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Abstract

Background DNA methylation is a critical factor influencing plant growth, adaptability, and phenotypic plasticity.
While extensively studied in model and crop species, it remains relatively unexplored in holm oak and other non-
domesticated forest trees. This study conducts a comprehensive in-silico mining of DNA methyltransferase and
demethylase genes within the holm oak genome to enhance our understanding of this essential process in these
understudied species. The expression levels of these genes in adult and seedling leaves, as well as embryos, were
analysed using quantitative real-time PCR (gRT-PCR). Global DNA methylation patterns were assessed through
methylation-sensitive amplified polymorphism (MSAP) techniques. Furthermore, specific methylated genomic
sequences were identified via MSAP sequencing (MSAP-Seq).

Result A total of 13 DNA methyltransferase and three demethylase genes were revealed in the holm oak

genome. Expression levels of these genes varied significantly between organs and developmental stages. MSAP
analyses revealed a predominance of epigenetic over genetic variation among organs and developmental stages,
with significantly higher global DNA methylation levels observed in adult leaves. Embryos exhibited frequent
demethylation events, while de novo methylation was prevalent in seedling leaves. Approximately 35% of the
genomic sequences identified by MSAP-Seq were methylated, predominantly affecting nuclear genes and intergenic
regions, as opposed to repetitive sequences and chloroplast genes. Methylation was found to be more pronounced
in the exonic regions of nuclear genes compared to their promoter and intronic regions. The methylated genes were
predominantly associated with crucial biological processes such as photosynthesis, ATP synthesis-coupled electron
transport, and defence response.

Conclusion This study opens a new research direction in analysing variability in holm oak by evaluating the
epigenetic events and mechanisms based on DNA methylation. It sheds light on the enzymatic machinery governing
DNA (de)methylation, and the changes in the expression levels of methylases and demethylases in different organs
along the developmental stages. The expression level was correlated with the DNA methylation pattern observed,
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showing the prevalence of de novo methylation and demethylation events in seedlings and embryos, respectively.
Several methylated genes involved in the regulation of transposable element silencing, lipid biosynthesis, growth and
development, and response to biotic and abiotic stresses are highlighted. MSAP-seq integrated with whole genome
bisulphite sequencing and advanced sequencing technologies, such as PacBio or Nanopore, will bring light on
epigenetic mechanisms regulating the expression of specific genes and its correlation with the phenotypic variability
and the differences in the response to environmental cues, especially those related to climate change.
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Introduction

Holm oak (Quercus ilex subsp. ballota [Desf] Samp.)
is a key species in the Mediterranean Basin and plays a
vital role in the Dehesa agrosilvopastoral ecosystem.
This system is crucial for biodiversity, holding signifi-
cant environmental, economic, and social value [1]. In
recent years, there has been a significant surge in inter-
est regarding holm oak, particularly in molecular biology
studies [2]. Given its remarkable adaptability to arid and
semi-arid environments, its importance is expected to
rise as the impacts of climate change intensify [3]. Quer-
cus ilex exhibits considerable variability at the pheno-
typic, morphometric, physiological, and molecular levels,
characteristics typical of non-domesticated, long-lived,
allogamous, and anemophilous species [4, 5]. The extent
to which this variability is influenced by genomic, epig-
enomic, and environmental factors remains largely unex-
plored. Molecular research on holm oak is inherently
challenging due to its recalcitrance to standard molecular
genetics protocols and in vitro propagation techniques.
The effectiveness of these methods varies considerably
across different genotypes, complicating efforts to eluci-
date the molecular mechanisms underlying the species’
traits and adaptations [6-8]. Moreover, the cross-pol-
linated nature of holm oak presents a further challenge
in conducting genetic studies in natural environments.
The identity of the pollen donor often remains unknown,
making it difficult to interpret experimental data from a
genetic standpoint.

Since 2004, our research group has extensively char-
acterized the transcriptome, proteome, and metabo-
lome of various tissues from this forest tree species [2].
The recent release of its first draft of the genome marks
a crucial milestone [9], opening new possibilities for
functional genomics and epigenetics studies. While the
genomes of several Quercus species have been released in
the past decade, enabling functional genomics studies on
development and stress response, the role of epigenetic
marks in regulating gene expression and their integration
into the developmental program remains unexplored in
holm oak. To date, only a limited number of papers study-
ing DNA methylation in Quercus have been published,
including Q. suber L [10]., Q. robur L [11]. and Q. lobata
Née [12]. Notably, just one publication has investigated

Q. ilex, with Rico et al. [13] examining global methylation
patterns in mature trees in response to drought.

DNA methylation is the most stable and common epi-
genetic mark in plants [14], maintaining genome stability
and determining the expression of genes involved in plant
growth, development, and environmental stresses [15].
Growth and development in plant species is orchestrated
by the regulation of gene expression, which is refined
by epigenetic mechanisms ensuring the accurate execu-
tion of the developmental program [16]. DNA methyla-
tion in plants occurs primarily in three distinct sequence
contexts: symmetric CG and CHG, as well as asymmet-
ric CHH (where H represents A, T or C). Among these
contexts, methylation is most prevalent in the CG con-
text in plants [17]. The regulation of DNA methylation
in all three contexts (CG, CHG, and CHH) is primarily
controlled by the concerted action of DNA methyltrans-
ferases and demethylases [18]. Like most plants, those in
the family Fagaceae possess four classes of DNA meth-
yltransferases, namely: Methyltransferase 1 (MET1),
Chromomethylases (CMTs), DNA Methyltransferase
Homologue 2 (DNMT2) and Domains Rearranged Meth-
yltransferases (DRMs) [19]. MET1, CMT3 and CMT2 are
responsible for maintaining CG, CHG and CHH methyl-
ation changes, respectively, and DRM2 for de novo DNA
methylation. DNA demethylases include Repressor of
Silencing 1 (ROS1), Demeter (DME) and Demeter-like 2
and 3 (DML2 and 3).

The Methylation Sensitive Amplified Polymorphism
(MSAP) technique, widely used in non-model species
[20], allows the determination of methylation patterns
and the degree of methylation at cytosine residues in
CCGQG sites based on differences in methylation sensitiv-
ity between Hpall and Mspl enzymes [21]. An advanced
approach based on MSAP analysis followed by sequenc-
ing of PCR products previously digested by Hpall and
Mspl (MSAP-seq) was recently reviewed by Agius et
al. [22]. The approach allows to identify regions of the
genome that are differentially methylated at CCGG sites
and to associate them to specific genetic pathways and
biological processes. The study of DNA methylation in
non-model species, such as holm oak, is gaining signifi-
cant attention due to the remarkable ability of these spe-
cies to adapt to extreme environments. Epigenetic marks
are included in breeding programs as molecular markers
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for the selection of individuals with phenotypic traits of
interest, such as increased growth, yield and tolerance
to both biotic and abiotic factors [20]. However, the high
levels of genetic diversity within these species pose a
substantial challenge. In addition, intraspecific epigen-
etic variation may further complicate the identification
of consistent methylation patterns and their association
with specific phenotypic traits. Understanding the role of
epigenetics in shaping tree phenotypes could reveal key
factors involved in regulating growth traits and improve
our understanding of the evolutionary potential of this
forest species.

The primary objective of this study was to assess the
dynamics of global DNA methylation levels across three
developmental stages — leaves from adult trees and seed-
lings, as well as embryos — while concurrently compar-
ing the transmission of methylation patterns among
these stages. The specific objectives were as follows: (a)
to identify and determine the gene expression of DNA
methyltransferases and demethylases; (b) to analyse and
compare the global DNA methylation patterns in rela-
tion to three different developmental stages; and (c) to
identify methylated genomic sequences associated to
the developmental stages. For that, the global DNA and
gene-specific methylation patterns have been analysed
by using the MSAP and MSAP-seq techniques. Data
have been correlated with the expression level of DNA
methyltransferase and demethylases, as determined by
RT-q-PCR.
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Results

Identification of holm oak DNA methyltransferases and
demethylases

A total of 13 DNA methyltransferase and 3 demethyl-
ase genes were identified in the holm oak assembled
genome. Based on available data from A. thaliana, they
included 8 maintenance methyltransferases, 5 de novo
methyltransferases and 3 demethylases (Table 1). The
identified maintenance methyltransferases included one
each for QIMET1 (gene-16946), QiCMT1 (gene-6353)
and QiDNMT?2 (gene-33301), in addition to three (gene-
37003, gene-37004 and gene-37005) for QiICMT2 and
two (gene-7580 and gene-19767) for QiCMT3. Those
corresponding to de novo methyltransferases included
one gene for QiDRM3 (gene-4322), and two each for
QiDRM2 (gene-35436 and gene-19781) and QiDRM2-
like (gene-6758 and gene-28358). DNA methyltransfer-
ase genes were distributed in chromosomes 1, 2, 3, 5, 6,
10 and 12, and demethylase genes in chromosomes 3, 4
and 7 (Table 1). The QiIDRM2-like gene (gene-6758) was
identified in chromosome 0. This was a result of less than
1% of the sequences (37 contigs, size 6.69 Mbp) allow-
ing assignation in the first draft of the holm oak genome
and having to be merged and placed in chromosome 0

DOMAINS REARRANGED METHYLTRANSFERASE-like  DRM2-like

DOMAINS REARRANGED METHYLTRANSFERASE 3

DOMAINS REARRANGED METHYLTRANSFERASE 2
DEMETER

DNA METHYLTRANSFERASE HOMOLOG 2
REPRESSOR OF SILENCING 1

Enzyme name
DEMETER-LIKE

DNA methyltransferase Maintenance  METHYLTRANSFERASE 1
CHROMOMETHYLASE 3

CHROMOMETHYLASE 1
CHROMOMETHYLASE 2
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Table 1 The information regarding the holm oak DNA methyltransferase and DNA demethylase genes

DNA demethylases
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as a result [9]. Each enzyme sequence identified in the
holm oak genome was functionally annotated and cat-
egorized based on its involvement in biological pro-
cesses, molecular functions, or cellular components, as
detailed in Additional File 1. Furthermore, each enzyme
was classified based on its involvement in DNA meth-
ylation, methyltransferase activity, and nuclear localiza-
tion. Most sequences exhibited matched identity greater
than 90% between Q. ilex and Q. lobata, Q. robur, and
Q. suber and Q. variabilis; by exception of gene-19,767
(QiICMT3) that had approximately 50% matched iden-
tity between Q. ilex and the other Quercus spp. (Addi-
tional File 2). All methyltransferases, belonging to the
C-5 cytosine methyltransferase family (IPR001525),
displayed a variety of functional domains: the Bromo
Adjacent Homology domain (PF01426, BAH), the SAM-
dependent methyltransferase DRM-type domain profile
(PS51680, SAM_MT_DRM), the Ubiquitin-associated
domain (PS50030, UBA), the C-5 cytosine-specific DNA
methylase (PF00145, DNA_methylase), the Cytosine
specific DNA methyltransferase replication foci domain
(PF12047, DNMT1-RFD), and the Chromo (CHRoma-
tin Organisation MOdifier) domain (PF0385, Chromo)
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(Fig. 1A). MET1 was characterized by two BAH domains,
two DNMTI-RFD domains, and one DNA_methyl-
ase domain. CMTs contained one BAH domain, one
Chromo domain, and one DNA_methylase domain.
QiCMT2.2, QiICMT2.3, and QsCMT2.2 lacked the BAH
domain, QiCMT2.1 did not have both the DNA_meth-
ylase and Chromo domains, QiCMT1 did not show the
DNA_methylase domain, and QiCMT3.2 was devoid of
any domains. DNMT2 exclusively possessed the DNA_
methylase domain. DRM2 and DRM2-like contained the
UBA, SAM_MT_DRM, and DNA_methylase domains,
with QiDRM2 lacking the latter one and in QiDRM2-
like.2 and QsDRM2-like, the UBA domain. DRM3 was
solely characterized by the SAM_MT_DRM domain. To
explore the relationship of DNA methyltransferase and
demethylase genes, a phylogenetic tree was constructed
using the protein sequences from A. thaliana, Q. robur,
Q. lobata, Q. variabilis, Q. suber and Q. ilex (Fig. 1). In
this analysis, the maintenance DNA methyltransferases
(MET and CMT in one clade, and DNMT in the other)
were grouped separately from the de novo methyltrans-
ferases. Within each enzymatic category, A. thaliana
tended to diverge prior to the rest of the Quercus species,
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Fig. 1 Phylogeny of DNA methyltransferases and demethylases with their domain organization. The phylogenetic linage of (A) DNA methyltransfer-
ases was performed with Methyltransferase 1 (MET1), Chromomethylases 1 to 3 (CMT1-3), DNA (Cytosine-5-)-Methyltransferase 2 (DNMT2), Domains
Rearranged Methyltransferases 2 and 3 (DRM2/3) and representing the conserved domains: DNA_methylase: the C-5 cytosine-specific DNA methylase
(orange), BAH: Bromo Adjacent Homology domain (violet), Chromo: Chromo (CHromatin Organisation MQOdifier) (red), SAM_MT_DRM: SAM-dependent
methyltransferase DRM-type domain profile (blue), UBA: Ubiquitin-associated domain (yellow), and DNMT1-RFD: Cytosine specific DNA methyltrans-
ferase replication foci domain (green). The phylogenetic linage of (B) DNA demethylases was performed with DEMETER (DME), repressor of silencing 1
(ROST) and Demeter-like (DML-like) and representing the conserved domains DNA_glycosylase: domain associated with DNA glycosylase activity (pink),
ENDO3c: endonuclease Il domain (green), RRM_DME: predicted RRM-fold domain (blue), Perm-CXXC: permuted zf-CXXC domain (violet), and FES: iron-
sulfur cluster loop motif (orange). Different species Arabidopsis thaliana (At), Quercus ilex (Qi), Quercus lobata (Ql), Quercus robur (Qr), Quercus suber (Qs),
and Quercus variabilis (Qv) were included
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except for the DNMT enzyme (Fig. 1A). Demethylases
were part of the DNA glycosylase family (IPR044811)
and contained five key domains: a predicted RRM-fold
domain (PF15628, RRM_DME), a permuted zf-CXXC
domain (PF15629, Perm_CXXC), an iron-sulfur cluster
loop motif (SM00525, FES), a domain associated with
DNA glycosylase activity (IPR011257, DNA glycosylase),
and the Endonuclease III domain (cd00056, ENDO3c),
being the last one present in all demethylases except in
AtDML3 and DML-like of the Quercus species (Fig. 1B).
The DNA glycosylase domain was smaller in AtDML pro-
teins and QsDML-like. The FES domain was absent in
AtDML3. Phylogenetic analysis has revealed a distinct
separation among the demethylases (DML, DME, and
ROS), yet they are all grouped together.

Gene expression of DNA methyltransferases and
demethylases

The expression of seven methyltransferase and two
demethylase genes, out of the total 13 identified, was
analysed at the three developmental stages (Fig. 2). For
QiCMT2, QiCMT3, and QiDRM2, gene-37,003, gene-
7580, and gene-35,436, respectively, were selected. Three
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clear patterns were observed. The first corresponded to
maintenance methyltransferases (QiMET1, QiCMTI,
QiCMT2, and QiDNMT?2) that were significantly
upregulated in adults and embryos, with no differences
between them, and with transcripts present at very low
expression levels or not detected in leaves from seed-
lings. Within this first group, QiICMT3 showed a higher
expression level in adult than in embryos. The second
group included de novo methyltransferases (QiDRM2
and QiDRM3) that were significantly upregulated 6-fold
and 14-fold in embryos, respectively, and 2-fold in seed-
lings. The third group of enzymes analysed were DNA
demethylases, including QiDME and QiROS1. QiDME
did not display significant differences in abundance
across the various developmental stages, indicating a
potentially stable role throughout the plant’s growth and
development.

Global DNA methylation patterns

A total of 387 MSAP fragments were scored of which 279
were identified as methylation-susceptible loci (MSL)
and 108 as non-methylated loci (NML). Shannon’s diver-
sity index was higher in MSL (0.5793) than it was in
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Fig. 2 Expression profiles for maintenance DNA methyltransferase (QIMET1, QICMT1, QiICMT2; QICMT3 and QIDNMTT2), de novo DNA methyltransferase
(QIDRM2 and QiDRM3), and demethylase (QIDME and QiROS1) -encoding genes in adult, embryos, and seedlings of holm oak. The gene expression level
is given in relative gene expression. Data are mean of three biological replicates +standard error (SE). Different letters indicate significant differences
between developmental stages according to ANOVA and LSD test
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NML (0.3825), and differences between overall genetic
and epigenetic diversity were significant (Wilcoxon
Rank-sum test<0.0001). Analyses revealed differences
in DNA cytosine methylation patterns across develop-
mental stages (Fig. 3A-B), with estimated PhiPT =0.4020
(p<0.0001), with 59.8% of total epigenetic variability
residing within developmental stages and 40.2% between
stages. Genetic tests revealed 74.6% of variability to be
within developmental stages and 25.4% between them
(estimated PhiPT=0.2541, p<0.0001). A total of 171
MSAP fragments were scored in MSL at the three devel-
opmental stages. Unmethylated (type I) fragments were
more abundant than methylated (type II-1V) fragments;
also, the former were slightly more frequent in seedlings
(Fig. 3C; Additional File 3). Total methylation amounted
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to 38.6% in adults, 39.8% in embryos and 34.5% in seed-
lings. Fully methylated fragments (type III+IV) were
more abundant than hemimethylated fragments (type
II), especially in embryos (35.1% and 4.7%, respectively),
followed by seedlings (32.7% and 1.8%, respectively)
and adults (31.0% and 7.6%, respectively). Stabilization
events often exceeded methylation events, with 31.4% in
MSAP fragments. Methylated fragments exhibited the
greatest numbers of methylation—demethylation events
at all developmental stages, followed by demethylation
events in embryos (8.2%) and de novo methylation events
in adults and seedlings (4.6% and 5.2%, respectively;
Fig. 3D).
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Fig. 3 Global DNA patterns for adult, embryos and seedlings of holm oak as established with MSAP. (A) PCoA plot of the fragments classified as MSL
(methylation-susceptible loci). (B) PCoA plot of the fragments classified as non-methylated loci (NML). The values 1, 2 and 3 indicate adults, seedlings,
and embryos, respectively. (C) Types | (purple), Il (pink), lll (green) and IV (blue) correspond to unmethylated, hemimethylated, hypermethylated and fully
methylated fragments, respectively. (D) Stability (methylation-susceptible loci, MSL, and non-methylated loci, NML) (orange) and epigenetic changes (de-
methylation, de novo methylation, and methylation —demethylation events, in green, brown, and yellow, respectively) detected at each developmental

stage
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Identification of methylated genomic regions

Sequencing of pre-selected PCR products provided an
average~2 million paired-end reads per sample and
restriction enzyme (Table 2). That number reduced
to ~900 000 after filtering for the presence of the HM-
adapter, followed by the CGG sequence at 3’ or 5" and
50 bp of minimal read length. The degree of mapping
of the reads to the holm oak reference genome ranged
from 74.40% (Hpall-digested seedlings) to 91.40%
(Mspl-digested adults) (Table 2). Scoring the genomic
sequences observed in all three biological replicates for
each developmental stage allowed the identification of a
total of 281—415 sites in nuclear genes, 17—23 in chloro-
plast genes and 17—-33 in repetitive regions. Finally, the
dataset for the genomic sequences observed at the three
developmental stages with both enzymes included 235
nuclear genes sites (106 exons, 41 introns and 88 promot-
ers), 57 intergenic regions (258 CCGG sites), 11 chloro-
plast genes (27 CCGG sites) and 43 repetitive regions (53
CCGG sites) (Additional File 4). Out of the 573 analysed
sequences, methylation was detected in various genomic
regions, including 93 nuclear gene sites (consisting of
47 exons, 29 promoters, and 17 introns), 114 intergenic
regions, 9 chloroplast genes, and 30 repetitive regions.
These methylated sites were classified as type II, III, or IV
and were found to be present in at least one developmen-
tal stage (Additional File 4).

A total of 17 nuclear gene sites showed two methyl-
ated sites in the same genomic region. That was the case
with Metalloendoproteinase 2-MMP, which had two sites
in exon 1, and Putative uncharacterized protein ART2,
with two sites in the promoter (Additional File 4). Other
genes exhibited a single methylated site in two different
genomic sequences (e.g., NADH-ubiquinone oxidoreduc-
tase chain 2, with sites in exon 1 and the promoter; E3
ubiquitin protein ligase RIE1, with sites in exon 6 and the
promoter; and Protein Ycf2, with sites in the promoter
and intron 1). Genomic regions with more than three
methylated sites in the same gene were also identified
including Photosystem 1 P700 chlorophyll a apoprotein
A2 (exon 1, and introns 1 and 3), Acetyl-coenzyme A car-
boxylase carboxyl transferase subunit beta, chloroplastic
(three sites in the promoter), Cytochrome f (four sites in
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exon 2, one exon 1 and one in the promoter) and unchar-
acterized protein ycf68 (three sites in the promoter, one
in exon 4 and two in intron 1) (Additional File 4).

The degree of methylation was similar in adults (36.3%)
and seedlings (37.7%), but somewhat lower in embryos
(30.0%) (Table 3). More fully methylated genes were
observed in adults (28.9%) than in seedlings (20.8%) and
embryos (15.7%); in contrast, more hemi-methylated
genes were scored in seedlings (16.9%) that in embryos
(14.3%) and adult (7.3%). As regard genomic sequences,
more marked methylation was observed in intergenic
regions (15.4%) and nuclear genes (13.5%) than in repeti-
tive sequences (4.5%) and chloroplast genes (1.3%)
(Table 3). Also, type IV methylation was the most fre-
quent in all genomic sequences, followed by type II
methylation (Table 3).

Intergenic regions exhibited an increased occur-
rence of de novo methylation and demethylation events
(Fig. 4). The number of events was dependent on the
genomic sequence and developmental stage. In exons,
adults and seedlings exhibited more de novo methylation
events than demethylation events. In introns, de novo
methylation events were observed mainly in embryos
and demethylation events in adult plants. In promoters,
adults and seedlings exhibited more de novo methyla-
tion and demethylation events, respectively. By contrast,
in chloroplast genes, adults and embryos exhibited a
similar number of de novo methylation events whereas
seedlings only had demethylation events. In repetitive
regions, de novo methylation events were more frequent
in embryos than they were in adults and seedlings —
which were similar in this respect. In intergenic events,
embryos and adults had more de novo methylation and
demethylation events, respectively. The number of meth-
ylation and demethylation events was much higher in
intergenic events than in all other genomic sequences. In
general, the genomic sequences exhibited substantial sta-
bility (68.5%) —by exception, methylated sequences had a
slightly lower stability (8.8%).

The GO classification in Additional File 4 provides
functional categorization of the genomic sequences asso-
ciated with biological processes, cellular components,
and molecular functions. When focusing on methylated

Table 2 Mean values of the MSAP-Seq statistics for data processing in adult, embryos and seedlings of holm oak

Adult Embryos Seedlings

Hpall Mspl Hpall Mspl Hpall Mspl
Initial number of reads [mIn] 1.82 2.15 1.88 212 2.1 233
Number of reads after filtering [mIn]* 0.99 0.71 0.89 1.02 0.77 0.1
Percentage of mapped reads [%] 91.01 9142 82.13 90.58 7444 8233
Total no. of common nuclear genes 313 308 415 369 349 281
Total no. of common chloroplast genes 23 22 19 20 22 17
Total no. of common repetitive regions 18 18 33 22 31 17

*The presence of the either Hpall-related or Mspl-related adapters and a minimum length of 50 bp
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Table 3 Total number of non-methylated (type I),
hemimethylated (type Il), hypermethylated (type Ill) and fully
methylated (type IV) patterns in nuclear (exons, introns and
promoters) and chloroplast genes, and repetitive regions
identified in adult, embryos and seedlings, of holm oak

Adult Embryos Seedlings

Nuclear genes (exons)

I (unmethylated) 66 66 62

Il (hemimethylated) 5 6 35

IIl (hypermethylated) 7 4 1

IV (fully methylated) 28 30 8
Nuclear genes (introns)

I (unmethylated) 26 31 28

Il (hemimethylated) 5 5 5

IIl (hypermethylated) 4 0 1

IV (fully methylated) 6 5 7
Nuclear gene (promoters)

I (unmethylated) 68 64 62

Il (hemimethylated) 8 7 12

IIl (hypermethylated) 3 5 1

IV (fully methylated) 9 12 13
Chloroplast genes

I (unmethylated) 22 19 18

Il (hemimethylated) 1 5 2

Il (hypermethylated) 1 0 3

IV (fully methylated) 3 3 4
Repetitive regions

I (unmethylated) 27 29 25

Il (hemimethylated) 2 13 16

Il (hypermethylated) 1 4 2

IV (fully methylated) 23 7 10
Intergenic Regions

I (unmethylated) 156 192 162

Il (hemimethylated) 21 46 27

Il (hypermethylated) 20 8 8

IV (fully methylated) 61 12 61
Typel 365 401 357
Typel ll 42 82 97
Typellll 36 21 16
Type IV 130 69 103
Total amplified genes 573 573 573
Fully methylated genes (%)’ 2897 15.71 20.77
Hemi-methylated genes (%)?>  7.33 1431 1693
Total methylated genes (%)3 36.30 30.02 37.70

The percentage of polymorphic MSAP, fully methylated and hemimethylated
fragments as well as total methylation were estimated using the formulas

described by Abid et al. (2017): ' Fully methylated fragments (%) = [(Ill+IV)/
(I+114+111+1V)] x 100; 2 Hemimethylated fragments (%) = [(I)/(1+11+ 111 +1V)] x 100;
3 Total methylation (%) = [(Il+111+1V)/(I+11+11+1V)] x 100

nuclear genes present at one or more developmental
stages, a notable finding was the prevalence of genes
involved in photosynthesis, ATP synthesis, coupled elec-
tron transport, and defence response processes (Fig. 5A).
Many genes involved in molecular functions were asso-
ciated to NADH dehydrogenase (ubiquinone) activity,
ATP binding or metal ion binding (Fig. 5B). On the other
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hand, genes in the cellular component category belonged
to the chloroplast, mitochondrion, integral membrane
component or nucleus categories mainly (Fig. 5C).

The genomic sequences exhibiting type II methyla-
tion events (i.e., hemimethylation) and/or type III events
(hypermethylation) at two or more developmental stages
allowed a set of 10 nuclear genes (6 exons and 4 promot-
ers) to be selected as potentially methylated genes in
holm oak (Table 4). Especially prominent among them
were Photosystem I P700 chlorophyll a apoprotein Al,
Acetyl-coenzyme A carboxylase carboxyl transferase sub-
unit beta, Metalloendoproteinase 2-MMP and Dynamin-
related protein 3 A, involved in photosynthesis, fatty acid
biosynthesis, defence response and peroxisome fission
processes, respectively.

Discussion

Recent studies on several plant species have shown that
DNA methylation strongly influence plant growth, devel-
opment, adaptability, and phenotypic plasticity [23, 24]. It
is therefore a crucial factor to consider in plant breeding
programmes not only gene variants, but also DNA meth-
ylation and other epigenetics mechanisms determin-
ing how gene expression is regulated. This is the case of
holm oak and other orphan, non-domesticated, species
for which breeding is based on the selection of elite gen-
otypes for ulterior clonal propagation [2]. Furthermore,
research on epigenetic marks could shed light on the
recalcitrance of the species to in vitro propagation [6, 7].
Moreover, the study of DNA methylation in holm oak is
crucial to understand how these organisms adapt to their
environment, contributing to the development of strate-
gies for conservation and management. Recognizing the
limited research on DNA methylation in holm oak, this
study aims to further our understanding of its underlying
mechanisms and significance. To accomplish this goal,
the researchers examined the differences in DNA-cyto-
sine methylation patterns across various developmental
stages, including embryos, leaves from seedlings, and
leaves from adult trees.

We took advantage of the recent publication of the first
draft of the holm oak genome to identify the complete
list of DNA methyltransferase- and demethylase-encod-
ing genes [9]. This allowed us to identify 13 DNA methyl-
transferase genes and three demethylase genes involving
eight maintenance methyltransferases, five de novo meth-
yltransferases and three demethylases (Table 1). All iden-
tified enzymes were consistent with previous reports on
other species of the family Fagaceae [19, 25], — by excep-
tion, DME3 (DME-like), which is involved in active DNA
demethylation in A. thaliana, is absent from the family
Fagaceae [19]. This gene is required for endosperm gene
imprinting and seed viability in A. thaliana [26]. The
gene expression of several DNA methyltransferases and
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plants, embryos, and seedlings of holm oak at the genomic sequence level
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demethylases in all the developmental stages was deter-
mined. Enzyme-encoding genes exhibited an organ-
dependent response. Although significant differences
were observed in gene expression across the analysed
genes, the majority exhibited low expression levels, with
the remarkable exception of QiDRM2 and QiDRM3
[27]. Both genes were significantly upregulated 6-fold
and 14-fold in embryos, respectively. Throughout plant
embryonic development, significant alterations in gene
regulation and DNA methylation dynamics occur to
establish specific patterns of gene expression and deter-
mine the cellular identity of developing tissues [28].
QiDRM2 and QiDRMS3 play pivotal roles in de novo DNA
methylation, overseeing the establishment of new meth-
ylation patterns during embryogenesis [27, 28]. Thus,
an increase in both enzymes in embryos could indicate
increased DNA methylation activity at these early devel-
opmental stages, potentially influencing the regulation
of gene expression and cell determination in embryonic
tissues.

MSAP analysis was employed to study the global
DNA methylation patterns in CCGG sequences across

different developmental stages, including an adult tree
and its offspring at embryo and seedling levels. The find-
ings revealed that epigenetic variability surpassed genetic
variability, with Shannon’s diversity index being 0.5793
for epigenetic variation and 0.3825 for genetic varia-
tion. This observation implies that epigenetic variability
could play a significant role in the high molecular diver-
sity reported for holm oak. DNA methylation is a key
mechanism behind phenotypic plasticity, allowing trees
to modify their growth and traits in response to environ-
mental changes and identifying the epigenetic patterns
that allow trees adapt and survive under changing condi-
tions, which is crucial in the context of climate change.
We identified various developmental stage-related DNA
methylation profiles and found an increased proportion
of total methylation in adult plants relative to seedlings.
This result is consistent with those for other forest spe-
cies such as Pinus radiata and Eucalyptus urophylla x E.
grandis [29, 30]. Also, they suggest progressive develop-
mental stage-related DNA methylation in holm oak and
highlight its role in preserving genomic structure and
stability as previously discovered in various eukaryotic
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Table 4 Methylated genes identified in adult, embryos, and seedlings of holm oak. Type II, Il and IV indicate hemimethylated,
hypermethylated and fully methylated patterns, respectively

ID Sequence Annotation Adult Embryos Seedlings
gene-14,558 exon2 Glycine-rich RNA-binding protein GRP1A Il v Il
gene-14,913 exonl Glycine-rich protein 2 Il vV Il
gene-20,869 exon2 Cytochrome f v Il Il
gene-28,646 exonl Metalloendoproteinase 2-MMP Il v Il
gene-33,063 exon?2 Dynamin-related protein 3 A Il v Il
gene-37,848 exonl E3 ubiquitin-protein ligase At1g12760 I Il Il
gene-14,188 promoter Putative uncharacterized protein ART2 Il v Il
gene-20,865 promoter Photosystem | P700 chlorophyll a apoprotein Al Il Il vV
gene-20,868 promoter Acetyl-coenzyme A carboxylase carboxyl transferase subunit beta Il Il v

gene-29,659 promoter Uncharacterized protein ycf68 Il Il Il
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organisms [31]. Consistent with the results of Valledor
et al. [32], demethylation was more marked in embryos,
which are seemingly needed for transcriptional activa-
tion during germination. A decrease in plant methylation
prior to germination has been widely discovered [33] in
species such as Q. suber, where embryonic germination
decreased global DNA methylation [10].

While significant progress has been made in under-
standing the overall epigenetic landscape of holm oak,
the specific methylated genomic sequences within this
species remain unidentified. This knowledge gap hinders
our comprehension of the precise roles that DNA meth-
ylation plays in regulating gene expression, cellular pro-
cesses, and the species’ adaptability. Recently, the MSAP
protocol was enhanced by deep PCR selective amplicon
sequencing with Next-Generation Sequencing (NGS). A
combination of MSAP and NGS has been used on crops
such as Triticum aestivum and Hordeum vulgare [34—36],
and also on forest species such as E. grandis and Populus
alba [37, 38]. Although we used the recently released first
draft of the holm oak genome, the mean proportion of
mapped reads, 85.3%, was comparable to that previously
reported by Chwialkowska et al. [35, 36]. Based on the
genome size of holm oak (842.2 Mbp) [9], our MSAP-Seq
analysis screened approximately 34.7% of all methylated
genomic sequences. This value was obtained by exclud-
ing the second PCR step according to Guarino et al. [37]
and using both EcoRI-A and Hpall/MspI-G primers dur-
ing pre-selective amplification according to Rico et al.
[13]. We compiled a dataset consisting of 573 genomic
sequences, approximately 43.1% of which were methyl-
ated. Nuclear genes exhibited several methylated sites
per gene in different samples, as previously described in
Bewick and Schmitz [39]. Some (Cytochrome f, NADH-
ubiquinone oxidoreductase chain 4, Photosystem I P700
chlorophyll a apoprotein A2 and uncharacterized protein
ycf68) had more than four methylated sites. As expected,
more unmethylated genes (56.9%) than methylated genes
were observed at the three developmental stages. The
study revealed that intergenic regions and nuclear genes
exhibited higher methylation levels compared to repeti-
tive sequences and chloroplast genes. Similarly, exons
displayed more pronounced methylation patterns than
promoters. Gene-containing regions were thus enriched.
Hpall and Mspl only allow one to identify CCGG sites
within the CG or CHG context. Therefore, the MSAP
technique overestimates DNA methylation in these
sequences. For this reason, we found an increased num-
ber of nuclear genes relative to repetitive sequences [36—
38]. The most methylated regions in repetitive sequences
were hAT, Gypsy and CACTA, which were heavily meth-
ylated as a defensive mechanism against TEs transposi-
tion [40, 41].
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Although the occurrence of DNA methylation in
chloroplast genomes is highly controversial, some stud-
ies have reported cytosine methylation to occur in the
chloroplast [42, 43]. In this study, approximately 1.3%
of all chloroplast sequences were in fact methylated.
The degree of methylation varied across developmental
stages, with seedlings exhibiting the highest level (50.0%),
followed by embryos (42.1%) and adult plant (22.7%).
Ohta et al. [44] also reported minimal methylation (0.5%)
in amyloplast and chloroplast genomes in pea leaves and
cotyledons.

GO classification allowed us to identify the target bio-
logical processes for the epigenetic machinery in adults,
embryos and seedlings. The study revealed an increased
proportion of methylated genes associated with photo-
synthesis, ATP synthesis coupled electron transport, and
defence response categories. Unsurprisingly, DNA meth-
ylation has an impact on genes involved in these meta-
bolic activities since adaptation to the highly diverse and
dynamic conditions in natural habitats requires precise
regulation [45]. Recently, Sela et al. [46] found embry-
onic photosynthesis to deeply influence future growth
and development in A. thaliana. DNA methylation can
regulate genome functioning and induce plant resistance
and adaption to abiotic stresses as a result. The expres-
sion of defence-related genes is crucial for plant immu-
nity against pathogens and contributes to their ability
to adapt to changing conditions [47]. The relationship
between DNA methylation and gene expression depends
on several factors including genomic region, transposon
activity and organ [48], so it is highly complex.

A total of 10 nuclear genes to be methylated in at least
two developmental stages (Table 4). Chen et al. [49] pre-
viously found cytochrome f and Photosystem I P700
chlorophyll a apoprotein Al (psaA) to be hypermethyl-
ated in photoperiod-thermo-sensitive sterile male rice.
Also, Saito et al. [50] found supplementation with micro-
nutrients such as vitamins and minerals to increase DNA
methylation in the acetyl-CoA carboxylase alpha pro-
moter. This enzyme has been proposed as an epigenetic
regulator controlling lipid biosynthesis. Also, JUMON]JI
protein with E3 ubiquitin-protein ligase (JM]24) has been
deemed a regulator of transposable element silencing
[51]. The ORTH family, which is considered an E3 ubig-
uitin-protein ligase, is also involved in the regulation of
epigenetic mechanisms at heterochromatic and euchro-
matic loci in plants [52]. The putative uncharacterized
protein ycf68 exhibits differential methylation patterns
under cold stress conditions in rice, as demonstrated by
Pan et al. [53]. While the selected genes have not previ-
ously been associated with methylation, their potential
involvement in plant growth and development makes
them intriguing candidates for further investigation
(dynamin-related protein 1 A and 2) [54, 55] regulating



Labella-Ortega et al. BMC Plant Biology (2024) 24:823

various aspects of RNA metabolism (glycine-rich RNA
binding proteins) [56], and in plant defence against
microbial pathogens (metalloendoproteinase) [57].

Conclusion

It appears that this study is indeed the first comprehen-
sive DNA methylation research focused on identifying
DNA methyltransferases and demethylases, their expres-
sion levels, global methylation patterns, and methylated
genomic sequences in three developmental stages (adult,
embryo, and seedling) of holm oak. While some previous
studies have investigated specific aspects of DNA meth-
ylation in this species, such as somatic embryogenesis
and tissue-specific gene silencing, none have provided a
thorough examination of the epigenetic landscape across
multiple developmental stages. Our analysis exposed
methylation mechanisms similar to those previously
found in the family Fagaceae. Thirteen DNA methyl-
transferase genes and three demethylase genes were
identified within the holm oak genome, exhibiting organ
and developmental stage-dependent expression patterns.
In this study, it was discovered that epigenetic variabil-
ity was higher than genetic variability. This finding sug-
gests that the observed molecular diversity in holm oak
may, at least in part, be attributed to epigenetic changes.
At global methylation pattern level, adult organs exhib-
ited higher global DNA methylation levels than embryos
and seedlings, with embryos having more demethylation
events and seedlings more de novo methylation events.
At genomic sequence level, consistent methylation levels
across developmental stages that were especially high in
intergenic regions and nuclear genes was observed. Also,
several methylated genes linked to critical processes
have been identified, including those of photosynthesis,
ATP synthesis coupled electron transport and defence
response. A set of 10 methylated genes involved in regu-
lating transposable element silencing, lipid biosynthesis,
growth and development, and response to biotic and abi-
otic stress are described. Thus, this study has expanded
our current understanding of epigenetic regulation in
holm oak development by providing novel insights into
the roles of DNA methylation and the enzymes involved
in this process.

In conclusion, although this work provides a prelimi-
nary analysis of global DNA methylation in holm oak, it
also highlights the inherent limitations of current tech-
niques. In particular, the MSAP method produces binary
results (presence/absence of bands) indicating methyl-
ated or unmethylated sites without providing a quanti-
tative view of the degree of methylation. Furthermore,
MSAP does not allow quantification of average meth-
ylation levels in specific contexts such as CG, CHG and
CHH. To overcome these limitations and gain a more
comprehensive understanding of methylation patterns,
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we are currently developing whole genome bisulphite
sequencing (WGBS). This approach will provide a more
detailed and quantitative view of DNA methylation.
Furthermore, the integration of WGBS with advanced
sequencing technologies, such as PacBio or Nanopore
sequencing, will enhance our ability to identify methyl-
ated genes and elucidate their functional implications,
thus deepening our understanding of the epigenetic
mechanisms underlying the adaptability and evolution-
ary potential of holm oak.

Materials and methods

Search for DNA methyltransferases and demethylases in
holm oak

A total of 8 DNA methyltransferase and 4 DNA demeth-
ylase protein sequences of Arabidopsis thaliana were
downloaded from TAIR (https://www.arabidopsis.org/,
accessed 18 September 2022), and used as query to iden-
tify homologous sequences in the holm oak genome with
the software BLAST+ [58]. Subsequently, homologous
sequences in holm oak were BLASTed with the online-
available tool NCBI Protein BLAST (https://blast.ncbi.
nlm.nih.gov/Blast.cgi, accessed 19 September 2022) to
identify orthologues in Q. lobata, Q. robur and Q. suber,
and BLAST+to obtain those from Q. variabilis [59].
Conserved domains were examined by searching Inter-
Pro v. 3.1 (http://www.ebi.ac.uk/interpro/, accessed 20
September 2022) [60]. To identify the chromosomal
locations in holm oak, the genome annotation file was
utilized as a reference [9]. DNA methyltransferase and
demethylase protein sequences from A. thaliana, Q.
ilex, Q. lobata, Q. robur, Q. suber and Q. variabilis were
aligned by using MUSCLE algorithm, and Maximum
Likelihood method coupled with the Jones-Taylor-Thorn-
ton substitution model were used to construct a phyloge-
netic tree, which was further validated using a bootstrap
method with 1000 replicates through the MEGA 11 soft-
ware [61]. The trees were redesigned and visualized using
the Interactive Tree of Life Tool (iTO) [62].

Plant material

The mature leaf samples and acorns used for this study
were collected from a single Quercus ilex subsp. ballota
[Desf.] Samp individual located in Aldea de Cuenca, Cér-
doba, Spain (38°12'08” N, 5°19'16” W) [9]. The voucher
specimen was deposited at the Global Biodiversity Infor-
mation Facility of University of Cordoba, Spain (deposi-
tion number. 36840-1) [63]. The MSAP assay was carried
out using three replicates of the mature tree leaves (10
leaves per replicate), three replicates of acorn embryos
at stage M9 [64] (30 embryos per replicate), and ten rep-
licates of three-month-old seedling leaves (one seedling
per replicate). The MSAP-seq and qRT-PCR analyses
utilized the same three replicates for mature tree and
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embryos as before, while for the seedlings, the three rep-
licates with the highest number of MSAP fragments were
selected. All plant material was immersed in liquid nitro-
gen and stored at —80 °C prior to DNA extraction.

DNA extraction and methylation-sensitive amplified
polymorphism (MSAP) assay

Genomic DNA from adults, embryos and seedlings was
extracted with CTAB [9]. All samples were treated with
RNAse (10 mg/mL) (ThermoFisher scientific, Massa-
chusetts, USA). DNA quality and concentration were
assessed by using 1% agarose gel and a Qubit fluorometer
(ThermoFisher scientific, Massachusetts, USA), respec-
tively. MSAP analysis was performed by following previ-
ously reported protocols [21, 65]. Briefly, 1 ug genomic
DNA was digested with two methylation-sensitive isos-
chizomers (Hpall and Mspl; New England BioLabs,
Massachusetts, USA) in combination with EcoRI (Ther-
moFisher scientific, Massachusetts, USA). The CpG
methylation status of anonymous regions of the genome
was determined by Hpall and Mspl cut DNA sequences
at the same tetra-nucleotide motif (5'-CCGG-3’) differ-
ing in sensitivity to cytosine methylation at the restric-
tion site (Additional File 5). DNA was digested with
Hpall and Mspl at 37 °C for 3 h and redigested with
EcoRI at the same temperature and time. Digested DNA
was ligated with single strand oligonucleotide adaptors
(Additional File 6) to prevent reconstruction of restric-
tion sites. The ligation reaction was done with T4-DNA
ligase (Invitrogen, Massachusetts, USA) according to
the manufacturer’s instructions. Pre-selective amplifica-
tion was performed in a final volume of 20 pL, using 3 puL
of ligated DNA previously diluted 4-fold with sterilized
ultra-pure water (Additional File 6). Each PCR mixture
contained 1 x PCR buffer with MgCl,, 0.25 mM dNTP,
0.17 uM primers and 0.02 U/pL DNA polymerase (Bioto-
ols S.A., Madrid, Spain). Those fragments 300-900 bp in
length were verified in 2% agarose gel.

Selective amplification was accomplished by using four
primer combinations (ECO adapter+ACG/ACC and
HM adapter+TAG/TCC) and labelling with HEX fluoro-
chrome according to Rico et al. [13] under the same PCR
conditions as for pre-selective amplification (Additional
File 6). The selective amplification conditions for PCR
included 23 amplification cycles, denaturing at 94 °C for
0.5 min, annealing at 60 °C for 0.5 min, extension at 72 °C
for 1 min and final extension at 72 °C for 10 min. MSAP-
PCR fragments were identified by using ABI3130 XL
(Applied Biosystems, California, USA) in combination
with the GeneScan-400 HDROX size standard (Thermo-
Fisher scientific, Massachusetts, USA) and analysed with
GeneMapper v.4.1 (ThermoFisher scientific, Massachu-
setts, USA), for sizing. Following the sequencing pro-
cess, the obtained fragments, ranging from 70 to 500 bp
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(base pairs) in length, were analysed and organized into
a binary character matrix. In this matrix, a value of 1
was assigned to represent the presence of a specific frag-
ment, while a value of 0 indicated its absence. Four dif-
ferent types of methylation statuses were considered [35,
36], namely: type I (unmethylated loci) when a fragment
was present in both Hpall/EcoRI and Mspl/EcoRI; type 11
(hemimethylated loci) when present in Hpall/EcoRI only
and thus indicating methylation of external cytosine in
one strand; type III (hypermethylated loci) when pres-
ent in MsplI/EcoRI alone and thus confirming methylation
of internal cytosine in at least one strand; and type IV
(fully methylated loci) when no fragment was observed
with either Hpall/EcoRI or Mspl/EcoRI, which suggested
methylation of both (internal and external) cytosines or
the absence of digestion sites by effect of some mutation
(Additional File 5). The appearance and disappearance
of MSAP fragments was classified as a demethylation,
de novo methylation or methylation—demethylation
event [29]. The resulting binary matrix was analysed with
the R package msap [66]. Developmental differentia-
tion was determined via analyses of molecular variance
(AMOVA) to estimate Phi-st as fixation index, using the
package pegas with 10 000 permutations. The package
ade4 was used for principal coordinate analysis (PCoA)
to expose epigenetic (MSL, methylation-susceptible loci)
and genetic variability (NML, no methylated loci). Dif-
ferences between genetic and epigenetic diversity were
estimated in terms of Shannon’s diversity index, and
statistical significance in the differences between overall
genetic and epigenetic diversities was assessed with the
Wilcoxon rank sum test [67].

Sequencing of pre-selective amplification PCR products for
MSAP-Seq

Methylation-Sensitive ~ Amplification = Polymorphism
Sequencing (MSAP-Seq) allows to identify methylated
genomic sequences by combination of traditional MSAP
analysis and next-generation sequencing (NGS). The
MSAP-Seq technique involves cleaving genomic DNA
with restriction enzymes and then using NGS to directly
sequence the resulting fragments of the pre-selective
amplification. The sequencing procedure included
repeating pre-selective amplification with a final volume
of 50 pL and purification as recommended for the QIA-
quick PCR Purification Kit (Qiagen, Hilden, Germany).
A genomic library was built for each sample by using an
in-house developed protocol derived from [64]. Samples
were fragmented by random digestion with the enzyme
dsDNA Fragmentase (New England BioLabs, Massachu-
setts, USA), and universal Illumina-adapter was used to
ligate the molecules at both ends. All libraries were dual-
indexed for post-sequencing demultiplexing and pooled
in equimolar amounts according to the quantitative
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results provided by the Qubits DNA HS assay kit (Ther-
moFisher scientific, Massachusetts, USA). The pool was
sequenced in a fraction of a NovaSeq PE150 flow cell
from Illumina, Inc., aiming for a total of 15 gigabases
output. The quality of each read was assessed with the
software FastQC v. 0.11.9 [68]. Reads were filtered for the
presence of HM-adapter by using Cutadapt v. 1.2 [69],
and only those with adapter and a minimum length of
50 bp were retained for further analysis. Those remaining
were aligned with the holm oak genome [9] by using bow-
tie2 v. 2.2.4 [70], and just reads with a MAPQ of at least
30 were retained by using Samtools v. 1.13 [71]. CCGG
sites were identified by using the R package msgbsR [72]
and annotated with GenomicRanges [73]. Sites were clas-
sified into nuclear genes (at exon, intron, and promoter
positions), chloroplast genes, repetitive regions, or inter-
genic regions (without annotation in the genome used).
A promoter was defined as a region located 2500 bp
upstream the gene concerned and identified by using a
Python script (https://github.com/EdoardoPiombo/pro-
moter_extractor)). Intron annotations were obtained by
using the GenomicFeature package in R [73], and inter-
genic regions with complement in BEDTools v. 2.30.00
[74]. The methylation status of each gene was identified
and compared between developmental stages. The holm
oak genome was used for Gene Ontology (GO) classifica-
tion [9]. The appearance or disappearance of unmethyl-
ated and methylated regions at the three developmental
stages examined was classified as either stabilization or
methylation events [29].

Gene expression analysis

RNA was extracted from three biological replicates for
each tissue following the protocol described by Eche-
varria-Zomeino et al. [75]. Briefly, RNA was extracted
from adult and seedling leaves and embryos (50 mg of
fresh tissue), previously macerated in liquid nitrogen,
with the commercial kit InviTrap® Spin Plant RNA Mini
(STRATEC Molecular GmbH, Berlin, Germany) accord-
ing to the manufacturer’s instructions. To remove any
possible residual DNA, the samples were digested using
DNase I from ThermoFisher according to the manufac-
turer’s instructions. The quality of the extracted RNA was
tested on 1% agarose gel, using Redsafe as an intercalat-
ing agent (Intron Biotechnology, Seongnam, Korea). The
quantity and integrity of RNA was determined by elec-
trophoresis using the Agilent 2100 Bioanalyser (Agilent
Technologies, California, USA). Samples with an RNA
Integration Number (RIN) value>7 and A260:A280 ratio
around 2.0, were selected. Once the quality and quantity
of the RNA was verified, complementary DNA (cDNA)
from 1 pg RNA was synthesised by a Reliance Select
c¢DNA Synthesis Kit (Bio-Rad, California, United States)
according to the manufacturer’s instructions and used in
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the qRT-PCR reaction in an iCycler system using SYBR-
Green (Bio-Rad, California, United States). To obtain
amplified DNA fragments ranging from 101 to 134 nucle-
otides, primers were designed using the Primer3-Plus
web-based program (https://primer3plus.com), based
on the sequences identified in Rey et al. [9]. The reac-
tion mixtures comprised 2x Sso Advanced Universal
SYBR® Green supermix (Bio-Rad, Hercules, USA), with
each forward and reverse primer at a concentration of 0.2
1M, 50 ng of cDNA, and nuclease-free water adjusted to
reach a total reaction volume of 10 pl. A two-step ampli-
fication protocol was employed, beginning with an initial
denaturation step at 95 °C for 30 s, followed by 45 cycles
of denaturation at 95 °C for 15 s and annealing/polymer-
ization at 60 °C for 60 s. Subsequently, a melting analy-
sis ranging from 60 °C to 97 °C at a rate of 0.1 °C/s was
conducted to validate the specificity of the target ampli-
con. The expression levels of all analysed genes were
determined in each reaction using the threshold cycle (Ct
value). Relative differential expression was determined by
using the 2724¢* method [76]. Elongation factor 1 alpha
and AAA-type ATPase family protein, which exhibit con-
stitutive expression under tested experimental conditions
[77], were used as internal references. Each reaction was
performed in duplicate. The primers used are listed in
Additional File 7.

Statistical analysis

Statistical analysis of the gene expression data was con-
ducted using STATISTIX 10.0 software (Analytical Soft-
ware, Florida, USA). Analysis of variance (ANOVA) was
performed based on a completely randomized design,
and mean separations were determined using the least
significant difference (LSD) test with a significance level
of 0.05.
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