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ABSTRACT: Nitric oxide (NO) is increasingly recognized as a central regulator of redox processes in
food systems, yet its chemical behavior and biological functions remain fragmented across food chemistry,
fungal biology, and preservation research. In particular, how food matrix-dependent NO chemistry is
translated into fungal metabolic reprogramming and mycotoxin biosynthesis has not been systematically
integrated. This review provides a critical synthesis of current knowledge by linking NO chemistry in food
matrices with fungal redox signaling and toxigenesis. We discuss how NO concentration, oxygen
availability, and matrix composition govern the formation and transformation of reactive nitrogen species,
thereby modulating protein S-nitrosylation, chromatin remodeling, stress adaptation, and secondary
metabolism in food-associated fungi. We further evaluate emerging NO-based preservation strategies,
including gaseous fumigation, NO donors, and engineered delivery systems, along with their practical
limitations in stability, diffusion, nitrosamine formation, and regulatory considerations. Finally, we identify
major knowledge gaps and propose a matrix-dependent redox framework to guide future studies on NO-
mediated fungal control and the rational design of next-generation food preservation technologies.
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1. Introduction

Fungal spoilage and mycotoxin contamination represent a persistent and chemically driven challenge
to food safety and agricultural sustainability, affecting a wide range of commodities across pre- and
postharvest stages [1]. Mycotoxins, structurally diverse and chemically stable secondary metabolites
produced by filamentous fungi, are of particular concern due to their resistance to processing,
environmental persistence, and potent toxicity to humans and animals [2]. Growing evidence suggests that
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mycotoxin biosynthesis is not solely governed by fungal genetic programs but is critically shaped by the
physicochemical environment of food matrices, including oxygen availability, water activity, and redox-
active components [3].

To mitigate these risks, a variety of food preservation strategies have been developed, including
physical approaches (e.g., low-temperature storage [4]), chemical treatments (e.g., ozone, chlorine dioxide
[5]), and biological interventions (e.g., biocontrol agents [6]). As summarized in Table 1, although these
methods are widely applied and effective to varying degrees, they primarily function through bulk-level
inhibition of microbial growth or general oxidative damage, often lacking specificity at the molecular
regulatory level. Moreover, limitations such as incomplete toxin removal, quality deterioration, and
regulatory constraints continue to restrict their broader applicability.

Within this context, the small reactive molecule nitric oxide (NO) has emerged as a key mediator
linking the chemical environment of food matrices to fungal metabolism [7]. Its effects differ from
conventional preservatives in that it participates in redox chemistry that alters cellular targets. Depending
on local conditions, NO is converted into reactive nitrogen species with distinct reactivities, leading to
variable effects on metabolism and toxin biosynthesis. Reports of both inhibitory and stimulatory effects
of NO on mycotoxin production remain difficult to reconcile. This inconsistency reflects the lack of a
framework that links NO chemistry to matrix conditions and fungal responses.

This review examines NO in food systems from a chemical perspective, focusing on how matrix-
dependent reactions determine its biological effects. The potential of NO as an alternative or
complementary approach to existing preservation strategies is assessed with regard to efficacy, stability,
and safety.
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Table 1. Comparison of major food preservation strategies.

Category Strategy Mechanism of Action Advantages Limitations References

Reduces enzymatic activity and microbial Does not eliminate pathogens or

Low-temperature storage . Widely used, effective, low cost . . . . [4]
metabolism mycotoxins; quality loss during freezing

Physical - . . Partial ice formation slows microbial growth  Extends shelf life while maintaining ~ Requires precise control; risk of tissue

Superchilling/micro-freezing . . . [8]
methods and biochemical reactions texture damage

Modiﬁe.:d atmosphere Al.ters Oz/sz levels to inhibit aerobic Non-chemical, widely applicable Limited efﬁ.cacy against anaerobes; gas [9]

packaging microorganisms imbalance risk

Plant essential oils Disrupt cell membranes, induce oxidative stress Natural, broad-spectrum antimicrobial Volatility, strong odor, sensory impact  [10]

Biocontrol agents (e.g.,

C titi lusion, antifungal metabolites Envi tally friendly, residue-fi Strain stability and ist i 11
Biological &  Bacillus, yeast) ompetitive exclusion, antifungal metabolites Environmentally friendly, residue-free Strain stability and consistency issues [11]

emerging Active packaging (including Release/absorb gases or antimicrobial Enhances shelf life without direct .. L
; .. Limited control over release kinetics [12]
methods self-modified atmosphere) compounds additives
Edibl ti Barrier t ist ier f . . . .
(%1b © coatings altr1e.r ° 9xygen/mo1s Hre, cattier ot Biodegradable, multifunctional Mechanical stability limitations [13]
(biopolymers) antimicrobials
. . St idant d i tei d nuclei o . . . o
Chlorine dioxide (ClOy) acrizgg oxidant damaging proteins and nucieic Effective disinfectant, rapid action Residue concerns, regulatory limits [14]
Chemical Ozone (O3) Oxidative degradation of microbial cell Le.alves no residue, strong oxidizing Can damage food quality: unstable (5]
methods components ability

Nitrosative/oxidative stress; S-nitrosylation of Broad-spectrum, low resistance

Nitric oxide (NO) treatment . . . . . .
(NO) proteins; metabolic disruption development, signaling-based regulation

Instability, dose-dependent dual effects [15]
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2. Chemical Reaction Network of Nitric Oxide in Food Matrices

The regulatory effects of NO in food systems are governed by its chemical behavior within complex
matrices. NO operates within a dynamic redox network, where its fate depends on reaction kinetics,
microenvironmental conditions, and available reactants. As a result, its effects arise from the formation and
interconversion of reactive nitrogen species (RNS). These include nitrogen dioxide (NO>), dinitrogen
trioxide (N203), peroxynitrite (ONOQO™), which differ markedly in reactivity and lifetimeand peroxynitrite
(ONOO"), which differ markedly in reactivity and lifetime [ 16]. Therefore, distinguishing between NO and
its derived species is essential for interpreting its chemical and biological effects in food matrices. A
comprehensive summary of the chemical nature, typical concentrations, and reactivity of key RNS
discussed in this section is provided in Table 2.

Table 2. Representative reactions of nitric oxide and derived species relevant to food systems and their approximate rate constants.

Reaction Rate Constant Dominant Conditions Implication in Food Systems References
INO + 0 — 2NO, 105 M2-5! 02 depenfient Drivtﬂ:s formation of nitrosating [17]
autoxidation species
ep e K it ti t i
NO + NO2 2 N2Os fast equilibrium Favored at moderate O, th?(})/lsr,l)l rosating agent (amines, [17]
NO + 0", —» ONOO~ ~10°-10"°M2-s7!  Diffusion-controlled Dominant under oxidative stress[18]
. Limit ist but
ONOO™ — NOs~ rapid pH-dependent H0Ls persistence but causes [19]
damage
N,Os + GSH NO +H" + S . -nitrosylati
2Oi GSH — GSNO ~103-10°M"'s™!  Thiol-rich environments S osyration [17]
NO, (signaling/modulation)
NO + metal centers (Fe?*/Cu” : . o .
NO* metal centers (Fe™/Cu’) — variable catalytic Alters NO lifetime/reactivity  [17]
RSNO decomposition variable light, metals, heat Releases NO or forms radicals [17]
NO, + lipids — lipid radicals fast lipid-rich matrices Initiates lipid oxidation [20]

2.1. Fundamental Physicochemical Properties and Lifetime of NO

NO is a neutral, moderately lipophilic free radical capable of diffusing across aqueous and lipid phases,
allowing rapid movement within heterogenous food matrices [21]. Its short lifetime is determined by
reaction with oxygen, superoxide, thiol, and transition metals, which vary according to local matrix
conditions [22]. As a result, NO chemistry in foods is inherently heterogeneous.

2.2. Autoxidation of NO and Formation of Nitrosating Species
Under aerobic conditions, NO undergoes autoxidation according to:
2NO + O; — 2NO,
followed by rapid equilibration:
NO + NOz = N>03

This pathway is strongly dependent on both oxygen availability and local NO concentration, making it
sensitive to microenvironmental conditions in food matrices. NO autoxidation accelerates with increasing
NO levels, favoring the formation of N2Os as a key nitrosating intermediate. N>O3 mediates S-nitrosylation
and amine nitrosation, linking NO chemistry directly to protein modification and potential nitrosamine
formation [23]. These reactions are modulated by water activity and microviscosity, which constrain
diffusion in low-moisture systems such as grains. However, quantitative kinetics in complex food matrices
remain insufficiently characterized.
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2.3. Rapid Coupling with Reactive Oxygen Species: The Peroxynitrite Pathway

A major sink for NO under oxidative conditions is its reaction with superoxide:
NO + O™2 — ONOO™

This near diffusion-controlled reaction outcompetes NO autoxidation when ROS flux is elevated,
making ONOQO™ formation the primary pathway under stress conditions [16]. Peroxynitrite is a strong
oxidant that promotes lipid peroxidation and protein modification through nitration and thiol oxidation. In
lipid-rich foods, this pathway directly couples NO chemistry to oxidative deterioration and fungal stress
responses, linking chemical reactions to both quality loss and microbial behavior [24].

2.4. Thiol Chemistry and S-Nitrosothiol Buffering

Thiol-containing molecules represent major sinks for nitrosating species, forming S-nitrosothiols
(RSNOs) through S-nitrosation of thiol groups (RSH). RSNOs function as reversible reservoirs that
stabilize and redistribute NO bioactivity, extending its effective lifetime in heterogeneous systems [25,26].
This buffering capacity enables localized release of nitrosative signals and regulates the extent of protein
modification. In protein-rich food matrices, S-nitrosylation occurs in a site-selective manner and frequently
targets regulatory proteins, thereby linking NO chemistry to metabolic and transcriptional control [27].

2.5. Metal-Mediated NO Reactions in Food Matrices

Transition metals such as iron and copper play a central role in NO chemistry through coordination
and redox cycling. These processes facilitate the formation of metal-nitrosyl complexes while influencing
Fenton and Fenton-like reactions, thereby modulating ROS generation and coupling nitrosative and
oxidative pathways [28]. In food matrices, metal ions influence NO reactivity by promoting metal nitrosyl
formation and redox reactions that can alter fungal exposure to reactive nitrogen species. This matrix, metal-
NO interaction represents a critical but often overlooked axis controlling chemical reactivity in foods.

2.6. Reaction Partitioning and Matrix-Dependent NO Behavior

Due to its moderate lipophilicity, NO partitions between aqueous and lipid phases, where its reactivity
depends on the local environment. This phase-dependent distribution determines which reaction pathways
dominate in different regions of the food matrix. Phase partitioning influences whether NO undergoes
protective or oxidative reactions, thereby affecting the type of NO derived species encountered by fungi.
This dual behavior underlies the context-dependent antioxidant and pro-oxidant roles of NO in foods [29].
In low-moisture systems, restricted molecular mobility limits diffusion-driven reactions, but localized
moisture-rich niches can sustain NO reactivity. Consequently, NO chemistry is spatially heterogeneous and
strongly governed by matrix structure rather than bulk composition.

2.7. Integrated Reaction Framework and Biological Implications

The chemical fate of NO in food matrices is determined by competing nitrosative (via N2O3). The
relative contributions of these pathways shift with oxygen availability, ROS levels, and thiol content,
resulting in different dominant reaction regimes (Table 2). Under oxidative conditions, rapid reaction with
superoxide favors peroxynitrite formation, whereas low ROS environments promote nitrosative chemistry.
These pathways lead to distinct outcomes: nitrosation primarily modifies regulatory proteins, oxidative
reactions induce molecular damage, and RSNO formation supports sustained low-level signaling [16].

Taken together, NO chemistry can be described as a matrix-dependent redox switch that links chemical
reactivity to downstream biological responses, providing the basis for understanding its effects on fungal
physiology and toxigenesis.
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3. Matrix-Dependent Regulation of NO Chemistry in Food Systems

The chemical fate of NO in food systems is governed by matrix-dependent conditions rather than fixed
reaction pathways. In food systems, factors such as oxygen availability, water activity, redox state, and the
distribution of lipids, proteins, and metals vary across microenvironments, thereby controlling the switching
behavior among nitrosative, oxidative, and buffering reaction pathways.

3.1. Oxygen Availability and Redox Gradients

Oxygen availability is a major determinant of NO behavior in food matrices by regulating the balance
between oxidative and nitrosative pathways. Under oxygen rich conditions, NO is more likely to undergo
oxidative conversion, whereas oxygen limitation alters the relative contribution of competing reaction
pathways [16]. In contrast, reduced oxygen availability limits these reactions and shifts the system toward
nitrosative processes.

Oxygen distribution in food matrices is inherently heterogeneous due to diffusion constraints and
localized consumption, generating spatially distinct redox environments [30]. These spatial variations in
oxygen availability influence the chemical fate of NO and may affect the microbial stress responses and
adaptation during food storage and processing [31].

3.2. Water Activity and Microenvironmental Constraints

NO chemistry is also influenced by water activity (aw), which exerts its effects by modulating the
molecular mobility and reaction kinetics. In low-moisture foods such as grains and nuts, restricted diffusion
limits bimolecular reactions, thereby reducing the overall reactivity of NO [32]. This limitation is spatially
heterogeneous: localized moisture-rich regions can sustain diffusion and reaction processes even at low
bulk aw. As a result, bulk aw alone poorly predicts reactivity, since small moisture differences can sustain
localized microbial activity and spoilage in dry foods. Therefore, water activity influences the intensity of
fungal exposure in low moisture food environments [33].

3.3. Phase Partitioning and Lipid-Rich Environments

Lipid composition and phase organization within food matrices determine the extent to which NO
derived reaction occur in specific microenvironment, thereby influencing oxidative stability and chemical
outcomes [34].

Phase separation in foods creates compartments with different dominant reactions. In the lipid phase,
NO can terminate lipid peroxidation by scavenging lipid peroxyl radicals, the balance between protective
and oxidative outcomes depends on local oxygen availability, lipid composition, and radical flux within the
matrix. The balance between these opposing reactions depends on oxygen availability and radical flux [29].
In practice, these reactions are closely linked to oxidative stability in oil-rich foods, where NO can either
delay or accelerate rancidity depending on local conditions [35].

3.4. Metal Ions and Catalytic Microenvironments

The heterogenous distribution of metal ions within food matrices creates localized catalytic
microenvironments that influence the extent of NO mediated reactions describes above. The spatial
distribution of these catalytic sites determines where NO mediated reactions are enhanced within complex
food matrices [16].

In food systems, metal ions derive from both raw materials and external contamination. Their uneven
distribution creates localized catalytic sites that accelerate lipid oxidation and protein modification [36].
These reactions are well known to drive oxidative deterioration and can also intensify stress conditions for
microorganisms, thereby affecting food stability and safety [37].
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The chemical behavior of NO within food matrices determines the type, concentration and persistence
of NO derived species encountered by food associated fungi. Therefore, matrix properties such as oxygen
availability, moisture status, and redox active components act as regulators of fungal NO exposure. These
conditions influence fungal NO homeostasis, including NO production, detoxification and redox signaling,
ultimately affecting fungal adaptation and secondary metabolism.

4. Nitric Oxide in Food-Associated Fungi: Production, Detoxification, and Physiological Roles

Food associated fungi are continuously exposed to NO and NO derived reactive nitrogen species
generated both from endogenous fungal metabolism and from chemical reaction occurring within food
matrices. Nitric oxide is not only an exogenous reactive species in food systems but also an endogenous
regulator in fungi, where it participates in growth, metabolism, and stress adaptation. In food-associated
fungi, the biological outcome of NO exposure is determined by the balance between its production,
detoxification, and downstream redox signaling. This balance defines whether NO functions as a metabolic
regulator or a cytotoxic agent under storage and processing conditions.

Unlike classical signaling molecule with defined membrane receptors no dedicated NO receptors or
transporter has been identified in food associated fungi to date. Therefore, exogenous NO originating from
food matrices is generally considered to enter fungal cell primarily through passive diffusion due to its
small size and gaseous nature. Once inside the cell NO can interact with intracellular targets, including
metal containing proteins, thiol containing molecules, and reactive oxygen species, thereby influencing
fungal redox homeostasis, stress response, and secondary metabolism.

4.1. Effects of NO on Fungal Growth, Development, and Secondary Metabolism

NO is involved in the regulation of fungal growth, differentiation, and secondary metabolism. In
filamentous fungi, NO participates in key developmental processes, including spore germination, hyphal
extension, and reproductive structure formation [7]. In Aspergillus nidulans, NO is primarily generated via
nitrate reductase and exhibits stage-dependent accumulation during growth, with perturbation of this
pathway affecting conidiation [38]. In phytopathogenic fungi such as Magnaporthe oryzae, NO is required
for appressorium formation and host penetration [39]. These observations support a role for NO as an
endogenous regulator of developmental transitions rather than a constitutive metabolic by-product.

In addition to its role in development, NO contributes to the control of secondary metabolism. In 4.
nidulans, deletion of the flavohemoglobin gene (fhbA), which is involved in NO detoxification, results in
increased intracellular NO levels and is accompanied by decreased production of sterigmatocystin [40].
Supplementation with NO donors restores afIR expression and partially recovers mycotoxin biosynthesis.
In Aspergillus flavus, NO has also been shown to regulate aflatoxin production through redox-dependent
mechanisms, linking intracellular NO homeostasis to toxin biosynthesis [41,42]. Similar effects have been
reported in basidiomycetes. In Ganoderma lucidum, NO interacts with Ca*'/calmodulin signaling to
regulate ganoderic acid biosynthesis under stress conditions [43]. These observations suggest that NO is
integrated into broader regulatory networks controlling secondary metabolite production.

NO effects on fungal secondary metabolism depend on concentration, species, food matrix, and
exposure conditions. Low NO levels may regulate metabolism, whereas excessive NO can cause nitrosative
stress and inhibit toxin production, as described in Table 3.
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Table 3. Factors determining the context dependent effects of nitric oxide on fungal secondary metabolism and mycotoxin
production.

Representative Fungal and Food System

Examples References

Factors Mechanistic Influence on NO Response

Low or controlled NO level can function as
signaling molecule regulating fungal
development and secondary metabolism,
whereas excessive NO accumulation may
cause nitrosative stress and disrupt toxin
related pathways

NO acts as a developmental and metabolic

signal in filamentous fungi; distruption of NO
homeostasis through flavohemoglobin [7,40,44]
pathways affects sterigmatocystin and

aflatoxin related processes

NO concentration

A. nidulans shows NO dependent regulation of
sterigmatocystin; A. flavus shows NO

regulation of aflatoxin biosynthesis; [40,41,43]
Ganoderma lucidum shows NO dependent

regulation of secondary metabolism

Different fungi possess distinct NO
producing systems, detoxification
mechanisms and regulatory pathways
resulting in species specific responses

Fungal species

Oxygen availability affects NO stability and

formation of RNS which can shift NO Oxygen NO interaction regulates NO signaling
activity from signaling towards and RNS formation in fungal system
nitrosative/oxidative stress responses

Oxygen status [7,45]

Food matrix conditions can influence the
Food matrix effectiveness of NO treatments and
conditions determines their impacts on fungal growth
and mycotoxins production

In dried apricots NO reduce mycotoxin
production and promoted toxin degradation, [42]
demonstrating matrix dependent effect

Endogenous NO production genetic
regulation of NO pathways, NO donor and
exogenous NO treatments can produce
different fungal outcomes depending on
exposure duration and intensity

Nitrate reduction pathways, NO detoxification
system and NO based treatments regulate
fungal developments and toxin associated
pathways

Exposure

conditions [38,40,46]

4.2. Antimicrobial Mechanisms of Nitric Oxide and Reactive Nitrogen Species

Reactive nitrogen species (RNS), including ONOO™, NO», and N>O3, are highly reactive intermediates
derived from NO metabolism and play critical roles in mediating antimicrobial activity in food-associated
fungi. These species can interact with multiple protein functional groups, including reactive thiols, amines,
heme centers, iron-sulfur clusters, and aromatic residues such as phenolic groups or tyrosine. For instance,
N203 and ONOO™ can oxidatively modify membrane proteins through thiol reactivity and amine nitrosation,
as well as through tyrosine nitration at distinct sites, thereby altering protein structure and function [45,47].

In addition, NO and related RNS can directly target metalloproteins, leading to disruption of metal
homeostasis, particularly iron depletion, and can react with free sulthydryl groups to impair enzyme activity.
These modifications collectively result in the inactivation of key metabolic enzymes and collapse of cellular
metabolic networks. Beyond protein targets, NO and its derivatives can also interact with nucleic acids,
inducing deamination, oxidative damage, and DNA strand cleavage, ultimately compromising genome
integrity and leading to cell death. Furthermore, NO derived reactive species can promote lipid peroxidation,
disrupt membrane integrity, increasing permeability and impairing essential cellular functions. The
combined effects of nitrosative stress, oxidative damage, and metabolic inhibition constitute a multi-target
antimicrobial mechanism in which NO exerts pleiotropic toxicity that culminates in cellular dysfunction
and eventual cell death [48].
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4.3. Nitric Oxide Biosynthesis in Fungi

Fungal NO originates from multiple biochemical routes that are tightly coupled to nitrogen metabolism
and environmental conditions.

4.3.1. Nitrate/Nitrite-Dependent Pathway

NO biosynthesis in fungi is less well defined than in mammals and plants, and multiple enzymatic
sources have been proposed. Current evidence indicates that nitrate reductase is a major contributor to NO
production in several filamentous fungi, linking nitrogen metabolism to NO generation. In this pathway,
nitrate reductase (NR) and nitrite reductase (NiR), together with copper-containing nitrite reductases (Nor)
[49], contribute to NO formation as a side reaction of nitrogen metabolism (Figure 1).

Food Matrix Factors

pH 0, Metals Thiol

v ! ]

e 3 N 3 s A
E s NO P
ndogenous NO Production NO & RNS Chemistry NO Detoxification

@ Fhb/NOD @
@ GSNOR/

L—Arginine pathway

o B @
0, Cit

NO,

@

Nitrate/nitrite pathway —) w —)
NO;~ “NOZ— &, @ @ /\ @ NADPH GSSG+NH,*
Nlﬂ — L ) J
\ . J ¥ _ ‘

Protein S-Nitrosylation

N,0; + GSH —, GSNO TrxR/ | BSNO b Protein—SH@. Protein—SNOs

NO* + GSH —» QUENSEEIWIYY NADPH (Cys residues)

Oxidative & nitrosative stress NO pool

lipid peroxyl radicals

2000000 LOO* <&

448844 Lipid alkoxyl radical
LO*

Modulates enzyme activity, and

NO+ Fe?*/Cu* —» —> ONOO- fungal signaling

Figure 1. Overview of NO metabolism in fungi and its integration with redox chemistry in response to food matrix factors.
Environmental parameters (pH, O», metals, and GSH) influence fungal NO production via L-arginine oxidation (NOS-like
pathway) and nitrate/nitrite reduction (NR/NiR). NO participates in reactive nitrogen species (RNS) chemistry, forming
intermediates such as NO,, N>O3, and ONOO", and establishing a dynamic NO pool. Detoxification in fungi occurs mainly
through Fhb/NOD-mediated oxidation of NO to NO3;~ and GSNOR-dependent turnover of GSNO. GSNO serves as a key NO
reservoir that links redox metabolism to protein S-nitrosylation and lipid oxidation, while the Trx/TrxR system mediates
denitrosylation and maintains thiol redox homeostasis. NOS, nitric oxide synthase; NR, nitrate reductase; NiR, nitrite reductase;
Nor, copper-containing nitrite reductases; GSNO, S-nitrosoglutathione; GSNOR, GSNO reductase; GSH, glutathione; GSSG,
glutathione disulfide; Trx, thioredoxin; TrxR, thioredoxin reductase; O,™, superoxide radical; ONOO™, peroxynitrite; LOO", lipid
peroxyl radical; LO", lipid alkoxyl radical.

In A. nidulans, nitrate reductase activity has been directly associated with intracellular NO
accumulation under nitrogen-utilizing conditions, indicating that NO production scales with nitrate
assimilation flux [50]. In yeast, perturbation of nitrate/nitrite metabolism alters NO levels, particularly
under nitrogen limitation, thereby supporting a regulatory link between nitrogen status and NO signaling
[51]. In plant-associated fungi, nitrite-derived NO production increases under hypoxia and host interaction,
further connecting nitrogen metabolism to redox signaling [52].
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4.3.2. NOS-Like Enzymatic Pathway

In addition to reductive pathways, fungi possess nitric oxide synthase (NOS)-like activities. In
mammalian systems, NO is produced by three major NO isoforms: neuronal NOS (nNOS or NOS-I),
endothelial NOS (eNOS or NOS-III), and inducible NOS (iNOS or NOS-II) [53]. nNOS and eNOS are
constitutively expressed and regulated by Ca®'/calmodulin, whereas iNOS is induced under stress
conditions and produces NO independently of Ca*" regulation. However, fungal NOS-like system remains
less characterized and their contribution to NO production varies among fungal species [54]. Despite these
regulatory differences, all NOS isoforms catalyze the oxidation of L-arginine to L-citrulline in the presence
of molecular oxygen and essential cofactors, resulting in the production of nitric oxide [55].

Although fungi lack well-conserved NOS orthologs, increasing evidence supports the existence of
functionally analogous NOS-like enzymes. In Inonotus obliguus, an inducible NOS-like enzyme correlates
with increased NO levels and activation of secondary metabolic pathways, including phenylpropanoid
biosynthesis [56]. Further studies demonstrated that NO-mediated regulation of styrylpyrone biosynthesis
requires thioredoxin-dependent transnitrosylation mechanisms, implicating NOS-derived NO in metabolic
control [57].

4.3.3. Non-Enzymatic and Stress-Associated NO Generation

NO can also arise non-enzymatically from nitrite under acidic or oxidative conditions, which are
common in food environments. This route is particularly relevant in nitrite-containing systems such as
cured foods, where exogenous NO can directly affect fungal cells. For example, NO generated from nitrite
has been shown to suppress fungal growth and modulate toxin production in food matrices [42],
demonstrating that environmental NO sources can complement endogenous production.

4.4. NO Detoxification and Homeostasis Systems

Excess NO is cytotoxic, causing protein nitrosylation, metal center disruption, and inhibition of
respiration. To maintain viability, fungi rely on conserved detoxification systems that control intracellular
NO levels.

4.4.1. Flavohemoglobins (Fhb Proteins)

Flavohemoglobins are the primary NO detoxification enzymes, converting NO into nitrate via an
oxygen-dependent dioxygenase reaction. In 4. flavus, deletion of flavohemoglobin genes results in elevated
intracellular NO levels, reduced growth, and significantly altered aflatoxin production [44]. Our recent
study in A4. flavus also indicates that NO stress is tightly linked to mitochondrial dysfunction, suggesting
that Fhb-mediated detoxification is essential for maintaining respiratory activity under NO exposure [41].
Similar phenotypes have been reported across diverse fungal species. In A. nidulans, deletion of the
flavohemoglobin gene (fhbA) leads to elevated intracellular NO levels and increased sensitivity to
nitrosative stress [40]. In the rice blast fungus M. oryzae, disruption of flavohemoglobin results in defective
infection-related development and enhanced sensitivity to host-derived NO, linking NO detoxification to
pathogenicity [58]. These findings demonstrate that flavohemoglobin-mediated NO detoxification is a
conserved mechanism required for fungal stress tolerance and virulence across filamentous fungi.

4.4.2. S-Nitrosoglutathione Reductase (GSNOR)

GSNOR regulates cellular S-nitrosothiol (RSNO) levels by degrading S-nitrosoglutathione (GSNO),
thereby controlling NO-derived signaling. Recent work demonstrates that GSNOR is essential for NO
homeostasis in 4. flavus, with gene disruption leading to impaired aflatoxin biosynthesis and reduced
pathogenicity [46]. In M. oryzae, denitrosylation is required for proper appressorium function, and
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disruption of NO turnover leads to impaired infection [59]. These results indicate that both NO
detoxification and S-nitrosylation turnover are essential for fungal adaptation.

4.4.3. Redox Buffering Systems

Glutathione and thioredoxin systems also contribute to NO detoxification by maintaining redox balance
and reversing S-nitrosylation. Disruption of denitrosylation impairs appressorium formation and infection
capacity, demonstrating that dynamic control of protein S-nitrosylation is essential for fungal development
[59]. In I obliquus, thioredoxin-dependent transnitrosylation regulates secondary metabolism, further
supporting the role of redox buffering systems in NO signaling [57]. The ability of fungi to maintain NO
homeostasis determines whether NO functions as a signaling molecule or induces nitrosative stress. These
responses directly influence fungal development, secondary metabolism, and mycotoxins biosynthesis.

5. Molecular Mechanisms Underlying NO-Mediated Regulation of Fungal Toxigenesis
5.1. Metabolic Disruption As the Primary Trigger

A consistent consequence of NO exposure is disruption of central carbon metabolism, particularly the
tricarboxylic acid (TCA) cycle. This effect is primarily associated with the sensitivity of iron-sulfur cluster-
containing enzymes to nitrosative modification, particularly under conditions that favor the formation of
NO/RNS. In A. flavus, multiple TCA enzymes are S-nitrosylated under NO stress, resulting in reduced
enzymatic activity, impaired mitochondrial function, and decreased ATP production [41].

Similar metabolic perturbations have been reported in A. nidulans, where NO disrupts aconitase
activity and depletes key intermediates required for amino acid biosynthesis [60]. Such perturbations alter
intracellular redox balance and carbon flux distribution, thereby constraining precursor supply for
secondary metabolism. Mechanistic evidence from G. lucidum further demonstrates that NO-mediated S-
nitrosylation of aconitase redirects carbon flux toward secondary metabolite biosynthesis, thereby linking
metabolic disruption to enhanced production of ganoderic acids [61].

5.2. Transcriptional Reprogramming: Coupling Nitrogen Metabolism to NO Stress

At the transcriptional level, fungal responses to nitrosative stress involve specific regulators that couple
redox perturbation to metabolic adaptation. A recent study in 4. nidulans identified the cross-pathway
control transcription factor CpcA as a key mediator of NO tolerance. Under RNS stress, inhibition of central
metabolic enzymes leads to depletion of intracellular amino acids, triggering a compensatory response
mediated by CpcA. Deletion of cpcA impairs the induction of amino acid biosynthetic genes and results in
severe growth defects under nitrosative stress, demonstrating that CpcA is important for maintaining
metabolic homeostasis during nitrosative stress [60]. In G. lucidum, the GATA transcription factor AreA
has also been shown to modulate ganoderic acid biosynthesis by coordinating nitrogen metabolism with
secondary metabolism [62]. Given that NO production is closely linked to nitrogen assimilation, such
regulators may provide an additional layer connecting nitrogen status, NO signaling, and metabolic output.

In addition to metabolic regulators, chromatin-associated transcription factors also contribute to
nitrosative stress responses. In Fusarium graminearum, the GATA factor AreB participates in NO
adaptation by coordinating nitrogen metabolism and stress-responsive gene expression. Under nitrosative
conditions, AreB functions in concert with other transcription factors to recruit the SWI/SNF chromatin
remodeling complex, thereby modulating promoter accessibility and enabling transcriptional activation of
stress-related genes [47]. Disruption of this regulatory module compromises fungal tolerance to nitrosative
stress, highlighting the importance of chromatin remodeling in NO-responsive transcriptional control. The
integrated relationship among food matrix dependent NO chemistry, fungal NO responses, and the
regulation of toxigenesis is summarized in Figure 2.
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Figure 2. Molecular mechanisms of NO-mediated regulation of fungal development and metabolic reprogramming.
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5.3. Post-Translational Control: S-Nitrosylation As a Selective Regulatory Mechanism

At the post-translational level, excess NO derived S-nitrosothiols, including GSNO, promotes S-
nitrosylation of cysteine residues, leading to changes in protein activity, stability, and interaction. This
modification is reversible and therefore supports dynamic regulation rather than irreversible damage.

In fungi, S-nitrosylation directly targets metabolic enzymes and reshapes central metabolism. In A.
flavus, S-nitrosylation targets multiple TCA cycle enzymes, leading to measurable reductions in catalytic
activity and altered metabolic flux [41]. A similar mechanism has been reported in G. lucidum, where S-
nitrosylation of aconitase modulates ganoderic acid biosynthesis under heat stress, linking NO signaling to
secondary metabolism through direct enzymatic control [61]. In addition to carbon metabolism, antioxidant
systems are also targeted, where S-nitrosylation of catalase affects its activity and contributes to redox
balance and metabolite production in G. lucidum, further illustrating that NO regulates both metabolic and
stress-response pathways at the protein level [63].

Proteome-wide analyses in M. oryzae further expand this view. A large set of S-nitrosylated proteins
involved in cytoskeleton organization, signaling, and infection-related development has been identified,
and disruption of denitrosylation impairs appressorium formation and pathogenicity [59]. These findings
indicate that S-nitrosylation is not restricted to metabolism but extends to developmental and virulence-
associated processes.

In the context of fungal control NO based preservation strategies are of particular interest because
NO/RNS exposure can influence fungal growth, stress tolerance, spore germination, and mycotoxin
production. However, the effectiveness of these approaches depends on the fungal species, NO
concentration, exposure duration, and food matrix condition.

6. NO-Based Strategies in Food Systems

NO-based strategies in food systems have evolved from simple fumigation approaches to integrated,
controllable platforms that couple chemical reactivity with food matrix properties. Unlike traditional
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preservatives, NO does not act solely as a static antimicrobial agent; instead, it functions as a dynamic
redox mediator, whose efficacy depends on release kinetics, local concentration, and interactions with
matrix components such as oxygen, lipids, and proteins. NO and reactive nitrogen species influence fungal
growth, spore germination, stress tolerance, and mycotoxin production, therefore NO based preservation
depends on fungal species treatment conditions, and matrix effect. This section integrates delivery
technologies with application scenarios and further addresses the translational challenges and future
directions, providing a unified framework for understanding NO as a programmable chemical regulator in
food preservation.

6.1. Gaseous NO Fumigation

Gaseous NO represents the most direct strategy for postharvest intervention; however, its practical
efficacy depends far more on process control than on the intrinsic properties of NO itself. In real systems,
NO rarely acts as an isolated molecule. Instead, its biological effects are dictated by its rapid reactions with
oxygen and reactive oxygen species, which simultaneously determine both its antimicrobial efficacy and
its potential phytotoxicity.

Under ultralow oxygen (ULO) conditions, NO remains relatively stable, allowing efficient diffusion
into plant tissues and microbial cells. This feature underpins its effectiveness in postharvest pest and disease
control. For example, fumigation with 1-2% NO at 2—-5 °C has been shown to achieve complete mortality
of Frankliniella occidentalis without compromising the quality of fresh produce such as lettuce, tomato,
and apple [64]. Similarly, strawberries treated with NO under low-oxygen atmospheres exhibited reduced
insect infestation and delayed fungal decay, accompanied by better firmness retention during storage.

In addition to its antimicrobial role, NO also functions as a signaling molecule in fruits physiology,
climacteric fruits, including tomato, mango, and banana, low dose NO delays ripening. This effect is
associated with the suppression of ethylene biosynthesis through inhibition of ACC synthase (ACS) and
ACC oxidase (ACO) together with modulation of cellular redox homeostasis [65,66]. Furthermore, NO
influences secondary metabolism. In flat peach, for instance, NO fumigation altered the biosynthesis of
volatile compounds by regulating fatty acid-derived pathways during cold storage, ultimately affecting
aroma quality.

Despite these benefits, the application of gaseous NO is intrinsically constrained by its high reactivity
with oxygen. In aerobic environments, NO is rapidly oxidized to nitrogen dioxide (NO.), a highly reactive
and phytotoxic species that can cause tissue injury, discoloration, and accelerated quality deterioration.
Consequently, effective NO fumigation protocols require strict control of atmospheric composition,
including oxygen exclusion (e.g., hermetic or nitrogen-flushed systems), precise regulation of NO
concentration and exposure duration, and post-treatment nitrogen flushing to terminate reactions. When
such conditions are carefully maintained, residue analyses have shown that nitrate and nitrite levels remain
comparable to those in untreated controls, indicating minimal safety concerns [67]. In food associated fungi,
NO exposure affects redox homeostasis and stress responses, influencing fungal inhibition or adaptation.
Understanding NO metabolism is therefore essential for optimizing NO fumigation strategies and reducing
mycotoxin risks.

6.2. NO Donors

Compared with direct NO fumigation, NO donors provide a more controllable and tunable strategy for
modulating NO bioavailability in food-related systems. Common NO donors include diazeniumdiolates
(NONOates), S-nitosothiol (RSNOs), and metal NO complexes such as sodium nitroprusside (SNP), which
differs in their NO release mechanisms and stability.



Fungal Res. 2026, 1(2), 10008. doi:10.70322/fungalres.2026.10008 14 0f25

NONOates release NO spontaneously, with release kinetics determined by chemical structure and
environmental condition [68]. In contrast, RSNOs, including S-nitrosoglutathione (GSNO), act as
endogenous NO reservoirs and participate in transnitrosylation reactions. Rather than simply releasing free
NO, RSNOs can directly modify cysteine residues in target proteins, thereby regulating protein function
through S-nitrosylation [69]. Metal-based donors such as SNP release NO through redox-dependent
pathways and have been widely used in biological studies due to their stability and ease of handling [68].
However, their potential to generate secondary reactive species (e.g., cyanide) necessitates careful
consideration in food applications.

In food systems, the application of NO donors offers an additional advantage in mitigating volatility
and rapid diffusion associated with gaseous NO. Controlled NO release from RSNO-based formulations
has demonstrated effective antimicrobial activity in localized delivery systems, such as topical matrices and
polymer-based carriers, where sustained NO flux leads to significant microbial inactivation while
minimizing systemic diffusion [70]. NO donors may also enhance antifungal efficacy when combined with
other redox-active compounds. For instance, NO-releasing molecules have been shown to induce severe
structural damage to fungal cells and disrupt membrane integrity, effects that are mechanistically
complementary to those of membrane-targeting agents such as essential oils [71]. In addition, RSNOs and
related NO species function as redox modulators, influencing ROS/RNS balance and protein S-nitrosylation
pathways, which overlap with the oxidative stress responses triggered by phenolic compounds [72].

6.3. NO Delivery Systems

While NO donors provide a chemical basis for NO release, their practical effectiveness depends largely
on delivery strategies that ensure controlled, targeted, and sustained NO exposure. This has led to increasing
interest in the development of NO delivery systems tailored for food preservation applications.

6.3.1. Nanostructured Delivery Systems

Nanostructured carriers, including polymeric nanoparticles, liposomes, and inorganic nanomaterials,
have been extensively investigated as platforms for NO delivery due to their nanoscale dimensions (1-100
nm), high surface reactivity, and tunable physicochemical properties [68]. No donor’s immobilization on
nanocarriers improves NO stability and antimicrobial activity against biofilm associated microorganisms.
Silica based nanoparticles SiO; are widely used due to their tunable size, surface functionalization, stability,
and biocompatibility [73]. Typically, SiO> nanoparticles are synthesized via sol-gel processes using
precursors such as tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS), followed by functionalization
with aminosilanes to introduce reactive amine groups. These amine moieties can subsequently react with
NO under high pressure to form diazeniumdiolate (NONOate) functionalities, enabling controlled NO
storage and release [74]. Such NO-releasing silica nanoparticles have demonstrated high NO loading
capacity (e.g., up to 7.60 umol-mg ') and strong antimicrobial activity, achieving up to 99% eradication of
biofilms formed by multiple microorganisms, including Pseudomonas aeruginosa, Escherichia coli,
Staphylococcus aureus, and Candida albicans [73,75].

NO release kinetics from these nanomaterials can be tuned through surface engineering. Modifications
of SiO; nanoparticles with hydrophobic ligands regulates NO release half-life, highlighting the role of
surface chemistry in controlling NO delivery [75]. In addition, core-shell nanostructures have been
developed to further modulate release profiles. For instance, nanoparticles with a SiO> core and RSNO-
modified chitosan shell can delay burst NO release and provide more sustained delivery, with reported NO
loading levels of approximately 0.15 mmol/mg [76].

Polysaccharides based nanocarriers have also been developed for NO delivery. Thiolates starch
nanoparticles can bind nitrosating agents to generate NO releasing system with sustained release properties.
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When incorporated into polymers matrices such as gelatin sponges, these materials provide controlled NO
delivery and antibacterial activity against E. coli [77]. The differential susceptibility observed between
Gram-negative and Gram-positive bacteria further suggests that cell wall structure influences the efficacy
of NO-based antimicrobial nanomaterials [75].

In addition to nanoparticle systems, electrospun nanofibers have emerged as effective NO delivery
platforms. These materials, fabricated through electrospinning of viscoelastic polymer solutions, possess
tunable fiber diameter, high porosity, and large surface area, enabling efficient loading and sustained release
of NO donors [78]. For example, nanofibers prepared from polymers such as polyvinylpyrrolidone or ethyl
cellulose and loaded with NONOates can retain high NO content and release NO over extended periods
(>24 h), thereby significantly inhibiting bacterial growth, including drug-resistant strains [79]. Similarly,
GSNO-incorporated polymeric nanofibers have been shown to reduce bacterial adhesion by approximately
80% after 24 h exposure [80].

Nanogel systems represent another important class of nanostructured NO delivery platforms. These
materials are characterized by three-dimensional porous networks (typically 20-250 nm) with high water
content, high loading capacity, and tunable responsiveness [81]. Nanogels can protect unstable NO donors
and regulates release through environmental triggers through such as pH or enzymatic activity. Chemically
crosslinked nanogels provide stable and controlled release, whereas physically crosslinked systems offer
greater responsiveness and biocompatibility [82]. For instance, pH-responsive and enzyme-degradable
nanogels have been shown to achieve minimal NO release (<8%) under basal conditions, but rapid release
(>90%) in the presence of specific enzymes, demonstrating their potential for stimuli-responsive NO
delivery [81].

6.3.2. Organic Matrix-Based Systems

Organic matrix-based systems provide tunable platforms for NO delivery incorporating NO donors
into polymers or hydrogel networks through covalent conjugation or encapsulation. Polymers based system
can stabilize NO donors such as diazeniumdiolates and S-nitrosothiols, while release kinetics are controlled
by polymers properties including hydrophilicity, hydrophobicity, and chain architecture [48].

Functional surface engineering further enhances antimicrobial performance. NO releasing polymers
coatings and structured films reduce bacterial adhesion by combining controlled NO release with surface
physiological properties [83]. These systems demonstrate that spatial control of NO delivery, together with
interfacial interactions, is critical for enhancing antimicrobial efficacy.

Hydrogel-based systems represent another important class of organic delivery platforms, characterized
by hydrophilic three-dimensional networks with high water content and tunable porosity. Incorporation of
NO donors into hydrogel matrices enables controlled release through diffusion, swelling, or matrix
degradation, with release kinetics regulated by crosslinking density and network structure [55]. Notably,
stimuli-responsive hydrogels can achieve on-demand NO release under specific environmental conditions
(e.g., oxidative stress), thereby enhancing antibacterial activity through combined effects on membrane
integrity and cellular homeostasis [84].

6.3.3. Inorganic Porous Materials

Inorganic porous materials are promising NO delivery platforms due to their high surface area,
structural stability, and tunable pore properties. Materials such as metal coordination system and zeolite
based carriers enable efficient NO adsorption, storage, and controlled release through physiochemical
interactions [85].

Metal ion-mediated systems play a critical role in regulating NO generation and release. Transition
metal ions such as Cu®’ can act as catalytic centers to promote the decomposition of NO donors, thereby
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enabling sustained NO generation [86]. For instance, hybrid coatings formed by immobilizing Cu®*
complexes (e.g., Cu-DOTA) within organic—inorganic matrices have been shown to prevent the burst
release of metal ions while facilitating continuous NO production through catalytic pathways [87]. This
strategy highlights the dual function of metal ions in both stabilizing the delivery system and acting as
triggers for controlled NO release.

Zeolite based materials are effective inorganic porous carriers due to their high adsorptive capacity and
microporous structures. NO loaded clinoptilolite enables sustained NO release through reversible
adsorption-desorption processes and provides long term antimicrobial activity against both gram negative
and gram positive bacteria [85]. Despite these advantages, the application of inorganic systems requires
careful evaluation of material safety, ion migration, and compatibility with complex matrices.

6.4. Safety Considerations: Balancing Efficacy and Chemical Risk

The application of NO and NO-releasing systems in food preservation necessitates careful evaluation
of safety and regulatory implications. While NO is an endogenous signaling molecule with well-
characterized biological functions, its reactivity also raises concerns regarding potential chemical risks in
food systems. One major concern is the formation of nitrosamines, a class of compounds with established
carcinogenic potential, which can arise from reactions between NO-derived species (e.g., N2O3) and
secondary amines under certain conditions [31]. Nitrosamine formation depends on several factors,
including pH, temperature, and the availability of amine precursor. Because these factors vary among food
matrices, controlling NO concentration and exposure duration is essential to reduce potential risks.
Excessive NO level may also promote oxidative and nitrosative damage to food components, including
lipid oxidation and protein modification. These changes may affect nutritional quality and sensory
properties. For example, NO mediated lipid oxidation in the meat system has been associated with off flavor
development and reduced shelf life [31].

In addition, assessing the practical use of NO based preservation must occur under actual food
processing scenarios. This includes managing residual nitrate/nitrite levels, ensuring consistent treatment,
and adhering to regulatory standards. Consequently, it is crucial to optimize NO concentration exposure
time and delivery methods to achieve a balance between effective preservation and food safety. This
highlights the importance of optimizing NO dosage to achieve antifungal efficacy without compromising
food quality.

7. Applications of NO in Food Preservation

NO has emerged as a versatile preservation agent in food systems due to its dual functionality as a RNS
and a redox signaling molecule. Fungal contamination remains a major challenge in food preservation due to
spoilage and mycotoxin production. NO-based approaches may offer an additional strategy by inhibiting fungal
growth and modulating NO regulated stress and secondary metabolic pathways. Unlike conventional
preservatives that mainly rely on direct antimicrobial toxicity, NO acts through multiple mechanisms, including
microbial inhibition, oxidative regulation, and modulation of endogenous metabolic pathways. Current
application of NO based food preservation mainly on four areas meat, aquatic products, fruits, and vegetables.

7.1. Meat Preservation

Meat products are highly susceptible to quality deterioration during transportation and storage,
primarily due to lipid and protein oxidation, microbial contamination, and endogenous enzymatic autolysis,
which collectively lead to undesirable changes in sensory attributes, color stability, and tenderness,
ultimately compromising flavor and commercial value.
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To mitigate these changes, nitrite and nitrate are widely applied in processed meats as precursors of
NO. In cured systems, nitrate is first reduced to nitrite and subsequently to NO through endogenous
reductants (e.g., NADH, ascorbate, erythorbate) and microbial activity. The generated NO binds to
myoglobin, forming nitrosylmyoglobin and thereby stabilizing the characteristic red color. Concurrently,
NO participates in nitrosation reactions with alcohols and phenolic compounds, contributing to flavor
formation and modulating microbial activity, thereby contributing to preservation effects [31]. Beyond
these chemical effects, NO regulates postmortem muscle metabolism through protein S-nitrosylation,
influencing proteolytic pathways involved in myofibrillar degradation. For example, inhibition of iNOS by
aminoguanidine hydrochloride reduces myofibrillar fragmentation and preserves mitochondrial integrity in
yak meat, indicating a role for NO in cysteine protease mediated tenderization. However, NO effects are
concentration dependent, moderate exposure improves water holding capacity and tenderness in pork
longissimus dorsi during refrigerated storage, whereas excessive levels increase drip loss and shear force
despite improving color stability [88].

These findings show that NO regulates postmortem metabolism through redox dependent mechanisms,
with its effect determined by the balance between antioxidative protection and nitrosative stress. This
concentration dependent response highlights the importance of matrix conditions and NO exposure levels
in food system.

7.2. Aquatic Product Preservation

Aquatic products are particularly prone to spoilage due to high moisture content and rapid microbial
proliferation. NO has demonstrated effectiveness in extending shelf life by targeting both microbial activity
and nitrogen metabolism associated with spoilage. One representative study showed that NO treatment
significantly reduced total volatile basic nitrogen levels in tilapia fillets, indicating suppression of protein
degradation and microbial activity [89]. This effect is attributed to NO-mediated inhibition of bacterial
respiration and enzyme systems involved in amino acid degradation.

In parallel, NO also contributes to color stabilization in fish muscle through nitrosylation of heme
proteins, similar to its role in meat systems. In crustaceans, NO also enhances host defense mechanisms.
For example, sodium nitroprusside (SNP), an NO donor, reduced infection by FEnterocytozoon
hepatopenaei in shrimp and improved immune responses [65]. These studies highlight that NO functions
not only as an antimicrobial agent but also as a modulator of biochemical spoilage pathways, particularly
those related to nitrogen metabolism. However, challenges remain regarding NO stability and diffusion in
high-moisture environments, which require further investigation. The applications of nitric oxide in meat,
aquatic products, fruits and vegetables are summarized in Table 4.
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Table 4. Applications of NO in the food industry.

NO Type Food Matrix Mechanism Outcome References
NO gas/nitrite-derived Cured meat products Nit.rolsylation of myoglobin (heme chemistry), antimicrobial Color §tabilizati0n; flavor development; shelf-life [90]
NO activity extension
Fresh meat (e.g., pork longissimus  Protein S-nitrosylation and redox regulation, microbial Improved tenderness; water-holding capacity; reduced
NO gas . e . [88]
dorsi) inhibition bacterial load
Antioxidant lation (lipid oxidation inhibiti tei - Sy . .
NO donor (e.g., SNP) Meat products p:;;:;ioin regulation (lipid oxidation inhibition), protein Reduced lipid peroxidation; quality preservation [91]
NO donor Fish (e.g., tilapia) Lipid oxidation inhibition, protein stabilization Improved water-holding capacity; extended shelf life [89]
NO gas Citrus fruits, tomato, peach, plum  Heme/redox interaction, antimicrobial activity Senescence delay; decay inhibition; color retention [92]
NO oas Apple, kiwifruit, strawberry, banana, Ethylene biosynthesis inhibition (ACS/ACO), antioxidant  Ripening delay; firmness maintenance; shelf-life [15]
& grape enhancement extension
N L Leafs tabl .g., lett .. . .. . . . . .
© gfa.s (ULO cay V.e getables (e.g., lettuce, Broad-spectrum antimicrobial activity, pest control Microbial reduction; quality maintenance [93]
conditions) broccoli)
Mitochondrial protecti d ROS i b Sy
NO gas Apple, peach ' oc OI? rial profection an SUPpression, membrane Reduced oxidative damage; delayed senescence [94]
stabilization
Cp Antioxidant tivation (POD, PAL, APX), R .
NO donor Kiwifruit " 1ox1(.1an enzyme activation (POD, ’ ), ROS Senescence delay; improved storage tolerance [95]
scavenging
NO donor (SNP) Banana Ethylene signaling antagonism, antioxidant regulation Ripening delay; firmness retention [96]
NO donor (SNP) Lentil seeds Redox homeostasis regulation, metabolic stabilization Delayed deterioration; extended storage life

Notes: NO, nitric oxide; SNP, sodium nitroprusside; ULO, ultralow oxygen; ACS, ACC synthase; ACO, ACC oxidase; POD, peroxidase; PAL, phenylalanine ammonialyase; APX, ascorbate
peroxidase.
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7.3. Fruit Preservation

In fruits, NO primarily acts as a regulator of ripening and senescence, interacting with plant hormone
signaling and redox metabolism. A key mechanism is the inhibition of ethylene biosynthesis and signaling,
which delays ripening and extends shelf life. NO achieves this by modulating the activity of enzymes such
as ACC oxidase and through post-translational modifications of signaling proteins. For example, Zhang et
al. (2022) reported that SNP treatment enhanced anthocyanin accumulation and improved flavor quality in
blood oranges, while simultaneously delaying senescence [66]. In kiwifruit, NO treatment reduced the
respiration rate and oxidative damage, thereby prolonging storage life [95].

In strawberry, exogenous NO delays senescence by enhancing antioxidant defense systems (e.g., SOD,
CAT, and APX), reducing lipid peroxidation, and maintaining membrane integrity, thereby preserving
firmness and decreasing decay during storage [37]. Additionally, NO fumigation has been shown to directly
inhibit fungal pathogens such as Aspergillus spp. in dried fruits, thereby reducing contamination risk in a
concentration-dependent manner [97]. Overall, NO serves as a central regulator linking redox homeostasis,
hormone signaling, and defense responses, thereby maintaining fruit quality during storage.

7.4. Vegetable Preservation

Vegetables are highly susceptible to postharvest deterioration due to mechanical damage, enzymatic
browning, and microbial contamination. NO-based treatments mitigate these processes through antioxidant
regulation and antimicrobial activity. For instance, Dai et al. (2023) demonstrated that SNP treatment
significantly reduced browning in fresh-cut potatoes by inhibiting polyphenol oxidase activity and enhancing
antioxidant enzyme systems [98]. In leafy vegetables, NO fumigation under ultralow oxygen conditions
effectively controls microbial contamination while maintaining postharvest quality and texture [93].

Moreover, NO has been shown to disrupt biofilm formation and bacterial adhesion, particularly when
combined with other agents. Islam et al. (2020) reported that NO donors synergize with hydrogen peroxide
to enhance microbial inactivation on fresh produce surfaces [99]. In mushrooms, combined treatment with
NO and 1-methylcyclopropene (1-MCP) improved ROS scavenging capacity and maintained firmness and
nutritional quality [100]. These findings demonstrate that NO acts as a multifunctional preservation factor,
integrating oxidative stress mitigation with microbial control.

8. Conclusions and Future Perspectives

NO has emerged as a versatile regulator in food systems, functioning beyond a conventional
antimicrobial agent to act as a dynamic mediator of redox processes. Its efficacy in food preservation is
intrinsically governed by concentration-dependent effects, release kinetics, and interactions with complex
food matrices, including oxygen, lipids, proteins, and endogenous redox-active compounds. As
summarized in this review, NO-based strategies have evolved from direct gaseous fumigation toward more
advanced donor systems and engineered delivery platforms, enabling improved control over spatial and
temporal NO bioavailability. These developments collectively highlight a paradigm shift from empirical
application to mechanism-driven design.

Despite these advances, several critical challenges remain for the translation of NO-based technologies
into practical food applications. First, the instability and high reactivity of NO under aerobic conditions
continue to limit its controllability, particularly in open or non-hermetic systems. Second, the behavior of
NO donors and delivery systems in real food matrices is not yet fully understood, particularly regarding
matrix-dependent diffusion, reaction pathways, and the potential formation of secondary nitrogen species.
Third, safety and regulatory considerations, including the accumulation of nitrite/nitrate residues and the
use of metal-containing or nanostructured materials, require systematic evaluation under realistic
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processing and storage conditions. These issues underscore the need for standardized assessment
frameworks that integrate chemical, microbiological, and toxicological endpoints.

Many important issues remain to be addressed to advance the application of NO in food systems. A
primary priority is the development of stimuli-responsive and matrix-adaptive delivery systems that enable
controlled NO release in response to physicochemical parameters such as pH, oxygen availability, and
microbial activity. Additionally, the quantitative characterization of NO reaction networks in complex food
matrices requires integrating advanced analytical techniques with kinetic modeling approaches.
Furthermore, combining NO-based strategies with established preservation technologies, including
modified atmosphere packaging, natural antimicrobial compounds, and cold chain management, is essential
to achieve predictable and synergistic effects. In parallel, considerations of scalability, material safety, and
regulatory compliance must be incorporated at early stages of system design to facilitate industrial
translation. Collectively, these efforts will enable the rational development of NO-mediated preservation
strategies and support their implementation as reliable, controllable technologies for food applications.
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