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Abstract
The genetic structure at different spatial scales and growing habitats was studied on Silene tatarica,
using AFLP and microsatellite markers. S. tatarica is a rare perennial plant occurring along
riverbanks and shores of two annually flooding rivers in Finland. Regional scale analysis based on
AFLP fragment analysis showed that at Oulanka River population structure represented mostly
classical metapopulation model. In general, colonization-extinction processes had an important role,
dispersal between subpopulations was limited and genetic differentiation was independent of
geographic location.

The same subpopulations were partly used to study spatial genetic structuring within
subpopulations. Spatial autocorrelation revealed clear spatial genetic structure in each subpopulation.
Paternity analysis in an isolated subpopulation showed small amounts of inbreeding, restricted seed
dispersal and pollen flow through the subpopulation. Factors affecting the creation and maintenance
of spatial genetic structure within subpopulation were most likely colonization events and restricted
seed dispersal.

The impact of river regulation on the genetic structure of populations was studied by comparing
results from Oulanka River to the results obtained from second main growing area, Kitinen River.
Oulanka River is a natural river system, whereas Kitinen is a regulated river. The overall regional
scale studies did not indicate major differences between river systems. There were some clear
population genetic differences between rivers but there were no clear evidence that those would have
been caused by river regulation. More likely differences were related to the marginal location of
Kitinen population at the edge of the distribution range. Studies indicated that regardless of the
species rarity in Finland, active management measures are not currently needed in either S. tatarica
growing area.

Species specific microsatellite loci were isolated to complement AFLP studies. During the
microsatellite isolation, an interesting amplification pattern was detected and studied further. It was
suggested that there were repetitive areas within genome containing microsatellites resulting in
unusual amplification. The most likely explanation for this phenomenon would be transposable
elements containing proto-microsatellite areas. The microsatellites isolated could have evolved
mostly from those proto-microsatellites.
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1 Introduction 

1.1  Population genetic structure 

Genetic variation within a species may be structured both by spatial factors and by 
genetic background. The neutral theory of molecular evolution provides a null model 
against which alternative hypotheses can be tested. However, selection and many other 
evolutionary processes can cause departures from neutral theory predictions (Harrison & 
Hastings 1996, Charlesworth et al. 2003). Many natural species are subdivided into local 
breeding units, a condition that can lead to the genetic differentiation of local demes. As a 
result of the spatial structure, the demography and genetics of populations will be a 
product not only of local environmental conditions but also processes operating on a 
regional scale (Husband & Barrett 1996). Much of the theory of population structure 
contrasts the effects of finite local population size and the rate of the gene flow among 
populations on genetic structure. Gene flow strongly influences the spatial scale over 
which genetic differentiation will be observed (Slatkin 1985). Population structure is 
critically affected by various dynamics at different scales. In understanding genetic 
variation the properties of new populations, like founding number, probability of 
common origin and kin structure, are also important (Whitlock & McCauley 1990, 
Hanski 1999). 

1.1.1  Metapopulation approach 

Metapopulation approach stems from the general notion of the hierarchical structure of 
nature and that spatially delimited local populations are connected by some degree of 
migration (Hanski 1999). Some possible models for linearly arranged subpopulations are 
presented in Fig. 1 and from those the last two resemble metapopulations. A 
metapopulation approach refers to research or management that in some way adopts the 
view that local populations are more or less discrete entities in space and that these local 
populations interact via migration and gene flow (Hanski & Gaggiotti 2004). Because 
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population geneticists have been studying metapopulations for decades before the word 
metapopulation was coined, the terminology can be confusing in the literature. In the 
original papers presented here ‘population’ or ‘metapopulation’ has been used to describe 
regional scale areas and ‘subpopulation’ to refer to geographically local populations 
within a metapopulation. Three fundamental processes form the core of metapopulation 
biology: local population extinction, (re)colonization and migration (Hanski 1999). 

Fig. 1. Schematic representation of the possible population structure and migration models 
between linearly arranged subpopulations: a) genetically uniform population with a free gene 
flow across the population b) fragmentized population without recurrent gene flow between 
the subpopulations c) stepping-stone population d) source-sink population and e) ‘classical’ 
metapopulation. 

Plants possess special features compared to animals such as seed dormancy, restricted 
dispersal and local adaptations presenting both challenges and opportunities for 
metapopulation biology (Husband & Barrett 1996). Several approaches to studies of 
dispersal can be found in the literature (see for example Levin et al. 2003, Manel et al. 
2005). One is to use molecular markers and population genetic analysis. Two basic 
genetic methods can be followed in the study of plant dispersal. Indirect methods are 
based on the quantification of genetic divergence between populations or individuals and 
interpret this divergence in terms of the amount of past gene flow. Second, direct methods 
try to establish the parent-offspring relationship between individuals in space and give 
estimates of instantaneous dispersal. In other words, indirect methods give estimates from 
cumulative effects of gene flow whereas directs estimates apply only to the interval of 
time and space over which observations are made (Slatkin 1985, Neigel 1997, Ouborg & 
Eriksson 2004). Indirect methods were used on regional scale and both indirect and direct 
methods on local scale in the studies presented here. For plant populations, which are 

a b c d e
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subject to catastrophic forms of disturbance like Silene tatarica in its natural habitat 
(studied here), long-distance seed dispersal is essential for structure like metapopulation 
to persist (Cain et al. 2000). It was important to estimate the likelihood and amount of 
that kind of events. 

In general, in a metapopulation with population turnover, average within-deme 
diversity, measures of total species diversity and FST may deviate strongly from those 
expected in an equivalent species with a stable demography (Pannell & Charlesworth 
2000). Stable genetic or spatial structure may increase variability because lineages may 
remain associated with different environments for a long time. On the other hand, 
fluctuations in the structure of a population can greatly reduce variation, like bottlenecks 
which mainly decrease the amount of rare alleles (Luikart et al. 1998). Even in constant 
environments, there is fluctuation in subpopulation sizes caused by factors like 
reproductive success. The effect of structure depends on how long genes remain 
associated with particular genetic backgrounds and demes, relative to the timescales of 
coalescence and fluctuations in structure (Charlesworth et al. 2003). 

In the past, single population approaches have dominated ecology and evolutionary 
biology. The metapopulation framework recognizes and provides a conceptual tool for 
dealing with the interactions of within and among subpopulation processes. Not all 
species whose populations have undergone fragmentation fit the definition of a 
metapopulation (Thrall et al. 2000). Different types of regional populations have been 
suggested in addition to metapopulations in a strict sense (see for example Freckleton & 
Watkinson 2003) but as suggested by Ouborg and Eriksson (2004, p 469) “it would be 
erroneous to force a diversity of regional dynamics into a narrow set of concepts and 
definition”. The metapopulation concept has been productive in stimulating studies of 
regional populations and broadening of the metapopulation concept may be more useful 
than developing new terms and concepts (Ouborg & Eriksson 2004). There are increasing 
number of studies demonstrating the importance of spatial structure in ecological and 
evolutionary questions and metapopulation approach provides tools for dealing with the 
interactions (Thrall et al. 2000). 

1.1.2   Spatial genetic structure 

One of the evolutionary consequences of localized dispersal is the development of fine-
scale local adaptation in plant populations (Husband & Barrett 1996). According to the 
neutral theory, microgeographic isolation-by-distance structure may be generated in a 
population after a few generations as a consequence of fine-scale genetic processes. Four 
alternative scenarios are possible according to different seed and pollen dispersal and 
their variances. Either both pollen and seed dispersal are highly localized around the 
maternal plant and have similar variances and then inbreeding and genetic substructuring 
evolve as described by the isolation-by-distance model or both are random when neither 
inbreeding nor spatial genetic structure will develop. If pollen dispersal is localized but 
seed dispersal random then neither inbreeding nor genetic structure will develop without 
selfing. When pollen dispersal is random but seed dispersal is highly localized there will 
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not be inbreeding but significant fine-scale genetic structure will evolve (reviewed in 
Ennos 2001, Kalisz et al. 2001, Rousset 2001). 

Spatial genetic structure may be generated in plant populations also as a consequence 
of sampling events that occur when a population is founded or regenerated. Spatial 
genetic structure generated in this fashion will be greatest where regeneration sites are 
colonized from a limited number of maternal/paternal seed parents. A key difference 
between this form of genetic structure and that generated purely by restricted gene flow is 
that it represents a non-equilibrium situation (Whitlock & McCauley 1990, Ennos 2001, 
Kalisz et al. 2001). Thus, if founder events are behind the spatial genetic structure, it 
should diminish or disappear with increasing stand age. Microspatial, as well as 
macrospatial, genetic structuring has been found from Silene species (McCauley 1997, 
Giles et al. 1998, Gehring & Delph 1999, Richards et al. 1999) and was studied here 
from S. tatarica. 

Several statistical methods have been used to describe local spatial structure (see 
Escudero et al. 2003 and Manel et al. 2003). Spatial genetic structure has been usually 
described by means of spatial autocorrelation. Other often used measures to describe 
spatial structure within subpopulations are ‘patch width’ and ‘neighborhood size’ 
(Chambers 1995, Rousset 2001, Vekemans & Hardy 2004). Parentage analysis was also 
included in one S. tatarica subpopulation while studying microspatial structure. 

1.2  Neutral molecular markers 

Natural plant populations routinely and consistently show small-scale genetic 
differentiation (more than 100 species demonstrated) although important exceptions are 
known (Linhart & Grant 1996). Most molecular variation observed is presumed to be 
neutral or nearly neutral characters. Regardless of that, a minority of evolutionary 
biologists argue that genetic differentiation has been typically produced by natural 
selection in response to environmental heterogeneity. It has been shown that beneficial 
mutations are more common than assumed and methods have been developed to screen 
them (Linhart & Grant 1996, Schlötterer 2002). 

Neutral theory of molecular evolution predicts that the majority of evolutionary 
changes and variability within species are caused by random genetic drift of alleles which 
are selectively neutral. Selection may operate but the intensity is weak compared to 
neutral processes (Hartl & Clark 1997, Graur & Li 2000). Most molecular markers are 
presumed to be neutral and these can be used to analyze problems in evolution. Different 
kind of markers can be useful for different purposes. Mutational processes resulting in 
differences in the data between markers should be taken into account when applying 
analyzing methods. Codominant markers allow distinguishing heterozygotes from 
homozygotes and can be more informative than dominant markers which show 
presence/absence variation. Some widely used markers are allozymes, RFLPs, AFLPs, 
SNPs and microsatellites. Many studies of the evolution of genes and genomes include 
analyzing variation within and among populations and species (Hartl & Clark 1997, 
Futuyma 1998, Silvertown & Charlesworth 2001). Molecular markers used in studies 
presented here are described later. 
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1.3  The genesis of microsatellites  

The origin of microsatellites is poorly understood, even though microsatellites are very 
frequent in genomes (Ellegren 2004). Microsatellite mutations occur during replication 
by DNA slippage (Tautz 1989) and mechanisms with point mutation has been proposed 
for microsatellite genesis as well. In the first model, short tandem repeat sequences 
existing in the genome are starting point for microsatellite expansion. A second model 
suggests that point mutations first create tandemly duplicated motifs. In both cases, areas 
with few repeat units may start slowly expand through slippage-like mutation processes 
or mutate back to non-repeat structure (Schlötterer 2000, Ellegren 2004). Neutral origin 
hypothesis was supported in Drosophila melanogaster research where genomic regions 
with different GC content had significantly different microsatellite density and amount of 
(TA)n repeats (Bachtrog et al. 1999). Analysis from rice (Oryza sativa L.) also indicated 
that the occurrence of particular microsatellite motif was strongly associated with the GC 
content (Temnykh et al. 2001).  

Other mechanisms of microsatellite evolution have been also suggested. Probably the 
most striking observation is the high frequency of microsatellites in the proximity of 
interspersed repetitive elements, such as short interspersed repeats (SINEs) and long 
interspersed elements (LINEs). It has been proposed that these microsatellites originated 
from the 3’ poly (A) tails of reverse transcribed RNA that has been inserted into the 
genome (Nadir et al. 1996). Despite this overwhelming evidence, it is unlikely the 
majority of microsatellites originated through this mechanism. First, mainly A-rich 
microsatellites are associated with the 3’ poly (A) tails (Nadir et al. 1996). Second, at 
least in plants, microsatellites are more abundant in non-repetitive DNA (Schlötterer 
2000, Morgante et al. 2002). 

Finally, microsatellite genesis has been associated with proto-microsatellite sequences 
carried in transposable elements. This phenomenon was first described for the mini-me 
element, which is observed in a broad range of Dipteran species (Wilder & Hollocher 
2001). The authors proposed that the proto-microsatellite was distributed through 
transposition, and in inactive elements the proto-microsatellite could expand to a full 
microsatellite. Thus, a large number of microsatellites could be generated from one 
sequence that has an intrinsic property to mutate to a microsatellite sequence. Consistent 
with the hypothesis, most microsatellites associated with repetitive elements were 
expansions of transposable elements internal sequences in barley (Ramsay et al. 1999). 
Furthermore, in rice (AT)n microsatellites were frequently associated with the Micropon 
family of miniature inverted-repeat transposable elements (MITEs) (Temnykh et al. 
2001). 

Retrotransposons are the most abundant and widespread class of eukaryotic 
transposable elements, consisting of the long terminal repeat (LTR) and the non-LTR 
retrotransposons (Kumar & Bennetzen 1999, Graur & Li 2000) which are present 
throughout the plant kingdom and can be found in high copy numbers. In general, plant 
genomes contain an exceptionally abundant and diverse set of retrotransposons compared 
to most other eukaryotic genomes, with the exception that functional retroviruses are 
either absent or present in very small numbers (Kumar & Bennetzen 1999). Even though, 
the retrotransposon activity has been very high in both the distant and recent past 
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(Wessler et al. 1995). It has been also suggested that some tandem repeats localized 
centromeric regions of plants may have originated from parts of retrotransposons (Cheng 
& Murata 2003). 

1.4  Study species and molecular methods 

1.4.1  Silene tatarica 

Silene tatarica (L.) (Caryophyllaceae) is a rare perennial plant growing along periodically 
disturbed riverbanks and shores of two rivers in Finland. The main distribution area of S. 
tatarica is on the Russian steppes with disjunctive occurrences in Hungary, Germany, 
Lithuania and NW-Russia (Ulvinen 1997). North-western range of distribution area of the 
species is in the northern Finland, where it has invaded naturally the riverside habitats of 
the Oulanka and the Kitinen Rivers after last ice age about 10,000 years ago. These rivers 
are over 100 km apart and separated by a watershed (Fig. 2). According to the present 
distribution of the S. tatarica, the colonization route to Finland has been from east. There 
is no common phylogeographies found for colonization after ice age, and the postglacial 
colonization routes of S. tatarica have not studied in detail. General theory according to 
studies on other species suggest that northern part of the Europe was colonized primarily 
from the Iberic and the Balkan refugia but the importance of Eastern Europe and 
Fennoscandia may be underestimated because of lack of data (Taberlet et al. 1998). 

The plants grow from open sand and gravel shores and erosion banks to more densely 
vegetated meadows shores and riverbanks. Subpopulations are widely scattered in more 
or less continuous areas of suitable long and narrow habitats along riversides. In addition 
to these natural populations, a few secondary populations are found from road- and 
railway sides indicating successful anthropochoric and/or zoochoric dispersal. 
Establishment of new subpopulations and the expansion of old ones occur solely by seed 
dispersal and the species does not spread vegetatively (Jäkäläniemi et al. 2005). The 
seeds presumably are dispersed by gravity at the slopes, wind, water and probably by 
animals and man as well (I). Flowers are pollinated both by bumble bees and night-flying 
moths and according to investigations with UV-dusts, the direct pollen dispersal in S. 
tatarica was on average only 7 meters (Siikamäki et al. unpublished result). The ecology 
of S. tatarica has been studied in many years field surveys concerning topics like survival 
strategies (Jäkäläniemi et al. 2004) and patch dynamics (Jäkäläniemi et al. 2005). 
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Fig. 2. Locations of Oulanka (OU) and Kitinen (KI) River sample sites in northern Finland. 

1.4.2  AFLP fragment analysis 

Amplified fragment length polymorphism (AFLP) marker system is a technique through 
which selected fragments from the digestion of total DNA are amplified by the PCR (Fig. 
3). The marker shows a presence/absence variation among individuals throughout the 
genome (Vos et al. 1995). The AFLP method has many advantages: there is no need for 
prior sequence knowledge, the repeatability is generally good, quantity and quality of 
DNA requirements are small, and the resulting DNA fingerprints provide a large number 
of genetic markers. The drawback of this method is that markers are dominant so that 
heterozygotes cannot be distinguished from homozygotes and also factors like 
reproducibility has been questioned (Nybom 2004, Schlötterer 2004). 
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Fig. 3. Short introduction to AFLP protocol: a) genomic DNA digested with MseI and EcoRI 
enzymes b) MseI and EcoRI adaptors ligated c) preselective amplification (one selective 
nucleotide) d) selective amplification with fluorescently labeled primer (three selective 
nucleotides) and e) final selected and labeled AFLP product. 

1.4.3  Microsatellite fragment analysis 

Microsatellites are DNA sequences in which a short motif of 1-6 bases are tandemly 
repeated. Their inherent instability and wide distribution within most genomes makes 
microsatellite loci particulary useful for evolutionary and population genetic studies 
(Goldstein & Schlötterer 1999). Traditional stepwise mutation model (SMM) for 
microsatellite mutation assumes that the length of a microsatellite varies at a fixed rate 
independent of repeat length and with same probability of expansion and contraction. The 
model is not necessarily realistic for various reasons and new models have been 
developed and tested (Kruglyak et al. 1998, 2000, Whittaker et al. 2003, Calabrese & 
Durrett 2003, Sainudiin et al. 2004). 
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The length variation of microsatellite alleles has been created by process called 
replication slippage (Tautz 1989). One new mutation model suggested is proportional 
slippage (PS) model in which balance between slippage events and point mutations exists 
and point mutations might prevent expansion by breaking long microsatellites (Kruglyak 
et al. 1998, 2000). The simplest models assume that length, measured by number of 
repeat units, changes by only one unit per mutation without bias in expansion or 
contraction rates. The single unit changes appear to be the most common type but also 
larger mutations have been detected, especially in downward direction. Moreover, short 
alleles are biased toward expansion or unbiased whereas mutations in longer alleles favor 
contraction and alleles with a greater number of repeats appear to be more mutable 
violating assumption length independency (see for example Xu et al. 2000, Harr & 
Schlötterer 2000, Brohede et al. 2002, Vigouroux et al. 2002). Even though proved to be 
very useful in many kinds of studies, the major drawbacks with microsatellites are the 
time and costs needed to develop them, scoring problems and statistical model violations 
(Nybom 2004, Schlötterer 2004). 

1.4.4  DNA sequence variation 

Basic processes in the evolution of DNA sequences are the substitution of one nucleotide 
for another during evolutionary time and length variation through insertions and 
deletions. Basically, all variation in genetic markers systems is sequence polymorphic 
(e.g., Schlötterer 2004) but in this chapter I am discussing sequence variation assayed 
through DNA sequencing. Changes in nucleotide sequences are used in molecular 
evolutionary studies and cannot be dealt with by direct observation because the process 
of nucleotide substitutions is usually extremely slow. To detect evolutionary changes one 
needs to compare two sequences that have descended from a common ancestral 
sequences and such comparisons require statistical analysis (Graur & Li 2000). A 
sequencing approach provides the most fine-grained genetic information. Although 
method was initially time consuming and expensive, recent technological developments 
permit large scale analysis nowadays. 

1.4.5  Chloroplast DNA analysis 

Gene flow within and among plant populations is usually mediated by dispersal of pollen 
and/or seeds. A complete gene flow description in plants should then include the relative 
importance of pollen and seeds dispersal (Ennos 1994). Organelle DNA usually shows 
uniparental inheritance, little or no crossing over and different evolutionary rate from 
nuclear DNA. Chloroplast DNA (cpDNA), usually used in plant studies, are generally 
maternally inherited in angiosperms and can not disperse by pollen whereas nuclear 
genomes migrate by both pollen and seeds (Ennos 2001). Accordingly, the relative 
influences of seeds and pollen dispersals on total gene flow can be resolved by comparing 
nuclear and maternally (in some cases paternally) inherited markers (Ennos 1994, 
McCauley 1995). Techniques like RFLP have been used successfully to detect 
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polymorphism from chloroplast in several species whereas few or no polymorphisms 
have been found from others. The mutation rates associated with the chloroplast are low 
but new markers, as chloroplast microsatellites, may increase the variation found (Provan 
et al. 2001). 

I tried to detect variation from chloroplast DNA, starting from simple methods and 
moving toward more fine-grained and faster evolving markers. The first method used was 
PCR-RFLP. Chloroplast areas trnT-L, trnL-F and trn intron were amplified from Oulanka 
River population samples using primers described Taberlet and co-authors. (1991) and 
products were digested using multiple restriction enzymes. Since there was no variation 
between samples, the same loci were run using more accurate SSCP (Single Strand 
Conformation Polymorphism) methods which can detect one nucleotide changes (Orita et 
al. 1989). The sample size was about ten individuals from four subpopulations. In the 
next step, the same chloroplast areas were sequenced directly from their PCR products. 
From 16 to 23 individuals were analyzed from each locus by sequencing one or both 
directions. Finally, four chloroplast microsatellite loci (ccmp1, ccmp4, ccmp6 and 
ccmp10) isolated by Weising and Gardner (1999) were used to analyze about 240 
individuals from 10 subpopulations with fluorescently labeled primers and subsequent gel 
electrophoresis. 

I could not detect any variation between individuals or subpopulations using any of the 
methods. Accordingly, chloroplast results were not used in original papers and more 
detailed methods or results are not presented here. Most likely it would be possible to 
detect chloroplast variation from S. tatarica either by increasing the number of loci or by 
using wider spatial scale. However, because it would be difficult to estimate how much 
effort was required to find polymorphism, it was decided to concentrate on nuclear 
variation for my thesis. 

1.5  Goals of this work 

The purpose of this study was to get basic population genetic information from the 
endangered riparian species S. tatarica to estimate the impact and importance of river 
dynamics to the plant species in these habitats. We estimated genetic parameters from 
subpopulations to determine the most probable population model. Our hypothesis was 
that natural river dynamics creates extinction and colonization of subpopulations, 
detected in ecological studies, which can create metapopulation structure. Amount of 
gene flow strongly affects the population genetic structure and related to that, the relative 
rates of pollen and seed dispersal may have impact on plant populations. Even though, it 
was not possible to determine these relative rates without cpDNA markers, many other 
methods were applied to detect the pattern of gene flow. The mating system of the species 
was not known and was one of the research topics. The subpopulations are scattered in 
the riverside and the combination of low migration between subpopulations and 
inbreeding could be serious threat to species survival. To estimate the lack of natural river 
dynamics, samples from Kitinen riverside were collected, analyzed and compared to 
results from free-flowing rivers. The properties of recently founded subpopulations may 
also have strong impact to whole population structure when the colonization is frequent 
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like in the case of S. tatarica. From the collected data we could compare old and new 
subpopulations and the age of subpopulations could be estimated relatively reliably. 

My thesis consists of studies from geographical structuring at different scales which 
were studied mainly using AFLP markers. At the regional scale, indirect methods were 
used to estimate historical migration events between subpopulations and many methods 
were used to estimate other genetical parameters (papers I and IV). Direct and indirect 
methods were used to detect contemporary gene flow and spatial autocorrelation at 
microspatial scale (II). S. tatarica is endangered species so the river regulation could 
have impacted upon population viability and conservation management. Different 
environments may lead to alteration in genetic pattern of the species and this was studied 
by comparing subpopulations from different kinds of riverside habitats (IV). Collecting 
data from different marker types gives a better overall picture and the results are more 
reliable when two independent systems are used. We ended up isolating microsatellite 
markers for S. tatarica with reasonable success (III) but because that project was started 
rather recently microsatellite loci were used only for genetic research in Kitinen River 
population (IV). 

The last article (V) concentrates on the evolution of microsatellites and the reasons 
leading to difficulties in the development of microsatellite markers for S. tatarica. 
Microsatellite isolation was rather demanding and we wanted to look in more detail at 
what caused problems in the procedure. Sequences isolated from enriched library were 
compared to each other and nucleotide diversity values were estimated between most 
similar ones to find out the degree of diversity between isolated loci. 



2 Materials and methods 

The materials and methods are given here only briefly. More detailed descriptions are 
found in the original papers (I-V). 

2.1  Plant material and populations studied  

We collected plant samples from c. 30 individuals at seven different sites along Oulanka 
River (Fig. 4; see also paper I, Table 2) in the summer 1999. Five of the sites were in 
Finland and two in Russia. Three of those were also used in microspatial scale studies 
(II). 

Fig. 4. Map of the sample sites at Oulanka River. The subpopulation name abbreviations 
refer to the Table 2 in paper I. 
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For more detailed microspatial analysis recently colonized, isolated island Valtikkasaari 
(VAL) subpopulation was sampled. From VAL we collected leaf material, capsules from 
all fertile individuals and mapped all individuals. The seeds from each capsule were sown 
in a greenhouse in a turf-sand mixture and seedlings were counted and sampled after 
three months. 

For the comparison between river systems, about 30 individuals from six 
subpopulations were sampled from Kitinen riverside during summers 2001-2002 (Fig. 5; 
see also paper IV, Table 1). 

Fig. 5. Map of the sample sites at Kitinen River. The subpopulation name abbreviations refer 
to the Table 1 in paper II.  

2.2  DNA isolation 

Leaf samples were collected from natural habitats or from greenhouses and transported 
on ice to the laboratory. Fresh material was stored at -20ºC until DNA was extracted. 
Genomic DNA was isolated from 0.1 g frozen leaves of individual plants using the 
slightly modified CTAB method (Rogers & Bendich 1985). Total DNA concentration was 
measured at UV absorbance A260 using BioPhotometer (Eppendorf). 

2.3  Molecular methods 

2.3.1  AFLP fragment analysis 

Amplified fragment length polymorphism reactions were conducted using the AFLP™ 
Plant Mapping kit supplied by Perkin-Elmer, Applied Biosystems (USA). A kit optimized 
for a genome size of 500 to 6000 Mb was used according to the manufacturer’s 
instructions with slight modifications. The denatured samples were analyzed on an 
automated DNA sequencer (ABI Prism 377™) with ROX-500 internal size standard 
(Applied Biosystems). Electropherograms were analyzed by GeneScan and Genotyper 
softwares (Applied Biosystems). More detailed protocol has been described in paper I. 
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2.3.2  Microsatellite isolation and fragment analysis 

Microsatellite isolation procedure has been described in papers III and V. Genomic DNA 
(10 µg) was digested with MboI (Fermentas), separated on agarose gel and DNA 
fragments sized 500-800 bp were recovered from the gel (Schlötterer 1998). SauLA and 
SauLB adaptors were annealed and ligated to approximately 200 ng of the total digested, 
size-selected DNA. 3’-end biotinylated (GT)22 microsatellite probe was used to enrich the 
library in microsatellite sequences (Hammond et al. 1998). 300 µg Streptavidin beads 
(Dynabeads M-280, Dynal Biotech) was incubated with genomic DNA/probe solution. 
The washings were done according Hammond and co-authors (1998). Genomic DNA was 
eluted from Dynabeads, amplified with PCR and products were cloned into M13mp19 
vector and sequenced (see below). 

Microsatellite polymorphism was analyzed by PCR both with radioactive and 
fluorescent labeled primers and subsequent gel electrophoresis. Radioactive labeling and 
runs were done according Schlötterer (1998). PCR products labeled with γ32P-ATP were 
separated on 7% denaturing polyacrylamide gel and visualized by autoradiography. For 
fluorescent labeled runs (papers III and V), microsatellite polymorphism was analyzed by 
PCR with one fluorescently labeled primer and subsequent gel electrophoresis on a ABI 
Prism 377™ sequencer with TAMRA-350 internal size standard. Electropherograms were 
analyzed by GeneScan and Genotyper softwares (Applied Biosystems). 

2.3.3  Cloning and DNA sequence analysis 

Enriched fragment products were cloned into M13mp19 vector (III and V). To investigate 
further what caused multiple banding, PCR products from one randomly chosen 
microsatellite was ligated pCR®2.1-TOPO vector (Invitrogen™) and transformed to 
chemical competent TOP10F’ cells (V). Plasmid DNA was isolated from clones and 
inserts were sequenced directly using plasmids or through standard PCR reaction. 
Sequencing was done using BigDye 1.1 sequencing chemistry (Applied Biosystems) and 
products were separated on a MegaBase sequencer. 

2.4  Statistical methods 

2.4.1  Data analysis on macrospatial scale studies 

Overall population genetic parameters were estimated by multiple methods and programs 
(papers I, II and IV). For AFLP’s the number and percent of polymorphic loci and Nei's 
gene diversity was calculated using POPGENE program (Yeh et al. 1995). Linkage 
equilibrium analysis was conducted using chi-square test (I) following Miyashita and co-
authors (1999) or LIAN (ver 3.1) software (II and IV) which tests for independent 
assortment (Haubold & Hudson 2000). The presence of genetic structure in the total 
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population was analyzed using Bayesian method by program Hickory (Holsinger & 
Lewis 2002). 

The program MICRO-CHECKER was used to detect genotyping errors from 
microsatellite markers (Oosterhout et al. 2004). To estimate from microsatellites allele 
frequencies, FST values for whole sample and pairwise comparison between 
subpopulation, average gene flow (Nm) and linkage disequilibrium between loci, 
GENEPOP software web version was used (http://wbiomed.curtin.edu.au/genepop/). 

For both markers the presence of genetic structure on a regional and subpopulation 
level was tested by an analysis of variance framework using Analysis of Molecular 
Variance (AMOVA) by program Arlequin ver. 2.00 (Schneider et al. 2000). Software 
Structure (ver 2.0) was used to infer population structure and assign individuals into 
subpopulations (Pritchard et al. 2000, Falush et al. 2003). 

2.4.2  Data analysis on microspatial scale studies 

Microspatial scale was analyzed in paper II. Some population genetic parameters were 
estimated as described in the previous chapter for the new Valtikkasaari (VAL) 
subpopulation. The spatial autocorrelation analysis was conducted in each subpopulation 
using Hardy´s kinship coefficient between individuals versus distance in logarithmic 
scale using SPAGeDi (Hardy & Vekemans 2002). To characterize the spatial genetic 
pattern of subpopulations, we estimated the indirect estimate of neighborhood size (Nb) 
and Sp statistics for each subpopulation on the basis of spatial autocorrelation (Hardy 
2003, Vekemans & Hardy 2004). For the parentage analysis, Famoz software was used 
(Gerber et al. 2003) with categorial allocation approach (Jones & Arden 2003). 

2.4.3  Data analysis on nucleotide variation  

Sequences included to families found by BLAST (Altschul et al. 1990) were aligned first 
using ClustalW online program (http://www.ebi.ac.uk/clustalw/index.html) and the 
results were checked and corrected manually using BioEdit ver. 5.0.9 software (Hall 
1999). Nucleotide diversities (π) were estimated using MEGA ver. 2.1 
(http://www.megasoftware.net/). All values estimated are presented in paper V. 



3 Results and Discussion 

3.1  Metapopulation structure at Oulanka river 

The first paper (I) investigated the distribution of genetic variation within and between 
seven subpopulations at Oulanka River. In S. tatarica mean Nei’s estimate for gene 
diversity of the subpopulations was 0.127. This seems to be at intermediate level of 
genetic diversity similar to other endangered or vulnerable species obtained with AFLP 
markers (Travis et al. 1996, Gaudeul et al. 2000, Keiper & McConchie 2000). We could 
not detect any correlation between the subpopulation census size and amount of genetic 
variation (paper I, Fig. 3). 

The overall pattern of genetic variation within and between subpopulations suggested 
a classical metapopulation structure of the species. AFLP marker data contained seven 
clusters where each original sample site seems to contain a distinct subpopulation. 
AMOVA analysis and UPGMA-dendrogram did not suggest hierarchical regional 
structuring among the subpopulations. Most genotypic diversity was found within 
subpopulations (63%) but even though only about 37% was between subpopulations, the 
Bayesian estimate of FST was relatively high (0.287). Respective studies in related species 
have suggested less differentiation among subpopulations (see Giles & Goudet 1997, 
McCauley 1997, Gehring & Delph 1999). There was no correlation between geographic 
and genetic distances among the subpopulations indicating lack of isolation-by-distance. 

Estimate of Nm (0.333) suggested a low level of gene flow between the 
subpopulations, and the assignment tests proposed a few long-distance dispersal events 
between the subpopulations. Long-distance dispersal was most likely mediated by 
zoochoric or hydrochoric dispersal of seeds. Relative high amount of linkage 
disequilibrium at subpopulation level indicated recent population bottlenecks or local 
substructuring (McVean 2002). Extinction-colonization dynamics of the subpopulations 
has been characterized during a five years field study in the Oulanka River region 
(Jäkäläniemi et al. 2005) supporting metapopulation model with frequent population 
turnover. 

The metapopulation structure of S. tatarica was somewhat expected on the basis of 
preliminary ecological studies and studies from related species. Different genetical 
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parameters built up a general view from the subpopulations studied and gave valuable 
information for the species. The AFLP method was applied successfully for S. tatarica 
and proved to be effective method regardless of statistical and other problems mentioned 
in the Introduction. 

3.2  Microspatial genetic analysis 

Existence and mechanism behind the microspatial genetic structure of S. tatarica in four 
subpopulations was investigated in paper II. Codominant markers are usually the prime 
choice for this type of studies but as shown here and in other articles (see for example 
Krauss & Peakell 1998, Mariette et al. 2002, Hardy 2003), also dominant markers like 
AFLPs may be used. 

Our results suggested that the local spatial genetic structure in S. tatarica was 
attributed merely to the isolation-by-distance process rather than founder effect, and 
despite free pollen movement across population, restricted seed dispersal maintains local 
genetic structure in this species. Linkage disequilibrium values tended to be higher in 
older than in younger subpopulations probably because the continuous isolation-by-
distance process could have enhanced linkage disequilibrium in the older ones. This was 
further supported by the Sp statistics values which increased with stand age whereas in 
the case of founder effect opposite is expected (Vekemans & Hardy 2004). Restricted 
seed dispersal seems to be typical mechanism creating structuring for perennial herb 
species (see for example Westerbergh & Saura 1994, Miyazaki & Isagi 2000, Kalisz et al. 
2001). 

The number of seedlings produced was very uneven between mother plants (from zero 
to over hundred) and among the greenhouse grown offspring the genetic polymorphism 
appeared to be higher than within parental population. S. tatarica commonly produce 
large amount of seeds but seedling survival is low (Marttila 2004). Parentage analysis in 
an isolated island subpopulation indicated that species is predominantly outcrossing with 
a minimal amount (0.47%) of selfing. This result does not exclude the possibility of 
biparental inbreeding, especially in the small subpopulations. Mean estimated pollen 
dispersal distance (24.10 m; SD = 10.5) was significantly longer whereas the mean seed 
dispersal distance (9.07 m; SD = 9.23) was considerably shorter than the mean distance 
between the individuals (19.20 m; SD = 13.80). Distributions are shown in Fig. 3 in paper 
II. 

The indirect genetic estimates of neighborhood sizes varied from 15.8 to 35.8 and 
direct estimate of VAL subpopulation was 37.6, respectively. In Vekemans and Hardy’s 
(2004) review the mean neighborhood size for herbaceous species was 21.8. Our 
estimates were close to that. Neighborhood sizes were much smaller (from 1/10 to 1/5) 
than the surveyed subpopulation sizes, except in the VAL subpopulation where it was 
85%. 

The first large scale study at Oulanka River raised many questions, as level of 
structuring and inbreeding, which were answered in the paper II. Local scale study 
increased our knowledge from the species and showed that there is no immediate genetic 
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threat for species existence at Oulanka River. Likewise, we did not detect inbreeding 
regardless of spatial genetic structuring. 

3.3  Development of microsatellite markers 

Five new microsatellite loci were isolated from S. tatarica, published in paper III. The 
markers presented are the first microsatellites reported for this species. We used an 
enriched genomic library method which was optimized during the work and the same 
protocol has not previously used to our knowledge. 

We characterized S. tatarica individuals originating from two riverbank populations in 
northern Finland and observed between four and nine alleles per locus (paper III, Table 
1). We had far less individuals from Oulanka (44) than from Kitinen riparian 
subpopulations (178 individuals). Even though, we found two alleles from both riversides 
using three loci (ST5, ST21 and ST28) and only one allele less from Oulanka samples 
when ST12 locus was analyzed. Moreover, one locus was monomorphic at Kitinen 
samples but there were four alleles at Oulanka samples. Results indicate that there are 
more alleles at Oulanka River population. Because most alleles were different between 
rivers, the systems are most likely somewhat genetically divergent from each others, also 
supported by AFLP markers (Tero et al. unpublished result). 

Observed heterozygosity was consistently lower than gene diversity (mean Ho = 0.125 
and mean He = 0.455). This deficiency of heterozygous genotypes was observed in most 
locus/population combinations, which may be caused by spatial genetic structuring 
within subpopulations detected in other study (II). Wahlund effect i.e., that there is 
genetic structuring within subpopulation, is the most likely explanation for excess 
homozygosity in outcrossing populations (Silvertown & Charlesworth 2001). 

There was significant linkage disequilibrium between loci within subpopulations in 
most comparisons as in other studies and will not be discussed further here. From each 
locus pairs across all populations seven from ten comparisons were significant after 
conservative Bonferroni correction (P < 0.005). 

Some species have been proven to be difficult to obtain microsatellites from and S. 
tatarica seems to belong to these (see also 3.5). During the work we optimized 
microsatellite enrichment procedure which can be used if more loci are needed and is 
most likely suitable for other species as well. The loci were used successfully to estimate 
population genetic parameters and conformed AFLP marker results (IV). 

3.4  Comparison between river systems 

Large scale genetic structuring from six S. tatarica subpopulations growing along 
regulated Kitinen River and comparison of genetic estimates to free-flowing river system 
is presented in paper IV. Kitinen River represents marginal distribution area of this 
species. This may have many genetic consequences in addition to regulation like increase 
in the effect of drift because of fluctuation in offspring number and survival over 
generations. Harsh environmental conditions are also predicted to decrease migration and 
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increase differentiation among subpopulations (Sun & Ritland 1998, Pamilo & 
Savolainen 1999, Silvertown & Charlesworth 2001). 

Microsatellites were used for the first time in addition to AFLPs and in general the 
results were consistent between markers. Subpopulations were genetically differentiated 
but the genetic distances between subpopulations were not dependent on geographic 
distances. The ∅ST values overall subpopulations were rather high, 0.402 for AFLPs and 
0.507 for microsatellites, and assignment analysis indicated few migration events 
between subpopulations supported by Nm estimate (0.138). Spatial and temporal Analysis 
of Molecular Variance (AMOVA) models between subpopulations were not significant. 
Most of the variation was within subpopulations using AFLP markers (59.78%) and rest 
among (40.22%) differing slightly from microsatellite results where the ratio was about 
half in both. 

Genetic differentiation, defined as FST and related estimates, were larger between 
young than between old subpopulations. Estimated ∅ value was 0.21 and suggested 
mixed colonization mostly explained by the migrant pool model e.g., colonization from 
multiple sources. Differentiation between young subpopulations could then be mainly 
caused by low numbers of the initial colonist. Result was supported by FST values which 
indicated mixed colonization mostly caused by migrant pool model. 

Generally, genetic estimates were similar compared to free-flowing river system 
suggesting that impoundment has not created major changes to population genetic 
parameters and metapopulation model can be applied also at Kitinen River. Largest 
differences, percentage of polymorphic loci, number of private alleles and number of 
migrants may have been caused by multiple factors. We found two private alleles using 
dominant markers from Kitinen River subpopulations whereas the number was 68 at 
Oulanka River. Mean percentage of polymorphic loci and number of migrants in Kitinen 
populations was about half of those observed in the Oulanka population. Population 
subdivision has been also found from related S. dioica where comparison between 
habitats showed importance of the surrounding vegetation to the gene flow pattern 
(Westerbergh & Saura 1994). Their results indicated that denser vegetation limited 
pollinator movement. However, the S. tatarica subpopulations studied here were growing 
at quite open riverside habitats where the pollinator behavior is most likely much the 
same as among the rivers. 

Differences caused by marginal location of the population could be applied to the 
results and explained differences better than river regulation. Enhanced drift may have 
removed alleles whereas expected loss of genetic diversity was small as expected if the 
period enhanced drift is short. I detected also decrease in migration but the genetic 
distances among subpopulations were not larger. Differences between common and 
marginal populations have been found from other plant species and the genetic 
consequences vary between articles (Sun & Ritland 1998, Gao et al. 2000, Butcher et al. 
2002). Even though, it is not possible to rule out other factors affecting genetic 
differences between rivers like impoundment or postglazial colonization according to the 
analysis presented in paper IV. At this moment this species does not need active 
management measures in its main growing areas in Finland. Creating open habitats and 
restoring connectivity could be considered if the need arises in the future. 
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3.5  Microsatellite evolution studies 

The sequences isolated from enrichment library were studied with details in paper V. 
Contrary to expectations of unique microsatellite loci, 54% of all clones carrying a 
microsatellite repeat were found to be associated with other repetitive DNA. Within the 
limitation of a potential bias in the enrichment procedure, this implies that a very large 
proportion of the (GT)n microsatellites in S. tatarica are associated with, and most likely 
originate from, repetitive elements. We observed a rather high sequence divergence 
among the sequences grouping into a given family (paper V, Table 1). Within the 
limitations of a moderate number of family members, we could not identify a genomic 
region that is conserved either within or between families and database searches 
identified only few hits to known transposable elements. 

Interestingly, we detected different repeat types in the same family and a similar 
phenomenon has been previously described in Drosophila (Harr et al. 2000). One 
example is family 3 in which two clones were detected where the repeat motif 
(CTGTGT)5 was embedded in a (GT)n microsatellite. Moreover, the clone obtained from 
the enrichment procedure carried a (GT)n microsatellite and so did two of the cloned PCR 
products. In the remaining eight cloned PCR products, the (GT)n microsatellite was 
replaced by a highly variable (AT)n microsatellite (paper V, Fig. 4). Additional evidence 
for a turnover of microsatellite repeat types at homologous positions comes from a study 
in pines (Karhu et al. 2000). Between primate species has been detected microsatellite 
motif replacements in UTR (untranslated region) and intron areas (Riley & Krieger 2004, 
2005). 

For certain taxonomic groups, the isolation of microsatellites has been proven to be a 
major problem. Well documented examples include many plant species, several 
invertebrate groups, some dipterans and gastropods, and a number of avian groups 
(Goldstein & Schlötterer 1999). In this study, PCR primers for 23 loci amplified a 
product in the expected size range but only five loci amplified a single polymorphic 
locus. Four were designed from sequences, which did not show a significant match to 
other clones obtained from the enrichment procedure. One locus (ST8) however, was 
designed from a clone showing significant similarity to other clones. This observation 
indicates that due to the high sequence divergence among the repeated sequences 
flanking regions, even microsatellites linked to repetitive DNA could be converted into a 
unique locus marker. 



4 Concluding remarks 

The population genetic analyzes of S. tatarica species revealed clear overall pattern in 
investigated riparian habitats. Within and between subpopulation structures were affected 
with multiple factors operating in different spatial scales. Populations at both rivers 
mainly represented classical metapopulation, even though all model predictions were not 
fulfilled. I agree with Ouborg and Eriksson (2004) that forcing a diversity of regional 
dynamics into a narrow set of concepts and definition may not be the right way. 
Broadening of the metapopulation concept may be more useful than developing new 
terms and concepts.  

There have been long term ecological studies in main distribution areas of S. tatarica. 
By combining both ecological and genetical data it is possible to get better understanding 
of the processes affecting species viability. The species survival is not threatened in 
Finland and the impact of human activity is already small at Oulanka national park. At 
Kitinen River it seems like impoundment has had little effect to the genetic parameters 
but also the evolutionary timescale is very small. 

During the work I tested different types of markers and estimated how suitable those 
are for this kind of research. For example, I tried to find polymorphism from cpDNA 
without detecting any. Even though chloroplast markers would have been very useful for 
separating pollen and seed dispersal as shown in related species (e.g., McCayley 1997), 
for S. tatarica and at the studied scale, it was not possible to find variation from cpDNA 
and this marker type was not suitable. The microsatellite isolation proved to be difficult 
for S. tatarica and the interpretation concerning the genetic structure of the population in 
the regional and local scale was performed mainly by applying dominant AFLP markers. 
However, the microsatellite markers developed during the project may be used in the 
further genetic studies and it would be possible to optimize more microsatellite loci on 
the basis of pilot work done during my thesis. 

In the future, the microspatial scale studies could be applied to Kitinen River 
subpopulations. It would be interesting to know if there are differences also at the local 
scale. Other additions to a population genetic research topic could be secondary habitats 
in Finland and main growing areas in Russia. It would be possible to gather more detailed 
information from microsatellite loci in S. tatarica increasing data set and including other 
repeat types during enrichment. This type of studies has not been common especially at 
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natural plant species. Since microsatellites are missing from many species and many 
isolation projects are surely ongoing currently, this type of project could have wider 
application. 
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