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Chapter 1

General Introduction




Hybridization in plants

Early botanists believed in the theory of fixed @ps, according to which plants cross within
kinds, resulting in fixed species. The conceptyiridization between species was conceived by
Carol Linnaeus in the ¥Bcentury who, after observing a plant he thoughs hiaaria, was
convinced that it was a relative bfnaria but with a hybrid nature due to its different #or
structure, and he named Reloria (Larson 1968). He later found more proof of intexsfc
hybrid plant species; but with little scientificidence to back up the hypothesis, interspecific
hybridization received little attention in his dagsd later on (Larson 1968). It was not until in
the 2d" century that cytogenetic studies brought lightiteerspecific hybridization as an
important evolutionary phenomenon (Baack and Riege®007). Nowadays interspecific
hybridization is accepted as one of the most inggarphenomena through which new species
evolve, not only in plants but in animals as wélbhfsonet al. 1975; Dowling and Secor 1997;
Ellstrandet al. 1996; Smulderst al.2008; van Tienderen 2004).

Crop-wild gene flow

Since the development and commercial release adtgaty modified (GM) crop varieties in the
late 1980s, hybridization in plants has becomeraigtent topic of discussion. GM crop varieties
are developed to improve crop yield, increase cegstance and tolerance to biotic and abiotic
stress factors, lower the production costs, imprnreed and pest control - hence making crop
production more environment-friendly - and imprde®d, feed and pharmaceutical qualities
(James 2003; Warwickt al. 2009). However, the release of GM varieties hasedaconcerns
both in the general public and among scientistautibite potential risks associated with their
commercial and hence large scale cultivation. Asaf the environment is concerned, three
ecological concerns have been raised which areassd with hybridization between transgenic
crops and their wild relatives. Firstly, transgeescape’ through crop-wild hybridization may
render weedy wild relatives weedier in agricultuaiegas, for instance by incorporating into the
weed species genes that confer tolerance to heesicBecondly, it may result in hybrid swarms
that are more fit than the wild parent in its naturabitats and could displace the latter, resultin
in genetic erosion. Thirdly, the crop-wild hybridgy show phenotypes diverging from the wild
parent to the extent that they may invade new ab{{Chapman and Burke 2006; Greotal.
2003; Warwicket al.2009).
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In their often cited review, Ellstranet al. (1999) put together documented evidence for crop-
wild hybridization, showing that 12 out of the 13$h important crops in terms of cultivation
area hybridize with their wild relatives somewhare¢he world. In the Netherlands, 23 out of 42
domesticated species have small to substantiahtait¢éo hybridize with their wild relatives (De
Vries et al. 1992). Because crops can hybridize with theidwélatives, and because once the
transgene escapes to the wild the process coultlyhbe reversed, crop-wild gene flow has
become a subject of scientific scrutiny (Coneeal.2003; Snowet al. 2005; Tiedjeet al. 1989).

After hybridization, the outcome of crop-wild geexchange will depend on the performance of
hybrids under natural conditions (Hails and MorR805). The net effect can be negative, for
instance if crop genes reduce the hybrids’ competitbility under natural conditions, or
positive, if crop genes confer fitness advantadgéstural selection will weed out maladapted
genotypes, and could lead to the establishment@fessful transgressive phenotypes with high
fitness (Burke and Arnold 2001). The fate of théidgs will therefore be determined by their
individual genetic composition and the selectionesgure defined by the prevailing
environmental conditions. It is within such a cottéhat the effects of transgenes should be
evaluated: the baseline is the dynamics of the-wiitg hybridization process, and effects of
introduced transgenes in such a system are supesedpupon this baseline. It thus follows that
both knowledge of the baseline system of hybriitbratas well as the putative effects of
transgenes (Chapman and Burke 2006; Stewaral. 2003) are needed for an adequate
assessment of the effects of hybridization. Oneamce about the dynamics of crop-wild
hybridization and introgression is the effect aikhge. Selection does not apply on genes
affecting fitness alone, but on the genomic blotWbich the gene affecting fitness is part (Kwit
et al. 2011; Stewaret al. 2003). Therefore, a (trans)gene neutral to fitreswildly deleterious
can be introgressed if it is linked to a gene #itdcts fithess positively, a phenomenon known as
genetic hitchhiking. In the same way, a (trans)geméd be selected against if it is inserted close
to a gene that confers reduced fitness, a phenamerawn as background selection (Figure 1).

This study was initiated with the aim of undersiagdthe basic dynamics of crop-wild
hybridization and introgression. We used the cr@geavcomplex consisting afactuca sativa.
andL. serriolaL. to study the genetic process of introgressiomfcrops to wild relatives. After
crop-wild hybridization, the hybrids undergo select by abiotic (drought, salinity, nutrient
deficiency, cold, etc.) and biotic stress factatsdase, herbivore insects, competition). While
some studies have looked into the effect While satuelies have looked into the effect of
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introgression of biotic stress resistance/tolerayeees (Caet al. 2009; Hooftmaret al. 2007c;
Mason et al. 2003), abiotic stress factors have received liftfeention so far. We therefore
evaluate the performance of the hybrids under tlgmabiotic stress conditions of salinity,
drought and nutrient deficiency under greenhouselitions.

Gene conferring
high fitness the
block consisting of
the gene itself and
. A the linked loci will
Fitness be selected for

e JChromosome

\4 Gene conferringpoor
fitness the block

consisting of the gene itself
and the linked loci will be
selectecagainst

Figure 1 Selection and introgression apply on the genextife fitness and the linked loci (gutac
from Stewartet al. 2003)

Lactuca serriola L. and L. sativa L.

Cultivated lettuce L(actuca satival.) is one of the domesticated species with a iptess
ecological effect in the Netherlands due to itsridibation potential with its wild relative prickly
lettuce (. serriolaL.) (De Vrieset al. 1992). L. sativais an annual vegetable crop from the
family Asteraceaer Compositaelt has been domesticated as early as 2500 Bor@bably in
South-West Asia (De Vries 1997; Frietema de Veesl. 1994). It is mostly harvested at the
rosette stage and consumed as salad, with soms tygeested as seeds and used for oil
extraction (oilseed lettuce) or for the stem basalK lettuce). Among the members of the large
Lactucagenus,L. serriolais the closest relative df. sativaof which it is considered to be a
progenitor and part of the primary gene pool (Koapmt al. 1998).

L. serriolais a wild weed species original from the Meditagan region but it has expanded its
distribution worldwide (Lebedeaet al. 2004). It thrives in anthropologically disturbectas such
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as roadsides, construction sites and agricultuesdd, and along railways (Lebe@a al. 2001;
Lebeda et al. 2004). L. serriola and L. sativa have the same number of chromosomes
(2n=2x=18), are completely cross-compatible intthe directions I.. serriolax L. sativaandL.
sativax L. serriold), and the resulting hybrids are viable and ferfidAndreaet al. 2008; De
Vries 1990; Koopmaret al. 1993). MorphologicallyL. serriolais mostly distinct froni. sativa
(Figure 2) (de Vries and Raamsdonk 1994), but sawwessions of the two species have
overlapping traits, making it difficult to draw astinguishing line between them (Frietema de

Vries et al. 1994). The morphological overlap in combinatiorthMcrossing experiments and
genotypic analysis has led to the suggestion beatwo species may be conspecific (Frietema de
Vries et al. 1994; Koopmaret al.2001).

Figure 2 Lactuca
serriola (A) and L.
sativa(C) plants and an
F, plant from a cross
between the two species

(B)

L. serriola has been expanding its geographical distributiorEumope from south to north
(Bowra 1992; Hooftmaret al. 2006; Lebedat al. 2001). One of the hypotheses put forward for
this invasion is the possibility that. serriola has acquired new fitness traits frdm sativa
through hybridization. Although. sativais mostly harvested before it produces seedstwbe
species grow and flower sympatrically in many lawad. For instance, seed production Kor
sativais done in open fields in certain regions in SemthEurope. In home gardens and the so-
called “amateur” gardens in the Netherlands, plarésssometimes not harvested and they are left
to flower and produce seeds. Moreover, cases hese keported where the low market price of
lettuce heads has prompted farmers not to harwestlettuce crop, leaving hundreds hectares of
lettuce to flower and produce seeds in open fi@ll8ndreaet al. 2009). Furthermore, previous
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studies ofL. sativax L. serriola hybrids have shown that some of the hybrid lineasfeow
improved vigour and fitness over the wild parentlemfield conditions and so may have the
potential of displacind.. serriolain its natural habitats (Hooftmaat al. 2009; Hooftmaret al.
2007b; Hooftmaret al.2005; Hooftmaret al. 2008).

Abiotic stress

As stated above, the establishment of crop gendgeiwild will depend on the selection pressure
exercised over the hybrid plants by the prevailagural conditions. Abiotic stress factors such
as drought, salinity, nutrient deficiency and exteetemperatures are the primary factors that
affect the growth of the plants (Boyer 1982; Muramsl Tester 2008; White and Brown 2010;
Witcombe et al. 2008). With climate change and land degradatiathsstress factors are
expected to become more important in agriculturghénfuture as well. For instance, salinization
is expected to affect 50% of the arable land by02@anget al. 2003). Therefore, abiotic stress
factors are likely to play an important role in etining the fate of the hybrids after crop-wild
hybridization by acting as selection forces.

Conventional breeding for abiotic stress toleranae been limited due to the complexity of the
trait and the involved mechanisms (Cuartetal. 2006; Faroocet al. 2009; Royet al. 2011).
Therefore, genetic modification is regarded as @@l solution to breeding for abiotic stress
tolerant varieties (Bhatnagar-Mathetral. 2008; Tester and Langridge 2010; Vinocurand Altman
2005; Zhanget al. 2000). Many studies are currently undertaken @nappplication of genetic
modification to improve plant tolerance to abiaticess factors, and the release of abiotic stress-
tolerant varieties should be expected in the natawré (Abdeeret al.2010; Aharoniet al. 2004;
Karabaet al. 2007). With the increasing intensity of the algittresses, if an abiotic stress
tolerant variety happens to hybridize with a wiklative, the genes conferring tolerance will
increase the fitness of the hybrids containing thleemce presenting an advantage over the wild
plants.

In this study we evaluated the performance of tgbrids under the major abiotic stress
conditions of salinity, drought and nutrient defiecy. In order to decipher the performance of
the hybrids under each of the mentioned stres®rigcthese factors were artificially created
under greenhouse controlled conditions. The hgbwere also grown on the field where they
were subject to natural conditions and they wemduated for vigour at the rosette stage, vigour
at the adult stage, survival and seed production.
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Scope of the thesis

This project was part of the programme “Ecology &dmg Genetically modified Organism”
(ERGO), an initiative of the Netherlands Organiaatior Scientific Research (NWO) established
to fund and coordinate research on the ecologiskst rassociated with the cultivation of GM
varieties fttp://www.nwo.nl/nwohome.nsf/pages/INWOA 6JNPOEBRGO programme focuses

on three research themes, namely multitrophic acteons regarding gene-modified crops,
effects of hybridization and introgression betweewmps and their wild relatives, and effects of
gene-modified crops on soil ecosystem functioniffys project falls under the second research
theme. It aimed at establishing a baseline ab@&ugémetic process of introgression from crops to
wild relatives using.. sativaandL. serriolaas crop-weed complex model with an emphasis on
the contribution of the crop parent to the vigound ditness of the hybrids and the effect of
linkage on the likelihood of introgression of a afie crop genomic segment based on its
genomic location. Because of the restrictions ingpdogn the cultivation of GM plant material,
we did not use GM lettuce. Instead, research wasedaout using conventionally bred lettuce
varieties. Although crop-wild hybrids are bound tmdergo selection under natural field
conditions and greenhouse experiments are therdifa@ly to be less representative of the
growing conditions of the hybrids, controlled greense experiments offer certain advantages
over field experiments in terms of the number gbeximents that can be run in a certain period
of time and the possibility to creating conditiathst mimic a certain stress factor so that the
tolerance or resistance of the plants to the sttaa be deciphered. Combining greenhouse and
field experiments can therefore give insight concey the use of greenhouse results in
predicting field conditions. We therefore carri@at greenhouse experiments on specific stress
factors and run field experiments under naturab@mns. Based on the knowledge that selection
takes place during the early growth stage of crdg-¥ettuce hybrids (Hooftmart al. 2009;
Hooftmanet al. 2005), the greenhouse experiments concerned goaiviof the hybrids at the
rosette, whereas the field experiments encompaseedvhole life cycle of the plants, from
germination till seed production.

The two major factors determining the outcome opewild hybridization (hybrid genetic make-
up and the environment) are addressed by studyirge thybrid classes,FBC, and BG
resulting from one crop-wild hybridization eventden the major abiotic stress conditions of
drought, salinity and nutrient deficiency. We answe questions (i) whether there is evidence
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of spontaneous hybridization betwekenserriola andL. sativa (ii) whether crop genes confer
any (dis)advantage to the crop-wild hybrids undertiolled conditions of non-stress and abiotic
stress conditions and under field conditions, (nhether the (dis)advantageous effects of the
crop are dependent on environmental conditions, @)dwhether we can identify genomic
regions where transgenes could be inserted witlptinpose of mitigating their persistence after
crop-wild hybridization.

The second chapter of this thesis deals with trentfication of the occurrence of spontaneous
crop-wild hybrids in natural populations &f serriola both in Europe, the Middle East and
Central Asia, using Bayesian methods of analysts aset of simple sequence repeat markers
(microsatellites). Based on the identified hybratsl their geographical localization, we discuss
whether hybridization betweeln. serriola and L. sativa might have contributed to the recent
spread ot.. serriolain Europe.

In the third chapter we analyse the genetic bakiglant vigour in a crop-wild Fpopulation
under non-stress, drought, salt and nutrient defy conditions. Using Single Nucleotide
Polymorphism (SNP) markers, we map QuantitativatTraci (QTLs) associated with vigour
and define the role of the crop genome in the wiggithe hybrids. We define the genetic mode
of action of the QTLs and their genomic localizatio

In the fourth chapter we assess the genetic effiecttrogression by studying the vigour of the
hybrids in two backcross populations B&hd BG generated by backcrossing frogeny to the
wild parentL. serriola thus mimicking the introgression process of cgepomic segments into

a wild genetic background. While the selfing padvmight be more common in lettuce due to
its selfing nature, the backcross pathway may fakee as a result of a higher frequency of
“pure” wild plants than the hybrids. By conductiegperiments like the ones described in chapter
three under control and abiotic stress conditidngrought, salinity and nutrient deficiency, we
establish the effect of introgression of smalled &wer crop genome segments into the wild
genetic background.

Because the experiments reported in chapters 34amgkre carried out under greenhouse
controlled conditions, whereas spontaneous crog-\Wwibridization takes place outside and
hybrids are subject to natural conditions, chapiedeals with experiments with the BC

population conducted under semi-natural field cbons. In this chapter we establish a link
between field and greenhouse conditions, and betwkmt vigour and fitness. We establish the
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effect of genetic by environment (GxE) interaction plant fitness, and investigate whether
small-scale contained experiments could be usexbdess potential ecological consequences in
the field. In the general discussion (chapter 6) avecuss the above-mentioned research

questions.
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Abstract

Interspecific gene flow can lead to the formatidrhgbrid populations that have a competitive
advantage over the parental populations, evenybrids from a cross between crops and wild
relatives. Wild prickly lettuce L@actuca serriold has recently expanded in Europe and
hybridization with the related crop species (caited lettucel.. sativg has been hypothesized as
one of the mechanisms behind this expansion. Irasacally selfing species such as lettuce,
assessing hybridization in natural populations nmay be straightforward. Therefore, we
analysed a uniquely large dataset of plants geedtypth SSR markers with two programs for
Bayesian population genetic analysis, STRUCTURE Hed/Hybrids. The dataset comprised
7738 plants, including a complete genebank cobectwhich provided a wide coverage of
cultivated germplasm and a fair coverage of wildessions, and a set of wild populations
recently sampled across Europe. STRUCTURE anaiyfsred the occurrence of hybrids at a
level of 7% across Europe. NewHybrids indicatedséhénybrids to be advanced selfed
generations of a hybridization event or of one baggs after such an event, which is according
to expectations for a basically selfing speciesesehadvanced selfed generations could not be
detected effectively with crop-specific alleles. the northern part of Europe, where the
expansion ofL. serriola took place, the fewest putative hybrids were fouhberefore, we
conclude that other conditions than crop-wild géoe, such as an increase in disturbed habitats
and/or climate warming, are more likely explanasidor this expansion.
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Introduction

Gene flow through hybridization is a common phenoomeamong closely related plant species.
Recent studies have shown it to be more frequemtdam crop species and their wild relatives
than assumed based on the supposition that dorustidraits are likely to reduce fitness under
natural conditions (Ellstrand 2003). For instargemne flow was reported to occur between 12 of
the 13 most important food crops and their respedtiild relatives (Ellstran@t al. 1999). With

the large-scale cultivation of genetically modifiedltivars, gene flow from crops to their wild
relatives has attracted public interest and conaard has initiated research on gene escape and
introgression in the framework of environmentak @ssessment of transgenic plants (Pilson and
Prendeville 2004; Snowt al.2005; Chapman and Burke 2006; Warwatkal. 2008; Warwicket

al. 2009).

Gene flow may have evolutionary impact, especialhen particular genes from crops would
increase the fitness, and thus possibly the ineagiss of weeds, for instance, by increasing their
adaptability to various climatic or environmentainditions (Ellstrand and Schierenbeck 2000;
Langevin et al. 1990; Magnussen and Hauser 2007). In this regamdinvasive trend was
reported for wild (weedy) prickly lettucédctuca serriold, the closest wild relative of cultivated
lettuce (. sativgd in many Mediterranean, Central and Western Elaom®untries (Frietema de
Vries et al. 1994; Lebedat al. 2004b). Hooftmaret al (2006) reported a sweeping spread. .of
serriola also in the Netherlands since 1980 and lists foossible reasons for this recent
invasiveness: (1) a change in environment due tbajyl warming; (2) increased landscape
disturbance by human activities, which producesensoiitable habitat; (3) micro-evolution of the
species towards extended adaptability, and (4)itigation betweelh. serriolaand cultivated..
sativa The latter reason would be a direct consequeticgene flow through interspecific
hybridization, leading to the transfer and intr@gien of genes from the crop to the wild lettuce
that confer increased fitness to the resulting-evdg@ hybrids.

Several aspects of gene flow in lettuce have be&aiesl previously. De Vries (1990) showed
thatL. sativacan be crossed with. serriolato form viable and fertile hybrids. Even thoulgh
sativa and L. serriola are basically self-pollinators, Thompseh al (1958) reported an out-
crossing rate of 1-5% amorlg sativa varieties, and D’Andre&t al (2008) an interspecific
hybridization rate of up to 2.5% between the twecsps. Hooftmaret al (2005; 2009) studied
the performance of the hybrids resulting from mamuasses betweeh. serriolaandL. sativa

21



and Hooftmaret al (2007) modelled the long-term consequences ofittiglation between the
two species. These two studies established thatdsybetweerlL. sativaandL. serriola are
viable, fertile and that the hybrid offspring mayea be fitter than the wild parerBased on
single fitness components, hardly any significaiftecences were detected between prickly
lettuce and the hybrid plants, and backcrossedidig/lwere morphologically indistinguishable
from their wild parentl(. serriold) (Hooftmanet al. 2005). Hence, the fact that only very few
occurrences of crop/wild hybrid lettuce in the di¢dlave been reportedf( Frietema de Vriest

al. 1994) is not necessarily proof of a lack of ocence as it may, at least in part, be due to
problems in recognizing putative hybrids.

In the present study, we aimed to quantify the spwous occurrence of gene flow between
cultivated and wild lettuce in Europe. A numbemuéthods can be used for the identification of
hybrid plants in natural populations of wild relegs of crop species, including screening based
on phenotypic traits (Uretat al. 2008), tracking crop-specific markers (Morrell al. 2005;
Scurrahet al. 2008; Westmaret al.2001) and, in case of GM crops, tracking the gang itself
(Warwick et al.2008). These methods do not work well in all casassalready indicated, for the
present study the use of morphological traits wdagddifficult because the hybrids resulting
from crosses betweeh. serriola and L. sativa often look morphologically likeL. serriola
(Hooftmanet al. 2005). The use of a transgene as a marker israls@pplicable outside of
contained conditions because, there is not (yey) taansgenic lettuce cultivar allowed for
commercial cultivation. The “crop-specific’ allelpproach scans each locus for alleles with
differences in occurrence between crop and wildtingds. Alleles far more frequent in crops are
then used as indications for introgression fromdioge when found in wild plants. This method
has been regularly used to trace hybridization bebtwcrops and wild relatives, but suffers from
two problems: (1) the definition of “crop-specifidlleles; and (2) how to distinguish their
occurrence as a result of recent introgression foo® as a result of a more ancient common
ancestry é.g Van de Wielet al 2005). Thus, for this study, we used two Bayegiasterior
probability-based methods, one as implemented & s$bftware package STRUCTURE
(Pritchardet al. 2000) and the other as implemented in NewHybrAtsdérson and Thompson
2002), to analyse two large datasets of lettucepkssnone from the gene bank collection of crop
(L. sativg and wild lettuce I(. serriolg), and the other set comprising lof serriola samples
collected across Europe in the period of 2002-20D&gether, these datasets constitute an
exceptionally broad set for a study of gene flouwlaen crops and hybrids. When Smuldetrs
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al. (2008) compared STRUCTURE with NewHybrids to deteybridization with cultivated
poplar hybrids in offspring of wildPopulus nigratrees, they found that NewHybrids was more
informative on the degree of hybridization. As et is highly selfing, we anticipated that
putative hybrids would have a high likelihood ofirge advanced selfed generations. We
therefore applied STRUCTURE to identify potentigbhd plants and NewHybrids to infer the
number of selfings or backcrossings after an inlitydoridization event betwedn serriolaandL.
sativa. STRUCTURE results were checked using the prograrnmBéruct (Gaoet al. 2007),
which takes into account the divergence from thedi#aWeinberg equilibrium due to self-
fertilization. We compared the STRUCTURE resultshwa crop-specific allele approach, in
order to assess to what extent the latter meththdhas its value with regard to its relative easy
implementation for detecting gene flow between angd wild relatives.

Materials and methods

Plant material

We studied the crop-weed complex of cultivatedutsdt (. sativg and wild prickly lettuce (.
serriola). L. serriolais a weed plant, which thrives in anthropogenycdlsturbed areas (Lebeda
et al.2001), whereak. sativais a vegetable crop species. The two specied@sely related and
have the same number of chromosomes (2n = 18) (idaopt al. 1993; Koopmaret al. 2001).
They are readily crossable without any known baraad their hybrids are viable and fertile (De
Vries 1990).L. serriolais mostly distinct fronmlL. sativabased on their morphological traits (De
Vries and Van Raamsdonk, 1994), but their hybredgpecially those resulting from backcrosses
to L. serriolg are generally not distinguishable from the lafiéwoftmanet al.2005).

We used plant material originating from two sourdée lettuce collection from the Centre for
Genetic Resources, The Netherlands (CGN), and entewllection oflL. serriola from across
Europe. CGN hosts the largest lettuce germplasm leatmin  worldwide
(http://documents.plant.wur.nl/cgn/par/ildb/downldad), which has a comprehensive

representation of genetic variation in cultivatettuce, supplemented with a fair representation
of wild relatives, particularly ok. serriola (Van de Wielet al.2010). This collection comprises
lettuce accessions collected since 1940, with sower-representation of germplasm from
Europe and the Middle East (Lebeelaal. 2004a).L. serriolaaccessions of this collection used
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in this study are designated as “C@GNserriold” and L. sativaaccessions are designatdd “
sativd.

The recent. serriolacollection was sampled from 2002 to 2005 withie BEU project “Analysis
of gene flow from crop to wild forms in lettuce amthicory and its population-ecological
consequences in the context of GM-crop biosafetXNGEL, QLK3-CT-2001-01657,
http://www.plant.wageningen-ur.nl/projects/anyyéVan de Wielet al 2003). Thesé. serriola

individuals are designated as “ANGHL serriold. They were collected in 17 European
countries (Austria, Bulgaria, Croatia, Czech RembDenmark, France, Germany, Greece,
Hungary, Italy, Luxembourg, Netherlands, PolandstiRgal, Slovakia, Spain, Sweden and
Switzerland) from ruderal sites such as roadsidksg railways, vicinities of riverbanks, crop
fields and construction sites, and in vegetablehkih gardens. The kitchen garden locations
included “amateur gardens” in the Netherlands wHersativa plants are more often left to
flower than in professional cultivations and thygfiidization may have a good likelihood of
occurrence (Hooftmaet al. 2005). The particular advantage of the ANGEL a@Ndatasets is
that CGN has a comprehensive representation of glasm cultivated world-wide as well as
wild material collected from a large part of theas wherd.. serriola occurs, and the ANGEL
samples added more details and density on recelot papulations across the European
continent.

Genotyping

Ten SSR markers, originally described by Van del\Wiel (1999), were used to genotype the
individual plants (Table 1). The genetic positidosthese ten markers have been determined on
the lettuce genetic map (Trueb al 2007). Eight marker loci were located on 8 défarlinkage
groups and two loci were located on the ninth closmme but with a distance of 86 cM. Thus,
the loci were considered as genetically unlinkelde TGN samples were genotyped under the
EU project “Molecular markers for genebanks: Apalicn of marker technology for the
improvement ofex situgermplasm conservation methodology” (PL96.2062)gqis gel-based
ABI PRISM® 377 DNA Sequencer (Applied Biosystems) (Van Hin2@®3, Van Treureet al.
2008). The ANGEL samples were genotyped using #dl@gpbased ABI PRISM 3700 DNA
Sequencer (Applied Biosystems). The two genotypmeghods were checked for consistency and
concordance by genotyping a random sample of CGNaped accessions using the capillary
method and by using three standard samples aclossna (Van Treureret al. 2008). Five
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individuals were included for each CGN serriola accession, and 2 individuals for edch
sativa accession as the crop accessions were expecté@ tmore uniform than the wild
accessions. Each ANGEL serriola collection site was represented by 30 individualkich
were all genotyped, and each site was considerad asological population. The loci amplified
well in all the three data sets except for lots®103which had a poorer amplification in both
ANGEL and CGNL. serriola samples than in CGN. sativasamples, hence showing species-
specificity and a potential for finding crop-spécilleles.

After genotyping, individuals with more than 50%s8ing data were removed, together with
CGNL. serriolasamples whose country of origin was not recordetienCGN passport data. In
total, 7738 individuals remained: 2456 ANGHL serriola samples 2462 CGNL. serriola
samples, an@820L. sativasamples. The ten markers used for genotypingteskin 14 to 54
alleles per locus. The effective number of allgles locus, calculated asyI?;?, with P; = allele
frequency (Stormet al 2004), ranged from 4 to 14 (Table 1), as mamsiedl were rare in both
wild and cultivated lettuce.

Table 1Information on the SSR markers used for genotyping

Linkage Observed number Effective number

Locus Repeat motif group of alleles of alleles
LsA001 (GA)w(GT)y 1 51 12.67
LsA004  (GA)1o(GT)(GAGT)4(GA)1o(GAGT), (GA)»1(GT)yz 6 27 8.60
LsB101 (GT)12AT)5(GT)7 2 31 7.72
LsB10: (GA)s(GT);TATT(GT)12(T)4(GT)g(GA)14 4 36 7.71
LsD103 (TCT)y 9 14 5.56
LsD106 (TCT)T)s(TCT), 5 16 5.64
D108 (TCT)ss 4 48 11.65
D109 (TCT), 8 34 14.42
LsE003 (TGThu(TANTGT) 10 (TAT)»(TGT)s 7 24 4.07
E011 (TGT)z 3 24 4.61

1 Originally described by van de Wief al. (1999)

Data analysis

Determination of population structure using STRU®&RJand InStruct

Analysis for population structure was performedtba 7738 individuals using STRUCTURE
(Pritchardet al.2000) version 2.2 (Falugt al. 2007). It uses a model-based Bayesian method to
cluster the plant samples in a number of clustE)sb@sed on their genotypes. The ancestry
model was set to admixture with correlated alleleqfiencies and lambda 1.0. No prior
population information was used in the analysigeA& number of combinations of burn-in and
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Markov Chain Monte Carlo (MCMC) runs, the final nben of runs was chosen so that the
differences in likelihood for each run [InP(D)] beten different K's was larger than the
variability within runs of the same K. The lengthtbe burn-in period was set to 80,000 with
150,000 MCMC replication runs after burn-in. In erdo identify potential crop-wild hybrids,
STRUCTURE should correctly differentialte serriolafrom L. sativabased on the 10 SSRs. To
avoid any bias, we did not impose two clusters (Ket2 the program, but we let it run from K =
1 to 35 to check whether it would differentiate theo species or come to alternative
subdivisions. The median of InP(D) for six iteragoof each K was considered (Saisho and
Purugganan 2007), and the optimum number of clustes determined by looking at the value
of K with the highest likelihood (Pritcharet al. 2000) and the K value where the maximum
number of information was gained in the analysis, where the InP(D) value increased most
from one K to the next (Evannet al. 2005). To differentiate non-admixed and admixed
(potentially hybrid) plants, we used a thresholdtpaor probability (Q value) of 0.90. Plants
with Q value equal to or greater than 0.90 weresictared as non-admixed; and those with Q
value smaller than 0.90 were considered as adnoxgabtential hybrids (Vaha and Primmer
2006; Burgarellaet al.2009).

The data were also analysed with InStruct (6&al.2007), a Bayesian-based program similar to
STRUCTURE but specifically written for selfing spes to account for divergence from the
Hardy—Weinberg equilibrium due to self-fertilizatioThe length of the burn-in period was set to
100,000 and 200,000 MCMC runs after burn-in withlke K=10 and five iterations for each K.
The optimum number of clusters and the classificatf individuals as non-admixed or hybrid
were done as described above for the STRUCTURHt$esu

Inference of the hybrid generations using NewHwbrid

NewHybrids (Anderson and Thompson 2002) is Bayesadel-based software to calculate the
posterior probability that each plant belongs tedain category of parents or hybrids based on
the genotypic information of the plants. We useavNgbrids version 1.1 to infer the generations
of the hybrid plants identified by STRUCTURE. Besauwf the limited capacity of the software,
only a subset of the samples analysed with STRUCH UW@s used with NewHybrids, namely all
the hybrids identified by STRUCTURE and a randowtpsen set of non-admixed plants from
the twoL. serriola datasets ant. sativaplants. These were 706 ANGHL serriola 617 CGN

L. serriola and 677L. sativaindividuals, totalling 2000 individuald.. serriola andL. sativa

26



being basically self-pollinating species, hybricamts were expected to belong to advanced
selfing generations after either one cross betweertwo species or one back-cross to any of the
two parents. Therefore, the categories consideesd Wwere non-admixeld. serriola and non-
admixedL. sativaconsidered as the parents of the hybrids (ParemdOParent 1 respectively),
early and advanced generations of selfing afteravass between the two parents (F1 and F2 as
early generations and F7 as advanced generatiah)raearly and advanced generations of
selfing after one backcross to either of the twepts (BC1 and BC1S1 as early generations and
BC1S7 as advanced generation; Figure 1). The addahgbrid generations should not be
considered literally but as representative of uaiadvanced inbred generations, as these cannot
be distinguished reliably by the program in a dettagth only ten markers, due to little change in
heterozygosity from one advanced generation toh&notWe ran NewHybrids using the uniform
prior for bothd and the mixing proportion and the program was left to run for 900,000 sweeps
after burn-in. Because NewHybrids is less sensititven STRUCTURE in differentiating
between non-admixed and admixed individuals (V& Rrimmer 2006), a threshold posterior
probability ¢ value) of 0.70 was used to categorize an individisabelonging to a specific

group.

Figure 1 Hybrid classes used
in NewHybrids: the hybrids
- . were categorized into early
L. serriola L. sativa and advanced generations of
selfing after one cross
between the two parents and
early and advanced
generations of selfing after
one backcross to either of the
two parents, with the
advanced generations
representing  the inbred
generations. Advanced inbred
generations cannot be
differentiated due to limited

0-BC1

0-BC181

F7

N -

-

0-BC1S7 1-BC187 change in heterozygozity
from one generation to the
next.

Is crop-wild hybridization the cause of the sprefd. serriola in Europe?

To test whether crop-wild hybridization is the cawd the northward spread bf serriola in
Europe, a Pearson Chi-squéest of independence was run on the most recelgction ofL.
serriolaiin Europe (ANGEL data set), testing whether theuoence of the hybrids depended on
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the region where the samples were collected. Tlggnoof the samples was categorized in two
groups based on the plant geographical regions ubfde (Frietema de Vriest al. 1994;
Schaminéeet al. 1992). The Southern region was represented bygalrtSpain, south of France
(below 45° of latitude), Italy, Switzerland, Hungaand Austria. The Northern region consisted
of the remaining part of France, Luxembourg, thehdands, Germany, Czech Republic and
Denmark. If crop-wild hybridization is responsilflar the northward spread &f serriola we
expect the Chi-squarest to show a dependence between the occurrenbgboids and the
region (North and South) where the samples wereatedd and a bigger proportion of hybrids
compared to non hybrids should be found in the iNort region.

Results
Distinction between wildl. serriolaand cultivated.. sativaby STRUCTURE

With the STRUCTURE analysis, InP(D) gradually irased and no clear peak was reached up to
K=35 (Figure 2A). Therefore, the choice of the nambf clusters, K, was not based on the
highest InP(D) value but on the value of K where thaximum information was gained in the
analysis (Evannet al. 2005), which was from K=1 to K=2 (Figure 2A). K2, STRUCTURE
well differentiated.. sativafrom L. serriola

The plants with high posterior probability (>0.90) one of the two groups coincided with
serriolaand the plants with high posterior probabilitythe other group coincided with sativa
“Admixed” plants with intermediate probabilities twth groups were considered as potential
hybrids (Figure 3). To check whether the differatitin achieved by STRUCTURE betweken
serriola andL. sativawas consistent, we checked K values larger thaft X=3, L. serriola
remained distinct frorh. sativg with the third cluster arising by a split of thesativacluster. At
K=4, L. serriola samples were again clearly distinct frkmsativasamples, with both. sativa
andL. serriolabeing split into two clusters (Supplementary mateFigure S1). However, these
clusters did not coincide with any recognizablddnacal or geographical group.
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Figure 2 Analysis with STRUCTURE
and InStruct. (A) STRUCTURE
InP(D) median as a function of the
number of inferred clusters, K, up to
K=35. (B) (C) InStruct InP(D) median
as a function of the number of inferred
clusters K, up to K=10.

At K = 2, potential hybrids had intermediate prolifibs to the two clusters that coincided with
L. serriolaandL. sativa Because the two clusters mirrored each othea @svalue of 0.90 for
one cluster is equivalent to 0.10 for the othemngles with Q values smaller than 0.10 were
regarded as non-admixéd sativaand samples with Q values greater than 0.90 asadorixed

L. serriolain the remainder of this study. Ninety-three pemntcof ANGELL. serriolaand 87%

of CGN L. serriolaindividuals clustered in these groups, resultm@% potential hybrids (181
plants) among the ANGEL. serriolaindividuals and 13% (312 plants) in the CG&Nserriola
dataset (Figure 4A). The CGN dataset not only hgdeater proportion of admixed individuals,
but its putative hybrids also showed a more exténQevalue range (0.13 to 0.90) than the
putative hybrids in the ANGEL dataset (0.32 to (.90
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Figure 3 Q graph of all the samples at K=2. The Y axis repnés the Q-values and the X axis represents #mspl
each plant is given a membership proportion into groups (grey and white), corresponding-tserriola andL.
sativa respectively. Putative hybrids are discernibl@adly belonging to both parental groupssativa(right) and
the combined data-sets lof serriola (left).

On closer scrutiny of the CGN passport data thgimef the CGN accessions proved to be the
major cause of the differences between the twosdtta Even though we had removed the
samples whose origin was completely unknown beberéorming the analysis, CGN serriola
hybrids with the lowest Q-values (0.13 to 0.35,r80st “L. sativd-like) were not obtained
directly from their original habitats, but througlsearch institutions or botanical gardens
(Lebedaet al. 2004a). Such accessions have been shown to deygattically from material
with an established origin in the same region, anthe were even genetically identical to
accessions from botanical gardens in other, dis@mintries (Van de Wieét al 2010). By
excluding all accessions without clearly establisbegins, the CGNL. serriola dataset became
more similar to the ANGEL dataset: the lowest Quealor CGNL. serriola hybrids increased to
0.40, and the proportion of hybrids dropped to $4g{re 4B). Amond.. sativa5% (147 plants,
Figure 4C) clustered as putative hybrids, with Quesa ranging from 0.11 (close to non-admixed
L. sativg to 0.57.

InStruct gave similar results as STRUCTURE. LnPdR) not show any peak up to K=10 and
the maximum information was gained from K=1 to Ksa2aking K=2 the optimum number of
clusters (Figure 2B). At a threshold posterior @tabty of 0.90, the two programs classified
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98% of the plants in the same categories (Tablel'2g. two per cent dissimilarity arose from
InStruct identifying mord.. serriolahybrids (0.16% among ANGEL and 3.25% among CGN
serriold) and fewell. sativahybrids (0.39%) than STRUCTURE. These dissimiksitetween
InStruct and STRUCTURE were due to small differeniceQ-values which ranged from 0.01 to
0.08. The results by STRUCTURE were more consereatind hence we used them for further

analysis (Arrigoet al.2011).
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Table 2Comparison between the classification of hybridSBYCTURE and InStruct: the two programmes categ®B% of
the data in the same classes of non-admixed ardfedthybrids

InStruct ANGEL L. serriola CGNL. serriola L. sativa Total
m{\ non-admixed  hybrids non-admixed  hybrids non-admixed bridy STRUCTURE

ANGEL L. serriola

non-admixet 2270 5 2275

hybrids 1 180 181
CGN L. serriola

non-admixed 2059 91 2150

hybrids 11 301 312
L. sativa

non-admixed 2654 19 2673

hybrids 30 117 147
Total InStruct 2271 185 2070 392 2684 136 7738

1 non-admixed: Q>0.90; hybrids<Q.90

In Europe, the putative. serriola hybrids were more frequent in the South (Figurel®)the
ANGEL dataset, most of the putative hybrids wenenfbin Spain, Portugal, Italy and southern
France: 141 out of the 181 ANGEL potential hybradsne from this region. Q-values in the
region were as low as 0.32. In the more northeslyntry of the Netherlands, only 10 out of 152
samples (6%) were putative hybrids (Q-values 0.PQ The 28 plants collected in the direct
vicinity of amateur gardens did not indicate angr@ased likelihood of hybridization, as only 2
of these plants were identified as hybrids (withOQ®). These represented 7% of the hybrid
occurrence, which was similar to that of the ranjosampled populations. Taken together, the
proportion of hybrids compared to non-admixed imtinals was 10% in the Southern region,
while it was 2% in the Northern region. A Chi-squidest of independence showed that the
occurrence of the hybrids differed between thegeons £<0.001, Table 3). This indicates that
crop-wild hybridization is not a likely cause oktbpread ok. serriolain Northern Europe.

Table 3 Contingency table for the Chi-square test of indelemce between the occurrence of hybrids among
ANGEL L. serriolaindividuals and the region where the samples wellected

Hybrids  Non-admixed Total
South count 151 1135 1756
expected 96 1190
North count 30 1119 700
expected 85 1064
Total 181 2277 2456
Chi-square test of independence 73.52 (P<0.001)

In the CGNL. serrioladataset, there was no difference in hybrid ocaneddetween Europe and
the Middle East (9% and 10%, respectively). Theggrés could be biased due to the
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overrepresentation of accessions from Europe irgmebank (Lebedat al. 2004a). Outside of
Europe, most of the. serriolaindividuals from the wild habitats were collectedm Israel and
Turkey (89% of all Middle East individuals, Figus. The occurrence of hybrids in these two
countries was 9%, which reflected the same patiehybrid occurrence as in the whole region.

Inferences about likely generations of putativertuyplants by NewHybrids

NewHybrids classified hon-admixed plantsLasativaandL. serriola Admixed plants belonged
to advanced selfing generations after one hybridizaevent betweeh. serriolaandL. sativa
(represented by F7) and to advanced selfed geoesaditer one backcross to eitheserriolaor
L. sativa(represented by 0_BC1S7 and 1_BC1S7, Figure 6).

ANGEL CGN
/\ Q>0.90 () a>0.90
/\ Q=081-090 () q=0.81-0.90
A Q=061-0.80 @ Q-061-080
A Q = 060-0.40 @®Q - 050

-0.40

kilometers

Figure 5 Geographical origin of non-admixed (white trianghesl circles) and putative hybiid serriolaplants (coloured
triangles and circles) as identified by STRUCTUREANGEL and CGN data sets. At each location theeltv@ value is
represented.
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Other classes were not represented at all or vegmresented by probabilities smaller than 0.006.
At a threshold P value of 0.70, NewHybrids classifil265 of the 2000 plants in one of the five
categories. The remaining 735 had probabilitiesdéi between two or three categories (Table
4).

We compared the NewHybrids and STRUCTURE resulsbl@ 4). NewHybrids recognized as
hybrids all 181 ANGELL. serriola plants identified as potential hybrids by STRUCTEJRand
97% of the 312 CGNL. serriolaplants that STRUCTURE identified as potential lg$r ForL.
sativg NewHybrids recognized as hybrids 99% of the glahtat STRUCTURE identified as
hybrids. Conversely, NewHybrids also classified gnahthe STRUCTURE non-admixed plants
as hybrids. Ten per cent of the ANGHL serriola plants identified asion-admixed by
STRUCTURE were recognized as either hybrid.oserriola (with higher probabilities for the.
serriola class,P>0.45), and 8% were classified as hybrids by Newidigh Of the CGNL.
serriola plants identified by STUCTURE as non-admixed, NeWwhbs classified 21% as
undecided between non-admixedserriola and hybrids, and 34% as hybrids. Of thesativa
plants identified by STRUCTURE as non-admixed, Neimitls classified 10% as either non-
admixed or hybrids, and 13% as hybrids.

W Pure_ O WPure_1l mF7 mO0_BC1S7 m1_BC1S7
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Figure 6 Average category probabilities of all analysechfdadby NewHybrids. Each class is represented mtauc,
on the X-axis are individual plants and the Y-adpresents the probability values, which add uft.tdhe plants
categorise as non-admixdd serriola and L. sativa and advanced hybrid generations. The remainingsel
included in the analysis were not represented ar alere represented by very small probabilityues (P<0.006).

Comparison between STRUCTURE and crop-specifieatethod in identifying hybrids

To assign alleles as “crop-specific’, we used thiwing criteria: 1) the frequency of the allele
amongL. sativaindividuals is at least an order of two magnitutdegher than its frequency in the
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L. serrioladatasets (restricted to accessions with confiraregin data for the CGN dataset) and
2) to attain a fair level of representativeness, fihtative “crop-specific” alleles should occur in
more than 10% of the accessions ofltheativadataset. Only 6 alleles from 5 loci conformed to
our criteria of “crop-specificity” IL.sA001187,LsD103263,LsD103266, LsD106191, LsE003
206andEQ1%251); an additional 2 allele®109251 andE011254) conformed in the ANGEL
L. serriolaset only (Table S1, Supplementary material). FerG&GNL. serriolaset, both sets of
alleles matched these criteria only when accesdiamm Europe were exclusively taken into
account. The considerably higher frequency ofDi€9-251 andE011-254 alleles in accessions
from the Middle East and Central Asia could beteslao this area being the most likely centre
of origin of cultivated lettuce.

Table 5 shows a comparison of hybrid identificatresults from these crop-specific alleles with
those from STRUCTURE. The number of plants withpespecific allele(s) was higher in
STRUCTURE hybrids than in STRUCTURE non-admixedérriola plants. However, the crop-
specific allele method identified only 9% of ANGEAnd CGNL. serriola hybrids plants,
significantly fewer than STRUCTURE ,0.001). This is a very small number, even when
taking into account that our necessarily strictecia for when an allele could be considered as
crop-specific, was expected to lead to conservastenates of hybrids. Limiting the use of the
crop-specific alleles to Europe, which enables gisith8 alleles of Table S1 (Suppl. material), as
in the ANGEL dataset, does not really change titiggon, except for the absolute numbers (25
vs. 16 putative hybrids conforming to STRUCTURE ahé vs. 8 not confirming to
STRUCTURE, see Table 5).
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Table 4 Comparison between NewHybrids and STRUCTURE resiiéwHybrids classifies the hybrids as 7th gemanaif selfing after the initial cross
betweerL. serriolaandL. sativa(F7) or the 7th generation of selfing after onekseross to eithek. serriola(0-BC1S7) olL. sativa(1-BC1S7) (see Figure 1
for an overview of classes). Thé™@eneration’ represents advanced selfed generations

NewHybrids F7 L.serriola  L.serriola F7or L.sativa L.sativa
L. sativa 1- or or F7or or 1- or or F7 or Total

STRUCTURE L. serriola(Parent 0) (Parent 1) F7 0-BC1S7 BC1S7 0-BC1S7 0-BC1S7 0-BC1S7 BC1S7 1-BC1S7 1-BC1S7 STRUCTURE
ANGEL L. serriola

Non-admixed 434 7 33 16 34 524

Hybrids 36 40 97 8 181
CGNL. serriola

Non-admixed 135 7 89 25 40 9 305

Hybrids 2 7 40 33 2 129 8 91 312
L. sativa

Non-admixed 411 4 25 39 42 9 530

Hybrids 1 29 52 6 59 147
Total NewHybrid: 571 41¢ 10¢ 87 79 35¢ 41 82 20€ 42 9 200C

Table 5 Frequency of crop-specific allefesmongL. serrioladatasets categorized as potential hybrids andadanixed using STRUCTURE

STRUCTURE groups ANGEL L. serriola CGNL. serriola CGN L. serriola
from Europe from outside of Europe
Hybrids (Q<0.90
Frequency STRUCTURE 181 84 93
Frequency of plants containing at least@oe-specific allele 16 2 14
Non-admixed (Q>0.90
Frequency STRUCTUFR 227¢ 110t 831
Frequency of plants containing at least @oe-specific allele 8 1 2
Total 2456 1189 924
Chi-square value for goodness of fit between STRURE and crop-specific alleles 150.44 80.04 67.11
(P<0.001) (P<0.001) (P<0.001)

L crop-specific alleles used: LsA001-187, LsD103-268)103-266, Ls D106-191, E003-206, E011-251
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Discussion

Even though crop-wild introgression is nowadaysepted as a common phenomenon, it is
mostly recognized among cross-pollinating specsessh as carrots (Magnussen and Hauser
2007; Ronget al. 2010), sunflower (Arias and Rieseberg, 1994; Whitt al. 1997) and chicory
(Kieer et al. 2009). In self-pollinating species with restrictedels of cross-pollination such as
lettuce it is expected to occur (Ellstrand 2003Adreaet al. 2008), but rarely and difficult to
detect. Nevertheless, we found an occurrence ofo7%utativel. sativa — L. serriolahybrid
plants from the wild habitats &f serriolain Europe (recently sampled wild populations) aé6
from L. serriolaaccessions present in the CGN genebank colleclioa.identification of lettuce
crop-wild hybrids in natural wild population impdiethatL. serriola does hybridize withL.
sativg and that the hybrid lineages persist along ithserriola non-admixed plants. These
results are different from those found in soybdémddaet al, 2010), which is a basically self-
pollinating species as well: although these autliousid evidence for crop-wild hybridization,
the hybrids did not persist in the natural habitdta/ild soybean. Our results are consistent with
previous studies in lettuce which showed thasatival. serriola hybridization produces some
hybrid lineages more vigorous and fit that the wlarent (Hooftmaret al. 2005), and that the
persistence of the hybrids depends on their reafithess and the species outcrossing rate
(Hooftmanet al.2007).

L. sativaandL. serriolaare so closely related that some studies havdddiibem as conspecific
(Koopmanet al, 2001). Despite this close relatedness, usingeth& SR markers, STRUCTURE
and InStruct differentiated the two species andnhtifled intermediate plants, which were
potential hybrids. Simko and Hu (2008) obtainedilsimresults using STRUCTURE on a smaller
set in which they could distinguish cultivated. (sativg from two wild lettuce specied (
serriola andL. saligng. The use of large datasets may improve the p@awdraccuracy for the
identification of hybrids (Burgarellat al 2009), as shown here. NewHybrids recognized pearl
all hybrids detected by STRUCTURE, but also sevptahtive hybrids among the other lines.
Vaha and Primmer (2006) encountered the same tvatld NewHybrids, as the program
classified some non-admixed individuals as hybriés, in addition, NewHybrids could not
handle all the available data of our dataset, Newldg results were used here solely for the
determination of the hybrid classes. NewHybridsgatized thel. serriola hybrid plants as
identified with STRUCTURE into two hybrid classeadvanced selfed generations after

hybridization betweerL. serriola and L. sativa (represented by F7), and advanced selfed
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generations after one back-crossLtoserriola (represented by 0-BC1S7). In a fine-scale field
study of the self-pollinating speci@dedicago truncatulaSiol et al (2008) found comparable
results: many of the genotyped plants represergedmmbinant inbred lines (advanced selfed
generations after a hybridization event) between rttost frequently occurring highly inbred
lines. In studies on the detection of spontaneagidmidis in perennial, cross-pollinating woody
species, the identified hybrids usually belonge@ady hybrid generations such as BC, and
BC, (Smulderset al 2008; Schanzer and Kutlunina 2010).

The higher frequency of hybrids found in the southgart of Europe for both. serrioladatasets
could be related to the occurrence of seed muapbn in open air in the Mediterranean area
(e.g. Portugal, Spain and Italy, in particular Bxailio-Romagna region), which is rare (or mostly
under glass) in the north. On the other hand, nmalssubset of samples taken in the Netherlands
near amateur gardens, one of the few places imainin where bolting and small-scale seed
multiplication might occur, did not show a highgelihood of hybrid occurrence as compared to
randomly sampled populations. At such sites, bglimay only be haphazard, but it cannot be
excluded that this is related to a possibly lowsss-fertilization rate under climatic conditions
of northern countries.

The posterior probability approach of STRUCTURE slaswn to be a good tool to identify gene
flow between closely related species using molegukkers for a wide array of organisms, such
as in animalse.g the carnivorous marsupi@htechinus flavipefLadaet al. 2008), in treese.g.
various oak species (Burgare#tal. 2009), and also for gene flow between crop and faitms

in, for instance, alfalfa (Greenet al. 2008), beetBeta vulgaris(Andersenet al. 2005), and
chicory, Cichorium intybus(Kiger et al. 2009). The fact that the software uses genotypic
information encompassing all the scored allelesthet frequencies enables it to obtain a more
comprehensive picture of the individuals’ genetigkerup, without any previous biasafpriori
grouping information or alleles identified as syhiecior any of such groups. Indeed, our trial of
using the crop-specific allele approach did notkmeell. At best, it may lead to a conservative
estimate of hybrids which logically followed fronumnecessarily strict definition of “crop-
specific” alleles, that is, only 6 alleles fromdgi out of a total of 315 alleles from 10 loci cdul
at most be used as such. Moreover, about a thitheohybrids indicated by the crop-specific
alleles were identified as non-admixed plants bRBTTURE. This could be attributed to small
introgressions containing only one of the crop-#ealleles that were in the “noise” range of
the more comprehensive analysis of STRUCTURE, tabuld also be due to rare coincidental
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occurrences of the allegedly crop-specific allelenon-admixed wild lettuce. Indeed, recent
studies using “crop-specific’ alleles often targetenore local situations with known
combinations of crop cultivations and wild popwats in the vicinity €.g Morrell et al.2005 on
introgression of sorghum into Johnson grass) oremodely different species combinations (e.g.
Schulzeet al 2011 on garden strawberfyagaria x ananassand wild woodland strawberify.
vescain Central Europe). Smulderst al. (2008), Rathmacheet al. (2010) and others
successfully used species-specific alleles to tegene flow and identify F1 hybrids between
poplar species and hybrids. However, while crop#igealleles are very effective in first
generation hybrids, their power is lost in selfingd backcross generations, as each generation
50% of the offspring will by chance not inherit thikele and become indistinguishable from non-
introgressed plants. Thus, while useful for detertintrogression in outcrossing, long-lived
perennials, crop-specific alleles are not veryaite in selfing annuals in which introgression is
present in advanced inbred lines in the field.

Introgression from crops to wild relatives has beennected to the invasiveness of some wild
species such as Johnson gr&srghum halepenyéDe Wet and Harlan 1975Rhododendron
ponticum (Milne and Abbott 2000), and sunflower (Riesebetgal. 2007). Hooftmanet al
(2006) suggested that introgression frbmsativato L. serriola could be one of the reasons
behind the recently observed increase of the latt&turope, whereas D’Andreat al (2009)
argued that this spread may be attributed maintii¢cexpansion of the favourable habitat due to
climate warming and anthropogenic habitat distucbanand to seed dispersal due to
transportation of goods. The results of this stddyot support the hypothesis of Hooftnedral
(2006). If introgression were behind the spread..oserriola, we would expect to find more
putativeL. serriola hybrids than non-admixed serriola particularly in North-Western Europe
where the new invasivenesslofserriolawas most obvious. Moreover, we would also expect t
observe more hybrids among the more recently delidc serriola ANGEL data set (collected
between 2002 and 2005) than in the mostly older Gf&Nebank collection. Both expected
patterns were not visible in our data. Althoughumnber of putative.. serriola hybrids were
found with STRUCTURE, these did not constitute tlmminant proportion of thé&. serriola
plants, neither in the ANGEL nor in the CGN data S8oreover, hybrids were particularly rare
in northern Europe. Hence, we found no evidencediap introgression conferred an increased
invasiveness to wild lettuce. Therefore, the exmem®f L. serriola in Europe and in the
Netherlands in particular resulted most likely frdhe combination of factors indicated by
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D’Andreacet al. (2009). Nevertheless, with lettuce being a balsic®If-pollinating species, the
occurrence of 7% of crop-wild hybrids among naturaserriola populations is relatively high
and reveals a potential of transgene movement érom to wild relatives also for self-pollinating
crops. After hybridization, however, the fate ok tlransgene will depend on many factors
including the survival and fertility of the hybridthe fitness effect of the transgene, and the
relative fitness effect of the genomic region whigne transgene is inserted (Stewetral. 2003).
The fitness effects of the genomic background liatie@n to environmental conditions is the topic
of on-going experimental and modelling researchainoint project of Wageningen UR,
University of Amsterdam and Groningen Universitythie Netherlands.
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Abstract

With the development and commercial release of sganic crop varieties, crop-wild
hybridization has received exceptional considenatioe to the feared potential of transgenes to
be transferred to wild species. Although many @sidiave shown that many crops can hybridize
with their wild relatives and that the resultingbiniggs may show improved vigour and fitness
over the wild parents, little is still known on tigenetic contribution of the crop parent to the
performance of the hybrids. In this study we iniggged the vigour of lettuce hybrids using 98
F..3 families from a cross between cultivated lettutacfuca satival.) and its wild relative
prickly lettuce (. serriolaL.) under non-stress and abiotic stress conditairdrought, salinity
and nutrient deficiency. Using Single PolymorphisNucleotide markers, we mapped
quantitative trait loci associated with plant vigon the F.3 families and determined the allelic
contribution of the two parents.

The vigour traits showed mild to high broad sensetability across the treatments%Fanging
from 0.51 to 0.99). Seventeen QTLs associated wghur and 6 QTLs associated with the
accumulation of ions (NaCI and K') were mapped on the 9 linkage groups of lettueges of
the vigour QTLs had a positive effect from the cedigle and 6 had a positive effect from the
wild allele across treatments, and 4 QTLs had atipeseffect from the wild crop in one
treatment and positive for the wild allele in aretlreatment. The dominance effect of the QTLs
was not significant for 16 QTLs, while epistasisras-additive interaction among the mapped
QTLs played a significant role on the vigour of therids.
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Introduction

Gene flow between crop species and their wild iredatmay result in the introgression of crop
genes into wild genomic background, or in the fdroma of new species through novel
combinations of crop and wild genes (Burke and Adr2001; Hails and Morley 2005). The
possibility of hybridization between transgenicpsand their wild relatives has brought interest
on crop-wild gene flow to another level due to gmeential ecological consequences, incited by
the possibility that transgenes could also be gressed into wild populations (Hadt al. 2000;
Snowet al.2005; Tiedjeet al. 1989; Warwicket al.2009; Wilkinson and Tepfer 2009).

Gene flow can lead to hybrid plants containing cirdfeles. However, if crop alleles are
selectively neutral, many crop-wild hybridizationeats would be required to increase their
frequency in the wild population. In order for th@p alleles to be established in the population
of the wild relative with few crop-wild hybridizath events, they have to provide a selective
advantage to the fitness of the hybrid plants dmit toffspring (Lee and Natesan 2006). In the
introgression and speciation processes, the urseleiction in the first generations of hybrids is
not the crop gene as such, but genomic blocks filmencrop consisting of the gene under
selection and the surrounding linked genomic reg®&tewartet al. 2003). Consequently, linkage
between genes plays a crucial role in the intraggo@sprocess, because a gene (or transgene) that
has no effect on fithess may become introgressedljy hitchhiking along with a gene that
increases fitness. Conversely, a (trans)gene doelldelected against due to its proximity to a
gene which reduces fitness. Such linkage would igeova natural mechanism against
introgression and escape of transgenes into wifglilations (Kwitet al. 2011; Stewaret al.
2003).

Multiple studies have focused on the rate of hybation between crops and wild relatives, and
on the occurrence of hybrids and their fithesselation to the fitness of the wild parent (Arias
and Rieseberg 1994; D’Andred al. 2008; Giannincet al. 2008; Hocet al. 2006; Hooftmaret

al. 2009; Kieeret al. 2009). However, few studies have been conductdd tie aim of
understanding the specific contribution of the camga wild parents to the fithess of the hybrids,
the role of the genomic locations of the gened@astance assessed through quantitative trait
loci, (Baacket al.2008; Roseet al. 2009), and the role of epistasis and genotypenbirenment
interaction on the fitness or vigour of the hybri8sich knowledge could be exploited to identify
crop genomic regions with a higher or lower likelild of introgression into wild populations
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(Kwit et al.2011; Stewartet al. 2003), thus assessing the possibility of contgitiansgenes by
utilizing integration events in regions with loweelihoods of introgression.

The combination of synthetic mapping populationsl ajenetic linkage maps provides an
excellent tool for studying the introgression pien an experimental set-up. It allows the
determination of quantitative trait loci (QTL) afteng hybrid vigour or fitness, estimation of the
contribution of each parent to the performancéiefdffspring under controlled or non-controlled
conditions, and monitoring of specific genomic lBedn different generations after hybridization
(Baacket al.2008; Burke and Arnold 2001; Riesebetal.2000; Stewaret al. 2003).

In this study we investigated the contributionto trop alleles to the performance of a crop-wild
hybrid population derived from a cross betweenivatléd lettuce l(actuca satival..) and wild
prickly lettuce [actuca serriolaL.). Cultivated lettuce and wild prickly lettuceeainterfertile
species whose hybrids are viable and fertile (Diesvi990; Hooftmamet al. 2005). Experiments
have shown that lettuce crop-wild hybrids are moagerous than their parents (Hooftmanal.
2007a; Hooftmaret al. 2005) and that this increased vigour may leadnaroved fitness of their
offspring (Hooftmanet al. 2009). In this study, we investigated the genbé&sis of improved
hybrid vigour of lettuce hybrid plants. Under natuconditions the hybrids will most likely be
subject to adverse conditions of abiotic stresshsas drought, heat, cold, etc. Genetic
modification presents a lot of potential for breegifor abiotic stress tolerance (Christou and
Twyman 2004; Wanget al. 2003; Zhanget al. 2000). Tolerance to abiotic stress factors is a
prominent goal of today GM breeding and evaluatiangd the release of GM crop varieties
tolerant to the major abiotic stress is expectdthénear future for many crop species (Abdeen
al. 2010; Choiet al.2011; Liet al.2010). Therefore, we conducted experiments unoiaralled
abiotic stress conditions of drought, salinity amdrient deficiency in the progeny of a cross
betweenL. sativa and L. serriola We addressed the following questions: (i) howthe
performance of the hybrids relative to the wildgrdrunder non-stress and stress conditions? (ii)
do crop alleles contribute an advantage or disadganto the crop-wild hybrids under non-stress
and abiotic stress conditions (drought, salinitg antrient deficiency)? (iii) how are the vigour
QTLs distributed along the genome, and what istitare of their allelic effects?
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Materials and Methods

Lactuca serriolaandL. sativa

Lactuca serriola known as prickly lettuce, is a weedy species thaivés in ruderal,
anthropogenic areas (Lebeeftal.2001). It is the closest relative of cultivatetiuee (. sativg
with which it is part of the primary gene pool aswhsidered to be conspecific wilioopman et
al. 1998; Koopman et al. 2001). serriola andL. sativaform a classic crop-weed complex
perfect for introgression studies. The two speb@#e the same number of chromosomes (2n =
2x = 18), are completely cross-compatible withawt Bnown crossing barrier, and the resulting
hybrids are also viable and fertile (De Vries 19B@pftmanet al. 2005; Koopmaret al. 1993;
Lindgvist 1960). Both species are autogamous wiimeed rate of out-crossing by insects of 1
to 5% forL. sativa(Thompsoret al. 1958) and an interspecific hybridization rate pfta 2.5%
between the two species (D’Andrega al. 2008). In an experimental set-up, D’Andreiaal.
(2008) concluded that whenevér serriola and L. sativa populations grow in sympatric
proximity, cross-pollination between the two speahould be expected to occur.

Development of hybrid plants

F1 progeny was created by crossingserriolaandL. sativain the greenhousé. serriola parent
was a progeny of the genotype collected from Ey®u{iRce of Limburg, the Netherlands)
designated as “cont83” in the descriptionLofserriola genotype distributions in Europe, and it
represents a commonly occurring genotypé..o$erriolain North-Western and Middle Europe
(Van De Wielet al. 2010). ForL. sativaparent, we used the commercial cultivar Dynanate,
butterhead lettuce developed by Nunhems Zadenarthdurs genes for resistance to aphids,
downy mildew and lettuce mosaic virus (Van der Arem al. 1999), which represent the main
breeding goals of lettuce cultivais. sativawas used as the pollen donor, mimicking a scenario
of pollen flow from a crop to its wild relative. @sing was done according to the protocols by
Nagata (1992) and Ryder (1999) and as describdtHaoftman et al. 2005). | seeds were
produced by selfing of one F1 plant, $eeds were sown and 200 seedlings were randomly
chosen, transplanted and genotyped as described.bEhe plants were selfed and the resulting
F; seeds were harvested per individuapkant.
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Genotyping and construction of the linkage map

The Compositeae Genome Project at UC Davis Genané€Chas developed Single Nucleotide
Polymorphism (SNP) markers from lettuce populatidesived from crosses between closely
related cultivars oL. sativaand betweer. sativaand L. serriola These SNPs were mined
initially by re-sequencing PCR-amplified genes mtierest betweehactuca sativacv. Salinas
andL. serriola acc. UC96US23 using Sanger sequencing (Mcldalal. 2009) and by mining
lllumina sequencing data aligned to reference EST ssemblies
(http://compgenomics.ucdavis.edu/compositaeSNP.pbIPNA libraries from parental lines

were sequenced with lllumina Genome Analyzer lle§d ESTs sequences encode genes for
disease resistance and plant development. In thys more than 10,000 SNPs were developed
from 3,950 ESTs in four parental pair combinationamely Salinas x Valmaine, Pavane x
Parade, Emperor x El Dorado, and Thompson x CiBoamprove the conversion success rate of
bioinformatically identified SNPs to molecular marg, potential SNPs were filtered to 1083
SNPs that had been previously assayed and shola rtobust; were polymorphic in more than
one of the four parental pair combinations; weré Inoated in intron/exon splice sites; were
limited to one SNP per contig; were candidate gefdsterest; were evenly distributed based on
previous mapping work and the ultra-dense lettuep;mand the surrounding sequence was
suitable for oligonucleotide design for the lllumiGoldenGate assay. The selected 1083 SNPs
were converted into Custom GoldenGate Panels (OfBA)genotyping, using an lllumina
BeadXpress . From the 1083 SNPs, a customized AF¥84 SNPs which were polymorphic
between the fparental lines was made specifically for the papah.

DNA was extracted from freeze-dried leaf sampleghef 200 F and parent lines using the
QIAGEN DNeasy 96 Plant Kit (QIAGEN, Venlo, the Netlands) with slight modifications for
dry plant tissue to obtain a minimum DNA concentratof 60 ng/pl. The DNA concentration
was quantified using a NanoDrop 1000 Spectrophat®m¥3.7 (Thermo Scientific). We
genotyped 187 Findividuals and the parents using the customiz84 SNP OPA in a
BeadXpress assay. Out of the 384 SNPs, 355 weoessfally scored in the 18% Bnd parental
lines. Three hundred thirty-one markers were coidant, 16 were dominant for the serriola
allele, and 8 were dominant for thesativaallele. The genotypes for the 187ifdividuals were
used to build a genetic linkage map using JoinMdp®an Ooijen 2006). Segregation distortion
was tested against the expected allele frequernityofil:1, using the? test of goodness of fit
with one degree of freedom. Markers within linkaggeups were ordered using the maximum
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likelihood option of JoinMap (Janseet al. 2001). The linkage map was displayed using
MapChart 2.2 (Voorrips 2002).

Greenhouse experiments

Based on the genotypes of the 187niividuals, we selected a set of 98pkants that optimized
the number of different combinations of parentgllogype blocks, using the program "Genetic
Distance Optimization” (GDOpt) (Odonet al. 2011). The program uses adapted K-medoids
clustering (Kaufman and Rousseeuw 1990) in whiahiadividual in each of the K clusters acts
as cluster centre and clusters are formed by mamgithe total distance of all individuals to the
nearest of the K individuals designated as clustatres. In order to obtain a good starting point,
the initial configuration of cluster centers wasoyded by a modified version of Genetic
Distance Sampling (Jansen and van Hintum 2007).

F.sfamilies were derived from the genotypedpfants by selfing, together with their parents in
greenhouse experiments were used in greenhouseérgpts in Wageningen, the Netherlands.
We added to the experimental lines two additiomad,L. serriolaacc. UC96US23 anid. sativa

cv. Salinas which, together with the parental ljnesre later used to estimate the environmental
error. We carried out two experiments: (i) the ‘lgbt experiment” (March-April 2010), which
comprised drought and control treatments and (i@ tsalt-nutrient experiment” (June-July
2010), which comprised salt, nutrient deficiencyd asontrol treatments. Each, fplant was
represented by 12 Eseedlings per treatment. The parents and the tdibi@uhl lines were also
replicated 12 times per treatment.

During first establishment, the seedlings werggated twice a week for two weeks with water
supplemented with nutrients. Subsequently, thdrtreats were started at the beginning of e 3

week after transplanting of the seedlings, whenplaats had 4 to 5 leaves. For the drought
experiment, the plants in the control treatmentengill watered twice a week, while the plants in
the drought treatment were not given water at &br. the salt-nutrient experiment the plants
were again irrigated twice a week but with adde@ @M of NaCl in the irrigation water. The

plants under nutrient deficiency treatment recemmtler to which no nutrients were added. The
control plants received nutrients for the wholeiqubrof the experiment. Stress was applied for
three weeks after which time the plants were haedesit the rosette stage, 35 days after
transplanting. A photoperiod of 18°C/16 hours afhti and 15°C/8 hours of darkness was
maintained throughout the experiments by tempesattontrol and application of artificial
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lighting as needed. However, high summer tempezatunfluenced the greenhouse conditions
during the salt-nutrient experiment when outsidegerature reached as high aS@5

Phenotypic measurements

For each plant, vigour was determined by fresh @nydshoot biomass and shoot height. Shoot
dry weight was measured after these were drieddd€ 8or 3 days. We also calculated shoot
relative moisture content as the ratio of the amafimvater in the shoot to the total shoot weight
[(fresh weight-dry weight)*100/fresh weight]. Theni content (N§ K, and CJ) for salt and
control treatments of the salt-nutrient experimgas measured. Because ion content is measured
based on dry matter, the 80°C-dried shoots weeal drgain at 100°C for 24 hours. The 12 plants
per line per treatment were pooled, ground to iowder, well mixed, and about 30 mg of dry
matter was measured with the precise weight redortiee ground samples were ashed at 545°C
for 5 hours, diluted in 3M formic acid, and furttgituted 1000 times with extra-pure water. The
diluted solutions were used in ion chromatograpisiysis on an 881 Compact IC pro (Metrohm
AG, Herisau, Switzerland, Stolet al.2011).

Analysis of phenotypic data

Statistical analysis was performed using GenStatPEyneet al. 2010 ). The drought and the
salt-nutrient experiments were analysed separaldig. significance of the different terms was
determined by the analysis of variance, fittingitinadel:

Response = general mean + block + genotype + treatm genotype.treatment + error

Broad sense heritability of the traits was estimdte each treatment separately as the proportion
of the total variance accounted for by the genetitance using the formula

H? = Vg (Vg +Velr);

whereVgg2) is the genetic variance amongsfamilies, Ve is the environmental variance, and
is the number of replications (Chahal and Gosal2200gr, was estimated based on the
restricted maximum likelihood (REML) method frometmixed model:

Response = general mean + block 3denotype- error;

with the Responséerm representing the measured traits, and the Eegenotypdaken random.
Vewas the error variance derived from a one-wayyasibf variance of the model:
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Response = general mean + block + parents + error

with the termparentsrepresenting the two parents of thepfants and the two added lin@s
serriolaacc. UC96US23 and sativacv. Salinas).

Quantitative Trait Loci analysis

In order to effectively model genotype by enviromienteraction (GXE, with environments
represented by the different treatments) through @y environment interaction (QTLXE), each
trait was analysed individually using the singlaittr— multiple environment option of the
program. Genome-wide association between markeds temits was decided based on a
significance level of 0.05 corrected for multipésts using the Li and Ji method (Li and Ji 2005).
After the selection of the best variance-covarianuedel for the treatments (Maloseti al.
2004), the candidate QTLs were determined by ingemome scan. Final QTL positions were
determined by composite interval mapping taking extcount co-factors. The allelic effect of the
detected QTLs in each treatment, the effect of (H bxd the explained phenotypic variance of
each QTL per treatment were determined by runnibgckward selection on the candidate QTLs
in a mixed linear model, taking the QTL effect iach treatment as fixed terms and the
interaction between each hybrid family and thettremt as random (Mathevet al. 2008). In
that way, each QTL detected in one treatment wstedefor its effect and significance in the
other treatments.

Epistasis was tested for the detected QTLs (Hol20@i7). Each QTL region was represented by
the genotypic scores of the most significant markea multiple regression model in GenStat.
To avoid the effect of linkage, overlapping QTLsreveepresented by one SNP marker and no
interaction was estimated for QTLs on the samealjgkgroup even if they did not overlap. In
each treatment, every trait was explained by thi refiects of all the detected QTLs to which
interaction between one pair of QTLs was addedtahe@. QTL x QTL interaction was decided
significant at a level of 0.05 which was corrected the number of traits by the Bonferroni
method (Bland and Altman 1995).
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Results
Phenotypic variation

The analysis of variance revealed significant ggpiotvariation for the measured vigour traits
(plant height, fresh weight, dry weight and relatmoisture contenPyenotype< 0.001), and there
was significant genotype x treatment variatiBgefotype x reatmet 0.001). Broad sense heritability
of the traits ranged from moderate to high (05H? < 0.99, Table 1), showing that the
phenotypic variation among the,.4 families was mainly explained by genetic factors.
Heritability depended on the treatment. In the dhdwexperiment, it was lower for all the traits
under the drought conditions than under the comtosiditions, except for relative moisture
content. In the salt-nutrient experiment, the lility of the traits was comparable under control
and salt treatments, whereas it was lower underiemtit deficiency treatment. Crop-wild
hybridization released genetic variance: even wiiem means of the parents were not
significantly different, heritability was relativehigh as observed for dry weight under control
(H? = 0.90) and drought conditions {i#¢ 0.66) and for relative moisture content underrient
deficiency conditions (A= 0.89) (Table 1).

For each trait and under all the treatments, thvene F.; individuals whose measurements were
equal to or greater than the means of the tweerriola lines (Supplementary material Figure
S2). Moreover, the mean fdar serriola parent was always comprised within the range ef th
means of k3 families for all the traits and under all the traahts (Table 1). It is evident from
these results that crop-wild lettuce hybrid fansilleave potential increased vigour in comparison
to the wild parent under the four tested conditignsn-stress, drought, salt and nutrient
deficiency conditions).

Plant height positively correlated with biomasscept under salt treatment where fresh weight
was negatively correlated with plant height (r=-T@ple 2). Under salt treatment, N&I" and

K* negatively correlated with plant height. The clatien between ion content and plant
biomass was apparently due to shoot moisture coatehld and Cl positively correlated with
fresh weight and relative moisture content, butrahticorrelate with dry weight (r = 0.03 for Na
and r = 0.07 for CJ. The lack of correlation between ion content dngl weight indicates that
the accumulation of ions in the shoots was nottedldo the biomass of the plants under salt
treatment.
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Genotypic data

The linkage map comprised 345 SNPs (Figure 1) whatlka LOD score of 4, gave nine linkage
groups (LG) representing the nine chromosomesthfde. These had a total length of 1312 cM,
with an individual length of 105 to 174 cM per L&ach LG had 33 to 48 markers, with a
median distance between the markers of 1.2 tol,2&cept for LG 9 that had 19 markers with
a median distance between the markers of 4.2 cM.

Table 1 Mean, range values and heritability for measura@its of the k5 families and their parents under drought,
salinity, nutrient deficiency and non-stress caodi

L. serriola L. sativa F>.3 families
Trait Treatment mean mean Mean Min Max H
Plant height (cm) Control-b 35.88 25.69 32.95 26.49 44.99 0.84
Drought 21.63 17.85 20.52 16.80 26.43 0.82
Control- SN 57.68 22.85 43.31 13.17 89.28 0.98
Salt 27.08 14.72 25.68 13.34 53.53 0.99
Nutrient deficiency 21.22 12.12 18.91 10.03 78.0 0.98
Fresh weight (g) Control-D 44.76 72.55 53.14 319 69.55 0.90
Drought 10.22 13.94 11.16 8.46 14.02 0.51
Control- SN 34.51 55.18 42.25 28.5 53.44 0.86
Salt 12.64 24.98 15.28 9.38 19.92 0.83
Nutrient deficiency 7.46 10.73 8.10 5.62 10.53 0.66
Dry weight (g) Control-D 3.08 3.20 3.02 1.60 4.39 0.90
Drought 1.83 191 1.62 1.19 1.96 0.66
Control-NS 2.98 2.46 291 2.12 4.32 0.90
Salt 1.33 1.97 154 1.09 2.21 0.80
Nutrient deficiency 1.05 1.58 1.14 0.78 1.58 10.7
Relative moisture Control-D 93.09 95.62 94.44 .093 95.73 0.82
content (%) Drought 81.47 85.49 84.67 79.38 88.500.89
Control-SN 91.31 95.56 93.08 88.62 94.57 0.93
Salt 89.41 92.10 89.84 85.99 91.78 0.96
Nutrient deficiency 85.88 85.32 85.81 81.53 88.76 0.89
Na’ (ug/g dry weight) Control- SN 11.02 13.24 9.19 18. 20.70
Salt 24.35 49.91 31.47 8.32 54.89
CI" (ug/g dry weight) Control- SN 10.51 19.28 15.56 247 22.13
Salt 56.37 78.47 67.78 20.65 105.67
K* (ug/g dry weight) Control- SN 44.14 82.77 66.14 388 93.07
Salt 49.91 39.22 49.10 23.39 72.92 -

Control-D: control treatment in the drought expesith Control-SN: control treatment in the salt-iartt deficiency experiment
2L. serriolaandL. sativanot significantly different

Based on the 331 co-dominantly scored SNPs in 1L8p@ldnts, the whole crop genome was
represented in the,Fpopulation. The average crop allele content in Ehg@lants was 50% as
expected, with individuals comprising of 28% to 6@6%p alleles. The selection of the 98 F
plants for the experiment did not alter the averaggp genome content. Using a significance
level of 0.05 corrected for multiple tests by thenBerroni method o=0.05/331, Bland and
Altman 1995), 8 markers (2.4%) had crop/wild allgEguency ratios that significantly deviated
from the expected 1:1 ratiggd ranging from 14 to 65). Three of these markemsiccmot be
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placed on the map and the remaining five mapped @8 where they spanned a continuous
segment of 76 cM, and they favoured the crop al(€igure 1). The flanking markers had
relatively highy2 values as wellR,,=0.0015) on both sides of the segment, indicatingpa-
random effect of distortion of the segment.

Table 2Pearson’s coefficients of correlation among thiestra

Trait Treatment Plant Fresh Dry Relative Na" Cr
height weight weight  moisture
conten
Fresh Control-D* 0.28
weight Drought 0.50
Contro-SN* 0.04™
Nutrient deficiency 0.40
Salt -0.18
Dry Control-D 0.35 0.83
weight Drought 0.29 0.58
Control-SN 0.59 0.61
Nutrient deficienc 0.24 0.7¢
Salt 0.33 0.77
Relative  Control-D -0.24 -0.19 -0.69
moisture  Drough 0.31 0.64 -0.17
conten Contro-SN -0.6¢ 0.12 -0.65
Nutrient deficiency 0.17 0.12 -0.52
Salt -0.80 0.17 -0.47
Na* Sali -0.5¢€ 0.5¢€ 0.0%"™ 0.6¢
cr Salt -0.77 0.65 0.07 0.80 0.79
K* Salt -0.32 0.0% -0.13¢ 0.23 -0.31  0.20

* Control-D: control treatment in the drought exipeent, Control-NS: control treatment in the saltriant deficiency
experimentns: correlation coefficient not significarR¥0.05)

QTL analysis

Seventeen QTLs were mapped for vigour traits (plaight, fresh weight, dry weight and
relative moisture content) and six QTLs were mapfeedon content traits (Na CI" and K).
The details about the detected QTLs under contrdlstress conditions are shown in Table 4 and
their locations on the linkage map are presentddgare 1. The QTLs were located on 8 linkage
groups, with LG1 having no QTL. The dominance dfecf the QTLs were not significant,
except for two QTLs, one for fresh weight, and aeotone for N& content, showing that the
vigour of the hybrids was not mainly due to theeh@tygous genotypes. QTL by environment
interaction (here the environments representedhleytteatments) was significant for all the
vigour trait QTLs and Clcontent QTLs. This non-additive QTL effect from omeatment to
another was due to the presence of a QTL in orantent and its absence in another or to a
differential QTL allelic effect characterized by aqual or opposite allelic effect from one
treatment to another.
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Eleven QTLs were detected in the drought experina@iat seven of them had a positive effect
from the crop allele. Five of the QTLs were comnimothe control and drought treatments, while
three were specific to the control treatment améehwere specific to the drought treatment.
Fifteen vigour QTLs were detected in the salt-ruriexperiment with five of them having a
positive effect from the crop allele and three QTiasing a positive effect from the crop allele in
either the control or salt treatment and a posigWect from the wild allele in the nutrient

deficiency treatment. Plant height was solely iitedrfrom the wild parent in all the treatments,

while the other vigour traits were inherited frowtlo the crop and the wild parents.

Although the QTLs were located on 8 out of 9 lettles, sixteen of the twenty-three detected
QTLs were located on three LGs. These were LGand 9 and they constituted QTL hotspots
because the QTLs overlapped on the same segmégusgR). On LG7 six QTLs overlapped on

a chromosome segment of 28cM and two more QTLslayyeed in a neighbouring region. Five

QTLs overlapped on LG 9 and three QTLs overlapped®4.

Table 4 QTLs for vigour traits and ion content traits magpnder drought, salt, nutrient deficiency and-siwass
conditions

Additive and_ dominance effect per treatme(®o explained

QTL variance)
QTL X
Trait name¢ Most significant marke LG E c-D? D C-SN S N
Plant L-4-1 CLS_S3_Contig52z-3-OP< 4 yes -1.89(16  -0.54(4 -4.84(8
height L-6-1 Contig13566-1 6 yes -3.15(6) -3.32(8)
(cm) L-7-1 QGB11B18.y-2-OPt 7 yes -10.23(34 -8.66(46 -5.44(23
L-9-1 CLS_S3_Contig2201-5-OP5 9 yes -6.06(12) -3.97(10) -5.34(22)
Fresh FW-2-1 CLS_S3_Contig3908-1-OP5 2 yes _ -2.84 -0.77
weight (g) FW-3-1 Contig1242-5 3 yes 2.52(11) 1.09(12)
FW-6-2 CLS_S3_Contig4649-3-OP5 6 yes -2.46(5)
FW-7-2 CLSS4482.b2_C18-6-OP5 7 yes 0.53(12) 0.91(8) -8)35(
FW-8-1 RHCLS_S3_Contig7957_5 8 yes 3.73(12) 2.85(14) @»5( 0.37(6)
FW-9-2 CLS_S3_Contig2201-5-OP5 9 yes 3.35(9) 0.39(6) Q.06( -0.37(6)
Dry weight DW-3-2 Contig1242-5 3 yes 0.07(6)
(9) DW-4-2  CLS_S3_Contig4328-2-OP5 4 yes  -0.34(18) -0.07(10)0.32(20) -0.10(10) -0.06(5)
DW-7-3  CLSS4482.b2_C18-6-OP5 7 yes 0.07(12) -0.23(11)
RMC-4-3 CLS_S3_Contig5668-7-OP5 4 yes 0.41(25) 1.28(28) 0(8)3 0.88(16)
Relative RMC-5-1 CLRY8019-1 5 yes 0.24(9) 0.40(3)
moisture RMC-7-4 QGB11B18.yg-2-OP5 7 yes 0.72(23) 0.98(32) -0.9p(1
content
(%) RMC-9-3 | smM16121.b1_B24-1-0P5 9 yes 0.48(4)  0.40(7) 0)8(8
Na' (Ha/g o 7.5
dry matter) CLSM4311.b1_M21-1-OP5 7 NA - - 9.34/3.36(48)
CI" (uglg Cl-7-6 CLSS4482.b2_C18-6-OP5 7 yes - - 10.29(24)
dry matter) CI-9-4 CLS_S3_ Contig2201-5-OP5 9 yes - - 6.71(8)
K*(uglg K-7-7 CLS_S3_Contig4590-1-OP5 7 yes - - -8.44(24) -
dry matter) K-7-8 CLSS4482.b2_C18-6-OP5 7 No - - 5.23(8) 5.23(8) -
K-9-5 CLS_S3_Contig22(-5-OPt 9 No - 3.68(5 3.68(5 -

1 QTL names are derived from the traits they detegrfollowed by the linkage group on which they Ereated and the number
of the QTL on that linkage group; 2 QTL effect twe crop allele: positive value: effect positive fbe crop allele, negative
value: effect positive for the wild allele).Underdid values: significant dominance effect; 3 C-Dntodl treatment of the drought
experiment; C-SN: control treatment of the saltrient experiment; D: drought treatment, S: salatiment, N: nutrient
deficiency treatment; 4 NA: not applicable becamse QTL was detected per trait
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Figure 1 Linkage map of 345 SNPs based on 18pl&nts derived from a cross betwdersativaandL. serriola The names of
the markers are shown on the left of the LG bar #reddistance is given on the right in centiMorganghe markers with
distorted segregation are shown in red (distortdovards the crop allele). The genomic localizagiohthe QTLs for plant height
(L), fresh weight (FW), dry weight (DW), relativeamsture content (RMC), sodium (Na), potassium (K}l &hloride (Cl) as
mapped under control (black), drought (red), dali€) and nutrient deficiency (green) condition®&F 3 amiiesare represented
by the blocks. Solid QTL block: effect positive fthe crop allele; open QTL block: effect positiver fthe wild allele.
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Figure 1-Continued

QTL epistatic effect

Twenty-one QTL pairs epistatically affected thdatsrainder the five treatments, increasing the
explained phenotypic variance by 6 to 12% (TableHs8terozygosity did not play an important
role in the epistatic effect: for 18 QTL pairs, tpeedicted means for homozygous genotype
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combinations were equal to or greater than the igiesl means for the heterozygous
combinations. Four of these QTL pairs were homomggfor the crop allele, six were
homozygous for the wild allele, and eight of thelQMairs were homozygous for the crop allele
at one locus and homozygous for the wild allelénatother locus.

Table 5 Significant QTL x QTL interactions as detectedgeneralized linear model analysis fitting the ntifL
effects and adding interaction between one pa@Tifs at a time

% Predicted genotypic medns
Treat- Trait QTL x QTL expl. ala a/h a/b h/a h/h h/b b/a b/h b/b
ment variance
C-D Plant height (cm) L-6-1x RMC-5-1 11 32.7 31.8 355 30.1 33.4 34.5 34.0 32.6 31.9
Dry weight (g FW-6-2 X DW-4-2 8 26 27 26 25 32 3.1 28 32 38
Relative moisture L-4-1x RMC-5-1 7 94.8 94.7 93.5 94.6 94.4 94.2 94.7 94.5 94.4
content (%) FW-2-1x RMC-5-1 7 94.7 94.9 94.0 94.8 94.3 94.1 94.5 94.6 94.2
D Plant height (cm) FW-8-1x DW-4-2 12 18.2 21.3 20.4 19.7 20.8 20.2 20.7 19.4 21.8
Dry weight (g) FW-3-1x RMC-4-3 12 17 16 16 15 17 1.8 15 16 1.6
Relative moisture L-6-1x FW-8-1 9 85.3 84.0 84.2 83.9 85.1 86.3 83.7 84.3 85.2
Content (%)
coN Fresh weight (g) L-4-1x L-9-1 11 43.2 41.6 g7.l 44.4 43.1 38.8 ]?_:9.5 42.5 38.1
L-6-1x RMC-4-3 11 45.7 41.0 42.9 35.8 43.1 43.5 39.2 42.1 42.0
Dry weight (g) L-4-1x L-9-1 9 29 28 32 28 31 2.8 24 30 3.1
L-4-1x L-7-1 8 2.8 2.9 3.4 2.7 2.9 3.2 1.9 3.0 2.8
L-7-1x L-9-1 11 2.7 2.6 2.4 2.7 3.1 3.0 2.7 3.2 3.6
L-7-1x FW-8-1 7 2.6 2.6 3.1 3.2 2.9 2.7 3.6 3.2 2.8
Relative moisture L.4-1x L.9-1 6 934 932 931 936 392.8 928 940 929 919
content (%) L-9-1x DW-4-2 6 932 936 937 933 930 927 933 929 916
DW-4-2x RMC-5-1 6 94.0 93.7 92.4 93.4 93.2 93.1 92.0 92.4 92.9
N Plant height (cn L-7-1x L-9-1 6 11.2 7.7 14.C 13.1 20.C 254 15.€ 25.7 31.€
Dry weight (g) L-7-1x L-9-1 12 13 12 11 11 12 1.2 10 11 1.3
S Plant height (cm) L-4-1x L-9-1 6 22.9 224 27.0 20.7 24.9 24.9 25.5 29.2 40.8
Fresh weight (¢ FW-6-2 x RMC-5-1 7 15.¢ 15. 14.€ 16.2 15.t 14.4 14.5 14.7 16.€
Relative moisture 6 90.6 90.1 90.9 89.7 89.5 90.7 89.3 89.5 88.7

content (%) L-9-1X DW-4-2

1 a: homozygous for the crop allele, b: homozydoushe wild allele, h: heterozygous; 2 C-D: cohtreatment of the drought
experiment, D: drought, C-SN: control treatmenthef salt-nutrient experiment, N: nutrient, S: salt

Discussion

Early life stages of plants such as germinatiordbeg stage and vegetative growth are crucial
phases as they determine the survival and reprioduct the plant, especially under stress
conditions (Albacetest al. 2008; Donohueet al. 2010; Foolad 1996). IAvena barbataearly
plant growth was found positively correlated tovsual, fully grown plant biomass and plant
fitness under field conditions (Latta and McCair02p In lettuce crop-wild hybrids, selection
takes place on young plants, leading to survivingdges with higher vigour and fitness than the
wild genotypes (Hooftmagt al.2009; Hooftmaret al.2005). We studied the tolerance of young
lettuce crop-wild hybrid plants to drought, salniand nutrient deficiency and mapped QTLs
associated to plant vigour under those conditians families derived from a cross between
serriolaandL. sativa
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Crop genome content in the hybrids

Interspecific crosses have been reported to raésutigh pre-zygotic segregation distortion in
progeny (ranging from 22% to 90% of the markers)l &am be associated with reproduction
barriers (Jenni and Hayes 2009; PHittal. 2010; Yueet al. 2009). The relatively low rate of
distorted segregation in the population (2.4%) is consistent with the closatedness of.
serriola and L. sativa and the complete fertility between the two spediés Vries 1990;
Koopmanet al. 1993; Koopmaret al.2001). In the same crop-wild cross, Hooftnedml. (2011)
observed a segregation distortion of 7.5% undeerdgreuse (no mortality) conditions. Their
results are similar to ours with the differencep@rcentage accountable to different methods of
correcting the significance level for multiple ®sThe region on LG3 where the distortion was
located in our study could unfortunately not be pared with Hooftmamt al. (2011) results due

to the lack of common markers. The occurrence oiogec regions which favour one of the
parental alleles may result in an increase in feegy of one parental allele at the expense of the
other allele in subsequent generations. This haggression consequences: on one hand, further
selfing of the hybrids will lead to a rapid fixati@f the crop alleles in regions such as on LG3
where the crop alleles are favoured over the wlikeles, regardless of the fitness effect of the
crop (trans)genes. On the other hand, regions fawpthe wild alleles will slow down the crop
allele fixation, although none was identified iristltross. The identification of such genomic
regions with pre- and post-zygotic segregationodigtn could be exploited to minimize the
introgression likelihood of transgenes. Howevee, tise such regions in minimizing the escape
of transgenes will depend on the stability of tistaition over generations and across genotypes.

Phenotypic variation and heritability of the traits

Hybridization between cultivated and wild lettuesulted in a moderate to high heritability for
the vigour traits and hybrids show improved vigower the wild parent under non-stress and
stress conditions. These results lend credenceendqus experiments on lettuce which have
shown that crop-wild hybrids could perform equatly better than the wild parent and that,
depending on their fitness, hybrids could displdmewild taxonL. serriolain its natural habitat
(Hooftmanet al.2005; Hooftmaret al.2008). The results also suggest that, if earlpwigesults
in better fitness, lettuce hybrids could outperfattme wild parent under stress conditions of
salinity, drought and nutrient deficiency. Thessutes are in line with the experimental results on
radish Raphanusspp.) (Campbell and Snow 2007; Campletllal. 2006) in which hybrids
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outperformed the wild parent in a new environméetjce indicating that hybrids could invade
new ecological areas.

QTL effects

Hybridization brings together two species genomes might result in the creation of new
genotype combinations which will define the perfarme of the hybrids. Despite the close
relatedness betweén serriolaandL. sativg a previous study has shown that the two specees a
molecularly distinguishable (Chapter 2). Improvedbiid vigour in early generations of hybrids
has been associated with heterosis through donmenameerdominance and epistatic loci in
repulsion phase (pseudo-overdominance) (Bircétaal. 2003; Burke and Arnold 2001). Hybrid
vigour due to dominance and overdominance is ergect be short lived as it is associated with
the advantage of the heterozygote genotypes whedkb down over subsequent generations due
to selfing. In this study additivity was the majlielic action at 16 of the 17 vigour QTLs
identified in the E population. Dominance was significant for one ug®TL (FW-2-1), hence
dominance is likely not the most important genbasis behind the improved vigour among F
families.

Conversely, epistasis as a result of non-additifectof genotypes at two QTLs was significant
for the traits under stress and control conditiddsspite the proven importance of epistasis on
polygenic traits (Tisnét al.2010; Yuet al. 1998), it is often underestimated due to theireqd
large population size which is experimentally obading to handle, combined with
computational load, which makes it difficult to scall pairs of loci, especially in highly
heterozygous populations such as(Carlborg and Haley 2004). In a whole genome egista
analysis, (Baket al.2010) found that the interaction between iderdifi@TLs accounted only for
18% of all the interacting pairs of loci. We havelpably also underestimated epistasis, as it was
calculated only for those loci whose main effecswagnificant on their own and the background
loci were not included in the interaction analy§lespite the inclusion of only a subset of all loci
in the analysis, the effect of epistasis was siggift and it accounted for 6 to 12% of the
phenotypic variance of the traits per pair.

Many of the vigour QTLs mapped to the same genaeugons in this study, notably on LG4,
LG7 and LG9. Co-localizing QTLs were also obtaifgdBaacket al (2008) for traits related to

survival and morphology in a recombinant inbree lpopulation of crop-wild sunflower hybrids.
QTL co-localization may be due to a pleiotropiceetf if one QTL affects more than one trait,
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but it is also possible that the QTLs are gendyidaiked and inseparable with the markers and
recombination events observed in this study. Thahlioation of QTL hotspots with QTL x
treatment interaction through opposite allelic efffacross treatments makes it difficult to choose
which QTL region favours which parental allele. Weheless, these regions will remain under
selection, positively or negatively, depending onttie prevailing conditions (optimum, dry,
saline or nutrient deficient). The QTL region on Z.@orresponds to the QTL for germination
under low and high temperature with a positiveaffeom the wild allele (Argyriet al.2005). It
also overlaps with the QTL for the number of latewts in the bottom length of the tap root
with a positive effect from the wild allele (Johmnset al. 2000), indicating that the region could
be under positive or negative selection. Therefioréhe process of creating genetically modified
cultivars, such QTL regions should be avoided wiketecting a transgene insertion event
because, if the regions are under positive selecteading to an increased frequency of linked
loci through genetic hitchhiking, neutral crop Bk or transgenes in the population (Hooftman
et al.2011; Kwitet al.2011; Stewaret al. 2003).

From R progeny, the natural process of introgressiomtitute will continue with the creation of
inbred lines through continued selfing or backcess®L. serriola or a combination of the two.
Therefore, further research encompassing genesatioselfing and backcrossingltoserriolais
needed in order to establish the relevance of #dtected QTL regions. Furthermore, this study
was limited to plant vigour at an early stage obvgh of the hybrid plants under controlled
greenhouse conditions, while spontaneous crop4wjlitids grow under natural field conditions.
Additionally, greenhouse and field experiments ao¢ always consistent (Gardner and Latta
2008; Latta and McCain 2009). Hence, the hybridsukhbe evaluated on the field in order to
correlated early vigour with adulthood and reprdau and link individual stress treatment with
field conditions which may encompass multiple abistress factors in combination with biotic
stress factors such as diseases and herbivores.
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Abstract

After crop-wild hybridization, some of the crop ssgnts are established through selfing of
the hybrids or introgressed by backcrossing towiié parent or a combination of the two,
depending on the reproductive system of the pldntdettuce, selfing is the most likely
pathway that the hybrids will follow due to its fspbllination nature. However, introgression
through backcrossing to the wild parent is alselliko happen due to the high frequency of
the wild plants relative to the hybrids. To test #ffect of backcrossing on the vigour of the
hybrids, two backcross populations of lettuce warsated from a cross betweknserriola
and L. sativaand backcrossed to. serriolato generated BCand BG populations. Plant
vigour was tested in the two populations under mnease conditions of non-stress and
abiotic stress conditions of salinity, drought andrient deficiency. Despite the decreasing
crop genomic composition in the backcross poputatiche hybrids were characterized by a
substantial genetic variation and hybrids were tified under non-stress and stress
conditions that performed equally or better thaa Whild genotypes, indicating that two
backcrossing events did not eliminate the effecthef crop. QTLs for plant vigour under
non-stress and the mentioned stress conditions deterted in the two populations with a
positive effect from the crop and the wild parefased on the location of the QTLs on the
linkage groups, we suggest genomic regions wharesgrenes could be inserted in order to
limit their persistence through genetic hitchhiking
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Introduction

One of the debated ecological risks associated tivélcommercial cultivation of genetically
modified crop varieties is the possibility of ingression of transgenes from crops to their
wild relatives through hybridization. It is feartdht introgression may increase the weediness
of the wild relatives in agricultural areas, caugenetic erosion of the latter in wild
populations, or result in crop-wild transgenic wlilieages invading new habitats (Greotal.
2003; Pilson and Prendeville 2004; Snat al. 2005; Tiedjeet al. 1989). Because
hybridization between crops and their wild relasivie likely for most of the crop species
(Ellstrand 2003; Ellstrandt al. 1999), the outcome of hybridization between crapd their
wild relatives has become a subject of many rebkeatadies, using either transgenic or
conventional crop varieties (e.g. (Baastkal. 2008; Dechainet al. 2009; Hooftmaret al.
2009; Snowet al.2003).

The net effect of crop-wild hybridization may begagéve, for instance if crop genes reduce
the competitive ability under natural conditionspositive, if hybrids inherit combinations of
additive positive traits from the crop and the wplarents (Burke and Arnold 2001). If hybrids
are viable and fertile, hybridization can resultairswarm of hybrids in which crop and wild
genomes interactively define the hybrid phenotygeem the k progeny onwards, crop
alleles can be fixed through selfing or through Koagssing to the wild parent. Natural
selection will purge out maladapted genotypes, itgpthose genotypes with the same or
higher net fitness as the wild parent in the natuabitat of the wild taxon, or with broadened
adaptation as a result of transgressive segreg@texeret al.2003b; Riesebergt al. 1999).

Initially, any crop gene in a hybrid plant will e a chromosome segment comprising the
gene itself and other genes linked with it, andfitmess effect will depend on the effect of
the whole chromosome segment (Hooftnediral. 2011). In the course of crop allele fixation,
a gene that confers a selective advantage maythmgiessed, but it will do so along with
other loci tightly linked to it, even if these areutral to fitness. In the same way, a gene may
be selected against due to its linkage to a dédetemgene (Barton 2000; Kweét al. 2011;
Stewart et al. 2003). It is within such a context that the dynesnbf the process of
introgression from crops to wild relatives congéta baseline for understanding the effects of
transgene escape and fixation into wild taxa (Baaek.2008; Chapman and Burke 2006) .

We have initiated a study in which we follow thenggc process of introgression from
cultivated lettucel(actuca sativa..) to its wild relative prickly lettucel@ctuca serriolal.).
The two species hybridize successfully, giving l@ahnd fertile hybrids (De Vries 1990),
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hence making a typical crop-weed complex. Dedpiéelimited outcrossing rate in the two
species (D’Andreat al. 2008; Thompsoret al. 1958), we have identified crop-wild hybrid
plants among natural populationslofserriolawhich are a result of spontaneous gene flow
between the two species (Seleapter 2).

In a previous study we have explored the genetsishaf hybrid vigour in an Fpopulation
resulting from a synthetic cross between cultivdiederriola andL. sativa(see Chapter 3).
We mapped QTLs for plant vigour, which co-localizeda small number of chromosome
regions, with additive QTL main effect and epistaas the major genetic effects. After
hybridization, the crop segments will be establishethe wild background or eliminated by
selection either through selfing of the hybridstlmough backcrossing to the predominant
wild plants, or a combination of the two processBslfing generations after a single
hybridization event between the crop and the wddepts are characterized by crop genomic
segments which constitute an average of 50% ofhyi@id genome. In contrast, every
backcross to the wild parent decreases the cropngercontent by half, while the crop
genome segments become smaller through recombinéfiopplementary material Figure
S3). In this way, crop segments that contributéhto vigour and fitness of the hybrids get
introgressed with a decreasing number of hitchigikoci with each backcross generation.
Therefore, the fitness effects of a transgeneerctintext of its genomic location will differ in
the selfing and backcrossing pathways.

In this study we follow up the crop-weed complexLofsativaandL. serriolain a marker-
assisted introgression study, and we focus on &@ BG generations in which. serriola
was the recurrent parent, hence mimicking the gmassion process from crops to wild
relatives through repeated backcrosses with wilgufadions. We want to get answers to the
following questions: (1) Do the backcross generaiexhibit transgressive segregation for
vigour? (2) Are the vigour QTL regions that wereentified in the selfing pathway £{F
population) also detected in the backcross pomuia#l (3) How does the contribution of the
crop to the vigour of the hybrids change with theréasing wild genetic background?

Materials and Methods
Generation of Bg€and BG hybrid progeniesind genotyping

The present study concerns two backcross poputatiB@; and BG, back-crossed td..

serriola to mimic the natural introgression from a crogtsowild relative. Flowers from the
F1 hybrid plant resulting from a cross betweeactuca serriola(collected from Eys, the
Netherlands) and.actuca sativa(cv. Dynamite), which was also used to create Rpe
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population (Chapter 3), were hand-pollinated withserriola pollen to generate Bdines
according to the lettuce pollination protocols bgdgdta (1992) and Ryder (1999). By the
same method, B{plants were created using the sdmserriolaparental line.

Because the B{population was developed before the 1083 Singlelédtide Polymorphism
(SNP) markers were available (see chapter 3) 18®iduals of the BE population were
initially genotyped using the then available 384 PSNmarkers (OPA 1 and 2,
http://compgenomics.ucdavis.edu/compositae_ SNR.plgne hundred sixty-seven SNPs

were successfully scored in the 192;Badividuals but resulted in a sparse genetic lggka
map. Based on the genotypes, 100, B@lividuals were selected to be used in greenhouse
experiments, using the program “Genetic Distanc&n@pation program” (GDOpt) (Odong
et al.2011). Forty-five of the 100 B(plants were backcrossedlioserriolato generate BEC
lines. At the same time, the Bdines were left to self-pollinate to BS; seeds
(Supplementary material Figure S3). Six hundred B@ividuals (12 BG plants for each of
the 45 back-crossed Bdines) were regenerated and selfed to producgSBseeds. When
768 SNP markers were developed and a customizede@@Ghte genotyping panel of 384
SNPs which were polymorphic between the parehtssgérrioladEys andL. sativa cv.
Dynamite) was completed (Chapter 3), the 10Q B@ividuals were genotypes again in order
to improve the map density of the B@opulation, along with 458 randomly chosen,BC
individuals. Based on their genotypes, a seleaialD0 BG individuals was made using the
program GDOpt and their BS; progenies were used in greenhouse experiments

Greenhouse experiments

The BGS; and BGS; seeds of the selected 100 B&hd 100 Bg individuals were used in
greenhouse experiments together with their parébisserrioldEys andL. sativa cv.
Dynamite). We also included two linds, serriolaacc. UC96US23 and. sativacv. Salinas,
which, together with the parents, were used torege the environmental error. The parents
and the two additional lines were replicated 12e8nper treatment, and each B&hd BG
individual was represented by 12 B¢ and BGS, seedlings per treatment respectively.

Experiments were conducted separately for the topulations, using the same set up as in
the F, experiments (Chapter 3). For each population, éwperiments were carried out, one
comprising salt and nutrient treatments togetheth wva control treatment and another
experiment comprising a drought treatment togetiér a control treatment. The drought
experiment for the BCpopulation was carried out in the period of FebytMarch 2009, the
salt and nutrient experiment for the B@opulation was carried out in April-May 2009, the

65



drought experiment for the B@opulation was carried out in November 2009-Jan@ad 0
and the salt and nutrient experiment of the sanpellption was carried out in January-March
2010. After transplanting, the plants were giveriewéwice a week for two weeks after which
the stress treatments were applied. For the dravegtment, the plants were not given water
for three weeks; for salt treatment, irrigation @vawvas supplied with 100 mM NacCl, and for
nutrient deficiency treatment, plants were irrigatgith water without nutrients for three
weeks. At the end of the fifth week after transfitagn(at the rosette stage) we measured plant
vigour for individual plants as shoot height, shfresh weight and shoot dry weight (after
drying at 80°C for 3 days). We calculated shoaitied moisture content as the ratio of the
amount of water in the shoot to the total shootgie[(fresh weight-dry weight)*100/fresh
weight].

Construction of the linkage maps

Out of 384 SNP markers, 347 were successfully scoréghe 100 B¢ individuals and 348 in
the 458 BG individuals. Genetic linkage maps of the two papiohs were built separately
using JoinMap® 4 (Van Ooijen 2006). The B@opulation was handled as a back-cross
population without selfing (Bfzrg and the expected genotype segregation was adjtiste
3:1. The marker grouping was kept the same aseBth and F, populations, and the order
of the markers and their genetic distances wemilzbd based on recombination among the
BC; individuals. The linkage maps were displayed gisitapChart2.2 (Voorrips 2002).

Analysis of phenotypic data

Statistical analysis was performed using GenStét Edgition (Payneet al. 2010 ). The
drought and the salt-nutrient experiments wereyaedl separately. The significance of the
different terms was determined by the analysisapiance, fitting the model

Response = general mean + block + genotype + treatm* genotype.treatment + error
with the termgenotyperepresenting the hybrid families (B& or BGS;). Broad sense
heritability of the traits was estimated for eadatment in each population as the proportion
of the total variance accounted for by the genaitance using the formula:

H? = Vg/(Vg+Velr)

whereVg is the genetic variance for the B or BGS, families, Ve is the environmental
variance, and is the number of replications (Chahal and Gosa02. Vg was estimated
based on the restricted maximum likelihood (REMIethod from the mixed model:
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Response = general mean + block + genotype + error

with the termgenotypeaken random. Because Bf; and BGS, families were segregating,
the termVewas the error variance derived from a one-wayyasmabf variance of the model:

Response = general mean + block + parents + error

with the term parentsrepresenting the two parentk. (serrioldEys andL. sativa cv.
Dynamite) and the two added lin@s serriolaacc. UC96US23 and. sativacv. Salinas).

Quantitative Trait Loci analysis

The genetic linkage map, the genotype scores anghbnotypic means were combined for
QTL analysis using the QTL analysis function of Gt 14' Edition (Payneet al. 2011).
Each trait was analysed individually using the Engait — multiple environment option of
the program. The BCand BG populations were analysed separately. The B&pulation
was handled as a B(gopulation. To adjust for the calculation diffeces caused by the
marker gaps due to the additional recombinatiomewethe BG population, the gaps in the
BC2 linkage map were filled with virtual markers ialn were given missing marker scores.
Thirty-five virtual markers were added on LG1, 2,4 5, 8 and 9, keeping a maximum
distance of 12 cM between the markers (Figure 2).

In order to effectively model genotype by envirommnmteraction (GxE, with environments
represented by the different treatments) through. @Y environment interaction (QTLXE),
each trait was analysed individually using the l@nigpit — multiple environment option of the
program. Genome-wide association between markedstiaits was decided based on a
significance level of 0.05 corrected for multipksts using the Li and Ji method (Li and Ji
2005). After the selection of the best varianceacmnce model for the treatments (Malosetti
et al. 2004), the candidate QTLs were determined byaihiienome scan. Final QTL
positions were determined by composite interval piragptaking into account co-factors. The
allelic effect of the detected QTLs in each treatiméhe effect of QTLXE and the explained
phenotypic variance of each QTL per treatment watermined by running a backward
selection on the candidate QTLs in a mixed lineadeh, taking the QTL effect in each
treatment as fixed terms and the interaction betvezeh hybrid family and the treatment as
random (Mathewst al. 2008). In that way, each QTL detected in one tneat was tested
for its effect and significance in the other treahts.

To test for QTL epistatic effect (QTL x QTL), thdéagnotypic means were regressed against

the genotypes of the most significant markers frheQTL in a generalized linear model.
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One marker was considered for each QTL region,ran@TL interaction was estimated for
QTLs on the same LG. For each treatment, everywias explained by the main effects of all
the detected QTLs to which interaction between aie of QTLs was added at a time. The
interaction effects of the QTL regions that weraque to the BE population were also
included in the QTLxQTL analysis in BOQTLXQTL interaction was decided significant at a
level of 0.05 corrected for the number of the sraising the Bonferroni method (Bland and
Altman 1995).

Results

Phenotypic variance among the hybrid families

Backcrossing rendered the hybrid plants morpho#ilyicvery similar to their wild parent,.
serriola. Vigour depended on the backcross families angkddretween the treatments in the
two hybrid populations as revealed by the signifa@of GXE Pgenotype x treatmer0.001 for alll
traits). The BES; and BGS; families showed a wide range of means for the vigoaits
under stress and non-stress conditions (Table dipeSrait-treatment combinations such as
plant height under all the treatments and dry weigkder control and drought conditions
showed transgressive segregation over the two {sarEor all traits and in both backcross
generations the mean of the wild parenserriolawas lower than the maximum mean of the
hybrid families. In spite of a second generatiorbatkcrossing from BCto BG, for each
trait-treatment combination individual BE andBC,S; plants and families stood out that
performed better than the two wild genotypds EerrioldEys and L. serriola acc.
UC96US23, Table 1 and Supplementary material Fgg8eand S5,), indicating that the BC
plants still contained crop genome segments whactributed positively to their vigour.

Genetic variation as expressed by broad senseabiitit of the traits ranged from 0.44 to
0.95 in the B& experiments, showing that a substantial part efghenotypic variation was
due to genetic factors (Table 1). In the drouglptegdxnent, heritability decreased from control
to drought treatment for all traits. In the saltmant experiment, the heritability decreased
from control to stress treatments (salt and nutréeficiency) for plant height, fresh weight
and dry weight, but it increased for relative maistcontent, with a greater increase in the
nutrient deficiency treatment (from 0.64 to 0.90).

In the BG population, heritability of the traits among E8¢ families ranged from 0.43 to
0.85, which is comparable to the range found in B@ population(Table 1). Also

comparable to the B(population is that the heritability decreased froomtrol to drought in

the drought experiment for all the traits in the,BGpulation.
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In the salt-nutrient experiment, heritability dexsed from control to salt for fresh weight and
dry weight, while it slightly increased for planeight and relative moisture content. In the
same experiment, heritability considerably decréaseler nutrient deficiency conditions for
plant height, from 0.85 under control to 0.43 unaigtrient deficiency conditions. The genetic
changes due to a second backcross to the wild tolaoem BC, to BG; led to a decrease of the
heritability of the traits for most of the traietitment combinations. The most remarkable
changes were under nutrient deficiency conditiovisgere heritability decreased by 50% for
plant height, while it increased by 34% for freshight, 23% for dry weight and 18% for
relative moisture content in the same treatment.

Table 1 Parental means and mean, minimum and maximum vaoesheritability of the BES; and BGS,families for
vigour traits under non-stress, drought, salinitgl autrient deficiency conditions

Hybrid families

Trait Treatment L. serriola L. sativa Mean Min Max H
BGS:
Plant height (cm) Control-D 31.42 23.52 30.87 27.43 36.19 0.86
Drought 16.58 13.19 16.05 13.53 18.53 0.74
Control- SN 33.36 17.95 28.75 22.39 42.64 0.95
Salt 16.72 14.70 17.18 13.40 24.93 0.95
Nutrient deficiency 10.57 8.75 10.07 7.88 13.35 0.86
Fresh weight (g) Control-D 39.20 68.11 46.56 25.25 62.26 0.87
Drought 6.48 8.01 6.46 5.40 8.14 0.48
Control- SN 25.52 39.15 27.24 21.76 32.27 0.79
Salt 8.40 20.13 10.85 7.90 14.35 0.69
Nutrient deficiency 2.60 4.82 3.16 2.46 3.92 40.4
Dry weight (g) Control-D 2.42 3.14 2.87 1.51 4.09 0.90
Drought 1.15 1.38 1.16 0.93 141 0.80
Control-NS 2.01 2.56 2.13 161 2.75 0.75
Salt 0.84 1.79 1.07 0.74 143 0.59
Nutrient deficiency 0.50 0.90 0.61 0.42 0.86 20.6
Relative moisture Control-D 93.80 95.41 93.89 3.0 94.83 0.75
content (%) Drought 81.97 82.56 81.77 79.26 84.74 0.69
Control-SN 92.11 93.50 92.24 91.25 93.21 0.64
Salt 90.00 91.18 90.18 89.23 91.24 0.67
Nutrient deficiency 81.03 81.85 80.77 77.84 85.09 0.90
BCS
Plant height (cm) Control-D 29.17 24.09 37.01 0.85
Drought 14.02 12.32 14.32 12.39 17.75 0.77
Control- SN 21.02 16.63 21.51 17.51 28.04 0.80
Salt 16.54 13.62 16.54 13.01 22.2 0.84
Nutrient deficiency 11.62 10.07 11.33 9.69 14.05 0.43
Fresh weight (g) Control-D 27.21 67.25 38.59 23.38 54.89 0.73
Drought 5.24 5.46 4.55 331 6.32 0.37
Control- SN 13.70 31.32 17.64 13.19 26.39 0.72
Salt 9.31 17.87 10.35 7.27 13.36 0.63
Nutrient deficiency 4.87 7.14 5.34 4.26 7.65 0.5
Dry weight (g) Control-D 2.08 3.34 2.76 181 3.95 0.80
Drought 1.1% 1.22 1.06 0.88 1.27 0.50
Control-NS 1.03 1.88 1.31 0.96 1.94 0.71
Salt 0.84 1.29 0.92 0.65 121 0.61
Nutrient deficiency 0.68 0.83 0.71 0.50 1.16 60.7
Relative moisture Control-D 92.28 95.06 92.86 82.0 94.03 0.78
content (%) Drought 77.94 77.53 76.12 71.72 80.39 0.77
Control-SN 92.52 94.06 92.61 91.79 93.79 0.73
Salt 90.95 92.85 91.24 89.92 92.36 0.76
Nutrient deficiency 85.88 88.26 86.70 84.49 89.48 0.79

1 Control-D: the control treatment of the drougkperiment, Control-SN: the control treatment of sladi-nutrient experiment
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Allelic composition of the hybrids and linkage maps

BC; individuals on average contained 26% crop genoiitie ndividual plants ranging from
11% to 39%. The population was characterized by op segments in a heterozygous state
which sometimes spanned all the markers on a whokage group (Figure 1A). One
additional backcross to the wild parent resulted neduction of crop genome content to 14%,
varying among Begindividuals both in segment size and proporticarabunt, ranging from
3% to 29% (Figure 1B). Twenty-five markers (7%) wied a segregation distortion towards
the crop allele in the BCpopulation. Because none of the markers was tiston the BG
population, the segregation distortion in the,Bfpulation was most probably due to the
selection of the 45 BfCplants that were backcrossed lto serriola to create the BEL
population.

The linkage maps, shown in Figure 2, consist oéninkage groups (LG) which represented
the nine chromosomes of lettuce (Truatoal. 2007). The same marker order was obtained in
the BG and BG populations. The BCmap was made of 347 markers spanning a totalHengt
of 1301 cM, while the B&map had 348 markers with a total length of 1403 ThE linkage
groups contained 34 to 50 SNP markers, except WG&h had 18 markers. As mentioned in
the QTL analysis subsection of Materials and Meshadrtual markers were added on the
BC, map to fill up the gaps for better QTL mappingutess These markers are underlined in
the BG linkage map (Figure 2).
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Quantitative Trait Loci

Twenty QTLs associated with plant vigour were mabpethe BG population, 5 for plant
height, 4 for fresh weight, 4 for dry weight andor relative moisture content (Table 2 and
Figure 2). The QTLs were located on all linkageugp® except LG2. Only three of these
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QTLs had the same order of magnitude additive effeall treatments. The remaining QTLs
were significantly affected by QTLxE. QTLs for ptameight had an additive effect positive
for the wild allele in the two control treatmentspught and salt treatments. Under nutrient
deficiency, two of the plant height QTLs had aniade effect positive for the wild allele,
while three QTLs for the same trait were positigethe crop allele, including two QTL&{
3-3 and L-7-1) which had a positive effect for the wild allele other treatments, hence
showing opposite allelic effects from one treatnterdanother.

Fresh weight QTLs were inherited from the crophasd of the QTLs for this trait showed a
positive additive effect for the crop allele. Dreight was inherited from both the crop and
wild parent as three of the QTLs for the trait laaglositive additive effect for the crop allele,
while one QTL for that trait showed a positive danei effect for the wild allele. Relative
moisture content QTLs were inherited from both ¢hep and the wild parents. Four of the
QTLs mapped for this trait had a positive addiefkect for the crop allele, while the additive
effect was positive for the wild allele for the raming three QTLs.

Fewer QTLs were mapped in the Bthan in the Bg population (Table 2 and Figure 2).
Thirteen QTLs were mapped in BQor vigour-related traits. Four of the QTLs were
significant in all the treatments with the same itndel effect, hence having non-significant
QTLXE effect, while the remaining nine had werengfigantly affected by QTLXE. Two of
the QTLs for plant height had a positive additifee@ for the wild allele and they were
significant under the control treatment of the -saltrient experiment and under salt
treatment. The other two had a positive additifeatffor the crop allele.

The three fresh weight QTLs had a positive addig¥fect for the crop allele. For the dry
weight QTLs, one had a positive additive effecinirthe crop allele and the other one was
positive for the wild allele. Relative moisture ¢emt QTLs were inherited from both the wild
and the crop parent.

QTL epistatic effects

QTL epistatic effects on the vigour traits werengigant in the two hybrid populations and
under stress and non-stress conditions. In the @Pulation epistasis was estimated for 10
QTL pairs and it explained 4 to 9% of the phenatymariance per individual QTL pair and
up to 23% per trait. Nine QTL regions mapped in,B@d 6 QTL regions unique to the BC
population were used for QTL epistatic effect asalyand they explained 3 to 11% of the
phenotypic variance per QTL pair and up to 27%tpet (Table 3). There were more QTL
pairs in the BG population showing significant interaction thartive BG population, which
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could be due to the fact that more QTL regions warduded in QTLXQTL interaction
analysis in the B&€population. None of the QTL pairs was significamtboth populations.

There was more consistency in QTL epistatic effe®C, than in the Bgas only one QTL

pair (L-3-3 x RMC-8-4 was significant for the same trait (plant heightider control and

nutrient deficiency conditions while one QTL patuid affect more than one trait in the BC

population.

Table 2 Quantitative trait loci mapped in 100 B& and 100 BGS, families for vigour traits under non-stress,
drought, salt and nutrient deficiency conditions

QTL Additive effect for the crop allele (% expl. var@g)
QTL X
Trait Pop. name Most significant marker LG E ClD D C-SN N S
Plant BC, L-7-1 QGF25M24-1 7 yes -2.1(6) 0.4(3)
height L-9-1 CLS_S3_Contig2201-5-OP5 9 yes - -0.8(13)  -2.3(30)
(cm) 4.6(32)
L-1-1 QGC26E22.yg-2-OP4 1 yes 0.7(12)
L-3-3 QGF21B10.yg.abl_PAP2_LE1382_12 3 yes -0.5(6) (8)39
L-5-2 CLS_S3_Contig1313-2-OP5 5 yes  -1.2(11) -1.7(4) 50B). -1.5(13)
BC, L-7-1 QGB11B18.yg-2-OP5 7 yes -1.3(4) -0.7(3)
L-9-1 CLS_S3_Contig2201-5-OP5 9 yes -0.5(3)
L-4-4 Contig1094-1 4 no 0.4(1) 0.4(6) 0.4(1) 0.4(9) 0)4(2
L-8-2 CLX_S3_Contig8250_1298 8 yes 1.5(8) 0.7(14)  1.9(19)0.4(6) 1.57(24
Fresh BC, FW-7-2 CLSS4482.h2_C18-6-OP5 7 yes 4.0(10) 0.2(4) 1.0(4) .3(20) 1.3(22)
weight FW-9-2 CLS_S3_Contig2201-5-OP5 9 yes 2.4(3) 0.3(17) 3.5(
9) FW-1-2 QGG6E14.yg.abl_PHYB_1360 1 yes 4.3(11) 1.5(11) (49.1 0.9(11)
FW-4-5 Contig6039-19 4 yes 3.04(6)
BC, Fw-7-2 CLS_S3_Contig7594-1-OP5 7 no 0.3(1) 0.3(9) 0.3(1) .3(%) 0.3(1)
FW-1-2 CLSS3922.b1_C21-4-OP4 1 yes 2.7(7) 2.3(19) 1)0(19
FW-8-1 RHCLS_S3_Contig9441_1 8 no 0.3(1) 0.3(13) 0.3(1) 3(™. 0.3(2)
RMC-7-4 QGF25M24-1 7 yes 0.2(7) -0.6(9)
RMC-1-3  CLRX9010-5 1 yes -1.3(19) -0.2(5) -0.6(11) -0.2(8)
RMC-5-3  Contig2221-1 5 yes 0.7(6) -0.2(9)
Dry BC,; DW-7-3 CLSS4482.h2_C18-6-OP5 7 no 0.1(1) 0.1(15) 0.1(3) 1(19) 0.1(8)
weight DW-4-6 CLRY544-1 4 yes  -0.4(16) -0.1(4) -0.1(4)
9) DW-8-3 QG_CA_Contig5320_RPT3_LE1380_ 8 no 0.1(1) 0.1(6) 0.1(1) 0.1(7) 0.1(3)
1
DW-9-6 QGG16P08-1 9 yes -0.1(4) 0.1(6)
BC, DW-7-3 QGF25M24-1 7 no 0.1(1) 0.1(25) 0.1(4) 0.1(12) 019
DW-4-6 Contig7363-2 4 yes -0.2(6) -0.1(15) -0.1(8)
Relative BC; RMC-4-3 CLRY544-1 4 yes 0.2(9) 0.6(6) 0.2(4) 1.2(17)
moistur RMC-5-1 RHCLSM9436.b1_G08_1-OP3 5 yes 0.2(10)
e RMC-7-4  CLSS4482.b2_C18-6-OP5 7 yes -0.7(9) -0.2(6) -0.909
content RMC-3-4 QGF21B10.yg.abl_PAP2_LE1382_ 12 3 yes 0.8(8) 5D.2(
(%)
RMC-4-7  CLX_S3_Contigl0345_1167_4 4 no 0.2(7) 0.2(1) 0.2(10 0.2(1) 0.2(4)
RMC-6-3 QGB25B18-1 6 yes -1.2(17)
RMC-8-4 CLS_S3_Contig9218-1-OP5 8 yes -0.8(11) 05(3) 24.
BC, RMC-4-3 Contig15389-1 4 yes 0.3(19) 1.2(14) 0.3(16) 0.9(23) 0.3(9)
RMC-7-4 QGF25M24-1 7 yes 0.2(7) -0.6(9)
RMC-1-3  CLRX9010-5 1 yes -1.3(19) -0.2(5) -0.6(11) -0.2(8)
RMC-5-3  Contig2221-1 5 yes 0.7(6) -0.2(9)

1 C-D: control treatment of the drought experim&ntdrought, C-SN: control treatment of the saltrient experiment, N: nutrient
deficiency, S: salt
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Figure 2 Linkage maps of the BCand BG populations based on. Markers (replaced by thmelexes) are
shown on the right of the bar. The added virtuatk@as on the B&€map with missing scores are underlined.
Vigour QTLs as mapped in BS, and BGS; families under non-stress (black), drought (red}t élue) and
nutrient deficiency (green) conditions are showntrte the marker positions. Open QTL block indéecat
positive additive effect for the wild allele, antbged QTL block indicate a positive additive effémt the crop
allele. Trait abbreviations: L: plant length, FWwesh weight, DW: dry weight, RMC: relative moistwentent
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Figure 2 - continued

This was the case fdr-7-1 x L-8-2 which affected plant height under the two control
treatments and drought conditions with the highastin associated with the hybrid-wild
genotype combination (b/h) in the three cade8-1 x DW-4-6 affected relative moisture
content in the two control treatments and in theient deficiency treatment with the highest
mean associated with the hybrid genotype combinafloh). Under nutrient deficiency
conditions, L-7-1 x FW-1-2 affected three traits: plant height, fresh weiginid relative
moisture content.

While interacting QTLs for plant height had a higmeean for the crop-crop or wild-wild
genotype combinations in the B@opulation, the highest mean for the same trais wa
associated with crop-wild genotype combinationghaBG population, showing the effect of
the combination of QTLs inherited from the two pdsein a repulsion phase. The genotype
combination of a wild allele at the two epistaticil (b/b) was associated with the highest
mean for 3 out of 17 QTL pairs in B@nd 3 out of 23 QTL pairs in BCindicating that the
advantageous epistatic effect was mostly associatgd the genotype combinations
involving a crop allele at one of the two loci.

Co-localization of QTL regions

QTL regions on LG4 and LG7 were the most importenthe two populations as they
comprised most of the QTLs. Four QTLs were mappethe same region on LG7 in the BC
and BG populations, one for each of the measured vigmitst(Figure 2). The QTLs for
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fresh weight and dry weight had the same allelieatfwhich was positive for the crop allele
under all the treatments. However, the plant hemhd relative moisture content QTLs
showed allelic specificity for treatments in theotywopulations. On LG4, four QTLs were
mapped around the same region in;B@d the same region contained three QTLs in, BC
including two QTLs that were common in the two plagions. In total 8 QTLs were common
in the BG and BG populations on LG1, LG4, LG7, and LG9. Additioyala QTL region
was found in both populations on LG8 but it contairQTLs for different traits in the two
populations.

Table 3 Significant QTL x QTL interactions in the B@nd BG populations, their explained phenotypic
variance and the predicted means per genotype oaiidni

% expl. Predicted mean per genotype combination2
Pop. Treatment Trait QTLXxQTL variance h/h h/b b/h b/b
BC.  ControlD __ Plant height L-1-1x DW-4-6 5 3071 30.30 30.54 31.86
Dry weight L-1-1x RMC-8-4 4 2947 310 2.832 2578
Relative moisture L-7-1x L-5-2 4 93.98  93.74 93.84 93.98
content L-7-1x RMC-5-1 5 94.09  93.62 93.96 93.89
L-1-1x L-5-2 4 9377  93.95 94.00 93.8
Control-SN  Plant height L-9-1x RMC-5-1 4 26.14  27.20 29.29 33.79
L-3-3x RMC-8-4 5 2976  28.49 27.46 29.94
Relative moisture L-1-1x L-5-2 7 9218  92.40 92.30 92.11
content
Salt Plant height L-5-2x RMC-8-4 4 17.85  16.61 17.01 17.68
Fresh weight DW-9-6x RMC-5-1 5 1144  10.78 10.38 11.06
Relative moisture L-1-1x L-5-2 7 90.07  90.34 90.25 90.02
content L-3-3x DW-8-3 7 90.05  90.39 90.17 90.05
L-3-3x RMC-8-4 9 90.09  90.41 90.20 90.04
Nutrient Plant height L-3-3x RMC-8-4 4 1056  10.19 9.62 10.16
deficiency DW-8-4x RMC-5-1 5 985 1041 9.18 10.79
Dry weight L-9-1x DW-8-3 4 0.67 0.59 0.58 0.58
CRcf’r']";‘g;]’te moisture DW-8-3x DW-9-6 5 80.17  80.87 81.53 80.86
BC:  ControlD  Plant height L-7-1x L-8-2 5 28.87  29.04 31.06 28.69
Fresh weight FW-1-2x DW-9-6 5 37.80  40.99 41.41 37.33
L-3-3x RMC-6-3 8 2961  40.00 39.01 38.89
L-7-1x L-3-3 8 33.83 3958 4174 38.49
Relative moisture
AN L-9-1x DW-4-6 11 93.43 9282 92.82 92.77
L-4-4%L-8-2 4 9277  93.04 92.85 92.78
Drought Plant height L-7-1x L-8-2 5 1442 1429 15.11 14.02
Control-SN  Plant height L-7-1x L-8-2 5 2120 20.69 23.71 21.16
Fresh weight L-4-4x DW-9-6 8 1965  17.22 16.97 17.76
L-3-3x RMC-6-3 7 1480  18.04 17.94 17.70
Dry weight L-4-4x DW-9-6 8 1.46 1.26 1.28 1.32
Relative moisture L-9-1x DW-4-6 7 9309 9256 92.64 92.54
Salt Plant height L-9-1x RMC-5-3 5 1691  16.04 16.11 16.98
Fresh weight DW-4-6x L-5-2 4 1150  10.34 9.88 10.44
Dry weight L-8-2x FW-1-2 5 0.93 0.95 0.98 0.87
(’;‘é‘ggg:}tcy Plant height L7 X P12 6 1095  11.37 11.68 11.26
Fresh weight L-7-1x FW-1-2 6 5.42 5.70 5.47 5.06
RMC-1-3x RMC-5-3 5 573 5.20 5.19 5.41
Relative moisture L-9-1x DW-4-6 6 87.87  86.45 86.84 86.56
content
DW-4-6x RMC-1-3 6 86.01  87.65 86.24 86.63
L-7-1x RMC-1-3 6 8554  86.78 86.79 86.97
FW-1-2x DW-9-6 8 86.76  86.53 86.13 86.92

1.Control-D: control treatment of the drought expent, Control SN: control treatment of the salt-iemir experiment; 2 h:
heterozygous genotype, b: homozygous for the Wiédea
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Discussion

Performance of crop-wild hybrid lines

Backcrossing of crop-wild hybrids to the wild pares characterized by an increase of the
genomic content of the wild parent accompanied dgaease of the crop genome content in
the form of fewer as well as shorter crop genongmemts. As Hooftmaret al (2005)
indicated, lettuce crop-wild hybrids are morphotadiiy mostly not distinguishable from their
wild parentL. serriola, and the likeness increases with further backargs® the wild
parent. Despite the increasing resemblance withvtlieparent among the BS, individuals,
the genetic variance for vigour-related traits diot change much from BCo BG as
expressed by the broad sense heritability valueghiotraits in all the treatments, except for
plant height under nutrient deficiency. This maglicate that the considered vigour traits are
not genetically linked with the morphological teawhich distinguish.. sativaandL. serriola
parents (Hooftmaet al.2011).

Studies on introgression of crop genes into wildtiee genomes have shown that although
the average fitness of the hybrids might be loweantthe fitness of the wild relative,
individual hybrid plants could have similar or latfithess than their wild parent, showing a
potential for introgression of advantageous cropege(Hauseet al. 1998; Merceret al.
2007). In our study the BS; and BGS; families revealed lines showing transgressive
segregation for vigour in the control and stresattnents, indicating that two generations of
backcrossing to the wild parent did not eliminabte teffect of the crop segments. The
occurrence of BgS; families that outperform the wild parent showstthavigour traits
positively correlate with fithness under natural dmions, crop segments that confer improved
vigour could be introgressed into the wild taxandering it more vigorous under non-stress
as well as under abiotic stress conditions.

QTL effects

Backcrossing has been applied in plant breedingfif@-mapping of QTLs and for the
introgression of desired QTL alleles from wild donnto elite cultivars (Fultoet al. 2000;

Ho et al. 2002; Roberet al. 2001). In crop-to-wild gene flow, repeated backsing to the
wild parent is likely to take place as a resulttlé often much higher frequency of wild
individuals compared to crop-wild hybrids. One bietdirect consequences of repeated
backcrossing to the wild species is the continulagrease in crop genome segments, both in
size as they become successively shorter and gudreey as each plant has fewer segments.

Consequently, each backcrossing event is expeoteddiuce the detection power of QTL
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analysis (Tanksley and Nelson 1996). Consistent wits, we detected more QTLs in the
BC; population than in the B{population for each of the considered vigour $taitowever,
despite the decreasing crop content, new QTLs aitladditive effect from the crop allele
were detected in the backcross populations comgarég In the previous chapter (Chapter
3) plant height QTLs in thesFpopulation were entirely inherited from the wildrpnt. In this
study, two additional QTLs were mapped for the iratrdeficiency treatment{1-1 andL-3-

3) in the BG population with an additive effect from the crdp.the BG population we
detected two more QTLs for plant height4-4 andL-8-2) with the same allelic effect in all
the treatments which was positive for the croplallehowing that the contribution of the crop
to plant vigour could be underestimated dependmthe population studied.

Seven QTLs were common betweeny BC; and BG populations on LG4, LG7 and LG9,
three were common in at least two populations od B&d LG5, and one QTL was located in
very close regions in the backcross population£®@4 (Table 4). Detecting different QTLs
in mapping populations of the same cross is a comambiguity in plant breeding. The
differences could be attributed to statistical povespecially with a number of lines in the
population smaller than 200, to a combination aessiveness, skewed linkage map (Jeuken
et al. 2008), or to genetic variation between populatiovith further backcrossing associated
with decreasing QTL detection power (Tanskley amdisbih 1996). In the present study, the
common QTLs were especially those with the greasdfcts in terms of explained
phenotypic variance per treatment and per traitilevthe QTLs with small effect were
mapped in one hybrid generation. Linkage groups&nd 9 were the most important in BC
and BG populations as they showed regions that contamaady and common QTLs in the
two populations. The same regions were importattien, population (see chapter 3).

Table 4 Recapitulation on common QTLs for vigour in theehybrid populations,FBC, and BG under non-

stress (C), drought (D), salt (S) and nutrientaleficy (N) conditions. The positive sign shows aifpee effect
for the crop allele and the negative sign showbnsitiye effect for the wild allele

) BG, BG
Trait QTL LG  C D N s C D N S C D N S
Plant height L-7-1 7 - - - - + R -
L-9-1 9 -
Fresh weight FW-7-2 7 + + o+ + + + o+ + + + o+
FW-8-1 8 + + + + + +
FW-9-2 9 + + + o+
FW-1-2 1 + + 4+ + +
Dry weight DW-7-3 7 + + + + + + + + +
DW-4-6 4
Relative moisture RMC-4-3 4 + o+ + + + + + + + o+
content RMC-5-1 5 + + +
RMC-7-4 7 + + +
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Despite the overlapping QTL regions across hybrapypations, some QTLs showed
treatment specificity per population. For instanice;-1 had a positive effect for the wild
allele under nutrient deficiency conditions in thge population, but the same QTL region
showed a positive effect for the crop allele unither same treatment in the B@opulation
and it was not significant in the B@opulation. Conversel\RMC-4-3was consistent across
populations and treatments with a positive alleffect from the crop, though it was not
significant in the salt treatment of the population. Such QTL interactions suggest that the
regions might contain different treatment-speaifemes which contribute to the vigour of the
plants. Moreover, QTLs for different vigour traiteere mapped in those same regions with
opposite allelic effect. Nevertheless, the invabeat of the same regions in the vigour of the
hybrids in three populations indicate that thegpores will be under selection, either positive
or negative, depending on the prevailing conditidrence giving a hint on which regions to
avoid when generating transgenic lettuce in ordevbid hitchhiking of neutral transgenes in
the introgression process of crop genes into wadkground. To our knowledge, this is the
first study on introgression which combines a QTalgsis approach under different stress

treatments to address the process of introgression.

QTL epistatic effect was significant for vigour iteain the two backcross populations.
Epistasis has been suggested as one of the mégtic @ctions affecting fitness in self-
pollinating species such @sabidopsis thaliangMalmberget al. 2005) and rice (Meet al.
2003). Epistatic QTL effects are expected to playpaor role in selfing populations and to
decline with further backcrossing as a result afrelasing genetic variation (Tanksley and
Nelson 1996). Our results show that the vigourtgraiere affected by the epistatic effect of
the QTLs under stress and non-stress conditions,tlaat positive epistatic effects were

associated with genotype combinations involvingdtop allele.

QTL epistatic effect in BCand BG populations emphasizes the genetic importancéef t
crop segments even after two backcrosses to tliepailent. Importantly, the combination of
beneficial epistatic and additive allelic effecterh two parents at different loci in repulsion
phase has been associated with the origin of trassye segregation that leads to the
creation of superior or even ecologically divergptgenotypes (Lattat al. 2007; Lexeret al.
2003a; Lexeret al. 2003b). However, the fact that none of the QTLstgic effect was
common in the two populations makes the stabilityhe epistatic effect over generations

questionable; makes make it difficult to predia #ifect in further generations.
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This study was carried out on plant vigour, basethe previous knowledge that lettuce crop-
wild hybrids undergo selection at an early staggrofvth (Hooftmaret al. 2009). It was run
on a narrow crop-wild genotypic range because tfwidls were from a cross between two
single crop and wild genotypes. In addition, thedgtwas conducted under greenhouse
conditions, and measured growth and vigour-reldatads only for the rosette stage of
development. Therefore, the results should be dersil as baseline rather than as
conclusive. Future experiments will consider theolgHife cycle of hybrid plants from seed
germination to seed production under field condgiohence covering early and late plant

vigour, natural selection and survival, and repaidun.
Acknowledgements

This study was financially supported by the Netdedls’ Organization for Scientific Research
(NWO) through their research programme “Ecology &dmg Genetically modified
Organisms” (ERGO). The development of the SNP erarkend genotyping were carried out
at the Compositeae Genome Project, UC Davis Ger@enéer and supported by the National
Science Foundation Plant Genome Program Grant #0428 630.

80



Chapter 5

Genetic Analysis of Vigour and
Reproductive Traits in Lettuce Crop-Wild
Hybrids under Field Conditions

Brigitte Uwimana, Marinus J.M. SmuldetsDanny A.P. Hooftmah Yorike Hartman,
Clemens C.M. van de WielRichard G.F. Vissér

1 Wageningen UR Plant Breeding, Wageningen, The Netherlands
2 Centre for Ecology and Hydrology, Wallingford, UK.
3 IBED, Universiteit van Amsterdam, Amsterdam, The Netherlands




Abstract

While greenhouse experiments are useful in studwpegcific conditions such as stress
factors, field experiments are preferred for ecwlalgstudies as they are closer to the natural
conditions. In this chapter, the B@opulation from a cross betweknserriolaandL. sativa
and backcrossed th. serriola was used in two field experiments, in Wageninged a
Sijbekarspel, the Netherlands. We studied the padace of the hybrids under natural
conditions and determined the contribution of the parents to germination, rosette vigour,
adult vigour, survival and seed production of thapewild hybrids and the effect of genotype
by environment interaction (GXE) on the traits. ©ndield conditions, the germination,
vigour and reproductive traits were characterized a moderate to high broad sense
heritability (H ranging from 0.41 to 0.89). All traits were affettby GXE except for the
traits survival which was similar at the two sitéfie crop contributed for the vigour of the
hybrids at the rosette stage and for the numbdérariches which in is an important trait for
seed production, and for the total number of se@d4d. regions associated with the traits
were mapped and suggestions of chromosome regioeevio insert or not insert a transgene
in order to minimize its likelihood of persistencmder natural conditions were given.
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Introduction

Since the mid 1980’s, the development of geneticalbdified (GM) crop varieties has brought
about a potential agricultural revolution which ragkit possible to cope with the enormous
challenge of feeding the increasing human populatiospite of the increasing pressure on crop
production due to biotic and abiotic stresses. Hamuethe commercial cultivation of GM
varieties has been associated with potential ribksh for humans and to the environment.
Among the risks associated with the cultivationGi varieties, the possibility of hybridization
between GM crop varieties with their wild relativieas raised ecological concerns. On the one
hand, the transfer of transgenes to wild relatives/ produce more aggressive, and therefore
difficult to manage weeds in agricultural areas. tBa other hand, crop-wild hybrids resulting
from hybridization may disturb the ecology and dsity of the wild relative taxon by displacing

it in its natural habitats, hence causing genetisien (Auer 2008; Pilson and Prendeville 2004;
Pirondini and Marmiroli 2008; van de Wiet al.2005).

The consequences of crop to wild gene flow have laegued to be negligible based on the logic
that crop-wild hybridization would result in malauted hybrids due to crop genes that are
supposedly less fit under natural conditions (Haitsl Morley 2005). However, various studies
have reported successful establishment of cropsmjlatids under natural conditions (Kiatral.
2009; Morrell et al. 2005; Snowet al. 2010; Whittonet al. 1997). While crop species are
evaluated according to their capacity to give tkgeeted yield (e. g. grains, fodder, tubers, etc.),
wild plants growing under natural conditions aredemnatural selection for their capacity to
survive the harsh environmental conditions and epraduce. Germination, survival and
reproduction constitute the ultimate criteria tbatermine plant fithess under natural conditions
because if a plant genotype does not germinateargive or fails to produce seeds, it disappears
from future populations. Crop-wild hybridizationstdts not in a single, uniform hybrid, but
rather in a swarm of hybrids and various offspigegerations with a wide range of combinations
of traits that may affect fitness. Hence, whileeséibn by the prevailing natural conditions purges
out less fit genotypes, those with fitness equabrt@reater than the fithess of the wild parent
have a chance to persist. Experimental studiesherconsequences of crop-wild hybridization
found individual hybrids that were just as fit &g wild parent (Gueritainet al. 2002; Hauseet

al. 1998; Hooftmanet al. 2005). The effect of fithess-related traits miglgpend on the
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experimental site, hence exhibiting genotype byirenment interaction (GxE, Campbaeit al.
2006; Dechainet al.2009).

Lactuca serriolal. is one of the wild species that is consideretle potentially affected by crop
to wild gene flow due to its close relatedness witbp lettucel. sativaand the crossability of
the two species (De Vries 1990; Frietema de Veesl. 1994). Thereforel.. serriola andL.
sativa are one of the crop-weed complexes that have theeisubject of crop-wild gene flow
studies. These studies have established lthegerriola and L. sativa are completely cross-
compatible and they produce viable and fertile fdg{De Vries 1990; Hooftmaat al. 2005),
and that whenever the two species populations gympatrically, interspecific hybridization
should be expected to occur (D’Andretaal. 2008). Lettuce crop-wild hybrids undergo selection
under natural conditions and the surviving hybags as fit as or more fit than the wild parent
(Hooftmanet al. 2009; Hooftmaret al.2005). In their modelling studies, Hooftmanal. (2007)
and Hooftmaret al. (2008) showed that, despite the low cross-pollomatate of lettuce, crop-
wild hybrids could potentially displade serriolain its natural habitats.

This study aims at broadening the knowledge omdeticrop-wild hybrids by investigating the
genetic basis of the fitness of the hybrids andctivdribution of the crop and wild parents to that
fitness. Using a quantitative approach, we deteedhithe contribution of the crop and wild
genomic segments to the vigour, survival and regedn of the hybrids under field conditions.
In the previous chapters, we have focused on tpeuviof the hybrids and the contribution of the
two parents under non-stress and abiotic stresslittmms of salinity, drought and nutrient
deficiency conditions. We identified the major gemo locations which control hybrid vigour
under those conditions, and determined the roliaefwo parents in selfing {Fand backcross
(BC; and BG) generations of hybrids under controlled greenboz@nditions. The aim of the
present study was to investigate the performancéh@fhybrid generations BQunder field
conditions, by looking at the whole plant life oydrom germination through early plant vigour,
adult plant vigour, and survival to seed producti®pecifically, we will (i) determine how
vigour at young plant stage correlates with adldnpvigour, reproduction and survival among
the lettuce hybrids, (ii) explore the effect of ggipe by environment interaction on germination,
plant vigour, survival and seed production, (iiigtermine whether the crop confers any
(dis)advantage to the germination, vigour and repction of the hybrids under field conditions,
and (iv) localize the QTLs for germination, vigoaurvival and reproduction in the hybrids.
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Materials and methods
Plant materials and experimental set up

Ninety-eight BGS; families, progeny of L serriolaEys x L. sativa cv. Dynamite and
backcrossed to theit. serriola parent, were used in field experiments. Thesetlaeesame
families used in the greenhouse experiments, aadctbation of the lines was described in
Chapter 4. In the field, the BS; families were grown together with their parentd another set
of 98 lettuce recombinant inbred lines resultingrira cross betwedn serriolaacc. UC96US23
andL. sativacv. Salinas (Trucet al. 2007) and their parentBor practical reasons, this chapter
concerns the B(S; families and their parents only. The experimengenset up at two sites
from spring until the end of fall of 2010 in the tNerlands. One site was in Wageningen (51° 59'
North, 5° 39' East), where the soil was sandy; tedother site was in Sijbekarspel (52° 46'
North, 06° 03' East) and was characterized by glapa (Soil data, Wageningen UR — Alterra,
http://www.bodemdata.hl The plots were ploughed to create disturbed ®dilch is typical for

the normal habitat of. serriola In Wageningen, no crop had been grown on the fplothe
previous two years and a lot of weeds had beeniggat the site. Therefore, the plot was
sprayed with the herbicide Roundup three weeksrbefowing. In Sijbekarspel no herbicide was
applied. No fertilizers were applied at both siteseds were sown directly on the field in 40 cm x
40 cm squares. The squares were spaced at 10 eradmesquares in the same row and 20 cm
between rows in Wageningen (10 cm in Sijbekarspdha plot size was limited). The squares
were set up in a randomized block design with ithkd. Each family/line occupied one square
per block, resulting in 12 replicates. Thirty seeds family/line per replicate were sown directly
in the squares. In Sijbekarspel the seeds were sowapril 26, 2010 and in Wageningen the
seeds were sown a week later on May 3, 2010. Tdte plere watered right after sowing so as to
give the seeds a chance to germinate. After thdsshad germinated, the plots were hand-
weeded in order to be able to score for germination

The experimental period was characterized by a sptthg during the germination stage with
temperatures as low as 0°C at the two sites. To@mag of summer was dry and hot at the two
sites with temperatures as high as 35°C in Wageniramd 33°C in Sijbekarspel. The rest of
summer and the beginning of fall were mildly hodanet, followed by chilly temperatures

towards the end of fall (Figure 1).
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I Precipitation Wageningen I Precipitation Sijbekarspel Max Sijbekarspel

Max Wageningen = ------ Min Sijoekarspel = ------ Min Wageningen

May June July August September October

Figure 1 Temperature (left axis) and precipitation (rightispxin Wageningen and Sijbekarspel during the
experimental period (data source: Wageningen URebtetogy and Air Quality, Haarweg weather station,
http://www.met.wau.nl  Koninklijk  Nederlands Meteorologisch Instituut, eB&hout weather station,
http://www.knmi.n)

Data collection

Data were collected on seed germination, plantwigd the rosette stage, plant survival, plant

vigour at the adult stage and seed production €r'dhl Three weeks after sowing, germinated

seedlings were counted for each square. After aogirthe seedlings were thinned to 4 seedlings
per square. Six weeks after sowing, two plants wellected per square and these were weighed
after drying them at 80°C for three days, giving dhny weight of the plants at the rosette stage. A
week later, the plants were thinned again to omatger square by choosing the plant closest to
the centre of the square.

Two months after sowing, the plots were visitedydto check for the appearance of the first
flower and first seeds for each plant, which weeeorded as flowering time and seed set
respectively. To assess for reproduction, seedsn @ randomly chosen, mature capitula were
collected per plant and counted and the averagéeuof seeds per capitulum was derived. The
number of basal shoots and branches per plantcoeirged as well. The total number of capitula
per plant was estimated using the equation thafthhem et al. (2005) developed:

Number of capitula = (50.6 x number of brancheg)L¥7 x number of shoots) — 5.3
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The total number of seeds per plant was then ettdriay multiplying the number of capitula per
plant by the average number of seeds per capitulbonvival was scored throughout the
experimental period. In Wageningen, the heightaaheadult plant was measured as the length of
the main shoot of the plant. Due to practical reasglant height was not measured in
Sijbekarspel. By the end of October 2010 there vedreut 30 plants at each site that had not
flowered yet and showed no sign of doing so bectuséemperatures were dropping gradually
with the approaching winter period. For the analysfi seed set these plants were scored as not
having survived.

Table 1 Traits measured in the field experiments

Trait Stage of growth Unit
Germination Germination count and %
Dry weight rosette Vigour rosette g
Survival Survival binary and %
Number of reproductive basal shoots Vigour adult number
Number of reproductive branches Vigour adult numbe
Adult plant height Vigour adult cm
Number of seeds per capitulum Reproduction number
Days to flowering Reproduction number
Total number of capitula Reproduction number
Total number of seeds Reproduction number

Analysis of phenotypic data

Phenotypic data were analysed using GenStitetiion (Payneet al. 2010 ). Continuous data
(number of branches, number of basal shoots, aaffewering, number of seeds per capitulum,
total number of capitula, and total number of seedsre analysed by two-way ANOVA with
blocking with all interactions, using the terms figéype” and “site” as factors and “block” as a
block factor. For germination and survival, an gael of deviance was conducted with a logistic
generalized linear model for germination data andalinal linear regression using a logistic
link function for the binary survival data.
Broad sense heritability of the traits was estimgger site as a ratio between the genetic variance
among the B&S; families and the total phenotypic variance:

H? = Vg/(Vg+Velr)

whereVg is the genetic variance among the;BCfamilies, Ve is the environmental variance,
andr is the number of replications (Chahal and Gos8P20/ggc1syywas estimated based on the
restricted maximum likelihood (REML) method frometmixed model:

Response = general mean + block + {83 error;
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with the Responséerm representing the measured traits, and tie B&;S, taken randomVe
was the error variance derived from a one-way ANQMAhe modelResponse = general mean
+ block + parents + error with the termparentsrepresenting the two parents of the ;BC
families and the two additional linéls. serriolaacc. UC96US23 anld. sativacv. Salinas).

We performed a path analysis to determine how vigouhe rosette and adult stages correlates
with survival and seed production. The programmse watten in GenStat and it was run on the
means for continuous data and on percentages foniggtion and survival. Path analysis
converts correlation coefficients between a sahdépendent variates and one response variate
into direct and indirect effects. It gives a patiefficient between each dependent variate and the
response variate which is a standardized partg@kession between the two variates (Agbicodo
2009). Path analysis was carried out separatelyMageningen and Sijbekarspel. The response
variates were survival and the total number of seadd the remaining traits were the
independent variates.

QTL analysis

The linkage map and genotypes of the;B@ividuals, which were determined in Chapter 4,
were combined with the phenotypic data of the fielgheriment in a QTL analysis. The trait
“total number of seeds” was analysed in two wayst by considering that all dead plants
produced no seeds and giving them the value “0d, setond by considering them as missing,
hence removing the bias imposed by survival. Thglsitrait multi-environment QTL mapping
function of GenStat 1% edition was used for QTL analysis (Payeeal. 2011), using the
procedure described by Matheesal. (2008). After determining the genetic predictonsl ghe
best fitting variance-covariance model between tine sites (Malosettiet al. 2004), QTL
candidates were determined by genome-wide scan)(8¥h a significance level of 0.05
corrected for multiple tests by the Li and Ji mekiibi and Ji 2005). The final candidate QTLs
were defined by composite interval mapping (CIMingsthe candidate QTLs as cofactors. The
significance of each detected QTL in a specifie sitas determined by fitting a multi-
environment multi-QTL model and running a backwaelection on the candidate QTLs
(Mathewset al.2008).
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Results
Phenotypic variation and genotype by environmetatraction

The phenotypic data are summarized in Table 2.tfidies showed moderate to high broad sense
heritability, H, ranging from 0.52 to 0.89 in Sijbekarspel andrfre.41 to 0.89 in Wageningen,
indicating a substantial genetic variation of that$ at the two sites. The range of the;8C
families out-bounded the means farserriolaandL. sativaparents for germination, vigour and
reproduction traits at the two sites, showing adguressive segregation of the traits over the two
parents. Consequently, some &Cfamilies had higher means than the two vildserriolalines

for vigour and reproduction traits, indicating iroped vigour and fitness as a result of crop-wild
hybridization. Seventy-nine BS, families had a higher survival rate, 73 had marenber of
seeds, and 70 BG,; families had a higher or equal means for the madst than or as the wild
parent tharl. serrioldEys (their wild parent) in Sijbekarspel. In Wagegen, the numbers were
lower, with 42 BGS; families having a higher or equal survival ratehaiing more number of
seeds and 4 having a higher means for the twas.tr@dmparing the hybrids with the two
serriola lines, in Sijbekarspel 13 BG, families had a higher or equal germination thanhbst

of the twoL. serriola lines, 62 had more number of seeds and 13SB@milies had higher
means than the twlo. serriolalines. In Wageningen 22 B, had a higher or equal survival rate
than the best of the twlo. serriolalines, 4 had more number of seeds and ongsSBfamily had

a higher mean than the tWwoserriolalines for the two traits.

Temperatures play a key role in lettuce germinatuath the increase in temperature associated
with poor germination (Argyrigt al. 2005). The low temperatures that occurred afterirsp
ensured a good germination of the seed at the ites, svith a higher germination rate recorded
in Wageningen. Although. sativalines (cv. Dynamite and Salinas) germinated bettanL.
serriola lines and had higher dry weight at the rosettey tthid not survive the field conditions,
as only one plant of cv. Dynamite produced seed#/ageningen and both lines died before
flowering in Sijbekarspel. Conversely, the two serriola parental lines had a higher survival
rate, but mortality ofL. serrioldEys in Sijbekarspel was high (50% survival vs. 9186
Wageningen). For the BG; families, survival ranged from 8 to 100% with 2%44d 20% of the
BC;S: plants failing to produce seeds in Sijbekarspel #Wageningen, respectively, with the
plants starting to die in the 4 2veek after sowing.
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Vigour and reproduction traits depended on the tygoof the BG used to produce BS; seeds
(Pgenotype<0.001) and they differed from site to sifduotype.site<0.001, Supplementary material
Table S2), showing significant genotype by envirenirinteraction (GxE) for those traits among
the BGS; families. Conversely, survival, though dependamtsie Psi<0.001), did not show
significant GXE Pgenotype sie0.484 and Rnotype.site.block 1)

Table 2 Mean performance of the BS; families, the parental lines and the additional times and broad sense
heritability of the traits at Sijbekarspel and Waiggen

BC;S, families L. L.sativa L. serriola L.
serriola CV. acc. sativa
/Eys Dynamite UC96US23 Cv.
Trait Site* Mean Range H Salinas
Germination (%) Sbk 51.14 22.78-70.56 0.83 48.33 62.22 25.28 60.83
Wgn 63.04 34.17-83.61 0.85 66.11 82.22 35.00 872.7
Dry weight rosette (g) Sbk 0.86 052-137 0.63 760. 1.01 0.54 1.08
Wgn 1.24 0.66 —1.98 0.72 0.99 1.34 0.96 1.54
Days to flowerin Sbk 10¢ 88- 137 0.8¢ 11€ 12¢ 95 11¢€
Wgn 96 81-113 0.84 103 122 82 104
Reproductive basal Sbk 11 5-18 0.62 10 0 4.1¢ 0
shoots (number) Wagn 8 5-13 0.89 10 1 1.25 0
Reproductive branches Shk 28 20-36 0.52 31 0 36 0
(number) Wwgn 28 22-35 0.41 29 25 42 0
Total number of capitula Sbk 338¢ 1992- 4267 0.64 339: 0 356¢ 0
Wagn 2897 2159 — 3757 0.68 3239 4rx 2333 0
Seeds per capitula Sbk 12 8-17 0.88 13 0 9.96 0
(number) Wwgn 16 13-22 0.90 18 13% 19.08 0
Total number of seeds Sbk 30306 4202 -55029 0.85 22480 0 26034 0
Wgn 36643 5558 - 62538 0.88 53067 52** 45171 0
Adult plant height (cn Sbk 119.997. 93.58-156.5¢ 0.8¢ 155.5( 72.7¢ - -
Survival (%) wgn 72.53 16.67 — 100 - 50.00 0 100 0
Sbk 80.10 8.33 — 100 - 91.67 8.33 100 0

* Sbk: Sijbekarspel, Wgn: Wageningen; **Absolutenmhers for oné. sativaplant that survived and the 4 capitula that gave
seeds

Correlations among the traits

Plant height was not included in the path analysiSijbekarspel because it was not measured.
Despite this slight difference in traits includedthe analysis, the path coefficients at the two
sites were similar for most of the traits (Figujeld Wageningen, dry weight at the rosette stage
positively correlated with seed germination, numbérbasal shoots and late flowering; but
negatively correlated with the number of branchas plant height. In Sijbekarspel, dry weight
positively correlated with seed germination ratd &te flowering. Time of flowering showed a
strong direct and indirect relationship with sualias late flowering plants tended to die at the
two sites (Pa=-0.64 in Wageningen and -0.76 ineRglospel), while plant height positively
related to survival (Pa=0.31; Figure 2A). While mgeration rate positively correlated with
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rosette vigour (r=0.38 in Wageningen and 0.45 jhekarspel), germination rate was not related
to survival or seed production at the two siteshaspath coefficients were close to zero. Plants
with high dry weight at the rosette stage tendediéoas shown by the correlation coefficients
between the plant height and survival (r = -0.31Wageningen and -18 in Sijbekarspel).

However, the path coefficients between dry weightha rosette stage and survival were less
strong at the two sites (Pa=-12 in Wageningen &n@B-in Sijbekarspel), probably due to the

indirect correlations through other traits suchgasmination rate and the indirect path from the
number of basal shoots to the height of the plants.

Survival had a strong relationship with the numtieseeds (Pa=0.70 in Wageningen and 0.67 in
Sijbekarspel), which was understandable becaus# gexuction is the eventual outcome of
survival. Although dry weight at the rosette stdgenot relate with the total number of seeds (Pa
close to 0 at the two sites), it was positivelyretated with the number of basal shoots which in
turn positively correlated with the number of seeslsowing a direct path from vigour at the
rosette stage and vigour at the adult stage. Tinfl®wering had an important relationship with
survival and consequently with the total numbesedds as the plants that flowered early tended
to have a better survival rate and a higher talatlmer of seeds (Figure 2B).

QTL analysis

Twenty QTLs were detected for vigour, survival amgbroduction traits in Sijbekarspel and
Wageningen, and they were found on all linkage psoilLG) except for LG2, as summarized in
Table 3 and Figure 3. For each trait one to thréeQvere found, except for the number of basal
shoots and the total number of capitula for which @TLs were detected. The crop allele
contributed positively to dry weight at the rosedtage, to days from sowing to flowering and to
the total number of seeds. All traits had beenyeseal both in Wageningen and Sijbekarspel with
the exception of plant height. In total, thirteel@ were detected both in Wageningen and
Sijbekarspel, always with the same direction ofdhelic effect (from the crop or from the wild
parent).
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greater than 0.10 or smaller than -0.10 are shawihnegative correlation and path coefficients &@nn by
dashed lines

Table 3QTLs associated with germination, vigour, seedipotion and survival detected in the Btbpulation
in Sijbekarspel and Wageningen

Additive effectfor the crop allele (%
explained variance)

Trait Closest marker LG QTLXE Sijbekarspel Wageningen
Germination (%) CLS_S3_Contig7056-1-OP5 8 Tn/a -7.13(13) -5.58(6)
Rosette dry weight (g) QGF25M24-1 7 hia 0.14(17) 0.26(20)
Survival (%) QGB25B18-1 6 no -21.16(26) -21.16(33)
QGB11B18.yg-2-OP5 7 no -16.54(16) -16.54(20)
Adult plant height (cm) CLS_S3_Contig6255-6-OP5 1 /atn - -7.76(43)
CLS_S3_Contig2201-5-OP5 9 h/a - -11.15(89)
Days to flowering QGB25B18-1 6 f/a 5.66(9) 5.38(15)
Number of branches RHCLS_S3_Contig9046_2 4 ! nla 2.47(12) 1.75(10)
Number of seeds per Contig1262-2 3 yes -1.45(11) -
capitulum Contig2010-3 3 no -0.88(4) 0.88(7)
CLS_S3_Contig2201-5-OP5 9 no -1.37(10) -1.37(16)
Number of seeds-1 QGB25B18-1 6 no -9475(18) -9475(21)
(dead plant given 0 seeds) QGB11B18.yg-2-OP5 7 no -9197(17) -9197(20)
CLS_S3_Contig7056-1-OP5 8 no 3776(3) 3776(3)
CLS_S3_Contig2201-5-OP5 9 no -5969(7) -5969(9)
Number of seeds-2 QGF21B10.yg.abl_PAP2_LE138
(dead plant considered as 212 3 yes -6967(17) _
missing) Contig4740-1 5 yes : 5138(13)
CLS_S3_Contig2201-5-OP5 9 no -5452(10) -5452(14)

1 n/a: not applicable QTL x environment effect applicable because one QTL was detected for #iie tr

GxXE for the traits was observed through QTL by smvinent interaction (QTLXE) as well
whenever there were more than one QTL detectedrgér QTLXE was characterized by a
QTL detected at one site but not at the other oa layfference in magnitude of effect from
one site to another.

QTLXE was not significant for two traits, namelyrgwal and total number of seeds
estimated by considering dead plants as plantsupnog zero seeds. For survival, the non-
significance of QTLXE was in line with the phenatypesults as GXE was not significant for
the same trait. For the three QTLs for the numlbeseeds calculated by assigning zero seed
production to the dead plants, the lack of sigarfiicQTLXE indicated the effect of survival
on that trait, because when the dead plants wargidered as missing, three other QTLs were
detected and their QTLXE effect was significante TWenty mapped QTLs were located on 9
regions of 8 LGs with vigour QTLs overlapping wittproduction QTLs (Figure 3). On LG7,
a dry weight QTL co-localized with a QTL for suraivand a QTL for the total number of
seeds. On LG4, a QTL for seeds per capitulum wasecto a QTL for the number of
branches, and on LG9, three QTLs related to seeduption overlapped with a QTL for
plant height.
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Figure 3 Localization of the QTLs detected for plant vigosuyvival and reproduction in Wageningen (black
blocks) and Sijbekarspel (green blocks) on the BRage map. Open blocks: QTL positive for the walidele;
filled blocks: QTL positive for the crop allele;agn; #seeds-1: total number of seeds estimatedchyding the
dead plants; #seeds-2: total number of seeds dstinbg excluding the dead plants
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Table 4 Significant QTL epistatic effect on traits in thelfl experiments. QTLs are represented by the LGs o
which they are located

Predicted means per genotype combination

Trait QTLXQTL h/h h/b b/h b/b
Wageningen

Number of basal shoots LG7xLG5 7 8.63 8.74 7.48 393
Total number of capitula LG7xLG5 8 2926 2905 2696 073
Plant height LGIXLG4 5 120.50 108.60 125.70 124.50

1 h: heterozygous genotype, b: homozygous gendtyptee wild allele

The epistatic effects of the QTLs on the traits evaot significant in Sijbekarspel. In
Wageningen, three traits were affected by QTL apist namely the number of basal shoots,
the number of capitula and the height of the pléh&ble 4). QTL regions on LG5 interacted
with the region on LG3 to affect the number of bateots and the number of capitula and
increasing their phenotypes by 7 and 8% respegtivVdle highest value for these traits was
associated with the homozygous genotypes for theallele at the two loci. Plant height was
affected by the interaction between the QTL regiond.G4 and 9 with an increase of the
phenotypic variance of 5% and a greater phenotyge agsociated with the combination of
the homozygous genotype for the wild allele on 4B the heterozygous genotype on LGA4.

Discussion

Despite the close relatedness betweéerserriola and L. sativa (Frietema de Vries 1992;
Koopmanet al. 1998; Koopmaret al. 2001), their hybrids were characterized by a suttistl
genetic variation for vigour and reproduction sas indicated by the broad-sense heritability
of the measured traits. This genetic variation ltedun transgressive segregation with some
individual hybrids being as fit as or more fit thédre wild genotypes in terms of survival and
seed production. This contradicts the assumptiahwhid genotypes are already adapted to
harsh natural conditions and therefore hybridsbenend to be less fit than them (Hails and
Morley 2005; Latta and McCain 2009). In our study @bserved at the two sites individual
hybrid plants and hybrid families that performedu@ty well as or better than the wild
genotypes in germination, survival and seed produgctindicating that hybrids could
compete or outperform the wild parent. Similar hesswere obtained by Hooftmaet al.
(2005) in field experiments on lettuce hybrids frtme same parental lines and including one
common field site (Sijbekarspel) among the oned usethe time, hence indicating the
consistency of hybrid fithess over a wide rangemfironmental conditions represented by
different years and sites (Wageningen). Hooftratal. (2005) reported a gradual decrease in
hybrid vigour and fitness with further generatiasfsthe hybrids. Despite this vigour and
fithess breakdown, they also reported that theitglstill showed better fitness than the wild
plants in generations as advanced as the thirdrggoe backcrossed to the wild parent ¢BC
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and the fourth generation of selfing, fndicating that hybrid vigour and fitness was not
completely due to heterosis.

The hybrid families showed similar survival ratesWwageningen and in Sijbekarspel, hence
the non-significance of GXE and QTLXE for this traalthough the effect of GXE was
significant on the vigour and reproduction traitfie non-significance of GXE on survival
indicates a potential for predicting the persiseen€ the hybrids in different environments
based on their genotypes. The remainder traits unecn the field were characterized by
GxE effect. However, the QTLs for each trait weoenmon in the two environments, with
QTLXE effect arising from differences in the magdiés of the QTL between Wageningen
and Sijbekarspel (for 11 out of 14 QTLs). Howe\ggneralization of these results is limited
by the fact that the experiments were run in orer ynd at locations with limited climatic
differences (Figure 1), although the two siteseddtl in soil type, which greatly influences
water retention capacity and the type of weeds tlcaur. Moreover, the hybrids resulted
from a single crop-wild cross. In their multi-eriiment study on the relative fitness of crop-
wild sunflower hybrids, which encompassed variowspewild cross combinations and
different wild populations, Mercer et al. (2006poeted that the relative fithess of hybrids
depended on the population and on the local abasttt biotic stress conditions. Therefore,
the results of our study should be confirmed in trydar-multi-environment experiments
including hybrids from other lettuce crop-wild cses.

Even though early stages of growth are importanttfe vigour and reproduction of the adult
plants, whether early growth traits such as gertiinaand early vigour predict survival and
seed production depends on the developmental mesesnd the growth stage at which
selection takes place (Donohetkal.2010). Temperature is one of the major factorscaiffig
seed germination in cultivated and wild lettucéhagh temperatures are associated with poor
germination (Marks and Prince 1982; Valdssal. 1985). In our study, the environmental
conditions of low temperature and moist soil wesgolurable for germination, leading to
limited selection at this stage of growth, andftret plants died in the f2week after sowing
when some plants had started to flower. The resoltsradict those obtained by Hooftmein
al. (2005) who did not moisten the solil after sowimgl abserved a high selection during
germination and a high mortality of the plantshe first month after sowing (Hooftmagat al.
2009). The late selection in our experiments caxiplain the low correlations between early
growth traits (germination and rosette dry weiglriyl adult vigour, survival and reproduction
traits.
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The same BCpopulation was used in greenhouse experimentgigour at the rosette stage
under drought, salt and nutrient deficiency coodsi (Chapter 4). Dry weight at the rosette
stage showed high correlations between field amr@rdrouse experiments with the highest
correlations observed between nutrient deficiermyddions and the two sites (Wageningen
and Sijbekarspel) followed by drought and SijbepatgTable 5). The same QTL region on
LG7 was identified as associated with dry weightlemall the treatments in the greenhouse
and on the field at the two sites with a positifieat from the crop allele. Therefore, early
plant vigour in the greenhouse can be well linkecarly plant vigour on the field. On the
field, germination positively correlated with dryeight at the rosette stage and the latter
positively correlated with the number of basal dba the adult stage, indicating a positive
correlation between early growth and adulthood.weleer, dry weight at the rosette stage
weakly correlated with survival and the number eéds, making it difficult to establish a
relationship between early vigour and survival @etiween early vigour and reproduction,
although the relationship could be drawn indirectlyl the number of branches. Therefore,
the greenhouse assessments only showed limitecbitaps for predicting reproductive
fitness in the field.

Table 5Pearson’sorrelation coefficients for dry weight betweerldiand greenhouse experiments in the 8C

families based on means
Field

Greenhouse Wageningen (P-value) Sijbekarspel (P-wad)
Control drought 0.25 (0.010) 0.35 (<0.001)
Drought 0.28 (0.004) 0.49 (<0.001)
Control Salt-Nutrient 0.32 (0.001) 0.37 (<0.001)
Nutrient deficiency 0.53 (<0.001) 0.54 (<0.001)
Salt 0.46 (<0.001) 0.47 (<0.001)

On the field, crop alleles contributed positivelyr foiomass at the rosette stage (QTL on
LG7), for the number of branches at the reprodecsitage of the plants (QTL on LG4) and
for the total number of seeds (QTL on LG8) with thheee QTLs detected both in
Wageningen and Sijbekarspel. These regions ardy ltkeundergo positive selection under
natural conditions because they directly or indlyeenfluence the reproduction of the
hybrids. However, the QTL for dry weight on LG7cismplex because it overlaps with QTLs
for survival and total number of seeds which are mhost relevant traits determining the
fitness of the plants. The same region containsTh f@r the number of lateral roots at the
deep end of the tap root with a positive effechrfrine wild allele (Johnsoet al. 2000). With
regards to genetic hitchhiking and background sieleand the introgression likelihood of
transgenes based on their genomic location, sugibn® should be avoided when inserting
transgenes because the genes in their genomichoeidiood are likely to be hitchhiked,
regardless of their effect on fitness (Kwital. 2011; Snowet al. 2010; Stewaret al. 2003).

97



In addition to the above-mentioned traits likelyb® advantageous under field selection, crop
alleles were also associated with late floweringk@n LG6) which is a favourable trait in
lettuce crop due to its association with late bglt{Carvalho Filhoet al. 2009; Ryder and
Milligan 2005; Waycottet al. 1995). Conversely, late flowering is undesirabteler field
conditions as it negatively influenced survival ahd total number of seeds (Figure 2). The
QTL conferring late flowering overlapped with QTEksr survival and the number of seeds
whose effect was positively inherited from the wplarent. Therefore this QTL region (LG6)
could be a good candidate for the insertion ofdg@mes because the crop allele will most
likely be selected against under natural conditisasulting in background selection on the
genes linked to it. However, it should be stresagdin that these results are based on one
crop-wild cross and one-year experiment. To confihese QTL regions, multi-year and
multi-location experiments should be conducted. tMydar experiments with multiple
generations of the same hybrids should also be tsednfirm the genetic hitchhiking and
background selection around the regions.
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Chapter 6

General Discussion




General discussion

Hybridisation between crops and their wild relasives a possible route along which
transgenes could ‘escape’, i.e. disperse from @ tworelated wild species and establish
themselves in the environment. Studies on crop-Wwjdridization have focused on various
aspects of this process, namely the rate of hytainin (Arias and Rieseberg 1994; Ureta
al. 2008), the occurrence of spontaneous crop-wildrilylplants (Bing et al. 1996;
Magnussen and Hauser 2007), the performance ofdsybglative to the wild parent under
laboratory, greenhouse and field conditions (Carthpéeal. 2006; Hooftmanet al. 2009;
Mercer et al. 2006a; Snowet al. 2001), the persistence of hybrids under naturatitimns
(Kuroda et al. 2010; Kurodaet al. 2008) and modelling the long term fate of cropewil
hybrids (Hooftmaret al. 2007a; Hooftmaret al. 2008; Huangfuet al. 2011). However, the
contribution of crop genomic blocks to the perfonoa of the hybrids has received little
attention, with a few exceptions. To our knowledgely studies irHelianthus(Baacket al.
2008; Dechainet al.2009) andrassica(Roseet al.2009) have addressed this issue.

While the rate of dispersal of the gene will depeord the frequency of hybridisation,

establishment will be determined by a combinatibthe genetic make-up of the hybrids, the
environmental conditions and the population dynamicthe wild populations. In this regard,

the transgene does not occur isolated but imbeddedregion of the chromosome of the
crop. For several generations of inbreeding or badsing to the wild species any fitness
effect will depend on the effect of such a genobiack, not on that of a single gene. This
thesis focuses on the contribution of the crop waild parent to the performance of the
hybrids in terms of vigour, survival and reprodaatiusing a genetic approach of mapping
populations, molecular markers and QTL analysis.

The genomic location of a transgene has been siegh@s one of the ways to limit its
likelihood of introgression. If a transgene is l@mchin a region close to a gene or QTL
conferring reduced fitness, the transgene will havewer likelihood of introgression once
the crop hybridises with a wild relative becauswilt be selected against along the gene or
QTL affecting fitness (Kwikt al.2011; Stewarét al. 2003). This thesis aimed at determining
the contribution of the crop to the vigour and égs of the hybrids and the effect of linkage
on the fate of crop segments in the hybrids ukirgerriolaandL. sativaas a model for crop-
weed complex. Because of the importance of thetialstress factors in natural selection, and
because abiotic stress factors are the subjeatesept and future genetic transformation, we
conducted greenhouse experiments on the contribudfothe crop on the vigour of the
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hybrids under the major abiotic stress conditiah®ght, salinity and nutrient deficiency).
Specifically, the thesis aimed at answering thiowahg research questions: (i) whether there
is evidence of spontaneous hybridization betwkeerserriola and L. sativa under natural
conditions,(ii) whether crop genes confer any (dis)advantage terb@wild hybrids under
controlled non-stress conditions, under controbedditions with abiotic stress, and under
field conditions, (iii) whether the (dis)advantagsoeffects of the crop are dependent on
environmental conditions, and (iv) whether we adentify genomic regions where transgenes
could be inserted with the aim of mitigating thearsistence based on the localization of the
QTLs.

Crop-wild hybrids grow under natural field condi®in which conditions will vary during
the growing season. Therefore, field experimenés meferred to greenhouse experiments.
However, greenhouse experiments offer certain adgas over field experiments, such as
the number of experiments that can be run in aceperiod of time, and, more importantly,
in mimicking a certain stress factor so that thieremce or resistance of the plants to the
stress can be deciphered (Latt al. 2007; Latta and McCain 2009). We conducted
greenhouse experiments to study the toleranceeohybrids to abiotic stress conditions of
salinity, drought and nutrient deficiency at theette stage, expressed as plant height, fresh
weight, dry weight and relative moisture contenhd@ters 3 and 4). Two field experiments
were carried out (Chapter 5) in order to link vigomder greenhouse conditions with vigour,
survival and reproduction of the hybrids underdieonditions. Below, | will discuss the
above-mentioned research questions with regardset@xperimental results of the previous
chapters.

Evidence of spontaneous hybridization betweeh. serriola and L. sativa

A number of methods have been used for the ideatitin of hybrid plants. Among these
methods is screening based on morphological tfditstaet al. 2008), tracking crop-specific
markers (Arias and Rieseberg 1994; Scugihl. 2008; Westmaret al. 2001) and, in case of
GM crops, tracking the transgene itself (Warwetkal. 2008). However, these methods are
not applicable in all cases. For lettuce hybridsilting from a cross betweén serriolaand

L. sativg the use of morphological traits would not be gussbecause the hybrids cannot
always be distinguished with a good degree of tdytdrom their wild parent (Hooftmaet

al. 2005). The use of a transgene as a marker teefrience of hybridization among natural
populations in lettuce is also not applicable beeano transgenic lettuce variety has been
released so far.
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To establish whether hybridisation occurred, and/iwch way to identify such hybrid plants,
we genotyped.. serriolaandL. sativagenebank accessions from the lettuce collectichef
Centre for Genetic Resources, the Netherlands (C&MN) another large set af serriola
populations collected from its natural habitatEurope from 2002 until 2005 (ANGEL.
serriola), with 10 microsatellite markers. It was found &pker 2) that the application of
single, crop-specific alleles in identifying potehtcrop-wild hybrids in lettuce is inadequate.
However, Bayesian analysis, such as implementedthen programme STRUCTURE
(Pritchardet al.2000), identified potential intermediate hybriduis which constituted 7% of
the ANGELL. serrioladataset and 9% of the CAN serriola collected from the wild. The
programme NewHybrids (Anderson and Thompson 20a®)gorized thé.. serriola hybrid
plants identified with STRUCTURE into two hybridaskes: advanced selfing generation
after hybridization betweeh. serriola andL. sativaand advanced selfing generation after
one back-cross tb. serriola.

Hybridization betweell. serriolaandL. sativahas been hypothesized as one of the reasons
behind the recent northward spread_ofserriolain Europe (Frietema de Vriest al. 1994;
Hooftmanet al. 2006). Based on the proportion of the crop-wildigs amond.. serriola
populations relative to the “non-admixeld” serriola plants and to the geographical location
of the hybrids, this hypothesis was rejected ingié@2. If introgression was behind the
spread ofL. serriola we would expect to find more putatite serriola hybrids than non-
admixedL. serriola, particularly in North-Western Europe where thevnevasiveness of..
serriola was most obvious. Moreover, we would also expedltserve more hybrids among
the recently collected (between 2002 and 2Q05erriola ANGEL data set than among the
CGN accessions, most of which were collected dexaddier. Both expected patterns were
not visible in our data. Therefore, other causeshsas climatic warming, increase in
anthropogenically disturbed areas and the spreadeaafs through transportation networks are
more likely responsible for the invasive behaviaidrL. serriola (D'Andreaet al. 2009;
Hooftmanet al. 2006; Lebedaet al.2004).

This study provides evidence that spontaneous thglation occurs among basically self-
pollinating species with limited outcrossing ratels asl. serriolaandL. sativa The results
are in line with those in wheat, another self-pating species for which evidence of gene
flow from cultivated and wild species was foundtie Mediterranean region (Arriget al.
2011). The results lend credence to D’Andegaal. (2008) who, based on hybridization
experiments, concluded that whenelerserriola andL. sativagrow in sympatry, the two
species should be expected to hybridize. The oecoer of crop-wild lettuce hybrids among
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L. serriola populations also shows that natural selection demscompletely purge crop
alleles or genomic segments, or not fast enoughpeoma to the incidence of new
hybridisation events. In a modelling study, Hooftnea al. (2008) indicated that, although the
outcrossing rate could have an effect on the composof a population after crop-wild
hybridisation, the fitness of the hybrids had aatge effect. Therefore, once transgenic lettuce
varieties will have been developed and grown in fiekl, the low rate of outcrossing in
lettuce will allow the occurrence of introgressmina transgene from transgeticsativainto

L. serriola x L. sativa hybrids. However,whether the transgenic hybrids canbsequently
persist under natural conditions will depend onfitress of the hybrids which in turn will
depend on the genetic makeup of the hybrid inclyitive effect of the transgene itself and the
surrounding genes, and the prevailing environmercwalditions. That is the subject of the
following sections where we look at the vigour ditdess of the hybrids and how the crop
and wild parents may contribute to that under gnease and field conditions.

Performance of the hybrids

Under greenhouse conditions, the hybrids showedda vange of phenotypic variation for
vigour-related traits, which was mainly due to genéactors as broad sense heritability
values of the traits ranged from moderate to higthen stress and non-stress conditions in the
selfing (R:3, Chapter 3) and backcrossing cand BGS; Chapter 4) populations. In the F
population, individual hybrid plants and hybrid filies were found that performed better
than the two wild genotypes used in the experimemtsong which the wild parent of the
hybrid lines, hence showing that improved vigourtloé hybrids over their wild parent is
possible under non-stress conditions and stresditcwms of salinity, drought and nutrient
deficiency. Introgression of crop segments takeselthrough repeated backcrossing of the
hybrids to the wild parent, hence we can expectdupl decrease of crop genomic segments,
both in frequency and size, in increasing wild gemmbackground (Baack and Rieseberg
2007). Despite the reduction in crop segments antie@dackcross hybrids (backcrossed to
L. serriold), hybrids performing better than the wild paremrevalso observed among B¢
and BGS; hybrids, indicating that two backcrossing genereidid not completely eliminate
the effect of crop segments.

Under field conditions (Chapter 5), vigour and €3 traits were characterized by moderate to

high broad sense heritability, indicating that emfd hybridization results in new genetic

combinations. Moreover, for each of the field-meaduraits (germination, rosette and adult

vigour, flowering time, survival and seed produnjidthere were BES; hybrid families that

had the same performance as or even a better perfice than the two wild genotypes. For
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survival and seed production, 13% of the BC1S1 liamhad equal or higher survival rate
and 63% had a higher number of seeds than thé.twerriolalines in Sijbekarspel, whereas
the numbers were 22% for survival rate and 4% @mdsproduction in Wageningen. The
results contradict the theory that crop-wild hybrigke less fit than the wild plants due to
domestication alleles inherited from the cultivagpecies (Hails and Morley 2005). Previous
studies have reported a decrease in fithess anettngé hybrids over generations (Hooftman
et al. 2005), which could be due to heterosis breakddurke and Arnold 2001). However,
the dominance effect of 16 out of 17 QTLs assodiatih vigour traits was not significant in
the K, population, and neither were the heterozygousotypes associated with higher
predicted means for QTL epistatic effect in the sgropulation (Chapter 3), indicating that
heterozygosity was not the most likely cause of ¥igour of the hybrids. Moreover,
Hooftman et al. (2005) reported that, despite the reduced fitremasng the hybrids over
generations, hybrids belonging to tH& generation of backcrossing to the wild parent ted
4™ generation of selfing of the; Fplant were on average still fitter than their wilerentL.
serriola. Therefore, although the differences in vigoumastn offspring of crosses and the
wild parent gradually become smaller, the improvegbur and fitness of the hybrid as a
result of additive main effects and additive intti@n effects of the genes/QTLs are likely to
persist in some offspring over several generati@igen sufficient selective advantage, and
taking into account genetic drift in small weedypplations, this might locally result in the
displacement of the wild parent (Hooftmaihal.2007a; Hooftmaret al.2008).

Contribution of the crop to the vigour and fitnessof the hybrids

In the three hybrid populations {BC,; and BG), the crop contributed to the vigour of the
hybrids at the rosette stage under stress and tresssconditions through additive and
epistatic allelic effects as revealed by QTL analyls the | population, the crop contributed
to vigour through fresh weight and relative moisteontent in the control, drought and salt
treatments as the QTLs for these traits had a ipeséffect from the crop allele. In the
nutrient deficiency conditions, some QTLs had aitp@s effect for the crop allele, while
others had a positive effect from the wild alle@TLs for dry weight were inherited from
both parents under drought and salt conditionsyedseit was entirely inherited from the wild
parent under control and nutrient deficiency candg. The contribution of the two parents
could be linked to domestication and selectionatff@lant weight has been the subject of
positive selection in cultivated lettuce, as itn®stly harvested at the rosette stage to be
consumed as salad (Ryder and Whitaker 1976). Cselgrplant height, a trait selected
against in cultivated lettuce because of its assioti with early bolting (Carvalho Filhet al.
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2009; Fukudeaet al.2011), was inherited from the wild parent undétted treatments. In the
backcross populations (B@nd BG), fresh weight was again mainly inherited from thep
alleles under all the treatments. Dry weight waseiited from both parents under all the
treatments except for the salt treatment under lwthe trait was inherited entirely from the
crop. Relative moisture content was also inheritech both parents as QTLs were identified
with a positive effect from the crop allele and esth with a positive effect from the wild
allele. Interestingly, for plant height, which wesclusively inherited from the wild allele in
the F, population, additional QTLs for the trait were etded in the B€and BG populations
with a positive effect from the crop allele, whicbuld be the effect of genetic variation due
to fewer crop segments in increasing wild genegickiground (Tanksley and Nelson 1996).

Under field conditions, the crop contributed to thgour of the BGS; hybrids at the rosette
stage which was measured as dry weight. The drghwe&TL detected on LG7 in the BC
population in the greenhouse under the three stess non-stress conditions was also
detected in the field with an explained variance 16f and 20%. Moreover, the crop
contributed positively for the number of branch€¥TL on LG4) which was positively
correlated with the total number of seeds prodyéad = 0.35 in Wageningen and 0.11 in
Sijbekarspel) and for the total number of seedsL(@Qi LG8). However, the QTLs for plant
height, survival and the other QTLs for the numbkseeds were inherited from the wild
parent under field conditions. Therefore, the commtributes partially to the vigour and
fitness of the hybrids. The contribution of thegito vigour and reproduction indicates that
the crop alleles in the crop-wild hybrids are notibd to be purged by selection. In crop-wild
sunflower a similar trend was obtained where cribglesm which contributed to vigour and
reproductive traits were under positive selectindar field conditions (Baacét al.2008).

Effect of genotype by environment interaction

Fitness effects are relative to the environmenthirch they are being measured. For instance,
Dechaineet al. (2009) observed in sunflower filed experimentt ttrop alleles conferring an
increase in size were favoured in crop-wild hyhrioist at one field site only if three types of
herbivores were present. Therefore, the effect E @G an important aspect in crop-wild
hybridization as wild plants grow over a wide ramfenvironmental conditions. If a QTL is
present but with different magnitudes in differenvironments, this still allows a prediction
of the performance of the hybrids but requires talial experiments, whereas the occurrence
of QTLXE due to the presence/absence of the QTapposite allelic effect leads to a lack of
correlation between environments, and renders asayerglization impossible. In our
experiments the vigour and reproductive traits ddpd on the environment under
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greenhouse and field conditions. Under field coadg, survival was the only trait not
affected by GXE and the QTLs associated with tlai$ had the same direction and magnitude
(QTLXE not significant). The remaining traits (segermination, dry weight at the rosette
stage, number of branches, number of basal shee&sis per capitulum, total humber of
capitula and total number of seeds) were affectgdGBE and the QTLXE effect was
significant for the QTLs associated with thosetsralhe non-significance of GXE on survival
means that the survival of the hybrids can be ptedibased on their genotypes. In contrast,
significant GXE means that the hybrids performed#htly from one environment to another
(based on the tested sites), hence making it diffitom generalize the results. Despite the
significance of QTLXE for the rest of the traitspsh of the QTLs were common between
different treatments in the greenhouse and betweetwo field sites, with the same direction
of the effect but with different magnitudes. Ongnf QTLs under greenhouse conditions had
opposite allelic effect from one treatment to aeot{Chapters 3 and 4), and in the field a
small number of QTLs (3 out of 16) was significahibne site but not significant at the other
(Chapter 5).

QTLs for vigour and fitness and the likelihood of ntrogression of a transgene based on
its genomic location

One way of limiting the likelihood of introgressiar a transgene could be to target it to a
chromosomal region where it is linked to a cropeg@TL that generally confers reduced
fitness. As the gene affecting fitness is seleeigainst, the linked transgene will be reduced
in frequency along with the gene in question, tasylin background selection against the
transgene (Kwitet al. 2011; Stewaret al. 2003). Indeed, the chromosomal position of the
transgene was speculated to negatively affectithest of the hybrids from a cross between
transgenic oil seed rape and wild radish (Guemtanal. 2002). Up till recently, genetic
transformation was a random event, without anyrgamwledge on the genomic area where
the transgene would be inserted. Advances in omogy have made it possible to
transform a specific site (Cermak al. 2011; Shuklaet al. 2009; Townsencet al. 2009;
Urnov et al. 2010). In the future, these technologies promise possibility to target a
transgene to a specific location in the genomevdfthen could choose a region conferring
reduced fitness in crop-wild hybrids, and be abl@toid regions containing a gene or QTL
positively affecting fitness, this would be an amoial mechanism to contain the transgene.
But how well do we know where these regions areituce, and how well can we predict
that the putative regions identified will indeedhéer the predicted fithess effect to the crop-
wild hybrids and their offspring across a rangaatural conditions?
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Based on the current cross betwéerserrioldEys andL. sativacv. Dynamite, we suggest
some regions on the lettuce genome where a traeasgmid be inserted or not inserted with
the aim of mitigating its persistence after cropawhybridization (see Figure 1). The QTL
region on LG7 should be avoided when insertingadgene. This region was associated with
the vigour traits (plant height, fresh weight, dvgight and relative moisture content) at the
rosette stage under greenhouse conditions of mesasstsalinity and nutrient deficiency in F
BC; and BG populations. Under field conditions with the B@opulation, the same region
was associated with plant dry weight at the rosstége, survival and number of seeds
(Figure 1). However, the region had an antagonialielic effect, with plant height, dry
weight and relative moisture content sometimesritdgk from the crop and other times from
the wild under greenhouse conditions. Under figdditions, dry weight was inherited from
the crop while survival and the number of seedsewaherited from the wild allele.
Therefore, it would be difficult to predict the éation of selection, whether the region will be
characterized by hitchhiking or background selectend the best option would be to avoid
the region altogether. LG4 contained many vigouLQTnder greenhouse conditions (for
plant height, fresh weight, dry weight and relatim@isture content) with positive effects
from both the crop and the wild alleles (Chapteen8 4). Under field conditions, one QTL
for the number of branches with a positive effeotf the crop allele was detected on LGA4.
However, the field QTL did not overlap with the gnfiouse QTLS, resulting in a scatter of
QTLs on LG4. Therefore, predicting the directionsefection on LG4 would be difficult, and
the advice would be to avoid inserting a transgemé as well. The same applies for the QTL
region on LG8 and it should be avoided as well. Qe region on LG9 contained common
QTLs between greenhouse and field experiments. tJgoeenhouse stress and non-stress
conditions, the crop allele contributed positivéty fresh weight and relative moisture
content, whereas the wild allele contributed famplheight. However, under field conditions
only the wild allele contributed for plant heightthe adult stage and for the number of seeds
per capitula and the total number of seeds. Thexetmder natural conditions, the crop allele
at the QTL region on LG9 is likely to be selecteghiast, thus making the region a good
candidate for the insertion of a transgene. Likewibe QTL regions on LG1 and 6 are likely
to favour the wild allele and are candidates fa isertion of a transgene. The region on
LG1 contained a QTL for plant height under fielchddions with a positive effect from the
wild allele. Under greenhouse conditions, the regia LG6 contained QTLs for plant height
and relative moisture content with a positive dfffom the wild allele. Under field
conditions, the region contains QTLs for survivatlaseed production with a positive effect
from the wild allele and a QTL for flowering witlate flowering associated with the crop
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allele. Therefore, the region will favour the wdtele under field conditions and the crop will
be selected against, leading to background sefeofithe (trans)genes linked to the region in
the crop genome.

Based on segregation distortion and changes imadi@ldisequilibrium after the hybrids had
been exposed to field conditions for two conseeutyears, Hooftmaret al. (2011) also
suggested lettuce regions on which transgenes tauikserted with the aim of reducing their
likelihood of persistence due to genetic hitchhikitunfortunately, a comparison between
their results and ours was not possible due tala dh common markers between their map
and ours. An indirect comparison through the lettuttegrated map, which encompasses
most of the SNPs used in the present study (Teical. 2007), was neither possible as
common markers per LG were still limited to onetwo. In the present study we used SNP
markers  because of the possibility for high thrqugh genotyping
(http://dnatech.genomecenter.ucdavis.edu/illumina)ht and co-dominant scoring, and

because they were developed from Expressed SeqUemse(ESTs), making the detected
QTL close to actual genes (McHadeal.2009). Moreover, most of the SNPs are already part
of the latest version of the lettuce integrated mvach makes our results comparable to other
crop-wild studies which used the said map suchoassbnet al. (2000) and Argyriset al
(2005) (Chapters 3 and 5), and any future studhgsh will use the same map.

Segregation distortion of a region towards onenheffiarents on a linkage map can be used to
determine a chromosome region with limited likebdoof introgression (Hooftmamet al.
2011). In the F population a region on LG3 was identified with egiegation distortion
towards the crop allele (Chapter 3). Such a distorif stable over generations, could also be
exploited for limiting the introgression of trans@s. It would be better to avoid inserting a
transgene into the region as it would increaseliketihood of persistence of the transgene
once the crop hybridizes with a wild relative. Haoee the segregation distortion on LG3 was
not observed in the backcross populations, whick mast probably due to the fact that the
distortion in , was biased towards the homozygous genotype afrtigeallele, and detecting
the same distortion in the backcross populationlevoot be feasible as the crop genome is
represented by the heterozygous genotypes.

Can small-scale contained experiments predict potéal ecological consequences?

Although field experiments are more representatiV@atural conditions, they are labour-
intensive and depend on the prevailing environmemaditions so that only one experiment
can be run per year in temperate regions for igstaand several years may be needed to
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encounter various combinations of weather condstimeross the growing season. Conversely,
greenhouse experiments, though less representdtivatural conditions, are easy to handle,
can be manipulated to simulate a specific seledactor so as to understand its mechanism,
and many experiments can be run in one locatiomlsameously and the whole year round.
One important question that arises is whether anghat extent can small-scale contained
greenhouse experiments predict field conditions. €gperiments can only partially answer
this question because the greenhouse experimemésrwe on young plants (5 weeks after
transplanting) only. Nevertheless, the greenhouse feld experiments showed some
similarities based on the correlations of dry weighthe rosette stage between greenhouse
and field measurement and the detection of the iefor dry weight at the rosette stage
in the two environments (Chapter 5). Therefore, gan precautiously conclude that
greenhouse experiments can explain at least somieofeffects occurring under field
conditions. Importantly, the rosette stage datariti completely predict the fithess of the
plants in the field experiments, which underlinlee hotion that fitness-related experiments
need to cover the whole life cycle of a plant. Efiere, one should ideally run complete life
cycle experiments (from germination to seed pradagt in the field as well as in the
greenhouse.

Prospective research on crop-wild hybridization inlettuce

Various crop-wild introgression studies have beamied out on the change of crop allele
frequency among crop-wild hybrids over multiple ngewiith the aim of predicting the fate of
the crop alleles under natural conditions (Cummigtgal. 2002; Snowet al.2010). In lettuce,
exposure of the hybrids to field conditions oveo tyears resulted in post-zygotic segregation
distortion of the alleles at specific loci, althduipe role of the loci with respect to fithess was
not known (Hooftmaret al. 2011). In the present study, QTL regions were tifled that
affected hybrid vigour under greenhouse stressnamdstress conditions of salinity, drought
and nutrient deficiency as well as QTLs affectingour and those affecting fitness of the
hybrids under field conditions. However, the préssody was based on a single crop-wild
cross, whereas QTLs are relative to the geneti&kdsaand in which they are measured,
hence making it as yet impossible to generalizeresults on lettuce in general. In their study
on the germination of hybrid seeds from multiplepewild crosses in sunflower, Mercer et
al. (2006a) reported an increase in seed germmatite and decrease in dormancy due to
crop-wild hybridization. However, germination deped on the crop-wild crosses and the
environment, and the performance of the crop-wijdbrids relative to the wild species
depended on the crop-wild cross, the wild poputeti@and the environmental conditions
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(Merceret al.2006b). In their experiments on radish crop-withtids Campbelét al. (2006)
found that the hybrids had greater survival andurfiddy then the wild lines in a new
environment, different from the natural habitattloé wild parent. Therefore, a follow-up of
the present study is recommended which should epassn multi-year-multi-location
experiments to study the consistency of the QTlisaded in the present study. The predicted
genetic hitchhiking and background selection aroth@ QTLs should be assessed through
multi-year field selection followed by intensivergayping with markers within and around
the mapped QTLs. A study on the performance otidettcrop-wild hybrids with another
crop-wild cross is underwaytifp://home.medewerker.uva.nl/y.hartfyahence covering the

multi-cross aspect. Their results will complemenirso and enrich the knowledge on
hybridization, introgression and the fate of théigys in lettuce.

Other natural selection aspects not considerediinegperiments were seed germination in
the following year after exposure to field condiso herbivory, competition and diseases.
Although germination was scored in the field, tkeds had been produced in the greenhouse
and stored under optimum conditions of temperatarel pressure. Moreover, the
demographic life cycle of the plants was not corgl@ our study as the field-harvested
seeds were not tested for germination. Competitvas found significant on the fitness of
radish crop-wild hybrids (Campbell and Snow 200ud) fot significant in transgenic oilseed
rape and wild radisbrop-wild hybrids (Gueritainet al. 2002). In our study, competition was
not fully allowed in our experimental field plots herbicide was applied in Wageningen and
the two plots were weeded to enable the countingeefllings, and herbivory (cf. (Dechaine
et al. 2009) was not scored. Hooftmah al. (2007b) studied the introgression of downy
mildew, the most important crop lettuce diseasecfidimoreet al. 2008) and they found that
the occurrence of the disease on lettuce hybrids veitd genotypes did not affect their
reproductive fitness, suggesting that diseasestibatesa major problem to crop lettuce but
not to wild lettuce, and the introgression of dseaesistance genes will not have any effect
on the crop-wild hybrids. We therefore suggestdbesideration of germination after seeds
have remained on the soil under field conditiorexplvory and field competition in future
studies in order to have a more complete pictuiset#ction under field conditions.

Implications for lettuce breeding

Wild species of lettuce have been used in lettwueeding. Lactuca salignavas found to be a
good source for downy mildew resistance (JeukenLamghout 2002; Zhangt al. 2009),L.
virosawas used as a source for aphid resistance (VaArgad et al. 1999) and.. saligna
andL. virosaaccessions have been identified that are resigiardgrthern root knot nematode
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(Kaur and Mitkowski 2011)L. serriola which is considered as part of the primary geod p
of L. sativa(Koopmanet al.1993) was identified as a potential source fdutst germination
QTLs under adverse conditions (Argyes al. 2005) and various disease resistance genes
(McHale et al. 2009). The QTLs identified in this study could b&nlettuce breeding for
salinity, drought and nutrient deficiency tolerandéhe moderate to high broad sense
heritability values for the studied vigour traiteder the said stress conditions show that
lettuce tolerance to those stress factors can Ipeowed at the vegetative growing phase
through breeding and selection. However, in ordeavidid linkage drag frorh. serriola, fine
mapping of the QTLs will be required to distinguisbtween pleiotropic and linked QTLs
and, if possible, to separate unwanted from usefgions. One of such regions is on LG4
where a dry weight QTL under control, salinity, dgbt and nutrient deficiency with a
positive effect from the wild allele overlaps wahQTL for plant height (Chapter 3) which is
an undesired trait in cultivated lettuce.

Major conclusions

1. In spite of the low out-crossing rate in crop anibvettuce, we found evidence of
spontaneous hybridization betwedn serriola and L. sativa among natural
populations ot.. serriola.

2. The geographical location and frequency of lettecep-wild hybrids led to the
conclusion that crop-wild hybridization is not thmeain reason for the recent spread of
L. serriolain Europe.

3. Cultivated lettuce contributes positively to theyaiir of the hybrids at the rosette
stage under non-stress, salinity, drought and enittrileficiency conditions through
additive and epistatic allelic effects.

4. This contribution is sustained over two backcragsgenerations td.. serriolg
indicating the potential of introgression of cropgments in the increasing wild
genetic background.

5. Under field conditions, cultivated lettuce contriésl positively to plant vigour at the
rosette stage, to the number of branches and tothlenumber of seeds.

6. Although plant vigour and seed production traitseveéependent on the environment
per hybrid family, survival was not affected by Gxiader field conditions, hence
showing the potential to predict the survivorshi@@lant based on its genotype.

7. Based on the location and allelic effect of the @Tar germination, vigour, survival
and reproductive traits, we have suggested somengerregions where transgenes
could be inserted in order to mitigate their peesise in crop-wild hybrids.
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Figure 1 Suggestions of genomic regions where a transgeukl de inserted or not inserted to mitigate its
persistence after crop-wild hybridization basedtwnlocalization and allelic effect of vigour arithéss QTLs

of this study. The shown map is that of the;BGpulation. The red bars indicate where a trarsgould not
be inserted because the segments are likely torgmdelection in favour of the crop allele, and ¢ineen bars
indicate regions where a transgene could be irdréeause the segments are likely to undergo smeict
favour of the wild allele
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Summary




Summary

Many plant species can hybridise and produce éedifspring. This happens where species
areas meet, when species invade the area of arsptbeies, and between crops and their wild
relatives. The latter has raised concern with garGM crops, as it constitutes a possible
route along which the transgene could disperse frops into related wild species, establish
itself in the natural population, and persist unaetural conditions. This may cause
unintended ecological consequences such as theatioomof weeds that are difficult to
manage in agricultural areas or the formation ofarfd crop-wild hybrids that could displace
the wild species, thus causing genetic erosion.

After crop-wild hybridization, the persistence bethybrids and of the crop genes (including
the transgenes) in later generations depend om gezietic make-up, which consists of
specific combinations of wild and crop genomic ligcand on the environmental conditions.
Therefore, knowledge on the dynamics of crop-wildrdization and introgression using

conventional crop varieties is needed as it carntsstthe baseline for putting into perspective
the effects of transgene introgression under nbatoraditions.

The present study focused on understanding thetigepeocess of hybridization and
introgression from cultivated to wild relative spescusinglactuca satival. andL. serriola

L. as a model crop-wild complex with an emphasighencontribution of the crop genome to
the performance of the hybrids. It aimed at answgethe following questions: (i) whether
there is evidence of spontaneous hybridization eetk. serriolaandL. sativaunder natural
conditions,(ii) whether crop genes confer any (dis)advantage terb@wild hybrids under
controlled non-stress conditions, under controtedditions with abiotic stress, and under
field conditions, (iii) whether the (dis)advantageoeffects of the crop are dependent on
environmental conditions, and (iv) whether we adamntify genomic regions where transgenes
could be inserted with the purpose of mitigatingeithpersistence after crop-wild
hybridization.

A large dataset df. serriolaandL. sativaplants from the Centre for Genetic Resources, the
Netherlands (CGNand another set of recently collected (between 200R2005).. serriola
samples from Europe (ANGEL) that were genotypedhvii® microsatellite markers, were
analysed with the Bayesian-based programme STRUEIUhRspite of the low outcrossing
rate in lettuce, an occurrence of 7% of crop-wikbids was found among the natural
populations ot.. serriolain Europe (ANGEL dataset) and 9% among CIGIerriola plants
collected from the wild. From the occurrence andgyaphical localization of the hybrids we
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concluded that hybridization betweén sativaandL. serriola is not a likely cause of the
recent spread df. serriolain Europe.

To test for the importance of the crop genomic sagsto the performance of the crop-wild
hybrids, K hybrid progeny was created by crossingserriola collected from Eys (the
Netherlands) with_. sativg cv. Dynamite. As selfing and backcrossing couaditthe two
possible routes along which a crop gene could becastablished in a wild genetic
background, three subsequent hybrid generations ereated, namely,Kby selfing k) and
two backcross populations, B@nd BG by backcrossing to thie. serriolaparent. The three
populations were genotyped with Single Nucleotidg/@orphism (SNP) markers for genetic
analysis. Because of the importance of the abgitesses as selection factors under natural
conditions and the prospective of generating GMararieties with enhanced abiotic stress
tolerance, the three populations were evaluated vigour at the rosette stage under
greenhouse conditions of non-stress, drought, isaland nutrient deficiency. The BC
population was also evaluated under field cond#ti@ two locations (Wageningen and
Sijbekarspel, the Netherlands) for hybrid perforoeafrom germination to seed production.

Vigour under greenhouse conditions and germinatgour and reproduction traits under
field conditions were characterized by moderatehigh broad sense heritability values,
indicating that crop-wild hybridization generatemngtic variation on which selection could
act. Using a Quantitative Trait Loci (QTL) approagie determined the contribution of the
crop to the vigour and fitness of the hybrids.He & population, 17 QTLs for vigour were
detected with most of the QTLs for biomass havingoasitive effect from the crop allele,
showing that cultivated lettuce can contribute fnsly to the vigour of the hybrids at the
rosette stage under non-stress, salinity, drougidat @utrient deficiency conditions. The
dominance effects of the QTLs were not significamt16 out of the mapped 17 QTLs, nor
were the heterozygous genotypes associated withigihest means for QTL epistatic effect.
This suggests that heterozygosity did not play gomile to the vigour of the hybrids.
Conversely, QTL epistatic effect was significant meany of the trait-treatment combinations.
In the BG and BG populations, the crop contributed mostly to thentass traits through
additive and epistatic QTL effect, indicating aguatal of introgression of crop segments in
the increasing wild genetic background.

Under field conditions, cultivated lettuce contitied positively for the QTLs for plant vigour
at the rosette stage, the number of branches antidl number of seeds among the hybrids,
whereas QTLs for germination, survival and planghehad their positive allelic effect from
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the wild allele. Genotype by environment (GXE) effevas significant on the vigour traits
under greenhouse conditions of stress and norsstaesl on germination, vigour and
reproduction traits under field conditions. SurViweas the only trait not affected by GxE and
all the QTLs for the trait had the same directiowl anagnitude at the two sites. Therefore,
one can predict the survival rate of lettuce cralobvinybrids based on their genotypes.
Despite the significance of QTLXE for the QTLs ae¢el for the remainder of the traits, most
of the QTLs were significant in more than one tmeatt with the same direction of allelic
effect (either positive for the crop allele or tbe wild allele) under greenhouse conditions or
at the two sites under field conditions. Therefohe, significance of QTLXE for those QTLs
would not prevent an estimation of the performamica hybrid based on its genotype. Based
on the location and allelic effect of the QTLs fgermination, vigour, survival and
reproductive traits in the current lettuce cropewitross, some genomic regions were
suggested where transgenes could be inserted @r tydnitigate their persistence in crop-
wild hybrids through genetic hitchhiking and baakgnd selection on linkage groups 1, 6 and
9, and other regions in which it would be betterr tooinsert a transgene on linkage groups 6,
7 and 8.
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Samenvatting

Een aanzienlijk aantal plantensoorten kan hybndiseen daarbij fertiele nakomelingen
genereren. Dit gebeurt waar soortarealen elkaanagten, wanneer soorten binnendringen in
het areaal van een andere soort, en tussen cudtuasgen en hun wilde verwanten. Het
laatste verschijnsel heeft de aandacht getrokkeverband met de opkomst van genetisch
gemodificeerde (GG) gewassen, aangezien het eerelifkegroute vormt waarlangs
transgenen zouden kunnen verspreiden van gewaaaenerwante wilde soorten. Zo zouden
ze zich kunnen vestigen in natuurlijke populaties wervolgens zich handhaven onder
natuurlijke omstandigheden. Dit zou weer onbedoeld@ogische gevolgen kunnen hebben
zoals het ontstaan van onkruiden die moeilijk indi@ng te houden zijn in
landbouwgebieden of het ontstaan van gewas-wilditigb die de wilde soort verdringen,
wat genetische erosie tot gevolg heeft.

Na gewas-wild hybridisatie hangt de persistentia da hybriden en de gewasgenen (met
inbegrip van de transgenen) in opvolgende generafi#an de genetische samenstelling, die
bestaat uit combinaties van gewas- en wilde gentdkiksn, en van de
milieuomstandigheden. Zodoende is kennis nodig oder dynamiek van gewas-wild
hybridisatie en introgressie aan de hand van cdrorezie cultuurvariéteiten, aangezien dit de
“baseline” (het uitgangspunt) vormt waarmee de otffie van transgeenintrogressie onder
natuurlijke omstandigheden kunnen worden vergeleken

De onderhavige studie richtte zich op het begrijp@m het genetische proces in de
hybridisatie en introgressie van gewas naar wildevant aan de hand van het gewas-wild
complex in sla dat gevormd wordt ddaactuca sativaL. enL. serriolaL., met de nadruk op
de bijdrage van het gewasgenoom aan de prestatedes hybriden. Het richtte zich op het
beantwoorden van de volgende vragen: (i) of er gamgen zijn voor spontane hybridisatie
tusserlL. serriolaenL. sativaonder natuurlijke omstandigheden, (ii) of gewasgeaen voor-
dan wel nadeel bieden aan de gewas-wild hybridelerogecontroleerde omstandigheden van
abiotische stress en geen stress, en onder velaodigiheden, (iii) of voor- dan wel nadelige
effecten van het gewas afhankelijk zijn van miliestandigheden, en of we genoomgebieden
kunnen identificeren waar transgenen ingevoegd émnworden met het oog op het
tegengaan van hun persistentie na gewas-wild hghtid.

Een grote dataset van serriolaenL. sativaplanten uit de slacollectie van het Centrum voor
Genetische Bronnen Nederland (CGN) en een anddesedavan recent (tussen 2002 en
2005) verzamelde monsters uit Europa (EU ondergpoeject ANGEL) die gegenotypeerd
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Zijn op basis van 10 microsatellietmerkers, zijnargdyseerd met het Bayesiaanse
softwareprogramma STRUCTURE. Ondanks het lageuigtikrgsniveau in sla vertoonde 7%
van de planten uit natuurlijke populaties in Eur¢pAIGEL dataset) kenmerken van gewas-
wild hybriden en hetzelfde werd gevonden voor 9% da& CGNL. serriola planten die
oorspronkelijk in het wild verzameld waren. Op kasn het voorkomen en de geografische
verspreiding van de hybriden concludeerden we gatidisatie tusseh. sativaenL. serriola
geen aannemelijk verklaring vormt voor de receirttaeiding vanL. serriolain Europa.

Om het belang van de gewasgenoomsegmenten voorredtates van de gewas-wild
hybriden vast te stellen werd eenhHybride nakomelingschap geproduceerd door hesérui
van L. serriola uit Eys (Limburg, Nederland) mdi. sativg cv. Dynamite. Aangezien
zelfbevruchting en terugkruising de twee mogelgkites uitmaken waarlangs een gewasgen
zich zou kunnen vestigen in een wilde genetisctigeagrond, werden er drie opvolgende
hybride generaties geproduceerd, namelijk ee(dBor zelfbevruchting van de))Fen twee
terugkruisingspopulaties, een Bén een Bgdoor terugkruising met de serriolaouderlijn.
De drie populaties werden gegenotypeerd met SNP karger (Single Nucleotide
Polymorphism = variaties gebaseerd op enkelvoudi§¢A-basenwijzigingen) voor de
genetische analyse. Vanwege het belang van vdesutdl typen abiotische stress als
selectiefactoren onder natuurlijke omstandighedehet vooruitzicht van de introductie van
GG gewasvariéteiten met verbeterde tolerantie vabiotische stress werden de drie
populaties geévalueerd voor groeikracht (“vigourip het rozetstadium onder
kasomstandigheden zonder stress en met droogtegzautriéntengebrek. De B@opulatie
werd ook geévalueerd onder veldomstandigheden ope tfocaties (Wageningen en
Sijbekarspel, Nederland) met betrekking tot hybrulestaties vanaf zaadkieming tot
zaadproductie.

Groeikracht (“vigour”) onder kasomstandigheden aadkieming, groeikracht en reproductie-
eigenschappen onder veldomstandigheden werden mekiein door gemiddelde tot hoge
waarden voor “broad-sense heritability” (erfelijkih&factor in brede zin), wat erop wijst dat
gewas-wild hybridisatie genetische variatie gen¢n@aarop selectie zou kunnen aangrijpen.
Met gebruikmaking van een QTL-benadering (Quamigaflrait Loci = genoomposities
gerelateerd aan kwantitatieve variatie in een ageap) bepaalden we de bijdrage van het
gewas aan de groeikracht (“vigour”) en de “fitnes§hate van aanpassing aan
groeiomstandigheden) van de hybriden. In d@dpulatie werden 17 QTLs voor groeikracht
gedetecteerd, waarbij de meeste biomassa-QTLs esitiep effect van het gewasallel
vertoonden, hetgeen aangeeft dat cultuursla pbsidie bijdragen aan de groeikracht van
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hybriden in het rozetstadium onder omstandighedaerer stress, en met zout, droogte en
nutriéntengebrek. De dominantie-effecten warenstaistisch significant bij 16 van de op de
genetische kaart gezette 17 QTLs; evenmin wasreredatie tussen heterozygote genotypen
en de hoogste gemiddelden voor het epistatischerdicties tussen genen) effect van QTLs.
Dit suggereert dat de mate van heterozygotie geerneersende rol speelde in de groeikracht
van de hybriden. Daartegenover was het epista@ffelst van QTLs significant bij veel van
de combinaties van eigenschap en groeiomstandighede

Onder veldomstandigheden droegen allelen van dewsla positief bij in de QTLs voor
plantgroeikracht in het rozetstadium, het aantatak&ingen en het aantal zaden in de
hybriden, terwijl QTLs voor zaadkieming, overlevingn de plant en planthoogte een positief
effect vertoonden van het wilde allel. Het GXE efff€égenotype by environment” = interactie
tussen genotype en milieuomstandigheden) was tsekis significant bij de
groeikrachteigenschappen gemeten onder kasomshexuigig met en zonder stress en bij
zaadkieming, groeikracht en reproductie-eigensobamgemeten onder veldomstandigheden.
Plantoverleving op het veld was de enige eigensahepgeen invioed van GxE effecten
vertoonde, en alle QTLs voor deze eigenschap hadezsifde richting en grootte op de twee
veldlocaties. Zodoende zou men de mate van ovadevan gewas-wild hybriden in sla
kunnen voorspellen op basis van hun genotypen.tddiebtstaande de significantie van
QTLXE effect (interactie tussen QTL en milieuomsligheden) voor de QTLs voor de rest
van de eigenschappen waren de meeste QTLs significaneer dan één behandeling met
dezelfde richting van het allelische effect (p@sitroor ofwel het gewasallel ofwel voor het
wilde allel) onder kasomstandigheden of op de twaddlocaties. Daarom zou het significante
QTLXE effect voor deze QTLs een schatting van dsstaties van een hybride op basis van
het genotype niet in de weg staan. Uitgaande valoaiie en het allelische effect van de
QTLs voor zaadkieming, groeikracht (“vigour”), ptaderleving en reproductieve
eigenschappen in de onderhavige kruising tussenagieen wild konden enkele
genoomgebieden gesuggereerd worden waar een tramsgevoegd zou kunnen worden
teneinde de persistentie in het milieu door middeln genetisch “meeliften” en
achtergrondselectie tegen te gaan, te weten opkdge groups” (groepen van verbonden
genetische merkers, genetische kaartequivalentercimammosomen) 1, 6 en 9. Ook konden
genoomgebieden worden aangewezen waar met ditegoetransgen beter niet ingevoegd
zou kunnen worden, namelijk op “linkage groups7&n 8.
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Supplementary Material

Chapter 2
Table S1Frequency of “crop specific” alleles in lettucdatsets
SSR allele L. sativa ANGEL L. serriola CGNL. sarriola CGN L. serriola

Europe

LsA001-187 0.115¢ 0.00: 0 0.00z
D10z-26: 0.528¢ 0.00(¢ 0.000¢ 0.001
D103-266 0.1813 0.004 0.0017 0.001
D10€-191 0.412: 0.00(¢ 0 0.00:
D10¢-251 0.160: 0.00: 0 0.02¢
LsE003-206 0.8888 0.000 0 0.003
E011-251 0.1253 0.005 0 0.001
E011-254 0.790¢ 0.00¢ 0 0.16:%

Figure S1 STRUCTURE Q graph of all datasets at A) K=3 andkB}: At higher K (>2)L. serriola remains
distinct fromL. sativa

A L. sativa B L. sativa

CGN L. serriola CGN L. serriola

ANGEL L. serriola ANGEL L. serriola
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Chapter 3

Figure S2 Boxplots showing phenotypic variation amongsplants (position 1)L. serriola acc. UC96US23
(position 2),L. sativacv. Salinas (position 3),. serriolaEys (position 4) andl. sativacv. Dynamite (position 5) for
dry weight (A), fresh weight(B), plant height (Q)darelative moisture content (D) under the fiveatneents

Salt Control_Salt-Nutrient  Nutrient deficiency Control_Drought ) Drought
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Chapter 4

Figure S3Crossing and experimental scheme of the studytoogression process from cultivated to wild lettutlee selfing
pathway (k) was in chapter 3The back-crossing pathway,(&@l BG populations) is the subject of chapter 4
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Figure S4 Boxplots representing the phenotypic variation agh®GS; (position 1) relative td.. serriola acc.
UC96US23 (position 2)... sativacv. Salinas (position 3),. serriolaEys (position 4) and.. sativacv. Dynamite
(position 5) for vigour traits dry weight (A), freswveight (B), plant height (C) and relative moistwontent (D)
under the five treatments
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Figure S5Boxplots representing the phenotypic variation aghBGS, plants (position 1) relative to. serriola
acc. UC96US23 (position 2),. sativacv. Salinas (position 3),. serriolaEys (position 4) and.. sativacv.

Dynamite (position 5) for vigour traits dry weigf#), fresh weight (B), plant height (C) and relatimoisture
content (D) under the five treatments.
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Chapter 5

Table S2Analysis of variance and deviance of the phenotgpiz and the significance of GXE on the traits: al
the traits measured at the two sites show sigmfiGxE except Survival

Trait Source of variation DF’ MS or MD? P-value

Germination Genotype x site x block 2447 4.8 <.001

Dry weight genotype 101 1.03 <.001
Site 1 88.29 <.001
Genotype x site 101 0.38 0.007
residual 2231 0.27

Number of branches genotype 100 185.12 <.001
site 1 312.71 0.006
Genotype x site 99 80.23 <.001
residual 1607 41.21

Number of basal shoots genotype 100 64.24 <.001
site 1 4129.04 <.001
Genotype x site 99 32.84 <.001
residual 1614 11.72

Days to flowering genotype 101 1440.2 <.001
site 1 105506.5 <.001
Genotype x site 101 354 0.001
Residuals 1903 235.3

Number of seeds per capitulum genotype 100 65.9 01<.0
site 1 9060.06 <.001
Genotype x site 99 23.68 <.001
residual 1605 11.78

Total number of capitula genotype 100 2.35%10 <.001
site 1 1.43x1b <.001
Genotype X site 99 1.23 40 <.001
residual 1613 4.63 x¥0

Total number of seeds genotype 100 1.03% 10 <.001
site 1 1.54 x 18 <.001
Genotype X site 99 6.15 x40 <.001
residual 1602 2.30x 10

Survival genotype 101 5.80 <.001
block 11 3.20 <.001
site 1 25.8763 <.001
Genotype x site 101 1.00 0.484
Genotype x block 1111 1.14 0.001
Block x .site 11 3.51 <.001
Genotype x site. x lock 1111 0.63 1
residual 1111 0.63

Plant height genotype 99 1847.2 <.001
residual 1000 648.4

1 DF: degrees of freedom; 2 MS: mean square, Mimaeviance
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December ¥, 2011.
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Education Statement of the Graduate School

Experimental Plant Sciences

:f),SUEd Brigitte Uwimana
Date: 2 December 2011
Group: Plant Breeding, Wageningen University & Resarch centre
1) Start-up phase
»  First presentation of your project
Genetic analysis of the introgression process tof {ii. serriolg) and cultivated lettuce (L.
sativa): background selection and hitchhikingntrdduction of the project Mar 04, 2008
»  Writing or rewriting a project proposal
»  Writing a review or book chapter
»  MSc courses
Population and Quantitative Genetics (GEN-30806) 2007/2008
> Laboratory use of isotopes

Isotope course: "How to work safely with radigeetsubstances"

Jan 22-24 & Feb 04, 2008

Subtotal Start-up Phase 9,0 credits*
2) Scientific Exposure date
»  EPS PhD student days
EPS PhD day 2010, Utrecht University Jun 01, 2010
EPS career day Nov 18, 2011
> EPS theme symposia
EPS theme 4 : ‘Genome Plasticity’, Leiden Uniitgrs Dec 07, 2007
EPS theme 3 : ‘Metabolism and adaptation’, Leidaiversity Feb 19, 2010
> NWO Lunteren days and other National Platforms
Lunteren days 2008 Apr 07-08, 2008
Lunteren days 2010 Apr 19-20, 2010
Lunteren days 2011 Apr 04-05, 2011
»  Seminars (series), workshops and symposia
Plant Breeding research day 2008 Jun 06, 2008
Plant Breeding research day 2009 Mar 03, 2009
Plant Breeding research day 2010 Feb 08, 2010
Plant Breeding research day 2011 Mar 07, 2011
Symposium: "Photosynthesis: from femto to Pethfewm nano to Global" Nov 05, 2009
Seminar: "Unraveling abiotic stress tolerance meismas in Citrullus and Citrus" by Prof]
Fenny Dane Sep 22, 2009
Plant Sciences Seminars Dec 2009-Sep 2011
NWO-ERGO workshop Jun 30, 2009
NWO-ERGO conference Feb 25-26, 2010
»  Seminar plus
> International symposia and congresses
11th Intern. Symposium 'On the biosafety of gemditionodified organisms', Buenos
Aires, Argentina Nov 15-20, 2010
Eucarpia Leafy Vegetables conference 2011, LHlance Aug 24-26, 2011
> Presentations
Poster: "Genetic analysis of the introgression @ssdrom cultivated lettuce (Lactuca
sativa) into wild lettuce (L. serriola): genetiddfihiking and background selection tools Apr 07-08, 2009
for assessing the likelihood of the establishmémtamsgenes in wild relatives" (Lunteren, ’
The Netherlands)
Presentation: "A genetic analysis of the introgmsprocess from cultivated (Lactuca
sativa) to wild lettuce (L. serriola): Crop-wilglbrids receive QTLs for stress tolerance Feb 25, 2010
from the crop” NOW-ERGO conference
Presentation: "BC1 and F1S1: The crop confersaatbp-wild hybrids tolerance against| Nov 15-20. 2010
abiotic stresses", 11th ISBGMO, Buenos Aires, Atien ’
Presentation: "QTLs for plant vigour under nonssredrought, salt and nutrient deficien¢y
conditions”, Lunteren days, 2011 Apr 05, 2011
Presentation: "QTLs for plant vigour under nonssredrought, salt and nutrient deficien¢y Apr 13, 2011
conditions”, TTI Green Genetics Meeting, Utrecht ’
Presentation: "QTLs for plant vigour under nonssredrought, salt and nutrient deficien¢y Aug 24, 2011
conditions and their effecton crop-wild introgressi, Eucarpia Leafy vegetables 2011 !
»  |AB interview Dec 04, 2009
> Excursions

Subtotal Scientific Exposure

15,1 credits*

3) In-Depth Studies

>

>

>

EPS courses or other PhD courses

Principles of Ecological Genomics

Quantitative genetics of selection response
Journal club

Literature discussions, Plant Breeding

Individual research training

Training on QTL mapping and analysis, Kyazma

date

Feb 23-27, 2009
Jun 07-11, 2010

Oct 2007-Sep 2011

Apr 27-29, 2009

Subtotal In-Depth Studies

8,4 credits*
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4) Personal development
»  Skill training courses
PhD Competence Assessments
Interpersonal communication for PhD students
Techniques for writing and presenting a sciempfaper
Information literacy including introduction to Bnote
Workshop on scientific publishing
Dutch I and Il CENTA -WUR
»  Organisation of PhD students day, course or confenee
» Membership of Board, Committee or PhD council

date

Feb 19 & Mar 12, 2008
Oct 2008
Jul 01-04, 2008
May 27-28, 2008
Nov 05, 2008
Sep 2009-Jun 2010

Subtotal Personal Development

6,0 credits*

TOTAL NUMBER OF CREDIT POINTS* |

38.5

Herewith the Graduate School declares that the ¢dmdidate has complied
with the educational requirements set by the Edorcat Committee of EPS
which comprises of a minimum total of 30 ECTS credit

* A credit represents a normative study load oh®8rs of study.
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Cover picture: A branch of prickly lettuce showige seeds and capitula; by Lubomir Hlasek
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