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Abstract

Background Developmental leaf senescence (DLS) is an irreversible process followed by cell death. Dark-induced
leaf senescence (DILS) is a reversible process that allows adaptations to changing environmental conditions. As a
result of exposure to adverse environmental changes, plants have developed mechanisms that enable them to
survive. One of these is the redirection of metabolism into the senescence pathway. The plant seeks to optimise
resource allocation. Our research aims to demonstrate how epigenetic machinery regulates leaf senescence,
including its irreversibility.

Results /n silico analyses allowed the complex identification and characterisation of 117 genes involved in
epigenetic processes in barley. These genes include those responsible for DNA methylation, post-translational
histone modifications, and ATP-dependent chromatin remodelling complexes. We then performed RNAseq analysis
after DILS and DLS to evaluate their expression in senescence-dependent leaf metabolism. Principal component
analysis revealed that evaluated gene expression in developmental senescence was similar to controls, while induced
senescence displayed a distinct profile. Western blot experiments revealed that senescence engages senescence-
specific histone modification. During DILS and DLS, the methylation of histone proteins H3K4me3 and H3K9me2
increased. H3K9ac acetylation levels significantly decreased during DILS and remained unchanged during DLS.

Conclusions The study identified different epigenetic regulations of senescence types in barley leaves. These
findings are valuable for exploring epigenetic regulation of senescence-related molecular mechanisms, particularly in
response to premature, induced leaf senescence. Based on the results, we suggest the presence of an epigenetically
regulated molecular switch between cell survival and cell death in DILS, highlighting an epigenetically driven cell
survival metabolic response.
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Background
Plants have the unique challenge of being unable to move
away from adverse environmental conditions. Some
mechanisms have evolved to cope with this problem. One
of them is called senescence. In these cases, recycling
nutrients becomes a critical concern whenever possible.
From a physiological perspective, the current under-
standing of senescence supports the following defini-
tion: (i) Senescence is a developmental phase that occurs
as a temporary differentiation at the end of growth.
(ii) It may or may not be followed by death. (iii) Senes-
cence is entirely dependent on the viability of cells and
the expression of specific genes [1, 2]. Genetic interven-
tions have shown that death does not necessarily require
senescence, nor is it an inevitable consequence of it [1].
Dark-induced senescence has been used experimen-
tally as an easy way to study the progress of leaf senes-
cence. However, detailed studies of gene expression
patterns have revealed discrepancies between the dark-
induced and developmentally controlled processes [3].
Dark-induced leaf senescence (DILS) results in an appar-
ent loss of chlorophyll, disassembly of cellular elements
and a lack of photosynthetic activity, none of which can
be distinguished from the age-dependent natural senes-
cence. However, the lack of coordinated cell develop-
ment within a single leaf introduces complexity in the
leaf senescence study. Thus, induced senescence, which
directs a synchronous process, like dark-induced senes-
cence, has become relevant [4-7]. It also eliminates
misleading factors that coincide with developmen-
tal senescence, such as bolting or flowering [8]. As the
course of the senescence process is related to plant spe-
cies, plant developmental stage, and plant environmental
conditions, these treatments cannot be considered the
same. The genome resources available for Arabidopsis
have made it a useful model of identification and func-
tional analysis of genes regulated by senescence [9-11].
However, in many plants, such as barley, the removal of
developing flowers and pods significantly extends the life
of their leaves, while in Arabidopsis, male-sterile mutants
from which developing bolts have been removed do not
extend the life of leaves. Because of these differences,
cereal leaves must be used as an equivalent to the Ara-
bidopsis model for leaf senescence studies in cereal [3].
Apparent differences in the senescence program of Ara-
bidopsis compared to monocotyledonous plants were
found. The senescence in cereals is generally regulated
at the single-leaf level. Nutrients from older leaves are
remobilised for younger leaves and ultimately for the flag
leaf, thus contributing to the nutrients necessary for the
development of the grain. Cereal leaves have a meristem

base, the leaf tip consists of older cells, and younger ones
are concentrated at the base of the leaf. This cell organ-
isation makes it easier to differentiate the progression of
senescence [8]. Among cereals, barley is a model organ-
ism from a genetic and genomic point of view. Barley is
characterised by a high degree of natural variation and its
adaptability to several different cultivation environments.
Its diploid genome, whose sequence is available, the self-
pollinating mating system and the availability of genetic
and genomic resources make this plant a reference model
[12].

Law et al. [7] propose a model illustrating the specific
metabolic strategies employed by leaves in response to
two darkening treatments in Arabidopsis: an individu-
ally darkened leaf - which supports rapid senescence -
and a leaf from a whole darkened plant - characterised
by a strong capacity for survival. Several external stimuli,
different from darkness, can also induce the onset and
progression of senescence or processes resembling senes-
cence and share some common pathways [13]. These
include climate change-related environmental stresses,
such as temperature extremes, water stress, nutrient defi-
ciencies, or light conditions. It is likely that the recycling
of nutrients is a crucial concern wherever possible, thus
resembling senescence, with the possible exception when
the speed of the response to changing conditions is of
greater importance to the plant as a whole [1]. Biotic and
abiotic stresses significantly reduce barley yield in many
parts of the world [14, 15]. Environmental stresses can
severely affect its development and yield in the juvenile
stages of wheat, from sowing to tillering. Such pre- and
post-harvest losses can amount to as much as 30% of the
crop [16].

Epigenetic and epigenomic studies of regulating gene
expression to specific stress and the origin of this speci-
ficity in crops are still unknown. Genetic modifications
have been used for crop improvement; however, using
epigenetic modifications is at its beginning. We devel-
oped a barley crop model for early and late events during
dark-induced leaf senescence referred to in the manu-
script as the DILS program, to examine induced leaf
senescence. The idea of a program as applied to living
systems has been taken from computer science. The sys-
tem is built in a particular way, so it always starts and fails
in more or less the same manner. Sobieszczuk-Nowicka
et al. [12] presented transcriptomic, cytological, and
physiological data that revealed events in the barley DILS
program, differences from developmental senescence,
the time limit for dark-to-light transition for reversal of
the senescence process, and progression of senescence
through autophagy into the PCD phase.



Rudy et al. BMC Plant Biology (2024) 24:863

We also showed the most evident differences in gene
medleys between DILS and developmental leaf senes-
cence (DLS), including DNA modifications active only in
DILS [12].

Moreover, our preliminary study using large-scale Ara-
bidopsis expression data reported by Breeze et al. [11]
and available barley leaf senescence-related microar-
rays [12, 17, 4], we determined the transcription pattern
during senescence of genes which are either known or
suggested to be involved in plant DNA methylation pro-
cesses. Genes such as AGO10 (which encodes a member
of the elongation initiation factor and plays a central role
in RNA silencing processes as essential components of
the RNA-induced silencing complex), methyltransferase
1 (MET1) and repressor of silencing 1 (ROS1) were sig-
nificantly regulated at the transcription level in DILS. In
developmental leaf senescence opposite to DILS MET1
and ROSI transcript levels decreased before the leaves
were fully expanded (reviewed in [18]).

This suggested the possibility of a yet-to-be-discovered
epigenetic-based switch between cell survival and cell
death in the DILS program. As a control, DLS was used
as an irreversible process followed by cell death.

With this in mind, as most of the epigenetic regula-
tory genes in barley were not identified, we focus first on
identifying them at a whole genome scale. In silico analy-
ses allowed the first identification of 117 genes involved
in epigenetic processes in barley and their characteris-
tics. Further, we verify whether gene regulation of these
pathways includes differential changes and whether this
control level is implemented by different but interact-
ing and often interdependent epigenetic mechanisms,
including DNA methylation, covalent histone modifica-
tions, and non-covalent chromatin remodelling that may
allow rapid response to signalling and stimuli when the
expression of a new proteins needs to be adjusted rap-
idly. Indeed, induced senescence and its reversal include
the sudden change from anabolism to catabolism and
inverse, which contrasts with the subtle shift that occurs
when the process occurs naturally, steering the expres-
sion of senescence-associated genes — SAGs [12].

Understanding the mechanisms of epigenetic regu-
lators and their regulatory networks in this process in
crops may be a potential tool for further exploitation
toward sustainable agriculture (so-called epi-breeding)
[19]. Moreover, designing new breeding strategies that
consider epigenetic variability is desirable. This seems
even more realistic with the advancement of genomic
technologies and the cost-lowering of next-generation
sequencing. Like marker-assisted selection, epigenetic
marker-assisted selection could also be initiated.
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Results

Identification and characterisation of epigenetic regulators
in barley

In this study, 117 genes were identified as the epigen-
etic regulatory genes in barley (HvERGS), divided into
three major classes: histone modifiers, DNA modifiers,
and ATP-dependent chromatin remodelers (Additional
file 1: Table S1). Histone modifiers included seven his-
tone acetyltransferases (HATs), 17 histone deacetylases
(HDACs), 26 histone methyltransferases (HMTs), and
14 histone demethylases (HDMs). HATs consisted of
two HAGs (HVvHAGI-2), one HAM (HvHAM), three
HACs (HYHACI-3), and one HAF (HvHAFI). HDACs
included 12 HDAs (HvHDAI-3, HYHDA5-8, HvHDA9-
14), two SRTs (HvSRTI1-2), and three HDTs (HvHDTI-
3). HMTs were composed of 25 SDGs (HvSDGI1-26) and
one PRMT (HvPRMTI). HDMs included four HDMAs
(HYHDMA1-4) and 11 JMJs (HyJMJ1-11). DNA modifi-
ers included 12 DNA methyltransferases (DNMTs) and
three DNA demethylases (DMEs). DNMTs consisted
of three METs (HYMETI-3), three CMTs (HvCMTI-3),
five DRMs (HvDRM1-5), and one DNMT (HvDNMT2).
DNA demethylases included three DMEs (HvDME1-3).
ATP-dependent chromatin remodelers included 13 Snf2-
like (HvSnf2_1-3, HvLsh_1-3, HvIswi_1-2, HvALCI,
HvChdl and HvMi-2_1-3), three Swrl-like (HvSwrl,
HvIno80, HvEtl1), eight Rad54-like (HvRad54, HVATRX.
HvDRDI1_1-6), eight Rad5/16-like (HvRad5_16_1-4,
HvRisl 1-3, HvSHPRH), five SSO1653-like (HvMotl,
HvERCC6_1-4), and one SMARCALI-like (HvSMAR-
CALI 1) genes. A brief characterisation of the proteins
of identified genes has been performed (Additional file 1:
Table S2).

The gene structure analysis revealed that all the DNA
modifiers genes and ATP-dependent chromatin remodel-
ers genes were composed of multiple exons ranging from
three (HYDRM1,2) to 21 (HvCMTI) in DNA modifiers,
three (HvDRDI1_3 and HvDRDI_4) to 34 (HvSnf2_I)
in the ATP-dependent chromatin remodelers (Fig. 1A,
B). However, the histone modifiers contained single
exon genes (HVHDA10, HvSDG1-3,-6,-16,-17, -27, HvH-
DMAZ2) and up to 22 exons (HvHAFI) (Fig. 1C). The pro-
tein sequences analysis showed the distribution of ten
conserved motifs and ten different domain families in
proteins encoded by DNA modifiers genes (Additional
file 2: Fig. S1A). In contrast, ten conserved motifs and
23 families of specific domains were found within pro-
teins encoded by ATP-dependent chromatin remodel-
ers genes (Additional file 2: Fig. S1B). Among proteins
encoded by histone modifier genes, ten motifs and 50
specific domains were identified (Additional file 2: Fig.
S2). The phylogenetic trees were constructed to get evo-
lutionary insight into epigenetic regulatory genes in bar-
ley and other plant species. The results indicate that most
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Fig. 1 Gene structure showing the intron-exon organisation of epigenetic regulatory genes in barley. (A) DNA modifiers, (B) ATP-dependent chromatin
remodelers, and (C) histone modifiers. The scale bar presents gene length in base pairs
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Fig. 2 Chromosomal distribution and gene duplication of epigenetic regulatory genes in barley. (A) DNA modifiers, (B) histone modifiers, (C) ATP-
dependent chromatin remodelers. The duplicated gene pairs are linked with a red line

barley proteins clustered with corresponding orthologs
in O. sativa and S. bicolor (Additional file 2: Fig S3-S4).
With meticulous attention to detail, we compared the
barley epigenetic regulatory genes with the genomes
of O. sativa, S. bicolor, B. distachyon, and A. thaliana

(Additional file 2: Fig. S5, Additional file 1: Table S3).
In the DNA modifiers, three, four, and five genes were
in synteny with S. bicolor, O. sativa, and B. distachyon,
respectively. In contrast, no gene was found in the syn-
tenic homology with A. thaliana. Among ATP-dependent
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chromatin remodelers, 23 and 26 genes appeared to have
syntenic homology with S. bicolor and B. distachyon,
respectively, while only two were syntenic with O. sativa
and A. thaliana. In the histone modifiers, 37, 43, and 39
genes were in synteny with S. bicolor, O. sativa, and B.
distachyon, respectively, while only one gene was found
in the syntenic homology with A. thaliana.

Our analysis of the chromosomal location of the identi-
fied genes revealed a distinct pattern. All the epigenetic
regulatory genes were found to be randomly distributed
on all seven chromosomes in the barley genome (Fig. 2).
However, for DNA modifiers, chromosomes 1H, 2H, 7H
were less representative and contained only one gene
each (HYDMEI1, HYMET1 and HVMET3, respectively)
(Fig. 2A), and for ATP-dependent chromatin remodelers,
chromosome 5H contained only one gene (HvDRDI1_6)
(Fig. 2C). This distribution pattern could potentially
have profound implications for our understanding of
barley’s epigenetic regulation. Gene duplication analysis
further deepened our insights. Among histone modi-
fiers, one gene pair (HvHAC2/HvHAC3) in HATs, one
gene pair (HVvHDA12/HvHDA13) in HDACs, two gene
pairs (HvSDG25/HvSDG15 and HvSDG28/HvSDG20)
in HMTs were found to be duplicated (Fig. 2B). Among
DNA modifiers, seven gene pairs (HYMET1/HvMET3,
HvMET3/HvMET2, HvDRMS5/HvDRM3, HvDRM?2/
HvDRM1, HvDRM2/HvDRMS, HvDRM2/HvDRMS3,
and HvDRM2/HvDRM4) in DNMTs had duplication. In
comparison, only one gene pair (HvDRDI_5/HvDRDI1_6)
in ATP-dependent chromatin remodelers had duplica-
tion event in barley genome (Fig. 2C). The Ka/Ks val-
ues for the duplicated gene pairs were in the range of
0.13 (HvSDG28/HvSDG20) to 0.19 (HYHAC2/HvHAC3)
for histone modifiers, 0.10 (HYvMET3/HvMET2) to 0.47
(HvDRM2/HvDRM4) for DNA modifiers. They were
0.37 (HvDRDI1_5/HvDRDI1_6) for the ATP-dependent
chromatin remodelers (Additional file 1: Table S4). These
values provide crucial insights into the evolutionary
dynamics of these genes. Furthermore, the divergence
time for the duplicated genes was estimated to be in the
range of 15.3 (HvSDG28/HvSDG20) to 74.8 (HYHAC2/
HvHAC3) MYA for histone modifiers, 29.3 (HvDRM2/
HvDRM]1I) to 76.3 (HYMET1/HvMET3) MYA for DNA
modifiers, and 25.5 (HvDRDI1_5/HvDRDI1_6) MYA for
ATP-dependent chromatin remodelers (Additional file 1:
Table S4). These divergence times provide a fascinating
glimpse into the evolutionary history of these genes.

Promoter analysis, microRNA target site, and protein-
protein interaction predictions

Next, we analysed the promoter regions of epigenetic
regulatory genes. The identification of cis-acting regula-
tory elements (CREs) resulted in the CREs being divided
into four categories: growth and development, stress
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response, light response, and hormone response (Addi-
tional File 1: Table S5). CAAT-box and TATA-box rep-
resented the growth and development of CREs and were
the most abundant CREs in all the epigenetic regulatory
genes. In the stress-responsive CREs, STRE, MYB, and
MYC elements were the most abundant among all the
epigenetic regulatory genes. In the hormone-responsive
CREs, ABREs were the most abundant and overrepre-
sented by DNMTs in DNA modifiers, HDMs and HDACs
in histone modifiers, and a few ATP-dependent chro-
matin remodelers. In the light-responsive CREs, G-box
and G-Box elements were the prominent representa-
tives in DNA and histone modifiers, and interestingly,
no major CREs were found in the ATP-dependent chro-
matin remodelers. These CREs were overrepresented in
DNMTs among DNA modifiers, and HDACs, HMTs, and
HDMs among histone modifiers.

The analysis of transcription factor binding sites (TFbs)
resulted in the identification of several TFbs, which were
categorised into nine common TFbs (Additional File
2: Fig. $6). The prominent representatives of TFbs were
TCP and AP2/ERF TFbs, followed by bZIP, MYB, GATA,
bHLH, and WRKY in all the epigenetic regulatory genes.
The least representative TFbs were NAC and BES]. Inter-
estingly, WRKY TFbs were not found in the promoter
regions of HYHAC2 (HATs), HYHDA1, and HvHDA13
(HDACs) in histone modifiers, and HvEtl1, HvChdl, and
HvATRX in the ATP-dependent chromatin remodelers.
Further, the promoter regions were analysed for CpG/
CpNpG islands and tandem repeats. The CpG/CpNpG
islands were identified in the promoter regions of four
HvDNMTs, two HvDMEs, six HYHATs, 13 HYHDACs, 11
HvHDM s, and 29 ATP-dependent chromatin remodelers
(Additional file 1: Table S6). Tandem repeats were identi-
fied in the promoter regions of one HYDNMTs, two HvD-
MEs, four HYHATSs, nine HvHDACs, four HvHDMs, and
12 ATP-dependent chromatin remodelers (Additional file
1: Table S7).

The coding sequences (CDS) of epigenetic genes were
also analysed for the presence of miRNA targeting sites
(Additional file 1: Table S8). The maximum number of
targeting sites for miRNAs (37) were detected in the 27
ATP-dependent chromatin remodelers genes, and most
of these genes were classified as snf2-like subfamily. In
the histone modifiers, 23 miRNAs had targeting sites in
18 HMT genes, 19 in 10 HDMs, 12 in 11 HDACs, and six
in four HATs. Among DNA modifiers, nine DNA methyl-
transferases contained targeting sites for 19 miRNAs, and
three genes of DNA demethylases had targeting sites for
seven miRNAs. The protein-protein interactions (PPI)
network was further analysed for the barley epigenetic
regulatory genes. The genes showed a considerable PPI
within and between the groups (Additional file 2: Fig. S7).
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Expression of the epigenetic regulatory genes is changed
in response to abiotic stresses

A publicly available database was used to analyse the
expression of HVERGs in different abiotic stresses depict-
ing various climatic conditions like cold, heat, waterlog-
ging, and drought conditions (Fig. 3, Additional File 1:
Table S9). Among histone modifiers, HvHDTI showed
higher expression under drought, dark, and cold stress,
while HYHDA12 had higher expression under heat and
dark stress treatments. Both HvHAMI1 and HvHDAII
exhibited increased expression during drought stress.
HySRT?2 exhibited significantly reduced expression under
dark stress compared to light conditions. Among ATP-
dependent chromatin remodelers, HvLsh2, Hviswil,
HvIswi2, and HvMi_2- 1 showed higher expression under
drought and dark stress. In the DNA modifiers, HvCMT3
and HvMET]I exhibited high expression in young inflo-
rescence tissues under drought conditions (Fig. 3).

Expression of the epigenetic regulatory genes is changed
in response to different types of senescence

To study the role of epigenetic mechanisms during leaf
senescence regulation, senescence symptoms were ana-
lysed in two distinct models: young barley seedlings
exposed to DILS and flag leaves during DLS (Fig. 4).
Induced senescence leads to a minor decrease in the
greenness level limited to the tip of the primary leaves
where the oldest cells are located. During DLS, all flag
leaves were gradually yellowing (Fig. 4A). The described
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loss of chlorophyll was followed by the gradual decrease
in photosynthesis efficiency across the entire flag leaves
exposed to DLS and in the primary leaves of seedlings
exposed to DILS (Fig. 4B, Additional file 2: Fig. S8).

Gene expression analysis was performed on three
groups of investigated HVERGs during DILS and DLS
(Fig. 5). The histone modifiers were grouped in three
clusters based on the expressions profile (Fig. 5A).
HvHDT3 and HvSDG2, from cluster I, showed very
high expression in DILS and DLS as well. From cluster
II, upregulation of several histone lysine methyltrans-
ferases (HvSDG5, HvSDGI14, HvSDG27, HvSDGIlI),
histone demethylase (HvJMJ2 and HvJM]J11), protein
arginine methyltransferase HvPRMTI, histone acetyl-
transferase HVHAG?2, as well as histone deacetylases
(HvHDA1, HYvHDA12, HvHvHDT1) was observed during
DILS. In Cluster III, downregulation of genes encoding
histone lysine methyltransferases (HvSDG4, HvSDGS6,
HvSDG22), histone deacetylases (HYHDMA2, HvHDAS,
HvHDA11, HvHDA14 HvSRT2) and histone demethyl-
ases (HvJMJ6, HvJMJ8, HvJMJ10) were observed in DILS.

The expression profile of ATP-dependent chromatin
remodelers is divided into three clusters (Fig. 5B). From
cluster I, the gene HVvALCI from the Snf2-like group was
highly expressed during DILS. HYSMARCALI gene from
cluster II showed increased expression in DILS and light
conditions. Notably, the genes related to Rad54-like from
cluster II, namely HvDRDI1_4, HvDRDI1_5, and HvDRD1-
6, exhibited downregulation, highlighting the distinct
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Fig. 4 Experimental models. Changes in barley leaves phenotypes during DILS and DLS progression. (A) Monitoring senescence by RGB imaging. Top:
spatiotemporal greenness heterogeneity in senescent seedlings and flag leaves. Bottom, changes in colour participation during senescence progression
include dark green, light green, and yellow colours. (B) Fluorescence quenching analysis of senescence. On top are false colour images of sample plants
showing spatiotemporal patterns of the maximum efficiency of primary photochemistry (Fv/Fm) on barley seedlings and flag leaves. The colour scale
encoding fluorometric values is given next to the pictures. Bottom, the fluorescence emission values represent averages obtained from at least ten plants.
Other parameters describing changes in the photosynthetic activity of plants are shown in Additional file 2: Fig. S9. 0D - control plants, D4- day 4 in dark;
D7-day 7 in dark, D10- day 10 in dark, 5 DBA- 5 days before anthesis, 15 DAA- 15 days after anthesis, 30 DAA- 30 days after anthesis

epigenetic reprogramming events associated with DILS.
Genes from cluster III, HYDRDI1_1, HvRad54, HvSnf2_2,
and HvSnf2_1 were downregulated in DLS. An interest-
ing observation was seen in the HVALCI remodeler gene,
which showed upregulation during DILS and noticeable
downregulation during DLS.

The analysis of gene expression levels revealed upregu-
lation of DNA methyltransferases in cluster I, HvCMT1I,
HvDNMT?2, and demethylases HvDMEI-2 during DILS
(Fig. 5C). Conversely, in cluster II, downregulation was
observed for methyltransferase HvDRMS5 on day 7 of
DILS. In contrast, its expression level was high dur-
ing DLS. Methyltransferase HvDRM4 and demethylase
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Fig. 5 Heat map showing the expression profiles of barley epigenetic regulatory genes. (A) histone modifiers genes, (B) ATP-dependent chromatin re-
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HvDME3 were also downregulated during DILS. A
notable difference in expression was observed for meth-
yltransferase HVMET1, which was downregulated during
DILS but upregulated under light conditions.

Principal component analysis of the epigenetic regulatory
genes’ expression profiles confirms inherent differences in
gene expression patterns between different senescence
types

The study utilised Principal Component Analysis (PCA)
as a robust analytical tool to recognise the functional
implications of gene expression patterns obtained from
our experimental dataset. PCA on the first two com-
ponents explained 55.6% variability (PC1:37.4% and
PC2:18.2%) and divided the studied samples into three
main groups: Control (light), DILS, and DLS (Fig. 6A).
Most of the evaluated genes showed cos2>0.5 for the
PC1 and PC1 (Fig. 6B). The segregation of these clusters
implies inherent differences in gene expression dynam-
ics among the experimental conditions under investiga-
tion. The Control group was differentiated mainly by
histone methyltransferase HvSDG22, histone acetyl-
transferases HYHAC2, HYHAG2, and DNA demethylase
HvDME?2 genes. Group DILS was distinguished by his-
tone methyltransferase HvSDG22, histone acetyltransfer-
ases HYHAG2, HYHAC2, histone deacetylases HYHDA12,
HvSRT2, DNA demethylase HvDME3 and ATP-depen-
dent chromatin remodelers HvLsh I, HvMotl, Hy
ERCC6_2. The DLS group was defined by histone meth-
yltransferases HvSDGS8, HvSDG27, histone demethylase
HyvJMJ11, histone acetyltransferase HvVHACS3, histone
deacetylase HvHDT3, and ATP-dependent chromatin
remodelers HYSHPRH, HvRisl 2, HvDRD1 4, HvSMAR-
CALI_I1, HvSnf2_1, HvSnf2_2, HvSnf2_3, HYALCI.
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Expression patterns of the epigenetic regulatory genes

are significantly correlated during dark-induced leaf
senescence but not in the control conditions

Further, we did the pairwise correlation analysis for the
differentially expressed epigenetic regulatory genes in
DILS and control (Light) samples. Our findings estab-
lished a significant correlation in the expression pat-
terns of HVERGs during DILS (Fig. 7A). At the same
time, very few genes were significantly correlated in the
control conditions (Fig. 7B). In general, histone deacety-
lases showed a negative correlation with histone methyl
transferases and ATP-dependent chromatin remodelers.
However, the other group of genes had a positive correla-
tion. Among HMTs, a positive correlation was observed
between HvSDGS5 and HvSDG14, and in HvSDGI9 and
HvPRMTI. In HDMs, HvJMJ11, HvJM]8, HvJM]6, and
HvHDMAS3 were positively correlated, while in HATS,
only one gene pair (HYHAGI-HvHAG?2) was positively
correlated. Among HDACs, a positive correlation was
observed for HvHDAS, HvHDA14, HvHDA2, HvSRT2,
HvHDA 1, and HvHDT3. Interestingly, in the DNA modi-
fiers, the only correlation observed in the demethylases as
HvDME] was negatively correlated to HYDME3. Among
ATP-dependent chromatin remodelers, positive cor-
relation was observed between HvSnf2 2 with HvChdl
and HvEtll, HYALC1 and HvMi_2 with HvRad5_16_4
and HvRisl_2, and HvLshl with HvDRDI1_5, while neg-
ative correlation was observed between HvDRDI 4
with HvRad5_16_4 and HvRisl_3. In the control con-
ditions, positive correlations were observed between
HvJMJ10 (HDMs) and HvSDG8 (HMTs) and HvJM]J8
(HDMs) with HvSRT2 (HDACs). The negative correla-
tions were observed between HvIswi_1 and HvHDTI,
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'
1
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—_ » ™
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Fig. 6 Principal component analysis of epigenetic regulatory genes based on the first two principal components. (A) PCA of individuals (samples). (B)
PCA of variables (genes). L4- day 4 in light; L7- day 7 in light; L10- day 10 in light; D4- day 4 in dark; D7- day 7 in dark, D10- day 10 in dark; DLS- 30 days post
anthesis. Sample groups are highlighted in yellow, blue, and red colours. The factor map helps to visualise the cluster of correlated variables in groups.
Cos2 is the gradient of quality that highlights the most important variables in explaining the variations retained by the principal components
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Fig. 7 Pairwise correlations of differentially expressed epigenetic regulatory genes; Upper right panel (A) in DILS and lower left panel (B) in the control
(light) condition. The genes are grouped as the first principal component order. The scale from green to purple shows the positive and negative correla-

tion. Statistical significance is shown as *** P<0.001, **P<0.01, *P<0.05

HvSMARCALI 1 and HvSDG22, HvIswi_1 and HYHAG2,
and Hv/MJ8 and HVHDT].

Leaf senescence leads to alteration in epigenetic
regulation including changes in histone modification

Our research has revealed considerable changes in his-
tone modification levels during leaf senescence. From
the range of antibodies tested on control material (Addi-
tional file 2: Fig. S9), the level of one heterochroma-
tin (H3K9me2) and two euchromatin (H3K4me3 and
H3K9ac) histone marks have been identified. Notably,

an increase in H3 methylation levels during both DILS
and DLS has been observed, while the acetylation level
decreased exclusively during DILS (Fig. 8A, B, Addi-
tional file 2: Fig. S10-S15). These changes in histone
modification levels seem to be specifically caused by
the senescence, as in the control plants, the undisturbed
development of leaves has not affected the histone modi-
fication status (Additional file 2: Fig. S16-S18).
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Fig. 8 Changes of levels of heterochromatin (H3K9me2) and euchromatin (H3K4me3 and H3K9ac) histone marks during senescence. (A) Histone pro-
teins extracted from primary leaves exposed to DILS, C- control plants (plants at day 0), D4- day 4 in the dark, D7- day 7 in the dark, D10- day 10 in the
dark. (B) Histone proteins extracted from flag leaves during DLS, C- control plans (leaf 5 days before anthesis), DLS- 30th day post anthesis. Control (C)
samples were loaded in three replications in every gel (in 0.5x, 1x, and 2x dilution) to prove the linear range of immunoreaction. Presented immunoblots
are representative of at least three biological replications; 20-30 pg of chromatin protein was loaded on a gel. Coomassie brilliant blue staining (CBB)

presents equal loading of gels

Discussion

Genome-wide identification and characterisation of
epigenetic regulatory genes in barley

Epigenetic regulatory mechanisms are crucial for con-
trolling plant developmental processes and shaping
phenotypic plasticity, including adaptive responses to
environmental challenges. Epigenetic regulation is usu-
ally composed of histone modifications, chromatin
remodelling, DNA methylation, and RNA interference
(RNAI), which can be specific to particular internal or
external conditions, and they can have phenotypic impli-
cations without directly altering the underlying DNA
sequences [20, 21]. The understanding of the epigenetic
regulatory machinery of plants has come mainly from
genetic screens, most notably with the model plant Ara-
bidopsis thaliana, which is highly amenable to genetic
analyses. Among crops, primarily maize has contributed
significantly to discovering epigenetic phenomena and
epigenetic regulatory mechanisms [22]. In the past two
decades, advancements in sequencing technologies and
bioinformatics tools have been immense, and by utilising
them, epigenetic regulatory genes have been identified
in more plant species [23-25]. In this study, we identi-
fied 117 genes as the epigenetic regulators in barley at
the whole genome scale, divided into three major classes:
histone modifiers, DNA modifiers, and ATP-dependent
chromatin remodelers. The different copy numbers of
epigenetic regulatory genes in barley compared to other
plants might be attributed to gene expansion and/or
gene loss events [26]. The sequence alignment, protein
domains, motif distribution, and phylogenetic analysis
indicate that the epigenetic regulatory genes have shared
the same evolutionary pattern and have similar functions
to their plant homologs. The genome-to-genome synteny
analysis between barley and four representative plant

species exhibited a considerable syntenic correlation of
epigenetic regulators within monocotyledons. However,
very little orthologous correlation was found between the
epigenetic regulatory genes in barley and Arabidopsis.
Therefore, we speculated that the syntenic correlations
between epigenetic regulators might be connected to the
species’ evolutionary divergence.

The structural diversity of barley epigenetic regulatory
genes was evaluated by assessing the distribution of exons
and introns. Most were composed of multiple exons, and
the number of exons/introns varied within the subfami-
lies. The variation in the number of introns is anticipated
because the number and length of introns in genes vary
depending on the organism and gene structure, and
these differences may be related to intron function [27].
Moreover, the gain and loss of introns can change the
structure of genes and play a vital role in the evolution of
gene families [28]. Notably, histone modifiers contained
single exon genes (SEGs) (e.g., HYHDA10, HvSDG1, and
HvSDG3), given that SEG genes are prototypical of pro-
karyotes [29], their presence in multicellular eukaryotic
genomes is intriguing. Furthermore, duplicated gene
pairs were identified in the barley epigenetic genes, and
the exon/intron gain/loss and divergence in exon/intron
length were observed within the coding sequences of
several of these genes. This could lead to generating
functionally distinct paralogues [28]. However, these
duplicated genes rarely vary in their biochemical activity
but are limited to regulatory control variations [30]. The
divergence time for the duplicated genes was estimated
to be in the range of 15.3 (HvSDG28/HvSDG20) to 74.8
(HVvHAC2/HvHAC3) MYA, suggesting a lineage-specific
second duplication contemporaneous with grass species
divergence (56—73 MYA) [31]. This also justifies the clus-
tering of barley’s epigenetic genes with their homologs
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in the monocots. The duplicated gene pairs’ Ka/Ks val-
ues were less than one. This supports the possibility that
genes may have evolved from intensive purifying selec-
tion pressure by natural selection during the evolutionary
process [32].

We investigated the potential regulatory mechanism
that controls the expression of epigenetic regulatory
genes in barley by looking into cis-acting regulatory ele-
ments (CREs), transcription factor binding sites (TFBs),
and CpG/CpNpG islands in the promoter regions. We
identified several CREs taking part in multiple biologi-
cal processes. We found many CAAT-box and TATA-box
elements in the promoter regions of epigenetic regula-
tory genes. This is not surprising since those two types
of elements represent the growth and development
related CREs and take part in regulating the frequency
of expression and initiating the transcription [33]. The
other major CREs identified on the promoter regions
of most of the genes were STRE, MYB, MYC elements,
and ABRE elements, supporting their role in several
pathways contributing to plant growth and development
and in various stress responses [34, 35]. The G-box and
G-Box, light-responsive elements, were mainly identified
in DNA and histone modifiers, which have been reported
in the regulation of chlorophyll biosynthesis in Arabidop-
sis [36] and also play essential roles in early senescence
of rice flag leaf [37]. This suggests these elements might
play a crucial role in gene expression during the DILS
compared to DLS. Interestingly, these elements were
not overrepresented in the ATP-dependent chromatin
remodelers. However, several of their genes appeared
to have differential expression during DILS. This indi-
cates that the expression of ATP-dependent chromatin
remodelers might be independent of G-box elements
and have different regulatory mechanisms. The TFbs
analysis in the promoter regions identified TCP, AP2/ERF
TFbs, bZIP, MYB, GATA, and bHLH as the major TFbs,
which have been well reported in concerned with plant
growth/development and biotic as well as abiotic stress
responses across various plant species [38]. Interestingly,
WRKY TFbs were not found in the promoter regions of
HvHAC2 (HATSs), HHDA1, and HvHDA13 (HDACs) in
histone modifiers, and HvEtl1, HvChdl, and HVATRX in
the ATP-dependent chromatin remodelers. WRKY TFs
are important in regulating transcriptional reprogram-
ming associated with plant growth and development and
biotic and abiotic stress management [39]. Their absence
in these genes suggests that they might have evolved a
different mechanism of gene regulation, which might be
of interest to future studies. The CpG/CpNpG islands
in promoter regions represent critical DNA methyla-
tion sites, resulting in gene silence [40, 41]. CpG/CpNpG
islands were found in the promoter regions of several epi-
genetic regulatory genes, showing that DNA methylation
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may regulate their gene expression. Furthermore, tan-
dem repeats (TRs) were also identified in the promoter
regions, showing that in these genes, there is a higher
probability of mutation accumulating during replication
(known as polymerase slippage) [42], which might be of
great interest in studying mutational analysis in the con-
trolling gene expression.

MiRNAs have been reported to regulate the responses
of plants to different stress conditions [43-45], and also
leaf senescence [46, 47]. This study identified several
miRNAs with target sites in CDS of epigenetic regula-
tory genes. For instance, hvu-miR6211 target site were
identified in HYHDT3 gene, and hvu-miR5053 target site
in HvALClgene. The expression of HYHDT3 was high in
both DILS and DLS conditions, while HvALCIgene was
highly expressed only in DILS. Therefore, it implies that
hvu-miR6211 might be important in regulating the over-
all senescence process. However, hvu-miR5053 is only
DILS-specific. This is an exciting finding, and the rela-
tionship between these miRNAs/target genes might be
explored further to understand the complex mechanism
of leaf senescence regulation. Furthermore, in this study,
the regulatory protein-protein interactions (PPIs) net-
work for the barley epigenetic regulatory proteins indi-
cated considerable interactive networks among these and
several other proteins. This is not surprising since PPIs
represent an essential aspect of plant systems biology
[48], and imply that barley epigenetic regulators partici-
pate in protein complexes with essential roles in various
regulatory processes, cellular functions, and signalling
cascades.

Using the publicly available database, we further ana-
lysed the expression profiles of barley epigenetic regu-
latory genes in different abiotic stress conditions. The
differential expression of many HVERGs suggests their
crucial role in regulating and adapting to unfavourable
climatic conditions. This is unsurprising as several stud-
ies have reported the cross-talk between plants’ abi-
otic stress response pathways and epigenetic regulatory
pathways (reviewed in [49-51]). However, there is still a
knowledge gap in mechanisms underlying the correlation
among different epigenetic phenomena occurring under
various abiotic stresses in plants, and in particular, barley
epigenetic regulators have not been thoroughly investi-
gated so far. Thus, our findings identify the potential can-
didate epigenetic regulators for future studies and open a
new direction in barley crop research.

Regulation of epigenetic regulatory genes and levels of
histone modification during leaf senescence in barley

A multilevel regulatory network controls leaf senescence,
both developmental and stress-induced, and the dynam-
ics of cooperation among all signal pathways are con-
ditioned by plant phenotypic plasticity under different
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conditions [52]. We demonstrated that epigenetic mech-
anisms constitute another regulatory layer affecting the
activity of senescence-associated mechanisms. In con-
trast to the gradual alteration that develops when the
process occurs naturally, induced senescence involves
a quick change in the genes responsible for epigenetic
regulation.

The PCA analysis on the first two components, which
explained 55.6% variability, divided the samples into
three main groups: Control (light), DILS, and DLS.
These results prove that although both DILS and DLS
are senescence, the process differs regarding epigenetic
regulation. The control group was mainly differentiated
by HvSDG22, HYHAC2, HvDME?2, and HvHAG?2 genes.
The DILS group was distinguished by mainly HvLsh_1,
HvMotl, HYHAG2, HvHDA12, HvHAC2, HvERCC6_2,
HvDME3, HvSDG22, and HvSRT2. The DLS group was
defined by HYHAC3, HvSHPRH, HvRisl_2, HvDRDI1_4,
HvSMARCALI_1, HvSnf2 2, HvHDT3, HvSDGS,
HvJMJ11, HYALCI, HvSnf2_1, Hy'SDG27, and HvSnf2_3.

The complex expression pattern highlights the com-
plexity of chromatin remodelling in response to different
senescence cues and the specific role of various chroma-
tin remodelers in the senescence process. The correla-
tion analyses indicate more significant trends among all
epigenetic regulators in DILS. One of them is a mutu-
ally correlated group where a positive correlation is
observed between the genes HYDME2, HvSDGS5, HvJMJS5,
HvALCI, HvRad5_16_3, HvRisl_3, HYHAG1, HvMi2_1,
and a mutual negative correlation of these genes with
HvDRD1_4, HvHDA2, HYHvSRT2.

These mutual correlations indicate a trend, illustrat-
ing the complexity of DILS at various epigenetic control
levels and raising questions about possible interactions
that require further investigation. The data presented
here suggest that very few genes are exclusively DLS-
regulated; these are HvDRDI1_ 4, HvSHPRH, HvDRMS,
and HvHAC3. Then, in this type of senescence, the reg-
ulations are mainly from the level of ATP-dependent
chromatin remodelling. Meanwhile, induced senescence
includes the sudden change in epigenetic regulator genes,
which contrasts with the subtle shift that occurs when
the process occurs naturally.

DNA methylation is the least involved in DILS. Rather,
it is associated with increased demethylation activity.
During DILS, there is an increase in the expression of
DNA dimethyltransferases HvDMEI-2 and a decrease in
the expression of methyltransferases HvDRMS5, HYMET
and HvDRM4.

The latest study conducted by Trejo-Arellano [53] pre-
sented significant downregulation of methylation path-
way elements responsible for maintaining the integrity
of the chromatin during dark-induced senescence, e.g.,
RdDM (RNA-directed DNA methylation) and DDM1/
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CMT2 (nucleosome remodelers: decreased DNA meth-
ylation 1/CHH methyltransferase) correlated with CHH
methylation and heterochromatin at chromocenter
decondensation. However, only local changes in methy-
lome were present. A similar observation was made
earlier in developmental senescence [54]. DRDI, whose
decreased expression we observe in DILS, associated
with darkness-induced senescence [55], has been identi-
fied as a synergistic component regulating DNA meth-
ylation with DDM1 in the RdADM-independent pathway
[56].

During DILS, histone modifiers have differential regu-
lation, with several histone lysine methyltransferases,
demethylases, acetyltransferases, and deacetylases being
upregulated while others are downregulated. The expres-
sion of the histone deacetylases HYvHDT1 and HvHDAI12
mainly shows upregulation during DILS, contrary to
downregulation in DLS.

This may also be seen in the levels of histone modifi-
cations. H3K4me3 and H3K9me2 were increasing dur-
ing both DILS and DLS progression. The level of H3K9ac
dropped during DILS but not during DLS. In the con-
trol (light) conditions, histone modifications remained
at the same level. This indicates the role of these modi-
fications during the senescence process of the leaf. The
diversity of histone modification types determines the
complexity of their functions, just as their kind depends
on the range of activity [57]. Histone modifications have
already been shown as epigenetic marks involved in
gene regulation in senescence. Both euchromatin marks
H3K9ac and H3K4me3 were identified on a large num-
ber of SAGs and transcription factors upregulated during
developmental senescence in leaves, where they appear at
the high level in the early (H3K9ac) and the late stages
(H3K4me3) of the senescence [58—60]. Similarly, the level
of heterochromatic H3K9me2 was shown to be reduced
around senescence-regulating genes, as well as global
changes in H3K9me?2 distribution in nuclei during barley
leaf senescence were observed [54].

Moreover, on day 10 of DILS, numerous groups of
genes belonging to chromatin remodelers, namely
HvIswi_2, HvChdl, HvRad54, HvDRDI1 6, HvRad5 16_1
and 2, HvRisl I, and HvERCC6_3, become more
expressed. DILS in barley occurs in two phases. The first
phase is more strongly emphasised by the cessation of
photosynthesis, loss of chlorophyll, and disintegration of
chloroplasts. Despite the advanced state of macroautoph-
agy in this phase, the degradation processes are revers-
ible. The reversal of the DILS program involves regaining
photosynthesis and increasing chlorophyll content, and
it takes place irrespectively of the activation of ATG
genes. The second, terminal phase, occurring beyond
day 7 of darkness, is characterised by the irreversibility
of senescence and its progression into PCD, exemplified
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by the involvement of both autophagy and PCD path-
ways, and involves disruption of the nucleus, mitochon-
dria, chromatin condensation accompanied with nDNA
fragmentation, shrinking of the protoplast, tonoplast
interruption, and disintegration of the cell membrane
[12]. Thus, ATP-dependent chromatin remodelling may
condition metabolic reprogramming from senescence to
PCD.

Conclusions

The research presented here provides the first insight
into the complete epigenetic machinery of barley and its
contribution to the physiological process.

The provided study identifies and characterises epigen-
etic regulatory genes in barley at a whole-genome scale.
It establishes insights into their genomic and structural
organisation, regulatory framework, phylogenetic and
evolutionary relationships, protein-protein interactions,
and expression profiles under abiotic stresses, focusing
on induced leaf senescence. This study is the first to anal-
yse the barley epigenetic regulatory gene families system-
atically and comprehensively. The results present novel
findings and offer valuable information on Gramineae
crop development, stress physiology, and the prospects
for genetic improvement programs related to epigenetics.

The findings suggest that epigenetic regulatory mecha-
nisms are crucial for controlling plant development and
facilitating adaptive responses to environmental stresses
in barley. The correlations between specific genes in DILS
highlight a complex epigenetic network responding to
environmental cues. Histone modifications are also sig-
nificant, with varying levels observed during senescence
progression, highlighting their role in regulating chroma-
tin dynamics.

From an evolutionary perspective, epigenetic regula-
tor genes share similar patterns and functions with their
counterparts in other plant species, especially other
monocots. The structural diversity within these genes,
particularly the presence of single exon genes and the
variation in exon/intron counts, underscores their evo-
lutionary adaptability and role in gene family evolution.
Regulatory mechanisms controlling gene expression
in barley involve multiple cis-acting regulatory ele-
ments and transcription factor binding sites, assisting
in growth, development, and stress response pathways.
miRNAs play a role in regulating barley epigenetic regu-
latory genes, with specific miRNAs targeting genes like
HvHDT3 and HvALCI, indicating their involvement in
the senescence process. Protein-protein interaction net-
works suggest that barley epigenetic regulatory proteins
participate in essential regulatory processes, cellular
functions, and signalling cascades.

The study also supports an association between bar-
ley leaf senescence, specifically induced senescence, and
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the significant reorganisation of epigenetic regulation,
gene transcriptomic, and histone modification levels. It
emphasises the role of epigenetic mechanisms in regulat-
ing senescence-inducing signals, which environmental
factors and the developmental program can influence.
Induced senescence is a reversible process [12], and a
strong capacity for survival characterises the specific
metabolic strategies employed in response to darkening
treatment [12, 61]. The level of control over senescence
is achieved through various interdependent and mutu-
ally influencing epigenetic mechanisms. These mecha-
nisms may enable a rapid response to signals and stimuli,
allowing for the immediate adjustment of protein group
expression and in induced senescence, ranging from
dozens to thousands [7, 12], in response to fast-chang-
ing environmental conditions. The barley crop model of
DILS, where the point of no return was defined, reveals
differences in epigenetic regulatory gene expression com-
pared to DLS. These results indicate that dark-induced
leaf senescence, in the context of epigenetic regulation, is
distinct from developmental senescence. Epigenetic reg-
ulation may act as a molecular switch between cell viabil-
ity and cell death, operating according to the simple ‘live
or die’ principle.

Mutual correlations in this work indicate a trend, illus-
trating the complexity of DILS at various epigenetic
control levels and raising questions about possible inter-
actions that require further investigation. However, the
findings suggest that epigenetic regulatory mechanisms
are crucial for controlling plant development and facili-
tating adaptive responses to environmental stresses in
barley. Consequently, these findings could prove valuable
in developing novel breeding strategies centred around
epigenetic diversity (referred to as epi-breeding). Epigen-
etic variations within crops might serve as an additional
and timely asset for enhancing crop breeding. Addition-
ally, environmental stressors could serve as sources of
epigenetic variation for improving physiological traits in
crops, much like what has been done to strengthen rice’s
drought and salt tolerance [62]. Utilising molecular epi-
genetic markers, akin to genetic markers, could aid in
selection trials. Therefore, there is a need to investigate
further the role of epigenetic regulators in crops during
stress-induced senescence and explore their underlying
molecular mechanisms. Understanding how epigenetic
regulators and their regulatory networks function in this
process within crops could be a valuable tool in advanc-
ing sustainable agriculture.

Methods

Plant material and growth conditions

Barley plants (Hordeum vulgare cv. Golden Promise)
were grown as described previously [63]. For DILS exper-
iments, 7-day-old seedlings were transferred to dark
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while the control (light) plants were grown continuously
under the photoperiod. The primary leaves of seedlings
were collected at days 0, 4, 7, and 10 of treatment. Prof.
Per L. Gregersen (Arhus University, Denmark) kindly
provided the leaf samples for DLS. The DLS leaves (senes-
cent flag leaves —30 days post anthesis, control leaves —5
days before anthesis) and DILS leaves were snap-frozen
in liquid nitrogen directly after collection and stored at
-80 °C until further use.

Identification and in silico characterisation of epigenetic
regulatory genes and proteins in barley

To identify the epigenetic regulatory gene families in bar-
ley, known sequences of the histone acetyltransferase,
histone deacetylase, histone methyltransferase, histone
demethylase, DNA methyltransferase, DNA demethylase
and ATP-dependent chromatin remodeler gene families
of rice and Arabidopsis were used for a BLASTp search
(E value, 171) against the barley genome database hosted
at Ensembl Plants (https://plants.ensembl.org/index.
html). Barley protein sequences were analysed using Hid-
den Markov Model (HMM) for the presence of a typical
HMM domain representing the corresponding protein
class in an HMMER search (https://www.ebi.ac.uk/
Tools/hmmer/) [64, 65]. Furthermore, these sequences
were also cross-verified with the Inter-pro scan pro-
gram hosted by a web tool (http://www.ebi.ac.uk/inter-
pro/) [66]. The sub-cellular localisations were predicted
by Plant-mPLoc webtool (http://www.csbio.sjtu.edu.cn/
bioinf/plant-multi/). The MEME tool from the MEME
suite 5.3.3 (http://meme-suite.org/tools/meme) was used
to identify ten statistically significant motifs in the pro-
tein sequences based on “zero or one occurrence per
sequence (zoops)” [67]. For gene structure analysis, the
GFF3/GTF annotation file and genome assembly were
extracted from the Ensembl Plants database (https://
plants.ensembl.org/index.html). The gene structure, con-
served motifs, and domains were visualised using the
TBtools software [68].

Evolutionary analysis of epigenetic regulators in barley

The protein sequences of reported epigenetic regulators
of A. thaliana, O. sativa, S. lycopersicum, and S.bicolor
were retrieved, and a phylogenetic tree was constructed
using the Neighbor-Joining method with Poisson cor-
rection and 1000 bootstrap values using the MEGA-11
program [69]. The tree was visualised using the iTOLv6
program (https://itol.embl.de/). To analyse the synteny
relationships of the orthologous genes among barley
and other species, genome data and the gene annota-
tion files of A. thaliana, O. sativa, B. distachyon, and S.
bicolor were obtained from the Phytozome database
(https://phytozome-next.jgi.doe.gov/). The syntenic anal-
ysis graphs were constructed by using the Dual Synteny
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Plotter function in TBtools software. Gene duplication
events for barley epigenetic regulatory genes were anal-
ysed using the Multiple Collinearity Scan toolkit (MCS-
canX) with the default parameters and drawn by TBtools
software. The number of synonymous (Ks) and non-syn-
onymous (Ka) substitutions per site of duplicated gene
pair were calculated by TBtools software. Based on a rate
of 6.5x1077 substitutions per site per year, the diver-
gence time (T) was calculated as T=Ks/(2x6.5x107%) x
10~ MYA for monocots [70].

Promoter analysis, microRNA target site, and protein-
protein interaction predictions

The Ensembl Plants database was used to obtain 1.5 kb
sequences upstream of the translation start sites to anal-
yse the promoter regions of epigenetic regulatory genes.
The cis-acting regulatory elements (CREs) were identified
using the PlantCARE database (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/). The PlantPAN
3.0 software (http://plantpan.itps.ncku.edu.tw/promoter.
php) was used to identify transcription factor binding
sites (TFbs) in the promoter regions, and the multiple
promoter analysis program (http://plantpan2.itps.ncku.
edu.tw/gene_group.php?#multipromoters) was used
to identify the common TFbs. The prediction of CpG/
CpNpG islands and tandem repeats (TRs) was made by
the PlantPAN 3.0 web server (http://plantpan.itps.ncku.
edu.tw/index.html). The coding sequences of barley epi-
genetic regulatory genes were analysed by the psRNA-
Target server (https://www.zhaolab.org/psRNATarget/)
for miRNA target site prediction. The protein-protein
interactions of epigenetic regulatory proteins were deter-
mined using the STRING web tool (https://string-db.
org/) [71], and the network was generated using Cyto-
scape-3.9.0 software.

Phenotyping of senescence progression

The Plant Screen high-throughput phenotyping system
(Photon Systems Instruments, Czech Republic) was used
to quantify the dynamic of plant senescence. The system
allows non-invasive identification of stress symptoms
from the early to the late stages by red—green—blue (RGB)
morphometry, leaf pigment imaging, and chlorophyll flu-
orescence measurements. Intact barley plants were man-
ually transferred to the imaging unit, where after 20 min
of dark pre-incubation, the chlorophyll a fluorescence
analyses were made using a Quenching protocol pre-
designed by the manufacturer using 400 pumol photons
m~2 s~! actinic white light to evaluate PSII efficiency in
a light-adapted state [72]. Leaf colour segmentation was
used in RGB imaging to assess leaves’ loss of green pig-
ment during senescence. Selection of hues belonging to
three categories: ‘dark green, ‘light green, and ‘yellow,


https://plants.ensembl.org/index.html
https://plants.ensembl.org/index.html
https://www.ebi.ac.uk/Tools/hmmer/
https://www.ebi.ac.uk/Tools/hmmer/
http://www.ebi.ac.uk/interpro/
http://www.ebi.ac.uk/interpro/
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/
http://meme-suite.org/tools/meme
https://plants.ensembl.org/index.html
https://plants.ensembl.org/index.html
https://itol.embl.de/
https://phytozome-next.jgi.doe.gov/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://plantpan.itps.ncku.edu.tw/promoter.php
http://plantpan.itps.ncku.edu.tw/promoter.php
http://plantpan2.itps.ncku.edu.tw/gene_group.php?#multipromoters
http://plantpan2.itps.ncku.edu.tw/gene_group.php?#multipromoters
http://plantpan.itps.ncku.edu.tw/index.html
http://plantpan.itps.ncku.edu.tw/index.html
https://www.zhaolab.org/psRNATarget/
https://string-db.org/
https://string-db.org/

Rudy et al. BMC Plant Biology (2024) 24:863

made by the eye in processed RGB plant image and then
clustered into ten k-means per category [72, 73].

Gene expression analysis

The expression data of barley epigenetic regulatory genes
under abiotic stress conditions were extracted from the
barley expression database (BarleyExpDB, http://bar-
leyexp.com/) as FPKM values. The expression patterns
under heat, cold, dark/light, nitrogen, drought, and
waterlogging stress conditions were selected and visual-
ised by heat maps generated using the TBtools software.
RNA-Seq data of barley developed in our lab (Hordeum
vulgare cv. Golden Promise; BioProject: PRINA962050;
[74]) - were utilised for transcriptomic analysis of epigen-
etic regulatory genes in DILS and DLS. The differentially
expressed genes (DEGs) were identified as described by
Stolarska et al. [74]. Cleaned reads were mapped to the
barley reference genome assembly using STAR aligner
(version 2.7.10a), and raw counts of the mapped reads
were quantified by FEATURECOUNT (version 2.0.3).
The reads mapped to multiple loci were discarded. The
R package ‘DESeq2’ was used to standardize the counts
of each sample gene (use basemean value to estimate the
expression), calculate the difference multiple, and use
NB (negative binomial distribution test) to test the dif-
ference significance of the reads number. The differential
protein coding genes were screened according to the dif-
ference multiple and difference significance test results.
Finally, differentially expressed genes (DEGs) were iden-
tified based on Benjamini-Hochberg false discovery rate
adjusted p-value of 0.05, and log2FC values were used to
determine the up- or down-regulated transcripts.

Statistical analysis

The transcriptomic gene expression data of epigenetic
regulatory genes were further used for the statistical
analyses using the R-language Version 4.3.1. The Princi-
pal Component Analysis (PCA) was performed using the
PCA() function implemented in the “FactoMineR” pack-
age to estimate the number of components, and hierar-
chical clustering on the retained principal components
(HCPC) was performed using the HCPC() function.
The graphical outputs were visualised using the function
fviz_cluster() of the “factoextra” package. Furthermore,
associations among the differentially expressed epigen-
etic regulatory genes during DILS were sought, and their
significance was tested using Pearson’s correlation tests.
The correlation strength and significance (P<0.05) were
illustrated using the “corrplot” and “GGally” packages
and visualised using the “ggplot2” package.

Histone proteins extraction
Histone proteins were extracted from barley leaves,
according to Sura et al. [75]. Frozen leaf samples were
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ground in liquid nitrogen and mixed with Honda buffer.
Then, the homogenate was incubated on ice for 15 min,
filtered through Miracloth, and centrifuged for 15 min
at 2880 g at 4 °C. The pellet was resuspended gently in
Honda buffer and centrifuged again. The procedure was
repeated to obtain a white pellet of cell nuclei. The final
wash of the cell nucleus pellet was performed in a buffer
without spermine. The pellet was resuspended in 300 pl
of cold TNE buffer, transferred to a 1.5 ml tube, and
stored at -80 °C until further use.

Western blot analysis

Histone protein extracts were solubilised with 4x Laem-
mli Buffer [76] and separated on 15% SDS-PAGE gels
followed by electrotransfer onto PVDF membrane. The
membranes were blocked in 3% bovine serum albumin
(Sigma) and immunodetected with the ECL system (Bio-
Rad) using the ChemiDoc™MP Imaging System (Bio-
Rad). To detect histone posttranslational modifications,
the following primary antibodies were used: H3K27me3
(1:1000; Abcam, Ab6002); H3K9me2 (1:2000; Abcam,
Ab1220); H2K9me3 (1:1000; Abcam, ab8898); H3K4me3
(1:1000; Abcam, Ab8580); H3K36me3 (1:1000; Abcam,
Ab9050); H3K14ac (1:1000; Milipore, 07-353); H3K%ac
(1:500; Milipore, 07-352); H3K27me2/me3 (1: 1000;
Abcam, Ab6147); H3K4me3 (1:1000; Milipore, 07-473);
H3K27ac (Abcam, 1:1000, Ab4727), H3 (1:5000, Agrisera,
AS10 710). The quantification of immunostained signals
was performed using Gelix One software.

Abbreviations

CDS Coding sequence

CREs Cis-acting regulatory elements

DEG Differentially Expressed Gene

DILS Dark induced leaf senescence

DLS Developmental leaf senescence
DNMT DNA methyltransferase

DME DNA demethylase

H3K4me3  Histone H3 at lysine 4 trimethylation
H3K9%ac Histone H3 at lysine 9 acetylation
H3K9me2  Histone H3 at lysine 9 dimethylation

HAT Histone acetyltransferase

HDAC Histone deacetylase

HDM Histone demethylase

HMT Histone methyltransferase

Hv Hordeum vulgare

PCA Principal Component Analysis
PPI Protein-protein interaction

QY hax Maximum efficiency of primary photochemistry
RdDM RNA-directed DNA methylation
RNAI RNA interference

SAG Senescence-associated gene
SEG Single exon gene

TF Transcription factor

TE Transposable element

TFB Transcription factor binding site
TR Tandem repeat
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