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Arbuscular mycorrhizal fungi (AMF) are generally involved in the adaptation of native plants to ultramafic soils, especially in New Caledonia. These soils are deficient in major elements, particularly in phosphorus (P), and are rich in potentially toxic metals such as nickel, chromium, cobalt, and manganese. We aimed to test the effects of increasing P doses on mycorrhizal functions of plants grown on P-deficient ultramafic soil. We analyzed the effects of soil P fertilization on growth, mineral nutrition and potentially toxic metal absorption of plants inoculated or not with AMF native isolates. Three endemic plants frequently used in the ecological restoration were tested: Metrosideros laurifolia (Myrtaceae), Alphitonia neocaledonica (Rhamnaceae), and Tetraria comosa (Cyperaceae). They were grown in pots supplied with different doses of P, after being inoculated or not with AMF. P fertilization increased greatly the growth rate of all three species. In pots non-supplied with P, only M. laurifolia showed a higher growth rate when inoculated with AMF, but all plant species showed different positive effects of mycorrhizal symbiosis, such as better mineral nutrition, particularly for potassium (K) and calcium and a higher calcium/magnesium values (Ca/Mg). Mycorrhizal colonization was not reduced by P supply, but the specific positive effects of AMF on growth and mineral nutrition were reduced or suppressed. Negative effects of P fertilization on mycorrhizal functions were induced without reduction of mycorrhizal colonization. As the adaptive traits of the three plants to ultramafic soils were obtained by a reduction of their growth rate, we hypothesized that the high increase of this growth rate induced by P fertilization could have altered this adaptive structure.

Introduction

Ultramafic soils are generally characterized by low levels of major elements and high concentrations of different potentially toxic metals [START_REF] Brooks | (ed) Serpentine and its vegetation. A multidisciplinary approach[END_REF]. The low calcium/magnesium values (Ca/Mg < 1) of these soils is also a limiting factor for plant growth, because Ca absorption is restricted by the competition with Mg cations [START_REF] Proctor | Vegetation and soil and plant chemistry on ultramafic rocks in the tropical Far East[END_REF]Jaffré and L'Huillier 2010a). New Caledonia ultramafic soils are generally highly deficient in phosphorus (P) and potassium (K) and the availability of potentially toxic metals such as nickel (Ni), chromium (Cr), cobalt (Co), and manganese (Mn) can be very high in some soils, particularly in the rhizosphere [START_REF] Jaffré | Étude écologique du peuplement végétal des sols dérivés de roches ultrabasiques en Nouvelle Calédonie[END_REF][START_REF] Amir | Relationships between extractable Ni, Co and other metals and microbiological characteristics of different ultramafic soils from New Caledonia[END_REF]. In addition, New Caledonian ultramafic maquis are subject to large fluctuations of water availability inducing water stress (Jaffré and L'Huillier 2010a).

In these extreme conditions, mycorrhizal symbioses can have a great importance [START_REF] Amir | Les bactéries et les champignons du sol sur roches ultramafiques[END_REF][START_REF] Jourand | Nickel-tolerant ectomycorrhizal Pisolithus albus ultramafic ecotype isolated from nickel mines in New Caledonia strongly enhance growth of a host plant at toxic nickel concentrations[END_REF][START_REF] Amir | Arbuscular mycorrhizal fungi, from New Caledonian ultramafic soils, improve tolerance to nickel of endemic plant species[END_REF]. Arbuscular mycorrhizal fungi (AMF) have been reported to improve particularly P and K absorption in these soils [START_REF] Amir | Arbuscular mycorrhizal fungi, from New Caledonian ultramafic soils, improve tolerance to nickel of endemic plant species[END_REF][START_REF] Amir | Arbuscular mycorrhizal fungi and sewage sludge enhance growth and adaptation of Metrosideros laurifolia on ultramafic soil in New Caledonia: a field experiment[END_REF][START_REF] Crossay | Is a mixture of arbuscular mycorrhizal fungi better for plant growth than single-species inoculants?[END_REF]. They also improve the unbalanced Ca/Mg value [START_REF] Amir | Arbuscular mycorrhizal fungi and sewage sludge enhance growth and adaptation of Metrosideros laurifolia on ultramafic soil in New Caledonia: a field experiment[END_REF][START_REF] Crossay | Is a mixture of arbuscular mycorrhizal fungi better for plant growth than single-species inoculants?[END_REF]) and enhance plant tolerance to metal toxicity [START_REF] Khade | Feasible bioremediation through arbuscular mycorrhizal fungi imparting heavy metal tolerance: a retrospective[END_REF][START_REF] Amir | Role of mycorrhizal fungi on the alleviation of heavy metal toxicity on plant[END_REF][START_REF] Crossay | Is a mixture of arbuscular mycorrhizal fungi better for plant growth than single-species inoculants?[END_REF]). These AMF effects have been considered important traits of plant adaptation to ultramafic conditions [START_REF] Amir | Arbuscular mycorrhizal fungi and sewage sludge enhance growth and adaptation of Metrosideros laurifolia on ultramafic soil in New Caledonia: a field experiment[END_REF][START_REF] Crossay | Is a mixture of arbuscular mycorrhizal fungi better for plant growth than single-species inoculants?[END_REF].

Phosphorus is central in mycorrhizal symbiosis because it is generally weakly available for plant and AMF contribute to its absorption [START_REF] Smith | Mycorrhizal Symbiosis, 3rd edn[END_REF]. High levels of available P (when > 100 mg kg -1 ) generally reduce mycorrhizal colonization and AMF efficiency [START_REF] Schubert | Plant growth responses to vesiculararbuscular mycorrhiza: XVI. Effectiveness of different endophytes at different levels of soil phosphate[END_REF][START_REF] Marschner | Mineral Nutrition of Higher Plants[END_REF][START_REF] Smith | Mycorrhizal Symbiosis, 3rd edn[END_REF]. Indeed, the plant may not need fungal symbionts when P is not a limiting factor and can control AMF colonization through the C efflux to the roots [START_REF] Marschner | Mineral Nutrition of Higher Plants[END_REF][START_REF] Smith | How useful is the mutualism-parasitism continuum of arbuscular mycorrhizal functioning?[END_REF]. The effect of P deficiency (particularly when available P < 10 mg kg -1 ) is less documented. However, some studies have reported that low levels of available P limit AMF symbiosis by inducing weak root colonization [START_REF] Abbott | The effect of phosphorus on the formation of hyphae in soil by the vesicular-arbuscular mycorrhizal fungus, Glomus fasciculatum[END_REF][START_REF] Amir | Les bactéries et les champignons du sol sur roches ultramafiques[END_REF][START_REF] Lagrange | Mycorrhizal status of Cyperaceae from New Caledonian ultramafic soils: effects of phosphorus availability on arbuscular mycorrhizal colonisation of Tetraria comosa in field conditions[END_REF]. [START_REF] Lambers | Plantmicrobe-soil interactions in the rhizosphere: an evolutionary perspective[END_REF] suggested that mycorrhiza symbiosis may not be effective for the plant in P-deficient soils, particularly when P is strongly sorbed onto soil particles. In these conditions, plant anabolism is weak affecting the C transfer. [START_REF] Lagrange | Mycorrhizal status of Cyperaceae from New Caledonian ultramafic soils: effects of phosphorus availability on arbuscular mycorrhizal colonisation of Tetraria comosa in field conditions[END_REF], working on Tetraria comosa, have shown a clear increase of AMF colonization in field conditions after soil fertilization with 218 kg ha -1 of P.

P enrichment of the substrate is necessary for ecological restoration of mining-degraded areas in New Caledonia. However, it is important to assess the effects of this enrichment on ecosystem functions, particularly on AMF symbiosis. We studied the effects of mineral phosphorus fertilization on this symbiosis in a Ferralsol (lateritic ultramafic soil) characterized by a very low concentration of available P (3.5 mg kg -1 ). We aimed to determine the approximate level of P supply which could be used to increase plant growth, without disturbing plant adaptation processes. Since plant species endemic to New Caledonian ultramafic soils are tightly adapted to this environment, we hypothesized that there could be a threshold of P supply beyond which AMF functions would be disturbed. The experiment was conducted in greenhouse conditions with three endemic pioneer species having different mycorrhizal statuses and frequently used for ecological restoration of degraded areas. The shrub Metrosideros laurifolia (Myrtaceae) has been tested as having a good affinity with AMF [START_REF] Crossay | Is a mixture of arbuscular mycorrhizal fungi better for plant growth than single-species inoculants?[END_REF]; Alphitonia neocaledonica (shrub, Rhamnaceae) was considered an arbuscular mycorrhizal, but moderately colonized by these symbionts [START_REF] Amir | Arbuscular mycorrhizal fungi, from New Caledonian ultramafic soils, improve tolerance to nickel of endemic plant species[END_REF]. Tetraria comosa (syn. Costularia comosa) is a sedge (Cyperaceae). This family is generally considered a non-mycorrhizal, but T. comosa has been reported as functionally mycorrhizal at a low level of AMF colonization [START_REF] Lagrange | New insights into the mycorrhizal status of Cyperaceae from ultramafic soils in New Caledonia[END_REF]2013). This sedge is also considered oligotrophic, with lower P requirements than other plants (Jaffré and L'Huillier 2010a, b). Different positive effects of AMF inoculation have been reported for the three species [START_REF] Amir | Arbuscular mycorrhizal fungi, from New Caledonian ultramafic soils, improve tolerance to nickel of endemic plant species[END_REF][START_REF] Lagrange | Mycorrhizal status of Cyperaceae from New Caledonian ultramafic soils: effects of phosphorus availability on arbuscular mycorrhizal colonisation of Tetraria comosa in field conditions[END_REF][START_REF] Crossay | Is a mixture of arbuscular mycorrhizal fungi better for plant growth than single-species inoculants?[END_REF]. We aimed to test the effects of increasing P doses on these mycorrhizal functions. The clear differences between these three species were assumed to induce different responses to P fertilization.

We analyzed the effects of P supply on parameters related to AMF functions: mycorrhizal colonization; P, K, and Ca absorption; Ca/Mg value; and potentially toxic metal alleviation.

Materials and Methods

Soil Used

The soil used is a highly weathered Geric Ferralsol [START_REF] Becquer | Mineralogical, chemical and charge properties of Geric Ferralsols from New Caledonia[END_REF] collected from an ultramafic ligno-herbaceous maquis in the Plum area (22°16′59″S, 166°39′12″E). Its physicochemical characteristics are as follow: organic carbon (C) 4.56%; total nitrogen (N) 0.22%; C/N 20.0; pH (H2O) 5.34; total P 192.4 mg kg -1 ; available P (Olsen) 3.5 mg kg -1 ; total Ca 0.09%; KCl-extractable Ca 79 mg kg -1 ; total Mg 0.72%; total sodium (Na) 93.6 mg kg -1 ; total K 682.7 mg kg -1 ; total iron (Fe) 37.8%; total Mn 1.43%; total Ni 0.54%; total Co 0.12%; total Cr 3.67%; dimethylenetriaminopentaacetic acid (DTPA) extractable elements: K 40.1 mg kg -1 ; Mg 170 mg Kg -1 ; Mn 1,116 mg kg -1 ; Fe 106 mg kg -1 -1; Ni 116 mg kg -1 ; Co 79 mg kg -1 ; Cr 0.6 mg kg -1 .

Plant Species

Three endemic plant species frequently used for ecological restoration of mining-degraded areas [START_REF] Wulff | Espèces indigènes utilisables en revégétalisation[END_REF] were chosen for greenhouse experiment: two shrubs Metrosideros laurifolia (Myrtaceae) and Alphitonia neocaledonica (Rhamnaceae) and one of the most abundant species in herbaceous stratum in ultramafic maquis, Tetraria comosa (ex-Costularia comosa, Cyperaceae).

The seeds of A. neocaledonica having dormancy were heat-treated by 5 min immersion in a hot water (80 °C). Then the seeds of the three species were surface disinfected in a 1.25% solution of sodium hypochlorite (12° chlorometric) for 15 min and rinsed with distilled water in sterilized Petri dishes. After disinfection, the seeds were sown on sterilized vermiculite (autoclaved for 60 min at 120 °C), before transferring to experimental pots in ultramafic soil.

Pots Preparation for Greenhouse Experiment

The transfer of the seedlings from vermiculite to soil was performed after 1 month for A. neocaledonica, 4 months for M. laurifolia, and 5 months for T. comosa (the seedlings of the two latter species are fragile and cannot be transferred successfully at an earlier stage). A. neocaledonica and M. laurifolia were transferred in 2-L pots and T. comosa in 1-L pots. As the growth of these species is very slow in pure ultramafic soil, a mixture of 75% 2 mm sieved ultramafic soil and 25% (v/v) commercial compost (Terreau universel, AgrofinoFrance) was used. The composition of the commercial compost was as follows: N 1.7 mg g -1 , P total 150 mg kg -1 , P Olsen 7 mg kg -1 , and K 139 mg kg -1 . If we consider the concentration of P in this compost, the increase in available P of the initial soil would be low (1.75 mg kg -1 ). This mixture was autoclaved 3 times for 1 h at 120 °C, with an interval of 24 h. For each treatment and each species, 10 pots containing one individual plant were prepared. A plastic cup was placed under each pot to avoid losing elements by draining water.

Plant Inoculation with AMF

We used a mix of three selected isolates of AMF from ultramafic soils, previously tested in greenhouse conditions and described [START_REF] Gensous | Les champignons mycorhiziens à arbuscules des sols ultramafiques de Nouvelle-Calédonie[END_REF]. They were selected for their tolerance to Ni, their spore production, and their positive effect on sorghum growth. These isolates have been characterized by sequence analysis of a part of the SSU rDNA: PSB1 (98% of similarity with Claroideoglomus etunicatum), PSO1, and RARC (the two showed 98% of similarity with Acaulospora rugosa). Their morphological characteristics confirmed this identification. The accession numbers are as follow: PSB1, Gb_MH424515; PSO1, Gb_MH424516; RARC, Gb_MH424517. Spores of each AMF isolate were produced separately on a sorghum culture grown for 5 months, on a non-ultramafic soil, autoclaved three times at 120 °C for 1 h, with an interval of 24 h. The spores were isolated by wet sieving (36 µm) and centrifugation using a 50% sucrose solution, and then thoroughly rinsed with water. They were immediately transferred to Petri dishes and counted under stereomicroscope. The plants were inoculated with a mix of spore suspensions of the three isolates at the following proportions (according to the spore production of each isolate): PSB1, 60%; PSO1, 25%; and RARC, 15%. For each plant, 2 mL of suspension containing about 100 spores was applied on the root system when transferred into the pots. Non-inoculated pots received 2 mL of the same suspension filtered through a 20-mm mesh size sieve.

Mineral Fertilization

To avoid the limitation effects of N and K deficiency when P was added, it was necessary to fertilize the soil with these two elements. They were added as Azolon 38 N (slowrelease granules of methylene urea with 38% nitrogen) and potassium sulfate (K 2 O 50%) at the same dose for all treatments for a given plant. The P was added as triple superphosphate (48%). The doses were chosen, in relation to the needs of these plants given by Jaffré and L'Huillier (2010a, b) and [START_REF] Wulff | Espèces indigènes utilisables en revégétalisation[END_REF]. For each plant species inoculated or not, five treatments differing only for P supply were tested. Table 1 gives the different doses used expressed in mg kg -1 of each of the three elements. For T. comosa (oligotrophic herbaceous with a slow growth rate), the doses of P, N, and K were lower than the two other species because a preliminary experiment revealed lower needs for these elements. In particular, the dose P4 used for the two other species induced high mortality of the plantlets during the first month in the greenhouse [START_REF] Gensous | Les champignons mycorhiziens à arbuscules des sols ultramafiques de Nouvelle-Calédonie[END_REF]. The mineral supply was added only 45 days after the beginning of the experiment and was completed progressively, with 25% per week during four weeks, to avoid any toxicity for the small seedlings (this toxicity was observed on a preliminary experiment, particularly for T. comosa).

The pots (10 per treatment for each plant) were maintained under greenhouse conditions (23-28 °C day; 17-24 °C night), with daily watering to field capacity and partial shading.

Plant Growth and Mycorrhizal Colonization

The experiment ended 442, 367, and 440 days after the transfer to the pots respectively for A. neocaledonica, M. laurifolia, and T. comosa. The plants were then recovered with all their roots and washed to remove the soil. The root system and the aerial parts were separated and put in a dry chamber at 60 °C for 3 days to obtain the dry biomass.

Mycorrhizal colonization was estimated at the end of the experiment. For each treatment, about 0.5 g of fine roots of 5 randomly sampled plants were taken for mycorrhizal colonization assessment (for each pot, the roots were collected from three different points of the root system which colonized the pot without being very tight). The roots were stained with Trypan blue [START_REF] Koske | A modified procedure for staining roots to detect VA Mycorrhizas[END_REF]. Root fragments were placed in a 10% potassium hydroxide (KOH) bath at 90 °C for 90 min. The roots were then rinsed in distilled water, soaked for few hours in 1% hydrochloric acid (HCl), and stained with Trypan blue (15 min at 90 °C). For 1 3

each plant, at least 25 root segments of 1-2 cm length were mounted on glass slides in 10% glycerol and observed under an optical microscope. A root segment was considered to be colonized by AMF when typical vesicles or intracellular hyphal coils were identified. The intensities of arbuscular mycorrhizal colonization, i.e., mycorrhizal density (M %) and mycorrhizal frequency (F%), were determined according to [START_REF] Trouvelot | Mesure du taux de mycorhization VA d'un système radiculaire. Recherche de méthodes d'estimation ayant une signification fonctionnelle[END_REF]. The abundance of arbuscules was not quantified because they were not clearly visible (it is frequently the case in New Caledonian ultramafic soils).

Chemical Analyses

Before and at the end of the experiment, available P in soil was estimated using Olsen method, even if it has drawbacks in acidic soils. According to [START_REF] Fardeau | Pourquoi choisir la méthode Olsen pour estimer le phosphore « assimilable » des sols ?[END_REF], this method is better for agronomic uses than Dyer method which generally overestimates the biologically available P. At the end of the experiment, the plants were collected; the roots were separated from the shoots, and the organs were thoroughly washed. As the analyses need to have a total of at least 0.5 g of dry biomass to assess the plant mineral nutrition, the plant weight was not sufficient for some treatments (in pots non-supplied with P). It was then necessary to gather the samples of roots and shoots by two or three to obtain sufficient quantities of dry matter, and this was done for all treatments. Thus, only four samples of roots and shoots were finally obtained and analyzed. The samples were dried and ground to determine P, K, Ca, and Mg concentrations. Ca/ Mg value was also calculated. Potentially toxic metal concentrations (Co, Ni, Cr) in shoots and roots were determined.

The translocation factor (TF) defined as the ratio of metal concentration in shoots to that in roots was then calculated.

All the analyses were done by ICP spectrophotometer at the chemistry laboratory of IRD (LAMA IRD Noumea) as described in [START_REF] Perrier | Occurrence of mycorrhizal symbioses in the metal-rich lateritic soils of the Koniambo Massif, New Caledonia[END_REF].

Data Analyses

The effects of two factors and their interaction were tested: inoculation with AMF and P supply. A significant interaction indicates that the effect of inoculation depends on the level of P supply. As the distribution of most of the variables was not homoscedastic, we used two-way PERMANOVAs fixed models to identify the significant effects, using 999 unrestricted permutations of the raw data. If PERMANOVA test was found to be significant (p ≤ 0.05), pair-wise post hoc permutation tests were used to identify the source of differences between groups. We also tested the effect of P supply on mycorrhizal colonization for all three species pooled together. A standardization within species was performed before the test to get comparable data. The same analysis was performed to test globally the effect of AMF inoculation and P supply on Ca/Mg value with the values of the three species considered together. A multiple correlation test was used to assess the links between mycorrhizal colonization and metal concentrations in shoots and roots. All analyses were performed using Statgraphics v19 and Primer v7 softwares.

Results

Plant Growth

P supply had a strong effect on the growth of all species (Fig. 1). For A. neocaledonica and T. comosa, the biomass increased in proportion to the P dose. In pots non-inoculated with AMF, the smallest dose (P1) induced respectively 880% and 100% more shoot biomass for these two species, whereas P4 dose increased the shoot biomass by 2000% and 330% respectively. For M. laurifolia, a 28-fold increase of shoot biomass was observed for the P1 dose in comparison to P0. However, there were no significant differences between the different P doses in terms of plant biomass for non-inoculated plants, with the exception of the root biomass in P4 pots, which was significantly higher than that of the other treatments.

AMF inoculation did not have the same effect on the plant growth of the three plant species. In pots without P supply (P0), A. neocaledonica and T. comosa shoot and root biomasses were not significantly different at the end of the experiment, whether they were inoculated or not. On the contrary, M. laurifolia shoot and root growth was significantly improved by AMF symbiosis for P0 treatment (a 5.8fold increase of shoot biomass). AMF inoculation did not influence A. neocaledonica and T. comosa biomasses for all P doses, except for A. neocaledonia P4 dose, which showed a significant increase of shoot biomass in presence of AMF. The growth of M. laurifolia was not changed by AMF at P1 and P2 doses but was reduced for P3 and P4 doses, respectively, for shoots and roots. P dose globally influenced the AMF effect for M. laurifolia and A. neocaledonica, but not for T. comosa.

Mycorrhizal Colonization

Mycorrhizal colonization of the plants not inoculated with AMF was nil or lower than 1%. Overall, M. laurifolia showed the highest levels of mycorrhizal colonization of the fine roots (15% at P0), whereas A. neocaledonica and T. comosa had lower levels (7-8% at P0) (Fig. 2). No significant differences were detected between the P treatments for the three plants taken separately, because of the high variability of the values and their distribution.

The values of mycorrhizal frequency (F%) varied from 64 to 81% but without any significant differences between the three plants and between the different treatments (data not shown).

Mineral Nutrition

P supply increased not only P absorption for the three plant species, but also K and Ca nutrition for A. neocaledonica and K nutrition for M. laurifolia and T. comosa (Table 2). For these two latter species, Ca concentration in shoots seemed to be reduced by P enrichment (p = 0.001 and p = 0.005).

The influence of AMF inoculation on the mineral nutrition of A. neocaledonica was not significant for all P doses when taken separately (Table 2). However, a global positive effect of AMF was detected for K concentrations (p = 0.041). For M. laurifolia, in absence of P supply, mineral nutrition was improved by AMF inoculation: K and Ca concentrations in shoots were significantly higher than those of non-inoculated plants. P concentration was not significantly enhanced, but the amounts of P absorbed by each plant were higher in presence of AMF because of their bigger volume enhanced by AMF (P absorbed per plant in presence of AMF was 0.57 g which was 6.3 times more than the control, 0.09 g). edonica,M. laurifolia and T. comosa at the end of the experiment (442, 367, and 440 days after inoculation with arbuscular mycorrhizal fungi, respectively for the three species). Effects of increasing doses of phosphorus supply (P0, P1, P2, P3, P4) and AMF inoculation. For each graph, means followed by the same letter do not differ significantly (two-way PERMANOVA followed by pair-wise permutation test; n = 10). The statistical significance of global effects and their interaction are given under the graphs. Significant interaction means that the effect of inoculation depends on P supply. NS: non-significant Fig. 2 Effects of increasing doses of phosphorus supply (P0, P1, P2, P3, P4) on mycorrhizal colonization, M% (mean ± SE), of inoculated plants of A. neocaledonica, M. laurifolia, and T. comosa at the end of the experiment (442, 367, and 440 days after inoculation with arbuscular mycorrhizal fungi, respectively for the three species). For all non-inoculated plants, mycorrhizal colonization was nil or lower than 1%. For each graph, means followed by the same letter do not differ significantly (two-way PERMANOVA followed by pair-wise permutation test; n = 5) Overall, P supply reduced the effects of AMF on K and Ca concentrations in shoots of M. laurifolia: Only Ca concentration at P1 dose was significantly higher in presence of AMF when compared to non-inoculated plants. For T. comosa, no clear improvement of mineral nutrition was observed; a significant reduction of Ca concentration was even noted for P0, P1, and P4 doses, and a global reduction of P concentration in shoots was noted in P amended soils (p = 0.006). Available P in soil, at the end of the experiment, increased from P0 to P4 dose (Table S1), reaching about 200 mg kg -1 for P4 dose in A. neocaledonica pots, 350 mg kg -1 in M. laurifolia pots, and 60 mg kg -1 in T. comosa pots. No differences were detected between AMF-inoculated and noninoculated pots for A. neocaledonica and M. laurifolia. P-amended soil of T. comosa showed globally lower available P in AMF-inoculated pots when compared to noninoculated ones (p = 0.011), as also revealed by interaction significance (p = 0.007).

AMF inoculation showed a global positive effect on Ca/ Mg value for A. neocaledonica and M. laurifolia (p = 0.001 and 0.006) (Fig. 3). This effect is higher in absence of P supply (P0), with Ca concentrations two times higher than in non-inoculated plants (Table S2). For C. comosa at P0, the value of Ca/Mg in AMF inoculated pots was two times higher than the control (Mg uptake was lower), but the difference was not detected as significant. However, P supply globally reduced this ratio for this plant species (p = 0.001) and interacted with the effect of the AMF (p = 0.012). When considering the Ca/Mg values of the three species altogether, the global effect of AMF inoculation was significant (p < 0.05); and P0 values were found significantly higher for inoculated plants than all the P supplied pots taken together (p < 0.01).

Metal Concentrations in Plant

The effects of tested treatments on Ni, Co, and Cr shoot concentrations were mostly not significant when taken separately (Table S3). However, P supply globally reduced Ni concentrations for A. neocaledonica (p = 0.002). AMF inoculation significantly increased Co concentrations in P2, P3, and P4 amended soils. Cr concentrations were also globally increased by AMF (p = 0.001). For M. laurifolia, AMF inoculation globally enhanced Co concentrations (p = 0.004). For T. comosa, Ni concentration was globally reduced by AMF (p = 0.045), particularly in pots non-amended with P.

In roots, for A. neocaledonica, Ni and Cr concentrations were reduced by AMF inoculation at P0 and P1 doses, and Co was reduced only at P1 dose (Table S4). For M. laurifolia, AMF inoculation globally reduced Ni and Cr concentrations (p = 0.023; p = 0.019 respectively). Ni concentration in roots of T. comosa was globally decreased (p = 0.017), and Cr concentration was globally enhanced (p = 0.001); Co concentration was increased at P1 dose.

Metal translocation factors did not reveal significant effects (data not shown). Correlations tests were not able to detect significant links between mycorrhizal colonization and metal contents in shoots and roots of the three plants.

Discussion

The three endemic plant species already studied for their mycorrhizal status [START_REF] Lagrange | New insights into the mycorrhizal status of Cyperaceae from ultramafic soils in New Caledonia[END_REF][START_REF] Amir | Arbuscular mycorrhizal fungi, from New Caledonian ultramafic soils, improve tolerance to nickel of endemic plant species[END_REF][START_REF] Crossay | Is a mixture of arbuscular mycorrhizal fungi better for plant growth than single-species inoculants?[END_REF] were affected differently by P fertilization when grown in a highly P deficient ultramafic soil. The stars indicate significant differences with the noninoculated corresponding treatment for the same P dose; the PER-MANOVA could not give all the significances two by two because of uncertainty (two-way PERMANOVA followed by pair-wise permutation test; n = 4). The statistical significance of global effects and their interaction are given under the graphs. Significant interaction means that the effect of AMF inoculation depends on P supply. NS: nonsignificant

Effects of P Supply on Plant Growth

P deficiency appeared to be clearly limiting to plant growth rate. Indeed, plant biomass has been highly enhanced by P mineral supply for the three species, even at the lower dose used (P1) corresponding to about 80 mg kg -1 of total P added to the soil. This dose represented an increase of 43% in the total P. Available P concentration at the beginning of the experiment represents about 5% of the total P in the nonfertilized soil. At the end of the experiment, available P in soil for non-inoculated P1 pots were as follows: 22 mg kg -1 for A. neocaledonica (11% of the total P), 8 mg kg -1 M. laurifolia (4% of the total P), and 3 mg kg -1 for T. comosa (1.5% of the total P). Even if a part of the available P was absorbed during plant growth, as shown by the increase of P concentrations in plant organs, it seems that moderate levels of available P induce important increases of plant biomass, particularly for A. neocaledonica and M. laurifolia (respectively tenfold and 28-fold increase of aerial biomass). This clear effect of P fertilization on plant productivity of serpentine ecosystems has already been reported in a 10-year field experiment [START_REF] Chiarucci | Long-term effects of climate and phosphorus fertilization on serpentine vegetation[END_REF] and in field culture of maize on New Caledonian ultramafic area (L 'Huillier et al. 1998). Overall, our results indicate that mineral P fertilization is suitable to enhance plant growth for ecological restoration of mining-degraded ultramafic areas. However, P supply had consequences in AMF symbiosis.

Effects of P Supply on Mycorrhizal Colonization

The relatively low levels of mycorrhizal colonization, as obtained here in non-fertilized pots, are frequently observed in New Caledonian ultramafic maquis, with values of M varying generally between 1 and 30% [START_REF] Perrier | Occurrence of mycorrhizal symbioses in the metal-rich lateritic soils of the Koniambo Massif, New Caledonia[END_REF], and have been related to the low productivity of the plants in these ecosystems [START_REF] Amir | Arbuscular mycorrhizal fungi and sewage sludge enhance growth and adaptation of Metrosideros laurifolia on ultramafic soil in New Caledonia: a field experiment[END_REF]. This low productivity means low energy produced by photosynthesis and then fewer carbon nutrients for AMF. P mineral fertilization did not reduce mycorrhizal colonization; the values were even higher for P2, P3, and P4 doses, but not significant. An increase of mycorrhizal colonization after P fertilization (dose equivalent to P2 used here) has been observed for T. comosa in field conditions [START_REF] Lagrange | Mycorrhizal status of Cyperaceae from New Caledonian ultramafic soils: effects of phosphorus availability on arbuscular mycorrhizal colonisation of Tetraria comosa in field conditions[END_REF]) confirming that P deficiency in ultramafic soils is limiting to AMF symbiosis. Other studies have shown a positive effect of P supply on mycorrhizal colonization in P deficient soils [START_REF] Abbott | The effect of phosphorus on the formation of hyphae in soil by the vesicular-arbuscular mycorrhizal fungus, Glomus fasciculatum[END_REF][START_REF] Bolan | Increasing phosphorus supply can increase the infection of plant roots by vesicular arbuscular mycorrhizal fungi[END_REF]. At the end of the experiment, P available concentrations in soil non-supplied with P was low (1 to 9 mg kg -1 depending on treatment) confirming that the addition of 25% commercial compost did not change the low availability of P (3.5 mg kg -1 in the same soil without compost). [START_REF] Schubert | Plant growth responses to vesiculararbuscular mycorrhiza: XVI. Effectiveness of different endophytes at different levels of soil phosphate[END_REF] considered that mycorrhizal development in onion plants was optimal at 50 mg kg -1 of available P in agricultural soils. However, this concentration can vary depending on soil characteristics. In New Caledonian Ferralsols, P is strongly adsorbed to iron oxides [START_REF] Dubus | Phosphorus sorption and desorption in oxide-rich ferrasols of New Caledonia[END_REF]Jaffré and L'Huillier 2010b). L 'Huillier et al. (1998), trying to grow maize on a New Caledonian ultramafic area, reported that the ability of these soils to adsorb P is exceptional; it was necessary to add more quantities of mineral P, in comparison with other soils, to obtain the same results. This means therefore that levels of available P higher than 50 mg kg -1 are needed to obtain the same effect on mycorrhizal colonization, than those obtained on agricultural soil. This can explain why mycorrhizal colonization was not inhibited, even for the higher doses of P. For example, P available concentrations in the soil of P3 non-mycorrhizal treatment at the end of the experiment were 79 mg kg -1 and 113 mg kg -1 , respectively, for the two shrubs A. neocaledonica and M. laurifolia and 65 mg kg -1 for the sedge T. comosa.

Effects of P Supply on Mycorrhizal Functions

The three plant species responded differently to AMF inoculation in pots supplied with different doses of P. For A. neocaledonica and T. comosa in non-fertilized pots, no significant mycorrhizal growth response (MGR) was observed. This was true also in P fertilized pots, with the exception of the P4 dose which induced a significant MGR on A. neocaledonica shoots. However, as stressed by [START_REF] Smith | Fresh perspectives of the roles of arbuscular mycorrhizal fungi in plant nutrition and growth[END_REF] plants can obtain benefits from mycorrhizal symbiosis even in absence of MGR, particularly in P deficient soils. Indeed, some aspects of mineral nutrition were improved by AMF inoculation. K concentration was globally increased by the symbionts in shoots of A. neocaledonica. For M. laurifolia, in absence of P supply, an important MGR was noted on shoots and roots. Correlatively, K and Ca concentrations in shoots were enhanced. Ultramafic soils are mostly deficient for K and Ca (Jaffré and L'Huillier 2010b), and it was particularly the case for the soil tested in our experiment. Orlowska et al. (2011) also reported an increase of K and Ca concentrations in shoots of Berkheya coddii inoculated with AMF in ultramafic soil from South Africa. [START_REF] Doubkova | The symbiosis with arbuscular mycorrhizal fungi contributes to plant tolerance to serpentine edaphic stress[END_REF] showed that inoculation of plants grown in ultramafic soils with a native AMF isolate increased shoot Ca concentrations. According to [START_REF] Doubkova | Arbuscular mycorrhizal symbiosis alleviates drought stress imposed on Knautia arvensis plants in serpentine soil[END_REF], plants subjected to extreme nutrient limitation had markedly higher uptake efficiency of different elements, particularly Ca, in presence of AMF. In our experiment, Ca/ Mg rose in pots non-supplied with P. Since low values of this ratio constitute a limiting factor in ultramafic soils [START_REF] Proctor | Vegetation and soil and plant chemistry on ultramafic rocks in the tropical Far East[END_REF]Jaffré and L'Huillier 2010a), higher values induced by AMF symbiosis enhance plants adaptation to ultramafic constraints. AMF positive effects on Ca/Mg values of M. laurifolia shoots have been recently shown in a greenhouse and in field conditions [START_REF] Amir | Arbuscular mycorrhizal fungi and sewage sludge enhance growth and adaptation of Metrosideros laurifolia on ultramafic soil in New Caledonia: a field experiment[END_REF][START_REF] Crossay | Is a mixture of arbuscular mycorrhizal fungi better for plant growth than single-species inoculants?[END_REF]. [START_REF] Doubkova | Arbuscular mycorrhizal symbiosis on serpentine soils : the effect of native fungal communities on different Knautia arvensis ecotypes[END_REF] reported a significant positive correlation between mycorrhizal colonization and Ca/ Mg ratio of Knautia arvensis plants in different ultramafic areas. All these effects can be related to the increase of the exchange surface between soil and roots due to AMF extraradical mycelium, with selective uptake of the elements [START_REF] Smith | Mycorrhizal Symbiosis, 3rd edn[END_REF][START_REF] González-Guerrero | Transition metal transport in plants and associated endosymbionts: arbuscular mycorrhizal fungi and rhizobia[END_REF].

P supply appeared to reduce significantly mycorrhizal effects on mineral nutrition of the plants. P fertilization suppressed the positive effect of AMF inoculation on plant growth of M. laurifolia, with even a negative MGR for doses P3 and P4. K and Ca concentrations were not significantly enhanced at P2, P3, and P4 doses. Furthermore, P supply significantly reduced the effect of AMF inoculation on Ca/ Mg ratio. Generally, high available P concentrations in soil reduce mycorrhizal colonization and then mycorrhizal functions [START_REF] Smith | Mycorrhizal Symbiosis, 3rd edn[END_REF][START_REF] Yang | The interaction between arbuscular mycorrhizal fungi and soil phosphorus availability influences plant community productivity and ecosystem stability[END_REF]. However, in our experiment, P supply did not reduce mycorrhizal colonization. These effects could then be related to the regulation of direct and indirect (AMF) pathways of P uptake, and its influence on the transfer of the other elements [START_REF] Javot | Phosphate in the arbuscular mycorrhizal symbiosis: transport properties and regulatory roles[END_REF][START_REF] Smith | Fresh perspectives of the roles of arbuscular mycorrhizal fungi in plant nutrition and growth[END_REF].

The effects of AMF on potentially toxic metals are not as clear as reported before for A. neocaledonica and M. laurifolia [START_REF] Amir | Arbuscular mycorrhizal fungi, from New Caledonian ultramafic soils, improve tolerance to nickel of endemic plant species[END_REF][START_REF] Crossay | Is a mixture of arbuscular mycorrhizal fungi better for plant growth than single-species inoculants?[END_REF], probably due to lower mycorrhizal colonization. However, a significant reduction of Ni, Co, and Cr concentrations was observed in roots of A. neocaledonica in pots non-supplied with P or in pots of P1 dose. This reduction was not observed for the other P doses. Inversely, for the same plant, in P fertilized pots (particularly P2 and P3), an increase of Co concentration was induced by AMF inoculation in shoots of this species. For T. comosa, AMF inoculation reduced globally Ni concentrations in shoots but increased Co and Cr concentration in roots particularly in P fertilized pots. Studies on the influence of P fertilization on metal absorption did not show uniform conclusions. [START_REF] Nkrumah | Contrasting phosphorus (P) accumulation in response to soil P availability in 'metal crops' from P-impoverished soils[END_REF] supplied an ultramafic soil with different concentrations of P and did not find any significant influence of this fertilization on metal absorption by two Ni-hyperaccumulating plants. Contrastingly, [START_REF] Nafady | Mycorrhizal symbiosis and phosphorus fertilization effects on Zea mays growth and heavy metals uptake[END_REF] reported that P fertilization decreased Cd and Zn concentrations in shoots of maize and this reduction was reinforced by AMF inoculation. According to [START_REF] Pigna | Effects of arbuscular mycorrhizal inoculation and phosphorus fertilization on the growth of escarole (Cichorium endivia L.) in an arsenic polluted soil[END_REF], P fertilization did not influence arsenic (As) absorption but reduced As translocation to leaves of escarole when combined with AMF inoculation, in As-polluted soil. The authors suggested that suppression of the activity of high-affinity phosphate transporters linked to loss of the direct uptake pathway in AMF colonized roots could increase As tolerance. More generally, the reduction of metal uptake by AMF has been related to their downregulation of membrane transporters [START_REF] Ferrol | The heavy metal paradox in arbuscular mycorrhizas: from mechanisms to biotechnological applications[END_REF][START_REF] González-Guerrero | Transition metal transport in plants and associated endosymbionts: arbuscular mycorrhizal fungi and rhizobia[END_REF].

Overall, these results indicate that studied mycorrhizal functions seemed to be disturbed by P supply for the three plant species, the benefits observed in P0 pots being reduced or eliminated by P fertilization, without reduction of mycorrhizal colonization. To explain these results, we hypothesize that the negative effect of P fertilization on mycorrhizal functions could be related to the high adaptive structure of these plant species to ultramafic stresses. This adaptation was obtained by a reduction of their growth rate (Jaffré and L'Huillier 2010a;[START_REF] Bini | The « serpentine syndrome » (H. Jenny, 1980): a proxy for soil remediation[END_REF], which help them to invest more energy to cope with the multiple stresses of this environment. A sharp increase of P availability, inducing a faster growth, may then disrupt this adaptive structure. As mycorrhizal colonization was not reduced, we can speculate that these symbionts contributed to P uptake even in highly P fertilized pots because of its strong adsorption in soil, but with hidden benefits when compared with non-inoculated plants [START_REF] Smith | Fresh perspectives of the roles of arbuscular mycorrhizal fungi in plant nutrition and growth[END_REF]. However, as plant energy was mostly redirected towards the growth due to high P absorption, the other adaptive functions of the symbiosis were then lost or reduced in these conditions.

Conclusion

Our results showed that mycorrhizal symbiosis responded differently to P fertilization for the three tested plant species, in terms of growth, mineral absorption, and metal alleviation. However, it seems that in all cases, mycorrhizal functions were disturbed by P supply without reduction of mycorrhizal colonization. As the adaptive traits of the three plants to ultramafic soils were obtained by a reduction of their growth rate, we hypothesized that the high increase of this growth rate induced by P fertilization could have altered this adaptive structure.

To further test this hypothesis, it could be interesting, for example, to compare the behavior of plants adapted to ultramafic conditions with non-native plant species having a higher growth rate, such as sorghum. Sorghum is able to grow in compost-amended ultramafic soils and showed benefits from AMF inoculation in such conditions, particularly for metal alleviation [START_REF] Amir | Arbuscular mycorrhizal fungi, from New Caledonian ultramafic soils, improve tolerance to nickel of endemic plant species[END_REF][START_REF] Crossay | Combinations of different arbuscular mycorrhizal fungi improve fitness and metal tolerance of sorghum in ultramafic soil[END_REF]. Such a comparison, in soil supplied with different concentrations of P, could then highlight the perturbation of the adaptive traits of native plants inoculated with AMF.

New experimentations are also necessary to test P doses lower than P1 used here, particularly to determine what level of P supply could be used without having any disturbance in AMF functions. However, considering that the growth rate of the three plant species was highly increased by P1 and P2 doses, it seems clear that P3 and P4 doses are not suitable. This is especially advisable given that high mineral fertilization of New Caledonian ultramafic topsoils can induce the development of invasive plant species after revegetation (L 'Huillier et al. 2010).

Fig. 1

 1 Fig. 1 Dry biomass (mean ± SE) for shoots and roots of A. neocaledonica, M. laurifolia and T. comosa at the end of the experiment (442, 367, and 440 days after inoculation with arbuscular mycorrhizal fungi, respectively for the three species). Effects of increasing doses of phosphorus supply (P0, P1, P2, P3, P4) and AMF inoculation. For

Fig. 3

 3 Fig. 3 Calcium/magnesium (Ca/Mg) values (mean ± SE) of aerial parts of A. neocaledonica, C. laurifolia, and T. comosa at the end of the experiment (442, 367, and 440 days after inoculation respectively for the three species). Effects of increasing doses of phosphorus supply (P0, P1, P2, P3, P4) and arbuscular mycorrhizal fungi (AMF) inoculation. The stars indicate significant differences with the noninoculated corresponding treatment for the same P dose; the PER-

Table 1

 1 P, N, and K fertilization doses used for the greenhouse experiment for A. neocaledonica and M. laurifolia and for T. comosa

	P doses	N (mg kg -1 )	K (mg kg -1 )	P (mg kg -1 )
	A. neocaledonica and M. laurifolia		
	P0	300	163.48	0
	P1	300	163.48	82.74
	P2	300	163.48	206.78
	P3	300	163.48	413.57
	P4	300	163.48	827.30
	T. comosa			
	P0	234.42	81.74	0
	P1	234.42	81.74	86.23
	P2	234.42	81.74	172.37
	P3	234.42	81.74	258.51
	P4	234.42	81.74	430.80

Table 2 P

 2 , K, and Ca concentrations in shoots of A. neocaledonica, M. laurifolia, and T. comosa (mean ± SE) at the end of the experiment (442, 367, and 440 days after inoculation respectively for the three species) in relation to P supply (P0 to P4) and arbuscular mycorrhizal fungi (AMF) inoculation. The stars indicate significant differences with the non-inoculated corresponding treatment for the same P dose; the PERMANOVA could not give all the significances two by two because of uncertainty (two-way PERMANOVA followed by pair-wise permutation test; n

	= 4).
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