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ARTICLE INFO ABSTRACT

Keywords: Tropospheric ozone (Os) is a pervasive air pollutant known to impair stomatal regulation in plants, i.e. stomatal

Ozone sluggishness, in association with a reduction of photosynthesis. However, its impact on the dynamic respon-

Stomatal sluggishness siveness of stomata to carbon dioxide (CO2) concentrations remains poorly understood. In this study, we

E]?;t;/:;i:z:is investigated the effects of chronic Os exposure on both steady-state and dynamic leaf gas exchange response to

Ozone FACE low or high CO: concentration (50 or 1000 ymol mol™') in Viburnum lantana L., a Mediterranean shrub species
highly sensitive to oxidative stress. Ozone-exposed plants exhibited pronounced stomatal sluggishness in
response to rapid CO: transitions, characterized by delayed closure, reduced opening amplitude, and prolonged
response times. These impairments were associated with significant decreases in photosynthetic capacity,
pigment degradation (chlorophylls and xanthophylls), and increased lipid peroxidation. Correlation analyses
revealed strong links among pigment loss, oxidative membrane damage, and impaired stomatal kinetics, sug-
gesting that both energetic and structural limitations contribute to Os-induced stomatal dysfunction. These
findings indicate that the CO2 responsiveness of stomata under Os stress is not simply passive damage, but reflects
a complex, multilevel breakdown of guard cell regulation. As atmospheric Os and CO2 concentrations continue to
rise, such impairment may critically constrain plant carbon-water balance, especially in sensitive woody species
inhabiting Mediterranean montane environments.

1. Introduction optimization of carbon assimilation while minimizing water loss (Kaiser

et al.,, 2014; Lawson et al., 2019). However, under anthropogenically

Leaf stomata regulate gas exchange, enabling the simultaneous up-
take of carbon dioxide (CO2) and the release of oxygen and water vapor
between the plant and the atmosphere (Matthews et al., 2017; Lawson
et al., 2024). This process directly influences the global carbon and
water cycles (Berry et al., 2010; Onandia et al., 2011; Yan et al., 2017).
The behavior of stomata and gas exchange mechanisms in trees reflect a
highly refined system of physiological regulation shaped by selection
pressures (Chen et al., 2024; Yadav et al., 2024). In particular, stomata
dynamically respond to environmental stimuli (i.e. vapor pressure
deficit, and atmospheric CO: concentration), allowing for the

altered environmental conditions, this regulatory balance may become
impaired. Such disruption can result in altered stomatal responses,
including a decoupling of stomatal conductance (g;) from photosyn-
thetic demand and environmental cues (Lombardozzi et al., 2012).
Among anthropogenic environmental stressors, tropospheric ozone
(0s) remains an underappreciated but significant component of climate
change, acting as a phytotoxic pollutant (Bytnerowicz et al., 2007; IPCC,
2013; Liang et al., 2023). Tropospheric Os is formed via photochemical
reactions involving nitrogen oxides (NOx) and volatile organic com-
pounds, and its concentrations have more than doubled since
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pre-industrial times, especially in the Northern Hemisphere (Mills et al.,
2018; Agrawal et al., 2021; Wada et al., 2023). Once inside the leaf, O
generates reactive oxygen species (ROS), which damage membranes,
proteins, and nucleic acids, and activate defense mechanisms that affect
key physiological functions, including photosynthesis, respiration, and
stomatal regulation (Paoletti, 2005, 2006; Tiwari et al., 2018; Grulke,
2020). As stomata are the primary pathway for Os uptake, stomatal
behavior plays a central role in both exposure and tolerance (Tiwari
et al., 2018; Grulke et al., 2020). The initial response to Os involves
stomatal closure to avoid further uptake (McAdam et al., 2017; Hoshika
et al., 2013, 2020a). However, Os exposure can also alter the stomatal
control mechanism itself, reducing the efficiency of stomatal regulation,
a phenomenon known as Os-induced ‘stomatal sluggishness’ (Paoletti,
2005; Onandia et al., 2011, Hoshika et al., 2012, 2014, 2015a,b, 2019;
Pagano et al., 2024). This condition is characterized by a delayed or
incomplete adjustment of g in response to environmental stimuli
(Paoletti and Grulke, 2005, 2010), which reduces the plant capacity to
conserve water under stress, impairs carbon gain, and disrupts the tight
coupling between photosynthesis and g (Onandia et al., 2011; Hoshika
et al.,, 2018; Lawson et al., 2019). While stomatal sluggishness in
response to light and humidity has been extensively studied, less is
known about how Os affects stomatal responses to CO2 (Onandia et al.,
2011). This regulatory mechanism is critical for maintaining intercel-
lular CO: concentration (C;) and ensuring high photosynthetic efficiency
(Huang et al., 2015; Lawson et al., 2019).

Understanding how stomata respond to dynamic CO2 environments
under Os stress is critical in the context of ongoing global change. At-
mospheric CO: concentrations are expected to rise from current levels
(~420 ppm) to over 700 ppm by the end of the 21st century (Adak et al.,
2023; Vollmer et al., 2024), while Os concentrations continue to in-
crease in many industrialized regions at rates of 0.5-2 % per year
(Vingarzan, 2004; Mills et al., 2018; Vazquez Santiago et al., 2024).
Meta-analyses of Free-Air CO2 Enrichment (FACE) experiments confirm
consistent g reductions under elevated CO: (eCO,) concentrations
across various plant species (Ainsworth et al., 2007) whereas reduced
CO: levels stimulate stomatal opening (Engineer et al., 2016). However,
these responses can vary substantially depending on species, pheno-
logical stage, and the presence of interacting stressors (Haworth et al.,
2013, 2016; Bernacchi et al., 2015). Within this context, the assumption
that eCOz-induced stomatal closure mitigates Os damage by limiting
stomatal Os flux (Cardoso-Vilhena et al., 2004; Onandia et al., 2011)
may be overly simplistic. If Os induces sluggish stomatal responses to
CO2, this protective mechanism could be compromised, resulting in
sustained stomatal opening under conditions of high CO2, thereby
intensifying physiological stress (Paoletti et al., 2010; Hoshika et al.,
2015a). Moreover, it remains unclear whether stomatal sluggishness
represents a passive symptom of cellular damage (e.g., to guard cells or
mesophyll signaling pathways), or an active, regulated reprogramming
of stomatal control potentially mediated by ethylene signaling or
ROS-related pathways (Wilkinson and Davies, 2010; Hoshika et al.,
2019). Biochemical factors, such as the sensitivity of guard cell signaling
pathways to ROS, abscisic acid (ABA), and calcium fluxes, may also
critically influence the speed and amplitude of stomatal responses
(Kollist et al., 2014, 2019). Therefore, an integrated analysis of dynamic
gas exchange kinetics and the foliar biochemical regulation is essential
to elucidate the mechanisms driving stomatal dysfunction against COy
variation for the plants grown under Os exposure.

This study aimed to address a key gap in our understanding of plant
physiological responses to concurrent atmospheric stressors by investi-
gating how chronic Os exposure alters stomatal regulation in Viburnum
lantana L., a widespread deciduous shrub widely recognized as highly
sensitive to tropospheric Os and commonly used as a bioindicator spe-
cies in forest ecosystems (Faralli et al., 2022). In particular, the study
examined whether chronic Oz exposure alters steady-state leaf gas ex-
change, how it affects the dynamics of stomatal responses to changes in
[COz]—including the magnitude and speed of gs transitions, whether
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oxidative stress markers and pigment composition are modified as in-
dicators of the biochemical defense capacity of leaves, and whether
Os-induced stomatal sluggishness primarily reflects photosynthetic
impairment or oxidative stress. Given that stomatal responses to low
[CO:] are tightly coupled to photosynthetic activity, whereas responses
to high [CO:] may involve additional biochemical regulatory processes
(Fujita et al., 2013), we hypothesized that Os exposure induces stomatal
sluggishness through both reduced photosynthetic capacity and altered
biochemical regulation, but with distinct mechanisms prevailing under
low versus high [COz] conditions. Unlike previous studies on Os that
focused primarily on stomatal sluggishness in response to light or hu-
midity fluctuations (i.e. Hoshika et al., 2012, 2014, 2018; Pagano et al.,
2024) and those that examined CO2-related sluggishness (i.e. Onandia
et al., 2011), this work provides the first quantitative assessment of Os
effects on stomatal kinetics during CO: transitions, integrating dynamic
modeling of gas exchange with analyses of pigment composition and
oxidative stress markers. This combined physiological and biochemical
approach provides new insights into how chronic Os exposure modulates
both the kinetics and regulatory mechanisms of stomatal responses to
CO: transitions. It establishes a mechanistic link between oxidative
stress, pigment balance, and stomatal control, improving our under-
standing of how Os disrupts CO>-driven stomatal regulation in sensitive
woody species.

2. Materials and methods
2.1. Experimental site and plant material

Ozone fumigation experiments were conducted at the Free-air Os
eXposure (FO3X) facility, located in the experimental garden of the
National Research Council (CNR) in Sesto Fiorentino, Italy (43°48°59”
N, 11°12’01” E; 55 m above sea level). Detailed information about the
fumigation system is available in Paoletti et al. (2017). Three-year-old V.
lantana L. saplings, sourced from a local nursery in provenance Santa
Giustina in Colle (Padova, Veneto, Italy), were acquired in December
2023. At the time of transplantation, the average plant height and stem
diameter were 74.7 cm and 13.5 mm, respectively. Plants were potted in
10-1 plastic containers filled with an equal-volume mix of sand, peat, and
soil (1:1:1 v/v/v). From 17 May to 16 October 2024 (a total of 152 days),
two Og levels were applied: ambient Og concentration (AA) and twice
ambient (2.0 x AA). There were three replicated plots per O3 level (each
plot measuring 5m x 5 m x 2 m), with one or two plants assigned per
plot. The mean hourly O3 concentrations during the exposure period
were 38.0 nmol mol ! for AA and 61.3 nmol mol ! for 2.0 xAA. All
plants were irrigated to prevent any water stress.

2.2. Measurement of steady-state and dynamic gas exchange to CO;
variation

Fully expanded sun-exposed leaves were selected for measurements
in the two Os treatments (one to three leaves per three plants per
treatment, for a total of five to six replicates). Gas exchange measure-
ments were conducted using a portable infrared gas analyzer (Model LI-
6800, Li-Cor instruments, Lincoln, NE, USA), under controlled condi-
tions: leaf temperature at 25 °C, relative humidity (RH) maintained at
50 %, and photosynthetic photon flux density (PPFD) set to 1500 pmol
m~2 57!, Measurements were taken on clear-sky days from 2nd to 7th
September 2024 (after 108-113 days exposure). Once gs and net
photosynthetic rate (A) stabilized under a CO; concentration of
420 pmol mol !, two gas exchange response measurements to varying
CO, were conducted: 1) the CO, level was increased from 420 to
1000 pmol mol~! until a new steady state was reached, or 2) the CO,
level was decreased from 420 to 50 pmol mol !.The measurements were
carried out on the same leaf, 5-6 leaves x plants x 3 replicated plots
x each Os treatment; data were logged at 30-second intervals. At
equilibrium, steady-state gas exchange values were recorded under both
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low (Asp, gs0) and high (A1p00, &s1000) CO2 conditions, along with
instantaneous water use efficiency (calculated as A divided by transpi-
ration rate).

The data collected were used to derive several parameters: r0, rep-
resenting the initial steady-state value of gs; G, the final steady-state of
& A, indicating the time required to reach the curve inflection point
following a change in CO: concentration; and t, which defines the
overall response time.

Based on the methodologies described by Gerardin et al. (2018),
Durand et al. (2019), and Pagano et al. (2024), the following model was
applied characterizing the dynamic behavior of g

& =10+ (G—r0) xexp(—exp(%)) (€))

where t is the overall time. Using this model, the maximum slope
observed during the g; transition (denoted as SLyax) was calculated
following the approach of Winsor (1932), and Vialet-Chabrand et al.
(2013), as:

SLinax = (G—10)/(t x €) 2

Additional parameters, as defined by Freitas et al. (2023), were also
computed: Ag;, the amplitude of g variation in response to [COq]
changes; Tqp, which correspond to the times required to reach 90 %
either of the full stomatal opening or closing response and AA, the
amplitude of net photosynthetic rate variation in response to [CO3]
changes.

In addition, to assess leaf photosynthetic capacity, the intercellular
CO; concentration (C;j) response curves of A, i.e. A/C;j response curves,
were measured from 6th to 7th September 2024 (5-6 leaves x plants x 3
replicated plots x each O3 treatment). To reduce the possible influence
of stomatal limitations caused by Os, the A/C; measurements were
conducted, according to the protocol of Centritto et al. (2003), under the
following controlled conditions: PPFD of 1500 pmol m-2s-!, leaf tem-
perature of 25 °C, and RH of 50 %. Before measuring the A/C; curve,
each leaf was placed in the LI-6800 cuvette at a COz concentration of
50 pmol mol-! for 30-90 min to make stomata open. When g reached its
maximum, the CO: concentration was gradually changed in 8 steps (Ca:
50, 100, 200, 420, 1700, 1300, 900, 600 pmol mol™?). For this mea-
surement, the LI-6800 cuvette was connected to a 6800-01 A fluorom-
eter cuvette with red and blue LEDs (blue:red = 10:90). The maximum
rate of Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO)
carboxylation (Vcpay), the maximum rate of electron transport (Jmax)
and day respiration (Rq) were estimated using the A/C; curve, based on
the curve-fitting method suggested by Ethier and Livingston (2004) and
Farquhar et al. (1980), considering mesophyll conductance to COy
transfer (Gp). Parameters required for curve fitting such as
Michaelis-Menten constants for COz2 (Kc) and O: (Ko), and the CO:
compensation point in the absence of mitochondrial respiration (I'*)
were obtained following Bernacchi et al. (2002). The Gy, was estimated
by using the variable J method (Harley et al., 1992; Loreto et al., 1992).
It is given by:

Gm = A/[Ci-{T"*-(ETR+8-(A+Rq))}/{ETR-4-(A+Rq)}] 3

where I'* is the CO, compensation point in the absence of day respira-
tion, which was calculated with the RubisCO specificity factor (96.6 at
25 °C for deciduous woody species, Galmés et al., 2005). The ETR is the
rate of electron transport, which was derived from chlorophyll fluores-

cence measurement using a saturating pulse of 8000 pmol m~2 s~* and
duration of 1 s (Genty et al., 1989):
ETR=PPFDe®PSIlecef (&)

where ®PSII is the actual quantum efficiency of photosystem II, o and p
are the leaf absorbance and the partitioning factor between photosys-
tems I and II, respectively (Laisk and Loreto, 1996). Standard values of «
= 0.85 and g = 0.5 were used (Gilbert et al., 2012; Laisk and Loreto,
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1996). All gas exchange measurements were taken on clear-sky days
between 08:00 and 12:00.

2.3. Biochemical analyses

Following the measurement of gas exchange rates, leaves were
sampled and immediately frozen in liquid nitrogen and stored at —80°C
until biochemical analyses.

Oxidative damage was assessed in terms of lipid peroxidation by
performing the thiobarbituric acid-reactive-substances (TBARS) assay
and checking for malondialdehyde (MDA) accumulation, as reported by
Hodges et al. (1998), with minor modifications. Frozen samples (0.1 g)
were homogenized in 1 ml of 0.1 % trichloroacetic acid (TCA; w/v, in
water). Then, 100 pl of supernatant were mixed with 400 pL of 20 %
(w/v) thiobarbituric acid, incubated for 30 min at 95 oC and centrifuged
(12,000 g for 10 min at 4 °C). The determination was performed by
using Victor3 1420 Multilabel Couter microplate reader (Perkin Elmer
Inc., Waltham, MA, USA) at 532 nm and corrected for non-specific
turbidity by the subtraction of 440 and 600 nm absorbance.

Hydrogen peroxide levels were quantified using the AmplexTM Red
Hydrogen Peroxide/Peroxidase Assay Kit (Molecular Probes, Life
Technologies Corp., Carlsbad, CA, USA), following the protocol
described by Scimone et al. (2024). Frozen samples (0.05g) were
extracted in 1 ml of 20 mM potassium-phosphate buffer (pH 6.5),
incubated for 30 min at 25 °C in the dark. Then, H,O, was determined
by using the same microplate reader previously reported at 530 and
590 nm for the excitation and emission of resorufin fluorescence,
respectively, and plotted against a standard curve ranging from O to
20 }J,M H202.

The content of photosynthetic and accessorize pigments was evalu-
ated according to Pisuttu et al. (2024). After extraction of 0.1 g of leaf
material with 1 ml of pure methanol overnight (at 4 °C in the dark),
samples were centrifuged at 15,000 xg for 15 min at 4 °C. Supernatants
were filtered through 0.2 pm Minisart® SRT 15 aseptic filters. Pigments
were detected by Ultra-High Performance Liquid Chromatography
(UHPLC) using a Dionex UltiMate 3000 system (Thermo Scientific,
Waltham, MA, USA) with a reverse-phase Acclaim 120 C18 column (5
pm particle size, 4.6 mm internal diameter x 150 mm length; Thermo
Scientific) maintained at 25 °C. Neoxanthin, violaxanthin, ante-
raxanthin, lutein and zeaxanthin were eluted at a flow rate of
1 ml min~! by using 100 % solvent A (acetonitrile/methanol; 75/25,
v/v) during the first 14 min followed by a 1.5 min linear gradient to
100 % solvent B (methanol/ethylacetate; 68/32, v/v). Subsequently,
15 min with 100 % solvent B, followed by 2 min linear gradient to
100 % solvent A were pumped to elute chlorophyll a and b, and
fB-carotene. All pigments were detected by their absorbance at 445 nm
with a Dionex UVD 170 U UV-Vis detector (Thermo Scientific). To
quantify their content, known amounts of pure authentic standards were
injected into the UHPLC system. An equation was formulated correlating
the peak area to each pigment standard concentration (purchased from
Life Technologies Corp., Carlsbad, CA, USA). Chromatographic data
were processed and recorded by Chromeleon Chromatography Man-
agement System software, version 7.2.10-2019 (Thermo Scientific).

2.4. Data analysis

All statistical analyses were performed using R 4.3.1 (R Core Team,
2023). The impact of Os exposure on both steady-state and dynamic gas
exchange parameters was evaluated. Prior to analysis, the assumptions
of normality and homogeneity of variance were verified using the Sha-
piro-Wilk and Levene’s tests, respectively.

The FO3X experiment has a well-replicated split-plot design in which
the whole-plot factor was defined by the Os treatment levels. Therefore,
steady-state and dynamic gas exchange variables and biochemical pa-
rameters (oxidative stress biomarkers and pigment concentrations) were
subjected to a split-plot analysis of variance (ANOVA), considering Os as
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fixed factors, with plot included as a random factor nested within Os. To
investigate potential associations among photosynthetic parameters,
oxidative stress indicators, pigment levels, and g kinetics under fluc-
tuating [CO2] in Os-treated plants, Spearman correlation analyses were
conducted. Data were stratified according to the direction of CO2 change
(ascending or descending), and normality was confirmed for each var-
iable using the Shapiro-Wilk test. Separate correlation matrices were
constructed for low ([COz] = 50 umol mol™?) and high ([COz] = 1000
umol mol™?) CO:z conditions, excluding categorical variables. The
matrices included parameters related to stomatal kinetics (i.e., 0, G, A,
T, Ags, Too, SLmax, Amp_gs, AA), photosynthetic parameters (Vemax, Jmax
and Ry), oxidative stress markers (MDA, H-02), and pigment concen-
trations (neoxanthin, violaxanthin, antheraxanthin, lutein, zeaxanthin,
chlorophyll a and b, and p-carotene). Statistical significance of correla-
tions was evaluated using a matrix-based test with 95 % confidence
intervals, and visualized using corrplot with significance symbols
denoting different p-value thresholds (p < 0.05, 0.01, 0.001).

3. Results
3.1. Effects of Os exposure on steady-state leaf gas exchange

Chronic exposure to elevated Os significantly reduced A4o0 (-46 %
compared to AA), while g.420 was not significantly affected (p = 0.699).
Day respiration instead showed a statistically significant increase
(+150 %, p < 0.05). Mesophyll conductance (Gp) was strongly
impaired (-71 % compared to AA), together with Vcpax (=47 %) and
Jmax (60 %) (Table 1).

3.2. Dynamic response of leaf gas exchange to CO» concentration

The analysis of stomatal behavior following changes in [CO:]
revealed pronounced alterations in the responsiveness of g5 under
elevated Os. When [CO2] was increased from 420 to 1000 umol mol™ ,
ambient-grown plants exhibited a rapid decline in g, characterized by a
steep SLmax (60.05 + 12.43 mol m2s72) and a relatively short Tgg (11.4
+ 2.11 min) (Fig. 1A; Table 2; Supporting Information: Figure S1). In
contrast, Os-exposed plants (Fig. 1A; Supporting Information: Figure S2)
displayed a much slower and less pronounced closure response, with
SLmax reduced by ~70 % (18.64 + 9.11 mol m™ s7%; p < 0.05) and Tgg
almost tripled (+161 %, 29.8 + 5.21 min; p < 0.05) compared to AA.
The percentage amplitude of g; change (Amp_g;) was also lower in Os-
treated plants (=46 %).

Following a decrease in [CO:] from 420 to 50 umol mol™, stomatal
opening was clearly evident in ambient-grown plants, which exhibited a
sharp increase in g;, (Ags = 0.11 & 0.01 mol m2 s7!) associated with
high SLyayx (45.2 4 8.99 mol m2 s72) and a substantial relative change in
stomatal conductance (Amp_gs = 65.0 £ 5.16 %) (Fig. 1B; Table 3;
Supporting Information: Figure S3-S4). In Os-exposed plants, however,
stomatal opening was strongly inhibited: Ags was almost completely
suppressed (-98 %; 0.002 4+ 0.005 mol m™ s™; p < 0.001), SLyax drop-
ped by ~97 % (1.21 £+ 2.79 mol m2 s7% p < 0.01), and Amp_g; was

Table 1
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reduced by ~90 % (5.3 £7.7 %; p < 0.001). Consequently, the net
change in g; under low [CO:] was negligible in Os-exposed leaves.

3.3. Oxidative damage, H>0 content and pigments

Exposure to Og significantly affected physiological and biochemical
parameters related to oxidative stress and pigment composition in
V. lantana plants (Table 4). Lipid peroxidation, measured as MDA con-
tent, almost doubled under Os stress (+96 % compared to ambient-
grown plants; p < 0.05). In contrast, H20: levels did not differ signifi-
cantly between treatments.

Ozone stress also induced consistent shifts in pigment composition.
Significant decreases were observed in neoxanthin (-24 %), viola-
xanthin (-67 %), antheraxanthin (-32 %), and lutein (-31 %) relative to
controls (all p < 0.05). Similarly, chlorophyll a and b contents declined
markedly (-20 % and -27 %, respectively; p < 0.05 and p < 0.001).
Conversely, zeaxanthin and p-carotene levels did not differ significantly
between treatments (+5 % and +18 %, respectively; p > 0.05).

3.4. Correlation matrix for stomatal sluggishness, photosynthesis and
biochemical traits

To further investigate the relationship among stomatal behavior and
photosynthetic parameters or biochemical stress markers, we performed
a correlation analysis.

Correlation analysis revealed distinct but complementary patterns
linking stomatal sluggishness to both photosynthetic performance and
biochemical stress markers. Across both CO: transitions, stomatal slug-
gishness dynamics (Ags, Tgp, Amp_gs) were strongly associated with
photosynthetic parameters, particularly Vemax, Jmax and A4z, indicating
that delayed stomatal responses directly decreased carbon assimilation
capacity (Fig. 2). Such a relationship was highlighted in the stomatal
response to low CO; rather than high CO, concentration. A significant
positive relationship was also detected in R4 following stomatal
sluggishness.

When biochemical markers were considered, consistent negative
correlations emerged between pigment contents (chlorophyll a and b,
neoxanthin, violaxanthin, antheraxanthin) and parameters of stomatal
sluggishness (10, G, A, T, Ag, T9o, SLmax, Amp_gs, AA), whereas MDA
content was positively correlated with Ags; and Amp_gs (Fig. 3). These
patterns support a close association between oxidative stress, pigments
degradation, and impaired stomatal adjustment. In contrast, H202 con-
tent did not exhibit a consistent relationship with stomatal traits, sug-
gesting that its involvement in stomatal regulation is less direct
compared with lipid peroxidation or pigment status.

4. Discussion
4.1. Steady-state leaf gas exchange under Og stress

Chronic exposure to elevated Os significantly impaired photosyn-
thetic capacity in V. lantana leaves, as evidenced by the marked decline

Estimated marginal means + standard errors (n = 3 replicated plots) and levels of significance of split-plot analysis of variance (ANOVA) in two groups, for the steady-
state leaf gas exchange under ambient [CO2] (420 pmol mol™) (A4 - net photosynthetic rate; guoo - Stomatal conductance; Ry - day respiration; Gy, — mesophyll
conductance; Vc gy - maximum rate of Rubisco carboxylation and Jp,,, - maximum rate of electron transport) in Viburnum lantana L. plants exposed to two levels of Os
(ambient concentration AA, and 2.0 x AA). Full ANOVA results, including F-values, numerator and denominator degrees of freedom, and p-values for all model terms

(intercept, treatment, and interactions), are provided in Supplementary Table S1.

Treatment Asoo 85420 Ry
(pmol m2sh (molm2s1

(pmol m2sh

Gm Vemax Jmax

(molm 251 (pmol m2sh 2

(pmol m™ s’l)

AA 81+1.0 0.09 £ 0.01 0.4+0.2
2.0 x AA 4.4+1.0 0.09 £ 0.01 1.0+0.2
p ok n.s. *

0.07 £0.01 38.1 £4.4 42.0 = 4.28
0.02 £+ 0.01 20.3 + 4.5 16.9 + 4.7
ek ek deded

Note: *p < 0.05; **p < 0.01; ***p < 0.001; n.s. = not significant (p > 0.05).
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CO,| =420 to 1000 mmol m? s! CO,| = 420 to 50 mmol m2 s!
2 2
A) B
0.08
0154
0.07
r.E 0.06 "I,:_ 0.124
% 0.05 ™
0.104 et Data Type
. — Predicted
0.051 * Measured
] ) 20 30 10 0 10 20 30 0
(o)) Time (min) D) Time (min) Condition

180 2 - Control (AA)

160 B Treatment (2.0 X AA)

A (umol m™2s7!)

0 10 20 30 40

Time (min) Time (min)

Fig. 1. Dynamic response of gas exchange. Mean value + standard error (n = 3 replicated plots) of stomatal conductance (g;), A-B plots, and net photosynthetic rate
(A), C-D plots, to changes in [CO,] observed in Viburnum lantana L. plants exposed to two levels of O3 (blue for ambient concentration, AA, and red for 2.0 x AA).
Data are reported with points (for measured values) and lines (predicted values). Shaded areas depict standard error.

Table 2

Estimated marginal means +standard error (n = 3 replicated plots) and levels of significance (p-value) of split-plot analysis of variance (ANOVA) in two groups, for the
parameters of dynamic stomatal response to high [CO,] (from 420 to 1000 umol mol) (r0 -initial g steady state value; G - final g steady-state value; A - time required
for reach the curve inflection point; T -overall time response; Ag; - amplitude of g variation; Tqq -time required to reach 90 % of opening or closing response; SLpax -
maximum slope reached during g; transition; Amp_g; - percentage g change; AA - range of variation) for Viburnum lantana L. plants exposed to two levels of O3 (ambient
concentration, AA, and 2.0 x AA). Full ANOVA results, including F-values, numerator and denominator degrees of freedom, and p-values for all model terms
(intercept, treatment, and interactions), are provided in Supplementary Table S2.

Treatment r0 G A T Ags Too SLmax Amp g AA
(molm~2s™1) (molm~2s1) (min) (min) (mol m2s™1) (min) (mol m2s72) (%) (pmol m2s
AA 0.06 + 0.01 0.03 + 0.003 3.53 + 3.01 + 0.02 + 11.4 + 60.05 + 12.43 75.7 + 3.83 +
0.48 0.61 0.004 2.11 15.87 0.56
2.0x AA 0.07 £ 0.01 0.05 £+ 0.01 3.22+ 8.38 + 0.02 + 29.8 + 18.64 + 41.13 + 331+
1.18 1.32 0.01 5.21 9.11 19.16 0.41
P n.s. * n.s. o n.s. * * n.s. n.s.

Note: *p < 0.05; **p < 0.01; ***p < 0.001; n.s. = not significant (p > 0.05).

Table 3

Estimated marginal means =+ standard error (n = 3 replicated plots) and levels of significance (p-value) of split-plot analysis of variance (ANOVA) in two groups, for the
parameters of dynamic stomatal response to low [CO»] (from 420 to 50 umol mol™) (r0 -initial g steady state value; G — final g steady-state value; A — time required for
reach the curve inflection point; T — overall time response; Ags — amplitude of g variation; Too — time required to reach 90 % of opening or closing response; SLyax —
maximum slope reached during gs transition; Amp_g; — % g change; AA — range of variation) for Viburnum lantana L. plants exposed to two levels of O3 (ambient

concentration, AA and 2.0 x AA). Full ANOVA results, including F-values, numerator and denominator degrees of freedom, and p-values for all model terms (intercept,
treatment, and interactions), are provided in Supplementary Table S3.

Treatment r0 G A 1 Ags Too SLmax Amp_g AA
(molm2s71) (molm 25 1) (min) (min) (molm2s71) (min) (mol m™2s72) (%) (umol m~2s71)
AA 0.05 + 0.01 0.17 £ 0.01 8.64 £ 21.47 +5.73 0.11 £ 0.01 29.91 + 2.66 45.22 + 8.99 65.04 +5.16 8.64 +
2.05 0.72
2.0 x AA 0.09 + 0.01 0.09 + 0.01 18.34 + 6.07 11.74 £ 2.9 0.002 + 0.005 37.71 + 4.66 1.21 + 5.30 + 5.41 +
2.79 7.68 0.88
p n.s. * n.s. n.s. dededk n.s. ek dededk *

Note: *p < 0.05; **p < 0.01; ***p < 0.001; n.s. = not significant (p > 0.05).
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Table 4

Estimated marginal means =+ standard errors (n = 3 replicated plots) and levels
of significance (p-value) of split-plot analysis of variance (ANOVA) in two
groups, for the malondialdehyde (MDA), hydrogen peroxide (H,O,) and
photosynthetic and accessorize pigments (neoxanthin, violaxanthin, antherax-
anthin, lutein, zeaxanthin, chlorophyll a and b, and p-carotene) content for
Viburnum lantana L. plants exposed to two levels of O3 (ambient concentration,
AA, and 2.0 x AA). Full ANOVA results, including F-values, numerator and
denominator degrees of freedom, and p-values for all model terms (intercept,
treatment, and interactions), are provided in Supplementary Table S4.

Parameters AA 2.0 x AA )4
MDA (nmol g’1 FwW) 18.8 £ 6.1 36.9 £ 6.8 *
H,0, (nmol g~! FW) 29.2 + 6.4 24.1+6.8 n.s.
Neoxanthin (pmol g~! FW) 0.49 + 0.03 0.37 + 0.03 *
Violaxanthin (umol g~ FW) 0.54 + 0.06 0.18 + 0.07 *
Anteraxanthin (umol g~! FW) 0.19 + 0.02 0.13 + 0.02 *
Lutein (pmol g~! FW) 0.48 + 0.04 0.33 + 0.04 *
Zeaxanthin (umol g~! FW) 0.41 + 0.08 0.43 + 0.09 n.s.
Chlorophyll b (umol g~! FW) 2.14 +£0.17 1.57 £0.19 il
Chlorophyll a (pmol g~ FW) 4.01 £ 0.20 3.20 +0.23 *
p-carotene (pmol g~ FW) 2.62 +0.26 3.10£0.31 n.s.

Note: *p < 0.05; **p < 0.01; ***p < 0.001; n.s. = not significant (p > 0.05). FW:
fresh weight

in Ay4g9, although no significant effect of O3 was found in g;. The
observed decrease in photosynthesis can be therefore attributed to non-
stomatal rather than stomatal limitations (Yang et al., 2016; Dai et al.,
2017). This reduction was primarily associated with the limitations both
in mesophyll CO, diffusion (indicated by reduced Gm) and in other
biochemical processes relating to reduced Vcpax, and Jmax. These find-
ings point to a strong impairment of (i) internal CO: diffusion that may
be due to a thickening cell wall (Xu et al., 2023; Joffe et al., 2024;
Hoshika et al., 2025) or ABA production (Hoshika et al., 2025), and (ii)
photosynthetic enzymatic activity such as RubisCO (Watanabe et al.,
2014; Bagard et al., 2015). Similar findings were suggested in Japanese
Siebold’s beech (Hoshika et al., 2020b) and poplar clones (Xu et al.,
2023; Joffe et al., 2024; Hoshika et al., 2025). However, a possible cause
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for the photosynthesis reduction appears to be species-specific (Cotrozzi,
2021). Hoshika et al. (2022) reported that O3 exposure led a reduction in
gs accompanied by decreases in Vcyay, Jmax and mesophyll diffusive
conductance in Mediterranean deciduous oaks, while Kitao et al. (2009)
found a significant decrease in g without any reductions of Ve, and
Gp, (see Warren et al., 2007) during O3 exposure for European beech,
which primarily contributed to reduced photosynthesis. A reduction in
gs can also lower the stomatal O3 flux into leaves, thereby mitigating
Os-induced damage to the photosynthetic machinery within mesophyll
cells (Hoshika et al., 2020a). In this context, the absence of g reduction
in V. lantana suggests a limited capacity for O3 avoidance, resulting in
sustained high stomatal O3 flux and accumulated O3 damage.

4.2. Dynamic change in leaf gas exchange under Ojs stress

Notably, while gs values under steady-state conditions were not
affected by O3 exposure, dynamic measurements revealed a substantial
loss of stomatal dynamic behavior in response to CO: fluctuations due to
O3 exposure. Os-exposed plants showed delayed and attenuated sto-
matal closure upon elevation of [CO:], as well as a suppressed opening
response during CO: reduction. Compared to controls, these plants
exhibited significantly lower SLmax and longer response times (see Teo
values), reflecting reduced sensitivity and speed of guard cell adjust-
ment. The amplitude of the response was also reduced, especially during
stomatal opening, suggesting a general impairment in signal trans-
duction or guard cell turgor regulation. Some recent work highlighted
that O3 exposure significantly impairs signal transduction and guard cell
turgor regulation in plants, leading to detrimental effects on stomatal
function and overall plant health (Hasan et al., 2021; Nowroz et al.,
2014). The interaction of O3 with guard cells disrupts potassium channel
activity, which is crucial for stomatal opening, thereby reducing CO5
assimilation and affecting photosynthesis (Nowroz et al., 2014).

The sluggish stomatal behavior was highlighted in the response to
low [CO:] rather than to high [CO:]. This asymmetry likely arises
because stomatal opening is a more energetically demanding process
than closure. Opening requires high H*-ATPase activity, solute uptake (i.

[CO,] =420 to 50 mmol m~2 s™!

Amp_g;
max

Jmax

a2 <% S5
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Fig. 2. Correlation matrix and levels of significance (p-value) between photosynthetic parameters (A, VCmax, Jmaxs & and Rq) and stomatal conductance dynamic
effect to changes in [CO,] (10, G, A, T, Ags, Too, SLmax, Amp_gs and AA) (A - from 420 to 50 pmol mol™ and B - from 420 to 1000 pmol mol™) for Viburnum lantana L.
plants exposed to two levels of O3 (ambient concentration, AA, and 2.0 x AA). *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 3. Correlation matrix and levels of significance (p-value) between malondialdehyde (MDA), hydrogen peroxide (H,0-) and pigments (neoxanthin, violaxanthin,
antheraxanthin, lutein, zeaxanthin, chlorophyll a (Chl a) and b (Chl b), and p-carotene) content and the parameters of stomatal conductance dynamic effect to
changes in [CO.] (r0, G, A, T, Ags, Too, SLmax, Amp_gs and AA) (A - from 420 to 50 pmol mol™ and B - from 420 to 1000 umol mol™) for Viburnum lantana L. plants
exposed to two levels of O3 (ambient concentration, AA, and 2.0 x AA). *p < 0.05; **p < 0.01; ***p < 0.001.

e., K*, CI"), and turgor generation in guard cells, processes that demand
substantial metabolic energy (Kollist et al., 2014). Under Os exposure,
these energy-dependent processes are disrupted through ion channel
regulation impairment, ATP depletion, and ROS accumulation, which
interfere with guard cell signaling pathway (Vahisalu et al., 2010;
Nowroz et al., 2014). On the contrary, stomatal closure may depend
more on ABA-mediated signaling and anion efflux, processes that
require less energy and can remain partially functional under oxidative
stress conditions (Nowroz et al., 2014). However, Mills et al. (2018)
reported that oxidative stress caused by O3 can reduce the sensitivity of
stomata to ABA. Furthermore, some studies (Wilkinson and Davies,
2010; Hoshika et al., 2019) suggest that this loss of sensitivity to ABA
could be associated with Os-induced ethylene emissions. Finally, Pagano
et al. (2024) suggest that sluggishness-related stomatal closure may be
related to Os-induced premature leaf senescence, considering that
ethylene is a phytohormone related also to this process.

Despite this, the underlying mechanisms responsible for this sluggish
behavior of stomata still remain to be fully elucidated. Hypotheses range
from anatomical alterations (i.e. Os-induced changes in guard cell wall
structure: Maier-Maercker, 1998), to biochemical and molecular im-
pairments (Mansfield et al., 1990). For example, reduction of
CO2-signaling genes expression (Dumont et al., 2014; Dumont and Riv-
oal, 2019), increased ethylene biosynthesis (Wilkinson and Davies,
2010; Hoshika et al., 2019), and early onset of senescence pathways
(Igbal et al., 2017) have all been implicated in Os-induced stomatal
deregulation. Ethylene, in particular, may mediate a senescence-related
stomatal response, impairing guard cell responsiveness while simulta-
neously promoting leaf turnover to maintain whole-plant functionality
(Ribas et al., 2005; Guo et al., 2018).

Stomatal sluggishness results in increasing water loss by transpira-
tion and thus causing a decoupling of gs from photosynthesis (e.g.
Lombardozzi et al., (2012)). The decoupling of g from photosynthetic
demand has significant implications for plant water use efficiency,

particularly under naturally fluctuating conditions. Such impaired
regulation may lead to inefficient carbon gain and excessive water loss,
increasing the plant vulnerability to environmental stress (Pagano et al.,
2024). A model simulation by Hoshika et al. (2015a, b) reported that
Os-induced stomatal sluggishness causes a decrease in water use effi-
ciency of global temperate deciduous forests up to 20 % at the current
O3 level.

4.3. Oxidative stress marker and biochemical defense capacity

Ozone exposure-derived effects of oxidative stress in V. lantana
plants were observed, as evidenced by a significant increase in MDA
levels, a well-established marker of lipid peroxidation and membrane
damage. This finding is consistent with previous reports across both
herbaceous and woody species, highlighting the vulnerability of cellular
membranes to Os-induced ROS (Feng et al., 2015). Interestingly, H202
content did not differ significantly between Os-treated and control
plants. This may reflect a temporal dynamic response of H-0> meta-
bolism that was not captured, as previously suggested by Ranieri et al.
(2003). Alternatively, it may indicate that membrane-localized oxida-
tive processes (i.e., lipid peroxidation) play critical role in the early
phases of Os-induced stress in V. lantana than H.0: accumulation
(Michaud et al., 2019).

Ozone exposure also significantly impaired pigment homeostasis,
with marked declines in both chlorophyll a and b, as well as xanthophyll
cycle pigments (i.e. neoxanthin, violaxanthin, antheraxanthin, and
lutein). These alterations indicate damage to the photosynthetic appa-
ratus and impairment of photoprotective mechanisms (Pellegrini et al.,
2011). Conversely, the relative stability of zeaxanthin and p-carotene
under O3 stress may reflect a selective retention or regulatory mecha-
nism aimed at preserving critical photoprotective and antioxidant
functions of these pigments (Pellegrini et al., 2011; Zapletal et al., 2018;
D’Alessandro et al., 2019). A previous work has also shown that the
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oxidative degradation of pigments under Os stress is largely attributable
to ROS accumulation in chloroplasts, which disrupts the integrity of
thylakoid membranes and inhibits the biosynthesis of
chlorophyll-protein complexes (Pellegrini et al., 2011; Tiwari et al.,
2018; D’Alessandro et al., 2019).

4.4. Does stomatal sluggishness correlate with photosynthesis and/or
oxidative stress marker?

Correlation analysis revealed clear links between stomatal slug-
gishness and both photosynthetic and biochemical parameters. Under
both CO: transitions, but particularly during stomatal opening, slug-
gishness parameters were strongly associated with photosynthetic traits,
particularly Vemax, Jmaxs and Aggg, indicating that delayed stomatal
adjustment directly constrains carbon assimilation under Os stress. This
suggests that delayed and impaired stomatal responses directly
constrain carbon assimilation under Os stress. This relationship reflects
the well-documented coordination between stomatal conductance and
photosynthetic demand under non-stress conditions (Lawson et al.,
2018; Voelker et al., 2016; von Caemmerer et al., 2004), where stomata
typically maintain a stable C;/C, ratio (Wong et al., 1979). However, Os
could disrupts this synchrony by impairing guard cell responsiveness,
leading to temporal mismatches between CO: supply and mesophyll
assimilation capacity.

The positive association between stomatal sluggishness and re-
ductions in Vepax and Jpmax suggests that mesophyll Os-induced
biochemical impairment is functionally linked with guard cell behavior.
This is consistent with the concept of mesophyll-driven signals modu-
lating stomatal kinetics (Vavasseur et al., 2005; Lawson et al., 2018).
The absence of steady-state g; reduction in V. lantana implies that
mesophyll impairment dominates carbon assimilation losses, yet the
persistence of sluggishness implies that stomata fail to compensate for
mesophyll damage. Thus, V. lantana combines features of both limita-
tion modes: it lacks an Os-avoidance strategy through g; downregulation
(cf. Q. pubescens Willd.; Hoshika et al., 2022), but simultaneously suffers
mesophyll-driven stomatal dysfunction.

Enhanced respiration under Os is often interpreted as a compensa-
tory response to repair ROS-induced damage (Dai et al., 2017). The
significant correlation between Rd and sluggishness parameters suggests
that respiratory metabolism may contribute to guard cell signaling,
possibly through metabolites such as malate or sugars (Lawson et al.,
2018).

In addition, the strong correlations between sluggishness parame-
ters, pigment depletion, and oxidative markers (MDA) further suggest
that both mesophyll impairment and direct oxidative damage contribute
to this dysfunction (Lawson et al., 2014; Yu et al., 2024).

Together, these results highlight a dual mechanism of stomatal
sluggishness in V. lantana: (i) impaired mesophyll photosynthesis and
respiratory metabolism that weakens or alters the mesophyll to guard
cell signaling cascade, and (ii) direct oxidative damage and pigment loss
that reduce guard cell metabolic capacity. Compared to other woody
species, V. lantana appears to lack stomatal downregulation as a pro-
tective mechanism (cf. Q. pubescens Willd.; Hoshika et al., 2022),
resulting in high Os flux into leaves and accelerated biochemical dete-
rioration. This combination likely explains the particularly strong cor-
relations we observed between stomatal sluggishness, mesophyll
impairment, and oxidative stress markers. A conceptual framework
summarizing these interlinked processes is presented in Fig. 4, illus-
trating the cascade from Os exposure through ROS accumulation and
pigment degradation to mesophyll and guard cell dysfunction, stomatal
sluggishness, and impaired photosynthetic performance.

Future studies should investigate whether these dual limitations
reflect a broader trait of Os-sensitive plant species, or whether V. lantana
represents a unique case where mesophyll-driven signals dominate
stomatal dysfunction. Guard cell-specific profiling and comparative
studies across woody species would help unravel whether the
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Fig. 4. Conceptual model summarizing the hypothesized cascade of Os-induced
physiological responses in Viburnum lantana L.

coordination between photosynthesis and stomata under Os stress is
universally disrupted or species-specific.

5. Conclusions

We conducted a series of gas exchange measurements with CO;
variation using a representative Os-sensitive plant species grown under
elevated Os levels. Dynamic stomatal responses to [CO2z] were recorded,
alongside assessments of photosynthetic capacity, oxidative stress
marker and antioxidant enzyme activity. Kinetic parameters of g
adjustment were modeled to quantify the sluggishness. The result
revealed a clear impairment in both stomatal opening response to low
CO2 and its closing response to high CO2 concentrations. This Os-
induced “sluggishness” was, however, highlighted more in stomatal
opening to low CO5 concentration. This dysfunction was linked to two
converging processes: (i) degradation of photosynthetic and photo-
protective pigments, reducing energy supply and signal transduction
capacity within guard cells, and (ii) oxidative membrane damage, likely
affecting ion transport and guard cell turgor regulation. These findings
underscore the mechanistic complexity underlying stomatal sluggish-
ness and suggest that Os interferes with both metabolic and structural
pathways essential for dynamic stomatal control.

Given the high sensitivity of V. lantana, a widespread shrub in
Mediterranean ecosystems, our results may provide insight into similar
vulnerabilities in other co-occurring woody species exposed to com-
bined elevated CO:z and Os stress. In these ecosystems, where seasonal
drought and high light intensity already constrain plant gas exchange,
impaired stomatal regulation could exacerbate water loss, Os uptake,
and oxidative damage, ultimately compromising ecosystem productivity
and resilience Future work should include guard cell-targeted ap-
proaches and long-term field validation to assess the ecological rele-
vance of Os-induced stomatal dysfunction in natural and semi-natural
ecosystems. Integrating physiological, molecular, and ecological per-
spectives will be essential to predict species vulnerability and ecosystem
resilience under future climate and air quality trajectories.
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