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clone?

Alessandra Poddal® P Claudia Pisuttu’®, Yasutomo Hoshika®, Elisa Pellegrini?@ ©, Elisa
Carrari®, Giacomo Lorenzini® ©, Cristina Nali® ©, Lorenzo Cotrozzi®, Lu Zhang ® 9 Rita

Baraldi®, Luisa Neri®, Elena Paoletti®

@ Department of Agriculture, Food and Environment, University of Pisa, Via del Borghetto 80,
Pisa, 56124, Italy

®) Institute for Sustainable Plant Protection, National Research Council, Via Madonna del Piano 10,
Sesto Fiorentino, Florence, 50019, Italy

© CIRSEC, Center for Climatic Change Impact, University of Pisa, Via del Borghetto 80, Pisa,
56124, Italy

@ College of Horticulture and Landscape Architecture, Northeast Agricultural University,
Changjiang Road 600, Harbin, 150030, China

© Institute of Biometeorology, National Research Council, Via P. Gobetti 101, Bologna, 40129,

Italy

ABSTRACT

We tested the independent and interactive effects of nitrogen (N; 0 and 80 kg ha), phosphorus (P;
0, 40 and 80 kg ha), and ozone (Os) application/exposure [ambient concentration (AA), 1.5 x AA
and 2.0 x AA] for five consecutive months on biochemical traits of the Os-sensitive Oxford poplar
clone. Plants exposed to Oz showed visible injury and an alteration of membrane integrity, as
confirmed by the malondialdehyde by-product accumulation (+3 and +17% under 1.5 x AA and 2.0

x AA conditions, in comparison to AA). This was probably due to Os-induced oxidative damage, as
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documented by the production of superoxide anion radical (02", +27 and +63%, respectively).
Ozone per se, independently from the concentrations, induced multiple signals (e.g. alteration of
cellular redox state, increase of abscisic acid/indole-3-acetic acid ratio and reduction of proline
content) that might be part of premature leaf senescence processes. By contrast, nutrient fertilization
(both N and P) reduced reactive oxygen species accumulation (as confirmed by the decreased O™
and hydrogen peroxide content), resulting in enhanced membrane stability. This was probably due
to the simultaneous involvement of antioxidant compounds (e.g. carotenoids, ascorbate and
glutathione) and osmoprotectants (e.g. proline) that regulate the detoxification processes of coping
with oxidative stress by reducing the Os sensitivity of Oxford clone. These mitigation effects were
effective only under AA and 1.5 x AA conditions. Nitrogen and P supply activated a free radical
scavenging system that was not able to delay leaf senescence and mitigate the adverse effects of a

general peroxidation due to the highest Oz concentrations.

Keywords

Detoxification, oxidative damage, antioxidant compounds, nitrogen, phosphorus, premature

senescence

1. Introduction

Tropospheric ozone (Oz) is widely recognised as the most damaging air pollutant to vegetation due
to its broad geographical distribution and toxicity (Emberson et al., 2018). Ambient Oz levels have
often detrimental effects on crops and forests by inducing yield and biomass loss, and lowering
plant resilience (Gao et al., 2017). Mineral nutrition can profoundly affect the Oz sensitivity of
woody plants (Maurer and Matyssek, 1997; Watanabe et al., 2012; Harmens et al., 2017).
Mechanisms including alterations in growth and defence processes are still under debate (Shang et

al., 2018). Some authors have reported that nutrient availability may determine the kind of plant
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“strategy” useful to cope with Oz-induced oxidative stress, by driving leaf metabolic changes, such
as enhanced assimilation demand as a consequence of increased respiration rates and alteration in
carbohydrate partitioning (Pd4&dkénen and Holopainen, 1995; Bielenberg et al., 2002; Harmens et al.,
2017). Other studies have suggested that nutrition may modify the responses to Oz by shifts in
biomass allocation, which raise maintenance costs and accelerate leaf abscission (Pell et al., 1995;
Maurer and Matyssek, 1997; Watanabe et al., 2012). These discrepancies in the literature are
probably due to (i) species-specific responses, (ii) different experimental conditions (e.g., intensity
and duration of Oz exposure), and (iii) management practices (e.g., fertilization regime, application
concentration and timing, and chemical form). In addition, studies on the interaction between O3
sensitivity and soil nutrient conditions have mostly focused on traits such as visible injury,
photosynthetic capacity, biomass production and allocation, and leaf life-span (e.g., Maurer and
Matyssek, 1997; Singh et al. 2009; Harmens et al., 2017; Kinose et al., 2017a, b; Zhang et al.,
2018b), whereas biochemical investigations of the resulting oxidative stress and antioxidant defence
system in plants exposed to variable Oz x nutrient conditions are lacking.

Proper levels of nitrogen (N) are necessary for plants to sustain a normal and consistent
growth (Barker and Bryson, 2007). This nutrient is the main component of enzymatic and structural
proteins, nucleic acids, chlorophylls and many secondary metabolites, and performs a vital role in
many metabolic processes (Epstein and Bloom, 2005). For example, N is an important component
of Rubisco, the enzyme that catalyses the initial steps of photosynthesis and changes inorganic
carbon to organic matter (LeBauer and Treseder, 2008). Nitrogen applications usually increase the
photosynthetic capacity which is commonly twinned with increased stomatal conductance (Zhang et
al., 2018b). Thus, N applications above the recommended doses can lead to an increased Os uptake
to levels at which antioxidant and repair mechanisms are no longer sufficient to counteract Os-
induced oxidative damage (Harmens et al., 2017; Marzuoli et al., 2018).

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

net primary productivity of plants (Domingues et al., 2010). This macroelement is the main
3
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component of several biomolecules such as phospholipids, sugar phosphates and nucleic acids that
play a pivotal role in carbon metabolism, protein regulation and signal transduction (Amtmann and
Blatt, 2009). Phosphorus deficiency alters the biochemistry of photosynthesis and increases sink
demand for photosynthates for root growth, which in turn alters patterns of growth (Hernandez and
Munné-Bosch, 2015). Insufficient P availability leads to symptoms of photo-oxidative stress, such
as increased free radical production and lipid peroxidation that are induced by disruptions in cellular
homeostasis (Pint6-Marijuan and Munné-Bosch, 2014). Plants are able to activate a series of
physiological, biochemical, and molecular adaptation strategies in order to increase nutrition uptake
and recycling (Niu et al., 2012). These effects, however, could modify stomatal Oz flux impairing
the plant ability to compensate and counteract the negative impact of O3 through detoxification and
repair processes (Plaxton and Tran, 2011). To date, it is unclear how plants sense and respond to
change in P availability under conditions of elevated Os.

Poplar plantations are established in various soil nutritional conditions such as volcanic ash
soils (low nutritional availability; Hoosbeek et al., 2004) and agricultural fields (high-nutritional
availability; Arevalo et al., 2011). However, our knowledge of poplar responses to Oz with various
nutritional conditions is still limited.

In a previous work from the same experiment presented here, Zhang et al. (2018a) tested the
independent and interactive effects of N, P and Oz applications/exposure on biomass growth of the
Os-sensitive Oxford clone (Populus maximoviczii Henry x Populus berolinensis Dippel), showing
that N addition exacerbated Os-induced biomass loss, while P alleviated such biomass losses, but
not under high N supply. However, no synergistic effects were found, suggesting an unbalance
between avoidance (i.e., the ability of leaves to partially close stomata to exclude Oz from leaf
intercellular space) and repair strategies (i.e., the capacity to activate detoxifying systems).

The aim of the present study was to assess the nutritional impact on the metabolic adjustments
adopted by Oxford clone to cope with three levels of Oz in an Oz Free Air Controlled Exposure (Osz-

FACE) facility. Specifically, we asked the following questions: (i) What are the antioxidant
4
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mechanisms activated in response to Os? (ii) What are the cellular and metabolic rearrangements
induced by different nutritional conditions? (iii) Can N and P availability trigger a set of adaptive
responses to O3? We postulated that nutrient availability can induce a cross-talk between
antioxidant and osmotic mechanisms which regulate the strategy of coping with oxidative stress by

reducing Os sensitivity.
2. Materials and Methods
2.1. Plant material and experimental design

The experimental activities were conducted in an Os-FACE system located in Sesto Fiorentino,
Italy (43° 48° 59” N, 11° 12° 01” E, 55 m a.s.l.) as described in Paoletti et al. (2017). Rooted
homogeneous cuttings of Oxford clone were propagated in a greenhouse in early December 2015
and transferred to the Os-FACE facility in April 2016, where they were transplanted into individual
10-L plastic pots containing a mixture of sand:peat:soil (1:1:1 in volume). Plants were irrigated to
field capacity every 2-3 days to avoid water stress. Uniform-sized plants were selected and exposed
to one of these three levels of Os: ambient air concentration (AA), 1.5 x AA, and 2.0 x AA, and
subjected to six combinations of nutrient treatment, i.e. two levels of N (0 and 80 kg N ha!; NO and
N8O, respectively) and three levels of P (0, 40 and 80 kg P ha; PO, P40 and P80, respectively)]
from 1% May to 1% October, 2016. The Accumulated Ozone exposure over a Threshold of 40 ppb
(AOT40, sensu Kéarenlampi and Skérby, 1996) were 14.4, 43.8 and 71.1 ppm h in AA, 1.5 x AA
and 2.0 x AA, respectively, throughout the experimental period (the average concentrations of Os
were 35+0.3, 51.6+0.5 and 66.7+0.5 ppb, respectively). A detailed description of the O3z exposure
methodology and nutritional treatments is available in Zhang et al. (2018a). The N and P amounts
provided in the present study were higher than the nutrient inputs occurring in European forests
(Ferretti et al., 2014). However, the level of N80 may be considered as a realistic N deposition
because the background deposition in some areas, such as the Sichuan basin in China and the

California Central Valley in USA, may be higher than 80 kg N ha® yr! (Zhang et al., 2018b),
5
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whereas P levels were selected based on P affinity constant and adsorption maxima to simulate a
realistic increase in soil available P. Nitrogen deposition in Italy has been reported as ranging
between 7 and 24 kg N ha! yrtin Italy, mainly due to wet deposition (Ferretti et al., 2014). Plants
received approximately one-third of the annual value of precipitation (227 mm) during the
experimental period. So we may say that they received approximately 2-8 kg N ha® by rainfall. The
soil N and P concentrations were shown in our previous paper (Zhang et al. 2018a). Soil N
concentration (mean+S.E.) in NO was 1.7+0.1 g kg, and that in N80 was 2.7+0.1 g kg*. These
values are in agreement with normal soil N ranges (0.2 to 5 g kg?, Bowen 1979). Soil P
concentrations (mean+S.E.) were 0.5+0.1 g kg in PO and 1.0+0.1 g kg in P80, i.e. within the
range of native P in soils (usually 0.5 to 0.8 g kg, with peaks of 1.0 to 1.3 g kg, Stevenson and
Cole 1999). Three replicated plots (5 x 5 x 2 m) were assigned to each O3 treatment, with three
plants per each combination of Oz level, and N and P enrichment. Plants were repositioned every
month within each plot to avoid positional effects (Potvin and Tardif, 1988). At the end of the
experiment, fully expanded leaves (5-8" order from the tip terminal shoot, flushed in July 2016) of
all the three plants per plot in each Oz x N x P treatment were gathered (from 9:00 to 12:00 am),
divided into aliquots, immediately frozen in liquid nitrogen and stored at -80 °C until biochemical
analyses. Biochemical analyses aimed to investigate the Oz-induced oxidative damage [i.e., lipid
peroxidation and reactive oxygen species (ROS) contents] as well as the antioxidative (i.e., foliar
pigments, ascorbate and glutathione) and osmoprotective [i.e., proline (Pro), abscisic acid (ABA),
indole-3-acetic acid (IAA) and water soluble carbohydrates (WSC)] responses adopted by poplar
under variable environments. Leaf mass per area (LMA) was not different between the treatments

and the mean value (mean+S.E.) was 75.5+1.5 g m™.

2.2. Visible injury, oxidative damage and ROS content

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

surface by in-hand examination with a 10x hand lens with the help of photoguides (Paoletti et al.,
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2009). All fully expanded attached leaves per each plant were examined. The percentage of affected
leaves per plant (LA), and the 5%-step percentage of area affected in the symptomatic leaves (AA)
were visually scored, and a Plant Injury Index (PII) was calculated combining the two parameters:

PIl = (LA x AA)/100 (Paoletti et al., 2009).

Lipid peroxidation was estimated by determining the malondialdehyde (MDA) by-product
accumulation, according to the method of Hodges et al. (1999) with minor modifications, as
reported by Guidi et al. (2017). The determination was performed with a fluorescence/absorbance

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

Superoxide anion radical (O2™) content was measured according to Tonelli et al. (2015) with
the same fluorescence/absorbance microplate reader reported above. This assay is based on the
reduction of a tetrazolium dye sodium, 3’-(1-[phenylamino-carbonyl]-3,4-tetrazolium)-bis(4-
methoxy-6-nitro) benzene-sulfonic acid hydrate (XTT) by O to a soluble XTT formazan (Able et

al., 1998).

Hydrogen peroxide (H202) content was measured using the Amplex Red Hydrogen
Peroxide/Peroxidase Assay Kit (Molecular Probes, Life Technologies Corp., Carlsbad, CA, USA)
according to Cotrozzi et al. (2017a). The determination was performed with the same
fluorescence/absorbance microplate reader reported above at 510 and 590 nm (excitation and

emission of resofurin fluorescence, respectively).

2.3 Non-enzymatic antioxidant compounds

Photosynthetic and accessory pigments were measured after extracting 30 mg of leaf tissue in 0.3
mL of 100% HPLC-grade methanol overnight at 4 °C in the dark. Pigments were then determined
by High Performance Liquid Chromatography (HPLC; P680 Pump, UVD170U UV-VIS detector,
Dionex, Sunnyvale, CA, USA) at room temperature with a reverse-phase Dionex column (Acclaim

120, C18, 5 um particle size, 4.6 mm internal diameter x 150 mm length), according to Cotrozzi et

7



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

al. (2017b), with some minor modifications. Samples were centrifuged for 15 min at 16,000 g at 5
°C and the supernatant was filtered through 0.2 pm Minisart® SRT 15 aseptic filters and
immediately analyzed. The pigments were eluted using 100% solvent A (acetonitrile/methanol,
75125, viv) for the first 14 min to elute all xanthophylls, followed by a 1.5 min linear gradient to
100% solvent B (methanol/ethylacetate, 68/32, v/v), 15 min with 100% solvent B, which was
pumped for 14.5 min to elute chlorophyll (chl) b and a and p-carotene, followed by 2 min linear
gradient to 100% solvent A. The flow-rate was 1 mL min™. The column was allowed to re-
equilibrate in 100% solvent A for 10 min before the next injection. The pigments were detected by
their absorbance at 445 nm. To quantify the pigment content of each sample, known amounts of
pure authentic standards were injected into the HPLC system and an equation, correlating peak area
to pigment concentration, was formulated. The data were evaluated by Dionex Chromeleon
software, according to the manufactor.

Reduced (AsA) and oxidized (DHA) ascorbate contents were measured according to the
method of Kampfenkel et al. (1995). This assay is based on the reduction of ferric ions (Fe3*) to
ferrous ions (Fe?*) with ascorbic acid in acid solution, followed by the formation of the red chelate
between Fe?* ijons and 2,2-dipyrydil. Samples were ground with mortar and pestle and then
extracted with 1 mL of 6% (w/v) trichloroacetic acid. Total ascorbate (AsA + DHA) was
determined through a reduction of dehydroascorbate to ascorbate by dithiothreitol. DHA
concentrations were estimated from the difference between amounts of total ascorbate and AsA.
The determination was performed with a spectrophotometer (6505 UV-Vis, Jenway, Staffordshire,
UK) at 525 nm.

Reduced (GSH) and oxidized (GSSG) glutathione contents were measured according to the
method of Griffith (1980). This assay is based on an enzymatic recycling procedure in which
glutathione was sequentially oxidized by 5,5’-dithiobis-2-nitrobenzoic acid and reduced by NADPH
in the presence of glutathione reductase. Samples were added to 0.5 mL 6% (w/v) trichloroacetic

acid. For specific assay of GSSG, GSH was masked by derivatization with 4-vinylpyridine in the
8
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presence of triethanolamine. Changes in absorbance of the reaction mixtures were measured at 412
nm for 15 min at 25 °C. The amount of GSH was calculated by subtracting the GSSG amount, as
GSH equivalents, from the total glutathione amount. A standard calibration curve, where GSH
equivalents (from 0 to 10 mM) were plotted against the slope of change in absorbance at 412 nm,

was used.
2.4. Osmoprotective compounds

Pro content was measured according to the procedure described by Cotrozzi et al. (2017b), which is
based on the colorimetric reaction of Pro with ninhydrin (Bates et al., 1973). The determination was

performed at 520 nm with the same spectrophotometer reported above.

The content of the free forms of both IAA and ABA were analysed according to Ludwig-
Miller et al. (2008) and Brilli et al. (2018), with some modifications. Approximately 0.02 g dry
weight (DW) of lyophilized leaf material were extracted with 1 mL isopropanol:acetic acid (95:5,
v/v), to which 500 ng each of *Cs-IAA and Hg-ABA (OIChemIm, Olomouc, Czech Republic)
were added as internal standards for quantitative mass-spectral analysis. After overnight isotope
equilibration at 4 °C, the samples were centrifuged for 10 min at 10,000 g, the supernatants were
collected and, after a double re-extraction of the pellet with 500 pL extraction solution, were
evaporated to dryness with a rotary evaporator. The residues were resuspended in 300 pL methanol
and methylated with 500 pL diazomethane in the dark for about 30 min, then dried under a gentle
N2 gas stream (Baraldi et al., 1988). The samples were finally resuspended in 30 pL ethyl acetate
and 2 pL were injected into a GC-MS system (7890A-5975C, Agilent Technologies, Santa Clara,
CA, USA) in splitless mode onto a HP1 capillary column (length 60 m, inner diameter 0.25 mm,;
film thickness 0.25 um, Agilent Technologies, Santa Clara, CA, USA). Helium was employed as a
carrier gas and provided at a flow rate of 1 mL min*, GC injector was set at 280 °C and the oven
temperature was increased from 90 to 200 °C at a rate of 20 °C min’, then at a rate of 8 °C min

until 280 °C, followed by 4 min isotermically at 280 °C. The source temperature was set at 230 °C
9
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and ionizing voltage was 70 eV. lons monitored were: m/z 130, 136 for the base peak (quinolinium
ion) and m/z 189, 195 for the molecular ion of the methyl-IAA and the methyl-13Ce-1AA,
respectively; m/z 190, 194 for the base peak and m/z 162, 166 for the molecular ion of the methyl-
ABA and methyl-?Hs-ABA, respectively. For absolute quantification, the endogenous hormone
levels were estimated from the corresponding peak area by calculating the ratios between m/z
130/136 and m/z 189/195 for IAA, and m/z 190/194 and 162/166 for ABA, according to the

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

WSC were measured after extracting 60 mg of leaf tissue in 1 mL of demineralized water for
HPLC and heating for 60 min in a water bath at 60 °C. The extracts were analyzed by HPLC (with
the same pumps used for photosynthetic pigments) equipped with a BioRad column (Aminex HPX-
87H, 300 x 7.8 mm, Richmond, CA, USA) at 50 °C, according to Pellegrini et al. (2015) with some
minor modifications. Samples were centrifuged for 20 min at 5,000 g at 20 °C and the supernatant
was filtered through 0.2 um Minisart® SRT 15 aseptic filters and immediately analyzed. The
carbohydrates were detected with a differential refractometer (Shodex, West Berlin, NJ, USA) and
demineralized water for HPLC was used as mobile phase (flow rate 0.8 mL min). To quantify the
carbohydrate content of each sample, known amounts of pure authentic standards were injected into

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

Statistical analyses were performed with JMP 11.0 (SAS Institute, Cary, NC, USA). The study was
conducted in a well-replicated split-plot experiment with a full-factorial combination of treatments.
Ozone was the whole-plot factor as each of the three Os levels had three blocks and the six nutrient
combinations (two levels of N and three levels of P) were randomly assigned to 18 pots (three pots
per nutrient combination), distributed among the three blocks of each Oz level (for a total of 54 pots
distributed among nine blocks). All data were tested with Kolmogorov-Smirnov test for normality

and with Levene test for homogeneity of variance. All data were normally distributed and thus were
10
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analyzed with a full-factorial split-plot three-way analysis of variance (ANOVA) with Oz, N and P
as fixed factors, and the block as random factor nested in Os. Differences (P < 0.05) were tested by

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

3. Results

3.1. Visible injury, oxidative damage and ROS content

Plants exposed to Oz (alone or in combination with N and/or P treatments) developed visible minute
stipples of browning tissue localized in the interveinal adaxial leaf area. The most severe damage
occurred in 2.0 x AA_NO_PO plants (Table 1): 42% of the scored leaves were affected, and the
injured leaves had on average 20% of their surface covered by stippling. Nitrogen enrichment per se
decreased P11 when the N80_PO treatment was compared to the NO_PO only under 1.5 x AA and 2.0
x AA O3 concentrations (-61 and -70%, respectively). Phosphorus enrichment per se decreased PlI
values relative to NO_PO (independently of Oz concentrations), with significant differences between
the P treatments only under 1.5 x AA conditions (-46 and -68% in P40 and P80, respectively).
Increased PII values were observed when N and P enrichments were combined, under 2.0 x AA
conditions, with significant differences between the P treatments (about two-fold higher than

NSO_P0).

The three-way ANOVA showed that all the effects on MDA, O™ and H.O> were significant,
except for N enrichment on O." (Table 2). Compared to AA_NO_PO conditions, MDA was (i)
increased by Os per se, with significant differences between the two higher O3z concentrations (+3
and +17% in 1.5 x AA and 2.0 x AA, respectively; Fig. 1); (ii) markedly decreased by N
enrichment per se (-36%), and (iii) decreased by P enrichment per se, with significant differences
between the P treatments (-19 and -9% in P40 and P80, respectively). Under combined Oz and N
enrichment conditions, MDA significantly decreased when all N80_PO treatments were compared

to NO_PO ones, independently of Oz concentrations. Unchanged MDA values were observed when
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N and high P enrichments were combined under 1.5 x AA and 2.0 x AA conditions. By contrast,
the combination of Oz and P enrichment induced a marked decrease of MDA, independently of the

level of both factors.

Compared to AA_NO_PO conditions, O>™ was (i) increased by Os per se, with significant
differences between the two higher Oz concentrations (+27 and +63% in 1.5 x AA and 2.0 x AA,
respectively; Fig. 2); (ii) slightly decreased by N enrichment per se (-12%), and (iii) unchanged by
P enrichment per se. Under combined Oz and N enrichment conditions, O™ content significantly
decreased when N80_PO treatment was compared to NO_PO, only under 2.0 x AA conditions. By
contrast, the combination of N and P enrichment induced a marked increase of O™ in comparison to
N80_PO, independently of Os concentrations (except in the case of 1.5 x AA_N80_P40).
Unchanged O™ values were observed when Oz and high P enrichments were combined compared

to NO_PO (except in the case of 1.5 x AA).

Compared to AA_NO_PO conditions, H202 was (i) increased by moderate Oz concentrations
per se (+4%, Fig. 3); (ii) significantly decreased by N enrichment per se (-56%), and (iii) decreased
by high P enrichment per se (-42%). Under combined Oz and N enrichment conditions, H20>
content significantly decreased when all N80 PO treatments were compared to NO_PO,
independently of Os concentrations (except under 1.5 x AA conditions). By contrast, the
combination of N and P enrichment induced a marked increase of H.O, compared to N80_PO,
independently of Os concentrations (except in the case of 1.5 x AA _N80_P40). Compared to
NO_PO conditions, reduced H20> values were observed when Oz and P enrichments were combined

under 1.5 x AA (except in the case of 1.5 x AA_NO_P80) and 2.0 x AA conditions.

3.2. Non-enzymatic antioxidant compounds

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

were significant (Table 2). Compared to AA_NO_PO conditions, Tot Car content was (i) increased

12
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by high Oz concentrations per se (+60%, Fig. 4); (ii) slightly decreased by N enrichment per se in
leaves grown under AA_N80_PO conditions (-36%), and (iii) unchanged by P enrichment per se.
Under combined Oz and N enrichment conditions, Tot Car content significantly decreased when
N80_PO treatments were compared to NO_PO, only under 2.0 x AA conditions (-23%). Similarly,
the combination of N and P enrichment induced a marked decrease of Tot Car content compared to
N80_PO under 2.0 x AA conditions (without significant differences between P concentrations).
Compared to NO_PO, a decrease of Tot Car content was observed when moderate Oz and high P
enrichments were combined (-24%). The same response was observed when high Oz and P

enrichments were combined, with significant differences between P concentrations.

Compared to AA_NO_PO conditions, AsA/DHA ratio was increased by moderate O3
concentrations per se (+19%) and P enrichment per se, without significant differences between P
concentrations (Fig. 5). Under combined Oz and N enrichment conditions, the AsA/DHA ratio
significantly increased when all N80_PO treatments were compared to NO_PO, only under 2.0 x AA
conditions. Similarly, the combination of N and P enrichment induced a marked decrease of
AsA/DHA ratio compared to N80 PO, under AA and 2.0 x AA conditions (with significant
differences between P concentrations under AA conditions). A decrease of AsA/DHA ratio was
observed when moderate Oz concentrations and P enrichments were combined compared to NO_PO,

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

Compared to AA_NO_PO conditions, GSH/GSSG ratio was only altered by O3 per se (-52 and
+56% by Oz concentrations, under 1.5 x AA and 2.0 x AA conditions, respectively, Fig. 6). Under
combined Oz and N enrichment conditions, the GSH/GSSG ratio significantly decreased when
N80_PO treatments were compared to NO_PO, only under 2.0 x AA conditions. The combination of
N and P enrichment induced a marked increase of GSH/GSSG ratio compared to N80_PO, under

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

and P enrichment were combined compared to NO_PO (except in the case of 2.0 x AA_NO_P80).

3.3. Osmoprotective compounds

The three-way ANOVA showed that all the effects on Pro, abscisic acid/indole-3-acetic acid ratio
(ABA/IAA) and WSC were significant, except for P enrichment on ABA/IAA ratio (Table 2).
Proline was increased by each single factor (+40, +21 and around +23% by high Oz concentrations,
N and P enrichment per se, respectively, Fig. 7). Under combined Oz and N enrichment conditions,
Pro significantly increased when all N80 PO treatments were compared to NO_PO, except under
high Os concentrations. Similarly, the combination of N and P enrichment induced a marked
increase of Pro compared to NO_PO, in 1.5 x AA and 2.0 x AA conditions (except in the case of 2.0
x AA_NB80_P40). Increased Pro values were observed when Oz and P enrichments were combined
compared to NO_PO, independently of Os and P concentrations (except in the case of 1.5

xAA_NO_P40).

Compared to AA_NO_PO conditions, ABA/IAA was not altered by each factor per se (Fig. 8).
Only the combination of N and P enrichment induced a marked decrease of ABA/IAA compared to
N80_PO under 1.5 xAA conditions. Compared to NO_PO conditions, increased ABA/IAA values

were observed when moderate Oz concentrations and moderate P enrichment were combined.

Compared to AA_NO_PO0 conditions, WSC was (i) increased by high Oz concentrations per se
(+32%, Fig. 9); (ii) markedly decreased by N enrichment per se in leaves grown under AA_N80 PO
conditions (-36%), and (iii) unchanged by P enrichment per se. Under combined Oz and N
enrichment conditions, WSC significantly decreased when all N80_PO treatments were compared to
NO_PO, independently of Os concentrations. By contrast, the combination of N and high P

enrichment induced a marked increase of WSC compared to N80 _PO, only under 2.0 x AA
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conditions. Unchanged WSC values were observed when increased Os concentrations and high P

enrichments were combined relative to NO_PO.

Discussion

To ensure their survival, plants have to cope with a variety of environmental constraints such as Os
and nutrient availability (Landolt et al., 1997). It is well known that Oz exposure causes both visible
and physiological damage to trees (Pellegrini et al., 2011, 2018; Cotrozzi et al., 2016; Zhang et al.,
2018b). Visible injury is often a marker of Os-induced oxidative damage, although it does not
always coincide with an alteration of the photosynthetic performance (Paoletti et al., 2009;
Gottardini et al., 2014; Yang et al., 2016). Ozone sensitivity of several species and clones of the
genus Populus has been documented (Lorenzini et al. 1999; Pellegrini et al., 2012). This sensitivity
is attributed to the high stomatal conductance, that is typical of fast-growing tree species (Marzuoli
et al., 2008). Foliar injuries in the Oz-sensitive Oxford poplar clone have been detected in previous
open-top chamber experiments, suggesting that an unbalance between avoidance (i.e. the ability of
leaves to partially close stomata to exclude Oz from leaf intercellular space) and repair strategies
(i.e. the capacity to activate detoxification systems) occurred (Marzuoli et al., 2008). In our
previous work (Zhang et al., 2018a), we confirmed that N enrichment increased O3z uptake by 5-
10%, while P reduced it by 4-10% in Oxford poplar clone. Although P enrichment slightly
decreased Oz uptake, we did not find significant mitigation effects of P on Oz-induced biomass
reduction. On the other hand, the interactive effects of O3 x N on biomass were statistically
significant. As a result, in both cases of AOT40 and Phytotoxic Ozone Dose 4, we found the greater
reduction of biomass per unit Oz uptake under N enrichment compared to NO, suggesting that N
increased the Ogz sensitivity. Such sensitivity is probably closely related to repair and detoxification

processes.

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

mechanisms activated by poplar in response to O3?”. In a previous work from the same experiment
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presented here, Zhang et al. (2018b) focused on the independent and interactive effects of N, P and
O3 applications/exposure on ecophysiological traits of Oxford clone, and reported that plants
exposed to the two higher Oz concentrations showed accelerated leaf senescence and a significant
decrease of photosynthetic efficiency. Here, our results confirm that visible injury and membrane
damage occurred (i.e. pronounced increase of MDA by-product values), likely due to an Oz-induced
oxidative burst, as documented by H>O. and O™ accumulation. The alteration of membrane
structure and integrity under increased ROS conditions are characteristic of Os-sensitive plants,
which are not able to defend themselves through metabolic adjustments (Rao et al., 2000). Our
results suggest that the two higher Oz concentrations modified the redox state of the metabolites
involved in the Halliwell-Asada cycle, although in a different way between the Oz levels. Under 1.5
x AA conditions, enhanced ROS evolution had a lower impact on the AsA/DHA ratio than on the
GSH/GSSG ratio, suggesting that GSH turnover was probably necessary to sustain the conversion
of DHA to AsA in leaf tissue, where an extra amount of reducing power is available due to limited
CO; assimilation (Polle, 1996). Under 2.0 x AA conditions, an opposite trend was observed,
suggesting that AsA pool could be directly involved in Os-derived ROS scavenging at this Os
concentration, as indicated by the low AsA/DHA ratio. These results confirm that AsA represents
the first line of defence against Os-induced oxidative load (Noctor and Foyer, 1998), although it
does not seem sufficient to mitigate the negative effects of Oz in terms of ROS production and
membrane denaturation (van Hove et al., 2001). According to Foyer and Noctor (2011), it is
possible to speculate that intracellular AsA was more important in terms of regulation than in redox
homeostasis. This is probably because AsA is a cofactor of several plant-specific enzymes that are
involved in important pathways leading to the biosynthesis of (i) plant hormones (e.g. ABA), (ii)
defence-related secondary metabolites and (iii) cell wall hydroxyproline-rich proteins (Gest et al.,
2013). Our results suggest that the two higher Oz concentrations induced multiple signals that might
be a part of a premature leaf senescence process, although in a different way between the Oz levels.

Under 1.5 x AA conditions, the observed increase of ABA/IAA ratio and the concomitant reduction
16
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of Pro content indicate that these compounds triggered a premature leaf death rather than an
osmoregulation (Cotrozzi et al., 2016). Under 2.0 x AA conditions, plants showed an interaction
among ABA/IAA, Pro and WSC resulting in an orchestrated signalling response that might be part
of a premature leaf senescence process (Cotrozzi et al., 2017b). These results confirm that plants
were not able to adopt metabolic adjustments in order to activate repair strategies against the two

higher O3 concentrations.

In light of the above, the second question was “What are the cellular and metabolic
rearrangements induced by different nutritional conditions in poplar?”. It is known that N
fertilization, applied in a broad range of doses, has positive effects on plant growth (Wooliver et al.,
2017), biomass production (Neuberg et al., 2010) and photosynthetic performance (Shang et al.,
2018; Zhang et al., 2018b). In our study, the availability of N was effective in lowering ROS
accumulation (as confirmed by the decrease of H2.O2 and O™ content), resulting in enhanced
membrane stability (e.g. reduced and/or unchanged PII values), independently to Oz concentrations.
This is probably due to simultaneous involvement of antioxidant compounds (e.g. Car and AsA)
and osmoprotectants (e.g. Pro and WSC) that are crucial for preventing oxidative damage (Sharma
et al., 2012; Pellegrini et al., 2016). Nitrogen treatment per se induced a reduction of Tot Car
(except under 1.5 x AA conditions) and an alteration of cellular redox state (e.g. changed
AsA/DHA and GSH/GSSH ratio) confirming that these antioxidants could be consumed by the cell
to prevent and/or scavenge the possible ROS generation (Gill and Tuteja, 2010). In addition, N
treatment per se was beneficial by diverting photosynthates from the formation of transport or
storage carbohydrates (as confirmed by the decrease of WSC content) toward amino acid synthesis,
as reported by Champigny and Foyer (1992). In particular, the observed stimulation of Pro
biosynthesis could have contributed to (i) sustain the electron flow between photosystems, (ii)
enhance membrane stability, (iii) reduce damage of the photosynthetic apparatus, and (iv) stabilize

key enzymes, such as Rubisco (Szabados and Savouré, 2010).
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Phosphorus is another essential element for plant growth and development. It plays crucial
roles in energy transfer, signal transduction, photosynthesis, regulation of metabolic pathways,
membrane synthesis and stability, and respiration (Chiou and Lin, 2011). Similarly to N, the
availability of P enhanced membrane stability by keeping ROS under control (except O.™ and H20>
in the case of AA_NO P40 and 1.5 x AA_NO_P80), independently to O3z concentrations, as
confirmed by the reduced and/or unchanged PII values. This result suggests that an activation of an
efficient free radical scavenging system prevented the oxidative damage. In particular, P treatment
per se induced an alteration of cellular redox state (e.g. changed ASA/DHA and GSH/GSSH ratio)
and an increase of Pro content (except in the case of 1.5 x AA_NO_P40) confirming that these
antioxidants could regulate the level of ROS in order to prevent the occurrence of the oxidative load
(Gill and Tuteja, 2010). These results confirm that nutrient availability (N supply or increasing P
concentrations) induced several cellular and metabolic rearrangements in order to enhance the

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

Finally, the third question was “Can N and P availability trigger a set of plant adaptive
responses to Os3?”. The role of nutrition in O3 tolerance is rather uncertain, and information on this
topic is scarce (Landolt et al., 1997). In particular, studies have been conducted in order to evaluate
the possible role of nutrient availability as modifier of Os-induced effects at physiological level
(Maurer and Matyssek, 1997; Utrianen and Holopainen, 2001; Zhang et al., 2018a, b). As reported
before, N supply, as well as increasing P concentrations, had a positive effect by enhancing the
ability of cells to scavenge Oz-derived ROS. This result suggests that nutrient availability triggers a
set of adaptive responses to Os. In our study, N and P treatments induced an important
remobilization of amino acids (e.g. Pro) in response to Oz (independently of the concentrations), in
order to provide energy and antioxidants to limit negative effects (Dumont et al., 2014). In addition,
the concomitant synthesis and/or regeneration of the metabolites involved in the Halliwell-Asada

cycle contributed to mitigate and/or limit the damage caused by Os, as confirmed by the reduced or
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unchanged PIl values and the enhanced membrane stability. However, these mitigation effects
appeared to be effective only under AA and 1.5 x AA conditions. N and P supply activated a free
radical scavenging system that was not able to delay leaf senescence and minimize the adverse
effects of a general peroxidation due to the higher Oz concentrations. This is consistent with the
finding in Zhang et al. (2018b). In fact, Zhang et al. (2018b) reported that Os-induced loss of net
photosynthesis was mitigated by N enrichment under 1.5 x AA conditions. However, such a
mitigation effect was not found under 2.0 x AA conditions. Nitrogen addition exacerbated Os-
induced increase of dark respiration rate suggesting an increased respiratory carbon loss in the
presence of Oz and N. This may result in a further reduction of the net carbon gain for plants

exposed to Os.

In conclusion, nutrient availability induced a cross-talk between antioxidant and osmotic
mechanisms which regulated the detoxification and/or repair processes of coping with oxidative
stress, by reducing Os sensitivity of Oxford clone grown under AA and 1.5 x AA conditions. The
present study, together with the ones by Zhang et al. (2018a,b), represents an important and wide-
ranging investigation of the interactive effects of nutrient conditions on the Os sensitivity of poplar.
However, further studies on the nutrient-Oz sensitivity interaction are needed to estimate the impact
of the environmental changes on plants, given the potential and expected specificity of the
investigated responses for (i) the tested species (we used an Osz-sensitive poplar clone), (ii) the
experimental conditions such as the intensity and duration of Oz exposure or the plant age (we used
young potted plants), and (iii) the management practices such as fertilization regime, application

concentration and timing (we used high N and P amounts applied only for five months).
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657 Table 1. Plant Injury Index (PII) on Populus maximoviczii Henry x Populus berolinensis Dippel
658  (clone Oxford) leaves under free air Oz exposure [applied for 5 months: ambient air (AA), 1.5 x and
659 2.0 x ambient Oz (1.5 x AA and 2.0 x AA)] and subjected to six combinations of nutrient treatment
660  [two levels of N (0 and 80 kg N ha!; NO and N80) and three P concentrations (0, 40 and 80 kg P ha-
661 1 PO, P40 and P80)]. Data are shown as mean + standard deviation. Different letters indicate
662  significant differences among all treatments (P < 0.05; Tukey’s HSD test). Asterisks show the

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

NO_PO NO_P40 NO_P80 N80_PO N8O P40 N8O P80

AA 3.0£0.56 bc  2.3+0.51 abc 1.6+0.37ab  1.5+0.06 ab 1.1+0.10a  1.7+0.20 ab
15x AA  95+0.64gh 5.1+0.12de 3.0£0.10bc 3.7x0.31cd 2.9+0.23bc  3.5+0.32c
20x AA  11.1+1.10h 5.9+0.36ef 5.1+0.37de 3.3+0.46¢C 7.3£0.92 f 9.4+0.09 ¢

03 **k*
N enrichment ***
P enrichment ***
O3 x N enrichment ***
O3 x P enrichment ***
N enrichment x P enrichment ***
O3 x N enrichment x P enrichment ***
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667

668

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

superoxide anion radical (O."), hydrogen peroxide (H20>), total carotenoids (Tot Car), ascorbate/dehydroascorbate ratio (AsA/DHA), reduced/

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

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.

Effects df. MDA O, H;0; TotCar ASA/DHA GSHIGSSG Pro ABA/IAA  WSC
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Fig. 1. Quantification of malondialdehyde (MDA) by-product in Populus maximoviczii Henry x
Populus berolinensis Dippel (clone Oxford) leaves under free air Oz exposure [applied for 5
months: ambient air (AA), 1.5 x and 2.0 x ambient Oz (1.5 x AA and 2.0 x AA)] and subjected to
six combinations of nutrient treatment [two levels of N (0 and 80 kg N ha*; NO and N80) and three
P concentrations (0, 40 and 80 kg P ha*; PO, P40 and P80)]. Data are shown as mean + standard
deviation. Different letters indicate significant differences among all treatments (P < 0.05; Tukey’s

HSD test; N = 3; see Table 2); DW, dry weight.
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Fig. 2. Quantification of superoxide anion radical (O2™) in Populus maximoviczii Henry x Populus
berolinensis Dippel (clone Oxford) leaves under free air Oz exposure and subjected to six
combinations of nutrient treatment. For details, see Figure 1. Data are shown as mean * standard
deviation. Different letters indicate significant differences among all treatments (P < 0.05; Tukey’s

HSD test; N = 3; see Table 2).
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Fig. 3. Quantification of hydrogen peroxide (H202) in Populus maximoviczii Henry x Populus

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

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

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

HSD test; N = 3; see Table 2).
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Fig. 4. Quantification of total carotenoids (Tot Car) in Populus maximoviczii Henry x Populus

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

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

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

HSD test; N = 3; see Table 2).
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Fig. 5. Quantification of ascorbate/dehydroascorbate ratio (AsA/DHA) in Populus maximoviczii
Henry x Populus berolinensis Dippel (clone Oxford) leaves under free air Oz exposure and
subjected to six combinations of nutrient treatment. For details, see Figure 1. Data are shown as
mean = standard deviation. Different letters indicate significant differences among all treatments (P

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

717  Fig. 6. Quantification of reduced/oxidized glutathione ratio (GSH/GSSG) in Populus maximoviczii
718  Henry x Populus berolinensis Dippel (clone Oxford) leaves under free air Oz exposure and
719  subjected to six combinations of nutrient treatment. For details, see Figure 1. Data are shown as
720  mean * standard deviation. Different letters indicate significant differences among all treatments (P

721 <0.05; Tukey’s HSD test; N = 3; see Table 2).
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Fig. 7. Quantification of proline (Pro) in Populus maximoviczii Henry x Populus berolinensis

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

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

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

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

maximoviczii Henry x Populus berolinensis Dippel (clone Oxford) leaves under free air Os

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

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

treatments (P < 0.05; Tukey’s HSD test; N = 3; see Table 2).
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Fig. 9. Quantification of water soluble carbohydrates (WSC) in Populus maximoviczii Henry x
Populus berolinensis Dippel (clone Oxford) leaves under free air Oz exposure and subjected to six
combinations of nutrient treatment. For details, see Figure 1. Data are shown as mean * standard
deviation. Different letters indicate significant differences among all treatments (P < 0.05; Tukey’s

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