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CHAPTER11

ECOLOGICAL AND MOLECULAR MECHANISMS
IN PLANTS TO COPE WITH ENVIRONMENTAL
HETEROGENEITY: A SYNTHESIS

Introduction

Organisms can be exposed to strong fluctuations in environmental conditions. Unlike
animals that might migrate to escape unfavorable conditions, plants due to their sessile
nature directly need to face biotic or abiotic change. In the course of evolution plants
therefore have developed a variety of adaptations and risk reduction mechanisms, enhanc-
ing either their own chance of survival or that of their offspring. As complex as the inter-
dependencies within ecosystems are as diverse and complex might be also the
mechanisms to cope with environmental change and its unpredictability, ranging from the
molecular to the organismic and population level. This thesis focuses on two of these
mechanisms, namely (1) the environmental adjustment by epigenetic variation and (2) the
dispersal of offspring in time by the formation of persistent soil seed banks.

Epigencetic variation

The diversity of phenotypic traits within species or natural populations plays an integral
role for their ability to cope with environmental heterogeneity. Both, phenotypic diversity
as well as plasticity (i.e. the potential amplitude of traits within individuals) are founda-
tions of important environment related processes such as local adaptation and range ex-
pansion and may be a decisive factor for population persistence or extinction. Whereas
for many years ecologists and population biologists focused on the underlying genetic
diversity to explain natural variation and microevolution, recent research strongly implies
that also epigenetic variation may play a significant role (Bossdotf ez a/. 2008).

Epigenetics is the study of heritable changes in gene expression and function that
cannot be explained by changes in the DNA sequence (Richards 2006; Bossdorf ez al.
2008). An array of complex interacting epigenetic mechanisms that either activates or si-
lences gene expression has been identified in the past years, including chemical modifica-
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tions of DNA and histones, position effects and interference by small non-coding RNAs
(Berger 2007). Probably the most extensively studied and best understood epigenetic
mechanism is the reversible methylation of cytosine residues in the DNA (Feng ¢f al.
2010). Whereas in vertebrates cytosine methylation is almost exclusively found in the
symmetric CG-sequence context and in some model species like the nematode Caenorbab-
ditis elegans even is completely absent (Feng ez a/. 2010), in plants it is generally more exten-
sive and affects a wider sequence diversity than in animals (Vanyushin and Ashapkin
2011). Here, cytosine methylations are found throughout the genome in symmetric
CG- and CHG-sites (H = A, C, T) and asymmetric CHH-sites. Methylations in the three
sequence contexts differ in their predominant genomic location (genes vs. transposable
elements) and are regulated and maintained by different DNA methyltransferases, some
of which have no analogs in animals (Cokus ef @/ 2008; Vanyushin and Ashapkin 2011). It
is tempting to speculate that the more complex patterns of DNA methylation in plants
may be related to their sessile nature and thus to their need for more plastic responses and
a higher phenotypic adaptability.

Epigenetic silencing or activation of protein coding genes can be inherited through
meiosis over several generations (reviewed in Jablonka and Raz 2009) and gives rise to so
called epialleles (Schmitz e# a/. 2011). Spectacular is the case of a naturally occurring flower
mutant of Lznaria vulgaris that was described already 250 years ago by Catl Linnaeus and
still persists today, only occasionally reverting to the wild type. Recently it was shown that
the change in flower symmetry from bilateral to radial in this mutant is the result of ex-
tensive methylation leading to the transcriptionally silencing of a flower morphology con-
trol gene (Cubas ez a/. 1999). Hence epigenetic mutations may be transmitted for hundreds
of generation (Cubas ef al. 1999).

Besides that, various studies have shown that the amount and pattern of DNA meth-
ylation in plants is sensitive to biotic and abiotic stressors such as pathogens (Wadra e a/.
2004), herbivores (Herrera and Bazaga 2013), drought (Labra ez a/ 2002), extreme tem-
peratures (Boyko ez a/. 2010) or nutrient availability (Boyko ez a/. 2010; Kou ez al. 2011).
Moreover, some studies even have proved that environmental sensitive methylation
changes, too, are stably transmitted over generations (Verhoeven ef al. 2010; Kou ef al.
2011) and can be directly correlated with adaptive plant responses (Boyko ez a/. 2010; Cor-
reia et al. 2013). In contrast to the classical Darwinian view, this implies that epigenetic
variation may allow for the direct transgenerational transmission of acquired traits that
can increase the fitness of future generations. Epigenetic variation thus may serve as an
alternative to comparative slow genetic changes through mutation, drift or selection and
may fill the gap between random genetic and environmental variation by allowing for the
rapid conversion of environmental heterogeneity into phenotypic differences (Richards
2000; Flores ez al. 2013).

The emerging field of epigenetic ecology that studies epigenetic processes in an eco-
logical and evolutionary context (Bossdorf ef a/ 2008) achieved considerable progress in
the last few years and greatly extended our knowledge on many aspects of population bi-
ology. It could be shown that epigenetic variation is indeed involved in diverse ecological
important processes such as inbreeding-depression (Vergeer ez al. 2012), invasion (Rich-
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ards ez al. 2012) or plant-animal interaction (Herrera and Bazaga 2013) and that methyla-
tion variation can predict regional and intraspecific functional diversity (Latzel ez a/ 2013;
Medrano et al. 2014). Overall, epigenetic diversity may have similar functional conse-
quences as other levels of natural biodiversity and hence needs to be incorporated into
basic ecological research (Latzel ez al. 2013).

Soil seed banks

A further mechanism in plants to cope with variation of environmental conditions and to
reduce the risk of failure is the dispersal of seeds in space and time. While the spread of
seeds across multiple localities may be achieved by dispersal through wind, water or ani-
mals, the spread of offspring through time requires seed dormancy or the absence of ap-
propriate germination cues (e.g. light or water). Seed dormancy is a block to the
completion of germination of an intact viable seed under favorable conditions (Finch-
Savage and Leubner-Metzger 2006) and across species a variety of dormancy mechanisms
have evolved that may be determined by both, morphological and physiological seed
properties (Baskin and Baskin 2001).

Non-germinating seeds over time may accumulate in the ground and build up a reset-
voir of viable seeds. Such soil seed banks are common in plants across a wide range of life
history types, habitats and climate zones (Leck ef a/. 1989; Baskin and Baskin 2001) and
are classified according to their seed longevity. Transient seed banks contain seeds that
persist in the soil for less than one year, seeds in short-term persistent seed banks persist
for at least one year but less than five years, and seeds of long-term persistent seed banks
survive for at least five years and in some species may be stored viable in the ground for
many decades or even hundreds of years (Leck ez a/. 1989; Thompson 2000). Generally,
soil seed banks can play an integral role in diverse ecological contexts both at the com-
munity level, affecting the composition and dynamics of species, and at the population
level, counteracting the consequences of environmental or demographic stochasticities.
Particularly for rare and isolated species or for species from highly dynamic or disturbed
habitats, persistent seed banks might guarantee long-term survival and population stabil-
ity, by enabling the replacement of aboveground individuals after bottlenecks or extinc-
tion events (Holzel and Otte 2004; Honnay ez a/. 2008).

Additionally, theoretical models predict that seed banks have an important impact on
population genetic processes as they can consist of progeny produced in the course of
several generations and probably under varying selection regimes (Templeton and Levin
1979; Tonsor 1993). Consequently, with increasing longevity of seeds, the genetic diversi-
ty within the seed bank might exceed that of aboveground populations (Templeton and
Levin 1979). This may enable gene flow from past generations and hence could preserve
genes within populations that are selected against at the aboveground level (Tonsor ef al.
1993). Accordingly, seed banks might dampen deleterious effects of fragmentation or de-
creasing population size and may buffer against genetic drift and population differentia-
tion in the course of environmental change (McCue and Holtsford 1998). Moreover, they
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could have the potential to slow down microevolutionary processes by compensating ef-
fects of directional selection.

While empirical research clearly could show that persistent soil seed banks can in-
crease effective population size, both in annuals (Lundemo e# 2/ 2009; Hanin ef al. 2013)
and perennials (Falahati-Anbaran ez a/. 2011), so far it was impossible to conclusively con-
firm their potential to accumulate genetic diversity (Honnay ez a/ 2008; Mandak ef al.
2012). Even though some studies detected higher seed bank than aboveground genetic
diversity (McCue and Holtsford 1998; Morris e al. 2002), a meta-analysis of seed bank
genetic studies could not generalize these findings (Honney ez 4/ 2008). Honney et .
(2008) concluded from their results that persistent seed banks may protect species against
genetic drift and can buffer the differentiation of population but that there are no sub-
stantial differences in genetic diversity between seed bank and aboveground individuals.
However, their finding may be related to the fact that most of the analyzed studies relied
on comparatively small data sets from only one or few populations with no information
about history and age. Therefore, the authors recommended not to continue surveying
the genetic diversity of the two groups, unless this is performed under different selection
regimes, in order to compare the outcome of the selection process (Honnay ez a/. 2008).

Study species

The perennial hemicryptophyte 170/a elatior Fries belongs to the genus [7o/a, subsection
Rostratae within the Violaceae (Eckstein ef @/ 2006a). The genus consists of 525—600 spe-
cies that are found mostly in temperate habitats of the Northern Hemisphere but are also
present in higher elevations of mountain systems near the equator and in the Southern
Hemisphere (Ballard ez al. 1999). The subsection Rostratae comprises about 35 species
from Europe, Asia and North America that are characterized by leafy stems and hooked,
rostrate styli. The subsection consists of tetraploid, octoploid, and (sub-)dodecaploid spe-
cies (Eckstein e al. 2006a). 1jola elatior has an octoploid genome (2n = 40).

The distribution of 1. e/atior roughly covers the submeridional and temperate zone of
western Furasia ranging from the Parisian basin in the west to southern Siberia as far as
to Lake Baikal in the east, in the southeast reaching the Chinese province of Xinjiang
(Meusel ez al. 1978). Whereas in its core area with summer-warm continental climates the
species is found in steppe and forest-steppe vegetation, in Central Europe towards the
western border of its distribution (Figure 1.1), 1. elatior is strictly confined to alluvial habi-
tats within large river corridors that are characterized by strong fluctuations of the
groundwater level and a high variability in soil water potential (Eckstein efal 20006a;
Danihelka ez a/. 2009). Here it becomes increasingly rare and occurs in a range of flood-
plain habitats along a successional gradient, extending from late mown or abandoned oli-
gotrophic to mesotrophic Molinion caeruleae meadows to nitrophilous tall forb
communities of the class Artemisietea vulgaris within or along hedges and alluvial hard-
wood forests (Eckstein and Otte 2005; Eckstein e a/. 2006a). As the ability of /. elatior to
compete for light is low (Moora ez a/. 2003), with increasing succession to closed forests,
population sizes gradually decline and the species finally disappears from the above-
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ground vegetation (Eckstein e# a/ 2006a). Overall, population sizes can vary between tens
and hundreds of individuals.

Like many other species within the genus, . elatior has a mixed mating system with
potentially cross-pollinated chasmogamous (CH) and obligatory self-pollinated cleistoga-
mous (CL) flowers. Whereas the open CH flowers with light-blue petals appear from early
May to late June, the closed CL flowers that generally do not develop petals start to
emerge after cessation of CH flowering (Eckstein and Otte, 2005) and may be produced
from June to October. Both flower types produce approximately equal numbers of seeds
ranging between 20 and 40 per capsule (own observations). Nonetheless, seed production
through CL flowers is dominating, resulting in very high selfing rates. In common garden
experiments only around 4% of total capsule production consisted of CH capsules (Eck-
stein and Otte, 2005). Overall, the cleistogamous breeding system may be interpreted as a
“fail-safe” or “bethedging” strategy that optimizes the reproductive output in fluctuating
environments either through potentially variable (CH) or relatively invariable (CL) off-
spring (Matilla and Salonen, 1995; Eckstein efal 2006a). Seed dispersal is primarily
achieved by a ballistic mechanism that ejects the seeds up to 3 m away from the capsules
when the valves dry out (Eckstein ¢z a/. 2006a). Furthermore the seeds of 1. elatior bear a
small elaiosom that may lead to secondary dispersal by ants.

Viola elatior shows a seasonal germination pattern with a germination peak in April
and May and a strong dormancy during the summer time. The species builds up persistent
soil seed banks that may lead to high seed accumulation in the ground. Hélzel and Otte
(2004) found maximum seed densities of up to 2660 germinable seeds/m? under a dense-
ly populated floodplain meadow, with more than 80% of all seeds concentrated in the
upper 5 cm of the soil layer. Especially under strongly fluctuating conditions of floodplain
habitats, the seed bank seems to be an important part of the species’ life strategy, which is
illustrated by various reports about sudden emergence of plants in the course of disturb-
ance events after long-term absence from the aboveground vegetation (Eckstein ef al.
20006a, and reference therein).

The study species is red-listed in Germany (category 2: highly endangered) and across
Central Europe can be considered as endangered (IUCN category: EN). An increased
knowledge on population genetic and epigenetic responses to habitat change may help to
improve the conservation of this rare species.

Objectives and study questions

The main objective of this thesis was to study ecological and molecular mechanisms that
are related to the adjustment, adaptation and persistence of plant populations in dynamic
environments. Surveying populations of 1. elatior along a successional gradient, the pro-
ject overall intended to gain a deeper understanding of genetic and epigenetic processes in
the course of changing selection regimes.
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Specifically the project focused on the following objectives:

1. To develop and evaluate a data analysis approach for methylation-sensitive ampli-
fication polymorphisms (MSAP) that allows for more detailed conclusions in the
context of epigenetic population studies.

2. To survey and compare the impact of genetic and epigenetic variation in regard to
habitat-related population differentiation.

3. To test for differences of DNA methylation variation in the CG- and CHG-

sequence context.

4. To investigate if persistent soil seed banks can maintain genetic diversity during
environmental change and under decreasing population size.

5. To study if contrasting habitat types have an impact on the small-scale spatial ge-
netic structure of seed bank and/or aboveground individuals?

Study area

For genetic and epigenetic population studies, plant samples were collected in the Upper
Rhine floodplain south-west of Frankfurt am Main, Germany. For seed bank genetic
analysis (Chapter 4) sampling was additionally conducted in the Thaya/Morava floodplain
around Bfeclav, Czech Republic.

The Upper Rhine Valley represents the western border of the distribution range of
7. elatior (Figure 1.1) and is one of the species’ strongholds in Central Europe (Holzel
2003). Here, sampling took place in the nature reserves ‘Kithkopf-Knoblochsaue’
(49°49°N, 8°26’E) and ‘Lampertheimer Altrhein’ (49°36°N, 8°26’E) that are separated by
approximately 25 km. The region is characterized by comparatively warm and dry climatic
conditions with a mean temperature of 10.3 °C and a mean annual precipitation of 580
mm (Muller-Westermeier 1990). Fine grained, calcareous alluvial soils (> 60% clay) on
top of sandy sediments are predominant (Boger 1991). Associated with the water level of
the Rhine River there exist strong seasonal and interannual fluctuations of the groundwa-
ter level, generally leading to very wet conditions during winter and spring, and notably
dry conditions during summer (Donath efa/ 2003). The area is densely populated and
strongly fragmented through settlements, roads and arable land. In consequence, the
study species today is only found in protected nature reserves that, due to continuous
management by mowing or grazing, provide rather high proportions of early- and mid-
successional habitats.

In contrast, large parts of the Thaya/Morava region in the Czech Republic are less in-
fluenced by settlements and intense land-use, and the landscape is characterized by a
higher percentage of near-natural alluvial forests and non-intensively managed patches of
floodplain meadows. Here, populations of . elatior are much wider scattered and mostly
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occur in late-successional habitats within forest stands or along forest fringes (Eckstein
et al. 2006b). Sampling took place in a larger area than in the Upper Rhine Valley with a
maximum distance of around 70 km between populations. However, most study sites
were situated within a radius of 15 km around the city of Bfeclav (48°45’N, 16°53’E).

Due to its location close to the Austrian border the area was behind the “Iron-
curtain” for many years and today is one of the most preserved and most extensive re-
gions of floodplain communities in Central Europe (Madéra ez a/. 2011). Notwithstanding,
the natural dynamics of the floodplain were significantly affected in the 1970s and 1980s
by river channel modification and the construction of several large water reservoirs that
resulted in a marked reduction of flooding events (Horsak ez a/. 2009). The region is char-
acterized by a dry and warm climate and is an extension of the Pannonian Basin, hosting
many thermophilous and highly endangered species (Horsak ez 2/ 2009). Annual precipita-
tion averages 490 mm and average daily temperature is 9.3 °C (Sebesta e# a/. 2012). The
area is situated in the transition zone between the typical river corridor distribution of

V. elatior (Figure 1.1) and a more continental distribution not connected with large rivers
(Danthelka ez al. 2009).

Figure 1.1 Distribution range of 17ola elatior in Europe adapted from Meusel ef al. (1978). Triangles indi-
cate the two surveyed study regions: the Upper Rhine floodplain south of Frankfurt am Main, Germany
(blue color) and the Thaya/Morava floodplain around Bfeclav, Czech Republic (brown color).
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Chapter outline

This thesis comprises three manuscripts that are presented in a chronological as well as
logical order. Two of them have been published in peer-reviewed international scientific
journals, whereas the third one has been submitted and is currently under review. This
section gives a short outline of the contents of the manuscripts and provides a brief over-
view of the applied methods. The main findings and conclusions are presented in the fol-
lowing section.

Chapter 2: Scoring and analysis of methylation sensitive amplification polymorphisms for epigenetic
population studies

Methylation sensitive amplification polymorphism (MSAP) analysis is a powerful tool to
study DNA methylation variation in non-model species without detailed DNA sequences
information. Moreover, as the method is comparatively low priced it allows to survey
large numbers of individuals and thus enables to study ecological epigenetics at the popu-
lation level. However, the scoring and interpretation of multistate MSAP information is
complex and in the last years many different data scoring approaches have been employed
in the literature. In this manuscript I reviewed the previously used MSAP scoring ap-
proaches and developed new alternatives. I then assessed effects of different scorings on
parameters of epigenetic diversity and differentiation by testing them on a dataset of three
populations of 1. elatior. Overall, the objective of this study was to develop and justify a
common and comparable framework for MSAP analysis that subsequently could be used
in the epigenetic population study presented in Chapter 3.

Chapter 3: Epigenetic variation reflects dynamic habitat conditions in a rare floodplain herb

To gain a deeper understanding of the interplay and impact of genetic and epigenetic vari-
ation in the course of environmental changes, I compared six populations of 1. elatior
with amplified fragment length polymorphism (AFLP) and methylation sensitive amplifi-
cation polymorphism (MSAP) markers. Three populations each were sampled in the Up-
per Rhine floodplains at the two extremes of a successional gradient, i.e. sunny floodplain
meadows and shady alluvial woodland fringes. To obtain estimates of the light availability
within populations, mean transmitted photosynthetic active radiation (PAR) per site was
assessed with hemispherical photography. For MSAP markers I applied a newly devel-
oped scoring approach to separate the information of unmethylated and methylated
fragments and to investigate the particular impact of methylations in two different se-
quence contexts. I then tested for differences in diversity and differentiation at the genetic
and epigenetic level. To evaluate the relationships between geography and habitat type
and genetic and epigenetic differentiation, I conducted pairwise and partial Mantel tests,
applied analyses of molecular variance (AMOVA) and depicted the data with principal
coordinate analysis (PCoA). Furthermore, correlation based genome scan analyses were
applied to identify genetic or epigenetic markers that are correlated with site specific PAR
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estimates. Finally, to obtain information on the degree of positive selection at the genetic

level, I used two complementary differentiation based genome scan approaches for the
AFLP data.

Chapter 4: Can persistent seed banks buffer genetic effects of declining population size and selection?

In this manuscript I explored the potential of persistent soil seed banks to buffer plant
populations against the detrimental genetic effects that might be associated with envi-
ronmental changes. I therefore compared genetic variation of aboveground and seed bank
derived individuals (hereafter called cohorts) in populations of 1. elatior along a succes-
sional gradient. Again, samples were collected at the two extremes of the species’ envi-
ronmental range in sunny floodplain meadows and shady alluvial woodland fringes. To
allow for general conclusions that are independent of geographic location and to improve
the statistical power, seven populations were sampled in the Upper Rhine region and
eight in the Thaya/Morava floodplains. Genetic variation was assessed with AFLP mark-
ers. Due to unequal sample size of cohorts, ranging from 12 to 23 individuals, diversity
estimates were calculated with a rarefaction approach. Genetic differentiation of popula-
tions was investigated with an AMOVA as well as with principal component analysis
(PCA). Moreover, the small-scale spatial genetic structure within habitat types and above-
ground and seed bank cohorts was examined using spatial autocorrelation methods.

Main results and conclusions

Evaluation of MSAP data scoring approaches

MSAP analysis is a modification of AFLP analysis, basically relying on the use of re-
striction enzymes that cut DNA in fragments of different length. Comparing the resulting
fragment patterns among individuals subsequently allows to estimate genome-wide diver-
sity and differentiation values.

MSAP uses the same rare cutter EwRI as AFLP analysis, but substitutes the frequent
cutter Msel in two parallel runs by the isoschizomers Hpall and Mspl. These two enzymes
both cleave 5-CCGG sequences, but differ in their sensitivity to the cytosine methylation
status. Whereas both cut when the restriction site is unmethylated, Hpall only cuts when
the outer cytosine is hemimethylated and Mspl only cuts when the inner cytosine is hemi-
ot fully-methylated. Comparing EcwRI/Hpall and EcwRI/Mspl fragment profiles thus al-
lows to detect four particular methylation conditions of the restriction site: (I) methylation
absence, (II) hemi- or full-methylation in the CG-context, (III) hemimethylation in the
CHG-context and (IV) any other possible methylation or fragment absence due to genetic
restriction site polymorphism (Salmon e a/. 2008). Condition IV represents an uninforma-
tive state and thus generally is excluded from the analysis.

In a final step, to enable the computation of descriptive indices, the multistate MSAP
data needs to be scored and transformed into binary data (i.e. score ‘1’ and score 0’). Sur-
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veying the available literature revealed that for epigenetic population studies at least 5 dif-
ferent scoring approaches have been applied that can be categorized into three major
groups: Methylation Scoring, Non-Methylation Scoring and Mixed Scoring. Briefly, in Methylation
Scoring condition II and III are both scored as ‘1°, in Non-Methylation Scoring only condition
I'is scored as ‘1’ and in Mixed Scoring, between one and three markers are created for each
epilocus of the multistate raw data matrix, scoring methylated and unmethylated frag-
ments (condition I, IT and III) separately. Furthermore, for each of the three main MSAP
scoring approaches, additional criteria can be used to score the different types of methyla-
tion variation (for details see Chapter 2, Table 2.1). Together with two newly developed
Mixed Scoring variants, overall eight different scoring schemes were applied to the data of
three 1. elatior populations.

MSAP analysis of this test data set revealed a total of 168 polymorphic loci in the
multistate epigenetic raw data matrix. After transformation according to the eight scoring
schemes, the number of final polymorphic markers widely differed, ranging from 78 to
286. Overall, estimated epigenetic diversity across populations showed the highest and
lowest values for Methylation and Non-Methylation Scoring, ranging for percentages of poly-
morphic loci from 8.0% to 12.7% and for Shannon’s diversity index (Hepi) from 0.22 to
0.36. This suggests that the large differences in epigenetic diversity that were found in
some of the original publications using Methylation (e.g. Herrera and Bazaga 2010, mean

epi = 0.45) and Non-Methylation Scoring (e.g. Lira-Medeiros e al. 2010, mean H'epi = 0.05)
might at least partly be attributed to the scoring procedures used.

As depicted by PCoA and AMOVA also population differentiation differed between
scoring approaches. Generally, clustering of individuals within populations was less con-
densed for Methylation Scorings than for other approaches and in all but one Methylation Scor-
ing approach a greater amount of molecular variation was accounted for by differences
among populations than by differences within populations. Overall, ¢st values were very
high ranging from 0.47 to 0.74. Although distinct differences could be found for certain
scoring variants, neither the type nor the number of epiloci seemed to strongly affect the
estimates of epigenetic population structure.

Related solely to the results of the case study, there seems to be not one best scoring
approach for multilocus analyses. Notwithstanding, for single-locus analyses like genome
scans or locus-by-locus AMOVA, both, information on methylated as well as unmethylat-
ed fragments seem to be important and probably could give different insides into popula-
tion epigenetic processes. Moreover, pure Methylation Scoring assembles condition II and
III fragments into one score, neglecting the fact that methylation in the CG- and
CHG-context is catalyzed by different enzymes (Furner and Matzke 2011) and hence un-
derlies different regulation. Thus, also the two methylation types might potentially ac-
count for different, probably counteracting epigenetic effects and a combined scoring
could blur the real, effective epigenetic pattern. In conclusion, Mixed Scoring approaches,
like the newly developed “Mixed Scoring 2” that generates the final epigenetic data matrix
by transforming the three discernible methylation states at each multistate epilocus into
separate binary subepiloci, overall seem to be favorable. Only in this way, the ambiguous

10
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functional role of differently methylated and unmethylated fragments can be assessed and
thus will allow for more detailed conclusions.

Indeed, the first preceding studies that have used “Mixed Scoring 2” for their MSAP
analysis clearly could show functional and ecological important differences for unmethyl-
ated as well as for CG- and CHG-methylated fragments, both in plants (e.g. Schulz ez a/.
2014; Medrano ez al. 2014) and animals (Wenzel and Piertney 2014). Moreover, also the
results of a recent study that compared MSAP markers and global cytosine methylation
supported the new scoring strategy (Alonso ez al. 2015) and hence further illustrate the
need for differentiated MSAP scoring.

Population epigenetics in changing environments

Epigenetic variation has been hypothesized to allow for rapid responses of plant popula-
tions to biotic or abiotic alterations (Boyko and Kovalchuk 2011) and thus to serve as an
alternative to adaptations at the genetic level. However, the few available studies that in-
vestigated epigenetic variation in natural populations generally found a correlation be-
tween epigenetic and genetic variation suggesting that both types of variation at least
partly depend on the same driving forces (Herrera and Bazaga 2010; Lira-Medeiros ez 4.
2010; Abratowska ez al. 2012; Wu et al. 2013). But still, some of these studies also revealed
a more close alighment of epigenetic differentiation to environmental differences than
genetic differentiation (Lira-Medeiros ef al. 2010; Abratowska ef a/. 2012) and thus indeed
pinpoint to an important role of epigenetics in habitat adjustment.

So far the relationship between environmental differences and epigenetic variation has
been only investigated in temporally rather stable habitats that persisted for long periods
of time (e.g. habitats with differences in salinity, heavy metal content or altitude) and thus
could have allowed for extensive adaptations at the genetic level. This complicates the
study of independent epigenetic mechanisms. Hence, epigenetic population studies sur-
veying dynamic and fast changing systems may allow for more detailed conclusions.
However, directly testing epigenetic adaptation in natural populations is generally chal-
lenging, as the adaptive value of epigenetic variation is not easy to prove in the presence
of genetic variation. Therefore, here an indirect approach was chosen, comparing the
population structure of /. elatior at the genetic and epigenetic level and applying genome
scan approaches to assess the putative contribution of genetic and epigenetic variation to
environmental adaptation.

Overall, AFLP and MSAP analyses revealed comparatively low levels of genetic
(H'sen = 0.19) and epigenetic (H'epi = 0.23) diversity and high genetic (¢st = 0.72) and ep-
igenetic (¢pst = 0.51) population differentiation in the surveyed populations. This compat-
atively low genetic diversity is consistent with earlier studies on 1. e/atior (Eckstein et al.
2006b) and with findings in other plants with predominant CL seed production (Durka
et al. 2012). Besides very high inbreeding rates, also factors like spatial isolation and past
population bottlenecks may have reinforced the observed pattern.

Even though epigenetic diversity generally tended to be higher than genetic diversity,
both estimates were significantly correlated. Other studies surveying nonclonal species

11
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likewise observed equal or higher epigenetic than genetic diversity (Herrera and Bazaga
2010; Lira-Medeiros ef al. 2010; Abratowska et al. 2012; Wu ez al. 2013), suggesting that
this is a common pattern in genetically diverse plant species.

The two surveyed habitat types, floodplain meadows and alluvial woodland, had no
profound effect on genetic or epigenetic diversity and only very small population size in
one case markedly reduced diversity. However, although there was a positive correlation
between epigenetic and genetic distances, epigenetic population differentiation was mark-
edly reduced as compared to genetic differentiation. In addition, hierarchical AMOVA
and partial Mantel tests revealed that epigenetic differentiation was overall more closely
related to habitat conditions. This indicates that environmentally induced changes in
methylation patterns lead to a convergence of populations experiencing similar habitat
conditions and thus may counteract effects of historical demographic processes.

The use of the newly developed “Mixed Scoring 2” approach for MSAP analysis al-
lowed to test for the particular impact of methylation in the CG- and CHG-sequence
context. Strikingly, as depicted by PCoA, CG-methylation information separated the habi-
tat types, whereas information of CHG-hemimethylation revealed hardly any population
structure. This implies that methylation in the CG-context plays a more important role
for habitat adjustment than changes of hemimethylation in the CHG-context.

Correlating genetic and epigenetic markers with site specific light availability using a
Spatial Analysis Method (Joost e al. 2007) resulted in comparable percentages of light re-
lated outlier markers for genetic (17.0%) and epigenetic (14.2%) data. This principally
suggests that both levels of molecular variation may have an important role for habitat
adaptation. Notwithstanding, as revealed by differentiation based genome scan approach-
es for the genetic data, only very few light-related AFLP outliers (2 of 19) actually seemed
to be under positive selection. Moreover, the percentage of genetic outliers was strongly
reduced with differentiation based genome scans, ranging between 0 and 4.5% and thus
generally questioning a large impact of genetic selection in /. elatior. On the contrary, de-
picting and comparing light-related AFLP and MSAP outliers with PCoA strongly sup-
ported the hypothesis that methylation variation plays the major role in response to
habitat conditions. Whereas for neutral markers, genetic and epigenetic population struc-
ture were almost identical, for outlier markers only epigenetic variation led to a close clus-
tering of individuals from the same habitat type.

Interestingly, for light-related MSAP markers most unmethylated outliers were related
to low light and most CG-methylated outliers to high light, indicating a directional epige-
netic relay mechanism that activates stress-related genes by demethylation under low light
conditions and downregulates them by methylation under high light conditions. Indeed, it
is well known that biotic and abiotic stressors can induce selective demethylation process-
es and transcriptional activation of stress-related genes (Wada ¢z a/. 2004; Choi and Sano
2007) and that global hypomethylation may be a response to environmental stressors or
different habitat conditions (Lira-Medeiros ¢z al. 2010; Wu ez al. 2013). Moreover, also sig-
nals of foliage shade have been correlated with genome hypomethylation and were shown
to be a crucial factor for stem elongation, probably triggering shade-avoidance responses
(Tatra et al. 2000).
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Aboveground and seed bank genetics in changing environments

Genetic analyses of aboveground (AG) and seed bank (SB) cohorts of 1. elatior, generally
corroborated the results of the smaller data set in the former study and revealed very low
levels of within-population genetic diversity, both in Germany and the Czech Republic.
Mean values over populations and cohorts ranged for band richness from 1.17 (AG) to
1.15 (SB), and for percentage of polymorphic loci from 20% (AG) to 18% (SB).

Comparing genetic diversity between regions or between habitat types revealed no
significant differences. Specifically, the absence of any differences in diversity between the
two contrasting habitat types was surprising, as it is assumed that decreasing population
sizes along successional gradients may lead to a loss of genetic variation through effects of
increased random genetic drift, higher inbreeding rates and the accumulation of deleteri-
ous mutation (e.g. van Treuren ez al 1991; Young ez al. 1996). Moreover, the changing
conditions could result in an increased probability of local extinction of certain genotypes
due to selection and thus may further aggravate the loss of genetic variation (Raffl e a/.
20006). However, while there were no differences in AG or SB genetic diversity, the direct
relationship between AG and SB cohorts clearly differed between the two habitat types.
Whereas populations from floodplain meadows overall exhibited significantly higher AG
than SB diversity, no differences could be detected in populations from alluvial woodland.
This strongly implies that the relative SB genetic diversity (i.e. compared to AG cohorts)
increases with ongoing succession and despite decreasing population size. Moreover, in
three of eight woodland populations the SG genetic diversity even exceeded AG diversity.

But what is driving this change and how can the relative seed bank genetic diversity
increase towards late successional stages whereas population size gradually declines? The
most likely explanation seems to be related to the mixed mating system of /. elatior. Ac-
cordingly, the contribution of outcrossed CH seeds to reproduction might increase from
early to late successional stages. Hence, under favorable early successional conditions with
high plant densities, populations would maintain their approved genotypes mainly
through selfed CL seeds, resulting in a depletion of SB genetic diversity. Contrary, under
more unfavorable conditions an increase in outcrossing would increase relative SB genetic
diversity and in turn might compensate the detrimental effects of small population size
and keep AG genetic diversity at a constant level.

Several non-mutually exclusive and linked processes could account for an increased
outcrossing in woodland habitats. First, late successional conditions might favor higher
CH/CL capsule ratios. Indeed, in other cleistogamous species increasing CH/CL ratios
were correlated with decreasing plant density (Cheplick 2007), decreasing light availability
(Mattila and Salonen 1995; Cheplick 2007) and increasing soil water availability (Brown
1952). Second, as CH capsules mature in the hottest period of the year (i.e. June—]July)
lower water availability in meadow habitats may result in lower CH seed quality or higher
CH seed abortion rates. Third, also anthropogenic effects could have decreased CH seed
contribution in floodplain meadows, as most of them are regularly managed by a one-time
mowing in the time of CH capsule ripening in early June.
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An alternative and/or complementary explanation to a changed CH/CL ratio might be
that seed longevity generally is higher in woodland habitats. As soil parameters like mois-
ture and temperature are more constant and balanced than in grassland, woodland seed
banks might be assembled from more seed generations and in consequence would exhibit
a higher relative genetic diversity.

In agreement with the very low within-population genetic diversity, genetic differenti-
ation in 1. elatior was very high, with 80.1% (AG) and 83.5% (SB) of genetic variation
residing among populations. Overall, differentiation was virtually identical among SB and
AG samples at all levels of comparison (i.e. among regions and among habitats). This is in
contrast to some previous seed bank genetic studies that found lower differentiation
among SB than among AG cohorts (McCue and Holtsford 1998; Zhaghloul ez a/. 2013). 1t
was hypothesized that by chance or selection, AG cohorts can become more differentiat-
ed than their potentially multigenerational and hence overall more homogeneous seed
pools (McCue and Holtsford 1998). Even though this generally seems to be not the case
in 7. elatior, some populations indeed showed significant differentiation between SB and
AG cohorts. Interestingly, cohort differentiation was more frequent in woodland than in
meadow habitats (4/8 vs. 2/7, respectively), further corroborating changes in the intet-
play of seed bank and aboveground individuals along the gradient.

To test for differences in outcrossing rates between the two habitats, besides the
overall population structure additionally the small-scale spatial genetic structure (SGS)
within each population was analyzed. SGS arises due to spatially restricted gene dispersal
and is mainly related to the amount of gene flow by seeds and pollen (Zeng e al. 2011).
Thus, as dispersal distance of seeds should be rather comparable between habitats, any
difference in SGS can be expected to reflect differences in pollen dispersal and hence in
outcrossing rates. Strikingly, SGS analysis corroborated the postulated increase of out-
crossing towards woodland habitats and revealed significant differences along the succes-
sional gradient. Whereas meadow populations showed comparative high SGS that even
exceeded values reported for other predominantly selfing species, SGS in woodland
populations was markedly lower and tended to reflect more those for mixed mating spe-
cies (Vekemans and Hardy 2004).

Even though SGS was generally lower in SB than AG cohorts, overall there were no
significant differences between both groups. Similarly, most of the few other available
studies on that topic also detected significant SGS in both cohorts (Shimono ez a/. 20006;
Ottewell ez al. 2011). This suggests that any past SGS within the seed bank appears to
break down relatively fast and is not stored over longer periods of time. Otherwise much
stronger SGS should have been present in SB cohorts of woodland populations. Thus,
the absence of significant differences between cohorts indicates that in 1. elatior the lon-
gevity of soil seeds and adult plants largely overlaps and that most seeds do not persist for
more than few adult generations (Tonsor e a/. 1993). Notwithstanding, in the case of the
study species this time span seems to be sufficient to have a sustainable impact on above-
ground population genetics.
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Conclusions & Outlook

Overall, the results of this study could show that both, epigenetic variation and the pres-
ence of persistent soil seed banks may play a decisive role in the adjustment and adapta-
tion of plants to environmental heterogeneity.

Under fast changing conditions the environmental shaping of the epigenome seems
to be a stronger force than selection changing the genome. This suggests that epigenetic
diversity might be more important for short-term responses to environmental fluctuation
than genetic diversity. Provided that genetically independent adaptive epigenetic variation
is heritable, ‘soft inheritance’ thus indeed could represent an alternative system to classical
‘hard inheritance’. Especially for rare and inbreeding species like 7. e/atior that suffer from
spatial isolation and small population sizes, methylation variation could facilitate long-
term population survival even in the absence of extensive genetic diversity.

Likewise, also persistent seed banks seem to counteract the detrimental effects that
can be related to environmental change. The observed increase in relative seed bank di-
versity from meadow to forest habitats implies that an increased genetic buffer capacity of
the seed bank dampens the decrease of genetic diversity towards late successional habi-
tats. Ultimately, this will also improve population recovery after extinction events that are
much more likely in the course of increasing canopy closure than under favorable early
successional conditions.

Taken together, both mechanisms might play a complemental role in enhancing the
chances for population persistence under fluctuating conditions. Whereas epigenetic vari-
ation allows populations to respond on rather short time scales, persistent seed banks may
keep population genetic diversity on a constant level, and thus, over the long term also
enable for more slow responses at the genetic level. As epigenetic variation in turn at least
partly is relying on the underlying genetic variation, both levels of diversity seem to inter-
act in a complex manner, illustrating once more the convoluted interdependencies in bio-
logical systems.

As it is often the case, the findings of this study could answer some questions but in
turn raised many new ones. Do the identified differences in CG- and CHG-methylation
variation represent a general epigenetic pattern under contrasting environmental condi-
tions? Do genetically more diverse species, too, show a stronger epigenetic than genetic
correlation to habitat differentiation? Is an increased relative seed bank diversity towards
late successional habitats a specific situation in cleistogamous plants?

Hence, further studies are needed that use mixed scoring approaches for MSAP anal-
ysis and survey also species that exhibiting other mating systems and a higher overall ge-
netic diversity. Moreover, also combining both study fields would be very interesting,
investigating if persistent seed banks could accumulate epigenetic variation, too. In addi-
tion, raising seed bank individuals from different habitats under a common greenhouse
environment would allow to test if specific habitat related epigenetic changes are indeed
transmitted over generations or contrary only represent a transient states that solely adjust
to the prevailing conditions.
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SCORING AND ANALYSIS OF METHYLATION
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Abstract

DNA methylation is an important, heritable epigenetic modification in most eukaryotic
organisms that is connected with numerous biological processes. To study the impact of
natural epigenetic variation in an ecological or evolutionary context, epigenetic studies are
increasingly using methylation sensitive amplification polymorphism (MSAP) for surveys
at the population or species level. However, no consensus exists on how to interpret and
score the multistate information obtained from the MSAP banding patterns. Here we re-
view the previously used scoring approaches for population epigenetic studies and devel-
op new alternatives. To assess effects of the different approaches on parameters of
epigenetic diversity and differentiation we applied eight scoring schemes to a case study of
three populations of the plant species [7ola elatior. For a total number of 168 detected
polymorphic MSAP fragments, the number of ultimately scored polymorphic epiloci
ranged between 78 and 286 depending on the particular scoring scheme. Both, estimates
of epigenetic diversity and differentiation varied strongly between scoring approaches.
However, linear regression and PCoA revealed qualitatively similar patterns, suggesting
that the scoring approaches are largely consistent. For single-locus analyses of MSAP da-
ta, e.g. the search for loci under selection, we advocate a new scoring approach that sepa-
rately takes into account different methylation types and thus seems appropriate for
drawing more detailed conclusions in ecological or evolutionary contexts. An R script
(MSAP_score.r) for scoring and basic data analysis is provided.
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Introduction

DNA methylation is one of the most extensively studied epigenetic modifications in eu-
karyotic organisms and has been connected with numerous biological processes, extend-
ing from the level of single cells to the influence on ecological traits and microevolution
(Bossdorf et al. 2008; Fujimoto et al. 2012). Together with changes of DNA-associated
molecules, such as modifications of DNA- and histone-proteins or changes of chromatin
structure and small noncoding RNAs (Chatterjee and Vinson 2012), DNA methylation is
part of a complex interacting epigenetic network that, without changing the underlying
genetic code, modulates and controls gene expression.

In higher eukaryotes, DNA methylation almost exclusively occurs at the 5th carbon
position of cytosine residues (Ratel eral 2006) and is primarily found in the
CG-dinucleotide context. While in mammals non-CG-methylations are abundant only in
embryonic stem cells, and rarely occur in somatic cells (Ramsahoye e a/. 2010; Lister ef al.
2009), plants harbor cytosine methylations at CHG- and CHH-sites (H = A, C, T)
throughout their genomes. Methylated CG-sites often occur in promoter regions and are
generally linked to transcriptional repression, however, in both animals and plants
CG-methylation to some extent can also be associated with gene activation (Grativol ez /.
2011; Chatterjee and Vinson 2012; Saze et al. 2012). Silencing or activation of protein-
coding genes can be inherited through meiosis over several generations (reviewed in Ja-
blonka and Raz 2009) and is giving rise to so called epialleles (Schmitz ef a/. 2011).

Our knowledge about the functional role of DNA methylation and its impact on
regulatory processes has dramatically increased through the development of new molecu-
lar and analysis tools (Grant-Downton and Dickinson 2005, 2006; Bock 2012). For model
species, genome-wide profiles of DNA methylation are available at high resolution using
microarray technologies and next generation sequencing of bisulfite converted DNA (Fu-
jimoto ez al. 2012; Bock 2012). However, due to high costs and resource intensities these
methods usually are not suited for non-model species or for studies at the population lev-
el. An alternative technique allowing extensive analyses of epigenetic variation for a high
number of individuals is methylation sensitive amplification polymorphism (MSAP),
based on the use of the isoschizomers Hpall and Mspl. These two restriction enzymes
differ in their sensitivity to the methylation state of their recognition site 5-CCGG and
allow the comparison of large amounts of anonymous, methylation sensitive CCGG re-
gions across the genome (see Box 2.1), thereby covering the most frequent methylation
types in the CG- and CHG-sequence context. The MSAP approach was first described by
Reyna-Lopez ez al. (1997) in a study on fungi and later modified for the use in plant spe-
cies by Xiong ef al. (1999). Ever since, the approach was adopted in more than 100 publi-
cations, focusing mainly on developmental biology (e.g. Portis et al 2004; Hanai ef al.
2010; Moran and Perez-Figuera 2011; Meng e al. 2012), hybridization and polyploidiza-
tion (e.g. Salmon et al. 2005; Zhao ez al. 2008; Hegarty et al. 2011; Rodriguez ef al. 2012)
and plant breeding (e.g. Takata ef a/. 2005; Zhang ez al. 2007; Salmon ef al. 2009; Long ef al.
2012).
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In the past 5 years MSAP analyses also became an important tool to answer questions in
the emerging field of “ecological epigenetics”, studying epigenetic processes in an ecolog-
ical context (Bossdorf ez al 2008). To gain a deeper knowledge about natural genomic
methylation and the impact of epialleles for processes like phenotypic plasticity and eco-
logical adaption several studies have used the MSAP technique for population epigenetic
studies with plants (e.g. Li ez a/ 2008; Gao et al. 2010; Herrera and Bazaga 2010, 2011;
Richards ez al. 2012), vertebrates (e.g. Taylor ezal 2010; Massicote and Angers 2011;
Schrey e al. 2012) and a flower-inhabiting yeast (Herrera ez a/ 2011).

Despite the rising importance of MSAP analyses for ecological studies and the in-
creasing number of publications using the approach for population epigenetic analyses
(for an overview see Appendix 2.1), the appropriate scoring of the resulting multistate
data is still a challenge. In recent studies at least five different scoring methods have been
employed to assess epigenetic variation and some authors have also used MSAP data to

gain information about genetic variation (Herrera and Bazaga 2010; Lira-Medeiros ef .
2010).

Box 2.1 Methylation sensitive amplification polymorphisms — MSAP

The MSAP approach is technically a modification of the amplified fragment length polymorphism
(Vos et al. 1995) using the same rare cutter EwRI and substituting the frequent cutter Msel in two
parallel runs by the more or less methylation sensitive restriction enzymes Hpall and Mspl. The two
isoschizomers recognize and cleave the same tetranucleotide sequence 5-CCGG but differ in their
sensitivity to the methylation state of cytosine. Recent literature is somewhat inconsistent concerning
the methylation sensitivity of the two enzymes (e.g. Salmon ez al 2008; Lira-Medeiros ez al. 2010;
Paun ez al. 2010, Herrera & Bazaga 2010; Richards e7 a/. 2012). According to the actual specifications
of the restriction enzyme database REBASE (http://rebase.neb.com, accessed 20.02.2013), Hpall
only recognizes sites that are hemimethylated at the external cytosine ("McCCG), while Mspl only
recognizes sites being hemi- or fully-methylated at the internal cytosine (*M<CG or M<CG). Sites that
are fully-methylated at the external cytosine M<CCG) or hemi- or fully-methylated at both, internal
and external cytosines (MMcCHMeCG or McCMeCG) are not cut by either enzyme. However, CCGG-
sequences being free of any methylation are digested by both. Some authors also reported an im-
paired cleavage of McCCG-sites by Hpall (Korch & Hagblom 1986; Butkus ¢# 2/ 1987) and HMeCCG-
sites by Mspl (Butkus e# /. 1987), but since this is contradictory with later studies (see McClelland
et al. 1994) it is not considered here.

The compatison of the resulting EcwRI/Hpall and EcRI/Mspl fragment profiles allows the detec-
tion of particular methylation states of the restriction sites (Figure 2.1). In total, 4 conditions can be
distinguished for a particular fragment: (i) condition I = fragments are present in both profiles indi-
cating an unmethylated state, (i) condition II = fragments are present only in EwRI/Mspl profiles
indicating HM<CG- or MeCG-sites, (iii) condition III = fragments are present only in FEcRI1/Hpall
profiles indicating HMcCCG-sites and (iv) condition IV = complete absence of fragments in both
profiles. The latter represents an uninformative state since absence of fragments can have multiple
and equivocal reasons such as MecCCG-, HMcCHMeCG- or MeCMeCG-sites or a real fragment absence
due to restriction site polymorphism.

23



CHAPTER 2

Thus, there is a strong need for a common and comparable framework for the analysis of
MSAP data and the necessity for a common and uniform scoring method. Therefore, the
main aim of the present paper is to describe and compare existing scoring approaches. In
particular, using data from a case study, we will show how different scoring methods af-
fect the resulting patterns and parameters of epigenetic variation within and among plant
populations. Finally, we will propose a scoring approach for future MSAP analyses in the
context of ecological epigenetics.

Figure 2.1 Sensitivity of

Methylation status Hpall Mspl Type of information . .
the isoschizomers Hpall
No methylation + + Condition | and Mspl to different
types of methylation of
Full-methylation -, ..
of internal cytosine B + Condition Il the 5-CCGG restriction
site ("+" = enzyme cuts;
Hemi-methylation - "non o_
of internal cytosine - + Condition Il - — enzyme does not
cut; brackets indicate
Hemi-methylation . :
of external cytosine + (=) Condition Il contradictory reports of
impaired cleavage).
Full-methylation " .
of external cytosine ¢) - Condition IV Methylated Cytosmes at

the  Hpall/Msgpl  re-
striction site are indicated
by orange color.

Full-methylation _ . .
of both cytosines Condition IV

Heml-methylgnon Condition IV
of both cytosines

Unknown - - Condition IV

(@[]
[a)fe)
[2)fo)
(2]

Scoring MSAP raw data — How to get two out of four?

For population epigenetic studies using MSAP, the multistate raw data matrix resulting
from the EcwR1/Hpall and EcwRI/Mspl profiles (Box 2.1) needs to be transformed into a
binary data matrix, allowing statistical analyses and computation of descriptive indices
such as epigenetic diversity or differentiation. To extract binary epigenetic information
from combined MSAP profiles, basically three main groups of scoring approaches exist
(Figure 2.2). The most widely used approach, hereafter called Methylation Scoring, con-
siders only methylated fragments (condition II and III) as relevant, and scores these as
presence of information (score: “17), whereas unmethylated fragments (condition I) are
scored as absence (score “0”) and fragment absence (condition IV) is scored either as ab-
sence (score “0”) or as missing data (score: “NA”). The second scoring approach, hereaf-
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ter called Non-Methylation Scoring, conversely scores only those fragments that stayed
unmethylated. The third approach, hereafter called Mixed Scoring, combines both and
considers all three types of MSAP fragments (conditions I-I1I) as potentially important.
In the Mixed Scoring, between one and three sub-loci are created for each locus of the
raw data matrix, scoring existing methylated and unmethylated fragments separately. The
multistate information of MSAP is thus split into separate epiloci (e.g. loci yielding three
different fragment types result in three sub-epiloci and loci with only one fragment type
result in only one epilocus). Furthermore, for the three main MSAP scoring approaches
additional criteria are used to score the four types of methylation variation, resulting in
eight different scoring methods (Table 2.1).

Actual fragment MSAP digestion Fragment Methylation N°"'_ Mixed
pattern condition Scoring Methylation Scoring
EcoRlI-Hpall EcoRI-Mspl Scoring

sample_1 —-— condition | 0 1 1 00

sample_2 — —— e | condition Il 1 0 010

GAATTC| |CICIGG
sample_3

—-— condition Il 1 0 00 1

sample_4 — — — condition IV 0/NA 0 0 00

CTTIAAG] |[GGAC
sample_5 — E— — condition IV 0/NA 0 0 0 O

Figure 2.2 Main groups of MSAP scoring approaches: Methylation Scoring, Non-Methylation Scoring
and Mixed Scoring. The chart depicts which fragments and methylation states at a certain locus are detect-
ed by MSAP analysis and are subsequently considered in the respective scoring approaches. EwRI and
Hpall/Mspl restriction sites are accentuated. Methylated cytosines at the Hpall/Mspl restriction site are
indicated by orange color. Restriction site mutation is indicated by green color. NA denotes missing data.

Methylation Scoring

Mainly three types of Methylation Scoring have been applied in recent population epige-
netic studies: (1) Salmon ef a/ (2008) scored the methylated conditions II and III as “1”
and the conditions I and IV as “07; (2) Vergeer et al. (2012) differentiated condition I
from IV by scoring unmethylated fragments as “0” and the absence of fragments as miss-
ing data, thus accounting for the uninformative state of condition IV; (3) Herrera and Ba-
zaga (2010) applied the same scoring criteria as Vergeer ¢f a/. (2012) but in addition used a
locus-specific threshold to classify individual loci as either “methylation-susceptible” or
“unmethylated” before transforming them into a binary data matrix. This methylation
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threshold is estimated for each primer combination separately as eHpa + €Msp - 2€HpaCMsp
(enpa = error rate of Hpall profile, ensp = error rate of Mspl profile, enpaemsp = error rate
of combined profiles). All loci with observed proportions of discordant Hpall/Mspl
scores suggestive of methylation (i.e. number of individuals with contrasting Hpall/Mspl
scores divided by total number of sampled individuals) exceeding the threshold, are classi-
fied as “methylation-susceptible”. In their study on epigenetic differentiation of a violet
species, Herrera and Bazaga (2010) used the remaining “unmethylated” loci to assess the
genetic diversity, treating them as dominant binary AFLP markers, scoring condition I as
“1” and condition IV as “0”. For the purpose of this study, we only used the “methyla-
tion-susceptible” loci obtained with a fixed threshold of 5% as done by Moran and Perez-
Figueroa (2011).

Non-Methylation Scoring

To our knowledge Non-Methylation Scoring has been applied solely in the study of Lira-
Medeiros ez al. (2010). Here (4), all loci that contain condition III fragments are excluded
from the data set as this type of fragments is determined not to be inherited over genera-
tions (Lira-Medeiros ez a/ 2010). Then the EcRI/Hpall and EcwR1/Mspll profiles are
analyzed separately to assess the epigenetic and genetic structure, respectively. In essence,
only the reduced EwRI/Hpall profiles are scored which in fact represent unmethylated
condition I fragments. To test the impact of the whole set of unmethylated fragments we
additionally applied a modification of Lira-Medeiros ¢z a/. (2010), hereafter called (5) Lira-
Medeiros + Hpall, in which condition III fragments are not excluded but scored as “0”.
In both (4) and (5), condition IV is scored “0”.

Mixed Scoring

Paun et al. (2010) separated the information provided in the MSAP raw data matrix into
three marker types (6). For unmethylated markers only condition I is scored as “1”, for
markers with HMeCG- or MeCG-sites, both condition I and II are scored as “1” and for
markers with HMeCCG-sites condition I and III are scored as “1”. Thus, the methylated
markers also include the information of the unmethylated condition I, respectively.

To separate the effective unmethylated and effective methylated fragments and to test
for the particular impact of the methylated condition II and III we suggest two new scot-
ing variants. In (7) “Mixed Scoring 1 for unmethylated markers only condition I is scored
as “1” and for methylated markers both condition II and III are scored as “1”. In (8)
“Mixed Scoring 2, additionally the methylated markers are separated into markers with
AMeCG- or MeCG-sites and markers with "McCCG-sites, scoring either condition II or III
as “17, respectively. In (6) to (8), condition IV is scored “0”.
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Table 2.1 Scoring schemes of the eight scoring approaches used in the case study (NA denotes the treat-
ment of condition IV as missing data)

Hpall/Mspl banding pattern 1/1 0/1 1/0 0/0
Type of information Condition I Condition 11 Condition III  Condition IV
Methylation Status Nonmethylated ;Té(éG and AMCCG Eff)ormation
METHYTL.ATION SCORING
1 Salmon e a/. 2008 0 1 1 0
: | 1 NA

3 Herrera and Bazaga 20102 0 1" 1" NA

NON-METHYILATION SCORING

4 Lira-Medeiros et al. 2010# 1 0 Loci excluded 0

5 Lira-Medeiros + Hpall 1 0 0 0

MIXED SCORING

6 Paun e a/. 2010

unmethylated 1 0 0 0

HMeCG and MCG 1 1 0 0

AMCCG 1 0 1 0
7 Mixed Scoring 1

unmethylated 1 0 0 0

methylated 0 1 1 0

8 Mixed Scoring 2

unmethylated 1 0 0 0
HMeCG and M<CG 0 1 0 0
HMCCG 0 0 1 0

“only loci exceeding a specific methylation threshold are scored.
#loci containing type 3 fragments are not included in the scoring.
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Case Study: Epigenetic diversity of a perennial violet

The eight scoring approaches are partly complementary but differ considerably with re-
spect to the amount of information extracted from MSAP profiles. To assess the impact
of the MSAP scoring on descriptive parameters of epigenetic variation, we performed a
case study with three populations of 7o/ elatior from contrasting habitats.

Plant Material

Viola elatior (Violaceae) is a rare perennial iteroparous hemicryptophyte, which occurs in
Central Europe along a successional gradient from floodplain meadows to alluvial wood-
land fringes (Eckstein and Otte 2005; Eckstein ez a/ 20006). The species has an octoploid
genome (2n = 40) and exhibits a mixed mating system with potentially cross-pollinated
chasmogamous and obligatory self-pollinated cleistogamous flowers. However, most
seeds are produced by cleistogamous flowers (Eckstein and Otte 2005).

For the purpose of this comparative analysis we used three populations of 1. elatior
from the Upper Rhine Valley located in the nature reserve “Lampertheimer Altrhein”
north of Mannheim, Germany. We selected three sites differing strongly in light availabil-
ity: sitel (80.5% mean transmitted photosynthetic active radiation (PAR); 49°36°8.19”N;
8°26°50.15”E), site2 (12.5% PAR; 49°35’50.56”N; 8°26’48.69”E) and site3 (16.5% PAR,
49°35’44.70”N; 8°25’55.13”E). Distances between populations ranged between 500 and
1300 m. At each site, young and undamaged leaves from 21 to 24 randomly chosen re-
productive plants were collected and immediately cooled to below 10 °C. Samples were
stored at -25 °C and freeze-dried for 48 h. To assure that any developmentally related vat-
iation in DNA methylation would not confound methylation patterns, care was taken to
collect plants from all sites on the same date and at the same phenological stage, i.e. only
flowering individuals were sampled.

MSAP epi-genotyping

MSAP analysis was performed according to the protocol provided in Appendix 2.2 using
eight selective primer combinations. The 67 samples were scored in one batch for pres-
ence “1” or absence “0” of fragments obtained with Ec«wRI/Hpall and EcRI1/Mspl result-
ing in a primary MSAP data matrix of 134 lines (Appendix 2.3). Error rate estimation was
based on 18 replicate samples (27%), starting from the same DNA extracts. The overall
error rate was 2.4%.

We generated epigenetic data matrices by comparison of the two digestion profiles.
First, a multistate epigenetic raw data matrix of 67 lines containing condition I, II, ITI and
IV was generated. Second, all epiloci that showed a monomorphic pattern or a deviation
between EcwRI/Hpall and EwRI/Mspl in only one individual were excluded from the
data set to prevent biased parameter estimates (Bonin ez /. 2004). Third, the epigenetic
raw data matrix was transformed to binary epigenetic data matrices according to the eight
scoring approaches (Table 2.1). Fourth, epiloci that turned out monomorphic after trans-
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formation were excluded. Data transformation and selection of polymorphic loci was per-
formed using the R script MSAP_calc (Appendix 2.4), which allows to perform the dif-
ferent scorings (see Pérez-Figueroa 2013 for an automated Methylation Scoring). These
data matrices are also included in Appendix 2.3.

Data analysis

Data analysis of the binary epigenetic data matrices was performed using a marker based
strategy, i.e. we did not calculate allele frequencies (Bonin ez 2/ 2007). Epigenetic diversity
within populations was quantified using the R script MSAP_calc as (i) number and (ii)
percentage of polymorphic epiloci (PLPepi) and (iif) as mean Shannon’s information index

H;pi = _Z p;log, p;

where pi is the frequency of the epigenetic marker score “1” within the population. Pat-
terns of individual and population differentiation were depicted by principal coordinates
analyses (PCoA) with GENALEX 6.41 (Peakall and Smouse 20006) using the option co-
variance-standardized. The PCoA was based on a matrix of Nei and Li distances (synon-
ymous to Soerensen and Dice distance) calculated with DistAFLP (Mougel ez a/. 2002).
This distance measure does not treat shared band absence as identical and thus excludes
the uninformative state of absent MSAP fragments. As the Nei and Li distance is a semi-
metric and non-Euclidean measure, we applied square root transformation to the distance
matrices to meet the assumptions of PCoA analyses (Legendre and Legendre 1998). The
partitioning of epigenetic variance within and among populations was estimated as epige-
netic phenotypic differentiation (¢st) with an analysis of molecular variance (AMOVA)
using Arlequin 3.5.1.2. (Excoffier and Lischer 2010). The distance matrix for the
AMOVA was based on the default option for haplotypic data computed with pairwise
differences and a gamma a value of 0. Additionally, using the same software we conduct-
ed a locus-by-locus AMOVA to characterize the epigenetic phenotypic differentiation at
each locus.

Results

MSAP analysis of the 67 individuals with eight primer combinations revealed a total of
168 polymorphic loci in the epigenetic raw data matrix. The number of polymorphic loci
for each primer combination ranged between 12 and 29. Overall, 7116 MSAP fragments
were detected across the 168 loci and 67 individuals, consisting of 51.4% condition I,
40.6% condition II and 8.0% condition III fragments. Whereas most polymorphic loci
showed more than one type of MSAP fragments, some loci displayed either only condi-
tion I fragments (14%), condition II fragments (9%) or condition III fragments (14%). In
total, 128 loci included unmethylated fragments, 105 included fragments with "McCG- or
MeCG-sites and 53 included fragments with PMcCCG-sites.
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Table 2.2 Measures of epigenetic diversity within three populations of 17ola elatior obtained with different
MSAP scoring approaches

Methylation Scoring Non-Methylation Scoring Mixed Scoring
Salmon  Vergeer Herrera Lira-Medeiros iir[z_il}l)\;llcldciros Paun évil(j:lig 1 évil(j:lig 5
Informative 145 105 78 100 128 245 273 286
epiloci
Bands per population
sitel 98 65 56 59 81 174 179 184
site2 88 61 50 63 83 175 171 172
site3 107 78 65 80 99 195 206 212
mean 97.7 68.0 57.0 67.3 87.7 181.3 185.3 189.3
Bands per population (%)
sitel 67.6 61.9 71.8 59 63.3 71.0 65.6 64.3
site2 60.7 58.1 64.1 63 64.8 714 62.6 60.1
site3 73.8 74.3 83.3 80 77.3 79.6 75.5 74.1
mean 674 64.8 73.1 67.3 68.5 74.0 67.9 66.2
Private bands per population (%0)
sitel 14.5 13.3 10.3 13.0 13.3 12.2 13.9 15.4
site2 5.5 6.7 2.6 4.0 4.7 33 5.1 5.2
site3 14.5 18.1 11.5 15.0 12.5 8.6 13.6 15.4
mean 11.5 12.7 8.1 10.7 10.2 8.0 10.9 12.0
PILPepi
sitel 57.2 45.7 51.3 38.0 43.0 514 50.5 50.0
site2 46.2 35.2 39.7 30.0 32.8 34.7 39.9 38.5
site3 69.7 62.9 70.5 57.0 57.8 58.8 64.1 63.3
mean 57.7 479 53.8 41.7 44.5 48.3 51.5 50.6
H‘epi
sitel 0.31 0.28 0.35 0.20 0.24 0.27 0.28 0.27
site2 0.23 0.21 0.25 0.15 0.16 0.17 0.20 0.19
site3 0.38 0.40 0.48 0.31 0.32 0.31 0.35 0.34
mean 0.31 0.30 0.36 0.22 0.24 0.25 0.28 0.27
overall 0.50 0.58 0.62 0.61 0.01 0.56 0.55 0.53

PLP. — percentage of polymorphic epiloci; H i — Shannon’s information index.
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After transformation to the 8 binary epigenetic data matrices the number of polymorphic
epiloci ranged from 78 for the Herrera-scoring to 286 for the “Mixed Scoring 27 (Table 2.2).
The Methylation and Non-Methylation Scoring approaches obtained similar numbers of
around 100 (78-145) polymorphic epiloci, whereas the Mixed Scoring approaches re-
vealed around 250 (245-286) loci. At population level the mean number of polymorphic
epiloci ranged between 57 for the Herrera-scoring to 189 for the “Mixed Scoring 2.

Comparing the scoring approaches revealed different mean levels of epigenetic varia-
tion across populations (Table 2.2), with percentage of bands ranging between 65% (Ier-
geer) and 74% (Paun), percentage of private bands ranging between 8.0% (Paun) and 12.7%
(Vergeer), percentage polymorphic loci ranging between 42% (Lira-Medeiros) and 58%
(Salmon) and Shannon diversity index ranging between 0.22 (Lzra-Medeiros) and 0.36 (Herre-
ra). Comparing diversity parameters between the three populations revealed that for all
scoring approaches the number and percentage of bands per population was highest for
“site3” (Table 2.2). In contrast, “site]” and “site2” differed in rank depending on scoring,
with “site]” showing the lowest numbers in the Non-Methylation Scoring approaches and
the Paun-scoring and “site2” showing the lowest numbers in the other scoring schemes.
The percentage of private bands per population was consistently lowest in site2, whereas
sitel and site3 had the highest values depending on the scoring approach. For PLPepi
(Figure 2.3) and Shannon’s information index Hepi, site2 and site3 consistently had the
lowest and highest levels of epigenetic variation, respectively, irrespective of the scoring
approach.

80 1 Figure 2.3 Linear regressions
2 — .
R*=0.7802 of percentage polymorphic
70 1 A A . epiloci (PLP.y) obtained with
A - R? = 0.5759 different MSAP scoring ap-
60 5 o proaches for three populations
5 of VViola elatior. Colors refer to
S’ 50 - different scoring approaches
° © (see Table 2.1).
Osite1 vs. site2
40 -
Osite1 vs. site3 o R®=0.8303
30 - Asite2 vs. site3
20 T T T 1
20 30 40 50 60

PLP,

epi
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Principal coordinates analyses (PCoA) of epigenetic distances in all cases clearly separated
the three populations, forming well-defined clusters (Figure 2.4). Variation explained by
the first three axes ranged between 77.0 and 78.1% for the Methylation-Scoring, between
86.5 and 86.9% for the Non-Methylation Scoring and between 82.9 and 84.6% for Mixed
Scoring approaches. Individuals were less clumped for the Methylation Scoring than for
other scorings.

METHYLATION-SCORING NON-METHYLATION-SCORING MIXED-SCORING
Salmon Lira-Medeiros 204 Paun
7 bt e
— —~ A —~
< © <
Q) o o
N e} N N
g g g °
o 9] o
. B 8 ® 8l . &
& & &
Coord.1(43.0%) Coord. 1 (53.9%) Coord. 1 (54.0%)
Vergeer & Lira-Medeiros Mixed Scoring 1
+ Hpall
s LY A,
Q a A 9 9 A
& A > >
J g g
o~ N ® N
gl o ° ° °
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Coord. 1 (47.7%) Coord. 1 (53.7%) Coord.1(49.9%)
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Figure 2.4 Principal Coordinates Analyses (PCoA) of square root transformed Nei and Li distances of
epigenetic binary data matrices obtained with different MSAP scoring approaches (see Table 2.1). Popula-
tions of iola elatior are indicated by symbols (0 = sitel, O = site2, A = site 3).
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Strong epigenetic population differentiation was corroborated by the AMOVA (Table
2.3). In all scoring approaches, except the Salnon-scoring, a greater amount of variation was
accounted for by differences among populations than by variation within populations.
However, ¢st values differed strongly between the scoring approaches, ranging from
0.474 for the Salmon-scoring to 0.737 for the Lira-Medeiros-scoring. Similarly, the percentage
of significantly differentiated epiloci, as identified by locus-by-locus AMOVA (Table 2.3),
ranged between 50.3% for the Salmon-scoring and 66% for the Lira-Medeiros-scoring. In gen-
eral, Mixed Scoring approaches revealed the highest number, but lowest percentage of
significantly differentiated epiloci compared to Methylation and Non-Methylation Scor-
ing. As expected, epigenetic differentiation was negatively correlated with epigenetic di-
versity (Figure 2.5) across scoring approaches. However, the Herrera- and Salmon-scoring
accounted differently for within and among population variation as they showed the larg-
est deviation from the regression line.

0.80 - Figure 2.5 Linear regression

of epigenetic diversity (H &pi)
o R2=0.5674 and  epigenetic  phenotypic
differentiation (¢sr) obtained
with different MSAP scoring
approaches for three popula-
tions of Viola elatior. Colors
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0.65 -+

0.60 -
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0.55 - proaches (see Table 2.1).
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Table 2.3 Analysis of Molecular Variance (AMOVA) of differently scored MSAP data for three popula-
tions of 17ola elatior

Non-Methylation

Methylation Scoring Mixed Scoring

Scoring

Sal v H Lira-Medei Lira-Medeiros P lgdixgd lgdixgd

almon ergeer errera Ara-iviedelros + HpﬂII aun 1cor1ng ZCOflng
AMOVA global
Variationamong 4, 4 575 587 73.7 70.9 657 604  60.2
populations (%o)
Variation within ) ¢ 4 413 26.3 29.1 343 396 398
populations (%o)
st 0474 0576 0587  0.737 0.708 0.657 0.604  0.602
AMOVA locus-by-locus
Differentiated 59 44 66 82 136 154 153
loci
Differentiated 53 05 57 66 64.1 555 564 537
loct (%o)
Discussion

Benefits and limitations of MS AP scoring approaches
Although Methylation-, Non-Methylation- and Mixed Scoring approaches have been used

to assess epigenetic variation previously, the choice of scoring method has rarely been
justified. The question arises which kind of epigenetic information is relevant in an eco-
logical or evolutionary context.

Most MSAP studies used a kind of Methylation Scoring, concentrating on the effect
of a subset of methylation types, namely "McCG, MecCG and HMeCCG. All other possible
methylation types which are not distinguishable from real fragment absence (condition
IV) are ignored. For animal species, cytosine methylation in the CHG-sequence context
are very rare (Feng ¢t al. 2010; Zemach et al. 2010) and thus condition IV seems negligible.
In contrast, plants frequently exhibit methylations in the CHG-sequence context, which
leads to an underestimation of genome wide methylation levels when using Methylation
Scoring. For the model species Arabidopsis thaliana, Oryza sativa and Populus trichocarpa, Feng
et al. (2010) observed overall methylation levels ranging between 23.3 and 59.4% in the
CG-context and between 5.92 and 20.9% in the CHG-context, showing the potential im-
pact of an underestimation of methylation levels for plant species due to the uninforma-
tive state of condition IV. Although, consequently treating condition IV as missing data
might be therefore more accurate when using Methylation Scoring (e.g. Herrera and Ba-
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zaga 2010; Vergeer ez al. 2012), missing values will compromise the subsequent data analy-
sis. A further drawback of Methylation Scoring is the assembly of condition II and III
into one score, neglecting the fact that methylation in the CG- and CHG-context are cata-
lyzed by different enzymes (Matzke and Furner 2010) and thus underlie different regulat-
ing processes. Moreover, CG- and CHG-methylation might potentially account for
different, probably counteracting epigenetic effects and thus a combined scoring might
blur the real, effective epigenetic pattern.

Although earlier papers dealing with methylation-sensitive restriction enzymes sug-
gested focusing on unmethylated fragments (Quint and Cedar 1981), most of the recent
MSAP studies ignored this idea. However, especially ecologically relevant processes like
adaption or phenotypic variation are potentially better represented by unmethylated frag-
ments, since in most cases demethylation rather than methylation seems to account for
gene expression (Zemach e al. 2010; Jones 2012; Raynal ez a/. 2012) and thus actively con-
tributes to phenotypic variation. Furthermore, when considering only unmethylated frag-
ments the uncertainty due to condition IV is avoided. However, a major disadvantage of
the Non-Methylation Scoring is that epigenetic variation of condition II and III is not
taken into account.

Mixed Scoring approaches represent a compromise between scoring either methylated
or unmethylated fragments. By incorporating both groups of fragments, some drawbacks
of the single scoring methods can be avoided and more of the underlying information is
utilized. Especially with regard to locus-specific analyses, like identifying putative epiloci
under selection or correlating epigenetic patterns with phenotypic variation, Mixed Scor-
ing seems to be favorable as it allows to test for both, the potential contribution of un-
methylated and methylated fragments. Since natural selection directly targets phenotypic
variation and either silencing or activation of genes can lead to phenotypic adaption to
particular environmental conditions, separately considering condition I, IT and III might
therefore give the most comprehensive picture. Paun ez a/ (2010) identified several epiloci
putatively under selection using mixed scoring and considering three marker types (i.e.
unmethylated markers, TMcCG- or MeCG markers and HMeCCG-markers). However, in the
Paun-scoring unmethylated fragments are incorporated into the two methylated marker
types which likely introduces some bias as unmethylated condition I fragments may be
rescored up to three times (e.g. when a locus contains all three types of MSAP fragments).
This disadvantage is circumvented in “Mixed Scoring 2 which considers each condition
only once and might therefore better represent the actual methylation patterns.

A general drawback of the MSAP method is the unavailability of comparative infor-
mation about genetic variation, and thus the necessity for separate genetic analyses. Some
authors (Herrera and Bazaga 2010; Lira-Medeiros ez a/. 2010) have applied certain MSAP
scoring variants to assess genetic variation. Whereas Herrera and Bazaga (2010) treated
those loci as genetic AFLP markers that did not exceed an estimated methylation thresh-
old, Lira-Medeiros ez al. (2010), after excluding all loci with condition III fragments, used
the Mspl profiles as genetic marker. Both scoring variants consequently treat condition IV
as mutated restriction sites, ignoring methylation as cause. However, Zhang ez a/. (2007)
showed that a large proportion of observed fragment absences actually represent methyla-
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tion polymorphisms rather than sequence variation, thus questioning the use of MSAP
profiles as genetic markers.

A modification of the original MSAP, called metAFLP (Bednarek ef a/ 2007) avoids
the disadvantage of condition IV by using the two isoschizomers A4w651 and Kpnl which
are sensitive and insensitive to cytosine methylations of the recognition sequence
5-GGTACC, respectively. Direct comparison of the digestion patterns allows for assess-
ment of both, genetic and epigenetic variation. As Kpzl cleaves when either the internal or
external cytosine is methylated and shows an impaired cleavage (50%) when both cyto-
sines are methylated (see REBASE specification), it is not possible to assess methylation
in the CG-, CHG- or CHH-contexts.

Case study

The different MSAP scoring approaches resulted in widely differing numbers of epiloci
and revealed strong differences of diversity estimates for three populations of 7. eatior.
Consistent differences were found between Methylation, Non-Methylation and Mixed
Scoring for PLPe, and mean Shannon’s information index H'epi. We found a 64% differ-
ence between highest and lowest overall values for Hpi, i.e. between the Herrera-scoring
(H'epi = 0.36) and the Lzra-Medeiros-scoring (H'epi = 0.22). Thus, the large difference found
in epigenetic variation in the original publications between 170la cazorlensis (H epi = 0.45;
Herrera and Bazaga 2010) and Laguncularia racemosa (H'epi = 0.05; Lira-Medeiros et al.
2010) might at least partly be attributed to the scoring procedures used. Estimates of epi-
genetic differentiation were very high, ranging between ¢st = 0.474 (Salmon-scoring) and
0.737 (Lira-Medeiros-scoring). However, although distinct differences could be found for
certain scoring variants, neither the type nor the number of epiloci seemed to strongly
affect the estimates of epigenetic population structure.

Conclusions

MSAP is a powerful tool to study epigenetic variation by investigating cytosine methyla-
tion for a large number of loci across the genome. Although the eight scoring approaches
revealed some distinct differences, the resulting patterns of epigenetic diversity within and
among populations appeared to be quite robust. Therefore, there seems to be not one
best scoring approach for multilocus analyses. However, for single locus analyses like ge-
nome scans or locus-by-locus AMOVA all types of methylation polymorphisms and re-
sulting fragments should be considered separately. Only then the ambiguous
functionalrole of differently methylated and unmethylated fragments that might have
both, activating or downregulating effects can be assessed. For studies focusing on single
locus analyses, we therefore advocate the use of “Mixed Scoring 2” as it allows evaluating
the different methylation types and their role in ecological or evolutionary processes.
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Appendix

Appendix 2.2 MSAP genotyping protocol

Total genomic DNA was extracted from dried leaf tissue using the DNeasy 96 Plant ex-
traction kit (QIAGEN). The MSAP-analysis was based on a standard AFLP protocol
(Vos et al. 1996), replacing the Msel enzyme in two separate runs with the methylation-
sensitive enzymes Hpall and Mspl using appropriate adaptors and primers (Supplemen-
tary Table S2.1). For restriction and ligation (RL) 5.2 pl genomic DNA (ca. 130 ng) were
combined with 5.8 pl RL reaction mix containing 0.55 ul BSA (1 mg/ml; New England
Biolabs, NEB), 1.1 ul 0.5 M NaCl, 5 u EwRI (NEB), 5 u Hpall or Mspl (Fermentas) in
parallel reactions, 67 u T4 DNA ligase (NEB), 1.1 pl T4 DNA ligase buffer (NEB), 1 pl
EcwRI adapter (5 pmol) and 1 pl Hpall/Mspl adapter (50 pmol). The reaction was incu-
bated overnight at 25 °C and diluted 1:2. For the preselective amplification (PCR1), 4 ul
RL product were combined with 16 pl PCR1 reaction mix containing 1.5 ng/pl EwRI-
and Hpall/Mspl preselective primers each, 200 uM dNTPs (Roth), 2 pl 10 x Dream Tag
buffer (QIAGEN), 0.8 u Dream Tag polymerase (QIAGEN) and 9.84 ul H2O. The
thermocycler protocol was 72.0 °C (2 min) followed by 20 cycles of 94.0 °C (20 s),
56.0 °C (30 s) and 72.0 °C (2 min) and a final extension at 60.0 °C (30 min), performed
on an Eppendorf Mastercycler gradient. The PCR1 product was diluted 1:5. For the selec-
tive amplification (PCR2), 1 ul PCR1 product was combined with 3.4 pl PCR2 reaction
mix containing 2.2 pl Multiplex PCR kit (QIAGEN) and 0.6 pl fluorescent labeled EcoRI
primer (1 pmol/pl) and 0.6 ul Hpall/Mspl (5 pmol/ul) selective primers each. The thet-
mocycler protocol was 94.0 °C (2 min) followed by 10 cycles of 94.0 °C (20 s), 66.0 °C
(30 s, decreasing 1 °C per cycle) and 72.0 °C (2 min) and 20 cycles of 94.0 °C (20 s),
56.0 °C (30 s) and 72.0 °C (2 min), and a final extension at 60.0 °C (30 min), performed
on an Eppendorf Mastercycler pro 384.

After an initial screening of 32 primer combinations, eight selective primer combina-
tions were chosen for the MSAP analyses (see beneath). Separation and visualization of
the MSAP fragments was done on a ABI 3130 capillary sequencer (Applied Biosystems,
Foster City, USA) with Genescan 500(-250) LIZ internal size standard (Applied Biosys-
tems). We used GeneMapper version 3.7 (Applied Biosystems) to analyze the MSAP pro-
files. Binning of MSAP fragments was done using a peak height threshold of 10 rfu. All
samples were binned manually in the same batch, including both Mspl and Hpall. Peak
height data were exported and for each fragment a specific peak height threshold was
manually determined based on the peak height distribution which allowed scoring pres-
ence (1) and absence (0) of fragments. Error rate estimation was based on 18 replicate
samples (27%) that were repeated, starting from the same DNA extracts. To prevent un-
derestimation of the error rate only polymorphic loci were considered. The overall error
rate was 2.4%.
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Supplementary Table S2.1 Adaptor- and primer sequences used for MSAP amplification

Primer

Sequence

Adaptors

EcoRI-adapter top
EcoRI-adapter bottom
Hpall/Mspl-adapter top
Hpall/Mspl -adapter bottom

Preselective primers

EwRI + A
Hpall/Mspl

Selective primers

EcRI + AAC-FAM!2
EcwRI + ACA-VIC34
EcRI + AAG-NED?>¢
EcwRI + AGG-PET"#
Hpall/Mspl + TCA'?
Hpall/Mspl + TCC?5
Hpall/Mspl + TCGO
Hpall/Mspl + TCCA%7
Hpall/Mspl + TCTAS

5-CTCGTAGACTGCGTACC-3
5-AATTGGTACGCAGTCTAC-3
5-GATCATGAGTCCTGCT-3
5-CGAGCAGGACTCATGA-3’

5-GACTGCGTACCAATTCA-3
5-ATCATGAGTCCTGCTCGG-3’

5-GACTGCGTACCAATTCAAC-3
5-GACTGCGTACCAATTCACA-3
5-GACTGCGTACCAATTCAAG-3
5-GACTGCGTACCAATTCAGG-3
5-ATCATGAGTCCTGCTCGGTCA-3
5-ATCATGAGTCCTGCTCGGTCC-3’
5-ATCATGAGTCCTGCTCGGTCG-3
5-ATCATGAGTCCTGCTCGGTCCA-3
5-ATCATGAGTCCTGCTCGGTCTA-3

Superscript numbers indicate primer combinations used for the selective amplification.

Additional supporting information may be found in the attached CD-ROM or in the

online version of the published article:

Appendix 2.1  Overview of publications using MSAP or metAFLP for population

epigenetic studies

Appendix 2.3 Primary MSAP data, multistate epigenetic raw data and resulting
binary data for eight scoring approaches

Appendix 2.4 R script (MSAP_score.r) for automated scoring and basic data

analysis
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EPIGENETIC VARIATION REFLECTS
DYNAMIC HABITAT CONDITIONS IN A RARE
FLOODPLAIN HERB

Benjamin Schulz, R. Lutz Eckstein and Walter Durka
Molecular Ecology 23 (2014) 3523-3537

Abstract

Variation of DNA-methylation is thought to play an important role for rapid adjustments
of plant populations to dynamic environmental conditions, thus compensating for the
relatively slow response time of genetic adaptations. However, genetic and epigenetic var-
iation of wild plant populations has not yet been directly compared in fast changing envi-
ronments. Here we surveyed populations of [7o/a elatior from two adjacent habitat types
along a successional gradient characterized by strong differences in light availability. Using
AFLP and MSAP analyses we found relatively low levels of genetic (H gen = 0.19) and ep-
igenetic (H'epi = 0.23) diversity and high genetic (¢pst = 0.72) and epigenetic (¢pst = 0.51)
population differentiation. Diversity and, respectively, differentiation were significantly
correlated, suggesting that epigenetic variation partly depends on the same driving forces
as genetic variation. Correlation based genome scans detected comparable levels of genet-
ic (17.0%) and epigenetic (14.2%) outlier markers associated with site specific light availa-
bility. However, as revealed by separate differentiation based genome scans for AFLP,
only few genetic markers seemed to be actually under positive selection (0—4.5%). Moreo-
ver, PCoA and Mantel tests showed that overall epigenetic variation was more closely re-
lated to habitat conditions, indicating that environmentally-induced methylation changes
may lead to convergence of populations experiencing similar habitat conditions and may
thus play a major role for the transient and/or heritable adjustment to changing environ-
ments. Additionally, using a new MSAP scoring approach, we found that mainly the un-
methylated (¢st = 0.60) and CG-methylated states (¢pst = 0.46) of epiloci contributed to
population  differentiation and putative habitat related adaptation, whereas
CHG-hemimethylated states (¢pst = 0.21) only played a marginal role.
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Introduction

To cope with spatial heterogeneity and temporal dynamics of their habitats, plants as ses-
sile organisms constantly need to respond to varying environmental conditions. While
slow adaptation of morphology, physiology or development can be attained by genetic
changes through mutation, drift and selection, rapid responses to biotic or abiotic altera-
tions necessitate alternative regulations (Boyko and Kovalchuk 2011). As an alternative to
‘hard-* or ‘Mendelian inheritance’, ‘soft inheritance’ through epigenetic mechanisms has
been proposed to fill this gap between random genetic and environmental variation
(Richards 20006). Epigenetic silencing or activation of protein coding genes, which is sen-
sitive to environmental variation, may convert environmental heterogeneity into pheno-
typic differences (Flores ez al. 2013). These epigenetically induced phenotypic changes can
then be inherited through meiosis over several generations (reviewed in Jablonka and Raz
2009), giving rise to so-called epialleles. Furthermore, due to its semi-stable nature, inher-
ited epigenetic variation is suited to plastically react to environmental fluctuations that last
for only few generations. Especially in long-lived perennials and species that mainly re-
produce vegetatively or through self-pollination, such fast adjustment through epigenetic
processes seems essential to ensure continued survival of populations under episodic
stress (Castonguay and Angers 2012; Brautigam et al 2013).

An array of epigenetic mechanisms has been identified, including chemical modifica-
tion of DNA and histones, position effects, and interference by small non-coding RNAs
(Berger et. al 2007). Without changing the underlying DNA sequence these mechanisms
can rapidly modulate existing genetic information through the control of gene expression
or the reorganization of chromatin structure (Sahu ez 2/ 2013). The most extensively stud-
ied and best understood epigenetic mechanisms is the potentially reversible methylation
of DNA, which in higher eukaryotes mainly involves the methylation of cytosine residues
(Feng et al. 2010). In plants, cytosine methylations are found throughout the genome in
three different sequence contexts, symmetric CG- and CHG-sites (H=A, C, T) and
asymmetric CHH-sites. Methylations in all three contexts are predominantly found in
transposable elements and repetitive sequences where they generally are related to tran-
scriptional repression (Saze ez al. 2012).

Various studies have shown that the amount and pattern of DNA-methylation in
plants is sensitive to biotic and abiotic stressors such as pathogens (Wada e a/. 2004), her-
bivores (Herrera and Bazaga 2013), drought (Labra ezal 2002), extreme temperatures
(Boyko e al. 2010) or nutrient availability (Boyko ¢f /. 2010; Kou e al. 2011). Depending
on the species, genotype and environmental cue, stress treatments induced hypo- or hy-
permethylation or balanced shifts in global methylation patterns that in some cases were
stably transmitted to the next generation (e.g. Verhoeven ef a/ 2010; Kou ez al. 2011). Re-
cent studies even directly correlated stress induced inherited changes of DNA methylation
with adaptive plant responses to salt stress (Boyko ez 2/ 2010) or high-temperature (Cor-
reia et al. 2013). Taken together, the inheritance and the adaptive value of stress-induced
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alterations in DNA methylations strongly support the idea of an epigenetically regulated
system of “soft inheritance” (Zhang et al. 2013).

However, there is still a dearth of studies that explore the extent of epigenetic varia-
tion and its adaptive potential in natural populations (Angers ez al. 2010; Latzel ez al. 2013).
Moreover, whereas previous surveys mostly focused on species with very little or no ge-
netic variation (e.g. Richards ez 2/ 2012; Yu et al. 2013), improving the ability to attribute
epigenetic variation to specific environmental conditions (Ledon-Rettig 2013), only few
studies compared the impact of genetic and epigenetic variation in genetically diverse spe-
cies (Herrera and Bazaga 2010; Lira-Medeiros e al. 2010; Abratowska ez al. 2012; Wu e al.
2013). However, most plant populations are genetically diverse, implying a complex rela-
tionship between genetic, epigenetic and environmental variation. Indeed, the available
studies found a certain correlation between genetic and epigenetic variation, but also re-
vealed that epigenetic differentiation was more closely aligned with the environment than
genetic differentiation (Lira-Medeiros ez a/. 2010; Abratowska ez al. 2012), suggesting that
heritable epigenetic changes might play an important role for local adaptation. However,
all of the investigated habitats represented temporally stable conditions that persisted for
long periods of time (e.g. differences in salinity, heavy metal content or altitude), poten-
tially resulting in extensive genetic adaptation. Hence, this complicates the study of epige-
netically based ‘soft inheritance’ as a mechanism for rapid and independent environmental
adjustment. Consequently, there is a need for studies that focus on more dynamic, faster
changing systems that are less likely to allow for genetic adaptation.

One such fast changing environmental parameter is the decreasing light availability
along successional gradients. Quality and quantity of light may both have effects on DNA
methylation (Greco ef al. 2013; Tatra et al. 2000). Moreover, as light is a strong environ-
mental cue, influencing an array of other biotic and abiotic parameters (e.g. competition,
water availability or temperature) a high selection pressure is expected under changing
light conditions, making successional gradients an ideal study system to compare genetic
and epigenetic variation in response to fast changing environments.

To assess methylation variation of large numbers of individuals, population studies
mostly use methylation sensitive amplification polymorphisms (MSAP) that essentially
can differentiate unmethylated, CG-methylated and CHG-hemimethylated states of par-
ticular epiloci (Salmon e7 a/. 2008). However, for statistical analyses most previous studies
combined the two discernible methylation types into one common state, ignoring regula-
tory and potential functional differences. Moreover, unmethylated states are generally not
considered, thus missing further resolution and information about the putatively active
state of the epigenome (Schulz ef a/. 2013). Consequently, there is a need for studies that
consider all three MSAP fragment types and thus potentially enable more detailed insights
into epigenetic processes.

Here, we investigated genetic and epigenetic variation of zola elatior in two adjacent
habitat types along a successional gradient characterized by strong differences in light
availability. Using amplified fragment length polymorphisms (AFLP) and MSAP and ap-
plying genome scan approaches to detect putatively adaptive genetic and epigenetic outli-
er loci we asked the following questions: (1) Do genetic and epigenetic variation
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contribute differentially to habitat related differentiation? (2) Are epigenetic differences
between habitat types consistent among regions and thus potentially decoupled from ge-
netic variation? (3) How do different methylation types (i.e. unmethylated, CG-methylated
or CHG-hemimethylated fragments) contribute to epigenetic population structuring?

A K1y K2y,

"Klhkopf-
Knoblochsaue"

Rhine

Worms
"Lampertheimer
Altrhein"
3WL1,,.
A [ 2 4 Q L2w
O ——— S—] 3

Figure 3.1 Location and study sites. (A) Section of the Upper Rhine Valley south of Frankfurt/Main,
Germany, with the six sampled populations of [z/a elatior in the nature reserves Kithkopf-Knoblochsaue
and Lampertheimer Altrhein. Symbol colors indicate the habitat type (blue = meadow,
brown = woodland). (B) VV7/a elatior flower. (C) and (D) Surveyed habitat types with strong differences in
light availability: (C) floodplain meadow, (D) alluvial woodland fringe.

Material and Methods

Study species

Viola elatior (Violaceae) is a perennial iteroparous hemicryptophyte. In Central Europe the
species is restricted to different floodplain habitats ranging from floodplain meadows to
alluvial woodland fringes, characterized by changing environmental conditions due to dis-
turbance and succession (Eckstein and Otte 2005; Eckstein ez /. 20006). These environ-
mental changes may proceed rather fast, encompassing a time span of only few plant
generations. Although 1. elatior survives under a wide range of light conditions, with in-
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creasing succession to closed alluvial forests, population sizes decline and the species fi-
nally disappears (Eckstein ef 2/ 2006). However, due to its persistent seed bank, after ma-
jor disturbance events populations may recover even after years of absence from the
above-ground vegetation (Eckstein ¢ 2/ 2006). In Germany, the species is rare and en-
dangered with populations of varying sizes from tens to several hundred individuals. The
species is octoploid (2n = 40) and exhibits a mixed mating system with potentially cross-
pollinated chasmogamous (CH) and obligatory self-pollinated cleistogamous (CL) flowers
(Eckstein ez a/. 2006). Nonetheless, seed production through CL flowers is dominating. In
common garden experiments only around 4% of capsules were produced by CH flowers
(Eckstein and Otte 2005; Schulz e7 a/. unpublished), suggesting a high selfing rate also in
natural populations. Additionally, vegetative reproduction by disintegration of old pleio-
corms or formation of root buds occurs (Eckstein ¢z a/. 2000).

Sampling Design

The study was conducted with six stands (hereafter called populations) from the Upper
Rhine Valley located in the nature reserves “Kithkopf-Knoblochsaue” (K) and “Lam-
pertheimer Altrhein” (L) near Frankfurt, Germany (Figure 3.1). First, all known popula-
tions of 1. elatior in the two regions were visually classified according to their light
environment. Then, populations for the two extremes of the species’ environmental
range, i.e. sunny floodplain meadows (M) and shady alluvial woodland fringes (W), were
selected. Due to limited numbers of appropriate populations in the different habitat types
with more than 20 individuals, we chose two M- and one W-site in region K and one M-
and two W-sites in region L (Figure 3.1, Table 3.1). Distance between regions is 25 km
and within regions, distances between populations range between 0.5 and 4 km.

After mapping 1. elatior at each site on a 1 m grid, 20 to 25 populated grid cells were
randomly selected and young undamaged leaves from one reproductive plant per cell
were collected. Samples were immediately cooled to below 10 °C, stored at -25 °C and
freeze-dried for 48 h.

Light availability

Mean transmitted photosynthetic active radiation (PAR) per site was assessed with hemi-
spherical photography. At each site, 20 digital hemispherical photographs were taken in
randomly selected populated grid cells (i.e. independent from plant sampling) with a Ni-
kon CoolPix 4500 camera and a Fish-eye converter lens FC-E8 (Nikon, Tokyo, Japan)
mounted on a tripod 70 cm above ground. Aperture and exposure time were fitted fol-
lowing Zhang ez al. (2005). Images were converted to black-and-white bitmaps using au-
tomatic threshold detection algorithms with SIDELOOK 1.1.01 (Nobis and Hunziker,
2005) and then analyzed using GAP LIGHT ANALYZER (GLA) 2.0 (Frazer ez al. 1999).
Light availability for each site was subsequently quantified as mean daily percentage of
transmitted total PAR for the period from 1 May to 30 September averaged across the 20
images (Table 3.1).
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Table 3.1 Overview of sampled populations of [7o/a elatior

Grid Mean
Population . . . Habitat ~ Transmitted
D Region Latitude Longitude  Samples ciis Type PAR + SD
( ) (0/0)
Kly Kiihkopf- 49°50'01"N 8°25'32"E 20 ~1400  meadow 87.8 + 6.5
Knoblochsaue
K2y Kithkopf- 49°49'49"N  8°28'03"E 20 159 meadow  73.8 + 8.3
Knoblochsaue
I(uhkopf— WOOd'
. (o] 1 " (o] 1 " +
K3y R e 49°4850'N 8°24'57'E 25 158 oo 23.6 + 14.2
Ly Lamperthei- 5030000\ go26'50"E 22 170 meadow  80.5 + 14.7
mer Altrhein

12w Lamperthei-go5090N  go2g'50"E 24 31 wood- 12,5+ 3.3
mer Altrhein land

3w Lamperthei- o304 goo555"E 21 144 wood- 16.5+ 9.4
mer Altrhein land

AFLP genotyping and MSAP epi-genotyping

We investigated a total of 132 individuals for genetic and epigenetic variation with AFLP
and MSAP. For each individual, the same DNA sample was used for both approaches.
Total genomic DNA was extracted from dried leaf tissue using the DNeasy 96 Plant ex-
traction kit (QIAGEN). AFLP and MSAP methodology followed the protocol as de-
scribed in Appendix 3.1, using eight selective primer combinations, respectively
(Supplementary Table S3.1).

For MSAP analyses comparison of the banding patterns of EwRI/Hpall and
EcwRI/Mspl reactions results in four conditions of a particular fragment: I = fragments
present in both profiles (1/1), indicating an unmethylated state; II = fragments present
only in EwRI/Mspl profiles (0/1), indicating hemi- or fully-methylated CG-sites;
IIT = fragments present only in EwRI/Hpall profiles (1/0), indicating hemimethylated
CHG-sites; IV = absence of fragments in both profiles (0/0), representing an uninforma-
tive state caused either by different types of methylation or due to restriction site poly-
morphism. To separate unmethylated and methylated fragments and to test for the
particular impact of the methylated conditions II and III, we used the “Mixed-Scoring 27
approach (Schulz ez a/. 2013). This approach generates the final epigenetic data matrix by
transforming the three discernible methylation states at each multistate epilocus into sepa-
rate binary subepiloci, thereby keeping all available information and allowing for fragment
specific analyses. Thus, for a particular epilocus up to three subepiloci are generated, cod-
ing the non-methylated (n-subepiloci), the CG-methylated (m-subepiloci) and the
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CHG-hemimethylated state (h-subepiloci). For a detailed description of the steps of
epigenotyping, see Schulz ¢f al. (2013). Overall error rate for AFLP and MSAP data was
3.3 and 2.1%, respectively, based on 33 replicate samples.

Data analysis

AFLP and MSAP binary data sets were analyzed following the same framework using a
band or marker based strategy, i.e without calculating allele frequencies (Bonin e a/. 2007).
Genetic and epigenetic diversity within populations were quantified using the R script
MSAP_calc (Schulz ez al. 2013) as (i) percentage of total and private bands and (ii) per-
centage of polymorphic loci (PLPgen) and subepiloci (PLPey) and (iii) mean Shannon’s
information index Hgen and H epi.

Patterns of individual relationships were depicted by principal coordinates analyses
(PCoA) with GENALEX 6.41 (Peakall and Smouse 2006) based on a matrix of Nei and
Li distances calculated with DistAFLP (Mougel ez a/. 2002). Distance matrices were square
root transformed to meet the assumptions of PCoA analyses (Legendre and Legendre
1998). Genetic and epigenetic variation among groups of populations (¢cr), among popu-
lations within groups (¢sc) and within populations (¢st) was partitioned with hierarchical
analysis of molecular variance (AMOVA) using ARLEQUIN 3.5.1.2 (Excoffier and
Lischer 2010). Additionally, pairwise ¢st values were estimated among populations. Signif-
icance levels were determined after 9999 permutations. To evaluate the relationships be-
tween geography and habitat type and genetic and epigenetic differentiation we conducted
pairwise and partial Mantel tests using the ‘vegan’ library in R (Oksanen e /. 2007) with
999 permutations. We used Euclidian geographic distances and for habitat types we con-
structed a matrix coding pairs of meadow-woodland populations by ‘1’ and pairs of equal
habitats by ‘0.

To detect signatures of light related adaptation in the genetic and epigenetic data sets
we used the Spatial Analysis Method (SAM) (Joost ez al. 2007), which uses multiple uni-
variate logistic regression. In our case, the site specific mean values of percentage of
transmitted PAR (Table 3.1) were assigned to genetic and epigenetic marker data of all
individuals from one population. SAM uses the individual as reference unit, functions in-
dependently of any presumed population structure and is largely assumption free (Joost
et al. 2007; Paun et al. 2010). Only if the two statistical tests implemented in SAM (likeli-
hood ratio G, and Wald test) reject the null hypothesis, a model is considered significant
(Joost et al. 2007). Bonferroni correction of the significance level for multiple compari-
sons was applied corresponding to a 95% and 99% confidence interval (CI). To depict
effects of putatively adaptive markers on population structure, AFLP and MSAP data sets
were partitioned into subsets of neutral and outlier markers (95% CI) and were then visu-
alized with PCoA as described above. For MSAP data corresponding n-, m- or
h-subepiloci (i.e. resulting from one epilocus) were jointly excluded from the neutral data
set when at least one of them was classified as an outlier.
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To obtain further information on the degree of positive selection at the genetic level, we
used two differentiation based genome scan approaches on the AFLP data:
DFDIST/FDIST (Beaumont and Balding 2004) as included in the workbench MCHEZA
(Antao and Beaumont 2011) and BAYESCAN 2.1 (Foll and Gaggiotti 2008).
DFDIST/FDIST analyses in MCHEZA were conducted with 50 000 simulations, using
the combined “Neutral mean Fsr” and “Force mean Fsr” algorithms and two detection
levels at 95% and 99% confidence interval (CI). Results were corrected for multiple com-
parisons by setting false discovery rate to 0.1. BAYESCAN analyses were run with a
burn-in of 50 000 iterations, a sample size of 10 000 and a thinning interval of 50, result-
ing in a total of 550 000 iterations. An additional burn-in was carried out by 20 short pilot
runs of 5000 iterations. Only loci exceeding a “strong” detection level (Bayesian factor
BF > 10) were considered as putative outliers.

Results

Genetic and epigenetic diversity

AFLP analysis of the 132 individuals resulted in 428 scorable loci of which 112 (26%)
were polymorphic. Across all individuals, 106 unique AFLP phenotypes were found, i.e.
20% of individuals had shared AFLP phenotypes, ranging from 10% in Kly to 42% in
L2y. Within populations between one and four AFLP phenotypes were shared by more
than one individual (Table 3.2). As the mean distance between individuals with shared
AFLP phenotypes was 14.1 m and only 6 of 49 pairs were separated by less than 3 m, we
assumed that the majority of pairs do not represent vegetative clones but closely related,
inbred individuals. Thus, all individuals were retained in the subsequent analyses.
Assessment of genetic diversity across populations (Table 3.2) revealed mean values of
67.7% for percentage of bands present, 2.7% for private bands, 37.5% for PLPgen
and 0.19 for Hsen.

MSAP analysis resulted in 555 scorable epiloci of which 275 (49.5%) were polymor-
phic. These polymorphic epiloci yielded 444 polymorphic subepiloci, consisting of 207 n-,
157 m- and 80 h-subepiloci. 42.9% of all epiloci resulted in only one subepilocus type
(19.3, 11.3 and 12.4% for n-, m- and h-subepiloci, respectively), 40.4% in n- and
m-subepiloci, 11.2% in n- and h-subepiloci, 1.1% in m- and h-subepiloci and 4.4% yielded
all three types of subepiloci. All 132 individuals had unique MSAP phenotypes. Values of
diversity for the different subepiloci across populations are given in Table 3.2. Population
level genetic and epigenetic diversity was significantly correlated (Spearman rank-
correlation: rho = 0.83, p = 0.042 for PLP, tho = 0.89, p = 0.019 for H’) and epigenetic
diversity was or tended to be higher than genetic diversity (paired t-test: t(5) = -3.20,
p = 0.024 for PLP; t(5) = -2.43, p = 0.060 for H".
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Table 3.2 Measures of genetic and epigenetic diversity within six populations of 17o/a elatior

EPIGENETIC VARIATION ALONG A LIGHT GRADIENT

AFLD MSAP MSAP MSAP MSAP
all n-subepiloci m-subepiloci h-subepiloci
Polymorphic loci 112 444 207 157 80
Phenotypes per population*
Kl (n = 20) 18 (2) 20 20 20 20
K2y (n = 20) 14 4) 20 20 20 20
K3w (n = 25) 22 (1) 25 25 25 25
Llx (n = 22) 19 (2) 22 22 22 22
L2w (n = 24) 14 (4) 24 24 24 24
L3w (n = 21) 18 (1) 21 21 21 21
Bands per population (%)
Kln 62.5 61.7 61.4 72.6 413
K2um 75.9 70.9 74.4 72.6 58.8
K3w 67.0 63.7 61.8 68.8 58.8
Lin 67.9 56.1 54.6 63.7 45.0
L2y 61.6 52.3 51.7 61.1 36.3
L3w 71.4 62.2 63.8 67.5 47.5
mean 67.7 61.1 61.3 67.7 47.9
Private bands per population (%0)
Kinm 2.7 1.6 1.4 1.9 1.3
K2y 3.6 5.4 5.8 4.5 6.3
K3w 0.0 2.9 2.9 1.3 6.3
Lin 4.5 2.5 2.4 1.9 3.8
L2w 1.8 0.9 1.0 0.6 1.3
L3w 3.6 2.0 2.4 1.3 2.5
mean 2.7 2.6 2.7 1.9 3.5
pLP
Kinm 37.5 45.1 43.0 51.6 37.5
K2y 40.2 61.0 61.8 61.8 57.5
K3y 39.3 49.8 43.0 55.4 56.3
Lim 321 36.7 31.9 40.1 42.5
L2y 17.9 27.7 22.7 30.6 35.0
L3w 46.4 46.9 43.0 52.2 46.3
mean 35.6 44.5 40.9 48.6 45.8
HV
Kln 0.22 0.25 0.24 0.29 0.19
K2um 0.26 0.34 0.35 0.34 0.29
K3w 0.15 0.23 0.22 0.24 0.25
Lim 0.19 0.19 0.17 0.20 0.24
L2y 0.08 0.13 0.11 0.14 0.18
L3w 0.25 0.24 0.22 0.28 0.22
mean 0.19 0.23 0.22 0.25 0.23
overall 0.59 0.44 0.50 0.43 0.31

* numbers in brackets indicate AFLP phenotypes that were shared by more than one individual.

PLP — percentage of polymorphic loci (PLPg for AFLP data) and epiloci (PLPepi for MSAP data);

H’— Shannon’s information index (H gen for AFLP data and H %, for MSAP data).

53



CHAPTER 3

Genetic and epigenetic structure

Principal coordinates analysis of genetic distances separated K- and L-sites, both being

further subdivided into two clusters (Figure 3.2). Whereas regions were mainly separated
along the second coordinate, no grouping for habitat-type could be observed.
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Figure 3.2 Principal Coordinates Analyses (PCoA) of genetic (A) and epigenetic distances (B-D) of six
populations of Viola elatior. Epigenetic data was partitioned into the three discriminable methylation
types, ie. (B) unmethylated (n), (C) CG-methylated (m) and (D) CHG-hemimethylated (h) subepiloci.

Regions are indicated by symbol type (citcle = Kithkopf-Knoblochsaue, diamond = Lampertheimer Alt-
rhein). Habitats are displayed by color (blue = meadow, brown = woodland).
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PCoA of epigenetic distances revealed varying population differentiation patterns among
subepiloci (Figure 3.2). For n-subepiloci, in contrast to genetic data, K3w was separated
from both K-meadow sites that formed two mixed clusters. All L-sites were cleatly sepa-
rated. For m-subepiloci individuals were less clumped but clustering overall resembled
that of n-subepiloci. For both, n- and m-subepiloci habitat types tended to be separated
along the first axis. In contrast, for h-subepiloci individuals were widely scattered and
without clear population differentiation. When n-, m- and h-subepiloci were combined in
one analysis, similar patterns of population differentiation were found as for n- and
m-subepiloci (data not shown).

Analysis of molecular variance of genetic data revealed a global ¢st of 0.72 and pait-
wise Qst between 0.52 and 0.84 (Supplementary Table S3.2), indicating very strong genetic
population differentiation. Hierarchical AMOVA (Table 3.3) showed that 11.6% of genet-
ic variance resided between regions, but only 2.1% between habitats. Most variation was
partitioned among populations within geographic or habitat groups (62.1% and 70.5%,
respectively).

For the combined epigenetic data set (Table 3.3) overall differentiation was lower
than for genetic data but still high (global ¢st = 0.51), with pairwise population st rang-
ing from 0.35 to 0.67 (Supplementary Table S3.2). Hierarchical AMOVA revealed that
only 1.2% of epigenetic variance resided between regions, but 6.1% between habitats.
Variation among populations within groups was similar for regions (49.7%) and habitats
(45.9%). Considering n-, m- and h-subepiloci separately revealed global ¢st values of 0.60,
0.46, and 0.21, respectively. In all MSAP data sets, stronger differentiation was observed
among habitats than among regions, contrary to the AFLP data.

Mantel tests revealed a strong correlation between genetic and epigenetic differentia-
tion (r=0.76, p < 0.005). However, no simple isolation-by-distance or isolation-by-
habitat pattern was found as no significant relationship existed between genetic or epige-
netic differentiation and geographical distance (p > 0.18) or habitat similarity (p > 0.1)
(Supplementary Table S3.3). However, when controlling for geographic distance, habitat
similarity was significantly correlated with epigenetic (p = 0.04), but not with genetic dif-
ferentiation (p = 0.30).
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Table 3.3 Hierarchical AMOVA for AFLP and MSAP data performed by grouping populations according
to regions of origin or habitat types

Loci/Groups Variance components Y % total P dstatistics
AFLP loci (112)
All populations (n = 6) Among all populations 12.09 7236 < 0.0001 ¢sr=0.72
Regions (n = 2) Among regions 2.03 1156 0.20 ocr=0.12
Among populations within regions 10.87  62.08 < 0.0001 ¢sc=10.70
Within populations 4.62 2636  <0.0001 ¢sr=0.74
Habitats (n = 2) Among habitats 036 212 0.39 dcr = 0.02
Among populations within habitats ~ 11.88  70.48 < 0.0001 ¢sc= 0.72
Within populations 4.62 2740  <0.0001 ¢sr=0.73
MSARP all subepiloci (444)
All populations (n = 6) Among all populations 22.87 50.73 < 0.0001 ¢sr=0.51
Regions (n = 2) Among regions 0.56 1.24 0.50 oct = 0.01
Among populations within regions 2253 49.73 < 0.0001 ¢sc=0.50
Within populations 2221 49.02 <0.0001 ¢sr=0.51
Habitats (n = 2) Among habitats 280  6.07 0.10 dct = 0.06
Among populations within habitats ~ 21.19 4586 < 0.0001 ¢sc = 0.49
Within populations 2221 48.07  <0.0001 ¢sr=0.52
MSAP n-subepiloci (207)
All populations (n = 6) Among all populations 1477 59.87 < 0.0001 ¢sr=0.60
Regions (n = 2) Among regions 0.43 1.75 0.39 ocr = 0.02
Among populations within regions 1451 5841  <0.0001 ¢sc=0.59
Within populations 9.90  39.85 < 0.0001 ¢sr=0.60
Habitats (n = 2) Among habitats 2.01 7.90 0.10 dcr = 0.08
Among populations within habitats ~ 13.56  53.24 < 0.0001 ¢sc = 0.58
Within populations 9.90 3885 <0.0001 ¢sr=0.61
MSAP m-subepiloci (157)
All populations (n = 6) Among all populations 7.02 4567  <0.0001 ¢sr=0.46
Regions (n = 2) Among regions 0.27 1.78 0.49 ocr = 0.02
Among populations within regions 6.85 4428 <0.0001 ¢sc=0.45
Within populations 835 5394  <0.0001 ¢sr=10.46
Habitats (n = 2) Among habitats 0.63  4.02 0.21 dcr = 0.04
Among populations within habitats ~ 6.64 4253 < 0.0001 ¢sc = 0.44
Within populations 835 5345 <0.0001 ¢sr=0.47
MSAP h-subepiloci (80)
All populations (n = 6) Among all populations 1.08 2145  <0.0001 ¢sr=0.21
Regions (n = 2) Among regions -0.15  -2.92 1.00 ocr = -0.03
Among populations within regions 1.17 2345 < 0.0001 ¢sc=0.23
Within populations 397 7947  <0.0001 ¢sr=0.21
Habitats (n = 2) Among habitats 0.16  3.16 0.10 ¢cr = 0.03
Among populations within habitats ~ 0.99  19.28 < 0.0001 ¢sc = 0.20
Within populations 397 7755  <0.0001 ¢sr=0.22
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Outlier detection

For the AFLP data set SAM identified 19 (17.0%) and 17 (15.2%) outliers that were asso-
ciated with light environment at 95% and 99% CI, respectively (Table 3.4, Supplementary
Table S3.4). In contrast, with both differentiation based genome scans the number of ge-
netic outliers was strongly reduced. Whereas DFDIST/FDIST detected 5 (4.5%) and
1 (0.9%) outliers at 95% and 99% CI (Supplementary Table S3.4), respectively, no outliers
at all were identified by BAYESCAN. Two (1.8%) outliers were similarly detected by
SAM and DFDIST/FDIST.

For the complete set of the 444 MSAP subepiloci SAM identified 50 (11.3%) and
30 (6.8%) outliers at 95% and 99% CI, respectively (Table 3.4, Supplementary Table
S3.5). Related to the original 275 epiloci, 39 (14.2%) and 24 (8.7%) of all epiloci resulted
in one or two outlier subepiloci at 95% and 99% CI, respectively (Supplementary Table
S3.5). At 95% CI the three methylation types contributed differently to outliers as 15.0%,
10.2% and 3.8% of the n-, m- and h-subepiloci, respectively, revealed signatures of adap-
tation (x2 = 6.21, p = 0.045).

Table 3.4 Numbers of AFLP and MSAP outlier (epi)loci for six populations of 17o/a elatior as assessed by
SAM analyses for correlation with light environment

AFLP  MSAP MSAP-n  MSAP-m MSAP-h

SAM 95% CI 19 50 31 16 3
SAM 99% CI 17 30 20 7 3

Comparing PCoA patterns of neutral and outlier markers separately revealed strong dif-
ferences between marker groups (Figure 3.3). For neutral markers, overall population
structuring was very similar between AFLP and MSAP data, dividing regions along a di-
agonal between the first and second axes. In contrast, for outlier markers, only epigenetic
data clearly separated habitat types. Moreover, whereas for AFLP data all meadow popu-
lations formed individual clusters along the second axes and regions still tended to be
separated, for MSAP data, meadow populations formed one larger cluster that only
showed some variation along the third axes.
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Figure 3.3 Principal Coordinates Analyses (PCoA) of genetic (A—B) and epigenetic (C-D) distances of
neutral and outlier (subepi)loci as assessed by SAM for correlation with light availability. For legend, see
Figure 3.2.

Behavior of subepilocus ontliers

For most m-subepiloci identified as outliers by SAM also the corresponding n-subepiloci
were identified as outliers (11/16 for 95% CI; 6/7 for 99% CI), i.e. both, the n- and
m-subepilocus derived from the same MSAP epilocus were putatively adaptive (Supple-
mentary Table S3.5). Interestingly, all putatively adaptive n-/m-subepilocus pairs identi-
fied by SAM had reciprocal epigenotypes at low and high light conditions. For example,
epilocus ACA_TCCA_188 was always non-methylated in woodland sites, whereas in

meadow sites it was mainly CG-methylated (Figure 3.4). Strikingly, almost all identified
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light-related n-/m-pairs (9/11 for 95% CI; 5/6 for 99% CI) wete similarly associated with
woodland and meadow sites, respectively. Moreover, in the complete set of SAM outliers
(99% CI) significantly more n-subepiloci were associated with low light availability than
expected (17 of 20 for 99% CI; y2-test with Yates continuity correction: 2> = 4.10,
p = 0.043).
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Figure 3.4 Example of two corresponding outlier subepiloci, illustrating a putatively adaptive epigenetic
switch mechanism. The probability of band presence/absence of both, n- and m-subepilocus of the
MSAP marker ACA_TCCA_188 are significantly associated with mean percentage of transmitted photo-
synthetic active radiation (PAR). The graphs show the logistic sigmoid function of marker presence versus
the mean light availability at the sampling sites. At low light (woodland) the marker ACA_TCCA_188 is
found to be completely unmethylated, while at high light (meadow) nearly all individuals show a
CG-methylation. Bars represent the number of present (top) and absent (bottom) bands for each of the
six surveyed populations.

Discussion

Epigenetic modifications, such as DNA methylation, may play a pivotal role in the re-
sponse of plant populations to environmental change (Bossdorf ez a/ 2008; Sahu ez al.
2013). Additionally, due to their potential inheritance, it was proposed that epigenetic
marks can be under selection and even might impact evolution (Richards 2006; Angers
et al. 2010, Flatscher ez al. 2012). However, directly testing epigenetic adaptation in natural
populations is challenging, as the adaptive value of epigenetic variation is hard to prove
under complex and dynamic environmental conditions and in the presence of genetic var-
iation. Here we used an indirect approach to assess the putative contribution of genetic
and epigenetic variation in populations of 1. elatior to environmental adaptation along a
light gradient by comparing genetic and epigenetic population structure and applying a
correlation based outlier approach.
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Genetic and epigenetic diversity

AFLP analyses revealed low levels of genetic diversity both overall and within populations
of 1. elatior. This is consistent with findings for other mixed mating plant species with
predominant cleistogamous seed production (Sun, 1999; Durka ezal 2013), showing
strong inbreeding, little or no genetic variability within populations and strong population
differentiation (Culley and Wolfe 2001). In the case of the rare . elatior additional factors
like spatial isolation and past population bottlenecks may have aggravated this pattern.
Epigenetic diversity, although in most populations slightly higher, in general was compa-
rable to genetic diversity among populations, resulting in a significant correlation of ge-
netic and epigenetic diversity estimates. This implies that epigenetic diversity largely
depends on genetic diversity and at least partially underlies the same driving forces. Other
studies surveying non-clonal species also observed equal or higher epigenetic than genetic
diversity (Herrera and Bazaga 2010; Abratowska ez a/. 2012, Lira-Medeiros ez al. 2010; Wu
et al. 2013), suggesting that this is a common pattern in genetically diverse plant species.

For 7. elatior neither habitat nor region had a profound effect on genetic or epigenetic
diversity and only very small population size (L2w) markedly reduced diversity. In con-
trast, previous epigenetic studies that investigated populations from different environ-
ments (Lira-Medeiros ez al. 2010; Abratowska ez al. 2012; Wu ez al. 2013) found significant
differences between habitats. This might have two reasons: first, these studies compared
spatially and temporally stable environments instead of relatively dynamic habitat types
along a successional gradient. If a less favorable habitat is associated with elevated levels
of environmental stress that may lead to genome instability and higher mutation rates,
under constant conditions this could be the driving force for an increase in genetic diver-
sity (Wu ez al. 2013), whereas under dynamic conditions this effect would be outbalanced
between habitats or would only act for relatively short periods of time. Second, 1. elatior
possesses a long lived persistent soil seed bank (Eckstein e /. 20006). Through continuous
recruitment of genotypes from past generations, the seed bank may buffer temporal varia-
tion in genetic diversity (Honnay ez a/ 2008).

Genetic and epigenetic structure

At the genetic level 1. eatior showed very strong population differentiation (¢pst = 0.72)
reflecting high selfing rates and small population sizes resulting in genetic drift. This is
further corroborated by a lack of correlation between genetic differentiation and geo-
graphic distances indicating that spatial isolation did not play the major role for popula-
tion differentiation.

Although there was a positive correlation between epigenetic and genetic distances,
epigenetic population differentiation compared to genetic differentiation was markedly
reduced and more closely related to habitat conditions. This indicates that environmental-
ly-induced changes in methylation patterns may lead to a convergence of populations ex-
periencing similar habitat conditions and thus counteract effects of historical
demographic processes. Moreover, as revealed by PCoA, the different subepiloci types
contributed differently to population structure, suggesting that the two methylation types
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distinguished (i.e. CG-methylation and CHG-hemimethylation), possess different func-
tional roles. Whereas n- and m-subepiloci both similarly separated the habitat types,
h-subepiloci revealed hardly any population structure. This indicates that regulation of
gene function by methylation or demethylation in the CG-context plays a more important
role for habitat adjustment than changes of hemimethylation in the CHG-context. A
functional difference between the two methylation types is further supported by the ob-
servation that of all polymorphic epiloci only 5.5% included both fragment types, whereas
51.7% and 23.6% included methylations either only in the CG- or CHG-context, respec-
tively. These findings clearly show the need for separate analyses of CG- and
CHG-methylated states, which are rarely distinguished in epigenetic population studies
(but see Salmon e¢# al. 2008, Paun ez al. 2010).

Outlier detection

Outlier detection is a widely used approach to analyze putative selection processes using
anonymous genetic marker data. However, genome scan approaches have been rarely
used for MSAP data (Paun e a/. 2010; Schrey e al. 2012), which may reflect the uncertain-
ty if the central underlying assumption is valid for methylation variation, namely that her-
itable marker loci give rise to phenotypes which are targets of natural selection leading to
change in frequencies of adaptive markers. First, epigenetic variation may depend on ge-
netic variation (i.e. obligatory and facilitated epigenetic variation sezsu Richards 2000).
Hence, it is impossible to distinguish whether a certain epigenetic state or any underlying
causative genetic state is putatively under selection. Second, epigenetic variation can be
either generated randomly (epimutation) or environmentally induced, which has different
implications for selection processes (Shea ez al 2011; Verhoeven and Preite 2014) and
thus their detectability. Third, epigenetic variation can have different degrees of transgen-
erational stability (Herman e a/. 2014), ranging from transient changes, over short-term
(i.e. across two generations) to long-term heritable changes (i.e. several generations). The
traditional view is that adaptive traits are selected for by natural selection only if traits are
heritable. Thus, the degree of epigenetic heritability will impact the selective outcome.
However, if over a long time the same advantageous phenotype arises every generation by
transient epigenetic modifications it will also be selected for. Recent theory (Herman ef a/.
2014) and some first evidence in natural populations (Herrera ef al. 2014) suggest that epi-
genetic stability itself is a selective trait, thus introducing another layer of complexity to
the system. Lastly, in outlier locus analyses AFLP loci are used as markers that can track
differentiation based on selection at linked loci. In contrast, the epigenetic interpretation
of MSAP outlier loci is different as it must be assumed that the MSAP locus itself is caus-
al to function. Taken together, epigenetic variation does not easily fit into the hitherto
existing framework of selection and adaptation, and thus may not easily be suited for clas-
sical differentiation based genome scan analyses. This notwithstanding, correlation based
genome scan approaches like SAM, which are largely assumption free, still offer a good
opportunity to study putatively adaptive methylation variation in relationship to environ-
mental conditions.
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SAM analyses of 1. elatior populations resulted in comparable percentages of light related
outlier markers for genetic (17.0%) and epigenetic (14.2%) data. Given the limited power
to detect significant marker associations due to the relative small number of surveyed
populations and the use of averaged light values for all individuals from one site, the re-
sults imply that both levels of variation may play an important role for habitat related ad-
aptation. However, as revealed by differentiation based genome scan approaches, for
AFLP data the percentage of genetic outliers was strongly reduced and only very few of
the SAM outliers (2 of 19) actually seemed to be under positive selection. Moreover, with
DFDIST/FDIST (4.5%) and BAYESCAN (0%) the percentage of genetic outliers was
strongly reduced, thus questioning a large impact of genetic selection. In contrast, PCoA
results for neutral and outlier MSAP markers strongly support the hypothesis that meth-
ylation variation plays a major role in response to habitat conditions. Whereas for neutral
markers genetic and epigenetic population structure were almost identical, for outlier
markers only epigenetic variation led to a close clustering of the genetically well differenti-
ated meadow populations. Interestingly, such clustering was not observed for woodland
populations, suggesting that this habitat is more heterogeneous and thus entailing higher
differentiation in response to other environmental parameters than light. A stronger habi-
tat related impact of epigenetic variation is furthermore corroborated by the results of
partial Mantel tests, showing that when controlling for geographical distance, only epige-
netic but not genetic variation was significantly correlated with habitat similarity.

There is rising evidence from experimental studies that large proportions of stress-
induced changes in epigenetic variation may be heritable across generations (Verhoeven
et al. 2010, Kou ef al. 2011). Verhoeven at al. (2010) found that ecological stressors led to
methylation changes of 15-30% of polymorphic epiloci in apomictic dandelions. Striking-
ly, the vast majority of methylation changes (74-92%) were faithfully transmitted to the
unstressed progeny and only a small proportion reverted back to the original state. Com-
parably high percentages of inheritance of methylation polymorphisms (75%) and subse-
quent persistence of multilocus epigenetic differentiation occurred in populations of
Helloborus foetidus (Herrera et al. 2013). Thus, it seems plausible that also in the case of
V. elatior a considerable amount of the epigenetic outliers detected by SAM are heritable
and hence might enable ‘soft inheritance’. However, as we surveyed only one generation
of plants, our study cannot distinguish whether the observed epigenetic correlation with
habitats reflects epigenetically mediated within-generation phenotypic plasticity or indeed
heritable adaptations.

Behavior of subepilocus ontliers

Our scoring approach allowed us to differentiate individual MSAP fragment types. The
finding that at 95% CI only 3.8% of the h-subepiloci but 10.2% of the m-subepiloci were
detected as outliers further indicates functional differences between the two methylation
types. Even more interesting was the observation that the vast majority of outliers were
n-subepiloci (15% of all n-subepiloci), suggesting that primarily the demethylated and
thus probably active state of an epilocus is correlated with specific environmental condi-
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tions. This is corroborated by the fact that for almost all m-subepiloci outliers also the
corresponding n-subepiloci were outliers.

Of the outliers identified by SAM most n-subepiloci were related to low light and
most m-subepiloci to high light, indicating a directional epigenetic regulation mechanism.
Especially the corresponding n- and m-subepiloci outliers suggest a switch mechanism
that activates stress-related genes by demethylation under low-light conditions and down-
regulates them by methylation under high-light conditions. Indeed, biotic and abiotic
stressors can induce selective demethylation processes and transcriptional activation of
stress-related genes (Wada ez a/. 2004; Choi and Sano 2007). Moreover, global hypometh-
ylation may be a response to environmental stressors (e.g. Zhong et al. 2009; Wang et al.
2011) or different habitats (Lira-Medeiros ez al. 2010; Wu ez al. 2013). However, stress-
induced DNA hypermethylation has been observed, too (Labra ez a/ 2002; Lu ef al. 2007)
and also the few studies specifically addressing the effects of light availability are equivo-
cal: whereas reduction of light led to genome hypermethylation in seagrass (Greco ef al.
2013), low R/FR ratios as a signal of foliage shade resulted in genome hypomethylation in
Stellaria longipes (Tatra et al. 2000). Additionally, demethylation was a crucial factor control-
ling stem elongation (Tatra ez a/. 2000) and thus might trigger shade-avoidance responses.
Overall these and our results indicate that while demethylation is a common response to
stress, species-specific and stress-specific responses are to be expected.

Conclusions

The results of our study suggest that DNA methylation variation plays a decisive role in
the response of 1. elatior to changing light conditions. Epigenetic population differentia-
tion was more strongly related to habitat types than was genetic differentiation and epige-
netic outlier loci led to a stronger habitat related population clustering than genetic outlier
loci. This implies that under dynamic conditions the environmental shaping of the epige-
nome is a stronger force than selection changing the genome. Especially for rare and in-
breeding species like 1. elatior suffering from spatial isolation and small population sizes,
genetically independent adaptive epigenetic variation may facilitate long-term population
survival in dynamic and strongly contrasting habitats. Thus, provided that epigenetic vari-
ation is heritable, ‘soft inheritance’, i.e. environmentally induced methylation changes, rep-
resents an alternative system to classical ‘hard inheritance’.

The application of a novel MSAP scoring approach revealed new insights into the
contribution of methylation types to population differentiation and potential habitat relat-
ed adaptation. Using a pure methylation-scoring approach would have obscured the asso-
ciation between the environment and demethylated fragments, thus missing information
about the putative transcriptional active part of the epigenome, as well as about corre-
sponding outlier pairs that may represent an epigenetic switch mechanism. Future epige-
netic population studies using mixed scoring approaches will give further insights into the
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interplay of methylation types and will show if the differences observed in this study rep-
resent a general epigenetic pattern under contrasting environmentally conditions.
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Appendix

Appendix 3.1 AFLP and MSAP protocol

For restriction and ligation (RL) 5.6 pl genomic DNA were combined with 5.4 pl RL re-
action mix containing 0.55 ul BSA (1 mg/ml; New England Biolabs, NEB), 1.1 pl 0.5 M
NaCl, 5 u EwRI (NEB), 1 u Msel (NEB), 67 u T4 DNA ligase (NEB), 1.1 ul T4 DNA
ligase buffer (NEB), 1 ul EwRI adapter (5 pmol) and 1 ul Msel adapter (50 pmol). The
reaction was incubated for 2 h at 37 °C and diluted 1:2. For the preselective amplification
(PCR1), 4 ul RL product were combined with 16 pl PCR1 reaction mix containing
1.5 ng/pl EcwRI- and Msel preselective primers each, 200 pM dNTPs (Roth), 2 ul
10 x Dream Tag buffer (QIAGEN), 0.8 u Dream Tag polymerase (QIAGEN) and 9.84 ul
H>O. The thermocycler protocol was 72.0 °C (2 min) followed by 20 cycles of 94.0 °C (20
s), 50.0 °C (30 s) and 72.0 °C (2 min) and a final extension at 60.0 °C (30 min), performed
on an Eppendorf Mastercycler gradient. The PCR1 product was diluted 1:5. For the selec-
tive amplification (PCR2), 1 ul PCR1 product was combined with 3.4 pl PCR2 reaction
mix containing 2.2 pl Multiplex PCR kit (QIAGEN) and 0.6 pl fluorescent labeled EcoRI
primer (1 pmol/ul) and 0.6 pl Msel (5 pmol/ul) selective primers each. The thermocycler
protocol was 94.0 °C (2 min) followed by 10 cycles of 94.0 °C (20 s), 66.0 °C (30 s, de-
creasing 1 °C per cycle) and 72.0 °C (2 min) and 20 cycles of 94.0 °C (20 s), 56.0 °C (30 s)
and 72.0 °C (2 min), and a final extension at 60.0 °C (30 min), performed on an Eppen-
dorf Mastercycler pro 384.

After an initial screening of 64 primer pairs, eight selective primer combinations
(Supplementary Table S3.1) were chosen for AFLP analyses. Separation and visualization
of the fragments was done on a ABI 3130 capillary sequencer (Applied Biosystems, Fos-
ter City, USA) with Genescan 500(-250) LIZ internal size standard (Applied Biosystems).
GENMAPPER version 3.7 (Applied Biosystems) was used to analyze the AFLP profiles.
Binning of fragments was done manually for all samples in one batch using a peak height
threshold of 10 rfu. Peak height data were exported and for each fragment a specific peak
height threshold was manually determined based on the peak height distribution which
allowed scoring presence (1) and absence (0) of fragments. All loci that showed a mono-
morphic pattern or a deviation in only one individual were excluded from the data set to
prevent biased parameter estimation. Error rate estimation was based on 33 replicate
samples (20%) that were repeated, starting from the same DNA extracts.
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The MSAP protocol was almost identical with the AFLP protocol, except exchanging the
restriction enzyme Msel by 5 u Hpall or Mspl (Fermentas) and replacing the Msel adaptor
and primers by the respective Hpall/Mspl adaptor and primers in equal concentrations.

Supplementary Table $3.1 Adaptor- and primer sequences used for AFLP and MSAP analyses

Primer

Sequence

Adaptors

EcoRlI-adapter top
EcoRlI-adapter bottom
Msel-adapter top (AFLP)
Msel-adapter bottom (AFLP)

Hpall/ Mspl-adapter top (MSAP)
Hpall/Mspl -adapter bottom (MSAP)

Preselective primers

EcwRI + A

Msed + C (AFLP)

Hpall/Mspl (MSAP)
Selective primer AFLP

EwRI + AAC-FAM!
EwRI + ACT-FAM?
EcwRI + ACA-VIC34
EwRI + AAG-NED?5¢
EwRI + AGC-PET”
EwRI + AGG-PETS8
Msel + CTA!

Msel + CAA237

Msel + CAC3

Msel + CTC*68

Selective primers MSAP

EcoRI + AAC-FAM!2
EcRI + ACA-VIC34
EcwRI + AAG-NED56
EcwRI + AGG-PET"8
Hpall/Mspl + TCAL3
Hpall/Mspl + TCC25
Hpall/Mspl + TCGS
Hpall/Mspl + TCCA%7
Hpall/Mspl + TCTAS

5-CTCGTAGACTGCGTACC-3’
5-AATTGGTACGCAGTCTAC-3
5-GAGCGATGAGTCCTGAG-3
3-TACTCAGGACTCAT-5'
5-GATCATGAGTCCTGCT-3
5-CGAGCAGGACTCATGA-3’

5-GACTGCGTACCAATTCA-3
5" GATGAGTCCTGAGTAAC-3
5-ATCATGAGTCCTGCTCGG-3

5-GACTGCGTACCAATTCAAC-3

5-GACTGCGTACCAATTCACT-3

5-GACTGCGTACCAATTCACA-3

5-GACTGCGTACCAATTCAAG-3
5-GACTGCGTACCAATTCAGC-3’
5-GACTGCGTACCAATTCAGG-3
5-GATGAGTCCTGAGTAACTA-3
5-GATGAGTCCTGAGTAACAA-3
5-GATGAGTCCTGAGTAACAC-3
5-GATGAGTCCTGAGTAACTC-3

5-GACTGCGTACCAATTCAAC-3
5-GACTGCGTACCAATTCACA-3
5-GACTGCGTACCAATTCAAG-3
5-GACTGCGTACCAATTCAGG-3
5-ATCATGAGTCCTGCTCGGTCA-3
5-ATCATGAGTCCTGCTCGGTCC-3
5-ATCATGAGTCCTGCTCGGTCG-3
5-ATCATGAGTCCTGCTCGGTCCA-3
5-ATCATGAGTCCTGCTCGGTCTA-3

Superscript numbers indicate primer combinations used for the selective amplification.
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Supplementary Table S$3.2 Pairwise population ¢sr for 112 AFLP loci (upper diagonal) and 444 MSAP
subepiloci (lower diagonal)

Kinm K2y K3y Ll L2w L3w
Kiln - 0.65 0.68 0.76 0.76 0.65
K2y 0.35 - 0.66 0.72 0.76 0.64
K3w 0.46 0.46 - 0.77 0.84 0.70
Lln 0.54 0.49 0.57 - 0.84 0.72
L2y 0.55 0.55 0.57 0.67 - 0.52
L3w 0.40 0.38 0.49 0.57 0.47 -

Supplementary Table S3.3 Results of simple and partial Mantel tests for genetic and epigenetic pairwise
population st with geographic distance and habitat matrices

Simple Partial
Geography Habitat
Geography Habitat controlling for controlling for
habitat geography
AFLP r=10.30 r=0.13 r=10.32 r=0.17
p»=0.18 =043 »=0.16 »=10.30
MSAP r=-0.01 r=0.16 r=0.002 r=0.16
all subepiloci =053 »=0.10 p» =051 p=0.04

Mantel r and p-values in bold indicate significant relationships
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Supplementary Table S3.4 List of putative adaptive AFLP loci in the six surveyed populations of 7o/a
elatior as assessed by differentiation based genome scan approaches (DFDIST/FDIST and BAYESCAN)
and SAM analyses for correlation with light availability. The marker code depicts the selective primers
used for fragment amplification and the respective fragment length in base pairs. Markers in bold were
identified by two different genome scan approaches.

Marker Code DFDIST/FDIST BAYESCAN SAM (transmitted PAR)
AAC_CTA_201 e - ook
AAC_CTA_209 pofok - pofok
AAC_CTA_331 - - pofok
AAG_CAC_160 - - Hokok
AAG_CAC_175 Hok - -
AAG_CAC_271 - - Hokok
AAG_CAC_274 - - Hokok
AAG_CTC_128 Hok - -
AAG_CTC_150 - - *ok
AAG_CTC_151 - - ok
AAG_CTC_156 - - ok
ACA_CAA_213 - - pook
ACA_CTC_337 - - ook
ACA_CTC_422 - - ok
AGC_CAA_121 - - pokok
AGC_CAA_250 ok
AGC_CAA_195 Hx - -
AGC_CAA_264 - - ok
AGC_CAA_291 - - pokok
AGG_CTC_165 - - ok
AGG_CTC_504 - - pofok
AGG_CTC_59 - - pofok

% p < 0,05, %% p < 0.01

72



EPIGENETIC VARIATION ALONG A LIGHT GRADIENT

Supplementary Table S3.5 List of putative adaptive MSAP subepiloci in the six sutveyed populations of
Viola elatior as assessed by SAM analyses for correlation with light environment. The marker code depicts
the selective primers used for fragment amplification and the respective fragment length in base pairs.
Markers with the superscript COR indicate corresponding pairs of outlier subepiloci (i.e. subepiloci result-
ing from one epilocus in the MSAP raw data matrix that both are identified as being outliers).

Marker code

Subepiloci

SAM (transmitted PAR)

AAC_TCA_342
AAC_TCA_410
AAC_TCC_191¢OR
AAC_TCC_191¢OR
AAC_TCC_224CO0R
AAC_TCC_224COR
AAC_TCC_227
AAC_TCC_253
AAC_TCC_258
AAC_TCC_259
AAC_TCC_2061
AAC_TCC_390
AAC_TCC_394
AAC_TCC_430
AAG_TCC_252
AAG_TCC_381
AAG_TCG_249COR
AAG_TCG_249COR
AAG_TCG_254COR
AAG_TCG_254CCR
AAG_TCG_315
AAG_TCG_320
AAG_TCG_4%4
ACA_TCA_168COR
ACA_TCA_168COR
ACA_TCA_213
ACA_TCA_217
ACA_TCA_234COR
ACA_TCA_234COR
ACA_TCA_240
ACA_TCA_354
ACA_TCA_366
ACA_TCA_374
ACA_TCCA_188COR
ACA_TCCA_188COR
ACA_TCCA_214
ACA_TCCA_354
AGG_TCCA_240
AGG_TCCA_241
AGG_TCCA_265¢CR
AGG_TCCA_265¢CR
AGG_TCCA_359
AGG_TCCA_55
AGG_TCCA_G63CCR
AGG_TCCA_63COR
AGG_TCTA_280COR
AGG_TCTA_280COR
AGG_TCTA_356C0R
AGG_TCTA_356C0R
AGG_TCTA_402

SgsgegspEgsEEEEREREETEE 288382338838 E88B858 58

*ok
ok
*ok
*ok
ok
ok
ok
ok
ok
*okok
*okk
*okok
*okok
ok
*okk
*okok
*okok
*okk
ok
ok
ok
*okok
*ok
ok
*ok
*ok
*okok
*okok
ok
*okok
*okok
ok
ok
*okok
*okok
ok
*okok
koK
*okok
koK
ok
koK
ok
ok
ok
ok
ok
ok
ok
ok

% p < 0,05, %% p < 0.01
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CHAPTER 4

CAN PERSISTENT SEED BANKS BUFFER GENETIC
EFFECTS OF DECLINING POPULATION SIZE AND
SELECTION?

Benjamin Schulz, Walter Durka, Jifi Danihelka and R. Lutz Eckstein
Submitted manuscript

Abstract

Persistent seed banks are predicted to have an important impact on population genetic
processes by increasing effective population size and probably storing past genetic diversi-
ty. Accordingly, they might buffer genetic effects of disturbance, fragmentation and/or
selection. However, empirical studies surveying the relationship between aboveground
(AG) and seed bank (SB) genetics under changing environments are scarce and so far
based only on small data sets. Here, we compared AG and SB cohorts in 15 populations
of the cleistogamous 170/a elatior in two contrasting habitats along a successional gradient
characterized by strong differences in light-availability and declining population size. Us-
ing AFLP markers, we found significantly higher AG than SB genetic diversity in eatly
(band richness Br = 1.20 vs. 1.17; pairwise private band richness PBr, = 0.06 vs. 0.02) but
not in late successional habitats (Br = 1.14 vs. 1.13; PBr, = 0.07 vs. 0.05). Moreover, three
of eight late successional populations even showed higher SB than AG diversity, and dif-
ferentiation between AG and SB was less frequent in early than in late successional habi-
tats (AMOVA: 29% vs. 50%). Our results indicate that in 1. elatior relative SB diversity
(i.e. compared to AG diversity) and thus the SB genetic buffer capacity increases with on-
going succession and despite decreasing population size. This will counteract effects of
drift and selection, and seems to assure a higher chance for the species’ long term persis-
tence after disturbance events. Corroborated by much lower small-scale genetic structure
in late successional habitats, we suggest that the observed change in relative SB diversity is
initially driven by a change in outcrossing rates along the gradient.
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Introduction

Instead of relying solely on the spatial dispersal of their seeds, many plant species have
developed the ability to additionally spread their offspring on a temporal scale by accumu-
lating long-lived, dormant seeds over time in the ground or in aerial reservoirs. Such per-
sistent seed banks are a common feature of plants to counteract the consequences of
environmental or demographic stochasticities and are present in species across a wide
range of life history types, habitats and climate zones (reviewed in Leck ez 2/ 1989; Baskin
and Baskin 2001). Particularly for rare and isolated species or for species from highly dy-
namic or disturbed habitats, persistent seed banks are thought to play a crucial role for
population dynamics and stability, and potentially are capable to replace standing individ-
uals after bottlenecks or extinction events (Holzel and Otte 2004; Honnay e /. 2005).

Besides that, theory predicts that seed banks have an important impact on population
genetic processes as they can consist of progeny produced in the course of several genera-
tions and probably under varying selection regimes (Templeton and Levin 1979; Tonsor
1993). Accordingly, persistent seed banks increase effective population size (Vitalis ez a/.
2004) and may store even more genetic diversity than present in standing plant popula-
tions (Templeton and Levin 1979). Thus, they would buffer deleterious effects of random
genetic drift and weaken patterns of genetic population structuring (Templeton and Levin
1979; McCue and Holtsford 1998). In addition, by enabling gene flow from past genera-
tions and maintaining genes in populations through periods in which they are selected
against (Tonsor ez al. 1993), seed banks could have the potential to slow down adaptation
processes and damp out directional selection in response to environmental fluctuations.

In the last years many studies were carried out to empirically test these hypotheses
and find evidence for the ecological and evolutionary impact of long-lived seed reservoirs.
While some of them clearly could show that persistent seed banks can increase effective
population size, both in annuals (Lundemo e# a/. 2009; Hanin ez a/. 2013) and perennials
(Falahati-Anbaran ez a/. 2011), so far it was impossible to conclusively confirm the poten-
tial of seed banks to accumulate genetic diversity and hence to serve as a genetic memory
that might influences the evolutionary fate of populations (Mandak efa/ 2012). Some
studies indeed found higher genetic diversity in seed banks (McCue and Holtsford 1998;
Morris et al. 2002), however, most others exhibited higher diversity estimates in above-
ground plant population (e.g. Tonsor ¢ al. 1993; Cabin et al. 1998; Mandak ez al. 2006) or
could detect no significant differences at all (e.g. Shimono ¢# a/. 2006; Lundemo ez a/. 2009;
Falahati-Anbaran ez a/. 2011; Hanin ez al. 2013).

To shed some more light on this topic Honney e# 2/ (2008) conducted a meta-analysis
on 13 studies that compared the genetic diversity of seed banks and standing plant popu-
lations. Interestingly, whereas levels of heterozygosity and percentage of polymorphic loci
overall appeared to be similar in the two groups, allele counts after correction for sample
size were significantly higher in the seed bank. It was concluded that the differences in
allele numbers thus mainly are driven by rare alleles and that selection might act as filter
on seed bank alleles, preventing some of them to be established in standing plants. The
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analysis additionally revealed significantly higher inbreeding and more homozygotes in the
seed bank, substantiating the results of earlier studies that surveyed heterozygosity levels
across plant life stages and reported a gradual increase of heterozygosity towards the adult
stage (Lesica and Allendorf 1992; Alvarez-Buylla ez 2/ 1996; Mandak ez a/. 2006). As dis-
cussed in detail by Vitalis ez 2/ (2004) this pattern is most likely explained as an effect of
selection that in the course of seed germination and recruitment progressively eliminates
less fit homozygotes (Mandak ez a/. 2000).

Overall, the study of Honnay ef a/ (2008) thus gave no evidence that high levels of
genetic diversity are accumulating in long-lived seed reservoirs. Instead, it was concluded
that any difference in the genetic composition between seed bank and standing plants is
rather the result of local selection than a buffering effect of stored seeds (Vitalis ez a/.
2004; Honnay ez a/. 2008). As a consequence, the authors reasoned that it seems not very
fruitful to continue surveying the genetic diversity of the two groups, unless this is per-
formed under different selection regimes, in order to compare the outcome of the selec-
tion process (Honnay ez a/. 2008). However, until today the aspect of selection has been
largely omitted in empirical research on seed bank genetics. To our knowledge, only three
studies have yet compared seed bank and standing plants in contrasting environments and
thus potentially under different selection regimes. Koch ez /. (2003) investigated Carda-
mine amara in four habitat types along a gradient of increasing flooding and found that
heterozygosity of both, seed bank and standing plants, tended to decrease with decreasing
disturbance frequency. Uchiyama ez a/. (2006) examined Betula maximowicziana in low and
high-density stands, and detected differing estimates of private alleles and linkage disequi-
librium in above-ground plants but not in the seed bank. Finally, Hanin ¢ a/. (2013) com-
pared populations of Eruca sativa in desert and semi-arid habitats and found higher seed
density and greater seed longevity in the latter. Notwithstanding, none of these studies
could detect clear differences in genetic diversity, neither between seed bank and above-
ground plants nor among habitats. At least partially, this might be attributed to compara-
tively small data sets and hence the intrinsic characteristics of particular populations, as in
Hanin ez al. (2013) both surveyed habitats, and in Koch ez a/. (2003) two of the four habi-
tats were represented by only one locality.

To fill the existing gap in current knowledge and to follow up the conclusions of
Honnay ez al. (2008), here we compared the genetic variation of seed bank and above-
ground plants in the perennial flood plain species 7o/a elatior along a successional gradi-
ent ranging from managed open grassland to closed alluvial forests. The ability of the
study species to compete for light is low (Moora e al. 2003), consequently with increasing
succession to closed forests, population sizes gradually decline and the species finally dis-
appears from the aboveground vegetation (Eckstein ef a/. 2006a). As light availability is a
strong environmental cue that influences an array of other biotic and abiotic parameters
(e.g. competition, water availability or temperature), the surveyed gradient appears well
suited to study the outcome of local selection on the interplay of seed bank and above-
ground genetics. Moreover, as there is an urgent need for studies that provide data for
more than only a few populations and that cover a large spatial range and thus allow for
conclusions on any broad genetic differences (Mandak ez 2/ 2012), we conducted a multi
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population study with 15 localities, covering two main distribution areas of [7o/a elatior in
Germany and the Czech Republic. Using amplified fragment length polymorphisms
(AFLP) we asked the following questions: (1) Can the persistent seed bank of [70/a elatior
maintain genetic diversity under decreasing population size and a changing selection re-
gime? (2) Do contrasting habitat types impact the small-scale spatial genetic structure of
the seed bank and/or the aboveground plants?

Materials and Methods

Study species

Viola elatior (Violaceae) is a perennial iteroparous hemicryptophyte belonging to the sec-
tion 7zola, subsect. Rostratae (Eckstein et al. 2006a). The species’ distribution roughly co-
vers the submeridional and temperate zone of western FEurasia ranging from the Parisian
basin to southern Siberia (Meusel ¢7 a/. 1978). Whereas in its core area with summer-warm
continental climates the species is found in steppe and forest-steppe vegetation, in Central
Europe towards the western border of its distribution, 1. elatior is confined to large river
corridors (Eckstein ez a/. 2006a; Danihelka ez a/. 2009). Here it becomes increasingly rare
and occurs in different floodplain habitats along a successional gradient, extending from
managed open floodplain meadows to alluvial woodland fringes (Eckstein and Otte, 2005;
Eckstein ef al. 2006a). Population sizes can vary between tens and hundreds of individuals
(Eckstein ez al. 2006a).

Viola elatior has an octoploid genome (2n = 40) and exhibits a mixed mating system
with potentially cross-pollinated chasmogamous (CH) and obligatory self-pollinated cleis-
togamous (CL) flowers, producing capsules with approximately equal numbers of seeds
(~30). Nonetheless, seed production through CL flowers is dominating, resulting in a very
high selfing rate. In common garden experiments only around 4% of total capsule produc-
tion consisted of CH capsules (Eckstein and Otte, 2005; Schulz unpublished).

As many other violets, /. e/atior builds up persistent soil seed banks that may lead to
high seed accumulation in the ground. Hélzel and Otte (2004) found maximum seed den-
sities of up to 2660 germinable seeds/m? under a densely populated floodplain meadow,
with more than 80% of all seeds concentrated in the upper 5 cm of the soil layer. Espe-
cially under strongly fluctuating conditions of floodplain habitats, the seed bank seems to
be an important part of the species’ life strategy, which is illustrated by various reports
about sudden emergence of plants in the course of disturbance events after long-term
absence from the aboveground vegetation (Eckstein ez a/. 20006a, and reference therein).

Study regions

The study was conducted in two regions that represent strongholds of 1. elatior in Eu-
rope: The Upper Rhine floodplain (R) south of Frankfurt am Main, Germany, and the
Thaya/Morava floodplain (T) around Bfeclav, Czech Republic. In the densely populated
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and highly agriculturally influenced Upper Rhine area the study species is only found in
some nature reserves with a high share of open floodplain meadows that are regularly
managed by mowing or grazing and thus provide high proportions of suitable early- and
mid-successional habitats. In contrast, large parts of the Thaya/Morava floodplain are less
influenced by settlements and intense land-use, and the landscape is rather characterized
by a higher percentage of forests and non-intensively managed patches of floodplain
meadows. Here, populations of 1. elatior are more widely scattered and mostly occur in

late-successional habitats within forest stands or along forest fringes (Eckstein e 4l
20006b).

Table 4.1 Overview of surveyed populations of 17o/a elatior

Grid . Mean trans-
Population Region Latitude Longitude iiples Sfmples* cells ggl:tat mitted PAR

(m?) * SD (%)
RM1 Ger 49°50'16"N  8°24'00"E. 21 20 (11) 14 meadow  95.9 + 0.2
RM2 Ger 49°50'01"N  8°25'32"E 19 20 (12)  ~1400 meadow 87.7 £ 6.5
RM3 Ger 49°49'49"N  8°28'03"E 22 12 (8) 159 meadow  73.8 + 8.3
RM4 Ger 49°36'08"N  8°26'50"E 22 19 (7) 170 meadow  80.5 £ 14.7
RW1 Ger 49°48'50"N  8°24'57"E 23 21 (10) 158 woodland 23.6 = 14.2
RW2 Ger 49°35'49"N  8°26'50"E 20 20 (12) 31 woodland 12,5+ 3.3
RW3 Ger 49°35'44"N  8°25'55"E 22 19 (10) 144 woodland 16.5 £ 9.4
TM1 Cz 48°45'50"N  16°51'57"E 21 23 (14) 32 meadow 483 £ 21.2
TM2 Cz 48°46'52"N  16°51'48"E 21 23 (13)  ~1200 meadow 83.0 £ 4.7
TM3 Cz 48°48'51"N  16°49'53"E 21 22.(14) 160 meadow  60.1 + 14.9
TW1 Cz 48°49'00"N  16°27'08"E 23 23 (14) 131 woodland 22.4 £ 11.7
TW2 Cz 48°49'25"N  16°46'26"E 23 23 (14) 59 woodland 25.3 £ 20.2
TW3 Cz 48°49'01"N  16°47'41"E 23 22 (13) 34 woodland 14.8 £ 7.4
TW4 Cz 48°38'21"N  16°57'19"E 22 21 (12) 56 woodland 13.1 £ 3.2
TW5 Cz 48°58'30"N  17°23'09"E 21 23 (15 59 woodland  30.6+ 13.4

* Numbers in brackets indicate germination trays that contributed with one or more emerged seedlings to
the SB samples, respectively; Ger — Upper Rhine, Germany; Cz — Thaya/Morava, Czech Republic;
AG — aboveground; SB — seed bank; PAR — photosynthetic active radiation.
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Sampling design

In both regions we surveyed stands (hereafter called populations) from each of the two
extremes of the species’ environmental range, i.e. sunny floodplain meadows (M) and
shady alluvial woodland fringes (W). First, all known sites in the two regions inhabiting
/. elatior were inspected and visually classified according to their light environment. The
light environment of each population (Table 4.1) was measured with hemispherical pho-
tography as mean daily percentages of transmitted total photosynthetic active radiation
(for details see Schulz ez al. 2014). Then, representative populations of both habitat types
(Table 4.1) were selected and aboveground (AG) and seed bank (SB) samples (hereafter
called AG and SB cohorts) were collected between May and June, i.e. after the spring
germination peak and before the new seed rain (but see Mandak ez @/ 2012). Due to lim-
ited numbers of appropriate populations in the different habitat types with more than 20
AG individuals, we chose four M- and three W-sites in region R and three M- and five W-
sites in region T (Table 4.1). Distances between populations ranged from 0.5 to 27 km in
region R and from 1.6 to 70 km in region T.

To capture a maximum of allelic diversity and to detect potential spatial genetic struc-
ture within populations, we adopted a grid-based randomized sampling protocol. There-
fore, in each population the presence of 1. elatior was mapped on a 1 m grid. Then, for
AG cohort sampling at each site 19-23 populated grid cells were randomly selected and
young and undamaged leaves from one plant per cell were collected. As an exception, for
RMT1 2-3 individuals were sampled in 6 of the grid cells as the total number of populated
grid cells did not exceed 14. Samples were immediately cooled to below 10 °C, stored at
-25 °C and were then freeze-dried for 48 h.

For SB cohort sampling we applied the seedling emergence method. Using a soil cor-
er of 5 cm in diameter and 4 cm in depth, we took 5 soil samples each in 30 randomly
selected grid cells per population. The 150 soil samples represented 0.3 m? of soil surface
and 11.8 1 of soil volume. As previous studies showed that 7. elatior seeds are strongly
dormant during summer, with almost no germination between May and September (Eck-
stein ef al. 2006a), the soil cores were stored dry and dark until autumn. To reduce the
volume and to optimize germination conditions, we concentrated the soil samples by
washing through two sieves with mesh sizes of 2.4 and 0.7 mm (ter Heerdt ez al. 1996).
Seeds of 1. elatior (diameter: 1.2-2.2 mm) thus accumulated in the middle fraction,
whereas larger and smaller soil components were removed. Afterwards, the concentrated
soil samples were spread in a ~0.5 cm thick layer on sterilized potting soil in
18 cm x 28 cm styrofoam trays. Due to logistic reasons, soil concentrates of two proxi-
mate grid cells were always pooled in one tray, respectively, resulting in 15 soil pools per
population. For stratification, the trays were exposed in free air conditions starting in late
November. From the following spring to autumn the trays were watered regularly, and
germinated . elatior seedlings were identified and carefully transferred to individual pots
once every month. The potted seedlings were grown in a greenhouse until they reached
the four-leaf stage and were then harvested, stored at -25 °C and finally freeze-dried for
48 h. Depending on germination success, 12—23 SB individuals per population were cho-
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sen for genetic analyses. To obtain a comparable spatial sample resolution as for AG indi-
viduals, whenever possible only one to two samples per germination tray were selected
(Table 4.1).

In summary, for each of the four region x habitat combinations we sampled between
3 and 5 populations, consisting of 19-23 AG cohort individuals and 12-23 SB cohort in-
dividuals, respectively (Table 4.1).

AFLP genotyping

We investigated a total of 324 AG and 311 SB samples with amplified fragment length
polymorphism (AFLP). Total genomic DNA was extracted from dried leaf tissue using
the DNeasy 96 Plant extraction kit (QIAGEN). AFLP methodology followed Kloss ez .
(2011) and is described in detail in Appendix 4.1. After an initial screening of 64 primer
pairs, eight selective primer combinations (Supplementary Table S4.1) were chosen for
AFLP analyses. Separation and visualization of fragments was done on a ABI 3130 capil-
lary sequencer (Applied Biosystems, Foster City, USA) with Genescan 500(-250) LIZ in-
ternal size standard (Applied Biosystems). GENMAPPER version 3.7 (Applied
Biosystems) was used to analyze the AFLP profiles. We binned fragments manually for all
samples in one batch using a peak height threshold of 10 rfu. Then, peak height data were
exported and for each fragment a specific peak height threshold was manually determined
based on the peak height distribution which allowed scoring presence (1) and absence (0)
of fragments. All loci that showed a monomorphic pattern or a deviation in only one in-
dividual were excluded from the data set to prevent biased parameter estimation. Overall
error rate was 0.6%, based on 58 replicate samples (9%) that were repeated starting with
DNA extraction.

Data analysis

Binary AFLP data were analyzed using a band- or marker-based strategy, that is, without
calculating allele frequencies. To account for the unequal sample size of AG and SB indi-
viduals (Table 4.1) we estimated genetic diversity within cohorts and within pooled sam-
ples (.e. AG + SB) with a rarefaction-based approach as band richness (B7) and as
percentage of polymorphic loci at the 5% level (PLP) using AFLPDIV 1.1 (Coart ¢t al.
2005) and a standardized sample size equal to the smallest sample population (i.e. n = 12).
Furthermore, to evaluate the number of bands within populations that are private either
only for AG or SB individuals, we calculated pairwise private band richness (PBr,) with
rarefaction analyses according to Kalinowski (2004) separately for each population using
ADZE 1.0 (Szpiech e al. 2008) and the same standardized sample size of n = 12.
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Significance of differences between diversity estimates was tested using two-tailed #tests
and by calculating natural-logarithmic response ratios (LnRR) as proposed by Goldberg
and Scheiner (2001):

p
LnRR = Ln(28)
P4g

where Psp is the mean value of SB cohorts and Pac is the mean value of AG cohorts. Dif-
ferences between cohorts were considered significant when the 95% confidence interval
did not overlap with zero.

Genetic variation among groups of populations (¢cr), among populations within
groups (¢sc) and within populations (¢pst) was partiioned with hierarchical analysis of
molecular variance (AMOVA) using ARLEQUIN 3.5.1.2 (Excoffier and Lischer 2010).
To test for differentiation between AG and SB within each population, pairwise ¢sr val-
ues were calculated among cohorts and significance levels were determined after 9999
permutations. Clustering of individual samples was examined with principal component
analysis (PCA) using the R package ADEGENET v1.4-2 (Jombart 2008).

To examine the small-scale spatial genetic structure (SGS) within habitats and AG and
SB cohorts we used spatial autocorrelation methods implemented in SPAGeDi v1.4
(Hardy and Vekemans 2002). We chose distance limits of 4, 8, 12, 16 and 20 m to assure a
sufficient number of individual pairs per distance class. For SB cohorts, only samples
originating from soil pools with a maximum distance of 4 m between the two soil sam-
pling sites (see SB sampling strategy above) were considered, using the corresponding
midpoint coordinates for the SGS analyses, respectively. Thus, potential biases from the
actual SB coordinates lie within the chosen distance classes. To construct spatial autocor-
relograms, pairwise kinship coefficients (F) for dominant markers (Hardy 2003) were cal-
culated assuming an inbreeding coefficient of 0.5. Using higher inbreeding coefficients of
up to 0.9 in additional trials had little effect on the results and did not change the general
conclusions. Significance of mean Fj; per distance class was tested with 9999 permutations
of multilocus genotypes. We quantified SGS for each population using restricted regres-
sion analyses (0-20 m) and estimating the Sp statistic (Vekemans and Hardy 2004) as
Sp = -bog/ (1-F1)), whete biog is the regression slope of mean I on log geographic distance
and F is the mean Fj; of the first distance class. To compare autocorrelation patterns, we
furthermore pooled populations according to habitats and regions and tested for hetero-
geneous autocorrelation with heterogeneity tests for multiple populations subsets
(Smouse ¢ al. 2008) using GenAlEx 6.5 (Peakall and Smouse 2012) applying the same dis-
tance classes as above. Number of permutations and bootstraps were set to 9999, respec-
tively. Following Banks and Peakall (2012) significance of the Heterogeneity Test is
declared when p < 0.01.
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Results

Seedling emergence rates

Total numbers of seedlings that emerged from the concentrated soil cores strongly varied
between populations (Supplementary Table S4.2) ranging from 12 in RM3 (40 seed-
lings/m?) to 206 in TW2 (687.7 seedlings/m?). Overall, mean values of germinated seed-
lings differed significantly between regions (R =24.9£9.4 and T = 104.8148.5; rtest,
p=0.003) but not between habitat types (meadow =45.1%£34.7 and wood-
land = 87£59.4; ~test, p = 0.15).

Table 4.2 Measures of within-population diversity of [7ola elatior for aboveground, seed bank and pooled
individuals

Population PSarLp PBry Br PLP 5% Br PLP 5%
AG SB AG SB AG SB AG SB AG + SB AG + SB

RM1 33 60 0.07 0.03 116 1.12 19 16 1.14 22
RM2 16 40 0.09 0.02 1.31 1.25 35 31 1.28 38
RM3 55 50 0.03 0.01 1.34 1.32 34 32 1.33 35
RM4 23 58 0.06 0.06 1.15 1.15 18 17 1.16 25
RW1 13 33 0.07 0.06 1.17 1.16 20 20 1.17 27
RW2 45 25 0.03 0.08 1.06 1.12 9 16 1.10 20
RW3 50 53 0.07 0.04 1.08 1.06 11 8 1.09 16
™1 57 87 0.10 0.01 1.10 1.01 13 2 1.06 14
T™M2 29 52 0.02 0.02 1.06 1.06 7 8 1.06 10
T™M3 10 36 0.03 0.02 1.29 1.28 31 29 1.28 31
TW1 13 30 0.04 0.03 1.09 1.08 13 11 1.09 16
TW?2 57 74 0.04 0.01 1.05 1.02 8 3 1.04 9
TW3 35 36 0.05 0.15 1.31 1.40 35 50 1.37 55
TW4 0 19 0.22 0.05 1.34 1.17 43 20 1.29 46
TW5 57 48 0.01 0.02 1.04 1.05 5 6 1.04 7
Average overall 33 47 0.06 0.04 1.17 1.15 20 18 1.17 25
Average meadow 32 55 0.06 0.02 1.20 1.17 22 19 1.19 25
Average woodland 34 40 0.07 0.05 1.14 1.13 18 17 1.15 25
Average R 34 46 0.06 0.04 1.18 1.17 21 20 1.18 26
Average T 32 48 0.06 0.04 1.16 1.13 19 16 1.15 24

AG — aboveground individuals; SB — seed bank individuals; region R — Upper Rhine floodplain;

region T — Thaya/Morava floodplain; PSarre — petcentage of individuals that share their AFLP phenotype
with one or more other individuals within the cohort; Br— band richness, PLP 5% — percentage of poly-
morphic loci at the 5% level; PBr;, — pairwise private band richness (AG vs. SB); Br, PL.P 5% and PBr,
were calculated after rarefaction to the minimal sample size (12).
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Genetic diversity

AFLP analysis resulted in a total of 528 scorable loci of which 128 (24%) were polymor-
phic. Across the surveyed samples we found 323 unique AFLP phenotypes, that is, 49%
of all individuals shared their AFLP phenotypes with at least one other individual, ranging
within cohorts from 0% in TW4-AG to 87% in TM1-SB (Table 4.2). The mean percent-
age of individuals with shared AFLP phenotypes differed significantly between AG and
SB samples (AG = 33% and SB = 47%; #test, p = 0.005). However, when grouped for
habitats significant differences remained only for meadow (AG = 32% and SB = 55%;
t-test, p = 0.003) but not for woodland habitats (AG = 34% and SB = 40%; rtest,
p = 0.280).

A 1.6 1 Figure 4.1 Mean (£95% CI) In response ratio of (A)
1.2 - PBr,, (B) Brand (C) PLP5% between SB and AG co-
& horts in meadow and in woodland habitats, respective-
) 0.8 1 ly. Negative In response ratios denote higher values in
& 0.4 - the AG cohort. Differences between AG and SB co-
é 0 - horts were considered significant when 95% CI did
(14 not overlap with zero.
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As we assume that the majority of individuals with shared AFLP phenotypes do not rep-
resent vegetative clones but closely related, inbred individuals, all samples were retained in
the subsequent analyses. After rarefaction, assessment of genetic diversity across popula-
tions (Table 4.2) revealed mean values of 1.17 (AG) and 1.15 (SB) for Br, 20% (AG) and
18% (SB) for PLP, and 0.06 (AG) and 0.04 (SB) for PBr,. Significant differences between
the two cohorts were only found in meadow populations for Br and PBrp, with higher
values in AG than in SB individuals (B~ 1.20 and 1.17, respectively; ~test, p = 0.049;
PBrpy: 0.055 and 0.024, respectively; #test, p = 0.049). This finding was furthermore cor-
roborated by In response ratios for Br and PBs, that showed significant differences be-
tween cohorts only in meadow habitats (Figure 4.1). Three populations had higher genetic
diversity values for SB than AG cohorts, notably all originated from woodland habitats
RW2, TW2, TW5). Between regions no consistent differences in genetic diversity could
be detected, neither for the relation between AG and SB nor at the level of AG or SB
alone. Overall, pooling samples (i.e. AG + SB) revealed significantly higher mean values
for PLLP (25%; #-test, p < 0.01) but not for Br (1.17; #test, p > 0.05) when compared to

separate cohorts.

Genetic structure

Analyses of molecular variance resulted in global ¢st values of 0.80 and 0.83 for AG and
SB cohotts, respectively, ranging for population pairwise ¢st between 0.24 and 0.96 for
AG cohorts and between 0.28 and 0.99 for SB cohorts (Supplementary Table $4.3). Hier-
archical AMOVA furthermore showed that for both cohorts around 16% of genetic vari-
ance resided between regions, whereas most variation (65.8 and 68.7%, respectively) was
partitioned among populations within regions (Table 4.3).

Table 4.3 Summary of hierarchical AMOVA results for aboveground and seed bank cohorts of the sut-
veyed populations

Source Cohort  V % total P ¢ Statistics
Among all populations AG 14.62 80.06 < 0.001 st = 0.80
Among all populations SB 15.18 83.47 <0.001  ¢sr=0.83
Among regions AG 3.09 15.69 <0.001  ¢cr=0.16
Among populations within regions AG 12.97 65.83 <0.001  ¢sc =0.78
Within populations AG 3.64 18.47 <0.001  ¢sr=10.82
Among regions SB 3.16 16.03 < 0.001 dcr = 0.16
Among populations within regions SB 13.53 68.71 < 0.001 Osc = 0.82
Within populations SB 3.01 15.27 <0.001  ¢sr=0.85

AG — aboveground individuals; SB — seed bank individuals; V — variance components.
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Thus, overall we found very strong genetic differentiation among populations but no sig-
nificant differences between AG and SB cohorts (Supplementary Table S4.4). Nonethe-
less, at the individual population level, 2 of 7 meadow population and 4 of 8 woodland
populations exhibited significant genetic differentiation between cohorts with pairwise ¢st
values ranging from 0.05 for TW1 to 0.16 for TW4 (Figure 4.2; Supplementary Table
S4.3).

Principal component analysis corroborated the AMOVA results, revealing a very
close clustering of cohort pairs for most populations (Figure 4.2). Overall, the first three
components accounted for 20.4%, 11.4% and 9.3% of genetic variation. Whereas regions
were separated along the first axis, there was no consistent structuring according to habi-

tat types.
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Figure 4.2 Principal component analysis (PCA) of the genetic structure in populations of 17la elatior.
German populations are indicated by blue (meadow) and grey (woodland), and Czech populations by oz-
ange (meadow) and red (woodland). Aboveground and seed bank cohorts are depicted by strong and light
colours, respectively. Inertia ellipses indicate dispersion of samples in relation to mean coordinates and
include approximately three-fourths (76%) of all individuals for each group. Stars denote populations with
significant genetic differentiation (¢sr) between aboveground and seed bank cohorts (see also Supplemen-
tary Table $4.3).
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Small-scale spatial genetic structure

For both, AG and SB samples 5 out of 15 populations showed significant SGS, respec-
tively, with Sp values ranging from 0.186 to 2.198 for AG and from 0.073 to 0.253 for SB
(Table 4.4). Even though Sp values were generally lower for SB samples, the presence of
SGS was comparable among AG and SB, and in all but one case, population showing
SGS at the AG level also showed SGS at the SB level. Overall, the proportion of popula-
tions with significant SGS was higher in meadow than in woodland habitats (AG and SB:
42.9% vs. 25%) and meadow populations showed a stronger degree of SGS with marked-
ly higher average Sp values (AG: 0.60 vs. 0.11; SB: 0.32 vs. 0.03). This was also corrobo-
rated by the heterogeneity test with pooled data sets, revealing for both cohorts
significantly stronger SGS in meadow than in woodland populations, overall and at the
regional scale (Figure 4.3; Supplementary Figure S4.1; data only shown for AG). Hetero-
geneity tests furthermore confirmed that SGS was not significantly different between AG
and SB (Figure 4.3). However, for meadow populations kinship coefficients of AG and
SB samples showed significant differences in the second distance class.

Table 4.4 Small-scale genetic structure for aboveground and seed bank individuals in populations of io/a
elatior

Population < Fa, D 3P
AG SB AG SB AG SB AG SB

RM1 21 20 0.000  0.004 -0.004 -0.002 0.004  0.002
RM2 19 7 0.102  0.948 -0.079 -0.085 0.088  1.646
RM3 22 12 0.678%F 0.357* -0.707+*  -0.144** 2198 0.223
RM4 22 18 0.391%* 0.425%* -0.428**  -0.062** 0.703  0.108
RW2 23 9 0.329*%F  0.058 -0.291**  -0.001 0.433  0.001
RW3 20 14 0.016  -0.050 -0.021 0.018 0.021 -0.017
RW4 22 10 0.147  0.358* -0.159*  -0.085** 0.186  0.133
TM1 21 18 -0.021  -0.019 0.007 0.011 -0.007 -0.011
TM2 21 10 0.041  0.334 -0.134 -0.011 0.140  0.017
TM3 21 20 0.515%F 0.548** -0.487+*  -0.114%* 1.003  0.253
TW1 23 21 -0.008  -0.059 -0.010 -0.017 0.010 0.016
TW2 23 20 -0.001 -0.109* -0.042 0.012 0.042 -0.011
TW3 23 19 0.005  0.055 -0.065 -0.013 0.066  0.013
TW4 22 16 0.014 0.265** -0.008 -0.054* 0.008 0.073
TW5 21 22 0.160*  0.030 -0.067 -0.008 0.079  0.009
Average 21.6 15.7 0.158  0.210 -0.166 -0.037 0.332 0.164

AG — aboveground individuals; SB — seed bank individuals; n— sample number; Fiy — kinship coefficient
of the first distance class; hog — regression slope of spatial genetic autocorrelation; Sp — statistic. Significant
values are indicated by stars (*p < 0.05; **p < 0.01).
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Figure 4.3 Correlograms of spatial genetic autocorrelation in populations of 17o/a elatior. Comparison of
correlogram homogeneity is shown for (A) aboveground samples grouped for habitats, and for above-
ground and seed bank samples either only from (B) meadow or (C) woodland habitats, respectively; w-test
indicates overall significance (A: w = 73.74, p = 0.0001; B: w = 9.33, p = 0.497; C: w = 19.85, p = 0.030).
*p < 0.05 and **p < 0.01 indicate significant differences for single distance classes. AG — aboveground;
SB — seed bank; n — number of populations.
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Discussion

Genetic diversity

Both, overall and within AG cohort genetic diversity of 1. elatior was relatively low com-
pared to other plant species (Nybom 2004; Reisch and Bernhard-Rémermann 2014). This
is consistent with earlier studies on 1. elatior (Eckstein ez al. 2006b; Schulz e al. 2014) and
with findings in other plants with predominant CL seed production (Sun 1999; Durka
et al. 2012) that exhibit high levels of inbreeding, little or no genetic variability within
populations and strong population differentiation (Culley and Wolfe 2001). Additional
factors like spatial isolation and past population bottlenecks may have even reinforced
this pattern in the rare /. elatior.

Generally, it is widely assumed that decreasing population sizes lead to a loss of genet-
ic variation through effects of increased random genetic drift, higher inbreeding rates and
the accumulation of deleterious mutations (e.g. van Treuren ez a/. 1991; Young et al. 1990).
Furthermore, under changing environmental conditions during succession the loss of ge-
netic variation might be aggravated by an increased probability of local extinction of cer-
tain genotypes due to selection (Raffl ¢ @/ 2006). Consequently, for our study system we
initially hypothesized to find a decrease of AG genetic diversity towards woodland habi-
tats, while SB genetic diversity should stay rather constant along the gradient, probably
storing genotypes that are lost aboveground and thus enabling to regain former AG ge-
netic diversity under more favorable conditions (e.g. after disturbance).

However, even though we found slightly higher mean values for Br and PLP5% in
meadow populations, overall AG genetic diversity showed no significant differences be-
tween the two habitats that differ strongly in population size. This lack of association be-
tween population size and genetic variation might be related to multiple causes. First, the
time span of reduced individual numbers in the course of succession could have been too
short to distinctively affect genetic variation. As genetic drift will be stronger as more
generations have passed, long lived, perennial species like 1. e/atior might suffer less from
the negative genetic consequences of reduced population sizes (Leimu ef al. 20006). Sec-
ond, in self-compatible species with a long history of inbreeding the genetic load might
have been purged, making them less susceptible to genetic erosion (Busch 2005). Indeed,
Leimu e al. (2006) showed that the positive relationship between population size and ge-
netic variation is stronger in self-incompatible than in self-compatible species. Third, the
rarity of 1. elatior might be an additional cause, as rare species typically are considered to
exhibit comparatively low genetic variation, independently of their respective population
size (Leimu ef al. 2006). Finally, also a higher relative outcrossing rate in woodland popu-
lations and thus a stronger buffer capacity of the seed bank potentially could have bal-
anced the effects of decreasing population size (but see below).

Similar to AG cohorts also SB cohorts showed no significant differences in genetic
diversity along the gradient. However, when examining the relationship between AG and
SB, we found clear differences between the two habitat types. Whereas meadow popula-
tions overall exhibited higher AG than SB diversity — i.e. higher Br and PBr;, values and
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lower number of shared AFLP phenotypes in AG cohorts — no significant differences
could be detected in woodland populations. Thus, strikingly relative SB genetic diversity
(i.e. compared to AG cohorts) seems to increase with ongoing succession and despite de-
creasing population size, resulting for three of eight woodland populations even in higher
SB than AG genetic diversity.

Generally, higher AG than SB genetic diversity, as found in meadow populations,
might be explained by selection against homozygotes or inbred individuals during germi-
nation and recruitment as suggested by earlier seed bank genetic studies (Vitalis ez a/. 2004;
Mandak e# a/. 2006; Honnay ez a/. 2008). However, as we did not find reduced seed bank
genetic diversity in late successional stages, in which similar or even stronger selection
pressure can be expected, we alternatively suggest that in woodland an increase in the rel-
ative contribution of outcrossed seeds to the seed bank may be causal for the observed
pattern, counteracting effects of selection and reduced population size.

Several non-mutually exclusive and linked processes may have fostered outcrossing in
woodland habitats. First, a change in the balance between CH and CL capsules along the
gradient might have led to higher CH/CL capsule ratios in woodland habitats. It is well
known that in cleistogamous species the allocation to CH and CL capsules may depend
on environmental factors (Culley and Klooster 2007) and indeed some authors found in-
creasing CH/CL ratios with decreasing plant density (Cheplick 2007), decreasing light
availability (Mattila and Salonen 1995; Cheplick 2007) and increasing soil water availability
(Brown 1952). Hence, the same environmental gradients that are present between mead-
ow and woodland habitats. Although some studies (e.g. Le Corff 1993) indicate that the
relationship between environmental parameters and CH/CL ratio is species specific, the
only study in the genus 7ola we are aware of, found that the CH/CL ratio increased with
shading (Mattila and Salonen 1995). Second, besides changes in relative CH and CL cap-
sule production, also variation in CH seed abortion rates or seed quality might be causal.
As CH capsules mature in the hottest period of the year (i.e. June—July) differences in wa-
ter availability between meadow and woodland habitats are particularly distinct during CH
seed development. Thus, CH seed production and quality could increase along the suc-
cessional gradient and hence the relative contribution of outcrossed seeds to the seed
bank. This is corroborated by a survey in 4 populations from the Upper Rhine region
(Schulz, unpublished data) revealing for CH seeds considerably higher abortion rates
(30% vs. 6%) and lower seed mass (10 mg vs. 18 mg) in meadow than in woodland sites,
respectively. In contrast, differences for CL seeds in the same populations were less pro-
nounced (seed abortion: 4.8% vs. 2.2%; seed mass: 15 mg vs. 17 mg). Similarly, also in
Viola blanda shading increased average seed mass (Griffith Jr 1998). Third, seed longevity
may change along the successional gradient. Given that lower seed mass is associated with
lower seed bank survival (van Groenendael 1985; Thompson ef al. 1993) the persistence
of CH seeds could be reduced in meadow populations. Moreover, it might be possible
that seed longevity generally is higher in woodland habitats, as soil parameters like mois-
ture and temperature are more constant and not as extreme as in open grassland. Accord-
ingly, woodland seed banks potentially could be assembled from more seed generations,
leading to higher relative genetic diversity. Finally, also anthropogenic effects could have
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had an impact on CH seed contribution, as most of the floodplain meadows are regularly
managed by a one-time mowing in early June. Hence large amounts of ripening CH cap-
sules might be destroyed every year, whereas CL capsules freely develop from July to Oc-
tober. For grasses it was even suggested that mowing and grazing pressure generally can
increase the share of CL spikelets (but see Cheplick 2007 and reference therein).

Comparable to results of Eckstein ef /. (2006b) we found no significant differences in
genetic diversity between German and Czech populations, neither for AG nor SB co-
horts. This strongly implies that the detected habitat related differences seem to present a
general effect that is independent of geographic location.

Genetic structure

Genetic differentiation in /. elatior was very high, with 80.1% and 83.5% of genetic varia-
tion residing among populations for AG and SB cohorts, respectively. Similar differentia-
tion (up to 82%) has been also reported in earlier studies on this species (Gygax 2001;
Eckstein ez al. 2000b; Schulz ez al. 2014), reflecting the predominant selfing and relatively
small population sizes and hence a strong influence of genetic drift on population struc-
ture. This is further substantiated by a lack of correlation between genetic differentiation
and geographic distances in populations from the Upper Rhine Valley (Schulz ez a/. 2014),
which indicates that spatial isolation and thus gene flow do not play a major role for pop-
ulation divergence. Overall, population differentiation in 1. elatior was virtually identical
among SB and AG cohorts at all hierarchical levels (Table 4.3). In contrast, some other
studies reported lower differentiation among SB cohorts than among AG cohorts (Ton-
sor et al. 1993; McCue and Holtsford 1998; Zaghloul e a/. 2013), indicating that by chance
ot selection, aboveground populations can become more differentiated than the potential-
ly multigenerational and thus more homogeneous seed pools they derived from (McCue
and Holtsford 1998). Accordingly, in 1. e/atior habitat related change in selection might
have been not as high as expected. However, at least the fact that some individual popula-
tions exhibited significant differentiation between cohorts suggests that differential seed
bank recruitment over time, and hence changes in post-germination selection, do also ex-
ist in 1. elatior. Interestingly, populations with significant cohort differentiation were ob-
viously more frequent in woodland than in meadow habitats (4/8 vs. 2/7, respectively)
indicating that the genetic buffering capacity of the seed bank increases towards late suc-
cessional stages.

Small-scale spatial genetic structure

Spatial genetic structure within populations arises due to spatially restricted gene dispersal
and is mainly related to the amount of gene flow by seeds and pollen (Zeng ez al. 2011).
Therefore, the observed significant decrease of SGS from meadow to woodland habitats
strongly supports the assumption that in 1. elatior the relative impact of outcrossing and
thus pollen dispersal increases towards late successional stages. Very high selfing rates in
meadow populations are furthermore corroborated by high Sp values (mean Sp = 0.59
and 0.32, for AG and SB, respectively) that even exceeded mean values reported for other
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predominantly selfing species (5p = 0.14, Vekemans and Hardy. 2004). In contrast, Sp
values in woodland populations (mean Sp = 0.11 and 0.3, for AG and SB, respectively)
were markedly lower and tended to reflect more those for mixed mating species
(8p = 0.04, Vekemans and Hardy 2004). Besides outcrossing rates, also the density of co-
occurring individuals is a major driver of SGS and under isolation by distance, Sp statistics
are expected to be inversely proportional to plant density (Heywood 1991; Vekemans and
Hardy 2004). In 1. elatior however, the effect of lower population densities in woodland
habitats might have been compensated by larger gene dispersal distances. Indeed, direct
measurements in other plant species showed that pollen dispersal distances increased with
decreasing plant densities (Schmitt 1983; Fenster 1991). Moreover, if in meadow popula-
tions almost all seeds result from self-fertilization, only seed dispersal (~ 1.3 m, Eckstein
et al. 20062) does impact gene dispersal distances. In contrast, in woodland populations
with considerable outcrossing, both seed and pollen dispersal would contribute and con-
sequently significantly increase overall gene dispersal (Vekemans and Hardy 2004). But
still, also other succession related changes may have decreased SGS in woodland habitats.
More scattered patterns of light availability and microclimatic conditions could have re-
duced overall reproductive success and thus the clustering of siblings (Born ez a/. 2008),
and a reduced spatial aggregation of individuals could have increased the overlap of seed
shadows (Hamrick and Nason 1996; Zeng ¢z al. 2011). Moreover, as 1. elatior is a diplo-
chorous species (i.e. ballistic and ant dispersal) also differences in secondary dispersal by
ants may have contributed. However, in four diplochorous violet species from North-
America dispersal by ants was the least important factor determining neighborhood size,
whereas pollen dispersal played the major role (Beattie and Culver 1979).

Both, AG and SB cohorts showed significant SGS and even though Sp values were
generally lower in SB cohorts, overall there were no significant differences between the
two groups. Notwithstanding, lower spatial autocorrelation of SB cohorts in some of the
populations might indicate that at small spatial scales, seed germination and establishment
could be under stronger selection than seed persistence in the soil (Tonsor ez al. 1993).
Similar to our results, most of the few other available studies on that topic also detected
significant SGS in both cohorts (Cabin ez a/ 1998; Shimono ez al. 2006; Ottewell ef al.
2011) suggesting that the spatial structure of AG and SB individuals is often mutually de-
pendent (Shimono e al. 2006; but see Mandak ez a/. 2000).

Taken together, the overall SGS patterning in 1. elatior seems to reflect the different
outcrossing rates along the environmental gradient. However, SGS appears to break
down relatively fast with ongoing succession and is not stored over longer periods of time
in SB cohorts. Otherwise much stronger spatial autocorrelation would have been present
in SB cohorts of woodland populations. Instead, the high correlation of AG and SB co-
horts in both habitats suggests that the longevity of soil seeds and adult plants in 1. e/atior
largely overlaps and that seeds do not persist in the seed bank for more than few adult
generations (Tonsor ez al. 1993).
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Conclusions

To our knowledge, the present study is the first one that has compared AG and SB genet-
ic diversity along a successional gradient. Surveying a relative large number of populations
of the cleistogamous 1. elatior in two different regions, we could show that the contribu-
tion of outcrossing to reproduction seems to increase from early to late successional stag-
es, leading to higher relative seed bank diversity and lower within population SGS. This
suggests that under favorable early successional conditions with high plant densities, pop-
ulations maintain their approved genotypes mainly by selfing. Contrary, under more unfa-
vorable conditions an increase in outcrossing may keep genetic diversity in 7. elatior at a
constant level and hence seems to compensate the detrimental effects of small population
size. Ultimately, in late successional habitats with a higher risk of extinction, the resulting
increased relative SB genetic diversity also assures a higher chance for population recov-
ery and thus the long term persistence of the species. Moreover, the finding that pooled
AG and SB samples overall had higher mean PLP values than individual cohorts, general-
ly supports the stabilizing effect of the seed bank.

To close the cycle and to come back to the implications of Honnay ez a/. (2008), we
might conclude from our results that the relationship between seed bank and above-
ground plants potentially can be driven by both, post-germination selection as seen in
meadow habitats and genetic buffering through stored seeds that seems to counteract the
effects of drift and selection as seen in woodland populations. However, to substantiate
these results and to test if this is not a specific situation in cleistogamous plants, further
studies in species with other mating systems are needed that survey seed bank genetics
along environmental gradients.
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Appendix

Appendix 4.1 AFLP protocol

For restriction and ligation (RL) 5.6 pl genomic DNA were combined with 5.4 pl RL re-
action mix containing 0.55 ul BSA (1 mg/ml; New England Biolabs, NEB), 1.1 pl 0.5 M
NaCl, 5 u EwRI (NEB), 1 u Msel (NEB), 67 u T4 DNA ligase (NEB), 1.1 ul T4 DNA
ligase buffer (NEB), 1 ul EcwRI adapter (5 pmol) and 1 ul Msel adapter (50 pmol). The
reaction was incubated for 2 h at 37 °C and diluted 1:2. For the preselective amplification
(PCR1), 4 pl RL product were combined with 16 ul PCR1 reaction mix containing 1.5
ng/ul EcRI and Msel preselective primers each, 200 pM dNTPs (Roth), 2 pl 10 x Dream
Tag buffer (QIAGEN), 0.8 u Dream Tag polymerase (QIAGEN) and 9.84 pl H2O. The
thermocycler protocol was 72.0 °C (2 min) followed by 20 cycles of 94.0 °C (20 s),
56.0 °C (30 s) and 72.0 °C (2 min) and a final extension at 60.0 °C (30 min), performed
on an Eppendorf Mastercycler gradient. The PCR1 product was diluted 1:5. For the selec-
tive amplification (PCR2), 1 ul PCR1 product was combined with 3.4 pl PCR2 reaction
mix containing 2.2 pl Multiplex PCR kit (QIAGEN) and 0.6 pl fluorescent labeled EcRI
primer (1 pmol/ul) and 0.6 pl Msel (5 pmol/ul) selective primers each. The thermocycler
protocol was 94.0 °C (2 min) followed by 10 cycles of 94.0 °C (20 s), 66.0 °C (30 s, de-
creasing 1 °C per cycle) and 72.0 °C (2 min) and 20 cycles of 94.0 °C (20 s), 56.0 °C (30 s)
and 72.0 °C (2 min), and a final extension at 60.0 °C (30 min), performed on an Eppen-
dorf Mastercycler pro 384.
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Supplementary Table $4.1 Adaptor- and primer sequences used for AFLP analyses

Primer

Sequence

Adaptors

EcoRlI-adapter top
EcoRI-adapter bottom
Msel-adapter top
Msel-adapter bottom

Preselective primers

EcwRI + A
Msel + C

Selective primer

EcwRI + AAC-FAM!
EcwRI + ACT-FAM?
EwRI + ACA-VIC3+#
EwRI + AAG-NEDS56
EwRI + AGC-PET”
EcwRI + AGG-PETS
Msel + CTA!

Msel + CAA237

Msel + CACS

Msel + CTC*08

5-CTCGTAGACTGCGTACC-3’
5-AATTGGTACGCAGTCTAC-3
5-GAGCGATGAGTCCTGAG-3
3-TACTCAGGACTCAT-5'

5-GACTGCGTACCAATTCA-3
5-GATGAGTCCTGAGTAAC-3

5-GACTGCGTACCAATTCAAC-3
5-GACTGCGTACCAATTCACT-3
5-GACTGCGTACCAATTCACA-3
5-GACTGCGTACCAATTCAAG-3
5-GACTGCGTACCAATTCAGC-3’
5-GACTGCGTACCAATTCAGG-3
5-GATGAGTCCTGAGTAACTA-3
5-GATGAGTCCTGAGTAACAA-3
5-GATGAGTCCTGAGTAACAC-3
5-GATGAGTCCTGAGTAACTC-3

Superscript numbers indicate primer combinations used for the selective amplification.
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Supplementary Table S4.2 Secedling emergence rates of 1ola elatior in soil samples from the sutveyed
populations

Population Total seedlings Seedlings per m?
RM1 20 66.7
RM2 26 86.7
RM3 12 40.0
RMA4 18 60.0
RW1 26 86.7
RW2 44 146.7
RW3 28 93.3
TM1 61 203.3
TM2 116 3806.7
TM3 63 210.0
TW1 156 520.0
TW2 206 686.7
TW3 72 240.0
TW4 85 283.3
TW5 79 263.3
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Supplementary Table S4.3 Pairwise dpsr-Matrix for aboveground and seed bank cohotts of the surveyed populations

RM RM RM RM RM RM RM RM RW RW RW RW RW RW T™ T™ T™ T™ T T TW TW TW TW TW TW TW TW TW TW
1 1 2 2 3 3 4 4 1 1 2 2 3 3 1 1 2 2 3 3 1 1 2 2 3 3 4 4 5 5

AG SB AG SB AG SB AG SB AG SB AG SB AG SB AG SB AG SB AG SB AG SB AG SB AG SB AG SB AG SB
RM1 AG - 017 0.00 0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
RM1 SB 0.03 - 0.00  0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
RM2 AG 0.62  0.67 - 0.00  0.00 0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
RM2 SB 0.67  0.71 - 0.00  0.00 0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00
RM3 AG 053 056 0.51 0.56 - 043 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
RM3 SB 0.63 069 058 0.64 -0.03 - 0.00  0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
RM4 AG 082 085 0.68 070 070 0.77 - 0.32 000 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
RM4 SB 083 087 0.9 072 070 078 0.00 - 0.00  0.00 0.00 0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
RW1 AG 079 083 0.65 0.69 061 072 075 076 - 0.23 000 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
RW1 SB 081 08 0.8 071 062 073 077 078 0.01 - 0.00  0.00 0.00 0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
RW2 AG 088 092 074 072 074 085 087 089 088 089 - 0.00  0.00 0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00
RW2 SB 0.85 090 070 069 072 082 085 087 085 0.87 - 0.00  0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00
RW3 AG 086 091 074 074 073 083 085 087 08 087 071 0.64 - 0.00  0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000
RW3 SB 088 092 075 075 074 085 086 088 087 088 074 0.67 - 0.00  0.00 0.00 0.00 0.00 000 000 000 000 000 000 000 000 000 0.00 0.00
T™M1 AG 090 093 081 08 078 087 086 087 086 087 094 092 092 093 - 0.00  0.00 0.00 000 000 000 000 000 000 000 000 000 000 000
TM1 SB 093 096 085 086 082 091 089 091 090 091 097 095 096 097 - 0.00  0.00 0.00 000 000 000 000 000 000 000 000 000 000 000
TM2 AG 089 093 082 083 077 0.8 086 087 087 08 095 092 093 095 094 097 - 0.75 0.00 0.00 0.00 000 000 000 000 000 000 000 0.00 0.00
TM2 SB 090 094 083 084 079 087 087 088 088 089 095 093 094 095 095 098 -0.02 - 0.00  0.00 0.00 0.00 0.00 000 000 000 000 000 000 0.00
TM3 AG 073 076 0.63 066 060 065 070 070 0.64 065 0.83 081 083 083 079 083 072 074 - 081 0.00 0.00 000 000 000 000 000 000 0.00 0.00
TM3 SB 073 075 0.62 065 060 065 069 069 063 063 083 08 08 08 078 082 071 073 -0.04 - 0.00  0.00 0.00 0.00 0.00 000 000 000 000 @ 0.00
TW1 AG 088 092 080 083 077 085 0.8 087 08 087 095 093 093 094 093 096 093 093 075 0.74 - 0.00  0.00 0.00 0.00 0.00 000 000 0.00
TW1 SB 089 092 080 083 077 086 08 088 086 0.8 095 093 093 094 093 096 093 094 075 0.73 - 0.00  0.00 0.00 0.00 000 000 000 0.00
TW2 AG 090 094 081 083 075 085 087 089 084 086 096 095 095 096 095 098 093 094 024 026 093 093 - 0.67 0.00 0.00 0.00 0.00 000 0.00
TW2 SB 091 095 082 084 076 087 088 09 086 087 097 095 096 097 096 099 095 095 025 028 094 094 -0.01 - 0.00  0.00 0.00 0.00 0.00 @ 0.00
TW3 AG 075 078 068 070 0.62 0.68 069 069 066 066 083 081 080 081 073 077 076 077 050 049 077 077 070 0.71 - 0.27 0.00 0.00 0.00 0.00
TW3 SB 073 076 0.66 0.7 060 0066 067 067 063 063 080 079 078 078 070 074 072 073 046 046 073 072 067 0.68 0.01 - 0.00  0.00 0.00 0.00
TW4 AG 073 076 058 060 0.61 067 069 070 072 073 080 077 080 080 082 0.8 078 079 059 058 077 077 077 078 0.64 0.62 - 0.00  0.00
TW4 SB 081 085 067 069 069 076 075 076 078 080 087 084 086 087 086 0.8 084 08 066 065 085 062 084 086 071 0.68 - 0.00  0.00
TW5 AG 089 093 078 080 074 084 089 09 086 0.8 095 093 094 095 095 098 094 094 072 071 094 094 095 096 078 075 077 085 - 0.79
TW5 SB 088 092 078 080 074 084 088 09 086 087 095 092 093 095 094 097 093 094 072 071 093 093 094 095 078 075 077 084 -0.02 -

Lower and upper diagonal represent pairwise ¢sr and corresponding p values after 9999 permutations, respectively; light and dark gray cells depict non-significant and significant ¢sr p values for population pairs of above-
ground (AG) and seed bank (SB) individuals, respectively.
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Supplementary Table S4.4 Summary of hierarchical AMOVA results for German and Czech popula-
tions grouped by cohort type

Source region A% % total P ¢ statistics
Among cohorts Ger -1.80 -12.43 0.994 Ocr = -0.12
Among populations within cohorts Ger 12.60 87.12 <0.001  ¢sc =0.77
Within populations Ger 3.66 25.30 <0.001  ¢sr=0.75
Among cohorts Cz -1.70 -11.22 0.982 ¢ocr = -0.11
Among populations within cohorts Cz 13.74 90.9 <0.001  ¢sc =0.82
Within populations Cz 3.07 20.32 <0.001  ¢sr=0.80

Ger — Germany; Cz — Czech Republic; V — variance components.
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Supplementary Figure S$4.1 Correlograms of genetic autocorrelation in populations of Viola elatior.
Comparison of correlogram homogeneity is shown for (A) Czech and (B) German aboveground samples
grouped for habitats, respectively; w-test indicates overall significance (A: v = 67.18, p = 0.0001; B: v =
33.91, p = 0.0003). *» < 0.05 and **p < 0.01 indicate significant differences for single distance classes. Cz
— Czech Republic; Ger — Germany; AG — aboveground, n — number of populations.
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Summary

The ability to adjust to varying biotic and abiotic conditions is a key feature of plants to
survive in an ever changing environment. In the course of evolution plants therefore have
developed numerous mechanisms to cope with environmental heterogeneity and its un-
predictability. This thesis investigates two of these mechanisms and their population eco-
logical consequences in the cleistogamous species 7ola elatior. The conducted studies
intended to (1) extend our knowledge on the impact of epigenetic variation in environ-
mental adjustment and (2) to investigate the population genetic effects of persistent soil
seed banks under changing selection regimes and decreasing population size.

Viola elatior is a perennial hemicryptophyte that within Central Europe is restricted to
floodplain habitats of large river corridors, ranging from floodplain meadows to alluvial
woodland fringes. Due to disturbance and succession the transition from one habitat type
into the other may proceed rather fast. As the ability of 1. elatior to compete for light is
low, with increasing succession to closed forests, population sizes gradually decline and
the species finally disappears from the aboveground vegetation. However, due to its per-
sistent soil seed bank populations may recover even after years of absence. 170la elatior
has an octoploid genome and exhibits a mixed mating system with potentially cross-
pollinated chasmogamous (CH) and obligatory self-pollinated cleistogamous (CL) flowers.
Seed production through CL flowers is dominating, leading to very high selfing rates and
low genetic diversity within populations.

In the first and second study epigenetic variation was investigated in different popula-
tions from the Upper Rhine Valley (Germany). Generally epigenetic variation is thought
to play an important role for the rapid adjustment of plants to dynamic environmental
conditions. Modulating gene expression without changing the underlying genetic code, it
might compensate for relative slow adaptations at the genetic level and could counteract
the lack of genetic diversity. One of the most extensively studied epigenetic marks is the
reversible methylation of DNA that is connected with numerous biological processes and
might be inherited through meiosis over several generations.

To investigate the impact of DNA methylation in an ecological context, epigenetic
studies mostly use methylation-sensitive amplification polymorphism (MSAP) analyses.
However, no consensus exists on how to interpret and score the multistate information
obtained from MSAP banding patterns. Therefore, the first study was intended to assess
the effects of different MSAP scoring approaches on a small test data set of three
V. elatior populations, and to justify a common scoring approach that allows for detailed
and unbiased estimates. Overall, eight different scoring approaches — previously used var-
iants and new alternatives — were applied to analyze 168 polymorphic MSAP markers.
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SUMMARY

Depending on the particular approach, between 78 and 286 polymorphic epiloci were
scored that resulted in strongly varying estimates of epigenetic diversity and differentia-
tion. Notwithstanding, linear regression and principal coordinates analysis revealed rather
similar patterns and thus suggest that for multilocus analyses there seems to be not one
best data analysis approach. However, for single-locus analyses like the search for epiloci
under selection or the correlation of epiloci with environmental data, a new scoring vari-
ant was advocated that separately takes into account methylated as well as unmethylated
MSAP fragments and thus seems appropriate to draw more detailed conclusions on
population ecological processes.

In the second study the new approach was applied to a larger data set of six popula-
tions, three from meadow habitats and three from alluvial woodland habitats. Comparing
amplified fragment length polymorphism (AFLP) and MSAP data revealed low levels of
genetic (Hgen = 0.19) and epigenetic (H i = 0.23) diversity and high genetic (¢st = 0.72)
and epigenetic (¢pst = 0.51) population differentiation. Diversity and differentiation esti-
mates were significantly correlated, suggesting that epigenetic variation partly depends on
the same driving forces as genetic variation. However, even though correlation analyses
detected almost equal levels of genetic (17.0%) and epigenetic (14.2%) markers that were
correlated with site-specific light availability, principal coordinates analyses and Mantel
tests showed that overall epigenetic variation was more closely related to habitat condi-
tions than genetic variation. In agreement with these findings, genome scan analysis iden-
tified only very few AFLP markers (0-4.5%) that seemed to be under positive selection.
This suggests that environmentally induced methylation changes indeed may play a major
role for the transient or even heritable adjustment to dynamic environmental condition.
Additionally, the new MSAP-scoring approach revealed that mainly unmethylated and
CG-methylated states of epiloci contributed to population differentiation and putative
habitat-related adaptation, whereas CHG-hemimethylated states only played a minor role.

In the third study, aboveground (AG) and seed bank (SB) samples of 1. elatior were
compared in 15 populations from the Upper Rhine Valley (Germany) and the Tha-
ya/Morava floodplain (Czech Republic). To test if persistent seed banks might buffer the
detrimental genetic effects of declining population sizes and/or changing selection re-
gimes, the sampling was conducted along the same successional gradient from meadow to
woodland habitats. Strikingly, AFLP analysis revealed significantly higher AG than SB
genetic diversity in meadow (band richness Br = 1.20 vs. 1.17; pairwise private band rich-
ness PBr, =0.06 vs. 0.02) but not in woodland habitats (Br=1.14 vs. 1.13;
PBr, = 0.07 vs. 0.05). Moreover, three of eight late successional populations even showed
higher SB than AG diversity, indicating that persistent seed banks can accumulate genetic
diversity. The results overall suggest that in 1. elatior relative SB diversity (i.e. compared
to AG diversity) and thus the SB genetic buffer capacity increases with ongoing succes-
sion and despite decreasing population size, counteracting effects of drift and selection,
and hence assuring a higher chance for the species’ long term persistence after disturb-
ance events. Most likely and as corroborated by much lower small-scale genetic structure
in late successional habitats, the observed change in relative SB diversity seems to be ini-
tially driven by a change in the allocation to CL. and CH capsules along the gradient.
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Zusammenfassung

Die Fihigkeit, sich an variierende biotische und abiotische Bedingungen anzupassen, ist
eine entscheidende Figenschaft von Pflanzen, um in einer sich stindig verindernden
Umwelt zu Gberleben. Im Laufe der Evolution haben Pflanzen daher eine Reihe von Me-
chanismen entwickelt, die helfen mit der Heterogenitit und Unvorhersagbarkeit ihrer Le-
bensbedingungen zurechtzukommen. Die vorliegende Thesis untersucht zwei dieser
Mechanismen und ihre populationsokologischen Folgen in der kleistogamen Pflanzenart
Viola elatior. Ziel der durchgefuhrten Studien war es, eine besseres Verstindnis tuber (1)
den Einfluss epigenetischer Variabilitit in Bezug auf Umweltanpassungen zu erlangen
und (2) die populationsgenetischen Effekte von persistenten Samenbanken unter sich
verandernden Selektionsregimen und sinkender Populationsgro3e zu erforschen.

Viola elatior ist eine mehrtjahrige, hemikryptophytisch wachsende Pflanzenart, deren
Verbreitung innerhalb Zentral Europas auf Stromtalhabitate entlang von grofen Flusssys-
temen begrenzt ist. Hier kommt sie entlang eines Lichtgradienten von offenen Stromtal-
wiesen hin zu Lichtungen und Riandern von Auwildern vor. Durch Stérungsereignisse
und Sukzession kann der Wandel von einem Habitat Typ in den anderen innerhalb sehr
kurzer Zeitraume stattfinden. Da die Konkurrenzfihigkeit von 1. e/atior mit sinkendem
Lichtangebot abnimmt, kommt es mit zunehmender Sukzession hin zu Auwald Habitaten
zu einer graduellen Abnahme der Populationsgrof3e, bis die Art schlief3lich ganz aus der
Vegetation verschwindet. Aufgrund einer persistenten Bodensamenbank ist es jedoch
moglich, dass Populationen auch nach Jahren der oberirdischen Abwesenheit wieder neu
entstehen konnen. [7ola elatior hat ein octoploides Genom und weist ein gemischtes Fort-
pflanzungssystem, mit potentiell fremdbestdubten chasmogamen (CH) und obligatorisch
selbst-bestaubten kleistogamen (CL, cleistogamous) Bliten auf. Die Samenbildung durch
CL Bliten ist jedoch vorherrschend, was zu einer sehr hohen Selbstbefruchtungsrate und
vergleichsweise geringer genetischer Diversitit innerhalb von Populationen fihrt.

Die ersten beiden Studien dieser Thesis untersuchen die epigenetische Variation in-
nerhalb verschiedener Populationen aus dem Oberen Rheintal in Deutschland. Generell
wird angenommen, dass epigenetische Variation eine wichtige Rolle bei der Anpassung
von Pflanzen an sich verindernde Umweltbedingungen spielt. Da sie die Expression von
Genen modelliert ohne den zugrunde liegenden genetischen Code zu verindern, ist es
moglich, dass epigenetische Verinderungen relativ langsame Adaptionen auf der geneti-
schen Ebene kompensieren und zudem die Konsequenzen von geringer genetischer
Diversitit ausgleichen konnen. Einer der bisher am besten untersuchten epigenetischen
Mechanismen ist die reversible Methylierung von DNA. Sie wird mit einer Vielzahl von
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biologischen Prozessen in Verbindung gebracht und kann meiotisch tiber mehrere Gene-
ration weitervererbt werden.

Um den Einfluss von DNA-Methylierung in einem 6kologischen Kontext zu unter-
suchen, benutzen die meisten epigenetischen Studien MSAP-Analysen (Abk. fir methyla-
tion-sensitive amplification polymorphism). Jedoch besteht bisher Uneinigkeit dartber,
wie genau die multistaten Informationen aus den MSAP-Bandenmustern interpretiert und
bewertet werden sollen. Aus diesem Grund diente die erste Studie dazu, den Effekt ver-
schiedener ,,Scoring*-Varianten anhand eines Testdatensatzes von drei 1. elatior Popula-
tionen zu untersuchen und zudem neue Moglichkeiten der Datenauswertung zu
entwickeln, die detaillierte und unverfilschte Berechnungen erlauben. Insgesamt wurden
acht verschiedene ,,Scoring“-Varianten getestet, um 168 polymorphe MSAP-Marker zu
analysieren. Abhingig von der jeweils verwendeten Methode wurden zwischen 78 und
286 polymorphe Epiloci gewertet, die in stark variierende Werte fiir epigenetische Diver-
sitait und Differenzierung resultierten. Nichtsdestotrotz ergaben lineare Regressions- und
Hauptkoordinatenanalysen nur sehr geringe Unterschiede zwischen den Ansitzen, was
somit zeigt, dass es fur Multilocus-Analysen generell keinen besten und alleingtltigen
»ocoring“-Ansatz gibt. Im Gegensatz dazu schlussfolgert die Studie, dass fir Einzellocus-
Untersuchungen, wie z.B. der Suche nach Loci unter Selektion oder der Korrelation von
Epiloci mit Umweltparametern, eine neu entwickelte ,,Scoring®-Variante verwendet wer-
den sollte. Diese berticksichtigt sowohl die Informationen von methylierten als auch un-
methylierten MSAP Fragmenten und erscheint somit geeignet, noch detailliertere
Riickschlisse auf populationsékologische Prozesse zu ziechen.

In der zweiten Studie wurde die neue ,,Scoring“~-Variante auf einen gré3eren Daten-
satz von insgesamt 6 Populationen angewandt, drei aus offenen Wiesen-Habitaten und
drei aus Auwald-Habitaten. Der Vergleich von AFLP- (Abk. fur amplified fragment
length polymorphism) und MSAP-Daten ergab relativ geringe Werte fiir die genetische
(H'gen = 0.19) und epigenetische (H'epi = 0.23) Diversitit und eine insgesamt sehr hohe
genetische (¢st = 0.72) und epigenetische (¢pst = 0.51) Differenzierung zwischen den Po-
pulationen. Sowohl die Diversitits- als auch Differenzierungmalle waren signifikant kor-
reliert, was vermuten lasst, dass epigenetische Variation zumindest teilweise den gleichen
treibenden Kriften wie genetische Variation unterliegt. Obwohl mit korrelationsbasierten
Analysen vergleichbar hohe Anteile an genetischen (17.0%) und epigenetischen (14.2%)
Markern gefunden wurden, die signifikant mit der populationsspezifischen Lichtverfiig-
barkeit korreliert waren, konnten Hauptkoordinatenanalysen und Mantel Tests zeigen,
dass insgesamt epigenetische Variation deutlich dichter mit den Habitat-Bedingungen in
Bezug steht als genetische Variation. Damit im Einklang stehen auch die Ergebnisse von
zwei Genome Scan Analysen, die nur sehr wenige AFLP-Marker (0-4.5%) detektieren
konnten, die mutmallich unter positiver Selektion stehen. Insgesamt lassen die Ergebnis-
se darauf schliefen, dass umweltabhingig induzierte Verinderungen von Methylierungs-
mustern tatsachlich eine zentrale Rolle fiir die transiente oder sogar transgenerationale
Anpassung von Populationen an dynamische Umweltbedingungen spielen. Zusitzlich zu
diesen Ergebnissen zeigte die Anwendungen der neuen ,,Scoring“-Variante auch neue,
funktionelle Einblicke in das Zusammenspiel verschiedener Methylierungsvarianten. So
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erklirten hauptsachlich Epoloci in unmethylierten und CG-methylierten Zustinden die
Differenzierung zwischen Populationen und Habitat bezogene Adaptation, wohingegen
CHG-Hemimethylierungen insgesamt nur eine untergeordnete Rolle spielten.

In der dritten Studie wurden schlieB3lich oberirdische (AG, aboveground) und Samen-
bank-Proben (SB) von 15 Population aus dem Oberen Rheintal (Deutschland) und dem
Thaya/Morava Stromtal (T'schechien) verglichen. Um zu testen, ob persistente Samen-
banken die nachteiligen genetischen Effekte von verringerter Populationsgréfie und/oder
der Verinderung von Selektionsregimen puffern kénnen, wurde die Beprobung entlang
des gleichen Sukzessionsgradienten von Wiesen- hin zu Auwald-Habitaten durchgefihrt.
Beeindruckenderweise, ergaben die AFLP-Analysen signifikant héhere genetische Diver-
sitaitswerte fir AG als SB Individuen in Wiesen (Band Richness Br = 1.20 vs. 1.17; paar-
weise Private Band Richness PBr, = 0.06 vs. 0.02), jedoch nicht in Auwald-Habitaten
(Br=1.14 vs. 1.13; PBr, = 0.07 vs. 0.05). Dartiber hinaus zeigten drei von acht Auwald-
Populationen sogar héher SB als AG Diversitit, was darauf hindeutet, dass persistente
Samenbanken moglicherweise genetische Diversitit akkumulieren kénnen. Insgesamt zei-
gen die Ergebnisse, dass in 1. elatior die relative SB Diversitit (d.h. verglichen mit der AG
Diversitit) und entsprechend die Fihigkeit der Samenbank genetische Verinderungen
abzupuffern, mit fortschreitender Sukzession und trotz sich verringernder Populations-
grof3e ansteigt. Somit kann sie den Effekten von Drift und Selektion entgegenwirken und
langfristig dazu beitragen, das Bestehen der Art nach Stérungsereignissen zu sichern. Die
wahrscheinlichste Erklirung fir den beobachteten Anstieg der relativen SB-Diversitit ist
vermutlich eine Anderung der Allokation zu CL. und CH Samenkapseln entlang des Gra-
dienten. Dies wird auch durch eine deutlich geringere kleinraumliche genetische Struktur
in Auwald-Habitaten bekraftigt.
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