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Introduction

In crop rotations, grain legumes provide benefits to subsequent crops such as wheat [START_REF] Arcand | Differentiating between the supply of N to wheat from above and belowground residues of preceding crops of pea and canola[END_REF][START_REF] Angus | Break crops and rotations for wheat[END_REF]. These benefits are partly due to an improvement in soil N availability [START_REF] Arcand | Estimating belowground nitrogen inputs of pea and canola and their contribution to soil inorganic N pools using 15 N labeling[END_REF], Hauggaard-Nielsen et al., 2012[START_REF] Soon | Comparison of the decomposition and N and P mineralization of canola, pea and wheat residues[END_REF]. First, legumes return crop residues with higher N content than cereals to the soil [START_REF] Arcand | Differentiating between the supply of N to wheat from above and belowground residues of preceding crops of pea and canola[END_REF][START_REF] Nicolardot | Simulation of C and N mineralization during crop residue decomposition: a simple dynamic model based on the C:N ratio of the residues[END_REF][START_REF] Soon | Comparison of the decomposition and N and P mineralization of canola, pea and wheat residues[END_REF]. The low C/N ratio of these residues is assumed to foster net N mineralization which may then contribute to the N supply for succeeding crops [START_REF] Fustec | Nitrogen rhizodeposition of legumes. A review[END_REF][START_REF] Gan | Nitrogen accumulation in plant tissues and roots and N mineralization under oilseeds, pulses, and spring wheat[END_REF][START_REF] Manzoni | The global stoichiometry of litter nitrogen mineralization[END_REF][START_REF] Soon | Comparison of the decomposition and N and P mineralization of canola, pea and wheat residues[END_REF]Stevenson and van Kessel, 1996). Furthermore, legumes release N rhizodeposits with a low C/N ratio that are assumed to represent a significant return of N to the soil [START_REF] Arcand | Estimating belowground nitrogen inputs of pea and canola and their contribution to soil inorganic N pools using 15 N labeling[END_REF][START_REF] Gan | Nitrogen accumulation in plant tissues and roots and N mineralization under oilseeds, pulses, and spring wheat[END_REF][START_REF] Mayer | Turnover of grain legume N rhizodeposits and effect of rhizodeposition on the turnover of crop residues[END_REF]. These compounds are mainly assimilated in the soil microbial biomass and incorporated into microbial products, that can be adsorbed on soil mineral surfaces (Lehman and Kleber, 2015;[START_REF] Wichern | Release of C and N from roots of peas and oats and their availability to soil microorganisms[END_REF]. Depending on its quality, this organic N pool may affect N mineralization and potentially influence soil N supply to succeeding crops [START_REF] Arcand | Estimating belowground nitrogen inputs of pea and canola and their contribution to soil inorganic N pools using 15 N labeling[END_REF][START_REF] Jensen | Rhizodeposition of N by pea and barley and its effect on soil N dynamics[END_REF][START_REF] Mayer | Estimating N rhizodeposition of grain legumes using a 15 N in situ stem labelling method[END_REF][START_REF] Mayer | Turnover of grain legume N rhizodeposits and effect of rhizodeposition on the turnover of crop residues[END_REF].

N derived from either crop residues or rhizodeposition is assumed to have the same availability for soil microorganisms [START_REF] Mayer | Turnover of grain legume N rhizodeposits and effect of rhizodeposition on the turnover of crop residues[END_REF]. Therefore, such N pools should have similar effects on soil microbial processes, i.e., microbial extracellular enzymes implicated in the breakdown of organic N.

Among enzymes implicated in the decomposition of organic N, proteases are assumed to play a crucial role. These enzymes catalyze the initial degradation of proteins, the main form of organic N in soils, which is considered a key limiting step in N mineralization (Geisseler and Horwath, 2008;[START_REF] Jan | Protein breakdown represents a major bottleneck in nitrogen cycling in grassland soils[END_REF]Jones et al., 2004;[START_REF] Schulten | The chemistry of soil organic nitrogen: a review[END_REF][START_REF] Weintraub | Seasonal protein dynamics in Alaskan arctic tundra soils[END_REF]. Different mechanisms regulating soil proteases have been proposed (Geisseler et al., 2008;[START_REF] Vranova | Proteolytic activity in soil: A review[END_REF]. Indeed, even if these microbial enzymes can be produced constitutively or stabilized on soil particles, proteases appear to be mainly upregulated in response to the addition of their substrate, i.e., proteins (Geisseler andHorwath, 2008, 2009). However, other secondary mechanisms could regulate soil protease activities, such as the relative availability of C and N to microorganisms [START_REF] Geisseler | Relationship between carbon and nitrogen availability and extracellular enzyme activities in soils[END_REF]. Geisseler and Horwath (2008) showed that soil protease activities are repressed in the presence of readily available C sources such as glucose. The results are more inconsistent when considering the effect of mineral N on soil protease activities (Geisseler and Horwath, 2008;[START_REF] Vranova | Proteolytic activity in soil: A review[END_REF]. To date, most of the studies on soil protease activities have been based on either pure microbial cultures or soil incubations with the addition of crop residues or model proteins but without considering the influence of plants. However, plants are also likely to influence soil protease activities to optimize soil N availability during their growth [START_REF] Kuzyakov | Competition between roots and microorganisms for nitrogen: mechanisms and ecological relevance[END_REF][START_REF] Vranova | Proteolytic activity in soil: A review[END_REF][START_REF] Yuan | Responses of nitrogen and related enzyme activities to fertilization in the rhizosphere of wheat[END_REF]. By modulating their root traits related to the architecture and chemical characteristics of roots, plants are able to maximize their N uptake [START_REF] Bell | Plant nitrogen uptake drives rhizosphere bacterial community assembly during plant growth[END_REF][START_REF] Kraiser | A holistic view of nitrogen acquisition in plants[END_REF][START_REF] Nacry | Nitrogen acquisition by roots: physiological and developmental mechanisms ensuring plant adaptation to a fluctuating resource[END_REF]. This process could create N-limited conditions for soil microorganisms and thus stimulate enzymes involved in N mineralization. In addition, rhizodeposition that vary along plant development, alter the quantities and relative proportion of the C and N released to the soil, thus affecting soil N pools and microbial activities [START_REF] Blagodatskaya | Plant traits regulating N capture define microbial competition in the rhizosphere[END_REF]Nguyen, 2003). Therefore, a better understanding of the effects of legume residues on soil protease during the growth of the following crop is needed.

In this context, plant trait-based approaches could be useful for analyzing complex interactions among plants, microorganisms and organic inputs and their effects on soil microbial activities [START_REF] Bardgett | Going underground: root traits as drivers of ecosystem processes[END_REF][START_REF] Powell | A new tool of the trade: plant-trait based approaches in microbial ecology[END_REF][START_REF] York | Integration of root phenes for soil resource acquisition[END_REF]. Indeed, plant traits used as proxies of processes of competition for resources and C allocation to the soil can help understand the mechanisms by which plants influence soil functioning [START_REF] Eisenhauer | Plant trait effects on soil organisms and functions[END_REF][START_REF] Steinauer | Spatial plant resource acquisition traits explain plant community effects on soil microbial properties[END_REF]. Among plant traits, root traits are considered key drivers of soil processes [START_REF] Bardgett | Going underground: root traits as drivers of ecosystem processes[END_REF]. Recently, [START_REF] Cantarel | Using plant traits to explain plant-microbe relationships involved in nitrogen acquisition[END_REF] and [START_REF] Romillac | Influence of pea root traits modulating soil bioavailable C and N effects upon ammonification activity[END_REF] showed that root traits describing plant resource acquisition had a significant influence on some soil microbial activities implicated in N cycling. Furthermore, [START_REF] Cantarel | Using plant traits to explain plant-microbe relationships involved in nitrogen acquisition[END_REF] observed that root traits were better correlated with microbial activities than leaf traits, which reinforced the assumption that they are critical to understanding the relative influence of plants on soil microbial activities implicated in nutrient cycling [START_REF] Bardgett | Going underground: root traits as drivers of ecosystem processes[END_REF][START_REF] York | Integration of root phenes for soil resource acquisition[END_REF].

Therefore, the objective of this study was to analyze the individual and combined effects of crop residues (aerial parts and roots) and rhizodeposits derived from pea during wheat development. Spring wheat was grown under controlled conditions in previously pea-cropped soils to which pea residues were added just before sowing or not. The vegetative and reproductive stages of wheat were considered since plant N demand, root morphology and rhizodeposition are assumed to change between these stages. Ten wheat root traits related to morphology and chemical composition were examined since these traits are assumed to be related to resource acquisition and rhizodeposition. Soil variables describing C and N availability and microbial biomass were also measured since these factors are known to be putative drivers of soil protease activities. We expected that (1) both pea organic inputs (crop residues and rhizodeposits) would stimulate soil protease activities, (2) the effects would be more pronounced when both types of pea organic inputs were combined and (3) wheat root traits related to nutrient acquisition would be drivers of soil protease activities.

Material and methods

Soil

The soil used was a Vertic Cambisol (clayic) (FAO-WRB classification) soil taken from the 0-20-cm layer at the "Bouzule" research farm in northeastern France (48° 74' N, 6° 35' E). After sampling, the soil was air dried, sieved at 5 mm and mixed with 10% sand (w/w). The soil had the following characteristics: 62% clay, 35% silt, 3% sand, 26 g kg -1 organic carbon, 2.6 g kg -1 total N, and a pH (water) of 7.1.

Preparation of soils and pea residues

Peas (Pisum sativum L., cv. Kayanne) were grown in a climate-controlled chamber, as described in [START_REF] Romillac | Influence of pea root traits modulating soil bioavailable C and N effects upon ammonification activity[END_REF]. At maturity, all aerial parts (straws and pods) of the plants were harvested. The pots were stored at 4°C until all visible roots and root fragments were collected from the soil using tweezers. Roots and root fragments were washed using a 0.2 mm sieve and gently dried with an absorbent paper. Roots and aerial parts were dried at 60 °C and were cut into 2-3-mm pieces with scissors. They were combined in proportions equal to the shoot to root ratio in dry biomass determined for plants at the time of harvest (i.e. shoot to root ratio of 5.5) to constitute the pea crop residues. The basic properties of pea crop residues were : 39.6% total C, 1.31% total N, 41.2 mg g -1 soluble C and 4.43 mg g -1 soluble N. The remaining cultivated soil containing organic compounds derived from pea rhizodeposits (hereafter referred to as previously pea-cropped soil) was stored at 18 °C in the dark until wheat was sown (within 4 days).

During the growth period of pea, uncultivated soil was also maintained at 80% of its water-holding capacity in the dark in the climate-controlled chamber.

Experimental design

The experiment was composed of four treatments: previously uncultivated soil (control, C), previously uncultivated soil with pea residues added (C+R treatment), previously pea-cropped soil (P treatment) and previously pea-cropped soil with pea residues added (P+R treatment). In the (C+R) and (P+R) treatments, pea residues were homogeneously mixed into the soil at a rate of 1 g C kg -1 dry soil equivalent. The C and P soils were also homogeneously mixed before potting. Soil sub-samples were collected immediately following mixing, in order to determine soil properties (Table 1).

One seed of spring wheat (Triticum aestivum L., cv. Sensas) was sown in a polyvinyl chloride (PVC) tube (15-cm depth, 8-cm diameter) with a closed bottom containing 450 g of one of the four soil types, i.e., C, (C+R), P or (P+R) soils. Plants were grown to maturity as described in [START_REF] Romillac | Influence of pea root traits modulating soil bioavailable C and N effects upon ammonification activity[END_REF].

The soil was maintained at 80% of its water-holding capacity by weighing the tubes and watering them with tap water 5 times per week. Between the 3-leaf and first tiller stages, plants received 375 mg N tube -1 (equivalent to 50 units N ha -1 ) in the form of NH4NO3 (Sigma-Aldrich, Saint Louis, USA).

Wheat plants were randomly harvested at the 3 unfolded leaves, first tiller, 2-node, early flowering, and mature stages, which corresponded to 14, 22, 28, 41 and 89 days after emergence, respectively.

The root systems were carefully removed from the PVC tubes. The roots were manually separated from the soil, and the detached roots were collected using tweezers. After gently shaking the roots, soil aggregates that remained attached were collected. The roots were gently cleaned with tap water, and root traits were immediately measured. The soil was stored at 4 °C until processing (within the week after sampling).

Measurement of root traits

Before digital scanning, roots were suspended in 1 cm of deionized water in a 40 x 30 cm clear acrylic tray using tweezers. Then, the roots were scanned at 400 dpi with an Epson Expression 10000XL scanner (Epson, Suwa, Japan). WinRHIZO Reg v.2005c software (Regent Instruments, Quebec, Canada) was used to analyze the scanned images with Regent's and Tennant's methods [START_REF] Arsenault | WinRHIZO TM , a root-measuring system with a unique overlap correction method[END_REF] to evaluate the total root length and the projected root surface area of each root system. The percentage root length distribution for two root diameter classes of fine roots (< 0.1 mm and 0.1-0.2 mm) was subsequently calculated.

Root fresh mass (g) was determined after 24 h of rehydration in deionized water and drying with filter paper. Afterwards, roots were frozen at -80 °C, freeze-dried on a Lyovac GT2 (Steris, Mentor, USA), and weighed to measure the root dry mass (g). Plant aerial parts were dried for 72 h at 60 °C and weighed.

Specific root length (SRL, m g -1 ) was calculated as the ratio of root length to root dry mass. The root dry matter content (RDMC, mg g -1 ) was calculated as the ratio of root dry mass to root fresh mass.

Dry roots and aerial parts were separately ground into a powder using an MM 400 ball mill (Retsch, Haan, Germany), and their total N and C contents were estimated using a Flash EA 1112 element autoanalyzer (Thermo Fisher Scientific, Waltham, USA). The root C/N ratio was subsequently calculated.

The hot water-extractable root N (HWR-N) and C (HWR-C) contents were determined according to [START_REF] Nelson | Interactive effects of Aphthona nigriscutis and picloram plus 2,4-D in leafy spurge (Euphorbia esula)[END_REF]. Briefly, 500 mg of powdered roots was incubated in 15 mL of deionized water for 1 h at 60 °C and filtered through a Whatman 42 filter (Sigma-Aldrich, Saint Louis, USA). HWR-C and HWR-N were determined using a TOC-V CSH total organic carbon analyzer (Shimadzu, Kyoto, Japan).

Root N uptake was calculated as the mass of nitrogen accumulated by the plant between two sampling points, expressed per mass of dry root and per day of growth [START_REF] Bell | Plant nitrogen uptake drives rhizosphere bacterial community assembly during plant growth[END_REF].

Soil extractable C and N pools

Soil mineral N was extracted with 2 M KCl (1:10 w/v) on an end-over-end shaker for 1 h and then filtered through a Whatman 42 filter. The total mineral N content in the KCl extract was determined using an SAN++ CFA molecular absorption spectrometer (Skalar Analytical, Breda, The Netherlands).

Soil extractable C and N were extracted with 0.5 M K2SO4 (1:5 w/v) on an end-over-end shaker for 40 min and then filtered through a Whatman No 42 filter [START_REF] Bell | Plant nitrogen uptake drives rhizosphere bacterial community assembly during plant growth[END_REF]. The C and N in the K2SO4 extracts were determined using a TOC-V CSH (Shimadzu, Kyoto, Japan).

Soil microbial biomass N (MBN)

MBN was estimated by the fumigation extraction method (Vance et al. 1987). The extracts were frozen at -20 °C until analysis. The extractible N concentration was determined using a TOC-V CSH (Shimadzu, Kyoto, Japan). MBN was determined by subtracting the N content in the non fumigated samples from the N content in the fumigated soil samples and divided by an extraction coefficient of 0.54 [START_REF] Brookes | Chloroform fumigation and the release of soil nitrogen: a rapid direct extraction method to measure microbial biomass nitrogen in soil[END_REF].

Quantification of 16S rDNA and 18S rDNA gene abundances

The abundance of the total bacterial and fungal communities was measured by using quantitative PCR (qPCR) to amplify the 16S rDNA and 18S rDNA genes, respectively [START_REF] Lee | Estimation of the abundance of an uncultured soil bacterial strain by a competitive quantitative PCR method[END_REF][START_REF] Prévost-Bouré | Validation and application of a PCR primer set to quantify fungal communities in the soil environment by real-time quantitative PCR[END_REF]. A portion of the 16S rDNA gene was amplified using the 341f and 534r primers (Lopez-Gutierrez et al., 2004), and the FR1 and FF390 primers were used to amplify part of the 18S rDNA gene [START_REF] Prévost-Bouré | Validation and application of a PCR primer set to quantify fungal communities in the soil environment by real-time quantitative PCR[END_REF].

Soil DNA was extracted using a Fast DNA® 171 SPIN Kit for Soil (MP Biomedical, Santa Anna, CA, USA) according to the manufacturer's instructions. Standards for the quantification were obtained from cloned 16S rDNA and 18S rDNA fragments ligated into PCR8®/GW/TOPO® plasmids (Life Technologies, Carlsbad, CA, USA). For 16S rDNA, the reaction mixture contained 10 ng of template DNA, 1x Power SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), 1 μM each primer and 250 ng of T4Gene 32 (MP Biomedicals, Strasbourg, France) in a final volume of 10 μl. The PCR conditions were as follows: 95 °C for 10 min and 35 cycles of 15 s at 95 °C, 30 s at 60 °C, and 30 s at 72 °C. For the 18S rDNA gene, the reaction components included 10 ng of template DNA, 1x Power SYBR® Green PCR Master Mix, 1.25 μM each primer and 100 ng of T4Gene 32 in a final volume of 20 μl. The PCR conditions were as follows: 95 °C for 10 min and 40 cycles of 15 s at 95 °C, 30 s at 50 °C, and 60 s at 72 °C. Each sample, control and standard were amplified in triplicate in different PCR plates. PCR was performed in a StepOnePlus™ thermocycler (Applied Biosystems). Cycling, data collection and calculations were performed with StepOne™ v.2.1 software. The specificity of the amplified products was confirmed using a melting curve analysis and electrophoresis of the qPCR products on a 1.5% (w/v) agarose gel.

Potential protease activity

Potential protease activity was determined according to [START_REF] Ladd | Short-term assays of soil proteolytic enzyme activities using proteins and dipeptide derivatives as substrates[END_REF]. Briefly, 1 g of fresh homogenized soil was incubated for 4 h at 45 °C with 2.5 mL of 0.1 M Tris-HCl buffer (pH of 8) and 2.5 mL of 2% sodium caseinate solution. The addition of 5 mL of 10% trichloroacetic acid stopped the reaction. After centrifugation at 16,000 g for 2 min, 0.5 mL of supernatant was mixed with 0.75 mL of 1.4 M sodium carbonate and 0.25 mL of 16.5% Folin-Ciocalteu reagent for 5 min. A standard curve was prepared using tyrosine, and the concentration of tyrosine in each sample was determined colorimetrically using a Cary® 300 spectrophotometer (Varian, Palo Alto, CA, USA) at 680 nm. The procedure used for the controls was the same as that used for the assay, with the exception that sodium caseinate was added after incubation and the addition of trichloroacetic acid. Protease activity was expressed as µg Tyr g -1 dry soil h -1 .

Statistical analysis R 3.0.0 software (R Core Team 2013) was used for all the statistical analyses. Exploratory analysis of the data was performed using principal component analysis (PCA) performed with the package RcmdrPlugin.FactoMineR v1.5-0 (Husson et al., 2015).

All variables, as well as individual coordinates on the PCA axes, were submitted to the non parametric Kruskal-Wallis test with the plant growth stage or soil treatment as a factor. The means were grouped by the function "kruskalmc" in the package pgirmess 1.5.8 (Giraudoux, 2013) to allow multiple comparisons.

To disentangle the influence of plant root traits and soil variables on enzymatic activities, the measured variables were grouped into 2 sets (root functional traits and soil variables) and one standalone variable (protease activity). Each set was submitted to forward selection using the function "ordistep" [START_REF] Oksanen | Vegan: Community Ecology Package. R package version 2[END_REF] to select the most significant variables and avoid multicollinearity [START_REF] Legendre | Numerical ecology[END_REF]. The relationships between the different subsets of selected variables were analyzed using redundancy analysis (RDA), a constrained ordination procedure based on PCA that allows an assessment of the relationship between a set of explanatory variables and a set of response variables.

RDAs were performed using the package vegan 2.0-9 [START_REF] Oksanen | Vegan: Community Ecology Package. R package version 2[END_REF]. The adjusted R² values were calculated using Ezekiel's formula (Ezekiel, 1930). The significance of the RDAs and variation partitioning was tested by a Monte-Carlo permutation test with 1,000 permutations. Some correlations between variables were analyzed using Pearson's test.

Results

Change in protease activity

Potential soil protease activities ranged from approximately 35 to 94 µg Tyr h -1 g -1 dry soil (Fig. 1). These activities were significantly influenced by soil treatment (χ²=39.1, p<0.001). In the C and P soils, the mean protease activities were 45.5±3.6 µg Tyr h -1 g -1 dry soil and 39.7±2.4 µg Tyr h -1 g -1 dry soil, respectively (data not shown). By contrast, in the (C+R) and (P+R) treatments, the mean soil protease activities were 83.1±5.3 µg Tyr h -1 g -1 dry soil and 74.2±4.4 µg Tyr h -1 g -1 dry soil, respectively (data not shown). The addition of pea residues increased the potential protease activities by 84 and 90% for the (C+R) and (P+R) soils, respectively (χ²=40.8, p<0.001).

Potential protease activities evolved significantly (χ²=19.9, p<0.01) with the phenology of wheat (Fig. 1). The kinetics of change varied according to the soil treatment. In the C soil, a significant increase was observed between the 3-leaf and early flowering stages (χ²= 11.1, p<0.05). In the P soil, potential protease activity did not change significantly until early flowering stage. By contrast, in the (C+R) and (P+R) soils, the activity increased strongly in the early stages of wheat development. In the (C+R) soil, an increase of approximately 70% was observed between sowing and the 3-leaf stage (χ²=17.2, p<0.01), whereas in the (P+R) soil, potential protease activity increased by 74% between sowing and the first tiller stage (χ²=13.3, p<0.05). Then, potential protease activity remained stable until early flowering in both soil treatments. Notably, in all soil treatments, potential protease activity decreased between the early flowering and maturity of wheat. This decrease was significant only in the P (χ²=16.3, p<0.05) and (C+R) soils (χ²=14.8, p<0.05).

Change in the soil variables

A PCA was designed to compare soil properties between treatments with wheat phenology (Fig. 2).

The first two PCs explained 54% of the total variability in the data (Fig. 2). PC1 explained 34% of the total variability and significantly differentiated (χ²=49.8, p<0.001) samples analyzed at the 3-leaf and first tiller stages from those analyzed at the other stages. PC2, which explained 20% of the total variability, significantly separated (χ²=4.7, p<0.05) previously pea-cropped soils (P and P+R soils) from the other soils, regardless of whether pea residues had been added.

The soil N contents were significantly different among the soil treatments at the beginning of (χ²=11.3, p<0.001 for mineral and extractable N, Table 1) and throughout the experiment (χ²=21.4, p<0.001 for mineral N; χ²=34.0, p<0.001 for extractable N; Table 2). Previously pea-cropped soils (P and P+R treatments) had the lowest soil N contents (Tables 1 and2). On average, soil mineral N was reduced by 36%, whereas soil extractable N decreased by 38% (P soils) to 44% (P+R soils) compared to that in the other soils (Table 2). MBN also differed among soil treatments from the beginning (χ²=4.0, p<0.05, Table 1) to the end (χ²=12.6, p<0.01, Table 2) of the experiment. At the beginning of the experiment, before incorporation of pea residues, MBN was approximately 10% higher in P soils than in C soils (Table 1). Throughout the experiment, the mean MBN tended to be higher in soils containing pea residues ((C+R) and (P+R) soils), but the differences were significant only between the P and (P+R) soils (Table 2). Soil extractable C, 16S rDNA and 18S rDNA were not influenced by soil treatments (Tables 1 and2).

All soil variables except extractable N were significantly influenced by wheat development (Table 2).

Mineral N steadily decreased with wheat phenology (χ²=17.3, p<0.01, Table 2). Soil extractable C (χ²=47.9, p<0.001, Table 2) increased 2.7 times between the first tiller and 2-node stages and then remained non significantly affected. MBN (χ²=27.3, p<0.001, Table 2) slowly decreased throughout wheat development. The 16S rDNA abundance (χ²=33.1, p<0.001, Table 2) significantly decreased between the vegetative and first reproductive stages of wheat (2-node stage) and then increased back to the initial levels at wheat maturity. The pattern of change in 18S rDNA abundance (χ²=37.8, p<0.001, Table 2) was different, with a significant increase only at the last two reproductive stages of wheat.

Change in wheat root traits

The PCA explained 69% of the total variance in the data and showed that root functional traits changed mostly according to wheat phenology and were not influenced by soil treatments (Fig. 3). The PC1 axis explained 50% of the total variation and clearly separated the vegetative stages (3-leaf and first tiller stages) from the late reproductive stages (early flowering and mature stages) (χ²=72.3, p<0.001). The PC2 axis explained 19% of the total variation and separated the 3-leaf and maturity stages from the intermediate wheat development stages (2-node and early flowering stages) (χ²=36.1, p<0.001).

Accordingly, all root traits except SRL were significantly influenced by wheat development (Table 3). HWR-N, HWR-C and root N uptake tended to decrease with wheat phenology (Table 3). HWR-N significantly decreased at the early flowering stage (χ²=54.4, p<0.001, Table 3), whereas HWR-C declined only between the 2-node and mature stages (χ²=17.4, p<0.01, Table 3). Root N uptake decreased successively at the 2-node stage and at maturity (χ²=61.4, p<0.001, Table 3). By contrast, root dry mass, total root length, RDMC and the percentage of fine roots tended to increase with wheat phenology (Table 3). Root dry mass (χ²=56.5, p<0.001, Table 3) and total root length (χ²=45.0, p<0.001, Table 3) increased until early flowering, while RDMC (χ²=71.8, p<0.001, Table 3) and the percentage of fine roots with a diameter < 0.1 mm (χ²=40.4, p<0.001, Table 3) or < 0.2 mm (χ²=53.8, p<0.001, Table 3) steadily increased until wheat maturity.

Relationship between potential protease activity, soil variables and root functional traits

RDAs were first used to assess how soil variables and root functional traits directly influenced soil protease activity during wheat development using all soil samples. MBN and 16S rDNA were identified as the most influential soil variables (r 2 =0.14, p<0.01, Fig. 4). Protease activity was significantly related to MBN (r=0.43, p<0.001) and only slightly related to 16S rDNA (r=-0.22, p=0.056). The percentage of fine roots with a diameter < 0.1 mm was the only root trait that influenced soil protease activity p<0.01,Fig. 5.).

Discussion

In this study, we examined how wheat root traits and pea organic inputs (crop residues and organic compounds derived from rhizodeposition) can influence soil protease activities. We expected that our approach would reveal a more comprehensive link by which variation in soil organic inputs and plant growth may influence soil protease activities.

We hypothesized that i) pea crop residues and organic inputs derived from pea rhizodeposition would increase soil protease activities in a similar manner along wheat development and ii) soil protease activities would be more stimulated in soil treatment combining both type of residues derived from pea than in single soil treatments. Our results showed that soil protease activities were only significantly increased in soils amended with pea residues ((C+R) and (P+R) treatments), at the 3-leaf stage of wheat. A similar level of soil protease activities was observed regardless of whether the soils were previously cropped with pea. By contrast, in control and previously pea-cropped soils (C and P treatments), soil protease activities were low and changed only slightly with wheat phenology. These results were only partially consistent with our hypothesis and suggested that previous pea cropping did not seem to influence soil protease activities. As protease activities were stimulated by the addition of pea crop residues, these enzymes were likely mainly regulated in soils by the availability of their substrates (Geisseler and Horwath, 2008;[START_REF] Geisseler | Relationship between carbon and nitrogen availability and extracellular enzyme activities in soils[END_REF]. Indeed, crop residues represent the major way in which proteins enter the soil [START_REF] Jan | Protein breakdown represents a major bottleneck in nitrogen cycling in grassland soils[END_REF][START_REF] Jones | Dissolved organic nitrogen uptake by plants -an important N uptake pathway ?[END_REF], particularly in pea residues, which contain at least twice as much proteins as cereal residues [START_REF] Jensen | Legumes for mitigation of climate change and the provision of feedstock for biofuels and biorefineries[END_REF][START_REF] Munier-Jolain | Are the carbon costs of seed production related to the quantitative and qualitative performance? An appraisal for legumes and other crops[END_REF]. Importantly, the increase in protease activities in soils amended with pea residues seemed to be short lived since this increase was observed only between 14 days and 41 days after residue incorporation. This result is in accordance with the fact that pea residue N mineralization is particularly fast compared to the N mineralization of other crops and occurs primarily between the first 40-70 days after incorporation into the soil [START_REF] Jensen | Nitrogen immobilization and mineralization during initial decomposition of 15Nlabelled pea and barley residues[END_REF].

Contrary to our predictions, organic N compounds derived from pea rhizodeposition had neutral effects on soil protease activities. As these compounds are supposed to be immobilized in the form of proteinaceous polymers in microbial products [START_REF] Gransee | Qualitative and quantitative analysis of water-soluble root exudates in relation to plant species and development[END_REF][START_REF] Jensen | Rhizodeposition of N by pea and barley and its effect on soil N dynamics[END_REF][START_REF] Mayer | Turnover of grain legume N rhizodeposits and effect of rhizodeposition on the turnover of crop residues[END_REF], they may have been additional substrates for proteases. Furthermore, we expected that protease activities would be more stimulated in previously pea-cropped soils amended with pea residues due to an increase in substrate diversity for microbial enzymes. Therefore, our findings support the results of previous studies (Hernandez and Hobbie, 2010;[START_REF] Orwin | Ecological consequences of carbon substrate identity and diversity in a laboratory study[END_REF], which suggested that maximization of enzyme activities is not always related to an increase in substrate diversity. Furthermore, our results highlighted that pea rhizodeposit-derived residues do not constitute readily utilizable substrates for soil proteases. These microbial products may be more likely to be transformed into stable soil N pools rather than relative labile forms, as observed for C derived from plant rhizodeposits [START_REF] Zhu | Fate of rice shoot and root residues, rhizodeposits, and microbial assimilated carbon in paddy soil -part 2: turnover and microbial utilization[END_REF]. Thus, the lack of induction of protease activity under such conditions suggests that soil protease activities not only are regulated by the availability of protein substrates but also could depend on the quality of these substrates [START_REF] Jan | Protein breakdown represents a major bottleneck in nitrogen cycling in grassland soils[END_REF]. In pure culture studies, microbial extracellular proteases present broad or narrow substrate specificity [START_REF] Waghmare | Purification and characterization of novel organic solvent tolerant 98 kDa alkaline protease from isolated Stenotrophomonas maltophilia strain SK[END_REF]. However, little is actually known about the functionalities of soil proteases, particularly how the diversity of soil proteins influences these activities [START_REF] Bach | Enumeration of total bacteria and bacteria with genes for proteolytic activity in pure cultures and in environmental samples by quantitative PCR mediated amplification[END_REF][START_REF] Fuka | Factors influencing variability of proteolytic genes and activities in arable soils[END_REF][START_REF] Gupta | Bacterial alkaline proteases: molecular approaches and industrial applications[END_REF][START_REF] Jan | Protein breakdown represents a major bottleneck in nitrogen cycling in grassland soils[END_REF][START_REF] Sakurai | Analysis of bacterial communities in soil by PCR -DGGE targeting protease genes[END_REF]. Based on the pea root biomass in our experimental conditions (around 15% of the total plant biomass at pea maturity, data not shown), N rhizodeposition should be of the same order of magnitude, as those described in the literature [START_REF] Fustec | Nitrogen rhizodeposition of legumes. A review[END_REF].

We have empirically estimated that the amounts of N entering the soil as rhizodeposits were 10 to 20 times lower than the amount of N from pea crop residues. Therefore, we cannot exclude also that the quantity of organic N compounds derived from pea rhizodeposition in previously pea-cropped soils was too low and too transient to increase soil protease activities.

While substrate induction seems to play a prevailing role in the regulation of soil protease activities, this mechanism of regulation is certainly not exclusive. Extracellular enzymes such as these are generally accepted to be energetically expensive to produce and may be regulated by the relative availability of labile C and N to microorganisms in soils [START_REF] Allison | Responses of extracellular enzymes to simple and complex nutrient inputs[END_REF][START_REF] Schimel | The implications of exoenzyme activity on microbial carbon and nitrogen limitation in soil: a theoritical model[END_REF]. Based on this paradigm, i) soil microbial biomass (to meet its nutritional needs) and ii) plants (through N uptake and C/N inputs into the soil) might also control soil protease activities.

Based on RDAs, we have solely identified the fine root length percentage as a weak contributor to the variation in soil protease activities. Interestingly, this relationship was observed only when we considered the pool of fine roots < 0.1 mm in diameter and not the commonly defined fine root pool with a diameter of < 0.2 mm [START_REF] Mccormack | Redefining fine roots improves understanding of below-ground contributions to terrestrial biosphere processes[END_REF][START_REF] Zobel | Fine roots -functional definition expanded to crop species?[END_REF]. Even if the adoption of different cut-off limits to define fine roots is questionable, this approach is likely to distinguish functional differences among fine roots that may be beneficial in providing a better understanding of the influence of these root traits on microbial activities [START_REF] Freschet | Sampling roots to capture plant and soil functions[END_REF]. As fine roots < 0.1 mm in diameter are assumed to have a shorter life span than higher-order fine roots, their negative relationships with protease activities could be attributable to the fact that the turnover of fine roots during wheat reproductive stages may provide a significant amount of labile N [START_REF] Steinauer | Spatial plant resource acquisition traits explain plant community effects on soil microbial properties[END_REF].

The increase in readily available resources could reduce the N microbial limitations and therefore would not require that microorganisms invest as much in the production of extracellular proteases.

We showed that other root traits, especially those related to plant competitive abilities for nutrients (SRL, HWR-N, root N uptake, and root biomass), have no direct contribution to variation in soil protease activities [START_REF] Kuzyakov | Competition between roots and microorganisms for nitrogen: mechanisms and ecological relevance[END_REF][START_REF] Roumet | Suites of root traits differ between annual and perennial species growing in the field[END_REF]. These results are in accordance with those of a previous study by [START_REF] Legay | Contribution of aboveand below-ground plant traits to the structure and function of grassland soil microbial communities[END_REF] showing that root traits have no direct effects on microbial processes implicated in N cycling. As observed in our study, even if the availability of mineral N decreases with phenology due to plant uptake or varies between soil treatments and thus may lead to competition between plants and microorganisms, it does not alter soil protease activities. This result strengthens the assumption that mineral N is not a driver of protease activities in soils (Geisseler and Horwath 2008;[START_REF] Jan | Protein breakdown represents a major bottleneck in nitrogen cycling in grassland soils[END_REF].

Conclusion

This study highlights that organic inputs, depending on their nature, are determining factors of the regulation of soil protease activities. Our results strongly suggest that substrate induction is the dominant mechanism regulating soil protease activities. Additional studies are necessary to analyze the influence of the quality and diversity of substrates on soil protease activity. Contrary to our expectations, we found that wheat root traits may explain only minor variation in soil protease activities. However, our results emphasize the need to consider fine roots more accurately by defining functional groups among fine root pools to increase our understanding of the impact of plant species on other soil microbial activities implicated in N mineralization. Solid line is the explanatory soil variable, dashed line is protease activity (dependent variable). As only one dependent variable was selected, RDA was constructed with only one constrained ordination axe (RDA 1), the second axe being an unconstrained residual axe (PC 1). The RDA was significant at P < 0.01 and explained 8.2% of the variation. 
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Table 1 .

 1 Control soil (C) and soil previously cropped with pea (P) characteristics before planting. Values are average ± SEM. n: number of replicates, MBN: microbial biomass N, P soil: soil previously cropped with pea, C soil: control soil. Significance: n.s. = not significant,* p < 0.05, ** p < 0.01, *** p < 0.001.

	Variables	P soil	C soil	Χ²
	Sample size	8	8	
	Protease activity (μg Tyr h -1 g -1 dry soil)	45.1 ± 3.7	50.8 ± 5.9	0.4 n.s.
	Mineral N (µg N g -1 dry soil)	37.3 ± 3.0	63.2 ± 2.4	11.2***
	Extractable C (µg C g -1 dry soil)	28.6 ± 3.1	24.7 ± 1.3	0.7 n.s.
	Extractable N (µg N g -1 dry soil)	14.6 ± 0.8	37.7 ± 0.8	11.2***
	MBN (µg C g -1 dry soil)	56.8 ± 1.3	51.4 ± 1.5	3.9*
	16S rDNA (copies g-1 dry soil)	2.58 10 7 ± 9.14 10 6	6.36 10 7 ± 1.64 10 7	2.4n.s.
	18S rDNA (copies g-1 dry soil)	7.30 10 5 ± 2.14 10 5	1.01 10 6 ± 3.70 10 5	0.5n.s.

Table 2 .

 2 Average ± SEM of the soil variables in the 4 soil treatments and along wheat phenology. Different letters indicate significant differences between means (P < 0.05). Soil treatments: C soil, control soil; C+R soil, soil amended with pea residues; P soil, soil previously cropped with pea; P+R soil, P soil amended with pea residues. Significance: n.s. = not significant,* p < 0.05, ** p < 0.01, *** p < 0.001.

	Soil treatments

Table 3 .

 3 Average ± SEM of the root functional traits in the 4 soil treatments and along wheat phenology. Different letters indicate significant differences between means (P < 0.05). HWR-C: hot water extractable root C, HWR-N: hot water extractable root N. Soil treatments: C soil, control soil; C+R soil; soil amended with pea residues; P soil, soil previously cropped with pea; P+R soil, P soil amended with pea residues. Significance: n.s. = not significant,* p < 0.05, ** p < 0.01, *** p < 0.001

	Soil treatments
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