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Abstract: Research into the relationship between epigenetic regulation and resistance to biotic stresses
provides alternatives for plant protection and crop improvement. To unravel the mechanisms
underlying tomato responses to Botrytis cinerea, we performed a chromatin immunoprecipitation
(ChIP) analysis showing the increase in H3K9ac mark along the early induced genes SlyDES, SlyDOX1,
and SlyLoxD encoding oxylipin-pathway enzymes, and SlyWRKY75 coding for a transcriptional
regulator of hormonal signaling. This histone mark showed a more distinct distribution than the
previously studied H3K4me3. The RNAPol-ChIP analysis reflected the actual gene transcription
associated with increased histone modifications. A different pattern of marks in the oxylipin-related
genes against P. syringae supported a pathogen-specific profile, while no significant differences
occurred in SlyWRKY75. The epigenetic regulation of SlyWRKY75 by the intron-binding miR1127-3p
was supported by the presence of SlyWRKY75 pre-mRNA in control plants. Interestingly, mRNA was
found to be accumulated in response to B. cinerea and P. syringae, while reduction in miRNA only
occurred against B. cinerea. The intronic region presented a similar pattern of marks than the rest
of the gene in both pathosystems, except for H3K4me3 in the miRNA binding site upon B. cinerea.
We located the gene encoding Sly-miR1127-3p, which presented reduced H3K4me3 on its promoter
against B. cinerea.

Keywords: chromatin immunoprecipitation; epigenetics; histone modifications; miRNA; Botrytis
cinerea; Pseudomonas syringae; tomato

1. Introduction

When plants suffer the invasion of pathogens, they activate defenses to limit their expansion. These
inducible responses are accompanied by extensive transcriptional reprogramming of defense-related
genes [1]. Growing interest is shown in the potential roles of epigenetic control of gene expression in
microbial infections [2]. This is due to the essential contributions of different epigenetic mechanisms in
the immune response, including DNA and histone modifications, and post-transcriptional modulation
mediated by microRNAs (miRNAs) [3]. The fact that epigenetic marks are dynamically regulated
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by environmental cues and relevant for transcriptional stress memory makes their study interesting
from both basic and applied points of view [4]. Histone methylation and acetylation at specific
residues are critical regulators of basal and primed responses. Transcriptional activation is associated
with methylation of histone H3 lysine 4 (H3K4me3) and H3K36 (H3K36me3), and acetylation of
H3K9, whereas gene silencing correlates with trimethylation of H3K27 (H3K27me3) [5]. Most of
the available information comes from studies in Arabidopsis thaliana plants infected with biotrophic
pathogens. Infection of Arabidopsis by Pseudomonas syringae pv. maculicola primed defensive genes
by NPR1-dependent post-translational modifications of histone H3 at their promoter regions [6].
H3K9ac mark increased in the promoter of the SA-regulated gen PR1 in descendants of P. syringae pv
tomato (PstDC3000)-primed Arabidopsis plants [7]. In addition, H3K4me3 is associated with plant
stress memory [8,9]. Data of epigenetic regulation in response to necrotrophs are still scarce [10].
Some evidence supports the involvement of Arabidopsis-specific histone modifying activities [11,12].
Interestingly, some toxins produced by necrotrophs can inhibit plant histone deacetylases to facilitate
pathogen invasion [13].

Another epigenetic regulation shows relays on microRNAs (miRNAs), which are involved in
many essential biological processes, including defense responses against stresses [14]. miRNAs are
small non-coding RNAs, which regulate post-transcriptionally gene expression through sequence
complementarity [15]. In plants, target transcripts usually contain one binding site of a single miRNA
located along the mRNA. miRNA-mRNA pairing may activate transcript degradation or translational
repression. The plant miRNAs are sensitive to biotic stresses in different crops. They participate in
bacterial PAMP-triggered immunity (PTI) in A. thaliana [16], in the regulation of disease resistance
genes in Nicotiana benthamiana [17], or in the defence of tomato plants to fungal pathogens [18,19].
Interestingly, coordination between the posttranslational modifications of histones and miRNAs genes
have been demonstrated [20].

In recent years, we unraveled the molecular mechanisms of basal and primed tomato plant
responses to necrotrophic fungi Botrytis cinerea [21,22]. With this information, we identified potential
biomarker genes to detect the presence of B. cinerea in plants in early infection stages [23]. We decided to
determine the epigenetic regulation of these early-responsive genes in the tomato-B. cinerea pathosystem,
but studies in species other than A. thaliana were challenging [24–26]. In addition, information about
specific histone epigenetic marks on A. thaliana defense-related genes against B. cinerea has only
recently been provided [27]. This global study showed the involvement of two histone lysine methyl
transferases in H3K4 and H3K36 methylation in plants infected by B. cinerea. Recently, we adapted
a chromatin immunoprecipitation (ChIP) protocol to tomato plants infected by B. cinerea [28] and
performed a high-throughput sequencing to analyze the microRNA profile of tomato plants under
several tress conditions, including B. cinerea infection [29]. The analysis of histone post-translational
modifications allowed to obtain a differential epigenetic signature of activating mark H3K4me3 on
the promoter and body of early induced genes in the basal and hexanoic-primed responses of tomato
plants to B. cinerea [28]. These genes were SlyDES (divinyl ethyl synthase), SlyDOX1 (α-dioxygenase
1), and SlyLoxD (lipoxygenase D), which encode key enzymes of the oxylipins pathway. Oxylipins
are lipid-derived secondary metabolites playing key roles in plant defense against pathogens [30].
Fatty acids linolenic and linoleic are the most abundant precursors of this family of molecules,
whose enzymatic conversion into oxylipins initiates by either lipoxygenases (LOX) or α-dioxygenases
(α-DOX). LOX plays a relevant role in plant responses to biotic and abiotic stresses, and are related
mainly to LOX-derived oxylipin JA [31]. The α-DOX pathway also contributes to basal and induced
resistance to insects and pathogens [32,33]. In addition, there are less-characterized oxylipins like
the fungitoxic divinyl ethers colneleic acid and colnelenic acid whose formation is catalyzed by DES
from 9-LOX derivatives. DES belongs to a CYP74 subfamily of cytochromes P450 not detected in
mammals [34,35]. The 9-LOX pathway plays an important role in the interaction of Solanaceous plants
with pathogens [36–38].
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In a previous work, we also analyzed the epigenetic regulation of SlyWRKY75, which encodes a
member of the plant transcription factor WRKY family [39]. This gene is also highly induced in tomato
plants infected by B. cinerea [23] and could act as a transcriptional regulator of the JA pathway to defend
them from biotic stress [39]. It is induced in the defense response to other necrotrophs in Arabidopsis
plants [40,41], and in strawberry [42]. In A. thaliana, AtWRKY75 is a transcriptional regulator of the
SA- and JA/ET-dependent defense signaling pathways by acting as a negative and positive regulator,
respectively [40]. AtWRKY75 is also a positive regulator of leaf senescence by activating SA production
and H2O2 accumulation in a tripartite amplification loop [43].

In our study, SlyWRKY75 transcript accumulation in response to B. cinerea correlated with H3K4me3
increase throughout the gene but also with Sly-miR1127-3p miRNA repression [39]. This putative
epigenetic regulator of SlyWRKY75 gene expression is predicted to bind the intronic region of
the genomic sequence. This is a novel post-transcriptional regulation targeting intron-containing
pre-mRNAs in the nucleus [44].

We herein determined the presence of histone H3 acetylated on lysine 9 (H3K9ac), an epigenetic
mark also associated with transcriptional activation in response to environmental stresses [45] in SlyDES,
SlyDOX1, SlyLoxD, and SlyWRKY75 genes in the same previously analyzed infected tomato plants [28].
To determine whether the histone marks on the studied genes were stress-specific, we analyzed the
expression of these genes and the presence of both epigenetics marks H3K4me3 and H3K9ac on tomato
plants inoculated with the hemibiotroph P. syringae. We also detected RNA polymerase II (RNAPII)
by ChIP within the coding region of these stress-responsive genes to measure actual transcription.
RNAPol-ChIP allowed us to isolate specific RNA Pol II–DNA complexes by using a given RNA Pol II
(RNAPII) antibody [46].

We also searched whether chromatin modifications cooperated with Sly-miR1127-3p as epigenetic
factors to modulate SlyWRKY75 gene expression. For this purpose, in infected plants, we determined
changes of H3K4me3 and H3k9ac marks, and RNAPII in the SlyWRKY75 intronic region where this
miRNA has been predicted to bind. We also analyzed the presence of histone marks and RNAPII on
the structural gene of Sly-miR1127-3p miRNA in plants infected with either pathogen.

The obtained results provided novelty data about the epigenetic regulation of tomato biotic
stress-responsive genes. This information might also help to select specific biomarkers for the early
detection of devastating pathogens in relevant crops.

2. Results

2.1. Histone Mark H3K9ac on SlyDES, SlyDOX1, SlyLoxD, and SlyWRKY75 Genes in Tomato Plants’ Early
Response to B. cinerea

Genes SlyDES, SlyDOX1 and SlyLoxD that encode key oxylipin pathway enzymes and SlyWRKY75
that codes for a stress-responsive transcription factor were highly induced in response to B. cinerea at
24 hpi. We previously demonstrated by ChIP the increase of H3K4me3 along these genes associated
with their induction in this pathosystem (Tables S1 and S2) [28,39]. Here, we extended the analysis by
exploring the presence of epigenetic mark H3K9ac on the promoter and inside the body regions of
these genes which, together with H3K4me3, correlated with active transcription [3]. H3K9 acetylation
did not significantly change in constitutively expressed genes ACT2 and EIF4 upon B. cinerea (Table S1).
However, H3K9ac increased throughout the analyzed regions in all the pathogen-induced genes
associated with gene activation at 24 hpi (Figure 1C, Table S2). The rise in this histone modification was
greater than that previously determined for H3K4me3 in most of the analyzed regions. In addition,
it showed a different profile with a higher increase in the promoter and TSS, while H3K4me3 was
more homogeneously increased throughout the gene [28] (Table S3). A detailed analysis showed
the greatest enrichment of H3K9ac along the most induced gene SlyDES (Figure 1C). The highly
expressed SlyDOX1 and SlyWRKY75 genes presented a similar profile of H3K9ac distribution, but with
a less marked increase. As for the least induced gene SlyLoxD, although H3K9 acetylation increased



Plants 2020, 9, 300 4 of 17

throughout the gene, the result was statistically significant only in the three biological replicates in the
exon 1 and 3´-UTR regions (Figure 1C, Table S1).
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Figure 1. Profile of H3K9ac in genes SlyDES, SlyDOX1, SlyLoxD and SlyWRKY75 in the B. cinerea-infected
S. lycopersicum plants. (A) Schematic diagram of genes SlyDES, SlyDOX1, SlyLOXD, and SlyWRKY75 with
the promoter region (left), the 5’-UTR and 3’-UTR regions (small purple boxes at both ends), exons (big
green boxes inside) and introns (upwardly angled lines) analyzed by chromatin immunoprecipitation
and real-time qPCR (ChIP-qPCR). (B) Picture of S. lycopersicum leaflets under B. cinerea infection. (C) A
representative experiment showing the ChIP-qPCR analysis of the amount of H3K9ac in the control and
infected plants of S. lycopersicum at 24 hpi in different regions of the above-mentioned genes. The ChIP
results are presented as percentages of chromatin immunoprecipitated with the anti-H3 antibody.
Data are shown as log2-fold changes, error bars indicate s.e.m. (n = 3). The statistically significant
results among technical replicates in the representative experiment shown are indicated by an asterisk
(*). A star is included (
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These results demonstrated that early gene induction upon B. cinerea infection was associated
with an increase in the H3K9ac mark along genes.

2.2. Histone Marks H3K9ac and H3K4me3 on SlyDES, SlyDOX1, SlyLoxD, and SlyWRKY75 Genes in
Tomato Plants Infected by P. syringae

To establish the stress-specificity of the epigenetic marks in the genes induced in response to
the necrotroph B. cinerea, we analyzed H3K4me3 and H3K9ac on tomato plants infected by the
hemibiotroph P. syringae pv tomato (DC3000) (Table S4). The studied genes were induced in response
to this pathogen at 48 hpi (Figure 2C, Table S2). The ChIP analysis showed the rise of both epigenetic
marks along the studied genes, which was not statistically significant in the three biological replicates
for some regions of the genes (Figure 2D, Table S5). The increase in H3K4me3 and H3K9ac was
significantly less than that observed upon B. cinerea along SlyDES and SlyDOX1 (Table S3). However,
SlyWRKY75 showed a significant increase in both marks along the gene with more H3K9ac in exon 1
than in response to B. cinerea (Figure 2D, Tables S3 and S5).



Plants 2020, 9, 300 5 of 17

Plants 2020, 9, x FOR PEER REVIEW 5 of 17 

 

 

Figure 2. Profile of H3K9ac and H3K4me3 in genes SlyDES, SlyDOX1, SlyLoxD, and SlyWRKY75 in 

the P. syringae-infected S. lycopersicum plants. (A) Picture of S. lycopersicum leaflets under P. syringae 

infection. (B) Determination of the presence of P. syringae on S. lycopersicum plants. Data represent the 

qPCR amplification of the P. syringae outer membrane protein F (PsOPRF) cDNA in relation to the S. 

lycopersicum elongation factor 1-alpha (SlEF1a) cDNA in the control and infected plants. (C) Relative 

expression of the above-mentioned genes in the control and infected plants at 48 hpi. SlyEF1a was 

used as an internal standard. (D) A representative experiment showing the ChIP-qPCR analysis of 

the amount of H3K9ac and H3K4me3 in the control and infected plants of S. lycopersicum at 48 hpi in 

different regions of the above-mentioned genes. The ChIP results are presented as percentages of 

chromatin immunoprecipitated with the anti-H3 antibody. In all three graphics, data are shown as 

log2-fold changes, error bars indicate s.e.m. (n = 3). The statistically significant results among technical 

replicates in the representative experiment shown are indicated by an asterisk (*). A star is included 
(⍟) if results are statistically significant in three experiments. Blue or light brown bars: control (CTL); 

Red or brown bars: infected (INF). 

Therefore, the ChIP analysis demonstrated a different profile of epigenetic marks in response to 

pathogens with distinct infection strategies that seems gene dependent. 

2.3. Presence of RNAPII in SlyDES, SlyDOX1, SlyLoxD, and SlyWRKY75 in Response to B. cinerea and P. 

syringae 

The detection of RNAPII within the coding region of genes by RNApol-ChIP, in combination 

with quantitative PCR, is a method used to accurately measure transcriptional rates [46]. In SlyDES, 

SlyDOX1, and SlyLoxD genes, the presence of RNAPII throughout the gene body increased in the 

plants infected by B. cinerea, which confirmed their transcriptional induction associated with the gain 

in epigenetic marks (Figure 3, Table S1). However, in P. syringae infected plants, RNAPII was less 

enriched in these oxylipin-related genes than in B. cinerea, despite the high induction they show in 

this pathosystem (Table S3). This suggests that additional regulatory mechanisms may regulate 

transcript accumulation in response to P. syringae. The fact that these genes also showed a lower 

increase in H3K9ac and H3K4me3 in response to this pathogen points to a connection between 

Figure 2. Profile of H3K9ac and H3K4me3 in genes SlyDES, SlyDOX1, SlyLoxD, and SlyWRKY75 in
the P. syringae-infected S. lycopersicum plants. (A) Picture of S. lycopersicum leaflets under P. syringae
infection. (B) Determination of the presence of P. syringae on S. lycopersicum plants. Data represent
the qPCR amplification of the P. syringae outer membrane protein F (PsOPRF) cDNA in relation to the
S. lycopersicum elongation factor 1-alpha (SlEF1a) cDNA in the control and infected plants. (C) Relative
expression of the above-mentioned genes in the control and infected plants at 48 hpi. SlyEF1a was
used as an internal standard. (D) A representative experiment showing the ChIP-qPCR analysis of
the amount of H3K9ac and H3K4me3 in the control and infected plants of S. lycopersicum at 48 hpi
in different regions of the above-mentioned genes. The ChIP results are presented as percentages of
chromatin immunoprecipitated with the anti-H3 antibody. In all three graphics, data are shown as
log2-fold changes, error bars indicate s.e.m. (n = 3). The statistically significant results among technical
replicates in the representative experiment shown are indicated by an asterisk (*). A star is included
(

Plants 2020, 8, x FOR PEER REVIEW 4 of 17 

 

 
Figure 1. Profile of H3K9ac in genes SlyDES, SlyDOX1, SlyLoxD and SlyWRKY75 in the B. cinerea-
infected S. lycopersicum plants. (A) Schematic diagram of genes SlyDES, SlyDOX1, SlyLOXD, and 
SlyWRKY75 with the promoter region (left), the 5’-UTR and 3’-UTR regions (small purple boxes at 
both ends), exons (big green boxes inside) and introns (upwardly angled lines) analyzed by chromatin 
immunoprecipitation and real-time qPCR (ChIP-qPCR). (B) Picture of S. lycopersicum leaflets under 
B. cinerea infection. (C) A representative experiment showing the ChIP-qPCR analysis of the amount 
of H3K9ac in the control and infected plants of S. lycopersicum at 24 hpi in different regions of the 
above-mentioned genes. The ChIP results are presented as percentages of chromatin 
immunoprecipitated with the anti-H3 antibody. Data are shown as log2-fold changes, error bars 
indicate s.e.m. (n = 3). The statistically significant results among technical replicates in the 
representative experiment shown are indicated by an asterisk (*). A star is included (⍟) if results are 
statistically significant in three experiments. Blue bars: control (CTL); Red bars: infected (INF). 

These results demonstrated that early gene induction upon B. cinerea infection was associated 
with an increase in the H3K9ac mark along genes. 

2.2. Histone Marks H3K9ac and H3K4me3 on SlyDES, SlyDOX1, SlyLoxD, and SlyWRKY75 Genes in 
Tomato Plants Infected by P. syringae 

To establish the stress-specificity of the epigenetic marks in the genes induced in response to the 
necrotroph B. cinerea, we analyzed H3K4me3 and H3K9ac on tomato plants infected by the 
hemibiotroph P. syringae pv tomato (DC3000) (Table S4). The studied genes were induced in response 
to this pathogen at 48 hpi (Figure 2C, Table S2). The ChIP analysis showed the rise of both epigenetic 
marks along the studied genes, which was not statistically significant in the three biological replicates 
for some regions of the genes (Figure 2D, Table S5). The increase in H3K4me3 and H3K9ac was 
significantly less than that observed upon B. cinerea along SlyDES and SlyDOX1 (Table S3). However, 
SlyWRKY75 showed a significant increase in both marks along the gene with more H3K9ac in exon 1 
than in response to B. cinerea (Figure 2D, Table S3 and S5).  

) if results are statistically significant in three experiments. Blue or light brown bars: control (CTL);
Red or brown bars: infected (INF).

Therefore, the ChIP analysis demonstrated a different profile of epigenetic marks in response to
pathogens with distinct infection strategies that seems gene dependent.

2.3. Presence of RNAPII in SlyDES, SlyDOX1, SlyLoxD, and SlyWRKY75 in Response to B. cinerea and
P. syringae

The detection of RNAPII within the coding region of genes by RNApol-ChIP, in combination
with quantitative PCR, is a method used to accurately measure transcriptional rates [46]. In SlyDES,
SlyDOX1, and SlyLoxD genes, the presence of RNAPII throughout the gene body increased in the
plants infected by B. cinerea, which confirmed their transcriptional induction associated with the gain
in epigenetic marks (Figure 3, Table S1). However, in P. syringae infected plants, RNAPII was less
enriched in these oxylipin-related genes than in B. cinerea, despite the high induction they show in this
pathosystem (Table S3). This suggests that additional regulatory mechanisms may regulate transcript
accumulation in response to P. syringae. The fact that these genes also showed a lower increase in
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H3K9ac and H3K4me3 in response to this pathogen points to a connection between epigenetic marks
and RNAPII presence. A different situation was observed in SlyWRKY75, in which the presence of
RNAPII was enriched in response to both pathogens at a similar level, which seemed to coincide with
increased histone modifications and gene induction in both pathosystems (Figure 3, Tables S3 and S5).
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Figure 3. Profile of RNAPII in genes SlyDES, SlyDOX1, SlyLoxD, and SlyWRKY75 in the B. cinerea-
and P. syringae-infected S. lycopersicum plants. A representative experiment showing the ChIP-qPCR
analysis of the amount of RNAPII in the control and infected plants of S. lycopersicum at 24 hpi and
48 hpi (B. cinerea and P. syringae, respectively) in different regions of the above-mentioned genes.
The ChIP results are presented as percentages of input DNA. Data are shown as log2-fold changes,
error bars indicate s.e.m. (n = 3). The statistically significant results among technical replicates in the
representative experiment shown are indicated by an asterisk (*). A star is included (
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The obtained results supported the early transcriptional induction of defensive genes in response
to B. cinerea, while additional regulatory mechanisms may be involved against P. syringae.

2.4. Epigenetic Marks H3K9ac and H3K4me3 and the Presence of RNAPII at the SlyWRKY75 Intron in
Response to B. cinerea or P. syringae

A previous study identified putative epigenetic regulator Sly-miR1127-3p, whose predicted
binding site is located in the SlyWRKY75 intronic region [39]. Therefore, this miRNA could regulate
gene expression differently to those described as canonical post-transcriptional mechanisms [47].
We confirmed that the SlyWRKY75 transcript increased and Sly-miR1127-3p reduced at 24 hpi of
B. cinerea, while the miRNA level did not change when this gene was induced in response to P. syringae
at 48 hpi (Figure 4A). This supported a more specific regulation of SlyWRKY75 by Sly-miR1127-3p in
response to B. cinerea, as previously reported [39]. In order to rule out an earlier differential expression
of miRNA in response to P. syringae, we determined Sly-miR1127-3p miRNA and SlyWRKY75
accumulation at 12 h and 24 h after P. syringae inoculation. The miRNA did not significantly change at
earlier times upon infection, which supported a different SlyWRKY75 regulation in response to the
hemibiotropic bacterium (Figure 4B, Table S6).

By ChIPqPCR, we analyzed histone marks H3K9ac and H3K4me3 in the SlyWRKY75 intron in the
tomato plants infected with B. cinerea or P. syringae. We searched for four different locations inside the
long intron, including the proposed miRNA binding site. In response to both pathogens, we observed
a significant increase in the epigenetic marks along the intron, like previously observed in the rest
of the gene, showing more H3K9ac in response to P. syringae than to B. cinerea (Figure 4B, Table S3).
Interestingly, in its 5’ regions, including the miRNA binding site, H3K4me3 increased upon P. syringae,
while in response to B. cinerea, no significant changes were observed among replicates (Figure 4B,
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Table S3). The presence of RNAPII increased along the intron in both pathosystems to correlate with
the actual induced transcription (Figure 4C, Tables S1, S3 and S5).
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Figure 4. Profile of H3K9ac, H3K4me3 and RNAPII in the WRKY75 intron in the B. cinerea- and
P. syringae-infected S. lycopersicum plants. (A) Amplified schematic diagram of the WRKY75 intron with
the 5’-UTR and 3’-UTR regions (small purple boxes at both ends), exons (big green boxes inside) and
the intron (upwardly angled lines). Three regions, plus the miR1127-3p binding one, were analyzed
by chromatin immunoprecipitation and real-time qPCR (ChIP-qPCR). (B) miR1127-3p expression
in the control and infected plants at 12, 24, and 48 hpi (for P. syringae, only 24 hpi for B. cinerea).
Data represent the mean of three biological replicates. Asterisk indicates that differences between
means of control and infected plants were statistically significant. (C) A representative experiment
showing the ChIP-qPCR analysis of the amount of H3K9ac, H3K4me3 and RNAPII in the control
and infected plants of S. lycopersicum at 24 hpi and 48 hpi (B. cinerea and P. syringae respectively) in
different intron regions. The ChIP results are presented in the histone marks graphics as percentages of
chromatin immunoprecipitated with the anti-H3 antibody, and in the RNAPII ones as percentages of
input DNA. Data are shown as log2-fold changes, error bars indicate s.e.m. (n = 3). The statistically
significant results among technical replicates in the representative experiment shown are indicated
by an asterisk (*). A star is included (
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These results provided evidence for the increase of activating marks in the intronic region of a
plant gene induced in response to pathogens. They also showed changes in the profile of epigenetic
marks at the miRNA binding site of SlyWRKY75 intron in response to B. cinerea or P. syringae.

2.5. Analysis of SlyWRKY75 Transcript Processing in Response to B. cinerea or P. syringae

To further assess the involvement of Sly-miR1127-3p in the epigenetic regulation of SlWRKY75 in
response to pathogens, we analyzed SlWRKY75 mRNA in plants challenged with B. cinerea or P. syringae.
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We designed two pairs of primers to amplify SlWRKY75 mRNA fragments in small RNA samples
isolated from total RNA of control tomato plants and tomato plants 24 h after B. cinerea inoculation or
P. syringae inoculation (Table S8). Figure 5A shows the annealing positions of both pairs of PCR primers.
The primer pair Fw1 and Rv1 anneals to sequences flanking the predicted Sly-miR1127-3p-binding
intronic region, yielding a 150 bp SlyWRKY75 amplification product. The primer pair Fw1 and Rv2,
anneals to sequences within a SlyWRKY75 mRNA region downstream of the intron yielding a 2367 bp
when the SlyWRKY75 mRNA contains the intronic sequence or a 468 bp SlyWRKY75 amplification
product when the mRNA has been processed (Figure 5B). Figure 5C shows the results obtained in the
RT-PCR amplifications using the two pairs of primers. Higher amounts of amplification products
were obtained using primers Fw1 and Rv1 in tomato plants infected with B. cinerea or P. syringae
compared to control plants as expected for this pathogen-induced gene. Interestingly, a 2367 bp
product corresponding to SlyWRKY75 pre-mRNA was amplified using primers Fw1 and Rv2 in control
plants, while a 468 bp product of processed mRNA was observed in plants infected with B. cinerea or
P. syringae.
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Figure 5. RT-PCR amplification of SlyWRKY75 mRNA. (A) Schematic diagram of SlyWRKY75 gene
structure. Green bar indicates sly-miR1127-binding site in SlyWRKY75 intron 1. Arrows indicate the
annealing positions of primer pair Fw1 and Rv1 in exon 1 and Rv2 in exon 2. (B) Table showing the
different amplicons sizes. (C) RT-PCR analysis of SlyWRKY75 mRNA in control tomato plants and
tomato plants 24 h after infection by P. syringae or B. cinerea using primer pair Fw1-Rv1 or Fw1-Rv2.
For each sample, three biological replicates were pooled and analysed.

These results support post-transcriptional regulation of SlyWRKY75 by Sly-miR1127-3p in response
to pathogen infection. However, the pathogen-induced SlyWRKY75 mRNA only correlated with
an opposite pattern of expression of Sly-miR1127-3p in plants infected by B. cinerea. In addition,
as previously shown, the miRNA binding site presented different epigenetic marks in response to
each pathogen. Therefore, we hypothesize that additional factors may contribute to modulate gene
silencing in response to P. syringae.

2.6. Epigenetic Marks H3K9ac and H3K4me3 and Presence of RNAPII in the Sly-miR1127-3p Structural Gene
in Response to B. cinerea and P. syringae

We identified the gene encoding Sly-miR1127-3p miRNA, which consisted of 108 bp, including the
21 bp binding sequence to the mRNA in its 5’ end. This gene is located in a 13,261 bp intergenic region
at chromosome 5is at 3627 bp from the 5’ end of a gene coding for a nucleobase-ascorbate transporter 7
(Solyc05g006020), and at 9923 bp from the 3’ end of a gene encoding for an uncharacterized protein
LOC101263113 (Solyc05g006030) (Figure 6A). We designed primers for its promoter, TSS and 3´ regions,
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to analyze the presence of epigenetic marks in plants infected by B. cinerea or P. syringae relative to
the control plants. The level of H3K9ac and H3K4me3 was significantly low throughout the gene,
with a reduction in H3K4me3 in its promoter and TSS being the most significant change upon B. cinerea,
while no conclusive results were obtained in response to P. syringae (Figure 6B, Tables S1, S3 and S5).
A significant reduction in RNAPII was observed among replicates in both pathosystems.
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Figure 6. Profile of H3K9ac, H3K4me3 and RNAPII in miR1127-3p in the B. cinerea- and
P. syringae-infected S. lycopersicum plants. (A) Schematic diagram of a 20354 bp chromosome 5 region
containing miR1127-3p at the center with Solyc05g006020 to its 5’ side (right) and Solyc05g006030 to its
3’ (left), both represented as brown boxes. Below the zoomed-in 843 bp area containing the miR1127-3p
gene, the promoter, and the TSS and 3’ regions are analyzed by chromatin immunoprecipitation and
real-time qPCR (ChIP-qPCR). (B) A representative experiment showing the ChIP-qPCR analysis of the
amount of H3K9ac, H3K4me3 and RNAPII in the control/infected plants of S. lycopersicum at 24 hpi and
48 hpi (B. cinerea and P. syringae, respectively) in the afore mentioned gene regions. The ChIP results are
presented in the histone marks graphics as percentages of chromatin immunoprecipitated with the
anti-H3 antibody, and in the RNAPII ones as percentages of input DNA. Data are shown as log2-fold
changes, error bars indicate s.e.m. (n = 3). The statistically significant results among technical replicates
in the representative experiment shown are indicated by an asterisk (*). A star is included (
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These results provided evidence for changes in the epigenetic marks of a tomato gene encoding a
pre-miRNA in response to pathogens.

3. Discussion

Epigenetic control of gene expression is important for the transcriptional reprogramming of plant
responses to stresses and may constitute molecular memory for increased protection, even across
generations [2]. We are interested in establishing the epigenetic regulation of tomato responses to
B. cinerea, which has a broad-host spectrum and requires a complex network of genes and pathways
for full resistance [48]. Despite being a model for necrotrophs, information on specific histone marks
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on defensive genes against this important phytopathogen is scarce [10]. We previously showed the
increase of the histone modification H3K4me3 in SlyDES, SlyDOX1, SlyLoxD, and SlyWRKY75 genes
24h after B. cinerea infection [28,39]. These genes were selected due to their early induction in the
basal and primed tomato defences against this fungus and by their key role in the plant response to
biotic stresses [23]. Our experiments herein demonstrated that the early induction of these genes in
response to B. cinerea is associated with enhanced epigenetic mark H3K9ac on their promoter and gene
body. Thus, as for H3K4me3, this supports the notion that H3 modifications occur throughout plant
genes [28,49].

The enrichment of H3K9ac was higher than that observed for H3K4me3 and mainly accumulated at
the 5’ part of the genes, while H3K4me3 was more homogeneous along them (Table 1) [28]. This profile
contrasts with that observed along defense genes AtPR1 and AtCYP71A13 in A. thaliana plants, whose
induction upon B. cinerea infection was associated with a similar enrichment of both H3K9ac and
H3K4me3 along the genes, which was less marked in the promoter [28]. In mammalian cells, H3K4me3
can promote transcription initiation, while H3K9ac can function downstream by recruiting proteins
by stimulating transition to the elongation step [50]. The authors suggest that an ordered histone
code can mediate the regulation of the transcription cycle. Our results seem to support this intriguing
idea with a different profile in plants, which will require further research. We also determined the
RNAPII location in the body of genes to study the interplay between transcription and chromatin
modifications [46]. There are data associating specific histone marks on stress-responsive genes with
their level of expression [5]. The RNApol-ChIP analysis showed that RNAPII rose along all the induced
genes in response to B. cinerea supporting their transcriptional activation, associated with the increased
H3K9ac and HK4me3 marks. However, it is difficult to assess the correlation between both facts.
Modifications at specific histone residues are linked to chromatin reconfiguration in response to biotic
stresses and are involved in priming defenses by altering the transcription of defense-related genes [5,6].
However, these marks may correlate with, or be a consequence of, transcriptional reprogramming
that takes place upon a pathogen challenge [9]. In fact, dehydration stress is associated to elevated
H3K4me3 at the response genes, while this mark increased before actual transcription by an unclear
mechanism [4].

The analysis of these histone modifications in tomato plants inoculated with the hemibiotroph
P. syringae showed a completely different pattern of both histone marks in SlyDES, SlyDOX1, and SlyLoxD
genes. We observed a slight increase in H3K9ac and H3K4me3 along these oxylipin-related genes, which
supports a pathogen-specific profile of epigenetic marks. The presence of RNAPII did not significantly
increase in the highly induced SlyDES and SlyDOX1 upon P. syringae. However, the induction
of SlyLoxD in this pathosystem was associated with increased RNAPII presence in the gene body.
Therefore, the obtained results might be explained by different transcriptional and epigenetic regulation
in response to B. cinerea or P. syringae leading to changes in transcript stability that deserve further
research. Regarding SlyWRKY75, the increase in both epigenetic modifications along the gene was
even higher than in response to B. cinerea. Interestingly, upon P. syringae infection, SlyWRKY75 showed
a significant increase in RNAPII binding along the gene, supporting its transcriptional induction in
this pathosystem too. In this case, the polymerase presence was higher than that observed in response
to B. cinerea, correlating with the higher accumulation of SlyWRKY75 transcript and H3K9ac mark in
response to the bacterial infection. The similar increase of H3K9ac and H3K4me3 along this gene in these
two pathosystems suggests that this epigenetic profile is associated with a general response to biotic
stresses. This is particularly interesting because this transcription factor might be a regulator of the JA
pathway in tomato, which is a key signaling in plant defense against pathogens [39]. To demonstrate
the functional correlation between these histone modifications and the transcriptional activation
of these defensive genes, it would be necessary to perform a direct phenotypic characterization of
loss-of-function mutants defective in enzymes involved in histone modification. This is particularly
challenging in plant species different to A. thaliana [24].
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Table 1. Results shown in a simplified and graphical way. The table includes significant changes
in gene expression, histone marks, and RNAPII in the gene regions studied for the three biological
replicates. In the ChIP experiments, changes of at least 4 times are indicated by ↑↑↑ or ↓↓↓ (positive
and negative, respectively). Changes between 2 to 3.9 times are denoted by ↑↑ or ↓↓, and from 1.1 to
1.9 times are depicted by ↑ or ↓. Changes in gene expression of at least 100 times are represented by
+++ or — (positive and negative, respectively); differences from 10–99 times are depicted by ++ or –;
and differences from 2 to 9 times are denoted by + or -. If no significant difference or a trend was found
in all replicates, that field is empty.

Gene Region B. cinerea P. syringae
Expression 1 H3K9ac H3K4me3 1 RNAPII Expression H3K9ac H3K4me3 RNAPII

SlyDES
Promoter

+++
↑↑↑ ↑ ↑↑↑

++TSS ↑↑↑ ↑↑ ↑↑ ↑ ↑

Exon 2 (end of CDS) ↑↑↑ ↑↑ ↑↑↑

SlyDOX1

Promoter

+++

↑↑ ↑ ↑

++

↑

TSS ↑↑ ↑↑ ↑ ↑ ↑

Exon 1 (start of CDS) ↑ ↑↑ ↑ ↑

Exon 10 (end of CDS) ↑↑ ↑↑ ↑ ↑

SlyLoxD

Promoter

++

↑ ↑↑

+

↑

TSS ↑↑ ↑

Exon 1 ↑↑ ↑↑ ↑ ↑

Exon 8 (3’-UTR) ↑ ↑ ↑ ↑↑

SlyWRKY75 2

TSS

++

↑↑ ↑ ↑↑

++

↑↑ ↑↑ ↑↑

Exon 1 ↑ ↑↑ ↑ ↑↑ ↑↑↑

Intron

miRNA
binding
region

↑↑ ↑↑ ↑↑ ↑ ↑↑↑

Region 1 ↑↑ ↑↑ ↑↑ ↑↑ ↑↑↑

Region 2 ↑↑ ↑↑ ↑↑ ↑↑↑ ↑↑ ↑↑↑

Region 3 ↑↑ ↑↑ ↑↑ ↑↑↑ ↑↑ ↑↑↑

Exon 2 (3’-UTR) ↑ ↑↑ ↑ ↑↑↑

miR1127-3p 2
Promoter

−

↑ ↓

TSS ↓

3’ gene and
intergenic region

1 Data from [28] 2 Data from [39].

Recently, we identified Sly-miR1127-3p miRNA as a putative regulator of Sly-WRKY75, which
is predicted to bind the intronic region of its genomic sequence [39]. In plants, most target mRNAs
contain only one single miRNA-complementary site and, unlike animal miRNA targets, this site in
plants can exist anywhere along the target mRNA, rather than at the 3´-UTR [44]. In fact, Meng et al.
(2013) proposed a novel gene regulation by plant miRNAs targeting intron-containing pre-mRNAs
in the nucleus. Here, we found that in response to B. cinerea, Sly-miR1127-3p reduction correlated
with increased SlyWRKY75 transcript accumulation, while no significant changes in miRNA occurred
in response to P. syringae despite of SlyWRKY75 induction. The mRNA analysis further supported
the novel post-transcriptional regulation of SlyWRKY75 targeting intron-containing pre-mRNAs.
In fact, healthy control tomato plants contained SlyWRKY75 pre-mRNA, while upon infection with
either B. cinerea or P. syringae accumulated mature mRNA. This is interesting because SlyWRKY75
transcriptional induction only correlated with reduction in the regulatory miRNA in response to
B. cinerea. This might reflect a different epigenetic regulation of this gene in both pathosystems being
plants less sensitive to miRNA steady-state concentration in response to P. syringae. The ChIP analysis
showed a similar distribution of H3K9ac and H3K4me3 marks in the intron to that observed in the rest
of SlyWRKY75 gene in both pathosystems, except for its 5´ half, including the miRNA binding site in
response to B. cinerea, for which no significant changes in H3K4me3 were noted. There are previous
reports supporting additional factors, including binding sequence structure and surroundings, or RNA
binding proteins modulate silencing efficiency [15]. Although there are evidences of the influence of
chromatin structure of target genes on miRNA-regulation, no correlation has been established with
specific histone modifications [51]. We hypothesize that the different profile of H3K4me3 we found in
the miRNA binding site in response to each pathogen could contribute to determining the sensitivity
to this epigenetic regulator. The presence of RNAPII greatly increased along the gene, including all the
intronic regions for either pathogen, which reflected actual induced transcription (Scheme 1).
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These results are particularly relevant because introns are involved in initiating and enhancing
gene expression by a mechanism known as intron-mediated enhancement (IME) which, in plants,
is largely unknown [52]. Stimulating introns constitutes a type of downstream regulatory element for
the genes transcribed by RNAPII by increasing mRNA production and contributing to local chromatin
conditions that favor initiation. The distribution of active histone modifications like H3K9ac and
H3K4me3 in introns could influence transcription initiation in Arabidopsis [53]. Some reports reveal
that the first intron of genes is generally the longest one and contains more conserved sites and
regulatory chromatin marks [54]. The density of epigenetic signals is higher near TSS than in distant
regions, and their distribution seems related to gene function and its level of expression. In fact, highly
expressed genes exhibit a higher density of marks than genes with a low expression. Our results in this
work provide data supporting the role of intron sequences in the epigenetic regulation of plant defense
genes, thus encouraging future studies in this fascinating field.

Finally, to study in-depth SlyWRKY75 epigenetic regulation, we located the structural
Sly-miR1127-3p gene in an intergenic region of the tomato genome (Figure 6A). This agrees with the
fact that plant miRNAs transcribe mostly from independent, nonprotein-coding loci in the intergenic
regions of the genome, although intronic miRNAs and transposable elements are other sources of
miRNA formation in plants [15]. Throughout this gene, the level of both activating marks H3K9ac
and H3K4me3, as well as RNAPII, was very low. We were able to detect only changes in response to
B. cinerea, which consisted in a significant reduction of H3K4me3 in TSS and the promoter, with the
latter associated with an increase in H3K9ac. These results show different histone modifications on
the gene encoding Sly-miR1127-3p in response to B. cinerea or P. syringae, although these cannot be
directly correlated with changes in the miRNA accumulation because no significant changes in RNAPII
presence were detected.

In conclusion, our data provide knowledge about the epigenetic regulation of genes involved in
plant response to B. cinerea and P. syringae in crops other than A. thaliana, such as S. lycopersicum, which
is still limited and challenging. Our research deeps into the relationship between epigenetics and
biotic stresses that provides information useful to prevent and early detect pathogens in economically
relevant crops. The identification of key loci associated with a biotic interaction is an interesting
approach that allows to correlate epigenetic changes with infection phenotypes [55]. In particular,
the analysis of epigenetic regulation of SlyWRKY75 provides a good model to search the role of introns
as downstream gene regulatory elements which, in this case, include the Sly-miR1127-3p binding site.

4. Materials and Methods

4.1. S. lycopersicum Growth Conditions

For each replicate, 40 tomato plants (Solanum lycopersicum cv. Ailsa Craig) were grown in
commercial peat in a glasshouse with 16 h of daylight. Plants were infected after growing for 4 weeks
(showing the clear development of third and fourth leaves). At least eight plants were chosen for both
the control and infected conditions.
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4.2. B. cinerea Bioassay

Botrytis cinerea strain B05.10 was kindly provided by Dr. Tudzynski (University of Munster,
Germany). This strain was cultured on potato dextrose agar (PDA; Scharlau Microbiology 01-483-500)
that contained 0.5% sucrose and was grown under dark conditions at 21 ◦C with exposure to UV-A light
(350–400 nm) for 15 min every 3 h. Conidiospores were collected from the 7-day-old cultures with sterile
water containing 0.02% (v/v) Tween-20, which was then filtered, quantified by a hemocytometer and
adjusted to the appropriate concentration. Prior to infection, spores were resuspended in sterile water
containing 25% (v/v) grape juice. The spore density for the infections was adjusted to 2.5 × 104 pores/mL
and was sprayed on the surface of all the leaves of at least eight plants. The control plants were sprayed
in the same way, but without conidia. Mild disease symptoms were observed at 24 h, which was the
collection time (Figure 1B). Growth of B. cinerea in the infected plants was determined as described by
Crespo-Salvador et al. (2018) [28].

4.3. P. syringae Bioassay

P. syringae pv. tomato DC3000 was grown in King B medium at 28 ◦C with Rifampicin (50 mg mL−1)
for 24 h. Bacterial suspensions were adjusted to 5 × 105 cfu mL−1 in sterile MgSO4 (10 mM) with
0.01% of Silwet L-77 surfactant (Osi Specialties, Danbury, CT, USA). The third and fourth leaves of the
tomato plants were challenged by dipping with a bacterial suspension, as described by Camañes et al.
(2015) [22]. Disease was scored by bacterial DNA quantification (directly extracted or using the
INPUT sample from the ChIP assay) or RNA. To do so, qPCR was performed using the primers for a
constitutive gene of both P. syringae [56] and S. lycopersicum. Outer membrane protein F (OPRF) was
used for bacteria and elongation factor 1 alpha (EF1a) for the plant. The bacterial gene signal was
normalized with that of the plant (data are provided in Table S2).

4.4. Gene Expression Quantification by RT-qPCR

Total RNA extraction and cDNA generation were performed as described by Crespo-Salvador et al.,
(2018) [28]. Quantitative PCR was performed with the Tli RNase H Plus SYBR Premix Ex Taq (RR420W;
TAKARA BIO INC., Kusatsu, Japan) in a LightCycler480 (Roche Diagnostics, Mannheim, Germany).
Relative quantification was used to determine the differential gene expression. S. lycopersicum SlyEF1a
expressions were used as internal standards. Real-time efficiency (E) was calculated for each primer pair
according to the equation E = 10[−1/slope]. Relative expression was determined as described in Pfaffl

(2001) [57]. Expression fold changes were expressed as infected/mock ratios (∆∆Ct). Three replicates
were performed with at least eight plants per genotype/condition with similar results. The normalized
data are provided in Tables S1, S3 and S5. Novel primer sequences are shown in Table S8.

4.5. miRNA Assay

Extraction, quantification, and determination of the SlymiR11273p expression levels were
performed as described by López-Galiano et al. (2018) [39]. The normalized data are provided
in Table S6.

4.6. Chromatin Isolation and Immunoprecipitation Protocol

Both protocols are described by Crespo-Salvador et al. (2018) [28]. Briefly, for the chromatin
isolation, S. lycopersicum leaves (2 g) were harvested and cross-linked with formaldehyde by the
vacuum infiltration method [58]. Tissue was then frozen with liquid N2 and ground into fine powder.
The chromatin was extracted following several centrifugation and cleaning steps [28] before being
sonicated by a Bioruptor Sonication System Standard (Diagenode, UCD-200) at medium power in
two 5-minute cycles (active for 30 s, inactive for 30 s) to obtain fragments of 100–1000 bp. Purified
chromatin was then ready for immunoprecipitation.
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Protein G-Dynabeads (10003D, Thermo Fisher Scientific, Waltham, MA, USA) were used along
with chromatin to perform immunoprecipitation. Three main incubations were performed: first the
pre-cleaning of both dynabeads and chromatin; second, the binding of antibodies with chromatin; third,
the binding of the complexes formed in the previous incubation with dynabeads. Several cleaning
steps with growing stringency buffers were performed to clean the sample of nonspecific binding
particles. Finally, specifically bound chromatin was released from the dynabeads and its DNA was
purified with the GeneJET PCR Purification Kit (K0702, Thermo Fisher Scientific, Waltham, MA, USA)
for further qPCR analyses.

The employed antibodies were anti-H3K4me3 (07-473, Merck Millipore), anti-H3K9ac (07-352,
Merck Millipore), anti-H3 (ab1791, abcam), and anti-RNAPII (ab817, abcam). The negative control was
performed with no antibody.

The novel primer sequences are detailed in Table S6. The normalized data are provided in Tables S1
and S4 for B. cinerea and P. syringae infection, respectively.

4.7. Data Interpretation and Statistical Analysis

From the ChIP-qPCR signals, which resulted from each antibody and the INPUT samples,
backgrounds were subtracted with their corresponding negative controls (no antibody), as described
by Haring et al. (2007) [59]. The resulting signal of the H3K9ac and H3K4me3 antibodies was then
normalized with the H3 antibody signal. The signal of the RNAPII antibody was directly normalized
with the INPUT signal. The resulting signal was expressed as a % of H3 or INPUT immunoprecipitated.
For all the comparisons, an F test (p < 0.05) was performed to determine the equality of variances of
each infected and control condition combination. Consequently, a two-tailed Student’s t test (p < 0.05)
was evaluated to determine the statistically significant difference between the mean values (± SE; n = 3).
For the ratio comparisons, we normalized the data by transforming them into 10-base logarithms and
then performing a one-tailed Student’s t test (p < 0.05), as shown in Table S3.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/3/300/s1,
Table S1: ChIP B. cinerea, Table S2: gene expression, Table S3: ratio comparisons, Table S4: P. syringae quantitation,
Table S5: ChIP P. syringae, Table S6: miR1127-3 expression, Table S7: SlyWRKY75 processing primers, Table S8:
SlyWRKY75 intron primers.

Author Contributions: Conceptualization, C.G.-B.; Formal analysis, Ó.C.-S., and L.S.-G.; Funding acquisition,
C.G.-B., I.G.-R., C.R., and M.D.R; Investigation, Ó.C.-S., L.S.-G, M.J.L.-G., E.F.-C., and L.S.; Software,
Ó.C.-S.; Supervision, C.G.-B., I.G.-R., C.R. and M.D.R.; Validation, Ó.C.-S.; Visualization, Ó.C.-S. and L.S.-G.;
writing—original draft, C.G.-B.; Writing—review & editing, C.G.-B., Ó.C.-S., I.G.-R., C.R., and M.D.R. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the Spanish Ministry of Science and Innovation
(AGL2013-49023-C3) and Economy (AGL2017-85987-C3), co-funded by the European Regional Development
Funds (ERDF). Óscar Crespo-Salvador was the recipient of a research contract from AGL2013-49023-C3-1-R;
AGL2017-85987-C3-2-R. M.J. López-Galiano was awarded with a University of Valencia Ph. D. fellowship.

Acknowledgments: We thank the Greenhouse and Genomic Facilities from the SCSIE of the University of Valencia
and the SCIC from the University Jaume I. We also thank Helen Warburton for proofreading the document.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jones, J.D.; Dangl, J.L. The plant immune system. Nature 2006, 444, 323–329. [CrossRef] [PubMed]
2. Ding, B.; Wang, G.L. Chromatin versus pathogens: The function of epigenetics in plant immunity. Front.

Plant Sci. 2015, 6, 675. [CrossRef] [PubMed]
3. Espinas, N.A.; Saze, H.; Saijo, Y. Epigenetic Control of Defense Signaling and Priming in Plants. Front. Plant

Sci. 2016, 7, 1201. [CrossRef] [PubMed]
4. Avramova, Z. Transcriptional “memory” of a stress: Transient chromatin and memory (epigenetic) marks at

stress-response genes. Plant J. 2015, 83, 149–159. [CrossRef]

http://www.mdpi.com/2223-7747/9/3/300/s1
http://dx.doi.org/10.1038/nature05286
http://www.ncbi.nlm.nih.gov/pubmed/17108957
http://dx.doi.org/10.3389/fpls.2015.00675
http://www.ncbi.nlm.nih.gov/pubmed/26388882
http://dx.doi.org/10.3389/fpls.2016.01201
http://www.ncbi.nlm.nih.gov/pubmed/27563304
http://dx.doi.org/10.1111/tpj.12832


Plants 2020, 9, 300 15 of 17

5. Alvarez, M.E.; Nota, F.; Cambiagno, D.A. Epigenetic control of plant immunity. Mol. Plant Pathol. 2010, 11,
563–576. [CrossRef]

6. Jaskiewicz, M.; Conrath, U.; Peterhansel, C. Chromatin modification acts as a memory for systemic acquired
resistance in the plant stress response. EMBO Rep. 2011, 12, 50–55. [CrossRef]

7. Luna, E.; Ton, J. The epigenetic machinery controlling transgenerational systemic acquired resistance.
Plant Signal. Behav. 2012, 7, 615–618. [CrossRef]

8. Conrath, U.; Beckers, G.J.; Langenbach, C.J.; Jaskiewicz, M.R. Priming for enhanced defense. Annu. Rev.
Phytopathol. 2015, 53, 97–119. [CrossRef]

9. Liu, N.; Avramova, Z. Molecular mechanism of the priming by jasmonic acid of specific dehydration stress
response genes in Arabidopsis. Epigenetics Chromatin 2016, 9, 8. [CrossRef]

10. Mbengue, M.; Navaud, O.; Peyraud, R.; Barascud, M.; Badet, T.; Vincent, R.; Barbacci, A.; Raffaele, S.
Emerging Trends in Molecular Interactions between Plants and the Broad Host Range Fungal Pathogens
Botrytis cinerea and Sclerotinia sclerotiorum. Front. Plant Sci. 2016, 7, 422. [CrossRef]

11. Zhou, C.; Zhang, L.; Duan, J.; Miki, B.; Wu, K. HISTONE DEACETYLASE19 is involved in jasmonic acid and
ethylene signaling of pathogen response in Arabidopsis. Plant Cell 2005, 17, 1196–1204. [CrossRef] [PubMed]

12. Berr, A.; McCallum, E.J.; Alioua, A.; Heintz, D.; Heitz, T.; Shen, W.H. Arabidopsis histone methyltransferase
SET DOMAIN GROUP8 mediates induction of the jasmonate/ethylene pathway genes in plant defense
response to necrotrophic fungi. Plant Physiol. 2010, 154, 1403–1414. [CrossRef]

13. Zhang, Y.; Li, D.; Zhang, H.; Hong, Y.; Huang, L.; Liu, S.; Li, X.; Ouyang, Z.; Song, F. Tomato histone H2B
monoubiquitination enzymes SlHUB1 and SlHUB2 contribute to disease resistance against Botrytis cinerea
through modulating the balance between SA- and JA/ ET-mediated signaling pathways. BMC Plant Biol
2015, 15, 252. [CrossRef]

14. Borges, F.; Martienssen, R.A. The expanding world of small RNAs in plants. Nat. Rev. Mol. Cell Biol. 2015,
16, 727–741. [CrossRef] [PubMed]

15. Yu, Y.; Jia, T.; Chen, X. The ‘how’ and ‘where’ of plant microRNAs. New Phytol. 2017, 216, 1002–1017.
[CrossRef] [PubMed]

16. Sunkar, R.; Zhu, J.K. Novel and stress regulated microRNAs and other small RNAs from Arabidopsis w
inside box sign. Plant Cell 2004, 16, 2001–2019. [CrossRef] [PubMed]

17. Shivaprasad, P.V.; Chen, H.M.; Patel, K.; Bond, D.M.; Santos, B.A.C.M.; Baulcombe, D.C. A microRNA
superfamily regulates nucleotide binding site-leucine-rich repeats and other mRNAs. Plant Cell 2012, 24,
859–874. [CrossRef]

18. Ouyang, S.; Park, G.; Atamian, H.S.; Han, C.S.; Stajich, J.E.; Kaloshian, I.; Borkovich, K.A. MicroRNAs
Suppress NB Domain Genes in Tomato That Confer Resistance to Fusarium oxysporum. PLoS Pathog. 2014, 10.
[CrossRef]

19. Jin, W.; Wu, F. Characterization of miRNAs associated with Botrytis cinerea infection of tomato leaves.
BMC Plant Biol. 2015, 1. [CrossRef]

20. Barski, A.; Jothi, R.; Cuddapah, S.; Cui, K.; Roh, T.Y.; Schones, D.E.; Zhao, K. Chromatin poises miRNA- and
protein-coding genes for expression. Genome Res. 2009, 19, 1742–1751. [CrossRef]

21. Aranega-Bou, P.; Leyva, M.D.L.O.; Finiti, I.; Garcia-Agustin, P.; Gonzalez-Bosch, C. Priming of plant resistance
by natural compounds. Hexanoic acid as a model. Front. Plant Sci. 2014, 5, 488. [CrossRef] [PubMed]

22. Camañes, G.; Scalschi, L.; Vicedo, B.; Gonzalez-Bosch, C.; Garcia-Agustin, P. An untargeted global
metabolomic analysis reveals the biochemical changes underlying basal resistance and priming in Solanum
lycopersicum and identifies 1-methyltryptophan as a metabolite involved in plant responses to Botrytis cinerea
and Pseudomonas sy. Plant J. 2015, 84, 125–139. [CrossRef] [PubMed]

23. Finiti, I.; Leyva, M.D.L.O.; Vicedo, B.; Gomez-Pastor, R.; Lopez-Cruz, J.; Garcia-Agustin, P.; Real, M.D.;
Gonzalez-Bosch, C. Hexanoic acid protects tomato plants against Botrytis cinerea by priming defence responses
and reducing oxidative stress. Mol. Plant Pathol. 2014, 15, 550–562. [CrossRef] [PubMed]

24. Chen, X.; Liu, X.; Zhao, Y.; Zhou, D.X. Histone H3K4me3 and H3K27me3 regulatory genes control stable
transmission of an epimutation in rice. Sci. Rep. 2015, 5, 13251. [CrossRef]

25. Li, Y.; Zhang, L.; Lu, W.; Wang, X.; Wu, C.A.; Guo, X. Overexpression of cotton GhMKK4 enhances disease
susceptibility and affects abscisic acid, gibberellin and hydrogen peroxide signalling in transgenic Nicotiana
benthamiana. Mol. Plant Pathol. 2014, 15, 94–108. [CrossRef]

http://dx.doi.org/10.1111/j.1364-3703.2010.00621.x
http://dx.doi.org/10.1038/embor.2010.186
http://dx.doi.org/10.4161/psb.20155
http://dx.doi.org/10.1146/annurev-phyto-080614-120132
http://dx.doi.org/10.1186/s13072-016-0057-5
http://dx.doi.org/10.3389/fpls.2016.00422
http://dx.doi.org/10.1105/tpc.104.028514
http://www.ncbi.nlm.nih.gov/pubmed/15749761
http://dx.doi.org/10.1104/pp.110.161497
http://dx.doi.org/10.1186/s12870-015-0614-2
http://dx.doi.org/10.1038/nrm4085
http://www.ncbi.nlm.nih.gov/pubmed/26530390
http://dx.doi.org/10.1111/nph.14834
http://www.ncbi.nlm.nih.gov/pubmed/29048752
http://dx.doi.org/10.1105/tpc.104.022830
http://www.ncbi.nlm.nih.gov/pubmed/15258262
http://dx.doi.org/10.1105/tpc.111.095380
http://dx.doi.org/10.1371/journal.ppat.1004464
http://dx.doi.org/10.1186/s12870-014-0410-4
http://dx.doi.org/10.1101/gr.090951.109
http://dx.doi.org/10.3389/fpls.2014.00488
http://www.ncbi.nlm.nih.gov/pubmed/25324848
http://dx.doi.org/10.1111/tpj.12964
http://www.ncbi.nlm.nih.gov/pubmed/26270176
http://dx.doi.org/10.1111/mpp.12112
http://www.ncbi.nlm.nih.gov/pubmed/24320938
http://dx.doi.org/10.1038/srep13251
http://dx.doi.org/10.1111/mpp.12067


Plants 2020, 9, 300 16 of 17

26. Martinez-Aguilar, K.; Ramirez-Carrasco, G.; Hernandez-Chavez, J.L.; Barraza, A.; Alvarez-Venegas, R. Use of
BABA and INA As Activators of a Primed State in the Common Bean (Phaseolus vulgaris L.). Front. Plant
Sci. 2016, 7, 653. [CrossRef]

27. Lee, S.Y.; Fu, F.; Xu, S.; Lee, S.Y.; Yun, D.J.; Mengiste, T. Global Regulation of Plant Immunity by Histone
Lysine Methyl Transferases. Plant Cell 2016, 28, 1640–1661. [CrossRef]

28. Crespo-Salvador, Ó.; Escamilla-Aguilar, M.; López-Cruz, J.; López-Rodas, G.; González-Bosch, C.
Determination of histone epigenetic marks in Arabidopsis and tomato genes in the early response to
Botrytis cinerea. Plant Cell Rep. 2018, 37, 153–166. [CrossRef]

29. López-Galiano, M.J.; Sentandreu, V.; Martínez-Ramírez, A.C.; Rausell, C.; Real, M.D.; Camañes, G.;
Ruiz-Rivero, O.; Crespo-Salvador, O.; García-Robles, I. Identification of Stress Associated microRNAs
in Solanum lycopersicum by High-Throughput Sequencing. Genes 2019, 10, 475. [CrossRef]

30. Blée, E. Impact of phyto-oxylipins in plant defense. Trends Plant Sci. 2002, 7, 315–322. [CrossRef]
31. Farmer, E.E.; Alméras, E.; Krishnamurthy, V. Jasmonates and related oxylipins in plant responses to

pathogenesis and herbivory. Curr. Opin. Plant Biol. 2003, 6, 372–378. [CrossRef]
32. Vicente, J.; Cascón, T.; Vicedo, B.; García-Agustín, P.; Hamberg, M.; Castresana, C. Role of 9-Lipoxygenase

and α-Dioxygenase Oxylipin Pathways as Modulators of Local and Systemic Defense. Mol. Plant 2012, 5,
914–928. [CrossRef] [PubMed]

33. Angulo, C.; Leyva, M.D.L.O.; Finiti, I.; López-Cruz, J.; Fernández-Crespo, E.; García-Agustín, P.;
González-Bosch, C. Role of dioxygenase alpha-DOX2 and SA in basal response and in hexanoic acid-induced
resistance of tomato (Solanum lycopersicum) plants against Botrytis cinerea. J. Plant Physiol. 2015, 175, 163–173.
[CrossRef] [PubMed]

34. Stumpe, M.; Kandzia, R.; Göbel, C.; Rosahl, S.; Feussner, I. A pathogen-inducible divinyl ether synthase
(CYP74D) from elicitor-treated potato suspension cells. FEBS Lett. 2001, 507, 371–376. [CrossRef]

35. Fammartino, A.; Cardinale, F.; Göbel, C.; Mène-Saffrané, L.; Fournier, J.; Feussner, I.; Esquerré-Tugayé, M.T.
Characterization of a divinyl ether biosynthetic pathway specifically associated with pathogenesis in tobacco.
Plant Physiol. 2007, 143, 378–388. [CrossRef]

36. Göbel, C.; Feussner, I.; Schmidt, A.; Scheel, D.; Sanchez-Serrano, J.; Hamberg, M.; Rosahl, S. Oxylipin profiling
reveals the preferential stimulation of the 9-lipoxygenase pathway in elicitor-treated potato cells. J. Biol.
Chem. 2001, 276, 6267–6273. [CrossRef]

37. Veronesi, C.; Rickauer, M.; Fournier, J.; Pouenat, M.L.; Esquerre-Tugaye, M.T.; Feussner, I.;
Esquerré-Tugayé, M.-T. Lipoxygenase Gene Expression in the Tobacco-Phytophthora parasitica nicotianae
Interaction. Plant Physiol. 1996, 112, 997–1004. [CrossRef]

38. Fammartino, A.; Verdaguer, B.; Fournier, J.; Tamietti, G.; Carbonne, F.; Esquerré-Tugayé, M.-T.; Cardinale, F.
Coordinated transcriptional regulation of the divinyl ether biosynthetic genes in tobacco by signal molecules
related to defense. Plant Physiol. Biochem. 2010, 48, 225–231. [CrossRef]

39. López-Galiano, M.J.; González-Hernández, A.I.; Crespo-Salvador, O.; Rausell, C.; Real, M.D.; Escamilla, M.;
Camañes, G.; García-Agustín, P.; González-Bosch, C.; García-Robles, I. Epigenetic regulation of the expression
of WRKY75 transcription factor in response to biotic and abiotic stresses in Solanaceae plants. Plant Cell Rep.
2018, 37, 167–176. [CrossRef]

40. Chen, X.; Liu, J.; Lin, G.; Wang, A.; Wang, Z.; Lu, G. Overexpression of AtWRKY28 and AtWRKY75 in
Arabidopsis enhances resistance to oxalic acid and Sclerotinia sclerotiorum. Plant Cell Rep. 2013, 32, 1589–1599.
[CrossRef]

41. Kim, H.S.; Park, Y.H.; Nam, H.; Lee, Y.M.; Song, K.; Choi, C.; Ahn, I.; Park, S.R.; Lee, Y.H.; Hwang, D.-J.
Overexpression of the Brassica rapa transcription factor WRKY12 results in reduced soft rot symptoms
caused by Pectobacterium carotovorum in Arabidopsis and Chinese cabbage. Plant Biol. 2014, 16, 973–981.
[CrossRef] [PubMed]

42. Encinas-Villarejo, S.; Maldonado, A.M.; Amil-Ruiz, F.; de los Santos, B.; Romero, F.; Pliego-Alfaro, F.;
Munoz-Blanco, J.; Caballero, J.L. Evidence for a positive regulatory role of strawberry (Fragaria x ananassa)
Fa WRKY1 and Arabidopsis At WRKY75 proteins in resistance. J. Exp. Bot. 2009, 60, 3043–3065. [CrossRef]
[PubMed]

43. Guo, P.; Li, Z.; Huang, P.; Li, B.; Fang, S.; Chu, J.; Guo, H. A Tripartite Amplification Loop Involving the
Transcription Factor WRKY75, Salicylic Acid, and Reactive Oxygen Species Accelerates Leaf Senescence.
Plant Cell 2017, 29, 2854–2870. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fpls.2016.00653
http://dx.doi.org/10.1105/tpc.16.00012
http://dx.doi.org/10.1007/s00299-017-2218-9
http://dx.doi.org/10.3390/genes10060475
http://dx.doi.org/10.1016/S1360-1385(02)02290-2
http://dx.doi.org/10.1016/S1369-5266(03)00045-1
http://dx.doi.org/10.1093/mp/ssr105
http://www.ncbi.nlm.nih.gov/pubmed/22199234
http://dx.doi.org/10.1016/j.jplph.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25543862
http://dx.doi.org/10.1016/S0014-5793(01)03019-8
http://dx.doi.org/10.1104/pp.106.087304
http://dx.doi.org/10.1074/jbc.M008606200
http://dx.doi.org/10.1104/pp.112.3.997
http://dx.doi.org/10.1016/j.plaphy.2010.01.012
http://dx.doi.org/10.1007/s00299-017-2219-8
http://dx.doi.org/10.1007/s00299-013-1469-3
http://dx.doi.org/10.1111/plb.12149
http://www.ncbi.nlm.nih.gov/pubmed/24552622
http://dx.doi.org/10.1093/jxb/erp152
http://www.ncbi.nlm.nih.gov/pubmed/19470657
http://dx.doi.org/10.1105/tpc.17.00438
http://www.ncbi.nlm.nih.gov/pubmed/29061866


Plants 2020, 9, 300 17 of 17

44. Meng, Y.; Shao, C.; Ma, X.; Wang, H. Introns targeted by plant microRNAs: A possible novel mechanism of
gene regulation. Rice 2013, 6, 8. [CrossRef] [PubMed]

45. Kurita, K.; Sakamoto, T.; Yagi, N.; Sakamoto, Y.; Ito, A.; Nishino, N.; Sako, K.; Yoshida, M.; Kimura, H.;
Seki, M.; et al. Live imaging of H3K9 acetylation in plant cells. Sci. Rep. 2017, 7, 45894. [CrossRef] [PubMed]

46. Sandoval, J.; Rodriguez, J.L.; Tur, G.; Serviddio, G.; Pereda, J.; Boukaba, A.; Sastre, J.; Torres, L.; Franco, L.;
Lopez-Rodas, G. RNAPol-ChIP: A novel application of chromatin immunoprecipitation to the analysis of
real-time gene transcription. Nucleic Acids Res. 2004, 32, e88. [CrossRef]

47. Zhang, B.; Pan, X.; Cobb, G.P.; Anderson, T.A. Plant microRNA: A small regulatory molecule with big impact.
Dev. Biol. 2006, 289, 3–16. [CrossRef]

48. AbuQamar, S.; Moustafa, K.; Tran, L.S. Mechanisms and strategies of plant defense against Botrytis cinerea.
Crit. Rev. Biotechnol. 2017, 37, 262–274. [CrossRef]

49. Xiao, J.; Lee, U.S.; Wagner, D. Tug of war: Adding and removing histone lysine methylation in Arabidopsis.
Curr. Opin. Plant Biol. 2016, 34, 41–53. [CrossRef]

50. Gates, L.A.; Shi, J.; Rohira, A.D.; Feng, Q.; Zhu, B.; Bedford, M.T.; Sagum, C.A.; Jung, S.Y.; Qin, J.; Tsai, M.-J.;
et al. Acetylation on histone H3 lysine 9 mediates a switch from transcription initiation to elongation. J. Biol.
Chem. 2017, 292, 14456–14472. [CrossRef]

51. Choi, K.; Kim, J.; Müller, S.Y.; Oh, M.; Underwood, C.; Henderson, I.; Lee, I. Regulation of microRNA-mediated
developmental changes by the SWR1 chromatin remodeling complex. Plant Physiol. 2016, 171, 1128–1143.
[PubMed]

52. Laxa, M. Intron-mediated enhancement: A tool for heterologous gene expression in plants? Front. Plant Sci.
2017, 7, 4255. [CrossRef] [PubMed]

53. Gallegos, J.E.; Rose, A.B. The enduring mystery of intron-mediated enhancement. Plant Sci. 2015, 237, 8–15.
[CrossRef] [PubMed]

54. Jo, S.S.; Choi, S.S.; Hurst, L. Analysis of the Functional Relevance of Epigenetic Chromatin Marks in the First
Intron Associated with Specific Gene Expression Patterns. Genome Biol. Evol. 2019, 11, 786–797. [CrossRef]
[PubMed]

55. Alonso, C.; Ramos-Cruz, D.; Becker, C. The role of plant epigenetics in biotic interactions. New Phytol. 2019,
221, 731–737. [CrossRef]

56. Brouwer, M.; Lievens, B.; Van Hemelrijck, W.; Van Den Ackerveken, G.; Cammue, B.P.A.; Thomma, B.P.H.J.
Quantification of disease progression of several microbial pathogens on Arabidopsis thaliana using real-time
fluorescence PCR. FEMS Microbiol. Lett. 2003, 228, 241–248. [CrossRef]

57. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res.
2001, 29, e45. [CrossRef]

58. Saleh, A.; Alvarez-Venegas, R.; Avramova, Z. An efficient chromatin immunoprecipitation (ChIP) protocol
for studying histone modifications in Arabidopsis plants. Nat. Protoc. 2008, 3, 1018–1025. [CrossRef]

59. Haring, M.; Offermann, S.; Danker, T.; Horst, I.; Peterhansel, C.; Stam, M. Chromatin immunoprecipitation:
Optimization, quantitative analysis and data normalization. Plant Methods 2007, 3, 11. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/1939-8433-6-8
http://www.ncbi.nlm.nih.gov/pubmed/24280590
http://dx.doi.org/10.1038/srep45894
http://www.ncbi.nlm.nih.gov/pubmed/28418019
http://dx.doi.org/10.1093/nar/gnh091
http://dx.doi.org/10.1016/j.ydbio.2005.10.036
http://dx.doi.org/10.1080/07388551.2016.1271767
http://dx.doi.org/10.1016/j.pbi.2016.08.002
http://dx.doi.org/10.1074/jbc.M117.802074
http://www.ncbi.nlm.nih.gov/pubmed/27208270
http://dx.doi.org/10.3389/fpls.2016.01977
http://www.ncbi.nlm.nih.gov/pubmed/28111580
http://dx.doi.org/10.1016/j.plantsci.2015.04.017
http://www.ncbi.nlm.nih.gov/pubmed/26089147
http://dx.doi.org/10.1093/gbe/evz033
http://www.ncbi.nlm.nih.gov/pubmed/30753418
http://dx.doi.org/10.1111/nph.15408
http://dx.doi.org/10.1016/S0378-1097(03)00759-6
http://dx.doi.org/10.1093/nar/29.9.e45
http://dx.doi.org/10.1038/nprot.2008.66
http://dx.doi.org/10.1186/1746-4811-3-11
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Histone Mark H3K9ac on SlyDES, SlyDOX1, SlyLoxD, and SlyWRKY75 Genes in Tomato Plants’ Early Response to B. cinerea 
	Histone Marks H3K9ac and H3K4me3 on SlyDES, SlyDOX1, SlyLoxD, and SlyWRKY75 Genes in Tomato Plants Infected by P. syringae 
	Presence of RNAPII in SlyDES, SlyDOX1, SlyLoxD, and SlyWRKY75 in Response to B. cinerea and P. syringae 
	Epigenetic Marks H3K9ac and H3K4me3 and the Presence of RNAPII at the SlyWRKY75 Intron in Response to B. cinerea or P. syringae 
	Analysis of SlyWRKY75 Transcript Processing in Response to B. cinerea or P. syringae 
	Epigenetic Marks H3K9ac and H3K4me3 and Presence of RNAPII in the Sly-miR1127-3p Structural Gene in Response to B. cinerea and P. syringae 

	Discussion 
	Materials and Methods 
	S. lycopersicum Growth Conditions 
	B. cinerea Bioassay 
	P. syringae Bioassay 
	Gene Expression Quantification by RT-qPCR 
	miRNA Assay 
	Chromatin Isolation and Immunoprecipitation Protocol 
	Data Interpretation and Statistical Analysis 

	References

