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Abstract

Epigenetic regulation of the activity of defense genes during onset of diseases or resistance against diseases in plants is an
active area of research. In the present study, a pair of wheat NILs for leaf rust resistance gene Lr28 (R) in the background
of an Indian cultivar HD2329 (S) was used for a study of DNA methylation mediated regulation of gene expression. Leaf
samples were collected at 0 h before (SO and R0) and 96 h after inoculation (S96 and R96). The DNA samples were subjected
to BS-Seq and sequencing data were used for identification of differentially methylated/demethylated regions/genes (DMRs
and DMGs). Following four pairs of comparisons were used for this purpose: SO vs S96; SO vs RO; RO vs R96; S96 vs R96.
Major role of CHH methylation relative to that of CG and CHG methylation was observed. Some important observations
include the following: (i) abundance of CHH methylation among DMRs; (ii) predominance of DMRs in intergenic region,
relative to other genomic regions (promoters, exons, introns, TSS and TTS); (iii) abundance of transposable elements (TEs) in
DMRs with CHH context; (iv) demethylation mediated high expression of genes during susceptible reaction (SO vs S96) and
methylation mediated low expression of genes during resistant reaction (R0 vs R96 and S96 vs R96); (v) major genes under
regulation encode proteins, which differ from those encoded by genes regulated during susceptible reaction and (vi) ~ 500
DMGs carried differential binding sites for H3K4/K27me3 marks suggesting joint involvement of DNA and H3 methyla-
tion. Thus, CHH methylation either alone or in combination with histone methylation plays a major role in regulating the
expression of genes involved in wheat-leaf rust interaction.
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Introduction

In recent years, major advances have been made toward
understanding the molecular mechanism of plant immu-
nity. As a result, two layers of plant immunity, including
pathogen-associated molecular pattern (PAMP)-triggered

Communicated by Bing Yang.

Kalpana Singh and Gautam Saripalli have contributed equally for immunity (PTI) and effector-triggered immunity (ETI) are
this work. widely known (Jones and Dangl 2006; Maekawa et al. 2011).
54 Pushpendra Kumar Gupta The activation of both PTI and ETI causes massive global
pkgupta36@gmail.com; pkgupta@ccsuniversity.ac.in transcriptional reprogramming, which is controlled by vari-
. . _ ous regulatory mechanisms, including epigenetic regulation
Department of Genetics and Plant Breeding, Chaudhary (Pandey and Somssich 2009; Rushton et al. 2010), which is

Charan Singh University, Meerut 250004, UP, India
poorly understood.

Among mechanisms of epigenetic regulation, DNA meth-
ylation is a major component (Lippman et al. 2004; Jablonka
Regional Station, ICAR-Indian Institute of Wheat and Barley and Raz 2009; Zhao et al. 2017), which has already been
Research, Flowerdale, Shimla 171002, India . ’ L ’ . . .

examined for the following pathosystems: Arabidopsis thali-
ana and bacterium Pseudomonas syringae pv. tomato (Pst)

Department of Plant Science and Landscape Architecture,
University of Maryland, College Park, Maryland 2074, USA

Division of Genetics, ICAR-Indian Agricultural Research
Institute (IARI), New Delhi 110022, India

@ Springer


http://orcid.org/0000-0001-7638-6171
http://crossmark.crossref.org/dialog/?doi=10.1007/s00438-022-01879-1&domain=pdf

732

Molecular Genetics and Genomics (2022) 297:731-749

DC3000 (Dowen et al. 2012), Oryza sativa and fungus Mag-
naporthe oryzae (Deng et al. 2017), Aegilops tauschii and
fungus Blumeria graminis f. sp. tritici (Geng et al. 2019),
and Citrullus lanatus and Cucumber Green Mottle Mosaic
Virus (Sun et al. 2018).

The resistance against leaf rust in wheat is due to one or
more R genes, which are described as Lr genes; ~ 80 Lr genes
are already known and the list seems to be ever-growing. In
the present study, we focused on the major gene Lr28 that
has been deployed for development of a number of resist-
ant cultivars in India. To understand the molecular basis of
genetic and epigenetic regulation of Lr28-mediated leaf rust
resistance, earlier, we utilized a pair of NILs differing for
Lr28 in studies involving analysis of transcriptome, non-cod-
ing RNAs, DNA methylation (MeDIP-seq) and histone mod-
ifications, etc. (Sharma et al. 2018, 2019; Jain et al. 2020;
Saripalli et al. 2020a,b). These earlier studies demonstrated
that resistance due to Lr28 involves a complex network with
an epigenetic component involving DNA methylation (Sari-
palli et al 2020a), histone acetylation/methylation and modi-
fications and remodeling of chromatin states (Sharma et al.
2019; Saripalli et al 2020b). Interactions with non-coding
RNAs including miRNAs and IncRNAs were also examined
(Jain et al 2020). The early studies also demonstrated that
the DNA methylation has a significant role in Lr28 medi-
ated leaf rust resistance involving epigenetic regulation of
the expression of hundreds of downstream genes (Saripalli
et al. 2020a). In our earlier studies using the same material,
DNA methylation was examined using MSAP and MeDIP
approaches, which have a rather poor resolution and do not
allow study of DNA methylation at the level of individual
nucleotides precluding the study of cytosine methylation of
the two symmetric (CG, CHG) and one asymmetric (CHH)
contexts. The present study was thus conducted to examine
and understand the role of methylation of the above three
cytosine contexts using genome-wide bisulphite sequenc-
ing (BS-Seq). A comparison of the results of methylation in
three contexts demonstrated that although overall genome-
wide methylation with CHH context was rather very low
(~2%), its involvement in differential methylation between
NILs for Lr28 was relatively very high. Chromatin states
associated with DNA methylation were also examined, and
the results were interpreted utilizing two recent studies on
chromatin states in wheat (Li et al. 2019; Ran et al. 2021).

Materials and methods
Plant material, treatments and BS-Seq
Plant material utilized in the present study included a pair of

NILs that were also used in a number of our earlier studies
mentioned above. The methods used for growing this pair

@ Springer

of NILs and collecting leaf samples for the present study are
also described in our earlier studies (Sharma et al. 2018; Jain
et al. 2020; Saripalli et al. 2020a, b). Leaf samples for the
present study were collected from both NILs at O h before
inoculation (hbi) and 96 h after inoculation (hai) to get the
following four samples: (i) SO (susceptible cv. HD2329 at
0 hbi), (ii) S96 (susceptible cv. HD2329 at 96 hai), (iii) RO
(resistant NIL HD2329 + Lr28 at 0 hbi), and (iv) R96 (resist-
ant NIL HD2329 + Lr28 at 96 hai). These four samples were
collected in two biological replicates resulting into eight
samples. These eight samples were outsourced to Nucleome
Informatics Pvt Ltd. for genome-wide bisulfite sequencing
(BS-Seq). Standard procedures were followed for bisulphite
treatment of DNA samples, followed by sequencing.

Preparation and sequencing of BS-Seq libraries

For the preparation of libraries for whole genome bisulfite
sequencing (WGBS), the following protocol was followed:
(i) DNA was isolated from each of the eight samples men-
tioned above and was subjected to bisulfite treatment that
was followed by library preparation using EZ DNA meth-
ylation gold kit, Zymo Research, USA. This kit integrates
DNA denaturation and bisulfite conversion processes into
single-step by exploiting temperature denaturation. For
this purpose, 200 to~400 bp long DNA fragments were
obtained from sonication and adapters were ligated to end-
repaired DNA samples. (ii) After desalting, size selection
and PCR amplification, the library quality was examined
for each sample. (iii) Libraries with satisfactory quality
score were sequenced on HiSeq2500 sequencing platform.
(iv) The reads with only adaptor sequences and those with
low-quality (analysed through QC Toolkit) were removed,
resulting in good quality WGBS paired end (PE) reads for
further analysis.

BS-Seq data and identification of DMRs/DMGs

Analysis of the WGBS data involved the following steps:
(i) The paired-end reads were aligned with wheat refer-
ence genome (IWGSC v2.0) utilizing bowtie aligner,
multicore and nucleotide coverage parameters using
Bismark (Krueger and Andrews 2011). (ii) The aligned
reads were subjected to deduplication using Bismark. (iii)
Reproducibility was checked using Pearson’s correlation
coefficients in the aligned reads between the libraries by
deepTools (Ramirez et al. 2014). (iv) Methylations for CG,
CHG and CHH contexts were examined using Bismark
Extractor; context-wise coverage files were prepared using
Perl-script. (v) Differentially methylated regions (DMRs)
were extracted using bsseq package (Hansen et al. 2012)
of Bioconductor, using the following four comparisons: SO
vs S96; SO vs RO; S96 vs R96; RO vs R96. The status of
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DMRs (e.g., demethylated (hypomethylation) vs methyl-
ated (hypermethylation)) was examined in second treat-
ment relative to first treatment in each pair; the cut off
was computed using 0.005 and 0.995 quantile range of the
t-statistic, at the maximum gap of 100 bases (with at least
5 cytosine sites and at least 20% difference in methylation)
for each of the three contexts. (vi) Circular layout of his-
tograms for mean difference in methylation among DMRs
was prepared using ClicO to display chromosome-wise
distribution of DMRs. (vii) HOMER (Heinz et al. 2010)
was used to localize DMRs into five genomic regions
including promoters (up to 2 Kb upstream of transcrip-
tion start site), exons, introns, transcription termination
sites (TTS) and intergenic regions. (viii) Differentially
methylated genes (DMGs) associated with DMRs were
identified using IWGSC RefSeq v2.0 annotation data with
the help of a Perl-script. The raw reads generated using
BS-Seq analysis for all the eight samples are deposited in
Sequence Read Archive (SRA), NCBI, under the accession
number PRINA745483 of Bioproject Database.

Functional annotation/classification and gene
ontology analysis of DMGs

Functions of all the DMGs were extracted from IWGSC
RefSeq v2.0 annotation data using Perl-script, and DMGs
(based on encoded proteins) were classified into the fol-
lowing 13 categories: (i) resistance related; (ii) transcrip-
tion factors (TFs); (iii) transcription regulators (TRs); (iv)
oxidative stress; (v) other stress-related; (vi) transporters;
(vii) photosynthesis-related; (viii) chromatin-related; (ix)
metabolism-related; (x) kinases; (xi) growth hormone
response; (xii) senescence-related, and (xiii) miscel-
laneous. Gene ontology (GO) terms were extracted by
Blast2GO (Conesa and Gétz 2008) and plotted by WEGO
for all the DMGs for each treatment comparison and were
grouped into the following three well-known categories:
molecular, biological and cellular processes.

Methylated transposable elements (TE) and their
associated genes

Transposable elements (TEs) associated with DMRs
(mTEs) were extracted using a Perl-script utilizing IWGSC
RefSeq v2.0 TE data. Following three classes of TEs were
identified: repeat region, nested repeat and repeat frag-
ment. Transposable element associated genes (TAGs)
associated with DMRs were also extracted using a Perl-
script; these genes included only those genes, which were
also annotated as TAGs in IWGSC RefSeq v2.0 annotation
data.

Relationship between DNA methylation and gene
expression

Differentially methylated genes (DMGs) were compared
with differentially expressed genes (DEGs) earlier identified
using RNA-Seq data that was deposited by us in Sequence
Read Archive (SRA), NCBI, under the accession number
PRINAS88134 of Bioproject Database. The RNA-Seq reads
were generated for the same set of samples that were used in
the present study. An average of ~27 million reads were gen-
erated per sample (~ 7.8 GB) of hexaploid wheat genome.
These data were also used in our earlier studies involving
MeDIP-seq analysis (Saripalli et al. 2020a) and ChIP-seq
analysis (Saripalli et al. 2020b).

Relationship between DNA methylation and histone
modification

Association of DMRs/DMGs with H3K4me3 and
H3K27me3 marks were examined using our ChIP-seq data
(Saripalli et al. 2020b). For this analysis, an overlap of at
least one base was considered between DMRs and differen-
tial binding sites (DBS) for H3K4/K27me3. ChIP-seq raw
reads are available at Sequence Read Archive (SRA), NCBI
and can be accessed through Bioproject Database under the
accession number PRINA588134.

DNA methylation and chromatin state analysis

Chromatin states due to association of DNA methylation
with histone modifications were examined using Chrom-
HMM (Ernst and Kellis 2012). Following steps were
involved: (i) files for chromosome size, COORDS and
ANCHORFILES were prepared utilizing IWGSC RefSeq
v2.0 annotation file using Perl-scripts; (ii) separate genome-
wise Cellmarkfiletable for DNA methylation and histone
modifications were prepared using controls for two histone
marks- H3K4me3 and H3K27me3 and DMRs; (iii) DNA
methylation contexts (CG, CHG and CHH) were obtained
through binarization performed on bed files by Binari-
zeBed; (iv) binarization was also performed on BAM files
by BinarizeBam for histone modifications; (iv) binary files
for DNA methylation and histone modifications were merged
chromosome-wise, and (v) the model was learned using
LearnModel for 18 chromatin states, which are biologically
interpretable.

Co-expression network analysis of DMGs and DEGs
To understand the relationship between DMGs and DEGs,
co-expression network analysis was conducted. For this

purpose, expression data from 24 RNA-Seq experiments
(05 from CS_methylome, 04 from SRP022869 and 15
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from ERP009837) were extracted from IWGSC Refseq
v2.0 rnaseq mapping data with gene-wise expression val-
ues in transcripts per kilobase million (TPM) for only two-
leaf and three-leaf stages at 14 and 17 days old seedling
without any treatment for all high confidence (HC) genes.
Following steps were used to prepare co-expression net-
work: (i) Data from HC genes were normalized by DESeq
Bioconductor package; (ii) correlation coefficients were
calculated among all genes using a Perl script; (iii) adja-
cency matrix was prepared using 0.90 cut off value of cor-
relation coefficients using a Perl script; and (iv) later, only
DEGs co-expressed with DMGs were extracted from all
co-expressed HC genes using a Perl script.

Validation by quantitative RT-PCR (qRT-PCR)
Selection of genes

A set of 26 representative DMGs was used for validation
using qRT-PCR; these 26 genes were distributed in all the
four treatment pairs as follows: 8 genes from SO vs S96, 3
genes from SO vs RO, 8 genes from S96 vs R96 and remain-
ing 7 genes from RO vs R96 (Table 1). Primers for the above
genes were designed using Primer Express (ver. 3.0), and
synthesized by Applied Biosystems, USA (Supplementary
Tablel). All the 26 genes were known to exhibit differen-
tial expression in our earlier RNA-Seq study (Sharma et al.
2018); five of these 26 genes were also identified in our
earlier ChIP-seq data for differential histone methylation

Table 1 A summary of information about the 26 genes used for qRT-PCR in four treatment pairs

Gene ID Protein Expression/binding
affinity/methylation
level*

(1) SO vs S96

TraesCS5B02G453600 Actin cross-linking protein, putative 111 (CHG)
TraesCS1D02G437800 F-box family protein 111 (CHH)
TraesCS1B02G216300 MLO-like protein 111 (CHG)
TraesCS1A02G413400 3-ketoacyl-CoA synthase 11 (CG)
TraesCS3D02G498600 Protein kinase superfamily protein 11 (CG)
TraesCS4B02G034000 Leucine-rich repeat-protein 59 11 (CHG)
TraesCS1D02G118700 Pentatricopeptide repeat-containing protein 11 (CG)
TraesCS6D02G270100 NBS-LRR-like resistance protein 11 (CHG)
(ii) SO vs RO
TraesCS1D02G437800 F-Box 111 (CHH)
TraesCS3D02G514200 UDP-glycosyltransferase 1M (CG)
TraesCS2A02G363400 Alpha/beta hydrolase 11 (CHH)
(iii) S96 vs R96
TraesCS4A02G474900 Disease resistance protein (TIR-NBS-LRR class) family 111 (CHG)
TraesCS7A02G444700 Basic helix-loop-helix (bHLH) DNA-binding superfamily protein 11 (CG)
TraesCS3A02G341500 Calcium-dependent lipid-binding (CaLB domain) family protein, putative 11 (CG)
TraesCS7B02G416700 F-box domain containing protein 1 (CG)
TraesCS2D02G557100 NADH-quinone oxidoreductase subunit H 1 11 (CHG)
TraesCS1D02G247500 Cytochrome P450 family protein, putative 11 (CHH)
TraesCSU02G003000 Ankyrin repeat-containing protein 11 (CHH)
TraesCS5A02G276700 Calcium-transporting ATPase 11 (CHH)
(iv) RO vs R96
TraesCS5A02G082400 Purple acid phosphatase 11 (CG)
TraesCSU02G261900 Cytochrome b559 subunit alpha 11 (CG)
TraesCS1B02G176000 Cytokinin oxidase/dehydrogenase 11 (CHG)
TraesCS1D02G 149000 Copper ion-binding protein 1l (CHG)
TraesCS5A02G010700 NAD(P)H-quinone oxidoreductase subunit 6, chloroplastic 11 (CG)
TraesCS4D02G203700 Peptidase M50B-like protein 1} (CHH)
TraesCS5B02G416000 Transmembrane protein, putative (DUF1068) 1} (CHH)

*Three arrows respectively indicate (i) changes in histone methylation using ChIP-seq analysis; (ii) DNA methylation (based on BS-Seq) and

(iii) gene expression (RNA-Seq)
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(Saripalli et al. 2020b) involving the same four treatment
pairs.

RNA isolation, cDNA synthesis and qRT-PCR

RNA isolation, cDNA synthesis, and qRT-PCR for the
selected genes were performed, using the following steps:
(1) isolation of total RNA using TRIzol reagent (Ambion,
USA); (ii) treatment of extracted RNA with RNase-free
DNase I (Invitrogen, USA) for 15 min to degrade any resid-
ual genomic DNA; (iii) synthesis of first-strand cDNA from
RNA using RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific); (iv) gqRT-PCR in 96 well plates with
Step OnePlus Real Time PCR system using SYBR Green
(both from Applied Biosystem, USA). All reactions were
performed using two biological and three technical repli-
cates. Specificity of the primers was assessed and verified
through melt curve analysis (Supplementary Figure S1).
Target gene expression (fold-change between two treat-
ments) was calculated using 2722€T method using actin
gene for normalization (Livak and Schmittgen 2001). The
results were expressed as bar diagrams. The significance of
fold-changes was estimated through ¢ test at P <0.05 and
P<0.01.

Results

BS-Seq: alignment, correlations and extent
of methylation

Bisulphite sequencing (BS-Seq) data for 8§ libraries
contained ~ 2,163 million PE reads (average reads per
library = ~ 270 million, ~80 GB), which corresponded to
sequencing depth of ~5X of hexaploid wheat genome. The
above PE reads were aligned with wheat reference genome
with an average mapping efficiency of 67.07%. An average
of ~ 155 million aligned reads per library were recovered
in each of the four treatments after de-duplication; average
methylation values for CG, CHG and CHH contexts were
90.84%, 63.99% and 2.11%, respectively (Supplementary
Table S2). Average rate of bisulfite conversion was~29.75%
(Supplementary Table S3). The correlation for aligned reads
for pairs of treatments, each involving two replications
ranged from 0.78 to 1.00 (Supplementary Figure S2).

DMRs and their chromosomal distribution

The DMRs were distributed along the length of each of the
21 chromosomes (see circular layout in Fig. 1a). Among

three contexts, the number of DMRs was maximum for
CHH context (62,853; 51.24%) followed by CHG (36,759;

29.97%) and CG context (23,054; 18.79%). This pattern
of relative number of DMRs in different methylation con-
texts is just the opposite of actual DNA methylation, so
that despite overall very low genome-wide methylation for
CHH context (2.11%) the differential DNA methylation
was high (51.24%). In contrast, the high overall genome-
wide DNA methylation for CG and CHG contexts was
associated with relatively low differential methylation (see
Supplementary Table S2 and Fig. 1b).

While comparing DMRs in four pairs of comparisons,
DMRs in SO vs S96 and SO vs RO were almost equal to
those in RO vs R96 and S96 vs R96 in three contexts. How-
ever, the DMRs for CHH in RO vs R96 and S96 vs R96
were almost equal to DMRs for the CHH context in the
other two pairs of treatments, but the demethylated DMRs
for CG and CHG contexts were markedly low. As shown
in Fig. 1b, demethylated DMRs seem to be significantly
higher than methylated DMRs in S96 and RO (both rela-
tive to SO) for all three contexts except in CG context of
RO relative to SO. In R96 relative to S96 and RO, methyl-
ated DMRs were higher than demethylated DMRs in all
the three contexts (for a list of DMRs, see Supplementary
Tables S4-S15).

Distribution of DMRs in genomic regions

As shown above, the total numbers of DMRs in four com-
parisons were largely similar (Fig. 1b; Supplementary
Tables S4-S15). However, the pattern of relative pro-
portion of DMRs with three different contexts differed
in five different genomic regions, namely (i) intergenic
region (62-83%), promoter (7-16%), (ii) TTS (4-11%),
(iii) introns (3-9%) and (iv) exons (1-3%) (Fig. 1c). The
proportion of methylated and demethylated DMRs in dif-
ferent genomic regions also differed context-wise in differ-
ent comparisons (Fig. 1d). The intergenic regions are the
most prominent genomic region with both demethylated
and methylated regions. However, the highest demethyl-
ated intergenic regions are available in SO vs S96 and SO
vs RO, the situation is reverse in S96 vs R96 and RO vs
R96 (Supplementary Table S16). This pattern holds good
for all the three methylation contexts, although the dif-
ferential methylation level is generally minimum in CG
and maximum in CHH, when compared among the three
contexts within the same treatment comparison. The pat-
tern of distribution of methylation in intergenic region in
terms of distance from the nearest gene shows that > 50%
of intergenic DMRs were found within a range of <50 Kb
flanking region of genes in case of CG and CHG contexts,
which is even higher (~80%) in case of CHH. In case of
CHH context, > 50% methylation in intergenic region was
found within < 10 Kb flanking region of genes.
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Fig. 1 a Chromosome-wise dis-
tribution of DMRs in the form
of histograms, where circles
with four colors depict DMRs
in four pairs of comparisons
and three circles of the same
color represent three methyla-
tion contexts: red circles =S96
vs SO, cyan circles=R0 vs SO,
green circles=R96 vs S96, blue
circles=R96 vs RO; in a set

of three circles of each color,
the outer circle=CG context,
middle circle=CHG context
and inner circle=CHH context.
b Distribution of context-wise
DMRs in four pairs of compari-
sons ¢ Context-wise distribution
of demethylated/methylated
DMRs in five genomic regions
d Relative proportions of DMRs
in five genomic regions in four
treatment comparisons for each
of the three different methyla-
tion contexts (CG, CHG and
CHH)
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(H3K4me3, H3K27me3). As many as 18 chromatin states
were identified, which provided sufficient resolution to
understand biologically meaningful patterns, across four
different treatments. Following five genomic regions, each
with one or more chromatin states were identified: enhanc-
ers, intergenic regions, genic regions, promoter regions,
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repetitive regions (Table 2); methylation levels in each of
20 different permutations and combinations involving four
treatments, two histone marks and three methylation con-

texts are depicted in Fig. 2.

Differentially methylated genes (DMGs)

The frequencies of DMGs (including both demethylated and
methylated) with three different methylation contexts dif-
fered (Fig. 3a). The DMGs with CHH context were available
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Table 2 Five genomic regions with different chromatin states enriched with different levels of methylations and histone marks

Genomic regions State Enriched marks and regions
I Enhancer 1,3,4,16 Active enhancer enriched with more methylation and H3K4me3 marks in 2 kb upstream of TSS
2,17 Repressed enhancer enriched with less methylation and H3K27me3 marks in 2 kb upstream of TSS
II Intergenic region 5 Intergenic region enriched with both DNA methylation and H3K27/K4me3 marks
6,7,18 Intergenic region enriched with DNA methylation only
9 Intergenic region enriched with no histone mark
III Genic region 8 Transcribed genic region enriched with all marks
10 Transcribed genic region enriched with more histone marks
11,12 Repressed genic region enriched with no mark
IV Promoter 13 Strong promoter enriched with H3K4me3 in TSS
14 Weak promoter enriched with H3K27me3 in TSS
V Repetitive region 15 Repetitive region enriched with more methylation and H3K4me3 marks
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Fig.2 a A heat map of emission probabilities, where each row rep-
resents a different chromatin state, and each column represents a dif-
ferent epigenetic mark in four individual treatments (SO, S96, RO,
R96); the darker regions correspond to more frequent occurrence of
the methylation mark in the corresponding chromatin state; b a heat

in maximum number (20,055), followed by DMGs with
CHG (5624) and CG (3189). DMGs that were common in
all the three contexts were the least frequent, the frequen-
cies of DMGs that were common in two contexts were
relatively few, and the frequencies of unique DMGs were
highest for each of the three contexts (Fig. 3b). The DMGs,
which figured in more than one comparison were also exam-
ined (Fig. 3c). A sum of 2331 DMGs were common in two
treatment pairs involving all the three contexts, whereas
1245 DMGs were common in three or four treatment pairs

map of emission probabilities displaying enrichment for six differ-
ent external genomic annotations based on RefSeq and 18 chromatin
states; ¢ a heat map of transition parameters, where rows and columns
both represent 18 chromatin states

(Fig. 3c). However, some of the unique DMGs have common
domains and thus may have similar function. More details
of data for demethylated/methylated DMGs for four pairs
of treatments are provided in Supplementary Tables S17 to
S28. Demethylated DMGs in S96 were relatively more abun-
dant in S96 and RO (both relative to SO) in all three contexts
(except CG context of RO relative to SO); reverse was the
case in R96 relative to S96 and RO.

The details of data on frequencies of methylated (1) and
demethylated (|) DMGs, were compared among four pairs.
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Fig.3 a Context-wise demethylated DMGs in four treatment com-
parisons. b Distributions of DMGs identified for CG, CHG and CHH
methylation contexts in four treatment comparisons. ¢ Distributions

Frequencies of similar patterns in two of the four pairs of
treatments for three methylation contexts (CG, CHG, CHH)
are summarized in Supplementary Figure S2 (a, b, ¢). The
DMGs that are common in more than one pair ranged from
24 to 77 DMGs in CG context, from 90 to 145 in CHG con-
text, and from 221 to 641 in CHH context. Only 46, 98 and
1101 DMGs in CG, CHG and CHH contexts, respectively
were common in more than two treatment comparisons,
which could not be included in Supplementary Figure S3
(a, b, ¢). These figures are proportionate to the actual num-
ber of unique methylated DMGs in individual comparisons
(being maximum in CHH and minimum in CG context), as
also mentioned elsewhere. In each comparison, frequencies

@ Springer

CHG

ECG ECHG ECHH
3184 3245

2972
SO vs RO

S96 vs R96 RO vs R96

S96 vs R96 RO vs R96

CHH

of DMGs with three different methylation contexts, each in four treat-
ment comparisons

of both methylated (1) and demethylated (]) DMGs were uti-
lized for comparison. For CG context, the maximum number
of common DMGs were available between SO vs S96, S96
vs R96 and RO vs R96. This data will be further discussed
later in this manuscript.

Gene ontology (GO) and functional annotation
of DMGs

In each of the three contexts (CG, CHG and CHH), the
DMGs were broadly classified into following three well-
known categories: (i) cellular component, (ii) molecular
function, and (iii) biological process (Supplementary Figs.
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Functional annotation of DMGs showed that many of
the DMGs had common domains, thus having functional
similarity. Based on their domains, DMGs were classified
into 13 categories (Fig. 4a). It is apparent from Fig. 4a

S4). Biological processes had the maximum terms, the most
abundant class among these being the genes involved in ‘cell
part’. The DMGs in three contexts did not show any major
difference.
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Oxidative stress
uOther stress related
(a ) sTransporters
uPhotosynthesis related
uChromatin related
sMetabolism
sKinases
#Growth hormone response
1400 sSenescence related
sMiscellaneous
1200
8
1000
=
[m]
%5 800
o Miscellaneous
P4 600 Senescence related
400

00 8 RE o
y f Oxidative stress

f " - ransprtxptloP regulators
0™ RESSERR ated ™

-
CG CHGCHH CG CHBCHH CG CHGCHH CG CHGCHH
SOvsS96 SOvsRO  S96vsR96 RO vs R96

200
(b) § :-[r’; m DM Gs with H3K4me3 mark
g 100 m DM Gs with H3K27me3 mark
S m Intergenic DV Rs with H3K2me3 mark
20 50 Intergenic DM Rs with H3K27me3 mark
£
% I
g 0 I - — mm l_ - ——— - - - I_ -—
% CG CHG CHH €G CHG CHH CG CHG CHH CG CHG CHH
pe SOvs S86 SOvs RO SS6vs. RSE ROvs RSE
=

mCG MEWCHG ®HCHH

$ 100
(c) £ ” 4

S 80
=
£ 60
©
=
T 40
£
= 20

)
3
£ 20
&%
- 40
£
;>, 60
T 80 77 69

85

S 100 SO vs S96 SO vs RO S96 vs R96 RO vs R96
[NN)
—

Fig.4 a Frequencies of DMGs (shown in y-axis) in 13 different cies of DMGs and intergenic DMRs (each with three methylation

categories (shown in z-axis) established on the basis of functional
domains in the proteins, identified in CG, CHG and CHH contexts
(shown in x-axis), each in four different comparisons b Frequen-

contexts) associated with H3K4/K27me3 marks in four treatment
comparisons ¢ Demethylated/methylated TE-associated DMGs (TE-
DMGs) in four treatment comparison and three methylation contexts
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that highest frequency of DMGs belonged to miscella-
neous category (last column), followed by metabolism
(category 9), kinases (category 10), transporters (category
6) and oxidative stress (category 4). In this data also, fre-
quencies of DMGs were maximum in CHH context and
minimum in CG, with intermediate frequencies in CHG.

Table3 A summary of data
from four comparisons (SO vs
S96; SO vs R0O; S96 vs R96 and
RO vs R96), each with three
methylation contexts (CG, CHG
and CHH), showing expression
levels of DMGs and their
association with methylation
levels in four different genomic
regions, namely promoters,
exons, introns and TTS

Table4 A summary

of expression levels of

DMGs with methylation

levels (demethylation- and
methylation) in regions located
within 1 Mb and more than

1 Mb on either side of the
DMGs
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DNA methylation and gene expression

The data on DNA methylation were also compared with the
data on gene expression that were available with us from our
earlier studies (Sharma et al. 2018). The results are presented
in Tables 3 and 4 (details of genes are available in Supple-
mentary Tables S29-S40). Following are some of the salient
features of these results: (i) Methylation in promoter regions
influenced the expression of maximum number of DMGs.
(ii) The assumption that demethylation induces expression

Treatment compari- Promoter Exon Intron TTS
sons context wise
N A O O A O I O A A

SOvs.S96 CG 16 7 36 26 1 0 11 1 0 12 13 4 O 22 17
CHG 12 93 29 2 0 155 0 O 4 7 8 2 45 18
CHH 27 14 243 179 2 0 9 17 3 0 98 70 11 5 148 110

S0 vs. RO CG 24 51051 1 1 12 151 3 10 12 6 1 25 30
CHG 25 106 17 4 0 19 2 5 0 31 11 7 3 58 26
CHH 27 12 270 125 1 3 14 15 5 1 113 62 14 12 166 100

S9% vs.R96 CG 18 26 18 34 5 9 4 19 8 7 2 11 10 23 14 23
CHG 21 38 27 43 6 13 7 9 2 26 2 29 17 21 14 25
CHH 103 190 78 136 6 7 12 10 41 77 44 50 80 110 55 83

ROvs.R9%6 CG 16 17 21 15 3 S5 7 3 4 4 3 1 5 13 9 13
CHG 17 33 317 37 4 9 8 10 7 17 14 11 10 22 18 23
CHH 100 156 98 164 8 9 15 9 28 67 53 65 57 113 57 117

*In each pair of arrows, the first arrow indicates expression (1 for increase; | for decrease) and second
arrow indicates methylation, (1 for methylation; | for demethylation). Four pairs of arrows thus represent
for situation of expression and methylation: (i) reduced expression with demethylation (|]); (ii) reduced
expression with methylation (]1); (iii) enhanced expression with demethylation (1]) and (iv) enhanced

expression with methylation (11)

Treatment comparisons
and methylation context

Less than 1 Mb up- and down-stream
region of genes

More than 1 Mb up- and down-
stream regions of genes

T* " DMGs with expected 1l " DMGs with expected
expression/All DMGs expression/All DMGs
SO vs. S96 CG 330 18 348/584 7 0 79
CHG 716 22 738/1069 5 0 5/8
CHH 1164 44 1208/1744 0 0 0
SO vs. RO CG 272 36 318/699 1 0 1/4
CHG 679 49 728/1169 0 0 0/3
CHH 1202 54 1256/1770 0 0 0
S96 vs. R96 CG 130 337 467/1014 0 11 11/12
CHG 207 433 640/1253 0 5 517
CHH 274 644 918/1940 0 1 12
RO vs. R96 CG 129 330 459/522 1 1 2/6
CHG 260 299 559/1015 2 3 5/6
CHH 307 598 905/1882 0 0 0

*The first arrow in each case indicates expression of gene and second arrow indicates level of DNA meth-
ylation. In each case, the up arrow (1) indicates increased gene expression/level of methylation and down
arrow () indicates decreased expression/level of methylation in the second treatment relative to the first in
each of the four treatment pairs along with methylation context
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and methylation leads to reduced expression does not always
hold good. (iii) More DMGs exhibited improved expres-
sion, relative to those, which exhibited reduced expression.
(iv) Maximum number of DMGs exhibited methylation in
CHH context. (v) Association of high expression with dem-
ethylation was more frequent than association of reduced
expression with methylation. (vi) Methylation/demethylation
within 1 Mb region had more pronounced effect on expres-
sion than methylation farther away.

Association of methylated regions with H3K4/
K27me3 marks

DMRs/DMGs were also compared with differential bind-
ing sites (DBSs) for the two histone marks H3K4/K27me3
(available from our earlier study; Saripalli et al. 2020b).
The details of DMGs used for comparison are available in
Fig. 4b and Supplementary Tables S41 to S48. Although
in our earlier study, both histone marks were found to be
equally frequent, association mainly involved H3K4me3
with DMGs and were most abundant in CHH context. Taken
both histone marks together, the frequency of DMGs asso-
ciated with histone marks was predominatly in the genic
regions (491 =97.6%) relative to intergenic regions (only 12;
2.4%); these associations were not observed in the treatment
pair S96 vs R96.

Expression of DMGs associated with H3K4/K27me3
marks

Differentially methylated genes with histone marks
(H3K4me3 and H3K27me3) were further examined for their
expression levels. Among DMGs associated with histone
marks, only 30 DMGs could be identified as DEGs using
transcriptome data. Ten of these 30 genes showed coordi-
nated expression with both, DNA methylation and histone
binding marks (Table 5). Some unique DMGs with histone
marks were also identified from across all the three methyla-
tion contexts.

Transposable elements (TEs) associated with DMRs

Transposable elements associated with DMRs were classi-
fied into following three categories (as provided in IWGSC
data): (i) TEs with repeat region; (ii) TEs with nested repeat,
and (iii) TEs with repeat fragment. TEs within DMRs were
also extracted using RepeatMasker. It was found that most
methylated TEs were simple and low complexity repeats;
the other classes of TEs occurred in low frequency (Supple-
mentary Table S49). The frequencies of demethylated and
methylated TEs of three types for each of the three methyla-
tion contexts are summarized in Table 6 (for each of the four
different comparisons). In all the four comparisons, the TEs

associated with CHH DMRs had the highest frequencies,
in each of the three categories of TEs. Frequencies of TEs
associated with DMRs were highest in SO vs S96 and low-
est in SO vs RO. The relative frequencies of TEs associated
with demethylated and methylated DMRs also differed, the
former being highest in SO vs S96, and the latter being high-
est in S96 vs R96 and RO vs R96.

TE-associated DMGs (TAGs)

TE-associated genes (TAGs) occurred across all the three
methylation contexts and all the four treatment comparisons
(Table 7 and Fig. 4c; for details of genes see Supplementary
Tables S50-S61). The pattern of demethylated TAGs did not
differ from the general pattern of methylation in DMGs (see
Fig. 4c and Table 7).

Co-expressed methylated transcription factor genes
(mTFGs) and DEGs

A large number of co-expressed mTFGs and DEGs were
identified using co-expression analysis (Supplementary
Table S62). Maximum number of co-expressed mTFGs and
DEGs were identified in S96 vs R96, with minimum in SO
vs S96. Further, the co-expressed genes were highest for
CHH context in each of the the four treatment pairs. The
coexpressed DEGs belonged to a number of classes-protein
kinases, oxidoreductases, B3 domain containing genes,
histone deacetylases, pentatricopeptide repeat containing
genes, etc. The list of mTFGs with maximum number of
coexpressed DEGs from each of the context in all treatment
pairs are provided in Supplementary Table S63.

Validation of DMRs using qRT-PCR analysis

The results of qRT-PCR are shown in Fig. 5; 19 of 26 genes
showed upregulation (11 with demethylation and 8 with
methylation) and 7 showed down regulation (4 with meth-
ylation and 3 with demethylation). Thus only 15 genes gave
expected association of gene expression with methylation
(demethylation associated with upregulation and methyla-
tion associated with downregulation). The distribution of
these 15 genes was as follows: (i) 4 genes in SO vs S96;
(ii) 2 genes in SO vs RO; (iii) 4 genes in S96 vs R96 and
(iv) 5 genes in RO vs R96; the remaining 11 genes showed
just the opposite association of expression with methyla-
tion. The expression changes of 13 genes also matched with
expression changes observed using RNA-Seq analysis. Most
conspicuous results include the genes encoding MLO-like
protein (#3 in Fig. 5) showing 6.4-fold downregulation and
protein kinase (#5 in Fig. 5) showing 25.3-fold downregula-
tion, both in SO vs S96.
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Table5 A summary of 30 different DMGs, showing in each case, expression level, binding affinity for H3K4/K27me3 marks and methylation

level in CG/CHG/CHH contexts

Gene ID (DMGs)

Function

Expression/ binding
affinity/ methylation
level*

1. SO vs S96
TraesCS1D02G206600 Pentatricopeptide repeat-containing protein
TraesCS2B02G166100 Protein phosphatase 2c, putative
TraesCS1B02G216300 MLO-like protein
TraesCS3D02G347200 F-box family protein
TraesCS5B02G453600 Actin cross-linking protein, putative
TraesCS7B02G359800 BEACH domain-containing protein 1vsC
TraesCS6D02G018300 Mitochondrial transcription termination factor-like
TraesCS1D02G296700 Cotton fiber protein
TraesCS6A02G379200 Polypeptide N-acetylgalactosaminyltransferase 5
TraesCS1D02G437800 F-box family protein
TraesCS2A02G028600 Glyoxylate reductase/hydroxypyruvate reductase
TraesCS3B02G077000 Receptor-like protein kinase

II. SO vs RO
TraesCS3D02G418800 Pentatricopeptide repeat-containing protein
TraesCS7B02G297100 A/G-specific adenine DNA glycosylase
TraesCS5D02G473900 Alanine—tRNA ligase
TraesCS1D02G091600 Kinase family protein
TraesCS2D02G339900 BTB/POZ and TAZ domain protein
TraesCS1A02G070600 Kinase family protein

II1. S96 vs R96
TraesCS4A02G474900 Disease resistance protein (TIR-NBS-LRR class) family
TraesCS1B02G363900 Ubiquitin domain-containing protein
TraesCS4A02G474900 Disease resistance protein (TIR-NBS-LRR class) family
TraesCS6A02G414400 Disease resistance protein RPM 1

IV.RO vs R96
TraesCS6D02G283600 F-box family protein
TraesCS6D02G346700 -
TraesCS6A02G289900 Esterase
TraesCS2A02G171100 Pentatricopeptide repeat-containing protein
TraesCS3B02G395200 Protein phosphatase 2c, putative
TraesCS4D02G047100 MLO-like protein
TraesCS4B02G183100 F-box family protein
TraesCS5B02G234800 Actin cross-linking protein, putative

1] (H3K4me3/CG)
1] (H3K4me3/CHG)
111 (H3K4me3/CHG)
1] (H3K4me3/CHG)
11| (H3K4me3/CHG)
11| (H3K4me3/CHG)
11} (H3K4me3/CHG)
111 (H3K4me3/CHH)
111 (H3K4me3/CHH)
11| (H3K4me3/CHH)
111 (H3K4me3/CHH)
11| (H3K4me3/CHH)

11} (H3K4me3/ CHG)
11} (H3K4me3/ CHG)
11} (H3K4me3/CHH)
11} (H3K4me3/CHH)
11} (H3K4me3/CHH)
111 (H3K4me3/CHH)

111 (H3K4me3/CHG)
11} (H3K27me3/CG)

111 (H3K27me3/CHG)
11} (H3K27me3/CHG)

11| (H3K4me3/CHH)
111 (H3K4me3/CHH)
111 (H3K4me3/CHH)
111 (H3K4me3/CHH)
111 (H3K4me3/CHH)
111 (H3K4me3/CHH)
111 (H3K4me3/CHH)
111 (H3K27me3/CHG)

*The first arrow in each case indicates expression of gene, second arrow indicates binding affinity of H3K4/K27me3 and third arrow indicates
level of DNA methylation. In each case, (1) indicates increased gene expression/binding affinity/level of methylation and (|) indicates decreased
expression/binding affinity/level of methylation. For all the four comparisons, the arrows indicate the condition of second treatment relative to

the first

Discussion

The present study is one of the few studies involving the use
of BS-Seq for analysis of genome-wide DNA methylation in
bread wheat. The study was intended to analyse the relative
role of DNA methylation in three different contexts (CG,
CHG and CHH) in Lr28-mediated resistance against leaf
rust in bread wheat. There are at least two earlier studies
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involving genome-wide DNA methylation through BS-Seq,
which involved bread wheat, its D sub-genome progeni-
tor Ae. tauschii and tetraploid wheat (Gardiner et al. 2015;
Yuan et al. 2020). Another important relevant study on
DNA methylation based on BS-Seq was undertaken in Ae.
tauschii-powdery mildew (Blumeria graminis) pathosystem
(Geng et al. 2019); this study demonstarted that DNA meth-
ylation with CHH context represents an important regulatory
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Table 6 Three kinds of TE

R ” Context TE SO vs. S96 SO vs. RO S96 vs. R96 RO vs. R96
associated with demethylated/
methylated DMRs in four 1* 1 l 1 l 1 l 1
treatment comparisons in three
contexts CG Repeat region 1064 844 1500 1509 1296 2075 1088 1059
Nested repeat 1568 834 1308 1259 1224 1329 995 1048
Repeat fragment 273 220 371 319 331 340 240 239
Total 2905 1898 3179 3087 2851 3744 2323 2346
CHG Repeat region 3407 1605 3131 2097 2143 3246 2400 2251
Nested repeat 2485 1802 2774 1977 2187 2279 2169 2035
Repeat fragment 564 440 546 483 480 524 499 446
Total 6456 3847 6451 4557 4810 6049 5068 4732
CHH Repeat region 5098 2429 5266 2148 2895 4569 2438 4587
Nested repeat 1634 535 1703 543 779 1299 623 1236
Repeat fragment 620 206 649 192 309 473 243 400
Total 7352 3970 2618 2883 3983 6341 3304 6223

*(]) indicates demethylated DMRs while (1) indicates methylated DMRs (maximum number of TEs are

highlighted as bold)

Table 7 A summary of TE

X . Treatment comparisons CG CHG CHH

associated genes (TAGs) with

their expression levels (first R A Y T T e YRR S ST

arrow) and methylation status

(second arrow) in three different S0 vs. S96 2 0 6 0 1 0 11 10 105 7

contexts, as detected in four SO vs. RO 1 0 9 0 7 1 9 2 12 0 58 6

treatment comparisons 96 vs. R96 2 1 1 3 1 5 15 10 51 58
RO vs. R96 1 2 0 3 1 3 14 15 5 53 55

*The first arrow in each case indicates expression of gene and second arrow indicates level of DNA meth-
ylation. In each case, the up arrow (1) indicates increased gene expression/level of methylation and down
arrow () indicates decreased expression/level of methylation in the second treatment relative to the first in
each of the four treatment pairs along with methylation context

layer in the complex mechanism of plant immunity, which
could be exploited to improve disease resistance in common
wheat. The results of our study are in agreement with the
results of this earlier study (see later for details).

The results of the present study broadly suggest that
only a very small fraction of genome-wide methylation is
involved in differential methylation within and between sus-
ceptible and resistant NILs. Similar results were obtained
in several earlier studies. Another important feature in the
results of the present study is that although CHH methyla-
tion represents a mere ~2% of total genome-wide methyla-
tion, the differentially methylated regions (DMRs) involving
CHH context accounted for > 50% of genome-wide DMRs.
These DMRs/DMGs included both enhanced methylation
and demethylation leading to repression/induction of the
activity of a large number of genes. The DMRs involved in
demethylation were almost double (10,689) the frequency of
DMRs involved in enhanced methylation or hypermethyla-
tion (4928) (Fig. 1b), suggesting that changes in DNA meth-
ylation more often caused activation rather than repression
of downstream genes (assuming that demethylation leads to

activation of genes, although this assumption is not always
true).

The methylation pattern in plants is generally high in CG
(90%) followed by CHG and CHH (Matzke and Mosher
2014). Apparently, in the present study, the CG methylation
is more conserved in susceptible and resistant lines leading
to less frequent appearance of DMRs with CG whereas, the
reverse pattern in CHH probably might be due to greater
activation of differential SRNAs following RdADM path-
ways in S and R lines upon pathogen infection, leading to
CHH methylation. The dynamic regulation of gene activ-
ity predominantly by CHH methylation as observed dur-
ing our study has also been reported in at least two earlier
studies, one involving Arabidopsis-Pseudomonas syringae
pathosystem (Dowen et al. 2012) and the other involving Ae
tauschii—powdery mildew (Blumeria graminis) pathosys-
tem, mentioned above (Geng et al. 2019).

It is also apparent from the results of the present study
that the overall frequency of DMRs with reduced methyla-
tion increased with the passage of time after inoculation in
S line; reverse was the case in R line (Fig. 1b). This suggests
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Fig. 5 Differential expression of 26 differentially methylated genes
or DMGs (protein encoded by these DMGs are numbered 1 to 26;
see details below) distributed in all the four treatment pairs includ-
ing SO vs S96, SO vs RO, S96 vs R96 and RO vs R96. In each treat-
ment, the expression in second treatment is compared to that of the
first. The genes indicated with red colored bars are the genes show-
ing the expected association of downregulation with methylation
and upregulation with demethylation. The genes indicated in purple-
colored bars show the opposite association with DNA methylation.
*Significant expression at P <0.05; **significant at P <0.01. 1: Actin
cross-linking protein, putative, 2: F-box protein, 3: MLO-like pro-
tein, 4: 3-ketoacyl-CoA synthase, 5: Protein kinase, 6: Leucine-rich

that many more genes are activated and only fewer genes are
repressed in S line, the situation being just the opposite in R
line. This is in agreement with the findings that adaptation
to biotic stress in plants involves DNA methylation leading
to repression of genes (Peng and Zhang, 2009).

Genomic distribution of DMRs

The genome-wide identification of DMRs in the present
study mainly involved the following activities: (i) identifi-
cation of DMRs followed by identification of DMGs within
these DMRSs; (ii) study of the methylation level (enhanced
methylation or hypermethylation vs reduced methylation or
demethylation) in DMRs and DMGs; (iii) the effect of meth-
ylation status on activity of individual specific genes and
their relationship with suscpetibility and resistance against
leaf rust; and (iv) association of DMRs and histone modifi-
cations in five different classes of genomic regions with 18
different chromatin states (Table 2). As mentioned above,
perhaps an important observation is the predominance of
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repeat-containing protein 59, 7: Pentatricopeptide repeat-containing
protein, 8: NBS-LRR-like resistance protein, 9: F-Box, 10: UDP-
glycosyltransferase, 11: Alpha/beta hydrolase, 12: Disease resistance
protein (TIR-NBS-LRR class), 13: basic helix-loop-helix (bHLH),
14: Calcium-dependent lipid-binding (CaLB domain) putative, 15:
F-box protein, 16: NADH-quinone oxidoreductase subunit H 1, 17:
Cytochrome P450 family protein, putative, 18: Ankyrin repeat-con-
taining protein, 19: Calcium-transporting ATPase, 20: Purple acid
phosphatase, 21: Cytochrome b559 subunit alpha, 22: Cytokinin oxi-
dase/dehydrogenase, 23: Copper ion-binding protein, 24: NAD(P)
H-quinone oxidoreductase subunit 6, chloroplastic, 25: Peptidase
MS50B-like protein, 26: transmembrane protein, putative

methylation in asymmetric CHH context relative to sym-
metric CG and CHG contexts in DMRs and DMGs (Fig. 1c).
Methylation in promoters and TTS is supposed to have nega-
tive correlation (methylation downregulated gene expres-
sion) with gene expression while that in exons, introns and
intergenic regions is supposed to have positive correlation
with methylation causing increased activity of genes (Cur-
radi et al. 2002; Mette et al. 2000).

The variation in the frequencies of DMRs and DMGs in
different genomic regions is though conspicous, their rel-
evance to regulation of gene expression during host patho-
gen-interaction is not apparent. This variation may actually
reflect the relative proportion of these genomic regions in
the whole genome. For instance, a very high frequency of
DMRs/DMGs in the intergenic regions may actually be due
to high proportion of genome occupied by the intergenic
regions, as also emphasized by Li et al. (2019). Similarly,
very low frequency of DMRs/DMGs in exons may also be
attributed to a very small fraction of the genome occupied by
these exons. We believe that the significance of this disparity
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in ditribution of DMRs/DMG:s, if there is any, may be the
subject of further investigation.

A study of the distribution of 18 chromatin states in five
genomic regions and their association with not only DMRs/
DMGs, but also with two histone marks (H3K4/K27me3)
and relative expression of different classes of genes is
another important part of the present study. However, the
subject of chromatin states and their relevance to regulation
of gene is a recent area of research, which is though impor-
tant, but not immediately apparent. For instance, one may
like to ask the question whether or not these chromatin states
depend on DNA methylation and histone marks, and if they
do what is the mechanism involved. One may also like to ask
the question that how each chromatin state in turn regulates
specific genes involved in host—pathogen interaction. We did
not find answer to these questions in the published literature,
suggesting that these subjects also represent areas of future
studies involving more sophisticated techiques.

DMGs identified in Rand S NILs

The resistant (R) and susceptible (S) NILs used in the
present study were genetically very similar with only 1%
polymorphism when examined using 35 K wheat SNP
array (our unpublished data). Thus, the NILs constitute
suitable material for a comparative study of differential
DNA methylation in response to pathogen inoculation
(Fig. 3a). In S line, due to infection at 96 hai, the num-
ber of DMGs (CG+ CHH + CHG =4373; Fig. 3a) acti-
vated due to demethylation are almost one and half-fold
the number of genes that are repressed due to methylation
(CG+CHH + CHG =2607; Fig. 3a) after 96 hai. On the con-
trary, in R line at 96 hai, repression due to methylation of
large number of genes (4258 in RO vs R96 and 4781 in S96
vs R96) seems to be conspicuous from the results of the two
comparisons (Fig. 3a). This suggested that susceptibility is
relatively controlled by activation of genes whereas resist-
ance is governed by repression of large number of genes
(~60% genes are activated and ~40 repressed in S line).
Therefore, it can also be speculated that the genes involved
in resistance due to Lr28 are often negatively regulated. This
may involve genes like TaLSDI (encoding for zinc finger
protein) and TaNAC35, which have been demonstrated to
have a role in negative regulation of stripe rust resistance
and Lr/4 mediated leaf rust resistance, respectively (Guo
et al. 2013; Zhang et al. 2021).

Some of the genes, which undergo demethylation medi-
ated upregulation in S line include those encoding for the
following proteins: CC-NBS-LRR, Zinc finger proteins,
receptor kinase, WRKY TF, cytochrome P450, calcium
transporting ATPase, MYB TF, 3-ketoacyl coA-synthase,
ABC transporter etc. Similarly, the genes in R line which
showed high methylation mediated downregulation included

those encoding for the following: ankyrin repeats, ring-U
box superfamily protein, lipid transfer protein, alpha/beta
hydrolases, F-box protein, WD40 protein, glutathione S
transferase, methyltransferase, bBHLH TF, etc. (Supplemen-
tary Tables S29—-S40). These genes may be involved in sig-
nal transduction pathways (e.g. salicyclic and jasmonic acid
pathways) following infection.

The genes in R line which show demethylation mediated
upregulation may also be important. Some genes in R line
which undergo demethylation mediated upregulation include
those encoding for the following: CRT binding factor, gly-
cosyltransferase, jasmonate ZIM protein, MADS box TF,
NAC TF, bZIP TF, peroxidases, etc. (Supplementary Tables
S$29-540).

As mentioned earlier, it is well known that methylation
does not always repress gene expression; enhanced meth-
ylation in gene body may also lead to higher expression of
genes (Dowen et al. 2012). Therefore, the genes showing
methylation mediated upregulation may also be important.
Such genes in S line showing methylation mediated upregu-
lation due to leaf rust infection (SO vs S96) include those
encoding for NBS-LRR, homeobox leucine zipper protein,
glutamate receptor protein, etc. Similar genes in R line (RO
vs R96) involved in providing resistance during leaf rust
infection encode for NADH ubiqinone oxidoreductase,
transmembrane protein, E3 ubiquitine protein ligase, MADS
box TF, peroxidases, etc. The roles of all the above DMGs in
S and R lines during susceptibility and resistance are listed
in Table 8.

Relationship of DNA methylation with gene
expression, histone modification and chromatin
state

It is apparent from the results shown in Tables 2 and 5 that
the expression level (upregulation vs downregulation) of
DMGs depends on several factors including the following:
(i) enhanced methylation vs demethylation, (ii) methyla-
tion context (CG, CHG, CHH), (iii) binding affinity of two
histone marks (H3K4me3 causing induction and H3K27
causing repression); (iv) location of DMGs in one of the
five genomic regions (enhancers, intergenic regions, genic
regions, promoters and repetitive regions) and (v) chroma-
tin state (18 different chromatin states are known). There
are other factors (e.g, ncRNA like miRNA, IncRNA includ-
ing long intergenic ncRNA or lincRNAs), which may be
involved, but have not been included in the present study.
Another relevant area, which is receiving current atten-
tion, is the study of the mechanism of DNA methylation and
the role of genetic variation in this mechanism (methylation
QTLs or mQTLs; Hawe et al. 2022). This suggests that epi-
genetic regulation of the expression of DMGs, which may be
responsible for susceptibility/resistance against leaf rust (like
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Table 8 Role of some important DMGs identified in the present study during wheat-leaf rust interaction

Gene name Role of the gene

Crop/plant system References

(a) Involved in resistance

BHLH TF (TaBHLH060) Negative regulation of resistance against P. syringeae Arabidopsis Wang et al. (2015)

Zinc finger (TaLSD1) Negative regulation of resistance against stripe rust through ~ Wheat Guo et al. (2013)
programmed cell death

Lipid transfer protein (TuDIRI1-2)  Negative regulation of stripe rust resistance Wheat Ahmed et al. (2017)

Peroxidase High expression during adult plant leaf rust resistance Wheat Casassola et al. (2015)

Glycosyltransferase (TaUGT6) High expression provides resistance against fusarium head =~ Wheat He et al. (2020)
blight

E3 Ubiquitine ligase (CMPGI-V)  Contributes to powdery mildew resistance Wheat Zhu et al. (2015)

(b) Involved in susceptibility

Leucine rich repeat (DEPG1) Overexpression results into susceptibility to bacterial leaf Rice Guo et al. (2012)
streak disease

Cytochrome P450 (BdCYP711A29) Overexpression leads to susceptibility to Fusarium head Wheat Changenet et al. (2021)

blight due to Orobanchol biosynthesis

any other trait) is really complex and it is really difficult to
partition the role of each of the several factors listed above.
It is also difficult to find whether these factors are interde-
pendent or if there is any causal relationship between any
two or more of these factors. One may also like to analyse
the role of each of three classes of DMGs, representing three
different contexts, CG, CHG and CHH and several histone
marks including H3K4me3 and H3K27me3 used in the pre-
sent study. The three different methylation contexts and/or
two histone marks perhaps control the activity of DMGs and
other genes, whose activity is controlled by these DMGs,
through 18 different chromatin states, which in turn are dis-
tributed in five different genomic regions, namely enhancers,
intergenic regions, genic regions, promoters and repetitive
regions. More than half of the DMGs exhibited expected
relationship with expression patterns, suggesting that DNA
methylation possibly plays a significant role in controlling
the expression of genes involved in wheat-leaf rust inter-
action. Such expected relationships were also observed in
earlier studies in responses to biotic stresses involving Ae.
tauschii-B. graminis (Geng et al. 2019) and rice-M. oryzeae
(Cui et al. 2020) pathosystems. However, this relationship
between DNA methylation and gene expression may not be
direct and causal, since association of DNA methylhistone
marks is also involved. A comparison of results of the pre-
sent study with the results of our earlier study on the role
of H3K4/K27me3 marks using ChIP-seq (Saripalli et al.
2020b) allowed identification of 491 (463 unique) genes
which were perhaps regulated by both DNA methylation
and binding of histone marks (435 DMGs enriched with
H3K4me3 and 28 DMGs enriched with H3K27me3); these
results have also been related with chromatin states.

In our own study involving the same experimental mate-
rial (Saripalli et al. 2020b), ~ 19% of the genes associated
with histone methylation due to H3K4me3 (12%) and
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H3K27me3 (7%) marks were found to exhibit expected
expression changes, when compared with DEGs in RNA-
seq data. Some of these genes identified in the above study
(Saripalli et al. 2020b) were also identified in the present
study and the results are discussed later. Similarly, in another
study using the same material (Jain et al. 2020), expres-
sion of some genes was found to be regulated through
ncRNA (miRNA and IncRNA). The results of comparison
of DNA methylation have also been related with chroma-
tin state, although the mechanism of action of chromatin
state in regulation of expression of specific genes is largely
unknown. DNA methylation in enhancer region is perhaps
directly involved in regulation of large number of DE genes
as observed in our earlier transcriptome study involving
wheat-leaf rust interaction (Sharma et al. 2018). This could
also be assessed from the results of co-expression analysis
in the present study where a large number of methylated
TFs were found co-expressed with the DEGs, although the
frequency of methylation in promoter region was lower in
comparison to frequency of methylated TFs. In case of CHH
context, < 50% of methylation in intergenic region was found
within < 10 Kb flanking region of the genes, which possibly
suggests that methylation in enhancer and/or silencer regions
also plays a role in gene regulation during wheat-leaf rust
interaction. The results also clearly reveal a role of other
epigenetic or genetic mechanisms in the regulation of leaf
rust resistance in wheat.

Ten DMGs with H3K4me3 also showed expected nega-
tive relationship between H3K4me3 mark and demethylation
mostly in S line with CG and CHG methylation contexts;
these results do not differ from those reported earlier for
Arabidopsis (Zhang et al. 2009; Mathieu et al. 2005). In the
remaining four DMGs with H3K27me3 mark, no synergis-
tic relationship with DNA methylation was observed. It is
also apparent from the results of the present study that 10
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DMGs out of 30 DMGs with H3K4/K27me3 marks showed
expected relationship between DNA methylation and gene
expression irrespective of the presence of H3K4/K27me3
histone marks.

The results of chromatin state analysis suggested that
expression of DMGs encoding the following proteins were
also involved (directly/indirectly) in regulation of gene
expression through modification of chromatin states: (i)
histone-lysine N-methyltransferase, (ii) S-adenosyl-L-
methionine-dependent methyltransferases superfamily pro-
tein (SAM), (iii) lysine-specific demethylase, (iv) Set1/Ash2
histone methyltransferase complex subunit ASH2, (v) H3
lysine-9 specific, (vi) methyltransferase family protein, (vii)
histone acetyltransferase of the CBP family 12, (viii) poly-
comb group protein and (ix) PHD finger protein. Among the
above nine genes whose expression is influenced by chro-
matin state, four genes listed at numbers (i), (v), (vi) and
(ix) were differentially expressed in RNA-Seq data as well.
The function of these genes must be important for wheat-
leaf rust interaction. Presence of multiple DMGs encoding
histone-specific proteins listed at numbers (v) and (vi) sug-
gests that H3K9 methylation mark might play an important
role in wheat-leaf rust interaction. Differentially expressed
genes (DMGs) encoding basic helix-loop-helix (bHLH)
DNA-binding superfamily protein is possibly in agreement
with the role of enhancer region and help in DNA folding to
assist cis-regulation of genes involving 1 Mb upstream and
downstream enhancer regions.

Summary and conclusions

In the present study, context-specific DNA methylation
(CG, CHG and CHH) during wheat-leaf rust interaction
was examined for the first time using high-resolution BS-
Seq approach. A pair of NILs for the gene Lr28 for resist-
ance against leaf rust in the background of the wheat cv.
HD2329 was used for this purpose. The major conclusion
is that demethylation mediated activation of many genes
and enhanced methylation mediated silencing of fewer
genes occurs during susceptible reaction (SO vs S96). The
situation is just the reverse in resistance reaction (RO vs
R96 and S96 vs R96) with enhanced methylation medi-
ated repression of many genes and demethylation mediated
activation of fewer genes. Genome-wide methylation was
maximum for CG context; however, differential methyla-
tion mainly involved CHH context. Comparison of DMGs
with earlier expression data revealed that more than half of
DMGs showed expected relationship with gene expression
(i.e. methylation leads to repression and demethylation
leads to high activation). Some important DMGs which
undergo activation in S line include CC-NBS-LRR, Zinc

finger proteins, receptor kinase, WRKY TF, etc. Simi-
larly, the genes in R line which showed methylation medi-
ated downregulation included those encoding for ankyrin
repeats, ring-U box superfamily protein, lipid transfer
protein, alpha/beta hydrolases, F-box protein, WD40 pro-
tein, glutathione S transferase, methyltransferase, bHLH
TF, etc. Comparison of the results of BS-Seq with ear-
lier histone methylation data revealed 491 DMGs which
were perhaps regulated by differential binding of histone
methylation marks (H3K4me3 and H3K27me3); 30 genes
also showed differential expression in RNA-Seq data. The
results of the present study proved our earlier hypothesis
that mechanism of leaf rust resistance in wheat follows
a complex mechanism involving one or more epigenetic
changes influencing the expression of different down-
stream genes due to Lr28. Some of the genes identified
during the present study may be important candidates
for further validation using RNAi or overexpression
techniques.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00438-022-01879-1.
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