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The principal nutrient source for forest trees derives from the weathering of soil minerals which results from
water circulation and from plant and microbial activity. The main objectives of this work were to quantify the
respective effects of plant- and root-associated bacteria on mineral weathering and their consequences on tree
seedling growth and nutrition. That is why we carried out two column experiments with a quartz-biotite
substrate. The columns were planted with or without pine seedlings and inoculated or not with three ectomy-
corrhizosphere bacterial strains to quantify biotite weathering and pine growth and to determine how bacteria
improve pine growth. We showed that the pine roots significantly increased biotite weathering by a factor of 1.3
for magnesium and 1.7 for potassium. We also demonstrated that the inoculation of Burkholderia glathei
PML1(12) significantly increased biotite weathering by a factor of 1.4 for magnesium and 1.5 for potassium in
comparison with the pine alone. In addition, we observed a significant positive effect of B. glathei PMB1(7) and
PML1(12) on pine growth and on root morphology (number of lateral roots and root hairs). We demonstrated
that PML1(12) improved pine growth when the seedlings were supplied with a nutrient solution which did not
contain the nutrients present in the biotite. No improvement of pine growth was observed when the seedlings
were supplied with all the nutrients necessary for pine growth. We therefore propose that the growth-promoting
effect of B. glathei PML1(12) mainly resulted from the improved plant nutrition via increased mineral
weathering.

In ecosystems with low inputs and without any fertilization
or soil amendment by humans, the nutrients available to plants
come from atmospheric inputs and weathering of soil minerals.
This is mainly the case with forest ecosystems which, in addi-
tion, are frequently located on poor and acidic soils (3). Plants
developing on acidic soils are subjected to two major con-
straints: (i) high concentrations of ions like Al3� and H� which
inhibit root growth and (ii) low mineral nutrient availability as
a result of low reserves and impaired uptake due to high H�

concentrations (40).
In temperate and boreal forest ecosystems, the vast majority

of trees live in close association with symbiotic fungi, the ec-
tomycorrhizal fungi, which connect tree roots to the soil envi-
ronment via a broad network of hyphae. These fungi contrib-
ute to plant nutrition by carrying far away from the roots and
from very small pores, the water and the nutrients they re-
leased by weathering the primary minerals (30, 59). In addi-
tion, the ectomycorrhizal symbiosis modifies root exudation
qualitatively and quantitatively by changing the metabolic
functions of the roots (34, 51, 56). It creates a special environ-
ment called mycorrhizosphere, where the bacterial equilibrium
is different from that of the bulk soil (soil without any influence
of roots) (36). These modifications of the bacterial equilibrium
in the mycorrhizosphere are likely to contribute to plant nu-
trition (15). However, the mechanisms involved still remain to

be clarified, especially the role of mycorrhizosphere bacteria
on the weathering of soil primary minerals.

It is already known that the physicochemical changes in the
rhizospheric soil, induced by roots and their associated micro-
flora, influence the weathering processes and nutrient uptake
by plants (23, 24, 26, 30, 39). However, the respective quanti-
tative contributions of plant and rhizosphere microorganisms
on mineral weathering processes and their consequences on
plant nutrition still remain to be determined, especially in the
case of nutrient-poor forest ecosystems. This study presents
the first part of a project, the purpose of which is to quantify
the contribution of the different microbial components of the
mycorrhizosphere to mineral weathering processes and tree
nutrition. It is focused on the bacterial component, the contri-
bution of which to mineral weathering in forest soil has been
completely neglected so far.

To determine the respective contribution of tree roots and
mycorrhizosphere bacteria to mineral weathering, we carried
out a column experiment in a growth chamber, associating pine
seedlings with different combinations of three strains of Burk-
holderia glathei. The inputs and outputs of potassium and mag-
nesium in solution, as well as the immobilization of these
elements by pine seedlings, were measured to compare the
weathering budget in the different treatments. Because the
bacterial strain B. glathei PML1(12) simultaneously promoted
mineral weathering and plant growth, we carried out a com-
plementary experiment in a greenhouse to confirm these ef-
fects and to test whether both effects were linked. For that
purpose, we compared the effect of this bacterial strain on the
growth of pine seedlings supplied either with a deficient or a
complete nutrient solution.
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MATERIALS AND METHODS

Bacterial strains. (i) Origin. A collection of 140 bacterial strains was isolated
from oak (Quercus petreae)-Scleroderma citrinum ectomycorrhizas and bulk soil,
sampled in the mineral soil horizon in an experimental forest site located at
Breuil, in central France. The ecosystem is oligotrophic and very sensitive to
nutrient deficiency and acidification. The soil is an alocrisol with acid mull type
humus developed in eolian silt over a granite parent material containing two
micas (12). The bacterial isolates were preserved at �80°C in nutrient broth
glycerol medium (8 g liter�1 nutrient broth from Difco, 850 ml of demineralized
water, and 150 ml of glycerol).

(ii) Selection of three bacterial strains. Among our collection of 140 bacterial
strains, the three strains PMB1(7), PML1(4), and PML1(12), which were isolated
from oak-S. citrinum ectomycorrhizas, were chosen because they showed the
highest potential for mineral weathering in three different biotests (Table 1). The
first two biotests (CAS and TCP petri dish tests), which measure the bacterial
efficacy for phosphorus and iron mobilization, were performed according to the
method of Frey-Klett et al. (15). The third biotest, which allows quantification of
the bacterial impact on biotite weathering, consisted of incubating each bacterial
suspension (20 �l, A600 � 0.9) with 160 �l of nutrient solution (1.5 mg liter�1 of
sodium, 2 mg liter�1 of phosphorus [10 mg liter�1 of NaH2PO4 · 2H2O], 2.3 mg
liter�1 of calcium, 1.9 mg liter�1 of sulfur [10 mg liter�1 of CaSO4 · 2H2O], 11.2
mg liter�1 of nitrogen [32 mg liter�1 of NO3NH4], and 20 �l of glucose [20 g
liter�1 of glucose]) and 10 mg of biotite (200 to 500 �m) for 65 h in shaken
cultures (350 rounds per minute). In each of these three biotests, strain PN4(4),
which was isolated from bulk soil, was used as a control because it presents a very
low efficacy for P and Fe mobilization and biotite weathering. The results pre-
sented in Table 1 underline the great diversity of behaviors obtained in the
different biotests for the four bacterial strains.

(iii) Molecular identification. Partial sequencing of the 16S ribosomal DNA
genes of the bacterial isolates was carried out as described by Bertaux et al. (7).
After purification, the 16S ribosomal DNA gene products were sequenced with
the eubacterial primer 27F (60). The sequences were compared with those in the
GenBank databases (www.ncbi.nlm.nih.gov/BLAST) using the BLAST program
(1) (Table 2).

Preparation of the bacterial inocula. Bacteria were grown on 10% TSA me-
dium (3 g liter�1 tryptic soy broth from Difco and 15 g liter�1 agar) at 25°C for
36 h. Bacteria were suspended in sterile ultrapure water and washed twice. The

inoculum concentrations were then adjusted to 4 � 107 CFU ml�1 according to
an A600 standard curve calibrated by plate enumeration.

Plant material. Nonmycorrhizal Scots pine seedlings (Pinus sylvestris; prove-
nance: Haguenau forest, France) were grown in a nonsterile peat-vermiculite
substrate in a greenhouse with the following conditions: 60% humidity, night
temperature of 15°C, day temperature of 22°C, a 16-h period of daylight, and
watering two times for 2 min by day. After 6 weeks, the seedling roots were
washed very carefully with a brush in sterile ultrapure water, four times succes-
sively, to remove remaining peat and vermiculite particles. The excess water was
then removed using absorbent paper, and the seedlings were weighed individu-
ally in the case of the growth chamber experiment.

Mineral material. The mineral chosen was a biotite from Bancroft (Canada),
a 2:1 phyllosilicate, frequently present in acid soils, which weathers relatively
quickly and holds K, Mg, and Fe nutrient elements (which are indispensable for
plants). It is a pure homogeneous mineral and its composition is 41.01% SiO2,
10.9% Al2O3, 2.21% Fe2O3, 10.05% FeO, 0.27% MnO, 18.9% MgO, 0.41%
Na2O, 9.46% K2O, 2.28% TiO2, 4.42% F, and 824 ppm Zn. Its structural formula
is (Si3Al1) (Fe3�

0.12 Fe2�
0.61 Mg2.06 Mn0.02 Ti0.13) and K0.88 Na0.06 O10 (OH0.98

F1.02).
The biotite crystals were ground, washed with distilled water, treated ultra-

sonically (2 min, three times at 100 V) to remove the fine particles that electro-
statically adhere to the particles with the size required, and then sieved to obtain
the size fraction between 0.5 and 1 mm. Pure quartz crystals were prepared the
same way and sieved to obtain two size fractions of 0.5 to 1 mm and 1 to 2 mm
(2). Biotite 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.

Nutrient solutions. (i) Growth chamber experiment. Only a deficient nutrient
solution was used. The composition of this deficient nutrient solution was ad-
justed so that it only contained elements that were essential for pine growth but
were absent from the biotite composition and in concentrations equivalent to
those found in the soils at the experimental forest site at Breuil (1.5 mg liter�1

of sodium, 2 mg liter�1 of phosphorus [10 mg liter�1 NaH2PO4 · 2H2O], 2.3 mg
liter�1 of calcium, 1.9 mg liter�1 of sulfur [10 mg liter�1 of CaSO4 · 2H2O], 11.2
mg liter�1 of nitrogen [32 mg liter�1 of NO3NH4]) and trace elements (0.3 mg
liter�1 of molybdenum [0.3 mg liter�1 of Mo] and 0.2 mg liter�1 of copper [0.6
mg liter�1 of CuSO4 · 5H2O]).

(ii) Greenhouse experiment. Two nutrient solutions were used. The composi-
tion of the deficient nutrient solution was the same than the one used in the
growth chamber experiment. In contrast, the composition of the complete solu-
tion was the same that the deficient nutrient one but enriched with potassium,
magnesium, iron, manganese, and zinc in concentrations equivalent to those
found in the soils at the experimental forest site at Breuil (4.2 mg liter�1 of
potassium [8 mg liter�1 of KCl] and 1 mg liter�1 of magnesium [5 mg liter�1 of
MgSO4]) and trace elements (0.5 mg liter�1 of iron [2.5 mg liter�1 FeSO4 ·
7H2O], 0.2 mg liter�1 of manganese [0.6 mg liter�1 of MnSO4 · H2O], and 0.2 mg
liter�1 of zinc [1 mg liter�1 ZnSO4 · 7H2O]).

The pH of the two nutrient solutions was about 6. Given the quantity of
nutrient solution required for the pine seedlings during the time of the experi-
ments, the solutions were concentrated 100 times, sterilized (20 min at 120°C),

TABLE 1. Capacity of three bacterial strains selected for column experiments to mobilize iron and phosphorus in three in vitro testse

Strain

Petri dish test results

Solution pH

Results of biotest with mineral

Efficacy of Fe
mobilizationa

Efficacy of P
mobilizationb

[Fe] released after
biotite weathering

[K] released after
biotite weathering

PMB1(7) 0.23‡ 0.70‡ 2.93‡ 2.26‡ 2.59‡
PML1(4) 0.15† 0.44†‡ 2.68§ 3.32§ 3.37§
PML1(12) 0.27‡ 0.26† 3.05‡ 2.29‡ 2.55‡
PN4(4)c 0.00* 0.00* 4.05† 1.28† 1.90†
Nutrient solutiond 5.15* 0.94* 1.44*

a The efficacy of iron mobilization was determined by the diameter of the discoloration zone on CAS medium corresponding to the zone of iron solubilization/
bacterial concentration (CFU/ml).

b The efficacy of phosphorus mobilization was determined by the diameter of the discoloration zone on TCP medium corresponding to the zone of phosphorus
solubilization/bacterial concentration (CFU/ml).

c A reference strain which presents low efficacy to mobilize nutrients in the different biotests.
d effect of the noninoculated complete solution (same composition as the deficient nutrient solution used for the column experiments plus 2 g liter�1 of glucose) on

the mobilization of potassium and iron in the biotest with mineral.
e For each variable (efficacy of Fe and P mobilization, solution pH, and [Fe] and [K] released after biotite weathering), treatments associated with the same symbol

are not significantly different according to a one-factor (bacterial treatment) ANOVA (P � 0.05) and the Bonferroni-Dunn test.

TABLE 2. Molecular identification of three bacterial strains

Isolate
rrs sequence

length
(nudeotides)

Top match
(GenBank accession no.)a

% Nucleotide
identity

PMB1(7) 453 Burkholderia glathei (AY154378) 98
PML1(4) 764 Burkholderia glathei (AY154374) 99
PML1(12) 677 Burkholderia glathei (AY154378) 98

a Top match as determined by the BLAST method. The BLAST program was
described by Altschul et al. (1).
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stored at 4°C in 50-ml sterile tubes to limit all risk of contamination, and
protected from the light. Each week, the nutrient solutions were replaced by new
ones, prepared by mixing the concentrated nutrient solutions with sterile ultra-
pure water (20 min at 120°C).

Experimental devices and culture conditions. (i) The columns. The columns
were made from sterile inert polypropylene Falcon tubes, 15 cm high and 4 cm
in diameter, with a hole drilled at the bottom. They contained a layer of pre-
treated (by percolation with HCl solution at pH 1 for 1 night and with sterile
ultrapure water for 1 day) and sterilized (autoclaved 20 min at 120°C) glass wool
(8 mm thick) on which a mixture of 2.8 g of biotite (0.5 to 1 mm diameter), 10 g
of quartz (0.5 to 1 mm), and 35 g of quartz (1 to 2 mm) were placed. A
preliminary experiment with fluorescein solution showed that this mixture allows
a good flow in the whole column. The columns were filled individually under a
laminary flow hood. In each column, one pine seedling was planted, except for
those of the control treatment without plant (WP), which simulates geochemical
processes. Then 1.8 ml of bacterial inoculum with a concentration of 4 � 107

CFU/ml was added to each column, except for the two control treatments,
noninoculated plant (P) and without plant (WP; see below), which received 1.8
ml of sterile ultrapure water only.

(ii) Growth chamber experimental device. The deficient nutrient solution was
stored in a 20-liter sterile inert container, which was protected from the light by
aluminum foil. Two peristaltic pumps were calibrated to supply the columns with
the nutrient solution at a rate of 1 ml per hour via Tygon tubing. The nutrient
solution percolating through the columns was collected individually in 100-ml
polyethylene tubes placed below each column. The experiment included 9 treat-
ments (with 4 replicates): 1 control without biological material (WP), 1 control
with noninoculated plant (P), and 7 treatments with a plant and one bacterial
strain [PMB1(7), PML1(4), or PML1(12)] or associations of strains [PMB1(7)
plus PMLI(4), PMB1(7) plus PML1(12), PML1(4) plus PML1(12), and PMB1(7)
plus PML1(4) plus PML1(12)]. The columns were 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.

(iii) Greenhouse experimental device. Fifteen milliliters of sterile nutrient
solutions was injected manually three times per week (Monday, Wednesday, and
Friday) in each column with sterile syringes. The experiment included 4 treat-
ments (with 10 replicates): two control treatments with noninoculated plants,
supplied by either a deficient nutrient solution or a complete solution, and two
plant treatments inoculated with the bacterial strain PML1(12), supplied by
either a complete solution or a deficient nutrient solution. The columns were
placed in a greenhouse with 60% humidity, a night temperature of 15°C, a day
temperature of 22°C, and a 16-h period of daylight.

Sampling. (i) Growth chamber experiment. Forty pine seedlings pregrown
under the same conditions as those used in the column experiment were sampled
at the beginning of the experiment (before the bacterial inoculation) to quantify
the initial dry weight biomass and mineral content of the seedlings. For the
chemical analyses, the solutions from the four replicates of each treatment were
collected throughout the experiment. Four weathering budgets for the drainage
solution were thus obtained for each treatment. After 76 days, all of the pine
seedlings were sampled to observe root morphology and to quantify their final
biomass and mineral content. Four weathering budgets for the plant immobili-
zation were thus obtained for each treatment.

(ii) Greenhouse experiment. At 102 days after bacterial inoculation, all of the
pine seedlings were sampled for analyses: shoot length, fresh and dry weight of
the root and aerial part, and length, diameter, and volume of the roots.

Analyses (i) Growth chamber experiment. The volumes of all of the drainage
solutions were measured each week. The potassium and magnesium contents of
all solutions sampled were measured by induction-coupled plasma (ICP) emis-
sion spectrometer (plasma torch JY180 ULTRACE). A kinetics follow-up of the
potassium and magnesium released from the biotite into the drainage solution
was made for the treatment without plant to check that the experiment was in a
stationary regimen (data not shown).

After the pine seedlings were washed, 0.25 g of oven-dried (65°C) aerial or
root parts were ground and pretreated with 5 ml of 30% hydrogen peroxide
(H2O2) for one night. Then, 5 ml of perchloric acid (HClO4) was introduced, and
the solutions were placed on a warming plate for one night (40°C). These two
strong oxidants digest all the organic matter to let and leave behind only the
mineral elements. Then the solutions were measured by ICP emission spectrom-
eter.

To observe the weathering surfaces of the biotite, 8 particles adhering to the
seedling roots after manual shaking were sampled for each treatment (two
particles per replicate). The particles were air dried and glued to a glass slide
with varnish. Then the slides were coated with carbon. Images of the biotite
surface and a semiquantitative analysis of the constitutive elements of the sample

were made simultaneously using a Hitachi S2500 scanning electron microscope
(SEM) connected to a Thermonoran microanalysis system.

To observe the root morphology and the root-mineral interface, 8 root pieces
(two per replicate) were sampled for each treatment. A low-vacuum (high-
pressure) Leo 1450VP SEM coupled to an Oxford microanalysis system was
used. It differs from a classical scanning electron microscope by using a con-
trolled pressure function; thus, the sample can be observed in a primary vacuum
known as a low vacuum. The low-vacuum mode means that one can work without
a preliminary coating and thus without altering the sample. In this way, root
architecture and absorbent hairs in contact with the mineral surface could be
observed. To semiquantitatively estimate the number of lateral roots and the
number of root hairs, we used a binocular microscope Leica MZ 6.

(ii) Greenhouse experiment. The shoot length (from the leaf insertion base to
the terminal bud) was measured for each pine seedling at the end of the exper-
iment. At sampling, the roots were washed very carefully in sterile ultrapure
water three times successively to remove the remaining mineral particles. The
excess water was removed using absorbent paper, and the fresh weight of the
seedlings was determined. Then each root system was photocopied, taking into
account the necessity to reduce root overlapping. To measure the different
parameters relative to root architecture, the WinRhizo software was used. It
allows quantification of root length and total root surface area. Then the plants
were dried at 65°C for 5 days to determine the dry weight of the root and aerial
parts.

Total weathering budget. In each column of the growth chamber experiment,
the total weathering budget W was calculated as W � (D � N) � I for potassium
and magnesium, two elements which were not reprecipitated and not exchanged
in the columns, as confirmed by scanning electron microscopy observations. D
was the quantity of the element in the drainage solution, N was the quantity of
the element in the nutrient solution (0 for potassium and magnesium), and I was
the quantity of the element immobilized by the pine seedling during the exper-
iment, with I � If � Ii, where Ii and If were the quantities of the element in the
pine seedling at the beginning and end of the experiment, respectively.

Statistical analyses of the results. The effect of the plant and bacterial inoc-
ulations on the weathering budgets, on the growth of the pine seedlings, and on
their root architecture were determined using analyses of variance (ANOVA) at
the threshold level of a P value of 0.05 and the Bonferroni-Dunn test. The
Superanova software was used for all these analyses.

RESULTS

Weathering budget. The total amounts of potassium and
magnesium mobilized from biotite with noninoculated plants
or with plants inoculated by the different bacterial strains were
significantly higher than those in the WP treatment (Fig. 1).
They were also significantly higher in the treatment inoculated
with strain PML1(12) than in the P treatment. In this case, not
only the amounts of magnesium leached into the solution but
also the one taken up by the plant were significantly higher in
the treatment inoculated with strain PML1(12) than in the
noninoculated plant treatment, according to a one-factor
ANOVA (P � 0.05) and the Bonferroni-Dunn test (compari-
son to control) (data not shown). In the same way, the amounts
of potassium taken up by the plant were significantly higher in
the treatment inoculated with strain PML1(12) than in the
noninoculated plant treatment, according to a one-factor
ANOVA (P � 0.05) and the Bonferroni-Dunn test (compari-
son to control) (data not shown). In contrast, when strain
PML1(12) was coinoculated with strain PMB1(7) or PML1(4),
the quantities of potassium and magnesium mobilized from the
biotite were not significantly higher than that of the treatment
with plant alone (Fig. 1). In the special case of the triple
inoculation of strains PMB1(7), PML1(4), and PML1(12), only
the amount of magnesium leached into the solution was sig-
nificantly higher than the one in the treatment with the noni-
noculated plant, according to a one-factor ANOVA (P � 0.05)
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and the Bonferroni-Dunn test (comparison to control) (data
not shown).

Analysis of the biotite weathering processes. The SEM ob-
servations clearly showed that the surface of the biotite parti-
cles from the PML1(12)-inoculated plant treatment was more
weathered than the one in the treatment without plant (Fig. 2).
Bacterial cell accumulations were preferentially observed in
carbon-rich areas (probably root exudates). Some carbon pre-
cipitates associated with sulfur and phosphorus as well as iron
precipitates were also visible (white areas). Conversely, potas-
sium, magnesium, or aluminum precipitates were not ob-
served. The observations showed also that the majority of the
biotite particles sampled along the roots were not transformed
into vermiculite. This result was confirmed by plotting the total
quantity of potassium released from biotite (the quantity of
potassium in solution plus the quantity of potassium mobilized
by the seedlings) against the total quantity of magnesium re-
leased (Fig. 3). Potassium and magnesium were released in a
nearly stoichiometric way; there was no preferential release of
interlayer potassium responsible for the transformation of bi-
otite into vermiculite.

Growth of pine seedlings. (i) Growth chamber experiment.
The pine seedlings inoculated with bacterial strains PMB1(7),
PML1(12), PMB1(7) plus PML1(12), and PMB1(7) plus
PML1(4) plus PML1(12) produced significantly more total and
root biomass than the noninoculated plants (Fig. 4). These
data were in accordance with low-vacuum SEM and binocular
microscopy observations, which showed a higher number of
lateral roots and a higher density of root hairs on PML1(12)-
inoculated roots than noninoculated plants (Fig. 5 and Table
3).

In contrast to the significant positive effect of some of the
bacterial associations, the coinoculation of strain PML1(4)
with PMB1(7) significantly reduced the promoting effect of
strain PMB1(7) on the growth of pine seedlings.

(ii) Greenhouse experiment. When pine seedlings were sup-
plied by a complete nutrient solution, the inoculation of bac-
terial strain PML1(12) had no effect on plant growth, accord-
ing to the five measured parameters: total seedling biomass,
shoot length, root biomass, and total length and total surface
area of the roots (Fig. 6). In contrast, as observed in the growth
chamber experiment, bacterial strain PML1(12) significantly
promoted the growth of pine seedlings which were supplied by
the deficient nutrient solution: the inoculated plants had a
significantly higher seedling biomass (Fig. 6A), shoot length
(Fig. 6B), root biomass (Fig. 6C), total length of roots (Fig.
6D), and total surface area of roots (Fig. 6E) than the nonin-
oculated seedlings.

DISCUSSION

In this work, we quantified potassium and magnesium im-
mobilized by pine seedlings or drained out from the columns
and the biomass increase of the pine seedlings (i) to quantify
the respective contribution of roots and root-associated bacte-
ria to the weathering of biotite and (ii) to assess the effect of
the weathering process on seedling growth. To carry out this
work, we chose to perform column experiments that only con-
tain a mineral substrate (quartz and biotite) for plant growth
and no organic matter to mimic the conditions that exist in the
natural forest soil horizons B and C, in which the weathering of
minerals is the sole source of potassium and magnesium. To be
in accordance with this experimental strategy, all of the bacte-
rial strains we used for this work were isolated from S. citri-
num-oak ectomycorrhizas sampled in a forest soil mineral ho-
rizon.

Effect of pine roots and bacteria on biotite weathering. (i)
Root effect. All of the results obtained by the different ap-
proaches (weathering budget and SEM observations) con-
verge: the pine roots significantly increased biotite weathering
by a factor 1.5 in comparison to the treatment without plant.
Our results are in accordance with those of Bormann et al.
(10), who demonstrated in an experimental forest that red pine
(Pinus resinosa) plants improved by factors of 2.4 and 1.8 the
quantities of calcium and magnesium released by weathering
the primary minerals in a forest soil, respectively. In the same
way, our results are in accordance with those of Bakker et al.
(4), who measured plagioclase weathering in a laboratory ex-
periment at pH 3 to 4 and 25°C and showed that the release of
Si, Mg, Ca, and Al was increased by a factor of 1.8 in the

FIG. 1. Mass balance of potassium (A) and magnesium (B) re-
leased into leaching solution (gray) and taken up by plants (black).
Each plot is a mean value of results for four replicates. Bars represent
standard deviations referring to the values of the weathering budget.
For each variable (sum of potassium or magnesium quantities released
into leachates and taken up by plants), treatments associated with the
same letter are not significantly different according to a one-factor
(plant and bacterial treatment) ANOVA (P � 0.05) and the Bonfer-
roni-Dunn test.
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presence of Douglas fir and Scots pine under these acidic
conditions.

This effect of plant roots on mineral weathering may result
from physical and/or biochemical processes. Indeed, plant
roots induce the formation of macropores (18), which play a
major role in the preferential flow phenomenon and thus the
weathering process (9). Moreover, plant roots fragment soil
minerals and thus increase the number of reactive surfaces (8,
43). In addition, through nutrient uptake, the plants modify the
nutrient concentrations in the rhizosphere and generate zones
of depletion or accumulation of nutrients (5). Plant roots also
modify the redox potential and the pH in the rhizosphere (39,
41, 44, 45, 55). For example, the difference between the pH in
the rhizosphere soil and in the bulk soil can be up to two pH
units (38, 52). This acidification of the rhizospheric soil results
from the production of CO2 during respiration, from the re-
lease of organic compounds in the root exudates (13, 22, 25,
57), and from the balance of ion charges within the roots which
depends on the excretion of one H� ion for every cation
absorbed (20). These modifications of physicochemical condi-
tions in the rhizosphere make the cations from the minerals
more accessible to the plant (11, 19, 46). In addition, this
phenomenon could also be regulated by nutrient deficiencies
because plants that grow in potassium- or phosphorus-deficient
conditions are able to modify the composition and quantity of
root exudates, thus improving the mobilization of these ele-
ments (29, 37).

(ii) Bacterial effect. The molecular identification of the three
bacterial strains we chose for this study revealed that they all

belong to the B. glathei species, the occurrence of which in the
soil has already been mentioned. The column experiments
showed that the weathering rate of biotite varied with the
different bacterial strains. These results contrast with those of
the in vitro tests, which demonstrated that all three bacterial
strains used had previously shown great capacities to mobilize
iron, potassium, and phosphorus. Our results thus underline
the importance of taking into account biotic and abiotic envi-
ronments, like the composition of root exudates (42), the pres-
ence of ectomycorrhizal fungi, and soil properties (pH, aera-
tion, and physicochemical characteristics), when characterizing

FIG. 2. SEM photography of biotite surfaces without plant and
bacteria (A) and with plant inoculated with the bacterial strain
PML1(12) (B and C). The white and black areas presented with a black
arrow correspond, respectively, to iron precipitates and carbon depos-
its. Panel C corresponds to an enlargement of the square region in
panel B. The dotted arrows point to bacteria on the biotite surface.

1262 CALVARUSO ET AL. APPL. ENVIRON. MICROBIOL.



the weathering effect of a given bacterial strain because these
parameters may influence the expression of the weathering
ability of the bacteria. Moreover, our results also suggest that
the weathering ability of the bacteria, which involves the pro-
duction of protons, organic acids, siderophores, and organic
ligands (19, 35, 49, 54, 61), depends on the bacterial strain.
Finally, the fact that multiple-strain inoculation can be less
efficient in mineral weathering than strains inoculated alone
suggests for the first time the importance of microbial interac-
tions in the mineral weathering process.

(iii) Plant-bacterium interaction on mineral weathering.
Our results clearly demonstrate a significant positive interac-
tion between pine roots and the bacterial strain B. glathei
PML1(12) in mineral weathering. They are consistent with
those of Leyval and Berthelin (31) with a beech-Agrobacterium
radiobacter model and those of Puente et al. (50) with cactus
inoculated or not with different rhizoplane bacteria. In our
study, the positive interaction between pine roots and B. glathei
PML1(12) could simply result from an additive effect of the
weathering abilities of the two partners. Another possibility is
that the weathering increase is due to a synergistic effect, which
could result from three hypothetical processes: (i) the frag-
mentation of the mineral caused by root activity increases the
direct positive effect of the bacteria on mineral weathering by

FIG. 3. Relation between the magnesium and potassium quantities
leached into the solution and taken up by plants, i.e., mobilized in the
biotite. The black linear regression curve (y � 1.29x � 59.10; R2 �
0.321) was obtained with the experimental data set. This regression is
significant at a P value of �0.001. The dotted curve represents the
Mg/K stoichiometry in the Bancroft biotite, which refers to a congru-
ent dissolution process. The area under the dotted curve corresponds
to the transformation domain of the biotite into vermiculite.

FIG. 4. Increase of the root (black) and total plant (gray) biomass
during the 76 days of the growth chamber experiment in the different
treatments. Each plot is a mean value of results from four replicates.
Bars represent standard deviations. For each variable (total plant
growth or root growth), treatments associated with the same letter are
not significantly different according to a one-factor (bacterial treat-
ment) ANOVA (P � 0.05) and the Bonferroni-Dunn test.

FIG. 5. Low-vacuum SEM photography of a noninoculated root
(A) and a root inoculated with the bacterial strain PML1(12), which
presents many root hairs (B).
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increasing the reactive surfaces (6); (ii) the root exudates in-
directly provide the substrates required for the production of
weathering metabolites by the bacteria (19), or (iii) the pro-
duction of growth phytohormones by the bacteria, in addition
to weathering agents, stimulates root development and modi-
fies root physiology (17, 48) and root exudation, which im-
proves mineral weathering and nutrient uptake (16).

Biological processes involved in biotite weathering. The bi-
otite can undergo two types of weathering mechanisms: disso-
lution by the destruction of the mineral structure (congruent
way) or transformation into vermiculite (incongruent way) by
the release of interlayer potassium (53). Our weathering bud-
gets as well as SEM observations and analyses showed that,
whatever the bacterial treatments, potassium and magnesium
were released in a nearly stoichiometric way: the interlayer
potassium was not released faster than the magnesium from
the biotite structure. Consequently, biotite had mainly been
dissolved by a congruent phenomenon in our experiment. Our

FIG. 6. Growth of the plants during the 102 days of the greenhouse experiment in the different treatments. (A) Total seedling biomass;
(B) shoot length measured above cotyledons; (C) root biomass; (D) total the root length; (E) total root surface area. Black plots correspond to
plants inoculated with the bacterial strain PML1(12), and white ones correspond to noninoculated plants. Each plot is a mean value of results from
10 replicates. Bars represent standard deviations. For each variable, treatments associated with the same letter are not significantly different
according to a one-factor (bacterial treatment) ANOVA (P � 0.05) and the Bonferroni-Dunn test.

TABLE 3. Semiquantitative estimation of number of lateral roots
and number of root hairs in the different treatments according to

binocular microscopy observations

Treatment No. of lateral
rootsc

No. of root
hairsc

P � PMB1(7)a ��� ��
P � PML1(4) �� �
P � PML1(12) ��� ���
P � PMB1(7) � PML1(4) �� ��
P � PMB1(7) � PML1(12) �� ��
P � PML1(4) � PML1(12) �� ��
P � PMB1(7) � PML1(4) � PML1(12) ��� ��
Pb �� �/�

a Name of the bacterial strain inoculated.
b Treatment without bacterial inoculation.
c Semiquantitative estimation of the number of lateral roots and the number of

root hairs, with four levels: �/�, �, ��, ���.
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results contrast with those from many other studies which
showed evidences of incongruent dissolution of biotite under
the influence of plant root activity (21) and/or under the in-
fluence of rhizospheric microorganisms (33, 47). This discrep-
ancy could result from different experiment durations. In our
experiment, the exudation and the uptake by the roots could
only play an important role in the weathering process during
the last 30 days of the experiment, when root development was
large enough to colonize the whole column. This obviously
contrasts with the experiments conducted by Hinsinger et al.
(21), who put the mineral directly in contact with an already
established root mat which readily produced large quantities of
weathering substances and was therefore able to take up abun-
dant quantities of potassium. In the same way, Leyval (32)
observed a partial vermiculitization of another phyllosilicate
(phlogopite) in the rhizosphere of pine seedlings inoculated
with Agrobacterium sp. after 1 year of experimentation only.

Effect of bacteria on growth of pine seedlings. According to
the results of the growth chamber experiment, the two mycor-
rhizosphere bacterial strains PMB1(7) and PML1(12) behave
as plant growth-promoting rhizobacteria (28). The beneficial
effect of these strains could result from two nonexclusive ef-
fects: (i) an indirect effect of the bacteria on plant nutrition via
an increased bacterial mobilization of nutrients from the min-
eral and/or (ii) a direct effect of the bacteria on plant roots by
means of phytohormones, like indoleacetic acid, cytokinins,
and ethylene, which stimulate the formation of lateral roots
and absorbent root hairs (14, 27, 48). Indeed, an increase in the
number of lateral roots was observed in the treatments inoc-
ulated with strains PMB1(7) and PML1(12) as well as with the
association of PMB1(7) plus PML1(4) plus PML1(12). More-
over, for the roots inoculated with strain PML1(12), a large
number of absorbing root hairs were also observed.

The greenhouse experiment demonstrated that the benefi-
cial effect of bacterial strain PML1(12) on plant growth only
occurred under conditions of nutrient deficiency. Therefore,
notwithstanding a possible direct effect of the bacteria on plant
growth via phytohormones, the bacteria mainly acted by an
indirect way, via mineral weathering, which increased the
amount of nutrients available for the plant. Indeed, if the
bacteria had only promoted plant growth by a direct way, we
would have observed a significant increase in the growth of the
plants in the nutrient-rich conditions, too. Our results are in
accordance with those of Toro et al. (58), who demonstrated
the beneficial effect of two phosphate-solubilizing bacteria
(Enterobacter sp. and Bacillus subtilis) on the growth of onion
(Allium cepa L.) mycorrhized with Glomus intraradices via the
release of P from rock phosphate. They are also in accordance
with those of Leyval and Berthelin (31), who grew Pinus syl-
vestris cultures in lysimetric conditions where the culture sub-
strate contained sand, phlogopite, and rock phosphate. These
authors showed that Agrobacterium radiobacter, known to sol-
ubilize insoluble phosphates, significantly enhanced beech
growth and P, Mg, Al, K, and Fe concentrations in roots and
stems. However, the addition of soluble potassium to compen-
sate for the potassium deficiency observed after 1 year of
experimentation prevented the authors from measuring the
potassium issued from the weathering of phlogopite and con-
sequently from establishing a total weathering budget for po-
tassium.

We confirmed the significant impact of plant roots on min-
eral weathering and demonstrated that a bacterial isolate, B.
glathei PML1(12), significantly improved plant nutrition and
promoted plant growth, mainly because of its effect on mineral
weathering. We also showed that interactions between differ-
ent bacterial strains significantly modify the mineral weather-
ing budgets. This is the first step in understanding the mech-
anisms of sustainability in forest ecosystems on nutrient-poor
soils: by their joined contribution to mineral weathering, root
and mycorrhizosphere bacteria are efficient enough for mobi-
lizing the nutrients required to maintain tree growth. Further
research is now needed to quantify the respective contribution
of the ectomycorrhizal fungi and the associated bacteria in the
mineral weathering process in relation to tree mineral nutri-
tion.
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