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ABSTRACT 17 

We tested the independent and interactive effects of nitrogen (N; 0 and 80 kg ha-1), phosphorus (P; 18 

0, 40 and 80 kg ha-1), and ozone (O3) application/exposure [ambient concentration (AA), 1.5 × AA 19 

and 2.0 × AA] for five consecutive months on biochemical traits of the O3-sensitive Oxford poplar 20 

clone. Plants exposed to O3 showed visible injury and an alteration of membrane integrity, as 21 

confirmed by the malondialdehyde by-product accumulation (+3 and +17% under 1.5 × AA and 2.0 22 

× AA conditions, in comparison to AA). This was probably due to O3-induced oxidative damage, as 23 
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documented by the production of superoxide anion radical (O2
•-, +27 and +63%, respectively). 24 

Ozone per se, independently from the concentrations, induced multiple signals (e.g. alteration of 25 

cellular redox state, increase of abscisic acid/indole-3-acetic acid ratio and reduction of proline 26 

content) that might be part of premature leaf senescence processes. By contrast, nutrient fertilization 27 

(both N and P) reduced reactive oxygen species accumulation (as confirmed by the decreased O2
•- 28 

and hydrogen peroxide content), resulting in enhanced membrane stability. This was probably due 29 

to the simultaneous involvement of antioxidant compounds (e.g. carotenoids, ascorbate and 30 

glutathione) and osmoprotectants (e.g. proline) that regulate the detoxification processes of coping 31 

with oxidative stress by reducing the O3 sensitivity of Oxford clone. These mitigation effects were 32 

effective only under AA and 1.5 × AA conditions. Nitrogen and P supply activated a free radical 33 

scavenging system that was not able to delay leaf senescence and mitigate the adverse effects of a 34 

general peroxidation due to the highest O3 concentrations. 35 
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1. Introduction 41 

Tropospheric ozone (O3) is widely recognised as the most damaging air pollutant to vegetation due 42 

to its broad geographical distribution and toxicity (Emberson et al., 2018). Ambient O3 levels have 43 

often detrimental effects on crops and forests by inducing yield and biomass loss, and lowering 44 

plant resilience (Gao et al., 2017). Mineral nutrition can profoundly affect the O3 sensitivity of 45 

woody plants (Maurer and Matyssek, 1997; Watanabe et al., 2012; Harmens et al., 2017). 46 

Mechanisms including alterations in growth and defence processes are still under debate (Shang et 47 

al., 2018). Some authors have reported that nutrient availability may determine the kind of plant 48 
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“strategy” useful to cope with O3-induced oxidative stress, by driving leaf metabolic changes, such 49 

as enhanced assimilation demand as a consequence of increased respiration rates and alteration in 50 

carbohydrate partitioning (Pääkönen and Holopainen, 1995; Bielenberg et al., 2002; Harmens et al., 51 

2017). Other studies have suggested that nutrition may modify the responses to O3 by shifts in 52 

biomass allocation, which raise maintenance costs and accelerate leaf abscission (Pell et al., 1995; 53 

Maurer and Matyssek, 1997; Watanabe et al., 2012). These discrepancies in the literature are 54 

probably due to (i) species-specific responses, (ii) different experimental conditions (e.g., intensity 55 

and duration of O3 exposure), and (iii) management practices (e.g., fertilization regime, application 56 

concentration and timing, and chemical form). In addition, studies on the interaction between O3 57 

sensitivity and soil nutrient conditions have mostly focused on traits such as visible injury, 58 

photosynthetic capacity, biomass production and allocation, and leaf life-span (e.g., Maurer and 59 

Matyssek, 1997; Singh et al. 2009; Harmens et al., 2017; Kinose et al., 2017a, b; Zhang et al., 60 

2018b), whereas biochemical investigations of the resulting oxidative stress and antioxidant defence 61 

system in plants exposed to variable O3 × nutrient conditions are lacking. 62 

Proper levels of nitrogen (N) are necessary for plants to sustain a normal and consistent 63 

growth (Barker and Bryson, 2007). This nutrient is the main component of enzymatic and structural 64 

proteins, nucleic acids, chlorophylls and many secondary metabolites, and performs a vital role in 65 

many metabolic processes (Epstein and Bloom, 2005). For example, N is an important component 66 

of Rubisco, the enzyme that catalyses the initial steps of photosynthesis and changes inorganic 67 

carbon to organic matter (LeBauer and Treseder, 2008). Nitrogen applications usually increase the 68 

photosynthetic capacity which is commonly twinned with increased stomatal conductance (Zhang et 69 

al., 2018b). Thus, N applications above the recommended doses can lead to an increased O3 uptake 70 

to levels at which antioxidant and repair mechanisms are no longer sufficient to counteract O3-71 

induced oxidative damage (Harmens et al., 2017; Marzuoli et al., 2018). 72 

Phosphorus (P) is the second most limiting nutrient for plant development and aboveground 73 

net primary productivity of plants (Domingues et al., 2010). This macroelement is the main 74 
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component of several biomolecules such as phospholipids, sugar phosphates and nucleic acids that 75 

play a pivotal role in carbon metabolism, protein regulation and signal transduction (Amtmann and 76 

Blatt, 2009). Phosphorus deficiency alters the biochemistry of photosynthesis and increases sink 77 

demand for photosynthates for root growth, which in turn alters patterns of growth (Hernández and 78 

Munné-Bosch, 2015). Insufficient P availability leads to symptoms of photo-oxidative stress, such 79 

as increased free radical production and lipid peroxidation that are induced by disruptions in cellular 80 

homeostasis (Pintó-Marijuan and Munné-Bosch, 2014). Plants are able to activate a series of 81 

physiological, biochemical, and molecular adaptation strategies in order to increase nutrition uptake 82 

and recycling (Niu et al., 2012). These effects, however, could modify stomatal O3 flux impairing 83 

the plant ability to compensate and counteract the negative impact of O3 through detoxification and 84 

repair processes (Plaxton and Tran, 2011). To date, it is unclear how plants sense and respond to 85 

change in P availability under conditions of elevated O3. 86 

Poplar plantations are established in various soil nutritional conditions such as volcanic ash 87 

soils (low nutritional availability; Hoosbeek et al., 2004) and agricultural fields (high-nutritional 88 

availability; Arevalo et al., 2011). However, our knowledge of poplar responses to O3 with various 89 

nutritional conditions is still limited.  90 

In a previous work from the same experiment presented here, Zhang et al. (2018a) tested the 91 

independent and interactive effects of N, P and O3 applications/exposure on biomass growth of the 92 

O3-sensitive Oxford clone (Populus maximoviczii Henry × Populus berolinensis Dippel), showing 93 

that N addition exacerbated O3-induced biomass loss, while P alleviated such biomass losses, but 94 

not under high N supply. However, no synergistic effects were found, suggesting an unbalance 95 

between avoidance (i.e., the ability of leaves to partially close stomata to exclude O3 from leaf 96 

intercellular space) and repair strategies (i.e., the capacity to activate detoxifying systems).  97 

The aim of the present study was to assess the nutritional impact on the metabolic adjustments 98 

adopted by Oxford clone to cope with three levels of O3 in an O3 Free Air Controlled Exposure (O3-99 

FACE) facility. Specifically, we asked the following questions: (i) What are the antioxidant 100 
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mechanisms activated in response to O3? (ii) What are the cellular and metabolic rearrangements 101 

induced by different nutritional conditions? (iii) Can N and P availability trigger a set of adaptive 102 

responses to O3? We postulated that nutrient availability can induce a cross-talk between 103 

antioxidant and osmotic mechanisms which regulate the strategy of coping with oxidative stress by 104 

reducing O3 sensitivity. 105 

2. Materials and Methods 106 

2.1. Plant material and experimental design 107 

The experimental activities were conducted in an O3-FACE system located in Sesto Fiorentino, 108 

Italy (43° 48’ 59” N, 11° 12’ 01” E, 55 m a.s.l.) as described in Paoletti et al. (2017). Rooted 109 

homogeneous cuttings of Oxford clone were propagated in a greenhouse in early December 2015 110 

and transferred to the O3-FACE facility in April 2016, where they were transplanted into individual 111 

10-L plastic pots containing a mixture of sand:peat:soil (1:1:1 in volume). Plants were irrigated to 112 

field capacity every 2-3 days to avoid water stress. Uniform-sized plants were selected and exposed 113 

to one of these three levels of O3: ambient air concentration (AA), 1.5 × AA, and 2.0 × AA, and 114 

subjected to six combinations of nutrient treatment, i.e. two levels of N (0 and 80 kg N ha-1; N0 and 115 

N80, respectively) and three levels of P (0, 40 and 80 kg P ha-1; P0, P40 and P80, respectively)] 116 

from 1st May to 1st October, 2016. The Accumulated Ozone exposure over a Threshold of 40 ppb 117 

(AOT40, sensu Kärenlampi and Skärby, 1996) were 14.4, 43.8 and 71.1 ppm h in AA, 1.5 × AA 118 

and 2.0 × AA, respectively, throughout the experimental period (the average concentrations of O3 119 

were 35±0.3, 51.6±0.5 and 66.7±0.5 ppb, respectively). A detailed description of the O3 exposure 120 

methodology and nutritional treatments is available in Zhang et al. (2018a). The N and P amounts 121 

provided in the present study were higher than the nutrient inputs occurring in European forests 122 

(Ferretti et al., 2014). However, the level of N80 may be considered as a realistic N deposition 123 

because the background deposition in some areas, such as the Sichuan basin in China and the 124 

California Central Valley in USA, may be higher than 80 kg N ha-1 yr-1 (Zhang et al., 2018b), 125 
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whereas P levels were selected based on P affinity constant and adsorption maxima to simulate a 126 

realistic increase in soil available P. Nitrogen deposition in Italy has been reported as ranging 127 

between 7 and 24 kg N ha-1 yr-1 in Italy, mainly due to wet deposition (Ferretti et al., 2014). Plants 128 

received approximately one-third of the annual value of precipitation (227 mm) during the 129 

experimental period. So we may say that they received approximately 2-8 kg N ha-1 by rainfall. The 130 

soil N and P concentrations were shown in our previous paper (Zhang et al. 2018a). Soil N 131 

concentration (mean±S.E.) in N0 was 1.7±0.1 g kg-1, and that in N80 was 2.7±0.1 g kg-1. These 132 

values are in agreement with normal soil N ranges (0.2 to 5 g kg-1, Bowen 1979). Soil P 133 

concentrations (mean±S.E.) were 0.5±0.1 g kg-1 in P0 and 1.0±0.1 g kg-1 in P80, i.e. within the 134 

range of native P in soils (usually 0.5 to 0.8 g kg-1, with peaks of 1.0 to 1.3 g kg-1, Stevenson and 135 

Cole 1999). Three replicated plots (5 × 5 × 2 m) were assigned to each O3 treatment, with three 136 

plants per each combination of O3 level, and N and P enrichment. Plants were repositioned every 137 

month within each plot to avoid positional effects (Potvin and Tardif, 1988). At the end of the 138 

experiment, fully expanded leaves (5th-8th order from the tip terminal shoot, flushed in July 2016) of 139 

all the three plants per plot in each O3 × N × P treatment were gathered (from 9:00 to 12:00 am), 140 

divided into aliquots, immediately frozen in liquid nitrogen and stored at -80 °C until biochemical 141 

analyses. Biochemical analyses aimed to investigate the O3-induced oxidative damage [i.e., lipid 142 

peroxidation and reactive oxygen species (ROS) contents] as well as the antioxidative (i.e., foliar 143 

pigments, ascorbate and glutathione) and osmoprotective [i.e., proline (Pro), abscisic acid (ABA), 144 

indole-3-acetic acid (IAA) and water soluble carbohydrates (WSC)] responses adopted by poplar 145 

under variable environments. Leaf mass per area (LMA) was not different between the treatments 146 

and the mean value (mean±S.E.) was 75.5±1.5 g m-2. 147 

2.2. Visible injury, oxidative damage and ROS content 148 

Leaf injury was evaluated every month to determine the percentage of injured area on the adaxial 149 

surface by in-hand examination with a 10× hand lens with the help of photoguides (Paoletti et al., 150 
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2009). All fully expanded attached leaves per each plant were examined. The percentage of affected 151 

leaves per plant (LA), and the 5%-step percentage of area affected in the symptomatic leaves (AA) 152 

were visually scored, and a Plant Injury Index (PII) was calculated combining the two parameters: 153 

PII = (LA × AA)/100 (Paoletti et al., 2009).  154 

Lipid peroxidation was estimated by determining the malondialdehyde (MDA) by-product 155 

accumulation, according to the method of Hodges et al. (1999) with minor modifications, as 156 

reported by Guidi et al. (2017). The determination was performed with a fluorescence/absorbance 157 

microplate reader (Victor3 1420 Multilabel Counter, Perkin Elmer, Waltham, MA, USA).  158 

Superoxide anion radical (O2
•-) content was measured according to Tonelli et al. (2015) with 159 

the same fluorescence/absorbance microplate reader reported above. This assay is based on the 160 

reduction of a tetrazolium dye sodium, 3’-(1-[phenylamino-carbonyl]-3,4-tetrazolium)-bis(4-161 

methoxy-6-nitro) benzene-sulfonic acid hydrate (XTT) by O2 to a soluble XTT formazan (Able et 162 

al., 1998).  163 

Hydrogen peroxide (H2O2) content was measured using the Amplex Red Hydrogen 164 

Peroxide/Peroxidase Assay Kit (Molecular Probes, Life Technologies Corp., Carlsbad, CA, USA) 165 

according to Cotrozzi et al. (2017a). The determination was performed with the same 166 

fluorescence/absorbance microplate reader reported above at 510 and 590 nm (excitation and 167 

emission of resofurin fluorescence, respectively).  168 

2.3 Non-enzymatic antioxidant compounds 169 

Photosynthetic and accessory pigments were measured after extracting 30 mg of leaf tissue in 0.3 170 

mL of 100% HPLC-grade methanol overnight at 4 °C in the dark. Pigments were then determined 171 

by High Performance Liquid Chromatography (HPLC; P680 Pump, UVD170U UV-VIS detector, 172 

Dionex, Sunnyvale, CA, USA) at room temperature with a reverse-phase Dionex column (Acclaim 173 

120, C18, 5 µm particle size, 4.6 mm internal diameter × 150 mm length), according to Cotrozzi et 174 
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al. (2017b), with some minor modifications. Samples were centrifuged for 15 min at 16,000 g at 5 175 

°C and the supernatant was filtered through 0.2 μm Minisart® SRT 15 aseptic filters and 176 

immediately analyzed. The pigments were eluted using 100% solvent A (acetonitrile/methanol, 177 

75/25, v/v) for the first 14 min to elute all xanthophylls, followed by a 1.5 min linear gradient to 178 

100% solvent B (methanol/ethylacetate, 68/32, v/v), 15 min with 100% solvent B, which was 179 

pumped for 14.5 min to elute chlorophyll (chl) b and a and β-carotene, followed by 2 min linear 180 

gradient to 100% solvent A. The flow-rate was 1 mL min-1. The column was allowed to re-181 

equilibrate in 100% solvent A for 10 min before the next injection. The pigments were detected by 182 

their absorbance at 445 nm. To quantify the pigment content of each sample, known amounts of 183 

pure authentic standards were injected into the HPLC system and an equation, correlating peak area 184 

to pigment concentration, was formulated. The data were evaluated by Dionex Chromeleon 185 

software, according to the manufactor. 186 

Reduced (AsA) and oxidized (DHA) ascorbate contents were measured according to the 187 

method of Kampfenkel et al. (1995). This assay is based on the reduction of ferric ions (Fe3+) to 188 

ferrous ions (Fe2+) with ascorbic acid in acid solution, followed by the formation of the red chelate 189 

between Fe2+ ions and 2,2-dipyrydil. Samples were ground with mortar and pestle and then 190 

extracted with 1 mL of 6% (w/v) trichloroacetic acid. Total ascorbate (AsA + DHA) was 191 

determined through a reduction of dehydroascorbate to ascorbate by dithiothreitol. DHA 192 

concentrations were estimated from the difference between amounts of total ascorbate and AsA. 193 

The determination was performed with a spectrophotometer (6505 UV-Vis, Jenway, Staffordshire, 194 

UK) at 525 nm.  195 

Reduced (GSH) and oxidized (GSSG) glutathione contents were measured according to the 196 

method of Griffith (1980). This assay is based on an enzymatic recycling procedure in which 197 

glutathione was sequentially oxidized by 5,5’-dithiobis-2-nitrobenzoic acid and reduced by NADPH 198 

in the presence of glutathione reductase. Samples were added to 0.5 mL 6% (w/v) trichloroacetic 199 

acid. For specific assay of GSSG, GSH was masked by derivatization with 4-vinylpyridine in the 200 
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presence of triethanolamine. Changes in absorbance of the reaction mixtures were measured at 412 201 

nm for 15 min at 25 °C. The amount of GSH was calculated by subtracting the GSSG amount, as 202 

GSH equivalents, from the total glutathione amount. A standard calibration curve, where GSH 203 

equivalents (from 0 to 10 mM) were plotted against the slope of change in absorbance at 412 nm, 204 

was used. 205 

2.4. Osmoprotective compounds  206 

Pro content was measured according to the procedure described by Cotrozzi et al. (2017b), which is 207 

based on the colorimetric reaction of Pro with ninhydrin (Bates et al., 1973). The determination was 208 

performed at 520 nm with the same spectrophotometer reported above. 209 

The content of the free forms of both IAA and ABA were analysed according to Ludwig-210 

Müller et al. (2008) and Brilli et al. (2018), with some modifications. Approximately 0.02 g dry 211 

weight (DW) of lyophilized leaf material were extracted with 1 mL isopropanol:acetic acid (95:5, 212 

v/v), to which 500 ng each of 13C6-IAA and 2H6-ABA (OlChemIm, Olomouc, Czech Republic) 213 

were added as internal standards for quantitative mass-spectral analysis. After overnight isotope 214 

equilibration at 4 °C, the samples were centrifuged for 10 min at 10,000 g, the supernatants were 215 

collected and, after a double re-extraction of the pellet with 500 µL extraction solution, were 216 

evaporated to dryness with a rotary evaporator. The residues were resuspended in 300 µL methanol 217 

and methylated with 500 µL diazomethane in the dark for about 30 min, then dried under a gentle 218 

N2 gas stream (Baraldi et al., 1988). The samples were finally resuspended in 30 µL ethyl acetate 219 

and 2 µL were injected into a GC-MS system (7890A-5975C, Agilent Technologies, Santa Clara, 220 

CA, USA) in splitless mode onto a HP1 capillary column (length 60 m, inner diameter 0.25 mm; 221 

film thickness 0.25 µm, Agilent Technologies, Santa Clara, CA, USA). Helium was employed as a 222 

carrier gas and provided at a flow rate of 1 mL min-1, GC injector was set at 280 °C and the oven 223 

temperature was increased from 90 to 200 °C at a rate of 20 °C min-1, then at a rate of 8 °C min-1 224 

until 280 °C, followed by 4 min isotermically at 280 °C. The source temperature was set at 230 °C 225 



10 
 

and ionizing voltage was 70 eV. Ions monitored were: m/z 130, 136 for the base peak (quinolinium 226 

ion) and m/z 189, 195 for the molecular ion of the methyl-IAA and the methyl-13C6-IAA, 227 

respectively; m/z 190, 194 for the base peak and m/z 162, 166 for the molecular ion of the methyl-228 

ABA and methyl-2H6-ABA, respectively. For absolute quantification, the endogenous hormone 229 

levels were estimated from the corresponding peak area by calculating the ratios between m/z 230 

130/136 and m/z 189/195 for IAA, and m/z 190/194 and 162/166 for ABA, according to the 231 

principles of isotope dilution (Cohen et al. 1986). 232 

WSC were measured after extracting 60 mg of leaf tissue in 1 mL of demineralized water for 233 

HPLC and heating for 60 min in a water bath at 60 °C. The extracts were analyzed by HPLC (with 234 

the same pumps used for photosynthetic pigments) equipped with a BioRad column (Aminex HPX-235 

87H, 300 × 7.8 mm, Richmond, CA, USA) at 50 °C, according to Pellegrini et al. (2015) with some 236 

minor modifications. Samples were centrifuged for 20 min at 5,000 g at 20 °C and the supernatant 237 

was filtered through 0.2 μm Minisart® SRT 15 aseptic filters and immediately analyzed. The 238 

carbohydrates were detected with a differential refractometer (Shodex, West Berlin, NJ, USA) and 239 

demineralized water for HPLC was used as mobile phase (flow rate 0.8 mL min-1). To quantify the 240 

carbohydrate content of each sample, known amounts of pure authentic standards were injected into 241 

the HPLC system and an equation, correlating peak area to WSC concentration, was formulated.  242 

2.5. Statistical analysis 243 

Statistical analyses were performed with JMP 11.0 (SAS Institute, Cary, NC, USA). The study was 244 

conducted in a well-replicated split-plot experiment with a full-factorial combination of treatments. 245 

Ozone was the whole-plot factor as each of the three O3 levels had three blocks and the six nutrient 246 

combinations (two levels of N and three levels of P) were randomly assigned to 18 pots (three pots 247 

per nutrient combination), distributed among the three blocks of each O3 level (for a total of 54 pots 248 

distributed among nine blocks). All data were tested with Kolmogorov-Smirnov test for normality 249 

and with Levene test for homogeneity of variance. All data were normally distributed and thus were 250 
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analyzed with a full-factorial split-plot three-way analysis of variance (ANOVA) with O3, N and P 251 

as fixed factors, and the block as random factor nested in O3. Differences (P ≤ 0.05) were tested by 252 

Tukey’s HSD post-hoc test. The statistical unit was the single pot (N = 3).  253 

3. Results 254 

3.1. Visible injury, oxidative damage and ROS content 255 

Plants exposed to O3 (alone or in combination with N and/or P treatments) developed visible minute 256 

stipples of browning tissue localized in the interveinal adaxial leaf area. The most severe damage 257 

occurred in 2.0 × AA_N0_P0 plants (Table 1): 42% of the scored leaves were affected, and the 258 

injured leaves had on average 20% of their surface covered by stippling. Nitrogen enrichment per se 259 

decreased PII when the N80_P0 treatment was compared to the N0_P0 only under 1.5 × AA and 2.0 260 

× AA O3 concentrations (-61 and -70%, respectively). Phosphorus enrichment per se decreased PII 261 

values relative to N0_P0 (independently of O3 concentrations), with significant differences between 262 

the P treatments only under 1.5 × AA conditions (-46 and -68% in P40 and P80, respectively). 263 

Increased PII values were observed when N and P enrichments were combined, under 2.0 × AA 264 

conditions, with significant differences between the P treatments (about two-fold higher than 265 

N80_P0).  266 

The three-way ANOVA showed that all the effects on MDA, O2
•- and H2O2 were significant, 267 

except for N enrichment on O2
•- (Table 2). Compared to AA_N0_P0 conditions, MDA was (i) 268 

increased by O3 per se, with significant differences between the two higher O3 concentrations (+3 269 

and +17% in 1.5 × AA and 2.0 × AA, respectively; Fig. 1); (ii) markedly decreased by N 270 

enrichment per se (-36%), and (iii) decreased by P enrichment per se, with significant differences 271 

between the P treatments (-19 and -9% in P40 and P80, respectively). Under combined O3 and N 272 

enrichment conditions, MDA significantly decreased when all N80_P0 treatments were compared 273 

to N0_P0 ones, independently of O3 concentrations. Unchanged MDA values were observed when 274 
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N and high P enrichments were combined under 1.5 × AA and 2.0 × AA conditions. By contrast, 275 

the combination of O3 and P enrichment induced a marked decrease of MDA, independently of the 276 

level of both factors. 277 

Compared to AA_N0_P0 conditions, O2
•- was (i) increased by O3 per se, with significant 278 

differences between the two higher O3 concentrations (+27 and +63% in 1.5 × AA and 2.0 × AA, 279 

respectively; Fig. 2); (ii) slightly decreased by N enrichment per se (-12%), and (iii) unchanged by 280 

P enrichment per se. Under combined O3 and N enrichment conditions, O2
•- content significantly 281 

decreased when N80_P0 treatment was compared to N0_P0, only under 2.0 × AA conditions. By 282 

contrast, the combination of N and P enrichment induced a marked increase of O2
•- in comparison to 283 

N80_P0, independently of O3 concentrations (except in the case of 1.5 × AA_N80_P40). 284 

Unchanged O2
•- values were observed when O3 and high P enrichments were combined compared 285 

to N0_P0 (except in the case of 1.5 × AA). 286 

Compared to AA_N0_P0 conditions, H2O2 was (i) increased by moderate O3 concentrations 287 

per se (+4%, Fig. 3); (ii) significantly decreased by N enrichment per se (-56%), and (iii) decreased 288 

by high P enrichment per se (-42%). Under combined O3 and N enrichment conditions, H2O2 289 

content significantly decreased when all N80_P0 treatments were compared to N0_P0, 290 

independently of O3 concentrations (except under 1.5 × AA conditions). By contrast, the 291 

combination of N and P enrichment induced a marked increase of H2O2 compared to N80_P0, 292 

independently of O3 concentrations (except in the case of 1.5 × AA_N80_P40). Compared to 293 

N0_P0 conditions, reduced H2O2 values were observed when O3 and P enrichments were combined 294 

under 1.5 × AA (except in the case of 1.5 × AA_N0_P80) and 2.0 × AA conditions.  295 

3.2. Non-enzymatic antioxidant compounds 296 

The three-way ANOVA showed that all the effects on Tot Car, AsA/DHA and GSH/GSSG ratio 297 

were significant (Table 2). Compared to AA_N0_P0 conditions, Tot Car content was (i) increased 298 
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by high O3 concentrations per se (+60%, Fig. 4); (ii) slightly decreased by N enrichment per se in 299 

leaves grown under AA_N80_P0 conditions (-36%), and (iii) unchanged by P enrichment per se. 300 

Under combined O3 and N enrichment conditions, Tot Car content significantly decreased when 301 

N80_P0 treatments were compared to N0_P0, only under 2.0 × AA conditions (-23%). Similarly, 302 

the combination of N and P enrichment induced a marked decrease of Tot Car content compared to 303 

N80_P0 under 2.0 × AA conditions (without significant differences between P concentrations). 304 

Compared to N0_P0, a decrease of Tot Car content was observed when moderate O3 and high P 305 

enrichments were combined (-24%). The same response was observed when high O3 and P 306 

enrichments were combined, with significant differences between P concentrations. 307 

Compared to AA_N0_P0 conditions, AsA/DHA ratio was increased by moderate O3 308 

concentrations per se (+19%) and P enrichment per se, without significant differences between P 309 

concentrations (Fig. 5). Under combined O3 and N enrichment conditions, the AsA/DHA ratio 310 

significantly increased when all N80_P0 treatments were compared to N0_P0, only under 2.0 × AA 311 

conditions. Similarly, the combination of N and P enrichment induced a marked decrease of 312 

AsA/DHA ratio compared to N80_P0, under AA and 2.0 × AA conditions (with significant 313 

differences between P concentrations under AA conditions). A decrease of AsA/DHA ratio was 314 

observed when moderate O3 concentrations and P enrichments were combined compared to N0_P0, 315 

with significant differences between P concentrations (-11 and -44%, in P40 and P80, respectively). 316 

Compared to AA_N0_P0 conditions, GSH/GSSG ratio was only altered by O3 per se (-52 and 317 

+56% by O3 concentrations, under 1.5 × AA and 2.0 × AA conditions, respectively, Fig. 6). Under 318 

combined O3 and N enrichment conditions, the GSH/GSSG ratio significantly decreased when 319 

N80_P0 treatments were compared to N0_P0, only under 2.0 × AA conditions. The combination of 320 

N and P enrichment induced a marked increase of GSH/GSSG ratio compared to N80_P0, under 321 

AA and 2.0 × AA conditions (with significant differences between P concentrations under 2.0 × AA 322 
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conditions). An increase of GSH/GSSG ratio was observed when the two higher O3 concentrations 323 

and P enrichment were combined compared to N0_P0 (except in the case of 2.0 × AA_N0_P80). 324 

3.3. Osmoprotective compounds  325 

The three-way ANOVA showed that all the effects on Pro, abscisic acid/indole-3-acetic acid ratio 326 

(ABA/IAA) and WSC were significant, except for P enrichment on ABA/IAA ratio (Table 2). 327 

Proline was increased by each single factor (+40, +21 and around +23% by high O3 concentrations, 328 

N and P enrichment per se, respectively, Fig. 7). Under combined O3 and N enrichment conditions, 329 

Pro significantly increased when all N80_P0 treatments were compared to N0_P0, except under 330 

high O3 concentrations. Similarly, the combination of N and P enrichment induced a marked 331 

increase of Pro compared to N0_P0, in 1.5 × AA and 2.0 × AA conditions (except in the case of 2.0 332 

× AA_N80_P40). Increased Pro values were observed when O3 and P enrichments were combined 333 

compared to N0_P0, independently of O3 and P concentrations (except in the case of 1.5 334 

×AA_N0_P40). 335 

Compared to AA_N0_P0 conditions, ABA/IAA was not altered by each factor per se (Fig. 8). 336 

Only the combination of N and P enrichment induced a marked decrease of ABA/IAA compared to 337 

N80_P0 under 1.5 ×AA conditions. Compared to N0_P0 conditions, increased ABA/IAA values 338 

were observed when moderate O3 concentrations and moderate P enrichment were combined.  339 

Compared to AA_N0_P0 conditions, WSC was (i) increased by high O3 concentrations per se 340 

(+32%, Fig. 9); (ii) markedly decreased by N enrichment per se in leaves grown under AA_N80_P0 341 

conditions (-36%), and (iii) unchanged by P enrichment per se. Under combined O3 and N 342 

enrichment conditions, WSC significantly decreased when all N80_P0 treatments were compared to 343 

N0_P0, independently of O3 concentrations. By contrast, the combination of N and high P 344 

enrichment induced a marked increase of WSC compared to N80_P0, only under 2.0 × AA 345 
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conditions. Unchanged WSC values were observed when increased O3 concentrations and high P 346 

enrichments were combined relative to N0_P0. 347 

Discussion 348 

To ensure their survival, plants have to cope with a variety of environmental constraints such as O3 349 

and nutrient availability (Landolt et al., 1997). It is well known that O3 exposure causes both visible 350 

and physiological damage to trees (Pellegrini et al., 2011, 2018; Cotrozzi et al., 2016; Zhang et al., 351 

2018b). Visible injury is often a marker of O3-induced oxidative damage, although it does not 352 

always coincide with an alteration of the photosynthetic performance (Paoletti et al., 2009; 353 

Gottardini et al., 2014; Yang et al., 2016). Ozone sensitivity of several species and clones of the 354 

genus Populus has been documented (Lorenzini et al. 1999; Pellegrini et al., 2012). This sensitivity 355 

is attributed to the high stomatal conductance, that is typical of fast-growing tree species (Marzuoli 356 

et al., 2008). Foliar injuries in the O3-sensitive Oxford poplar clone have been detected in previous 357 

open-top chamber experiments, suggesting that an unbalance between avoidance (i.e. the ability of 358 

leaves to partially close stomata to exclude O3 from leaf intercellular space) and repair strategies 359 

(i.e. the capacity to activate detoxification systems) occurred (Marzuoli et al., 2008). In our 360 

previous work (Zhang et al., 2018a), we confirmed that N enrichment increased O3 uptake by 5-361 

10%, while P reduced it by 4-10% in Oxford poplar clone. Although P enrichment slightly 362 

decreased O3 uptake, we did not find significant mitigation effects of P on O3-induced biomass 363 

reduction. On the other hand, the interactive effects of O3 × N on biomass were statistically 364 

significant. As a result, in both cases of AOT40 and Phytotoxic Ozone Dose 4, we found the greater 365 

reduction of biomass per unit O3 uptake under N enrichment compared to N0, suggesting that N 366 

increased the O3 sensitivity. Such sensitivity is probably closely related to repair and detoxification 367 

processes. 368 

In light of the above, the first question we wanted to address was “What are the antioxidant 369 

mechanisms activated by poplar in response to O3?”. In a previous work from the same experiment 370 
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presented here, Zhang et al. (2018b) focused on the independent and interactive effects of N, P and 371 

O3 applications/exposure on ecophysiological traits of Oxford clone, and reported that plants 372 

exposed to the two higher O3 concentrations showed accelerated leaf senescence and a significant 373 

decrease of photosynthetic efficiency. Here, our results confirm that visible injury and membrane 374 

damage occurred (i.e. pronounced increase of MDA by-product values), likely due to an O3-induced 375 

oxidative burst, as documented by H2O2 and O2
•- accumulation. The alteration of membrane 376 

structure and integrity under increased ROS conditions are characteristic of O3-sensitive plants, 377 

which are not able to defend themselves through metabolic adjustments (Rao et al., 2000). Our 378 

results suggest that the two higher O3 concentrations modified the redox state of the metabolites 379 

involved in the Halliwell-Asada cycle, although in a different way between the O3 levels. Under 1.5 380 

× AA conditions, enhanced ROS evolution had a lower impact on the AsA/DHA ratio than on the 381 

GSH/GSSG ratio, suggesting that GSH turnover was probably necessary to sustain the conversion 382 

of DHA to AsA in leaf tissue, where an extra amount of reducing power is available due to limited 383 

CO2 assimilation (Polle, 1996). Under 2.0 × AA conditions, an opposite trend was observed, 384 

suggesting that AsA pool could be directly involved in O3-derived ROS scavenging at this O3 385 

concentration, as indicated by the low AsA/DHA ratio. These results confirm that AsA represents 386 

the first line of defence against O3-induced oxidative load (Noctor and Foyer, 1998), although it 387 

does not seem sufficient to mitigate the negative effects of O3 in terms of ROS production and 388 

membrane denaturation (van Hove et al., 2001). According to Foyer and Noctor (2011), it is 389 

possible to speculate that intracellular AsA was more important in terms of regulation than in redox 390 

homeostasis. This is probably because AsA is a cofactor of several plant-specific enzymes that are 391 

involved in important pathways leading to the biosynthesis of (i) plant hormones (e.g. ABA), (ii) 392 

defence-related secondary metabolites and (iii) cell wall hydroxyproline-rich proteins (Gest et al., 393 

2013). Our results suggest that the two higher O3 concentrations induced multiple signals that might 394 

be a part of a premature leaf senescence process, although in a different way between the O3 levels. 395 

Under 1.5 × AA conditions, the observed increase of ABA/IAA ratio and the concomitant reduction 396 
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of Pro content indicate that these compounds triggered a premature leaf death rather than an 397 

osmoregulation (Cotrozzi et al., 2016). Under 2.0 × AA conditions, plants showed an interaction 398 

among ABA/IAA, Pro and WSC resulting in an orchestrated signalling response that might be part 399 

of a premature leaf senescence process (Cotrozzi et al., 2017b). These results confirm that plants 400 

were not able to adopt metabolic adjustments in order to activate repair strategies against the two 401 

higher O3 concentrations. 402 

In light of the above, the second question was “What are the cellular and metabolic 403 

rearrangements induced by different nutritional conditions in poplar?”. It is known that N 404 

fertilization, applied in a broad range of doses, has positive effects on plant growth (Wooliver et al., 405 

2017), biomass production (Neuberg et al., 2010) and photosynthetic performance (Shang et al., 406 

2018; Zhang et al., 2018b). In our study, the availability of N was effective in lowering ROS 407 

accumulation (as confirmed by the decrease of H2O2 and O2
•- content), resulting in enhanced 408 

membrane stability (e.g. reduced and/or unchanged PII values), independently to O3 concentrations. 409 

This is probably due to simultaneous involvement of antioxidant compounds (e.g. Car and AsA) 410 

and osmoprotectants (e.g. Pro and WSC) that are crucial for preventing oxidative damage (Sharma 411 

et al., 2012; Pellegrini et al., 2016). Nitrogen treatment per se induced a reduction of Tot Car 412 

(except under 1.5 × AA conditions) and an alteration of cellular redox state (e.g. changed 413 

AsA/DHA and GSH/GSSH ratio) confirming that these antioxidants could be consumed by the cell 414 

to prevent and/or scavenge the possible ROS generation (Gill and Tuteja, 2010). In addition, N 415 

treatment per se was beneficial by diverting photosynthates from the formation of transport or 416 

storage carbohydrates (as confirmed by the decrease of WSC content) toward amino acid synthesis, 417 

as reported by Champigny and Foyer (1992). In particular, the observed stimulation of Pro 418 

biosynthesis could have contributed to (i) sustain the electron flow between photosystems, (ii) 419 

enhance membrane stability, (iii) reduce damage of the photosynthetic apparatus, and (iv) stabilize 420 

key enzymes, such as Rubisco (Szabados and Savouré, 2010).  421 
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Phosphorus is another essential element for plant growth and development. It plays crucial 422 

roles in energy transfer, signal transduction, photosynthesis, regulation of metabolic pathways, 423 

membrane synthesis and stability, and respiration (Chiou and Lin, 2011). Similarly to N, the 424 

availability of P enhanced membrane stability by keeping ROS under control (except O2
•- and H2O2 425 

in the case of AA_N0_P40 and 1.5 × AA_N0_P80), independently to O3 concentrations, as 426 

confirmed by the reduced and/or unchanged PII values. This result suggests that an activation of an 427 

efficient free radical scavenging system prevented the oxidative damage. In particular, P treatment 428 

per se induced an alteration of cellular redox state (e.g. changed AsA/DHA and GSH/GSSH ratio) 429 

and an increase of Pro content (except in the case of 1.5 × AA_N0_P40) confirming that these 430 

antioxidants could regulate the level of ROS in order to prevent the occurrence of the oxidative load 431 

(Gill and Tuteja, 2010). These results confirm that nutrient availability (N supply or increasing P 432 

concentrations) induced several cellular and metabolic rearrangements in order to enhance the 433 

defense capability of plants, according to Cao et al. (2016).  434 

Finally, the third question was “Can N and P availability trigger a set of plant adaptive 435 

responses to O3?”. The role of nutrition in O3 tolerance is rather uncertain, and information on this 436 

topic is scarce (Landolt et al., 1997). In particular, studies have been conducted in order to evaluate 437 

the possible role of nutrient availability as modifier of O3-induced effects at physiological level 438 

(Maurer and Matyssek, 1997; Utrianen and Holopainen, 2001; Zhang et al., 2018a, b). As reported 439 

before, N supply, as well as increasing P concentrations, had a positive effect by enhancing the 440 

ability of cells to scavenge O3-derived ROS. This result suggests that nutrient availability triggers a 441 

set of adaptive responses to O3. In our study, N and P treatments induced an important 442 

remobilization of amino acids (e.g. Pro) in response to O3 (independently of the concentrations), in 443 

order to provide energy and antioxidants to limit negative effects (Dumont et al., 2014). In addition, 444 

the concomitant synthesis and/or regeneration of the metabolites involved in the Halliwell-Asada 445 

cycle contributed to mitigate and/or limit the damage caused by O3, as confirmed by the reduced or 446 
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unchanged PII values and the enhanced membrane stability. However, these mitigation effects 447 

appeared to be effective only under AA and 1.5 × AA conditions. N and P supply activated a free 448 

radical scavenging system that was not able to delay leaf senescence and minimize the adverse 449 

effects of a general peroxidation due to the higher O3 concentrations. This is consistent with the 450 

finding in Zhang et al. (2018b). In fact, Zhang et al. (2018b) reported that O3-induced loss of net 451 

photosynthesis was mitigated by N enrichment under 1.5 × AA conditions. However, such a 452 

mitigation effect was not found under 2.0 × AA conditions. Nitrogen addition exacerbated O3-453 

induced increase of dark respiration rate suggesting an increased respiratory carbon loss in the 454 

presence of O3 and N. This may result in a further reduction of the net carbon gain for plants 455 

exposed to O3. 456 

In conclusion, nutrient availability induced a cross-talk between antioxidant and osmotic 457 

mechanisms which regulated the detoxification and/or repair processes of coping with oxidative 458 

stress, by reducing O3 sensitivity of Oxford clone grown under AA and 1.5 × AA conditions. The 459 

present study, together with the ones by Zhang et al. (2018a,b), represents an important and wide-460 

ranging investigation of the interactive effects of nutrient conditions on the O3 sensitivity of poplar. 461 

However, further studies on the nutrient-O3 sensitivity interaction are needed to estimate the impact 462 

of the environmental changes on plants, given the potential and expected specificity of the 463 

investigated responses for (i) the tested species (we used an O3-sensitive poplar clone), (ii) the 464 

experimental conditions such as the intensity and duration of O3 exposure or the plant age (we used 465 

young potted plants), and (iii) the management practices such as fertilization regime, application 466 

concentration and timing (we used high N and P amounts applied only for five months). 467 
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Table 1. Plant Injury Index (PII) on Populus maximoviczii Henry × Populus berolinensis Dippel 657 

(clone Oxford) leaves under free air O3 exposure [applied for 5 months: ambient air (AA), 1.5 × and 658 

2.0 × ambient O3 (1.5 × AA and 2.0 × AA)] and subjected to six combinations of nutrient treatment 659 

[two levels of N (0 and 80 kg N ha-1; N0 and N80) and three P concentrations (0, 40 and 80 kg P ha-660 

1; P0, P40 and P80)]. Data are shown as mean ± standard deviation. Different letters indicate 661 

significant differences among all treatments (P ≤ 0.05; Tukey’s HSD test). Asterisks show the 662 

significance of factors/interaction: *** P≤0.001. 663 

 664 

 
N0_P0 N0_P40 N0_P80 N80_P0 N80_P40 N80_P80 

AA 3.0±0.56 bc 2.3±0.51 abc 1.6±0.37 ab 1.5±0.06 ab 1.1±0.10 a 1.7±0.20 ab 

1.5 × AA 9.5±0.64 gh 5.1±0.12 de 3.0±0.10 bc 3.7±0.31 cd 2.9±0.23 bc 3.5±0.32 c 

2.0 × AA 11.1±1.10 h 5.9±0.36 ef 5.1±0.37 de 3.3±0.46 c 7.3±0.92 f 9.4±0.09 g 

O3 *** 

N enrichment *** 

P enrichment *** 

O3 × N enrichment *** 

O3 × P enrichment *** 

N enrichment × P enrichment *** 

O3 x N enrichment × P enrichment *** 
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Table 2. P values of three-way split-plot ANOVA of the effects of O3, N and P enrichment, and their interactions on malondialdehyde (MDA), 665 

superoxide anion radical (O2
•-), hydrogen peroxide (H2O2), total carotenoids (Tot Car), ascorbate/dehydroascorbate ratio (AsA/DHA), reduced/ 666 

oxidized glutathione ratio (GSH/GSSG), proline (Pro), abscisic acid/indole-3-acetic acid ratio (ABA/IAA) and water soluble carbohydrate (WSC). 667 

Asterisks show the significance of factors/interaction: *** P≤0.001, ** P≤0.01; * P≤0.05; ns P>0.05. d.f. represents the degrees of freedom. 668 

Effects d.f. MDA O2
•- H2O2 Tot Car AsA/DHA GSH/GSSG Pro ABA/IAA WSC 

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

N enrichment 1 * ns *** *** *** *** *** * *** 

P enrichment 2 * *** *** *** *** *** *** ns *** 

O3 × N enrichment 2 *** *** *** *** *** *** *** * *** 

O3 × P enrichment 4 *** *** *** *** *** *** *** *** *** 

N enrichment × P enrichment 2 *** *** *** *** *** *** *** *** *** 

O3 × N enrichment × P enrichment 4 *** *** *** *** *** *** *** *** ** 
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 670 

Fig. 1. Quantification of malondialdehyde (MDA) by-product in Populus maximoviczii Henry × 671 

Populus berolinensis Dippel (clone Oxford) leaves under free air O3 exposure [applied for 5 672 

months: ambient air (AA), 1.5 × and 2.0 × ambient O3 (1.5 × AA and 2.0 × AA)] and subjected to 673 

six combinations of nutrient treatment [two levels of N (0 and 80 kg N ha-1; N0 and N80) and three 674 

P concentrations (0, 40 and 80 kg P ha-1; P0, P40 and P80)]. Data are shown as mean ± standard 675 

deviation. Different letters indicate significant differences among all treatments (P ≤ 0.05; Tukey’s 676 

HSD test; N = 3; see Table 2); DW, dry weight. 677 

  678 
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Fig. 2. Quantification of superoxide anion radical (O2
•-) in Populus maximoviczii Henry × Populus 681 

berolinensis Dippel (clone Oxford) leaves under free air O3 exposure and subjected to six 682 

combinations of nutrient treatment. For details, see Figure 1. Data are shown as mean ± standard 683 

deviation. Different letters indicate significant differences among all treatments (P ≤ 0.05; Tukey’s 684 

HSD test; N = 3; see Table 2). 685 
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Fig. 3. Quantification of hydrogen peroxide (H2O2) in Populus maximoviczii Henry × Populus 692 

berolinensis Dippel (clone Oxford) leaves under free air O3 exposure and subjected to six 693 

combinations of nutrient treatment. For details, see Figure 1. Data are shown as mean ± standard 694 

deviation. Different letters indicate significant differences among all treatments (P ≤ 0.05; Tukey’s 695 

HSD test; N = 3; see Table 2). 696 
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 700 

Fig. 4. Quantification of total carotenoids (Tot Car) in Populus maximoviczii Henry × Populus 701 

berolinensis Dippel (clone Oxford) leaves under free air O3 exposure and subjected to six 702 

combinations of nutrient treatment. For details, see Figure 1. Data are shown as mean ± standard 703 

deviation. Different letters indicate significant differences among all treatments (P ≤ 0.05; Tukey’s 704 

HSD test; N = 3; see Table 2). 705 
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 708 

Fig. 5. Quantification of ascorbate/dehydroascorbate ratio (AsA/DHA) in Populus maximoviczii 709 

Henry × Populus berolinensis Dippel (clone Oxford) leaves under free air O3 exposure and 710 

subjected to six combinations of nutrient treatment. For details, see Figure 1. Data are shown as 711 

mean ± standard deviation. Different letters indicate significant differences among all treatments (P 712 

≤ 0.05; Tukey’s HSD test; N = 3; see Table 2). 713 
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 716 

Fig. 6. Quantification of reduced/oxidized glutathione ratio (GSH/GSSG) in Populus maximoviczii 717 

Henry × Populus berolinensis Dippel (clone Oxford) leaves under free air O3 exposure and 718 

subjected to six combinations of nutrient treatment. For details, see Figure 1. Data are shown as 719 

mean ± standard deviation. Different letters indicate significant differences among all treatments (P 720 

≤ 0.05; Tukey’s HSD test; N = 3; see Table 2). 721 

 722 

  723 



36 
 

P0 P40 P80
0

20

40

60

80

100

P0 P40 P80
0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100
P

ro
 (

m
m

o
l 

 g
-1

D
W

)

P0 P40 P80
0

20

40

60

80

100

P
ro

 (
m

m
o
l 

 g
-1

D
W

)

AA 2.0 x AA1.5 x AA

N0

N80
de

gh hi

ef

d

d

a
b

k

de

c

a

i
fg

j

ii
fgh

 724 

Fig. 7. Quantification of proline (Pro) in Populus maximoviczii Henry × Populus berolinensis 725 

Dippel (clone Oxford) leaves under free air O3 exposure and subjected to six combinations of 726 

nutrient treatment. For details, see Figure 1. Data are shown as mean ± standard deviation. Different 727 

letters indicate significant differences among all treatments (P ≤ 0.05; Tukey’s HSD test; N = 3; see 728 

Table 2). 729 
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Fig. 8. Quantification of abscisic acid/indole-3-acetic acid ratio (ABA/IAA) in Populus 733 

maximoviczii Henry × Populus berolinensis Dippel (clone Oxford) leaves under free air O3 734 

exposure and subjected to six combinations of nutrient treatment. For details, see Figure 1. Data are 735 

shown as mean ± standard deviation. Different letters indicate significant differences among all 736 

treatments (P ≤ 0.05; Tukey’s HSD test; N = 3; see Table 2). 737 
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Fig. 9. Quantification of water soluble carbohydrates (WSC) in Populus maximoviczii Henry × 741 

Populus berolinensis Dippel (clone Oxford) leaves under free air O3 exposure and subjected to six 742 

combinations of nutrient treatment. For details, see Figure 1. Data are shown as mean ± standard 743 

deviation. Different letters indicate significant differences among all treatments (P ≤ 0.05; Tukey’s 744 

HSD test; N = 3; see Table 2). 745 
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