
N Vereecken Vereecken 2 | X J Zs K S C 1 F F F M U W
T Fritzi Pauley Fritzi Pauley 2 X L. L Z Z F M € C F F E E B B
N x M?* Rochester Rochester 2 M M E S E XK B B D D C M Q Q
D x N Not registered ~ Karolina (79/54) 1 L M A N K T A J D H B G A \%
D x N Allenstein Allenstein 1 x N X A O P S A 1 D F A M A W
D x N Bietigheim Bietigheim 1 G N A O Q S A 1 D F B H A J
D x N Blanc du Poitou Blanc du Poitou 2 N N A J I Q A D D F B F A (i
D x N Biichig Biichig 1 G N A ] P S A F D F A H A J
D x N Carpaccio Carpaccio 1 N X A ] J M A F D F B H A J
D x N Dolomiten Dolomiten 1 X G P A ] J Q A I D F A M A J
D x N Dorskamp Dorskamp 2 G G A Z K P A F D G A E A H
D x N Drémling Drémling14 4 P X A N Q S A F D E A M A J
D x N Dromling Dromling 3 G N A N P S A F D E B H A J
D x N Eckhof Eckhof 1 G N A N J K A 1 D F A H A W
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Table 1 continued

Species/  Official name  Reference Ori cat. WPMS05 WPMS09 WPMSI14 WPMSI8 WPMS20 PMGC14 PMGC2163
clonal of variety Accession D
groups FAO-register name/No.
D x N Florence Florence 1 D I A 1 D I A F D E B H A N
D x N Not registered  FloBgriin 1 N Y A H I I A F D D B H A W
D x N Gelrica Gelrica B12 | L M A Zs 1 K A J D F B H A S
D x N Gelrica Gelrica2 4 N N A Zs K Q A 1 D D B E A R
D x N Not registered ~ Goldgrund 1 G N A ] J K A 1 D F A M A w
D x N Guardi Guardi 1 N N A J M S A D D D B H A R
D x N Harff Harff 1 x G N A N Q S A F D E A H A J
D x N Harff Harff 3 X G N A N Q S A F D E B H A J
D x N Heidemij Heidemij 3 x Q X A N I P A F F F B F A J
D x N Heidemij Heidemij 2 X Q X A O J P A F F F B M A J
D x N I-154 1-154 Casale 1 G P A ] K S A 1 D E A M A J
D x N 1-214 1-214 2 x P R A H D 1 A D D E A G A S
D x N 1-214 1-214 Casale 1 R R A H D I A D D E B H A S
D x N 1-262 1-262 Casale 1 P X A ] Q S A I D F A M A W
D x N 1-45/51 1-45/51 Casale 1 N N A H 1 Q A K D F A H A S
D x N 1-455 1-455 Casale 1 P X A J Q S A 1 D F B H A W
D x N 1-476 1-476 Casale 1 M M A H I Q A K D F B H A S
D xN 1-488 1-488 Casale 1 G M A J J Q A I D F A E A J
D x N Not registered  1-92/40 Casale 1 G P A Z, D Q A H D F B G A H
D x N Jacometti-78-b  Jacometti-78-b I ¢ G M A H I I A H D E B H A w
D x N Not registered ~ Kastenworth 1 M R A ] K N A D D G B D A R
D x N Lampertheim Lampertheim 1 x Q X A J P 8 A 1 F F A H A J
D x N Not registered ~ Lampertheim Findl. 1 G N A N P S A 1 E E A M A J
(56/55)
D x N Leipzig Leipzig 1 M R A Q F K A E D F B G A R
D x N Lingenfeld Lingenfeld 1 x Q X A ] P S A F E E A H A J
D xN Marilandica Marilandica 3 x N N A Zs K Q A 1 D D B F A R
D x N Neupotz Neupotz 1 x G M A N K S A 1 D E B H A w
D x N Neupotz Neupotz 3 x G M A N K S A I D E A H A W
D x N Ostia Ostia 1 x M X A ] I Q A D D D A F A w
D x N Régénéré Regenerata Kew 1 M N A ] I Q A E D D B H A T
(73/56)
D x N Rintheim Rintheim 1 X L M A K | Q A D D D A D A I
D x N Serotina Serotina 2 L L A J I K A F D F B E A H
D x N Not registered ~ Speyer 02 (49/59) 1 G M A N K S A F D F A M A J
D x N Not registered  Sprengen (55/58) 1 N X A ] Q S A F D E B M A w
D x N Tannenhoeft Tannenhoft 1 G N A 1] J P A F D F A M A J
D x N Tardif de Tardif de 1 N N A Q G K A F D F B H A R
Champagne Champagne
D x N Tardif de Tardif de 2 x N N A Q G K A F D F A G A R
Champagne Champagne
D x N Virginie de Virginie de 1 M M A ] I Q A E D D B F A T
Frignicourt Frignicourt
DxN Virginie de Nancy Virginie de 1 G N A N P S A I F F A M A I
Nancy
D x N Ziirich Ziirich 1 M X A ] J Q A D D D B H A w

Clones of the name “Harvard” are highlighted bydbtyping. According to literature, “Harvard” is
part of P. deltoidesand “Blom” is part ofP. trichocarpa (Fossati et al. 2005).

D =P. deltoides N =P. nigra, T =P. trichocarpa DxN =P x canadensisNxM = P. nigra x P.
maximowiczii

 species affiliation according to Fossati et al0®).
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Results

DNA extraction

DNA solutions of both extraction methods producedgruent PCR products. When applied
on the same sample, the results were reproducdileclen experiments. The DNA extraction

of dried and powdered wood was also successful {ovpublished data).

PCR procedure and sizing of amplification products

The optimised amplification protocol of PCR reanicand MegaBACE 500 runs constantly
yielded clearly identifiable peaks of different ad and sizes. A significant portion of stutter
peaks only occurred in the amplification productsVePMS05 but did not hinder the

identification of the prominent peak in each samplkéth the help of species-specific allele
information (Bekkaoui et al. 2003; Fossati et @#l02; Khasa et al. 2005) species affiliation

according tdP. nigra P. deltoidesandP. x canadensisould be assigned.

Diversity estimates

All SSR markers showed high allelic diversity anoserved heterozygosity in the studied
clones. Among the 91 samples, 77 separate mulsilganotypes could be obtained. The
number of alleles ranged from seven alleles of WRMEBp to 17 alleles of WPMS14, with
an average of 12.14 alleles per locus (Table 29.diiserved heterozygosity ranged from 0.67
to 0.96 (average: 0.87) with WPMS20 displaying ltweest and WPMS14 the highest allelic

diversity values.

Probability of identity (PI)

The probability of two unrelated individuals displeg the same multilocus genotypes by
chance is represented By (Taberlet & Luikart 1999; Waits et al. 2001). SmdocusPI
ranged from 0.03 (PMGC2163) to 0.19 (WPMS20). Wath seven loci considered, the
combined probability of identity was calculatedla85 x 10 (Table 2).
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However, multilocus genotypes of samples origirgatiom different collections but being
declared the same clone identity often differedb{@d.). Most strikingly, the three samples of
the clone “Harvard” turned out to belong o nigra and P. deltoidesas well as taP. x
canadensis These samples originate from three different ela@ollections. Additionally,
several clone samples with different names sumbriby showing identical genetic
fingerprints, such as with “Gelrica” and “Lons3”oth labels represent nationally licensed
clones in Germany. Clone “Blom” (in fa®. trichocarpa (Fossati et al. 2005)) showed
typical patterns oP. nigrawhich were identical to clone “Neunburg”. Congrtiganetic data
of all samples was shown by three clone identiiBsabantica”, “Flachslanden” (two trees

each) and “Robusta” (four trees).

Table 2 Genetic parameters of nSSR loci combined in thragker panels for the batch of 91 trees of
commercial relevant poplar clonesN,: Number of alleles,H,: observed heterozygosity?l:
Probability of identity.

Allelic size range in bp

Marker panel Locus N, (MegaBACE data) Ho PI
Temp50 WPMSO05 13 266-308 0.76 0.05
PMGC14 9 193-229 0.95 0.06
Temp55 WPMS09 14 237-297 0.91 0.10
WPMS18 10 220-253 0.92 0.11
PMGC2163 15 190-252 0.93 0.09
Temp60 WPMS14 17 232-283 0.96 0.03
WPMS20 7 206-254 0.67 0.19
combinedPl! for all loci - - - 1.95 x 16
mean 12.14 - 0.87 0.09

Reference genotypes and Allelic ladders

Reference genotypes with allele sizes and lettdes@f WPMSO05 are displayed in Table 3.
One reference genotype (ref2) displays three meaks

The combined fluorograms and letter codes of tedi@ladders for loci WPMSO09, 14, 18, 20

and PMGC14 and 2163 are displayed in Figure 1. éNety allele occurring in the clone

collection was added to the ladder, e.g. alleleitEthe ladder for PMGC14 (Fig. le).
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Table 3Featured alleles of reference genotypes (ref bibptus WPMSO05.

Size (MegaBACE data) Letter  Reference Genotype

252
260
262
264
266
268
272
274
276
278
280
282
284
286
288
290
292
294
296
298
300
302
304
306
308
310

ref 1

ref 2

ref 3
ref 1

ref3/ref5
ref 2
ref 4
ref 2

ref 4

ref 5

N<X<XS<CHWITOUOZZIrXae—IOMMOUO®T>

Due to differences in DNA fragment concentratidme peaks show varying intensity. The
allelic ladders enabled standardisation of genotypAllele lengths of the examined poplar
clones could be transferred to the allelic lettmtec(Table 1).

By reamplifying the allelic ladders, the signalssaigle fragments declined with the increase
in fragment size. Due to this obstacle, the DNAarfg fragments from single sample PCR
products in particular needs to be added at regidggrvals to the allelic ladder.
Reamplification of single sample PCR products pdotee be entirely unproblematic. Due to
the increasing intensity of stutter peaks duringmplification of WPMSO05 single sample
PCR products, original DNA extracts had to be ushdn refilling reference samples.

Without the usage of allelic ladders, correspondiligle sizes of the same samples run on LI-
COR and on MegaBACE respectively, showed differsrafeup to 4 bp. The corresponding
data was congruent when the letter code of théicalkdders was applied. Control samples
could clearly be assigned. These results were caadpa published data from De-Lucas et
al. (2008) (Table 4).
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a ABCDEFGHI JKLMNOPQRSTUVWXYZZ22,22

237 239 241 243 245 247 249 251 253 255 257 259261 263 265 267 269 271 273 275 277 279 281283 285 287 289 291 293 295 297bp
15004

10004

5004

WWUL )

250 300

b ABCDEFGH I JKLMNOPQRSTUV C ABCDEFGHI JKL

226 229 232 235 238 241 244 247 250 253 256 250 262 265 268 271 274 277 280 283 286 289bp 220 223 226 220 232 235 238 241 244 247 250 253bp
300
1000
200
500
100
250 220 230 240 250
d A BCDETFGH I J e ABCDETFGHI JKLM
26 2 s 24 2D 28 212 28 24 2mbp 194 197 200 203 206 209 212 215 218 221 224 227 230bp
10004 1500
1000
500
500
o———————— f 0
200 250 190 20 20 20 20
f A BCDEFGHIJKLMNOPQRSTUVWXY Z2Z
190 210 212 214 216 218 220 222 224 226 228 230 232 234 236 238 240 242 244 246 248 250 252 254 256 258 260bp
7004
6004
5004
4004
3004
2004
100+ J

200 250

Fig. 1 Allelic ladders of SSR locix-axis: fragment length in base pairs (bp) (MegaBAdzEa);y-
axis: relative intensity of the fluorescent signagtters are assigned to allele length in ascending
order.a WPMS09,b WPMS 14,c WPMS18,d WPMS20,e PMGC14,f PMGC2163. Species specific
alleles forP. deltoidesare alleles A (WPMS09, WPMS18, PMGC2163 (Fosdaai.e2003; Khasa et
al. 2005)) and alleles A and B (PMGC14 (Fossadil.e2003)), respectively.
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Table 4 Allele sizes ofP.deltoidesspecific alleles (Fossati et al. 2003; Khasa .e2@D5; Bekkaoui et
al. 2003) of the three loci WPMS09, 18 and PMGC4#latained in different laboratory settings and
their differences in base pairs (bp).

WPMS09 WPMS18 PMGC14
LI-COR 233 218 195 198
MegaBACE 237 220 194 197
ABI- PRISM 310 232 215 190 193
difference LI-Cor/ MegaBACE 4 2 1 1
difference LI-Cor/ ABI- PRISM 310 1 3 5 5
difference MegaBACE/ ABI- PRISM 310 5 5 4 4

Data of ABI-PRISM 310 originating from De-Lucasagt (2008)

Discussion

Our aim was to present a poplar genotyping proeduhich is fast and effective but at the
same time reliable, meeting the requirements abrags standardisation across different
laboratories. We report here on the constructiorthef first allelic ladders available for a
forest tree.

Our DNA extraction according to Jump et al. (2008ing dried tissue instead of frozen
samples, enables easy sample taking. Whenever bfmssnultiplexing PCR reactions
minimise the effort with regards to time and finmhaneans. Subsequent multiplexing of
different PCR products during electrophoresis aolol#lly speeds up genetic fingerprinting. It
offers a fast and cheap genotyping protocol witlaloée results and the opportunity of large
sample throughput (de Valk et al. 2007). In oudgfiseven loci genotypes could be obtained
by just three PCR reactions and two steps of @phtresis by using the MegaBACE system.
The analysis of genetic parameters shows that at&srof diversity are comparable to other
studies dealing with the identification of commafgpolar clones (Fossati et al. 2005; De-
Lucas et al. 2008). In these studies, locus WPM8a9 also found to display the smallest
number of six alleles while locus WPMS 14 displayee largest number of alleles, 18 (De-
Lucas et al. 2008) or 15 alleles respectively (Bbsst al. 2005). Observed heterozygosity
was high in the present study (0.67 to 0.96) irtchgathat a huge amount of information is
displayed in samples which are heterozygous atiphellloci. This could be due to the fact
that analysed clones displayed hybrid effects oélamated level of heterozygosity, typical in
crop plant breeding (Stark et al. 2006). OtherissidevealedH, of a clone collection ranging
from 0.53 to 0.89 (De-Lucas et al. 2008).
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Low rates of probability of identity are requireat an unambiguous individual identification.
The time and cost limitations of studies requireagae-off between best necessary power of
discrimination and a minimum number of loci. In thieidy of De-Lucas et al. (2008), the
combinedP! of twelve loci revealed a value of 1.18 x 10The usage of seven loci in our
study results in &1 differing in only one decimal power. Regardingethroci of the same
study (De-Lucas et al. 2008) resulted in 2.4 x I0. This level was considered sufficient
for significant identification of the 28 poplar des in their study. Therefore, the marker
combination of the present study represents a usefde-off between high information
content and simple application.

The question arises whether the markers as suchtape enough with regard to somatic
mutations. Despite the significance and stabilityS&R markers, somatic mutations may
occur especially in old clonal lineages (Thomas2)0Uhis is important when several poplar
clones have been propagated for some 250 yeargréR&jRahman 2003). Mutation rates for
microsatellite loci in plants have been estimatedal within the range of 16107 for
nuclear-encoded loci with tri- and dinucleotide gats (Kovalchuk et al. 2000; Udupa &
Baum 2001). However, mutations are spontaneousanetlirectional. Clones mismatching
in their SSR genotypes due to somatic mutations asy have changed their morphological
traits (Franks et al. 2002). A formerly productigldne may (through somatic mutation)
actually show weak features, although clonal pragag was performed properly and
mislabelling can be excluded. Samples carryingstirae label but differing in only one allele
length may be results of somatic mutations. A mdbeecgenetic fingerprint can therefore
even be useful for detecting the stability of atalkelshed clone.

The most substantial evidence for the need of staiekd molecular clone identification
techniques are the diverging genotypes of the sssripbelled “Harvard”. In this case, even
declared species affiliation was incorrect for @ast two of the three samples. Accurate
multilocus genotypes representing one distinct elahentity were impossible to achieve
because mislabelling could not be retraced.

Furthermore, it was not retraceable, whether idahgienetic fingerprints of different samples
in our results represented true clonal duplicatgsisi mislabelled trees of one clone in only
one specific collection. Clonal group 1 (“Blom”/’Neburg”) clearly demonstrates
discrepancies between clone denotations and gdirearprints: According to the literature,
clone “Blom” belongs to specieB. trichocarpa (Fossati et al. 2005). However, allelic
patterns of locus WPMS18 can be used to attest $mtiples belonging t©. nigra as this

locus amplifies for specieB. nigraandP. deltoidesbut not forP. trichocarpa(Smulders et
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al. 2001). Species affiliation t®. deltoidescan be excluded as species-specific alleles did no
occur (Fossati et al. 2003). Our results suggedtritany trees in clone collections could have
been mislabelled and are currently merchandise@rmutig wrong labels. Evidence is given
for poplars in Spain (De-Lucas et al. 2008) as aslfor apple varieties in Germany (Mosch
et al. 2008).

The only reliable way to prevent mislabelling i thise of allelic ladders or reference
genotypes. In our study, this method ensured magchésults from the determination of
correct allele sizes across two laboratories. Withoolecular standards, variations in sizing
were unpredictable. Consequently, data could nadjested by a fixed correction scheme.
According to De-Lucas et al. (2008), variation téle sizes in different laboratory settings is
negligible. Our comparison of the lengthshofdeltoidesspecific alleles of WPMSO09, 18 and
PMGC14 run in different settings illustrates theogite: Our findings show that differences
can range between 2 and 4 bp. A comparison to Redwet al. (2008) even vyielded

differences up to 5 bp.

Conclusions and perspective

Concerning nationally-licensed clone varieties, graent samples with different names are
not desired: Either varieties are synonymous otifio&tion errors have occurred. In both
cases, commercial damage is predetermined. Ourcalatecertification protocol can be used
in solving these problems. Identities can now learty recognised by a significant seven-loci
SSR marker assisted genetic fingerprint. Now, dapibns among previously registered
poplar clones, labelling errors and evolved genegiciation from the originally established
clone variety can be recorded. Technically, alkcpaures were optimised to the effect that the
volume of information obtained per sample was maseh while the effort in terms of costs
and time was minimised. With the help of allelicddars and reference genotypes, clone
identities of the hybrid comple®. x canadensican be assigned independently of the
research facility. The standardisation protocolspreed may, therefore, contribute to the
establishment of new certification systems in therogean Community. In this way,
legitimate interests of poplar breeders, growetsiadustries can be protected efficiently.
Future investigations need to clearly identify sf)eacommercial clone identities. These
outcomes will then need to be backed up by refersamples and should be compared to the

present allelic table. In the case of congruerdrimition, it will be possible to confirm allelic
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code and variety name for use as adjustment datdenfuture. Subsequently, trees of
unknown identity can be assigned to the “true” gpeclone identity. Depending on national
interests, different clones or hybrid crossings nbaycommonly used in other countries.
However, additional alleles of new varieties orfeliént poplar species yet missing in the
presented list of clones can easily be includeatd®r to enlarge the allelic ladders or to offer
additional reference genotypes, respectively.

In addition to the registration of elite clonesg fhrotocol presented can also be used for other
applications such as the identification of putajpeeents, the study of biodiversity, geneflow
studies and the verification of crosses. Sinceispespecific alleles are available for four out
of seven loci, species affiliation and hybrid ssatoncernind®. nigraandP. deltoidescan be
easily diagnosed (Bekkaoui et al. 2003; Fossatl.e2003; Khasa et al. 2005).

The allelic ladders and single sample referenceotypes can be obtained on demand at
www.picme.at. Postal address: Repository cent@¥m; Austrian Research Centers GmbH
—ARC; 2444 Seibersdorf, Austria and Silvia.fluch@aac.at.
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Abstract

The European black poplad@pulus nigral.) is a major species of riparian softwood fosest
Due to human influences, it is one of the most dtemed tree species in Europe. For
restoration purposes, remaining stands may acbwase populations. We analysed a natural
population of P. nigra for genetic diversity and spatial genetic struetwsing seven
microsatellite markers. For the first time, patgrranalysis of seedlings as well as juveniles
from a restricted area of natural regeneration wgesl to quantify pollen- and seed-mediated
gene flow, respectively. Spatial genetic patterhshe adult tree population suggest small-
scale isolation by distance due to short-distareeedlow, the major part of which (i.e. 70 %)
takes place within distances of less than 1 kms Tielps to explain the reduced diversity in
the juveniles. It has implications for the spat@hnagement of natural regeneration areas

within in-situ conservation measures.
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Introduction

The European black poplaPd¢pulus nigral.) is dioecious and wind-pollinated. It is a
keystone species for softwood floodplain forest sgstems. As a pioneer species, it
regenerates through colonisation of bare soil akbegriverbank created by heavy flooding
events. The wind- and water-dispersed seeds hahwera viability period. They need highly
specific water/soil conditions for germination (Btae et al. 1996; Guilloy-Froget et al.
2002). Successful regeneration therefore only acalren the moisture of sediment remains
high enough for seedling roots to establish (Legeinet al. 1999). Due to inappropriate
conditions in many years, successful regeneratomhsent. Accordingly, the history of
flooding is reflected in a strong age structuret hhaquently exists in naturally occurring
stands (Heinze 1998). The natural regeneratio?.ohigra, which is already patchy and
sporadic, is additionally restricted by human atigg. The drainage of rivers or management
of riverbanks prevents natural flooding dynamicéioh causes a lack of suitable areas for
seedling establishment. Furthermore, today, matyen@opulations of. nigra have been
replaced or fragmented by the widespread cultimaidd commercially exploited hybrid
poplars. From an economic point of view the mospantant hybrid combination i®. x
canadensigDode) Guinier produced by crossingsfofigraand the North American species
P. deltoidesBartr. (FAO 1979). Forest fragmentation leads tweakup of pollen- and seed-
mediated gene flow (Jump & Pefiuelas 2006). Linutegiof pollen and seed dispersal result
in spatial aggregation of related individuals ttgatalled “isolation by distance” (Hardy &
Vekemans 1999; Born et al. 2008). However, genéiersity is important to allow a
population to survive and reproduce under changingironmental conditions (Primack
2000).

Due to the reasons outlined above, the Europeak plaplar is one of Europe’s rarest native
trees (Tabbener & Cottrell 2003; Pospiskova & Sak@006) although it has a wide
distribution ranging from Central and Southern Europe to Cerisad and North Africa
(Zsuffa 1974) In Germany, it is categorised as “vulnerable” ie tHational Red List (BfN
2008).

The conservation of in situ genetic resource® ohigrais limited to some restricted areas.
Knowledge about the genetic variation and the dkve inside these remaining populations
provides key information for managing their popuatdynamics (Lowe et al. 2005). For that
purpose, genetic analyses Bf nigra populations are performed with the use of différen

molecular markers (e.g. Legionnet & Levévre 1996rv@ra et al. 1996; Fossati et al. 2003).
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Gene flow studies oR. nigrarevealed a spatial genetic structure (SGS) thattveeed back
to isolation by distance through limited gene fl@g. Imbert & Levévre 2003; PospiSkova &
Salkova 2006). However, in all cases, estimatesftdctive pollen and seed dispersal
distances and their consequences could only befigpeby single findings or indirectly by
the statistical analysis of present SGS. To datekhowledge about gene flow pattern$in

nigra is therefore only fragmentary.

Hence, the aim of this study was to deliver expliguantitative and spatially explicit
measures of effective pollen- and seed-mediateé flew inside a natural population Bf
nigra. In this context, influences on spatial genetidtggas and genetic diversity of
regeneratind®. nigra populations can be discussed and consequencésefonanagement of
natural recruitment can be deduced. We followedepvsise approach to investigate these

aspects:

In a first step, we characterised and comparedyémetic diversity of both a natural adBlt
nigra population and an offspring population of juvesile

Secondly, we used two different approaches to nmeagene flow: Indirect measurement on
the basis of SGS as well as direct monitoring dfepoand seed dispersal through parentage
analysis. For the first time, both effective polland seed dispersal insidePa nigra
population and in the surrounding area were quadtifThis was used to explain and classify
patterns of SGS. All results are discussed withaessto implications for in-situ conservation

measures.

Material and methods

Study site and plant material

We investigated a black poplar population locatedHesse, central Germany, at the Eder
River east of the city of Fritzlar, within a natypeotection area. River regulation activities
have severely restricted the natural regeneratfoblack poplars for a long time (Lubcke
1993). Juveniles of black poplar could only be fdima gravel pit area (Fig. 1) with a size of
approximately 100 x 100 m. The black poplar poparats interspersed with and surrounded
by numerous hybrid poplar®(x canadens)s
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Fig. 1 Distribution of the adult trees and the locatidnttee natural recruitment area containing the
juveniles at the study site along the Eder Riveicated by the star. Sample names of the mothes tre
are indicated.
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In this study, we sampled adult black poplar anldridypoplar trees inside the protected area
as well as in a radius of 15 km around it. Seorafithe naturalP. nigraadult tree population
and the sampled hybrid clones was determined thragxgamination of their flowering
phenology. In two consecutive years, seeds weileatetl from mature catkins of a total of
five mother trees oP. nigraand three mother trees Bf x canadensi§Fig. 1). These seeds
were sown on filter paper and placed on waterloggedmiculite. A few days after
germination, seedlings were harvested. Additiongliyeniles of different ages were sampled
from the gravel pit area. In total, leaves of 5@6ilatrees, 2839 seedlings and 380 juvenile
plants were sampled and dried for 24 hours at 36 °C

DNA extraction and genotyping

Approximately 0.5 cmz? of dried plant material wéi@mogenised using a Retsch shaking mill
(Retsch, Hilden, Germany), following the protocelsdribed by Ziegenhagen et al. (1993).
Total DNA was extracted according to Jump et &0@). Deviations from that protocol were

performed as described by Rathmacher et al. (isspre

48



Poplar DNA was analysed at seven highly polymorphiclear simple sequence repeats
(nSSR, syn. nuclear microsatellite markers): WPM&08 WPMS09 were described by van
der Schoot et al. (2000) while WPMS14, WPMS18 arfd\W$20 were taken from Smulders
et al. (2001). Loci PMGC14 and PMGC2163 were setédtom the IPGC (International
Populus Genome Consortium) SSR Resource (http:/mmvgov/sci/
ipgc/ssr_resouce.htm). SSR markers are reproducibt®minant and highly polymorphic. If
an adequate number of loci is combined, they allogvunambiguous identification of each
individual (Smulders et al. 1997; Jones & Ardre®20 Loci WPMS09, WPMS18, PMGC14
and PMGC2163 can be used to confirm species &@iffiicas they contain diagnostic alleles
for P. deltoides(Bekkaoui et al. 2003; Fossati et al. 2003; Khasal.e2005). Hence, they
make it possible to distinguish between nigra and P. x canadensisAll markers are
completely unlinked (Cervera et al. 2001; Gaudetle2008). PCR and automated multiplex

capillary electrophoresis were performed as desdrib Rathmacher et al. (in press).

Data analysis

Explanatory power of the marker system and diversatrameters

With the information of the diagnostic markersyas possible to assess species affiliation of
the adult poplar trees. To quantify the discrimimat power of the seven-locus allelic
information, the Probability of IdentityP{) for each locus and of all loci combined were
calculated.PI represents the probability of two unrelated indiingls displaying the same
multilocus genotypes by chance (Taberlet & Luikd®99; Waits et al. 2001). Identical
multilocus genotypes (clones) were identified aad dalculations, only one ramet of each
genet was left inside the data set, as clones ateresults of sexual reproduction.
Subsequently, the standard parameters of gendtigbildy according to both th®. nigra
adult population and the juvenile population wesedcglated: mean number of alleles per
locus (\N,), mean effective number of alleles per locNg),(allele frequencies, observed,f
and expected heterozygosityef. He is considered to represent a measure of genesdiver
(EIMousadik & Petit 1996; Comps et al. 2001; Widmsekexer 2001). Hybrid poplar clones
were excluded from these calculations as they dobefong to a natural population. All
parameters were obtained using the software padkagélEx 6 (Peakall & Smouse 2006).

For each locus, deviation from Hardy-Weinberg ebuim (HWE) was examined by
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calculating Weir and Cockerham’s inbreeding cofit; Fis (Weir & Cockerham 1984),
which is equivalent to Wright's fixation inde, The significance offswas tested using the
programme GENEPOP version 4.0 (Raymond & Rous<#%)19

Spatial genetic structurSGS)and SPstatistic

SGS is characterised by the relation of kinshipredatedness estimates between pairs of
individuals and the physical distances between tljeonselle et al. 1995; Rousset 2000;
Hardy 2003). Its strength can be measured as theofadecrease of genetic similarity with
distance, that is the slope of a kinship-distancee

The intrapopulation genetic structure of the blpoklar adult tree population was determined
using a spatial autocorrelation analysis (Hardy ék®&mans 1999; Vekemans & Hardy 2004).
Isolation by distance at the individual level wasted using the software SPAGeDi 1.2
(Hardy & Vekemans 2002). To test for SGS, pairwigaship coefficients K;) were
computed between adult individuals for each loau$ @ multilocus-weighted average using
the statistic described in Loiselle et al. (1998airwise kinship coefficients were plotted
against the logarithm of spatial distanah)((d is the distance between individualand
individual j) to estimate the logarithmic regression sldjpg. The significance ob,g was
tested by permuting the spatial positions of irdliils 10,000 times. Thus the frequency
distribution ofb could be obtained under the null hypothesis Ejandd; were uncorrelated
(cf. Mantel test), since a linear decrease is e@gemn a two-dimensional habitat (Rousset
2000). All seven SSR markers were used for SGSysisalThe average kinship coefficient
for pairs of adult individuals was computed for fedowing distance classes (in m): 0-20;
20-40; 40-80; 80-160; 160-320; 320-640; 640-128B0t2560. Margins of distance classes
result from balanced numbers of pairwise distangeseach class. Average kinship
coefficients between pairs of individuals for eagistance interval were plotted against
distance classes in a diagram. The extent of SGS egimated using th&P statistic
following Vekemans & Hardy (20045P can be quantified by the regression slopg)(of

Fij on Ind; or by the ratioSP = —by/(1-F(1)), whereF is the mearf; between individuals
belonging to a distance interval of direct neighisq@®-10 m).
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Parentage analysis

Two different parentage analysis calculations weaeried out — one with seedlings of
harvested seeds from known mothers and a seconavitim¢he juvenile population where
both parents were unknown. The analysis was peddriollowing a likelihood-based
approach, using the software Cervus 3.0 (Kalinovwetkal. 2007). This method involves
calculating a logarithm of the likelihood ratib@D score) by determining the likelihood of a
pair of individuals being the parents of a givefspfing divided by the likelihood of these
individuals being unrelated. Offspring is assighedhe parental pair with the highdsbD
score. To find the confidence level of paternitalgais, simulations with 10,000 repeats were
conducted, with 0.01 as the proportion of loci ypsid and 0.8 as the proportion of candidate
parents sampled. Simulations also required an asomof the average number of candidate
parents per offspring. For seedlings with knownheat 250 individuals were set as probable
candidate fathers. For the juvenile population wheoth parents were unknown, 250
individuals each were set as probable candidatefsitand mothers. The allele frequencies
that were used in the simulation step were caledldiased on th®. nigra adult tree
population data set. Alleles private to seedlingshe juvenile population were added to the
frequency data file witlp = 0.0001. We used 95 % as strict and 80 % aseadlarnfidence
level as suggested by Marshall et al. (1998).

Identical SSR genotypes of potential parents werateéd as one potential parent in parental
analysis. Adult trees of undetermined sex wergdckas both potential fathers and mothers.
We assumed that pollen and seed flight charadteyisif both species are the same.
Therefore, parental assignments of both speciesbatid years were merged in order to
integrate the individual effect of the mother teaw the effect of annual differences. From the
paternity analysis of the seedlings, effective groltlispersal distances were calculated based
on the position of the mother tree and the putgbeken parent within the study site. The
parentage analysis of the juvenile population weeduto calculate effective seed dispersal

distances based on the positions of the putatiikendree and recruitment plant.
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Kolmogorov-Smirnov test

In order to find out whether the success of maléngavas a function of distance between all
males and mother trees, we compared the frequaastiibdtion of the distances of assigned
fathers to the mother trees with the frequencyribtistion of the distances among all sampled
males and the eight mother trees. This process caased out using the Kolmogorov-
Smirnov test (Crawley 2002) and the programme pgek&” (R Development Core Team
2005). Here, the maximum vertical deviation between frequency distribution curve®)

is tested on its statistical significance. The samethod was used to assess patterns of
effective seed dispersal distances. In this casesampared the frequency distribution of the
distances between assigned mothers and the juv@aplation with the frequency
distribution of the distances among all sampleddientrees and the juvenile population.

Results

Explanatory power of the marker system and diversatrameters

From the 566 adult trees analysed, the presenciaghostic alleles revealed 320 trees as
being P. nigra, while 246 turned out to be. x canadensislones. The sex ratio of tHe.
nigra population exhibited a female excess of 1:0.83h w49 female and 124 male trees.
Due to the absence of flowers, the sex of 47 treemined undetermined. The hybrid poplar
trees had a male proportion of 143 trees, whiletr@gs were females and 8 remained
undefined (see Fig. 1).

All NSSR markers were highly polymorphic. In botie P. nigraadult tree population and its
juveniles, WPMS18 showed the smallest number efed|(8 and 7, respectively). The largest
number of alleles was shown at locus WPMSQ09 forRhaigra adult tree population (17
alleles). In case of the juveniles, it was PMGC2(B8 alleles). On average, there were 11.6
(P. nigra adults) and 10.1 (juveniles) alleles per locusb(&dl, Table 2). Considering all
seven loci, the combined probability of identity tbk P. nigra adult population alone was
1.98 x 10,
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Table 1 The characteristics of the genetic diversity @ bhack poplar population (standard deviation
in parenthesesh: sample sizeN,: humber of alleles per locubl: number of effective alleles per
locus;H,: observed heterozygosityl.: expected heterozygositlis: inbreeding coefficient with exact
test of departure from Hardy-Weinberg genotypicpprtions: *: P< 0.05; **: P< 0.01; **: P <
0.001; all other values were not significant; Sdandard error.

WPMS05 285 10 419 0.73 0.76 0.0478 0.0610 0.0099
WPMS09 289 17 3.86 0.67 0.74 0.0959*** 0 0

WPMS14 290 12 319 0.69 0.69 -0.0032%0.0005 0.0005
WPMS18 290 8 2.4 062 058 -0.0709* 0.0231 0.0075
WPMS20 290 10 513 0.68 0.8 0.1577%* 0 0
PMGC14 287 9 422 078 0.76 -0.0163  0.1211 0.0189
PMGC2163287 15 3.8 072 0.74 0.0183 0.3966 0.056
Mean 288.291157 3.83 0.7 0.73 0.03"*

(0.75) (1.25) (0.33) (0.02) (0.03) (0.08)

Table 2 The characteristics of the genetic diversity @& phvenile population (standard deviation in
parenthesesh: sample sizelN,: number of alleles per locull,; number of effective alleles per locus;
H,: observed heterozygosity.: expected heterozygositlyis: inbreeding coefficient with exact test of
departure from Hardy-Weinberg genotypic proportions® < 0.05; **: P< 0.01; ***: P < 0.001; all
other values were not significant; S.E.: standardre

Locus n Na Ne Ho He Fis P-value S.E.
WPMS05 374 8 3.7 0.69 0.71 0.0211 0.2457 0.0191
WPMS09 377 12 2.8 0.62 0.64 0.0367*** 0 0

WPMS14 380 11 271 061 0.63 0.0378* 0.0348 0.0129
WPMS18 379 7 2.16 056 0.54 -0.0399 0.3322 0.0265

WPMS20 376 8 475 0.75 0.79 0.0546** O 0
PMGC14 380 11 3.39 0.67 0.71 0.049 0.0845 0.0184
PMGC2163380 14 405 0.74 0.75 0.0192** 0.0053 0.0032
Mean 378 10.14 3.32 0.66 0.68 0.028***

(2.38) (2.54) (0.87) (0.07) (0.08) (0.032)

Various clonal groups dP. x canadensisould be detected, including different numbers of
ramets ranging from 2 to 36 each. In tRe nigra population, 15 clonal groups were
identified; ten groups occurring as two rametsy fooups as three ramets and one group as
four ramets. In most cases, clones were locatemose vicinity (several meters) except for
two cases, where there were distances of morelitkam between them.

The observed and expected heterozygosities folesiog according to th@. nigraadult tree
population ranged from 0.62 to 0.78 and from 0b8.8, respectively (Table 1). In the case
of the juvenile population, values were slightlwkr and ranged from 0.56 to 0.75 and from
0.54 to 0.79, respectively (Table 2). The positivean values of the inbreeding coeffici€pg

in both populations (0.03 for the adult trees an@R® for the juveniles) indicate a weak

overall excess of homozygotdss values for single loci in the adult populationleefed an
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excess of homozygotes for four loci (WPMS05, WPMSB8PMS20 and PMGC2163), but
only two of these loci (WPMS09 and WPMS20) showgadiicant deviations from zero. By

contrast, there was a significant excess of heygaies for loci WPMS14 and WPMS18. In
case of the juvenile population, all loci exceptr f@/PMS18 showed an excess of
homozygotes. Four of them were significantly demgtfrom zero (WPMS09, WPMS14,

WPMS20 and PMGC2163).

Spatial genetic structure

The spatial distribution oP. nigratrees is shown in Figure 1. Spatial genetic stmectvas
tested using genotype data from all seven micrthsatdci. In agreement with isolation-by-
distance models (Hardy & Vekemans 1999), a sigaifidinear decrease of pairwise kinship
coefficients with the logarithm of geographicaltdisce was detected. The average kinship
coefficientsF; between pairs of individuals for each distancerivdal were plotted against the
logarithm of mean distance classes (Fig. 2). THeevaf theSP statistic was 0.0146 and the
value of the regression slope was negative (-0.0188h indicating positive autocorrelation
in the kinship coefficient. Therefore, it turns othat spatially more closely situated
individuals were also genetically more related th@ore distant trees. The first $f values
were significantly different from a random assigmmenclosed by the permutation envelope
(P < 0.05), despite the fact that confidence intervaisthe first three distance classes were

large because of smaller numbers of pairs in thiesses.
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Fig. 2 Analysis of spatial genetic structure of tRAenigra adult tree population by means of spatial
autocorrelation analysis using; kinship coefficients. The correlogram shows meanship
coefficients between individuals for eight diffetedistance classes. Broken lines delimit 95 %
confidence intervals defined through 10,000 pertimria around the null hypothesis of random
distribution in space.

Parentage analysis

The overall germination rate of collected seeds hgls (average 87.5 %), with no significant
impact of tree individual or species affiliation.ittV/ the help of paternity analysis, 2060
seedlings of the total number of 2839 could begassl (73 %). Of these, 971 were assigned
at 95 % and a further of 1089 assigned at an 8@Afidence level (Table 3). The overall
distance of effective pollen movement, inferrednirthe distance between the mother trees
and the most probable pollen fathers, ranged froau5 to 8200 m with a median of 582 m
(Table 3). Both the range and median of effectiokep dispersal occasionally varied greatly
between years and mother trees. Altogether, ab@W of the assigned effective pollen
traveled less than 500 m and about 75 % less tl@® h. Approximately 4 % of the
effective pollen was dispersed further than 2 kig.(B).
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Table 3 Profiles of effective pollen flow for each mothege.n: sample sizet OD*: number of seeds
assigned to pollen fathers with 95 % confidencealleiOD+: number of seeds assigned to pollen
fathers with 80 % confidence level; range of effexpollination distance (median).

year tree ID n LOD* LOD+ distance in meters

2006 EO001 95 50 26 39-5174 (131)
EO017 105 32 38 95-1908 (823)
E042 89 18 32 39-6198 (1124)
E083 96 43 27 46-5763 (217)
E146 53 23 17 44-2077 (219)
E169 136 39 73 79-3552 (337)
E228 51 14 16 387-1901 (586)

2007 EO001 391 110 147  39-5607 (1172)
EO017 451 151 186 87-8198 (840)
E083 447 177 139  46-7568 (270)
E146 354 107 161 136-6198 (1126)
E169 191 74 79 79-3552 (392)
E228 190 51 73 5-1288 (702)
2001.1 190 82 75 382-4299 (620)
Total 2839 971 1089 5-8198 (582)
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Fig. 3 Frequency distribution of effective pollen dispémdiatances based on paternity analysis of the
seedlings (grey bars) and the distances betweemaddls and the mother trees (black bars).

For 380 plants sampled from the juveniles, parextspcould be assigned for 169 plants

(44.5 %). From these, four were assigned based @m% confidence level along with 165

parent pairs at an 80 % confidence level. The nigtaf effective seed dispersal, which was
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inferred from the distance between the determinethear trees and the natural recruitment
area, ranged from 23 to 6923 m. About 70 % of tbsigaed effective seeds travelled less
than 500 m and about 86 % travelled less than bt 0Approximately 1 % of the effective

seeds were dispersed further than 2 km (Fig. 4).
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Fig. 4 Frequency distribution of effective seed dispediatances based on parental analysis of the
juveniles (grey bars) and the distances betwedpralhle trees and the juveniles (black bars).

Cervus 3.0 was also used to estimate null allelguencies of th€. nigra population. The
adult tree population exhibited substantial valwésnull alleles for loci WPMS09 and
WPMS20 p = 0.054 andp = 0.069, respectively). In the juvenile populatiGubstantial
frequencies of null alleles were estimated for finer loci WPMS09, WPMS14, WPMS20
and PMGC14¢ = 0.014p=0.017,p = 0.027 ang = 0.025, respectively).

Kolmogorov-Smirnov test

Using the Kolmogorov-Smirnov test, the differenagtvieen the frequency of distances of
assigned fathers and all males in relation to trwher trees (Fig. 3) was found to be
significant O = 0.512,P < 0.001). Furthermore, the difference between tlegjuency
distance of assigned mothers and all females iatioal to the juveniles (Fig. 4) was
significant as well@ = 0.404,P < 0.001). These results indicate that the obsenesbig

patterns of effective pollen dispersal cannot belared by the spatial distribution of male
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trees and mother trees alone. Additionally, theegjernpatterns of effective seed dispersal
cannot be explained by the spatial distributionferhale trees alone. This could be an

indication that isolation by distance plays an imi@ot role in both pollen and seed dispersal.

Discussion

Our results contribute to a better understandingesfe flow in poplar. They can be related
directly to genetic diversity in both the adult ajuVenile populations of. nigra The
question arises whethdP. nigra may still use these life history traits to rejuses
successfully under man-made disturbance regimes.kihbwledge gained from this genetic

study has implications for in-situ conservation sweas.

Spatial genetic structure of the adult tree popolat

In this study, SGS was estimated using3$Restatistic (Vekemans & Hardy 2004; Kalinowski
et al. 2007), an approach which has been showe &ppropriate in many studies (Vekemans
& Hardy 2004; Jones & Hubbell 2006; Chung 2008thAugh SGS can result from several
factors, gene flow through pollen and seed dispargakey determinants of its establishment
(Streiff et al. 1998; Vekemans & Hardy 2004).

Weak spatial genetic structures have been repéotesome forest trees, such as species of
the generdagusandQuercus(Streiff et al. 1998; Streiff et al. 1999; Vornaghal. 2004).
With respect to poplar, one of the small8stvalues ever reported was 0.00414 Roralba

L., which was ascribed to wind pollination of thgesies (van Loo et al. 2008). B nigra
populations, isolation by distance has been regoneseveral European studies (Legionnet &
Levevre 1996; Imbert & Levevre 2003). Significare$S of aP. nigra population was also
reported by PospiSkova and Salkova (208@)in their study was 0.0166 and the value of the
regression slopes was negative (-0.0158). The teestilthe present study show that SGS
plays a role as well, but to a lesser ext&®R £ 0.0146, regression slope = -0.0136). The
logarithmic relation between the kinship coeffi¢eland the distance between trees (Fig. 2)
clearly proves that isolation-by-distance pattestw a continuous variation of allele

frequencies (Born et al. 2008).
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Reduced genetic diversity in the juvenile popuiatio

The results presented in this paper show that thdt arees of the studied black poplar
population are characterised by a high level ofegjendiversity at the microsatellite loci.
Comparing adults and juveniles, the adults exhiigher values of both observed and
expected heterozygosity. This is probably due &stimall area for natural regeneration at the
study site. According to spatial limitations in dedispersal, only few mother trees in direct
vicinity contribute large amounts of seeds. Conseatly, only a small part of the genetic
diversity of the adult population is representethia offspring. Apparently, the loss of genetic
diversity is promoted by restricted natural regatien. The measure of 0.73 fbk, (gene
diversity) in the adult population reported in atudy is comparable to genetic diversityPof
nigra in other European studies (Fossati et al. 200Behn& Lefévre 2003; PospiSkova &
Salkova 2006; Smulders et al. 2008Db).

Some authors have emphasised the importance @t altshness rather than heterozygosity
for measuring diversity, especially in the contekigenetic conservation (Schoen & Brown
1991; EIMousadik & Petit 1996). Allelic richness psarticularly sensitive to a decrease in
population size, for example via a bottleneck amigder effect (Petit et al. 1998), in contrast
to those measures of diversity that are determmiedarily by the more frequent alleles, such
as expected heterozygosity. According to the nundbealleles per locus, Pospiskova and
Salkova (2006) and Fossati et al. (2003) found ayes of 11 and 7.25, respectively. The
results of these two studies are comparable tdindings, as in each case a single isolated
population was the subject of their study. In oase; the black poplar population is
completely isolated as there were no other notlalalek poplar populations inside the studied
radius of 15 km that could enrich the local genelp8tudies of multiple local populations
found higher average values of 12.1 (Imbert & Leeé2003) and 15.7 (Smulders et al.
2008b). These results are due to the fact thatatheunt of allelic richness is positively
correlated with both population size and sample g&regorius 1983; Gapare et al. 2008).
The observed positive value of the mean fixatioeffo@ent indicates a slight excess of
homozygotes in both our adult population and theemile population. The excess of
homozygotes might result from biparental inbreedWahlund effect or null alleles (Dakin
& Avise 2004; Makrem et al. 2006; Vakkari et al08Q Alves et al. 2007; Chapuis & Estoup
2007). PositiveF s values in most populations suggest inbreeding,obiyt when all studied
loci show equally high values (PospiSkova & Salk@0&6). In the case of the studied adult
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tree population, the averadgs of 0.03 was caused by the presence of null alllethe
WPMS09 and WPMS20 loci. The positive, high valuasthese two loci strongly influenced
the calculation of the averadgs value across all loci. When they are excluded fieg
calculation, the overall inbreeding coefficientne longer significant at -0.086. A similar
interpretation was suggested by Pospi$kova and&ali006). In the case of the juvenile
population, Fis calculation without loci WPMS09 and WPMS20 stdlveals a significant
positive value of 0.017. Overall tendencies towgrdsitive Fis over loci are more distinct
here, as only locus WPMS18 shows a negative vadlu@.04. Thus, the significant positive
Fis of the juveniles might actually derive from weakblieeding tendencies, which also
indicates a loss of genetic diversity. This yidhdserozygote deficits, which reflect deviations
from Hardy-Weinberg equilibrium. A misinterpretatioof a heterozygote deficiency can
result in the detection of null alleles as thetreteship between heterozygote deficit and null
allele presence in a local population is used ffigr ¢alculation of null allele frequencies in
Cervus (Dakin & Avise 2004; Kalinowski et al. 2007)he increased number of loci
displaying significant null allele frequencies hretjuveniles is therefore likely to derive from

a heterozygote deficit.

Quantifying pollen- and seed-mediated gene flow

Pollen from wind-pollinated trees, as well as pdplainy cottony seeds, has usually been
assumed to travel very long distances (Legionnat. €it997; Guilloy-Froget et al. 2002). Our
observations also revealed long-distance dispeksalvever, both reproductively effective
pollen and seed were predominantly dispersed olert distances (Fig. 3, Fig. 4). The
overall shorter dispersal distances of effectivedsare probably due to its larger size and
weight in comparison with pollen. Comparable stadguantifying gene flow of poplar
populations have not yet been published. Howevarergage analysis of poplar offspring
relying on singular findings revealed pollen digardistances of 230-350 m (Tabbener &
Cottrell 2003; Pospiskova & Salkova 2006) and sekspersal distances of 370 m
(Pospiskova & Salkova 2006). Imbert & Lefévre (2088orted on gene flow among black
poplar populations occurring essentially throughlgmo In their study, they found single
events of seed flow being limited for distancesdmely1-3 km. Additional evidence for non-
random mating in black poplar is supplied by a Beigstudy (Vanden Broeck et al. 2006),

which states that female trees are pollinated tsaicted number of males.
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Deviations from random mating and more frequent-negghbour mating were also observed
in other wind-pollinated tree species (Kaufmanlel@98; Mantovani et al. 2006). Studies on
Araucaria angustifolia(Bertol.) Kuntze andPinus echinataMill., respectively, attributed
pollen gene pool heterogeneity to high forest dgngroducing physical barriers to pollen
transport (Dyer & Sork 2001; Bittencourt & Sebbe2®08). As the size dP. nigra pollen
(diameter of 26 um (von Blohn et al. 2005)) liestla¢ lower end of the general range of
pollen sizes of wind-pollinated trees (17-58 pm u&o & Hattemer 2003)), poplar pollen
dispersal may also be restricted by forest densitppen-pollinated trees, a limited number
of proximate male trees can therefore be consideredntribute the main portion of effective
pollen. The resulting embryos are mixtures of faid half-sibs sired by a very limited
number of fathers. Short distance pollen and sasgersal can produce spatial genetic
subdivision. As a result, genetic variability mag lost and a small effective pollination
neighbourhood area can create the opportunitydaetic drift. The reduced genetic diversity
of the studied juvenile population represents #mult of such a small effective pollination
neighbourhood. But even in the worst case of genabireeding, recent studies found no
clear signal of fecundity or progeny fitness beaogsistently affected (Kramer et al. 2008).
Short-distance dispersal of limited pollen mightdoenmon and might play an important role
in causing the highly variable seed productioname wind-pollinated tree species (Sork et
al. 2002; Koenig & Ashley 2003). Therefore, locallpn and seed dispersal may also be a
natural feature of the life-history d®?. nigra By this, single local patches of natural
regeneration may of course exhibit decreased gedatersity. However, on the population
level, genetic diversity on the whole may be progdoby river dynamics which allow time-
displaced reproductive success of all adult trédesflooding events locally create patchy
areas of bare soil, which are colonised by seedbadl parents, integrating patches of
different years and different locations may finadyhibit the entire genetic diversity of the

original adult tree population.

Conclusions

In the studiedP. nigra population, we found a genetic diversity whichinighe range of other
European populations. This is the first importanhdition for successful conservation.
Conservational attention should focus on the maamee of such large and diverse

populations, which can be considered as a sourpelgtmon for any restoration project.
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Therefore, local diversity can be preserved andizacity for natural regeneration can be
offered. Sufficient natural regeneration is urggnieeded to compensate for the loss of
genetic diversity caused by population obsolescedderefore, conditions for natural
recruitment should be provided in situ. This indsdmore variation in hydrological
conditions, proper water flow and active erosiopaittion processes (Guilloy-Froget et al.
2002; Hughes et al. 2005). Thus, the restorati@llemge is to find ways of enhancing this
natural potential for regeneration. Apparently, findings of reduced genetic diversity and
inbreeding in the investigated juvenile populatiidustrate that singular, small-sized areas for
natural regeneration may not be sufficient for dffective conservation of present genetic
diversity. Our results show that only a minor pErgene flow takes place at distances beyond
1 km. Due to the limitation of both pollen and seksbersal, patterns of SGS are present in
the surrounding adult tree population. By limiteddl regeneration, only few local genotypes
are able to contribute to maintain the genetic dityz. Concerning natural regenerationRof
nigra, which is considered to be patchy, it is necesgaryprovide multiple appropriate
habitats for seedling establishment at considerdiskances. If small relict populations are to
be conserved, it is important to know how far apagpulations can grow and still remain in
contact via pollen and seed dispersal. Furthernarewledge of effective pollen and seed
dispersal distances for poplar is also of majorartgnce in terms of introgressive gene flow,
which is likely to occur in the vicinity d?P. nigraand hybrid poplar cultivars (Vanden Broeck
et al. 2004; Smulders et al. 2008a). Interspedificogressive gene flow poses a potential
threat to naturaP. nigra populations (Cagelli & Lefevre 1997). This is thebject of ongoing
studies. Combining several approaches for estimatantemporary gene dispersal in
landscapes provides a solid basis for decisionsita®onigra population management for

conservation purposes.
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Abstract

The European black poplaPdgpulus nigralL.) is among the most threatened tree species in
Europe. Introgressive gene flow from cultivated lpop represents a potential threat to the
persistence oP. nigra In this study we investigated hybridisation besaw®. nigraand the
hybrid cultivarP. x canadensiby means of combined diagnostic molecular markers fthe
chloroplast and nuclear genome. Open-pollinatedgny of both species as well as juveniles
from natural regeneration were analysed. The esullicate introgressive gene flow in both
directions with preferential hybridisation betwdemaleP. x canadensiand maleP. nigra.
Moreover, introgressed progeny has become estalliah the study site. Mating events in
subsequent generations will complicate the momprof introgressive gene flow. The
processes of swamping and the formation of hybsidrsis are discussed with respect to the
management oP. nigra populations. Conservation strategies need to ptewgrogressive

gene flow in order to save the species integritl .afigra
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Introduction

Hybridisation and introgressive gene flow are cdesed as evolutionary drivers. Some
authors consider introgressive hybridisation betweger and more numerous species as a
potential genetic enrichment of the endangered f@. Arnold 1997; Mallet 2005; Reusch
& Wood 2007). According to their theory, introgress hybridisation could increase the
fitness and the genetic variability of the rarenfoand could facilitate its habitat expansion.
However, habitat reduction followed by hybridisatican lead to the extinction of rare plant
species (Ellstrand 1992).

For the European black popld&dpulus nigral.) such approaches become more relevant, as
it is believed to be the most threatened forest $igecies of old, natural floodplain forests in
the temperate zones (Levévre et al. 2001; Tabb&r@ottrell 2003; Pospiskova & Salkova
2006). Due to economic reasons, the hybrid comioin&. x canadensifDode) Guinier was
largely cultivated in the neighbourhood to natupalnigra populations. These F1 hybrids
were produced by crossing the North Ameri€ardeltoidesBartr. with maleP. nigra (FAO
1979). Postzygotic barriers and hybrid mortalitylyoallow for unidirectional controlled
crossing ofP. deltoidesfemales andP. nigra males (Melchior & Seitz 1968; Zsuffa et al.
1999). Like many other poplar cultivarB. x canadensiss propagated and distributed
through vegetative clones. They are fertile ane &blgenerate F2 and backcross progenies by
either mating among themselves or mating with griraigra respectively (Bradshaw et al.
2000). Thus, under certain circumstances, F1 hgbmady swamp the gene pool of native
black poplar (Cagelli & Lefevre 1997; Vanden Broetkal. 2004). Indeed, some field studies
have provided evidence for introgressive gene fiovopenly pollinatedP. nigra andP. x
canadensisVanden Broeck et al. (2003) were able to show thasses betweeR. nigra
females andP. x canadensisnales are compatible and can produce viable saedsr
specific field conditions. Furthermore, recent sgdrevealed the establishment of both F2
and backcrossed poplars in natural sites (PospasRo8alkova 2006; Smulders et al. 2008;
Ziegenhagen et al. 2008). A first estimate of tegrde of introgression in a population was
obtained by Ziegenhagen et al. (2008). They usednabined approach of diagnostic nSSR
markers (nuclear simple sequence repeats, syn.earuchicrosatellite markers) and a
chloroplast (cp) marker. Chloroplast markers capose the female contribution Y.
deltoides(Heinze 1998; Holderegger et al. 2005) as theynaaternally inherited in poplar
(Mejnartowicz 1991). The approach of Ziegenhageal.e2008) turned out to be promising
for the detection of backcross and F2 generatidosvever, species-specific alleles can only
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trace backcrosses as long as they are passed erefdile, it is difficult to distinguish
between F2, backcrosses and later generation IlsybAd sufficiently large number of
diagnostic loci is required. Otherwise the erraieréor classification/identification can be
high (Epifanio & Philipp 1997; Boecklen & Howard 9B).

Another strategy to reveal introgressive gene flmwthe use of maximum-likelihood
approaches provided by computer programmes subleasiybrids(Anderson & Thompson
2002) orHINDEX (Buerkle 2005). A couple of studies have alreasigduthis technique in the
analysis of poplars (Lexer et al. 2007; van LoaleP008; Smulders et al. 2008).

So far, all studies that reported on matingPofnigra and P. x canadensigualitatively
revealed the existence of spontaneous hybridisatigorinciple. However, there are still no
quantitative studies. The aim of this study wagéfwre to explore and quantify gene flow
betweenP. nigraandP. x canadensisystematically. For that purpose, we focussedaogel
sample sizes of both produced viable seeds anblisbiad juveniles. The combination of four
diagnostic nSSR marker loci and a cp marker (DTn{Bsure et al. 1995)) was used to obtain
a detailed insight into mating scenarios. By theams, rates of progeny wikh x canadensis
ancestry could be estimated in total and the twdemal origins ofP. nigra and P. x
canadensicould be analysed separately. Results of this tgative study allow a suitable
risk assessment with regard to introgressive géne. fThey could therefore enhance the
effective management of conservation activitieslack poplar.

Material and methods

Study site and plant material

The study site is located in Hesse, Central Germanthe Eder River around the east of the
city Fritzlar (Fig. 1). It represents the naturetpction area “Ederauen bei Obermdllrich und
Cappel”, which includes a naturBl nigra population. This population is interspersed with
and surrounded by numerous treed?ofk canadensisOther non-indigenous poplar taxa are
present only occasionally. In two consecutive yesesds were collected from mature catkins
of six mother trees from both tafaig. 1, Tables 1 & 2).
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Fig. 1: Distribution of the mother and male poplar treed the location of the juveniles at the Eder
River study site. Sample names of the mother teeesndicated. Species affiliation corresponds to
Rathmacher et al. (submitted).

Species affiliation was analysed and reported otteer study (Rathmacher et al., submitted).
The harvested seeds were sown on filter papemtasiplaced on waterlogged vermiculite. A
few days after germination, seedlings were coltkcte total, 2606 seedlings were sampled
and dried at 36°C for 24 hours. Natural regenenatrghin the study site could only be found
at a gravel-pit area (Figs. 1 & 2) with a size ppaximately 100 x 100 m. Here, leaves of
380 juvenile plants of different ages were samlEable 3). These samples were dried at
36°C for 24 hours as well. Approximately 0.5 cmZdoked plant material were homogenised
using a Retsch shaking mill (Retsch, Hilden, Gewypafollowing the protocol described by
Ziegenhagen et al. (1993). Total DNA was extra@dedording to Jump et al. (2003) with

slight modifications (Rathmacher et al., in press).
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Fig. 2: Distribution of the poplar trees near the locatidrihe juveniles at the Eder River study site.
For clarity purposes, only the surrounding femades indicated. Species affiliation corresponds to
Rathmacher et al. (submitted).

Table 1: Diagnostic marker patterns of seedlings fiermigra mothers. total can: individuals with a
P. x canadensipaternity background showing at least one allpkxdic for P. deltoidesn the SSR

markers; BC = backcross.

treeID  2001.1 2043.4 E001 E001 E017 E017 E169 E169 E228 E228
year 2007 2007 2006 2007 2006 2007 2006 2007 2006 2007
# % # % # % # % # % # % # % # % # % # %
190 100 95 100 95 100 136 100 105 100 191 100 136 100 191 100 51 100 190 100
number of diagnostic alleles for P. deltoides in the SSR loci
0 190 100 21 2211 89 93.68 132 97.06 104 99.05 191 100 136 100 191 100 51 100 188 98.95
1 00 25 26.32 6 6.32 4 294 1 0.95 00 00 00 00 2 1.05
2 00 20 21.05 00 00 00 00 00 00 00 00
3 00 24 2526 00 00 00 00 00 00 00 00
4 00 5 5.26 00 00 00 00 00 00 00 00
total can 00 74 77.89 6 6.32 4 294 1 095 00 00 00 00 2 1.05
BC to
P. nigra® 00 79 83.16 6 6.32 4 2.94 1 095 00 00 00 00 2 1.05

4we actually recorded 93.75 % of the effective hylmoplar pollination. This corrected value

represents 100 %.
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Table 2: Diagnostic marker patterns of seedlings fi@nx canadensimothers F2P. x canadensis
P. x canadensis

tree ID  1156.7 2025.2 E029 E029 E042 E083 E083 E146 E146
year 2007 2007 2006 2007 2006 2006 2007 2006 2007

# % # % # % # % # % # % # % # % # %

190 100 190 100 173 100 146 100 89 100 96 100 194 100 53 100 95 100
F2* 2 1.05 12 6.32 4 231 00 1 1.12 2 2.08 2 1.03 00 1 1.05
corr 3 1.58 18 9.47 6 3.47 00 1 1.12 3 313 3 155 00 1 1.05

number of diagnostic alleles for P. deltoides in the SSR loci
0 8 421 14 737 21 12.14 8 548 5 5.62 6 6.25 9 4.64 4 7.55 6 6.32

1 45 23.68 48 2526 40 23.12 31 2123 19 2135 16 16.67 49 2526 21 39.62 22 23.16
2 69 3632 67 3526 65 37.57 53 3630 25 28.09 47 4896 62 31.96 18 33.96 43 4526
3 57 30 49 2579 39 2254 42 2877 12 1348 19 19.79 54 2784 10 18.87 20 21.05
4 10 5.26 6 3.16 5 2.89 11 7.53 8 8.99 4 417 20 1031 00 4 421
5 00 4 2.11 1 0.58 00 00 1 1.04 00 00 00

6 2 1.05 1 053 00 00 00 00 00 00 00

7 00 1 0.53 00 00 00 00 00 00 00

8 00 00 00 00 00 00 00 00 00

# Samples that are homozygous fd?.aleltoidesspecific allele in at least one diagnostic marker
certainly have &. x canadensifather and therefore represent F2.
® We actually recorded 68.36 % true F2 proportidris Eorrected value represents 100 %.

Molecular analysis
SSR markers

Poplar DNA was analysed at seven highly polymorpt8&R loci: WPMS05 and WPMS09
(van der Schoot et al. 2000), WPMS14, WPMS18 andW&E) (Smulders et al. 2001) as
well as PMGC14 and PMGC2163, which were selectaah fihe IPGC (International Populus
Genome Consortium) SSR Resource (http://www.ormlggy/ipgc/ssr_resouce.htm). All
markers are completely unlinked (Cervera et al.120Baudet et al. 2008). PCR and
automated multiplex capillary electrophoresis waeeformed as described by Rathmacher et
al. (in press). Loci WPMS09, WPMS18, PMGC14 and RP2E63 contain diagnostic alleles
for P. deltoideqFossati et al. 2003; Bekkaoui et al. 2003; Khdasa.€2005). Combining the
data of the diagnostic nuclear loci allows the d@be of backcrosses or F2 hybrids to a

certain degree.
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Chloroplast DNA marker

The chloroplast (cp) DNA marker DT (Demesure et 195) was used to identify the
maternal origin of the juveniles. The marker vaoiatis characterised by a fragment length
polymorphism in the intergenic spacer region betwdw trnD and trnT genes. At the DT
region,P. nigraandP. deltoidesare characterised by diagnostic alleles (HeinZ8LAll P.

x canadensi$1 hybrids bred for commercial purposes are swgapts carry thé®. deltoides
allele sinceP. deltoideswas always used as the mother tree. Female hglanes therefore
transmit the marker allele to all of their offsggin

For verification purposes, reference samples oé pumigraandP. deltoidesas well as. x
canadensisvere included into genotyping. These samples waken from Rathmacher et al.
(submitted). The total PCR volume of 16 ul contdidgul of DNA extract, 1 x PCR reaction
buffer, 2 MM MgC}, 0.2 uM of each primer, 0.2 mM of each dNTP an2b@J of Tag
polymerase (Bioline USA Inc.). The PCR cycle strath an initial denaturation at 94°C for
4 min and was followed by 25 cycles of denaturatain94°C, annealing at 55°C and
elongation at 72°C for 45 sec each. Finally, présiwere cooled down to 4°C.

A volume of 5 ul PCR product was subjected to 204 (x TBE (TRIS-borate-EDTA))
agarose gel electrophoresis at 70 V for 30 minarn20 V for 90 min. For UV visualization

of the DNA fragments, the gels were stained withdétim bromide.

Data analysis

Due to Mendelian segregation of alleles at the n&8R a certain proportion of mating with
P. x canadensisvill remain undetected. Offspring may solely daplalleles that are
diagnostic forP. nigraat all four diagnostic nSSR markers, even in cagese both parents
wereP. x canadensi@ig. 3). As all marker loci are transmitted indegently (Cervera et al.
2001; Gaudet et al. 2008), each parental allg@ssed on to the offspring with a probability
of 0.5. Based on the observed proportions of spegpecific alleles foP. deltoidesin the
individual offspring, the theory of probability dolube used to estimate the “de facto fraction”
of P. x canadensipaternity. This was done for both the seedlingstae juveniles. In case of
the juveniles, the species affiliation of the motwas already known. In case of the juveniles,
the species affiliation of the mother was identifigsing the DT marker (Figs. 3a & b). The

theory of probability allowed an iterative scheroethe following two cases:
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Backcrosses P. nigra x P. x canadensis

After mating of a. x canadensimale tree with &. nigrafemale, a heterozygous occurrence
of a specific allele foP. deltoidesn the offspring indicateB. x canadensipaternity. Half of
the offspring exhibits specifie. deltoidesalleles for the first diagnostic marker locus aad
therefore be assigned . x canadensidackcrosses (Fig. 3a). By the use of a second
diagnostic marker, again 50 % of the remaining sigaged offspring can be identified as
backcrosses, which is a proportion of 25 % of the fdcto fraction of backcrosses.
Considering a third and fourth diagnostic markeddigonal proportions of 12.5 % and
6.25 % respectively can be assigned. Using fougrdistic markers, about 93.75 % of the
offspring that actually has a hybrid poplar fatbhan be identified for sure while a proportion
of 6.25 % remains undetected. In order to obtaen db facto fraction oP. x canadensis
paternity in P. nigra the yet missing portion of 6.25 % was estimatesingl cross-

multiplication in the rule of three:

a/b=c/d, wherea = number of assigned backcross progeny usingd@gnostic markersy =

93.75 %, = total number of de facto fraction individualsikmown),d = 100 %.

By solving this equation, it was possible to estenthe total number of individuals of the de
facto fraction of backcrosses. The remaining sagdliwere assigned to pupe nigra (Fig.
3a).

77



P. nii

d

L1
L2
L3
L4

L1
L2
L3
L4

L1
L2
L3
L4

L1
L2
L3
L4

ra

)
I
<7

N[
{2/

P. x canadensis

—> Y2 of 100%
- 50% of 100 —

— % of 50%

- 25% of 100 ——
rest: 25% > 75%

SO )

Q@— % of 25%

->12.5% of 100——

12.5% Yy 87.5%

—> Y2 of 12.5%
- 6.25% of 100 —

Y 93.75%

b

L1
L2
L3
L4

L1
L2

L3
L4

L1
L2
L3
L4

L1
L2
L3
L4

P. x canadensis P. x canadensis

;

COCOC®@®)\— * of 100%
D@ (TF)| ~2%N0
(22222 2)(2:2)
22)(22)(22)(23)

1rest 75%
)
COCOC® @®— % of 75%
[ZREDE(EFF)| ~1875% M0
22) (22222 3)

1rest 56.25%
)
CIOCOC® @ ®— ¥ of 56.25%
(R[22 z) 14.06% of100—

rest: 31.64%

)
COCOCO®@®)— " of 42.19%

->10.55% of 100 —

s 43.

Y 57.

75%

81%

Y 68.36%

Fig. 3: Iterative scheme for identifying fractions @fbackcross anll) F2 progeny oP. nigraandP.

X canadensiparents This figure is used as the basis for the calcutatbthe de facto rates. Four
nuclear diagnostic marker loci containing specigecHic alleles for P. deltoides are used
cumulatively. Each box represents the allele coatiin of one marker locus. Species specific alleles
of P. deltoidesare marked by black dots. A heterozygous alleéei§ip for P. deltoidesndicatesP. x
canadensisancestry. The parents are the individuals at dpe The fractions of possible genotypes
concerning their offspring are illustrated undethed 1-L4: diagnostic marker loci, those under
consideration are represented in bold letters.

F2 generation crossing of P. x canadensis x P.nadansis

Considering only one diagnostic marker locus, arciesing of two hybrid poplars reveals

that 25 % of offspring are homozygous for the all#lat is species specific fér. deltoides

(Fig. 3b). A proportion of 75 % of the de facto ffaction remains undetected, as its allele

combinations could possibly be produced also bgsings ofP. nigraandP. x canadensis

(Fig. 3a). If a second diagnostic marker is usgdjraone quarter of the remaining 75 % can

be assigned, namely 18.75 % of the original F2tifvac Considering a third and fourth

diagnostic marker, additional fractions of 14.06f@ 10.55 % respectively can be assigned.

Using four diagnostic markers, about 68.36 % of difilspring that actually has a hybrid
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poplar father can be assigned for sure while 3%6till remain undetected (Fig. 3b). Against
this background, seedlings that were homozygoustféeast one specifie. deltoidesallele
were counted. In order to obtain the de facto foacbf F2, the yet missing proportion of
31.64 % was estimated using cross-multiplicatiothi rule of three (see above), whare
number of assigned F2 progeny using four diagnosékersp = 68.36 % = total number

of de facto fraction individuals (unknown) add= 100 %. By solving this equation, it was
possible to estimate the total number of individu#lthe de facto fraction of F2 progeny.

The rate of backcrosses with pitenigracan only be estimated indirectly through the odte
F2, since the only possible mating in the study éa&es place either betwelennigraandP.

x canadensisr P. x canadensig P. x canadensiConsequently, the fraction of samples that
are not F2 has to be backcrossed with guraigra Regardless of the parental gender, all
mating events oP. nigraandP. x canadensiproduce offspring that features rates of 775
nigra genes and 0.2B. deltoidegyenes. The only difference is that the progenyeoidleP.

x canadensigxhibitsP. deltoideshloroplasts (see above).

Projection of scenarios for further generations

Referring to the calculations of detectable frawsiof backcrosses and F2 that are part of the
current generation (see above), scenarios couftdyected for further generations (Figs. 4 &
5). They help to estimate the additional numberdagnostic loci to detect repeated
backcrosses in further generations (Fig. 5).

The projection of the present proportions of detielet crossing events for further generations
revealed constant proportions for F2 crossingscdee of crossings solely between F2
generation individuals, the fraction &f deltoidesgenes sticks to the original 50 % over
several generations. The resulting portion of tRe€éneration that is detectable with the help
of four diagnostic loci remains at 68.36 % (Figs.&4). In case of repeated backcrosses, the
proportion ofP. deltoideggenes halves from generation to generation, amtbes the portion

of detectable backcrosses. Generation one stilbggl25 % ofP. deltoidesgenes. By using
four diagnostic markers, 93.75 % of the de factokbeossed individuals can de detected
(Figs. 3a & 4). Over several generations, propogidecline until in generation seven, the de
facto fraction ofP. deltoidesgenes is 0.39 % of which 1.46 % can be detected four

diagnostic marker loci (Fig. 4).
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Fig. 4: Proportions of detectable backcrosses and F2ingsswith their corresponding proportions of
P. deltoidesgenes over the course of seven generations. Fagnabktic marker loci are used. It is
assumed that backcrosses (BC) took place betRerigraandP. x canadensi® produce generation
1. The subsequent generations are the result cfatepp backcrosses with mating of previous
generation crossings and puenigra In case of F2 crossings, the first generation prasluced by

P. x canadensix P. x canadensisThe following generations result from mating odes from the
particular previous F2 generation.

In case of proceeding backcrosses, more and magnalstic markers are needed for the
identification of introgressed individuals. While backcross generation 1, four diagnostic
markers are needed for the identification of 934/6f the de facto backcross fraction (Figs. 4
& 5), nine markers are needed to achieve a detectite of 92.5 % in the second backcross
generation (Fig. 5). In the third backcross genemnathe detection of more than 90 % is only
possible with the use of more than 17 diagnostickera. In the fifth backcross generation
even 17 diagnostic markers enable the detectiom2% of the de facto fraction of

introgressed individuals.
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Results

For the assessment of the de facto introgressi@s,rawo subsets of poplar progeny were
used. According to the analysed seedling genotyguesies affiliation of only the father tree
had to be determined by using the four nSSR didgnasarker loci, as the mother was

already known. In case of the juveniles, speciBkadion of both parents was unknown.

Juveniles

Considering all diagnostic markers, a total of Wenile poplars (3.95 %) exhibite@. x
canadensigarental background (Table 3). No F2 crossingddcbe identified, as species
specific alleles foP. deltoidesvere always heterozygous (Table 4).

According to the DT marker, eight of 380 juveniteds (2.11 %) could be assignedPtox
canadensignaternal origin (Tables 3 & 4). One of these did have any nSSR specifit.
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deltoidesallele, while the other samples with x canadensimaternal background exhibited

one to four alleles specific ®. deltoides

In the remaining fraction of 372 juvenile plantstiwP. nigra mothers,P. x canadensis
paternity was detected for seven samples (1.88™)is, the de facto fraction d?. x
canadensispaternity revealed eight individuals (2.15 %, TEaHll). With regard to all 380
sampled juveniles, the de facto fraction of indixts exhibitingP. x canadensiparentage
(15 individuals, 3.95 %) could be corrected to héividuals (4.21 %), using the iterative

scheme of Fig. 3a. Each half of the 16 individusilepresented bly. x canadensimaternity

andP. nigramaternity (making up 8 individuals each).

Table 3: Diagnostic marker
patterns for the juveniles.
DTn: DT marker specific
allelic pattern ofP. nigrg
DTd: DT marker specific
allelic pattern ofP. delto-
ides can: individuals with a
P. x canadensisparental
background showing at least
one allele specific forP.
deltoides

# %
380 100
DTn 372 97.89
DTd 8 211
can 15 3.95

Table 4: Diagnostic marker patterns for juveniles with eitR.
nigra or P. x canadensismaternal background. FZ?. X
canadensix P. x canadensjgotal can: individuals with &. x
canadensispaternity background showing at least one allele
specific forP. deltoidesn the SSR markers; BC: backcross.

mother: mother:
P. nigra P. x canadensis
(=DT n) (=DT d)
# % # %
372 100 8 100
number of 0 365 96.32 1 12.5
diagnostic 1 1.88 4 50
alleles for 2 0 1 12.5
P. deltoides 3 0 0 2 25
in the SSR
loci 4 0 0 0 0
F2* - - 0 0
total can 7 1.88 - -
PI.Sligt?ab 8 2.15 i ]

@ Samples that are homozygous fd?.adeltoidesspecific allele
in at least one diagnostic marker certainly hat® a canaden-
sisfather and therefore represent F2.

® We actually recorded 93.75 % of the effective fylpoplar
pollination. This corrected value represents 100 %.
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Seedlings of P. nigra mothers

The overall fractions oP. nigra mother trees that were pollinated Byx canadensisanged
from 0 % to 77.89 %. In detalp. x canadensipaternity was assigned to seedlings of mother
trees EO01 (6.32 % in 2006, 2.94 % in 2007), E@L95 % in 2006), E228 (1.05 % in 2007)
and 2043.4 (77.89 % in 2007) (Table 1). The catoutaof the de facto fraction dP. x
canadensigaternity (Fig. 3a) did not change these outcomdsstantially. After both the
addition of the undiscovered 6.25 % and roundihg, iumbers of individuals remained the
same except for the seedlings of tree 2043.4 /8. 83.16 %, Table 1).

Seedlings of P. x canadensis mothers

According to the diagnostic nSSR markers, rate§adfcrossings in the seedlings Bf x
canadensisnother trees ranged from 0 % to 6.32 %. F2 sampéee found for seedlings of
all mother trees except for E029 in 2007 and EX@Q006. The portions of F2 crossing
ranged from 1.03 % (E083, 2007) to 6.32 % (20280Q)7). Larger de facto fractions (Fig.
3b) were calculated for the seedlings from mothees E029 (2.31 % vs. 3.47 %) and E083
(2.08 % vs. 3.13 %) in 2006 and for seedlings otheotrees 1156.7 (1.05 % vs. 1.58 %),
2025.2 (6.32 % vs. 9.47 %) and E083 (1.03 % v& %%in 2007 (Table 2).

Discussion

Our main concern was to contribute to establisiagrobstic marker system for introgressive
gene flow into naturaP. nigra populations. The diagnostic markers we used gadetailed

insight into different mating scenarios. The cp kearevealed the maternal origin of progeny
with unknown maternity. In combination with fouradinostic nuclear markers, hybridisation
events beyond the F1 generation could be retrad@adresults have crucial implications for
in situ conservation measures concerning effectswamping and the formation of hybrid

swarms.
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Low introgression rates in P. nigra offspring

The results of diagnostic nNSSR markers re¥at canadensipaternity in seeds of multiple
open pollinated. nigra mothers, although its rates are small. Rllnigra mother trees are
located directly inside a large. nigra population, except for mother tree 2043.4, whigh i
relatively isolated in terms of direct make nigra neighborhood (Fig. 1). Thus, tree 2043.4
was pollinated by. x canadensito a large extent (83.16 %). Phenology observatairthe
study site support these findings, as in both yehesflowering periods did not constitute a
barrier to hybridisation betweeR. nigra and P. x canadensigdata not shown)For the
determination of the introgression rate, the sreadlle availability of hybrid pollen produced
by P. x canadensignales that are cultivated nearby is therefore mipgiortant. The
hypothesis of pollen competition (Rajora 1989), rehm a mixed pollen cloud, pollen from
P. nigra may be more successful in pollinating female bladplar than that fronP. x
canadensisis therefore still valid. However, our findingerdonstrate that the simultaneous
presence of. nigra pollen will not completely prevent mating betweBn x canadensis
males andP. nigra females. These findings are contrary to those afidén Broeck et al.
(2004). According to their study spontaneous hybaition between femal@. nigraand male
P. x canadensienly occurred when the presencePofigrawas minimal in the pollen cloud.
They found evidence for the massive introductiof® ofleltoidesgenes (91 %) in progeny of
an isolatedP. nigra female (Vanden Broeck et al. 2004). Because ofzggstic barriers
(Melchior & Seitz 1968) direct gene flow froR deltoidesmales toP. nigrafemales is not
possible. However, via fertile male F1 hybrids,réhies no reproductive barrier and genes of
P. deltoidesare able to invade progeny of femdbe nigra. Beyond the F1 generation,
introgression ofP. deltoideggenes into the gene pool Bf nigrais therefore possible in any
direction. Contrary to our findings, numerous sésdon seedlings ¢f. nigradid not find any
evidence of introgression from. deltoides(Imbert & Levévre 2003; Fossati et al. 2003;
Tabbener & Cottrell 2003; Vanden Broeck et al. 2006

P. deltoides genes in established juveniles

The frequency of juvenile poplars that exhibifeddeltoidesspecific alleles was relatively
low at 3.95 %. Each half of this rate appearedrigirtate fromP. nigraandP. x canadensis

maternal origin respectively. The lack of F2 indivals may be due to the overall low rates of
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bothP. x canadensiprogeny in the juveniles and F2 in the seedsmffeP. x canadensidt
seems that the paternity &f. x canadensigloes not have a detrimental impact on the
establishment of seeds at least frémnigra mothers. With the exception of the differing
introgression rate of the seeds from mother tre&820) the average introgression rate of all
seeds fronP. nigramothers equaled the rate of introgressed juvenildsP. nigra maternal
background 42 %). P. x canadensifemales only contributed a proportion of 2.11 %fe
juveniles although potential mother trees oftenagino direct proximity to the area of natural
recruitment. Therefore, progeny frof. nigra females seems to establish favourably.
However, it must be mentioned that the area ofraheed recruitment is relatively small.
Hence, it can not be representative. Other stuzhgsivenile poplars reported on larger rates
of introgression. For example, 5.7 % hybrid genesypf young trees along the Rhine river in
the Netherlands were found to exhiBit deltoidesancestry (Arens et al. 1998). More recent
studies on juvenile poplars also revealed highsratendividuals with genetic background of
P. deltoidegZiegenhagen et al. 2008, 24 %; Smulders et 818285 %). These introgression
rates may be quite variable, but they all show thaspatial proximity,P. nigra andP. x
canadensignating does happen and seeds will establish evgntua

In subsequent generatior3, deltoidesgenes may spread in the genome&Pohigra They
may establish permanently, thereby altering theetierstructure oP. nigra populations and
affecting the fitness of individuals (Ellstrandagt 1999). As poplar plantations represent only
a limited number of genotypes, frequent mating &/@ne considered to reduce the genetic
diversity of P. nigra populations, especially as its rarity contrastthwhe widely planted
hybrid cultivar plantations (e.g. Cagelli & Lefevi®97; Arens et al. 1998; Levevre et al.
2001). Once hybridisation has begun, it is diffidol stop, especially if hybrids are fertile and
mate both among themselves and with parental iddals. By this means, poplar populations
are at risk to become hybrid swarms, as they coase mixture of hybrids, backcrosses, and
later-generation recombinant types (Grant 1981 monitoring of introgressive gene flow
in a hybrid swarm is an effort that hardly any stwdll provide, even if enough diagnostic
markers were available. Mating of backcrosses w#tablished F2 generation individuals
may increase the proportion Bf deltoidesgenes in the local gene pool. By this means, F2
crossings act as a reservoir Bf deltoidesgenes even if their cultivated parents have

disappeared.
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P. nigra swamps into P. x canadensis offspring

Seedlings ofP. x canadensidemales have not yet been the subject of any esudn
introgressive gene flow. Basically all seedlingg”o canadensimothers exhibit portions of
both P. nigra and P. deltoidesgenes and are therefore “introgressed” in principle
Accordingly, determining the de facto fraction oatg@rnity of bothP. nigra and P. X
canadensisn this progeny is a difficult task. More diagnosmarkers are needed to clearly
detect substantial rates of the de facto F2 frac{leig. 3b). The extremely low de facto
fractions of F2 mating events and highnigra mating fractions are surprising. Even hybrid
mother tree 2025.2, which is located quite far fribv@ black poplar population, was heavily
pollinated byP. nigra The amount oP. nigra paternity is probably due to the pollen cloud
composition produced by the male neighbourhoodobatall, it exceede®. x canadensig

P. x canadensignating by far. These findings suggest that theolhygsis of pollen
competition (Rajora 1989) can be applied also opabllination ofP. x canadensifemales,
probably even on a larger scale. Through such épofiwamping’ (Petit et al. 2004) &f.
nigra into offspring of P. x canadensjslocal gene pools of both taxa are merged and
offspring evolves. Although the larger part ofritsclear genes (i.e. 75 %) originates frém
nigra, 25 % still represenP. deltoidesgenes. By this means, alleles Bf deltoidesmay
invade theP. nigragene pool in subsequent generations. This wagtadgressive gene flow
seems to be especially important, as our findiegeal that the paternity &f. nigrain P. x
canadensi®ffspring is rather the rule than the exception.

Although paternity analysis has been used sucdssiwther studies on introgressive gene
flow in black poplar (Tabbener & Cottrell 2003; Wéher et al. 2006; Pospiskova & Salkovéa
2006; Vanden Broeck et al. 2006), this technique wat appropriate for our data set, as
identical genotypes of potential fathers are widgdyead in terms of the clonal hybrid poplar
cultivars. According to Rathmacher et al. (in pjeabout 76 % of all mal. x canadensis
cultivars at the study site could be identified&oramets of a single male genet referred to as
clone “Robusta” (own unpublished data). Additiopatiue to their frequent presence at the
study site, hybrid poplars could only be samplatoemly. DistinctP. x canadensifathers

were therefore impossible to find.
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Hybrid identification using a Bayesian assignmesthnd

By way of comparison, hybrid and backcross genotymbabilities of all poplar progeny
were estimated using the softwamdetvHybrid$ (Anderson & Thompson 2002). For this
purpose, data of the four diagnostic markers amdethadditional nSSR loci was used
(Rathmacher et al., submitted). In both subsedsthe seedlings d?. nigramothers and the
juveniles, the portion dP. x canadensiancestry was underestimated if not overlookedlat a
(data not shown). This phenomenon was even moreopnzed in seedlings dP. X
canadensiswhere large portions were assigned to frraigra It seemed that not even the
presence of species specific allelesPofdeltoidesinevitably led to the assignment Bf x
canadensisancestry. Moreover, seedlings were assigned tgodaes which are unlikely to
exist in the study area, such as “piredeltoide% and “backcross to purf. deltoides
Hence, our results show that such findings haveetinterpreted with caution at least in this
case. Generally, assignment depends strongly ondineidental combination of the number
of reference samples and their specific alleli¢irsgs. Additionally, seven microsatellite loci
including four diagnostic markers may not be sigfit for an unbiased assignment

(Anderson, personal communication).

Conclusions

Introgressive gene flow takes place in two dirawiasP. nigrafemales are pollinated .

X canadensisnales and vice versa. Because of stochastic eamutsettings, the particular
rates may vary in space and over time. The majot ph introgressive gene flow is
represented bl. nigramales pollinatind®. x canadensifemales. These findings support the
hypothesis of preferential hybridisation betweemdée P. x canadensigand maleP. nigra
(Pospiskova & Salkova 2006). Therefore, our reswlsmonstrate that this marker
combination allows to identify parental taxa of geay from the hybrid complex d?.
nigra/P. x candensislt proved to be efficient even for advanced hglgenerations, such as
the F2 and first backcross generation.

The establishment &. x canadensiprogeny poses a fundamental risk in terms of peeiss
integrity of P. nigra even though it rarely occurs. In any caBe, deltoidesalleles are
included. With respect to the massive presencePofx canadensisn the landscape,

hybridisation with pureP. nigrais therefore most likely. It represents an impairtgenetic
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risk for the ‘speciesP. nigrd as such, especially for small populations withg@dP. x
canadensimeighbourhood. In the long run, such populatioms & risk to turn into hybrid
swarms.

For a conclusive evaluation of the longevity ofdlentrogression processes, further issues
need to be considered, such as the viability amtlitie of produced offspring. Further
research on the genetic background of seedlinplestenent and fitness is needed to evaluate
the consequences for natural regeneratioR. ofigra populations. Introgressive gene flow is
only retraceable during initial generations. Theref species affiliation of juvenile
populations of natural recruitment that are belikiee consist of pur®. nigra progeny needs

to be reassessed. Altogether, detailed mating dosnander field conditions are hard to
predict. However, introgressive gene flow seem®dour frequently. As suitable data on
distances of effective pollen dispersal in poplar available (Rathmacher et al., submitted),
our results could be regarded as a call for a @patriented management of conservation
programmes. By this means, it is possible to avdithgressive gene flow and natural stands
of P. nigracan be prevented from becoming hybrid swarms. figssarch may also provide
valuable information for evaluating the risk ofrogression from plantations of genetically

modified poplar cultivars.
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3. Discussion

There is an increasing interest in gene dispersdndscapes that have been modified by
human activities. This is due to concerns aboutirtiygact that habitat loss, disturbance and
fragmentation may have on plant populations. Theduction of exotic species, which is
associated with potential hybridisation and intesgive gene flow, may additionally have an
impact on local native plant populations. The dshbd high-resolution marker system
(paper 1) turned out not only to enable a reliadintification of poplar varieties but also to
allow a detailed analysis of gene flow inside.anigra population (paper Il) and introgression
of P. deltoideggenes into the local gene poolrxfnigra(paper Ill). This robust system offers
a fast and cheap genotyping protocol with reliabiilts and the opportunity for large sample
throughput (papers 1, Il & lll). These large samplees were essential for the detection of
gene flow at biologically significant levels (>1 %&lIstrand et al. 1999). The unambiguous
individual identification turned out to be the cialcprerequisite for subsequent analyses of

gene flow.

3.1 Intraspecific gene flow inP. nigra

Gene flow can be a potent evolutionary force. A Isrmamount of gene flow is able to
counteract the other evolutionary factors of motatidrift and selection (Slatkin 1987). Its
impact depends on its magnitude. The magnitude efegflow among natural plant
populations is described to be widely diverse, wayyamong species, populations,
individuals, and even between years (Ellstrand 2292nthropogenic landscape change and
habitat fragmentation have become so ubiquitoug thay may threaten the genetic
connectivity of many plant species (Sork & Smoud#)&). As populations become
genetically isolated they are consequently at igleaf losing genetic diversity (Frankham et
al. 2002). However, genetic diversity is required the response to environmental changes
that influence evolutionary processes (Sork & SmeoR806). Many plant populations that
were once continuous are now highly fragmentedibitiiig a collection of local populations
with different degrees of connectivity (HarrisonHastings 1996). This obviously holds true
also forP. nigraas it naturally occurs in floodplain habitats, ethhave already been altered
heavily by river management activities (Cagelli &&vre 1997; Guilloy-Froget et al. 2002).

Natural floodplain forests, witR. nigra as keystone species, represent the type of paltenti
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natural vegetation along rivers in Western Eurdpi (2008). They are of major interest in
the ecological network of the river ecosystem aray iserve as habitat for many organisms
(Guilloy-Froget et al. 2002).

In the studiedP. nigra population of paper Il, estimates of genetic diitgrwere comparable

to findings of other studies on black poplar. Tisighe first important condition for successful
conservation measures focussing on natural regemeraithout improvement by additional
afforestation. Conservational attention should $oon the maintenance of such large diverse
and locally adapted populations. They can be censttlas a starting point for restoration
projects.

SinceP. nigrawas and still is used in breeding programmes (evét al. 2001), it also
represents a very valuable species for poplar breetience, a special effort must be made to
maintain a large gene pool even from a commeraahtpof view. Considering the wide
natural range of this species, particular attensbould be devoted to preventing the loss of
P. nigraresources in the whole distribution area as selechay have favoured particular
variants and local adaptation has emerged (Cagdlifevre 1997). By using markers with
links to candidate genes that are involved in tkpre&ssion of physiological traits, the
complete range oP. nigra ecotypes could be captured. Subsequently, speciatypes
exhibiting desired traits can be selected. Theyasgnt valuable resources for breeding

programmes in the future.

Patterns of SGS in the adult tree population cdnddattributed to the spatial limitations of
effective pollen and seed dispersal (paper Il)efdly analyses for retracing mating events
and the estimation of pairwise relationships f@easing gene dispersal are methods of direct
genealogical inference in population biology (Meagh007). Results of paper Il demonstrate
the effectiveness of such direct methods for amajysnd interpreting genetic patterns of
natural populations. The majority of dispersal alistes of both effective seed and pollen was
spatially limited as most mating occurred withirdb populations in a comparatively small
neighbourhood (i.es1 km). These results were unexpected, as both pppleen and seeds
are wind-dispersed. Therefore, generally largeadists of distribution are assumed for pollen
and seed of black poplar (Pospiskova & Salkova POD@&persal distances of paper I
differed as larger portions of seed were foundoatial vicinity of the mother tree than it was
the case for effective pollen in proximity to tregHer tree. According to Meagher (2007) a
difference in magnitude between seed and pollgpedssl has a strong impact on the spatial

genetic neighbourhood composition of local popaoladi As effective seed dispersal is more
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restricted than pollen-mediated gene flow it maynbere relevant to population structure
(Crawford 1984). Consequently, if seed dispersdiniited relative to the average spacing
between maternal trees, spatial clustering of fammkembers in the offspring generation
might be expected (Adams 1992). Apparently, thdifigs of reduced genetic diversity and
inbreeding tendencies according to the investig@tednile population in paper Il reflect
these consequences. However, sufficient naturanegtion is urgently needed to avoid the
loss of genetic diversity due to population senesee In natural systems, this can be
achieved by the colonisation of patchy areas of lsail that were created by river dynamics.
As such events occur stochastically, it followst tthamany years, successful regeneration
does not occur. Consequently, there is often agtage structure in natural stands, reflecting
the history of flooding (Heinze 1998a). Howevermtoning different regeneration patches
over time may eventually reflect the amount of gendiversity of the original parental
population. This kind of regeneration strategyPofigra can be interpreted as an adaptation
to the extremely dynamic system of natural flood@aDisturbance is not only a destructive
factor. In case oP. nigrait is rather urgently needed for successful longesf populations.

The positive effects of disturbance on genetic iy has also been reported for other forest
trees (e.g. Hubbell et al. 1999; Kelly & Bowler 200The long life spans of tree species
relative to the scale of temporal variability ofswirbances and seedling establishment
provides a buffer or storage effect (Beckage e@05). By this means, tree species can
persist through periods of low recruitment, wheargeof high fecundity or survivorship do
not coincide with suitable areas for seedlings staldish. On the long run, population
diversity is promoted by large annual fluctuatiehgatchy recruitment processes.
Apparently, the findings of reduced genetic divgrsind inbreeding tendencies according to
the investigated juvenile population in paper Balllustrate that singular, small-sized areas
for natural regeneration do not seem to be sufftder the effective conservation of present
genetic diversity. These results should therefe@ednsidered in the concept of conservation
measures. According to species whose regeneratiate@y is adapted to such dynamic
habitats, the restoration challenge turns outrid fwvays to enhance the natural potential for
regeneration. In populations where natural recreiitivis to be promoted, conditions for the
establishment of juveniles in multiple regeneragp@iches need to be optimised in situ. This
can be achieved by permitting more variation inrbi@gical conditions, proper water flow
and active erosion/deposition processes (Guillmgét et al. 2002; Hughes et al. 2005).

In case of predominating short-distance gene flasvreported in paper IlI, the potential for

gene flow between nearby individuals and populatios great (Adams 1992). For the
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conservation of small relict populations, it is ionfant to know how far apart target
populations of conservation measures can grow ahdeynain in contact by effective pollen
and seed dispersal. If the amount of pollen prodigenear neighbours is small in relation to
more distant pollen sources, as it is the casarfall relict populations or solitary trees, the
advantage of proximity may be eliminated or compsau (Adams 1992; Ellstrand et al.
1999). In such cases, accumulated long-distangeeidial of small amounts of pollen from
many trees can result in considerable pollen tistion over long distances when whole

stands are considered as pollen sources (Ells&dfidm 1993).

3.2 Interspecific gene flow: hybridisation and intogression

As plantations of cultivars containing numerousnfdafrequently grow in direct vicinity to
their wild relatives (James et al. 1998; Williams Bavis 2005), knowledge of effective
pollen and seed dispersal distances is of majooitapce in terms of introgressive gene flow,
which is likely to occur in the vicinity d?P. nigraand hybrid poplar cultivars (Vanden Broeck
et al. 2004; Smulders et al. 2008a). As gene flemegally exhibits a tendency to homogenise
population structure (Slatkin 1987) hybridisationc@mpanied by introgression can be
discussed controversially with regard to its eviohéry consequences. Even low rates of
hybridisation can have important evolutionary caopsces if species that hybridize are
common (Mallet 2005). Therefore, interpreting telationary significance of hybridisation
and determining the role of hybrid populations eveloping conservation plans is a very
difficult issue (Allendorf et al. 2001).

Genetic data shows that hybridisation and intragjoes between species are ongoing and
regular, if not always common processes in natAmadld 1997). At least 25 % of plant
species and 10 % of animal species are involvethase processes (Mallet 2005). Some
authors consider introgressive hybridisation betweger and more numerous species as a
potential genetic enrichment of the endangered f@um. Arnold 1997; Mallet 2005; Reusch
& Wood 2007). According to their theory, introgress hybridisation could increase the
fitness and the genetic variability of the rarenfoand could facilitate its habitat expansion.
Given the fact that our environment will continue thange, the process of natural
hybridisation may therefore actually be an *ark’ the genetic variability contained in some
species.
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Natural hybridisation is a frequent and importamiponent of plant evolution and speciation
(Rieseberg & Ellstrand 1993; Mallet 2005). A largember of plant species may be
descended from hybrids (Arnold 1997). Whitham et(4099) illustrate that plant hybrid
zones are dynamic centres of ecological and ewolaty processes for plants and their
associated communities. The genetic differencewdmt the parental species will result in
the greatest genetic variation in the hybrid zawaich will in turn have a positive effect on
biodiversity (Whitham et al. 1999). Variation inthaced via introgression is said to contribute
regularly to adaptation and diversification. It magcasionally allow adaptive combinations
to evolve at a higher rate than in the absencenoinput of variation from hybridisation
(Mallet 2005). Natural zones of hybridisation a@nsidered to be unique and worthy of
special efforts to promote their conservation aratgetion (Whitham et al. 1999; Martinsen
et al. 2001). Taxa resulting from natural hybritima events should therefore be protected,
just like any other species (Allendorf et al. 2Q0Bccordingly, natural interspecific
hybridisation is not rare.

On the other hand, hybridisation has also led t® gktinction of many populations and
species (Ellstrand 1992b). Rare species may beatdmed by hybridisation in two ways:
Outbreeding depression from detrimental gene flal neduce the fitness of a locally rare
species that is mating with a local common one. alfernate route to extinction is by
swamping, which occurrs when a locally rare spelasss its genetic integrity and becomes
assimilated into a locally common taxon as a restliepeated events of hybridisation and
connected introgression. By this means, poplar ladipns are at risk to become hybrid
swarms, as they consist of a mixture of hybridsckbeosses, and later-generation
recombinant types (Grant 1981). Genetic assimitatimvolves the loss of the
genotypes/phenotypes of the rare form through asstmengene flow from the more
numerous taxon (Ellstrand & Elam 1993). The indidl$ that are increasing in frequency
would actually be hybrids and thus their increasghinbe seen as the loss of the rare form
(Arnold 1997). Both phenomena can lead to extimctiapidly in only a few generations
(Ellstrand et al. 1999). How the data on hybrid@atand introgression are interpreted is
therefore as important as the data themselves.ifportant to differentiate between natural
hybridisation among native species in the abseft¢riman activities and hybridisation that
occurs after the anthropogenic introduction of edsticated related species.

In Populus, natural hybridisation among native species is comniEckenwalder 1996;
Zsuffa et al. 1996)However, in Europe, there are no native matingneas for natural

hybridisation withP. nigra (Stettler et al. 1996). In natural conservatioyridisation that is
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enabled by anthropogenic transfer of species aad taxa is generally considered to be a
threat for native populations (Vanden Broeck et28l05; Kothera et al. 2007; Carlson &
Meinke 2008). Cases of gene flow from bred taxthéar native relatives provide examples of
contemporary microevolution that have importantcpcal implications (Ellstrand et al.
1999). Hence, detailed knowledge about introgresgane flow into natural populations is of
great value for establishing conservation measufesny hybridisation is detected within
distances that are typical for those occurring lkeetwthe bred taxon and the native species, it
provides evidence for successful mating under feladitions in principle.

Initially, introgressive gene flow depends on polexchange between the cultivar plantation
and the natural population. Hence, it takes plaasstip at the border between these
populations (Kuparinen & Schurr 2008). In paper, llhese effects are demonstrated
impressively, as a solitary native tree was heapdilinated by pollen of hybrid cultivars.
Subsequently, introgressive gene flow is eitherseduby pollen dispersal between the F2
generation hybrids or by pollen exchange betweessehhybrids and native plants
(backcrosses) (Kuparinen & Schurr 2008). Therehg, driginal plantation of F1 hybrids
itself may act as ‘depot’ for exotic genotypes (gail).

So far, no reports on hybrid swarms in adult paojpats of P. nigraandP. x canadensiare
available. This may be due to the fact that antbgepic hybridisation and introgression
might have begun only recently so that to dateaaded backcross generations améng
nigra andP. x canadensigare unlikely. However, as in Europe plantationsodd poplars
already exist for some 250 years (Rajora & Rahm@®3p there has already been a long
period of time for extensive gene flow between ¢hesiltivars and naturaP. nigra
populations. The existence of poplar hybrid swammEuropean landscapes therefore needs
further investigation. Admittedly, several studiesported on introgressed individuals in
juvenile populations (Ziegenhagen et al. 2008; $iendgl et al. 2008a, paper lll). The enlarged
set of nuclear markers (paper I) combined with oefja markers has proven to provide
detailed information of parent species contribugiat least in the F2 and first backcross
generations (paper III).

Against the background that introgressive gene #omerges spontaneously, the next step is
to determine the rate at which it occurs (Hails &rdy 2005). If bred taxon-specific alleles
occur at biologically important frequencies (>1 %) adjacent individuals of the native
species, these alleles are likely to be permanentlgrporated into natural populations via
hybridisation and introgression (Ellstrand et &99). In cases where natural populations are

large compared to cultivated poplar plantationshi@pogenic introgression seems to be
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restricted (Imbert & Levevre 2003). This could beplained by the presence of many
conspecific mating partners combined with the éffexf conspecific pollen advantagefn
nigra (Rajora 1989).

By contrast, the assessed hybridisation rates leetRenigraandP. x canadensis; a large
black poplar population reported in paper Il exdsst 1 % in both seedlings and juveniles.
The rate of incorporation of foreign alleles undach levels of hybridisation is likely to be
several orders of magnitude higher than typicalation rates (Kovalchuk et al. 2000; Udupa
& Baum 2001). Therefore, gene flow in such systeras be expected to be much more
important than mutation (Ellstrand et al. 1999)nkke the studie®. nigra population is at

risk to be permanently contaminated with alleleB ofleltoides

The major part of introgressive gene flow in thedstd population (paper Ill) is represented
by P. nigra males pollinating®. x canadensigemales. The amount is probably due to the
pollen cloud composition produced by the male neiglhood. However, on average it
exceededP. x canadensienly mating by far. Although these results of ditative gene flow
betweenP. nigra and P. x canadensigpaper lIll) are congruent to the hypothesis of
preferential hybridisation between fem#dex canadensiand maleP. nigra (PospisSkova &
Salkova 2006), mating in both directions was founelels of gene flow from bred taxa to
their native relatives may be highly variable anadyndepend on a variety of spatiotemporal
factors. Differences in the relative sizes of tharse and sink populations result in different
rates of hybridisation and gene flow (Ellstrand & 1993). With respect to the massive
presence oP. x canadensif the landscape, patterns of conspecific poliévaatage inP.
nigra (Rajora 1989) can be concluded. Hybridisationwef. nigraandP. x canadensis a
logical consequence. This introgressive gene fanly retraceable during the first couple of
generations (see above). However, the assessmguoanfitative rates turned out to be more
laborious for the progeny &f. x canadensimothers (paper Ill). This was due to the fact that
half of the genome of the mother (as an F1 hylaidady consists d?. nigragenes. These
F1 hybrids can be identified reliably with moleauiaarkers. Due to Mendelian segregation
during meiosis, there is a certain probability théfspring exhibits onlyP. nigra-specific
alleles in all considered diagnostic markers. Ittherefore more difficult to distinguish
between F2s, backcrosses and later generationdsytitpifanio & Philipp 1997; Boecklen &
Howard 1997, paper lll). In progressing backcrossegations, advanced mating events can
only be monitored with growing efforts in terms obsts and time (paper Il). Although

offspring may be checked regarding its hybrid statatrogressed offspring may remain
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undiscovered as a limited number of diagnostic mr@rkvas used (paper Ill). Hence, the
general presence of material x canadensisffspring shall be rated as a risk for natural
nigra populations. It may exhibit undetected geneB.aleltoidesalthough it was classified to
be pureP. nigra In any caseP. deltoidesalleles are included. This poses an important
genetic risk for the ‘specid3. nigra as such, especially for small populations withugeP.

x canadensig:eighbourhood. Altogether, detailed scenarios afimg under field conditions
are hard to predict but occur frequently (paper Ili

For a conclusive evaluation of the longevity ofdlentrogression processes, further issues
need to be considered, such as the viability arnditieof produced offspring. Common post-
mating reproductive barriers of hybridisation irdduhybrid sterility, hybrid weakness or
inviability and hybrid breakdown. First generatigfl) hybrids are vigorous (hybrid
superiority due to heterosis), robust and fertilat later generation hybrids are weak or
inviable (Rieseberg & Carney 1998). Interestingdfudies on several species report both
outbreeding depression and enhanced fecundity lidsy (reviewed in Ellstrand et al. 1999;
Hails & Morley 2005). In the majority of such stedj the fithess of the hybrid admittedly
tends to be the same as or even higher than th#teofvild parent. Poplar hybrids are
generally characterised by reduced fertility widspect to parental species; pollen and seed
viability is significantly lower in F1 hybrids (Stéer et al. 1996). However, due to the
immense presence of cultivated F1 hybrid poplarenextremely low fertility or viability of
subsequent hybrid generations (e.g. F2, first lraslsc generation) would not necessarily
prevent extensive gene flow (Arnold et al. 2001).

Hybridisation ofP. nigraandP. deltoideonly results in viabl®. x canadensisffspring if P.
deltoidesis the mother tree. Due to postzygotic barriergl@ior & Seitz 1968) direct gene
flow from P. deltoidesmales into offspring oP. nigra is impossible. As both, male and
female individuals ofP. x canadensisire able to produce viable offspring with nigra,
mating barriers seem to be irrelevant beyond thegéileration. By this means, even male
mating partners are able to introdUeedeltoidesgenes into thé. nigra gene pool (paper
[lI). A comparative study on performance parametdrgrogeny from open-pollinateH.
nigra andP. x canadensimothers revealed competition to be advantageauseiedlings of

P. x canadensisnothers (Kéhnen 2008). Further research on the tigebackground of
seedling establishment and fitness is needed ®retlaluation of consequences for natural
regeneration oP. nigrapopulations. However, considering that habitatiotidn followed by
hybridisation can lead to the extinction of a rpl@nt species (Ellstrand 1992b), interspecific

introgressive gene flow poses a potential threatatoiral populations dP. nigra (Cagelli &
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Lefévre 1997). Ultimately, changes in diversitynatturalP. nigra populations will depend on
levels of allelic richness and genetic diversitytteg source population (in our case, the poplar
cultivars) in relation to that of the sink poputati Cultivar plantations typically contain
substantially less genetic variation than poputetiof their wild relatives (Ladizinsky 1985).
Consequently, levels of neutral variation in a ratypopulation will often decrease under
gene flow from a related bred taxon (Ellstrand 1et1l899). The presence of many hybrid
poplar plantations representing a limited number gehotypes is therefore frequently
considered to pose a severe threat to the natpelgiions ofP. nigra, especially as its rarity
contrasts the widely planted hybrid cultivar pladimas (e.g. Cagelli & Lefevre 1997; Arens et
al. 1998; Levévre et al. 2001). Once hybridisafioocesses have begun they are difficult to
stop, especially if hybrids are fertile and matehbamong themselves and with parental
individuals. There is also the fact that a sucegsabnitoring of these advanced hybridisation

events is almost impossible (paper IlI).

3.3 The risk of transgene flow

Monitoring and risk assessment of introgressiveegiéow additionally gain importance as
hybrid poplar plantations may soon include GM tré&&emnefits of GM trees can arise from the
transfer of traits that are not readily availabtéer in the breeding population or the genetic
resource (Hoenicka & Fladung 2006). A major concerrthat genetic resources of wild
relatives will be altered through transfer of tmansgene by hybridisation (DiFazio 2002;
Ellstrand 2003). Therefore, particularly GM treee aonfronted wordwide with increased
attention regarding biosafety issues (Hoenicka &lEhg 2006).

In case of introgressive alleles the conditionsHomogenisation through gene flow (Slatkin
1987) will vary depending on whether these allaiesneutral, detrimental or beneficial in the
ecological and genomic environment of the poputatioat receives them (Ellstrand et al.
1999). Therefore, the risk of transgene spread f@nhto natural populations depends on the
genotypic and phenotypic effects of the transgéreansgenic taxa have higher fitness, e.g.
due to decreased mortality, their establishmenginral populations is favoured (James et al.
1998; Hails & Morley 2005; Chapman & Burke 2006prFnstance, genes for resistance
against abiotic stress, native herbivores or pahsgnight provide great ecological benefits

(Whitham et al. 2006). However, even neutral oetiglous genes are considered to persist
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and become fixed in wild populations in situatiomsere GM cultivars numerically swamp
native genes (Haygood et al. 2003).

Cross-pollination of transgenic and exotic taxahwifteir native local relatives is therefore a
major concern in crops (Ellstrand et al. 1999) mnldecoming a concern for conservationists
and resource managers (Allendorf et al. 2001; Asate& Thompson 2002). Plantations have
multiple ecological connections with other managed natural ecosystems. Dispersal of
pollen and seeds, or vegetative spread from intelysbred, exotic, or recombinant DNA
from modified forest plantations may cause eittegrichental or beneficial ecological impacts
on wild or managed ecosystems. Because of theirasid the large number of organisms that
use trees as food and habitat (even in plantatiorm)-target effects from the release of
pollen, leaves and other parts of GM trees areredtgr ecological concern than for annual
crops (Strauss et al. 2001).

The scale of gene flow affects how efficiently gane flow can be prevented by limiting the
presence of conventional genotypes in the proxiwiitg GM population (Chapman & Burke
2006). Additionally, insertion of genes designedotevent or substantially reduce dispersal
could reduce the risk and extent of undesired itgoégrunner et al. 2007Dne approach,
mitigation (e.g. Kuparinen & Schurr 2008), is aedted form of plant domestication which
causes that the fitness benefits of transgenegféaetively cancelled by tight linkage to a
gene that is beneficial within farms or plantatiobsit deleterious elsewhere. It has the
advantage of being applicable to vegetative andaedispersal, which is useful for species
like poplars that can spread vegetatively (Hoen&Kdadung 2006). For example, genes that
reduce the rate of height growth in forest treespeeially for shade-intolerant species like
poplars (Guilloy-Froget et al. 2002), are exped®drovide a very powerful competitive
disadvantage in competition with wild trees (Steaasal. 2004). However, by crossing-over
events, mitigation gene and transgene might becmparated (Brunner et al. 2007). By this
means, the transgene could subsequently be intheviteout the mitigation gene. In this case
the control mechanism of transgene spread is ugted. Mitigation genes can also be
combined with sterility genes to provide a secamgeft of containment (Brunner et al. 2007).
Sterility technology may contribute to minimisingansgene flow from plantations and
increasing wood production. The loss of flowers aadds in polar agriculture would appear
to be without consequence in terms of biodiverg@yrauss et al. 2001). Producing GM
poplars without flowers or with infertile flowers ihighly desirable because it reduces the
ecological complications of introgressive gene fl@trauss et al. 1995). Gene flow in poplar

plantations and its implications for transgeni& rissessment have been studied by DiFazio
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(2002). In his study, he combined large-scale felddies, genetic analyses and simulation
modelling. Resultant levels of gene flow from hybpoplar plantations in the field studies
were on average lower than reported in paper Blcbincluded that a reduction of pollen and
seeds in non-native species/bred taxa can minionisgen prevent gene flow (DiFazio 2002).
Even if the sterility mechanism is imperfect anansosterility genes are released into wild
populations, impacts are local and short-lived.sTieidue to the fact that fertility is a major
component of fitness, and trees with sterility gemweould probably have a significant
disadvantage (Strauss et al. 2001).

However, neither the most effective containmentrepghes nor their reliability can be
defined on the basis of current genomic knowledgy® technological tools (Brunner et al.
2007). In the time frame relevant for commerciatigi®n making, it is not possible to
empirically assess the risks and factors relatetlattsgene spread and to estimate the long-
term effects of gene flow on the ecosystem (Wilka& Davis 2005). So far, safety
mechanisms work reliably and genes of GM poplaes raported to be relatively stable
(Hoenicka & Fladung 2006; Brunner et al. 2007).

In safety studies, various threats facing forestsraatural tree populations, such as biological
invasions, horizontal and vertical gene flow, stided to be considered in a case-by-case
evaluation. The impact on associated organisms sshherbivores, mycorrhiza and
pathogenes should not be excluded from the expatsras they are common features of the
field environment (Hoenicka & Fladung 2006). In ttase of perennial species with occurring
long-distance pollen dispersal, such as many wuwitiated trees including poplar (James et
al. 1998; Williams & Davis 2005), the risk managemmeasures would need to be applied
over large areas and for long periods of time, whicay give rise to several practical

difficulties and considerable costs (Snow et a0%)0

4. Conclusions and perspective

This thesis provides valuable insights into geogvfand into the problem of introgression in
P. nigra The approach of using a well-optimised combimataf SSR markers has a
widespread application, including genetic managenieriree plantations (Burczyk et al.
2002; De-Lucas et al. 2008, paper ), conservakimiogy (PospiSkova & Salkova 2006;

Bittencourt & Sebbenn 2008, papers Il & lIl) ance thnalysis of introgressive gene flow

103



(paper Ill). The results of paper Il also conttidio a risk assessment of potential gene flow
from GM crops to adjacent natural plant populati{idis-azio 2002; Brunner et al. 2007).
Knowledge of factors that influence gene flow imalrlandscapes is important for evaluating
impacts of forest management on the genetics otilptipns. Understanding relationships
between effective pollen and seed dispersal ared dpacing is necessary for assessing the
genetic implications of alternative natural regatien systems and for designing areas for
seedling establishment. In that way, mating amoegotypes can be maximised and
contamination from undesired sources, such as Gl dan be limited (Adams 1992).

Genetic diversity ofP. nigra in Europe has been the subject of multiple studifesingle
populations as well as comparative studies of mpleltpopulations (e.g. Smulders et al.
2008b). However, knowledge about gene flow pattemnd spatial genetic structure Bf
nigra populations to date is only rudimental. Resultgaper 1l can be regarded as a first
systematic approach. Future research should therdficus on comparative studies of
multiple natural populations d?. nigrain order to verify gene flow patterns and resgjtin
SGS. Results shall be used as a basis for the pratedesign of natural regeneration
projects on international scales.

Habitat degradation and introgression pose a sefloreat to naturaP. nigra populations.
Therefore, conservation measures should focus\@radssues:

As genetic diversity of local juveniles is reducley river regulations that inhibit natural
processes of patchy natural regeneration, procebsgssustain biodiversity need to be
conserved or restored. Accordingly, fluvial geontmiogic processes need to be promoted in
order to create sites that are suitable for pateggneration, which are probably not only
needed byP. nigraalone but also by several floodplain species. Thisoncordant with the
definition of an efficient strategy for ‘dynamicmgervation’ (recombination and selection) of
pioneer species, that naturally grow in disturbedsgstems (Cagelli & Leféevre 1997).
Therefore, efforts should focus on maintaining agbanding the remaining pure native
populations.

As several studies assume that tree populationaldesto maintain diversity in the face of
environmental change (Hamrick 2004; Sork & Smoug@62, it may also hold true fd?.
nigra. However, the extent of resilience to fragmentateodetermined by both the amount of
gene flow and the diversity of the pollen and spedl from which immigration is drawn
(Sork & Smouse 2006). Therefore, population stmateonnectivity and area for possible
natural regeneration should be considered carefigdiythe elaboration of conservation

programmes folP. nigra Remaining native populations need to be in spatieximity to
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each other in order to obtain extensive gene flBy.this means, the main cause of the
decrease in black poplar populations, namely tistraetion and fragmentation of its natural
habitat, can be attenuated.

By habitat restoration combined with afforestatmogrammes in small populations, the risk
of introgressive gene flow with plantations of atdted poplars can be limited as well. All of
the practices of poplar cultivation, as well assth@f conventional and organic agriculture,
cause dramatic changes in ecological processes wdrapared to natural ecosystems. For
tree plantations, examples include short-rotatigtiv@ation, controlling competing vegetation
and planting evenly-spaced trees at high densisuffZ et al. 1996). The use of highly
productive bred taxa constitutes a major divergdray the locally adapted populations that
might have existed on the site historically. Howewaiminating poplar cultivars is not an
option because of the economic importance of hypojolar plantations.

Nevertheless, the results of this thesis can bardegl as a call to the management of
conservation programmes. They should consideriskeof introgressive gene flow regarding
distances of effective pollen and seed dispersahamaging natural populations Bf nigra
and potential seed establishment areas. In doinmsogressive gene flow in any direction
can be limited and the establishment of juveniléh & genetid®. x canadensibackground
can be prohibited. Long-distance introgressive giéme may be prevented by preferential
conspecific mating oP. nigra If no conservation actions are taken, the resaflgsaper Ill
indicate that natural poplar populations are & asbecoming hybrid swarms. This applies
especially to black poplar stands that become serall compared to the widespread hybrid
poplar plantations. Such populations may go extimciugh genetic assimilation.

As the total removal of fertile hybrid poplars itnpossible, further monitoring of
hybridisation processes in natural black poplarytatmons is of crucial importance. Thereby,
knowledge on long-term consequences for the coaservof black poplar can be obtained.
As F2 and backcross hybrids establish in naturgénmeration (paper Ill) these advanced
hybrid generations may compete with progenyPofnigra for the same ecological niche
(Smulders et al. 2008a). Further studies on progdry. x canadensisnothers need to be
performed in order to assess its role in estaligsRi. deltoidesgenes in hybrid swarms, as
this progeny may mate extensively with pirenigra Additionally, the establishment and
survival as well as the vegetative establishmentpmfgeny with any kind of parental
background should be compared under field conditidxdvanced hybrid generations may
lead to adaptive evolution by producing hybrid ggpes that are fitter than their parents in

the parental or novel habitats (Arnold 1997). Ampetitive ability and initial frequency are
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factors that have a strong effect on the risk dfnekon through hybridisation (Wolf et al.
2001), hybridisation may have crucial consequemaethe evolution of native black poplar
populations. Population size, hybrid status of prggand associated rates of introgression
should therefore be monitored over several gemeratiBy this means, possible advantages of
certain hybrid generations can be evaluated. Resalh be used to assess the long-term
effects of introgressive gene flow in real lands=sap

The findings of introgressive gene flow also pr@&vidome insight into the possible
consequences of any introductions of GM poplar idgbmto the neighbourhood of native
populations ofP. nigra.If these GM cultivars are still fertile and quadsi of pollen and seed
dispersal are not modified, results of effectivéiggoand seed dispersal distances reported in
papers Il & Il can be transferred. This researdyrtherefore help to evaluate the risk of
introgression from GM poplar cultivar plantatio@enetic engineering of trees is a relatively
new discipline and little has been done regardhmegrtpotential for environmental impact
(Hoenicka & Fladung 2006). In order to avoid unpceable consequences for native species
and their ecosystem, the escape of transgenesattwal populations and species urgently

needs to be prevented.

Natural populations of indigenous poplar speciestie ultimate source of genetic variation.
They need to be conserved, whenever possible egelstord protected from genetic contami-
nation through non-native gene pools (Zsuffa e1996).

Applying the results of papers Il & Il will contbute to the general understanding of gene
flow in wind-pollinated trees. Consequences fortigpaonfiguration and regeneration of

genetic diversity, especially in pioneer tree specshould be applied in conservation
management.

Thereby, distances of effective pollen flow Bf nigra (paper Il) may also be suitable in

conservation measures concerning other wind-podthdaree species. With respect to the
connectivity of subpopulations, they may help ie ttonceptual design of protection and
afforestation areas. Furthermore, they help tomed# the minimum distances between
natural populations and plantations of cross-corblgabred taxa or exotic species. The levels
of introgressive gene flow presented in paper #h de used as reference points for risk

assessment regarding hybridisation and transgewneril comparable landscapes.
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