Forest Ecology and Management 474 (2020) 118319

Contents lists available at ScienceDirect

Forest Ecology and Management
journal homepage: www.elsevier.com/locate/foreco

Patterns of DNA methylation changes in elite Eucalyptus clones across
contrasting environments

T

Wendell Jacinto Pereiraa,1,2, Marília de Castro Rodrigues Pappasb,1, Otávio Camargo Campoec,d,
⁎
José Luiz Stapee, Dario Grattapagliab,f, Georgios Joannis Pappas Jra,
a

Department of Cell Biology, University of Brasília, Brasília, DF, Brazil
Embrapa Genetic Resources and Biotechnology, Brasília, DF, Brazil
c
Department of Forest Sciences, Federal University of Lavras – UFLA, 37.200-000 Lavras, MG, Brazil
d
Department of Forest Science, São Paulo State University – UNESP, 18600 Botucatu, SP, Brazil
e
Department of Forestry and Environmental Resources – Suzano, Itapetininga-SP, Brazil
f
Universidade Católica de Brasília, Brasília, Distrito Federal, Brazil
b

ARTICLE INFO

ABSTRACT

Keywords:
TECHS
Epigenetics
Phenotypic plasticity
MS-DArT-seq

Phenotypic plasticity refers to the ability of a single genotype to express distinct phenotypes in response to the environment, a crucial feature for sessile organisms like forest trees, especially in a scenario of global climate change.
Several studies show that epigenetic regulation plays an important role in this plastic adaptation response, driving the
search for associations between natural epigenetic variation with environmental cues and phenotypic traits based on
patterns of cytosine methylation. Clonally propagated trees across variable sites offer a robust system to control for the
confounding effect of the background genetic variation among genotypes, allowing the analysis of epigenetic modifications in response to variable environments. In this study we investigated the overall patterns of epigenetic changes
by the analysis of the genome-wide DNA methylation status based on high throughput MS-DArT-seq (Methyl Sensitive
DArT-seq sequencing) of reduced genome complexity representations. We compared patterns of DNA methylation of
biological replicates of leaf and xylem tissue samples of four commercially planted elite Eucalyptus grandis × Eucalyptus
urophylla clones and one Eucalyptus urophylla in two contrasting sites in Brazil, and the association of these methylation
patterns with the environments and growth traits. DNA sequence reads were mapped against the Eucalyptus grandis
reference genome, counting and annotating differentially methylated sites. A total of 90,378 MS-DArT-seq sites were
identified, the majority (~70%) located in genes and 10% in transposable elements. The distribution of methylation
sites showed extensive variation between the five genotypes and the environments. Sets of methylation sites exclusive
to each location were identified for each clone but no consistently shared epigenetic marks for all five clones were
found across environments. Multiple correspondence analysis suggests a significant contribution of the genetic background on the distribution of methylation changes. We used a gene-environment association analysis to search for
association of methylation patterns with growth traits. A total of 445 methylation sites across all 11 Eucalyptus chromosomes were found significantly associated with one or more of the three measured traits (total height, estimated
volume and breast high diameter). The absence of clustered differentially methylated sites is consistent with the fact
that complex growth traits are governed by a large number of loci of small effect across the entire genome suggesting
that this same pattern will likely hold for what regards epigenetic marks.

Abbreviations: BS, bisulfite; DBH, diameter at breast height; FDR, false discovery rate; G×E, gene-environment interaction; GEA, gene-environment association;
GO, Gene Ontology; MCA, multiple correspondence analysis; MS-DArT-seq, Methyl Sensitive Diversity Arrays sequencing; NGS, next generation sequencing; RRBS,
reduced representation bisulfite sequencing; TECHS, Tolerance of Eucalyptus Clones to the Hydrous and Thermal Stresses
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1. Introduction

methylation changes, with simultaneous methylation and demethylation events taking place in plants under water deprivation followed by
rehydration, was observed in Eucalyptus globulus using methyl sensitive
random amplified polymorphic DNA (Correia et al., 2016). A recent
study in Populus balsamifera showed the potential of epigenomes for the
estimation of plant traits using deep learning in whole genome bisulfite
sequencing data (Champigny et al., 2019).
Methodologies to study epigenetic variation generally focus on
sampling DNA methylation status. Methods vary from global analysis
measuring overall methylation, to sequencing of reduced complexity
genome representations, such as RRBS (reduced representation bisulfite
sequencing) and immunoprecipitation based sequencing, and bisulfite
(BS) whole genome sequencing with single base resolution mapping of
cytosine methylation generating the so called methylomes or epigenomes – reviewed in Laird, 2010, Gupta et al., 2010 and Kurdyukov and
Bullock, 2016. Despite the technical feasibility of the gold standard
method of sequencing whole methylomes, costs are prohibitive for large
sample sizes as in population studies.
MS-DArT (Methyl Sensitive Diversity Arrays) sequencing is a methylation-sensitive restriction enzymes (MSRE) method, based on DArT
genotyping method (Jaccoud et al., 2001), coupled with high
throughput sequencing. It is a cost-effective, high resolution method to
sample the DNA methylation status at genome-wide scale. The protocol
is based on genome complexity reduction using two parallel genomic
libraries double digested with the restriction enzyme PstI combined
with the two isoschizomers HpaII and MspI, with differential sensitivity
to methylation, followed by high throughput short read sequencing.
Sequencing reads counts are correlated to methylation status of the
restriction site (CCGG) due to distinct sensitivity of the isoschizomers
MspI (internal methylation insensitive) and HpaII (internal methylation
sensitive). The efficiency of MS-DArT-seq for detection of DNA methylation in trees was recently reported by our group, in a study using
the clone BRASUZ1, the same genotype sequenced to generate the Eucalyptus grandis reference genome (Myburg et al., 2014). Besides the
ability to detect thousands of DNA methylation sites, MS-DArT-seq data
revealed an important sampling bias toward genic regions (Pereira
et al., 2020).
Epigenetic studies in natural populations or genetically distinct
groups deal with a critical issue of the confounding effects of the targeted epigenetic variability and the background genetic variation of the
organism under study (Dubin et al., 2015; Latzel et al., 2013; Schmid
et al., 2018; Schmitz et al., 2013; Su et al., 2018). Some DNA methylation variation can be linked with or controlled by genetic variation in
genes of DNA methylation pathways (Pecinka et al., 2013) and affected
by structural variation as shown in a study of epigenomic diversity in a
global collection of Arabidopsis thaliana (Kawakatsu et al., 2016). Some
DNA methylation is, however, independent of genetic variation
(Schmitz et al., 2013) and requires further studies to unveil its basis and
adaptive significance in plants.
As these confounding variables can easily lead to ambiguous conclusions as it is technically impossible to completely dissociate genetic
from epigenetic variation, we carried out a genome-wide study based
on biological replicates of distinct elite Eucalyptus clones to analyze
DNA methylation as an indicator of epigenetic variability, therefore
controlling for or at least minimizing the confounding effect of genetic
variation. Plant material was provided by the TECHS project (Tolerance
of Eucalyptus Clones to the Hydrous and Thermal Stresses) whose experimental design supplied ideal samples to that end, i.e. replicates of
the same clones planted in several experimental sites with variable
edaphoclimatic conditions (Binkley et al., 2017, 2020). We surveyed
epigenetic DNA variation in two contrasting tissues, leaves and xylem,
from two biological replicates of each one of five widely planted elite
Eucalyptus clones (four Eucalyptus grandis × Eucalyptus urophylla interspecific hybrid and one Eucalyptus urophylla) grown in two distinct
climatic and edaphic conditions in Brazil. The clones and localities
names reported in this study follow the standard nomenclature adopted

Understanding how organisms adapt to environmental challenges
and what are the genetic bases of phenotypic plasticity is a long lasting
question puzzling geneticists. Phenotypic plasticity can be defined as
the ability of a single genotype to be tailored into different phenotypes
to adapt to environmental changes (Pigliucci et al., 2006). Epigenetic
regulation is one of many theoretical frameworks currently employed to
address this phenomenon (Huang et al., 2017). The rationale is that
given an invariant genomic sequence, modulation of gene expression in
the presence of external cues or during development can be elicited
through reversible alterations in chromatin structure, such as cytosine
methylation and histone modifications, that directly impact the transcriptional throughput of genes (Ecker et al., 2018; Niederhuth and
Schmitz, 2017). As such, the epigenome is suggested to embody the
intersection between the genome and the environment (Ecker et al.,
2018).
In humans, lifestyle and behavioral factors influence the epigenome
and thus the resultant phenotype, exemplified as disease discordance
between monozygotic twins or an increase of common diseases with
age (Ecker et al., 2018; Feinberg, 2007). In plants, as sessile organisms,
the ability for rapid and sustainable adaptation is crucial for survival
facing abiotic and biotic stresses so that this intersection between the
genome and the environment is even more imperative especially in a
scenario of climate change.
Increasing examples show that epigenetic regulation may contribute
to this important ability of rapid adaptation to stressors in plants as
DNA methylation has been associated with relevant phenotypic plasticity (Cortijo et al., 2014; Pecinka et al., 2013; Schmid et al., 2018; Secco
et al., 2015; Wibowo et al., 2016). The ability to gain adaptive traits
through nucleotide substitution mutations is especially advantageous in
long-lived plants. This process occurs when these species produce large
numbers of low-dispersal seeds, therefore enhancing the probability of
occurrence of mutations that, in turn, can be inherited by future generations (Herman et al. 2014; Platt et al., 2015). The higher deamination rates of methylated cytosines, compared to unmethylated ones, can
be translated in an increased mutational burden directly associated
with epigenetic states and shown to be involved in local adaptation
(Platt et al., 2015).
Implications of epigenetic marks on traits such as climate adaptation, biotic and abiotic stresses are being studied by several groups in
different species including the model plant Arabidopsis thaliana
(Ganguly et al., 2017; Jiang et al., 2014; Keller et al., 2016; Kooke et al.,
2015; Schmid et al., 2018), crops (Raza et al., 2017; Springer and
Schmitz, 2017) and forest trees (Ci et al., 2016; Lafon-Placette et al.,
2018; Su et al., 2018; Vanden Broeck et al., 2018). Evidences of methylation in environmental adaptation also came from the 1001 Arabidopsis DNA methylomes initiative with the observation that methylation levels within transposable elements showed positive correlation
with latitude and precipitation, and negative correlation with warmer
temperatures (Kawakatsu et al., 2016). DNA methylation changes have
been associated to agronomic practices and geographic coordinates in
Vitis vinifera enabling the inference of terroirs (Xie et al., 2017b, 2017a)
and suggested as molecular biomarkers to evaluate environmental
stress (Feil and Fraga, 2012).
Several studies illustrate the interest in understanding the association of epigenetic elements and adaptation in forest trees due to their
key role as keystone species in several biomes across the globe
(Bräutigam et al., 2013; Ci et al., 2016; Gugger et al., 2016). Changes in
genome methylation were reported in Populus in response to water
availability (Gourcilleau et al., 2010; Lafon-Placette et al., 2018; Raj
et al., 2011); salt stress (Su et al., 2018) and bud phenology associated
with environmental conditions (Vanden Broeck et al., 2018). Accessible
chromatin regions were recently identified in Eucalyptus grandis
showing their functional significance for gene regulation along with
histone modifications (Brown et al., 2019). Induction of complex DNA
2
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in reports of TECHS project, as described in Binkley et al. (2020).
Besides comparing the overall patterns of DNA methylation across
clones and tissue types and their potential association with the environments and growth traits, we were also interested in evaluating
whether this strategy can efficiently sample genome-wide DNA methylation variation as a cost effective alternative approach to whole
genome BS-sequencing.
Additionally, an analytical protocol (Pereira et al., 2020) was used
for overall data processing, including: quality control of raw sequencing
data, mapping the reads to the Eucalyptus grandis reference genome
(Myburg et al., 2014), counting the mapped reads per locus and annotating the corresponding genomic regions. We used latent factor
fixed model 2, LFMM2, (Caye et al. 2019), a model-based approach
developed for gene-environment analysis to correct for unobserved
variables and population structure and test for significant association
between DNA methylation and phenotypic traits. Other multivariate
statistical analyses were also carried out to explain data variance.

2.2. Methylation sensitive DArT sequencing (MS-DArT-seq)
MS-DArT-seq is a method to detect DNA methylation based on the
DArT complexity reduction and next generation sequencing platform
(Kilian et al., 2012). Leaves and xylem DNA samples of each one of the
five genotypes, collected from two growing locaties (dry and wet),
quantified and sent to DArT (Diversity Array Technologies, Canberra,
Australia) for methylation profiling with the MS-DArT-seq technique,
including both the methylation-sensitive restriction enzyme treatment
and next-generation sequencing. For each sample, two genome complexity reduced libraries were produced by the restriction-based DNA
double digestion with the combination of the enzymes PstI and MspI
(PstI-MspI) and PstI and HpaII (PstI-HpaII). DNA libraries were then
processed by the selection of fragments based on their size, followed by
special adapter ligation that ensured that all fragments were sequenced
starting in the PstI restriction site and single-end sequenced on an Illumina Hiseq 2500 instrument for 77 cycles.
A comprehensive investigation of MS-DArT-seq efficiency in detecting DNA methylation is available in Pereira et al., 2020, and a
schematic view of the process is shown in Fig. 1.

2. Materials and methods
2.1. Plant material

2.3. Data processing and DNA methylation identification

The MS-DArT-seq methodology was used to interrogate the methylation status of five Eucalyptus genotypes. These genotypes were
clonally planted in the experimental network of the Tolerance of
Eucalyptus Clones to the Hydrous and Thermal Stresses (TECHS) project
(Binkley et al., 2017, 2020). Two experimental sites were selected
based on contrasting climatic features: one with a uniform precipitation
regime (site 22) and the other with a long dry season and a 4 °C higher
annual average temperature (site 30).
Given the availability of a reference genome for E. grandis (Myburg
et al., 2014) and to improve DNA read mapping efficiency, five clones
were at first chosen by their genetic background, four of them being
interspecific hybrids with E. urophylla and a pure E. urophylla clone
(E5). The rationale for E. urophylla inclusion is that it belongs to the
same E. grandis section (Latoangulatae) within the sugbgenus Symphyomyrtus. Importantly, these are widely planted commercial clones
(here, following the same codification of the other studies of this special
issue, encoded as A1, B2, D4, E5 and Q8) that show different levels of
phenotypic plasticity as verified by the variation in growth related traits
when planted in divergent sites. Samples of two clonally propagated
trees of approximately 3 and a half years of age were sampled in two
contrasting experimental sites of the TECHS network, a dry site and a
regular precipitation regime site, henceforth referred to as the dry and
wet sites.
The dry site (TECHS code 30) is located in Minas Gerais state
(Bocaiuva town, 17° 6′ 55′' south, 43° 49′ 16′' west) and the wet site
(TECHS code 22), in Parana state (Telemaco Borba town, 24° 19′ 28″
south, 50° 36′ 59″ west). The wet site has lower annual mean temperature (18.9 °C compared to 21.4 °C), dryness index (0.615 compared
to 0.921) and annual evapotranspiration potential (883 compared to
1088) in comparison to the dry site. The annual precipitation is
1435 mm in the wet site and 1181 mm in the dry site. Moreover, the dry
site has a marked dry season of up to 5 months annually.
In both localities, at least 8 plots (containing 10 trees) of each clone
were planted and phenotypic measurements related to tree productivity
(total tree height, hereinafter referred to as height, estimated volume
and diameter at breast height, hereinafter referred to as DBH) were
taken on the same date of tissue sampling (Supplementary Fig. S1).
For each clone, two tissues were collected namely, adult leaves and
developing xylem. High purity genomic DNA was extracted using a
CTAB based protocol adapted to plants rich in polysaccharides and
secondary metabolites (Inglis et al., 2018), quantified by spectrophotometry using NanoDrop (Thermo Fisher Scientific). Also, technical
replicates were used for a few samples to verify the reproducibility of
downstream analyses.

Quality check of MS-DArT-seq raw sequence data was performed by
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Then, low quality bases and sequencing adapters were trimmed using
Trimmomatic v.0.36 (Bolger et al., 2014) using default parameters,
except for the addition of SLIDINGWINDOW:5:25 option. Reads from all
libraries were mapped, using bowtie2 v.2.3.5 (Langmead and Salzberg,
2012), against the Eucalyptus grandis genome v.2.0 (Bartholomé et al.,
2015), available in the Phytozome v.12 database (Goodstein et al.,
2012). No mapping gaps were allowed and any read mapped to multiple locations was removed.
Bedtools v.2.27.1 (Quinlan and Hall, 2010) was used to extract the
positions of mapped reads. This information was processed to determine the sequenced fragments, as well as the position of the corresponding MspI/HpaII restriction site, named as MSD-sites. MSD-sites
were determined using the mapped reads locations and the positions of
the MspI and PstI restriction sites in the E. grandis assembly.
To identify the methylated sites in each tissue, sample libraries (PstIMspI and PstI-HpaII) reads were mapped individually to the E. grandis
assembly and counts for each MSD-site were generated by
featureCounts v.1.6.2 (Liao et al., 2014). Then, Bioconductor package
DEseq2 (Love et al., 2014) was used to compare the counts of each
MSD-site between libraries. An MSD-site was considered methylated
when it had at least 3 reads in each library, counts had a minimum of 2
fold change in the PstI-MspI library related to PstI-HpaII and a False
Discovery Rate (FDR) smaller than 0.05.
2.4. Gene functional annotation and TEs classification
Functional annotation of methylated genes was carried out using
softwares Blast2GO v.4.1 (Conesa and Götz, 2008) and BioMart
(Smedley et al., 2009) (biomaRt R package; Durinck et al., 2009). For
each gene, annotations provided by the two databases were merged.
Over-representation of methylated genes related with specific biological functions or aspects and enrichment analysis of Gene Ontology
(GO) terms was performed using the Bioconductor clusterProfiler
package (Yu et al., 2012).
2.5. Statistical analyses
The statistical tests were implemented in R language using standard
packages. FactoMineR package (Lê et al., 2008) was used to perform
Multiple Correspondence Analysis (MCA). Using the R package
ggstatsplot, Student's t-tests were applied to perform the comparisons
3
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Fig. 1. MS-DArT-seq methylation detection by count comparison of mapped reads between PstI-MspI and PstI-HpaII genomic libraries. MspI and HpaII are restriction
enzymes that have the same recognition sequence (isoschizomers) but differ in their methylation sensitivity. MspI is methyl insensitive and HpaII has its activity
blocked by internal cytosine methylation (CmCGG). For each DNA sample, two parallel libraries are produced by digestion with a pair of restriction enzymes: PstIMspI and PstI-HpaII. Therefore, unmethylated recognition sites produce fragments in both libraries while, in the presence of cytosine methylation within the
recognition site, only MspI is able to digest the DNA, generating fragments for this genomic region. The fragments are then subjected to size selection and next
generation sequencing (NGS), producing single short reads, always starting at PstI digestion site (A). The double digestion followed by size selection generate a
complexity reduction of the genome, since only a small fraction of the fragments will have length in a range compatible with NGS sequencing. The reads are mapped
together against the reference genome and reveal the position of the corresponding MspI/HpaII restriction site and named as MSD-site (B). The number of reads for
each MSD-site in both libraries is then compared to define if an MSD-site is methylated (C). Considering that multiple cell types are tested as a pool, when sampling a
tissue or organ, and that DNA methylation pattern varies between cell types, there is divergence of DNA methylation among them so that counts usually reflect a
combination of different methylation status. Therefore, a statistical approach is necessary to significantly determine the difference between the number of reads in
the MspI and HpaII libraries (described in methods). Larger counts in MspI implies the presence of DNA methylation (MSDmet) and no significant difference indicates
unmethylation (C). A MSDmet can be methylated in both strands (fully-methylated) or in only one strand (hemi-methylated) and it is not possible to differentiate
between these states, since both blocks HpaII activity (C). In a few cases counts to HpaII are larger than to MspI. However, their interpretation is inconclusive and they
were ignored in this study.

between the phenotypic measurements in the dry and wet site for each
clone. To compare the clone’s growth traits within each location,
ANOVA tests were performed followed by pairwise Student's t-tests. All
p-values were corrected for multiple tests using false discovery rate
(FDR; Benjamini-Hochberg procedure).

2.6. Data release and reproducibility
Raw data produced by MS-DArT-seq sequencing and other
input files necessary to reproduce the results of this study are available
for download at https://doi.org/10.6084/m9.figshare.11782203.
Bioinformatic analyses were performed by open-source software and by
Python and R scripts written in the context of this study. Analytical
steps are coordinated and executed by the Snakemake workflow management system (Köster and Rahmann, 2012). Scripts and snakemake
configuration files are available in GitHub (https://github.com/
wendelljpereira/techs_ms_dart_seq). Moreover, an interactive web application was developed using the Shiny R package, providing a user
interface to comprehensively compare the methylation profiles of each
clone across localities, as well as of all clones within each locality. The
shiny app also includes the annotation of all genes and the methylation

2.5.1. Association between methylation and growth data
To test if the detected MSD-methylated sites could be significantly
associated with growth data for the five clones in contrasting environments, a methodology based on a latent factor mixed models
analysis was applied as implemented in the software LFMM2 (Caye
et al., 2019). For each phenotypic trait and tissue, all MSD-methylated
sites were tested, considering the methylation profiles of all clones in
both environments. In all tests, p-values were corrected by the genomic
inflation factor method as implemented in the function lfmm_ridge.
4
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profile of every MSD-site. Moreover, through the app it is possible to
explore the results of the LFMM2 analysis, as well as realize the GO
term enrichment analysis for the genes containing one or more MSDmethylated sites. The shiny app is available in GitHub (https://github.
com/wendelljpereira/techs_ms_dart_seq).

148,593,387 (60.32%) reads were uniquely mapped and used to derive
the methylation status of sequenced fragments. Using this set of reads, it
was possible to identify a set of 90,378 Methyl Sensitive DArT-seq sites
(MSD-sites). These consist of genomic loci directionally flanked by PstI
and MspI/HpaII (5′ GGCC 3′) sites, each represented by a variable
number of reads. Pearson correlation coefficients of the read counts for
all fragments generated for technical replicates reveal high reproducibility ( = 0.973 ± 0.017 ). The distribution of MSD-sites shows that

3. Results
3.1. Yield of the selected clones in the contrasting TECHS locations

_

they are dispersed all over the genome, covering the eleven Eucalyptus
chromosomes (Supplementary Fig. S3). Since not every MSD-site was
sampled in all five TECHS clones and locations, we filtered out all the
cases with missing data, resulting in a total of 18,569 MSD-sites in
leaves and 12,885 in xylem samples. Noticeably, the vast majority of
xylem MSD-sites (12,772) were found in the leaves samples.

For each clone, at least 80 trees were planted in each locality, e.g.
eight plots with ten trees each (Methods). Three different traits related
to productivity were measured in the same month of tissue sampling,
volume (m3), height (m) and DBH (cm) (Fig. 2-A). The environment
played an important role in productivity, as verified by the consistent
increase in growth performance going from the dry to the wet locations
(Fig. 2-A and Supplementary Fig. S2) showing a considerable shift in
clone ranking across the two localities. For instance, the most productive clone in the dry location (clone A1) is only the fourth most productive one in the wet location. One exception to this trend is clone Q8
which was the least productive in both environments.
The changes in ranking reveal different levels of phenotypic plasticity of these genotypes, shown by how the environmental conditions
affect the productivity of each clone (Fig. 2-A). Pairwise comparisons of
growth traits, as measured by volume, height and DBH, of all genotypes
show that the majority of clone positions in the ranks shown in Fig. 2
are statistically significant (p < 0.05; ANOVA followed by Student’s ttest with FDR correction for multiple tests), as shown in
(Supplementary Fig. S1). As an example, clone A1 is significantly more
productive than all other genotypes in the dry location by all measured
traits while for a few other comparisons there is no significant difference, as shown for clones B2 and E5 that are equally ranked in the
second position as the most productive clones by volume in the dry site
(Supplementary Fig. S1).

3.3. DNA methylation distribution across clones
In MS-DArT-seq, MSD-site methylation status is derived from the
comparison of read counts resulting from the parallel sequencing of two
genomic reduction libraries, using digestion with the enzyme pairs PstIMspI and PstI-HpaII, respectively (Fig. 1).
Since MspI and HpaII have the same recognition sequence, but differ
in methylation sensitivity (HpaII does not cut CmCGG sites) when
comparing the read counts between the two, a MSD-methylated
(Methyl-sensitive DArT) site is ascertained if the number of HpaII-derived reads is significantly lower than its counterpart, as inferred by a
negative binomial model implemented in the DEseq2 software (Love
et al., 2014).
In total, 4627 non-redundant MSD-methylated sites (hereinafter
referred to as MSDmet) were identified in the five Eucalyptus genotypes
used in this study, considering both experimental localities and tissues.
For each clone, we summarized the number of MSDmet according to the
TECHS location. Although the majority of the MSDmet are common to
both localities, there are sets of MSDmet exclusive to each growth locality (Fig. 3).
Fig. 4 depicts an extended investigation of the distribution of
MSDmet loci to all clones. For leaves, a subset of 1109 (27.81%) and
1006 (26.06%) sites, respectively in dry and wet localities, were
common to all genotypes. Also, for both localities, the majority of

3.2. MS-DArT-seq data generation
Methylation profiling with the MS-DArT-seq technique generated
more than 246 million reads with 77 bp each. After processing and
mapping the reads against the E. grandis reference genome, a total of

Fig. 2. A) Normalized phenotypic traits data for height, DBH and estimated volume of Eucalyptus clones grown in contrasting localities (Dry and Wet). For each
measurement the lowest and highest values were scaled to 0 and 100, respectively. B) Comparison of clone A1 growth traits in both localities showing the increased
performance in the wet site measured by volume (upper left), height (upper right) and DBH (bottom). All clones had superior performance in the wet than in the dry
location for all three traits, as shown in Supplementary Fig. S2 (Student's t-tests, p < 0.001; p-values adjusted for multiple comparisons using Benjamini-Hochberg
procedure (FDR)).
5
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MSDmet were shared between two or more clones. Sets of exclusive
MSDmet were also identified for each clone ranging from 137 (3.44%)
for the genotype B2 to 220 (5.52%) for D4 in dry location, and from 116
(3.01%) for Q8 to 323 (8.37%) for D4 in the wet location (Fig. 4).
Similarly, when evaluating xylem samples, exclusive sets of MSDmet
were also identified for each clone in both environments. The clone Q8
showed a very divergent methylation profile in the dry location, with
763 (26.99%) exclusive MSDmet in this tissue and location
(Supplementary Fig. S4). However, as for the leaves sample, the majority of MSDmet is shared by all clones, in both dry (524; 17.34%) and
wet (544; 19.24%) localities for xylem (Supplementary Fig. S4).

the environmental condition regardless of the genetic background. In
other words, we looked for cases in which the MSD-sites are methylated
for all clones in the dry location while unmethylated in the wet location, and vice versa.
For both analyzed tissues, there were no cases of an environment
dependent methylation pattern elicited for all clones. Relaxing the
number of clones also revealed no such pattern. Only paired sets of
genotypes display this pattern, where both genotypes are concordant in
methylation status within a location, but have the opposite methylation
status in the other location. Notwithstanding, only a few loci from a
universe of thousands display this trend, as shown for xylem in Fig. 5.
The previous observation raises the question of what information is
conveyed by the methylation patterns at MSD-sites. Do they reflect the
contribution of genotype, environment or the interplay of these factors?
To address this issue, we performed a multiple correspondence analysis
(MCA), which is related to principal component analysis (PCA) for categorical instead of continuous variables (Husson et al., 2017). In our
setting, each tissue provides a binary matrix (1 = methylated; 0 = unmethylated) of n sites X 10 conditions (genotype/location). The number
of sites, n, depends on the tissue sample analyzed.
MCA analysis of the xylem sample (n = 12,885 MSD-sites) reveals
that 77.4% of the variance is explained by the first two components.
The MCA scatter plot is shown in Fig. 6 and reveals a sharp segregation
of methylated and unmethylated MSD-sites. Similar results were verified when using the MSD-sites of leaves sample (n = 18,569 MSDsites) with 78.3% of variation explained by the first two components
(Supplementary Fig. S5).
Conceivably, the most striking observation derived from the MCA
plot (Fig. 6) is that genotypes cluster together, irrespective of the environment, suggesting a substantial influence of the genetic background
on MSDmet.
Moreover, for xylem, the MCA plot also reflects the productivity
rankings of the clones. The lowest ranked clones in the dry location, Q8
and D4 (Fig. 2A) are in the lower right quadrant of the MCA plot,
whereas the high ranking clones E5 and B2 are singled out in the upper
right quadrant. Also, it stands out for the A1 clone the largest distance
between the dry and wet localities (Fig. 6). Incidentally, this is the
genotype which shows the most conspicuous shift in productivity
ranking when grown in these different localities. Accordingly, A1 is the
best overall performer at the TECHS dry site and its MCA point is located closer to the upper right quadrant, where high productivity clones

3.4. Functional annotation of methylated genes
One intrinsic characteristic of DNA methylation detection by MSDArT-seq is a strong bias towards genic regions of the genome due to
the use of the methylation sensitive enzyme PstI (Gawroński et al.,
2016; Pereira et al., 2020). In this study, the large majority of the 4627
MSDmet are located in genes (3231 or 69.83%), predominantly in exons
(2501 MSDmet). Conversely, transposable elements that largely outnumber genes in Eucalyptus, contribute with only 479 (10.35%)
MSDmet. Similar distributions were identified for all clones and tissues
in both localities and are presented in Additional file 1.
Since sets of environmental specific MSDmet were detected for all
clones in both tissues (Fig. 3), and considering the majority of the
MSDmet are located in genes, we searched for enriched Gene Ontology
(GO) terms in these gene sets. Although some enriched terms were
identified for some of the clones, they are related to essential biological
processes and cannot be directly associated with any specific process
related to wood productivity. However, in some cases term enrichment
is suggestive of underlying physiological mechanisms, such as terms
related to cell death (GO:0008219, GO:001250) for clone A1 and signalling and response to stimulus for clones A1 and E5 in leaves in the
dry site, where these genotypes’ performances stand out as the best ones
in this locality, suggesting involvement of these mechanisms in their
adaptation to drought stress. A list of all enriched terms along with the
respective gene annotations is available in Additional file 2.
3.5. Environment associated DNA methylation profiles
We then set to ask if there is a clear epigenetic signal established by

Fig. 3. Frequency of sample-specific (leaf and
xylem) MSDmet per genotype (clone codes below
bars) in each of TECHS growth sites, wet (green)
and dry (yellow). Common methylated sites for
both localities are represented in blue. (For interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Comparison of all MSDmet detected in leaves sample for each clone and organized by experimental locality. In this representation, the black bars show the
number of MSDmet that are exclusively shared by the clones being compared (identified by the connected black dots in the bottom part of the plot). Grey bars on the
right show the total number of MSDmet detected in each clone. Heatmap on the left shows the estimated volume (m3) of clones in each experimental locality, from
phenotypic traits measured on DNA sampling.

MSDmet sampled in all clones to detect epigenetic associations with
regard to volume, height and DBH. A total of 445 MSD-methylated sites
were significatively (p-value < 0.01) associated with one of the three
phenotypic traits related to productivity for the leaves sample (Fig. 7).
From these, 242 were associated with volume, 418 with height and 68
with DBH (Fig. 8A). Significant MSDmet are also shared between phenotypic variables, as is the case of 188 (42.25%) sites that are associated with both volume and height and 27 (6.07%) for all three traits.
Conversely, some MSDmet were exclusively associated with height
(36.2%) and volume (6.1%), an aspect not observed for the DBH
measure (Fig. 8A).
Considering xylem samples, a smaller number of MSDmet was associated with the tested phenotypes, a total of 312. From these, 63

in the wet location stand. For leaves, the relation with the growth traits
is shown by grouping of the two most productive clones in dry location
(A1 and E5) in the lower right quadrant (Supplementary Fig. S5).
3.6. Association of MSD-methylated sites with growth traits
The indication from MCA that MSD-sites can convey information
about phenotypic traits prompted us to use them as data matrix in a
gene-environment association (GEA) study trying to detect associations
with growth traits measurements that emulate environmental gradients.
Using a latent factor mixed model framework implemented by the
LFMM2 package (Caye et al., 2019), we used the 4627 non-redundant
7
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Fig. 5. Pairwise comparison of MSDmet between
clones. The numbers inside the circles indicate the
amount of shared MSDmet by the pair of clones within
a growth location that has the opposite methylation
status in the other location. The upper diagonal
shows data for MSDmet in the wet location (green)
and the lower diagonal, the dry location (yellow).
(For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

(20.2%) were associated with estimated volume, 244 (78.2%) with
height and 123 (39.4%) with DBH. However, a larger set of significant
MSDmet was associated with all three phenotypes in this tissue (55 sites
or 17.6%), as shown in Fig. 8B.
Evaluating the sets of significant MSDmet for each clone, they
usually show the same status (methylated or unmethylated) in both
localities, with few examples of locality-specific patterns. These results
suggest that LFMM analysis is capturing mostly the methylation

variation associated with genotypes rather than in response to contrasting environments.
3.6.1. Functional analysis of gene-environment associations
From the GEA analysis, the significant MSD-sites associated with
growth traits were assigned to their respective genes, in case the site is
integrated in the coding region.
GO enrichment analysis of the genes containing the significant

Fig. 6. Multiple correspondence analysis (MCA) of the MSD-sites in the xylem sample, with the percentage of explained variance indicated in the axes. The point
labels encode the clone name, TECHS location and methylation status of the MSD-site. The color scale represents the percentage of contribution explaining the
variation that can be attributed to a variable.
8
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Fig. 7. MSDmet significantly associated with volume (A-B), height (C-D) and DBH (E-F) in the leaves sample. A, C and E show the distribution of significantly
associated (p < 0.01) MSDmet in the eleven chromosomes of E. grandis genome. B, D and F show methylation status of the significantly associated MSDmet in both
localities for each genotype.

associated sites in leaves samples identified few overrepresented terms
related to regulation of GTPase and hydrolase activity (GO:0043547,
GO:0051345 and GO:0043087), positive regulation of molecular function (GO:0044093) and phloem or xylem histogenesis (GO:0010087)
for volume. As described by the associated GO biological process
GO:0010087, these genes are supposed to be involved in the differentiation of unspecialized cells in companion cells, a specialized parenchyma cell associated with a sieve-tube member in angiosperm
phloem, and vessel member cell, a dead cell with the wall between
adjacent members being variously perforated and one of the components of a vessel, in the xylem. Golgi vesicle budding and Golgi vesicle
transport (GO:0048193 and GO:0048194) were enriched for height. No
terms were enriched for DBH (Additional file 2).
For xylem, enrichment analysis detected one enriched term, helicase
activity (GO:0004386), for the sites associated with height, and cytoskeletal protein binding (GO:0008092) for sites associated with all traits.

Also, three terms were observed for the set of sites associated
specifically with height (excluding sites also associated with other
traits), helicase activity (GO:0004386), phospholipid-translocating
ATPase activity (GO:0004012) and phospholipid transporter activity
(GO:0005548).
4. Discussion
In this study we had two main objectives. Initially, we investigated
if different Eucalyptus clones grown in contrasting hydric regimes would
develop detectable and representative DNA methylation patterns
emerging as epigenetic signatures associated with the location, given
the same genetic background.
To that end, we applied a restriction-based methylation profiling
technique, MS-DArT-seq, to interrogate potentially methylated DNA
sites in five Eucalyptus elite clones, grown in two distinct environmental
9
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Fig. 8. Venn diagrams showing the comparison of sets of MSDmet significatively associated (p < 0.01) with each one of the traits related to productivity (volume,
height and DBH, diameter at breast height) in leaves (A) and xylem (B).

conditions in the context of the TECHS project. After probing thousands
of methylated sites, it was possible to identify exclusive combinations
for each genotype and location, nonetheless, we could not detect any
methylation pattern unambiguously associated with the environmental
variation in a genotype-independent manner. From the observed
changes in DNA methylation status, the epigenetic variation was mainly
genotype dependent in our context.
There is mounting evidence that the genetic foundation is the major
driver of epigenetic variation (Stuart et al., 2016; Underwood et al.,
2017; Vidalis et al., 2016). Especially in the annual plant Arabidopsis
thaliana, epigenetic variation seems to follow the underlying genetic
patterns (Dubin et al., 2015; Kawakatsu et al., 2016; Meng et al., 2016).
This observation, however, cannot be generalized as both the genome
and epigenome structure and dynamics of this model species is considered atypical within the plant kingdom (Alonso et al., 2015; Mirouze
and Vitte, 2014; Richards et al., 2017; Vidalis et al., 2016). Actually,
epigenetic diversity unlinked to underlying genetic variation has been
reported in crops, like maize (Xu et al., 2019) and soybean (Shen et al.,
2018), and trees such as Quercus lobata (Gugger et al., 2016).
In a previous study, Guarino et al. (2015) applied another restriction-enzyme based technique to investigate the environmental effect on
DNA methylation profiles using vegetatively propagated populations of
white poplar in Sardinia, Italy. The authors report that the epigenetic
similarities among these populations with clonal genetic structure,
distinguished by their geographic distance, point to a stronger correlation between the detected DNA methylation and the genetic background than between DNA methylation and location, pointing in the
same direction as our findings for Eucalyptus.
Our second goal was to establish if the detected DNA methylation
changes could be associated with growth traits as a proxy to prospect
plastic adaptive responses to environmental change. As expected, all
five clones showed a considerably lower productivity in the dry compared to the wet experimental plot. Furthermore, growth traits measures revealed marked performance differences. For instance, clone A1
ranks first in the dry location, whereas it ranks next to last in the wet
location. These data support the initial premise that these clones show
high phenotypic plasticity and strongly interact with diverse edaphoclimatic environments. Therefore, they represent an adequate biological material to detect overall patterns of epigenetic changes and
possibly identify specific loci involved in such changes.
A multivariate analysis was carried out to test for significant association between methylated sites and growth traits of the five clones.
We could find 445 methylation sites, dispersed along the 11 Eucalyptus
chromosomes, that could be significantly associated with at least one of
the measured phenotypic traits. Here, it is important to mention that

the phenotypic traits measured in this study are strongly correlated
(Supplementary Fig. S7) and, therefore, may impact the results of the
multivariate association analysis between methylated sites and phenotypic measurements. In that case, it would be expected that several
methylated sites would be associated with more than one trait. Nonetheless, a large fraction of the significant methylated sites is exclusively
associated with one of the traits. For example, in leaves, 162 (36.4%)
were associated with height only. In xylem, this number is even larger,
with 60.6% (189) of all significant methylated sites associated exclusively with height.
The absence of clear clusters of differentially methylated sites is
consistent with accumulating evidences, from genome wide association
and genomic prediction studies in Eucalyptus (Grattapaglia et al., 2018;
Müller et al., 2019; Resende et al., 2017), that complex growth traits
are governed by a large number of loci of small effect across the entire
genome, and that this same pattern seems to hold for what regards
epigenetic marks.
In terms of methylated sites in genic regions, it was possible to
observe that the best ranking clones (A1 and E5) in the dry location
showed an enrichment in gene ontology terms related to the cellular
processes of signalling and response to stimulus. The superior growth
rates of these clones in the dry location may indicate a scenario where
epigenetic modulation may reroute sensing and response mechanisms
to better cope with the hostile environment, instead of direct investment in metabolic pathways involved in growth or wood production.
The pivotal role of environmental sensing and signalling mechanisms in
plant responses to climate change by integrating environmental cues
into physiological responses was recently reviewed (Bigot et al., 2018),
as well as the importance of epigenetics in the context of responses to
stress and adaptation (Kawakatsu et al., 2016).
In tree breeding in general and particularly in Eucalyptus breeding,
genotype by environment interaction (G × E) is an important component of breeding practice, especially when involving the field deployment of clones, given that in these cases the environment interacts with
all sources of genetic variation, both additive and non-additive (Li
et al., 2017). G × E therefore represents a challenge to the ability of the
breeder to find consistently superior genotypes, especially for wideranging adaptation. Eucalyptus breeders have addressed G × E either by
selecting stable clones that are not sensitive to environmental changes
and perform consistently across sites, or selecting clones for specific
environments in order to maximize genetic gain on particular sites. Our
findings and methods employed in this study can be helpful to advance
in searching for signatures of climate change adaptation and corroborate that epigenetic variation can be of interest, especially in fluctuating
environments, as targets of selection as opposed to the more efficient
10
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selection of genetic variants in stable environments (Angers et al.,
2010). It is suggested that a genetic signature for local adaptation
would be the accrual of plasticity increasing alleles, other than expected
by drift (Josephs, 2018). The growing number of population studies on
DNA methylation may prove if this holds true also for epigenetic diversity. Understanding the gene versus environment interaction, and
being able to select the epialleles involved, can eventually benefit crop
and tree breeding where and when it is interesting to reduce this interaction to maintain high productivity across contrasting environments (Kawakatsu and Ecker, 2019; Latutrie et al., 2019; Springer and
Schmitz, 2017).
An important aspect that can hinder meaningful analysis of epigenetic variability is reduced statistical power either by small sample size
or small number of sites analyzed (Ecker et al., 2018). A recent report
illustrates the successful prediction of phenotypes and provenances of
Populus balsamifera using a machine learning strategy trained with cytosine methylation marks derived from epigenome data. This corroborates, once again, the association of these regulatory elements with
several traits, even with low or no heritability (Champigny et al., 2019),
given that sufficient statistical power is provided by whole genome
single-base resolution methylomes and a large sample size. However,
this approach is still prohibitively expensive and, as such, restricted to
heavily funded studies focusing on few species, generally with plentiful
genomic resources. Nevertheless, we showed that using reduced
genomic representations by MS-DArT-seq, combined with our analytical approach, gene rich genome wide methylation detection becomes
economically accessible.
In this study, the investigated clones are interspecific hybrids of
Eucalyptus grandis and Eucalyptus urophylla. First-generation hybrids are
frequently accompanied by enhanced heterozygosity and hybrid vigor
(Glombik et al, 2020). A diversity of phenomena can occur as a consequence of hybridization, including genomic rearrangements, amplification and/or reactivation of repetitive elements, modification of gene
expression patterns, intralocus interactions between alleles, dominance,
overdominance and epistatic interactions of siRNAs and miRNAs,
among others (Eyal Fridman, 2015; Bashir et al., 2018, Glombik et al.,
2020). Epigenetic effects are also elicited from hybridization events and
can influence the phenotype and phenotypic plasticity. For example,
the divergence of small RNAs in parental genomes can create heritable
epigenetic changes not associated with DNA modifications (Glombik
et al., 2020). Also, differentially methylated regions in the parental
genomes are related to heterosis in hybrids, as shown in Arabidopsis
thaliana epigenetic recombinant inbred lines (epiRILs), which are nearisogenic lines epigenetically divergent (Lauss et al., 2018).
Genetic, including the parent-of-origin, effects were not considered
in this study, given that we implemented an experimental design
aiming to isolate the potential environmental effect in DNA methylation
by restricting our analyses to the same genotype in two distinct locations (Fig. 3) and searching for DNA methylation patterns that could be
associated with the environment (Fig. 5). Furthermore, we attempted to
verify the association of methylated sites with growth-related traits.
Our results indicated that epigenetic profiles, as measured by DNA
methylation using MS-DArT, are more associated with the genetic
background than with the environmental conditions. Therefore, it is
possible to speculate that the phenotypic plasticity observed in these
clones is due to genetic effects, including the aspects that arise from
interspecific hybridization. Nevertheless, we must highlight our reduced and genic region biased DNA methylation sampling. More
powerful approaches, as whole genome methylome of multiple populations, are still necessary to pinpoint the extent of epigenetic contribution to phenotypic plasticity.
Another relevant aspect related to the use of hybrids in this study is
the use of the Eucalyptus grandis genome as the reference during the
read mapping step. This aspect is likely to result in a sampling bias
toward genomic regions inherited from E. grandis, whereas highly divergent E. urophylla reads would fail to map, although the extent of this

issue cannot be accounted for without a high-quality E. urophylla reference genome.
The end result is that only MSD-sites with shared sequence between
both species would be preferentially detected, in detriment of DNA
methylation occurring in E. urophylla specific alleles. Hence, this could
have affected the association analysis results, partially hiding some
fraction of DNA methylation responding to the environmental cues.
5. Conclusions
Epigenetic modulation is often viewed as an attractive rerouting
mechanism to promote phenotypic changes in response to biotic and
abiotic stresses. For Eucalyptus clones, we detected a strong correlation
between epigenetic and genetic diversity in response to different
growth locations, and this confounding setting must be considered to
better dissect their roles in environmental adaptation.
One critical issue to disentangle the general epigenetic contribution
to adaptation processes is the experimental depth and breadth of DNA
methylation profiling to ascertain statistical power. However, since
costs for genome wide and large scale studies are still prohibitive, the
methylation-sensitive restriction profiling employed in this work can be
a valuable alternative to investigate epigenetic phenomena for a broad
range of species and ecological settings, notably where lower confounding genetic variation is expected, as is the case of autogamous and
vegetatively propagated plants or depaupered ecosystems.
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