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Abstract

DNA methylation is environment-sensitive and can mediate stress responses. In trees, changes in the environment
might cumulatively shape the methylome landscape over time. However, because high-resolution methylome studies
usually focus on single environmental cues, the stress-specificity and long-term stability of methylation responses re-
main unclear. Here, we studied the methylome plasticity of a Populus nigra cv. ‘ltalica’ clone widely distributed across
Europe. Adult trees from different geographic locations were clonally propagated in a common garden experiment
and exposed to cold, heat, drought, herbivory, rust infection, and salicylic acid treatments. Whole-genome bisulfite
sequencing revealed stress-induced and naturally occurring DNA methylation variants. In CG/CHG contexts, the same
genomic regions were often affected by multiple stresses, suggesting a generic methylome response. Moreover, these
variants showed striking overlap with naturally occurring methylation variants between trees from different locations.
Drought treatment triggered CHH hypermethylation of transposable elements, affecting entire superfamilies near

Abbreviations: DMR, differentially methylated region; MITE, miniature inverted-repeat transposable element; SA, salicyclic acid; SINE, short interspersed nuclear
element; TE, transposable element; WGBS, whole genome bisulfite sequencing.

© The Author(s) 2024. Published by Oxford University Press on behalf of the Society for Experimental Biology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

202 4990J00 /| UO Jasn ayds)ol|qig ealy auipn Ip 1pns [|6ap eysioaiun Aq 8y0889//6€85/81/S./9191Me/aX]/woo"dNo"o1wapeo.//:Sd)y WO papeojumod


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-0671-2124
https://orcid.org/0000-0003-3534-7197
https://orcid.org/0000-0002-0987-1481
https://orcid.org/0000-0003-3406-4670
https://orcid.org/0000-0002-0077-3359
https://orcid.org/0000-0002-9341-4442
https://orcid.org/0000-0003-3646-7692
https://orcid.org/0000-0002-1036-599X
https://orcid.org/0000-0003-0737-047X
https://orcid.org/0000-0003-3002-4102
mailto:cristian.penaponton@wur.nl
mailto:k.verhoeven@nioo.knaw.nl

5840 | Pena-Ponton et al.

drought-responsive genes. Thus, we revealed genomic hotspots of methylation change that are not stress-specific
and that contribute to natural DNA methylation variation, and identified stress-specific hypermethylation of entire
transposon superfamilies with possible functional consequences. Our results underscore the importance of studying
multiple stressors in a single experiment for recognizing general versus stress-specific methylome responses.

Keywords: Abiotic stress, biotic stress, differentially methylated region, drought, Lombardy poplar, Melampsora larici-populina,
Populus nigra, short interspersed nuclear element (SINE), whole genome bisulfite sequencing (WGBS).

Introduction

Plants are constantly challenged by abiotic and biotic stresses
that affect their survival, growth, and fitness. Environmental
stresses vary in their scale of influence, from temperature var-
iations that may affect the whole plant to pathogens and her-
bivores that attack plants more locally. Such environmental
stimuli can initiate systemic responses that travel to unaffected
parts of the plant and trigger acclimation and defense mech-
anisms (Fichman and Mittler, 2020). At the molecular level,
multilayer downstream stress responses are activated, such as
complex gene networks, RNA and protein regulation, and ep-
igenetic regulatory mechanisms (Liu and He, 2020). Epigenetic
mechanisms are thought to play a crucial role in translating
perceived changes in environments to modifications in gene
expression and can thus mediate phenotypic plasticity in re-
sponse to environmental variation.

In plant genomes, DNA methylation is one of the most
studied epigenetic modifications and generally refers to the
methylation of a cytosine at the fifth carbon position (5mC).
Methylation occurs in three sequence contexts: the sym-
metric CpG and CHG, and the asymmetric CHH context
(where H is A, T, or C) (Zhang et al., 2006), which can be
inferred at single-base resolution through whole genome bi-
sulfite sequencing (WGBS). DNA methylation plays key roles
in transcriptional regulation activity, genome stability (trans-
poson silencing) and genomic imprinting during cell differen-
tiation (Zhang et al., 2018). Moreover, it has been shown that
DNA methylation is responsive to environmental factors, and
contributes to stress memory (Neves et al., 2017; do Amaral
et al.,2020; Liu and He, 2020). Once methylation is established,
it can be mitotically heritable depending on the cytosine se-
quence context (Law and Jacobsen, 2010). Similar to genetic
mutations, stable epigenetic variations, or so-called epimuta-
tions, can lead to phenotypic variation (Schmitz et al., 2013).
The potential for methylation-mediated phenotypic effects is
thought to be of particular relevance for long-lived and clonal
species to cope with environmental variation (Jueterbock et al.,
2020; Miryeganeh et al., 2022).

While the environment-responsiveness of DNA methyla-
tion is well established (Liu and He, 2020), its role in mediating
environmental plasticity is less well understood, and impor-
tant questions remain about the nature and functionality of
environment-induced DNA methylation (Secco et al., 2015;

Bewick et al., 2019; Seymour and Gaut, 2020; Himili et al.,
2022). For instance, one basic question is whether different
environments trigger specific DNA methylation responses,
or if most responses reflect a general response. At the func-
tional level, specificity is important for mediating stress-specific
stress responses, but general components of stress responses are
common (Song et al., 2014; Suzuki et al., 2014; Choudhury
et al., 2017; Jia et al., 2017; Gupta et al., 2018; Balfagdn et al.,
2019; Zandalinas et al., 2020; Lopez Sanchez et al., 2021).
Recognizing stress-specific from general responses can help in
understanding functionality of the response. However, to date
most studies of DINA methylation responses to environments
in plants focus on single stresses (but see Lopez et al., 2022),
making it difficult to unravel specific from general responses.

Populus species have become a model system to study mo-
lecular mechanisms in response to environmental cues due to
their rapid growth, easy propagation, and available genomic
resources (Tuskan et al., 2006; Jansson and Douglas, 2007).
Poplars are riparian species that are among the woody plants
most sensitive to water stress (Rood et al., 2003; Larchevéque
et al.,2011), which has prompted research on molecular mech-
anisms of drought tolerance (Jia et al., 2016;Viger et al., 2016;
Yildirim and Kaya, 2017), including DNA methylation (Lafon-
Placette et al.,2018; Sow et al.,2021). Evidence exists for DNA
methylation responses of poplar also to other abiotic and biotic
stresses (Song et al., 2016; Zhang et al., 2018; Ashapkin et al.,
2020; Xiao et al., 2021; Hannan Parker ef al., 2022), and plant
hormones (Xuan et al., 2020). However, because of the use of
low-resolution DNA methylation screening methods and be-
cause experiments typically focus on single-stress treatments,
insight in environmental DNA methylation plasticity in this
model system remains fragmented. Evaluating and comparing
methylation patterns in poplar induced by both abiotic and
biotic factors, along with their long-term stability, will increase
our understanding of generic versus stress-specific methylation
responses, and might provide new clues to how long-lived spe-
cies acclimate to simultaneous stresses in nature.

Here we use a common garden experimental approach to
characterize the DNA methylation response of a clonal cultivar
of poplar when exposed to a range of different experimental
treatments that mimic ecologically relevant biotic and abiotic
stresses. We took advantage of a long-term natural experiment
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where a single clonal lineage of Lombardy poplar (Populus
nigra cv.‘Italica’) had been planted in different European loca-
tions, so that we capture the methylation variation that has
been built up historically between genetically homogeneous
trees during their lifetime of growth in different environments
(Diez-Rodriguez et al., 2022, Preprint). We clonally propa-
gated replicate individuals of eight trees from different loca-
tions, and in a controlled greenhouse experiment, we exposed
the propagated trees to different experimental environments
(control, cold, heat, drought, rust infection, caterpillar her-
bivory and salicylic acid signaling). We addressed the following
research questions: (i) to what extent are DNA methylation
responses stress-specific? (i) how do methylome responses to
stress compare with methylation variation observed between
trees? and (ii1) what are the specific features of common and
stress-specific methylation responses and how do these relate
to potential functionalities?

Materials and methods

We used plant material and genomic resources developed under the
scope of the EpiDiverse Innovative Training Network (https://epidi-
verse.eu/). Collection of the poplar samples from different countries
is described in Diez-Rodriguez et al. (2022, Preprint), and a refer-
ence genome of the Populus nigra cv. ‘Italica’ genotype under study was
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generated in the EpiDiverse project (www.ebi.ac.uk/ena/browser/view/
GCA_950102115). We leveraged this infrastructure in a common garden
experiment that exposed replicate ramets from each of eight ortets from
different geographic locations to each of six different stress conditions
plus control group (Fig. 1A).

Plant material

Between February and April 2018, hardwood cuttings (approximately
30 cm length) from adult Populus nigra cv.‘Italica’ clones (ortets hereafter)
were collected across Europe (Diez-Rodriguez ef al., 2022, Preprint) and
were initially stored at 4 °C for 2 weeks and then planted in 4-liter pots
with a 3:1 sand:peat mixture (v/v) and placed on a flood table for root-
ing. All ortets used in this study were confirmed to belong to the same
clonal lineage through Allegro genotyping (Diez-Rodriguez ef al., 2022,
Preprint). Low levels of somatic mutation variation exist between clone
members [on average <100 single nucleotide polymorphisms (SNPs) be-
tween two samples among a panel of >8000 informative SNP positions
screened; Diez-Rodriguez ef al., 2022, Preprint|. Such genetic variation,
albeit very low, can in principle be responsible for some DNA methyl-
ation differences between clone members (Becker et al., 2011; Dubin
et al., 2015).To be able to account for location-specific methylation pro-
files from the source environment (Raj et al., 2011; Schonberger et al.,
2016; Heer et al.,2018), we included ramets derived from eight different
ortets (Supplementary Table S1) in each of the seven stress treatments
(cold, heat, drought, rust infection, caterpillar herbivory, and salicylic
acid signaling, compared with a control group) leading to a total of 56
similar-height ramets (Fig. 1A; Supplementary Fig. S1). By having each
ortet contribute one replicate plant to each of the stress treatments, pos-
sible methylation differences between ortets are not confounded with
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Fig. 1. Analysis of genome-wide methylation patterns from stress-treated Lombardy poplar ramets. (A) Sampling locations of the clonally propagated
ortets and their ramet representation in experimental groups. (B, C) Unsupervised principal component analysis of CpG and CHH methylation. Ramets
are colored according to their ortet identity. Different shapes represent distinct experimental groups. Drought and heat clusters are highlighted with

dashed ovals. SA, salicylic acid.
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experimental treatment effects, resulting in a clean test of treatment
effects on DNA methylation across a potentially epigenetically diverse set
of ortets. The ramets were transferred to 7 liter pots with a 1:1 sand:peat
mixture and maintained with regular watering under controlled condi-
tions for a total of 12 weeks until the start of the experiment. All treat-
ments were implemented simultaneously during a period of 25 d, which
included two 10 day stress events and one 5 day stress-free period in
between (Supplementary Fig. S1).The experiment was laid out in a Latin
square (Supplementary Fig. S2). Growth conditions were: 22/18 °C (+2
°C) at day/night, 60% relative humidity (£5%), and 16/8 h light/dark.
Two weeks prior to the start of the experiment, 3 g of slow-release fer-
tilizer, Osmocote Exact Mini (16 + 8+11 + 2MgO+TE), was added to
cach pot. Here, we provide an essential overview of the experimental
methods; more detailed information can be found in Pena-Ponton et al.
(2023; https://zenodo.org/record/8428770).

Control group

During the stress experiment, control plants were maintained in a green-
house under the conditions above. The soil volumetric water content
(VWC) was maintained on average at 20.2% (£3.24 SD) by daily wa-
tering to pot capacity. VWC was monitored daily using the WET Sensor
kit (Delta-T Devices). Mean VWC was calculated for all plants with two
measurements per pot (Supplementary Fig. S3A).

Biotic stresses

Rust infection consisted in spray-inoculation of uredospores of the
poplar leaf rust fungus (Melampsora larici-populina Kleb.). Herbivory treat-
ment involved the use of gypsy moth caterpillars (Lymantria dispar L.).
Salicylic acid (SA) treatment consisted in spray application of 1 mM SA
(Sigma-Aldrich). Rust spores and caterpillars were obtained from Dr
Sybille Unsicker (Christian-Albrechts-University of Kiel, formerly at
Max Planck Institute for Chemical Ecology, Jena, Germany).

Abiotic stresses

Drought stress was attained by withholding watering and maintaining
VWC at 8%. Plants that received heat treatment were grown at high
temperatures of 30-38/28 °C (day/night), while cold-treated plants were
grown at 4/4 °C (day/night). VWC for all treatments (except drought)
was maintained close to control conditions (Supplementary Fig. S3A).
Plants were moved to climate chambers for heat and cold treatments
(Supplementary Fig. S3B). During the stress-free period, plants were
moved to the same greenhouse table as the control group and placed
using the same Latin square layout (Supplementary Fig. S2).

Harvesting

Many of the studies on the effect of different abiotic and biotic stresses in
poplar have reported DNA methylation changes in young mature leaves
(Raj et al., 2011; Liang et al., 2014; Schonberger et al., 2016; Xuan et al.,
2020).Therefore, in order to conduct a reasonable comparison among the
diverse treatments used in this study, on experimental day 26, we sampled
fully expanded young leaves that developed during the stress experiment.
Twelve circular punches (@ 8 mm; ~100 mg fresh weight in total) were
cut out from the eighth mature leat (counting from the apex of the main
branch, leaf plastochron index: 10) of each plant. Mid-ribs were avoided,
and leaf punches were immediately frozen in liquid nitrogen and stored
at =80 °C.We aimed to compare systemic-related methylation responses
as we sampled leaves that were not directly exposed to any stress, with
the exception of cold and heat. All sampled leaves showed no signs of
damage/infection at the time of sampling. Ten days after the end of the
experiment, all ramets were coppiced. Stems and leaves were dried at
70 °C for 7 d, then dry weight biomass was determined. All plants were
maintained with minimal watering from the end of the experiment until
coppicing to avoid further growth.

DNA extraction and whole genome bisulfite sequencing

Per sample, frozen leaf tissue was ground and homogenized using a
TissueLyser IT (Qiagen), then genomic DNA was isolated using the SDS
procedure of the NucleoSpin Plant II DNA isolation kit (Macherey-
Nagel, Dueren, Germany). Preparation of DNA libraries for bisul-
fite sequencing was performed as described in Nunn et al. (2022). All
sequencing was performed by Novogene on an Illumina HiSeq X Ten
sequencing system. Libraries were sequenced with 2 X 150 bp paired-
end reads at 30X coverage.

Processing of bisulfite-treated reads and methylation calling

Sequenced reads were processed using the EpiDiverse Toolkit (WGBS pipe-
line v1.0, https://github.com/EpiDiverse/wgbs) (Nunn et al.,2021). Briefly,
low-quality read-ends were trimmed (minimum base quality: 20), sequenc-
ing adapters were removed (minimum overlap: 3 bp), and very short reads
(<36 bp) were discarded. The remaining high-quality reads were aligned to
the Populus nigra var.‘Italica’ de novo reference genome (www.ebi.ac.uk/ena/
browser/view/GCA_950102115) using erne-bs5 (http://erne.sourceforge.
net) allowing for 600 bp maximum insert size, 0.05 mismatches, and unique
mapping. All cytosines with low sequencing coverage (<5 reads) were
removed from consideration. Per-cytosine methylation metrics were calcu-
lated using MethylDackel (https://github.com/dpryan79/MethylDackel).
The percentage methylation per-cytosine was recorded:

Methylated cytosine read count
100

Methylated cytosine read count + Unmethylated cytosine read count

For each sample, three bedGraph files corresponding to each sequence
context (CpG, CHG, CHH) were obtained. Then, we produced three
bedGraph files, one for each sequence context, containing information
from all samples.

Methylation analysis

The analysis of methylation was separated into (i) genome-wide meth-
ylation analysis to detect global methylation patterns, and (i) differen-
tial methylation analysis to identify differentially methylated regions
(DMRs). The three cytosine sequence contexts were analysed sepa-
rately. Data filtering and resolution was slightly difterent for each analysis
(Supplementary Table S2).

Average global methylation

For the genome-wide methylation analysis, we excluded samples in
which the retained cytosines accounted for less than 50% of the orig-
inal data. These low-coverage samples were excluded from genome-wide
analyses unless otherwise stated (4 out of 56 samples). Cytosines with
sufficient coverage across all 52 samples that remained after filtering were
analysed (CpG: 1 802 288 positions, CHG: 3 256 938 positions, CHH:
12 058 984 positions). For each sample, average global methylation (%)
was calculated for each context. The effect of the stress treatments on
average global methylation was evaluated for each context using a linear
mixed model with treatment as fixed factor and parental tree (ortet) as
random factor. The effect of the ortet was evaluated in the same manner.
Statistical analyses were calculated in R (version 4.0.3); the [mer function
of the ImerTest package (Kuznetsova et al.,2017) was used to fit the model;
and multiple comparisons (Tukey’s post-hoc test) were calculated with
the glht function of the multcomp package (Hothorn et al., 2008).

Muiltivariate analyses of samples
Principal component and hierarchical clustering of samples was per-
formed based on percentage methylation for individual cytosines in the

202 4990J00 /| UO Jasn ayds)ol|qig ealy auipn Ip 1pns [|6ap eysioaiun Aq 8y0889//6€85/81/S./9191Me/aX]/woo"dNo"o1wapeo.//:Sd)y WO papeojumod


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae262#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae262#supplementary-data
https://zenodo.org/record/8428770
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae262#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae262#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae262#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae262#supplementary-data
https://github.com/EpiDiverse/wgbs
https://github.com/EpiDiverse/wgbs
www.ebi.ac.uk/ena/browser/view/GCA_950102115
www.ebi.ac.uk/ena/browser/view/GCA_950102115
http://erne.sourceforge.net
http://erne.sourceforge.net
https://github.com/dpryan79/MethylDackel
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae262#supplementary-data

Stress-induced DNA methylation variation in Lombardy poplar | 5843

CpG and CHG context. For CHH there were a number of invariant
cytosines (more than 95% or less than 5% methylation in all samples)
that were removed. Principal components (PCs) were calculated in R
using the preomp function of the stats package (R Core Team, 2022).
Hierarchical clustering (HC) (Ward’s method) was computed by first cal-
culating the corresponding distance matrix (Manhattan method) using
the dist and helust functions from the stats R package. Intraclass corre-
lation analysis was performed using genomic regions instead of single
positions. The poplar genome was compartmentalized in 100 bp non-
overlapping bins. Average methylation per bin was calculated, and only
bins with informative methylation information across all samples were
retained. We calculated the intraclass correlation coefficient (ICC) for all
pairwise comparisons between samples, as this is a measure of agree-
ment between samples and accounts for within sample as well as be-
tween samples variation (Fleiss and Cohen, 1973; Koo and Li, 2016).
Coeflicients were calculated in R using the icc function of the irr package
(Gamer et al., 2019) with the ICC form: two-way random effects, abso-
lute agreement, single measurement, according to (McGraw and Wong,
1996) convention.

Methylation profiles

All (56) samples were included in the analysis. For gene regions, only
protein-coding genes with known 5" untranslated region (UTR) and
3’'UTR coordinates were considered. For transposable elements (TEs),
only those longer than 200 bp were analysed. Methylation profiles over
the largest poplar scaffold (scaffold 1=33 746 648 bases) were used as a
proxy for chromosome-wise methylation variation comparison.The scaf-
fold was compartmentalized in 50 kb bins, then for each sample, per-bin
average methylation was calculated. Per-bin methylation for each sample
was calculated as the average value weighted by the number of cytosines
in the bin (Cochran, 1977). For each cytosine context, the per-bin meth-
ylation difference between each treatment and the control group was
calculated and used to plot heatmaps and simple moving averages. Simple
moving averages were calculated using the R function geom_ma of the
tidyquant package (Dancho, 2022).

Differentially methylated region calling
DMRs induced by each stress treatment were identified by testing local
methylation differences between each treatment and control group. All
replicates per treatment were included in the tests and each cytosine
sequence context was analysed separately using the EpiDiverse/DMR
pipeline v0.9.1 (https://github.com/EpiDiverse/dmr) (Nunn et al.,
2021). Briefly, DMRs were identified by metilene (https://www.bioinf.
uni-leipzig.de/Software/metilene), with parameters as follows. Minimum
read depth per position: 6; minimum cytosine number per DMR: 10;
minimum distance between two different DMRs: 146 bp; per-group
minimal non-missing data for estimating missing values: 0.8; adjusted
P-value (Benjamini and Hochberg, 1995) to detect significant DMRs:
0.05. Only significant DMRs with minimum methylation difference of
10 percentage points between groups were used for downstream analyses.
Since the genome-wide methylation analyses showed strong CpG
and CHG methylation patterns associated with ortets irrespective of
stress treatment, stress-DMRs were identified using a jack-knife ap-
proach (leave-one-out) to reduce the influence of individual ortets
(Supplementary Fig. S4). Genomic coordinates of DMRs appearing in
two or more DMR callings were merged using bedtools merge (minimum
overlap of 1 bp). Control-treatment methylation difference, length, and
cytosine number for each merged DMR were calculated by averaging
the corresponding values of the merged DMRs (summary statistics are
shown in Supplementary Table S3). Additionally, to check if our jack-
knife approach for DMR calling produced results consistent with other
approaches, we called stress-DMRs using Methylkit (Akalin ef al., 2012).
There was a large overlap between both methods with our approach

being generally more conservative (Supplementary Table S4). DMRs that
were identified in more than one treatment were classified as multi-stress
DMRs. Genomic regions where a DMR was identified in more than one
sequence context were labelled as multi-context DMRs.

We also called DMRss among ortets, considering ramets derived from
the same ortet as replicates irrespective of their exposure to different
treatments. Briefly, DMRs were called for all pairwise comparisons
among the eight ortets (total: 28 DMR -sets per context; summary sta-
tistics are shown in Supplementary Table S5). Next, for each context, all
DMRs were classified according to the number of pairwise comparisons
in which each DMR appeared in: DMRs found in a unique comparison
or DMRs shared by two or more comparisons. Intersections between stress—
DMRs and ortet-DMRs were performed using bedtools infersect.

DMR annotation

Statistically significant DMRs were annotated using the Populus nigra cv.
‘Italica’ protein-coding gene model annotation (Perez-Bello Gil and De
Paoli, 2023). Only the longest transcript per gene was used for this anal-
ysis. DMRs were also associated with TEs based on a TE prediction for
this cultivar (https://zenodo.org/record/8428770). Gene models and TE
predictions used in this study were generated as part of the ongoing P
nigra cv. ‘Italica’ reference genome project (www.ebi.ac.uk/ena/browser/
view/GCA_950102115). Short descriptions of these annotation files can
be found along with their deposited versions. Short interspersed nuclear
elements (SINEs) were manually added to the predicted TEs based on
BLASTN results (70% similarity, 90% coverage) using the consensus
sequences of Salicaceae SINE families (Kogler et al., 2020).

DMR enrichment on genomic features

For each context, all DMRs, irrespective of treatment, were tested for
enrichment in gene bodies, exons, introns, gene flanking regions and TEs
(Z-test tor proportions). As DMRs were enriched in TEs, we also tested
whether the occurrence of DMRs in gene bodies, exons, introns, and
gene flanking regions was conditional on the presence of TEs (chi-square
tests for independence, McNemar’s test; McNemar, 1947). Additionally,
as drought showed the largest response associated to TEs, we calculated
the relative fold enrichment for drought CHH-DMRSs on each TE su-
perfamily. P-values were obtained from the hypergeometric test (Falcon
and Gentleman, 2008) and then adjusted (Bonferroni) according to the
number of TE superfamilies tested. Drought-DMR -enriched TE super-
families were referred to as drought-responsive TEs (DR-TEs), which
included all SINE and miniature inverted-repeat transposable elements
(MITE), especially MITE/DTH (Harbinger-related) elements.

Generic (multi-stress) versus stress-specific methylation responses

Since stress-DMRs were identified between each treatment versus the
control group, we were interested in evaluating the methylation response
of such regions induced by all the other treatments. In addition to iden-
tifying DMRs that were statistically significant in more than one stress
treatment (multi-stress DMRs, see above), we calculated average meth-
ylation levels of the corresponding regions on each sample using the
genomic coordinates of each identified DMR. Then, we calculated the
average methylation level across treatment replicates. Finally, for each re-
gion, we computed the methylation difference between each treatment
and control group. We only analysed regions with enough methylation
information (8 cytosines) and replication (26 replicates).

Drought-specific transposable element analysis

As we detected TE superfamilies enriched with drought-DMRs, we ana-
lysed the drought-induced methylation response of all poplar TE super-
families to check for generalized responses of entire TE superfamilies.
For each sequence context, average methylation levels of each individual
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TE were calculated for drought and control samples. We only analysed
TEs with enough methylation information (220 cytosines for CHH, >10
cytosines for CpG and CHG) and replication (26 replicates). For each
TE element, we computed the methylation difference between drought
and control group. Then, to summarize and compare results among TE
superfamilies, we grouped TE elements in boxplots according to each
superfamily.

Gene ontology enrichment analysis

Functional enrichment analysis had to be carefully interpreted as gene
expression data were not collected in this experiment and most stresses
produced very few DMRs. Therefore, our analysis was mainly focused on
medium-to-large gene sets associated with drought-induced methylation
responses.

Genes associated with drought CHH-DMRs were subjected to gene
ontology (GO) enrichment analysis. The gene background was built with
the closest Arabidopsis homologue of each P nigra cv. Italica gene, which
was determined using BLAST reciprocal best hits (RBH) of the pro-
tein sequences (R package orthologr; Drost et al., 2015). Best hits were
filtered by keeping alignments covering at least 60% of both Arabidopsis
and P nigra proteins, and minimum 60% similarity. Arabidopsis protein
sequences were extracted from phytozome V13, and functional annota-
tions were retrieved from the PLAZA 5.0 dicots database (https://bi-
oinformatics.psb.ugent.be/plaza/). GO enrichments were performed
using clusterProfiler v4 (Wu et al., 2021), a tool designed to perform
over-representation analysis (Boyle ef al., 2004). P-values were adjusted
for multiple testing controlling the positive false discovery rate (g-value)
(Storey, 2002).

Enrichments for genes associated with all SINE and MITE/DTH ele-
ments were performed in the same manner. Gene sets for functional en-
richment included genes associated with either all SINEs, or all MITE/
DTHs, or both (DR-TEs). Additional enrichments were performed for a
subset of potential highly drought-responsive TEs (HDR-TEs), i.e. SINEs
and MITE/DTHs that displayed at least 5% hypermethylation compared
with the control group. Finally, for comparison, all enrichments were
analysed in the context of the drought CHH-DMR gene set enrichment.

Results

Drought induces a large and distinctive genome-wide
CHH hypermethylation response in the Lombardy
poplar

Genome-wide methylation analyses were performed to eval-
uate methylation patterns among ortets and treatments. Linear
mixed models revealed significant treatment effects on average
global DNA methylation (CpG: P=0.048; CHG: P=0.043;
CHH: P<0.01). However, only drought treatment induced a
significant global increase of CHH methylation compared with
control group (Tukey’s test, P<0.01). In addition, cold treat-
ment induced significantly higher CpG and CHG methylation
levels compared with salicylic acid treatment (P=0.0241 and
0.0412, respectively) (Supplementary Fig. 2A). Both drought
and cold treatments resulted in reduced growth after the treat-
ment (Supplementary Fig. S5).

Principal component analysis (PCA) and HC analyses of CHH
methylation highlighted noticeable clusters for drought and heat
treatments (Fig. 1C; Supplementary Figs S6C, S7C). High cor-
relations were observed among drought-treated samples, while
the lowest correlation coeflicients were found when comparing

drought samples with any other sample (Supplementary Fig.
S8C). Methylation profiles over the largest poplar scaffold con-
firmed the genome-wide drought-induced CHH hypermeth-
ylation and underlined a close relationship with TE content as
both profiles showed peak similarities (Fig. 2B). Over TE re-
gions, profiles corroborated the drought-induced CHH hyper-
methylation (Supplementary Fig. S9), and highlighted CHH
hypomethylation induced by rust infection (Supplementary Fig.
S$10). Profiles over genic regions revealed that drought-induced
CHH hypermethylation mainly targeted gene-flanking regions
rather than gene bodies (Supplementary Figs S10, S11).

The effect of other treatments was also observed in the
methylation profiles. Profiles of CpG/CHG methylation along
the scaffold 1 confirmed the genome-wide cold-induced
hypermethylation that was already detected in the global
methylation analysis. In addition, several treatments showed
overlapping profiles of hypermethylation (drought, heat, and
rust), and hypomethylation (SA and herbivory). Visual obser-
vation of the methylation profiles indicated a positive corre-
lation between CpG and CHG methylation variation (Fig.
2B; Supplementary Fig. S9). Interestingly, over genic regions,
the effects of stress treatments were detectable mainly in gene
flanking regions while in TE regions, cold and SA induced the
largest CpG/CHG methylation responses: hypermethylation
and hypomethylation, respectively (Supplementary Fig. S10).

Genome-wide CpG and CHG methylation largely
reflect sample origin

Linear mixed models revealed significant ortet effects on the
average global CpG methylation (P<0.01) (Supplementary
Fig. S12). Detailed insights were observed on PCA, HC, and
correlation analysis where distances among ramets derived
from the same ortet (within-ortet) were much smaller than
those among ramets derived from different ortets (between-
ortet), irrespective of the treatment (Fig. 1B; Supplementary
Figs S6A, S8A, D). A similar but less pronounced within-ortet
clustering was found for CHG methylation, with an additional
clustering of drought-treated ramets, irrespective of the ortet
(Supplementary Figs S6-S8).

Transposable elements are enriched with stress-
induced differentially methylated regions

We identified a total of 1798 DMRs across all treatments and
sequence contexts (Fig. 3; Supplementary Table S6). Drought
induced the largest number of DMRs among all treatments
(mostly CHH hypermethylations), while cold induced the
largest amount of hypermethylated DMRs in CpG/CHG
contexts (Fig. 3A; Supplementary Table S6). In general, sim-
ilar amounts of multi-stress and stress-specific DMRs were
observed in each treatment, except for drought CHH-DMRs
(Fig. 3B; Supplementary Table S7). Among the 203 multi-stress
DMRs, drought and heat showed the largest intersection with
57 DMRs (Supplementary Fig. S13).
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Fig. 2. Stress-induced genome-wide DNA methylation variation in the Lombardy poplar. Metaplots of methylation level differences (treatments versus
control group) and gene/transposable element (TE) content over the scaffold 1 of Populus nigra var. ltalica. (A) Bar plots of average global methylation (%) for
each ortet. Sequence contexts were analysed separately. Horizontal bars and letters indicate relevant significant pairwise differences after Tukey post-hoc
comparisons. The values are the means +SE; n=8. (B) Metaplots of methylation level differences (treatments versus control group) and gene/TE content over
the scaffold 1 of Populus nigra var. Italica. Top panels: scaffold 1 was divided into 50 kb bins, per-bin methylation differences for each treatment and context
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Enrichment tests showed that all DMRs, irrespective of se-

quence context, were enriched in TEs (Supplementary Table S8).

In addition, CpG-DMRs mainly targeted gene bodies, specifi-
cally exons, while CHH-DMRs were enriched over gene flank-
ing regions (Fig. 4B; Supplementary Table S8). CHG-DMRs
were enriched in intergenic regions associated with TEs, while

TE-associated CHH-DMRs were enriched in gene flanking
regions and introns (Supplementary Table S9). Moreover, we
observed an increased frequency of DMRs in TE flanking re-
gions, especially within the first 200 bp (Supplementary Fig.
S14), revealing TEs as a major source of methylation variation
(DMRss) irrespective of treatment (Supplementary Figs S15,516).
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Fig. 3. Summary of significant differentially methylated regions (DMRs) induced in the Lombardy poplar by each stress treatment versus the control
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classified by specificity: multi-stress (orange) and stress-specific (dark blue). DMR numbers are shown on top of each bar. SA, salicylic acid.

Drought-induced CHH hypermethylation is stronger in
specific transposable element superfamilies

DMR enrichments over each TE superfamily revealed that
SINE and MITE, especially MITE/DTH, showed an excep-
tionally strong response (Fig. 5; Supplementary Table S10).
Interestingly, SINE and MITE/DTH elements also display the

highest CHH methylation under control conditions among all
TE superfamilies (Supplementary Fig. S17). Methylation anal-
ysis over genic regions showed that drought induced CHH
hypermethylation of SINE and MITE/DTH elements ir-
respective of gene proximity (Supplementary Figs S18, S19,
respectively).
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Fig. 4. Distribution of stress-induced differentially methylated regions (DMRs) over the Lombardy poplar genome. (A) For each treatment and context,

DMR counts (irrespective of treatment) are shown for gene body (including exons, introns and untranslated regions),

+2 kb gene flanking regions, and

intergenic regions. Dark/light colors differentiate the number of DMRs associated/not associated with transposable elements (TEs) in the corresponding
region. (B) Detailed distribution of all stress-induced DMRs along genic regions, per context and TE association. Vertical dashed lines indicate the gene
transcription start site (TSS) and transcription termination site (TTS). Horizontal black boxes represent the gene body. Gene lengths were normalized to

2 kb. SA, salicylic acid.

CpG/CHG stress differentially methylated regions are
also multi-stress differentially methylated regions and
ortet differentially methylated regions

By examining the methylation response of stress-specific
DMR regions in all other treatments, we observed that most
of the stress-specific CpG/CHG-DMRs also showed a re-
sponse to other treatments, usually in the same direction (ei-
ther hyper- or hypo-methylation) (Fig. 6A; Supplementary

Fig. S20). Thus, different stresses tended to result in similar
methylation responses at these genomic locations, even when
statistical significance was only reached in response to some
treatments. Moreover, by examining the methylation level of
these responsive regions in the control group, we noticed that
CpG/CHG-DMRs had intermediate CpG/CHG methyla-
tion and low CHH methylation, while CHH-DMRs showed
very high methylation in all contexts (Fig. 6B).
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Harbinger-related miniature inverted-repeat transposable element (MITE/DTH) superfamilies (Supplementary Table S10). (B) Boxplots of drought-induced
CHH methylation variation (versus control group) over individual TE elements. Each boxplot summarizes the overall methylation response of a specific TE
superfamily (x-axis) to drought stress. The horizontal dotted red line depicts the zero drought-control difference. Based on their terminal inverted repeats
and tandem site duplications sequences, TEs were assigned to different superfamilies represented by different codes with DTA for hAT, DTC for CACTA,
DTH for PIF/Harbinger, DTM for Mutator, and DTT for Tc1/Mariner.
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Fig. 6. Patterns of differentially methylated regions (DMRs) identified in the Lombardy poplar. (A) Heatmap and hierarchical clustering of the average
difference methylation levels (compared with control) of the 1728 identified stress-DMRs. (B) Histograms of CpG, CHG, and CHH methylation level in
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The amount of ortet-DMRs was several orders higher than
the stress-DMRs, especially in the CpG/CHG context. For
each comparison between two ortets, we identified on av-
erage 1425 CpG-DMRs, 1621 CHG-DMRs, and 133 CHH-
DMRSs (Supplementary Fig. S21). We detected a total of 9840
CpG-DMRs, 7353 CHG-DMRs and 1141 CHH-DMRs
after accounting for DMRs found in more than one pairwise
comparison (Supplementary Table S11). Such ortet-DMRs
were considered as a product of natural methylation variation,
and when intersected with stress-DMRs, the analysis revealed
that most of the stress CpG-DMRs (71%) and CHG-DMRs
(85%) were also identified as ortet-DMRs. However, only 6%
of stress CHH-DMRs were found in the ortet-DMR set. (Fig.
6C; Supplementary Table S11).

Functional analysis of genes associated to drought
differentially methylated regions and drought-
responsive transposable elements

Enrichment analyses revealed few gene ontology (GO)
terms that were significant after multiple testing correction
(g-value). GO terms with uncorrected P-values (<0.05) sug-
gested that genes associated with drought CHH-DMRs were
enriched in processes related to response to abiotic stimulus
(GO:0071214), osmotic stress (GO:0006970), and water dep-
rivation (GO:0009414). Comparisons of functional enrich-
ments of gene sets associated to drought CHH-DMRSs and
drought-responsive TEs (DR-TEs) highlighted considerable
overlaps. Response to abscisic acid (GO:0009737) and protein
kinase activity (GO:0004672) were terms that were enriched
in almost all gene sets, while cellular response to water dep-
rivation (GO:0042631) and cellular response to water stim-
ulus (GO:0071462) were enriched only in drought-DMR,
MITE/DTH, and DR-TE sets. In addition, SINE-associated
genes were mainly enriched in terms related to protein phos-
phorylation while MITE/DTH-associated genes were mostly
enriched in terms related to abscisic acid (ABA)/hormone sig-
naling and response to water stimulus. Gene sets associated with
HDR-TEs showed similar enrichments to those accounting
for DR-TEs (Table 1). Thus, regions and TE superfamilies that
showed methylation responses to drought seem to be located
close to drought-responsive genes.

Discussion

In this study, we aimed to characterize the DNA methylation
response to multiple stressors in the clonal tree Populus nigra cv.
‘Italica’ using whole-genome bisulfite sequencing. By identify-
ing both generic and stress-specific DNA methylation changes
in response to stress exposure, we provide insights into the
methylome plasticity of this tree species. Our evaluation of the
poplar methylome plasticity upon abiotic and biotic treatments
allowed the discovery of multi-stress hotspots that are partially

shaping natural methylation variation. Moreover, we identified
specific TE superfamilies whose response to drought may have
been selected to cope with extreme conditions. Our study
underscores the importance of considering multiple stressors
in elucidating the DNA methylation landscape and its func-
tional implications in long-lived tree species.

Global signatures of the poplar methylome response to
individual stress treatments

Abiotic stresses

The global patterns of DNA hypermethylation after exposure
to abiotic stresses substantiates previous studies on Populus that
have reported global DNA methylation increases after 5 weeks
of drought stress in P trichocarpa (Liang et al., 2014) and after 7
d of salt stress in P euphratica (Su et al.,2018). In P simonii, meth-
ylation gradually increased during the first 24 h of either cold,
heat, salinity, or osmotic stress, and certain enzymes involved
in (de)methylation pathways were up/down-regulated in a
stress-specific manner (Song et al., 2016). However, the low-
resolution methods (HPLC and methylation-sensitive ampli-
fication polymorphism) used to quantify DNA methylation
did not allow the authors of that study to further investigate
methylation at context-specific level. Here, using WGBS data,
we were able to determine that genome-wide stress-induced
hypermethylation can arise in a sequence context specific
manner as a response to specific stresses. For instance, we could
differentiate CHH hypermethylation induced by drought
from CpG/CHG hypermethylation induced by cold (Fig. 2).
Together with the mentioned studies, our findings suggest
that the context-specific hypermethylation patterns induced
by abiotic stresses are the product of the interplay between
the establishment of methylation via the RINA-directed
DNA methylation pathway and the stress-specific up/down-
regulation of demethylation pathways.

Abscisic acid (ABA) is known to initiate stress signaling
leading to physiological acclimation upon stress (Popko et al.,
2010; Jia et al., 2016, 2017). However, only a few studies have
suggested its potential role in mediating global hypermethyl-
ation responses (Song et al., 2016; Lafon-Placette et al., 2018;
Su et al., 2018). For instance, ABA treatments in Arabidopsis
induced hypermethylation at ABA-responsive genes (Gohlke
et al., 2013). Moreover, ABA-mediated up-regulation of spe-
cific microRNAs can down-regulate targeted demethylases
(Sunkar and Zhu, 2004), which in turn may result in hyper-
methylation. Because increase of methylation may be associated
with gene silencing (Paszkowski and Whitham, 2001; Fojtova
et al., 2003), stress-induced global hypermethylation may in-
duce progressive gene silencing leading to arrested growth
under adverse conditions. However, as some stresses have an
effect on tree growth, hypermethylation could also reflect a
delayed developmental stage and thus confound the interpre-
tation of the stress-induced methylation change. In this study,
we found a large overlap between drought- and heat-induced
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Table 1. Gene Ontology (GO) enrichment analysis of genes associated with drought CHH-DMRs and drought-responsive TEs (DR-TEs)

and highly drought-responsive TEs (HDR-TEs)

GO ID GO description Ontology DR-TEs HDR-TEs Drought
(5% hypermethylation) CHH-DMRs
SINEs MITE/ both HDR HDR Both
DTH SINEs MITE/DTH
G0O:0009719 Response to endogenous stimulus BP X X X
GO0:0009725 Response to hormone BP X X X
G0O:0016310  Phosphorylation BP X X x X
G0:0006468 Protein phosphorylation BP X X X X x
G0:0001101  Response to acid chemical BP X X
G0:0097305 Response to alcohol BP X x x X X X
G0O:0009737 Response to abscisic acid BP X X X X X
G0:0071229 Cellular response to acid chemical BP x X X
G0:0042631  Cellular response to water deprivation BP X X X
G0O:0071462  Cellular response to water stimulus BP X X X
G0:0019853 L-Ascorbic acid biosynthetic process BP X X X
G0:0009963 Positive regulation of flavonoid biosynthetic process BP X X
G0O:0019632  shikimate metabolic process BP X X
GO:0016772 Transferase activity, transferring phosphorus-containing groups  MF X X X X
G0O:0016301  Kinase activity MF X X X X
GO:0016773 Phosphotransferase activity, alcohol group as acceptor MF X x X X X
G0:0004672 Protein kinase activity MF X X X X x
G0:0004674  Protein serine/threonine kinase activity MF X X X X X
GO:0106310 Protein serine kinase activity MF X X X x X
G0:0106311  Protein threonine kinase activity MF X X X x X
GO:0050660  Flavin adenine dinucleotide binding MF X X
G0O:0000287 Magnesium ion binding MF X
G0O:0015144  Carbohydrate transmembrane transporter activity MF X X
GO:0090599  a-Glucosidase activity MF X X X
G0:0003855  3-Dehydroquinate dehydratase activity MF X X
G0:0004764  shikimate 3-dehydrogenase (NADP™) activity MF X x
GO0:0008143  Poly(A) binding MF X X
G0:0070717  Poly-purine tract binding MF x X
G0:0030136  Clathrin-coated vesicle CC X X X X
G0:0031312  Extrinsic component of organelle membrane CC X X X
G0:0031314  Extrinsic component of mitochondrial inner membrane CC X X X
G0:0012510 trans-Golgi network transport vesicle membrane CC X X

Only significant GO terms (P-value <0.05) for each gene set are marked by ‘x’. Enriched GO terms for drought CHH-DMRs (far right) were used as a
basis for comparison among all gene set enrichments. BP, biological process; CC, cellular component; DMR, differentially methylated region; DR-TE,
drought-responsive TE; HDR-TE, highly drought-responsive TE; MITE/DTH, Harbinger-related miniature inverted-repeat transposable element; MF,
molecular function; SINE, short interspersed nuclear element; TE, transposable element.

DMRs (Supplementary Fig. S13). However, reduced growth
was observed only after drought, but not after heat treatment
(Supplementary Fig. S5). The fact that similar DMRs are in-
duced to different stresses irrespective of a stress effect on
growth suggests that many drought-DMRs are probably not a
consequence of developmental delay after drought.

In P tremula and tree peony, bud growth reactivation is pre-
ceded by a progressive reduction of genomic DNA methyl-
ation (Conde et al., 2017; Zhang et al., 2020). Therefore, it is
plausible that cold-induced hypermethylation occurs as a first
response during winter, arresting growth, followed by a gradual

demethylation that leads to growth reactivation in spring.

Since changes in CHH methylation are less stable than those in

CpG/CHG contexts (Secco et al., 2015; Wibowo et al., 2016),
context-specific hypermethylation suggests different durations
of the response. This might be related to differences in dura-
tion of the environmental stresses in nature, specifically longer
cold periods (winter) versus brief episodes of drought during
the growing season.

Biotic stresses

The effect of biotic stresses on DNA methylation has been
examined in Arabidopsis and other species (Dowen et al., 2012;
Zhang et al., 2018; Ramos-Cruz et al., 2021), but little infor-
mation is available about woody plants. It is known that SA
treatment, rust infection, and caterpillar attack increase the
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levels of SA, jasmonic acid, and ABA in the affected poplar
leaves (Clavijo McCormick et al., 2014; Ebetl, ef al., 2018a, b;
Li et al., 2018; Ullah et al., 2019). Moreover, SA can be trans-
ported from infected to uninfected sites to induce systemic
acquired resistance (Li ef al., 2018). Therefore, we will discuss
the biotic-induced methylation patterns in the context of sys-
temic acquired resistance as we sampled unaffected leaves that
developed during the stress periods.

Consistent with our results, treatment with exogenous SA
has been reported to induce DNA hypomethylation in other
species, which in turn activates defense-response genes (Dowen
et al., 2012; Kiselev et al., 2013, 2015; Ngom et al., 2017). The
CpG/CHG hypomethylation patterns that we observed upon
both herbivory and SA treatment (Fig. 2B) might therefore be
related to activating SA-dependent defense response.

Diminished rust infection has been observed in drought-
affected poplars, explained to some extent by increased stom-
atal closure mediated by ABA (Ullah et al., 2019). Our results
suggest that diminished rust infection could also be the re-
sult of methylation responses, as rust infection also induced
CpG/CHG hypermethylation profiles very similar to those
observed under drought and heat, but not cold (Fig. 2B).These
similarities suggest a possible overlap between the responses to
drought and rust infection, as it has been suggested by results
on the poplar apoplast proteome (Pechanova et al.,2010).

Hotspots of environmentally induced methylation
variation

Experiments for studying stress effects on DNA methylation
usually analyse DMRs induced by single stresses. By intersect-
ing several DMR sets detected from different stresses, we can
discriminate between generic and stress-specific responses.
However, while the latter approach can pinpoint multi-stress
DMRs (Song et al., 2016), the vast number of genomic regions
tested in whole-genome studies usually produce a reduced
set with only the strongest responding regions. Thus, the in-
tersection approach will likely underestimate the overlapping
responses between different stresses. In this study, after observ-
ing that many stress-induced DMRs were found in the same
genomic regions when comparing among different DMR sets
(Fig. 3B), we interrogated the methylation variation in regions
where a DMR was identified (Fig. 6A). We found that CpG/
CHG-DMRs often showed a similar response irrespective of
treatment, suggesting that much of the stress response in poplar
is generic, rather than stress-specific. Based on these obser-
vations, we suspect that many of the reported stress-specific
DMRs in other species likely also have a multi-stress nature,
which would imply a more careful interpretation of DMR
results in the future.

Our results resemble the observations of epimutational hotspots
in nearly isogenic Arabidopsis lines under greenhouse and nat-
ural environmental conditions (Becker et al., 2011; Schmitz
et al., 2011; Hagmann et al., 2015). Such epimutation hotspots

are characterized by steady-state intermediate methylation lev-
els (Hazarika et al., 2022), which was also observed in the con-
trol methylation levels of CG/CHG DMRs (Fig. 6B). However,
where the intermediate methylation level of Arabidopsis hotspots
is due to sparse cytosine methylation (only a subset of CpGs is
methylated), in our case it is the result of individual cytosines
being partially methylated. Since such CpG/CHG-DMRSs are
often located on TE flanking regions (Supplementary Figs S13—
S15), we propose that TE-mediated stress-induced (de)methyla-
tion is the source of methylation variation on the TE edges, here
identified as multi-stress DMRs.

Stress-induced methylation variation as a source of
epialleles under natural conditions

In this clonal system, natural methylation variation can be attrib-
uted to spontaneous and environmentally induced variation. Here,
we identified many CpG/CHG-DMRs among ortets, which
are thought to be mitotically stable and hence clonally trans-
missible. More interestingly, a large proportion of stress-induced
DMRs overlapped with ortet-DMRs (Fig. 6C). Transient, stress-
responsive epigenetically labile regions have been identified in
other species as overlapping with naturally occurring DMRs
(Wibowo et al., 2016; Miryeganeh et al., 2022). This result sug-
gests that at least part of the natural methylation variation of the
clonal system at a European scale is induced by differences in
environments. Consequently, environment-induced methylation
variants in CpG/CHG contexts could be fixed and appear as nat-
ural epialleles detectable across the tree lifespan.

In contrast, induced CHH-DMRSs showed only a minor
overlap with ortet-DMRs, even though such DMRs largely
arose in response to drought and heat. This observation sup-
ports the idea that CHH methylation variation quickly disap-
pears after the stress is gone, preventing induced CHH-DMRs
from persisting as natural epialleles. This capability of CpG/
CHG methylation to track long-term environmental variation
seems to be supported by recent observations in other trees
(Heer et al., 2018; Miryeganeh et al., 2022).

Functionality of the poplar methylome response to
drought

As poplar is a fast-growing riparian tree whose high productivity
requires high water availability (Vanden Broeck, 2003; Monclus
et al., 2006), methylation responses to drought are potentially rel-
evant for the ecology of this species. Recent reports in the species
have found significant genotypic variation for drought tolerance
(Viger et al., 2016) as well as for drought escape (Yildinm and
Kaya, 2017). Therefore, efficient fine-tuning of the drought es-
cape and tolerance responses is likely a strong selection pressure
in this clonal cultivar, which may have promoted the evolution of
DNA-methylation-based regulatory mechanisms.

Even though the study of the functionality of DNA meth-
ylation would require at the very least quantification of gene
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expression, some patterns that we observed in the methylome
response to drought suggest a functional consequence. Here,
we reported TE-associated CHH hypermethylation mostly
in gene flanking regions, which has been also described in P
trichocarpa (Liang et al., 2014). Our analysis revealed that the
hypermethylation response is enriched in specific TE super-
families: SINE and MITE/DTH (Fig. 5A). The specificity of
this response may be relevant for mediating functional stress
responses, as a more specific set of genes may be affected by the
hypermethylation response.

TE activity can be triggered by biotic and abiotic stress con-
ditions (Seibt ef al.,2016; Lanciano and Mirouze, 2018), which
in turn may lead to a rapid and extensive TE amplification fol-
lowed by inactivity and drift (Jiang et al., 2004). Such is the case
for SINEs and MITE:s irrespective of their inherent differences:
retrotransposons versus DNA transposons, respectively. Both
superfamilies are relatively short elements frequently inserted
close to and within genes (Seibt et al., 2016; Kogler et al., 2020),
likely due to their tendency to integrate in hypomethylated
DNA regions (Arnaud et al., 2000). Also, both are preferential
targets for de novo methylation, which can then spread into
flanking sequences and may affect the expression of nearby
genes (Arnaud et al., 2000; Chen et al., 2014). TE proximity
to genes may suggest that stress-induced TE hypermethylation
could be a by-product of highly expressed nearby genes, as pre-
viously suggested by Secco et al. (2015). However, we observed
that CHH hypermethylation occurred irrespective of their dis-
tance to genes, indicating that such response may not be a con-
sequence of nearby gene expression.

Hypermethylation of entire TE superfamilies in response to
stress has not been previously reported in other species. We
found that SINE and MITE/DTH elements were already
highly methylated (and presumably silenced) under con-
trol conditions. Therefore, as drought seems to reinforce such
hypermethylation, we speculate that the selective silencing of
these elements might have regulation consequences of nearby
drought-responsive genes as hinted by GO enrichment results.

By exposing clonally propagated poplar trees to a panel of
different stresses, this study revealed stress-specific epigenetic
variation that involves hypermethylation of SINE/MITE ele-
ments and CHH-DMRs after drought. Importantly, genes as-
sociated with such elements were enriched in general responses
to drought (e.g. ABA signaling, protein kinase activity, and re-
sponse to water deprivation). Thus, to test if DNA methylation
is involved in the regulation of such genes, follow-up studies
are needed to monitor gene transcription and DNA methyla-
tion of those loci prior to and during drought stress.

Supplementary data

The following supplementary data are available at JXB online.
Fig. S1. Stress treatment experimental design.
Fig. S2. Latin square design used for plant allocation on the
greenhouse table.

Fig. S3. Soil parameters monitored during the experiment.

Fig. S4. Example of DMR calling using jack-knife approach.

Fig. S5. Boxplots of phenotypic measurements on Lombardy
poplar ramets after stress treatments.

Fig. S6. Unsupervised hierarchical clustering analysis for
methylation data after stress exposure in the Lombardy poplar.

Fig. S7. Additional informative principal components cal-
culated using methylation data from stress-treated Lombardy
poplar ramets.

Fig. S8. Intraclass correlation coefficients (ICC) computed
for all ramet pairwise comparisons in the three sequence con-
texts (CpG, CHG, CHH).

Fig. S9. Characterization of CHH methylation levels within
and proximal to transposable elements in drought and control
samples.

Fig. S10. Metaplots of CpG, CHG, and CHH methylation
level differences (versus control group) within and proximal to
gene models and transposable elements.

Fig. S11. Characterization of CpG, CHG, and CHH meth-
ylation levels within and proximal to gene models and trans-
posable elements.

Fig. S12. Bar plots of average global methylation (%) for each
ortet.

Fig. S13. Upset plot of DMR set intersections between
treatments.

Fig. S14. Association of stress-DMRs with the closest TE.

Fig. S15. Methylation analysis of a hyper CG-DMR induced
by cold and SA treatment.

Fig. S16. Methylation analysis of a hyper CG-DMR induced
by cold, drought and rust infection treatment.

Fig. S17. Boxplots of methylation levels for all TE superfami-
lies in all sequence contexts.

Fig. S18. Methylation analysis for all SINE elements in 1 kb
bins along their distribution over genic regions.

Fig. S19. Methylation analysis for all MITE/DTH elements
in 1 kb bins along their distribution over genic regions.

Fig. S20. Heatmap and hierarchical clustering of the average
difference methylation levels (compared with control) of the
1728 identified stress-DMRSs in the corresponding sequence
context.

Fig. S21. Summary of DMRs identified between each pair
of ortets on each sequence context.

Table S1. Description and geolocation of the ortets from
which ramets were collected.

Table S2. Data filtering and resolution of the methylation
analyses.

Table S3. Summary statistics of significant stress-DMRs.

Table S4. Summary of number of significant DMRs identi-
fied with the jack-knife approach (JK), Methylkit (M), and the
intersection of both datasets.

Table S5. Summary statistics of significant ortet-DMRs.

Table S6. Summary of significant DMRs classified ac-
cording to the methylation direction compared with control

group.
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Table S7. Summary of significant DMRs classified according
to stress specificity.

Table S8. Z-test for proportion of DMRs on different ge-
nomic regions (Ha: p1>p2).

Table S9. Contingency tables and independence tests for
DMR feature enrichment associated to TEs.

Table S10. Fold enrichment analysis of TE superfamilies tar-
geted by drought-induced CHH DMRs.

Table S11. Summary of ortet-DMRs and the intersection
with stress-DMRs.
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