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INRA, Université de Lorraine, UMR 1136 Interactions Arbres Micro-organismes, Centre INRA de Nancy,
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ABSTRACT Although minerals represent important soil constituents, their impact on
the diversity and structure of soil microbial communities remains poorly docu-
mented. In this study, pure mineral particles with various chemistries (i.e., obsidian,
apatite, and calcite) were considered. Each mineral type was conditioned in mesh
bags and incubated in soil below different tree stands (beech, coppice with stan-
dards, and Corsican pine) for 2.5 years to determine the relative impacts of mineral-
ogy and mineral weatherability on the taxonomic and functional diversities of
mineral-associated bacterial communities. After this incubation period, the minerals
and the surrounding bulk soil were collected to determine mass loss and to perform
soil analyses, enzymatic assays, and cultivation-dependent and -independent analy-
ses. Notably, our 16S rRNA gene pyrosequencing analyses revealed that after the
2.5-year incubation period, the mineral-associated bacterial communities strongly
differed from those of the surrounding bulk soil for all tree stands considered. When
focusing only on minerals, our analyses showed that the bacterial communities asso-
ciated with calcite, the less recalcitrant mineral type, significantly differed from those
that colonized obsidian and apatite minerals. The cultivation-dependent analysis re-
vealed significantly higher abundances of effective mineral-weathering bacteria on
the most recalcitrant minerals (i.e., apatite and obsidian). Together, our data showed
an enrichment of Betaproteobacteria and effective mineral-weathering bacteria re-
lated to the Burkholderia and Collimonas genera on the minerals, suggesting a key
role for these taxa in mineral weathering and nutrient cycling in nutrient-poor forest
ecosystems.

IMPORTANCE Forests are usually developed on nutrient-poor and rocky soils, while
nutrient-rich soils have been dedicated to agriculture. In this context, nutrient recy-
cling and nutrient access are key processes in such environments. Deciphering how
soil mineralogy influences the diversity, structure, and function of soil bacterial com-
munities in relation to the soil conditions is crucial to better understanding the rela-
tive role of the soil bacterial communities in nutrient cycling and plant nutrition in
nutrient-poor environments. The present study determined in detail the diversity
and structure of bacterial communities associated with different mineral types incu-
bated for 2.5 years in the soil under different tree species using cultivation-
dependent and -independent analyses. Our data showed an enrichment of specific
bacterial taxa on the minerals, specifically on the most weathered minerals, suggest-
ing that they play key roles in mineral weathering and nutrient cycling in nutrient-
poor forest ecosystems.
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In temperate regions, most forest ecosystems are developed on acidic and nutrient-
poor soils, making access to and recycling of nutrients key processes for the long-

lasting function of these ecosystems (1). In contrast to the case with agricultural soils,
this aspect is important in forestry, for which fertilization remains a very rare practice.
Most of the nutritive cations required for tree growth and for the function of the forest
biosphere come from atmospheric deposits, the recycling of the nutrients contained in
dead organic matter or from the soil rocks and minerals. Although part of these
nutritive elements comes in a soluble form and are directly bioaccessible, another large
portion remains entrapped in the crystal structure of the soil rocks and mineral
particles, which are not directly accessible to tree roots. In this context, mineral
weathering is essential to provide nutritive elements, especially for the most recalci-
trant minerals. Indeed, the rocks and minerals present in soil vary in chemistry,
weatherability and surface area, making certain minerals such as calcite quickly weath-
ered under acidic conditions, while phyllosilicates remain comparatively resistant (2).

In addition to the action of abiotic processes related to water circulation, the
repeated freeze-thaw events, or acidification, plants, lichens, and microorganisms have
been reported to contribute to mineral and rock dissolution (3–7). Plant roots and
fungal hyphae have been shown to physically disrupt mineral particles through the
pressure applied to mineral surfaces and cracks and to form pores and tunnels at the
surface of these minerals (8, 9). Bacteria and lichens also produce acidifying and
chelating metabolites such as protons, organic acids or siderophores, which are known
to increase mineral dissolution (4, 5, 7, 10–12). Several studies have reported that
mineral weathering in soil varies according to the plant species (3) and is intensified in
the rhizosphere compared to the surrounding bulk soil (BS) (13–16). Notably, accumu-
lating evidence indicates that this intensification is partly related to the activity of
root-associated microorganisms (1, 10, 17–22). In this sense, several microcosm exper-
iments comparing tree seedlings inoculated or not with effective mineral weathering
bacterial and/or fungal strains demonstrated that microorganisms significantly increase
mineral dissolution, providing more nutritive cations available for plant nutrition (18,
20, 23).

Although mineral weathering is intensified in the plant root vicinity, less information
is available concerning the processes that occur in the surrounding bulk soil, especially
on the surfaces of rocks and minerals. However, rocks and minerals can be viewed as
nutritive reserves and biogeochemical interfaces (24, 25), where biotic mineral weath-
ering represents a key process in nutrient cycling. Mineral colonization by macro- and
microorganisms has been largely reported in many terrestrial and aquatic environ-
ments, where minerals are directly accessible and in contact with air or water (4, 26–29).
In contrast, few studies have investigated bacterial communities that colonize soil
minerals and their role in nutrient cycling (30–34). This discrepancy is possibly due to
the fact that soil is composed of a complex mosaic of rocks and minerals that interact
to various degrees with organic matter, making their analysis difficult. Based on in vitro
experiments and in situ analyses primarily performed on outcrop rocks or mineral
particles incubated in aquifers, it has been suggested that, apart from a passive
accumulation of microorganisms in cracks and pores, the surface charge and the
chemistry of rocks and mineral particles as well as local physico-chemical conditions are
the main parameters that determine microbial colonization of mineral surfaces (27,
34–41). Certini et al. (30) revealed that under soil conditions, the metabolic potential of
sandstone-associated microorganisms differed from the surrounding bulk soil and that
higher metabolic potentials were observed for smaller mineral particles. More recently,
Lepleux et al. (33) showed that after a 4-year incubation time in a nutrient-poor and
acidic forest, apatite particles were significantly enriched in effective mineral-
weathering bacteria compared to the surrounding bulk soil. These results suggest that
bacterial colonization of minerals may not be a coincidental event but rather an
adaptive strategy to access limiting nutritive elements. Based on all these observations,
the concept of a “mineralosphere,” which defines the microorganisms preferentially
selected on the surface and around mineral particles, was proposed (25).
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Deciphering how soil mineralogy influences the diversity, structure, and function of
soil bacterial communities in relation to soil conditions is crucial for better understand-
ing the relative role of soil bacterial communities in nutrient cycling and plant nutrition
in nutrient-poor environments. In this context, our study aimed to investigate the
diversity, structure, and functional potential of the bacterial communities colonizing
different mineral types in the soil of three different tree stands (beech, coppice with
standard, and Corsican pine [Bc, CwS, and Cp, respectively]). Pure mineral particles with
various chemistries (calcite, apatite, and obsidian) were conditioned in mesh bags and
incubated in the soil of the long-term forest observatory (LTO) of Breuil-Chenue. After
2.5 years of incubation, which is a very short period for such minerals, we combined soil
chemical analyses and 16S rRNA gene amplicon pyrosequencing to determine how
bacterial communities were affected in the early stages of interactions between bac-
teria and mineral surfaces, by mineral chemistry and by the soil conditions occurring
under the different tree stands. In parallel, Biolog microplate assays were used to
determine the carbon source utilization patterns of the bacterial communities in the
bulk soil and those associated with mineral particles. Finally, a cultivation-dependent
analysis was performed to determine the mineral weathering potential of each bacterial
strain through different bioassays allowing measurement of the ability to solubilize
inorganic phosphorus and calcite and to mobilize iron. The weatherability of the
different mineral types used was determined in abiotic conditions to determine if this
parameter was a potential driving factor of the bacterial communities. The present
study allowed us to better characterize the distribution and the weathering potential of
bacterial communities in forest soil and to further corroborate their role in mineral
weathering and nutrient cycling.

RESULTS
Soil chemical properties and mineral mass loss. Soil chemical analyses revealed

that the soil samples collected under the beech (Bc) stand were significantly more
acidic than under the coppice with standards (CwS) and Corsican pine (Cp) stands (Bc �

CwS � Cp; P � 0.05) (Table 1). In contrast, the organic matter content and the total
carbon and total nitrogen contents were significantly higher under the Bc stand than
under the CwS and Cp stands (Bc � CwS � Cp; P � 0.05). Similarly, the concentrations
of most of the exchangeable nutritive cations were significantly higher under the Bc
stand than under the other two tree stands (P � 0.05). After the 2.5-year incubation, the
mass of calcite particles collected in the mesh bags was significantly reduced compared

TABLE 1 Chemical properties of the bulk soil collected below each tree standa

Parameter

Value for stand type

Beech Coppice with standards Corsican pine

pH 3.81 � 0.01 C 4.16 � 0.06 B 4.32 � 0.02 A
C tot (g · kg�1) 67.33 � 0.83 A 57.27 � 1.79 B 36.53 � 1.61 C
N tot (g · kg�1) 3.29 � 0.07 A 3.01 � 0.06 B 1.85 � 0.04 C
C/N 20.47 � 0.27 A 19.03 � 0.19 B 19.80 � 0.46 AB
OM (g · kg�1) 116.33 � 1.45 A 99.03 � 3.03 B 63.23 � 2.78 C
P Duch. (g · kg�1) 0.109 � 0.001 B 0.126 � 0.002 A 0.102 � 0.001 B
P Ols. (g · kg�1) 0.015 � 0.001 A 0.011 � 0.000 B 0.007 � 0.000 C
CEC (cmol� · kg�1) 8.07 � 0.19 A 6.18 � 0.3 B 4.60 � 0.39 C
H� (cmol� · kg�1) 0.913 � 0.009 A 0.303 � 0.033 B 0.187 � 0.023 C
Al (cmol� · kg�1) 6.09 � 0.13 A 5.70 � 0.18 A 4.42 � 0.28 B
K (cmol� · kg�1) 0.223 � 0.008 A 0.209 � 0.017 A 0.096 � 0.004 B
Ca (cmol� · kg�1) 0.537 � 0.042 A 0.198 � 0.034 B 0.101 � 0.005 B
Mg (cmol� · kg�1) 0.197 � 0.009 A 0.139 � 0.016 B 0.078 � 0.006 C
Na (cmol� · kg�1) 0.021 � 0.001 A 0.020 � 0.002 A 0.016 � 0.000 A
Fe (cmol� · kg�1) 0.242 � 0.006 A 0.101 � 0.015 B 0.044 � 0.006 C
aEach value is the mean of three replicates � the standard error of the mean. One-factor ANOVA was carried
out to compare the sampling sites. Different letters indicate significant differences (P � 0.05). Abbreviations:
N tot, total nitrogen; C tot, total carbon; OM, organic matter; CEC, cationic exchange capacity; H�, protons;
P. Duch., phosphorus extracted according to the Duchaufour method; P. Ols, phosphorus extracted
according to the Olsen method.
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to initial mass (P � 0.05) regardless of the tree stand. In contrast, no visible mass loss
was observed for the apatite and obsidian minerals. Calcite particles appeared signif-
icantly weathered for all tree stands considered compared to the control. Visible
dissolution marks were observed for calcite particles as revealed by electron micros-
copy imaging (Fig. 1A and B) but not for apatite and obsidian particles (data not
shown). While there was no significant difference among the different tree stands (P �

0.05), the most intensively weathered calcite particles were recovered from the Bc stand
(percentage of mass loss, 17.3 � 8.4%). The least weathered particles were recovered
from the CwS and Cp stands (percentage of mass loss, 12.5% � 4.7% and 12.5% �

3.1%, respectively) (Fig. 1C).
Mineral weatherability and acid-buffering capacity. The abiotic mineral dissolu-

tions of obsidian, apatite, and calcite were determined under controlled conditions
mimicking the soil pH occurring in the Breuil-Chenue LTO using a microcosm setup.
After 42 days of incubation, the mass loss measured for calcite (1.9% of mass loss) was
significantly higher than for apatite and obsidian (0.85 and 0.45%, respectively; P �

0.05) (data not shown). For calcite, the concentration of Ca in the output solution
appeared almost constant over time for calcite particles, with a value close to 6.5 mg ·
liter�1 (Fig. 1D). In contrast, apatite exhibited nonstoichiometric dissolution during the
first 25 days. After this period, the Ca concentration measured in the output solu-
tion reached 1.7 mg · liter�1, and the release rates for Ca and P became stoichiometric
(Ca/P � 2.1). Similarly, for obsidian particles, the Ca concentration exhibited an increase
during the first step, followed by a decrease until steady state was reached (0.03 mg ·
liter�1) at approximately 25 days, when the rates of release of Ca and Si became
stoichiometric (Ca/Si � 0.5). A comparison of the data obtained for the three mineral
types revealed that the relative percentage of released Ca in the output solution was
positively correlated with the total mineral mass loss (R2 � 0.92; P � 0.0001 [Fig. 1E]).
In addition to the variations in the concentrations of nutrients in the output solution,
our measurements also revealed significant changes in the pH. These modifications are
due to the buffering capacity of each mineral type (the solid phase of each mineral
consumes protons during the dissolution process). This was particularly the case for
calcite, for which the pH measured in the output solution of calcite appeared signifi-
cantly increased, from 4 in the initial solution to ca. 7 at the end of the experiment (Fig.
1F). Similarly, the pH measured in the output solution of apatite increased to 6.6 during
the first 20 days of the experiment and then decreased until it stabilized at 4.4 at the
end of the experiment. Such an acid-buffering effect was not reported for obsidian, for
which the pH remained at 4.

Metabolic assay. To test the impact of the compartment (bulk soil [BS] versus
minerals), soil conditions, and mineral type on the substrate utilization potential of the
microbial communities, a Biolog-based approach was utilized. Our analysis revealed
that the most metabolized carbon sources were identical for bulk soil and mineral-
associated bacterial communities and corresponded to L-asparagine, N-acetylglu-
cosamine, and �-methyl-D-glucoside. However, microbial communities colonizing the
three types of minerals metabolized a significantly broader range of carbon sources
than those from the surrounding bulk soil for all tree stands considered (P � 0.05)
(Table 2). Indeed, mineral-associated microbial communities exhibited the highest
average well color development (AWCD) and Shannon-Weaver indices. Focusing ex-
clusively on mineral samples, no significant difference was observed for the AWCD and
Shannon-Weaver indices among the three types of minerals, except under the Cp
stand, where apatite-associated microbial communities were characterized by signifi-
cantly lower AWCD and Shannon-Weaver indices than those occurring on obsidian and
calcite (P � 0.05) (Table 2).

When the Biolog data were considered based on substrate guilds, significant
differences were observed between bulk soil and mineral samples for amines/amides
(AM), carboxylic and acetic acids (CA) and polymers (PL) (Fig. 2). Under the CwS and Cp
stands, AM were significantly more metabolized by mineral-associated microbial com-
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FIG 1 Mineral weatherability under soil conditions and in a microcosm experiment. (A and B) Representative scanning electron micrographs from calcite particle
observed before (A) and after (B) a 2.5-year incubation in the soil under a beech stand. As no surface alteration was observed for apatite and obsidian, scanning
electron micrographs are not presented. (C) Estimation of the calcite mass loss after a 2.5-year incubation under beech stands (Bc), coppice with standards (CwS),
and Corsican pine (Cp) stands. Each value is the mean of three (bulk soil) or four (minerals) replicates with standard error of the mean. As no mass loss was
measured for apatite and obsidian, data are not presented. (D) Concentration of the Ca released from obsidian, apatite, and calcite particles over time in the
microcosm experiment. (E) Relationship between the relative mineral mass loss and the percentage of Ca released for each mineral. This relationship was
determined using the data generated in the mineral weatherability experiment. Three independent replicate reactors were done for each mineral type and are
presented. (F) Evolution of the pH of the output solution (initial pH � 4) during the abiotic-dissolution assay performed with obsidian, apatite, and calcite. The
dotted line represents the initial pH and corresponds to the pH measured in situ at the Breuil-Chenue experimental site.
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munities than those from the bulk soil (P � 0.05), while PL were more metabolized by
bulk soil microbial communities (P � 0.05) (Fig. 2B and C). In addition, under the Bc and
CwS stands, CA were more metabolized by mineral-associated bacterial communities
than those from the bulk soil (Fig. 2A and B). A detailed analysis of the substrates that
were metabolized revealed that D-galacturonic acid, 4-hydroxybenzoic acid, glycogen,
L-serine, and D-xylose were significantly more metabolized by mineral-associated microbial
communities than by bulk soil microbial communities for all tree stands considered (P �

0.05). Soil conditions did not impact significantly the substrate utilization potential of the
microbial communities, except for the BS samples, for which PL were significantly more
metabolized under the Cp stand than under the Bc stand. Similarly, the Biolog profiles
obtained for each mineral type were relatively similar across the different tree stands, even
if AM were significantly more metabolized by obsidian and apatite-associated bacterial
communities under the CwS stand than under the Cp stand.

Molecular diversity, richness, and structure of the bulk soil and mineral-
associated bacterial communities. For the same number of 16S rRNA gene pyrose-
quences, the bacterial richness occurring in the bulk soil and mineral samples did not
vary significantly, although it ranged from 714 operational taxonomic units (OTUs) in
bulk soil under the Bc stand to 1,059 OTUs on apatite under the Bc stand (Table 2).
These observations were confirmed by the rarefaction curves and Chao1 analyses
(Table 2; see also Fig. S2 in the supplemental material). Good’s coverage was �93% for
all conditions, indicating that the 16S rRNA gene sequences identified in these samples
represent the majority of the bacterial sequences present in situ (Table 2). The Shannon-
Weaver index also had low variations between samples, with values ranging from 4.39
in bulk soil under the Cp stand to 5.63 on calcite under the Bc stand. No significant
differences were observed for this index among the compartments (bulk soil versus
minerals), the different mineral types, or the different tree stands, except under the Bc
stand. In this tree stand, the Shannon index was significantly higher for calcite than for
obsidian samples (P � 0.05) (Table 2). Under each tree stand, the numbers of OTUs
shared by the different sample types were investigated considering the total and the
top 500 OTUs and are summarized in Fig. S3A and B. When each tree stand was
considered independently, the proportion of OTUs common between BS and at least
one mineral type ranged between 19.2 and 23% (Fig. S3A) when all the OTUs were
considered, while it ranged from 67.6 and 74.8% (Fig. S3B) for the top 500 OTUs.
Furthermore, a large fraction of the OTUs was exclusively detected on mineral particles,
especially when all the OTUs have been taken into account, representing 65.5 to 75.1%
of the total bacterial diversity (Fig. S3A). The same analysis done on the top 500 OTUs
showed that the proportion of OTUs specifically associated with minerals ranged from
25.2 to 32.0% (Fig. S3B) of the bacterial diversity. Notably, whatever the threshold

TABLE 2 Estimates of the functional and taxonomic diversity in bulk soil and mineral samples according to Biolog EcoPlates and 16S
rRNA gene pyrosequencing data analysesa

Tree stand Compartment

Functional diversity Taxonomic diversity

Metabolized substrates Shannon AWCD Sobs Shannon Coverage

Beech Bulk soil 19.67 � 1.86 b 2.70 � 0.08 b 0.45 � 0.03 b 714 � 9 a 4.99 � 0.01 ab 0.96 � 0.00
Obsidian 25.75 � 0.48 a 3.05 � 0.02 a 0.84 � 0.03 a 768 � 64 a 4.45 � 0.47 b 0.95 � 0.00
Apatite 25.25 � 1.11 a 3.01 � 0.04 a 0.77 � 0.05 a 1059 � 250 a 5.43 � 0.31 ab 0.93 � 0.02
Calcite 26.00 � 0.00 a 3.04 � 0.02 a 0.92 � 0.06 a 931 � 27 a 5.63 � 0.04 a 0.95 � 0.00

Coppice with standards Bulk soil 14.00 � 1.53 b 2.41 � 0.08 c 0.21 � 0.04 b 748 � 36 a 4.99 � 0.04 ab 0.95 � 0.00
Obsidian 24.50 � 0.87 a 2.99 � 0.05 a 0.79 � 0.05 a 816 � 37 a 5.00 � 0.11 ab 0.95 � 0.00
Apatite 28.25 � 1.38 a 3.11 � 0.04 a 0.80 � 0.07 a 678 � 80 a 4.62 � 0.30 ab 0.96 � 0.01
Calcite 25.00 � 0.41 a 3.05 � 0.02 a 0.84 � 0.03 a 731 � 63 a 4.90 � 0.29 ab 0.95 � 0.00

Corsican pine Bulk soil 11.00 � 1.00 c 2.21 � 0.04 c 0.19 � 0.05 b 688 � 12 a 4.39 � 0.08 b 0.95 � 0.00
Obsidian 25.75 � 0.63 a 3.05 � 0.02 a 0.85 � 0.06 a 973 � 36 a 5.40 � 0.09 ab 0.94 � 0.00
Apatite 20.00 � 1.68 b 2.76 � 0.06 b 0.45 � 0.11 b 793 � 29 a 5.08 � 0.09 ab 0.95 � 0.00
Calcite 24.00 � 0.41 ab 3.00 � 0.01 a 0.80 � 0.04 a 820 � 64 a 5.21 � 0.17 ab 0.95 � 0.01

aEach value is the mean � the standard error of the mean of three or four biological replicates. Different letters indicate significant differences (P � 0.05).
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considered (total number of OTUs versus top 500 OTUs), calcite was the mineral type
characterized by the highest number of specific OTUs for all tree stands considered.
When the same sample type was compared across the different tree stands (i.e., mineral
type or soil samples under Bc, Cp, and CwS), 71.0 to 86.2% of the top 500 OTUs were

FIG 2 Metabolic potentials of microbial communities based on Biolog EcoPlate analysis. The relative use of carbon-substrate guilds by
microbial communities (amino acids, amines and amides, carboxylic acid, carbohydrates, and polymers) was estimated under beech stands
(A), coppice with standards (B), and Corsican pine stands (C) and for each compartment considered (bulk soil, obsidian, apatite, and calcite).
For the different substrate guilds, different capital letters (A, B, or C) above the bars indicate significant differences in the same tree stand
according to a one-factor ANOVA and Tukey’s multiple pairwise comparisons test, while different lowercase letters (x or y) indicate significant
differences between the tree stands. Each value is the mean of three (bulk soil) or four (minerals) replicates, and the error bars indicate the
standard errors of the means.
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common to the tree stands considered, while this value reached only ca. 20% when all
the OTUs were considered (Fig. S3A and B). To disentangle the effects of soil conditions
(beech, coppice with standards, and Corsican pine) and compartment type (BS versus
mineral) on bacterial community composition, we conducted variance partitioning
analyses. Although 83.7% of the variance remained unexplained, the compartment
effect explained 10.0% of the variance, while the soil conditions explained 6.3% (P �

0.001). A second variance partitioning analysis was performed considering only the
mineral samples and not the BS compartment. This analysis revealed that the mineral
type (obsidian, apatite, and calcite) explained 12.3% of the inertia in the bacteria
community, while the soil conditions explained only 5.7% (P � 0.001). Again, the larger
portion of the variance remained unexplained (82%).

Based on taxonomic affiliation of the 16S rRNA gene sequences, the dominant phyla
across all the samples were Proteobacteria (37.9%), Actinobacteria (18.2%), Acidobacteria
(16.0%), and Bacteroidetes (10.8%) (Fig. 3). Multivariate analyses demonstrated that
the bacterial phyla were not distributed uniformly among the samples (Fig. 4). At the
phylum level, BS bacterial communities appeared significantly different from the
colonizing minerals, as confirmed by an analysis of similarity (ANOSIM) for each tree
stand (P � 0.001). Similar results were obtained when the multivariate analysis was
conducted at the OTU level (Fig. S4A to F). Notably, BS bacterial communities appeared
separated according to the tree stand (Fig. S4G). At the phylum level, BS samples
harbored a significantly higher relative abundance of sequences related to Acidobac-
teria (34.8 to 46.1% of total reads) than did mineral samples (3.1 to 16.4%; P � 0.05) for
all tree stands considered (Fig. 3 and 4A to C). Notably, under the CwS and Cp stands,
16S rRNA gene sequences of nonassigned bacteria were significantly more abundant in
the BS samples (22.7 to 37.4%) than in the mineral samples (�19.1%; P � 0.05) (Fig. 3
and 4B and C). In contrast, mineral-associated bacterial communities were significantly
enriched in representatives of Betaproteobacteria than the communities from the BS
samples for all the tree stands considered (P � 0.05) (Fig. 3). Moreover, under the CwS
and Cp stands, representatives of Bacteroidetes were significantly enriched on
minerals (4.6 to 29.0%) compared to bulk soil samples (�2.09%, P � 0.05) (Fig. 3).
Last, under the Cp stand, representatives of Gammaproteobacteria were signifi-
cantly enriched on minerals (9.6 to 11.8%) compared to those of the surrounding BS
(1.9%) (P � 0.05) (Fig. 3).

When focusing on both mineral and BS samples, calcite-associated bacterial com-
munities were found to differ significantly from bacterial communities colonizing
apatite and obsidian particles for all tree stands considered (Fig. 4A to C). At the phylum

FIG 3 Relative distributions of the major bacterial taxa. The relative abundances of the major phyla and
class were calculated as the percentage of sequences belonging to a particular lineage of all 16S rRNA
gene sequences under beech and Corsican pine stands and under coppice with standards and for each
compartment considered (bulk soil, obsidian, apatite, and calcite).
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FIG 4 Multivariate analysis of the bacterial communities based on the relative abundances of bacterial phyla and proteobacterial classes
estimated by 16S rRNA gene pyrosequencing analysis. Multivariate analysis was conducted separately for each type of tree stand: beech,
coppice with standards, and Corsican pine. The same analysis was conducted for each mineral type, excluding the bulk soil samples:
obsidian, apatite, and calcite. For legibility, the samples are presented as follows: orange, stand of beech; green, coppice with standards;
blue, Corsican pine stand; circles, calcite samples; squares, apatite samples; triangles, obsidian samples; open diamonds, bulk soil samples.
Vectors show the direction of maximum change for variables and longer arrows indicate a greater change in relative abundance. The
percentages of the total variance explained by the first two axes, PC1 and PC2, are presented on each graph.
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level, significantly higher abundances of sequences assigned to Bacteroidetes (�13.0%)
and Betaproteobacteria (�11.6%) were observed on calcite than on obsidian and
apatite (�8.2% and �6.8%, respectively) under the Bc and Cp stands (P � 0.05) (Fig. 3).
At the genus level, sequences related to Ferruginibacter were significantly more abun-
dant on calcite (�2.41% of total reads) than on apatite and obsidian (�0.21%) for all
tree stands considered (P � 0.05) (Table S1). To a lower extent, several other genera
affiliated with Alphaproteobacteria (Afipia, Bosea, Devosia, Hyphomicrobium, Novosphin-
gobium, and Sphingomonas) and Gammaproteobacteria (Rhizobacter and Arenimonas)
or with ammonia-oxidizing related genera (Nitrospira and Nitrosospira) appeared sig-
nificantly more abundant on calcite surfaces than on other minerals (P � 0.05) (Table
S1). Apatite- and obsidian-associated bacterial communities exhibited similar patterns
at different levels of classification (phylum and genus). Notably, these two mineral types
were significantly enriched in sequences related to the genera Mucilaginibacter and
Burkholderia (�2.4% and �1.3%, respectively) compared to calcite and BS samples
(�0.8% and �0.6%, respectively) in all tree stands (P � 0.05) (Table S1). In addition to
the mineral type effect, significant differences were observed for some bacterial genera
depending on the tree stand. Under the CwS stand, apatite-associated bacterial com-
munities were significantly enriched in sequences related to the genera Streptomyces
(7.8%), Chitinophaga (7.3%), and Pedobacter (2.2%) compared to the bulk soil, calcite,
and obsidian samples (�0.1%, �0.5%, and � 0.2%, respectively) (P � 0.05) (Table S1).
In contrast, the genera Nevskia and Dyella were significantly enriched on obsidian and
apatite (�1.4% and �1.1%, respectively) compared to bulk soil and calcite samples
(�0.1% and �0.7%, respectively) (P � 0.05) (Table S1). Last, under the Cp stand, the
genus Mycobacterium was significantly more abundant on mineral surfaces than in the
bulk soil samples (P � 0.05).

Considering only the minerals, multivariate analyses demonstrated that for the same
mineral type, mineral-associated bacterial communities were significantly structured
according to the tree stand considered (Fig. 4D to F). These results were confirmed for
all mineral types by ANOSIM (P � 0.05). According to the ordination plots, the
mineral-associated bacterial communities that developed under the CwS stand tended
to differ from those under the Bc and Cp stands (Fig. 4D to F). This differentiation
according to the tree stand was particularly evident for apatite (Fig. 4E). A detailed
analysis of the taxa present revealed that under the CwS stand, bacterial communities
were significantly enriched in sequences related to Bacteroidetes and Betaproteobacteria
compared to those occurring under the Bc and Cp stands (Fig. 3 and 4E). At the genus
level, the relative abundances of representatives of the Mucilaginibacter, Pedobacter,
Sphingomonas, Burkholderia, and Dokdonella genera were significantly enriched on
apatite incubated under the CwS stand compared to apatite particles incubated under
the other two tree stands (Table S2).

Quantification of the culturable bacterial communities. Total culturable bacterial
communities from the bulk soil and mineral samples collected in each tree stand were
recovered on 1/10 tryptic soy agar (TSA) plates at densities ranging from 5.7 log CFU ·
g�1 (dry weight of soil/mineral) for apatite particles incubated under the Cp stand to
7.3 log CFU · g�1 for apatite particles incubated under the CwS stand (Fig. S5). Based
on a one-factor (tree species or mineral type) analysis of variance (ANOVA), significant
differences in bacterial density were observed. Under the Bc stand, obsidian and calcite
samples displayed a higher culturable bacterial density than apatite samples. Moreover,
under the CwS stand, the culturable bacterial density was significantly higher on apatite
than on other samples, while the bulk soil and calcite samples harbored a significantly
higher density than obsidian. Last, under the Cp stand, the culturable bacterial density
was significantly higher on calcite than on the other samples.

Mineral weathering assays. (i) Phosphorus solubilization and medium acidifi-
cation. The screening of the bacterial strains for the ability to solubilize inorganic P
revealed that the BS and the calcite samples from the three tree stands harbored 23.8
to 39.0% effective P-solubilizing bacteria. No significant differences were reported for
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frequency and efficacy between the different tree stands for these two conditions (BS
and calcite). In contrast, the frequency of effective P-solubilizing bacteria was signifi-
cantly higher on obsidian than on the bulk soil samples under the Bc (90.9% of effective
P-solubilizing bacteria; n � 44) and Cp (73.2%; n � 41) (�2

Bc � 28.3 and P � 0.001;
�2

CP � 16.5 and P � 0.001) stands (Fig. 5A). Under the CwS stand, the frequency of
effective P-solubilizing bacteria was significantly higher on apatite particles (71.4%; n �

41) than on the bulk soil samples (Fig. 5A). Moreover, a one-factor ANOVA demon-
strated that the obsidian-associated bacteria from the Bc and Cp stands had the highest
P-solubilizing efficacy off all the samples (P � 0.05) (Fig. 5B).

As P solubilization by bacteria is often related to the production of acidifying
metabolites, acidification of the modified liquid TCP medium was determined. Our
analyses revealed that after a 5-day incubation period, the pH measured in the culture
medium for the different bacterial strains tested ranged from 3.4 to 6.2. Under the same
tree stand, no significant differences were observed between bacterial strains from the
different mineral types, except under the Bc stand, where obsidian-associated bacteria
acidified significantly more (average pH � 4.2 � 0.18) than those associated with
calcite (average pH � 4.9 � 0.11) (P � 0.05). For obsidian and calcite minerals, our
results revealed that bacterial strains originating from the Bc and the Cp stands induced
significantly more acidification of the culture medium (average pH � 4.7 � 0.08) than
those collected from the CwS stand (average pH � 5.27 � 0.08) (P � 0.05). Notably, a
linear regression analysis (y � �0.94x � 5.09; R2 � 0.3; P � 0.001) demonstrated that
the P solubilization efficacy and the pH data were significantly correlated (Fig. S6). This
relationship was reinforced for the bacterial strains isolated from obsidian surfaces
under the Bc and the Cp stands, which were characterized for most of them by the
highest P solubilizing efficacy and the strongest acidifying ability (pH 4.5 to 3.4).

(ii) Iron mobilization. The frequency of Fe-mobilizing bacteria in the BS compart-
ment from the Bc stand (16%; n � 42) was slightly, but not significantly, higher than
that in the BS samples from the CwS (2.5%; n � 40) and Cp (5%; n � 40) stands. This
frequency did not significantly vary between bulk soil, calcite, and apatite samples for
all tree stands considered (Fig. 5C). However, the frequency of Fe-mobilizing bacteria
was significantly higher on obsidian incubated under the Bc (61.9%; n � 42) and Cp
(45.2%; n � 42) stands than on the bulk soil samples (�2

Bc � 18.0 and P � 0.0001;
�2

CP � 17.4 and P � 0.0001) (Fig. 5C). Under the Bc and Cp stands, the relative efficacy
of Fe-mobilizing bacteria associated with obsidian was significantly higher than in the
other samples (P � 0.05) (Fig. 5D), while no differences were observed under the CwS
stand.

(iii) Calcite solubilization. Our analyses revealed that the frequencies of calcite-
solubilizing bacteria were relatively similar among most of the samples. Indeed, ca. 15%
of the total bacterial strains was capable of solubilizing calcite (Fig. 5E). In the CwS
stand, the highest frequency of calcite-solubilizing bacteria (47.6%; n � 42) was
detected for the bacterial isolated from apatite. In terms of efficacy, our analyses
showed that in the CwS stand, apatite-associated bacteria were significantly more
effective at solubilizing calcite than bacteria associated with the other mineral types
(P � 0.05) (Fig. 5F).

Taxonomic affiliation of the bacterial strains from the mineral and bulk soil
samples. Based on their 16S rRNA gene sequence (ca. 800 bp), the bacterial strains
from the BS or mineral samples were primarily assigned to Proteobacteria (51.5%),
Actinobacteria (29.1%), Firmicutes (16.6%), and Bacteroidetes (2.8%). Among Proteobac-
teria, bacterial strains belonged to the beta (25.5%), alpha (19.6%), and gamma (6.4%)
subclasses. These 16S rRNA gene sequences exhibited high similarity (95 to 100%) with
the 16S rRNA gene sequences of environmental bacterial strains. In our collection, the
most represented genera were Burkholderia (n � 75 strains), Microbacterium (n � 64),
Rhizobium (n � 45), Paenibacillus (n � 39), Collimonas (n � 30), Arthrobacter (n � 25),
Bacillus (n � 24), Variovorax (n � 16), Mesorhizobium (n � 15), and Sphingomonas (n �

15) (Fig. S7). Notably, the 16S rRNA gene sequences assigned to the Burkholderia and
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FIG 5 Relative distributions and efficacies of bacterial strains capable of mobilizing phosphorus, iron, and calcite. Pie charts
represent the distribution of bacterial isolates recovered from bulk soil, obsidian, apatite, and calcite samples under beech stands,

(Continued on next page)
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Collimonas genera presented high sequence homology with 16S rRNA gene sequences
of strains isolated from the same experimental site. A detailed analysis of the relative
distributions of the different genera detected according to their ecological origin
revealed that for all tree stands considered, the BS samples were characterized by
higher proportions of Bacillus and Paenibacillus strains than in the mineral samples (Fig.
S7). Notably, calcite samples harbored a higher proportion of Microbacterium strains
(�39%) than did the other mineral types or the BS samples in the three tree stands.
Several bacterial genera, such as Arthrobacter, Rhizobium, Mesorhizobium, Bosea, Leif-
sonia, Microbacterium, Mycobacterium, and Sphingomonas, were exclusively isolated
from the mineral samples (Fig. S7).

For each bacterial genus containing a minimum of five strains, we estimated the
relative efficacies at solubilizing inorganic P and calcite and at mobilizing Fe (Fig. 6).
Among these genera, representatives of Bosea, Dyella, and Psychrobacillus were not
effective in any of the bioassays used (tricalcium phosphate [TCP], chrome azurol S
[CAS] medium, or calcite medium [CAL medium]). In contrast, representatives of
Burkholderia, Collimonas, and Pseudomonas harbored the highest efficacy at solubilizing
inorganic P and at mobilizing Fe (Fig. 6A and B). Representatives of Arthrobacter
solubilized significantly more P than several other genera (Variovorax, Paenibacillus, and
Microbacterium) but were unable to mobilize Fe under our experimental conditions. For
calcite, the most effective mineral-weathering bacteria were related to the Arthrobacter,
Pseudomonas, and Sphingomonas genera (Fig. 6C). Interestingly, among the bacterial

FIG 5 Legend (Continued)
coppice with standards, and Corsican pine stands and tested on TCP medium (A), CAS medium (C), and CAL medium (E). Effective
bacterial strains for each bioassay are represented in gray, and noneffective strains are represented in white. For each bioassay, the
number of strains considered is presented in the center of the pie chart. For the same compartment, this number may vary between
the different bioassays, due to the ability of the bacterial strains to grow on the different culture media. Significant differences in
frequencies were evaluated by �2 test. Bar plots represent the averaged efficacy of the bacterial strains recovered from bulk soil,
obsidian, apatite, and calcite samples under beech stands, coppice with standards, and Corsican pine stands and tested on TCP
medium (B), CAS medium (D), and CAL medium (F). Efficacies were obtained by measuring the discoloration zone (in centimeters)
around bacterial colonies on the different media. Significant differences in efficacy were evaluated according to a one-factor ANOVA
and Tukey’s multiple pairwise comparisons test. Each value is the mean of three (bulk soil) or four (minerals) replicates and the error
bars indicate the standard error of the mean. For both pie charts and bar plots, different lowercase letters (a or b) indicate significant
differences (P � 0.05) in the same tree stand, while different capital letters (X or Y) indicate significant differences (P � 0.05) between
the tree stands.

FIG 6 Relationship between taxonomic belonging and functional efficacy. The averaged P, Fe, and calcite solubilization (in centimeters) were estimated for the
major bacterial genera on TCP (A), CAS (B), and CAL (C) media, respectively. The number of strains tested for each bacterial genus and in each biotest is
presented in parentheses. For the same genus, this number may vary between the different bioassays, due to the ability of the bacterial strains to grow on
the different culture media. For each bioassay, different letters (a, b, and c) above the bars indicate significant differences between the bacterial genera (P �
0.05), according to a one-factor ANOVA and Tukey’s multiple pairwise comparisons test (P � 0.05). The error bars indicate the standard errors of the means.
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strains belonging to the Burkholderia genus, the most effective P-solubilizing strains
were also those that were the most effective at mobilizing iron (Fig. S8). This trend was
not observed for the Collimonas strains. Moreover, based on a one-factor ANOVA, we
highlighted that the P and Fe weathering efficacies of the Burkholderia strains differed
according to their origin. Indeed, Burkholderia strains coming from obsidian particles
were significantly more effective at mineral weathering than those from the bulk soil
(P � 0.05) (Fig. S9).

Comparison of taxonomic data obtained from the culture-dependent and
-independent approaches revealed relatively good overlap. Indeed, 11 of the 30 most
abundant bacterial genera identified through 16S rRNA gene pyrosequencing (10.4% of
total reads) were also detected by the culture-dependent approach (Table S4) and were
related to bacterial genera such as Burkholderia, Mycobacterium, Serratia, Phenylobac-
terium, and Streptomyces. In addition, the most abundant OTU obtained from the 16S
rRNA gene-based pyrosequencing analysis and related to the genus Burkholderia
shared strong sequence homologies (99 to 100%) with sequences recovered from the
bacterial strains using Sanger sequencing technology (overlapping portion of 120
bases). This result suggests that major taxa identified in situ were successfully cultured
and tested in this work for their mineral weathering abilities.

DISCUSSION
Mineral-associated bacterial communities and compartment (bulk soil versus

mineral) effect. Our 16S rRNA gene pyrosequencing analyses indicated that after a
2.5-year incubation period under different tree stands, obsidian, apatite, and calcite
mineral particles harbor a high bacterial diversity on their surface, comparable to that
of adjacent soils. Nevertheless, beta-diversity data revealed significant differences
between the two compartments (BS versus mineral). At the OTU level, our results
suggest that 25.2 to 32.0% of the top 500 OTUs were exclusively recovered from
mineral surfaces. The nondetection of these OTUs in the BS compartment might be
explained by insufficient sequence coverage and the fact that they probably represent
rare species in the bulk soil. However, between 67.6 and 74.8% of the dominant OTUs
(i.e., top 500) were shared between bulk soil and mineral-associated bacterial commu-
nities for all tree stands considered. These results contrast with those obtained by
Hutchens and coworkers (37), who have demonstrated using an automated method of
ribosomal intergenic spacer analysis (ARISA) that only 9% of the bacterial ribotypes
were common to both minerals and soil compartments on pegmatite granite outcrops.
In our study, the differentiation of mineral-associated bacterial communities from those
of the surrounding bulk soil is one of the most significant differences among the
samples. Notably, although the BS bacterial communities differed between the differ-
ent tree stands, the separation of the BS and mineral-associated bacterial communities
was conserved, highlighting an important mineral effect. The selective effect of min-
erals the soil bacterial communities is supported by other studies that were carried out
on managed pasture and forest soils (30, 32–34). However, most of these previous
studies relied exclusively on fingerprinting techniques (phospholipid-derived fatty acids
[PLFA] and ARISA), cloning-sequencing that does not allow for conclusive taxonomic
identification of individual phylotypes. Lepleux et al. (33) were the first to use 16S rRNA
gene pyrosequencing on apatite particles incubated in forest soil but without biological
replicates. In our study, we applied 16S rRNA gene pyrosequencing on replicate
samples from the bulk soil and from different mineral types incubated under the same
conditions. Our analyses revealed that Acidobacteria were the overall most abundant
division detected in the bulk soil samples of each tree stand and accounted for 34 to
46% of the total reads. Although few representatives of this division are culturable (42),
the ubiquity of Acidobacteria in soil, their abundant presence in acidic soils, and the
recent results obtained by the 13C-based method (43) suggest that they are key players
in soil biogeochemical cycles (44). Notably, while Acidobacteria are very abundant in the
bulk soil compartment, the relative abundance of sequences assigned to Acidobacteria
strongly decreases on mineral surfaces. Their low abundance was previously empha-
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sized on rock substrate of the Matsch Valley, but no driving factor was identified (45).
At the experimental site of Breuil-Chenue, the abundance of Acidobacteria was also
shown to be lower in the rhizosphere or on the surfaces of minerals than in the
surrounding bulk soil. Such results suggest that Acidobacteria are less competitive than
other taxa or that the physicochemical conditions (e.g., increased pH) are not favorable
to them. In contrast, representatives of Bacteroidetes, Actinobacteria, and Proteobacteria
were significantly enriched in our study for all mineral types considered. Notably, these
taxa have been repeatedly detected on mineral or rock surfaces such as granite,
volcanic basaltic glass, marine basalts, or pure particles of apatite (33, 46–48), indicating
that they may be adapted to colonize and inhabit rock and mineral surfaces in
terrestrial and aquatic ecosystems.

Physicochemical properties of minerals affect soil bacterial communities. The
compositional differences of the bacterial communities observed between bulk soil and
minerals can be explained by different factors. First, bacteria may accumulate on
mineral surfaces due to passive diffusion and preferential water circulation. Another
explanation is that the pores, fissures, cracks, concave surfaces, and little depressions
present on the mineral surfaces ensure physical protection and selective advantages to
bacteria and can be considered bacterial sanctuaries (49). In addition, bacterial adhe-
sion on mineral surfaces was formerly shown to be determined by ionic strength and
pH (41), suggesting that environmental conditions and geochemistry may influence the
composition and attachment of bacterial communities. Despite these effects, our work
demonstrated that the chemical composition and the intrinsic properties of the mineral
substrates impact mineral-associated bacterial communities. Under each tree stand,
calcite-associated bacterial communities significantly differed from the communities
colonizing apatite and obsidian. Shifts in bacterial community composition according
to mineralogy have been previously described for mica basalt and rock phosphate in
managed pasture soil conditioned in microcosms (32); hematite, saprolite, and quartz
in aquifers (50); quartz, plagioclase, potassium feldspar, and muscovite on an exposed
pegmatite (51); or in artificial soils (52). Together, these results suggest that minerals
may provide key nutritive or toxic elements that structure bacterial communities and
thus represent bacterial microhabitats. This is particularly the case when minerals
contain limiting nutrients that are absent or in very low concentrations in the sur-
rounding environment. In this sense, Rogers and Bennett (39) found that bacteria
preferentially colonized manufactured glasses containing apatite (contains P) or go-
ethite (contains Fe) rather than glasses without these chemical elements. In contrast,
Roberts (53) found that silicates containing more than 1.2% aluminum (Al) had less
bacterial biomass than Al-poor silicates, indicating a possible Al toxicity or repellent
effect on bacterial communities. In our study, we showed that 16S rRNA gene se-
quences assigned to Proteobacteria (Aquabacterium, Sphingomonas, Novosphingobium,
Hyphomicrobium, Bosea, Afipia, Nitrosomonas, and Brevundimonas), Bacteroidetes (Fer-
ruginibacter), and Nitrospira were notably enriched on calcite compared to apatite and
obsidian. Notably, several of the bacterial phylotypes related to these taxa showed
significant and positive correlations with the manganese contained in the mineral
particles (Table S3). Manganese is known to affect a variety of biological processes, such
as photosynthesis, carbon fixation, and scavenging of reactive oxygen species (ROS)
(54–56). The potential benefits of Mn(II) oxidation are numerous, and a wide variety of
microorganisms have been reported to catalyze this reaction (57). However, regarding
whether the oxidation of Mn(II) to either Mn(III) or Mn(IV) is thermodynamically
favorable, no direct evidence demonstrating that Mn oxidation supplies energy to
microorganisms has been reported thus far. Apart from these phylotypes, ammonia-
oxidizing bacteria (AOB) appeared also enriched on calcite surface. Notably, Nitrospira
organisms were significantly enriched on calcite surfaces only below the beech and
pine stands, while Nitrosospira organisms were significantly enriched only below the
coppice stand. These data suggest a potential role of AOB in calcite dissolution and/or
a better adaptation to the physicochemical conditions occurring on calcite surfaces.
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Notably, nitrifying bacteria have been proposed to play an important role in weathering
of minerals (58) in other acid forest soils.

The weatherability of the different minerals considered in our study and their
buffering capacity may also determine the structure and composition of the bacterial
communities that develop on mineral surfaces and in the surrounding bulk soil. Indeed,
minerals according to their physicochemical properties are more or less recalcitrant to
environmental conditions (2). The abiotic experiments conducted in our study to
highlight such differences in weatherability revealed that at pH values similar to those
measured under field conditions of Breuil-Chenue (pH 4), calcite was the most weath-
erable mineral, followed by apatite and obsidian. In addition to the differences in
weatherability, this study also highlighted that the carbonates released during calcite
dissolution neutralized the protons of the acid solution provided, raising the pH of the
outflow solution to neutral values (pH 7). The consumption of protons during the min-
eral weathering process is a well-known phenomenon which corresponds to the
relative buffering capacity of each mineral type. Under our experimental conditions,
such buffering capacity was not observed for obsidian and was observed for only the
first days of incubation for apatite. These results suggest that calcite may locally impact
its surrounding environment not only by releasing calcium but also by modifying local
soil pH. Notably, large-scale studies have highlighted that soil pH is one of the main
driving factors of belowground bacterial communities (59–61). As a consequence, the
calcite dissolution occurring in the Breuil-Chenue forest soil likely modified the local pH,
thereby indirectly promoting the development of bacterial communities adapted to
neutral pH. This hypothesis fits very well with the results obtained for subsurface
microbial communities incubated in laboratory reactors, for which neutrophilic bacte-
rial populations have been shown to preferentially colonize highly buffering carbonates
contained in mineral and rock surfaces (62).

Functional adaptation of mineral-associated bacteria. Measuring the global
functional diversity revealed that two monosaccharides derivatives of glucose (N-
acetylglucosamine and �-methyl-D-glucoside) and one amino-acid (L-asparagine) were
the most metabolized carbon sources for both mineral- and bulk soil-associated
microbial communities. However, regarding the taxonomic differentiation that was
observed for the bacterial communities according to their ecological origin, a functional
differentiation was observed for the microbial communities occurring on minerals and
in the surrounding bulk soil. Notably, mineral-associated microorganisms were found to
metabolize a larger spectrum of carbon sources than those from the surrounding bulk
soil. Such versatility in the use of carbon sources suggests a higher ecological fitness for
the mineral-associated microbial communities than for the bulk soil, allowing them to
adapt to the relatively oligotrophic conditions that occur on mineral surfaces compared
to the surrounding BS. To our knowledge, functional analyses of soil mineral-associated
bacterial communities carried out on pure and size-calibrated mineral particles are very
rare (33). Nevertheless, at the field scale, the effect of mineral fertilizers on the microbial
functional diversity has already been investigated on different soil types and revealed
contrasting results of functional diversity. Hu et al. (63) demonstrated that mineral
fertilization (NPK) treatment increased microbial functional diversity in soils. In contrast,
Lepleux et al. (64) suggested that dolomite [CaMg(CO3)2] amendment of soil did
not induce changes in functional diversity but rather induced a quantitative difference
in the metabolism of L-asparagine, which was more metabolized in the amended soil
treatment.

In addition to the use of a global bioassay (i.e., Biolog), the screening of the bacterial
strains for their ability to mobilize inorganic nutrients revealed strong differences
between the different mineral types and/or the surrounding bulk soil. Notably, effective
P-solubilizing bacteria strains also appeared to be effective in producing siderophores
for Fe scavenging. Among the mineral types, obsidian particles displayed the highest
proportion of effective mineral weathering bacteria on their surface. Interestingly, this
volcanic glass, mainly composed of SiO2, is also the mineral type characterized by the
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higher content of iron. This is also the most recalcitrant to weathering agents, and our
abiotic experiment confirmed this point. As a consequence, our results suggest that the
mineral-weathering ability represents a prerequisite for bacterial communities to col-
onize minerals in order to access the nutrients entrapped in their structure. Unlike the
Bc and Cp stands, obsidian buried under the CwS stand did not harbor a higher
proportion of effective weathering bacteria than did the surrounding bulk soil. This
result indicates that the mineral weathering potential of bacterial communities may be
influenced not only by mineral chemistry but also by the soil conditions (i.e., land cover
effect). Vegetation cover is known to influence belowground bacterial communities
through leaf litter degradation and root exudates (65, 66) and to modify the soil
physicochemical parameters (67). However, our results suggest that this land cover
effect did occur on all the mineral types. Indeed, for calcite particles, no significant
enrichment in effective weathering bacteria was reported compared to the surrounding
bulk soil. Such an absence of structure may be explained by the high weatherability of
calcite and the potential variation of pH, which promoted the development of oppor-
tunistic bacteria in the vicinity of the weathered calcite particles. Of course, these
results have to be moderated, as the cultivation-dependent approach gave only a
partial view of the bacterial communities.

Relationships between mineral weathering potential and taxonomic identity. A
detailed analysis of the functional and taxonomic distribution of bacterial communities
revealed a relationship between taxonomy and function. Indeed, our cultivation-
dependent analysis revealed that representatives of the Burkholderia, Collimonas, and
Pseudomonas genera were among the most effective at solubilizing P and mobilizing
iron. Bacterial strains affiliated with these genera were essentially isolated from obsid-
ian and apatite but not from calcite. In addition, our cultivation-independent approach
highlighted a significant enrichment of 16S rRNA gene sequences related to Burkhold-
eria and Collimonas on obsidian and apatite. Moreover, several effective mineral-
weathering bacterial strains isolated in this study presented a strong homology of their
16S rRNA gene sequences with those of effective mineral-weathering bacterial strains
previously isolated from the same experimental site in the rhizosphere or on mineral
surfaces (33, 68, 69). Interestingly, significant positive correlations between the level of
mineral dissolution and the relative abundance of 16S rRNA gene sequences assigned
to the Betaproteobacteria class or to the Burkholderiales order were found for apatite
particles incubated for 4 years in forest soil (33, 34). However, in our study, the shorter
incubation time (2.5 years) did not allow us to measure mineral dissolution for apatite
and obsidian, on which sequences related to the Burkholderiales and Burkholderia
strains were enriched. As these bacteria are effective at weathering minerals, the facts
that they are regularly found on minerals and are enriched on the most weathered
minerals or under nutrient-poor conditions suggest that these bacteria are specially
adapted to such environments and may be considered good functional markers for
mineral weathering in situ. Such analyses should be extended to other soil microor-
ganisms, such as archaea and fungi, to determine if specific patterns also exist for them.

Conclusions. This study demonstrated that after a 2.5-year incubation, minerals
incubated in nutrient-poor forest soils enrich specific bacterial communities on their
surfaces compared to the surrounding bulk soil. The combination of culture-dependent
and -independent analyses highlighted that this enrichment occurred at both taxo-
nomical and functional levels, supporting the mineralosphere concept (25). Moreover,
our results show that the characteristics of the mineral tested (i.e., chemical composi-
tion, weatherability, and capacity to modify their surrounding environment) should also
be considered important drivers of bacterial communities. Although it is difficult to
disentangle the relative effect of each characteristic on natural minerals, it is clear that
the nutrients released during mineral dissolution and the modification of pH or ionic
strength both determine the structure of bacterial communities, as evidenced in the
case of calcite. The combination of culture-dependent and -independent analyses also
highlighted that representatives of the Burkholderia and Collimonas genera, also found
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in the tree rhizosphere, were significantly enriched on apatite and obsidian surfaces
and were very effective at weathering minerals, confirming their important role in
nutrient cycling in acidic forest soils. Together, the new results obtained in this study
show that minerals need to be considered reactive interfaces at both biological and
chemical levels. These results also suggest that besides the chemistry and weatherabil-
ity of minerals, their heterogeneous distribution in the soil matrix may partly explain
the spatial variation of bacterial communities in soil.

MATERIALS AND METHODS
Site description and minerals. The study was carried out in the forest LTO of Breuil-Chenue located

in the Morvan region (47°18=N, 4°5=E, France). The native forest is a 150-year-old stand of coppice with
standards (CwS) dominated by beech (Fagus sylvatica L.) and oak (Quercus sessiliflora Smith). The native
forest was partially clear-felled and replaced in 1976 by monospecific plantations distributed in plots of
0.1 ha, such as beech (Fagus sylvatica L.) and Corsican pine (Pinus nigra Arn. subsp. laricio Poiret var.
Corsicana). As the different plots are separated from the others by only few hundred meters, they share
the same climatic conditions. The soil is classified as a Typic Dystrochrept (70) developed on the “Pierre
qui Vire” granite. The bulk soil is sandy-loam textured (60% sands and �20% clays) and acidic (pHH2O

ca. 4) (67).
To investigate the taxonomic and functional diversity of the bacterial communities colonizing the

minerals, we selected three types of minerals with various chemistries: calcite, apatite, and obsidian. Pure
minerals were obtained from Krantz (Bonn, Germany) and from the Compagnie Générale de Madagascar
(Paris, France). The total chemical characteristics of each mineral type were determined by inductively
coupled plasma spectrometry-atomic emission spectrometry (ICP-AES) for the major elements (SiO2

total � 1%, Al2O3 total � 1%, Fe2O3 total � 2%, MgO total � 5%, K2O total � 5%, etc.) and by inductively
coupled plasma spectrometry (ICP-MS) for trace elements (Zr total � 8%, etc.) after using LiBO2 and
dissolution by HNO3. Their compositions are presented in Table 3. The mineral types used are frequently
found in soils, although apatite is encountered in the Breuil-Chenue granite as an accessory mineral,
while obsidian and calcite are not naturally present. Pure crystals of apatite, calcite, and obsidian (initial
size, ca. 2 cm) were ground, sonicated, washed, and calibrated (size, 100 to 200 �m). Three grams was
introduced into nylon bags (mesh size, 50 �m; 4 by 10 cm) to prevent root colonization. On 13 June 2012,
four replicate mesh bags of each mineral type were buried within the organomineral layer (5 to 15 cm)
of the soil under coppice with standards (i.e., native forest, CwS) and under planted beech (Bc) and
Corsican pine (Cp) stands. The different mesh bags were placed (approximately 10 cm apart one another)
in an alternating manner (apatite/calcite/obsidian) along a 3-m transect.

Mineral weatherability. The weatherability of obsidian, apatite, and calcite was determined in
flowthrough reactors for 42 days at 20°C. This exposure time was necessary to obtain a stoichiometric
dissolution of the three minerals tested. For each mineral type, 3 g of 100-�m mineral particles was
placed in a reactor and maintained by using 0.5-�m nylon filters placed at each extremity of the reactor.
The reactors were placed on a rack that was continuously shaken (180° swing; frequency � 2 s) to
homogenize mineral particles in the column (Fig. S1). Abiotic mineral weathering was performed with
hydrochloric acid (HCl) at pHH2O 4, which is representative of the pH values measured in the soil of the
forest LTO of Breuil-Chenue. The flow (Q) of HCl solution supplied in each reactor was fixed at 2 ml · h�1

using a peristaltic pump (ISM444; Ismatec) with Tygon R3607 0.13-mm-inner-diameter tubing (catalog
no. 070535-00 –/.AME00-SC0189; Ismatec). The volume of the column reactors was ca. 15 ml and led to
a residence time of the HCl solution in the reactor of 7.5 h. Prior to starting the experiment, the entire
experimental setup was cleaned by a continuous flow of HCl solution for 3 days. Three independent
replicate reactors were used for each mineral type. During the experiment, the outflowing solutions were
collected at days 0 to 42 at regular intervals, and samples were stored at 4°C in previously acid-washed
polypropylene bottles. The concentrations of the major elements were determined by ICP-AES, and
pHH2O values of the outflowing solutions were estimated. The amount (in milligrams) of each major
element accumulated during the experiment was calculated. For each mineral type and each reactor,
mineral particles were dried at 60°C; the mass of particles remaining after the dissolution experiment was
determined by weighing (dry weight), and the relative mass loss was calculated (final weight/initial
weight � 100).

Sampling and soil analyses. On 4 November 2014 (2 years and 5 months later), all the mesh bags
and the biological replicates of the surrounding bulk soil (BS) were sampled. Briefly, the litter layer was

TABLE 3 Composition of the mineral particles testeda

Mineral

% of indicated compound

SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5

Obsidian 76.38 12.60 1.19 0.06 0.08 0.62 3.95 4.82 0.13 �LD
Apatite 0.81 0.10 0.10 0.03 0.02 52.64 0.23 �LD �LD 41.26
Calcite 0.07 0.04 �LD 0.11 �LD 55.47 �LD �LD �LD 0.11
aThe total chemical characteristics of each mineral type were determined by ICP-AES for the major elements.
The data present the relative composition of each mineral type. �LD, value was below the detection limit.
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removed, and the mesh bags and the soil found in the soil horizon were collected (5 to 15 cm). Three
spatially distant samples of the surrounding BS samples were collected per tree stand. These BS samples
were collected at 10 cm of the mesh bags to avoid an impact of mineral dissolution on the soil properties
and microbial communities. All the samples were then transported to the laboratory. Mesh bags (n � 36)
were opened, and the mass of particles of each mesh bag was determined by weighing (wet weight). In
addition, the relative mass loss was calculated (final weight/initial weight � 100). All the BS samples (n �
3) were sieved (mesh size 2 mm) and homogenized. A subsample of each mineral sample was used to
perform electron microscopy imaging. For each sample (BS or mineral particles), 0.25 g was suspended
in 1 ml of sterile ultrapure water mixed with 40% glycerol, vortexed for 5 min, and cryopreserved at
�80°C for cultivation-dependent analyses. Bulk soil samples were chemically characterized at the
Laboratoire d’Analyze des Sols (Arras, France). The cation exchange capacity (CEC) was determined using
the cobaltihexamine method. Titration of the cobaltihexamine chloride soil extract was performed at 472
nm and compared to a reference of 0.05 N cobaltihexamine chloride extract. The pH was determined by
the water method using a soil/water ratio of 1:5 (wt/vol). Total carbon (C) and total nitrogen (N) contents
(both obtained after combustion at 1,000°C) and phosphorus (P) content were determined according to
methods published by Duchaufour and Bonneau (71), Duval (72), and Olsen (73). Exchangeable cations
(Ca, Mg, Na, K, Fe, Mn, and Al) and H� were extracted using cobaltihexamine, and their concentrations
were determined by ICP-AES for cations and by potentiometric measurement using 0.05 M KOH for
protons.

DNA extraction, 16S rRNA gene PCR, and pyrosequencing. Genomic DNA was extracted from 0.25
g of bulk soil and mineral particles using a PowerMax soil DNA isolation kit (MoBio Laboratories, Carlsbad,
CA) as recommended by the manufacturer. DNA purity and concentration were assessed using a
NanoDrop 1000 spectrometer (NanoDrop Technologies, Wilmington, DE). The 16S rRNA gene amplicon
libraries were generated in one step, using primers 799F (5=-AACMGGATTAGATACCCKG-3=) and 1115R
(3=-AGGGTTGCGCTCGTTG-3=) (74, 75) containing the specific Roche 454-pyrosequencing adaptors and
5-base barcodes. Primer 799F was associated with the adaptor sequence A (5=-CCATCTCATCCCTGCGTG
TCTCCGACTCAG-3=) and primer 1115R to the adaptor sequence B (5=-CCTATCCCCTGTGTGCCTTGGCAG
TCTCAG). PCR mixtures contained 1� PCR master mix (5 PRIME), 500 nM 799f primer, 500 nM 1115r
primer, and 8 ng of DNA in a final volume of 50 �l. For each sample, 3 independent PCRs were
performed. Amplifications were performed using the following cycle parameters: 95°C for 5 min (initial
denaturation), followed by 30 cycles of 95°C for 30 s, 57°C for 35 s, and 72°C for 30 s with a final extension
step at 72°C for 10 min. The PCR products were checked by gel electrophoresis and were purified by
using the QIAquick purification kit (Qiagen, Valencia, CA) as recommended by the manufacturer. The
concentration of each purified PCR product was measured using a NanoDrop 1000 spectrometer
(NanoDrop Technologies), and an equimolar mix of all 45 amplicon libraries was used for pyrosequenc-
ing. Pyrosequencing was performed by Beckman Coulter genomics (Danvers, MA) on an FLX 454
Titanium System genome sequencer (GS) (Roche). After pyrosequencing, a total of 537,776 reads of 16S
rRNA gene sequences were obtained from the 45 samples. Reads were filtered for length (�300 bp),
quality score (mean, �25), number of ambiguous bases (0), and length of homopolymer runs (�8) using
the trim.seqs script in mothur v.1.30.2 (76). High-quality sequences were aligned, and the operational
taxonomic units (OTUs) were defined with a 3% dissimilarity level. Chimeric sequences were detected
using the chimera.uchime command and were removed from further analysis. To avoid any biases
associated with different numbers of sequences in each of the samples, we randomly subsampled a total
of 7,560 sequences (corresponding to the smaller set of sequences after mothur processing) from each
sample, which was used for all downstream analysis. Taxonomy was assigned to each OTU by aligning
sequences against the RDP alignment database with a bootstrap value of 80 for taxonomic assignment.

Substrate utilization assays. To compare the substrate utilization potentials of soil microbial
communities inhabiting the surface of mineral particles and those of the surrounding bulk soil, we used
Biolog EcoPlates (31 different carbon substrates; Biolog Inc., Hayward, CA) on all samples (n � 45). Briefly,
0.25 g of mineral particles or bulk soil was vortexed for 5 min in 5 ml of sterile ultrapure water. These
suspensions were used to inoculate 150 �l in each well of the microplates. Optical density (OD) was
measured after 48 h of incubation at 25°C at 595 nm with an automatic microplate reader (Bio-Rad;
model iMark). The OD at 595 nm (OD595) of the control well (containing no carbon source) was subtracted
from the OD595 of each of the other wells. These corrected values were used for the subsequent analysis.
The average well color development (AWCD) reflecting the total ability of microorganisms to use carbon
substrates was determined according to the formula AWCD � 	(Ci � R)/n, where Ci corresponds to the
OD measured for each substrate, R corresponds to OD of the control well, and n is the total number of
the sole carbon substrates (EcoPlates; n � 31) (77). In addition, substrates were subdivided into five
groups: carbohydrates (CH), carboxylic and ketonic acids (CA), amines and amides (AM), amino acids, and
polymers (PL) (78). For each group, the values of all substrates were averaged and standard errors of the
means (SEMs) were calculated.

Isolation of bacterial strains and phylogenetic assignment. For each tree stand, a bacterial
collection was generated from the BS and mineral particle samples collected under the three tree stands
considered. Briefly, 0.25 g of soil or mineral particles stored at �80°C in 40% glycerol was suspended in
20 ml of sterile Milli-Q water and homogenized by vortexing. These suspensions were then used to
perform serial dilutions. Dilutions were spread onto a 1/10 tryptic soy agar (TSA) medium (tryptic soil
broth from Difco, 3 g · liter�1, and agar, 15 g · liter�1). Plates were incubated for 5 days at 25°C, and
bacterial concentration was estimated by plate counting. For each sample, a total of 15 bacterial isolates
were picked up from the same dilution (10�3), giving a total of 45 isolates per sample type and tree
stand. Each bacterial isolate was purified by three successive plating on 1/10 TSA and then stored at

Bacterial Communities of the Mineralosphere Applied and Environmental Microbiology

March 2017 Volume 83 Issue 5 e02684-16 aem.asm.org 19

 on June 27, 2017 by IN
R

A
 - F

rance
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org
http://aem.asm.org/


�80°C in LB medium supplemented with 20% glycerol. Phylogenetic assignment of bacterial isolates was
carried out by sequence analysis of the 16S rRNA gene. A fragment of ca. 900 bp was PCR amplified using
the universal set of primers pA (5=-AGAGTTTGATCCTGGCTCAG-3=) and 907r (5=-CCGTCAATTCMTTTGAG
TTT-3=) (79, 80). The reactions were performed using the following cycling parameters: one step of 94°C
for 5 min, followed by 30 cycles of 94°C for 30 s, 54°C for 1 min, and 72°C for 1 min 30 s, and a final
extension step of 10 min at 72°C. PCR products were then purified by using a QIAquick purification kit
(Qiagen, Valencia, CA) as recommended by the manufacturer. PCR products were checked by gel
electrophoresis, and their concentration was estimated using a NanoDrop 1000 spectrometer (NanoDrop
Technologies). Last, PCR products were sequenced using the Sanger method at Eurofins MWG (Ebers-
berg, Germany).

Mineral weathering assays. The mineral weathering potential of bacterial isolates was assessed
using two bioassays measuring the abilities (i) to mobilize iron and (ii) to solubilize tricalcium orthophos-
phate. The ability to mobilize iron was tested by following the protocol of Frey-Klett et al. (81) using
chrome azurol S (CAS) medium. This bioassay is used to highlight siderophore production (82). This
medium contains, per liter, 800 ml of solution 1 {34.36 g of PIPES [piperazine-N,N=-bis(2-ethanesulfonic
acid)] Na2 buffer [Sigma], 0.3 g of KH2PO4, 0.5 g of NaCl, 1 g of NH4Cl, 0.246 g of MgSO4·7H2O, 0.0147 g
of CaCl2·2H2O, and 15 g of agar in 800 ml of H2O; pH 6.8}, 100 ml of solution 2 (4 g of glucose in 100 ml
of H2O), and 100 ml of solution 3 (mixture of 0.0905 g of chrome azurol S in 75 ml, 0.0024 g of FeCl3 in
15 ml, and 0.1640 g of hexa-decyl trimethyl ammonium bromide in 60 ml). Solutions 2 and 3 are added
after autoclaving, at a temperature of ca. 70°C. The ability to solubilize inorganic phosphorous was tested
using a bioassay with 1/10 diluted tricalcium phosphate (TCP), according to the method of Lepleux et al.
(64). This bioassay allows the detection of bacterial strains producing organic acids and protons. This
medium contains, per liter of distilled water, 0.5 g of NH4Cl, 0.1 g of NaCl, 0.1 g of MgSO4·7H2O, 1 g of
glucose, 0.4 g of Ca3(PO4)2, and 15 g of agar. These two bioassays are commonly used to determine the
mineral weathering potential of bacterial strains (64, 83, 84). As the mineral-associated bacterial strains
were isolated from different mineral types, adaptation of the TCP bioassay was done using pure mineral
particles of apatite, calcite, or obsidian instead of Ca3(PO4)2. For each mineral type (obsidian, apatite, and
calcite), size fractions of �50 �m and �100 �m have been tested, introducing, per liter of medium, 0.4,
0.8, and 1.2 g of these mineral fractions. Under our experimental conditions, only calcite allowed to the
development of measurable dissolution haloes. The CAL medium contains, per liter of distilled water, 1.2
g of calcite, 1 g of glucose, 0.1 g of MgSO4, 0.1 g of NaCl, 0.5 g of NH4Cl, and 15 g of agar.

For each bioassay, bacterial inoculum preparation was the same. Briefly, bacterial isolates were
cultivated for 48 h at 25°C in liquid LB medium. Two milliliters of each culture was then centrifuged and
washed three times with sterile ultrapure water and suspended in 2 ml of sterile ultrapure water. The
absorbance at 595 nm of each resulting suspension was adjusted at an OD595 of 0.8 (ca. 108 cell·ml�1).
Five microliters of inoculum was dropped in triplicates on the surface of agar medium of each bioassay.
After incubation at 25°C for 7 days for TCP and CAS media and 14 days for CAL medium, clear haloes
surrounding bacterial colonies were measured and averaged. Based on the colony diameter (Cdiam) and
the halo diameter (Hdiam), a solubilization index was calculated (SI � Hdiam � Cdiam). As mineral
solubilization may be related to the production of acidifying metabolites by the bacterial isolates, we
tested a subsample of the bacterial collection under the same culture conditions as in the TCP bioassay,
with some modifications. Briefly, acidification was assessed in liquid TCP medium lacking tricalcium
orthophosphate (TCPm). Microplates containing 180 �l of liquid TCPm medium were inoculated with 20
�l of bacterial inoculum in triplicates. After incubation for 5 days at 25°C, 180 �l of culture supernatant
was recovered in a new microplate containing 20 �l of bromocresol green (1 g·liter�1; Sigma). The pH
of the culture medium was determined at 595 nm with an automatic microplate reader (Bio-Rad; model
iMark) according to the method of Uroz et al. (85). The average values of the 3 replicates for pH
measurements were taken as the acidification potential. For each series, the bacterial strain M2R3
(Collimonas fungivorans) was used as a positive control.

Statistical analyses. The effects of the compartment type (mineral versus BS), mineral type (apatite,
calcite, or obsidian), or soil conditions (beech stands, CwS, and Corsican pine stands) were determined
for the Biolog and 16S rRNA pyrosequence data by one-factor ANOVA followed by Tukey’s post hoc tests.
For the 16S rRNA gene pyrosequence data, the relative abundances of taxa (from OTU to class) were
transformed using the arcsine square root to achieve a normal distribution and to allow ANOVA.
Moreover, alpha diversity estimates were calculated for the taxonomic and functional data set using the
R package vegan (86). The effect of the tree species on the soil chemical parameters was also determined
by one-factor ANOVA followed by Tukey’s post hoc tests. Multivariate analyses were conducted on the
16S rRNA gene pyrosequence, and analyses of similarity (ANOSIM) were performed to test for differences
within groups, based on Bray-Curtis distances. Both analyses were done at class to OTU levels. The
FactoMineR package (87) was used to perform all the multivariate analyses. Mantel tests (1,000 permu-
tations, Pearson correlations) were performed to test correlations between mineral composition and
pyrosequencing data based on Bray-Curtis dissimilarity matrices, using the ade4 package in R (88). The
relationship between the relative amount of calcium released during the mineral weatherability assays
and the relative mass loss was determined using Pearson correlation. Last, variance partitioning was
performed to determine the proportion of variation in 16S rRNA gene pyrosequences, explained by each
set of explanatory variables, namely, (i) compartment type (bulk soil and mineral), (ii) mineral type
(obsidian, apatite, and calcite), (iii) soil conditions (beech stands, coppice with standards, and Corsican
pine stands), and (iv) unexplained variance. For mineral weathering assays achieved on TCP, calcite
medium, and CAS media, frequencies of distribution of effective weathering bacteria were compared by
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a �2 test (P � 0.05) using the NCStats package in R, while the relative efficacies of bacterial isolates to
weather minerals were compared by one-factor ANOVA followed by Tukey’s post hoc tests.

Accession number(s). The 454 pyrosequencing data generated for this study were submitted to the
Sequence Read Archive (SRA) and are available under Bioproject no. PRJNA326237. The partial 16S rRNA
gene sequences of the strains isolates determined in this study have been deposited in the GenBank
database under accession numbers KX418770 to KX419241.
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Supplemental material for this article may be found at https://doi.org/10.1128/
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