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Abstract

DNA methylation in plant genomes occurs in different sequences and genomic con-
texts that have very different properties. DNA methylation that occurs in CG (mCG)
sequence context shows transgenerational stability and high epimutation rate, and
can thus provide genealogical information at short time scales. However, due to meta-
stability and because mCG variants may arise due to other factors than epimutation,
such as environmental stress exposure, it is not clear how well mCG captures ge-
nealogical information at micro-evolutionary time scales. Here, we analysed DNA
methylation variation between accessions from a geographically widespread, apom-
ictic common dandelion (Taraxacum officinale) lineage when grown experimentally
under different light conditions. Using a reduced-representation bisulphite sequenc-
ing approach, we show that the light treatment induced differentially methylated cy-
tosines (DMCs) in all sequence contexts, with a bias towards transposable elements.
Accession differences were associated mainly with DMCs in CG context. Hierarchical
clustering of samples based on total mCG profiles revealed a perfect clustering of
samples by accession identity, irrespective of light conditions. Using microsatellite in-
formation as a benchmark of genetic divergence within the clonal lineage, we show
that genetic divergence between accessions correlates strongly with overall mCG
profiles. However, our results suggest that environmental effects that do occur in CG
context may produce a heritable signal that partly dilutes the genealogical signal. Our
study shows that methylation information in plants can be used to reconstruct micro-
evolutionary genealogy, providing a useful tool in systems that lack genetic variation

such as clonal and vegetatively propagated plants.
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1 | INTRODUCTION

DNA methylation in plants is involved in developmental and en-
vironmental plasticity (Richards et al., 2017) and in maintaining
genomic integrity by suppressing transposable element activity
(Zhang, Latzel, et al., 2018). Because of the meiotic stability of part
of the plant methylome, DNA methylation can contribute to herita-
ble trait variation (Cubas et al., 1999), with potential consequences
for plant adaptation and evolution (Quadrana & Colot, 2016; Schmid
et al., 2018; Wilschut et al., 2016).

When exploring the functions and consequences of DNA meth-
ylation, it is important to recognize that DNA methylation in plant
genomes occurs at cytosines in different sequence contexts, i.e.,
CG, CHG and CHH (where H is C, A or T), whose dynamics in the
genome are controlled by different enzymes (Cao & Jacobsen, 2002;
Cokus et al., 2008; Finnegan & Kovac, 2000; Law & Jacobsen, 2010;
Lindroth et al., 2001; Lister et al., 2008; Zhang, Lang, & Zhu, 2018).
Methylation in these contexts shows different functions, stabilities
and environmental dynamics.

Often, DNA methylation changes that are induced by exposure
to specific environments occur in CHH context (Dubin et al., 2015;
Galanti et al.,, 2022; Kawakatsu et al., 2016), which is typically
transient and not transgenerationally stable (Boyko et al., 2010;
Ganguly et al., 2017; Groot et al., 2016; Secco et al., 2015; Suter
& Widmer, 2013a, 2013b; Van Dooren et al., 2020; Wibowo
et al., 2016). In contrast, methylation in CG context shows strong
transgenerational stability in plants (Zhang, Lang, & Zhu, 2018). The
combination of transgenerational stability and frequent sponta-
neous epimutations (Johannes & Schmitz, 2019; Schmitz et al., 2011),
mostly in plant gene bodies (Zhang, Lang, & Zhu, 2018) results in an
increased CG methylation divergence between lineages over multi-
ple generations (Hagmann et al., 2015; Johannes & Schmitz, 2019).
Thus, environmental effects on DNA methylation occur in sequence
and genomic contexts that are partly different from the contexts in
which transgenerational divergence between samples occurs. Plant
methylomes, therefore, contain genealogical and environmental in-
formation that can be distinguished, at least partly, by evaluating
different components of the methylome.

Itis an open question to what extent the genealogical information
from CG methylation is diluted by frequent reversal of CG epimuta-
tions (which could uncouple the epigenetic and genetic information;
van der Graaf et al., 2015) or by other effects (e.g. environmental) on
CG methylation. Nevertheless, heritable CG methylation successfully
captured the genetic relationships between accessions within an in-
vasive Arabidopsis thaliana lineage over a one-century-old invasion
in absence of strong environmental effects (Hagmann et al., 2015).
As epimutations occur at a much higher rate than genetic (SNP) mu-
tations (Ossowski et al., 2010; van der Graaf et al., 2015), isolating
the genealogical signals from plant methylomes by evaluating meth-
ylation variation in CG context could provide information at shorter
time scales and at higher resolutions than genetic variation does

(Yao et al., 2021). This could be particularly useful for unravelling

relationships in plants with little genetic variation, such as asexual
lineages and vegetatively propagated crops.

Apomictic plant lineages, which produce clonal seeds while
avoiding the complicating effects of segregation and recombination,
evolve via mutation accumulation and are a convenient system for
characterizing DNA methylation divergence over a microevolution-
ary time scale in a genetically uniform background. In the common
dandelion (Taraxacum officinale F. H.Wigg; Asteraceae family), many
different triploid apomictic lineages exist, some of which show a geo-
graphically widespread distribution in Europe (Kirschner et al., 2016),
likely following post-glacial expansion (Kirschner & Stépanek, 1994).
In a previous study, accessions from one such triploid apomictic dan-
delion lineage, alatum, were collected from various countries in cen-
tral and north Europe and characterized using microsatellites, (i.e.
SSRs from Simple Sequence Repeats). This revealed that the acces-
sions are of uniclonal origin and that some individuals show allelic
mutations at one or few SSR loci (Kirschner et al., 2016; Wilschut
etal., 2016). Here, we make use of the characterized distribution and
genetic diversity of the alatum lineage to investigate how genealog-
ical and environmental signals are expressed in plant methylomes.

In this study, we analysed DNA methylation in a panel of 20
accessions from the alatum lineage, when grown experimentally
under different light conditions. By exposing the accessions to an
experimental shading versus control treatment, we sought to char-
acterize DNA methylation differences among accessions and be-
tween environmental treatments. Dandelion plants grow in open
fields and are weak competitors for light in dense vegetation (Kovel
et al., 1999; Molina-Montenegro et al., 2012), making the exper-
imental shade treatment an ecologically relevant stress for this
species. Specifically, we asked (1) In what sequence and genomic
contexts do DNA methylation differences exist between accessions,
and how well does this capture genetic divergence among the acces-
sions? (2) In what sequence and genomic contexts does DNA meth-
ylation show a plastic response to the shading treatment? As these
questions can be addressed by looking at many sites in the genome,
but not necessarily entire genomes (Paun et al., 2019), we used a
reduced representation bisulphite sequencing approach for methyl-
ation analysis (epiGBS; Gawehns et al., 2022; van Gurp et al., 2016).
This method can be applied in absence of a reference genome for the

species under study.

2 | MATERIAL AND METHODS

2.1 | Plant samples and experimental design

We selected 20 accessions with confirmed alatum identity, which
were collected in Germany, Finland, Austria and Czech Republic
(Kirschner et al., 2016) (Table S1, Figure S1). The accessions showed
modest levels of genetic divergence based on genetic characteri-
zation at eight SSR loci (Table S1). All accessions were propagated

under common greenhouse conditions for one generation prior to
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the experiment. The haploid genome size of the species is estimated
as 800Mb (Underwood et al., 2022).

Control and shading filter treatments were applied continuously
from the start of seed germination until leaf tissue sampling after
4 weeks of seedling growth. In total, 40 plants were analysed, corre-
sponding to 20 accessions by two treatments, with one replicate per
accession x treatment combination. Seeds from all accessions were
germinated in petri dishes on moist filter paper for 10days. We used
two petri dishes per accession for ‘control’ and ‘shade’ treatments
during germination. Seedlings were transplanted individually into
pots containing a 4:1 mixture of potting soil/pumice. For each ac-
cession, one plant was grown under control conditions and one plant
was grown under artificial shading conditions. Artificial shading was
applied with a green filter that was fixed approximately 10-20cm
above the plants (LEE Filter 122, fern green), whereas a colourless
filter (LEE Filter 130, clear) was used for control plants. Light condi-
tions and temperature during all experiments were set at 16 h-8 h of
light/dark cycle at 20°C and 16°C respectively. Plants were watered
2-3 times per week to maintain well-watered growing conditions.

Leaf tissue was sampled after 4weeks of growth in the green-
house by taking multiple 8 mm leaf punches per plant from three
young, fully developed leaves (control plants: 10 leaf punches
per plant) or from all fully developed leaves (shade plants: 14 leaf
punches per plant). In the shade treatment, plants produced only
few but large, etiolated leaves; more leaf punches were sampled
from etiolated leaves to compensate for the potentially lower
number of cells per surface area in such leaves. Tissue samples
were flash-frozen in liquid nitrogen and stored at -80°C until fur-
ther processing. DNA was isolated using the NucleoSpin Plant Il kit
(Macherey-Nagel), according to the manufacturer's protocol and
using the cell lysis buffer PL1 (CTAB) and sample incubation at 65°C
for 30min. An extra 30-s centrifugation step was performed after
the third washing step. Then, the silica membrane was dried in a new
1.5 mL tube with an open lid for 5 min at 55°C to eliminate ethanol
before continuing with eluting DNA from the column. DNA qual-
ity was checked using Nanodrop and agarose gel electrophoresis.
Only samples with high gDNA integrity and purity after measuring
on Nanodrop were retained (260/280 and 260/230 ratios of at least
1,8 and 1,5 respectively). DNA concentration was determined using
the Qubit 2.0 Fluorometric dsDNA HS assay kit.

2.2 | epiGBS library preparation and sequencing

DNA samples were processed into a multiplexed epiGBS sequencing
library (van Gurp et al., 2016) for reduced-representation bisulphite
sequencing-based analysis of DNA methylation, following the library
preparation protocol of epiGBS2 (Gawehns et al., 2022). Briefly,
400ng of genomic DNA was digested using Cspél and Nsil restriction
enzymes. Hemimethylated adapter pairs were then ligated to the di-
gested DNA, with each adapter containing a 4-6 nucleotide sample-
specific barcode, followed by a string of three Unique Molecule
Identifier (UMI) random nucleotides (NNN) and an unmethylated

JournaL of Evolutionary Biology

cytosine (used to distinguish between Watson and Crick strand as
required for downstream epiGBS2 data analysis, as well as to esti-
mate the bisulphite conversion rate). Samples were then pooled in
4 aliquots of 10 samples each, concentrated and cleaned of smaller
fragments (<150bp) using the NucleoSpin Gel and PCR clean-up Kit
protocol. Size selection was done using 0.8x SPRIselect magnetic
beads, selecting DNA fragments of 150bp and higher. The nicks
induced by the use of unphosphorylated hemimethylated adapters
were then repaired by DNA polymerase | treatment through the use
of dNTPs that contain 5-meC's resulting in fully ligated and methyl-
ated adapters. The pooled samples were bisulphite converted using
the EZ DNA Methylation-Lightning kits, following the manufac-
turer's protocol. The converted DNA was PCR amplified before a
final PCR clean-up, size-selection, DNA quantification and pooling
step. The final multiplexed library was sequenced paired-end (PE
2x150bp) with a 12% phiX spike on one lane using lllumina HiSeq
2500 sequencer (Novogene, Hong Kong). In the same sequencing
library, we included also a set of the same 40 plant samples after
epiGBS library preparation based on enzymatic digestion with an-
other set of restriction enzymes, specifically Asel and Nsil. This was
done because it was unclear for this plant species which enzymatic
restriction protocol is optimal for epiGBS library preparation; be-
cause output from reduced representation approaches depends on
the interaction between genome properties and restriction enzyme
recognition sites, it can be useful to test multiple enzyme combina-
tions. The results of the CspéI-Nsil digested samples are presented
in the manuscript, as these samples yielded the highest sequencing
output and thus present a more robust basis for interpreting results.
The results of the Asel-Nsil digested samples were qualitatively very
similar and are presented as Tables S2-S4 and Figures S2-Sé. Based
on the evaluation of the unmethylated cytosine nucleotide in the
adapters, the bisulphite conversion rate was estimated as at least
96.3%. This estimate is a lower limit: the unmethylated cytosine ap-
pearsinthe first part of the reads which are prone to higher sequenc-
ing error rates, and such errors are interpreted as non-conversions.

2.3 | epiGBS data processing

Sequencing of the epiGBS library yielded 144645790 and
54011404 raw reads for the 40 Cspél - Nsil and Asel-Nsel sam-
ples respectively. Data were processed to generate cytosine-level
DNA methylation rate estimates using the epiGBS2 pipeline under
the git commit number 60e5376 (Gawehns et al., 2022), with the
‘de novo’ option, and setting identity, min-depth and max-depth
parameters as 0.95, O and O respectively. Briefly, this pipeline
performs PCR duplicate removal based on the identity of the
UMI sequence, sample demultiplexing based on their barcodes,
de novo reference construction for the epiGBS fragments based
on the combined information from Watson and Crick (bisulphite)
reads in the data, adapter trimming, read alignment against the
de novo reference and strand-specific variant calling. The pipe-
line produces a .bed file containing all cytosines in the data with,
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for each sample, the total read depth and the number of methyl-
ated and unmethylated reads respectively. DNA methylation for
each cytosine is subsequently calculated as the ratio of methyl-
ated/total reads. Using the de novo reference sequences, protein-
coding genes were annotated with DIAMOND version 0.8.22
(Buchfink et al., 2015) with default parameters and considering
an e value threshold of 1x107°. Transposable elements (TE) were
annotated with repeatmasker version 4.1.1 with default parame-
ters and considering Embryophyta as reference species collection
(Tempel, 2012).

2.4 | Data analysis

Filtering, differential methylation analyses and visualization were
performed with R (v.4.0.1, R Core Team, 2020). Filtering of the .bed
file consisted of multiple steps. First, accessions with low read cov-
erage were removed: for each sample, we calculated average read
coverage per cytosine and accessions were removed from further
analysis if their average read coverage (of one or of both the sam-
ples from that accession, shade or control) was below 50% of the
grand average read coverage of all accessions. Second, we set a cov-
erage threshold of 10 reads (turning observations with <10 reads
into missing data) and we removed all cytosines from further analysis
that were not present with at least 10x coverage in at least 80%
of all samples. Third, we retained for further analysis only the cy-
tosines within the 99th percentile of the coverage distribution, dis-
carding the top 1% of cytosines with the highest sequence coverage.
The filtered data set consisted of 34 samples, corresponding to 17
light-shade treatment pairs with 5385 epiGBS fragments containing
121,928 cytosines with an average coverage of 20.

To provide an overview of the genome-wide DNA methylation
levels, the methylation ratio was calculated for every cytosine in
each sample, and then an average was calculated across samples for
each individual cytosine for CG, CHG and CHH sequence contexts.
The distribution of those methylation averages was visualized with
violin plots. Similarly, the average per-cytosine DNA methylation
percentage within annotated genomic features (genes, repeats, TE
and unclassified) were represented with heatmaps, across all indi-
viduals within each of the treatment groups. Pairwise epigenetic dis-
tances were calculated according to van Moorsel et al. (2019), as the
average methylation difference across all cytosines between two
samples. A non-metric MDS was used to visualize epigenetic dis-
tances with the function isoMDS of the R-package ‘MASS’ (Venables
& Ripley, 2002). The statistical significance of isoMDS clustering was
determined through a permutational multivariate analysis of variance
with the adonis function from R-package ‘vegan’ (Oksanen, 2007).

A hierarchical cluster analysis was realized with hclust function
from ‘stats’ R-Package Team (2020) based on the pairwise distance
matrix for cytosine methylation in CG context and based on eight
microsatellite loci (SSR; Kirschner et al., 2016; Wilschut et al., 2016)
using Nei distance with the UPGMA linkage method. Mantel test
analyses were performed to determine correlations between

SSR-based and methylation-based distance matrices. Correlations
were tested separately for genomic features and cytosine methyl-
ation contexts (CG, CHG and CHH), including either all cytosines in
the analysis or only those cytosines that were differentially methyl-
ated at p-value <0.05 before FDR correction.

Differences in DNA methylation between accessions or light
treatments were tested at each individual cytosine for statisti-
cal significance in R using the ‘DSS’ package (version 2.36; Park &
Wu, 2016), where accession and light treatment were considered
as fixed effects. DSS (without the smoothing option) fits a beta-
binomial generalized linear model using an arcsin link function and
Wald tests for determining statistical significance. Resulting p-values
were adjusted for multiple testing using False Discovery Rate control
(Benjamini & Hochberg, 1995); a cytosine was defined as differen-
tially methylated (DMC) at an FDR threshold of 0.05. EpiGBS frag-
ments that contained more than five DMCs between light conditions
were defined as ‘putative DMRs' (differentially methylated regions).
Manhattan plots of epiGBS fragments were generated using ‘ggman’
R-package (Turner, 2021) to visualize fragments with many DMCs.
The effect of light treatment for the DMCs was assessed by fitting
a generalized linear fixed-effects model with a Binomial distribution
with the glm function from ‘stat’ R-package. The mean post hoc com-
parison was done with Tukey's HSD test (p <0.05) with the emmeans
function from ‘emmeans’ R-package.

3 | RESULTS

3.1 | Variation in overall methylome patterns

The sequenced cytosines were classified according to the genomic
feature in which they were found. More than half of the cytosines
were unclassified. Among the annotated regions of the genome,
more cytosines were found in TEs followed by genes and re-
peats (Figure 1a). Distributions of per-cytosine methylation lev-
els (Figure 1b) in the CG and in CHH contexts were bimodal, with
most cytosines either having high methylation (75-100%, typical for
CG context) or low methylation (0-25%, typical for CHH context).
DNA methylation in CHG context showed a less extreme bimodal
distribution, with peaks below 25% and above 75% methylation but
also with many cytosines showing intermediate methylation levels
(Figure 1b). For all accessions and the two light conditions, on aver-
age DNA methylation was highest in CG context (88.4%), lower in
CHG (58.8%) and lowest in CHH context (14.6%,; Figure 1c). For all
contexts, DNA methylation was higher in TEs and repeats than in
genes (Figure 1d).

Significant clustering of samples by treatments and by acces-
sions was observed based on DNA methylation profiles (Figure 2).
Methylation in CG context was associated with the accession effect
but not with the treatment effect, while methylation in CHH context
was associated with the treatment effect but not with the accession
effect. Methylation in CHG context was associated significantly with
both accession and light condition effects.
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FIGURE 1 Characterization of global methylation levels, by annotation and sequence context (CG, CHG, CHH), of Taraxacum officinale
accessions from alatum lineage cultivated under two light conditions. (a) percentage of sequenced cytosines classified as genes, transposable
elements (TE), repeats or unclassified genomic features; (b) histograms showing the distribution of cytosine DNA methylation percentage for
cytosines in different sequence contexts (CG, CHG and CHH; averaged across all accessions); (c) violin plots showing the average DNA methylation
percentage for each light condition (averaged across all accessions). Means are represented with horizontal black bars; and (d) heatmap showing
global DNA methylation percentage, as averaged over all cytosines per sequence context and genomic feature, for both light treatments.

3.2 |

In response to the light condition treatment, 379 differentially meth-
ylated cytosines (DMCs) were observed, mostly in CHH context

Differentially methylated cytosines

(276 DMCs), followed by CHG context (63 DMCs) and 40 DMCs
observed in CG context (Figure 3, Table 1). Relative to the repre-
sentation of these contexts in the epiGBS fragments, and despite
low absolute numbers of treatment-responsive CG-cytosines, the
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FIGURE 2 Environmental and genealogical signals are sequence context-dependent in Taraxacum officinale accessions from alatum
lineage cultivated under two light conditions. Non-metric multidimensional scaling of DNA methylation for cytosines in different sequence
contexts (CG, CHG and CHH) for each light condition (shade and control). Statistical significance of accession (P(A)) and light treatment (P(T))

effects on DNA methylation patterns was determined through permutational analysis of variance.
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FIGURE 3 Methylation response at sequence context-dependent differentially methylated cytosines (DMCs). An overall hyper- or
hypomethylation response due to shade treatment in Taraxacum officinale accessions from alatum lineage depends on the sequence context
of the DMCs. Methylation levels from 40, 63 and 276 DMCs identified in CG, CHG and CHH contexts, respectively, mapped to genes, TE,
repeats or unclassified genomic features. *p-value <0.05; **p-value <0.01; ***p-value <0.001.

highest enrichment of DMCs was observed in CG context in repeats
(3% of CG-cytosines tested responded significantly to the light
treatment; Table 1). Much fewer DMCs (45) were associated with
accession differences, and these occurred only in the CG context
(Table 1). Putative differentially methylated regions (DMRs) were
further analysed (Figure 4). Putative DMRs were observed in all se-
quence contexts, but the majority were found in the CHH context.
From a total of 16 such fragments, seven were annotated as LTR-
retrotransposon (Copia superfamily) and six as a DNA transposon
(hAT superfamily; Table 2).

The large majority of DMCs observed between light conditions
for the CHH context (210 of 379) were found in TEs or repeats
(Table 1). In TEs and repeats, 0.2% and 0.6% of all CHH cytosines
tested showed a significant treatment effect on methylation,
whereas this was the case in only 0.1% of all tested CHH cytosines
in genes and in unclassified genome regions (Table 1). These CHH-
DMCs typically showed hypermethylation under shade conditions

(Figure 3). However, this hypomethylation trend was not observed
at DMCs in un-annotated regions (Figure 3). Shade-induced hy-
pomethylation was also not a general pattern for DMCs in CG or
CHG context.

3.3 | DNA methylation correlations with
genetic structure

Consistent with the observation that accession differences were
observed in CG context (Table 1), hierarchical clustering of all ex-
perimental samples based on total CG methylation profiles revealed
a clustering of samples by accession identity (Figure 5a). In all cases,
samples were separated according to their accession identity. The
two replicates of each accession always clustered closely together,
even though they were grown under different light conditions.
There was no clear clustering based on geographic origin, but we

202 YoIB|N 80 UO Jasn NOILYININNDOA - VENI Ad GZ19Z€2/€99/7/9€/0101He/qal/woo dno-dlwepede//:sdiy woly papeojumod



IBANEZ ET AL. 669

JournaL of Evolutionary Biology

CG CHG CHH

-log;, (FDR)
-log;, (FDR)

wngo o oo of semon

epiGBS fragments

ARSI SRE X I PRI SR Ui T

epiGBS fragments

epiGBS fragments

FIGURE 4 Putative differentially methylated regions (DMRs) in Taraxacum officinale accessions from alatum lineage in response to
different light conditions. Manhattan plots of 5385 sequenced epiGBS fragments showing p values for tests of differential methylation
at individual cytosines. The horizontal red line indicates the threshold for DMC significance at FDR <0.05. Fragments were considered as
putative DMRs when they have >5 DMCs and are highlighted in black. -log,,(FDR) values for the light treatment effect were calculated
using the ‘DSS’ package in R with accession and light condition included as fixed effects in the statistical model.

TABLE 1 Number of differentially methylated cytosines associated with accession (Acc) and light treatment (Treat) effects (FDR <0.05)
for gene, transposable elements (TE), repeats and unclassified features and for each sequence context (CG, CHG and CHH).

Gene TE Repeats Unclassified
Treat
Context Acc (%) Treat (%) Acc (%) Treat (%) Acc (%) Treat (%) Acc (%) (%)
CG 0(0.0) 0(0.0) 0(0.0) 0(0.0) 3(0.3) 35(3.0) 42(0.3) 5(0.0)
CHG 0(0.0) 0(0.0) 0(0.0) 10 (0.2) 0(0.0) 7(0.9) 0(0.0) 46 (0.5)
CHH 0(0.0) 9(0.1) 0(0.0) 183(0.2) 0(0.0) 27 (0.6) 0(0.0) 57(0.1)

Note: Percentages are relative to the total number of cytosines tested in that feature and context.

TABLE 2 Putative differentially methylated regions (DMR) in
response to the light treatment. Putative DMRs are defined as
epiGBS fragments with >5 DMCs.

regions and to a lesser extent with genes. Genetic variation also cor-
related strongly with CHG methylation in repeats (Table 3). No sig-

nificant correlation was observed with any genomic feature for CHH

Number Total methylation context. Correlation coefficients between genetic vari-
of epiGBS number of ation and methylation variation tended to be lower when including
Context  fragments ~ DMCs Annotation only the subset of cytosines in the methylation analysis that shows a
CHH 7 104 LTR retrotransposon. significant accession effect in methylation level (Table 3).
Copia superfamily
CHH 6 60 DNA transposon; hAT
superfamily 4 | DISCUSSION
CG 2 33 Unclassified
CHG 1 6 Unclassified

observed that different accessions that were originally collected
from the same field location (which presumably share a common an-
cestor much more recently than accessions collected from different
regions or countries do) always clustered close together (Figure 5b).

Because the genetic distances between the accessions can be es-
timated from independent SSR data (Kirschner et al., 2016; Wilschut
et al,, 2016), we explored how well methylation profiles in different
sequence contexts and genome features correlate with genetic dis-
tance. Based on all cytosines, the strongest correlations were ob-
served in CG context for methylation in repeats and in unannotated

We explored how environmental and genealogical signals are
detectable in different types of DNA methylation, focusing on
sequence context (CG, CHG and CHH), in a geographically wide-
spread apomictic dandelion lineage. Our results show that environ-
mental treatment effects are detectable in all sequence contexts
but are most abundant in non-CG contexts, while accession dif-
ferences are expressed in CG context. The latter observation is
consistent with high transgenerational stability of CG methylation
(Niederhuth et al., 2016; Zhang, Lang, & Zhu, 2018). By compar-
ing variation in methylation and microsatellites between acces-
sions, we found that genealogical relationships are captured well
by DNA methylation variation in CG context. We note that this
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FIGURE 5 Genealogy of the Taraxacum officinale accessions from alatum lineage described by DNA methylation and genetic variation.
UPGMA dendrograms based on Euclidean distances calculated from cytosine methylation levels in CG context using (a) all experimental
samples or (b) using only control samples; and (c) based on Nei distances calculated from variation at eight microsatellite loci. For
methylation-based dendrograms, only the subset of differentially methylated cytosines (p-value <0.05, before FDR correction) were
included in the analysis. Black dots indicate different accessions collected from the same field location. Twenty accessions were collected in
Germany (DE), Finland (Fl), Austria (AT) and Czech Republic (CZ).

TABLE 3 CG methylation is correlated with genetic distance between accessions. Correlation coefficients and statistical significance are
from Mantel tests between SSR-based distance matrix and methylation-based distance matrices from control samples.

CG CHG CHH
Feature AllCs DMCs AllCs DMCs All Cs DMCs
All features 0.61** (22868) 0.40* (261) 0.42* (16438) 0.42*(57) 0.37 (82622) -0.03
Gene 0.43* (1932) 0.19 (12) 0.25(1438) -2 0.36 (6403) -f
TE 0.48* (5877) 0.53* (5) 0.32 (4096) -2 0.29 (19440) -2
Repeats 0.65** (1161) -0.16 (25) 0.49** (793) 0.32 (4) 0.37 (4745) -f
Unclassified 0.62**(13898) 0.40 (219) 0.45* (10066) 0.39 (53) 0.38 (52034) -0.03

Note: Correlations were tested for each feature and sequence context, and also considering all cytosines or only differentially methylated cytosines
(DMCs at p-values <0.05 before FDR correction). The numbers of cytosines analysed are indicated in parentheses.

*p-value <0.05.; **p-value<0.01.; ***p-value <0.001.
#No or few C's were differentially methylated, thus, they were not analysed.

does not require that the observed CG methylation variants are (Shahryary et al., 2020; Yao et al., 2021). The patterns of DNA

caused by genetic differences between the accessions. While methylation variation that such epimutations produce between
genetic differences between accessions (such as novel transpos- clonal accessions are expected to correlate with genetic mutations
able element inserts) can be a potent source of DNA methyla- that also arise in the system. However, the correlation between
tion differences between accessions, there are also frequent CG CG methylation-based distances and SSR-based distances was
epimutations that arise spontaneously (that is, without requiring far from perfect. Possibly, and notwithstanding that most envi-

a change in DNA sequence) and that are stable over generations ronmental effects on DNA methylation are observed in non-CG
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contexts, the environmental effects that do occur in CG context
produce a heritable signal in CG methylation profiles that partly
dilutes the genealogical signal. Our study shows that methylation
information can be used to reconstruct micro-evolutionary and
genealogical relationships in plants (Figure 5), providing a useful
tool in systems that lack genetic variation such as clonal lineages
and crops.

Our observation that current environmental effects on DNA
methylation are detectable in both CG and in non-CG methyla-
tion and are biased towards transposable elements and repeats,
adds to growing evidence from different plant species that the
hypo- or hyper-methylation of transposable element (TE) is a key
feature of plant stress responses (e.g. Dowen et al., 2012; Eichten
& Springer, 2015; Niederhuth et al., 2016; Secco et al., 2015; Van
Dooren et al., 2020; Wibowo et al., 2016). TE methylation is asso-
ciated with the RdDM pathway (RNA-dependent DNA methyla-
tion), which affects cytosine methylation in all sequence contexts
(Deniz et al., 2019; Sigman & Slotkin, 2016). However, most of
the TE-associated methylation changes in response to environ-
mental stress are observed specifically in CHH contexts (Dubin
et al., 2015; Niederhuth et al., 2016; Van Dooren et al., 2020;
Wibowo et al., 2016). Methylation in this context is not stable;
it may capture recent or current environmental differences (Van
Dooren et al., 2020; Wibowo et al., 2016) but it is not expected
to be confounded with historical or genealogical effects. Notably,
however, the shading treatment also triggered DMCs in CG con-
text (see Table 1). In fact, the strongest enrichment of DMCs in
response to the treatment was observed in CG context in repeats
(see Table 1). Because methylation in this context is transgenera-
tionally stable, such environment-induced CG methylation modifi-
cations may leave a long-term signature in the methylome of the
apomictic lineage. This suggests that CG methylation profiles in
plant genomes are shaped by accumulation of heritable epimuta-
tions (Yao et al., 2021), as well as, by persistent effects of his-
torical environmental exposures (Kawakatsu et al., 2016). Unlike
methylation in CHH context, which lacks an inherited component,
current environments are not a dominant determinant of observed
patterns of CG methylation, leading to the absence of a significant
treatment effect on the overall CG methylome (Figure 2).

A clear result of our study is that the information contained in
overall CG methylomes accurately reconstructs the genealogical
structure of the dandelion accessions within the apomictic lin-
eage. This is possible due to the high transgenerational stability of
CG methylation (Yao et al., 2021). Both spontaneous epimutations
that are transgenerationally stable and also epigenetic variants
that are downstream consequences of genetic variants between
samples (such as transpositions) should correlate well with gene-
alogy, just like stable genetic variants do (Hagmann et al., 2015).
However, the transgenerational stability of CG methylation is
not absolute: epimutations revert frequently, and the dynamics
of epimutation and reversal can uncouple methylation variation
from patterns of underlying genetic variation in sexual organisms
(Shahryary et al., 2020; van der Graaf et al., 2015). In addition,
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in agreement with other recent studies (Galanti et al., 2022), we
also detected environmental effects on CG methylation (Table 1).
These might leave an imprint of historical environments, not only
current environments, in CG methylomes, which could obscure the
genealogical signal in CG methylomes. It is interesting that overall
CG methylomes performed better in capturing the genealogical
structure of the dandelion accessions (as benchmarked against
microsatellite information) than the subset of CG-cytosines that
showed significant between-accession methylation differences.
This might be because pairwise similarities are based on fewer cy-
tosines, potentially introducing more noise. However, the result is
unexpected, because the subset of DMCs emphasizes methylation
information that differentiates between the accessions. A possi-
ble explanation for this could be that CG-DMCs contain heritable
methylation variants that were induced by local environments in
the natural fields from which the accessions were collected, which
are confounded with accessions (but not necessarily with gene-
alogy) because accessions were collected from very different lo-
calities. In that case, the cumulative effect of many spontaneous
epimutations could provide a better reflection of genealogy than
the subset of DMCs with between-accession effects.

One caveat with the interpretation of CHH methylation results
is that accurate estimation of methylation levels is prone to error
and bias when methylation levels are low, which is typical for CHH
methylation (Niederhuth et al., 2016). Accurate methylation estima-
tion is hampered in such cases by low sequencing coverage. In our
study, after applying the 10x coverage threshold, mean and median
cytosine coverage for CHH context were 65x and 34x, respectively,
which is relatively high and suitable for methylation estimation also
when methylation levels are low. Accordingly, the CHH methylation
responses to treatment that we revealed (specifically: the overall
methylation level, a bias in the response to transposable elements,
and clear environmental effects but no accession effects) are con-
sistent with reports in other species (Niederhuth et al., 2016), indi-
cating that the epiGBS approach is suitable for capturing patterns of
DNA methylation variation also in CHH context.

In addition to the possible contribution of epigenetic variability in
phenotypic plasticity and/or variation in heritable traits, new insights
into the use of epigenetics are emerging. Given that the epigenetic
mutation rate is higher than the genetic one (Ossowski et al., 2010;
van der Graaf et al., 2015), it could provide phylogenetic resolution
over time scales that cannot be easily tracked using genetic vari-
ants, mostly systems with low genetic diversity. As proposed by Yao
et al. (2021), the neutral nature of spontaneous epimutations could
be used as a molecular clock. This could be especially useful in spe-
cies that are propagated clonally, and/or in which the phylogenetic
relationships are difficult to infer with classical neutral genetic mark-
ers. For instance, a clonally propagated sterile crop such as saffron
(Crocus sativus), in which the origin and relationships between close
species have recently been discovered (Nemati et al., 2019; Schmidt
et al., 2019), could benefit from the use of this molecular clock, as
differences between accessions could be best explained by DNA
methylation (Busconi et al., 2021).
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