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Preface

This doctoral thesis is presented in article format (Chapter II to IV) and includes also an introduction (Chapter I) as well as a general discussion (Chapter V). The specific contributions to each article are detailed in the following:

Chapter II: Ricardo Joffe, Audrey Berthe, Yves Jolivet, Anthony Gandin.

I performed all measurements and statistical analysis, besides a part of the antioxidant's analysis, which were carried out by Audrey Berthe. My supervisor Anthony Gandin helped setting up and calibrating the measuring devices. I wrote the article under supervision of my supervisors Yves Jolivet and Anthony Gandin. The article was submitted on October 6, 2021 and accepted on April 14 2022 in the Journal of Experimental Botany.

Chapter III: Ricardo Joffe, Audrey Berthe, Tiina Tosens, Yves Jolivet, Ülo Niinemets,

Anthony Gandin

I performed all measurements and statistical analysis. Tiina Tosens and her working group supervised and helped to carry out the microscopy analysis. Audrey Berthe and Anthony Gandin helped with the sampling and preparation of the leaf discs. I wrote the article under supervision of my supervisors Yves Jolivet and Anthony Gandin as well as Tiina Tosens and Ülo Niinemets, who are co-authors of this article, which will be submitted soon.

Chapter IV: Ricardo Joffe, Audrey Berthe, Yves Jolivet, Anthony Gandin I performed all measurements and statistical analysis. Audrey Berthe supervised the primer design, qPCR analysis and helped with the data analysis. I wrote the article under supervision of my supervisors Yves Jolivet and Anthony Gandin.

I am also co-author of the review article 'Importance of Detoxification Processes in Ozone Risk

Assessment: Need to Integrate the Cellular Compartmentation of Antioxidants?' which was written by our working group and published on August 20, 2019 in Frontiers in Forests and Global Change. https://doi.org/10.3389/ffgc.2019.00045 Populus trichocarpa and Arabidopsis thaliana homologues were obtained from [START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF]. Primer sequences and amplicon lengths (L) were designed using Primer3 software (http://primer3.ut.ee). Target gene characteristics and primer sequences used for qPCR analyses ........................... Ozone (O3) is a rather unstable molecule composed of three oxygen atoms (O). It appears as a colourless to bluish, in high concentration also deep blue gas having a characteristic smell. This property brought it its name which is derived from ancient Greek 'ozein' meaning to smell.
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Already created by accident by the Dutch scientist Martinus van Marum in the late 18 th , it was only recognized, isolated and named as such by the Swiss-German scientist Christian Friedrich Schönbein in 1839. O3 occurs in the stratosphere and troposphere in a 9/1 ratio, yet stratospheric O3 is much higher concentrated, forming the well-known ozone layer which acts as a protective shield against harmful ultraviolet (UV) radiation within an altitude of 15 to 35km [START_REF] Dameris | Klimawandel und die Chemie der Atmosphärewie wird sich die stratosphärische Ozonschicht entwickeln?[END_REF]. Tropospheric or ground-level O3 reaches up to ~14 km above sea level and is considered as the third most important greenhouse gas and a damaging secondary pollutant due to being one of the strongest oxidizing agents (Sicard et al. 2017a). As such, it is also considered as a useful and effective approach in order to mimic oxidative stress in controlled environment experiments [START_REF] Noctor | Oxidative Stress and Antioxidative Systems: Recipes for Successful Data Collection and Interpretation: Methods in Oxidative Stress Research[END_REF]).

Formation and distribution

As a secondary air pollutant, O3 is not directly emitted but formed by photodissociation, which is additionally catalysed under high temperatures, of precursors being emitted by natural or anthropogenic sources. The most important among them are volatile organic compounds (VOCs), carbon monoxide (CO), methane (CH4) and especially nitrogen oxides (NOx) [START_REF] Monks | Tropospheric Ozone and Its Precursors from the Urban to the Global Scale from Air Quality to Short-Lived Climate Forcer[END_REF]. Current mean annual background concentration amounts up to 35-50 ppb in the northern and 15-25 ppb in the southern hemisphere respectively [START_REF] Zare | Quantifying the Contributions of Natural Emissions to Ozone and Total Fine PM Concentrations in the Northern Hemisphere[END_REF]. Nevertheless, O3 concentrations are subject to a considerable temporal variability: Diurnal O3 levels fluctuate as a function of elevated temperature, solar radiation intensity and the presence of precursors, thus mostly occurring in the morning and early afternoon yet peaking during the afternoon when the impact of direct sunlight is the greatest [START_REF] Derwent | Tropospheric Ozone Production Regions and the Intercontinental Origins of Surface Ozone over Europe[END_REF]. The seasonal variability also follows this trend, with the highest O3 concentrations in spring and summer, whereas minimum levels are reached in autumn and winter (de [START_REF] Leeuw | Trends in Ground Level Ozone Concentrations in the European Union[END_REF][START_REF] Zhao | Impact of East Asian Summer Monsoon on the Air Quality over China: View from Space[END_REF].

Interestingly, O3 levels can get higher in rural and mountainous areas compared to urban areas (Fig 1 .), because NOx compounds not only function as precursors but also as a degradation accelerator of O3 [START_REF] Chevalier | Influence of Altitude on Ozone Levels and Variability in the Lower Troposphere: A Ground-Based Study for Western Europe over the Period 2001&ndash[END_REF]. The discovery of this NOx-induced O3 degradation made in the 1970s by Paul Josef Crutzen, was later honored with the Nobel Prize in Chemistry.

Also, at higher altitude a higher abundance and intensity of solar radiation, biogenic VOC emis- Due to a reduction of anthropogenic precursor emissions achieved through emission control policies, a decrease of the mean and peak O3 concentrations was observed in Europe and North America since the 1990s [START_REF] Sicard | Ground-Level Ozone over Time: An Observation-Based Global Overview[END_REF]. However, at the same time notably in South East Asia O3 levels increased due to contradictory effects [START_REF] Chang | Regional Trend Analysis of Surface Ozone Observations from Monitoring Networks in Eastern North America, Europe and East Asia[END_REF]. This is further reinforced by a climate change-caused increased lightning frequency in Africa together with an increase in fire clearance, which both foster further NOx emissions and thus eventually O3 formation [START_REF] Albrecht | Where Are the Lightning Hotspots on Earth?[END_REF][START_REF] Giglio | Analysis of Daily, Monthly, and Annual Burned Area Using the Fourth-Generation Global Fire Emissions Database (GFED4)[END_REF]). These emissions are then transported eastwards via the Hadley cell, in turn increasing local O3 concentrations in the South-Southeast Asia region (Han et al. 2018). However, frequency and severity of heat waves in Europe and especially in the Mediterranean region are very likely to further increase in the near future, thus causing an increase of peak O3 concentrations [START_REF] Pyrgou | Enhanced Near-Surface Ozone under Heatwave Conditions in a Mediterranean Island[END_REF]. Therefore, even though considerable progress in terms of precursor-emission reduction was made, a further mitigation of O3-induced damage can only be achieved through a global effort as O3 and its precursors have a sufficiently long lifetime and can thus be transported over long-range distances reaching also remote areas, resulting in the amplification of already high O3 concentration on a regional scale [START_REF] Sicard | Ground-Level Ozone over Time: An Observation-Based Global Overview[END_REF][START_REF] Lefohn | Tropospheric Ozone Assessment Report: Global Ozone Metrics for Climate Change, Human Health, and Crop/Ecosystem Research[END_REF]).

Plant response to O3

While the existence of the ozone layer and its UV-radiation filter effect was already discovered in 1913, it was not before 1950 that smog and with it the harmful effect of ground-level O3 on plant health were first described in the Greater area of Los Angeles. The emergence of individual traffic as a major source of precursors as well as the favourable regional climatic and geographical conditions foster O3 formation until today. The first line of defence at the leaf level consists of stomatal closure which reduces immediately O3 uptake and simultaneously transpiration but leads also to a decreased CO2 uptake [START_REF] Paoletti | Does Living in Elevated CO2 Ameliorate Tree Response to Ozone? A Review on Stomatal Responses[END_REF]. O3 has a fairly low diffusion capacity through the leaf cuticle, so that the stomata are the main entry points into the leaves. As O3 enters the leaf it will first reach the apoplast outside the cell membrane where it is immediately degraded in reactive oxygen species (ROS), of which the most important are hydrogen peroxide, singlet oxygen and hydroxyl radicals [START_REF] Grantz | Demonstration of a Diel Trend in Sensitivity of Gossypium to Ozone: A Step toward Relating O3 Injury to Exposure or Flux[END_REF]. If this first line of defence is overwhelmed and ROS cannot be neutralized anymore, the so-called oxidative burst is triggered which first takes place in the apoplasts of spongy parenchyma tissue [START_REF] Pellinen | Subcellular Localization of Ozone-Induced Hydrogen Peroxide Production in Birch (Betula Pendula) Leaf Cells[END_REF]. If O3 influx continues, ROS will then reach the cytosol within the spongy cell and at the same time start to attack several other leaf structural components including the guard,epidermal and palisade cells [START_REF] Betzelberger | Effects of Chronic Elevated Ozone Concentration on Antioxidant Capacity, Photosynthesis and Seed Yield of 10 Soybean Cultivars[END_REF]). Besides the above mentioned O3-induced stomatal closure, ROS impact the guard cells on another way as they can cause the socalled stomatal sluggishness, which describes an impaired and thus slower and less efficient stomatal control, leading to an incomplete stomatal closure and in turn to an eventually increased O3 uptake [START_REF] Hoshika | Ozone-Induced Stomatal Sluggishness Changes Carbon and Water Balance of Temperate Deciduous Forests[END_REF]. That is the result of a disturbance of ion fluxes and a regulation of the gene expression involved in signal transduction (Dumont et al. 2014). However, ROS also function as signalling agents, triggering several defence mechanisms by means of which the plant encounters this ROS overload with antioxidants, most notably ascorbate (Asc) but also glutathione (GSH). This detoxification process marks the third line of defence and takes place at symplastic level [START_REF] Castagna | Detoxification and Repair Process of Ozone Injury: From O3 Uptake to Gene Expression Adjustment[END_REF]. Asc is considered as the main player before GSH in terms of ROS-detoxification. Yet, the latter serves also or even more as a signalling agent [START_REF] Zechmann | Subcellular Distribution of Ascorbate in Plants[END_REF], but plays also a central role within the Ascorbate-Glutathione or Halliwell-Asada-Foyer cycle in which Asc is regenerated [START_REF] Foyer | Ascorbate and Glutathione: The Heart of the Redox Hub[END_REF].

This cycle is regarded as an essential factor for plants mitigating O3-induced oxidative stress [START_REF] Dizengremel | Ozone Risk Assessment for Plants: Central Role of Metabolism-Dependent Changes in Reducing Power[END_REF][START_REF] Dghim | Capacity for NADPH Regeneration in the Leaves of Two Poplar Genotypes Differing in Ozone Sensitivity[END_REF]. Nevertheless, in the chloroplast this is highly depending on the presence of the central metabolic cofactor NADPH, which is synthesised within the light reaction while in the cytosol it depends on a set of NADPH dehydrogenases [START_REF] Dghim | Capacity for NADPH Regeneration in the Leaves of Two Poplar Genotypes Differing in Ozone Sensitivity[END_REF]. Hence, the maintenance of any detoxification power depends on the carbon metabolism-dependent regeneration of NADPH [START_REF] Dghim | Capacity for NADPH Regeneration in the Leaves of Two Poplar Genotypes Differing in Ozone Sensitivity[END_REF]. Finally, if this third line of defence is also overcome, further oxidative bursts occur in tissues farther from the stomata, leading to an impairment of metabolic processes, most notably photosynthesis, damage to other cellular tissues with accelerated cell death, and ultimately increased leaf senescence [START_REF] Pellinen | Subcellular Localization of Ozone-Induced Hydrogen Peroxide Production in Birch (Betula Pendula) Leaf Cells[END_REF][START_REF] Turc | Dynamics of Foliar Responses to O3 Stress as a Function of Phytotoxic O3 Dose in Hybrid Poplar[END_REF])

Impact on growth

As plants are capable of maintaining their redox status and mitigating O3 damage for a certain amount of time depending on e.g. nutrition and water availability, O3 impact depends especially on the exposure time and threshold concentrations.

However, as soon as detoxification reactions and repair mechanisms are activated, thus also already below the threshold of which damages would be visible or measurable, carbon is needed to fuel these processes which in turn cannot be allocated to growth [START_REF] Barnes | Effects of Chronic Exposure to Ozone on Photosynthesis and Respiration of Pines[END_REF][START_REF] Heath | Possible Mechanisms for the Inhibition of Photosynthesis by Ozone[END_REF][START_REF] Dizengremel | Effects of Ozone on the Carbon Metabolism of Forest Trees[END_REF]). One main reason for reduced growth is the decreased CO2 uptake due to stomatal closure being the first defence mechanism mentioned earlier. In the 1980s, first evidence was obtained quantifying the O3-caused reduction of plant growth exposing potato cultivars and hybrid poplar under low O3 levels [START_REF] Pell | Ozone-Induced Reduction in Quantity of Ribulose-1,5-Bisphosphate Carboxylase in Alfalfa Foliage 1[END_REF][START_REF] Reich | Effects of Low Concentrations of O3 on Net Photosynthesis, Dark Respiration, and Chlorophyll Contents in Aging Hybrid Poplar Leaves[END_REF]. In general, crops are more O3-sensitive than trees and annual grasses more than perennial ones [START_REF] Mills | A Synthesis of AOT40-Based Response Functions and Critical Levels of Ozone for Agricultural and Horticultural Crops[END_REF]). O3 causes yield reduction of major crops by up to 12% [START_REF] Mills | Closing the Global Ozone Yield Gap: Quantification and Cobenefits for Multistress Tolerance[END_REF]. Angiosperms are more prone to total biomass losses (ø -23%) than gymnosperms (ø -7%). However, under higher concentrations, O3-impact becomes also more detectable in gymnosperms [START_REF] Wittig | Quantifying the Impact of Current and Future Tropospheric Ozone on Tree Biomass, Growth, Physiology and Biochemistry: A Quantitative Meta-Analysis[END_REF]. Even though the underlying mechanisms which control biomass and carbon allocation remain still little understood, shoot growth seems to be less affected as younger leaves are better able to detoxify ROS [START_REF] Grantz | O3 Impacts on Plant Development: A Meta-Analysis of Root/Shoot Allocation and Growth[END_REF]. O3 decreases leaf biomass since notably older leaves are shed off due to an accelerated senescence, leading to a remobilization of resources towards younger tissue [START_REF] Bell | Air Pollution and Plant Life[END_REF][START_REF] Wittig | Quantifying the Impact of Current and Future Tropospheric Ozone on Tree Biomass, Growth, Physiology and Biochemistry: A Quantitative Meta-Analysis[END_REF]. Moreover, a compensatory shoot growth in response to a reduced CO2 availability was observed under O3, even if the actual absolute resource availability in the environment remains unchanged. This might be explained by a reduced capacity to take up CO2 due to closed or sluggish stomata [START_REF] Grantz | O3 Impacts on Plant Development: A Meta-Analysis of Root/Shoot Allocation and Growth[END_REF].

This results in a lower root to shoot ratio as up to 15% less carbon is directed to the below ground biomass [START_REF] Adams | Whole-Plant 14C-Photosynthate Allocation in Pinustaeda: Seasonal Patterns at Ambient and Elevated Ozone Levels[END_REF][START_REF] Wittig | Quantifying the Impact of Current and Future Tropospheric Ozone on Tree Biomass, Growth, Physiology and Biochemistry: A Quantitative Meta-Analysis[END_REF]). This O3-induced change of resource allocation is consistent with the so-called theory of functional equilibrium, describing that the newly assimilated carbon is preferentially supplied to the organs that take up the most limiting factor for plant growth [START_REF] Brouwer | Functional Equilibrium: Sense or Nonsense?[END_REF][START_REF] Van Noordwijk | Global Change and Root Function[END_REF][START_REF] Poorter | The Role of Biomass Allocation in the Growth Response of Plants to Different Levels of Light, CO2, Nutrients and Water: A Quantitative Review[END_REF].

Depending on intensity and duration of the exposure to elevated O3 as well as the site conditions, plants try to sustain above ground growth as long as possible to maintain their competitiveness for the crucial resources light and carbon. However, this also leads to a dilemma, as weather conditions favoring O3 formation are also very often characterized by drought, under which the plant would increase root to shoot ratio and water use efficiency to eventually move to long-term acclimation [START_REF] Poorter | Biomass Allocation to Leaves, Stems and Roots: Meta-Analyses of Interspecific Variation and Environmental Control[END_REF], regardless of the O3 tolerance strategy pursued. In addition, a shift in the root-to-shoot ratio on a larger scale has a major negative impact on carbon sequestration and resistance to abiotic stress [START_REF] Felzer | Effects of Ozone on Net Primary Production and Carbon Sequestration in the Conterminous United States Using a Biogeochemistry Model[END_REF]).

Impact on photosynthesis

Growth reductions under O3 are in part a result of an impaired photosynthetic rate [START_REF] Heath | Possible Mechanisms for the Inhibition of Photosynthesis by Ozone[END_REF][START_REF] Wittig | To What Extent Do Current and Projected Increases in Surface Ozone Affect Photosynthesis and Stomatal Conductance of Trees? A Meta-Analytic Review of the Last 3 Decades of Experiments[END_REF]). O3 or its ROS derivates have a negative impact on the photochemistry by altering chloroplast size and oxidizing pigments most notably chlorophyll. That reduces the electron transport rate [START_REF] Ranieri | Chronic Ozone Fumigation Induces Alterations in Thylakoid Functionality and Composition in Two Poplar Clones[END_REF][START_REF] Bagard | Ozone-Induced Changes in Photosynthesis and Photorespiration of Hybrid Poplar in Relation to the Developmental Stage of the Leaves[END_REF] and in turn also the biosynthesis of chlorophyll [START_REF] Saitanis | Effects of Ozone on Chlorophyll and Quantum Yield of Tobacco (Nicotiana Tabacum L.) Varieties'. Chemosphere[END_REF]. The O3-induced decrease of chlorophyll content was shown to be directly related to a lower assimilation rate [START_REF] Calatayud | Contrasting Ozone Sensitivity in Related Evergreen and Deciduous Shrubs[END_REF][START_REF] Betzelberger | Effects of Chronic Elevated Ozone Concentration on Antioxidant Capacity, Photosynthesis and Seed Yield of 10 Soybean Cultivars[END_REF][START_REF] Turc | Dynamics of Foliar Responses to O3 Stress as a Function of Phytotoxic O3 Dose in Hybrid Poplar[END_REF]. Another important effect of O3 is the reduction of Rubisco content and activity, the key carboxylase within the Calvin cycle, due to downregulation of genes coding for synthesis of Rubisco subunits, the reduction of Rubisco activity but also its ROS-induced oxidation [START_REF] Pell | Timing of Ozone Stress and Resulting Status of Ribulose Bisphosphate Carboxylase/Oxygenase and Associated Net Photosynthesis[END_REF]. In turn, the maximum carboxylation capacity of Rubisco (Vcmax)

and the maximum rate of electron transport (Jmax) driving ribulose 1,5-bisphosphate (RuBP) regeneration, decrease. However, as the Rubisco quantity and activity are not always coupled during chronic O3 exposure [START_REF] Pell | Ozone-Induced Oxidative Stress: Mechanisms of Action and Reaction[END_REF], the actual reason for a Vcmax and Jmax decrease remains not fully understood. The earlier described altered carbon allocation can partly be explained by an increase of mitochondrial respiration in order to maintain reducing power and thus detoxification capacity [START_REF] Dizengremel | Effects of Ozone on the Carbon Metabolism of Forest Trees[END_REF]. In summary, O3 affects both the photochemical and biochemical part of photosynthesis, causing a metabolic imbalance, as additional carbon is needed in order to maintain redox status [START_REF] Matyssek | Synopsis of the CASIROZ Case Study: Carbon Sink Strength of Fagus Sylvatica L. in a Changing Environment -Experimental Risk Assessment of Mitigation by Chronic Ozone Impact[END_REF]).

Chronic vs. acute exposure to O3

The effect of O3 on plants depends on the concentration and the duration of the exposure [START_REF] Vainonen | Plant Signalling in Acute Ozone Exposure[END_REF]. Both, long term ozone exposure but also hourly peaks can be observed in the field. It is therefore a common practice to distinguish between a chronic an acute exposure to O3 when it comes to the description of the experimental conditions used.

Chronic O3 exposure usually implies a fumigation at 50-150 ppb for several days to weeks, while an exposure to an O3 concentration higher than 150 ppb during a short period of time, usually not more than a few hours, is defined as an acute treatment [START_REF] Renaut | The Impact of Atmospheric Composition on Plants: A Case Study of Ozone and Poplar[END_REF]. This is insofar important as both forms of stress can cause very different responses in plants. In fact, chronic O3 exposure does not always cause visible cell deaths symptoms but will result in a decrease of photosynthesis and plant biomass and the premature onset of senescence [START_REF] Fiscus | Crop Responses to Ozone: Uptake, Modes of Action, Carbon Assimilation and Partitioning[END_REF]. In contrast, an acute O3 exposure causes cell death and the formation of visible lesions in sensitive plants, yet also a reduction of photosynthesis [START_REF] Rao | Ozone: A Tool for Probing Programmed Cell Death in Plants[END_REF][START_REF] Kangasjärvi | Signalling and Cell Death in Ozone-Exposed Plants[END_REF][START_REF] Velikova | Localized Ozone Fumigation System for Studying Ozone Effects on Photosynthesis, Respiration, Electron Transport Rate and Isoprene Emission in Field-Grown Mediterranean Oak Species[END_REF]). Yet most importantly, the mechanistic and transcriptional responses to acute O3 treatments and chronic O3 treatments often differ significantly in controlled conditions (Ainsworth et al. 2012b).

The role of mesophyll conductance (gm) within photosynthesis

In order for photosynthesis to function, its biochemical machinery, the Calvin cycle, needs to be constantly supplied with inorganic carbon in the form of CO2. However, to get to this point, CO2 must overcome a series of resistances within the leaf mesophyll consisting of gaseous and liquid components. Once having entered the leaf though the stomata, which also marks the first obstacle, CO2 needs to travel through the intercellular airspaces, the cell wall, the plasmalemma, the cytosol, the chloroplast envelope to finally reach the site of carboxylation within the chloroplast stroma. This capacity at which CO2 diffuses on this path is defined as the mesophyll conductance or gm [START_REF] Pons | Estimating Mesophyll Conductance to CO2: Methodology, Potential Errors, and Recommendations[END_REF]. Although stomatal and mesophyll diffusion were identified as photosynthesis limitations from early on [START_REF] Gaastra | Photosynthesis of Crop Plants as Influenced by Light, Carbon Dioxide, Temperature, and Stomatal Diffusion Resistance[END_REF], only the quantification of the stomatal diffusion conductance (gs) became possible with the advent of new gas exchange measuring devices, whereas gm could still not be properly estimated before the first estimation models came up in early 1990s [START_REF] Harley | Theoretical Considerations When Estimating the Mesophyll Conductance to CO2 Flux by Analysis of the Response of Photosynthesis to CO2[END_REF]). Thus, the most important photosynthesis model by Farquhar [START_REF] Farquhar | A Biochemical Model of Photosynthetic CO2 Assimilation in Leaves of C3 Species[END_REF]) first simply neglected gm or it was considered to be infinite, hence assuming the partial pressure within the intercellular airspace or (Ci) to be of the same magnitude as the one within the chloroplast stroma (Cc) (Fig. 1.2). Today the consideration of gm in order to comprehensively quantify photosynthesis limitations has become state of the art (Flexas 2018). Moreover, the significance of gm is given by the fact that it can limit photosynthesis as much or even more than stomatal conductance (gs) and the biochemistry capacity (Vcmax) (Gago 2020).

gm estimation

As gm describes the efficiency or ease at which CO2 travels from the substomatal cavity to the chloroplast stroma, it can be expressed as the ratio of net assimilation rate and the drawdown from Ci to Cc:

𝑔 𝑚 = 𝐴 𝑛𝑒𝑡 𝐶 𝑖 -𝐶 𝑐 (1) 
While gas exchange measurement devices measure Anet directly and calculate Ci, a direct measurement of Cc is currently still not possible. Hence, several methods were developed in order to estimate Cc amongst which the two most prominent used are described briefly in the following.

The chlorophyll fluorescence or variable J method

This method was established by Di [START_REF] Marco | Fluorescence Parameters Measured Concurrently with Net Photosynthesis to Investigate Chloroplastic CO2 Concentration in Leaves of Quercus Ilex L[END_REF] and [START_REF] Harley | Theoretical Considerations When Estimating the Mesophyll Conductance to CO2 Flux by Analysis of the Response of Photosynthesis to CO2[END_REF] and has become a commonly used method for measuring gm across different species and conditions and was thus also used throughout all conducted experiments in this work. It is performed by a combined measurement of chlorophyll fluorescence and gas exchange using a portable infrared gas analyser (IRGA), which is equipped with an integrated fluorescence chamber head. An IRGA consists of a distribution cell in which the respective gas concentration is identified and compared with an empty reference chamber. The obtained difference between the two chambers provides a reliable information about gas exchange rates of the sampled leaf [START_REF] Auble | An Open Path, Fast Response Infrared Absorption Gas Analyzer for H2O and CO2[END_REF].

After absorbing light energy, it is either chlorophyll molecules used to drive the photochemical part of photosynthesis, simply released as heat or re-emitted as fluorescence, which is then measured by the fluorescence chamber head. This allows also the assessment of the electron transport rate by means of chlorophyll fluorescence (JF) which is, besides the kinetics and CO2/O2 specificity of the Rubisco enzyme, expressed by the CO2 compensation point in the absence of mitochondrial respiration (Г*) and the mitochondrial respiration in the light or day respiration (Rd), necessary to calculate Cc. Г* and Rd are usually either estimated using another method [START_REF] Laisk | Determining Photosynthetic Parameters from Leaf CO2 Exchange and Chlorophyll Fluorescence (Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase Specificity Factor, Dark Respiration in the Light, Excitation Distribution between Photosystems, Alternative Electron Transport Rate, and Mesophyll Diffusion Resistance[END_REF] or taken as constants from the literature obtained from tobacco leaves (Bernachi et al. 2002). In mathematical terms, Eq. 1 is then extended by Cc expressed as the subtrahend in denominator:

𝑔 𝑚 = 𝐴 𝑛𝑒𝑡 𝐶 𝑖 - Γ * (𝐽 + 8(𝐴 𝑛𝑒𝑡 + 𝑅 𝑑 )) 𝐽 -4(𝐴 𝑛𝑒𝑡 + 𝑅 𝑑 ) (2) 
where the 4 arises by assuming 4 electrons per carboxylation or oxygenation [START_REF] Farquhar | A Biochemical Model of Photosynthetic CO2 Assimilation in Leaves of C3 Species[END_REF]. Despite the fact that this method and all its pitfalls are well documented by now, gm estimation remains a rather challenging endeavour, as the proper measurement of the several parameters is time-consuming and requires a well-planed experimental setup.

The isotopic or carbon discrimination method

Instead of combining chlorophyll fluorescence with gas exchange to obtain Cc, the use of carbon isotope discrimination is another widely used and described way to estimate gm. It makes use of the principle that heavier molecules require more energy to reach the same velocity of diffusion. So, if the external energy distribution is constant, the heavier molecule will move slower.

Thus, the heavier carbon isotope ( 13 CO2) has a lower diffusivity through the photosynthetically active tissue compared to the lighter isotope ( 12 CO2). Also, 13 CO2 is carboxylated much slower and thus plant biochemical processes preferentially take up the more abundant 12 CO2 (making up 99% of natural carbon), while discriminating against 13 CO2 (Evans 1986[START_REF] Warren | Estimating the Internal Conductance to CO2 Movement[END_REF]). As a result, the air leaving the gas exchange cuvette is enriched in 13 CO2 compared to the air entering the cuvette. The isotopic composition of this air can then be determined by spectroscopic (optical) isotope measurement (Flexas 2018). As this discrimination is due to carboxylation, it is also proportional to Cc [START_REF] Warren | Estimating the Internal Conductance to CO2 Movement[END_REF], which can then be estimated in further steps. In general, the isotopic method is more reliable and less prone to error especially when measuring plants with a high conductance. However, it requires more devices which are not always at hand and is technically more complex [START_REF] Pons | Estimating Mesophyll Conductance to CO2: Methodology, Potential Errors, and Recommendations[END_REF], thus the majority of gm data today is still obtained by means of the variable J method. Yet most important, both methods predict the same or very similar magnitudes of gm across different species and treatments [START_REF] Knauer | Contrasting Anatomical and Biochemical Controls on Mesophyll Conductance across Plant Functional Types[END_REF]).

Structural gm determinants

During the last two decades, a considerable effort was made in order to develop quantitative anatomical models in order to assess the respective role of every main structural components of gm. Although gm comprises the diffusion through intercellular air spaces and through the liquid phase of mesophyll cells, the liquid phase is considered the most important component and limitation (Fig. 1.

3) (Evans 2021

). There is wide consensus that gas phase resistance is negligible compared to liquid phase resistance as according to Fick´s law, CO2 diffusion in liquid phase is 10.000x slower [START_REF] Evans | Resistances along the CO2 Diffusion Pathway inside Leaves[END_REF][START_REF] Tholen | Variable Mesophyll Conductance Revisited: Theoretical Background and Experimental Implications[END_REF], Tosens et al. 2012). The gaseous phase conductance within the intercellular air space (IAS) is mainly determined by the effective porosity (cell wall porosity combined with tortuosity) of the mesophyll, leaf thickness and density (Flexas 2018). Thus, if the size of any of those components, except for effective porosity increases, its diffusion pathway and therefore its resistance will as well. However, experimental evidence showed that even if the gas composition of the IAS had a higher diffusivity, photosynthesis did not increase at the same time [START_REF] Parkhurst | Intercellular Diffusion Limits to CO2 Uptake in Leaves 1: Studies in Air and Helox[END_REF]. Hence, the gaseous phase plays only a minor role for gm regulation and photosynthetic turnover.

Within the liquid phase, the chloroplast surface area exposed to the IAS (Sc), cell wall thickness (Tcw) and cytoplasm thickness including the spacing between adjacent chloroplasts (Tcyt) are regarded as the main factors determining gm [START_REF] Veromann-Jürgenson | Extremely Thick Cell Walls and Low Mesophyll Conductance: Welcome to the World of Ancient Living![END_REF][START_REF] Zou | Leaf Anatomical Alterations Reduce Cotton's Mesophyll Conductance under Dynamic Drought Stress Conditions[END_REF]. Within the liquid phase, the cell wall is the first obstacle for CO2 diffusion, followed by the cytoplasm and then eventually the chloroplast envelops in order to arrive in the chloroplast stroma. As Tcw and Tcyt are relatively easy to measure trait by means of microscopy, both have been shown to be negative proportional to gm across several species. However, the actual impact of cell wall porosity and tortuosity as well as the liquid properties within the cell and of the chloroplast stroma on gm remains largely unknown, due to the fact that empirical data of their physical properties and measuring method are still not available [START_REF] Evans | Resistances along the CO2 Diffusion Pathway inside Leaves[END_REF], 2021, Tomas et al. 2013). In contrast, Sc and gm have a positive proportionality as gm is a function of diffusion path length. Thus, the more chloroplast surface is available to take up CO2, the higher becomes gm. 

Biochemical gm determinants

It has been shown that gm can respond rapidly to changing environmental conditions [START_REF] Uehlein | The Tobacco Aquaporin NtAQP1 Is a Membrane CO2 Pore with Physiological Functions[END_REF]. Also, gm estimates based on anatomical structure models were found to differ from values obtained in vivo e.g. using the variable J method (Tosens 2012b/a, Tomas et al. 2013).

This suggests that diffusion is not only structure-dependent but also driven by CO2 diffusion facilitating enzymes and proteins (Bernachi et al 2002;Flexas 2008). The two most prominent known players are aquaporins (AQP) which enhance the permeability of the plasma membrane and chloroplast envelope to CO2 (Heckwolf et el. 2011), and the cytosol and stroma forms of carbonic anhydrases (CA) which catalyse the reversible interconversion between CO2 and HCO - 3 to facilitate a steady CO2 supply at the carboxylation site [START_REF] Gillon | Internal Conductance to CO2 Diffusion and C18OO Discrimination in C3 Leaves1[END_REF].

AQP were initially identified and named for their supportive role in transmembrane water transport but subsequently other AQP, which increase the membrane permeability to other molecules including CO2 were discovered [START_REF] Kromdijk | Photosynthetic Efficiency and Mesophyll Conductance Are Unaffected in Arabidopsis Thaliana Aquaporin Knock-out Lines[END_REF][START_REF] Maurel | Aquaporins in Plants[END_REF]. Most notably plasma membrane intrinsic proteins (PIPs) located in the chloroplast envelope and thylakoid membrane, were shown to function as CO2 channels, allowing different plant systems to sustain a higher photosynthetic turnover due to an increase of gm (Fig. 1.4) [START_REF] Perez-Martin | Regulation of Photosynthesis and Stomatal and Mesophyll Conductance under Water Stress and Recovery in Olive Trees: Correlation with Gene Expression of Carbonic Anhydrase and Aquaporins[END_REF][START_REF] Sade | The Role of Plasma Membrane Aquaporins in Regulating the Bundle Sheath-Mesophyll Continuum and Leaf Hydraulics[END_REF][START_REF] Groszmann | Carbon Dioxide and Water Transport through Plant Aquaporins[END_REF]. However, current knowledge on AQP is mainly based on studies in which target-AQPs were blocked [START_REF] Hanba | Overexpression of the Barley Aquaporin HvPIP2;1 Increases Internal CO2 Conductance and CO2 Assimilation in the Leaves of Transgenic Rice Plants[END_REF][START_REF] Flexas | Tobacco Aquaporin NtAQP1 Is Involved in Mesophyll Conductance to CO2in Vivo[END_REF][START_REF] Uehlein | Function of Nicotiana Tabacum Aquaporins as Chloroplast Gas Pores Challenges the Concept of Membrane CO2 Permeability[END_REF][START_REF] Heckwolf | The Arabidopsis Thaliana Aquaporin AtPIP1;2 Is a Physiologically Relevant CO2 Transport Facilitator[END_REF]. More recent studies show that the actual role of AQP in gm regulation is still unclear and currently available methods need to be further developed in order to address the complexity of this issue [START_REF] Kromdijk | Photosynthetic Efficiency and Mesophyll Conductance Are Unaffected in Arabidopsis Thaliana Aquaporin Knock-out Lines[END_REF], Clark et al. 2022).

CA are zinc metalloenzymes and the second most abundant cellular proteins, present in all living organisms and several different compartments (Polishuk 2021). In C3 plants, CA can make up 1% to 2% of the total leaf protein portion, with only Rubisco having a higher abundancy [START_REF] Dimario | Plant Carbonic Anhydrases: Structures, Locations, Evolution, and Physiological Roles[END_REF]. CA are suggested to be of particular importance as they convert HCO3 - into CO2 and thus facilitating the CO2 diffusion across the chloroplast envelope, enabling Rubisco for a higher rate of CO2 fixation. This conversion is necessary since the Rubisco-containing chloroplast stroma has a slightly alkaline pH, in which more than 95% of the inorganic carbon is present in the form of HCO3 - [START_REF] Ignatova | Carbonic Anhydrases in Photosynthesizing Cells of C3 Higher Plants[END_REF]. Moreover, CA buffer pH changes due to varying light conditions and the hydration of other molecules than CO2 [START_REF] Dimario | The Many Types of Carbonic Anhydrases in Photosynthetic Organisms[END_REF]. In case of an absence of CA, the hydration of CO2 to HCO3 -drastically decreases, resulting in a lower CO2 diffusion [START_REF] Evans | Resistances along the CO2 Diffusion Pathway inside Leaves[END_REF]). As the chloroplast stroma is a major part of the liquid phase diffusion pathway, their role in facilitating CO2 diffusion has long been speculated [START_REF] Cowan | Economics of Carbon Fixation in Higher Plants[END_REF], while the theoretically attributed function as well as its role in gm regulation are, however, still not fully been empirically proven [START_REF] Dimario | The Many Types of Carbonic Anhydrases in Photosynthetic Organisms[END_REF][START_REF] Cousins | Recent Developments in Mesophyll Conductance in C3, C4 and CAM Plants[END_REF]). Nevertheless, a relationship between gm and CA gene expression and activity has since been shown (Perez-Martin et al. 2014, Momayyezi and[START_REF] Momayyezi | Substantial Role for Carbonic Anhydrase in Latitudinal Variation in Mesophyll Conductance of Populus Trichocarpa Torr. & Gray: Mesophyll Conductance of Cottonwood[END_REF]. It was suggested though that CA-mediated CO2 diffusion is species and especially plant type-dependent. For instance, sclerophyll species which have an inherent low gm due to a lower cell wall conductance, may be able to compensate for this by a higher chloroplast conductance as a result of an optimized CA activity [START_REF] Gillon | Internal Conductance to CO2 Diffusion and C18OO Discrimination in C3 Leaves1[END_REF].

Response of gm to environmental constraints

gm has been shown to respond both short-and long-term stress across most tested species. Most data so far recorded its response to drought, excess light and temperature and to a lesser extent to heavy metals and salinity (Flexas et al. 2008b). Drought results almost exclusively in a decrease of gm, which is, however, not always coupled with the stomatal aperture [START_REF] Flexas | CO2 Diffusion Inside Photosynthetic Organs[END_REF]). In contrast, a higher light intensity as well as temperature can rather have a speciesdependent positive effect on gm [START_REF] Evans | Temperature Response of Carbon Isotope Discrimination and Mesophyll Conductance in Tobacco[END_REF][START_REF] Douthe | Mesophyll Conductance to CO2, Assessed from Online TDL-AS Records of 13CO2 Discrimination, Displays Small but Significant Short-Term Responses to CO2 and Irradiance in Eucalyptus Seedlings[END_REF][START_REF] Bernacchi | Temperature Response of Mesophyll Conductance. Implications for the Determination of Rubisco Enzyme Kinetics and for Limitations to Photosynthesis in Vivo[END_REF][START_REF] Tazoe | Light and CO2 Do Not Affect the Mesophyll Conductance to CO2 Diffusion in Wheat Leaves[END_REF]. Heavy metals and salinity usually result in a gm decline as they might, amongst other factors, act on AQPs and CAs [START_REF] Momayyezi | Concomitant Effects of Mercuric Chloride on Mesophyll Conductance and Carbonic Anhydrase Activity in Populus Trichocarpa Torr. & Gray[END_REF][START_REF] Sade | The Role of Plasma Membrane Aquaporins in Regulating the Bundle Sheath-Mesophyll Continuum and Leaf Hydraulics[END_REF]. Recently it was also shown that the crucial abiotic stress-related phytohormone abscisic acid (ABA) might have an influence on gm (Mizokami et al. 2019). However, studies linking stress-induced signalling pathways with gm response remain still very scarce [START_REF] Gago | Mesophyll Conductance: The Leaf Corridors for Photosynthesis[END_REF].

Under high CO2, gm was found to decrease, which was explained by unfavourable anatomical modifications (cell wall thickening) (Mizokami et al. 2019) or a leakage of HCO3 -bicarbonate through the chloroplast envelope [START_REF] Tholen | The Mechanistic Basis of Internal Conductance: A Theoretical Analysis of Mesophyll Cell Photosynthesis and CO2 Diffusion[END_REF].

Response of mesophyll conductance to O3

Despite O3 being a major stress factor for vegetation and thus numerous studies on its effect on carbon assimilation have been carried out, the gm response to O3 only got little attention given the few studies currently available. So far, the majority of the conducted studies observed a decrease of gm [START_REF] Eichelmann | Photosynthetic Parameters of Birch (Betula Pendula Roth) Leaves Growing in Normal and in CO2-and O3-Enriched Atmospheres[END_REF][START_REF] Velikova | Localized Ozone Fumigation System for Studying Ozone Effects on Photosynthesis, Respiration, Electron Transport Rate and Isoprene Emission in Field-Grown Mediterranean Oak Species[END_REF][START_REF] Flowers | Photosynthesis, Chlorophyll Fluorescence, and Yield of Snap Bean (Phaseolus Vulgaris L.) Genotypes Differing in Sensitivity to Ozone[END_REF]Sun et al. 2014;[START_REF] Watanabe | Mesophyll Conductance to CO2 in Leaves of Siebold's Beech (Fagus Crenata) Seedlings under Elevated Ozone[END_REF][START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF], while one author also reported gm to be unaffected under chronically elevated O3 in Fagus sylvatica [START_REF] Warren | Internal Conductance to CO2 Transfer of Adult Fagus Sylvatica: Variation between Sun and Shade Leaves and Due to Free-Air Ozone Fumigation[END_REF]. Besides that, only one study actually quantified the extent to which an impaired gm contributes O3 induced Anet decrease and ruled out its equal or even higher importance in limiting Anet comparison to stomatal conductance and biochemistry [START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF]. Studies looking at the gm response to acute or short-term O3 exposure are not yet available, marking a large research gap, given the fact that this form of O3 stress is supposed to play an ever-important role in the field in the near future as described above.

Unlike gs, which reflects only the restricted diffusion through stomatal pores whose opening and depth may vary, gm comprises multiple elements aligned on a much longer pathway [START_REF] Evans | Mesophyll Conductance: Walls, Membranes and Spatial Complexity[END_REF], Gago et al. 2020) (Fig. 1.4). Therefore, in order to decipher the cause of a stress and/or O3-induced gm decrease, every single element under consideration of its importance within gm needs to be analysed. However, while O3-caused alterations of some gm key parameters such as Tcw, Tct and Sc have been described in several studies [START_REF] Günthardt-Goerg | Different Responses to Ozone of Tobacco, Poplar, Birch, and Alder[END_REF][START_REF] Oksanen | Impacts of Elevated CO2 and/or O3 on Leaf Ultrastructure of Aspen (Populus Tremuloides) and Birch (Betula Papyrifera) in the Aspen FACE Experiment[END_REF]2005), their direct relationship to gm variation under constrained conditions was only established under different stresses, especially drought, temperature change and nutrient deficiency [START_REF] Flexas | Mesophyll Diffusion Conductance to CO2: An Unappreciated Central Player in Photosynthesis[END_REF], Gago et al. 2020). Nevertheless, often reported decreases in chlorophyll content and an increase of the leaf mass per area (LMA) being linked to gm decrease, suggest that structural determinants do play an important role in gm regulation under O3. The O3 impact on the biochemical determinants remains to be investigated.

The tree model poplar

Due to a number of very favourable properties, poplar has become a major model tree within plant biology research. Belonging to the pioneer woody plants, the poplar genus is one of the most widespread genera in the world, being distributed within a vast area stretching from Europe to Northern Asia as well as being native to North America. Hence, there is a high number of subspecies and thus a large gene pool and genetic diversity, which are essential for genetic selections. Due to its comparatively small genome size, Populus trichocarpa was one of the first tree species whose genome has been sequenced [START_REF] Brunner | Poplar Genome Sequence: Functional Genomics in an Ecologically Dominant Plant Species[END_REF]). Moreover, a number of studies regarding the stress response of several poplar species was carried out including drought [START_REF] Tschaplinski | Carbohydrate Mobilization Following Shoot Defoliation and Decapitation in Hybrid Poplar[END_REF][START_REF] Gebre | Clonal and Seasonal Differences in Leaf Osmotic Potential and Organic Solutes of Five Hybrid Poplar Clones Grown under Field Conditions[END_REF][START_REF] Brignolas | Compared Water Deficit Response of Two Populus x Euramericana Clones, Luisa Avanzo and Dorskamp[END_REF][START_REF] Monclus | Impact of Drought on Productivity and Water Use Efficiency in 29 Genotypes of Populus Deltoides×Populus Nigra[END_REF][START_REF] Bogeat-Triboulot | Gradual Soil Water Depletion Results in Reversible Changes of Gene Expression, Protein Profiles, Ecophysiology, and Growth Performance in Populus Euphratica, a Poplar Growing in Arid Regions[END_REF], ozone [START_REF] Cabané | Condensed Lignins Are Synthesized in Poplar Leaves Exposed to Ozone[END_REF][START_REF] Renaut | The Impact of Atmospheric Composition on Plants: A Case Study of Ozone and Poplar[END_REF][START_REF] Agrawal | Tropospheric Ozone: A Hazard for Vegetation and Human Health[END_REF]) and a combination of these two stresses (Dusart et al. 2019b). Poplar is generally considered to be O3 sensitive, but shows also a broad range of sensitivity levels across common genotypes [START_REF] Wittig | Quantifying the Impact of Current and Future Tropospheric Ozone on Tree Biomass, Growth, Physiology and Biochemistry: A Quantitative Meta-Analysis[END_REF][START_REF] Agrawal | Tropospheric Ozone: A Hazard for Vegetation and Human Health[END_REF]). This allows comprehensive screening studies in order to decipher stress regulation mechanisms. Its characteristics, such as the easy propagation and the maintenance of a favourable upright and slim shape whilst growing fast as well as its relatively low susceptibility to diseases, makes poplar a very suitable model tree for investigations of characteristics of woody plants especially within greenhouse and growth chamber experiments. Furthermore, it is of high economic interest with a wide range of use within various industries in everything from bioenergy to veneer production [START_REF] Taylor | Populus: Arabidopsis for Forestry. Do We Need a Model Tree?[END_REF][START_REF] Praciak | The CABI Encyclopedia of Forest Trees[END_REF];

Weih and Polle 2016).

Research Objectives

The research on the O3-impact on plant metabolism, defence mechanisms and gs regulation using the plant model poplar has had a longer history within our lab. Making use of this existing long-term experience in conducting O3-fumigation experiments, the research interest was shifted towards gm, being the third but least studied major limiting factor of carbon assimilation besides gs and the capacity of the Rubisco enzyme. This thesis at hand aims to enhance the mechanistic understanding of gm regulation under O3-induced oxidative stress. Due to its multicomponent structure, several methodical approaches are required in order to look at the main determinants of gm.

At first (chapter II), the response of gm to chronic O3 exposure was characterized by screening several contrasting poplar genotypes regarding their sensitivity towards O3 but also to other environmental stresses. As previous studies observed a considerable decrease of gm under stress conditions, a method was used to actually quantify the impact of O3 on gm and its contribution to the O3-caused decrease of Anet. In order to get an insight on O3-induced modifications of structural parameters determining gm, easy-to-measure leaf traits were obtained. Moreover, it was attempted to establish a link between gm and the cell redox status and oxidative stress signalling by measuring the quantities of ascorbate, gluthatione and malondialdehyde by means of an High-performance liquid chromatography (HPLC).

In a second step (chapter III), the main goal was to gain insight into the leaf anatomical determinants of gm using light and transmission electron microscopy. To do so, the obtained information (chapter II) regarding the relevant leaf traits as well as the genotypic-dependent sensitivity of gm was used in order to select two appropriate genotypes. The emphasis was put on the measurable impact of chronic O3 effect on leaf integrative and ultrastructural traits and their possible relationship to gm. A quantitative model was applied to decipher which structural component is limiting gm capacity the most. By comparing two genotypes, it is assumed that possible genotypic differences might help to explain gm functioning at cellular level.

In a final step (chapter IV), the biochemical gm determinants were studied by setting up a different experimental design, which would allow the measurement of an expected dynamic gm response during an alternation of an acute O3 stress followed by a recovery period. This time, the most responsive genotype was investigated by analysing gene expression of several target genes encoding for key carbonic anhydrases which might play a role in gm regulation using qPCR.
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Chapter II: Characterization of gm response to chronic O3

Preface

Once a certain threshold is exceeded, most environmental stressors lead to an imbalance between the overproduction of ROS and the ability to detoxify or repair the damage caused, that is, oxidative stress [START_REF] Inzé | Oxidative Stress in Plants[END_REF]. In this regard, O3 is not only a major air pollutant and real threat to plant health and productivity, but also an excellent tool to simulate such a stress accurately under laboratory conditions [START_REF] Noctor | Oxidative Stress and Antioxidative Systems: Recipes for Successful Data Collection and Interpretation: Methods in Oxidative Stress Research[END_REF].

This first chapter addresses the response of gm to an oxidative stress induced by chronic O3 under controlled conditions. For this purpose, a screening of several genotypes of the tree model poplar was carried out in order to test rather contrasting genotypes using data previously obtained under different stress treatments. Testing genotypes on an intraspecific level, might allow a better comparability of mechanisms behind a certain response as the tested plant models are more genetically related. Nonetheless, interspecies comparisons undoubtedly also have their advantages such as a broader insight and the discovery of different strategies or response mechanisms, especially when working in a larger scale context e.g. forestry or agriculture.

The experiment performed here encompasses a fairly large number of different methods and parameters in order to gain the most comprehensive insight possible. This includes the extensive measurement of gas exchange parameters, including CO2 response curves and the determination of the required gm-model constants Rd and Ci*, accompanied by measurements at low O2 in order to parameterize the model. Furthermore, a quantitative limitation analysis is performed which allows to better assess whether gm response have actual impact on Anet in comparison to the other two main players limiting photosynthesis, gsc and Vcmax. Moreover, an attempt is made to relate the antioxidants pool, comprising ascorbate and glutathione and the abundancy of the oxidative stress marker malondialdehyde to the obtained gas exchange and gm response under O3. This chapter provides also a comprehensive data set of biometrical traits, including the leaf structural trait LMA, a central parameter within gm research. The obtained response of gm amongst the tested genotypes would then be used to select suitable candidates in order to analyse gm regulation parameters in the following chapters. 

The response of mesophyll conductance to ozone-induced oxidative stress is genotype-dependent in poplar

Abstract

The CO2 diffusion conductance within the leaf mesophyll (gm) is considered a major limiting factor of photosynthesis. However, the effects of the major secondary air pollutant ozone (O3) on gm have been poorly investigated. Eight genotypes of the economically important tree species Populus x canadensis Moench were exposed to 120 ppb O3 for 21 days. gm showed a genotype-dependent response to O3-induced oxidative stress and was a major limiting factor of the net assimilation rate (Anet), ahead of stomatal conductance to CO2 (gsc) and of the maximum carboxylation capacity of the Rubisco enzyme (Vcmax) in half of the tested genotypes. An increased leaf dry mass per area (LMA) and a decreased chlorophyll content were linked to the observed gm decrease, but this relationship did not entirely explain the different genotypic gm responses. Moreover, the oxidative stress defence metabolites ascorbate and glutathione were not related to O3-tolerance of gm. However, malondialdehyde (MDA) probably mitigated the observed gm decrease in some genotypes due to its oxidative stress signalling function. The large variation of gm suggests different regulation mechanisms amongst poplar genotypes under oxidative stress.

Introduction

The capacity of CO2 to diffuse from the intercellular airspace within a leaf to the site of Rubisco carboxylation within chloroplasts is defined as mesophyll conductance (gm) [START_REF] Evans | Carbon Dioxide Diffusion inside Leaves[END_REF]. It can considerably limit photosynthesis under both stress and non-stress conditions [START_REF] Evans | Resistances along the CO2 Diffusion Pathway inside Leaves[END_REF][START_REF] Flexas | Mesophyll Diffusion Conductance to CO2: An Unappreciated Central Player in Photosynthesis[END_REF]2018). This limitation can be of similar or even greater magnitude than those caused by stomatal conductance (gs), the maximum carboxylation capacity of Rubisco (Vcmax) or the maximum rate of electron transport rate (Jmax) driving ribulose 1,5 bisphosphate (RuBP) regeneration within the Calvin-Benson cycle [START_REF] Grassi | Stomatal, Mesophyll Conductance and Biochemical Limitations to Photosynthesis as Affected by Drought and Leaf Ontogeny in Ash and Oak Trees[END_REF][START_REF] Evans | Temperature Response of Carbon Isotope Discrimination and Mesophyll Conductance in Tobacco[END_REF][START_REF] Gago | Mesophyll Conductance: The Leaf Corridors for Photosynthesis[END_REF]). However, the improvement of plant photosynthesis has so far mainly been focused on the modification of the stomatal dynamics or the enhancement of the Rubisco capacity [START_REF] Lawson | Speedy Stomata, Photosynthesis and Plant Water Use Efficiency[END_REF][START_REF] South | Synthetic Glycolate Metabolism Pathways Stimulate Crop Growth and Productivity in the Field[END_REF][START_REF] Flexas | Cell Wall Thickness and Composition Are Involved in Photosynthetic Limitation[END_REF]. In addition, it is now broadly accepted that a meaningful quantification of photosynthesis limitation is only valid when including gm and in turn Cc-based

Vcmax and Jmax based on the CO2 partial pressure in the chloroplast stroma (Cc) (Sun et al. 2014b;[START_REF] Flexas | CO2 Diffusion Inside Photosynthetic Organs[END_REF]. Consequently, gm was only recently included in global carbon cycle models because its omission would lead to significant underestimation of Vcmax and Jmax, and of gross primary productivity (Sun et al. 2014a;Sun et al. 2014b;[START_REF] Knauer | Effects of Mesophyll Conductance on Vegetation Responses to Elevated CO2 Concentrations in a Land Surface Model[END_REF]2020).

Within short and long time periods, gm is highly responsive to various abiotic stresses including the major secondary air pollutant ozone (O3) (Flexas et al. 2008b;2018;[START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF]2020).

An ever-increasing frequency of heatwaves and precursor emissions (e.g., NOX, VOCs, CH4

and CO) is fostering O3 formation and thus causing higher background concentrations and more frequent events of temporary exposure to elevated O3 levels on a global scale [START_REF] Schaub | Ozone Concentrations Are Decreasing but Exposure Remains High in European Forests[END_REF][START_REF] Zhang | Ozone Pollution: A Major Health Hazard Worldwide[END_REF][START_REF] Fowler | Ground-Level Ozone in the 21st Century: Future Trends, Impacts and Policy Implications[END_REF]Sicard et al. 2017). O3 is well known to generate the formation of reactive oxygen species (ROS) and ultimately oxidative stress [START_REF] Gill | Reactive Oxygen Species and Antioxidant Machinery in Abiotic Stress Tolerance in Crop Plants[END_REF][START_REF] Noctor | ROS-Related Redox Regulation and Signaling in Plants[END_REF], which decrease plant growth and productivity [START_REF] Wittig | Quantifying the Impact of Current and Future Tropospheric Ozone on Tree Biomass, Growth, Physiology and Biochemistry: A Quantitative Meta-Analysis[END_REF][START_REF] Proietti | A Multi-Sites Analysis on the Ozone Effects on Gross Primary Production of European Forests[END_REF][START_REF] Jolivet | Deciphering the Ozone-Induced Changes in Cellular Processes: A Prerequisite for Ozone Risk Assessment at the Tree and Forest Levels[END_REF][START_REF] Paoletti | Challenges, Gaps and Opportunities in Investigating the Interactions of Ozone Pollution and Plant Ecosystems[END_REF]. To counteract increased levels of ROS, plants possess a pool of antioxidants, amongst which ascorbic acid (Asc) and glutathione (GSH) play a predominant role in mitigating O3 damage at the cellular level [START_REF] Zechmann | Subcellular Distribution of Ascorbate in Plants[END_REF]. The apoplastic antioxidant metabolism influences gm by modifying the cell wall composition under salt and drought stresses (Clemente-Moreno et al. 2019), suggesting an important role of the cell detoxification capacity within the gm response to stress. Besides that, it was suggested that O3 induces an increased synthesis of stress lignin in poplar mesophyll cells and thus increasing cell wall lignification [START_REF] Cabané | Condensed Lignins Are Synthesized in Poplar Leaves Exposed to Ozone[END_REF]). This might enhance ROS resistance either through antioxidant or barrier effect [START_REF] Pell | Ozone-Induced Oxidative Stress: Mechanisms of Action and Reaction[END_REF][START_REF] Oksanen | Structural Characteristics and Chemical Composition of Birch (Betula Pendula) Leaves Are Modified by Increasing CO2 and Ozone[END_REF]), but also causing gm to decline due to a higher cell wall resistance [START_REF] Flexas | Cell Wall Thickness and Composition Are Involved in Photosynthetic Limitation[END_REF].

O3 impairs photosynthesis in several species due to a negative impact on both stomatal and nonstomatal components [START_REF] Wittig | Quantifying the Impact of Current and Future Tropospheric Ozone on Tree Biomass, Growth, Physiology and Biochemistry: A Quantitative Meta-Analysis[END_REF][START_REF] Paoletti | Challenges, Gaps and Opportunities in Investigating the Interactions of Ozone Pollution and Plant Ecosystems[END_REF]. At the stomata level, O3 decreases CO2 availability by impairing the opening-closing mechanism, leading to the socalled stomatal sluggishness. This is mainly caused by a disturbed signal transduction as a result of a malfunctioning ion flux and inhibited expression of the key genes involved in the process (Dumont, Cohen, et al. 2014). Consequently, the O3 influx but also CO2 uptake is reduced (Paoletti and Grulke, 2010). O3 can have a significant effect on gm, particularly due to changes in the structural characteristics of the leaf mesophyll (Günthardt-Goerg 1996; Elena [START_REF] Paoletti | Structural and Physiological Responses to Ozone in Manna Ash (Fraxinus Ornus L.) Leaves of Seedlings and Mature Trees under Controlled and Ambient Conditions[END_REF]). However, conflicting results have been obtained regarding a possible relationship between gm and O3-modified leaf traits [START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF]2020). The biochemical capacity is substantially affected by O3, as a large number of key enzymes within the Calvin-Benson cycle and notably the amount and capacity of Rubisco are downregulated [START_REF] Heath | Modification of the Biochemical Pathways of Plants Induced by Ozone: What Are the Varied Routes to Change?' Environmental Pollution, Forests under Anthropogenic Pressure -Effects of Air Pollution[END_REF]. Although the activity of phosphoenolpyruvate carboxylasea cytosolic carbolyxaseis in turn stimulated under O3, it cannot compensate for the amount of CO2 previously fixed by Rubisco (Dizengremel 2001). However, inconsistent results have been obtained regarding the impact of O3 on the Cc-based Vcmax and its contribution to Anet limitation [START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF]2020;Hoshika et al. 2020). Nevertheless, gm-induced reduced CO2 availability might be more determining than Vcmax in limiting Anet under O3 and high temperature when gm is included within the estimation of Vcmax, as suggested by [START_REF] Xu | Effect of Elevated Ozone, Nitrogen Availability and Mesophyll Conductance on the Temperature Responses of Leaf Photosynthetic Parameters in Poplar'. Edited by Danielle Way[END_REF].

gm shows a considerable intra-and interspecific variability depending on the taxonomic group, especially on leaf functional traits [START_REF] Flexas | CO2 Diffusion Inside Photosynthetic Organs[END_REF]). The tree model poplar displays a large gm variability under various conditions within the genus (Flexas et al. 2008b;[START_REF] Knauer | Effects of Mesophyll Conductance on Vegetation Responses to Elevated CO2 Concentrations in a Land Surface Model[END_REF]). Such differences could be useful to further enhance our general understanding of gm by identifying the underlying factors that drive gm regulation under stress [START_REF] Elferjani | A Meta-Analysis of Mesophyll Conductance to CO2 in Relation to Major Abiotic Stresses in Poplar Species[END_REF].

Previous works already found gm to be the main factor limiting Anet under O3-induced oxidative stress in a single poplar genotype [START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF]), yet its variability within the poplar genus still remains largely unclear.

Eight contrasting genotypes of the most frequently cultivated poplar hybrid in Europe -Populus

x canadensis Moench [START_REF] Monclus | Impact of Drought on Productivity and Water Use Efficiency in 29 Genotypes of Populus Deltoides×Populus Nigra[END_REF])were exposed to chronically elevated O3 in order to i) quantify the impact of O3-induced oxidative stress on gm, ii) characterise the assumed gen-otypic differences in sensitivity of gm, iii) obtain the magnitude of gm limitation and its contribution to the O3-induced decline of Anet, and iv) investigate the potential link between the gm response to O3 and modifications of leaf traits and of the cell redox status. (PPFD) at leaf height), respectively. The growth conditions were recorded individually in each chamber and verified to be similar throughout the growth period. Eight replicates of each genotype were evenly distributed in the eight climate chambers. After an acclimation period of 7 days, four chambers were treated daily with O3 at 120 ± 5 ppb for 13 h per day for 21 days, whereas the other four were exposed to charcoal-filtered air. O3 was produced from pure O2 by an O3 generator (OZ500; Fischer, Bonn, Germany and CMG3-3; Innovatec II, Rheinbach, Germany). The O3 concentration in the climate chambers was continuously monitored by an O3 analyser (O341M, Environment S.A. Paris, France). The plants were watered daily with tap water and rotated regularly to avoid any positioning effect. All measurements and samplings were done on four biological replicates per treatment and per genotype.

Materials and methods

Plant material and O3 exposure

Cuttings of eight

Gas exchange and chlorophyll fluorescence

Gas exchange and chlorophyll fluorescence measurements were performed in a growth chamber with a LiCor 6400 infra-red gas analyser (LI-COR Inc., Lincoln, NE, USA) with an integrated fluorescence chamber head . The cuvette temperature was set at 25 °C, the light intensity at 1000 μmol m 2 s -1 , the air flow at 300 μmol s -1 , the CO2 level at 400 µbar, relative humidity between 65 and 85 %, and the vapour pressure deficit (VPD) was maintained below 1.2 kPa. Measurements were performed on the youngest fully expanded mature leaf of each plant after 30 min of acclimation to reach steady state of the photosynthetic parameters and during a time window which was at least between 2h after or before the end of the photoperiod. Besides gas exchange, chlorophyll fluorescence parameters were recorded by the a leaf fluorometer following a saturating pulse of 10 mmol m 2 s -1 for 1 sec using a multiphase flash [START_REF] Loriaux | Closing in on Maximum Yield of Chlorophyll Fluorescence Using a Single Multiphase Flash of Sub-Saturating Intensity[END_REF]. The quantum yield of photosystem II (ΦPSII) was calculated according to [START_REF] Genty | The Relationship between the Quantum Yield of Photosynthetic Electron Transport and Quenching of Chlorophyll Fluorescence[END_REF]:

where Fs is the steady state fluorescence under the prevailing light conditions and Fm' is the maximal fluorescence during a short saturating pulse of light. The actual photochemical efficiency under saturated light was calculated as follows:

𝐹′ 𝑣 𝐹′ 𝑚 ⁄ = 𝐹′ 𝑚 -𝐹′ 𝑜 𝐹′ 𝑚 (4) 
where F'v is the variable fluorescence of a light-adapted leaf and F'o is the minimal fluorescence from a light adapted leaf which was measured immediately after switching off the actinic light [START_REF] Murchie | Chlorophyll Fluorescence Analysis: A Guide to Good Practice and Understanding Some New Applications[END_REF]. The electron transport rate estimated from chlorophyll fluorescence (JF) was calculated according to [START_REF] Genty | The Relationship between the Quantum Yield of Photosynthetic Electron Transport and Quenching of Chlorophyll Fluorescence[END_REF] as follows:

𝐽 𝐹 = 𝛷 𝑃𝑆𝐼𝐼 * 𝑃𝑃𝐹𝐷 * 𝛼 * 𝛽 (5)
where PPFD is the photosynthetically active photon flux density incident on the leaf, α is the leaf absorbance (0.87) and β is the fraction of photons absorbed by PSII (0.5).

𝛷 𝑃𝑆𝐼𝐼 = (𝐹 ′ 𝑚 -𝐹 𝑠 ) 𝐹′ 𝑚 (3) 

Estimation of gm, Rd, Г*, Ci* and Vcmax

gm was estimated by means of the variable J method, according to [START_REF] Harley | Theoretical Considerations When Estimating the Mesophyll Conductance to CO2 Flux by Analysis of the Response of Photosynthesis to CO2[END_REF]:

𝑔 𝑚 = 𝐴 𝑛𝑒𝑡 𝐶 𝑖 - Γ * (𝐽 + 8(𝐴 𝑛𝑒𝑡 + 𝑅 𝑑 )) 𝐽 -4(𝐴 𝑛𝑒𝑡 + 𝑅 𝑑 ) (6) 
where Anet stands for the net CO2 assimilation rate, Rd for the day mitochondrial respiration, Ci for the CO2 partial pressure in the intercellular air spaces, Г* for the CO2 compensation point in the absence of mitochondrial respiration, and J for the rate of photosynthetic electron transport derived from chlorophyll fluorescence (Eq. 5) and corrected based on the empirical relationship between JF and the electron transport rate calculated from gas exchange (Ja) measured at low O2. To account for alternative electron sinks and convert chlorophyll fluorescence estimates of electron transport rates to the actual transport rate (J), CO2 response curves were obtained at a 1.5 % O2 concentration to establish the relationship between JF and Ja [START_REF] Warren | Estimating the Internal Conductance to CO2 Movement[END_REF][START_REF] Pons | Estimating Mesophyll Conductance to CO2: Methodology, Potential Errors, and Recommendations[END_REF]). The relationship was then expressed as Ja= bF(JF+c), where bF (1.101±0.02 in control and 1.047±0.03 under O3, Supplementary Fig. S1) is the slope of a linear relationship between Ja and JF with the constant c. Band-broadening effects of oxygen in the measuring wavelength were corrected for according to the manufacturer's instructions. All gm values were measured at 400 µbar ambient pCO2.

The CO2 response curves were obtained measuring Anet stepwise at 400,300,200,150,100,50,400,600,800,1000,1400, and 1800 µbar ambient pCO2 and a PAR of 1000 μmol m -2 s -1 . The Laisk method was used to estimate Rd and the intercellular CO2 compensation point (Ci*), which serves as an estimate of Г* [START_REF] Warren | Temperature Response of Photosynthesis and Internal Conductance to CO2: Results from Two Independent Approaches[END_REF]. Briefly, quick CO2 response curves were obtained by measuring Anet under three different irradiances (125, 250, and 500 μmol m -2 s -1 ) and at 400, 250, 150, 120, 100, 80, and 60 µbar ambient pCO2 (only the linear section of the CO2 curves were used for analysis). Then, Rd (0.4. in control, 0.8 µmol m -2 s -1 under O3) and Ci* (35 µbar for both treatments) were obtained as the respective y-and x-axis coordinates of the common intersections of the fitted linear regressions [START_REF] Laisk | Determining Photosynthetic Parameters from Leaf CO2 Exchange and Chlorophyll Fluorescence (Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase Specificity Factor, Dark Respiration in the Light, Excitation Distribution between Photosystems, Alternative Electron Transport Rate, and Mesophyll Diffusion Resistance[END_REF] (Supplementary Fig. S2). The maximum carboxylation capacity of Rubisco (Vcmax) and the maximum electron transport rate (J1000) were obtained using the FitAci function of the Plantecophys package in R (Duursma 2015, R Core Team 2018). Therein, the respective Michaelis-Menten constants Kc and Ko for CO2 and O2, were set at 259 μbar and 179 mbar, according to von [START_REF] Caemmerer | The Kinetics of Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase in Vivo Inferred from Measurements of Photosynthesis in Leaves of Transgenic Tobacco[END_REF]. Besides the apparent Vcmax(Ci) and J1000(Ci), which are based on Anet to Ci response curves, Vcmax(Cc) and J1000(Cc) based on Anet to Cc response curves were also calculated using the estimated gm.

Quantitative limitation analysis of photosynthesis

The relative Anet limitations due to mesophyll conductance (lm), stomatal conductance to CO2

(ls) and biochemical capacity (lb) were quantified according to [START_REF] Grassi | Stomatal, Mesophyll Conductance and Biochemical Limitations to Photosynthesis as Affected by Drought and Leaf Ontogeny in Ash and Oak Trees[END_REF] as follows: 

𝑙 𝑚 = 𝑔 𝑡𝑜𝑡 /𝑔 𝑔𝑚 *
where gtot stands for total conductance to CO2 between the leaf surface and carboxylation sites, calculated as 1/gtot = 1/gsc + 1/gm, and ∂A/∂Cc stands for the linear slope of the range from 60 to 150 µbar CO2 within the measured A/Cc curves.

The corresponding contributions of limited gm (MCL), gsc (SL) and Vcmax (BL) to the Anet decrease under O3 exposure were calculated as:

𝑀𝐶 𝐿 = 𝑙 𝑚 * Δ𝑔 𝑚 /𝑔 𝑚 ( 10 
)
𝑆 𝐿 = 𝑙 𝑠 * Δ𝑔 𝑠𝑐 /𝑔 𝑠𝑐 (11) 𝐵 𝐿 = 𝑙 𝑏 * Δ ∂A/ ∂𝐶 𝐶 ∂A/ ∂𝐶 𝐶 (12) 
were Δ stands for the difference between the control and O3 groups.

Quantification of ascorbate, glutathione and malondialdehyde by LC-MS

Leaves previously stored at -80 °C were ground in a mortar filled with liquid nitrogen. One hundred mg of plant powder were suspended in 1 mL of 0.2 N HCl and homogenised using a Vibration Mill Mixer (Qiagen, Venlo, The Netherlands) for 3 x 30 s. The samples were reimmersed in liquid nitrogen between each of the three 30-second runs to preserve them. The 

Chlorophyll and flavonol contents

Chlorophyll and flavonol contents were measured using a Dualex Scientific portable leaf-clip meter (Force-A, Orsay, France). The values were the means of four different areas across the leaf. The Dualex device measured the transmitted light in the far-red (~720 nm) and near-infrared spectra (~820 nm). Then, the chlorophyll content was calculated as the transmittance ratio of these two wavelengths. The flavonol content was assessed by sequential measurement of leaf fluorescence at 375 nm and 650 nm, in relative absorbance units.

Plant and leaf traits

Poplar shoot height and diameter, number of leaves, total leaf area, leaf and stem fresh weight were measured before and after O3 treatment. Leaves and shoots were dried at 65 °C for 4 days, and dry weight was measured. The total leaf area of each plant was measured using a LI-3050A planimeter (Li-Cor Inc., Nebraska, NE, USA). The leaf mass per area was calculated as LMA (g m -²) = leaf dry mass (g) / total leaf area (m 2 ).

Statistical analyses

All statistical analyses were performed in R (R Core Team, 2018 

Results

Different responses of gm and gsc to O3

Mesophyll (gm), stomatal (gsc) and total (gtot) conductance to CO2 were estimated in eight Populus × canadensis Moench genotypes exposed to O3 or charcoal-filtered air (Figs. 1A-C). In the control plants, gm was on average 0.24 mol m -2 s -1 bar -1 (min. 0.18 ± 0.02 in I214; max. 0.29 ± 0.05 in AF) (Fig. 2.1A). The gm response to O3 was characterised by genotypic variability:

AF, I214, I45/51, KT, RB and SL displayed a significant average decrease of 61 % whereas DK and OB were not significantly affected. The maximum and minimum O3-induced gm decreases were 72% in SL and 31% in DK, respectively. To account for potential error in the parameterization of the model and in the determination of gm, a sensitivity analysis was performed, varying Г* and J accordingly, which confirmed the large decrease in gm under O3 and genotypic variability when assuming a ±10% error (Supplementary Tab. S1). No major differences were observed in the Г* value determined with the Laisk method, neither between genotypes nor between treatments. In addition, there was an overall good fit of the linear portion of the curves in all genotypes (Supplementary Fig. S7.2).

Stomatal conductance to CO2 (gsc) was 0.22 ± 0.01 mol m -2 s -1 on average in the control plants, and 0.15 ± 0.01 mol m -2 s -1 in the O3-treated plants (Fig. 2.1B) with all genotypes significantly affected. The O3-induced gsc decrease ranged from 54% in AF to 15% in RB. The response of gtot to O3 also showed genotypic variability as all genotypes except DK were significantly affected (Fig. 2.1C). SL was the most affected genotype, with a 63% decrease. 

O3 affects photosynthesis in poplar genotypes

The net assimilation rate (Anet) was 22.3 ± 0.75 μmol m -2 s -1 on average in the control plants (min. 18.12 in AF; max. 25.02 in SL) (Fig. 2.2A). Under O3 exposure, the average value decreased by 30% to 15.5 ± 0.74 μmol m -2 s -1 (min. 12.88 in AF; max. 19.8 in DK). Thus, DK showed the lowest decrease (15%) and SL the highest (47%). Stomatal conductance to water vapour (gs) was 0.35 ± 0.02 mol m -2 s -1 in the control plants and 0.24 ± 0.02 mol m -2 s -1 under O3 exposure, hence a 32 % decrease on average (Supplementary Fig. S3). However, this decrease ranged from 15% in RB to 54% in AF. The quantum yield of photosystem II (PSII) was affected under O3 exposure, with I45/51 and SL showing the greatest decreases (23% and 25%, respectively) (Fig. 

Effect on CO2 partial pressure at the leaf intercellular airspace (Ci) and at the carboxylation sites in the chloroplasts (Cc)

The CO2 partial pressures within the intercellular airspace (Ci) and the chloroplast (Cc) as well as their difference (Ci-Cc) were characterised by a genotypic-dependent response under O3 exposure (Figs 

Different responses of Ci and Cc-based Vcmax

The maximum carboxylation rate of Rubisco (Vcmax) was estimated based on the CO2 partial pressure within the chloroplast Vcmax(Cc) or within the leaf intercellular airspace Vcmax(Ci).

Vcmax(Ci) is also referred to as the apparent carboxylation rate. It was 101.2 ± 3.29 μmol m -2 s - 1 on average in the control plants and decreased by 34% to 66.9 ± 4.06 μmol m -2 s -1 under O3 exposure (Fig. 2.4A). Genotypic variability of Vcmax(Ci) was high: all genotypes except AF and DK showed a significant decrease under O3 exposure due to their lower initial slope (Supplementary Fig. S4). SL showed the highest O3-induced decrease of Vcmax(Ci) (53%). In contrast, Vcmax(Cc) was not significantly impaired by O3 exposure but the genotypes I45/51 and RB did show a decrease under O3. Moreover, Vcmax(Cc) was significantly higher than Vcmax(Ci) (p <0.001) in both the treated and control groups (Figs 2.4A & B, Supplementary Fig. S5). The Cc-based electron transport rate (J1000(Cc)) and the J1000(Cc)/Vcmax(Cc) ratio were not significantly affected by O3 either, but the genotypes I45/51 and RB showed a considerable decrease of (J1000(Cc)) as well (Fig. 2.4 C&D). 

Changes in antioxidant capacity under O3 exposure

The content in the oxidative stress marker malondialdehyde (MDA) increased by 77 ± 9 % on average under O3 exposure (Fig. 2.6A). The highest MDA levels were found in DK, I214, RB and OB, and the lowest ones in AF and SL. The flavonol content also increased by 26 ± 6 % on average under O3 exposure, ranging from 7% in RB to 58% in KT (Fig. 2.6B). The total contents in ascorbate (Asc) and its reduced (AsA) and oxidised (DHA) forms were not significantly affected by O3 exposure (Fig. 2.6C). However, the DHA contents differed considerably amongst genotypes: KT had a two-to three-fold higher concentration compared to DK, AF or SL. The percentage of ASA was not affected, but also showed genotypic differences; RB displayed the lowest value, and DK the highest one (Fig. 2.6E). In contrast, the total glutathione pool increased significantly by 13 ± 4 % on average (Fig. 2.6D). The reduced form (GSH) showed a 15 ± 4 % increase ranging from 5% in RB to 35% in SL, while an average 28 ± 7 % decrease was found for the oxidised form (GSSG), ranging from 17 % in DK to 46% in RB. The percentage of GSH increased significantly by 3 ± 0.5 %, yet without any significant difference among genotypes (Fig. 2.6F). 

Relationship between photosynthetic capacity and leaf CO2 conductance

At gm values below 0.26 mol m -2 s -1 bar -1 , Anet was linearly positively related to gm across genotypes and treatments (Fig. 2.7A). At higher gm, Anet reached a plateau while gm was still increasing (Fig. 2.7A). Anet and gsc showed a linear relationship across all genotypes as well as within each of the two treated and control groups (Fig. 

gm is related to LMA and chlorophyll content

gm was negatively related to LMA changes across genotypes and the treated vs. control groups (Fig. 2.8A). Therefore, an increased LMA was correlated to a gm decrease. However, the decrease lessened as LMA increased. Another yet contrasting relationship was observed between the chlorophyll content and gm, as the two parameters were positively related (Fig. 8B). As both relationships were driven by the O3 treatment effect rather than by a genotype-dependent response, the total population trend is shown. 

A genotype-dependent relationship between gm and the MDA content

A lower gm was to some extent related to a higher content in oxidative stress markeri.e., MDAwhen considering the entire population trend (Fig. 2.9). However, this relationship differed depending on the genotype, so that separate linear regressions were fitted. A first group of genotypes including SL, KT and AF showed a severe drop of gm as MDA increased. This group had the sharpest slopes while the increase in the MDA concentration was rather small, and was referred to as the most MDA-responsive group. A second group including DK, I214, I45/51 and OB was characterised by a moderate gm drop despite a much higher MDA content after O3 exposure. This group had lower slopes and was referred to as the least MDA-responsive group. RB showed an intermediate behaviour, with a significant decrease of gm but a higher MDA content. 

Discussion

O3 affects gm intra-specifically

This study is the first screening of the gm capacity of poplar under chronically elevated O3 and reveals a strong and genotype-dependent response of gm to O3-induced oxidative stress (Fig. [START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF]). However, our results also showed large genotypic variability of the gm response to O3, suggesting that this response was genotype-dependent amongst the cultivars. The contribution of gm to the observed Anet decrease was mainly driven by genotypes I214, KT, I45/51 and notably SL, while gsc and the biochemical capacity contributed in a similar proportion in DK, OB and RB (Fig. 2.5D). Therefore, the contribution of gm should be considered on a species-or genotype-dependent basis when Anet is limited under O3-induced oxidative stress. In addition, as the highly gm-limited genotypes are more susceptible to a lower Anet under stress conditions, they may be less suitable for cultivation in a constrained environment.

In contrast to previous studies (Harmens et al. 2017a;[START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF]2020), all poplar genotypes showed a significant gsc decrease under chronic O3 exposure (Fig. 2.1B). O3-triggered stomatal closing (Dumont, Cohen, et al. 2014) has been widely reported and suggested to be a major determinant of the photosynthetic capacity under elevated O3. However, our study showed that ls did not increase or only slightly increased under O3 exposure in all genotypes but AF (Fig.

2.5A

), suggesting that non-stomatal Anet limitation can be more critical than gsc [START_REF] Noormets | Stomatal and Non-Stomatal Limitation to Photosynthesis in Two Trembling Aspen (Populus Tremuloides Michx.) Clones Exposed to Elevated CO2 and/or O3[END_REF]. Consequently, as gm was more affected than gsc, O3-induced damage of gm-related components might have been more determining than a reduced CO2 uptake as a result of stomatal closure for at least half of the genotypes. Therefore, gm should be further considered in studies assessing the photosynthetic capacity in response to O3. Yet, the significant Anet -gtot relationship showed a strong complementary regulation of Anet by both gm and gsc across genotypes and in both the treated and control plants (Fig. 2.7A-C). Therefore, the CO2 pathway, consisting of gsc and gm, cannot be considered as an interdependent system affecting Anet to the same extent. gm and gsc each had a considerable impact on Anet in our study, but hardly interfered with each other.

O3 affects the CO2 supply to Rubisco rather than its catalytic capacity

As neither the Cc-based Vcmax nor J1000 were affected by O3 (Fig. 2.4B,D), the sole biochemical limitation (BL) contributed only marginally to the Anet decrease, suggesting that O3 affected the CO2 supply to Rubisco rather than its actual catalytic capacity. Therefore, it seems likely that Ci-based estimations of Vcmax presuming an undefined gm led to an overestimation of the O3 impact on Rubisco activity (Sun et al. 2014b;[START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF]2020). Extensive evidence has showed that under chronic elevated O3 the Rubisco content decreased due to a decreased expression level or a decreased protein amount [START_REF] Bagard | Ozone-Induced Changes in Photosynthesis and Photorespiration of Hybrid Poplar in Relation to the Developmental Stage of the Leaves[END_REF][START_REF] Dizengremel | Integrative Leaf-Level Phytotoxic Ozone Dose Assessment for Forest Risk Modelling[END_REF]).

Nevertheless, this was highly dependent on the duration and intensity of the O3 treatment, and Rubisco quantity and activity were not always coupled during chronic O3 exposure [START_REF] Pell | Timing of Ozone Stress and Resulting Status of Ribulose Bisphosphate Carboxylase/Oxygenase and Associated Net Photosynthesis[END_REF]). An unaffected Cc-based Vcmax suggests that Rubisco or the actual number of its active sites was not limiting under our conditions compared to the low CO2 availability caused by the observed gm decrease. The literature is inconsistent as to the extent to which a Vcmax decrease is associated to a lower Rubisco content [START_REF] Reid | Combined Effects of Chronic Ozone and Elevated CO2 on Rubisco Activity and Leaf Components in Soybean (Glycine Max)[END_REF]. These discrepancies may be due to a gm-induced limitation of CO2 availability that is still rarely considered.

The gm decrease under O3 exposure is related to leaf traits

Elevated O3 significantly decreased the chlorophyll content, and this decrease was concomitant with the observed lower gm across all genotypes (Fig. 2.8B). A decreased chlorophyll content under O3 exposure has been observed in many species including poplar [START_REF] Bortier | Effects of Ozone Exposure in Open-Top Chambers on Poplar (Populus Nigra) and Beech (Fagus Sylvatica): A Comparison[END_REF][START_REF] Saitanis | Effects of Ozone on Chlorophyll and Quantum Yield of Tobacco (Nicotiana Tabacum L.) Varieties'. Chemosphere[END_REF][START_REF] Ranieri | Chronic Ozone Fumigation Induces Alterations in Thylakoid Functionality and Composition in Two Poplar Clones[END_REF][START_REF] Bagard | Ozone-Induced Changes in Photosynthesis and Photorespiration of Hybrid Poplar in Relation to the Developmental Stage of the Leaves[END_REF][START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF]). This might be due to impaired CO2 fixation and subsequent downregulation of the electron transport chain of PSII, hence altered light-harvesting complexes, as suggested by the observed decrease of the chlorophyll fluorescence-based parameters quantum yield (ɸ PSII) and photochemical efficiency of PSII (Fv′/Fm′) Fig. 2.8B, C) [START_REF] Hörtensteiner | Chlorophyll Breakdown in Higher Plants and Algae[END_REF][START_REF] Ranieri | Chronic Ozone Fumigation Induces Alterations in Thylakoid Functionality and Composition in Two Poplar Clones[END_REF][START_REF] Bagard | Ozone-Induced Changes in Photosynthesis and Photorespiration of Hybrid Poplar in Relation to the Developmental Stage of the Leaves[END_REF]. The latter, which describes the efficiency of the PSII reaction centre [START_REF] Force | New Fluorescence Parameters for Monitoring Photosynthesis in Plants[END_REF], serves also as an indicator of stress-induced changes in photosynthesis and especially in PSII [START_REF] Gerosa | Ozone Sensitivity of Fagus Sylvatica and Fraxinus Excelsior Young Trees in Relation to Leaf Structure and Foliar Ozone Uptake[END_REF][START_REF] Herschbach | Changes in Sulphur Metabolism of Grey Poplar (Populus × Canescens) Leaves during Salt Stress: A Metabolic Link to Photorespiration[END_REF]. In this context, a decrease of the chlorophyll content under O3 exposure can also go along with a change in the size and integrity of chloroplasts [START_REF] Bohler | A Difference Gel Electrophoresis Study on Thylakoids Isolated from Poplar Leaves Reveals a Negative Impact of Ozone Exposure on Membrane Proteins[END_REF][START_REF] Oksanen | Impacts of Elevated CO2 and/or O3 on Leaf Ultrastructure of Aspen (Populus Tremuloides) and Birch (Betula Papyrifera) in the Aspen FACE Experiment[END_REF]. Furthermore, chloroplasts move within the cell under O3 exposure [START_REF] Paoletti | Structural and Physiological Responses to Ozone in Manna Ash (Fraxinus Ornus L.) Leaves of Seedlings and Mature Trees under Controlled and Ambient Conditions[END_REF][START_REF] Günthardt-Goerg | Different Responses to Ozone of Tobacco, Poplar, Birch, and Alder[END_REF], and this can imped the CO2 pathway [START_REF] Tholen | The Chloroplast Avoidance Response Decreases Internal Conductance to CO2 Diffusion in Arabidopsis Thaliana Leaves[END_REF]. Considering the widely admitted relationship between gm and the integrity, position and number of chloroplasts [START_REF] Loreto | Ozone Quenching Properties of Isoprene and Its Antioxidant Role in Leaves[END_REF][START_REF] Wittig | To What Extent Do Current and Projected Increases in Surface Ozone Affect Photosynthesis and Stomatal Conductance of Trees? A Meta-Analytic Review of the Last 3 Decades of Experiments[END_REF][START_REF] Tosens | Developmental Changes in Mesophyll Diffusion Conductance and Photosynthetic Capacity under Different Light and Water Availabilities in Populus Tremula: How Structure Constrains Function: Structural Limitations to Photosynthesis[END_REF][START_REF] Flexas | Mesophyll Diffusion Conductance to CO2: An Unappreciated Central Player in Photosynthesis[END_REF]2018), O3-induced alteration of chloroplasts through degradation or altered positioning along with chlorophyll degradation probably caused the decreased gm observed under our conditions.

An average LMA increase of 18% across all genotypes under O3 exposure was linked to the observed gm decrease (Fig. [START_REF] Bussotti | Ozone Foliar Symptoms in Woody Plant Species Assessed with Ultrastructural and Fluorescence Analysis[END_REF] or changes in its composition e.g. an increased lignification [START_REF] Cabané | Condensed Lignins Are Synthesized in Poplar Leaves Exposed to Ozone[END_REF]). Cell walls are therefore considered to play a central role in ROS quenching [START_REF] Moldau | Hierarchy of Ozone Scavenging Reactions in the Plant Cell Wall[END_REF][START_REF] Oksanen | Impacts of Elevated CO2 and/or O3 on Leaf Ultrastructure of Aspen (Populus Tremuloides) and Birch (Betula Papyrifera) in the Aspen FACE Experiment[END_REF]). Cell wall resistance can account for mesophyll diffusion resistance by up to 50% (I. [START_REF] Terashima | Leaf Functional Anatomy in Relation to Photosynthesis[END_REF]. Furthermore, up to 72% of the leaf dry mass consists of cell wall tissue, which considerably contributes to LMA [START_REF] Onoda | Physiological and Structural Tradeoffs Underlying the Leaf Economics Spectrum[END_REF][START_REF] Ye | High Leaf Mass per Area Oryza Genotypes Invest More Leaf Mass to Cell Wall and Show a Low Mesophyll Conductance[END_REF]. Also, [START_REF] Sugiura | A Decrease in Mesophyll Conductance by Cell-Wall Thickening Contributes to Photosynthetic Downregulation[END_REF] suggested a link between an increased LMA and higher cell wall mass per area and thickness which in turn cause a decrease of the chloroplastic CO2 partial pressure. Thus, modified anatomical arrangement and/or cell wall properties aimed at protecting the plant against O3 could increase CO2 diffusion resistance and explain the gm decrease observed under O3 exposure.

The antioxidant capacity is not related to the gm response

O3-induced chlorophyll loss (degradation) is accompanied by an increased content in secondary metabolites such as flavonol [START_REF] Bagard | Ozone-Induced Changes in Photosynthesis and Photorespiration of Hybrid Poplar in Relation to the Developmental Stage of the Leaves[END_REF][START_REF] Mattila | Degradation of Chlorophyll and Synthesis of Flavonols during Autumn Senescence-the Story Told by Individual Leaves[END_REF]. Flavonol substantially contributes to ROS scavenging [START_REF] Dizengremel | Phosphoenolpyruvate Is at the Crossroads of Leaf Metabolic Responses to Ozone Stress: Letters[END_REF][START_REF] Zhu | Effect of Ozone Treatment on Flavonoid Accumulation of Satsuma Mandarin (Citrus Unshiu Marc.) during Ambient Storage[END_REF], and was significantly higher under O3 exposure. A large genotype-dependent difference in initial versus post-treatment flavonol contents was also observed (Fig. 2.6B). All genotypes also showed an increased total glutathione content, but the GSH content increased while the GSSG content decreased, suggesting de novo glutathione synthesis and a higher activity of glutathione reductase to sustain GSH regeneration (Fig. 2.6D). In contrast, the ascorbate metabolism was not affected (Fig.

2.6C

). This is consistent with Dusart et al. (2019a) who found that the glutathione metabolism was responsive to O3-induced oxidative stress in poplar. However, Clemente-Moreno et al.

(2019) observed that apoplastic ascorbate, which travels along the CO2 pathway, was related to the gm response under salt and drought stress in tobacco. This was suggested to be due to a modified composition of the cell walls caused by altered apoplastic antioxidant enzyme activity, including the ascorbate redox state. A thorough analysis of apoplastic and cell compartment antioxidant levels might reveal different strategies of ROS defence and a variable impact on gm [START_REF] Kronfuß | Effects of Ozone and Mild Drought Stress on Gas Exchange, Antioxidants and Chloroplast Pigments in Current-Year Needles of Young Norway Spruce [Picea Abies (L.) Karst.][END_REF][START_REF] Haberer | Antioxidative Defence of Old Growth Beech (Fagus Sylvatica) under Double Ambient O 3 Concentrations in a Free-Air Exposure System[END_REF][START_REF] Di Baccio | Could the Differences in O3 Sensitivity between Two Poplar Clones Be Related to a Difference in Antioxidant Defense and Secondary Metabolic Response to O3 Influx?[END_REF]Dusart et al. 2019b). In future works, an assessment of chloroplastic antioxidant pools might be of great interest to better understand the photosynthesis response to environmental constraints.

The oxidative stress marker MDA is intra-specifically linked to the gm capacity

Malondialdehyde (MDA) is a lipid peroxidation marker related to redox signalling and the oxidative stress level [START_REF] Farmer | ROS-Mediated Lipid Peroxidation and RES-Activated Signaling[END_REF]. A significant MDA increase is a strong indicator of O3-induced damage of lipid membranes. Increased MDA under chronic O3 exposure was previously observed in poplar and other crop species [START_REF] Shang | The Ozone Sensitivity of Five Poplar Clones Is Not Related to Stomatal Conductance, Constitutive Antioxidant Levels and Morphology of Leaves[END_REF][START_REF] Dai | Increase of Apoplastic Ascorbate Induced by Ozone Is Insufficient to Remove the Negative Effects in Tobacco, Soybean and Poplar[END_REF].

Amongst the eight genotypes, the MDA content was partly linked to gm sensitivity to O3 (Fig.

2.9). Accordingly, two different groups emerged. A highly MDA-responsive group showed the most severe gm decrease along with a slight MDA increase. In contrast, a less MDA-responsive group was characterised by a moderate gm decrease but a rather sharp MDA increase after O3 treatment. This supports the idea that an increased amount of aldehyde compounds such as MDA is not only a sign of damage but also a key element of oxidative stress signalling allowing gene activator than as a damage indicator. This might explain the observed relationship between a higher MDA content and a smaller decrease of gm under O3 exposure in some genotypes.

However, under other conditions inducing much higher MDA contents, MDA could be related to the degree of damage and thus possibly to the decreased gm. These results provide evidence that the signalling role of MDA may be involved to some extent in the machinery regulating gm, and impact one of its anatomical or biochemical determinants.

Conclusion

We demonstrated that the gm response to chronic O3-induced oxidative stress is genotype-dependent in Populus × canadensis Moench: gm substantially contributed to the O3-induced Anet decrease in half of the tested genotypes, showing that O3 can have a greater impact on the CO2 pathway than on the capacity of Rubisco or stomatal conductance. A relationship between the leaf traits LMA and chlorophyll content on the one hand and the gm response on the other hand suggested a strong influence of leaf structural changes under O3 that may in turn impair gm.

However, this relationship did not fully explain the observed intraspecific gm response, as these traits themselves did not show a genotype-dependent response. Finally, the relationship found between the gm capacity and the MDA content seems to support that MDA is not only a marker of the oxidative stress level but may also act as a signalling component mitigating the gm decrease under oxidative stress. Future work could focus on multi-genotype and multi-species experiments to further decipher the determinants of the gm response to stress, the stress-induced modification of leaf anatomical determinants of gm, and a cell compartment-targeted analysis of antioxidants.
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Chapter III: Anatomical gm determinants under chronic O3

Preface

O3 is well known to alter leaf structural and ultrastructural traits which are supposed to impact gm. The obtained results regarding possible O3-induced alterations of the leaf structure can thus be interpreted as promising hints. Yet at the same time, looking only at easy-to-measure leaf traits would neither allow to draw any comprehensive conclusion nor to decipher the actual determining factors of gm regulation at cellular and subcellular level.

The third chapter investigates therefore the main leaf integrative and ultrastructural traits linked to gm using light and electron microscopy. The experimental setup remains identical to chapter II but only two genotypes are now analysed. One being the most O3-responsive (Soligo) regarding its gm, the other (Robusta) being also very responsive but keeping its stomata open and thus resulting in higher O3 uptake. In addition, this is an opportunity to validate the approach used to estimate gm in regard to the range of gm values obtained in Chapter II.

By measuring all gm critical anatomical traits, a detailed characterization of O3-caused modifications and their impact on gm is realized. This is done be directly relating key components to gm but also by applying a model which quantifies anatomical limitations of gm. In addition, an extensive data base of TEM images was collected of which the most representative examples are presented as well. The entire microscopy part was carried out during a three-months stay at the Estonian University of Life Sciences in Tartu, Estonia, supervised by Prof. Tiina Tosens and her team. This collaboration marked a very interesting and valuable experience during the PhD.

Running Title:

O3-caused gm decrease is mainly driven by thicker cell walls and chloroplast repositioning in poplar

Ricardo Joffe, Audrey Berthe, Tiina Tosens, Yves Jolivet, Ülo Niinemets, Anthony Gandin These results will be submitted soon.

Abstract

Ozone (O3) is one of the most harmful and widespread air pollutants considerably affecting crop yields and plant health worldwide. Its negative effect on the CO2 diffusion conductance within the leaf mesophyll (gm), which is a major part of photosynthesis, has been show recently.

However, a quantification of O3-caused damage on the main anatomical traits and their respective importance in limiting gm has not been carried out far. Therefore, two O3-responsive genotypes of the economically important tree species Populus × canadensis Moench were exposed to 120 ppb O3 for 21 d. gm decreased substantially under O3 and was found to be the most important limitation of net assimilation rate (Anet), coming before stomatal conductance to CO2

(gsc) and the maximum carboxylation capacity of the Rubisco enzyme (Vcmax). This decrease was mainly driven by subcellular traits, especially cell wall and cytoplasm thickness, interchloroplast spacing as well as the ratio of exposed chloroplasts to mesophyll surface area (Sc/Sm).

In contrast, the prominent leaf integrative trait leaf mass per area (LMA) was neither affected nor related to gm under O3. The observed relationship between gm and anatomy, however, was genotype-dependent, suggesting that other factors may also have a substantial impact on gm response to chronically elevated O3 in poplar.

Introduction

Tropospheric ozone (O3) is considered the most harmful secondary air pollutant to vegetation at present time [START_REF] Ainsworth | Understanding and Improving Global Crop Response to Ozone Pollution[END_REF][START_REF] Cailleret | Ozone Effects on European Forest Growth-Towards an Integrative Approach[END_REF]. Elevated O3 concentrations can cause annual yield reductions of major crops by up to 12% [START_REF] Mills | Closing the Global Ozone Yield Gap: Quantification and Cobenefits for Multistress Tolerance[END_REF]. Background-O3 concentrations are still rising in urban areas worldwide, while they are stagnating or decreasing throughout Europe and North America [START_REF] Sicard | Ground-Level Ozone over Time: An Observation-Based Global Overview[END_REF]. However, as the frequency of heatwaves and the emission of O3 precursors continues to increase [START_REF] Meehl | Future Heat Waves and Surface Ozone[END_REF], episodes of exposure to elevated O3 levels are ever-more likely to occur in the future [START_REF] Paoletti | Toward Stomatal-Flux Based Forest Protection against Ozone: The MOTTLES Approach[END_REF][START_REF] Schaub | Ozone Concentrations Are Decreasing but Exposure Remains High in European Forests[END_REF]. O3 can negatively affect all three major parts of photosynthesis, which are stomatal and mesophyll conductance to CO2 (gsc and gm) [START_REF] Wittig | To What Extent Do Current and Projected Increases in Surface Ozone Affect Photosynthesis and Stomatal Conductance of Trees? A Meta-Analytic Review of the Last 3 Decades of Experiments[END_REF][START_REF] Flowers | Photosynthesis, Chlorophyll Fluorescence, and Yield of Snap Bean (Phaseolus Vulgaris L.) Genotypes Differing in Sensitivity to Ozone[END_REF]) as well as rubisco maximum carboxylation capacity or Vcmax [START_REF] Saxe | Physiological Responses of Trees to Ozone -Interactions and Mechanisms[END_REF]. O3 causes stomatal closure or sluggishness and thus impedes the plant to control its gas exchange (Dumont et al. 2014). O3 may also affect the biochemical capacity by downregulating the amount of the Rubisco and its carboxylation rate [START_REF] Heath | Modification of the Biochemical Pathways of Plants Induced by Ozone: What Are the Varied Routes to Change?' Environmental Pollution, Forests under Anthropogenic Pressure -Effects of Air Pollution[END_REF][START_REF] Bussotti | Ozone Stress in Woody Plants Assessed with Chlorophyll a Fluorescence. A Critical Reassessment of Existing Data[END_REF]). The responses of those two parameters to O3 were comprehensively studied so far [START_REF] Morales | Ozone Responses in Arabidopsis: Beyond Stomatal Conductance[END_REF][START_REF] Bagard | Ozone Exposure and Flux-Based Response Functions for Photosynthetic Traits in Wheat, Maize and Poplar[END_REF], while the importance of gm within photosynthesis limitation under chronic O3 has been demonstrated only recently [START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF]2020;[START_REF] Joffe | The Response of Mesophyll Conductance to Ozone-Induced Oxidative Stress Is Genotype-Dependent in Poplar[END_REF] gm is a multicomponent parameter consisting of a gas-phase conductance (gias) which comprises the CO2 diffusion pathway from substomatal cavities to the cell wall, and a liquid-phase conductance (gliq) comprising the further diffusion from the outer cell wall surface to the site of carboxylation within the chloroplast stroma [START_REF] Pons | Estimating Mesophyll Conductance to CO2: Methodology, Potential Errors, and Recommendations[END_REF][START_REF] Evans | Resistances along the CO2 Diffusion Pathway inside Leaves[END_REF]). Although it was recently shown that gias might have a higher impact on gm when obtained using a 3D imaging method in more complex leaf structures [START_REF] Earles | Beyond Porosity: 3D Leaf Intercellular Airspace Traits That Impact Mesophyll Conductance[END_REF][START_REF] Harwood | Understanding Airspace in Leaves: 3D Anatomy and Directional Tortuosity[END_REF], gliq is the main limiting factor of gm, as CO2 diffuses substantially slower through liquid than through air [START_REF] Evans | The Relationship Between CO2 Transfer Conductance and Leaf Anatomy in Transgenic Tobacco With a Reduced Content of Rubisco[END_REF][START_REF] Terashima | Irradiance and Phenotype: Comparative Eco-Development of Sun and Shade Leaves in Relation to Photosynthetic CO2 Diffusion[END_REF].

A model to quantify the limitation of the respective anatomical gm components has been applied

to various species and stress conditions [START_REF] Tomás | Importance of Leaf Anatomy in Determining Mesophyll Diffusion Conductance to CO2 across Species: Quantitative Limitations and Scaling up by Models[END_REF][START_REF] Tosens | Mesophyll Conductance and Accurate Photosynthetic Carbon Gain Calculations[END_REF][START_REF] Evans | Mesophyll Conductance: Walls, Membranes and Spatial Complexity[END_REF], underlining the predominant role of gliq and its components Tcw and Sc/S. However, it was also observed that stromal resistance/chloroplast thickness (Lchl) can be more important when cell walls are thinner (Tosens et al. 2012;[START_REF] Peguero-Pina | Cell-Level Anatomical Characteristics Explain High Mesophyll Conductance and Photosynthetic Capacity in Sclerophyllous Mediterranean Oaks[END_REF]Han et al. 2018a;[START_REF] Lei | Comparisons of Photosynthetic and Anatomical Traits between Wild and Domesticated Cotton[END_REF][START_REF] Liu | Anatomical Variation of Mesophyll Conductance Due to Salt Stress in Populus Cathayana Females and Males Growing under Different Inorganic Nitrogen Sources[END_REF]. Moreover, the importance of interchloroplastic spacing in cotton submitted to short-and long-term drought stress was pointed out recently [START_REF] Zou | Leaf Anatomical Alterations Reduce Cotton's Mesophyll Conductance under Dynamic Drought Stress Conditions[END_REF]). This suggests that the cell liquid phase might play a crucial role in gm limitation, which was, however, not sufficiently elucidated so far.

In order to further decipher gm functioning, comparisons across species and genus under nonstress conditions [START_REF] Tosens | The Photosynthetic Capacity in 35 Ferns and Fern Allies: Mesophyll CO2 Diffusion as a Key Trait[END_REF][START_REF] Veromann-Jürgenson | Extremely Thick Cell Walls and Low Mesophyll Conductance: Welcome to the World of Ancient Living![END_REF]) but also within species under stress conditions can be a practical method [START_REF] Shang | The Ozone Sensitivity of Five Poplar Clones Is Not Related to Stomatal Conductance, Constitutive Antioxidant Levels and Morphology of Leaves[END_REF][START_REF] Elferjani | A Meta-Analysis of Mesophyll Conductance to CO2 in Relation to Major Abiotic Stresses in Poplar Species[END_REF][START_REF] Joffe | The Response of Mesophyll Conductance to Ozone-Induced Oxidative Stress Is Genotype-Dependent in Poplar[END_REF]. So far, combined investigations of gm estimated with the Harley method (gas exchange and chlorophyll fluorescence) and modelled using anatomical traits under stress conditions remain scarce, as both methods are laborious and require a precise parametrization of the several constants being used [START_REF] Fini | Mesophyll Conductance Plays a Central Role in Leaf Functioning of Oleaceae Species Exposed to Contrasting Sunlight Irradiance[END_REF][START_REF] Lu | Potassium Mediates Coordination of Leaf Photosynthesis and Hydraulic Conductance by Modifications of Leaf Anatomy[END_REF]. Recently, an intraspecific comparison within the tree model poplar demonstrated that closely related clones can display very distinctive responses to salt stress and nutrient constraints in terms of their leaf anatomical properties [START_REF] Liu | Anatomical Variation of Mesophyll Conductance Due to Salt Stress in Populus Cathayana Females and Males Growing under Different Inorganic Nitrogen Sources[END_REF]). These results therefore confirm the crucial role of leaf anatomy in regulating gm but also the power of specific within genus/species comparison in order to enlighten the (general) mechanistic functioning of gm.

So here we present a comprehensive quantitative analysis of O3-induced leaf structural and anatomical modifications and whether these modifications determine gm regulation under O3.

Two O3 responsive genotypes of the widespread and economically important poplar hybrid

Populus × canadensis Moench were exposed to chronically elevated O3 in order to determine i) to what extent chronic O3 affects leaf integrative and anatomical traits in poplar, ii) which of those variables are related to gm response to chronic O3 and, iii) whether genotypic differences explain the functioning of gm.

Material and methods

Plant material and O3 exposure

Cuttings of two Populus x canadensis Moench genotypes (Populus deltoides x nigra) Robusta (RB) and Soligo (SL) were grown for five weeks in 10-L pots filled with potting soil (Terreau Uni Alsa LFc, Gramoflor SPI Universel) on a 2-cm layer of clay pebbles, and fertilised with slow-release 13:13:13 N:P:K fertiliser (Nutricote T 100 Fertil, Boulogne-Billancourt, France).

The temperature, relative humidity and photoperiod of eight climate chambers were set at 23/18 °C (day/night), 65 ± 5 % and 14 h (300 ± 30 µmol.m -2 s -1 , photosynthetic photon flux density (PPFD) at lecaf height), respectively. The growth conditions were recorded individually in each chamber and verified to be similar throughout the growth period. 12 replicates of each genotype were evenly distributed in the eight climate chambers. After an acclimation period of 7 days, four chambers were treated daily with O3 at 120 ± 5 ppb for 13 h per day for 21 days, whereas the other four were exposed to charcoal-filtered air. O3 was produced from pure O2 by an O3 generator (OZ500; Fischer, Bonn, Germany and CMG3-3; Innovatec II, Rheinbach, Germany). The O3 concentration in the climate chambers was continuously monitored by an O3 analyser (O341M, Environment S.A. Paris, France). The plants were watered daily with tap water and rotated regularly to avoid any positioning effect. All measurements and samplings were done on four biological replicates per treatment and per genotype

Gas exchange and chlorophyll fluorescence

The estimation of gm, Vcmax as well as the quantitative limitation analysis of Anet followed the same procedure as described in chapter II under the points 2.3.2 and 2.3.4. Also, the previously obtained values of model constants of day mitochondrial respiration (Rd) and intercellular CO2 compensation point Ci* were used as described under point 2.3.3.

Light and electron microscopy and anatomical measurements

Sample preparation for light microscopy and transmission electron microscopy (TEM) followed Tosens et al. (2012a). From each replicate, two leaf discs of 10.6 mm diameter of the youngest but fully expanded leaf were sampled and then infiltrated in a fixation buffer (2% glutaric aldehyde in phosphate buffer, pH = 7.1) in a syringe under vacuum. The discs were then post-fixed in a 2% osmium tetroxide solution for 2 h. Subsequently, stripes of leaves of ~ 5x2 mm in size were cut from the leaf discs and dehydrated in a series of increasingly stronger ethanol solution and embedded in LR white resin (Electron Microscopy Sciences, Hatfield, PA, USA) according to standard procedure (Tosens et al. 2012a). An ultramicrotome (Leica EM UC7, Leica, Vienna, Austria) was used to prepare semi-thin leaf cross-sections of 1 μm for light microscopy, and ultra-thin cross sections of 70 nm for TEM. The sections for light microscopy were stained with toluidine blue (Sigma Aldrich, Saint Louis, MO, USA), while the sections for TEM were mounted on carbon-covered copper meshes and stained with uranyl acetate and lead citrate after (Electron Microscopy Sciences, Hatfield, PA, USA). The semi-thin sections were viewed in bright field and photographed at ×100 magnification using an EVOS cell imaging system (Thermo Fisher Scientific, Waltham, MA, USA). The ultra-thin sections were viewed and photographed with a Philips Tecnai 10 TEM (FEI, Eindhoven, The Netherlands) using an accelerating voltage of 80 kV. Images were analysed with ImageJ software (US National Institutes of Health, Bethesda, MD, USA).

The mesophyll surface area exposed to the intercellular airspace per leaf area (Sm/S) and the chloroplast surface area exposed to the intercellular airspace per leaf area (Sc/S), were measured from light micrographs and calculated according to [START_REF] Syvertsen | On the Relationship between Leaf Anatomy and CO2 Diffusion through the Mesophyll of Hypostomatous Leaves[END_REF].

S mes /S = L mes W * γ (13) S mes /S = L c L mes * S mes /S (14) 
where Lmes and Lc are the total length of the mesophyll cells and chloroplast surface area facing the intercellular air space, respectively, W is the width of the measured section, and γ denotes the curvature correction factor, which depends on the shape of the cells and was thus calculated as the weighted average of palisade and spongy tissue according to [START_REF] Thain | Curvature Correction Factors in the Measurement of Cell Surface Areas in Plant Tissues1[END_REF] and Evans (1994). The fraction of mesophyll occupied by intercellular airspace (fias) was calculated as follows:

𝑓 ias = 1 - ∑ S S t mes W ( 15 
)
where ΣSs is the total cross-sectional area of the mesophyll cells and Tmes is the mesophyll thickness between the two epidermises. These traits together with leaf (Tleaf) and mesophyll thickness (Tmes), palisade (Tpal) and spongy (Tspo) thickness were measured at five locations per section, avoiding venation, stomata, cuticles, epidermises, vasculature and hypodermis while for (fias) the whole section was considered. One section for each of the six replicates per treatment and genotype was analyzed. The number of chloroplasts, chloroplast thickness (Tchl) and length (Lchl), and cell wall thickness (Tcw), the distance between chloroplast and cell wall (Tct)

and between adjacent chloroplasts (ΔLcyt2) were measured and calculated from TEM micrographs at magnifications of ×440 to ×1900 (Tosens et al. 2012a(Tosens et al. , b, 2016)), [START_REF] Tomás | Importance of Leaf Anatomy in Determining Mesophyll Diffusion Conductance to CO2 across Species: Quantitative Limitations and Scaling up by Models[END_REF].

Tct, Tchl, Lchl were measured for at least one complete cell within a view while Tcw was obtained in 6-8 different fields of view. All traits were determined in at least five different fields of view, and at least three different sections per replicate were analysed.

Anatomical model

gm was estimated by means of several anatomical characteristics (gm_Anat) using the one-dimensional gas diffusion model of [START_REF] Niinemets | Controls on the Emission of Plant Volatiles through Stomata: A Sensitivity Analysis[END_REF] as applied by Tosens et al.

(2012a) and modified by Tomás et al. ( 2013)

g m_Anat = 1 1 g ias + RT K H * g liq (16)
where gias is gas-phase conductance from substomatal cavities to the outer surface of cell walls and gliq is liquid-phase conductance from the outer surface of the cell wall into the chloroplasts. R represents the gas constant (Pa m3 K -1 mol -1 ), H is the Henry's law constant (Pa m 3 mol -1 ), and Tk is the absolute temperature (K). H/(RTk) is used to convert gliq into a gas-phase equivalent conductance. gias was calculated according to [START_REF] Niinemets | Controls on the Emission of Plant Volatiles through Stomata: A Sensitivity Analysis[END_REF]:

g ias = 1 r ias = D a * f ias ∆L ias * ϛ (17)
where Da (m 2 s -1 ) and ς (m m -1 ) represent the CO2 diffusion coefficient (1.51 × 10 -5 m 2 s -1 at 25 °C) and the diffusion path tortuosity [START_REF] Niinemets | Controls on the Emission of Plant Volatiles through Stomata: A Sensitivity Analysis[END_REF][START_REF] Syvertsen | On the Relationship between Leaf Anatomy and CO2 Diffusion through the Mesophyll of Hypostomatous Leaves[END_REF].

ΔLias was taken half of the mesophyll thickness.

The respective competent diffusion conductance of the liquid-phase representing cell wall, cytoplasm, or chloroplast stroma was calculated as follows:

g i = 1 r i = r f,i * D w * p i ∆L i ( 18 
)
where ΔLi is the respective diffusion path length (m), pi (m 3 m -3 ) is the effective porosity in the corresponding component of the diffusion pathway, Dw is the aqueous-phase diffusion coefficient for CO2 (1.790 × 10 -9 m2 s -1 at 25 °C), and the dimensionless factor rf,i accounts for the decrease of diffusion conductance compared with free diffusion in water (Weisiger, 1998) and was taken as 1.0 for cell walls and 0.3 for cytosol and stroma (Tosens 2012a). Effective porosity was taken as 1 for cytosol and chloroplast stroma. Cell wall porosity was considered as a function of Tcw according to [START_REF] Tosens | The Photosynthetic Capacity in 35 Ferns and Fern Allies: Mesophyll CO2 Diffusion as a Key Trait[END_REF] and varied between 0.1 for the thickest (0.29 µm) and 0.49 for the thinnest (0.11 µm) cell walls. Plasma membrane conductance (gpl) and chloroplast envelope conductance (genv) were assumed as constant values (0.0035 ms -1 ) (Tosens et al. 2012b;[START_REF] Tomás | Importance of Leaf Anatomy in Determining Mesophyll Diffusion Conductance to CO2 across Species: Quantitative Limitations and Scaling up by Models[END_REF]).

The total liquid-phase conductance (gliq) was calculated as follows:

g liq = S mes /S (r cw + r pl + r cel_total ) (19) 
where rcw and rpl are cell wall and plasma membrane resistance, respectively, rcel_total is the total cellular resistance calculated as:

g cel_total = S c S m g cel1 + (1 - S c S m ) g cel2 (20) 
where Sc/Sm and 1 -Sc/Sm are the fractions of exposed cell wall area lined with chloroplasts or free of chloroplasts. gcel1 and gcel2 represent the partial liquid phase conductance of cell wall portions lined with and without chloroplasts, respectively, and are calculated as:

g cel1 = 1 (r ct1 + r en + r st1 ) (21) 
g cel2 = 1 (r ct2 + r en + r st2 ) (22) 
where rct1 and rst1 CO2 resistance of the cytoplasm and chloroplast stroma perpendicular and parallel, rct2 and rst2 to the cell wall and ren is the chloroplast envelope resistance. ΔLcyt2, the diffusion path length used for rcyt2 considering interchloroplastic spacing and chloroplast thickness, was calculated according to [START_REF] Tomás | Importance of Leaf Anatomy in Determining Mesophyll Diffusion Conductance to CO2 across Species: Quantitative Limitations and Scaling up by Models[END_REF] as:

∆L ct2 = √ ( ∆T chl 2 ) 2 + ∆L ct1 + ( L chl 2 ) 2 (23) 
where ΔTchl/2 and ΔLchl/2 is half of the chloroplast thickness and length, respectively and Lcyt1

is the average distance between the chloroplasts and cell walls lined with chloroplasts.

Quantitative analysis of partial limitations of gm

The contributions of the several anatomical components of gm_ANAT were quantified according [START_REF] Tomás | Importance of Leaf Anatomy in Determining Mesophyll Diffusion Conductance to CO2 across Species: Quantitative Limitations and Scaling up by Models[END_REF]. The gas-phase limitation of mesophyll conductance (lias) was calculated as:

𝑙 𝑖𝑎𝑠 = 𝑔 𝑚_𝑎𝑛𝑎𝑡 g 𝑖𝑎𝑠 (24) 
The respective shares of limitations of gm by liquid-phase components were calculated as follows:

𝑙 𝑖 = 𝑔 𝑚_𝑎𝑛𝑎𝑡 𝑔 𝑖 * 𝑆 𝑚𝑒𝑠 /𝑆 (25) 
where li stands for a diffusion pathway component, including cell wall, cytosol, chloroplast stroma, chloroplast envelope and plasmalemma.

Statistical analysis

The statistical analyses were performed in R (R Core Team, 2018) and Microsoft Excel and included a Two-way ANOVA, a Shapiro and Levene's test¸ post-hoc analysis and a linear and non-linear regression analyses and are described in detail under point 2.3.8 in chapter II. In addition, a principal component analysis (PCA) was used to identify the major axes of variation among the major leaf integrative and anatomical traits associated with gm, Anet and gsc. The R functions prcomp (stats) and ggbiplot (ggplot2) were used to perform and visualize the PCA.

The data were grouped by genotype and treatment and the different measurement units of the several variables considered were scaled using the 'R scale=TRUE' setting within the prcomp function. The first two dimensions were retained for further analysis.

Results

Strong decrease of gm and Anet while gsc and Vcmax(Cc) remained unaffected under O3

Net assimilation rate (Anet) showed a very similar decrease of 21% in RB and 22% in SL, but the respective means of both treatment groups were 18% higher in RB. (Fig 

lm most important under O3

A quantitative Anet limitation analysis found ls to be most important in control plants with 43±3%, while lm and lb accounted for 26±2% and 31±1% respectively on average across both genotypes (Fig. 3.2). lb was significantly higher in SL in comparison to RB. Under ozone, ls and lb decreased significantly by 20% and 27% respectively, while lm increased by 66% on average, thus making it the most important limitation in both genotypes (Fig. 3.2). 

Leaf integrative traits mostly unaffected yet pronounced intraspecific differences

LMA was not affected under O3 yet 16% higher in RB than in SL (Tab. 2). Dleaf increased significantly under O3 by 18% in SL while it remained unaffected in RB. Tleaf and Tmesophyll remained unaffected but were both 14% and 15% significantly higher in RB (Fig. 3.3A-D).

Palisade and spongy thickness did not show any O3 effect in neither genotype, but were also 16% and 13% thicker in RB, respectively. However, the ratio of palisade to spongy tissue significantly decreased by 14% in RB and 12% in SL. fias was not affected by O3 but 24% higher in RB in comparison to SL (Tab. 2). 

Strong increase of

Anet and gm related to anatomical traits in RB but not in SL

A PCA was performed to characterize the relationship of gas exchange parameters with leaf integrative and anatomical traits in both genotypes and treatments. The first two principal components explained a variation of 54.9% (Fig. 3.4). PCA 1 explains a total variation of 36.3%

and is positively associated with Tcw, Tct and especially ΔLcyt2, while a negatively association was found for Sc/Sm, fias and notably TPal/TSp. Thus, cell wall and cytoplasm thickness have a considerable effect on gm, while the size of chloroplasts alone is not associated to gm. PCA 1 tends to separate the two treatment groups although those of SL are less clear distinguished in this regard, while PCA 2 rather tends to separate the two genotypes as a whole. PCA 2 explains 18.6% of the variation and was negatively associated with Sc/S, Anet, LMA and TLeaf. Tchl/Lchl, ,gsc and DLeaf did not contribute to any dimension while Smes/S were associated to both dimensions. Tcw and Tct were strongly negatively related to gm in RB, while in SL this trend was also present yet non-significant (Fig. 3.5A&B). Moreover, a larger range of Tcw under O3 was observed in both genotypes (Fig. 3.5A), whereas for Tct this was only the case in SL (Fig. 3.5B). Interestingly, the significantly thicker Tcw in RB did not result in a lower gm under O3 in comparison to SL. Another yet contrasting relationship was found between Sc/Sm and gm which were positively related (Fig. 3.5C). However, this relationship was also only significant for RB whereas SL showed a very high variation under O3 with a considerable overlap of the two treatments (Fig.

3.5C).

Gaseous phase unaffected under O3, decreased gcw and gct main drivers of liquid phase limitation

Gas phase conductance (gias) was on average 17% higher under O3 yet not significantly different (Fig. 3.6A). The liquid phase conductance (gliq) decreased significantly by 26% in RB and 19%

in SL (Fig. 3.6B). Moreover, gliq showed an intraspecific difference as it was 22% higher across both treatments in SL. Gas phase limitation (lias) decreased significantly by 28 % on average while liquid phase limitation (lliq) increased significantly by 11% on average under O3 (Fig.

3.6B

). Cell wall conductance (gcw) showed a strong and significant decrease of 61% and 51%

in RB and SL respectively (Fig. 3.6C). In addition, gcw was twice as high in SL compared to RB. Cytosol conductance (gct) decreased significantly by 47 % in RB and 28% in SL. Stroma conductance (gst) remained unaffected under O3 but was on average 10% higher in SL (Fig.

3.6C

) Cell wall limitation (lcw) more than doubled by about 108% on average in both genotypes under O3, yet being 43% higher in RB than in SL across both treatments (Fig. 3.6D). Cytosol limitation (lct) increased significantly by 49% on average, whereas stromal limitation (lst)

showed a mean decrease of 15% in both genotypes. Plasma membrane and chloroplast envelop limitation (lpl/env) decreased significantly by 26% in RB but only by 13% in SL, leading to a 24% higher lpl/env in SL under O3 compared to RB (Fig. 3.6D). 

Shift from stromal towards cytosolic limitation

According to the quantitative anatomical model, the inner cell liquid path diffusion conductance was divided into the partial liquid phase conductance for exposed cell wall portions lined with chloroplasts (gcel1) and for cell wall portions without chloroplasts (gcel2) (Eq. 20-22). gcel1 decreased significantly in both genotypes by 14% on average (Fig 3 .7A). Yet, SL had on average a 15% higher gcel1 across both treatments. The partial liquid conductance phase for cell wall portions without chloroplasts (gcel2) remained unaffected but was on average 42% lower across treatments and genotypes in comparison to gcel1 (Fig 3 .7A). The corresponding path limitation lcel1 increased slightly but significantly by 7% on average while lcel2 remained unaffected (Fig

3.7B

). Also, lcel2 was found to be 82% higher than lcel1.

Cytosolic conductance from the plasmalemma perpendicular to the cell wall (gct1) showed a significant decrease of 46% in RB and 30% in SL (Fig. 3.7C). Stromal conductance on the same path (gst1) remained unaffected but a genotypic variation was observed as SL had on average 16% higher values across both treatments (Fig. 3.7C). Cytosolic conductance parallel and/or diagonal from the plasmalemma to the cell wall (gct2) decreased also significantly by 47% in RB and 28% in SL, while the respective stromal conductance (gst2) increased significantly by 20% on average across both genotypes (Fig. 3.7C).

Cytosolic limitation perpendicular to the cell wall (lct1) increased significantly by 52% on average, while the respective stromal limitation (lst11) remained unaffected under O3 (Fig. 7D). Cytosolic limitation parallel to the cell wall (lct12) increased significantly by 52% on average under O3 with RB showing a 29% higher increase than SL. The respective stromal limitation (lst12) decreased significantly by 23% on average yet being 8% lower in RB than in SL. The plasma membrane and chloroplast envelope limitations (lpl/env) decreased significantly by 11% in RB and 5% in SL (Fig. 3.7D). 

Discussion

gm limits Anet the most under O3

This is the first work linking gm response to leaf anatomical traits under chronic O3 exposure in poplar. O3 caused gm, Cc and Anet to decrease while gsc, Cc-based Vcmax and J1000 were not affected (Fig. 3.1A-F), which is in accordance to the results shown in chapter II. However, gsc was much lower under O3 in SL compared to RB (Fig 3 .1B) suggesting a difference in the magnitude of O3 uptake between the two genotypes (Dumont et al. 2014;Dusart et al. 2019b). However, as suggested by PCA, gsc was neither related to Anet and gm nor to any anatomical traits (Fig 3.4), a direct relationship between O3 uptake and impairment of gas exchange or of leaf anatomy seems to be rather unlikely. Nevertheless, a decoupling of photosynthetic activity and gsc under chronic O3 exposure has been observed in previous studies [START_REF] Lombardozzi | Ozone Exposure Causes a Decoupling of Conductance and Photosynthesis: Implications for the Ball-Berry Stomatal Conductance Model[END_REF][START_REF] Hoshika | Parameterization of Zelkova Serrata Stomatal Conductance Model to Estimate Stomatal Ozone Uptake in Japan[END_REF]. This can be due to the often observed O3-caused stomatal sluggishness delaying gsc response in comparison to Anet or gm [START_REF] Hoshika | Ozone Risk Assessment in Three Oak Species as Affected by Soil Water Availability[END_REF]. A strong decrease of Anet and (gm)

Cc, while Ci remained unaffected would support this explanation (Fig. 3.1). This goes along with a significant shift from ls, towards lm under O3, underlining the relevance of gm but also suggesting a substantially different role of gsc and gm in regulating Anet under stress and nonstress conditions (Fig. 3.2) [START_REF] Shang | The Ozone Sensitivity of Five Poplar Clones Is Not Related to Stomatal Conductance, Constitutive Antioxidant Levels and Morphology of Leaves[END_REF]Harmens et al. 2017b).

O3 affects anatomical characteristics rather than leaf integrative traits

O3 had a very different impact on the main integrative and anatomical leaf traits (Tab. 2 & 3,Fig. 3.4). O3-induced structural modifications have been shown to be species, -treatment and leaf age depended [START_REF] Oksanen | Impacts of Elevated CO2 and/or O3 on Leaf Ultrastructure of Aspen (Populus Tremuloides) and Birch (Betula Papyrifera) in the Aspen FACE Experiment[END_REF][START_REF] Ferdinand | Leaf Morphology and Ozone Sensitivity of Two Open Pollinated Genotypes of Black Cherry (Prunus Serotina) Seedlings[END_REF]Pääkönen et al. 1996;[START_REF] Gao | Effects of Elevated Ozone on Physiological, Anatomical and Ultrastructural Characteristics of Four Common Urban Tree Species in China[END_REF]. Interestingly, none of the leaf integrative traits except for the ratio of Palisade to Spongy tissue and Dleaf were affected by chronically elevated O3. A similar response has been observed in field-grown poplar and birch [START_REF] Oksanen | Ozone-Induced H2O2 Accumulation in Field-Grown Aspen and Birch Is Linked to Foliar Ultrastructure and Peroxisomal Activity[END_REF]. It was suggested that O3 particularly targets the palisade tissue due to the higher surface to volume ratio in comparison to spongy tissue. Thus, O3 damage is earlier and stronger visible in the palisade tissue but eventually also in the spongy tissue as the O3 exposure continues [START_REF] Giacomo | Ozone Damage and Tolerance in Leaves of Two Poplar Genotypes[END_REF]). O3 has also been shown

to increase starch accumulation due to a disturbance of the source-sink connection caused by e.g. a damaged chloroplast envelope or a reduced sink demand, which in turn can increase Dleaf yet not Tleaf [START_REF] Schmitt | Interaction of Elevated CO2 and Ozone Concentrations and Irrigation Regimes on Leaf Anatomy and Carbohydrate Status of Young Oak (Quercus Petraea) Trees[END_REF][START_REF] Poorter | Causes and Consequences of Variation in Leaf Mass per Area (LMA): A Meta-Analysis[END_REF]. Indeed, the latter remained unaffected, while Dleaf increased significantly, albeit only in SL. This is also in accordance with observations during a free-air O3 exposure experiment on Siebold's beech [START_REF] Hoshika | Interactive Effect of Leaf Age and Ozone on Mesophyll Conductance in Siebold's Beech[END_REF], underlining species and genotype-dependence of O3 impact on leaf structure [START_REF] Pääkkönen | Ageing-Related Anatomical and Ultrastructural Changes in Leaves of Birch (Betula Pendula Roth.) Clones as Affected by Low Ozone Exposure[END_REF] As for leaf integrative traits in general, the observed modifications of the key leaf structural trait LMA are also strongly treatment and species specific [START_REF] Hoshika | Interactive Effect of Leaf Age and Ozone on Mesophyll Conductance in Siebold's Beech[END_REF][START_REF] Poorter | Causes and Consequences of Variation in Leaf Mass per Area (LMA): A Meta-Analysis[END_REF]Pääkönen 1998). Here we found LMA to be unaffected in both genotypes, which might suggest that only a longer or/and more severe exposure to O3 or drought would have caused measurable modifications and thus an impact on LMA leading to a decrease of gm as previously observed [START_REF] Hoshika | Interactive Effect of Leaf Age and Ozone on Mesophyll Conductance in Siebold's Beech[END_REF]Tosens et al. 2012;[START_REF] Joffe | The Response of Mesophyll Conductance to Ozone-Induced Oxidative Stress Is Genotype-Dependent in Poplar[END_REF]. Moreover, this might then also explain the absence of any robust relationship between integrative leaf traits and gm as there were no modifications either (Fig. 3.4), which could have caused any change of gm as suggested by [START_REF] Hoshika | Interactive Effect of Leaf Age and Ozone on Mesophyll Conductance in Siebold's Beech[END_REF]. Therefore, the unaffected leaf integrative traits LMA, Dleaf and Tleaf could not explain gm response to chronic O3.

The anatomical traits showed a more mixed picture as on the one hand, Tcw, Tct, Lchl, ΔLcyt2 and Sc/Sm were significantly affected under O3, whereas on the other Tchl, Sc/S, Sm/S and the number of chloroplasts were neither affected nor genotypic-different (Tab. 3). In fact, the modification of anatomical traits under stress conditions has also been found to be strongly species and treatment-dependent (Tosens et al. 2012). Some studies did not observe any change of Tcw under O3 in poplar (Ranieri et al. 2000a;[START_REF] Oksanen | Ozone-Induced H2O2 Accumulation in Field-Grown Aspen and Birch Is Linked to Foliar Ultrastructure and Peroxisomal Activity[END_REF]), whereas a thickening was observed in beech and maple [START_REF] Bussotti | Ozone Foliar Symptoms in Woody Plant Species Assessed with Ultrastructural and Fluorescence Analysis[END_REF]. A considerable Tcw increase in poplar was observed under drought, excess light and salt stress (Tosens et al. 2012;[START_REF] Liu | Anatomical Variation of Mesophyll Conductance Due to Salt Stress in Populus Cathayana Females and Males Growing under Different Inorganic Nitrogen Sources[END_REF], while Tcw was reduced by long-term drought [START_REF] Zou | Leaf Anatomical Alterations Reduce Cotton's Mesophyll Conductance under Dynamic Drought Stress Conditions[END_REF]. In order to enhance protection against O3induced ROS, an increase of Tcw related to an e.g. increased lignification [START_REF] Cabané | Condensed Lignins Are Synthesized in Poplar Leaves Exposed to Ozone[END_REF] or an accumulation of cellulose layers [START_REF] Bussotti | Ozone Foliar Symptoms in Woody Plant Species Assessed with Ultrastructural and Fluorescence Analysis[END_REF] has been observed. Nevertheless, defence-driven cell wall thickening comes at a cost, as not only O3 but also CO2 diffusion is being reduced, thus decreasing gm as a function of Tcw (Fig. 5A). Interestingly, Tcw was not correlated with LMA, which has, however, also been observed in other species [START_REF] Veromann-Jürgenson | Extremely Thick Cell Walls and Low Mesophyll Conductance: Welcome to the World of Ancient Living![END_REF]Tosens et al. 2012;[START_REF] Carriquí | Cell Wall Composition Strongly Influences Mesophyll Conductance in Gymnosperms[END_REF], suggesting that an increase of Tcw does not necessarily result immediately in a higher overall leaf dry mass. The proportions of cell wall within leaf dry mass is species-dependent and can range from 20% to more 70% [START_REF] Onoda | Physiological and Structural Tradeoffs Underlying the Leaf Economics Spectrum[END_REF]), but tends to be higher at higher LMA [START_REF] Read | Characterizing Sclerophylly: The Mechanical Properties of a Diverse Range of Leaf Types[END_REF][START_REF] Poorter | Causes and Consequences of Variation in Leaf Mass per Area (LMA): A Meta-Analysis[END_REF]). As poplar generally has a comparatively low LMA [START_REF] Milla-Moreno | Leaf Mass per Area Predicts Palisade Structural Properties Linked to Mesophyll Conductance in Balsam Poplar ( Populus Balsamifera L.)[END_REF], Tcw modifications might have a lower impact on LMA under the here applied stress conditions.

Chloroplast positioning partly explains gm under O3

Besides Tcw, Sc/S has been identified as another major gm determinant (Evans 1994, Tosens 2015, Lu 2016), although their relation is not always present (Hanaba et al. 2004). Yet, Sc/S was not affected under O3 (Tab. 3), which in accordance with a recent study on the drought response of sunflower [START_REF] Roig-Oliver | Cell Wall Composition and Thickness Affect Mesophyll Conductance to CO2 Diffusion in Helianthus Annuus under Water Deprivation'. Edited by Andrea Braeutigam[END_REF]. This is in contrast, however, to previous studies where different poplar cultivars were exposed to salt and water stress (Tosens et al. 2012;[START_REF] Liu | Anatomical Variation of Mesophyll Conductance Due to Salt Stress in Populus Cathayana Females and Males Growing under Different Inorganic Nitrogen Sources[END_REF]. We further observed a decrease of the chloroplast length (Lchl) and total chloroplast length (Lc) which then lead to a decrease in Sc/Sm yet not in Sc/S (Fig 3 ., Tab. 2). As Sc/S quantifies only the surface of chloroplasts per unit leaf area facing the intercellular air space [START_REF] Evans | Resistances along the CO2 Diffusion Pathway inside Leaves[END_REF], it does, however, not provide any information about the chloroplast position in respect of the cell wall. However, the observed decrease in Sc/Sm while the number of chloroplasts per cell remained unaffected (Tab. 3), suggests that the distances between chloroplasts themselves are also being decreased as confirmed by the increase in ΔLcyt2 under O3. Hence, the consideration of the fraction of total exposed mesophyll area covered with chloroplasts or Sc/Sm in addition to Sc/S, might serve as a more comprehensive explanatory variable of gm in this regard.

In addition, the increase in Tct indicates that O3 not only reduced chloroplast exposition to cell wall but also increased the distance to it. In fact, a low gm was strongly related to a higher Tct and a lower Sc/Sm (Fig 3 .5B&C). This, therefore, suggests that not only a chloroplast migration towards the cell centre as a possible O3 avoiding mechanism [START_REF] Nauš | SPAD Chlorophyll Meter Reading Can Be Pronouncedly Affected by Chloroplast Movement[END_REF][START_REF] Lei | Comparisons of Photosynthetic and Anatomical Traits between Wild and Domesticated Cotton[END_REF]), but also the lateral chloroplast shrinkage did have a major negative impact on the cytosolic CO2 

O3-induced increase of cytosol and cell wall limitation might be more important than chloroplast stroma limitation

An anatomical model (Eqn. 18) was used to quantify the anatomical CO2 diffusion pathway in order to obtain the relative importance of the main anatomical traits in limiting gm. As the gas phase represents the most permeable part along the CO2 diffusion pathway [START_REF] Evans | The Relationship Between CO2 Transfer Conductance and Leaf Anatomy in Transgenic Tobacco With a Reduced Content of Rubisco[END_REF][START_REF] Terashima | Irradiance and Phenotype: Comparative Eco-Development of Sun and Shade Leaves in Relation to Photosynthetic CO2 Diffusion[END_REF], its limitation (lias) was also of minor importance (Fig. 3.6A&B). This is in accordance with other poplar cultivars submitted to other stresses (Tosens et al. 2012;Liu et al. 2021), although their respective gas phase contributions were lower. This might be due to a comparatively lower fias resulting from a thinner mesophyll in our genotypes. However, the quantitative model suggests that a low fias is less beneficial for gm as there is a higher portion of easily permeable gas phase but at the same time also less mesophyll cells if fias was higher.

Nonetheless, fias played a comparatively less important role in gm under O3 as suggested by PCA (Fig. 3.4), thus underlining a predominant role of the liquid phase.

Within the multi-component liquid phase, the stromal limitation (lst) was most important across both genotypes and treatments due to a longer diffusion pathway in comparison to cell walls or cytoplasm (Fig. 3.6C&D). This is concomitant with previous findings across various species and treatments [START_REF] Gao | Anatomically Induced Changes in Rice Leaf Mesophyll Conductance Explain the Variation in Photosynthetic Nitrogen Use Efficiency under Contrasting Nitrogen Supply[END_REF][START_REF] Lu | Potassium Mediates Coordination of Leaf Photosynthesis and Hydraulic Conductance by Modifications of Leaf Anatomy[END_REF][START_REF] Liu | Anatomical Variation of Mesophyll Conductance Due to Salt Stress in Populus Cathayana Females and Males Growing under Different Inorganic Nitrogen Sources[END_REF], Tosens et al. 2012). However, lcw and lct showed a much higher increase under O3 whereas the stromal limitation decreased (Fig. 3.6D). Also, the chloroplast shrinkage and associated larger spacing between chloroplasts, lct2, was even more limiting than lct1 and lcw, suggesting that not only cell wall portions lined with chloroplasts (gcel1) but also limitations inside the cell through interchloroplastic areas (gcel2) play an important role in limiting gm under O3 (Fig. 3.7A-D). Nevertheless, it was argued that CO2 diffuses predominantly perpendicular into the chloroplast due to a significantly longer path length within the cytosol, unless it originates from mitochondrial or photorespiration (Evans et al. 1994;[START_REF] Terashima | Irradiance and Phenotype: Comparative Eco-Development of Sun and Shade Leaves in Relation to Photosynthetic CO2 Diffusion[END_REF]). Yet, [START_REF] Tholen | Variable Mesophyll Conductance Revisited: Theoretical Background and Experimental Implications[END_REF] demonstrated that CO2 flux through chloroplast free areas can be important, notably when interchoroplastial areas are small, as in the studied poplar genotypes. Lu (2016) and Hu et al. ( 2020) also observed that cytosol resistance is mainly driven by gcyt2 and tightly related to Anet and gm, which was, however, caused by a lower chloroplast density rather than length decrease in oilseed rape under a potassium deficiency. Similar observations were also made in cotton and poplar exposed to water and salt stress [START_REF] Zou | Leaf Anatomical Alterations Reduce Cotton's Mesophyll Conductance under Dynamic Drought Stress Conditions[END_REF][START_REF] Liu | Anatomical Variation of Mesophyll Conductance Due to Salt Stress in Populus Cathayana Females and Males Growing under Different Inorganic Nitrogen Sources[END_REF], underlining the importance of inner cell anatomy besides the common gm determinants cell wall thickness and Sc/S.

gm_Harely vs. gm_Anat or model discrepancies

Within the control group the anatomical model underestimated gm_Anat in comparison to gm_Harely by 45%, while O3 -treated replicates were overestimated by 23% (data not shown). In contrast, across a wide range of species, modelled and measured gm showed a rather good agreement [START_REF] Tomás | Importance of Leaf Anatomy in Determining Mesophyll Diffusion Conductance to CO2 across Species: Quantitative Limitations and Scaling up by Models[END_REF][START_REF] Tosens | Mesophyll Conductance and Accurate Photosynthetic Carbon Gain Calculations[END_REF]. However, discrepancies between the two models have been observed when gm_Harely values were outside a range of 0.1 to 0.22 mol m -2 s -1 bar 1 (Tosens et al. 2012a;[START_REF] Fini | Mesophyll Conductance Plays a Central Role in Leaf Functioning of Oleaceae Species Exposed to Contrasting Sunlight Irradiance[END_REF][START_REF] Tosens | Mesophyll Conductance and Accurate Photosynthetic Carbon Gain Calculations[END_REF][START_REF] Veromann-Jürgenson | Variability in the Chloroplast Area Lining the Intercellular Airspace and Cell Walls Drives Mesophyll Conductance in Gymnosperms[END_REF], when comparing genotypes [START_REF] Tomás | Variability of Mesophyll Conductance in Grapevine Cultivars under Water Stress Conditions in Relation to Leaf Anatomy and Water Use Efficiency[END_REF][START_REF] Lei | Comparisons of Photosynthetic and Anatomical Traits between Wild and Domesticated Cotton[END_REF] or when applying different treatments within a single species [START_REF] Carriquí | Leaf Anatomy Does Not Explain Apparent Short-Term Responses of Mesophyll Conductance to Light and CO2 in Tobacco[END_REF]). The anatomical model is based on the pathway length of the respective components coupled with a number of assumptions regarding tortuosity, porosity and membrane permeability. Even though that there is evidence for a relationship between cell wall thickness and porosity [START_REF] Terashima | Irradiance and Phenotype: Comparative Eco-Development of Sun and Shade Leaves in Relation to Photosynthetic CO2 Diffusion[END_REF], and that there are approaches to estimate tortuosity and porosity, concrete values of those but also of the plasma membrane and chloroplast envelope permeabilities are still largely missing (Evans et al. 2009;[START_REF] Evans | Mesophyll Conductance: Walls, Membranes and Spatial Complexity[END_REF]). However, conclusions regarding the role of the two most prominent biochemical players in regulating gm, aquaporins (or coporins) and carbonic anhydrases, are inconsistent [START_REF] Cousins | Recent Developments in Mesophyll Conductance in C3, C4 and CAM Plants[END_REF][START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF]. Indeed, recent studies could not find a clear evidence for the often-referred aquaporin-gm relationship in this context [START_REF] Flexas | CO2 Diffusion Inside Photosynthetic Organs[END_REF]), but did also point out a still existing lack of understanding of the physiological role of aquaporins in CO2 transport facilitation [START_REF] Kromdijk | Photosynthetic Efficiency and Mesophyll Conductance Are Unaffected in Arabidopsis Thaliana Aquaporin Knock-out Lines[END_REF][START_REF] Clarke | Mesophyll Conductance Is Unaffected by Expression of Arabidopsis PIP1 Aquaporins in the Plasmalemma of Nicotiana[END_REF].

When considering cell wall porosity as a function of Tcw as suggested by [START_REF] Tosens | The Photosynthetic Capacity in 35 Ferns and Fern Allies: Mesophyll CO2 Diffusion as a Key Trait[END_REF], gm_anat yielded a good fit within the treatment group, while control replicates did not respond anymore to porosity values being higher than 0.35. That might suggest that besides the void fraction, notably membrane permeabilities play a crucial role within the anatomical model.

However, a 1:1 relationship was only achieved when assuming unrealistic high values of e.g.

gpl and gen as well as rf,i as also previously reported (Han et al. 2018b;[START_REF] Tomás | Importance of Leaf Anatomy in Determining Mesophyll Diffusion Conductance to CO2 across Species: Quantitative Limitations and Scaling up by Models[END_REF][START_REF] Tomás | Variability of Mesophyll Conductance in Grapevine Cultivars under Water Stress Conditions in Relation to Leaf Anatomy and Water Use Efficiency[END_REF]Tosens et al. 2012b). Therefore, empirically determined values for membrane permeability seem to be indispensable in order to obtain a representative anatomical model of gm, as has also been pointed out recently (Evans 2021).

gmanatomy relation is genotype-dependent in poplar

Despite having more favourable leaf integrative (thinner tissues) and anatomical traits (shorter pathway lengths) which might actually have suggested a higher gm (Fig 3 .8) [START_REF] Niinemets | Research Review. Components of Leaf Dry Mass per Area -Thickness and Density -Alter Leaf Photosynthetic Capacity in Reverse Directions in Woody Plants[END_REF][START_REF] Nadal | Possible Link between Photosynthesis and Leaf Modulus of Elasticity among Vascular Plants: A New Player in Leaf Traits Relationships?[END_REF], SL had the same gm as RB regardless of the estimation method used (Fig 1A+Sx). Moreover, a relationship between leaf anatomy and gm was largely absent in SL, while except for Sm/S, all main variables correlated with gm in RB (Fig. 3.4). This might be partly to the higher variability of gm in control and a larger range of anatomical traits under ozone with a higher number of intermediate values in SL (Fig. 3.5A-C). A similar (apparent) decoupling of leaf anatomical traits and gm was observed between several grapevine cultivars under different levels of drought stress [START_REF] Tomás | Variability of Mesophyll Conductance in Grapevine Cultivars under Water Stress Conditions in Relation to Leaf Anatomy and Water Use Efficiency[END_REF]) and wild and domesticated cotton [START_REF] Lei | Comparisons of Photosynthetic and Anatomical Traits between Wild and Domesticated Cotton[END_REF]. The latter also reported that thicker cell walls in the wild type did not alter gm as there might have been possible offsetting effects between the also highly limiting but at the same time lower Tcw and Tct in the domesticated genotypes. It was suggested that this increase was due to a higher Lchl and thus returning a similar gm [START_REF] Xiong | Leaf Anatomy Mediates Coordination of Leaf Hydraulic Conductance and Mesophyll Conductance to CO2 in Oryza[END_REF]. In contrast, both parameters, Tct and Tcw, increased in both of our genotypes but as a response to stress rather than due to breeding, with Tcw being significantly higher in RB under O3 (Tab. 3). However, we could not find any relationship between single Lchl and gct, which also seems plausible as on the one hand longer chloroplasts are actually supposed to foster Sc/S and thus gm and on the other, Tct represents the distance perpendicular between chloroplasts and cell wall which is in turn independent from Lchl, when Lcyt2 is not considered. Yet, it was observed that chloroplasts can move in order to optimize or reduce exposure to low or high light [START_REF] Jeong | A Large Population of Small Chloroplasts in Tobacco Leaf Cells Allows More Effective Chloroplast Movement Than a Few Enlarged Chloroplasts[END_REF][START_REF] Tholen | The Chloroplast Avoidance Response Decreases Internal Conductance to CO2 Diffusion in Arabidopsis Thaliana Leaves[END_REF][START_REF] Loreto | The Impact of Blue Light on Leaf Mesophyll Conductance[END_REF]). Hence, the fact that the earlier described higher Lcyt2 as a function of a lower Sc/Sm was only significant in RB, might have partly preserved chloroplast integrity and functioning, therefore setting off the otherwise more unfavourable anatomical variables in comparison to SL.

Nevertheless, a greater variability of gm_Harley as well as within anatomical key parameters (e.g. all parameters in Fig 5 .A-C) might not be sufficient to explain the absence of any link between gm and leaf anatomy in SL. A recent O3 sensitivity study in poplar concluded that a more comprehensive analysis of several variables is necessary when assessing stress response in closely related genotypes, as the observed differences of leaf traits are finally not as large as within interspecies comparisons [START_REF] Shang | The Ozone Sensitivity of Five Poplar Clones Is Not Related to Stomatal Conductance, Constitutive Antioxidant Levels and Morphology of Leaves[END_REF]). However, despite the fact that their pronounced differences of leaf integrative and anatomical traits did not return a different gm, might also suggest, that biochemical factors do not only play a more important role in gm regulation under short-term stress, as recently suggested by [START_REF] Xiong | Leaf Anatomical Characteristics Are Less Important than Leaf Biochemical Properties in Determining Photosynthesis Responses to Nitrogen Top-Dressing'. Edited by Robert Sharwood[END_REF] but also under chronic stress. 

Conclusion

The presented study shows that Tcw, Tct and Lcyt2 increased substantially and were genotypedependent related to gm under chronic O3 in Populus × canadensis Moench, suggesting that those traits could be targeted in order to enhance gm and thus photosynthetic capacity in poplar under stress conditions. Despite of having more favourable anatomical and leaf integrative traits compared to RB, SL had the same magnitude of gm. In addition, the absence of a relation between anatomy and gm in the latter could indicate a so far underestimated role of the biochemical gm -determinants under long-term stress. Surprisingly, leaf integrative traits were neither affected nor related to gm in none of the two genotypes and therefore not sufficient to explain gm response to O3.
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Chapter IV: Biochemical gm determinants under acute O3

Preface

The results presented in chapter III suggest anatomical factors to play an important role in regulating gm under chronic O3 exposure. Regarding previous works, however, biochemical determinants were given a much greater importance under short-term or acute stress which usually requires rapid acclimation to changing environmental factors. Nonetheless, these assumptions are based on a small number of studies with partly conflicting results but there is still widely agreement about their potential role in gm. Having obtained insightful data regarding the gmanatomy relationship, this fourth chapter seeks to shed light into the so far very little explored gm-biochemistry relationship.

CO2 diffusion facilitation at biochemical level is usually thought to be driven by membrane channels proteins or aquaporins (AQPs) and proteins catalysing the CO2-HCO3 -equilibrium or carbonic anhydrases (CAs). Very recent studies looking at a possible gm-AQPs relationship revealed rather disappointing results regarding their actual involvement in gm regulation, which in fact could not be observed. Besides that, there is a large amount of different AQPs families, located in different cell compartments and supposed to have different functions. Thus, already a selection of only a few AQP isoforms in order to gain a first insight might be great challenge.

In fact, this is also partly true for CAs, but the number of potential isoforms expressed in leaves that could play a role in gm regulation is much smaller, therefore an analysis probably a bit less demanding. In addition, there are no studies looking at the potential relationship of gene expression of the main CA isoforms and gm in response to O3 or any other stress. Nonetheless, a possible role for CA activity in gm regulation in poplar has been shown, demonstrating the so far unexplored potential of the biochemical determinants for gm.

To ensure an instant reaction but minimize any structural modifications, a short-term high O3 dose is applied. In addition, a recovery period of equal length is set to consider the often-overlooked aspect of stress relief and resilience capacity after a stress event. The genotype to be tested is Soligo, which also showed a less pronounced anatomy-gm relationship but a strong gm decrease under chronic O3 (chapter III). A daily measurement of the gas exchange parameters as well as chlorophyll content produces a seamless data set and ensures that the treated replicates can cope with the applied treatment as this is not always for granted given the very high daily applied O3 dose. By testing the expression pattern of seven genes encoding the most abundant leaf CAs, a first insight into their potenti al role in the dynamic response of gm is expected.

lasting chronic O3 exposure [START_REF] Bussotti | Functional Leaf Traits, Plant Communities and Acclimation Processes in Relation to Oxidative Stress in Trees: A Critical Overview: OXIDATIVE STRESS IN TREES[END_REF]. This concerns, amongst other factors such as stomatal regulation, most notably a reinforcement of the detoxification capacity on a metabolic level, but also an increase of cell wall thickness on a structural level [START_REF] Oksanen | Impacts of Elevated CO2 and/or O3 on Leaf Ultrastructure of Aspen (Populus Tremuloides) and Birch (Betula Papyrifera) in the Aspen FACE Experiment[END_REF][START_REF] Oksanen | Structural Characteristics and Chemical Composition of Birch (Betula Pendula) Leaves Are Modified by Increasing CO2 and Ozone[END_REF]. In contrast, under a higher short-term dose lasting only a few hours or days, such an acclimation is rather unlikely as detoxification processes will be overwhelmed too rapidly by an increased production of reactive oxygen species (ROS), leading directly to cell death [START_REF] Foyer | Redox Sensing and Signalling Associated with Reactive Oxygen in Chloroplasts, Peroxisomes and Mitochondria[END_REF][START_REF] Renaut | The Impact of Atmospheric Composition on Plants: A Case Study of Ozone and Poplar[END_REF]). Hence, the O3 impact on metabolic processes might be more pronounced when an acute stress is applied (Ainsworth et al. 2012a), as the rapid ROS burst triggers immediately multiple signalling pathways which subsequently modify gene expression [START_REF] Desikan | Regulation of the Arabidopsis Transcriptome by Oxidative Stress[END_REF][START_REF] Mahalingam | Analysis of Oxidative Signalling Induced by Ozone in Arabidopsis Thaliana[END_REF], whereas photosynthesisimpacting structural changes would rather occur after a chronic O3 exposure.

The impairment of photosynthesis due to chronic O3 was shown to be driven by a considerable decrease of the stomatal conductance (gs) but also, especially, of mesophyll conductance (gm) [START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF][START_REF] Watanabe | Mesophyll Conductance to CO2 in Leaves of Siebold's Beech (Fagus Crenata) Seedlings under Elevated Ozone[END_REF][START_REF] Hoshika | Species-Specific Variation of Photosynthesis and Mesophyll Conductance to Ozone and Drought in Three Mediterranean Oaks[END_REF][START_REF] Joffe | The Response of Mesophyll Conductance to Ozone-Induced Oxidative Stress Is Genotype-Dependent in Poplar[END_REF]. While the mechanistic understanding of gm regulation under long-term O3 stress received ever-more attention during recent years, the response to short-term O3 stresses is less well understood or has not been looked at so far [START_REF] Gago | Mesophyll Conductance: The Leaf Corridors for Photosynthesis[END_REF]). In addition, more than under chronic stress, part of a response to short-term stress is also the subsequent stress relief and the regulatory mechanisms taking place during this recovery period [START_REF] Galle | The Role of Mesophyll Conductance during Water Stress and Recovery in Tobacco (Nicotiana Sylvestris): Acclimation or Limitation?[END_REF][START_REF] Perez-Martin | Regulation of Photosynthesis and Stomatal and Mesophyll Conductance under Water Stress and Recovery in Olive Trees: Correlation with Gene Expression of Carbonic Anhydrase and Aquaporins[END_REF]. Although short-term stress-induced gm-related modifications of cell wall composition were recently observed (Roig-Oliver et al. 2020), a response to dynamic changes is usually attributed to a biochemical regulation of gm rather than static anatomical traits [START_REF] Mizokami | Cost-Benefit Analysis of Mesophyll Conductance: Diversities of Anatomical, Biochemical and Environmental Determinants[END_REF]. In this context, one potential main biochemical determinant of gm, are zinc metalloenzymes or carbonic anhydrases (CAs), which catalyse the CO2-HCO3 -equilibrium with high efficiency [START_REF] Ogée | Estimating Mesophyll Conductance from Measurements of C18OO Photosynthetic Discrimination and Carbonic Anhydrase Activity1[OPEN][END_REF]. The chloroplast stroma contains most CAs yet they are also abundant in mitochondria, cytosol, chloroplast envelope and plasma membrane [START_REF] Price | Specific Reduction of Chloroplast Carbonic Anhydrase Activity by Antisense RNA in Transgenic Tobacco Plants Has a Minor Effect on Photosynthetic CO2 Assimilation[END_REF][START_REF] Fabre | Characterization and Expression Analysis of Genes Encoding α and β Carbonic Anhydrases in Arabidopsis[END_REF][START_REF] Dimario | Plant Carbonic Anhydrases: Structures, Locations, Evolution, and Physiological Roles[END_REF]. Chloroplast CAs are thought to be more important for gm than cytosolic CAs [START_REF] Evans | Resistances along the CO2 Diffusion Pathway inside Leaves[END_REF][START_REF] Tholen | The Mechanistic Basis of Internal Conductance: A Theoretical Analysis of Mesophyll Cell Photosynthesis and CO2 Diffusion[END_REF]), but at the same time the chloroplast stroma is also most important liquid phase resistance along the CO2 diffusion pathway [START_REF] Evans | Resistances along the CO2 Diffusion Pathway inside Leaves[END_REF][START_REF] Tholen | The Mechanistic Basis of Internal Conductance: A Theoretical Analysis of Mesophyll Cell Photosynthesis and CO2 Diffusion[END_REF][START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF]. It is possible that there are other CA isoforms besides those already known that may be involved in facilitating CO2 diffusion in the mesophyll, but the specific functions of the most abundant CAs in regard to gm remain to be identified [START_REF] Ignatova | Carbonic Anhydrases in Photosynthesizing Cells of C3 Higher Plants[END_REF]. In fact, the involvement of several CAs in one biochemical pathway, their possibly redundant or complementary functions and multiple locations within the cell may explain the still existing considerable lack of understating of CAs, in particular in C3 plants, [START_REF] Ignatova | Carbonic Anhydrases in Photosynthesizing Cells of C3 Higher Plants[END_REF][START_REF] Gago | Mesophyll Conductance: The Leaf Corridors for Photosynthesis[END_REF]Rudenko et al. 2021). In contrast their crucial role within C4 photosynthesis is well understood [START_REF] Dimario | Lack of Leaf Carbonic Anhydrase Activity Eliminates the C4 Carbon-Concentrating Mechanism Requiring Direct Diffusion of CO2 into Bundle Sheath Cells[END_REF]. Recent works demonstrated a possible role of CAs in regulating gm in stress and non-stress conditions (Perez-Martin et al. 2014; Momayyezi and Guy 2017; J. [START_REF] Han | Drought-Introduced Variability of Mesophyll Conductance in Gossypium and Its Relationship with Leaf Anatomy[END_REF]. But, in spite of this great potential, the CAs -gm relationship remains elusive and the so far obtained results regarding stress response are rather conflicting [START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF][START_REF] Polishchuk | Stress-Related Changes in the Expression and Activity of Plant Carbonic Anhydrases[END_REF]. Moreover, CAs analysis were often done using antisense or knockout mutants and inhibitors or by quantifying the CA activity, while studies targeting gene expression of specific CA isoforms under stress conditions are rather scarce [START_REF] Ignatova | Carbonic Anhydrases in Photosynthesizing Cells of C3 Higher Plants[END_REF]).

The tree model poplar was shown to be very responsive under chronic O3 conditions regarding gas exchange [START_REF] Nali | Photosynthesis of Two Poplar Clones Contrasting in O3 Sensitivity[END_REF]Ranieri et al. 2000b;[START_REF] Oksanen | Impacts of Elevated CO2 and/or O3 on Leaf Ultrastructure of Aspen (Populus Tremuloides) and Birch (Betula Papyrifera) in the Aspen FACE Experiment[END_REF][START_REF] Noormets | Stomatal and Non-Stomatal Limitation to Photosynthesis in Two Trembling Aspen (Populus Tremuloides Michx.) Clones Exposed to Elevated CO2 and/or O3[END_REF]) and notably gm [START_REF] Xu | Mesophyll Conductance Limitation of Photosynthesis in Poplar under Elevated Ozone[END_REF]2020;[START_REF] Joffe | The Response of Mesophyll Conductance to Ozone-Induced Oxidative Stress Is Genotype-Dependent in Poplar[END_REF]. However, gm response to acute O3 has not yet been investigated in poplar. In addition, it was recently suggested as suitable model to investigate potential functions of CAs in gm and photosynthesis as the existing pool of CA isoforms has been comprehensively characterized [START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF]. Thus, a O3-responsive genotype of the economically relevant and widespread poplar hybrid Populus × canadensis Moench ('Soligo') was submitted to a treatment alternating two times high acute O3 exposure with a recovery phase in order to investigate i) gm response to short-term O3-exposure at high dose and ii) whether this response is dynamically regulated during alternating periods of O3 stress and recovery. In addition, the expression of the most abundant genes encoding leaf CA isoforms was quantified to determine iii) their potential role in the response of gm to acute O3. The estimation of gm, followed the same procedure as described in chapter II under the points 2.3.2 and 2.3.4. Also, the previously obtained values of model constants of day mitochondrial respiration (Rd) and intercellular CO2 compensation point Ci* were used as described under point 2.3.3.

Material and methods

Chlorophyll content

Chlorophyll content was measured using a Dualex Scientific portable leaf-clip meter (Force-A, Orsay, France). The values were the means of four different areas across the leaf. The Dualex device measured the transmitted light in the far-red (~720 nm) and near-infrared spectra (~820 nm). Then, the chlorophyll content was calculated as the transmittance ratio of these two wavelengths.

RNA extraction and cDNA amplification

Total RNA was extracted from one hundred milligrams of plant powder using TRIzol Reagent (Invitrogen, Thermo Fisher Scientific, 15596018) according to the manufacturer's instructions.

Total RNA concentration was determined with a spectrophotometer (NanoDrop 2000c, Thermo Scientific, Thermo Fisher Scientific, Villebon-sur-Yvette, France). For cDNA synthesis, 1 μg of RNA was used to prepare cDNA samples using an iScript cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, California, U.S) was used. The cDNAs were diluted to 1/10 with nuclease-free water.

Quantitative real-time polymerase chain reaction (qPCR) analyses

The cDNA was further amplified by PCR. Transcript levels were obtained by quantitative Realtime-PCR using a thermal cycler CFX96 and SYBR Green master mix (Bio-Rad) according to the manufacturer's recommended protocol. 39 PCR cycles were performed for each gene of interest. Three technical replicates were performed for each biological replicate. The primer sequences used for all target genes are listed in Table 4. The normalized expression levels (NRQ) were calculated according to [START_REF] Gutierrez | Auxin Controls Arabidopsis Adventitious Root Initiation by Regulating Jasmonic Acid Homeostasis[END_REF]. 

Statistical analyses

All statistical analyses were performed in R (R Core Team, 2018) and are described in detail under point 2.3.8. In addition, a linear mixed-effect model ('lmerTest' package, [START_REF] Kuznetsova | LmerTest Package: Tests in Linear Mixed Effects Models[END_REF], with replicate as random effect was used to test the effect of the time and treatment (fixed effects) on the variables of interest.

Results

Gas exchange

Net assimilation rate (Anet) was 20.5±0.08 µmol m -2 s -1 on average in control throughout the treatment but showed significantly lower values at day 1 and 2 i.e. during the first O3 stress (Fig

4.2A).

A pronounced significant decrease of 51% at day 1 was observed, whereas that decrease was reduced to 19% at day 2. From day 5 on, the O3-induced decline was very similar, with a mean of 35%, regardless of the period. In control, mesophyll conductance (gm) was on average 0.25±0.004 mol m -2 s -1 bar -1 (Fig 4 .2B). During the first O3 treatment (day 1 and 2) a yet nonsignificant decrease was observed under O3. gm remained 18% lower during the first recovery 

CA gene expression

Gene expression of the seven most expressed genes encoding carbonic anhydrases within leaf tissue was analysed. Two distinct groups regarding the normalized expression levels (NRQ)

were found in the leaf (Fig. 

Ratios between the mean NRQs of O3 and control

α-CA4 was the only gene to show significant fold changes as it was higher expressed during both O3 treatments (Fig. 4.6). α-CA1 showed a rather opposite expression pattern, which was, however, not significant. Other yet non-significant higher expression levels were found for β-CA5.1 and β-CA5.3 during the recovery period and first O3 treatment, while gene expressions of the remaining genes did not change regardless of the treatment and time point (Fig. 6). 

Discussion

First stress to cope with, the second not

This work aims to describe gm response to repeated acute O3 exposure in poplar and to decipher a possible relationship between gm and carbonic anhydrases, being regarded as one of its main biochemical determinants. All obtained gas exchange parameters including gm were characterized by a shock-like decrease after day 1 of the O3 treatment, followed by a less pronounced decrease at day 2. Yet, after the second treatment values remained on a lower level (Fig. 4.2A-C, 4.3A&B). gm was shown to respond rapidly to changes in temperature, CO2 concentration, water supply, salinity and light intensity (Flexas et al. 2008a;[START_REF] Gago | Mesophyll Conductance: The Leaf Corridors for Photosynthesis[END_REF]. When exposing two oak species, usually considered being rather O3 tolerant [START_REF] Wittig | Quantifying the Impact of Current and Future Tropospheric Ozone on Tree Biomass, Growth, Physiology and Biochemistry: A Quantitative Meta-Analysis[END_REF], gas exchange also decreased immediately after the onset of fumigation (300 ppm), but restored control values within 72 hours. However, only Cc but not gm values are reported [START_REF] Velikova | Localized Ozone Fumigation System for Studying Ozone Effects on Photosynthesis, Respiration, Electron Transport Rate and Isoprene Emission in Field-Grown Mediterranean Oak Species[END_REF]. Thus, any short-term response might be species and/or genotype-dependent [START_REF] Shrestha | The Response of Mesophyll Conductance to Short-and Long-Term Environmental Conditions in Chickpea Genotypes[END_REF][START_REF] Gago | Mesophyll Conductance: The Leaf Corridors for Photosynthesis[END_REF]. Nonetheless, the capacity of gas exchange to recover from acute O3 stress, as seen after day 1 (Fig. 4.2A-C), has been observed across multiple species including poplar [START_REF] Roper | Effects of Ambient and Acute Partial Pressures of Ozone on Leaf Net CO 2 Assimilation of Field-Grown Vitis Vinifera L[END_REF][START_REF] Nali | Photosynthesis of Two Poplar Clones Contrasting in O3 Sensitivity[END_REF][START_REF] Guidi | Effect of Chronic Ozone Fumigation on the Photosynthetic Process of Poplar Clones Showing Different Sensitivity[END_REF][START_REF] Pasqualini | Ozone Uptake and Its Effect on Photosynthetic Parameters of Two Tobacco Cultivars with Contrasting Ozone Sensitivity[END_REF]. This might indicate the induction of the first defence lines against oxidative stress consisting of the stomatal closure and apoplastic ROS scavenging [START_REF] Gillespie | Growth at Elevated Ozone or Elevated Carbon Dioxide Concentration Alters Antioxidant Capacity and Response to Acute Oxidative Stress in Soybean (Glycine Max)[END_REF] during the first O3 treatment, which could contribute in preventing irreversible damage on photosynthetic tissue and thus allow partly or even complete recovery [START_REF] Nali | Photosynthesis of Two Poplar Clones Contrasting in O3 Sensitivity[END_REF][START_REF] Pasqualini | Ozone Uptake and Its Effect on Photosynthetic Parameters of Two Tobacco Cultivars with Contrasting Ozone Sensitivity[END_REF]. Also, the fact that O3 uptake was drastically reduced due to a decrease in gsc of 64% at day 1, might have helped to partly recover already at day 2.

The observed absence of recovery after the second O3 treatment could be due to ROS that may have already reached the cell interior due to cell membrane leakage [START_REF] Heath | Possible Mechanisms for the Inhibition of Photosynthesis by Ozone[END_REF][START_REF] Nali | Photosynthesis of Two Poplar Clones Contrasting in O3 Sensitivity[END_REF]). Subsequently, they can irreversibly damage photosynthetic tissue already at this state by altering the ultrastructure of chloroplasts and/or reducing electron transport capacity and enzyme activity, which is exacerbated by recurring exposure [START_REF] Guderian | Effects of Photochemical Oxidants on Plants[END_REF][START_REF] Pasqualini | Ozone Uptake and Its Effect on Photosynthetic Parameters of Two Tobacco Cultivars with Contrasting Ozone Sensitivity[END_REF]. Moreover, an analysis at the proteomic level revealed that even after O3 exposure at lower dose, several key enzymes would still have not recovered [START_REF] Bohler | A DIGE Analysis of Developing Poplar Leaves Subjected to Ozone Reveals Major Changes in Carbon Metabolism[END_REF]). Thus, despite this remarkable capacity to recover after the first stress treatment, none of the parameters, except for gm, did return to the initial state, underlining possible long-term consequences due to only a single stress event (Fig. 4.2 to Fig. 4.3). However, even though gm was able to partially recover after the second O3 treatment, stomatal limitation appears to be less important under acute O3 than gm, as Ci remained constant despite a considerable decrease of gsc, while Cc decreased substantially (Fig. 3A&B).

Alteration of both leaf photochemistry and biochemistry under acute O3

The Electron transport rate (ETR) and the efficiency of the PSII reaction centre (Fv'/Fm') can serve as indicators for the state of leaf photochemistry. Even though both parameters were significantly affected after day 1 and from day 5 on, ETR showed a decrease twice as high in comparison to Fv'/Fm' (Fig. 2A&B). ETR was suggested to be related to Vcmax [START_REF] Galle | The Role of Mesophyll Conductance during Water Stress and Recovery in Tobacco (Nicotiana Sylvestris): Acclimation or Limitation?[END_REF][START_REF] Perez-Martin | Regulation of Photosynthesis and Stomatal and Mesophyll Conductance under Water Stress and Recovery in Olive Trees: Correlation with Gene Expression of Carbonic Anhydrase and Aquaporins[END_REF]. This would suggest that carbon assimilation and here notably Rubisco activity, might also be affected by acute O3 in addition to the photochemistry. The O3induced decrease in gm would likely be responsible for a limited CO2 availability at the site of carboxylation and therefore the decreased Rubisco activity. It would then inhibit electron flux through the photosynthetic electron transport chain as shown by the lower ETR. Chlorophyll content was considered early on as an indicator of O3-induced structural damage [START_REF] Knudson | Measurement of Ozone Injury by Determination of Leaf Chlorophyll Concentration 1[END_REF][START_REF] Reich | Effects of Low Concentrations of O3 on Net Photosynthesis, Dark Respiration, and Chlorophyll Contents in Aging Hybrid Poplar Leaves[END_REF]. Its decrease due to any type of O3 exposure has been reported across many species [START_REF] Saitanis | Effects of Ozone on Chlorophyll and Quantum Yield of Tobacco (Nicotiana Tabacum L.) Varieties'. Chemosphere[END_REF][START_REF] Donnelly | Does Elevated CO2 Ameliorate the Impact of O3 on Chlorophyll Content and Photosynthesis in Potato (Solanum Tuberosum)?[END_REF][START_REF] Wittig | Quantifying the Impact of Current and Future Tropospheric Ozone on Tree Biomass, Growth, Physiology and Biochemistry: A Quantitative Meta-Analysis[END_REF]). The fact that chlorophyll content was maintained at constant level until day 7, although Fv'/Fm' decreased (Fig. 4.3B) might suggest that photochemical efficiency is altered before and independently from the degradation of chlorophyll that occurred later at day 8 (Fig. 4.3C). This pigment breakdown may also indicate the collapse of cells and other subcellular structures [START_REF] Saitanis | Effects of Ozone on Chlorophyll and Quantum Yield of Tobacco (Nicotiana Tabacum L.) Varieties'. Chemosphere[END_REF][START_REF] Turc | Dynamics of Foliar Responses to O3 Stress as a Function of Phytotoxic O3 Dose in Hybrid Poplar[END_REF]) that in turn could also lead to a decrease in gm.

β-isoforms rather unresponsive under acute O3

Gene expression analysis of the seven most relevant CA encoding genes revealed differences regarding their quantity and regulation under O3. In leaf tissue of P.canadensis Moench genotype 'Soligo', β-CAs, except for β-CA5.1, were overall much more abundant than α-CAs, while CA1 and CA2 presented an intermediate level (Fig. 4.5). The differences in the abundance amongst the tested CA-genes are partly in accordance with previous findings assessing the relative expression of fragments of these seven CA isoforms in P. trichocarpa [START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF]) (Fig. 4.5). Larger differences were found for CA1 and CA2 as well as α-CA1, which were substantially lower expressed in our data. Amongst the β-isoforms, β-CA5.1 was also much lower expressed, while the low expression level of α-CA4 found in P. trichocarpa [START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF], could be observed in Soligo as well. Although both plant systems are rather close, a direct comparison of their respective expression levels may not be a valid option since the sequence annotation of the two genotypes may not be identical.

Except for α-CA4, none of the tested genes showed any significant up-or downregulation under O3 (Fig. 4.6). However, α-CA1 still showed a four-fold lower expression level after the second O3 treatment, whereas β-CA5.1 tend to show an increase during the recovery period and β-CA5.3 an increase during the first O3 treatment. The few studies looking at CAs response to O3, found CA1 and CA2 to be downregulated (Dumont et al. 2014;[START_REF] Örvar | Pre-Activating Wounding Response in Tobacco Prior to High-Level Ozone Exposure Prevents Necrotic Injury[END_REF]isoform not reported). These findings, however, were obtained under chronic O3 exposure, suggesting a different response of these isoforms to acute O3. It was argued that genes encoding hydrolase activity e.g. ATPase, DNase in order to encounter the O3-induced oxidative burst, are rapidly up-regulated, while carbon assimilation associated genes such as CAs are being suppressed [START_REF] Mahalingam | Analysis of Oxidative Signalling Induced by Ozone in Arabidopsis Thaliana[END_REF][START_REF] Renaut | The Impact of Atmospheric Composition on Plants: A Case Study of Ozone and Poplar[END_REF]. The decrease in expression of specific isoforms such as α-CA1 and CA1 may not only be a general trend of decreased assimilation rate but also a key factor supporting gm reduction. Yet, the overexpression of specific isoforms as observed for α-CA4, suggests a distinctive role within response to O3.

Interestingly, α-CA4 also seemed to follow the applied stress regime as it was significantly upregulated during the two stress periods (Fig. 6) but not during the recovery period, suggesting a very dynamic regulation of the expression of this gene. Although α-CA4 showed comparatively low expression, this might not immediately and always have an impact on protein activity at the cell level [START_REF] Perez-Martin | Regulation of Photosynthesis and Stomatal and Mesophyll Conductance under Water Stress and Recovery in Olive Trees: Correlation with Gene Expression of Carbonic Anhydrase and Aquaporins[END_REF][START_REF] Williams | An Untranslated Cis-Element Regulates the Accumulation of Multiple C4 Enzymes in Gynandropsis Gynandra Mesophyll Cells[END_REF][START_REF] Dimario | Plant Carbonic Anhydrases: Structures, Locations, Evolution, and Physiological Roles[END_REF]). On the other hand, CAs have a high catalytic rate, therefore even a small amount of additional CA might ensure a sufficient turnover [START_REF] Hines | Absence of Carbonic Anhydrase in Chloroplasts Affects C3 Plant Development but Not Photosynthesis[END_REF]. Despite being the largest CA gene family in the majority of plants, α-CAs are still the least studied and comparatively low expressed [START_REF] Dimario | Plant Carbonic Anhydrases: Structures, Locations, Evolution, and Physiological Roles[END_REF][START_REF] Zhurikova | Effect of Knockout of α-Carbonic Anhydrase 4 Gene on Photosynthetic Characteristics and Starch Accumulation in Leaves of Arabidopsis Thaliana[END_REF]. However, the A. thaliana homolog At4g20990 of α-CA4, which is located in thylakoid membrane, was found to be involved in the regulation of electron transport within PS II [START_REF] Rudenko | Effect of Light Intensity under Different Photoperiods on Expression Level of Carbonic Anhydrase Genes of the α-and β-Families in Arabidopsis Thaliana Leaves[END_REF]. Its upregulation was observed under high irradiance, at which nonphotochemical quenching is being activated in order to prevent photoinhibition on PSII [START_REF] Rudenko | The Role of Carbonic Anhydrase α-CA4 in the Adaptive Reactions of Photosynthetic Apparatus: The Study with α-CA4 Knockout Plants[END_REF]. Furthermore, higher expression levels of At4g20990 have also been observed under drought and salt-induced osmotic stress [START_REF] Li | Genome-Wide Identification of Osmotic Stress Response Gene in Arabidopsis Thaliana[END_REF]Rudenko et al. 2021). Indeed, also O3 was found to induce photoinhibition in poplar [START_REF] Castagna | Differential Ozone Sensitivity Interferes with Cadmium Stress in Poplar Clones[END_REF], which might suggest that α-CA4 may play a similar role under our conditions.

Besides the fact that α-CA1 is most likely also located in the chloroplast stroma of A. thaliana, there are no data regarding its response to stress conditions so far [START_REF] Villarejo | Evidence for a Protein Transported through the Secretory Pathway En Route to the Higher Plant Chloroplast[END_REF]). Therefore, the observed contrasting expression level is rather puzzling as it was also found to be higher expressed under intensive light [START_REF] Zhurikova | Effect of Knockout of α-Carbonic Anhydrase 4 Gene on Photosynthetic Characteristics and Starch Accumulation in Leaves of Arabidopsis Thaliana[END_REF]. Nevertheless, such opposite expression patterns were also observed between At4g20990 α-CA4 and At2g28210 (α-CA4, not tested in our study) in response to changing light intensities [START_REF] Zhurikova | Participation of Two Carbonic Anhydrases of the Alpha Family in Photosynthetic Reactions in Arabidopsis Thaliana[END_REF]. This was explained, in part, by a possibly different orientation towards the thylakoid membrane of the respective CA, thus being involved in different catalysis depending on light-driven position of the thylakoids. The underlying mechanism under acute O3 remain to be elucidated but such an effect might also have occurred in our setting.

The β-CAs are still believed to be the most important family as they are the most abundant leaf CAs in the chloroplast [START_REF] Ignatova | Carbonic Anhydrases in Photosynthesizing Cells of C3 Higher Plants[END_REF][START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF]. β-CA5.2 and β-CA5.3

were in fact the most abundant CAs amongst the tested isoforms. Though, the expression of all three isoforms were not significantly modified under O3, no particular pattern was evident with respect to the treatment applied (Fig. 4.6). The low expression level of β-CA5.1 in our data might be due to a primer and/or amplification issue, as the literature suggests an expression level equally high as for the other two β-CAs [START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF]. β-CAs are located in the thylakoid lumen within the chloroplast [START_REF] Fabre | Characterization and Expression Analysis of Genes Encoding α and β Carbonic Anhydrases in Arabidopsis[END_REF]). There, they might enhance proton diffusion to the ATP-synthase channel under unfavourable conditions e.g. low light [START_REF] Onoiko | The Stimulation of Photophosphorylation in Isolated Spinach Chloroplasts by Exogenous Bicarbonate: The Role of Carbonic Anhydrase[END_REF]. They have also been found in chloroplast stroma, whose formation increases during light stress and pathogen attack in order to activate signal transduction and thus a defence response [START_REF] Hanson | Stromules: Probing Formation and Function[END_REF].

The unassigned isoforms CA1 and CA2 are believed to be β-isoforms regarding phylogenetic analysis of peptide sequences in Populus trichocarpa [START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF]. While CA2 remains less studied, CA1 yielding an increased expression level under drought and high temperature [START_REF] Chaki | Tyrosine Nitration Provokes Inhibition of Sunflower Carbonic Anhydrase (β-CA) Activity under High Temperature Stress[END_REF][START_REF] Wang | Comparative Proteomics Reveals That Phosphorylation of β Carbonic Anhydrase 1 Might Be Important for Adaptation to Drought Stress in Brassica Napus[END_REF]Rudenko et al. 2021). Moreover, as both isoforms were found to be highly abundant and the assumption that at least one of the β-isoforms works in conjunction with an aquaporin(s) in chloroplast envelope, demonstrates the unexplored potential of this CA family [START_REF] Perez-Martin | Regulation of Photosynthesis and Stomatal and Mesophyll Conductance under Water Stress and Recovery in Olive Trees: Correlation with Gene Expression of Carbonic Anhydrase and Aquaporins[END_REF][START_REF] Polishchuk | Stress-Related Changes in the Expression and Activity of Plant Carbonic Anhydrases[END_REF]). However, Yıldırım and Kaya (2017) also observed an unchanged expression level of CA1 under moderate and severe drought in Populus nigra, indicating that based on the so far obtained data, other isoforms might be more important under stress conditions. However, CA1 was found to play a role in thiol redox regulatory network of the chloroplast in A. thaliana [START_REF] Dreyer | Thiol Redox Regulation of Plant β-Carbonic Anhydrase[END_REF], due to its capability of detoxifying H2O2 [START_REF] Götz | Deletion of the carbonic anhydrase-like gene NCE103 of the yeast Saccharomyces cerevisiae causes an oxygen-sensitive growth defect[END_REF][START_REF] Slaymaker | The Tobacco Salicylic Acid-Binding Protein 3 (SABP3) Is the Chloroplast Carbonic Anhydrase, Which Exhibits Antioxidant Activity and Plays a Role in the Hypersensitive Defense Response[END_REF][START_REF] Polishchuk | Stress-Related Changes in the Expression and Activity of Plant Carbonic Anhydrases[END_REF]). Together with the example mentioned above, this demonstrates that CAs are also likely to be important for detoxification under O3-induced oxidative stress, in addition to their role in CO2 diffusion across mesophyll cell (Dąbrowska-Bronk et al. 2016).

Gene expression of α-CAs suggests link to gm regulation

Due to its regulation pattern under O3, α-CA4 showed similarities to the course of gm (Fig.

4.2B&Fig 4.6). However, the fact that gm remained low after the second stress period (Fig.

4.2B

), might either suggest that CA activity was overwhelmed due to O3 and thus no more capable of mitigating O3 impact, or that probably other CAs are involved in gm regulation at this point. Nevertheless, its direct implication in the electron transport, suggests therefore also a potential impact on gm. Two previous studies could establish a positive link between gm and CA activity [START_REF] Momayyezi | Substantial Role for Carbonic Anhydrase in Latitudinal Variation in Mesophyll Conductance of Populus Trichocarpa Torr. & Gray: Mesophyll Conductance of Cottonwood[END_REF][START_REF] Perez-Martin | Regulation of Photosynthesis and Stomatal and Mesophyll Conductance under Water Stress and Recovery in Olive Trees: Correlation with Gene Expression of Carbonic Anhydrase and Aquaporins[END_REF]. The latter tested the activity of β-isoforms, thus suggesting the involvement of further CAs isoforms in gm regulation. Several studies inhibiting CAs (notably β-isoforms) or using knockout lines were also able to demonstrate a relationship between CA activity and Anet and gm (Momayyezi and Guy 2018), while others showed that a gm decrease due to reduction of CA activity had only little impact on Anet [START_REF] Price | Specific Reduction of Chloroplast Carbonic Anhydrase Activity by Antisense RNA in Transgenic Tobacco Plants Has a Minor Effect on Photosynthetic CO2 Assimilation[END_REF][START_REF] Williams | The Effects of PH and Dissolved Inorganic Carbon on External Carbonic Anhydrase Activity in Chlorella Saccharophila[END_REF][START_REF] Flexas | CO2 Diffusion Inside Photosynthetic Organs[END_REF]. This was confirmed by a more recent work, attributing a crucial role of CAs within plant development yet not in enhancing photosynthetic turnover [START_REF] Hines | Absence of Carbonic Anhydrase in Chloroplasts Affects C3 Plant Development but Not Photosynthesis[END_REF]. Besides that, it was hypothesized that CAs might play a more important role in species which have inherently low gm such as sclerophylls [START_REF] Gillon | Internal Conductance to CO2 Diffusion and C18OO Discrimination in C3 Leaves1[END_REF] or under stress-induced decrease of CO2 supply [START_REF] Polishchuk | Stress-Related Changes in the Expression and Activity of Plant Carbonic Anhydrases[END_REF]). On the one hand, it could rather suggest that CAs do also have different roles other than the conversion of CO2 into HCO3 - [START_REF] Evans | Resistances along the CO2 Diffusion Pathway inside Leaves[END_REF][START_REF] Ignatova | Carbonic Anhydrases in Photosynthesizing Cells of C3 Higher Plants[END_REF]. Some of the tested CA isoforms may be less responsive to O3 but more to other stresses, notably drought, high temperature and excess light [START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF]. Furthermore, the so far more often applied approach of using inhibitors or knockout mutants, might not be sufficient to comprehensively understand the CA-gm relationship when it comes to the response to abiotic stress [START_REF] Polishchuk | Stress-Related Changes in the Expression and Activity of Plant Carbonic Anhydrases[END_REF]. In addition, it was recently pointed out that a stress recovery should be regarded as a specific process rather than a simple return to the normal state [START_REF] Muries | Aquaporins and Water Control in Drought-Stressed Poplar Leaves: A Glimpse into the Extraxylem Vascular Territories[END_REF]. Hence, in order to gain an understanding of CA regulation pattern under stress and recovery conditions, further insights about the exact function of the main CA isoforms within photosynthesizing cell compartments is required.

Conclusion

The obtained data demonstrates that gm might to some extent have a resilience capacity after a an acute O3 exposure. However, the beginning decline of chlorophyll content may indicate the occurrence of more extensive structural damages which would impede a full recovery after further stress events. Although gsc was also substantially affected, the O3-induced Anet decrease seems to be rather due to non-stomatal limitations as Ci remained unaffected, while Cc and ETR decreased substantially in the course of the treatment. The response of α-CA4 to the applied treatment may suggest the involvement of CAs in the previously assumed short term regulation of gm. Thus, the present work marks a first attempt to decipher the role of selected CA isoforms in gm regulation under short-term O3 stress. Further works are needed to extent our knowledge regarding the concrete function of every relevant stromal and cytosolic CAs in order to understand their specific role in regulating gm.

Chapter V: General discussion and perspectives

Mesophyll conductance to CO2 or gm can be a significant limitation of net photosynthesis (Anet) under stress and non-stress conditions. This work highlights several aspects of gm response and regulation under chronic and acute O3, obtained in the tree model Populus canadensis Moench.

A screening of a selection of genotypes aimed to characterize the impact of chronic O3 on gm, its variability and its potential impact on Anet. A further interest was the potential relationship between gm and the detoxification capacity as well as leaf traits. The comparison of multiple genotypes was used as an approach to decipher underlying factors behind gm regulation. The focus then was on O3-induced modifications on a leaf structural and ultrastructural level, knowing that anatomy represents one of the major factors determining gm. As in the first step regarding gm response to O3, the aim was to gain an initial overview of O3 impact on gm relevant anatomical components but also to quantify this impact and identify the expected relationship between gm and these components. In order to complete the picture, the attention was once more shifted towards other potential gm regulators, yet this time on a molecular level. The main interest was to investigate the dynamics of gm response during repeated acute O3 exposure followed by a recovery period. Moreover, a potential involvement of proteins believed to facilitate CO2 diffusion, i.e. carbonic anhydrase, within short-term gm regulation marked the final open question to answer within the scope of this work.

gm: an essential parameter within photosynthesis but still not sufficiently considered

The role of gm as central player within photosynthesis under chronic O3 exposure was shown in chapter II. The used tool of screening contrasting genotypes Populus x canadensis Moench proofed to be a rather successful approach in order to lay the foundation for further investigations during this thesis. Although closely related, the tested genotypes showed a considerable variability across the majority of tested parameters. Especially the fact that gm can be more limiting under O3 than the Rubisco carboxylation rate (Vcmax(Cc)) marks a new finding. This implies that a maintained substrate availability provided by a functioning gm is an essential factor for a performing photosynthesis besides stomatal conductance to CO2 (gsc) and Vcmax(Cc), which were previously described as the main limiting factors of Anet under O3 [START_REF] Lombardozzi | Ozone Exposure Causes a Decoupling of Conductance and Photosynthesis: Implications for the Ball-Berry Stomatal Conductance Model[END_REF]. Besides that, chapter II underlined that Vcmax estimation based on Ci does not reflect the actual carboxylation rate, hence conclusions based on Vcmax(Ci) might be misleading. The fact that Vcmax(Ci) was much more affected by O3 than Vcmax(Cc) demonstrates this clearly and the need to consider the CO2 availability at the actual site of carboxylation within the chloroplast rather than in the intercellular airspace.

Furthermore, the lack of the often-described correlation between gsc and gm in our data shows that O3 impacts specific factors of gm which are not or only little related to gsc and vice versa, underlining the substantial differences between these two gas diffusional processes [START_REF] Sakoda | Stomatal, Mesophyll Conductance, and Biochemical Limitations to Photosynthesis during Induction[END_REF]). Hence, a comprehensive gas exchange analysis should consider gm estimation in order to obtain all three major players within photosynthesis. Despite an ever-growing evidence of the importance of gm, its estimation remains laborious and complex. This may also explain, the lower number of studies on gm compared to gsc and Vcmax. For instance, the here but also most often used variable J method in particular requires both measurements of gas exchange and chlorophyll fluorescence at both low and ambient O2 in order to correct for differences between measured JF (electron transport rate estimated from chlorophyll fluorescence) and the modelled electron transport rate, JA due to changing environmental conditions and alternative electron sinks [START_REF] Cousins | Recent Developments in Mesophyll Conductance in C3, C4 and CAM Plants[END_REF][START_REF] Warren | Estimating the Internal Conductance to CO2 Movement[END_REF][START_REF] Pons | Estimating Mesophyll Conductance to CO2: Methodology, Potential Errors, and Recommendations[END_REF]). This additional measurement effort could be partly mitigated by: i) publishing already obtained correction factors as done for poplar in chapter II and ii) modelling relationships between JF and JA by means of the already published data in order to obtain species and treatment-dependent correction factors. This might make gm estimation more accessible for a wider community and enhance the insight and quality of gas exchange measurements as a whole. This approach is already quite often used for the two other crucial parameters within the variable J method, which there are the day mitochondrial respiration (Rd) and Ci* (intercellular CO2 compensation point). Moreover, performing a sensitivity analysis by varying crucial constants, including J, within a range of ±10% allows to account for potential error in the parameterization of the model and in the determination of gm. This is of particular importance under O3 but also other stresses, as these constants are known to be considerably affected by stress treatments [START_REF] Grulke | Changes in Gas Exchange Characteristics during the Life Span of Giant Sequoia: Implications for Response to Current and Future Concentrations of Atmospheric Ozone[END_REF][START_REF] Katja | Temperature Responses of Dark Respiration in Relation to Leaf Sugar Concentration[END_REF].

Chapter II contains a comprehensive gas exchange data set of eight different poplar genotypes.

The provided Vcmax values and CO2 response curves can also potentially be used as reference values for future studies using poplar as model when CO2 response curves cannot be obtained, as J can serve as a surrogate for Vcmax [START_REF] Perez-Martin | Regulation of Photosynthesis and Stomatal and Mesophyll Conductance under Water Stress and Recovery in Olive Trees: Correlation with Gene Expression of Carbonic Anhydrase and Aquaporins[END_REF][START_REF] Galle | The Role of Mesophyll Conductance during Water Stress and Recovery in Tobacco (Nicotiana Sylvestris): Acclimation or Limitation?[END_REF]). Certainly, assumptions do not replace proper measurements but this might even further encourage future works to consider all necessary aspects of Anet limitations, also including gm. In this context, a less elaborative method, as described above, would allow to obtain data of more species and under various conditions and thus further enhance the mechanistic understanding of gm. In addition, field-obtained gm data of relevant agricultural and forestry species would certainly draw attention at a level that recognizes the true importance of gm, but which remains still scarce to this day. This is in accordance with a very recent study, looking at obtained Anet limitation data during the last four decades [START_REF] Knauer | Contrasting Anatomical and Biochemical Controls on Mesophyll Conductance across Plant Functional Types[END_REF]. It was stated that e.g. increasing Cc presents one of the most promising potentials in order to improve photosynthesis.

LMAan overrated indicator?

The fact that the chlorophyll fluorescence-related parameters but also leaf dry mass per area (LMA) were well-correlated with gm, indicated the previously assumed potential role of leaf structure and ultrastructure factors underlying gm regulation [START_REF] Niinemets | Leaf Mesophyll Diffusion Conductance in 35 Australian Sclerophylls Covering a Broad Range of Foliage Structural and Physiological Variation[END_REF]). Yet, although LMA and chlorophyll content showed a quite robust negatively or positively proportional trend when pooling the data of all genotypes, single genotype correlations were sometimes not present e.g. also not for the two further selected genotypes Robusta and Soligo. This was not observed either in chapter III and may be explained by the integrative character of LMA being a product of leaf thickness and density (Poorter et al;[START_REF] Renaut | et al[END_REF], Onoda et al. 2009). The latter can vary depending on other traits such as the mesophyll surface area exposed to the intercellular airspace per leaf area (Sm/S) or cell wall thickness (Tcw), thus possibly hiding a potential link as Sm/S is sometimes not or only weakly correlated with gm. Thus, a relationship between LMA and gm cannot always be established as the several traits underlying LMA are not all actually influencing gm. Another explanation could be the fact that some changes at the structural level occur only after medium-to long-term treatment, resulting to a different LMA at the whole-plant or leaf level. This would explain the obtained differences between LMA data in Chapter II (measurement of all levees) and chapter III (measurement of youngest fully developed leaf). Thus, as tempting as it might seem to draw conclusions from this often-measured trait, this work underpinned that the LMA-gm relation is very species and treatment-dependent, but might be of relevance when considering the whole plant level.

Ultrastructure determines gm response under chronic O3 but the anatomical model still needs improvement

Apart from the fact that the structural characteristics of the leaf were mostly not affected, the lack of a relationship between these traits and gm supported the fact that the gaseous phase is the less limiting part of the CO2 diffusion pathway, even under stress. In contrast, the ultrastructural parameters Sc and Tcw were found to be very responsive to the O3 treatment and related to gm. The increase of the interchloroplast and choroplast to cell wall distances under O3 and its considerable contribution to gm limitation, mark a main finding of chapter III. By means of the applied quantitative approach of TEM image measurements and the subsequent application of the quantitative model [START_REF] Tomás | Importance of Leaf Anatomy in Determining Mesophyll Diffusion Conductance to CO2 across Species: Quantitative Limitations and Scaling up by Models[END_REF], it could be shown that this is not only a sporadically occurring modification but actually determining gm response on an anatomical level. This is also significant insofar, as it better characterizes changes of the broad parameter Sc, which is the chloroplast surface area exposed to the intercellular airspace. Thus, the consideration of both CO2 inner-cell diffusion pathways lined with chloroplasts (path 1) and interchloroplastic areas (path 2) turned out to be crucial. Often only data of path 1 are reported, but especially in long-term stress, including O3, omission of path 2 could result in gm-relevant changes remaining undetected. Thus, the analysis of both paths can only be recommended for future studies.

Though the applied anatomical model provides a first solid insight, knowledge of specific modelling constants e.g. cell wall porosity, chloroplast envelop permeability [START_REF] Evans | Mesophyll Conductance: Walls, Membranes and Spatial Complexity[END_REF]) and CO2 diffusion coefficient within the cell [START_REF] Tomás | Importance of Leaf Anatomy in Determining Mesophyll Diffusion Conductance to CO2 across Species: Quantitative Limitations and Scaling up by Models[END_REF]) would very likely enhance the here obtained but also future data. Considering cell wall porosity as a function of cell wall thickness [START_REF] Tosens | The Photosynthetic Capacity in 35 Ferns and Fern Allies: Mesophyll CO2 Diffusion as a Key Trait[END_REF], could already reduce model discrepancies between the measured (gm_Harley) and or the modelled (gm_Anat) gm. At the same time, varying the set values for the viscosity (rf,i ) of the cytosol and stroma made the remaining discrepancies disappear, but only if unrealistic values were set, i.e., assuming that these components have similar or the same properties as water. Thus, future research should clearly address this need by obtaining more experimental data on those parameters.

Potential relation between gm and antioxidant capacity

In this regard, not only permeability and physical size of cell walls might have an influence on gm, but also their composition and role in ROS scavenging. Evidence has been made regarding the relationship between apoplastic ascorbate activity and gm regulation (Clemente-Moreno et al. 2019). However, when attempting to link gm to total pools of ascorbate and glutathione for the first time as shown in chapter II, no such relationship was found. It could be that a possible correlation remains undetected when only the total amount is considered and the apoplastic and symplastic pools are not assessed separately. The quantification of the respective enzyme activity, e.g. ascorbate peroxidase, monodehydroascorbate reductase or glutathione reductase might be an alternative and complementary approach in order to link detoxification capacity to gm [START_REF] Gandin | Deciphering the Main Determinants of O3 Tolerance in Euramerican Poplar Genotypes[END_REF]. Apart from cell wall, also the cytosol and chloroplasts themselves constitute important players in ROS scavenging (Dusart et al. 2019c). For instance, GSH biosynthesis takes place in both cytosol and chloroplast [START_REF] Rausch | Novel Insight into the Regulation of GSH Biosynthesis in Higher Plants[END_REF]) and the GSH and Asc pools within the chloroplast make up a significant part of the total antioxidants pool of the cell [START_REF] Zechmann | Subcellular Distribution of Ascorbate in Plants[END_REF]. Therefore, the genotypic-different responses observed in Chapter III with respect to ultrastructure yet in the presence of the same gm response could also be due to genotypic-different detoxification capacities, which might moderate O3-induced ultrastructural modifications of gm related traits. The differences between Robusta and Soligo regarding the total amounts of Asc and glutathione obtained shown in Chapter II may support this hypothesis.

In addition, the finding that increased MDA content was a function of gm might already provide some evidence for oxidative stress-induced signalling and its potential relation to gm. Hence, besides anatomical parameters and the activity and expression of transmembrane and catalysing proteins, the potential influence of the antioxidant system on gm should receive more attention in the future.

α-CA isoforms may play a role in dynamic gm regulation

Testing two genotypes in Chapter III provided a more comprehensive insight, as the obtained genotype-dependent response did, to some extent, challenge the often-assumed direct relationship between Sc and Tcw and gm. Recently it was also suggested that targeting biochemical factors might be promising than anatomical traits (e.g. engineering thinner cell walls) in enhancing photosynthesis in C3 plants [START_REF] Knauer | Contrasting Anatomical and Biochemical Controls on Mesophyll Conductance across Plant Functional Types[END_REF][START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF][START_REF] Gago | Mesophyll Conductance: The Leaf Corridors for Photosynthesis[END_REF][START_REF] Cousins | Recent Developments in Mesophyll Conductance in C3, C4 and CAM Plants[END_REF]. A potential relationship between CA activity and gm under a water stress regime has already been established [START_REF] Perez-Martin | Regulation of Photosynthesis and Stomatal and Mesophyll Conductance under Water Stress and Recovery in Olive Trees: Correlation with Gene Expression of Carbonic Anhydrase and Aquaporins[END_REF]), yet no specific isoform was reported or tested. A first attempt in this direction was presented in chapter IV. gm response during alternating periods of short-term exposure at a high dose of O3 and recovery revealed a certain, but incomplete, resilience capacity as well as a form of cumulative impact. This also demonstrates a high damaging potential of only a single O3 stress event of such magnitude but at the same time also the capacity to withstand and partly recover. This is of particular importance as such hourly peak O3 concentrations have been recorded in the field in the meanwhile [START_REF] Feng | Evidence of Widespread Ozone-Induced Visible Injury on Plants in Beijing, China[END_REF]) and can therefore no longer be considered as merely artificial laboratory conditions. During the course of the measurement, the rather similar course of gm and gsc might suggest a co-regulation that has not been observed after chronic O3 exposure (data not shown).

Chronic (persistent) and short-term (shock) stress regimes are likely to provoke different molecular and physiological response patterns, which might make a comparison of the gm-gsc relationship under both treatments rather interesting although challenging. This may also suggest the involvement of different key determinants of gs and gm or a different response of these determinants to chronic vs. acute O3 stress, also already mentioned above.

The observed expression levels of the targeted CAs provided a first insight into their potential involvement in short-term regulation of gm. In this regard, the most interesting observation were the opposite expression patterns of α-CA4 and α-CA1, which might demonstrate a first concrete function of these CAs within gm regulation. However, the unresponsiveness of the very abundant β-isoforms remains to be elucidated as a number of findings suggest their role in CO2 diffusion facilitation [START_REF] Momayyezi | Emerging Roles for Carbonic Anhydrase in Mesophyll Conductance and Photosynthesis[END_REF][START_REF] Polishchuk | Stress-Related Changes in the Expression and Activity of Plant Carbonic Anhydrases[END_REF]. In order to identify a potential role in gm, future research efforts should focus on characterizing the main functions of key CAs but also aquaporins with respect to CO2, as a mutual coworking of both enzyme groups is very likely (Mubarakshina-Borisova et al. 2012). Furthermore, most data on CAs were obtained by works on A. thaliana so far [START_REF] Ignatova | Carbonic Anhydrases in Photosynthesizing Cells of C3 Higher Plants[END_REF]Rudenko et al. 2021). Though there may be parallels to poplar, adequate insight into the functions of CA can only be gained by examining these open questions in poplar or other tree models as well. The dynamic response of gm and other photosynthesis parameters observed in Chapter IV, but also the rather weak link between ultrastructure and gm in Soligo in Chapter II, highly suggests a number of yet undetected regulation mechanisms of gm on a molecular level.

Conclusion

The work at hand addressed a number of knowledge gaps regarding gm regulation and its impact on photosynthesis under chronic and short time exposure to major air pollutant O3. A comprehensive characterization of gm to O3 response in the economically and ecologically relevant tree model poplar demonstrates the importance of gm as a major limitation of Anet. gm contributes equally or sometimes even more to stress-induced Anet decline than stomatal conductance to CO2 (gsc) and the maximum carboxylation capacity of the Rubisco enzyme (Vcmax). This emphasizes that gm should always be considered for a complete assessment of photosynthesis under stress and non-stress conditions. Often drawn conclusions on gm by means of leaf integrative traits, notably LMA, were shown to be less valid in the tested poplar species. Ultrastructural features might therefore be regarded as major targets amongst gm determinants. Yet, a direct relationship between ultrastructure and gm could not always be clearly observed either. Therefore, biochemical determinants are thought to play an important role in the regulation of gm instead of, or in addition to, anatomical determinants. A first attempt of linking key CO2-diffusion facilitating enzymes (CAs) to the observed dynamic gm response under short-term O3 may indicate the involvement of specific isoforms amongst α-CA in the short and potentially also long-term regulation of gm.

This work is thought to have contributed to an enhanced understanding of gm functioning and its response to environmental constraints. The use of multiple methods and targeting different levels of gm regulation will help to identify other important gm determinants in future research efforts. The obtained results could help to identify some potential targets in order to engineer a more effective photosynthesis in the face of a further changing climate in the years to come. [START_REF] Pons | Estimating Mesophyll Conductance to CO2: Methodology, Potential Errors, and Recommendations[END_REF]. Bien que les diffusions stomatique et mésophile aient été identifiées comme des limitations de la photosynthèse dès le début [START_REF] Gaastra | Photosynthesis of Crop Plants as Influenced by Light, Carbon Dioxide, Temperature, and Stomatal Diffusion Resistance[END_REF], seule la quantification de la conductance de diffusion stomatique (gs) est devenue possible avec l'arrivée de nouveaux appareils de mesure des échanges gazeux, tandis que la gm ne pouvait toujours pas être estimée correctement avant l'apparition des premiers modèles d'estimation au début des années 1990 [START_REF] Harley | Theoretical Considerations When Estimating the Mesophyll Conductance to CO2 Flux by Analysis of the Response of Photosynthesis to CO2[END_REF]. Ainsi, le modèle de photosynthèse le plus important de Farquhar [START_REF] Farquhar | A Biochemical Model of Photosynthetic CO2 Assimilation in Leaves of C3 Species[END_REF]) a d'abord simplement négligé la gm ou l'a considéré comme infini, supposant ainsi que la pression partielle dans l'espace aérien intercellulaire ou (Ci) était de la même grandeur que celle dans le stroma du chloroplaste (Cc). Aujourd'hui, la prise en compte de la gm afin de quantifier de manière exhaustive les limitations de la photosynthèse est devenue l'état de l'art (Flexas 2018). De plus, l'importance de gm est donnée par le fait qu'il peut limiter la photosynthèse autant, voire plus, que la conductance stomatique (gs) et la capacité biochimique (Vcamx) (Gago 2020). 
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  sions and a stratospheric O3 input amplify this phenomenon (Fig 1.1) (Parrish et al. 2013; Derwent et al. 2018).
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 11112 Figure 1.1 Surface O3 mean-annual average concentration (ppb) during the period from 2000 to 2004 according to the Atmospheric Chemistry and Climate Model Intercomparison Project. From Sicard et al. 2017b

Figure 1 . 2 .

 12 Figure 1.2. Schematic illustration of the CO2 diffusion pathway from the atmosphere (Ca) via the stomata (gs) into the intercellular air spaces (Ci) and from there through the cell wall (gcw) into chloroplast stroma (Cc). C = CO2 concentration. From (Terashima et al. 2016).
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 13 Figure 1.3 Electron micrograph illustrating the actual CO2 diffusion pathway comprising the gaseous (left) and liquid phase (right) within a tobacco leaf. Bar left = 10 μm; bar right = 1 μm. From Clark et al. 2021.
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 14 Figure 1.4 Detailed schematic CO2 diffusion pathway from the atmosphere to the chloroplast stroma. Abbreviations of CO2 concentrations as in Fig. 1 except for Cs = CO2 concentration at leaf surface. CW = cell wall; PM = Plasma membrane; CH = Chloroplast; CA = Carbonic anhydrases; Rm = mesophyll resistance: Rm comprises the resistances at the intercellular air space (1/gIAS), cell wall (1/gw), plasma membrane (1/gpm), cytosol (1/gct), chloroplast envelope (1/genv) and chloroplast stroma (1/gst). The inverse of these resistances is the respective conductance termed as gb, gs and gm. CO2 diffusion through cooporins or CO2 permeable aquaporins (light blue and orange lines) across the plasma membrane and chloroplast envelope are shown. From Mizokami et al. 2022.

  Populus x canadensis Moench genotypes (Populus deltoides x nigra) Agathe F (AF), Dorskamp (DK), I-214, I45/51, Koster (KT), Oudenberg (OB), Robusta (RB) and Soligo (SL) were grown for five weeks in 10-L pots filled with potting soil (Terreau Uni Alsa LFc,Gramoflor SPI Universel) on a 2-cm layer of clay pebbles, and fertilised with slow-release 13:13:13 N:P:K fertiliser (Nutricote T 100 Fertil, Boulogne-Billancourt, France). The temperature, relative humidity and photoperiod of eight climate chambers were set at 23/18 °C (day/night), 65 ± 5 % and 14 h (300 ± 30 µmol.m -2 s -1 , photosynthetic photon flux density

  homogenates were centrifugated at 14000 g at 4 °C for 15 min. Each supernatant was collected and filtered through a 0.22 µm PVDF syringe filter. Ultra-high-performance liquid chromatography analyses were performed on an Acquity ® Arc ® system (Waters Corporation, Milford, MA, USA). Separation was carried out by injecting the samples on a Kinetex EVO C18 column (100 × 2.1 mm, 2.6 µm particle size, Phenomenex¸ Danaher Corporation, Washington D.C., USA) protected by a SecurityGuard ® ULTRA cartridge (Phenomenex). The mobile phase consisted of Milli-Q water with 0.01 % (v/v) of formic acid (solvent A) and acetonitrile with 0.01% (v/v) of formic acid (solvent B) at a flow rate of 0.4 mL.min -1 . The analytes were separated through a gradient of 0 to 50 % acetonitrile, starting with 0 % B for 1 min and reaching 50 % B after 6 min. The column was washed with 95 % B for 3 min, and re-equilibrated in the starting conditions for 5 min. Autosampler and column temperatures were maintained at 4 and 30 °C, respectively. The analytes were detected using an Acquity QDa ® mass spectrometer equipped with a ZSpray ® electrospray ionisation source (Waters Corporation). Ionisation was operated in the negative mode to identify and quantify the reduced and oxidised forms of ascorbate (m/z 176.1 and 174.1, respectively) and in the positive mode for malondialdehyde (m/z 72.1) and the reduced and oxidised forms of glutathione (m/z 308.3 and 613.6, respectively). Ascorbate, glutathione and malondialdehyde were quantified using MassLynx Software (Waters Corporation) by measuring the area of the peak corresponding to each analyte. Standard solutions at 0.5 mM for ASA, DHA, GSH and 0.01 mM for GSSG in 0.2 N HCl were freshly prepared and analysed in the same conditions as the samples to determine the concentrations of each component in the plant tissue extracts.
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 21 Figure 2.1. (A) Mesophyll conductance (gm), (B) stomatal conductance to CO2 (gsc) and (C) total conductance (gtot) of the eight Populus × canadensis Moench genotypes Agathe F (AF), Dorskamp (DK), I-214, I45/51, Koster (KT), Oudenberg (OB), Robusta (RB) and Soligo (SL) exposed to filtered air (control) or elevated O3 (ozone) measured at 1000 μmol m -2 s -1 PPFD and 400µbar CO2 partial pressure (mean±SE; n=4). Statistical results of a two-way ANOVA. G = genotype, O3 = treatment, and G x O3 = interaction between the two factors (*P≤0.05, **P≤0.01, ***P≤0.001; ns, non-significant). Significant effects of the O3 treatment were indicated with a single asterisk (*) when the GxO3 interaction was significant (p<0.05)

  2.2C). The efficiency of PSII under saturated light (Fm'/Fv') was 0.70 ± 0.02 on average in the control plants versus 0.59 ± 0.02 under O3 exposure, amounting to a significant 16% decrease (Fig.2.2D).

Figure 2 . 2 .

 22 Figure 2.2. (A) Net assimilation rate (Anet), (B) quantum yield of photosystem II (ΦPSII), and (C) photochemical efficiency of PSII under saturated light (Fv′/Fm′) of eight Populus × canadensis Moench genotypes exposed to filtered air (control) or elevated O3 (ozone) measured at 1000 μmol m -2 s -1 PPFD and 400µbar CO2 partial pressure (mean±SE; n=4). Statistical results of a two-way ANOVA. G = genotype, O3 = treatment, and G x O3 = interaction between the two factors (*P≤0.05, **P≤0.01, ***P≤0.001; ns, non-significant). Significant effects of the O3 treatment were indicated with a single asterisk (*) when the GxO3 interaction was significant (p<0.05). Genotype abbreviations as in Fig 1.

Figure 2 . 3 .

 23 Figure 2.3. (A) CO2 partial pressure in the leaf intercellular airspace (Ci), (B) at the chloroplast sites (Cc), and (C) gradient between the two sites (Ci-Cc) of eight Populus × canadensis Moench genotypes exposed to filtered air (control) or elevated O3 (ozone) (mean±SE; n=4). Statistical results of a two-way ANOVA. G = genotype, O3 = treatment, and G x O3 = interaction between the two factors (*P≤0.05, **P≤0.01, ***P≤0.001; ns, non-significant). Significant effects of the O3 treatment were indicated with a single asterisk (*) when the GxO3 interaction was significant (p<0.05). Genotype abbreviations as in Fig 1.

Figure 2 . 4

 24 Figure 2.4 (A) Ci-based (Vcmax(Ci)) and (B) Cc-based (Vcmax(Cc)) maximum carboxylation velocity of Rubisco, (C) Cc-based electron transport rate at 1000 μmol m -2 s -1 PPFD (J1000(Cc)), and (D) J1000(Cc)/Vcmax(Cc) ratio of eight Populus × canadensis Moench genotypes exposed to filtered air (control) or elevated O3 (ozone) (mean±SE; n=4). Statistical results of a two-way ANOVA. G = genotype, O3 = treatment, and G x O3 = interaction between the two factors (*P≤0.05, **P≤0.01, ***P≤0.001; ns, non-significant). Significant effects of the O3 treatment were indicated with a single asterisk (*) when the GxO3 interaction was significant (p<0.05). Genotype abbreviations as in Fig 1.

2. 4 . 5

 45 Impaired gm was most limiting for Anet under O3 exposure in most of the genotypesThe estimation of the three Anet limitations yielded a similar range of 34 ± 1.5 % for lm, 36 ± 1.2 % for ls and 30 ± 1.1 % for lb on average in the control (Fig.2.5A-C). However, lm increased significantly in I45/51, KT, RB and SL under O3 exposure (Fig.2.5A), while ls remained unchanged whatever the genotype (Fig.5B). In contrast, lb decreased significantly under O3 exposure in all genotypes except I45/51 and OB (Fig 2.5C). The contribution of gm (MCL) to Anet was highest in I45/51, KT and SL under O3 exposure, while gsc (SL) was the main cause of the Anet decrease in the sole AF (Fig.2.5D). In comparison, the biochemical capacity (BL) contributed only marginally to the Anet decrease in DK and I214, while RB showed a rather evenly distributed share of contributions. In OB, MCL and SL equally contributed to the Anet decrease under O3 exposure, but to a greater extent than BL did.

Figure 2 . 5

 25 Figure 2.5 Relative limitations of the net assimilation rate (Anet) by (A) mesophyll conductance (lm), (B) stomatal conductance to CO2 (ls) and (C) biochemistry (lb), and (D) their respective percent contributions MCL, SL and BL to the Anet decrease of eight Populus × canadensis Moench genotypes exposed to filtered air (control) or elevated O3 (ozone) (mean±SE; n=4). In Fig 5 A-C statistical results of a two-way ANOVA. G = genotype, O3 = treatment, and G x O3 = interaction between the two factors (*P≤0.05, **P≤0.01, ***P≤0.001; ns, non-significant). Significant effects of the O3 treatment were indicated with a single asterisk (*) when the GxO3 interaction was significant (p<0.05). In Fig 5D different letters denote significant differences between the limitations within each genotype according to Tukey's post-hoc tests. Genotype abbreviations as in Fig 1.

Figure 2 . 6 .

 26 Figure 2.6. Contents in (A) malondialdehyde (MDA), (B) flavonol, (C) ascorbate (Asc), and (D) glutathione and the percentages of the reduced forms of ascorbate (E) and glutathione (F). Ascorbate and glutathione are shown in their two forms: the upper part of the histogram (diagonal stripes) represents the oxidised forms of the metabolites (DHA and GSSG, respectively), and the lower part (filled colour) their reduced forms in eight Populus × canadensis Moench exposed to filtered air (control) or elevated O3 (ozone) (mean±SE; n=4). Statistical results of a two-way ANOVA. G = genotype, O3 = treatment, and G x O3 = interaction between the two factors (*P≤0.05, **P≤0.01, ***P≤0.001; ns, non-significant). Significant effects of the O3 treatment were indicated with a single asterisk (*) when the GxO3 interaction was significant (p<0.05). Genotype abbreviations as in Fig 1.

  2.7B). Total conductance gtot, comprising both gm and gsc, also showed a very strong linear relationship with Anet (R 2 =0.83) within each group and across all genotypes (Fig.2.7C).

Figure 2 . 7 .

 27 Figure 2.7. Relationship between the net assimilation rate (Anet) and (A) mesophyll conductance (gm), (B) stomatal conductance to CO2 (gsc), and (C) total conductance (gtot) of eight Populus × canadensis Moench genotypes exposed to filtered air (control = circles) or elevated O3 (ozone = triangles) at a 1000 μmol m 2 s -1 PPFD and a CO2 partial pressure of 400 µbar (n=4). R² as a result of linear and non-linear regression analysis is indicated for the whole sample with the respective p values. Colour code: AF = brown, DK = dark green, I214 = bright blue, I45/51 = dark grey, KT = dark blue, OB = bright green, RB = red, SL = purple. .

Figure 2 . 8 .

 28 Figure 2.8. Relationship between mesophyll conductance (gm) on the one hand and (A) leaf mass per area (LMA) and (B) the chlorophyll content on the other hand of eight Populus × canadensis Moench genotypes exposed to filtered air (control = circles) or elevated O3 (ozone = triangles) (n=4). R² as a result of linear and non-linear regression analysis is indicated for the whole sample with the respective p values. Colour code: AF = brown, DK = dark green, I214 = bright blue, I45/51 = dark grey, KT = dark blue, OB = bright green, RB = red, SL = purple. .

Figure 2 . 9

 29 Figure 2.9 Relationship between mesophyll conductance (gm) and the malondialdehyde (MDA) content of eight Populus × canadensis Moench genotypes exposed to filtered air (control = circles) or elevated O3 (ozone = triangles) (n=4). R² as a result of non-linear regression analysis is indicated for each genotype with its respective p value. Colour code: AF = brown, DK = dark green, I214 = bright blue, I45/51 = dark grey, KT = dark blue, OB = bright green, RB = red, SL = purple.

  for the activation of ROS scavenging mechanisms, amongst others (Tagnon and Simeon 2017; M. Morales and Munné-Bosch 2019). As the MDA levels obtained in the present study were rather low in comparison to Shang et al. (2020) (Fig. 2.6A), MDA might have acted more as a

  . It was shown that O3 can decrease gm by up to 72%, therefore being the most limiting factor of Anet depending on the genotype. Hence, in order to optimize Anet, a deeper understanding of the mechanisms underlying gm response to elevated O3 is of great importance.[START_REF] Ren | Prospects for Enhancing Leaf Photosynthetic Capacity by Manipulating Mesophyll Cell Morphology[END_REF][START_REF] Lundgren | Cellular Perspectives for Improving Mesophyll Conductance[END_REF] Han et al. 2018a;[START_REF] Lei | Comparisons of Photosynthetic and Anatomical Traits between Wild and Domesticated Cotton[END_REF] O3 is well known to modify leaf mesophyll structure on the cellular and subcellular level, yet modifications are species and condition dependent[START_REF] Paoletti | Structural and Physiological Responses to Ozone in Manna Ash (Fraxinus Ornus L.) Leaves of Seedlings and Mature Trees under Controlled and Ambient Conditions[END_REF][START_REF] Shang | The Ozone Sensitivity of Five Poplar Clones Is Not Related to Stomatal Conductance, Constitutive Antioxidant Levels and Morphology of Leaves[END_REF][START_REF] Vollenweider | Macroand Microscopic Leaf Injury Triggered by Ozone Stress in Beech Foliage (Fagus Sylvatica L.)[END_REF][START_REF] Hoshika | Species-Specific Variation of Photosynthesis and Mesophyll Conductance to Ozone and Drought in Three Mediterranean Oaks[END_REF]. Most notably increases of cell wall thickness and of leaf thickness and density represented as leaf mass per area (LMA) have been observed and often considered as a result of barrier reaction against reactive oxidative species (ROS)[START_REF] Günthardt-Goerg | Different Responses to Ozone of Tobacco, Poplar, Birch, and Alder[END_REF][START_REF] Oksanen | Impacts of Elevated CO2 and/or O3 on Leaf Ultrastructure of Aspen (Populus Tremuloides) and Birch (Betula Papyrifera) in the Aspen FACE Experiment[END_REF]. Furthermore, a decrease in chloroplast size and number, their deformation and condensation, a swelling and/or curling of thylakoids and an increase of the stromal density were recorded[START_REF] Oksanen | Impacts of Elevated CO2 and/or O3 on Leaf Ultrastructure of Aspen (Populus Tremuloides) and Birch (Betula Papyrifera) in the Aspen FACE Experiment[END_REF][START_REF] Günthardt-Goerg | Linking Stress with Macroscopic and Microscopic Leaf Response in Trees: New Diagnostic Perspectives[END_REF][START_REF] Giacomo | Ozone Damage and Tolerance in Leaves of Two Poplar Genotypes[END_REF]. However, analysis of O3-modified leaf ultrastructure remains scarce and the suggested relationship with gm has not yet been investigated.

Figure 3 . 1

 31 Figure 3.1 (A) net assimilation rate (Anet), (B) stomatal conductance to CO2 (gsc), mesophyll conductance (gm) (C) and (D) CO2 partial pressure at the site of the chloroplast (Cc), (E) maximum carboxylation velocity of Rubisco (Vcmax(Cc), (F) Cc-based electron transport rate at 1000 μmol m -2 s -1 PPFD (J1000(Cc)) of two Populus canadensis Moench genotypes Robusta (RB) and Soligo (SL) exposed to filtered air (control) or elevated O3 (ozone) (mean±SE; n=5). Statistical results of a two-way ANOVA are shown where G = genotype, O3 = treatment and G x O3 = interaction between the two factors. Significant effects (P<0.05) of the O3 treatment are indicated with a single asterisk (*).

Figure 3 . 2 .

 32 Figure 3.2. Relative limitations of the net assimilation rate (Anet) by stomatal conductance to CO2 (ls), mesophyll conductance (lm) and biochemistry (lb) of two Populus canadensis Moench genotypes Robusta (RB) and Soligo (SL) exposed to filtered air (control) or elevated O3 (ozone) (mean±SE; n=5). Statistical results of a two-way ANOVA are shown where G = genotype, O3 = treatment and G x O3 = interaction between the two factors. Significant effects (P<0.05) of the O3 treatment are indicated with a single asterisk (*).

Figure 3 . 3

 33 Figure 3.3 Light electron microscope (LEM) (A to D) of cross sections showing leaf structural traits and Transmission electron microscope images (TEM) images illustrating ultrastructural traits (E to L) of the two two Populus canadensis Moench genotypes Robusta and Soligo exposed to filtered air (control) or elevated O3 (ozone).

Figure 3 . 4

 34 Figure 3.4 Principal component analysis biplot showing major axes of variation in main integrative leaf traits and leaf anatomical characteristics of the two Populus canadensis Moench Robusta (red) and Soligo (blue) exposed to filtered air (control = circles) or elevated O3 (ozone = triangles). One circle or triangle represents one replicate (n=5). The vectors are shown as arrows illustrating the correlation between variables and the PCAs of the two genotypes. The ellipses group the replicates according to their treatment: light red and light blue = control, dark red and dark blue = ozone.
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 4635 Figure 3.5. Relationship between mesophyll conductance (gm_Harley) (A) and cell wall thickness (Tcw) (B) cytoplasm thickness (Tct), and (C) the fraction of total exposed mesophyll area covered with chloroplasts (Sc/Sm) of the two Populus × canadensis Moench genotypes Robusta (red) and Soligo (blue) exposed to filtered air (control = circles) or elevated O3 (ozone = triangles) (n=5). R² as a result of non-linear regression analysis is indicated for each genotype.

Figure 3 .

 3 Figure 3.6. (A) gas (gias) and liquid phase conductance (gliq) (C) cell wall (gcw), cytoplasm (gct), stroma (gct), plasma membrane and chloroplast envelope conductance (gpl/env), (B) quantitative limitation of mesophyll conductance to CO2 (g_anat) due to gas or liquid phase and (D) due to liquid phase components cell wall (lcw), cytoplasm (lct), stroma (lst) plasma membrane and chloroplast envelope (lpl/env) of the two Populus canadensis Moench genotypes Robusta (RB) and Soligo (SL) exposed to filtered air (control) or elevated O3 (O3) (mean±SE; n=5). Significant effects (P<0.05) of the O3 treatment are indicated with a single asterisk (*).

Figure 3 . 7 .

 37 Figure 3.7. Inner cell CO2 conductance and share of limitation of gm_Anat due to anatomical constraints of mesophyll components of the two Populus canadensis Moench genotypes Robusta and Soligo exposed to filtered air (control) or elevated ozone (O3) (mean±SE; n=5). (A) partial liquid phase conductance of exposed cell wall portions lined with chloroplasts (gcel1) and (B) (gcel2) without chloroplasts, (C) CO2 conductance of the cytoplasm and chloroplast stroma perpendicular (gct1 and gst1) and parallel (gct2 and gst2) to the cell wall and of the chloroplast envelope and plasma membrane (gpl/env). (D) Limitation of the cytoplasm and chloroplast stroma perpendicular (lct1 and lst1) and parallel (lct2 and lst2) to the cell wall and stroma chloroplast envelope and plasma membrane (lpl/env) limitation (*).

  pathway and thus on gm (Fig 3.3, Fig 3.5B&C). Those previously observed O3-induced structural changes at cell/chloroplast level (Günthardt-Goerg 1996; Paoletti et al. 2009) could thus be clearly associated to gm-response under O3.

Figure 3 . 8 .

 38 Figure 3.8. Schematic model illustrating the O3 effect on anatomical components and genotype differences of the two Populus canadensis Moench genotypes Robusta and Soligo. Line size and thickness represent the magnitude of the CO2 diffusion resistance. Colour code: red = increase, purple = decrease, black = unaffected. Size of the blue dots represents the respective CO2 partial pressures in the atmosphere or Ca, in the intercellular airspace or Ci and at the site of the chloroplast or Cc. Gas phase conductance; gias, stomatal conductance to CO2; gsc , cell wall conductance; gcw , cytosolic conductance from the plasmalemma inner surface to the outer surface of chloroplasts; gcyt1, stromal conductance in the direction perpendicular to cell wall; gst1, cytosolic conductance from interchloroplastic cell wall portions towards the chloroplast; gcyt2, stromal conductance in a direction parallel with the cell wall; gst2.

4. 3 . 1

 31 Plant material and O3 exposureCuttings of the Populus x canadensis Moench genotype (Populus deltoides x nigra) Soligo (SL) were grown in 10-L pots for five weeks filled with potting soil (Terreau Uni Alsa LFc, Gramoflor SPI Universel) on a 2-cm layer of clay pebbles, and fertilised with slow-release 13:13:13 N:P:K fertiliser (Nutricote T 100 Fertil, Boulogne-Billancourt, France). The photoperiod, relative humidity and temperature of two climate chambers were set at 23/18 °C (day/night), 65 ± 5 % and 14 h (300 ± 30 µmol.m -2 s -1 , photosynthetic photon flux density (PPFD) at leaf height), respectively. The growth conditions were recorded individually in each chamber and verified to be similar throughout the growth period. Five replicates of each treatment were evenly distributed in the two climate chambers. After an acclimation period of 7 days, one chamber was treated with O3 at 200 ± 10 ppb for 5 h (7 am to 1 pm) per day for 2 days following a 2day-lasting recovery period and subsequently another 2days lasting treatment (Fig.4.1), whereas the other four were exposed to charcoal-filtered air. O3 was produced from pure O2 by an O3 generator (OZ500; Fischer, Bonn, Germany and CMG3-3; Innovatec II, Rheinbach, Germany). The O3 concentration in the climate chambers was continuously monitored by an O3 analyser (O341M, Environment S.A. Paris, France). The plants were watered daily with tap water and rotated regularly to avoid any positioning effect. All measurements and samplings were done on five biological replicates per treatment.

Figure 4 . 1

 41 Figure 4.1 Setup and measurement schedule of the acute O3 -recovery experiment

Figure 4 . 2 .

 42 Figure 4.2. Time course of (A) net assimilation rate (Anet), (B) mesophyll conductance (gm) and (C) stomatal conductance to CO2 (gsc) during 2x2 days of O3 exposure and 2x2 days of recovery at 200 ppb ± 10 of the P.canadensis Moench genotype 'Soligo' exposed to filtered air or elevated O3 (mean±SE; n = 3 to 5 ). Significant effects (P<0.05) of the O3 treatment are indicated with a single asterisk (*).
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 42 Photo-and biochemistryElectron transport rate (ETR) and the efficiency of the PSII reaction centre (Fv'/Fm') were significantly decreased under O3 once the first O3 treatment started i.e. day 1, but the difference to control was quickly minimized and non-significant from day 2 and during the first recovery period (Fig.4.3A&B). Yet, ETR and Fv'/Fm' decreased substantially during the second O3 stress and remained also significantly lower during the second recovery period. Chlorophyll content showed an instant decrease of 12% by day 2 under O3, which remained constant until the second O3 treatment at day 6 (Fig.4.3C). From there, it began to decline further, finally reaching a significant 20% decline on day 8.

Figure 4 . 3

 43 Figure 4.3 Time course of the electron transport rate (ETR, A) and photochemical efficiency of PSII under saturated light (Fvʹ/Fmʹ, B), chlorophyll content (C) during 2x2 days of O3 exposure and 2x2 days of recovery at 200 ppb ± 10 of the P.canadensis Moench genotype 'Soligo' exposed to filtered air or elevated O3 (triangle and red line) (mean±SE; n= 3 to 5 ). Significant effects (P<0.05) of the O3 treatment are indicated with a single asterisk (*).

4. 4 . 3

 43 CO2 partial pressure CO2 partial pressure within the intercellular airspace (Ci) and at the chloroplast (Cc) responded very differently to O3. Ci remained unaffected by O3 throughout the treatment, despite a slight decrease at day 1 (Fig. 4.4A). In contrast, Cc showed a significant decrease at day 1, which, however, regained control values at day 2 and 4. Subsequently, Cc was significantly lower during the second O3 treatment. During the second recovery period, Cc was similar in both conditions (Fig. 4.4B).

Figure 4 . 4

 44 Figure 4.4 Time course of CO2 partial pressure in the leaf intercellular airspace (Ci, A) and at the chloroplast sites (Cc, B) during 2x2 days of O3 exposure and 1x2 days of recovery at 200 ppb ± 10 of the P.canadensis Moench genotype 'Soligo' exposed to filtered air or elevated O3 (mean±SE; n= 3 to 5). Significant effects (P<0.05) of the O3 treatment are indicated with a single asterisk (*).

  4.5). A first group including α-CA4, α-CA1 and β-CA5.1 had a higher Cq' value meaning a lower amount of these genes (NRQ), while a second group including β-CA5.2, β-CA5.3, CA1 and CA2 had considerably higher amount of the target gene (lower Cq' values). β-CA5.3 and β-CA5.1 had the highest and lowest NRQ respectively.

Figure 4 . 5

 45 Figure 4.5 Mean quantification cycle (Cq') of the entire treatment calculated as the log2 of the normalized expression level (NRQ) of the seven CA target genes of the P.canadensis Moench genotype 'Soligo' exposed to filtered air exposed to filtered air (control) or elevated O3 (ozone).
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 46 Figure 4.6. Ratio between the mean NRQs of O3 and control during 2x2 days of O3 exposure (1 st and 2 nd O3 treatment) and 1x2 days of recovery (Recovery) at 200ppb ± 10 of the seven CA target genes in the P.canadensis Moench genotype 'Soligo' exposed to filtered air exposed to filtered air (control) or elevated O3 (ozone).

1

 1 Figure S7.1 The relationship between rates of electron transport estimated from chlorophyll fluorescence (JF) and calculated from gas exchange (Ja) of eight Populus × canadensis Moench genotypes exposed to filtered air (control = empty circle) or elevated O3 (ozone = filled triangle) (n=4). Measurements were done at low O2 concentration (1.5% O2) and Ja was estimated as 4(Anet+Rd), where Rd is mitochondrial respiration in the light determined by the Laisk method. The 1:1 relation is illustrated as the solid line and the regression as the dashed line.

Figure S7. 2

 2 Figure S7.2 Laisk method. Net assimilation rate (Anet) response to leaf internal CO2 (Ci) at 125 (dashed dotted line), 250 (dashed line) and 500 (solid line) μmol m -2 s -1 PPFD at 25°C at 21% O2 of the eight Populus × canadensis Moench genotypes Agathe F (AF), Dorskamp (DK), I-214, I45/51, Koster (KT), Oudenberg (OB), Robusta (RB) and Soligo (SL) exposed to filtered air (control = empty circle) or elevated O3 (ozone = filled triangle) (mean±SE; n=3).

Figure S7. 3

 3 Figure S7.3 Stomatal conductance to water vapour (gs) of eight Populus × canadensis Moench genotypes exposed to filtered air (control) or elevated O3 (ozone) measured at 1000 μmol m -2 s -1 PPFD and 400µbar CO2 partial pressure (mean±SE; n=4). Statistical results of a two-way ANOVA. G = genotype, O3 = treatment, and G x O3 = interaction between the two factors. Significant effects of the O3 treatment were indicated when the GxO3 interaction was significant (p<0.05). Genotype abbreviations as in Fig. S7.2.

Figure S7. 4

 4 Figure S7.4 CO2 response curves of eight Populus × canadensis Moench genotypes exposed to filtered air (control = empty circle) or elevated O3 (ozone = filled triangle) measured at 1000 μmol m-2 s-1 PPFD (n=4). Net assimilation rate (Anet) was plotted against the CO2 partial pressure in the intercellular concentration (Ci) (mean±SE; n=4). Genotype abbreviations as in Fig. S2.

Figure S7. 5

 5 Figure S7.5 CO2 response curves of eight Populus x canadensis genotypes exposed to filtered air (control = empty circle) or elevated O3 (ozone = filled triangle) measured at 1000 μmol m -2 s -1 PPFD (n=4). Net assimilation rate (Anet) was plotted against CO2 partial pressure at site of the chloroplast (Cc) (mean±SE; n=4). Genotype abbreviations as in Fig. S2.
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  photosynthèse face aux changements climatiques dans les années à venir.

  

Table 1

 1 Leaf traits and growth biometrics of the eight Populus × canadensis Moench genotypes exposed to filtered air (control) or elevated O3 (O3) ............

Table 4

 4 Target gene characteristics and primer sequences used for qPCR analyses.

Introduction 1.1 Ozone -a quite beneficial yet also harming molecule

  

	gpl/env	plasma membrane and chloroplast envelope conductance
	gs 1	stomatal conductance to water vapour Chapter I:
	Anet gsc	net assimilation rate stomatal conductance to CO2
	Asc gtot	ascorbate total conductance
	AQP gcel1	aquaporin partial liquid phase conductance of cell wall portions lined with chloroplasts
	CA gcel2	carbonic anhydrase partial liquid phase conductance of cell wall portions lined without chloroplasts
	Ci IAS	intercellular CO2 partial pressure intercellular airspace
	Cc Jmax	CO2 partial pressure in the chloroplast maximum electron transport rate
	Ci-Cc J1000	CO2 drawdown from the intercellular airspace to chloroplasts electron transport rate at 1000 μmol m -2 s -1 PPFD
	Cq LMA	quantification cycle leaf dry mass per area
	DHA Lchl	dehydroascorbic acid, oxidised form of ascorbate chloroplast length
	Dleaf MDA	Leaf density malondialdehyde
	ΔLcyt2 interchloroplast distance NRQ normalized expression levels
	fias ΦPSII	fraction of mesophyll occupied by intercellular airspace quantum yield of photosystem II
	Fv′/Fm′ Sc/Sm	photochemical efficiency of PSII under saturated light fraction of total exposed mesophyll area covered with chloroplasts
	GSH Tchl	glutathione chloroplast thickness;
	GSSG Smes/S	glutathione disulphide, oxidized form of glutathione mesophyll surface area exposed to intercellular air space per leaf area
	gm Sc/S	mesophyll diffusion conductance to CO2 chloroplast surface area exposed to intercellular air space per leaf area
	gm_Harley mesophyll diffusion conductance to CO2 Tcw cell wall thickness
	gm_Anat Tct	mesophyll diffusion conductance modelled with anatomical parameters cytoplasm thickness
	gias Tleaf	gas phase conductance leaf thickness
	gliq Tpal	liquid phase conductance palisade thickness
	gcw Tspo	cell wall conductance spongy thickness
	gct Vcmax	cytoplasm conductance maximum carboxylation rate of the Rubisco enzyme
	gct	stroma conductance

2.4.7 Leaf traits affected, growth unaffected

  

	Leaf mass per area (LMA) increased by 18 ± 2 % on average under O3 exposure, ranging from
	10% in RB to 27% in I214 (Tab. 1). The chlorophyll content decreased significantly by 21 ± 2
	% on average, from 10 % in OB to 29 % in KT (Tab. 1). The C-to-N ratio decreased by 39 ± 3
	% on average, from 27% in RB to 56% in KT (Tab. 1). The number of leaves was on average
	41 ± 3 % lower compared to the control plants, except in AF and I45/51 which were not signif-
	icantly affected. A mean decrease of the mean individual leaf area (MILA) of 16 ± 4 % was
	observed in DK and KT (4 % in DK and 38 % in KT) (Tab. 1). Stem height and diameter as
	well as the daily growth rate remained unaffected but showed genotypic differences. However,
	total biomass decreased by 34 ± 3 % on average, with minimum and maximum decreases of
	22% and 49 % for I45/51 and KT, respectively. The highest absolute biomass was measured in
	DK, and the lowest one in KT (Tab. 1).

Table 1

 1 Leaf traits and growth biometrics of the eight Populus × canadensis Moench genotypes exposed to filtered air (control) or elevated O3 (O3) (mean ± SE; n=4). Growth is shown as the daily growth rate calculated as total growth divided by the duration of the treatment. Mean individual leaf area (MILA) was calculated as the ratio of total leaf area over the number of leaves after 21 days of treatment. Asterisks show the significance

	of the factors/interactions:	***P ≤ 0.001; **P ≤ 0.01; *P ≤ 0.05; ns, non-significant. Different letters denote significant differences between
	groups according to Tukey's post-hoc tests. .							
	Genotype	Treatment	LMA (g m -2 )	Chlorophyll content (g m -2 )	C:N	Number of leaves	MILA (mm 2 )	Final stem height (cm)	Daily growth rate (cm per day)	stem diameter (mm)	Biomass (g)
		control	41.9±2.1	35.4±1.8	88.3±7.5	32.5±2.0 cd	112.1±5.0	88.8±5.8	2.1±0.1	9.8±0.3	24.3±3.7
	AF	O3	48.3±1.3	29.2±0.9	53.7±4.9	25.3±1.1 d	91.0±5.2	85.4±4.2	2.1±0.1	9.0±0.4	18.1±1.2
		control	48.7±2.0	40.8±4.1	70.8±13.3	33.8±1.2 cd	194.1±5.8	117.6±5.1	2.7±0.1	13.0±0.5	52.8±5.6
	DK	O3	57.3±1.0	30.3±2.1	39.0±2.2	16.8±1.6 ab	185.8±9.9	118.8±5.0	2.8±0.1	15.0±3.1	35.0±4.3
		control	44.5±1.0	31.8±2.4	65.0±9.2	35.3±2.0 d	162.5±6.6	124.4±6.4	2.9±0.1	13.7±0.6	45.2±5.5
	I214	O3	56.5±0.9	23.8±1.6	33.1±1.9	17.5±0.8 ab	127.8±10.6	128.7±2.6	2.9±0.0	14.1±2.2	26.3±3.0
		control	50.8±0.3	33.7±2.9	47.0±6.6	27.3±0.9 b	191.2±2.3	72.6±1.5	2.0±0.1	13.0±0.2	37.0±1.8
	I45/51	O3	58.0±1.1	25.8±1.0	29.9±1.3	17.0±0.7 ab	180.3±9.4	74.7±4.0	2.1±0.1	15.2±3.1	28.8±2.6
		control	47.1±1.2	34.2±2.2	72.0±5.4	31.0±1.2 d	107.7±3.6	88.0±5.1	2.6±0.0	10.6±0.3	23.9±2.3
	KT	O3	54.8±0.8	24.3±1.6	32.7±3.2	19.8±1.0 ab	66.5±3.5	75.9±3.7	2.2±0.1	10.4±1.6	12.2±0.8
		control	48.3±2.6	35.8±2.5	55.2±4.8	33.8±1.1 d	144.5±6.2	108.8±2.7	2.7±0.1	12.2±0.5	37.5±4.0
	OB										
		O3	58.0±2.0	32.4±2.2	40.3±1.4	21.0±0.4 ab	127.2±5.3	109.4±4.8	2.5±0.1	14.0±2.9	28.0±2.4
		control	55.2±1.8	43.4±2.2	55.3±3.4	38.3±1.8 d	146.0±3.5	79.8±4.0	1.7±0.2	10.4±1.4	44.1±3.4
	RB	O3	60.6±.02	34.5±1.6	40.5±2.5	20.8±0.7 b	139.0±6.9	85.0±3.1	1.8±0.1	9.6±1.1	30.4±2.8
		control	48.6±0.6	28.9±2.4	38.2±4.7	25.8±0.9 b	158.7±10.2	69.0±3.5	1.9±0.1	12.0±0.3	29.7±3.0
	SL	O3	59.5±2.4	22.9±1.9	25.5±3.5	13.3±1.1 a	126.8±8.1	62.2±3.7	1.6±0.1	9.2±0.5	15.8±1.8
	G		***	***	***	***	***	***	***	*	***
	O3		***	***	***	***	***	ns	ns	ns	***
	GxO3		ns	ns	ns	**	ns	ns	ns	ns	ns

  2.1A). Within the control group, a wide range of gm values was observed amongst the Populus x canadensis Moench genotypes (0.18 to 0.29 µmol m -2 s -1 bar -1 ), confirming values previously found for the poplar genus(Flexas et al. 2008;[START_REF] Soolanayakanahally | Enhanced Assimilation Rate and Water Use Efficiency with Latitude through Increased Photosynthetic Capacity and Internal Conductance in Balsam Poplar (Populus Balsamifera L.)[END_REF]; Théroux Ran-the observed gm response in both treatments and all genotypes (Supplemental Tab. S1). gm has been widely reported to respond to environmental constraints, several of which are known to induce oxidative stress[START_REF] Elferjani | A Meta-Analysis of Mesophyll Conductance to CO2 in Relation to Major Abiotic Stresses in Poplar Species[END_REF]. A gm decrease of a similar magnitude was recently observed in a single Populus deltoides hybrid grown in an open-top chamber in the long term

	court et al. 2015).
	Under O3 exposure, gm decreased sharply, resulting in a relative Anet limitation of 44% across
	all genotypes. Since chlorophyll fluorescence-based gm estimation can be subject to a signifi-

cant level of uncertainty due to incorrect parameterization, particularly of Г* and electron transport rate (J)

(Gu and Sun 2014; Walker et al. 2013

), a sensitivity analysis was performed that confirmed

  2.8A). LMA is an easy-to-measure leaf structural trait that can reflect stress-induced changes in leaf anatomy[START_REF] Milla-Moreno | Leaf Mass per Area Predicts Palisade Structural Properties Linked to Mesophyll Conductance in Balsam Poplar ( Populus Balsamifera L.)[END_REF][START_REF] Wright | Modulation of Leaf Economic Traits and Trait Relationships by Climate[END_REF] Flexas et al. 2008b). Under O3 exposure, a denser leaf structure can contribute to mitigate ROS damage by limiting O3 diffusion[START_REF] Emberson | Ozone Effects on Crops and Consideration in Crop Models[END_REF]) but also CO2 diffusion. This is expected to decrease gm. This trade-off is also observed between deciduous and evergreen species: ever-

green species are generally less sensitive to O3

[START_REF] Calatayud | Contrasting Ozone Sensitivity in Related Evergreen and Deciduous Shrubs[END_REF] P. Li et al. 2016

) and have a lower gm (Veromann-Jürgenson et al. 2017). Another anatomical change aimed at protecting cells from ROS is cell wall modification through thickening

Tcw and Tct while Sc/S remained unaffected; genotype- dependent chloroplast spacing

  Tcw increased by 44% in RB and 41% SL and thus of similar magnitude under O3 but was on average 24% thicker in RB. In contrast, Tct showed a very different magnitude of increase with a 77% increase in RB versus 44% in SL (Tab.3,. Lchl decreased significantly by 17% in RB and 13% in SL while Tchl was not affected by O3. This translated into a significant increase of the Tchl/Lchl ratio by 19% in RB and 14% in SL, respectively. ΔLcyt2 remained unaffected in SL but increased by 214% in RB. However, the mean number of chloroplasts per cell was not affected in none of the genotypes. Neither Sc/S nor Smes/S were affected by O3, whereas Sc/Smes decreased significantly by 30% in RB and but remained unaffected in SL (Tab. 3).

Table 2

 2 Leaf integrative traits of two Populus canadensis Moench genotypes Robusta (RB) and Soligo (SL) exposed to filtered air (control) or elevated O3 (ozone). Leaf mass per area; LMA(g m -2 ), Leaf density; Dleaf (m 2 s -1 ), Leaf thickness; Tleaf (µm), palisade; Tpal and spongy thickness;

	Tspo (µm), ratio of palisade to spongy thickness; Tpal/Tspo and fraction of mesophyll occupied by intercellular airspace; fias (dimensionless) (mean ±
	SE; n=5): '***'P ≤ 0.001, '**'P ≤ 0.01, '*'P ≤ 0.05, 'ns' non-significant. Different letters denote significant differences between groups according
	to Tukey post-hoc tests. .								
	Genotype	Treatment	LMA	Dleaf	Tleaf	Tmesophyll	Tpal	Tspo	Tpal/Tspo	fias
		control	57.2±1.7	0.30±0.01 a	187.9±0.02	165.4±3.4	84.6±3.4	81.9±3.9	1.04±0.05	0.18±0.02
	RB									
		O3	57.3±2.8	0.29±0.02 a	197.0±4.5	173.6±4.4	80.3±4.4	89.7±2.9	0.90±0.03	0.21±0.01
		control	46.1±2.4	0.27±0.01 a	166.6±5.6	149.1±5.6	72.9±5.6	73.2±4.3	1.01±0.05	0.15±0.01
	SL									
		O3	50.3±2.9	0.32±0.06 b	159.3±8.0	142.6±7.4	66.3±7.4	75.3±5.1	0.89±0.03	0.15±0.01
	G		***	ns	*	**	**	**	ns	*
	O3		ns	ns	ns	ns	ns	ns	**	ns
	GxO3		ns	*	ns	ns	ns	ns	ns	ns

Table 3

 3 Inner cell traits of two Populus canadensis Moench genotypes Robusta (RB) and Soligo (SL) exposed to filtered air (control) or elevated O3 (ozone)Cell wall thickness; Tcw (µm), cytoplasm thickness; Tct (µm), chloroplast length and thickness; Lchl and Tchl (µm), ratio of chloroplast length to thickness; Tchl/Lchl, interchloroplast distance; ΔLcyt2 (µm), mesophyll surface area exposed to intercellular air space per leaf area (m 2 m - 2 ); Smes/S, chloroplast surface area exposed to intercellular air space per leaf area (m 2 m -2 );

	Sc/S; fraction of total exposed mesophyll area covered

Table 4

 4 Target gene characteristics and primer sequences used for qPCR analyses. Populus trichocarpa and Arabidopsis thaliana homologues were obtained fromMomayyezi et al. 

	(2020). Primer sequences and amplicon lengths (L) were designed using Primer3 software
	(http://primer3.ut.ee).				
	Transcript name	Alias	Primer (forward/reverse)	L (pB)	A. thaliana homologue	Tempera-ture
	α-CA					
	Potri.016G043700	α-CA4	GGAACTGAAGAAGGGCCAAA	141	AT4G20990	57.3
			TGCTTGGTAATCCCTACGCA			
	Potri.016G079600	α-CA1	TCAAGAACGAGGCAGTGGAA	145	AT3G52720	57.3
			ACAGTTCCCCTCATAGTGCA			
	β-CA					
	Potri.007G114600	β-CA5.1	ACCCTGTGTCCAATTCCTCT	125	AT4G33580	57.3
			AGCCCCACACAATCTCAACT			
	Potri.005G156600	β-CA5.2	AGAACGGACGGACAGAAACT	114	AT4G33580	57.3
			CGTTTGAATTCCTGCACAGC			

Table S5 .

 S5 Sensitivity analysis of gm to changing Г* and electron transport rate (J) of eight Populus × canadensis Moench genotypes exposed to filtered air (control) or elevated ozone (O3) (mean±SE; n=4). Genotype abbreviations as in Fig.S2.

			gm	gm	gm	gm	gm
	Genotype Treatment	Г*+10%	Г*-10%	original	J+10%	J-10%
	AF	control O3	0.38 0.14	0.22 0.11	0.29 0.13	0.19 0.11	0.32 0.15
	DK	control O3	0.28 0.18	0.20 0.14	0.23 0.16	0.19 0.14	0.37 0.20
	I214	control O3	0.21 0.12	0.16 0.10	0.18 0.11	0.15 0.10	0.30 0.12
	I45/51	control O3	0.22 0.10	0.18 0.09	0.20 0.09	0.17 0.09	0.24 0.10
	KT	control O3	0.39 0.10	0.23 0.09	0.29 0.09	0.20 0.08	0.24 0.10
	OB	control O3	0.23 0.15	0.18 0.12	0.20 0.13	0.17 0.12	0.27 0.16
	RB	control O3	0.39 0.13	0.22 0.11	0.27 0.12	0.19 0.10	0.28 0.14
	SL	control O3	0.31 0.08	0.21 0.07	0.25 0.07	0.20 0.07	0.41 0.08
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Abstract

The occurrence of peak ozone (O3) concentrations is likely to further increase in the near future.

However, the response of the major photosynthesis limiting factor mesophyll conductance to CO2 (gm) to an acute O3 exposure has not been investigated so far. Carbonic anhydrases (CAs) can facilitate CO2 diffusion by catalysing the CO2-HCO3 -equilibrium and are supposed to play a role in dynamic gm regulation, but this potential relationship remains elusive. One genotype of the economically important tree model Populus x canadensis Moench was submitted to alternating periods of short-term O3 exposure at 200 ppb and recovery. The expression level of seven CA isoforms being present in the chloroplast was tested. gm was highly responsive to short-term O3 but showed also some degree of post-stress resilience. The most expressed CA genes were found among the β isoforms but their expression levels remained unaffected under O3. However, the observed expression levels of α-CA4 and α-CA1 were modified under O3, which might suggest the involvement of these CA isoforms in the short-term regulation of gm.

Introduction

Periods of chronic occurrence of the widespread phytotoxic air pollutant ozone (O3) but also pic concentrations are likely to occur more frequently in the future. This is due to an increased frequency of heat waves, which in turn favour O3-formation conditions [START_REF] Feng | Evidence of Widespread Ozone-Induced Visible Injury on Plants in Beijing, China[END_REF][START_REF] Sicard | Ground-Level Ozone over Time: An Observation-Based Global Overview[END_REF][START_REF] Wang | The Relationship between the Intensified Heat Waves and Deteriorated Summertime Ozone Pollution in the Beijing-Tianjin-Hebei Region, China, during 2013-2017[END_REF]. Depending on the dose, a plant might be able to acclimate to a longer-phase at day 3 and 4 but this decrease was significant only after the second O3 stress (day 5 and 6), reaching the minimum of 0.12 mol m -2 s -1 bar -1 . During the second recovery phase at day 7 and 8, gm was still 33% lower under O3 compared to control although this difference was not significant. Stomatal conductance to CO2 (gsc) was on average 0.15±0.01 μmol m -2 s -1 in control, but showed a larger fluctuation than in Anet and gm (Fig. 4.2C). A significant decrease of 64% under O3 was already observed at day 1 and but was halved again at day 2. During the first recovery period, gsc was 27% lower under O3, which was, however, not significantly different from control. During the second O3 treatment at day 5 and 6, gsc decreased by 45% on average and remained significantly lower than control during the second recovery period.

Caractérisation de la réponse de gm à l'O3 chronique

Dans un premier temps, la réponse de la gm à une exposition chronique à l'O3 a été caractérisée par le criblage de plusieurs génotypes de peupliers contrastés quant à leur sensibilité à l'O3 mais aussi à d'autres stress environnementaux. Comme des études précédentes ont observé une diminution considérable de gm dans des conditions de stress, une méthode a été utilisée pour quantifier réellement l'impact de l'O3 sur la gm et sa contribution à la diminution du taux d'assi- a probablement atténué la diminution observée de gm chez certains génotypes en raison de sa fonction de signalisation du stress oxydatif. La grande variation de la gm suggère différents mécanismes de régulation parmi les génotypes de peuplier sous stress oxydatif.

Déterminants anatomiques de gm sous O3 chronique

Dans un deuxième temps, l'objectif principal était de mieux comprendre les déterminants anatomiques foliaires de gm en utilisant la microscopie électronique à transmission et la microscopie optique. Pour ce faire, les informations obtenues concernant les traits foliaires pertinents ainsi que la sensibilité de gm en fonction du génotype ont été utilisées afin de sélectionner deux génotypes appropriés. L'accent a été mis sur l'impact mesurable de l'effet chronique de l'O3 sur 

Summary

Ozone (O3) is one of the most harmful and widespread air pollutants considerably affecting photosynthesis and thus crop yields and plant health worldwide. The CO2 diffusion conductance within leaf mesophyll (gm) is widely considered to be a major limiting factor of photosynthesis under stress and non-stress conditions. This work aimed to investigate the effects of O3-induced oxidative stress on gm and to decipher underlying mechanisms driving its regulation at a physiological, anatomical and biochemical level. A selection of several genotypes of the tree model Populus × canadensis Moench was submitted to chronic O3 exposure at 120 ppb for 21d under controlled conditions in phytotronic chambers in order to analyse gas exchange, antioxidants pool and leaf structural and ultrastructural traits. Chronic O3 caused a substantial decrease of gm, which was thus a major limiting factor of the net assimilation rate (Anet), ahead of stomatal conductance to CO2 (gsc) and of the maximum carboxylation capacity of the Rubisco enzyme (Vcmax). Total pools of the main antioxidations ascorbate and glutathione were not related to gm but the signalling molecule malondialdehyde (MDA) might have mitigated O3-caused decrease of gm. On a structural level, this observed decrease was mainly driven by O3-induced modifications of subcellular traits, notably cell wall and cytoplasm thickening, inter-chloroplast spacing as well as the ratio of exposed chloroplasts to mesophyll surface area (Sc/Sm). However, the observed relationship between gm and anatomy but also the gm response to O3 were genotypedependent. The dynamic response of gm to O3 was also investigated testing a single genotype during alternating periods of short-term acute O3 exposure at 200 ppb and recovery. The assumed contribution of biochemical determinants of gm was analysed by quantifying the expression levels of several potential CO2-diffusion facilitating carbonic anhydrases (CA). Under acute O3 stress, gm was highly responsive but exhibited also some degree of post-stress resilience. The response of the expression level of α-CA1 to the applied treatment may suggest the involvement of this CA isoform in the short-term regulation of gm. This work underlines the importance of gm as a major limitation of Anet but also the necessity of its consideration in a comprehensive assessment of photosynthesis response to environmental constrains. These results further suggest that gm might be a very promising target for plant engineering in order to enhance photosynthetic yield and stress resistance of field and biomass crops.