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General introduction 

 

Genotypic and genetic diversity in natural populations 

Natural populations of animals and plants are rarely composed of randomly distributed 

alleles* but reflect a complex mosaic of frequent and infrequent genotypes** (Murawski and 

Hamrick, 1990 ; Aspinwall and Christian, 1992; Lokker et al., 1994; Lynch and Milligan, 

1994; Hänfling and Brandl, 1998; Schläpfer and Fischer, 1998; Ayres and Ryan, 1999). The 

relative abundance of these genotypes is not fixed, but may vary over the life span of 

populations. Hence, natural populations of plants and animals are genetically structured in 

space and time (Ewing, 1979; Chevillon et al., 1995; Hossaert-McKey et al., 1996). Such 

evidence for spatial and temporal genetic structures clearly emerged during the last three 

decades with the development of molecular markers and the access to the genotype of 

individuals. Then, with the increasing body of genetic data, research began to focus on the 

identification of the ecological and evolutionary processes responsible for such genetic 

structures. In plant species, Loveless and Hamrick (1984) reviewed the effect of several 

species traits on population genetic structure. They looked among others at the effect of 

breeding systems, floral morphology, pollination mechanisms, dispersal modes, life cycles, 

and size of populations. The main result of this review was that the breeding system is the 

principal factor designing the genetic structure of plant populations.  

 

Genotypic and genetic diversity in clonal plants 

In clonal plants, which have a mixed breeding system (sexual-asexual), clonality may affect 

the genetic variation and structure of natural populations. As clonal growth does not produce 

any genetic variation, the question whether clonal species harbour the same genetic diversity 

as non-clonal species has been often discussed (Williams, 1975; Harper, 1977; Abrahamson, 

1980). An increasing amount of literature on this topic has demonstrated that a wide range of 

genetic diversity can also be found in populations of clonal plants (Ellstrand and Roose, 1987; 

Hamrick and Godt, 1990; Eckert and Barrett, 1993; Widen et al., 1994; Herlihy and Eckert, 

2002).  

                                            
* Allele: one of the different forms of a gene or DNA sequence that can exist at a single locus 
** Genotype: the actual alleles present in an individual. 
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Nevertheless, although the genetic variation and structure of clonal plant populations have 

been intensively studied, the maintenance, evolution, and factors influencing clonal diversity 

remain poorly understood (Eckert, 1999). It is obvious that only descriptions of the genetic 

patterns are not enough to understand the structuring of genetic variation within and between 

populations (McLellan et al., 1997). In contrast, an investigation of genetic variation 

combined with an investigation of factors responsible for its creation and maintenance 

(i.e. processes that have led to these patterns) might be more relevant to relate the genetic 

diversity to the ecology of the studied organism.  

Factors influencing genotypic and genetic diversity 

An important factor that must be taken into account when one studies the genetic diversity of 

natural populations is the temporal heterogeneity. It has already been demonstrated that 

temporal heterogeneity can influence the genetic variation within and between populations 

(Ewing, 1979; Tilman, 1984; Hossaert-McKey et al., 1996; Stanton et al., 1997). However, it 

remains difficult to follow natural populations through long periods. A bypass to this 

difficulty can be to investigate natural populations having contrasting biotic and abiotic 

selective pressures. For example, ecological succession is a case often studied in ecology 

where biotic and abiotic selective pressures change with the age of populations (Quinn et al., 

1972; Beasleigh and Yarranton, 1974; Ross and Quinn, 1977; Escarré and Thompson, 1991; 

Piquot et al., 1998). Looking at natural populations of different successionnal stages may help 

to understand the evolution of genetic or life-history characters over time.  

Another important source of variation that acts on genetic diversity of natural populations 

comes from the herbivory selective pressures. It has already been demonstrated that 

herbivores and pathogens can affect the genetic diversity of plants (Mopper et al., 1991; 

Krabel and Petercord, 2000; Koskela, 2002; Chen et al., 2001). For example, in Douglas-fir 

(Pseudotsuga menziesii), Chen et al. (2001) demonstrated that phenotypically resistant trees 

to defoliation by the western spruce budworm (Choristoneura occidentalis) were less 

heterozygote but had more rare alleles compared with susceptible trees. However, it is not 

clear whether differences in genetic variation of the host are a consequence or a cause induced 

by the biotic selection pressures, and the impact that herbivores and pathogens have on the 

neutral genetic diversity of populations remains unknown. 
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Although most of the variation expressed in genetic characters is neutral, variation expressed 

in life-history characters is usually non-neutral (i.e. induces changes in fitness). Life-history 

characters are assumed to undergo selection. Thus, the variation observed in life-history 

characters can be considered to result from heterogeneous selective pressures. For this reason, 

a mixed approach that combines the comparison of both characters (neutral genetic and 

selected) is important to localise selective pressures that act on natural populations (Bonnin et 

al., 1996).  

Finally, most plant or animal species are organised as a set of local populations that interact 

via the dispersal of individuals. Such a spatial dynamic organisation of populations is called 

“metapopulation” (i.e. a population of populations which go extinct locally and recolonise; 

Levin, 1970). In a metapopulation organization, local populations do not obligatorily 

experience the same selective pressures. Therefore, certain characters of plants or animals 

might evolve differently in each local population (Hanski, 1998). For example, along a 

successional gradient, populations of early and late successional stage experience different 

local selection pressures. In clonal plants, which have a mixed reproduction system, these 

different local selection pressures might lead to different strategies of reproduction. In early 

stages of succession, the selection regime may favour individuals which display the best 

capacities for clonal reproduction (i.e. the best competitors, Ronce and Olivieri, 1997; Piquot 

et al., 1998). Sexual reproduction will be counter-selected at the population level. But because 

seeds are often the only mean of long distance dispersal for numerous clonal plants, sexual 

reproduction will be selected at the metapopulation level to assure the foundation of new 

populations in more favourable habitats.  

In this case, the evolutionary equilibrium of characters related to the reproduction system (e.g. 

dispersal and reproductive effort) is not achieved at the population level, but at a higher level 

(the metapopulation level) while each local population is in disequilibrium (Olivieri et al., 

1990; Olivieri and Gouyon, 1997). 

Consequently, it is important to consider the metapopulation level while one studies traits that 

do not experience the same selective pressure during the different demographic stages of the 

population life span. Metapopulation approaches are also particularly relevant to study species 

in fragmented habitats (Hanski, 1998). 
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Cirsium arvense 

This work is about the genetic diversity of a clonal plant, Cirsium arvense. C. arvense 

(Asteraceae), also called “Creeping thistle” in Europe or “Canada thistle” in North America, 

is one of the most frequent and most successful perennial weeds throughout Eurasia (Figure 1 

from Meusel and Jäger, 1992).  

 

Figure 1: Geographical distribution of Cirsium arvense and subspecies within the 
northern hemisphere. Source: Meusel & Jäger (1992) 

 

C. arvense occurs over a wide range of elevations from sea level (up to 2500m). The wide 

distribution of C. arvense suggests that the plant is adaptable to many soil types (Donald, 

1994). C. arvense is an early successional species that emerges from seeds or root fragments 

shortly after disturbance. C. arvense grows best in open moist sunny sites. It usually grows in 

waste places, roadsides, fallows, or especially in arable fields and meadows or sites that have 

been impacted by disturbance (e.g. road building, fire, landslides…). Hence, the increasing 

intervention of humans in natural landscapes, which mostly opens the vegetation, multiplies 

suitable sites for C. arvense. The species is nowadays omnipresent in agricultural or semi-
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natural landscapes. Furthermore, roads, streams and ditches offer new corridors for invasion. 

Thus, C. arvense invasion of native rangelands appears a problem especially for farmers who 

are worried about its invasion to arable fields. 

Because of its economic importance (Moore, 1975; Donald, 1990) C. arvense has been 

intensively studied during the last century (Correns, 1916; Bakker, 1960; Lloyd and Myall, 

1976; Hunter et al., 1985; Kay, 1985; Lalonde and Roitberg, 1989; Lalonde and Roitberg, 

1994; Ang et al., 1995; Heimann and Cussans, 1996).  

As most of perennial plants, C. arvense has a mixed reproduction system. Plants combine two 

modes of reproduction: sexual reproduction through seeds and clonal reproduction through 

vegetative propagation. C. arvense life cycle is presented in Figure 2. 

Plants develop new roots and underground shoots in January and begin to elongate in 

February. New shoots of established C. arvense plants begin to emerge when average weekly 

temperature is at least equal to 8°C (Nuzzo, 2000). Plants remains short until a long day 

period activate stem elongation and flowering (Moore, 1975). The blooming period is bright, 

varies from place to place, but appears between May and October in Europe. 

 

Asexual 
reproduction 

Sexual  
reproduction 

 

 

 

 

 

 

 

 

 
Figure 2: Life cycle of Cirsium arvense from Heimann & Cussans (1996) 
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In C. arvense, blooming capability as well as others life-history characters might be altered by 

the tephritid fly Urophora cardui (Peschken and Harris, 1975; Peschken et al., 1982; Heeb et 

al., 1999). Urophora cardui is a gall-forming insect which attacks C. arvense (Figure 3). In 

this plant-herbivore system, U. cardui is able to occur only within a narrow range of 

environmental conditions (Peschken et al., 1997)  

as the clonal C. arvense as well as 

C. setosum are the only host plants of 

this species (Frenzel et al., 2000). Adults 

of U. cardui emerge in early summer 

(June to July) and females lay eggs into 

suitable shoots of the host. With the 

development of the larvae the plant is 

forced to produce conspicuous 

multilocular stem galls (Peschken and 

Harris, 1975, Peschken et al., 1982; 

Peschken and Derby, 1992). F  

 

 

C. arvense has an open breeding system. The pla

Male plants are morphologically hermaphrodite

C. arvense is insect pollinated, and pollinators mo

bees), which can cover relatively important a

Although C. arvense is mostly known for its ef

also produces high quantity of achenes. Mayer

between 7600 and 21000 well-developed achene

are plumed, and can be easily dispersed by wind

year in which they are produced (Bakker, 1960)

year, produce basal leaves before winter and then

seed bank does not usually contain large num

Cussans, 1996). No seedling establishment is us

(Bakker, 1960; Bostock and Benton, 1983).  

 

igure 3 :gall of U. Cardui on C. arvense
(from Hegi, 1987) 
nt is reported to be subdioecious-dioecious. 

s, with a vestigial ovary (Delannay, 1979). 

stly observed are bees (honey bees and wild 

rea (Walther-Hellwig and Frankl, 2000). 

ficient vegetative reproduction, the species 

 (2000) found that thistle stands produced 

s per m² in fallow sites. C. arvense achenes 

. Most achenes germinate in spring after the 

, but some achenes might germinate in the 

 emerge to flower the next spring. The soil 

bers of C. arvense achenes (Heimann and 

ually observed in dense natural populations 
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C. arvense has a reputation to have a vigorous clonal propagation. C. arvense does not form 

rhizomes. Vegetative reproduction (or clonal growth) is realised through efficient laterals 

roots (Figure 4). Horizontal roots are very productive (six and 12m per year in Moore (1975) 

and Bostock and Benton (1979) respectively) and give rise to numerous aerial shoots. 

C. arvense allocates most of its resources to vegetative propagation. Total allocation of dry 

weight to sexual reproduction was only 7% for C. arvense grown in pots (Bostock and 

Benton, 1979). New C. arvense plants can also form from root fragments as short as 6 mm 

(Nadeau and Vanden Born, 1989). Therefore, C. arvense can easy survive disturbance by 

resprouting from buried root and stems fragments. Long distance dispersal by vegetative 

propagules is not common in C. arvense, as roots are deeply buried in the soil.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4: Two shoots of C. arvense connected by horizontal roots. 
 

 

Although a lot of information has been accumulated about the ecology and biology of 

C. arvense, data about its genetic diversity are missing. The aim of this Ph-D was to conduct a 

mixed approach combining ecology and molecular biology to identify, on a landscape scale, 

the main factors acting and designing the genetic diversity of C. arvense in natural 

populations. 
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Outline 

The primary step of an ecological and genetic study of a clonal plant is the identification of 

clones. In clonal plants, each individual shoot (ramet) can produce offspring through sexual 

and/or asexual reproduction. Physiological individuals do not fit with genotypic ones, and the 

identification of clones in the field is often impossible. Hence, the first objective of this work 

was the identification of clones. For this purpose, we required to molecular biology. The 

choice of the molecular marker we used, as well as essential information about molecular 

markers in general are developed in the appendix. 
 

Chapter I concerns the genotypic and genetic diversity of the common weed Cirsium 

arvense. In many clonal species, seedling establishment is restricted to early successional 

stages when recruitment is still possible. Then, one expects that adapted genotypes become 

dominant and genotypic and genetic diversity should decrease with time. In order to check 

this hypothesis, I compared genotypic and genetic diversity of C. arvense populations in early 

and late successional stage. I used highly polymorphic AFLP markers and found that contrary 

to the general expectation, genotypic diversity, clonal evenness and genetic diversity (i.e. 

molecular variance) did not differ significantly between founder and established populations 

(respectively: U = 24, P > 0.3; U = 26.5, P > 0.3; U = 23; P > 0.44). 

However, the most surprising result of this study was the extremely high genetic structure 

among populations (Φsc = 0.64) which occurred without loss of diversity. It is proposed that 

genetic differentiation among populations might result from founder effects and early 

selection in the seedling stage, while because of the particular reproductive system of the 

species (dioecious) seeds that are produced must be highly variable and therefore their 

recruitment (even sporadically) might contribute to maintain a high genotypic and genetic 

diversity. In C. arvense genotypic and genetic diversity mainly seem to reflect the status built 

up during the early stage of succession. 
 

Chapter II looks at the influence of the phytophage insect Urophora cardui on 

Cirsium arvense neutral genotypic and genetic diversity. Several studies in controlled 

conditions have demonstrated that U. cardui has profound negative effects on life history 

traits of its host (C. arvense). The purpose of this chapter is to test rather these negative 

effects observed on an individual scale influence the neutral genotypic and genetic diversity 

of natural populations of the host plant. To investigate the effect of U. cardui on C. arvense 

neutral genotypic and genetic diversity, I used AFLP markers eight populations of C. arvense 
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having different history of infestation by U. cardui. Half of the populations were in the last 5 

years infested by U. cardui, whereas the other half was not. The results were the following: 

average genotypic diversity and clonal evenness did not differ between infested and not-

infested populations (U = 6; P > 0.56; U = 5.5; P > 0.46) for clonal evenness). Molecular 

variance due to infestation state of populations was also not significant (1.81 ± 1.05 versus 

2.22 ± 0.82; P > 0.11) and explained less than five percent of the total variance. Hence, the 

results suggest that selection imposed by U. cardui on C. arvense was weaker on a population 

and/or metapopulation scale than it was supposed in experimental studies. This can be 

explained by the complex spatio-temporal population dynamics of the C. arvense-U. cardui 

system.  
 

Chapter III further analyses the impact of ecological succession on natural populations of 

C. arvense. Whereas chapter I attempted to look at the impact of ecological succession on 

neutral molecular characters, chapter III is based on life-history characters, which are 

supposed to be selected. Certain life-history characters, especially those related to the 

breeding system, are generally considered to be able to evolve rapidly when affected by a 

change in the selection regime (Fisher, 1930; Reznick et al., 1990; Li and Margolies, 1994; 

Cody and Overton, 1996). Therefore, this chapter focuses on the reproductive effort and on 

the dispersal potential of C. arvense. Female and male of C. arvense plants were collected in 

three populations of early successional stage and in ten populations of late successional stage. 

Succession caused no change in the dispersal potential of C. arvense (length of the pappus), 

but important phenotypic changes in characters related to the reproductive outputs. These 

changes included a significant decrease in the number of flowering shoots per population 

(-48%; P < 0.01), the number of flower heads per shoot (P < 0.01 in females; not significant 

in males) and the number of flowers per flower head (P < 0.1 in females and not significant in 

males). Data on achene mass and germination rate show no relation to the successional stage 

of plants (F = 0.07; P = NS and F = 0.14 P > 0.71). Based on recent theoretical investigations 

on the reproductive effort in metapopulation context (Ronce and Olivieri, 1997), it is 

suggested that the differences found in reproductive effort may result from evolutionary 

changes in the genotypic composition of populations because of increasing intraspecific 

selection pressures when the habitat is maturing. This idea of selection during early 

successional stage is supported by previous genotypic analysis of some populations with 

AFLP markers (Solé et al., 2004). However, we found no changes in the dispersal potential 

(length of the pappus) of C. arvense. Chapter III also discuss the role of the length pappus to 

estimate the dispersal potential in this species. 
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Chapter I 

Genotypic and genetic diversity of the common weed Cirsium arvense 

(Asteraceae) 

With Walter Durka, Sabine Eber & Roland Brandl 

Abstract: In many clonal species, seedling establishment is restricted to early successional 

stages when recruitment is still possible. Then, one expects that adapted genotypes become 

dominant and genotypic and genetic diversity should decrease with time. We investigated 

genotypic and genetic diversity within recently founded and established populations of the 

common weed Cirsium arvense. We used highly polymorphic AFLP markers. All populations 

were multiclonal and highly diverse (proportion of distinguishable genotypes was 0.73 ± 0.25 

(mean ± SD)). Clonal evenness was variable and ranged from 0.2 to 1. Independent of 

successional stage, we found on the small geographic scale of our study (< 5 km) a 

considerable differentiation between populations (Φsc = 0.63). This amount of differentiation 

was similar between founder and established populations and could result from selection in 

the early stage of selection, as well as founder effects. Contrary to the general expectation, 

genotypic and genetic diversity were maintained through time, and molecular variance did not 

differ between successional stages (1.9 ± 0.89 versus 2.5 ± 1.41). We suggest that this pattern 

is a consequence of the particular reproductive system of C. arvense that combines clonality 

with dioecy. The combination of clonal reproduction with recruitment of sexually outcrossed 

seedlings in the first years allows the species to perform efficient colonisation even with 

founder effects, to undergo selection without loss of diversity, and to persist locally. This 

strategy appears to be very efficient in C. arvense and may have contributed to the worldwide 

success of this species. 

 

Key words: Amplified Fragments Length Polymorphism (AFLP), Cirsium arvense, clonal 

plant, genotypic diversity, molecular variance, population differentiation, succession. 
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Introduction 

Clonal plants can reproduce by sexual and asexual reproduction. Whereas sexual reproduction 

accounts for recombination and dispersal, clonality propagates the same genotype locally. 

Therefore it is often suggested that spatial distribution of genotypic and genetic diversity 

within and across populations reflects the balance between clonal growth and successful 

sexual reproduction (Sackville Hamilton et al., 1987; Schmid, 1990; McLellan et al., 1997). 

In correlation with these two modes of reproduction, it is important to distinguish between 

genotypic and genetic diversity. Genotypic diversity is usually called clonal diversity in 

clonal plants and stands for the number of genotypes within populations, whereas genetic 

diversity represents the variability between genotypes. Clonal reproduction together with 

selection and mutation will principally affect the genotypic diversity and spatial distribution 

of clones within populations, whereas sexuality together with gene flow and recombination 

will act more on the genetic variability within and among populations. 

C. arvense is a long-lived perennial weed, abundant in agricultural land. It has a wide 

distribution in Europe from the Atlantic ocean to the Ural mountains. C. arvense is also 

widely distributed in North America where it has been introduced in the 17th century. Since 

the introduction, C. arvense has spread throughout Canada and the United States where it is 

one of the most tenacious and economically important weeds (Donald, 1990). C. arvense has 

a mixed sexual-asexual reproduction system. It reproduces vegetatively by means of very 

efficient lateral roots which assure a rapid expansion of ramets. Moore (1975) reported on two 

independent studies which found a spread via lateral roots of 6 m per season, whereas in 

Bostock and Benton (1979) another study even note a spread of 12 m a year. C. arvense is 

often described as a subdioecious-dioecious species. Female plants are strictly female. Male 

plants possess vestigial ovaries and are morphological hermaphrodites, but are considered to 

be functional males (Moore, 1975). C. arvense is insect-pollinated and produces plumed 

achenes with a long pappus. Natural long distance dispersal by vegetative propagules is 

limited (except if roots are transport by man e.g. in soil), hence new populations must be 

founded by seeds. 

Because of its dioecious breeding system, genotypic diversity of seedling founding a new 

population is expected to be high compared to other none strictly out-crossed species. 

However, after the establishment of seedlings, genotypes with vigorous clonal growth may 

become favoured, as clonality is a better strategy to spread and colonize a habitat for plants 
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having a mixed sexual asexual reproduction system. Hence, after some time only a few 

genotypes should dominate the habitat due to competitive exclusion (Eriksson, 1993; Gray, 

1987). This process should then lead to a general decrease of genotypic diversity when 

populations are aging i.e. in later successional stages. 

Studies that followed genotypic diversity through time (e.g. Hartnett and Bazzaz, 1985 in 

Solidago canadensis) or compared genotypic diversity between sites which differed in 

successional stage (e.g. Maddox et al., 1989 in Solidago altissima; McNeilly and Roose, 1984 

in Lolium perene) showed a decline in the number of genets over time. Studies, which 

compared populations of clonal plants in habitats with different disturbance regime reached 

similar conclusions. Populations in unstable habitats tended to have a higher genotypic 

diversity compared to populations in stable habitats (Piquot et al., 1996, Xie et al., 2001). 

However, in some cases no decrease of genotypic diversity was found (Verburg et al., 2000). 

Some studies which followed genetic diversity through time with quantitative markers 

supported the theoretical predictions (Aarssen and Turkington, 1985). But in some others no 

decrease of genetic diversity over time was observed (Taylor and Aarssen, 1988; Hartnett et 

al., 1987). 

The present study is based on molecular data. We looked at genotypic and genetic diversity 

within recently founded as well as established populations of C. arvense. Because of their 

high power of resolution in distinguishing genotypes, we used Amplified Fragment Length 

Polymorphism (Vos et al. 1995). Our paper aims to address the following questions: (1) Is 

there a decrease in genotypic diversity and evenness of C. arvense populations with time? (2) 

How is the genetic variation partitioned within and among populations? 

 24



Material and methods 

Sampling 

All sampling populations belong to a 15 km² rural area located in Southern Germany 

(11°50’E 49°35’N). This area is a complex mosaic of roadsides, meadows, cultivated and 

abandoned agricultural fields, wastelands. In September 1999, samples were collected from 

16 natural populations of C. arvense from two contrasting successional stages: founder and 

established. We identified each successional stage according to information available from 

previous studies (Eber and Brandl, 1994; Eber and Brandl, 1996) and ecological criteria. 

Founder populations of C. arvense occurred in habitats where the vegetation was in a typical 

early successional stage. The vegetation cover was below 75 % and the plant community was 

exclusively composed of herbaceous species. C. arvense was the dominant plant species. 

Shoots of C. arvense were easily recognizable as freshly germinated as they significantly 

differ from shoots from mature successional stages (Solé in prep). Moreover, during our 

previous attempts to map all populations of C .arvense in the same area these populations 

were not existent (Eber and Brandl, 2003). Thus, we are sure that these populations date from 

the year of our study. Because of the difficulty to find founder populations, we were able to 

sample only six populations. Established populations of C. arvense were sampled in old 

fallows. Within theses communities, C. arvense populations were in an advanced or 

regressive successional phase. There, the vegetation cover was totally closed and woody 

species were present. C. arvense shoots were particularly high and ligneous. All these 

established populations were already mapped in this advanced stage in 1994. Although the 

date of foundation of these populations is unknown, we can guess they have been found for 

10 years. 

In 1999, the size (number of shoots) of all 16 populations was recorded. For populations 

having less than 100 shoots, the number of shoots was counted and rounded to the nearest ten. 

For bigger populations, average number of plants was counted in one square meter and 

extrapolated to the population area covered by C. arvense. In these cases, the number of 

shoots was rounded to the nearest hundreds or thousands.  

Populations differed markedly in their size, density and patchiness. Therefore, we could not 

apply a regular spatial sampling design to all populations. Moreover, as we were interested in 

estimating the genotypic diversity of C. arvense rather than the spatial extent of certain 

genotypes we adopted a random sampling strategy. We randomly sampled fresh leaves of 

 25



C. arvense shoots according to population extent and patchiness in order to have a sampling 

effort reflecting the ramet density (Table 1). 

 

Table 1. Demographic, genotypic and genetic characteristics of 16 German 
populations of the clonal dioecious Cirsium arvense. 

 
 

Population 
name 

Successional 
stage 

Population 
size 

(number of 
shoots) 

Number of 
plants 

analysed (N) 

Number of 
genotypes 
detected 

(G) 

Genotypic 
diversity 

(i) 

Evenness 
index 
(E1/D) 

Molecular 
variance 

F1 Founder 30 7 6 0.86 0.78 2.12 
F2 Founder 40 15 7 0.47 0.28 0.48 
F3 Founder 200 17 16 0.94 0.89 4.59 
F4 Founder 10 7 7 1.00 1 3.45 
F5 Founder 100 19 9 0.47 0.2 1.78 
F6 Founder 120 10 10 1.00 1 2.63 
E1 Established 500 53 42 0.79 0.58 2.48 
E2 Established 100 20 12 0.60 0.29 1.93 
E3 Established 30 20 20 1.00 1 3.01 
E4 Established 3000 54 52 0.96 0.93 2.92 
E5 Established 400 28 13 0.46 0.29 1.07 
E6 Established  40 12 6 0.50 0.33 1.06 
E7 Established 10 8 2 0.25 0.2 0.75 
E8 Established 800 11 11 1.00 1 2.42 
E9 Established 8000 18 13 0.72 0.5 0.76 
E10 Established 100 8 5 0.63 0.5 2.39 

 

 

DNA extraction and AFLP 

We extracted DNA from young leaves with CTAB (Doyle and Doyle, 1988). DNA quality 

and concentration were estimated from 5.5 µl of the extract on a 0.8 % agarose gel. For AFLP 

(Vos et al., 1995) we used 0.5 µg of DNA per sample. We followed the Ligation and 

Preselective Amplification Modules for Small Plant Genomes procedure from Applied 

Biosystems except that the digestion and the ligation were performed in a MWG-Biotech 

Primus 96 thermocycler at 37°C during 2 hours. An initial screening using 64 selective primer 

combinations was performed on a random sample of 10 individuals across all sampled 

populations. From that analysis the two primer combinations EcoRI-ACC / MseI-CTG and 

EcoRI-ACG / MseI-CTT appeared to be sufficiently polymorphic to discriminate clones 

within populations. Fragments were separated on an ABI PRISM 310 genetic analyser with 

100 units as a minimum height threshold for peak detection. Data were imported to the 
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analysing software Genotyper, but we were not able to genotype our data automatically 

because of the strong sensitivity of the Genotyper program and the heterogeneity among runs. 

Such a lane-to-lane variation has been already observed in previous studies (De Riek et al., 

1999). Following De Riek et al., we only used the Genotyper program to produce a 

preliminary presence / absence matrix, which was subsequently checked manually. For the 

present study we used 93 polymorphic loci, 42 for EcoRI-ACC / MseI-CTG and 51 EcoRI-

ACG / MseI-CTT. Samples showing the same multilocus AFLP phenotype were considered 

to be the same genotype. 

Analyses 

AFLP data were analyzed at two hierarchical levels: within and among populations. As an 

estimator of the intrapopulation genotypic diversity we used the proportion of distinguishable 

genotypes (i = G/N, Ellstrand and Roose, 1987), where G is the number of genotypes and N 

the number of sampled shoots. Clonal evenness was calculated as the relative abundance of 

each genotype within a population. A number of evenness indices are available and there is no 

consensus on which one is the best (Smith and Wilson, 1996). We choose the evenness index 

G
D1E D1 =  (Williams, 1964), which is based on Simpson’s index (D = where p∑

=

G

1i

2
ip i is the 

relative abundance of the ith genotype). E1/D ranges from 0 to 1. High values characterize 

populations with an even distribution of clones; low values characterize populations 

dominated by only few genotypes. We compared the genotypic diversity and the evenness 

index between the two successional stages with a Mann-Whitney U-test.  

For each population we calculated the molecular variance as the average number of 

mismatches of bands within a population (sum of mismatches divided by 2N (N-1), where N 

equals the number of samples), and we tested for correlations between the molecular variance 

and population size. We tested for correlations between the population size and the three 

factors molecular variance, genotypic diversity and clonal evenness, using Spearman rank 

correlations. 

To study the partitioning of genetic variance among populations we conducted an analysis of 

molecular variance (AMOVA, Excoffier et al., 1992) with the program Arlequin (Schneider 

et al., 2000). We constructed a hierarchical model with genotypes nested within populations 

and populations nested within successional stage (Table 1). Variance components (σ , σ , 

σ ; see Table 3 for explanations), the sum of all squared differences and analogs of F-

2
a

2
b

2
c
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statistics (Φ) were calculated. The significance of estimated parameters was tested by a 

permutation procedure (Excoffier et al., 1992). Φct and σ  were tested by random 

permutation of genotypes of whole populations across successional stages. In this study Φ

2
a

ct 

estimated the successional stage effect. Φsc and σ 2
b  were tested by random permutation of 

individuals across populations but within the same successional stage. Φsc estimated the 

population differentiation and is the equivalent of the Wright’s Fst index (Wright, 1965). Φst 

and σ 2
c  were tested by permuting randomly AFLP phenotypes among populations and 

between successional stages. We used a matrix correlation test with 1000 permutations to test 

whether the matrix of genetic distances (Φsc/(1- Φsc); Rousset, 1997) was correlated with the 

matrix of geographic distances (Table 2). The genetic distance matrix was calculated by the 

program Arlequin as a pairwise population Φsc matrix (Schneider et al., 2000). 

 

Table 2: Matrices of pairwise genetic and geographic distances among 16 
German populations of Cirsium arvense. Genetic distances (Φsc) are presented in 
the lower part of the table; the geographic distances (km) in the upper part. 

 

F1 F2 F3 F4 F5 F6 E1 E2 E3 E4 E5 E6 E7 E8 E9
F1 0.13 1.83 0.73 0.85 0.88 0.7 0.72 0.6 0.59 0.82 0.8 0.83 2.95 0.8
F2 0.

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

87 1.8 0.75 0.75 0.83 0.62 0.76 0.7 0.58 0.85 0.87 0.94 3.05 0.88
F3 34 0.55 2.28 2.48 2.03 0.53 0.46 0.44 0.43 0.58 0.53 0.65 1.68 0.57
F4 53 0.77 0.22 1.25 1.53 0.56 0.52 0.5 0.47 0.74 0.66 0.79 3 0.73
F5 71 0.80 0.44 0.43 0.63 0.63 0.56 0.64 0.6 0.78 0.77 0.85 3.75 0.77
F6 61 0.73 0.35 0.51 0.64 0.55 0.66 0.57 0.5 0.77 0.74 0.81 3.48 0.77
E1 70 0.62 0.53 0.56 0.63 0.55 0.56 0.62 0.49 0.64 0.6 0.77 4.13 0.65
E2 72 0.76 0.46 0.52 0.56 0.66 0.56 2.15 1.8 0.66 0.72 0.82 0.65 0.75
E3 60 0.70 0.44 0.50 0.64 0.57 0.62 0.58 0.38 0.73 0.65 0.75 2.15 0.67
E4 59 0.58 0.43 0.47 0.60 0.50 0.49 0.51 0.50 0.63 0.6 0.72 1.88 0.64
E5 82 0.85 0.58 0.74 0.78 0.77 0.64 0.66 0.73 0.63 0.28 2.18 2.83 2.2
E6 80 0.87 0.53 0.66 0.77 0.74 0.60 0.72 0.65 0.60 0.78 2.13 2.75 1.75
E7 83 0.94 0.65 0.79 0.85 0.81 0.77 0.82 0.75 0.72 0.90 0.89 0.63 3.43
E8 63 0.77 0.45 0.53 0.71 0.60 0.61 0.62 0.57 0.56 0.70 0.71 0.82 0.72
E9 80 0.88 0.57 0.73 0.77 0.77 0.65 0.75 0.67 0.64 0.82 0.83 0.92 0.72
E10 69 0.82 0.43 0.43 0.68 0.62 0.60 0.60 0.49 0.54 0.79 0.71 0.79 0.55 0.79  
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Results 

From our AFLPs we identified 93 polymorphic loci. We distinguished 231 haplotypes 

(clones) across the 307 sampled C. arvense shoots; 86 % of these clones were found only 

once. Genotypes shared by several individuals (14%) always occurred in the same population. 

The number of clones per population ranged from 2 to 52. The mean genotypic diversity over 

all populations was i = 0.73 ± 0.25 (mean ± SD). However genotypic diversity differed 

considerably between populations (range: 0.25 – 1.0; Table 1). The clonal evenness (E1/D) was 

also very variable and ranged from 0.2 to 1 (mean E1/D = 0.6 ± 0.32). Both indices (i and E) 

were highly correlated (Spearman rank-correlation coefficient rs= 0.98, P < 0.0001). 

Genotypic diversity and the clonal evenness did not differ significantly between founder and 

established populations (genotypic diversity: U = 24, P > 0.3; evenness: U = 26.5, P > 0.3) 

and were not correlated with the population size (genotypic diversity: r = 0.1; P > 0.70; 

evenness r = 0.03; P > 0.92). 

The average molecular variance was 2.1 (± 1.1). Established populations had a lower mean 

molecular variance than the founder ones (1.9 ± 0.89 versus 2.5 ± 1.41) but the difference was 

not significant (U = 23; P > 0.44). Molecular variance was not correlated with the population 

size (Figure 1).  
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Figure 1: Population size (number of shoots counted per population) in 16 
German populations of Cirsium arvense was not correlated with the molecular 
variance (rs = 0.09; P > 0.72). 
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Most of the haplotype diversity was found among populations within successional stages 

(σ  = 60 %; Table 3), which results in a high Φ2
b sc value (0.63). Nevertheless, a considerable 

amount of diversity was found within populations (σ  = 35 %; Table 3). The variance due to 

differentiation between founder and established populations was significant but explained 

only a small part of the total variance (σ 2
a  = 5 %; Table 3).  

2
c

Table 3. Hierarchical analysis of molecular variance testing for differentiation 
between successional stages, among populations within successional stages and 
within populations. The significance tests are based on 1000 permutations. 

 

Variation Component  Variance % total Significance Φ-statistics 

Between successional stages σ  2
a

0.58 5 P < 0.01 Φct = 0.05 
Among populations within 
successional stages σ  2

b 7.46 60 P < 0.001 Φsc = 0.63 

Within populations σ  2
c

4.44 35 P < 0.001 Φst = 0.64 
 
 
 
 
Pairwise genotypic distances were not correlated to geographic distances (matrix 

correlation = 0.25, P > 0.2; Figure 2). 

Geographical distance (Km)

0 1 2 3 4 5

G
en

et
ic

 d
is

ta
nc

e
( Φ

sc
/(1

- Φ
sc

)

0.0

0.2

0.4

0.6

0.8

1.0
 

 

 

 

 

 

 

 

 

Figure 2: The relation between the genetic and the geographical distances in 16 
German populations of Cirsium arvense show no correlation between the two 
matrices (matrix correlation = 0.12; P > 0.18). High population differentiation 
observed in C. arvense is not due to geographical distances. 
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Discussion 

Genotypic diversity and clonal evenness of C. arvense varied greatly among the sixteen 

sampled populations. The average genotypic diversity was equal to 0.73. Direct comparisons 

with data from the literature is difficult to interpret as reviews are based on different sample 

sizes, spatial scales, molecular markers and compare plant species with different life and 

phylogenetic histories (Gitzendanner and Soltis, 2000). However, compared to the most 

widely cited reviews of genetic diversity patterns in clonal plants (Ellstrand and Roose 1987 

and Widen et al., 1994) average genotypic diversity in C. arvense is much higher (0.73 

against 0.17). This big difference might mostly result from the highest power of resolution of 

the DNA-based molecular markers (we had 93 polymorphic loci), whereas the above-

mentioned reviews are mostly based on allozymes studies, which offer fewer loci. 

Nevertheless, the high genotypic diversity found in C. arvense is confirmed by the fact that 

100 % of the sampled populations were multiclonal, against an average of 62 % in Ellstrand 

and Roose (1987) and Widen et al. (1994).  

Like genotypic diversity, the clonal evenness may vary greatly among clonal species. 

Populations can be mono- or multiclonal (Piquot et al., 1996; Eckert and Barrett, 1993; 

Aspinwall and Christian, 1992; McClintock and Waterway, 1993). For multiclonal 

populations, almost all patterns of genotypic diversity combined with clonal evenness can be 

found. (Ayres and Ryan, 1997, Ivey and Richards, 2001b; Gabrielsen and Brochmann, 1998). 

In C. arvense, the genotypic diversity is high and populations are not dominated by one clone, 

a pattern which was also found in other species (Chung and Epperson, 1999; Xie et al., 2001; 

Auge et al., 2001). 

Population differentiation has frequently been analyzed with allozymes. Three main results 

emerged: (1) Differentiation between populations is rather similar in plant species with mixed 

and purely sexual reproduction (Gst values 0.21 and 0.23, respectively, Hamrick and Godt, 

1990) (2) most variation occurs within populations (Baur and Schmid, 1996) (3) population 

differentiation is lower in outbreeding than in inbreeding species (Gst values < 20% 

and > 50%, respectively). Studies based on dominant markers (RAPD) lead to the same 

conclusions (Bussel, 1999). 

In C. arvense most of the genetic variation was among populations (60 % of the total 

variation). All haplotypes were strictly local. The Φsc-statistic (equivalent in our study to 

Wrights’ Fst value) was very high (Φsc = 0.64). Furthermore, differentiation among 
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populations was not correlated to geographic distance. A high differentiation among 

populations independent of geographical distance, like in C. arvense, is more common in rare, 

partially selfing, locally dispersed, or gene flow limited species (Fischer and Matthies, 1998; 

Travis et al., 1996; Schmidt and Jensen, 2000). Thus, the high population differentiation 

independent of geographical distance in C. arvense is surprising, as C. arvense is an abundant 

outbreeding species. 

In plants with mixed reproduction systems, clonal propagation can strongly bias the 

estimation of F-statistics (McLellan et al., 1997). For example, in the clonal Cladium 

jamaicense the Fst based on the ramet (i.e. all aerial shoots coming from the clonal 

propagation of a single root) was 0.68, whereas the Fst based on the genets (genetic 

individuals) was 0.035 (Ivey and Richards, 2001a). In C. arvense, the analysis on the genet 

level also resulted in a high population differentiation (Φsc = 0.53; P < 0.001). Therefore, 

clonality is not the reason of population differentiation. A result, which was already evident 

from the fact that populations were not dominated by one or few clones. 

Besides clonality, high population differentiation independent of geographical distance can 

also result from strong selection (Endler, 1986), as well as from founder effects acting 

together with drift, low gene flow among populations or low seedling recruitment within 

populations (Slatkin, 1977, Whitlock, 1992). 

Similarity among genotypes within populations, and thus dissimilarity among populations, is 

expected to increase in small and isolated populations as a consequence of genetic drift, 

bottlenecks and inbreeding (Hartl and Clark, 1989; Barrett and Kohn, 1991). A decline in 

molecular variance in small populations was frequently found, e.g. in the non-clonal 

Gentianella germanica (Fischer and Matthies, 1997) as well as in the clonal herb Ranunculus 

reptans (Fischer et al., 2000). In our study, population size was neither correlated with the 

molecular variance, nor with the genotypic diversity. The same correlation performed on 

established populations only, which are more likely to have experienced genetic drift, was not 

significant. Hence, C. arvense populations need not have been strongly affected by non-

selective processes through time. 

Gene flow among populations can be distinguished into pollen and seeds. The pollinators of 

C. arvense, mainly bumble bees, are very mobile (Walther-Hellwig and Frankl, 2000). The 

observation that seeds were produced in all populations even with 100 % of females (Solé 

unpublished data) and the fact that apomixis does not occur (Solé personal observation) 
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confirm an efficient transport of pollen among populations. However, low seed dispersal and 

absence of seedling recruitment in C. arvense are potential causes that generate and maintain 

differentiation. Despite producing plumed seeds, the effectiveness of seed dispersal in 

C. arvense is arguable. The pappus often breaks off the seed, so that at a distance of 1000 m 

only 0.2% of trapped pappi carried a seed (Bakker, 1960; Bostock and Benton, 1979). Like in 

other clonal plants (Wolf et al., 2000, Eriksson, 1992) the recruitment of C. arvense seedlings 

is possible only during the early phases of the colonization. C. arvense seedlings are very 

susceptible to shading and competition (Bakker, 1960). Our observations as well as reports in 

the literature indicate that the recruitment of C. arvense seedlings is not possible in natural or 

artificial plant communities with a dense plant cover (Bostock and Benton, 1983; Solé 

unpublished data). Thus, once populations have reached closed canopy seedling recruitment 

will stop. This phenomenon could then reinforce the population differentiation (see Gibson 

and Wheelwright 1995). 

Two potential driving forces remain to explain the surprisingly high genetic differentiation 

among C. arvense populations: founder effects and selection. We tested for founder effects 

(i.e. restricted-source origin of founder populations) by comparing the level of genetic 

differentiation among founder and established populations (Whitlock and McCauley, 1990). 

The Φst values were 0.55 (P < 0.001) for founder populations versus 0.64 (P < 0.001) for 

established populations. As differentiation among founder populations was already high, this 

result may indicate foundation of new populations by a non random sample of the propagule 

pool of C. arvense.  

Selection in C. arvense can also be an important factor, which designs the genetic 

differentiation between populations. Strong selection (e.g. for genotypes that have the highest 

capacity for clonal growth) can occur in the early stages of succession. During this phase, 

many genotypes may become established but seedling mortality is high (Brandl et al. 

unpublished data). 

In C. arvense, founder effects and selection are not mutually exclusive. However, founder 

effects and strong selection usually tend to decrease the within-population genetic variability 

(Pannell and Charlesworth, 1999; Endler, 1986). In our study, genotypic and genetic diversity 

did not decrease from founder to established populations. We offer the following explanation. 

We sampled plants in September and thus the founder populations already passed the seedling 

stage. If mortality and strong selection occur during the seedling stage, our sampling scheme 

was not able to retrieve the decrease of genetic diversity as the founder populations had 
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already passed the filter of a first selection phase. As long as the selection regime is not 

spatially autocorrelated this will lead to high differentiation between populations. 

However, the maintenance of genetic diversity through time could also be fostered by the 

obligatory outcrossed breeding system of C. arvense. Comparable results (high genetic 

diversity coupled with a high differentiation of populations) were already found in other 

clonal dioecious species (Sherman-Broyles et al., 1992 in Rhus species). Because of dioecy, 

C. arvense seeds are strictly outcrossed and thus must be highly variable. Their recruitment 

during the early stages of succession could compensate the loss of diversity within population, 

and therefore maintain a high level of neutral genetic variability. Recently theoretical studies 

about the genetic diversity in clonal plants lead to similar conclusions (Bengtsson, 2003). In 

his model, Bengtsson looked at the “Genotypic Identity” of population (i.e. the probability 

that two randomly sampled adult individuals from a population have the same genotype) 

depending on population growth parameters, rate of sexuality and recruitment of sexually 

derived offspring. From his simulations, Bengtsson proposed that clonal populations possess 

an effective “memory” of their earlier genetic history, in the way that “a population which 

started by a number of sexually derived propagules may thus retain its initial genotypic 

variation for a very long period of time, even if its later reproduces almost exclusively 

asexually”.  
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Conclusion 

In contrast to the expected decline of genotypic diversity over time, genotypic diversity and 

evenness did not vary between founder and established populations of C. arvense. We found 

on a small geographic scale at the same time an extremely high population differentiation 

together with a high within population variability. We interpret these patterns of genotypic 

and genetic diversity as the result of the particular reproductive system of the species. 

Founder effects and early selection in the seedling stage may contribute to genetic 

differentiation among populations. Then, combination of recruitment of sexually outcrossed 

seedlings in the early stages of succession and clonal reproduction allows the species to 

perform efficient colonization and to persist locally. Diversity of genotypes, as well as genetic 

diversity, are maintained through time and mainly seem to reflect the status built up during 

the early stage of succession. This strategy appears to be very efficient in C. arvense and may 

have contributed to the worldwide success of this species. 
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Chapter II 

Does history of parasitism by Urophora cardui influence the genotypic and 

genetic diversity of Cirsium arvense? 

With Walter Durka, Sabine Eber & Roland Brandl 

Abstract: Several studies in controlled conditions have demonstrated that the parasite 

(U. cardui) has profound negative effects on life history traits of its host (C. arvense). Such 

negative effects may affect the neutral genotypic and genetic diversity of natural populations 

of the host plant. To test this hypothesis, we investigated eight populations of C. arvense with 

different history of infestation by U. cardui. Half of the populations were in the last 5 years 

infested by U. cardui, whereas the other half was not. We investigated genotypic and genetic 

diversity with AFLP markers. Contrary to what we expected, average genotypic diversity, 

clonal evenness and molecular variance did not differ between infested and not-infested 

populations (0.73 ± 0.21 versus 0.78 ± 0.26 (U = 6; P > 0.56) for clonal diversity; 0.58 ± 0.27 

versus 0.71 ± 0.34 (U = 5.5; P > 0.46) for clonal evenness). Molecular variance due to 

infestation state of populations was not significant (1.81 ± 1.05 versus 2.22 ± 0.82; P > 0.11) 

and explained less than five percent of the total variance. Hence, our results suggest that 

selection imposed by U. cardui on C. arvense was weaker on a population and/or 

metapopulation scale than it was supposed in experimental studies. This can be explained by 

the complex spatio-temporal population dynamics of the C. arvense-U. cardui system. Within 

each population, we did not find any significant correlation between the genetic dissimilarity 

matrix of C. arvense shoots and the corresponding “infestation state” matrix. In our study, 

C. arvense shoots appear to be randomly infested by U. cardui. 

 

Key words: host plant-parasitic interaction, neutral genotypic and genetic diversity, AFLP, 

Urophora cardui, Cirsium arvense, population infestation. 
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Introduction 

The tephritid fly Urophora cardui is a gall-forming insect which attacks the common weed 

Cirsium arvense. In this plant-herbivore system, U. cardui is able to occur only within a 

narrow range of environmental conditions (Peschken et al., 1997) as the clonal C. arvense as 

well as C. setosum are the only host plants of this species (Frenzel et al., 2000). Adults of 

U. cardui emerge in early summer (June to July) and females lay eggs into suitable shoots of 

the host. With the development of the larvae the plant is forced to produce conspicuous 

multilocular stem galls (Peschken and Harris, 1975, Peschken et al., 1982; Peschken and 

Derby, 1992). 

C. arvense is a perennial clonal weed of considerable economic importance. (Moore, 1975; 

Donald, 1990). Furthermore, it is an aggressive invader throughout North American continent 

since the 17th century. Hence, the potential of U. cardui as a biocontrol agent for C. arvense 

was intensively investigated during the last decades (Peschken et al., 1997; Peschken et al., 

1982). Experimental studies demonstrated that U. cardui can influence the fecundity and 

survival of infested plants. For example U. cardui may reduce the production of mature seed-

heads (Laing, 1977) as well as below and above ground biomass (65% and 47% respectively). 

In extreme U. cardui may cause the death of infested ramet (Peschken and Harris, 1975). 

Furthermore, Gange and Nice (1997) showed that the larvae manipulate the nitrogen 

metabolism of infested ramets in order to maintain an optimal nutrient level within galls. 

Hence, galls act as sinks (Shorthouse and Watson, 1976). Thus, ramets with galls are at a 

disadvantage, especially in nitrogen-limited habitats.  

Although the impact of phytophagous insects on host fitness is well-known, their effect on 

other life history traits is less obvious. (see Thomas et al., 2000 for review). For example, 

phytophages may influence the dispersal of their host (Heeb et al., 1999). In the C. arvense-

U. cardui system, the growth of galls leads to a reduction of plant height (Peschken and 

Harris, 1975; Peschken et al., 1982). In turn this may reduce dispersal distances of seeds 

(Sheldon and Burrows, 1973) which may affect genotypic diversity and the genetic structure 

of the host populations. Furthermore, reduced fecundity and survival of infested plants may 

reduce effective population size and thus may also influence genetic diversity. On the other 

hand, in C. arvense, a reduced growth of infested ramets can lead to an increased growth of 

axillary shoots (Peschken and Harris, 1975). This suggests a reallocation of resources between 

infested and non-infested shoots within clones. This evidence of changes in life history of 
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host plants after infestation calls for an analysis of the repercussions of the attack by 

U. cardui in the population genetic of C. arvense. 

The aim of our work was twofold. Firstly, using AFLP markers we characterised the 

genotypes of infested and non-infested C. arvense shoots in local populations. Although the 

biology of the U. cardui-C. arvense system is well-known, it still remains elusive how 

U. cardui chooses suitable shoots for oviposition. We wanted to investigate whether U. cardui 

selects particular genotypes for oviposition. Secondly, we explored at a landscape scale the 

effects of the phytophage on the genetic diversity of its host. For that purpose, we compared 

the genotypic and genetic diversity of populations with different history of parasitism.  
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Material and methods 

Sampling 

Our study area in north-eastern Bavaria (11°50’E 49°35’N) was a 15 km² rural area composed 

of diverse array of habitats (meadows, agricultural fields, wastelands, old fallows, roadsides). 

Within this area, the biology and local dynamics of both C. arvense and U. cardui are well-

known (Eber and Brandl, 1994; Eber and Brandl, 1996; Eber and Brandl, 1997; Eber and 

Brandl, 2003). For the present study, we focused on eight populations of C. arvense. All 

populations were in a similar successional phase, judged from other co-occurring plant 

species. Half of these eight populations were infested by U. cardui for at least five years, 

whereas there were no previous records of infestation for the other half. In September 1999 

we recorded the number of C. arvense shoots. Fresh thistle leaves were sampled at all sites. In 

thistle populations with U. cardui galls we collected leaves from infested and non-infested 

thistle shoots separately. Details of the samples are presented in Table 1. 

 

Table 1: Demographic, ecological, genotypic and genetic characteristics of eight 
populations of the clonal weed C. arvense. In brackets we give the number of 
shoots with galls of the tephritid fly U.cardui, which were sampled additionally in 
infested populations. 

 
Population 

labels 
Infestation 

group 
Population size

(number of 
shoots) 

Number of 
plants 

analysed  
(N) 

Number of 
genotypes 
detected  

(G) 

Genotypic 
diversity

(i) 

Evenness 
index 
(E1/D) 

Molecular 
variance 

8 infested 500 46 (7) 42 0.79 0.58 2.48 

61 infested 3000 44 (10) 52 0.96 0.93 2.92 

119 infested 400 18 (10) 13 0.46 0.29 1.07 

155 infested 8000 10 (8) 13 0.72 0.5 0.76 

60 non-infested 30 20 20 1.00 1 3.01 

120 non-infested 40 12 6 0.50 0.33 1.06 

148 non-infested 800 11 11 1.00 1 2.42 

156 non-infested 100 8 5 0.63 0.5 2.39 
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Genotypic and genetic variability among infested and non-infested populations 

AFLP were processed according to Solé et al., 2004. Genotypic diversity (i) was estimated 

according to Ellstrand and Roose (1987; i = G/N where G is the number of genotypes and N 

the number of sampled shoots). Clonal evenness, which estimates the relative abundance of 

each genotype within a population, was calculated according to Williams (1964; 
G
D1E D1 = , 

where D is Simpson’s index (D = ; p∑
=

G

1i

2
ip i = the relative abundance of the ith genotype). We 

compared the average genotypic diversity (i) and the clonal evenness (E1/D) of infested and 

non-infested populations with a Mann-Whitney U-test. To study the partitioning of genetic 

variance among populations we performed an analysis of molecular variance (AMOVA, 

Excoffier et al., 1992) using the program Arlequin (Schneider et al., 2000). As we were 

interested in comparing genetic variability of infested and non-infested populations, we 

constructed a hierarchical model where genotypes were nested within populations and 

populations were nested within either an infested or non-infested group. The program 

calculated the associated variance components (σ 2
a , σ , σ ; see Table 3 for explanations), 

the significance of estimated parameters was then tested by a permutation procedure 

(Excoffier et al., 1992). We used the number of pairwise differences as genetic distance. For 

each population we also calculated the molecular variance (sum of number of pairwise 

differences within a population divided by 2N (N-1), where N equals the number of samples). 

The molecular variance is a measure of genetic diversity within populations. We tested for a 

difference in the average molecular variance of infested and non-infested populations using a 

Mann-Whitney U-test. 

2
b

2
c

Pattern of infestation within populations 

For the four populations with U. cardui galls, we calculated a matrix of genetic dissimilarities 

based on the AFLP data for all possible pairwise comparisons of sampled shoots (1-Jaccard 

coefficient, Jaccard, 1908), and a matrix which codes for the infestation state. In the second 

matrix, a shared state (compared shoots either infested or not infested) was coded by 0 and 

individuals having a contrasting state were coded by 1. Finally, we used matrix correlation to 

test whether the genetic similarity of shoots with contrasting infestation states was lower than 

compared to pairs of shoots with identical infestations states (negative matrix correlation) 

using the NTSYS-pc-p package (Rohlf, 1993). 
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Results 

Our AFLP-fingerprints allowed to analyse 93 polymorphic loci. With these 93 loci we 

distinguished 162 haplotypes among the 194 sampled C. arvense shoots (i.e. 83% 

distinguishable genotypes). Genotypes shared by several individuals (32 out of 194) always 

occurred in the same population. Within the 169 shoots not infested by U cardui we found 

135 individual genotypes (85%), whereas within the 35 shoots infested by U cardui we found 

27 individual genotypes (77%). 

Average genotypic diversity, clonal evenness and molecular variance did not differ between 

infested and not-infested populations (Table 2).  

 

Table 2: Average genotypic diversity, clonal evenness and molecular variance (± 
standard deviation) in total eight populations of C. arvense according to their 
infestation by the tephritid fly U. cardui (see Table 1 for raw data). 

 

 Genotypic Diversity 
(i) 

Clonal Evenness 
(E1/D) 

Molecular Variance 
 

Infested populations 0.73 (± 0.21) 0.58 (± 0.27) 1.81 (± 1.05) 

Non-infested populations 0.78 (± 0.26) 0.71 (± 0.34) 2.22 (± 0.82) 

Mann-Whitney U-test U = 6; P > 0.56 U = 5.5; P > 0.46 U = 7; P > 0.77 

 

 

Most of the genetic diversity was found among populations within groups (58 %; Table 3). 

Nevertheless, a large amount of diversity was still present within populations (37%). The 

variance due to grouping into infested and non-infested populations was not significant 

(P > 0.11) and explained less than five percent of the total variance.  
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Table 3: Results of a hierarchical analysis of molecular variance between infested 
versus non-infested populations, among populations within each infestation group 
and within populations. σ  was tested by random permutation of genotypes of 
whole populations across infested and non-infested populations. σ  was tested by 
random permutation of individuals across populations but within the same group. 
σ  was tested by permuting AFLP phenotypes randomly among populations and 
between groups. The significance tests are based on 1000 permutations 

2
a

2
b

2
c

 
Variance component  Variance % total Significance 

Among groups (“infestation effect”) σ  2
a 0.56 4.66 P > 0.11 

Among populations within groups σ  2
b 7.02 58.38 P < 0.001 

Within populations σ  2
c 4.44 36.97 P < 0.001 

 

 

 

Within each population, we did not find any significant correlation between the genetic 

dissimilarity matrix of C. arvense shoots and the corresponding matrix coding for the 

similarity in the infestation state (Table 4). In the studied populations, shoots of C. arvense 

appear to be infested randomly by U. cardui. 

 

 

 

Table 4: Results of matrix correlation for the four infested populations. For each 
population we correlated the matrix of genetic dissimilarity (1-Jaccard coefficient) 
with matrix coding for the similarity in the infestation state of individual shoots. 
Error probabilities are based on 1000 randomisations. 

 
Populations Matrix correlation Probability 

8 r = -0.02 P > 0.39 
61 r = -0.003 P > 0.48 

119 r = 0.06 P > 0.19 

155 r = -0.02 P > 0.38 
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Discussion 

U. cardui may affect population genetics of C. arvense along two pathways: (1) If infestation 

imposes selection pressure on morphological, phenological or physiological traits with a 

genetic background, some non-neutral genetic differentiation between infested and non-

infested host plants should emerge within populations. However, the chance to detect such 

differences depends on the number of loci affected and on whether selection influences 

reproductive isolation. (2) If infestation is random with respect to the traits, neutral genetic 

effects are expected if infestation changes the demography of the population. An increased 

mortality or decreased fecundity decreases effective population size and hence influences the 

neutral genetic diversity. 

If selection occurs, resistance or tolerance in host plants will evolve in order to reduce the 

costs of phytophages or pathogens (Crawley, 1983; Marquis, 1992). The system C. arvense-

U. cardui should be no exception. Resistance or tolerance of certain genotypes are expected to 

create non-random infestation patterns in natural populations as well as genetic variation in 

host plant resistance. Significant genetic differentiation and variation associated with 

resistance have been demonstrated for several plant species (Mopper et al., 1991; Vargas et 

al., 2002; Strong et al., 1993; Krabel and Petercord, 2000). However, in most of these cases it 

is not clear whether genetic differentiation of the host is a consequence of selection induced 

by infestation or whether differential infestation is a consequence of genetic differentiation 

due to other causes. 

In our analyses, populations infested by U. cardui were not dominated by particular 

genotypes. In an UPGMA cluster analysis (results not shown), genotypes clustered according 

to the population, and we found no clusters of either infested or non-infested genotypes within 

populations. This supports the fact that we found no correlation between the similarity of the 

infestation state and the genetic similarity of shoots. Hence, in our study area, infestation of 

C. arvense by U. cardui appears to be random among and within populations referring to the 

genetic markers used. 

Like mentioned above, if infestation is random, effects on genetic diversity of the host plant 

can only be expected if infestation changes the demography of the population. In species with 

mixed reproduction system (like in clonal plants), the clonal propagation of genotypes may 

decrease the genetic evenness of the population and thus promote the evolution of parasite 

specialization to particular host genotypes (Barrett, 1981). Hence, sexual reproduction 
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appears to be an efficient strategy to escape from parasitism. In the system Urtica dioica-

Cuscuta europaea experiments which compared resource allocation into sexual and asexual 

reproduction showed that plants from infested populations had been selected for sexual 

reproduction (Koskela, 2002). Consequently, if one expects that parasitism selects for sexual 

reproduction, this should lead to an increase of genetic diversity within the infested 

populations. Although a decrease in the fitness of C. arvense by the attack of U. cardui has 

been demonstrated (Peschken and Harris, 1975), we found no effect of the phytophagous 

insect on the genotypic and genetic diversity of its host. 

The failure to detect neutral genetic patterns in relation to infestation may be explained by at 

least two arguments. Firstly, the capacity of C. arvense to reallocate resources after infestation 

provides an “ecological buffer” for the host which reduces the direct effects of the phytophage 

on its host plant. Secondly, it may be dangerous to generalize the effects of U. cardui on 

C. arvense found in small-scale laboratory experiments (e.g. Peschken and Harris, 1975; 

Peschken et al., 1982) to the complex spatial and temporal dynamic of the C. arvense-

U.cardui system on the landscape scale. The importance of spatial and temporal dynamics in 

host-parasite has already been intensively investigated for non-neutral genetic variability 

(Thrall and Burdon, 1997; Frank, 1997; Frank, 1996) Our previous studies of the temporal 

and spatial dynamics of local thistle populations suggested that U. cardui forms a very 

dynamic metapopulation system (Eber and Brandl, 1994; Eber and Brandl, 1996). Thereby, 

the spatial and temporal dynamics of C. arvense population is crucial for the spatial and 

temporal abundance of U. cardui (Eber and Brandl, 2003). Consequently, the dynamics of the 

system may preclude any consistent selection within populations. These results also comply 

with the fact that the introduction of U. cardui as a biocontrol agent for C. arvense failed in 

Canada (Peschken and Derby, 1992; Peschken et al., 1997). U. cardui was not able to reduce 

the density of thistles at a landscape scale. Hence, selection pressure imposed by U. cardui on 

C. arvense appeared to be weaker on a population and/or metapopulation scale than it was 

supposed to be in experimental studies.  

Moreover, other factors like competition may also be important for the impact of a 

phytophageous insect on the fitness of its host. In C. arvense, Peschken et al. (1982) showed 

that infested and non-infested thistle shoots cultivated without competitors showed no 

significant difference in vigour. Plants grown with competitors, however, showed significant 

differences. Hence, simple experiments with isolated plants may lead to a biased view about 

the impact of the phytophageous insect at the landscape level. 
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In conclusion, we suggest that in the C. arvense-U. cardui system the spatial scale of the host 

plant-phytophage interaction may be crucial to estimate the effects of the phytophage on host 

plants at a landscape scale. In contrast to experiments with isolated plants, infestation in 

natural populations of C. arvense occurs at the ramet level, whereas natural selection occurs at 

a genet level. Thus, the metapopulation dynamics may preclude any consistent selection 

within local populations. In part this may explain the persistence of the C. arvense-U. cardui 

system. 
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Chapter III 

Environmental study of reproductive and dispersal efforts of the common 

weed Cirsium arvense on a metapopulation level 

With Yves Piquot, Walter Durka, Roland Brandl 

Abstract: We examined the effect of succession on Cirsium arvense reproductive and 

dispersal outputs. Cirsium arvense is a dioecious, insect pollinated clonal plant. Female and 

male plants were collected in three populations of early successional stage and in ten 

populations of late successional stage. Among others, succession caused a number of 

important phenotypic changes in C. arvense including a significant decrease in the number of 

flowering shoots per population (-48%; P < 0.01), the number of flower heads per shoot 

(P < 0.01 in females; not significant in males) and the number of flowers per flower head 

(P < 0.1 in females and not significant in males). However, there was no relationship between 

successional stage and average mass of an achene or germination rate (F = 0.07; P = NS and 

F = 0.14 P > 0.71 respectively). Based on recent theoretical models about the reproductive 

effort in metapopulation context (Ronce and Olivieri, 1997; Ronce et al., 2000b), we suggest 

that the differences found may result from evolutionary changes in the genotypic composition 

of populations because of increasing intraspecific selection pressures when the habitat is 

maturing. This idea is supported by previous AFLP analysis of C. arvense  populations (Solé, 

et al., 2004). However, we found no changes in the dispersal potential (pappus length) of 

C. arvense and we discuss the suitability of this trait for estimating the dispersal potential in 

this species. 

 

Key words: Reproductive effort, dispersal capacity, succession, mixed reproductive system, 

Cirsium arvense, metapopulation. 
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Introduction 

Succession, which corresponds to all biotic and abiotic changes associated with the 

development of a juvenile community into a mature one, is often studied in ecology and more 

recently in population biology (Quinn et al., 1972; Beasleigh and Yarranton, 1974; Escarré et 

al., 1985; Escarré and Thompson, 1991; Escarré et al., 1994; Welham and Setter, 1998; Ross 

and Quinn, 1977; Peroni, 1994; Piquot et al., 1998). During succession, populations encounter 

different selection pressures: from density-independent selection pressures following 

colonisation of a new habitat to density-dependent selection when the habitat reaches its 

carrying capacity. Therefore, succession can lead to temporal and spatial variability in the 

expression of some plants life history characters, especially reproduction and dispersal, which 

can evolve rapidly when affected by changes in the selection regime (Fisher, 1930; Reznick et 

al., 1990; Li and Margolies, 1994; Cody and Overton, 1996).  

Most perennial plants have a mixed reproductive system with sexual reproduction through 

seeds and clonal reproduction through different modes of vegetative propagation. These 

plants are usually called clonal plants. Limited availability of resources or a limited capacity 

for resource uptake may generate, at every age in clonal plants a trade-off between different 

life history components, if these compete for the same resources (Stearns, 1992). Therefore, if 

reproductive effort represents the proportion of resources that an individual allocates at a 

specific age into reproduction compared with the proportion allocated into maintenance 

(survival) or growth (Williams, 1966), a trade-off is expected between reproductive effort and 

clonal reproduction (van Noordwijk and de Jong, 1986; Hautekeete et al., 2001; Stearns 

1992). If selection pressures change through time during succession, then we can expect 

population age-specific patterns of reproductive effort and clonal reproduction in each 

successionnal stage (Ronce and Olivieri, 1997; Piquot et al., 1998). 

Likewise, different selection pressures may act on dispersal rate over time (Quinn et al., 1972; 

Olivieri et al., 1983; Peroni, 1994; Welham and Setter, 1998). For many clonal plants, 

dispersal by vegetative means is limited and seed dispersal is the only way to colonize a new 

habitat. Thus, genotypes with a high dispersal and reproductive output will more likely occur 

in early successional habitats. In late successional habitats however, density dependant 

selection should favour genotypes with high competitive ability i.e. plants that allocate more 

resources into vegetative reproduction and survival. Density dependant selection may also act 

against seed dispersal because of the immediate cost in local competitivity once the carrying 
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capacity is reached (Ronce et al., 2000a). However, the evolutionary relation between 

reproductive effort and dispersal is not trivial as demonstrated by recent theoretical models 

(Ronce et al., 2000b). 

Studies looking at the evolution of these two traits in natural conditions are rare (Quinn et al., 

1972). The aim of this study was to investigate reproductive and dispersal outputs in natural 

populations of the clonal dioecious plant Cirsium arvense in different successional states. We 

asked the following questions: 1) is there a relation between the reproductive output and 

succession? 2) is there a relation between dispersal and successionnal state? 3) do dispersal 

and reproduction coevolve? 

In order to determine which possible factors might be responsible for changes in C. arvense 

reproductive effort and dispersal, we looked among others in the field at the plant height, sex 

ratio, fruit-set frequency distribution, seed weight and seed germination. 
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Materials and Methods 

Plant biology 

Canada thistle (Cirsium arvense, Asteraceae) is a major perennial weeds of Eurasia and 

Northern America. As most perennial plants, C. arvense has a mixed sexual-asexual 

reproduction system. Clonal reproduction occurs by means of very efficient lateral roots, 

which can spread up to 12m a year (Donald, 1994; Moore, 1975; Bostock and Benton, 1979) 

and lead to the production of large ramets (i.e. all aerial shoots coming from the clonal 

propagation of a single root). With regard to its flowering biology, C. arvense is often 

described as a subdioecious-dioecious species. Female plants are strictly female with only 

pistilate flowers (Moore, 1975). Males are morphologically hermaphrodites with vestigial 

ovaries, but functionally males. C. arvense is insect pollinated and produces a large number of 

plumed achenes with a long pappus easily dispersed by wind. New populations are mainly 

founded by achenes, as natural long distance dispersal of vegetative propagules is strongly 

limited or quasi-impossible (roots are deeply buried in the soil). 

Early and late successional stages 

Our study area is an experimental zone of 15 km² located in Southern Germany 

(11°50’E 49°35’N) that we regularly investigated over the last ten years (Eber and Brandl, 

1994; Eber and Brandl, 1996; Eber and Brandl, 2003). It is a rural area composed of several 

types of habitats (meadows, agricultural fields, wastelands, old fallows, roadsides). In 

September 2000, we sampled three natural populations of C. arvense in early successional 

stage and 10 populations in late successional stage. For easiness, populations in early 

successional stage are called young populations whereas populations in late successional 

stages are called old populations. Young populations represent the first step after population 

establishment (i.e. colonisation phase). To locate young populations, we prospected and 

recorded C. arvense stands that had never been observed in previous studies. Young 

populations of C. arvense typically occurred on bare patches in disturbed grazing area, or in 

disturbed areas recently ploughed or mowed. Within these habitats, the vegetation cover was 

below 75 %. The plant communities were exclusively composed of herbaceous species in 

which C. arvense was the dominant species.  

Old populations of C. arvense were sampled in old fallows. The vegetation cover was totally 

closed and woody species were present. In this habitat C. arvense shoots were particularly tall 

and ligneous. Old populations had already been mapped in this advanced successional stage in 
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1994. Although, the date of foundation of old populations is unknown, they must exist for at 

least ten years. 

Populations characteristics  

Field observations and plant collection were done in early September 2000. In this paper, we 

define the population size as the number of shoots within populations. In 2000, the population 

size, percentage of flowering shoots and the sex ratio of all 13 populations was estimated. For 

populations having less than 100 shoots, the number of flowering and non-flowering shoots, 

and the number of males and females were counted as exact as possible. Then, counts were 

rounded to the nearest ten to estimate the population size and percentages were calculated to 

express sex ratio (proportion of females) and proportion of flowering shoots (Table 1). For 

bigger populations, average number of plants was counted within randomly placed square 

meters. Counts were extrapolated to the population area covered by C. arvense. In these cases, 

the number of shoots was rounded to the nearest hundreds or thousands. 

 

Table 1: Ecological characteristics of 13 natural populations of the perennial 
dioecious C. arvense 

 
 Population 

name 
Successional 

stage 
Population size

(number of 
shoots) 

Sex ratio 
(% of females)

Percentage of 
flowering shoots

Number of 
plants sampled 

(N) 

E1 Early 300 100 86 30 
E2 Early 250 100 94 30 
E3 Early 900 75 95 50 
L1 Late 8000 100 60 72 
L2 Late 100 0 31 9 
L3 Late 500 100 49 37 
L4 Late 100 73.3 27 9 
L5 Late 30 0 25 5 
L6 Late 3000 98 60 51 
L7 Late 400 100 50 29 
L8 Late 40 53.3 47 7 
L9 Late 800 69 88 36 

L10 Late 10 No data 0 0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

To avoid possible “time sampling artefacts”, we recollected the same information in 2001 for 

three populations of each successionnal stage at the beginning, middle and end of the 

flowering time (mi-July; mi-August, mi-September). Because of the high disturbance in 

pioneer habitats, we lost two young populations due to mowing after the first survey. Thus, 

full data set 2000/2001 was available only for one of the young populations (E3), but for the 
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three old populations L1, L2, and L3 (Table 2). Additionally, in 2001 we measured directly in 

field the height of plants in these four populations (E3, L1, L2 and L3). 

Reproductive and dispersal outputs 

Populations differed markedly in their area, plant distribution and density, therefore sampling 

was adjusted in each population. Plants were collected on a ramet level. To avoid sampling 

the same genotype twice, we used adequate minimal distances between samples. Sampling 

effort was correlated to population size (r = 0.96; P < 0.001).  

Plants were cut in the field and brought to the lab for measurements of reproductive and 

dispersal outputs. As we conducted a field survey, we could not estimate the reproductive 

effort according to Williams (1966). The reproductive effort was estimated independently 

from the investment into growth. Therefore in this paper, the reproductive effort represents 

the reproductive output we measured in the field for each plant. 

For each plant collected (n = 365), we determinate its sex and counted its number of flower 

heads. Then we randomly selected four flower heads and counted the number of florets and 

fruits. In C. arvense, there are three categories of achenes: non-pollinated, aborted (i.e. ovaries 

that displayed pericard development, but did not contain a healthy embryo), or successfully 

pollinated and developed (Lalonde and Roitberg, 1989). We checked the quality of each 

achene and we used the third category to define the fruit set. In addition, we calculated the 

average mass of an achene by dividing the mass of all filled achenes of a flower head by the 

fruit set of the same flower head.  

Additionally, we tested for germination capacity in one population of each successional stage 

(21 and 24 families for early and of late successional stage respectively). Achenes were sowed 

in Petri dishes with 3 mm Whatman filter paper and 2.5 ml of distilled water. All Petri dishes 

were kept in a culture chamber at: 26°C with a 12 hours photoperiod (Moore, 1975; Heimann 

and Cussans, 1996). We recorded germination percentages after four weeks. 

Pappus length was used as an indicator of the dispersal capacity. In C. arvense the pappus 

derives from the corolla, and both males and females can develop a pappus after flowering. 

We limited our measures to females only. We measured the length of two random pappy per 

flower head. 
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Statistical analysis 

All variables representing a proportion or a percentage (sex ratio, flowering, fruit set and 

germination) were analysed with generalised linear models with the program GLIM (Crawley, 

1993). In this model, we fitted our data to a binomial distribution. The variables sex ratio 

(counts of females) and flowering (counts of flowering shoots) were fitted to the total number 

of plants observed in the populations. For the fruit set, we took into account only the flower 

heads that have produced at least one achene. The number of achenes produced by flower 

head was fitted to the number of florets. For the germination test, the number of seedling 

obtained per achene family was fitted to the number of achenes sown for this family. 

We conducted a variance analyse for variables that measured the reproductive and dispersal 

outputs (number of flower heads per plant, number of florets per flower head, pappus length 

and average mass of an achene). Analyse was done with the General Linear Models module 

of the program SAS (SAS Institute, Cary, NC). In clonal plants, it has already been proved 

that resources acquired by a genet can be but are not necessary equitably allocated between all 

ramets (clonal integration, Marshall, 1990; Marshall and Price, 1997). Therefore, as we 

sampled plants on a ramet level, we strongly increased the variation inter-individuals. Hence, 

we suppressed the individual level from our statistical analysis. We analysed our data on a 

two-level nested ANOVA with population nested within successional stage. Because of 

strongly unbalanced design between male and female sample sizes, males and females were 

analysed separately. Finally, differences in plant height between young and old populations 

were tested with a t-test 
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Results 

The sex ratio was biased in favour of females (Figure 1A) but did not significantly differ 

between the two successional stages (F = 0.00041, P > 0.98). Temporal surveys of sex ratio 

did not show any differences in the proportion of females during the flowering time 

(Figure 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A Sex ratio among populations 

0 

25 

50 

75 

100 

C 

L1 L2E3 E2 E1 L9 L8L7 L6 L5  L4 L3

B 

100

75 

50 

25

0 

Sex ratio between successional 
stages 

100 

75 

50 

25 

0 

Percentage of flowering shoots among populations 

L10 

D 

100 

75

50

25

0 

Percentage of flowering shoots 
between successional stages 

L9L8L7L6 L3 L4 L5 E2 E3 L1 L2 E1 

 
Figure 1: (A) Sex ratio (proportion of females) and percentage of flowering 
shoots (C) observed in the field among respectively 12 and 13 populations of 
C. arvense. Sex ratio (proportion of females) (B) and percentage of flowering (D) 
expressed in relation to the successional stage of populations. Open and shaded 
bars represent respectively young and old populations. Error bars represent the 
95% confidence interval. Average sex ratio between young and old populations 
did not differ significantly (F = 0.00041; P > 0.98), whereas the two successional 
stages significantly differ in their importance of flowering (F = 10.60; P < 0.008). 
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The proportion of flowering shoots was significantly different between the two successional 
stages (F = 10.60, P < 0.01). Old populations had a lower (43.7%) proportion of flowering 
shoots than young populations (91.67 %, Figure 1B). 
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Figure 2: Proportion of males (▲), females (♦), buds (■) and flowering shoots (●) 
observed in four natural populations of C. arvense during the flowering time. On 
the abscise axis 1, 2, 3 represent respectively the beginning, middle and the end of 
flowering. The proportion of males and females were calculated as the percentage 
of males and females observed within the flowering shoots. The percentage of 
buds and flowering shoots were calculated over the total number of plants 
observed within populations. 

 

 

Comparison of reproductive outputs between males and females did not reveal significant 

differences for the number of flower heads (Table 2), but showed significant differences for 

number of florets per flower head in old populations (t(838) = 3.8 P<0.01).  
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Table 2: Descriptive statistics of variables measured in C. arvense females (♀) 
and males (♂) in populations of early and late successional stages (respectively 
three and nine populations). In the table (N) represents the sample size and (Ci) 
the 95% confidence interval. 

 
  Early  

successional stage  
Late 

successional stage 
  Mean N Ci Mean N Ci 

Plant size (cm) 93.5 32 7.4 123 49 5.6 
Flower head ♀ 23.5 102 2.8 15.8 230 1.1 
Flower head ♂ 31.8 18 13.0 12.6 25 6.2 
Floret ♀ 77.4 293 3.3 65.1 755 1.2 
Floret ♂ 80.4 65 14.4 70.9 84 12.5 
Fruit set 34.2 231 8.8 24.5 407 3.8 
Achene mass (mg) 1.2 214 0.06 1.2 362 0.03 

Reproductive 
output 

Germination (%) 32 24 7.6 34.2 21 8.2 
Dispersal Pappus ♀ 22.9 734 0.7 21.9 1433 0.3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Males in old populations had more florets per flower head than females. The analyse of 

variance did not reveal successional stage effect for characters measured in male plants 

(Table 3). However, in females the same analyse showed significant differences between the 

two successional stages for the number of flower heads per plant and number of florets per 

flower head (Table 3).  

Table 3: Effect of successional stage on the reproductive and dispersal out put in 
male and female of C. arvense. The table summarises the results of the nested 
analysis of variance showing the degree of freedom, the F-values and the level of 
significance (NS P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.0001). The number of 
flower heads per plant (Flower head) and the number of flowers per flower head 
(Floret) were measured in both males and females. The pappus length (Pappus) 
and the average mass of a seed (mass of a seed) were measured in females only. 
The analysis of variance was performed separately for male and female plants. 
Populations were nested into successional stage.  

 

  Females Males 

  df F P df F P 

Successional stage 1; 8 9.95 ** 1; 2 3.43 NS 
Flower head 

Population 8; 322 3.12 *** 2; 39 12 *** 

Successional stage 1; 8 5.26 * 1; 2 0.38 NS 
Floret 

Population 8; 1038 13.78 *** 2; 145 22.02 *** 

Successional stage 1; 8 1.97 NS - - - 
Pappus 

Population 8; 2157 38.82 *** - - - 

Successional stage 1; 8 0.07 NS - - - mass of 
a seed Population 8; 566 12.42 *** - - - 
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Plants in young populations produced more flower heads per plant and more florets per flower 

head than plants in old populations (Figure 3). 

Number of flower heads per plant

Males Females 
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Figure 3: Reproductive output measured in the field in 12 populations of 
C. arvense. Open and shaded bars represent respectively young and old 
populations. Error bars represent the 95% confidence interval. (A) Females in 
young populations have a significantly greater number of flower heads per plant 
and number of florets per flower head than females in old populations. The same 
characters do not present significant differences between the two successional 
stages in males. (B) All characters measured in achenes do not show any 
significant differences between young and old populations. 

 
 
The fruit set and the average mass of an achene did not significantly differ between young and 

old populations (respectively F = 1.30; P > 0.28 and F = 0.07; P > 0.79; Figure 3). The 

percentage of germination did not significantly differ among achenes families coming from 

young and old populations (F = 0.14; P > 0.71; Figure 3). However, we tested a single 

population for each successional stage; therefore, we could not directly test for a successional 

effect. 
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Fruit set class distribution revealed similar patterns of relative frequency between the two 

successional stages (Figure 4). 
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Figure 4: Frequency distribution of the average fruit set per flower head measured 
in young and old populations of C. arvense. The plot with squared symbols 
represents young populations, whereas the plot with round symbols represents old 
populations. 

 
 
For the dispersal capacities, the pappus length did not differ significantly between the two 

successional stages (F = 1.97; P > 0.05; Figure 5). Finally, the average height of plants was 

significantly different between the two successional stages (t(79) = -6.5; P < 0.001). Plants in 

old populations were about 25% taller than plants in young populations (Figure 5). 
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Figure 5: Dispersal capacity (pappus length) and plant height measured in the 
field in young and old populations of C. arvense. Open and shaded bars 
represent young and old populations respectively. Error bars correspond to the 
95% confidence interval. Pappus length and plant height are expressed in mm 
and cm respectively.  
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Discussion 

The overall sex ratio in natural populations of C. arvense was heavily biased towards females 

(72 %) irrespectively of the population successionnal status. The sex ratio did not change over 

time during the flowering season in the four populations surveyed. Similar female to male 

ratios of 3 to 1 have already been reported for C. arvense in Lake Yssel in the Netherlands by 

Bakker (1960) and in England by Kay (1985). However, two old populations consisted almost 

entirely of males (L2 & L5) and a single small old population (L8) had an equilibrate 1:1 

ratio. 

The inheritance of sex in C. arvense is poorly known. The only investigation of this issue was 

done by Correns (1916), who proposed that males were heterogametic and the female 

homogametic. However, as the crosses were interspecific (Cirsium arvense ♀ + Cirsium 

oleraceum ♂), the results are hardly interpretable. Moreover, other studies that looked at the 

sex ratio of progeny clearly showed strong females biases (around 1 male for 80 females, 

Lalonde and Roitberg, 1994). These results strongly suggest a complicated inheritance of sex 

in C arvense, with possible nuclear-cytoplasmic factors involved in the turn of offspring into 

females (like in Thymus vulgaris; Couvet et al., 1986).  

The principal effect of a female biased sex ratio is the poor availability of pollen donors, 

which might lead to important changes in seeds quantity and quality. For example, Lalonde 

and Roitberg (1994) demonstrated that a reduction of pollination success increases the 

average achene mass. In our study, there were no significant differences in the average mass 

of an achene between young and old populations. Moreover, populations of both stages 

present a similar pattern in their frequency distribution of the number of fruits produced per 

flower head. Although seed abortion was high (more than 50% of flower heads did not 

produce a seed), it appears invariant with respect to the successional stage. These results, 

adding to the fact that seeds were produced even in populations composed by 100 percent of 

female plants, suggest that young and old populations experience similar pollination 

conditions. This can be explained by the high mobility of bumble bees (Walther-Hellwig and 

Frankl, 2000), which are the main pollinators of C. arvense. 

Young and old populations of C. arvense differ in their reproductive output. Young 

populations have a higher percentage of flowering shoots. Plants in young populations 

produce more flower heads per shoot and more florets per flower head. These results were 

found only for female plants; however, we observed similar trends in males. The non-

 65



significance of the variance analysis in males might result from the low size of the samples. 

Because of the highly female-biased sex ratio, male plants were difficult to find and to sample 

in natural populations.  

Plant size, average mass of an achene and germination did not vary significantly with 

population age. This discards the hypothesis that the decrease of reproductive output is due to 

environmental factors (like a reduction of resources in old populations) or maternal effects. 

Moreover, in clonal species, a decrease of reproductive output occurring with an increase age 

of populations might be due to the accumulation of somatic mutations, which affect sexual 

reproduction (Barrett, 1980; Carson et al., 1982; Klekowski, 1988; Klekowski and Godfrey, 

1989; Eckert et al., 1999). As the average mass of an achene and the germination rate are not 

affected by population age, reduction of reproductive output should result from a selective 

process. 

In a metapopulation context, local populations of different successional stage may experience 

opposing selection pressures. In early successional habitats, where seedling recruitment is 

frequent relative to late successional habitats, plants that maximise their resource allocation to 

sexual reproduction and dispersal will be selected. In late successional habitats, plants that 

maximise allocation to vegetative growth and survival will be selected by density dependant 

selective pressures. Because achenes are the primary means of dispersal in C. arvense, sexual 

selection will be selected at the metapopulation level for the foundation of new populations. 

Consequently, new populations are generally composed of genotypes with a high output for 

sexual reproduction. However, when the population reaches the habitat’s carrying capacity, 

density dependant selection pressures will be maximal and genotypes that the best at clonality 

will be selected (Harper, 1977; Abrahamson, 1980; Gray, 1987; Eriksson, 1993). As clonal 

extension is favoured within populations, while sexual reproduction is counter-selected, a 

decrease of reproductive output over time is expected and should result from evolutionary 

changes in the genetic composition of populations. This is supported by several theoretical 

models (Ronce and Olivieri, 1997). Ronce and Olivieri assume that differences between 

populations are genetic (i.e. distinctive genotypes with different selective values for 

reproductive output have been selected in different local populations) and predict a decrease 

of the average reproductive effort when populations get older (Ronce and Olivieri, 1997). The 

model developed by Ronce and Olivieri was developed for species that have overlapping 

generations but no senescence and could be applied to C. arvense. 
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Studies that followed the reproductive effort through time (Beasleigh and Yarranton, 1974; 

Antos and Allen, 1999) or compared populations in sites which differed in successional stage 

or disturbance (Gadgil and Solbrig, 1972; Quinn et al., 1972; Hickman, 1975; Holler and 

Abrahamson, 1977; Ross and Quinn, 1977; Grace and Wetzel, 1981; Escarré et al., 1985; 

Escarré and Thompson, 1991; Piquot et al., 1998) generally found a decrease of reproductive 

effort with an increasing maturity of the habitat.  

However, variation in reproductive output maybe genotypic or may result from phenotypic 

plasticity. Not all studies cited above attempted to separate environmental and genetic 

components. In some cases, differences between habitats were found to be genetic (e.g. 

Gadgil and Solbrig, 1972; Escarré et al., 1985; Escarré et al., 1994; Grace and Wetzel, 1981). 

In others, they were attributed to an environmental plastic response of plants (Beasleigh and 

Yarranton, 1974; Hickman, 1975; Holler and Abrahamson, 1977; Ross and Quinn, 1977; 

Antos and Allen, 1999), or both (Reinartz, 1984). 

Here, we recorded characters in natural populations of C. arvense. The hypothesis that 

changes in reproductive output were due to phenotypic plasticity can not be excluded. 

However, in a molecular study of the same area we found an extremely high population 

differentiation (Solé et al., 2004) independent of geographical distance (even within each 

successional stage). This high population differentiation was partly due to founder effects, but 

the occurrence of a strong selection during the early successional stages can not be rejected. 

Similarly to reproductive output, two opposing selection pressures act on dispersal when a 

habitat is maturing, selection for dispersal during recolonisation, and selection against 

dispersal once a population is founded. Therefore, changes in dispersal capacity over time 

might also be explained by evolutionary changes in the composition of populations in a 

metapopulation context (Olivieri et al., 1995). Assuming local extinctions to be the sole 

source of environmental variation, and dispersal capacities to have a genetic basis, the model 

of Olivieri et al. (1995) predicts a decrease of dispersal with an increase of habitat maturity. 

Environmental studies that looked at dispersal capacities during succession are rare. Some 

studies found genetic changes in populations composition (Olivieri et al., 1983; Peroni, 1994; 

Cody and Overton, 1996), whereas in others the variation in dispersal capacities was clearly 

due to phenotypic plasticity (Imbert and Ronce, 2001) or maternal effects (Donohue and 

Schmitt, 1998; Acosta et al., 1997). 
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Although the pappus is one of the most obvious characteristics of C. arvense achenes, we did 

not detect differences in the pappus length of C. arvense between young and old populations. 

This result calls for the suitability of this trait for estimating the dispersal potential in plants. 

Many methods (including falling velocity experiments, diaspore flight angle, releasing 

height…) have been developed to determine dispersal potential in anemochorous species 

(Sheldon and Burrows, 1973; Greene and Johnson, 1990; Hensen and Müller, 1997), but there 

is no consensus about which estimator is the best. Peroni (1994) noted that differences in 

dispersal potential appeared smaller when dispersal capacity was measured by a continuous 

variable (wing loading ratio in her case) than when dispersal capacity was measured by 

discontinuous variable (presence / absence of a pappus). 

Furthermore, the pertinence of the length pappus for estimating the dispersal potential in 

C. arvense may be arguable, since the pappus often breaks off the achene (Bakker, 1960; 

Bostock and Benton, 1979). Thus, an estimation of the percentage of achenes released might 

have been a better parameter than the length of the pappus to assess dispersal potential in 

C. arvense. Recently, new models about wind dispersal and assessment of dispersal potential, 

which include topography, weather conditions, turbulence and thermal up-drafts, have been 

developed (Nathan et al., 2002; Tackenberg et al., 2003; Tackenberg, 2003). Tackenberg 

(2003) showed that wind dispersal potential was more sensitive to weather conditions than 

falling velocity. These new results should be taken into account in the future when choosing a 

variable to estimate dispersal potential of plant species 
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Discussion and outline 

This chapter discusses the results of this work on two levels - generally together with the 

ecology of clonal plants, and more specifically with the biology of Cirsium arvense. 

 

Part I 

Genotypic diversity has long been controversial issue in clonal plants. Whereas sexual 

reproduction allows recombination and production of new allele combinations, clonality 

propagates the same genotype (mutations excepted). This difference between the two means 

of reproduction has led people to hypothesise that clonality should lower the genetic variation 

in clonal plants in comparison to non-clonal plants. (Abrahamson and Gadgil, 1973; 

Williams, 1975; Harper, 1977; Abrahamson, 1980).  

In C. arvense, the genotypic diversity was high (proportion of distinguishable genotypes 

equalled 0.73 ± 0.25 (mean ± SD)). This result is in accord with the literature accumulated on 

this topic during the last three decades, which has led to reviews that demonstrate that clonal 

plants are as variable to non-clonal plants (Ellstrand and Roose, 1987; Hamrick and Godt, 

1990; Widen et al., 1994). With regard to this surprising result, genotypic diversity in clonal 

plants became controversial and research strongly focused on factors responsible for this 

considerable level of variation (Silander, 1985; Klekowski and Godfrey, 1989; De Kroon and 

Van Groenendael, 1997; Klekowski, 1997). 

In clonal plants, which have mostly a mixed reproduction system, occasional establishment of 

seedlings (if not inbred) is often proposed as a powerful mechanism generating genotypic 

variation (Soane and Watkinson, 1979; Marshall and Weir, 1979; Watkinson and Powell, 

1993; Bengtsson, 2003). 

In C. arvense seedling recruitment is not excluded in the first years following the 

establishment of populations, but must be improbable once populations have reached the 

carrying capacity (Bakker, 1960). Moreover, Eriksson (1989) reported no evidence for 

seedling recruitment in established populations in 60% of the 68 clonal species that he 

reviewed; a statement that moderates the power of seedling recruitment to explain the high 

genotypic variation in clonal plants. According to Bengtsson (2003), the fact that populations 

with limited or missing seedling recruitment nevertheless display a high genotypic variation, 

can be explained by the population effective “memory” of their earlier genetic history. In his 
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theoretical work, Bengtsson looked at the “Genotypic Identity” of populations (i.e. the 

probability that two randomly sampled adult individuals from a population have the same 

genotype) depending on population growth parameters, rate of sexuality and recruitment of 

sexually derived offspring. From his simulations, he concluded that: “a population which was 

started by a number of sexually derived propagules may thus retain its initial genotypic 

variation for a very long period of time, even if it later reproduces almost exclusively 

asexually”.  

Coalescence theory (Kingman, 1982) can be used to illustrate the influence of clonality on 

population genetic variation. The coalescence theory aims to reconstruct the genealogy of a 

sample of observed gene copies, according to a specific mutation model of the molecular 

marker used to estimate the genotypic diversity, and according to the demographical history 

of populations. The coalescence time of a sample of observed gene copies is the time to the 

most recent common ancestor of these observed gene copies (expressed in number of 

generations). Whereas the normal coalescence time is 2N (for a large and constant population 

size N), Bengtsson (2003) obtained greater coalescence time in his model developed for 

partial asexuality (i.e. 4N for gene copies taken from the same individual, and 3N for gene 

copies taken from different individuals). This result means that clonality enlarges the 

coalescence time and thus allows genes copies to persist longer within populations.  

From all these theoretical and experimental data, the general hypothesis that clonality should 

lower the genetic variation in clonal plants in comparison to non-clonal plants appears 

outdated. Predominantly asexual populations can display any pattern of genotypic and genetic 

variation, and can be as variable as non-clonal populations. 

As already emphasized by McLellan et al. (1997), more relevant than the amount of variation 

is the distribution of the genotypic and genetic pattern within and among populations and the 

evolutionary processes responsible for it. Several reviews already attempted to determine 

which ecological variables are good predictors of genotypic and genetic structures (Hamrick 

et al., 1979; Loveless and Hamrick, 1984; Baur and Schmid, 1996; Hamrick and Godt, 1996; 

Bachmann, 2001). Nevertheless, conclusions drawn from these reviews are quite general and 

the distribution of the genotypic and genetic pattern within and among populations must still 

be analysed case by case. In C. arvense genotypic diversity and population differentiation 

were extremely high (proportion of distinguishable genotypes = 0.73 ± 0.25 and FST = 0.63) 

and most similar genotypic and genetic patterns were found in the literature in species that 
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have similar ecology, e.g. Rhus species that are widespread, clonal, long-lived and dioecious 

(Sherman-Broyles et al., 1992).  

 

 

Part II 

Natural populations of C. arvense were mostly multiclonal and almost all patterns of clonal 

diversity were combined with clonal evenness. Thus, genotypic diversity must be studied case 

by case in C. arvense.  

 

However, the absence of isolation by distance was surprising and might bring some new 

information about seed dispersal in this species. In C. arvense the fact that the pappus often 

breaks off the achene has lead people to hypothesize that C. arvense possesses a low or 

limited seed dispersal (Bakker, 1960; Bostock and Benton, 1979). Under this condition, in a 

metapopulation context where new populations are mostly founded by seeds coming from 

older ones, one could have expected to observe an increasing genetic divergence of 

populations with an increasing geographical distance. However, this pattern was not observed 

with nucleic molecular markers and suggests that genetic divergence among populations 

might occur, with these markers, at a bigger scale than the 4 km² of the study area. This, this 

absence of isolation by distance could defend the hypothesis of a long distance dispersal 

occurring in C. arvense, which is not in accord with the few available data about field 

experiment seed traps (maximal dispersal distance measured = 139m in Mayer, 2000; less 

than 0.2% of achenes bore a seed 1 Km from the mother plant, references in Heimann and 

Cussans, 1996). However, recent models about wind dispersal based on landscape 

topography, weather conditions, turbulence and thermal up-drafts, have been developed 

(Nathan et al., 2002 ; Tackenberg et al., 2003; Tackenberg, 2003). Tackenberg (2003) showed 

that distance dispersal is significantly increased relative to traditional models using terminal 

velocity. Still, these models need calibrations (e.g. landscapes parameters, falling velocity, 

seed release rate) and the measurement of real maximum dispersal distance for comparison is 

impossible. A solution to study seed dispersal in natural populations would be to investigate 

genetic differentiation and isolation by distance with maternally inherited molecular markers 

e.g. mitochondrial DNA or chloroplastic DNA more specifically in plants (McCauley, 1995; 

Ouborg et al., 1999). Indeed, the comparison of patterns of differentiation obtained with 

nuclear and cytoplasmic markers can inform about the ratio of pollen versus seed gene flow 

(Oddou-Muratorio et al., 2001; Lian et al., 2003) and might help to determine the seed 
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dispersal distance. For example, it has already been demonstrated that the ratio of pollen to 

seed ratio changes with the spatial scale (McCauley 1997 in Ouborg et al., 1999). In Silene 

alba, the author found an increase of pollen dispersal, in comparison to seed dispersal, with an 

increase of the study area (pollen to seed ratio equalled 3.4, 9.2, and 124.0 at large, 

intermediate and small scales respectively). In C. arvense, the absence of isolation by distance 

observed with nuclear inherited molecular markers might be explained by the long distance 

dispersal of honey bees (up to kilometres; Walther-Hellwig and Frankl, 2000), which leads to 

an extensive dispersal of pollen. However, it is not excluded that isolation by distance occurs 

at the same scale according to maternal inherited molecular markers (i.e. in case of limited 

seed dispersal). 

The absence of isolation by distance also questions the application of the metapopulation 

concept to C. arvense. It is not as straightforward to decide whether populations are organised 

as a metapopulation. Levins (1970) originally defines the metapopulation as “a population of 

populations that go extinct and recolonise". Since this first definition the concept of 

metapopulation rapidly evolved and become a paradigm in ecology (Hanski, 1998). Currently, 

the concept of metapopulation can be applied to situations of heterogeneous habitats (islands 

or patches). Due to isolation from other patches, individual patches have their own dynamics. 

On the other hand, patches are not completely isolated since they are still connected via gene 

flow (pollen or seed flow). Under this hypothesis, a genotypic isolation is often found within 

the metapopulation because of distance-dependant dispersal of propagules (Planes et al., 

1996; Colas et al., 1997). 

However, recent studies of the demography of C. arvense conducted over five years in the 

same area have demonstrated a dynamic pattern in time and space with important changes in 

the number, distribution and size of plant stands (Eber and Brandl, 2003). Whereas large 

patches were more or less persistent, Eber and Brandl found important turnover rates in small 

patches with an increasing probability for a patch to become extinct as patch size decreases. 

This result suggests important extinction–recolonisation events, which fit to the 

metapopulation concept. In a metapopulation, both local extinction and recolonization events 

occur continuously. When the recolonization rate of patches is lower than the rate of local 

extinction, the metapopulation itself becomes extinct and the species disappears from the 

landscape, which is not the case for C. arvense. Besides, this metapopulation dynamic of 

populations of C. arvense is confirmed by our study looking at the neutral genetic diversity of 

populations of C. arvense infested by the phytophageous insect Urophora cardui. No specific 
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influence of U. cardui on genotypic and genetic diversity of C. arvense infested populations 

was found. The metapopulation dynamics of the host plant might play a role to escape the 

selection pressures imposed by U. cardui. Thus, selection imposed by U. cardui on natural 

populations of C. arvense appeared weaker in than it was supposed in experimental studies. 

Additionally, the results of the chapter III concerning the evolution of reproductive effort 

strongly suggest that local populations of C. arvense of different successional stages undergo 

different selection pressures. Once a population is founded, the selection regime will favour 

clonality (because of its better strategy for colonisation) leading to a decrease of reproductive 

effort in female plants of C. arvense. Consequently, the maintenance of sexual reproduction 

can not be explained at the population level, but at the metapopulation. Because of seed 

dispersal, which allows the colonisation of new favourable sites, sexual reproduction is 

selected and maintained at the metapopulation level.  

Nevertheless, the genetic basis of the characters linked to the reproductive effort still need to 

be demonstrated as similar patterns could also result from phenotypic plasticity (Beasleigh 

and Yarranton, 1974; Hickman, 1975; Holler and Abrahamson, 1977; Ross and Quinn, 1977; 

Antos and Allen, 1999). The genetic basis of the trade-off between sexual and asexual 

reproduction in relation to the successional stage of populations has already been 

demonstrated in Sparganium erectum (Piquot et al., 1998). However, as the authors started 

from ramets instead of seeds, the demonstration was not complete as the decrease of 

reproductive effort could still result from senescence of plants. 

To summarise, patterns of reproductive effort as well as those found in chapter II suggest a 

spatio-temporal dynamic of C. arvense populations, as it is classically found in 

metapopulation context, with numerous extinction-recolonisation events. However, this still 

needs to be confirmed by cytoplasmic data (i.e. seed dispersal) to find out at which scale 

recolonisation events occur.  
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Summary 

The purpose of this thesis is to study the genetic diversity of the clonal plant Cirsium arvense 

(Asteraceae). C. arvense is one of the most frequent and most successful perennial weeds 

throughout the temperate zone. The increasing intervention of humans in natural landscapes, 

which mostly opens the vegetation, multiplies suitable sites for C. arvense. The species is 

nowadays omnipresent in agricultural or semi-natural landscapes. Because of its economic 

importance, C. arvense has been intensively studied during the last century. Although a lot of 

information has been accumulated about the ecology and biology of C. arvense, data about its 

genetic diversity are missing. Thus, the aim of this thesis was to conduct a mixed approach 

combining ecology and molecular biology to identify, on a landscape scale, the main factors 

acting and designing the genetic diversity of C. arvense in natural populations.  

As a first step, Amplified Fragment Length Polymorphisms (AFLP) were developed to 

investigate the neutral genotypic and genetic diversity of natural populations of C. arvense. 

The study focuses on one hand on the impact of the ecological succession, and on the other 

hand on the occurrence of the phytophagen insect Urophora cardui. Another part of this work 

concerns the evolution of the reproductive effort of C. arvense and its dispersal capacity along 

the ecological succession.  

To summarise, a high genotypic and genetic diversity was found in natural populations of 

C. arvense. This diversity seems to be maintained through time as populations from early and 

late successional stages present similar patterns of diversity. The AFLP molecular markers, 

which are mostly based on nucleic DNA, did not show an isolation by distance. This result 

suggests that an important nuclear gene flow might occur at our study scale (< 4 km). 

However, the same markers showed an important genetic differentiation between populations. 

The absence of influence of the phytophageous insect U. cardui on the genetic diversity of 

C. arvense, as well the patterns of evolution of the reproductive effort of C. arvense along a 

successional gradient, can both be understood in a metapopulation context. Therefore, these 

results suggest a spatio-temporal dynamic of populations of C. arvense, with extinction-

recolonisation events. 
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Zusammenfassung 

Das Ziel dieser Doktorarbeit ist die Untersuchung der genetischen Diversität der klonalen 

Pflanze Cirsium arvense (Asteraceae). C. arvense ist eine der häufigsten und erfolgreichsten 

mehrjährigen Unkräuter der gemässigten Klimazone. Der zunehmende Eingriff der Menschen 

in natürliche Landschaften, welcher meistens eine Öffnung der Vegetation zur Folge hat, 

vervielfacht geeignete Habitate für C. arvense. Die Spezies ist heutzutage allgegenwärtig in 

Agrar- und semi-natürlichen Landschaften. Wegen des durch sie verursachten ökonomischen 

Schadens wurde C. arvense während des letzten Jahrhunderts intensiv untersucht. Obwohl 

viele Informationen über die Ökologie und Biologie der Pflanze C. arvense vorhanden sind, 

fehlen Daten über ihre genetische Diversität. Das Ziel dieser Doktorarbeit war deshalb, 

ökologische und molekularbiologische Ansätze zu kombinieren, um herauszufinden, welche 

Hauptfaktoren die genetische Diversität von C. arvense in natürlichen Populationen im 

Landschaftsmassstab beeinflussen. 

Es wurden molekulare Marker (Amplified Fragment Length Polymorphisms-AFLP) 

angewandt, um die neutrale genotypische und genetische Diversität natürlicher Populationen 

von C. arvense zu untersuchen. Dabei stand einerseits die Bedeutung der Sukkzession und 

andererseits das Auftreten des phytophagen Insekts Urophora cardui im Mittelpunkt. Ein 

weiterer Teil der Arbeit beschäftigt sich mit der Evolution des Reproduktionsaufwandes und 

der Ausbreitungsfähigkeit von C. arvense im Verlaufe der Sukkzession. 

Die Ergebnisse zeigen, dass eine hohe genotypische und genetische Diversität in natürlichen 

Populationen von C. arvense vorhanden ist. Die Diversität scheint über die Zeit 

aufrechterhalten zu werden, da Populationen von frühen und späten Sukkzessionsstadien 

ähnliche Diversitätsmuster zeigen. Mit den molekularen Markern, die vor allem auf Kern-

DNA beruhen, wurde keine Isolierung durch die Entfernung gefunden. Dies lässt vermuten, 

dass in unserem Untersuchungsmassstab (<4km) ein bedeutender nuklearer Genfluss auftritt. 

Trotzdem wurde eine starke Differenzierung zwischen den Populationen festgestellt. Der 

nichtvorhandene Einfluss des phytophagen Insekts U. cardui auf die genetische Diversität von 

C. arvense sowie das Evolutionsmuster des Reproduktionsaufwandes können in einem 

Metapopulations-Kontext verstanden werden. Diesbezüglich lassen die Ergebnisse eine 

räumlich-zeitliche Dynamik von C. arvense Populationen mit Auslöschungs- und 

Rekolonisierungsereignissen vermuten.  
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AFLP: Principle and Application 

1. Molecular Markers: General Introduction 

In recent years, molecular markers and especially DNA-based markers, have been extensively 

used in many areas such as gene mapping and tagging (kliebenstein et al., 2001; Karp and 

Edwards, 1997), characterisation of sex (Flachowsky et al., 2001; Martinez et al., 1999 ), 

analysis of genetic diversity (Erschadi et al., 2000; Palacios et al., 1999; Lerceteau and 

Szmidt, 1999; Godt and Hamrick, 1999) or genetic relatedness (Mace et al., 1999; Roa et al., 

1997; Brookfield, 1992). In population genetics, protein-based markers (allozymes) were the 

first markers developed and widely used (see Hamrick and Godt, 1990 for review). DNA-

based methodologies are now the method of choice to differentiate closely related organisms 

(Widen et al., 1994; Ouborg et al., 1999; Avise, 1994). Moreover, the use of DNA-based 

markers allows efficient comparisons because genetic differences are detectable at all stages 

of development of the organism unlike allozymes which may show age dependent changes. 

1.1. Definitions 

According to Stansfield (1986), the term MARKER is usually used for “LOCUS MARKER”. 

Each gene has a particular place along the chromosome called LOCUS (Box 1). Due to 

mutations, genes can be modified in several forms mutually exclusives called ALLELES (or 

allelic forms). All allelic forms of a gene occur at the same locus on homologous 

chromosomes. When allelic forms of one locus are identical, the genotype is called 

HOMOZYGOTE (at this locus), whereas different allelic forms constitute a 

HETEROZYGOTE. In diploid organisms, the GENOTYPE is constituted by the two allelic 

forms of the homologous chromosomes. All these definitions are illustrated in the Box 1 with 

a codominant marker as example. 

 

Thus, MOLECULAR MARKERS are all loci markers related to DNA (markers can also be 

biochemical, or morphological). 



 

 

Box 1: Molecular Markers: an example of a codominant marker 
 

 
 
 
LOCUS: DNA fragment comprised between the two arrows (▼). 
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Locus: L 

Chromosome I’ 

Chromosome I 

INDIVIDUAL: A 

Allele L1 

Allele L1 

 
 
 
 
 
 
 
 

Allele L1 

Allele L2 

Chromosome I 

Chromosome I’ 

INDIVIDUAL: B 

 Mutation 
 
In this example, the locus L has two different ALLELES: L1 and L2. 
GENOTYPE of individual A is “L1 L1”, and genotype of Individual B “L1 L2“ 
 
 
 
In a case of a codominant marker, the pattern observed after a gel electrophoresis will be: 
 
 Ind B Ind A  
 
 
 Individual A is HOMOZYGOTE 

for the locus L 
 
 
Individual B is HETEROZYGOTE 
for the locus L 

 
 
 
 
 



 

 87

1.2. What is a good molecular marker for a population geneticists? 

A good molecular marker should be/have:  

1/ Mendelian inheritance: transmit from one generation to another. 

2/ Polymorphic: present several alleles at the locus investigated (multiallelic). 

3/ Codominant: allow the discrimination between homo and heterozygotes. 

4/ Neutral: all alleles have the same fitness  

5/ Not epistatic: one can determine the genotype of a phenotype irrespective of the 

genotype of the other loci. 

6/ Independent of environment: no phenotypic plasticity. 

7/ Frequent occurrence in the genome 

8/ Even distribution throughout the genome 

9/ Highly reproducible 

 

The most frequently used markers in population genetics are allozymes (biochimical), RAPD 

(Random Amplified Polymorphic DNA; Williams et al., 1990), RFLP (Restriction Fragment 

Length Polymorphism, Botstein et al., 1980), AFLP (Amplified Fragment Length 

Polymorphism, Zabeau and Vos, 1993), minisatellite fingerprints, microsatellites and SSR 

(Single Sequence Repeats, Tautz and Renz, 1989). 

The choice of a specific molecular marker depends of its suitability to answer a particular 

ecological question. For this purpose, the main difference among molecular markers is their 

degree of dominancy. Co-dominant markers enable for an easy estimation of allele 

frequencies. Therefore, they are suitable to estimate gene flow between populations or will be 

preferred, for example, to study dispersal. On the other hand, dominant markers can estimate 

genotypes but not the allele frequencies. Dominant markers are preferably used as fingerprints 

(Mueller and Wolfenbarger, 1999; Hongtrakul et al., 1997; Weising et al., 1995) and can be 

helpful in the identification of clones. 

To study Cirsium arvense genetic diversity, we choose to develop a recent DNA marker 

called “AFLP” (Amplification Fragment Length Polymorphism). They full fill all the 

previous characteristics of “good molecular markers”, except for the codominance. AFLP 

markers are dominant markers. Nevertheless, because of the high amount of polymorphism 

they can detect (Mueller and Wolfenbarger, 1999), AFLP markers were a priori the most 
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efficient markers for our study; e.g. to identify individual genotypes at the landscape scale, in 

a species described to be highly clonal (Moore, 1975; Bostock and Benton, 1979; Donald, 

1994) and where genotypes were thus expected to be closely related. Moreover, from a 

technical point of view, no prior DNA sequence information is needed, many markers can be 

analysed in a short time, and only small amount of DNA is needed. 

 

2. AFLP 

2.1. Summary of the method 

Amplified Length Fragments Polymorphism is a recent DNA fingerprinting technique 

developed by Zabeau and Vos (1993); but see also Vos et al. (1995) and Vos and Kuiper, 

1997). This method is based on PCR amplification of selected restriction fragments of a total 

digested genomic DNA. Once labelled, amplified products are separated by electrophoresis. 

DNA fragments obtained range from 60 to 500 base pairs. 

To be visualised, DNA polymorphism, which is usually made of small DNA fragments of few 

base pairs (up to 500), must be amplified. This amplification is commonly done by 

Polymerase Chain Reaction (Mullis et al., 1986; Mullis and Faloona, 1987). The PCR method 

can amplify specific DNA fragments through a precise priming of the polymerisation reaction 

occurring at each end of the target DNA. This precise priming is done by short 

oligonucleotidic sequences (Primers) able to anneal to the template DNA in the target zone. 

Primers are 18-24 base pairs long, synthesised in laboratory and correspond to a 

complementary DNA sequence designed in the flanking regions of the heavy strand of the 

target DNA (Box 2). The Polymerase Chain Reaction starts first with a high temperature 

phase (denaturation) that produces single-stranded DNA. Then, once temperature has reached 

the TM (Box 2), primers will bind to the template DNA. The  
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The Taq polymerase optimally 
works at 72°C. 
 
During the elongation, each DNA 
strand is polymerised in the 
direction 5’->3’ 
3’
3

The annealing temperature is 
defined by the oligonucleotides 
composition of the primers. 
 
TM = 2(N# of AT) + 4(N# of GC)
Primer
Taq Polymeras
 
 Primers are designed one DNA strand 
 
 1: Denaturation of the DNA Template 
 
2: Annealing of the primers on the DNA template 
 Single stranded DNA is produced by high temperature
 3: Elongation 
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Taq polymerase recognises each double-stranded DNA as a start of synthesis and will 

continue the polymerisation reaction in the direction 5’  3’ as soon as the temperature has 

reached 72°C (optimal elongation temperature). 

Therefore, in order to design specific primers, the sequences of the flanking regions of the 

target DNA must be known. This supposes detailed knowledge about the genome or further 

elaborated investigations to get it. This step usually requires high laboratory equipments and 

are most of the time, time consuming.  

The originality of the AFLP method was to design and synthesise arbitrary primers first, and 

then to ligate them to target DNA fragments (Box 3). The AFLP arbitrary primers are called 

“adapters” and consist of a known sequence of 20 nucleotides. The target DNA sequences are 

DNA fragments generated by restriction enzymes. Fragments are produced from total 

genomic DNA by the combined action of two restriction enzymes. Then, adapters are ligated 

at each end of a restriction fragment by a protein ligase (New England Biolab®). Finally, 

adapters are used in a PCR as priming sites to amplify the restriction fragments. AFLP 

markers reveal a “restriction site” polymorphism and must be treated as dominant markers, 

since homozygotes and heterozygotes cannot be established unless breeding/pedigree studies 

are carried out to determine inheritance patterns of each fragment. However, the large number 

of fragments gives an estimate of variation across the entire genome, which thus gives a good 

general picture of the level of genetic variation of the studied organism. 

 

2.2. Basic steps of AFLP fingerprinting 

2.2.1. DNA extraction 

Clean and high molecular weight DNA is a prerequisite for AFLP. In our study, we extracted 

DNA according to Doyle & Doyle method (Doyle and Doyle, 1988). This method is based on 

the CTAB procedure. For more details, refer to the protocol (3.3) and troubleshooting (3.4) 

parts. 



 
 

Box3: AFLP: Principle 
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Action of the Restriction Enzymes EcoRI (>) & MseI (>)

GAATTC 
CTTAAG 

TTAA 
AATT

5’ 
3’ 

3’ 
5’ 

A5’

Preamplification (primers + 1 nucleotide) 

AATTCN 
TTAAGN 

NTTA 
NAAT

5’C

5’ AAC

Selective amplification (primers + 3 nucleotides) 

AATTCA 
TTAAGT 

GTTA 
CAAT

5’AAC

Genomic DNA 

Core sequences
enzyme-specific sequences

AATTC 
TTAAG 

TTA 
AAT

Ligation of the adaptors (known DNA sequence = futur primers) 

AATTC 
G 

T 
AATTTAA5’ 

3’TA

MseI adaptor 
EcoRI adaptor 

AATTCAAC TTCTTA 
TTAAGTTG AACAAT

Amplified fragments will be separated by electrophoresis 
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2.2.2. Restriction 

Restriction fragments of the genomic DNA are produced by using two different restriction 

enzymes: a frequent cutter (the four-base restriction enzyme MseI) and a rare cutter (the six-

base restriction enzyme EcoRI) (Box 3). The frequent cutter serves to generate small 

fragments, which amplify well and which have the optimal size range for separation on a 

sequence gel, whereas the rare cutter limits the number of fragments to be amplified. 

2.2.3. Ligation of oligonucleotide adapters 

Double-stranded adapters consist of a core sequence and an enzyme-specific sequence 

(Box 3). Therefore, adapters are specific for either the EcoRI site or the MseI site. Usually 

restriction and ligation take place in a single reaction. Ligation of the adapter to the restricted 

DNA alters the restriction site in order to prevent a second restriction from taking place after 

ligation has occurred. The core sequence of the adapters consists of a known DNA sequence 

of 20 nucleotides, which will be used later as primer in the PCR. 

2.2.4. Pre-amplification 

This step is a normal PCR where the adapters are used as primers. This first PCR, called 

preamplification, allows a first selection of fragments by only amplifying the DNA restriction 

fragments that have ligated an adapter to both extremities. Additionally to the adapter 

sequences, the primers used for the pre-selective amplification have a supplementary base. 

This extra base enables another first selection by amplifying ¼ of the fragments that have 

ligated an adapter to both extremities. These first three steps (DNA extraction, 

restriction/ligation and preamplification) can be run and visualised on a 1.6 % agarose gel 

(Figure 1). 
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Figure 1: The three first steps of the AFLP process (DNA extraction, 
restriction/ligation and preamplification) run on a 1,6% agarose gel. The 10 first 
lanes (A) represent genomic DNA of 10 Cirsium arvense samples. According to 
the Lambda DNA concentration standards (B from left to right: 0.125; 0.25; 0.5; 
0.75; 1; 1.5; 2 µg) C. arvense DNA concentration can be estimated to be in around 
5ng per lane (5µl DNA load). (C) restriction/ligation of the same 10 samples. 
Genomic DNA was restricted with Mse I and EcoR I enzymes. The restriction 
produces a large quantity of small size DNA fragments. During the 
preamplification (D), only a part of the restricted fragments are amplified. The 
preamplification leads to a homogeneous DNA smear ranging from 100 to 800 bp. 
(λ) represents a DNA size marker. 

2.2.5. Amplification 

The aim of this step is to restrict the level of polymorphism and to label the DNA. For this 

second amplification, we added three more nucleotides at the 3’ end of the primer sequence 

used for the preamplification (= adapters sequence + 3 nucleotides; Box 3). These two 

additional nucleotides make the amplification more selective and will decrease the number of 

restriction fragments amplified (polymorphism). Moreover, one of the primers (usually the 

EcoRI primer) is labelled with a fluorescent dye, and will allow the visualisation of DNA 

during the migration. 
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2.2.6. Electrophoresis 

The PCR products are denaturated and run on acrylamide gel (DNA sequencer). In our study, 

samples were run on an ABI Prism 310 (Figure 2).  
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Figure 2: ABI Prism sequencer 

 

A thin capillary containing a polymer replaces the usual acrylamide gel. The electrophoresis 

conditions we used for fragments analysis can resolve DNA fragments differing just by one 

base pair. Samples are loaded in a track, and run one after the other through the capillary. 

All fragments are separated with regard to length, smaller fragments running first. Once 

passing the laser, a dye attached to the primer is excited and emits a fluorescent signal that is 

then collected by a computer. The results of fluorescence are visualised on the computer as 

peaks, called Electropherogramms (Figure 3). Each peak corresponds to a band on a normal 

acrylamide gel. Amplified fragments range from 30 to 400 base pairs.  
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Figure 3: AFLP electropherogramm. On the figure, each peak corresponds to a 
DNA restriction fragment of a precise length. From the left to the right, the 5 
shaded peaks correspond to DNA fragments having respectively 131; 161; 190; 
198 and 242 base pairs. 

 

3. How to develop AFLP markers 

3.1. Primer choice 

Choice of number and sequence of primers that will be used for the selective amplification is 

an important step of the AFLP process because they will later determine the level of 

polymorphism accessible in the studied species. 

To test for good primer combination we used the Selective Amplification Modules for Small 

Plant Genomes from Applied Biosystems. The Selective Amplification Modules for Small 

Plant Genomes from Applied Biosystems provided eight EcoRI-labelled primers and eight 

MseI primers. Thus, 64 selective primer combinations were available. An initial screening 

using all these 64 primer combinations was performed on a random sample of 10 individuals 

across all sampled populations. 

For our study, we choose primers according to their level of inter- and intrapopulation 

polymorphism (figures 4 and 5). A good primer must discriminate individuals coming from 

different populations, but should still be polymorphic enough at the population level to 

precisely identify clones.  

From the screening of the 64 primers, two primer combinations EcoRI-ACC / MseI-CTG and 

EcoRI-ACG / MseI-CTT appeared efficient at the inter-population level, and sufficiently 

polymorphic to discriminate clones within populations.  
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Figures 4 and 5 represent respectively inter and intrapopulation polymorphism obtained with 

the primer combination EcoRI-ACC / MseI-CTG.  

In Figure 4, about interpopulation polymorphism, the electropherograms of the same colour 

represent two individuals coming from the same population. From up to down: individuals 8-

48-O, 8-44-O, 47-5-O, 47-6-O, N2-1-O, N2-2-O were respectively 2 individuals of 

populations 8, 47 and N2. In each case, both individuals of the same population present an 

identical electropherogramm. Therefore, according to the AFLP patterns they have identical 

genotypes and thus belong to the same clone. In figure 4, shaded peaks indicate 

interpopulation polymorphism. Shaded peaks are just present in the population they belong, 

and offer a good discrimination between populations. 

Figure 5 illustrates an example of intrapopulational polymorphism. In figure 5, the 

electropherograms of the same colour represent two individuals coming from the same 

population and having different genotypes. From up to down: 8-48-O, 8-45-O, 47-6-O, 47-10-

O, N2-2-O, N2-3-O were respectively 2 individuals of populations 8, 47 and N2. Shaded 

peaks indicate intrapopulation polymorphism, e.g. peaks that are specific to one individual 

within a population. These results show that the primer combination EcoRI-ACC / MseI-CTG 

was also efficient to discriminate between individuals of a same population.  

 

Remarks: We found similar results with the primer combination EcoRI-ACG / MseI-CTT 

(results not shown). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4: Example of polymorphism interpopulational obtained with the primer 
combination EcoRI-ACC / MseI-CTG. Electropherograms of the same color 
represent two individuals coming from the same population and having the same 
genotypes (clones). Shaded peaks indicate interpopulation polymorphism. 
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Figure 5: Example of polymorphism intrapopulational obtained with the primers 
EcoRI-ACC / MseI-CTG. Electropherograms of the same colour represent two 
individuals coming from the same population and having different genotypes. Shaded 
peaks indicate intrapopulation polymorphism. 
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3.2. Repeatability  

Compared with RAPD, the AFLP technique is highly reproducible (Mueller and 

Wolfenbarger, 1999). In order to check for the reproducibility of our AFLP method, we 

repeated the whole process with different DNA extractions. Results are presented in figure 6. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6: Repeatability test. The figure shows four independent AFLP processes 
realised from four DNA extractions of the same sample (N1-143-9) for the 
primers ACC-CTG (in black) and for the primers ACG-CTT (in red). 
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Components Name 
pH   

Tris  Bu

EDTA Ethylenediamine- 
tetraacetate  

Na or K  Sa

Proteinase K  En

SDS Sodium Dodecyl 
Sulfate 

An
de

CTAB Hexadecyltrimethyl
ammoniumbromide

Ca
de

CIA Chloroform-
isoamyl-alcohol  

Isopropanol   

ß-mercaptoethanol  
Glutathione  
Cysteine  
DDT Dithiothreitol 
Ascorbic acid  

Na2S2O5 Sodium bisulfite 

Re
(an

PVP Polyvinylpyrro-
lidone 

BSA Bovine Serum 
Albumin 

Po
ab

Diethylpyrocarbonate 
Bentonite 
Spermine 
Spermidine 

 Po

DIECA Diethydithiocar-
bamic acid 

Ph
inh

Cyanide   

NH   

Aurintriarbolylic acid   

Box 4: DNA extraction: c

 

 

omponents and their effects 
Nature Effects 
- Inhibition of degradative 
enzymes. (ex: DNases act at pH=7)

ffer - Maintains the pH 
- Chelation of divalent cations 
(Ca2+, Mg2+...) 
- Inhibition of metal-dependant 
enzymes (ex: nucleases, DNases) 

lt - Stabilisation of nucleic  

zyme - Digestion of proteins 

ionic 
tergent 

- Solubilisation of cellular 
membranes 
- Denaturation of proteins 

tionic 
tergent 

- Solubilisation of cellular 
membranes 
- Denaturation of proteins 
- Formation of a complex with 
the DNA 

- Extraction proteins 

- Precipitation of the CTAB-
DNA complex 

ducing agents 
tioxidants) 

- Inhibition of the oxidation 
processes  
- Protection of DNA from 
quinones, disulfites, 
peroxidases, 
polyphenoloxydases 

lyphenols 
sorbents 

- Decrease the effect of 
polyphenols, quinones, tanins 
- BSA: denaturation of 
degradative enzymes 

lyamines - Protection from RNases 

enoloxidase 
ibitors - Cu²+ chelation 

- Protection from heavy metal 
oxidases 
- Protection from H+ 

- Inhibition of nucleases 
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3.3. Protocols 

3.3.1. DNA extraction 

We extracted DNA according to the Doyle & Doyle method (Doyle and Doyle, 1988). This 

method is based on the CTAB procedure (Webb and Knapp 1990). The CTAB 

(Hexadecyltrimethylammoniumbromid) is a cationic detergent (Box 4) that forms a complex 

with the DNA. The CTAB-DNA complex is then separated from the cellular debris by 

chloroform. In this step, we can observe two phases: a superior clear aquatic phase containing 

the DNA, and a denser inferior one containing the chloroform and all the secondary 

components (polysaccharides, proteins etc…). After centrifugation, cellular debris can usually 

be observed at the interface. The purification by chloroform can be repeated several times (2, 

3 times).  

DNA is soluble in water and can be precipitate with salts (NH4
+, Na+, NaOAc, NaCl, 

NH4OAC...) and ethanol 100% or isopropanol. To precipate DNA, one can equally use one of 

the following salts: Na+(3M) or NH4
+(7.5M), with one of the following alcohols: ethanol 

100% or isopropanol. The precipitation is done in these proportions: 10% and 50% of the 

final volume for Na+ and NH4
+ respectively, and 250% and 70% of the final volume for 

ethanol and isopropanol respectively. 

After the precipitation, the DNA molecule must be washed with ethanol to remove the salts 

used for the precipitation. DNA is then dissolved and stored in a Tris/EDTA buffer (TE 

buffer: Tris (10mM) / EDTA (1mM)) pH 8. 

The protocol we used to extract DNA was the following. About 150 mg of plant tissue were 

first frozen in liquid nitrogen and ground in a mixer mill. Then, we added 700 µl of extraction 

buffer (Box 5) to the ground material and incubated the mixture 45 minutes at 60°C. At this 

stage, it is important to vortex to get a homogenous solution free of clumps to prevent DNA 

degradation (3.4.1). At the beginning of the incubation, DNA is still in the cells and can not 

be broken by vortexing. Afterwards, vortexing should be avoided. 
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Extraction buffer 

 Final concentration Stock solution For 500 ml of 
buffer 

NaCl 1.4M 5 M 140 ml 

Tris-HCl      pH 8.0 100 mM 1 M 50 ml 

EDTA          pH 8.0 20 mM 0.5 M 20 ml 

CTAB 2 % 10.0 g 

Na2S2O5 1 % 5.0 g 
 
 Autoclave the solution and then add ß-Mercaptoethanol (0.2 %). 
 Check the pH again. 

 
 
 

CIA-solution (Chloroform:Isoamylalcohol 24:1) 

 Final concentration For 250 ml of CIA 

Chloroform 96 % 240 ml 

Isoamylalcohol 4 % 10 ml 

 
     Store the solution at 4°C. 

 
 
 

 
TE-Buffer (TE 10/1) 

 Final concentration Stock solution For 250 ml 
of TE 

Tris-HCl       pH 8.0 10 mM 1 M 1.0 ml 

EDTA           pH 8.0 1 mM 0.5 M 0.2 ml 

 

Box 5: DNA extraction: buffers and stock solutions 
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After incubation, we added 700 µl of CIA 4°C (Box 5), mixed carefully and let the solution 5 

min at room temperature. We centrifuged 10 min at 10.000 rpm, and recuperated the floating 

phase and repeated this purification step several times (2 times). 

DNA was then precipitated with a 3M Na+ salt (10%) and 0.7 volume of cold isopropanol (-

20°C). We recuperated the DNA pellet after centrifugation (5 min 10.000 rpm), washed for 15 

min in 500 µl of 75% and 100 % ethanol, dried at room temperature and then redissolved in 

100 µl of TE buffer. 

For each sample, we checked DNA quality and quantity on a 1.6% agarose gel. 

3.3.2. Restriction/Ligation 

The Mix prepared for the restriction / ligation is presented in the Box 6. Because of their high 

concentrations, we first diluted the enzymes in order to have reasonable volumina for 

pipetting. As enzymes are conserved in glycerol, in order to limit the amount of glycerol and 

to prevent the reaction from inhibition, the final volume of enzymes should not exceed 5% of 

the total volume (0.55 µl). Therefore, we divided this volume in three, and got the optimal 

volume of 0.18 µl for each enzyme. Then, we diluted enzymes within their respective buffers 

and prepared relevant stock solutions to have just to pipette 0.18 µl to get the right final 

concentration (Box 6, Restriction / Ligation Mix). Then, we added 11µl of the Mix to 5.5 µl 

of DNA containing 500 ng of genomic DNA. The reaction mixture was incubated 2 hours at 

37°C in a MWG-Biotech Primus 96 thermocycler. 

3.3.3. Preamplification 

Products of the restriction ligation were diluted 1:2. We used 4 µl of the restriction / ligation 

as DNA template for the preamplification PCR (Box 6, preamplification). Amplification 

reaction was performed in a MWG-Biotech Primus 96 thermocycler with the following 

program: 2’ 72°C, (20’’ 94°C, 30’’ 56°C, 2’ 72°C)X30, 30’ 60°C, 4°C for ever. 



 

 

 

 
 
 
 

 

H2O 
T4 DNA ligase buffer 
NaCl 
BSA 
MseI adaptor 5
EcoRI adaptor 
MseI 
EcoRI 2
T4 DNA Ligase 3
final Volume 

 
 

 
PCR buffer  
dNTPs 2
Primers MIX 2
Taq polymerase 
H2O 
ADN  
Volume final 

 
 

S
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MseI primer 2
EcoRI primer  2
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H2O 
ADN  
Volume final 

M
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Box 6:  
aster mix: 
lification and Selective Amplification 
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Restriction / Ligation 

Stock 
solution 

Final 
concentration 

For 5.5 µl 
(one reaction) 

  0.21 µl 
X 10  X 1 1.1 µl 
0.5 M 0.05 M 1.1 µl  

1 mg/ml 0.05 mg/ml 0.55 µl 
0 pmol/µl 5 pmol/µl 1 µl 
5 pmol/µ 0.5 pmol/µl 1 µl 
5.5 U/µl 1 U 0.18 µl 
7.77 U/µl 5 U 0.18 µl 
72.22 U/µl 67 U 0.18 µl 

  5.5 µl 

Preamplifiction 

Stock 
solution 

Final 
concentration 

For 20 µl 
(one reaction) 

X 10 X 1 2 µl 
mM (X 10) 200 µM 2 µl 
mM (X 10) 200 µM (X 1) 1 µl 

5U / µl 2U / 50 µl 0.16 µl 
    10.84 µl 
    4 µl 
    20 µl 

elective Amplification 

Stock 
solution 

Final 
concentration 

For 20 µl 
(one reaction) 

X 10 X 1 2 µl 
mM (X 10) 200 µM (X 1) 2 µl 
mM (X 10) 200 µM (X 1) 1 µl 
mM (X 10) 200 µM (X 1) 1 µl 

5U / µl 2U / 50 µl 0.16 µl 
    10.84 µl 
    3 µl 
    20 µl 
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3.3.4. Amplification 

Products of the preamplification were diluted 1:10 and we used 3 µl as DNA template for the 

selective amplification PCR (Box 6, selective amplification). Amplification reaction was 

performed in a MWG-Biotech Primus 96 thermocycler with a touchdown PCR.  

In a touchdown PCR the annealing temperature decreases by 1°C every cycle to a 'touchdown' 

annealing temperature which is then used for further cycles. Touchdown PCR is usually used 

to reduce non-specific amplification by optimising the optimal annealing temperatures. The 

idea of a touchdown PCR is that any differences in TM (Box 2) between correct and incorrect 

annealing gives a 2-fold difference in product amount per cycle. Therefore, touchdown PCR 

enriches for the correct product over any incorrect products. The touchdown PCR program we 

used was the following: 2’ 72°C, (20’’ 94°C, 30’’ (66°C decreased by 1°C during 10 cycles), 

2’ 72°C)X10, (20’’ 94°C, 30’’ 56°C, 2’ 72°C)X20, 4°C for ever. 

3.3.5. Electrophoresis 

We used 1µl of each selective amplifications (two primer combinations) that we mixed to 12 

µl deionised formamide and 0.3 µl of Genescan-500 (ROX) size standard. ROX 500 is made 

of labelled DNA fragments of known size and is run with each sample. After a run, the 

internal standard will allow the calibration of all AFLP signals produced by primer dies 

recorded during the electrophoresis. The use of an internal standard makes comparisons 

between independent samples feasible.  

To get a good signal it is important to mix properly the PCR products with the formamide and 

the size standard (quickly vortex). DNA was then denaturated by heating each tube to 95°C 

for 5 minutes and quick chill on ice. Samples were finally loaded in the ABI Prism 310. The 

electrophoresis was performed at 60°C, DNA was injected into the capillary during 20’’ and 

we used the GS STR POP 4 module to detect peaks. 

3.4. Critical phases of the process & troubleshooting  

The AFLP process comprises five consecutive steps (DNA extraction, restriction/ligation, 

preamplification, amplification, electrophoresis) and only a success of all these steps will lead 

to good electropherograms (e.g. good signal intensity and quality of peaks). Compared with 



 

other molecular markers, like microsatellites or RAPD that just consist in a single PCR, AFLP 

markers are more sophisticated. The implication of enzymes (restriction and ligation 

enzymes) makes the method particularly sensitive and sometimes problematic. In particularly, 

presence of secondary compounds in the DNA (like polyphenols or polysaccharides) can 

damage DNA, inhibit restriction enzymes or the Taq polymerase. Therefore, in order to avoid 

further technical problems, the first step (DNA extraction) appears to be of the most 

importance. This section is about the most common problems encountered during DNA 

extraction, and advices to resolve them. 

 

3.4.1. DNA degradation 

 

Figure 7: Detail of a 1.6% agarose gel of C. 
arvense genomic DNA. Whereas all lanes 
show a clear single band attesting for a high 
molecular weight DNA, the lane number 4 (cf 
arrow on the picture) presents a degradated 
DNA. No clear band of DNA is visible; DNA 
appears in a smear 

 

 

DNA degradation is characterised by the generation of DNA fragments through the action of 

endogenous nucleases. Endogenous nucleases are active at room temperature, but inhibited 

are low and high temperature. Therefore, it is important to pay attention of temperatures all 

over the DNA extraction. For example, the presence of clumps in the solution containing 

ground tissues and the extraction buffer during the 60°C incubation phase (cf. 3.3.1.) can lead 

to a decrease of the temperature within a clump and therefore activate the endogenous 

nucleases. However, DNA degradation can also be due to a break of the cold chain before the 

extraction.  
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3.4.2. Simultaneous isolation of RNA 

 

 
 

Figure 8: Detail of a 1.6% agarose gel of 
C. arvense genomic DNA showing a 
simultaneous extraction of RNA. On the 
picture, genomic DNA is represented by 
a clear single band closed to the lanes, 
whereas spots at the end of  the lanes (cf 
arrows on the picture) represent small 
size RNA. 

 

 

 

 

In some cases, RNA can be extracted simultaneously with DNA and then disturb the AFLP 

process. To avoid extracting RNA it is important to check the pH of the extraction buffer. A 

too acidic pH could lead to RNA extraction. RNA can also be removed by an additional step 

including a RNase A. The RNase A should be prepared as follows:  

Dilute 10 mg/ml of RNase (use a DNase-free RNAses to avoid a digestion of the 

DNA) in a RNase buffer (RNase buffer: 10 mM Tris HCl; 15 mM NaCl; pH: 7.5). 

Boil the solution for 15 min (95°C); cool it at room temperature, stored at -20°C. 

RNase should be used with a final concentration of 100ug/ml. 

The RNase step can be done “as preventive” during the incubation of tissues with extraction 

buffer at 60°C, or just after the protein extraction by CIA and before the precipitation of the 

CTAB-DNA complex. In both cases, adequate volume of RNase leading to a final 

concentration of 100ug/ml must be added. 

In case RNA has already been extracted (present on the agarose gel), the RNase step can still 

be done after the DNA extraction. For that, add the adequate volume of RNase to the 

extracted DNA (TE buffer and DNA), mix and incubate 30min room temperature (DNA can 

eventually be precipitated again). 
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3.4.3. Isolation of polysaccharides 

Polysaccharides can easily be recognised because of their high viscosity. To remove 

polysaccharides one can either increase the CTAB concentration, or increase the 

concentration of NaCl (2M) prior to the first alcohol precipitation (polysaccharides remain 

soluble in high salt concentration). If DNA is already extracted, one can remove 

polysaccharides by redissolving them by increasing the NaCl concentration of the TE buffer 

up to 2M. Then, DNA must be precipitated again with 2 volumes of ethanol. 

3.4.4. Isolation of polyphenols  

Polyphenols lead to brown colouration of the DNA. They can damage DNA, inhibit 

restriction enzymes or Taq polymerase. Polyphenols can be removed by increasing the 

concentration of polyphenol absorbents up to 2%. One can also add phenoloxidase inhibitors, 

or elevate the concentration of antioxidants. 

4. Genotyping 

Genotyping of C. arvense electropherograms was one of the most time consuming phase of 

the study. First, we used the Genotyper software of ABI PRISM PE biosystems. In Genotyper, 

it is possible to standardise electropherogram peaks into categories. Each peak is defined in a 

category according to its width and its intensity (e.g. to its high). Categories are recorded and 

then, runs are screemed and automatically genotyped. Such an automatic labelling of peaks 

appears relevant especially when numerous samples must be treated (307 in our study). 

Although we spent a lot of time to define all possible categories, we did not manage to 

genotype automatically our data. This inability of using Genotyper can be explained by a too 

high sensitivity of the program coupled with a heterogeneity among runs. Because of the size 

reconstruction method of fragments (3.3.5) each AFLP peak gets a very precise position: for 

example: 55.6; 55.9; 56.1 base pairs and 56.2; 56.4; 56.7 base pairs. In the case that the first 

three peaks belong to the length “55 bp” and the next 3 peaks belong to the length 56 bp, it is 

difficult to define 2 independent categories which do not overlap. This example, repeated over 

307 samples and 93 AFLP markers, made an automatic genotyping impossible.  

Therefore, in a second approach, we only used the program Genotyper to produce a 

preliminary presence / absence matrix, which we subsequently checked manually. 



 

5. Interpretation of results 

This section will be about how to estimate the “consistency” of the markers. 

Each same-sized fragment from different electropherograms, are supposed to be homologous 

(e.g. have the same origin) but this condition is not fully filled in AFLP. An absence of 

fragment in one run can either be due to a mutation in the restriction site of the enzymes, a 

mutation in the primers sequence, or a mutation in the restriction fragment. All these 

processes leading to the same phenotype: an absence of peak. Nevertheless, the numerous 

markers produced by AFLP can compensate for eventual homoplasy.  

According fits Kimuras infinite allele model (Kimura and Crow, 1964) mutations happen 

randomly throughout the genome and tend to form a new allele from an ancestral allele, rather 

than an allele already existing. This random mutation process can lead to an asymmetric 

distribution of alleles (relatively high occurrences at high and low frequencies) when one 

looks at the allele class frequency. Checking the allele class frequency of AFLP could thus be 

a way to estimate the quality (randomness) of the makers (Figure 9). 
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Figure 9: Locus frequency class distribution of 93 AFLP loci over 307 C. arvense 
individuals. 
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Therefore, quality of AFLP data was assessed by calculating the allele frequency class 

distribution for the 93 loci (42 for EcoRI-ACC / MseI-CTG and 51 for EcoRI-ACG / 

MseI-CTT) (Figure 9). The graph shows relatively high occurrences at high and low 

frequencies (common and rare bands). This asymmetric distribution fits Kimuras 

infinite allele model (Kimura and Crow, 1964) and leads to a bimodal distribution with 

common and rare alleles. This pattern of class frequency distribution of AFLP alleles 

has already been found in Arabidopsis thaliana (Miyashita et al., 1999; Sharbel et al., 

2000) and attests the quality of our data. 
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