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SUMMARY 
How perennial organisms adapt to environments is a key question in biology. To address this 
question, we investigated ten natural black poplar (Populus nigra) populations from Western 
Europe, a keystone forest tree of riparian ecosystems. We assessed the role of (epi)genetic 
regulation in driving tree species evolution and adaptation over several millions of years 
(macro-evolution) up to a few generations (micro-evolution). At the macro-evolution scale, 
polar experienced differential structural (gene loss) and regulation (expression and methylation) 
reprogramming between sister genomic compartments inherited from polyploidization events. 
More interestingly, at the micro-evolution scale, both genetic and epigenetic variations 
differentiate populations from different geographic origins, targeting specifically genes involved 
in disease resistance, immune response, hormonal and stress response that can be 
considered as key functions of local adaptation of long lifespan species. Moreover, genes 
involved in cambium formation, an important functional trait for forest trees, as well as basal 
functions for cell survival are constitutively expressed though methylation control. These 
results highlight DNA methylation as a marker of population differentiation, evolutionary 
adaptation to diverse ecological environments and ultimately opening the need to take 
epigenetic marks into account in breeding strategies, especially for woody plants. 
 
Keywords: epigenetic variation, DNA methylation, natural population differentiation, macro-
evolution, micro-evolution, gene duplication, gene expression, cambium. 
 
INTRODUCTION 
Understanding the forces driving species evolution is central in biology. Evolution can be 
investigated at either short timescale, over a few hundreds of generations (so called micro-
evolution) typically between different accessions of a species, or over long timescales of 
several millions of years between different species (macro-evolution). Genetic variations have 
long been considered as the major marker of these two facets of evolution, with specific 
approaches to study the extent of population dynamics and adaptive evolution at the micro-
evolutionary scale (Messer et al. 2016) or lineage diversification and speciation from founder 
ancestral genomes at the macro-evolutionary scale (Murat et al. 2012, Pont and Salse, 2017). 
New discoveries over the past two decades suggest that epigenetic variation, precisely DNA 
methylation, also play a role in micro- and macro-evolutionary changes (Jablonka 2017).  
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At a macro-evolutionary timescale, flowering plants diversified from an ancestor suggested to 
be made of 15 protochromosomes with 22,899 protogenes dating back to 214 million years 
ago during the late Triassic era (Murat et al. 2017). Polyploidization (also known as whole 
genome duplication, WGD) has been proposed as a key mechanism through which new 
genetic material is generated during evolution promoting morphological and phenotypic 
biodiversity and contributing to the evolutionary success of the modern angiosperm species 
(Jaillon et al. 2007; Schnable et al. 2011; Pont et al. 2013). In that context, regulation of 
duplicated genes though DNA methylation may therefore represent a central phenomenon in 
the acquisition of novel functions and ultimately phenotypes in the newly formed polyploids 
compared to their diploid progenitors (El Baidouri et al. 2018; Wang et al. 2017; Chen et al. 
2015; Davis et al. 2015; Jablonka 2017). 
At a micro-evolutionary timescale, natural selection contributed to shape heritable epigenetic 
(epialleles) and genetic (alleles) variations in natural populations (Furrow and Feldman, 2013, 
Li et al. 2014). For instance, in the model plant Arabidopsis thaliana, inheritance of epialleles 
has been associated with population structure and heritable phenotypic variation including 
adaptive traits (Cortijo et al. 2014). DNA methylation represents one of the most stable 
epigenetic marks, corresponding to an addition of a methyl group in 5’ of cytosines. In plants, 
methylation occurs in all cytosine contexts, i.e., in CpG, CHG and CHH where H could 
represent A, T or C. Our understanding of the role of DNA methylation in plants has been 
mostly obtained from the model plant Arabidopsis thaliana, where DNA methylation in the 
coding regions of genes drives medium to high levels of expression and targets mainly 
housekeeping gene functions, while the methylation in the promoter region of genes is 
generally associated with gene silencing (Zhang et al. 2006; Maunakea et al. 2010; Bewick 
and Schmitz 2017). Despite a growing number of evidences unravelling the relationship 
between DNA methylation and gene expression, further efforts are needed to better 
understand methylation control over gene expression regarding different genomic contexts, 
and the stability of such epigenetic changes through time. Moreover, the contribution of DNA 
methylation in the evolution and adaptation of long lifespan species, such as trees, remains an 
open question (Amaral et al. 2020). 
In contrast to annual plants, trees are long-living organisms that are exposed to environmental 
challenges over their entire lifespan (Allen et al. 2010; Anderegg et al. 2016). They have 
developed various stress sensory mechanisms and physiological strategies to cope with 
fluctuating environmental changes. The difference between annual (herbaceous) and 
perennial species in genome evolution is exemplified by the expansion of disease-resistance 
(R) genes in long-lived species as a key evolutionary process to face a wide range of abiotic 
and biotic threats over their lifespans (Noir et al. 2001; Ribas et al. 2011; Plomion et al. 2018; 
Khan and Korban, 2022). Moreover, because of relaxed purifying selection, R-genes in trees 
were found to display higher levels of genetic diversity (Plomion et al. 2018). It has also been 
shown that the rate of epigenetic mutation is much higher than genetic variations and then 
represents a source for short-term adaptation especially for long-living species (van der Graaf 
et al. 2015).  
Poplar is considered as a model forest tree species. Poplars are characterized by a high 
genetic diversity, fast juvenile growth, vegetative propagation capacity, and the genome of 
several species has been sequenced (Tuskan et al. 2006; Mader et al. 2016). Over the past 
decade, poplar has been widely used to investigate the role of DNA methylation in phenotypic 
plasticity and adaptation to environmental changes (Brautigam et al. 2013; Lafon-Placette et 
al. 2013, 2018; Zhu et al. 2013; Plomion et al. 2016; Conde et al. 2017; Le Gac et al. 2018, 
2019; Sow et al. 2018a, 2018b, 2021; Vigneaud et al. 2023). However, several open questions 
remain to be addressed, such as (i) does epigenetics play a role in genome reprogramming in 
response to polyploidization events? (ii) are populations epigenetically differentiated and to 
what extent does epigenetic differentiation may differ to genetic differentiation? (iii) Can local 
adaptation be tracked at the epigenetic level?  
 
RESULTS 
Genomic pattern of DNA methylation in black poplar 
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Poplar methylome on a genome-wide scale was investigated from whole genome bisulfite 
sequencing (WGBS) carried out on ten natural populations, covering the geographical 
distribution of Populus nigra in Western Europe (Figure 1a). DNA methylation in CpG context 
(averaging 32.1% to 35.4%) appeared more frequent compared to CHG (from 20.0% to 21.9%) 
and CHH (4.4% to 6.5%) contexts (Figure S1, Table S2). Methylated cytosines or hereafter 
called SMPs (for Single Methylation Polymorphisms, Figure 1b) were investigated within genes 
(promoters, exons and introns), intergenic regions and transposable elements (TEs) (Figure 
1c and d). More than half (52%) of the SMPs in CpG context fell into the intergenic regions, 7% 
in promoters, 28% in exons and 13% in introns (defining 48% within genes). In the CHG context, 
the number of SMPs in intergenic regions decreased to 37%, while we observed an enrichment 
in exons (35%) and introns (21%) and only 5% in promoter regions. Similarly, in the CHH 
context 5% of the SMPs were located in promoter regions, 48% in genes (27% in exons and 
21% in introns) and the remaining 47% in intergenic regions (Figure 1d). TEs showed a higher 
level of methylation in comparison to genes in all the three contexts (Figure 1c and d). While 
promoter and genic regions displayed similar levels of methylation in non-CpG contexts (i.e. 
CHG and CHH), gene bodies were more methylated than promoter regions in the CpG context 
(Figure 1c and 1d). Overall, 93% of poplar genes (40,091 out of 42,950) and 83% of annotated 
TEs families (6,131 out of 7,386) were covered by bisulfite-converted sequence reads in the 
investigated populations (Figure S2). 
 
DNA methylation variation at the macro-evolutionary scale  
It has been reported that whole genome duplications (polyploidizarions) drive (epi)genome 
reprogramming (Bellec et al. 2023). Within the angiosperms, poplar evolved from an Ancestral 
Eudicot Karyotype with 7 prochromosomes (AEK7) that went through whole genome 
triplication (γ WGT, ≈120 Mya ago) leading to AEK21 with 21 prochromosomes at the basis of 
any modern Eudicot species (Figure 2a), Murat et al. 2017. Within the Salicaceae botanical 
family, the modern poplar genome (19 chromosomes) derived from a n=12 ancestor (inherited 
from the AEK21 with 6 chromosomal fissions and 15 fusions) that has been duplicated (≈60 
Mya WGD, to reach a n = 24 intermediate) followed by four chromosomal fissions and nine 
fusions (delivering a chromosomal equation of 19 = [21 + 6 - 15] x 2 + 4 - 9; Murat et al. 2015). 
Comparison of gene order between the inferred Eudicot ancestors (AEK7 and AEK21) and the 
modern poplar genome allowed to investigate the impact of ancient (ancestral γ WGT, ≈120 
million years ago) and more recent (poplar specific WGD, ≈60 million years ago) 
polyploidization events on genome regulation (Figure 2). Polyploids are derived from two 
parental sub-genomes that were merged in the same nucleus and evolved through inversions, 
translocations, chromosomal fusion, and fission processes, leading to possible sub-genome 
differentiation, referred to as subgenome dominance (Bellec et al. 2023). The subgenome 
dominance is manifested by the differential retention of the ancestral gene content leading to 
least-fractionated regions (LF) and most-fractionated regions (MF) compartments in the 
modern poplar genome. Thus, we developed a synteny-based approach to detect genome 
compartments that underwent different fractionation after the ancestral (γ) WGT and poplar-
specific WGD events (Figure 2). Overall, 6,442 genes were identified in LF compartments, and 
3,356 genes in MF compartments (Figure 2a, b). GO enrichment for molecular functions 
showed that LF related genes were enriched for binding process (protein binding, mRNA 
binding, etc.), signaling (metal ion) and transferase activity, whereas genes in MF fractions 
were mostly enriched in binding and transcription factor activity (Figure S3). While duplicated 
genes may return into single copy (defining LF and MF compartments), some of the duplicates 
remain conserved as pairs in the modern genome following polyploidization events. A total of 
2,020 duplicated genes inherited from the poplar-specific WGD were identified and found to 
be functionally enriched in binding, transcription factor activity and signaling processes (Figure 
S3).  
To investigate the impact of polyploidization in shaping (epi)genome regulation over a macro-
evolutionary scale, we compared expression and methylation profiles between genes in LF or 
MF fractions. No difference was observed for methylation in gene bodies (exons + introns) in 
CpG context between LF- and MF-located genes. However, in non-CpG contexts, MF-genes 
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displayed higher methylation levels in comparison to genes located in LF compartments. The 
methylation level in gene promoters showed a distinct pattern. While no clear bias was 
observed for CpG and CHG contexts, MF-located genes appeared more methylated in their 
promoters than genes located in LF fractions (in seven out of the ten investigated populations) 
in CHH context (Figure 2b). Conversely, the genes located in the LF fraction appeared to be 
more expressed than genes in the MF fraction, displaying an antagonist pattern with DNA 
methylation (Figure 2b). Overall, regarding the ancestral (γ) triplication shared within the 
Eudicots, the LF compartment (where ancestral genes are preferentially retained) showed 
higher gene expression and lower methylation for promoters in CHH context and in gene 
bodies in CHG and CHH contexts, compared to genes located in MF compartments (where 
ancestral genes have been preferentially lost). To better understand the effect of 
polyploidization on gene regulation, we further investigated methylation and expression 
profiles between duplicated genes inherited from the recent poplar specific WGD. Interestingly, 
about ¾ of duplicated genes showed gene expression differences between the two copies of 
a pair. One of the copies was more expressed than the duplicated counterpart, and most of 
these over-expressed copies are located in the LF fractions of the genome. For the remaining 
¼ of the duplicates, the two copies displayed the same expression level (Figure 2c). Similarly, 
about half of the duplicated genes showed methylation differences between LF and MF copies, 
while half of them expressed the same methylation level (Figure 2c). Furthermore, 72% of the 
differentially methylated gene pairs exhibited also expression differences (Figure S4). Overall, 
at the macro-evolution time scale, since the ancestral polyploidization events dating back to 
≈60 and ≈120 million years ago, polar experience intense structural (gene loss) and regulation 
(expression and methylation) reprogramming. Genes from the MF subgenome were found to 
be more methylated (especially in non-CpG contexts) and less expressed compared to genes 
located in the LF fraction.  
 
DNA methylation variation at the micro-evolutionary scale 
We then assessed the methylation landscape at a more recent evolutionary scale across ten 
populations, using a methylation threshold above the mean methylation in each context 
separately (i.e. a genomic feature was considered methylated when its methylation ratio was 
above the mean methylation observed from the ten populations, Figure 3a). We then reported 
between 20,433 and 21,321 genes/TEs methylated in the CpG context in the ten populations, 
between 9,324 and 9,785 in CHG and between 10,697 and 14,667 in CHH. Exploiting the 
concept of pan-genome (representing the entire set of genes within a species), consisting of a 
core genome (containing genes shared between all individuals of the species) and the 
'dispensable' genome (containing genes specific to individuals of the species), the pan-
methylome consisted of an entire set of 25,485, 13,715 and 29,651 methylated genes and TEs 
in CpG, CHG and CHH contexts respectively, across the ten populations. The core methylome 
(i.e., genes/TEs methylated in the ten populations) also varied between the three methylation 
contexts. The core methylome represented 66.6%, 52.5% and 25.4% of the pan-methylome in 
the CpG, CHG and CHH context, respectively, suggesting more stable CpG and CHG 
methylation between populations compared to CHH methylation (Figure 3a).  
Furthermore, we investigated population relatedness solely based on available SMPs in all the 
investigated populations, through a phylo-epigenomic approach. Strikingly, the methylation 
clustering (strictly excluding SNPs) in CpG and CHG contexts recovered the geographical 
partitioning of the 10 natural populations, while such structure signal was partially lost in the 
CHH context (Figure 3b, Figure S5). Namely, CpG and CHG methylation clusterings fit the 
geographical origin of the populations defining three sub-groups. In addition to the phylo-
epigenomic clustering we classically assessed the genetic structure (from SNP data) of the ten 
P. nigra populations. The hierarchical ascendant clustering on the genomic relationship matrix 
revealed three different sub-groups. The first sub-group was composed of two Italian 
populations (Basento and Paglia). The second sub-group consisted of four populations, two 
originating from France (Dranse and Rhine), one from Italy (Ticino) and one from Germany 
(Kuhkopf). The third sub-group was made of four French populations (Ramieres, Adour, 
ValAllier and Loire), Figure 3b. The genetic structure of the considered populations was 
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consistent with their geographical origins and relatedness across west-east (sub-groups 1 and 
3) and north-south (subgroups 1 and 2) axes (Figure 1a). Interestingly, the genetic structure 
was similar to the methylation clustering (CpG and CHG) suggesting that both genetics (DNA 
polymorphism) and epigenetics (DNA methylation) may act as markers of population 
differentiation. 
 
Role of DNA methylation in local adaptation 
To unravel the biological functions driven by genes most differentiated at the epigenetic levels 
between the geographical origins, we focused on SMPs located in genes (including promoters) 
that best support the phylo-epigenomics and genetic structure of the ten studied populations 
(Figure S6a). Overall, 69,189, 18,523 and 11,282 SMPs in CpG, CHG and CHH contexts 
respectively, show significant association with the genetic structure of the populations (Figure 
4a, Figure S6b). Based on a pcadapt analysis, we identified 2,241 (in CpG), 940 (in CHG) and 
389 (in CHH) genes whose methylation profiles contribute the most to the differentiation of the 
natural populations (Figure 4b, Figure S6c). To obtain a more robust set of candidate genes 
supporting geographical differentiation, we considered an intersection of the previous pcadapt-
derived genes, and those differentially methylated across the populations, resulting in 271 non-
redundant genes (Figure 4c). Interestingly, many of these genes were enriched in functions 
related to disease resistance (34 TIR-NBS-LRR class, i.e. R genes), immune response (8 
genes), hormonal and stress response (3 genes, MeSA, MeJA and DRY2). Methylation level 
of the disease resistance genes showed wide diversity among P. nigra populations (Figure 4d, 
Figure S7). For instance, R-genes in Basento, Paglia and Ticino populations from the southern 
range (Italy) were weakly- or un-methylated, which contrasted with the northern populations 
such as Loire and ValAllier (France).  
 
Interplay between DNA methylation and gene expression 
To unveil the possible link between DNA methylation and gene expression at the population 
level, we compared methylation in % (standard normalization) or in rbd (Bellec et al. 2023) to 
gene expression (in TPM) (Figure S8a). When assessing the link between DNA methylation 
(in %, CpG) and gene expression at the whole genome level, no clear pattern could be 
established (Figure S8b, spearman correlation r = -0.095, p-value < 2.2e-16). However, were 
able to clearly distinguish three groups of genes combining distinct patterns of expression and 
methylation. Highly expressed genes in populations displaying low or no methylation (hereafter 
called Hypo/Up, for hypomethylated and up-regulated genes), highly methylated and lowly 
expressed genes (hereafter called Hyper/Down, for hypermethylated and down-expressed) 
and genes that are both methylated and expressed (Figure S8b). Given this result obtained 
with methylation expressed rbd (methylated reads are weighted with the ratio between 
methylated and un-methylated reads allowing to focus only on reads supporting the 
methylation status), we developed a different approach to study the relationship between gene 
expression and DNA methylation (in %, the standard methylation normalization) by creating 
methylation ratio quantiles with 10% increment (Figure 5a and b). Comparison between gene 
expression and promoter methylation percentage (in quantile) clearly showed that the 
expression of most genes is negatively correlated to increase in methylation level in each 
methylation context (Figure 5a, Figure S8c). Using the same approach, we investigated the 
relationship between methylation in gene bodies and gene expression. The expression of 
genes increased gradually with the methylation level in the CpG context before a strong 
decrease when methylation reached ~60% (Figure 5b). However, gene body methylation in 
CHG and CHH contexts displayed a similar pattern observed for promoter methylation (Figure 
S8d). Overall, it appears that DNA methylation at the population level affects gene expression 
in a discontinuous manner, having no discernible effect at low-level changes but probably 
leading to silencing when a certain threshold is reached, either in the promoter or the gene 
body, pointing out a dosage effect of methylation on gene expression. 
Which physiological traits can be driven through expression-methylation interplay? To address 
this question, we then focused on genes showing the most contrasted methylation and gene 
expression profile among populations, i.e. Hyper/Down and Hypo/Up genes (Figure 5c). Such 
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genes highlight that DNA methylation may control the tissue-specific expression (from 
cambium and xylem in the current experiment) of targeted genes. Functional annotation of 
Hypo/Up genes (i.e. weakly- or un-methylated while highly expressed) showed enrichment in 
functions related to ribosome process (75 genes of housekeeping functions), cell wall and 
lignin metabolic process (53 genes involved in cambium differentiation), etc. that are essential 
functions for cell growth and differentiation (Figure 5d). Namely, XCP2 (XYLEM CYSTEINE 
PEPTIDASE 2), WOX4 (a WUSCHEL-related homeobox gene family member) and PXY 
(PHLOEM INTERCALATED WITH XYLEM) involved in xylem and phloem differentiation, were 
found to be constantly expressed and not methylated. Similarly, GO annotation of Hyper/Down 
(i.e. highly methylated while lowly- or not-expressed) genes revealed enrichment in immune 
response and glycerolipid biosynthetic process (Figure 5e) with two MYB transcription factors 
but also an important key gene for cambium formation. Namely, TED6 (tracheary element 
differentiation-related) involved in differentiation of xylem vessel elements by promoting 
secondary cell wall formation is apparently constantly silenced by high DNA methylation level. 
Our data suggest that fine-tuned interplay between omics (expression/methylation) data may 
control the physiological development and differentiation of the considered tissues (cambium 
and xylem). 
 
DISCUSSION 
Contrary to model species (A. thaliana) or crops (tomato and rice) where most of epigenetic 
studies have been conducted in herbaceous and annual plants so far, poplars are woody long-
lifespan trees that are repeatedly exposed to environmental challenges over decades. 
Therefore, trees have developed various mechanisms enabling them to adapt and to survive. 
Several previous studies in annual plants found correlations between methylation patterns and 
habitat or climate in different plant species (Kawakatsu et al. 2016; Xu et al. 2020; Galanti et 
al. 2022), but there is lack of evidence of such phenomenon, if existing, for perennial species. 
In this study, we present the analysis of natural populations of black poplars (Populus nigra) 
sampled from four distinct geographic origins (France, Italy, Germany and Netherlands) and 
grown in a common garden in France. We focus on cambial tissues, an important functional 
trait for forest trees responsible of wood formation, to assess the evolutionary and functional 
impact of epigenetic variations at macro- (past polyploidization events) and micro- 
(geographical origins) scales. 
 
DNA methylation as a stable epigenetic mark in tree populations 
How DNA methylation is acting on genomes of different tree populations? DNA methylation 
has been studied in many plant species, showing wide diversity in terms of methylation level 
and pattern (Bartels et al. 2018; Niederhuth et al. 2016). Methylation diversity is observed for 
all the three methylation contexts (CpG, CHG and CHH) even though CpG methylation (the 
predominant type) is more stable across species (Niederhuth et al. 2016). Here, we assessed 
DNA methylation at the population level in black poplars. Methylation level was quite stable for 
CpG and CHG contexts across populations, and more variable in the CHH context. About half 
of methylated cytosines were located in genomic features, including promoter regions. 
Transposable elements appeared to be more methylated in all three methylation contexts 
compared to genic features, a general trend observed in many species (Cao et al. 2021; Zhang 
et al. 2018; Zhang et al. 2006). The methylation of TEs was much higher in CpG and CHG 
contexts, a feature detected in almost all studied plant epigenomes (Bräutigam and Cronk 
2018; Lang et al. 2018; Zemach et al. 2010). The distribution of DNA methylation across the 
investigated genomic features were also significantly different between the methylation 
contexts. While in the CpG context, genic regions are more methylated than promoters, they 
display similar methylation levels in the non-CpG contexts. The increased CpG methylation 
level in genic regions could be related to DNA methylation-driven silencing of intron-located 
repetitive elements (Cao et al. 2021). Moreover, the pan-methylome consisted of 25,485, 
13,715 and 29,651 methylated genes and TEs in CpG, CHG and CHH contexts respectively 
across the studied P. nigra populations when applying a methylation threshold above the mean 
value observed in the populations in each context. Specifically, 66,6%, 52.4% and 25.4% of 
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poplar genes/TEs were constantly methylated (core methylome) in CpG, CHG and CHH 
contexts, respectively. Although DNA methylomes are available for many plant species, 
integrative analysis of the DNA methylome profiles in a pan-methylome manner (between 
individuals-tissues of the same species) has been little studied in plants. In humans, the 
comparison of DNA methylation patterns in different cancer types has provided novel insights 
into alterations that contribute to cancer development (Shimizu et al. 2021; Liu et al. 2018). 
Here, we show that 16,961, 7,207 and 7,543 genes and TEs are methylated in all 10 black 
poplar trees, in CpG, CHG and CHH context, respectively. Only the CHH methylation context 
expresses wide diversity between the different populations and highlights the conservative 
nature of DNA methylation in P. nigra populations (core methylome greater than 50% of the 
pan methylome in CpG and CHG). Overall, these results provide a comprehensive analysis of 
genome-wide DNA methylation across natural populations of a keystone species of the riparian 
forest ecosystems, highlighting the conservative nature of methylation patterns across the 
populations especially in CpG and CHG contexts. 
 
DNA methylation and gene expression reprogramming following ancestral 
polyploidization events 
Do epigenetic modifications provide a signal of long-term evolution following polyploidization 
events? Polyploidization (or WGD) has occurred frequently during plant genome evolution and 
represents an evolutionary driving force which provides extra genetic material to be specialized 
for phenotypic diversification, adaptation, and survival. Such an event is followed by a 
diploïdization (or extensive fractionation) process reverting the polyploids to diploid status 
through gene number reduction (Van de Peer et al. 2021; Soltis et al. 2015; Wendel, 2015; 
Murat et al. 2012). Ancestral gene losses during the diploidization process (accompanied by 
genomic structural rearrangements) may lead in some cases to subgenome dominance in the 
form of biased compartmentalization, with dominant (retaining more ancestral genes) and 
sensitive (retaining fewer ancestral genes) subgenomes, so called least-fractionated (LF) and 
most-fractionated (MF) regions (Alger and Edger, 2020; Cheng et al. 2016). We conducted a 
comparative analysis between Eudicot ancestors (AEK7 and AEK21) and the modern poplar 
genome to detect fractionation bias in ancestral gene retention after polyploidization events. 
Instead of focusing on the specific Salicaceae WGD which was inferred to have occurred 
around 60 million years ago (Dai et al. 2014) and where no subgenome dominance has been 
reported (Liu et al. 2017), we investigated the evolutionary impact of the γ triplication event 
shared by all the rosids (~120 mya) in terms of gene loss, DNA methylation and gene 
expression. Hence, 15% of the annotated poplar genes could be attributed to the dominant-LF 
compartment and 8% to the sensitive-MF compartment. Functional annotation of genes in the 
dominant-LF fraction showed enrichment in binding and signaling process, whereas MF-genes 
are more involved in transcription factor activity as previously reported (Blanc and Wolfe, 2004; 
Freeling, 2009; Hao et al. 2021). The LF compartment showed a higher gene expression and 
lower methylation levels for promoters in the CHH context and for genic regions in CHG and 
CHH contexts, compared to genes located in the MF compartment. This has also been 
reported in cotton, maize and Brasicaceae where the dominant-LF subgenome appeared to 
be more expressed and less methylated (Renny-Byfield et al. 2017; Woodhoouse et al. 2014; 
Schnable et al. 2011). Besides subgenome dominance, we further investigated the regulation 
plasticity of duplicated genes (that remain conserved as pairs after the diploidization process) 
derived from the specific Salicaceae WGD. It has been proposed that duplicated genes, initially 
having identical sequences and functions, tend to diverge in regulatory and coding regions, 
which may change their expression pattern or lead to the acquisition of new functions (Blanc 
and Wolfe, 2004; Xu et al. 2012). In poplar, about ¾ of the duplicated genes showed gene 
expression differences and are preferentially located in the dominant-LF fraction of the genome. 
The number of duplicated pairs with expression differences vary widely between species (Zhao 
et al. 2017; Schnable et al. 2011; Throude et al. 2009; Yim et al. 2009). Similarly, about half of 
duplicated genes in poplar showed methylation differences. Keller and Yi (2014) highlighted 
that for a majority of duplicate gene pairs in humans, a specific duplicate partner is consistently 
hypo- or hypermethylated across highly divergent tissues. Analysis of duplicated gene pairs in 
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cassava showed that gene body methylation and gene expression have co-evolved within a 
short evolutionary timescale (Wang et al. 2015; Wang et al. 2017). Here, we found that 72% 
of differentially expressed genes showed methylation differences. Overall, after past 
polyploidization events, poplar showed divergent evolutionary patterns reflected by 
subgenome dominance, gene expression and epigenetic differences. 
 
DNA methylation as a marker of population differentiation alike genetic markers 
To what extent do epigenetic marks differentiate populations from different geographic origins? 
Besides genetic variation, natural plant populations usually also harbor epigenetic variation. 
This idea arose by the fact that DNA methylation variation in natural plant populations is often 
non-random and geographically structured (Dubin et al. 2015; Garino et al. 2015; Gugger et 
al. 2016; Kawakatsu et al. 2016; Galanti et al. 2022). Using a phylo-epigenomic approach, we 
clearly established that DNA methylation, in the same manner as genetic markers, differentiate 
population structure according to their geographic origins. This result suggests that DNA 
methylation, at least for CpG and CHG contexts, could be used for genotype and/or population 
differentiation just like SNPs. Thus, epigenetic mechanisms could represent an additional layer 
of heritable phenotypic variation since these modifications can be inherited through 
generations and possibly explain a part of the missing heritability of Mendelian traits (Maher, 
2008; Becker et al. 2011; Heckwolf et al. 2020; Noshay and Springer, 2021; Sammarco et al. 
2022). Within natural populations of oak in Southern California, Platt et al. (2015) found 
patterns of genetic and epigenetic (mainly CpG methylation) differentiation indicating that local 
adaptation is operating on large portions of the oak genome. Methylation in the CpG context 
is more frequent but also more abundant at the gene level, suggesting that it may have more 
adaptive ‘power’ compared to non-CpG methylation. This hypothesis is supported by Gugger 
et al. (2016) who identified variations in CpG methylation linked to climatic variations at or near 
genes, suggesting a direct relationship between DNA methylation in CpG and local adaptation. 
However, Platt et al. (2015) did not establish a link between methylation in CHG context and 
local adaptation and suggested that CHG methyl-polymorphisms are not playing a significant 
role. In the current study we clearly established that CHG methylation clustering fits the 
geographic distribution of the natural populations and is similar to their genetic clustering. 
Nonetheless, CHG methylation levels vary more widely across species compared to CpG 
methylation (~10.0% in A. thaliana against ~26.8% in P. trichocarpa, Barlets et al. 2018) and 
may therefore have different impacts depending on the species. In our populations, the overall 
methylation level in CpG and CHG contexts was quite high, ranging between 32.1% to 35.4% 
for CpG and between 20.0% to 21.9% for CHG, depending on the considered population. 
These results may suggest that the geographic structure of the population origins is genetically 
and more interestingly epigenetically marked and that DNA methylation needs to be 
considered as a key marker of species micro-evolution (over millennia of evolution) in 
complementing the Mendelian principle of genetic inheritance as proposed by Jablonka (2017). 
However it is not clear whether such results also illustrate epigenetic drift or to what extent 
epigenetic variations follow a demographic structure determined by genetic markers (Lamka 
et al. 2022). Galanti et al. (2022) showed that in Thlaspi arvense, natural epigenetic variations 
are significantly associated with both genetic variation and environment of population’s origin, 
and that the relative importance of the two factors strongly depends on methylation contexts, 
with environmental variations being higher in non-CG contexts. Hence, the CHG population 
structure reported here may support the hypothesis of a role of DNA methylation in population 
differentiation. While some publications mention genetic control over epigenetic variations 
(Becker et al. 2011; Dubin et al. 2015; Sow et al. 2018b, Alvarez et al. 2021), epigenetics could 
also accelerate mutational dynamics (Ossowski et al. 2010; van der Graaf et al. 2015 Johannes, 
2019; Zhou et al. 2020) and therefore could mimick the geographical structuring of both phylo-
genetic and phylo-methylomics structures. 
 
DNA methylation reshapes gene expression dynamics among populations 
While DNA methylation is quite often associated with regulation of gene expression, it is more 
likely that instead of being a simple “on-off switch”, DNA methylation has a nuanced impact on 
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the expression of genes according to targeted genomic features and contexts (Zhang et al. 
2006; Niederhuth and Schmitz, 2017; Bewick and Schmitz, 2017). However, even when DNA 
methylation was evaluated per genomic features (i.e. promoter and genic regions), we 
observed poor correlation between DNA methylation and gene expression on the whole 
genome level among populations. This result is in contrast with common knowledge that DNA 
methylation in promoters is associated with gene silencing (Kon and Yoshikawa, 2014; Nuo et 
al. 2016; Bewick and Schmitz, 2017; Ma et al. 2020), but consistent with the findings of Li et 
al. (2012), who showed that methylation in promoter regions repressed only a few heavily 
methylated genes in rice. In order to scrutinize in more depth, the relationship between DNA 
methylation and expression, we categorized genes according to quantiles of their methylation 
level. We first assessed the link between promoter methylation and gene expression and 
revealed a significant negative correlation with gene expression when promoters are highly 
methylated. The same pattern was reported during transgene inactivation in transgenic plants 
(Weinhold et al. 2013; Nuo et al. 2016). For methylation in genic regions, that has been 
positively correlated with gene expression (Ball et al. 2009; Bewick and Schmitz, 2017), we 
confirm, at the population level, the expected relationship in the CpG context, but only at low-
to-moderate methylation levels. The positive correlation of genic methylation and expression 
is disrupted on the genome-wide scale by the fact that highly (methylation ratio above 60%) 
methylated gene bodies showed a strong negative correlation with gene expression. Overall, 
the link between DNA methylation and gene expression is more nuanced and complex than 
initially thought, with specificity on a gene-by-gene basis. Genome-wide patterns can only be 
disentangled when genomic features (i.e., promoter or genic regions) and sequence contexts 
are evaluated separately. 
 
DNA methylation regulation of key functional trait among populations 
As long-lived species, trees are characterized by the expansion of disease-resistance (R) 
genes as a key process to face a wide range of biotic threats over their lifespans (Plomion et 
al. 2018). R genes are shown to enable plants to detect specific pathogen-associated 
molecules and initiate signal transduction to activate defenses (Hammond-Kosack and Jones, 
1997). NBS-LRR (nucleotide binding site-leucine rich repeat) genes, a class of immune 
receptor, are well known to play fundamental roles in disease resistance (Dangl and Jones, 
2001; Kong et al. 2020). The expression levels of plant NBS-LRR genes may be regulated by 
different mechanisms, including DNA methylation (Kong et al. 2020). In our study, we found 
that genes with different methylation profiles between natural populations of distinct 
geographical origins were enriched in functions related to disease resistance (TIR-NBS-LRR 
genes). While R-genes were weakly- or un-methylated in populations originating from Italy 
(Basento, Paglia and Ticino), they appeared more methylated in French populations such as 
Loire and ValAllier. This suggests that DNA methylation could represent a key mechanism to 
control the expression of R-genes in trees. Indeed, previous report in common bean has shown 
that most of R-genes are methylated, reminiscent of the DNA methylation pattern of 
surrounding repeated sequences (Richards et al. 2018a).  As R-genes-triggered immunity can 
be associated with a reduction in growth and yield, so-called ‘fitness costs’, plants use an 
elaborate interplay of different mechanisms to control R-gene transcript levels to avoid the 
associated cost of resistance in the absence of a pathogen (Richards et al. 2018b). Hence, it 
appears that DNA de/methylation is required for the proper expression/silencing of defense 
related genes (Zeng et al. 2021). We also found that genes with different methylation profiles 
between populations are enriched in functions related to hormonal signaling. Such a 
relationship between DNA methylation and phytohormone related genes has been already 
reported in poplar (Lafon-Placette et al. 2018; Maury et al. 2019; Zhang et al. 2020; Sow et al. 
2021). Similarly, DRY2 (DROUGHT HYPERSENSITIVE 2, response to water deprivation, 
response to ethylene), another important gene involved in shoot growth, was found to be 
differentially methylated between the studied populations, suggesting variation in response to 
drought stress among the poplar gene pools (Wang et al. 2020). 
We then investigated genes showing strong negative correlation between DNA methylation 
and gene expression, namely the Hypo/Up (weakly- or un-methylated and highly expressed) 
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and the Hyper/Down (highly methylated while lowly- or not-expressed) genes, within the 
considered tissues, cambium and xylem. For Hypo/Up genes, we observed enrichment in 
housekeeping (ribosome activity) and cambium activity (e.g. in cell wall biosynthesis) related 
genes. Since housekeeping genes are required for the maintenance of basal functions for cell 
survival (Joshi et al. 2022), it is assumed that they are constitutively expressed and therefore 
depleted or lowly methylated to maintain their proper expression. Similarly, several genes 
essential for cambium differentiation were found weakly- or un-methylated and highly 
expressed. This is the case for (i) XCP2, a XYLEM CYSTEINE PEPTIDASE involved in 
programmed cell death of rays tylosis essential for heartwood formation (Avci et al. 2008; 
Nakaba et al. 2015; Zheng et al. 2015), (ii) PXY, a receptor-like kinase essential for maintaining 
polarity during plant vascular-tissue development (Fisher and Turner,  2007) and (iii) WOX4, a 
WUSCHEL-related homeobox gene family playing a crucial role in the regulation of cambium 
cell proliferation (Fisher et al. 2019). The vascular stem-cell tissue known as cambium 
generates phloem cells on one side and xylem cells on the other. While xylem is required for 
water transport, phloem is required primarily for the transport of photoassimilates (Sieburth, 
2007; Etchells et al. 2015). Xylem and phloem form the vascular tissues of trees, an important 
functional trait for forest trees. It has been shown that in pxy mutants, the spatial organization 
of vascular development is lost and the xylem and phloem are partially interspersed (Fisher 
and Turner, 2007). Similarly, ectopic overexpression of PXY gene in hybrid poplar resulted in 
vascular tissue abnormalities and poor plant growth (Etchells et al. 2015). Moreover, wox4 
mutants exhibited reduced cell division activity in the cambial tissue (Fisher et al. 2019). 
Interestingly the two candidate genes, PXY and WOX4 are known to act in the same signaling 
pathway, WOX4 being downstream of the PXY receptor kinase to regulate stem cell 
proliferation (Etchells et al. 2013; Fisher et al. 2019; Hu et al. 2022). Recently, Dai et al (2023) 
using more than 20 sets of poplar transgenic lines have shown that WOX4 system may 
coordinate genetic and epigenetic (histone marks) regulation to maintain normal vascular 
cambium development for wood formation. 
For Hyper/Down genes, we observed an enrichment in innate immune response, suggesting 
a control of immune response genes by DNA methylation. In addition, TED6 (Tracheary 
Element Differentiation-Related6) involved in xylem vessel differentiation (secondary cell wall) 
was found highly methylated and silenced. Transient RNAi of Arabidopsis TED6 and 7 resulted 
in aberrant secondary cell wall formation of Arabidopsis root vessel elements (Endo et al. 2009). 
Moreover, it has been shown that a rdd mutant in Arabidopsis (defective DNA demethylation) 
with affected expression of many genes including TED6 is impaired in tracheary element 
differentiation (Lin et al. 2020). Homology searches have identified TED6/7-like proteins only 
in the angiosperm lineage suggesting that the development of TED6/7 proteins could have 
coincided with the emergence of the angiosperm lineage, and that they may have made key 
contributions to the evolution of water-conducting cells from tracheids to vessels (Rejab et al. 
2015). 
Overall, the current study shows that DNA methylation leaves genomic footprints recognizable 
at both macro- and micro-evolutionary scales and has a nuanced relationship with gene 
expression in poplar. In this study, genes with key functions for trees (disease resistance and 
wood formation) have been identified based on their DNA methylation patterns (on genome-
wide or inter-population scales), suggesting a role of DNA methylation in their regulation. Our 
data showed that DNA methylation in poplar populations display natural variations, and may 
regulate fitness traits (disease resistance and wood formation). These results also highlight 
the need to take epigenetic markers into account in breeding strategies (Kakoulidou et al. 2021) 
together with genetic markers for both wood production and quality in the context of climate 
change that requires adaptation to biotic and abiotic constrains. 
 
EXPERIMENTAL PROCEDURES 
Sample collection and population structure 
The initial experimental design consisted of 1,160 black poplar genotypes sampled from 14 
river catchments of 4 European countries, Germany, France, Italy and Netherlands (Guet et 
al. 2015; Gebreselassie et al. 2017). The genetic diversity within this black poplar collection 
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was previously characterized using 5,600 SNPs from a 12k Infinium array (Faivre-Rampant et 
al. 2016) and led to the definition of a subset of 241 genotypes representative of the genetic 
diversity while avoiding the widespread introgression from the cultivar P. nigra cv. Italica. 
These 241 genotypes originated from 10 river catchments (Chateigner et al. 2020). Population 
structure analysis was carried out on this restricted set of 241 genotypes with the same set of 
5,600 SNPs and the model-based ancestry estimation in the ADMIXTURE program (Alexander 
et al. 2009) highlighted six genetic clusters which minimized the cross-validation error (Figure 
1a). 
 
Genomic DNA extraction 
For the present study, twenty genotypes (two genotypes per river catchment) were selected to 
be representative of the diversity of the black poplar collection. We sampled cambium and 
xylem on two biological replicates (clones) of each genotype, located in two blocks of a large 
common garden experiment at INRAE Orléans, France. The resulting 80 samples were further 
used to extract genomic DNA. DNA was extracPG_34_pe.bamted using a cetyl trimethy-
lammonium bromide (CTAB) buffer according to Doyle & Doyle (1987). Extracted gDNA was 
then quantified using a Nanodrop spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). 
An equimolar pool of the gDNA samples from the two individual clones and the two tissues 
(xylem and cambium, for wood formation) of each genotype was then performed. The gDNA 
pool for each of the 20 genotypes was sent to the CEA laboratory in Evry for both WGS (whole 
genome sequencing) and WGBS (whole genome bisulfite sequencing).  
 
Whole Genome Sequencing (WGS), read alignment and variant calling 
Whole genome sequencing was performed by the ‘Centre National de Recherche en 
Génomique Humaine (CNRGH), Institut de Biologie François Jacob, CEA, Evry, France’. After 
a complete quality control, genomic DNA (1 µg) has been used to prepare a library for whole 
genome sequencing, using the Illumina TruSeq DNA PCR-Free Library Preparation Kit, 
according to the manufacturer's instructions. After normalization and quality control, libraries 
have been sequenced on a HiSeqX5 platform (Illumina Inc., CA, USA), as paired-end 150 bp 
reads. One lane of HiSeqX5 flow cell was used for each sample, to reach an average 
sequencing depth of 30x for each sample. Sequence quality parameters were assessed 
throughout the sequencing run and standard bioinformatics analysis of sequencing data based 
on the Illumina pipeline was used to generate FASTQ files for each sample. We followed the 
bioinformatics pipeline described in Rogier et al. 2018 with small modifications. After a read 
quality control with FastQC v0.11.7 (Andrews, 2010), sequences were trimmed using the 
Trimmomatic tool v0.38 (Bolger et al. 2014). The adapter sequences were removed, the 9th 
first bases and the low-quality bases were trimmed based on a PHRED score below 20 and 
finally the reads with a length of less than 35 nucleotides were discarded. The mapping of the 
reads was performed using BWA mem v0.7.17 (Li, 2013) on the Populus trichocarpa v3.1 
reference genome (Tuskan et al. 2006). Then, the Picard Toolkit v2.18.2 allowed the removal 
of the duplicated reads. Three caller programs were used to identify the variants: (i) GATK 
v4.0.11.1 (McKenna et al. 2010) using the HaplotypeCaller tool in single-sample calling mode 
followed by joint genotyping of the 20 samples; (ii) FreeBayes v1.2.0-2 (Garrison et al. 2012) 
in multi-sample calling mode; and (iii) SAMtools v1.8 (Danecek et al. 2021) using the mpileup 
tool in multi-sample calling mode followed by the BCFtools v1.8 (Li, 2011) call command. 
Finally, we considered only biallelic intra-nigra SNPs with quality threshold ≥ 30. Raw data 
were filtered with VCFtools v0.1.15 (Danecek et al. 2011) and only SNPs identified by at least 
2 callers were selected to obtain the final set of SNPs. 
 
Whole Genome Bisulfite Sequencing (WGBS), read alignment and methylation calling 
and annotation 
Whole genome bisulfite sequencing was performed using the Ovation Ultralow Methyl-seq kit 
(Tecan Genomics/Nugen, San Carlos, CA, USA, http://www.nugen.com/products/ovation-
ultralow-methyl-seq-library-systems) following the published procedure (Daviaud et al. 2018). 
The workflow of the library preparation protocol follows a standard library preparation protocol, 
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in which methylated adaptors are ligated to the fragmented DNA prior to bisulfite conversion. 
200 ng of genomic DNA was fragmented to a size of approximately 200 base pairs (bp). 
Purified and methylated adaptors compatible with sequencing on an Illumina HiSeq instrument 
were ligated. The resulting DNA library was purified, and bisulfite converted. A qPCR assay 
determined the optimal number of PCR amplification cycles (between 10 to 15 cycles) required 
to obtain a high diversity library with minimal duplicate reads prior to the actual library 
amplification. The 20 samples to be sequenced were combined at equimolar quantities in two 
pools and the sequencing was performed in paired end mode (2 x 150 pb) on ten lanes of two 
Illumina HiSeq4000 flow cells to reach a minimal theoretical coverage of 30X for each sample. 
Fastq files from each sample were concatenated following sequencing.  
The bioinformatic pipeline for DNA methylation analysis was executed on a Galaxy instance 
of the IHPE (Interactions Hôtes Pathogènes Environnements) platform (http://galaxy.univ-
perp.fr/, Perpignan, France; Dugé de Bernonville et al. 2022) using Populus trichocarpa (v3.1) 
as a reference genome. Reads were first trimmed with Trim Galore (Galaxy v0.4.3.1) prior to 
mapping with BSMAP (Galaxy v1.0.0, Xi and Li, 2009) using default settings. Average 
sequencing depth after the mapping step ranged from 7X to 26X depending on genotypes 
(Table S1). Methylation calling was then achieved with BSMAP methylation caller (Galaxy 
v1.0.0) for the detection of methylated cytosines hereafter called SMPs for single methylated 
polymorphisms in the three methylation contexts (CpG, CHG and CHH). Bisulfite non-
conversion rate ranked from 0.4 to 1.1% (Table S1). The Methylkit and genomation R 
packages (v1.18.0) were used for the analysis and annotation of DNA methylation data. SMPs 
were annotated for gene promoters (400 bp centered on the transcription start site (TSS) which 
allow to target the proximal promoter containing primary regulatory elements), genic regions 
(exons and introns), intergenic regions and transposable elements (TEs). With methylation 
expressed in percentage (%), we also used the rbd (read by density) normalization approach 
(Bellec et al. 2023) to study the link between DNA methylation and gene expression, with rbd 
= mCs x ratio (0-1) and where ratio = mCs / (mCs + Cs). MCs correspond to the number of 
methylated reads and Cs the number of un-methylated reads. Gene Ontology (GO) annotation 
was inferred from the Arabidopsis TAIR10 gene annotations using the best blastN hit (BlastN 
V3.0). GO terms Enrichment was performed using the metascape software with default 
parameters (Zhou et al. 2019). 
 
RNA-seq data recovery 
The full set of RNA-seq data has already been published by Chateigner et al. 2020. We 
retrieved the same 20 genotypes analyzed here for WGS and WGBS and performed TPM 
normalization (Transcript Per Million, edgeR v3.26.4) for the comparison of different set of 
genes allowing to address gene size differences. 
 
Construction of phylogenetic and methyl-phylogenomic trees 
Phylogenomic trees based on DNA methylation profiles were constructed with the methylkit 
software. Bed files corresponding to the methylation data for each of the genotypes were 
merged to form a methylation matrix grouping all genotypes by the context of methylation, 
tolerating up to 30% of missing data. For the CpG context only (symmetric case), the reads 
supporting the two strands were merged to improve coverage. Methylated matrices for each 
context were then filtered with SNPs data from the WGS to discard methylation calls due to 
genetic C/T polymorphisms. We set a minimum coverage of 7X for all genotypes and discarded 
the STR-010 genotype from the Rhin population as it did not reach this minimum value. The 
genotypes were clustered based on the similarity of their methylation profiles for each 
methylation context separately using ward hierarchical clustering and pearson's correlation 
distance implemented in the methylkit software. Similarly, the phylogenetic tree was built using 
only SNPs without any missing value and with a minor allele frequency (MAF) above 5%. The 
genomic relationship matrix (GRM) was then estimated following VanRaden (2008) and the 
population structure evaluated by performing a hierarchical ascendant clustering using the 
Ward method on the GRM, converting relationships into dissimilarities.  
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Detection of epigenomic signatures of local adaptation and/or drift 
We took advantage of the available pcadapt tool (v4.3.3) in order to detect epigenomic markers 
involved in biological adaptation (Luu et al. 2017). We focused only on SMPs located in genic 
features (exons and introns) including promoter regions (200 bp around the TSS). Epigenetic 
markers (within genes) with particular patterns (i.e. outliers) were identified with the pool option 
of pcadapt. We divided the methylation matrices by 100 so that DNA methylation data are 
similar to frequencies. For all omics data we ran the analysis with the default options of pcadapt 
(MAF at 0.05). The number of principal components (PCs, K) captured varied between the 
three methylation contexts and was fixed according to the scree plots considering Catell’s rule 
(Cattel R.B, 1966). Thus, only principal components above the point of inflection were taken. 
For methylated CpGs, three components were retained while four components were selected 
for non-CpG contexts (CHG and CHH). We set the minimum cut-off for outlier detection at a 
p-value below 0.05 using Benjamini-Hochberg correction (FDR). Epigenetic markers that have 
disproportionately high contribution to the structure defining PCs were considered as putative 
markers of local adaptation. Using a different approach in order to characterize which 
epigenetic markers mimic the phylogenetic tree, we ran differential analysis between 
populations. First, we applied a filter on the standard deviation per position to select the 
cytosines which vary the most between the samples. Using the R package MethylKit, we fit a 
weighted fractional Logistic regression model to explain the ratio of methylated cytosines by 
the population structure. Weights are defined as the read coverage i.e., the sum of methylated 
and non-methylated cytosines after bisulfite conversion. The Chi-square Test is then used to 
assess the significance of the association between the cytosines and the genetic population 
structure. P-values are corrected by the Bonferroni approach and the significance threshold is 
fixed to 0.01. The comparison between the epigenetic trees built on top-markers and the 
phylogenetic tree are given by the tanglegram plots combining the two dendrograms for each 
context. 
 
Inference of duplicated genes and genomic fractions following polyploidization 
The poplar genome was compared (with blastP) to the inferred Ancestral Eudicot Karyotypes 
(AEK) consisting of post-γ AEK with 21 proto-chromosomes and 9,022 ordered protogenes 
and a pre-γ AEK with 7 proto-chromosomes and 6,284 ordered protogenes, with γ being the 
shared triplication at the basis of rosids. The complete method for ancestral karyotype 
reconstruction is published in Murat et al. 2017. Filtering out one-to-two gene relationships 
between respectively AEK and poplar allowed the identification of duplicated genes inherited 
from the poplar-specific duplication within the Salicaceae family (Murat et al. 2015, Bellec et 
al. 2023). For each ancestral region, we detected compartments of the genome that underwent 
different fractionation in ancestral gene retention following polyploidization, defining the LF 
(Least Fractionated) and MF (Most Fractionated) compartments in the poplar genome, as 
proposed in Bellec et al. 2023. Differences between the evolutionary structural features (i.e., 
LF- vs. MF- genes) were assessed using 4 statistical tests: 2 distribution tests (Kolmogorov-
Smirnov and Anderson-Darling tests), Kruskal-Wallis (median comparison) and T-test (mean 
comparison). Significant results were considered when at least two statistical tests passed the 
p-value cut-off (0.05). Differentially expressed genes (DEGs) and differentially methylated 
genes (DMGs) between the duplicated genes were investigated with the R package edgeR 
(v3.38.4, Chen et al. 2017) using TPM (to account gene size differences) and rbd (Bellec et al. 
2023) data respectively. Differences were assessed using the likelihood ratio test and p-values 
adjusted by Benjamini-Hochberg method to control the false discovery rate. 
 
FIGURES 
Figure 1: Methylation landscape in poplar. A, Geographical distribution of the 241 genotypes 
(black dot) from natural populations of Populus nigra representative of 6 genetic clusters (one 
by color) from a model-based ancestry estimation in ADMIXTURE program. B, Schematic 
representation of the SMPs (Single methylation polymorphisms). Numbers represent 
methylation ratio (mCs/total C) in a specific genomic position; Pop for Population; Ind for 
Individual. C, Circos plot of the distribution of DNA methylation in CpG, CHG and CHH contexts 
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along genes and TEs for the 19 chromosomes of poplar. Methylation data are plotted for 1Mb 
windows with a minimum of methylation at 25% and 10X of coverage. CpG methylation density 
in blue; CHG methylation density in red; CHH methylation density in green; Gene density in 
black; TEs density in red. D, Annotation and methylation level (in percentage) of the SMPs 
(Single Methylated Polymorphism) in genomic features, i.e., in promoters (black), exons (red), 
introns (green) and intergenic or TEs (blue) for the three methylation contexts, CpG, CHG and 
CHH. Methylation analysis are shown for the Loire population. 

Figure 2: Genome evolution following ancestral polyploïdizations. A, Poplar genome from 
rosid ancestors and structural variations. Rosid ancestors with 7 reconstructed proto-
chromosomes experienced a whole genome triplication (WGT) event to give rise to AEK21 
with 21 proto-chromosomes. Salicales order then went through a second round of whole 
genome duplication (WGD) events followed by structural rearrangements ending with 19 
chromosomes in poplar. Ancestral gene loss leads to different compartmentalization, LF (least-
fractionnated, blue) and MF (most-fractionated, red). B, Evolutionary trajectory between LF 
(blue) and MF (red) genes in terms of methylation (promoter and gene body for CpG, CHG 
and CHH) and gene expression. Upper arrows indicated higher expression or methylation 
levels; Down arrows indicated lower expression or methylation levels; Horizontal arrows 
indicated no bias in expression or methylation levels. C, Differentially expressed genes (DEGs) 
and differentially methylated genes (DMGs) in all populations between duplicated gene pairs 
from the Salicales specific WGD. Blue for upregulated / hypermethylated LF-genes; Red for 
downregulated / hypomethylated genes in MF; Grey for no DEGs or DMGs between the 
duplicated genes in LF and MF. LogFC for log fold change. DEGs and DMGs are considered 
when FDR < 0.05 and logFC > 1. 

Figure 3: Phylo-epi/genomics in Populus nigra. A, Pan methylome of the ten natural 
populations in CpG, CHG and CHH contexts. The intersection size represents the number of 
common features between populations and the set size (horizontal bars, in right), represents 
the number of methylated features (genes and TEs) in each population. B, Phylo-epigenomic 
and phylogenetic tree reconstruction for DNA methylation (CpG) and genetic (SNPs) markers. 
The epigenetic trees were realized with genome-wide SMPs filtered with SNPs data, coverage 
(>7X) and tolerating 30% of missing data. The genetic tree was done with all the genome-wide 
SNPs without any missing value and with a minor allele frequency above 5%. 

Figure 4: Identification of genomic markers of local adaptation and/or drift. A, Comparison 
between the phylo-epigenomic tree in CpG built on differentially SMPs between the three sub-
groups and the phylogenetic tree. B, Manhattan plots of obtained epigenetic pcadapt gene 
markers in CpG context with adjusted p-values (FDR, blue line). Markers above the blue line 
(FDR = 0.05) are considered as putative markers of local adaptation. C, WordCloud of 
identified putative genes involved in local adaptation. D, CpG Methylation diversity of disease 
resistance (R) genes in the 20 black poplar trees. The color code represents the population 
groups. 

Figure 5: Regulation of gene expression by DNA methylation. A, Relationship between 
promoter DNA methylation in CpG context and gene expression. Methylation data are splitted 
into 10 quantiles with each quantile capturing 10% of the methylation level. Expression data 
are shown as the mean expression of genes in log2. B, Relationship between gene body DNA 
methylation in CpG context and gene expression. Methylation data are splitted into 10 
quantiles with each quantile capturing 10% of the methylation level. Expression data are shown 
as the mean expression of genes in log2. C, Identification of outlier genes between promoter 
DNA methylation and gene expression (i.e. Hypo/Up and Hyper/Down). Methylation (x axis) is 
represented by quantiles with each quantile capturing 10% of the methylation level and gene 
expression (y axis) by logarithm. Red for CpG context, green for CHG context and blue for 
CHH context. Hypo/Up for hypomethylated and overexpressed genes and Hyper/Down for 
hypermethylated and downregulated genes. D, GO annotation using biological process terms 
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for Hypo/Up genes. E, Functional annotations for Hyper/Down genes using biological process 

terms. 

 
AUTHOR CONTRIBUTIONS 
MDS and JS wrote the manuscript. All authors edited and helped to improve the manuscript; 
VB, CBuret, MCLD, ILJ and AD performed the sampling; DNA and RNA extraction were 
realized by VB, CBuret, MCLD, AD and MDS; Genomic data production was realized by JT, 
CD, CBesse; Bioinformatic and statistical analysis were done by JT, AG, OR, ASR, ILK, SM, 
EM, CA, VS, ES and MDS; SM and JS assumed the coordination; All authors read and 
approved the final manuscript. 
 
ACKNOWLEDGEMENTS 
We are grateful to the to the genotoul bioinformatics platform Toulouse Occitanie (Bioinfo 
Genotoul, https://doi.org/10.15454/1.5572369328961167E12) and the Mesocentre Clermont 
Auvergne bioinformatics platform (https://doi.org/10.18145/aubi) for providing computing and 
storage resources and to the GBFOR, INRAE, 2018, Forest Genetics and Biomass Facility 
(https://doi.org/10.15454/1.5572308287502317E12) for the experimental design setup and 
samples collection. We thank COST action (European Cooperation in Science and Technology) 
EPIgenetic mechanisms of Crop Adaptation To Climate cHange (EPICATCH; grant number 
CA19125) for active discussion. 
 
CONFLICT OF INTEREST 
The authors declare no conflict of interest. 
 
DATA AVAILABILITY STATEMENT 
The raw data for WGS, WGBS and RNAseq are stored in the NCBI website under the following 
accession numbers PRJNA818172 BioProject (WGS), PRJNA828400 BioProject (WGBS), 
GSE128482 (RNA-seq). The processed SNPs, methylation matrices, LF/MF, duplicated genes, 
pcadapt, hypo/up and Hyper/Down candidate genes can be found at: 
https://entrepot.recherche.data.gouv.fr/privateurl.xhtml?token=0d8bacbb-71aa-4352-9da4-
cc6ed16a6190. 
 
FUNDING 
The current publication benefitted of fundings from the ANR (EPITREE ANR-17-CE32-0009-
01), the ‘Région Auvergne-Rhône-Alpes’ and FEDER 'Fonds Européen de Développement 
Régional' (#23000816 project SRESRI 2015). 
 
SUPPORTING INFORMATION 
Figure S1. Global DNA methylation percentage distribution between the 20 P. nigra genotypes 
in CpG, CHG and CHH contexts. 
Figure S2. DNA Methylation coverage on genes and TEs in the CpG, CHG and CHH contexts. 
Figure S3. Gene ontology annotation using biological process terms of LF, MF and duplicated 
genes. 
Figure S4. Venn diagram of differentially expressed genes (DEGs) and differentially 
methylated genes (DMGs) between the duplicated genes. 
Figure S5. Phylo-epigenomic tree reconstruction for DNA methylation in CHG and CHH 
contexts. 
Figure S6. Methylation markers involved in local adaptation. 
Figure S7. DNA methylation dynamics of disease resistance (R) genes in the 20 black poplar 
trees.  
Figure S8. Comparison between gene expression and DNA methylation. 
Table S1. Mapping and methylation statistics for 20 black P. nigra genotypes.  
 
REFERENCES 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.15454/1.5572369328961167E12
https://doi.org/10.18145/aubi
https://doi.org/10.15454/1.5572308287502317E12
https://entrepot.recherche.data.gouv.fr/privateurl.xhtml?token=0d8bacbb-71aa-4352-9da4-cc6ed16a6190
https://entrepot.recherche.data.gouv.fr/privateurl.xhtml?token=0d8bacbb-71aa-4352-9da4-cc6ed16a6190
https://doi.org/10.1101/2023.07.16.549253


 

16 

Alexander, D.H., Novembre, J., and Lange, K. (2009). Fast model-based estimation of ances-
try in unrelated individuals. Genome Res 19: 1655–1664. 

Alger, E.I. and Edger, P.P. (2020). One subgenome to rule them all: underlying mechanisms 
of subgenome dominance. Current Opinion in Plant Biology 54: 108–113. 

Allen, C.D. et al. (2010). A global overview of drought and heat-induced tree mortality reveals 
emerging climate change risks for forests. Forest Ecology and Management 259: 660–
684. 

Alvarez, M., Bleich, A., and Donohue, K. (2021). Genetic differences in the temporal and envi-
ronmental stability of transgenerational environmental effects. Evolution 75: 2773–
2790. 

Amaral J, Ribeyre Z, Vigneaud J, Sow MD, Fichot R, Messier C, Pinto G, Nolet P, Maury S 
(2020) Advances and Promises of Epigenetics for Forest Trees. Forests 11(9): 976 

Anderegg, W.R.L., Klein, T., Bartlett, M., Sack, L., Pellegrini, A.F.A., Choat, B., and Jansen, 
S. (2016). Meta-analysis reveals that hydraulic traits explain cross-species patterns of 
drought-induced tree mortality across the globe. Proceedings of the National Academy 
of Sciences 113: 5024–5029. 

Andrews, S. (2010). FastQC: A quality control tool for high throughput sequence data.  
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ 

Avci, U., Earl Petzold, H., Ismail, I.O., Beers, E.P., and Haigler, C.H. (2008). Cysteine prote-
ases XCP1 and XCP2 aid micro-autolysis within the intact central vacuole during xylo-
genesis in Arabidopsis roots. The Plant Journal 56: 303–315. 

Ball, M.P., Li, J.B., Gao, Y., Lee, J.-H., LeProust, E.M., Park, I.-H., Xie, B., Daley, G.Q., and 
Church, G.M. (2009). Targeted and genome-scale strategies reveal gene body meth-
ylation signatures in human cells. Nat Biotechnol 27: 361–368. 

Bartels, A., Han, Q., Nair, P., Stacey, L., Gaynier, H., Mosley, M., Huang, Q., Pearson, J., 
Hsieh, T.-F., An, Y.-Q., and Xiao, W. (2018). Dynamic DNA Methylation in Plant Growth 
and Development. IJMS 19: 2144. 

Becker, C., Hagmann, J., Müller, J., Koenig, D., Stegle, O., Borgwardt, K., and Weigel, D. 
(2011). Spontaneous epigenetic variation in the Arabidopsis thaliana methylome. Na-
ture 480: 245–249. 

Bellec, A., Sow, M.D., Pont, C., Civan, P., Mardoc, E., Duchemin, W., Armisen, D., Huneau, 
C., Thévenin, J., Vernoud, V., Depège-Fargeix, N., Maunas, L., Escale, B., Dubreucq, 
B., Rogowsky, P., Bergès, H., Salse, J (2023) Tracing 100 million years of grass ge-
nome evolutionary plasticity. Plant J. doi: 10.1111/tpj.16185 

Bewick, A.J. and Schmitz, R.J. (2017). Gene body DNA methylation in plants. Curr Opin Plant 
Biol 36: 103–110. 

Blanc, G. and Wolfe, K.H. (2004). Functional divergence of duplicated genes formed by poly-
ploidy during Arabidopsis evolution. Plant Cell 16: 1679–1691. 

Bolger, A.M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics 30: 2114–2120. 

Bräutigam, K. et al. (2013). Epigenetic regulation of adaptive responses of forest tree species 
to the environment. Ecol Evol 3: 399–415. 

Bräutigam, K. and Cronk, Q. (2018). DNA Methylation and the Evolution of Developmental 
Complexity in Plants. Front. Plant Sci. 9: 1447. 

Cao, Q., Feng, Y., Dai, X., Huang, L., Li, J., Tao, P., Crabbe, M.J.C., Zhang, T., and Qiao, Q. 
(2021). Dynamic Changes of DNA Methylation During Wild Strawberry (Fragaria nil-
gerrensis) Tissue Culture. Front. Plant Sci. 12: 765383. 

Cattell, R.B. (1966). The Scree Test For The Number Of Factors. Multivariate Behavioral Re-
search 1: 245–276. 

Chateigner, A., Lesage-Descauses, M.-C., Rogier, O., Jorge, V., Leplé, J.-C., Brunaud, V., 
Roux, C.P.-L., Soubigou-Taconnat, L., Martin-Magniette, M.-L., Sanchez, L., and Se-
gura, V. (2020). Gene expression predictions and networks in natural populations sup-
ports the omnigenic theory. BMC Genomics 21: 416. 

Chen, X., Ge, X., Wang, J., Tan, C., King, G.J., and Liu, K. (2015). Genome-wide DNA meth-
ylation profiling by modified reduced representation bisulfite sequencing in Brassica 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.16.549253


 

17 

rapa suggests that epigenetic modifications play a key role in polyploid genome evolu-
tion. Front Plant Sci 6: 836. 

Chen, Y., Pal, B., Visvader, J.E., and Smyth, G.K. (2017). Differential methylation analysis of 
reduced representation bisulfite sequencing experiments using edgeR. F1000Res 6: 
2055. 

Cheng, F., Sun, C., Wu, J., Schnable, J., Woodhouse, M.R., Liang, J., Cai, C., Freeling, M., 
and Wang, X. (2016). Epigenetic regulation of subgenome dominance following whole 
genome triplication in Brassica rapa. New Phytol 211: 288–299. 

Conde, D., Le Gac, A.-L., Perales, M., Dervinis, C., Kirst, M., Maury, S., González-Melendi, P., 
and Allona, I. (2017). Chilling-responsive DEMETER-LIKE DNA demethylase mediates 
in poplar bud break. Plant Cell Environ 40: 2236–2249. 

Cortijo, S. et al. (2014). Mapping the epigenetic basis of complex traits. Science 343: 1145–
1148. 

Dai, X. et al. (2014). The willow genome and divergent evolution from poplar after the common 
genome duplication. Cell Res 24: 1274–1277. 

Dai, X., Zhai, R., Lin, J. et al. Cell-type-specific PtrWOX4a and PtrVCS2 form a regulatory 
nexus with a histone modification system for stem cambium development in Populus 
trichocarpa. Nat. Plants 9, 96–111 (2023).  

Danecek, P. et al. (2011). The variant call format and VCFtools. Bioinformatics 27: 2156–2158. 
Danecek, P., Bonfield, J.K., Liddle, J., Marshall, J., Ohan, V., Pollard, M.O., Whitwham, A., 

Keane, T., McCarthy, S.A., Davies, R.M., and Li, H. (2021). Twelve years of SAMtools 
and BCFtools. GigaScience 10: giab008. 

Dangl, J.L. and Jones, J.D.G. (2001). Plant pathogens and integrated defence responses to 
infection. Nature 411: 826–833. 

Daviaud, C., Renault, V., Mauger, F., Deleuze, J.-F., and Tost, J. (2018). Whole-Genome Bi-
sulfite Sequencing Using the Ovation® Ultralow Methyl-Seq Protocol. In DNA Methyl-
ation Protocols, J. Tost, ed, Methods in Molecular Biology. (Springer: New York, NY), 
pp. 83–104. 

Davis, A.P., Benninghoff, A.D., Thomas, A.J., Sessions, B.R., and White, K.L. (2015). DNA 
methylation of the LIN28 pseudogene family. BMC Genomics 16: 287. 

Doyle, J.J. and Doyle, J.L. eds A rapid DNA isolation procedure for small quantities of fresh 
leaf tissue. PHYTOCHEMICAL BULLETIN. 

Dubin, M.J. et al. (2015). DNA methylation in Arabidopsis has a genetic basis and shows evi-
dence of local adaptation. Elife 4: e05255. 

Dugé de Bernonville, T., Daviaud, C., Chaparro, C., Tost, J., and Maury, S. (2022). From 
Methylome to Integrative Analysis of Tissue Specificity. In Catharanthus roseus: Meth-
ods and Protocols, V. Courdavault and S. Besseau, eds, Methods in Molecular Biology. 
(Springer US: New York, NY), pp. 223–240. 

El Baidouri, M., Kim, K.D., Abernathy, B., Li, Y.-H., Qiu, L.-J., and Jackson, S.A. (2018). Genic 
C-Methylation in Soybean Is Associated with Gene Paralogs Relocated to Transposa-
ble Element-Rich Pericentromeres. Mol Plant 11: 485–495. 

Endo, S., Pesquet, E., Yamaguchi, M., Tashiro, G., Sato, M., Toyooka, K., Nishikubo, N., Uda-
gawa-Motose, M., Kubo, M., Fukuda, H., and Demura, T. (2009). Identifying New Com-
ponents Participating in the Secondary Cell Wall Formation of Vessel Elements in Zin-
nia and Arabidopsis. The Plant Cell 21: 1155–1165. 

Etchells, J.P., Provost, C.M., Mishra, L., and Turner, S.R. (2013). WOX4 and WOX14 act 
downstream of the PXY receptor kinase to regulate plant vascular proliferation inde-
pendently of any role in vascular organisation. Development 140: 2224–2234. 

Etchells, J.P., Smit, M.E., Gaudinier, A., Williams, C.J., and Brady, S.M. (2016). A brief history 
of the TDIF-PXY signalling module: balancing meristem identity and differentiation dur-
ing vascular development. New Phytologist 209: 474–484. 

Faivre-Rampant, P. et al. (2016). New resources for genetic studies in Populus nigra: genome-
wide SNP discovery and development of a 12k Infinium array. Molecular Ecology Re-
sources 16: 1023–1036. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.16.549253


 

18 

Fischer, U., Kucukoglu, M., Helariutta, Y., and Bhalerao, R.P. (2019). The Dynamics of Cam-
bial Stem Cell Activity. Annual Review of Plant Biology 70: 293–319. 

Fisher, K. and Turner, S. (2007). PXY, a Receptor-like Kinase Essential for Maintaining Polarity 
during Plant Vascular-Tissue Development. Current Biology 17: 1061–1066. 

Freeling, M. (2009). Bias in plant gene content following different sorts of duplication: tandem, 
whole-genome, segmental, or by transposition. Annu Rev Plant Biol 60: 433–453. 

Furrow, R.E. and Feldman, M.W. (2014). Genetic Variation and the Evolution of Epigenetic 
Regulation. Evolution 68: 673–683. 

Guarino, F., Cicatelli, A., Brundu, G., Heinze, B., Castiglione, S. (2015). Epigenetic Diversity 
of Clonal White Poplar (Populus alba L.) Populations: Could Methylation Support the 
Success of Vegetative Reproduction Strategy? PLOS ONE 10(7): e0131480. 

Garrison, E. and Marth, G. (2012). Haplotype-based variant detection from short-read se-
quencing. 

Gebreselassie, M.N. et al. (2017). Near-infrared spectroscopy enables the genetic analysis of 
chemical properties in a large set of wood samples from Populus nigra (L.) natural 
populations. Industrial Crops and Products 107: 159–171. 

Guet, J., Fabbrini, F., Fichot, R., Sabatti, M., Bastien, C., and Brignolas, F. (2015). Genetic 
variation for leaf morphology, leaf structure and leaf carbon isotope discrimination in 
European populations of black poplar (Populus nigra L.). Tree Physiology 35: 850–863. 

Gugger, P.F., Fitz-Gibbon, S., PellEgrini, M., and Sork, V.L. (2016). Species-wide patterns of 
DNA methylation variation in Quercus lobata and their association with climate gradi-
ents. Mol Ecol 25: 1665–1680. 

Hammond-Kosack, K.E. and Jones, J.D.G. (1997). Plant Disease Resistance Genes. Annual 
Review of Plant Physiology and Plant Molecular Biology 48: 575–607. 

Hao, Y. et al. (2021). The contributions from the progenitor genomes of the mesopolyploid 
Brassiceae are evolutionarily distinct but functionally compatible. Genome Res 31: 
799–810. 

Heckwolf, M.J., Meyer, B.S., Häsler, R., Höppner, M.P., Eizaguirre, C., and Reusch, T.B.H. 
(2020). Two different epigenetic information channels in wild three-spined sticklebacks 
are involved in salinity adaptation. Sci. Adv. 6: eaaz1138. 

Holliday, R. and Grigg, G.W. (1993). DNA methylation and mutation. Mutation Research/Fun-
damental and Molecular Mechanisms of Mutagenesis 285: 61–67. 

Hu, J., Hu, X., Yang, Y., He, C., Hu, J., and Wang, X. (2022). Strigolactone signaling regulates 
cambial activity through repression of WOX4 by transcription factor BES1. Plant Phys-
iology 188: 255–267. 

Jablonka, E. (2017). The evolutionary implications of epigenetic inheritance. Interface Focus. 
7: 20160135. 

Jaillon, O. et al. (2007). The grapevine genome sequence suggests ancestral hexaploidization 
in major angiosperm phyla. Nature 449: 463–467. 

Johannes, F. (2019). DNA methylation makes mutational history. Nat. Plants 5: 772–773. 
Joshi, C.J., Ke, W., Drangowska-Way, A., O’Rourke, E.J., and Lewis, N.E. (2022). What are 

housekeeping genes? PLOS Computational Biology 18: e1010295. 
Kakoulidou, I. et al. (2021). Epigenetics for Crop Improvement in Times of Global Change. 

Biology 10: 766. 
Keller, T.E. and Yi, S.V. (2014). DNA methylation and evolution of duplicate genes. Proc Natl 

Acad Sci U S A 111: 5932–5937. 
Khan, A. and Korban, S.S. (2022). Breeding and genetics of disease resistance in temperate 

fruit trees: challenges and new opportunities. Theor Appl Genet. 
Kon, T. and Yoshikawa, N. (2014). Induction and maintenance of DNA methylation in plant 

promoter sequences by apple latent spherical virus-induced transcriptional gene si-
lencing. Front. Microbiol. 5. 

Kong, W., Xia, X., Wang, Q., Liu, L.-W., Zhang, S., Ding, L., Liu, A., and La, H. (2020). Impact 
of DNA Demethylases on the DNA Methylation and Transcription of Arabidopsis NLR 
Genes. Frontiers in Genetics 11. 

Lafon-Placette, C. et al. (2018). Changes in the epigenome and transcriptome of the poplar 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.16.549253


 

19 

shoot apical meristem in response to water availability affect preferentially hormone 
pathways. J Exp Bot 69: 537–551. 

Lafon-Placette, C., Faivre-Rampant, P., Delaunay, A., Street, N., Brignolas, F., and Maury, S. 
(2013). Methylome of DNase I sensitive chromatin in Populus trichocarpa shoot apical 
meristematic cells: a simplified approach revealing characteristics of gene body DNA 
methylation in open chromatin state. New Phytol 197: 416–430. 

Lamka, G.F., Harder, A.M., Sundaram, M., Schwartz, T.S., Christie, M.R., DeWoody, J.A., and 
Willoughby, J.R. (2022). Epigenetics in Ecology, Evolution, and Conservation. Front. 
Ecol. Evol. 10: 871791. 

Lang, D. et al. (2018). The Physcomitrella patens chromosome-scale assembly reveals moss 
genome structure and evolution. Plant J 93: 515–533. 

Langmead, B. and Salzberg, S.L. (2012). Fast gapped-read alignment with Bowtie 2. Nat Meth-
ods 9: 357–359. 

Le, T.-N., Schumann, U., Smith, N.A., Tiwari, S., Au, P.C.K., Zhu, Q.-H., Taylor, J.M., Kazan, 
K., Llewellyn, D.J., Zhang, R., Dennis, E.S., and Wang, M.-B. (2014). DNA demethyl-
ases target promoter transposable elements to positively regulate stress responsive 
genes in Arabidopsis. Genome Biology 15: 458. 

Le Gac, Al. et al. (2018). Winter-dormant shoot apical meristem in poplar trees shows environ-
mental epigenetic memory. Journal of experimental botany 69. 

Li, H. (2011). A statistical framework for SNP calling, mutation discovery, association mapping 
and population genetical parameter estimation from sequencing data. Bioinformatics 
27: 2987–2993. 

Li, H. (2013). Aligning sequence reads, clone sequences and assembly contigs with BWA-
MEM. 

Li, Q., Eichten, S.R., Hermanson, P.J., and Springer, N.M. (2014). Inheritance Patterns and 
Stability of DNA Methylation Variation in Maize Near-Isogenic Lines. Genetics 196: 
667–676. 

Li, X. et al. (2012). Single-base resolution maps of cultivated and wild rice methylomes and 
regulatory roles of DNA methylation in plant gene expression. BMC Genomics 13: 300. 

Lin, W., Sun, L., Huang, R.-Z., Liang, W., Liu, X., He, H., Fukuda, H., He, X.-Q., and Qian, W. 
(2020). Active DNA demethylation regulates tracheary element differentiation in Ara-
bidopsis. Science Advances 6: eaaz2963. 

Liu, Y., Huang, R., Liu, Y., Song, W., Wang, Y., Yang, Y., Dong, S., and Yang, X. (2018). 
Insights from multidimensional analyses of the pan-cancer DNA methylome heteroge-
neity and the uncanonical CpG-gene associations. Int J Cancer 143: 2814–2827. 

Liu, Y., Wang, J., Ge, W., Wang, Z., Li, Y., Yang, N., Sun, S., Zhang, L., and Wang, X. (2017). 
Two Highly Similar Poplar Paleo-subgenomes Suggest an Autotetraploid Ancestor of 
Salicaceae Plants. Front Plant Sci 8: 571. 

Luu, K., Bazin, E., and Blum, M.G.B. (2017). pcadapt: an R package to perform genome scans 
for selection based on principal component analysis. Mol Ecol Resour 17: 67–77. 

Ma, M., Chen, X., Yin, Y., Fan, R., Li, B., Zhan, Y., and Zeng, F. (2020). DNA Methylation 
Silences Exogenous Gene Expression in Transgenic Birch Progeny. Front. Plant Sci. 
11: 523748. 

Mader, M., Paslier, M.-C.L., Bounon, R., Bérard, A., Rampant, P.F., Fladung, M., Leplé, J.-C., 
and Kersten, B. (2016). Whole-genome draft assembly of x clone INRA 717-1B4. Silvae 
Genetica 65: 74–79. 

Maher, B. (2008). Personal genomes: The case of the missing heritability. Nature 456: 18–21. 
Maunakea, A.K. et al. (2010). Conserved role of intragenic DNA methylation in regulating al-

ternative promoters. Nature 466: 253–257. 
Maury, S., Sow, M.D., Le Gac, A.-L., Genitoni, J., Lafon-Placette, C., and Mozgova, I. (2019). 

Phytohormone and Chromatin Crosstalk: The Missing Link For Developmental Plastic-
ity? Frontiers in Plant Science 10. 

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., Garimella, 
K., Altshuler, D., Gabriel, S., Daly, M., and DePristo, M.A. (2010). The Genome Analy-
sis Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.16.549253


 

20 

data. Genome Res 20: 1297–1303. 
Messer, P.W., Ellner, S.P., and Hairston, N.G. (2016). Can Population Genetics Adapt to Rapid 

Evolution? Trends in Genetics 32: 408–418. 
Murat, F., Armero, A., Pont, C., Klopp, C., and Salse, J. (2017). Reconstructing the genome of 

the most recent common ancestor of flowering plants. Nat Genet 49: 490–496. 
Murat, F., Louis, A., Maumus, F., Armero, A., Cooke, R., Quesneville, H., Crollius, H.R., and 

Salse, J. (2015). Understanding Brassicaceae evolution through ancestral genome re-
construction. Genome Biol 16: 262. 

Murat, F., Peer, Y.V. de, and Salse, J. (2012). Decoding Plant and Animal Genome Plasticity 
from Differential Paleo-Evolutionary Patterns and Processes. Genome Biology and 
Evolution 4: 917–928. 

Nakaba, S., Takata, N., Yoshida, M., and Funada, R. (2015). Continuous expression of genes 
for xylem cysteine peptidases in long-lived ray parenchyma cells in Populus. Plant Bi-
otechnology 32: 21–29. 

Niederhuth, C.E. et al. (2016). Widespread natural variation of DNA methylation within angio-
sperms. Genome Biol 17: 194. 

Niederhuth, C.E. and Schmitz, R.J. (2017). Putting DNA methylation in context: from genomes 
to gene expression in plants. Biochimica et Biophysica Acta (BBA) - Gene Regulatory 
Mechanisms 1860: 149–156. 

Noir, S., Combes, M.C., Anthony, F., and Lashermes, P. (2001). Origin, diversity and evolution 
of NBS-type disease-resistance gene homologues in coffee trees (Coffea L.). Mol 
Genet Genomics 265: 654–662. 

Noshay, J.M. and Springer, N.M. (2021). Stories that can’t be told by SNPs; DNA methylation 
variation in plant populations. Current Opinion in Plant Biology 61: 101989. 

Nuo, M.T., Yuan, J.L., Yang, W.L., Gao, X.Y., He, N., Liang, H., Cang, M., and Liu, D.J. (2016). 
Promoter methylation and histone modifications affect the expression of the exogenous 
DsRed gene in transgenic goats. Genet. Mol. Res. 15. 

Olinski, R., Slupphaug, G., Foksinski, M., and Krokan, H.E. (2021). Genomic Uracil and Aber-
rant Profile of Demethylation Intermediates in Epigenetics and Hematologic Malignan-
cies. IJMS 22: 4212. 

Ossowski, S., Schneeberger, K., Lucas-Lledó, J.I., Warthmann, N., Clark, R.M., Shaw, R.G., 
Weigel, D., and Lynch, M. (2010). The rate and molecular spectrum of spontaneous 
mutations in Arabidopsis thaliana. Science 327: 92–94. 

Platt, A., Gugger, P.F., Pellegrini, M., and Sork, V.L. (2015). Genome-wide signature of local 
adaptation linked to variable CpG methylation in oak populations. Mol Ecol 24: 3823–
3830. 

Plomion, C. et al. (2016). Forest tree genomics: 10 achievements from the past 10 years and 
future prospects. Annals of Forest Science 73: 77–103. 

Plomion, C. et al. (2018). Oak genome reveals facets of long lifespan. Nat Plants 4: 440–452. 
Pont, C. et al. (2013). Wheat syntenome unveils new evidences of contrasted evolutionary 

plasticity between paleo- and neoduplicated subgenomes. The Plant Journal 76: 1030–
1044. 

Pont, C. and Salse, J. (2017). Wheat paleohistory created asymmetrical genomic evolution. 
Current Opinion in Plant Biology 36: 29–37. 

Rejab, N.A., Nakano, Y., Yoneda, A., Ohtani, M., and Demura, T. (2015). Possible contribution 
of TED6 and TED7, secondary cell wall-related membrane proteins, to evolution of tra-
cheary element in angiosperm lineage. Plant Biotechnology 32: 343–347. 

Renny-Byfield, S., Rodgers-Melnick, E., and Ross-Ibarra, J. (2017). Gene Fractionation and 
Function in the Ancient Subgenomes of Maize. Mol Biol Evol 34: 1825–1832. 

Ribas, A.F., Cenci, A., Combes, M.-C., Etienne, H., and Lashermes, P. (2011). Organization 
and molecular evolution of a disease-resistance gene cluster in coffee trees. BMC Ge-
nomics 12: 240. 

Robinson, M.D. and Oshlack, A. (2010). A scaling normalization method for differential expres-
sion analysis of RNA-seq data. Genome Biol 11: R25. 

Rogier, O., Chateigner, A., Amanzougarene, S., Lesage-Descauses, M.-C., Balzergue, S., 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.16.549253


 

21 

Brunaud, V., Caius, J., Soubigou-Taconnat, L., Jorge, V., and Segura, V. (2018). Ac-
curacy of RNAseq based SNP discovery and genotyping in Populusnigra. BMC Ge-
nomics 19: 909. 

Sammarco, I., Münzbergová, Z., and Latzel, V. (2022). DNA Methylation Can Mediate Local 
Adaptation and Response to Climate Change in the Clonal Plant Fragaria vesca: Evi-
dence From a European-Scale Reciprocal Transplant Experiment. Front. Plant Sci. 13: 
827166. 

Schnable, J.C., Springer, N.M., and Freeling, M. (2011). Differentiation of the maize subge-
nomes by genome dominance and both ancient and ongoing gene loss. Proceedings 
of the National Academy of Sciences 108: 4069–4074. 

Schumann, U., Lee, J.M., Smith, N.A., Zhong, C., Zhu, J.-K., Dennis, E.S., Millar, A.A., and 
Wang, M.-B. (2019). DEMETER plays a role in DNA demethylation and disease re-
sponse in somatic tissues of Arabidopsis. Epigenetics 14: 1074–1087. 

Shimizu, D. et al. (2022). Pan-cancer methylome analysis for cancer diagnosis and classifica-
tion of cancer cell of origin. Cancer Gene Ther 29: 428–436. 

Sieburth, L.E. (2007). Plant Development: PXY and Polar Cell Division in the Procambium. 
Current Biology 17: R594–R596. 

Soltis, P.S., Marchant, D.B., Van de Peer, Y., and Soltis, D.E. (2015). Polyploidy and genome 
evolution in plants. Current Opinion in Genetics & Development 35: 119–125. 

Sow, M.D. et al. (2018a). Chapter Twelve - Epigenetics in Forest Trees: State of the Art and 
Potential Implications for Breeding and Management in a Context of Climate Change. 
In Advances in Botanical Research, M. Mirouze, E. Bucher, and P. Gallusci, eds, Plant 
Epigenetics Coming of Age for Breeding Applications. (Academic Press), pp. 387–453. 

Sow, M.D. et al. (2021). RNAi suppression of DNA methylation affects the drought stress re-
sponse and genome integrity in transgenic poplar. New Phytologist 232: 80–97. 

Sow, M.D., Segura, V., Chamaillard, S., Jorge, V., Delaunay, A., Lafon-Placette, C., Fichot, 
R., Faivre-Rampant, P., Villar, M., Brignolas, F., and Maury, S. (2018b). Narrow-sense 
heritability and PST estimates of DNA methylation in three Populus nigra L. populations 
under contrasting water availability. Tree Genetics & Genomes 14: 78. 

Throude, M. et al. (2009). Structure and expression analysis of rice paleo duplications. Nucleic 
Acids Res 37: 1248–1259. 

Tuskan, G.A. et al. (2006). The genome of black cottonwood, Populus trichocarpa (Torr. & 
Gray). Science 313: 1596–1604. 

van der Graaf, A., Wardenaar, R., Neumann, D.A., Taudt, A., Shaw, R.G., Jansen, R.C., 
Schmitz, R.J., Colomé-Tatché, M., and Johannes, F. (2015). Rate, spectrum, and evo-
lutionary dynamics of spontaneous epimutations. Proceedings of the National Acad-
emy of Sciences 112: 6676–6681. 

Van de Peer, Y., Ashman, T.-L., Soltis, P.S., and Soltis, D.E. (2021). Polyploidy: an evolution-
ary and ecological force in stressful times. The Plant Cell 33: 11–26. 

VanRaden, P.M. (2008). Efficient methods to compute genomic predictions. Journal of Dairy 
Science 91: 4414–4423. 

Vigneaud, J., Kohler, A., Sow, M.D., Delaunay, A., Fauchery, L., Guinet, F., Daviaud, C., Barry, 
K.W., Keymanesh, K., Johnson, J., Singan, V., Grigoriev, I., Fichot, R., Conde, D., Per-
ales, M., Tost, J., Martin, F.M., Allona, I., Strauss, S.H., Veneault-Fourrey, C. and 
Maury, S. (2023), DNA hypomethylation of the host tree impairs interaction with mutu-
alistic ectomycorrhizal fungus. New Phytol, 238: 2561-2577.   

Wang, H., Beyene, G., Zhai, J., Feng, S., Fahlgren, N., Taylor, N.J., Bart, R., Carrington, J.C., 
Jacobsen, S.E., and Ausin, I. (2015). CG gene body DNA methylation changes and 
evolution of duplicated genes in cassava. Proc Natl Acad Sci U S A 112: 13729–13734. 

Wang, L., Ko, E.E., Tran, J., and Qiao, H. (2020). TREE1-EIN3–mediated transcriptional re-
pression inhibits shoot growth in response to ethylene. Proceedings of the National 
Academy of Sciences 117: 29178–29189. 

Wang, X., Zhang, Z., Fu, T., Hu, L., Xu, C., Gong, L., Wendel, J.F., and Liu, B. (2017). gene 
body CG methylation and divergent expression of duplicate genes in rice. Sci Rep 7: 
2675. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.16.549253


 

22 

Weinhold, A., Kallenbach, M., and Baldwin, I.T. (2013). Progressive 35S promoter methylation 
increases rapidly during vegetative development in transgenic Nicotiana attenuata 
plants. BMC Plant Biol 13: 99. 

Wendel, J.F. (2015). The wondrous cycles of polyploidy in plants. Am J Bot 102: 1753–1756. 
Woodhouse, M.R., Cheng, F., Pires, J.C., Lisch, D., Freeling, M., and Wang, X. (2014). Origin, 

inheritance, and gene regulatory consequences of genome dominance in polyploids. 
Proc Natl Acad Sci U S A 111: 5283–5288. 

Xu, G., Guo, C., Shan, H., and Kong, H. (2012). Divergence of duplicate genes in exon–intron 
structure. Proc. Natl. Acad. Sci. U.S.A. 109: 1187–1192. 

Ye, Z.-H. and Zhong, R. (2015). Molecular control of wood formation in trees. Journal of Ex-
perimental Botany 66: 4119–4131. 

Yim, W.C., Lee, B.-M., and Jang, C.S. (2009). Expression diversity and evolutionary dynamics 
of rice duplicate genes. Mol Genet Genomics 281: 495–495. 

Zemach, A., McDaniel, I.E., Silva, P., and Zilberman, D. (2010). Genome-wide evolutionary 
analysis of eukaryotic DNA methylation. Science 328: 916–919. 

Zeng, W., Huang, H., Lin, X., Zhu, C., Kosami, K.-I., Huang, C., Zhang, H., Duan, C.-G., Zhu, 
J.-K., and Miki, D. (2021). Roles of DEMETER in regulating DNA methylation in vege-
tative tissues and pathogen resistance. J Integr Plant Biol 63: 691–706. 

Zhang, X., Yazaki, J., Sundaresan, A., Cokus, S., Chan, S.W.-L., Chen, H., Henderson, I.R., 
Shinn, P., Pellegrini, M., Jacobsen, S.E., and Ecker, J.R. (2006). Genome-wide high-
resolution mapping and functional analysis of DNA methylation in arabidopsis. Cell 126: 
1189–1201. 

Zhang, Y., Liu, C., Cheng, H., Tian, S., Liu, Y., Wang, S., Zhang, H., Saqib, M., Wei, H., and 
Wei, Z. (2020). DNA methylation and its effects on gene expression during primary to 
secondary growth in poplar stems. BMC Genomics 21: 498. 

Zhao, M., Zhang, B., Lisch, D., and Ma, J. (2017). Patterns and Consequences of Subgenome 
Differentiation Provide Insights into the Nature of Paleopolyploidy in Plants. Plant Cell 
29: 2974–2994. 

Zhou, Y., He, F., Pu, W., Gu, X., Wang, J., and Su, Z. (2020). The Impact of DNA Methylation 
Dynamics on the Mutation Rate During Human Germline Development. G3 Genes|Ge-
nomes|Genetics 10: 3337–3346. 

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A.H., Tanaseichuk, O., Benner, C., 
and Chanda, S.K. (2019). Metascape provides a biologist-oriented resource for the 
analysis of systems-level datasets. Nat Commun 10: 1523. 

Zhu, R., Shevchenko, O., Ma, C., Maury, S., Freitag, M., and Strauss, S.H. (2013). Poplars 
with a PtDDM1-RNAi transgene have reduced DNA methylation and show aberrant 
post-dormancy morphology. Planta 237: 1483–1493. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.16.549253


 

23 

Figure 1 
 
 

 
 
 
 
 
 
 
 
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.16.549253


 

24 

Figure 2 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.16.549253


 

25 

Figure 3 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.16.549253


 

26 

Figure 4 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.16.549253


 

27 

Figure 5 
 

 
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted July 18, 2023. ; https://doi.org/10.1101/2023.07.16.549253doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.16.549253

