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Summary

Summary

Plants respond to drought by the major reprogramming of gene expression, enabling the plant
to survive this threatening environmental condition. The phytohormone abscisic acid (ABA)
serves as a crucial upstream signal, inducing this multifaceted process. In this present work,
the drought response in barley plants (Hordeum vulgare, cv. Morex) was analyzed at the
epigenome, the transcriptome and the methylome levels. To be more specific, the genome-
wide responses of the crop plant H. vulgare to early drought stress at the level of H3K4
trimethylation, H3K9 acetylation and H3K9 dimethylation were investigated. After a ten-day
drought period, during which the soil water content was reduced by about 35%, the relative
chlorophyll content, as well as the photosystem Il efficiency of the barley leaves, decreased by
about 10%. Furthermore, drought-related genes such as HvS40, HvA1, Hsp17 and P5CS2
were already induced compared to the well-watered controls. Global ChIP-Seq was performed
and by applying stringent exclusion criteria, 129 genes loaded with H3K4me3, 2008 genes
loaded with H3K9ac and 107 genes labelled with H3K9me2 in response to drought were
identified. Interestingly, the H3K9ac mark showed a more flexible and dynamic response to
the stress than H3K4me3. Strikingly, especially histones in the promoter and ATG-region of
genes involved in ABA-related stress responses were acetylated at H3K9 in response to the
stress, including 26 protein phosphatases 2C (PP2Cs), indicating epigenetic regulation of
ABA-related drought stress responses in the crop plant barley. Parallel stringent RNA-Seq and
gRT-PCR analyses revealed that some of these genes were also induced during drought
treatment, but on the other hand, many genes upregulated during drought did not show loading
with these euchromatic marks. While Whole Genome Bisulfite Sequencing (WGBS) revealed
no significant global changes in the DNA methylation during early drought stress, 339 hypo-
and 376 hypermethylated differentially methylated genes (DMGs) could be detected. In
summary, these results indicate that epigenetic control, at least during the early phase of
drought stress response investigated in this work, specifically targets genes involved in ABA-

biosynthesis and -response.



Zusammenfassung

Zusammenfassung

Pflanzen reagieren auf Trockenheit mit einer umfassenden Reprogrammierung der
Genexpression, die es der Pflanze erméglicht, diese bedrohliche Umweltbedingung zu
Uberleben. Das Phytohormon Abscisinsaure (ABA) dient als entscheidendes Upstream-Signal,
das diesen vielschichtigen Prozess in Gang setzt. In der vorliegenden Arbeit wurde die
Reaktion auf Trockenheit in Gerstenpflanzen (Hordeum vulgare, cv. Morex) auf der Ebene des
Epigenoms, des Transkriptoms und des Methyloms analysiert. Genauer gesagt wurden die
genomweiten Reaktionen der Nutzpflanze H. vulgare auf frihen Trockenstress auf der Ebene
der H3K4-Trimethylierung, H3K9-Acetylierung und H3K9-Dimethylierung untersucht. Nach
einer zehntagigen Durreperiode, in der der Wassergehalt des Bodens um etwa 35% reduziert
wurde, sanken der relative Chlorophyllgehalt sowie die Photosystem-II-Effizienz der
Gerstenblatter um etwa 10%. Daruber hinaus waren Trockenstress-relevante Gene wie
HvS40, HvA1, Hsp17 und P5CS2 im Vergleich zu den gut bewasserten Kontrollen bereits
deutlich induziert. Es wurde eine globale ChIP-Seq-Untersuchung durchgefuhrt und durch die
Anwendung strenger Ausschlusskriterien wurden 129 Gene, die mit H3K4me3 markiert waren,
2008 Gene, die mit H3K9ac markiert waren, und 107 Gene, die mit H3K9me2 als Reaktion auf
die Trockenheit markiert waren, identifiziert. Interessanterweise zeigte die H3K9ac-Markierung
eine flexiblere und dynamischere Reaktion auf den Stress als H3K4me3. Auffallend ist, dass
vor allem Histone im Promotor und in der ATG-Region von Genen, die an ABA-bezogenen
Stressreaktionen beteiligt sind, als Reaktion auf den Stress mit H3K9 acetyliert wurden,
darunter 26 Proteinphosphatasen 2C (PP2Cs), was auf eine epigenetische Regulierung von
ABA-bezogenen Stressreaktionen in der Kulturpflanze Gerste hinweist. Parallele stringente
RNA-Seqg- und qRT-PCR-Analysen ergaben, dass einige dieser Gene auch wahrend der
Trockenstressbehandlung induziert werden, aber andererseits zeigten viele Gene, die
wahrend des Trockenstresses hochreguliert wurden, keine Markierung mit diesen
euchromatischen Modifikationen. Wahrend die Ganzgenom-Bisulfit-Sequenzierung (WGBS)
keine signifikanten globalen Veranderungen im Ausmall der DNA-Methylierung wahrend des
frihen Trockenstresses ergab, konnten 339 hypo- und 376 hypermethylierte differentiell
methyliete Gene (DMGs) nachgewiesen werden. Zusammenfassend belegen diese
Ergebnisse, dass die Trockenstressantwort der Pflanzen auch auf epigenetischer Ebene
reguliert wird und dass die epigenetische Kontrolle, zumindest in der friihen Phase der in
dieser Arbeit untersuchten Reaktion auf Trockenstress, speziell auf Gene abzielt, die an der
ABA-Biosynthese und -Reaktion beteiligt sind.



Introduction

1 Introduction

1.1 Drought stress

The sessile lifestyle of plants burdens numerous challenges for plants and one of them is the
accessibility of water. Water shortage leads to drought stress affecting the plant on a
morphological, physiological and molecular level during every stage of development. Focusing
on crop plants as a major food source for humans and animals, drought leads to reduced yield

as reviewed in Dietz et al. (2021).

The quality of stress can be divided into mild, moderate and severe stress and previous studies
mainly focused on severe stress, which ultimately leads to death of the plant (Cominelli et al.,
2005; Yuan et al., 2005; Rampino et al., 2006; Zhu et al., 2007; Zhang et al., 2008). In recent
years it became obvious that the response of plants to drought is attuned to the severity of
drought and that moderate stress is more likely to occur in natural environment (Harb et al.,
2010; Clauw et al., 2015; Chen et al., 2021). Since drought is a severe threat, plants have
developed several strategies to adapt to this unfavorable condition and thereby to survive in
such adverse environment. These strategies include maintaining stomatal conductance by
osmotic adjustment due to the accumulation of osmolytes like proline, sugars and phenols
(Ferchichi et al., 2018; Turner, 2018) or altering of the root system (Wasson et al., 2012; Uga
et al., 2013; Lynch et al., 2014). On a molecular level, the perception of drought leads to a
response pathway including signal transduction, hormonal and biochemical adaptions and
reprogramming of gene expression on transcriptional level including epigenetic mechanisms.
The drought response in plants was extensively studied and there are nice reviews (Zhu, 2016;
Gong et al., 2020). The following chapter will shortly summarize several mechanisms of

drought stress response.

1.1.1 Abscisic acid (ABA) and its role in stress responses

The phytohormone abscisic acid (ABA) exhibits a multitude of roles in the life cycle of a plant
including, amongst other things, seed dormancy and development, flowering, embryo
morphogenesis and leaf senescence (Dar et al., 2017). Besides its involvement in
developmental processes, ABA is the main phytohormone functioning in the perception and
response to abiotic stress. Drought induces the synthesis of ABA, which in turn triggers the
expression of stress related genes. The identification of several genes upregulated during
drought but not responding to endogenous ABA treatment lead to the hypothesis of ABA-
independent and ABA-dependent signaling in response to drought stress (Yamaguchi-
Shinozaki & Shinozaki, 2005; Shinozaki & Yamaguchi-Shinozaki, 2007; Yoshida et al., 2014).

In the ABA-dependent signaling pathway, sequence analyses of ABA—induced genes revealed



Introduction

specific cis-elements in the promotor of these genes, called ABA-responsive elements
(ABREs) (Busk & Pagés, 1998; Narusaka et al., 2003). ABRE-binding proteins/ABRE-binding
factors (AREBS/ABFs) are basic leucine zipper-type transcription factors that are activated
through phosphorylation by the sucrose non-fermenting 1-related kinase 2-type protein
kinases (SnRK2). They are able to bind to the ABRE elements and thereby inducing gene
expression, e.g. of the dehydration responsive gene rd29b (Uno et al., 2000; Fuijita et al., 2005,
2013; Furihata et al., 2006; Nakashima et al., 2006). In a similar way, the ABA-independent
pathway includes the dehydration-responsive element/C-repeat (DRE/CRT) which is
recognized by the DRE-/CRT-binding protein 2 (DREBZ2) transcription factors (Yoshida et al.,
2014). Recent findings suggest a crosstalk between both pathways, e.g. SnRK2s participate
in gene regulation in ABA-dependent and independent pathway (Fujita et al., 2009, 2013).

1.1.2 Stomatal closure and the role of ABA

One of the first responses to the perception of water shortage is stomatal closing, thereby
minimizing the loss of water through stomata but also reducing photosynthetic action through
diminished CO2 uptake. Stomata consist of two guard cells surrounding a pore in the epidermis
of plants and their opening width is regulated through changes in the turgor pressure by
external (e.g. CO2 level, water level) and internal stimuli (such as phytohormones and reactive
oxygen species (ROS)) (Schroeder et al., 2001; Qi et al., 2018).

Beside its numerous functions in plant abiotic and biotic stress responses, the hormone ABA
plays a major role in the stomatal opening and closure. Occurring drought leads to an
accumulation of ABA due to changes in gene expression associated with ABA biosynthesis
(Kim et al., 2010; Dar et al., 2017), e.g. the ABA synthesis enzymes 9-cis epoxycarotenoid
dioxygenase 3 (NCED3), zeaxanthin epoxidase (ZEP), aldehyde oxidase (AAO3) and
molybdenum cofactor sulfurase (MCSU) are upregulated. Newly synthesized ABA interacts
with the protein family PYRABACTIN RESISTANCE/PYRABACTIN RESISTANCE-
LIKE/REGULATORY COMPONENTS OF THE ABSCISIC ACID RECEPTOR
(PYR/PYL/RCAR) which function as ABA receptors and thereby inhibit clade A protein
phosphatases 2Cs (PP2Cs) (Ma et al., 2009; Park et al., 2009; Cutler et al., 2010;
Raghavendra et al., 2010). The inhibition of PP2Cs leads to an activation of the sucrose non-
fermenting 1-related kinase 2-type protein kinases (SnRK2), including the open stomata 1
(OST1)/SnRK2-6 and the S-type anion channel (SLAC1) which function in the induction of
stomatal closure (Mustilli et al., 2002; Geiger et al., 2009; Lee et al., 2009; Lim et al., 2015;
Ullah et al., 2017; Hsu et al., 2021) (Fig. 1).
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Figure 1. Model of the stress-signaling pathway mediated by ABA. Under non-stress conditions,
ABA levels are low and the protein phosphatases 2C (PP2C) suppress the activity of the sucrose non-
fermenting 1-related kinase 2-type protein kinases (SnRK2). With the detection of water shortage, the
rising ABA level is perceived by the PYR/PYL/RCARSs receptors which in turn inhibit the activity of the
PP2Cs. SnRK2s are activated and thereby the activation of downstream transcription factors. Adapted
from Ullah et al. (2017).

1.1.3 Protein phosphatase 2C (PP2C)

Protein serine/threonine phosphatases dephosphorylate proteins and can be separated into
the phosphoprotein phosphatases (PPP) family including PP1, PP2A and PP2B and the
phosphoprotein metallophosphatase (PPM) family which comprises the Mg2+ and Mn2+-
dependent type 2C protein phosphatases (PP2C) (Cohen, 1997; Singh et al., 2010). In
Arabidopsis thaliana, 76 PP2Cs were identified and classified into 11 subclades (A-K) (Kerk et
al., 2002; Schweighofer et al., 2004). One of the main functions of the PP2Cs in plants is the
involvement in signaling pathways, especially ABA stress signaling, e.g., the earlier mentioned
stomatal closure. Discovery of the first plant PP2C ABA insensitive 1 (ABI1) and its homologue
ABI2 due to mutant studies, depicts a role as a negative regulator in ABA signaling towards
abiotic stress and during development for clade A PP2Cs (Koornneef et al., 1984; Leung et
al., 1994, 1997; Rodriguez et al., 1998; Sheen, 1998; Gosti et al., 1999; Merlot et al., 2001;
Singh & Pandey, 2012; Fuchs et al.,, 2013). Besides ABI1 and ABI2, AHG3 (ABA
Hypersensitive Germination 3), HAB1 (Homology to ABI1 1), HAB2 (Homology to ABI1 2),
HAI1 (Highly ABA-Induced PP2C1), HAI2, HAI3 and AHG1 (ABA Hypersensitive Germination
1) belong to clade A (Rodriguez et al., 1998; Saez et al., 2004; Yoshida et al., 2006; Nishimura
et al., 2007; Fuijita et al., 2009).
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Interestingly, several ABA receptor RCARs are downregulated during stress whereas some of
the PP2Cs are upregulated (Szostkiewicz et al., 2010; Chan, 2012). Especially, PP2Cs of the
clade A are reported to be enhanced towards rising ABA levels or stress stimuli involving ABA
synthesis (Fujita et al., 2011). Several studies e.g., in rice and A. thaliana could confirm these
findings (Xue et al., 2008; Singh et al., 2010). Suggestions were made, that specific ratios
between ABA receptors and PP2Cs are important to help the plant to adjust to enriched ABA
levels (Raghavendra et al., 2010; Szostkiewicz et al., 2010; Chan, 2012).

1.2 Higher order control: Epigenetic modifications

Recent studies revealed that responses of plants to environmental stress involve higher-order
epigenetic regulatory mechanisms, such as differential histone modifications and DNA
methylation, affecting chromatin structure (reviewed in Kim, 2021). In the following chapters,

epigenetic mechanisms are explained in more detail.

1.2.1 Chromatin structure

The DNA is wrapped around specific proteins, together forming nucleosomes, the structural
unit of chromatin (Vergara & Gutierrez, 2017). Each nucleosome is an octamer consisting of
two copies of histone subunits H2A, H2B, H3 and H4 and is associated with 145-147 bp of
DNA wrapped around (Luger et al., 1997; Arya & Schlick, 2009; Asensi-Fabado et al., 2017).
The chromatin structure defines the accessibility of the DNA for transcription and therefore
gene expression (Asensi-Fabado et al., 2017). These nucleosomes can be densely packed
which leads to an inaccessible, transcriptionally inactive form (heterochromatin) or openly
packed, leading to transcriptionally active euchromatin. Heterochromatin is present in the
centromere and the surrounding pericentromere and depicts a late replication during the cell
cycle (Lima-De-Faria & Jaworska, 1968; Baker et al., 2015). The chromatin status is dynamic
and determined by different epigenetic mechanisms, such as DNA methylation, non-coding
RNAs, covalent histone modifications and ATP-depending chromatin remodeling (Fig. 2). In

this research, the focus will lay on histone modifications and DNA methylation.
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Figure 2. Chromatin structure and regulation. Shown is the highly condensed, transcriptionally
inactive heterochromatin and the active, openly packed euchromatin. Different epigenetic mechanisms
like histone variants/modifications, DNA methylation and non-coding RNAs modify and change the
chromatin structure and thereby regulate gene expression. Adapted and modified from Halder et al.
(2022).
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1.2.2 Histone modifications

Histone modifications are characterized by post-translationally modifying the N-terminal tails
of histones by specific enzymes which are adding different side groups (e.g. methyl, acetyl or
phosphate) at different levels (e.g. mono-, di or tri-methylation) or removing them (Asensi-
Fabado et al.,, 2017). Thereby the chromatin status is altered which in turn affects the
accessibility of the DNA (e.g. for regulatory proteins) and the gene transcription (Pikaard &
Scheid, 2014; Allis & Jenuwein, 2016). The most studied marks are acetylation or methylation
on histone H3 at lysine residues. The methylation of N-terminal histone tails can be associated
with either activating or repressing genes whereas acetylation is usually activating (Berger,
2007; Kouzarides, 2007; He et al., 2011). Acetylation and methylation of the lysine residues of
histone H3 are the best studied modifications and their global changes in response to stress
have been reported in various plants (Hu et al., 2019). Histone acetylation is reversible and
dynamically maintained by the antagonistic action of histone acetyltransferase (HATs) and
histone deacetylase (HDACs) (Pandey et al., 2002; Pikaard & Scheid, 2014; Zheng et al.,
2019; Yang et al., 2020). The modification changes the charge of the lysine and therefore
weakens the interaction between the modified histone and the DNA and leads to an open
chromatin form, promoting gene transcription (Imhof & Wolffe, 1998; Marmorstein & Zhou,
2014; Sharma et al., 2019).
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1.2.2.1 Histone methylation

The methylation of the lysine or arginine residues is catalyzed by histone lysine
methyltransferases (HKMTs) or protein arginine methyltransferases (PRMTs), respectively.
Since the methylation status is dynamic, the methylation can be erased by histone
demethylases (DMTs) (Liu et al., 2010; Black et al., 2012). The methylation of lysine can be
grouped into mono-, di- and trimethylation. For histone H3, it is known so far, that the
methylation of H3K9 or H3K27 is linked to transcriptional repression and the methylation of
H3K4, H3K36 and H3K79 is associated with transcriptional activation (Berger, 2007). For
example, in A. thaliana, the trimethylation of H3K27 acts as repressive mark towards gene
expression whereas the trimethylation of H3K4 is often associated with activating gene
expression (Berr et al., 2011; Zheng & Chen, 2011).

1.2.2.1.1 H3K4 trimethylation

H3K4 trimethylation is one of the most intensive studied histone modifications and is linked to
transcriptional activation, but the mechanisms behind this reaction are still not fully understood
yet. H3K4me3 is mostly found in euchromatic regions and cytological examinations revealed
that its enrichment occurs mainly on chromosome arms (Houben et al., 2003; Carchilan et al.,
2007; Roudier et al., 2011). At genic location, H3K4me3 is found to be distributed around the
transcription start site (TSS) (Bernstein et al., 2002; Zhang et al., 2006; Li et al., 2008; van Dijk
et al., 2010). The HKMTs which catalyze the methylation of H3K4 contain a SET (Su(var)3-9,
Enhancer-of-zeste, and Trithorax) domain where Trithorax is a subunit of the COMPASS-like
(complex proteins associated with Set1) complex (Schuettengruber et al., 2011; Shilatifard,
2012). In A. thaliana, five Trithorax-like (ATX, class Ill SET-domain) proteins could be identified
(Avramova, 2009; Tamada et al., 2009; Guo et al., 2010), which are proposed to interact with
the COMPASS-like complex which deposits trimethylation at H3K4 (Jiang et al., 2011).
Mutation analysis in ATX1 revealed a dual role, in which the protein is important for the
assembly of the preinitiation complex (PIC) at promotors of target genes, influencing their
expression and, on the other hand, its ability to trimethylate H3K4 seems to promote the
transcription elongation (Ding et al., 2011b; Foroozani et al., 2021). In barley, HvTX1, a
putative ATX1/ATX2 homologue, was identified which shows elevated expression during seed
development and drought stress (Papaefthimiou & Tsaftaris, 2012). Li et al. (2016) unraveled
a potential function of H3K4me3 and its methyltransferase in mRNA splicing involving the
mMRNA cap-binding complex (CBC). The CBC forms complexes with the COMPASS-like to
integrate histone methylations with mRNA cap preservation and pre-mRNA processing at

target genes (Li et al., 2016).
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1.2.2.1.2 H3K9 dimethylation

The acetylation of H3K9 is described as transcriptional activating (Kurdistani et al., 2004;
Bernstein et al., 2005) which is opposed to the methylation of this residue inactivating
transcription. Dimethylation of H3K9 is associated with silenced chromatin in animals and
yeast (Jenuwein & Allis, 2001; Bernatavichute et al., 2008) and silenced transposable
elements (TE) and repetitive DNA in the heterochromatin of plants (Jackson et al., 2002, 2004;
Malagnac et al., 2002; Bernatavichute et al., 2008). Histone lysine methyltransferases like
KRYPTONITE/SUPPRESSOR OF VARIEGATION3-9 HOMOLOG 4 (KYP/SUVH4), SUVH5
and SUVHG6 are important catalysators for the methylation of the residues (Jackson et al., 2002;
Jasencakova et al., 2003; Ebbs et al., 2005; Ebbs & Bender, 2006). By using the Chromatin
immunoprecipitation (ChlP) method, it has been shown that the H3K9me2 mark is mainly
located at the chromocenters in comparison to the distribution of transcriptional activating
histone modifications (Jackson et al., 2004; Mathieu et al., 2005; Fuchs et al., 2006). Several
studies confirmed a link between H3K9me2 and DNA methylation, especially in the CHG
context (Jackson et al., 2004; Mathieu et al., 2005; Bernatavichute et al., 2008; Du et al., 2012),
e.g., mutations in the histone methyltransferase KRYPTONITE decrease the methylation of

H3K9 and DNA methylation resulting in less gene silencing (Jackson et al., 2004).

1.2.2.2 Histone acetylation

The acetylation is executed by transferring an acetyl group of acetyl-CoA to the e-amine group
of N-terminal lysine residues (Hu et al., 2019), thereby changing the chromatin structure and
facilitating gene transcription. This process is catalyzed by histone acetyltransferases (HATSs)
and can be reversed by histone deacetylases (HDACs). Because of its flexible reversibility,
histone acetylation and deacetylation plays an important role in a variety of developmental
steps and stress responses such as flowering, osmotic/oxidative stress and cell aging (Imai et
al., 2000; He et al., 2003; Ausin et al., 2004; Brunet et al., 2004; De Nadal et al., 2004; Kim et
al., 2004; Tian et al., 2005). Down-regulation of the A. thaliana histone deacetylase 1 (AtHD1)
lead to various developmental effects like early senescence, ectopic expression of silenced
genes, suppression of apical dominance and sterility, suggesting a global role in regulation
(Tian & Chen, 2001).

Based on their cellular distribution, plant HATs can be sorted into two groups, type A and type
B (Brownell & Allis, 1996; Roth et al., 2001). Plant type B HATs are located in the cytoplasm,
catalyzing histone acetylation at lysine 5 and 12 of histone H4 (Parthun et al., 1996; Verreault
et al., 1998). In maize, a type B HAT has been characterized, interestingly, its localization is
not only limited to the cytoplasm, but also shows a significant proportion in the nuclei,

proposing a potential function in the nucleus (Eberharter et al., 1996; Lusser et al., 1999). Type
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A HATSs include four groups of protein families: the general control non-depressible 5 (GNC5)-
related acetyltransferases (GNATSs), the MOZ, Ybf2/Sas3, Sas2 and Tip60-related (briefly
MYST) HATs, cAMP response element-binding protein (CREB)-binding protein (CBP)/p300
family and the TATA-binding protein-associated factor (TAF1) (Sterner & Berger, 2000;
Pandey et al., 2002; Carrozza et al., 2003). They are functioning at nuclear histones and
therefore being directly involved in chromatin assembly and gene transcription (Carrozza et
al., 2003; Chen & Tian, 2007). HDACs in plants are grouped into three types: reduced
potassium dependency 3/histone deacetylase 1 (RPD3/HDA1) superfamily, plant-specific
histone-deacetylase 2 (HD2) and the silent information regulator 2 (SIR2) (Pandey et al.,
2002).

1.2.2.2.1 H3K9 acetylation

The acetylation of K9 of H3 is a well-studied mark in a variety of organisms where it is strongly
associated with transcriptional activation (Kurdistani et al., 2004; Schibeler et al., 2004;
Bernstein et al., 2005; Pokholok et al., 2005; Roh et al., 2005). In plants, H3K9ac functions in
developmental processes like flowering, light-responsive gene expression, fruit formation, de-
etiolation and the circadian clock (Ausin et al., 2004; Benhamed et al., 2006; Charron et al.,
2009; Zhou et al., 2010; Malapeira et al., 2012; Hu et al., 2021). Moreover, a rising number of
studies describe an important role of acetylation of H3 towards responses in biotic and abiotic
stress (Tsuji et al., 2006; Kim et al., 2008; Hu et al., 2019; An et al., 2022). The distribution of
H3K9ac at genomic loci is towards the 5" end with a peak at the ATG (Zhou et al., 2010).

1.2.2.3 Drought-stress-induced changes in histone methylation and acetylation
Recent studies revealed a link between gene expression in response to abiotic stress and
alterations in histone modifications and DNA methylation, depicting fast and dynamic changes
in histone marks towards the upcoming stress as well as more stable and progressive changes
in the histone context (Kim et al., 2008, 2015; Kim et al., 2012; Luo et al., 2012). However, the
exact link between epigenetic modifications and transcriptional regulations/responses and in
which order they influence each other is not fully understood yet (Kim et al., 2015; Asensi-
Fabado et al., 2017).

Using Chromatin immunoprecipitation followed by Next generation sequencing (ChlP-Seq),
genome-wide distribution patterns of mono-, di- and trimethylation of H3K4 in A. thaliana under
drought stress were conducted and it could be shown that in contrast to the moderately
changed H3K4me1 and H3K9me2 marks, H3K4me3 changed prominently corresponding with
up- and downregulated genes (van Dijk et al., 2010). Furthermore, dehydration and ABA-
inducible genes showed a broader distribution of H3K4me3 over the gene body. In another

genome-wide study in rice under drought stress, the transcript level of a subset of stress-
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responsive genes could be positively correlated with the modification level of H3K4me3 (Zong
et al., 2013). Forestan et al. (2020) applied mild prolonged stress on Zea mays followed by a
recovery phase while examining changes in the H3K4me3, H3K9ac and H3K27me3 level with
an additional focus on transcript level changes. It could be shown that between 25- 30% of
genes marked with H3K4me3 or H3K9ac are also upregulated during drought whereas the
H3K27me3 mark showed no correlation (Forestan et al., 2020). In the grass Brachypodium
distachyon, combined ChlIP-Seq and transcriptome data could identify genes upregulated
during PEG-6000-simulated drought stress and associated with increased H3K9ac level (Song
et al., 2020).

On gene level, real time qPCR analysis with drought stressed rice seedlings showed an
elevated expression of four HATs (OsHAC703, OsHAG703, OsHAF701, OsHAM701) and
supporting Western-blot analysis revealed an enrichment of acetylation on H3K9, K18 and K27
as well as H4KS5 in parallel to the increased OsHATSs expression (Fang et al., 2014). Loss of
function studies of the earlier mentioned A. thaliana TRITHORAX-like factor ATX1 which
trimethylates H3K4 leads to decreased levels of H3K4me3 at 9-cis epoxycarotenoid
dioxygenase 3 (NCED3), a key enzyme in ABA biosynthesis, in drought stressed A. thaliana
plants, resulting in reduced ABA concentration (Ding et al., 2011a). Furthermore, it could be
shown, that during dehydration, NCED3 showed increased enrichment of nucleosomal
H3K4me3 (Ding et al., 2011b). In two studies, Kim et al. (2008, 2012) showed enriched
H3K4me3 and H3K9ac levels at the drought-inducible genes RD20 and RD29A where the
enrichment levels correlated with the intensity of the stress (moderate vs severe). Interestingly,
during dehydration, the H3K9ac mark diminished fast and robustly while H3K4me3 decreased
progressively (Kim et al., 2012).

1.2.3 DNA methylation

Besides histone modifications and chromatin remodeling, DNA methylation determines the
structure of the chromatin and its accessibility (reviewed in Zhang, Lang, & Zhu, 2018). One
of the main functions of DNA methylation is the maintenance of the genome stability due to
silencing transposons and repetitive DNA (Yoder et al., 1997; Chan et al., 2005). A second
important function is regulating gene expression. Methylation of the coding region of genes
does not affect gene expression in most cases (Zilberman et al., 2007; Cokus et al., 2008)
whereas DNA methylation of the promotor region prohibits gene transcription (Park et al.,
1996; Stam et al., 1998; Jones et al., 1999; Chan et al., 2005) e.g. by inhibiting the binding of
transcription factors (Domcke et al., 2015). While in A. thaliana about 5% of the genes are
methylated in the promotor region, over one third of the gene bodies is methylated (Zhang et

al., 2006; Zhang et al., 2018). Gene body methylation is mainly located at exons and the most
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abundant methylation context is CG (Zhang et al., 2006; Cokus et al., 2008; Lister et al., 2008;
Takuno & Gaut, 2013). Interestingly, genes exhibiting gene body methylation are generally
longer in comparison to unmethylated genes and in most cases constitutively expressed
(Zhang et al., 2006; Takuno & Gaut, 2013).

DNA methylation is characterized by DNA methyltransferases adding a methyl group from S-
adenosyl-L-methionine to a nucleotide, mainly cytosine, forming 5-methylcytosine (Richards,
1997; Klose & Bird, 2006; Lister et al., 2008; Law & Jacobsen, 2010). The methylation of
cytosine bases appears in plants in the symmetric CG and CHG context (in which H=A, T or
C) and in the asymmetric CHH context (Zhang et al., 2006; Henderson & Jacobsen, 2007;
Lister et al., 2008). In a genome-wide bisulfite sequencing (WGBS) in A. thaliana, Cokus et al.
(2008) could observe global methylation levels of 24% for CG, 6.7% for CHG and 1.7% for
CHH. In a similar study, the percentage of the global methylcytosines was examined, resulting
in the highest fraction of methylcytosines in the CG context (55%), followed by the CHG context
(23%) and the CHH context (22%) (Lister et al., 2008). Both studies could show that all three
contexts of DNA methylation in A. thaliana are mostly enriched in the repeat-rich
pericentromeric regions. Through the RNA-directed DNA-methylation (RdADM) pathway,
involving small interfering RNAs (siRNAs), DNA methylation in plants is established (reviewed
in Matzke and Mosher 2014; Zhang, Lang, and Zhu 2018). Next to de novo DNA methylation,
methylation maintenance and DNA demethylation are involved in the methylation process
(Elhamamsy, 2016). In plants, the DNA (cytosine-5) -methyltransferase 1 (DNMT1) homolog
METHYLTRANSFERASE 1 (MET1) maintains the CG methylation (Chan et al., 2005). The
DNA methyltransferases CHROMOMETHYLASE 3 (CMT3) and CMT2 maintain the CHG
methylation (Lindroth et al., 2001; Stroud et al., 2014) and the CHH methylation in addition
with the DOMAIN REARRANGED METHYLTRANSFERASE 1 (DRM1) and DRM2 is
perpetuated through the RADM pathway (Stroud et al., 2013). DNA methylation is a reversible
modification and demethylation can occur either active or passive. DNA glycosylases like
DEMETER (DME), DEMETER-LIKE 2 or 3 (DML2 or 3) as well as the REPRESSOR OF
SILENCING 1 (ROS1) take part in the erasure of the 5-methylcytosine (Choi et al., 2002; Agius
et al., 2006; Gehring et al., 2006; Penterman et al., 2007; Ortega-Galisteo et al., 2008).

10
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Although the role of DNA methylation in response to abiotic stress has been studied in several
plant species like A. thaliana, rice, maize, winter wheat and barley (Khan et al., 2013; C. Jiang
et al.,, 2014; Eichten & Springer, 2015; Secco et al., 2015; Yong-Villalobos et al., 2015;
Chwialkowska et al., 2016), the mechanism behind DNA methylation modulating stress
response is not yet fully understood (Liu & He, 2020). One of the first extensive studies of the
methylome in barley under drought-stress in leaves and roots, using the methylation-sensitive
amplification polymorphism (MSAP) method followed by sequencing, depicts high and
generally stable methylation levels in the barley genome under water-deficient conditions
(Chwialkowska et al., 2016). Nonetheless, several differentially methylated sites between
control and drought were identified. In upland cotton, whole genome bisulfite sequencing
(WGBS) revealed a hypermethylation pattern for all three contexts due to drought which
declined to nearly normal levels after rewatering (Lu et al., 2017). In Populous trichocarpa,
methylation levels significantly enhanced due to drought treatment and it has been observed
that methylation 100 bp upstream of the Transcription Start Site (TSS) repressed gene
expression. In contrast, methylation 100-2000bp upstream of TSS or at the gene body was
positively correlated with gene expression (Liang et al., 2014). Two studies in rice examined
the changes in methylation levels in different rice cultivars (drought-sensitive vs drought-
tolerant) and could show significant changes in methylation levels especially in the drought-
sensitive lines (Garg et al., 2015; Wang et al., 2016). The results indicated a potential
correlation between alteration in DNA methylation and stress-related regulation of gene
expression, although a huge part of the identified differential expressed genes (DEGs) depicts
no significant changes in DNA methylation. Similar results were seen in maize (Wang et al.,
2021). In A. thaliana, mild drought-stress caused slight changes in the methylome and
transcriptome but no significant correlation between DNA methylation alteration and gene
expression could be observed (Ganguly et al., 2017; Van Dooren et al., 2020). Furthermore,
the stress was applied for multiple generations to detect possible heritable alterations in DNA

methylation but only minor transgenerational effects were detected.

1.3 Barley (Hordeum vulgare L. cv. Morex) as a model plant

The domesticated barley, Hordeum vulgare, belongs to the Poaceae grass family and
cultivation started around 10,000 years ago in the Fertile Crescent from its wild relative
Hordeum spontaneum (Badr et al., 2000; Harwood, 2019).

For this study, the six-rowed malting variety Morex (“more extract”) was used, which was
registered by Rasmussen and Wilcoxson in 1979 (Rasmusson & Wilcoxson, 1979). Barley
exhibits a large, diploid genome with a size around 5.1 Gbp distributed on seven chromosomes

(2n=14). In 2012, the International Barley Genome Sequencing Consortium (IBGSC)

11
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presented the first genome-wide physical map of Morex (International Barley Genome
Sequencing Consortium et al., 2012) which represents more than 95% of the barley genome.
About 80% of the barley genome are repetitive elements, which impedes the deciphering of
the low-copy regions of the genome. The combination of paired-end sequencing of 87,075
bacterial artificial chromosomes (BACs), followed by constructing super-scaffolds of merged
and assembled BACs, population sequencing (PopSeq) and the use of chromosome
conformation capture sequencing (Hi-C) resulted in a more detailed barley gene model (Morex
V1) representing 98% of the genome and furthermore, including an extensive assembly of the
pericentromeric region (Mascher et al., 2017). Shortly after, an improved version 2 (Morex V2)
was published (Mascher, 2019; Monat et al., 2019), which was used in this study. The version
V2 depicts 32,787 high-confidence genes. The most recent version (Morex V3) (Mascher,
2020; Mascher et al., 2021) depicts 35,827 high-confidence genes, but could not be used in

this research because of its later availability.
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1.4 Aim of this work

Rising drought periods with decreasing availability of water pose challenges in the near future.

To feed the growing population on earth, we require drought-tolerant varieties with efficient

water usage. To achieve this goal, it is essential to comprehend the molecular mechanisms by

which plants, especially crop plants, can adapt to drought stress. Until now, many studies on

plant responses to drought stress have focused on transcriptome and proteome levels. This

study aims to uncover additional higher-order stress response mechanisms in the model crop

plant barley, with a focus on drought-related genome-wide changes in the epigenome,

including differential histone-modifications, alterations in the methylome and the transcriptome.

In detail, the following work packages were planned:

1.

Set-up of an experimental approach to analyze responses of barley to drought caused
by a stop of irrigation which results in decreasing soil water content (as under natural

conditions).

Characterization of the drought response by measuring photosynthesis-related

parameters and the expression of stress marker genes.

Analysis of changes in the transcriptome during drought stress using RNA-Seq
including the identification of differentially expressed genes and the analysis of

functional classes of these drought-related genes.

Analyzing genome-wide changes in histone modifications (H3K9ac, H3K4me3,
H3K9me2) in response to drought stress (barley-drought-epigenome) using ChiP-Seq.
Functionally annotating genes with differential histone modifications in the promoter or

coding sequence.

. Analysis of genome-wide changes in DNA methylation in response to drought stress

using Whole-Genome Bisulfite sequencing (WGBS) at CHG, CHH and CG context
(barley-drought-methylome).

Integrating RNA-Seq, ChIP-Seq and methylome data.

13
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2 Results

2.1 Experimental system to investigate drought stress responses

2.1.1 Physiological characterization of barley primary leaves under drought stress
Barley plants (cv. Morex) were grown under control and drought stress conditions (stop of
irrigation at the 11" day after sowing (das)) in the greenhouse (see Chapter 4.2). The relative
water content (RWC) of soil for the control plants was maintained at around 60-65% while the
RWC of the drought stressed samples started to decrease at 13" das until reaching a value of
12% at 315 das (Fig. 3A).

To document the physiological status of the control and drought-stressed leaves, photosystem
Il efficiency (PSIl efficiency) and relative chlorophyll content were measured in two-day
intervals (Fig. 3B). At day 11, the relative chlorophyll content is at a maximum, indicating that
the primary leaf is in its mature, photosynthetically active phase. At day 17 (6 days after
stopping irrigation), chlorophyll content clearly started to decrease due to onset of stress-
induced senescence until at day 31 almost no chlorophyll is left. The control plants show a
relative constant chlorophyll content around 40-45% until day 35. Afterwards the chlorophyll
content started to decrease because of the onset of developmental senescence. The course
of the PSII efficiency, which reflects the photosynthetic performance, is similar to that of the
chlorophyll content. Initially the efficiency is around 0.8 and starts to decrease in the drought-
stressed plants at day 19/21 until at day 37 it reaches a value around 0.1. The PSII efficiency
of the control plants started to decrease at day 39. Besides the measurement of the chlorophyll
content and the PSII efficiency, the development of the control and stressed primary leaves
was also documented photographically. Figure 3C shows the primary leaves of the drought-
stressed and the control plants over a period of 31 days. Already around day 27 after sowing,
the primary leaves of the drought-stressed plants started to get yellow at the tip, which then
spread over the whole leaf during the further process of stress-induced senescence, whereas

the control primary leaves showed a vital, green color during this time period.
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Figure 3. Physiological characterization of barley leaves. (A) Relative soil water content of control
(w) and drought-stressed (e) plants during a period of 31 days. (B) Relative chlorophyll content and PSII
efficiency (Fv/Fm = maximum quantum yield) of control and drought-stressed plants over a period of 47
days. The red line marks the starting point of water retention. Developmental stages were defined based
on the relative chlorophyll content. The maximum measured value of the chlorophyll content was set as
100%, determined as the mature stage in which the primary leaf is fully developed (MO). Every data
point corresponds to the mean values of four to eight independent measurements. (C) Photographic
documentation of primary leaves under drought stress (right) and control (left) conditions during a period
of 31 days. Each data point represents the average value from at least five biological replications, and

the error bar shows the mean () standard deviation.

The close meshed data reflecting chloroplast function were used to define physiological stages
of the different leaf samples. The maximum measured value of the chlorophyll content was set
as 100% and defined as the mature stage in which the primary leaf is fully developed. The
D1/S1- stage equates to 95% of relative chlorophyll content, D2/S2 to 90%, D3/S3 to 75%,
D4/S4 to 50% and D5/S5 to 25% (Fig. 3B). D (drought) indicates the stages of the drought

stressed plants and S (senescence) the later stages of the control plants.
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2.1.2 Molecular analyses of gene expression of selected marker genes

To pinpoint the reprogramming of gene expression during drought stress induced leaf
senescence, transcript levels of marker genes for leaf senescence and drought stress (HVAT,
P5CS2, Hsp17, HvS40, WRKY21 and GS2) were analyzed via qRT-PCR (Fig. 4). These
marker genes are the senescence-associated gene HvS40 (Kleber-Janke and Krupinska
1997; Krupinska et al. 2002, 2014), HvA 1, encoding a dehydrin of the LEA protein-family (Hong
et al., 1988; Straub et al., 1994), P5CS2, encoding a delta-1-pyrroline-5-carboxylate
synthetase enzyme, involved in proline biosynthesis (Hu et al., 1992; Strizhov et al., 1997,
Verbruggen & Hermans, 2008) and Hsp 17, encoding a stress-related heat shock protein (Guo
etal., 2009). HvS40, HvA1, P5CS2 and Hsp17 are known to be clearly upregulated in response
to drought-treatment, and to some extent also during developmental senescence. In addition
to senescence-associated genes, expression of the senescence-down regulated glutamine
synthetase 2 (HvGS2) gene (Kamachi et al., 1991; Nagy et al., 2013) was analyzed. This gene
is clearly downregulated during drought and its expression is almost zero in later stages of
senescence. Drought stress clearly accelerates the down-regulation of HvGS2. Furthermore,
a recent study in drought-stressed barley plants showed a decreasing expression level in the
transcription factor WRKY21 (Janack et al., 2016). This could be confirmed in the present

research.

The aim of this research was to analyze epigenetic and transcriptomic changes associated
with a moderate, “natural” drought stress. To prevent later secondary side effects, an early
stage of stress was selected, characterized by the initial decrease in physiological parameters
and the early reprogramming of stress-related gene expression. This early stage, denoted as
D2, exhibited a 10-15% reduction in chlorophyll content compared to M2 and already showed

a significant upregulation of stress-related genes.
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Figure 4. Expression of stress-and senescence-related marker genes. The relative transcript levels
of drought-stress-related and senescence-associated genes were measured in mature, nonstressed
stage (M) and at different stages during drought stress (D1-D5, represented by (m) and during
development under control conditions (=) of mature leaves at the same days when drought-treated
plants are at stages D1-D5 and later at different stages of developmental senescence (S1-S4). Each
bar in the graph represents the average value from three separate replications, and the error bars show
the +SE. The asterisks above the graph bar indicate statistically significant differences according to
Student’s t-test (* p < 0.05, ** p < 0.01 and *** p < 0.001). Mean relative expression levels, standard
error and p-values were calculated using the software REST-384 ©2006 (v2.0, Qiagen GmBH, Hilden,

Germany).

As a first conclusion, it could be summarized that in an early stage of drought stress
while depicting no phenotypical changes yet, the expression of certain drought- and

senescence marker genes is already elevated in comparison to the control.
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2.2 l|dentification of genome-wide changes in histone modifications during drought
stress induced senescence

To analyze genome-wide changes in selected histone modifications during drought stress,
Chromatin immunoprecipitation followed by lllumina sequencing (ChIP-Seq) was used. By
selecting antibodies against specific histone modifications, it is possible to precipitate the
associated chromatin and to identify and quantify the isolated DNA via Next Generation
Sequencing (NGS). Two euchromatic histone modifications and one heterochromatic mark
were chosen for the ChlIP: H3K4me3, H3K9ac and H3K9me?2.

2.2.1 Selected time points and sampling

Three time points, namely MO, M2 and D2, were selected for further analysis. MO represents
the mature primary leaf and serves as a control. D2 showing first drought stress-related
physiological effects and impacts on stress-related gene expression and it is compared to the
control M2 without stress. Leaves harvested at the D2 stage exhibit a 10-15% reduction in
chlorophyll content. The ChlP-Seq was performed for each sample with four independent

biological replicates.

2.2.2 Mapping results and statistics for the ChIP-Seq

The raw sequence reads were processed by trimming the adapters with cutadapt (see
Methods for a detailed description) and reads shorter than 30 bp were discarded. The reads
were mapped to the barley cv. Morex pseudomolecules (Morex V2) reference genome using
BWA-MEM (Li, 2013). The raw read counts fluctuate between 7 million up to 38 million reads.
Since the third replicate was partially re-sequenced, the amount of the raw reads here is higher
in comparison to the other replicates. The mapping rates of non-duplicated reads are ranging
between 82.94% and 99.31% (Table 1). The mapping rates of the Input (untreated chromatin)
samples are generally higher in comparison to the immunoprecipitated samples (IP, antibody-

treated chromatin). All four replicates were used for further preliminary analysis.
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Table 1. Mapping statistics for the read alignment for every replicate, time point and histone

modification.

MO M2 D2

Mapped Mapping Reads Mapped Mapping Reads Mapped Mapping

Rep Reads (non-dup) rate (%) (non-dup) rate (%) (non-dup) rate (%)

22,098,322 21,932,604 99.25 24,023,620 23,858,401 99.31 26,673,886 26,475,769 99.26
9,183,624 9,096,776 99.05 7,684,528 7,614,454 99.09 9,386,624 9,285,551 98.92
34,828,208 33,438,591 96.01 38,941,596 37,444,644 96.16 30,292,424 29,693,892 98.02
14,404,146 14,242,619 98.88 15,063,612 14,869,527 98.71 19,057,296 18,887,111 99.11
22,853,622 21,230,730 92.90 24,165,576 20,847,529 86.27 24,256,014 23,660,496 97.54
12,232,022 11,825,674 96.68 12,910,286 11,593,073 89.80 10,283,494 9,892,678 96.20
27,195,518 26,009,182 95.64 9,914,314 9,502,182 95.84 38,655,214 32,685,390 84.56
21,769,862 19,975,470 91.76 14,604,788 14,008,289 95.92 16,272,548 15,578,149 95.73
22,710,986 20,749,254 91.36 23,205,116 20,157,074 86.86 25,831,310 25,260,949 97.79
9,672,140 8,097,125 83.72 13,048,786 10,891,894 83.47 12,052,420 11,401,428 94.60
10,976,592 10,683,498 97.33 11,911,762 11,683,477 98.08 36,274,874 30,086,881 82.94
19,552,002 19,038,526 97.37 14,840,948 13,202,012 88.96 14,047,186 13,357,287 95.09
17,376,712 16,822,961 96.81 19,239,294 18,301,090 95.12 26,453,710 26,001,257 98.29
9,803,078 9,271,436 9458 9,436,180 8,560,180 90.72 8,947,726 8,131,917 90.88
30,014,098 28,247,998 94.12 30,601,064 27,868,514 91.07 33,545,198 31,053,237 92.57
23,205,332 22,368,967 96.40 12,734,242 12,427,094 97.59 16,956,056 16,735,182 98.70

Input

H3K4me3

H3K9me2 | H3K9ac
AR ODN_L2C2APON_AAPPODN_AAPPODN -

2.3 Peak calling with MACS2 — two different ways of analysis

After the alignment and converting the BAM (Binary Alignment Map) files into BED files, the
crucial step of the ChIP-Seq was performed: the peak calling. A peak is formed when there is
an enrichment of reads at a specific region on the chromosome, indicating an enrichment of
the histone modification of interest. MACS2 (Zhang et al., 2008) was chosen as the program
for peak identification. In this work, two different methods of analyzing and combining the four
independent biological replicates were employed and compared: peak calling for each

replicate individually and pooled peak calling with all four replicates.

2.3.1 Peak calling for each replicate individually

For each replicate, the peaks were identified with MACS2 using the Input samples as a
background. The detected peaks were intersected with the annotated gene list of the barley
genome V2. Table 2 presents the number of detected peaks and associated genes for each
modification, time point and replicate. The number of peaks for the H3K4me3 mark ranges
from 60,269 to 402,789. Similar peak numbers can be observed for H3K9ac (99,623 to
321,383). The heterochromatic mark H3K9me2 depicts very low peak numbers from only 71
to a maximum of 130,519 peaks. To combine the four replicates for each modification and time
point, only genes were retained that appeared in three of the four replicates. The modification

H3K4me3 depicts the highest number of genes showing an enrichment in this mark (between
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26,231 to 32,902) followed by H3K9ac (between 20,751 and 30,303). The heterochromatic
mark H3K9me2 had the least genes (20 to 76).

Table 2. Detected peaks and associated genes for every replicate, time point and histone
modification.

MO M2 D2
Replicate  peaks genes peaks genes peaks genes
1 178614 35586 143,963 35,306 304,700 25965
92,042 33,114 60,269 31,591 85890 32,553
119,710 35,647 402,789 32,834 112,874 34,109
90,737 32,102 236,357 31,281 270,234 23,774
in3of4 32,902 29,473 26,231

H3K4me3
S S I\

1 221,444 34,017 259,749 31,309 321,383 30,465
& 2 248,454 31357 99,623 24,584 101,817 26919
< 3 2563646 3499 250,863 23,391 112,580 27,981
T 4 161,667 33,484 247,248 26,561 264,531 19,306
in3 of 4 30,303 20,751 22,675
o 1 71,736 1,192 52,871 1,685 72,861 2,853
g 2 2,284 68 1,810 126 68,944 1,261
2 3 112202 1,077 130,519 14256 10,623 276
2 4 71 4 64386 1836 77290 1874
in3of 4 20 76 29

2.3.2 Comparison between genes associated with a histone mark resulting from
peak calling with pooled replicates or individually detected

Additionally, to the peak calling for each replicate individually, a pooled peak calling combining
all four replicates was performed. The detected peaks were overlapped with the associated
gene regions and the resulting gene lists were compared between the two methods (Fig. 5).
Interestingly, the majority of the identified histone-modified genes (between 60-90%) are
common between the two methods. Only a very small amount (0.01-0.24%) of the genes is
specific for the separately treated samples. Obviously, pooling the samples leads to the
detection of some more genes associated with the histone marks (between 8.7 and 41.9%).

These results suggest continuing working with the results from the pooled peak calling.
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Figure 5. Comparison of the gene lists resulting from the peak calling for pooled replicates and
separately treated replicates. Shown are the total numbers of histone-modified genes which are
specific for the pooled peak calling (light blue), shared between both methods (grey) and specific for

separately peak calling (orange).

2.3.3 Pooled peak calling with MACS2 and peak distribution over the barley
chromosomes

As input files, MACS2 expects the IP samples and the Input samples in BAM or BED format.
For this analysis the BED format was chosen (for details, see Chapter 4.11). The peak calling
was carried out with all four IP samples for every modification and time point and the
corresponding Input samples. Figure 6A shows the detected peaks for the pooled samples.
For the histone modification H3K4me3, the number of identified peaks ranges from 110,641 to
205,163 between the time points. For the H3K9ac mark, more peaks could be detected
(between 288,917 and 317,786). The peak calling for the heterochromatic mark H3K9me2
identified less peaks (between 148,933 and 13,623) in comparison two both of the euchromatic

marks.

The resulting list of peaks from MACS2 in BED format can be visualized with the Integrative
Genomics Viewer (IGV) (Robinson et al., 2011) program (Fig. 6B). The distribution of the peaks
associated with the euchromatic marks show differences between the two euchromatic and
the heterochromatic mark. Peaks associated with H3K4me3 and H3K9ac are localized at the

telomere-proximal chromosomal regions, resembling the distribution of the barley genes. In
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contrast, H3K9me?2 is enriched in the low recombining, pericentromeric region (interior of the
chromosome), which are rich in e.g., LTR retrotransposons.

A

Sample  Replicate MO M2 D2

H3K4me3 pooled 110,641 205,163 197,095
H3K9%ac pooled 290,094 317,786 288,917
H3K9me2 pooled 148,933 21,695 13,623

B
1H 2H 3H 4H 5H 6H 7H o Chr
L L L 1 L 1 I

\ & 8 = 4 o & & Genes
— PO E— R VE—— e cctet oty | H3KA4Me3

MO | il i il il ol | H3KORC
b 1| H3K9me2
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D2 i “I ‘I ‘ H3K9%ac

H3K9me2

Figure 6. Peak calling numbers and peak distribution. (A) Number of peaks resulting from the pooled
peak calling with MACS2. (B) IGV view of the peak distribution for every modification (H3K4me3,
H3K9ac, H3K9me2) and time point (MO in light green, M2 in dark green, D2 in red and the genes are
colored in blue) for the seven chromosomes of barley.

2.3.4 Similarity analysis between replicates and samples

To compare the different data sets within each other, principal component analysis (PCA) was
the tool of choice. With deepTools (Ramirez et al., 2014), read coverages of the alignment files
of the four replicates for each time point and modification were calculated. The correlation was
computed with the Pearson method and visualized in heatmaps (Fig. 7), where one depicts
the strongest correlation and zero no correlation. For H3K9me2, the Pearson coefficient varies
between 0.64 and 1, showing a similarity between the four replicates. The values for H3K4me3
are generally lower with the lowest at 0.39 in D2, showing a higher variance in the different
replicates. Similar results can be seen for the replicates of H3K9ac. Especially the replicates

of the drought stress sample depict a higher variance between each other.

22



Results

H3K9me2

H3K4me3

H3K9ac

Figure 7. Correlation analysis of the replicates. Heatmaps of the comparison of the replicates for
every histone mark and time point using deepTools multiBamSummary and the Pearson correlation
method. The calculated correlation coefficient is between one (highest correlation, blue color) and zero
(no correlation, red color).

In a next step, all four replicates (C1-C4) and all three time points (MO, M2, D2) for each
modification (H3K9me2, H3K4me3 and H3K9ac) were compared with each other (Fig. 8A). No
specific clustering is detectable and furthermore, the replicates between the different
conditions show high similarities. These results indicate a high similarity in genome-wide
loading with the euchromatic marks H3K4me3 and H3K9ac at all time points and conditions at
the early phase of stress response. Meaning, that at this early stage, only first specific changes
in histone loading occur. Later on, more global changes result in a greater diversity between
stressed and control samples. The experimental approach used in this work allows to identify

these first epigenetic control steps after onset of drought stress.

However, the overall comparison between H3K9me2, H3K4me3 and H3K9ac of the merged
bigwig-files for every time point and condition depicts a stricter clustering of the samples,
showing that the onset of drought stress starts to alter the epigenetic loading (Fig. 8B). M0 and
M2 of both marks, H3K4me3 and H3K9ac, are close together, while D2 is more separated.
The three samples of H3K9ac show a higher similarity to each other than the samples for
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H3K4me3. Interestingly, the samples for H3K9me2 show the highest similarity between all

three time points.
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Figure 8. Principal component analysis (PCA) of the samples. (A) PCA of the three time points and
their corresponding replicates for every histone modification. (B) PCA of the pooled samples for all three
time points and histone modifications combined.
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2.3.5 Intersection of ChlIP-Seq peaks with annotated barley genes

Before intersecting the peaks with the annotated gene list, the parameter settings were
enhanced in order to localize strong peaks for H3K4me3 and H3K9ac. Only peaks with a fold
enrichment equal or greater than 10 were chosen. These settings minimize the number of total
peaks, but simultaneously diminish weaker peaks. Because of the overall weak peak
enrichment, these settings were not chosen for H3K9me2. Table 3 presents the number of
peaks and associated genes after the new parameter settings. The peaks were intersected
with the annotated gene lists. The annotated genes are separated into genes that are loaded
in the range of 250 bp upstream or downstream of start codons (ATG), in the 1000 bp upstream
region of start codons (PROMOTOR) or in the genomic sequence between start and stop
codons of high-confidence genes (BODY). Trimethylation of H3K4 shows the most peaks
(between 18,000 and 33,650 peaks) and associated genes (15,000 to 28,000). For H3K9ac,
between 10,000 and nearly 16,000 peaks could be detected and 8,000 to nearly 15,000
corresponding genes. Since H3K9me2 is a heterochromatic mark, which is localized in the
non-gene rich parts of the chromosomes, much less genes (between 165 and 1,600) are

associated with this histone modification in comparison to the euchromatic marks.

Table 3. Identified peaks and corresponding genes for every time point and modification.

Sample MO M2 D2
peaks 33,650 27,904 18,335

HIKAMES  enes 27980 24025  17.154

peaks 15,813 10,561 15,211
HoKOac genes 14,327 9,330 14,134
akomep PeAKs 148933 21,695 13623

genes 1,618 292 250

2.3.6 Plotting the read density and adjusting the parameters
Using the program deepTools, mean scores calculated from the signal tracks of the histone
enrichment were plotted against the genes associated with a peak. Figure 9 depicts the

distribution of the histone signal for MO, M2 and D2 for all three histone modifications.
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Figure 9. Read density around the TSS of their corresponding genes. Shown for H3K9me2,
H3K4me3 and H3K9ac where the y-axis depicts the mean normalized log2 ratio between the signal
track of the histone enrichment and the genic regions and the x-axis presents the genomic ranges.
Shown are the read densities for all four replicates (C1-C4).

For H3K9me2, the signal distribution over the transcription start site (TSS) and transcription
end site (TES) is weak and shows no enrichment in the histone mark. In contrast, in all three
conditions (MO, M2 and D2), highest enrichment of H3K4me3 and H3K9ac is around TSS and
adjoining gene body. While H3K4me3 shows a broader labeling with high loading over the
whole gene body with sharp drop at the transcription end site (TES), H3K9ac is preferentially
positioned around TSS. The replicates C3 and especially C4 show a very low signal of read
density for the different time points. As a conclusion, the replicate C4 was discarded and a
pooled peak calling was executed again for the marks H3K4me3 and H3K9me2. This time,
BAM files were used and the g-value were set to 0.05. Again, only peaks with a fold enrichment
=210 were included and genes were annotated. Table 4 presents the number of peaks and

corresponding genes resulting from the peak detecting with three replicates and the g-value
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set to 0.05. Slightly less peaks were identified due to the change of settings and enhancing the
fold enrichment threshold of peaks to a minimum of 10 reduced the number of peaks majorly.

This set of genes was finally used for further analysis.

Table 4. Identified peaks and genes with 3 replicates (C1-C3) and g-value set to 0.05.

Sample MO M2 D2
peaks 62,975 64,735 54,050
H3K4me3 peaks (FE=10) 33,477 26,549 17,873
genes 27,174 22,271 16,158
peaks 54,553 37,000 42,306
H3K9ac peaks (FE=210) 14,460 9,310 14,442
genes 12,758 7,714 12,682

2.3.7 Annotation of the location of a given peak

With the software tool ChiPseeker (Yu et al., 2015) it is possible to visualize the location of a
peak whether it is located in the promotor region, an exon, 5 UTR, 3'UTR, an intron or
intergenic. The tool was executed on the Galaxy platform (Afgan et al., 2018) with the uploaded

filtered and unfiltered peak files in bed format for every time point and modification.

For H3K9me2, around 97% of the peaks are located in the distal intergenic regions and 2-3%
are located in the promotor region (Fig. 10A). For H3K4me3 and H3K9ac, between 33 and
67% of the unfiltered peaks are located in the distal intergenic regions, followed by the
promotor region (27-40%) and exons (2-7%). Figure 10B presents the distribution of the peaks
regarding the genomic features after the threshold of fold enrichment was set to 210. In
general, the majority of peaks (82 to 89%) with higher fold enrichment are located in the
promotor region. While for H3K4me3, D2 shows the highest number of peaks in the promotor
region (89.52%), for H3K9ac, MO and D2 show a similar number of peaks in the promotor
(around 87%) and a lower number for M2 (82%). Around 10 to 15% of the peaks are located
in the distal intergenic region and only very small portions of peaks are located in other exons
and introns. These findings are in line with the general knowledge that euchromatic histone

modifications are located in the TSS/ 5’/ Promotor region of a gene (Pfluger & Wagner, 2007).
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Figure 10. Distribution of the location of the peaks (A) unfiltered samples and (B) filtered samples
(Fold Enrichment (FE) = 10). The y-axis depicts the percentage of peaks (%).
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2.4 Genes differentially labeled with H3K9me2, H3K4me3 and/or H3K9ac
(MOvsM2vsD2)

2.4.1 H3K9me2 (MOvsM2vsD2)

It should be noted that unlike for H3K4me3 and H3K9ac, no fold enrichment threshold to filter
the peaks were set for H3K9me2. While the peak number under these settings for MO is nearly
150,000, around 21,000 and 13,000 peaks were detected for M2 and D2, respectively (Fig.
11A). The mark H3K9me2 is found to be associated with heterochromatin and plays an
important role in silencing transposable elements (TE) (Xu & Jiang, 2020; Zhang et al., 2018).
Therefore, only a very small number of genes associated with H3K9me2 has been identified.
In MO, 1618 genes are labelled with H3K9me2, in M2 292 genes and in D2 only 250 genes.
Comparison between all three time points show a small overlap of 85 genes associated with
the heterochromatic mark in all time points (Fig. 11B). For MO, 1466 genes are exclusively
labelled in this control stage, 134 genes in M2 and 107 in D2. The number of peaks located in
the promotor (PRO), start codon (ATG) or gene body (BODY) were compared (Fig. 11C). A
big part of the peaks is spanned over the promotor, start codon and gene body region while
483 peaks in MO are uniquely located in the promotor region (70 in M2 and 68 in D2) and 360
peaks in the gene body (96 in M2 and 89 in D2). Since the interest of this study are potential
changes in the epigenome of drought-induced genes, the focus of the ongoing research is set

on the euchromatic marks, H3K4me3 and H3K9ac.
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Figure 11. Comparison of genes associated with H3K9me2. (A) Number of peaks and genes
associated with H3K9me2. (B) Venn diagram of the comparison of K9me2-labelled genes between all
three time points (M0, M2 and D2). (C) Number of genes labelled with H3K9me2 in the promotor (PRO),
start codon (ATG) and/or gene body (BODY) region.

2.4.2 H3K4me3 (MOvsM2vsD2)

The genes labelled with H3K4me3 in the control samples and in the drought stress sample
were compared to detect similarities and differences between the distributions of the mark.
Most of the peaks and corresponding genes are found in the MO control sample (Fig. 12A),
followed by M2. In D2 less genes are uniquely associated with H3K4me3. The comparison of
all three time points (Fig. 12B) shows that more than half of the genes (~ 53%) with a H3K4me3
mark are shared between all three time points (15089). Nearly 16% of the genes (5347) are
specific for MO, meaning that the histone mark exclusively appears in this control sample. Both
of the control samples, MO and M2, share 21.03% (5993) of the genes in comparison to 2.6%
(745) between MO and D2 and 0.68% (195) between M2 and D2. M2 contains 3.49% (994) of
unique genes that are associated with H3K4me3. In D2 only 0.45% (129) of the genes are
gaining the mark specifically during drought stress. The location of the peaks is presented in

figure 12C. Like for H3K9me2, a majority of the peaks spans the promotor, the start codon and
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the gene body region for every sample. There are slightly more peaks uniquely located in the

promotor region than the gene body.
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Figure 12. Comparison of genes associated with the H3K4me3 mark. (A) Number of peaks and
genes associated with H3K4me3. (B) Venn diagram of the comparison of the genes associated with
H3K4me3 between all three time points. (C) Number of genes labelled with H3K4me3 in the promotor
(PRO), start codon (ATG) and/or gene body (BODY) region.

2.4.2.1 H3K4me3- two-time point comparison (M2vsD2)

The comparison between two time points (Fig. 13A) showed that the two control samples share
more than 74% (21082) of the genes, 21.5% (6092) are unique for MO and 4.2% (1189) are
specific for M2. In contrast, MO and D2 share 57.6% (15834) of the genes associated with
H3K4me3 and 41.2% (11340) are unique in MO and 1.1% (324) are specific for D2 (Fig. 13B).
The comparison of the genes between M2 and D2 revealed that 66.1% (15284) are shared
between both samples, 30.2% (6987) are specifically in M2 and only 3.8% (874) in D2 (Fig.
13C).
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Figure 13. Comparison of genes enriched in H3K4me3 between two time points. (A) MOvsM2 (B)
MOvsD2 and (C) M2vsD2.

2.4.3 H3K9ac (MOvsM2vsD2)

Figure 14 presents the results from the comparison of the genes enriched in H3K9ac between
the three time points. MO and D2 have nearly the same number of peaks and corresponding
genes in comparison to M2 (Fig. 14A). The comparison between the three time points shows
that 39.7% (6174) of the H3K9ac-enriched genes are common between all the time points (Fig.
14B). For MO0, 11.9% (1862) are unique, 1.6% (260) for M2 and 12.9% (2008) show the mark
only in D2. Interestingly, MO and M2 only share 4.8% (751) of the genes whereas MO and D2
share 25.5% (3971) of the genes. M2 and D2 share 3.4% (529) of the genes. Most of the peaks
are extended over the promotor, the start codon and the gene body region (Fig. 14C). While
for H3K9me2- and H3K4me3-labelled genes, the number of peaks uniquely resides in the
promotor or gene body region are similar, there are nearly twice as much peaks located

exclusively in the promotor region than in the gene body for H3K9ac-labelled genes.
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Figure 14. Comparison of genes that are associated with the H3K9ac mark. (A) Detected peaks
and associated genes. (B) Venn diagram comparison of H3K9ac enriched genes for every time point.
(C) Number of genes labelled with H3K9ac in the promotor (PRO), start codon (ATG) and/or gene body
(BODY) region.

2.4.3.1 H3K9ac- two-time point comparison (M2vsD2)

MO and D2 share 66.3% (10145) of the detected histone-modified genes whereas for M2vsMO0
and D2vsM_2 it is 51.2% (6925) and 49% (6703), respectively (Fig. 15). In M2, only 5.8% (789)
and 7.4% (1011) of the genes appear exclusively at this time point in comparison to MO and
D2. MO depicts 43% (5833) of the histone-modified genes compared to M2 and 17.1% (2613)
compared to D2. In comparison to M2, 43.6% (5979) of the genes show the mark only in D2
and 16.6% (2537) compared to MO.
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Figure 15. Comparison of genes enriched in H3K9ac between two time points. (A) MOvsM2 (B)
MOvsD2 and (C) M2vsD2.

2.5 Gene ontology (GO) term enrichment

To get an overview about functional classes of genes differentially loaded with H3K4me3 and
H3K9ac at the different conditions, GO enrichment analysis of genes associated with histone
marks exclusively in MO, M2 or D2 were executed with the platform TRAPID (Bucchini et al.,
2021). The program uses the Benjamini & Hochberg method for correcting and the maximum
g-value was set to 0.05. With these settings, enrichment analysis was executed for the
H3K4me3-marked genes in MO and the H3K9ac-marked genes in MO and D2. There was no
significant enrichment for M2 and D2 (H3K4me3) and M2 (H3K9ac). Genes playing a role in
the ‘drug catabolic process’ are the most overrepresented for H3K4me3 marked genes in MO
(Fig. 16A), followed by ‘antibiotic catabolic process’. Terms belonging to the redox
homeostasis like ‘hydrogen peroxide catabolic process’, ‘oxidation-reduction process’ and
‘response to oxidative stress’ show an enrichment as well as cell wall related processes (‘cell
wall organization or biogenesis’). H3K9ac-labeled genes in MO (Fig. 16B) show an enrichment
in the organitrogen compound metabolic process, cell wall related processes (‘cell wall pectin
biosynthesis process’, ‘rhamnogalacturonan Il biosynthetic process’), ‘response to stimulus’,
‘chemical homeostasis’ and ‘peptide biosynthetic process’ amongst other enriched terms. In
comparison, both marks exhibit genes belonging to cell wall related processes are
overrepresented in MO. For GO term analysis of the H3K9ac-marked genes in D2, see chapter
2.6.
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Figure 16. GO enrichment analysis of the genes labeled with (A) H3K4me3 and (B) H3K9ac in MO.
Shown are the top ten enriched GO terms sorted by the lowest g-value for Biological Process, Molecular
function and Cellular Component.

2.6 A detailed analysis of the genes associated with H3K9ac and/or H3K4me3 only
in D2 (MOvsM2vsD2)

Comparing set of genes associated with the marks between all three time points revealed 129

genes associated with H3K4me3 and 2008 genes marked with H3K9ac specifically in D2 (see

full list in Ost et al. (2023), Table S8, S9). The set of genes was functionally clustered and

enrichment analysis were performed with TRAPID. While no significant enriched GO terms

could be detected for the low number of H3K4me3-marked genes, this analysis allowed

identifying specific functional classes of genes, which are marked with H3K9ac in response to
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drought stress. Figure 17 shows the top ten enriched GO terms for the biological process (BP)
and the molecular function (MF) for the 2008 genes associated exclusively with H3K9ac in D2
(see full GO term list in Appendix, Table 11). These genes have functions in several metabolic
processes, involving small molecule metabolism, organophosphate metabolism, lipid
metabolism and endopeptidase function. In addition, genes were found that are involved in
plastid organization, embryo- and epidermis development and protein binding. The most
striking set of genes with the highest g-value is involved in response to abiotic stimulus. This
set of 193 genes, specifically loaded in response to drought with the euchromatic mark
H3K9ac, is functionally connected to different abiotic stress responses, including
drought/osmotic stress, light stimulus, salt stress, temperature stress, cold stress and external
stimulus. Figure 34 (Appendix) shows increase in H3K9ac-loading for 10 well-known stress-
related genes from the list: a 9-cis-epoxycarotenoid dioxygenase (central enzyme of ABA-
biosynthesis), two Cytochrome P450 genes (known to act in biotic and abiotic stress
pathways), two ethylene-responsive transcription factors (stress-response), a flowering locus
T gene (regulates flowering time, also in response to environmental changes), two genes
coding for HVA22-like proteins (involved in abiotic stress responses), a Zinc-finger protein and

a LEA-family protein (both involved in abiotic stress responses).

Lrgsponse to abiotic stimulus —_. > GO description # genes
small molecule metabolic process 1 @ GO:0009628 response to abiotic stimulus 193
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Figure 17. GO enrichment analysis of genes associated with H3K9ac in D2 in comparison to M0
and M2. The top ten GO terms for biological process (BP) and molecular function (MF) were chosen
based on the g-value. Subset enrichment analysis were conducted for the over-represented term
“response to abiotic stimulus”, and the first two terms with corresponding subterms (in red) are shown,
including the number (#) of genes in the subset terms.
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Comparison between the 129 genes associated with H3K4me3 and the 2008 genes labeled
with H3K9ac show 22 overlapping genes, including two sugar transporters, one Cytochrome
P450, two transcription factors and a PP2C gene (Table 5).

Table 5. Genes labeled with H3K4me3 and H3K9ac in D2 (MOvsM2vsD2).

gene id

annotation

HORVU.MOREX.r2.2HG0145130
HORVU.MOREX.r2.5HG0355750
HORVU.MOREX.r2.5HG0384420
HORVU.MOREX.r2.6HG0480100
HORVU.MOREX.r2.4HG0331430
HORVU.MOREX.r2.1HG0047430
HORVU.MOREX.r2.2HG0085370
HORVU.MOREX.r2.1HG0072380
HORVU.MOREX.r2.2HG0172360
HORVU.MOREX.r2.1HG0074930
HORVU.MOREX.r2.UnG0635980
HORVU.MOREX.r2.7HG0620580
HORVU.MOREX.r2.5HG0392330
HORVU.MOREX.r2.4HG0294210
HORVU.MOREX.r2.4HG0294200
HORVU.MOREX.r2.1HG0022320
HORVU.MOREX.r2.6HG0480850
HORVU.MOREX.r2.5HG0432710
HORVU.MOREX.r2.6HG0516930
HORVU.MOREX.r2.4HG0281420
HORVU.MOREX.r2.3HG0249890
HORVU.MOREX.r2.3HG0219550

Aldo/keto reductase family oxidoreductase

Bidirectional sugar transporter SWEET

Calmodulin binding protein-like protein

Cytochrome P450

DCD (Development and cell death) domain protein

Diacylglycerol kinase

Flavin-containing monooxygenase

Glutaredoxin, putative

Heterogeneous nuclear ribonucleoprotein U-like protein 1
histone deacetylase-like protein

P-loop containing nucleoside triphosphate hydrolases superfamily protein
Protein kinase family protein

Protein phosphatase 2C

Protein TOC75-3, chloroplastic

Protein TOC75-3, chloroplastic

RING/U-box protein with C6HC-type zinc finger domain-containing protein
RNA-directed DNA polymerase (reverse transcriptase)-related family protein
Secl4p-like phosphatidylinositol transfer family protein

Sugar transporter, putative

Threonine dehydratase

Transcription factor

Transcription factor

2.6.1 Validation of the annotated peaks

To confirm the results from the ChlP-Seq, five genes associated with peaks were selected and
corresponding primers were designed. Following genes were chosen: a gene encoding for an
ABA receptor, the bidirectional sugar transporter SWEET (SWEET), a Heat shock transcription
factor (HS TF), a Protein Phosphatase 2C (PP2C) and a bZIP Transcription factor (bZIP TF).
Quantitative real-time PCR were performed and the percent input method was used for data
normalization (Solomon et al., 2021). With this method, it is possible to calculate the ratio of
the Ct values from the immunoprecipitated (IP) samples and the adjusted Ct value of the Input
(IN). Figure 18 presents the calculated percentage of the input and the signal tracks of the
selected genes marked with the PCR-amplified regions for control (M2) and drought stress
(D2). The qRT-PCR confirmed the enrichment in the histone modifications at the specific loci.
This analysis revealed a significant enhancement in both marks in drought stressed samples,

with PP2C showing the strongest enrichment in both euchromatic marks.
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Figure 18. Validation of the ChIP-Seq results. The percentage of input was calculated for a protein
phosphatase 2C (PP2C) gene, a heat shock transcription factor (HS TF), a bidirectional SWEET
transporter (SWEET), a gene encoding for an ABA receptor and a bZIP transcription factor (bZIP TF) (n
= 3). The red bands mark the PCR amplicon. In addition, signal tracks of histone 3 loading with K4me3
or K9ac of promoter and TSS regions of these genes are shown for M2 (green) and D2 (red).

As a conclusion it can be noted, that the heterochromatic mark H3K9me2 is associated
with only a small number of genes in all time points. While the euchromatic mark
H3K4me3 shows the highest abundance over the genome, H3K9ac revealed a more

dynamic and specific distribution in response to the onset of drought.
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2.7 Changes in the transcriptome during drought stress-induced senescence

To study the transcriptomic changes during drought stress, RNA-Seq was performed with the
total genomic RNA from the samples of time points MO, M2 and D2. The RNA libraries were
constructed and sequenced at IPK Gatersleben. The sequence data was analyzed and the
differentially expressed genes were detected. The three selected time points open several
possibilities to compare the differences in gene expression (M2 vs. MO, D2 vs. MO, D2 vs. M2)

in control and during drought stress.

2.7.1 Mapping statistics

For the time point MO three replicates were sequenced and for M2 and D2 four replicates.
Table 6 presents the number of reads (processed, pseudoaligned and unique reads) and the
corresponding percentage. The number of processed reads ranges between ~ 10 million to 29
million. The overall percentage of uniquely mapped reads ranges between 80 and 85%,

indicating a good library quality to work with.

Table 6. Mapping statistics for the four replicates for M0, M2 and D2.

Rep Processed Pseudoaligned Unique PA Unique
Reads Reads (%) (%)

1 X X X X X

MO 2 113,119,218 10,840,077 10,492,457 82.6 80
3 | 25,492,866 21,921,276 21,494,392 86 84.3

4 | 21,678,819 18,140,558 17,718,441 83.7 81.7

1 | 20,945,007 18,091,847 17,798,530 86.4 85

M2 2 | 25,946,606 22,565,645 22,109,727 87 85.2
3 | 23,543,291 20,438,094 20,076,763 86.8 85.3

4 | 18,048,888 15,137,859 14,888,759 83.9 82.5

1 | 31,628,062 27,304,396 26,984,061 86.3 85.3

D2 2 | 23,347,962 20,012,144 19,797,276 85.7 84.8
3 | 29,090,330 24,799,023 24,493,989 85.2 84.2

4 | 21,296,845 18,044,835 17,762,480 84.7 83.4

After pseudo alignment with kallisto (Bray et al., 2016), as described in Material and Methods,
the TPM (Transcripts per Kilobase Million) values and the read counts for every sample were
calculated. The results were imported into R for statistical analysis. With the software package
voom (variance modeling at the observation level) function (Law et al., 2014) the mean-
variance relationship of the RNA-Seq data (log-)counts were calculated (Fig. 19A). The
standard deviation first decreases and then increases at a relatively high level, which is
described for higher biological variation. The multidimensional scaling (MDS) plot presents the
similarity by distance between the drought stress samples (DS1-4) and the control samples
(CT1-4) for D2vsM2 (Fig. 19B). The resulting list of differentially expressed genes (DEGs) as
an output from the analysis were filtered based on the p-value and the logarithmic fold change.

All genes with an adjusted p-value greater or equal to 0.05 were cut off from further results.
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Genes with a logFC = |1| were determined as differentially expressed. In Figure 19C the
number of up- and downregulated genes between the different comparisons are presented. In
M2vsMO, using the above mentioned strict criteria, no genes are significantly up- or
downregulated. In the drought stress sample D2, 117 genes are upregulated during drought
stress in comparison to M2 and 103 are downregulated (full list in Appendix, Table 12 and 13).
In comparison to MO, 322 genes are upregulated in D2 and 303 genes are downregulated

during drought stress.
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Figure 19. RNA-Seq results. (A) Voom plot. Shown are the mean-variance relationships for the data
of D2vsM2. The x-axis presents the log2 counts per million reads (CPM) and the y-axis shows the sqrt
(residual standard deviation). (B) Multidimensional scaling (MDS) plot of the drought (DS1-4) and the
control (CT1-4) samples. (C). Number of up- and downregulated genes for the different time points for
M2vsMO, D2vsM2 and D2vsMO with a logFC = |1]| and an adjusted p-value < 0.05.
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2.7.2 Gene Ontology (GO) enrichment analysis with the DEG lists

Gene ontology (GO) enrichment analysis for the differentially expressed genes was executed
with TRAPID with a maximum g-value set to 0.05. The top ten enriched GO terms for biological
process (BP) and molecular function (MF) for up- and downregulated genes were chosen
(Fig. 20). Starting with the upregulated genes, the most enriched GO terms belong to cell wall
related processes (plant-type secondary cell wall biogenesis, lignin catabolic process and
cellulose microfibril organization), stress responses (response to osmotic stress, response to
water deprivation and response to cold), oxidation-reduction processes and the
phenylpropanoid metabolic process. For the molecular function, genes showing, amongst
other terms, an overrepresentation for hydroquinone:oxygen oxidoreductase activity, pyrroline-
5-carboxylate reductase activity and succinate-semialdehyde dehydrogenase (NAD+) activity.
For the downregulated genes, GO terms belonging to cell redox homeostasis, protein
phosphorylation, reproduction and the red light signaling pathway are enriched. For the cellular

component, no GO terms were significantly enriched.
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Figure 20. GO enrichment analysis of up- and downregulated genes during drought. Shown are
the top ten overrepresented GO terms for Biological Process (BP) and Molecular Function (MF).
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2.7.3 Validation of RNA-Seq

To validate the results of the RNA-Seq, six genes were selected: a Flavonoid O-
methyltransferase (FOMT), a MYB transcription factor (MYB TF), a Cytochrome P450 (CYP)
and three Protein Phosphatases 2C (PP2Cs) genes (Table 7). The genes are significantly
upregulated and their logFC ranges from 1.99 to 7.48.

Table 7. Selected genes for RNA-Seq validation and their corresponding expression (logFC).

gene id annotation logFC adj. P-val
HORVU.MOREX.r2.3HG0274970 O-methyltransferase 748  217E-02
HORVU.MOREX.r2.3HG0234850 MYB transcription factor 460 2.63E-02
HORVU.MOREX.r2.7HG0545260 Cytochrome P450 3.89 1.89E-02
HORVU.MOREX.r2.3HG0236180 Protein phosphatase 2C 3.54 9.33E-03
HORVU.MOREX.r2.1HG0066210 Protein phosphatase 2C 213  9.33E-03

HORVU.MOREX.r2.3HG0221890 Protein phosphatase 2C (HVABI1) 199  1.25E-02

Samples of the control (M2) and drought-stressed leaves (D2) were used for the qRT-PCR.
As described before, the relative expression levels were calculated with the program REST.
The FOMT depicts the highest expression in the RNA-Seq and it is significantly upregulated in
D2 in comparison to M2 in the PCR analysis (Fig. 21). The MYB TF and the CYP gene are
also significantly induced in drought in comparison to M2. The PP2Cs are also significantly
induced in D2, but less strong than the other genes. Taken together, the qRT-PCR results
confirm the RNA-Seq data.

42



Results

FOMT MYB TF CYP
120 - 25 - 16 1
h 14 4
100 20 A
5 12 A
@ 80 10 -
T 15 -
3 60 A 8 7
& 10 A 6 |
g 40 + 4
$ 20 1 a 2 -
0 0 - 0 -
M2 D2 M2 D2 M2 D2
-20
PP2C (3HG0236180) PP2C (1HG0066210)  HvABI1 (3HG0221890)
9 - 49 3 -
8 - T 35 "
— 2.5 1
fgl 6 1 25 . 2 A
2 5
o 2 A 15 -
- 4 4
.g 1.5 A
% 3 A 1 4
_ 2 i 1 .
N 05 | 0.5
0 - 0 - 0 -
M2 D2 M2 D2 M2 D2

Figure 21. RNA-Seq validation via gRT-PCR with six selected genes. A Flavonoid O-
methyltransferase (FOMT); a MYB transcription factor (MYB TF); a Cytochrome P450 (CYP) and three
Protein phosphatase 2Cs (PP2C) were choosen. Shown are the mean relative transcript levels and
standard errors calculated by the program REST (n=4). Asterisks indicate significantly differences in the
transcript level (* p-val<0.05, ** p-val< 0.01, *** p-val<0.001).

It was shown that in the early phase of drought stress a set of genes is specifically up-
or downregulated. Gene ontology analysis revealed that many of these genes are

involved in cell wall related processes and in response to water stress.
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2.7.4 Genic regions of euchromatic histone modifications at differentially expressed
genes

Based on the transcriptomic analysis via RNA sequencing, the genes compared between M2
and D2 and associated with a peak exclusively in each condition, were sorted on their
corresponding TPM (Transcripts Per Kilobase Million) values into mid/high-, low- and zero
expression classes. Afterwards the genes were plotted against the signal tracks of the
alignment files for M2 and D2 for both histone modifications (Fig. 22). Similarly, as described
before, highest loading with H3K4me3 and H3K9ac at these genes is around TSS and

adjoining gene body, positively correlating with the expression level, especially for H3K9ac.
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Figure 22. Distribution of genes associated with a histone mark. Genes associated with a peak
were sorted into three expression levels (mid/high, low and zero expression) based on their TPM values
and plotted over bigwig-files containing the signal tracks of M2 and D2 for each histone modification.
The y-axis shows the fold enrichment and the x-axis the genic regions. Total number of genes belonging
to the different expression groups are presented in the boxes.
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2.8 Genes specifically labeled with H3K4me3 or H3K9ac AND being upregulated
during development and drought stress
Via genome-wide ChIP-Seq, genes could be identified where loading with euchromatic marks
H3K4me3 and H3K9ac is changed during development (M2vsMO0) and in response to drought
stress (D2vsM2). Using genome-wide RNA-Seq approach, parallel changes in transcriptional
activity of barley genes during development and drought stress were additionally identified. To
detect those genes, that are loaded with transcriptionally active H3K4me3 or H3K9ac after
drought stress (D2vsM2), and are upregulated during drought stress, the corresponding ChlP-
Seq data were intersected with the RNA-Seq data. Using stringent conditions, a small number
of genes could be identified that are upregulated during drought stress and in parallel loaded
with H3K4me3 (10 genes) or H3K9ac (12 genes). Since the main interest of this work is to
detect potential changes in histone modifications during early drought stress events, the focus

was put on the histone mark and gene expression changes in the drought stress sample D2.

2.8.1 Genes upregulated in early drought stress (D2vsM2) and labeled with
H3K4me3 and/or H3K9ac

The genes loaded with the euchromatic marks H3K4me3 and/or H3K9ac during early drought

stress (D2vsM2) were compared with those genes, that are also transcriptionally upregulated

in this early phase of drought stress (Fig. 23A).
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Figure 23. Comparison of the DEGs with the ChIP-Seq data. (A) Venn diagrams of H3K4me3 and
H3K9ac labeled genes (M2vsD2) compared with up- and downregulated genes during drought. (B) List
of genes upregulated at D2 and associated with H3K4me3 and H3K9ac.

In M2, 22 genes that are specifically associated with H3K4me3 are upregulated during drought

stress and 28 genes are downregulated. For D2, 10 genes are upregulated during drought

45



Results

stress and one is downregulated. For H3K9ac, six genes labeled with H3K9ac in M2 are

downregulated and zero are upregulated. For D2,

12 are upregulated and 10 are

downregulated. Figure 23B presents the genes upregulated in D2 and marked with the

euchromatic histone modifications. The signal tracks of the fold enrichment for the histone

marks were generated for these genes and visualized in IGV (Tables 8 and 9). Many of these

genes are involved in abiotic stress responses, e.g., MYB-related transcription factors,

cytochrome P450 and the bidirectional sugar transporter SWEET. Interestingly, two members

of the PP2C family were loaded with H3K9ac and upregulated early during drought stress.

Table 8. Signal tracks of genes upregulated in D2 (D2vsM2) and labeled with H3K4me3.
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Table 9. Signal tracks of genes upregulated in D2 (D2vsM2) and associated with H3K9ac.
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2.8.2 Upregulation of Protein Phosphatase 2C (PP2C) during drought stress

The protein phosphatases 2C (PP2Cs) which play a central role in the ABA signaling module
were analyzed in more detail. They function as a negative regulatory switch at the center of
the ABA signaling network tuning the ABA response and integrating it with other developmental
and stress-related pathways (Jung et al., 2020). In A. thaliana, 76 PP2Cs were identified and
grouped into ten clades (A-J) and it was shown, that six of nine PP2Cs belonging to the clade
A are involved in ABA signaling (Schweighofer et al., 2004). It was shown that the expression
of some of these genes is under epigenetic control by altering their chromatin state (Jung et
al., 2020). In H. vulgare cv. Morex, 85 PP2Cs were recently identified (Wu, 2022). Interestingly,
in the present study, 26 PP2Cs, including six putative and six family protein PP2Cs, are gaining
an acetylation of K9 during drought (Appendix, Table 14, signal tracks in Table 15). To quantify
the signal strength of the acetylation of K9, deeptools BigwigSummary (Ramirez et al., 2014)
and the program Diffbind (Stark & Brown, 2011) were used (Appendix, Table 14). Diffbind
calculates the fold of the mean read concentration of peaks between two conditions, in this
case M2 versus D2. The transcript abundance was presented as the ratio of D2/M2 of the
mean TPM. For many of these barley PP2C genes, there is a clear correlation between the
TPM ratio and the signal strength values, which means that transcript abundance of the PP2C
genes in D2 correlates with their H3K9ac-loading (Fig. 24A). Blast analysis in combination with
the recent PP2C phylogenetic studies in hulless barley (Liang et al., 2022) revealed, that six
of the top seven K9ac-enriched PP2Cs are belonging to the clade A. Validation via qRT-PCR
for three selected PP2Cs confirmed the results and continued expression analyses for later,
more severe drought stress stages D3 and D4 clearly showed an increasing relative transcript
level for all three PP2Cs (Fig. 24B).
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Figure 24. Correlation between drought stress-induced transcriptional up-regulation and loading
with H3K9ac of Hordeum PP2Cs. (A) Heatmap of the 26 PP2Cs labelled with H3K9ac in D2. Shown
are the color-coded values for the TPM (Transcript per Kilobase Million) ratio (D2/M2) in blue and the
signal of H3K9ac enrichment (signal fold D2-M2) in red. Darker colors indicate higher values; asterisks
mark the PP2Cs that are belonging to clade A. (B) Validation of three selected PP2Cs via qRT-PCR.
Shown are the relative transcript level calculated with the Ct-values from the qRT-PCR for the stages
D2, D3 and D4 with the corresponding histone mark signal tracks for D2.

However, not all identified PP2Cs show this correlation. For example, the upregulated PP2C

3HG0221890 (Fig. 25), despite being clearly upregulated, does not show a change in the

acetylation level of K9 and BLAST analysis revealed that this gene encodes abscisic acid-

insensitive 1 (ABI1) which is involved in stomatal regulation and ABA mediated responses as

a negative regulator (Pinheiro & Chaves, 2011).
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Figure 25. Upregulated HvABI1 during drought stress (D2vsM2). Shown are the relative transcript
level for stage D2, D3 and D4 calculated with the REST program from qRT-PCR data. On the right, the
corresponding signal track of histone mark enrichment for H3K4me3 and H3K9ac is presented.

A small set of genes is upregulated during drought and simultaneously associated with
H3K9ac and/or H3K4me3. Notably, a majority of these histone-modified genes are
involved in the abiotic stress response. Especially, a set of PP2Cs show a correlation

between upregulation and being acetylated during drought.
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2.9 Whole-genome bisulfite sequencing (WGBS)

To investigate potential changes in the methylome, e.g., global DNA methylation during early
drought stress, a whole-genome bisulfite sequencing (WGBS) was performed. The same
samples and time points as used for the ChIP- and RNA-Seq were investigated (M2vsD2).
Three independent biological replicates were sequenced multiple times. Before sequencing,
the samples were treated with bisulfite, which converts cytosine residues to uracil whereas

methylated cytosines are not changed.

To analyze the output of the WGBS, several pipelines were used. Starting with Methylstar
(Shahryary et al., 2020) which combines Trimmomatic (Bolger et al., 2014) for read trimming,
Bismark (Krueger & Andrews, 2011) for alignment, FastQC (Andrews, 2010) for quality control
and BEDTools (Quinlan & Hall, 2010) and followed by MethyIC (Lu et al., 2023), the sequence

data were processed and differentially methylated regions (DMRs) could be identified.

2.9.1 Mapping statistics

Bismark is implemented into the Methylstar pipeline and is executed for read alignment in
which bisulfite converted reads are mapped to the converted reference genome. For both time
points (M2 and D2), three replicates were processed. Table 10 presents the mapping statistics.
The mapping efficiency ranges between 50 and 54.9% for the different replicates. The average
sequencing depth is between 2.3 and 6.5 and the coverage is between 75.9 and 92.2%.

Table 10. Mapping statistics. Mapping efficiency (in %), average sequencing depth and the coverage
(in %) are presented for both time points and their corresponding replicates.

unique paired- Mapping Average

sequence o . Coverage
pairs . end efficiency sequencing o
alignments (%) depth (X)

Rep1 157,653,677 86,102,527 54.6 4.2 88.1
M2 Rep2 91,058,949 50,015,786 54.9 2.3 75.9
Rep3 129,664,779 68,040,518 52.5 3.1 82.7
Rep1 139,682,553 70,913,242 50.8 3.2 82.3
D2 Rep2 185,746,089 100,256,012 54 4.5 89.1
Rep3 281,284,174 151,312,577 53.8 6.5 92.2

2.9.2 Global distribution of methylation levels

With the recently developed software MethylC-analyzer (Lu et al., 2023), the WGBS data could
be processed. As described before, the raw reads were quality checked, trimmed and Bismark
executed the alignment to the converted Morex V2 reference genome. Bismark generates
report files, which contain the methylation status for every cytosine in the genome and can be

used as an input for the MethylC-analyzer.
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To observe differences and similarities between the replicates, principal component analysis
(PCA) of the M2- and D2 replicates for every chromosome and context were executed (data
not shown). An exemplary PCA for chromosome 1 (CG context) for M2 and D2 shows a
similarity between four of the replicates (M2: Rep1 and Rep3, D2: Rep2 and Rep3), whereas
M2_Rep2 and D2_Rep1 are more distinct to the other samples (Fig. 26A). Furthermore, a
hierarchical cluster heatmap of the methylation levels for every replicate was generated (Fig.

26B). No obvious difference between the replicates of M2 and D2 could be observed.
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Figure 26. Comparison of the replicates for Chromosome 1 (CG context). (A) Principal component
analysis (PCA) of the two samples (M2 and D2) and their corresponding replicates. M2 (Rep1-3)
represents the control and D2 (Rep1-3) the drought stress sample. (B) Heat map of the methylation
levels of the different replicates.

MethyIC calculates the global, average methylation levels (in %) for all contexts (CG, CHG and
CHH) and all chromosomes (Fig. 27). The average CG methylation shows a high value of
around 88-92% for every chromosome. For CHG, it is around 60-62% and for CHH around
6%. There is no obvious difference in the global methylation levels for M2 and D2 and between
the chromosomes, except chromosome 4 showing higher levels in CG (92,2%) and CHG
(65,5%) context. Similar numbers were detected in a recently published study in hulless barley.
PEG-6000-treated roots and leaves revealed an average genome-wide cytosine methylation
of 91.71% for CG, 67.36% for CHG and 3.14% for CHH (Jiabu et al., 2023). These first results
indicate that there is no measurable change in the overall methylation levels between control

and drought stressed samples.
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Figure 27. Global, average methylation levels (%) for CG, CHG and CHH. The seven barley
chromosomes and the uncharacterized chromosome (ChrUn) are presented. The control is marked with
blue and the drought sample is marked with orange.

In a next step, metagene plots were generated that present the methylation levels (in %) over
the genomic region (Fig. 28). For CHG and CHH, methylation levels rise upstream to the TSS
and downstream to the TES, while for CG, the methylation levels in the gene body depicts the
same level as upstream TSS and downstream TES. Methylation levels for all contexts are the
lowest at the TSS and TES. This distribution could be detected for every chromosome and
could be also shown for spring barley cultivars, in populus, mungbeans and rice (Liang et al.,
2014; Garg et al., 2015; Malinowska et al., 2020; Zhao et al., 2022).
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Figure 28. Average methylation level in percentage. Methylation levels over Transcription start site
(TSS), genebody and Transcription ending site (TES) on chromosome 1 for CG, CHG and CHH are
presented. The blue lines represent the three M2 replicates and the purple line are the three D2
replicates.
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2.9.3 l|dentification of differentially methylated regions (DMRs) and associated
genes (DMGs)

Differentially methylated regions (DMR) in the drought stress sample D2 in comparison to the
control were identified by methylC. A total number of 9140 DMRs in D2 were identified, of
which 7767 are located in transposable elements (TE) and 736 in genes (Fig. 29A). The
remaining 637 DMRs were not annotated. Furthermore, 4350 of the DMRs were hypo- and
4790 DMRs hypermethylated in response to drought stress, with the majority in the CHG
context with 2934 hypo- and 3236 hypermethylated DMRs (Fig. 29B). Genes overlapping with
the DMRs were considered as differentially methylated regions- associated genes (DMGs, Fig.
29C), resulting in total 339 hypo- and 376 hypermethylated DMGs. Of these, the majority is
found in the CHG- and CHH context.
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Figure 29. Differentially methylated regions (DMRs) and genes (DMGs). Presented for all
chromosomes and all three contexts (CG, CHG and CHH). (A) Location of the differentially methylated
regions. Number of hyper- and hypomethylated DMRs (B) and DMGs (C) in all three contexts.

The distribution of the DMRs were visualized in IGV together with the peak distribution of the
histone marks (Fig. 30). Interestingly, the density of the DMRs is high at the centromeres (red
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rectangle) and pericentromeric region. This distribution was already described for A. thaliana
(Zhang et al., 2006; Zilberman et al., 2007).
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Figure 30. Distribution of differentially methylated regions (DMRs). The red rectangle marks the
centromeres. The signal tracks of the histone marks are presented as well, in green for M2 and red for
D2.

The distribution of the location of the hyper- and hypomethylated regions in genes is presented
in Figure 31A. Much more methylated sites are located in the promotor region of genes and
this could be observed for every methylation context, e.g., 147 genes show CHH
hypermethylation in the promotor in comparison to 16 genes exhibiting a CHH
hypermethylation in the gene body.

Comparison of the mean length of genes associated with DNA methylation in the promotor or
gene body region revealed that genes with body methylation are longer in average than genes
with promotor methylation (Fig. 31B). It has been shown before that genes exhibiting gene
body methylation are generally longer in comparison to unmethylated genes and are
constitutively expressed (Zhang et al., 2006; Takuno & Gaut, 2013; Niederhuth et al., 2016;
Zhang et al., 2018).
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Figure 31. Profile of methylated genes. (A) Number of hyper- or hypomethylated genes located in the
promotor or genebody region in CG, CHG and CHH context. (B) Average length (in bp) of genes
differentially methylated in promotor (PRO) or gene body (BODY) in CG, CHG and CHH context.

Go enrichment analysis for the hypermethylated DMGs showed no significant enriched GO
terms. For the 330 hypomethylated genes, a small set of GO terms are overrepresented (Fig.
32A). The GO term ‘carbohydrate phosphorylation’ belonging to the biological process (BP) is
enriched. Interestingly, genes, belonging to the ribonucleoprotein complex, the ribosome and
the structural constituent of ribosome are overrepresented. Comparison of genes labelled with
H3K4me3 or H3K9ac in D2 with the hypo- and hypermethylated DMGs revealed only a small
number of genes associated with H3K4me3 and/or H3K9ac and being hyper- or hypo-
methylated (Fig. 32B). Comparison of DMGs with the list of DEGs showed that only one gene
is shared, a Trypsin Inhibitor (Fig. 32C). The gene is also upregulated (logFC=4.7) and
associated with H3K9ac in D2. The hypomethylation in the CHH context in D2 is located in the

promotor region of the gene (red rectangle) (Fig. 32D).
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Figure 32. Analysis of the methylated genes. (A) GO enrichment analysis of the 330 hypo-methylated
DMGs. Shown are the enriched GO terms for Biological Process (BP), Cellular Component (CC) and
Molecular Function (MF). (B) Venn diagram of genes labelled with H3K4me3 or H3K9ac and showing
hyper- or hypo-methylation. (C) Venn diagram of shared genes between DMGs and DEGS. (D) Signal
tracks and location of the hypo methylation (red rectangle) for the Trypsin inhibitor.

To summarize, the WGBS revealed an overall stable barley methylome at the onset of
drought stress. A small amount of differentially methylated genes could be observed
but no significant changes in the genome-wide DNA methylation could be detected
between control and drought stressed samples. Furthermore, no apparent relation
between the histone modification patterns or the transcriptome changes and the DNA

methylation pattern were found.
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3 Discussion

The experimental set-up of this study allowed a slow decrease of the relative soil water content,
after withholding the water at day 11, simulating a more natural drought stress. While a majority
of studies concentrated on proceeded drought stress in barley (Talamé et al., 2007; Samarah
et al.,, 2009; Zhao et al.,, 2010; Wehner et al., 2016), the focus of this research laid on
transcriptomic and epigenetic responses in the early phase of drought stress in barley plants.
Therefore, time points for sampling were chosen at an early stage, when only 10-15% of the
chlorophyll and only 5-10% of the photosynthetic performance was lost. Whereas no
phenotypic differences could be observed in the primary leaves between control and early
drought stressed plants, transcriptomic analysis via qRT-PCR already showed that at this time

point, some marker genes of drought stress are either induced or repressed (Fig.4).
3.1 Challenges of ChiP-derived NGS data analyses

Besides its benefits to the determination of genome-wide reprogramming of gene expression
and distribution of histone modifications via RNA-Seq and ChlIP-Seq approaches, analysis of
NGS data comes along with some challenges (Park, 2009). Given a fairly big genome size of
~5.1 Gb for barley (Dolezel et al., 1998; International Barley Genome Sequencing Consortium
et al., 2012; Mascher et al., 2017), a certain sequencing depth has to be obtained to gain a
sufficient coverage of the genome (Sims et al., 2014). Furthermore, around 80% of the barley
genome derived from transposable elements (Mascher et al., 2017). This complicates the
sufficient sequencing, covering and mapping of NGS-derived data although ChIP-Seq is much
more improved in comparison to older ChIP methods (e.g. ChIP-Chip) regarding covering
repetitive DNA (Park, 2009). The downstream analysis of NGS data relies on an efficient and
precise alignment of the reads to the reference genome (mapping). The ENCODE consortium
suggests a minimum of 20 million reads uniquely mapped to the genome for mammalian broad-
source histone marks (Landt et al., 2012) but no guidelines for plant material could be found.
Regarding the present ChIP-Seq, around 7 to 32 million reads mapped uniquely to the
reference genome with mapping rates between 82.94 and 99.31%, indicating a good library to

work with.

As mentioned before, the sampling time occurred at the onset of drought stress with only slight
differences between the control and the drought stress samples. PCA eventually confirmed
these assumptions by depicting similarities between control and drought conditions.
Nevertheless, a PCA of all samples, time points and histone modifications pointed out
similarities and differences between conditions and histone marks. Despite no prominent
physiological differences between the control and drought stressed samples in this work, it

was possible to obtain a reasonable number of peaks with MACS2. The decision to use the

58



Discussion

pooled peak calling instead of separately identifying peaks was based on the observation that
the associated genes overlap majorly between pooled and separately called peaks.
Furthermore, pooled peak calling detected some more peaks. To enhance the quality of the
detected peaks, one replicate was discarded from the analysis due to its weak signal in every
time point. In addition, to get reliable data, the g-value for peak calling was set to <0.05 and
only peaks with a fold enrichment 210 were used for further analysis. Chipseeker output
revealed that filtering the peaks disposed a huge number of peaks located in the distal

intergenic region.

3.2 Early response to drought involves upregulation of specific stress-related genes in

barley

RNA-Seq analysis allowed identifying a number of genes already differentially expressed in
barley plants in the early phase of drought stress. GO enrichment analysis of these upregulated
genes showed an overrepresentation for cell wall related processes, the phenylpropanoid
metabolic process, proline biosynthetic process, oxidation-reduction process and response to
water deprivation and osmotic stress. As outlined below, these are processes, which are

known to be related to abiotic stress responses.

In more detail, a significant amount of the upregulated genes plays a role in cell wall-related
processes, including three cellulose synthase genes, four laccases, three COBRA-like proteins
and a fasciclin-like arabinogalactan protein. Plants under water deprivation react by re-
structuring their cell wall, e.g. by loosening or tightening cell walls in a tissue-specific manner
(Wu & Cosgrove, 2000; Moore et al., 2008). This maintains the ability of certain cells to grow,
whereas non-necessary tissue will be stiffened. Clauw et al. (2015) observed the
downregulation of genes involved in cell wall strengthening and the upregulation of cell wall
loosening expansins, pectin lyases and pectin methylesterases in A. thaliana leaves under
mild drought stress. These findings lead to the conclusion that the cells of the leaf tissue are
staying in a so-called “growth-ready state”, allowing them to expand when environmental
conditions get back to normal. GO analysis in the present work revealed that genes involved
in plant-type secondary cell wall biogenesis, lignin catabolic process and cell wall thickening
are overrepresented, suggesting a stress-induced expression of genes involved in limiting cell
wall extensibility, as was also described in Lu & Neumann (1998). In addition, the
overrepresented phenylpropanoid pathway is also known to play a role in abiotic stress
response, regulating an increase in protective compounds, e.g., phenolics, flavonoids or
anthocyanins (Yaqoob et al., 2022). Furthermore, two upregulated genes were identified that
play an important role in the proline biosynthetic process: the delta-1-pyrroline-5-carboxylate

synthase (P5CS) and the delta-pyrroline-5-carboxylate reductase (P5CR) (Appendix, Table
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12). P5CS catalyzes the conversion of glutamate to glutamic-5-semialdehyde that in turn is
able to convert to the intermediate delta-pyrroline-5-carboxylate (P5C). P5C is then converted
to proline by P5CR (Verslues & Sharma, 2010). It has been shown, that proline accumulates
in water stressed plants and seems to be important for the osmoregulation (Verslues &
Sharma, 2010).

3.3 Early response to drought stress includes global re-orientation of histone
modifications H3K9ac and H3K4me3
With the aid of the ChIP method followed by deep sequencing, drought-responsive changes in
global distribution of the histone modifications H3K4me3 and H3K9ac could be detected. Both
euchromatic marks, in contrast to heterochromatic mark H3K9me2, were associated with
areas of active gene transcription, which in crop plants as barley are located at the ends of all
seven chromosomes. A spatial distribution of these marks at open and transcriptionally active
chromatin areas was already reported before for different plant species (Probst & Mittelsten
Scheid, 2015). In general, H3K4me3 was found at twice as much genes as H3K9ac, which
was also reported before for A. thaliana during developmental leaf senescence and in
Paulownia fortunei (Brusslan et al., 2015; Yan et al., 2020). In addition, the majority of genes
marked with H3K9ac (98, 4%) were simultaneously marked with H3K4me3 (see Ost et al.
(2023), Fig. 3A). The strong coincidence of these both marks was also observed in A. thaliana
(Roudier et al., 2011; Malapeira et al., 2012; Brusslan et al., 2015). However, the loading with
H3K9ac was much more flexible and in contrast to the loading with H3K4me3, sensitively
responded to development and to onset of stress. While comparison of the three samples (MO,
M2 and D2) revealed that there is no major difference in the distribution of H3K4me3 in
response to onset of drought, distribution of H3K9ac was clearly altered. This indicates that
trimethylation of H3K4 is on one hand a widespread epigenetic mark in barley, but that on the
other hand acetylation of H3K9, at least under the investigated early drought conditions, is a
much more dynamic histone modification, sensitively reacting to environmental cues. Kim et
al. (2008) showed that the acetylation of K9 at the drought-inducible gene related to Apetala2
(RAP2.4) occurred strongly already after 1 hour of drought treatment, whereas the
trimethylation of H3 only accumulated later gradually. Based on their data on leaf senescence
in A. thaliana, Brusslan et al. (2015) suggested that the H3K9ac mark appears before the
trimethylation of K4, postulating a possible role for H3K9ac as a template for the H3K4me3
mark. In their review, Ueda and Seki (2020) discuss that a fast response to environmental
stress via acetylation and a slower longer term response of methylation regarding flowering or

stress memory could be beneficial.
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The genes which specifically gain euchromatic H3K9ac marks in early drought stress
comprise, besides genes involved in several metabolic processes, many stress-related genes,
including genes involved in response to cold, light, salt and drought with several of them being
involved in ABA-related stress-responses. This indicates that the early response to drought in
the model crop plant H. vulgare involves higher-order regulation of expression of genes
involved in abiotic stress responses via differential histone modifications. These findings are
supported by the results of a genome-wide ChIP-sequencing in B. distachyon, where they
could show that after onset of stress, the level of H3K9ac is increased at drought-responsive
genes (Song et al., 2020). For barley, it could be shown, that the levels of H3K4me3 are
increased at the Heat shock protein 17 (HSP17) whereas H3K9me2 is reduced (Temel et al.,
2017). Recently it was shown that overexpression of the WHIRLY1 protein in drought-stressed
barley lead to a decrease in H3K9ac and H3K4me3 levels at the ABA-related genes HYNCED1
and HvS40 which revealed its possible regulatory role towards drought stress responses by

interacting with epigenetic regulators (Manh et al., 2023).

3.4 Genes loaded with euchromatic H3K9ac AND induced at early drought stress

ChIP-Seq analyses revealed that specific sets of genes were loaded with euchromatic mark
H3K9ac already at the early stages of drought stress. To avoid the secondary effects of
prolonged drought treatment, this work aimed to detect early responses to drought. An
interesting set of genes was identified, loaded with euchromatic histone modifications in early
drought conditions, corresponding to their respective upregulation. To identify these genes,
RNA-Seq was performed with the same samples used for ChIP-Seq, comparing the
transcriptome of drought-stressed plants with that of control plants. As expected under these
early and mild drought stress conditions, RNA-Seq revealed a relative small number of DEGs.
This result is not surprising, since barley is quite tolerant towards a dry environment
comparatively to other crops (Tommasini et al., 2008; Cai et al., 2020). Intersection of the
ChIP-Seq- and these RNA-Seq data revealed an interesting overlap of a small number of
genes (Fig. 23). Intersection of epigenome and trancriptome data displayed that around 11%
of the early upregulated genes were loaded with H3K9ac in response to onset of drought. A
relative small overlap between RNA-Seq and ChlIP-Seq data was also reported before. This
could be also seen in drought-stressed maize, where only 25-30% of the genes labeled with
increased H3K4me3 or H3K9ac were also upregulated (Forestan et al., 2020). ChIP-Seq and
gRT-PCR analysis of PEG-6000 treated B. distachyon revealed 40 genes with increased
H3K9ac level of which 23 depict elevated transcription levels (Song et al., 2020). Similar results
could be seen in rice (Zong et al., 2013). In senescing A. thaliana leaves, 22% of the genes,
that are upregulated during senescence are also gaining a trimethylation of K4 and only 2% of

these genes show elevated H3K9ac marks (Brusslan et al., 2015).
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Interestingly, about half of these genes loaded with euchromatic marks and being upregulated
during the drought stress encode proteins involved in stress responses and ABA signaling.
This indicates an epigenetic control level of a part of drought stress-induced reprogramming
of gene expression via establishment of euchromatic marks. For example the Trypsin inhibitor
(Bowman-Birk type, Plant protease inhibitor) was shown to play a role mainly in host defense,
but newer results indicate also a possible role in drought tolerance (Zhang et al., 2008; Vaseva
et al., 2016; Malefo et al., 2020; Herwade et al., 2021). Cytochrome P450 (CYP), which shows
a clear enrichment in H3K4me3 (Table 8), is an oxidoreductase enzyme which catalyzes
NADPH- and/or O2-dependant hydroxylation reactions (reviewed in Pandian et al., 2020).
Although, CYPs represent around 1% of the protein coding sequences, little is known about
the biological functions of most of the CYPs (Tamiru et al., 2015). So far, it is known, that ABA
8'-hydroxylases belonging to the CYP707A family control the ABA concentration during stress,
which could be shown for barley (Millar et al., 2006), soybean (Zheng et al., 2012) and other
plants. Recently, it was revealed that a complex of Histone Deacetylase 9 (HDA9), the protein
Powerdress (PWR) and ABA INSENSITIVE 4 (ABI4) regulates the expression of CYP707A1
and CYP707A2 genes epigenetically through histone deacetylation (Ali & Yun, 2020; Baek et
al., 2020; Khan et al., 2020).

During drought, five genes belonging to the MYB family are significantly upregulated (logFC=
2.3-5.3) and two of them are associated with changes in histone modifications during drought:
a MYB factor and a MYB related transcription factor. The MYB gene family presents a large
group of genes that mainly act as transcription factors with a diverse set of functions (reviewed
in Baldoni et al., 2015; Roy, 2016). Regarding drought, the gene NbPHAN, a transcription
factor with a MYB domain from Nicotiana benthamiana, is involved in leaf development and
plays a putative role in ABA-independent drought tolerance pathways (Huang et al., 2013). In
case of epigenetic regulation of MYB transcription factors, little is known so far, but it could be
shown that one MYB transcription factor in soybean (Glyma11g02400) is associated with

H3K4me3 in upcoming salinity stress (Song et al., 2012).

The trimethylation of H3K4 at the MYB factor is more enriched at the gene body than at the
promotor region. Overall, the breadth of the H3K4 trimethylation mark seems to be broader
than the breadth of the H3K9ac mark (Fig. 9 and 22). It could be shown in mammalian cells,
that broad-spreaded H3K4me3 often marks genes that are important for cell identity and
function (Benayoun et al., 2014). Genome-wide studies of H3K9ac and H3K4me3 during
developmental senescence in A. thaliana revealed that H3K4me3 marks covered nearly two
times the gene area than H3K9ac marks. The genes with the broadest H3K4me3 coverage

were assigned to the GO term photosynthesis (Brusslan et al., 2015). Van Dijk et al. (2010)
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discovered atypically broader H3K4me3 distribution profiles at dehydration and ABA- inducible

genes in a genome-wide ChlP-seq study in A. thaliana.

Two more genes, which were described as positive regulators in ABA signaling are the COP1-
interacting-like protein (Ren et al., 2016) and the Isoprenylcysteine alpha-carbonyl
methylesterase (ICME) (Huizinga et al., 2008). Both of these genes depict enhanced

acetylation in drought, especially at the ATG region of the gene.

3.5 PP2Cs are associated with H3K9ac in drought

As described in the last chapter, about half of the genes loaded already during early stress
response with euchromatic marks and being upregulated during the drought stress encode
proteins involved in stress responses and ABA signaling. Among them are two MYB or MYB-
related transcription factors, cytochrome P450, the sugar transporter SWEET and the PP2Cs
involved in drought stress signaling (Millar et al., 2006; Baldoni et al., 2015; Gong & Yang,
2022). Interestingly, two members of the PP2C family, involved in the central ABA signaling
module (Soon et al., 2012), were also already significantly upregulated and loaded with
H3K9ac.

The regulation of PP2C genes was further investigated, including the later stages of drought
stress. Among the 26 annotated PP2C genes associated with H3K9ac in drought, seven were
upregulated, with two of them showing significant upregulation at early phases, indicating that
several PP2Cs, being central regulators in ABA signaling after the onset of drought, are loaded
with euchromatic marks and thus upregulated. Moreover, comparison of the TPM expression
values and the signal enrichment of H3K9ac revealed a correlation between the expression
and the acetylation of several PP2C genes. PP2Cs with higher transcript levels in D2 depict
also a stronger acetylation in D2, emphasizing the activating role of K9ac in gene expression
(Brownell & Allis, 1996; Tian et al., 2005; Zhou et al., 2010). Interestingly, six of the seven top
K9ac-enriched PP2Cs are belonging to the clade A. Recent phylogenetic and transcriptomic
studies in Tibetan hulless barley revealed, that most of the upregulated PP2Cs during
dehydration stress belong to the clade A or F (Liang et al., 2022). Similar results were seen in
maize, where a majority of the tested clade A ZmPP2Cs are induced either under drought or
ABA treatment (Xiang et al., 2017; He et al., 2019). Upregulation of the PP2C-As ABI1 and
ABI2 during stress conditions (salt-, drought-, osmotic stress) and downregulation of the ABA
receptors RCAR3 and RCAR10in A. thaliana leads to the suggestion, that higher PP2C levels
desensitize the plant to high ABA levels in a negative feedback loop mechanism (Szostkiewicz
et al.,, 2010; Fuchs et al.,, 2013; Singh et al.,, 2016). In confirmative experiments it was

concluded, that an increased PP2C:PYR/PYL ratio is important for the activation of the
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downstream ABA signaling cascade (Chan, 2012). Similar results could be also shown in
barley (Seiler et al., 2014).

Earlier, it has been shown in barley, that several members of the PP2C and SnRK2 gene family
are upregulated during stress, whereas six members of the PYR/PYL gene family either show
no expression under short-term stress or even a downregulation in prolonged water stress in
wild type barley (Seiler et al., 2014). Bashkara et al. (2012) observed that the clade A PP2C,
Highly ABA-induced1 (HAI1), was strongly induced under low water potential and in parallel
showed limited binding interaction to the PYL receptors resulting in HAI1 remaining active.
Recently, it could be shown, that the PP2C gene transcription is repressed by the MYB
transcription factor AtMYB44 which recruits histone deacetylases by building a complex with
other repressors (Nguyen et al., 2019; Jung et al., 2020). Under salt stress conditions,
AtMYB44 vanishes from the promotor and acetylation of H3K9 and trimethylation of H3K4

increase, resulting in the transcription of the PP2C gene.

RNA-Seq analyzes of the PP2C (6HG0392330) shows a not significant upregulation (logFC=
4.9, padj=0.07) in drought whereas qRT-PCR analysis could confirm an upregulation in D2
and an increasing gene expression in the ongoing drought stress (D3 and D4). Similar to the
other PP2Cs being upregulated during stress and showing enhanced acetylation in D2, the
PP2C gene shows a strong enrichment of H3K9ac but also H3K4me3 at the promotor region
and the gene body in D2. BLAST analysis revealed a homology to the rice PP2C
OsPP108/0sPP2C68, which is highly upregulated under ABA, salt and drought stress and
overexpression of this PP2C in rice leads to ABA insensitivity and elevated tolerance to

drought, salt and mannitol stress (Singh et al., 2015).

3.6 The barley methylome appears to be relatively unaffected during early drought
stress events
To obtain a sufficient coverage of the barley genome, multiple sequencing is necessary for
usable results. In this work, every replicate has been sequenced three times, resulting in a
sufficient number of reads (Table 10). The mapping rates range between 50.8 and 54.9% and
the average sequencing depth of the genome comprises 2x and 6x coverage. Experiments
with human brain cells lead to the conclusion, that a sequencing depth of 5x-15x of the genome
is sufficient for the analysis of differential methylated regions (DMRs) (Ziller et al., 2015). The
fairly low mapping rates and coverage of the barley genome leads to a more complicated
analysis and the informative value of the results should be handled and interpreted with
caution. PCA depicts a high similarity between two M2 and two D2 samples, while two other
samples, D2 _Rep1 and M2_Rep2, are more distant to the others. A heatmap of the

methylation showed no obvious difference in general methylome between drought stress and
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control. The methylation levels between M2 and D2 for all three contexts depict no major
differences, resulting in an only small number of DMRs and associated DMGs. These results
lead to the conclusion that the methylome of barley remains rather stable at the early phase of
drought stress, showing no significant changes in the CG, CHG and CHH methylation context.
The distribution of the methylation levels of CG, CHG and CHH context over the genes is
similar to the methylation level distribution in other plants, e.g., populus, rice and mungbean
(Liang et al., 2014; Garg et al., 2015; Zhao et al., 2022). Comparison with the transcriptome
data revealed only one overlapping gene, a Trypsin inhibitor. Two studies in A. thaliana, one
with mild- and the other with slow-onset of drought stress revealed no robust/significant
correlation between drought-mediated changes in differentially methylated regions and
drought-induced changes in the gene expression (Ganguly et al., 2017; Van Dooren et al.,
2020). Although, the studies mainly examined transgenerational effects of drought stress on
DNA methylation, the changes in DNA methylation in one generation were not that prominent.
Furthermore, for mild-stressed A. thaliana plants no global change in the methylation levels for
CG, CHG and CHH context could be observed between control and drought. On the other
hand, multiple studies report methylome changes due to drought stress. Garg et al. (2015)
showed that there are prominent differences in the methylation status between three different
rice cultivars in response to stress. Interestingly, despite finding a significant enrichment of
differentially expressed genes that are linked to hyper- or hypo-methylated DMRs, the majority
of identified DEGs showed no correlation. These findings are supported by the research of
Wang et al. (2016), who detected that only a small number of DMGs between two rice
genotypes in drought shows different expression levels. Furthermore, one of the rice
genotypes, which is drought-tolerant, depicts much less DMRs in comparison to the drought-
sensitive cultivar, suggesting a more stable methylome for drought-tolerant rice genotypes.
Similar result could be shown in maize with two drought-sensitive and two drought-tolerant
lines (Wang et al., 2021). It has to be noted that methylome changes during drought detected
in these studies are between different lines or cultivars. In the present work, the comparison is

in between the same cultivar leading to less profound differences in DNA methylation.

As mentioned earlier, around 5% of the A. thaliana genes are methylated in the promotor
region and nearly one third exhibit gene body methylation (Zhang et al., 2006; Zilberman et
al., 2007; Zhang et al., 2018). As a result of the small number of promotor methylations, it is
suggested that DNA methylation regulates only a small portion of A. thaliana genes (Matzke &
Mosher, 2014; Zhang et al., 2018). Plants with a larger genome, especially crops, tend to have
more repetitive DNA (Flavell et al., 1974; SanMiguel et al., 1996). By shotgun sequencing BAC
clones, Mascher et al. (2017) generated a map-based reference sequence for the barley

genome. For the annotation of repetitive elements, a Triticeae-specific repeat library was used
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(Wicker et al., 2002) and 3.7 Gb (80.8%) of the genome were classified as transposable
elements. A global drought stress study in barley leaves and roots, using the methylation-
sensitive amplification polymorphism (MSAP) method followed by sequencing, revealed that
changes in the DNA methylation pattern due to the stress treatment were 65% related to the
gene body and only 35% in the promotor region independent of root or leave tissue
(Chwialkowska et al., 2016). These findings are contrary to this research. The reason might
be that barley plants in both investigations had different levels of drought stress. Of all 754
identified differentially methylated genes, 598 genes (79.3%) are methylated in the promotor
region and only 156 (20.7%) in the gene body.

66



Discussion

3.7 Conclusion

Barley has developed complex mechanisms to adapt to drought stress. One of these
mechanisms involves histone modifications, particularly H3K9 acetylation, that leads to the up-
regulation of specific genes (Fig. 33). It is shown, that already in the early phase of drought
stress, when chloroplasts are still active, a specific set of genes is loaded with H3K9ac and
upregulated. Among these genes are ABA-related genes, e.g., genes encoding PP2Cs
involved in the central regulatory unit of ABA action. These results indicate that in response to
drought the H3K9ac mark works in a more flexible manner in comparison to the trimethylation
of H3K4, suggesting a potential role of H3K9 acetylation in the short-stress memory of plants,
as discussed by Ding et al. (2012), Kim et al. (2012), Lamke et al. (2016) and Asensi-Fabado
et al. (2017). Furthermore, our results support the findings of Brusslan et al. (2015), which
propose that H3K9ac can act as a template for the trimethylation of H3K4. On the other hand,
the barley methylome appears to be relatively stable under the onset of drought stress and no
apparent linkage between histone modification patterns, transcriptomic changes and the DNA

methylation pattern has been observed.
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Figure 33. Working model of the changes in histone modifications and chromatin structure
during abiotic stress. Shown are the histones modified with H3K4me3 (green circles with “Me3”) and
H3K9ac (blue circles with “Ac”) in the nucleus. Due to an abiotic stimulus (e.g., drought, salinity or heat),
enhanced trimethylation of H3K4 and acetylation of H3K9 occur at the histones, resulting in an open
chromatin structure. In this state, RNA polymerase Il (RNAPII) gains access to the DNA at the promotor
region, enabling the ftranscription of abiotic stress response genes, including PP2Cs (protein
phosphatase 2C), MYB TFs (MYB-related transcription factors), CYPs (cytochrome P450) and Heat
shock TF (heat shock transcription factor). Created with BioRender.com
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4 Material and Methods

4.1 Chemicals

The used chemicals were obtained from following companies: AppliChem GmbH (Darmstadt,
Germany), Biozym Diagnostics GmbH (Hessisch Oldendorf, Germany), Calbiochem®, Carl
Roth GmbH & Co. KG (Karlsruhe, Germany), Duchefa Biochemie B.V. (Haarlem,
Netherlands), MBI Fermentas, Merck Eurolab HmBH, Roche Diagnostics GmbH (Mannheim,
Germany), Sigma-Aldrich GmbH (owned by MerckKGaA, Darmstadt, Germany), Th. Geyer
GmbH & Co. KG (Renningen, Germany), Qiagen GmbH (Hilden, Germany). All buffers and
solutions were made with demineralised and autoclaved water (TKA GenPure; Thermo
Electron LED).

411 Kits

For the purification of the DNA of the chromatin immune precipitation the Nucleospin-Extract
[I-Kit of Macherey & Nagel (Duren, Germany) was used. For the isolation of the RNA for the
RNA sequencing the RNeasy Plant Mini Kit from Qiagen (Hilden, Germany) was used. The
isolation of the DNA was carried out with the DNeasy Plant Mini Kit of Qiagen (Hilden,
Germany). The transcription of the RNA into cDNA occurred with the RevertAid RT Reverse
Transcription Kit from Thermo Fischer Scientific (Massachusetts, USA). The antibodies were
distributed from Abcam (Cambridge, UK).

Antigen (primary) Host Clonality Producer
H3K9me2 mouse monoclonal Abcam (ab1220)
H3K9ac rabbit polyclonal Abcam (ab10812)
H3K9me3 rabbit polyclonal Abcam (ab8580)

4.1.2 DNA-Ladder

The DNA-Ladder from Fermentas (Thermo Fisher Scientific, Massachusetts, USA) was used.

4.1.3 Oligonucleotides

The used primers were provided by Eurofins Genomics (Ebersberg, Germany). The Primer
were designed with the Primer3web v4.1.0 software (Kéressaar & Remm, 2007; Untergasser
et al., 2012; Kdressaar et al., 2018), the NCBI primer blast tool (Ye et al., 2012) and checked
with the IPK Galaxy Blast Suite on the Galaxy platform (Jalili et al., 2021). The primers and

their corresponding sequences are listed in the Appendix, Table 16.

4.2 Plant material and growth under drought stress conditions
Barley (H. vulgare cv. Morex) seeds, obtained from IPK Gatersleben (OT Gatersleben,

Seeland, Germany), were incubated for 72 h at 4 °C in darkness, followed by 24 h at room
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temperature on wet tissue paper. Germinated seedlings were sown as described by Temel et
al. [58] with slight modifications. Fifty Mitscherlich pots, each containing 12 seedlings and 1.5
kg ED73 soil (Einheitserdewerke Werkverband e.V., Sinntal-Altengronau, Germany), were
placed in a greenhouse cabinet and grown under long-day conditions (16 h light, 23° C/8 h
dark, 18 °C, light intensity 100 umol m~ s™'and 45-50% relative humidity). On the twelfth day
after sowing (das), the water for half of the pots was withheld to induce drought stress, while
the other half served as the control group and was watered. Every two days, the pots were
rotated around the cabinet, weighed to calculate the soil water content, and physiological
parameters were measured. The experiment was performed eight times. For RNA expression
analysis, RNA-sequencing and Bisulfite-treatment, primary leaves were harvested, frozen in
liquid nitrogen and stored at —80 °C. For the Chromatin immunoprecipitation (ChIP), 1 g of
primary leaves was harvested and fixed with formaldehyde before being frozen in liquid

nitrogen and stored at —80 °C.

4.3 Documentation on the physiological parameters
To examine the process of the developmental and drought stress induced leaf senescence the

relative chlorophyll content and the PSII efficiency were measured every second day.

4.3.1 Measurement of the relative chlorophyll content

The relative chlorophyll content and the PSII efficiency were measured every second day
between 7 and 47 das. The relative chlorophyll content was measured using the SPAD (Soil
Plant Analysis Development) tool from Minolta (Konica Minolta Sensing Europe B.V., Munich,
Germany). The relative chlorophyll content of 20 primary leaves from 20 plants was measured
at the top, middle and bottom of the leave, and the mean value was calculated. Each data

point represents the mean of at least five biological replicates.

4.3.2 Measuring of the chlorophyll fluorescence as dimension for the PSII efficiency

The chlorophyll fluorescence is the difference between the maximum (Fm) and minimum (FO)
fluorescence and is called variable fluorescence (Fv). The PSII efficiency was calculated using
the following formula: (Fm - Fo)/Fm = Fv/Fm. Leaves were dark adapted for 10 min, and PSII

efficiency was measured using the MINI-PAM fluorometer (Walz GmbH, Effeltrich, Germany).

4.3.3 Definition of the developmental stages

For the comparison of the different approaches, stages of development based on the relative
chlorophyll content were defined. MO as the control stage with the maximum relative
chlorophyll content were set as 100%. S1/D1 marked the stage with 5% less chlorophyll
content in which S1 corresponds to the time point of developmental senescence and D1 the

time point in the drought stress plants. At the S2/D2 stage the chlorophyll content is 10% less,
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at this stage, the sample for the RNA- and ChlIP-Seq were taken. S3/D3 have a chlorophyll
content of 75%, S4/D4 of 50%. In the last stage (S5/D5) the chlorophyll content is 25%.

4.4 Sampling
For the isolation of total RNA and DNA, 5-7 primary leaves were taken starting at 7 das in two-
day intervals and flash frozen at -80 °C until usage. For the ChIP, samples were taken at the

MO, M2 and D2 stages, crosslinked with formaldehyde and frozen at -80 °C until usage.

4.5 |Isolation of nucleic acids

4.5.1 Trizol method

The primary leaves which were frozen in liquid nitrogen were pestled in a mortar to fine powder.
Around 100 mg of the powder were mixed with 1 ml heated TRIzol (60 °C), vortexed and
incubated for 5 min at 60 °C. After a ten-minute centrifugation step at 4 °C and 13000 rpm the
supernatant was transferred into a new tube and mixed with 200 pl chloroform. The mixture
was vortexed strongly for 1 min and incubated at room temperature for 5 min. After the
centrifugation step (15 min, 13000 rpm, 4 °C), the aqueous upper layer was carefully taken to
a new tube and mixed with 250 pl 0,8 M Na-Citrate/ 1,2 M NaCl-solution and 250 ul
Isopropanol. After 10 minutes of incubation at room temperature, the mixture was centrifugated
10 minutes at 13000 rpm and 4 °C. The supernatant was discarded and the pellet was washed
with 70% ethanol for 5 min at 13000 rpm. The pellet was dried for 2 min at 60 °C and
resuspended for 10 minutes at 60 °C in 100 yl DEPC-H20. For an optimal purification of the
RNA a second precipitation with 10 pl 4M NaCL solution and 220 ul pure Ethanol was carried
out. After a 10-minute incubation at room temperature and 10 min centrifugation the pellet was
washed and dried and resuspended in 20-50 ul DEPC- H>0O depending on the size of the pellet.
The concentration was measured with the NanoDrop (Thermo Fisher Scientific,
Massachusetts, USA).

4.5.2 Isolation of genomic RNA

For the isolation of RNA for the sequencing the RNeasy Plant Mini Kit from Qiagen (Hilden,
Germany) was used with minor changes. At the beginning of the isolation the TRIzol method
was used until the separating of the phases with the aid of chloroform. The upper aqueous
layer was taken and mixed with 0.5 volume Ethanol and afterwards given on the pink column

of the Rneasy Kit and followed the protocol steps.

4.5.3 Isolation of genomic DNA
For the DNA isolation the DNeasy Plant Mini Kit from Qiagen (Hilden, Germany) was used

according to the manufacturers guidelines.
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4.6 Chromatin immunoprecipitation (ChIP)
The Chromatin Immunoprecipitation (ChIP) was carried out after Ay et al. (2015) with some

minor modifications.

4.6.1 Sampling and crosslinking

For every time point (MO, M2, D2), 4 g of barley primary leave material were harvested. The
leaves were mixed with crosslinking-buffer (0.4 M saccharose, 10 mM Tris-HCI pH 8, 1 mM
EDTA, 1 mM PMSF) and 1% formaldehyde and the samples were put under pressure (18-20
mmHg) for 10 minutes in the vacuum dryer filled with ice. The reaction was stopped by giving
0,1 M glycine solution to the samples and putting again a pressure of 18-20 mmHg for 5
minutes on the samples. The reactions were made on ice and during the pressure treatment,
the samples were shaken. Afterwards the samples were washed and frozen at -80 °C until

usage.

4.6.2 Chromatin isolation and fragmentation

One gram of leave material was grinded and mixed with an extraction buffer (0.4 M
saccharose, 10 mM Tris-HCI pH 8, 10 mM MgCl;,5 mM R-Mercaptoethanol, 0.05 mM PMSF,
protease-inhibitor-cocktail). After filtering through Miracloth® (Merck Millipore, Massachusets,
USA) the mixture was centrifuged for 20 minutes at 4 °C and 13000 rpm. After discarding the
supernatant, the pellet was resuspended in 1 ml of extraction buffer (0.25 M saccharose, 10
mM Tris-HCI pH 8, 10 mM MgCl,, 1% TritoX-100, 5 mM R-Mercaptoethanol, 0.1 mM PMSF
and proteinase-inhibitor-cocktail) and centrifuged for 10 min at 4 °C and 13000 rpm. The
resulting pellet were resuspendend in 300 pl extraction buffer (1.7 M saccharose, 10 mM Tris-
HCI pH 8, 2 mM MgCl,, 0.15% Triton X-100, 5 mM R-Mercaptoethanol, 0.1 mM PMSF,
protease-inhibitor-cocktail) and layered in a new eppendorf tube on 300 pl of the same buffer,
followed by a 1-hour centrifugation step at 4 °C and 13000 rpm. After discarding the
supernatant, the pellet was resuspended in 500 pl cold cell nuclei lysis buffer (50 mM Tris-HCI
pH 8, 10 MM EDTA, 1% SDS, 0.1 mM PMSF). The sonication of the chromatin was conducted
with a Covaris Sonicator M220 for 5 min (W 10; PP 50; C/B 200; T 6 °C). After sonication the

samples were frozen at -80 °C until usage.

4.6.3 Pre-clearing and immune precipitation

134 pl of protein G sepharose beads were pipetted into a 15 ml falcon and washed three times
with 3,35 ml ChlP dilution buffer. Inbetween they were centrifuged for 30 seconds at 4500 rpm
and 4 °C to pellet down the beads. The chromatin solution was given to the beads in volume
ration of 1:10 and incubated for 1 hour on a rotating wheel. After a one-minute centrifugation

step at 4 °C and 45000 rpm the supernatant was split into several samples with a volume
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around 600 ul. 10 pg of antibodies were given to each aliquot except for the input samples.

The incubation was over night at 4 °C at the spinning wheel.

4.6.4 Collection, washing and elution of the immune complexes

For each sample 45 pl Protein G Sepharose Beads were three times equilibrated with ChlIP
dilution buffer (1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI pH 8, 167 mM NaCl). After
every washing step the beads were pelleted for 30 seconds at 4 °C and 5000 rpm. After putting
the chromatin solution to the beads, except for the input samples, the samples rotated for 3
hours at the rotator. Afterwards the sample were centrifuged for 30 seconds at 2500 rpm and
the supernatant was discarded. In the following order 1 ml of washing solution was given to
the beads, rotated for 10 minutes and centrifuged for 30 seconds at 4 °C and 2500 rpm: low
salt buffer (150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8),
high salt buffer (500 mM NacCl, 0.1% SDS, 1% Trition X-100, 2 mM EDTA, 20 mM Tris-HCI pH
8), LiCl washing buffer (0.25 M LiCl, 1% Nonident P-40, 1% Desoxycholate sodium salt, 1 mM
EDTA, 10 mM Tris-HCI pH 8) and twice TE buffer (10 mM Tris-HCI pH 8, 1 mM EDTA). For
elution of the immune complexes, hot (65 °C) elution buffer (1% SDS, 0.1 M NaHCO3) was
given to the samples and the mixtures were vortexed for 15 minutes at 65 °C. Afterwards the
samples were centrifuged for 30 seconds at 13000 rpm. This procedure was conducted two

times and the eluates were combined.

4.6.5 Reverse Crosslinking
For reverse crosslinking 20 ul of 5 M NaCl was given to the samples (including the inputs) and

shaken overnight at 65 °C.

4.6.6 Proteinase K-digestion and DNA clean-up

50 yl 0, 1 M EDTA-solution, 10 pl 2 M Tris-HCI buffer (pH 6,5) and 1 pl Proteinase K (20 mg/ml)
were given to the samples and incubated for 3 hours at 45 °c while slightly shaking. Afterwards
the DNA was purified with the Nucleospin extraction Il kit from Macherey & Nagel (Duren,
Germany). Instead of NT buffer NTB buffer was used. Furthermore, the elution was repeated

twice with 77 pl of elution buffer. The DNA concentration were measured with a Qubit.

4.6.7 Precipitation of the DNA samples

In order to concentrate the samples, the DNA samples were split up in two samples each 600
pl and 1/10 volume of 3 M sodium acetate (pH 5.2) and 2 volumes of cold ethanol (100%) were
added to the DNA samples. The samples were incubated 20 minutes on ice and then
centrifuged for 20 minutes at 4°C and 14000 rpm, followed by a five-minute washing step with
150 pl ethanol (80%). After drying the pellet, the DNA was resuspended in 27 ul of elution
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buffer (EB) from the Nucleospin extraction Il kit from Macherey & Nagel (Duren, Germany).

The two samples were combined to an end volume of 54 pl.

4.7 Library preparation and sequencing

The preparation of the libraries and the sequencing for the ChlP-, the RNA- and the Bisulfite-
sequencing was done at IPK Gatersleben (OT Gatersleben, Seeland, Germany). All the leaf
material for the three different sample preparations was taken at the same time points and
from the same pots. The samples for the RNA- and Bisulfite-Sequencing were from the same

leaf material.

4.7.1 Preparing the libraries for sequencing

The ChIP DNA (three independent replicates) samples were processed with the lllumina
TruSeq ChIP Library Preparation Kit (lllumina Inc., San Diego, CA, USA). Library preparation
for the RNA-Seq (three independent replicates) was undertaken with the lllumina TruSeq RNA
Library Preparation Kit (lllumina Inc., San Diego, CA, USA). The DNA samples for Bisulfite
sequencing (three independent replicates) were denatured and bisulfite converted with the EZ
DNA Methylation-Gold Kit from ZymoResearch (California, USA). The libraries for sequencing
were prepared with the ACCEL-NGS® METHYL-SEQ DNA LIBRARY KIT (Swift Biosciences,
IDT, lowa, USA). All the library preparations were conducted according to the manufacturer

guidelines.

4.7.2 Next Generation Sequencing

The libraries resulting from the ChIP- and RNA experiments were sequenced (paired-end, 2 x
101 cycles) on the lllumina HiSeq2500 device (lllumina Inc., San Diego, CA, USA). The
bisulfite samples were sequenced with the NovaSeq 6000 (lllumina Inc., San Diego, CA, USA).

4.8 cDNA-Synthesis and quantitative Real-Time PCR

With the RevertAid™ H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA, USA), 1 ug of total RNA was transcribed into cDNA following the manufacturer’s
instructions. For gqRT-PCR, 2 pL of cDNA template was mixed with 5 pl of KAPA SYBR fast
gPCR Mastermix (KAPA Biosystems, Inc., Wilmington, Massachusetts), 2.2 yl DEPC-treated
water and 0.4 pul of the gene-specific primers (Appendix, Table 16). To exclude the
amplification of unspecific products, a no RT (reverse transcriptase) control was additionally
run. Quantitative RT-PCR was performed using the CFX Connect Real-Time PCR Detection
System from Bio Rad (Bio-Rad Laboratories Inc., Goéttingen, Germany). For each sample,
three dilution series (1:4, 1:16, 1:64) were used. For the determination of the relative gene
expression, the REST-384 ©2006 software v2 (Pfaffl, 2002) was used with genes HvActin,
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HvPP2A and HvGCNZ2 (constant expression under control and drought conditions) as

reference genes for normalization.

4.9 Measuring of the concentrations

In general, all DNA and RNA concentrations were measured using a nanospectrophotometer
(NanoPhotometer® NP80, Implen, Munich, Germany). Samples for sequencing were
additionally measured with the Bioanalyzer2100 system (Agilent Technologies, Santa Clara,
CA, USA) using the RNA 6000 pico kit and the HS DNA kit (Agilent Technologies, Santa Clara,
CA, USA) and with a Qubit 4 Fluorometer (Thermo Fischer Scientific, Waltham, MA, USA).

4.10 Validation of RNA-Seq and ChlP-Seq results

To validate the detected peaks, quantitative real-time PCR of the ChIPed-DNA was performed
with five different gene-specific primer sets (Appendix, Table 16). To normalize the ChIP-gPCR
data, the percent input method was used as described in Solomon et al., 2021. The adjusted
input was calculated from the log2 of the 10% starting chromatin which was used as the input
for the ChIP. The Ct values of three independent gRT-PCR were used. For the validation of
the RNA-Seq, six different genes were chosen from the DEG list and qRT-PCR were

performed as described in 4.8.

4.11 Bioinformatic analysis and Data Bank Research

4.11.1 Bioinformatic analysis of the Chromatin Immunprecipitation followed by
sequencing (ChlIP-seq)

The output of the paired-end sequenced DNA and RNA samples were provided in a

compressed FASTQ format (fq.gz). The analysis of the sequenced data was accomplished in

cooperation with the IPK Gatersleben who provided a specific workflow.

4.11.2 Read alignment

In a first step, the lllumina adapters, which were fused to the DNA fragments beforehand, were
trimmed with the tool cutadapt v1.12 (Martin, 2011) with reads shorter than minlen=30 after
trimming were discarded. Subsequently, the trimmed reads were aligned to the reference
Morex genome V2 (Mascher, 2019; Monat et al., 2019) with BWA-MEM v0.7.15 (Li & Durbin,
2010; Li, 2013), using the default parameters. The output files in SAM (Sequence
Alignment/Map) format were converted into BAM format with SAMtools v1.3 (Li et al., 2009)
and the files were sorted. PCR and optical duplicates were removed by the tool Novosort
(http://www.novocraft.com/documentation/Novosort-2/, V3.06.05). The complete command

run in parallel (Tange, 2011).
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4.11.3 Peak calling with MACS2

To quantify the regions that are enriched in reads, the software MACS (Zhang et al., 2008)
were used, to be more specific, the advanced release MACS2 v2.1.1. MACS2 expects inputs
in BED, BAM/SAM or BEDPE/BAMPE format. For the analysis, the BED format was choosen
as an input. With BEDTools v2.26.0 (Quinlan & Hall, 2010) the BAM files were converted to
BED files, while reads with a mapping quality below minqual=20 were discarded. In order to
use the MACS2 command callpeak, in a first step the d- or fragment size from the alignment
for the immunoprecipitated sample (IP) and the Input has to be calculated. The mean value of
both values were taken and set as --extsize. The mappable genome size of barley is g =
4833791107. Following parameters were set in the command: -p: 1e-2, --shift 0, --keep-dup
all, --seed 12345. For the histone modification H3K9me2, the additional argument -- broad

were set.

4.11.4 Pooled peak calling with MACS2 and stricter parameter setting

For the pooled peak calling all the BED files from every replicate for each time point were taken
with the corresponding input files and the peaks were identified. The —extsize was set as the
mean from all calculated fragment sizes of the single files. After discarding replicate 4, BAM-
files were used for pooled peak calling using the g-value set to 0.05. The resulting peaks were

filtered by cutting off all peaks with a fold enrichment smaller or equal to 10.

4.11.5 Gene annotation

One of the MACS2 output files is an excel tabular file with the called peaks and contains
information about chromosome name, start/end position of peak, length of peak et cetera. This
peak list was converted into a BED file. With the tool BEDTools v2.29.0 and the intersect
command, overlaps between the ChIP-Seq peak region lists and the gene region lists were
generated. The gene region lists contain the gene body list, which is the genomic sequence
between start and stop codons of high-confidence (HC) genes; the ATG list, which contains
the 250 bp upstream and downstream regions of start codons and the PROMOTOR list, which

contains the 1000 bp upstream regions of start codons. Text files as outputs were generated.

4.11.6 Generating bigWig files with deepTools

The sorted BAM files, resulting from the read alignment in 4.11.2, were filtered with the
SAMtools view command. In a next step, the sorted, filtered bam files were indexed in CSI
format using SAMtools index. With the software deepTools (Ramirez et al., 2014) and the

argument bamcompare, bigWig tracks were generated using the default settings.
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4.11.7 Building signal tracks of the histone modification enrichment levels of the
MACS2 output file

Signal tracks of the histone modification fold enrichment were generated with the MACS2

bdgcmp command with following settings: —m FE and —p 0.0001. As inputs, the treatment

pileup signal file and the lambda control file, resulting from the MACS2 callpeak-command,

were used to create a bedGraph file containing the fold enrichment.

4.11.8 Generation bigWig files with UCSC bedGraphToBigWig

The bedGraph files were uploaded on the Galaxy web platform (Afgan et al., 2018). Files in
the bedGraph format can be converted into a bigWig track with the bedGraphToBigWig
converter of the UCSC genome browser, which is imbedded on the Galaxy platform. The
converted tracks were downloaded and visualized in IGV (Integrative Genomics Viewer)
(Robinson et al., 2011).

4.11.9 Peak distribution around the genes with deepTools scale-regions and plot
heatmap

To plot the peak distribution over the signal track profiles of the genes in combination with their
expression level, the software deepTools (Ramirez et al., 2014) were used. Based on the
transcriptomic analysis via RNA sequencing, the genes associated with a peak were sorted on
their corresponding TPM values into mid/high-, low- and zero expression classes. The resulting
list of genes were converted into a count matrix followed by creating a density plot of the reads
around the transcription start site (TSS)/start codon and the transcription end site (TES) with
the deepTools commands scale-regions and plotProfile with a window size of 500 bp before
the TSS and after the TES and a region body length of 1000 bp.

4.12 GO enrichment analysis with TRAPID

The GO term enrichment analysis was executed using the TRAPID software v2.0 (Bucchini et
al., 2021), and the maximum g-value was set to 0.05. The enrichment bubble plots were plotted
using http://www.bioinformatics.com.cn/srplot (accessed on 1 April 2023), an online platform

for data analysis and visualization.

4.13 Bioinformatic analysis of RNA-Seq
The workflow for the analysis of the RNA-Seq data were provided by IPK Gatersleben. The
raw RNA-Seq output files were handed out in compressed FASTQ format (paired-end).

4.13.1 Quantifying transcript abundance with kallisto
First, a list of all sample directories were generated. Before using kallisto v0.45.0 (Bray et al.,
2016) for pseudo alignment, it is important to create an index for the reference sequence

(FASTA format). The kallisto command were executed with the default parameters, except for
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bootstrap-samples, which was set to 40. The TPM values and read counts for every gene in

every sample were calculated by the kallisto software (abundance data).

4.13.2 Setting up a sample information table
The information about the samples (sample ID, stage, treatment, replicate number, sample

name) were put together in a table, which was saved in Excel and R format.

4.13.3 Importing and analyzing the kallisto results in R

The resulting abundance data from the kallisto pseudoalignment were imported into R v3.5.1
(R core Team, 2014) for statistical analysis. Therefore, packages from R were used for further
analyzes including data.table (https://cran.r-project.org/web/packages/data.table/), parallel

and openxlsx (Schauberger et al., 2020) (https://CRAN.R-project.org/package=openxisx).

4.13.4 Normalization with edgeR and limma

The synthetic ERCC spike-ins (Jiang et al., 2011), which were used for the RNA-Seq samples,
were dismissed as well as genes with less than 5 counts across all samples. The following
steps for data normalization were executed by the R packages edgeR (McCarthy et al., 2012;
Robinson et al., 2010) and limma (Ritchie et al., 2015), both available from the Bioconductor
project (Gentleman et al.,, 2004). After formatting the expression matrix, the matrix was
converted to edgeR DGEList object and normalization factors regarding differences in the total
read count between the samples were calculated with calcNormFactors. Subsequently, an
experimental design matrix was set up with the factor ‘treatment’. With the aid of the voom
(variance modeling at the observational level) function (Law et al., 2014) from the limma
package, the mean-variance relationship of the RNA-Seq data (log-)counts were calculated.

The counts were joined at the gene and sample level.

4.13.5 Analysis of differential gene expression

The previous set up design matrix were fit to the voom-transformed count matrix using ImFit.
A contrast matrix for comparing the drought stress samples with the control samples were set
up with the aid of the makeContrasts function by limma. The genes that are differentially
expressed between control and drought stress samples were identified. Genes were defined
to be up regulated or down regulated, if the log2 fold change (logFC) was greater than 1 or

less than -1, respectively. The adjusted g-value cut-off was set to <0.05.

4.14 Bioinformatic analysis of the WGBS data

4.14.1 Whole genome bisulfite sequencing
The samples were sequenced on a NovaSeq 6000. Every sample were sequenced three times
in paired-end mode and in total three biological replicates of each sample (M2 and D2) were

used for sequencing.
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4.14.2 Data processing with MethylStar

For analyzing the sequence data, the software tool MethylStar (Shahryary et al., 2020) were
used which combines several components (e.g. Trimmomatic, FastQC, Bismark) for the
processing of WGBS-derived data. Each sample were sequenced three times and in a first
step, the three paired-end files were concatenated into one. Subsequent, the paired-end reads
were quality checked with FastQC (Andrews, 2010) and Trimmomatic (Bolger et al., 2014) to

get rid of potential adapter contaminations and to trim the 3’- and 5’-ends of the reads.

4.14.3 Bismark read alignment and methylation calling

To map the WGBS reads and to identify methylation calls the bismark program (Krueger &
Andrews, 2011), implemented in MethylStar, were used. Like the analyses before, the Morex
genome V2 was used as the reference genome for genome indexing in the first step genome
preparation. The paired-end reads were aligned to the bisulfite converted reference genome
with Bowtie2 v2.3.5.1 (Langmead & Salzberg, 2012) with default parameters except for the
output set to -- directional. The deduplicate_bismark command was run with the samples to
remove multiple alignments to the genome with default parameters. Then, the methylation for
every cytosine were called with the function bismark methylation_extractor. For further
analysis, the genome-wide cytosine (CX) report were generated for each sample. Due to the
huge size of the generated data, the CX report were generated for every chromosome

separately.

4.14.4 MethylC

The CX-report files were used as an input for further analysis with the recently developed
MethylC program (Lu et al., 2023). The MethyIC pipeline combines different tools to analyze
and visualize the outcome of the WGBS. First, a principal component analysis (PCA) with the
replicates of M2 and D2 were conducted as well as the generating of a hierarchical clustering
heatmap. Besides the genome-wide methylation level (%) for the CG, CHG and CHH context,
MethylC also detects the differentially methylated regions (DMRs) between M2 and D2 and
the associated differentially methylated genes (DMGs). The location of the DMRs were
detected by intersecting the lists of annotated genes and transposable elements (TEs)
(Mascher, 2019) with the list of DMRs.

4.15 Data analysis software

For blasting barley genes, the IPK Barley Blast server on the Galaxy platform (https://galaxy-
web.ipk-gatersleben.de/, accessed on April, 2021) were used. To compare the list of genes
with each other, a web tool «creating venn diagrams was  used
(https://bioinformatics.psb.ugent.be/webtools/Venn/, accessed on 1 March 2018). For

calculating the differences in the signal tracks between M2 and D2, deepTools’
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multiBigwigSummary (Ramirez et al., 2014) and the Diffbind package (Stark & Brown, 2011)

were used.
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6 Appendix

Table 11. GO enrichment analysis results of genes associated with H3K9ac in D2 (MOvsM2vsD2)
#Aspect |GO Enrichment_log2| g-value [subset_ratio [description

BP G0:0009628 0.509 1.07E-04 13.103 response to abiotic stimulus

BP G0:0044281 0.599 4.77E-04 8.690 small molecule metabolic process

BP G0:0019637 1.040 6.21E-04 3.191 organophosphate metabolic process
BP G0:0032502 0.406 7.12E-04 15.886 |developmental process

BP G0:0009657 1.223 8.41E-04 2.308 plastid organization

BP G0:0009790 0.894 1.23E-03 3.802 embryo development

BP G0:0006629 0.746 1.26E-03 5.227 lipid metabolic process

BP G0:0048856 0.385 2.23E-03 15.275 anatomical structure development

BP G0:0032501 0.382 2.84E-03 15.003 multicellular organismal process

BP G0:0090407 1.102 8.62E-03 2.037 organophosphate biosynthetic process
BP G0:0007275 0.371 9.30E-03 13.306 multicellular organism development
BP G0:0044255 0.748 9.47E-03 3.938 cellular lipid metabolic process

BP G0:0008544 2.209 1.03E-02 0.611 epidermis development

BP G0:0009793 0.782 1.50E-02 3.327 embryo development ending in seed dormancy
BP G0:0009584 4.268 1.63E-02 0.204 detection of visible light

BP G0:0018298 4.268 1.63E-02 0.204 protein-chromophore linkage

BP G0:1901564 0.244 1.98E-02 22.743 organonitrogen compound metabolic process
BP G0:0009791 0.425 2.07E-02 9.029 post-embryonic development

BP G0:0010027 1.995 2.15E-02 0.611 thylakoid membrane organization

BP G0:0009658 1.074 2.31E-02 1.697 chloroplast organization

BP G0:0009668 1.922 2.76E-02 0.611 plastid membrane organization

BP G0:1901135 0.710 2.81E-02 3.394 carbohydrate derivative metabolic process
BP G0:0043647 2.410 3.51E-02 0.407 inositol phosphate metabolic process
BP G0:0006066 1.308 3.69E-02 1.086 alcohol metabolic process

BP G0:0009314 0.525 4.34E-02 5.160 response to radiation

BP G0:0015979 0.920 4.36E-02 1.901 photosynthesis

BP G0:0017006 3.683 4.37E-02 0.204 protein-tetrapyrrole linkage

BP G0:0008610 0.717 4.39E-02 2.919 lipid biosynthetic process

BP G0:1901615 0.901 4.91E-02 1.901 organic hydroxy compound metabolic process
BP G0:0098771 1.159 4.93E-02 1.222 inorganicion homeostasis

BP G0:0006970 0.550 4.97E-02 4.549 response to osmotic stress

CcC G0:0044444 0.432 8.67E-13 36.253 cytoplasmic part

CcC G0:0005737 0.411 1.63E-12 38.697 cytoplasm

CcC G0:0009536 0.689 9.62E-11 15.954 plastid

CcC G0:0009507 0.673 1.08E-09 15.139 chloroplast

CcC G0:0005829 0.622 3.52E-06 12.016 |cytosol

CcC G0:0016020 0.364 1.85E-05 25.526 |membrane

cC G0:0044434 0.656 1.12E-04 8.622 chloroplast part

CcC G0:0044435 0.645 1.18E-04 8.758 plastid part

cC G0:0009526 0.894 2.61E-04 4.616 plastid envelope

CcC G0:0031967 0.722 6.82E-04 6.042 organelle envelope

CcC G0:0031975 0.722 6.82E-04 6.042 envelope

CcC G0:0009941 0.851 8.61E-04 4.345 chloroplast envelope

CcC G0:0044436 0.910 3.36E-03 3.259 thylakoid part

CcC G0:0071944 0.387 4.92E-03 13.781 cell periphery

CcC G0:0042651 0.928 4.97E-03 2.987 thylakoid membrane

CcC G0:0034357 0.896 6.40E-03 3.055 photosynthetic membrane

CcC G0:0005623 0.138 9.28E-03 52.546 cell

CcC G0:0044464 0.138 9.54E-03 52.546 cell part
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CcC G0:0005739 0.577 1.00E-02 6.110 mitochondrion

CcC G0:0009535 0.893 1.27E-02 2.716 chloroplast thylakoid membrane

CcC G0:0005886 0.387 1.48E-02 11.541 plasma membrane

cC G0:0055035 0.875 1.49E-02 2.716 plastid thylakoid membrane

CcC G0:0009579 0.698 1.52E-02 4.073 thylakoid

cC G0:1902555 4.268 1.63E-02 0.204 endoribonuclease complex

cC G0:1905348 4.268 1.63E-02 0.204 endonuclease complex

CcC G0:0098588 0.566 2.80E-02 5.024 bounding membrane of organelle

CcC G0:0009570 0.578 2.81E-02 4.888 chloroplast stroma

CcC G0:0009534 0.705 3.39E-02 3.259 chloroplast thylakoid

CcC G0:0031976 0.702 3.53E-02 3.259 plastid thylakoid

CcC G0:0031090 0.469 3.68E-02 6.585 organelle membrane

CcC G0:0031984 0.568 4.23E-02 4.549 organelle subcompartment

CcC G0:0009532 0.539 4.30E-02 4.888 plastid stroma

MF G0:0016863 4.268 4.13E-05 0.407 intramolecular oxidoreductase activity, transposing C=C bonds
MF G0:0016860 2.588 3.83E-04 0.747 intramolecular oxidoreductase activity
MF G0:0005515 0.219 2.79E-03 34.691 protein binding

MF G0:0005509 1.040 6.11E-03 2.376 calcium ion binding

MF G0:0004197 2.683 8.22E-03 0.475 cysteine-type endopeptidase activity

MF G0:0004165 4.268 1.63E-02 0.204 dodecenoyl-CoA delta-isomerase activity
MF G0:0140104 2.223 1.75E-02 0.543 molecular carrier activity

MF G0:0003824 0.152 1.84E-02 43.449  [catalytic activity

MF G0:0001883 1.140 2.18E-02 1.561 purine nucleoside binding

MF G0:0005525 1.140 2.18E-02 1.561 GTP binding

MF G0:0019001 1.140 2.18E-02 1.561 guanyl nucleotide binding

MF G0:0032550 1.140 2.18E-02 1.561 purine ribonucleoside binding

MF G0:0032561 1.140 2.18E-02 1.561 guanyl ribonucleotide binding

MF G0:0070122 3.946 2.86E-02 0.204 isopeptidase activity

MF G0:0070138 3.946 2.86E-02 0.204 ubiquitin-like protein-specific isopeptidase activity
MF G0:0070140 3.946 2.86E-02 0.204 SUMO-specificisopeptidase activity

MF G0:0015211 3.223 2.94E-02 0.272 purine nucleoside transmembrane transporter activity
MF G0:0032549 1.051 3.82E-02 1.561 ribonucleoside binding

MF G0:0001882 1.036 4.28E-02 1.561 nucleoside binding

MF G0:0042578 0.841 4.31E-02 2.240 phosphoric ester hydrolase activity

MF G0:0032977 3.683 4.37E-02 0.204 membrane insertase activity

MF G0:0140318 3.683 4.37E-02 0.204 protein carrier activity
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Table 12. List of DEGs that are upregulated during drought D2 (D2vsM2).

gene annotation logFC|adj.P.Val
HORVU.MOREX.r2.3HG0274970 |O-methyltransferase 7.48 | 2.17E-02
HORVU.MOREX.r2.4HG0323160 |Laccase 7.10 | 2.44E-02
HORVU.MOREX.r2.3HG0242240 |Coiled-coil domain-containing protein 18, putative isoform 2 7.06 | 4.48E-02
HORVU.MOREX.r2.2HG0174050 |Beta-fructofuranosidase, insoluble protein 6.93 | 6.55E-03
HORVU.MOREX.r2.3HG0252380 |Laccase 6.84 | 3.43E-02
HORVU.MOREX.r2.6HG0450830 |Acid beta-fructofuranosidase 6.77 | 3.82E-02
HORVU.MOREX.r2.3HG0252410 |Laccase 6.55 | 1.30E-02
HORVU.MOREX.r2.1HG0013640 |Peroxidase 6.53 [ 3.35E-02
HORVU.MOREX.r2.2HG0161590 |Pectinesterase inhibitor domain containing protein 6.42 | 1.69E-02
HORVU.MOREX.r2.1HG0059500 |Laccase 6.32 [ 1.25E-02
HORVU.MOREX.r2.UnG0626230 |C2H2 zinc-finger protein SERRATE (SE) 6.10 | 1.89E-02
HORVU.MOREX.r2.3HG0253330 |DNA glycosylase 6.06 | 4.93E-02
HORVU.MOREX.r2.4HG0320050 |Trichome birefringence-like protein 6.05 | 2.31E-02
HORVU.MOREX.r2.1HG0070360 |Cytochrome b561 and DOMON domain-containing protein 5.95 | 2.38E-02
HORVU.MOREX.r2.1HG0048800 |Trichome birefringence-like protein 5.85 | 9.33E-03
HORVU.MOREX.r2.4HG0279340 |Plasma membrane ATPase 5.80 | 9.33E-03
HORVU.MOREX.r2.2HG0150910 |Retrovirus-related Pol polyprotein from transposon opus 5.70 | 2.44E-02
HORVU.MOREX.r2.1HG0012120 |transcription factor, putative (Protein of unknown function, DUF547) 5.66 | 2.17E-02
HORVU.MOREX.r2.5HG0400090 |Cellulose synthase 5.51 | 2.44E-02
HORVU.MOREX.r2.3HG0224230 |Retrovirus-related Pol polyprotein from transposon TNT 1-94 5.50 | 9.33E-03
HORVU.MOREX.r2.3HG0274880 |Soluble inorganic pyrophosphatase 5.48 | 1.82E-02
HORVU.MOREX.r2.1HG0068800 |Lipid transfer protein 5.41 | 9.90E-03
HORVU.MOREX.r2.6HG0508020 |Myb factor 5.35 [ 2.94E-02
HORVU.MOREX.r2.7HG0619230 |Dirigent protein 5.35 [ 1.89E-02
HORVU.MOREX.r2.5HG0434360 |RAC-gamma serine/threonine-protein kinase 5.30 | 1.43E-02
HORVU.MOREX.r2.6HG0510840 |Microtubule-associated protein TORTIFOLIA1 5.24 | 2.90E-02
HORVU.MOREX.r2.2HG0150010 |Actin-related protein 2/3 complex subunit 2 5.17 | 6.55E-03
HORVU.MOREX.r2.5HG0366300 |Chaperone DnalJ-domain superfamily protein 5.13 | 2.17E-02
HORVU.MOREX.r2.2HG0105030 |COBRA-like protein 5.13 | 2.44E-02
HORVU.MOREX.r2.3HG0195770 |Fasciclin-like arabinogalactan protein 5.09 | 2.44E-02
HORVU.MOREX.r2.6HG0449870 |lIsoflavone reductase-like protein 5.09 | 2.17E-02
HORVU.MOREX.r2.1HG0068790 |Lipid transfer protein 5.06 | 4.58E-02
HORVU.MOREX.r2.4HG0291960 [Heavy metal transport/detoxification superfamily protein 5.05 | 1.69E-02
HORVU.MOREX.r2.7HG0593340 [Serine/threonine-protein kinase atr 4,97 | 3.31E-02
HORVU.MOREX.r2.1HG0032090 |Cellulose synthase 4.94 | 3.60E-02
HORVU.MOREX.r2.3HG0244020 |Methylthioribulose-1-phosphate dehydratase 4.90 | 3.74E-02
HORVU.MOREX.r2.3HG0242920 |branched-chain amino acid transaminase 1 4.89 | 2.76E-02
HORVU.MOREX.r2.1HG0040740 |Purple acid phosphatase 4.81 | 2.37E-02
HORVU.MOREX.r2.5HG0369430 |COBRA-like protein 4.80 | 1.89E-02
HORVU.MOREX.r2.6HG0489610 |FAR1-related sequence 2 4.75 | 1.39E-02
HORVU.MOREX.r2.7HG0555570 |Caleosin 4,74 | 1.89E-02
HORVU.MOREX.r2.3HG0251960 |Gamma-glutamyl phosphate reductase (Delta-1-pyrroline-5-carboxylate synthase) 4.71 | 3.27E-02
HORVU.MOREX.r2.5HG0447440 |Aquaporin-like protein 4.70 | 2.69E-02
HORVU.MOREX.r2.3HG0184880 |Trypsin inhibitor 4.69 | 2.90E-02
HORVU.MOREX.r2.2HG0174020 |Beta-fructofuranosidase, insoluble protein 4.63 | 3.55E-02
HORVU.MOREX.r2.2HG0126480 |Photosystem Il 10 kDa polypeptide family protein 4.61 | 1.89E-02
HORVU.MOREX.r2.3HG0239900 |Cellulose synthase 4.61 | 1.89E-02
HORVU.MOREX.r2.3HG0234850 |MYB transcription factor 4.60 | 2.63E-02
HORVU.MOREX.r2.2HG0149830 |Caleosin 4.58 | 1.82E-02
HORVU.MOREX.r2.3HG0265280 |2-oxoglutarate (20G) and Fe(ll)-dependent oxygenase superfamily protein 4.51 | 3.27E-02
HORVU.MOREX.r2.5HG0399860 |C2H2 zinc-finger protein SERRATE (SE) 4.49 | 3.56E-02
HORVU.MOREX.r2.3HG0224240 |Terpenoid cyclases/Protein prenyltransferases superfamily protein 4.47 | 2.98E-02
HORVU.MOREX.r2.4HG0348600 |Heat shock transcription factor 4.46 | 2.05E-02
HORVU.MOREX.r2.7HG0547450 |Thiosulfate sulfurtransferase GIpE 4.36 | 2.44E-02
HORVU.MOREX.r2.2HG0079450 |WEB family protein 4.30 | 3.85E-02
HORVU.MOREX.r2.2HG0172570 |Retrovirus-related Pol polyprotein from transposon TNT 1-94 4.29 | 1.39E-02
HORVU.MOREX.r2.UnG0633040 |Cytochrome P450 4.27 | 2.05E-02
HORVU.MOREX.r2.1HG0062080 |Profilin 4.27 | 1.56E-02
HORVU.MOREX.r2.5HG0350390 |fiber (DUF1218) 4.25 | 2.90E-02

XLII



Appendix

HORVU.MOREX.r2.6HG0502290 |MYB family protein 4.11 | 4.98E-02
HORVU.MOREX.r2.3HG0234870 [RING/U-box superfamily protein 4.08 | 2.40E-02
HORVU.MOREX.r2.1HG0011450 [Proline--tRNA ligase 4.07 | 2.90E-02
HORVU.MOREX.r2.1HG0071660 [Gibberellin 2-oxidase 3.98 | 2.90E-02
HORVU.MOREX.r2.3HG0224220 |Retrovirus-related Pol polyprotein from transposon TNT 1-94 3.98 | 2.44E-02
HORVU.MOREX.r2.5HG0442690 |Patatin 3.95 | 2.44E-02
HORVU.MOREX.r2.7HG0582870 |Senescence-associated protein, putative 3.91 | 2.44E-02
HORVU.MOREX.r2.7HG0545260 |Cytochrome P450 3.89 | 1.89E-02
HORVU.MOREX.r2.7HG0531800 |Sucrose synthase 3.88 | 1.89E-02
HORVU.MOREX.r2.4HG0332380 |Clathrin heavy chain 3.87 | 3.42E-02
HORVU.MOREX.r2.1HG0028970 |Nuclear pore complex protein Nup98 3.85 [ 3.35E-02
HORVU.MOREX.r2.6HG0518300 |Transmembrane protein 184C family 3.84 | 1.89E-02
HORVU.MOREX.r2.1HG0066190 |Sulfotransferase 3.84 | 2.69E-02
HORVU.MOREX.r2.5HG0404790 |P-loop containing nucleoside triphosphate hydrolases superfamily protein 3.83 | 4.92E-02
HORVU.MOREX.r2.6HG0498080 |ethylene-responsive transcription factor 3.81 | 1.89E-02
HORVU.MOREX.r2.2HG0143330 |MYB-related transcription factor 3.78 | 3.75E-02
HORVU.MOREX.r2.2HG0088290 [RING/U-box superfamily protein 3.70 | 3.74E-02
HORVU.MOREX.r2.7HG0595770 |Dentin sialophosphoprotein-like 3.70 | 4.92E-02
HORVU.MOREX.r2.3HG0245240 |Disulfide isomerase 3.67 | 3.35E-02
HORVU.MOREX.r2.2HG0107540 |Histone-lysine N-methyltransferase, H3 lysine-9 specific SUVH1 3.66 | 2.60E-02
HORVU.MOREX.r2.3HG0236180 |Protein phosphatase 2C 3.54 [ 9.33E-03
HORVU.MOREX.r2.3HG0258120 [Rho GDP-dissociation inhibitor 1 3.53 | 1.89E-02
HORVU.MOREX.r2.4HG0314890 |Vicilin-like protein 3.48 | 2.91E-02
HORVU.MOREX.r2.7HG0600350 |Telomere repeat-binding factor like-protein 3.42 | 4.31E-02
HORVU.MOREX.r2.4HG0343610 |Homeobox protein knotted-1, putative 3.34 | 3.56E-02
HORVU.MOREX.r2.6HG0519350 |Heparanase 3.20 | 1.89E-02
HORVU.MOREX.r2.4HG0284050 |Endoglucanase 3.14 | 3.38E-02
HORVU.MOREX.r2.7HG0564780 |Beta-amylase 3.13 | 2.44E-02
HORVU.MOREX.r2.5HG0355750 |Bidirectional sugar transporter SWEET 3.11 | 3.35E-02
HORVU.MOREX.r2.3HG0269000 |Cysteine-rich receptor kinase 3.10 | 4.28E-02
HORVU.MOREX.r2.2HG0089370 [SCAR family protein 3.06 | 2.63E-02
HORVU.MOREX.r2.4HG0334210 |3-ketoacyl-CoA synthase 2.93 [ 1.90E-02
HORVU.MOREX.r2.4HG0278800 |Ankyrin repeat family protein 2.91 | 3.35E-02
HORVU.MOREX.r2.1HG0052940 [Tubulin beta chain 2.91 | 2.76E-02
HORVU.MOREX.r2.4HG0316930 |Hexosyltransferase 2.87 [ 4.29E-02
HORVU.MOREX.r2.5HG0352140 |PI-PLC X domain-containing protein 2.69 | 3.97E-02
HORVU.MOREX.r2.3HG0271440 |ABC subfamily C transporter 2.64 | 2.90E-02
HORVU.MOREX.r2.1HG0031680 |Plant/T7N9-9 protein 2.54 | 4.59E-02
HORVU.MOREX.r2.5HG0399880 |Myomodulin neuropeptides 1 2.50 | 3.00E-02
HORVU.MOREX.r2.3HG0187770 |Protein COBRA, putative 2.43 | 1.90E-02
HORVU.MOREX.r2.3HG0196650 [MYB-RELATED transcription factor 2.39 [ 3.57E-02
HORVU.MOREX.r2.6HG0512380 |2-oxoglutarate (20G) and Fe(ll)-dependent oxygenase superfamily protein 2.30 | 2.90E-02
HORVU.MOREX.r2.3HG0226300 |Amino acid transporter family protein 2.25 [ 2.17E-02
HORVU.MOREX.r2.3HG0234240 |ABC transporter B family protein 2.20 | 2.33E-02
HORVU.MOREX.r2.5HG0443600 |Long-chain-fatty-acid CoA ligase, putative 2.15 | 2.69E-02
HORVU.MOREX.r2.1HG0066210 |Protein phosphatase 2C 2.13 [ 9.33E-03
HORVU.MOREX.r2.6HG0473280 |Aldehyde dehydrogenase 2.12 | 2.44E-02
HORVU.MOREX.r2.3HG0221890 |Protein phosphatase 2C 1.99 | 1.25E-02
HORVU.MOREX.r2.7HG0585130 |Negative regulator of sporulation MDS3 1.97 | 3.55E-02
HORVU.MOREX.r2.1HG0014930 |autophagy 2 1.94 [ 1.89E-02
HORVU.MOREX.r2.4HG0281760 |UDP-glucose 6-dehydrogenase 1.79 | 4.02E-02
HORVU.MOREX.r2.2HG0144330 |Amino acid permease 1.78 | 3.27E-02
HORVU.MOREX.r2.5HG0447480 |COP1l-interacting-like protein 1.72 [ 4.92E-02
HORVU.MOREX.r2.2HG0152870 |Kinesin-like protein 1.71 | 3.75E-02
HORVU.MOREX.r2.3HG0266870 |Delta-1-pyrroline-5-carboxylate reductase 1.54 | 1.69E-02
HORVU.MOREX.r2.3HG0227930 |lsoprenylcysteine alpha-carbonyl methylesterase ICME 1.53 [ 4.92E-02
HORVU.MOREX.r2.1HG0067380 |Ubiquitin domain-containing protein 1.44 | 4.48E-02
HORVU.MOREX.r2.6HG0449180 |60 kDa chaperonin 1.39 | 4.20E-02
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Table 13. List of genes that are downregulated in D2 (D2vsM2).

gene annotation logFC|adj.P.Val
HORVU.MOREX.r2.5HG0356780 |Glutaredoxin family protein -8.93 [ 9.90E-03
HORVU.MOREX.r2.5HG0356760 |Glutaredoxin family protein -7.92 | 2.05E-02
HORVU.MOREX.r2.1HG0075720 |RADIALIS-like transcription factor -7.53| 2.17€-02
HORVU.MOREX.r2.5HG0356890 |Glutaredoxin family protein -7.14 | 2.94E-02
HORVU.MOREX.r2.1HG0000990 |Dirigent protein -6.83 | 1.17E-02
HORVU.MOREX.r2.2HG0092470 |Peroxidase -6.53 | 2.44E-02
HORVU.MOREX.r2.2HG0092500 |Peroxidase -5.92 | 1.89E-02
HORVU.MOREX.r2.4HG0288340 |translation initiation factor -5.75| 3.11E-02
HORVU.MOREX.r2.4HG0337570 [ECA1 gametogenesis related family protein -5.73 | 2.81E-02
HORVU.MOREX.r2.1HG0076230 |Glucan endo-1,3-beta-glucosidase 3 -5.59 | 2.47E-02
HORVU.MOREX.r2.5HG0356880 |Glutaredoxin family protein -5.38 | 1.89E-02
HORVU.MOREX.r2.3HG0268330 |dicer-like 3 -5.20 | 1.89E-02
HORVU.MOREX.r2.3HG0188940 |AP2/B3 transcription factor family protein -5.00 | 2.44E-02
HORVU.MOREX.r2.1HG0075710 |RADIALIS-like transcription factor -4.86 | 2.44E-02
HORVU.MOREX.r2.5HG0394490 [Chaperone protein DNA], putative -4.80 | 2.69E-02
HORVU.MOREX.r2.2HG0149690 |Serine/threonine-protein kinase -4.71 | 1.97E-02
HORVU.MOREX.r2.5HG0356910 (Gag-pol polyprotein -4.71| 2.90E-02
HORVU.MOREX.r2.2HG0149700 |Serine/threonine-protein kinase -4.65| 9.33E-03
HORVU.MOREX.r2.5HG0369340 |Glutaredoxin family protein -4.57 | 3.75E-02
HORVU.MOREX.r2.6HG0503810 |Transcription factor RADIALIS -4.49 | 3.15E-02
HORVU.MOREX.r2.6HG0521950 [Nicotianamine synthase -4.47 | 1.89E-02
HORVU.MOREX.r2.1HG0075730 |RADIALIS-like transcription factor -4.37 | 9.33E-03
HORVU.MOREX.r2.4HG0339950 |WAT1-related protein -4.19 | 3.85E-02
HORVU.MOREX.r2.6HG0521960 |Flagellar hook-basal body complex protein FliE -4.19 | 9.90E-03
HORVU.MOREX.r2.7HG0608740 |Carbonic anhydrase -4.14 | 1.08E-02
HORVU.MOREX.r2.7HG0614600 |9-cis epoxycarotenoid dioxygenase -4.10 | 3.80E-02
HORVU.MOREX.r2.1HG0073730 |RADIALIS-like transcription factor -4.06 | 2.17E-02
HORVU.MOREX.r2.2HG0081690 |12-oxophytodienoate reductase-like protein -3.97 | 3.75E-02
HORVU.MOREX.r2.5HG0356450 |Heavy metal transport/detoxification superfamily protein, putative -3.95( 2.47E-02
HORVU.MOREX.r2.2HG0106000 |Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein -3.88 | 4.49E-02
HORVU.MOREX.r2.5HG0358200 |Glucan 1,3-beta-glucosidase -3.87 | 9.90E-03
HORVU.MOREX.r2.1HG0076300 |Receptor-like protein kinase, putative,expressed -3.84(9.33E-03
HORVU.MOREX.r2.2HG0180810 |Purple acid phosphatase -3.78 | 2.46E-02
HORVU.MOREX.r2.7HG0527190 [50S ribosomal protein L22 -3.77 | 3.75E-02
HORVU.MOREX.r2.3HG0217920 [Retrovirus-related pol polyprotein -3.68 | 3.27E-02
HORVU.MOREX.r2.4HG0337410 |Cyanate hydratase -3.65 | 2.17E-02
HORVU.MOREX.r2.7HG0605570 |Receptor kinase -3.62 | 2.90E-02
HORVU.MOREX.r2.6HG0513110 |1-aminocyclopropane-1-carboxylate oxidase -3.60 | 3.17E-02
HORVU.MOREX.r2.7HG0555000 |Pathogenesis-related protein 1 -3.49 | 2.44E-02
HORVU.MOREX.r2.7HG0559290 |NAD(P)-binding Rossmann-fold superfamily protein -3.42 | 2.90E-02
HORVU.MOREX.r2.3HG0235080 [ABC transporter G family member -3.39 | 3.74E-02
HORVU.MOREX.r2.7HG0561650 [Basic helix-loop-helix transcription factor -3.38 | 4.36E-02
HORVU.MOREX.r2.6HG0453710 |LINE-1reverse transcriptase like -3.38 | 3.38E-02
HORVU.MOREX.r2.2HG0173970 |Allantoinase -3.32 | 1.48E-02
HORVU.MOREX.r2.5HG0439240 [DNA polymerase epsilon catalytic subunit A, putative -3.30 | 2.17E-02
HORVU.MOREX.r2.2HG0153590 |Cyclin-like -3.26 | 1.05E-02
HORVU.MOREX.r2.4HG0328420 |Phytosulfokines 3 -3.26 | 1.39E-02
HORVU.MOREX.r2.4HG0287220 |ENTH/ANTH/VHS superfamily protein -3.24 | 3.00E-02
HORVU.MOREX.r2.5HG0446150 |Cell wall invertase -3.20 | 4.63E-02
HORVU.MOREX.r2.5HG0380960 |Fantastic four-like protein -3.19| 3.43E-02
HORVU.MOREX.r2.7HG0592850 (Kelch repeat protein -3.17 | 3.00E-02
HORVU.MOREX.r2.1HG0068250 |transcription initiation factor TFIID subunit, putative (DUF688) -3.14 | 3.27E-02
HORVU.MOREX.r2.7HG0618400 |proline iminopeptidase -3.04 | 3.35E-02
HORVU.MOREX.r2.4HG0295050 |Lectin -3.02 | 4.38E-02
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HORVU.MOREX.r2.3HG0189280 |Peptide transporter -3.00 | 3.75E-02
HORVU.MOREX.r2.2HG0165650 |Anthocyanidin reductase -2.98 | 1.39E-02
HORVU.MOREX.r2.3HG0237330 |Forkhead box protein O -2.97 | 3.97E-02
HORVU.MOREX.r2.1HG0012880 |Annexin -2.93 | 1.90E-02
HORVU.MOREX.r2.1HG0001860 [Leucine-rich repeat receptor-like protein kinase family protein -2.86 | 4.09E-02
HORVU.MOREX.r2.6HG0460140 |Endoglucanase 11 -2.78 | 1.25E-02
HORVU.MOREX.r2.1HG0006180 [methyl-coenzyme M reductase Il subunit gamma, putative (DUF3741) -2.77 | 3.29E-02
HORVU.MOREX.r2.2HG0157640 |SHR5-receptor-like kinase -2.74 | 3.74E-02
HORVU.MOREX.r2.1HG0059820 |Plant/T7H20-70 protein -2.67 | 1.39E-02
HORVU.MOREX.r2.5HG0401200 [O-methyltransferase -2.63 | 3.74E-02
HORVU.MOREX.r2.3HG0268300 [Two-component response regulator -2.59| 3.56E-02
HORVU.MOREX.r2.5HG0381410 |Response regulator -2.58 | 3.11E-02
HORVU.MOREX.r2.6HG0454160 |Peroxidase -2.56 | 3.00E-02
HORVU.MOREX.r2.2HG0143050 |Aldose 1-epimerase -2.47 | 4.25E-02
HORVU.MOREX.r2.6HG0473100 [Sodium transporter -2.33| 2.27E-02
HORVU.MOREX.r2.1HG0070350 |O-acyltransferase WSD1 -2.31 2.69E-02
HORVU.MOREX.r2.3HG0193970 [Universal stress family protein -2.26 | 1.25E-02
HORVU.MOREX.r2.2HG0108690 |Lectin receptor kinase -2.21 | 3.35E-02
HORVU.MOREX.r2.2HG0079950 [Mannose-binding lectin superfamily protein -2.20 | 3.74E-02
HORVU.MOREX.r2.4HG0329060 |Glutamine synthetase -2.11| 2.49E-02
HORVU.MOREX.r2.3HG0248390 [Amino acid permease -2.09 | 3.00E-02
HORVU.MOREX.r2.5HG0385870 [Chaperone ClpB -2.06 | 3.17E-02
HORVU.MOREX.r2.2HG0165270 |Cyclin family protein -2.06 | 3.35E-02
HORVU.MOREX.r2.1HG0076310 [Receptor-like protein kinase, putative,expressed -2.04 | 1.39E-02
HORVU.MOREX.r2.1HG0056410 |Myb family transcription factor APL -2.00 | 4.09E-02
HORVU.MOREX.r2.5HG0363650 |Zincfinger protein, putative -1.98 | 2.90E-02
HORVU.MOREX.r2.7HG0616140 [Leucine-rich repeat receptor-like protein kinase family protein -1.96 | 3.27E-02
HORVU.MOREX.r2.6HG0500110 [Transcription factor-related family protein -1.94 | 2.44E-02
HORVU.MOREX.r2.2HG0172730 |Serine/threonine-protein kinase -1.91 | 2.90E-02
HORVU.MOREX.r2.3HG0210460 |ATPase E1-E2 type family protein / haloacid dehalogenase-like hydrolase family protein -1.91 | 2.44E-02
HORVU.MOREX.r2.1HG0077460 |Kinase family protein -1.90 | 4.29E-02
HORVU.MOREX.r2.7HG0552960 [Amino acid transporter, putative -1.89 | 2.44E-02
HORVU.MOREX.r2.5HG0439150 [Anthranilate synthase -1.88 | 3.74E-02
HORVU.MOREX.r2.1HG0077550 [Sigma factor sigB regulation protein rsbQ -1.83| 2.52E-02
HORVU.MOREX.r2.6HG0474920 |Potassium channel -1.81| 3.27E-02
HORVU.MOREX.r2.5HG0445240 |Pantothenate synthetase -1.79 | 3.74E-02
HORVU.MOREX.r2.3HG0275510 [Jasmonate-induced protein -1.78 | 3.22E-02
HORVU.MOREX.r2.5HG0380850 |Bifunctional uridylyltransferase/uridylyl-removing enzyme -1.77 | 2.38E-02
HORVU.MOREX.r2.2HG0079960 |5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase -1.70 | 3.56E-02
HORVU.MOREX.r2.2HG0078890 |Cysteine synthase -1.68 | 4.18E-02
HORVU.MOREX.r2.2HG0157270 |L-allo-threonine aldolase -1.68 | 3.05E-02
HORVU.MOREX.r2.2HG0084440 |Serine/threonine-protein kinase -1.64 | 3.80E-02
HORVU.MOREX.r2.1HG0034100 |RING/FYVE/PHD zinc finger superfamily protein -1.62 | 2.17E-02
HORVU.MOREX.r2.2HG0160040 [Aldose 1-epimerase family protein -1.58 | 3.31E-02
HORVU.MOREX.r2.7HG0531260 |Autophagy-related protein 22-1 -1.47 | 2.44E-02
HORVU.MOREX.r2.3HG0187530 |Delta(7)-sterol-C5(6)-desaturase -1.45 | 2.90E-02
HORVU.MOREX.r2.2HG0085920 |Glucose-6-phosphate 1-dehydrogenase -1.37 | 3.56E-02
HORVU.MOREX.r2.4HG0276530 |Receptor protein kinase, putative -1.28 | 2.44E-02
HORVU.MOREX.r2.7HG0617060 [Homeobox protein knotted-1, putative -1.02 | 4.92E-02
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Table 14. PP2Cs associated with H3K9ac in D2. Shown are the TPM-, the bigWigSummary- and the
Diffbind values and their corresponding ratios and folds between M2 and D2.

RNAseq BigwigSummary Diffbind
Gene ID Annotation GTPMM2 @ TPM D2 RatioD2/M2| D2 M2 Ratio D2/M2| D2 M2 Fold (D2-M2)
5HG0392330 PP2C 1.13 28.24 24.94 14.76 242 6.11 6.8 4.1 2.7
3HG0236180 PP2C 3.71 51.45 13.86 9.52 3.56 2.67 446 1.94 2.53
4HG0323620 PP2C 8.00 73.39 9.18 13.48 4.94 273 7.31 5.88 1.43
7HG0604310 PP2C 0.85 10.90 12.84 11.00 2.06 5.35 4 1.2 2.79
3HG0229300 PP2C, putative 1.07 6.08 5.68 9.01 3.03 2.97 6.19 3.82 2.36
3HG0252080 PP2C 9.60 44 45 4.63 13.25 4.33 3.06 8.08 6.71 1.37
1HG0066210 PP2C 20.45 98.72 4.83 1040 4.74 2.20 728 6.17 1.11
7HG0592610 PP2C 1.08 2.94 2.72 1499 2.32 6.46 463 29 1.73
2HG0088830 PP2C-like protein 21.14 51.16 2.42 19.80 4.72 4.20 6.18 4.98 1.2
5HG0363800 PP2C family protein 5.64 11.41 2.02 7.73 3.73 2.07 5.05 4.52 0.53
7HG0546220 PP2C, putative 16.94 30.91 1.82 12.66 7.39 1.71 5.83 4.79 1.04
1HG0048630 PP2C family protein 1.41 2.08 1.47 13.04 4.38 2.98 6.11 4.37 1.74
5HG0419590 PP2C family protein 20.79 32.15 1.55 956 4.96 1.93 524 456 0.68
6HG0463090 PP2C, putative 9.28 10.38 1.12 9.17 584 1.57 3.55 3.04 0.51
3HG0225580 PP2C family protein 5.75 5.81 1.01 14.77 10.99 1.34 5.06 4.8 0.26
5HG0434880 PP2C 3.87 3.97 1.02 10.02 7.98 1.26 448 3.51 0.97
2HG0142110 PP2C family protein 5.46 5.77 1.06 12.33 6.83 1.81 412 3.73 0.39
1HG0076850 PP2C family protein 7.87 8.08 1.03 12.03 7.91 1.52 5.03 443 0.6
2HG0117550 PP2C 5.67 5.38 0.95 12.60 7.01 1.80 527 4.52 0.75
2HG0110630 PP2C, putative 2.47 2.51 1.02 797 496 1.61 6.33 544 0.89
6HG0483290 PP2C containing protein ~ 15.60 14.97 0.96 10.89 4.63 2.35 56 4.34 1.27
6HG0487760 PP2C 3.88 3.86 0.99 10.54 4.55 2.31 N/A  NA N/A
3HG0275550 PP2C family protein 13.21 11.67 0.88 11.79 8.89 1.33 6.29 5.66 0.62
6HG0501830 PP2C 5.15 4.26 0.83 935 3.74 2.50 5.87 5.15 0.71
1HG0068360 PP2C, putative 7.80 6.57 0.84 8.05 572 1.41 48 44 04
4HG0333340 PP2C, putative 128.70 41.04 0.32 9.97 6.52 1.53 714 6.68 047
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Table 15. Signal tracks of PP2Cs marked with H3K9ac in D2.

Gene ID Annotation Homology logFC padj Signal track
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Table 16. List of primers used in the qRT-PCR and validation.

Gene ID

Gene annotation

Primer name

Primer sequence (5'->3')

HORVU.MOREXr2.1HG0067180

HORVU.MOREX2.4HG0329060

HORVU.MOREXr2.3HG0251960

HORVU.MOREXr2.1HG0065280

HORVU.MOREXr2.3HG0187700

HORVU.MOREXr2.3HG0274970

HORVU.MOREXr2.3HG0234850

HORVU.MOREXr2.7HG0545260

HORVU.MOREXr2.3HG0236180

HORVU.MOREXr2.1HG0066210

HORVU.MOREXr2.3HG0221890

HORVU.MOREXr2.5HG0392330

HORVU.MOREXr2.3HG0238180

HORVU.MOREXr2.5HG0355750

HORVU.MOREXr2.4HG0319220

HORVU.MOREXr2.3HG0249890

HORVU.MOREXr2.1HG0001540

HORVU.MOREXr2.4HG0335530

HORVU.MOREXr2.1HG0027750

HORVU.MOREXr2.3HG0229370

senescence regulator
( DUF584)

Glutamine synthetase

Delta-1-pyrroline-5-
carboxylate synthase
Late embryogenesis
abundant protein

Heat shock protein

O-methyltransferase

MYB transcription
factor

Cytochrome P450

Protein phosphatase
2C
Protein phosphatase
2C
Protein phosphatase
2C
Protein phosphatase
2C
Heat shock
transcription factor
Bidirectional sugar
transporter SWEET
Abscisic acid
receptor

Transcription factor

Actin

Serine/threonine-
protein phosphatase
Histone
acetyltransferase
WRKY transcription
factor

HvS40
HVGS2
HW5CS2
HvA1

HvHsp17

MYB TF

CYP 450

HVABI1
HWPP2C

HSTF

SWEET
transporter

ABA receptor
BzIP TF
Actin
PP2A
GCN5

WRKY21

CGACGGCGACGTCCGATGTA
CTTTGAGCGTCCTCCCTTTGC
ACGAGCGGAGGTTGAGAGG
CGCCCCACACGAATAGAGCA
GGGCGTACCTGCTGTCATTG
ACTGTCATCTCACGGGGTGTCACT
AAGCAGTCGATCCATTCCAAGT
CATCATCTGCCCGGTCTTCTC
TCGAGATCTCCGGCTGAATGC
CGGCAAGAACAACGACACAAC
TCACCACCACGTACGTAACA
CATCAGGGTCTCGAGGAGTC
GGAACAGCTGCCTCAAGAAG
CCGGGAAAGGGTCGAAAAC
TCCACAGGCACCTCAATCAT
TGCTTGAGTTCTGGAGAGGG
TCCGTCGATCACAAACCTGA
ACAGACCATCGCTTGCTAGA
CAGTTGTTCCTCGGGCAAAA
GATCCATCGCCTCCATCTGA
TTGTTCCTCGAGCGAAGGAT
GTTGGGCGGATGACAAGTTT
CTACCTCAAGCCGTTCGTGA
GTTGTCCGAGCTGTTCTTCG
CCTCCCCTCCTACTTCAAGC
ACCTTGCGAAATCCCTGAGA
CTCTTCTTCCTCCTCGTCCC
ATCAACACGCAACGGTCAAA
CCCCAACCCTACCTTCGAAA
CTAGGACTCGGTGGTGGTG
TCAAATCAAACCCCGAACCC
CGAGTGTTACGGAAGGTGC
GGAAATGGCTGACGGTGAGGAC
GGCGACCAACTATGCTAGGGAAAAC
CACCATTTCTCAGCTTGTATTG
CACCCCTTTGTTATTIGTTTGTTG
CAGGCCGCGTCAACCAAGAAC
GGACGGCATAACAAGCAAGTCAG
CTCTTCGACGTCGTGTACCA
CACGGAGATCTGCTCCTGTC
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