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Atmospheric gaseous pollutants sulfur dioxide (SO,), nitrogen oxides (NO,),
ozone (O3), and carbon monoxide (CO) increasingly co-occur in crop canopies
and cause damage that spans atmospheric chemistry, redox signaling, and whole-
leaf function. Prior work is often fragmented by single pollutant, single endpoints,
or single scale, which limits mechanistic comparability and makes it dif cult to
build computationally useful models that generalize across environments. This
synthesis integrates the atmospheric-to-cellular continuum in a form tended for
quantitative plant science and computational researchers. We connect pollutant
formation and microclimate-driven exposure to stomatal uptake, apoplastic
speciation, subcellular targets, and downstream impacts on photosynthesis,
respiration, and stomatal regulation. At the biochemical level, we unify key
reaction routes and control points, SO, hydration to bisul te and sul te and the
associated detoxi cation demands, NO, driven redox interconversion and
nitrosative stress with protein modi cation, O; decomposition to reactive
oxygen species (ROS) and membrane/chloroplast injury with guard-cell
dysfunction. We also clarify the agronomic relevance of CO as a heme-
centered modi er that can reshape respiration-linked redox balance and stress
signaling, particularly under multi-pollutant mixtures. Beyond summarizing
mechanisms, our novelty in this synthesis, is not to repeat well-known single-
gas mechanisms, but to bring together key studies that are rarely discussed side
by side and show how their results can be used in a practical, quantitative way.
Speci cally, we organize evidence across SO,, NO,, Oz, and CO around shared
convergence nodes (ROS and RNS buffering, antioxidant cycling, and electron-
transport constraints), and we translate those mechanisms into discriminative
mechanistic ngerprints that can be treated as measurable biomarkers or model
features. To support translation, we summarize how prior studies typically
quantify dose and outcomes using open-top chambers, FACE, and ux-based
datasets that connect stomatal uptake to redox status and yield-related traits. This
enables more consistent dataset design, model constraints for machine learning,
and interpretable prediction of tolerance and yield risk under realistic multi-
pollutant atmospheres.
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1 Introduction

Over the past century, anthropogenic activities such as
industrialization, vehicular emissions, power generation, and
urbanization have profoundly altered the composition of Earths
atmosphere (Hale, 1993). Among the most pervasive changes is the
increased concentration of reactive gaseous pollutants, particularly
sulfur dioxide (SO,), nitrogen oxides (NO,), ozone (Os), and
carbon monoxide (CO) (Meo and Ayoub, 2024). These gases,
emitted through combustion processes, fossil fuel use, and
industrial exhausts, are not only central to atmospheric chemistry
but also potent agents of biological disruption in terrestrial
ecosystems (Odubo et al., 2024). Plants, being the primary
autotrophs and dominant surface interface in terrestrial biomes,
are chronically exposed to these gaseous toxins through stomatal
uptake and surface adsorption (Landmeyer, 2012). While the
broader ecological impacts of air pollution are widely
acknowledged, the biochemical mechanisms by which these
atmospheric gases interfere with core physiological processes such
as respiration, photosynthesis, and stomatal function remain
underexamined in an integrated framework (Husen, 2021).

The biochemical consequences of pollutant exposure in plants
are multifaceted and highly reactive. For instance, SO,, after
entering the leaf apoplast, is hydrated to form bisul te (HSO3)
and sul te (SO3 "), which are strong nucleophiles capable of
reacting with chlorophyll, DNA bases, and thiol-containing
proteins (Singh and Lamabam, 2012; Majumdar, 2023). These
reactions lead to degradation of chloroplast pigments, inhibition
of enzymatic function, and altered redox signaling (Brychkova,
2007). NOy gases, particularly NO and NO,, enter the mesophyll
and participate in redox cycling, producing reactive nitrogen species
(RNS) such as peroxynitrite (ONOQO"), which induce oxidative and
nitrosative stress (Corpas and Barroso, 2013a). Ozone (O3), a
secondary pollutant formed via photochemical reactions involving
NO, and VOCs, is perhaps the most phytotoxic gas due to its high
oxidative potential (Monks, 2015). Upon entry through stomata, O3
decomposes to singlet oxygen and superoxide radicals, which
damage cellular membranes, photosystem Il proteins, and
metabolic enzymes. Even CO, though relatively less reactive in
air, interferes with heme-containing respiratory enzymes by
competitively binding to cytochrome oxidase, impeding electron
transport in both mitochondria and chloroplasts (Pellegrini, 2011;
Muneer, 2014). CO is included not as a generic damage gas, but
because its heme af nity provides a plausible route to constrain
respiration-linked electron transport and to modulate stress
signaling, particularly when oxidative or nitrosative load is
already elevated.

The implications of these pollutant-induced disruptions are far-
reaching. At the cellular level, damage to chloroplasts impairs
carbon xation and energy metabolism. At the tissue level,
changes in stomatal aperture and dynamic transpiration affect
water use ef ciency and nutrient uptake (Ran, 2017). These
physiological stress responses cascade into reduced plant
productivity, altered phenology, and increased vulnerability to
pathogens. Importantly, such stress syndromes are not con ned
to agricultural crops alone; forest trees, ornamental plants, and
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natural vegetation are equally susceptible, threatening both
biodiversity and ecosystem services (Duque et al., 2021,
Cheesman, 2024). Furthermore, since plants serve as the
foundational trophic level in most food webs, their compromised
function under air pollution not only jeopardizes food security but
also in uences the global carbon cycle and climate feedback
mechanisms (Zhu et al., 2022; Mao et al., 2024). What is missing,
and what the title implies, is an omics-grounded synthesis. Many
pollutant studies now report transcriptomic responses, yet the gene-
level outputs are typically presented as long lists of differentially
expressed genes with limited cross-pollutant mapping. Without
linking transcriptional programs to shared biochemical state
variables (redox buffering, sulfur assimilation demand, electron-
transport constraint, guard-cell regulation), transcriptomic results
remain descriptive and cannot reliably explain why mixtures behave
differently from single gases. In practice, pollutant tolerance is often
controlled by the interaction between early redox chemistry and
downstream gene regulation, including antioxidant
reprogramming, sulfur and nitrogen metabolism, hormone and
MAPK signaling, and stomatal regulatory modules. This is the
exact point where transcriptomic insights should strengthen
mechanistic inference, but current reviews rarely organize the
evidence in a way that makes this connection explicit across gases.

Recent studies have increasingly highlighted the biochemical
dimension of air pollution effects on vegetation. For example,
researchers demonstrated that elevated tropospheric ozone
concentrations signi cantly suppress Rubisco activity and
photosynthetic rate in wheat cultivars (Feng, 2024). Similarly, A
study provided a mechanistic overview of how NO, alters
antioxidant enzyme dynamics in crop plants, contributing to
premature leaf senescence (Liu et al.,, 2015). Other investigations
have shown that SO, exposure modulates sulfur metabolism,
leading to accumulation of non-protein thiols like glutathione as
part of a detoxi cation response. These studies underscore that
pollutant-plant interactions are governed by a reactive coupling
between pollutant chemistry and plant redox and regulatory
networks, rather than being explained only as a generic physical
stress (Yarmolinsky et al., 2013; Li et al., 2022).

Despite this, most research remains compartmentalized,
focused either on speci ¢ pollutants or isolated plant responses.
What remains lacking is a comprehensive survey that maps the full
chemical reactivity of major gaseous pollutants across plant
physiological systems (Concas et al., 2021; Custer and Dini-
Andreote, 2022; Ossola and Farmer, 2024; Upadhayay et al.,
2024). This review addresses that gap by synthesizing recent

ndings on pollutant chemistry, reaction mechanisms inside plant
tissues, and their downstream physiological effects. In doing so, it
contributes to a deeper understanding of plant resilience, the
biochemical basis of pollutant toxicity, and potential strategies for
developing pollution-tolerant crops.

Given the rising levels of air pollution globally, particularly in
rapidly urbanizing regions, and the accelerating climate crisis,
understanding how gaseous pollutants chemically interact with
plant metabolism is both timely and critical. Not only does it
inform plant science and environmental chemistry, but it also
carries implications for sustainable agriculture, ecosystem
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management, and public health. Plants serve as natural
bioindicators of atmospheric quality, and their health re ects the
condition of our environment. Hence, safeguarding plant
physiological integrity in polluted atmospheres is directly linked
to preserving ecological balance and human well-being.

The main gap is structural. Right now, there is no single,
consistent way to connect what plants actually experience in the

eld, meaning exposure and stomatal uptake, with the shared

biochemical choke points they hit and the transcriptomic
programs that report those hits. Because those pieces are usually
treated separately, cross-pollutant comparisons stay weak, and
mixture effects remain hard to reason about. In this work, we
bring them together in one integrative framework. We address this
gap by organizing SO,, NOy, O3, and CO around a common set of
convergence nodes, including ROS and RNS buffering, antioxidant
cycling, electron-transport constraints, sulfur detoxi cation
demand, and guard-cell stability. We then organize both
pollutant-speci ¢ and shared transcriptional responses around
those same nodes, so gene-level signals can be interpreted in a
mechanistic context rather than as disconnected lists. Finally, we
express the combined biochemical and transcriptomic evidence as
mechanistic ngerprints that are usable for modeling and
prediction. This structure can support process-based constraints
in learning models, hybrid mechanistic-ML predictors, and network
or graph views that connect redox control, metabolism, and
regulation under realistic multi-pollutant atmospheres.
Throughout the paper, we also point to practical validation
routes, including controlled exposure platforms and ux-resolved
datasets that link stomatal uptake to biochemical markers, omics
readouts, and yield-relevant traits.

This manuscript is structured to move from background
evidence to cross-pollutant synthesis. We begin with the literature
review, which summarizes recent biochemical and transcriptomic

ndings and explains why results are still dif cult to compare across
gases. Next, the overview of atmospheric gaseous pollutants
introduces the exposure context, the atmospheric chemistry
section summarizes key reaction pathways for each gas, and the
mechanisms of pollutant interaction with plant surfaces section
links entry routes to defense and injury processes. We then
consolidate the main insights in the comparative synthesis and
agronomic evidence section, before closing with the knowledge gaps
and future directions section and the conclusion.

2 Literature review

Tropospheric ozone (O3) arises photochemically from NOy
(NO + NO,) and VOCs; it is a strong electrophilic oxidant that
diffuses through stomata and decomposes in the apoplast to ROS
( O, /H,0,), damaging membranes, PSIl proteins and redox
enzymes, and altering guard-cell signaling ( stomatal
sluggishness ). These biochemical lesions scale up to suppressed
photosynthesis, growth, and yield, and even modify land
atmosphere feedbacks (Hu et al., 2014; Hasan et al., 2021,
Vazquez Santiago et al., 2024). Because internal O3z dose is
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governed by stomatal conductance and boundary-layer
conditions, ux-aware dose descriptors are more informative than
ambient concentration for cross-study comparison.

Nitrogen oxides participate in both atmospheric O3 formation
and nitro-oxidative chemistry in planta. After stomatal entry, NO,
dissolves in the cell wall/apoplast to nitrite/nitrate and engages in
redox interconversions that generate RNS (e.g., peroxynitrite,
ONOQO), driving S-nitrosylation/nitration of proteins that
reprogram metabolism and stress responses (Dumont and Rivoal,
2019; Petrivalsky and Luhova, 2020). This distinction matters for
mixtures, because NO effects often emerge through redox PTMs
rather than direct oxidation alone, and these PTMs can persist
beyond the initial exposure window.

Sulfur dioxide (SO;,) hydrates to bisul te/sul te, strong
nucleophiles that can cle28ave disul de bonds (sul tolysis),
bleach chlorophyll, and inhibit electron transport; plants detoxify
via sul te oxidase (SO) (peroxisomal) to sulfate and sul te
reductase (SiR) to sul de for cysteine/GSH biosynthesis (Wang
etal., 2016; de Bont et al., 2022). Carbon monoxide (CO) at elevated
exposure binds heme-copper oxidases and perturbs mitochondrial/
chloroplast electron transport; yet at low, endogenous levels, HO-1/
HY1-derived CO acts as a gasotransmitter that can modulate
stomatal development and stress signaling, illustrating dose/
context dependence critical for interpreting environmental CO
impacts (Scuf et al., 2016; Mart&Guillen et al., 2022; Xu et al.,
2022). For clarity in a pollution-focused review, CO is best
interpreted as a context-dependent modi er: toxicity is linked to
heme binding at higher burdens, whereas signaling effects are
typically discussed in low-dose endogenous ranges.
Methodologically, insights come from fumigation chambers, OTC
and FACE systems, and multi-scale models that link Oz dose
response to productivity; meta-analyses show consistent crop losses
under ambient O3, underscoring agricultural signi cance (Nowroz
et al., 2024). These controlled platforms are also where ux and
microclimate can be measured, allowing internal-dose reasoning
that is required for mixture-aware interpretation.

Once hydrated to HSO3/SO3 °, SO, reacts with protein
disul des (sul tolysis), pigments, and nucleic acids, depressing
photosynthetic electron transport and oxygen evolution. Plants
counter by elevating SO to oxidize sul te to sulfate and SiR to
reduce sul te to sul de for cysteine/glutathione (GSH) synthesis;
genetic and transgenic evidence in Arabidopsis/tomato shows SO
overexpression confers SO,/sul te tolerance, while SO and SiR
suppression causes necrosis and chlorophyll loss (Burkhardt and
Hunsche, 2013; Naumann et al., 2018). Temperature/VPD
modulate SO, uptake and depression of photosynthesis; classic
gas-exchange work already demonstrated stronger inhibition at
low VPD (higher stomatal conductance), a cue to include
micrometeorology in dose metrics (Wei et al., 2017, Martet al.,
2020). Recent synthesis also reframes SO, as a signaling molecule at
low doses (seed germination, stomata, stress crosstalk), though this
is distinct from toxicity at higher/ambient pollutant levels (Devi and
Reddy, 2018).

NO, enters primarily via stomata; apoplastic dissolution yields
NO,/NO3", while redox cycling with NO/O, forms ONOO",
driving protein nitration and S-nitrosylation that rewire
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antioxidant networks (e.g., peroxiredoxins, NADPH oxidases,
GSNO-dependent signaling) (Delaria et al., 2020). Genome-wide
and mechanistic studies show Oz and NO, elicit overlapping
defense transcripts but differ in cell-death magnitudes across
accessions (He et al., 2022; Delaria and Cohen, 2023). Uptake is
constrained by stomatal conductance and boundary layers; long-
standing micrometeorological analyses remain relevant when
translating atmospheric NO, to cellular dose (Yue et al., 2021). At
very low NO/NO, doses, some experiments report growth
stimulation and cold tolerance via nitrate assimilation/signaling,
highlighting a bi-phasic response curve (hormetic zone vs toxic).
Your survey should make this distinction explicit to avoid over-
generalization (Pl chl et al., 2000; Costa-Broseta et al., 2018). From
a transcriptomic perspective, this biphasic behavior is often
re ected as a shift from acclimation and nitrogen-assimilation
programs to defense and cell-death associated programs, which
helps reconcile apparently contradictory outcomes across studies.
O3 s electrophilicity makes it the most phytotoxic common gas.
Inside the leaf apoplast it decomposes to O,/H,0,/ O,, triggering
lipid peroxidation, PSII protein damage (e.g., D1), and MAPK/
phytohormone cascades in guard cells. Reviews and experiments
show stomatal sluggishness slower opening/closing reduces CO,
uptake while increasing transpirational water loss, compounding
oxidative stress (Paoletti and Grulke, 2010; Hasanuzzaman et al.,
2012). Large-scale assessments and models tie physiological injury
to regional yield losses (rice, wheat, soybean, maize) and even
altered meteorology/air quality via vegetation feedback, recent
studies in China and global modeling continue to quantify
losses and their co-drivers (Feng et al., 2022; Li et al., 2022).
Emerging molecular work dissects ROS spatiotemporal waves in
guard cells and photosynthetic tissues (e.g., biphasic chloroplast/
guard-cell ROS under O3), and interactions with CO,/ABA
signaling modules (Postiglione and Muday, 2020; Takahashi
et al., 2022).

At pollutant-relevant elevations, CO binds cytochrome c
oxidase and related heme enzymes, inhibiting mitochondrial
respiration and imposing chemical hypoxia ; CO can also
stimulate low-level mitochondrial ROS that act in stress signaling.
In plants, the HO™}/HY1 pathway produces endogenous CO as a
signal that modulates development (including stomatal initiation
via EPF2/STOMAGEN) and stress responses, an important caveat
when extrapolating from toxicology to ecology (Zhang et al., 2025).
New chemistry suggests photoactivatable CO-releasing molecules
(including some avonoids) may liberate CO in planta, raising
interesting interfaces between plant secondary metabolism and CO
signaling; for a pollution-centric survey, note these as mechanistic
parallels rather than environmental exposures (Ramundo et al.,
2024). ROS/RNS crosstalk & PTMs. O3/NOy exposure drives
integrated nitro-oxidative signaling, with S-nitrosylation and
tyrosine nitration of antioxidant/defense proteins acting as
molecular switches that tune stress outcomes (Ormrod, 1986;
Abhlfors et al., 2009).

The Table 1 distills recent (2021 2025) high-impact studies on
gaseous pollutants and plants, spanning modeling, eld syntheses,
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and molecular experiments. The O3 entries dominate and
consistently link ux/exposure to photosynthesis suppression,
stomatal resistance, and yield loss at regional and crop scales;
NO,/NO RNS papers clarify apoplastic speciation and nitro-
oxidative PTMs; SO, genetics resolve sul te-detox (SO/SIR
GSH/Cys) control of injury; and CO work highlights a dose-
dependent developmental signaling window. Overall, the
literature is converging on physiology-aware exposure metrics
and mixture-aware mechanisms that connect chemistry
biochemistry function yield (Miles et al., 2009; Aguilar-
Garrido et al., 2023; Conklin et al., 2024).

Despite signi cant progress in characterizing the physiological
impacts of individual gaseous pollutants on plants, existing
literature often remains fragmented, focusing narrowly on single
pollutants, isolated pathways, or species-speci ¢ responses
(Antenozio et al., 2024). Many prior reviews have discussed the
toxicity of SO,, NO,, Oz, or CO individually, yet few provide an
integrated biochemical synthesis that connects atmospheric
formation chemistry, pollutant uptake dynamics, and molecular
reactivity across multiple gases (Feng et al., 2023; Wang et al., 2024).
Moreover, there is a lack of systematic comparison that traces
pollutant- speci c reactions through to their downstream effects on
key plant functions such as photosynthesis, respiration, and
stomatal regulation. Studies rarely place biochemical disruptions
within the broader context of oxidative and nitrosative stress
signaling, sulfur assimilation, or post-translational modi cations
such as S-nitrosylation and protein sul tolysis (Xiao et al., 2022;
Mir et al., 2024).

Across gases, plant response is not governed by ambient
concentration alone but by internal dose and a small set of
biochemical choke points. First, the ROS/RNS buffering layer sets
whether exposures remain in reversible signaling or cross into
damage, because Os-derived ROS and NO,-driven RNS rapidly
interact and amplify nitro-oxidative load. Second, antioxidant
cycling (AsA GSH and associated enzymes) determines recovery
capacity and de nes a measurable redox state that can be used as a
constraint in computational models. Third, electron-transport
capacity in chloroplasts and mitochondria links pollutant
chemistry to energy limitation and secondary ROS production,
making it a shared bottleneck even when the initiating gas differs.
Fourth, PTMs act as switches that convert chemistry into
regulation: nitration and S-nitrosylation are prominent under
NO,/O3 regimes, while SO, chemistry introduces sul tolysis and
thiol disruption, and these PTMs explain why mixtures often
deviate from simple additivity. For computational use, these
nodes de ne a common state vector that allows cross-pollutant
comparison and provides model-friendly ngerprints for
mixture prediction.

This survey addresses these gaps by offering a uni ed
framework that links chemical speciation, intracellular reaction
mechanisms, and physiological outcomes for all four major
pollutants SO,, NO,, O3, and CO. It is distinctive in its
chemically detailed analysis of how these gases are transformed
within plant tissues and how they disrupt or hijack endogenous
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TABLE 1 Recent (2021-2025) high-impact studies linking atmospheric gaseous pollutants to plant biochemistry and quanti ed crop/yield impact.

Pollutant

Method

Key bio
chemial focus

Major nding

2025 O3 Modeling & obs Photosynthesis, LAI/ | O lowers GPP, raises stomatal Ozone dry deposition through plant stomata
synthesis GPP feed- backs resistance; regional feedbacks on (Takahashi et al., 2019; Khan et al., 2025)
meteorology/air quality.
2025 O3 China Yield loss ~4% yield loss (2013 2018) across Worsened Ozone Pollution Exacerbates the
crops quanti cation four major crops due to Og. Loss of Agricultural Production in China (Jiao
(stats) et al., 2025)
2025 RNS Review Nitro-oxidative Details RNA/DNA Nitro-oxidative nucleotide
/ROS nucleotide mods modi cations under nitro-oxidative modi cations in plants and associated
stress. microorganisms (Chmielowska-Bak et al.,
2025)
2024 O3 Review Physiology O3 suppresses photosynthesis/ An ozone gradient experiment (Shang et al.,
/meta yield growth; 2024)
updates injury syndromes.
2024 O3 Crop model (GMD) Dose response Yield declines above Modeling the effects of tropospheric ozone on
~25 ppb daily Og; species-speci ¢ the growth and yield of global staple crops
slopes. with DSSAT v4.8.0 (Guarin et al., 2024)
2024 O3 Regional Meteor- Semi-empirical new parameterization links O3 exposure scheme for photosynthetic and stomatal
ology parameterization to photosynthesis/stomata. responses (Li et al., 2024)
coupling analysis
2024 NO, Arabidopsis Apoplast chemistry NO, absorbed Via stomata; Field investigation of leaf-level NO and NO,
(physiol.) parameterization rapid formation of NO3/NO,; exchange between atmosphere and mature
low-dose acclimation/cold tolerance Pinus massoniana in a subtropical forest (Ke
context. et al., 2025)
2023 O3 Regional Plant Implements a semi- Effects of Elevated Ozone Exposure on Regional Meteorology and
modeling (WRF- empirical O3 module | that reduces photosynthesis and Air Quality in China Through Ozone-
Chem, China) increases stomatal resistance, Vegetation Coupling (Jin et al., 2023)
showing vegetation-mediated
impacts on O3 uptake and regional
meteorology/air quality.
2023 O3 Ecology review Biomass Summarizes root: shoot, Estimates of biomass reductions of ozone
physiology uptake lyield path- reproduction, survival changes from | sensitive herbaceous plants in California
ways O3 injury. (Kaylor et al., 2023)
2023 NO Review S-nitrosylation ROS RNS in stress signaling. Functions of nitric oxide-mediated post-
/RNS /nitration translational modi cations under abiotic stress
PTMs integrate (Mata-Perez et al., 2023)
2022 O3 Arabidopsis (omics) Shared O3 and NO; induce similar Ozone and nitrogen dioxide regulate similar
& NO, /unique gene pro- transcriptional responses; genotype gene expression responses in Arabidopsis but
grams varies in cell death. natural variation in the extent of cell death is
likely controlled by different genetic loci
(Jolliffe et al., 2023)
2021 O3 Methods Exposure Methods synthesis notes larger O3 Approaches to investigate crop responses to
/meta metric yield penalties in FACE (rice/wheat) | ozone pollution: from O3-FACE to satellite-
(FACE biology than OTC; experimental setup enabled modeling (Salguero-Linares et al.,
vs OTC) matters for DRRs. 2022)
2022 (ofe] Arabidopsis HO- Endogenous/exogenous CO Carbon monoxide pro-
(development) 1/cCo promotes stomatal initiation via motes stomatal initiation by regulating the
stomata EPF2/STOMAGEN axis. expression of two EPF genes in Arabidopsis
cotyledons (Weng et al., 2022)
2021 SO, Arabidopsis SO/SIR detox Modulating sul te oxidase activity Level of Sul te Oxidase Activity Affects Sulfur
/tomato (genetic) shifts sul te toxicity outcomes; links | and Carbon Metabolism in Arabidopsis
to sulfur/carbon metabolism and (Oshanova et al., 2021)
GSH/Cys pools.

biochemical pathways. By comparing the unique and overlapping
effects of each gas, and by incorporating recent advances in redox
biology, omics, and modeling, this review not only synthesizes
current understanding but also clari es key mechanistic
intersections that have practical implications for agriculture,

environmental monitoring, and stress-resilient crop development.
In doing so, our study provides a more comprehensive, chemistry-
centric lens than previous works positioning it as a valuable
resource for both plant physiologists and environmental chemists
seeking to mitigate pollution-related damage in a rapidly changing
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atmosphere. To keep the review mixture-aware rather than purely
pollutant-by-pollutant, later sections use the convergence nodes
above as a consistent scaffold, so each gas is interpreted through
shared bottlenecks and comparable ngerprints.

3 Atmospheric chemistry

Sulfur dioxide (SO,) is a highly soluble, acidic gas
predominantly emitted from the combustion of sulfur-containing
fossil fuels, non-ferrous metal smelting, and volcanic activity
(Bloem et al.,, 2015). In the troposphere, it undergoes oxidation
via both gas-phase and aqueous-phase mechanisms. The dominant
gas-phase pathway involves reaction with the hydroxyl radical
( OHY):

SO, +OH+M  HSO; +M
HSO; +0,  SO; +HO,
SO; +H,0  H,S0,

The resultant sulfuric acid contributes to aerosol formation
and acid deposition. In urban plant environments, however,
gaseous SO, can persist long enough to be directly absorbed by
leaf tissues (Koprivova and Kopriva, 2014; Becana et al., 2018; Fu
et al., 2018).

Due to its high solubility, SO, readily dissolves in the moist
surfaces of the leaf apoplast following stomatal uptake. The rate of

ux (F) into the mesophyll is a function of stomatal conductance
(gs), ambient concentration (C,), and intercellular compensation
point (C;) (Corpas and Barroso, 2015):

F= Cs C)

Once inside the apoplast, SO, is rapidly hydrated and
dissociates:

SO, +H,0 HSO; +H+ SOF +2H"

These species (bisul te and sul te) are highly nucleophilic and
can readily react with protein disul de bridges, thiol groups,
chlorophyll porphyrin rings, and nucleic acids (Gross et al., 2013;
Corpeas et al., 2020).

In plant peroxisomes, sul te oxidase (SO) catalyzes the two-electron
oxidation of sul te to sulfate (SO; ~ + H,O SO, ™+ 2H" + 2¢).
In contrast to the mitochondrial, cytochrome-c-linked animal SO, plant
SO transfers the electrons to O,, producing H,O, (overall: SO; "+ H,0 +
0, SO, +H,0,) (Abdo et al., 2022). The resulting H,O, must be
removed by peroxisomal antioxidant systems (e.g., catalase), and the
sulfate re-entering assimilation to cysteine/GSH imposes additional ATP
and reducing-power demand (Zhang et al., 2020; Wang et al., 2025). The
detoxi cation of sul te anions is energetically costly and involves
compartmentalized redox reactions:

In peroxisomes, sul te oxidase (SO) catalyzes the oxidative
conversion of sul te to sulfate:

SO# +H,0 SO2 +2H" +2e
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Electrons are transferred to cytochrome c, linking detoxi cation
to mitochondrial respiration.

In chloroplasts, sul te reductase (SiR) reduces sul te to sul de
using ferredoxin:

SO# +6e +6H" S, +3H,0

The resulting hydrogen sul de is assimilated into O-
acetylserine to form cysteine, and further into glutathione (GSH),
critical for redox homeostasis (Yonekura-Sakakibara et al., 2000;
Aziz et al., 2016; Petrov et al., 2023).

Sul te accumulation in plant tissues leads to a series of
profound biochemical disruptions. In photosynthetic systems,
sul te interferes with Photosystem I (PSIl) electron transport,
inactivates the Rubisco enzyme complex, and induces pigment
degradation, particularly chlorophyll bleaching. These
impairments contribute to a rapid decline in the maximum
quantum ef ciency of PSIl (Fv/Fm) and a measurable reduction
in net photosynthetic assimilation rates (A,) (Xie and Hu, 2018;
Duan et al., 2019; Papazian and Blande, 2020). In parallel with
chloroplastic injury, mitochondrial respiration becomes
constrained under sul te stress, as (bi)sul te-driven thiol
chemistry and ROS formation target iron sulfur proteins (e.g.,
aconitase and Fe S rich complex-I subunits), while heme-center
oxidases are vulnerable to sulfur species; together these effects limit
electron transport and ATP synthesis, i.e., a form of chemical
hypoxia (Padalko et al., 2024). The stomatal dynamics are equally
affected; sul te exposure disrupts ATP availability in guard cells,
resulting in impaired regulation of ion channels and delayed
stomatal opening and closure. Additionally, excessive intracellular
sul te generates reactive oxygen species (ROS), particularly
superoxide radicals (O, ) and hydrogen peroxide (H,0,), which
amplify oxidative stress. To mitigate this, plants must activate redox
buffering systems, including the upregulation of enzymes within the
ascorbate glutathione cycle, underscoring the energetic and
metabolic cost of sul te detoxi cation under pollution stress (Li
and Yi, 2012; Inoue and Kinoshita, 2017; Emberson, 2020).

3.1 Nitrogen Oxides: apoplastic nitrite—
nitrate chemistry

NO, in crop canopies is dominated by NO and NO,, with NO,
being the most directly relevant for leaf uptake because it dissolves
readily into aqueous phases lining the stomatal cavity and apoplast
(Kasten et al., 2017). Once hydrated, NO, participates in fast acid-
base and disproportionation chemistry that generates nitrite and
nitrate, creating a chemically plausible route from external NO,
exposure to internal nitrosative load. A minimal reaction set that
captures this entry chemistry is:

NOy(g) NOy(aq)

2NO,(ag) + H,0 NO, + NO; + 2H"

NO, +H' HNO,

These reactions matter mechanistically because they couple
NO, uptake to apoplastic acidi cation and to nitrite pools that
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can feed downstream reactive nitrogen species formation, especially
under co-occurring A key damage-amplifying route arises when
NO-derived intermediates meet superoxide generated by stress-
activated oxidases or organellar leakage, forming peroxynitrite:

NO+0O, ONOO

Peroxynitrite chemistry is central because it provides a direct
molecular explanation for the formation of nitroproteomes in
plants under stress and for why NO, effects become stronger in
mixtures that elevate ROS (Mata-Perez et al., 2016). Protein
tyrosine nitration is repeatedly highlighted as a stable footprint of
nitrosative stress, and reviews emphasize its occurrence under
natural and stress conditions as a mechanistic layer beyond
transcriptional response oxidative conditions. NO, stress is not
just more oxidants, but a shift in redox post-translational
modi cation (PTM) chemistry. The dominant controllable nodes
are, the balance between NO signaling and RNS accumulation,
redox buffering capacity (especially glutathione and ascorbate
systems), and vulnerability of electron-transport components
whose activity depends on redox-sensitive residues. When
buffering is exceeded, PTMs such as nitration and related NO-
mediated modi cations can become persistent modi ers of enzyme
function and signaling networks. This helps explain why similar
external exposures can produce very different outcomes across
genotypes and microclimates. Physiological outputs commonly
include reduced photosynthetic performance, altered respiration-
linked traits, and disturbed stomatal behavior, with severity
depending on whether the chemistry remains in the signaling
regime or transitions to damage-dominant nitrosative stress
(Corpas and Barroso, 2013a). For computational use, the most
informative  ngerprints are measurable PTM indices (for
example, nitrotyrosine abundance as a nitration proxy), coupled
redox ratios (GSH/GSSG), and photosynthetic metrics that reveal
when electron-transport limitation accompanies nitrosative load.
These markers are especially valuable in mixtures, where ROS
availability controls ONOO™ formation and therefore the PTM
burden (Mata-Perez et al., 2023).

Comparative ngerprints, For NO,, the most meaningful dose
descriptor is ux-aware NO, entry, interpreted together with the
nitro-oxidative potential of the exposure context. At the node level,
the key variables are RNS-linked markers and the associated PTM
burden (especially S-nitrosylation and nitration), alongside
antioxidant demand and activation of major signaling hubs that
coordinate defense (Takahashi et al., 2019). The typical phenotypic
readout is a shift in photosynthetic performance coupled with
defense activation, with strong genotype dependence that often
determines whether responses remain adaptive or progress toward
injury (Mata-Perez et al., 2023).

3.2 Ozone: apoplastic decomposition

For ozone (O3), what matters biologically is how much actually
enters the leaf, not just how much is in the air. That internal dose is
largely set by stomatal ux, because stomatal conductance controls
the entry rate and therefore the immediate oxidative load
experienced by tissues (Turc et al., 2021). This is also why O3 is
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useful as an anchor in a computational framework: the same
microclimate factors that open or close stomata, such as light,
humidity, temperature, and water status, will simultaneously shape
O3 uptake and the uptake of other co-occurring gases, which in turn
in uences how pollutant mixtures behave in real canopies. Oz
usually does not build up inside cells. Once it enters the leaf, it is
consumed almost immediately at wet surfaces, especially in the
apoplast, where it reacts with available reductants and produces
reactive oxygen species and short-lived radicals. These early
products can act as fast signals, but they can also trigger damage
if the oxidative load is high. Articles on ozone stress in crops often
describe this as an apoplast- rst process, where ROS appear outside
the cells rst and are then relayed and ampli ed inside, particularly
in chloroplast-associated pathways. In simple terms, the sequence
can be viewed as:

O3 + apoplastic reductants
ROS intermediates (including H,O, and radical products)
membrane and chloroplast oxidative injury

Because the rst reactions happen right at the leaf surface and
apoplast, the strength of the apoplastic antioxidant shield is a key
deciding factor. If antioxidants can neutralize the early ROS, the
response remains controlled; if not, oxidative signals quickly
escalate into membrane disruption and chloroplast dysfunction
(Podgorska et al., 2017).

O3 injury tends to hinge on a few practical weak points in the
leaf. First is how well the antioxidant system can keep up with the
early burst of ROS. If detox cycling is strong, the oxidative wave is
damp before it spreads. Second, is how vulnerable membranes and
chloroplast-linked processes being to oxidation, because lipid
damage and photosynthetic disruption can quickly turn a short
stress pulse into sustained dysfunction. Third is the stability of
guard-cell signaling, since stomata control both O entry and water
loss. When the oxidative load becomes larger than the leafs
buffering capacity, these processes reinforce each other:
membranes start leaking and generate more ROS, stressed
chloroplasts contribute additional ROS, and stomatal control
becomes erratic. The result is a whole-leaf escalation where gas
exchange and water status shift in ways that further amplify stress
(Podgorska et al., 2017).

At the whole-plant or whole-leaf level, O stress is often seen as
a drop in photosynthetic performance, visible injury in sensitive
genotypes, and changes in stomatal behavior. In practice, stomatal
disruption can also raise leaf temperature by reducing transpiration,
so thermal signals can become an early warning feature (Akram
et al., 2017). For computational modeling, the most useful O

ngerprints combine a ux-based dose estimate with measurable
readouts that track the oxidative transition, such as chlorophyll

uorescence features, thermal response features, and indicators of
antioxidant cycling. Together, these features help distinguish an
early, potentially reversible oxidative response from the point where
damage becomes persistent.

Comparative ngerprints, For Oz, dose should be framed as
stomatal ux (PODy) rather than ambient concentration, because
conductance and microclimate set internal delivery. The node-level
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signatures center on apoplast- rst ROS propagation, the capacity of
antioxidant cycling to buffer that load, and guard-cell stability that
governs feedback through stomatal control (Akram et al., 2017,
Podgorska et al., 2017). Phenotypically, the strongest ngerprints
include changes in chlorophyll uorescence, evidence of stomatal
dysfunction, and a coupled thermal response through altered
transpiration, which together track yield-risk sensitivity under
realistic eld exposures.

3.3 Carbon monoxide: heme-centered
interactions

CO is not only an external air pollutant. Plants also produce CO
internally, mainly through heme oxygenase activity during heme
turnover, and this is why CO is often discussed as a stress-linked gas
signal (Mart&Guillen et al., 2022). A simple reaction that
summarizes this module is:

Heme + O, + NADPH  biliverdin + Fe?* + CO + NADP*

This detail matters because it explains why CO effects can look
two-sided. At low levels, CO can be part of signaling responses
that accompany stress adaptation, but when exposure rises, or when
other stresses are already pushing the system, the same CO
chemistry can become disruptive by placing pressure on heme-
dependent metabolism. The main biochemical reason CO can
become harmful is its strong interaction with heme-containing
proteins. When CO burden increases, it can interfere with heme-
centered electron transport and redox sensing, which shows up as
changes in respiration-related traits and a shift in overall redox
balance. This becomes especially relevant under multi-pollutant
conditions, because oxidant-driven stress increases the demand for
stable electron transport and strong redox buffering. In that setting,
CO-related constraints can become more visible and more
physiologically costly than they appear under CO alone (Scuf
et al., 2016; Mart&Guillen et al., 2022; Xu et al., 2022).

For mixture atmospheres, CO is best treated asa modi er rather
than a standalone oxidant. Its clearest signature often emerges when
CO coincides with oxidants or nitrosative drivers, where the
combined load pushes the plant past its buffering threshold even
if each stressor alone looks moderate (Habermann et al., 2019;
Moura et al., 2022). Useful operational ngerprints include heme
oxygenase induction status, respiration-linked proxies, redox ratio
shifts, and combined ROS/RNS marker patterns. These features
help separate situations where CO is acting mainly as a signaling
modulator from cases where it is contributing to heme-centered
constraints and energy-redox imbalance.

Comparative ngerprints, For CO, a useful dose description
combines exposure level with respiration-context indicators,
because CO effects are most visible when electron transport is
already under stress. The node-level variables are heme-centered
electron-transport constraint, the resulting shifts in redox balance,
and activation state of the HO CO module that can modulate
signaling versus toxicity. The main phenotype pattern is
respiration-linked suppression, with CO often acting as a mixture
modi er that changes outcomes under concurrent oxidative or
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nitrosative stress rather than behaving as an isolated oxidant
(Yang LiMing et al., 2016; Chen et al., 2017).

4 Overview of atmospheric gaseous
pollutants

4.1 Sources of SO2, NOx, O3, and CO

The major gaseous pollutants in uencing plant physiology
originate from a mix of anthropogenic and natural sources, with
fossil fuel combustion and industrial activity dominating in most
regions. In this section we focus on source categories and
atmospheric formation pathways; comparative dose-response
synthesis and yield-risk interpretation are presented later in the
cross-pollutant framework section (Singhal et al., 2021; Pleijel
et al., 2022).

This cross-crop view in Figure 1 establishes benchmark sensitivity
domains for C3 vs C, species and motivates ux-aware risk assessment
(Pande et al,, 2024). Figure 1 shows relationship between stomatal
ozone ux (PODy; mmol O3 m 2 and relative yield loss (%) for four
major crops. Yield loss rises non-linearly with increasing PODy. Wheat
is most sensitive ( 30 35% loss by PODy 55 60), followed by
soybean ( 28 30%), rice ( 26 27%), and maize ( 17 18%). Around
PODy 20 30, all crops enter a steeper injury zone (in ection), after
which losses accelerate. The cross-crop gradient (wheat — soybean
rice » maize) re ects differences in stomatal behavior and antioxidant/
detox capacity; it motivates use of ux-based metrics when assessing O3
impacts on yield (Harmens et al., 2015; Fioletov et al., 2016; Zhang
et al,, 2017; Leung et al., 2020; Yadav et al., 2021; Ren et al., 2022
Schiferl et al., 2024; Welle et al., 2024).

Sulfur Dioxide (SO5) is primarily emitted through the burning
of sulfur-containing coal and oil, industrial smelting of metal ores
(e.g., copper, nickel), petroleum re ning, and volcanic activity. In
urban and industrial regions, over 90% of atmospheric SO, derives
from human activity. Nitrogen Oxides (NOy), mainly nitric oxide
(NO) and nitrogen dioxide (NO,), are produced during high-
temperature combustion in vehicles, power plants, and
manufacturing processes. Natural contributions come from
lightning, wild res, biological nitri cation and denitri cation in
soils. Tropospheric Ozone (O3) is a secondary pollutant, not
emitted directly, but formed photochemically through reactions
between NO, and volatile organic compounds (VOCs) in the
presence of sunlight. It is particularly prevalent in urban areas
with high traf ¢ and solar radiation levels (Mazzuca et al., 2016;
Clifton et al., 2020; Liu and Shi, 2021).

4.2 Atmospheric chemistry and transport

Once released, these gases participate in a dynamic system of
chemical transformations, vertical/horizontal transport, and
depositional pathways that determine their reactivity and
residence time in the troposphere. SO, is highly water-soluble
and rapidly oxidized in aqueous droplets to sulfuric acid (H,SO4),
contributing to acid rain. It is also oxidized in the gas phase by
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FIGURE 1
Relative yield loss as a function of stomatal ozone ux (PODy) for
major crops. Curves are compiled and redrawn from FACE/OTC and
national syntheses. Shaded bands indicate 95% CI of tted relationships.

hydroxyl radicals ( OH) to form sulfur trioxide (SO3), which
hydrolyzes into H,SO,4. Dry deposition onto plant surfaces also
occurs, especially under stable atmospheric conditions (Abdo et al.,
2022). NOx plays a dual role: as a direct stressor and a precursor to
03 and peroxyacetyl nitrates (PANs). NO under- goes oxidation to
NO2, which in turn photodissociates, generating atomic oxygen
that reacts with O2 to form ozone (Zheng et al., 2019; Sedlarova and
Luhova, 2025):

NO,+hv. NO+0;0+0, O3

Ozone (O3) formed via these secondary processes is highly
reactive and can travel hundreds of kilometers, in uencing plant
systems in rural and forested areas. Unlike stratospheric ozone
(which protects against UV), tropospheric O3 is harmful, especially
under high light, temperature, and low humidity conditions. CO,
though relatively inert in dry air, can persist in the atmosphere for
weeks. It reacts with OH radicals, decreasing the atmosphere s
oxidative capacity and indirectly in uencing Os levels. It also binds
with transition metal centers in plant cytochromes, impacting
respiratory electron transport (Kanofsky and Sima, 1991;
Vainonen and Kangasj rvi, 2015).

This schematic Figure 2 pinpoints where air chemistry converts
atmospheric exposure into in-leaf dose. It motivates why ux-aware
metrics and apoplastic buffering capacity are central variables for
cross-pollutant comparison and for mixture-aware modeling later
in the manuscript. In the apoplast, SO, hydrates to HSO3/505%", O3
decomposes to ROS, and NO/NO, generate nitrite/nitrate and
ONOQO'". By locating these rst reactions, it explains why stomatal
uptake and apoplastic speciation, not ambient concentration alone,
govern injury, justifying our use of ux-based metrics in later
analyses. The diagram also shows how ROS/RNS feed into cell-
wall oxidation and guard-cell signaling, mechanistically linking
early chemistry to stomatal conductance, photosynthesis, and
water use. It provides the biochemical bridge to our sections on
mixture effects (O3 NO,) and to the defense network (AsA GSH)
that detoxi es these species. Overall, Figure 2 summarizes the rst-
step chemistry at the leaf interface that determines the chemical
form of each gas immediately after contact with hydrated surfaces.
In this section we limit interpretation to atmospheric-to-leaf
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transformation points; the downstream biochemical
consequences, defense network responses, and mixture
interactions are developed in the subsequent plant-mechanism
and synthesis sections (Kanofsky and Sima, 1991; Vainonen and
Kangasj rvi, 2015; Maurya and Sandalio, 2023; Sedlarova and
Luhova, 2025).

These gases undergo long-range atmospheric transport,
facilitated by wind currents, temperature inversions, and
boundary layer dynamics, often resulting in trans- boundary
exposure risks that affect agricultural zones far from pollutant
sources (Wang et al., 2024). Because vegetation injury is governed
by in-leaf dose, ux metrics typically outperform concentration
metrics. A paired site-year comparison shows that AOT40-derived
yield losses diverge systematically from PODy estimates,
underscoring the need to embed physiology in exposure
quanti cation (Bussotti and Pollastrini, 2017).

Figure 3 is included to justify the exposure metric used in
frameworks, where each point is a paired site-year estimate of
relative yield loss (RYL) computed in two ways: AOT40 on the x-
axis (concentration-only) and PODy on the y-axis (stomatal ux).
The 1:1 line (blue) marks perfect agreement; the tted relation
(orange) has slope  1.11 with MAE  1.9% and RMSE  2.4%,
indicating that for the same exposure history PODy tends to predict
~10% higher losses especially at moderate high injury than AOT40.

AQOT40 and PODy yield-loss estimates are broadly consistent,
but PODy tends to be higher when stomatal control and
microclimate conditions amplify internal dose; therefore ux-
aware dose better supports cross-study comparability. This
systematic deviation is exactly what our mechanisms imply:
concentration metrics ignore stomatal conductance, diurnal VPD/
soil-moisture control, and apoplastic chemistry, all of which
amplify internal dose (Bussotti and Pollastrini, 2017). The
residual spread around the t re ects site-to-site physiology
(cultivar, irrigation, heat) rather than air concentration peruse.

5 Mechanisms of pollutant Interaction
with plant surfaces

5.1 Leaf penetration routes

Plant leaves serve as the primary interface for gaseous pollutant
entry. The leaf surface is covered by a cuticular layer, beneath which
lie epidermal cells and stomata. Gases can interact with plants in
two major ways: one of them is Cuticular adsorption and surface
reactions, where Lipophilic gases (e.g., Oz, NO,) may adsorb to the
waxy cuticle or dissolve in surface water Ims. Although this route is
slower and contributes less to internalization, it can initiate surface-
level oxidation, causing cuticular degradation and necrotic spotting.
Another one is Stomatal uptake. The most signi cant pathway for
gaseous entry is through open stomata, driven by a diffusion
gradient from the atmosphere to the leaf interior (Mills et al.,
2011). The rate of entry is modulated by stomatal conductance (g),
ambient gas concentration, humidity, light, and leaf temperature.
Pollutants such as SO,, NO,, and O; exploit this pathway to reach
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the apoplast, where they dissolve in cell wall water and begin their
transformation and reactivity. Figure 2 schematizes the leaf
interface, emphasizing how physicochemical differences among
SO,, NO,, O3, and CO shape entry pathways, stomatal diffusion
versus slower cuticular passage, and where initial reactions begin
(De Marco and Sicard, 2019).

5.1.1 Gas-speci c uptake characteristics

SO,, being highly soluble, dissolves immediately in the aqueous
phase of the apoplast to form bisul te and sul te. Its uptake is rapid
but can be strongly regulated by stomatal behavior and leaf
wetness.NO, exhibits moderate solubility and undergoes both
stomatal entry and chemical reactions at the leaf surface. It can
also generate nitrate aerosols, which may later be deposited on
foliage or soil (Salzmann et al., 2010). O3 enters almost exclusively
through stomata and reacts immediately upon contact with the
apoplast. Its short atmospheric half-life and high reactivity limit its
accumulation inside the cytosol, but it initiates secondary ROS
formation that propagates throughout the cell. CO has lower water
solubility and enters more slowly, but once inside, it readily binds to
heme-containing proteins in chloroplasts and mitochondria,
affecting electron transport and ATP generation (de Lacroix de
Lavalette et al., 2009).

These uptake mechanisms underline the importance of
stomatal behavior, leaf microclimate, and gas physicochemical
properties in determining pollutant-induced injury.
Understanding these entry routes is critical to predicting species-
speci ¢ sensitivity and designing strategies for pollution-resilient
crops. The image depicting the entry pathways of gaseous pollutants
(SO,, NO,, Oz, and CO) into plant tissues is crucial to the
manuscript because it visualizes how each pollutant interacts with

Frontiers in Plant Science

10

speci ¢ anatomical layers of the leaf and initiates biochemical
responses, particularly reactive oxygen species (ROS) formation
(Torsethaugen et al., 1999; Nagasawa et al., 2025). Figure 4
highlights the differential solubility and entry mechanisms of each
gas. SO, being highly soluble, rapidly dissolves in the apoplast and
affects the epidermis and cell wall water, triggering ROS-mediated
cell wall oxidation. NO, enters moderately through stomata and
participates in surface redox chemistry, contributing to both ROS
and reactive nitrogen species (RNS) formation. O3 enters primarily
via stomatal openings, decomposes in cell wall water, and generates
ROS like superoxide and hydrogen peroxide, initiating oxidative
stress responses. CO, in contrast, diffuses slowly and directly targets
intracellular heme-containing proteins, especially in the mesophyll
(Chaparro-Suarez et al., 2011; Marion et al., 2022).

Figure 4 effectively communicates the spatial dynamics of
pollutant entry and their biochemical consequences, supporting
discussions on how pollutant-speci ¢ properties (like solubility and
reactivity) determine the site of injury and signaling in plants. It also
reinforces the manuscript s core argument that understanding these
pathways is essential to predict physiological disruptions and stress
adaptations in crops under air pollution stress (Rak et al., 2016;
Mansilla et al., 2018; Staszek and Gniazdowska, 2020; Xuan
et al., 2020).

6 Case studies and comparative
analysis

Across SO, NO,, O3, and CO, plant injury can be compared
using a shared axis: stomatal entry sets internal dose, early
apoplastic reactions initiate redox stress, and downstream
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organellar and guard-cell dysfunction drive measurable
physiological and yield-relevant outcomes. These sections focus
on what is shared versus what is pollutant-speci c, rather than
restating full pathway descriptions. After entry predominantly
through open stomata, each pollutant initiates rapid formation of
reactive species in the cell wall space, perturbs electron transport in
chloroplasts and mitochondria, and destabilizes guard-cell
signaling, resulting in depressed Fv/Fm, reduced net assimilation
A, impaired water-use ef ciency, and accelerated senescence. O3
not only injures photosystems but also perturb guard-cell dynamics.
Measured opening half-times t;/, increase under Og, indicating
sluggish stomata that depress conductance g; and compound
carbon penalties (Meyer et al., 2000; Hoshika et al., 2015).

The boxplot in Figure 5 illustrates the stomatal opening half-
time (t1/,) in control plants versus those exposed to ozone (Os3). A
clear increase in t;/, is observed under O5 treatment, indicating that
ozone exposure signi cantly slows down the stomatal opening
process compared to normal conditions. This result is important
in the con- text of the research as it provides direct physiological
evidence that ozone interferes with guard cell function, likely
through oxidative stress mechanisms such as elevated ROS levels.
The delayed opening response suggests a disruption in stomatal
regulation, which can impair gas exchange and reduce
photosynthetic ef ciency. Figure 5 helps to demonstrate the
functional impact of atmospheric pollutants on plant physiology
and supports the overall conclusion that stomatal responses are
reliable indicators of environmental stress caused by pollutants like
ozone (Pino et al.,, 1995; Hoshika et al., 2013), apoplastic ROS,
leading to decreased gas exchange, and aligns with the yield losses in
Figures 5 7. Yet their upstream chemistries leave distinct
biochemical ngerprints. SO, s high solubility drives apoplastic
speciation to bisul te/sul te, promoting protein sul tolysis pull
on sulfur assimilation as sul te is oxidized or reduced toward
sulfate/sul de and ultimately cysteine/glutathione (Randewig
et al,, 2012). NO,, especially NO,, dissolves to nitrite/ni- trate and
engages in nitro-oxidative redox cycling, producing peroxynitrite
that drives S-nitrosylation and tyrosine nitration, thereby
reprogramming enzyme activity and stress signaling; at trace
doses, a hormetic zone can appear where nitrate signaling and
mild nitrosylation are adaptive rather than toxic. O, the strongest
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Leaf entry routes for SO,, NO,, O3, and CO, highlighting stomatal vs
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electrophile among the four, decomposes in the apoplast to O HO,
and O, causing lipid per- oxidation, D1 protein damage in PSII, and
a canonical stomatal sluggishness that couples carbon penalties
with excess water loss. By contrast to low-dose signaling effects,
elevated CO exposures inhibit cytochrome-c-oxidase (Complex V),
producing a chemical-hypoxia phenotype (Astier and Lindermayr,
2012). Figure 6 provides a mechanistic anchor for CO by illustrating
a dose-dependent decline in cytochrome c oxidase activity at high
exposure, consistent with a respiration-limiting regime. We use this
relationship to distinguish trace-level signaling reports from
inhibitory conditions relevant to polluted microenvironments,
where heme-centered electron transport becomes a hinding-
limited constrain (Denis and Richaud, 1982; Wikstr m et al., 2018).

Figure 6 was essential to include in the research as it clearly
illustrates the biochemical toxicity of CO by highlighting its
inhibitory impact on mitochondrial function. Cytochrome c
oxidase is a key enzyme in the electron transport chain, and its
inhibition disrupts cellular respiration, leading to energy
deprivation and metabolic stress in plant tissues. By quantifying
the dose-dependent response, this plot provides clear mechanistic
insight into how CO interferes with plant metabolic function,
supporting the broader narrative of the manuscript on how
gaseous pollutants disrupt plant physiology through molecular
targets. The inhibition curve in Figure 6 demarcates the toxic
window relevant to polluted urban microenvironments. This
dose-dependent dualism clari es why some developmental assays
report bene ts at trace levels while environmental pulses depress
respiration (Sowa et al., 1993; Zhang et al., 2004). gasotransmitter,
underscoring a sharp dose-dependence (Ventura et al., 2020).

The forest plot in Figure 7 summarizes the negative impact of
gaseous pollutants on photosynthetic parameters across multiple
independent studies. By using Hedges g as the effect size metric, it
objectively shows the degree of physiological impairment e.g.,
reductions in Fv/Fm and DA,) in both C3 and C4 plant species.
The consistently negative values across most studies reinforce the
conclusion that gas exposure impairs photosynthetic ef ciency.
Additionally, the error bars provide insight into the variability
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Box lot of guard-cell opening half-time (t;/») under control vs ozone
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and reliability of each study, strengthening the statistical robustness
of the overall meta-analysis. Figure 7 compiles meta-analytic effect
sizes reported across independent studies and provides a
quantitative summary of how gaseous pollutant exposure is
associated with changes in photosynthetic performance metrics
across plant types. The goal of including this plot is to provide a
literature-level scale reference that complements the mechanistic
sections, without treating the meta-analysis as a results section
(Agathokleous et al., 2022).

Environmental moderators shape dose and outcome. Stomatal
conductance, leaf water status, and VPD, light, temperature, and
leaf ontogeny regulate uxes and defense capacity, making ux-
based metrics more informative than concentration alone. For O3,
cumulative exposure and ux formulations translate to biology via
AQOT40, stomatal conductance gs, leaf water status (VPD), light,
and leaf age modulate uxes and injury. For O3, cumulative dose
metrics translate exposure into effect:
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FIGURE 6
Cytochrome-c-oxidase activity vs high CO exposure, indicating
inhibitory regime.
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daylight
SO, and NO, injury scales with stomatal ux solubility; CO

injury scales with binding site occupancy on heme enzymes
(temperature and O, dependent) (Musselman and Massman,
1999). Analogous logic holds for SO, and NO,, where injury
scales with stomatal ux multiplied by effective solubility and
apoplastic reactivity, while CO injury is better predicted by heme-
site occupancy as a function of O, competition and temperature
(Corpas and Barroso, 2013b).

The heatmap in Figure 8 provides an example visualization used
in mixture studies where a ptm index is reported across factorial
NO, and Oj exposures. The gradient reveals a com- pounding
effect, where co-exposure ampli es toxicity beyond individual
pollutant impact. This visualization strengthens the manuscript s
argument that pollutant mixtures induce multifactorial stress,
warranting integrative risk assessments in plant ecophysiology
(Beckerson and Hofstra, 1979; Wang and Liao, 2016). Real
atmospheres are mixtures, not single gases: NO, chemistry seeds
O3; O3+NO, co-exposures amplify nitro-oxidative post-
translational modi cations (Lepp | et al., 2022). Real canopies
experience co-exposures. Under factorial O3 NO, regimes, nitro-
oxidative post-translational modi cations (PTMs) show clear
interaction zones, indicating that NO,can amplify or reshape Os-
triggered signaling. SO,+0O3 co-presence speeds pigment loss via
additive ROS and sul tolysis; elevated CO can blunt some
mitochondrial ROS while deepening energy de cits. Coherent
scaling links chemical speciation to PTMs and membrane
damage, onward to organelle electron transport, leaf-level
photosynthesis and conductance, canopy GPP/LAI, and nally
biomass and yield. Robust assessment pairs ux metrics with
biochemical state variables such as GSH/GSSG and protein
nitration indices to mechanistically bridge exposure and
agronomic outcome (Xiao et al., 2021; Leon, 2022; Nowroz
et al.,, 2024).
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FIGURE 7

Meta-analytic effect sizes (Hedges' g) for DFv/Fm and DAn_nn under
ozone exposure, grouped by photosynthetic type (C3 vs C4).
Negative indicates impairment.
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6.1 Plant defense mechanisms

Plants counter pollutant-driven ROS/RNS surges with a
compartmentalized antioxidant network that spans enzymes and
small-molecule buffers. Superoxide dismutases in chloroplasts,
mitochondria, peroxisomes, and cytosol rapidly convert O2: to
H202; peroxisomal catalase then dismutates H202 to water and
oxygen when production is high, while ascorbate peroxidases in
stroma, thylakoids, cytosol, and mitochondria reduce H202 using
ascorbate and anchor the ascorbate glutathione cycle. MDHAR,
DHAR, and glutathione reductase continuously regenerate
ascorbate and glutathione, maintaining elevated AsA/DHA and
GSH/GSSG ratios that stabilize redox-sensitive enzymes and
membranes. Peroxiredoxins/thioredoxins and glutathione-S-
transferases broaden peroxide and electrophile detoxi cation, and
the sulfur-speci ¢ pair sul te oxidase in peroxisomes and
ferredoxin-dependent sul te reductase in chloroplasts channels
SO,-derived anions to sulfate or sul de, tying defense directly to
sulfur assimilation and the replenishment of cysteine and
glutathione pools (Gigolashvili and Kopriva, 2014; Martins et al.,
2018). Among non-enzymatic buffers, apoplastic and cytosolic
ascorbate directly quenches O3 and 102 and sustains APX
turnover; glutathione serves as the central thiol currency for ROS
removal (via GPXs and GSTs), electrophile buffering, and thiol-
based signaling; phenolics, avonoids, tocopherols, and carotenoids
protect membranes from peroxidation and quench excited states,
while compatible solutes such as proline stabilize proteins under
redox-osmotic duress (Gullner et al., 2018). Mechanistically,
tolerance re ects rate matching between pollutant-driven
production and antioxidant clearance, which can be expressed
compactly as:

diH,0,
dt

with coupled redox pools

= PROS(t) kCATJwCAT %3H202 kApthPX FASA %(‘HZOZ

diGSH
dt

= V% +Ver(NADPH) + Fg agimitation:

Because NADPH supply, enzyme abundances, apoplastic
ascorbate, and sulfur-assimilation capacity set the ceiling of redox
throughput, genotypes with larger AsA-GSH pools, faster APX/
CAT Kkinetics, and stronger uxes tend to show superior resilience
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to SO,, NO,, and O3, while CO tolerance tracks with mitochondrial
robustness and heme-protein turnover (Rahantaniaina et al., 2013;
Dvorak et al., 2021).

Figure 9 provides a systems-level view of how plant cells
orchestrate antioxidant responses across three major organelles
chloroplasts, peroxisomes, and mitochondria under stress
conditions induced by O; and CO exposure. Rather than
examining isolated enzyme actions, the illustration emphasizes
the interconnected detoxi cation network, showcasing how
reactive oxygen species like superoxide (O,") and hydrogen
peroxide (H,O,) are processed through coordinated enzymatic
cascades. It underscores the compartment-speci ¢ roles of
catalase, peroxidases, and glutathione systems, and highlights the
crosstalk between redox buffers and energy-linked organelles. This
visual was crucial to communicate the integrated biochemical
defense architecture underpinning plant resilience against air
pollutants (Tiew et al., 2015; Kuzniak and Kopczewski, 2020;
Tripathi et al., 2020).

A consistent picture emerges across high-impact studies:
tropospheric ozone (Os) is the most robustly quanti ed driver of

eld-scale crop losses; sulfur dioxide (SO,) and nitro- gen oxides
(NO,) have deeply resolved biochemical mechanisms with growing
genetic evidence in model and crop species; and carbon monoxide
(CO) shows dose-dependent developmental and respiratory effects
that complicate environmental inference. In India, a ux-based
analysis using physiologically meaningful stomatal uptake (POD)
translated the apoplastic oxidative lesion into an economic signal,
attributing a mean 14.18% wheat yield loss to ambient O3 during
2008 2012, with irrigated wheat most vulnerable an instructive
template for connecting atmospheric chemistry to agronomic
welfare through guard-cell kinetics and leaf uxes (Adaros et al.,
1991; Stocker et al., 2018; Dewan and Lakhani, 2024).

Chinas national assessments now resolve magnitudes and
trends across multiple exposure metrics. A 2013 2018 multi-
metric ensemble found mean Os-induced losses of 8.5% (12.2 Mt)
for wheat, 3.8% (8.4 Mt) for rice, 1.6% (4.3 Mt) for maize, and 4.8%
(0.7 Mt) for soybean; scenario analysis projected large increases in
losses under high- emission pathways and substantial relief under
stringent control. The same work shows how metric choice
(AOT40, M7/M12, W126) shifts absolute loss estimates, under-
scoring the need for ux-based formulations when possible. In
parallel, a multidecadal hybrid modeling study reported average
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FIGURE 9

Compartmental antioxidant/sulfur-detox network (chloroplast-peroxisome-mitochondrion/cytosol): SOD H,0,, CAT/APX/PRX-Trx removal, AsA-

GSH regeneration, SO/SiR-driven sul te detox feeding GSH.

annual relative yield losses over 1981 2019 of roughly 1 13%
(wheat), 3 13% (rice), 6 25% (soybean), and 1 7% (maize), high-
lighting crop-speci ¢ phenology and ecophysiology as moderators
of risk (Lee et al., 2023; Liu et al., 2025). Case work is also
accumulating at national scales beyond China and India: long-
term monitoring in South Korea combined with rice cultivation
data has been used to estimate increasing Os-related rice losses
under alternative exposure metrics (AOT40, M7), and these
analyses emphasize how spatial heterogeneity and metric selection
can materially alter national loss accounting (Emberson et al., 2009;
Everett et al., 2025). Methodologically, recent preprints extend the
Indian result by showing that irrigation, which raises stomatal
conductance and ux, can negate yield bene ts via larger O3
uptake, a biologically plausible mechanism with clear policy
implications for climate-adaptation strategies in semi-arid regions
(Lefohn et al., 2018; Harmens et al., 2019). Together with the
TOAR-Vegetation framework that standardized AOT40/PODy
for vegetation, these studies establish the current methodological
hierarchy: when physiology matters, ux beats concentration.

Figure 10 illustrates the temporal relationship between seasonal
ozone (Oz) exposure metrics and the corresponding crop yield loss
percentages over a 25-year span. The parallel trends in both solid
and dashed lines emphasize how interannual variability in O3 levels
aligns closely with uctuations in estimated relative yield loss,
reinforcing the pollutant s impact on agricultural productivity. By
juxtaposing these datasets on dual y-axes, the graph effectively
communicates the sensitivity of crop yield to atmospheric O3
concentrations. Including this visualization was essential for
capturing long-term trends and validating the predictive link
between ambient O3 burden and vyield penalties across multiple
growing seasons (Hu et al., 2020; Pei et al., 2024).

For NO,, literature increasingly links atmospheric exposure to
nitro-oxidative biochemistry rather than directly to eld-scale yield
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maps. A comparative Arabidopsis synthesis showed that Oz and
NO; elicit broadly overlapping defense and cell-death programs but
diverge at speci c¢ control points (e.g., RBOHF), implying that
plants perceive these gases as distinct chemical problems, a
nuance that matters for designing mixture toxicology and for
selecting molecular markers that report real-world co-exposures.
This mechanistic clarity at the transcript and post-translational
level complements the O yield literature by explaining why co-
exposure to NO, may amplify or reshape ROS/RNS signaling, even
when NO, alone does not yet have widely accepted national yield-
loss coef cients (Vahisalu et al., 2010; Arnaud et al., 2023).

For SO,, modern case studies move beyond classic fumigation
injury to genetic causality in detoxi cation. Altering sul te oxidase
(SO) activity in Arabidopsis and tomato deterministically shifts

FIGURE 10
Trends in national ozone exposure (primary axis) and estimated
relative yield loss (secondary axis), 2000—2024, compiled from
national assessments.
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