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Abstract: Antioxidants and phytohormones are hallmarks of abiotic stress responses in plants.
Although it is known that they can offer cell protection or accelerate programmed cell death (PCD)
depending on the level of stress, the involvement of these metabolites in stress acclimation is still not
fully elucidated. Here, we showed the role of antioxidants and phytohormones in Salvia officinalis
tolerance to long-term ozone (O3) exposure (120 ppb for 36 days, 5 h day~'). Salicylic acid (SA)
content was increased under O3 throughout the whole experiment (+150%, as average compared
with control), being required to maintain the cellular redox state and potentiate defense responses.
This accumulation was induced before the production of ethylene (ET), suggesting that ET was
controlled by SA during O3 exposure to modulate the magnitude of chlorosis formation and the cell
redox balance (by regulating ascorbate and glutathione levels). The synthesis and/or regeneration
of these antioxidants did not protect membranes from lipid peroxidation, as demonstrated by the
accumulation of malondialdehyde (+23% as average). However, these processes of lipid oxidation
did not include the synthesis of the membrane breakdown products, as confirmed by the unchanged
values of jasmonic acid, thus indicating that this compound was not involved in the regulation of
PCD strategies.

Keywords: abscisic acid; aromatic herb; ascorbate-glutathione cycle; jasmonic acid; lipoic acid;
oxidative stress; salicylic acid; Salvia officinalis

1. Introduction

Plants grow in a continuously changing environment, which has favored the evolution
of a highly flexible metabolism and development essential for their sessile lifestyle [1].
Plant metabolism must be highly regulated in order to allow effective integration of a broad
spectrum of biosynthetic pathways resulting in antioxidant accumulation and redox sig-
naling activation [2]. Rather than involving simple signaling cassettes, emerging concepts
indicate that the relationships between redox state and metabolism are subtle and com-
plex. Plants can be considered as reducing—oxidizing systems in which catabolic processes
produce energy, and anabolic processes assimilate it [3]. A key feature determining plant
adaptive capability is the extent to which oxidative reactions can be closely controlled. If
environmental changes are too extreme to allow short-term metabolic controls to maintain
fluxes through primary metabolism, the stress-induced damage ensues [4]. In this situation,
functional and genic alterations are induced in an attempt to restore redox homeostasis.
If these responses are not occurring appropriately, then primary metabolism becomes im-
paired, oxidative stress becomes even more severe, and cell death and senescence responses
are triggered [5]. Oxidative damage is a widespread phenomenon extensively observed in
plants exposed to biotic and abiotic stress.
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Tropospheric ozone (O3) is a major air pollutant that negatively affects many bi-
ological activities in living organisms, being a strong oxidant [6-9]. Although several
efforts have been made to decrease the emission of O3z precursors, background Os levels
in the Northern Hemisphere are estimated to increase from the current 35-50 ppb to
42-84 ppb by the end of the century, with occasional peaks above 200 ppb [10,11]. Ozone
enters the plant through open stomata, and in the apoplast, it breaks down into reactive
oxygen species (ROS), whose excessive formation injures DNA, proteins, lipids, and
carbohydrates, thus causing reduction of photosynthesis and growth, cell dehydration,
accelerated leaf senescence, and the appearance of chlorotic/necrotic leaf injuries [6].
Ascorbate (Asc) and glutathione (Glu) are major ROS scavengers [4], but plant antiox-
idant power is not limited only to these metabolites, as the detoxification process is a
complex network including also other enzymatic and non-enzymatic antioxidants [12].
The roles of some of these antioxidants (e.g., superoxide dismutase, catalase, polyphenols
and carotenoids) in plant-Oj3 interaction have been largely investigated (e.g., [4,13]),
while those of other antioxidants (e.g., lipoic acid) remain understudied. Phytohormones
are also crucial in the regulation of plant growth, development and response to biotic
and abiotic stresses, including O3 [14,15]. However, it is largely known that cellular
responses of plants to O3 are dose-dependent. Phytohormones (e.g., ethylene (ET), and
jasmonic (JA), salicylic (SA) and abscisic (ABA) acids) have been investigated almost
exclusively for their signaling roles in single pulse O3 studies (considering a pulse of
O3 typically greater than 150 ppb, e.g., [16-18]), so another aspect that still needs to be
elucidated regards the involvement of these molecules in stress acclimation or plant
tolerance to long-term O3 exposure expected in the near future.

A plant species that has shown a good tolerance to O3 [19-22], as well as to other
abiotic stresses (e.g., drought and salinity, [23,24]), is Salvia officinalis L. (sage, Lamiaceae
family). Native to the Middle East and Mediterranean areas, and naturalized throughout
the world, it is a major aromatic herb used in the food and pharmaceutical industries
because of its important biological activities, including antioxidant and antimicrobial
properties, mainly due to its foliar secondary metabolites [25,26]. Our research group has
been studying the sage—Oj interaction from different angles for about 10 years [19-22,27].
Among these investigations, Pellegrini et al. [27] carried out a monthly evaluation of
the ecophysiological responses and some antioxidant regulators (i.e., 3-carotene and
polyphenols) in sage exposed to 120 ppb of O3 for three consecutive months (5 h day 1),
and showed that although photosynthetic activity was reduced already after 1 month
of exposure (i.e., the first time of analysis), sage was able to activate an adaptive sur-
vival mechanism to complete its life cycle. This capability was mainly attributed to an
accumulation of polyphenols [27], and this interpretation seemed then confirmed by
Marchica et al. [22], who reported an increased antioxidant capacity twinned with an en-
hancement of polyphenols occurring during the first weeks of exposure under the same
O3 concentration (i.e., 120 ppb, 5 h day~!) but for only 36 consecutive days. Good O3
tolerance and increased antioxidant capacity were also reported by Marchica et al. [19] in
sage exposed to a single pulse of O3 (200 ppb for 5 h), here highlighting also a key antiox-
idant role of Asc and Glu. Following the same experimental design, Marchica et al. [20]
also reported a crucial signaling network including ROS and phytohormones (i.e., ET,
JA, SA and ABA) activated by sage in response to a single pulse of O3 exposure. Overall,
these researches have led to some very interesting results, but they have also opened up
other equally interesting but still unanswered questions.

In the present study, sage was again exposed to 120 ppb of O3 for 36 consecutive days
(5 h day ') in order to (i) evaluate the effects of long-term O3 on sage during the first
weeks of exposure, and (ii) characterize the roles of antioxidants (both the most and less
investigated) and phytohormones in sage tolerance to long-term O3 exposure.
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2. Results
2.1. Leaf Symptoms and Chlorophyll Content

Ozone-treated plants showed a progressive leaf chlorosis from 14 days from the
beginning of exposure (FBE) up to the experimental period (Figure 1a). No symptoms
were observed on plants exposed to charcoal-filtered air (i.e., controls), throughout the
whole experiment. The one-way repeated measures analysis of variance (ANOVA) of
Chlgpap values showed that the effects of O3, time, and their combination were significant
(Figure 1b). Ozone also significantly decreased relative chlorophyll content by 23% at
14 days FBE, by 40% at 22 days FBE, and by approximately 60% at 29 and 36 days FBE
(throughout the whole text, percentages of O3 effects are calculated in comparison with
controls at the related times of analysis; Figure 1b).

Ozone ***
Time ***
Ozone x Time ™

T T

22

7 14 22 29 36

Time (days) Time (days)

Figure 1. (a) Leaf symptoms of Salvia officinalis exposed to 120 ppb of ozone (5 h day~!) for
7,14, 22, 29 and 36 consecutive days. Bar: 1 cm. (b) Variation in relative chlorophyll content
(determined in SPAD values, Chlgpap) in leaves of sage exposed to charcoal-filtered air (open
circle) or to 120 ppb of ozone (5 h dayfl) for 36 consecutive days (closed circle). Data are shown
as mean = standard deviation. p levels for the effects of ozone, time, and their interaction from a
one-way repeated measures ANOVA are shown (***: p < 0.001). According to Tukey’s HSD post
hoc test, different letters indicate significant differences among means (p < 0.05).

2.2. Gas Exchange and Chlorophyll a Fluorescence

The one-way repeated measures ANOVA of ecophysiological parameters showed
that the effects of O3, time, and their combination were significant (Figure 2). Ozone
significantly decreased CO, assimilation rate (A) from 14 days FBE (—51%), with great
reductions observed at 29 and 36 days FBE (approximately —80%, Figure 2a); whereas
stomatal conductance (gs) was similarly reduced by O3 from 14 days FBE until the end
of exposure (approximately —60%, as average, Figure 2b). Conversely to A, intercellular
CO; concentration (C;j) increased under O3 exposure from 14 days FBE (+11%), reaching
higher values at 29 and 36 days FBE (+13%, Figure 2c). Ozone decreased the maximum
quantum efficiency of the photosystem II (PSII) photochemistry (Fy /Fn) already at
7 days FBE (—9%), and this effect was almost consistent until the end of exposure
(Figure 2d).
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Figure 2. Variation in (a) CO; assimilation rate (A), (b) stomatal conductance (gs), (c) intercellular
CO; concentration (C;), and (d) maximum quantum efficiency of the photosystem II photochemistry
(Fy/Fm) in leaves of sage exposed to charcoal-filtered air (open circle) or to 120 ppb of ozone
5h day_l) for 36 consecutive days (closed circle). Data are shown as mean =+ standard deviation. For
each parameter, p levels for the effects of ozone, time, and their interaction from a one-way repeated

measures ANOVA are shown (***: p < 0.001, **: p < 0.01, *: p < 0.05). According to Tukey’s HSD post
hoc test, different letters indicate significant differences among means (p < 0.05).

2.3. Malondialdehyde and Lipoxygenase Activity

The two-way ANOVA of malondialdehyde (MDA) and lipoxygenase (LOX) activity
showed that the effects of O3, time, and their combination were significant (Figure 3).
Ozone significantly increased MDA content by 20% at 14 days FBE and by approximately
25% at later times of analysis (Figure 3a). A variable O3 effect was instead reported on
LOX activity: it was decreased at 7 and 14 days FBE (—65 and —76%, respectively), did
not show differences at 22 days FBE, increased at 29 days FBE (+61%), and came back to
control values at the end of exposure (Figure 3b).
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Figure 3. Variation in (a) malondialdehyde (MDA) content, and (b) lipoxygenase (LOX) activity in

leaves of sage exposed to charcoal-filtered air (open circle) or to 120 ppb of ozone (5 h day!) for
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36 consecutive days (closed circle). Data are shown as mean + standard deviation. For each
parameter, p levels for the effects of ozone, time, and their interaction from a two-way ANOVA are
shown (**: p < 0.001, **: p < 0.01). According to Tukey’s HSD post hoc test, different letters indicate
significant differences among means (p < 0.05). FW: fresh weight.

2.4. Low Molecular Weight Antioxidants

The two-way ANOVA of low molecular weight antioxidants showed that the effects of
O3, time, and their combination were significant (Figure 4). Ozone significantly increased
the reduced form of Asc (AsA) at 14, 22 and 29 days FBE (+22, +21 and +27%, respectively;
Figure 4a), as well as the oxidized form (DHA) at 22 and 29 days FBE (around +41%,
Figure 4b). Differently, O3 increased reduced Glu (GSH) at 7 days FBE (+60%), as well as at
29 days FBE, and even more at 36 days FBE (+63%, Figure 4c). Additionally, oxidized Glu
(GSSG) was increased by O3 at 22 and again at 36 days FBE (+53 and +56%, respectively;
Figure 4d). Ozone also induced a marked accumulation of reduced and oxidized lipoic acid
(DHLA and LA, respectively) at 14 days FBE (+109 and +352%, respectively). Conversely,
O3 reduced LA content at 7 days FBE (—64%). No other significant effects were reported at
other times of analysis for these parameters (Figure 4e,f).
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Figure 4. Variation in (a) reduced ascorbate (AsA), (b) oxidized ascorbate (DHA), (c) reduced
glutathione (GSH), (d) oxidized glutathione (GSSG), (e) reduced lipoic acid (DHLA), and (f) oxidized
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lipoic acid (LA) contents in leaves of sage exposed to charcoal-filtered air (open circle) or to 120 ppb
of ozone (5 h dayfl) for 36 consecutive days (closed circle). Data are shown as mean =+ standard
deviation. p levels for the effects of ozone, time, and their interaction from a two-way ANOVA are
shown (***: p < 0.001, **: p < 0.01). According to Tukey’s HSD post hoc test, different letters indicate
significant differences among means (p < 0.05). FW: fresh weight.

2.5. Phytohormones

The two-way ANOVA of phytohormones showed that the effects of Os, time, and
their combination were significant (except “ozone” and “ozone x time” for JA; Figure 5).
Ozone induced a marked accumulation of ET at 22 days FBE (+166%), which then lowered
at 29 (+153%) and 36 (+66%) days FBE (Figure 5a). No Os effects were reported on JA
(Figure 5b). Ozone increased total SA (free plus conjugated forms of SA) already at 7 days
FBE (+78%), and even more at all the other times of analysis (+150%, as average, Figure 5c).
Moreover, ABA increased under O3 throughout the whole experiment, peaking at 14 days
FBE and again at 36 days FBE (+145 and +49%, respectively; Figure 5d).
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Figure 5. Variation in (a) ethylene (ET), (b) jasmonic acid (JA), (c) total salicylic acid (free plus
conjugated forms of SA), and (d) abscisic acid (ABA) contents in leaves of sage exposed to charcoal-
filtered air (open circle) or to 120 ppb of ozone (5h dayil) for 36 consecutive days (closed circle). Data
are shown as mean =+ standard deviation. p levels for the effects of ozone, time, and their interaction
from a two-way ANOVA are shown (***: p < 0.001, ns: p > 0.05). According to Tukey’s HSD post hoc
test, different letters indicate significant differences among means (p < 0.05). FW: fresh weight.

3. Discussion

As reported in a previous investigation performed by our research group [27], sage
plants exposed to 120 ppb of O3 (5 h day ') for 90 consecutive days showed leaf yellowing,
as well as some disorders in terms of leaf water status and photosynthetic performance,
starting from 30 days FBE (i.e., the first time of analysis in that study). As expected, the
present study showed that sage plants exposed to the same O3 concentration exhibited
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similar Oz-induced negative effects already in the first weeks of exposure. Indeed, the
severity and incidence of visible injury that develops in plants are commonly utilized as
indicators of O3 damage [28]; here, a leaf chlorosis was clearly detectable at 14 days FBE,
and it developed until the end of exposure. The reader should be aware that a single pulse
of O3 at a higher concentration (200 ppb for 5 h) did not induce any visible foliar injury in
sage [19,20]. The appearance of visible leaf injury because of O3 tends to occur by means
of two processes. First, O3 and Os-induced ROS directly harm plant cells by resulting
in leaf chlorosis, necrosis and senescence [15]. Second, O3-derived ROS work as signal
molecules that stimulate the hypersensitive response (HR; [29]). Because senescence and
HR are genetically defined cell death programs and show several similarities, it has been
speculated that common steps might exist for the induction and/or execution of these
two processes [30]. In both cases, phytohormones and signaling molecules play a dual
role, either offering protection or increasing/accelerating programmed cell death (PCD),
depending on the intensity and duration of O3 stress. A single pulse of O3 (usually higher
than 150 ppb) commonly induces an early synthesis of ET followed by the production
of SA, JA, and ABA, where (i) ET and SA signaling triggers ROS production and PCD,
establishing a feedback loop, (ii) JA attenuates this cycle by reducing the ROS production,
and consequently ET biosynthesis and PCD, and (iii) ABA mainly acts as regulator of
stomatal closure and O3 influx [15,27]. This crosstalk was also reported in leaves of
sage plants exposed to 200 ppb of Oj for 5 h [20], but the present study showed a very
different regulation of these compounds in sage under long-term O3 treatment. In particular,
the content of SA was significantly increased by O3 throughout the whole period of the
experiment, being probably required to maintain cellular redox state and potentiate defense
responses [31]. It is known that SA may regulate Glu levels when plants are subjected to
various stress factors, by acting as an antioxidant molecule through the Asc-Glu cycle [32].
In the present study, Glu was mainly accumulated at 7 (only the reduced GSH) and
36 days FBE (both GSH and GSSG), whereas both Asc forms were accumulated at 22
and 29 days FBE (likely the crucial stressful period), according to the outcomes reported
above. The accumulation of SA was induced before the production of ET, supporting
the hypothesis that the level of ET is controlled by SA during O3 exposure in order to
modulate the magnitude of lesion formation and HR-like cell death by contributing to
the regulation of Asc and Glu levels. It should be noted that the synthesis and/or the
regeneration of these low molecular weight antioxidant compounds to their reduced
powerful antioxidant forms (due to LA after reduction to DHLA as observed at 7 and
14 days FBE) were not able to protect membranes from lipid peroxidation, as demonstrated
by the accumulation of MDA (one of the major indicators of cell membrane damage; [33])
from 14 days FBE and even more at the last times of analysis. However, these processes of
lipid oxidation did not include the synthesis of the membrane breakdown products formed
by LOX, as confirmed by the highly variable response of this enzyme to O3 exposure (which
decreased at 7 and 14 days FBE, and increased only at 29 days FBE, when most severe
symptoms and physiological impairments were first reported) and the unchanged values
of JA (thus confirming that this compound was not involved in the regulation of PCD
strategies; [34-36]). In addition, Marchica et al. [22] documented that the composition of
volatile products of LOX pathway (such as C¢ aldehydes and alcohols and their derivatives)
was slightly affected by O3 exposure (under the same experimental conditions), suggesting
that after a progression of oxidative pressure until 29 days FBE, sage then settled into
a stable stress state until the end of exposure (in terms of free fatty acids released by
phospholipases from membranes in response to O3), confirming a capability of this species
to tolerate long-term O3 exposure for several weeks.

Our results documented that the production of SA and ET is required to potentiate
defense responses in Os-treated plants, although leaf injury through the induction of
PCD is enhanced starting from 14 days FBE. Symptom observations were in accordance
with Chlgpap values, which confirmed a chlorophyll degradation that followed the same
symptom development. A reduction of chlorophylls (i.e., chlorophyll 2 and b) as well as of
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carotenoids (i.e., 3-carotene, antheraxanthin, lutein, and violaxanthin) was already reported
at 30 days FBE in Pellegrini et al. [27]. Chlorosis is usually associated with alterations of
the photosynthetic process [37]. An Osz-induced reduction of photosynthesis was indeed
reported from 14 days FBE, and especially at the last two times of analysis (i.e., 29 and
36 days FBE), thus following the same trend reported for leaf symptoms and Chlgpap.
This photosynthetic impairment was clearly due to stomatal limitations, as gs showed
reductions similar to those of A (although no higher g reductions were reported at 29 and
36 days FBE), and to mesophyll limitations, as C; increased following an opposite trend to
that of A (i.e., mesophyll cells did not consume CO, for photosynthetic assimilation). The
consistent increases in ABA observed throughout the whole experiment lead us to speculate
that specific signaling pathways (i.e., xanthophyll and Asc-Glu cycles; [3,38]) are activated
in order to modulate stomatal function, photosynthesis, and photoprotection under O3
exposure [36,39]. Pellegrini et al. [27] also observed a decrease in A and g5 values due to
O3 at 30 days FBE, but no C; increases were reported in that study (C; decreased). The
lack of mesophyll impairment in Pellegrini et al. [27] was likely due to the fact that plants
were there exposed to O3 in a fumigation facility where temperature, relative humidity and
photon flux density were controlled and set at optimal levels for plant growth, thus under
better environmental conditions than those of the present study, where plants were exposed
to O3 in fumigation chambers located inside a greenhouse with natural environmental
conditions (except for O3 concentration). Indeed, F, /Fp, (i.e., the most widely used photo-
oxidative stress marker, [40]) also was not affected by O3 in Pellegrini et al. [27], whereas a
PSII photodamage was reported at all times of analysis in the present work, thus confirming
both the environmental differences between the studies, and more importantly, the harsh
O3 effects reported in the present study on mesophyll functioning. Finally, it should be
noted that the Fy /Fy, values were never below 0.70 in Oz-treated plants throughout the
whole period of the experiment, suggesting the idea that F, /Fp, is sensitive not only to O3,
but also to environmental factors [41].

Overall, the outcomes of the present study suggest that sage was able to orchestrate
the regulation of a number of antioxidants and phytohormones, and this capability allowed
sage to tolerate long-term Oj3 stress. We speculated that a synergistic interaction among SA,
ET and ABA may modulate the defense responses and, at the same time, the magnitude
of chlorosis in response to O3 exposure. Similar results were previously reported by
Guo et al. [35,36] and interpreted as a marker of Os-induced leaf senescence [35,36]; this is
an aspect that warrants more investigation in order to deeply understand the dual roles of
these molecules, as well as the study of these stress-response pathways at a gene expression
level. Furthermore, given that increasing O3 concentrations and other environmental
stresses (e.g., elevated CO; level, drought, and UV) usually occur together, more research
would be interesting to further investigate the interactive impacts of multiple environmental
stresses on the orchestrated regulations highlighted by the present study.

4. Materials and Methods
4.1. Plant Material and Experimental Design

Experimental activities were carried out at the field station of San Piero a Grado (Pisa,
Italy) run by the Department of Agriculture, Food and Environment of the University of
Pisa. At the beginning of spring 2019, 8-month-old seedlings of S. officinalis obtained from a
local nursery were transplanted in 3.7 L plastic pots with a mix of steam-sterilized soil and
peat (1:1, v/v), and kept under standard conditions until the beginning of the O3 exposure.
In May 2019, sixty uniformly sized plants (ca. 30 cm tall) were placed in four fumigation
chambers inside a greenhouse with natural lighting (the average photon flux density during
measurements was around 500 pmol photons m~2 s~ ! at plant height), and kept under
charcoal-filtered air (fifteen plants in each chamber). Ten days later, half of the plants at veg-
etative stage were exposed to a target concentration of 120 ppb of O3 (1 ppb = 1.96 ug m~3,
at 25 °C and 101.325 kPa) for 36 consecutive days (5 h day !, in the form of a square wave
from 10:00 a.m. to 03:00 p.m.), while the other plants at vegetative stage were maintained
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under charcoal-filtered air (control, O3 concentration < 5 ppb). Further details about the
experimental conditions and methodology are reported in Marchica et al. [22].

Analyses were performed at 7, 14, 22, 29 and 36 days FBE (i.e., approximately weekly).
At each time of analysis, at least five plants at vegetative stage per O3 treatment (n > 5)
were randomly selected and measured in terms of gas exchange, chlorophyll a fluorescence
and relative chlorophyll content (the same plants were repeatedly measured throughout the
whole experiment; one leaf per plant). Then, using other plants at vegetative stage (n > 4),
five fully expanded leaves (equally distributed over plant height) per plant were excised
for ET determination, and another 10 fully expanded leaves (again equally distributed
over plant height) per plants were sampled, immediately frozen in liquid nitrogen, and
stored at —80 °C until biochemical analyses. All measurements were performed on leaves
developed before the beginning of O3 treatment.

4.2. Gas Exchange and Chlorophyll a Fluorescence

The CO, assimilation rate (A), stomatal conductance (gs), and intercellular CO, con-
centration (C;) were determined using an LI-6400 portable photosynthesis system (Li-COR,
Lincoln, NE, USA), operating at ambient CO, concentration and saturating light conditions
(1500 umol m~2 s~! PAR). Chlorophyll a fluorescence measurements were collected using a
PAM-2000 fluorometer (Walz, DE). The minimum and maximum fluorescence yields in the
dark-adapted state (Fy and Fp,, respectively) were determined immediately before and after
the application of a saturating light pulse in 40 min dark-adapted leaves (the same used for
gas-exchange measurements). The maximum quantum efficiency of PSII photochemistry
was calculated as F, /Fy, = (Fn — Fg)/Fm [42]. A SPAD 502 m (Minolta, JP) was also used
to determine leaf greenness and estimate relative chlorophyll content (Chlgpap). Three
measurements per leaf were made, and the mean of these measurements was recorded.

4.3. Assessment of Oxidative Damage and Lipoxygenase Activity

Oxidative damage was assessed in terms of lipid peroxidation by measuring the
accumulation of malondialdehyde (MDA) by-products [43]. Samples (40 mg fresh weight,
FW) were extracted with 1 mL of 80% ethanol. The determination was performed with a
fluorescence /absorbance microplate reader (Victor3 1420 Multilabel Counter, Perkin Elmer,
Waltham, MA, USA) at 440, 532 and 600 nm.

The lipoxygenase (LOX) activity was assessed by analyzing the oxidation of Fe* to
Fe* when linoleic acid was added [44]. Samples (150 mg FW) were homogenized with
an LOX extraction solution (equal parts of 15 mM CaCl, solution, 13% (v/v) sucrose, and
60 mM Tris-HCl buffer at pH 6.8). The enzymatic activity was assessed using a UV-Vis 1900
spectrophotometer (Shimadzu, Kyoto, Japan) at 235 nm for 600 s at 50 °C.

4.4. Determination of Low Molecular Weight Antioxidant Contents

The total (AsA plus DHA) and reduced ascorbate (AsA) contents were measured as
described by Kampfenkel et al. [45], with minor modifications. Samples (60 mg FW) were
homogenized with 500 uL of 80% methanol. The supernatant was divided in order to
determine the total pool and the reduced form of Asc. The determination was performed
using the same spectrophotometer reported before at 525 nm. The oxidized form of Asc
was calculated as the difference between total ascorbate and AsA.

The total (GSH plus GSSG) and oxidized glutathione (GSSG) contents were determined
according to Sgherri and Navari-Izzo [46]. Samples (50 mg FW) were homogenized with
500 pL of 5% TCA. The supernatant was divided in order to determine the total pool and the
oxidized form of Glu. The determination was performed using the same spectrophotometer
reported before at 412 nm, for 1 min at 25 °C. The amount of GSH was calculated as the
difference between total glutathione and GSSG.

Lipoic and dihydrolipoic acids were extracted by acidic hydrolysis by adding samples
(150 mg FW) with 1 mL of 6 N HCl [47]. The supernatants were mixed with 500 uL of
chloroform, and the resultant organic fraction was collected and evaporated to dryness
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under vacuum. Samples were recovered with 500 pL of acetonitrile/0.1% acetic acid
in water, 45:55 (v/v), which was the isocratic mobile phase eluted into an ultra-high-
performance liquid chromatograph system (UHPLC; Dionex UltiMate 3000 system, Dionex
UVD 170U UV-Vis detector; Thermo Scientific Waltham, MA, USA) equipped with an
Acclaim Trinity P1 column (3 um, 3.0 x 50 mm). The flow rate was 1 mL min~!. Both LA
and DHLA were detected at 210 nm.

4.5. Determination of Phytohormone Contents

A few minutes after excision, ET production was measured by enclosing five leaves
from each plant in air-tight containers. After 1 h of incubation at room temperature, gas
samples were taken from the headspace of the containers. Separations were performed
with a gas chromatograph (HP5890, Hewlett-Packard, Ramsey, MN, USA) equipped with a
flame ionization detector and a stainless steel column (150 mm length x 0.4 cm internal
diameter, packed with Hysep T). A detailed description of analytical conditions is available
in Mensuali-Sodi et al. [48].

Jasmonic acid was determined by using a GC-MS according to Huang et al. [49], with
minor modifications. Samples (100 mg FW) were extracted with 1 mL of methanol. The
supernatants were evaporated at 37 °C under a vacuum for 10 min, and the residue was re-
suspended with 750 uL of ethyl acetate. The extract was injected into an Agilent 8890B gas
chromatograph equipped with an Agilent DB-5MS (UI) capillary column (30 m x 0.25 mm;
coating thickness 0.25 pum) and an Agilent 5977B single quadrupole mass detector (Agilent
Technologies Inc., Santa Clara, CA, USA). A detailed description of analytical conditions is
available in Huang et al. [49].

Free and conjugated SA were determined by UHPLC according to Zawoznik et al. [50]
with some modifications. Samples (150 mg FW) were extracted with 1 mL of 90% (v/v)
methanol. Separations were performed with the same UHPLC system reported above,
equipped with an Acclaim 120 C18 column (5-pm particle size, 4.6-mm internal
diameter x 150-mm length) mounted in a Dionex TCC-100 column oven and a Dionex
UltiMate 3000 RS fluorescence detector (Thermo Scientific) with excitation and emission at
305 and 407 nm, respectively. The flow rate was 1 mL min~".

Abscisic acid (ABA) content was determined after extracting leaf tissue in 1 mL of
distilled water. The determination of ABA was performed at 415 nm with the same fluores-
cence/absorbance microplate reader reported before using the Phytodetek® Immunoassay
Kit for ABA (Agdia, Elkhart, IN, USA).

4.6. Statistical Analyses

The normal distribution of data was preliminarily tested by the Shapiro-Wilk test.
The effects of O3 (between factor), time (within factor), and their combination on Chlgpap,
gas-exchange parameters and F, /F, were analyzed using a one-way repeated measures
analysis of variance (ANOVA). The effects of O3, time, and their combination on biochemi-
cal parameters were analyzed using a two-way ANOVA. Comparisons among parameter
means were determined by the Tukey’s HSD post hoc test. Statistically significant effects
were considered for p < 0.05. Analyses were performed in JMP 11 (SAS Institute Inc., Cary,
NC, USA).

Author Contributions: Conceptualization, L.C., C.N. and E.P.; methodology, L.C., AM. and E.P;
formal analysis, L.C. and A.M.; data curation, A.M.; writing—original draft preparation, L.C. and
E.P.; writing—review and editing, L.C., E.P.,, G.L. and C.N.; supervision, G.L. and C.N. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the main text.



Plants 2022, 11, 904 11 of 12

Acknowledgments: The authors gratefully acknowledge Anna Mensuali for ethylene determination
and Andrea Parrini for supervising the growth chamber and the ozone exposure facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Weng, J.-K,; Lynch, ]. H.; Matos, J.O.; Dudareva, N. Adaptive mechanisms of plant specialized metabolism connecting chemistry
to function. Nat. Chem. Biol. 2021, 17, 1037-1045. [CrossRef]

2. Shao, H.-B.; Chu, L.-Y.; Shao, M.-A; Jaleel, C.A.; Mi, H.-M. Higher plant antioxidants and redox signaling under environmental
stresses. Comptes Rendus Biol. 2008, 331, 433-441. [CrossRef] [PubMed]

3. Miiller, M.; Munné-Bosch, S. Hormonal impact on photosynthesis and protection in plants. Plant Physiol. 2021, 185, 1500-1521.
[CrossRef] [PubMed]

4. Foyer, C.H.; Noctor, G. Ascorbate and glutathione: The heart of the redox hub. Plant Physiol. 2011, 155, 2-18. [CrossRef] [PubMed]

5. Rejeb, 1B.; Pastor, V.; Mauch-Mani, B. Plant responses to simultaneous biotic and abiotic stress: Molecular mechanisms. Plants
2014, 3, 458-475. [CrossRef] [PubMed]

6.  Ainsworth, E.A. Understanding and improving global crop response to ozone pollution. Plant J. 2017, 90, 886-897. [CrossRef]

7. Bhuyan, M.A.; Khan, HU.R.; Zaman, K ; Hishan, S.S. Measuring the impact of global tropospheric ozone, carbon dioxide and
sulfur dioxide concentrations on biodiversity loss. Environ. Res. 2018, 160, 398-411. [CrossRef]

8.  Nuvolone, D.; Petri, D.; Voller, F. The effects of ozone on human health. Environ. Sci. Pollut. Res. 2018, 25, 8074-8088. [CrossRef]

9. Agathokleous, E.; Feng, Z.; Oksanen, E.; Sicard, P; Wang, Q.; Saitanis, C.J.; Araminiene, V.; Blande, J.D.; Hayes, F;
Calatayud, V.; etal. Ozone affects plant, insect, and soil microbial communities: A threat to terrestrial ecosystems and
biodiversity. Sci. Adv. 2020, 6, eabc1176. [CrossRef]

10. Lefohn, A.S.; Malley, C.S.; Smith, L.; Wells, B.; Hazucha, M.; Simon, H.; Naik, V.; Mills, G.; Schultz, M.G.; Paoletti, E.; et al.
Tropospheric ozone assessment report: Global ozone metrics for climate change, human health, and crop/ecosystem research.
Elementa 2018, 6, 28. [CrossRef]

11. IPCC, Intergovernmental Panel on Climate Change. Summary for Policymarkers. In Climate Change 2021: The Physical Science
Basis; Masson-Delmotte, V.P., Zhai, A., Pirani, S.L., Connors, C., Péan, S., Berger, N., Caud, Y., Chen, L., Goldfarb, M.L,,
Gomis, M., et al., Eds.; Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change; Cambridge University Press: Cambridge, UK, 2021.

12.  Gill, S.S,; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol.
Biochem. 2010, 48, 909-930. [CrossRef]

13.  Gandin, A.; Dizengremel, P; Jolivet, Y. Integrative role of plant mitochondria facing oxidative stress: The case of ozone. Plant
Physiol. Biochem. 2021, 159, 202-210. [CrossRef]

14. Pellegrini, E.; Trivellini, A.; Cotrozzi, L.; Vernieri, P.; Nali, C. Involvement of phytohormones in plant responses to ozone. In Plant
Hormones Under Challenging Environmental Factors; Golam, J.A., Jingquan, Y., Eds.; Springer: Dordrecht, The Netherlands, 2016;
pp. 215-245.

15. Hasan, M.M.; Rahman, M. A ; Skalicky, M.; Alabdallah, N.M.; Waseem, M.; Jahan, M.S.; Ahammed, G.J.; EI-Mogy, M.M.; El-Yazied,
A.A.; Ibrahim, M.EM_; et al. Ozone induced stomatal regulations, MAPK and phytohormone signalling in plants. Int. J. Mol. Sci.
2021, 22, 6304. [CrossRef]

16. Ogawa, D.; Nakajima, N.; Sano, T.; Tamaoki, M.; Aono, M.; Kubo, A.; Kanna, M.; Ioki, M.; Kamada, H.; Saji, H. Salicylic aci
accumulation under O3 exposure is regulated by ethylene in tobacco plants. Plant Cell Physiol. 2005, 46, 1062-1072. [CrossRef]

17.  Cotrozzi, L.; Pellegrini, E.; Guidi, L.; Landi, M.; Lorenzini, L.; Massai, R.; Remorini, D.; Tonelli, M.; Trivellini, A.; Vernieri, P; et al.
Losing the warning signal: Drought compromises the cross-talk of signaling molecules in Quercus ilex exposed to ozone. Front.
Plant Sci. 2017, 8, 1020. [CrossRef]

18. Landi, M.; Cotrozzi, L.; Pellegrini, E.; Remorini, D.; Tonelli, M.; Trivellini, A.; Nali, C.; Guidi, L.; Massai, R.; Vernieri, P; et al.
When “thirsty” means “less able to activate the signalling wave trigged by a pulse of ozone”: A case study in two Mediterranean
deciduous oak species with different drought sensitivity. Sci. Total Environ. 2019, 657, 379-390. [CrossRef]

19. Marchica, A.; Lorenzini, G.; Papini, R.; Bernardi, R.; Nali, C.; Pellegrini, E. Signalling molecules responsive to ozone-induced
oxidative stress in Salvia officinalis. Sci. Total Environ. 2019, 657, 568-576. [CrossRef]

20. Marchica, A.; Loré, S.; Cotrozzi, L.; Lorenzini, G.; Nali, C.; Pellegrini, E.; Remorini, D. Early detection of sage (Salvia officinalis L.)
responses to ozone using reflectance spectroscopy. Plants 2019, 8, 346. [CrossRef]

21. Marchica, A.; Cotrozzi, L.; Detti, R.; Lorenzini, G.; Pellegrini, E.; Petersen, M.; Nali, C. The biosynthesis of phenolic compounds is
an integrated defence mechanism to prevent ozone injury in Salvia officinalis. Antioxidants 2020, 9, 1274. [CrossRef]

22. Marchica, A.; Ascrizzi, R.; Flamini, G.; Cotrozzi, L.; Tonelli, M.; Lorenzini, G.; Nali, C.; Pellegrini, E. Ozone as eustress for
enhancing secondary metabolites and bioactive properties in Salvia officinalis. Ind. Crops Prod. 2021, 170, 113730. [CrossRef]

23.  Munné-Bosch, S.; Alegre, L. Drought-induced changes in the redox state of «-tocopherol, ascorbate and the diterpene carnosic
acid in chloroplast of Labiatae species differing in carnosic acid contents. Plant Physiol. 2003, 131, 1816-1825. [CrossRef] [PubMed]

24. Tounekti, T.; Abreu, M.E.; Khemira, H.; Munné-Bosch, S. Canopy position determines the photoprotective demand and antioxidant

protection of leaves in salt stressed Salvia officinalis L. plants. Environ. Exp. Bot. 2012, 78, 146-156. [CrossRef]


http://doi.org/10.1038/s41589-021-00822-6
http://doi.org/10.1016/j.crvi.2008.03.011
http://www.ncbi.nlm.nih.gov/pubmed/18510996
http://doi.org/10.1093/plphys/kiaa119
http://www.ncbi.nlm.nih.gov/pubmed/33793915
http://doi.org/10.1104/pp.110.167569
http://www.ncbi.nlm.nih.gov/pubmed/21205630
http://doi.org/10.3390/plants3040458
http://www.ncbi.nlm.nih.gov/pubmed/27135514
http://doi.org/10.1111/tpj.13298
http://doi.org/10.1016/j.envres.2017.10.013
http://doi.org/10.1007/s11356-017-9239-3
http://doi.org/10.1126/sciadv.abc1176
http://doi.org/10.1525/elementa.279
http://doi.org/10.1016/j.plaphy.2010.08.016
http://doi.org/10.1016/j.plaphy.2020.12.019
http://doi.org/10.3390/ijms22126304
http://doi.org/10.1093/pcp/pci118
http://doi.org/10.3389/fpls.2017.01020
http://doi.org/10.1016/j.scitotenv.2018.12.012
http://doi.org/10.1016/j.scitotenv.2018.11.472
http://doi.org/10.3390/plants8090346
http://doi.org/10.3390/antiox9121274
http://doi.org/10.1016/j.indcrop.2021.113730
http://doi.org/10.1104/pp.102.019265
http://www.ncbi.nlm.nih.gov/pubmed/12692341
http://doi.org/10.1016/j.envexpbot.2011.12.037

Plants 2022, 11, 904 12 0of 12

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Martins, N.; Barros, L.; Santos-Buelga, C.; Henriques, M.; Silva, S.; Ferreira, I.C. Evaluation of bioactive properties and phenolic
compounds in different extracts prepared from Salvia officinalis L. Food Chem. 2015, 170, 378-385. [CrossRef] [PubMed]
Trivellini, A.; Lucchesini, M.; Maggini, R.; Mosadegh, H.; Villamarin, T.S.S.; Vernieri, P.; Mensuali-Sodi, A.; Pardossi, A. Lamiaceae
phenols as multifaceted compounds: Bioactivity, industrial prospects and role of “positive-stress”. Ind. Crops Prod. 2016,
83, 241-254. [CrossRef]

Pellegrini, E.; Francini, A.; Lorenzini, G.; Nali, C. Ecophysiological and antioxidant traits of Salvia officinalis under ozone stress.
Environ. Sci. Pollut. Res. 2015, 22, 13083-13093. [CrossRef]

Cotrozzi, L.; Remorini, D.; Pellegrini, E.; Guidi, L.; Nali, C.; Lorenzini, G.; Massai, R.; Landi, M. Living in a Mediterranean city in
2050: Broadleaf or evergreen ‘citizens’? Environ. Sci. Pollut. Res. 2018, 25, 8161-8173. [CrossRef]

Rao, M.V,; Koch, ].R.; Davis, K.R. Ozone: A tool for probing programmed cell death in plants. Plant Mol. Biol. 2000, 44, 345-358.
[CrossRef]

Rao, M.V,; Lee, H.-I.; Davis, K.R. Ozone-induced ethylene production is dependent on salicylic acid, and both salicylic acid and
ethylene act in concert to regulate ozone-induced cell death. Plant J. 2002, 32, 447-456. [CrossRef]

Saleem, M.; Fariduddin, Q.; Castroverde, C.D.M. Salicylic acid: A key regulator of redox signalling and plant immunity. Plant
Physiol. Biochem. 2021, 168, 381-387. [CrossRef]

Mateo, A.; Funck, D.; Miihlenbock, P.; Kular, B.; Mullineaux, P.M.; Karpinski, S. Controlled levels of salicylic acid are required for
optimal photosynthesis and redox homeostasis. . Exp. Bot. 2006, 57, 1795-1807. [CrossRef]

Morales, M.; Munné-Bosch, S. Malondialdehyde: Facts and artifacts. Plant Physiol. 2019, 180, 1246-1250. [CrossRef]

Tsukahara, K.; Sawada, H.; Kohno, Y.; Matsuura, T.; Mori, I.C.; Terao, T.; Oki, M.; Tamaoki, M. Ozone-induced rice grain yield loss
is triggered via a change in panicle morphology that is controlled by ABERRANT PANICLE ORGANIZATION 1 gene. PLoS ONE
2015, 10, e0123308. [CrossRef]

Guo, H.; Sun, Y;; Yan, H.; Li, C.; Ge, E. O3-induced leaf senescence in tomato plants is ethylene signaling-dependent and enhances
the population abundance of Bemisia tabaci. Front. Plant Sci. 2018, 9, 764. [CrossRef]

Guo, H; Sun, Y;; Yan, H.; Li, C.; Ge, FE. O3-induced priming defense associated with the abscisic acid signaling pathway enhances
plant resistance to Bemisia tabaci. Front. Plant Sci. 2020, 11, 93. [CrossRef]

Cotrozzi, L.; Campanella, A.; Pellegrini, E.; Lorenzini, G.; Nali, C.; Paoletti, E. Phenylpropanoids are key players in the antioxidant
defense to ozone of European ash, Fraxinus excelsior. Environ. Sci. Pollut. Res. 2018, 25, 8137-8147. [CrossRef]

Wani, S.H.; Kumar, V.,; Shriram, V.; Sah, S.K. Phythormones and their metabolic engineering for abiotic stress tolerance in crop
plants. Crop J. 2016, 4, 162-176. [CrossRef]

Prodhan, M.Y,; Munemasa, S.; Nahar, M.N.-E.-N.; Nakamura, Y.; Murata, Y. Guard cell salicylic acid signaling is integrated into
abscisic acid signaling via the CaZt/ CPK-dependent pathway. Plant Physiol. 2018, 178, 441-450. [CrossRef]

Pint6-Marijuan, M.; Munné-Bosch, S. Photo-oxidative stress markers as a measure of abiotic stress-induced leaf senescence:
Advantages and limitations. J. Exp. Bot. 2014, 65, 3845-3857. [CrossRef]

Bussotti, F.; Gerosa, G.; Digrado, A.; Pollastrini, M. Selection of chlorophyll fluorescence parameters as indicators of photosynthetic
efficiency in large scale plant ecological studies. Ecol. Indic. 2020, 108, 105686. [CrossRef]

Genty, B.; Briantais, ].M.; Baker, N.R. The relationship between the quantum yield of photosynthetic electron transport and
quenching of chlorophyll fluorescence. Biochim. Biophys. Acta 1989, 990, 87-92. [CrossRef]

Hodge, D.M.; DeLong, ].M.; Forney, C.F; Prange, R K. Improving the thiobarbituric acid reactive substances assay for estimating
lipid peroxidation in plant tissues containing anthocyanin and other interfering compounds. Planta 1999, 207, 604-611. [CrossRef]
Silva, A.K.; de Almeida Ribeiro Oliveira, G.; Zaczuk Bassinello, P; Lanna, A.C.; Novotny, E.H.; Lido, L.M. Evaluation of
lipoxygenase activity in common beans by UV and NMR spectroscopy: Proposal for a complementary technique for enzymatic
studies. Food Anal. Methods 2020, 13, 35—-43. [CrossRef]

Kampfenkel, K.; Van Montagu, M.; Inzé, D. Extraction and determination of ascorbate and dehydroascorbate from plant tissue.
Anal. Biochem. 1995, 225, 165-167. [CrossRef]

Sgherri, C.L.M.; Navari-Izzo, F. Sunflower seedlings subjected to increasing water deficit stress: Oxidative stress and defence
mechanisms. Physiol. Plant 1995, 93, 25-30. [CrossRef]

Sgherri, C.; Quartacci, M.E,; Izzo, R.; Navari-Izzo, F. Relation between lipoic acid and cell redox status in wheat grown in excess
copper. Plant Physiol. Biochem. 2002, 40, 591-597. [CrossRef]

Mensuali Sodi, A.; Panizza, M.; Tognoni, F. Quantification of ethylene losses in different container-seal systems and comparison
of biotic and abiotic contributions to ethylene accumulation in cultured tissues. Physiol. Plant 1992, 84, 472-476. [CrossRef]
Huang, Z.-H.; Wang, Z.-L.; Shi, B.-L.; Wei, D.; Chen, ].-X.; Wang, S.-L.; Gao, B.-J. Simultaneous determination of salicylic acid,
jasmonic acid, methyl salicylate, and methyl jasmonate from Ulmus pumila leaves by GC-MS. Int. |. Anal. Chem. 2015, 2015, 698630.
[CrossRef]

Zawoznik, M.S.; Groppa, M.D.; Tomaro, M.L.; Benavides, M.P. Endogenous salicylic acid potentiates cadmium-induced oxidative
stress in Arabidopsis thaliana. Plant Sci. 2007, 173, 190-197. [CrossRef]


http://doi.org/10.1016/j.foodchem.2014.08.096
http://www.ncbi.nlm.nih.gov/pubmed/25306360
http://doi.org/10.1016/j.indcrop.2015.12.039
http://doi.org/10.1007/s11356-015-4569-5
http://doi.org/10.1007/s11356-017-9316-7
http://doi.org/10.1023/A:1026548726807
http://doi.org/10.1046/j.1365-313X.2002.01434.x
http://doi.org/10.1016/j.plaphy.2021.10.011
http://doi.org/10.1093/jxb/erj196
http://doi.org/10.1104/pp.19.00405
http://doi.org/10.1371/journal.pone.0123308
http://doi.org/10.3389/fpls.2018.00764
http://doi.org/10.3389/fpls.2020.00093
http://doi.org/10.1007/s11356-016-8194-8
http://doi.org/10.1016/j.cj.2016.01.010
http://doi.org/10.1104/pp.18.00321
http://doi.org/10.1093/jxb/eru086
http://doi.org/10.1016/j.ecolind.2019.105686
http://doi.org/10.1016/S0304-4165(89)80016-9
http://doi.org/10.1007/s004250050524
http://doi.org/10.1007/s12161-019-01499-3
http://doi.org/10.1006/abio.1995.1127
http://doi.org/10.1034/j.1399-3054.1995.930105.x
http://doi.org/10.1016/S0981-9428(02)01421-3
http://doi.org/10.1111/j.1399-3054.1992.tb04693.x
http://doi.org/10.1155/2015/698630
http://doi.org/10.1016/j.plantsci.2007.05.004

	Introduction 
	Results 
	Leaf Symptoms and Chlorophyll Content 
	Gas Exchange and Chlorophyll a Fluorescence 
	Malondialdehyde and Lipoxygenase Activity 
	Low Molecular Weight Antioxidants 
	Phytohormones 

	Discussion 
	Materials and Methods 
	Plant Material and Experimental Design 
	Gas Exchange and Chlorophyll a Fluorescence 
	Assessment of Oxidative Damage and Lipoxygenase Activity 
	Determination of Low Molecular Weight Antioxidant Contents 
	Determination of Phytohormone Contents 
	Statistical Analyses 

	References

