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Abstract 9 

Ozone is considered to be a major phytotoxic pollutant. It is an oxidizing molecule with harmful effects 10 

that can affect human health and vegetation. Due to its phytotoxicity, it constitutes a threat to food 11 

security in a context of climate change. Proline accumulation is induced in response to numerous 12 

stresses and is assumed to be involved in plant antioxidant defense. We therefore addressed the 13 

question of the putative involvement of proline in plant ozone responses by analyzing the responses 14 

of two Arabidopsis mutants (obtained in the Col-0 genetic background) altered in proline metabolism 15 

and different ecotypes with various ozone sensitivity, to controlled ozone treatments.  Among the 16 

mutants, the p5cs1 mutant plants accumulated less proline than the double prodh1xprodh2 (p1p2) 17 

mutants. Ozone treatments did not induce accumulation of proline in Col-0 nor in the mutant plants. 18 

However, the variation of the photosynthetic parameter Fv/Fm in the p1p2 mutant suggests a positive 19 

effect of proline. Proline accumulation induced by ozone was only observed in the most ozone-20 

sensitive ecotypes, Cvi-0 and Ler. Contrary to our expectations, proline accumulation could not be 21 

correlated with variations in protein oxidation (carbonylation). On the other hand, flavonols content, 22 

measured here, using non-destructive methods, reflected exactly the genotypes ranking according to 23 

ozone sensitivity.  24 
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1. Introduction 30 

Plants are subjected to many environmental constraints such as low or high temperatures, drought, 31 

ultraviolet (UV) radiation and gaseous pollutants like tropospheric ozone (O3). Tropospheric ozone is a 32 

secondary pollutant formed by photochemical reactions of anthropogenic precursors, mainly nitrogen 33 

oxides (NOx) and volatile organic compounds (including the non-anthropogenic plant-emitted volatile 34 

organic compounds). Tropospheric ozone concentrations have increased considerably over the past 35 

century (Parrish et al., 2012) and predictions show that they will remain high for several decades 36 

(Sicard et al., 2017). In addition, ozone is considered as a highly phytotoxic air pollutant (Tiwari and 37 

Agrawal, 2018).  38 

The extent of damage to plants induced by ozone is a function of the intensity and duration of the 39 

exposure to the pollutant, in other words, of the ozone dose (Mills et al., 2011). Acute exposure, that 40 

is, exposure to high concentrations of ozone for short periods of time, can trigger hypersensitivity 41 
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responses characterized by the appearance of necrotic lesions on leaf surfaces (Kangasjarvi et al., 1 

2005). In Arabidopsis thaliana (L.) Heynh, 93 ecotypes have been ranked according to their sensitivity 2 

to ozone, based on such leaf symptoms (Brosché et al., 2010). Plants chronically exposed to current   3 

ozone concentrations (Sicard et al., 2017) may not develop necrotic leaf symptoms. Rather, 4 

photosynthesis reduction, inhibition of plant growth and, over time, premature senescence may be 5 

observed (Gandin et al., 2021; Jolivet et al., 2016). Indeed, current tropospheric ozone concentrations 6 

are sufficiently high to reduce yield in many plant species in several regions of the world (Emberson et 7 

al., 2018). In poplar, Holm oak, wheat or common bean, as much as 10% in leaf, root, seed and/or total 8 

biomass can be lost to ozone (Hayes et al., 2020), even if the impact of ozone varies between species 9 

and between cultivars. For example, wheat and bean are considered as sensitive to ozone whereas 10 

barley is classified as resistant (Mills et al., 2007). 11 

Ozone is absorbed by plants through stomata, which can lead to a decrease in stomatal conductance. 12 

Once in the stomatal cavity, ozone is dissolved in the apoplasm and this results in the formation of 13 

reactive oxygen species (ROS) (Kangasjarvi et al., 2005). If the plant’s antioxidant systems become 14 

overwhelmed by ozone-induced ROS, damage to major cellular biomolecules occurs (proteins, lipids, 15 

nucleic acids and chlorophylls) (Foyer and Noctor, 2005). Decrease in leaves chlorophylls has been 16 

repeatedly observed, for example in Arabidopsis (Miller et al., 1999), bean (Leitao et al., 2008) or trees 17 

(Jolivet et al., 2016) exposed to ozone. Furthermore, changes in chlorophyll fluorescence indicate that 18 

the efficiency of the photochemical reaction is negatively affected as a consequence of the inactivation 19 

of some proteins associated with photosystem II  (Feng et al., 2018). Carbon fixing reactions are also 20 

affected since up to 30% of the activity of ribulose-1,5-bisphosphate carboxylase / oxygenase 21 

(RuBisCO) was lost in the leaves of plants (bean, wheat, maize or poplar) exposed to ozone (Bagard et 22 

al., 2015; Leitao et al., 2008). 23 

ROS formed from O3 degradation can oxidize the proteins and protein carbonylation is the most 24 

common modification induced by ROS. Carbonylation involves the incorporation of an aldehyde or 25 

ketone onto an amino acid side chain (Coffey and Gronert, 2016). Protein carbonylation is usually used 26 

as a good indicator of stress because, among all cellular oxidative stress markers, it has the advantage 27 

of being irreversible. Compared to other markers such as glutathionyled proteins or malondialdehyde, 28 

carbonylated proteins are more stable (Dalle-Donne et al., 2003). For all these reasons, level of 29 

carbonylated proteins is considered as a good indicator of oxidative stress and is commonly used as a 30 

marker of the level of protein oxidation in humans (Mannaa and Hanisch, 2020) as well as in plants 31 

(Anjum et al., 2015).  32 

In plants, the amino acid proline is known to participate in the biosynthesis of primary metabolism 33 

components, and to play a role during the growth and development (Verbruggen and Hermans, 2008), 34 

notably as a component of cell wall proteins (Kavi Kishor et al., 2015). Moreover, proline is known to 35 

accumulate in plant tissues in response to many environmental stresses such as drought, high salinity, 36 

high temperature, freezing, UV radiation, heavy metals and ozone (Calzone et al., 2019; Szabados and 37 

Savouré, 2010; Verbruggen and Hermans, 2008). Under conditions of osmotic stress, proline can act 38 

as an osmoprotectant, specifically in halophyte plants, as a molecular chaperone, a stabilizer of cellular 39 

structures, a scavenger of free radicals and an energy sink (Szabados and Savouré, 2010). Accumulation 40 

of proline confers stress tolerance by maintaining cell turgor or osmotic balance, by stabilizing 41 

membranes (thus preventing electrolyte leakage) and by maintaining physiological ROS concentrations 42 

(thus preventing/limiting oxidative stress) (Hayat et al., 2012; Smirnoff and Cumbes, 1989). Indeed, 43 

proline has been shown to be responsible for the scavenging ROS and other free radicals (Ben Rejeb 44 

et al., 2014; Szabados and Savouré, 2010) although its role in the direct scavenging of singlet oxygen 45 

could be discussed (Signorelli et al., 2014). Its role in plants response to ozone needs further studying 46 
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and directed alteration of proline metabolism could be an appropriate approach. In plants, proline 1 

metabolism is compartmentalized and is distributed between cytosol, mitochondria and possibly 2 

chloroplasts under stress conditions (Szabados and Savouré, 2010). Proline is mainly synthesized in the 3 

cytosol from glutamate that is transformed into Δ'-pyrroline-5-carboxylate (P5C) by Δ'-pyrroline-5-4 

carboxylate synthetase (P5CS) (Funck et al., 2008; Verbruggen and Hermans, 2008). P5C is then 5 

reduced to proline by the pyroline-5-carboxylate reductase (P5CR) enzyme. The catabolism of proline 6 

occurs in mitochondria and under the command of the proline dehydrogenase (ProDH) that oxidizes 7 

proline in P5C, which is then converted to glutamate by the pyroline-5-carboxylate deshydrogenase 8 

(P5CDH) enzyme (Hayat et al., 2012). Proline content can be regulated by both biosynthetic and 9 

catabolic pathways. P5CS activity was shown to be the rate-limiting step of proline biosynthesis in 10 

plants (Kavi Kishor et al., 2015). This enzyme is encoded by two genes in Arabidopsis, P5CS1 and P5CS2. 11 

Study of knockout p5cs1 mutants indicated that this isoform is mainly involved in proline accumulation 12 

during osmotic or salt-stress while P5CS2 is required for embryogenesis, during the late stages of seed 13 

development (Székely et al., 2008). On the opposite, proline catabolism is mainly induced after stress 14 

recovery and senescence, ProDH enzymes being the rate-limiting steps (Cabassa-Hourton et al., 2016; 15 

Launay et al., 2019). In Arabidopsis, PRODH is encoded by two genes, PRODH1 and PRODH2, both being 16 

involved in abiotic stress responses (Cabassa-Hourton et al., 2016). Both the single p5cs1 and double 17 

prodh1xprodh2 (p1p2) mutants were shown to differentially accumulate proline compared to wild 18 

type, in response to abiotic stresses like salt stress (for p5cs1 mutant) and dark induced senescence 19 

(for prodh1xprodh2 mutant) (Cabassa-Hourton et al., 2016; Launay et al., 2019). 20 

In order to test if proline metabolism is linked to ozone stress perception and response, we conducted 21 

two experiments, the first one using mutants altered in proline content and the second one using 22 

different Arabidopsis thaliana ecotypes with variable ozone sensitivity. In line with proline’s putative 23 

antioxidant properties, we hypothesized that proline accumulation in response to controlled ozone 24 

treatments would result in enhanced tolerance to oxidative stress in Arabidopsis plants. As a result, 25 

several parameters were analyzed to characterize plant growth and leaf protein oxidation level in 26 

relation with the plants ability to accumulate proline. 27 

 28 

2. Materials and Methods 29 

2.1. Plant materials 30 

Four ecotypes of Arabidopsis thaliana (L.) Heynh were used: Col-0, Ts-1, Ler, Cvi-0 kindly provided by 31 

Dr Verslues. Two mutants in the Col-0 background, affected in proline metabolism were used: p5cs1 32 

(salk_063517) and p1p2 (prodh1-4 and prodh2-2 double-mutant (Cabassa-Hourton et al., 2016).  33 

In a first experiment, seeds of Col-0, p5cs1 and p1p2 were sown in small pots (7.5 cm in diameter) filled 34 

with potting soil/peat (Klashmann-Dailmann, TS3). In a second experiment, seeds of Col-0, Ts-1, Ler 35 

and Cvi-0 were sown on Jiffy-7® peat pellets (Jiffy International, Kristiansand, Norway) placed in smaller 36 

pots (4.5 cm in diameter).  37 

In both experiments, after sowing, the pots were placed at 4°C, in darkness for two days (stratification). 38 

Plants were thereafter grown for 5 weeks in phytotronic chambers (Adaptis 1000, Conviron) 39 

maintained at 20°C/22°C (night/day), 60% of relative humidity, with 8 hours of photoperiod (200 40 

µmol.m².s-1) from 8:30 am to 4:30 pm. Plants were regularly watered by sub-irrigation and fertilized 41 

weekly with 5 mL of fertilizer (Algoflash) per pot.  42 

 43 
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2.2. Ozone exposure and collection of plant material 1 

Ozone generation and regulation in the growth chamber involved an ozone generator (C-Lasky, AirTree 2 

Ozone Technology Co. Ltd.), an ozone monitor (106-L, 2B Technologies) coupled to a continuous 3 

recorder of ozone concentrations (midi logger GL220, Graphtec). To evaluate plant exposure to ozone, 4 

the AOT40 index was calculated. The AOT40 (Accumulated Ozone exposure over a Threshold of 40 5 

ppb; ppb h) was determined as the sum of the differences between hourly ozone concentrations and 6 

40 ppb for each hour when the concentration exceeds 40 ppb over the fumigation period (Fuhrer et 7 

al., 1997). 8 

In the first experiment, five-week-old plants (n = 14) were exposed to 240 ppb of ozone during six 9 

hours, for 16 consecutive days. Ozone was applied in the middle of the photoperiod, between 9:30 am 10 

and 3:30 pm. In parallel, control plants (n = 14) were cultivated under ambient ozone conditions in a 11 

similar phytotronic chamber. At the end of the ozone treatment, eight ozonated plants and eight 12 

control plants were randomly selected; six mature leaves (leaf ranks 10 to 16; the numbering of leaves 13 

was performed from the oldest to the youngest) were collected per plant and per genotype, weighed 14 

and immediately frozen in liquid nitrogen for biochemical analyzes. The other six plants (per treatment 15 

and per genotype) were used for ecophysiological analyzes. 16 

In the second experiment, five-week-old plants (n = 14) were exposed to 240 ppb of ozone during six 17 

hours, for 10 consecutive days. As described previously, ozone was applied between 9:30 am and 3:30 18 

pm. Control plants (n = 14) were cultivated under ambient ozone conditions. After 10 days of ozone 19 

treatment, nine ozonated plants and nine control plants were randomly selected; six mature leaves 20 

(leaf ranks 10 to 16) were collected and weighed. From these 9 plants, leaves of 3 different plants were 21 

pooled and frozen in liquid nitrogen in order to have enough material for biochemical analyzes. 22 

 23 

2.3. Estimation of leaf area and biomass 24 

At the end of the experiments, plants were photographed with a Samsung ST73 camera, screwed to a 25 

camera stand, at fixed height and angle. The projected areas, determined using the Image J software, 26 

were considered as the estimated total leaf areas. The aboveground biomass was determined by 27 

weighing each rosette immediately after sampling (fresh biomass) and after drying at 60 °C for 48 hours 28 

(dry biomass). 29 

 30 

2.4. Determination of the total chlorophyll content and flavonol index 31 

Leaf total chlorophyll and flavonol index were non-destructively measured, using the DUALEX® device 32 

(Force-A, Orsay, France; Cerovic et al., 2012). This device is a leafclip optical sensor which estimates 33 

chlorophyll and flavonol contents of plant leaves, based on absorbance and transmittance of specific 34 

wavelengths of visible and near infrared light. For each plant, five measurements were made on the 35 

12th fully-developed leaf (counting from the oldest one). Thus, the total chlorophyll content and 36 

flavonol index values are the means of these five measurements. 37 

 38 

2.5. Measurement of chlorophyll fluorescence parameters 39 

In the first experiment, parameters derived from chlorophyll fluorescence were measured, using a 40 

Pulse Amplitude Modulation Fluorescence Monitoring System 1 (FMS1, Hansatech Instruments, 41 
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Norfolk, UK) (n = 6). After 30 minutes of dark adaptation, F0 (minimum fluorescence yield) and the 1 

Fv/Fm ratio (maximum quantum yield of photosystem II) were quantified on the 12th leaf, by 2 

application of a short flash of saturated light (12000 µmol.m-2.s-1 for 0.3 s). Following these 3 

measurements, the leaves were exposed to a continuous actinic light source (240 µmol.m-2.s-1) for 15 4 

minutes. The parameters Φ PSII (quantum yield of photosystem II), qP (photochemical quenching) and 5 

qNP (non-photochemical quenching) were quantified after application of a short flash of saturated 6 

light (12000 µmol.m-2.s-1 for 0.3 s). 7 

In the second experiment, F0 (after 30 minutes of dark adaptation) and the Fv/Fm ratio (after 8 

application of a short flash of saturated light at 3000 µmol.m-2.s-1 for 0.3 s) were measured on the 12th 9 

plant leaf, using a HandyPEA (Hansatech Instruments Ltd) (n = 10). Measurements on ozonated Cvi-0 10 

plants were impossible because ozone-induced leaf damage was too important. 11 

 12 

2.6. Proline assay 13 

Proline content was spectrophotometrically determined at 520 nm according to Bates’ method, using 14 

30 to 40 mg of frozen leaf tissue (Bates et al., 1973).  15 

 16 

2.7. Quantification of carbonylated proteins according to the fluorescein-5-thiosemicarbazide 17 

(FTC) method 18 

Total soluble leaf protein extraction was carried out in lysis buffer (50 mM Tris, 1 mM EDTA, 1.5% PVPP 19 

(w/v), pH 7.5, extemporaneously supplemented with protease inhibitors: 20 µM E-64, 1 mM Pefabloc 20 

SC, 1 mM 1,10 phenantroline). After homogenization, samples were centrifuged twice at 21500 g for 21 

10 minutes at 4° C. The supernatants were collected and stored on ice.  22 

The Bradford method was used to quantify protein content (Bradford, 1976). Removal of residual 23 

nucleic acids and FTC derivatization of proteins were performed according to Havé et al. (2015) with 24 

the following modifications: final FTC concentration was 4 mM and the resuspension buffer contained 25 

8 M urea, 1 mM EDTA, 150 mM NaCl, 100 mM Tris, pH 8.0, 20 μM E-64, 1 mM Pefabloc SC and 1 mM 26 

1,10-phenantroline.  27 

Ten µg of FTC-derivatized proteins were separated by SDS-PAGE in 20% acrylamide gels (mini-Criterion, 28 

Bio-Rad) using TGS running buffer (Tris/glycine/SDS, pH 8.3 buffer, Bio-Rad). After separation of the 29 

proteins, the in-gel capture of the FTC signal was achieved, using an EZ Imager (Bio-Rad) with λ em  = 30 

516 nm and λex= 492 nm. The gel was then stained with colloidal Coomassie blue according to the 31 

protocol of Dyballa and Metzger (2009) and total protein signal acquisition was made with the EZ 32 

Imager. 33 

FTC and Coomassie blue signal analyses were performed by densitometry, using the Image LabTM 34 

software (Bio-Rad). FTC signals were normalized to Coomassie blue signals and expressed as arbitrary 35 

units.  36 

 37 

2.8. Statistical analyses 38 

Statistical analyses were performed using the R software v 3.6.1 (R Core Team, 2020). In order to 39 

determine any differences between the ecotypes, treatments and interactions between these two 40 

factors, 2-way ANOVA followed by multiple comparison tests were performed if residuals were 41 



  

 

6 

 

normally distributed (Shapiro test) and variances were homogeneous (Bartlett test). When the number 1 

of replicates was homogeneous, a type I 2-way ANOVA was performed, followed by a Tukey HSD test 2 

whereas when it was not homogeneous, a type II 2-way ANOVA was performed (using the car package) 3 

followed by a Pairwise T-test with a Bonferroni correction. If residuals were not normally distributed 4 

or variances were not homogeneous, a non-parametric test was performed (Kruskal-Wallis test 5 

followed by a Pairwise Wilcoxon test with a Bonferroni correction). Only the significant differences due 6 

to ozone treatment were mentioned on the figures and results of p-values are reported in table S2. 7 

Results are considered significant at p-value < 0.05 (threshold = 5%).  8 

 9 

3. Results and Discussion 10 

3.1. Ozone exposure 11 

The ozone concentrations actually experienced by the plants were recorded throughout the 12 

experiments. The means of the daily ozone concentrations were calculated from the hourly ozone 13 

averages measured during the fumigation periods (Fig. S1 A and C). It was thus possible to determine 14 

the hourly average ozone concentrations, at which the plants were exposed daily during the 6 hours 15 

of fumigation. Overall, during the first experiment, the average ozone concentration was 239.4 ppb ± 16 

17.6 ppb and the AOT40 was 21.9 ppm.h after 16 days (Fig. S1 A-B). For the second experiment, the 17 

average ozone concentration was 237.9 ppb ± 6.2 ppb and the AOT40 was 11.7 ppm.h after 10 days 18 

(Fig. S1 C-D). For this second experiment, ten days into the ozone treatment, the Cvi-0 ecotype showed 19 

severe leaf injuries. As a result, the experiment was stopped. Daily variations in hourly ozone 20 

concentration are reported in Fig. S1 E and F for experiment 1 and 2 respectively. 21 

Ozone treatments in both experiments were severe. Indeed, the average daily ozone concentrations 22 

in Europe does not exceed 35 ppb (Sicard et al., 2020). Moreover, the AOT40 critical level for a 23 

reduction of wheat yield is of 3 ppm.h after 3 months (Mills et al., 2007).  24 

 25 

3.2. Effects of ozone exposure on Arabidopsis proline-metabolism mutants 26 

3.2.1.  Effects of ozone on leaf morphology and biomass 27 

At the end of the ozone treatment (240 ppb over 16 days), no leaf necrosis/chlorosis was visible, 28 

regardless of the genotype (Col-0, p5cs and p1p2). However, all ozonated plants of the three genotypes 29 

simultaneously developed leaf curling (Fig. 1A). Average rosette projected areas were between 86 cm² 30 

and 105 cm² (Fig. 1B). Average rosette fresh weights were between 4.08 g and 5.09 g and dry weights 31 

between 0.31 g and 0.38 g (Fig. 1C and 1D). No significant difference was observed between genotypes 32 

for rosette area, fresh weight and dry weight (Fig. 1B-D), or between control and ozonated plants 33 

regardless of the genotype (2-way ANOVA (type I), p-values > 0.05).  34 

3.2.2 Effect of ozone on the fluorescence parameters of chlorophyll 35 

All fluorescence parameters of chlorophyll measured showed similar values for Col-0 and p5cs 36 

genotypes regardless of the treatment. In the p1p2 mutant, the ozone treatment had a significant 37 

impact (Fig. 1E-F): ozonated p1p2 plants showed lower F0 values (≈ -25%) than control plants (Fig. 1E) 38 

(Tukey HSD test, p-value = 0.006), and they had a slightly higher maximum quantum yield of 39 

photosystem II Fv/Fm ratio (+3%) (Fig. 1F) (Pairwise Wilcoxon test, p-value = 0.032). Regarding Φ PS2, 40 

qP and qNP parameters, no significant difference was observed (for Φ PS2, pairwise Wilcoxon test, p-41 

values > 0.05, for qP and qNP, Tukey HSD test, p-values > 0.05; data not shown), regardless of 42 

genotypes and treatments. 43 
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 1 

2 
Figure 1: Impacts of ozone (239.4 ppb ± 17.6 ppb over 16 days) on qualitative and quantitative morphological 3 

traits (ozonated plants, black bars; control plants, white bars). Col-0: wild-type; p5cs: Col-0 mutant affected in 4 

the P5CS enzyme (p5cs1); p1p2: Col-0 mutant affected in the two isoforms of the proline dehydrogenase (prodh1 5 

prodh2). 6 

Pictures of representative plants (A); Projected rosette area (cm²) (B); rosettes fresh (C) and dry (D) weight (g) 7 
(n = 14). F0 (Minimum fluorescence yield, AU (E) and Fv/Fm ratio (maximum quantum yield of photosystem II) (F) 8 
(n = 6). Values represented are means ± SD.* represents a significant effect of ozone compared to control 9 
(Rosette area, rosette fresh and dry weight, Fo: Tukey HSD test; Fv/Fm: Pairwise Wilcoxon test; threshold = 5%). 10 
For ANOVA or Kruskal-Wallis results, see table S2. 11 

 12 

  13 
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3.2.3 Effects of ozone on leaf pigments, soluble protein content, protein carbonylation level 1 

and proline content 2 

Total chlorophyll contents and flavonol indexes measured on the 12th leaves were between 24.2 and 3 

27.2 µg/cm² (Fig. 2A) and between 0.16 and 0.19 µg/cm² respectively (Fig. 2B). No significant difference 4 

was observed between ozonated and control plants, nor between genotypes for the same treatment, 5 

for both parameters (Tukey HSD test, p-values > 0.05). The soluble leaf protein contents were between 6 

9.11 and 10.5 µg/mg of fresh weight (FW) and were statistically equivalent between treatments and 7 

genotypes (Fig. 2C) (2-way ANOVA (type I), p-values > 0.05). Protein carbonylation index, quantified 8 

using FTC method, was weak for all the genotypes and treatments (Fig. 2D). Furthermore, no significant 9 

difference in the carbonylation index was observed between treatments and genotypes (2-way ANOVA 10 

(type I), p-values > 0.05).  11 

Wild-type Col-0 plants (both ozonated and controls) had leaf proline contents (2.36 μmol/g FW) 12 

intermediate between those of p5cs plants (1.52 μmol/g FW) and those of p1p2 plants (above 3 μmol/g 13 

of FW) (Fig. 2E). The proline contents in p5cs were significantly lower than those in p1p2 plants (Tukey 14 

HSD test, p-value < 0.003). The ozone treatment did not alter the proline contents in either of the 15 

genotypes (2-way Anova, p-values > 0.05; Tukey HSD test, p-values > 0.05). 16 

3.2.4 Discussion of the first experiment with proline-metabolism mutants 17 

These results, obtained after a severe ozone stress (240 ppb), did not show any effects on growth or 18 

biochemical parameters in the wild-type Col-0. The lack of ozone effect on aerial biomass agrees with 19 

the results of Brosché et al. (2010) where Col-0 was used as a reference genotype for ozone tolerance 20 

and did not develop any leaf necrosis. Sharma & Davis (1994), using either 150 or 300 ppb of ozone for 21 

durations similar to ours, observed small pinhead-sized dry lesions on leaves, for the 300 ppb 22 

treatment only. This can be related to the absence of necrosis observed in our case at 240 ppb (Fig. 1). 23 

Nevertheless, in this study, a decrease in the Col-0 ecotype biomass was observed (Sharma and Davis, 24 

1994). High ozone tolerance in the Col-0 ecotype was confirmed by the absence of accumulation of 25 

carbonylated proteins, a parameter that is considered as a biomarker of oxidative stress (Dalle-Donne 26 

et al., 2003). 27 

Our results of rosette areas agree with those of other studies carried out on poplar and maize, where 28 

the ozone treatment did not modify leaf surface (Bagard et al., 2008; Leitao et al., 2007a). However, 29 

another study, carried out on the Ler ecotype of Arabidopsis thaliana, showed a decrease in the 30 

development of the rosette leaves, thus leading to a decrease in the surface of the rosettes (Miller et 31 

al., 1999). 32 

Leaf curling has previously been observed in the Col-0 ecotype of Arabidopsis in response to different 33 

ozone concentrations. Indeed, Sharma and Davis (1994) observed the apparition of leaf curling after 3 34 

days of treatment at 150 ppb or 300 ppb of ozone. These authors suggested that ethylene could be 35 

involved in leaf curling. This is in agreement with the fact that ethylene production corresponds to an 36 

early response to ozone in numerous species (reviewed in Langebartels et al., 2002; Vainonen and 37 

Kangasjärvi, 2015). 38 

Our results about total chlorophyll contents between ozonated plants and control plants are not in 39 

agreement with the results generally observed in the literature for different plant models. Indeed, 40 

studies carried out on the Ler ecotype of Arabidopsis (Miller et al., 1999), poplar (Bagard et al., 2008), 41 

bean (Leitao et al., 2008) and maize (Leitao et al., 2007)  showed a decrease in total chlorophyll content 42 

in the leaves, in response to ozone. However, it was also shown that a mild dose of ozone can lead to 43 
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an increase in chlorophyll content in maize leaves (Leitao et al., 2007b), a phenomenon probably linked 1 

to hormesis (Agathokleous et al., 2019). 2 

 3 

 4 

Figure 2: Impacts of ozone (239.4 ppb ± 17.6 ppb over 16 days) on biochemical parameters (ozonated plants, 5 

black bars; control plants, white bars). Col-0: wild-type; p5cs: Col-0 mutant affected in the P5CS enzyme (p5cs1); 6 

p1p2: Col-0 mutant affected in the two isoforms of the proline dehydrogenase (prodh1 prodh2). 7 

Total chlorophyll contents (µg/cm², A) and flavonol index (AU, B) measured on the 12th expanded leaf with 8 

Dualex®; total protein content (µg/g of FW, C); carbonylation of proteins revealed by FTC signal (AU, D); and 9 

proline content (µmol/g of FW, E). Values represented means ± SD (n = 14 for total chlorophyll content and 10 

flavonol index and n = 8 for the other parameters). The letters represent the significant differences between 11 

genotypes and treatment (Total chlorophyll content, flavonol index, protein content and proline content: Tukey 12 

HSD test; carbonylation index: Pairwise Wilcoxon test; threshold = 5%). For ANOVA or Kruskal-Wallis results, see 13 

table S2. 14 

 15 
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Concerning proline, our results confirmed that the mutations in P5CS gene or in the two ProDH genes 1 

respectively induced lower (-36%) or higher proline (+27%) contents, compared to the wild type, 2 

although the difference was only statistically significant between the p5cs and p1p2 genotypes. This is 3 

in agreement with previous results obtained by Székely et al. (2008) and Launay et al. (2019) on well-4 

watered plants. Proline is known to accumulate in response to different environmental stresses (Hayat 5 

et al., 2012; Zegaoui et al., 2017) and p5cs mutants were more sensitive to salt stress (Székely et al., 6 

2008). In our study, no difference in proline content was observed between ozonated and control 7 

Arabidopsis plants regardless of genotype.  8 

Since ozone did not impact the proline content of Col-0 and mutant plants, its involvement in tolerance 9 

to ozone could be questioned. However, the p1p2 mutant characterized by the highest proline content 10 

also showed the lowest F0 values and the highest Fv/Fm ratio. Low F0 was indicative of a physical 11 

dissociation between photosystem II reaction centers and light harvesting complexes that is difficult 12 

to interpret in the absence of chlorophyll degradation. On the other hand, the high Fv/Fm ratio in this 13 

genotype concurrent with high proline contents suggested that proline could nevertheless play a 14 

protective role as stresses inducing damage of PSII usually result in reductions in Fv/Fm (Murchie and 15 

Lawson, 2013). 16 

Since we concluded to the elevated tolerance to ozone in Col-0, the putative link between ozone and 17 

proline had to be further analyzed in other Arabidopsis ecotypes. Thus, a second ozone exposure 18 

experiment was conducted, using the natural variability in ozone tolerance amongst Arabidopsis 19 

ecotypes, as previously established by Brosché et al., 2010. 20 

3.3. Effects of ozone exposure on different Arabidopsis ecotypes 21 

3.3.1.  Effects of ozone on leaf morphology and biomass  22 

In response to the second ozone treatment (237.9 ppb ± 6.2 ppb over 10 days), Ts-1 and Col-0 ecotypes 23 

showed no foliar symptoms except leaf curling for Col-0 (Fig. 3A). The Ler and Cvi-0 ecotypes both 24 

showed leaf necrosis and early senescence symptoms, such as chlorosis (Fig. 3A). Average rosette 25 

projected areas were between 12 and 42 cm² (Fig. 3B). For all genotypes, rosette fresh weights were 26 

between 0.2 g and 0.84 g (Fig. 3C) and the dry weights between 0.03 g and 0.07 g (Fig. 3D). For rosettes 27 

areas and fresh weights, no significant difference was observed between control and ozonated plants 28 

for Col-0, Ts-1 and Ler (Pairwise T-test, p-values> 0.05). However, ozonated Cvi-0 plants showed the 29 

smallest rosettes areas (-68%) and fresh weight (-71%) (Pairwise T-test, p-values < 0.05). Concerning 30 

rosette dry weight, no significant difference was observed between control and ozonated plants 31 

regardless of the ecotype (Fig. 3D) (2-way ANOVA (type II), p-value = 0.67). 32 

3.3.2. Effects of ozone on the fluorescence parameters of chlorophyll 33 

F0 (Fig. 3E) and Fv/Fm (Fig. 3F) were not affected by ozone treatment in Ts-1 and Col-0 plants (Pairwise 34 

Wilcoxon test and Pairwise T-test, p-values > 0.05). However, Ler showed a significant decrease in F0 (-35 

22%) (Pairwise T-test, p-value = 1.90*10-12) and Fv/Fm (-5.5%) (Pairwise Wilcoxon test, p-value = 36 

0.0257) as a response to the ozone treatment. Unfortunately, it was not possible to measure these 37 

parameters on ozonated Cvi-0 plants as the leaves selected for analysis were completely dry by the 38 

10th day. 39 

 40 
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 1 

Figure 3: Impacts of ozone (237.9 ppb ± 6.2 ppb over 10 days) on qualitative and quantitative morphological 2 

traits (ozonated plants, black bars; control plants, white bars) of different Arabidopsis ecotypes (Ts-1, Col-0, Ler 3 

and Cvi-0). 4 

Pictures of representative plants (A); Projected rosette areas (cm²) (B) (n = 14), rosette fresh (C) (n = 14) and dry 5 

(D) (n = 5) weight (g); F0 (minimum fluorescence yield) (AU) (E) (n = 10) and Fv/Fm ratio (maximum quantum yield 6 

of photosystem II) (F) (n = 10). Values represented means ± SD. * represents a significant effect of ozone 7 

compared to control (Rosette area, rosette fresh and dry weight and F0: Pairwise T-test; Fv/Fm: pairwise 8 

Wilcoxon test; threshold = 5%). For ANOVA or Kruskal-Wallis results, see table S2 9 

3.3.3. Effects of ozone on leaf pigments, soluble protein content, protein carbonylation level 10 

and proline content 11 

Overall, leaf total chlorophyll contents and flavonol indexes were between 4.8 and 19.3 µg/cm² (Fig. 12 

4A) and between 0.10 and 0.41 (Fig. 4B) respectively. In Col-0 and Ler, ozone had no significant impact 13 

on the total chlorophyll contents (Fig. 4A) (Pairwise Wilcoxon test, p-values > 0.05). Ozonated Ts-1 14 

plants accumulated 26% more chlorophylls than the corresponding control plants (Pairwise Wilcoxon 15 
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test, p-value = 9.4*10-5) whereas ozonated Cvi-0 plants had far less chlorophylls than their control (-1 

67%) (Pairwise Wilcoxon test p-value = 6.9*10-5). Flavonol index increased in response to ozone: Ts-1 2 

(+13%), Col-0 (+30%), Ler (+60%) and Cvi-0 (+173%) (Fig. 4B, Pairwise Wilcoxon test, p-value < 0.0023). 3 

Overall, leaf soluble protein contents were between 7.1 and 11.8 µg/mg of fresh weight and were not 4 

significantly influenced by the ozone treatment (Fig. 4C, 2-way ANOVA (type I), p-value = 0.18). It 5 

should be noted that under control conditions, Ler plants presented a significantly higher protein 6 

content than Cvi-0 plants (Tukey HSD test, p-value = 0.0132). In ozonated plants, Cvi-0 had a 7 

significantly lower protein content than Ler and Col-0 (Tukey HSD test, p-values < 0.05). 8 

 9 

 10 

Figure 4: Impacts of ozone (237.9 ± 6.2 ppb over 10 days) on biochemical responses of Ts-1, Col-0, Ler and Cvi-0 11 

Arabidopsis ecotypes (ozonated plants, black bars; control plants, white bars).  12 

Total chlorophyll contents (µg/cm², A) and flavonol index (AU, B) measured on the 12th expanded leaf with 13 

Dualex®; total protein content (µg/g of FW, C); carbonylation of proteins revealed by FTC signal (AU, D); and 14 

proline content (µmol/g of FW, E). Values represented means ± SD (n = 14 for total chlorophyll content and 15 

flavonol index and n = 3 for the other parameters). * represents a significant effect of ozone compared to control 16 

(Total chlorophyll content, flavonol index and proline content: pairwise Wilcoxon test; protein content and 17 

carbonylation index: Tukey HSD test threshold = 5%). For ANOVA or Kruskal-Wallis results, see table S2.  18 
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In all four ecotypes, there was no significant effect of ozone on leaf protein carbonylation level (Fig. 1 

4D, 2-way ANOVA (type I), p-value = 0.53). Comparison with control plants indicated no significant 2 

difference amongst the different ecotypes (Tukey HSD test, p-values > 0.05). However, ozone treated 3 

Ler plants had a significantly lower carbonylation signal than ozonated Ts-1 plants (Tukey HSD test, p-4 

value = 0.0067). 5 

Overall, average proline contents varied from 1.25 to 10.35 μmol/g of fresh weight (Fig. 4E). Col-0 6 

showed proline content similar to those measured the first experiment (Fig. 4E). For control plants, 7 

the average proline content was equivalent in all ecotypes (around 2 μmol/g fresh weight). Ozone had 8 

a significant impact on leaf proline contents only in Ler and Cvi-0 (+380% and +280% respectively; 9 

Pairwise Wilcoxon test, p-values < 0.05; for Ts-1 and Col-0, Pairwise Wilcoxon test, p-values = 1).  10 

 11 

3.3.4.  Discussion of the second experiment on Arabidopsis ecotypes  12 

 13 

The two ecotypes that presented leaf macroscopic symptoms (necrosis and chlorosis) in response to 14 

the second ozone treatment, i.e., Ler and Cvi-0, accumulated proline in their leaves, while the ozone 15 

treatment did not change the proline contents in the Col-0 and Ts-1 ecotypes. Cvi-0, particularly 16 

appeared to be the most sensitive ecotype to ozone of the four ecotypes, according to the severe and 17 

significant decreases in leaf area, biomass and chlorophyll content. Other experiments confirmed 18 

these results (data not shown). Furthermore, they agree with the ozone tolerance classification made 19 

by Brosché et al. (2010) who ranked Ts-1, Col-0, Ler and Cvi-0 in decreasing order of tolerance to ozone, 20 

according to macroscopic symptoms. It should be noted that the flavonol index, related to the leaf 21 

content in flavonols, also increased with the ozone sensitivity of the four ecotypes. Flavonols 22 

accumulation in response to several abiotic stresses, including ozone, has been reported previously 23 

(Gandin et al., 2019; Ghosh et al., 2020; Pellegrini et al., 2018; Yamaji et al., 2003) and has been 24 

attributed to the antioxidant potential of these compounds (Chapman et al., 2019). However, all plant 25 

species and genotypes do not rely on these “low-cost antioxidants” to the same extent, since other 26 

systems, such as the ascorbic acid or glutathione antioxidant systems can be favored (Yamaji et al., 27 

2003). 28 

This second experiment clearly showed that proline accumulation occurred in response to ozone only 29 

in the two sensitive ecotypes. This explains the lack of differences observed in the mutants derived 30 

from the tolerant ecotype Col-0. However, the amounts of accumulated proline did not correlate with 31 

the sensitivity of the ecotypes to ozone, suggesting that proline accumulation was a general stress 32 

response linked to a its role in oxidative stress detoxification. This response is shared by numerous 33 

organisms (Ben Rejeb et al., 2014) but not all, as a reduction in proline content after ozone exposure 34 

has recently been reported observed in the biofueling bacteria Cobetia marina (Li et al., 2020). Ueno 35 

et al. (2021) showed that the pattern of variation in proline concentrations in endophytic-symbiotic 36 

plants was inverse to that observed for TBARS (thiobarbituric acid reactive substances, an indicator of 37 

lipid peroxidation and oxidative stress). It could be recalled that changes in proline contents in 38 

response to ozone varies between species and experiments (Cotrozzi et al., 2017);  an increase in 39 

proline content was detected in poplar (Podda et al., 2019), wheat (Li et al., 2016; Zheng et al., 2011), 40 

Vigna unguiculata (Malaiyandi and Natarajan, 2014) or Lolium multiflorum (Ueno et al., 2021)  whereas 41 

it was not observed in pepper (Colunje et al., 2021), oak trees (Cotrozzi et al., 2017)  or Ischaemum 42 

rugosum (Dolker and Agrawal, 2019). El-Khatib (2003) have shown that, in Medicago sativa, an ozone 43 

sensitive plant species, the proline content strongly correlated with foliar injury, while proline content 44 

was not altered in several other species, shown to be tolerant to ozone. Moreover, the response of 45 

proline metabolism can vary with the developmental stage, as was observed in winter wheat (Liu et 46 
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al., 2015). However, we can assume that the absence of carbonylated proteins in the sensitive ecotypes 1 

could be partly related to an increase in protective proline and flavonol content, while the absence of 2 

carbonylated proteins in tolerant ecotypes would result from the development of other ROS 3 

detoxification mechanisms.  4 

 5 

 6 

  7 

Conclusion 8 

In these experiments, ozone had a negative impact on Ler and Cvi-0 ecotypes that was not observed 9 

in other ecotypes or mutants, results that concur with the classification made by Brosché et al. (2010) 10 

from others physiological parameters. Using mutants or natural variability, the results presented here 11 

show that proline does not appear to be a major determinant of ozone tolerance but could be a signal 12 

induced in sensitive plants when the oxidative stress becomes too high. The slight effect observed for 13 

the p1p2 mutant in response to ozone, characterized by higher proline contents, also suggests a 14 

protective role of proline on the photosynthetic apparatus. Literature data show that the effect of 15 

ozone on proline accumulation strongly depends on the species and the experiments considered. Even 16 

though our results did not allow to correlate the levels of protein carbonylation and proline, an 17 

antioxidant role for proline cannot be ruled out. Flavonol index appears particularly interesting in 18 

Arabidopsis as it confirmed the ranking of ecotypes according to their sensitivity to ozone, obtained in 19 

different experiments. Analysis of the different antioxidant mechanisms (ascorbate, glutathione and 20 

enzymatic processes) should help deciphering the roles played by proline and flavonols in ozone 21 

responses.  22 

 23 
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