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INTRODUCTION

Since the end of the 19 th century, copper-based fungicides such as Bordeaux mixture have been extensively used in Europe to combat fungal infections like downy mildew (Plasmopara viticola), leading to the accumulation of copper in the surface horizons of vineyard soils [START_REF] Komárek | Contamination of vineyard soils with fungicides : a review of environmental and toxicological aspects[END_REF]. Depending on the region and the age of the vineyard, most copper concentrations reported in the topsoils of French vineyards [START_REF] Brun | Relationships between extractable copper, soil properties and copper uptake by wild plants in vineyard soils[END_REF][START_REF] Brun | Evaluation of copper availability to plants in copper-contaminated vineyard soils[END_REF][START_REF] Komárek | Contamination of vineyard soils with fungicides : a review of environmental and toxicological aspects[END_REF]) are above the European regulatory limit of 140 mg Cu kg -1 (Council Directive 86/278/EEC, 1986) for sewage sludge recycling. Copper contamination can have negative impacts on plants, animals and ecosystem processes [START_REF] Moolenaar | Sustainable management of heavy metals in agro-ecosystems[END_REF][START_REF] Ruyters | Copper toxicity in soils under established vineyards in Europe: A survey[END_REF]. For example, copper can reduce the functional diversity of the soil microbial community and impair specific nutrient cycling pathways [START_REF] Kandeler | Influence of heavy metals on the functional diversity of soil microbial communities influence of heavy metals on the functional diversity of soil microbial communities[END_REF][START_REF] Dell'amico | Assessment of bacterial community structure in a long-term copper-polluted ex-vineyard soil[END_REF]. This led the European Community (EC) to limit the use of plant protection products containing copper to a maximum application rate of 4 kg Cu ha -1 year -1 averaged over a period of seven years (Regulation (EU) No 540/2018). Phytoextraction could be an appropriate way to reduce the Cu that has already accumulated in vineyard soils for decades to avoid further increases in contamination, but it is often limited by the bioavailability of the metal in the soil. The availability of metals is regulated by their chemical species [START_REF] Gomez | Assessment of copper bioavailability and toxicity in vineyard runoff waters by DPASV and algal bioassay[END_REF], which determine their mobility. Copper is found in the soil solution as free ionic species or in complexed forms with inorganic and organic ligands such as organic matter [START_REF] Bravin | Processus rhizosphériques déterminant la biodisponibilité du cuivre pour le blé dur cultivé en sols à antécédants viticole[END_REF]. Generally, soluble copper represents less than 1% to 2% of the total Cu in the soil [START_REF] Sauvé | Copper solubility and speciation of in situ contaminated soils: effects of copper level, pH and organic matter[END_REF].

Soil microorganisms, especially plant growth promoting bacteria (PGPB), are known to influence the soil-to-plant transfer of metals. First, they can alter the plant uptake of metals through their effect on plant growth. The indirect effect of PGPB is related to different mechanisms including (i) reducing metal stress in plants by enzymatic hydrolysis of aminocyclopropane-1-carboxylic acid [START_REF] Glick | Promotion of plant growth by bacterial ACC deaminase[END_REF] or by the production of phytohormones (indole-acetic acid, cytokinins and gibberellins) [START_REF] Taghavi | Genome survey and characterization of endophytic bacteria exhibiting a beneficial effect on growth and development of poplar trees[END_REF], and (ii) enhancing nutrient availability of, for example, phosphorus, through acidification and release of organic acids [START_REF] Chung | Isolation and characterization of phosphate solubilizing bacteria from the rhizosphere of crop plants of Korea[END_REF] or mineralization of organic phosphates by secreting extracellular phosphatases [START_REF] Gyaneshwar | Role of soil microorganisms in improving P nutrition of plants[END_REF]. Second, PGPB can alter plant uptake of metals through their effect on the bioavailability of metals in the soil. The direct effect of PGPB is related to the impact PGPB has on several reactions including acidification, precipitation, oxidation-reduction and chelation that govern the bioavailability of metals in soil, notably in the rhizosphere [START_REF] Ma | Plant growth promoting rhizobacteria and endophytes accelerate phytoremediation of metalliferous soils[END_REF]. Siderophores are well-known complexing molecules that are produced under iron deficiency, like in carbonated soils, to mobilize unavailable forms of iron [START_REF] Carrillo-Castañeda | Plant growth-promoting bacteria promote copper and iron translocation from root to shoot in alfalfa seedlings[END_REF]. Braud et al. (2009a) demonstrated that siderophores are able to complex not only iron (III) but also divalent metals such as copper (II). Several studies have reported the effect of supplying siderophores or siderophoreproducing bacteria (SPB) on the mobility and the bioavailability of metals in soil as well as on the accumulation of metals in plants, for metals other than iron (see [START_REF] Rajkumar | Potential of siderophore-producing bacteria for improving heavy metal phytoextraction[END_REF] for a review). For instance, in our previous study [START_REF] Cornu | Copper phytoavailability in vineyard topsoils as affected by pyoverdine supply[END_REF], we demonstrated that adding siderophore pyoverdine systematically increased the mobility of Cu in vineyard soils through ligand-promoted dissolution (also called complexolysis). [START_REF] Ali | Streptomyces pactum assisted phytoremediation in Zn / Pb smelter contaminated soil of Feng county and its impact on enzymatic activities[END_REF] also reported that inoculation with the siderophore-producing PGPB Streptomyces pactum improved plant growth and uptake of Cu and Pb by sorghum. Promoting the colonization of vineyard soils by SPB could thus help phytoextract Cu more efficiently, notably through the promoting effect of SPB on the bioavailability of Cu in soil. To better understand the efficiency of SPB, its effects on the mobility and the bioavailability of Cu at the soil-root interface need to be investigated at high spatial resolution (at the submillimeter/millimeter scale). This would enable identification of the main processes involved in the mobilization of Cu in the solid phase as well as its speciation in pore water in the presence of SPB.

2D-gel techniques are being increasingly used to produce high spatial resolution images to better understand the solute dynamics and their distribution in the rhizosphere of terrestrial plants [START_REF] Santner | High-resolution chemical imaging of labile phosphorus in the rhizosphere of Brassica napus L. cultivars[END_REF][START_REF] Hoefer | Localized metal solubilization in the rhizosphere of Salix smithiana upon sulfur application[END_REF]. These techniques include 2D diffusive equilibrium in thin films (DET) and 2D diffusive gradient in thin films (DGT), both passive non-destructive sampling methods. DET was originally developed to measure the concentration of solutes at the water-sediment interface [START_REF] Davison | Distribution of dissolved iron in sediment pore waters at submillimetre resolution[END_REF]Davison et al., 1994a) and is based on the equilibrium concentration between the pore water and a polyacrylamide or agarose hydrogel. Numerous studies coupling 2D-DET and colorimetry have been performed to measure dissolved iron [START_REF] Jézéquel | Twodimensional determination of dissolved iron and sulfur species in marine sediment porewaters by thin-film based imaging. Thau lagoon (France)[END_REF][START_REF] Robertson | A novel gel-based technique for the high resolution , two-dimensional determination of iron (II) and sulfide in sediment[END_REF], phosphate [START_REF] Pagès | Representative measurement of two-dimensional reactive phosphate distributions and codistributed iron ( II ) and sulfide in seagrass sediment porewaters[END_REF], and other nutrients such as nitrite and nitrate at submilimetric/millimetric scales [START_REF] Metzger | Simultaneous nitrite / nitrate imagery at millimeter scale through the watersediment interface[END_REF]. [START_REF] Houedec | 2D Image quantification of microbial iron chelators (siderophores) using diffusive equilibrium in thin films method[END_REF] recently developed a 2D-DET method to quantify the distribution of free strong metallophores such as siderophores. DGT consists of a hydrogel layer containing a specific solute-binding agent such as chelex overlaid by a diffusive hydrogel layer that is used as a dynamic speciation tool to measure the concentrations of elements in water and pore water (Davison and Zhang 1994;[START_REF] Zhang | In situ high resolution measurements of fluxes of Ni, Cu, Fe, and Mn and concentrations of Zn and Cd in porewaters by DGT[END_REF]. In particular, the accumulation of the solute in the binding layer enables measurement of trace metals that would not be quantifiable using the simple DET approach (Davison et al. 1994b;Davison and Zhang 1994). Originally developed to assess concentrations at ultra-trace levels, DGT results were rapidly interpreted as easily remobilizable fractions of sediments and soils [START_REF] Zhang | In situ high resolution measurements of fluxes of Ni, Cu, Fe, and Mn and concentrations of Zn and Cd in porewaters by DGT[END_REF]. By acting as a bottomless sink, DGT measures the diffusive supply of elements and differs from other techniques in that it responds to the kinetics of release from sediment/soil particles. Since then, DGT has been used to assess the bioavailability of heavy metals or phosphate in different environments (Davison and Zhang, 1994;[START_REF] Zhang | A New method to measure effective soil solution concentration predicts copper availability to plants[END_REF][START_REF] Menzies | Assessment of P availability in heavily fertilized soils using the diffusive gradient in thin films (DGT) technique[END_REF][START_REF] Cornu | Prediction of zinc and cadmium phytoavailability within a contaminated agricultural site using DGT[END_REF][START_REF] Degryse | Predicting availability of mineral elements to plants with the DGT technique : a review of experimental data and interpretation by modelling[END_REF]. The use of 2D DGT enables visualization of the roots and thus enables a clearer understanding of the dynamics of the bioavailability of elements in the soil [START_REF] Kreuzeder | Gel for simultaneous chemical imaging of anionic and cationic solutes using diffusive gradients in thin films[END_REF][START_REF] Hoefer | Localized metal solubilization in the rhizosphere of Salix smithiana upon sulfur application[END_REF].

Here we investigate the processes that control the mobility and bioavailability of copper and other elements following the inoculation of siderophore-producing bacteria in two vineyard soils, one carbonated, the other not. Our main hypothesis is that pyoverdine, which is known to be produced by Pseudomonas fluorescens [START_REF] Brimecombe | Effect of introduced Pseudomonas fluorescens strains on the uptake of nitrogen by wheat from 15N-enriched organic residues[END_REF] among others, is the main driver of the mobility and bioavailability. To check our hypothesis, we monitored the activities of Pseudomonas fluorescens at the soil-root interface using sunflower. Our first objective was to describe the effect of P. fluorescens on the mobility and bioavailability of copper and other elements at high spatio-temporal resolution using DET and DGT in order to identify the processes involved. Based on the results obtained by [START_REF] Cornu | Contrasting effects of pyoverdine on the phytoextraction of Cu and Cd in a calcareous soil[END_REF] on the enhancing effect of pyoverdine on the bioavailability of Cu in a calcareous soil, our second objective was to link the observed effects of P. fluorescens on the bioavailability of Cu in soil with that observed on the efficiency of phytoextraction of Cu by sunflower.

EXPERIMENTAL SECTION

Experimental design

Two vineyard soils were used in this study: one non-carbonated (N-Carb) and one carbonated (Carb). The choice of the two soils was based on their contrasted available iron content (Table 1), which can affect the production of siderophores. Soil samples were collected at a maximum depth of 30 cm from two vineyards in the AOC zone of Pessac-Léognan (immediately south of Bordeaux, France). The results of soil analysis are listed in Table 1.

The soil samples had a coarse texture with a high sand fraction, low organic matter contents, particularly the carbonated soil, and a low cation exchange capacity (< 10 cmol c+ kg -1 ). Total Cu contents were 127 mg/kg in the non-carbonated soil and 174 mg/kg in the carbonated soil.

Soil pH differed because of the contrasted CaCO 3 content of the two soils: pH 6.87 in the noncarbonated soil (CaCO 3 < 1 g kg -1 ) vs. pH 7.85 in the carbonated soil (9 g CaCO 3 kg -1 ). As expected from the pH values, the concentration of available Fe differed between the two soils with less Fe DTPA in the carbonated soil than in the non-carbonated one. Soil samples were rewetted to 70% WHC and equilibrated for one week at 20 °C before being used for the assay. Sunflower (cv. Velox) was grown on both bioaugmented and non-bioaugmented soils with the addition of Pseudomonas fluorescens ATCC 13525, a siderophore producing bacteria. Plants were grown in a (120 x 20 x 130 mm L x l x h) rhizobox filled with 200 g (dry weight, DW) of soil, inclined at 45° to promote contact between the root system and the gel thereby facilitating analysis of the resulting 2D maps. Eight rhizoboxes were used for each soil, four of which were bioaugmented with P. fluorescens (Biog), the four others were not (Control).

Bioassay and preparation of the inoculum

Sunflower seeds were germinated directly in the soil at one-day intervals in each treatment so that the plants were exactly the same age during 2D gel mapping. The plants were cultivated in a growth chamber at 23 °C with 50% humidity (16:8 h light/dark cycle) for 36 days. The soils were maintained at about 70% WHC throughout the experiment. To prepare the inoculum, Pseudomonas fluorescens ATCC 13525 expressing the green fluorescent protein (gfp) gene (Braud et al. 2009b) were cultivated in a lysogeny broth medium (LB, 25 °C) and washed with KCl (9 g L -1 ). Then 1x10 9 CFU g -1 were inoculated next to the stem collar on days 9, 14, 22, 30 and 34. To quantify gfp, total soil DNA was extracted and copy numbers of gfp gene were quantified by qPCR. Concerning the conditions and primer sequences, total DNA were extracted from 0.5 g of soil using the Macherey Nagel Nucleospin Soil Kit. qPCR was performed on CFX96 BioRad using 5X Hot FirePol Evagreen qPCR Mix Plus (Solis Bio Dyne). Specific primers (gfp2-F and gfp2-R) were designed for the study (gfp2-F: 5'-GACTTTTTCAAGAGTGCCATGCCC-3', gfp2-R: 5'-AATTTGTGTCCAAGAATGTTTCCATCTTCT-3').

Analyses

2D gel sampling and analysis

Figure 1 summarizes the sampling and analysis of the DET and DGT gels used for one of the rhizobox replicates. The first step consisted in sampling the pore water with a probe gel that, in the second step, was then brought into contact with the reagent gel. A change in color occurred after minutes or hours of reaction and was measured using a hyperspectral camera, which has higher spectral resolution and sensitivity [START_REF] Cesbron | Simultaneous 2D imaging of dissolved iron and reactive phosphorus in sediment porewaters by thin-film and hyperspectral methods[END_REF][START_REF] Metzger | Simultaneous nitrite / nitrate imagery at millimeter scale through the watersediment interface[END_REF][START_REF] Houedec | 2D Image quantification of microbial iron chelators (siderophores) using diffusive equilibrium in thin films method[END_REF] than a scanner. 2D gel sampling was carried out 15 days after germination when the root development of sunflower in the rhizoboxes was at an intermediate stage.

DET gels were made of polyacrylamide (120 x 115 mm in size and 1 mm thick) and prepared as detailed in Jezequel et al. (2007). Each gel (pH, Fe/P, siderophores) was placed in a 0.9 mm central depression on a polycarbonate plate and covered with a 0.2 µm PVDF polyhydrophilic membrane fixed with PVC tape (Fig. 1). The three DET probes were deployed in the following order: siderophore, Fe/P, pH. Each plate equipped with a DET was carefully assembled on the sampled rhizoboxes and fixed using paper clip binder clips. The equilibrium time was 4 h for each solute, after which each gel was recovered from the plate and applied directly on a reagent gel (see below for the different reagent gels used). After completion of the colorimetric reaction, images were acquired with a HySpex VNIR 1600 hyperspectral camera with 160 channels for quantitative analyses. DET images were processed using standard ENVI software following the procedures described in Le [START_REF] Houedec | 2D Image quantification of microbial iron chelators (siderophores) using diffusive equilibrium in thin films method[END_REF] for siderophores, and following [START_REF] Cesbron | Simultaneous 2D imaging of dissolved iron and reactive phosphorus in sediment porewaters by thin-film and hyperspectral methods[END_REF] for iron/phosphate images.

Discoloration of the CAS reagent was observed in the siderophore images, particularly at the edges of the images. The spectral signature of the discolored zones was completely different from the spectral signature of siderophores and was thus considered as interference and removed from the image of siderophore concentrations.

DET reagent gel. Metallophore reagent gel was prepared as described in Le Houedec et al.

(2019), based on the CAS assay [START_REF] Schwyn | Universal chemical assay for the detection and determination of siderophore[END_REF]. Briefly, a 1-mm thick agarose gel (1.5 %wt) was used that contained the CAS reagent including Fe(NO 3 ) 3 , chrome azurol S (CAS), surfactant (DDAPS) and ammonium acetate buffer. Iron and phosphorus reagent gel was prepared as described in [START_REF] Cesbron | Simultaneous 2D imaging of dissolved iron and reactive phosphorus in sediment porewaters by thin-film and hyperspectral methods[END_REF] and consisted of a 1-mm thick polyacrylamide gel. The colorimetric reagent for dissolved iron was ferrozine and molybdenum blue for dissolved phosphorus (phosphate ions). The pH mapping reagent gel was a 1-mm thick agarose gel (1.5%wt). A universal pH indicator in 7% (v/v) ethanol (VWR chemicals, pH 3 -11) was added to agarose melted at 60 °C and then gently poured into a polycarbonate mold. The filled mold was left for 30 min at 5 °C for the agarose to solidify.

The polyacrylamide probe gel was placed on top of the agarose reagent gel for 15 min before image acquisition. The color of the universal pH indicator changes from red in acidic pH to yellow-green in neutral pH to violet in basic pH. The calibration range was between 3 and 9 (suppl. Fig. F1)

DGT gel preparation and analysis. DGT-chelex gels were prepared as described in [START_REF] Metzger | Influence of diagenetic processes in Thau lagoon on cadmium behavior and benthic fluxes 72[END_REF] using Chelex-100 sodium form resin (Sigma Aldrich, Bio-rad) and set up on a polycarbonate plate (as described above for DET). The DGT probes were used after the DET probes, and the sampling time was 24 h. After removal from the rhizobox and rapid cleaning of the membrane with ultra-pure water, the DGT assembly was placed in a humid cleaned plastic hermetic bag at 5 °C before analysis. For analysis, the gels were retrieved from the plate and rinsed with ultra-pure water, then transferred onto a clean PVDF membrane. Using a clean plastic blade, approximately 0.5 cm of the edges of each gel were removed and the remainder was cut into 5x5 mm squares. To better target the soil-root interface, the zones analyzed for DGT mapping were not exactly the same in each rhizobox (see suppl. Fig. F2).

Once cut, the 25 mm² pieces of gel were eluted with 0.5 ml HNO 3 at 1 M for 24 hours. The eluate was then diluted 10 times with ultra-pure water and analyzed with a quadrupole ICP-MS (Varian Bruker 820-MS) to determine metal concentrations (C DGT ). The concentration of an element accumulated in the DGT can be calculated according to the following equation [START_REF] Harper | Estimation of pore water concentrations from DGT profiles: A modelling approach[END_REF], where M is the mass of accumulated element, ∆g the thickness of the diffusion layer, D the solute diffusion coefficient and T the equilibration time.

Soil and plant analysis

At harvest (36 days after germination), the plant was carefully removed from the rhizobox.

Soil adhering to the roots was considered as rhizospheric soil on which the microbiological analyses (see section 2.2) and chemical analyses were performed. Rhizospheric soil was extracted with CaCl 2 to characterize the extent to which P. fluorescens altered the concentration of siderophores and the mobility of metals in the soil, using the procedure described in [START_REF] Cornu | Contrasting effects of pyoverdine on the phytoextraction of Cu and Cd in a calcareous soil[END_REF]. Briefly, 5 g of wet soil were shaken with 9 mL of 10 mM CaCl 2 . All the suspensions were mixed for 2 h at 20 °C, centrifuged at 9,000 g for 10 min and the supernatant was filtered through 0.2 µm cellulose acetate filters. The pH of the extraction solution was measured using a combined electrode (Inlab Expert PRO-ISM 30014096), the concentration of Pvd by absorbance at 380 nm [START_REF] Cornu | Contrasting effects of pyoverdine on the phytoextraction of Cu and Cd in a calcareous soil[END_REF], the total concentrations of Al, Cu, Fe, Mn and Zn by ICP-OES (ICAP 6300,Thermo-Fischer) and the concentrations of phosphate, nitrate and ammonium were measured using colorimetric methods [START_REF] Murphy | A modified single solution method for the determination of phosphate in natural waters[END_REF][START_REF] García-Robledo | A fast and direct spectrophotometric method for the sequential determination of nitrate and nitrite at low concentrations in small volumes[END_REF][START_REF] Schnetger | Determination of nitrate plus nitrite in small volume marine water samples using vanadium ( III ) chloride as a reduction agent[END_REF].

The plant roots were cleaned with ultra-pure water and soaked in an ice-cold solution of 10 mM HCl for 10 min to remove the apoplastic copper [START_REF] Chaignon | Fe-deficiency increases Cu acquisition by wheat cropped in a Cu-contaminated vineyard soil[END_REF] and then rinsed again. Next, the sunflowers were separated into shoot and roots using ceramic scissors and dried at 40 °C for 5 days. Subsamples (0.5 g) were digested in a 1:4 mixture of HNO 3 (65%, Emplura, Merck) and H 2 O 2 (30%, VWR) in a closed microwave digestion system (CEM-MARS 6), according to [START_REF] Cornu | Contrasting effects of pyoverdine on the phytoextraction of Cu and Cd in a calcareous soil[END_REF]. The digestate was then filtered through 12-15 µm filter paper (VWR), completed to 25 mL with ultra-pure water and analyzed by ICP-OES (ICAP 6300, Thermo-Fischer) to determine the total concentrations of Al, Cu, Fe, Mn, and Zn. The concentration of P in the plant digest was measured using the same colorimetric method as that used for the CaCl 2 extract [START_REF] Murphy | A modified single solution method for the determination of phosphate in natural waters[END_REF].

Statistical analysis

To identify significant differences between bioaugmented and control treatments, statistical analyses were performed using R studio (version 3.4.4) according a standard decision tree.

First, the normality of the data was tested (Shapiro-Wilk). If the data were normal, the homogeneity of variances was tested (F Test). If variance was homogeneous, the T-test was applied. If the data were not normal or variance was not homogeneous, a Mann-Whitney test was applied (P < 0.05).

RESULTS

Monitoring of Pseudomonas fluorescens in soils

The gfp copy number of P. fluorescens was monitored at the end of the experiment. The two soils (N-Carb and Carb) recorded 1.5x10 7 gfp copy number kg -1 soil and 1.9x10 7 gfp copy number kg -1 soil, respectively. This shows that P. fluorescens was present in both soils two days after the last inoculation. A background noise with 1.8x10 2 gfp copy number kg -1 soil was recorded for the N-Carb soil and 4.1x10 3 gfp copy number kg -1 soil for the Carb soil in the controls. At harvest, no significant difference was observed in the gfp copy number between the bioaugmented treatments of the two soils (for details see suppl. Table T1).

Chemical analysis of CaCl 2 extracts

Table 2 lists the results for all metals from the CaCl 2 extractions of the two soils at the end of cultivation. Irrespective of the soil, the concentration of all metals and nutrients measured in the CaCl 2 extract was significantly higher (P < 0.05) in the soil bioaugmented with P.

fluorescens. The total concentration of Cu increased on average by a factor of 1.4 with bioaugmentation and this increase was slightly more pronounced (P < 0.05) in the Carb soil than in the N-Carb soil. In contrast, the increase in the concentrations of Al, Fe, Mn, and Zn was more pronounced in the N-Carb soil, notably the concentration of Mn, which increased fluorescens (Fig. 2e'). These small spots were restricted to the heart of the rhizobox, i.e., in the close vicinity of plant roots. The concentrations of metallophores in these small spots ranged from 1 to 3 µM.

3.3.2 Chemical imaging of DGT-available Cu, Al, Fe, Mn, and Zn 2D-DGT mapping was performed on day 15 to assess the spatial variability of metal bioavailability at the soil-root interface in presence (or not) of P. fluorescens (Fig. 3). DGT maps obtained for Cu showed that the C DGT of Cu, used as a proxy of Cu bioavailability, tended to be higher in control soils than in bioaugmented soils. Conversely, DGT maps of Mn and Zn showed that the bioavailability of these two metals was higher in the bioaugmented soils than in the control soils. The increase in C DGT in presence of the bacteria was high for Mn, and the DGT map showed patches of high Mn availability in the close vicinity of plant roots, especially in the Carb soil. These patches of high Mn availability correspond roughly to the zones where the mobilization of P was the most intense and where pH remained unchanged at 7 on the DET maps. No difference was observed between the control and the bioaugmented treatments in the DGT maps of Fe and Al, irrespective of the soil (Carb or N-Carb). The bioavailability of Fe was no lower in the Carb soil than in the N-Carb soil, in contrast to the trend evidenced for dissolved Fe by DET maps.

Sunflower growth and accumulation of metals

The growth of sunflower plants cultivated on soils bioaugmented with P. fluorescens was better than that of plants cultivated on control soils (Fig. 4). The biomass of plants (root + shoots) at harvest was on average twice higher (P < 0.001) in bioaugmented soils than that of controls (Table 3). Sunflowers grown on control soils showed uniform chlorosis of leaf blades, which tended to be more intense in the older leaves, while plants grown on bioaugmented soils showed almost no chlorosis (Fig. 4). Table 4 lists the concentrations and the corresponding amounts of Cu, Al, Fe, Mn, Zn and P. measured in sunflower roots and shoots at the end of cultivation. As expected, the concentration of Cu and of most elements (notably Al and Fe) was higher in roots than in shoots. In roots, the concentration of all elements except P was the same in the two soils and under the two treatments. In shoots, the concentration of Cu and Mn was significantly higher (P < 0.05) in sunflower plants grown in bioaugmented soils but only in the Carb soil. In the Carb soil, the concentration of Cu and Mn in the shoot was respectively, 38% and 33% higher in the bioaugmented treatment than in the control. In contrast, the concentration of Al was higher (P < 0.05) in the shoots of control plants grown in the two soils. The amount of Cu, Mn and Zn recovered in plant shoots increased significantly (P < 0.05) with soil bioaugmentation, to an even greater extent in the Carb soil than in the N-Carb soil. For example, the amount of Cu in sunflower shoots increased by a factor of 3.5 in the Carb soil and by a factor of 2.3 in the N-Carb soil, so that the amount of Cu phytoextracted was the same in the two bioaugmented soils. Like the concentrations, the amount of Al recovered in plant shoots was higher in the control treatments than in the bioaugmented treatment in the two soils.

DISCUSSION

4.1 Effect of Pseudomonas fluorescens on Cu, Al, Fe, Mn, Zn and P mobility

Role of pH

The results of DET mapping (Figure 2) and CaCl 2 extracts (Table 2) both support an increase in the mobility of elements (Cu, Al, Fe, Mn, NO 3 -, NH 4 + , PO 4 3-and Zn) in both vineyard soils (N-Carb and Carb) when they were bioaugmented with P. fluorescens. Mobilization did not appear to be linked with pH, as shown by the Fe-and phosphate-DET (Fig. 2 c', d' and g', h') maps, where their mobilization resulted in almost no change in pH (Fig. 2 b' and f'). In the literature, the effect of PGPB on pH is often reported to be towards acidification resulting from the production of organic acids linked to phosphate solubilization [START_REF] Rajkumar | Effects of inoculation of plant-growth promoting bacteria on Ni uptake by Indian mustard[END_REF][START_REF] Bhatia | Isolation and characterization of chlorpyrifos degrading soil bacteria of environmental and agronomic significance[END_REF], but this was not the case in our study. Here, the phosphorus mobilization observed at high pH is likely linked to the process described in section 4.1.3. The patch at pH 7 can also be considered as an indicator of the growth of P.

fluorescens in the rhizoboxes -optimum pH for bacterial growth is known to be slightly alkaline -despite the fact that the growth of the bacteria has not been spatially monitored.

Nonetheless, the decrease in pH observed in the CaCl 2 extracts of both soils cannot be completely ignored. This acidification can be explained by the fact that the soil was extracted at the end of the cultivation period (day 36) when the plant roots are better developed and therefore have a greater effect on soil pH [START_REF] Romheld | Localization and capacity of proton pumps in roots of intact sunflower plants[END_REF].

Role of siderophore

The two vineyard soils, non-carbonated (N-Carb) and carbonated (Carb), were chosen for their different iron bioavailability (Table 1). Indeed, [START_REF] Sayyed | Production of microbial iron chelators (siderophores) by fluorescent Pseudomonads[END_REF] showed that the more bioavailable the iron, the less siderophores are produced by P. fluorescens. In accordance with the Fe-DTPA values (Table 1), DET mapping showed that concentrations of soluble iron were lower in the Carb soil than in the N-Carb soil in the controls (Fig. CaCl 2 extract at the end of cultivation (Table 2) was of the same order of magnitude (a few µM) as the concentration of metallophores measured by DET mapping. It is worth noting that the CAS-DET method likely underestimates the quantity of metallophores produced by the bacteria because (i) the CAS reagent is only sensitive to free (i.e. non-complexed) metallophores and (ii) a large proportion of the metallophores produced by the bacteria remain sorbed to the soil-bearing phase, as evidenced for pyoverdine by [START_REF] Cornu | Copper phytoavailability in vineyard topsoils as affected by pyoverdine supply[END_REF] Given its concentration in both bioaugmented soils, pyoverdine could partly explain the increased mobility of Al, Fe and Cu but not that of Zn and P. Indeed, pyoverdine is known to have a significant affinity for Al(III), Fe(III) and Cu(II), and is most likely to affect their mobility in soil [START_REF] Cornu | Contrasting effects of pyoverdine on the phytoextraction of Cu and Cd in a calcareous soil[END_REF][START_REF] Cornu | Copper phytoavailability in vineyard topsoils as affected by pyoverdine supply[END_REF], while its affinity for Zn and P is a priori much lower. Pyoverdine is also known to have a stability constant for Mn(III) that is close to or exceeds that for Fe(III) [START_REF] Parker | Manganese(III) binding to a pyoverdine siderophore produced by a manganese(II)-oxidizing bacterium[END_REF][START_REF] Harrington | Structural dependence of Mn complexation by siderophores : donor group dependence on complex stability and reactivity[END_REF] but, given the high concentration of Mn mobilized in the CaCl 2 extract of the bioaugmented non-carbonated soil (Table 2), other mechanisms than ligand-promoted dissolution must also be involved.

Drivers of Mn, Zn and P mobilization

In addition to the production of siderophores, as a PGPB, P. fluorescens can also enhance metal mobility via other processes. In the case of Zn, PGPB are known to produce organic acids such as gluconic acid that can help solubilize Zn compounds, as demonstrated by [START_REF] Saravanan | Solubilization of zinc compounds by the diazotrophic , plant growth promoting bacterium[END_REF]. Zn mobilization in the presence of P. fluorescens may also simply be linked to the better acidification induced by plant roots at the end of the cultivation period, as observed in CaCl 2 extracts of both soils (Table 2). In the case of Mn, different authors examined siderophore-promoted dissolution rates of Mn-bearing minerals and observed both reductive and ligand-promoted dissolution mechanisms [START_REF] Duckworth | Siderophore-manganese (III) interactions. I. Airoxidation of manganese(II) promoted by desferrioxamine B[END_REF][START_REF] Peña | Dissolution of hausmannite (Mn3O4) in the presence of the trihydroxamate siderophore desferrioxamine B[END_REF]. Indeed, according to [START_REF] Akafia | Metal oxyhydroxide dissolution as promoted by structurally diverse siderophores and oxalate[END_REF], in presence of siderophores, dissolution of metal oxyhydroxides may take place via ligand-promoted and/or reductive dissolution pathways resulting in the formation of complexes and the liberation of divalent metal ions, respectively. Consequently, in our study, it is possible that in addition to the complexation of Mn by pyoverdine, reductive dissolution of Mn-oxide also occurred and that siderophores underwent concomitant oxidation during the reduction of metals ions [START_REF] Akafia | Metal oxyhydroxide dissolution as promoted by structurally diverse siderophores and oxalate[END_REF], thus explaining the marked increase in Mn mobility in both soils. In the case of phosphorus, P. fluorescens is known to be the most significant phosphate solubilizing bacterium [START_REF] Bhattacharyya | Plant growth-promoting rhizobacteria (PGPR): emergence in agriculture[END_REF] because of its ability to produce organic acids [START_REF] Tabatabai | Effect of organic acids on release of phosphorus from phosphate rocks[END_REF] and other molecules such as phosphatase (enzymes).

In our study, given that the highest solubilizing activity of P (Fig. 2 d' and h') was co-located with the high pH patches (Fig. 2 b' and f'), its mobilization cannot be related to the production of organic acids but rather to alkaline phosphatase, an enzyme that Pseudomonas fluorescens is able to produce only under phosphate limiting conditions and high pH [START_REF] Rodríguez | Phosphate solubilizing bacteria and their role in plant growth promotion[END_REF].

4.2 Effects of Pseudomonas fluorescens on Al, Cu, Fe, Mn, Zn and P bioavailability Bioavailability was measured with DGT, and it is noteworthy that an increase in mobility measured in the DET and/or CaCl 2 extracts did not always increase bioavailability according to the DGT analysis. This was the case in the Al and Cu maps in presence of P. fluorescens (Fig. 3), where their mobility increased in CaCl 2 extracts but their bioavailability decreased in the DGT images. One possible explanation is that all (or almost all) Al and Cu were present in complexed forms with pyoverdine (and/or other metallophores) in solution and diffused poorly or slowly through the DGT. The same decrease in Cu bioavailability was already observed by [START_REF] Cornu | Copper phytoavailability in vineyard topsoils as affected by pyoverdine supply[END_REF] when different vineyard soils were supplied with pyoverdine.

In contrast to Al and Cu, the bioavailability of Mn and (to a lesser extent) Zn were enhanced in the presence of P. fluorescens (Fig. 3) probably because the processes responsible for their increase in bioavailability are poorly related to the above-mentioned ligand-promoted dissolution pathway. Higher bioavailability of Mn when the soils were bioaugmented can also be explained by the rate of Mn mobilization from the soil solid phase, which exceeds that of its absorption by the plant, as demonstrated by [START_REF] Ghasemi-Fasaei | Comparative study of metal micronutrients release from two calcareous soils[END_REF]. In the Fe maps, there was no difference in bioavailability between the control and bioaugmented treatments. As iron is an essential element for the growth of all living organisms, the iron mobilized by P.

Fluorescens may have been mainly directly consumed by the bacteria. Another possible explanation is that the rate of Fe resupply from the soil solid phase is slow compared to the rate of Fe removal to the DGT device in the two vineyard soils. The second hypothesis has been tested by calculating the ratio of C DGT to the DET-dissolved concentration [START_REF] Harper | Kinetics of metal exchange between solids and solutions in sediments and soils interpreted from DGT measured fluxes[END_REF] for Fe. Indeed, the calculated ratios for iron (suppl. Fig. F3 andF4) were much lower than one, regardless of the location in the rhizobox, meaning that the rate of Fe resupply from the solid phase was not sufficient to maintain a constant pore water concentration throughout the DGT deployment.4.3 Effect of Pseudomonas fluorescens on sunflower growth and metal accumulation Sunflower growth was limited in both soils (N-Carb and Carb) (Table 3) and showed symptoms of deficiency (Fig. 4) in the controls. This phenotype does not appear to be related to Fe or P deficiency or Cu toxicity. Indeed, the concentrations of iron and P in the sunflower shoots were the same in the control and bioaugmented treatments (Table 4), and the concentrations of copper in the shoots of sunflower plants grown on control soils were below the toxicity threshold (10 µM) defined by [START_REF] Garcia | Oxidative stress induced by copper in sunflower plants oxidative stress induced by copper in sunflower plants[END_REF] for sunflower. The observed depigmentation of the leaves of control plants was the same as that described by Alves et al.

(2019) for nitrogen deficiency.

Although N was not measured in sunflower leaves in our study, the maximum concentration of N in sunflower was calculated from the concentrations of N-NO 3 and N-NH 4 measured in the CaCl 2 extract and the biomass of plants at harvest (for details see suppl. Table T2). As detailed in Table T1, the maximum concentration of N was around 0.7% in sunflower grown on control soils and 1.3% in sunflower grown on bioaugmented soils. These values are low compared to the critical N concentration of plants, which usually exceeds 3% in seedlings [START_REF] Ruffo | Nitrogen balance approach to sunflower fertilization[END_REF].

The improved growth observed in the bioaugmented treatments could be due to better absorption of N by plants under the effect of P. fluorescens. Indeed, P. fluorescens is known to be among the most important mineralizers of organic matter in the natural environment and thus plays a role in the nitrogen cycle by enhancing its availability to plants [START_REF] Brimecombe | Effect of introduced Pseudomonas fluorescens strains on the uptake of nitrogen by wheat from 15N-enriched organic residues[END_REF]. These authors reported the ability of a genetically modified (carrying a marker gene) P. fluorescens to enhance mineralization of added organic material, thus making more inorganic nitrogen available for uptake by pea. In our study, P. fluorescens could have mineralized organic N, thus making it more available to sunflower. In addition, the PGPB traits of P. fluorescens on plant growth likely also relies on the production of indole-3-acetic acid [START_REF] Patten | Bacterial biosynthesis of indole-3-acetic acid[END_REF], a phytohormone of the auxin class that interferes with many plant development processes including cell division and cell extension, and increases in the rate of xylem and root development, thus giving plants better access to soil nutrients and metals [START_REF] Ahemad | Mechanisms and applications of plant growth promoting rhizobacteria: current perspective[END_REF]. The presence of P. fluorescens enhanced the uptake of Cu and Mn and increased their concentration in the shoots of sunflowers grown on the carbonated soil (Table 4). The uptake of Cu was enhanced despite its low bioavailability measured by DGT in presence of the bacteria (Fig. 3), probably because the availability of the Pvd-Cu complex differs for DGT and plant roots. Indeed, the Pvd-Cu complex may have difficulty crossing or dissociating at the DGT surface, unlike in plant roots where other factors such as lower pH (as shown in CaCl 2 extract, Table 2) as the result of plant exudation, may help. For Mn, the good agreement observed between bioavailability assessed by DGT and uptake by plant roots suggests that surplus Mn mobilized in presence of the bacteria was mostly mobilized in the free ionic form (Mn 2+ ). P. fluorescens had a negative effect on Al accumulation in sunflowers grown in both the N-Carb and Carb soil. This decrease in concentration in the shoots is in line with the decrease in bioavailability measured by the DGT maps. Compared to Cu, these results show that the contribution of Pvd-metal complexes to plant uptake varies with the metal concerned. The Pvd-Al complex may have difficulty dissociating at the root surface (given the strong affinity of pyoverdine for trivalent metals), thus reducing its absorption by the plant. However, in the bioaugmented treatments, the decrease in Al concentration observed in the DGT maps could also be related to the ability of P. Fluorescens to alleviate Al toxicity by producing an exocellular gelatinous lipid-rich residue capable of sequestering trivalent metals including Al [START_REF] Vasu | Influence of phosphate on aluminum tolerance in Pseudomonas fluorescens[END_REF] , thus

making them less available to the plant.

Implications for Cu phytoextraction of vineyard soils

This study shows that bioaugmentation with P. fluorescens could be a useful way to enhance Cu phytoextraction, especially in carbonated soil, as it combines a PGPB effect and an effect on Cu bioavailability at the soil-plant interface. Indeed, in presence of P. fluorescens, the amount of phytoextracted copper increased by 131% in sunflowers grown on N-Carb soil and by 220% in sunflowers grown on Carb soil (Table 4). This increase seems to be mainly linked to the effect of P. fluorescens on plant growth, for example, alleviation of N deficiency. The current phytoextraction strategies of Cu should be based on the establishment of a high biomass cover since no terrestrial Cu-hyperaccumulating plants have been identified so far.

In this context, the choice of the inoculant should rather be based on its capacity to promote the availability of nutrients in the soil. In addition, choosing an inoculant among the bacteria specifically present in the rhizosphere of the plant used, potentially increases their chance of colonizing the rhizosphere and hence of expressing the effect of their PGPB. The use of immobilized cell inoculum may be another way to increase the survival of the bacteria in soils [START_REF] Lebeau | Bioaugmentation for in situ soil remediation: How to ensure the success of such a process[END_REF]. It would also be interesting to investigate bacterial interaction networks in soils, which would make it possible to choose a bacterium for inoculation that has a good chance of becoming established among indigenous bacteria in the soil.

Our study also demonstrated that P. fluorescens significantly increased (38%) the bioavailability of Cu in the carbonated soil (Table 4), clearly the factor to be optimized to increase Cu phytoextraction rates. Further investigation is required into the role played by pyoverdine and its mode of production in vineyard soils. Our results showed that pyoverdine played only a partial role in the mobilization of Cu and potentially in its absorption by sunflower. To increase the bioavailability of Cu in soil, it would be useful to investigate how to optimize the production of pyoverdine by PGPB in calcareous vineyard soils. Siderophore production is mainly achieved under iron deficiency, as in the case of calcareous soil, but other factors such as the source of carbon, the source of nitrogen, pH and temperature are also essential for the synthesis of siderophores [START_REF] Yu | Optimization of siderophore production by Bacillus sp. PZ-1 and its potential enhancement of phytoextration of Pb from soil[END_REF]. It would also be interesting to stimulate the dissociation of the Pvd-Cu complex at the root surface, for example, by playing on nitrogen nutrition for proton competition or by choosing copper-accumulating plants that acidify the rhizosphere more than others.

CONCLUSION

This study shows the potential of P. fluorescens to alter the mobility and bioavailability of different elements including copper in two vineyard soils (Non-Carbonated and Carbonated).

Our results showed that the inoculation of P. fluorescens increased the mobility of Cu and other elements (Al, Fe, Mn, Zn, N and P) in both soils. In the case of Cu, Al and Fe, this effect may be partly related to the pyoverdine produced by P. fluorescens. The mobilization of Mn, Zn and P may be more related to the PGPB effects of P. fluorescens. Our results also showed that bioaugmentation with P. fluorescens enhanced copper bioavailability in the calcareous soil where metallophores were mapped with the 2D DET method. However, the main effect on the accumulation of elements by sunflower remains the ability of P.

fluorescens to increase plant growth. To maximize Cu phytoextraction, it would be interesting to favor the effect of P. fluorescens on Cu bioavailability and/or its effect on plant growth. g kg -1 g kg -1 g kg -1 g kg -1 cmol c+ kg -1 g kg -1 mg kg -1 mg kg -1 mg kg For a given treatment, mean values are underlined when they are significantly higher (P < 0.05) than that measured in the other soil.

nd: not detected. For a given treatment, mean values are underlined when they are significantly higher (P < 0.05) than that measured in the other soil. Values are means of four independent replicates.

For a given soil, *, ** and *** indicate that the mean value in the bioaugmented treatment significantly differed from that in the control, at the probability level of 0.05, 0.01 and 0.001, respectively.

For a given treatment, mean values are underlined when they are significantly higher (P < 0.05) than that measured in the other soil. 

  by a factor of 28. The concentrations of NO 3 -, NH 4 + and P measured in the CaCl 2 extracts increased on average by a factor of respectively, 3.7, 3.02 and 2.6 with bioaugmentation, and at approximately the same magnitude in the two soils. The pH of the CaCl 2 extract decreased in the two bioaugmented soils, by on average, 0.4 pH unit. As expected, the concentration of Pvd increased when the soil was bioaugmented, to a similar extent in the two soils. The concentration of Pvd measured in the CaCl 2 extract of the bioaugmented treatments was between 2 and 3 µM. 3.3 Chemical imaging with DET and DGT at the soil-root interface 3.3.1 Chemical imaging of siderophore, pH, iron, and phosphate with the DET 2D DET images were acquired on day 15 in the two vineyard soils to assess the spatial variability of pH, siderophore production, and iron and phosphate mobilization at the soil-root interface in response to inoculation with P. fluorescens. Figure 2 shows that 15 days after germination, iron and phosphate mobility increased with inoculation with P. fluorescens. In the bioaugmented treatments, the DET images of iron and phosphate (Fig. 2c', g') in both soils revealed patches of high concentrations in the heart of the rhizobox where the roots are densest. The increase in iron mobility observed in the bioaugmented treatment was more pronounced in the Carb soil, where the concentration of dissolved Fe reached 50 µM, than in the N-Carb soil, where it did not exceed 10 µM. The concentration of dissolved P reached 140 µM in both soils in the presence of P. fluorescens but the patch was smaller in the N-Carb soil (Fig. 2d') than in the Carb soil (Fig. 2h'). DET maps of pH confirmed that the pH was lower in the N-Carb soil than in the Carb soil in the controls (Fig. 2b, f). In the N-Carb soil, the pH increased in the heart of the rhizobox in presence of P. fluorescens to pH values around 7 that were similar to values observed in the Carb soil (Fig. 2 b', f'). 2D DET CAS enabled the detection of small spots of metallophores only in the Carb soil bioaugmented with P.

  expected, the CAS-DET method developed by Le Houedec et al. (2019) enabled location and quantification of soluble metallophores only in the bioaugmented carbonated soil (Fig. 2 e'), at concentrations reaching 3-4 µM. This may explain why the increase in iron mobility was much higher (up to 50 µM) in the bioaugmented Carb soil than in the N-Carb one (Fig. 2 c' and g'). The small spots of metallophores measured in the DET image of the Carb soil (Fig. 2 e') could correspond to the siderophore pyoverdine, one of the main metallophores produced by P. fluorescens. The concentration of pyoverdine measured in the

Figure captions Figure 1 .

 captions1 Figure captions

Figure 2 .

 2 Figure 2. 2D-DET imaging of dissolved "free" metallophores (a/a', e/e'), pH (b/b', f/f'), dissolved iron (c/c', g/g') and dissolved phosphate (d/d', h/h') at the soil-root interface in two vineyard soils (N-Carb and Carb) cultivated with sunflower (cv. Velox) and bioaugmented or not (Control) with Pseudomonas fluorescens. 2D-DET images were acquired on day 15 of a single replicate per treatment. DET gels were in contact with the soil pore water for four hours. The size of the DET gels was 100 mm x 105 mm.

Figure 3 .Figure 4 .Figure F4 .

 34F4 Figure 3. 2D-DGT imaging of C DGT at the soil-root interface obtained for Cu, Al, Fe, Mn, and Zn in two vineyard soils (N-Carb and Carb) cultivated with sunflower (cv. Velox) and bioaugmented or not (Control) with Pseudomonas fluorescens. 2D-DGT images were acquired of a single replicate per treatment on day 15, after that of 2D-DET. DGT gels were in contact with the soil pore water for 24 hours. The size of the DET gels was 100 mm x 105 mm

Figure F1 .

 F1 Figure F1. DET-calibration gel for pH. The color of the universal pH indicator varies from red at acidic pH, yellow-green at neutral pH to violet at alkaline pH.

Figure F2 .

 F2 Figure F2. Rhizobox zones analyzed for DGT mapping. The zones analyzed for DGT mapping are shown in blue. They were not exactly the same in each rhizobox to better target the soil-root interface.

Figure F3 .Figure F4 .

 F3F4 Figure F3. Mapping of the ratio of C DGT to the DET-dissolved concentration of Fe in the N-Carb soil bioaugmented or not (control) with Pseudomonas fluorescens. Cells with values far below one are shown in pale orange while cells with values closer to one are in dark orange.

  

  

  

  

  

Table 1 .

 1 Physico-chemicals characteristics of the two vineyard soils used in this study. N-Carb stand for non-carbonated and Carb for carbonated. OM stands for organic matter.

	Soil	Sand a Silt a Clay a OM b	CEC c	CaCO 3	d	pH water	e	Total Cu f Cu DTPA g Fe DTPA g

Table 2 .

 2 pH and concentrations of pyoverdine (Pvd), Cu, Al, Fe, Mn, Zn, NO 3

	-1

Table 3 .

 3 Stem height, number of leaves, shoot, root, and plant biomasses of sunflower (cv. Velox) grown for 36 days on two vineyard soils (N-Carb and Carb) bioaugmented or not (Control) with Pseudomonas fluorescens.

	Soil	Treatment	Stem height Number	of	Shoot biomass Root biomass Plant biomass
			cm	leaves		g DW	
	N-Carb Control	14.1	6		0.94	0.51	1.4
		Bioaugmented	14.0 ns	8 ***		1.6 ***	0.81 **	2.4 ***
	Carb	Control	17.6	6		0.70	0.40	1.1
		Bioaugmented	15.1 *	8 ***		1.6 ***	0.91 ***	2.5 **

*

Values are means of four independent replicates. For a given soil, *, ** and *** indicate that the mean value in the bioaugmented treatment significantly differed from that in the control, at the probability level of 0.05, 0.01 and 0.001, respectively.

Table 4 .

 4 Concentration and corresponding amounts of Cu, Al, Fe, Mn, Zn and P in shoots and roots of sunflower (cv. Velox) grown for 36 days 786 in two vineyard soils (N-Carb and Carb) bioaugmented or not (Control) with Pseudomonas fluorescens.

	787		
	Soil	Treatment	Plant shoots

Table T1 .

 T1 gfp copy number measured on day 36 in the two vineyard soils (N-Carb and Carb) bioaugmented or not (Control) with Pseudomonas fluorescens.Values are means of four independent replicatesFor a given soil, * and ** indicate that the mean value in the bioaugmented treatment differed significantly from that in the control, at the probability level of 0.05 and 0.01, respectively.

	Soil	Treatment	gfp copy number
			kg -1 soil
	N-Carb	Control	< 1
		Bioaugmented	1.5E+04 **
	Carb	Control	< 5
		Bioaugmented	1.9E+04 *

Table T2 .

 T2 Calculation of the theoretical maximum concentration of N in sunflower. The maximum concentration of N in sunflower was calculated from the concentrations of N-NO 3 and N-NH 4 measured in the CaCl 2 extract (see Table2) considering that 5 g of soil were extracted with 10 mL of extraction solution. Details of the calculation are shown in the table.

	Soil	Treatment	Total N in CaCl 2 extract	Total N in the rhizobox	Average plant DW	Maximum con-centration of N in the plant
			mg L -1	mg	g	%
	N-Carb	Control	21.1	8.5	1.5	0.56
		Bioaugmented 71.2	28.5	2.4	1.19
	Carb	Control	21.3	8.5	1.1	0.77
		Bioaugmented 80.9	32.4	2.5	1.30
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