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1. INTRODUCTION 
 
 

Lactuca L. genus involves more than 97 wild species. Several of them have been 

cultivated for their economic and medicinal importance since ancient times (Lebeda et 

al., 2004b; Doležalová et al., 2002). Those species include Lactuca serriola L., L. virosa 

L., L. saligna., L. indica., L. undulata Ledeb., L. viminea L., L. dregeana DC., L. perennis 

L., L. orientalis Boiss., L. altaica Fisch. & C.A. Mey. and the cultivated lettuce (L. sativa 

L.) (Doležalová et al., 2002).  

Cultivated lettuce (L. sativa L.) is the most important leafy salad vegetable in the 

world (McGuire et al., 1993). It is rich in vitamins B and C. The oil of the Oilseed group 

(e.g., L. serriola, L. sativa, a hybrid between these two taxa), with a high vitamin E 

content, is used for human consumption. Several species of the genus Lactuca L. are rich 

in a milky sap that flows freely from any wounds in the plant. This sap contains 

lactucarium which is used in medicine for its anodyne, atispasmodic, digestive, diuretic, 

narcotis, aphrodisiac, soporific and sedative properties (Bown, 1995). 

Several viral, bacterial and fungal pathogens, such as yellows virus, turnip mosaic 

potyvirus, Microdochium, Rhizomonas (corky root disease), Bremia (downy mildew), 

Golovinomyces (powdery mildew) (Lebeda et al., 2014) are one of the most important 

problems affecting lettuce. Therefore, the attention has been paid to genetic resources to 

find the genes conferring resistance and good agronomic traits. Modern breeding methods 

of cultivated lettuce are based on utilization of wild related species and progenitors. The 

study of genetic variability within a wild Lactuca species is vital to plant breeders because 

of its importance for selecting germplasm included in a breeding program. The study of 

genetic diversity is essential to receive information about propagation, domestication, 

which can be used in breeding programs and for conservation of genetic resources of 

Lactuca spp.  

The aim of the thesis was to broaden the knowledge of relationships among Lactuca 

species and the resistance to diseases (Bremia lactucae). Besides, the work focused on 

the genetic structure and variability of wild Lactuca species. The most important results 

are summarized in chapter Conclusions. The results of the thesis are summarized in four 

chapters, which involve five papers. The papers are already published or in press.  
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2. LITERATURE OVERVIEW 
 

 
2.1. General characterization and ecogeographical distribution of the genus  

Lactuca L. 
 

The genus Lactuca L. belongs to tribe Lactuceae, subfamily Cichorioideae, family 

Asteraceae. It includes 97 wild species of annual, biennial or perennial herbs with erect 

or ascending habit, which are predominantly self-pollinating (Thompson et al., 1958). 

The genus Lactuca is distributed throughout the temperate and warm regions with 16 

species in Europe, 12 species in America, 43 species in Africa and 51 species in Asia 

(Lebeda et al., 2001a). 

Currently, the classification proposed by Lebeda (2004a) is accepted. Based on the 

recent phylogenetic studies, the genus Lactuca is divided into 7 sections (Phoenixopus, 

Mulgedium, Lactucopsis, Tuberosae, Micranthae, Sororiae and Lactuca) and comprises 

two geographic groups-the African and the North American ones. The species of the 

section Lactuca are classified into two subsections Lactuca and Cyanicae based on the 

different life cycle and the number of chromosomes (Doležalová et al., 2002). The 

subsection Lactuca include the most common and the most broadly spread species L. 

serriola, L. aculeata; L. saligna and L. virosa which represent a primary, secondary and 

terciary genepool of a popular leafy vegetable-cultivated lettuce (L. sativa). These species 

are annuals and biennial herbs, with characteristic capitula composed from 10-30 (50) 

yellow florets and obovate achenes with many ribs. In comparison with subsection 

Cyanicae, which includes perennial herbs (L. perennis and L. tenerrima). The subsection 

Cyanicae is characterized by capitula composed of not more than 22 blue or lilac florets 

and 1-3 ribbed achenes (Doležalová et al., 2002). 

It is likely that, the classification of species will be changed based on data from 

molecular studies. Wei et al. (2017) describe phylogenetic relationships within Lactuca 

L. based on chloroplast DNA sequence comparisons, in which the genus Lactuca is 

divided into distinct phylogenetic clades – the crop clade (which includes L. sativa, L. 

serriola, L. saligna, L. virosa…) and the Pterocypsela clade (L. indica, L. raddeana, L. 

formosana…), the North American, Asian, and widespread species form smaller clades 

and African endemic species probably should be treated as a new genus. 
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The species of the genus Lactuca inhabit a wide range of habitat. The most common 

species such as L. serriola, L. saligna and L. virosa are frequent ruderal species. They 

prefer disturbed soil e.g. in waste places, embankments, field margins, roadsides and 

ditches (Feráková, 1977; Lebeda et al., 2001a; 2004a; 2007). Some Mediterranean species 

(e.g. L. perennis, L. viminea, L. graeca, L. tenerrima) are calciphilous occurring on 

limestone and on rocky slopes (Feráková, 1977). Species like L. canadensis and L. biennis 

occur in woods, shrubs and clearings (Lebeda and Astley, 1999). The optimal altitude for 

the majority of Lactuca spp. are between 200 and 600 m but representatives of this genus 

can be found at higher altitudes (above 2000 m) (Feráková, 1977; Lebeda et al., 2001a).  

 

The most serious disease of Lactuca spp. is downy mildew caused by Bremia 

lactucae Regel (Lebeda et al., 2002). B. lactucae is a highly variable obligate biotrophic 

oomycete (Peronosporaceae) pathogen. It attacks not only cultivated lettuce, but also 

many other Asteraceae species that have worldwide distribution (Lebeda et al., 2002). 

Fungicide protection often becomes difficult and ineffective (Barrière et al., 2014; Brown 

et al., 2004; Michelmore and Wong, 2008), and it has strong hygienic limits. Breeding 

for the resistance is a major activity of most lettuce improvement programmes. There is 

an increasing need for information and methods to accelerate the development of new 

disease-resistant cultivars (Lebeda et al., 2007; Michelmore and Wong, 2008). The 

resistance breeding exploits genotypes with dominant race-specific resistance Dm genes 

(or R-factors) (Lebeda et al., 2014). However, breeding for race-specific resistance is 

problematic due to extremely high variability (Lebeda et al., 2002, 2008; Lebeda and 

Zinkernagel, 2003; Sharaf et al., 2007) and adaptability of the pathogen populations 

(Lebeda and Zinkernagel, 2003). Therefore, the wild Lactuca species are intensely 

studied since the 1970s. Nowadays, some of them (e.g. L. serriola, L. saligna and L. 

virosa) are almost routinely used in resistance breeding and by crop evolutionists 

(Zohary, 1991; Lebeda et al., 2007, 2014). However, much less attention has been given 

to L. aculeata, the species, which is fully interfertile with L. sativa and with L. serriola 

(Globerson, 1980, Lebeda et al., 2007). 
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2.2. The species L. aculeata, L. serriola and L. saligna  

 

Lactuca aculeata Boiss et Kotschy is a robust and very prickly annual or biennial 

plant (2n =2x = 18) reaching up to 100 cm. The erect stem is very prickly with rigid 

pointed emergence. The leaves have a suculent character, are sessile, entire to pinnatisect 

with densely covered emergence on adaxial and abaxial side. The shape of rosette leaves 

is spathulate, rosette leaves (cauline) are subacute. The composed inflorescence is formed 

with many flower heads (capitula). The achenes are brown with a lot of ribs with striking 

white trichomes (Doležalová et al., 2002).  

L. aculeata is restricted to the Near East and the Anatolian plateau (Israel, Lebanon, 

Turkey, Syria and Jordan) (Zohary, 1991; Danin, 2004; Lebeda et al., 2004b). In Israel, 

which is considered a centre of its origin (Zohary, 1991), L. aculeata grows in a broad 

span of altitudes (222-968 m) and in various habitats such as roadsides, field margins, 

dumps, anthropogenic and ruderal places (Beharav et al., 2010a). The lithology on the 

survey sites is mostly basalt bed rocks.  L. aculeata is primarily self-pollinating (Zohary, 

1991) and fully cross-compatible with L. sativa and L. serriola. Thus, it is a component 

of the primary gene pool of L. sativa (Globerson et al., 1980; Lebeda et al., 2007; de 

Vries, 1990). In the North Israel, L. aculeata grows, frequently together with L. serriola 

and L. saligna, and sporadic intermediate and recombinant individuals have been detected 

repeatedly there (Zohary, 1991; Beharav et al., 2008, 2010a; Lebeda et al., 2012).  

Together with L. serriola, L. dregeana and some other Lactuca species belongs to 

the primary genepool of cultivated lettuce (Lactuca sativa L.) (Koopman et al., 2001; 

Lebeda et al., 2007, 2009).  

 

Lactuca serriola L. (prickly lettuce, 2n =2x = 18) is annual or biennial therophyte 

reaching up to (30)50-200 cm. Stiff and erect stem growing from the basal rosette is 

prickly on the base. Rosette leaves are oval-rounded to elongated, widest near the apex. 

On the underside of the leaf is a row of spines along the midrib and the leaf margin is 

weakly spiny. Basal leaves oblong-ovate in outline, pinnate-lobed to pinnatisect with 

backwards orientated lateral lobes. Cauline green waxy leaves are alternate, sessile and 

clasp the stem with small pointed lobes. The cauline leaves are oriented vertically in full 

sun, in a north-south plane. Pyramidal panicle inflorescence is composed of many small 
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flower heads (capitula). A head can contain usually yellow, ligulate ray flowers. Achenes 

are oblong-ovate, olive green to greyish with longitudinal ribs (Doležalová et al., 2002; 

Dostál, 1989; Feráková, 1977; Grulich, 2004; Weaver and Downs, 2003).  

Two primary morphological forms are recognized within L. serriola L. based on 

cauline leaf-shape variability; the pinnatifid-leaved form L. serriola L. f. serriola, and the 

unlobed-leaved form L. serriola L. f. integrifolia (S.F. Gray) S.D. Prince et R. N. Carter. 

The serriola form is recorded as the most frequent species, occurring at a very high 

density in Europe. The form integrifolia is not so common, and has been recorded in e.g., 

Switzerland, Italy, France, western Germany, the Netherlands, and is prevalent in the UK 

(Lebeda et al., 2001a, 2004a, 2007). L. serriola is native to the Mediterranean Basin and 

to the Near East (de Vries, 1997) and currently is widely distributed around the world. Its 

occurrence was recorded from Australia, Tasmania and New Zealand (Lebeda et al., 

2004a). In Europe, North America, southern Africa and Argentina, L. serriola is 

considered as an invasive weed reducing the crop yield or quality (Lebeda et al., 2004a; 

Weaver and Downs, 2003; Weaver et al., 2006). L. serriola is distributed from lowland 

to montane regions. Its occurrence is limited by warm summers (Lebeda et al., 2004a, 

2007). According to Feráková (1977), the northern boundary of the distribution in Europe 

runs near the latitude 65°N in Finland and 55°N in Great Britain. In Norway and Sweden 

the northmost localities are at 60°N up to 65°N (Feráková, 1977). The western limit of L. 

serriola distribution in Europe is 5°W (Lebeda et al, 2004a, 2007). The invasive character 

is caused mainly by climate changes, extensive development in transportation and 

increasing number of man-made habitats (Carter and Prince, 1985; D’Andrea et al., 2009; 

Hooftman et al., 2006).  

 

Lactuca saligna L. (least lettuce, willow-leaf lettuce; 2n =2x = 18) is annual or 

biennial, rarely perennial herb. The erect stem is reaching up to 30-100 cm, usually 

glabrous. The rosette leaves are pinnatilobed, glabrous or prickly-bristly on midvein, the 

cauline leaves leaves are very long (up to 20 cm), linear to lanceolate. The inflorescence 

is narrow, spike-like panicle with yellow flower heads. The achenes are dark brown, 

rough, glabrous, several-veined on each face (Grulich, 2004). Feráková, 1977 describe, 

that the L. saligna is extremely polymorphic, and two different variety are distinguished 
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according to the cauline leaves in the middle part of main stem: var. saligna – with entire 

margin of leaves, and var. runcinata with pinnatipart up to pinnatisect leaves.  

L. saligna is a Eurasian species (Feráková, 1977), widely distributed throughout 

the Mediterranean Basin (Beharav et al., 2008), extending to the Caucasus and parts of 

temperate Europe (Lebeda et al., 2004b). In Europe its distribution area reaches 52°N 

(Feráková, 1977). It was likely introduced to North America from Europe (Lebeda et al., 

2016). L. saligna prefers warm, fertile, semi-arid and slightly salty soils. Its most common 

habitats are waste and disturbed places, railways, roadsides, borders of wooded areas, 

arable fields and river banks (Feráková, 1977; Lebeda et al., 2001a, 2004a,b; Beharav et 

al., 2008). L. saligna is a characteristic weedy species of both lowland and hilly areas 

(Europe to 1000 m in Italy, Cyprus up to 1680 m, Turkey up to 2400 m) (Hegi, 1987; 

Meusel and Jäger, 1992). Nevertheless, the most frequent occurence of this species in 

Europe is at altitude between 0 and 300 m (Lebeda et al., 2001a).  

 

 

2.3. Plant-parasite interactions in wild plant pathosystems 

 

Plants are exposed to a wide range of potential pathogens and pests, during their 

life and they have developed a various resistance mechanism to protect themselves and 

survive. Plant pathogens play a substantial role in the structure, dynamics, and evolution 

of natural plant communities. They might cause increased mortality, reduced fitness of 

individual plants. On the other hand, pathogens can help maintain plant species diversity, 

facilitate successional processes, and enhance the genetic diversity and structure of host 

populations (Gilbert, 2002; Lebeda et al., 2002). The wild plant pathosystem is a self-

organising, complex, adaptive system in which people have not interfered (Robinson, 

1996). The pathosystem is very specific, and it is regulated by three main components – 

the host plants, the pathogen and the environmental conditions. In the wild plant 

pathosystems both the host and the parasite populations exhibit great genetic diversity, 

while in crop pathosystems the host population normally exhibits high genetic uniformity 

and in the parasite population the low genetic diversity is commonly assumed. These 

differences are due to the people activities (Robinson, 1996). Therefore, the wild 
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pathosystems may be much more flexible in responses to environmental changes than 

crop pathosystems.  

Examples of plant pathogens, diseases and pests, which attack the Lactuca spp. are 

summarized in Lebeda et al. (2014, 2015). 

Bremia lactucae Regel is one of the highly variable oomycete pathogen (from the 

order Peronosporales) with global distribution. It causes an exponentially spreading 

disease downy mildew of cultivated lettuce (Lactuca sativa L.) and many other species 

from the family Asteraceae (Sonchus, Cirsium, Arctium…) (Crute and Dixon, 1981; 

Lebeda et al., 2002; Thines et al., 2010; Choi et al., 2011).  

The asexual spore germinates directly rather than via zoospores that are used by 

most other members of Peronosporaceae and the interaction between plant and B. 

lactucae begins with penetration through the plant cuticle and epidermal cells. Its 

biotrophic mode of nutrition involves a close interaction with its host, in which the plant 

plasmalemma is invaginated around simply lobed haustoria (Michelmore and Wong, 

2008).  Lactuca sativa (lettuce) can be infected by this patogen at any developmental 

stage, from young seedlings to mature plants. Infected plants develop yellow to pale green 

lesions that eventually become necrotic due to secondary pathogens following the 

breakdown of the biotrophic interaction (Simko et al., 2013). B. lactucae is predominantly 

heterothalic, and the sexual reproduction has an important role in genetic recombination 

(Michelmore, 1981) and is considered to be a major source of virulence variation (Crute, 

1992b, Lebeda and Schwinn, 1994). 

The control of lettuce downy mildew is possible by either chemical protection or 

by genetic mechanism of resistance. The fungicide protection often becomes ineffective 

(Brown et al., 2004; Michelmore and Wong, 2008) and breeding race-specific resistance 

is problematic due to extremely high variability (Lebeda et al., 2002, 2008; Lebeda and 

Zinkernagel, 2003; Sharaf et al., 2007) as well as adaptability of the pathogen populations 

to resistance newly introduced to crop plants (Lebeda and Zinkernagel, 2003).  

In the most interactions, the resistance of Lactuca sp. to B. lactucae is considered 

as a host-resistance (basin compatibility), according to the phenotypic, tissue and cellular 

expression (Lebeda et al., 2007). Host resistance (basic compatibility) is a better known 

phenomenon in this pathosystem because it has been studied from many perspectives 

since 20 century. The most common three categories of host resistance are reviewed 
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below, i.e. race-specific resistance, race non-specific resistance and field resistance 

(Lebeda et al., 2001b, 2002).  

 

Race-specific (differential/vertical) resistance is currently the most intensively 

studied type of resistance. The interaction between Lactuca sp. and B. lactucae generally 

conforms to a gene-for-gene (GFG) relationship (Crute, 1992a,b), in which the resistance 

is determinated by dominant Dm resistance genes (or R-factors) in the hosts, matched by 

dominant avirulence factors (Avr genes) in the pathogens (Hammond-Kosack and Jones, 

1997). The infected plant can exhibit susceptibility or resistance to the pathogen, the 

results of interaction are dependent on genotypes of both participants (Lebeda and 

Zinkernagel, 2003). The plant fitted with race-specific resistance show, incompatibility 

reaction in contact with microorganism. The resistance is limited only to the specific 

phenotypes of pathogen (race) (Lebeda, 1989; Burdon et al., 1996). The Dm resistance 

genes provide a high levels of resistance, however, they are effective only temporarily 

until new virulence genes (v-factors) occur within the pathogen population. The 

permanent control of lettuce downy mildew therefore requires a continuous supply of new 

resistance genes (Lebeda et al., 2007) and a great breeding effort is currently focused on 

introgressing new genes from wild species in response to pathogen changes. This type of 

resistance is well documented also in wild Lactuca spp. (L. serriola, L. saligna, L. virosa) 

and a few closely related genera (Lebeda et al., 2002). Over fifty resistance genes and 

factors (Dm or R factors) have been identified in lettuce (Michelmore et al., 2009; 

Michelmore and Wong, 2008; Parra et al., 2016b). Wild Lactuca species are considered 

as important and promising sources of these resistance genes (Lebeda et al., 2002, 2007, 

2009; Lebeda and Zinkernagel, 2003; Jeuken and Lindhout, 2004; Beharav et al., 2014; 

Jemelková et al., 2015). A current lettuce breeding program must be focussed on 

searching for and utilising novel and more durable sources of resistance to B. lactucae.  

 

Race-non-specific (non-differential/horizontal) resistance is controlled by many 

genes (minor gene resistance, polygenic resistance) and characterized by effectiveness 

against a spectrum of B. lactucae races. Lactuca spp. genotypes with this type of 

resistance posses a certain level of non-specific resistance according to phenotypic 

expression (Lebeda et al., 2002). The presence of race non-specific resistance is not well-
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documented for L. sativa (Lebeda et al., 2001b). It has been reported in some accessions 

of L. serriola (PI 281876 and PI 281877) for which the genetic background is not well 

known, and the presence of some major genes and modifiers is predicted (Lebeda et al., 

2002). And also in accession of L. saligna (CGN05271), where is tested the complete 

non-host resistance due to the cumulative and additive effects between several 

quantitative resistance genes (QTLs) (den Boer et al., 2014, Lebeda et al., 2016). 

 

Field resistance is a complex epidemiological phenomenon (Lebeda et al., 2002), 

expressed by reduced susceptibility of mature plants grown in the field with natural 

infections of B. lactucae. Recent studies suggested simple inheritance of this trait, but the 

single gene models did not fit the data obtained (Grube and Ochoa, 2005). The field 

resistance exhibit some lettuce varieties such as Iceberg and Grand Rapids. This 

resistance trait, which is manifested in adult stages of development, has shown to be 

quantitatively inherited and using the marker-assisted gene pyramiding of multiple Dm 

genes in combination with QTLs for field resistance provides the opportunity for more 

durable resistance to B. lactucae (Parra et al., 2016a). Field resistance is also expected in 

wild Lactuca spp., with direct evidence existing for some L. serriola accessions (e.g. PI 

281876; Lebeda et al., 2002).  

 

2.4. Genetic diversity in plants 

 

Genetic diversity is usually defined as the amount of genetic variability among 

individuals of a variety, or population of a species (Brown, 1983). It results from the many 

genetic differences between individuals and may be manifest in differences in DNA 

sequence, in biochemical characteristics (e.g. in protein structure or isoenzyme 

properties), in physiological properties (e.g. abiotic stress resistance or growth rate) or in 

morphological characters such as flower colour or plant form. Four components of 

genetic diversity can be distinguished; the number of different forms (alleles) ultimately 

found in different populations, their distribution, the effect they have on performance and 

the overall distinctness among different populations. The variation, that supports genetic 

diversity arises from mutation and recombination. Selection, genetic drift and gene flow 
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act on the alleles present in different populations to cause variation in the diversity in 

them. The selection can be natural or artificial. Much of the variation occurs in crop 

species (Frankel, 1977; Nevo et al., 1984; Brown, 1988; Hamrick et al., 1992). It is 

generally accepted that the genetic variation in plant populations is structured in space 

and time (Loveless and Hamrick, 1984). The major factors, which probably affect the 

genetic structure of plant populations include climatic, edaphic and biotic factors as well 

as those specific to the populations (e.g. population size, selection), or to the species (e.g. 

ploidy, breeding system, linkage) (Rao and Hodgkin, 2002). 

Genetic diversity is the basis for survival and adaptation and makes it possible to 

continue and advance the adaptive processes on which evolutionary success and, to some 

extent human survival, depends. The process of extinction can be due to biotic or abiotic 

stresses, caused by factors such as competition, predation, parasitism and disease, or to 

isolation and habitat alteration due to slow geological and climatic change, natural 

catastrophes or human activities. Given these threats, it is essential to understand properly 

the genetic diversity in plant genetic resources and to conserve and use it efficiently (Rao 

and Hodgkin, 2002).  

Molecular methods have become an essential part of most studies on genetic 

diversity extend and distribution and in the analyses of breeding system, bottlenecks and 

other key features affecting genetic diversity patterns. However, it is important to 

understand that different markers have different properties and will reflect different 

aspects of genetic diversity (Karp and Edwards, 1995). Comparative studies of various 

marker systems are needed to determine the relative merits of the different approaches 

for diverse crops, wild species or situations, in order to permit researchers to make 

appropriate choice of methodology. In general, there remains a need to develop improved 

methodologies (assessment of genetic diversity on morphological, biochemical and 

molecular level) for studying and sampling genetic diversity in populations (Hodgkin et 

al., 2001, Mondini et al., 2009). 

Thus, it is likely that molecular methods (e.g. AFLPs, SSRs, ...) are most useful for 

evaluation of genetic diversity, for estimating a gene flow, genetic drift and degree of 

outbreeding. Thus, information generated using different PCR-based molecular markers 

can provide valuable information on a number of practical issues of germplasm 

management, including the classification of accessions by known allelic constitution, 



 21 

detection of redundancy in collections or the detection of genes influencing economically 

important traits. 

 
 
 
2.5. Molecular markers used in study of diversity wild Lactuca spp. population  

 

Since the 1980s, molecular markers became frequently used in plant genetic studies 

and breeding programs, thus shifting the orientation from phenotype-based genetics to 

genotype-based approaches. Also, the molecular markers have been utilized for a variety 

of applications including examination of the genetic relationships between individuals, 

mapping of useful genes, construction of linkage maps, marker assisted selections and 

backcrosses, population genetics and phylogenetic studies (Simko, 2009; Kalia et al., 

2011) 

Several types of markers are regularly used for cultivar fingerprinting, linkage map 

construction, mapping alleles for desirable traits, marker-assisted selection, and 

assessment of population structure (Simko, 2009). The molecular markers are useful tools 

for assaying genetic variation and provide an efficient means to link phenotypic and 

genotypic variation (Varshney et al., 2005). In the recent years, the progress made in the 

development of DNA based marker systems has advanced our understanding of genetic 

resources. These molecular markers are classified as: (a) non PCR-based  i.e. restriction 

fragment length polymorphism (RFLP), (b) PCR-based i.e. random amplification of 

polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), inter 

simple sequence repeats (ISSR) and microsatellites or simple sequence repeats (SSR), 

sequence specific PCR-based markers i.e. expressed sequence tag based SSR (EST-SSR), 

(c) single nucleotide polymorphism (SNP), (d) markers based on other DNA than 

genomic DNA i.e. chloroplast (cpDNA) and mitochondrial (mtDNA) microsatellites, 

PCR sequencing approaches. (Varshney et al., 2007; Sehgal and Raina, 2008; Mondini et 

al., 2009; Rauscher and Simko, 2013).  
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Microsatellites, also called Simple Sequence Repeats (SSRs), are short, tandemly 

repeated motifs of one to six nucleotide long DNA motifs, generally distributed in all 

prokaryotic and eucaryotic genomes (Zane et al., 2002). The existence of microsatellites 

was demostrated by Hamada et al. (1982) in various eukaryotes ranging from yeasts to 

vertebrates. Subsequent studies by Delseny et al. (1983) and Tautz and Renz (1984) 

confirmed the abundance of microsatellites in plants and in many eukaryotes. Plants are 

rich in AT repeats, whereas in animals AC repeats is the most common. This appears to 

be the general feature distinguishing plant and animal genomes (Powell et al., 1996). 

SSRs are present in both coding and noncoding regions and are distributed throughout 

the nuclear genome. These can also found in the chloroplastic (Provan et al., 2001; Chung 

et al., 2006) and mitochondrial (Soranzo et al., 1999; Rajendrakumar et al., 2007) 

genomes. 

SSR-based molecular markers are frequently used in plant genetics due to their high 

reproducibility, codominant inheritance, and high information content (Simko, 2009). 

The high polymorphism is due to different number of repeats in the microsatellite regions, 

therefore they can be easily and reproducibly detected by polymerase chain reaction 

(PCR) (Kalia et al., 2011). These markers are amenable to high throughput genotyping 

and have proven to be an extremely valuable tool for paternity analysis, construction of 

high density genome maps, mapping of useful genes, marker assisted selection, and for 

establishing genetic and evolutionary relationships (Parida et al., 2009).  

 

Amplified fragment length polymorphism (AFLP) is a DNA fingerprinting 

technique developed by Zabeau and Vos (1993). AFLPs are polymerase chain reaction 

(PCR) based markers for the rapid screening of genetic diversity. This technique is based 

on the detection of genomic restriction fragments by PCR amplification, and can be used 

for DNAs of any origin or complexity. Fingerprints are produced without prior sequence 

knowledge using a limited set of generic primers. The number of fragments detected in a 

single reaction can be 'tuned' by selection of specific primer sets (Vos et al., 1995). AFLP 

involves the restriction of genomic DNA, followed by ligation of adaptors 

complementary to the restriction sites and selective PCR amplification of a subset of the 

adapted restriction fragments. These fragments are viewed on denaturing polyacrylamide 

gels either through autoradiographic or fluorescence methodologies (Vos et al., 1995; 
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Jones et al., 1997). AFLP technique has become the ideal means in situations where there 

is neither an a priori-sequence information nor suitable established markers (such as 

microsatellites) (Meud and Clarke, 2007). The main advantage of AFLP is that large 

numbers of genetic markers can be typed relatively quickly and effectively at low cost 

(Evanno et al., 2005, Nicolè et al., 2007). The disadvantages of AFLP are its dominant 

(heterozygotes cannot be distinguished from dominant homozygotes) and biallelic 

character (for a given size, the fragment is either present or absent) and homoplasy of 

bands (Vekemans et al., 2002; Meud and Clarke, 2007; Paris et al., 2010).  

The studies related to use of molecular markers (AFLP, SSR) in the Lactuca spp. 

germplasm collections have been reviewed by Dziechciarková et al. (2004) and Lebeda 

et al. (2014). During the last three years, the AFLPs and SSRs methods have been used 

in study of genetic diversity of L. aculeata populations from the Near East (Jemelková et 

al., 2015) and in study of population structure of three predominantly self-pollinating wild 

Lactuca species (L. serriola, L. saligna and L. aculeata) collected from Israel (Kitner et 

al., 2015). These publications are part of this Ph.D. thesis. The microsatellites were also 

used in D’Andrea et al. (2017), where, together with chloroplast RFLP-markers, 

evaluated interpopulation diversity and the recent range expansion process of L. serriola 

in Europe. Beside these methods, Sevindik et al. (2016), in phylogenetic study of Turkish 

Lactuca species, used sequence analysis of the internal transcribed spacer (ITS) region of 

the nuclear ribosomal DNA (nrDNA), or chloroplast trnL-F (cpDNA) region. One of the 

most recent title, which deals with assessment of genetic variability, population structure 

and relationships of Lactuca L. species using the isozyme analysis is El-Esawi (2017). 

 

 

 
  



 24 

2.6.  References 

 

Barrière, V., Lecompte, F., Nicot, Ph.C., Maisonneuve, B., Tchamitchian, M., Lescourret, 
F., 2014. Lettuce cropping with less pesticides. A review. Agron. Sustain. Dev. 34, 
175–198. 

Beharav, A., Ben-David, R., Doležalová, I., Lebeda, A., 2008. Eco-geographical 
distribution of Lactuca saligna natural populations in Israel. Israel. J. Plant. Sci. 56, 
195–206.  

Beharav, A., Ben-David, R., Doležalová, I., Lebeda, A., 2010a. Eco-geographical 
distribution of Lactuca aculeata natural populations in northeastern Israel. Genet. 
Resour. Crop Evol. 57, 679–686. 

Beharav, A., Ochoa, O., Michelmore, R., 2014. Resistance in natural populations of three 
wild Lactuca species from Israel to highly virulent Californian isolates of Bremia 
lactucae. Genet. Resour. Crop Evol. 61, 603–609.  

Bown, D., 1995. Encyclopaedia of Herbs and Their Uses. London, UK: Dorling 
Kindersley; ISBN 0-7513-020-31. 

Brown, W.L., 1983. Genetic diversity and genetic vulnerability – an appraisal. Econ. Bot. 
37(1), 4–12. 

Brown, A.H.D., 1988. The genetic diversity of germplasm collections. In: Fraleigh, B. 
(Ed.) Proceedings of a Workshop on the Genetic Evaluation of Plant Genetic 
Resources, (pp. 9–11), Toronto, Canada. Research Branch, Agriculture Canada, 
Toronto. 

Brown, S., Koike, S.T., Ochoa, O.E., Laemmlen, F., Michelmore, R.W., 2004. 
Insensitivity to the fungicide fosetyl-aluminium in California isolates of the lettuce 
downy mildew pathogen, Bremia lactucae. Plant. Dis. 88, 502–508. 

Burdon, J.J., Wennström, A., Elmqvist, T., Kirby, G.C., 1996. The Role of Race Specific 
Resistance in Natural Plant Populations. Oikos 76(2), 411–416. 

Carter, R.N. and Prince, S.D., 1985. The geographical distribution of prickly lettuce 
(Lactuca serriola). A general survey of its habitats and performance in Britain. J. 
Ecol. 73, 27–38.  

Crute, I.R. and Dixon G.R., 1981. Downy mildew diseasescaused by the genus Bremia 
Regel. In: Spencer, D.M. (Ed.) The Downy Mildews, (pp. 421–460), London, New 
York, San Francisco. Academic Press. 

Crute, I.R., 1992a. From breeding to cloning (and back again?): a case study with lettuce 
downy mildew. Annu. Rev. Phytopathol. 30, 485–506.  

Crute, I.R., 1992b. Downy mildew of lettuce. In: Chaube, H.S., Kumar, J., 
Mukhopadhyay, A.N., Singh, U.S. (Eds.), Plant diseases of international 
importance. Vol. ii. Diseases of vegetable and oil seed crops, (pp. 165–185), 
Englewood Cliffs, New Jersey, Prentice Hall.  

Danin, A., 2004.  Distribution Atlas of Plants in the Flora Palestina Area. The Israel 
Academy of Sciences and Humanities, Jerusalem. 

D’Andrea, L., Broennimann, O., Kozlowski, G., Guisan, A., Morin, X., Keller-Senften, 
J., Felber, F., 2009. Climate change anthropogenic disturbance and the northward 
range expansion of Lactuca serriola (Asteraceae). J. Biogeogr. 36(8), 1573–1587. 

D’Andrea, L., Meirmans, P., van de Wiel, C., Guadagnuolo, R., van Treuren, R., 
Kozlowski, G., den Nijs, H., Felber, F., 2017. Molecular biogeography of prickly 



 25 

lettuce (L. serriola L.) shows traces of recent range expansion. J. Hered. 108,194–
206. 

Delseny, M., Laroche, M., Penon, P., 1983. Detection of sequences with Z-DNA forming 
potential in higher plants. Biochem. Biophys. Res. Commun. 116, 113–120.  

den Boer, E., Pelgrom, B.T.B., Zhang, N.W., Visser, R.G.F., Niks, R.E., Jeuken, M.J.W, 
2014. Effects of stacked quantitative resistances to downy mildew in lettuce do not 
simply add up. Theor. Appl. Genet. 127, 1805–1816. 

de Vries, I.M., 1990. Crossing experiments of lettuce cultivars and species (Lactuca sect. 
Lactuca, Compositae). Plant. Syst. Evol. 171, 233–248. 

de Vries, I.M., 1997. Origin and domestication of Lactuca sativa L. Genet. Resour. Crop 
Evol. 44, 165−174. 

Doležalová, I., Křístková, E., Lebeda, A., Vinter, V., 2002. Description of morphological 
characters of wild Lactuca L. spp. genetic resources (English-Czech version). Hort. 
Science (Prague) 29, 56–83. 

Dostál, J., 1989. Nová květena ČSSR 2. – Academia, Praha. 
Dziechciarková, M., Lebeda, A., Doležalová, I., Astley, D., 2004. Characterization of 

Lactuca spp. germplasm by protein and molecular markers – a review. Plant Soil 
Environ. 50, 47–58. 

El-Esawi, M.A., Mustafa, A.E., Badr, S., Sammour, R., 2017. Isozyme analysis of genetic 
variability and population structure of Lactuca L. germplasm. Biochem. Syst. Ecol. 
70, 73–79. 

Evanno, G., Regnaut, S., Goudet, J., 2005. Detecting the number of clusters of individuals 
using the software STRUCTURE: a simulation study. Molec. Ecol. 14, 2611–2620.  

Feráková, V., 1977. The genus Lactuca in Europe. Univerzita Komenského, Bratislava. 
Frankel, O.H., 1977. Natural variation and its conservation. In: Muhammed, A., Aksel, 

R., von Borstel, R.C. (Eds.) Genetic Diversity in Plants, (pp. 21–44), Plenum Press, 
New York. 

Gilbert, G.S., 2002. Evolutionary ecology of plant diseases in natural ecosystems. Annu. 
Rev. Phytopathol. 40(1), 13−43. 

Globerson, D., Netzer, D., Sacks, J., 1980. Wild lettuce as a source for improving 
cultivated lettuce. In: Proceedings Eucarpia Meeting on Leafy Vegetables, (pp. 86–
96), Glasshouse Crop Research Institute, Littlehampton, UK. 

Grube, R.C. and Ochoa, O.E., 2005. Comparative genetic analysis of field resistance to 
downy mildew in the lettuce cultivars ‘Grand Rapids’ and ‘Iceberg’. Euphytica 142, 
205–215.  

Grulich, V., 2004. Lactuca L. – locika. In: Slavík B., Štěpánková J. (Eds.) Květena České 
republiky, díl 7., (pp. 487–497), Academia, Praha.  

Hamada, H.M., Petrino, M.G., Kakunaga, T., 1982. A novel repeated element with Z-
DNAforming potential is widely found in evolutionarily diverse eukaryotic 
genomes. Proc. Natl. Acad. Sci. 79, 6465–6469.  

Hammond-Kosack, K.E. and Jones, J.D.G., 1997. Plant disease resistance genes. Annu. 
Rev. Plant Physiol. Plant Mol. Biol. 48, 575–607.� 

Hamrick, J.L., Godt, M.J.W., Sherman-Broyles, S.L., 1992. Factors influencing levels of 
genetic diversity in woody plant species. New Forest. 6, 95–124 

Hegi, G., 1987. Illustrierte Flora von Mitteleuropa, Band VI, Teil 4., Berlin-Hamburg, 
pp. 1113–1134. 



 26 

Hodgkin, T., Roviglioni, R., de Vicente, M.C., Dudnik, N., 2001. Molecular methods in 
the conservation and use of plant genetic resources. Acta Hort. 546, 107–118. 

Hooftman, D.A.P., Oostermeijer, J.G.B. and den Nijs, J.C.M., 2006. Invasive behavior of 
Lactuca serriola (Asteraceae) in The Netherlands: spatial distribution and 
ecological amplitude. Basic Appl. Ecol. 7, 507–519. 

Choi, Y.J., Thines, M., Runge, F., Hong, S.B., Telle, S.,�Shin, H.D., 2011. Evidence for 
high degrees of specialisation, evolutionary diversity, and morphological 
distinctiveness in the genus Bremia. Fungal Biol. 115, 102–111. 

Chung, A. M, Staub, J.E, Chen, J.F., 2006. Molecular phylogeny of Cucumis species as 
revealed by consensus chloroplast SSR marker length and sequence variation. 
Genome 49, 219–229.  

Jemelková, M., Kitner, M., Křístková, E., Beharav, A., Lebeda, A., 2015. Biodiversity of 
Lactuca aculeata germplasm assessed by SSR and AFLP markers, and resistance 
variation to Bremia lactucae. Biochem. Syst. Ecol. 61, 344–356. 

Jeuken, M. and Lindhout, P., 2004. The development of lettuce backcross inbred lines 
(BILs) for exploitation of the Lactuca saligna (wild lettuce) germplasm. Theor. 
Appl. Genet. 109, 394–401.  

Jones, C.J., Edwards, K.J., Castaglione, S., Winfield, M.O., Sala, F., Wiel, C.van de, 
Bredemeijer, G., Vosman, B., Matthes, M., Daly, A., Brettschneider, R., Bettini, P., 
Buiatti, M., Maestri, E., Malcevschi, A., Marmiroli, N., Aert, R., Volckaert, G., 
Rudea, J., Linacero, R., Vazquez, A., Karp, A., 1997. Reproducibility testing of 
RAPD, AFLP and SSR markers in plants by a network of European laboratories. 
Mol. Breed. 3, 381–390.  

Kalia, R.K., Rai, M.K., Kalia, S., Singh, R., Dhawan, A.K., 2011. Microsatellite markers: 
an overview of the recent progress in plants. Euphytica 177, 309–334. 

Karp, A. and Edwards, K.J., 1995. Molecular techniques in the analysis of the extent and 
distribution of genetic diversity. IPGRI Workshop on Molecular Genetic Tools in 
Plant Genetic Resources, 9–11 October, Rome, IPGRI. 

Kitner, M, Majeský, Ľ, Křístková, E., Jemelková, M., Lebeda, A., Beharav, A., 2015. 
Genetic diversity in Israeli natural populations of three predominantly self-
pollinating wild Lactuca (L. serriola, L. saligna, L. aculeata) species. Genet. 
Resour. Crop Ev. 67(2), 991-1008. 

Koopman, W.J.M., Zevenbergen, M.J., van den Berg, R.G., 2001. Species relationships 
in Lactuca s.l. (Lactucae, Asteraceae) inferred from AFLP fingerprints. Am. J. Bot. 
88, 1881–1887. 

Lebeda, A., 1989. Response of lettuce cultivars carrying the resistance gene Dm11 to 
isolates of Bremia lactucae from Lactuca serriola. Plant Breed. 102, 311–316.  

Lebeda, A. and Astley, D., 1999. World genetic resources of Lactuca spp., their taxonomy 
and biodiversity. In: Lebeda, A., Křístková, E., (Eds.), Eucarpia Leafy Vegetables 
’99, (pp. 81–94) Olomouc, Palacký University. 

Lebeda, A., Doležalová, I., Astley, D., 2004b. Representation of wild Lactuca spp. 
(Asteraceae, Lactuceae) in world genebank collections. Genet. Resour. Crop Evol. 
51 (2), 167–174.  

Lebeda, A., Doležalová, I., Feráková, V., Astley, D., 2004a. Geographical distribution of 
wild Lactuca species (Asteraceae, Lactuceae). Bot. Rev. 70(3), 328–356. 

 



 27 

Lebeda, A., Doležalová, I., Křístková, E., Mieslerová, B., 2001a. Biodiversity and 
ecogeography of wild Lactuca spp. in some European countries. Genet. Resour. 
Crop Evol. 48(2), 153–164. 

Lebeda, A., Doležalová, I., Křístová, E., Kitner, M., Petrželová, I., Mieslerová, B., 
Novotná, A., 2009. Wild Lactuca germplasm for lettuce breeding: current status, 
gaps and challenges. Euphytica 170, 15–34. 

Lebeda, A., Kitner, M., Křístková, E., Doležalová, I., Beharav, A., 2012. Genetic 
polymorphism in Lactuca aculeata populations and occurrence of natural putative 
hybrids between L. aculeata and L. serriola. Biochem. Syst. Ecol. 42, 113–123. 

Lebeda, A., Křístková, E., Dehmer, K.J., Astley, D., van de Wiel, C.C.M., van Treuren, 
R., 2007. Acquisition and ecological characterization of Lactuca serriola L. 
germplasm colleted in the Czech Republic, Germany, the Netherlands and United 
Kingdom. Genet. Resour. Crop Evol. 54(3), 555–562. 

Lebeda, A., Křístková, E., Kitner, M., Mieslerová, B., Jemelková, M., Pink, D.A.C., 
2014. Wild Lactuca species, their genetic diversity, resistance to diseases and pests, 
and exploitation in lettuce breeding. Eur. J. Plant Pathol. 138, 597–640. 

Lebeda, A., Křístková, E., Kitner, M., Mieslerová, B., Jemelková, M., Pink, D.A.C., 
2015. Resistance of wild Lactuca genetic resources to diseases and pests, and their 
exploitation in lettuce breeding. Acta Hortic. 1101, 133-139. 

Lebeda, A., Křístková, E., Kitner, M., Mieslerová, B., Pink, D.A.C, 2016. Wild Lactuca 
saligna: a rich source of variation for lettuce breeding. In: Maxted, N., Ehsan 
Dulloo, M. and Ford-Lloyd, B.V. (Eds.): Enhancing Crop Genepool Use: 
Capturing Wild Relative and Landrace Diversity for Crop Improvement. CAB 
International, Wallingford, UK, pp. 32-46. (ISBN-13: 978-1-78064-613-8)   

Lebeda, A., Petrželová, I., Maryška, Z., 2008. Structure and variation in the wild-plant 
pathosystem: Lactuca serriola–Bremia lactucae. Eur. J. Plant Pathol. 122(1), 127–
146. 

Lebeda, A., Pink, D.A.C., Astley, D., 2002. Aspects of the interactions between wild 
Lactuca spp. and related genera and lettuce downy mildew (Bremia lactucae). In: 
Spencer-Phillips, P.T.N., Gisi, U., Lebeda, A. (Eds.) Advances in Downy Mildew 
Research, (pp. 85–117), Dordrecht, the Netherlands, Kluwer Academic Publishers.  

Lebeda, A., Pink, D.A.C, Mieslerová, B., 2001b. Host-parasite specificity and defense 
variability in the Lactuca spp. c Bremia lactucae pathosystem. J. Plant Pathol. 
83(2), 25-35 

Lebeda, A., Ryder, E.J., Grube, R., Doležalová, I., Křístková, E., 2007. Lettuce 
(Asteraceae; Lactuca spp.), Chapter 9. In: Singh, R. (Ed.) Genetic Resources, 
Chromosome Engineering, and Crop Improvement Series, Vegetable Crops 3, (pp. 
377–472), CRC Press, Boca Raton. 

Lebeda, A. and Schwinn, F.J., 1994. The downy mildews – an overview of recent research 
progress. J. Plant Dis. Protect. 101, 225–254. 

Lebeda, A. and Zinkernagel, V., 2003. Characterization of new highly virulent German 
isolates of Bremia lactucae and efficiency of resistance in wild Lactuca spp. 
germplasm. J. Phytopathol. 151, 274–282.  

Loveless, M.D. and Hamrick, J.L., 1984. Ecological determinants of genetic structure in 
plant populations. Ann. Rev. Ecol. Syst. 15, 65–96. 

McGuire, P., Ryder, E., Michelmore, R., Clark, R., Antle, R., Emery, G., Hannan, R., 
Kesseli, R., Kurtz, E., Ochoa, O., Rubatzky, V., Waycott, W., 1993. Report 



 28 

No.12, Genetic Resources Conservation Program, Division of Agriculture and 
Natural Resources, University of California, Davis, California, USA. 

Meudt, H.M. and Clarke, A.C., 2007. Almost forgotten or latest practice? AFLP 
applications, analysis and advances. Trends Plant Sci. 12, 106–117.  

Meusel, H. and Jäger, E.J., 1992. Vergleichende Chorologie der Zentraleuropäischen 
Flora. Gustav Fischer Verlag, Jena. Cited in: Lebeda, A., Doležalová, I., Feráková, 
V., Astley, D. 2004. Geographical distribution of wild Lactuca Species (Asteraceae, 
Lactuceae). Bot. Rev. 70(3), 328–356. 

Michelmore, R.W., 1981. Sexual and asexual reproduction sporulation in the downy 
mildews. In: Spencer, D.M. (Ed.), The downy mildews (pp. 165–181). London, 
Academic. 

Michelmore, R., Ochoa, O., Wong, J., 2009. Bremia lactucae and lettuce downy mildew. 
In: DOWNY MILDEW. Oomycete Genetics and Genomics: Diversity, Interactions 
and Research Tools, 241. 

Michelmore, R. and Wong, J., 2008. Classical and molecular gentetics of Bremia 
lactucae, cause of lettuce downy mildew. Eur. J. Plant Pathol. 122, 19–30. 

Mondini, L., Noorani, A., Pagnotta, M.A., 2009. Assessing Plant Genetic Diversity by 
Molecular Tools. Diversity 1, 19–35. 

Nevo, E., Beiles, A., Ben-Shlomo, R., 1984. The evolutionary significance of genetic 
diversity: ecological, demographic and life history correlates. Lect. Notes Biomath. 
53, 13–21. 

Nicolè, F., Tellier, F., Vivat, A. Till-Bottraud, I., 2007. Conservation unit status inferred 
for plants by combining interspecific crosses and AFLP. Conserv. Genet. 8, 1273–
1285. 

Parida, S.K., Kalia, S.K., Sunita, K., Dalal, V., Hemaprabha, G., Selvi, A., Pandit, A., 
Singh, A., Gaikwad, K., Sharma, T.R., Srivastava, P.S., Singh, N.K., Mohapatra, 
T., 2009. Informative genomic microsatellite markers for efficient genotyping 
applications in sugarcane. Theor. Appl. Genet. 118, 327–338.  

Parra, L., Maisonneuve, B., Lebeda, A., Schut, J., Christopoulou, M., Jeuken, M., 
McHale, L., Truco, M.J., Crute, I., Michelmore, R., 2016b. Rationalization of genes 
for resistance to Bremia lactucae. Euphytica 210, 309–326. 

Parra, L., Simko, I., Michelmore, R., 2016a. Genetic characterization of quantitative 
resistance to Bremia lactucae, the causal organism of lettuce downy mildew. 
American Phytopathological Society Annual Meeting. Available: 
http://www.apsnet.org/meetings/annual/abstracts/pages/abstractdetail.aspx?MID=
550. 

Paris, M., Bonnes, B., Ficetola, G.F., Poncet, B.N., Després, L., 2010. Amplied fragment 
length homoplasy: in silico analysis for model and non-model species. BMC 
Genomics 11, 287.  

Powell, W., Machray, G.C., Provan, J., 1996. Polymorphism revealed by simple sequence 
repeats. Trends Plant Sci. 1, 215–222. 

Provan, J., Powell, W., Hollingsworth, P.M., 2001. Chloroplast microsatellites: new tools 
for studies in plant ecology and evolution. Trends Ecol. Evol. 16, 142–147.  

Rajendrakumar, P., Biswal, A.K., Balachandran, S.M., Srinivasarao, K., Sundaram, R.M., 
2007. Simple sequence repeats in organellar genomes of rice: frequency and 
distribution in genic and intergenic regions. Bioinformatics 23, 1–4.  

Rao, R.V. and Hodgkin, T., 2002. Genetic diversity and conservation and utilization of 



 29 

plant genetic resources. Plant Cell Tissue Organ Cult. 68, 1–19. 
Rauscher, G. and Simko, I., 2013. Development of genomic SSR markers for 

fingerprinting lettuce (Lactuca sativa L.) cultivars and mapping genes. BMC Plant 
Biology, 13, 11.  

Robinson, R.A., 1996. Chapter 10: Pathosystems: Wild Pathosystems and Crop 
Pathosystems. In: Return to resistance, (pp. 93−100), Ag Acess, Davis, California. 

Sehgal, D. and Raina, S.N., 2008. DNA markers and germplasm resource diagnostics: 
new perspectives in crop improvement and conservation strategies. In: Arya, I.D., 
Arya, S. (Eds.) Utilization of biotechnology in plant sciences (pp. 39–54), 
Microsoft Printech (I) Pvt. Ltd, Dehradun. 

Sevindik, E., Uzun, V., Coskun, F., 2016. Sequence analysis of the internal transcribed 
spacer (ITS) region of the nuclear ribosomal DNA (nrDNA) region) and chloroplast 
trnL-F region (cpDNA) of some Lactuca (L.) Asteraceae species in Turkey. Not. 
Sci. Biol. 8(4), 451–455.  

Sharaf, K., Lewinsohn, D., Nevo, E., Beharav, A., 2007. Virulence patterns of Bremia 
lactucae in Israel. Phytoparasitica 35, 100–108.  

Simko, I., 2009. Development of EST-SSR markers for the study of population structure 
in lettuce (Lactuca sativa L). J.  Hered. 100, 256–262. 

Simko, I., Atallah, A.J., Ochoa, O.E., Antonise, R., Galeano, C.H., Truco, M.J., 
Michelmore, R.W., 2013. Identification of QTLs conferring resistence to downy 
mildew in legacy cultivars of lettuce. Sci. Rep. 3, 2875. DOI: 10.1038/srep02875. 

Soranzo, N., Provan, J., Powell, W., 1999. An example of microsatellite length variation 
in the mitochondrial genome of conifers. Genome 42, 158–161.  

Tautz, D. and Renz, M., 1984. Simple sequences are ubiquitous repetitive components of 
eukaryotic genomes. Nucl. Acids Res. 12, 4127–4138.  

Thompson, R.C., Whitaker, T.W., Bohn, G.W., Horn, C., Van Horn, C.W., 1958. Natural 
cross-pollination in lettuce. Proc. Am. Soc. Hortic. Sci. 72, 403–409. 

Thines, M., Runge, F., Telle, S., Voglmayr, H., 2010. Phylogenetic investigations in the 
downy mildew genus Bremia reveal several distinct lineages and a species with a 
presumably exceptional wide host range. Eur. J. Plant Pathol., 128, 81–89.  

Varshney, R.K., Graner, A., Sorrells, M.E., 2005. Genic microsatellite markers in plants 
features and applications. Trends Biotechnol. 23, 48–55. 

Varshney, R.K., Thudi, M., Aggarwal, R., Börner, A., 2007. Genic molecular markers in 
plants: development and applications. In: Varshney, R.K., Tuberosa, R. (Eds.) 
Genomicsassisted crop improvement: genomics approaches and platforms, (pp. 13–
29), vol 1. Springer, Dordrecht. 

Vekemans, X., Beauwens, T., Lemaire, M., Roldan-Ruiz, I., 2002. Data from amplified 
fragment length polymorphism (AFLP) markers show indication of size homoplasy 
and of a relationship between degree of homoplasy and fragment size. Molec. Ecol. 
11, 139–151. 

Vos, P., Hogers, R., Bleeker, M., Reijans, M., van de Lee, T., Hornes, M., Frijters, A., 
Pot, J., Peleman, J., Kuiper, M., Zabeau, M., 1995. AFLP: a new technique for DNA 
fingerprinting. Nucl. Acids Res.  23, 4407–4414.  

Weaver, S., Cluney, K., Downs, M. and Page, E., 2006. Prickly lettuce (Lactuca serriola) 
interference and seed production in soybeans and winter wheat. Weed Sci. 54, 496–
503. 



 30 

Weaver, S.E. and Downs, M.P. 2003. The biology of Canadian weeds. 122. Lactuca 
serriola L. Can. J. Plant Sci. 83, 619–628. 

Wei Z., Zhu S., Van den Berg R.G., Bakker F.T., Schranz M.E., 2017. Phylogenetic 
relationships within Lactuca L. (Asteraceae) including African species, based on 
chloroplast DNA sequence comparisons. Genet. Resour. Crop Evol. 64, 55–71. 

Zabeau, M. and Vos, P., 1993. Selective Restriction Fragment Amplification: A general 
maethod for DNA fingerprints. 

Zane, L., Bargelloni, L., Patarnello, T., 2002. Strategies for microsatellite isolation: a 
review. Mol. Ecol. 11, 1–16. 

Zohary, D., 1991. The wild genetic resources of cultivated lettuce (Lactuca sativa L.). 
Euphytica 53, 31–35. 

 

 
  



 31 

3. AIMS OF THE PH.D. THESIS 
 
 
The main aims of the Ph.D. study are summarized in the following points: 

 

1. Process available literature relating to the topic; 

 

2. Testing resistance with inoculation tests under laboratory conditions and 

evaluation a variability of the resistance of the wild Lactuca genetic resources 

to lettuce downy mildew (Bremia lactucae); 

 

3. The analysis of a genetic variability of the Lactuca species using 

microsatellite and AFLP markers; 

 

4. Genetic resources of wild Lactuca L. species and their exploitation in lettuce 

breeding – critical analysis. 

 
 
 

 
 

 

  



 32 

4. RESULTS 
 
 
4.1. Genetic and morphological variability of Lactuca serriola populations 

 

4.2. Biodiversity of Lactuca aculeata germplasm including the resistance variation 

to Bremia lactucae 

 

4.3. Genetic and morphological variability of the wild Lactuca species in natural 

populations in Israel 

 

4.4. Wild Lactuca genetic resources – summary of the intensive research 
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Abstract  

The study involved 121 samples of the common weed, Lactuca serriola L. (prickly 
lettuce), representing 53 populations from Sweden and Slovenia. The seed materials, 
originating from different habitats, were regenerated and taxonomically validated at the 
Department of Botany, Palacký University in Olomouc, Czech Republic. The 
morphological characterizations of the collected plant materials classified all 121 samples 
as L. serriola f. serriola; one sample was heterogeneous, and also present was L. serriola 
f. integrifolia. Differences in the amount and distribution of the genetic variations 
between the two regions were analyzed using 257 amplified fragment length 
polymorphism (AFLP) and 7 microsatellite (SSRs) markers. Bayesian clustering and 
Neighbor-Network were used for visualization of the differences among the samples by 
country. Under the Bayesian approach, the best partitioning (according to the most 
frequent signals) was resolved into three groups. While the absence of an admixture or 
low admixture was detected in the Slovenian samples, and the majority of the Swedish 
samples, a significant admixture was detected in the profiles of five Swedish samples 
collected near Malmö, which bore unique morphological features of their rosette leaves. 
The Neighbor-Network divided samples into 6 groups, each consisting of samples coming 
from a particular country. Reflection of morphology and eco-geographical conditions in 
genetic variation is also discussed. 
Keywords: Biogeography, Dinaric Alps and the Pannonian Plain, DNA polymorphism, 
Ecology, Habitats, Morphological variation, Prickly lettuce, Scandinavia 
 
 
Introduction 

Prickly lettuce (Lactuca serriola L., Asteraceae) is the most common species in the 
genus Lactuca L. (Feráková 1977), and has a circumglobal distribution (Lebeda et al. 
2004). It is an annual or winter-annual therophyte (Feráková 1977), and an ‘r’strategist 
(Tilman 1988). Its evolution has trended towards a short life cycle, strong self-fertilization 
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ability, good adaptation for wind dispersal, and quick germination (Frietema de Vries 
1992; Lebeda et al. 2001). L. serriola is a drought-tolerant species (Werk and Ehleringer 
1986), mainly growing in sunny microhabitats within anthropogenic habitats such as 
roadsides, railways, dumps, and urban areas (Feráková 1977; Lebeda et al. 2001, 2004); 
it is considered a good colonist of a wide spectrum of different habitats with different 
degrees of invasivity. Prickly lettuce is of Euro-Asian origin, also being native in North 
Africa (Feráková 1977). It has primarily spread in the Mediterranean and the Near East 
(de Vries 1997; Lebeda et al. 2007a), and is considered an archaeophyte dependent on a 
culture from the northern part of central Europe (Meusel and Jäger 1992). The species 
belongs to a group of Mediterranean ruderal plants that have enlarged their distribution 
area during the last few centuries (Landolt 2001).  

The northern boundary of the European distribution area runs near latitude 65 °N 
through Finland, and 55 °N through Great Britain (Feráková 1977). The expanding 
distribution of this species is accomplished with the transport of reproductive propagules, 
the achenes. The ripened achenes with attached pappus are primarily dispersed by the 
wind, probably also by water (Weaver and Downs 2003). The spread of this species is 
also closely related with human activities, which primarily produce an increase in their 
transport (Lebeda et al. 2001). Prickly lettuce has drastically increased its geographical 
range, invading many European, (North-) American, and Australian regions during the 
last 50-60 years (de Vries 1996; Lebeda et al. 2001, 2004); recently L. serriola has spread 
as an invasive weed throughout Europe (Lebeda et al. 2004, 2007b; D’Andrea et al. 2009), 
including Scandinavia (Rydberg 2013). Its synanthropic distribution has also been 
recorded from Australia, including Tasmania and New Zealand (Burbinge and Gray 1970; 
Webb et al. 1988), as well as Taiwan (Wang and Chen 2010), North America, southern 
Africa, and Argentina (Strausbaugh and Core 1978; Zohary 1991; Zuloaga and Morrone 
1999). The study by Alexander (2010) supported a genetic basis for the differences in the 
elevation limits of L. serriola populations between two parts of its native and introduced 
ranges.  

Two primary morphological forms are recognized within L. serriola L. based on 
cauline leaf-shape variability; the pinnatifid-leaved form L. serriola L. f. serriola, and the 
unlobed-leaved form L. serriola L. f. integrifolia (S.F. Gray) S.D. Prince et R. N. Carter. 
The serriola form is recorded as the most frequent species, occurring at a very high 
density in Europe; the form integrifolia is not so common, and has been recorded in e.g., 
Switzerland, Italy, France, western Germany, the Netherlands, and is prevalent in the UK 
(Lebeda et al. 2001, 2004, 2007a,b). 

Lactuca serriola is the best known wild species of the genus Lactuca, the 
geographic distribution, morphological, and phenological variations of which have been 
intensively studied (Lebeda et al. 2004, 2007a; Alexander 2010). L. serriola is also an 
important genetic resource for new resistance to diseases and pests (Lebeda et al. 2014), 
abiotic factors, as well as for genes responsible for physiological and quality characters 
(Lebeda et al. 2007a). Prickly lettuce has been used in commercial lettuce breeding for 
more than 80 years (Lebeda et al. 2007a), especially as a source of race-specific resistance 
genes against lettuce downy mildew (Bremia lactucae Regel) (Parra et al. 2016). It has 
also been used over the last decade in various molecular studies to characterize genetic 
variation and diversity in both germplasm collections and natural populations (e.g. 
Koopman et al. 2001; Kitner et al. 2008, 2015).  
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The most commonly used methods for the analysis of DNA polymorphism include 
amplified fragment length polymorphism (AFLP; Vos et al. 1995), and microsatellites 
(simple sequence repeats, SSRs); Simko (2009) contributed significantly to the 
development of these for the genus Lactuca, and in particular for L. serriola Riar et al. 
(2011). These markers have been successfully applied in Lactuca research, addressing 
e.g., the distribution of genetic variation of prickly lettuce across Europe (Lebeda et al. 
2009a), distribution of genetic variation in natural populations of L. serriola, L. saligna, 
and L. aculeata in Israel (Kitner et al. 2015), or analyses of gene flow from crops to their 
wild relatives (Uwimana et al. 2012). 

Southern and central Sweden is the northern limit of L. serriola distribution in 
Europe; Slovenia represents an area between the Central European and Mediterranean / 
Balkan distributions (Feráková 1977). Both areas differ in their climatic, ecogeographic, 
and ecologic conditions. In Slovenia prickly lettuce is distributed throughout the entire 
territory, from the lowlands to the mountain regions (Martinčič and Sušnik 1984), and it 
most often grows in association with Stellarietea mediae - annual weed communities 
species (Šilc and Košir 2006). In Sweden, L. serriola populations are found in 
southeastern, and mostly grow on surfaces and among stones in dry and sunny exposures 
(Doležalová et al. 2001). 

The genetic structure of populations represented by prickly lettuce plants growing 
at a specific time in a particular site could emerge in at least four different ways: i) achenes 
can survive in a soil seed bank for 1 to 3 years (Marks and Prince 1982); at the moment 
of soil disturbation, the seeds can germinate, and these plants bear/represent “old” 
genotypes for a given population; ii) plants can grow from achenes newly transported to 
a particular locality by wind, humans, or other transport mechanisms, with such plants 
bearing “new” genotypes; iii) plants can grow on permanently disturbed soil from 
generation to generation, and such plants represent a “modified” genotype resulting from 
continuous evolution under local conditions; iv) “hybrid” plants may appear after natural 
hybridization between different plant species within the genus Lactuca.  

The main purpose of this research was to describe the differences in genetic 
variability and population genetic structures between populations of prickly lettuce 
(Lactuca serriola) coming from two different and distant biogeographic areas of the 
species distribution in Europe.  
 
 
Materials and methods 
Plant materials  

A set of 121 samples of L. serriola L. plants, representing 53 populations, was 
collected by the authors in Sweden (47 samples) and Slovenia (74 samples) during 2000 
(Doležalová et al. 2001). The collected seed samples were regenerated in a greenhouse at 
the Department of Botany (Palacký University in Olomouc, Czech Republic). During 
regeneration, the plants were described morphologically according to Doležalová et al. 
(2002), and the taxonomic status of each sample was verified (Feráková 1977; Doležalová 
et al. 2002). From each plant two mature leaves were used for DNA extraction (i.e., 121 
samples). Data from the individual samples are provided in On-line Suppl. Tab. 1., with 
the geographic positions of the collection sites given in Fig. 1. 
 
  



 37 

DNA extraction, SSR, and AFLP analyses 
Total genomic DNA was extracted from 100 mg of fresh leaf tissue using the CTAB 

method (Kump and Javornik 1996), with minor modifications. After DNA extraction, the 
quality of the DNA was inspected by 1.5% agarose gel electrophoresis, and the 
concentration measured on a NanoDrop ND-1000 Spectrophotometer (NanoDrop 
Technologies, Delaware, USA). 

For microsatellite genotyping, seven EST-SSR loci were used: SML-002, SML-
019, SML-045, SML-055 (Simko 2009), as well as WSULs-18, WSULs-75, and WSULs-
163 (Riar et al. 2011). The primer pairs were selected according to their high diversity 
indices in previously published papers (Simko 2009; Riar et al. 2011); however, randomly 
without any previous knowledge of their chromosome positions. Amplification of the 
SSRs was performed according to Jemelková et al. (2015). The length of the SSR allele 
was scored based on their migration relative to the molecular weight size markers 30-
330bp AFLP® DNA ladder (Invitrogen, Carlsbad, California, USA). The AFLP analyses 
were carried out according to the protocol of Vos et al. (1995), with modifications, and 
the AFLP fragment detection according to Kitner et al. (2008, 2012). Five selective 
primer combinations, with two to three selective nucleotides, were chosen to generate the 
AFLP profiles (Table 2). 

The PCR products were separating on a 6%, 0.4 mm thick denaturating 
polyacrylamide gel using a T-REX sequencing gel electrophoresis apparatus (Thermo 
Scientific Owl Separation Systems, Rochester, NY, USA). 
 
Data scoring 

Microsatellite profiles were scored based on the length of the PCR product. The 
allele frequencies, proportions of polymorphic loci (P%), number of private alleles (PA), 
observed and expected heterozygosity (HO and HE) were all performed using GENALEX 
6 software (Peakall and Smouse 2012). The mean number of alleles per locus (A) was 
calculated manually. The relative discriminatory value of each microsatellite locus was 
estimated by the polymorphic information content (PIC), which measures the information 
content as a function of a marker system´s ability to distinguish between genotypes 
(Powell et al. 1996). The number of different genotypes (NG), number of samples with a 
heterozygous constitution (NHET), and maximal number of heterozygous loci (NHETmax) 
were calculated manually. 

AFLP profiles were checked visually, and only clear and unambiguous bands were 
scored for their presence (1) or absence (0) across all samples. For AFLP data, the number 
of private bands (PA), the proportion of polymorphic loci (P%) and gene diversity (HE) 
were calculated using GENALEX 6 software (Peakall and Smouse 2012). 

To evaluate the population genetic structure, a Bayesian clustering approach was 
used as implemented in STRUCTURE 2.3.4 (Falush et al. 2007). STRUCTURE attempts to 
assign individuals to clusters/groups/populations on the basis of their genotypes, while 
simultaneously estimating population allele frequencies. This allows one to compute the 
likelihood of a given genotype having originated in a predefined number (K) of clusters. 
In the simplest, ‘no-admixture’ model, it assumes that each individual belongs to a single 
cluster. In the more general ‘admixture model’ it estimates admixture proportions for each 
individual, allowing one to identify admixed individuals represented by a proportional 
mixture of two or more signals characteristic for the various clusters. In our analyses, 
SSR co-dominant data were transferred into binary data based on the presence/absence 
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of a particular allele, and merged with the AFLP binary data; the samples were then 
ordered according to the increasing latitude of the sampling site within a particular 
country. An admixture model was used, with correlated allele frequencies. K was set at 
1-10, and the highest K value was identified as the run with the highest likelihood value, 
as recommended by Pritchard et al. (2000). In addition, K values were averaged across 
10 replicate runs for each K (100.000 burn-in iteration followed by 1.000.000 MCMC 
iterations). For the graphical interpretation of clustering for the appropriate K, 
STRUCTURE HARVESTER (Earl and von Holdt 2012), CLUMPP (Jacobsson and Rosenberg 
2007), and DISTRUCT (Rosenberg 2004) software were used. The optimal K value was 
selected according to Evanno et al. (2005), who suggested the use of the ∆K value for 
identifying the correct number of clusters. 

To visualize the genetic relationships within and among the analyzed samples, a 
Neighbor-Network based on Dice´s similarity coefficient (D) was constructed in 
SPLITSTREE 4 (Huson and Bryant 2006). The Nexus input file for SPLITSTREE 4 was 
exported from GENALEX. Also, for this purpose, the SSR data were transformed into a 
binary matrix and merged with the AFLP binary data. The reliability and robustness of 
the network were tested by bootstrap analysis with 1.000 bootstrap replicates. 
 
 
Results 
Taxonomic verification of L. serriola  

For all 121 plants, the taxonomic status of Lactuca serriola f. serriola according to 
Feráková (1977) was confirmed. Moreover, in one sample (no. 205_00, Bostahusen, 
Sweden) the plants were morphologically heterogeneous; with divided stem leaves 
belonging to L. serriola f. serriola, plants with entire stem leaves that ranged toward L. 
serriola f. integrifolia. In our analyses, this sample was split into two subsamples 
205_00A (f. serriola) and 205_00B (f. integrifolia) and treated (analyzed) separately. 
 
Genetic polymorphism 

The seven polymorphic SSR loci produced a total of 32 alleles across the 121 
individual L. serriola plants. The number of alleles per locus ranged from 2 to 7, with an 
average of 4.57 alleles per locus (Table 1). The allele sizes varied from 161 to 240bp. The 
mean PIC per SSR polymorphic allele was 0.762, within a range of 0.494 to 1.072. Null 
alleles only appeared in two accessions from Slovenia (13_00 and 22_00) at the locus 
SML-055. 

Private alleles (PA) were present within both sampled regions (Table 3). The L. 
serriola samples from Sweden possessed 5 unique alleles: 193bp, 204bp, and 207bp for 
locus SML-002, 221bp for locus SML-055 (i.e., 221bpSML-055), and 188bpWSULs-163. The 
samples from Slovenia possessed eight unique alleles: 172bp, 198bp for locus SML-002, 
238bpSML-045, 228bpSML-055; 217bp and 235bp for locus WSULs-18, and lastly 183bp and 
195bp for locus WSULs-163. 

The observed and expected heterozygosity (HO and HE) ranged from 0.036 to 0.054 
(mean 0.045), and from 0.341 to 0.432 (mean 0.387), respectively. The proportion of 
polymorphic loci (P%) was higher in Slovenian samples (84.4%) compared with the 
Swedish ones (75%). Based on SSR data, a total of 51 different genotypes (NG) were 
recognized (Sweden = 17; Slovenia = 34) (On-line Suppl. Tab. 2,3). Genotype G3 was 
the most common in the samples from Sweden (36.2%), while genotype G29 represented 
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32.4% of the Slovenian samples (On-line Suppl. Tab. 2,3). We recorded 17 Slovenian 
samples having at least one heterozygous locus (NHET = 17), in contrast to eight samples 
from Sweden (On-line Suppl. Tab. 2,3). Three samples from Slovenia and one sample 
from Sweden bore the maximum number of heterozygous loci (NHETmax = 3) observed 
from among all analyzed samples. 

In total, five primer combinations, with two to three selective bases, were applied 
for AFLP genotyping (Table 2), resulting in 257 unambiguously scored fragments. 
Detailed overall statistics calculated for each primer combination used are presented in 
Table 2. The number of private bands (PA) ranged from 19 (Slovenian samples) to 20 
(Swedish samples). The expected heterozygosity (HE) ranged from 0.130 to 0.149 (mean 
HE = 0.140) (Table 3), and the proportion of polymorphic loci (P%) in the L. serriola 
samples ranged from 44.8% (Swedish population) to 52.9% (Slovenian population). The 
genetic variability indices for all populations are summarized in Table 3. 
 
Cluster analysis of molecular data 

Based on seven microsatellite and 257 AFLP markers, Bayesian clustering and 
construction of a Neighbor-Network were used for visualization of the putative 
relationships among the analyzed individuals. Under the Bayesian approach implemented 
in STRUCTURE, the best partition into three clusters (K = 3, Fig. 2) was resolved (∆K = 
214.73; St. dev. LnP(K) = 6.07), which are represented by the green (G-cluster), red (R-
cluster), and blue (B-cluster) color signals in Figure 2. In general, a relatively low 
admixture was detected in the Slovenian samples, being clearly identified as genotypes 
from the G- or B-cluster. While the B-cluster can be considered as characteristic for L. 
serriola genotypes from the southern part of Central Europe and the northern Balkans 
(representing ca. 1/3 of the Slovenian samples), the G-cluster represents the genotype 
largely dispersed across Europe, contributing significantly to the genotypic composition 
of the Swedish populations. The signal characteristic for genotypes from the R-cluster 
was nearly absent in the Slovenian samples, but was recorded in each sample from 
Sweden; and 48.9% of the Swedish samples fell into the R-cluster with no admixture 
signal (Fig. 2). For 19 samples, the signal from the R-cluster contributes up to 30% of a 
particular genotype, and is accompanied with an admixture of the G signal, which prevails 
in the Slovenian samples (Fig. 2). Further, we observed a nearly equal admixture of 
signals from all three clusters in five samples collected in southern Sweden near Malmö.  

The Neighbor-Network divided the analyzed samples into 6 groups (A-F; Fig. 3), 
each consisting of samples coming from a separate country. The results fit to the results 
of the Bayesian clustering in terms of assigning individuals from a separate country to the 
revealed clusters (R-, G-, B-).  The samples from Sweden were placed into the A, C, and 
D groups. While individuals placed in Group C represent the genotype from the R-cluster, 
Group D is formed by samples with the G-cluster prevailing. Finally, Group A is formed 
by five samples 215_00, 217_00, 218_00, 219_00, and 220_00, having a strong 
admixture signal from all three STRUCTURE clusters. These samples represent populations 
no. 16 and 17 from collecting sites close to Malmö (On-line Suppl. Tab. 1). The samples 
from Slovenia were split into three groups: a majority of the samples fell in groups B and 
E, both representing the G-cluster in Fig. 2. Samples originating from Slovenian localities 
below 46°14´34´´ lat. fell into a separate Group F, which represents genotypes from a 
unique B-cluster (Fig. 2). It is interesting, that all three “G-cluster” groups from both 
countries are in the center of the Neighbor-Network, which resemble their characteristics 



 40 

closely. On the other hand, Group C (SWE, R-cluster) and Group F (SLO, B-cluster) are 
placed on opposite sides of the network.  
 
 
Discussion 

Verification of the taxonomic status of the plants showed that Lactuca serriola f. 
serriola is predominant in both countries. In the entire territory of Slovenia only L. 
serriola f. serriola was recorded, which is in agreement with previous observations in 
Central Europe (Lebeda et al. 2001, 2004, 2007b). Within one sample from southern 
Sweden (Bostahusen, sample 205_00), apart from L. serriola f. serriola plants, there were 
plants identified as L. serriola f. integrifolia. All remaining samples from Sweden were 
represented only by L. serriola f. serriola. It is evident that both populations are very 
taxonomically homogeneous on the subspecific level. The very rare occurrence of L. 
serriola f. integrifolia in southern Sweden could be caused by the repeated introduction 
(e.g., through truck or ship transportation) of this form from the Netherlands or UK, where 
it is prevalent (Lebeda et al. 2007a,b). However, from our previous results (Doležalová 
et al. 2001) it is evident, that this variety is not spreading into northern Scandinavia, where 
the northern limit of the European distribution for this species is (Feráková 1977). These 
conclusions are supported by recent observations in Sweden made by Rydberg (2013). 
Also, in Norway only L. serriola f. serriola has been recorded (Lebeda 2013, unpubl. 
results). 

The leaf shape (i.e., the division of the leaf blade), can be interpreted as an 
ecological adaptation of the plant to different factors, including a means of leaf 
thermoregulation in arid or hot environments, or in reaction to hydraulic constraints 
(Nicotra et al. 2011). Doležalová et al. (2009) also confirmed the differences in the 
morphology of rosette and cauline leaves of Swedish and Slovenian L. serriola samples. 
The cauline leaves of Swedish L. serriola plants were longer and wider; plants from 
Slovenia had longer and narrower rosette leaves (divided) (Doležalová et al. 2009). The 
width and length of cauline leaves (divided) correlate with the latitude, which could be 
explained as adaptations of the plants to drought. Drier areas of lower latitudes are 
increasingly represented by plants with smaller leaves. Regarding altitude, a negative 
correlation with the length and width of the leaves was found (Doležalová et al. 2009), 
which could mean they are adapting to ecologically worse conditions at higher elevations. 
The occurrence of L. serriola f. integrifolia in temperate areas without a dry season (but 
with a warm summer) in the UK, western part of Germany, Benelux, and France (Peel et 
al. 2007) supports the theory on the ecological adaptation of leaves presented by Nicotra 
et al. (2011). Areas in Sweden, where lettuce samples were collected, belong to the cold 
climate type, without a dry season or warm summer (Peel et al. 2007).  

The higher phenotypic and genetic variability of the Slovenian samples can be 
explained by the more favorable climatic and ecological conditions in the country (see 
Peel et al. 2007). L. serriola is distributed throughout the entire country, and movement 
of diaspores among the surrounding countries is feasible (Lebeda et al. 2004). This is in 
opposition to Sweden, where the distribution is limited to the southern part alone 
(Doležalová et al. 2001), with very limited migration from the surrounding countries. In 
general, plant species occurring almost in and/or near the center of their diversity, with 
suitable environmental and ecological conditions, display more genetic/phenotypic 
variability. Conversely, at the edge of the distribution area, where less favorable 
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conditions exist, the selection prioritizes stable and well-adapted genotypes. Our results 
on genetic variability are in relationship to the general principles of diversity and allele 
distribution formulated by Vavilov (1950). Kuang et al. (2008) suggested that eastern 
Turkey and Armenia, along with the surrounding regions, might be the center of diversity 
of L. serriola (and possibly its center of origin). L. serriola might have spread from its 
center of origin first to the Mediterranean basin and then to Central and Western Europe 
after the glaciers retreated in the Upper-Pleistocene Holocene period (Kuang et al. 2008). 
Recent climatic changes and anthropogenic disturbances contributed substantially to the 
rapid spread of L. serriola into new areas (D´Andrea et al. 2009; Rydberg 2013), as well 
as increasing the genetic diversity of their populations in the central parts of their natural 
distribution areas (Lebeda et al. 2009a; van de Wiel et al. 2010; Kitner et al. 2015). This 
phenomenon was also clearly demonstrated in the genetic diversity of the Central 
European population of L. serriola (van de Wiel et al. 2010), as well as the resistance of 
the same population to Bremia lactucae. Whereas, the Czech Republic has the greatest 
diversity of resistance phenotypes, the lowest was recorded in the UK (Lebeda et al. 2008; 
Petrželová and Lebeda 2011). 

The results of our study on genetic variability are in good agreement with the 
different climatic conditions in Sweden and Slovenia. From the viewpoint of genetic 
variation, the results have proven the existence of L. serriola genotypes characteristic for 
each country. These clearly differ from one another, as is evident from Bayesian 
clustering and Neighbor-Network, where the R-cluster characteristic for the Swedish 
samples (Group C), and the B-cluster (Group F) unique for Slovenian samples were 
distinguished (Figs. 2, 3). A number of samples from both countries were characterized 
by genotypes characteristic for the G-cluster, which might represent a common genotype 
resulting from the rapid spread of L. serriola in Central Europe (Lebeda et al. 2001, 
2007b; D´Andrea et al. 2009). We have not recorded a prevailing microsatellite genotype 
for the samples representing this G-cluster, also no linkage to the latitude nor altitude of 
the sampled sites. The same phenomenon was described by Lebeda et al. (2009a), 
demonstrating that some L. serriola populations (e.g., Scandinavian, British, some 
Mediterranean) are quite isolated genetically from the heterogeneous Central and West 
European populations. Genetic analysis (PCR-RFLP and SSR markers) on 101 
populations of L. serriola from seventeen countries of Western and Central Europe made 
by  
D´Andrea et al. (2006) revealed a strong genetic differentiation between populations, and 
high inbreeding coefficients within populations. A clear geographical pattern of isolation 
by increasing distance was found; however, only a weak pattern of correlation between 
genetic diversity and geographical distance was found on the continental scale. The 
greatest amount of genetic diversity was characterized in Central Europe, while 
populations from the western Mediterranean (Spain and Portugal), southern Italy, Great 
Britain, the Alps, and southern Scandinavia generally possessed lower gene diversities 
(D´Andrea et al. 2006). Discrepancies were present in Scandinavia with some 
polymorphic populations, and a monomorphic one. Further, in a recent study, higher 
genetic variability in the Slovenian samples was observed in terms of the recorded genetic 
variability indices (Table 3) and the higher number of SSR genotypes (SWENG = 17/SLONG 
= 34) (On-line Suppl. Tab. 2,3). The level of genetic variation within and between 
populations can also result from intraspecific crossing. Although autogamy is the 
predominant breeding system within the genus Lactuca L., especially in the marginal 
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parts of the distribution area (Feráková 1977); in the center of the distribution, a higher 
occurrence of allogamy was estimated (Stebbins 1957). Lindquist (1960) proved 
experimentally that all species belonging to the “serriola” group were self-fertile. L. 
serriola is primarily a self-pollinated species; however, not only intermediate plants 
between the two L. serriola forms, but also interspecific hybrids of L. serriola can be 
detected in natural populations (Zohary 1990; Křístková et al. 2012). The main 
differences between the samples from Sweden and Slovenia can be characterized by the 
presence of genotypes characteristic for the R- or B-cluster, determined by Bayesian 
clustering (Fig. 2), with each unique (with a few exceptions) for a given country. The 
signal from the R-cluster was present in all Swedish samples and prevails in 48.9% of 
them. These samples formed Group C on the Neighbor-Network (Fig. 3), 65.2% of them 
represent the SSR genotype G3, with a completely homozygous character at all loci, and 
originating from localities at a higher latitude (On-line Suppl. Tab. 2).  

A rather interesting characteristic of five L. serriola samples was found in a group 
of plants collected near Malmö. These samples forming Group A on the Neighbor-
Network, are represented by a significant admixture signal on the Bayesian diagram, and 
also bore unique morphological features of their rosette leaves. The apical parts of the 
rosette leaves in samples 215_00, 217_00, 218_00, 219_00, and 220_00 were not divided, 
forming a long apex; the remaining two-thirds of the leaves were slightly divided 
(pinnately lobed). Surprisingly, specific DNA patterns fit better to specific phenotypes of 
the rosette leaves than to phenotypes of the cauline leaves. This is in contrast to the 
generally accepted view that morphological traits of the cauline leaves have a more 
significant taxonomic value than do the rosette leaves. The city of Malmö is an 
international harbor in the region, and it is possible to explain the exceptional phenotypic 
characteristics of these samples by the human-moderated introduction of non-indigenous 
genotypes into the southern parts of northern Europe, with subsequent natural 
hybridization with autochtonous L. serriola genotypes. The B-cluster in Slovenian 
samples showed, with a few exceptions, a continuity with samples from a lower latitude; 
96% of these samples are represented by the completely homozygous microsatellite 
genotype G29 (On-line Suppl. Tab. 3).  

This study provides interesting insights into the genetic variability of L. serriola 
populations originating from completely different eco-geographical areas. Specifically 
those from Slovenia, near the Mediterranean, one of the world diversity hotspots (Myers 
et al. 2000), the center of the greatest diversity of the genus Lactuca (Lebeda et al. 2009b); 
additionally, those from Sweden, a region at the northern border of L. serriola European 
distribution (Feráková 1977; Lebeda et al. 2004). This study showed, that L. serriola 
populations originating from various eco-geographical conditions differ significantly in 
their genetic background, which is also reflected in the geographic patterns of their 
phenotypic features. To obtain more comprehensive information on the genetic structure 
and variations of this species, it would be interesting to: i) analyze more populations with 
more individuals from Sweden, and for a comparative study ii) additional samples 
originating from areas with greater contrasting ecological conditions.   
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Tab. 1. SSR loci used to assess genetic variability in Lactuca sativa L. and L. serriola 
L.  
 

Marker  Reference NA Allele size (bp) PIC (%)  
SML-002 Simko (2009) 6 168-207 0.594  
SML-019 Simko (2009) 2 163-164 0.599  
SML-045 Simko (2009) 4 229-238 0.838  
SML-055 Simko (2009) 5 221-240 1.072  
WSULs-18 Riar et al. (2011) 4 208-235 0.494  
WSULs-75 Riar et al. (2011) 4 161-206 0.684  
WSULs-163 Riar et al. (2011) 7 183-197 1.052  

 
(NA -  number of alleles; PIC - allelic polymorphic information content) 

 
 
Tab. 2. AFLP primer sets for amplification reactions with the total number of scored 
and polymorphic fragments.  
 

Primer combination  NF NPOL PLP (%) 
E - AGC, M - CTG   45 37 82.2 
E - AGC, M - CAAC   49 36 73.5 
E - AGC, M - CAAT   72 54 75.0 
E - ACC, M - CAAC   43 35 81.4 
E - ACC, M - CAAT   48 30 62.5 
 
Total 257 192 74.9 
Mean 51.4 38.4 74.7 

 
 (NF, total number of fragments; NPOL, number of polymorphic fragments; PLP, 
percentage of polymorphic fragments) 
 
 
Tab. 3.  Summary data based on 7 EST-SSR and 257 loci of 121 L. serriola samples 
from Sweden and Slovenia in recent study.   
 

    Microsatellite data   AFLP data   
  N PASSR A P(%) Ho He (SE) PAAFLP P(%) He (SE) 
 

Sweden 47 5 3.42 75.0 0.036 0.341 (0.065) 20 44.8 0.130 (0.011) 
Slovenia 74 8 3.86 84.4 0.054 0.432 (0.049) 19 52.9 0.149 (0.011) 
          

 
(N, sample size; PASSR, private microsatellite alleles; PAAFLP, private AFLP bands; A, 
mean number of alleles per locus; P, polymorphism; observed Ho and expected He 
heterozygosity; (SE) standard error 



 49 

 
 
 

  Fig. 1. Collecting sites of the 121 samples Lactuca serriola in Sweden and Slovenia. 
Colours of spots correspond to the results of Bayesian clustering (Fig. 2).   
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Fig. 2. Results of Bayesian clustering based on the SSR and AFLP data of 121 L. 
serriola samples from Sweden (SWE) and Slovenia (SLO), ordered according to the 
increasing latitude of the sampling site within a specific country. 
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Fig. 3. Neighbor-Network cluster analysis of 121 samples L. serriola from Sweden and 
Slovenia, based on SSR and AFLP analysis. Resulting groups are highlighted by 
colouring which corresponds to the results of Bayesian clustering (Fig. 2).  
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Supporting Information File 1 Sampling details of 121 L. serriola samples.  
 

 
 
 

Lactuca species Country Pop. No. Sample No. Locality Latitude Longitude Altitude (m.a.sl.)
L. serriola Sweden 1 171/00;172/00;173/00 Farstanäs 59°05ʹ49ʹʹ 17°38ʹ59ʹʹ 21

Sweden 2 174/00;175/00;176/00 Stockholm 59°33ʹ03ʹʹ 17°54ʹ05ʹʹ 15
Sweden 3 177/00;178/00 Stockholm 59°34ʹ03ʹʹ 17°53ʹ57ʹʹ 10
Sweden 4 179/00 Uppsala 59°51ʹ29ʹʹ 17°38ʹ40ʹʹ 35
Sweden 5 180/00;181/00 Högsta 59°58ʹ16ʹʹ 17°34ʹ12ʹʹ 27
Sweden 6 182/00 Högsta 59°57ʹ44ʹʹ 17°34ʹ59ʹʹ 31
Sweden 7 183/00;184/00;185/00 Uppsala 59°53ʹ07ʹʹ 17°39ʹ59ʹʹ 27
Sweden 8 186/00;187/00;188/00;189/00 Stockholm 59°29ʹ46ʹʹ 17°56ʹ25ʹʹ 21
Sweden 9 190/00;191/00;192/00 Norrköping 58°35ʹ40ʹʹ 16°11ʹ01ʹʹ 62
Sweden 10 194/00;195/00;196/00;197/00 Linköping 58°26ʹ06ʹʹ 15°44ʹ11ʹʹ 118
Sweden 11 198/00;199/00;200/00 Jönköping 57°46ʹ54ʹʹ 14°09ʹ30ʹʹ 158
Sweden 12 202/00;203/00;204/00 Kristianstad 56°01ʹ52ʹʹ 14°09ʹ17ʹʹ 7
Sweden 13 205/00A;205/00B Bostahusen 55°52ʹ46ʹʹ 12°52ʹ43ʹʹ 10
Sweden 14 206/00;207/00;208/00;209/00 Landskrona 55°52ʹ13ʹʹ 12°49ʹ48ʹʹ 3
Sweden 15 210/00;211/00;212/00 Malmö 55°42ʹ51ʹʹ 13°05ʹ35ʹʹ 8
Sweden 16 213/00;215/00;217/00 Malmö 55°36ʹ11ʹʹ 13°00ʹ04ʹʹ 8
Sweden 17 218/00;219/00;220/00 Malmö 55°33ʹ35ʹʹ 13°00ʹ02ʹʹ 25
Slovenia 18 1/00;2/00 Šentil j 46°40ʹ50ʹʹ 15°39ʹ11ʹʹ 299
Slovenia 19 3/00;4/00 Šentil j 46°40ʹ39ʹʹ 15°39ʹ12ʹʹ 310
Slovenia 20 5/00;6/00 Pesnica 46°35ʹ46ʹʹ 15°40ʹ22ʹʹ 258
Slovenia 21 9/00 Lenart 46°35ʹ00ʹʹ 15°51ʹ0ʹʹ 251
Slovenia 22 10/00;11/00;12/00 Spodnja Ščavnica 46°37ʹ44ʹʹ 15°56ʹ22ʹʹ 221
Slovenia 23 13/00;14/00;15/00 Gornja Radgona 46°40ʹ41ʹʹ 15°59ʹ25ʹʹ 218
Slovenia 24 16/00 Radenci 46°38ʹ18ʹʹ 16°03ʹ01ʹʹ 201
Slovenia 25 21/00 Iljaševci 46°34ʹ28ʹʹ 16°07ʹ50ʹʹ 187
Slovenia 26 22/00;23/00 Ljutomer 46°31ʹ38ʹʹ 16°11ʹ35ʹʹ 183
Slovenia 27 24/00;25/00 Žerovinci 46°29ʹ15ʹʹ 16°08ʹ30ʹʹ 286
Slovenia 28 26/00;27/00 Pavlovci 46°26ʹ07ʹʹ 16°08ʹ03ʹʹ 212
Slovenia 29 28/00;29/00 Dobrava 46°24ʹ52ʹʹ 16°08ʹ53ʹʹ 233
Slovenia 30 33/00 Ormož 46°24ʹ29ʹʹ 16°07ʹ53ʹʹ 196
Slovenia 31 35/00 Ptuj 46°25ʹ07ʹʹ 15°52ʹ18ʹʹ 225
Slovenia 32 36/00 Gaj 46°27ʹ05ʹʹ 15°41ʹ00ʹʹ 259
Slovenia 33 41/00;42/00;43/00 Šikole 46°24ʹ18ʹʹ 15°42ʹ11ʹʹ 243
Slovenia 34 44/00;45/00;46/00;47/00;48/00 Maribor Stari Log 46°23ʹ55ʹʹ 15°36ʹ23ʹʹ 265
Slovenia 35 51/00 Slovenska Bistrica 46°23ʹ34ʹʹ 15°34ʹ24ʹʹ 273
Slovenia 36 52/00;53/00;54/00 Preloge 46°21ʹ45ʹʹ 15°30ʹ01ʹʹ 346
Slovenia 37 55/00;56/00;57/00 Slovenske Konjice 46°20ʹ13ʹʹ 15°25ʹ10ʹʹ 348
Slovenia 38 58/00;59/00;60/00 Vojnik 46°17ʹ29ʹʹ 15°17ʹ55ʹʹ 270
Slovenia 39 61/00;62/00 Levec 46°14ʹ34ʹʹ 15°13ʹ10ʹʹ 242
Slovenia 40 63/00 Žalec 46°15ʹ03ʹʹ 15°10ʹ13ʹʹ 256
Slovenia 41 64/00;65/00;66/00;67/00 Šempeter 46°15ʹ36ʹʹ 15°07ʹ12ʹʹ 271
Slovenia 42 68/00;69/00 Prekopa 46°15ʹ0ʹʹ 14°59ʹ0ʹʹ 319
Slovenia 43 70/00;72/00;73/00 Vransko 46°14ʹ56ʹʹ 14°57ʹ45ʹʹ 346
Slovenia 44 74/00;75/00;76/00;77/00;78/00 Zavrh 46°11ʹ03ʹʹ 14°52ʹ20ʹʹ 573
Slovenia 45 79/00 Žirovše 46°10ʹ14ʹʹ 14°47ʹ46ʹʹ 392
Slovenia 46 80/00;81/00 Lukovica 46°10ʹ30ʹʹ 14°41ʹ00ʹʹ 337
Slovenia 47 82/00;83/00 Dob 46°09ʹ03ʹʹ 14°37ʹ45ʹʹ 305
Slovenia 48 84/00;85/00 Trzin 46°08ʹ57ʹʹ 14°33ʹ57ʹʹ 298
Slovenia 49 86/00 Brezovica 46°02ʹ02ʹʹ 14°23ʹ59ʹʹ 307
Slovenia 50 87/00 Dragomer 46°01ʹ12ʹʹ 14°22ʹ48ʹʹ 301
Slovenia 51 89/00 Log 46°00ʹ27ʹʹ 14°21ʹ56ʹʹ 299
Slovenia 52 90/00;91/00 Kalce 45°53ʹ42ʹʹ 14°11ʹ23ʹʹ 494
Slovenia 53 96/00 Postojna 45°46ʹ31ʹʹ 14°12ʹ51ʹʹ 549
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N N G N HET N HETmax

L. serriola Sweden 47 17 8 1
Slovenia 74 34 17 3

171_00 SW 168 168 164 164 233 233 240 240 208 208 206 206 193 188 G 1 R C
172_00 SW 168 168 164 164 233 233 240 240 208 208 206 206 188 188 G 2 R C
173_00 SW 168 168 164 164 233 233 240 240 208 208 206 206 188 188 G 2 R C
174_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
175_00 SW 204 168 163 163 233 233 233 233 208 208 203 188 193 185 G 4 R C
176_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
177_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
178_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 193 188 G 5 R C
179_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
180_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
181_00 SW 168 168 164 164 233 233 240 240 208 208 203 161 188 188 G 6 R C
182_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
183_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
184_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
185_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
186_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
187_00 SW 168 168 164 164 233 233 240 240 208 208 203 161 197 188 G 7 R C
188_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
189_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
190_00 SW 168 168 164 164 233 233 233 233 208 208 203 203 193 193 G 8 G D
191_00 SW 193 193 164 164 235 235 235 235 208 208 188 188 191 191 G 9 G D
192_00 SW 168 168 164 164 233 233 233 233 208 208 203 203 193 193 G 8 G D
194_00 SW 168 168 164 164 233 233 233 233 208 208 203 203 193 193 G 8 G D
195_00 SW 168 168 164 164 233 233 233 233 208 208 203 203 193 193 G 8 G D
196_00 SW 168 168 164 164 233 233 233 233 208 208 203 203 193 193 G 8 G D
197_00 SW 168 168 164 164 233 233 233 233 208 208 203 203 193 193 G 8 G D
198_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
199_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
200_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R C
202_00 SW 168 168 164 164 233 233 240 240 208 208 206 206 188 188 G 2 R C
203_00 SW 204 204 163 163 233 233 233 233 208 208 203 203 188 188 G 10 G D
204_00 SW 168 168 163 163 233 233 233 233 208 208 203 203 188 188 G 11 G D
205_00A SW 204 204 163 163 229 229 233 233 212 212 188 188 193 193 G 12 G D
205_00B SW 168 168 164 164 233 233 233 233 208 208 203 203 193 193 G 8 G D
206_00 SW 168 168 163 163 235 235 233 233 208 208 188 188 193 193 G 13 G D
207_00 SW 168 168 163 163 235 235 233 233 208 208 188 188 193 193 G 13 G D
208_00 SW 168 168 163 163 235 235 233 233 208 208 188 188 193 193 G 13 G D
209_00 SW 168 168 163 163 235 235 233 233 208 208 188 188 193 193 G 13 G D
210_00 SW 204 204 163 163 233 233 233 233 208 208 203 203 188 188 G 10 G D
211_00 SW 204 204 163 163 233 233 233 233 208 208 203 203 188 188 G 10 G D
212_00 SW 207 207 163 163 233 233 233 233 208 208 203 203 188 188 G 14 G D
213_00 SW 168 168 163 163 233 233 233 233 208 208 203 203 188 188 G 11 G D
215_00 SW 168 168 164 164 233 233 240 235 208 208 203 203 193 188 G 15 R/G/B A
217_00 SW 204 204 164 164 233 233 235 235 208 208 203 188 193 193 G 16 R/G/B A
218_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R/G/B A
219_00 SW 168 168 164 164 233 233 240 221 208 208 203 203 188 188 G 17 R/G/B A
220_00 SW 168 168 164 164 233 233 240 240 208 208 203 203 188 188 G 3 R/G/B A

R/G/B cluster* Group A-F**Sample Country Locus
SML-002 SML-019 SML-045 WSULs-75 WSULs-163SML-055 WSULs-18

Genotype

Supporting Information File 2 Microsatellite genotypes of L. serriola samples. (N, number of analyzed plants; NG, number of genotypes; 
NHET, number of samples with heterozygous constitution; NHET max, maximal number of heterozygous loci;  * The inclusion of sample to 
Red/Green/Blue cluster according the Bayesian clustering; ** The position of sample in group A-F on Neighbor-Network. 
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Supporting Information File 3 Microsatellite genotypes of L. serriola samples. (N, 
number of analyzed plants; NG, number of genotypes; NHET, number of samples with 
heterozygous constitution; NHET max, maximal number of heterozygous loci;  * The 
inclusion of sample to Red/Green/Blue cluster according the Bayesian clustering; ** The 
position of sample in group A-F on Neighbor-Network. 

 
 

 

001_00 SLO 168 168 163 163 233 233 240 240 208 208 203 203 193 193 G 1 G B
002_00 SLO 168 168 163 163 233 233 240 240 208 208 203 203 193 193 G 1 G B
003_00 SLO 172 172 164 164 233 233 240 240 235 235 203 203 193 193 G 2 G B
004_00 SLO 172 172 164 164 235 235 240 240 208 208 206 206 193 193 G 3 G B
005_00 SLO 172 172 163 163 235 235 240 240 208 208 203 203 193 193 G 4 G B
006_00 SLO 172 172 163 163 235 235 240 240 208 208 203 203 193 193 G 4 G B
009_00 SLO 198 198 164 164 233 233 233 233 208 208 188 188 197 195 G 5 G E
010_00 SLO 168 168 163 163 235 235 240 240 208 208 206 206 193 193 G 6 G B
011_00 SLO 168 168 163 163 235 235 240 240 208 208 206 206 193 193 G 6 G B
012_00 SLO 168 168 163 163 235 235 240 240 208 208 206 206 193 193 G 6 G B
013_00 SLO 172 168 163 163 235 229 0 0 208 208 203 203 193 185 G 7 G B
014_00 SLO 172 172 163 163 235 235 240 240 208 208 203 203 193 193 G 4 G B
015_00 SLO 172 172 163 163 235 235 240 240 208 208 203 203 193 193 G 4 G B
016_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 195 195 G 8 G E
021_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 195 195 G 8 G E
022_00 SLO 168 168 163 163 235 235 0 0 208 208 203 203 197 197 G 9 G B
023_00 SLO 168 168 163 163 235 235 240 240 208 208 206 203 195 193 G 10 G B
024_00 SLO 168 168 163 163 233 233 240 240 208 208 203 203 195 193 G 11 G B
025_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
026_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
027_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
028_00 SLO 168 168 164 164 238 238 240 240 208 208 203 203 193 193 G 13 G B
029_00 SLO 168 168 164 164 238 238 240 240 208 208 203 203 193 193 G 13 G B
033_00 SLO 168 168 163 163 233 233 240 240 212 212 203 203 193 193 G 14 G B
035_00 SLO 172 172 163 163 235 235 228 228 208 208 203 203 193 193 G 15 G E
036_00 SLO 168 168 163 163 235 235 240 240 208 208 206 206 193 193 G 6 G B
041_00 SLO 168 168 163 163 229 229 240 240 212 212 203 188 195 195 G 16 G E
042_00 SLO 168 168 163 163 229 229 240 240 212 212 203 188 195 195 G 16 G E
043_00 SLO 168 168 163 163 229 229 240 240 212 212 203 188 195 195 G 16 G E
044_00 SLO 198 198 164 164 233 233 233 233 208 208 188 188 197 197 G 17 G E
045_00 SLO 198 168 164 164 233 233 233 233 208 208 203 188 197 183 G 18 G E
046_00 SLO 198 198 164 164 233 233 233 233 208 208 188 188 197 197 G 17 G E
047_00 SLO 198 168 164 164 233 233 233 233 208 208 188 161 197 197 G 19 G E
048_00 SLO 198 168 164 164 233 233 233 233 217 208 203 188 197 197 G 20 G E
051_00 SLO 168 168 163 163 233 233 240 240 217 217 203 203 193 193 G 21 G B
052_00 SLO 168 168 163 163 233 233 240 240 208 208 203 203 195 195 G 22 G B
053_00 SLO 168 168 163 163 233 233 240 240 208 208 203 203 195 193 G 11 G B
054_00 SLO 168 168 163 163 238 233 240 240 217 208 203 203 195 195 G 23 G B
055_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
056_00 SLO 172 172 164 164 238 235 233 233 212 212 203 203 191 191 G 24 G E
057_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
058_00 SLO 172 168 164 164 229 229 240 240 208 208 203 203 193 185 G 25 G B
059_00 SLO 168 168 164 164 229 229 240 240 208 208 203 203 185 185 G 26 G B
060_00 SLO 168 168 164 164 229 229 240 240 208 208 203 203 185 185 G 26 G B
061_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
062_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
063_00 SLO 168 168 164 164 229 229 235 235 208 208 203 203 193 193 G 27 B F
064_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
065_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
066_00 SLO 168 168 164 164 233 233 233 233 212 212 203 203 193 193 G 28 G E
067_00 SLO 168 168 164 164 238 233 233 233 212 212 203 203 193 193 G 29 G E
068_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 185 185 G 30 G E
069_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 185 185 G 30 G E
070_00 SLO 168 168 163 163 235 235 235 235 217 217 203 203 193 193 G 31 G B
072_00 SLO 168 168 163 163 235 235 235 235 217 217 203 203 193 193 G 31 G B
073_00 SLO 168 168 163 163 235 235 235 235 217 217 203 203 193 193 G 31 G B
074_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
075_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
076_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
077_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
078_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
079_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
080_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
081_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
082_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
083_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
084_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
085_00 SLO 168 168 164 164 235 235 240 240 208 208 203 203 193 193 G 32 G E
086_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
087_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
089_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F
090_00 SLO 168 168 164 164 233 233 233 233 212 208 203 203 193 193 G 33 G B
091_00 SLO 168 168 164 164 233 229 240 240 212 208 203 203 193 193 G 34 G B
096_00 SLO 168 168 164 164 233 233 235 235 208 208 203 203 193 193 G 12 B F

R/G/B cluster* Group A-F**Country Locus
SML-002 SML-019 SML-045 WSULs-75 WSULs-163SML-055 WSULs-18

GenotypeSample
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4.2. Biodiversity of Lactuca aculeata germplasm including the resistance 

variation to Bremia lactucae 
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Supplementary table 1a: Microsatellite genotypes and genotype diversity of L. serriola and L. aculeata samples. 
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Supplementary table 1b: Microsatellite genotypes and genotype diversity of L. serriola and L. aculeata samples. 
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Supplementary table 1c: Microsatellite genotypes and genotype diversity of L. serriola and L. aculeata samples. 
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4.3. Genetic and morphological variability of wild Lactuca species in 

natural populations in Israel 

 
 
 
 
 

 
 
 
 
 
 

4.3.1. Genetic structure and diversity in natural populations  

of three predominantly self-pollinating wild Lactuca  

species in Israel. 
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4.4. Wild Lactuca genetic resources – summary of the intensive research 

 

 

 

 

 

 

 

 

4.4.1. Resistance of wild Lactuca genetic resources  

to diseases and pests, and their exploitation  

in lettuce breeding 
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4.4.2. Wild Lactuca species, their genetic diversity, resistance  

to diseases and pests,  

and exploitation in lettuce breeding 
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5. CONCLUSIONS 
 
 

Resistance gene resources of the genus Lactuca against downy mildew 
(Bremia lactucae) and their genetic variability 

 
The first part of this Ph.D. thesis provides interesting insights into the genetic 

variability of L. serriola populations originating from completely different eco-

geographical areas, Sweden and Slovenia. Verification of the taxonomic status of 

the plants showed that Lactuca serriola f. serriola is predominant in both countries. 

The putative relationships among the analyzed individuals were visualized using 7 

EST-SSR loci and 257 AFLP markers, Bayesian clustering and construction of a 

Neighbor-Network. The higher genetic variability in the Slovenian samples was 

observed. This study showed that L. serriola populations originating from various 

eco-geographical conditions differ significantly in their genetic background, which 

is also reflected in the geographic patterns of their phenotypic features. 

 The next topic was to study a biodiversity of Lactuca aculeata and 

resistance variation to Bremia lactucae. On the basis of research of L. aculeata from 

the Turkey, Jordan and Israel, the significant difference was found among the 

studied samples. Molecular data reflect the geographical origin, i.e., the clustering 

of samples according to their country of origin. The genetic structure and diversity 

were analyzed using 8 EST-SSR loci and 287 AFLP markers. Our results confirmed 

a previous determination of three putative hybrids of L. aculeata × L. serriola. 

Moreover, we also detected at least 6 additional hybrid samples showing certain 

proportion of L. serriola-like genotype. The part of the samples of L. aculeata were 

screened for their response to five B. lactucae races (Bl: 17, Bl: 18, Bl: 24, Bl: 27, 

Bl: 28). The results from screening for resistance demostrated that L. aculeata could 

be an additional and interesting race-specific source of resistance against B. 

lactucae. It is useful for Lactuca sativa resistance breeding. 

 The third topic is focused on the morphological and genetic structure of 

three closely-related, primarily autogamous wild Lactuca species - L. serriola, L. 

aculeata and L. saligna, which were collected in Israel. The taxonomic status of the 

individual plants was morphologically validated during greenhouse multiplication. 

The genetic structure and diversity were analyzed using 11 EST-SSR loci and 230 

AFLP markers. The results showed that although these species have the 

predominantly self-pollinating character, the populations were not morphologically 



 
 

146 

and genetically uniform. The each population represent a unique combination of 

genotypes, which differ from other populations of the same species. The highest 

diversity was observed in L. saligna, the lowest in L. aculeata populations. The 

Network analysis clearly separated samples according to their taxonomic 

determination, which reflect the gene diversity as well as genetic distance values 

among the three species. 

 In the fourth and fifth part, the results of intensive research of the genus 

Lactuca L. are summarized.   

The fourth part includes knowledge of variation in reactions to pathogens (including 

viral pathogens, oomycete and fungal pathogens) and pests (incl. nematodes, insects 

and mites), and the exploitation of wild Lactuca germplasms in lettuce resistance 

breeding. 

The last part of the results summarizes the current knowledge of wild Lactuca L. 

species in taxonomy, biogeography, gene-pools, germplasm collection. Genetic 

diversity is characterized at the level of phenotypic and phenological variation, 

variation in karyology and DNA content, biochemical traits, and protein and 

molecular polymorphism. Challenges and plans for the future scientific research are 

discussed. The future studies should be focused on: improving knowledge of the 

mechanism of resistance in various Lactuca-pathogen/pest interactions; detection 

of new sources of resistance; using wild Lactuca spp. such as L. saligna and L. 

serriola as durable sources of resistance; exploiting the Lactuca genepool for 

lettuce improvement; molecular markers linked to resistance genes as a useful tool 

for selection during L. sativa breeding process. 
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6. SOUHRN (SUMMARY, in Czech) 

 
 

Rezistence genových zdrojů rodu Lactuca vůči plísni salátové (Bremia 
lactucae) a jejich genetická variabilita 

 
První část předkládané disertační práce pojednává o genetické variabilitě populací 

L. serriola pocházejících ze dvou odlišných částí Evropy – Švédska a Slovinska. 

Taxonomické ověření vzorků potvrdilo, že v obou zemích převládá L. serriola f. 

serriola. Variabilita mezi jednotlivými populacemi byla hodnocena pomocí 7 EST-

SSR a 257 AFLP markerů. Vzájemné vztahy mezi analyzovanými vzorky byly 

vizualizovány pomocí dvou přístupů, Bayesovské shlukovací analýzy a Neighbor-

Network diagramu. Vyšší genetická variabilita byla pozorována u slovinských 

vzorků. Tato studie poukazuje na fakt, že populace L. serriola pocházející 

z odlišných ekogeografických podmínek se významně liší i ve své genetické 

výbavě, což se odráží i v jejich fenotypových vlastnostech.  

 Dalším tématem bylo studium genetické variability pomocí 8 EST-SSR a 

287 AFLP markerů u vzorků Lactuca aculeata pocházejících z Turecka, Jordánska 

a Izraele, včetně testování rezistence vůči plísni salátové (Bremia lactucae). 

Výsledky molekulárních analýz potvrdily zeměpisný původ vzorků. Podle námi 

dosažených výsledků se potvrdila i dřívější determinace hybridních vzorků L. 

aculeata × L. serriola včetně detekce nejméně 6 dalších vzorků, které vykazovaly 

taktéž podobnost s genotypovými profily L. serriola. Část vzorků L. aculeata byla 

použita k testování rezistence vůči pěti rasám B. lactucae (Bl: 17, Bl: 18, Bl: 24, 

Bl: 27, Bl: 28). Výsledky studia rezistence vykazovaly rasově-specifické reakce, a 

je tedy pravděpodobné, že L. aculeata by mohla být nositelem nových zdrojů 

rasově-specifické rezistence využitelné ve šlechtění kulturního salátu L. sativa. 

Třetí téma disertační práce je zaměřené na hodnocení morfologické a 

genetické variability tří blízce příbuzných, převážně samosprašných, planě 

rostoucích druhů L. serriola, L. aculeata a L. saligna, které byly sesbírány na území 

Izraele. Taxonomické hodnocení jednotlivých vzorků bylo morfologicky ověřeno 

přemnožením ve skleníkových podmínkách. Genetická stuktura a diverzita byla 

analyzována pomocí 11 EST-SSR a 230 AFLP markerů. Výsledky ukázaly, že i 

když jsou tyto druhy převážně samosprašné, populace nebyly morfologicky ani 

geneticky uniformní a představovaly jedinečné kombinace genotypů, které se lišily 
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od jiných populací stejného druhu. Největší diverzita byla pozorována u populací 

L. saligna, nejmenší u populací L. aculeata. Síťový diagram zřelně oddělil vzorky 

na základě jejich taxonomického určení, genetické diverzity a genetické vzdálenosti 

mezi těmito třemi druhy. 

 V následujích kapitolách jsou shrnuty výsledky a dosavadní poznatky 

intenzivního výzkumu rodu Lactuca L. 

Čtvrtá část shrnuje poznatky na reakce planých druhů rodu Lactuca k patogenním 

organismům (zahrnující virové patogeny, oomycety a houbové patogeny) a 

škůdcům (hlístice, hmyz a roztoči), včetně využití planých genetických zdrojů rodu 

Lactuca ve šlechtění na odolnost proti těmto chorobám a škůdcům. 

Poslední, pátá část, kromě výše zmíněného, shrnuje dosavadní poznatky 

intenzivního výzkumu planých druhů rodu Lactuca L. v oblasti: taxonomie; 

biogeografie; konzervační strategie; v hodnocení genetické diverzity na 

fenotypové, fenologické úrovni; v karyologické proměnlivosti; v obsahu DNA, 

biochemických vlastností či molekulárního polymorfismu. Jsou zde uvedeny také 

směry a plány budoucího výzkumu, který by se měl dále zaměřit na prohloubení 

znalostí mechanismů rezistence u interakcí Lactuca-patogen/škůdce; na detekci 

nových zdrojů rezistence; využití planých druhů Lactuca spp. např. L. saligna a L. 

serriola, jako zdrojů trvalé rezistence; na využití genofondu rodu Lactuca L.  a 

molekulárních markerů rezistence ve šlechtění L. sativa. 
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1. Introduction 
 

The genus Lactuca, in the broad sense, is considered as a very large and 

heterogeneous group included in the family Asteraceae. It comprises wild species 

of annual, biennial or perennial herbs growing in throughout the temperate and 

warm regions in Europe, America, Africa and Asia (Lebeda et al., 2001). From 

the ecological viewpoint, the genera is very variable and its species occupies 

various habitats. 

Several viral, bacterial and fungal pathogens, such as yellows virus, turnip 

mosaic potyvirus, Microdochium, Rhizomonas (corky root disease), Bremia 

(downy mildew), Golovinomyces (powdery mildew) (Lebeda et al. 2014, 2015) 

are one of the most important problems affecting lettuce. Breeding for resistance 

is a major activity of most lettuce improvement programmes, and there is an 

increasing need for information and methods to accelerate the development of 

new disease-resistant cultivars (Lebeda et al., 2007a; Michelmore and Wong, 

2008). Modern breeding methods of cultivated lettuce are based on utilization of 

wild related species (e.g. L. serriola, L. saligna and L. virosa) and progenitors. 

The study of genetic variability within a wild Lactuca species is vital for plant 

breeders because of its importance for selecting germplasm included in a 

breeding program. The study of genetic diversity is essential to receive 

information about propagation, domestication, which can be used in breeding 

programs and for conservation of genetic resources of Lactuca spp.  

Molecular methods have become an essential part of most studies on genetic 

diversity extend and distribution and in the analyses of breeding system, 

bottlenecks and other key features affecting genetic diversity patterns. However, 

it is important, to understand that different markers have different properties and 

will reflect different aspects of genetic diversity (Karp and Edwards, 1995). Thus, 

it is likely that molecular methods (e.g. AFLPs, SSRs, ...) are most useful for 

evaluation of genetic diversity, for estimating a gene flow, genetic drift and 
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degree of outbreeding. Therefore, information generated using different PCR-

based molecular markers can provide valuable information on a number of 

practical issues of germplasm management, including the classification of 

accessions by known allelic constitution, detection of redundancy in collections 

or the detection of genes influencing economically important traits. These 

markers have been successfully applied in Lactuca research. The studies related 

to use of molecular markers (AFLP, SSR) in Lactuca spp. germplasm collections 

have been reviewed by Dziechciarková et al. (2004) and Lebeda et al. (2014; see 

Ph.D. thesis). 

During the last three years, the AFLPs and SSRs methods have been used in 

study of genetic diversity of L. aculeata populations from the Near East 

(Jemelková et al., 2015) and in study of population structure of three 

predominantly self-pollinating wild Lactuca species (L. serriola, L. saligna and 

L. aculeata) collected from Israel (Kitner et al., 2015). These publications are part 

of this Ph.D. thesis. The microsatellites were also used in D’Andrea et al. (2017) 

for evaluation of interpopulation diversity and the recent range expansion process 

of L. serriola in Europe.  
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2. Aims of the thesis 
 

• Process available literature relating to the topic; 

 

• Testing resistance with inoculation tests under laboratory conditions and 

evaluation a variability of the resistance of the wild Lactuca genetic 

resources to lettuce downy mildew (Bremia lactucae); 

 

• The analysis of a genetic variability of the Lactuca species using 

microsatellite and AFLP markers; 

 

• Genetic resources of wild Lactuca L. species and their exploitation in 

lettuce breeding – critical analysis. 
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3. Material and methods 
 

Plant material 

Original seed materials were collected across the wide geographic range in 

Sweden, Slovenia, Turkey, Jordan and Israel. The regeneration of plants from the 

collected seeds followed standard multiplication protocols for wild Lactuca 

species (Lebeda et al., 2007b). The plants were cultivated in the greenhouse of 

the Department of Botany, Palacký University in Olomouc, and the taxonomic 

status of each accession was verified to its morphology. 

 
 
Isolates of Bremia lactucae 

For Lactuca aculeata resistance testing, the isolates of  Bremia lactucae were 

used. The isolates represent  the officially denominated races of B. lactucae with 

known virulence patterns (Van Ettekoven and Van der Arend, 1999; Van der 

Arend et al., 2006). These isolates originated from cultivated lettuce (L. sativa), 

and they are maintained by the Department of Botany (Palacký University in 

Olomouc, Czech Republic) in the collection of microorganisms 

(http://botany.upol.cz).  

 

Molecular methods 

The genomic DNA was extracted from fresh leaf tissue using an Innu-PREP Plant 

DNA Kit (Analytik Jena AG, Jena, Germany) following the manufacturer’s 

protocol and using the CTAB method (Kump and Javornik, 1996). DNA quality 

and quantity were determinated by agarose gel electrophoresis and by use of a 

NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Delaware, 

USA).  

For microsatellite genotyping, EST-SSR markers were used. The primers pairs 

were selected according to their high diversity shown in previously published 
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papers (Simko, 2009; Riar et al. 2011). Amplification of SSRs was performed 

according to newly developed protocol (15 Pl PCR reactions contained 7 ng/Pl 

of DNA template, 5 U/Pl of Taq polymerase, 10 PM of both primers, reaction 

Buffer, and 10 mM dNTPs) and also according to Majeský et al. 2012. The 

number of cycles and the annealing temperatures were adjusted for each locus, in 

oder to obtain unambiguously scorable products. The length of the SSR alleles 

was scored based on their migration relative to the molecular weight size markers 

30-330bp AFLP® DNA ladder (Invitrogen, Carlsbad, California, USA).  

The AFLP analyses were carried out according to Vos et al. (1995) protocol with 

modifications, and the AFLP fragment detection according to Kitner et al. (2008, 

2012). The selective primer combinations, with two to four selective nucleotides, 

were chosen to generate the AFLP profiles.  

The products of amplification were separated on 6%, 0,4-mm-thick denaturing 

polyacrylamide gel (0.5x TBE buffer) using the T-REX (Thermo Scientific Owl 

Separation Systems, Rochester, NY, USA) sequencing gel electrophoresis 

apparatus. Then, silver staining was used for the visualisation of the PCR 

products. 

 
 
Screening for resistance 

Pathogen races were maintained and multiplied on seedlings of L. sativa cvs. 

‘Cobham Green’ and ‘Hilde’, which also served as susceptible controls in the 

resistance tests. Thirty seeds in three replications per individual sample were 

sown on moistened filter paper in plastic boxes. Plants were inoculated at the 

stage of fully expanded cotyledon leaves, and incubated in a growth chamber as 

described by Lebeda and Petrželová (2010). Data on sporulation intensity were 

recorded in two-day intervals, 6-14 days after inoculation, using a 0-3 scale 

(Dickinson and Crute, 1974). Intensity of sporulation was expressed as a 

percentage of the maximum possible scores according to Townsend and 

Heuberger (1943). The reaction of a particular L. aculeata sample was considered 
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as susceptible, if the sporulation intensity was more than 30 %, and at least half 

of the tested seedlings showed a degree of infection of 2 or 3 (Lebeda and 

Petrželová, 2010). Differentiation of resistance phenotypes (R-phenotypes) of 

individual L. aculeata samples was used for examination of variation in resistance 

patterns to B. lactucae within and among populations of L. aculeata.  

 

Data analysis 

Allele frequency and polymorphism were evaluated in each SSR locus. AFLP 

fragments were checked visually, and only clear and unambiguous bands were 

scored for their presence (1) or absence (0) across all samples. For SSR data, the 

proportion of polymorphic loci (P%), number of private alleles (PA), observed 

and expected heterozygosity (HO and HE) were performed using GenAlEx 6/6.5 

software (Peakall and Smouse, 2006, 2012). The mean number of alleles per locus 

(A) were calculated in Arlequin 3.5 (Excoffier and Lischer, 2010). The number 

of different genotypes (NG), the number of samples with a heterozygous 

constitution (NHET), and the maximal number of heterozygous loci (NHETmax) 

were calculated manually. R- and F- statistics were computed with SPAGEDI 

(Hardy and Vekemans, 2002). Analysis of molecular variance (AMOVA) and 

population pairwise comparisons were computed in Arlequin 3.5. For AFLP data, 

the polymorphic rate (PLP%) was calculated manually; the number of private 

bands (PA), the proportion of polymorphic loci (P%), and gene diversity (HE) 

were calculated using GenAlEx 6/6.5 software (Peakall and Smouse, 2006, 

2012). To determination the strength of association between matrices of genetic 

distances for a given marker (AFLP and EST-SSR) and the geographic distance 

for each population was used the Mantel test (based on Cavalli-Sforza and 

Edwards chord distance and Dice’s similarity coefficient) calculated in 

Populations 1.2.32 (Langella, 2002), and in FreeTree (Pavlíček et al.,1999).  
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Phylogenetic analysis 

To elucidate genetic relationships within and among the analyzed samples, a 

Neighbor-Network based on Dice's similarity coefficient (D) was constructed in 

SplitsTree 4 (Huson and Bryant, 2006). The Nexus input file for SplitsTree was 

exported from GenAlEx after transformation of SSR genotypes into a binary 

matrix, which was merged with the AFLP binary data. The robustness were tested 

by bootstrap analysis with 1,000 bootstrap replicates. For analysis of the 

population structure, a Bayesian clustering approach was used as implemented in 

STRUCTURE 2.2 (Falush et al., 2007) for combined SSR and AFLP binary data 

(K in range 1-10 with ten replicate runs for each K, 100,000 burn in iterations 

followed by 1,000,000 MCMC iterations). For the graphical interpretation of 

clustering CLUMPP (Jacobson and Rosenberg, 2007) and DISTRUCT 

(Rosenberg, 2004) software were used.  
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4. Summary of results 

 

4.1.  Genetic and morphological variability of Lactuca serriola populations 

 

In this tudy, EST-SSR loci and AFLP markers were used to characterize the 

genetic variability of 121 samples of the common weed, L. serriola L. (prickly 

lettuce), representing 53 populations originating from Sweden and Slovenia. The 

seed materials, originating from different habitats, were regenerated and 

taxonomically validated at the Department of Botany, Palacký University in 

Olomouc, Czech Republic. The morphological characterizations of the collected 

plant materials classified all 121 samples as L. serriola f. serriola; one sample 

was heterogeneous, and L. serriola f. integrifolia was also presented. Based on 7 

EST-SSR loci and 257 AFLP markers, Bayesian clustering and construction of a 

Neighbor-Network, the putative relationships among the analyzed individuals 

were visualized. The higher genetic variability was observed in the Slovenian 

samples. Under the Bayesian approach, the best partitioning (according to the 

most frequent signals) was resolved into three groups. While the absence of an 

admixture or low admixture was detected in the Slovenian samples, and in the 

majority of the Swedish samples. A significant admixture was detected in the 

profiles of five Swedish samples collected near Malmö, which bore unique 

morphological features of their rosette leaves. The Neighbor-Network divided 

samples into 6 groups, each consisting of samples coming from a particular 

country. This study showed that L. serriola populations originating from various 

eco-geographical conditions differed significantly in their genetic background, 

which  also reflected in the geographic patterns of their phenotypic features. 
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4.2. Biodiversity of L. aculeata germplasm including the resistance variation 

to Bremia lactucae 
 

In total, seventy two Lactuca aculeata and three Lactuca serriola samples 

originating from natural populations of these species in Turkey, Jordan, and Israel 

were analyzed by 8 EST-SSR loci and 287 AFLP markers. Neighbor-Network 

and Bayesian clustering were used for visualisation of the differences among the 

analyzed L. aculeata and L. serriola samples, and to confirm hybrid origin (L. 

aculeata × L. serriola) of three samples (343-8A, 343-8B, 54/07) previously 

indicated by their morphological traits. Molecular data reflect the geographical 

origin, i.e., the clustering of samples according to their country of origin. Samples 

from neighbouring parts of Jordan and Israel expressed similar genetic 

characteristics, indicating the possibility of migration or artificial introduction of 

plant material. Forty-one L. aculeata samples were screened for their response to 

five Bremia lactucae races (Bl: 17, Bl: 18, Bl: 24, Bl: 27, and Bl: 28). L. aculeata 

samples were most frequently susceptible to races Bl: 18, Bl: 24, Bl: 27, Bl: 28; 

and least susceptible to Bl: 17. No highly efficient source of resistance was 

detected. However race-specific reaction patterns were frequently recorded, 

indicating the possible presence of some race-specific resistance factors/genes in 

the studied samples of L. aculeata.  

 

4.3.  Genetic and morphological variability of the wild Lactuca species in 

natural populations in Israel 

 

In this study, 11 EST-SSR loci and 230 AFLPs markers were used to analyze 

genetic structure and diversity of three predominantly self-pollinating wild 

Lactuca species (Lactuca serriola, L. saligna, and L. aculeata). Studied seeds 

were collected from individual plants in northern Israel, along a line transect, and 
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two populations per each Lactuca species. The distance between neighboring 

plants sampled for seeds varied from 1.5 to 37 m. The transect length at single 

sites ranged from 47.2 to 151.8 m. The taxonomic status of 67 individual plants 

was morphologically validated during greenhouse multiplication. The results 

showed that although these species have the predominantly self-pollinating 

character, the populations were not morphologically and genetically uniform and 

each population could represent a unique combination of genotypes, which 

differed from other populations of the same species. The highest diversity was 

observed in L. saligna, the lowest in L. aculeata populations. The Network 

analysis clearly separated samples according to their taxonomic determination, 

also reflecting the gene diversity as well as genetic distance values among the 

three species. 

 

 

4.4. Wild Lactuca genetic resources – summary of the intensive research 

 

This study is focused on the results of intensive research of the genus Lactuca 

L. First part includes knowledge about variation in reaction to pathogens 

(including viral pathogens, oomycete and fungal pathogens) and pests (incl. 

nematodes, insects and mites), and the exploitation of wild Lactuca germplasms 

in lettuce resistance breeding. The second part summarizes the results, in addition 

to the abovementioned, current knowledge of wild Lactuca L. species taxonomy, 

biogeography, gene-pools and germplasm collection. Genetic diversity is 

characterized at the level of phenotypic and phenological variation, variation in 

karyology and DNA content, biochemical traits, and protein and molecular 

polymorphism. Challenges and plans for the future research are discussed. The 

future studies should be focused on: improving knowledge of the mechanism of 

resistance in various Lactuca-pathogen/pest interactions; detection of the new 

sources of resistance; using wild Lactuca spp. such as L. saligna and L. serriola 
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as durable sources of resistance; efficiency in exploiting the Lactuca genepool 

for lettuce improvement; molecular markers linked to resistance genes as aids in 

selection during L. sativa breeding process. 
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5. Conclusions 
 

The present work focused on five various topics related to the Lactuca spp.- 

germplasm, their genotypic and phenotypic variation, ecogeography, resistance 

to pathogens and pests, as well as utilization in lettuce breeding. The first on is 

the development of genetic variability of 53 Swedish and Slovenian population 

L. serriola, two marginal areas of natural distribution this species. The genetic 

variability between populations was evaluated with 7 EST-SSR loci and 257 

AFLP markers. The mutual relationships among the analyzed samples were 

visualized using two approaches, Neighbor-Network diagram and Bayesian 

clustering method.  

In the next part are summarized the results of genetic variability of 69 

samples L. aculeata, 3 samples of L. serriola and 3 putative hybrids L. aculeata 

× L. serriola, coming from Turkey, Jordan and Israel, including data from 

screening (41 samples of L. aculeata) for response to lettuce downy mildew 

(Bremia lactucae). The genetic structure and diversity were analyzed using 8 

EST-SSR loci and 287 AFLP markers. Our results confirmed a previous 

determination of three putative hybrids L. aculeata × L. serriola. Moreover, we 

also detected at least 6 additional hybrid samples showing certain proportion of 

L. serriola-like genotype. The results from studies of resistence demostrated race-

specific reaction patterns, indicating the possible presence of some race-specific 

resistance factors/genes in the studied samples of L. aculeata.  

The third part describes the results obtained from study of population 

structure, including morphological/genetic variability in Israeli samples of L. 

serriola, L. aculeata and L. saligna (two populations per each Lactuca species). 

The genetic structure and diversity were analyzed using 11 EST-SSR loci and 

230 AFLP markers. The results showed that although these species have the 

predominantly self-pollinating character, the populations were not 

morphologically and genetically uniform. The genetic variability in a population 
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increases at its periphery, due to the presence of plants with „non-indigenous“ 

alleles, which most likely come from migration and subsequent interpopulation 

or interspecific hybridization.  

The other two parts are complementary and interconnected. The fourth part 

is focused on reaction of wild Lactuca genetic resources to diseases (including 

viral pathogens, oomycete and fungal pathogens) and pests (incl. nematodes, 

insects and mites). And the last part, except the aforementioned, summarizes the 

current knowledge of intensive research the wild Lactuca species in taxonomy, 

ecogeography, conservation strategy, karyology, molecular biology and in 

approaches to the use of wild Lactuca species in lettuce breeding programme to 

biotic factors. 
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6.  Souhrn (Summary in Czech) 
 

Rezistence genových zdrojů rodu Lactuca vůči plísni salátové (Bremia 

lactucae) a jejich genetická variabilita 

 

Rod Lactuca L. zahrnuje více než 97 druhů, z nichž některé jsou pěstovány 

pro svůj hospodářský význam. Navzdory nezpochybnitelné důležitosti tohoto 

rodu přetrvává nedostatek informací o genetické diverzitě, fylogenetických 

vztazích, rezistenci vůči plísni salátové (Bremia lactucae) a využitelnosti planých 

druhů ve šlechtitelských programech. Tato disertační práce si kladla za cíl přispět 

k charakterizaci genetické struktury a diverzity planých druhů za pomocí 

molekulárních metod; včetně zhodnocení variability rezistence vůči plísni 

salátové. 

 V první části práce byla pro studium genetické variability populací L. 

serriola využita analýza 8 EST-SSR a 257 AFLP markerů. Tato studie poukazuje 

na fakt, že populace L. serriola pocházející z odlišných ekogeografických 

podmínek se významně liší nejen ve své genetické výbavě, ale i ve svých 

fenotypových vlastnostech. Dalším tématem bylo studium genetické variability 

pomocí 8 EST-SSR a 287 AFLP markerů u vzorků L. aculeata pocházejících 

z Turecka, Jordánska a Izraele, včetně testování rezistence vůči plísni salátové 

(Bremia lactucae). Výsledky molekulárních analýz potvrdily zeměpisný původ 

vzorků. Výsledky studia rezistence vykazovaly rasově-specifické reakce, a je 

tedy pravděpodobné, že L. aculeata by mohla být nositelem nových zdrojů 

rasově-specifické rezistence využitelných ve šlechtění kulturního salátu L. sativa. 

Třetí téma práce bylo zaměřené na hodnocení morfologické a genetické 

variability tří blízce příbuzných, převážně samosprašných, planě rostoucích 

druhů L. serriola, L. aculeata a L. saligna, které byly sesbírány na území Izraele. 

Genetická stuktura a diverzita byla analyzována pomocí 11 EST-SSR a 230 

AFLP markerů. Výsledky ukázaly, že i když jsou tyto druhy převážně 
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samosprašné, populace nebyly morfologicky ani geneticky uniformní a 

představovaly jedinečné kombinace genotypů, které se lišily od jiných populací 

stejného druhu. Poslední dvě části shrnují výsledky a dosavadní poznatky 

intenzivního výzkumu planých druhů rodu Lactuca L. v oblasti: variability 

k patogenním organismům a škůdcům, včetně využití ve šlechtění na odolnost; 

v oblasti taxonomie; biogeografie; konzervační strategie; v hodnocení genetické 

diverzity na fenotypové, fenologické úrovni; v karyologické proměnlivosti; v 

obsahu DNA, biochemických vlastností či molekulárního polymorfismu.  
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