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c HUN-REN Biological Research Center, Temesvári krt. 65, Szeged 6726, Hungary
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A B S T R A C T

Nitric oxide (NO) is a multiregulatory signal molecule that integrates development and stress responses. To 
elucidate the molecular mechanisms of NO phytoeffects and to identify NO-associated genes, both genetic 
screens and genome-wide transcriptome analysis have been employed in numerous studies. Forward genetic 
screens have linked NO signalling to key biological processes, such as photosynthesis, cytokinin metabolism, 
stress adaptation, and cell cycle regulation. Reverse genetics has further characterized the role of NO-related 
genes involved in NO biosynthesis (e.g., NIA1/NIA2, NOA1), signalling (e.g., GSNOR, NPR1), stress responses 
(e.g., ABI4, RBOHD), and development (e.g., HO1, NOX1). Across multiple plant species, high-throughput 
transcriptomic techniques have identified thousands of NO-responsive genes involved mainly in hormonal sig
nalling, carbohydrate metabolism, cell wall formation and stress responses. Beyond transcriptional control, NO 
has been found to influence gene expression through epigenetic mechanisms, such as histone acetylation and 
methylation, as well as DNA methylation. Nitric oxide also modifies key transcription factor families, altering 
their stabilities, DNA-binding capacity, and protein-protein interactions. Overall, this review underscores the 
central role of NO in modulating gene expression through multiple regulatory layers in plants.

1. Introduction

Nitric oxide (NO) is an ancient molecule which has been suggested as 
a crucial signalling factor which can be traced back to the origin of life. 
The formation of NO may have been a critical defence mechanism for 
primitive microorganisms against the detrimental effects of reactive 
oxygen species (ROS) (Feelisch and Martin, 1995). In addition, NO has 
been suggested as a major contributor of accessible nitrogen on the early 
Earth (Lundberg and Weizberg, 2022). Beyond its environmental for
mation, NO is produced also by living cells of bacteria, fungi, animals, 
humans and plants. Within the plant body, NO is a key signal molecule 
influencing a range of physiological processes including seed germina
tion (Zhang et al., 2023), root system development (Sanchez-Corrionero 
et al., 2023), photomorphogenesis (Latorre et al., 2023), flowering 
(Seligman et al., 2008), and senescence (Hussain et al., 2022). Further 
studies highlight the role of NO in plant responses to both biotic and 

abiotic stresses including pathogen infections, herbivore attacks, 
drought, salinity, extreme temperatures, nutrient deficiencies, heavy 
metals (Khan et al., 2023; Wani et al., 2021).

In contrast to the well-defined NO-producing enzyme system in an
imals, NO formation in plants occurs through a series of reactions that 
diverge from primary metabolic pathways. Oxidative NO formation is 
possible by degradation of polyamines (Wimalasekera et al., 2011; Groß 
et al., 2017), oxidation of hydroxylamines (Rümer et al., 2009) or 
oxidation of oximes involved in the synthesis of auxins (López-Gómez 
et al., 2024). Oximes are derived from aldehydes or ketones by reaction 
with hydroxylamine (NH₂OH) (Sørensen et al., 2018). Additionally, ni
trates and nitrites can be reduced and NO produced with the direct or 
indirect involvement of nitrate reductase (NR) and nitrite reductase, 
associated with nitrogen assimilation (Rockel et al., 2002; Mohn et al., 
2019, Chamizo-Ampudia et al., 2016). Recently, peroxisomal sulfite 
oxidase has been identified as a source of NO in the presence of nitrate 
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and NADH in pepper (Corpas et al., 2025). Non-enzymatic reduction of 
nitrates/nitrites can also happen in the mitochondrial electrontransport 
chain (Kumari et al., 2023) or in acidic cell environment (Wang and 
Hargrove, 2013).

In living organisms, NO is a small, diatomic, membrane-permeable 
molecule. Its unique physical and chemical properties include high 
diffusibility due to its small size and gaseous state at physiological 
temperatures that enables NO’s wide range of functions. Excellent 
mobility enables NO to rapidly pass through cellular membranes and 
diffuse over short distances within tissues (Lancaster, 1997). NO has an 
unpaired electron in its 2p-π antibonding orbital that ensures its radical 
and redox active characteristics. In biological systems, NO has three 
interchangeable forms: nitric oxide (NO⋅) is the most radical form and 
this is the most basic and reactive form of NO. Loss of the unpaired 
electron yields nitrosonium cation (NO+), while gaining an electron 
leads to the formation of nitroxyl anion (NO-) (Stamler et al., 1992). 
Compared to other radicals, NO has a relatively long half-life around few 
seconds, and its half-life depends on its actual concentration (Neill, 
2005), and on its actual radical form.

The unique nature of the NO signal molecule is further evidenced by 
the fact that plant cells seem to lack one distinct and specific receptor or 
receptor family for NO sensing (León, 2022). Instead, the perception of 
NO and the transfer of its biological activity leading to altered gene 
expressions are realized mainly by post-translational modifications 
(PTMs) following its redox transformations. NO can be oxidized to ni
trogen dioxide (NO₂) or can form peroxynitrite (ONOO⁻) in the reaction 
with superoxide (O₂●⁻). These oxidized forms of NO are involved in 
modifying certain proteins through nitration or nitrosation affecting 
their structure, subcellular localization, function, activity, 
protein-protein interactions (Kolbert and Lindermayr, 2021). Tyrosine 
nitration, involving the irreversible addition of a nitro group to tyrosine 
residues, modifies protein activity and serves as a marker of oxidative 
stress, integrating NO signalling with ROS pathways (León, 2022). 
NO-catalysed metal nitrosylation involves the binding of NO to metal 
centers in metalloproteins with few known examples in plants (Astier 
and Lindermayr, 2012). In the transfer of NO’s bioactivity, S-nitrosation 
has been proved to have crucial role. The reversible addition of a NO 
group to a cysteine thiol yields S-nitrosothiol, a key residue in NO sig
nalling, able to produce nitrosonium ion or NO. The microenvironment 
surrounding cysteine residues, including low pKa sulfhydryl groups and 
hydrophobic motifs, influences their NO accessibility and reactivity. 
Consensus motifs for S-nitrosation often involve acidic and basic resi
dues flanking the target cysteine, although this is still debated (Kolbert 
and Lindermayr, 2021). Hundreds of endogenously S-nitrosated proteins 
have been identified in plants including numerous transcription factors 
(TFs), and the modification of their activity or DNA-binding is one of the 
major ways of NO-associated regulation of gene expression. S-nitro
sation of wide range of target proteins can modulate various plant 
physiological responses, defence mechanisms and hormone signalling 
pathways (Borrowman et al. 2023; Saini et al., 2023).

In addition to PTMs, NO-related signalling and gene expression oc
curs through the bidirectional interplay with calcium (Ca2+) homeo
stasis (Courtois et al., 2008). The production of NO is partly or strictly 
Ca2+-dependent in plants challenged by microbe-associated molecular 
patterns or pathogenic microorganisms. Also, NO can trigger Ca2+ level 
increase by mobilizing it from intracellular stores or facilitating its influx 
from the extracellular space (Jeandroz et al., 2013). This is supported by 
the NO-associated postharvest freshness of flowers which involves the 
increment of Ca2+/calmodulin (CaM) content, and the modulation of the 
expressions of Ca2+-regulated proteins (Zhang et al., 2018). Similar to 
this, Ca2+/CaM proved to be downstream element of NO signalling, 
protecting photosynthetic system and stimulating the antioxidant de
fense system in osmotic-stressed plants (Niu et al., 2017). These indicate 
that Ca2+ is a dowstream element in NO signalling. Furthermore, NO has 
been found to be involved in Ca2+ downstream signalling towards pro
moting growth, photosynthesis and redox status in arsenic-stressed 

mustard (Singh et al., 2020). Ca2+ and NO signalling may have syner
gistic effects in alleviating the detrimental effects of adverse conditions 
such as cadmium stress (Mir et al., 2022). Additionally, NO has been 
suggested to modulate Ca2+ signalling genes at the transcriptional level, 
and CaM was identified as protein target of NO-related S-nitrosation 
based on bioinformatic analyses (Jeandroz et al., 2013).

NO has been shown to control the activity of protein kinases via the 
interaction with calcium signalling (Courtois et al., 2008; Rezayian and 
Zarinkamar, 2023), and NO signalling has been linked to 
lipid-associated signal transduction (Gonorazky et al., 2014; Di Fino 
et al., 2021). Early works suggested the interplay between NO and cyclic 
guanosine monophosphate signalling, which is still uncertain (León and 
Costa-Broseta, 2020). Moreover, NO has been shown to regulate histone 
acetylation altering chromatin structure and modulate expression of 
numerous genes implicated in plant growth, development and stress 
responses (Ageeva-Kieferle et al., 2019, 2021). The above listed exam
ples indicate that NO exerts its regulatory effects on gene expression 
through numerous distinct mechanisms. This review aims to provide a 
comprehensive overview of these mechanisms, as well as to examine the 
approaches employed in the identification of NO-regulated and 
NO-associated genes.

2. Approaches to identify NO-related genes: genetic screens and 
transcriptomic analyses

Identification of NO-associated genes has been carried out by genetic 
screening of mutant populations or by transcriptomic analyses of 
exogenous NO exposed plants.

2.1. Genetic screens for searching NO-related genes

One effective approach for studying gene functions associated with 
developmental or physiological processes in an organism is to isolate the 
corresponding mutants with altered phenotypes. Genetic screens are key 
steps in the identification of mutations affecting diverse aspects of plant 
growth, development or responses to environmental effects. Chemical 
mutagens, such as ethyl methanesulfonate (EMS) can generate 
numerous allelic variants in any background of choice. Arabidopsis 
thaliana (T)-DNA insertion lines facilitate expeditious identification of 
mutant genes; however, the process of creating them in a mutant 
background is laborious. Nevertheless, T-DNA insertion lines are 
extensively used in reverse genetic strategies to identify mutations for 
genes of interest. Both forward and reverse genetic screens have been 
used to investigate NO-related plant genes. Forward genetics involves 
starting with an observable phenotypic trait, and then genetically dis
secting it to identify the responsible genes. In contrast, reverse genetics 
starts with a known gene and investigates its function and associated 
phenotypes (Aklilu et al., 2021). The principles of forward and reverse 
genetics in relation to plant NO research is depicted in Fig. 1.

In the context of NO regulation, Arabidopsis forward genetic screen 
was first conducted to identify mutants with altered primary root growth 
inhibition by NO donor sodium nitroprusside (SNP), in a fast neutron- 
mutagenized Arabidopsis (Col-0) collection (He et al., 2004, Fig. 2). 
The mutant seedlings exhibiting markedly shorter primary roots were 
selected as putative NO overproducer (nox) mutants for subsequent 
characterization. Using the most specific NO probe known to date, (4, 
5-diaminofluorescein diacetate), higher NO levels were detected in the 
selected mutant seedlings compared to wild type (WT) plants. The 
screen yielded six NOX1 alleles, with nox1–1 exhibiting the most pro
nounced reduction in root length in the presence of SNP. All lines had 
elevated NO levels relative to the WT, suggesting the overproduction of 
NO. Map-based cloning led to the identification of NOX1 as a homologue 
of chlorophyll a/b binding protein (CAB) underexpressed 1 (CUE1). The 
morphology of nox1 exhibited a high degree of similarity to that pre
viously documented for the cue1 mutant, including a small plant size and 
pale green leaves with a reticulate pattern. Further molecular genetic 
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studies have confirmed that NOX1 is CUE1. The cue1 mutants exhibited 
increased sensitivity to SNP and elevated NO levels, yet were unable to 
complement the nox1 phenotypes. Furthermore, deletion of the CUE1 
gene was observed in all six NOX1 alleles (He et al., 2004).

Later, Liu et al. (2013) applied forward genetics to screen for 
NO-insensitive mutants in Arabidopsis, employing T-DNA 
insertion-mutagenized and EMS-mutagenized Arabidopsis mutant col
lections. Similar to the previous experimental system, the externally 
administered NO was also SNP (120 µM), selecting NO insensitive large 
green leaves as mutant phenotypes. The selected lines were designated 
as continuous NO-unstressed (cnu) mutants. The cnu1–1 and cnu1–2 
mutant alleles were isolated from T-DNA insertion and EMS pools, 
respectively, and were shown as allelic through genetic analysis. The 
cnu1–1 and cnu1–2 were previously identified as altered meristem pro
gram 1 (amp1) with elevated levels of cytokinins and reduced levels of 
NO compared to the WT. Subsequent in vivo and in vitro experiments 
indicated the intriguing possibility that cytokinins may suppress the 
action of NO, potentially through a direct interaction between the two 
regulatory pathways (Liu et al., 2013, Fig. 2).

In another forward genetic screen, seed collection of T-DNA insertion 
mutants was employed, and agar-grown seedlings were treated with 
SNP in a manner that ensured the plants were not in contact with the 
donor, but only with the NO gas released from it in a closed Petri dish. To 
ensure the effectiveness of the treatment, ferricyanide was used as a 
control to exclude the possible effect of cyanide produced during SNP 

Fig. 1. Forward and reverse genetics in association with plant NO research. See 
explanation in the text. Abbreviations: NOX1/CUE1 - CHLOROPHYLL A/B 
BINDING PROTEIN UNDEREXPRESSED 1; CNU1/AMP1 - ALTERED MERISTEM 
PROGRAM 1; NES1/MAD1 – MITOTIC ARREST DEFICIENT 1; NIA1 – NITRATE 
REDUCTASE 1; NIA2 - NITRATE REDUCTASE 2; GSNOR1 - S-NITRO
SOGLUTATHIONE REDUCTASE 1; NPR1 - NONEXPRESSOR OF PATHOGENESIS- 
RELATED GENES 1.

Fig. 2. Forward genetic screens in NO-supplemented Arabidopsis. Schematic illustration of the experimental setups and main findings of forward genetic screens 
applied for detecting NO-associated genes in Arabidopsis. Abbreviations: SNP - sodium nitroprusside, SNAP - S-nitroso-N-penicillamine.
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decomposition. The screen identified a line designated nitric oxide- 
induced early cotyledon senescence (nes1) exhibiting higher degree of 
NO-induced cotyledon senescence than that observed in the WT. NO 
levels in the mutant and wild type plants were not compared in this 
study. Map-based cloning revealed that NES1 is allelic to the previously 
reported spindle assembly checkpoint protein MAD1 (MITOTIC ARREST 
DEFICIENT 1). The NO-accelerated cotyledon senescence in nes1–2 and 
delayed cotyledon senescence in the overproducer 35S::NES1 revealed 
the pivotal role of NO in supression of senescence. Further genetic 
interaction analysis between NES1 and the ethylene-associated tran
scription factor ORESARA1 (ORE1) indicated that ORE1 plays a domi
nant role and that NES1 exerts an antagonistic effect during NO-induced 
cotyledon senescence in Arabidopsis (Du et al., 2013, Fig. 2).

Based on germination stimulation, root growth and hypocotyl elon
gation, several forward genetic screens have been performed by the 
research group of Oscar Lorenzo using EMS-mutagenized Col-0 to search 
for NO-insensitive Arabidopsis mutants (Sanz et al., 2015, Fig. 2). The 
seeds were germinated in the presence of NO donors (SNP; S-nitro
so-N-penicillamine, SNAP) or scavenger (2–4 carboxyphenyl 4,4,5,5 
tetramethylimidazoline 1 oxyl 3 oxide, cPTIO). In this manner, the re
searchers were able to ascertain that the roots on the NO (ron1) line 
showed an insensitivity to NO-induced root shortening. Moreover, the 
lines elongated on NO 1, 2 (eon1 and eon2) were identified, and it was 
observed that their hypocotyl shortening in the presence of NO was 
negligible (Sanz et al., 2015, Fig. 2). The future comprehensive genetic 
characterisation of these lines may facilitate the identification of novel 
regulatory relationships and functional roles of NO.

During a recent screen in the EMS-mutagenized M2 population of the 
gsnor1–3 mutant, „repressor of gsnor1 (rog1)” mutation has been iden
tified, which specifically suppresses the semi-dwarf and bushy pheno
type of gsnor1 (Chen et al., 2020). The screen was based on scoring the 
restoration of developmental defects of gsnor1–3. ROG1 turned out to be 
a transnitrosylase that specifically modifies GSNOR1, and it is identical 
to the non-canonical catalase, CAT3. The authors proposed that as a 
transnitrosylase, ROG1 is a newly identified regulator of plant NO sig
nalling (Chen et al., 2020).

Reverse genetic screening has become a powerful approach for 
identifying and characterizing genes involved in NO biosynthesis, sig
nalling, and response in plants. Unlike forward genetics, reverse genetics 
tries to identify mutants for specific genes, and define their function 
after characterisation of the associated phenotype (Fig. 1). Reverse ge
netic screening is achieved by various molecular tools. T-DNA insertion 
mutagenesis uses Agrobacterium-mediated transformation to randomly 
insert T-DNA sequences into plant genomes, disrupting gene function 
(Gelvin, 2021; Koncz et al., 1992). High throughput sequencing of the 
T-DNA insertion sites allowed the establishment of databases of mapped 
mutations in the Arabidopsis genome (Sessions et al., 2002, Szabados 
et al., 2002, Rosso et al., 2003). Identification of mutated genes can 
subsequently be performed by in silico search or through public data
bases such as TAIR (https://www.arabidopsis.org). Phenotypic analysis 
of the mutants can contribute to the functional analysis of the investi
gated genes in model or crop plants (Sallaud et al., 2004, Fernie and 
Tohge, 2017). T-DNA insertion lines can also be screened for altered NO 
levels or signalling responses. NO-related mutants identified by reverse 
genetics have provided critical insights into the roles of NO in plant 
development, stress responses, and signalling pathways, significantly 
advancing our understanding of how plants respond to environmental 
stimuli and manage their growth. Reverse genetics is also used to pro
vide accurate statistics on mutations that occur in specific genes. From 
these screens it is possible to determine how fortuitous the mutations 
are, and how often the mutations occur. RNA interference (RNAi) in
volves silencing specific gene transcripts by introducing small inter
fering RNAs (siRNAs) or microRNAs that bind complementary mRNA 
sequences, effectively knocking down gene expression (Agrawal et al., 
2003). CRISPR/Cas9 gene editing generates site specific mutations by 
introducing targeted double-strand breaks and subsequent errors in 

DNA sequences during error-prone repair mechanism. Gene editing al
lows knocking out or modifying specific genes involved in any biological 
processes including NO signalling or response pathways (Gan and Ling, 
2022). These methods allow researchers to investigate how specific 
genes contribute to NO-related processes by observing phenotypic ef
fects, changes in NO levels and gene expression, or alterations in 
NO-mediated stress or developmental responses.

In land plants, NO synthesis involves NR, and reverse genetic screens 
have been essential in exploring the contribution of this enzyme to NO 
formation. Reverse genetic studies on NIA1 and NIA2, the genes 
encoding NR enzyme in A. thaliana, revealed that NR contributes to NO 
production, especially under stress conditions (Rockel et al., 2002). 
Mutants with reduced NR activity exhibited reduced NO levels, linking 
NR activity to NO biosynthesis in response to various stimuli (e.g., 
Kolbert et al., 2008, 2010; Sun et al., 2015; Pan et al., 2019; Berger et al., 
2020).

NOA1 (NITRIC OXIDE ASSOCIATED1) initially thought to be a plant 
NOS-like enzyme, is now understood to play a role in mitochondrial 
function rather than directly producing NO. Studies on noa1 knockout 
mutant, which exhibit diminished NO production and altered stress re
sponses, indicate that NOA1 affects NO levels indirectly by modulating 
cellular respiration and energy production (del Río et al., 2004).

S-nitrosoglutathione reductase (GSNOR) regulates S-nitrosation by 
controlling the pool of S-nitrosoglutathione (GSNO), a major NO reser
voir in cells (Sakamoto et al., 2002). Knockdown of GSNOR leads to 
elevated GSNO levels and altered NO signalling, resulting in increased 
susceptibility to stress and disrupted development. These results indi
cate that GSNOR is involved in plant immune responses and develop
mental processes. Additionally, studies on T-DNA insertion gsnor 
mutants highlight the role of GSNOR in maintaining NO homeostasis 
and balancing NO’s beneficial and harmful effects during different 
conditions (Leterrier et al., 2011; Kubienová et al., 2016; Jahnová et al., 
2019; Kolbert et al., 2019; Guan et al., 2024a).

Additionally, reverse genetics has been key for identifying genes that 
modulate NO-related abiotic and biotic stress adaptation pathways. 
NPR1 (NONEXPRESSOR OF PATHOGENESIS-RELATED GENES1) is a 
central regulator of plant immunity that interacts with NO in systemic 
acquired resistance. Reverse genetic studies of npr1 mutants revealed 
that NO accumulation is necessary for NPR1 activation and defence 
responses, suggesting that NPR1 functions in NO-mediated signal 
transduction, especially during pathogen response (Tada et al., 2008).

The transcription factor ABI4 is a principal component of abscisic 
acid (ABA) signalling. Reverse genetic experiments revealed that ABI4 
interacts with NO singalling during stress responses. Mutants of ABI4 
display reduced NO accumulation and impaired responses to abiotic 
stress, such as drought, due to altered stomatal behaviour. This finding 
suggests that ABI4 plays a role in NO and ABA signalling crosstalk, 
which is essential for stress adaptation (Neill et al., 2008). Another 
example is RBOHD (RESPIRATORY BURST OXIDASE HOMOLOG D) 
which is involved in ROS production and works alongside NO in 
response to pathogens. Reverse genetic studies in rbohd mutants indicate 
that ROS and NO jointly trigger defence responses, with RBOHD as a key 
component in NO and ROS signalling crosstalk (Torres et al., 2006).

Beyond stress responses, reverse genetic screens identified various 
NO-related genes being associated with developmental phenotypes. For 
instance, HO1 (HEME OXYGENASE 1) involved in heme breakdown, is 
indirectly related to NO signalling, as its by-products interact with NO 
pathways. Atho1 mutants display delayed flowering and altered root 
development, suggesting that heme catabolites participate in NO- 
mediated developmental regulation (Li et al., 2013).

Reverse genetics have practical applications in crop improvement, 
particularly in developing crops with enhanced stress tolerance. Crop 
improvement by genome editing involves the targeted alteration of 
genes to improve plant traits, such as stress tolerance, disease resistance 
or nutritional content (Li et al., 2024). Furthermore, by manipulating 
NO-related genes, crop resilience to environmental stressors can be 
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engineered. For instance, OsNR2, a nitrate reductase gene in rice (Oryza 
sativa), is implicated in NO production. Mutants with increased NR ac
tivity have higher NO levels, which helps protection against low-oxygen 
stress and can enhance rice tolerance to submergence and hypoxic 
conditions (Kabange et al., 2021). Modifying GSNOR expression has 

potential for balancing NO levels under stress and modulate tolerance 
levels. Increased GSNOR activity helps prevent excessive NO accumu
lation, enhancing tolerance to stresses while keeping NO’s level in the 
beneficial range (Liu et al., 2024; Rasool et al., 2021; Hussain et al., 
2019). The depletion of GSNOR function using RNAi technique in 

Table 1 
Transcriptome analyses performed in NO supplemented plants.

Plant Species NO treatment Main results and conclusion Reference

Arabidopsis thaliana 
Col− 0 cell culture 
(wild type)

0.5 mM NOR− 3 
(2 h or 24 h)

Pathogenesis-related genes, 
antioxidant genes (POD, GSTs, 
APX, CAT, GPX)

Huang et al., 2002

Arabidopsis thaliana 
Col− 0 
(wild type)

0.1 mM and 1 mM SNP 342 up-regulated disease-resistance genes (WRKY, ZnF proteins, TFs, GSTs, ABC 
transporters, kinases, ET, JA signalling, lignin, alkaloid biosynthesis).

Parani et al., 2004

Arabidopsis thaliana 
Col− 0 (wild type)

1 mM GSNO (3 h) 1945 GSNO-responsive genes expressed differently in leaves and roots. Begara-Morales et al., 2014

Arabidopsis thaliana 
Col− 0 (wild type)

1 mM CysNO NO activates genes in stress response (APX1, GSH2, CAT3) and hormone 
signalling (NCED3, ABA2, LOX3).

Hussain et al., 2016

Arabidopsis thaliana 
Col− 0 
(wild type)

3 ppm NO gas NO activates genes linked to biotic stress (PRs), hormone metabolism, secondary 
metabolism, photosynthesis.

Kuruthukulangarakoola 
et al., 2017

Arabidopsis thaliana 
Col− 0 (wild type)

1 mM CysNO 637 NO-responsive TF genes (bHLH, AP2, EREBP) linked to hormone signalling, 
protein degradation, development, biotic and abiotic stress.

Imran et al., 2018a

Arabidopsis thaliana 
Col− 0 (wild type)

1 mM CySNO 33 AtWRKY TFs: 31 up- and 2 down-regulated by NO. Imran et al., 2018b

Arabidopsis thaliana 
Col− 0 (wild type)

300 ppm pure NO gas for 15 min, 
30 min, 60 min.

Time dependent activation/repression of hormone- and oxygen-related genes by 
NO gas.

Castillo et al., 2018

Rice (Oryza sativa) 25 µM NaAsO2, 
30 µM SNP

DEGs implicated in metal transport (NIP, ABC, NRAMP, PEZ), stress response 
(GSTs, GRXs, HSPs, PODs), metabolism (NR, GS), NO TFs (ERFs, MYBs, WRKYs).

Singh et al., 2017

Sunflower (Helianthus 
annuus)

700 µM cPTIO 
(18 h)

330 root genes regulated by NO depletion, upregulation of genes involved in 
lignin synthesis.

Corti Monzón et al., 2014

Birch (Betula 
platyphylla) 
cell culture

1 mM SNP (12 h) 403 up-regulated and 971 down-regulated genes in carbohydrate metabolism 
(BXL1,2; GALM, SUS2), cell wall synthesis (CESA9, XETs).

Zeng et al., 2014

Upland cotton 
(Gossypium hirsutum)

100 µM or 
250 µM SNP

157 DEGs in 36 TF families (bHLH, DBP, MYB, C3H, AP2-EREBP, NAC, WRKY), 
72 DEGs related to hormones (ET, ABA, AUX, SA, BR, JA, GA, CK).

Huang et al., 2018

Tomato (Solanum 
lycopersicum)

500 μM SNP (48 h), hypoxia 
(induced by N2 gas, 48 h)

792 down- and 352 upregulated genes, 395 DEGs related to hypoxia and SNP. 
251 DEGs under both conditions (hormone signalling: IAA14, PIN2, LOX1, TFs: 
NAC, AP/EREBP, bHLH, MYB, WRKY).

Safavi-Rizi et al., 2020

Maize 
(Zea mays)

1 mM nitrate plus 1 mM cPTIO NO-dependent and independent nitrate signalling pathways regulate root 
development.

Ravazzolo et al., 2021

Kiwifruit (Actinidia 
chinensis)

15 μl L− 1 NO gas 736 DEGs, down-regulated: PG, PL, PE, ACO, ERS1, ETR2, ERFs; up-regulated: 
cellulose synthase.

Yang et al., 2021

Okra (Abelmoschus 
esculentus)

0.5, 1.0, 1.5, 2.0 mM SNP DEGs in hormone signalling and lignin synthesis: SAMS, ACS, ACO, ABA1, 
NCED, ABA2, AAO3, PAL, C4H, 4CL, CCR, CAD.

Sun et al., 2021

Watermelon (Citrullus 
lanatus)

1200 µmol/L Al2(SO4)3 plus 
100 μmol /L SNP

511 DEGs involved in nitrogen and phenylpropane metabolism, photosynthesis, 
antioxidant defences (CAT, POD).

Zheng et al., 2021

Mangrove (Kandelia 
obovata) root

200 µM SNP 1593 DEGs in starch and sugar metabolism (SUS, HK, TPP), hormone signalling 
(Aux/IAA, ABI5, ACS, ACO, BRI1), cell wall formation (CESA, GAUT8, XTH)

Wei et al., 2022

Cucumber (Cucumis 
sativus)

200 µM SNP plus low temperature 
(LT) (10/6 ◦C)

121 DEGs of b-ZIP, HD-ZIP TFs, implicated in LHCs, flavonoid and lignin synthesis 
(CHS, F3H, POD), hormone signalling (EIN2, CTR1, GA3ox).

Wu et al., 2022

Kenaf (Hibiscus 
cannabinus)

150 μM SNP 
plus 200 µM CdCl2

256 DEGs in Cd toxicity, related to hormone signalling, carbohydrate 
metabolism, terpenoid synthesis. 
22 NO-induced TFs (WRKY, ERF, bZIP and Dof).

Cao et al., 2024

Abbreviations: NOR-3 - (E)-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexene-amide; GSNO - S-nitrosoglutathione; SNP - sodium nitroprusside; cysNO - S-nitroso-L- 
cysteine; ET – ethylene; CK – cytokinins; JA – jasmonates; BR – brassinosteroids; AUX – auxins; GA – gibberellins; ABA – abscisic acid; SA - salicylic acid; CESA - 
cellulose synthase A; GAUT8 - galacturonosyltransferase 8; XTH - xyloglucan endotransglucosylase/hydrolase; Aux/IAA - auxin/indole-3-acetic acid protein; ABI5 - 
abscisic acid insensitive 5; ACC - 1-aminocyclopropane-1-carboxylate acid; ACS - 1-aminocyclopropane-1-carboxylate acid synthase; ACO - 1-aminocyclopropane-1- 
carboxylate acid oxidase; BRI1 - brassinosteroid insensitive 1; bHLH – basic helix-loop-helix; EREBP - ethylene-responsive element binding protein; LHC – light 
harvesting complex; F3H – flavanone 3-hydroxylase; POD – peroxidase; APX1 - ascorbate peroxidase 1; GSH2 - glutathione synthetase 2; CAT3 - catalase 3; NCED3 - 
nine-cis-epoxycarotenoid dioxygenase 3; ABA2 - abscisic acid deficient 2; LOX3 - lipoxygenase 3; AP2 - Integrase-type DNA-binding superfamily protein; NIP - Nodulin 
26-like intrinsic aquaporin channels; GST – glutathione S-transferase; GRX – glutaredoxin; HSP – heat shock protein; NRAMP – metal ion transporter; NR – nitrate 
reductase; GS – glutamine synthetase; ERFs – Ethylene Response Factors; cPTIO - an NO scavenger (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3- 
oxide; BXL1,2 - beta-xylosidase 1,2; SUS2 - sucrose synthase 2; CESA9 - cellulose synthase A9; XETs - xyloglucan endotransglycosylases; bHLH – Basic helix loop helix; 
DBP – DNA binding protein; MYB - myb domain protein; C3H - zinc finger CCCH domain; AP2 - integrase-type DNA-binding superfamily protein; EREBP - ethylene- 
responsive element binding factor; NAC - NAC domain containing protein 6; WRKY - WRKY DNA-binding protein; DEGs – differentially expressed genes; IAA14 - 
indole-3-acetic acid inducible 14; PIN2 - auxin efflux carrier family protein; LOX1 - lipoxygenase 1; NAC - No Apical Meristem domain; PG - Phospholipid/glycerol; 
ERS1 - ethylene response sensor 1; ETR2 - ethylene response sensor 2; ERFs - ethylene response factors; SAMS - S-adenosylmethionine synthetase-encoding genes; ACS 
- acetyl-CoA synthetase; ACO - ACC oxidase; ABA1 - zeaxanthin epoxidase; NCED - nine-cis-epoxycarotenoid dioxygenase; AAO3 - abscisic aldehyde oxidase 3; PAL - 
peptidoglycan-associated lipoprotein; C4H - cinnamate-4-hydroxylase; 4CL - 4-coumarate:CoA ligase; CCR - cinnamoyl coa reductase; CAD - cinnamyl alcohol de
hydrogenase; CAT – catalase; HK - histidine kinase; TPP - thylakoid processing peptide; b-ZIP - basic region/leucine zipper motif (bZIP) transcription factors; LHCs - 
light-harvesting complex; CHS - chalcone and stilbene synthase family protein; F3H - flavanone 3-hydroxylase; EIN2 - NRAMP metal ion transporter family protein; 
CTR1 - protein kinase superfamily protein; GA3ox - gibberellin 3-oxidase; CHS - chalcone synthase; GA2 – gibberellic acid oxidase.
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tomato (Solanum lycopersicum) results in the loss of apical dominance, 
changes in leaf shape, perturbations in seed development and germi
nation, and a diminution in the fruit yield (Hussain et al., 2019). 
Moreover, depletion of SlGSNOR levels leads to promoted disease sus
ceptibility to Pseudomonas syringae pv. tomato DC3000 (Pst DC3000), 
while overexpression of SlGSNOR induced disease resistance due to 
enhanced salicylic acid (SA) levels and expression of SA-dependent 
genes (Hussain et al., 2019). Transgenic tomato line overexpressing 
SlGSNOR had reduced seed size and germination rate, compromised 
plant growth, delayed flowering, altered leaf and fruit shape. Further
more, SlGSNOR overexpressing lines showed improved resistance 
against Alternaria solani, and reduced hypersensitive 
response-associated cell death against Pst DC3000 (Rasool et al., 2021). 
In a recent study, virus-induced gene silencing (VIGS) was used to 
decrease SlGSNOR expression in tomato, which delayed transition of 
fruit skin color, improved total chlorophyll level and reduced total fruit 
carotenoid and lycopene contents. Fruit softening was postponed by 
SlGSNOR silencing, due to the decline in cell wall composition, resulted 
from inferior activities of cell wall-related genes and enzymes. SlGSNOR 
therefore positively promotes tomato postharvest fruit ripening, which 
may be primarily due to its negative regulatory role on endogenous NO 
level (Liu et al., 2024). These examples indicate that genetic manipu
lation of GSNOR expression may influence important agricultural traits 
in crops such as tomato.

2.2. Transcriptome analyses for searching NO-regulated genes

Whole genome transcriptome analysis provides a powerful tool for 
quantitatively assessing changes in plant gene expression on genomic 
scale under specific physiological conditions and at defined time points. 
This approach enables the elucidation of complex regulatory networks 
at the whole-genome level, and facilitates the identification of novel 
genes involved in key biological processes, such as NO signalling (Wang 
et al., 2020).

High-throughput transcriptomic techniques, such as microarray 
analysis and RNA sequencing (RNA-seq), allow for a comprehensive 
examination of genome-wide transcriptional changes in response to NO 
supplementation or depletion as well as to identify gene sets whose 
activity is modulated by mutations or transgenes altering NO response. 
These methods provide insights into differential gene expression pat
terns, aiding in the identification of NO-responsive genes and regulatory 
pathways (regulons). The majority of transcriptomic studies have been 
performed in A. thaliana exposed to exogenous NO supplementation 
(mostly SNP, GSNO, S-nitrosocysteine [CysNO] or pure NO gas). Most 
studies were conducted with plants cultured in standard conditions, 
leading to the identification of hundreds of differentially expressed NO- 
response genes (DEGs). The picture emerges that in healthy plants, NO 
primarily regulates phytohormone-mediated signalling (Parani et al., 
2004; Hussain et al., 2016; Imran et al., 2018a, Castillo et al., 2018; 
Table 1). Additionally, genes encoding pathogenesis-related proteins are 
targeted by NO in unstressed plants (Huang et al., 2002; Kur
uthukulangarakoola et al., 2017). Also, carbohydrate metabolic genes 
are among the main targets of NO-related regulation (Zeng et al., 2014; 
Cao et al., 2024; Table 1). Transcriptome analyses also revealed that cell 
wall-associated genes are regulated by NO leading to changes in cell wall 
composition (Parani et al., 2004; Sun et al., 2021; Wei et al., 2022; 
Table 1). RNA-seq demonstrated that GSNO-responsive genes differ 
between roots and leaves of WT Arabidopsis (Begara-Morales et al., 
2014). Transcriptomic studies in stress-exposed plants suggest that NO 
regulates specific set of genes in the presence of a stress factor. For 
example, in arsenic-treated rice, NO modulates the activity of metal- and 
iron transporters (NIP, ABCs, NRAMP, PEZ) and stress related genes (e. 
g., GSTs, GRXs, HSPs, PODs) (Singh et al., 2017). When plants were 
exposed to low temperature, aluminium or cadmium, NO was found to 
modulate secondary metabolism by regulating genes involved in 
terpenoid, flavonoid, and lignin biosynthesis (Zheng et al., 2021; Wu 

et al., 2022; Cao et al., 2024, Table 1).
These studies collectively highlight NO’s versatile role in plant 

biology, encompassing growth regulation mainly via phytohormone- 
related pathways, primary and secondary metabolic control and toler
ance mechanisms against stress factors.

3. Mechanisms of NO-related gene expression regulation

The above mentioned studies identified NO-related plant genes but 
did not give information about the mechanisms by which NO modifies 
the expression of target genes. More recent research; however, suggests 
that NO regulates the expression of target genes primarily by two 
mechanisms, through PTM of transcription factors and/or by modifying 
the chromatin structure.

3.1. Nitric oxide as an epigenetic modulator: A focus on histone and DNA 
methylation modifications of gene expression

Epigenetic regulation in plants occurs through three main mecha
nisms: PTMs of histone proteins, DNA methylation on cytosine residues, 
and RNA-based processes. These mechanisms work together to influence 
the structure and accessibility of DNA, thereby providing an additional 
layer of regulation over gene expression. Histone proteins undergo 
various modifications, such as acetylation, methylation, ubiquitination 
and phosphorylation, which impact interactions with DNA, other his
tones, and non-histone proteins (Wurm and Lindermayr, 2021).

Histone acetylation is a key epigenetic process that influences gene 
transcription in both plants and animals. This modification is catalysed 
by histone acetyltransferases (HATs), which transfer acetyl groups from 
acetyl-CoA to lysine residues on histones. This neutralizes the positive 
charge of lysine, weakening the interaction between histones and DNA, 
leading to a more relaxed chromatin structure that facilitates tran
scription. On the other hand, histone deacetylases (HDAs) remove acetyl 
groups, causing chromatin to condense and repressing transcription 
(Hollender and Liu, 2008; Luo et al., 2012). In A. thaliana, 18 HDAs are 
grouped into three families: RPD3-like (HDA2, HDA5–10, HDA14–15, 
HDA17–19), HD-tuins (HDT1–4), and sirtuins. The members of the 
RPD3 superfamily contain multiple conserved cysteine residues, which 
serve as targets for S-nitrosation across different species. Specifically, in 
Arabidopsis, HDA6 contains conserved cysteines similar to those found 
in human HDA2, which interact with NO. Structural modelling of the 
HDA domain in HDA6 and HDA19 in soybean (Glycine max) shows 
strong similarity to human HDA2, suggesting a conserved regulatory 
mechanism (Ageeva-Kieferle et al., 2019). Ageeva-Kieferle et al. (2021)
demonstrated that NO affects histone acetylation in Arabidopsis, 
particularly H3K9 and H3K9/K14, under different light conditions. In 
gsnor1–3 and hda6 mutants, these changes were absent, highlighting the 
importance of GSNOR and HDA6 in light-induced histone acetylation. In 
vitro assays confirmed HDA6’s sensitivity to NO, and ChIP-seq analysis 
revealed that GSNOR and HDA6 regulate growth and stress genes, 
promoting acetylation in stress-related genes and deacetylation in 
growth genes under low light. Moreover, NO-mediated acetylation has 
been shown to enhance the expression of pathogen-related genes in 
Phytophthora infestans, highlighting NO’s role in histone acetylation as 
an epigenetic regulator (Guan et al., 2024b).

In addition to histone acetylation, histone methylation plays a sig
nificant role in modulating chromatin structure and transcriptional ac
tivity. Histone methylation occurs on lysine and arginine residues, and 
its effects on chromatin accessibility depend on the location and degree 
of methylation (mono-, di-, or tri-methylation) (Feng and Jacobsen, 
2011). Unlike acetylation, methylation does not alter the overall nega
tive charge of histone proteins and can be associated with both 
euchromatin and heterochromatin, affecting both silenced and active 
transcription regions (Wurm and Lindermayr, 2021). Histone methyl
ation is regulated by histone methyltransferases (HMTs), which add 
methyl groups, and histone lysine demethylases (KDMs), which remove 
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them (Pikaard and Scheid, 2014). NO has been implicated in the redox 
regulation of both HMTs and KDMs, suggesting that histone methylation 
is also influenced by NO signalling (Nott et al., 2008). GSNOR1 plays a 
critical role in maintaining S-adenosylmethionine (SAM) homeostasis, a 
key methyl donor for DNA and histone methylation. gsnor1–3 mutants 
accumulate SAM, leading to increased histone H3K9me2 levels and 
elevated global DNA methylation at CG, CHG, and CHH sites, particu
larly affecting transposable element repression (Rudolf et al., 2021). 
Mass spectrometry and bisulfite sequencing further confirmed that 
GSNOR1 regulates chromatin accessibility and epigenetic silencing by 
modulating the histone methylation index. Protein arginine methyl
ation, catalysed by protein arginine methyltransferases (PRMTs), rep
resents another essential histone modification. PRMT5, a well-studied 
plant methyltransferase, is positively regulated by NO through S-nitro
sation at Cys 125, enhancing its enzymatic activity of arginine methyl
ation and contributing to salt stress tolerance (Hu et al., 2017). Histone 
lysine methylation is carried out by SET-domain-containing methyl
transferases, while demethylation is performed by lysine-specific his
tone demethylase-like proteins or those containing a Jumonji-C (JmjC) 
domain. The conservation of epigenetic mechanisms across species, 
including the regulation of histone methylation, suggests common reg
ulatory principles in plants and animals (Lindermayr et al., 2020).

During DNA methylation, a methyl group is attached to the fifth 
position of cytosine, forming 5-methylcytosine. When this modification 
occurs in promoter regions, it is associated with gene silencing by 
altering chromatin structure, DNA conformation, stability, and DNA- 
protein interactions, ultimately affecting gene expression. This widely 
distributed epigenetic mechanism plays a crucial role in transcriptional 
regulation and is considered a key example of epigenetic gene silencing 
and heterochromatin formation (Wurm and Lindermayr, 2021). Plant 
DNA methyltransferases can be classified into three main categories: 
methyltransferases, chromotransferases, and structural domain rear
rangement methyltransferases (Hao et al., 2020). In plants, DNA 
demethylation is primarily regulated by Demeter, Repressor of Silencing 
1, Demeter-like 2, and Demeter-like 3, which influence the plant’s stress 
response (Li et al., 2018). Hou et al. (2024) found that both NO and DNA 
methylation play key roles in regulating flowering in plants. Their re
sults confirmed that the DNA methylation inhibitor, 5-AzaC accelerated 
flowering in tomatoes, and the application of GSNO enhanced the pos
itive effects of 5-AzaC on flowering, suggesting that exogenous NO may 
participate in the 5-AzaC-mediated DNA demethylation response during 
tomato flowering. Furthermore, exogenous NO significantly increased 
the expression of DNA demethylation genes (DML1, DML2, and DML3) 
in tomato shoot tips, while the expression of methyltransferase-related 
genes, such as DRM6 and CMT4, changed only slightly, indicating that 
NO potentially regulates DNA methylation levels by influencing the 
expression of demethyltransferase enzymes. Exogenous NO application 
was reported to reduce damage caused by cold storage of peach (Guo 
et al., 2023). NO treatment alleviated the cold-dependent decrease in 
DNA methyltransferase (DNMT) activity being responsible for regu
lating DNA methylation, while cPTIO enhanced DNMT activity at 
transcript levels. Their research suggests that NO can enhance the cold 
tolerance of ripening peaches through mediating DNA methylation. NO 
signalling was found to regulate shoot stem cell homeostasis in Arabi
dopsis by controlling genome-wide DNA methylation through modu
lating the expression and activity of Argonaute 4 (AGO4) (Zeng et al., 
2023). Interaction between the TF WUSCHEL (WUS) and AGO4, is dis
rupted by NO, suggesting that part of WUS’s repressive activity may be 
mediated by DNA methylation at its target sites.

3.2. Modulation of transcription factor activity by NO-associated PTMs

NO often modulates gene expression through PTMs of transcription 
factors. Among NO-associated PTMs, the reversible S-nitrosation seems 
to have a pivotal role in TF regulation. TFs are key regulators of gene 
expression by binding to specific DNA sequences, thereby controlling 

transcription initiation and various biological processes in plants. The 
Plant Transcription Factor Database (PlantTFDB) provides a compre
hensive resource for plant TFs, identifying 320,370 TFs across 165 
species and classifying them into 58 distinct families (http://planttfdb. 
gao-lab.org) (Guo et al., 2008). Several TF families have been identi
fied as NO targets or as responsive to NO signalling such as WRKY, NAC, 
ERF/AP2, MYB, ZnF and TGA-type factors, including NPR1 and ABI5. 
WRKY TFs are central regulators of biotic stress responses (Saha et al., 
2024), and several WRKY proteins are activated in response to NO 
during pathogen attack. For instance, NO-mediated S-nitrosation en
hances the DNA-binding ability of certain WRKY TFs, promoting the 
transcription of defence-related genes and functions downstream of NO 
signalling in systemic acquired resistance (Imran et al., 2018b). NAC 
(NAM, ATAF1/2, and CUC2) is a large family of plant-specific tran
scription factors which are involved in abiotic stress tolerance and 
developmental processes (Chen et al., 2025; Xiong et al., 2025). NO 
regulates hundreds of TFs during stress responses, modulating their 
ability to activate genes. NAC-type TFs can be involved in antioxidant 
defence, regulating genes encoding superoxide dismutase and catalase 
(Xiong et al., 2025). Ethylene-responsive factors (ERF) are key players in 
NO and ethylene crosstalk during stress responses. Group VII ERFs 
control responses to anoxia and were shown to be destabilized in the 
presence of NO via the N-end rule pathway, while they are stabilized in 
the absence of NO. Such N-end rule regulation provides a flexible and 
precise mechanism for perception and transduction of NO signal (Gibbs 
et al., 2014). More recently, the in vitro S-nitrosation of Medicago trun
catula ERF75 N-terminal part has been evidenced, and it was suggested 
that S-nitrosation is the first step in the oxidation of the Cys residue 
peptide, and it occurs in peptides where the Cys residue is exposed 
(Rovere et al., 2023). MYB TFs regulate a broad range of processes, 
including secondary metabolism and stress responses. Regarding their 
NO-associated modifications, the DNA binding activity of AtMYB2 is 
altered by NO due to S-nitrosation of a conserved Cys in its DNA-binding 
domain (Serpa et al., 2007). Similarly, AtMYB30 proved to be directly 
affected by the S-nitrosation leading to a prohibition of DNA binding 
(Tavares et al., 2014). Recently, NO has been found to S-nitrosate 
MYB30 at Cys 49 and enhance its transcriptional activity by interfering 
the interaction of MYB30 with the PYL4 repressor (Zhao et al., 2024). 
Further experiments revealed that S-nitrosation of MYB30 regulates the 
balance between seed dormancy and germination induction (Zhao et al., 
2024). The basic leucine zipper (bZIP) transcription factor 
ABA-Insensitive 5 (ABI5) is a key regulator of ABA-mediated seed 
germination and early seedling development. ABI5 has been identified 
as a target for NO-dependent S-nitrosation at Cys 153 which facilitates 
its degradation by CULLIN4-based and KEEP ON GOING E3 ligases 
promoting seed germination (Albertos et al., 2015). Recently, the Ara
bidopsis ABI5 homolog bZIP67 has been observed to be a target of 
S-nitrosation also, leading to its stabilization enabling its accumulation. 
The bZIP67 induces the expression of fatty acid desaturase3 which ca
talyses the conversion of linoleic acid (18:2) into linolenic acid (18:3). 
Moreover, the PTM of bZIP67 proved to be reversible by the trans-
denitrosylation activity of peroxiredoxin IIE providing evidence for a 
precise feedback regulation (Sánchez-Vicente et al., 2024). TGA TFs 
belong to bZIP family and bind to their target DNA sequence as dimers 
through the conserved bZIP domain. TGA activity is often connected to 
hormonal pathways (Tomaž et al., 2022). Several TGA factors are 
involved in the regulation of defence-related genes through interaction 
with NON-EXPRESSOR OF PR-1 (NPR1) cofactor (Zhang et al., 1999). 
NPR1 and TGA1 were shown to be S-nitrosated by NO. In TGA1, Cys 
residues 260 and 266 are S-nitrosated and S-glutathionylated by low 
GSNO dose. The presence of elevated NO levels prevent 
oxygen-mediated modifications of TGA1 and enhance its DNA binding 
activity in the presence of NPR1 (Lindermayr et al., 2010). Sustained NO 
synthesis triggers the S-nitrosation at Cys 87 of zinc finger TF, SRG1, 
relieving both SRG1 DNA binding and transcriptional repression activ
ity. Thus, the S-nitrosated form of SRG1 may be involved in a negative 
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feedback loop that reduces the plant immune response (Cui et al., 2018).

4. Conclusion and future perspectives

Nitric oxide serves as a key signalling molecule in cellular commu
nication, stress responses, and metabolic regulation across biological 
systems. In plants, NO integrates multiple hormonal and environmental 
signalling pathways, influencing every stages of development and 
diverse stress responses. Genetic screens and genome-wide tran
scriptome analyses were employed in a number of studies to decipher 
the molecular mechanism of NO effects and to identify NO-associated 
genes. Forward genetic screens linked NO signalling to photosynthesis, 
cytokinin metabolism, stress responses and cell cycle regulation. More
over, reverse genetic approaches contributed to the understanding of 
NO-related gene functions in plants, characterizing genes involved in 
NO biosynthesis (e.g., NIA1/NIA2, NOA1), signalling (e.g., GSNOR, 
NPR1), stress responses (e.g., ABI4, RBOHD), and development (e.g., 
HO1, NOX1). High-throughput transcriptomic techniques such as 
microarray and RNA-seq analyses have identified thousands of NO- 
responsive genes involved in various processes from growth regulation 
to stress adaptation, across multiple plant species. GSNO or nanoforms 
of NO donors can be considered to achieve NO specific effects in future 
genetic screens and transcriptome analyses. Similar to animals, NO has 
been found to function as an epigenetic regulator in plants, influencing 
gene expression through histone acetylation, methylation, and DNA 
methylation. Through S-nitrosation, NO influences histone deacetylase 
and methyltransferase activities, thereby modulating chromatin struc
ture and transcriptional responses to environmental signals. Nitric oxide 
has also been shown to influence key TF families, including WRKY, NAC, 
ERF, MYB, NPR1, ABI5, and TGA, by altering their stabilities, DNA- 
binding abilities, and protein-protein interactions. Overall, NO has 

been proven to intervene eukaryotic gene regulation at the level of 
epigenetics, transcription and post-translational modifications as sum
marized by Fig. 3. Future research should focus on elucidating the 
precise molecular mechanisms of NO biosynthesis, long-distance (inter- 
organ, inter-plant) signalling, and its interaction with ROS, phytohor
mones and calcium signalling. The majority of the studies identifying 
NO-responsive genes have focused on a single stress condition so far. 
However, considering climate change, there is increasing interest in 
understanding the synergistic effects and interconnections between bi
otic and abiotic stresses. Examining the NO-associated gene networks 
under combined stress conditions is a promising research direction 
which will deepen our understanding of NO signalling and regulation at 
the core of plant responses. Disentangling these interactions requires 
precise genetic tools and combinatorial approaches to target multiple 
genes simultaneously. Advanced "omics" technologies and computa
tional modelling will enhance our understanding of NO-mediated PTMs 
and chromatin remodelling. By integrating multi-omics, genome edit
ing, and functional genomics, future research is expected to unravel the 
complexity of NO signalling. As genomic tools and gene editing methods 
are increasingly available for crop plants, improving important traits 
such as stress tolerance through engineering NO-related regulatory 
pathways is becoming available for a number of cultivated species. Ef
forts to adapt our knowledge on NO signalling obtained on model plants 
to crops is becoming a reality and pave the way for improved agricul
tural productivity and generation of stress-resilient crops.
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E. Széles et al.                                                                                                                                                                                                                                   Plant Science 362 (2026) 112830 

8 



Writing – original draft, Visualization, Funding acquisition, Conceptu
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