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Abstract

Background and aims Phosphorus from phytate, al-
though constituting the main proportion of organic soil
P, is unavailable to plants. Despite the well-known
effects of rhizosphere trophic relationships on N miner-
alization, no work has been done yet on P mineraliza-
tion. We hypothesized that the interactions between
phytate-mineralizing bacteria, mycorrhizal fungi and
bacterial grazer nematodes are able to improve plant P
use from phytate.

Methods We tested this hypothesis by growing Pinus
pinaster seedlings in agar containing phytate as P
source. The plants, whether or not ectomycorrhizal with
the basidiomycete Hebeloma cylindrosporum, were
grown alone or with a phytase-producing bacteria Ba-
cillus subtilis and two bacterial-feeder nematodes,
Rhabditis sp. and Acrobeloides sp. The bacteria and
the nematodes were isolated from ectomycorrhizal roots
and soil from P, pinaster plantations.

Results Only the grazing of bacteria by nematodes en-
hanced plant P accumulation. Although plants increased
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the density of phytase-producing bacteria, these bacteria
alone did not improve plant P nutrition. The seedlings,
whether ectomycorrhizal or not, displayed a low capac-
ity to use P from phytate.

Conclusions In this experiment, the bacteria locked up
the phosphorus, which was delivered to plant only by
bacterial grazers like nematodes. Our results open an
alternative route for better utilization of poorly available
organic P by plants.

Keywords Phytase - Ectomycorrhiza - Root
architecture - Bacillus subtilis - Hebeloma
cylindrosporum - Rhabditidae - Cephalobidae

Introduction

Phosphorus (P) is of vital importance for plant produc-
tion due to the plant metabolic requirements for growth
and replication. However, P is taken up by plants and
microorganisms only as orthophosphate (Pi), represented
by the anion H,PO, and HPO42_. Due to its strong
capacity to make complexes with cations and to its low
mobility, concentrations of free Pi in the soil solution
are generally low and estimated between 1 to 10 uM
(Hinsinger 2001). Therefore, P limits the productivity of
plants in many terrestrial ecosystems and is often the first
or second element limiting aboveground net primary
productivity of forests (Plassard and Dell 2010).
Remarkably, besides the low level of available free Pi,
soils contain a high amount of P that is linked to C-
containing compounds to form organic P (Po). Typically,
Po contributes from 30-65%, sometimes >90%, of the
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total soil P (Harrison 1987) and is present under a wide
range of compounds, including mono- and di-phosphate
esters. Among these Po compounds, myo-inositol hex-
akisphosphate (phytate) holds a particular place as it has
been found to accumulate in soil (Turner et al. 2002;
Turner 2007) indicating that it may be difficult to de-
grade either by roots or soil organisms. This form of
phosphorus is found in many ecosystems, including for-
est ecosystems (Turner et al. 2002; Turner, 2007). Find-
ing strategies to increase the use of P contained in phytate
by plants is of particular importance because this Po
form, making up 65-75% of P in the seeds of cereals or
legumes (Raboy 2007), is also one of the primary P
species of manure produced by monogastric animals
(Peperzak et al. 1959; Barnett 1994; Turner and Leytem
2004). Such a strategy would increase the recycling of P
to enhance or maintain plant production while decreasing
the use of mineral P of which high grade phosphate rocks
are definitely expected to be exhausted within decades
from now; (Cordell et al. 2009).

To be used by plants and microorganisms, phosphate
groups of phytate must be released by phytases. Based on
their structural differences and varied catalytic properties,
four classes of phytases have been proposed. These in-
clude (1) members of histidine acid phytases (HAP),
found in fungi, plants and bacteria (2) 3-Propeller phytase
(BPP) found in bacteria, especially in Bacillus sp., (3)
cysteine phytase (CPhy) found in bacteria from anaerobic
environments and (4) purple acid phytase (PAP) found in
plants (Mullaney and Ullah 2003, 2007). The ability to
mobilise phytate in soil solution will rely on the capacity
of organisms to produce the enzymes into the external
medium or at least in the cell wall space. Up to now,
plants grown in axenic conditions have been shown to
exhibit a poor capacity to use phytate as the sole source
of P (Hayes et al. 2000; Richardson et al. 2000, 2001a;
Richardson et al. 2001b ) suggesting a low capacity to
release phytase into the external medium. This low
capacity seems shared by the ectomycorrhizal species
as data obtained so far (Mousain et al. 1988; Louche
et al. 2010) indicated that phytase from these symbiotic
fungi represent only a small fraction of their total phos-
phatase activity.

The first strategy used to enhance plant access to P
from phytate was gene technology through plant trans-
formation with phytase genes of fungal (Aspergillus
niger—Richardson et al. 2001a) or bacterial (Bacillus
subtilis (3-propelle—Yip et al. 2003) origin. Transgenic
plants were able to produce phytase activity in their
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external medium and to take up significant amounts of
P from phytate. However, this strategy is not always
sucessful when plants are grown in soil (George et al.
2005; Richardson et al. 2007). In addition, it is only
applicable to plants easily transformable and could thus
be limited to these species.

Another strategy that has not been studied yet would
rely on the exploitation of the interactions between
plants, mycorrhizal fungi, bacteria and their grazers in
the thizosphere—the food web relationships—combined
with the bacterial ability to degrade phytate. Plant rhizo-
sphere was shown to contain bacteria able to mineralize
phytate in vitro (Jorquera et al. 2008a,b) and plant ino-
culation with bacteria able to degrade phytate in pure
culture was shown to increase plant access to P from
myo-inositol hexakisphosphate (Richardson and
Hadobas 1997; Hayes et al. 2000; Richardson et al.
2001b). However, this positive effect of plant inoculation
by phytate-using bacteria could be strongly increased by
the presence of bacterial grazers, through the microbial
loop in which plant exudates stimulate bacterial growth
that will in turn liberate nutrients through their grazing by
bacterial grazers. In addition to the bacteria, mycorrhizal
fungi could also exert a positive role by enhancing the
soluble mineral P uptake by the host plant from the
supplementary P released into the medium (Plassard
and Dell 2010; Smith et al. 2011, Tatry et al. 2009).

Of the bacterial grazers, protozoa and nematodes
have been shown to play a major role releasing nutrients
sequestered in the bacterial biomass in the rhizosphere,
especially regarding N cycling (Bonkowski et al. 2009;
Villenave et al. 2004). However the contribution of soil
fauna to the release of P from the microbial biomass has
not yet been determined (Marschner et al. 2011). Eluci-
dation of the possible role of the food web on P cycling
from recalcitrant organic P sources such as phytate
through the activity of bacterivorous nematodes appears
highly relevant as these organisms are a major compo-
nent of the food web in the soil, especially in forest
situations. For example, of the whole nematode popula-
tion extracted from a mixed deciduous forest, 20—-50%
of nematodes were bacterial-feeders (Bernard 1992).
Furthermore, recent studies showed that the proportion
of bacterial-over fungal-feeder nematodes increased
with root densities of two perennial species, tending to
values ranging from 0.7 (Pinus nigra) to 0.9 (Kunzea
ericoides) (Dickie et al. 2011), underlying the impor-
tance of the bacterial compartment in these conditions.
Despite this ecological significance, the impact of
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predation on P cycle at the rhizosphere level has been
nearly been ignored so far (Ingham et al. 1985).

In this work, we hypothesized that the interactions
between phytate mineralizing bacteria and mycorrhizal
fungi together with bacterial grazer nematodes are able
to improve plant P use from phytate. We tested this
hypothesis by growing Pinus pinaster seedlings in agar
containing phytate as P source. Plants, whether or not
associated with the ectomycorrhizal basidiomycete
Hebeloma cylindrosporum, were grown alone or with
a phytase-producing bacteria Bacillus subtilis and two
bacterial grazer nematodes belonging to Rhabditis sp.
and Acrobeloides sp. The bacteria and the nematode
were isolated from ectomycorrhizal roots and soil from
P, pinaster plantations.

Material and methods
Fungal and plant material

A dikaryotic strain (D2) of the ectomycorrhizal basidio-
mycete Hebeloma cylindrosporum Romagnesi, resulting
from the plasmogamy of the two compatible homokary-
otic strains (hl and h7) (Debaud and Gay 1987) was
used. Mycelia were grown in the dark, at 24°C in stan-
dard nitrate (N6) medium, either on agar-solidified-
medium or in liquid culture without shaking (Louche
et al. 2010). Seedlings of maritime pine (Pinus pinaster
Soland in Ait. from Medoc, Landes-Sore-VG source,
France) were obtained from germination of seeds carried
out in sterile conditions (Irshad et al. 2011). Mycorrhizal
synthesis was performed in test tubes (Casarin et al.
2004) and plants, whether inoculated or not, were placed
in a growth chamber under the same conditions as de-
scribed in Ali et al. (2009) for two months before the co-
inoculation experiment.

Bacterial strain and nematodes

The bacterial strain used, Bacillus subtilis, was isolated
from Pine roots and maintained in pure culture as de-
scribed previously (Irshad et al. 2011). For inoculation
experiment, bacteria were grown in shaken conditions
(150 rpm) at 28°C for 40 h in the synthetic medium
(Irshad et al. 2011) excepted that N and P sources were
supplied as 1 mM KNOj and 0.2 mM KH,PO,4. At
maximum optical density (600 nm), the cultures were
centrifuged (5000 g, 10 min) and the pellet was washed

twice in sterile deionized water to eliminate any remain-
ing P. The bacteria were then re-suspended in 30 ml of
sterile deionized water before use. Cell density of this
solution was determined using a dilution 1/1000 depos-
ited on a hemocytometer (0.2 mm depth). Calculations
of bacterial density were performed using the link http://
www.changbioscience.com/cell/hemo.html. Unless dif-
ferently stated, the initial bacterial density of the solution
used to inoculate plates was 1.3x 10° cells ml .

Monoxenic populations of nematodes were
obtained following the method previously described
(Irshad et al. 2011). Here, we used two nematode
species identified from molecular analysis of 18S rDNA
gene as Rhabditis sp. (Irshad et al. 2011) and Acrobe-
loides sp (this study). After multiplication in dark at
24°C, the nematodes were washed from most B. subtilis
by centrifugation (1000 rpm, 5 min) and re-suspended in
sterile deionized water to a density of 214+12 (Rhabdi-
tis sp.) and 196=10 (Acrobeloides sp.) nematodes ml ™’
for inoculation in plates.

Experimental design for co-inoculation

Plants of two status, either non-mycorrhizal (NM) or
mycorrhizal (M) with H. cylindrosporum, were then set
up with three inoculation treatments: (1) no inoculation
(none), (2) inoculation with B. subtilis (+bac), and (3)
inoculation with B. subtilis and Rhabtidis sp.
(+bactneml) or Acrobeloides sp. (+bactnem?2).
The experiment was carried out in square Petri
dishes and growth conditions described in Irshad
et al. (2011) for two months. The nutrient medium
(70 ml/dish) contained 1.0% agarose (Eurobio Molecu-
lar Biology Grade), 2 mM MgS0O,.7H,0, 4 mM CaSOy,
50 pg "' thiamine hydrochloride, 0.5 ml 1™' 1% Fe
citrate, 50 mM MOPS, 0.2 ml 1! Morizet and Mingeau
solution of micronutrients (1976), 2 mM KNOj as the
sole source of N, 1 mM phytate (inositol hexakisphos-
phate, sodium salt, Sigma, ref P0109) and cholesterol
(5 ug 1I'"). The medium without phytate and cholesterol
was autoclaved (115°C, 40 min) and cooled to 55°C
before adding filtered (0.2 um pore size) sterilized so-
lution of phytate and cholesterol. Before the experiment,
agarose and phytate were checked for their free Pi con-
tents that were 43.4 pug P g ' dry wt of agarose
and 182.1 pug P mmol ' of phytate. Taken together,
the solid medium contained 43 pg free Pi plate .
After solidification, plates from both NM and M treat-
ments, (+bac) as well as (tbactnem) treatment,
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received 1 ml of bacterial suspension (equal to 1.3+
0.1x10° cells plant™"). On top of that, plates from
treatment (+bactnem) received 0.5 ml of nematode
suspension (equal to 107+6 and 98+5 nematodes
plant ! for Rhabditis sp. and Acrobeloides sp., respec-
tively). Both of these inoculums contributed a negligible
amount of free Pi (1.53 pg/plant '). Each plate from
treatments without bacteria and nematodes (none) re-
ceived 1.5 ml sterile deionized water to give the same
level of moisture to all plants.

Use of phytate by the fungus, the bacteria
and the nematodes without plant

To check their capacity to use phytate as a source of P, the
fungus and the bacteria were grown in pure culture. H.
cylindrosporum was grown in a flask containing 40 ml of
liquid medium of the same composition as the co-
inoculation medium supplemented with 55 mM glucose.
Phosphorus was added either as KH,PO4 (1 mM) or
phytate (1 mM). The fungus was grown for 24 days in
the dark, as described above. The cultures of B. subtilis
were also carried out in liquid medium of the same
composition as the co-inoculation medium supplemented
with 55 mM glucose and with P either as KH,PO,
(1 mM) or sodium phytate (6 mM). The bacteria were
grown at 28°C, with shaking (150 rpm) for 120 h.

We also checked the capacity of the bacteria and their
grazers (Rhabditis sp.) to develop in the co inoculation
medium, supplied in the same conditions as for plant
culture, with no additional C source added to the solid
medium. Square Petri dishes containing 70 ml of solid
medium with 1 mM phytate were inoculated with bac-
teria (1.3+0.1 x 10° bacteria plate ') only or with bacteria
and nematodes (1076 individuals plate "), as described
previously for plants. The plates were sealed with sticky
tape and placed in the growth chamber and protected
from light. They were used to measure the bacterial and
nematode populations after every two weeks until
60 days of incubation (n=3 plates/time/treatment).

Plant analysis

Root parameters (length, surface area, number of tips and
forks) were measured on cleaned root systems scanned
with the software WinRHIZO (http://www.regentinstru
ments.com/products/rhizo/Rhizo.html). Shoots (needles
plus stem) and roots were freeze-dried for dry biomass
determination and were then milled before carrying out P
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determination and chitin assay. Total P contents were
determined after mineralization of tissues with H,SO,4
36N as described in Aquino and Plassard (2004). Free
orthophosphate concentration was assayed in mineral-
ized solution according to Ohno and Zibilske (1991)
with malachite green. All these analyses were carried
out first on 2-month old NM and M plants (data given in
Table S1) used to set up the inoculation experiment and
at the end of the experiment. Chitin assay was performed
at the end of the experiment on 10 mg of roots heated in
1 ml of 6N HCl according to the method from Vignon et
al. (1986) and fully described in supplementary material.

Bacterial and nematode populations

The solid medium of each Petri dish was first cut into
pieces and transferred to sterile 180 ml-polypropylene
containers with 10 ml of deionized sterile water in sterile
conditions. Each container was shaken by hand for 5 min
and aliquot of solution (1 ml) was taken after 2 h. This
solution was used to numerate bacterial cells with a
hemocytometer after adequate dilution (at least 1/
10000). The remaining solution and solid medium were
then transferred on a filter paper for 48 h to collect the
population of living nematodes that moved through the
filter into the water (50 ml) beneath. The nematodes were
further concentrated by gravitation in a fraction of 5 ml.
They were counted immediately by using a stereo-
microscope to determine the final density and then fixed
to determine their biomass. Fixation was carried out by
mixing fixation solution (4% formaldehyde) heated at
70°C with the solution containing the nematodes
(10/1, v/v). Slides were then made and observed under
microscope. The dimensions (width and length) of nem-
atodes were recorded using the software cell B ((http:/
www.microscopy.olympus.eu/microscopes/Software
cell B.htm). The body weight (ug) of each individual
was calculated using a formula derived by Andrassy
(Andrassy 1956 in Zuckerman et al. 1967):

Body weight of nematodes(pg) = a> x b/1600000

where a is the greatest body width and b the length in
micrometers.

Statistical analysis

Unless otherwise stated, the results are given as
meandtstandard deviation (n=6 at TO and 7 at the end
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of experiment). The differences between means were
analyzed by factorial ANOVA followed by Tukey’s HSD
post-hoc test using Statistica 7.1 (StatSoft Inc., Tulsa,
OK, USA). Normality was tested using the Kolmogorov
Smirnov test and, where necessary, the data was either
square root or log10 transformed prior to analysis to meet
the assumptions of ANOVA. The comparison of means
between NM and M samples at the beginning and
the end of experiment was carried out using the Student’s
t test.

Results
Use of phytate by microbial partners in pure culture

The growth and total P accumulation measured in H.
cylindrosporum thalli displayed huge differences when
grown for 24 days in the same liquid medium containing
either soluble orthophosphate (Pi) or phytate as the sole
source of P (Table S2). Biomass production, total P
contents and accumulation in Pi-grown mycelia were
5, 1.5 and 8 times higher than in phytate-grown mycelia,
respectively (Table S2). In addition, the amounts of P
accumulated in phytate-grown mycelia (on average
33 g total P per thallus) were of the same order of
magnitude as the P contamination brought by phytate
salt (7 pg per flask) and agar plug (23 pg per flask).
Taken together, these results indicated that the fungus
displayed a poor ability to use phytate as a P source. The
bacteria B. subtilis were able to grow whatever the P
source supplied into the medium (Fig. S1). Although
phytate-grown bacteria grew 33% less than Pi-grown
bacteria, they were able to increase external [Pi] in the
medium in addition to their own growth (Fig. S1b).
These results confirmed the phytate-mineralizing capac-
ity of this bacterial strain.

As shown in Table 1, bacterial populations in-
creased by a factor of around 6 after only 15 days of
incubation. They remained stable over the last 45 days,
with or without the bacterial-feeding nematodes Rhab-
ditis sp., although the presence of nematodes signifi-
cantly increased the number of bacterial populations
after 60 days of incubation. Similarly to that of bacte-
ria, the population of active nematodes dramatically
increased by a factor of 10 during the first 15 days of
incubation. After this peak of growth, nematode abun-
dance did not change significantly with incubation
time (Table 1).

Effect of food web complexity on root development,
plant growth and mineral nutrition

Whatever the treatment, the plants displayed a signifi-
cant root development as all values of root parameters
(length, surface area, number of tips and forks) mea-
sured in plants sampled at the time of transfer to the
phytate-containing medium were significantly lower
than those measured at the end of experiment (Table 2).
The values of root parameters recorded at the end of
experiment were first analyzed using two-way ANOVA
showing that there was no interaction between plant
status and inoculation treatments on all parameters mea-
sured except the numbers of root tips (Table 2). Gener-
ally speaking, plant status induced a significant effect on
root growth, as all parameters measured in NM plants
were higher than those measured in M plants (Table 2).
Conversely, inoculation treatments induced a significant
effect on root parameters due to a positive effect of
nematodes on root extension assessed by length, surface
area and ramification degree given by tip and fork numb-
ers. More precisely, in non-mycorrhizal plants, nematode
activity induced a significant increase of root length
(+30% and +34%, for Rhabditis sp. and Acrobeloides
sp., respectively) and root surface area (+54% for Rhab-
ditis sp. only) compared to the average value of sterile
and +bacteria plants (Table 2). However, nematode ac-
tivity induced a significant increase of root ramification
compared only to the +bacteria treatment as the numbers
of tips and forks were increased respectively by 31-27%
(Rhabditis sp.) and by 46-36% (Acrobeloides sp.). In
contrast, inoculation treatments did not modify the root
parameters measured in M plants, except the number of
tips that was significantly enhanced by +59% (Rhabditis
sp.) and +84% (Acrobeloides sp.) by nematodes com-
pared to sterile M plants.

In agreement with root development, root dry matter
was increased in all plants during the culture on phytate-
containing medium compared to the initial root dry
weight of plants (Fig. 1a). In contrast, shoot dry biomass
was not significantly increased in all treatments, as
sterile NM or M plants, and M plants with bacteria did
not produce shoot growth. Only the presence of Rhab-
ditis sp. induced a high production of shoot biomass in
NM and in M plants (Fig. la). Statistical analysis
showed that the plant status did not modify root or shoot
dry weights, contrary to the inoculation treatments
which induced strong changes in root and shoot growth
(Table 3, Fig. la). Indeed, the plants, whether or not
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Table 1 Evolution of populations of phytate mineralizing bac-
teria (Bacillus subtilis) and their nematode grazer (Rhabditis sp.)
in solid medium grown in sterile conditions containing phytate

as the sole source of P and C. The initial populations were 1.3 x
10°+0.1 bacteria and 10747 nematodes per plate

Days 15 30 45 60 P-value
Bacterial cells (x 10° platef') none ND ND ND ND
+bac 6.3+0.6a" 6.0£0.3b" 6.4+0.1a% 6.4£0.3b" >0.05
+bac-+nem 6.7+0.4a* 6.9+0.32" 6.9£0.92* 7.5+0.1a% >0.05
P-value >0.05 <0.01 >0.05 <0.01
Nematodes (x10* plate ") +bactnem 1.03£0.214 0.82+0.18% 0.87+0.44* 0.924+0.334 >0.05

Data are means =+ standard deviation (n=3). Different small letters denote significant effect of inoculation treatments and capital letters
denote significant effect of time given by one-way ANOVA followed by the Tukey’s minimum significant difference test

mycorrhizal, accumulated the same amounts of root and
shoot dry biomass when grown in sterile conditions or
with bacteria only. Compared to the averaged amounts
of biomass calculated in the plants grown in sterile
conditions or with bacteria alone, only the presence of
Rhabditis sp. induced a strong increase of both roots
(+44%) and shoots (+50%) in NM plants and only a

Table 2 Root growth parameters (length, surface area, number of
tips and forks) measured in P. pinaster plants of different status,
either non-mycorrhizal (NM) or mycorrhizal (M) with the ectomy-
corrhizal fungus H. cylindrosporum. Two-month old plants were
supplied with phytate in solid medium for 60 d and received

significant biomass increase (+38%) of shoots in M
plants (Fig. 1a).

Total P accumulation was significantly increased in
all plants grown in phytate-containing medium com-
pared to the P amounts accumulated in plants at the time
of transfer except in the M plants inoculated with bacte-
ria (Fig. 1b). As was the case for biomass accumulation,

different inoculation treatments that were either no addition (none),
or addition of a phytate-mineralizing bacteria only, B. subtilis (+bac)
or of the bacteria with the bacteria-feeding nematodes, Rhabditis sp.
(+bactneml) or Acrobeloides sp. (+bactnem?2)

Plant status Inoculation Length Surface area Tips Forks
treatments (cmplant™") (cm? plant™) (number plant ")

NM none 588abc 135b 2559bc 5554ab
+bac 527bc 136b 2363cd 4930b
+bac+neml 722a 211a 3099ab 7074a
+bac+nem?2 745a 180ab 3452a 6723a

M none 448b 128b 1869d 3895b
+bac 481bc 127b 2546bc 4718b
+bac+neml 577abc 152b 3009ab 5318b
+bac+nem?2 635ab 147b 3448a 5446ab

One-way ANOVA P-value <0.01 <0.01 <0.01 <0.01

Two-way ANOVA P-values

Variation source

Plant status <0.01 <0.01 >0.05 <0.01

Inoc. treatments <0.01 <0.01 <0.01 <0.01

Interaction >0.05 >0.05 <0.05 >0.05

Data are means (n=7) and were compared using one-way ANOVA followed by the Tukey’s minimum significant difference test. For
each parameter, means significantly different at P<0.05 have different letters. A two-way ANOVA was also performed to assess the
individual and combined effects of plant status and inoculation treatments using the Tukey’s minimum significant difference test. All
the parameters differed significantly from the means measured in plants sampled before the experiment and given in Table S1

(comparison of means, Student’s 7 test)
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Fig. 1 Biomass (a) and P
(b) accumulation in P,
pinaster plants, not associ-
ated (NM) or associated (M)
with the ectomycorrhizal
basidiomycete Hebeloma
cylindrosporum and culti-
vated with different inocu-
lation treatments: without
any addition of supplemen-
tary organisms (none), addi-
tion of a phytate-
mineralizing bacteria Bacil-
lus subtilis (+bac), or addi-
tion of the bacteria together
with the bacteria-feeding
nematodes Rhabditis sp.
(+bactneml) or Acrobe-
loides sp. (+bactnem?2).
Two-month old plants were
grown for 60 d with phytate
as the sole source of P in
solid medium. Bars corre-
spond to means (n=7). Dif-
ferent letters indicate
different means at P < 0.05
(one-way ANOVA followed
by the Tukey’s minimum
significant difference 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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Table 3 ANOVA table of P-values on the effect of plant status
(non-mycorrhizal or mycorrhizal with the ectomycorrhizal fun-
gus H. cylindrosporum) or inoculation treatments (no addition,
addition of a phytate-mineralizing bacteria B. subtilis or addition
of B. subtilis plus the bacteria-feeding nematodes, Rhabditis sp.

(tbactneml) or Acrobeloides sp. (+bactnem2) on plant bio-
mass and mineral nutrient accumulation of P. pinaster grown for
60 d on solid medium with phytate as the sole source of P (data
given in Fig. 1)

Variation source Plant biomass

Total P accumulation

Roots Shoots Roots Shoots
Plant status >0.05 >0.05 >0.05 >0.05
Inoc. treatments <0.01 <0.01 <0.01 <0.01
Interaction >0.05 >0.05 >0.05 >0.05

the mycorrhizal status did not modify significantly the P
accumulation in roots and shoots, contrary to the inocu-
lation treatments (Table 3, Fig. 1b). This was due to the
dramatic effect of both the nematode species as the
amounts of P accumulated in roots or shoots of the
plants grown without nematodes (none and +bac) were
not significantly different (Fig 1b). Compared to the
averaged P amounts calculated in plants grown in sterile
conditions and with bacteria only, the nematodes strong-
ly increased P accumulation in both NM and M plants.
On average, the increase was +174% (roots) and +176%
(shoots) in NM plants and +205% (roots) and +147%
(shoots) in M plants (Fig. 1b).

Plotting the individual values of total plant P accu-
mulation against the root surface area (Fig. 2a) showed
that plant P accumulation in NM plants, whether grown
in control conditions (treatment none) or inoculated with
bacteria only (treatment +bac), increased linearly with
the root surface (r2=0.27, p=0.05). The presence of the
fungus did not change this relationship in absence of
nematodes. In contrast, the values measured in NM and
M plants grown in the presence of either nematode
species did not fit in with the relationship established in
the absence of nematodes. An increase of root surface
went with a proportional increase of accumulated P in
NM plants whereas M plants exhibited a more variable
and stronger increase of P accumulation relative to their
root surface (Fig. 2a). As shown in Fig. 2b, the mean
values of the ratio of P accumulation per unit of root
surface calculated in NM and M plants without nemat-
odes were not significantly different, indicating that the
fungus alone was not able to enhance P uptake from the
medium. However, the two species of nematodes differ-
ently modified the ratio of P accumulation per unit of
root surface. In NM plants, only plants with Acrobe-
loides sp. displayed a significant increase of this ratio,
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plants with Rhabditis sp. were intermediate compared to
plants without nematodes. In contrast, with M plants,
despite a high variability of the data, the two species of
nematodes increased significantly the average values of
accumulated P per unit of root surface area compared to
plants without nematodes, with the highest average cal-
culated in plants grown in the presence of Acrobeloides
sp. As shown in Fig. 2¢, M plants exhibited significantly
higher amounts of glucosamine in their roots, due to the
fungal capacity to colonize the root system. M plants
from the two nematode treatments presented the highest
values of glucosamine contents together with the largest
variability of individual data compared to plants from the
other treatments. Taken together, the higher variability of
plant P accumulation observed in M plants than in NM
plants in presence of nematodes (Fig. 2a), suggests that
the roots may not be solely responsible for P uptake and
that the mycelium could play a significant role.

Evolution of bacterial and nematode populations
in presence of P. pinaster seedlings

Compared to the initial amount of bacteria, 1.3+0.1%
10° cells, added to each inoculated plant bacterial pop-
ulations dramatically increased in the rhizosphere of
plants after 60 d of co-inoculation by factors ranging
from 36 to 54 (Table 4). The NM plants presented the
highest level of bacterial populations and the presence of
nematodes tended to decrease it. The presence of the
fungus together with nematodes significantly decreased
bacterial populations by 32% compared to NM plants
with +bac treatments. Compared to their initial popula-
tion, the nematodes Rhabditis sp. increased by a factor
of 45 and 27 in NM and M plants respectively. The
populations of Acrobeloides sp. were twice as high as
those of Rhabditis sp., and increased by a factor of 91
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Fig. 2 Relationship between
(a) total P accumulation and
root surface area, (b) P
absorption efficiency per root
surface (cm?) and (c)
glucosamine (ug/ mg ' of
dry weight) measured in

P, pinaster plants of different
status, either non-
mycorrhizal (NM) or
mycorrhizal (M) with the
ectomycorrhizal fungus H.
cylindrosporum, supplied
with phytate in solid medium
for 60 d. Two-month old NM
or M plants were cultivated
with different inoculation
treatments that were either no
addition (none), or addition
of phytate-mineralizing bac-
teria only (+bac) or together
with bacterial feeding
nematodes (+bactneml

and +bac+nem?2)
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and 75 in NM and M plants respectively, during the
growth period. Although the nematodes (Rhabditis sp.)
were more abundant in NM (+66%) than in M plants,
their biomass was not significantly different (Table 4).
This is due to the higher number of juveniles observed
with NM than with M plants.

Discussion

Effect of plant and ectomycorrhizal symbiosis
on bacterial and nematode populations

The presence of the plant in the culture system increased
bacterial populations in absence of nematodes (compare
Tables 1 and 4). This suggests that the growth of bacteria
with phytate as the sole source of C and P was limited.
The solid medium contained initial low amounts of Pi
(assayed at 50 pg per plate) that may have supported the
rapid growth of the bacteria observed after 15 d (Table 1).
It may also have contained some available C sources that
contributed to the initial growth of the bacteria. However,
once these available sources were used by the bacteria,
the growth stopped, indicating that phytate was not a
good source of C for B. subtilis. Indeed, the capacity to
use phytate as the unique C and P source is limited to
0.5% of culturable bacteria isolated from soil (Richardson
and Hadobas 1997). This unability to use phytate as a C
source could be due to the action mode of BPP-phytase
(PhyC) secreted by B. subtilis. The enzyme produces

Table 4 Abundance of phytate-mineralizing bacterial (B. sub-
tilis) and bacterial-feeding nematodes (Rhabditis sp (+bac
+neml) or Acrobeloides sp. (+bactnem2) populations 60 days
after inoculation in the rhizosphere of P. pinaster plants, non-
mycorrhizal (NM) or mycorrhizal (M) with the ectomycorrhizal

both Ins(2,4,6)P3 and Ins(1,3,5)P3 as the major products
(Greiner et al. 2002) unusable by bacteria as a C source
(Tzvetkov and Liebl 2008). Conversely, when the plant
was cultivated with B. subtilis, a large number of bacterial
cells were observed, especially in absence of the mycor-
rhizal fungus and nematodes, indicating that the plant
was able to supply the C source. The fungus and the
nematodes decreased significantly the size of bacterial
populations in the medium. Such a negative effect could
be due to the competition for available C between the
fungus and the bacteria, and/or the grazing pressure
exerted by these bacteria-feeding nematodes (Ingham et
al. 1985; Fu et al. 2005).

As it did for bacteria, the presence of the plant also
strongly increased the size of the nematode popula-
tions of Rhabditis sp., especially when they are non-
mycorrhizal, with a high number of juveniles. This
reflects the abundant bacterial resource (Aescht and
Foissner 1992; Ettema and Bongers 1993). Converse-
ly, the negative effect of the mycorrhizal symbiosis
on nematode abundance (—66%) could also derive
from the competition for plant C source between the
fungus and the bacterial cells, decreasing in turn the
resource for nematodes. On the other hand, the pop-
ulations of Acrobeloides sp. were more abundant than
those of Rhabditis sp in NM and M plants. Cepha-
lobidae (such as Acrobeloides sp) are “general oppor-
tunist” whereas Rhabditidae are “enrichment
opportunist” (Bongers 1990; Cheng et al. 2011). As
discussed by Blanc et al. (2006), under enriched

fungus H. cylindrosporum, supplied with phytate in solid medi-
um. The initial inoculated populations plant—'for bacteria and
nematodes were 1.3x10°+0.1, 107+6 (Rhabditis sp.) and 98+7
(Acrobeloides sp.) respectively

Plant status Treatments Bacterial cells (x10° plant ") Nematodes (x10* plant™") Nematode biomass (pg plant ')
NM +bac 70+22a

+bac+nem1 60+19ab 4.82+0.70b 351+62%

+bac+nem2 62+18ab 8.91+0.97a 559+74
M +bac 54+14ab

+bactneml 48+9b 2.90+0.26¢ 258+40

+bac+nem?2 47+7b 7.37+0.79a 479463

P-values <0.01 <0.01

Data are means + standard deviation (»=7) and were compared using one-way ANOVA followed by the Tukey’s minimum significant
difference test. For each parameter, means significantly different at P<0.05 have different letters

?Biomass of nematodes was calculated from the size of 500 individuals randomly sampled from the whole population
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conditions such as fertilizer or manure input in soil or
breeding on nutrient agar, Rhabditis multiply more
than Cephalobidae. However on the long term and in
limited resources conditions as in natural soil, Ceph-
alobidae may present higher populations than enrich-
ment opportunists.

P accumulation and plant growth

Although the total amounts of P accumulated in NM
plants grown in sterile conditions or with bacteria
alone were higher than the initial ones, they were not
significantly different. These results indicated a low
capacity of plants to use P from phytate, as claimed by
numerous authors (Adams and Pate 1992; Findenegg
and Nelemans 1993; Hayes et al. 2000; Richardson et
al. 2000, 2001a,b). The presence of phytate mineral-
izing bacteria did not increase significantly the net
amount of P in NM plants. This result demonstrates
that the bacteria alone developing in the rhizosphere
were not able to provide more P to the plants despite
the observed increase of free Pi in liquid culture
(Fig. S1). This observation does not agree with previ-
ous studies showing that the P nutrition of plants
supplied with phytate was improved significantly
when the agar medium was inoculated with soil micro-
organisms or a strain of Pseudomonas fluorescens
with phytase activity (Richardson et al. 2001b). Our
experimental conditions favored the growth of bacte-
ria and this may have led to a rapid immobilization of
Pi in bacterial biomass remaining unavailable for
plants. The presence of H. cylindrosporum, whether
or not with bacteria, did not modify P availability to
plants. This is in agreement with the poor ability of the
fungus to use phytate as the sole source of P
(Table S1) and its low ability to release phytase in its
culture medium (Louche et al. 2010).

The grazing activity of both nematode species upon
the phytate-mineralizing bacteria dramatically increased
total P accumulation in roots and shoots. The observed
P accumulation and growth in shoots of NM plants was
comparable to the values obtained when plants were
grown in solid medium containing a non limiting P
availability supplied as KH,PO, (Irshad, unpublished
results). This indicates that the grazing activity upon
populations of phytate-mineralizing bacteria could be
as efficient as the production of transgenic plants
expressing and releasing into the external medium the
Aspergillus phytase (Richardson et al. 2001a).

However, NM plants with Acrobeloides sp. did not
significantly accumulate more biomass in roots and
shoots than plants grown in sterile conditions or with
bacteria alone despite the supplementary amount of P
accumulated in plants. These plants presented also the
highest level of nematode population that may have
drained more carbon exudates than when the plants were
grown with the other nematode species. Finally, this
high carbon allocation to the food web (Bonkowski
et al. 2001) could have resulted in less carbon storage
in plants and less growth. The same mechanism could
apply in M plants where the presence of Acrobeloides
sp. did not increase plant biomass compared to control
plants despite a higher plant P accumulation. Here,
abundance of Acrobeloides was not significantly de-
creased by mycorrhizal association and the level of
fungal colonization, estimated from glucosamine con-
centrations in roots, was the highest. Therefore, this high
density of nematodes together with ectomycorrhizal
hyphae may also have lead to competition for carbon
at the expense of plant growth.

Effect of food web on root growth and P acquisition

Our results showed that M plants presented values of
root length and surface area lower than those measured
in NM plants. This agrees with the effect of mycorrhizal
symbiosis (Jentschke et al. 1995) and of this fungal
species (Aquino and Plassard 2004). However, the pres-
ence of nematodes induced always a positive effect on
root growth parameters, whatever the status of the plant,
mycorrhizal or non-mycorrhizal. These results are not in
agreement with the studies of Jentschke et al. (1995) and
Bonkowski et al. (2001) who reported the persistence of
the negative effect of ectomycorrhizal symbiosis on root
development of Norway spruce seedlings (Picea abies)
after plant inoculation with either bacteria or bacteria
plus protozoa. Our results showed that nematodes
exerted a positive influence on root growth and ramifi-
cation in the presence ectomycorrhizal fungus, suggest-
ing that they could have a different role from protozoa
regarding this aspect.

The presence of nematodes also strongly modified
the relationship between the root surface area and total
P accumulation by simultaneously increasing the sur-
face area and P accumulation, especially in NM plants.
The simplest hypothesis to explain this change is that
the P availability from phytate to the roots was strong-
ly increased by the grazing activity of nematodes. This
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effect could arise from several causes. Firstly, this
could come from the liberation of free Pi or other
sources of organic P accumulated in bacteria and
released into the medium by grazing. The free Pi will
be directly available whereas the organic P could be
easily used by the phosphatases released by roots as
shown in wheat and Arabidopsis (Richardson et al.
2000, 2001a). Secondly, enhanced Pi availability by
grazing could result from the higher turn-over of bac-
terial populations in the presence of nematodes than in
their absence. Indeed, although the final number of
bacteria was lower in plants with nematodes than
without nematodes, more abundant bacterial popula-
tions have been necessary to support the nematode
growth. Therefore, together with their growth, the
bacterial populations could have used more phytate
resulting in turn in a higher release of free Pi into the
medium than with no nematodes present. Also, due to
their moving and transporting capacities of bacteria
(Chen et al. 2007), the nematodes may have greatly
increased the capacity of the bacteria to access phytate
throughout the whole solid medium. Finally, plant P
could have arisen from nematode life cycling and dead
organisms as it was shown that NM Betula pendula
seedlings were able to accumulate P from nematode
necromass (Perez-Moreno and Read 2001). All these
effects could have occurred during the experiment,
resulting in the observed enhanced P availability to
the plants.

The presence of the ectomycorrhizal fungus modi-
fied even more strongly the relationship between the
root surface area and plant P accumulation by enhanc-
ing the root efficiency to take up phosphorus from the
medium. All the effects leading to an enhanced P
availability by nematode grazing proposed in NM
plants may apply in M plants. However, the fungus
could add a supplementary effect, which is a better
exploration of the medium than plant roots. Such a
positive effect of this fungal species was reported by
Aquino and Plassard (2004) in P. pinaster plants
grown at the surface of a thin layer of soil. It was
attributed to a greater medium exploration by the
hyphae compared to roots together with a “fungal
pathway” of Pi uptake in M plants. This means that
although an agar medium was used in our experiment,
medium exploration by hyphae in M plants or by roots
in NM plants is an important feature to take up Pi,
indicating that Pi was probably not freely mobile in
the medium.

@ Springer

In conclusion, our data strongly support the possi-
ble role played by the microbial loop to enhance P
mineralization from organic P and P availability to
plants. This positive role is based on the assumption
that newly grown bacteria are able to mobilize
nutrients that are not easily accessible to plants (such
as phytate), which are then made available to plants by
bacterial grazers (Clarholm, 2005; Kuikman et al.
1991). Although the mechanisms leading to the re-
lease of available Pi from the grazing activity of nem-
atodes upon phytate-mineralizing bacteria remain to
be elucidated, our data demonstrated for the first time
the importance of the microbial loop to enhance P
availability from phytate, which is recognized as the
most poorly available organic P compounds to plants
(Richardson et al. 2000). Our results open a new route
to manage P nutrition of plants that needs now further
studies at the field level.
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Supplementary Material

Supplementary Method description:

Chitin assay: Once the acid hydrolysis was completed, the pH of the hydolysate was adjusted
to approximately 4.5 by addition of sodium acetate 1.25 M (1/5, v/v) to enable the
development of the colorimetric assay of glucosamine residues. The colorimetric assay
involves two different stages: the glucosamine residues are first deaminated by HNO; to
produce 2-5 anhydromannoses, molecules with a free aldehyde group on carbon 1. These
compounds then react with MBTH, a specific reactive of aldehyde groups, to give a blue
colour in the presence of FeCls. After acid hydrolysis, it is possible to assay aliphatic
aldehyde groups that do not result from the deamination of amino sugars. The absence of
HNO, during incubation enables one to determine the amount of aliphatic aldehydes present
in the solution. As a consequence, the actual amount of amino sugars may be calculated from
the difference between the absorbance values obtained with and without the action of HNO,

on the same sample.

Colorimetric assay: the total absorbance (aldehydes + amino sugars) was measured by adding
Iml KHSO4 5% (w/v) and 1 ml NaNO; 5% (w/v) to 1 ml of solution containing the residues
(production of HNO,). The absorbance due to aliphatic aldehyde groups was measured by
replacing NaNO, 5% by 1 ml of ultrapure water. After shaking, the mixture was allowed to
stand for 15 min (deamination time). Then 1 ml of H,NSO3;NHy4 12.5% (w/v) was added to
eliminate the excess of HNO,. After vigorous shaking (5 min), Iml MBTH 0.5% (w/v) was
added. Reaction time was 1h without shaking before adding 1 ml FeCls;,6H»0 0.83% (w/v).
The blue colour was allowed to develop for 30 min and was stable for up to 24h. The
absorbance was measured at 653 nm, using a sample without glucosamine as blank. All

chemical were from Sigma.



Table S1. Root architecture (length, surface area, number of tips and forks) and amounts of
total biomass, total N and total P measured in two-month old P. pinaster plants of different
status, either non-mycorrhizal (NM) or mycorrhizal (M) with the ectomycorrhizal fungus H.
cylindrosporum, at the time of transfer in solid medium containing phytate as the sole source

of P. Values are the means (n=6) with standard deviation between brackets.

Root architecture

Plant Plant  Length Surface Tips Forks  Dry Total
status  parts area weight P

2

(cm (cm (number plant™)

plant™) plant™)

NM  Roots 250 81 670 1627 152 0.07

30) (11 (89) (329)  (28)  (0.02)

Shoots 258 0.23
(20) (0.03)
M Roots 252 82 906 2102 172 0.08

(34) (13) (195) (314) (15) (0.01)
Shoots 282 0.31

(30)  (0.07)




Table S2. Growth and P accumulation in the ectomycorrhizal fungus Hebeloma

cylindrosporum grown for 24 d in liquid medium containing either orthophosphate or organic

P supplied as KH,PO4 1 mM (P1) or sodium-phytate 1 mM (Phytate). Given values are means

(n=7) and different small letters denote significant effect of treatments (one way ANOVA

followed by Tukey’s test).

The medium contained nitrate (6 mM) as the sole N source and glucose (55 mM) as carbon

source.

P source DW (mg/thallus) Total P concentration Total P accumulation
(mg/g DW) (mg/thallus)

Pi 50a 5.3a 0.269a

Phytate 10b 3.4b 0.033b

P-values <0.01 <0.05 <0.01
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Figure S1. Bacterial growth (estimated from OD measurements at 630 nm) and Pi concentration in liquid
medium inoculated with the phytate-mineralizing bacteria, Bacillus subtilis and containing (a) KH,PO4(1mM) or
(b) sodium-phytate (6mM) as the sole source of P. The culture medium contained nitrate (1 mM) as the sole

source of N and glucose (55 mM) as carbon source.
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