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Summary  

In the last couple of decades, extreme weather events have been increasing, exceeding 

plants’ tolerance thresholds, and driving mass mortalities in many tree species. 

Furthermore, many studies suggest that due to their longevity, trees are not able to adapt 

rapidly enough to keep pace with global climate change. Understanding how trees 

respond to such weather events and other environmental conditions (such as biotic 

stress) has thus become crucial for conservation policies and forest management 

programs. To cope with unpredictable environmental conditions, plants have evolved the 

ability to alter their physiology, morphology, or development or, in other words, the ability 

to produce different phenotypes from one genotype. This ability is called phenotypic 

plasticity, and it plays a major role in plant adaptation. Three factors have been 

suggested to increase phenotypic variability and thus potentially the resilience of tree 

populations: intraspecific genetic variability, (micro-)environmental variation, and 

epigenetic variation. Indeed, a growing body of literature suggests that epigenetic 

variation might contribute to local adaptation of natural plant populations. Epigenetic 

mechanisms, such as DNA methylation, can in fact quickly alter phenotypes in response 

to environmental changes. Variation in DNA methylation can be under genetic control, 

arise stochastically, or be induced by environmental conditions. Furthermore, phenotypic 

changes induced by epigenetic variation can be inherited across several generations 

(especially across clonal generations), suggesting that variation in DNA methylation 

might contribute to heritable phenotypic variation and, eventually, to adaptation. 

Although considerable progress has been made in recent years, the link between 

epigenetic variation and phenotypic variation remains poorly understood. 

 

With this thesis, I aimed to further investigate this link, addressing the following 

questions: i) To what extent does epigenetic variation contribute to local adaptation? 

More specifically, ii) does DNA methylation vary in response to different environmental 

cues? iii) Can DNA methylation variation be independent of the underlying genetic 

structure? And, if so, iv) are DNA methylation patterns transmitted to the clonal offspring? 

Chapter I is a general introduction to the field of ecological epigenetics, including how 

epigenetic variation can affect phenotypic plasticity, epigenetic mechanisms, and the 

effects of epigenetic variation in some ecological processes. In Chapter II, I address the 

suitability of a common garden experimental design for studies on epigenetic variation. I 

used the Populus nigra “Italica” cultivar to assess whether phenotypic differences in 

functional traits could be observed under common garden conditions. I used linear mixed 

models and climatic data to study if these phenotypic differences can be traced back to 



 
 

4 
 

the environmental origin of the poplar clones. Chapter III uses a subset of the poplar 

individuals collected across Europe for the common garden to determine if DNA 

methylation is affected by cues associated with biotic (rust, herbivory and salicylic acid) 

and abiotic (heat, cold and drought) stress conditions. In Chapter IV, I used the 

EpiDiverse toolkit (described in Chapter VI) and other statistical methods to analyze 

epigenomic data and study natural methylation patterns associated with climatic 

conditions at a landscape level, and assess if methylation profiles can be transmitted to 

the clonal offspring. Finally, Chapter V, uses epigenomic data to study the contribution 

of climatic conditions to variation in DNA methylation in Fragaria vesca wild populations 

and the potential effects of this variation in gene expression. My work shows that i) 

phenotypic differences associated to geographic origin can be observed under common 

garden conditions despite the effects of microenvironment on phenotypic plasticity, thus 

proving that common garden experiments are suitable to study natural epigenetic 

variation (Chapter II). In poplar, abiotic stress conditions, such as heat and drought, 

appear to elicit a stronger response than biotic stresses in the methylome (Chapter III). 
Furthermore, methylome stress responses can be global or stress-specific and might 

persist as epialleles (epigenetic alleles) in natural conditions. I also found that ii) variation 

in the methylome can be independent of the underlying genetic variation and iii) is 

associated with the historical climatic conditions of the geographic origin of the poplar 

clones (Chapter IV). I showed that iv) methylation patterns can be partially transmitted 

to the clonal offspring. Finally, the study on Fragaria vesca showed that v) natural 

patterns of epigenetic variation are species dependent and that environmentally induced 

variation in the methylome can potentially affect gene expression, thus leading to 

functional phenotypic variation (Chapter V). Altogether, these findings provide further 

evidence that the methylome can react to environmental cues and that changes in 

methylation patterns ca be partially transmitted across clonal generations. Thus, if 

methylation patterns persist over time, they can potentially play a role in plant adaptation 

processes. My research further advances our knowledge in the field of ecological 

epigenetics. 
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Zusammenfassung 

Toleranzschwelle von Pflanzen überschreiten und bei vielen Baumarten zu einem 

Massensterben führen. Außerdem deuten viele Studien darauf hin, dass Bäume 

aufgrund ihrer Langlebigkeit nicht in der Lage sind, sich schnell genug anzupassen, um 

mit dem globalen Klimawandel Schritt zu halten. Das Verständnis dafür, wie Bäume auf 

solche Wetterereignisse und andere Umweltbedingungen (wie biotischen Stress) 

reagieren, ist daher für Naturschutzmaßnahmen und Waldbewirtschaftungsprogramme 

von entscheidender Bedeutung. Um mit unvorhersehbaren Umweltbedingungen 

zurechtzukommen, haben Pflanzen die Fähigkeit entwickelt, ihre Physiologie, 

Morphologie oder Entwicklung zu verändern, oder anders ausgedrückt, die Fähigkeit, 

aus einem Genotyp verschiedene Phänotypen hervorzubringen. Diese Fähigkeit wird als 

phänotypische Plastizität bezeichnet und spielt eine wichtige Rolle bei der Anpassung 

von Pflanzen. Es wird angenommen, dass drei Faktoren die phänotypische Variabilität 

und damit potenziell die Widerstandsfähigkeit von Baumpopulationen erhöhen: 

intraspezifische genetische Variabilität, (Mikro-)Umweltvariation und epigenetische 

Variation. In der Tat deutet ein wachsender Teil der Literatur darauf hin, dass 

epigenetische Variation zur lokalen Anpassung natürlicher Pflanzenpopulationen 

beitragen könnte. Epigenetische Mechanismen, wie z. B. die DNA-Methylierung, können 

in der Tat Phänotypen als Reaktion auf Umweltveränderungen schnell verändern. 

Variationen in der DNA-Methylierung können unter genetischer Kontrolle stehen, 

stochastisch entstehen oder durch Umweltbedingungen induziert werden. Darüber 

hinaus können durch epigenetische Variationen hervorgerufene phänotypische 

Veränderungen über mehrere Generationen hinweg vererbt werden (insbesondere über 

klonale Generationen hinweg), was darauf schließen lässt, dass Variationen in der DNA-

Methylierung zu vererbbaren phänotypischen Variationen und schließlich zur Anpassung 

beitragen könnten. Obwohl in den letzten Jahren beträchtliche Fortschritte erzielt 

wurden, ist der Zusammenhang zwischen epigenetischer Variation und phänotypischer 

Variation nach wie vor kaum verstanden. 

Mit dieser Arbeit wollte ich diesen Zusammenhang weiter untersuchen und mich mit 

folgenden Fragen befassen: i) Inwieweit trägt epigenetische Variation zur lokalen 

Anpassung bei? Genauer gesagt, ii) variiert die DNA-Methylierung als Reaktion auf 

verschiedene Umwelteinflüsse? iii) Kann die DNA-Methylierungsvariation unabhängig 

von der zugrunde liegenden genetischen Struktur sein? Und, falls ja, iv) werden DNA-

Methylierungsmuster an die klonalen Nachkommen weitergegeben? Kapitel I ist eine 

allgemeine Einführung in das Gebiet der ökologischen Epigenetik, einschließlich der 

Frage, wie epigenetische Variation die phänotypische Plastizität beeinflussen kann, 
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epigenetischer Mechanismen und der Auswirkungen epigenetischer Variation auf einige 

ökologische Prozesse. In Kapitel II befasse ich mich mit der Eignung eines 

gewöhnlichen Gartenversuchsplans für Studien zur epigenetischen Variation. Ich habe 

die Sorte Populus nigra "Italica" verwendet, um festzustellen, ob phänotypische 

Unterschiede in funktionellen Merkmalen unter normalen Gartenbedingungen 

beobachtet werden können. Ich verwendete lineare gemischte Modelle und Klimadaten, 

um zu untersuchen, ob diese phänotypischen Unterschiede auf den ökologischen 

Ursprung der Pappelklone zurückgeführt werden können. In Kapitel III wird anhand einer 

Teilmenge der in ganz Europa für den Gemeinschaftsgarten gesammelten 

Pappelindividuen untersucht, ob die DNA-Methylierung durch biotische (Rost, Herbivorie 

und Salicylsäure) und abiotische (Hitze, Kälte und Trockenheit) Stressfaktoren 

beeinflusst wird. In Kapitel IV habe ich das EpiDiverse-Toolkit (beschrieben in Kapitel 
VI) und andere statistische Methoden verwendet, um epigenomische Daten zu 

analysieren und natürliche Methylierungsmuster in Verbindung mit klimatischen 

Bedingungen auf Landschaftsebene zu untersuchen und zu bewerten, ob 

Methylierungsprofile auf die klonalen Nachkommen übertragen werden können. In 

Kapitel V schließlich werden epigenomische Daten verwendet, um den Beitrag der 

klimatischen Bedingungen zur Variation der DNA-Methylierung in Wildpopulationen von 

Fragaria vesca und die möglichen Auswirkungen dieser Variation auf die Genexpression 

zu untersuchen. Meine Arbeit zeigt, dass i) phänotypische Unterschiede, die mit der 

geografischen Herkunft zusammenhängen, unter gewöhnlichen Gartenbedingungen 

trotz der Auswirkungen der Mikroumgebung auf die phänotypische Plastizität beobachtet 

werden können, was beweist, dass gewöhnliche Gartenexperimente zur Untersuchung 

der natürlichen epigenetischen Variation geeignet sind (Kapitel II). Bei der Pappel 

scheinen abiotische Stressbedingungen wie Hitze und Trockenheit eine stärkere 

Reaktion im Methylom hervorzurufen als biotische Stressfaktoren (Kapitel III). Darüber 

hinaus können Methylom-Stressreaktionen global oder stressspezifisch sein und als 

Epiallele (epigenetische Allele) unter natürlichen Bedingungen fortbestehen. Ich fand 

auch heraus, dass ii) die Variation im Methylom unabhängig von der zugrunde liegenden 

genetischen Variation sein kann und iii) mit den historischen klimatischen Bedingungen 

des geografischen Ursprungs der Pappelklone zusammenhängt (Kapitel IV). Ich habe 

gezeigt, dass iv) Methylierungsmuster teilweise an die klonale Nachkommenschaft 

weitergegeben werden können. Schließlich hat die Studie an Fragaria vesca gezeigt, 

dass v) natürliche Muster epigenetischer Variation artenabhängig sind und dass 

umweltbedingte Variationen im Methylom potenziell die Genexpression beeinflussen 

können, was zu funktionellen phänotypischen Variationen führt (Kapitel V). Insgesamt 

liefern diese Ergebnisse weitere Belege dafür, dass das Methylom auf Umwelteinflüsse 



 
 

7 
 

reagieren kann und dass Veränderungen in den Methylierungsmustern teilweise über 

klonale Generationen hinweg weitergegeben werden können. Wenn 

Methylierungsmuster also im Laufe der Zeit bestehen bleiben, können sie 

möglicherweise eine Rolle bei Anpassungsprozessen von Pflanzen spielen. Meine 

Forschung bringt unser Wissen auf dem Gebiet der ökologischen Epigenetik weiter 

voran. 
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CHAPTER I 

General introduction 

Bárbara Díez Rodríguez 
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Plant adaptation in a changing world 

Plants have colonized practically every habitat on Earth, even some of the most extreme 

ones, and are constantly exposed to changing environmental conditions. Understanding 

how plants can adapt to so many different environments has driven endless research 

across all fields of science. However, over the last decades extreme weather events 

have been increasing in frequency (IPCC: ‘Climate Change 2022: Impacts, Adaptation 

and Vulnerability). For example, in 2018 Central Europe experienced one of the most 

severe and long-lasting summer drought and heat wave ever recorded (Schuldt et al., 

2020). This heat wave affected ecologically (and economically) important tree species 

and resulted in unprecedented tree mortality. Furthermore, these extreme events have 

a major influence on plant populations and communities, because environmental 

conditions change faster than plants’ ability to adapt to them (Cox et al., 2000; Stenseth 

et al., 2002; Björklund et al., 2009; Anderson et al., 2012). Understanding how plants 

respond to such weather events and other environmental conditions has thus become 

crucial for conservation policies and sustainable development. To cope with 

unpredictable environmental conditions, plants have evolved the ability to alter their 

physiology, morphology, or development or, in other words, the ability of one genotype 

to produce different phenotypes (Callahan et al., 1997). This ability is called phenotypic 

plasticity, and it plays a major role in plant adaptation to their habitat.  

 

 

Epigenetic variation: a source of phenotypic plasticity.  

 

Over the years, considerable effort has been made to identify and understand the 

sources of phenotypic variation. We know that the total phenotypic variation observed in 

a particular trait is the result of genetic variation, environmental variation, and the 

interaction between genotypes and environments (Scheiner & Goodnight, 1984). 

Although at first this may seem straightforward, the study of phenotypic variation is 

incredibly complex, because each layer of variation is in turn composed of several 

factors, all of them interacting among each other in ways we are only beginning to grasp. 

Often considered the missing link of heritable variation (Maher, 2008; Danchin, 2013; 

Banta & Richards, 2018), epigenetic variation is one of these interacting factors. 

The term “epigenetics” refers to the study of alterations in gene expression which are not 

caused by changes in the underlying genomic sequence, and the molecular mechanisms 

and processes that cause them (Riggs & Porter, 1996; Richards, 2006; Boquete et al., 

2021). The first example of epigenetically induced phenotypic variation was originally 
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described more than 250 years ago by Linnaeus (Linnaeus & Rudberg, 1744). In his 

work, he described a naturally occurring mutant of Linaria vulgaris (common toadflax) in 

which the symmetry of the flower is changed from bilateral to radial. Centuries later, 

Cubas and colleagues (Cubas et al., 1999) showed that the occurrence of this mutant 

was correlated with the DNA methylation levels of the Lcyc gene, identifying one of the 

most famous epialleles. In the mutant, this gene is extensively methylated and thus 

rendered silent. Furthermore, this epigenetic modification is heritable and co-segregates 

with the mutant phenotype. Their results offered concrete evidence that epigenetic 

modifications can affect phenotypic variation, opening a whole new field of research. 

Since then, several studies have further confirmed that epigenetic variation plays a 

bigger role in plant adaptation than previously thought. Some other notable examples 

are the hypermethylation of the Colorless non-ripening (Cnr) gene promoter that inhibits 

fruit ripening in Tomato (Manning et al., 2006), the hypomethylation of a retrotransposon 

responsible for the mantled abnormality in African oil palm (Ong-Abdullah et al., 2015), 

and the epialleles (epigenetic alleles) involved in cold tolerance in crofton weed (Xie et 

al., 2015, but see also Martin et al., 2009; Miura et al., 2009 and Quadrana et al., 2014). 

Beyond these few clear examples, there is barely any knowledge about the heritable 

impact of spontaneous or environmentally induced epigenetic variation in plants. A 

growing body of literature has attempted to describe a causal relationship between 

epigenetic variation and phenotypic variation, but the current research trend seems to 

indicate that the few examples previously cited are also notable exceptions. 

Nonetheless, enormous progress has been made in studying the effects of epigenetic 

variation on gene expression there is substantial evidence that epigenetic variation can 

indeed regulate gene expression (Zilberman et al., 2006; Vaughn et al., 2007; Johannes 

et al., 2009; Schmitz et al., 2013; also reviewed in Bräutigam et al., 2013; Thiebaut et 

al., 2019; and Liu & Chang, 2021). Not only that, but extensive efforts have tried to 

understand the role of epigenetic variation in adaptive responses of plant species 

(Bräutigam et al., 2013; Amaral et al., 2020; Lloyd & Lister, 2022). In this context, if 

epigenetically induced phenotypic plasticity can persist across generations and be under 

selection, it can therefore be adaptive.  

 

Epigenetic mechanisms: DNA methylation in context 

Epigenetic modifications are the result of several mechanisms that are part of a complex 

and dynamic network. These mechanisms are controlled by distinct molecular 

machineries, and work together to regulate genome function and stability (reviewed in 
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Maeji & Nishimura, 2018; Liu & Chang, 2021). Epigenetic mechanisms include histone 

post-translational modifications, processes associated with non-coding RNAs, and DNA 

methylation. Histone modifications are chemical modifications of histone N-terminal tails, 

such as acetylation, methylation, phosphorylation, and ubiquitination, and generally 

affect chromatin structure and gene expression (Tessarz & Kouzarides, 2014). RNAs 

also play an important role in epigenetic regulation and include small RNAs (sRNAs) and 

long non-coding RNAs (lncRNAs). These RNAs are usually involved in plant 

development, maintenance of genome integrity and plant responses to biotic and abiotic 

stresses (Carthew & Sontheimer, 2009; Deng et al., 2016). The most studied and well 

characterized epigenetic mechanism, however, is DNA methylation (Zemach et al., 

2013; Matzke & Mosher, 2014; Heer et al., 2018).  

DNA methylation is a base modification in which a methyl (CH3) group is covalently 

added to the 5th carbon of a cytosine (resulting in a 5-methylcytosin, or 5mC), one of the 

four bases forming the DNA molecule (Finnegan et al., 1998; Moore et al., 2012). In 

plants, methylation of cytosines occurs at three different sequence contexts: CG, CHG 

and CHH sites (hereafter mCG, mCHG and m CHH), where H = A, T or C but never G. 

The specific functions of each methylation context in plants are not clear, but we know 

they are established and maintained by different enzymes and pathways (reviewed in 

Law & Jacobsen, 2010; He et al., 2013; Zhang et al., 2018). CG and CHG sites are 

considered symmetrical because there is a mirroring cytosine in the opposite strand 

(Gruenbaum, 1981), while CHH sites are asymmetrical (Meyer et al., 1994). The 

symmetrical nature of the CG and CHG contexts is crucial to how methylation in these 

sites is maintained. In plants, maintenance of methylation in the CG context is done by 

an enzyme called METHYLTRANSFERASE 1 (MET1). Due to the semiconservative 

replication of DNA, newly replicated DNA molecules are hemi-methylated. Another 

enzyme called VARIANT IN METHYLATION 1 (VIM1-5) recognizes these mCG sites 

and recruits MET1 to methylate the symmetrical site on the opposing strand. This way, 

mCG is maintained across all cell divisions. Methylation in CHG sites is maintained in a 

similar fashion by CHROMOMETHYLASE 3 (CMT3). On the other hand, since mCHH is 

asymmetrical, there is no mirrored cytosine to act as template. Thus, methylation in this 

context is established de novo each time by one of two mechanisms. The first involves 

another member of the CMT family (CMT2) and the second involves a pathway that is 

common to all three contexts, RNA-directed DNA methylation (RdDM) (Matzke & 

mosher, 2014). To make the matters more complex, there is a certain degree of crosstalk 

between all these mechanisms (He et al., 2011; Niederhuth & Schmitz, 2017; Zhang et 

al., 2018). As a result of the different mechanisms involved in DNA methylation 
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maintenance, different sequence contexts differ in their degrees of mitotic stability, which 

are mainly dictated by their symmetry. In the symmetrical contexts, methylation is guided, 

and thus stably inherited across mitotic divisions (Niederhuth & Schmitz 2014). On the 

other hand, methylation in the asymmetrical context is maintained mainly by de novo 

establishment and thus less stable across cell divisions (Peter Meyer & Lohuis, 1994) 

Furthermore, methylation levels across the genome can vary depending on the feature 

that is methylated. Although it is increasingly clear that variation in DNA methylation is 

highly species-dependent (reviewed in Niederhuth et al., 2016) and the molecular 

function of DNA methylation in some genomic regions remains a mystery, there are some 

widely recognized patterns. For example, TEs have high levels of DNA methylation in all 

three sequence contexts, which is involved in silencing TE expression and preventing 

TE mobilization (Slotkin & Martienssen 2007a; Fultz, Choudury, & Slotkin 2015). CG 

methylation in promoters is associated with repression of gene expression, and gene 

body methylation is associated with constitutively expressed genes (reviewed in: Bewick 

& Schmitz, 2017). The function of mCHH, which is usually associated with actively 

expressed genes when found in promoters, is not clear, but recent evidence suggests 

that it might play a regulatory role (Gent et al., 2013; Rajkumar et al., 2020).  

In contrast, the effects of DNA methylation in plant physiological processes are better 

characterized. For example, DNA methylation plays an important role in plant 

development (e.g. Gehring et al., 2009; Ibarra et al., 2012; reviewed in Bräutigam & 

Cronk, 2018), vegetative growth (e.g. Candaele et al., 2014; Wang et al., 2016; reviewed 

in Kumar & Mohapatra, 2021), fruit development (e.g. Zhong et al., 2013) and in several 

responses to environmental stimuli (Sahu et al., 2013; Zhang et al., 2018; Ashapkin et 

al., 2020; Parker, Wilkinson and Ton, 2021). Although most studies on epigenetic effects 

involve short-lived plant species, methylation differences can also affect morphological 

and physiological processes in tree species (reviewed in Bräutigam et al., 2013). For 

example, a study by Raj et al., (2011) suggested that there might be a possible epigenetic 

basis for differences in transcriptomic profiles between poplar trees growing in distinct 

environments. In addition, white mangrove trees can exhibit striking morphological 

differences that might be related to a higher epigenetic diversity (Lira-Medeiros et al., 

2010). Despite the sometimes-overwhelming amount of literature reviews that 

summarize past and current knowledge on DNA methylation and its role on plant 

responses (for a recent one, see Lloyd & Lister, 2022), these processes remain 

significantly understudied. 
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Natural patterns of epigenetic variation 

In the last couple of decades, epigenetic variation has become of relevance for 

ecologists. In this context, research is more interested in a) the origins and drivers of this 

variation, b) patterns of natural epigenetic variation and c) its ecological consequences 

(Bossdorf et al., 2008; Richards et al., 2017). Variation in DNA methylation can arise 

stochastically, be under genetic control, or be induced by environmental conditions. 

Stochastic methylation variants, also called ‘spontaneous epimutations’, arise 

spontaneously due to errors in the maintenance of DNA methylation during DNA 

replication. (Becker et al., 2011; Schmitz et al., 2011; Van der Graaf et al., 2015; 

Johannes and Schmitz, 2018). Genetically induced methylation variants are caused by 

genetic variants (Richards, 2006). These genetic variants can induce local (cis-acting) 

or genome-wide (trans-acting) epigenetic changes (Schmitz et al., 2013; Dubin et al., 

2015; Hagmann et al., 2015; Seymour & Becker, 2017, Galanti et al., 2022). Finally, 

environmentally induced methylation variants are driven by environmental cues, such as 

temperature, soil composition or water availability (Lira-Madeiros et al., 2010; Raj et al., 

2011; Kawakatsu et al., 2016; Wibowo et al., 2016; Sammarco et al., 2022), or in 

response to biotic interactions (Dowen et al., 2012; Yu et al., 2013; Martínez et al., 2014; 

reviewed in Parker et al., 2021)  

Plant epigenomes are highly dynamic and vary considerably at different levels, such as 

within-individuals, among individuals, and among populations (reviewed in Niederhuth et 

al., 2016; Lloyd & Lister, 2022). Epigenomic variation between cell types and tissues has 

been documented in a few species, such as the model species Arabidopsis thaliana 

(Gutzat et al., 2020), soybean (Song et al., 2013), rice (Higo et al., 2020) and Prunus 

dulcis (D’Amico-Willman et al., 2022). In these studies, an increase in non-CG 

methylation levels of the shoot apical meristem in Arabidopsis and rice was observed 

after the transition from vegetative to reproductive growth, and in Arabidopsis, the 

columella was found to have a different genome-wide methylome when compared to 

other root cells. As the cost of sequencing continues to decease, recent research has 

revealed substantial variation in DNA methylation profiles among different plant species. 

For example, in a comparative study using 34 angiosperms, Niederhuth and colleagues 

showed that global methylation mCG levels ranged from ~30.5% A. thaliana to 92.5% in 

Beta vulgaris (reviewed in Niederhuth et al., 2016). Methylation levels in CHG varied 

even more among species, ranging from ~9.3 in Eutrema salsugineum to ~81.2% in B. 

vulgaris. mCHH levels, comparatively, were the lowest in all species, but also the most 

variable, with a range between less than ~2% and ~20%.  
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However, very little is known about the spatial patterns of epigenetic diversity in natural 

populations. The study of any kind of variation (phenotypic, genetic or epigenetic), 

specially at the population or landscape levels, has always been challenged by 

economical and/or experimental limitations. From a traditional perspective, even studies 

on genetic diversity at large-scale levels (i.e., over large areas and for many species) are 

still demanding, given the need for field sampling and the still more or less high costs of 

sequencing (Taberlet et al., 2012). As a result, empirical work on natural patterns of 

epigenetic variation has been slowly catching up (Richards et al., 2017). Nevertheless, 

population epigenetic studies have shown that epigenetic variation can be spatially 

structured among and within populations (Lira-Medeiros et al., 2010; Richards et al., 

2012; Medrano et al., 2014), and that this structure is often associated with 

environmental and phenotypic variation (Avramidou et al., 2015, Dubin et al., 2015; 

Nicotra et al., 2015; Gugger et al., 2016; Kawkatsu et al., 2016; Herrera et al., 2017; de 

Kort et al., 2020; Sammarco et al., 2022; Galanti et al., 2022) 

 

 

Ecological consequences of epigenetic variation 

When including epigenetic diversity into large-scale studies, several layers of complexity 

are added to the mix. DNA methylation variation can result from genetic control, 

environmental induction and stochastic epimutations, and can in principle be shaped 

further by drift and natural selection. In contrast to genetic or genomic patterns, the 

strength, the effects of epigenetic diversity at a landscape level, and its evolutionary 

implications are poorly understood. A persistent problem we face in understanding the 

importance of epigenetics in ecology is that there is a complex relationship between 

genetic and epigenetic effects. Some advances have been made in this regard by using 

clonally propagated species and common garden experiments (Bossdorf et al., 2008; 

Richards et al., 2017, Díez Rodríguez et al., 2022). Despite the limitations, many recent 

landscape-level studies have investigated the role of epigenetics in intraspecific trait 

variation and adaptation (Medrano et al., 2014; Dubin et al., 2015; Preite et al., 2015; 

Foust et al., 2016; Gugger et al., 2016; Herrera et al., 2016; Keller et al., 2016; Alakärpa 

et al., 2018; Gáspár, Bossdorf & Durka, 2018). These studies focus on the relationship 

between genetic and epigenetic variation at the landscape level, correlations between 

environmental variables and epigenetic marks, and correlations between epigenetic 

marks and plant phenotypic traits (Whipple & Holeski, 2016, Richards et al., 2017). 
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Although epimutations may arise spontaneously, a significant fraction of all epigenetic 

variation found within a population has a genetic and environmental basis (Niederhuth 

et al., 2016; Lloyd & Lister, 2022). It is thus reasonable to assume that epigenetic 

variation can also influence populations and communities, and processes at the 

ecosystem or landscape levels. The most commonly documented ecological effects of 

epigenetic diversity on populations involve the productivity or fitness of the population 

studied, and they can occur through different mechanisms. In 2010, Bossdorf and 

colleagues found that experimental alteration of DNA methylation strongly affected 

growth, fitness, and phenology in A. thaliana individuals. In another study, Latzel et al., 

(2013) suggested that epigenetic variability might affect how different epiRILs 

("Epigenetic Recombinant Inbred Lines" Johannes et al., 2009) respond to treatment 

with salicylic acid and jasmonate, which are the main hormones involved in plant defense 

responses. In a series of experiments, Fieldes and colleagues showed that 

demethylation agents affected the fitness and phenological traits of Linum usitatissimum 

(Fieldes 1994; Fieldes & Amyot 1999; Fieldes et al., 2005). Moreover, evidence is 

growing that shortfalls in genetic diversity can be balanced by epigenetic diversity and 

facilitate plant population success (Latzel & Klimešová, 2010; Rollins et al., 2013; 

Verhoeven & Preite, 2014; Dodd & Douhovnikoff, 2016; Mounger et al., 2021). Although 

several studies have explored the importance of genetic diversity at the community level 

(Downing et al., 2002; Helm et al., 2009; Taberlet et al., 2012, Lamy et al., 2016), very 

few studies have tried to assess the contribution of epigenetic variation to ecosystem 

dynamics in plant communities (Balao, Paun & Alonso, 2017; Herrera, Medrano & 

Bazaga, 2017; Mounger et al., 2020).  

 

 

The Lombardy poplar as a model for ecological epigenetics 

As mentioned before, one of the challenges of studying the role of epigenetics in plant 

adaptation and other ecosystem processes, is the tight link between genetic and 

epigenetic variation. Already in 2006, Richards explained the problem: some epigenetic 

effects are entirely determined by genotype, other effects may be “facilitated” by specific 

genotypes, and some effects may be completely independent from genotype. 

Disentangling these effects is complicated both in experimental design and practical 

terms, not only because we know little about genetic-epigenetic interactions, but also 

because the genetic basis of most complex traits is still not well understood. A way to 

overcome these difficulties is to use asexually reproducing species. Clonal propagation 

often results in low genetic diversity (Balloux et al., 2003; Rasmussen & Kollmann, 2007; 
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Meloni et al., 2013; Fu, 2015; Ingvarsson & Dahlberg, 2018), so species that present this 

method of reproduction can offer a unique system (Verhoeven & Preite, 2014; Vanden 

Broeck et al., 2018; Shi et al., 2019; Díez Rodríguez et al., 2022). So far, in‐depth 

documentation of intraspecific epigenetic variation has been restricted to model plant 

species such as Arabidopsis thaliana, Oryza sativa, and Zea mays for which extensive 

genomic and epigenomic resources exist (Becker et al., 2011; Schmitz et al., 2013; Van 

Der Graaf et al., 2015; Kawakatsu et al., 2016). However, with high throughput 

sequencing techniques becoming more affordable and accurate every day, new plant 

species are being added to the pool for which genomic resources are readily available, 

increasing research on natural genetic and epigenetic variation in non-model species 

(Richards et al., 2017). 

Poplars (Populus sp.), member of the Salicaceae, have a wide distribution in the world 

and can easily be propagated vegetatively. The Lombardy poplar (Populus nigra cv. 

‘Italica’ Duroi) is probably the most distributed tree clone. The cultivar likely originated in 

between 1700 and 1720 from one single male mutant tree of P. nigra located in central 

Asia (Elwes & Henry, 1913), from where it was distributed worldwide (Wood, 1994). In 

the mid-eighteenth century, the Lombardy poplar was spread by cuttings worldwide from 

Italy, reaching France in 1749, England in 1758, and North America in 1784 (Wood, 

1994). It has been widely introduced for use as windbreaks, screens, avenue trees, and 

landscape plantings all over the temperate regions of the world (in Europe, North and 

South America, South Africa, Australia, New Zealand, and China) even in subtropical 

environments where it appears to perform poorly (CABI, 2022). It is assumed that most 

Lombardy poplars originate from artificial propagation performed by humans, with plant 

material that has been grown locally for centuries. It is therefore expected, that the large-

scale geographic, but artificial expansion of this cultivar may have resulted in the 

accumulation of lineage-specific, selectively neutral spontaneous epimutations, and in 

environmental-directed epigenetic effects that are potentially heritable and may have 

generated different local phenotypes. Furthermore, since the P. trichocarpa genome was 

first assembled in 2006, the amount of genetic, genomic, and biochemical resources 

available have increased considerably, and Populus species have become a model tree 

species for studies on plant adaptation (Taylor, 2002; Tuskan et al., 2006; Jansson & 

Douglas, 2007).  
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Aims of my thesis 

In this thesis, I investigated natural patterns of DNA methylation in Populus nigra cv 

‘Italica’ (Lombardy poplar) and its effects on phenotypic variation. In Chapter II, I 

investigated the suitability of the cultivar for studies on natural epigenetic variation, 

focusing on phenotypic differences among individuals sampled along a wide 

geographical and climatic gradient. I concluded that phenotypic differences can indeed 

be observed under common garden conditions and are associated with the geographic 

origin of the individuals. In Chapter III, the same cultivar was used to assess the effects 

of biotic and abiotic stress conditions on methylation patterns. This study provided 

evidence that environmental cues can induce variation in the poplar methylome. In 

Chapter IV, I studied methylation patterns at a landscape level and the association 

between methylation and climatic variables. This is the first study that assesses DNA 

methylation patterns on a clonal tree species along a European-scale climatic gradient. 

With this system, I aimed to investigate if epigenetic variation that is independent of the 

underlying genetic structure can contribute to local acclimation and, potentially, local 

adaptation. Chapter V dealt with the effects of transgenerational epigenetic variation on 

gene expression, using natural populations of a different clonally propagated species 

(Fragaria vesca). And finally, Chapter VI describes a pipeline suit of bioinformatic tools 

for the analysis of bisulfite sequencing data in non-model plant species. The pipeline 

aims to help researchers with a basic understanding of bioinformatic tools in analyzing 

epigenomic data. 
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Abstract 

Environmental changes can trigger phenotypic variation in plants through epigenetic 

mechanisms, but strong genetic influences on epigenetic variation and phenotypes make 

it difficult to isolate and study these effects. In this study, we aimed to investigate the 

effect of previous environments on the phenotypic variation of the next clonal generation 

of Lombardy poplar ramets growing under common garden conditions. We studied 

phenotypic plasticity using the Lombardy poplar (Populus nigra cv. ‘Italica‘ Duroi), a 

globally distributed clonal tree. We surveyed 14 functional traits related to tree growth, 

ecophysiological and phenological processes in poplar ramets collected along a wide 

geographical range in Europe and planted under common garden conditions. We 

investigated whether phenotypic variation was related to geography and historical 

bioclimatic data of the ramets’ sites of origin using linear mixed effect models. We found 

significant differences among ramets from different geographic origins in tree height, 

number of stems per ramet, and duration of bud flush. However, microenvironmental 

variation in the common garden, captured via block effects, had an even bigger impact 

on phenotypic variation than the environmental conditions at the sites of origin. Our 

results show that phenotypic variation in the ramets might be associated to the climate 

origin from different climates, suggesting possible epigenetic memory. However, such 

legacy effects might be quickly outweighed by new environmental conditions.  

 

Key words:  Populus nigra cv. ‘Italica’ Duroi, Phenotypic variation, parental effects, 

epigenetic memory, microenvironment, common garden 

 

 

 

 

 



 

28 
 

 

Introduction 

Recent climatic extremes have shown that climate change already has severe impacts 

on temperate tree populations (Vitasse et al., 2019; Schuldt et al., 2020) and many 

studies suggest that due to their longevity, trees are not able to adapt rapidly enough to 

keep pace with global climate change (Aitken et al., 2008; Bisbing et al., 2021). 

However, three factors have been suggested that might increase phenotypic variability 

and thus potentially the resilience of tree populations: intraspecific genetic variability 

(Benito Garzón et al., 2011; Pfenninger et al., 2021), (micro-)environmental variation 

(Slavov et al., 2010; Sork et al., 2013; Scotti et al., 2016), and epigenetic acclimation 

(Guarino et al., 2015; Richards et al., 2017a; Sow et al., 2020). For example, several 

studies on various Populus sp. genotypes have shown that patterns of phenotypic 

variation observed under common garden conditions usually follow latitudinal clines 

(Howe et al., 2000; Luquez et al., 2008; Ma et al., 2010; Rohde et al., 2011a; McKown 

et al., 2014). Phenotypic variation associated to clinal gradients has been observed in 

multiple functional traits, such as stomatal density(Gornall & Guy, 2007) , specific leaf 

area(de Frenne et al., 2013), herbivory damage and herbivore abundance (Schemske 

et al., 2009; Robinson et al., 2012), stem height, relative growth rate, and total phenolic 

content (Luquez et al., 2008). Furthermore, many of these traits tend to show high 

heritability values in Populus species, suggesting that phenotypic differences have a 

major genetic component (Howe et al., 2000; McKown et al., 2014). Several factors that 

act as selective forces can contribute to this clinal variation, including temperature, 

precipitation, soil nutrient availability, and biotic agents(de Frenne et al., 2013). 

However, all these studies dealt with genetically diverse (source) populations and since 

this genetic variability interacts with or might overshadow the impact of the 

microenvironmental and epigenetic marks on the phenotype, it is difficult to disentangle 

them in long lived organisms and thus quantify their relevance in structuring phenotypic 

variability. Here, we collected clonal Lombardy Poplar individuals across Europe and 

transferred them to a common garden environment. The genetic uniformity of this clone 

allows pinpointing epigenetic effects on phenotypic variation which can be induced by 

microenvironmental and large-scale environmental variation.  

Epigenetic modifications are chemical modifications in the DNA (for example, DNA 

methylation) that influence gene expression or function without altering the underlying 

DNA sequence (Bossdorf et al., 2008). These modifications can arise spontaneously or 
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can be triggered by environmental conditions and might be transmitted to the offspring 

(Latzel & Klimešová, 2010a; Verhoeven & Preite, 2014a; Münzbergová & Hadincová, 

2016). If environment induces epigenetic marks, epigenetic variation can lead to 

“epigenetic memory” (Latzel et al., 2016a; Dodd & Douhovnikoff, 2016a). Clones thus 

offer a unique system to study epigenetically mediated plasticity(Latzel & Klimešová, 

2010a; Richards et al., 2017a; Heer et al., 2018). First, because clones are 

characterized by low to zero genetic diversity, effects of epigenetic variation on trait 

variation will not be confounded by effects of genetic variation. Second, since clonal 

reproduction circumvents the epigenetic resetting associated with meiosis, epigenetic 

marks might be stable between clonal generations(Verhoeven & Preite, 2014a).   

Within single poplar genotypes, in absence of genetic effects on trait variation, 

phenotypic variation among plants can also arise based on transmission of parental 

environmental effects, potentially mediated by epigenetic mechanisms(Raj et al., 

2011a). In our study, we worked with the so-called Lombardy poplar (Populus nigra cv. 

‘Italica’ Duroi) which is probably the widest distributed tree clone globally (CABI, 2022). 

The cultivar likely originated in the 18th century from one single male mutant tree of P. 

nigra located in central Asia (Elwes & Henry, 1913) and its cuttings were introduced to 

Italy, from where its cuttings were distributed worldwide for ornamental purposes and 

as a source of timber (Wood, 1994). It is assumed that almost all Lombardy poplars are 

the result of artificial propagation performed by humans. This unique origin and the wide 

geographical distribution of the clone makes the cultivar a perfect study system to 

investigate epigenetically induced phenotypic variation in a long-lived plant species and 

its potential role in plant adaptation (vanden Broeck et al., 2018). Despite the obvious 

advantages of this system, to date only one other study has used this cultivar as a model 

species. In 2018, Vanden Broeck and colleagues reported that a significant fraction of 

epigenetic variation in Lombardy poplar clones was distributed among the countries of 

origin of the clones and suggested that, in the Lombardy poplar, epigenetic marks might 

contribute to phenotypic differences in the timing of bud set and can be transferred to 

asexually reproducing offspring. 

In this study, we aimed to investigate the effect of previous environments on the 

phenotypic variation of the next clonal generation of Lombardy poplar ramets growing 

under common garden conditions. We surveyed 14 functional traits related to tree 

growth, ecophysiological and phenological processes under common garden conditions 

in one to two growing seasons. We genotyped all ramets established in the garden to 

determine clonal identity. Using historical bioclimatic data from each region where the 

ramets were collected, we related phenotypic variation to geographic and climatic 



 

30 
 

gradients. We hypothesized that (1) phenotypic variation in functional traits would 

correlate with macro-climatic gradients from the ramets sites of origin and (2) that 

microenvironmental differences in the common garden would not have any effect on the 

clone phenotypes.   

 

Material and methods 

Plant material and common garden design 

In early spring 2018, cuttings from Populus nigra cv ‘Italica’ clones were collected in 

Europe across geographical gradients that spanned from 41° to 60° N and -5° to 25° E 

approximately (Figure 1A).  Twelve sampling sites were selected that covered seven 

different Köppen-Geiger climate subtypes (Peel et al., 2007). At each site, cuttings of 

approximately 30 cm in length were sampled from 50 to 56 different individuals within a 

25 km radius, except for the sites in Spain, Poland, and Lithuania, where only 24, 27, 

and 12 individual trees were found within the sampling radius, respectively. Source trees 

(ortets hereafter) were tagged and georeferenced. During the first week of May 2018, 

the cuttings (ramets hereafter) were planted on a lawn in the Marburg Botanical Garden 

(Germany). The common garden is located at 50º 48’ 02.7” N, 8º 48’ 24.8” E, at an 

elevation of 328 m within the Cfb (temperate oceanic climate) of the Köppen-Geiger 

climate classification. The trial area was covered with water-permeable plastic foil 

(Agrolys BL100 #25/12.5, Beaulieu Technical Textiles) with openings of about 10 cm x 

10 cm placed over the ramets. Weeds that grew through the openings in the foil were 

removed manually. The common garden area was not shaded in any way, allowing the 

ramets to grow under direct sunlight. No herbicides, pesticides, or fertilizers were used. 

The area was fenced to exclude herbivory or other disturbances by deer and wild boars. 

The ramets were planted in a random block design (Figure S1) composed of 12 blocks 

in a 3 by 4 array with 40-45 cuttings per block. Two cuttings from 1-5 individual ortets 

from each sampling site were planted per block. After one of the ramets had successfully 

established, the other was removed from the garden. The ramets were planted with 1 m 

between trees and were watered frequently until the end of summer. In total, 549 poplar 

ramets were planted, of which 433 survived the summer of 2018. 

 

Genotyping of ramets 

To determine whether the ramets really belonged to a single clone line, leaf samples 

were collected, and genomic DNA was extracted between July and August 2018. DNA 
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samples were isolated with the PeqGOLD Plant DNA mini kit (PEQLAB Biotechnologie 

GmbH, Erlangen, Germany). The clones were genotyped at 5000 genomic loci, equally 

distributed across the 19 P. nigra chromosomes, and selected among a larger set of 

polymorphic sites identified in Scaglione et al., (2019). Sequencing was carried out using 

the Allegro Targeted Genotyping protocol from NuGEN Technologies (TECAN) by 

IGATech (Udine, Italy). Three adult P. nigra cv ‘Italica’ clones from the botanical garden 

in Marburg and two P. nigra genotypes (described in Faivre-Rampant et al., 2016) were 

included in the sequencing design as controls. 

 

Trait measurement in the common garden 

To study phenotypic variation across geographic and climatic gradients, 14 phenotypic 

traits were measured under common garden conditions. These were divided into five 

categories: tree growth, ecophysiology, biotic stress damage, leaf chemistry, and 

phenology. A short description of all traits can be found in Supplementary table 2. 

1. Tree growth traits  

Ramet diameters were measured with an electronic calliper before the ramets were 

planted in 2018. Tree height was measured at the ground level at the end of the growing 

season in 2018, 2019, and 2020, after all ramets had completed bud set. The number 

of stems was counted at the end of the 2018 growing period and corresponds to the 

number of initial sprouts that appeared in the ramets in the summer. The active growth 

rate was calculated as the ratio between the height gain (2018 to 2019) and the number 

of days of growth. The growth period was calculated as the number of days between 

the last stage of bud flush (Stage 5 in Azad 2012) and the first stage of bud set (Stage 

2.5 in Rohde et al., 2011a, see detailed description below).  

  

2. Ecophysiological traits  

Leaf traits  

In July 2020, leaves from a subset of 163 ramets randomly chosen were sampled for 

assessing specific leaf area (SLA) and leaf mass per area (LMA). Three branches from 

each ramet were chosen randomly. In poplar, new leaves are produced from the apical 

shoot, so to measure a fully mature leaf, we collected the eighth leaf counting from the 
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first fully unfolded leaf in the apical shoot of the branch. Only healthy leaves with no signs 

of biotic or abiotic stress were sampled. If the eighth leaf did not meet the criteria to be 

considered undamaged, the next healthy leaf was sampled. To assess leaf area, leaves 

were scanned on a flat white background at 300 dpi using an Epson perfection V370 

photo scanner. Based on these scans, leaf area was calculated using the WinFOLIA leaf 

area analysis software (Regent Instruments Inc.). Leave dry weight was determined by 

drying leaf samples in an oven at 60° C for 2 days and weighted with a balance precision 

of 0.001 g. SLA was calculated as the ratio between leaf area and leaf dry weight and 

LMA as 1/SLA.  

 

Stomatal density  

Immediately after the leaves were scanned, two of the three leaves were randomly 

chosen to determine stomatal density (SD). Epidermal impressions of the abaxial side of 

the leaves were obtained by creating an imprint of the leaf surface with clear fingernail 

polish (Maybelline Superstay 7 Days Gel Nail Colour). The polish imprints were mounted 

in permanent microscope slides with glass covers and photographed under a Zeiss Axio 

Lab.A1 microscope at 10x magnification in a 450 x 350 µm field. The number of stomata 

was counted using the StomataCounter software (Fetter et al., 2019). The software 

automatically annotates visible stomata. In addition, we visually double checked the 

automated annotation and added undetected stomata manually.  

 

3. Biotic Stress traits  

Herbivory damage was assessed in July 2019. A single randomly chosen branch in each 

ramet was selected and fifty leaves in the branch were scored for the presence or 

absence of herbivore damage. The number of leaves was counted from the bottom of 

the branch, and the seven leaves around the shoot area were excluded from the scoring 

system. When the ramet was too small to have fifty leaves in a single branch, a lower 

number of leaves was selected, except for two ramets that were completely excluded 

from the surveys due to their small size. The percentage of damage was calculated as 

the ratio of the number of damaged leaves to the number of undamaged leaves.  
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4.  Leaf chemistry traits  

In June 2020 leaf anthocyanin content (Anth), chlorophyll content (Chl), flavonol content 

(Flav), and Nitrogen Balanced Index (NBI, a plant status indicator directly correlated 

with nitrogen content, measured as the ration between chlorophyll and flavonol content) 

were estimated using a Dualex Scientific meter (FORCE-A, Orsay, France) The meter 

measures the light transmittance ratio at two different wavelengths in the near-infrared 

and far-red range to calculate the chlorophyll content. Flavonol and anthocyanin content 

is calculated based on the amount of light absorbed by polyphenols and the amount that 

reaches the chlorophyll in the mesophyll. The same subset of clones used for the SLA 

analysis was used for leaf chemistry analysis. Ten mature healthy leaves per clone were 

randomly chosen. The Dualex meter measurements were taken on the centre of the 

adaxial side of the leaves next to the midrib.   

 

5. Phenological traits  

Bud phenology, specifically bud set and bud flush, was monitored by focusing on the 

main apical bud. Bud set was scored in autumn 2018 and 2019 according to the scoring 

scale designed by Rohde et al., (2011a), and bud flush was scored in spring 2019 and 

2020 using the scale suggested by Azad (2012). The bud set scale spans seven stages, 

from stage 3 (apical shoot fully growing) to stage 0 (bud set), while the bud flush scale 

consists of six stages, from stage 0 (dormant bud) to stage 5 (leaves fully unfolded). 

Bud stages were recorded every two to three days at the beginning of the monitoring 

period and then daily until the apical buds of all clones had reached the final stage of 

their respective scales. Because bud phenology in P. nigra depends greatly on day 

length and temperature and all ramets were exposed to the same cues, no variation in 

the day when bud set or bud flush started was expected. The duration of bud formation, 

however, has been shown to differ in identical genotypes growing under different 

conditions (Rohde et al., 2011b). Therefore, phenological traits were defined as duration 

of bud set or duration of bud flush, which equalled the number of days it took each ramet 

to reach from the first stage to the last stage, respectively.  
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Climatic variables and climatic gradients 

Climatic data for each of the locations of the ortets were obtained from the CHELSA 

time-series data set (Karger et al., 2017). The CHELSA data set covers the period 

between 1979 and 2013 and provides gridded data at a resolution of 30 arcsec (~ 1km). 

A Principal Component Analysis (PCA) was performed using all bioclimatic variables 

(bioclims, BIO 1-19). Individual coordinates for PC1 and PC2 were obtained and 

included as variables that represented climatic gradients. The bioclims that contributed 

the most to PC1 were all related to temperature variables (except for BIO 19, 

precipitation of the coldest quarter), while the most contributing bioclims in PC2 were 

related to precipitation variables (except for BIO 2, mean diurnal range). All bioclims and 

their contributions to each PC are described in Table S1. 

 

Statistical analysis 

All statistical analyses were performed in R (version 4.0.3; R core team, 2020). Basic 

descriptive statistics were calculated for all traits (Table 1). To assess if variation in 

cutting diameter and developmental processes such as the number of stems produced 

might have an effect in other phenotypic traits, all traits were correlated with each other 

using Pearson’s Product-moment Correlation with the cor function from the base R stats 

package. The effects of geographic origin and microenvironmental conditions on 

phenotypic variation were tested using linear mixed-effects models (LMMs). Phenotypic 

traits were the response variable in all models. Two models were fitted for each trait, 

one with bioclimatic variables (PC1 and PC2) and one with sampling site as fixed effects. 

To disentangle the possible effects of microenvironmental conditions in the common 

garden from the effects the ortet provenances had on phenotypic variation, the garden 

block in which the ramets were planted was included as a random effect in all the LMMs 

(Supplementary Table 2). Since many of the traits analysed were correlated with tree 

height and cutting diameter, this source of variation was accounted for by also including 

these variables in the models as fixed effects. Several models were fitted including tree 

height in 2018 or 2019, cutting diameter or both variables as fixed effects. Based on the 

best marginal R2 values, which we calculated with the rsquared function (R package 

piecewiseSEM, version 2.1.2), we decided which variable was included in the model. 

The LMMs were fit using the lmer function from the lme4 package (version 1.1-23; Bates 

et al., 2015). Differences between groups were tested using the emmeans R package 
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(version 1.6.3) and p-values were corrected for multiple pairwise comparisons using the 

Bonferroni correction. 

 

Table 1. Phenotypic trait data description under common garden conditions. Data shown includes 

the year when the trait was measured (year), the number of clones included in the analysis for 

each trait (N), minimum value, maximum value, median, mean and standard deviation (SD) for all 

phenotypic traits used in the statistical analysis. Flavonol and anthocyanin content are given in 

relative absorbance units (RAU). Nitrogen Balance Index is a unit-less trait

Phenotypic trait Year N Min Max Median Mean ± SD 

Tree growth       

Cutting diameter (cm) 2018 373 0.48 4.35 2.27 2.43 ± 0.70 

Growth rate (cm day-1) 2019 342 0.08 1.76 0.83 0.84 ± 0.18 

Height Autumn (cm) 2018 374 13.00 229.50 101.75 100.28 ± 39.16 

Height Autumn (cm) 2019 372 47.00 398.00 207.50 203.16 ± 55.45 

Height Autumn (cm) 2020 371 70 420 269 263.12 ± 64.11 

Stems (#) 2018 374 1 11 2 2.95 ± 1.86 

Ecophysiology       

LMA (mg mm-2) 2020 163 0.04 0.10 0.06 0.06 ± 0.01 

SLA (mm² mg-1) 2020 163 10.13 26.80 16.34 16.35 ± 2.06 

Stomatal Density (mm-²) 2020 126 142.86 269.84 206.35 206.15 ± 28.71 

Biotic stress       

Herbivory damage (%) 2019 367 2.00 52.00 28.00 27.49 ± 9.64 
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Table 1. Continuation 

 

 

Results 

Genotypic variation along geographic gradients 

The results of the genotyping analysis indicated the presence of three genetic clusters 

(Figure 1B). The major cluster grouped together with the Italica controls, confirming that 

most of the individuals sampled and planted in the common garden belonged to the same 

genetic cluster, which we considered to comprise true Italica clones. The other two clusters 

included a few individuals from the two sampling sites in Italy (Italian cluster), and Norway 

(Norwegian cluster). The sequencing yielded information for 8,218 SNP positions. Among 

these, 3,313 positions (40.3%) were monomorphic across all trees, bringing the number of 

informative SNPs to 4,905. Of the 433 ramets established in the common garden, 374 

belonged to the Italica cluster, with a mean number of pairwise differences among individual 

Phenotypic trait Year N Min Max Median Mean ± SD 

Leaf Chemistry       

Anthocyanins (RAU) 2020 155 0.12 0.18 0.14 0.14 ± 0.01 

Chlorophyll (µg cm-2) 2020 164 24.79 35.38 30.28 30.18 ± 2.11 

Flavonols (RAU) 2020 164 1.88 2.16 2.07 2.07 ± 0.05 

Nitrogen Balanced Index 2020 164 11.83 17.70 14.67 14.62 ± 1.12 

Phenology       

Days to bud flush (d) 2019 368 14 28 21 21.33 ± 2.26 

Days to bud flush (d) 2020 368 8 34 22 22.14 ± 5.88 

Days to bud set (d) 2018 374 12 68 22 22.63 ± 6.60 

Days to bud set (d) 2019 344 19 39 25 27.28 ± 4.42 
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ramets (including the adult clones of the botanical garden) equal to 96 ± 40 (s.d.) SNPs, 

corresponding to 1.2% of all SNP positions analysed (Figure 1C). 

 

 
Figure 1. A. Distribution of sample sites of Lombardy poplars and number of ramets collected in each 

location. B. Genetic structure of all common garden individuals based on the genotyping results. The 

clusters are coloured according to genetic similarity: True Italica (dark orange), Italian (dark green) or 

Norwegian (purple). Black triangles indicate the Italica clones from the Marburg Botanical Garden 

included as controls. Black squares indicate the P. nigra individuals included as reference. C. Genetic 

structure of the True Italica cluster. Individual ramets are coloured according to latitude. Black 

triangles represent the same three adult P. nigra cv “Italica” clones from the Botanical Garden in 

Marburg that were included in the sequencing design as controls. 

 

Phenotypic variation between geographic regions and along climatic gradients 

Phenotypic differences along climatic gradients and among ramets originating from ortets of 

different geographical origins were tested using linear mixed models (Supplementary Table 

3). Four phenotypic traits showed significant correlation with climatic gradients. The number 

of stems and herbivory damage (p = 0.034 and p = 0.003, respectively) were correlated with 

the temperature gradient (PC1), and active growth rate and duration of bud flush 2019 (p = 

0.036 and p = 0.044, respectively) were correlated with the precipitation gradient (PC2). 
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Also, significant differences among trees from different site of origin (Figure 1) were found 

for the number of stems (p = 0.025) and the duration of bud flush in 2019 (p = 0.019). Autumn 

height in 2019, LMA, SLA, and leaf flavonol content showed a significant correlation with 

site of origin in the LMMs (p < 0.05 in all four traits), but no significant differences between 

groups after p-value correction. Supplementary figures 2 and 3 show boxplots for all traits 

where no significant differences were found after correcting the p-values for multiple testing. 

 

Effects of common garden microenvironmental conditions on phenotypic variation 

The linear mixed effects models also informed us about the respective importance of the 

ramets’ site of origin vs. microenvironmental conditions in the common garden on 

phenotypic variation (Supplementary Table 2). In most traits, site of origin and climatic 

conditions of the ortets accounted for less than 10% of the total phenotypic variation, with 

the highest fraction of the variation in tree height 2019 and 2020 (marginal R2 = 0.102 and 

0.113, respectively) and flavonol content (R² = 0.199). For all traits, conditional R2 values 

were considerably higher than marginal R2 values (Supplementary Table 2), indicating that 

unknown microenvironmental variability in the common garden explained a larger fraction 

of the phenotypic variation among the ramets. 
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Figure 2. Phenotypic variation in traits for which significant differences among geographic origins 

were found. Boxplots are ordered by site (left column) or by common garden block (right column). 

Sites are ordered from south to north according to their geographic coordinates and labelled by the 

sample site code (ISO 3166 standard country code): ES: Spain; IT1: Italy 1; FR2: France 2; IT2: Italy 

2; FR1: France 1; FR3: France 3; DE1: Germany 1; CZ: Czech Republic; PL: Poland; DE2: Germany 

2; LT: Lithuania; NO: Norway. Sites or blocks that are significantly different (p < 0.05) are labelled 

with different letters. 

 

Correlation among phenotypic traits 

To assess if variation in cutting diameter and developmental processes such as number of 

stems produced might influence phenotypic traits, the relationships among phenotypic traits 

were assessed using Pearson’s Product Moment Correlation (Figure S3). Unsurprisingly, 

most growth traits were intercorrelated. Tree height in 2018, 2019, and 2020 were positively 

correlated with active growth rate and negatively correlated with cutting diameter. Tree 

height was also correlated with ecophysiological traits (LMA and SLA), phenological traits 

(bud set 2018 and bud flush 2019), and traits related to leaf chemical compounds (flavonol 

content and NBI). Phenology and leaf chemistry traits also showed intercorrelation. The 

number of days that trees needed from the start of the bud flush period until the leaves were 

fully unfolded in 2019 (bud flush 2019 in the tables) were significantly correlated with the 

number of days required for a complete bud set in 2018 (bud set 2018). There was, however, 

no correlation between the duration of bud flush in 2020 and the duration of bud set in 2019. 

A few traits were found to be correlated with climatic variables from the ortet growing sites 

(PC1 and PC2). Cutting diameter and herbivory damage were positively and negatively 

correlated, respectively, with the temperature gradient (PC1). Growth rate and bud flush 

2019 showed a weak negative correlation with the precipitation gradient (PC2). Bud flush 

2020 and bud set 2018, on the other hand, were negatively correlated with PC2. 
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Discussion 

In this study, we investigated the effect of previous environments on the clonal offspring of 

Lombardy poplar ramets growing under common garden conditions. We found that 

phenotypic variation of the ramets correlates with geographical and climatic gradients, but 

that uneven new microenvironmental conditions in the common garden might outweigh 

parental effects.  

Our genotyping results indicated that the poplar clones established in our common garden 

were characterized by very low genetic diversity (Figure 1B-C). We found that the ramets 

that belonged to the Italica genetic cluster had a mean number of pairwise differences 

among individual ramets of around 96 SNPs out of the 4.906 investigated remaining 

positions. The Italica cultivar likely originated from a single male clone in Central Asia, from 

where it spread to Europe.  It is widely accepted that this clone was further artificially 

propagated from an individual or group of individuals found in Lombardy, Italy (Elwes and 

Henry, 1913). Our results suggest that a major fraction of the clones found across Europe 

do indeed share a common line. The restricted number of SNPs available from the targeted 

genotyping could also explain why no population structure was observed in our study. We 

targeted 8,000 loci equally distributed across the 19 P. nigra chromosomes selected from a 

larger set identified in Scaglione et. al (2019), which should allow for accurate and effective 

genotyping of population groups. 

Despite the low genetic variation, four of the phenotypic traits (growth rate, number of stems 

produced at sprouting, herbivory damage and duration of bud flush) showed a significant 

correlation with climatic gradients, and six traits (tree height, number of stems, LMA, SLA, 

flavonol content and duration of bud flush) showed significant differences among ramets 

from different geographical regions. Both bud phenology and tree growth can directly affect 

tree performance and fitness (Cooke et al., 2012), and the differences observed in our 

common garden could have been influenced by the differences in the developmental stages 

of ortets and ramets. Hoewever, both traits have been shown to be epigenetically regulated 

to a certain point (Bräutigam et al., 2013; Ríos et al., 2014; Lu et al., 2020). The presence 

of an epigenetic memory would be a major advantage for new saplings if the relevant 

environmental conditions remain relatively constant over time. The environmental 

requirements that are needed for dormancy break and bud flush are still not fully understood 

and are species-dependent, but it is widely accepted that temperate tree species rely on 

temperature and photoperiodic cues to trigger bud flush (Rohde & Bhalerao, 2007; Ibáñez 
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et al., 2010; Malyshev et al., 2018). In poplar, after the chilling requirements and a certain 

day length threshold are reached, growing temperatures will trigger the processes related 

to bud flush (Singh et al., 2017). Consequently, under the same temperature and light 

conditions, no differences in the number of days that ramets from the same genotype 

needed for bud flush would be expected. The fact that we found significant differences in 

tree growth traits and bud flush, suggests that environmentally induced epigenetic memory 

might play a role. Although differences in tree height persisted over two growing seasons, 

the differences in the duration of bud flush seem to have disappeared in 2020, suggesting 

that the parental effects might not be very stable (Shi et al., 2019a). This could potentially 

also be an advantage, if the survival of the clones depends on the existence of a mechanism 

of rapid acclimation to unpredicted conditions. For example, multiple studies have suggested 

that high phenotypic plasticity levels associated with epigenetic diversity might contribute to 

the successful establishment of clonal (and often invasive) plant species (Davidson et al., 

2011; Richards et al., 2012; Mounger et al., 2020).  

The phenotypic variation among ramets from different geographic origins observed in our 

common garden was generally low for the remaining traits (Supplementary figures 2 and 3). 

As evidenced by the considerably low marginal R2 values of the linear models, in several 

traits this variation was not explained by the geographical origins of the ramets or by 

environmental gradients. Conditional R2 values were, in comparison, larger than marginal 

R2 values for all traits. In the models, the only variable considered as random effect was the 

block of the common garden where each ramet was planted. Our results indicate that 

microenvironmental conditions in the common garden explained a major fraction of the 

phenotypic variation found between ramets. The exact causes of environmental differences 

between blocks are unknown. However, we suspect that fine scale soil composition 

heterogeneity, combined with the strong summer droughts 2018 and 2019 (Schuldt et al., 

2020) and daily watering have provided sufficient stress and heterogeneity in growing 

conditions in the common garden field that epigenetic effects from the ortet origins are 

overshadowed. This fits to other results, where small-scale biotic and abiotic conditions 

experienced by individuals have been shown to dramatically influence phenotypic plasticity, 

genetic variation, and population persistence (Wu, 1996; Crutsinger, 2015; Denney et al., 

2020). Though we do have to note that other traits like cutting diameter might act as 

confounding factors, our results suggest that general plastic responses to extreme 

environmental conditions can outweigh parental effects and exacerbate even 

microenvironmental differences, masking any potentially inherited epigenetic variation. 
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Conclusions 

Although intraspecific phenotypic variation in Populus sp. has been shown to have a large 

genetic component, our results indicate that the phenotypic differences found between 

genetically identical ramets under common garden conditions can partially be attributed to 

shared environmental conditions and might be transmitted as part of the epigenetic memory. 

However, we also found that uneven microenvironmental conditions in the common garden 

had a significant effect on the observed phenotypic variation, possibly overwriting parental 

effects and thus allowing for short term acclimation to new environmental conditions. In 

recent years, epigenetic variation has been shown to play a bigger role on phenotypic 

plasticity than previously thought. Further experimental research, in particular large-scale 

studies that combine phenotypic and epigenomic data, is necessary to understand the 

effects of natural epigenetic variation on phenotypic variation. 
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Supplementary material  

Supplementary Figure 1. 

 

Phenotypic trait correlations. Pearson's Product‐Moment Correlation coefficients (r) 

indicated among all growth, ecophysiology, biotic stress, leaf chemistry and phenology traits 

listed in Table 1, and climatic gradients (PC1 and PC2). Colored squares correspond with 

the coefficients of significant correlations.  
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Supplementary Figure 2.  

 

Phenotypic variation in traits where no significant differences between geographic origins 

were found. Boxplots are ordered by site, from south to north according to their geographic 

coordinates and labelled by the sample site code (ISO 3166 standard country code): 1. 

Spain; 2. Italy 1; 3. France 2; 4. Italy 2; 5. France 1; 6. France 3; 7. Germany 1; 8. Czech 

Republic; 9. Poland; 10. Germany 2; 11. Lithuania; 12. Norway.  
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Supplementary Figure 3. 

 

Phenotypic variation in traits where no significant differences between geographic origins 

were found. Boxplots are ordered by common garden block.   
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Supplementary Table 1. Description and range of all bioclimatic (Bioclim) variables included in the 

PCA analysis, and their contributions to principal component 1 (% PC1, total variation explained = 

68.1%) and Principal Component 2 (% PC2, total variation explained= 13.9%). Bioclimatic data for 

each of the locations of the parental clones were obtained from the CHELSA Timeseries data set. 

BIOCLIM Description 
% PC1 

(68.1 %) 

% PC2 

(13.9 %) 
Range 

BIO 1 Annual Mean Temperature (°C) 9.31 2.47 6.42 - 15.24 

BIO 2 Mean Diurnal Range (°C) 2.98 7.05 5.45 - 9.18 

BIO 3 Isothermality (%) 5.48 2.03 21.32 - 33.96 

BIO 4 Temperature Seasonality (°C) 5.38 0.08 526.51 - 790.63 

BIO 5 Max Temperature of Warmest Month (°C) 7.36 4.67 21.02 - 30.29 

BIO 6 Min Temperature of Coldest Month (°C) 9.50 1.25 -6.64 - 4.29 

BIO 7 Temperature Annual Range (°C) 0.99 2.03 22.82 - 29.79 

BIO 8 Mean Temperature of Wettest Quarter (°C) 3.45 1.74 6.81 - 19.42 

BIO 9 Mean Temperature of Driest Quarter (°C) 8.92 1.61 -3.61 - 24.15 

BIO 10 Mean Temperature of Warmest Quarter (°C) 7.55 3.61 16.67 - 24.75 

BIO 11 Mean Temperature of Coldest Quarter (°C) 9.90 1.54 -3.61 - 7.61 

BIO 12 Annual Precipitation (mm) 4.56 11.82 391.45 - 951.67 

BIO 13 Precipitation of Wettest Month (mm) 1.36 8.96 45.22 - 119.41 

BIO 14 Precipitation of Driest Month (mm) 2.90 13.11 12.00 - 54.16 

BIO 15 Precipitation Seasonality (%) 3.52 2.74 10.65 - 47.23 

BIO 16 Precipitation of Wettest Quarter (mm) 1.49 7.85 128.46 - 332.24 

BIO 17 Precipitation of Driest Quarter (mm) 3.76 12.40 39.00 - 172.48 

BIO 18 Precipitation of Warmest Quarter (mm) 2.40 11.76 39.00 - 248.59 

BIO 19 Precipitation of Coldest Quarter (mm) 9.19 3.11 63.20- 287.06 
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Supplementary Table 2. List and descriptions of all traits measured under common garden 

conditions, and the units in which each trait was measured. 

 
 
  

Trait Description  

Tree growth  

Cutting diameter (cm) Diameter of planted cuttings 

Height Autumn (cm) Tree height from ground to apical shoot at the end of each growing 
season 

Growth rate (cm day-1) Ratio between height gain and number of days in the growth period 

Growth period (d) Number of days between budflush stage 5 and budset stage 2.5 

Stems (#) Number of stems at the end of the growing season  

Ecophysiology  

SLA (mm² mg-1) Ratio between leaf area and leaf dry weight 

LMA (mg mm-2) Inverse of SLA 

Stomatal Density (mm-

²) Number of stomata per mm² 

Biotic stress  

Herbivory damage (%) Percentage of damage caused by herbivores 

Level of rust infection 
(SU) 

Level of infection on a scale of 1-60, calculated from leaf-level damage 
and tree-level damage.  

Leaf Chemistry  

Chlorophyll (µg cm-2) Chlorophyll content based on UV optical absorbance measurements 

Flavonols (RAU) Flavonol content based on UV optical absorbance measurements 

Anthocyanins (RAU) Anthocyanin content based on UV optical absorbance measurements 

Nitrogen Balanced 
Index Ratio of chlorophyll and flavonol content 

Phenology  

Budset (d) Number of days between stage 2.5 and stage 0 of the bud set period 

Budflush (d) Number of days between stage 2 and stage 5 of the bud flush period 
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Abstract 

DNA methylation is environment-sensitive and can mediate plant stress responses. In 

long-lived trees, changing environments might cumulatively shape the methylome 

landscape over their lifetime. However, because high-resolution methylome studies 

usually focus on single environments, it remains unclear to what extent the methylation 

responses are generic or stress-specific, and how this relates to their long-term stability. 

Here, we studied the methylome plasticity of a single poplar genotype, Populus nigra cv. 

‘Italica’. Adult poplar trees with diverse environmental histories were clonally propagated, 

and the ramets exposed to experimental cold, heat, drought, herbivory, rust infection and 

salicylic acid treatments. Then, we identified and compared stress-induced vs. naturally 

occurring DNA methylation changes using whole genome bisulfite sequencing data. 

Methylation changes mainly targeted transposable elements and when occurring in 

CG/CHG contexts, the same regions were often affected by multiple stresses, indicating 

a generic response. Drought triggered a unique CHH hypermethylation response in 

transposable elements, affecting entire superfamilies and often occurring near drought-

responsive genes. Stress-induced methylation variation in CG/CHG contexts showed 

striking overlap with methylation differences observed between trees from distinct 

geographical locations. Altogether, our results indicate that generic methylome stress 

responses can persist as epialleles in nature while some environments trigger more 

transient but large and specific responses, with possible functional consequences. 

 

Key words: Populus nigra cv. ‘Italica’ (Lombardy poplar), whole genome bisulfite 

sequencing (WGBS), differentially methylated region (DMR), abiotic stress, biotic stress, 

drought responsive transposable elements, short interspersed nuclear element (SINE), 

drought, heat, cold, salicylic acid, rust infection, Melampsora larici-populina Kleb, 

caterpillar, Lymantria dispar L. (gypsy moth) 
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Introduction 

Plants are challenged by abiotic and biotic stresses that affect their survival, growth, and 

fitness. Long-lived trees must acclimate to simultaneous and seasonal stress exposures 

every year by employing diverse genetic and epigenetic strategies for regulation of plant 

growth, development, and reproduction. However, although the role of epigenetic 

mechanisms in stress responses is receiving increasing attention (Deleris et al., 2016; 

Lämke & Bäurle, 2017; H. Zhang et al., 2018), most knowledge comes from short-lived, 

annual species (Hagmann et al., 2015; Kenchanmane Raju et al., 2018; Wibowo et al., 

2016). Moreover, as mitotically stable epigenetic marks have the potential to mediate 

plant responses to environmental changes (Becker et al., 2011; Boyko et al., 2010; 

López Sánchez et al., 2016; Schmitz et al., 2011), epigenetic research in perennials may 

be the key for understanding such roles over various time scales. 

DNA methylation is the most abundantly studied epigenetic modification; it generally 

refers to cytosine methylation (5mC), the addition of a methyl group to the fifth position 

of the pyrimidine ring of a cytosine base. In plant genomes, 5mC occurs frequently in all 

three sequence contexts: the symmetric CpG and CHG along with the asymmetric CHH 

contexts (where H = A, T or C) (X. Zhang et al., 2006). Insights about the functionality of 

DNA methylation have been described in promoters, gene bodies and transposable 

elements (TEs). In promoter regions, methylation usually inhibits transcription initiation, 

while its function within the gene body is less clear (Bewick & Schmitz, 2017; Paszkowski 

& Whitham, 2001; H. Zhang et al., 2018; X. Zhang et al., 2006) but may act to 

quantitatively impede transcript elongation (Zilberman et al., 2007). TEs are enriched for 

DNA methylation and histone modifications, which are associated with transcriptional 

silencing (Matzke & Mosher, 2014). 

De novo methylation in all sequence contexts is directed by small RNAs and catalysed 

by DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) in a process known 

as RNA-Directed DNA Methylation (RdDM) (Matzke & Mosher, 2014). Maintenance of 

CpG, CHG and CHH methylation are performed by METHYLTRANSFERASE 1 (MET1), 

CHROMOMETHYLASE 3 (CMT3)/CMT2, and DRM2/CMT2, respectively. Lack of DNA 

methyltransferase activity or methyl donor shortage following DNA replication result in 

passive DNA demethylation, while active DNA demethylation involves the activity of 

glycosylases which excise 5mC from all cytosine sequence contexts (H. Zhang et al., 

2018). 

While it is well-established that DNA methylation is responsive to environmental factors 

(Liu & He, 2020), its role in mediating environmental plasticity is less well understood. 
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For instance, causality between induced methylation variation and modulation of gene 

expression is still a matter of debate (Bewick et al., 2019; Secco et al., 2015; Seymour 

& Gaut, 2020). Moreover, many plant stress responses are mediated by systemic 

signalling via hormones such as salicylic acid, jasmonic acid, auxin, ethylene, and 

abscisic acid (Karpiński et al., 2013; Wang et al., 2014). However, it is still undetermined 

whether different stresses could induce common methylation responses that can be 

explained by overlapping systemic signalling responses. 

The cost of high-resolution DNA methylation analyses has been a major factor limiting 

the sample size within studies, leading to low statistical power for identifying DNA 

methylation variants. More importantly, this has also led to the study of single 

environmental factors at a time, restricting the comparison of identified responsive loci 

among experiments. Hence, the present view is that DNA methylation responses can be 

highly specific with respect to environmental conditions, which might underestimate the 

possibility of overlapping responses that generally occur under a variety of stresses. 

To study molecular mechanisms of trees in response to environmental cues, Populus 

species have become a choice model system due to their rapid growth, easy 

propagation, and available genomic resources (Jansson & Douglas, 2007; Tuskan et al., 

2006). Moreover, poplars are riparian species that are among the woody plants most 

sensitive to water stress (Larchevêque et al., 2011; Rood et al., 2003). This prompted 

much research on molecular mechanisms of drought tolerance (Jia et al., 2016; Viger et 

al., 2016; Yıldırım & Kaya, 2017), including DNA methylation (Lafon-Placette et al., 2018; 

Sow et al., 2021). Populus. nigra cv. ‘Italica’, also known as the Lombardy poplar, is one 

of the most widely distributed poplar cultivars that was first reported in Lombardy, Italy, 

at the very beginning of the eighteenth century (Chenault et al., 2011). Afterwards, it was 

introduced into France, from where it is believed that Napoleon promoted its spread 

across the Empire by clonal propagation (Stettler, 2009). As a result, Europe has become 

colonized by a genetically homogeneous male clone of the Lombardy poplar. The 

clonality of this cultivar makes it an excellent system for studying epigenetic plasticity in 

response to different environmental conditions, as it strongly limits the confounding 

effects of genetic variability (Díez-Rodríguez et al., 2022). 

Here, we used whole genome bisulfite sequencing to capture the methylation responses 

of young poplars, clonally propagated from adult trees from different European locations, 

to a variety of biotic and abiotic stresses. With this unique approach, we aimed to 

characterize the environmentally induced methylome variation of the Lombardy poplar 

and to examine methylation variation as induced by exposure to acute stress in 

comparison with methylation variation that had built up naturally between trees during 
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the lifetime of growth in different geographic locations. Our study revealed commonalities 

between the methylation responses to different stresses, very specific responses to 

some stresses, and hints at the long-term stability of such responses. 

 

Materials and methods 

Our experimental approach involved whole genome evaluation and multiple treatments. 

Here, we provide a brief overview of the employed methods while a detailed methodology 

for each section can be found as supporting information. 

 

Plant material 

Cuttings from eight adult Populus nigra cv. ‘Italica’ clones were collected from five 

European countries (Table S1, Figure 1A; see (Díez-Rodríguez et al., 2022). At each 

site, at least seven hardwood cuttings of approximately 30 cm length were sampled from 

each adult parental tree (ortet) and stored at 4 °C for two weeks prior to planting. Cuttings 

were grown under controlled conditions for 12 weeks until the start of the experiment. 

Growth conditions were: 22/18 °C (±2°C) at day/night, 60% relative humidity (±5% Rh), 

16/8 h light/dark. Cuttings were planted first in 4-liter pots with a 3:1 sand:peat mixture 

(v/v) and placed in a flood table for three weeks. Rooted cuttings (ramets) of similar size 

were transferred to 7-liter pots with a 1:1 sand:peat mixture and maintained with regular 

watering. Two weeks prior to the start of the experiment, three grams of slow-release 

fertilizer Osmocote Exact Mini (16+8+11+2MgO+TE) were added to each pot. 

 

Experimental design 

Seven 3-month-old ramets of similar size were selected from each of the eight (ortets) 

for subsequent exposure to different environmental treatments (56 trees in total). The 

experiment consisted of three biotic and three abiotic stresses plus a single control 

group, with eight replicates per treatment, where each ortet contributed one replicate to 

each of the treatments. All treatments were implemented simultaneously during a period 

of 25 days, including two 10-day stress events and one 5-day stress-free period in 

between (Figure S1). 

Control group: during the entire stress experiment, control plants were maintained in a 

greenhouse under controlled conditions as stated above. The soil volumetric water 

content (VWC) was maintained on average at 20.2% (± 3.24 SD) by daily watering to pot 
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capacity. VWC was monitored daily using the WET Sensor kit (Delta-T Devices). Mean 

VWC was calculated for all plants with two measurements per pot (Figure S2). During 

the entire experiment, control plants were maintained in the same greenhouse table with 

other stress treatments in a Latin square design unless otherwise stated (Figure S2). 

Biotic stresses: Rust infection consisted in spray-inoculation of uredospores of the 

poplar leaf rust fungus (Melampsora larici-populina Kleb.). Herbivory treatment involved 

the use of Gypsy moth caterpillars (Lymantria dispar L.). Salicylic acid (SA) treatment 
consisted in spray application of 1 mM SA (Sigma-Aldrich). Rust spores and caterpillars 

were obtained from Dr. Sybille Unsicker (Max Planck Institute for Chemical Ecology, 

Jena, Germany). 

Abiotic stresses: Drought stress was attained by withholding watering and maintaining 

VWC at 8%. Plants that received heat treatment were grown at high temperatures of 30-

38/28°C (day/night), while cold-treated plants were grown at 4/4°C (day/night). 

VWC for all treatments (except drought) was maintained close to control conditions (Fig. 

S3a). Plants were moved to climate chambers for heat and cold treatments (Fig. S3b). 

During the stress-free period, plants were moved to the same greenhouse table as the 

control group (Fig. S2). 

Harvesting: For DNA methylation analysis, on experimental day 26, twelve circular 

punches (Ø 8 mm; ~ 100 mg fresh weight in total) were cut out from the eighth mature 

leaf (counting from the apex of the main branch, leaf plastochron index: 10) of each plant. 

Mid-ribs were avoided, and leaf punches were immediately frozen in liquid nitrogen and 

stored at −80 °C. All sampled leaves were not directly exposed to any of the biotic 

stresses; thus, we characterized the systemic response. 

 

DNA extraction and Whole Genome Bisulfite Sequencing 

Per sample, frozen leaf tissue was grinded and homogenized using TissueLyser II 

(QIAGEN), then genomic DNA was isolated using the Sodium Dodecyl Sulfate (SDS) 

procedure of the NucleoSpin Plant II DNA isolation kit (Macherey-Nagel, Dueren, 

Germany). Preparation of DNA libraries for bisulfite sequencing was performed as 

described in (Nunn et al., 2022). All sequencing was performed by Novogene on an 

Illumina HiSeq X Ten sequencing system. Libraries were sequenced with 2x150-bp 

paired-end reads at 30X coverage. Libraries were sequenced in a total of eight 

sequencing lanes, trying to allocate ramets derived from the same ortet in the same lane 

to avoid batch effects. 
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Processing of bisulfite-treated reads and methylation calling  

Sequenced reads were processed using the EpiDiverse Toolkit (WGBS pipeline v1.0, 

https://github.com/EpiDiverse/wgbs) (Nunn et al., 2021). Briefly, low-quality read-ends 

were trimmed (minimum base quality: 20), sequencing adapters were removed 

(minimum overlap: 3 bp) and very short reads (< 36 bp) were discarded. The remaining 

high-quality reads were aligned to the Populus nigra var. ‘Italica’ de novo reference 

genome (ENA project: PRJEB44889) using erne-bs5 (http://erne.sourceforge.net) 

allowing for 600-bp maximum insert size, 0.05 mismatches, and unique mapping. Per-

cytosine methylation metrics were calculated using MethylDackel 

(https://github.com/dpryan79/MethylDackel). Three bedGraph files per sample were 

obtained, corresponding to cytosines on each sequence context: CpG, CHG and CHH. 

The methylation level (%) of a particular site was calculated by: 

 

𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑒𝑑 𝑐𝑦𝑡𝑜𝑠𝑖𝑛𝑒 𝑟𝑒𝑎𝑑 𝑐𝑜𝑢𝑛𝑡

𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑒𝑑 𝑐𝑦𝑡𝑜𝑠𝑖𝑛𝑒 𝑟𝑒𝑎𝑑 𝑐𝑜𝑢𝑛𝑡 +  𝑢𝑛𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑒𝑑 𝑐𝑦𝑡𝑜𝑠𝑖𝑛𝑒 𝑟𝑒𝑎𝑑 𝑐𝑜𝑢𝑛𝑡
 ∗  100 

 

Methylation analysis 

The analysis followed three stages: 1) genome-wide methylation analysis: to detect 

strong global methylation patterns by comparing samples and groups to each other, 2) 

differential methylation analysis: to identify significant differentially methylated regions 

(DMRs) by testing for significant methylation differences between groups throughout the 

entire genome, and 3) downstream analysis: to reveal potential functional implications 

by testing annotated DMRs for enrichment on genomic features and gene functions. The 

three cytosine sequence contexts were always analysed separately. Data filtering and 

resolution was slightly different for each analysis (Table S2). As a first general filtering 

step, all cytosines with low sequencing coverage (≤ 5 reads) were removed 

 

Genome-wide methylation analysis 

After the first filtering step, samples in which the retained cytosines accounted for less 

than 50% of the original data were considered low-coverage outliers and were excluded 

from genome-wide analyses unless otherwise stated (4 outliers out of 56 samples, 

Supplementary file 1, Table S2). 

https://github.com/EpiDiverse/wgbs
http://erne.sourceforge.net/
https://github.com/dpryan79/MethylDackel
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Average global methylation 

Only genomic positions with methylation information across all 52 remaining samples 

were considered (CpG: 1’802.288 positions, CHG: 3’256.938 positions, CHH: 

12’058.984 positions). For each sample, average global methylation (%) was calculated 

separately for each context, as follows: 

 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑔𝑙𝑜𝑏𝑎𝑙 𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛 (%)  =  
∑ (𝑝𝑒𝑟 𝑐𝑦𝑡𝑜𝑠𝑖𝑛𝑒 𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛 %)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑧𝑒𝑑 𝑐𝑦𝑡𝑜𝑠𝑖𝑛𝑒𝑠
 

 

The effect of the stress treatments on the level of global methylation was evaluated for 

each context using a linear mixed model with treatment as fixed factor and parental tree 

(ortet) as random factor. Statistical analyses were calculated in R (version 4.0.3), the 

lmer function of the lmerTest package (Kuznetsova et al., 2017) was used to fit the 

model, and multiple comparisons (Tukey's post-hoc tests) were calculated with the glht 

function of the multcomp package (Hothorn et al., 2008). 

 

Principal component analysis, hierarchical clustering, and correlation analysis 

For CpG and CHG context, the same filtered data used for average global methylation 

analysis was considered for principal component analysis (PCA) and hierarchical 

clustering (HC). As we observed that a very large fraction of cytosines in CHH context 

showed very low methylation variation across samples, an extra filtering step removed 

CHH positions where more than 90% of the samples showed very low (0-5%) or very 

high (95-100%) methylation to keep the more variable positions. 

Principal components (PCs) were calculated in R using the prcomp function of the stats 

package (R Core Team, 2022). HC (Ward’s method) was computed by first calculating 

the corresponding distance matrix (Manhattan method) using the dist and hclust 

functions from the stats R package. 

Pairwise correlation analysis was performed using genomic regions instead of single 

positions. First, the poplar genome was compartmentalized in 100-bp non-overlapping 

bins. Average methylation per bin was calculated, and only bins with methylation 

information across all samples were retained. As the intraclass correlation coefficient 

(ICC) reflects both degree of correlation and agreement between measurements (Koo & 

Li, 2016), ICC was calculated for all pairwise comparisons between samples. 
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Coefficients were calculated in R using the icc function of the irr package (Gamer et al., 

2019) with the ICC form: two-way random effects, absolute agreement, single 

measurement, according to (McGraw & Wong, 1996) convention. 

 

Methylation profiles 

All (56) samples were included in the analysis. For gene regions, only protein-coding 

genes with known 5’UTR and 3’UTR coordinates were considered. For transposable 

elements, only TEs longer than 150 bp were analyzed. Methylation profiles over the 

largest poplar scaffold (scaffold 1 = 33’746.648 bases) were used as a proxy for 

chromosome-wise methylation variation comparison. The scaffold was 

compartmentalized in 50-kb bins, then for each sample, per-bin average methylation was 

calculated. Finally, to calculate per-bin methylation for each treatment, a weighted mean 

was calculated accounting for the number of cytosines per bin per sample using the 

formula: 

 

𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑚𝑒𝑎𝑛 𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑏𝑖𝑛 𝑋 (%)  

=
∑𝑚

𝑘 (𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑡𝑖𝑜𝑛 % 𝑏𝑖𝑛 𝑋𝑘) ∗ (#𝐶𝑠 𝑏𝑖𝑛 𝑋𝑘)

∑𝑚
𝑘 #𝐶𝑠 𝑏𝑖𝑛 𝑋𝑘

 

where X represents any 50-kb bin, k is a replicate, and m is the total number of replicates 

per treatment. For each treatment and context, per-bin methylation differences 

compared to the control group were calculated and used to plot heatmaps and simple 

moving averages (SMA). SMAs were calculated using the R function geom_ma of the 

tidyquant package (Dancho, 2022). 

 

Differential methylation analysis 

Differentially methylated regions (DMRs) induced by each stress treatment were 

identified by testing local methylation differences between each treatment and control 

group. All replicates per treatment were included in the tests and each cytosine sequence 

context was analysed separately using the EpiDiverse/DMR pipeline v0.9.1 

(https://github.com/EpiDiverse/dmr) (Nunn et al., 2021). Briefly, DMRs were identified by 

metilene (https://www.bioinf.uni-leipzig.de/Software/metilene), with parameters as 

follows. Minimum read depth per position: 6; minimum cytosine number per DMR: 10; 

minimum distance between two different DMRs: 146 bp; per-group minimal non-missing 

data for estimating missing values: 0.8; adjusted p-value (Benjamini-Hochberg) to detect 

https://github.com/EpiDiverse/dmr
https://www.bioinf.uni-leipzig.de/Software/metilene/
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significant DMRs: 0.05. Only significant DMRs with minimum methylation difference of 

10 percentage points between groups were used for downstream analyses. 

DMR calling 

Since the genome-wide methylation analyses revealed strong CpG and CHG 

methylation patterns associated to sample origin (ortet identity) irrespective of stress 

treatment, stress-DMRs were identified using a jack-knife approach (leave-one-out) to 

reduce within-treatment variation caused by individual outlying ortets. As eight different 

ortets were included in the experimental design, a total of eight DMR calls were 

performed, in which samples derived from single ortets were left out on each DMR call 

(Figure S4). Hence, seven replicates were included on each DMR calling. All identified 

DMRs were retained for further analysis. Additionally, to check if our jack-knife approach 

for DMR calling produced robust results, we called stress-DMRs using Methylkit (Akalin 

et al., 2012) and intersected both results. This check indicated a large overlap between 

both methods and highlighted the conservative nature of our results (Table S3). 

Based on overlaps among DMRs that were identified in more than one treatment, DMRs 

were classified as multi-stress or stress-specific DMRs. Genomic regions where a DMR 

was identified in more than one sequence context were labelled as multi-context DMRs. 

We also performed DMR callings among ortets. Ramets derived from the same ortet and 

exposed to different treatments were considered replicates. Briefly, DMRs were called 

for all pairwise comparisons among the eight ortets (total: 28 DMR-sets per context). 

Next, for each context, all DMRs were classified according to the number of pairwise 

comparisons in which each DMR appeared in: DMRs found in a unique comparison or 

DMRs shared by two or more comparisons. 

 

Downstream methylation analyses 

DMR annotation 

Statistically significant DMRs were annotated using the Populus nigra cv. ‘Italica’ protein-

coding gene model annotation. Only the longest transcript per gene was used for this 

analysis. DMRs were also associated with TEs based on a TE prediction for this cultivar. 

Gene models and TE predictions used in this study were generated as part of the 

ongoing P. nigra cv. ‘Italica’ reference genome project (PRJEB44889). Short 

descriptions of these annotation files can be found along with their deposited versions 

(see Data availability statement). Short interspersed nuclear elements (SINEs) were 

manually added to the predicted TEs based on BLASTN results (70% similarity, 90% 
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coverage) using the consensus sequences of Salicaceae SINE families (Kögler et al., 

2020). 

DMR enrichment on genomic features 

For each context, all DMRs, irrespective of treatment, were tested for enrichment in gene 

bodies, exons, introns, gene flanking regions and TEs (Z-test for proportions). As DMRs 

were enriched in TEs, we also tested whether the occurrence of DMRs in gene bodies, 

exons, introns and gene flanking regions was conditional on the presence of TEs (Chi-

square tests for independence, McNemar’s test). Additionally, as drought showed the 

largest response associated to TEs, we calculated the relative fold enrichment for 

drought CHH-DMRs on each TE superfamily. P-values were obtained from the 

hypergeometric test and then adjusted (Bonferroni) according to the number of TE 

superfamilies tested. Drought-DMR-enriched TE superfamilies were referred to as 

Drought-Responsive TEs (DR-TEs), which included all SINE and MITE/DTHs elements. 

 

𝑓𝑜𝑙𝑑 𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 =  

#𝐷𝑀𝑅𝑠 𝑖𝑛𝑠𝑖𝑑𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑜𝑓 𝑇𝐸 𝑠𝑢𝑝𝑒𝑟𝑓𝑎𝑚𝑖𝑙𝑦 𝑋
# 𝑡𝑜𝑡𝑎𝑙 𝑇𝐸 − 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝐷𝑀𝑅𝑠

𝑡𝑜𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑎𝑙𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑜𝑓 𝑇𝐸 𝑠𝑢𝑝𝑒𝑟𝑓𝑎𝑚𝑖𝑙𝑦 𝑋 (𝑏𝑝)
𝑡𝑜𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑎𝑙𝑙 𝑇𝐸𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑔𝑒𝑛𝑜𝑚𝑒 (𝑏𝑝)

 
 

 

Stress-induced methylation variation of DMRs and TEs 

Since stress-DMRs were identified between each treatment vs. the control group, we 

were interested in evaluating the methylation response of such regions induced by all 

the other treatments. Using the genomic coordinates of the identified DMRs, we 

calculated average methylation levels of the corresponding regions on each sample 

Then, we calculated the average methylation level across treatment replicates. Finally, 

for each region, we computed the methylation difference between each treatment and 

control group. We only analysed regions with enough methylation information (≥ 8 

cytosines) and replication (≥ 6 replicates). 

Moreover, as we detected TE superfamilies enriched with drought-DMRs, we analysed 

the drought-induced methylation response of all poplar TE superfamilies to check for 

generalized responses of entire TE superfamilies. For each sequence context, average 

methylation levels of each individual TE were calculated for drought and control samples. 

We only analysed TEs with enough methylation information (≥20 cytosines for CHH, ≥10 

cytosines for CpG and CHG) and replication (≥ 6 replicates). For each TE element, we 

computed the methylation difference between drought and control group. Then, to 
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summarize and compare results among TE superfamilies, we grouped TE elements in 

boxplots according to each superfamily. 

 

Gene ontology enrichment analysis 

Functional enrichment analysis has to be carefully interpreted as gene expression data 

was not collected in this experiment and most stresses produced very few DMRs. 

Therefore, our analysis was mainly focused on medium-to-large gene sets associated 

with drought-induced methylation responses.  

Genes associated with drought CHH-DMRs were subjected to gene ontology (GO) 

enrichment analysis. The gene background was built with the closest Arabidopsis (A. 

thaliana) homologue of each P. nigra cv. ‘Italica’ gene, which was determined using 

BLAST best reciprocal hits (RBH) of the protein sequences (R package orthologr (Drost 

et al., 2015). Best hits were filtered by keeping alignments covering at least 60% of both 

Arabidopsis and P. nigra proteins, and minimum 60% similarity. Arabidopsis protein 

sequences were extracted from phytozome V13, and functional annotations were 

retrieved from the PLAZA 5.0 dicots database 

(https://bioinformatics.psb.ugent.be/plaza/). GO enrichments were performed using 

clusterProfiler v4 (Wu et al., 2021). P-values were adjusted for multiple testing controlling 

the positive false discovery rate (q-value). 

Enrichments for genes associated with all SINE and MITE/DTH elements were 

performed in the same manner. Gene sets for functional enrichment included genes 

associated with either all SINEs, all MITE/DTHs, or both (DR-TEs). Additional 

enrichments were performed for a subset of potential Highly Drought-Responsive TEs 

(HDR-TEs), i.e., SINEs and MITE/DTHs that displayed at least 5% hypermethylation 

compared to the control group. Finally, for comparison, all enrichments were analysed in 

the context of the drought CHH-DMR gene set enrichment. 

 

 

 

 

 

 

https://bioinformatics.psb.ugent.be/plaza/
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Results 

Drought induces a large and distinctive genome-wide CHH hypermethylation response 

in the Lombardy poplar 

Genome-wide methylation analyses were performed to identify overall strong 

methylation patterns among samples and treatments. Starting with average global 

methylation, the linear mixed models revealed significant treatment effects on DNA 

methylation (CpG: p=0.048, CHG: p=0.043, CHH: p<0.01). However, only drought 

treatment induced a significant global increase of CHH methylation compared to control 

group (Tukey’s test p<0.01). In addition, cold treatment induced significantly higher CpG 

and CHG methylation levels compared to salicylic acid treatment (p=0.0241 and 0.0412, 

respectively) (Fig. S5a). 

For CHH methylation, PCA and HC analyses highlighted noticeable clusters for drought 

and heat treatments (Fig. 1d, S6c, S7b). High correlations were observed among 

drought-treated samples, while the lowest correlation coefficients were found when 

comparing drought samples with any other sample (Figure S8c). Methylation profiles 

over the largest poplar scaffold confirmed the genome-wide drought-induced CHH 

hypermethylation and underlined a close relationship with TE content as both profiles 

showed peak similarities (Fig. 2, S9). Over TE regions, profiles corroborated the drought-

induced CHH hypermethylation, and highlighted CHH hypomethylation induced by rust 

infection. Profiles over genic regions revealed that drought-induced CHH 

hypermethylation mainly targeted gene-flanking regions rather than gene bodies (Fig 

S10, S11). 

The effect of other treatments was also observed in the methylation profiles. Profiles of 

CpG/CHG methylation along the scaffold 1 confirmed the genome-wide cold-induced 

hypermethylation that was already detected in the global methylation analysis. In 

addition, several treatments showed overlapping profiles of hypermethylation (drought, 

heat, and rust), and hypomethylation (SA and herbivory). Visual observation of the 

methylation profiles indicated a positive correlation between CpG and CHG methylation 

variation (Fig. 2, S9). 
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Figure 1. Analysis of genome-wide methylation patterns from stress-treated Lombardy poplar 

ramets. a) Sampling locations of the clonally propagated ortets used for the experiment. b, c, and 
d) Unsupervised principal component analysis of CpG, CHG and CHH methylation. Ramets are 

colored by ortet identity. Different shapes represent each experimental group. Drought and heat 

clusters are highlighted with dashed ovals.  

 

Interestingly, over genic regions, the effects of stress treatments were detectable mainly 

in gene flanking regions while in TE regions, cold and SA induced the largest CpG/CHG 

methylation responses: hypermethylation and hypomethylation, respectively (Figure 

S11). 
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Figure 2. Metaplots of CpG, CHG and CHH methylation level differences (treatments vs control 

group) over the scaffold 1 of Populus nigra cv. Italica. Simple moving averages (SMA) over a 

period of ten 50-kb bins were calculated and plotted for each treatment and context. Profiles for 

TE and gene content were added on top of CHH metaplot (SMAs per ten 50-kb bin) to highlight 

the relationship between methylation variation and gene/TE content, especially obvious for 

drought-induced CHH methylation variation (brown arrow) and TE content profile (black arrow). 

 

Genome-wide CpG and CHG methylation largely reflect sample origin rather than 

treatment effect 

Linear mixed models revealed significant ortet effects on the average global CpG 

methylation (p<0.01) (Figure S5b). Detailed insights were observed on PCA, HC and 

correlation analysis where distances among ramets derived from the same ortet (within-

ortet) were much smaller than those among ramets derived from different ortets 

(between-ortet), irrespective of the treatment (Figure 1b, S6a, S8a, S8d). A similar but 

less pronounced within-ortet clustering was found for CHG methylation, with an 

additional clustering of drought‐treated ramets, irrespective of the ortet (Figure 1c, S6b, 

S7a, S8e).  
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Transposable elements are enriched with stress-induced DMRs 

 

Figure 3. Summary of significant DMRs induced in the Lombardy poplar by each stress treatment 

versus the control group in CpG, CHG and CHH contexts. a) DMRs classified by methylation 

direction: hypermethylated (red), hypomethylated (blue) b) DMRs classified by specificity: multi-

stress (orange), stress-specific (dark blue). DMR numbers are shown on top of each bar. 

 

We identified a total of 1,798 DMRs across all treatments and sequence contexts (Fig. 

3, table S4). Drought induced the largest number of DMRs among all treatments (mostly 

CHH hypermethylations), while cold induced the largest amount of hypermethylated 

DMRs in CpG/CHG contexts (Fig. 3a, table S4). In general, similar amounts of multi-

stress and stress-specific DMRs were observed in each treatment, except for drought 

CHH-DMRs (Figure 3b, Table S5). Among the 203 multi-stress DMRs, drought and heat 

showed the largest intersection with 57 DMRs (Fig. S12). 
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Enrichment tests showed that all DMRs, irrespective of sequence context, were enriched 

in TEs. In addition, CpG-DMRs mainly targeted gene bodies, specifically exons, while 

CHH-DMRs were enriched over gene flanking regions (Fig. 4b, Table S6). CHG-DMRs 

were enriched in intergenic regions associated with TEs, while TE-associated CHH-

DMRs were enriched in gene flanking regions and introns (Table S7). Moreover, we 

observed an increased frequency of DMRs in TE flanking regions, especially within the 

first 200 bp (Fig. S13), revealing TEs as a major source of methylation variation (DMRs) 

irrespective of treatment (Fig. S18, S19, S20). 

 

 

  

Figure 4. Distribution of stress-induced DMRs over the Lombardy poplar genome. a) For each 

treatment and context, DMR counts (irrespective of treatment) are shown for gene body, ±2kb 

gene flanking regions, and intergenic regions. Dark/light colors differentiate the number of DMRs 

associated/non-associated with TEs in the corresponding region. b) Detailed distribution of all 
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stress-induced DMRs along genic regions, per context and TE association. Vertical dashed lines 

indicate the gene transcription start site (TSS) and transcription termination site (TTS). Horizontal 

black boxes represent the gene body. Gene lengths were normalized to 2kb. Z-tests for 

proportions were performed based on the content of each genomic feature in the poplar genome 

(See Table S6 for complete results). 

 

Drought-induced CHH hypermethylation is stronger on specific TE superfamilies 

 

 

 

 



 

79 
 

Figure 5. Analysis of drought-induced CHH hypermethylation of the Lombardy poplar TE 

superfamilies. a) Fold enrichment analysis of TE superfamilies targeted by drought CHH-DMRs. 

Enrichments were calculated based on the total length of each TE superfamily in the genome. 

Hypergeometric tests identified significant enrichments (p<0.001) for SINE and MITE/DTH 

superfamilies (Table S10).  b) Boxplots of drought-induced CHH methylation variation (vs. control 

group) over individual TE elements. Each boxplot summarizes the overall methylation response 

of a specific TE superfamily (x-axis) to drought stress. Horizontal dotted red line depicts the zero 

drought-control difference. 

 

DMR enrichments over each TE superfamily revealed that Short Interspersed Nuclear 

Elements (SINE) and Miniature Inverted-repeat Transposable Elements (MITE), 

especially MITE/DTH, showed an exceptionally strong response (Fig. 5, Table S8). 

Interestingly, SINE and MITE/DTH elements also display the highest CHH methylation 

under control conditions among all TE superfamilies (Figure S14). Methylation analysis 

over genic regions showed that drought induced CHH hypermethylation of SINE and 

MITE/DTH elements irrespective of gene proximity (Fig. S15 and S16, respectively). 

 

CpG/CHG stress-DMRs are also multi-stress DMRs and ortet-DMRs 

By examining the methylation response of stress-specific DMR regions in all other 

treatments, we observed that most of the stress-specific CpG/CHG-DMRs also showed 

a response to other treatments, usually in the same direction (either hyper- or hypo-

methylation) (Fig. 6a, S17). Thus, different stresses tended to result in similar 

methylation responses at these genomic locations, even when statistical significance 

was only reached in response to some treatments. Moreover, by examining the 

methylation level of these responsive regions in the control group, we noticed that 

CpG/CHG-DMRs had intermediate CpG/CHG methylation and low CHH methylation, 

while CHH-DMRs showed very high methylation in all contexts (Fig. 6b). 

The amount of ortet-DMRs was several orders higher than the stress-DMRs, especially 

in CpG/CHG context. For each comparison between two ortets, we identified on average 

1,425 CpG-DMRs, 1,621 CHG-DMRs and 133 CHH-DMRs (Table S9). We detected a 

total of 9,840 CpG-DMRs, 7,353 CHG-DMRs and 1,141 CHH-DMRs after accounting for 

DMRs found in more than one pairwise comparison (Table S10). Such ortet-DMRs were 

considered as a product of natural methylation variation, and when intersected with 

stress-DMRs, the analysis revealed that most of the stress CpG-DMRs (71%) and CHG-
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DMRs (85%) were also identified as ortet-DMRs. However, only 6% of stress CHH-

DMRs were found in the ortet-DMR set. (Fig. 6c, Table S10). 

 

 

 

 
Figure 6. Detailed methylation patterns of DMRs identified in the Lombardy poplar. a) Heatmap 

and hierarchical clustering of the average difference methylation levels (compared to control) of 

the 1,728 identified stress-DMRs b) Histograms of CpG, CHG and CHH methylation level in the 

control group for all stress-DMRs. Histograms are shown according to DMR features (context and 

response: hyper/hypo). c) Venn diagrams of the intersections between ortet-DMRs and stress-

DMRs for each sequence context. Uniqueness of ortet-DMRs (and for the intersection) is shown 

below the Venn diagrams. 



 

81 
 

Functional analysis of genes associated to drought-DMRs and drought-responsive TEs 

Enrichment analyses revealed very few gene ontology (GO) terms that were significant 

after multiple testing correction (q-value). GO terms with uncorrected p-values (<0.05) 

suggested that genes associated with drought CHH-DMRs were enriched in processes 

related to response to abiotic stimulus (GO:0071214), osmotic stress (GO:0006970), and 

water deprivation (GO:0009414) (Supplementary file 2). Comparisons of functional 

enrichments of gene sets associated to drought CHH-DMRs and drought-responsive 

TEs (DR-TEs) highlighted considerable overlaps. Response to abscisic acid 

(GO:0009737) and protein kinase activity (GO:0004672) were terms that were enriched 

in almost all gene sets, while cellular response to water deprivation (GO:0042631) and 

cellular response to water stimulus (GO:0071462) were enriched only in drought-DMR, 

MITE/DTH and DR-TE sets. In addition, SINE-associated genes were mainly enriched 

in terms related to protein phosphorylation while MITE/DTH-associated genes were 

mostly enriched in terms related to ABA/hormone signalling and response to water 

stimulus. Gene sets associated with HDR-TEs showed similar enrichments than those 

accounting for DR-TEs (Table 1). Thus, regions and TE superfamilies that showed 

methylation responses to drought seem to be located close to drought-responsive genes. 

 

Table 1. Gene Ontology (GO) enrichment analysis of genes associated with drought CHH-DMRs 

and Drought-Responsive TEs (DR-TEs) and Highly Drought-Responsive TEs (HDR-TEs). Only 

significant GO terms (p-value < 0.05) for each gene set are marked by “X”. Enriched GO terms 

for drought CHH-DMRs (far right) were used as a basis for comparison among all gene set 

enrichments.  
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   DR-TEs 
HDR-TEs  

(5% hypermethylation)  

GO ID GO Description ontology SINEs MITEHs both HDR 
SINEs 

HDR 
MITEHs both DROUGHT 

CHH-DMRs 

GO:0009719 
response to 
endogenous stimulus BP  X X    X 

GO:0009725 response to hormone BP  X X    X 

GO:0016310 phosphorylation BP X  X X  X X 

GO:0006468 protein phosphorylation BP X  X X  X X 

GO:0001101 
response to acid 
chemical BP   X    X 

GO:0097305 response to alcohol BP X X X X X X X 

GO:0009737 
response to abscisic 
acid BP  X X X X X X 

GO:0071229 
cellular response to acid 
chemical BP  X X    X 

GO:0042631 
cellular response to 
water deprivation BP  X X    X 

GO:0071462 
cellular response to 
water stimulus BP  X X    X 

GO:0019853 
L-ascorbic acid 
biosynthetic process BP X  X    X 

GO:0009963 

positive regulation of 
flavonoid biosynthetic 
process BP     X  X 

GO:0019632 
shikimate metabolic 
process BP      X X 

GO:0016772 

transferase activity, 
transferring 
phosphorus-containing 
groups MF X   X  X X 

GO:0016301 kinase activity MF X   X  X X 

GO:0016773 

phosphotransferase 
activity, alcohol group 
as acceptor MF X  X X  X X 

GO:0004672 protein kinase activity MF X  X X  X X 

GO:0004674 
protein serine/threonine 
kinase activity MF X  X X  X X 

GO:0106310 
protein serine kinase 
activity MF X  X X  X X 

GO:0106311 
protein threonine kinase 
activity MF X  X X  X X 

GO:0050660 
flavin adenine 
dinucleotide binding MF    X   X 

GO:0000287 magnesium ion binding MF     X  X 

GO:0015144 

carbohydrate 
transmembrane 
transporter activity MF     X  X 

GO:0090599 
alpha-glucosidase 
activity MF  X X    X 

GO:0003855 
3-dehydroquinate 
dehydratase activity MF   X   X X 

GO:0004764 

shikimate 3-
dehydrogenase 
(NADP+) activity MF   X   X X 

GO:0008143 poly(A) binding MF      X X 

GO:0070717 poly-purine tract binding MF      X X 

GO:0030136 clathrin-coated vesicle CC   X  X X X 

GO:0031312 
extrinsic component of 
organelle membrane CC     X X X 

GO:0031314 

extrinsic component of 
mitochondrial inner 
membrane CC     X X X 

GO:0012510 

trans-Golgi network 
transport vesicle 
membrane CC     X  X 

Table 1 
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Discussion 
 

In this study, we characterized the DNA methylation response to a panel of six different 

environmental treatments in the clonal tree Populus nigra cv. ‘Italica’. To the best of our 

knowledge, this is the first WGBS study that evaluates the effects of many different 

environmental factors on a tree species, and with a high number of replicates (n=8), 

thereby enabling a robust and comprehensive comparative analysis of the DNA 

methylation stress response. 

 

Global signatures of the poplar methylome response to individual stress treatments 

Abiotic stresses 

The global patterns of DNA hypermethylation after exposure to abiotic stresses 

substantiates previous studies on Populus that have reported global DNA methylation 

increases after 5-weeks of drought stress in P. trichocarpa (Liang et al., 2014) and after 

7 days of salt stress in P. euphratica (Su et al., 2018). In P. simonii, methylation gradually 

increased during the first 24 h of either cold, heat, salinity or osmotic stress, and certain 

enzymes involved in (de)methylation pathways were up/downregulated in a stress-

specific manner (Song et al., 2016). However, the low-resolution methods (HPLC and 

MSAP) used to quantify DNA methylation did not allow the authors of that study to further 

investigate methylation at context-specific level. Here, using WGBS data, we were able 

to determine that genome-wide stress-induced hypermethylation can arise in a sequence 

context specific manner as a response to specific stresses. Together with the mentioned 

studies, our findings suggest that the context-specific hypermethylation patterns induced 

by abiotic stresses are the product of de novo methylation via the RdDM pathway 

combined with stress-specific up/downregulation of demethylation pathways. 

Abscisic acid (ABA) is known to initiate stress signalling leading to physiological 

acclimation upon stress (Jia et al., 2016, 2017; Popko et al., 2010). However, only few 

studies have hinted its potential role in mediating global hypermethylation responses 

(Lafon-Placette et al., 2018; Song et al., 2016; Su et al., 2018). For instance, ABA 

treatments in Arabidopsis induced hypermethylation at ABA-responsive genes (Gohlke 

et al., 2013). Moreover, ABA-mediated upregulation of specific microRNAs can 

downregulate targeted demethylases (Sunkar & Zhu, 2004), which in turn may result in 

hypermethylation. Because increase of methylation may be associated with gene 

silencing (Fojtova et al., 2003; Paszkowski & Whitham, 2001), stress-induced global 

hypermethylation may induce progressive gene silencing leading to arrested growth 
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under adverse conditions. Conversely, In P. tremula and tree peony, bud growth 

reactivation is preceded by a progressive reduction of genomic DNA methylation (Conde 

et al., 2017; Y. Zhang et al., 2020). Therefore, it is plausible that cold-induced 

hypermethylation occurs as a first response during winter, arresting growth, followed by 

a gradual demethylation that leads to growth reactivation in spring. Since changes in 

CHH methylation are less stable than those in CpG/CHG contexts (Secco et al., 2015; 

Wibowo et al., 2016), context-specific hypermethylation suggests different stabilities and 

thus durations of the response. This might reflect differences in duration of the 

environmental stresses in nature, specifically longer cold periods (winter) versus brief 

episodes of drought during the growing season. 

Biotic stresses 

The effect of biotic stresses on DNA methylation has been examined in Arabidopsis and 

other species (Dowen et al., 2012; Ramos-Cruz et al., 2021; H. Zhang et al., 2018), 

however little information is available about woody plants. It is known that SA treatment, 

rust infection, and caterpillar attack increase the levels of SA, JA and ABA in the affected 

poplar leaves (Clavijo Mccormick et al., 2014; Eberl, Hammerbacher, et al., 2018; Eberl, 

Perreca, et al., 2018; Li et al., 2018; Ullah et al., 2019). Moreover, SA can be transported 

from infected to uninfected sites to induce systemic acquired resistance (SAR) (Li et al., 

2018). Therefore, we will discuss the biotic-induced methylation patterns in the context 

of SAR as we sampled non-directly affected leaves that grew during the stress periods. 

Consistent with our results, treatment with exogenous SA has been reported to induce 

DNA hypomethylation in other species, which in turn activates defense-response genes 

(Dowen et al., 2012; Ngom et al., 2017). Specifically, in Vitis amurensis, exogenous SA 

upregulated specific demethylases (Kiselev et al., 2013), which induced hypomethylation 

and consequently enhanced production of secondary metabolites (Kiselev et al., 2015). 

The loss of DNA methylation can either prime (upon removal of CHH methylation) or 

constitutively derepress (upon removal of CpG/CHG/CHH methylation) the SA-

dependent defense response (Deleris et al., 2016; López Sánchez et al., 2016). Since 

we found similar CpG/CHG hypomethylation patterns upon both herbivory and SA 

treatment, we speculate that such response mainly de-repress the SA-dependent 

defense response, while the TE-associated CHH hypomethylation response after rust 

infection could have a priming effect. 

Diminished rust infection has been observed in drought-affected poplars, explained to 

some extent by increased stomatal closure mediated by ABA (Ullah et al., 2019), but 

disregarding the interplay between methylation responses. Here, we showed that rust 
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infection also induced CpG/CHG hypermethylation profiles very similar to those 

observed under drought and heat, but not cold. These similarities suggest a possible 

overlap between the responses to drought and rust infection, as it has been suggested 

by results on the poplar apoplast proteome (Pechanova et al., 2010). 

Hotspots of environmental-induced methylation variation 

Experiments for studying stress effects on DNA methylation usually analyse DMRs 

induced by single stresses. Thus, intersection of several DMR sets detected from 

different stresses allows the capture of more generic responses. Though the latter 

approach can pinpoint multi-stress DMRs (Song et al., 2016; Xue et al., 2013), it likely 

underestimates commonalities in the methylation response to different stresses because 

stringent significance thresholds in DMR detection can leave most of the responding loci 

undetected. Here, we found that CpG/CHG-DMRs often showed a similar response 

irrespective of treatment, suggesting that much of the stress response in poplar is 

generic, rather than stress-specific. Based on these observations, we suspect that many 

of the reported stress-specific DMRs in other species likely have also a multi-stress 

nature, which would imply a more careful interpretation of DMR results in the future. 

Our results resemble the observations of epimutational hotspots in nearly isogenic 

Arabidopsis lines under greenhouse and natural environmental conditions (Becker et al., 

2011; Hagmann et al., 2015; Schmitz et al., 2011). Such epimutation hotspots are 

characterized by steady-state intermediate methylation levels (Hazarika et al., 2022), 

which was also observed in the control methylation levels of CG/CHG DMRs. However, 

where the intermediate methylation level of A. thaliana hotspots is due to sparse cytosine 

methylation (only a subset of CpGs is methylated), in our case it is the result of individual 

cytosines being partially methylated. Since such CpG/CHG-DMRs are often located on 

TE flanking regions, we hypothesize that TE-mediated stress-induced (de)methylation is 

the source of methylation variation on the TE edges, here identified as multi-stress 

DMRs. 

 

Stress-induced methylation variation as a source of epialleles under natural conditions 

In this clonal system, the accumulation of methylation variation can be attributed mostly 

to spontaneous and environmentally induced variation. In other species, transient stress-

responsive epigenetically labile regions have been identified to also overlap with 

naturally occurring DMRs, suggesting a non-random stress-triggered epigenetic 

reprogramming (Miryeganeh et al., 2022; Wibowo et al., 2016). Here, we identified many 

CpG/CHG-DMRs among ortets, which are thought to be mitotically stable and hence 
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clonally transmissible. More interestingly, a large proportion of stress-induced DMRs 

overlapped with ortet-DMRs. This result indicates that at least part of the natural 

methylation variation of the clonal system at a European scale is induced by changing 

environments.  Consequently, environment-induced methylation variants in CpG/CHG 

contexts could be fixed and appear as natural epialleles detectable across the tree 

lifespan and maybe next clonal generations. 

In contrast, induced CHH-DMRs showed only a minor overlap with ortet-DMRs, even 

though such DMRs largely arose in response to drought and heat. This observation 

supports the idea that CHH methylation variation quickly disappears after the stress is 

gone, preventing induced CHH-DMRs to persist as natural epialleles. This capability of 

CpG/CHG methylation to track long-term environmental variation seems to be supported 

by recent observations in other trees (Heer et al., 2018; Miryeganeh et al., 2022). 

 

Functionality of the poplar methylome response to drought 

As poplar is a fast-growing riparian tree whose high productivity requires high water 

availability (Monclus et al., 2006; Vanden Broeck, 2003), methylation responses to 

drought are potentially relevant for the ecology of this species. Recent reports in the 

species have found significant genotypic variation involved in drought tolerance (Viger 

et al., 2016) as well as for drought escape (Yıldırım & Kaya, 2017). Therefore, efficient 

finetuning of the drought escape and tolerance responses is likely a strong selection 

pressure in this clonal cultivar, which may have promoted the evolution of DNA-

methylation-based regulatory mechanisms. 

Even though the study of the functionality of DNA methylation would require at the very 

least quantification of gene expression, some patterns that we observed in the 

methylome response to drought suggest a functional consequence. Here, we reported 

TE-associated CHH hypermethylation mostly in gene flanking regions, which has been 

also described in P. trichocarpa (Liang et al., 2014). However, our analysis also revealed 

hypermethylation enriched on specific TE superfamilies: SINE and MITE/DTH. 

TE activity can be triggered by biotic and abiotic stress conditions (Lanciano & Mirouze, 

2018; Seibt et al., 2016), which in turn may lead to a rapid and extensive TE amplification 

followed by inactivity and drift (Jiang et al., 2004). Such is the case of SINEs and MITEs 

irrespective of their inherent differences: retrotransposons vs. DNA transposons, 

respectively. Both superfamilies are relatively short elements frequently inserted close 

to and within genes (Kögler et al., 2020; Seibt et al., 2016), likely due to their tendency 

to integrate in hypomethylated DNA regions (Arnaud et al., 2000). Also, both are 
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preferential targets for de novo methylation, which can then spread into flanking 

sequences and may affect the expression of nearby genes (Arnaud et al., 2000; Chen et 

al., 2014). TE proximity to genes may suggest that stress-induced TE hypermethylation 

could be a by-product of highly expressed nearby genes, as previously suggested by 

(Secco et al., 2015). However, we observed that CHH hypermethylation occurred 

irrespective of their distance to genes, indicating that such response may not be a 

consequence of nearby gene expression. 

Hypermethylation of entire TE superfamilies in response to stress has not been 

previously reported in other species. We found that SINE and MITE/DTH elements were 

already highly methylated (and presumably silenced) under control conditions. 

Therefore, as drought seems to reinforce such hypermethylation, we speculate that the 

selective silencing of these elements can have regulation consequences of nearby 

drought-responsive genes as hinted by GO enrichment results. 

Genes associated with drought CHH-DMRs seemed enriched in general responses to 

drought, such as ABA signalling, protein kinase activity, and response to water 

deprivation. Remarkably, genes associated with SINE and MITE/DTH elements were 

also enriched in similar functional responses. Evidence of MITE-derived small RNAs 

regulating abscisic acid signalling and abiotic stress responses in rice (Yan et al., 2011) 

suggests that these elements may have been selected and retained close to specific 

genes that play a role in the rapid response to drought. Therefore, we speculate that the 

triggered hypermethylation response is regulating, via specific TE superfamilies, genes 

and pathways involved in functional responses to drought. To test this functional 

hypothesis, it will be important in follow-up studies to monitor expression and methylation 

of SINEs, MITE/DTHs, and the nearby genes prior to and during drought stress. 

In conclusion, our evaluation of the poplar methylome plasticity upon abiotic and biotic 

treatments allowed the discovery of multi-stress hotspots that are partially shaping the 

natural methylation variation. Moreover, we were able to identify specific TE 

superfamilies whose response to drought may have been selected to cope with extreme 

conditions. Our study furthermore highlights the importance of analyzing the effect of 

multiple factors in the same experiment to avoid overstatements of individual effects. 
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Data availability 

The bisulfite sequencing raw data is deposited in the ENA Sequence Read Archive 

Repository (www.ebi.ac.uk/ena/) under study accession number: PRJEB51831.  

Methylation files for the three contexts and the list of annotated differentially methylated 

regions are deposited in zenodo (https://zenodo.org/) under DOI: 

10.5281/zenodo.7193978. Gene models and TE predictions for the poplar clonal cultivar 

used in this study are deposited in zenodo under DOI: (to be uploaded) 
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Abstract 

Environmental changes can trigger phenotypic variation in plants through epigenetic 

mechanisms, but strong genetic influences make it difficult to isolate and study 

epigenetic effects. Clonal trees with low genetic variation, such as the Lombardy poplar 

(Populus nigra cv. ‘Italica‘ Duroi), offer a unique system to study epigenetic variation 

associated with the environment. We collected cuttings (ramets) of Lombardy poplar 

along a wide geographical range in Europe. We performed whole-genome-bisulfite 

sequencing of 164 ramets grown in a common garden and of a subset of 35 of the original 

parental individuals. Using historical bioclimatic data, we tested the relationship between 

DNA methylation and climatic gradients. We found that average methylation levels in 

TEs and promoter regions correlate with biologically relevant climatic variables. 

Furthermore, we observed that DNA methylation was transmitted to the next clonal 

generation, but a fraction of the methylome changed relatively fast when comparing the 

parental individuals with the clonal offspring. Our results suggest that the poplar 

methylome is a dynamic layer of information that can be transmitted to the clonal 

offspring and potentially affect how poplars acclimate to new environmental conditions. 

 

 

Keywords: Populus nigra cv ‘Italica’, DNA methylation, whole genome bisulfite 

sequencing (WGBS), differentially methylated regions (DMR), acclimation, adaptation 
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Introduction 

In the last couple of decades, extreme weather events have been increasing, often 

exceeding plants’ and animals’ tolerance thresholds, and driving mass mortalities in 

many species (IPCC, 2022). Understanding how plants respond to such weather events 

and other environmental conditions has thus become crucial for conservation policies 

and forest management programs. In studies on plant natural populations, intraspecific 

genetic diversity has been shown to contribute to the resistance and resilience of 

populations (Hughes et al., 2008). Genetic variation provides the baseline for phenotypic 

variation on which evolutionary processes can act, and plays an important role in plant 

adaptation (Fisher, 1958; Hughes et al., 2008). However, advances in molecular biology 

and genomics have shown that phenotypic variation among individuals is not only 

determined by genetic variation (Rapp & Wendel, 2005). One additional cause of 

phenotypic variation is epigenetic variation (Cubas et al., 1999; Manning et al., 2006; Xie 

et al., 2015). Several studies have shown that epigenetic variation can be spatially 

structured among and within plant populations, and that such a structure can be 

associated with environmental variation and phenotypic differentiation (Lira-Medeiros et 

al., 2010; Medrano et al., 2014; Avramidou et al., 2015; Kawakatsu et al., 2016; de Kort 

et al., 2020; Boquete et al., 2021; Galanti et al., 2022, Sammarco et al., 2022). Although 

causal relationships remain to be studied, such observations suggest that epigenetic 

variation could contribute to the acclimation of plants to changes in environmental 

conditions. 

There are several molecular mechanisms involved in epigenetic variation, such as 

histone modifications, DNA methylation and small RNA-mediated processes (reviewed 

in Lloyd and Lister, 2022). Among these, DNA cytosine methylation (mC), is currently the 

most widely studied and best characterized modification (Zemach et al., 2013; Matzke & 

Mosher, 2014; Zhang et al., 2018; Lloyd & Lister, 2022) and consists of a base alteration 

in which a methyl group is added to the 5th carbon of a cytosine (Moore et al., 2012). In 

plants, cytosine methylation occurs at three different sequence contexts: CG, CHG and 

CHH, where H = A, T or C. Methylation at the CG and CHG contexts is usually 

symmetrical across both DNA strands, whereas methylation at CHH sites is 

asymmetrical (Meyer et al., 1994; Finnegan et al., 2003; Zhang et al., 2006; Lister et al., 

2008). As a result of different mechanisms involved in DNA methylation maintenance, 

different sequence contexts differ in their degrees of mitotic stability, which are mainly 

dictated by their symmetry. In the symmetrical contexts, methylation maintenance is 

guided by the complementary DNA strand, and thus stably inherited across mitotic 
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divisions (Niederhuth & Schmitz 2014). On the other hand, methylation in the 

asymmetrical context is maintained mainly by de novo establishment and thus less stable 

across cell divisions (Peter Meyer & Lohuis, 1994). In addition, depending on the 

genomic feature context, DNA methylation has different roles. For example, methylation 

in all sequence contexts is associated with silencing of transposable elements (TEs), 

while CG methylation is found in promoters of transcriptionally inactive genes and in the 

gene body of active genes (reviewed in Niederhuth & Schmitz, 2017). Variation in DNA 

methylation can be under genetic control (Zhang et al., 2018; Johannes & Schmitz, 2019) 

and arise stochastically as a result of imperfect DNA methylation maintenance (Becker 

et al., 2011; Schmitz et al., 2011; Johannes & Schmitz, 2019), or be induced by 

environmental conditions (Raj et al., 2011; Bräutigam et al., 2013; Lämke & Bäurle, 

2017). Furthermore, some of these methylation marks can be transmitted from parental 

individuals to offspring (Johannes et al., 2009; Becker & Weigel, 2012; Herman & Sultan, 

2016; Gáspár et al., 2019; Boquete et al., 2021). If DNA methylation can be induced by 

environmental conditions, we would expect patterns of DNA methylation to be associated 

with geographic or climatic gradients beyond what can be explained by the underlying 

genetic structure of the studied population. Several studies indeed found correlations 

between methylation patterns and habitat or climate in different plant species. However, 

almost all these studies were conducted on sexually reproducing plant species, were 

constrained to small-scale geographic gradients, or used low-resolution molecular 

methods (Lira-Medeiros et al., 2010; Nicotra et al., 2015; Avramidou et al., 2015; Gugger 

et al., 2016; Herrera et al., 2017; Gáspár et al., 2019). With the continuous decrease of 

sequencing costs, recent studies based on whole genome bisulfite sequencing (WGBS) 

have provided more detailed methylation data (Dubin et al., 2015; Kawakatsu et al., 

2016; de Kort et al., 2020; Galanti et al., 2022). With WGBS we can now quantify 

methylation at the scale of whole genomes and accurately map methylated cytosines at 

a single-base resolution (Lister and Ecker, 2009). Nevertheless, the extent to which 

genetic variation influences epigenetic variation is still not clear (Richards et al., 2010, 

2017). Studing epigenetic variation in asexually (i.e. clonally) reproducing species allows 

focusing on epigenetic variation in the absence of confounding genetic variation. 

Moreover, during sexual reproduction, some proportion of the methylation patterns might 

be reset (Wibowo et al., 2016), whereas we assume that they are faithfully transmitted 

during clonal propagation. Thus epigenetic marks have therefore the potential to be 

stably transmitted across clonal generations and may thus create heritable phenotypic 

variation (Verhoeven & Preite, 2014). 
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Since the first assembly of the P. trichocarpa genome in 2006, the amount of available 

genetic, genomic, and biochemical resources has increased considerably, and Populus 

species have become a model for studying plant adaptation (Taylor, 2002; Tuskan et al., 

2006; Jansson & Douglas, 2007). The Lombardy poplar (Populus nigra cv. ‘Italica’ Duroi) 

is a widely distributed tree clone. This variety likely originated in the 18th century from 

one single male tree of P. nigra, located in central Asia (Elwes & Henry, 1913), and was 

spread by cuttings worldwide from Italy. It is assumed that most Lombardy poplars 

originate from artificial propagation performed by humans (CABI, 2022).  

Here, we present the first study investigating DNA methylation variation in a clonal tree 

species. We collected poplar cuttings from a wide climatic and geographic gradient 

across Europe and planted them in a common garden in Central Germany. We analyzed 

methylation variation among trees in the field and in the common garden. Thus, we were 

able to address two questions: (1) given a uniform genetic background, do different 

environmental conditions result in differences in DNA methylation in Lombardy poplar? 

If so, (2) do these differences persist over time after clonal propagation in a common 

environment? 

 

Materials and methods 

Plant material and common garden design 

Between February and March 2018, we sampled cuttings from Populus nigra cv ‘Italica’ 

clones in Europe across geographical gradients that spanned from 41° to 60° N and -5° 

to 25° E approximately, at twelve sampling sites that covered seven different Köppen-

Geiger climate subtypes (Peel et al., 2007). We tagged and georeferenced the source 

trees (hereafter referred to as “ortets”). During the first week of May 2018, we planted 

the cuttings (hereafter referred to as “ramets”) in a common garden in the Marburg 

Botanical Garden (Germany) under a random block design. The common garden area 

was not shaded in any way, allowing the ramets to grow under direct sunlight. No 

herbicides, pesticides, or fertilizers were used in the common garden. We planted the 

ramets with 1 m between trees and watered them frequently for a period of five months 

until the end of summer. A more detailed description of sampling and the common 

garden set-up can be found in Díez Rodríguez et al., (2022).  
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Whole genome bisulfite sequencing 

 

Of the 375 individuals considered to belong to the same genotype by Díez Rodríguez et 

al. (2022), we selected a subset for WGBS. We chose 14 ramets from 12 sampling sites 

from the common garden, except for those from Lithuania, of which only 10 ramets had 

survived in the garden, resulting in a total of 164 individuals (Supplementary Figure 1, 

right panel). From the original set of ortets, we chose 5 individuals from seven out of the 

12 sampling sites, with a total of 35 individuals (Supplementary Figure 1, left panel). We 

collected leaf material from individuals, both in the field and in the common garden, at 

approximately the same time in July 2018.  We extracted DNA from leaf tissue obtained 

from mature, healthy leaves dried in silica gel using the PeqGOLD Plant DNA mini kit 

(PEQLAB Biotechnologie GmbH, Erlangen, Germany). We used the NEBNext Ultra II 

DNA Library Prep Kit for sequencing library preparation, combined with EZ-96 DNA 

Methylation-Gold MagPrep (ZYMO) for bisulfite libraries. The protocol involved: i) end 

repair and 3’ adenylation of sonicated DNA fragments, ii) NEBNext adaptor ligation and 

U excision, iii) size selection with AMPure XP Beads (Beckman Coulter, Brea, CA), iv) 

bisulfite treatment and cleanup of libraries, v) PCR enrichment and index ligation using 

Kapa HiFi Hot Start Uracil+ Ready Mix (Agilent) for bisulfite libraries (14 cycles), vi) final 

size selection and cleanup. Finally, we sequenced paired-end for 150 cycles on a HiSeq 

X Ten instrument (Illumina, San Diego, CA). All sequenced raw fastq files are available 

at the European Nucleotide Archive (ENA) database, under project number 

PRJEB44879. 

  

Methylation data and DMR calling 

For the methylation analysis we used the EpiDiverse toolkit (version 1.0), a pipeline suite 

for WGBS data analysis in non-model plant species (Nunn et al., 2021). For alignment, 

quality control, and methylation extraction we used the WGBS pipeline. This pipeline 

uses FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to perform 

quality control, erne-bs5 (Prezza et al., 2012; http://erne.sourceforge.net/) to map raw 

reads, Picard MarkDuplicates (https://broadinstitute.github.io/picard/) to filter PCR 

duplicates and MethylDackel (https://github.com/dpryan79/MethylDackel) to perform the 

methylation calling. We mapped the samples to the Populus nigra cv ‘Italica’ reference 

genome, freely available at the European Nucleotide Archive (ENA) under project 
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number PRJEB44889. We only retained uniquely-mapping reads longer than 36 bp. On 

average, around 80% of the total number of reads were mapped to the reference 

genome. We calculated the bisulfite non-conversion rate using the mitochondrial 

genome, and found a mean rate of 0.005. Mapping stats and conversion rates for each 

individual sample are shown in Supplementary Table 1. Methylation levels for each 

called position were calculated according to Schultz et al. (2012) and using the following 

formula (C = reads supporting methylated cytosine, T = reads supporting unmethylated 

cytosine, i = position of cytosine): 

(Ci /(Ci + Ti)) * 100 

We obtained individual bedGraph files for each sample and context. We filtered out 

positions with a coverage lower than 6. For five ramet samples, less than 60% of the 

initial positions remained after filtering, and were thus excluded from the data set. We 

then merged the individual files into multisample bed files using custom scripts based on 

the unionbedg command from the BEDTools suite (Quinlan & Hall, 2010), retaining 

positions that were called in at least 80% of the samples. To directly compare only 

positions with methylation calls common to all samples, we obtained three different files 

per context. The first file contained 35 ortet samples (as mentioned in the plant material 

section); the second file contained 158 ramet samples; and lastly, the third file contained 

64 paired ortet and ramet samples (32 samples from ortets and 32 from their respective 

ramets). A summary of the number of samples and the number of positions retained in 

each file is shown in Table 1. To study the epigenetic structure of the poplar clones, we 

ran Principal Component Analysis (PCA) per context using the prcomp function of the 

stats package (ver. 4.1.3; R Core Team, 2022). 

 

Table 1. Summary of number of samples and positions included in each file used for 

methylation analysis 

Type of file N Samples 
N positions per context 

CpG CHG CHH 

Ortet 35 8,318,522 13,678,685 76,501,469 

Ramet 158 7,820,008 12,961,553 72,754,297 

Paired 64 8,139,896 13,412,560 75,215,708 
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The EpiDiverse toolkit (Nunn et al., 2021) includes a DMR pipeline that uses metilene 

(Jühling et al., 2016) to call Differentially Methylated Regions (DMRs) between all 

possible pre-defined pairwise comparisons between sites for each sequence context. 

We used the default parameters of the DMR pipeline to define DMRs. In this study, each 

sampling site where the ramets were collected was considered as an individual group 

and compared to all the other sites. DMRs were called among three different group sets. 

First, we ran the DMR pipeline using only groups containing ortet samples in each 

pairwise comparison; second, we compared groups containing only ramet samples; and 

third, we compared ortet samples with their paired ramet samples. We then used custom 

scripts to summarize the results of the pipeline, and obtained a single file for each context 

and each run with a list of all DMRs, their genomic coordinates, and the specific pairwise 

comparison they belonged to. Supplementary Figure 1 shows a schematic description of 

the pairwise comparison design. 

 

Variant calling, filtering and imputation 

We used the EpiDiverse SNP pipeline (Nunn et al., 2021, 2022) with default parameters 

to infer Single Nucleotide Polymorphisms (SNPs) from WGBS data. We combined the 

output of individual Variant Call Format (VCF) files from the ramet samples into a 

multisample VCF file using BCFtools (v1.9, Danecek et al., 2011). We filtered for variants 

successfully genotyped in at least 90% of individuals, with a minimum quality score of 30 

and a minimum mean depth of 3. For the PCA analysis, we retained only biallelic SNPs 

and removed SNPs with more than 10% missing values and a Minor Allele Frequency 

(MAF) < 0.01. The remaining missing values were imputed with BEAGLE v 5.1 

(Browning, Zhou, and Browning 2018). We also removed SNPs that were heterozygous 

in more than 95% of the samples. To reduce the number of SNPs for downstream 

analysis, we filtered redundant SNPs by pruning for Linkage Disequilibrium (LD) with a 

maximum LD of 0.8 between SNP pairs in a sliding window of 50 SNPs. After filtering 

and imputing, we were able to retain 343,977 SNPs. We performed the PCA analysis 

with PLINK (v1.90b6.12, Purcell et al., 2007) and plotted the results with custom scripts 

in R (https://github.com/EpiDiverse/scripts). 

 

 

https://github.com/EpiDiverse/scripts


 

105 
 

 

Correlation between methylation and bioclims  

To assess correlations between methylome variation and climatic variables, we obtained 

bioclimatic data for each of the locations of the ortets from the CHELSA time-series data 

set (Karger et al., 2017). The CHELSA data set covers the period between 1979 and 

2013 and provides gridded data at a resolution of 30 arcsec (~ 1km). We included all 19 

bioclimatic variables, as described in the CHELSA web page: https://chelsa-

climate.org/bioclim/.  Bioclimatic data for all sequenced individuals is available in Zenodo 

at https://doi.org/10.5281/zenodo.5995424. The methylation data for specific genomic 

regions used in the correlation analysis was obtained using the BEDTools intersect 

command (Quinlan and Hall, 2010) and a custom structural annotation. The annotations 

are available at the European Nucleotide Archive (ENA) under project number 

PRJEB44889. We correlated average global methylation levels with CHELSA bioclims 

using the Spearman method. The analysis was performed with the corr.test function of 

the psych package (ver. 2.2.5, Revelle, 2022) and plotted using the heatmap.2 function 

of the gplots package (ver. 3.1.3, Warnes et al., 2022). 

 

Mantel tests 

To investigate if epigenetic distance between individual ramets was correlated with 

geographic, climatic and/or genetic distance, we performed mantel tests, using the 

mantel function of the vegan package (ver. 2.5-7; Oksanen et al., 2013). As input for the 

geographic and climatic distance matrices, we used the original geographic coordinates 

and the bioclimatic data of the ramets. We calculated two types of epigenetic distance 

matrices. The first matrix was based on the methylation levels of single methylated 

positions (MPs). In the second matrix, we used the BEDTools suit to merge the DMRs 

called from multiple pairwise comparisons in order to obtain a union set of candidate 

regions, variable between two or more populations of ramets. We then calculated mean 

methylation levels (according to Schultz et al. 2012) in each region. For the genetic 

distance matrix we used the same SNPs that were used for the genetic structure 

analysis. To standardize the data and make it comparable, we then conducted a PCA 

and calculated the first three PCs for each type of input. We then created Euclidean 

distance matrices using the dist function of the R stats package (Version 4.2.1, R core 

team, 2022). Finally, we ran the mantel tests with the Pearson correlation method and 

9999 permutations. 

https://chelsa-climate.org/bioclim/
https://chelsa-climate.org/bioclim/
https://doi.org/10.5281/zenodo.5995424
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Persistence of DNA methylation patterns 

 

To study if methylation patterns were conserved across clonal generations, we focused 

on the seven sites for which we had collected samples from ortets and ramets. We called 

DMRs between sites for ortets, for ramets, and between ortets and ramets from each 

site. Supplementary Figure S2 shows the total number of DMRs for each pairwise 

comparison among ortets (A) and ramets (B), respectively, ordered according to latitude 

of origin from South to North. If methylation patterns are conserved in the next clonal 

generation we assumed we would be able to find the same DMRs when comparing the 

same sampling-site pairs between ortets and between ramets. We therefore intersected 

the bed files with all the DMRs called using the BEDTools intersect command. 

Specifically, we intersected a file containing DMRs called from group A vs group B ortets 

with a file containing DMRs called from ramets belonging to the same groups (i.e. 

corresponding to the clonal offspring). We then repeated the analysis for each of the 21 

possible pairwise comparisons between sites. Supplementary Figure S4 shows a 

detailed count of hypermethylated and hypomethylated DMRs for each pairwise 

comparison. After running the intersections, we created individual files containing all the 

regions found among ramets that overlap with regions found among ortets. 

 

 

Results  

 

Methylation profiles in the Lombardy poplar 

Average global methylation in ramets of the Lombardy poplar from 12 different sampling 

sites ranged from 30 to 40% in the CG context, 15-25% in the CHG context and 1-3% in 

the CHH context (Figure 1A). We did not find any statistically significant differences 

among methylation levels from different sites in any of the contexts, and variation within 

each group seemed to be higher than the variation among groups. We found the highest 

number of DMRs in the CHG context (~130,000 DMRs), followed by the CG context (~ 

70,000 DMRs) and the CHH context, where only ~ 9,100 DMRs were called among all 

pairwise comparisons among sites (Figure 1B). However, most of these DMRs were 

common to two or more comparisons. When common DMRs were merged into unique 

regions, we found around 11,400 CG-DMRs, 14,400 CHG-DMRs and 4,100 CHH-DMRs. 

The length of the merged DMRs ranged from 10 to around 5,000 bases (Supplementary 
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figure S3). Of these DMRs, a considerable fraction overlapped with annotated 

transposable elements (TEs) in all sequence contexts (~4,600; ~ 10,500 and 4,200, 

respectively for CG, CHG and CHH). Interestingly, only 31 DMRs in the CHH context 

overlapped with coding sequences (CDS), while around 4,600 CG- and 3,100 CHG-

DMRs overlapped with these regions (Figure 2c). 

 

Figure 1. Methylation profiles in the Lombardy poplar (ramets). a. Variation in methylation levels 

among ramets across geographical gradients in all sequence contexts. Sites are ordered from 

South to North according to their geographic coordinates and labeled by the sample site code 

(ISO 3166 standard country code): ES: Spain, n = 14 ; IT1: Italy 1, n = 13; FR2: France 2, n = 13; 

IT2: Italy 2, n = 14; FR1: France 1, n = 14; FR3: France 3, n = 14; DE1: Germany 1, n = 13; CZ: 

Czech Republic, n = 14; PL: Poland, n = 14; DE2: Germany 2, n = 14; LT: Lithuania, n = 9; NO: 

Norway, n = 12. Note the different scales in the Y axes (n = 158). b. Total number of DMRs in 

each sequence context, called from all pairwise comparisons (n = 158). Number of individual 

DMRs corresponds to every single DMR. Total number of merged DMRs corresponds to merged 

regions found in two or more comparisons C. Total number of merged DMRs overlapping specific 

genomic features in each sequence context (n = 158) 
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Genetic and epigenetic structure 

 

To investigate a potential relationship between genetic and epigenetic structure in the 

Lombardy poplar, we conducted a Principal Component Analysis (PCA) based on 

methylated positions (MPs) and SNPs inferred from WGBS of the ramet samples. Among 

the sequenced ‘Italica’ clones, we did not find any clear genetic or epigenetic structure 

that could be associated with the geographic origin of the ramets (Figure 2). As explained 

in Díez Rodríguez et al. (2022), the ramets that belonged to the ‘Italica’ cluster had a 

mean number of pairwise differences among individual ramets of around 96 SNPs out of 

the 4.906 investigated remaining positions. We targeted 4,906 loci equally distributed 

across the 19 P. nigra chromosomes selected from a larger set identified in Scaglione 

et. al (2019), which should allow for accurate and effective genotyping of population 

groups. To further assess if the loci targeted were actually sufficient for genotyping the 

populations analyzed, we called SNPs from the WGBS data. In this way, we increased 

the number of SNPs available for the study to 986,948 SNPs, mostly reflecting 

heterozygosity of the clonal genotype, not genetic differences between samples. After 

we removed SNPs heterozygous in > 95% of the samples and performed the pruning 

step, 343,977 SNPs remained for the analysis. Still, we did not find any structure that 

could be associated with geographic patterns.  

 

Furthermore, when running PCA with MPs inside CDS (Figure S4), we observed some 

grouping, but this was not explained by any of the environmental variables that we tested 

(such as habitat type, elevation or habitat disturbance level). Despite the lack of 

epigenetic structure, some individuals with the same site of origin seemed to group 

together (Figures 2 and S5), indicating similar methylation profiles 

.  
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Figure 2. Genetic and epigenetic structure of the poplar ramets, colored according to latitude of 

origin. A: Genetic structure based on the SNPs called from WGBS data. B-D: Epigenetic structure 

for the CG (B), CHG (C) and CHH (D) sequence contexts. 

 

 

 

Relationship between methylation, geographic origin, and climate 

 

To assess if there was any relationship between epigenetic variation, genetic variation, 

geographic origin, and climatic conditions, we analyzed the correlation between 

epigenetic distance and genetic, geographic, and climatic distance in ramets using 

mantel tests. We first correlated geographic with climatic distance, and genetic with both 

geographic and climatic distance. We found that climatic distance correlated with 

geographic distance (R = 0.7, p = 0.001), but genetic distance was not correlated with 

geographic distance or climatic distance (R = -0.03, p = ns, in both tests). We created 

epigenetic distance matrices based on MPs and DMRs. We did not find any correlation 
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between epigenetic and genetic distance in any case, except for the MPs in the CHH 

context (Table 2). However, epigenetic distance significantly correlated with geographic 

and climatic distance in almost all cases. The highest correlation coefficients were found 

in the CG context between DMR-based epigenetic distance and both geographic and 

climatic distance (R=0.164 and p < 0.001, and R=0.141 and p < 0.001, respectively). 

Because geographic distance and climatic distance were strongly correlated, we ran 

partial mantel tests between epigenetic distance and climatic distance accounting for the 

geographic distance. In this case, most of the significant correlations disappeared, 

except for MPs in the CHH context. 

 

Table 2. Mantel test coefficients for the correlation between epigenetic distance and genetic, 

geographic, and climatic distance in ramets. Epigenetic distance was tested both as individual 

methylated positions (MPs) and differentially methylated regions (DMRs). Significant correlations 

are highlighted in bold font. 

 

 

To study the association between methylation patterns and climate of origin in more 

detail, we conducted a correlation analysis between global methylation levels in specific 

genomic features (i.e., promoters, coding sequences (CDS) and TEs) and bioclimatic 

variables (Figure 3). We found significant correlations in all sequence contexts, with the 

highest number of correlations observed in the CHH context. In fact, for the CHH context, 

we found correlations between all three genomic features and most temperature-related 

bioclimatic variables, such as maximum temperature and mean temperature related 

variables. Additionally, methylation levels in promoters and TEs in this context were 

 Context Genetic  
distance 

Geographic 
distance 

Climatic 
distance 

Climatic distance 
(partial) 

  R p R p R p R p 

MPs CG 0.001 0.445 0.093 0.002 0.082 0.001 0.015 0.258 
 CHG 0.009 0.330 0.079 0.011 0.068 0.005 0.012 0.307 
 CHH 0.035 0.231 0.043 0.115 0.067 0.012 0.054 0.036 

DMRs CG 0.043 0.202 0.164 <0.001 0.141 <0.001 0.023 0.192 

 CHG 0.005 0.381 0.080 0.003 0.072 0.001 0.015 0.237 

 CHH -0.008 0.536 0.063 0.021 0.064 0.005 0.025 0.152 
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negatively correlated with both latitude and longitude. On the other hand, methylation 

levels in the CG and CHG contexts showed no correlation with climatic variables, except 

for methylation in promoter and CDS regions and three precipitation variables 

(precipitation in the wettest month and wettest quarter, and precipitation in the warmest 

quarter). Furthermore, variables in CHH were grouped in a separate cluster while CG 

and CHG variables grouped mainly by genomic features. 
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Figure 3. Spearman correlation analysis between global methylation levels in different genomic 

features and bioclimatic variables extracted from the CHELSA database. P = precipitation, T = 

temperature. P-values are adjusted for multiple pairwise comparisons using the “BH” method. 

Statistically significant correlations are labeled with the following code: p < 0.001 = ***; p < 0.01 

= **; p < 0.05 = *. Correlations are grouped using the hierarchical clustering method.  
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Persistence of DNA methylation patterns across clonal generations 

 

To investigate if methylation patterns can be transmitted to the next clonal generation, 

we first compared average global methylation levels between ortets (parental individuals) 

and ramets (clonal offspring). In the ortets, methylation levels were consistently higher 

in all contexts (Figure 4A). The difference in global methylation levels between ortets and 

ramets was further evidenced by the number of hypermethylated ortet-vs-ramet DMRs 

(Figure 4B). When comparing ortets with their ramets, the number of DMRs in the CG 

context was considerably low for some groups (e.g., ES, IT2, FR1, CZ, NO), and the 

lowest of all contexts (10,180 total DMRs vs. 31,600 and 13,601 for CHG and CHH, 

respectively). On the other hand, the number of DMRs in the CHG and CHH contexts 

was more variable among different sites. Additionally, we conducted a PCA analysis 

using the paired clones (Figure S6) and found that pairs tended to group together, 

especially in the CG context. 

To further assess if methylation patterns persisted across clonal generations, we then 

intersected the DMRs found between pairwise comparisons in the ortets and the DMRs 

found between the ramets (Figure 4C). Between 25% and 50% of the ortet DMRs in CG 

and CHG overlapped with ramet DMRs. This percentage was considerably lower in the 

case of the CHH context, where less than 10% of the DMRs were also found in the 

ramets. 

 

 
Figure 4. A. Differences in global methylation levels between ortets (green) and their paired 

ramets (orange), for each sequence context. Statistically significant correlations are labeled with 

the following code: p < 0.001 = ***; p < 0.01 = **; p < 0.05 = *. P values were adjusted for multiple 

pairwise testing using the “BH” method. B. Total number of hypermethylated (above the 0 line) 

and hypomethylated (below the 0 line) DMRs between ortets and their paired ramets. C. 

Percentage of DMRs among ramet pairwise comparisons that overlap with DMRs among ortet 

pairwise comparisons. Each bar represents a pairwise comparison between ortets from each 

sampled site in Europe and the ramets of the same individuals. The dashed line indicates the 

threshold for 50% of ramet DMRs that overlap with ortet DMRs. 
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Discussion 

So far only few studies have used epigenomics to investigate the effects of 

environmentally induced epigenetic variation at a landscape level. Here, we present the 

first landscape-scale investigation of DNA methylation patterns in a system that has been 

almost exclusively clonally propagated. We found that average methylation levels were 

significantly correlated with climatic variables and persisted across at least one clonal 

generation, despite the lack of evident genetic or epigenetic structure.  

The lack of genetic structure can be explained by the very low genetic diversity found by 

genotyping the poplar clones (ramets) established in our common garden (Figure  2a). 

This was expected, given the clonal history of the ‘Italica’ cultivar. The ‘Italica’ cultivar 

likely originated from a single male clone in Central Asia, from where it spread to Europe. 

It is widely accepted that this clone was further artificially propagated from an individual 

or group of individuals found in Lombardy, Italy (Elwes and Henry, 1913). Our results 

suggest that a major fraction of the clones across Europe do indeed share a common 

line. 

In a similar fashion, we did not find any clear epigenetic population structure but there 

appears to be some grouping in the CG context (Figure 2b) and epigenetic distance was 

positively correlated with geographic distance (Table 2). Furthermore, MPs inside CDS 

regions do show a pattern, but it was not explained by any of the environmental variables 

used in the analysis. This evidence points to the importance of other sources of 

epigenetic variation, such as genetic somatic mutations or stochastic epimutations. 

Several studies have reported age-related changes in the levels of cytosine methylation 

due to spontaneous methylation changes (Fraga et al., 2002; Dubrovina & Kiselev, 

2016). Furthermore, Hofmeister et al. (2020) found evidence that spontaneous 

methylation changes are cumulative across somatic development in the close relative 

Populus trichocarpa, and that they have a higher rate than genetic mutations. 

Considering that the ‘Italica’ cultivar has been artificially propagated for the last two 

centuries, stochastic epimutations have likely accumulated across several clonal 

generations, confounding any environmentally induced epigenetic population structure.  

Previous studies on population epigenomics have found that epigenetic variation is 

associated with genetic variation in Brassicaceae (Dubin et al, 2015, Kawakatsu et al., 

2016; Galanti et al., 2022), thus hindering the study of the relationship between 

environmental epigenetic variation and climatic conditions. The use of a clonal cultivar 

circumvents this problem. We used mantel tests to investigate if epigenetic distance, 



 

116 
 

measured as the distance between both single methylated variants (MPs) and 

differentially methylated regions (DMRs), was correlated with genetic, geographic and/or 

climatic distance (Table 2). We found that epigenetic distance did not correlate with 

genetic distance in all cases except one (MPs in the CHH context) but correlated with 

both geographic distance and climatic distance in almost all cases (see also Figure S2). 

However, when accounting for geographic distance, the correlations with climatic 

distance disappeared, except for MPs in the CHH context. As suggested above, if 

stochastic epimutations are contributing to a major fraction of the epigenetic variation, 

the correlation between epigenetic distance and geographic distance could be explained 

by isolation-by-distance processes, since this cultivar was gradually propagated across 

Europe (Slatkin, 1993). This evidence thus suggests that epigenetic variation of the 

individuals analyzed might be both under environmental and stochastic control. 

To assess whether the methylation profiles under climatic control could potentially have 

a functional role, we extracted the methylation levels of specific genomic features (gene 

promoters, gene body and transposable elements, specifically). We then correlated 

methylation levels with individual bioclimatic variables (Figure 3). Methylation levels were 

strongly correlated with most temperature variables, particularly in the case of gene 

promoters and TEs in the CHH context, which would also explain the correlation with 

latitude and longitude. Our results are in line with previous studies that have reported the 

potential effects of temperature on DNA methylation in several plant organisms (Dubin 

et al., 2015; Conde et al., 2017; Zhang et al., 2018; Galanti et al., 2022; Sammarco et 

al., 2022). On the other hand, methylation levels correlated with very few precipitation 

variables but, as opposed to temperature variables, we observed more significant 

correlations in the CG and CHG context. It is conceivable that a certain degree of 

environmental information regarding water availability might be encoded in more stable 

methylation contexts and transmitted to the clonal offspring, since Populus nigra is a 

riparian species that depends on river flooding regimes for successful seed and cutting 

dispersal (Smulders et al., 2008). Nevertheless, our results indicate that methylation 

patterns in CHH might be highly dynamic and rapidly respond to new environmental 

cues. This assumption is further supported by the changes in global methylation levels 

observed between ortet-ramet pairs (Figure 4A). Although there were almost no 

differences in methylation levels between individuals from different geographic origins in 

any of the contexts, methylation levels were significantly higher in the ortets than in the 

corresponding ramets for many locations. In poplar, methylation levels have been shown 

to increase under drought conditions (Raj et al., 2011; Peña Pontón et al, 2022). Given 

that 2018 was a year characterized by particularly extreme drought events in Europe, 
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and the ramets were well watered during the whole summer, it is possible that the 

differences in methylation levels between ortets and ramets are the result of differences 

in water availability. Furthermore, we observed a considerable decrease in the number 

of DMRs found among ramets (Supplementary Figure 2), suggesting that methylation 

profiles in leaves in the CHH context might have already adjusted to the new conditions 

of the common garden. 

Despite these dynamic changes in CHH methylation, a considerable fraction of the 

methylation patterns appeared to be transmitted to the clonal offspring, particularly in the 

CG and CHG contexts. We found that approximately 25% of the DMRs in CG and CHG 

called from pairwise comparisons among the ramets of different sampled sites 

overlapped with the DMRs found among the ramets of the same pairwise comparison 

(Figure 4C). The fact that we could find these specific regions both in the ortets and the 

ramets provides further evidence that methylation patterns in the CG and CHG contexts 

can potentially be transmitted to the clonal offspring. Conversely, less than 10% of the 

DMRs found in the CHH context were transmitted to the next clonal generation. This 

further supports our conclusion that methylation in the CHH context is highly dynamic.. 

It is, however, challenging to determine if there was an active change in the methylome 

as a result of new environmental cues, or if these patterns are established de novo every 

year in leaf tissue. If in fact leaf CHH methylation patterns are determined in every new 

season, this could possibly explain the low number of DMRs observed in the CHH 

context, both among the ortets and the ramets (Supplementary Figure S2). If the 

environmental conditions in the common garden resemble those of the original sites, 

then the methylome in CHH in the ramets would also resemble the methylome of the 

ortets. If the conditions are nothing alike, then a higher number of DMRs would be 

expected. Based on the total number of DMRs, the latter might be true. The number of 

DMRs was considerably higher when comparing ortets sampled in Spain with ortets 

sampled in Northern European sites (Figure S2), while only a few DMRs were found 

between sites that belong to similar Köppen climatic areas (e.g., FR1 vs FR2). In the 

common garden, however, where the environmental conditions were the same for all the 

individuals, the number of total DMRs between ramets from different sites was very low, 

suggesting that the ramets might have rapidly adjusted to common garden conditions. 

As proposed by Ito and colleagues (2019), DNA methylation in natural environments 

might have two components, genomic regions that might change dynamically and 

epigenetic marks for stable gene expression that are rather fixed. If this is the case, it 

opens interesting new research possibilities, if a certain fraction of epigenetic information 

is stored in symmetrical stable contexts, but some of it can rapidly shift to reflect new 
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environments. In practical terms, this would imply that methylation variation is partitioned 

in distinct “modules”, and further experiments should target individual sources of 

environmentally induced epigenetic variation. 

In summary, our study is the first landscape-scale investigation of DNA methylation 

patterns in a system that has been almost exclusively clonally propagated. We found 

that methylation patterns in the Lombardy poplar are independent of genetic structure, 

but that methylation profiles are associated with climatic conditions. Furthermore, we 

have shown that a fraction of DMRs is transmitted to the next clonal generation, and that 

methylation in the CHH levels is highly dynamic and might rapidly adjust to new 

environmental conditions. Our results suggest that the CHH context is the most 

responsive to changing environments and that the stability of induced changes across 

clonal generations is stronger in CG and CHG. We have shown that the Lombardy poplar 

is a valuable system to study environmentally induced epigenetic variation in a naturally 

occurring near-isogenic population, with limited confounding genetic variation. Our study 

provides further insight into how methylation patterns in natural populations might vary 

along geographic and climatic gradients. However, further research is necessary to 

assess whether DNA methylation can have an effect on phenotypic plasticity. The high 

resolution methylome data generated in our experiment is a significant resource for 

Epigenome Wide Association Studies (EWAS), and can considerably contribute to our 

understanding of how methylation variation affects plant acclimation and adaptation. 
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Supplementary Information 

 
Supplementary figure 1. Sampling locations of ortets (green triangles, N = 35) and 
ramets (orange circles, N = 162). 

 

 

Supplementary Figure 2. Multiple pairwise comparison design for DMR calling groups. 

DMRs where called in three different instances. First, we run the pipeline using only 

groups containing ortet (field) samples in each pairwise comparison; second, we 

compared groups containing only ramet (garden) samples, and third, we compared ortet 

samples with their paired ramet samples (field vs garden). 
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Supplementary Figure 3. Total number of DMRs between pairwise comparisons for A) 

ortets and B) ramets. Sampling sites are ordered from south to north, according to 

latitude. 
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Supplementary figure 4. Histogram of the length of merged DMRs for each context. 
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Supplementary Figure 5. Total number of hyper (right side of the 0 line) and 

hypomethylated (left side of the 0 line) DMRs in all possible pairwise comparisons among 

paired ortets (dark green) and ramets (orange) 
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Supplementary Figure 6. Epigenetic structure in the Lombardy poplar using only 

methylated positions found inside coding sequences, colored according to different 

environmental variables. 
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Supplementary Figure 7. PCAs of epigenetic structure using methylated positions 

inside coding regions (CDS), comparing ortets and paired ramets, for CG, CHG and CHH 

contexts. 
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Abstract 

Global warming is advancing at unprecedented rates, and whether plants will be able to 

survive future climatic conditions is still debated. It is thus crucial to better understand 

how plants adapt to rapid environmental changes. One mechanism allowing plants to 

quickly adapt to environmental changes includes epigenetic mechanisms, such as DNA 

methylation, which can alter phenotypes without changing the underlying DNA 

sequence. DNA methylation can in fact be under environmental control and can 

potentially regulate heritable phenotypic variation. The inheritance of DNA methylation 

variants seems to be particularly prominent across clonal generations, suggesting that 

DNA methylation variation might be crucial for the success and survival of clonal species, 

which present often low standing genetic variation. However, there are currently very few 

studies investigating the importance of genome-wide DNA methylation in the adaptation 

of wild clonal populations. To improve our understanding on the adaptive potential of 

DNA methylation, we need to study DNA methylation variation in plants grown in their 

natural environments, the extent of heritability of such variation across clonal generations 

and its function on gene expression, since this can ultimately alter phenotypes and thus 

plant fitness. To fill this knowledge gap, we studied the methylomes of plants from 21 

natural populations of the clonal species Fragaria vesca (the wild strawberry). We 

selected the populations from three European countries and performed whole-genome 

bisulfite sequencing (WGBS) for plants grown in their natural habitats and clones of these 

plants of at least the third generation grown in common garden conditions (N = 84 per 

condition). We found that both field and garden individuals presented an epigenetic 

structure related to their geographic origin. Furthermore, the climate of origin of the 

populations was partly responsible for the epigenetic changes found between 

populations. The majority of these changes were inherited across at least three clonal 

generations, especially in the symmetric sequence contexts (CG and CHG). Finally, a 

subset of these epigenetic changes affected gene expression, suggesting that 

environmentally induced epigenetic variation can have a functional role. We conclude 

that DNA methylation variation in the wild is common and can aid adaptation of wild 

clonal plant populations. 
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Introduction 

Given their sessile nature, plants must quickly adjust their phenotype to cope with 

changing environments in situ. One of the mechanisms allowing plants to phenotypically 

adapt to changing environments include epigenetic alterations of gene expression, for 

example via DNA methylation (Riggs and Porter 1996). In plants, DNA methylation can 

occur in three DNA sequence contexts: CG, CHG and CHH (where H is A, C or T) 

(Finnegan et al., 1998), which have different respective functions (e.g. reviewed in: 

Niederhuth and Schmitz 2017). DNA methylation in all the sequence contexts represses 

transposon (TE) mobilization (reviewed in: Zemach and Zilberman 2010). Furthermore, 

CG methylation alone usually represses gene expression when present in gene 

promoters, while CHH methylation can occur close to active genes (X. Li et al., 2012; 

Rajkumar et al., 2020; Wang et al., 2020). Importantly, DNA methylation patterns are 

generally mitotically and/or meiotically heritable, thus also affecting the offspring 

phenotype (reviewed in: Niederhuth and Schmitz 2014). Given that phenotype is the 

ultimate target of natural selection (Darwin and Wallace 1858), one might wonder 

whether epigenetic variation (especially the one induced by the environment) can alter 

the adaptive trajectories of natural plant populations (reviewed in: Jablonka and Raz 

2009; Ashe, Colot, and Oldroyd 2021). Exploring the role of environmentally induced 

epigenetic variation in adaptation is a complex task especially under natural conditions, 

since epigenetic variation may have multiple sources, namely stochastic, genetic and 

environmental (Zhang et al., 2013; 2018; Dubin et al., 2015; Johannes and Schmitz 

2019, Díez Rodriguez et al 2022, Galanti et al 2022). Genetically induced DNA 

methylation variants depend on genetic modifications (reviewed in: Richards 2006), 

which can be cis-acting (e.g. when a TE inserted upstream a gene promoter drives the 

methylation of the promoter itself) (e.g. Martin et al., 2009), or trans-acting (e.g. when 

genetic mutations in genes involved in the DNA methylation machinery induce overall 

changes in DNA methylation patterns) (Dubin et al., 2015; Baduel et al., 2021). Instead, 

environmentally induced DNA methylation variants are under the sole control of 

environmental cues (reviewed in: Richards 2006), and can arise quickly in response to 

environmental stimuli (e.g. Zhang et al., 2013; reviewed in: Thiebaut, Hemerly, and 

Ferreira 2019). Importantly, while genetically induced epigenetic variation reflects 

inheritance and selection of DNA sequence variations, environmentally induced 

epigenetic variation heritable across generations represents the truly adaptive role of 

epigenetic variation to changing environment. However, most studies on natural plant 

populations were not able or did not attempt to detect the source of epigenetic variation 

and thus its adaptive potential. The inability to disentangle between genetically and 
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environmentally related epigenetic variation can be ascribed either to low-resolution 

molecular methods that are not able to detect genome-wide methylation and/or to 

limitations due to the experimental design (such as very low number of populations) (e.g. 

Zoldoš et al., 2018; Medrano et al., 2020; Miryeganeh et al., 2022). It is evident that the 

ability to discriminate particularly between genetically and environmentally induced 

heritable epigenetic variation is essential for improving our knowledge on the role of 

epigenetic variation in ecology and evolution of plants. 

In particular, epigenetic variation might be especially important for the success and 

survival of clonal species, since it could compensate for their often low standing genetic 

variation (Latzel and Klimešová 2010; Verhoeven and Preite 2014; Dodd and 

Douhovnikoff 2016; Latzel, Rendina González, and Rosenthal 2016; Rendina González 

et al., 2018; Münzbergová et al., 2019; Shi et al., 2019; Sammarco, Münzbergová, and 

Latzel 2022). Furthermore, in clonal species, epigenetic variation may play even higher 

role in heritable phenotypic variation than in plants reproducing only sexually. In fact, the 

inheritance of environmentally induced DNA methylation variation seems to be 

particularly prominent across clonal generations, which lack meiosis and the associated 

genome-wide epigenetic resetting leading to erasure of most environmentally induced 

epigenetic variation (reviewed in: Feng, Jacobsen, and Reik 2010, and Anastasiadi et 

al., 2021). However, studies assessing the role of the environment in inducing heritable 

epigenetic variation in natural clonal plant populations are still scarce (e.g. C. L. 

Richards, Schrey, and Pigliucci 2012; De Kort et al., 2020; 2022) (Díez Rodriguez et al 

2022), although clonal propagation is the main reproductive mode in many ecosystems 

(Klimeš et al., 1997). 

To improve our understanding of the role of heritable, environmentally induced 

epigenetic variation in ecology and evolution of wild plant populations, we need to study 

DNA methylation variation in plants grown in their natural environments and the extent 

of heritability of such variation and its effects on gene expression. This epigenetic 

variation can in fact ultimately alter phenotypes and thus plant fitness.  

To explore epigenetic variation and its heritability, we analyzed the methylomes of 231 

plants from 21 natural European populations of a clonal species, the wild strawberry 

(Fragaria vesca). Specifically, we determined DNA methylation patterns of plant samples 

collected in environmentally different natural habitats in three European countries, and 

samples of their clonal offspring (ramets) of at least the third generation grown in a 

common garden. We also analyzed the functional role of inherited environmentally 

induced DNA methylation in gene expression. We asked the following questions: 
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1. Do environmental conditions such as temperature and precipitation induce DNA 

methylation variation in natural populations of F. vesca? 

2. If so, is environmentally induced epigenetic variation inherited across clonal 

generations and does it modulate gene expression?  

Answering these questions would provide evidence on whether environmental conditions 

can affect methylomes independent of genetic variation, and whether DNA methylation 

variation might affect gene expression, thus having an evolutionary potential.  

 

Results 

We collected 231 individuals of 21 natural populations of F. vesca following a 

temperature gradient in each of the three European countries. We performed Whole 

Genome Bisulfite Sequencing (WGBS) for leaf samples collected in the plants’ natural 

conditions (hereafter referred to as field conditions) (total field N = 84), as well as for their 

clonally propagated offspring of at least the third generation (i.e. third order clonal ramet) 

grown for one year in a common garden (hereafter referred to as garden conditions). We 

also transplanted extra plants from the field to the garden conditions (total garden N = 

147), but for these we did not collect samples from the parental generation grown in the 

field. We used all the available garden samples only for the GWA analysis (see later), 

while for the other analysis we used only the garden samples that had been clonally 

propagated from the field ones (i.e. for which we had samples from both field and garden 

conditions) (N = 84). From a subset of the garden individuals (N = 63), we also performed 

RNA-Sequencing, and for all the individuals we inferred Single Nucleotide 

Polymorphisms (SNPs) from the WGBS data. 

 

(Epi)genetic variation 

In order to assess whether the analyzed populations showed overall DNA methylation 

and genetic variation, we performed a Principal Component Analysis (PCA) for genetic 

variants (SNPs) and DNA methylation of plants from both field and garden conditions 

(Fig. 1). All the PCAs showed a clear clustering of the plants according to the country of 

their origin, irrespective of the growing condition. For DNA methylation, the PCAs 

clustered the individuals according to the country of origin of the plants in the CG and 

CHG contexts (Fig. 1b, 1c), while it showed an overlap among all the countries in the 

CHH context (Fig. 1d). We then performed Redundancy analysis (RDA) to assess the 

proportion of variance explained by country of origin and growing condition on genetic 
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and DNA methylation variation (Supplementary material Tab. S1). Country accounted 

for the highest proportion of variance in the CG context, followed by CHG, SNPs and 

CHH (respectively, 11.9%, 9.4%, 2.5% and 8.7% for CG, CHG, CHH and SNPs), while 

growing condition accounted for the highest proportion of variance in the CHG and CHH 

contexts, followed by CG and SNPs (respectively, 0.4%, 1.6%, 1.2% and 0.1% for CG, 

CHG, CHH and SNPs). 

 

 

Figure 1: Principal Component Analysis (PCA) for genetic variants (SNPs) and DNA 
methylation. SNPs (a) and CG (b), CHG (c) and CHH (d) methylated positions. Field (plants = 

84), garden (plants = 84). 

 

To assess the extent of methylation differences at the genomic-region level, we identified 

Differentially Methylated Regions (DMRs) separately for plants from all the populations 

from the field and from the garden conditions. By summing all the DMRs identified for 

each pairwise comparison, we identified more DMRs in the field conditions (CG = 2 536 

619, CHG = 1 215 943, CHH = 6 738 040) than in the garden conditions (CG = 2 130 

669, CHG = 1 019 222, CHH = 2 171 928), with the highest difference in CHH. 

Irrespective of the growing condition, the majority of CG-DMRs overlapped with gene 

bodies, while CHG- and CHH-DMRs with gene promoters and Transposable Elements 

(TEs) (Fig. 2). The number of DMRs in CHH-gene promoters and TEs was much higher 

in the field than in the garden conditions. 
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Figure 2: total number of Differentially Methylated Regions (DMRs) identified in the field 
and garden conditions, across different genomic features. (a) Field (plants = 84). (b) Garden 

(plants = 84). 

 

Contribution of genetic and climatic variation to epigenetic variation: DMR variance 

decomposition analysis 

In order to assess the relative contribution of genetic and climatic variation to epigenetic 

variation, we performed a DMR decomposition analysis using cis-genetic, trans-genetic 

and climatic data as predictors. For each DMR, we analyzed three independent mixed 

models including a distance matrix derived from cis-genetic variants, trans-genetic 

variants or climatic distances as predictors, as in Galanti (2022). Since each model was 

independent of the others, we assigned each DMR to the predictor explaining the highest 

DMR variance (hereafter referred to as strongest predictor).  

We found that for all the sequence contexts and for both field and garden conditions, the 

highest proportion of DMRs was assigned to trans-genetic variation, followed by climatic 

variation and cis-genetic variation (Fig. 3). The amount of trans-predicted DMRs 

gradually decreased from CG to CHG and CHH, while the amount of climate-predicted 

DMRs gradually increased from CG to CHG and CHH. The only exception was the CHH 

context in garden conditions, which showed less climate-predicted DMRs than the CHG 

context, but many more unexplained DMRs (DMRs where all the three predictors failed 

to explain >10% of the variance) (as in Galanti et al., 2022). Since many cis-, trans- and 

climate-predicted DMRs overlapped with genic regions (Supplementary material, Fig. 

S1), we then performed a Gene Ontology (GO) enrichment analysis to functionally 

characterize the DMR-related gene promoters assigned to the three different predictors. 

We performed the GO analysis separately for cis-, trans-, climate- and unexplained-

predicted DMRs. We found no enriched GO terms for CG, while we found several for 

CHG and CHH. For cis-predicted DMR-related gene promoters, we found enrichment for 
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several GO terms, including two Cellular Component (CC) terms related to chromatin 

and chromatin remodeling activity (nucleosome; Ino8 complex), and several Biological 

Process (BP) terms (telomere maintenance; protein metabolic process; phloem 

development; glucose metabolic process) (Fig. 4). For both trans-predicted and climate-

predicted DMR-related gene promoters, we found enrichment for few terms, including 

some common between the two (RNA-DNA hybrid ribonuclease activity (MF); 

Retrotransposon nucleocapsid (CC)). We found Retrotransposon nucleocapsid (CC) 

also for the unexplained-predicted DMR-related gene promoters. 

 

 

Figure 3: Strongest DMR predictor. Proportion of DMRs with strongest predictor assigned to 

cis-genetic, trans-genetic or climatic variation. DMRs where all the three predictors failed to 

explain >10% of the variance are classified as “unexplained”. (a) Field, total DMRs: 82 546 CG, 

49 459 CHG and 211 363 CHH (plants = 84). (b) Garden, total DMRs: 71 856 CG, 37 795 CHG 

and 138 807 CHH (plants = 84). 
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Figure 4: Gene Ontology (GO) enrichment analysis for cis-, trans-, climate- and 
unexplained-predicted DMRs in CHG and CHH (no enrichment for CG). Gene count represents 

the number of genes assigned to each GO category. Only GO terms with an adjusted P value < 

0.05 are shown. 

 

Correlation of climate-predicted DMRs with gene expression 

We envisioned that the climate-predicted DMRs could be either under direct or indirect 

control of the climate of origin of the populations. In the first case, the climate-predicted 

DMRs would depend only on environmental factors, and they would be classified as 

directly environmentally induced DMRs. In the second case, the climate-predicted DMRs 

would be under the control of genetic variants selected by environmental factors, and 

they would be thus classified as indirectly environmentally induced DMRs. In this study, 

since we were testing for the adaptive role of epigenetic variation, we were mainly 

interested in the direct effect of environmental factors on DMRs. Since the DMR variance 

decomposition analysis was not able to distinguish among the direct or indirect effect of 

climate on DNA methylation, we performed a genome-wide association (GWA) analysis 

to assess the proportion of climate-predicted DMRs showing a genetic basis, in order to 

exclude them from further analysis. For the GWA analysis, we used only the samples 

grown in garden conditions to ensure that the selected climate-predicted DMRs were 

heritable and thus of evolutionary potential. To increase the statistical power of the 

analysis, we included all the samples available from the garden (147 total plants). Out of 

2 439 CG-, 3 448 CHG- and 9 508 CHH-climate-predicted DMRs overlapping gene 

promoters, we performed GWA and correlation analysis (see later) for a random set of 
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100 DMRs per context, using individual DMR methylation as a phenotype (and SNPs as 

predictor). We repeated the same analysis three times to assess the variation among 

analyses and thus whether the amount of DMRs chosen as significantly related to climate 

was representative for the whole dataset. By averaging the three independent analyses, 

we found a significant GWA hit for 36.3% (± 3.5, SD) of the climate-predicted DMRs in 

CG, and 22% in both CHG and CHH (respectively, ± 2.6 and 3.2, SD). We thus classified 

these DMRs as indirectly environmentally induced, as opposed to those directly induced 

by the environment for which we found no significant hit in the GWA analysis (mean 

± SD, CG = 63.7% ± 3.5, CHG = 79.0% ± 2.6, CHH = 81.7% ± 3.2).  

In order to assess whether the directly environmentally induced DMRs had a functional 

role, we then tested whether the methylation level of each individual DMR was correlated 

with the expression of the overlapping gene. We found a statistically significant 

correlation for 9.3% of the cases in CG (± 3.2, SD), 5.7% in CHG (± 1.5, SD) and 7.7% 

in CHH (± 1.5, SD). In particular, for both CG and CHH, we found slightly more genes 

with a positive correlation between promoter methylation and gene expression than with 

negative correlation (mean ± SD, positive correlation: CG = 5.2% ± 1.0, CHH = 4.6% ± 

1.7; negative: CG = 4.2% ± 2.9, CHH = 3.3% ± 0.4). For CHG we found more genes with 

a negative correlation than with a positive one (mean ± SD, positive correlation: 1.8% ± 

0.6; negative: 4.2% ± 2.1) (Fig. 5). 

 

 

Figure 5: percentage of genes showing significant positive or negative correlation between 
DMR-promoter methylation and gene expression. Plants = 63. 
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Discussion 

Growing evidence suggests that environmental variation can induce DNA methylation 

variation that may be inherited across generations (Raj et al., 2011; Thiebaut, Hemerly, 

and Ferreira 2019). Such environmentally induced DNA methylation variation might be 

affecting the phenotypes of the offspring generations and therefore also evolutionary 

trajectories of plant populations (Jablonka and Raz 2009; Ashe, Colot, and Oldroyd 

2021). It has also been proposed that the inheritance of environmentally induced DNA 

methylation variation might be particularly prominent across clonal generations, due to 

the lack of meiosis in soma-clonal reproduction (Feng, Jacobsen, and Reik 2010); (Latzel 

and Klimešová 2010; Simonetti et al., 2019); (Dodd and Douhovnikoff 2016; Latzel, 

Rendina González, and Rosenthal 2016; Münzbergová et al., 2019; Shi et al., 2019). 

However, clear evidence is still scarce, particularly from natural conditions. In this study, 

we tested whether variation in environmental conditions can trigger DNA methylation 

variation in natural plant populations of the clonal herb Fragaria vesca, whether such 

DNA methylation variation is stable across clonal generations and whether it alters gene 

expression. Specifically, we studied (epi)genetic variation of 21 natural populations of 

the wild strawberry in their natural habitats and of their clonal offspring propagated in a 

common garden.  

 

DNA methylation variation of wild populations of F. vesca is strongly genotype dependent 

but reflects also natural climatic conditions (Q1) 

The populations analyzed presented both a significant genetic and epigenetic 

geographic structure (Fig. 1). In the CG and CHG contexts, country of origin accounted 

for higher percentage of variance than for genetic variants (respectively, 11.9%, 9.4% 

and 8.7% for CG, CHG and SNPs; Supplementary material Tab. S1), suggesting that 

part of epigenetic variation was not under genetic control. Furthermore, in addition to the 

differentially methylated regions (DMRs) related to trans- and cis-genetic variation, we 

identified also DMRs directly related to climatic variation (Fig. 3a). Interestingly, climate-

predicted DMRs gradually increased from CG to CHG and CHH context (respectively, 

10.36%, 35.86% and 40.16%), suggesting that non-CG methylation was particularly 

sensitive to climatic conditions. 

We then assessed the putative functional role of DMR-related gene promoters assigned 

to cis-, trans-, climate or unexplained variation (Fig. 4). While we did not identify enriched 

GO terms for CG, we found enrichment for several GO terms in CHG and CHH. Cis-

genetic variants induced mainly DNA methylation variants in genes related to chromatin 
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and chromatin remodeling activity, telomere maintenance and metabolic processes, 

trans-genetic and climatic variation altered methylation in genes related to RNA-DNA 

hybrid ribonuclease activity and retrotransposon nucleocapsid. Interestingly, RNA-DNA 

hybrids and retrotransposon nucleocapsid can be related to retrotransposon mobilization 

(Todd et al., 2020), suggesting that both trans-genetic and climatic variation modulate 

transposition and that the environment might control TE mobilization in wild conditions 

(Rey et al., 2016; Baduel et al., 2021). 

We found some overlapping GO enriched terms between trans-predicted and climate-

predicted DMR-related gene promoters. This evidence thus suggests that both trans-

genetic and climatic variation can affect the methylation status of a similar set of genes. 

It is however important to note that only 54% of genes present a GO annotation in F. 

vesca (Li et al., 2019), suggesting that some important gene functions may remain 

hidden to us. 

 

Environmentally induced DNA methylation variation is stable across clonal generations 

and might directly affect gene expression (Q2)  

The comparison of epigenetic patterns of plants from the field with their clonal offspring 

propagated in a common garden allowed us to assess the rate of inheritance of 

environmentally induced DNA methylation during clonal reproduction and its role in gene 

regulation. The epigenetic structure was significantly different between field and garden 

conditions only in the CHG and CHH contexts (RDA with growing condition as predictor: 

P < 0.001; Supplementary material Tab. S1), suggesting that methylation in these 

contexts might be particularly sensitive to environmental variation. However, we 

identified a similar amount of gene- and TE-related DMRs in the field and garden 

conditions in both the CG and CHG contexts (percentage difference %, CG: promoters 

16.8, gene bodies 18.2, TEs 21.8; CHG: promoters 15.8, gene bodies 6.9, TEs 23.4) 

(Fig. 2), suggesting that the majority of methylation found in these contexts on functional 

regions was highly heritable and likely genotype dependent. The biggest difference in 

DMRs between plants from the field and garden conditions was in the CHH context, 

which showed a much higher number of gene promoters- and TEs-DMRs in the field 

than in the garden (percentage difference %, promoters 101.5, gene bodies 70.1, TEs 

114.1). CHH methylation in plants plays crucial role in TE silencing, in the establishment 

of heterochromatin (Slotkin and Martienssen 2007; Fultz, Choudury, and Slotkin 2015), 

and recent in gene regulation in euchromatic regions (Zemach et al., 2010; Gent et al., 

2013; Martin et al., 2021). The high number of gene promoters- and TEs-DMRs found in 
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the field in the CHH context thus suggests that natural environmental conditions likely 

play a role in regulating gene expression and TE mobilization, which is in accordance 

with our previous finding that the environment might control TE mobilization in wild 

conditions (see above). This process might have a strong evolutionary relevance, since 

TE mobilization can have profound consequences for the evolution of plant genomes 

and thus speciation (Schmidt and Anderson 2006; Oliver and Greene 2009). 

In order to distinguish whether the inherited DNA methylation variation was related to 

environmental induction or genetic variation, we performed the DMR variance 

decomposition analysis also for the plants grown in common garden conditions (Fig. 3b). 

Our assumption was that the climate-predicted DMRs found in common environment 

conditions could be considered with high fidelity to be transgenerationally inherited, since 

they correspond to the climate of the original field conditions. Interestingly, we found a 

similar amount of climate-predicted DMRs between field and garden, especially in the 

CG and CHG contexts. In contrast, the CHH context in garden conditions showed a great 

increase in unexplained variation at the expense of climatic variation. In agreement with 

what discussed above for the epigenetic clustering and number of DMRs, we speculate 

that CHH methylation is the least stable across clonal generations and/or is the most 

responsive to short-term environmental changes. We therefore hypothesize that the 

unexplained DMRs found in CHH might be due to the environmental conditions 

attributable to the common garden. On the other hand, the similar CG- and CHG-DMR 

variation for both field and garden conditions due to climatic variation suggests that the 

climate of origin of the populations induced DMRs heritable across clonal generations in 

these sequence contexts.  

A similar extent of climate-predicted DMRs was observed in natural accessions of the 

field pennycress Thlaspi arvense grown in greenhouse conditions (no field data are 

available for this study) (Galanti et al., 2022), which provide some evidence for 

generalization in non-model plant species. The authors found that the contribution of 

climatic variation to DMR variation gradually increases from CG to CHG and CHH, and 

that among all the sequence contexts CHH presents the highest amount of unexplained 

variance. Like our results, they also found that trans-genetic variation explains the 

highest DMR variation, but that cis-genetic variation explains higher DMR variation than 

we found in our study (~5-14% in T. arvense, 0.2-2% in F. vesca). This might be due to 

the higher standing genetic variation of sexually reproducing T. arvense (Frels et al., 

2019) in comparison to mostly clonally reproducing F. vesca in natural conditions 

(Schulze et al., 2012). Similar findings showing a high contribution of genetic variation to 
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DNA methylation variation were also reported in studies on F. vesca by De Kort and her 

colleagues (De Kort et al., 2020, 2022). 

In the next step, the GWA analysis revealed that the majority of climate-predicted DMRs 

was not linked to the genetic data and could thus be expected to be directly induced by 

the environment. Our findings are in contrast with those observed in natural Arabidopsis 

thaliana accessions grown under controlled conditions at two different temperatures 

(Dubin et al., 2015). The authors found a strong association of CHH climate-predicted 

DMRs with both cis- and trans-genetic variants, thus suggesting that the climate-

predicted DMRs were actually induced by the environment indirectly via selection of 

particular genetic patterns. We speculate that the contrasting results might be due to 

species-specific characteristics, such as different lifestyles and reproductive modes 

(perennial clonal vs annual sexual reproductive strategy) (Warwick et al., 2011; Schulze 

et al., 2012) and/or differences in the experimental design. 

Finally, part of the climate-predicted DMRs identified in the uniform garden conditions 

(i.e. inherited) were significantly correlated with gene expression. Although the 

correlation was significant only for a subset of the inherited DMRs, this is still an intriguing 

result considering that many other studies have failed to find any significant correlation 

between promoter methylation and gene expression (Ganguly et al., 2017). Interestingly, 

the correlation analysis revealed both positive and negative roles of promoter 

methylation on gene expression. Although promoter methylation is usually negatively 

correlated with gene expression (X. Li et al., 2012), some studies report also a positive 

effect of promoter methylation on gene expression (Lang et al., 2017), especially in the 

CHH context (Gent et al., 2013; Xu et al., 2018; Wang et al., 2020; Rajkumar et al., 

2020). Therefore, our detection of a positive correlation between promoter methylation 

and gene expression in CG and CHG context is a rather surprising and unique novel 

finding. We provide two possible explanations of the unexpected result. First, by testing 

the correlation between DNA methylation and expression of the same gene across 63 

samples, we captured more variation than studies tested such a correlation among 

different genes in the same individual (Wang et al., 2020). Second, we performed this 

analysis only for climate-predicted DMRs, which might have different effects on gene 

expression than other DMRs, since they might behave differently than other DMRs (e.g. 

by being directly induced by environmental conditions, these DMRs could have specific 

effects on gene expression). However, such a speculation remains to be tested by further 

studies. 
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Conclusion 

To conclude, the results of our study suggest that inherited-environmentally induced 

DNA methylation variation can have an impact on gene expression, and thus ultimately 

on phenotype, and can thus play an adaptive role in wild F. vesca populations. It is worth 

noting that the heritable epigenetic variation found in our study may also be due to natural 

selection acting on stochastic changes in DNA methylation (i.e. spontaneous 

epimutations) (Richards et al., 2017b). However, we could not assess the rate of 

spontaneous epimutations in our dataset. That being said, few other studies also found 

an association between environmentally induced epigenetic changes and gene 

expression (Secco et al., 2015; Wibowo et al., 2016). These studies, however, were 

performed under conditions, which limit their generalization on the adaptive potential of 

epigenetic changes in natural environments. By working with natural plant populations, 

the epigenetic changes identified in our study have high ecological and evolutionary 

relevance. Moreover, by experimental alteration of DNA methylation in a complementary 

study using a subset of the same populations, we showed that DNA methylation can play 

a role in local adaptation, thus suggesting that the changes in gene expression found in 

this study might actually affect plant fitness (Sammarco et al., 2022). Our findings thus 

suggest that environmentally induced heritable epigenetic variation might affect 

phenotypic variation on which natural selection might act, and might thus be ecologically 

and evolutionarily relevant (Bossdorf, Richards, and Pigliucci 2007). Inheritance of 

epigenetic variation might be even more relevant for clonal species, in which they might 

create an additional layer of variation that might compensate the low-standing genetic 

variation often found in these species, thus contributing to the ecological success of 

clonal species (Latzel & Klimešová, 2010b; Verhoeven & Preite, 2014b; Dodd & 

Douhovnikoff, 2016b).  
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Materials and methods 

Study Species 

Fragaria vesca L., Rosaceae, is an herbaceous perennial species with wide geographic 

distribution (Europe, northern Asia, North America, and northern Africa) (Darrow, 1966). 

It reproduces both clonally through stolons and sexually through seeds, but its sexual 

reproduction is very rare in natural conditions (Schulze et al., 2012). 

 

Plant collection and growth 

Between May and July 2018, we selected 21 natural populations of F. vesca from three 

European countries, Italy, Czechia and Norway (see Supplementary material Tab. S2 for 

geographic locations and climatic characteristics of the selected populations). We chose 

these countries as they represented the southern limit (Italy), the core (Czechia) and the 

northern limit (Norway) of the native range of F. vesca distribution in Europe. To increase 

the environmental difference among the populations’ sites, we sampled the populations 

following a climatic (mostly corresponding to altitudinal) gradient within each country. 

For each population, we collected mature, fully developed leaf of 4 individuals directly 

from the field conditions (N = 84), we dried them in silica gel and used them for Whole 

Genome Bisulfite Sequencing (WGBS) analysis, see later. We then dug up the same 

ramets plus additional three (N = 147) and planted them individually following a random 

block design in 70 × 40 × 20 cm pots filled with a commercial mixture of compost and 

sand located in the common garden of the Institute of Botany of the Czech Academy of 

Sciences in Průhonice, Czechia (49.994°N, 14.566°E) one to ten days after their 

collection (see Tab. S2 for the climatic characteristics of the common garden). Plants 

were grown under a shading coverage reducing 50% of the light to simulate natural light 

levels at most of the localities. We let the plants propagate clonally for one year. Then, 

we selected the biggest offspring ramet of at least the third generation from every clone 

and we collected mature, fully developed leaf samples and froze them immediately in 

liquid nitrogen. These samples were later used for WGBS (N = 147). From a subset of 3 

plants per population (N = 63), we also collected mature leaf samples for RNA-

Sequencing in the same way as samples for WGBS.  
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WGBS library preparation and sequencing 

We extracted genomic DNA from individual plants using the Qiagen DNeasy Plant Mini 

Kit, following the manufacturer’s instructions with minor modifications. To improve DNA 

quality and yield from F. vesca, a known recalcitrant species, we used an increased 

amount of buffer AP1 (600 µl) together with 100 µl of EDTA (0.5 M, pH=8) and PVPP 

(polyvinilpolypyrrolidone), and an increased amount of buffer P3 (260 µl).  

We then prepared libraries for WGBS using the NEBNext® Ultra™ II DNA Library Prep 

Kit and EZ-96 DNA Methylation-Gold™ MagPrep (ZYMO). Briefly, we sonicated 200-300 

ng of genomic DNA to a mean fragment size of ~350 bp using the Covaris instrument. 

We then performed end repair and 3’ adenylation of sonicated DNA fragments, ligated 

the NEBNext adaptors, performed size selection with AMPure XP Beads (Beckman 

Coulter, Brea, CA), we treated the DNA with bisulfite, we performed PCR enrichment 

and index ligation using Kapa HiFi Hot Start Uracil+ Ready Mix (Agilent) (14 cycles). 

Finally, we sequenced paired-end reads on HiSeq X Ten (Illumina, San Diego, CA), 

using a sequencing coverage per sample of 30x. 

All the sequencing data (WGBS and RNA-Sequencing) can be found in the European 

Nucleotide Archive (ENA, www.ebi.ac.uk/ena/), under the project PRJEB51609. 

 

Methylation and DMR calling 

We used the EpiDiverse WGBS pipeline for bisulfite reads mapping and methylation 

calling (https://github.com/EpiDiverse/wgbs), which was specifically designed for non-

model plant species (Nunn et al., 2021). The pipeline performed quality control (FastQC), 

base quality and adaptor trimming (cutadapt), bisulfite mapping (erne-bs5) and bisulfite 

non-conversion rate, duplicates detection (Picard MarkDuplicates), alignment statistics 

and methylation calling (Methyldackel). In the mapping step, we used the most recent 

version of the genome of F. vesca v4.0.a2 (Edger et al., 2018; Li et al., 2019). In average, 

the sequencing produced 97 142 389 reads per sample (see Supplementary material 

Tab. S3 for detailed information), of which 96% mapped successfully to the genome after 

retaining only uniquely-mapping reads. We calculated the bisulfite non-conversion rate 

using the chloroplast genome, which is naturally unmethylated (Fojtová et al., 2001), and 

we found an average non-bisulfite conversion rate among samples of 0.5% (see 

Supplementary material Tab. S3). We obtained individual bedGraph files of methylated 

positions for each sample and sequence context.  

http://www.ebi.ac.uk/ena/
https://github.com/EpiDiverse/wgbs
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For PCA and RDA analyses, we then combined the individual bedGraph files from both 

field and garden conditions in a multisample unionbed file using custom scripts and 

bedtools (Quinlan & Hall, 2010). In order to compare the field with the garden conditions, 

we used only the samples for which we had WGBS data for both conditions (N = 84 per 

condition). We retained all the cytosines having coverage ≥ 5 in at least 80% of the 

samples (total methylated positions: 1 644 729, 2 574 494 and 12 335 916, respectively 

for CG, CHG and CHH). We then performed PCA with custom scripts using the R 

function prcomp (Sigg & Buhmann, 2008), and RDA with the R function vegan (Oksanen 

Jari et al., 2020). For DNA methylation, we performed two separate RDA analyses, using 

in all of them Hellinger-transformed methylated positions as independent variable and in 

1) country of origin as predictor and growing condition (field, garden) as a covariate to 

account for the effect of growing condition on the plants’ methylomes; 2) growing 

condition as predictor and country as a covariate. We tested the statistical significance 

of the RDA analyses with one-way analysis of variance (ANOVA). 

We called DMRs using the EpiDiverse DMR pipeline (https://github.com/EpiDiverse/dmr) 

(Nunn et al., 2021) and using the DMR caller metilene (Jühling et al., 2016). We used 

populations as groups, and we called DMRs separately for all the pairwise comparisons 

between the populations from the field, and the populations from the garden (i.e. we 

never compared a field population with a garden population). We used as input individual 

bedGraph files filtered for cytosine coverage ≥ 5. Separately for field and garden 

conditions, we then combined the output bed files (p < 0.05) in a multisample bed file 

using custom scripts and bedtools (v2.27.1) (Quinlan & Hall, 2010). To assess the 

number of DMRs overlapping with gene promoters, gene bodies and TEs, we then 

intersected the multisample bed files with gene and TE annotations. For genes, we used 

the gene annotations v4.0.a2 downloaded from the Genome Database for Rosaceae 

(GDR) (https://www.rosaceae.org/species/fragaria_vesca/genome_v4.0.a2) (Jung et al., 

2019), while for TEs we used an annotation carried out using the EDTA annotation 

pipeline v1.9.6 (Ou et al., 2019) on the substituted genome using default parameters, 

kindly provided by (López et al., 2022). 

 

SNP calling 

We inferred Single Nucleotide Polymorphisms (SNPs) from WGBS data using the 

EpiDiverse SNP pipeline with default parameters (https://github.com/epidiverse/snp) 

((Nunn et al., 2021; 2022). For the DMR variance decomposition analysis, separately for 

field and garden conditions, we then combined the output individual VCF files into 

https://github.com/EpiDiverse/dmr
https://www.rosaceae.org/species/fragaria_vesca/genome_v4.0.a2
https://github.com/epidiverse/snp
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multisample VCF files using BCFtools (v1.9) (Danecek et al., 2021). As above, we used 

only the samples for which we had WGBS data for both conditions (N = 84 per condition). 

Using VCFtools (v0.1.16) (Danecek et al., 2021), we filtered the variants successfully 

genotyped in 80% of individuals, with a minimum quality score of 30 and a minimum 

mean depth of 3.  

For PCA and RDA analyses, we combined the individual VCF files from both field and 

garden (N = 84 per condition) into a multisample VCF file and performed the same 

filtering steps as above. We also filtered for Minor Allele Frequency (MAF) ≥ 0.05 and ≤ 

0.95, and pruned for Linkage Disequilibrium (LD) with an LD threshold (r2) of 0.2 for SNP 

pairs in a sliding window of 50 SNPs, sliding by 5. After filtering, we were able to retain 

76 669 SNPs. We then calculated the PCA eigenvalues and eigenvectors with PLINK 

(v1.90b6.12) (http://pngu.mgh.harvard.edu/purcell/plink/) ((Purcell et al., 2007) and we 

plotted the PCAs with custom scripts in R.  We performed RDA analysis similar to 

methylation (see above), but using Hellinger-transformed SNPs as independent variable. 

 

DMR variance decomposition analysis and GO enrichment 

To assess the amount of methylation variance explained by cis-variants, trans-variants 

and climatic variation, we ran three mixed models for each individual DMR for both field 

and garden conditions, as in Galanti et al., (2022). Briefly, for cis-variants, we used an 

IBS matrix generated with PLINK (v1.90b6.12) 

(http://pngu.mgh.harvard.edu/purcell/plink/) ((Purcell et al., 2007) using variants within 

50kb from the DMR middle point. We retrieved 103 839 and 95 410 SNPs for field and 

garden conditions, respectively. For trans-variants, we used an IBS matrix obtained from 

variants filtered for Minor Allele Frequency (MAF) ≥ 0.01 and pruned for Linkage 

Disequilibrium (LD) with an LD threshold (r2) of 0.2 for SNP pairs in a sliding window of 

50 SNPs, sliding by 5. For climatic variation, for both field and garden conditions, we 

calculated a Euclidean distance matrix between climatic data from all the field sites, 

which we reversed and normalized to obtain a similarity matrix in a 0 to 1 range. The 

climatic data included mean, maximum and minimum temperature, and precipitation, all 

averaged over 7 years before the sampling year (2011-2018). We sourced climatic data 

at a horizontal resolution of 0.1 × 0.1° (v20.0e) from the European gridded dataset E-

OBS, available through the C3S Climate Data Store (CDS) website 

(https://cds.climate.copernicus.eu/cdsapp#!/home) ((Cornes et al., 2018). For 

methylation variants, we merged the DMRs obtained from all the pairwise comparisons 

with bedtools, separately for field and garden. As above, we used only the samples for 

http://pngu.mgh.harvard.edu/purcell/plink/
http://pngu.mgh.harvard.edu/purcell/plink/
https://cds.climate.copernicus.eu/cdsapp#!/home
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which we had WGBS data for both conditions (N = 84 per condition). We obtained 82 

546 CG-DMRs, 49 459 CHG-DMRs and 211 363 CHH-DMRs for field, and 71 856 CG-

DMRs, 37 795 CHG-DMRs and 138 807 CHH-DMRs for garden. We extracted average 

methylation of the resulting DMRs from all the samples with the function regionCounts 

from the R package methylKit (v1.16.1) (Akalin et al., 2012), using a minimum cytosine 

coverage of 5. 

We then ran a GO enrichment analysis for cis-, trans-, climate- and unexplained-

predicted DMRs, separately for each sequence context and for field and garden 

conditions. We extracted DMR-related gene promoters with bedtools, and performed a 

GO enrichment analysis using the clusterProfiler package for R (v3.18.1) with an FDR-

adjusted P value < 0.05 (Yu et al., 2012).  

 

Genome-wide association (GWA) analysis 

To assess the putative genetic basis of the climate-predicted DMRs, we ran GWA 

analysis for the garden conditions and including all the available samples (7 samples per 

population, N = 147) to increase the statistical power of the analysis. We ran GWA 

analysis as described in Galanti et al., (2022). For genetic variants, we imputed the 

missing genotype calls with BEAGLE 5.2 (Browning et al., 2018), filtered for MAF > 0.04 

and pruned for Linkage Disequilibrium (LD) with an LD threshold (r2) of 0.8 for SNP pairs 

in a sliding window of 50 SNPs, sliding by 5. After filtering, we were able to retain 83 095 

SNPs. We used individual average DMR methylation for each sequence context as 

phenotype, calculated with the regionCounts methylKit function (v1.16.1) (Akalin et al., 

2012), using a minimum cytosine coverage of 5. Since running the analysis for all the 

climate-predicted DMRs would be too computationally intensive and time demanding, 

we selected three random sets of 100 climate-predicted DMRs, and we ran GWA 

analysis for each of them. To be sure to identify all the potential GWA hits, we chose the 

less stringent threshold of significance level, and we calculated the average and standard 

deviation of the significant GWA hits among the three sets of DMRs. 

 

RNA-Sequencing and correlation of climate-predicted DMRs with gene expression 

We collected mature leaf samples from 3 randomly selected plants per population from 

garden condition (total samples = 63), and we froze them immediately in liquid nitrogen. 

We extracted mRNA using the Nucleospin RNA Plus kit (Macherey Nagel), following the 

manufacturer’s instructions with minor modifications. To improve RNA quality and yield 
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from F. vesca, we used an increased amount of lysis buffer (500 µl) together with 100 µl 

of EDTA (0.5 M, pH=8) and PVPP (polyvinylpolypyrrolidone). The cDNA library and 

sequencing (PE150, 6 Gb per sample of raw data) were performed by Novogene Co., 

Ltd, Cambridge, using an Illumina NovaSeq 6000 platform. On average, we obtained 

22252025 raw reads. We trimmed adaptors with cutadapt (v1.16) and assessed 

sequencing quality with MultiQC (v1.10.1) (Ewels et al., 2016). We aligned the reads to 

the Fragaria vesca genome (v4.0.a2) using STAR (Spliced Transcripts Alignment to a 

Reference) (v2.7.1a) (Dobin et al., 2013), assembled them into transcripts and quantified 

using StringTie (v2.1.5) (Kovaka et al., 2019). For each sample, we normalized the 

Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values and 

extracted the genes adjacent to the directly environmentally induced DMR-promoters. 

For each of the three 100 random sets of DMR-promoters, we combined DMR-promoter 

methylation, expression of the adjacent gene, sample ID and gene ID in the same file, 

and for each individual gene we performed Spearman correlation (p < 0.05) between 

methylation and expression. We calculated the average and standard deviation of the 

significant correlations found in the three random sets of DMR-promoters. 
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Supplementary material  

 

 

Figure S1: Number of cis-, trans-, climate-predicted and unexplained DMRs overlapping 

gene promoters, gene bodies or transposable elements (TEs). (a) Field plants: N = 84. 

(b) Garden plants: N = 84. 

 

 

 

Table S1: redundancy analysis (RDA). Percentage of epigenetic (CG, CHG and CHH) 

and genetic (SNPs) variance explained by country of origin and growing conditions. 

Significant values (P ≤ 0.05) are shown in bold. Field plants: N = 84, garden plants: N = 

84. 

 

 Country P Growing Condition P 

CG 11.9 0.001 0.4 0.986 

CHG 9.4 0.001 1.6 0.001 

CHH 2.5 0.001 1.2 0.001 

SNPs 8.7 0.001 0.1 1 
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ABSTRACT

The expanding scope and scale of next generation
sequencing experiments in ecological plant epige-
netics brings new challenges for computational anal-
ysis. Existing tools built for model data may not ad-
dress the needs of users looking to apply these tech-
niques to non-model species, particularly on a pop-
ulation or community level. Here we present a toolkit
suitable for plant ecologists working with whole
genome bisulfite sequencing; it includes pipelines
for mapping, the calling of methylation values and
differential methylation between groups, epigenome-
wide association studies, and a novel implementa-
tion for both variant calling and discriminating be-
tween genetic and epigenetic variation.

INTRODUCTION

Model organisms such as Arabidopsis thaliana have helped
lay the foundation for our understanding of plant epigenet-
ics (1–3), often proceeding DNA methylation profiling tech-
niques such as whole genome bisulfite sequencing (WGBS)
to study the DNA methylome at a nucleotide-level reso-
lution. Historically, this practice has been considered by
many as the ‘gold-standard’ for DNA methylation analy-
sis, but can also be prohibitively expensive beyond a fo-
cus on model species (4). Cost-effective alternatives, such

as affinity-based enrichment (e.g. MeDIP-seq, MDB-seq)
or restriction-enzyme digestion (e.g. RRBS, MSCC), ne-
cessitate narrower hypotheses and risk spurious findings
by neglecting the broader relationships detectable by more
comprehensive methods. Now, the increasingly competitive
costs of next generation sequencing (NGS) have opened the
door for plant ecologists to apply previous lessons from
WGBS on the population and community level, to gain
more specific insight into non-model species (5). The EpiDi-
verse Toolkit addresses the challenges of expanding scope
and scale for existing computational techniques, with a suite
of pipelines to streamline the analysis of DNA methyla-
tion from bisulfite sequencing (bs-seq; methylC-seq) data
under FAIR principles (Findability, Accessibility, Interop-
erability and Reusability). The aim is to provide a flexi-
ble and standardised approach when implementing ‘gold-
standard’ DNA methylation analyses for non-model species
in plant ecology, which additionally offers some minor im-
provements to further cut cost and improve computational
efficiency.

The basis of bisulfite sequencing is to differentiate methy-
lated and unmethylated cytosine nucleotides. During NGS
library preparation, sodium bisulfite treatment facilitates
the conversion of unmethylated cytosine to uracil while
leaving 5-methylcytosine (5mC) positions intact (6). This
necessitates specialised or adapted tools to carry out con-
ventional downstream procedures such as mapping (7) and
variant calling (8). For non-model plant species this is fur-
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ther confounded by poor quality reference genomes, with
additional difficulties due in part to a high tolerance for
polyploidy and high rates of heterozygosity (9). All of
these aspects present difficulties in terms of running time
and the optimisation of computational resources. Finally,
DNA methylation can occur in additional sequence con-
texts (CHG, CHH) which in contrast to CG are not preva-
lent in mammalian data (10).

The tools presented herein (Figure 1) are implemented
with Nextflow (11), building on best-practice concepts out-
lined by nf-core (12). They are intended to be efficient, in-
tuitive for novice users, optimisable for laptop, HPC cluster
or the cloud, and scalable from small lab studies to field tri-
als with large populations. A list of individual pipeline pro-
cesses alongside the default, recommended resource config-
urations are provided in Supplementary Table S1. Each re-
source allocation is fully customisable under the Nextflow
framework to suit integration under different systems and
scheduling software. Dependencies are as simple as in-
stalling Nextflow alongside one of either Bioconda (13),
Docker (14) or Singularity (15) on a POSIX compatible
system, facilitating a high level of flexibility and repro-
ducibility through the use of portable software contain-
ers and environments. Each pipeline is fully self-contained
and can be easily transferred from one system to another
without need for specific, manual installation of the com-
ponent software. The toolkit is open-source and publicly
available on GitHub, allowing users to fork and modify
the pipelines at their own discretion including access to
the entire change history. The toolkit represents a start-
ing point for the standardisation of DNA methylation pro-
filing in ecological plant epigenetics, and will be actively
maintained and expanded upon as additional tools are de-
veloped in the future. All pipeline output is streamlined
to standard, recognised formats to facilitate interoperabil-
ity with external software and help create flexible analy-
ses for a wide range of possible experiments, for exam-
ple when intersecting methylation bedGraph files with gene
or transposable element (TE) annotations using BEDTools
(16).

MATERIALS AND METHODS

Test data

In order to demonstrate selected features from the toolkit, a
subset of 23 independent, whole genome bisulfite sequenc-
ing libraries (150 bp long paired-end reads) of the decidu-
ous tree species Populus nigra were selected from the repos-
itory hosted by the European Nucleotide Archive (ENA) at
EMBL-EBI under accession number PRJEB44879 (https:
//www.ebi.ac.uk/ena/browser/view/PRJEB44879). The li-
braries were sequenced under the broader initiative of the
EpiDiverse consortium according to the procedures out-
lined by Dı́ez Rodrı́guez et al. (manuscript in prep.). This
subset represents two clone populations (Supplementary
Table S2) derived from cuttings originating from field sites
in Germany and Lithuania and cultivated together under
common garden conditions. Measurements of leaf flavonol
content from the parent generation were derived from
observations taken in the field by Dı́ez Rodrı́guez et al.

(manuscript in prep.). The reference genome was obtained
from the repository hosted by the ENA at EMBL-EBI un-
der accession number PRJEB44889 (https://www.ebi.ac.uk/
ena/browser/view/PRJEB44889).

Whole genome bisulfite sequencing (WGBS)

The EpiDiverse WGBS pipeline derives sequence align-
ments in BAM format from input NGS reads in FASTQ
format and a provided reference genome in FASTA for-
mat, which are taken forward to estimate the methyla-
tion level over each position under the given methyla-
tion context(s), in bedGraph format. The reference genome
is optionally indexed by the pipeline itself, or provided
alongside the relevant index files to begin with. Map-
ping of bisulfite sequencing data can be carried out ei-
ther in ‘high-throughput mode’, with a low memory foot-
print and a runtime suitable for rapid analysis of popula-
tion data, or ‘high-sensitivity mode’, with a demonstrable
improvement in precision-recall and downstream methyla-
tion analysis for non-model plant species, as selected ac-
cording to corresponding benchmarks (17). Multiple sam-
ples can be processed in parallel, and quality control (QC)
is performed with a combination of published tools and
in-house scripting. Basic visualisation of alignment statis-
tics is performed with samtools stats and the correspond-
ing plot-bamstats tool (18). Methylation values based on
coverage are called with MethylDackel (https://github.com/
dpryan79/MethylDackel), which also provides QC for M-
bias analysis and overlapping paired-end reads.

Variant calling and sample clustering (SNP)

The EpiDiverse SNP pipeline performs a novel masking
procedure which compares individual nucleotides from the
bisulfite sequencing alignments, obtained from the EpiDi-
verse WGBS pipeline, to the reference genome. Joint vari-
ant calling is then performed on the masked BAM files, to
provide single nucleotide polymorphisms (SNPs) in stan-
dard VCF/BCF format which are filtered by the pipeline ac-
cording to customisable parameters. As SNPs in a cytosine-
to-thymine context are obscured in bisulfite data (8), nei-
ther variant calling nor sample methylation clustering can
be resolved using conventional methods. A simple post-
processing procedure for in silico manipulation of both base
qualities and base nucleotides in bisulfite contexts, follow-
ing alignment, has been shown to facilitate conventional
SNP calling on WGBS data which outperforms equivalent,
specialised software (19). This heuristic method has been
implemented herein and enables a) downstream analysis
with tools that are already well-established for DNA-seq
such as Freebayes (20), and b) sample clustering with kWIP
(21) which uses k-mer diversity to estimate a distance ma-
trix. Variant calling in this manner can eliminate the need
for conventional DNA-seq data alongside bisufite sequenc-
ing data, thus reducing sequencing costs for plant ecolo-
gists. Basic visualisation of variant statistics is also carried
out using bcftools stats and the corresponding plot-vcfstats
tool (22).
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Figure 1. Overview of the EpiDiverse Toolkit. The WGBS data forms the foundation of the analysis, and each downstream pipeline is built to work
either in cooperation with one another or, optionally, with independently-generated input data. All pipelines output runtime metadata, tracing and further
visualisation in addition to what is shown here. The full output is described for each pipeline in the documentation on Github.

Differential methylation (DMR)

The EpiDiverse DMR pipeline analyses statistically signif-
icant differential methylation from a collection of sample-
specific methylation files in bedGraph format obtained from
the EpiDiverse WGBS pipeline, providing the output in a
custom BED format. A recent benchmark demonstrated a
higher sensitivity for finding DMRs with metilene in com-
parison to other tools (23). Pairwise comparisons of methy-
lation profiles between groups are therefore made with meti-
lene (24), to derive either differentially methylated regions
(DMRs) or positions (DMPs) while also correcting for mul-
tiple comparisons. Any annotations in BED format can also
be provided by the user, as pre-selected regions for compar-
ison, as an alternative to the default boundary estimation
based on the methylation signal. Due to the non-parametric
statistical test, each methylation context (CG, CHG, CHH)
can be analysed independently (or combined) without any
a priori assumptions about the underlying distribution of
methylation values. Significant DMRs in terms of hyper-
and hypo-methylation are visualised using custom Rscripts
to provide density plots and heatmaps.

Epigenome-wide association studies (EWAS)

For a given population of samples, the output derived from
previous aspects of the toolkit (i.e. methylation files in bed-
Graph format, SNP variants in VCF format, annotations
such as DMPs/DMRs in BED format) can be combined
and processed using the EpiDiverse EWAS pipeline (25) for
analysis using the GEM suite (26), in order to study the
association between epigenetics, genetics, and environmen-
tal metadata through the identification of quantitative trait
loci (QTL). These QTLs can be discovered either by tak-
ing the full set of methylated positions, in any methylation
context, or by first subsetting according to provided anno-
tations (e.g. DMPs/DMRs), or even by taking the provided
annotations themselves in place of methylated positions for
use as genomic markers, whereby the pipeline will calculate
the average methylation level in each case by intersecting
the methylated positions. The confounding genetic compo-
nent can be resolved in each case by providing the SNPs de-
rived in the first place from the same bisulfite data, without
the need for conventional whole genome sequencing data
alongside.
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Figure 2. (A) Hierarchical clustering of methylated sites (all contexts) derived from the cohort of P. nigra samples from populations in Germany and
Lithuania, and (B) the resulting heatmap of significant DMRs (q < 0.05) obtained after cutting the hierarchical tree at 5.25 × 106 to form two discrete
groups (leaving LT 02 as outlier). Either plot can be obtained using the EpiDiverse toolkit.

RESULTS AND DISCUSSION

The 23 independent WGBS libraries were first mapped
in ‘high-throughput mode’ with the EpiDiverse WGBS
pipeline, resulting in mapping rates ranging from 78.38%
to 80.44% under default parameter settings (Supplemen-
tary Table S3). The global methylation level in all contexts
is reported in Supplementary Figure S1, alongside a prin-
cipal component analysis demonstrating the unsupervised
grouping of all samples based on the variation in shared
methylated sites.

Following alignment, variant calling was performed
with the EpiDiverse SNP pipeline to identify SNPs from
bisulfite-treated data based on sequence masking and base
quality manipulation (19). The total number of variants in
each sample are summarised in Supplementary Table S4.
Alternatively, the pipeline can attempt to mask short vari-
ants and normalise the genetic diversity between samples.
As studies on population epigenetics tend to centre around
species with low genetic diversity (cf. hierarchical cluster-

ing tree on genetic information in Supplementary Figure
S2a), a hierarchical clustering based on sequence k-mer di-
versity (21) after masking short variants can instead give an
indication of grouping based on DNA methylation patterns
(Supplementary Figure S2b). Such an analysis can facilitate
the identification of discrete groups prior to calling differ-
entially methylated positions / regions, without limiting the
analysis to only those methylated positions that are shared
across all samples by a minimum threshold on sequencing
depth. Otherwise, the distance matrix can instead be esti-
mated from the methylation values in the conventional ap-
proach following per-sample methylation calling.

Appropriate groupings of samples are dependent on the
specific experimental design of each study. Once identified,
they can be subsequently evaluated for differential methy-
lation with the EpiDiverse DMR pipeline, which analyses
either all possible pairwise comparisons of groups or each
group in relation to a designated control group. Conven-
tionally, groups are identified based on a priori knowledge
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Figure 3. Manhattan plots demonstrating (A) the total number of tested positions during EWAS, from the cohort of P. nigra samples obtained from
populations in Germany and Lithuania, and (B) the same analysis performed using significant DMRs instead. At the position-level, none were found to
be significant (P < 1 × 10−8) or even suggestive (P < 1 × 10−6) based on common thresholds selected to account for the burden of multiple testing. At
the region-level it becomes feasible to use Benjamini–Hochberg adjusted P-values (q), where 92 tests were found below a significance threshold of q < 0.25
and one even at q < 0.05. The plots are obtained automatically from the EWAS pipeline output (E-model).

or a global clustering of methylated sites. When grouping
in this manner, however, local differences which are per-
haps biologically relevant to the study question may be ob-
scured by the global methylation profile and thus not re-
vealed in the subsequent differential methylation analysis.
Here, methylated sites (all contexts) obtained from the co-
hort of German and Lithuanian populations of P. nigra
were subject to hierarchical clustering and the resulting tree
cut at ∼5.25 × 106 to form two discrete groups and one
outlier (Figure 2A). The total number of significant DMRs
(q < 0.05) resulting from the pairwise comparison of these
groups are given in Supplementary Table S5, and the cor-
responding heatmap showing the differential methylation
level across the range of selected samples is shown in Fig-
ure 2B. Interestingly, the heatmap in some instances shows
greater congruency with the clustering based on kWIP in
Supplementary Figure S2b (e.g. LT 10, DE 41, DE 44, and
a distinct clade with LT 01, LT 03, LT 04), indicating the
potential utility as an alternative approach. While still a
global clustering analysis, the local information inferred
from sequence k-mers may be more robust in identifying
groups based on regional differences in comparison to the
site-by-site approach.

Finally, the accumulation of results from the WGBS and
DMR pipelines were combined into a small analysis with

EpiDiverse EWAS, based on the methylated sites in CG
context and subset according to the significant DMRs dis-
covered in the same context, using leaf flavonol content
measured in the parent generation as a phenotypic trait. In
the case of P. nigra the resulting manhattan plot (E-model)
in Figure 3 reveals initially no significant QTLs below the
common significance threshold of P < 1 × 10−8, or even be-
low the suggestive significance threshold of P < 1 × 10−6,
based on the global analysis of all methylated sites. The
same analysis when conducted however at the region-level
revealed a total of 92 significant QTLs (q < 0.25) which
could be taken forward for further investigation (Supple-
mentary Table S6). A brief inspection of these regions in-
tersected with functional annotations in the P. nigra genome
returned some features potentially relevant to flavonol con-
tent, including genes with homology to ascorbate-specific
transmembrane electron transporter 1, caspase family pro-
tein and mechanosensitive ion channel protein 3 alongside
also methyltransferases PMT2/PMT24. Regions of hyper-
or hypo- methylation may convey a more consistent asso-
ciation among the population of samples and can be more
indicative of a mechanism which interacts for example with
gene expression. This approach can be therefore more ro-
bust than the study of individual methylated sites, depend-
ing on the extent of stochastic variation in the DNA methy-
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lation signal, but true associations may be missed in regions
where DMRs were not identified as a result of local methy-
lation differences which were obscured by global clustering
techniques. Furthermore, the incorporation of SNP data
into the G-model aspect of the EWAS pipeline can help
to resolve any underlying genetic component which may be
driving such associations with epigenetic markers.

A typical drawback of any (epi)genome-wide association
study is the high burden of multiple testing, necessitating
the use of a controlling procedure which can often be exces-
sively conservative due to the high number of negative tests,
thus obscuring many genuine biological findings which may
be present within the dataset. The common significance
threshold of P < 1 × 10−8 is based on a Bonferroni ad-
justment limited to a maximum of 1 million tests, regard-
less of the true number of tests. It is often argued with ge-
netic data that a lack of true sample independence owing
to linkage disequilibrium between SNPs can facilitate the
use of this more heuristic variant of the Bonferroni adjust-
ment, but statistically speaking this may be less than ideal.
A more robust solution would be to reduce the total number
of tests in the first place based on a priori knowledge. The
EWAS pipeline therefore provides a mechanism to subset
data based on any such regions provided by the end-user, for
example here with DMRs obtained from the DMR pipeline,
with the aim to reduce the majority of negative tests while
still capturing the majority of positive tests. True positives
may still be missed, depending largely on the selection crite-
ria of such regions, though often more can be gained relative
to the global analysis of all methylated positions.

CONCLUSION

The EpiDiverse Toolkit provides a suite of software
pipelines for the analysis of ecological plant epigenet-
ics, which adheres to the principles of ‘FAIR’ (Findabil-
ity, Accessibility, Interoperability, and Reusability). The
toolkit combines common procedures, such as mapping
and methylation calling, with novel implementations for
short variant calling and combining all results within a ro-
bust variation of EWAS, with each aspect benchmarked
specifically for non-model plant species. This provides a
consistent, repeatable framework which not only stream-
lines computational analyses within-species, but also facil-
itates more general comparisons between different organ-
isms which may have evolved very different mechanisms in-
volving DNA methylation.

DATA AVAILABILITY

All pipelines are open-source and publicly available through
the https://github.com/EpiDiverse domain. The data used
for analysis was generated by the European Training Net-
work “EpiDiverse” to be published in the European Nu-
cleotide Archive, and is otherwise available upon reasonable
request to the authors.
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Supplementary Data are available at NARGAB Online.
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Figure S1. Descriptive statistics of the German (DE1) and Lithuanian (LT) populations 

of Populus nigra samples demonstrating a) global methylation levels in all contexts 

following cultivation under common garden conditions, b) leaf flavonol content as 

measured from samples collected in the field, and Principal Component Analysis 

(PCA) based on the per-site methylation levels in all contexts between c) component 

1 and 2, and d) component 2 and 3. 
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a) 

b) 

 
Figure S2. Hierarchical clustering of mappable FASTQ reads by k-mer diversity, using 

kWIP, following either a) bisulfite masking, or b) masking short variants to normalise 

genetic diversity. 
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It is predicted that in the next decades extreme weather events will increase in frequency 

and severity. These extreme events have devastating consequences and are causing 

mass mortality in many tree species. It is thus crucial to understand how plants respond 

to such events and other environmental cues. To cope with unpredicted environmental 

conditions, plants have evolved the ability to produce different phenotypes from one 

single genotype (Callahan et al., 1997; Hughes et al., 2008). In recent years, advances 

in molecular biology and genomics have shown that genetic variation is not the only 

cause of phenotypic variation among individuals (Rapp & Wendel, 2005).  Mounting 

evidence suggests that epigenetic variation can play a role in shaping phenotypic 

plasticity (Richards et al., 2017). Epigenetic mechanisms, such as DNA methylation, can 

in fact induce phenotypic changes (Niederhuth & Schmitz, 2017; Lloyd & Lister, 2022). 

Furthermore, these changes can be transmitted across clonal generations, suggesting 

that DNA methylation can in turn induce heritable phenotypic variation and potentially 

contribute to local adaptation in plants. However, the link between epigenetic variation 

and phenotypic variation remains poorly understood, and it is still unclear whether 

epigenetic variation can truly have an effect on plant adaptation.    

In this thesis, I studied natural patterns of epigenetic variation and the link between 

epigenetic variation and phenotypic variation. Specifically, I used a clonally propagated 

tree cultivar (Populus nigra cv. Italica’) to investigate patterns of DNA methylation 

variation, and its association with environmental conditions. Further, I assessed whether 

these patterns can be transmitted to the clonal offspring, thus potentially contributing to 

local adaptation of plant species. Below, I summarize the main results of my research 

concerning i) parental effects on phenotypic variation, ii) the effects of environmental 

conditions (i.e. biotic and abiotic stress) on DNA methylation, iii) natural patterns of DNA 

methylation and iv) the persistence of methylation patterns across clonal generations.  

 

Effects of epigenetic variation on phenotypic variation 

In Chapter II I investigated the effect of previous environments on the clonal offspring of 

Lombardy poplar ramets growing under common garden conditions. This is one of the 

few studies that explores the suitability of common garden experiments for studies on 

natural epigenetic variation at the landscape level. In this study, I surveyed several 

functional traits related to plant growth, ecophysiology, biotic stress, and leaf chemistry. 

Using linear mixed models, I studied the relationship between phenotypic variation and 

geographic origin. I found that phenotypic differences between genetically identical 

ramets can partially be attributed to shared environmental conditions and might be 
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transmitted as part of the epigenetic memory. These results are particularly relevant to 

the study of natural epigenetic variation, because common garden experiments have 

been proposed as a simple approach to exclude environmental noise and study 

transgenerational epigenetic variation (Latzel & Klimešová, 2010a; Richards et al., 2017; 

Heer et al., 2018). First, clones are characterized by low to zero genetic diversity, so 

effects of epigenetic variation on trait variation will not be confounded by effects of 

genetic variation. Second, epigenetic marks are more stable across clonal generations 

(Verhoeven & Preite, 2014). The poplar genotyping analysis showed three main genetic 

clusters, but a major fraction of the individuals sampled across Europe belonged to the 

same genotype, indicating that genetic variation among the clones was indeed 

considerably low (Chapter II). Thus, within single poplar genotypes, in absence of 

genetic effects on trait variation, phenotypic variation among plants can also arise based 

on transmission of parental environmental effects, potentially mediated by epigenetic 

mechanisms (Raj et al., 2011).  

However, I also found that uneven microenvironmental conditions in the common garden 

had a significant effect on the observed phenotypic variation, possibly outweighing 

parental effects and thus allowing for short term acclimation to new environmental 

conditions. On the other hand, multiple studies have suggested that high phenotypic 

plasticity levels associated with epigenetic diversity might contribute to the successful 

establishment of clonal (and often invasive) plant species (Davidson et al., 2011; 

Richards et al., 2012; Mounger et al., 2020). Specifically, changes in CHH methylation 

levels are less stable than those in CG or CHG (Secco et al., 2017; Wibowo et al., 2018). 

In poplar, methylation levels in CHH were shown to be associated with abiotic stress 

conditions (e.g. drought and heat stress, Chapter III) and with climatic variables (e.g. 

temperature and precipitation bioclimatic variables, Chapter IV). These results suggest 

that methylation patterns in CHH might be highly dynamic, acting rapidly in response to 

unpredicted environmental conditions. Thus, it is possible that any epigenetic effects 

associated with parental origin might be overwritten by the necessity to acclimate to new 

and/or stressful environmental conditions.  

 

Effects of environmental cues on DNA methylation 

The effects of environmental cues on DNA methylation have been extensively reviewed 

(Niederhuth et al., 2016; Lloyd & Lister, 2021). However, many of the studies were 

constrained to short-lived annual species or used low-resolution molecular methods, 

leading to low statistical power for detecting DNA methylation variants (Hagmann et al., 
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2015). Moreover, this has also led to the study of single environmental factors at a time, 

restricting the identified responsive genomic regions to specific experimental conditions. 

Chapter III presented a high-resolution analysis of the responses of the poplar 

methylome to different biotic (fungal infection, herbivory, salicylic acid treatment) and 

abiotic (drought, heat and cold) stress conditions. It provided further evidence that DNA 

methylation patterns vary in response to different environmental stimuli. In poplar, 

drought, heat and infection with a fungal pathogen can result in DNA hypermethylation 

events. On the other hand, cold and treatment with SA resulted in DNA hypomethylation. 

These responses seemed to be context specific, and might reflect differences in the 

duration of stress events (e.g. cold periods vs brief episodes of drought or heat). 

Interestingly, although some stress-specific regions were identified in this study, a 

considerable number of regions (especially in the CG and CHG contexts) showed a 

similar response irrespective of treatment, suggesting that the response to stress 

conditions in poplar is generic, and that many of these regions might have a regulatory 

role in the response to these conditions. 

Additionally, the response induced by abiotic factors was stronger when compared to the 

response induced by biotic factors. From the poplar point of view, biotic stress conditions 

(like herbivory) occur every growing season, but some abiotic stress events (like extreme 

heat events) might not happen. We could therefore speculate that poplars may rely on 

plastic responses against expected conditions, but on the methylome to respond to 

unpredicted stress events. Methylation responses to drought stress in Populus nigra are 

particularly interesting from an ecological point of view. Populus nigra is a riparian 

species that depends on river flooding regimes for successful seed and cutting dispersal 

(Smulders et al., 2008). In Chapter IV, I showed that global mCG levels in coding regions 

were negatively correlated with precipitation of the wettest quarter and month, and mCG 

and mCHG levels in gene promoters were correlated with precipitation in the warmest 

quarter. Because methylation in CG and CHG is mitotically stable, it is possible that 

certain degree of environmental information regarding water availability might be 

encoded as “epigenetic memory” and transmitted to the clonal offspring. This is further 

supported by the gene ontology enrichment analysis conducted in Chapter III, were 

poplar genes associated with drought CHH-DMRs seemed enriched in general 

responses to drought, such as ABA signaling, protein kinase activity, and response to 

water deprivation. The findings in Chapters III and IV support the notion that 

environmental cues can induce changes in the poplar methylome and may play a role at 

least in acclimation to new environmental conditions, if not in local adaptation.  
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Natural patterns of DNA methylation  

Similarly to studies on the effects of environmental variation on DNA methylation, studies 

on natural patterns of methylation have been limited by the elevated cost of high-

resolution sequencing techniques. Thus, these studies have often been performed under 

controlled greenhouse conditions or limited to small-scale geographic gradients (Lira-

Medeiros et al., 2010; Nicotra et al., 2015; Avramidou et al., 2015; Gugger et al., 2016; 

Herrera et al., 2017; Dewan et al., 2018; Gáspár et al., 2019). Using two clonal species, 

P. nigra and F. vesca, Chapters IV and V investigated DNA methylation patterns in 

natural populations at the landscape level. In Chapter IV, I used the poplar individuals 

established in the common garden described in Chapter II to study natural methylation 

patterns across Europe. I found that variation in DNA methylation did not have any 

evident geographic structure, but average methylation levels in gene promoters, coding 

regions and transposable elements were associated with bioclimatic variables, 

especially in the CHH context. Furthermore, variation in the methylome was not 

correlated with genetic variation. In this clonal system, the accumulation of methylation 

variation can be attributed mostly to spontaneous and environmentally induced variation 

(see also Chapter III). Somatic mutations have been shown to accumulate during 

vegetative propagation in other Populus species, affecting genetic variation within single 

genotypes (Tuskan et al., 1996; Ally et al., 2008; Chenault et al., 2011). In a similar 

fashion, several studies have reported spontaneous methylation changes resulting from 

tissue culture (Kaeppler & Phillips, 1993; Fraga et al., 2002; Dubrovina & Kiselev, 2016; 

Han et al., 2018). These methylation changes can be stable and accumulate across 

somatic development and appear at higher rate than genetic mutations (Stroud et al., 

2013; Hofmeister et al., 2020). Considering that the ‘Italica’ cultivar has been artificially 

propagated for the last two centuries, spontaneous epimutations might have 

accumulated across several clonal generations, creating a layer of “background noise” 

in the methylome that might be confounding a stronger environmental signal. 

Nevertheless, Chapter III identified many CpG/CHG-DMRs among parental individuals, 

which are thought to be mitotically stable and hence clonally transmissible, and a large 

proportion of stress-induced DMRs that overlapped with ortet-DMRs. This seems to 

indicate that at least part of the natural methylation variation in poplar is induced by 

changing environments, and not by spontaneous epimutations.  Consequently, 

environment-induced methylation variants in CpG/CHG contexts could be fixed and 

appear as natural epialleles detectable across the tree lifespan and maybe next clonal 

generations. 
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Chapter V found strong evidence of genetic and epigenetic geographic structure in F. 

vesca, suggesting that epigenetic structure might be associated with genetic structure. 

However, in the CG and CHG contexts, country of origin accounted for higher percentage 

of variance than for genetic variants (respectively, 11.9%, 9.4% and 8.7% for CG, CHG 

and SNPs), indicating that part of the epigenetic variation was not under genetic control. 

Furthermore, they identified climate-predicted DMRs, and the number of these DMRs 

increased from CG to CHG and CHH, indicating that methylation in CHH might be 

particularly sensitive to climatic conditions. Similarly, Galanti and colleagues (Galanti et 

al., 2022) showed that genetic variation in Thlaspi arvense strongly contributed to 

epigenetic variation, but also identified a similar number of climate-predicted DMRs. 

They also showed that average methylation levels in CHH were correlated with 

bioclimatic variables, especially with temperature related ones (see also Chapter IV). 

The differences in the amount of epigenetic variation explained by genetic variation seem 

to indicate that natural methylation patterns might reflect life history traits and differ 

between sexual and asexual species. T. arvense is a sexually reproducing annual 

species and F. vesca can reproduce both sexually and clonally. Populus nigra, however, 

is a dioecious species that has both male and female individuals. The Italica cultivar is 

an exclusively male clonal cultivar, because the characteristic columnar growth would 

disappear in the sexual offspring. Furthermore, the cultivar has been mostly artificially 

propagated by humans, so it lacks any genetic population structure (sensu stricto, see 

Chapter II). The lack of epigenetic population structure could then reflect this unique 

origin, if most of the individuals found across Europe are the clonal offspring of one (or 

maybe a few) original clones. In practical terms, this could mean that methylation in the 

CHH context is plastic and involved in plastic responses, while methylation in CG and 

CHG can be transmitted through multiple clonal generations. Despite the mentioned 

differences among species, methylation patterns in the CHH context seem to be 

associated with climatic variables in all three cases, providing further evidence that 

methylation in this context might be dynamic and play a role in plant phenotypic plasticity. 

 

Persistence of DNA methylation patterns: implications for plant adaptation 

The question of whether epigenetic mechanisms, and DNA methylation in particular, can 

have an adaptive potential and can ultimately act as an evolutionary driver has been the 

focus of considerable interest in the field of epigenetics (Bossdorf et al., 2008; Richards 

et al., 2017; Heer et al., 2018; Boquete et al., 2021). If DNA methylation can mediate 

phenotypic plastic responses in the short term, and be under selection processes, it 
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might also act as a bridge to local adaptation. For this to occur, both epigenetic variation 

and its associated phenotype must be heritable and independent from genetic variation. 

DNA methylation can indeed induce phenotypic variation (reviewed in Lloyd and Lister, 

2022), and epigenetically induced phenotypic responses can be transmitted to the 

offspring (e.g., Verhoeven et al., 2010). However, to what extent these phenotypic 

responses are transmitted to the offspring and how much they contribute to plant 

adaptation is still being debated (Platt et al., 2015; Schmid et al., 2018; Münzbergová et 

al., 2019; Muyle et al., 2021). Chapters IV and V further explore the persistence of DNA 

methylation patterns in natural populations in Populus and Fragaria, respectively. It has 

been proposed that the inheritance of environmentally induced DNA methylation 

variation might be particularly prominent across clonal generations, due to the lack of 

meiosis in soma-clonal reproduction (Feng, Jacobsen, and Reik 2010; Latzel & 

Klimešová, 2010b; Simonetti et al., 2019). In poplar, in the CG context (symmetrical and 

mostly stable), individuals with the same geographic origin clustered together regardless 

of stress treatment, indicating similar methylation profiles (Chapter III). In Chapter IV, I 

compared parental (ortets) and offspring (ramets) poplar individuals. I showed that, also 

in the CG context, the ortets and their ramets clustered together. The cuttings used in 

the stress experiments of Chapter III all belonged to the same original ortet. This 

suggests that the grouping observed in both chapters is the result of clonally transmitted 

methylation patterns. If methylation patterns in the CG context are faithfully transmitted 

to the next clonal generation, this would partially explain the patterns observed in F. 

vesca (Chapter V), where ortet and ramets also clustered together. Furthermore, a 

fraction of DMRs is present both among the poplar ortets and among the ramets in the 

CG and CHG contexts, suggesting that some DMRs might be stable across clonal 

generations, especially in symmetrical contexts (Chapter IV). From a practical 

perspective, the fact that the same DMR was found among poplar ortets and among 

ramets implicates that those specific regions were differentially methylated both in the 

ortets and in the ramets. It is also possible that some regions might have the exact same 

methylation levels. If this was the case our pipelines would fail to identify these regions, 

but they would still be methylated regions that were transmitted to the clonal offspring. 

In Chapter IV, I also called DMRs between ortets and ramets. Interestingly, in the case 

of some comparisons, I found a very low number of DMRs (e.g. Spain, Italy 2 and 

Norway). This could mean two things: 1) as mentioned above, the methylation patterns 

were faithfully transmitted to the ramets, or 2) the environmental conditions in the field 

and in the common garden were similar, and DMRs acting as regulatory regions were 

responding in a similar way. However, in the CHH context the number of DMRs found 

between ortets and ramets sampled in Italy was considerably high, supporting the first 
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assumption rather than the second. Ultimately, the patterns observed both in Populus 

and Fragaria provide further evidence that DNA methylation patterns can be transmitted 

across clonal generations, but the link between these patterns and phenotypic variation 

needs to be further explored. 
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CHAPTER VIII 

The road goes ever on: Current challenges and 

future perspectives 
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My work and recent reviews (Niederhuth et al., 2016; Zhang et al., 2018; Lloyd & Lister, 

2021; Hannan Parker et al., 2022) stress that plant epigenetic variation is far more 

complex than previously assumed, and that our knowledge of the role of epigenetic 

mechanisms in phenotypic variation and plant adaptation is still extremely limited. In this 

chapter, I would like to focus on current challenges and future perspectives in the field 

of plant epigenetics. 

The study of ecological epigenetics has been hindered not only by the limited economical 

resources, but also by computational ones. While computational analyses of genome-

wide data have become routine in model species, not all approaches are easily 

transferred to ecological epigenetics and non-model species. The lack of high-quality 

reference genomes, transcriptomes, and other resources has considerably impeded 

advances in the field. However, with costs of sequencing decreasing, this will probably 

change in the near future. This in practice means that, with limited computational 

resources, the sheer amount of data generated can also be a major bottleneck. While 

parallelization of processes can help with the optimal use of computer resources, there 

is still room for improvement. Furthermore, the very high number of comparisons which 

are often necessary in the statistical analysis of such datasets create a multiple testing 

burden. This in turn means that a post-hoc correction is performed, often leaving few 

significant results despite clear differences being observed.  

From a conceptual perspective, downstream analyses of population-level data bring their 

own challenges. For example, how much does epigenetic variation depend on genetic 

variation? To what extent do stochastic epimutations contribute to epigenetic variation? 

Can they be considered “epigenetic noise”, or do they also contribute to the effects of 

epigenetic variation in phenotypic plasticity? How do we separate these stochastic 

epimutations from other environmentally induced epimutations, and do we need to? 

DMRs are considered to be more biologically relevant from a functional point of view, 

because they can affect longer DNA regions. But this poses a problem on its own: to this 

day, there is no standard definition of what a DMR is. Because there is also no standard 

bioinformatic practices, and each researcher decides what is the most appropriate 

method for the questions each experiment is trying to address, the definition of DMR 

varies considerably between studies (Kreutz et al., 2020; Robinson et al., 2014). 

Furthermore, in a lot of cases, calling DMRs between groups implies defining the groups 

before the analysis (e.g. each population is a group) which by default introduces a bias, 

because population-level DMRs might not follow a predefined structure (Akalin et al., 

2012; Jühling et al., 2016; Hüther et al., 2022) 
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These challenges are further merged to create a unicorn: Epigenome Wide Association 

Studies (EWAS) (Rakyan et al., 2011). Like genome-wide association studies (GWAS), 

EWAS makes use of linear models in population-scale data to reveal significant 

epigenotype-phenotype associations. However, given how dynamic epigenetic changes 

can be, it is difficult to discern a significant relationship between phenotype and 

epigenetic variation. This remains the most challenging aspect in any study on the effects 

of natural epigenetic variation on phenotypic variation. Thus, available methods to 

perform EWAS remain scarce, particularly in the context of plant ecology. In order to 

extend its functionality in the context of plant ecology, the EpiDiverse consortium has 

adapted the R package Gene, Environment and Methylation (GEM) (Pan et al., 2016) in 

a pipeline for EWAS analysis (as part of the EpiDiverse Toolkit, see Chapter VI, Nunn 

et al., 2021). As part of my research, I used the data generated in Chapters II and IV to 

find significant associations between phenotypic variation and methylation variants. 

However, the available computational resources at the time were insufficient for the kind 

of testing that the pipeline requires. Furthermore, the number of tests carried out by the 

pipeline, and the necessity to correct for multiple testing, resulted in a lack of significant 

methylation-phenotype associations, rendering the analysis inconclusive. In the future, 

this pipeline will most probably be improved, thus opening new possibilities for ecological 

epigenetics. 

On a more positive note, recent advances in the field of ecological epigenetics have 

potential applications for nature conservation policies. In 2019, Rey and colleagues (Rey 

et al., 2020) reviewed current knowledge about the importance of epigenetic 

mechanisms in (a) orchestrating fundamental development alternatives in organisms, (b) 

enabling individuals to respond rapidly to selection pressures and (c) improving 

ecosystem stability and functioning. They concluded that an epigenetic conservation 

perspective will provide environmental managers with the possibility to refine 

evolutionary significant units (ESUs), to set conservation plans taking into account the 

capacity of organisms to rapidly cope with environmental changes, and hence to improve 

the conservation of wild populations. In addition, epigenetic regulation of plant responses 

to adverse environmental conditions can potentially provide a tunable mechanism to 

optimize plant growth, adaptation and ultimately yield, in a world were food security and 

sustainable agriculture are facing increasing challenges (Springer & Schmitz, 2017).  

To conclude, the plant epigenome appears to be highly plastic and highly dynamic. Not 

only further research on more ecologically relevant plant species is needed, but also 

novel approaches in experimental design. For example, though many studies have 

investigated the effects of specific stress conditions on DNA methylation, only the study 
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presented in Chapter III has explored a multi-stress global response (Peña-Ponton et al., 

2022). Similarly, although many studies have dealt with the inheritance of methylation 

patterns, only a few have addressed seasonal changes of DNA and differences among 

plant tissues (Daccord et al., 2017; Ito et al., 2019; Perrin et al., 2020; D’Amico-Willman 

et al., 2022). Ultimately, further research is crucially needed in order to advance our 

knowledge on how epigenetic mechanisms affect ecological processes. 
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