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N-acetylglutamic acid alleviates
oxidative stress based on histone
acetylation in plants

Takeshi Hirakawa*, Seia Tanno and Kazuaki Ohara

Kirin Central Research Institute, Kirin Holdings Company, Ltd., Fujisawa, Kanagawa, Japan

Oxidative stress causes cellular damage and genomic instability through the
accumulation of reactive oxygen species (ROS) in plants, resulting in reduced
crop production. Chemical priming, which can enhance plant tolerance to
environmental stress using functional chemical compounds, is expected to
improve agricultural yield in various plants without genetic engineering. In the
present study, we revealed that non-proteogenic amino acid N-acetylglutamic
acid (NAG) can alleviate oxidative stress damage in Arabidopsis thaliana
(Arabidopsis) and Oryza sativa (rice). Exogenous treatment with NAG prevented
chlorophyll reduction induced by oxidative stress. The expression levels of ZAT10
and ZAT12, which are regarded as master transcriptional regulators in response
to oxidative stress, increased following NAG treatment. Additionally, Arabidopsis
plants treated with NAG showed enhanced levels of histone H4 acetylation at
ZAT10 and ZATI12 with the induction of histone acetyltransferases HAC1 and
HAC12. The results suggest that NAG could enhance tolerance to oxidative stress
through epigenetic modifications and contribute to the improvement of crop
production in a wide variety of plants under environmental stress.

KEYWORDS
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1 Introduction

As sessile organisms, plants are exposed to various environmental stress factors, such as
heat, drought, cold, and salinity, which inhibit growth and reduce crop biomass. In
response to environmental stress in plants, oxidative stress, which is caused by the
accumulation of reactive oxygen species (ROS) derived from electron energy in the
chloroplasts, mitochondria, and peroxisomes, causes cellular damage through membrane
oxidation and the collapse of photosynthesis. ROS generation is induced by both biotic and
abiotic stresses, such as microbial pathogens (Kim and Hwang, 2014; Yang et al., 2017).
Abiotic and biotic stresses disrupt the equilibrium between production and removal of
intracellular ROS. This disruption of ROS equilibrium leads the overaccumulation of ROS,
which causes oxidative stress. Oxidative stress also threatens the genome stability of plants
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owing to genotoxic stress, leading to effects such as replication error,
cell cycle arrest, and cell death (Baxter et al., 2014). Therefore,
plants must respond rapidly and plastically to oxidative stress to
maintain their stability at the cellular and genomic levels. In
response to plant oxidative stress, low molecular antioxidants,
such as flavonoids, anthocyanin, ascorbate and glutathione, are
accumulated in tissues, therefore preventing cellular damage caused
by ROS (Gechev et al., 2006). Arabidopsis overexpressing flavonol
regulator MYBI12/PEGI and anthocyanin regulator MYB75/PAP]I
accumulates flavonoids and anthocyanins, such as glycosides of
kaempferol, quercetin, and cyanidin, which increases its tolerance
to oxidative and drought stress (Nakabayashi et al, 2014). In
addition to non-enzymatic ROS scavenging systems, ROS is
removed by several antioxidant enzymes in plants. Superoxide
anion (O, ") generated in chloroplasts is altered to O, or H,O, by
superoxide dismutases (SODs), and then H,O, is detoxified by
ascorbate peroxidases (APXs) to maintain photosynthesis activity,
under stress conditions (Alscher et al.,, 2002; Shigeoka et al., 2002).
Conversely, in mitochondria, the detoxification of H,0, by
glutathione peroxidases is achieved to maintain cellular
respiration, suggesting that genetic engineering to improve the
expression of such antioxidant enzymes in plants confers
tolerance to oxidative stress (Anjum et al., 2016). Overexpression
of Populus ascorbate peroxidase (PpAPX) in Nicotiana tabacum
alleviated not only oxidative stress but also salinity and drought
stress through increases in chlorophyll content and APX activity (Li
etal,, 2009). Additionally, Ipomoea batatas overexpression of [bAPX
results in the acquisition of tolerance against salinity stress, with a
reduction in ROS accumulation (Yan et al., 2016).

In addition to genetic engineering, chemical priming, which is a
strategy that enhances tolerance to environmental stress based on
the regulation of gene expression using functional chemical
compounds, is expected to improve crop production in a wide
range of plant species (Sako et al., 2021). Exogenous treatment with
acetic acid increases the expression levels of jasmonate signalling
pathway genes, conferring tolerance to drought stress in several
plant species, such as Arabidopsis thaliana (Arabidopsis), Zea mays,
Triticum aestivum, Oryza sativa (rice), and Brassica napus (Kim
et al., 2017). Arabidopsis and Lactuca sativa plants treated with
ethanol exhibit enhanced tolerance to heat stress, which is
associated with the stimulation of response to unfolded proteins
(Matsui et al, 2022). Heat stress is also modulated following
treatment with B-aminobutyric acid (BABA) in Arabidopsis and
Brassica rapa, through the induction of heat shock proteins and the
improvement of photosynthesis performance and antioxidant
systems, respectively (Zimmerli et al., 2008; Quan et al.,, 2022).
Although chemical priming is an effective strategy of alleviating
damage caused by environmental stress in plants without genetic
engineering, little is known about the chemical compounds that
enhance tolerance to oxidative stress in plants.

Studies using Saccharomyces cerevisiae (yeast) have shown that
arginine metabolism plays a role in protection against damage caused
by oxidative stress. N-acetyltransferase MPR1, which converts proline
metabolism intermediate A'-pyrroline-5-carboxylate (P5C)/
glutamate-y-semialdehyde (GSA) to N-acetyl-GSA in arginine
metabolism, is required for the alleviation of oxidative and heat
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stress in yeast (Nishimura et al., 2010). MPRI confers tolerance to
these stressors by preventing ROS accumulation associated with
arginine synthesis. Furthermore, nitric oxide (NO) converted from
arginine by the flavoprotein Tah-18 contributes to stress tolerance in
yeast suggesting that the enhancement of arginine metabolism could
confer tolerance to oxidative stress in plants (Nishimura et al., 2013).
In fact, overexpression Solanum lycopersicum N-acetylglutamate
synthasel (SINAGSI), which converts glutamic acid (Glu) to N-
acetylglutamic acid (NAG) in the first step of arginine metabolism
in chlorophyll, alleviates the damage caused by drought and salt stress
through the accumulation of intermediates of arginine metabolism in
Arabidopsis (Kalamaki et al., 2009). However, little is known about
the effects and the underlying molecular mechanisms of arginine
metabolism intermediates during chemical priming.

The expression of stress-responsive genes in plants is
plastically and rapidly regulated by histone modifications,
especially histone acetylation which is closely related to
transcriptional activation (Sako et al., 2021). Histone H3 lysine
9 acetylation (H3K9ac) and H4 acetylation (H4ac) increase
Arabidopsis T87 cell and tobacco BY-2 cell in response to cold
and salinity stress (Sokol et al., 2007; Kurita et al., 2017).
Deficiency in HDAY, which is one of the histone deacetylases,
results in reduction of heat stress tolerance due to deposition of
H3K9ac at heat stress-responsive genes in Arabidopsis (Niu et al.,
2022). Additionally, the inhibitor of class I-type histone
deacetylase (HDAC) alleviates salinity stress in Arabidopsis by
upregulation of Na'/H" antiporter SOSI, in response to the
activation of H4ac (Sako et al, 2016). These findings suggest
that the fine-tuning of histone acetylation is important for plant
response to various environmental stress.

In the present study, we revealed that the non-proteogenic
amino acid N-acetylglutamic acid (NAG), an intermediate in
arginine metabolism in plants, can be used for chemical priming
against oxidative stress. In Arabidopsis, exogenous treatment with
NAG conferred tolerance to oxidative stress through the
upregulation of oxidative stress-responsive genes, with an increase
in histone acetylation levels. Additionally, rice treated with NAG
exhibited tolerance to oxidative stress, based on the elevated
expression levels of antioxidant enzymes, indicating that NAG
could be used as a priming compound to enhance tolerance to
oxidative stress in plants.

2 Materials and methods
2.1 Plant materials and growth condition

Arabidopsis plants used in the present study were Col-0
accessions. Sterilized Arabidopsis seeds were incubated in D.W. at
4°C for 24 h. After incubation, seeds were sown in liquid medium
containing 1/2 Murashige and Skoog (MS) medium and 1% (w/v)
sucrose, and then placed in an incubator set at 22°C, with a 16-h
light/8-h dark photoperiod. Rice plants used in the present study
were Nipponbare cultivar. Sterilized rice seeds were incubated in
liquid medium containing 1/2 MS in an incubator set at 30°C, with a
16-h light/8-h dark photoperiod.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1165646
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Hirakawa et al.

2.2 Measurement of chlorophyll content

Chlorophyll content was measured as previously described
(Yamaguchi et al., 2021). To measure Arabidopsis chlorophyll
contents, seven-day-old seedlings were treated with 0-0.4 mM N-
acetylglutamic acid (NAG, Tokyo Chemical Industry Co., Ltd.),
under 5 uM methyl viologen (MV, Sigma-Aldrich), for 48 h. Five
seedlings were placed in 1 mL N, N’- dimethylformamide (DMF) in
1.5-mL tubes, and then incubated at 4°C for 24 h. After incubation,
the absorbance of the extraction liquid was measured at 646.8 nm
and 663.8 nm on an NP80 spectrophotometer (Implen, Munich,
Germany). Total chlorophyll contents were calculated using the
following formula: Chl a + b (UM) = 19.43 Ages + 8.05 Agezs. TO
measure the chlorophyll content of rice, three-day-old plants were
treated with NAG (0.5 mM) for 24 h and then incubated with 2.5
mM MV for 48 h. Three second foliage leaves were placed in 1 mL
DME. After incubation at 4°C for 24 h, the extraction liquid was
used as a sample for the measurement of chlorophyll content. Each
chlorophyll content (UM/mgFW) was determined relative to the
chlorophyll content of plants with 0 mM NAG and 0 uM MV.

2.3 DAB staining

DAB staining was carried out as previously described with
minor modification (Yamaguchi et al, 2021). Seven-day-old
Arabidopsis seedlings were treated with 0.4 mM NAG and 5 uM
MV for 24 h. After incubation, seedlings were stained with
peroxidase stain DAB Kit (Nacalai) for 2 h in dark with gentle
shaking. Stained seedlings were transferred to bleaching solution
(60% ethanol, 20% acetic acid and 20% glycerol) and boiled for 15
min. Samples mounted with 50% glycerol were observed with
§ZX16 (EVIDENT) equipped with DP23 digital camera
(EVIDENT). The experiment was conducted using three
biological replicates.

2.4 RNA extraction and gene
expression analysis

Total RNA was isolated from whole seedlings of Arabidopsis
and rice using an RNeasy Plant Mini Kit (QIAGEN, Hilden,
Germany). RNA was extracted according to the manufacturer’s
instructions. Genomic DNA was extracted using an RNase-free
DNase set (QIAGEN).

For gene expression analysis, cDNA was synthesized from 1 pg
total RNA with a Verso cDNA Synthesis Kit (Themo Fisher
Scientific, Waltham, MA, USA). RT-qPCR analysis was
performed using TB Green Premix EX Taq II (TaKaRa Bio Inc.,
Shiga, Japan), gene-specific primers, and a Light Cycler 480 (Roche,
Basel, Switzerland). PP2AA3 and OsACTINI (gene annotation:
0s03t0718100) were used as internal controls in Arabidopsis and
rice, respectively. Normalized expression levels were calculated
using 2/ (-delta delta Ct) method. The primers used for the RT-
qPCR analyses are listed in Supplementary Table SI.
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2.5 Chromatin immunoprecipitation
and gPCR

Chromatin immunoprecipitation (ChIP) was performed as
previously described, with minor modifications (Yamaguchi et al,
2014). Seven-day-old seedlings were treated with 0.4 mM NAG for
2 h and fixed with 1% formaldehyde for 15 min. After neutralization
of the formaldehyde with glycine for 5 min, 1 g of the tissue was
ground in liquid nitrogen using a mortar and pestle. Chromatin was
isolated from the nuclear extract using nuclear extraction buffer.
Fragmentation of chromatins were performed with Bioruptor®
UCD-250 (Cosmo Bio., Ltd., Tokyo, Japan) using power mode H
and an on/oft cycle of 30 s/60 s, for a total duration 12 min, on ice.
Antibodies were added to the fraction of fragmented chromatins
after preclearing, and then the samples were rotated overnight at 4°
C. Five microliters of anti-H4ac antibody (Merck Millipore: 06-866)
and 2 pL of anti-H3K4me3 (Abcam: ab8580) were used
in immunoprecipitation.

qPCR analysis was performed using TB Green Premix EX Taq 11
(TaKaRa), gene-specific primers, and a Light Cycler 480 (Roche).
TA3 was used as the negative control. The primers used for the
qPCR analysis are listed in Supplementary Table SI1. ChIP
experiments were repeated three times with three technical
replicates. Statistical analysis was performed using Student’s ¢-test.

3 Results

3.1 N-acetylglutamic acid alleviates
oxidative stress in Arabidopsis thaliana

To confirm whether NAG has a capacity to alleviate oxidative
stress damage in plants, we observed the responses of Arabidopsis
to oxidative stress following treatment with NAG. Arabidopsis
plants treated with MV, which produces reactive oxygen species
(ROS) in chloroplasts, and is used to induce oxidative stress in
plants, showed chlorosis of the cotyledons with a reduction in
chlorophyll content (Figures 1A, B). In contrast, MV-induced
chlorosis and reduction in chlorophyll content were suppressed in
plants treated with NAG, in a dose-dependent manner (Figures 1A,
B). DAB staining, which could detect H,O, as a brown signal in
tissues, also showed that the frequency of MV-induced H,O, in
seedlings treated with NAG was lower than that of seedlings
without NAG (Figure 1C). These results suggest that NAG
alleviated oxidative stress by preventing chlorosis and the
accumulation of ROS in Arabidopsis.

3.2 N-acetylglutamic acid enhances the
expression of genes involved in responses
to oxidative stress

Several amino acids alleviate environmental stress in plants by

activating the expression of stress-response genes. Therefore, we
investigated whether NAG activates the expression of genes
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N-acetylglutamic acid enhances oxidative stress tolerance in Arabidopsis thaliana. (A) Seedlings treated with 0, 0.01, 0.1, and 0.4 mM N-
acetylglutamic acid (NAG) under 5 uM methyl viologen (MV) for 48 h. (B) Chlorophyll contents in seedlings treated with 0, 0.01, 0.1, and 0.4 mM
NAG under 5 uM MV for 48 h. Error bars indicate standard error. n = 15. P < 0.05 (Tukey test). (C) DAB staining for the detection of H,O, in
cotyledons of seedlings treated with or without 0.4 mM NAG and 5 uM MV for 24 h. Three biological replicates were conducted. Scale bar: 0.5 mm.

involved in response to oxidative stress in Arabidopsis. The
expression levels of ZAT10 and ZAT12, which are zinc-finger type
transcription factors regarded as master regulators in response to
oxidative stress in plants, increased with NAG treatment without
MV (Figure 2). Furthermore, we observed that exogenous treatment
of NAG increased the expression of alternative oxidase 1a (AOX1a)
and [-ascorbate peroxidasel and 2 (APX1 and APX2), which
scavenge ROS and modulate cellular damage in response to
oxidative stress (Figure 2). Induction of the genes above was
observed in plants treated with NAG under control conditions,
which was unrelated to MV treatment. According to the results,
NAG increased the expression levels of oxidative stress-response
genes, independent of oxidative stress damage.

Frontiers in Plant Science

3.3 Histone acetylation of ZAT10 and
ZAT12 increased by N-acetylglutamic acid

Phenotype and gene expression analyses revealed that NAG can
modulate oxidative stress damage in plants. However, the molecular
mechanism controlling the expression of oxidative stress-response
genes in NAG remains unknown. In Arabidopsis, exogenous
treatment of acetic acid confers drought tolerance accompanied
with the activation of some transcription factors including ZAT10
through histone H4 acetylation (Kim et al., 2017). Therefore, we
examined whether histone acetylation increased at ZATI0O and
ZATI2 following NAG treatment. Chromatin immunoprecipitation
- quantitative PCR (ChIP-qPCR) showed the levels of histone H4ac
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FIGURE 2

Expression levels of genes involved in responses to oxidative stress increased following treatment with N-acetylglutamic acid (NAG). Expression
levels of ZAT10, ZAT12, AOX1a, APX1 and APX2 in seedlings treated with or without 0.4 mM NAG and 5 uM methyl viologen for 2 h. Error bars

indicate the standard error. n = 3. P < 0.05 (Tukey test).

at the 5’ region of ZAT10, and ZAT12 was increased in plants treated
with NAG (Figure 3A). In contrast, histone H3 lysine 4
trimethylation (H3K4me3), whose modification levels are
correlated with the activation of gene expression, was enhanced
only at ZATI2 and not at ZATI0, following NAG treatment
(Figure 3B). The results suggest that NAG activates the expression
of ZAT10 and ZAT1I2 by regulating histone acetylation.

To investigate the molecular mechanisms underlying histone
acetylation of oxidative stress-response genes following NAG
treatment, we investigated the expression levels of several histone
acetyltransferases (HATSs). Among the HATs, the expression levels
of ARABIDOPSIS HISTONE ACETYLTRANSFERASE OF THE
CBP FAMILY 1 and 12 (HACI and HACI2) were specifically
increased in plants treated with NAG when compared with that
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05

in the control plants (Figure 4). Therefore, NAG facilitated HACI
and HACI2 to activate the oxidative stress-response genes through
histone acetylation.

3.4 N-acetylglutamic acid confers
tolerance to oxidative stress in Oryza sativa

To examine whether NAG alleviates oxidative stress in plants
other than Arabidopsis, we observed response to oxidative stress in
the monocotyledonous plant rice. MV-induced chlorosis and
reduced chlorophyll contents in the leaves of rice and Arabidopsis
(Figures 5A, B). Following to MV, rice plants treated with NAG
showed higher amounts of chlorophyll in the leaves than plants not
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N-acetylglutamic acid (NAG) increases histone acetylation levels at ZAT10 and ZAT12. (A) Top: Levels of histone H4 acetylation (H4ac) at ZAT10 and
ZAT12 of seedlings treated with 0.4 mM NAG for 2 h. Error bars indicate standard error. n = 3. **P <0.01, *P < 0.05 (student's t-test). Bottom:
Diagrams of ChIP-qPCR analysis. Green bars indicate the regions amplified by gPCR. (B) Levels of histone H3 lysine 4 trimethylation (H3K4me3) at
ZAT10 and ZAT12 in seedlings treated with 0.4 mM NAG for 2 h. Error bars indicate standard error. n = 3. **P < 0.01 (student's t-test)

treated with NAG (Figures 5A, B). Additionally, the expression
levels of OsAOXIa and OsAOX1b increased in rice plants treated
with NAG, which was similar to the results in Arabidopsis
(Figure 5C). The results suggest that NAG can alleviate damage
caused by oxidative stress by activating oxidative stress-response
genes in rice.
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4 Discussion

In this study, we demonstrated that NAG alleviates oxidative
stress by regulating the expression of oxidative stress-response
genes in Arabidopsis and rice. NAG is converted from Glu by N-
acetylglutamate synthase (NAGS) in the first step of the arginine

frontiersin.org


https://doi.org/10.3389/fpls.2023.1165646
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Hirakawa et al.

10.3389/fpls.2023.1165646

HAC1 HAC12 HAF1
14 r * 14 r * 12 r
) I I
L I L
;:: 1.2 1.2 1} I
g 1r I o1 0.8
5 0.8 08 r 06 |
206 0.6
£04 | 04 0.4
202t 02 | 02 r
c
g o ° °
0 0.4 0 04 0 0.4
Concentration of NAG (mM) Concentration of NAG (mM) Concentration of NAG (mM)
HAF2 HAG1 HAGS5
12 r 14 r 14 r
™
I 1t I 12 t I 12 } .
Q L L
S 08 | 1 I 1 g
S 06 08 r 0.8 r
g 06 r 0.6 f
%0'4 I 04 04
z202r¢ 02 | 02 |
<
g o 0 °
0 04 0 0.4 0 0.4
Concentration of NAG (mM) Concentration of NAG (mM) Concentration of NAG (mM)
FIGURE 4

Induction of histone acetyltransferases with the treatment of N-acetylglutamic acid (NAG). Expression levels of HAC1, HAC12, HAF1, HAF2, HAG1 and
HAGS5 in seedlings treated with or without 0.4 mM NAG for 2 h. Error bars indicate the standard error. n = 3. *P < 0.05 (Student’s t-test)

pathway in plants. SINAGSI enhances tolerance to drought and salt
stress in Arabidopsis, which is associated with the accumulation of
ornithine, a precursor of arginine (Kalamaki et al., 2009).
Overexpression of Z. mays N-acetylglutamate kinase (ZmNAGK),
which phosphorylates NAG to proceed to arginine metabolism, in
Nicotiana tabacum, resulted in greater resistance to drought stress
than in wild-type plants with the accumulation of arginine, leading
to the hypothesis that exogenous treatment with NAG modulates
several environmental stress factors, including oxidative stress, with
the activation of arginine metabolism as well as gene regulation
activity involving stress-response genes (Liu et al., 2018). In
response to heat stress, NO synthesised during arginine
metabolism transduces the heat stress signal from the shoot apex
to the roots to enhance systemic resistance by upregulating heat
stress-response genes in Arabidopsis (He et al., 2022). Therefore,
the role of NAG as an activator of systemic resistance via arginine
metabolism in response to oxidative stress needs to be examined.

Frontiers in Plant Science

NAG is an intermediate converted from Glu during arginine
metabolism in plants, suggesting that Glu-related compounds
modulate the damage caused by environmental stress in plants.
Exogenous treatment with Glu enhances systemic resistance in the
immune system by upregulating defence-related genes, resulting in
resistance to pathogen infection in Arabidopsis and rice (Kadotani
et al, 2016; Goto et al, 2020). Additionally, deficiency in
GLUTAMATE DECARBOXYLASEs (GADs), which synthesise
GABA from Glu, results in a reduction in heat stress and high-
light stress tolerance in Arabidopsis (Balfagon et al., 2022).
Therefore, the application of Glu-related compounds, including
NAG, may confer tolerance to several environmental stress factors
in plants.

Exogenous treatment of NAG increased expression levels of
oxidative stress-response genes in Arabidopsis (Figure 2).
Overexpression of ZATI10 or ZATI2 in Arabidopsis induces the
upregulation of genes involved in responses to some environmental
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N-acetylglutamic acid (NAG) alleviates oxidative stress damage in Oryza sativa. (A) Seedlings treated with or without 0.5 mM NAG under 2.5 uM
methyl viologen (MV) for 48 h. (B) Chlorophyll amounts in seedlings treated with or without 0.5 mM NAG under 2.5 uM MV for 48 h. Error bars
indicate standard error. n = 15. *P < 0.05 (Tukey test). (C) Expression levels of OsAOXIa and OsAOX1b in seedlings treated with or without 0.4 mM
NAG and 5 uM MV for 2 h. Error bars indicate the standard error. n = 3). P < 0.05 (Tukey test).

stress factors, such as heat, oxidative, osmotic, and salinity stress,
resulting in tolerance to the stress factors. Deficient mutant of
ZATI12 could not enhance the expression levels of APX1 in response
to oxidative stress, and APXI expression was activated with NAG
treatment as well as ZAT12 (Figure 2) (Rizhsky et al., 2004). Thus,
transcriptional cascade from ZATI2 to APXI may function in
plants treated with NAG in response to oxidative stress. ZATI10
directly regulates the transcriptional activity of genes related to the
cadmium (Cd) uptake and detoxification to confer Cd tolerance
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under higher Cd conditions in Arabidopsis (Dang et al., 2022).
Additionally, ZAT12 prevents the overaccumulation of iron (Fe) in
Arabidopsis shoots by negatively controlling the transcription
involved in Fe uptake (Le et al, 2016). Therefore, NAG may
alleviate environmental stress, excluding oxidative stress, through
the regulation of ZATI0 or ZAT12 expression.

We also confirmed that histone levels H4ac were increased by
NAG treatment (Figure 3A). Several synthetic and natural
compounds can modulate the epigenetic modification of stress-
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response genes, resulting in stress tolerance in plants. Treatment
with Ky-2, an inhibitor of HDAGC, alleviates salinity stress through
the activation of the Na®/H" antiporter SOSI based on the
upregulation of histone H4ac in Arabidopsis (Sako et al., 2016).
The induction of JA signalling associated with the hyperacetylation
of histones H3 and H4 via the HDAC inhibitor suberoylanilde
hydroxamic acid (SAHA) confers salinity stress tolerance in
Manihot esculenta. Acetic acid activates jasmonate signalling
associated with an increase in histone H4ac levels, resulting in
drought stress tolerance in Arabidopsis, rice, Z. mays, T. aestivum,
and B. napus (Kim et al., 2017). Radioisotope experiments using
acetic acid labelled with "*C show the possibility that acetic acid is
used as a substrate for histone H4ac in Arabidopsis. Interestingly,
acetic acid is also used as a substrate for acetylation of tRNA
catalysed by acetyltransferase tmcAL in Bacillus subtilis, suggesting
that NAG might function as a substrate of acetyl group for
acetylation at oxidative stress-responsive genes, including histone
acetyltransferases (Taniguchi et al., 2018).

Although several studies have explored chemical compounds that
alleviate the damage caused by environmental stresses based on
histone acetylation, little is known about the effects of chemical
compounds involved in epigenetic modification other than histone
acetylation. Studies using specific Arabidopsis mutants have
demonstrated that histone methylation contributes to stress
tolerance. For example, deficiency in LDLI, which is a histone
demethylase of histone H3 Lys 4 di-methylation (H3K4me2),
causes the accumulation of DNA damage due to genotoxic stress in
Arabidopsis (Hirakawa et al, 2019). Additionally, the removal of
histone H3 Lys 27 tri-methylation (H3K27me3) on heat stress-
response genes by the histone demethylase JUMONJIs (JM]26,
JMJ29, ERF6, REF6) is required for priming against heat stress,
indicating that manipulation of histone methylation using chemical
compounds could enhance stress tolerance (Yamaguchi et al., 2021).

Although exogenous treatment with NAG specifically increases
the expression levels of the histone acetyltransferases HACI and
HACI2, which are involved in the regulation of flowering time and
sugar response, the molecular mechanisms underlying the
upregulation of the genes by NAG remains unknown (Figure 4)
(Han etal.,, 2007; Chen et al., 2019). Recently, it has been revealed that
defence responses attributed to volatile organic compounds (VOCs)
emitted from plants in response to herbivory could be enhanced
based on chromatin remodelling (Onosato et al., 2022). Among
VOCs, caryophyllene, a sesquiterpene, increases the expression
levels of defence-related genes in tobacco BY-2 cells through
binding with TOPLESS (TPL)-like protein, which functions as a
transcriptional co-repressor by interacting with the transcription
factor (Nagashima et al., 2019). The findings of the present study
indicate that NAG could activate the expression of oxidative stress-
response genes, including histone acetyltransferases, based on
chromatin remodelling activities modulated by chromatin modifiers
such as TPL-like proteins.
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