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ABSTRACT

Linker H1 histones play an important role in ani-
mal and human pathogenesis, but their function in
plant immunity is poorly understood. Here, we an-
alyzed mutants of the three canonical variants of
Arabidopsis H1 histones, namely H1.1, H1.2 and
H1.3. We observed that double h1.1h1.2 and triple
h1.1h1.2h1.3 (3h1) mutants were resistant to Pseu-
domonas syringae and Botrytis cinerea infections.
Transcriptome analysis of 3h1 mutant plants showed
H1s play a key role in regulating the expression
of early and late defense genes upon pathogen
challenge. Moreover, 3h1 mutant plants showed en-
hanced production of reactive oxygen species and
activation of mitogen activated protein kinases upon
pathogen-associated molecular pattern (PAMP) treat-
ment. However, 3h1 mutant plants were insensitive
to priming with flg22, a well-known bacterial PAMP
which induces enhanced resistance in WT plants.
The defective defense response in 3h1 upon priming
was correlated with altered DNA methylation and re-
duced global H3K56ac levels. Our data place H1 as a
molecular gatekeeper in governing dynamic changes
in the chromatin landscape of defense genes during
plant pathogen interaction.

INTRODUCTION

Plants face constant changes in their homeostasis, so they
have evolved complex mechanisms to deal with external
abiotic and biotic stresses. Plants can sense microbes
by membrane-localized pattern recognition receptors
(PRRs) of conserved pathogen/microbe-associated
molecular patterns (PAMPs/MAMPs), thereby triggering
PAMP/MAMP triggered immunity (PTI/MTI) (1). After

recognition, downstream signaling responses are triggered,
which include production of reactive oxygen species (ROS),
activation of mitogen-activated protein kinases (MAPKs),
and activation of defense genes (2). PTI also changes the
plant defense hormone profiles (like salicylic acid and
jasmonic acid) to optimize the immune response toward
pathogens (3). Successful pathogens deliver effector pro-
teins into the plant cells to overcome PTI, causing disease
in susceptible plants called effector-triggered susceptibility
(ETS). However, resistant plants recognize effectors via
intracellular nucleotide-binding domain leucine-rich repeat
(NLR) receptors to mount effector triggered immunity
(ETI) (4).

In plants, a previous stressful experience modulates the
cellular machinery to confer a robust response upon a re-
curring stress; a phenomenon called priming (5). Priming
of plants can efficiently increase the tolerance and survival
of plants to different stresses. One of the well-characterized
PAMPs is a 22-amino-acid long epitope of Pseudomonas
flagellin (flg22), which is recognized by the FLS2 receptor
(6). Pretreatment with flg22 induces defense priming in Ara-
bidopsis enhancing plant resistance to subsequent challenge
with pathogenic Pseudomonas syringae (7).

The execution of early and late immune responses upon
pathogen recognition is fundamentally modulated by opti-
mal gene expression (8,9). Chromatin changes and nucle-
osome dynamics fine-tune gene expression in stress con-
ditions. Besides core nucleosomal histones, linker histones
are major constituents of eukaryotic chromatin (10). In eu-
karyotes, linker histone H1 has a conserved tripartite struc-
ture consisting of (i) a short and flexible N-terminal tail,
(ii) a dyad binding central globular domain (GH1) and
(iii) a structurally disordered lysine-rich C-terminal tail
(11). Linker histone H1 binds to the nucleosome to facili-
tate chromatin folding usually into higher order structures
(12). In addition to regulating basic biological processes
like DNA replication, chromosome segregation, and DNA
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repair, H1 regulates gene expression by modulating RNA
polymerase II accessibility to chromatin (12–14).

H1 deposition is part of the crosstalk with the epige-
netic landscape, notably DNA methylation and histone H3
methylation (15–17). H1 mutants are difficult to study ow-
ing to the high functional redundancy between H1 vari-
ants. Deletion of H1 in mouse and Drosophila is lethal but
not in other organisms like Tetrahymena, yeast, fungi and
worms (12,18). Arabidopsis has three canonical variants of
H1 namely, H1.1, H1.2 and stress-regulated H1.3 (19). In-
terestingly, the mutants are viable with morphological and
developmental defects (17). In Arabidopsis root and shoot
tissues, H1.1 and H1.2 are ubiquitously expressed during
vegetative development. At the genome level, H1 is dis-
tributed in heterochromatin and euchromatin showing en-
richment at 3′ and 5′ ends of transposable elements (TEs).
Over gene bodies, H1 presence is usually anticorrelated to
transcription and H3K4me3 levels (19,20). All DNA methy-
lation patterns in Arabidopsis (i.e. CG, CHG, CHH), are
regulated by H1 mainly in heterochromatin but also in eu-
chromatin (21,22). H1 possibly creates a structural barrier
that restricts RNA-dependent DNA methylation to euchro-
matic regions and requires DDM1-mediated accessibility
to DNA methyltransferases MET1, CMT1 and CMT2 for
maintenance of heterochromatic DNA methylation (21,23).

In this study, we demonstrate that Arabidopsis H1
knockout mutants have elevated basal immune levels and
are resistant against a bacterial and a fungal pathogen.
However, 3h1 mutant plants are compromised in flg22
triggered priming. The altered DNA methylation and re-
duced H3K56ac profiles in 3h1 after flg22-treatment pro-
vide strong evidence of the molecular mechanism of the
priming deficient phenotype of 3h1 mutant.

MATERIALS AND METHODS

Plant material and growth conditions

The experiments were performed by using Arabidopsis
(Arabidopsis thaliana) lines in the Col-0 ecotype back-
ground unless stated otherwise. h1.1 (SALK N628430) and
h1.2 (GK-116E080) mutants were obtained from the Eu-
ropean Arabidopsis Stock Center. h1.3 (GT18298) in the
Ler background was obtained from the Cold Spring Harbor
Laboratory collection. The h1.1h1.2h1.3 (3h1) triple mutant
was obtained by crossing h1.1h1.2 with h1.3 (17). Plants
were grown on soil (jiffy pots, http://www.jiffypot.com/), in
plant growth chambers (Percival Scientific) under short-day
conditions (8 h light/ 16 h dark) at 22◦C.

Pathogen infection assays

P. syringae tomato pv. DC3000 (Pst DC3000) strain was
grown on King B agar plates with 50 �g/ml rifampicin at
28◦C. Bacteria were adjusted to 106 cfu/ml in 10 mM MgCl2
and inoculated to four-week-old plants by either syringe or
spray infection. Bacteria were released from three leaf discs
(4mm) in 500 �l of 10 mM MgCl2 with 0.01% Silwet 77 by
incubating at 28◦C at 1000 rpm for 1 h. Serial dilutions were
plated on LB medium with appropriated antibiotic. After
incubation at 28◦C, bacterial colonies were counted. The
experiment was repeated three times with similar results.

Botrytis cinerea infection was performed as previously de-
scribed (24). Briefly, 4-week-old plants were inoculated with
Botrytis cinerea (strain: B05.10) by placing a 5 �l droplet of
a spore suspension (5 × 105 spores/ml) on each rosette leaf
(three fully expanded leaves per plant). Trays were covered
by a transparent plastic lid to maintain high humidity. Le-
sion diameter was measured after 2 days of infection using
ImageJ analysis tool.

ROS burst assays

ROS burst was determined by the luminol-based assay de-
scribed before with modifications (25). Leaf discs were in-
cubated overnight in a white 96-well plate in water to re-
duce the wounding effect. Next day, the water was replaced
by 100 �l of reaction solution containing 50 �M of lu-
minol (Sigma) and 10 �g/ml of horseradish peroxidase
(Sigma) supplemented with 1 �M of flg22. The measure-
ment was conducted immediately with a luminometer (Glo-
Max, Promega) for a period of 40 min with a 1 min reading
interval between readings. The measurements are shown as
means of RLU (relative light units). The experiments were
repeated three times with similar results.

MAPK activation assays

Adult plants or seedlings treated with 1 �M of flg22 were
harvested at the indicated time points. Proteins were ex-
tracted using extraction buffer. The frozen seedlings were
homogenized in 100 �L of extraction buffer (150 mM Tris–
HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 2 mM EGTA,
5% glycerol, 10 mM DTT and 1× Pierce Protease and
Phosphatase tablet (thermo#A32959)). Twenty micrograms
of protein were separated on a 10% polyacrylamide gel
and transferred on a PVDF membrane. After overnight
blocking with TBST–5% milk, the membrane was washed
3 times with TBST. Immunoblot analysis was performed
using anti-phospho-p44/42 MAPK (1:5000; Cell Signaling
Technology) for 2 h as primary antibody and peroxidase-
conjugated goat anti-rabbit antibody (1:10 000; Promega)
for 1 h with 5 times 10 min washes in-between the incu-
bations. The experiment was repeated twice with similar
results.

Hormone measurements

The extraction of phytohormones and camalexin was per-
formed as described (26). The compounds were quantified
by HPLC-ESI-SRM in a Thermo Fisher TQS-Altis Triple
Quadrupole Mass Spectrometer coupled to a Thermo Sci-
entific Vanquish MD HPLC system. The chromatographic
separation was carried out in a UPLC column (Agilent
Eclipse Plus C18, RRHD, 1.8 um, 2.1 × 50 mm), and the
compounds were eluted using water (A) and acetonitrile
(B) as mobile phase at 0.6 mL/min and in a gradient elu-
tion mode as following: 10% B for 0.5 min, 10–55% of B at
4.5 min, 55–100% B at 4.7 min, 100% until 6.0 min, 100–
10% B at 6.1% and 10% until 8 min. The column was kept
at 55◦C. The statistical significance from three replicates
was evaluated by ANOVA followed by Tukey Test (Tukey
HSD).
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Callose deposition

Callose deposition was conducted as described by Wang
et al. (27) with modifications. Briefly, 10-day-old WT and
3h1 mutant plants were treated with 1 �M of flg22. Af-
ter 24 h, seedlings from each genotype were destained in
ethanol:acetic acid solution (3:1) for 3–4 h. Samples were
washed with 150 mM K2HPO4 for 30 min. Cleared leaves
were stained with 0.01% aniline blue (Sigma) in 150 mM
K2HPO4 (pH 9.5) overnight in dark with constant shaking.
Callose deposits were visualized under a DAPI filter using
a fluorescence microscope. Callose deposits were counted
using ImageJ software.

RNA extraction and real-time RT-PCR analysis

Total RNAs were extracted from 4-week-old adult plants
using NucleoSpin RNA Plant (MACHEREY-NAGEL)
kit, according to the manufacturer’s instructions. First
strand cDNA was synthesized from 1�g of total RNAs us-
ing SuperScript First-Strand Synthesis System for RT-PCR
according to the manual instructions. Then 2 �l of 10 times
diluted cDNA was used for CFX96 Touch Real-Time PCR
Detection System (Bio-Rad) for Syber green based quanti-
tative PCR analysis. The specificity of amplification prod-
ucts was determined by melting curves. Tubulin was used as
internal control for signal normalization. The relative ex-
pression level of the selected genes was calculated based on
��Ct method. The primers used are listed in Supplemen-
tary Table S2.

RNA sequencing and analysis

RNA-seq was performed from mRNA libraries with 1�g of
total plant RNA using TrueSeq standard mRNA Library
Prep kit (Illumina). Pooled libraries were sequenced using
Illumina HiSeq 4000 platform. RNA-seq generated 1538
million raw read pairs from 36 libraries (including three
time points; 0, 6 and 24 h in methylation data). Adapters,
primers, and low-quality bases were removed from the ends
of raw reads using Trimmomatic v0.38 (28). The resulting
trimmed reads were mapped to the TAIR10 genome us-
ing Tophat2 v2.1.1 (29). Read counts were generated for
all samples from corresponding bam files using BEDTools
v2.29.0 (30). DESeq2 (31) was run with read counts to iden-
tify DEGs between several conditions (comparison descrip-
tion: refer to RNA-seq excel file) with FDR ≤0.01. All
the heatmaps generated for RNA-seq were plotted using
the R package pheatmap (https://cran.r-project.org/web/
packages/pheatmap/index.html). Clustering of genes based
on their expression within conditions was performed in ba-
sic R language using hierarchical and k -means cluster-
ing. Functional enrichment of DEGs was carried out with
AgriGO (32) using default settings. GO terms with P ≤ 0.05
were considered significant, and the occurrence of at least
five times in the background set was additionally required
for DEGs.

Whole genome bisulfite sequencing and analysis

DNAs from plant samples were extracted by NucleoSpin
Plant II kit from Macherey-Nagel. DNA samples were pro-

cessed by Zymo Research (USA) for WGBS using Methyl-
MaxiSeq® Library Preparation procedure. Briefly, 250 ng
of starting input genomic DNA was digested with 1 unit of
Zymo Research dsDNA ShearaseTM Plus (Cat#: E2018-
50). The fragments produced were end-blunted and 3’-
terminal-A extended, then purified using DNA Clean &
ConcentratorTM-5 (Cat#: D4003). The A-tailed fragments
were ligated to pre-annealed adapters containing 5’-methyl-
cytosine instead of cytosine according to Illumina’s speci-
fied guidelines. Adaptor-ligated fragments ≥ 50 bp in size
were recovered using the DNA Clean & ConcentratorTM-
5 (Cat#: D4003). The fragments were then bisulfite-treated
using the EZ DNA Methylation-LightningTM Kit (Cat#:
D5030). PCR was performed with Illumina indices and
the resulting products were purified with DNA Clean &
ConcentratorTM-5 (Cat#: D4003). Size and concentration
of the fragments were confirmed on the Agilent 2200 TapeS-
tation. Libraries were sequenced on an Illumina NovaSeq
instrument.

The analysis of WGBS was performed as described by
Cokus et al. (33). Briefly, sequencing of the 12 libraries (4
conditions, 3 biological replicates each) resulted in 991 mil-
lion read pairs. Adapters were trimmed from the raw se-
quences using Trimmomatic v0.38. Subsequently, trimmed
reads were mapped to the TAIR10 genome using Bowtie2
v2.2.5 (34), and methylation calls were performed using Bis-
mark v0.22.3 (35). Four filters were used to reduce false pos-
itives. First, we removed the reads with three or more con-
secutive CHH methylations as described earlier (33). Sec-
ond, with k methylated reads mapping, the probability of
it occurring through sequencing error (that is, unmethy-
lated position appearing as methylated) was modeled us-
ing a binomial distribution B(n, p), where n is the cover-
age (methylated + unmethylated reads) and p is the prob-
ability of sequencing error (set to 0.01). We kept positions
with k methylated reads if P(X ≥ k) < 0.05 (post-FDR
correction). Third, retained methylated positions had to
have ≥1 methylated read in all three biological replicates
of at least one growth condition. Finally, the median cov-
erage of retained positions across all 12 samples had to
be ≥10. After calling significant methylation in each repli-
cate separately, we merged the replicates from the corre-
sponding condition by taking the mean for each methy-
lation context. This yields a final average bedgraph file
for each of the four conditions which have been used for
further analyses. All the average line plots of methylation
around and within the genes have been plotted by deep-
Tools (36). All boxplots for methylation have been gener-
ated using the R package ggplot2. The snapshots used in
the analyses were taken from the integrated genome browser
IGB v9.8.1.

Assignment of genomic context to methylated cytosines

On the basis of the gene annotation of the TAIR10 (GFF3
file) and the positional coordinates of the methylated cy-
tosines produced by Bismark, we annotated every methy-
lated cytosine based on the genomic context using bed-
tools intersect, which is a common genome analysis toolkit.
Based on the GFF3 file we included whether the methy-
lated position resides in a genic or intergenic region, and
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Figure 1. Linker histone mutant 3h1 is resistant to pathogen infection. (A) Morphology of 4-week-old wild-type (WT), single (h1.2, h1.3), double (h1.1h1.2,
h1.1h1.3, h1.2h1.3) and triple (h1.1h1.2h1.3 or 3h1) mutants of Arabidopsis H1 grown on pots. (B) Quantification of bacterial colonies in different h1
mutants after spray inoculation with Pseudomonas syringae pv DC3000 (Pst DC3000) at 3 and 72 hours post infection (hpi). (C) Quantification of fungal
infection as reflected by the lesion size in the WT and 3h1 after 48 h of Botrytis cinerea drop inoculation on 4-week-old plants. The data is represented as
mean ± SEM where * and *** indicate P < 0.05 and 0.001 compared to WT, as determined by ANOVA significance test.

the distances to the 5′ and 3′ ends of each genomic feature
(gene/intergenic region/exon/intron).

PCA and correlation matrices

Median methylation levels of methylated genes and
log2FPKM of expressed genes were shifted to be zero-
centered and analyzed by PCA using the prcomp function
in R. Using the same data, we calculated correlation matri-
ces (Pearson correlation coefficient) and clustered samples
with hclust implemented in R using complete linkage and
Euclidean distance.

Western blotting of histones

Nuclei were isolated from ground powder as already de-
scribed (37). 5× SDS Loading dye was directly added to
the nuclei and boiled at 85◦C for 10 min and later loaded on
15% SDS-PAGE gel. Later, western blotting was performed
as described in MAPK activation assays section.

DNaseI accessibility PCR

DNaseI (Promega) treatment was given to isolated nuclei
for 5 min at 37◦C and reaction was stopped by adding

EDTA to the tubes. Later DNA was isolated from the sam-
ples and accessibility PCR assay performed as already de-
scribed (38).

RESULTS

Linker histone H1 regulates plant immunity against pathogen
infection

In an effort to understand the role of linker histone proteins
in plant immunity, we analyzed Arabidopsis H1 mutants for
developmental and pathogen phenotypes. The H1 mutants
used in the study were either knockouts of single, double
or all three isoforms of H1. Interestingly, all H1 mutants
were viable and grew well with no visible morphological de-
fects in pots (Figure 1A). We tested 4-week-old single mu-
tants (h1.2 and h1.3), double mutants (h1.1h1.2, h1.1h1.3
and h1.2h1.3) and the triple mutant h1.1h1.2h1.3 (called
3h1 from now onwards) against virulent Pseudomonas sy-
ringae pv. tomato DC3000 (Pst DC3000). We observed that
h1.1h1.2 and 3h1 are significantly resistant to Pst DC3000
infection while single h1s, double h.1.1h1.3 and h1.2h1.3
mutants allow proliferation of Pst DC3000 to a similar ex-
tent as found in wild type (WT) plants (Figure 1B). These
observations suggest that two main isoforms H1.1 and H1.2
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Figure 2. 3h1 mutant shows elevated innate immunity levels. (A) Reactive oxygen species (ROS) levels quantified over 40 min in WT and 3h1 leaf discs
triggered by 1 �M flg22 treatment. (B) MAPK activation monitored with anti-pTEpY antibody indicating phosphorylation of MPK6, MPK3 and MPK4
in WT and 3h1 plants after 1 �M flg22 treatment for 15 and 30 min. CBB stain of Rubisco serves as a loading control. (C–E) Expression of key innate
immunity genes RBOHD, RBOHF and PR1 after 6h of mock treatment or Pst DC3000 infection. (F) Salicylic acid (SA) quantification in WT and 3h1
plants is shown as ng/g of fresh weight. The data are shown as means ± SEMs from three replicates. Asterisk indicates a significant difference with P < 0.05.

together are important in modulating plant immunity. As
3h1 showed the strongest resistance phenotype, we carried
out the rest of the analysis using the triple 3h1 mutant.
When challenged with the fungal pathogen Botrytis cinerea,
3h1 plants efficiently restricted fungal infection compared
with WT plants as depicted by the smaller lesion size (Fig-
ure 1C).

3h1 mutant plants have elevated basal immune responses

To examine the effect of the loss of linker histones on
basal immune responses, we performed a number of flg22-
induced early and late PTI readouts in 3h1 mutant as com-
pared to WT plants. For early PTI events, 3h1 plants pro-
duced higher levels of reactive oxygen species (ROS) than
WT plants upon flg22 or chitin treatment (Figure 2A and
Supplementary Figure S1A). We also observed an elevated
activation of the mitogen-activated protein kinases MPK3,
4 and 6 in 3h1 mutant as compared to WT after 15 and 30
min of flg22 elicitation in both adult plants and seedlings
(Figure 2B and Supplementary Figure S1B). The key plant
enzymes producing ROS in responses to pathogen defense
are RBOHD and RBOHF (39). We observed a higher level
of both RBOHD and RBOHF levels in Pst DC3000 treated
3h1 plants (Figure 2C,D). Also, PR1 defense gene expres-

sion was elevated in 3h1 mutant while a dynamic expression
of FRK1 and MYB51 was observed before and after Pst
DC3000 treatment (Figure 2E and Supplementary Figure
S1C, D). The defense related hormones salicylic acid (SA)
and jasmonic acid (JA) are key to optimize immune out-
puts, we thus quantified SA and JA in 3h1 mutant plants af-
ter pathogen infection. We observed elevated levels of SA in
adult 3h1 plants compared to WT when challenged with Pst
DC3000, while there was a subtle but insignificant increase
in JA levels (Figure 2F and Supplementary Figure S1E). To-
gether, these results indicate that a deficiency in linker H1
affects basal immune responses in plants, possibly through
H1-mediated regulation of the plant gene expression.

H1 regulates the plant defense gene expression profile

In order to understand the immunity phenotype of the
3h1 mutant, we performed RNA sequencing of adult WT
and 3h1 plants after challenge with Pst DC3000 for early
(6 h) and late (24 h) defense responses (Figure 3A). Prin-
cipal components analysis (PCA) revealed that biological
replicates clustered together (Supplementary Figure S2A),
indicating good reproducibility of our experiments. Ad-
ditionally, the 0 to 24 hpi (hours post infection) sam-
ples were separated in the PCA plot, suggesting that gene
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Figure 3. Dynamic transcriptome of 3h1 during pathogen infection. (A) Schematic diagram of RNA seq procedure where 4-week-old adult plants were
infected with Pst DC3000 and samples harvested at 0, 6 and 24 h after infection. (B) Hierarchical clustering of Pst DC3000-infected (6 and 24 h) WT and
3h1 plants compared to control based on differentially expressed RNA transcripts from mRNA seq using DESeq2 (2.0 FC, FDR Padj < 0.01). Transcript
fold-change depicted as color scale demonstrates log2 fold changes compared to mean for each transcript across genotype and condition. GO and pathway
enrichment terms are depicted for the gene clusters against the background of all transcripts in the heatmap. (C, D) qRT-PCR validation of selected genes
which showed altered expression pattern between WT and 3h1 before and after infection. The data are shown as means ± SEMs from three replicates.
Asterisk indicates a significant difference with P < 0.05 from two-way ANOVA.

expression changed massively as disease progressed (Sup-
plementary Figure S2A). Differential gene expression anal-
ysis identified more than 1600 genes already affected by the
genotype before challenge with Pst DC3000 (Supplemen-
tary Figure S2B). More than 1000 genes were upregulated,
and around 600 genes were downregulated in 3h1 in control
conditions (Supplementary Figure S2B). When compared
to WT, 3h1 plants displayed significant differences in tran-
script abundance of 924 (638 up- and 286 downregulated)
and 2151 (1145 up- and 1006 downregulated) genes after
6 and 24 h of Pst DC3000 infection, respectively (Supple-
mentary Figure S2B). Hierarchical clustering identified ten
gene clusters with distinct changes in expression in response
to Pst DC3000 pathogen in 3h1 mutant plants compared
to WT (Figure 3B). Notably, the genes in cluster 1, which
were highly upregulated in WT at 24 hpi, were repressed
in 3h1 mutant plants. This cluster contained a number of
defense related genes, including WRKY38 and WRKY62,

which are both negative regulators of immunity (40). We
confirmed the behavior of this cluster by qRT-PCR anal-
ysis of WRKY38 and WRKY62, which both showed re-
duced expression in 3h1 post-infection by Pst DC3000 (Fig-
ure 3C). The transcripts of cluster 5, including immunity-
related defensins and cytochrome P450 family proteins,
were highly upregulated in 3h1 but not in WT at 6 hpi
(Figure 3B). Transcripts of cluster 6 and 7 genes showed
highly elevated levels in 3h1 mutant plants at 24 hpi (Fig-
ure 3B). Whereas the GO terms of cluster 6 genes were
associated with cell wall and polysaccharide metabolism,
cluster 7 genes contained a number of chromatin-related
proteins, including the histone acetyltransferase HAC2 of
the CBP family 2 and the histone deacetylase HDA18 of
the RPD3/HDA1 superfamily (Figure 3B). By qRT-PCR,
we confirmed that HDA18 and HAC2 levels strongly in-
creased in 3h1 after Pst DC3000 infection compared to WT
plants, eluding to the possible fine-tuning of gene expression
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by H1 (Figure 3D). Interestingly, cluster 9 genes, encod-
ing flavonoid and anthocyanin secondary metabolite genes,
were downregulated upon pathogen infection in WT but not
in 3h1, which showed elevated levels of these pathways be-
fore pathogen challenge. To this end, we studied the levels
of some of the key defense related secondary metabolites
like Callose and Camalexin (41). We observed significantly
higher callose deposition in 3h1 than in WT in control con-
ditions (Supplementary Figure S3A, B). Also, compared to
WT, higher camalexin amounts were observed in 3h1 under
mock conditions, which further significantly increased after
Pst DC3000 infection (Supplementary Figure S3C, D). To-
gether, these results suggest that H1 histones contribute in
orchestrating both early and late responsive plant defense
genes.

flg22 induced defense priming is attenuated in 3h1

To understand whether H1 plays a role in defense priming,
we pretreated WT and 3h1 plants with flg22 for 24 hours
before Pst DC3000 pathogen infection. Compared to wa-
ter pre-treatment, flg22 treated WT showed reduced disease
symptoms of Pst DC3000 infection (Figure 4A, B). In con-
trast, 3h1 plants were insensitive to flg22-induced priming
as shown by the similar bacterial titers in 3h1 mutant plants
with and without flg22 pre-treatment (Figure 4A, B). We
observed a decrease in callose deposition in 3h1 mutant af-
ter 24 h of flg22 treatment, although callose deposition was
increased in mock-treated 3h1 mutant plants (Supplemen-
tary Figure S3A, B). Also, a reduction in camalexin levels
was observed in flg22 treated 3h1 plants as compared to
WT before and after Pst DC3000 challenge (Supplemen-
tary Figure S3C, D). The reshaping of the transcriptome in
pathogen-challenged tissues is one of the attributes of de-
fense priming (42). To understand the compromised defense
priming phenotype in 3h1, we performed transcriptome
analysis of flg22 pre-treated WT and 3h1 plants challenged
with Pst DC3000 at early (6 h) and late (24 h) time points
(Figure 4C). PCA analysis showed the reliability of our bio-
logical replicates, and the Venn diagrams represent the num-
bers of up and downregulated genes after Pst DC3000 infec-
tion (Supplementary Figure S2C, D). Cluster 1 is comprised
of 154 genes that get strongly upregulated in WT plants dur-
ing early Pst DC3000 (6h) infection while the expression is
not altered in 3h1 after infection (Figure 4D). Interestingly,
GO term analysis shows strong enrichment of these genes in
innate immunity and defense signaling. One of the key in-
nate defense marker genes, WRKY29 (43), was not induced
in flg22-treated 3h1 plants after Pst DC3000 infection, sug-
gesting a possible explanation for the compromised defense
priming phenotype in 3h1 mutant plants (Figure 4E). We
also tested the expression pattern of other defense-related
genes like WRKY31 and MAPKKK15 in Cluster 1 (Figure
4F, G and Supplementary Figure S4A). Their expression
behavior was similar to WRKY29, suggesting they might
orchestrate the changes in plant defense in a concerted man-
ner.

Another stark difference was observed at HAC2 and
HDA18 as their expression decreased in 3h1 plants after
flg22 priming (Supplementary Figure S4B, C), which is in
contrast to their expression in non-primed conditions (Fig-

ure 3D). These results suggest that an altered regulation of
defense priming might occur at the epigenetic level in 3h1
mutant plants.

3h1 plants exhibit dynamic DNA methylation before and after
flg22 treatment

The reshaping of the epigenetic landscape leads to a tran-
siently enhanced local immunity followed by a poorly un-
derstood defense priming mechanism (42). One of the key
epigenetic modifications regulated by H1 histones is DNA
methylation (17,44). To further understand the defective
priming in 3h1, we analyzed genome-wide DNA methyla-
tion by whole-genome bisulfite sequencing (WGBS) in WT
and 3h1 mutants pre- and post-flg22 treatment. To validate
the quality of our sequencing data we analyzed the per-
centage of non-conversion rate by calculating mean methy-
lation ratios of chloroplast genomes (which lacks DNA
methylation) in CG, CHG and CHH contexts and observed
<0.5% non-conversion in all samples, which supports that
our data meet the standards of acceptable WGBS (Sup-
plementary Table S1, Supplementary Figure S5A-F). Prin-
cipal components analysis (PCA) and Pearson correlation
analysis showed that the biological replicates clustered to-
gether (Supplementary Figure S6A–C, D–F) and individ-
ual methylation percentages in biological replicates again
indicate good reproducibility of our experiments (Supple-
mentary Figure S6G-I). We observed higher global CG and
CHG methylation levels in 3h1 as compared to WT (Sup-
plementary Figure S6J–L). Next, we analyzed the methyla-
tion dynamics in CG, CHG and CHH contexts for protein
coding genes (PCGs) and transposable element (TE) re-
gions. We further divided the protein coding loci into pro-
moters (2 kb upstream) and gene body. We plotted methy-
lation differences in CG, CHG and CHH contexts from all
three individual biological replicates and analyzed the ef-
fect of flg22 treatment in Col-0 and 3h1 mutant (Supple-
mentary Figure S7). Interestingly we observed a decrease
in promoter methylation in 3h1 in CHG and CHH con-
texts while a subtle but insignificant increase was observed
in CG context (Figure 5A, B, Supplementary Figure S7A).
On the other hand, an increase in gene body CHG methy-
lation was observed in 3h1 compared to WT (Figure 5A, B,
Supplementary Figure S7B). The DNA methylation in all
sequence contexts was strongly increased in 3h1 over the TE
regions (Figure 5C, D, Supplementary Figure S7C). Flg22
treatment resulted in a further increase in DNA methyla-
tion in CG and CHG wile a slight decrease in CHH con-
texts in TE regions (Figure 5B, Supplementary Figure S7).
However, a decrease in promoter and gene body methyla-
tion was observed in flg22 treated 3h1 mutant. This sug-
gests that H1 can influence the flg22 triggered methylation
changes in PCGs and TEs (Figure 5A, B, Supplementary
Figure S7).

Flg22 triggered differential methylation influences defense
gene expression in 3h1 plants

To understand the effects of dynamic PCG methylation on
gene expression, we focused on the prominent gene clusters
(Cluster 1, Figure 4D) where the gene expression strongly
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Figure 4. 3h1 is compromised in flg22- triggered defense priming. (A) Altered disease symptom development in mock and flg22-treated WT and 3h1 adult
plants. Photographs of representative infected plants were taken after 2 days of Pst DC3000 infection. (B) Bacterial growth of WT and 3h1 plants with
and without 24 h of flg22-treatment. (C) Schematic diagram of RNA seq where 4-week-old adult plants were first treated with 1 �M flg22 and after 24 h
syringe infiltrated with Pst DC3000 and samples harvested at 0, 6 and 24 h after infection. (D) Heat map showing differentially expressed transcripts of
Pst DC3000-infected (6 and 24 h) WT and 3h1 plants pre-treated 24 h prior with flg22. Transcript fold-change depicted as color scale demonstrates log2
fold changes compared to mean for each transcript across genotype and condition (FDR Padj < 0.01). GO pathway enrichment terms depicted for the
gene clusters against the background of all transcripts in the heatmap. (E–G) qRT-PCR validation of WRKY29, WRKY31 and MAPKKK15 genes which
showed altered expression pattern between WT and 3h1 before and after infection when pre-treated with flg22. The data are shown as means ± SEMs from
three replicates. Asterisk indicates a significant difference with P < 0.05 from multiple comparison two-way ANOVA.
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Figure 5. Global methylation profiles are altered in 3h1 plants and after flg22-treatment. (A) Distribution of DNA methylation in all three sequence contexts
in WT, WT + flg22, 3h1 and 3h1 + flg22 over protein coding genes (PCGs). Biological replicates were combined as one sample. Independent biological
replicates are shown in Supplementary Figure S6G–I. (B) Boxplots of all methylation percentages shown for promoter and gene body regions for the PCGs
in all three contexts. (C, D) Average distribution and boxplots of WT, WT + flg22, 3h1 and 3h1 + flg22 from all three contexts in transposable elements
(TEs).

increases at 6h of Pst DC3000 infection in flg22-treated
WT plants but not in 3h1. We observed that 3h1 plants
exhibited an overall decrease in average promoter methy-
lations of these genes in all contexts (Supplementary Fig-
ure S8). Interestingly, flg22 treatment increased the over-
all promoter methylation levels in 3h1 with no marked
changes in WT (Supplementary Figure S8). Moreover, 44
genes from Cluster 1 directly involved in plant innate de-
fense showed a striking anti-correlation between promoter
CG, CHG and CHH methylation, respectively, and re-
pressed expression patterns in 3h1 as compared to WT af-
ter flg22 treatment (Figure 6A–C). Interestingly, no signif-
icant promoter methylation changes were observed in WT
for these genes after flg22 treatment while an opposite trend
in all sequence contexts was obvious in 3h1 (Figure 6D–
F). This further reiterates that H1 modulates flg22-induced
DNA methylation dynamics and gene expression changes
in plants. As flg22 enhanced PCG DNA methylation in
all contexts (CG, CHH and CHG) in 3h1 mutant plants,
we speculate that the altered gene expression of WRKY29,
PUB22 and Exo70H1 (Figure 4D and Supplementary Fig-
ure S4B) might be due to enhanced promoter DNA methy-
lation at these gene loci. Accordingly, we observed increased
methylation in flg22-treated 3h1 plants at these gene loci
(Figure 6G–I).

H1 histones control H3K56ac levels in plants

H1 histones control the epigenetic landscape in animals by
either promoting or inhibiting various H3 histone mod-
ifications (45). Since we also observed dynamic differen-
tial regulation of HAC2 and HDA18 in 3h1 and H1 and
H3K56ac can act as antagonistic regulators of nucleosome
dynamics (46), we speculated that H1 might also regulate
the histone epigenetic profile. To this end, we tested the
global levels of two well-known active and repressive marks
H3K4me3, H3K27me3, respectively, as well as H3K56ac in
flg22-primed and non-primed plants after Pst DC3000 in-
fection. We observed no significant changes in H3K4me3
and H3K27me3 between 3h1 and WT plants (Supplemen-
tary Figure S9). In contrast, although H3K56ac levels were
enhanced in 3h1 plants, we observed a dramatic decrease in
H3K56ac levels in flg22-treated 3h1 mutant plants (Figure
7A). In contrast, flg22 treatment increased H3K56ac in WT
plants, suggesting that H3K56ac is a crucial player in flg22-
triggered priming in plants. Interestingly, the H3K56ac lev-
els decreased upon Pst DC3000 infection, suggesting a pos-
sible strategy of the pathogen to overcome plant defense.
The combined regulation of DNA methylation and his-
tone modifications by H1 leads to a dynamic chromatin
landscape (16). Finally, to test the state of chromatin com-
paction of some of the selected differentially regulated genes
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Figure 6. flg22 triggers differential methylation and gene expression in 3h1. (A–C) Heatmap of mean promoter methylation in all contexts (CG, CHG and
CHH) on selected transcripts from Cluster 1 (Figure 4D) in flg22-treated WT and 3h1 samples which showed differential expression after Pst DC3000
infection. (D–F) Boxplot of average methylations in indicated contexts in the promoter (–2 kb) of these genes. p value represents Wilcoxon test. (G–I)
Genome Browser snapshots showing the distribution of CH, CHG and CHH methylation in representative defense genes WRKY29, PUB22 and Exo70H1.



Nucleic Acids Research, 2023 11

Figure 7. H1 controls H3K56ac levels in plants. (A) Western blot showing the H3K56ac levels in WT and 3h1 plants after water (mock) or flg22 treatment
challenged with Pst DC3000 (6h). (B) Schematic representation showing the principle of the chromatin accessibility assay by DNase I digestion using PCR.
Open chromatin is more frequently cut by limited DNase I digestion in small fragments giving reduced PCR signals while condensed chromatin which is
less frequently cut gives strong PCR band signal. (C) DNase I accessibility PCR of HAC2, WRKY29 and WRKY38 in WT as compared to 3h1. DNase I
treatment was performed for 5 min at 37◦C. (D) Model showing the dynamic changes in epigenetic landscape in 3h1 after flg22 treatment as compared to
WT Arabidopsis plants.

in 3h1, we performed DNase I accessibility assays (38) (Fig-
ure 7B). We observed that WRKY29, HAC2 and WRKY38
were more accessible to DNase I digestion in 3h1, suggest-
ing an open chromatin state for these genes (Figure 7C).
However, the accessibility of HDA18 and WRKY62 was
not significantly changed in 3h1, reflecting a more complex
regulation of chromatin accessibility (Supplementary Fig-
ure S10A). Conversely, the overall accessibility of HAC2,
WRKY29 and WRKY38 to some extent was restricted by
flg22 treatment in 3h1 (Supplementary Figure S10B, C).
Taken together, our data suggest that a multifaceted reg-
ulation of the chromatin landscape by H1 histones via dy-

namic DNA methylation and H3K56 acetylation mainly ac-
counts for the defective priming phenotype in 3h1 plants
(Figure 7D).

DISCUSSION

The role of linker histones is extensively studied in ani-
mal disease pathogenesis and progression (47). However, we
lack an understanding of the role of H1 histones in plant
immunity and disease. In this study, we aimed to under-
stand the role of linker histone H1 in plant defense. The
lack of developmental or pathogen phenotypes in single
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mutants of Arabidopsis H1.1 and H1.2 reflects the redun-
dancy of the linker histones (Figure 1). In contrast, ani-
mal studies showed that single H1 mutations lead to se-
vere developmental defects or diseases (48). This can partly
be explained by the cell type- and stage-specific isoforms
present in animals, while three general isoforms of H1 ex-
ist in Arabidopsis (19). Accordingly, double h1.1h1.2 and
triple mutant h1.1h1.2h.1.3 (3h1) plants show altered resis-
tance to both bacterial and fungal pathogens. The devel-
opmental defects like stomatal spacing in 3h1 do not seem
to influence the bacterial load in plants, as reflected by al-
most equal bacterial counts at 3 hpi (Figure 1B) (17). In 3h1,
the enhanced disease resistance is associated with enhanced
PTI induction as reflected by elevated ROS and MAPK ac-
tivation (Figure 2A, B). The enhanced PTI marker gene
expression and elevated defense hormone SA levels fur-
ther support the resistance phenotype of 3h1 mutant plants.
The higher levels of phytoalexins like camalexin and cal-
lose in 3h1 mutant plants in control conditions (as also sug-
gested by transcriptome analysis Cluster 6,7 and 9, Figure
3B) could also explain the resistant phenotype of 3h1 (Fig-
ure 1). Interestingly, after flg22 priming, WT plants show
enhanced expression of defense-related genes like MAPKs
and WRKYs compared to 3h1 (Cluster 1, Figure 4D) (43).
The inability of flg22-treated 3h1 plants to mount a robust
defense response after pathogen infection could lead to the
observed non-priming phenotype (Figure 4A, B). This is
also evident by the reduced camalexin and callose deposi-
tion in 3h1 after flg22 treatment (Supplementary Figure S3).
The other major factors which correlate with the priming-
deficient phenotype in 3h1 are the DNA methylation and
histone acetylation changes in the mutant after flg22 treat-
ment. The presence of H1 histones might present a physi-
cal barrier to DNA methyltransferases at PCG, which are
activated by flg22 priming. De novo DNA methylation by
the RNA-directed DNA methylation (RdDM) pathway as
well as cross-talk between maintenance DNA methylation
pathways might explain the increase in PCG methylation in
all contexts in 3h1 after flg22 treatment (49). However, the
drop in CHG and CHH but not in CG methylation at the
promoters of genes in 3h1 mutant plants is in accordance
with the redistribution of RdDM activity from euchromatic
to heterochromatic regions in H1 mutants (23) (Figure 5).
Likewise, the higher methylation of TEs in all contexts in
3h1 mutant plants is in agreement with the methylation pat-
terns observed for long TEs in the double mutant h1.1h1.2
(Figure 5) (21). The DNA methylation changes upon flg22
treatment in our study fit to the earlier reports of dynamic
DNA methylation linked to differential gene expression in
Arabidopsis after pathogen infection and PTI induction, al-
though in our study flg22 treatment led to an overall in-
crease of DNA methylation in WT, which was not described
in previous reports (50,51). The effect of Pst DC3000 in-
duced cell death could affect the overall DNA methylation
levels in these studies; also the different time points, i.e. early
time points of 3, 6 and 9 h for flg22 and late time point of 5d
for SA treatment, could have different effects on the methy-
lation landscape of the plants.

Linker H1 histones are normally associated with the com-
paction of chromatin and hinder the access of the transcrip-
tion machinery to genes (12). This is also suggested by our

data as we observe a higher number of differentially reg-
ulated genes in 3h1 under control conditions (Figure 5A).
In the absence of H1, chromatin seems to be more accessi-
ble to enzymes for euchromatic histone modifications and
antagonizes DNA methylation (21). For example, the hi-
stone acetyltransferase INCREASED DNA METHYLA-
TION (IDM1) is important for preventing DNA hyperme-
thylation, while the histone deacetylase HDA6 affects DNA
methylation particularly in rDNA (52,53). We also observed
that the histone acetyltransferase HAC2 and the deacety-
lase HDA18 were strongly upregulated in 3h1 mutant plants,
which could promote chromatin decompaction, gene ex-
pression and influence DNA methylation (Figure 3D). This
H1 dependent interplay between DNA methylation and his-
tone modifiers prompted us to analyze the levels of histone
marks in 3h1 before and after flg22 treatment. The higher
levels of the H3K56ac activation mark in the absence of
H1 (3h1) suggest the greater access of transcription factors
to gene promoters (Figure 7A) (46). This makes sense as
H3K56 is close to the exit-entry points of the nucleosomal
DNA superhelix, which coincides with the position of linker
histone H1. However, the minor changes observed in global
H3K4me3 and H3K27me3 in 3h1 compared to WT indicate
that H1 is not involved in these marks at the genome-wide
scale, although local changes might be present, or changes
were not observed due to the cell type-specific and devel-
opmental stage-specific nature of these modifications (54)
(Supplementary Figure S9). Paradoxically, flg22 treatment
downregulates HAC2 and HDA18 expression in 3h1 mutant
plants, possibly leading to reduced histone H3K56ac lev-
els, which may allow DNA methylation to target promot-
ers of defense-related genes and lead to the observed hyper-
methylation after bacterial infection. The intricate crosstalk
between DNA methylation and histone acetylation in 3h1
plants before and after flg22 treatment can lead to struc-
turally more dynamic chromatin accessibility to the tran-
scription machinery. Taken together, we provide evidence
for the role of H1 in governing dynamic changes in DNA
methylation and histone acetylation during plant immunity.
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