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ABSTRACT 24 

Plants are frequently exposed to adverse environmental conditions such as drought and ozone (O3). 25 

Under these conditions, plants can survive due to their ability to adjust their metabolism. The aim of 26 

the present study was to compare the detoxification mechanisms of three oak species showing 27 

different O3 sensitivity and water use strategy. Two-year-old seedlings of Quercus ilex, Q. 28 

pubescens and Q. robur were grown under the combination of three levels of O3 (1.0, 1.2 and 1.4 29 

times the ambient O3 concentration) and three levels of water availability (on average 100, 80 and 30 

42% of field capacity in well-watered, moderate drought and severe drought, respectively) in an O3 31 

Free Air Controlled Exposure facility. Ozone and drought induced the accumulation of reactive 32 

oxygen species (ROS) and this phenomenon was species-specific. Sometimes, ROS accumulation 33 

was not associated with membrane injury suggesting that several antioxidative defense mechanisms 34 

inhibited or alleviated the oxidative damage. Both O3 and drought increased total carotenoids that 35 

were able to prevent the peroxidation action by free radicals in Q. ilex, as confirmed by unchanged 36 

malondialdehyde by-product values. The concomitant decrease of total flavonoids may be related to 37 

the consumption of these compounds by the cell to inhibit the accumulation of hydrogen peroxide. 38 

Unchanged total phenols confirmed that Q. ilex has a superior ability to counteract oxidative 39 

conditions. Similar responses were found in Q. pubescens, although the negative impact of both 40 

factors was less efficiently faced than in the sympatric Q. ilex. In Q. robur, high O3 concentrations 41 

and severe drought induced a partial rearrangement of the phenylpropanoid pathways. These 42 

antioxidative mechanisms were not able to protect the cell structure (as confirmed by ROS 43 

accumulation) suggesting that Q. robur showed a lower degree of tolerance than the other two 44 

species. 45 

Keywords: climate change, oxidative damage, reactive oxygen species, detoxification, 46 

phenylpropanoids, Halliwell-Asada cycle.  47 

1. Introduction 48 



 

Evidence for changing climate, associated with higher atmospheric concentrations of greenhouse 49 

gases, continues to increase. The years 2014 and 2015 are currently considered the warmest years in 50 

Europe since instrumental records began, i.e. more than 1.1 °C warmer than the pre-industrial level 51 

(EEA, 2017). For these years, the exceptional heat covered the whole summertime with mean 52 

precipitation (June to August) significantly decreased by up to 20 mm per decade. The series of 53 

summer heatwaves affecting Europe since 2003 has also contributed to several intense tropospheric 54 

ozone (O3) episodes. In 2015, 18 of the 28 states of the European Union (EU) and four other 55 

European countries outside the EU registered concentrations above the EU O3 target value for the 56 

protection of human health (EEA, 2017).  57 

Due to favorable meteorological conditions, both drought and O3 are very likely to occur 58 

simultaneously. As a general rule, seasonal drought is typically associated with high insolation, and 59 

such conditions are conducive to the photo-oxidative formation of high O3 levels (Butkovic et al., 60 

1990). In addition, a rise in temperature significantly increases the emission rates of most biogenic 61 

volatile organic compounds that can contribute to O3 production (Avery, 2006). Under drought, 62 

plants usually suffer from the impairment of many physiological and biochemical processes, such as 63 

(i) alteration of photosynthetic performance, (ii) cell dehydration, (iii) high production of reaction 64 

oxygen species (ROS) and, finally, (iv) early senescence and/or leaf necrosis (Chaves et al., 2003). 65 

Similar effects have also been attributed to O3 (Cotrozzi et al., 2017a; Jolivet et al., 2016). A 66 

combination of drought and O3 can induce responses considerably different from those observed 67 

when each stressor is applied independently (Bohler et al., 2015). Interestingly, the effects of 68 

drought and O3 can be antagonistic, so that a simultaneous occurrence may be partially beneficial to 69 

plants. The most common combined response, in fact, is that drought mitigates the negative effects 70 

of O3, basically by closing stomata and thus O3 uptake into the plant (Pollastrini et al., 2013; Gao et 71 

al., 2017). However, other results suggest that drought can exacerbate O3 damage: Alonso et al. 72 

(2014) reported that the combination of both stressors caused further decreases in accumulated 73 

aboveground biomass in two subspecies of Quercus ilex. It appears that the combination of drought 74 



 

and O3 is highly dependent on (i) the severity and length of occurrence of both stress factors and (ii) 75 

the balance between stomatal O3 uptake (i.e., Phytotoxic O3 Dose, POD) and detoxification capacity 76 

of foliar cells (Dizengremel et al., 2013; Bohler et al., 2015).  77 

Some studies have investigated the effects of combined drought and O3 exposure on plant 78 

metabolism, especially in trees (see also Pollastrini et al., 2013; Cotrozzi et al., 2016; Yuan et al., 79 

2016; Gao et al., 2017; Cotrozzi et al., 2017b). However, none of them investigated antioxidant 80 

molecules and/or physiological mechanisms. Whereas O3 itself induces production of ROS and 81 

leads to a strong ROS accumulation, physiological responses to drought mostly use ROS as 82 

internally produced signalling molecules (Reddy et al., 2004), and severe drought may lead to 83 

photo-oxidative stress (Czarnocka and Karpińsky, 2018). Consequently, accumulation of ROS is 84 

likely to be considerably higher during O3 stress, and more closely located to chloroplasts under 85 

drought stress. Recently, Cotrozzi et al. (2017b) documented that hydrogen peroxide (H2O2) and 86 

superoxide anion (O2
-) were directly involved in the O3-oxidative burst induced by an intense 87 

episode of O3 exposure (200 ppb for 5 h) in three-year-old Q. ilex saplings. By contrast, H2O2 88 

content did not change in plants subjected to drought (20% of the effective daily evapotranspiration, 89 

for 15 days). Such differences in ROS extent dynamics in relation to the stress factor suggested a 90 

complex network of events in signal transduction, involving other molecules (e.g., salicylic and 91 

jasmonic acid) and processes (e.g., proline biosynthesis).  92 

Oaks (belonging to the genus Quercus) are widely distributed trees within the Mediterranean 93 

area and are able to cope with several environmental stressors due to the high plasticity of their 94 

phenotypic and physiological traits (Cotrozzi et al., 2016). Holm oak (Q. ilex) is likely the most 95 

widely studied Mediterranean evergreen tree species and has been defined as “drought avoidant” 96 

(Bussotti et al., 2002) and “O3-tolerant” (Cotrozzi et al., 2018a; Hoshika et al., 2018). Downy oak 97 

(Q. pubescens) is a typical Mediterranean deciduous tree distributed in Southern Europe and has 98 

been defined as “drought-” (Curtu et al., 2011) and “O3-tolerant” (Cotrozzi et al., 2018a; Hoshika et 99 

al., 2018). Pedunculate oak (Q. robur) is one of the basic species in deciduous broadleaved forests 100 



 

of Europe and has been defined as “moderately drought-tolerant” (Vranckx et al., 2014) and “O3-101 

sensitive” (Hoshika et al., 2018).  102 

The aim of the present study was to assess the combined effects of drought and O3 exposure 103 

on the antioxidant metabolism of three oak species showing different water use strategies and O3 104 

sensitivities, exposed for one growing season to three levels of water availability and three levels of 105 

O3 in an O3 Free Air Controlled Exposure (FACE) facility. Specifically, we asked the following 106 

questions: (i) How much ROS are induced by realistic O3 and water stress levels? (ii) Which 107 

antioxidant mechanisms are activated in response to individual stresses and to the combination of 108 

the stressors at different intensities? (iii) Are metabolic responses markedly species-specific? (iv) 109 

Are antioxidative metabolism and stomatal uptake of O3 correlated? We postulated a protective 110 

effect of drought against O3 and that the interactive effects of both factors may depend on plant 111 

species. In particular, we hypothesized that the evergreen tree species (which usually inhabits 112 

limiting environments) will have a greater tolerance to drought and O3 exposure than the deciduous 113 

ones (characterized by shorter leaf lifespan), due to its stronger need to protect its long-lived leaves 114 

from different environmental cues. In a previous work, Cotrozzi et al. (2016) demonstrated that Q. 115 

ilex was able to successfully cope with several stressors due to the high plasticity of morpho-116 

anatomical, physiological and biochemical traits. 117 

2. Materials and methods 118 

2.1. Plant material and experimental design 119 

At the beginning of autumn 2014, two-year-old saplings of Q. ilex, Q. pubescens and Q. robur were 120 

transferred from nearby nurseries to the O3-FACE facility of Sesto Fiorentino, Florence, Italy 121 

(43°48’59”N, 11°12’01”E, 55 m a.s.l.), where the experimental activities were conducted. The 122 

plants were established into 10-L pots containing peat:sand:nursery soil (1:1:1 in volume) and 123 

maintained under field conditions until the beginning of the treatment. Uniform-sized plants were 124 

selected and grown under the combination of three levels of O3 (1.0, 1.2 and 1.4 times the ambient 125 



 

air concentration, denoted as AA, 1.2 × AA and 1.4 × AA, respectively) and three levels of water 126 

irrigation [100, 80 and 42% of field capacity on average, denoted as WW (well watered), MD 127 

(moderate drought) and SD (severe drought), respectively] from 1st June to 15th October 2015 (4.5 128 

months). A detailed description of the O3 exposure methodology is available in Paoletti et al. 129 

(2017). The maximum hourly ozone concentrations were 93 ppb in AA, 111 ppb in 1.2 × AA and 130 

123 ppb in 1.4 × AA, respectively, throughout the experimental period. AOT40 (Accumulated 131 

exposure Over Threshold of 40 ppb) values during the experimental period were 17.8 ppm h, 29.7 132 

ppm h and 40.3 ppm h in AA, 1.2 × AA and 1.4 × AA, respectively. Biomass results from this 133 

experiment were used for assessing O3 risk in a previous paper (Hoshika et al., 2018), where further 134 

details on O3 metrics are also available. The amount of irrigation was related to the soil field 135 

capacity, i.e. the maximum volume of water that was retained into the soil of the pots [volumetric 136 

soil water content was measured in the root layer by EC-5 soil moisture sensors equipped with an 137 

EM5b data logger, (Decagon Devices, Pullman, WA, USA), Hoshika et al. (2018)]. Three 138 

replicated plots (5 × 5 × 2 m) were assigned to each O3 treatment, with three plants per each 139 

combination of species, O3 level and water irrigation. At the end of the experiment, the first mature 140 

(fully expanded) top leaves of all three plants per plot (one leaf with 5th to 8th order per plant) in 141 

each O3 × irrigation treatment were gathered, divided into aliquots (obtained from each combination 142 

of species, O3 level and water irrigation per plot), immediately frozen in liquid nitrogen and stored 143 

at -80 °C until biochemical analyses were done. Sampling was performed from 11:00 am to 1:00 144 

pm. 145 

2.2. Oxidative damage and H2O2 content 146 

Oxidative damage to membranes was estimated in terms of lipid peroxidation by determining the 147 

malondialdehyde (MDA) by-product accumulation, according to the method of Guidi et al. (2017). 148 

Samples (40 mg fresh weight, FW) were extracted with 1 mL of 0.1% (w/v) trichloroacetic acid. 149 

The determination was performed with a spectrophotometer (6505 UV-Vis, Jenway, UK) at 532 150 

and 600 nm.  151 



 

H2O2 content was measured fluorometrically using the Amplex Red Hydrogen 152 

Peroxide/Peroxidase Assay Kit (Molecular Probes, Invitrogen, Carlsbad, CA, USA), according to 153 

Cotrozzi et al. (2017b). Samples (30 mg FW) were extracted with 800 µL of 20 mM potassium-154 

phosphate (K-P) buffer (pH 6.5). The determination was performed with a fluorescence/absorbance 155 

microplate reader (Victor3 1420 Multilabel Counter, Perkin Elmer, Waltham, MA, USA) at 530 and 156 

590 nm (excitation and emission of resorufin fluorescence, respectively).  157 

2.3. Pigments 158 

Pigments were assessed according to Cotrozzi et al. (2017b), with minor modifications. Samples 159 

(30 mg FW) were homogenized in 1 mL of 100% HPLC-grade methanol and incubated overnight at 160 

4 °C in the dark. High Performance Liquid Chromatography (HPLC; P680 Pump, UVD170U UV-161 

VIS detector, Dionex, Sunnyvale, CA, USA) separation was performed at room temperature with a 162 

reverse-phase Dionex column [Acclaim 120, C18, 5 µm particle size, 4.6 mm internal diameter 163 

(i.d.) 150 mm length]. A detailed description of analytical conditions is available in Cotrozzi et al. 164 

(2017b).  165 

2.4. Metabolites involved in the Halliwell-Asada cycle  166 

Contents of ascorbate and glutathione were assessed according to Davey et al. (2003), with minor 167 

modifications. Samples (100 mg FW) were extracted in 1 mL of chilled extraction buffer [6% 168 

metaphosphoric acid in 65% HPO3 (w/v), pH 1.5] containing 2 mM EDTA and 1% 169 

polyvinylpolypyrrolidone (w/w). The supernatant was divided in order to determine the reduced 170 

form of ascorbate and glutathione (i.e. AsA and GSH, respectively) and the total pool of each 171 

component (total ascorbate and total glutathione). To determine total pools, extracts were mixed 172 

with 200 mM dithiothreitol in 2 M Tris base to reach a pH between 6 and 6.8. HPLC separation was 173 

performed on a Prominence Shimadzu system (LC-20AT pump, SPD-M20A diode array detector, 174 

Shimadzu, Tokyo, Japan) at 25 °C with a reverse-phase column (Kinetex EVO C18, 2.6 µm 175 

spherical particle size, 4.6 mm i.d., 100 mm length). 176 



 

2.5. Metabolites involved in the phenylpropanoid pathway 177 

Contents of phenylpropanoids were assessed according to Cotrozzi et al. (2018b), with some 178 

modifications. Samples (30 mg FW) were homogenized in 500 µL of 80% HPLC-grade methanol 179 

[in water (v/v)]. The supernatant was diluted five-fold with an aqueous solution of 0.2% formic 180 

acid. UHPLC-ESI-MS/MS analyses were performed on an Agilent 1290 Infinity II LC system 181 

coupled to a 6495 Triple Quadrupole mass spectrometer equipped with a Jet Stream electrospray 182 

(ESI) ionization source (Agilent Technologies, Santa Clara, CA, USA). The separation was 183 

achieved at 35 °C using a reverse-phase Agilent column (Zorbax Eclipse Plus, C18, 1.8 µm particle 184 

size, 2.1 mm i.d., 50 mm length). A detailed description of analytical conditions is available in 185 

Assumpção et al. (2018). In the present study, phenylpropanoid metabolites are grouped and 186 

presented as total free phenolic acids (Tot Phen) and flavonoids (Tot flav) on the basis of their 187 

chemical structure. 188 

2.6. Relationship of oxidative metabolism and stomatal ozone uptake (POD) 189 

The O3 dose during the experiment was calculated as the phytotoxic ozone dose (PODY) above an 190 

hourly stomatal uptake threshold of 0 nmol m-2 s-1 (POD0) determined for each oak species in our 191 

previous work (Hoshika et al. 2018), in order to assess relationships between the observed 192 

parameters of oxidative metabolism and stomatal O3 uptake. POD0 was calculated by considering 193 

species-specific stomatal responses to environmental stimuli according to the Manual on 194 

Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 195 

Effects, Risks and Trends (CLRTAP, 2017). The details were described in Hoshika et al. (2018). 196 

2.7. Statistical analyses 197 

Statistical analyses were performed with Microsoft Office Excel 2010 (Microsoft, Redmond, WA, 198 

USA) and JMP 11.0 (SAS Institute, Cary, NC, USA). The statistical unit was the single plot, i.e. all 199 

leaves from the three plants per species in each plot were merged in a single sample per O3 × 200 

irrigation replicate (N = 3 plots). Data for all biochemical parameters were tested with the Shapiro-201 



 

Wilk W test for normality and with the Levene test for homogeneity of variance. All data were 202 

normally distributed and thus were analyzed by three-way ANOVA with O3, drought and species as 203 

fixed factors. Comparisons among means were determined by the Tukey HSD post-test. MDA data 204 

were analyzed using one-way ANOVA followed by the Tukey HSD post-test. To determine 205 

whether O3 and drought exerted additive, synergistic or antagonistic impacts on the traits, the 206 

observed (Obs) effects were compared with the expected (Exp) additive ones for each oak species 207 

exposed to both stressors, according to Bansal et al. (2013). When the difference between Obs and 208 

Exp was positive and the lower 95% confidence limit was greater than zero, the impact from the 209 

combined stressors was classified as “synergistic”. When the difference between Obs and Exp was 210 

negative and the upper 95% confidence limit was less than zero, the impact from the combined 211 

impact was classified as “antagonistic”. When the 95% confidence interval crossed the zero line, the 212 

impact was classified as “additive”. The relationships between oxidative metabolism and POD0 of 213 

the three oak species were tested by a simple linear regression analysis, and species differences in 214 

statistically significant regressions were evaluated by analysis of covariance (ANCOVA). 215 

3. Results 216 

3.1. Oxidative damage and H2O2 content 217 

For MDA, the interaction among O3, drought and species was not significant (Table 1, Fig. 1S). The 218 

effects of single factors and their interactions in all binary combinations (O3 × drought; O3 × species 219 

and drought × species) were significant. Ozone per se had a significant impact on MDA only in the 220 

deciduous species. In Q. pubescens, O3 markedly increased the values of MDA, without significant 221 

differences between the two higher O3 concentrations (one-way ANOVA with O3 as factor: 222 

P≤0.001). Only moderate O3 concentrations induced an accumulation of MDA in Q. robur (one-223 

way ANOVA with O3 as factor: P≤0.05). Drought per se had a significant impact on MDA only in 224 

the deciduous species. In Q. pubescens, drought markedly increased MDA, without significant 225 

differences between reduced water availability (one-way ANOVA with drought as factor: P≤0.001). 226 

Only MD induced an accumulation of MDA in Q. robur (one-way ANOVA with drought as factor: 227 



 

P≤0.05). Q. ilex displayed MDA values about 2-fold higher than the other species (one-way 228 

ANOVA with plant species as factor: P≤0.001) and no effects of O3 and drought were observed. 229 

The effects of all combinations of O3, drought and species were significant for H2O2 (Table 230 

1, Fig. 1). O3 per se increased the content of H2O2 in Q. ilex WW plants, without significant 231 

differences between the two higher O3 concentrations (Fig. 1). Drought per se markedly increased 232 

H2O2 in Q. ilex under AA conditions, with significant differences between reduced water 233 

availability (+127 and +74% under MD and SD conditions, compared to WW). Q. pubescens 234 

exhibited a SD-induced accumulation of H2O2 (about 2-fold higher than WW). Similarly, Q. robur 235 

exhibited a MD-induced accumulation of H2O2 (+89% compared to WW). Under AA-WW 236 

conditions, Q. ilex displayed H2O2 values about 5-fold lower than the other species. Under 237 

combined conditions (O3 and drought), H2O2 contents remained unaltered in Q. ilex exposed to 238 

increasing O3 levels, independently of the watering regimes, except for 1.2 × AA combined with 239 

SD (+44% in comparison to AA-SD).  240 

Ozone and drought in combination had synergistic effects on H2O2 in Q. ilex, except when 241 

the higher O3 concentrations and SD treatments were combined as in this case they acted 242 

antagonistically (Fig. 2A). The two stressors generally had antagonistic effects on H2O2 content also 243 

in deciduous species (Fig. 2A-C). Weak additive effects, however, were found in Q. pubescens 244 

when moderate levels of O3 were combined with SD, and in Q. robur exposed to the highest 245 

intensity of both stressors (Fig. 2B-C).  246 

3.2. Total carotenoids  247 

The effects of all combinations of O3, drought and species on total carotenoids (Tot Car) were 248 

significant (Table 1, Fig. 3). O3 per se induced a slight accumulation of Tot Car in Q. ilex WW 249 

plants in comparison to AA ones, without significant differences between the higher O3 250 

concentrations. High O3 concentrations decreased the content of Tot Car in Q. pubescens (-19% in 251 

comparison to AA conditions) and even more in Q. robur, with significant differences between 252 



 

increasing O3 levels (-28 and -38% in 1.2 × AA and 1.4 × AA, respectively). Drought per se also 253 

affected Tot Car in all species (except in Q. ilex under MD and in Q. pubescens under SD) in 254 

comparison to WW conditions. An SD-induced accumulation of Tot Car content occurred in Q. ilex 255 

(+45% compared to WW), while MD slightly decreased the levels of these metabolites in Q. 256 

pubescens (-18% in comparison to WW). Drought per se decreased Tot Car of Q. robur, with 257 

significant differences between drought regimes (-40 and -51% under MD and SD compared to 258 

WW). Under combined conditions (O3 and drought), Tot Car content was significantly affected in 259 

all species exposed to the higher O3 concentrations and subjected to reducing watering regimes in 260 

comparison to AA (except for Q. ilex MD plants). In particular, O3 induced a decrease of Tot Car in 261 

Q. ilex and Q. pubescens SD plants, with significant differences between increasing O3 levels (-23 262 

and -82%, -26 and -12% in 1.2 × AA and 1.4 × AA, respectively). An opposite trend of Tot Car was 263 

observed in Q. pubescens MD plants in response to increasing O3 levels: -18 and +39% compared 264 

to AA ones (in 1.2 × AA and 1.4 × AA, respectively). An O3-induced accumulation of Tot Car was 265 

also observed in Q. robur MD and SD plants, with significant differences between increasing O3 266 

levels (+27 and +81%, +157 and +55% in 1.2 × AA and 1.4 × AA, respectively).  267 

Ozone and drought in combination generally had antagonistic effects on Tot Car in all 268 

species (Fig. 2D-F). Additive effects were found in Q. ilex and in Q. pubescens when both stressors 269 

were of severe intensity. Synergistic effects were found only in Q. pubescens when high O3 270 

concentrations and MD treatments were combined. 271 

3.3. Metabolites involved in the Halliwell-Asada cycle and in the phenylpropanoid pathway 272 

The three-way ANOVA test of total ascorbate (Tot AsA) and total glutathione (Tot Glu) content 273 

revealed that the interaction among O3, drought and species was not significant (Table 1, Fig. 2S 274 

and 3S). The effects of single factors (except “drought” for Tot Glu) were significant. This was also 275 

true for the binary interaction “drought × species” in the case of Tot AsA. O3 per se had a 276 

significant impact on Tot AsA in all the three species under AA conditions. Only moderate O3 277 

concentrations induced an accumulation of ToT AsA in Q. ilex (+21% in comparison to AA; one-278 



 

way ANOVA with O3 as factor: P≤0.01). Drought per se had a significant impact on Tot AsA only 279 

in Q. robur, with significant differences between reduced water availability (one-way ANOVA with 280 

drought as factor: P≤0.001). Q. pubescens displayed Tot AsA values about 2-fold lower than the 281 

other species (one-way ANOVA with plant species as factor: P≤0.01). Ozone per se had a slight 282 

impact on Tot GSH only in Q. pubescens WW plants in comparison to AA ones: moderate O3 283 

concentrations significantly increased Tot GSH content (+76%). Under AA-WW conditions, Q. ilex 284 

displayed Tot GSH values about 1.5-fold lower than the other species.  285 

The three-way ANOVA test of Tot Phen and Tot Flav revealed that the interaction among 286 

O3, drought and species, the effects of each factor (except drought) and their binary interactions 287 

were significant (Table 1). Ozone per se had a slight impact of Tot Phen only in the deciduous 288 

species. Moderate O3 concentrations negatively altered Tot Phen in Q. pubescens WW (-20% 289 

compared to AA, Fig. 4). High O3 concentrations significantly increased Tot Phen in Q. robur WW 290 

plants (+61 compared to AA). Drought per se did not alter Tot Phen in all species (except SD in Q. 291 

robur). Under AA-WW conditions, Q. ilex displayed Tot Phen values about 5-fold lower than the 292 

other species, with Q. robur showing slightly higher levels than Q. pubescens. Under combined 293 

conditions (O3 and drought), Tot Phen content was significantly affected in all species exposed to 294 

the higher O3 concentrations and subjected to reducing watering regimes in comparison to AA. In 295 

particular, Q. ilex exhibited an O3-induced accumulation of Tot Phen under MD and SD conditions, 296 

without significant differences between the higher O3 concentrations. Ozone induced a decrease of 297 

Tot Phen in Q. pubescens MD plants, without significant differences between the higher O3 298 

concentrations. An opposite trend of Tot Phen was observed in Q. pubescens SD and Q. robur MD 299 

plants in response to increasing O3 levels: -9 and +61%, +51 and -20% in 1.2 × AA and 1.4 × AA, 300 

respectively. Increasing O3 levels combined with SD induced a slight increase of Tot Phen in Q. 301 

robur, without significant differences between the higher O3 concentrations. 302 

Ozone per se significantly affected the content of Tot Flav in all species; in particular, 303 

decreased Tot Flav in Q. ilex and Q. pubescens WW, without significant differences between the 304 



 

higher O3 concentrations (Fig. 5). An O3-induced accumulation of Tot Flav was observed in Q. 305 

robur WW, with significant differences between O3 treatments (+43 and +16% in 1.2 × AA and 1.4 306 

× AA, respectively). Drought per se significantly influenced Tot Flav in all species (except SD in 307 

Q. pubescens). Increasing severity of drought induced an evident decrease of Tot Flav in Q. ilex 308 

under AA, without significant differences between reducing water availability. An MD-induced 309 

reduction of Tot Flav was observed in Q. pubescens under AA conditions (-27% in comparison to 310 

WW). Drought per se induced a rise of Tot Flav in Q. robur under AA, without significant 311 

differences between O3 levels. Under AA-WW conditions, Q. pubescens displayed lower Tot Flav 312 

values than the other species. Under combined conditions (O3 and drought), Tot Flav were 313 

significantly affected in all species exposed to increasing O3 concentrations, independently on the 314 

severity of drought (except in Q. ilex SD plants). Q. ilex MD plants exhibited an O3-induced 315 

increase of Tot Flav, with significant differences between O3 levels (+66 and +37% in 1.2 × AA and 316 

1.4 × AA, respectively). Moderate O3 concentrations markedly increased Tot Flav in Q. pubescens 317 

MD plants (+69% in comparison to AA ones). Increasing O3 levels negatively affected Tot Flav in 318 

Q. pubescens SD plants, with significant differences between O3 levels (-29 and -19% in 1.2 × AA 319 

and 1.4 × AA, respectively). An opposite trend of Tot Flav was observed in Q. robur MD plants 320 

exposed to increasing O3 levels: +11 and -29% in 1.2 × AA and 1.4 × AA, respectively. High O3 321 

levels slightly altered Tot Flav in Q. robur SD plants (+16% compared to AA). 322 

Ozone and drought in combination generally had antagonistic effects on Tot Phen content in 323 

all species (Fig. 2G-I). Additive effects were found in Q. robur when moderate and high O3 324 

concentrations were in combination with SD (Fig. 2I). By contrast, O3 and drought in combination 325 

generally had synergistic effects on Tot Flav content in Q. ilex (Fig. 2J). Antagonistic effects were 326 

found in the deciduous species when moderate and high O3 concentrations were in combination 327 

with MD and SD treatments in Q. pubescens and Q. robur, respectively (Fig. 2J-L). Weak additive 328 

effects were found for Tot Flav in Q. robur, when high O3 concentrations and MD treatments were 329 

combined (Fig. 2L). 330 



 

3.4. Relationship of oxidative metabolism and stomatal ozone uptake (POD) 331 

Higher POD0 was found in deciduous oaks (Q. robur: 10.9 to 20.4 mmol m-2; Q. pubescens: 12.6 to 332 

24.0 mmol m-2) than evergreen oaks (Q. ilex: 8.8 to 15.4 mmol m-2) (Fig. 6). Soil water deficit 333 

limited POD0 in all three oaks (25 to 30% limitation in SD treatments relative to WW treatments). 334 

No significant relationships were found between POD0 and most of the parameters of oxidative 335 

metabolism (i.e., H2O2, Tot Car, Tot Phen, Tot Flav, AsA, GSH) (data not shown). However, we 336 

found significant positive relationships between POD0 and MDA for Q. pubescens and Q. robur, 337 

although such a relationship was not found in Q. ilex (Fig. 6). The intercepts of those relationships 338 

differed between Q. pubescens and Q. robur (P ≤ 0.001 by ANCOVA), while slopes were 339 

comparable (~ 8 × 10-3 g DW m2).  340 

4. Discussion 341 

Plants are frequently exposed to adverse environmental conditions such as drought and O3. Under 342 

these conditions, plants can survive thanks to the ability to adjust their metabolism to cope with 343 

these stressors (Noctor et al., 2018). Much progress has been made in understanding the dual role of 344 

ROS in plant biology. ROS are required for many important signalling reactions, but are also toxic 345 

by-products of aerobic metabolism. This dual role is mainly dependent on (i) their concentration, 346 

(ii) site and duration of their action, (iii) occurrence of previous stress events and (iv) concurrence 347 

of other constrained conditions (Noctor et al., 2018). At high concentrations, ROS pose a significant 348 

threat that may eventually lead to programmed cell death (PCD). At low doses, ROS are employed 349 

as signals that mediate at least part of the responses towards stress. ROS production is a common 350 

feature under abiotic stress conditions (Foyer and Noctor, 2011).  351 

ROS accumulation can also be due to O3 degradation into the leaf tissues (Czarnocka and 352 

Karpińsky, 2018). Drought response mostly uses ROS as internally produced signalling molecules, 353 

although severe drought may lead to photo-oxidative stress (Reddy et al., 2004). Recent evidence 354 

shows that when subjected to a combination of multiple stresses, plants respond differently relative 355 

to when they experience only a single type of stress (Cotrozzi et al., 2017b). Therefore, the first 356 



 

question we wanted to address for the three species investigated in the present study was “How 357 

much ROS are induced by realistic O3 and water stress levels”? The impact of O3 per se on ROS 358 

production appeared to be species-specific in view of the accumulation of H2O2 observed only in Q. 359 

ilex, where however the basal levels of this ROS were lower compared to the deciduous species, 360 

likely due to a balancing relation with other ROS (e.g., anion superoxide, hydroxyl radical; Foyer 361 

and Noctor, 2011). The induction of an oxidative burst by the two higher O3 concentrations, 362 

however, was not associated with membrane injury (as demonstrated by the unchanged MDA by-363 

product values). This result suggests that an activation of an efficient free radical scavenging system 364 

minimized the adverse effects of a general peroxidation, thus contributing to (i) the maintenance of 365 

membrane structure and integrity and (ii) the delay of leaf senescence (Miller et al., 1999). 366 

Peroxidation control and cell membrane stability under increased ROS conditions are 367 

usually characteristic of O3-tolerant plants, which are able to cope with ROS by the activation of 368 

enzymatic and non-enzymatic antioxidant compounds (Gill and Tuteja, 2010). In contrast, the 369 

deciduous species increased MDA under O3 as H2O2 likely reacted with some cell wall and plasma 370 

membrane components, which resulted in lipid peroxidation (Czarnocka and Karpińsky, 2018). 371 

Drought per se also induced a similar H2O2 accumulation in Q. ilex, but again, the maintenance of 372 

membrane functionality (i.e., unchanged MDA by-product values) suggests that a tight control of 373 

ROS production occurred. In particular, H2O2 may be involved in the integration of cellular 374 

processes and in the adaptation to environmental stimuli (Dizengremel et al., 2013). The reducing 375 

water availability had a strong impact on the deciduous species. A marked over-production of H2O2 376 

was observed in Q. pubescens SD and Q. robur MD plants and it was associated with membrane 377 

denaturation. This result suggests that oxidative damage occurred, probably due to an inadequate 378 

response of the antioxidative systems (Czarnocka and Karpińsky, 2018).  379 

In light of the above, the second question was “Which antioxidant mechanisms are activated 380 

in response to individual stresses and to the combination of the stressors at different intensities”? It 381 

is known that leaf biochemical traits (e.g., Car, AsA, GSH, Phen, Flav) are crucial for avoiding and 382 



 

preventing oxidative damage during stress conditions (Sharma et al., 2012). Our results suggest that 383 

the oxidative damage induced by the higher O3 concentrations and the reduced water availability 384 

(single or in combination) only slightly modified the pool (and the reduction level) of the 385 

metabolites involved in the Halliwell-Asada cycle. Only O3 per se increased the total abundance of 386 

intracellular AsA in all the three species under AA conditions, confirming that AsA represents the 387 

first line of defence against O3-oxidative load (Conklin and Barth 2004). Particularly, a special role 388 

could be attributed to the apoplastic ascorbate. This fraction could contribute to differences in O3 389 

tolerance for Quercus species as shown for other species (Burkey et al., 2000; Feng et al., 2010). 390 

However, AsA did not seem to be sufficient to mitigate the negative effects of O3 in terms of ROS 391 

production (in Q. ilex) and membrane denaturation (in Q. pubescens and Q. robur), suggesting that 392 

it may be more important in terms of regulation than in redox homeostasis (Foyer and Noctor, 393 

2011). This is probably because AsA is a cofactor of several plant-specific enzymes that are 394 

involved in important pathways leading to the biosynthesis of (i) cell wall hydroxyproline-rich 395 

proteins, (ii) defence-related secondary metabolites and (iii) plant hormones (Gest et al., 2013). Our 396 

results indicate that the phenylpropanoid pathway (including non-volatile isoprenoids such as 397 

carotenoids) was very responsive in stressed plants.  398 

It is known that Car are liposoluble antioxidants that play several functions in plant 399 

metabolism including oxidative stress tolerance (Havaux et al., 2005). They serve an important 400 

photoprotective role by dissipating excess excitation energy as heat or by scavenging ROS and 401 

suppressing lipid peroxidation (Gill and Tuteja, 2010). Consequently, Car can transiently 402 

complement the action of the primary antioxidants (i.e., AsA and enzymatic antioxidant 403 

compounds, Brunetti et al., 2015). Secondary metabolites (such as phenols and flavonoids) are well 404 

suited to constitute a “secondary” antioxidant system with a central role in plant defence against 405 

severe constraints by avoiding the generation of ROS and by quenching ROS once they are formed 406 

(Brunetti et al., 2015). For all the three species tested in this work, it is possible to conclude that 407 

distinct phenylpropanoid pathways were activated in response to O3 and drought, when applied 408 



 

singularly. Ozone and drought in combination generally had antagonistic effects on most 409 

biochemical traits. This was most evident for Tot Car in Q. ilex (except when both stressors were of 410 

severe intensity) and Q. robur, and for Tot Phen in Q. ilex and Q. pubescens, as well as for ROS 411 

production, in which the accumulation of H2O2 in Q. ilex and Q. pubescens under 1.4 × AA-SD 412 

conditions was not as severe as expected. However, Tot Flav (the most representative class of 413 

phenylpropanoid compounds) was affected by both stressors in Q. ilex (at different intensities) and 414 

in Q. pubescens and Q. robur under both 1.4 × AA-SD and 1.2 × AA-MD conditions, by exhibiting 415 

relatively strong and synergistic effects relative to their combined impact. It is possible to 416 

hypothesize that the strong decrease of Tot Phen could be related to the consumption of these 417 

compounds by the cell to counteract the accumulation of H2O2, thus representing an important 418 

defence mechanism against the increased oxidative metabolism induced by reduced water 419 

availability. This result confirms that Tot Flav can be considered as a robust biochemical trait to 420 

improve the adaptability of plants to harsh environments. However, this mechanism appeared to be 421 

species-specific and depended on the so-called “metabolic plasticity” (Logemann et al., 2000).  422 

In light of the above, the third question was “Are metabolic responses markedly species-423 

specific”? In Q. ilex, O3 per se induced an increase of Tot Car that inhibited and/or prevented the 424 

peroxidation action of free radicals, as confirmed by unchanged MDA by-product values. The 425 

concomitant decrease of Tot Flav could be related to the consumption of these compounds by the 426 

cell to counteract the accumulation of H2O2, thus representing an important defense mechanism 427 

against the increased oxidative metabolism induced by O3 (Pellegrini et al., 2018). The unchanged 428 

Tot Phen values confirmed that Q. ilex can be considered O3-tolerant according to the evidence that 429 

the biosynthesis of phenylpropanoids increases more in stress-sensitive than in tolerant species (Fini 430 

et al., 2012; Cotrozzi et al., 2018b). Drought per se did not give rise to the same effects induced by 431 

O3 confirming that the biochemical features found in Q. ilex are enough to explain its superior 432 

ability to counteract unfavorable environmental conditions, also in terms of the reducing water 433 

availability. In Q. pubescens, high O3 concentrations per se induced a concomitant reduction of Tot 434 



 

Car and Tot Flav suggesting that these antioxidants could be consumed by the cell to counteract the 435 

possible ROS generation due to increased oxidative metabolism and cellular damages. It is known 436 

that Car and Flav are involved in non-photochemical quenching mechanisms, thus reducing the risk 437 

of photo-oxidative stress (Niinemets et al., 2003). Based on relative physical-chemical features and 438 

intra-cellular distribution, they may serve distinct and complementary functions (Close and Beadle, 439 

2003). Consequently, the utilization of these compounds could improve the tolerance of Q. 440 

pubescens to O3, as confirmed by the unchanged Tot Phen values. For this species, moderate 441 

drought per se did not give rise to the same effects induced by O3. This result confirms that the 442 

biochemical features found in Q. pubescens increased the ability of cells to scavenge stress-derived 443 

ROS, but they counteracted the negative impact of both stressors (at different intensities) less 444 

efficiently than in the sympatric Q. ilex. In Q. robur, high O3 concentrations per se induced a partial 445 

rearrangement of the phenylpropanoid pathways with different functions in order to alleviate the 446 

excess of excitation pressure and to provide antioxidative protection to chloroplasts.  447 

Phenylpropanoid pathways contribute to all aspects of plant responses towards biotic and 448 

abiotic stimuli (Vogt, 2010). Generally, the increase in phenylpropanoid concentration can be 449 

considered a repair process that can equip stressed plants with an additional antioxidant system 450 

capable of avoiding and scavenging ROS (Cotrozzi et al., 2018b). It is possible to conclude that the 451 

reduction of Tot Car and the concomitant increase of Tot Flav were not enough to counteract and/or 452 

reduce the photo-oxidative stress induced by high O3 concentrations. The concomitant induction of 453 

Tot Phen would indicate a better capacity to regulate the level of ROS, and hence the cellular redox 454 

state. However, these additional antioxidative mechanisms were not able to protect and/or repair the 455 

cell structure and to prevent the occurrence of the oxidative load (as confirmed by the increase of 456 

MDA by-products values). Severe drought per se did not give rise to the same effects induced by 457 

high O3 concentrations confirming that Q. robur is least adapted to unfavorable environmental 458 

conditions because of a lower degree of tolerance compared with the other two species. Even 459 

though no clear relationship between the activation of phenylpropanoids and stress tolerance has 460 



 

been established, it is known that the biosynthesis of these secondary metabolites increases more in 461 

stress-sensitive than in tolerant species (Fini et al., 2012). The variation in O3-sensitivity among the 462 

three species tested in this work can be ascribed not only to the ability of cells to scavenge O3-463 

derived ROS and to raise detoxifying barriers, but also to the stomatal O3 uptake. According to 464 

Reich (1987), cell fate in an O3-polluted environment depends on exposure, uptake and biological 465 

responses, so a powerful tool to estimate plant susceptibility to O3 should take into account both 466 

cellular biochemical defenses and O3 flux through stomata.  467 

In light of the above, the fourth question was “Are oxidative metabolism and stomatal 468 

uptake of O3 correlated”? Treutter (2005) reported that the antioxidant compounds can be divided 469 

into two groups: “preformed” and “induced” compounds, the latter being synthetized by plants in 470 

response to physical injury, infection or stress. Concerning our results, it is possible to conclude that 471 

no significant relationships were found between most of the parameters of antioxidant metabolism 472 

and POD0 suggesting that an unbalance between repair (i.e., the capacity to activate detoxifying 473 

systems) and avoidance strategies (i.e., the ability of leaves to partially close stomata to exclude O3 474 

from leaf intercellular space) occurred. Although recent studies documented that the POD approach 475 

can be considered the best metric to assess O3 effects on (i) plant productivity (i.e., biomass and 476 

yield losses, leaf mass per area etc.), (ii) photosynthetic performance and (iii) visible foliar injury 477 

(Gao et al., 2017; Hoshika et al., 2018), the internal mechanism of O3 sensitivity is controversial. 478 

Some studies found that O3 sensitivity was associated with high stomatal conductance (gs, Wittig et 479 

al., 2007; Cotrozzi et al., 2016; Yang et al., 2016), but others argued that it depended on antioxidant 480 

levels (Nali et al., 2004; Dai et al., 2017). In addition, a wide range of different biochemical, 481 

structural and physiological leaf traits can play a pivotal role in determining O3 response. The 482 

relative contributions of these different traits in controlling the interspecific variation in O3 483 

sensitivity among a wide range of species remain elusive (Li et al., 2017). A significant and positive 484 

relationship between MDA and POD0 was found in Q. pubescens and Q. robur, confirming that the 485 



 

greater stomatal O3 flux in these deciduous oak species (according to biomass results from Hoshika 486 

et al., 2018) resulted in pronounced membrane denaturation.  487 

It is possible to conclude that the POD approach can be used for assessing accelerated leaf 488 

senescence in deciduous oak species. In fact, no similar relationship was found in Q. ilex that under 489 

AA-WW conditions displayed not only lower amounts of AsA, GSH, Tot Car and Tot Phen than 490 

the other species, but also the lowest values of POD0 suggesting that intrinsic physiological and 491 

biochemical mechanisms can contribute significantly to the stress tolerance. To conclude, O3 and 492 

drought had antagonistic effects on most biochemical traits which depended on plant species. In 493 

particular, we untangled the species-specific biochemical adjustments that may reduce the impact of 494 

O3 when combined with the effect of drought. 495 
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Table 1. P values of three-way ANOVA of the effects of ozone (O3), drought and plant species on malondialdehyde (MDA), hydrogen peroxide (H2O2), 

total carotenoids (Tot Car), total ascorbate (Tot AsA), total glutathione (Tot Glu), total phenolic acids (Tot Phen) and total flavonoids (Tot Flav). 

Asterisks show the significance of factors/interaction: *** P≤0.001, ** P≤0.01; ns P>0.05. d.f. represents the degrees of freedom. 

Effects d.f. MDA H2O2 Tot Car Tot AsA Tot GSH Tot Phen Tot Flav 

O3 2 *** *** *** *** * *** *** 

Drought 2 *** *** ** ** ns ns ns 

Plant species 2 *** *** *** *** *** *** *** 

O3 × drought 4 ** *** *** ns ns *** *** 

O3 × plant species 4 ** *** *** ns ns *** *** 

Drought × plant species 4 *** *** *** * ns *** *** 

O3 × drought × plant species 8 ns *** *** ns ns *** *** 



 

 

Fig. 1. Hydrogen peroxide [H2O2, nmol g-1 dry weight (DW)] in Quercus ilex, Q. pubescens and Q. 

robur leaves under free air O3 exposure [applied for 4.5 months: ambient air (AA), 1.2 × and 1.4 × 

ambient O3 (1.2 × AA and 1.4 × AA)] and subjected to different watering regimes [well-watered 

(WW), moderate drought (MD) and severe drought (SD)]. Data are shown as mean (n = 3) ± 

standard deviation. According to a three-way ANOVA with O3, drought and plant species as 

factors, different letters show significant differences among bars in the nine graphs (Tukey test, 

P≤0.05). 



 

 

Fig. 2. The combined impact of increasing ozone levels [applied for 4.5 months: 1.2 × and 1.4 × 

ambient air (1.2AA and 1.4AA)] and reducing water availability [moderate drought (MD) and 

severe drought (SD)] on hydrogen peroxide (H2O2, A-C), total carotenoids (Tot Car, D-F), total 

phenols (Tot Phen, G-I) and total flavonoids (Tot Flav, J-L) in Quercus ilex, Q. pubescens and Q. 

robur leaves. The bars represent the intensity-specific effect size difference (mean ± 95% 

confidence interval) between the observed (Obs) and expected (Exp) additive effects from the 

combination of the two stressors. The zero line represents the expected additive effects from 

combined stressors. When the means were greater than or less than the zero line, they were 

considered synergistic (gray bars) or antagonistic (dark gray bars; Bansal et al., 2013). 
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Fig. 3. Total carotenoid (Tot Car) content [µmol g-1 dry weight (DW)] in Quercus ilex, Q. 

pubescens and Q. robur leaves under free air O3 exposure [applied for 4.5 months: ambient air (AA), 

1.2 × and 1.4 × ambient O3 (1.2 × AA and 1.4 × AA)] and subjected to different watering regimes 

[well-watered (WW), moderate drought (MD) and severe drought (SD)]. Data are shown as mean (n 

= 3) ± standard deviation. According to a three-way ANOVA with O3, drought and plant species as 

factors, different letters show significant differences among bars in the nine graphs (Tukey test, 

P≤0.05). Tot Car = neoxanthin + violaxanthin + anteraxanthin + lutein + zeaxanthin + β-carotene. 



 

 

Fig. 4. Total free phenolic (Tot Phen) acid content [µmol g-1 dry weight (DW)] in Quercus ilex, Q. 

pubescens and Q. robur leaves under free air O3 exposure [applied for 4.5 months: ambient air (AA), 

1.2 × and 1.4 × ambient O3 (1.2 × AA and 1.4 × AA)] and subjected to different watering regimes 

[well-watered (WW), moderate drought (MD) and severe drought (SD)]. Data are shown as mean (n 

= 3) ± standard deviation. According to a three-way ANOVA with O3, drought and plant species as 

factors, different letters show significant differences among bars in the nine graphs (Tukey test, 

P≤0.05). Tot Phen = caffeoyl-glucoside + chlorogenic acid + coumaric acid (only in deciduous 

species) + coumaroylquinic (only in deciduous species) + coumaroyl-glucoside + coumaroyl-

glucoside 2 + cryptochlorogenic acid (only in Q. pubescens) + gallic acid + galloyl-glucoside + 

gentisic acid + neochlorogenic acid (only in deciduous species). 



 

 

Fig. 5. Total flavonoid (Tot Flav) content [µmol g-1 dry weight (DW)] in Quercus ilex, Q. 

pubescens and Q. robur leaves under free air O3 exposure [applied for 4.5 months: ambient air (AA), 

1.2 × and 1.4 × ambient O3 (1.2 × AA and 1.4 × AA)] and subjected to different watering regimes 

[well-watered (WW), moderate drought (MD) and severe drought (SD)]. Data are shown as mean (n 

= 3) ± standard deviation. According to a three-way ANOVA with O3, drought and plant species as 

factors, different letters show significant differences among bars in the nine graphs (Tukey test, 

P≤0.05). Tot Flav = catechin + epicatechin + epigallocatechin + hesperidin + isorhamnetin-

glucoside + isorhamnetin-rutinoside + kaempferol (only in Q. robur) + kaempferol-glucoside + 

kaempferol-rutinoside + phloridzin + procyanidin B1 + pelargonidin-rutinoside + quercetin + 

quercetin arabinoside + quercetin-galactoside + quercetin-galloyl-glucoside + quercetin-glucoside + 

quercetin-rhamnoside + quercetin-xyloside + rhamnetin-glucoside + rutin. 



 

 

Fig. 6. Relationships between phytotoxic O3 dose (POD0, mmol m-2) and malondialdehyde (MDA, 

nmol g-1 dry weight (DW)) in Quercus ilex, Q. pubescens and Q. robur leaves under free air O3 

exposure [applied for 4.5 months: ambient air (AA), 1.2 × and 1.4 × ambient O3 (1.2 × AA and 1.4 

× AA)] and subjected to different watering regimes [well-watered (WW), moderate drought (MD) 

and severe drought (SD)]. Significant relationships were found in Q. pubescens (dotted line, y = 

8.05x + 95.74, R2 = 0.58, P < 0.05) and Q. robur (black line, y = 7.72x + 199.49, R2 = 0.50, P < 

0.05), while no significant regression was found in Q. ilex (y = 6.21x + 413.15, R2 = 0.06, P = 

0.52). The y-intercepts were significantly different between Q. pubescens and Q. robur by an 

ANCOVA test (P < 0.001). ns denotes not significant. 



 

 

Fig. 1S. Quantification of malondialdehyde (MDA) by-product [nmol g-1 dry weight (DW)] in 

Quercus ilex, Q. pubescens and Q. robur leaves under free air O3 exposure [applied for 4.5 months: 

ambient air (AA), 1.2 × and 1.4 × ambient O3 (1.2 × AA and 1.4 × AA)] and subjected to different 

watering regimes [well-watered (WW), moderate drought (MD) and severe drought (SD)]. Data are 

shown as mean (n = 3) ± standard deviation. According to a three-way ANOVA with O3, drought 

and plant species as factors, the absence of letters indicates not significant interaction between 

variability factors (see Table 1). 

 

 

 

 

 



 

 

Fig. 2S. Quantification of total ascorbate (AsA) content [µmol g-1 dry weight (DW)] in Quercus 

ilex, Q. pubescens and Q. robur leaves under free air O3 exposure [applied for 4.5 months: ambient 

air (AA), 1.2 × and 1.4 × ambient O3 (1.2 × AA and 1.4 × AA)] and subjected to different watering 

regimes [well-watered (WW), moderate drought (MD) and severe drought (SD)]. Data are shown as 

mean (n = 3) ± standard deviation. According to a three-way ANOVA with O3, drought and plant 

species as factors, the absence of letters indicates not significant interaction between variability 

factors (see Table 1). 



 

 

Fig. 3S. Quantification of total glutathione (GSH) content [µmol g-1 dry weight (DW)] in Quercus 

ilex, Q. pubescens and Q. robur leaves under free air O3 exposure [applied for 4.5 months: ambient 

air (AA), 1.2 × and 1.4 × ambient O3 (1.2 × AA and 1.4 × AA)] and subjected to different watering 

regimes [well-watered (WW), moderate drought (MD) and severe drought (SD)]. Data are shown as 

mean (n = 3) ± standard deviation. According to a three-way ANOVA with O3, drought and plant 

species as factors, the absence of letters indicates not significant interaction between variability 

factors (see Table 1). 

 


