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Abstract

Phenotypic plasticity is a fundamental mechanism that enab-
les plants to adapt to shifting environmental conditions, such
as those induced by climate change. Epigenetic modifications,
notably DNA methylation, may play a pivotal role in such pro-
cess. However, this field remains largely unstudied in non-
model organisms with large, complex genomes. Here, we focus
on silver fir (Abies alba), more precisely on a natural population
subjected to climate stress, comparing the results obtained
from two different bisulfite sequencing techniques in the stu-
dy of the epigenetic patterns of its giga-genome. DNA was ext-
racted from two non-declining and two declining A. alba indi-
viduals and subjected to whole genome bisulfite sequencing
(WGBS) and reduced representation bisulfite sequencing
(RRBS). General methylation levels in each cytosine context
(CpG, CHG and CHH, where H stands for A, C, or T) were deter-
mined and differentially methylated regions (DMRs) were iden-
tified. WGBS sequenced a higher amount of cytosines, while
RRBS had a higher number of CpG sites passing filtering condi-
tions. Both techniques showed high methylation percentages
in CpG and CHG contexts, but disagreed on CHH sites, likely
due to RRBS having a bias towards highly methylated CHH con-
texts. Differentially methylated sites were only identified using
WGBS data but could not be functionally annotated. In conclu-
sion, while successful in methylation assessment, neither
WGBS nor RRBS produced the desired outcome regarding the
identification of DMRs. Thus, the fragmented nature of the
available reference genomes for species with large genomes
seems to hinder the attainment of meaningful results from
WGBS and RRBS.
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Introduction

Phenotypic plasticity is the ability of a single genotype to pro-
duce different phenotypes when exposed to different environ-
mental conditions (Pigliucci et al. 2006). Thus, it can serve as a
safeguard against rapid climate variations and aid in quick
adaptation (Nicotra et al. 2010), which could be a crucial
mechanism for species survival to ongoing climate change. In
fact, phenotypic plasticity is recognized as a key process
through which plants can cope with climate change (Stots et
al. 2021). They are able to undergo dynamic physiological and
molecular changes to adapt to a changing environment, in
which modifications at the epigenetic level are involved (Dar et
al. 2022), namely DNA methylation, histone modifications and
the action of non-coding RNAs.

DNA methylation, usually understood as an addition of a
methyl group onto a cytosine to form 5-methylcytosine (Bar-
tels et al. 2018), is a widely studied epigenetic mark in plants
(reviewed in Zhang et al. 2018). DNA methylation is known to
play a crucial role in various biological processes, including
silencing of transposable elements (TEs), maintaining genome
stability, regulation of gene transcription, and stress tolerance
(Kumar and Mohapatra, 2021). Specifically, plants methylate
cytosines in three different contexts: CpG, CHG and CHH (whe-
re H=A, T or G) (Takuno et al. 2016). These different contexts
are usually studied through bisulfite sequencing, which is con-
sidered the gold standard technique to assess DNA methylati-
on (Kurdyukov and Bullock, 2016). Whole genome bisulfite
sequencing (WGBS) stands out as the most exhaustive method
among these techniques, as it enables the assessment of DNA
methylation throughout the genome (Suzuki et al. 2018). How-
ever, such extensive sequencing might not be necessary given
that only certain genomic regions can undergo differential
methylation. Thus, a variation of this approach, called reduced
representation bisulfite sequencing (RRBS), was also develo-
ped. Hence, RRBS uses an enzymatic digestion to reduce the
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targeted portion of the genome, enriched in CpG content
(Beck et al. 2022), offering a more cost-effective approach and
enhancing sequencing coverage (Kurdyukov and Bullock,
2016).

Employing these techniques to study methylation pat-
terns in non-model species can be specially challenging due to
the lack of high-quality references and annotations. This task
can become even more complex when dealing with large
genomes, such as those of conifers (Garcia-Garcia et al. 2022),
with sizes ranging from ~6.5 to ~37 Gb, being ~15 Gb the
most common 1C-value (Ahuja and Neale, 2005). Indeed, only
three species of the Pinaceae family (Picea abies, Pinus tabuli-
formis and Pseudotsuga menziesii), which are among the few
conifers with reference genome, have had their methylomes
studied so far (Ausin et al. 2016; Niu et al. 2022; Vu et al. 2023).
P. abies and P. menziesii had their reference genomes pre-pro-
cessed before the bioinformatic analysis in order to reduce the
computational costs derived from their highly fragmented sta-
te (~9-10 million scaffolds each), being subjected to a merging
step or a filtering step to keep contigs with high continuity. On
the other hand, P. tabuliformis is the only conifer with a chro-
mosome-level reference genome, facilitating any analysis
based on it. Here, we analyze cytosine methylation in silver fir,
Abies alba, which is the only species of the genus Abies with an
available reference genome. This assembly remains in its initial
version and is highly fragmented, consisting of approximately
37 million scaffolds (available at https://treegenesdb.org/FTP/
Genomes/Abies_alba/v1.1/, last accessed in February 2025). In
the present study, we focus on a natural silver fir population
from the Pyrenees, which shows signs of drought-induced
forest decline and dieback (Linares & Camarero, 2012; Gonzalez
de Andrés et al. 2022). As no genetic differentiation was found
between declining and non-declining individuals in a previous
study (Garcia-Garcia et al. 2023), we hypothesized that epige-
netic processes could be contributing to the phenotypic diver-
sity observed across vigor classes. We show results obtained
from both whole WGBS and RRBS and compare the ability of
these techniques to produce data with enough quality to (1)
assess general methylation levels of each methylation context
(CpG, CHG and CHH) and (2) allow the identification of DMRs
between declining and non-declining trees in silver fir forests.

Materials and Methods

Plant material

Leaf samples were collected from two declining A. alba trees
(aged 73 and 81 years) and two non-declining trees (aged 91
and 106 years), sampled in the Western Spanish Pyrenees (Paco
Mayor, 42.71°N, 0.64°W), where the species has been showing
long-term symptoms of dieback (Gonzélez de Andrés et al.
2022; Garcia-Garcia et al. 2024). Tree vigor was assessed based
on visual estimation of crown transparency (Dobbertin, 2005;
Gonzalez de Andrés et al. 2022). In order to minimize potential
confounding variables and ensure the reliability of epigenomic
analyses, all samples were collected during the same morning
under consistent weather conditions (cloud-covered sky,

snowing), thereby maintaining environmental uniformity
across the experimental set. Two samples per vigor group
were used for this pilot study to explore preliminary outcomes
before choosing the best sequencing methodology for a lar-
ge-scale investigation.

Bisulfite sequencing and data analysis

Total genomic DNA was extracted using the DNeasy Plant
Mini Kit (Qiagen®, Germany) and subjected to WGBS and RRBS
(enzymatic digestion with Mspl and Taql). The obtained raw
reads underwent quality and adapter trimming using Trim
Galore v0.5.0 (The Babraham Institute), with default options,
before being mapped to the complete A. alba reference geno-
me v1.1, including its ~37 million scaffolds (Mosca et al. 2019),
using Bismark v0.21.0 (Krueger and Andrews, 2011) with
default options for single-end (SE) reads. The SE mode was
chosen due to two reasons: (1) the RRBS data was generated
through single-read sequencing as RRBS libraries are made of
short fragments (50 bp) which do not require paired-end (PE)
sequencing to achieve high accuracy levels, and (2) Bismark is
a very strict aligner which only reports concordant PE reads
with end-to-end mapping, which is acceptable for model
organism and high-quality DNA but can be problematic for
non-model organisms.

Bismark was then used to perform the methylation cal-
ling step, producing files containing information about the
methylation state of the sequenced cytosines in each sample,
which allowed to calculate their general methylation levels in
each context (CpG, CHG and CHH). Yates' continuity corrected
chi-squared test was used to identify differences between
vigor classes using GraphPad Prism v8.2.1 for Windows (Gra-
phPad Software, Boston, Massachusetts USA, http://www.gra-
phpad.com).

Only CpG coverage files were used for subsequent analy-
ses, as CpG sites are usually located near/in genes, having
effects on their expression, and they need less computational
resources to be studied than CHG and CHH sites. Finally,
edgeR v3.34.0 (Robinson et al. 2010) was used to identify
DMRs, following the steps indicated in the edgeR user’s guide:
filtering (only sites which were not always methylated or
unmethylated and had at least 5 counts per sample were
kept), normalization, dispersion estimation, negative binomi-
al generalized lineal model fitting, and performance of a like-
lihood ratio test with 5 % false discovery rate. Finally, either
the available A. alba annotation or NCBI's blastn (Altschul et al.
1990) was used to identify nearby genomic features. The data-
sets for the WGBS and RRBS pilot phases generated and analy-
zed during the current study are available from the correspon-
ding author on request.

Results

The amount of sequenced cytosines (Cs) was approximately
5.5 times higher for the WGBS approach (Table 1), which is an
expected outcome as the sequenced fraction of a genome
should be larger using a whole-genome technique than using



areduced-representation technique. However, the number of
CpG sites that passed the filtering conditions was higher (~4.5
times) in RRBS sequences (Table 1), as this technique increases
the sequencing depth of the targeted regions, making it
easier to obtain at least 5 counts per sample.

Regarding general methylation levels, both techniques
showed high methylation percentages in CpG and CHG con-
texts (although significant differences were found between
the results obtained from WGBS and RRBS data, as shown in
Table S1), while they strongly disagree on CHH sites (Fig 1).
Significant differences between declining and non-declining

Table 1
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trees were found in all contexts except for CpG sites when stu-
died through RRBS (Tables S2, S3). Despite the higher amount
of high quality CpG sites identified in the RRBS data, differenti-
ally methylated sites were only found in the WGBS data (Table
1). 14 CpG sites were found to have significant higher methyla-
tion levels in the declining group. 13 of these CpG sites are
found in the same region (scaffold 5,292,684 : 43-148), which
constitute a DMR. Unfortunately, this region is part of a 180 bp-
long scaffold, which does not contain any annotations and
shows no similarity with any of the sequences in the NCBI data-
base.

Comparison of the WGBS and the RRBS results, including methylation calling, filtering, and the identification of differentially

methylated sites.
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General methylation levels found in each vigor class (non-declining and declining trees) in each context (CpG, CHG, CHH) obtai-

ned from WGBS and RRBS data



204

Discussion

While both techniques showed high methylation percentages
in CpG and CHG contexts, WGBS and RRBS disagreed on CHH
sites. Methylated CHH islands are likely to appear close to
genes with nearby TEs (Martin et al. 2021), flanking them and
playing a role in mitigating their adverse effects in gene expres-
sion (Kenchanmane Raju et al. 2019). In addition, conifer spe-
cies have many ultra-long genes with TE insertions, which crea-
te lengthy introns which are likely to be heavily methylated (Li
et al. 2023). Therefore, as RRBS targets CpG-rich regions (Beck
etal. 2022), which are generally associated with genes (Ashika-
wa, 2021), the results obtained using this technique could be
biased towards highly methylated CHH contexts. Thus, the per-
centage estimated from the WGBS data could be a more realis-
tic representation of the global levels of methylation in CHH
areas in A. alba as they were sequenced at random throughout
the whole genome. Hence, our WGBS results seem to be in line
with previous studies that report lower methylation levels in
CHH sites than in CpG and CHG contexts (Bartels et al. 2018),
while our RRBS results agree with the hypothesis of higher
methylation levels within the CHH regions situated in the pro-
ximity of genes.

Significant methylation differences between declining
and non-declining trees were observed across all contexts
(except for CpG sites in RRBS analyses). However, significant
results are easy to find in contingency tests when working with
high values (millions of cytosines in each test). For example,
the 0.05 % difference in methylation in CHG contexts using the
RRBS data produces a highly significant result (p-value <
0.0001), which might seem odd, but considering the number
of cytosines included in this percentage (~20,000), this out-
come does not appear to be illogical. Thus, statistical signifi-
cance should be combined with the identification of DMRs and
their functional annotation to obtain meaningful biological
significance about the role of these differently methylated sites
in the context of drought-induced decline of silver fir forests,
which could be involved in processes such as adaptation to
changing environments (e.g. Sdez-Laguna et al. 2014; Alakar-
ppa et al. 2018; Garcia-Garcia et al. 2024).

Finally, although a DMR could be identified using the
WGBS data, it could not be functionally annotated, hindering
the biological interpretation of this finding. The A. alba geno-
me sequence is composed of 37 million scaffolds, sorted by
descending size, of which the last 35 million have a length of
less than 500 bp. In other words, instead of having a conti-
nuous sequence for each of the 12 chromosomes (2n = 24) pre-
sent in its genome (Puizina et al. 2008), it is fragmented into
small pieces. This lack of continuity adds difficulty to the task of
finding genes and other genetic structures, making it almost
unattainable and highlighting the need of improvement of
both the reference genome and its annotation, which is ~3
times more fragmented than those available for other conifers
that have had their methylomes studied. It also complicates
the use of candidate regions proposed in other species, as they
may not be conserved in A. alba or hold the same biological
significance. Additionally, identifying methylation contexts

that could regulate the expression of previously described
genes involved in processes such as local adaptation in this
species is challenging, as this fragmentation results in short
scaffolds, limiting access to upstream and downstream regi-
ons. For these reasons, while thousands of DMRs are found
experiments with model species, such as Arabidopsis thaliana
(Huang et al. 2016) and Lycopersicon esculentum (Tian et al.
2021), this task is much more complicated in giga-genomes
without high quality references, and using samples of the
same tissue, like the ones used in this study. For example, seve-
ral hundreds of DMRs were found in CpG contexts comparing
needles with somatic embryogenic cultures in P. abies (Ausin et
al. 2016), while only 83 DMRs were found comparing needles
from different trees in P. menziesii (Vu et al. 2023), likely due to
the existence of more diverse methylation patterns in different
types of sample.

Conclusions

Significant differences in DNA methylation levels were obser-
ved between declining and non-declining trees, but their bio-
logical significance remains unclear due to the lack of functio-
nal annotation. Thus, reference genomes might not be enough
to obtain meaningful results from WGBS or RRBS data when
they are highly fragmented and not fully annotated, which is,
unfortunately, the case of the majority of the plant species with
large genomes. Overall, chromosome-level references seem to
be fundamental to carry out successful single-base resolution
DNA methylation studies in plant species with giga-genomes.
Alternatively, there are other methods that enable the detec-
tion of general methylation percentages at a lower cost, such
as those based on colorimetric quantification via enzyme-
linked immunosorbent assay (ELISA), which quantify global
DNA methylation, regardless of cytosine context, by measu-
ring levels of 5-methylcytosine (e.g. Garcia-Garcia et al. 2024),
or reversed-phase ultra-performance liquid chromatography
(UPLC) coupled with sensitive mass spectrometry (MS) (Boulias
and Greer, 2021). Additionally, if previously identified genomic
regions involved in relevant biological processes are available
for the species under study, targeted bisulfite sequencing of
these specific loci could yield insightful results.
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