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 2 

Abstract 19 

 20 

Phytate is considered a poorly available plant P source but proved to be useful for particular 21 

soil bacteria strains. In soil-free conditions, it has been shown that bacteria locked up the 22 

mineralized phosphorus from phytate whereas bacterial grazers like nematodes were able to 23 

deliver P to plants. Here, we aimed to determine if the interactions between phytate-24 

mineralizing bacteria, bacterial grazer nematodes, and mycorrhizal fungi could increase plant 25 

P acquisition from phytate in high P-adsorbing soils. Pinus pinaster was grown in a Cambisol 26 

supplemented with phytate. Plants, whether associated or not associated with the 27 

ectomycorrhizal fungus Hebeloma cylindrosporum, were either inoculated or not inoculated 28 

with the phytase-releasing bacteria Bacillus subtilis and the bacterial-feeding nematode 29 

Rhabditis sp. After 100 days, the dual inoculation of bacteria and nematodes significantly 30 

increased net plant P accumulation. We observed that, on average, mycorrhizal plants 31 

accumulated more P in their shoots than non-mycorrhizal plants. However, the highest plant P 32 

acquisition efficiency was found when the three soil organisms were present in the P. pinaster 33 

rhizosphere. We conclude that, in a highly inorganic P-fixing soil, plant P acquisition from 34 

phytate strongly depends on the grazing of phytate-mineralizing bacteria. Our results confirm 35 

the importance of the soil microbial loop to improve plant P nutrition from phytate, which 36 

should be considered a route to improve the utilization of this source of poorly available P by 37 

plants. 38 

 39 
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1. Introduction 45 

Phosphorus (P) limits plant productivity in many terrestrial ecosystems (Holford, 1997; 46 

Vitousek et al., 2010). Depending on the soil, P could be abundant as organic P (Po), with 47 

compounds including monoesters, inositol phosphates, diesters and phosphonates. Although 48 

depending on the environmental conditions, monoesters and diesters tend to be more labile 49 

than the inositol phosphates which accumulate in soil (Darch et al., 2014; George et al., 50 

2018). A direct uptake of Po compounds by roots and mycorrhizal fungi has not been 51 

documented excepted one report suggesting that non-mycorrhizal poplar (Populus x 52 

canescens) and beech (Fagus sylvatica) roots might take up ADP and/or AMP by yet 53 

unknown nucleotide transporters (Scheerer et al., 2019). Hence, it is generally assumed that  54 

plant roots take up P as inorganic P (Pi) in the form of free orthophosphate (HPO4
2-

 or H2PO4
-55 

; Bucher, 2007). The mineralization of Po is thus a key step in P cycling to supply available P 56 

to plants (Marschner, 1995). 57 

The soil Po pool can be mineralized by microbial enzymes, such as phosphatases and phytases 58 

(Rodriguez & Fraga, 1999), into Pi potentially available for plants (Hayes, Simpson & 59 

Richardson, 2000; Richardson, Hadobas & Hayes, 2000; Mullaney & Ullah, 2003). However, 60 

large amounts of Pi released by microbial enzymes are immobilized in the microbial biomass 61 

(Oberson et al., 2001; Pistocchi et al., 2018); they are strongly adsorbed by soil constituents 62 

such as minerals (especially clays) and organic matter (Holford, 1997) or combined with 63 

cations (Ca, Al, Fe). Therefore, only a small amount of Pi from organic P mineralization, 64 

estimated to be in the 1–10 µM range (Hinsinger et al., 2011), will effectively supply the free 65 

Pi pool. Consequently, two key ecological functions based on rhizosphere biological 66 

interactions have evolved over time to increase the efficiency of plant P absorption: (i) 67 

widespread mycorrhizal symbiosis between fungi and plant roots (Smith & Read, 2008) and 68 
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(ii) microbial loops involving interactions between bacteria and bacterial-feeders (protists and 69 

nematodes) (Clarholm, 1985b). 70 

In forest ecosystems, the mutualistic symbiosis between plants and ectomycorrhizal fungi is 71 

one of the most important biological interactions involved in P acquisition by trees (Plassard 72 

& Dell, 2010). The extraradical hyphae of ectomycorrhizal fungi are able to prospect a large 73 

volume of soil, overcoming the Pi depletion zone created by plant roots (Becquer et al., 2014). 74 

The fungal cells can also release carboxylates (Finlay, 2008) and enzymes (Colpaert & van 75 

Laere, 1996; Courty et al., 2006; Louche et al., 2010) to increase P acquisition from soil 76 

mineral and organic sources (Plassard et al., 2011). After uptake, P is transported along the 77 

hyphae towards ectomycorrhizas as polyphosphates accumulated in mobile vacuoles (Nehls & 78 

Plassard, 2018).  79 

Among Po forms in soil, phytate (myo-inositol hexakisphosphate, C6H18O24P6) is considered 80 

as the most abundant source (Alexander, 1977; Turner, 2007) but also as the poorest P source 81 

to plants because most of the plant species are not able to release phytases (enzymes required 82 

to release the Pi group from its ester bond) into their rhizosphere (Richardson et al., 2001). In 83 

contrast, rhizosphere bacteria are able to produce phytases (Mullaney & Ullah, 2003; Turner, 84 

2007) that could promote the release of Pi from phytate in the vicinity of plant roots. 85 

Therefore, the inoculation of phytate-mineralizing bacteria in the rhizosphere of plants is 86 

potentially highly beneficial for plant P nutrition (Richardson et al., 2001). 87 

This effect could be strengthened when soil bacterial grazers are present in the rhizosphere of 88 

plants as part of the soil microbial loop (Clarholm, 1985b). Bacterial feeders (mostly protists 89 

and nematodes) release nutrients stored in the microbial biomass, increasing the activity of 90 

decomposers (Kuikman et al., 1991, Jansen & Vanveen, 1991; Clarholm, 2005) and the 91 

nutrients become available to plants (Bonkowski, 2004). Trap et al. (2016) showed that soil 92 

bacterivores could significantly enhance plant P nutrition, up to 30%, through their grazing 93 
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activities. However, the increase in soil P availability induced by the interactions between 94 

bacteria and bacterial-feeders has been reported to be slight (Anderson et al., 1978; 95 

Darbyshire et al., 1994; Djigal et al., 2004a), high (Cole et al., 1978), or sometimes even null 96 

(Griffiths, 1986). It is difficult to explain these discrepancies, mainly because the mechanisms 97 

and the controlling factors by which bacterivores increase plant P acquisition have not been 98 

identified clearly. 99 

The experiment carried out by Irshad et al. (2012) in an agarose medium showed that the 100 

presence of both bacterial-feeding nematodes and phytase-producing bacteria is required to 101 

increase the P content in Pinus pinaster seedlings, probably by increasing the activity of 102 

phytate-mineralizing bacteria. However, we do not know whether similar interactive effects 103 

can be obtained in experiments using high P-sorbing soils rather than low-Pi-sorbing agarose. 104 

In this study, we aimed to determine if the presence of the above-mentioned potential 105 

rhizosphere mutualists in the rhizosphere, alone or together, promotes plant P acquisition 106 

from phytate in a highly P-sorbing soil with a very low level of available P. For that purpose, 107 

we grew P. pinaster seedlings, either associated or not associated with the ectomycorrhizal 108 

fungus Hebeloma cylindrosporum, in a Cambisol amended with phytate, and either inoculated 109 

or not inoculated with phytase-releasing bacteria (Bacillus subtilis) and bacterial-feeding 110 

nematodes (Rhabditis sp.). We formulated four hypotheses. We first assumed that the plant 111 

alone, without mycorrhiza nor free-living organisms, does not get P from phytate, as observed 112 

in agarose (Irshad et al., 2012). Because mycorrhizal fungi are well-known to take up Pi not 113 

available to roots, we expected higher plant P uptake when the ectomycorrhizal fungus is 114 

inoculated, irrespective of the presence of free-living organisms (H2). We supposed that the 115 

inoculation of free-living organisms will enhance phytate mineralization and plant P 116 

availability (H3). Finally, we supposed that the plant P uptake from phytate would be 117 

maximal when all potential rhizosphere mutualists are inoculated (H4). 118 
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 119 

2. Materials and Methods 120 

2.1. Plant and mycorrhizal synthesis  121 

Maritime pine (P. pinaster) seedlings were grown from seeds (Medoc, Landes-Sore-VG, 122 

France) as described by Becquer et al. (2017). Briefly, the seeds were first soaked in 123 

deionized water at 4 °C for 48 h before being sterilized in a 30% H2O2 solution for 30 minutes 124 

and rinsed several times with 1 L of sterile deionized water. The seeds were deposited in a 125 

solid medium (agar 1.5 g L-1
 and glucose 2 g L-1

) in Petri dishes (90 mm diameter) placed at 126 

25 °C in the dark for 2–3 weeks. Petri dishes showing fungal or/and bacterial development 127 

around the seeds were disposed of. Hence, we selected dishes containing actual sterile 128 

germinated seeds to prepare plants in glass test tubes (see below and Figure 1A).  129 

A dikaryotic strain of the ectomycorrhizal basidiomycete H. cylindrosporum (Debaud & Gay, 130 

1987) was used to get ectomycorrhizal P. pinaster. The fungus was grown in the dark at 24 131 

°C in a standard nitrate medium (Louche et al., 2010) for three weeks.  132 

Glass test tubes (15 cm height) containing a filter paper (Whatman 1542–240 Hardened 133 

Ashless Grade 542) inserted vertically inside the tube and 10 ml of a glucose solution (10 g L-
134 

1
) were sterilized twice at an interval of 48 h (Becquer et al., 2017). The glucose solution of 135 

each tube was then replaced by a nutritive solution containing 1 mM nitrate and 0.2 mM 136 

phosphate (Irshad et al., 2011). Plants, whether inoculated or not with H. cylindrosporum, 137 

were prepared with sterile germinated seeds having a root more than 2 cm long, but with their 138 

external teguments still attached (Becquer et al., 2017). To prepare mycorrhizal (M) plants, 139 

three small pieces of solid nitrate medium with H. cylindrosporum mycelium were placed on 140 

the filter paper near the roots (Figure 1A and supplementary material 1). Non-mycorrhizal 141 

plants (NM) were produced by placing germinated seedlings in the tubes without the fungus. 142 

The tubes were kept for two months in a growth chamber (16/8 h light/dark cycle at 24/18 °C, 143 



 7 

400 µmol m-
² s-1

, 400-700 nm, RH 80%). The level of the nutrient solution (15 ml per tube) 144 

was topped up every week in sterile conditions. 145 

 146 

2.2. Bacterial strain and nematodes 147 

The bacterial strain used in the experiment was isolated from ectomycorrhizal roots collected 148 

in a 15-year-old P. pinaster plot in the Landes Region, near Bordeaux (France). The strain 149 

was identified as Bacillus subtilis (named 111b; Irshad et al., 2011) and was able to use 150 

phytate as the sole source of P via the release of an alkaline phytase. For the inoculation 151 

experiments, the bacteria were cultivated in a liquid medium, as described in Irshad et al. 152 

(2011) for 4 d at 26 °C. The culture medium was centrifuged at 3500 g for 10 minutes and the 153 

pellet was washed twice before being suspended in a volume of sterile deionized water 154 

adjusted to get approximately 2 million bacteria per mL. Monoxenic populations of 155 

nematodes (Rhabditis sp.) were isolated from the soil collected in the same plot (Landes, 156 

France) and were cultured in B. subtilis (bacterial strain 111b) following the procedure 157 

described previously (Irshad et al., 2011). Rhabditis is a common, ubiquitous genus that is 158 

classified in the first class along the colonizer-persistent gradient (cp) into the maturity index 159 

(Bongers, 1990). 160 

 161 

2.3. Soil preparation and phytate addition 162 

The soil used for the co-inoculation experiment corresponded to the A layer of a chromic 163 

cambisol collected in the south of France (Cazevieille, Herault). It is a clay soil (48% clay, pH 164 

in water = 6.9, total N = 2.5 g kg
-1

, total P = 0.9 g kg
-1

) with a very low concentration of 165 

bicarbonate-extractable inorganic P (c.a. 3 mg kg
-1

; Casarin et al., 2003). Before use, the soil 166 

was dried at ambient temperature and sieved at 2 mm. Then, the soil was mixed with acid-167 

washed (HCl 1N) glass beads (50/50, w/w) to get homogenous humidification of the soil-bead 168 
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material during the experiment. The soil and glass bead mixtures were prepared for each 169 

replicate by mixing them in a 50-ml polypropylene tube with 15 g of soil, 15 g of glass beads, 170 

and 15 ml of a nutrient solution containing 9.3 mM KNO3, 9.3 mM MgSO4 7H2O, 18.6 mM 171 

CaSO4, 200 µg L-1
 thiamine hydrochloride, 2.3 ml L-1

 1% Fe citrate, and 1 ml L-1
 solution of 172 

micronutrients (Morizet & Mingeau, 1976). The soil was then autoclaved twice a week at 115 173 

°C for 40 min. 174 

A solution of phytate (9.24 g L-1
, inositol hexakisphosphate sodium salt from Sigma, ref 175 

P0109) was prepared in sterile deionized water. Before sterilization by filtration (0.2 µm), the 176 

pH of this solution was adjusted to 7 with HCl. After cooling the soil at room temperature, 177 

each tube was opened in sterile conditions to add 46.2 mg of phytate (5 ml of the phytate 178 

solution) and 350 µg of cholesterol (70 µl of cholesterol 5 mg L-1
, in ethanol). These amounts 179 

of phytate and cholesterol were equal to those added to the agarose medium by Irshad et al. 180 

(2012). The tubes were then shaken by inversion overnight to get a homogeneous soil 181 

suspension. 182 

 183 

2.4. Experimental design 184 

The experiment was carried out in sterile conditions in 12 x 12 cm square Petri dishes (Figure 185 

1B-E and supplementary material 1). Each dish is first pierced with two holes, one in the lid 186 

for watering and the other in a corner in order to allow the growth of the plant shoot outside 187 

the dish and filled with the soil-bead-nutrient solution mixture from one polypropylene tube. 188 

Two-month-old plants were removed from the test tubes and transferred to the Petri dishes. 189 

Six biological treatments, corresponding to two levels of plant mycorrhizal status combined 190 

with three inoculation treatments, were set up. 191 

Each plant, associated (M) or not associated (NM) with the ectomycorrhizal basidiomycete H. 192 

cylindrosporum, was (i) not inoculated with free-living organisms (None), (ii) inoculated with 193 
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the phytate-mineralizing bacteria Bacillus subtilis (+Bac), or (iii) inoculated with both the 194 

bacteria and bacteria-feeding nematodes Rhabditis sp. (+Bac +Nem). The bacteria and the 195 

nematodes were inoculated at a rate of approximately 10
6
 bacteria and 300 nematodes per 196 

dish, supplied in 0.5 ml solution each. Six replicates were set up for each biological treatment, 197 

giving a total of 36 Petri dishes. The Petri dishes were placed horizontally in the same growth 198 

chamber as described above and covered with aluminum foil to limit the light on the roots. 199 

The plants were allowed to grow for 100 days. Each Petri dish was watered once a week with 200 

sterile water to compensate for water loss during the experiment. At the beginning of the 201 

experiment (time 0), 3 NM and 3 M plants were used to determine the initial values of root 202 

and shoot dry weight and their P accumulation.  203 

 204 

2.5. Plant and soil analysis 205 

At the end of the experiment, the shoots and the roots of each plant were separated. Intact root 206 

systems were cleaned, then scanned and digitized using WinRHIZO 207 

(http://www.regentinstruments.com/products/rhizo/Rhizo.html) to measure parameters such 208 

as length, area, number of tips, number of forks, and number of crossings. The root and shoot 209 

dry biomass were determined after oven-drying at 60 °C for 48 h. The total P content in the 210 

shoots and roots was determined after crushing and mineralizing plant tissues with 36N 211 

H2SO4 acid, as described by Aquino & Plassard (2004). The P concentration in the 212 

mineralized solution was analyzed using colorimetry with malachite green (Ohno & Zibilske, 213 

1991). Absorbance was measured at 630 nm. The P acquisition efficiency of the plants was 214 

calculated by dividing the total plant P by the root length. 215 

Furthermore, we collected as much soil-bead mixture as we could possibly could without 216 

damaging the roots and used it (i) to check for the presence of living nematodes and (ii) to 217 

quantify the abundancy of 18S rDNA gene copies. Nematode survival rates were determined 218 
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by active filtering through fine cellulose wadding paper for 48 h and counted using a 219 

binocular stereoscopic microscope (Southey, 1986). For each sample, microbial DNA was 220 

extracted from 0.250 g of soil-bead mixture following the procedure developed by Tournier et 221 

al. (2015). The quality of the extracted DNA was improved by adding 500 µL of 5.5 M 222 

guanidine thiocyanate during the seventh step of DNA extraction. Quantitative real-time PCR 223 

was performed on 2.5 ng of extracted DNA to quantify fungal (18S) rDNA gene copies in 224 

each sample. The PCR products were amplified with SYBR® Green Master Mix (BIORAD, 225 

USA) using the primer pairs FR1 forward (AICCATTCAATCGGTAIT) and FF390 reverse 226 

(CGATAACGAACGAGACCT) to estimate the number of 18S rDNA gene copies per gram 227 

of soil. The thermocycling pattern used was as follows: 98 °C for 2 min; 39 cycles at 98 °C 228 

for 5 s, 60 °C for 30 s, and 72 °C for 30 s; and a final elongation step at 55 °C for 5 s and 25 229 

°C for 30 s. 230 

 231 

2.6. Statistical analysis 232 

The mean and standard deviation (n = 6) for each measured variable were calculated for each 233 

modality. Two-way analysis of variances was conducted to test the “mycorrhiza” and “free-234 

living organisms” factors and their interaction on plant variables. We conducted one-way 235 

ANOVA followed by post hoc Tukey HSD test on all modalities as factors. The normality of 236 

ANOVA residues was checked using the Shapiro-Wilk test. Using the Student t-test, we also 237 

tested whether the final plant biomass and P amount values for each biological treatment were 238 

different from the initial value. All statistical analyses were performed using the R software 239 

(Team, 2016) with statistical significance at 5%. 240 

 241 

3. Results 242 

3.1. Plant biomass and root architecture 243 
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At the end of the experiment, plant shoot and root dry biomasses were significantly higher 244 

than those measured in two-month-old-plants (Figure 2). The two-way ANOVA (Table 1) 245 

showed that the shoot and root dry biomasses were significantly affected by the presence of 246 

the ectomycorrhizal fungus H. cylindrosporum, irrespective of the presence of free-living 247 

organisms, with no interactive effect between the two main factors “mycorrhiza” and “free-248 

living organism” (Table 1). Taken as a whole, M treatment decreased shoot and root biomass 249 

compared to NM treatment (Figure 2). The inoculation of free-living organisms did not 250 

modify shoot biomasses of NM or M plants, nor the root biomasses of NM plants. However, 251 

M plants not inoculated (None treatment) had lower root biomass (- 43 %) than NM plants, 252 

whether not inoculated (None) or inoculated with bacteria and nematodes (+Bac +Nem). 253 

Also, M plants inoculated with bacteria (+Bac) had lower root biomass (- 30 %) than NM 254 

plants inoculated with bacteria and nematodes (+Bac +Nem). Only M plants inoculated with 255 

nematodes and bacteria (+Bac +Nem) had the same root biomass as NM plants (Figure 2).  256 

Regarding the root parameters (Table 2), the two-way ANOVA showed only a significant 257 

effect of the M treatment and no significant interaction between the factors “mycorrhiza” and 258 

“free-living organisms” for all the root variables (Table 3). The effect of the fungus was 259 

confirmed by the one-way ANOVA (Table 2). In average, M treatment decreased all the root 260 

parameters, with a stronger effect on root ramification (- 130% for the number of crossings, - 261 

93 % for the number of forks, - 70 % for the number of tips) than on root length (- 47 %) and 262 

surface areas (- 27 %) (Table 2).  263 

 264 

3.2. Plant P accumulation  265 

At harvest, only the shoots of NM plants inoculated with bacteria and nematodes (+Bac 266 

+Nem), while those of all M plants, accumulated higher amounts of P than two-month-old 267 

plants (Figure 3). In roots, the same trend was observed for NM plants, but only M plants 268 
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inoculated either with bacteria (+Bac) or with bacteria and nematodes (+Bac +Nem) 269 

accumulated more P than two-month-old plants (Figure 3). The two-way ANOVA showed 270 

that shoot P was significantly affected by the two factors “mycorrhiza” and “free-living 271 

organism” while root P was affected only by the presence of free-living organisms, with no 272 

interactive effect between these two main factors (Table 4). Taken as a group, M plants 273 

accumulated more P in their shoots than the NM plants, irrespective of the presence of free-274 

living organisms (Figure 3). In contrast, P accumulation in roots did not differ between NM 275 

and M plants. Finally, the calculation of total P accumulation per plant (Supplementary 276 

Information 1) confirmed a different effect of free-living organisms in NM and M plants. In 277 

NM plants, inoculation of bacteria alone (+Bac) did not modify the P accumulation whereas 278 

the presence nematodes (+Bac, +Nem) was able to increase dramatically total P accumulation, 279 

either by 88 % when compared to None treatment or by 98 % when compared to +Bac 280 

treatment. In M plants, the inoculation of bacteria already increased by 40 % the P amounts 281 

compared to None treatment. The addition of the nematodes increased by 66% the P amounts 282 

compared to None treatment. However, M plants inoculated either with bacteria (+ Bac) or 283 

with bacteria and nematodes (+Bac +Nem) accumulated the same amounts of total P per 284 

plant. 285 

We estimated the root P acquisition efficiency by dividing the total plant P amount by the root 286 

length (Figure 4). The two-way ANOVA (Table 5) showed no significant interaction between 287 

the factors “mycorrhiza” and “free-living organisms” on this parameter. In contrast, P 288 

acquisition efficiency was highly affected by both the presence of the mycorrhizal fungus H. 289 

cylindrosporum and the presence of free-living organisms. Within the same inoculation 290 

treatment, M plants had always higher values of P acquisition efficiency than NM plants, with 291 

increases of 78 % (None), 117 % (+Bac) and 47 % (+Bac +Nem). In NM plants, the presence 292 

of Rhabditis sp. strongly increased P acquisition efficiency compared to the two other 293 
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treatments, by 90 % (None) and 70 % (+ Bac). In M plants, the presence of Rhabditis sp. 294 

increased P acquisition efficiency only compared to plants not inoculated (None), by 60%. 295 

 296 

3.3. Abundance of fungal DNA and nematodes 297 

To assess the soil colonization by H. cylindrosporum hyphae, we measured the number of 18S 298 

rDNA gene copies of the fungus in soil DNA. As expected, the abundance of 18S rDNA 299 

copies was significantly higher in soil with M plants than in soil with NM plants (Figure 5). 300 

However, according to the two-way ANOVA (Table 6), the fungal rDNA gene copies number 301 

was significantly affected by the interaction between the factors “mycorrhiza” and “free-302 

living organism. We did not find nematodes in the "None" and "+Bac" treatments. There were 303 

ca 2000 nematodes per Petri dish in the soil in the "+Bac +Nem" treatments, irrespective of 304 

the presence of the mycorrhizal fungus. 305 

 306 

4. Discussion 307 

4.1. Effects of rhizosphere organisms on plant growth 308 

We showed that (i) the presence of the mycorrhizal fungus had a slight negative impact on 309 

shoot biomass and (ii) the presence of free-living organisms did not have any significant 310 

effect on the accumulation of shoot biomass. At first glance, our results are opposed to those 311 

found by Gyaneshwar et al. (2002), Djigal et al. (2004a), and Smith and Read (2008), who 312 

showed that rhizosphere bacteria, bacterial-feeding nematodes, and mycorrhizal fungi 313 

increased shoot biomass, respectively. However, this discrepancy can be explained by the 314 

protocol used among these different studies. During the two-month pre-experiment required 315 

for the mycorrhizal synthesis, plants were grown in a nutrient solution and accumulated P in 316 

their tissues. Once placed in Petri dishes, they recycled their internal P despite the low P soil 317 

availability in order to sustain shoot biomass production. Plants are able to vary their 318 
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stoichiometry to sustain shoot biomass production despite low soil mineral fertility (Gusewell, 319 

2004) and this was shown for maritime pine (Ali et al., 2009; 2014). The negative effects of 320 

the mycorrhizal fungus on shoot biomass can also be explained by the short duration of the 321 

experiment. It has been shown that the effect of H. cylindrosporum on the rate of increase of 322 

P. pinaster shoot biomass depends on the duration of the experiment (Aquino & Plassard, 323 

2004). A period of 100 days does not appear to be long enough to detect significant effects of 324 

the mycorrhizal fungus on shoot growth, especially with slow-growing plant species such as 325 

P. pinaster. Despite these considerations, it was decided to stop the experiment after 100 days 326 

because of the strong root development in the Petri dishes. It would be interesting to continue 327 

the inoculation experiment for a longer period using larger containers in order to allow 328 

sufficient space for root development.  329 

 330 

4.2. Effect of organisms on plant P acquisition 331 

The analysis of the P content in the shoots and roots and the total P amount in the plants at the 332 

end of the experiment showed that the presence of bacteria with bacterial-feeding nematodes 333 

strongly increased the plants’ P acquisition. The presence of Bacillus subtilis (alone or not) is 334 

central for the mineralization of phytate by the extra-cellular enzyme (Jorquera et al., 2011; 335 

Becquer et al., 2014), but the inoculation of bacteria alone in the non-mycorrhizal plants did 336 

not significantly affect plant P nutrition. In other words, without the nematodes, the P 337 

mineralization did not result in higher P availability. The inoculation of both bacteria and 338 

nematodes is thus decisive for the net flow of P from phytate to the plant. This agrees with the 339 

previous study carried out by Irshad et al. (2012) on agarose medium. Our results suggest that 340 

the interaction between bacteria and bacterial-feeding nematodes improved soil P availability 341 

for plants by stimulating the phytate-mineralizing bacterial activity and releasing microbial 342 

biomass P (Trap et al., 2016). Similar patterns were found by Ranoarisoa et al. (2018) with 343 
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rice growing in Ferralsol from Madagascar with or without Acrobeloides sp., but only when 344 

the soil pH was corrected with dolomite input. The promotion of the bacterial Po-mineralizing 345 

activity by nematode inoculation has also been found by Djigal et al. (2004a; 2004b), who 346 

showed that bacterial grazers increased soil phosphatase activity in the rhizosphere of maize 347 

at all plant growth stages. From our data, we cannot decipher whether the nematodes 348 

increased plant-available P through (i) higher microbial activity (excess of mineralized P not 349 

immobilized in the microbial biomass) and/or (ii) excretion (P immobilized in the microbial 350 

biomass and then released by the nematodes). The use of isotopic labeling (
33

P) should 351 

constitute the best way to achieve this goal (Ranoarisoa et al., 2018). 352 

In contrast, the sole presence of the fungus did not increase plant P acquisition in “None” 353 

treatment. The absence of plant response towards fungal inoculation is also probably due to 354 

the duration of the experiment. Aquino and Plassard (2004) found that the same strain of H. 355 

cylindrosporum had a beneficial effect on P. pinaster P nutrition after 6 months of growth, but 356 

no effect after 4 months. However, it is important to note that the inoculation of bacteria in 357 

ectomycorrhizal plants led to a significant effect on plant P amount (Supplementary 358 

Information 1). This effect was clearly discernible when we calculated the plant P acquisition 359 

efficiency, supposing that the Pi uptake rate of P. pinaster increased when both B. subtilis and 360 

H. cylindrosporum were inoculated. As the fungus alone was shown to be poorly able to use 361 

phytate in pure culture (Irshad et al., 2012), it could have been more efficient to use Pi 362 

resulting from bacterial phytate mineralization. In this respect, the first hypothesis is that the 363 

intense exploration of the soil by the hyphae would allow a higher ability of the mycorrhizal 364 

roots to take up Pi released by the bacterial enzymes. Furthermore, we must not exclude the 365 

possibility that, during the growth of the fungus, bacteria became attached to the hyphae and 366 

move in the soil (Kohlmeier et al., 2005) promoting (i) the contact between the bacteria and 367 

the substrate (phytate) and (ii) phytate mineralization. Finally, it is also possible that the high 368 
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expansion of fungal hyphae promotes carbon input into the soil away from the roots, 369 

increasing bacterial activity in larger soil volumes. For instance, by manipulating the 370 

endomycorrhizal fungus Glomus intraradices and protozoa in the rhizosphere of Plantago 371 

lanceolata, Koller et al. (2013) showed that the presence of the bacterial grazers stimulated 372 

the translocation of carbon from the plant via the fungus into the soil, fueling the microbial 373 

loop (Clarholm, 1985a) and resulting in greater plant nutrition in comparison to plants without 374 

protozoa. No such mechanism has been observed for ectomycorrhizal fungi, but our results 375 

greatly encourage further studies focusing on this feature.  376 

 377 

4.3. Effects of microorganisms on root growth and architecture 378 

The most notable effect was that H. cylindrosporum decreased the root biomass, irrespective 379 

of the presence of free-living organisms. This agrees with a previous study carried out using 380 

the same fungal isolate associated with P. pinaster (Aquino & Plassard, 2004). The reduced 381 

root development, which was associated with ectomycorrhizal fungi, was attributed to the 382 

high ability of the extraradical hyphae of the fungus to take up P from soil (Aquino & 383 

Plassard, 2004; Plassard & Dell, 2010). 384 

The analysis of the root architecture underlined the strong significant effect of the fungus on 385 

the root compartment. In agreement with the findings of Jentschke et al. (1995) and 386 

Bonkowski et al. (2001), the presence of the mycorrhizal fungus resulted in a less complex 387 

root system. All root parameters were significantly reduced by the presence of the 388 

ectomycorrhizal fungus. As discussed above, this pattern could be due to the high ability of 389 

the ectomycorrhizal fungus to acquire P from the soil, thus shifting the plant carbon allocation 390 

from the roots to the fungus (Brown et al., 2013). In contrast to the ectomycorrhizal fungus, 391 

bacteria and nematodes did not modify significantly the root architecture. Changes in the root 392 

architecture in the presence of bacterial feeders (especially protozoa) have been interpreted as 393 
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hormonal non-nutritional effects on the lateral root production (Bonkowski, 2004; Bonkowski 394 

& Clarholm, 2012). Here, the soil was inoculated with a population of B. subtilis (not with a 395 

microbial community), which probably limited the ability of nematodes to induce non-396 

nutritional effects (Ranoarisoa et al., 2018).  397 

 398 

4.4. Relevance of our simplified conditions to study micro-food web interactions 399 

In this study, we used an experimental system with simplified and artificial conditions to 400 

study the effects of the micro-food web interactions on phytate mineralization as we worked 401 

with sterilized soil-bead mixture and addition of selected free-living organisms. Compared to 402 

in situ ecosystems presenting huge variations of temperatures and soil humidity, these two 403 

environmental factors varied little during all the experiment, thus favoring enzyme (Rinkes et 404 

al., 2013) and root activities for mineral uptake (Gessler et al., 1998). Although sterilized, our 405 

soil-bead mixture enabled us to take into account the exchanges between mineral nutrients 406 

and the soil as well as the rhizosphere changes able to modify greatly mineral nutrients 407 

bioavailability for plants (Bravin et al., 2010). The control of biodiversity, although low in 408 

comparison to field conditions, enabled us to quantify the potential contribution of each actor, 409 

alone or in combination, to the mineralization of phytate and finally, to the bioavailability of P 410 

released for the plant. Thus, as underlined by Mezeli et al. (2020), our experimental 411 

conditions were suitable to reveal the effects of the soil microbial loop on phytate 412 

mineralization and plant P bioavailability. Hence, the next step of this work will be to use 413 

different richness levels of free-living organisms added in non-sterilized soil in order to take 414 

into account better their interactions with soil biodiversity which might modify the final plant 415 

P bioavailability.  416 

 417 

5. Conclusion 418 
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We formulated four hypotheses. First, we supposed that the plant alone, without mycorrhiza 419 

nor free-living organisms, is not able to uptake P from phytate (H1). This hypothesis was 420 

validated since no P was acquired from phytate when no rhizospheric organisms were 421 

inoculated. Second, we expected higher plant P uptake in the presence of H. cylindrosporum 422 

in comparison to the plant alone (H2). This hypothesis was partially validated since the 423 

presence of the fungus did not result in higher plant P nutrition in the “None” treatments, but 424 

the inoculation of bacteria in ectomycorrhizal plants led to a significant effect on plant P 425 

amount. The third hypothesis suggested that the presence of free-living organisms, bacteria, 426 

and nematodes, would increase the plants’ P uptake. This hypothesis was fully validated and 427 

constitutes the most remarkable result of the present study. The strong positive effect of the 428 

presence of both phytate-mineralizing bacteria and bacterial-feeding nematodes on P 429 

acquisition by plants growing in soil amended with phytate is central and suggests that 430 

interactions between bacteria and bacterial-feeding nematodes are essential to increase soil Pi 431 

availability for plants. Finally, the last hypothesis, supposing that plant P uptake from phytate 432 

will be maximal when all potential rhizosphere mutualists are inoculated, was also validated. 433 

The findings are particularly noteworthy because they show the importance of the rhizosphere 434 

micro-food web role on plants’ P nutrition from a recalcitrant organic P source despite high Pi 435 

adsorption onto soil components. Further investigations are required to assess better the 436 

involved mechanisms. They could consist of the quantification of phosphatases and phytases 437 

activities together with available Po and Pi in rhizosphere soil to determine the possible 438 

relationships between soil micro-food web interactions and these parameters. Exploring the 439 

benefits of rhizosphere interactions and identifying the potential drivers of these interactions 440 

appear as pertinent goals to develop agricultural management practices that could take 441 

advantage of the beneficial interactions of these organisms. 442 

 443 



 19 

Acknowledgments 444 

 445 

We would like to thank the three anonymous reviewers for their helpful suggestions that 446 

helped us improve the manuscript. This project was part of the ANR project “UNLOCKP” 447 

(ANR 11 BSV7 015 01; France) awarded to C. Plassard. The work by M.P. Ranoarisoa was 448 

also funded by the UNLOCKP project. The work was also supported by the program 449 

‘Investments for the future’ (ANR-10- LABX-04-01) through the use of the Ecotrop platform 450 

from CeMEB labEx. We are grateful to Pierre Trichet (ISPA, INRA Bordeaux) for providing 451 

the soil samples for nematode isolation. We also thank Anne Jimenez and Cécile Villenave 452 

(Elisol Environment) for their help and advice on the production of nematodes. We thank 453 

Valentin Lauret, Guillaume Pugliese, Sebastian Mira, and Olivier Pacholick for their help 454 

during the experiments. 455 

 456 

  457 



 20 

References 458 

 459 

Alexander, M., 1977. Introduction to soil microbiology. Wiley New York. 460 

Ali, M.A., Louche, J., Duchemin, M., Plassard, C,. 2014. Positive growth response of Pinus pinaster 461 

seedlings in soils previously subjected to fertilization and irrigation. Forest Ecology and 462 

Management 318, 62-70. 463 

Ali, M.A., Louche, J., Legname, E., Duchemin, M., Plassard, C., 2009. Pinus pinaster seedlings and 464 

their fungal symbionts show high plasticity in phosphorus acquisition in acidic soils. Tree 465 

Physiology 29, 1587-1597. 466 

Anderson, R.V., Elliott, E.T., McClellan, J.F., Coleman, D.C., Cole, C.V., Hunt, H.W., 1978. Trophic 467 

interactions in soils as they affect energy and nutrient dynamics. 3. Biotic interactions of 468 

bacteria, amebas, and nematodes. Microbial Ecology 4, 361-371. 469 

Aquino, M., Plassard, C., 2004. Dynamics of ectomycorrhizal mycelial growth and P transfer to the 470 

host plant in response to low and high soil P availability. FEMS Microbiology Ecology 48, 471 

149-156. 472 

Becquer, A., Torres-Aquino, M., Le Guernevé, C., Amenc, L.K., Trives-Segura, C., Staunton, S., 473 

Quiquampoix, H., Plassard, C., 2017. Establishing a Symbiotic Interface between Cultured 474 

Ectomycorrhizal Fungi and Plants to Follow Fungal Phosphate Metabolism. Bio-Protocol 7, 475 

e2577.  476 

Becquer, A., Trap, J., Irshad, U., Ali, M.A., Plassard, C., 2014. From soil to plant, the journey of P 477 

through trophic relationships and ectomycorrhizal association. Frontiers in plant science 5, 1-478 

7. 479 

Bongers, T., 1990. The maturity index: an ecological measure of environmental disturbance based on 480 

nematode species composition. Oecologia 83, 14-19. 481 

Bonkowski, M., 2004. Protozoa and plant growth: the microbial loop in soil revisited. New 482 

Phytologist 162, 617-631. 483 



 21 

Bonkowski, M., Clarholm, M., 2012. Stimulation of plant growth through interactions of bacteria and 484 

protozoa: Testing the auxiliary microbial loop hypothesis. Acta Protozoologica 51, 237-247. 485 

Bonkowski, M., Jentschke, G., Scheu, S., 2001. Contrasting effects of microbial partners in the 486 

rhizosphere: interactions between Norway Spruce seedlings (Picea abies Karst.), mycorrhiza 487 

(Paxillus involutus (Batsch) Fr.) and naked amoebae (protozoa). Applied Soil Ecology 18, 488 

193-204. 489 

Bravin, M.N., Michaud, A.M., Larabi, B., Hinsinger, P., 2010. RHIZOtest: A plant-based biotest to 490 

account for rhizosphere processes when assessing copper bioavailability. Environmental 491 

Pollution 158, 3330–3337.  492 

Brown, L.K., George, T.S., Barrett, G.E., Hubbard, S.F., White, P.J., 2013. Interactions between root 493 

hair length and arbuscular mycorrhizal colonisation in phosphorus deficient barley (Hordeum 494 

vulgare). Plant and Soil 372, 195-205. 495 

Bucher, M., 2007. Functional biology of plant phosphate uptake at root and mycorrhiza interfaces. 496 

New Phytologist 173, 11-26. 497 

Casarin, V., Plassard, C., Souche, G., Arvieu, J.C., 2003. Quantification of oxalate ions and protons 498 

released by ectomycorrhizal fungi in rhizosphere soil. Agronomie 23, 461–469.  499 

Clarholm, M., 1985a. Interactions of bacteria, protozoa and plants leading to mineralization of soil-500 

nitrogen. Soil Biology and Biochemistry 17, 181-187. 501 

Clarholm, M., 1985b. Interactions of bacteria, protozoa and plants leading to mineralization of soil 502 

nitrogen. Soil Biology and Biochemistry 17, 181-187. 503 

Clarholm, M. (2005) Soil protozoa: an under-researched microbial group gaining momentum. Soil 504 

Biology and Biochemistry 37, 811-817. 505 

Cole, C.V., Elliott, E.T., Hunt, H.W. & Coleman, D.C., 1978. Trophic interactions in soils as they 506 

affect energy and nutrient dynamics. Phosphorus transformations. Microbial Ecology 4, 381-507 

387. 508 

Colpaert, J.V., vanLaere, A., 1996. A comparison of the extracellular enzyme activities of two 509 

ectomycorrhizal and a leaf-saprotrophic basidiomycete colonizing beech leaf litter. New 510 

Phytologist 134, 133-141. 511 



 22 

Courty, P.E., Pouysegur, R., Buée, M., Garbaye, J., 2006. Laccase and phosphatase activities of the 512 

dominant ectomycorrhizal types in a lowland oak forest. Soil Biology and Biochemistry 38, 513 

1219-1222. 514 

Darbyshire, J.F., Davidson, M.S., Chapman, S.J., Ritchie, S., 1994. Excretion of nitrogen and 515 

phosphorus by the soil Ciliate Colpoda steinii when fed the soil bacterium Arthrobacter sp. 516 

Soil Biology and Biochemistry 26, 1193-1199. 517 

Darch, T., Blackwell, M.S.A., Hawkins, J.M.B., Haygarth, P.M., Chadwick, D., 2014. A meta-analysis 518 

of organic and inorganic phosphorus in organic fertilizers, soils, and water: implica- tions for 519 

water quality. Critical Reviews in Environmental Science & Technology 44, 2172–2202.  520 

Debaud, J.C., Gay, G., 1987. In vitro fruiting under controlled conditions of the ectomycorrhizal 521 

fungus Hebeloma cylindrosporum associated with Pinus pinaster. New Phytologist 105, 429-522 

435. 523 

Djigal, D., Brauman, A., Diop, T.A., Chotte, J.L., Villenave, C., 2004a. Influence of bacterial-feeding 524 

nematodes (Cephalobidae) on soil microbial communities during maize growth. Soil Biology 525 

and Biochemistry 36, 323-331. 526 

Djigal, D., Sy, M., Brauman, A., Diop, T.A., Mountport, D., Chotte, J.L., Villenave, C., 2004b. 527 

Interactions between Zeldia Punctata (Cephalobidae) and bacteria in the presence or absence 528 

of maize plants. Plant and Soil 262, 33-44. 529 

Finlay, R.D., 2008. Ecological aspects of mycorrhizal symbiosis: with special emphasis on the 530 

functional diversity of interactions involving the extraradical mycelium. Journal of 531 

Experimental Botany 59, 1115–1126. 532 

Gessler, A., Schneider, S., Von Sengbusch, D., Weber, P., Hanemann, U., Huber, C., Rothe, A., 533 

Kreutzer, K., Rennenberg, H., 1998. Field and laboratory experiments on net uptake of nitrate 534 

and ammonium by the roots of spruce (Picea abies) and beech (Fagus sylvatica) trees. New 535 

Phytologist 138, 275–285.  536 

George, T.S., Giles, C.D., Menezes-Blackburn, D., Condron, L.M., Gama-Rodrigues, A.C., Jaisi, D., 537 

Lang, F., Neal, A.L., Stutter, M.I., Almeida, D.S., Bol, R., Cabugao, K.G., Celi, L., Cotner, 538 

J.B., Feng, G., Goll, D.S., Hallama, M., Krueger, J., Plassard, C., Rosling, A., Darch, T., 539 



 23 

Fraser, T., Giesler, R., Richardson, A.E., Tamburini, F., Shand, C.A., Lumsdon, D.G., Zhang, 540 

H., Blackwell, M.S.A., Wearing, C., Mezeli, M.M., Almås, Å.R., Audette, Y., Bertrand, I., 541 

Beyhaut, E., Boitt, G., Bradshaw, N., Brearley, C.A., Bruulsema, T.W., Ciais, P., Cozzolino, 542 

V., Duran, P.C., Mora, M.L., de Menezes, A.B., Dodd, R.J., Dunfield, K., Engl, C., Frazão, 543 

J.J., Garland, G., González Jiménez, J.L., Graca, J., Granger, S.J., Harrison, A.F., Heuck, C., 544 

Hou, E.Q., Johnes, P.J., Kaiser, K., Kjær, H.A., Klumpp, E., Lamb, A.L., Macintosh, K.A., 545 

Mackay, E.B., McGrath, J., McIntyre, C., McLaren, T., Mészáros, E., Missong, A., 546 

Mooshammer, M., Negrón, C.P., Nelson, L.A., Pfahler, V., Poblete-Grant, P., Randall, M., 547 

Seguel, A., Seth, K., Smith, A.C., Smits, M.M., Sobarzo, J.A., Spohn, M., Tawaraya, K., 548 

Tibbett, M., Voroney, P., Wallander, H., Wang, L., Wasaki, J., Haygarth, P.M., 2018. Organic 549 

phosphorus in the terrestrial environment: a perspective on the state of the art and future 550 

priorities. Plant and Soil 427, 191–208. 551 

Griffiths, B.S., 1986. Mineralization of nitrogen and phosphorus by mixed cultures of the Ciliate 552 

protozoan Colpoda steinii, the nematode Rhabditis sp and the bacterium Pseudomonas 553 

fluorescens. Soil Biology & Biochemistry 18, 637-641. 554 

Gusewell, S., 2004. N : P ratios in terrestrial plants: variation and functional significance. New 555 

Phytologist 164, 243-266. 556 

Gyaneshwar, P., Kumar, G.N., Parekh, L.J. & Poole, P.S., 2002. Role of soil microorganisms in 557 

improving P nutrition of plants. Plant and Soil 245, 83-93. 558 

Hayes, J., Simpson, R., Richardson, A., 2000. The growth and phosphorus utilisation of plants in 559 

sterile media when supplied with inositol hexaphosphate, glucose 1-phosphate or inorganic 560 

phosphate. Plant and Soil 220, 165-174. 561 

Hinsinger, P., Brauman, A., Devau, N., Gerard, F., Jourdan, C., Laclau, J.-P., Le Cadre, E., Jaillard, 562 

B., Plassard, C., 2011. Acquisition of phosphorus and other poorly mobile nutrients by roots. 563 

Where do plant nutrition models fail? Plant and Soil 348, 29-61. 564 

Holford, I.C.R., 1997. Soil phosphorus: Its measurement, and its uptake by plants. Australian Journal 565 

of Soil Research 35, 227-239. 566 



 24 

Irshad, U., Brauman, A., Villenave, C., Plassard, C., 2012. Phosphorus acquisition from phytate 567 

depends on efficient bacterial grazing, irrespective of the mycorrhizal status of Pinus pinaster. 568 

Plant and Soil 358, 148-161. 569 

Irshad, U., Villenave, C., Brauman, A., Plassard, C., 2011. Grazing by nematodes on rhizosphere 570 

bacteria enhances nitrate and phosphorus availability to Pinus pinaster seedlings. Soil Biology 571 

and Biochemistry 43, 2121-2126. 572 

Iyamuremye, F., Dick, R.P., Baham, J., 1996. Organic amendments and phosphorus dynamics: III. 573 

Phosphorus speciation. Soil Science 161, 444-451. 574 

Jentschke, G., Bonkowski, M., Godbold, D.L., Scheu, S., 1995. Soil protozoa and forest tree growth - 575 

Non-nutritional effects and interaction with mycorrhizae. Biology and Fertility of Soils 20, 576 

263-269. 577 

Jorquera, M.A., Crowley, D.E., Marschner, P., Greiner, R., Fernández, M.T., Romero, D., Menezes-578 

Blackburn, D., De La Luz Mora, M., 2011. Identification of β-propeller phytase-encoding 579 

genes in culturable Paenibacillus and Bacillus spp. from the rhizosphere of pasture plants on 580 

volcanic soils. FEMS Microbiology Ecology 75, 163-172. 581 

Kohlmeier, S., Smits, T.H., Ford, R.M., Keel, C., Harms, H., Wick, L.Y., 2005. Taking the fungal 582 

highway: mobilization of pollutant-degrading bacteria by fungi. Environmental science & 583 

technology 39, 4640-4646. 584 

Koller, R., Rodriguez, A., Robin, C., Scheu, S., Bonkowski, M., 2013. Protozoa enhance foraging 585 

efficiency of arbuscular mycorrhizal fungi for mineral nitrogen from organic matter in soil to 586 

the benefit of host plants. New Phytologist 199, 203-211. 587 

Kuikman, P.J., Jansen, A.G., Vanveen, J.A., 1991. N-15-nitrogen mineralization from bacteria by 588 

protozoan grazing at different soil-moisture regimes. Soil Biology and Biochemistry 23, 193-589 

200. 590 

Louche, J., Ali, M.A., Cloutier-Hurteau, B., Sauvage, F.-X., Quiquampoix, H., Plassard, C., 2010. 591 

Efficiency of acid phosphatases secreted from the ectomycorrhizal fungus Hebeloma 592 

cylindrosporum to hydrolyse organic phosphorus in podzols. FEMS Microbiology Ecology 593 

73, 323–335. 594 



 25 

Mezeli, M.M., Page, P., George, T.S., Neilson, N., Mead, A., Blackwell, M. S.A.,  Haygarth, P.M., 595 

2020. Using a meta-analysis approach to understand complexity in soil biodiversity and 596 

phosphorus acquisition in plants. Soil Biology and Biochemistry, DOI: 597 

10.1016/j.soilbio.2019.107695 598 

Morizet, J., Mingeau, M., 1976. Influence des facteurs de milieu sur l’absorption hydrique. Etude 599 

effectuee sur tomate decapitee en exsudation. i. facteurs nutritionnels. Annales Agronomiques 600 

27, 333–342. 601 

Mullaney, E.J., Ullah, A.H.J., 2003 The term phytase comprises several different classes of enzymes. 602 

Biochemical and Biophysical Research Communications 312, 179-184. 603 

Nehls, U., Plassard, C., 2018. Nitrogen and phosphate metabolism in ectomycorrhizas. New 604 

Phytologist 220, 1047–1058.  605 

Oberson, A., Friesen, D.K., Rao, I.M., Buhler, S., Frossard, E., 2001. Phosphorus Transformations in 606 

an Oxisol under contrasting land-use systems: The role of the soil microbial biomass. Plant 607 

and Soil 237, 197-210. 608 

Ohno, T., Zibilske, L.M., 1991. Dtermination of low concentration of phosphorus in soil extracts using 609 

malachite green. Soil Science Society of America Journal 55, 892-895. 610 

Pistocchi, C., Mészáros, É., Tamburini, F., Frossard, E., Bünemann, E.K., 2018. Biological processes 611 

dominate phosphorus dynamics under low phosphorus availability in organic horizons of 612 

temperate forest soils. Soil Biology and Biochemistry 126, 64–75. 613 

Plassard, C., Dell, B., 2010. Phosphorus nutrition of mycorrhizal trees. Tree Physiology 30, 1129-614 

1139. 615 

Plassard, C., Louche, J., Ali, M.A., Duchemin, M., Legname, E., Cloutier-Hurteau, B., 2011. Diversity 616 

in phosphorus mobilisation and uptake in ectomycorrhizal fungi. Annals of Forest Science 68, 617 

33-43. 618 

Ranoarisoa, M.P., Morel, C., Andriamananjara, A., Jourdan, C., Bernard, L., Becquer, T., 619 

Rabeharisoa, L., Rahajaharilaza, K., Plassard, C., Blanchart, E., 2018. Effects of a 620 

bacterivorous nematode on rice 
32

P uptake and root architecture in a high P-sorbing ferrallitic 621 

soil. Soil Biology and Biochemistry 122, 39-49. 622 



 26 

Richardson, A.E., Hadobas, P.A., Hayes, J.E., 2000. Acid phosphomonoesterase and phytase activities 623 

of wheat (Triticum aestivum L.) roots and utilization of organic phosphorus substrates by 624 

seedlings grown in sterile culture. Plant, Cell & Environment 23, 397-405. 625 

Richardson, A.E., Hadobas, P.A., Hayes, J.E., O'Hara, C.P., Simpson, R.J., 2001. Utilization of 626 

phosphorus by pasture plants supplied with myo-inositol hexaphosphate is enhanced by the 627 

presence of soil micro-organisms. Plant and Soil 229, 47-56. 628 

Rinkes, Z., Sinsabaugh, R., Moorhead, D., Grandy, A., Weintraub, M., 2013. Field and lab conditions 629 

alter microbial enzyme and biomass dynamics driving decomposition of the same leaf litter. 630 

Frontiers in Microbiology 4, 260. 631 

Rodriguez, H., Fraga, R., 1999. Phosphate solubilizing bacteria and their role in plant growth 632 

promotion. Biotechnology Advances 17, 319-339. 633 

Scheerer, U., Trube, N., Netzer, F., Rennenberg, H., Herschbach, C., 2019. ATP as Phosphorus and 634 

Nitrogen Source for Nutrient Uptake by Fagus sylvatica and Populus x canescens Roots. 635 

Frontiers in Plant Science 10, 378. 636 

Smith, S.E., Read, D.J., 2008. Mycorrhizal Symbiosis - Third Edition. Academic Press, London. 637 

Southey, J.F., 1986. Laboratory methods for work with plant and soil nematodes. Ministery of 638 

Agriculture, Fisheries and Food, Reference Book 402, London. 639 

Team, R.C. (2016) RStudio: Integrated Development for R [Internet].[cited 2015 Nov 20]. 640 

Tournier, E., Amenc, L., Pablo, A.-L., Legname, E., Blanchart, E., Plassard, C., Robin, A., Bernard, 641 

L., 2015. Modification of a commercial DNA extraction kit for safe and rapid recovery of 642 

DNA and RNA simultaneously from soil, without the use of harmful solvents. MethodsX 2, 643 

182-191. 644 

Trap, J., Bonkowski, M., Plassard, C., Villenave, C., Blanchart, E., 2016. Ecological importance of 645 

soil bacterivores for ecosystem functions. Plant and Soil 398, 1-24. 646 

Turner, B.L., 2007. Inositol phosphates in soil: amounts, forms and significance of the phosphorylated 647 

inositol stereoisomers. Inositol phosphates: linking agriculture and the environment. (eds B.L. 648 

Turner, A.E. Richardson & E.J. Mullaney), pp. 186–206. CAB International, Wallingford, 649 

UK. 650 



 27 

Vitousek, P.M., Porder, S., Houlton, B.Z., Chadwick, O.A., 2010. Terrestrial phosphorus limitation: 651 

mechanisms, implications, and nitrogen-phosphorus interactions. Ecological Applications 20, 652 

5-15. 653 

  654 



 28 

Captions to figures 655 

 656 

Figure 1. Schematic procedures to obtain the plants for inoculation experiments.  657 

A: ectomycorrhizal synthesis in glass tubes with Pinus pinaster and Hebeloma 658 

cylindrosporum. Non mycorrhizal plants are obtained without fungal plugs added. The inset 659 

diagram shows the home-made closing system of each Teflon tube. B-E: preparation of 660 

square Petri dishes with soil-bead mixture. B: two holes for plant passage and watering are 661 

first made with a hot tool. C: the sterile soil-bead-nutrient solution mixture is poured into the 662 

dish. D: a two-month-old pine seedling is taken of the glass tube and placed on the soil-bead 663 

mixture before addition of free-living organisms (B. subtilis and/or Rhabditis sp.). E: the hole 664 

for watering and the dish are closed with pieces of sticky tape. 665 

 666 

Figure 2. Biomass accumulation in shoots and roots of P. pinaster, whether not 667 

associated (NM) or associated with the ectomycorrhizal basidiomycete H. 668 

cylindrosporum (M) and different inoculation treatments.  669 

Two-month old plants were grown for 100 d in a cambisol supplemented with phytate with 670 

different inoculation treatments that were: no addition of living-free organisms (None), 671 

addition of a phytate-mineralizing bacteria Bacillus subtilis (+Bac) or addition of bacteria 672 

together with bacteria-feeding nematodes Rhabditis sp. (+Bac +Nem). Bars are the means 673 

(n=6) with standard deviation. Different capital letters (A, B) indicate significant differences 674 

among mycorrhizal fungal status at p<0.05 (two-way ANOVA). Different lowercase letters 675 

(a, b, c) indicate significant differences among biological treatments at p<0.05 (one-way 676 

ANOVA followed by post hoc Tukey HSD test). Asterisk indicates a mean significantly 677 

different from the initial value measured in two-month old plants at p<0.05 (Student's t-test of 678 

mean comparison) 679 
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 680 

Figure 3. Total P amount in shoots and roots of P. pinaster, whether not associated (NM) 681 

or associated with the ectomycorrhizal basidiomycete H. cylindrosporum (M).  682 

Two-month old plants were grown for 100 d in a cambisol supplemented with phytate with 683 

different inoculation treatments that were: no addition of living-free organisms (None), 684 

addition of a phytate-mineralizing bacteria Bacillus subtilis (+Bac) or addition of bacteria 685 

together with bacteria-feeding nematodes Rhabditis sp. (+Bac +Nem). Bars are the means 686 

(n=6) with standard deviation. Different capital letters (A, B) indicate significant differences 687 

among mycorrhizal fungal status at p<0.05 (two-way ANOVA). Different lowercase letters 688 

(a, b, c) indicate significant differences among biological treatments at p<0.05 (one-way 689 

ANOVA followed by post hoc Tukey HSD test). Asterisk indicates a mean significantly 690 

different from the initial value measured in two-month old plants at p<0.05 (Student's t-test of 691 

mean comparison). 692 

 693 

Figure 4. P acquisition efficiency of P. pinaster, whether not associated (NM) or 694 

associated with the ectomycorrhizal basidiomycete H. cylindrosporum (M).  695 

Two-month old plants were grown for 100 d in a cambisol supplemented with phytate with 696 

different inoculation treatments that were: no addition of living-free organisms (none), 697 

addition of a phytate-mineralizing bacteria Bacillus subtilis (+Bac) or addition of bacteria 698 

together with bacteria-feeding nematodes Rhabditis sp. (+Bac +Nem). Bars are the means 699 

(n=6) with standard deviation. Different capital letters (A, B) indicate significant differences 700 

among mycorrhizal fungal status at p<0.05 (two-way ANOVA). Different lowercase letters 701 

(a, b, c, d) indicate significant differences among biological treatments at p<0.05 (one-way 702 

ANOVA followed by post hoc Tukey HSD test). 703 

 704 
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Figure 5. Abundance of fungal (18S) rDNA gene copies measured by qPCR in soil with 705 

P. pinaster, whether not associated (NM) or associated with the ectomycorrhizal 706 

basidiomycete H. cylindrosporum (M) after 100 d of growth in a cambisol supplemented 707 

with phytate and with different inoculation treatments.  708 

Inoculation treatments were: no addition of living-free organisms (None), addition of a 709 

phytate-mineralizing bacteria Bacillus subtilis (+Bac) or addition of bacteria together with 710 

bacteria-feeding nematodes Rhabditis sp. (+Bac +Nem). Bars are the means (n=6) with 711 

standard deviation. Different capital letters (A, B) indicate significant differences among 712 

mycorrhizal fungal status at p<0.05 (two-way ANOVA). Different lowercase letters (a, b, c) 713 

indicate significant differences among biological treatments at p<0.05 (one-way ANOVA 714 

followed by post hoc Tukey HSD test). 715 

 716 

Supplementary information 1. Pictures of the devices used to produce plants for 717 

inoculation experiments 718 

Supplementary information 2.  Plant total P amounts according to biological treatments. 719 



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic procedures to obtain the plants for inoculation experiments.  

A: ectomycorrhizal synthesis in glass test-tubes with Pinus pinaster and Hebeloma 

cylindrosporum. Non mycorrhizal plants are obtained without fungal plugs added. The inset 

diagram shows the home-made closing system of each Teflon tube.  B-E: preparation of 

square Petri dishes with soil-bead mixture. B: two holes for plant passage and watering are 

first made with a hot tool. C: the sterile soil-bead-nutrient solution mixture is poured into the 

dish. D: a two-month-old pine seedling is taken of the glass tube and placed on the soil-bead 

mixture before addition of free-living organisms (B. subtilis and/or Rhabditis sp.). E: the hole 

for watering and the dish are closed with pieces of sticky tape. 

 

 



 

Figure 2. Biomass accumulation in shoots and roots of P. pinaster, whether not 

associated (NM) or associated with the ectomycorrhizal basidiomycete H. 

cylindrosporum (M) and different inoculation treatments.  

Two-month old plants were grown for 100 d in a cambisol supplemented with phytate with 

different inoculation treatments that were: no addition of supplementary organisms (None), 

addition of a phytate-mineralizing bacteria Bacillus subtilis (+Bac) or addition of bacteria 

together with bacteria-feeding nematodes Rhabditis sp. (+Bac +Nem). Bars are the means 

(n=6) with standard deviation. Different capital letters (A, B) indicate significant differences 

among mycorrhizal fungal status at p<0.05 (two-way ANOVA). Different lowercase letters 

(a, b, c) indicate significant differences among biological treatments at p<0.05 (one-way 

ANOVA followed by post hoc Tukey HSD test). Asterisk indicates a mean significantly 

different from the initial value measured in two-month old plants at p<0.05 (Student's t-test of 

mean comparison) 
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Figure 3. Total P amount in shoots and roots of P. pinaster, whether not associated (NM) 

or associated with the ectomycorrhizal basidiomycete H. cylindrosporum (M).  

Two-month old plants were grown for 100 d in a cambisol supplemented with phytate with 

different inoculation treatments that were: no addition of supplementary organisms (None), 

addition of a phytate-mineralizing bacteria Bacillus subtilis (+Bac) or addition of bacteria 

together with bacteria-feeding nematodes Rhabditis sp. (+Bac +Nem). Bars are the means 

(n=6) with standard deviation. Different capital letters (A, B) indicate significant differences 

among mycorrhizal fungal status at p<0.05 (two-way ANOVA). Different lowercase letters 

(a, b, c) indicate significant differences among biological treatments at p<0.05 (one-way 

ANOVA followed by post hoc Tukey HSD test). Asterisk indicates a mean significantly 

different from the initial value measured in two-month old plants at p<0.05 (Student's t-test of 

mean comparison). 
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Figure 4. P acquisition efficiency of P. pinaster, whether not associated (NM) or 

associated with the ectomycorrhizal basidiomycete H. cylindrosporum (M).  

Two-month old plants were grown for 100 d in a cambisol supplemented with phytate with 

different inoculation treatments that were: no addition of supplementary organisms (none), 

addition of a phytate-mineralizing bacteria Bacillus subtilis (+Bac) or addition of bacteria 

together with bacteria-feeding nematodes Rhabditis sp. (+Bac +Nem). Bars are the means 

(n=6) with standard deviation. Different capital letters (A, B) indicate significant differences 

among mycorrhizal fungal status at p<0.05 (two-way ANOVA). Different lowercase letters 

(a, b, c, d) indicate significant differences among biological treatments at p<0.05 (one-way 

ANOVA followed by post hoc Tukey HSD test). 
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Figure 5. Abundance of fungal (18S) rDNA gene copies measured by qPCR in soil with 

P. pinaster, whether not associated (NM) or associated with the ectomycorrhizal 

basidiomycete H. cylindrosporum (M) after 100 d of growth in a cambisol supplemented 

with phytate and with different inoculation treatments.  

Inoculation treatments were: no addition of supplementary organisms (None), addition of a 

phytate-mineralizing bacteria Bacillus subtilis (+Bac) or addition of bacteria together with 

bacteria-feeding nematodes Rhabditis sp. (+Bac +Nem). Bars are the means (n=6) with 

standard deviation. Different capital letters (A, B) indicate significant differences among 

mycorrhizal fungal status at p<0.05 (two-way ANOVA). Different lowercase letters (a, b, c) 

indicate significant differences among biological treatments at p<0.05 (one-way ANOVA 

followed by post hoc Tukey HSD test). 
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Table 1. Statistics (F and p-values) of two-way ANOVA performed on biomass 

accumulation in shoots and roots of P. pinaster. 

Plants were grown for 100 days in a Cambisol supplemented with phytate, whether or not 

associated with the ectomycorrhizal fungus H. cylindrosporum, referred as "Mycorrhiza" (M) 

and whether or not inoculated with free-living microorganisms (bacteria and bacterial-feeding 

nematodes) referred as "Free-living organisms" (FO) as factors.  

 

Factors Dry biomass (g plant
-1

) in: 

Shoot  Root  

Mycorrhiza (M) 5.25 * 13.71 *** 

Free-living organisms (FO) 1.81 2.56 

M × FO 1.01 2.16 

                      * p<0.05, ** p<0.01, *** p<0.001 

 



Table 2. Root parameters measured in P. pinaster grown for 100 days in a Cambisol 

supplemented with phytate with different biological treatments.  

Values are the means (n=6) with standard deviation between brackets. NM: non-mycorrhizal, 

M: mycorrhizal with H. cylindrosporum, None: no inoculation, +Bac: inoculation with B. 

subtilis, +Bac +Nem: inoculation with B. subtilis and Rhabditis sp. 

  

Root parameters (plant
-1

) 

Biological treatment 

Length Area Tips  Forks Crossings 

(cm) (cm
2
) (Number) (Number) (Number) 

NM None 989 a 150 a 1851 a 2726 ab 428 a 

  

(159) (19) (387) (701) (143) 

NM +Bac 828 a 133 a 1745 ab 2554 ab 312 ab 

  

(224) (30) (473) (930) (125) 

NM +Bac +Nem 976 a 154 a 1768 ab 3404 a 472 a 

  

(146) (23) (318) (940) (161) 

M None 608 a 107 a 1200 bc 1558 b 194 b 

  

(321) (50) (494) (1267) (185) 

M +Bac 610 a 112 a 942   c 1290 b 142 b 

  

(15) (5) (72) (114) (20) 

M +Bac +Nem 647 a 123 a 1019 c 1641 ab 177 b 

  

(90) (22) (277) (407) (33) 

NM vs M one-way ANOVA p-value *** ** *** *** *** 

Different letters (a, b and c) indicate significant differences between biological treatments and 

stars (*p<0.05, **p<0.01, ***p<0.001) indicate significant differences between presence and 

absence of mycorrhiza according to one-way ANOVA followed by post hoc Tukey HSD test.  

 



Table 3. Statistics (F and p-values) of two-way ANOVA performed on root parameters 

of P. pinaster.  

Plants were grown for 100 days in a Cambisol supplemented with phytate, whether or not 

associated with the ectomycorrhizal fungus H. cylindrosporum, referred as "Mycorrhiza" (M) 

and whether or not inoculated with free-living microorganisms (bacteria and bacterial-feeding 

nematodes) referred as "Free-living organisms" (FO) as factors. 

 

Factors  Length Area Tips  Forks Crossings 

(cm) (cm
2
) (Number) (Number) (Number) 

Mycorrhiza (M)  24.86 *** 12.59 * 36.34 *** 32.03 *** 30.01 *** 

Free-living organisms (FO) 0.87  1.12 0.79 1.90 2.04 

M × FO 0.60 1.02 0.13 0.10 0.73 

* p<0.05, ** p<0.01, *** p<0.001 



Table 4.  Statistics (F and p-values) of two-way ANOVA performed on P amount in 

shoots and roots of P. pinaster.  

Plants were grown for 100 days in a Cambisol supplemented with phytate, whether or not 

associated with the ectomycorrhizal fungus H. cylindrosporum, referred as "Mycorrhiza" (M) 

and whether or not inoculated with free-living microorganisms (bacteria and bacterial-feeding 

nematodes) referred as "Free-living organisms" (FO) as factors.  

 

Factors Plant P (mg P plant
-1

) in: 

Shoot  Root  

Mycorrhiza (M) 4.42 * 1.76 

Free-living organisms (FO) 7.42 ** 23.94 *** 

M × FO 1.58 4.08 

                  * p<0.05, ** p<0.01, *** p<0.001 



Table 5. Statistics (F and p-values) of two-way ANOVA performed on P acquisition 

efficiency of P. pinaster. 

Plants were grown for 100 days in a Cambisol supplemented with phytate, whether or not 

associated with the ectomycorrhizal fungus H. cylindrosporum, referred as "Mycorrhiza" (M) 

and whether or not inoculated with free-living microorganisms (bacteria and bacterial-feeding 

nematodes) referred as "Free-living organisms" (FO) as factors. 

 

Factors P acquisition efficiency  

(µg P cm
-1

 of roots) 

Mycorrhiza (M) 51.61 *** 

Free-living organisms (FO) 17.46 *** 

M × FO 1.4 

                       * p<0.05, ** p<0.01, *** p<0.001 



Table 6. Statistics (F and p-values) of two-way ANOVA performed on fungal (18S) 

rDNA gene copies number measured by qPCR in soil with P. pinaster. 

Plants were grown for 100 days with the inoculation of ectomycorrhizal fungus referred as 

"Mycorrhiza" (M) and inoculation of free-living microorganisms (bacteria and bacterial-

feeding nematodes) referred as "Free-living organisms" (FO) as factors.  

 

Factors   18S rDNA gene copies 

number per gram of soil 

Mycorrhiza (M)   194.71 *** 

Free-living organisms (FO)  3.66 * 

M × FO  3.36 * 

                    * p<0.05, ** p<0.01, *** p<0.001 




