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Summary

� A role for DNA hypomethylation has recently been suggested in the interaction between

bacteria and plants; it is unclear whether this phenomenon reflects a conserved response.
� Treatment of plants of monocot rice and dicot tomato with nematode-associated molecular

patterns from different nematode species or bacterial pathogen-associated molecular pattern

flg22 revealed global DNA hypomethylation. A similar hypomethylation response was

observed during early gall induction by Meloidogyne graminicola in rice. Evidence for the

causal impact of hypomethylation on immunity was revealed by a significantly reduced plant

susceptibility upon treatment with DNA methylation inhibitor 5-azacytidine.
� Whole-genome bisulphite sequencing of young galls revealed massive hypomethylation in

the CHH context, while not for CG or CHG nucleotide contexts. Further, CHH hypomethy-

lated regions were predominantly associated with gene promoter regions, which was not cor-

related with activated gene expression at the same time point but, rather, was correlated with

a delayed transcriptional gene activation. Finally, the relevance of CHH hypomethylation in

plant defence was confirmed in rice mutants of the RNA-directed DNA methylation pathway

and DECREASED DNAMETHYLATION 1.
� We demonstrated that DNA hypomethylation is associated with reduced susceptibility in

rice towards root-parasitic nematodes and is likely to be part of the basal pattern-triggered

immunity response in plants.

Introduction

There is mounting evidence that epigenetic mechanisms, such as
DNA methylation, play an important role in plant development
and response to adverse environmental conditions (Pikaard &Mit-
telsten Scheid, 2014). In plants, de novo methylation is catalysed
by DOMAINS REARRANGED METHYLTRANSFERASE
(DRM2) and maintenance is performed by three classes of
enzymes: CG methylation is maintained by methyltransferase 1,
CHG methylation by plant-specific chromomethylases (CMT2
and CMT3), and CHH methylation by DRM2 or CMT2
depending on the genomic region (Chan et al., 2005; Law &
Jacobsen, 2010; Zhang et al., 2018). The RNA-directed DNA
methylation (RdDM) pathway, a plant-specific small-RNA
(smRNA)-triggered pathway, guides DRMs to target sequences
(Matzke & Mosher, 2014). In the canonical RdDM pathway,
RNA polymerase IV generates single-stranded RNA molecules,
which are used as a template for RNA-DEPENDENT RNA
POLYMERASE 2 to generate double-stranded RNA (dsRNA).

In Arabidopsis, but largely conserved among plants (Haag and
Pikaard, 2011), these dsRNAs are trimmed by DICER LIKE 3
(DCL3) to 24-nt small interfering RNAs (siRNAs), methylated

by HUA ENHANCER 1, and loaded onto ARGONAUTE 4
(AGO4) of the RNA-induced silencing complex. DNA unwinds
at the target site by the DNA-dependent RNA polymerase V
(DDR) complex, upon which RNA polymerase V transcribes an
RNA scaffold, which base-pairs with AGO4-bound siRNA,
enabling DRM2 to establish de novo methylation (Matzke &
Mosher, 2014; Zhou et al., 2018). Transposable elements (TEs)
can be part of RdDM as a source of smRNAs (Slotkin & Mar-
tienssen, 2007; Lisch, 2009; Zakrzewski et al., 2017). CHH
methylation can also be facilitated by DECREASED DNA
METHYLATION 1 (DDM1), catalysed by CMT2, indepen-
dent of RdDM (Zemach et al., 2013). Together, DDM1 and
RdDM synergistically mediate the majority of transposon methy-
lation and methylation-dependent regulation of gene expression
in Arabidopsis (Zemach et al., 2013).

DNA methylation controls many genes involved in key pro-
cesses in plants (Law & Jacobsen, 2010; Deleris et al., 2016).
Plant immunity comprises two tiers: pattern-triggered immunity
(PTI) and effector-triggered immunity (ETI). PTI is triggered
when the presence of a pathogen-associated molecular pattern
(PAMP) or a damage-associated molecular pattern (DAMP) is
perceived by pattern recognition receptors. The second layer is
triggered by pathogen-secreted effector molecules that target PTI
suppression, yet can be recognized by nucleotide-binding
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leucine-rich repeat proteins, resulting in isolate-specific defence
responses (Jones & Dangl, 2006; Zipfel, 2014). DNA methyla-
tion was suggested to be involved in the plant immune response
to bacterial pathogens. Infection of Arabidopsis with bacterial
pathogen Pseudomonas syringae pv tomato DC3000 leads to
hypomethylation in genomic regions associated with plant
defence genes (Pavet et al., 2006) and at (peri)centromeric
regions, whereas methylation-deficient mutants are less suscepti-
ble to this pathogen (Pavet et al., 2006). Hypomethylated Ara-
bidopsis mutants are more resistant to oomycete biotrophic
pathogen Hyaloperonospora arabidopsidis, but not to necrotrophic
pathogen Plectosphaerella cucumerina (L�opez S�anchez et al.,
2016). An Arabidopsis triple mutant in DNA demethylases (rdd:
ros1/dml2/dml3) showed increased susceptibility to infection by
Fusarium oxysporum through deregulation in expression of TE-
containing defence-related genes (Le et al., 2014). Most studies
so far have focused on the model plant Arabidopsis, whereas stud-
ies on other plants are lagging behind. In rice (Oryza sativa),
chemical demethylating agents were found to reduce susceptibil-
ity towards Xanthomonas oryzae pv oryzae (Akimoto et al., 2007).
These results suggest a role for DNA methylation in plant
defence, though only aboveground tissues were investigated. It
remains unclear whether this process works across multiple tissue
types and genome-wide, whether it is involved in PTI and/or
ETI, or whether the reported methylation changes are merely the
consequence of targeted effector-based manipulation of the PTI
response. Moreover, the functional genomic context, cytosine
context, and relationship to TE expression remains to be eluci-
dated. Treatment of Arabidopsis with flg22, a bacterial PAMP,
induces hypomethylation in Arabidopsis and restricts bacterial
propagation (Yu et al., 2013), which suggests hypomethylation to
be a PTI response. If true, one would expect a broad range of
inducing pathogens/PAMPs, as well as evolutionary conservation,
and a tissue-independent response.

Here, we focus on the impact of a belowground pathogen, para-
sitic nematodes, on the monocot model plant rice. The root-knot
nematode Meloidogyne graminicola is one of the most damaging
nematodes attacking monocots (Bridge et al., 2005). Moreover, we
evaluate whether we see similar effects in tomato in interaction
with the most damaging root-knot nematode that attacks dicots,
Meloidogyne incognita. Generally understudied due to their below-
ground symptoms, parasitic nematodes cause major yield losses,
certainly in crops like rice (Bridge et al., 2005) and tomato
(Solanum lycopersicum) (Sasser & Carter, 1985). Sedentary cyst
and root-knot nematodes maintain an intimate biotrophic rela-
tionship with their host, during which a specialized feeding site is
formed (syncytia and galls, respectively). Detailed messenger RNA
and smRNA-sequencing efforts have demonstrated activation of
epigenetic mechanisms upon nematode infection (Hewezi et al.,
2008; Li et al., 2012; Ji et al., 2013; Portillo et al., 2013; Cabrera
et al., 2016; Medina et al., 2018) and accumulation of heterochro-
matic 24-nt siRNAs, which were found to be associated with
hypermethylation of TEs and gene promoters in syncytia (Hewezi
et al., 2017). However, whole-genome bisulphite sequencing
(WGBS) on soybean roots infected with Heterodera glycines
revealed overrepresentation of hypomethylated regions, and it is

currently unknown whether DNA methylation changes are elicited
by the pathogen or are part of a plant defence response (Rambani
et al., 2015). A recently discovered nematode-PAMP (nematode-
associated molecular pattern, or NAMP) called ‘NemaWater’, acti-
vates an early PTI response in plants, a phenomenon that is corre-
lated with hydrogen peroxide (H2O2) accumulation (Mendy et al.,
2017). Evaluating the impact of nematode infection, but also
NemaWater, on DNA methylation in plant roots may shed light
on the question of whether hypomethylation is a general plant
defence mechanism or a consequence of pathogen effectors that
induce feeding site formation.

Here, we investigated the role of DNA methylation in the
interaction between host plants and parasitic nematodes.
Treatment of rice and tomato with different NAMPs from
nematodes with varying lifestyles provides the first insight into
the role of DNA hypomethylation in the PTI response upon
nematode attack in roots. We also provide evidence that a
similar hypomethylation response is induced upon application
of bacterial PAMP flg22. By further focusing on the interac-
tion between rice and M. graminicola, by WGBS, gene expres-
sion analysis, infection assays on mutants, and 5-azacytidine
treatment, we provide detailed insights in the genomic con-
texts targeted by hypomethylation and evidence for a causal
impact of DNA hypomethylation on plant defence against
nematodes.

Materials and Methods

Plant growth and treatments

Oryza sativa L. cv Nipponbare (GSOR-100, USDA) seeds were
germinated for 5 d in darkness at 30°C, after which they were
transferred to synthetic absorbent polymer substrate in
polyvinylchloride tubes (Reversat et al., 1999) and grown at 28°C
(16 h : 8 h, light : dark). Two-week-old plants were inoculated by
250 stage juvenile (J2) of M. graminicola per plant or mock inoc-
ulated with water as a control. After 36 h, they were transferred
to 50% Hoagland solution in glass tubes to synchronize infec-
tion. Three days later, galls of infected plants and root tips of
control plants were harvested and frozen in liquid nitrogen (N2).

Tomato seeds (cv Moneymaker) were germinated in potting
soil at 24°C. Two-week-old rice and tomato plants were sprayed
and root-drenched in NAMP (see below) or PAMP (1 µM flg22;
Eurogentec, Liege, Belgium) or water as mock treatment under
hydroponic conditions for 36 h, after which they were washed
and transferred to 50% Hoagland solution. A sterile culture of
Pratylenchus zeae was maintained on carrot disks. A culture of
M. incognita and one of M. graminicola was maintained on sus-
ceptible host plants in potting soil. Rice plants were treated by
spraying and root drenching with NAMP obtained from
M. graminicola or P. zeae, whereas tomato plants were treated
with NAMP obtained from M. incognita. NAMP (NemaWater)
was prepared by shaking c. 30 000 J2 nematodes in 150 ml of
water (100 rpm) overnight at room temperature and subsequent
filter sterilization of the supernatant through a 0.22 µm filter
(Mendy et al., 2017).
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In one experiment, we first sterilized the nematodes using four
antibiotics (carbenicillin, gentamycin, kanamycin, and spectino-
mycin, each 200 µg ml�1) plus Hospital Antiseptic Concentrate
(3.3 µl ml�1) for 1 h, after which the nematodes were thoroughly
rinsed.

Enzyme-linked immunosorbent assay-based global DNA
methylation assay and hydrogen peroxide quantification

For the enzyme-linked immunosorbent assay (ELISA)-based
tests, DNA from 3 d post-inoculation (dpi) galls or root at 3 d
post-NAMP treatment and their corresponding mock-treated
control samples was extracted using the cetyltrimethylammonium
bromide (CTAB) method (Doyle & Doyle, 1987) and quantifi-
cation was performed using NanoDrop 2000 (Thermo Fisher
Scientific, Waltham, MA, USA). Global DNA methylation was
quantified using the 5-methylcytosine (5-mC) DNA ELISA kit
(Zymo Research, Irvine, CA, USA) using highly specific 5-mC
antibodies for any DNA context (CG, CHG or CHH) accord-
ing to the manufacturer’s protocol. For each treatment, at least
10 biological replicates were measured, with two technical repli-
cates for each. One biological replicate was composed by extract-
ing DNA from the pooled material of at least 20 individual
plants.

H2O2 measurements were performed as previously described
(Khanam et al., 2018). Plants were treated with NemaWater, as
described earlier. Thirty-six hours later, they were transferred to
50% Hoagland solution, and material was harvested after an
additional 36 h. For each treatment, four biological replicates
(pool of five plants) and two technical replicates were measured.

Infection assays on RNA-directed DNA methylation
mutants and 5-azacytidine-treated plants

Thirteen-day-old rice plants were sprayed with different concen-
trations of 5-azacytidine, whereas control plants were mock
sprayed with water; both solutions contained 0.02% (v/v) Tween
20 as a surfactant (Latzel et al., 2016; Puy et al., 2018; M€unzber-
gov�a et al., 2019). The next day, plants were inoculated with 250
J2 ofM. graminicola.

Rice mutants were kindly provided by other laboratories: dcl3a
and dcl3b mutants by Cao’s laboratory (Song et al., 2012), ago4a/
b mutant by Qi’s laboratory (Wu et al., 2010), drm2 and ddm1
double mutant by Zhou’s laboratory (Tan et al., 2016), and waf1
mutant by Itoh’s laboratory (Abe et al., 2010). These mutants do
not have a root growth phenotype.

Two-week-old plants were inoculated, and 2 wk later the roots
were harvested and stained by boiling in 0.013% acid fuchsin for
3 min. The number of galls and nematodes were counted under a
SMZ1500 stereomicroscope (Nikon, Melville, NY, USA).

DNA extraction, library preparation, and whole-genome
bisulphite sequencing

About 200 mg of 3 dpi M. graminicola galls collected from c. 100
plants and corresponding control root-tip material were ground

to a fine powder by mortar and pestle in liquid N2. For both galls
and root tips (three biological replicates per condition), DNA
was extracted using the DNeasy plant mini kit (Qiagen) accord-
ing to manufacturer’s instructions and dissolved in DNase-free
water. DNA concentration was quantified using the Quant-it
PicoGreen dsDNA Assay kit (Thermo Fisher Scientific), and
100 ng of DNA per sample was sheared to 400 bp fragments
using a Covaris S2 Focused-ultrasonicator (Covaris, Woburn,
MA, USA). Sonicator settings were duty cycles of 10%, intensity
of 4, and cycles/burst of 200 for 65 s. Fragmented DNA was
cleaned and concentrated using the DNA clean and concentrator
kit (Zymo Research). Bisulphite conversion was performed by
the EZ DNA methylation Gold kit (Zymo Research). Bisulphite
conversion efficiency was evaluated by spiking each sample with
Lambda unmethylated DNA (0.5% of total DNA in sample)
prior to shearing, leading to an efficiency estimate of > 99% for
all samples (Supporting Information Table S1). Size distribution
was verified using the high-sensitivity DNA chip of a Bioanalyzer
2100 instrument (Agilent Technologies, Santa Clara, CA, USA).

The preparation of sequencing libraries from bisulphite-con-
verted DNA was performed using the Accel-NGS Methyl-Seq
DNA library kit according to manufacturer’s instructions (Swift
Biosciences, Ann Arbor, MI, USA). DNA quality was checked
again using the high-sensitivity DNA chip of the Bioanalyzer
2100 instrument (Agilent Technologies). After gel purification,
quantitative PCR (qPCR) was performed to determine the con-
centration of each sample. A 2.1 pM library was loaded on the
flow cell and sequenced using an Illumina Nextseq500 (single
end, 76 cycles).

Whole-genome bisulphite sequencing data analysis

Reads were trimmed with TRIM GALORE (v.0.4.0) using default
settings. Trimmed reads were mapped against the O. sativa subsp.
japonica reference genome (build MSU7.0) with BISMARK soft-
ware (v.0.18.1_dev) using the following parameters: bowtie2; q;
un; score_min L,0,0.3; p 4 (Krueger & Andrews, 2011). The
resulting SAM files were converted to BAM format and sorted.
Files were demultiplexed using SAMTOOLS (v.1.3). Duplicate
reads were removed using PICARD (v.1.119). Per sample, coverage
files containing methylated and unmethylated read counts were
extracted using the BISMARK (Krueger & Andrews, 2011) methy-
lation extractor for every cytosine context, imported in R
(v.3.5.0) with the read.bismark function (BSSEQ package, 1.18.0)
using the following parameters: rmZeroCov = TRUE and
strandCollapse = FALSE. This was used as input for DMRSEQ

(v.1.0.14; Korthauer et al., 2018) to identify differentially methy-
lated regions (DMRs) per cytosine context (three gall samples vs
three uninfected root tips). Default settings were used except
when mentioned otherwise.

Cytosines without any read in any sample were filtered out
before analysis. DMRs with an FDR (Benjamini-Hochberg proce-
dure) < 0.05 were considered significant. Promoters were defined as
regions 2000 bp upstream of the transcription start site. The Rice
Annotation Project-Database (RAP-DB) IDs of these gene lists
were used as input for Gene Ontology (GO) overrepresentation
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tests by PANTHER (Mi et al., 2017). GO analysis was performed on
three sets of genes: the ‘promoter set’, containing all genes that
exclusively overlap with DMRs through their promoters; the ‘gene
body set’, containing all genes that exclusively overlap with DMRs
through their gene bodies; and the ‘combination set’, containing all
genes that overlap with DMRs through both promoter and gene
body regions. MAPMAN 3.5.1R2 pathway analysis was performed on
these lists by means of Wilcoxon rank-sum tests.

RNA-sequencing data analysis

Differentially expressed genes in 3 dpi and 7 dpi M. graminicola
galls vs uninfected root tips were already available (Kyndt et al.,
2012) from previous research by our group under similar experi-
mental conditions. The dataset (GEO accession no.
PRJNA151855) was reanalysed to monitor TE-expression pro-
files. Reads were trimmed with TRIMMOMATIC (v.0.36; Bolger
et al., 2014) and mapped against the O. sativa subsp. japonica ref-
erence genome (build MSU7.0) using STAR (v.2.5.2a; Dobin
et al., 2013). Only uniquely mapped reads were kept for further
analysis. BAM files of multiplexed samples were merged using
SAMTOOLS (v.1.3). Count tables were generated by the summa-
rizeOverlaps function in the GENOMICALIGNMENTS R package
(v.1.16.0; Lawrence et al., 2013). Differential expression analysis
was performed using the DESEQ2 package (v.1.20; Love et al.,
2014) with TE annotations found in the Rice Transposable Ele-
ment database (Copetti et al., 2015). TEs with a false discovery
rate (FDR) < 0.05 were considered differentially expressed (DE)
compared with the control group (uninfected root tips). Signifi-
cance of the expression trends of gene sets DE at 3 or 7 dpi was
ascertained by two-sided binomial tests with a success probability
(under the null hypothesis) of 0.5.

Association between differentially methylated regions and
genomic regions

To assess significance of overlap between DMRs, gene bodies,
and TEs, the REGIONER package (v.1.14.0) was used (Gel et al.,
2016). Permutation tests were performed whereby promoter
regions, gene body regions, and TE regions were randomly scat-
tered across the genome and the number of overlaps with DMRs
was counted. Enrichment of DE genes and TEs at either 3 or
7 dpi in the DMRs was also assessed. To account for association
bias between genes or TE classes with DMRs, per permutation, a
set of genes/TEs of equal size to the set of DE genes was ran-
domly selected from the total set of rice genes/TEs and the over-
lap with DMRs was counted. Similarly, enrichment of
hypomethylated TEs in gene promotors was assessed: a set of
TEs of equal size to the set of hypomethylated TEs was randomly
selected from the total set of rice TEs and the overlap with gene
promotors was counted. For all tests, 1000 permutations were
performed to create a null distribution, and a P-value significance
threshold of 0.05 was maintained. GO analysis was performed
with AGRIGO v.2, in Singular Enrichment Analysis mode, using
all rice genes as a reference background. GO visualization was
done using REVIGO (Supek et al., 2011; Tian et al., 2017).

Quantitative reverse transcription PCR and chop-
quantitative PCR

Meloidogyne graminicola galls and corresponding control root tips
at 3 and 7 dpi were collected for three biological replicates each.
RNeasy Mini Kit (Qiagen) was used to extract RNA from root
samples following the manufacturer’s protocol by additional son-
ication after adding RLT buffer. RNA was quantified using a
NanoDrop 2000 instrument (Thermo Fisher Scientific). First-
strand complementary DNA (cDNA) was synthesized using
Tetro Reverse Transcriptase (Bioline, Memphis, TN, USA). The
quality of cDNA was checked using reference genes by PCR. All
quantitative reverse transcription (qRT) PCRs were performed in
triplicate. qPCR conditions consisted of an initial denaturation at
95°C for 10 min, followed by 50 cycles of denaturation at 95°C
for 25 s, annealing at 58°C for 25 s, and extension at 72°C for
20 s. The data obtained were analysed using REST 2009 software.
Expression data were normalized using data of two reference
genes (Kyndt et al., 2012). The relative expression level is shown
as the log2-fold change in transcript level compared with control
samples.

For chop-qPCR, DNA was extracted with CTAB as described
earlier. The chop protocol of Dasgupta & Chaudhuri (2019) was
followed using AluI or DdeI and a digestion time of 1 h, after
which qPCR was executed using identical conditions to those
already described.

The primers used in this study are listed in Table S2.

Data availability

Data generated in this study were deposited in Gene Expression
Omnibus under accession no. GSE130064. Gene and TE expres-
sion data were obtained with published data sets (accession no.
PRJNA151855, specifically samples with accession nos.
GSM876135–GSM876140 and GSM876145–GSM876150).

Further statistical analyses

For further statistical analyses, SPSS (v.25; IBM, Armonk, NY,
USA) and R (v.3.5.0) were used where relevant; normality of data
was checked using a Kolmogorov–Smirnov test (a = 0.05), and
homoscedasticity using the Levene test (a = 0.05). Where neces-
sary, a nonparametric test (Mann–Whitney) was applied.

Results

DNA hypomethylation is part of a pattern triggered
immunity response upon root-knot nematode infection

First, we investigated methylome changes in rice roots upon
infection by root-knot nematode M. graminicola. An ELISA-
based experiment was conducted on galls and corresponding
uninfected root tips at 3 dpi, a time point where early giant-cell
formation is observable in rice (Mantelin et al., 2017). The analy-
ses showed strong hypomethylation in young galls induced by
nematodes (Fig. 1a).
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We hypothesized that hypomethylation is a general plant
defence response, rather than being instigated by the nematode.
To prove this hypothesis, 5-azacytidine, an inhibitor of DNA
methyltransferases, was sprayed (Gonzalez et al., 2016; Latzel
et al., 2016; Puy et al., 2018; M€unzbergov�a et al., 2019) on plants
24 h before nematode inoculation. To rule out direct effects on
the nematodes, we executed foliar application. Note that Puy
et al. (2018) showed that spraying 5-azacytidine has the same effi-
ciency as seed treatment with a smaller retardation effect on plant
development. Gonzales et al. (2016) showed that spraying 5-aza-
cytidine leads to a global DNA methylation reduction in
Trifolium repens at 50 µM concentration. Four different concen-
trations (300, 100, 75, and 50 µM) were applied, but the two
highest concentrations caused strong developmental defects on
the plants and were hence not used further. Spraying with 50 µM
5-azacytidine caused no developmental defects, but upon applica-
tion of 75 µM 5-azacytidine the shoots were significantly shorter
(Figs 1b, S1). Upon 50 µM 5-azacytidine treatment, a significant
reduction in methylation was detected in roots (Fig. S2). For
both 50 and 75 µM 5-azacytidine, a significantly lower number
of galls and nematodes (decreases of c. 25–30%, all P < 0.05) was
observed compared with control plants, endorsing the hypothesis
that DNA hypomethylation reduces susceptibility of plants
against root-knot nematodes (Figs 1b, S1). We also compared
number of females per gall in control vs treated plants and found
no significant difference (Fig. S3). Together, this indicates that
DNA hypomethylation is part of the early plant defence mecha-
nism that precludes nematode invasion and/or feeding site devel-
opment, rather than being a consequence of nematode infection
and feeding site formation.

To further confirm the hypothesis that DNA hypomethyla-
tion is a PAMP-triggered immunity response, we investigated
the effect of treatment with a NAMP on the methylome of
plants. NAMPs from two groups of nematodes with diverging
lifestyles (sedentary and migratory) were applied on two differ-
ent host plants: sedentary root-knot nematodes M. graminicola
(on rice), and M. incognita (on tomato) and migratory nema-
tode P. zeae (on rice). ELISA-based quantification revealed

strong DNA hypomethylation (relative decreases of 65%, 86%,
and 50%, respectively, all P < 0.05) of roots in NAMP-treated
plants in both rice and tomato compared with the mock-treated
plants (Fig. 2a–c). To confirm and extend previous observations
of DNA hypomethylation upon bacterial PAMP treatment in
Arabidopsis (Yu et al., 2013), rice and tomato plants were
sprayed with 1 µM of flg22, and significant DNA methylation
reduction was observed in both rice and tomato (Fig. 2d–e),
similar to the results obtained by application of 5-azacytidine
on rice (Fig. S2).

These NAMPs/PAMPs were shown to induce PTI marker
genes in rice (De Kesel et al., 2020). The biological activity of
NemaWater was also evaluated by investigating induction of
reactive oxygen species (ROS), a hallmark for PTI responses. As
previously shown (Mendy et al., 2017), NemaWater induced
production of ROS in a concentration-dependent manner in rice.
Moreover, it remained active when the nonsterile M. graminicola
nematodes used to generate NemaWater were pretreated with
antibiotics to remove potential bacteria (Table S3).

These observations indicate that DNA hypomethylation is part
of a conserved PTI response in monocot and dicot plants.

Whole-genome bisulphite sequencing supports a central
role for CHH hypomethylation

To further study the functional and nucleotide context of the
observed hypomethylation, we decided to focus on the rice–
M. graminicola model system, for which genome-wide expression
data have previously been generated by our research group, under
similar experimental conditions (Kyndt et al., 2012). DNA
methylation analysis was performed by WGBS on 3 dpi galls
compared with uninfected control root tips. Three replicates were
used per condition, and a total of 332.6 million reads were gener-
ated (see Table S1 for more details). Mapping against the
M. graminicola genome (Somvanshi et al., 2018) resulted in map-
ping rates of 1.1% (galls) and 0.1% (uninfected root tips), indi-
cating that their presence in our reads is negligible and that we
have almost exclusively extracted plant DNA.

(a) (b)

Fig. 1 Nematode (Meloidogyne graminicola) infection causes strong hypomethylation in rice plants, which is associated with plant defence. (a) Enzyme-
linked immunosorbent assay reveals global DNA hypomethylation upon nematode infection in young (3 d post-inoculation) galls induced in rice roots
(n = 12). (b) Foliar application of 5-azacytidine (50 µM) 24 h before nematode inoculation makes plants less susceptible to nematode infection, while root
and shoot length were unaffected (n = 20); galls and nematodes were counted 2wk post-inoculation. *, P < 0.1; **, P < 0.05. Error bars indicate SEM.
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Comparing overall DNA methylation patterns, both genome-
wide and specifically of genic and TE regions, a clear decrease in
CHH methylation was observed in galls, whereas CG and CHG
methylation remained stable (Fig. 3a). Subsequently, we searched
for local differences between galls and roots, leading to a total of
9677 DMRs (FDR < 0.05; Table S6). DMRs are not clustered
on a specific chromosome, but DMR distribution per chromo-
some shows a decrease in centromeric regions for all chro-
mosomes (Fig. 3b). Grouped per nucleotide context, 23, 0 and
9654 DMRs were found in CG, CHG and CHH contexts,
respectively.

Though there was an almost even split of CG DMRs in terms
of hypo/hypermethylation, 99.97% of CHH DMRs were
hypomethylated in galls vs control tissue, indicating a significant
role for CHH hypomethylation in response to M. graminicola
infection (Fig. 4a). CHH hypomethylation in M. graminicola
galls was independently assessed by chop-qPCR for three loci
(Table S4).

As an exploratory analysis, enrichment testing was done using
definitions as outlined in the Materials and Methods section
(WGBS data analysis). CG DMRs were not significantly

positively or negatively associated with gene body regions or pro-
moter regions. However, CHH DMRs were significantly nega-
tively associated with gene body regions (18% less than expected,
P < 0.001), whereas they were significantly positively associated
with promoter regions (64% more than expected, P < 0.001;
Fig. 4b). GO analysis applied on promoter, gene body, and com-
bined DMRs showed clear enrichment for GO terms ‘metabolic
processes’ and ‘stress response’ for genes associated with promoter
DMRs, whereas results for gene body DMRs were less outspoken
(Fig. S4). MAPMAN pathway analysis (Thimm et al., 2004) showed
no significant enrichment for any specific pathway among the
DMRs, whether they were associated with promoter or gene
body regions.

We evaluated whether DMRs are located in TEs. Based on the
Rice TE database (Copetti et al., 2015) TEs are categorized in
five classes: DNA transposon Mutator (DTM), Retroelement
long tandem repeat Gypsi (RLG), Retroelement long tandem
repeat Copia (RLC), Retroelement long tandem repeat
‘Unknown’ (RLX), and Retroelement short interspersed nuclear
elements (RSU), in the Rice Transposable Element database
(Copetti et al., 2015). CG DMRs were not significantly

(a) (b)

(d) (e)

(c)

Fig. 2 Nematode-associated molecular pattern (NAMP) and bacterial pathogen-associated molecular pattern (PAMP) treatments cause strong
hypomethylation in plants 3 d post-treatment. (a) Treatment of rice plants with NAMP obtained fromMeloidogyne graminicola compared with untreated
plants (n = 9). (b) Treatment of tomato plants with NAMP obtained fromMeloidogyne incognita compared with untreated plants (n = 10). (c) Treatment
of rice plants with NAMP obtained from Pratylenchus zeae compared with untreated plants (n = 10). (d) Treatment of rice plants with bacterial PAMP
(flg22) compared with untreated plants. (e) Treatment of tomato plants with bacterial PAMP (flg22) compared with untreated plants. *, P < 0.1; **,
P < 0.05. Error bars indicate SEM. flg22, flagellin 22.
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associated with TEs. However, CHH DMRs are positively asso-
ciated with DTM (P < 0.001) and RSU TEs (P < 0.001), and
negatively associated with RLC (P < 0.001), RLG (P < 0.001),
RLX (P < 0.001) TEs (Fig. 4b). Hypomethylated TEs are signifi-
cantly enriched in gene promotors for classes DTM (P < 0.001),
RLC (P < 0.001), RLG (P < 0.001) and RLX (P = 0.009). Genes
with TE hypomethylation in their promotor are mainly enriched
for GO terms related to plant stress responses and signalling (Figs
S5, S6).

DNA hypomethylation correlates with a delayed
transcriptional response in gall tissue

Given the prominent presence of CHH hypomethylation in
gene promoters, the relationship with gene expression was
evaluated using transcriptome data of 3 dpi (young) and 7 dpi
(mature) gall tissue, generated in our laboratory under similar
experimental conditions (Kyndt et al., 2012; Figs S7, S8).
There was no significant overlap between the presence of CG
DMRs and DE genes at either 3 or 7 dpi, whether located in
promoter or gene body regions. Neither did we find an asso-
ciation between CHH DMRs and gene expression for pro-
moters at 3 dpi, gene body regions at 3 dpi, or gene body
regions at 7 dpi. However, 3 dpi CHH DMRs were found to
be significantly overrepresented in promoter regions of genes

differentially upregulated at 7 dpi (P < 0.001; Fig. 5a,b).
Moreover, binomial tests revealed that differential expression
at 7 dpi showed significant upregulation in galls, both for all
(758 upregulated DE genes/805 DE genes, P < 2.29 10�16)
DE genes and for the subset associated with CHH DMRs
(115 upregulated DE genes/117 DE genes, P < 2.29 10�16),
whereas this trend was not seen at 3 dpi (66 upregulated DE
genes/131 DE genes, P = 1). By contrast, no association was
found between gene body DMRs at 3 dpi and differential
expression at either time point. These data indicate that
CHH hypomethylation in gene promoters was associated with
gene expression, with a delayed effect of CHH hypomethyla-
tion on gene expression activation. For TEs, however, there
was no clear association between differential methylation and
timing or direction of differential expression (Fig. S9). An
overview of TEs/genes that were both differentially methylated
and DE can be found in Table S5. Fig. 5(c) illustrates the
promoter CHH hypomethylation profile for one of these
genes, a locus on chromosome 4, encoding a basic helix–
loop–helix (bHLH) transcription factor (OsbHLH65), for
which gene expression has previously been shown to be sup-
pressed at 3 dpi but activated in 7 dpi galls based on RNA-se-
quencing (RNA-seq) data (Kyndt et al., 2012). Interestingly,
the list of overlapping genes also included eight genes of the
ethylene (ET) pathway (e.g. Os04g41570, Os01g54890

(a) (b)

Fig. 3 Overview of promoter/terminator methylation and genome-wide distribution of genomic regions in 3 d post-inoculation (dpi) galls induced by
Meloidogyne graminicola in rice. (a) DNA methylation of promoter and terminator regions in 3 dpi galls and control root tips, 2 kb upstream and 2 kb
downstream from start (left) or end (right), of genes and transposable element (TE) classes RLC, RLG, RLX, RSU, and DTM (bin size of 100 bases). (b)
Genome-wide overview. Outer circle represents the 12 rice chromosomes. Black bands represent the centromere regions. Inner circles represent the
distribution of differentially methylated regions across the (A) chromosomes, (B) genes, (C) TE class DTM, (D) TE class RLG, (E) TE class RLX, (F) TE class
RLC, (G) TE class RSU. DTM, DNA transposon mutator; RLG, Retroelement long tandem repeat Gypsi; RLC, Retroelement long tandem repeat Copia; RLX,
Retroelement long tandem repeat ‘Unknown’; RSU, Retroelement short interspersed nuclear element.
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Os06g29730 and Os04g49194) and a member of the
nucleotide binding site leucine-rich repeat family
(Os11g45970), known to have a role in plant defence
(DeYoung & Innes, 2006; McHale et al., 2006). Delayed
activation of five genes with CHH-hypomethylated promoters
(Figs 5c, S10) was here independently confirmed by qRT-
qPCR on 3 dpi and 7 dpi galls. Confirming RNA-seq data,
those genes showed low or repressed expression at 3 dpi and
derepression of expression at 7 dpi in gall tissue (Fig. 5d).

RdDM and DDM1mutants confirm that DNA methylome
changes are involved in plant defence against nematodes

The prominent role of CHH hypomethylation strongly suggests
involvement of the RdDM pathway or DDM1 (both of which
control CHH methylation) in the plant PTI response upon
nematode infection. Further detailed evaluation of previously
published transcriptome data of rice upon M. graminicola infec-
tion (Kyndt et al., 2012; Ji et al., 2013) indeed supports a

(b)

(a)

Fig. 4 Differentially methylated regions
(DMRs) in 3 d post-inoculation (dpi) galls
induced byMeloidogyne graminicola in rice.
(a) Methylation pattern of DMRs. (b)
Significance of associations between DMRs
and genomic elements. The violin plots show
the distribution of the number of the
overlaps between DMRs and randomly
scattered transposable element (TE) or gene
regions (1000 simulations). The dots show
the observed number of overlaps between
DMRs and TE gene regions in the whole-
genome bisulphite sequencing data set of
nematode-induced galls. Asterisks indicate
significant over or underrepresentation
(P < 0.05). DTM, DNA transposon mutator;
RLG, Retroelement long tandem repeat
Gypsi; RLC, Retroelement long tandem
repeat Copia; RLX, Retroelement long
tandem repeat ‘Unknown’; RSU,
Retroelement short interspersed nuclear
element.
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transcriptional disturbance of genes related to canonical and non-
canonical RdDM pathways and demethylases in this interaction
(Fig. S11). Rice mutants in DDM1 and different proteins
involved in the RdDM pathway were obtained and infected with
root-knot nematodes. In the dcl3b mutant line, the number of
nematodes significantly decreased by 31.6% compared with the
control, whereas the number of galls was also marginally
decreased by 12.5% (Fig. 6a). Similarly, in dcl3a, decreases of c.
16.1% were observed for both galls and nematodes (Fig. S8a).
Rice has two AGO4 orthologues: AGO4a and AGO4b. The
double ago4a/4b mutant showed a significant decrease in number
of galls (36%) and nematodes (35%) (Fig. 6b). A waf1 mutant,
orthologous to hen1 in Arabidopsis, also showed a slight decline
in the number of galls and a significantly lower number of nema-
todes, with decreases of 16.3% and 18.7%, respectively, com-
pared with wild-type ‘Kinmaze’ (Fig. 6c). The same observation
was made for the drm2 mutant (Tan et al., 2016), with decreases
of 15.3% and 21.9% for galls and nematodes, respectively
(Fig. 6d). For the ddm1a/1b double mutant (Tan et al., 2016),
decreases of 9.47% and 12.33% for galls and nematodes, respec-
tively, were observed compared with their wild-type ‘Dongjin’
(Fig. S12b). The number of females per gall in control vs mutant
lines was not significantly different (except for ago4ab) (Fig. S13).
These data confirm the role of DNA methylation in mediating
early plant immunity of rice to root-knot nematodes and suggest
a central role for the RdDM pathway and DDM1 in this process.

Discussion

In this research, we evaluated the hypothesis that DNA
hypomethylation is part of a general, conserved PTI response
upon recognition of a NAMP in plants. Earlier studies have
focused on Arabidopsis and aboveground pathogens, mainly bac-
teria. Here, we demonstrate that massive DNA hypomethylation
occurs early upon nematode infection in rice roots and that
hypomethylation can be triggered by treatment with NAMPs,
similar to with PAMPs, in both monocot and dicot plants.

Supporting the causal relationship between DNA hypomethy-
lation and plant basal defence responses, genome-wide DNA
demethylation by foliar application of 5-azacytidine decreased
rice susceptibility to subsequent root-knot nematode infections.
Moreover, the observation of reduced nematode presence in roots
confirms that this mainly happens at early stages of infection
(Fig. 1b). These results are also consistent with previous findings
that DNA demethylation hampers the multiplication and vascu-
lar accumulation of P. syringae in Arabidopsis (Yu et al., 2013),
and that a triple Arabidopsis DNA demethylase mutant, ros1/
dml2/dml3, is more susceptible towards fungal pathogen
F. oxysporum (Le et al., 2014). Research on Arabidopsis–bacterial
interactions has also shown that bacterial PAMP flg22 triggers
DNA demethylation (Yu et al., 2013), which was extended here
by similar hypomethylation responses in rice and tomato (Fig. 2).
The fact that treatment with NAMPs, similar to that described to
activate PTI in Arabidopsis (Mendy et al., 2017; De Kesel et al.,
2020), as well as flg22 PAMP, induces strong hypomethylation
in monocot and dicot plants confirms our hypothesis of DNA

hypomethylation as an evolutionarily conserved PTI response
upon infection in plant tissues. We extend previous observations
by demonstrating the organ-independent effect (roots in our
study vs shoots in other studies) of DNA hypomethylation as a
plant immune response.

Moreover, our results indicate a crucial role for promoter
CHH methylation in the plant response upon root-knot nema-
tode infection and a delayed effect of the DNA methylation
changes on the gene expression profile (Fig. 5d). Even though
bisulphite sequencing coverage was relatively low, there was still
sufficient power to detect DMRs when differences in methylation
were analysed at region level rather than at individual cytosine
level. Furthermore, DMRSEQ (v.1.0.14; Korthauer et al., 2018) uti-
lizes a smoothing algorithm to tackle loss of power due to low
coverage. Based on the knowledge that the RdDM and DDM1
pathways are the two main mediators of de novo and maintenance
methylation in CHH context (Law & Jacobsen, 2010; Zemach
et al., 2013), we hypothesized that there would be a role for these
pathways in rice–M. graminicola interaction. This hypothesis was
confirmed by minor but consistent reduced susceptibility of
RdDM and DDM1-deficient rice mutants (Figs 6, S12b), which
are known to have a significant CHH hypomethylation profile
(Tan et al., 2016). For example, the ddm1a/1b double mutant
has 44.9%, 73.5% and 49% less CG, CHG and CHH methyla-
tion, respectively, whereas the drm2 mutant has nearly no CHH
DNA methylation (Tan et al., 2016). Our data confirm very
recent publications that showed the same trend of enhanced resis-
tance in Arabidopsis RdDM mutants infected with nematodes
(Ruiz-Ferrer et al., 2018) or bacterial pathogens (Pavet et al.,
2006). The rice ago4a/4b double mutant confirmed results for
other mutants, in showing a significantly decreased susceptibility
to nematode infection (Fig. 6b), yet contrasts with a study on
Arabidopsis where enhanced susceptibility to infection by
P. syringae pv tomato DC3000 was observed for this specific
mutant (Agorio & Vera, 2007). The authors hypothesized that
AGO4 works independently of RdDM in plant disease resistance
in Arabidopsis (Agorio & Vera, 2007), but our data did not con-
firm this in rice. Whereas our data show a context-specific
hypomethylation pattern (namely CHH), studies on cyst-nema-
tode-infected Arabidopsis and soybean have described overrepre-
sentation of hypomethylated DMRs in all three cytosine contexts
(Rambani et al., 2015; Hewezi et al., 2017). Therefore, though
there is clear evidence for the role of DNA hypomethylation in
plant defence in all plant kingdoms, additional research is
required to evaluate whether the underlying molecular pathways
differ between monocots and dicots.

Interestingly, we observed a correlation in expression profile
between many ET pathway genes revealing 3 dpi CHH promoter
hypomethylation and transcriptional activation/derepression at
7 dpi (Fig. 5d). It has been shown before that ET pathway genes
are suppressed upon root-knot nematode infection at 3 dpi and
then recovered at 7 dpi in rice (Nahar et al., 2011; Kyndt et al.,
2012). Based on the observed correlation in gene expression, we
hypothesize that loss of CHH DNA methylation primes the ET-
dependent defence response, potentially restricting the parasitic
interaction between root-knot nematodes and roots. As reviewed
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(Kyndt et al., 2013), the ET pathway plays different spatio-tem-
poral roles at different stages of the nematode infection process,
including activation of jasmonic-acid-dependent defence
responses. Intriguingly, research on fruit ripening has revealed a

similar link between DNA hypomethylation and ET, with, for
example, active hypomethylation at the induction of tomato
ripening and hypermethylation during maturation of sweet
oranges (Lang et al., 2017; Yin et al., 2017; Zuo et al., 2018;

(a)

(c)

(d)

(b)

Fig. 5 DNA methylation association with gene expression in galls induced byMeloidogyne graminicola in rice. (a) Significance of associations between
differentially methylated (DM) regions (DMRs) and differentially expressed (DE) genomic elements. The violin plots show the distribution of overlaps
between DMRs and a randomly sampled group of genes/promoters. The dots show the observed number of overlaps between DMRs and DE genes,
or promoters of DE genes, in the whole-genome bisulphite sequencing data set of nematode-induced galls. *, P < 0.05. (b) Venn diagrams showing the
number of genes that overlap with either their gene body or their promoter with 3 d post-inoculation (dpi) CHH DMRs (DM genes) and the number of DE
genes at 3 or 7 dpi. (c) DNA methylation at 3 dpi (percentage) in galls and roots for interval 24 655 000–24 662 000 on chromosome 4 (bin size of 100
bases). Note the similar methylation levels between galls and root for CG and CHG methylation, the CHH hypomethylation in the promoter region of gene
OsbHLH65 at 7 dpi. The DMR is indicated with an orange box. (d) Quantitative reverse transcription PCR-based expression profile of five genes that
contain a DMR in their promoter in 3 dpi and 7 dpi gall tissue;OsbHLH65 is indicated with a red dashed box. Error bars indicate SEM. *, P < 0.05. bHLH,
basic helix–loop–helix.
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Huang et al., 2019). Whether temporal patterns in DNA methy-
lation also occur during induction or maturation of nematode
feeding sites remains to be investigated. Abiotic or biotic stresses
have previously been described to awaken dormant TEs in plants
(Bouvet et al., 2008; Dowen et al., 2012). TE activation can alter
gene expression directly (e.g. through insertion in gene body
regions or promoters), as for example observed in the promoter
of defence genes against F. oxysporum (Le et al., 2014) and in
resistance gene Xa21 (Akimoto et al., 2007). However, TEs can
also exert indirect effects by generating smRNAs as substrates for
DCL proteins to synthesize trans-active siRNAs (tasiRNAs) that
could potentially silence modulators of plant defence in the same

or distant tissues. The indirect scenario is consistent with accu-
mulation of TE-derived 21 nt siRNAs observed upon salicylate
treatment in Arabidopsis (Dowen et al., 2012) and 23 or 24 nt
repeat-associated and tasiRNA accumulation in galls induced by
root-knot nematodes in tomato and Arabidopsis (Medina et al.,
2018). This led to the hypothesis that genome fluidity caused by
derepression of TEs could permit phenotypic plasticity and adap-
tation to stress (Negi et al., 2016). We found two TE classes sig-
nificantly associated with CHH DMRs in 3 dpi galls: RLG
(retrotransposon type) and DTM (DNA transposon type)
(Fig. S7). However, the low number of overlaps between DE TEs
and CHH DMRs, though statistically significant, might not be

(a) (b)

(c) (d)

Fig. 6 DNA hypomethylation confers reduced susceptibility to Meloidogyne graminicola infection in rice plants. Mutants of (a) DICER-LIKE 3b
(dcl3b, n = 20), (b) ARGONAUTE 4a/b (ago4a/b, n = 19), (c) WAVY LEAF 1 (waf1, n = 20). (d) DOMAINS REARRANGED METHYLTRANSFERASE
(drm2, n = 23) are less susceptible to nematode infection. Galls and nematodes were counted 2 wk post-inoculation. *, P < 0.1; **, P < 0.05. Error
bars indicate SEM.
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biologically relevant. It needs to be further investigated whether
the RLG and DTM classes have a specific role in plant adaptation
to nematode stress, particularly given that TE derepression
(3 dpi) occurs prior to activation of other genes (7 dpi). We
detected significant enrichment of hypomethylated TEs in pro-
motors of genes related to plant stress responses and signalling
(Figs S5, S6), further endorsing the link between DNA
hypomethylation and plant defence.

Finally, it remains to be studied whether changes in DNA
methylation are transferred to the next generation of stressed
plants. This phenomenon is known as transgenerational acquired
resistance and can be triggered by various (a)biotic stresses (Luna
et al., 2012; Slaughter et al., 2012). A recent paper found four
DNA loci (epigenetic quantitative trait loci, epiQTLs) in Ara-
bidopsis in which their heritable hypomethylated state was signif-
icantly linked to disease resistance against oomycete
H. arabidopsidis. These epiQTLs seem to regulate gene expression
through trans-regulatory mechanisms (Furci et al., 2019), but
have not been investigated in rice.

In summary, our study shows for the first time that massive
and genome-wide hypomethylation is part of the PTI response to
nematode infection. At least in rice, demethylation is particularly
present in the CHH context, and its occurrence in promoters is
correlated with derepressed gene expression. Our study, there-
fore, provides new insights into the general role of DNA
demethylation in plant–pathogen interactions across plant king-
doms. Further investigation of the mechanism(s) underlying
DNA demethylation is required to obtain a clear insight into
how transcriptional and epigenetic reprogramming is obtained
during PTI.
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