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Abstract
The release of nutritive elements through apatite dissolution represents the main source of phosphorus, calcium, and several micronutrients (e.g., Zn, Cu) for organisms in non-fertilized forest ecosystems. The aim of this study was to quantify, for
the ﬁrst time, the dissolution rate of apatite grains by tree roots that were or were not associated with a mineral weathering
bacterial strain, and by various acids known to be produced by tree roots and soil bacterial strains in open-system ﬂow
microcosms. In addition, we explored whether the mobilization of trace elements (including rare earth elements) upon apatite
dissolution was aﬀected by the presence of trees and associated microorganisms. The dissolution rate of apatite by Scots pine
plants that were or were not inoculated with the strain Burkholderia glathei PML1(12)Rp, and by inorganic (nitric) and
organic (citric, oxalic and gluconic) acids at pH 5.5, 4.8, 3.8, 3.5, 3.0, and 2.0 was monitored in two controlled experiments:
“plant–bacteria interaction” and “inorganic and organic acids”. Analyses of the outlet solutions in the “plant–bacteria interaction” experiment showed that Scots pine roots and B. glathei PML1(12)Rp produced protons and organic acids such as
gluconate, oxalate, acetate, and lactate. The weathering budget calculation revealed that Scots pines (with or without
PML1(12)Rp) signiﬁcantly increased (factor > 10) the release of Ca, P, As, Sr, Zn, U, Y, and rare earth elements such as
Ce, La, Nd from apatite, compared to control abiotic treatment. Scanning electron microscopy observation conﬁrmed traces
of apatite dissolution in contact of roots. Most dissolved elements were taken up by Scots pine roots, i.e., approximately 50%
of Ca, 70% of P, 30% of As, 70% of Sr, 90% of Zn, and 100% of U, Y, and rare earth elements. Interestingly, no signiﬁcant
additional eﬀect due to the bacterial strain PML1(12)Rp on apatite dissolution and Scots pine nutrition and growth was
observed. The “inorganic and organic acids” experiment demonstrated that the apatite dissolution eﬃcacy of organic acids
was higher than for the inorganic acid and varied in function of the acids: oxalic acid > citric acid > gluconic acid > nitric acid
for pH 63.5. In addition, apatite dissolution increased with increasing acidity for each acid. Only oxalic acid generated
non-stoichiometric release of calcium and phosphorus from apatite in the solution at pH 63.5, due to the precipitation of
Ca-oxalate crystals at apatite surfaces. Comparison of the experiments revealed that the apatite dissolution rate by Scots pines
supplied with nutritive solution at pH 5.5 reached 2.0  1013 mol cm2 s1 and was equivalent to rates with nitric acid at pH
3.2, gluconic acid at pH 3.5, citric acid at pH 3.7, and oxalic acid at pH 3.8.
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Altogether our results highlight that, through the production of weathering agents, notably protons and organic acids, tree
roots and root-associated microorganisms are able to signiﬁcantly increase the release of macro- and micro-nutrients from
apatite, thus maintaining high-nutrient conditions to support their growth.
Ó 2013 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
In non-fertilized acid forest ecosystems, trees acquire
calcium and phosphorus from mineral phases, primarily
apatite. Calcium and phosphorus present in the apatite
mineral structure, however, are not directly available to
organisms; apatite dissolution is thus crucial to satisfy plant
nutritional needs. The structure of apatite also accommodates a relatively high abundance of many trace elements
essential for biological functions (e.g., rare earth elements
(REE), Cu, Zn), that are likely to be released upon apatite
dissolution. Apatite (Ca10(PO4)6 (F, Cl, OH)2) is the most
common phosphate mineral in nature and occurs as an
accessory phase in igneous, metamorphic, and sedimentary
rocks. It can be formed abiotically as well as biologically.
The solubility and reactivity of apatite varies as a function
of its composition (Jahnke, 1984; Anderson et al., 1985;
Valsami-Jones et al., 1998; Harouiya et al., 2007; Feng
et al., 2011; Dorozhkin, 2012).
Many experimental studies have demonstrated that
plants, bacteria and ectomycorrhizal fungi, can accelerate
the release of calcium, phosphorus, and trace elements from
apatite by producing inorganic and organic acids (LangeNess and Vlek, 2000; Wallander, 2000; Welch et al., 2002;
Blum et al., 2002; Rosling et al., 2007; Turpault et al.,
2009; Leake et al., 2009; Goyne et al., 2010; Feng et al.,
2011; Uroz et al., 2011; Smits et al., 2012). Hutchens
et al. (2006) even demonstrated that the bacterial strain
Bacillus megaterium can accelerate apatite dissolution rates
without contact with the mineral phase. According to Sperber (1958), apatite-solubilizing microorganisms are common in the soil, especially in rhizosphere soil, and can
thus signiﬁcantly increase plant growth and nutrition
(Anderson et al., 1985; Lapeyrie et al., 1991; Hinsinger
and Gilkes, 1997). Moreover Uroz et al. (2012) revealed
that apatite minerals dug into a forest soil over four years
were strongly colonized by bacteria with homology to
Burkholderia and Collimonas strains known to be eﬃcient
at mineral weathering.
A range of low-molecular-weight organic acids, including oxalic, formic, citric, malic, gluconic, and acetic acids,
are produced in soils from root exudates and microbial
metabolites (Stevenson, 1967; Graustein et al., 1977; Lynch,
1978; Cromack et al., 1979; Fox and Comerford, 1990;
Jones and Darrah, 1994; Fox, 1995; Gadd, 1999). These aliphatic and aromatic compounds are commonly detected in
soil solutions (Fox and Comerford, 1990; Baziramakenga
et al., 1995; Krzyszowska et al., 1996; Van Hees et al.,
2005) at concentrations ranging from micro- to millimolar
(Stevenson, 1991; Jones, 1998; Jones et al., 2003). Although
these organic acids are considered short-lived in soils, their
continual production makes these acids and their conjugated anions chemically important (Mc Coll and Pohlman,

1986; Fox and Comerford, 1992; Jones et al., 2003). Indeed,
organic acids may increase rock and soil mineral dissolution by increasing proton concentration (proton-promoted
dissolution; Tan, 1986; Furrer and Stumm, 1986), forming
surface complexes that weaken and break metal–oxygen
lattice bonds (ligand-promoted dissolution; Furrer and
Stumm, 1986; Stumm, 1997), and through the formation
of aqueous metal–ligand complexes that reduce the extent
of relative saturation of solution with respect to the dissolving phases (Drever and Stillings, 1997).
Though the importance of apatite as a source of bioavailable calcium and phosphorus in forest soils and the
capacity of plants and soil microorganisms to dissolve apatite is well documented, there is little quantitative data to
support this observation. In addition, the mobilization of
trace elements during biological dissolution of apatite has
rarely been studied.
The aim of the present study is to ﬁll these gaps through
two controlled experiments with open-system ﬂow microcosms containing apatite, i.e., a “plant–bacteria interaction” experiment and an “inorganic and organic acids”
experiment. The objectives of these experiments were (i)
to quantify the eﬀect of Scots pine roots on apatite dissolution, i.e., the mobilization of calcium, phosphorus and
trace-elements, (ii) to determine the contribution of the rhizosphere bacterial strain Burkholderia glathei PML1(12)Rp
on apatite dissolution and Scots pine nutrition and growth,
and (iii) to compare the apatite dissolution potential of
Scots pine roots with and without B. glathei PML1(12)Rp
and those of diﬀerent inorganic and organic acids commonly produced by plants and microorganisms. We
hypothesized that Scots pine roots and B. glathei
PML1(12)Rp produce weathering agents and accelerate
apatite dissolution and that B. glathei PML1(12)Rp contributes to mineral weathering and improves Scots pine
nutrition and growth. Our experimental device inside the
growth chamber consisted of open-system ﬂow microscosms containing apatite, either continuously supplied with
a nutrient solution (devoid of all elements present in the
apatite) with or without Scots pine seedlings and B. glathei
PML1(12)Rp, or continuously supplied with solutions of
nitric, gluconic, citric, and oxalic acids at pH 5.5, 4.8, 3.8,
3.5, 3.0, and 2.0. The inputs and outputs of Ca, P, and trace
elements in solution, as well as the immobilization of these
elements by pine seedlings, were measured to compare the
apatite dissolution rate in the various treatments.
2. MATERIALS AND METHODS
2.1. Mineral
Fluoroapatite was chosen for this study because it is a
phosphate mineral frequently present in acidic soils devel-
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Fig. 1. SEM images of cleaned grains of apatite.

oped on granite that weathers relatively quickly, holds Ca
and P, which are two elements essential for tree nutrition,
and contains high amounts of trace elements notably REE.
Natural ﬂuoroapatite from Durango, Mexico, was used in
this study. The main-section microprobe analysis of this
sample showed that Durango apatite is well crystallized,
pure (without inclusion), and homogeneous (absence of
zonation). A total chemical analysis revealed that its composition was: 38.3 wt% Ca, 17.7 wt% P, 0.40 wt% Si, 0.31 wt%
Na, 0.10 wt% Al, 0.06 wt% Fe, 0.05 wt% Mg, 4509 ppm Ce,
3485 ppm La, 1114 ppm Nd, 671 ppm As, 478 ppm Sr,
538 ppm Y, 362 ppm Pr, 211 ppm Th, 183 ppm Gd,
147 ppm Sm, 10 ppm U, 8 ppm Zn, and 5 ppm Cu. Its structural formula is consistent with Ca9.77La0.03Ce0.04Sr0.007Fe0.003Si0.06) (P1.02O4)6 F2.08 Cl0.12 (Park et al., 2004).
Apatite crystals were ground, washed with distilled
water, and ultrasonicated (three minutes at 100 volts) to remove ﬁne particles. The apatite grains were then dry-sieved
to obtain a size fraction between 0.5 and 1 mm. Scanning
electron microscopy (SEM; Hitachi S4800 EDS connected
to a Noran Vantage microanalysis system) observation of
the starting mineral showed that the surfaces of apatite
were relatively clean, without the ﬁne particles that can be
produced by the crushing procedure. A representative
SEM image of these cleaned grains is provided in Fig. 1.
As the speciﬁc surface area of apatite (0.5–1 mm) was too
low to be measured using the BET method, it was calculated at 9.9 cm2 g1 using a spherical model. Pure quartz
crystals, used as a physical culture substrate in our study,
were prepared using the same method as for apatite and
dry-sieved to obtain two size fractions: 0.5–1 and 1–
2 mm. Apatite and quartz preparations were then sterilized
by autoclaving (20 min at 120 °C). A previous experiment
showed that the dissolution kinetics of both minerals was
not modiﬁed by autoclaving.
2.2. Plant
Scots pine (Pinus sylvestris L.) was chosen for this study
based on its hardiness in nutrient-poor soils and excellent
growth under our laboratory conditions (Calvaruso et al.,
2006). Scots pine seeds (provenance: Haguenau forest,
France) were sown in a peat–vermiculite substrate (1/1).
One hundred seedlings were grown in a greenhouse for
20 weeks under the following conditions: 60% humidity, a
night temperature of 15 °C and a day temperature of

22 °C, a 16-h period of daylight, and watering of approximately 20 ml per seedling twice a day. After that, the seedling roots were washed very carefully four times
successively with a brush in sterile ultra-pure water to remove remaining peat and vermiculite particles. Binocular
microscope examination of each root was performed to
check for the absence of peat and vermiculite particles and
for fungal contamination. The excess water was removed
using absorbent paper and the seedlings were weighed individually. Seedlings whose weight signiﬁcantly diﬀered from
the average weight (155.1 ± 21.6 mg) were eliminated.
Twenty six seedlings were randomly selected. Ten pines were
used to quantify the initial root and shoot biomasses and initial Ca, P, and trace element contents of the seedlings, and
sixteen pines were planted in the open-system ﬂow microcosms of the “plant–bacteria interaction” experiment.
2.3. Bacterial strain
The bacterial strain B. glathei PML1(12) used in this study
was isolated from the ectomycorrhizosphere of oak (Quercus
petreae)–Scleroderma citrinum in the mineral soil horizon in
the experimental forest site of Breuil-Chenue (Morvan, central France) (Calvaruso et al., 2007). This strain was selected
because of its eﬃcient mobilization of inorganic phosphorus
and iron from tricalcium phosphate (TCP) and chrome azurol S (CAS) media, respectively (Calvaruso et al., 2007).
Moreover, its ability to weather minerals has been demonstrated for biotite (Uroz et al., 2007) and apatite (Uroz
et al., unpublished). The PML1(12) strain has also been
demonstrated to increase the mobilization of K and Mg from
biotite thus improving Scots pine nutrition and growth in
open-system ﬂow microcosms (Calvaruso et al., 2006).
For the inoculation experiments performed in this study,
the rifampin-resistant mutant of strain PML1(12), strain
PML1(12)Rp was used to accurately track the strain during
the experiment. As described in Koele et al. (2009), 8 rifampin-resistant mutants were obtained by plating a cell suspension (ca. 1011 c.f.u. ml1) onto 10% TSA plates
(3 g L1 Tryptic Soy Broth from Difco and 15 g L1 of
agar) containing 100 mg rifampin per liter. After 5 days
of incubation at 25 °C, the developing colonies were selected and transferred on same gelosed medium with
100 mg L1 rifampin. The stability of the rifampin resistance was tested by subculturing the eight mutants on
TSA agar plates 10 times. Each mutant was then plated
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on TSA agar plates with or without 100 mg of rifampin per
liter and bacterial counts were compared. The mineral
weathering ability of each mutant was then tested using
the microplate assay described in Uroz et al. (2007) and
compared to the results obtained with the wild type strain.
The mutant strain was stored at 80 °C.
The preparation of the bacterial inoculum consisted of
the following three steps. Bacteria were grown on 10%
TSA medium (3 g L1 tryptic soy broth from Difco and
15 g L1 agar) at 25 °C for 36 h. Bacteria were then suspended in sterile ultrapure water and washed twice. Finally,
the suspension concentration was adjusted to 4  107 CFU ml1 according to a A600 standard curve calibrated
by plate enumeration. Two milliliters of this bacterial suspension were inoculated in each column for the treatments
with strain PML1(12)Rp. Non-inoculated treatments received only two milliliters of water.
A preliminary 5-week study carried out in columns containing a mixture of apatite and quartz and continuously
supplied with a carbon-free nutrient solution similar to that
used in the biotic experiment (see below) revealed that
strain PML1(12)Rp can survive under our experimental
conditions (data not shown).
2.4. Solutions
Columns with biological material were supplied continuously with a sterile nutrient-poor solution. This solution
contained all elements necessary for pine growth (except
those present in apatite) in concentrations equivalent to
those found in acidic soil (Typic Dystrochrept; Calvaruso
et al. (2011)) from the Breuil-Chenue experimental forest
site where the B. glathei PML1(12)Rp strain was isolated,
i.e., 10 mg L1 of N (NO3NH4), 3 mg L1 of K (KCl),
and 1 mg L1 of Mg and 1 mg L1 of S (MgSO4, 7H2O).
The pH of the nutrient solution was approximately 5.5.
The presence of the two forms of nitrogen in the nutrient
solution was necessary to avoid the production of H+ or
OH by plants to balance ion charges within their cells. Indeed, if nitrogen was only available in the NH4+ form,
plants would release H+ to balance ion charges, thus acidifying the outlet solution (Haynes, 1990).
Columns without biological material were supplied continuously with a sterile nutrient-poor solution (see above)
or 250 lM sterile solutions of diﬀerent acids: nitric, citric,
oxalic, and gluconic. Initial solution pH was adjusted to
5.5, 4.8, 3.8, 3.5, 3.0, and 2.0 ± 0.01 using dilute NaOH
or HNO3. Nitric acid was used as a model acidifying molecule. Citric, oxalic and gluconic acids were used as model
chelating agents. These three organic acids were selected because they are produced by Scots pine roots (Leyval and
Berthelin, 1991, 1993) and soil bacteria (Kim et al., 2005).
2.5. Experimental design and conditions (Fig. 2)
Our experimental device consisted of open-system ﬂow
microcosms containing apatite placed in a growth chamber
with 60% humidity, a night temperature of 18 °C, a day
temperature of 25 °C and a 17-h period of daylight. The
microcosms consisted of columns made from sterile inert

polypropylene Falcon tubes with corks, with the bottom
cut and resealed with a 20 lm nylon membrane (FisherbrandÒ). Each column was ﬁtted with TygonÒ tubes for inlet solutions. These tubes were ﬁxed to the column through
a hole drilled near the center of the cork. A preliminary test
with ﬂuorescein revealed that the central position of the
TygonÒ tubes allowed a distribution of the solution inlet
over the whole reactor. In addition, the corks prevented
contamination of the reactor. For the columns with a pine
seedling, the cork was cut to allow the emergence of aerial
parts. The inlet solutions were pumped at a constant rate
with peristaltic pumps. To obtain the aerobic conditions
indispensable for culturing tree seedlings, all columns were
supplied with solution through the top. This prevented
water saturation over the entire porosity (anaerobic
conditions), part of the porosity remained ﬁlled with gas
(the substrate moisture measured is described below). All
outlet solutions were collected individually in 250 ml polyethylene ﬂasks. For each column, the tube and ﬂask were
covered with aluminum foil to exclude light from the root
and avoid algal development. Our study comprised two
experiments, referred to as “plant–bacteria interaction”
and “inorganic and organic acids” experiments.
For the “plant–bacteria interaction” experiment, the columns (15 cm depth, 4.1 cm inside diameter, size adapted to
the culture of Scots pine seedlings) contained a sterile mixture of 4 g of ﬂuoroapatite (0.5–1 mm diameter), 40 g of
quartz (1–2 mm diameter), and 20 g of quartz (0.5–1 mm
diameter). The pore volume represented approximately
46 ± 3% of the column. The quartz is used as chemically inert
support for anchoring root system. Columns were or were
not planted with Scots pines with or without inoculation
with the bacterial strain B. glathei PML1(12)Rp and were
continuously supplied (0.8 ml h1, turnover time of approximately 20 h) for 14 weeks with the nutrient-poor solution
(Table 1). The abiotic control treatment, the treatment with
PML1(12)Rp-only, and the treatments with pine seedlings
non-inoculated or inoculated with PML1(12)Rp comprised
3, 6, 8, and 8 replicates, respectively. In addition, some columns without biological material were continuously supplied (0.8 ml h1) with solutions of nitric acid adjusted to
pH 5.5, 3.8, 3.0, and 2.0 ± 0.01 over 14 weeks (Table 1). Each
nitric acid treatment comprised 3 replicates. The “plant–bacteria interaction” experiment contained 34 columns.
For the “inorganic and organic acids” experiment, the
columns (4.4 cm depth, 1.1 cm inside diameter) contained
2 g of sterile ﬂuoroapatite (0.5 to 1 mm diameter). The pore
volume represented approximately 45 ± 2% of the column.
The columns were continuously supplied (0.5 ml h1, turnover time of approximately 1.5 h) with solutions of nitric,
citric, oxalic, and gluconic acids adjusted to pH 5.5, 4.8,
3.8, 3.5, 3.0, and 2.0 ± 0.01 over 5 weeks (Table 1). Each
treatment comprised 3 replicates; giving a total of 72 columns for the “inorganic and organic acids” experiment.
In preliminary studies, the size and composition of the
open-system ﬂow microcosms, as well as the inlet solution
ﬂow, were determined to obtain approximately the same
apatite dissolution rate (r) in the “plant–bacteria interaction” and “inorganic and organic acids” experiments for
pH ranging from 5.5 to 3.0 (Fig. 3).
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Fig. 2. Experimental set-up of the “plant–bacteria interaction” and “inorganic and organic acids” experiments. Each column, tube and ﬂask
was covered with aluminum foil to exclude light from the root and to avoid algal development. In the “plant–bacteria interaction” experiment,
(i) columns with biological material were supplied with sterile nutrient solution containing all elements necessary to pine growth apart from
those present in the apatite and (ii) columns without biological material were supplied with sterile nitric acid solution (250 lM) adjusted at pH
5.5, 3.8, 3.0, and 2.0.

Table 1
Experimental design and treatment setting.
Experiment

Treatment ID

b

Plant–bacteria
interaction

Inorganic and
organic acids

Solutiona

Mineral
c

Apatite

Quartz

Scots pine
Scots
pine + PML1(12)
PML1(12)
Abiotic control
Nitric

U
U
U
U
U

Nitric
Citric
Oxalic
Gluconic

U
U
U
U

Nitric
acid

Biological material
Citric
acid

Oxalic
acid

Gluconic
acid

Nutrient
solution

B. glathei
PML1(12)d

Scots
pine

U
U

U
U

U

U
U

U
Ue
Uf

U
U

U

U
Uf

a

Uf
Uf
Uf
1

1

Solution was continuously supplied during the experiment at 0.8 ml h and 0.5 ml h for “plant–bacteria interaction” and “inorganic
and organic acids” experiments, respectively.
b
Four grams of apatite 0.5–1 mm in the “plant–bacteria interaction” experiment, 2 g of apatite 0.5–1 mm in the “inorganic and organic
acids” experiment.
c
Twenty grams of quartz 0.5–1 mm and 40 g of quartz 1–2 mm.
d
The bacteria B. glathei PML1(12)Rp were isolated from the ectomycorrhizosphere of oak-Scleroderma citrinum.
e
Solutions of pH 5.5, 3.8, 3.0, and 2.0.
f
Solutions of pH 5.5, 4.8, 3.8, 3.5, 3.0, and 2.0.

Another preliminary study showed that the substrate
moisture of our open-system ﬂow microcosms (5 replicates)
was 77.6 ± 4.7% and 80.5 ± 3.7% for the “plant–bacteria
interaction” and “inorganic and organic acids” experiments, respectively.
2.6. Sample collection and analyses
2.6.1. Solution
Throughout both experiments, outlet solutions were collected weekly from each column. The volume and pH of each
outlet solutions were measured, then a 10-ml aliquot was

removed and the remainder was pooled each week to give
a total outlet solution. The concentrations of Ca and P in
the inlet and outlet solutions were measured weekly using
an inductively coupled plasma atomic emission spectrometer
(ICP-AES; Plasma torch JY180 ULTRACE). The evolution
of the pH and Ca and P amounts in the outlet solutions was
thus obtained for each column. The total amount of Ca and
P in the outlet solutions was calculated for each column by
adding the amounts of Ca and P measured each week. The
trace-element concentration was measured only in the inlet
and total outlet solutions for each column by ICP-MS
spectrometer (ICP–MS, VG PlasmaQuad PQ2+).
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Fig. 3. Relation between the apatite dissolution rates for nitric acid at pH 5.5, 4.8, 3.8, and 3.0 in the “plant–bacteria interaction” experiment
and in the “inorganic and organic acids” experiment. The equation is y = 1.13x and r2 = 0.99.

2.6.2. Mineral
For treatments without pine, 10 apatite particles were
sampled from each column under sterile conditions. The
particles were air-dried and glued to a glass slide with varnish, and the slides were coated with carbon (Goldstein
et al., 2003). Images of the apatite surface and a semi-quantitative analysis of the constitutive elements of the sample
were made simultaneously using a SEM (Hitachi S4800
EDS connected to a Noran Vantage microanalysis system).
For treatments with pine, the bulk mineral particles were
separated from the root-adhering mineral particles with
slight hand-shaking under sterile conditions. Root-adhering
apatite grains were collected from the root system with the
help of tweezers. Ten bulk and root-adhering apatite grains
were sampled from each column. These apatite grains were
treated and analyzed as described for the treatments without pine.
The root-adhering mineral particles were recovered by
gentle washing of the roots in tubes containing 20 ml of
sterile ultra-pure water. Approximately 100 mg of the bulk
particles were also placed in tubes containing 20 ml of sterile ultra-pure water. Each tube was vortexed for one minute. An aliquot of the bulk and root-adhering suspensions
obtained was used directly for PML1(12)Rp quantiﬁcation
by the method of dilution-spreading on selective medium.
Another aliquot of these suspensions was incubated at
4 °C for one night and was used, the next day, for organic
acid determination. Organic acids were measured using ion
chromatography with conductivity detection (ICS 3000,
Dionex Corp.) and an analytical column (IonPacÒ AS 11
HC, Dionex corp.) (Balland et al., 2010).
The mineral particle fractions collected were dried at
30 °C in a steam–air dryer for 7 days.
2.6.3. Plant
Ten pine seedlings pre-grown under the same conditions
as those used in the column experiment, were sampled at
the beginning of the column experiment to quantify the initial root and aerial part biomasses and initial Ca, P, and

trace-element contents of the seedlings. After 14 weeks,
the plants were removed from the columns and separated
into aerial and root parts. The root systems were gently shaken by hand and washed very carefully in sterile ultra-pure
water to remove mineral particles, which remained adhered
to the roots. A binocular microscope examination was carried out to check the absence of mineral particles on the
roots. The aerial and root parts were dried at 65 °C in a
steam–air dryer (SR 1000 Thermosi) for ﬁve days to determine their dry weight. The aerial and root parts were cut
with a chisel into 2–3 mm pieces. Approximately 150 and
100 mg (balance Mettler Toledo XS204) of aerial and root
parts, respectively, were then placed in Teﬂon ﬂasks containing 6 ml of HNO3 (Merck Suprapur, 65%) overnight
under a chemical hood. The next day, the aerial and root
parts were digested with an ANTON PAAR Multiwave
3000 equipped with a 48MF50 rotor. Two international
plant standards, i.e., poplar leaves (LGC-Promochem
NCS DC73350) and bush branches and leaves (LGC-Promochem NCS DC73349), and a nitric acid control were
used in each series. The solutions obtained were ﬁltered,
and the resulting mineral composition was analyzed using
ICP-AES (Plasma torch JY180 ULTRACE) for Ca and P
and ICP-MS (ICP–MS, VG PlasmaQuad PQ2+) for traceelements. The amounts of Ca, P, and trace-elements assimilated by pine plants during the experiment were thus calculated for the 8 replicates of each Scots pine treatment as the
diﬀerence between ﬁnal and initial Ca, P, and trace-element
content in the pines.
2.7. Apatite weathering budget
A mineral weathering budget is a complex function of
mineralogical, solution and physical variables. Because
mineralogical and physical variables are constant for all
experiments, it is possible to calculate the weathering budget for the diﬀerent treatments.
For each column, the weathering budget of the apatite
W was calculated for P as follows:
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PML1(12)Rp reached 5  105 CFU g1 of dry substrate,
about ﬁve times that measured in the bulk soil, approximately 50% of the initial concentration.

W¼LþI
where W is the weathering budget based on P (mg); and L is
the amount of P (mg) in the outlet solution, L = Q  (Co
 Ci) with Q the total volume of the global outlet solution.
Co is the outlet concentration of P (mol L1) (outlet solutions); Ci, is the inlet concentration of P (nutrient solution,
=0) (mol L1); and I is the amount of P (mg) immobilized
by the pine plant during the experiment which corresponds
to the diﬀerence between ﬁnal and initial P content in the
pine biomass (root and aerial part); I = (MPf  CPf  MPi
 CPi) with MPf and MPi the ﬁnal (after 14 weeks of experiment) and initial mass of Scots pine, respectively, and CPf
and CPi the ﬁnal (after 14 weeks of experiment) and initial
concentration of P in Scots pine biomass, respectively.

3.1.2. Acid production
Only gluconate was detected in the substrate for the
PML1(12)Rp alone treatment (Table 2). In return, gluconate, acetate, oxalate, and lactate were detected in the rhizosphere of Scots pines. Lactate was only detected in the
rhizosphere of pine roots inoculated with PML1(12)Rp.
3.1.3. Evolution of the pH of the outlet solution
The pH of the outlet solutions collected under the columns inoculated or not with PML1(12)Rp and supplied
with nutrient solution remained stable at approximately
6.5 all along the experiment (Fig. 4A).
In return, the pH of the outlet solutions collected under
columns planted with pines with or without PML1(12)Rp
decreased quickly to below 5 after only two weeks of experiment (Fig. 4A). After eight weeks of experiment, the pH of
the outlet solutions collected under columns planted with
pines with or without PML1(12)Rp reached 4.5 and 3.8,
respectively, and remained stable until the end of the experiment. For nitric acid treatments, the pH of the outlet solutions reached approximately 6.5, 4.2, 3.3, and 2.3 for
solution initially at pH 5.5, 3.8, 3.0, and 2.0, respectively.

2.8. Apatite dissolution rate
The apatite dissolution rate was calculated from the following formula:
w
r¼
V p  SA  M  h  t
where r is the apatite dissolution rate (mol cm2 s1); W is
the weathering budget based on P (mol); VP, is the P-stoichiometric coeﬃcient of the apatite dissolution reaction calculated from the structural formula presented in the
mineral section; SA is the initial apatite surface area (cm2
g1); M is the initial apatite mass of the system (g); h is
the substrate moisture saturation; and t is the experiment
duration (s). The r was calculated for the whole experiment
because the part of P immobilized in the plant (I) can only
be measured at the end of the experiment.

3.1.4. Evolution of Ca and P into the outlet solutions
For the abiotic control treatment, the amounts of Ca
and P released from apatite into the outlet solutions decreased slowly during the ﬁrst ﬁve weeks of the experiment
to reach values close to 0.05 mg of Ca and 0.02 mg of P per
week until the end of the experiment (Fig. 4B and C). The
same evolution of Ca and P into the outlet solutions was
obtained for PML1(12)Rp, and nitric acid at pH 5.5 treatments (Fig. 4B and C). For nitric acid at pH 3.8, 3.0 and
2.0, the amounts of Ca and P released from apatite into
the outlet solutions reached values close to 0.3, 1.2,
6.0 mg of Ca, respectively, and 0.1, 0.5, and 2.7 mg of P,
respectively, by week from the sixth week until the end of
the experiment.
The amounts of Ca and P in outlet solutions collected
under columns planted with Scots pine seedlings (with or
without PML1(12)Rp) were signiﬁcantly higher than those
of the abiotic control treatment throughout the experiment:
0.35–0.70 mg and 0.15–0.25 mg by week for Ca (Fig. 4B)
and P (Fig. 4C), respectively.

3. RESULTS
3.1. Plant–bacteria interaction experiment
3.1.1. B. glathei PML1(12)Rp quantiﬁcation
The strain B. glathei PML1(12)Rp was inoculated in
open-system ﬂow microcosms at a concentration of approximately 106 CFU g1 of dry substrate.
After 14 weeks, we conﬁrmed that non-inoculated treatments were not contaminated with PML1(12)Rp and
showed that PML1(12)Rp was still present in inoculated
columns with or without pine, in concentrations higher
than 105 CFU g1 of dry bulk substrate (Table 2). In the
rhizosphere of pine seedlings, the concentration of

Table 2
Concentrations of B. glathei PML1(12)Rp (in Log10 CFU g1 DS (colony forming unit by gram of dry substrate)), and detection of organic
acids in bulk and rhizosphere substrates at the end of the experiment.
Compartments

Abiotic
control

PML1(12)Rp
alone

Pine

Pine + PML1(12)Rp

PML1(12)Rp (in Log10
CFU g1 DS)

Bulk
Rhizosphere

0
–

5.9
–

0
0

5.1
5.7

Organic acids

Bulk
Rhizosphere

–
–

Gluconate
–

Gluconate, acetate
Gluconate, acetate,
oxalate

Gluconate, acetate
Gluconate, acetate, lactate,
oxalate
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Fig. 4. Kinetic follow-up of the outlet solution pH (A) and of the amounts of Ca (B) and P (C) released into the outlet solutions during the
14 weeks of the biotic experiment. The white, the clear gray, the dark gray and the black rhombus represent the mean values of three replicates
for nitric acid at pH 5.5, 3.8, 3.0, and 2.0, respectively. The white square represents the mean value of three replicates for the control
treatment. The black square represents the mean value of six replicates for the bacteria treatment. The white and black triangles represent the
mean values of eight replicates for the non-inoculated and B. glathei PML1(12)Rp Scots pine treatments, respectively.
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Table 3
Apatite weathering budget for one element (W, in mg for Ca and P, and in lg for As, Sr, Zn, U, Y, and REE) and percentage of this element
immobilized in the biomass of Scots pine (I, in %, corresponds to the amount of one element immobilized by pine/amount of this element
released from apatite ratio) during the 14 weeks of the “plant–bacteria” experiment. Each value is the mean value of three (abiotic control,
nitric acid pH 5.5, 3.8, 3.0, and 2.0), four (PML1(12)Rp), and eight replicates (Scots pine inoculated with PML1(12)Rp or not). In italics are
presented standard deviations. For each element, values followed by the same letter are not signiﬁcantly diﬀerent according to a one-factor
(treatment) ANOVA (P = 0.05), and the Bonferroni–Dunn test.
Treatments

Ca
W
(mg)

1.18d
0.09
Nitric acid
0.70e
pH 5.5
0.04
Nitric acid
4.25c
pH 3.8
0.02
Nitric acid
15.0b
pH 3.0
0.02
Nitricacid
92.9a
pH 2.0
0.56
PML1(12)
1.09d
0.07
Pine
16.9b
2.4
Pine + PML1(12) 14.0b
3.1
Abiotic control

P
I (%) W
(mg)
–
–
–
–
–
–
54.1a
5.5
49.0a
10.1

0.41e
0.01
0.42e
0.02
1.91d
0.03
6.83c
0.04
42.14a
0.50
0.41e
0.01
7.81b,c
1.13
9.62b
1.30

As
I (%) W
(mg)
–
–
–
–
–
–
65.7a
5.3
69.4a
8.5

2.69e,f
0.22
2.61f
0.05
9.04d
0.29
36.2b
0.1
168.1a
6.0
3.00e
0.14
32.7b,c
3.9
27.0c
5.6

Sr
I (%) W
(mg)
–
–
–
–
–
–
37.9a
6.6
28.6a
11.3

1.64e,f
0.10
1.53f
0.03
4.06d
0.13
16.1c
0.1
72.9a
2.6
1.77e
0.07
42.4b
8.5
29.3b
8.6

3.1.5. Release of Ca, P, As, Sr, Zn, U, Y, and REE from
apatite
All pine seedlings were able to mobilize Ca and P from
apatite (Table 3). The total amounts released during the
14 weeks of the experiment reached 14–17 mg for Ca and
8–10 mg for P. For both elements, there was no signiﬁcant
diﬀerence between Scots pine with and without
PML1(12)Rp. Pines released signiﬁcantly more Ca and P
than abiotic control, nitric acid at pH 5.5 and 3.8 and
PML1(12)Rp alone treatments. Only pines inoculated with
PML1(12)Rp released signiﬁcantly more P than nitric acid
at pH 3.0.
All pine seedlings were able to mobilize As, Sr, Zn, U, Y,
and REE from apatite (Table 3). The total amounts released
during the 14 weeks of the experiment reached 33 lg for As,
42 lg for Sr, 27 lg for Zn, 3 lg for U, more than 100 lg for
Y, and more than 2000 lg for REE. Pines released more As
than the abiotic control, nitric acid at pH 5.5 and 3.8, and
PML1(12)Rp alone treatments. Pines released signiﬁcantly
more Sr than all other treatments except nitric acid at pH
2.0. Pines released signiﬁcantly more Zn, U, Y, and REE
than all other treatments including nitric acid at pH 2.0.
For all elements, there was no signiﬁcant diﬀerence between the non-inoculated Scots pines and those inoculated
with PML1(12)Rp.
3.1.6. Uptake of elements issued from apatite weathering and
Scots pine growth
According to the weathering budget for Ca and P, all
pine seedlings were able to take up Ca and P released from
apatite. During the 14 weeks of the experiment, 7.0 and
9.2 mg of Ca (issued from apatite weathering) was taken
up by Scots pines inoculated with PML1(12)Rp and the

Zn
I (%) W
(mg)
–
–
–
–
–
–
77.2a
6.0
67.1a
12.8

0.00d
0.00
0.00d
0.00
0.04c
0.00
0.28b
0.01
1.52b
0.06
0.00d
0.00
27.5a
7.5
26.3a
10.2

U
I (%) W
(mg)
–
–
–
–
–
–
93.1a
3.2
94.5a
2.9

0.00d
0.00
0.00d
0.00
0.02c
0.00
0.31b
0.01
1.79b
0.06
0.00d
0.00
3.21a
0.84
3.05a
1.00

Y
I (%) W
(mg)
–
–
–
–
–
–
99.5a
0.5
99.5a
0.4

0.00e
0.00
0.00e
0.00
3.89d
0.13
17.7c
0.1
83.3b
3.0
0.00e
0.00
143.0a
32.6
140.1a
44.9

Sum REE
I (%) W
(mg)
–
–
–
–
–
–
99.9a
0.1
99.7a
0.2

0.08e
0.01
0.02f
0.00
61.6d
2.0
327.9c
9.7
1533b
55
0.09e
0.01
2392a
749
2560a
626

I (%)
–
–
–
–
–
–
99.9a
0.1
99.9a
0.1

non-inoculated Scots pines, respectively. These quantities
correspond to approximately 50% of the Ca released from
apatite (Table 3). More than 80% of the Ca taken up by
the pines was translocated to above-ground biomass. During the 14 weeks, 6.7 and 5.2 mg of P (issued from apatite
weathering) was taken up by Scots pines inoculated with
PML1(12)Rp and the non-inoculated Scots pines, respectively, corresponding to approximately 70% of the P released from apatite (Table 3). More than 60% of the P
taken up by the pines was translocated to above-ground
biomass. During the 14 weeks, approximately 27–33 lg of
As, 29–42 lg of Sr, 26–27 lg of Zn, 3 lg of U were taken
up by Scots pine roots. These amounts correspond to about
30% of the As, 30–40% of the Sr, 90% of Zn, and 100% of
the U released from apatite (Table 3). No signiﬁcant diﬀerence between the non-inoculated Scots pines and those
inoculated with PML1(12)Rp was observed for Ca, P, As,
Sr, Zn, and U.
During the 14 weeks, almost 100% of the Y and REE released from apatite was taken up by Scots pines (Table 3).
However, less than 1% of Y and REE taken up by Scots
pines was translocated to the aerial parts (data not shown).
The enrichment rate in Y and REE (the ratio of the amount
of one element in the plant biomass at the end of the experiment: amount of one element in the plant biomass at the
beginning of the experiment) of roots during the experiment
was approximately 240 versus only 20 in the aerial parts.
The REE distribution pattern in Scots pines reveals that
seedlings induce fractionation of REE and that this fractionation is diﬀerent in the root and aerial parts (Fig. 5A
and B). The REE distribution pattern conﬁrms the absence
of an eﬀect of PML1(12)Rp on apatite dissolution under
our experimental conditions.
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Fig. 5. REE distribution pattern in the Scots pine roots (A) and aerial parts (B). Dissolved REE are normalized to the concentration of REE
in apatite. The white and black triangles represent the mean values of eight replicates for the non-inoculated and B. glathei PML1(12)Rp Scots
pine treatments, respectively. Bars represent standard deviation.

3.1.7. Apatite weathering process based on Ca and P
monitoring
Plotting the amount of Ca released from apatite against
the amount of P released from apatite revealed that apatite
was dissolved in a stoichiometric way for the following
treatments: control, nitric acid at pH 5.5, 3.8, 3.0, and
2.0, non inoculated Scots pine, and PML1(12)Rp (Fig. 6).
In contrast, apatite was dissolved in a non-stoichiometric
way for the treatment with Scots pines inoculated with
PML1(12)Rp (Fig. 6): there was a greater mobilization of
P from apatite compared to that of Ca. The SEM observations of apatite particles sampled in the treatments with
Scots pines clearly show traces of apatite dissolution in contact with roots, i.e., formation of residual needles on the basal surface of apatite grains (Fig. 7).

3.1.8. Apatite weathering budget and apatite dissolution rate
based on P monitoring
According to the total weathering budget based on P
monitoring, between 44 and 54 mg of apatite were weathered by pine plants, representing between 1.1% and 1.4%
of the apatite added to the column. There was no signiﬁcant
diﬀerence between the non-inoculated Scots pines and those
inoculated with PML1(12)Rp. Signiﬁcantly more apatite

was weathered by Scots pines compared to all other treatments except nitric acid at pH 2.0.
Based on the formula presented in Section 2.8), the apatite dissolution rate based on P was 1.7–2.0  1013 mol cm2 s1 in the presence of Scots pines with or
without B. glathei PML1(12)Rp, respectively.
3.1.9. Scots pine growth
During the 14 weeks, the biomass of pine seedlings with
or without PML1(12)Rp increased by approximately 200%,
i.e., approximately 150 mg of dry biomass at the beginning
of the experiment to 450–500 mg at the end of the experiment. All pine seedlings were healthy at the end of the
experiment: no yellowing was observed, and the root system
colonized the whole reactor. For the root, aerial part or total plant biomass, no diﬀerence was observed between the
non-inoculated Scots pines and those inoculated with
PML1(12)Rp (Fig. 8).
3.2. Inorganic and organic acids experiment
3.2.1. Apatite weathering process based on Ca and P
monitoring
Plotting the amount of Ca released from apatite against
the amount of P released from apatite revealed that apatite
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Fig. 6. Relation between Ca and P amounts in the outlet solutions and taken up by plants, i.e., mobilized from the apatite. The white, the
clear gray, the dark gray and the black rhombus represent the mean values of three replicates for nitric acid at pH 5.5, 3.8, 3.0, and 2.0,
respectively. The white square represents the mean value of three replicates for the control treatment. The black square represents the mean
value of six replicates for the B. glathei PML1(12)Rp treatment. The white and black triangles represent the mean values of eight replicates for
the non-inoculated and B. glathei PML1(12)Rp Scots pine treatments, respectively. Bars represent standard deviation. The black curve
represents the Ca/P stoichiometry in the Durango apatite which refers to a congruent dissolution process.

Fig. 7. SEM images of reacted apatite in the contact of Scots pine roots. Apatite surface is dissolved only under the Scots pine roots. The long
spires form parallel to the c axis result from apatite dissolution.

was dissolved in a stoichiometric way for the nitric, citric
and gluconic acid treatments at all pH and for the oxalic
acid treatment at pH 5.5, 4.8 and 3.8 (Fig. 9). In contrast,
apatite was dissolved in a non-stoichiometric way for the
oxalic acid treatment at pH 3.5, 3.0 and 2.0 (Fig. 9). In
these experiments, the Ca/P ratios in solution were much
lower than expected. SEM examination of the apatite that
reacted in oxalate solutions showed the formation of euhedral crystals precipitated on the apatite surfaces (Fig. 10A).
These secondary phases were not observed in any other
experiments and were likely to be calcium oxalates
(Graustein et al., 1977; Cromack et al., 1979; Lapeyrie
and Bruchet, 1986; Gharieb et al., 1998).
3.2.2. Apatite weathering budget and apatite dissolution rate
based on P monitoring
Because Ca precipitates were observed on the apatite
surfaces while P was not precipitated, dissolved P was used
as an indicator of apatite weathering budget and apatite
dissolution in our open-ﬂow microcosms. The eﬀect of
pH and acids on apatite dissolution was ascertained by

comparing the amount of P released into solution for experiments under similar conditions.
Whatever the acid considered, the apatite weathering
budget increased with decreasing pH (Table 4). The apatite
weathering budget based on P indicated that between pH
5.5 and 2.0, the amount of apatite dissolved during the ﬁve
weeks ranged from 0.2 mg for all acids to approximately
47 mg, 140 mg, 232 mg, and 107 mg for nitric, citric, oxalic,
and gluconic acids, respectively (Table 4). This represented
0.1% to 1.2%, 3.5%, 5.8%, and 2.7% of the apatite added to
the column for nitric, citric, oxalic, and gluconic acids,
respectively.
At pH 5.5, the apatite weathering budget based on P
does not signiﬁcantly diﬀer for the diﬀerent acids. At pH
4.8, apatite dissolution increases as follows: citric acid >
nitric acid = oxalic acid = gluconic acid. At pH 3.8, the
apatite weathering budget based on P increases as follows:
citric acid > oxalic acid > gluconic acid = nitric acid. At pH
3.5, 3.0, and 2.0, the apatite weathering budget based on P
increases as follows: oxalic acid > citric acid > gluconic
acid > nitric acid.
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Fig. 8. Increase of root, aerial part, and total plant biomass during the 14 weeks of the column experiment for the non-inoculated Scots pine
(white) and B. glathei PML1(12)Rp inoculated Scots pine (black) treatments. Each plot is a mean value of eight replicates. Bars represent
standard deviation. For each variable (root, aerial part, total plant biomass), treatments associated with the same letter are not signiﬁcantly
diﬀerent according to a one-factor (fungal treatment) ANOVA (P = 0.05), and the Bonferroni-Dunn test.

Fig. 9. Relation between Ca and P amounts released from apatite by the diﬀerent acids and at diﬀerent pH. The rhombus, the triangles, the
squares, the circles represent the nitric acid, the oxalic acid, the citric acid, and the gluconic acid, respectively. The black curve represents the
Ca/P stoichiometry in the Durango apatite which refers to a congruent dissolution process.

Apatite dissolution rates based on P release in nitric, citric, oxalic and gluconic acid solutions from pH 5.5 to 2.0
ranged from approximately 1.0  1014 to 2.1  1012
mol cm2 s1, 1.0  1014 to 6.1  1012 mol cm2 s1,
1.3  1014 to 1.0  1011 mol cm2 s1, and 1.1  1014
mol cm2 s1 to 4.7  1012 mol cm2 s1, respectively
(Table 5).
4. DISCUSSION
While numerous studies clearly demonstrated the importance of apatite as a source of bioavailable calcium and
phosphorus, notably in nutrient-poor forest ecosystems,
and the capacity of tree roots and soil microorganisms to
dissolve apatite and to release nutrients, the literature still
lacks quantitative data. Thanks to open-system ﬂow microcosms not saturated in water, our study allowed us for the

ﬁrst time to quantify (i) the impact of tree roots associated
or not with a mineral weathering bacterial strain on apatite
dissolution rates, as well as the contribution of this strain to
tree nutrition, and (ii) the impact of various inorganic and
organic acids on apatite dissolution rates. In ﬁne, these
experiments allowed us to compare the apatite weathering
potential of Scots pines with these diﬀerent acids.
4.1. Apatite dissolution rates
The dissolution of ﬂuoroapatite in soils occurs according
to the following ideal reaction (Khasawneh and Doll,
1978): Cal0(PO4)6F2 + 12 H+ M 10 Ca2+ + 6 H2PO4 + F
(1). For the forward reaction to continue, an adequate supply of protons (H+) and removal of the dissolution products, e.g., Ca2+, H2PO4, and F, from the reaction site
are required. The open-system ﬂow microcosms used in this
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Fig. 10. SEM images of (A) Ca oxalate crystals on apatite surface during dissolution by oxalic acid at pH 2.0 and (B) formation of residual
needles on the basal surface of apatite during dissolution by nitric acid at pH 2.0.

study met these criteria because Scots pines and bacteria in
the “plant–bacteria interaction” experiment and the inorganic and organic acids in the “inorganic and organic acids” experiment supplied protons, and because the dissolution
products left the column through the outlet solutions.
The evolution of Ca and P in the outlet solutions revealed steady-state conditions in the “plant–bacteria interaction” experiment for the values in the abiotic control
treatment. This result indicates that abiotic factors, notably
mineral factors, were stable throughout the experiment,
allowing us to assess the eﬀect of biotic factors on the apatite weathering process. In addition, we observed at the end
of the experiment, that PML1(12)Rp was only present in
microcosms initially inoculated with this strain (no contamination of other treatments) in concentrations of approximately 105 CFU g1 of dry substrate. These observations
show the ability of this strain to maintain in our experimental conditions, thus allowing us to assess the eﬀect of
PML1(12)Rp on apatite dissolution and Scots pine nutrition and growth.
The weathering budgets based on P monitoring demonstrated that B. glathei PML1(12)Rp alone did not signiﬁ-

cantly increase apatite dissolution compared to the abiotic
control treatment. This most likely results from the absence
of a carbon source in the nutrient solution to support
microbial metabolism. The strain B. glathei PML1(12)Rp
may have been in a state of metabolic dormancy, as suggesting by the lack of acidiﬁcation of the outlet solution.
In return, the weathering budgets demonstrated that
whatever the bacterial status (with or without B. glathei
PML1(12)Rp), pine roots signiﬁcantly increased apatite
weathering compared to the abiotic control. Scots pines dissolved more than 1% of the initial apatite during the
14 weeks of the experiment. This result demonstrates the
capacity of Scots pines to signiﬁcantly increase the bioavailability of nutrients trapped in soil minerals. This dissolution
rate corresponds to that measured by Turpault et al. (2009)
for the same Durango apatite (0.5–1 mm) incubated for
four years in a beech stand, i.e., 0.6–1.8%. This result
clearly demonstrates that the mineral weathering process
is intensiﬁed 15-fold in our open-system ﬂow microcosms
compared to ﬁeld studies. This diﬀerence is mainly due to
experimental conditions that are conducive to mineral dissolution, i.e., high temperature, water ﬂow, soil moisture,
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Table 4
Apatite weathering budget for one element (W, in mg for Ca and P)
during the 5 weeks of the “inorganic and organic acids” experiment. Each value is the mean value of three replicates for Ca and P.
In italics are presented standard deviations. For each element and
each pH, values followed by the same letter are not signiﬁcantly
diﬀerent according to a one-factor (acid type) ANOVA (P = 0.05),
and the Bonferroni–Dunn test.

pH 5.5

Treatments

Ca W (mg)

P W (mg)

Nitric acid

0.19a
0.01
0.18a
0.01
0.18a
0.01
0.17a
0.01

0.09a
0.01
0.09a
0.01
0.10a
0.01
0.10a
0.01

0.45b
0.03
0.58a
0.03
0.39b,c
0.04
0.35c
0.02

0.16b
0.01
0.26a
0.01
0.15b
0.01
0.15b
0.01

1.36d
0.03
2.96a
0.07
2.21b
0.16
1.53c
0.05

0.62c
0.04
1.38a
0.04
0.98b
0.05
0.65c
0.04

1.93d
0.04
5.16a
0.75
3.72b
0.12
3.15c
0.10

0.89d
0.05
2.16b
0.06
3.85a
0.15
1.45c
0.11

4.40b
0.78
11.50a
0.36
7.51c
0.30
10.00b
0.27

1.97d
0.06
5.70b
0.30
9.08a
0.13
4.71c
0.29

38.15c
0.65
115.2a
1.92
28.10b
2.03
90.59b
193

18.14d
0.62
53.7b
1.63
88.74a
2.85
41.09°
182

Citric acid
Oxalic acid
Gluconicacid
pH 4.8

Nitric acid
Citric acid
Oxalic acid
Gluconicacid

pH 3.8

Nitric acid
Citric acid
Oxalic acid
Gluconicacid

pH 3.5

Nitric acid
Citric acid
Oxalic acid
Gluconicacid

pH 3.0

Nitric acid
Citric acid
Oxalic acid
Gluconicacid

pH 2.0

Nitric acid
Citric acid
Oxalic acid
Gluconicacid

surface of contact between apatite grains and roots, tree
age, etc.
The weathering budgets also demonstrated that with or
without B. glathei PML1(12)Rp, pine roots signiﬁcantly in-

Table 5
Apatite dissolution rate r (mol cm2 s1) for the diﬀerent acids and
for the diﬀerent pH in the “inorganic and organic acids” experiment. Each value is the mean value of three replicates. For each
variable, values followed by the same letter are not signiﬁcantly
diﬀerent according to a one-factor (acid type) ANOVA (P = 0.05),
and the Bonferroni–Dunn test.
pH

r (mol cm2 s1)
Nitric acid

5.5
4.8
3.8
3.5
3.0
2.0

15a

9.5  10
1.8  1014b
6.7  1014c
1.0  1013d
2.3  1013d
2.1  1012d

Gluconic acid
14a

1.1  10
1.7  1014b
7.4  1014c
1.7  1013c
5.4  1013c
4.7  1012c

Citric acid
14a

1.0  10
2.9  1014a
1.6  1013a
2.5  1013b
6.5  1013b
6.1  1012b

Oxalic acid
1.3  1014a
1.7  1014b
1.1  1013b
4.4  1013a
1.0  1012a
1.0  1012a

crease the release of As, Sr, Zn, U, Y, and REE from apatite. According to Hinsinger (2000), the bioavailability of
trace elements is related to root-induced chemical changes
in the rhizosphere, i.e., accumulation and depletion of ionic
species, acidiﬁcation and alkalinization, oxidation and
reduction, and complexation and chelation. Mailloux
et al. (2009) observed in laboratory experiments that phosphate-limited cells of Burkholderia fungorum mobilize ancillary As from apatite. According to these authors, As
mobilization is a by-product of apatite lattice weathering
for nutrient acquisition. In column ﬂow experiments, Luo
and Gu (2011) also demonstrated that complexing organic
ligands such as EDTA (Ethylenediaminetetraacetic acid)
and citrate can mobilize U by dissolving U-bearing minerals, even under in a strict anaerobic environment. Regarding REE, Feng et al. (2011) demonstrated that two soil
bacteria, i.e., Pantoea agglomerans and Bacillus megaterium, increase the release of REE from ﬂuoroapatite signiﬁcantly more than the abiotic treatment and scavenge REE
during their growth. In addition, Cao et al. (2001) showed
that La, Ce, Gd and Y release increased gradually with a
decrease in pH from 7.5 to 3.5, highlighting the strong impact of the production of protons and organic acids by
plants and microorganisms on REE mobilization from mineral phase.
The geometric form of the dissolution traces on apatite
grains seems to be controlled by two factors in our study.
First, a crystallographic factor was applied to all treatments: apatite dissolution was characterized by the formation of residual needles on the basal surface (Figs. 7 and
10B), as already observed by Thirioux et al. (1990), Welch
et al. (2002), Harouiya et al. (2007), and Turpault et al.,
2009 on ﬂuoroapatite. This seems to indicate a large contribution of this mineral face to mineral dissolution as already
shown for other types of minerals such as inosilicates (Xie
and Walther, 1994) or the phyllosilicates (Turpault and
Trotignon, 1994). Second, there was a “biological contact”
factor: in the treatment with Scots pines, dissolution traces
were only observed on mineral faces in contact with roots,
as observed by Turpault et al. (2009), (Fig. 7).
Apatite dissolution rates based on P release reached
2.0  1013 mol cm2 s1 in the presence of Scots pines.
Compared to the “inorganic and organic acids” experiment,
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Fig. 11. Comparison between the log10 of apatite dissolution rate by Scots pines and those by inorganic and organic acids in the
“geochemical” experiment. Note that the pH is the pH of the inlet solutions. The equations are y = 0.65x  10.58 (r2 = 0.97),
y = 0.77x  10.0 (r2 = 0.96), y = 0.78x  9.8 (r2 = 0.99), and y = 0.87x  9.4 (r2 = 0.96) for nitric (rhombus), gluconic (circle), citric
(square), and oxalic (triangle) acids, respectively. The black points correspond to the apatite dissolution rate measured by Guidry and
Mackenzie (2003). The apatite dissolution rate by Scots pine is equivalent to those by nitric acid at pH 3.2, gluconic acid at pH 3.5, citric acid
at pH 3.7, and oxalic acid at pH 3.8.

this value was equivalent to those of nitric acid at pH 3.2,
gluconic acid at pH 3.5, citric acid at pH 3.7, and oxalic
acid at pH 3.8 (Fig. 11). The stimulation of mineral weathering by plant roots associated with rhizosphere bacteria
was already observed by Leyval and Berthelin (1991),
Puente et al. (2004), and Calvaruso et al. (2006). The latter
showed, in similar open-system ﬂow microcosms, that Scots
pine seedlings with or without B. glathei PML1(12) increased biotite weathering by factors of 1.7 and 2.5, respectively. The eﬀect of plant roots and root-associated
microorganisms on mineral weathering may result from
physical and/or biochemical processes linked to root and
microbial activities. These processes have ever been widely
described, e.g., fragmentation of soil minerals, improvement of soil structure, nutrient uptake, exudation of a wide
range of compounds such as CO2, protons, anions, cations,
inorganic acids, organic acids, organic ligands, and discussed in diﬀerent reviews (Robert and Berthelin, 1986;
Jongmans et al., 1997; Kelly et al., 1998; Barker et al.,
1997; Landeweert et al., 2001; Berner et al., 2005; Gadd,
2007; Uroz et al., 2009; Andrews et al., 2011). In our study,
we observed a drastic decrease in the outlet solution pH in
the presence of Scots pines with or without B. glathei
PML1(12)Rp: from pH 6.5 for the abiotic control treatment to pH 4.0–4.5 for Scots pine treatments. This acidiﬁcation results from the production of CO2 during
respiration, from the release of organic compounds in the
root and microbial exudates, and from the balance of ion
charges within the roots, which depends on the excretion
of one H+ ion for every cation absorbed (Barker et al.,
1997; Hinsinger et al., 2005).
We have also demonstrated that Scots pines and
B. glathei PML1(12)Rp produce organic acids such as
gluconate, oxalate, acetate, lactate, conﬁrming the previous

observations of Leyval and Berthelin (1991, 1993) for Scots
pines and Kim et al. (2005) for B. glathei. According to
Moghimi et al. (1978), organic acids produced in the rhizosphere can enhance the dissolution of phosphate compounds both by supplying protons and by complexing
Ca2+ ions. Because of the short life of organic acids, it is
likely that our method for organic acid sampling allows
us to access only a fraction of the diversity of the organic
acids produced in our experimental conditions. As an
example, citric acid, generally produced by Scots pines
and B. glathei, was not detected in our substrate, most
likely because of its quick degradation in the rhizosphere
(Braissant et al., 2002).
In our geochemical experiment, we clearly demonstrated
that all organic acids tested (oxalate, citrate, and gluconate)
more eﬃciently weather apatite and release Ca and P than
inorganic acids for pH 63.5. This is in agreement with the
observation of Welch et al. (2002) who demonstrated that
oxalate increases apatite dissolution compared to inorganic
solution at pH 3.0 by a factor of approximately 2.5. The
eﬀect of organic acids on mineral weathering has been
demonstrated on other minerals, including plagioclase
(Welch and Ullman, 1993; Welch et al., 1999), hornblende
(Liermann et al., 1999; Van schöll et al., 2006; Hausrath
et al., 2009), feldspars (Manley and Evans, 1986; Hutchens
et al., 2003), phlogopite (Paris et al., 1996), augite
(Hausrath et al., 2009), biotite (Wallander and Wickman,
1999), sphene (Hausrath et al., 2009), microcline (Wallander
and Wickman, 1999), and muscovite (Van schöll et al., 2006).
In addition, we have demonstrated an increase in apatite
dissolution rate with increasing acidity of inlet solutions
from pH 5.5 to pH 2.0 for each acid. These results conﬁrm
the observations of Guidry and Mackenzie (2003) for pH
comprised between 2.0 and 6.0 and Chaı̈rat et al. (2007)
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for pH comprised between 3.0 and 7.0. This increase in
mineral dissolution with increasing acidity of solutions is
a common feature for many mineral dissolution reactions
(i.e., Blum and Lasaga, 1988; Drever and Vance, 1994;
Welch et al., 2002). Dissolution of ﬂuoroapatite under
acidic conditions can be described by the reaction (1), presented above. It is clear from this equation that elevated
levels of protons should accelerate dissolution reaction.
Apatite dissolution rates based on P release in inorganic
solutions from pH 5.5–2.0 ranged from approximately
1.0  1014 to 2.1  1012 mol cm2 s1. These values are
consistent with those of Valsami-Jones et al. (1998), Guidry
and Mackenzie (2003), and Chaı̈rat et al. (2007) in opensystem microcosms that measured ﬂuoroapatite dissolution
rates based on Ca release by HCl, i.e., 1014 to 1011
mol cm2 s1 for inlet solution pH ranging from 6.0 and
2.0. The discrepancy between rates can be partially explained by diﬀerences in procedures, i.e., microcosm volumes, inlet solution ﬂows, etc. The composition of the
apatite, which inﬂuences its solubility and reactivity
(Jahnke, 1984; Anderson et al., 1985; Valsami-Jones et al.,
1998; Harouiya et al., 2007), could also explain the diﬀerence of apatite dissolution rates between our study and
those of Valsami-Jones et al. (1998), Guidry and Mackenzie
(2003), and Chaı̈rat et al. (2007). Notably, the proportion
of F is higher in the Durango apatite used in our study than
in the Paraı̈ba apatite used by Chaı̈rat et al. (2007). The increase in F in the apatite structure decreases its solubility.
Harouiya et al. (2007) also demonstrated that the dissolution rate of apatite signiﬁcantly increases with increasing
temperature. The studies of Valsami-Jones et al. (1998),
Guidry and Mackenzie (2003), and Chaı̈rat et al. (2007)
were carried out at 25 °C while our study was performed
at 25 °C during the day (17 h) and 18 °C at night (7 h).
We demonstrated that the apatite weathering eﬃcacy of
diﬀerent acids diﬀers according to the acid. Notably, at pH
3.5, 3.0, and 2.0, we observed that oxalic acid was the most
eﬃcient to weather apatite and solubilize P. Solubilization
of P compounds by organic acids is achieved by complex formation between organic acids/anions and metal ions such as
Fe, A1, and Ca. Complex formation depends on the number
and position of carboxyl (–COOH) and phenolic (–OH)
functional groups in the organic acids. The presence of two
carboxyl groups in oxalic acid confers a strong ability to
complex metal ions and particularly Ca, to this organic acid.
That is in agreement with our observations, i.e., dissolution
of apatite in a non-stoichiometric way, e.g., the Ca/P (mol/
mol) ratio in outlet solution reached 0.8 at pH 2 while the
stoichiometric ratio for apatite is of 1.6, and the presence
of Ca oxalate crystals on apatite surfaces for pH 63.5
(Fig. 10A). Apatite dissolution rates based on P release in
gluconic, citric, and oxalic acid solutions from pH 5.5 to
2.0 ranged from approximately 1.1  1014 to 4.7  1012
mol cm2 s1, 1.0  1014 to 6.1  1012 mol cm2 s1,
and 1.3  1014 to 1.0  1011 mol cm2 s1, respectively.
4.2. Scots pine nutrition
Our study revealed that Scots pines with or without B.
glathei PML1(12)Rp were able to signiﬁcantly take up Ca

and P released from apatite. Approximately 50% of the
Ca and 70% of the P issued from apatite weathering were
immobilized in Scots pine biomass: more than 80% of Ca
and more than 60% of P were translocated to above-ground
biomass. The weight of the seedlings increased on average
by more than three during the 14 weeks of the experiment.
This conﬁrms the importance of apatite as a source of bioavailable nutrients for plants as shown by Blum et al.
(2002). The strain B. glathei PML1(12) did not signiﬁcantly
increase root uptake and plant nutrition. This result agrees
with the previous study of Calvaruso et al. (2006) carried
out under the same conditions (i.e., open-system ﬂow
microcosms, climate conditions, biological material, etc.)
but with biotite as source of mineral nutrients (K and
Mg). Indeed, these authors demonstrated that the inoculation of Scots pine roots by B. glathei PML1(12)Rp
improves Scots pine nutrition and growth only in nutrient-deﬁcient conditions. In our study, the amounts of bioavailable Ca and P remained high in the outlet solutions
during 14 weeks in the presence of Scots pines alone
(approximately 4.0 mg L1 for Ca and 0.9 mg L1 mg for
P). The presence of such concentrations of Ca and P in
the solution suggests that Scots pines released enough nutrients from apatite to support their nutritional needs. In these
rich-nutrient conditions, pines did not invest more energy
to release nutrients, i.e., production of weathering agents
and/or production of carbon compounds stimulating the
activity of the rhizosphere microﬂora. Through microcosm
experimentations, Smits et al. (2012) have already demonstrated that trees invest proportionally more photosynthate
energy into the ectomycorrhizal fungal partner under low-P
conditions. Our study also revealed that Scots pines with
and without B. glathei PML1(12)Rp were able to take up
signiﬁcant amounts of trace elements released from apatite.
Approximately 95% of the Zn and 100% of the REE issued
from apatite weathering were immobilized in the Scots pine
biomass. Approximately 70% of Zn was translocated to
above-ground biomass revealing the importance of the apatite dissolution in Scots pine nutrition. Interestingly, only a
very small fraction of Y, REE, and U was translocated to
the aerial parts of Scots pines (less than 1%). The sum of
REE (sum of elemental concentrations from La to Lu)
was approximately 650-fold higher for roots compared to
aerial parts. Moreover, the enrichment factors between
the initial plants and the organs after experimentation (elemental ratio between concentration of ﬁnal and initial organ) was higher for roots (2300 on average for SREE)
than for aerial parts (18 on average for SREE), showing a
preferential concentration in/on the roots. Stille et al.
(2006) observed in the Strengbach catchments that beeches
were strongly enriched in REE originating from apatite dissolution. Plants took up REE from the circulating catchment waters and the enrichment of the very small roots
(1–2 mm in diameter) reached levels up to 100,000-fold
higher than the stream water. In addition, the root signature of Scots pines was closer to the apatite signature than
was the aerial part signature (Fig. 12): the aerial parts
showed a higher enrichment in light REE (La) compared
to middle REE (Sm) and higher enrichment in heavy
REE (Yb + Lu) compared to middle REE (Pr + Nd) than
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no improvement in pine nutrition and growth. Although
no quantitative diﬀerence was determined when Scots pines
were inoculated with B. glathei PML1(12)Rp, a modiﬁcation of the apatite dissolution process was observed. Indeed, inoculation with B. glathei PML1(12)Rp associated
with pines led to faster release of P than Ca from apatite
leading to a non-stoichiometric dissolution of apatite. This
eﬀect of the B. glathei PML1(12)Rp is most likely linked to
activities speciﬁc to this strain. The dissolution rate of apatite by Scots pines supplied with a nutrient solution of pH
5.5 was equivalent to that for nitric acid at pH 3.2, gluconic
acid at pH 3.5, citric acid at pH 3.7, or oxalic acid at pH
3.8. This notably results from the production of protons
and organic acids (gluconate, acetate, oxalate, and lactate)
by roots and microbes. This study reveals that tree roots
and root-associated microorganisms can release nutrients
from apatite, thus maintaining high-nutrient conditions to
support their nutrition. A great distance remains in our
journey to transfer these microcosm results to predictions
for the eﬀect of tree roots and soil bacteria on apatite
weathering in the ﬁeld, as well as their relative impact on
Ca, P and trace element cycles in forest ecosystems.
Fig. 12. Fractionation among the REE elements of initial, inoculated with PML1(12)Rp and non inoculated roots and aerial
parts. Ten pine seedlings pre-grown under the same conditions as
those used in the column experiment, were sampled at the
beginning of the experiment to quantify the initial REE contents
in roots and aerial parts.

the enrichment in the roots. These observations are in
agreement with the work of Ding et al. (2007), which
showed that REE fractionations are dominated by a ﬁxation mechanism in soybean roots caused by cell wall
absorption and precipitation, and by the combined eﬀects
of ﬁxation and transport mechanisms in above-ground
parts caused by solution complexation by intrinsic organic
ligands. According to Köhler et al. (2005), who studied the
REE release rates during apatite dissolution from pH 2.8 to
9.2 in open systems, REE can precipitate in the solid phase
as rhabdophane (REE(PO4) nH2O) when outlet solutions
are supersaturated with respect to Nd-rhabdophane
(Ksp  1024.5). In our experimental conditions, outlet
solutions were not supersaturated with respect to Nd-rhabdophane (Q < 1024.5) suggesting that precipitation of REE
onto roots is not at the origin of the enrichment of roots in
REE.
5. CONCLUSION
Thanks to open-system ﬂow microcosms under controlled conditions, we conﬁrmed the signiﬁcant impact of
Scots pine roots with or without B. glathei PML1(12)Rp
on mineral weathering. The weathering budgets revealed
that Scots pine roots increase Ca, P, As, Sr, Zn, U, Y,
and REE release from apatite by a factor > 10 compared
to abiotic control treatment. Under our experimental conditions, which corresponded to relatively favorable nutrient
conditions, we observed no contribution of the bacterial
strain B. glathei PML1(12)Rp to mineral weathering and
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