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Soil microbiota are vital for successful revegetation, as they play a critical role in
nutrient cycles, soil functions, and plant growth and health. A rehabilitation scenario of
the abandoned Kettara mine (Morocco) includes covering acidic tailings with alkaline
phosphate mine wastes to limit water infiltration and hence acid mine drainage.
Revegetation of phosphate wastes is the final step to this rehabilitation plan. However,
revegetation is hard on this type of waste in semi-arid areas and only a few plants
managed to grow naturally after 5 years on the store-and-release cover. As we know
that belowground biodiversity is a key component for aboveground functioning, we
sought to know if any structural problem in phosphate waste communities could
explain the almost absence of plants. To test this hypothesis, bacterial and archaeal
communities present in these wastes were assessed by 16S rBNA metabarcoding.
Exploration of taxonomic composition revealed a quite diversified community assigned
to 19 Bacterial and two Archaeal phyla, similar to other studies, that do not appear to
raise any particular issues of structural problems. The dominant sequences belonged
to Proteobacteria, Bacteroidetes, Actinobacteria, and Gemmatimonadetes and to
the genera Massilia, Sphingomonas, and Adhaeribacter. LEfSe analysis identified 19
key genera, and metagenomic functional prediction revealed a broader phylogenetic
range of taxa than expected, with all identified genera possessing at least one plant
growth-promoting trait. Around 47% of the sequences were also related to genera
possessing strains that facilitate plant development under biotic and environmental
stress conditions, such as drought and heat.
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INTRODUCTION

Mining is vital for the global economy, but the extraction of
valuable elements also produces large quantities of solid wastes
corresponding to uneconomic materials such as waste rock,
refuse material, tailings, sediment, roasted ore, and processing
chemicals (Hudson-Edwards, 2016).

The mining sector, and particularly phosphate exploitation, is
one of the pillars of the Moroccan economy. Among many closed
mines in the country, Kettara mine located in a semi-arid region
that was exploited for pyrrhotite, is particularly problematic
(Hakkou et al., 2008a,b). Mining produced more than 5.2
million metric tons of pyrrhotite concentrate, producing acid
mine drainage following rainfall events leading to groundwater
contamination (Lghoul et al., 2014). Dominant winds also
transport toxic dust and sulfur emissions, from the mine wastes to
the village of Kettara (2,000 inhabitants, located in the immediate
vicinity of the mine), polluting homes, cattle, and farmland,
putting the population under significant environmental and
health risks (Khalil et al., 2013; Babi et al., 2016). Morocco
holds around three-quarters of the world’s phosphate reserves
and is the leading exporter of phosphate and its derivatives
(Edixhoven et al., 2013; Hakkou et al., 2016). According to a
United States Geological Survey' in 2019, Morocco produced
around 36 million tons of phosphate rocks representing an
economical currency inflow. However, open-pit mining and
beneficiation processes including crushing, screening, washing,
flotation, or chemical attack generate million tons of tailings
called phosphate sludge every year, which is stockpiled over
a huge area (Hakkou et al, 2016; Jalali et al,, 2019; Elfadil
et al, 2020; Trifi et al, 2020). In semi-arid areas, the poor
quality of these phosphate mine wastes, containing small
quantities of nutrients and contaminated by metals and fluoride,
prevents good plant growth (Cross and Lambers, 2017; Jalali
et al, 2019; Elfadil et al, 2020). In Morocco, huge piles of
phosphate waste rock and tailing ponds that cover thousands
of hectares, with very limited vegetation and subjected to wind
and water erosion, not only spoil the landscape but are also a
serious source of pollution (Hakkou et al., 2016). Revegetation
of phosphate mine wastes has therefore become a national
priority for Morocco.

The rehabilitation scheme for Kettara mine consists of
depositing a layer of alkaline phosphate waste on top of the acidic
tailings to limit infiltration of water and to control acid mine
drainage generation (Ouakibi et al., 2013; Bossé et al., 2015).
In semi-arid climates characterized by low annual precipitation
and high evaporation rates, store-and-release covers can prevent
percolation of water during wet periods and allow evaporation
(or evapotranspiration) during dry periods thus preventing
water from penetrating acidic wastes (Bossé et al., 2013). Lab
tests (using columns) and field tests (with experimental cells
constructed on-site) showed very good results, proving that water
infiltration can be controlled, even during extreme rainfall events
(Ouakibi et al., 2014; Bossé et al., 2015). The final step in this
scheme is the revegetation of the phosphate cover to limit the

Uhttp://minerals.usgs.gov/minerals/pubs/commodity/phosphate_rock/

dispersion of fine dust, but revegetation is highly challenging for
naturally growing biota.

Microbial communities are essential for soil functioning and
for the development and maintenance of plant diversity (Hassani
et al, 2018; van Bruggen et al, 2019). Soil microorganisms
perform essential roles in the development and maintenance
of healthy soil structure, including the decomposition of
biomass (cellulose degradation, etc.), the transformation or
biomineralization of biogenic element, increasing the quantity
and availability of nutrients, degrading or biotransforming
pollutants, mobilizing/immobilizing metals, etc. (Schulz et al.,
2013; Thavamani et al, 2017). Microorganisms can also
influence the development of plants via nitrogen fixation,
phosphorus solubilization, sequestration of iron by siderophores
or phytohormones production, etc. (Goswami et al., 2016; Kong
and Glick, 2017; Olanrewaju et al.,, 2017). They can also limit
biotic (pathogenic) stresses and abiotic environmental stresses
for plants, including drought, salinity, heat, or toxic metals,
which are particularly common in alkaline mine tailings in semi-
arid areas (Armada et al., 2014; Fahad et al., 2015; Kumar and
Verma, 2018; Gupta and Pandey, 2019). Studies dedicated to
plant-microorganism associations are currently a very active area
of research, and the interest of using microbial communities
to stimulate plant growth in damaged and polluted soils, in
semi-arid areas has been demonstrated in many countries
(Mendez and Maier, 2008; Nirola et al., 2016; Bruneel et al,,
2019). Different methods are currently used to inoculate plants
with microorganisms. Ju et al. (2020) demonstrated that plant
root inoculation with plant growth-promoting (PGP) rhizobia
increased the phytostabilization by improving alfalfa growth by
decreasing Cu accumulation in shoots in a Cu-contaminated
site. Seeds can also be soaked in a bacterial inoculum before
germination, as shown by Ke et al. (2021) where PGP bacteria
enhanced ryegrass growth and phytostabilization in Cu-Cd-
polluted soil. Indeed, pot experiment revealed that PGP bacteria
addition increased shoot and root biomasses and limited stress
of ryegrass by decreasing metal uptake and translocation.
Direct application of bacterial inocula in contaminated soils
has also shown positive results for the phytoextraction of
excess phosphorus in soils (Ye et al., 2020; Guo et al., 2021).
Guo et al. (2021) showed, for example, in pot experiments
that two native phosphate-solubilizing microorganisms increased
phosphate availability by reducing soil pH. Inoculation of these
strains in soil also significantly increased the total biomass
of two native plants, like their root and shoot length, and
chlorophyll content.

As only a few plants managed to grow naturally after 5 years on
the store-and-release cover, we sought to know if any structural
problem in phosphate waste communities could explain the
almost absence of plants. The aims of the present work were
thus to (i) investigate the structure of the microbial communities
(using 16S rRNA metabarcoding approach) and (ii) identify
their potential metabolic functions in phosphate mine wastes
using PICRUSt2 prediction, to test this hypothesis. To our
knowledge, this is the first study to describe the microbial
communities present in alkaline phosphate mine wastes in
Morocco using high-throughput sequencing and the first study
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on overburden phosphate waste rocks and phosphate sludge
issuing from processing. This phylogenetic classification of
microbial communities of phosphate mine wastes and in silico
identification of their potential plant growth-promoting diversity
will provide useful information to prepare media dedicated to
the isolation of the most interesting plant growth-promoting
microorganisms identified in this study, helping revegetation in
a semi-arid climate.

MATERIALS AND METHODS

Description of Study Site and
Experimental Cells

To evaluate the feasibility and effectiveness of using alkaline
phosphate mine wastes as a store-and-release layer to
limit infiltration of water in acidogenic tailing mine, field
investigations were conducted at Kettara mine (31°52'15"N-
8°10'31”W). Instrumented experimental cells (10 m x 10 m),
with different configurations of store-and-release layer, and
comprising two types of mine wastes, phosphate waste rock
(overburden waste, removed to reach the phosphate ore) and
phosphate sludge (produced during the concentration processes)
were constructed in 2011 (Bossé et al, 2015; Table 1 and

Supplementary Figure 1). The final step in the scheme of
rehabilitation is the revegetation of the phosphate cover to limit
the dispersion of fine dust, but after 5 years, only a few plants
naturally grew on the experimental cells. Like belowground
biodiversity is a key component for aboveground functioning,
we conducted an in situ investigation, to identify bacterial and
archaeal communities present in these experimental cells. To
see if the presence of some annual plants, naturally growing,
modified the structure of microbial communities, the microbial
communities in soils sampled close to plants and in bare soils
were also compared for each cell. Due to lack of plants naturally
growing on these cells, three different species were chosen,
Spergularia rubra (L.) for cell 1, Atriplex semibaccata for cell
3, and Echium vulgare (L.) for cell 4. Echium vulgare (L.) is a
metallicolous plant that grows naturally in mine wastes and
highly tolerant to Cd soil contamination (Dresler et al., 2015;
Kompala-Baba et al., 2019). Atriplex semibaccata, found in
abandoned mine, hyperaccumulate Cu and Cd and accumulate
Fe (Baycu et al., 2015). Atriplex is also highly salt tolerant and
has already been used as a pioneer species for revegetation in
semi-arid areas (Nirola et al., 2016). Spergularia rubra (L) J.Presl
and C.Presl has been found as a pioneer plant in mine tailings
(Garcia-Carmona et al., 2019) and is known to accumulate Cu in
shoots (Bech et al., 2017).

TABLE 1 | Description of experiment cells (10 m x 10 m), constructed in 2011 to test their capacities to limit infiltration of water and comprising two types of phosphate

wastes used as store and release cover (Bossé et al., 2015).

Type of material Sample name Thickness Fraction Name of plants Sample code Main composition* Electrical conductivity**
of cover sampled
Phosphate waste rock, Cell 1 100 cm Raw material Spergularia rubra (L.) C1VSi Calcite (40.7 wt%) 147 t0 496 uS cm™!
overburden wastes, removed C1Vs2 Apatite (25.9 wt%)
to reach the phosphate ore C1VS3 Dolomite (25.2 wt%)
Quartz (8.2 wt%)
Chromium (Cr,
137 mg/kg)
Strontium (Sr,
769 mg/kg)
Fluor (F, 1.3 wt%)
Bare soil C1BSH
C1BS2
C1BS3
Cell 4 100 cm < 1mm Echium vulgare (L.) C4Vsi
C4vs2
C4VS3
Bare soil C4BSH
C4BS2
C4BS3
Phosphate sludge, produced Cell 3 100 cm Raw material Atriplex semibaccata C3VSt Fluorapatite (44 wt%) 178.6 t0 691 S cm™!
during the concentration C3vs2 Quartz (17 wt%)
processes C3VvS3 Calcite (15 wt%)
Dolomite (7 wt%)
Cadmium (Cd,
131 mg/kg)
Chromium (Cr,
275 mg/kg)
Strontium (Sr,
927 mg/kg)
Fluor (F, 2.6 wt%).
Bare soil C3BSt
C3BS2
C3BS3
*According to Hakkou et al., 2009, 2016.
**Personnal communication from Rachid Hakkou.
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Sample Collection

In this study, three experimental cells already present were
investigated (cells 1, 3, and 4, Bossé et al., 2015). For each cell, soil
samples were collected in triplicate at the surface (0 to 5 cm) close
to the roots of each plant (some centimeters from the roots) or in
bulk soils located a few meters away from the plants to avoid the
influence of plants. To obtain more homogenous representative
samples, each of the three topsoil replicates was formed by mixing
five soils, collected in 1 m? subsamples of bare soil and in close
proximity of the roots of five annual plants. These five samples
were thoroughly homogenized to form three composite samples.
Samples were named as follows: C1BS and C1VS for cell 1 with
“BS” for bare soils and “VS” for soils with plants and with 1, 2, and
3 as replicates; C3BS and C3VS for cell 3, and C4BS and C4VS for
cell 4. All 18 samples were immediately placed in Falcon tubes
and stored in the field in coolers containing blocks of ice and
transported to laboratory where they were stored at —20°C until
DNA extraction. One tube from each site was stored at 4°C for
physicochemical analyses.

Physicochemical Characterization

The chemical composition of the samples was determined using
X-ray fluorescence (XREF, Epsilon 4 Model, Malvern Panalytical).
The device contains a kV tube with a silver (Ag) anode that
produces X-rays. Its detector energy resolution was 4,000-
50,000 kV. The samples were ground to a powder to obtain a
particle size close to that of standards. The quality of the data
was assessed using duplicate sample analyses, and measurement
accuracy was estimated at = 5% for all the elements analyzed. The
total organic carbon was determined by potassium bichromate
digester (Behrotest Heiz block K-40). The total nitrogen was
measured using sulfuric acid-salicylic acid digestion following
Kjeldahl method adjusted (Bremner, 1960) and determined by
Kjeldahl K-375 BUCHI Kjel Master analyzer. The pH was
measured by WTW/INOLAB pH7310 following the pH-meter
instructions. Hundred milliliters of soil suspension was prepared
in distilled water with a ratio of 1:5, then pH was measured
using 1 mol/L of KCI.

DNA Extraction and Amplification Using

lllumina MiSeq Sequencing

Soil DNA was extracted in triplicates using the DNeasy®
PowerMax® Soil kit Qiagen following the manufacturer’s
instructions. All extracted genomic DNA samples were stored
at -20°C wuntil further analysis. Amplicon libraries were
constructed according to ADNid®> dual indexing strategy.
The universal primer set 519F (S-D-Arch-0519-a-S-15) (5'-
CAGCMGCCGCGGTAA-3") and 805R (S-D-Bact-0785-a-A-
21) (5-GACTACHVGGGTATCTAATCC-3') designed to target
bacterial and archaeal taxa (Klindworth et al., 2013) was used
to amplify a 286-bp region targeting the V4 region of 16S
rRNA genes. Amplicons were generated using Hot start DNA
polymerase (QIAGEN). First, PCR (PCR1) was performed on
10 ng of template DNA in 15 pl total mix, submitted to an initial

2www.qualtech-groupe.com, Montpellier, France

denaturation of 5 min at 95°C, followed by 35 cycles of 30 s at
95°C, 1 min at 60°C, and 30 s at 72°C. A final extension of 30 min
at 60°C completed the reaction. Amplicons were checked on 1.5%
agarose gel and purified using AMPure beads. A second PCR
step (PCR2) was performed using a specific lllumina adapter, the
index and the Illumina overhang adapter primers in 2 x KAPA
Hifi Hotstart Ready Mix (Roche, Switzerland). A previously
prepared 5-pl volume of PCR products was used to obtain a final
volume of PCR mix of 50 1. A 3-min denaturation step at 95°C
was performed followed by 12 cycles of 30 s at 95°C, 30 s at 55°C,
30 s at 72°C, and a final 5-min extension step at 72°C. PCR2
products were purified (AMPure Beads), quantified (Nanodrop,
Spark), normalized at 15 ng/j.l, and pooled in a final library. The
library was then purified using AMPure Beads, and its quality
was checked using a fragment analyzer. Final quantification was
performed by qPCR (KAPA library quantification Kits, Roche,
Switzerland). Sequencing runs, generating 2 bp x 250 bp, reads
were performed on an Illumina MiSeq using V2 chemistry.

Sequence Analysis of Metabarcoding

Datasets

The sequencing data analysis was conducted using FROGS
v3.1.0 (Find Rapidly OTUs with Galaxy Solution, Escudi¢ et al.,
2018). Briefly, paired reads were merged using FLASH (v1.2.11,
Magoc and Salzberg, 2011) with a minimum length of 240 bp
and an overlap length of 270 bp. After denoising and removal
of primer/adapters with cutadapt (v1.18, Martin, 2011), de
novo clustering was implemented with SWARM (v2.2.2), which
uses a local clustering threshold (Mahé et al., 2015), with an
aggregation distance of d = 3. Chimeric sequences were removed
using VSEARCH (v2.91, Rognes et al., 2016). The dataset was
filtered, and sequences present in less than two samples and
sequences representing less than 0.005% of the total set of
sequences were discarded, as recommended by Bokulich et al.
(2013). The taxonomic affiliation of operational taxonomic units
(OTUs) was performed using Blastn™ against the Silva database
(release 132, December 2017) for 16S rRNA gene amplicons
using an innovative multi-affiliation output to identify conflicting
sequences in the database and uncertainties (Escudié et al., 2018).

Statistical Analysis and Predictive

Metagenome Analysis

All statistical analyses were performed using R software’
unless otherwise stated. The alpha diversity statistics were
calculated for each sample, and the rarefaction curves and
the diversity indexes (Chaol, Shannon, and Simpson) were
generated. The variation of beta diversity was graphically
illustrated using non-metric multidimensional scaling (nMDS)
analysis. Environmental variables were vector fitted to the
nMDS ordination plots using the function “envfit” in the
R “vegan” package to assess possible explanatory variables.
Analysis of variance (ANOVA) was used at 95% confidence
level and was completed by Tukey’s post hoc test to analyze
significant distribution of the chemical parameters. Pearson

3v3.6.0, http://www.r-project.org/
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correlations were used to assess the relationships between
environmental factors, and the microbial community diversity.
A linear discriminant analysis effect size (LEfSe) method (Segata
et al., 2011) was also used to identify statistically significant
microbial indicators associated with each cell and to identify the
most discriminating clades. This analysis was done through the
online interface at https://huttenhower.sph.harvard.edu/galaxy.
Network analysis was used to reveal the relationship between
genera present in bare soils and those present in soils sampled
near plants. The preparation of data for network analysis was
carried out using “psych” package as described by Batushansky
et al. (2016). The “r coefficient” and “p-value” tables were
generated, and only significant interactions were selected and
visualized using Cytoscape V3.8.0 with the organic layout. The
nodes represent the genera that differed significantly between
bare soil and soil near the plant roots (p < 0.05) based on
the results of ANOVA, and the edges represent the correlation
between these genera.

Finally, PICRUSt2 (phylogenetic investigation of communities
by reconstruction of unobserved states, Douglas et al., 2020)
analysis was used to explore the possible functional profiles
of the microbial communities. This was done following the
pipeline command «picrust2_pipeline.py» using the “-stratified”
flag as described in the PICRUSt2 GitHub*. The weighted Nearest
Sequences Taxon Index (NSTI) was calculated to assess the
accuracy of the PICRUSt2 analysis (Langille et al., 2013). The EC
table resulting from PICRUSt2 was filtered, and only enzymes
that contribute to pathways of interest in the present study were
retained, i.e., phosphate solubilization, nitrogen metabolism,
thiosulfate oxidation, cellulase degradation, and indole 3-acetic
acid (IAA) and siderophore production. Phosphate solubilization
in soil can be catalyzed by bacteria that produce enzymes
including phosphatases, phosphonatases, phytases, and C-P lyase
(Billah et al., 2019; Prabhu et al., 2019). For all other metabolisms,
our study was based on the pathways published by the MetaCyc
database’. To determine the presence of a function in one of the
genera detected, all the enzymes involved in the given function’s
pathway must be present in the same genus. The number of
enzymes/functions was converted to “1” if present and to “0” if
absent, and a presence/absence heatmap was then constructed
using the “ggplot2” package.

RESULTS

Physicochemical Characteristics of

Phosphate Mine Wastes in Morocco

The environmental characteristics of soil samples in the three
cells are presented in Figure 1. ANOVA was used to test
differences in geochemical factors among the samples and was
completed with Tukey’s post hoc test at a confidence interval
of 95%. Phosphate mining wastes were highly alkaline (pH
8-9) with low nutrient contents [total organic carbon (TOC)
between 0.3 and 0.4%, and total nitrogen (N) < 0.034%] but very

*https://github.com/picrust/picrust2/wiki/Full- pipeline-script
>https://biocyc.org/

high level of P,Os (> 75 g kg™ !). Significant differences were
observed between five parameters, pH, SiO,, P,Os, Fe; O3, and
to a lesser extent in MgO between the two types of phosphate
mine wastes, phosphate waste rocks (cells 1 and 4), and phosphate
sludge (cell 3). pH, SiO3, P,0s5, and MgO concentrations were
statistically higher in phosphate sludge than in waste rocks.
Inversely, concentrations of Fe; O3 were higher in waste rocks. No
clear differences were found in many elements, including TOC,
N, or CaO, between the three cells thus between the two types
of phosphate wastes. No significant differences were found inside
cells, between soils sampled near plants, and bare soils, except for
TOC and N in cell 3, where the highest percentage was found in
C3VS. No differences in K,O, TiO,, and Al,O3; were observed
between samples.

Diversity and Taxonomic Assignment of
Microbial Communities in Phosphate

Wastes

A total of 8,507,878 sequences paired-end reads were obtained
from the samples collected in 18 phosphate mine wastes. After
cleaning and processing, 7,633,309 high-quality sequences were
obtained with an average of 428,414 sequences per sample.
The number of sequences per sample was then made equal by
random resampling (191,792 sequences per sample, based on
the smaller number of sequences) giving 3,452,256 good-quality
reads. At 97% similarity, all effective normalized sequences
were distributed among 869 microbial OTUs (Supplementary
Table 1). Rarefaction curves achieved an asymptote for all
samples, suggesting that almost all OTUs were detected
(Supplementary Figure 2). The number of OTUs estimated by
Chaol was also very similar to the richness (observed number
of OTUs), ranging, respectively, from 650 to 800 for Chaol and
from 640 to 800 for richness, confirming that virtually all the
microbial diversity was explored (Supplementary Figure 3). No
statistical differences were observed between different cells but
statistical differences were found between bare soils (C1BS, C3BS,
and C4BS) and soils located near plants (C1VS, C3VS, and C4VS),
with systematically higher richness and Chaol in soils near plants
than in bare soils. No statistical differences in Shannon and
Simpson indices were found in the three cells or between bare
soils and soils near plants, except for C4BS, which had lower
Shannon and Simpson values.

Exploration of taxonomic composition revealed that the 869
bacterial and archaeal OTUs were assigned to 19 phyla with only
two Archaea (this kingdom represented only 0.11% of the total
sequences, Figure 2A). Over 98% of the OTUs were assigned to a
taxonomic phylum with 80% confidence. Across all 18 samples,
Proteobacteria (51.3%), Bacteroidetes (22%), Actinobacteria
(9.3%), and Gemmatimonadetes (7.9%) were the dominant
phyla represented by more than 90% of all sequences. For
Bacteria, at the genus level, 59.7% of sequences were attributed
to known genera, 22.1% to unknown genera, and 18.2%
were multi-affiliated (Supplementary Table 2). The majority
of sequences were affiliated to the genera Massilia (9.4%),
Sphingomonas (5.7%), Adhaeribacter (3.9%), and Hymenobacter
(2.7%, Figure 2B and Supplementary Table 2). Only 18 genera
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FIGURE 1 | Boxplot displaying the concentrations of different chemical parameters. Organic carbon (OC) and nitrogen (N) are presented by percent. Major oxides
such as silica (SiO»), phosphorus pentoxide (P2 Os), ferric oxide (Fe2O3), lime (Ca0O), magnesia (MgO), potash (K2 O), titanium oxide (TiO»), and alumina (AlzO3) are in
milligrams per kilogram. The letters present the compact display letters (CDL). Error bars represent standard deviation of the mean value (analyses performed in
triplicates). Values in each column followed by the same letter are not significantly different at 0.05% (Tukey’s).

had more than 1% of total sequences. For Archaea, up to 82.7%
of sequences were affiliated to Euryarchaeota phylum and to
unknown genera, while the remaining 17.3% were affiliated
to Thaumarchaeota phylum, among which 70.8% were multi-
affiliated to different genera of the Nitrososphaeraceae family and
29.2% were affiliated to the genus Nitrososphaera.

Structure of Microbial Communities in
Phosphate Mining Wastes and the Effect

of Plants

nMDS ordination and PERMANOVA was performed to explore
the relationships between the structure of the microbial
communities and the physicochemical characteristics of the
phosphate mining wastes (Figure 3 and Supplementary Table 3).
Phosphate sludge (six replicates of cell 3) and waste rocks
(12 replicates of cell 1 and cell 4) were clearly separated
along the first ordination axis. The second axis separated
samples into two distinct groups, bare soils in all three

cells and those of soils sampled near plants. This result was
confirmed by statistical analysis using Jaccard dissimilarities
(PERMANOVA, p-value = 0.002), indicating that community
composition differed significantly between the two types of
mine wastes and between soils near plants and bare soils
(Supplementary Table 3). Vector fitting of environmental
parameters on nMDS revealed that P,Os, pH, SiO,, and MgO
were positively correlated with cell 3 and separated the two
types of phosphate mining wastes (Figure 3 and Supplementary
Table 4). Fe;O3 and, to a lesser degree, CaO, were negatively
correlated with the first four parameters and were more abundant
in cell 1 and cell 4. Vector fitting also revealed that TOC
and, at a lesser degree, N, were positively correlated with
soils near plants.

Among the 130 identified genera, Pearson analysis indicated
that 79 were significantly correlated with environmental variables
(Figure 4). Many correlations were observed with SiO; (35),
P205 (31), pH (31), F6203 (30), MgO (21), TOC (17), CaO
(18), and N (9) but only one with Al,O3 and TiO;. For
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SiO,, P,0s5, pH, Fe;03, MgO, and TOC, 20, 18, 14, 20, 11,
and 14 genera were, respectively, positively correlated, whereas
15, 13, 17, 10, 10, and 3 were negatively correlated. All
18 correlations found for CaO were positive, and all nine
correlations found for N were negative. Very similar correlation
indices were also observed between P,0Os, pH, SiO,, and, to
a lesser extent, MgO, with relatively dominant genera such as
Adhaeribacter, Hymenobacter, and Cnuella positively affected,
while Brevundimonas, Arctibacter, and Devosia were strongly
negatively affected. The LEfSe analysis identified 9, 20, and 11
bacterial taxa, containing 3, 10, and 6 genera that statistically
distinguished, respectively, cell 1, cell 3, and cell 4 (with LDA
score > 2, Figure 5). The family Hymenobacteraceae was the
most differentially abundant taxon with a LDA score > 4,
reflecting higher abundance in cell 3 than in cells 1 and
4. At the genus level, Adhaeribacter, Cnuella, Blastocatella,
Tychonema, Bdellovibrio, Segetibacter, Rubritepedia, Deinococcus,
Pajaroellobacter, and Nostoc were overrepresented in cell 3. In cell
1, only Marmoricola, Bacillus, and Myxococcus were prevalent,
while in cell 4, Skermanella, Sphingoaurantiacus, Ohtaekwangia,
Geodermatophilus, Solirubrobacter, and Pedomicrobium were
more abundant. These 19 genera were also highlighted by
Pearson’s correlation. A correlogram of these core genera
separated them into two distinct groups (Figure 6). The first
group contained all genera found in the phosphate sludge
(cell 3) identified by LEfSe and presented quite strong positive

correlations among themselves and negative correlations among
genera sampled in phosphate waste rocks (except for Bdellovibrio,
which was positively correlated with Ohtaekwangia). The second
group comprised genera retrieved in phosphate waste rocks
(cells 1 and 4), and correlations between members of this
group were generally positive, while correlations with phosphate
sludge were negative.

Network analysis was also used to identify the relationships
between genera found in bare soils and in soils sampled near
annual plants (Supplementary Figure 4). Fifteen genera were
found to be significantly associated with bare soils and 16 were
shown to be more abundant in soils near plants.

Potential Plant Growth Promotion Traits
of Microbial Communities of Phosphate

Wastes

PICRUSt2 analysis was used to explore the possible metabolic
pathways associated with microbial communities in phosphate
wastes (Figure 7). The NSTI values < 0.06, confirmed the
prediction accuracy (Supplementary Table 5). All 130 OTUs
affiliated to known genera were predicted to possess at least one
of the interesting enzymes involved in important traits related to
plant development. For the phosphate solubilization, 102 genera
were predicted to possess the alkaline phosphatase enzyme while
only 39 were predicted to possess phytase 1, 23 acid phosphatase,
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18 C-P lyase, 8 phosphonatase, and only 4 phytase 2. The OTUs
assigned to Novosphingobium appeared to have all the phosphate-
solubilizing enzymes except C-P lyase. For nitrogen metabolism,
all genera were predicted to possess at least one of the seven
enzymes involved in N assimilation and referenced in PICRUSt2
and also to produce nitrate-reducing enzymes. Only 2 genera
were predicted to be able to oxidize ammonia (Nitrosomonas
and the archaea Nitrososphaera), 59 were predicted to reduce
nitrite, and 10 to fix nitrogen. For phytohormones production,
96 genera were predicted to possess at least one enzyme involved
in different auxin biosynthesis pathways. Twenty-six genera
were predicted to possess the thiosulfate oxidation enzyme and
only 14 to biosynthesize aerobactin, an enzyme involved in
siderophore production.

DISCUSSION

Characteristics of Phosphate Mining
Wastes and Development of Plants

Many mine tailings disposed in artificial dumps have not
been subject to the long-term natural soil formation processes,
representing challenging conditions for biota (Cross and
Lambers, 2017). Mine wastes containing generally ultrafine
particles, present also often dysfunctional and unstable physical
and geochemical structures, altered or inadequate hydrological
functioning, associated generally with extreme pH, limited

concentrations of organic material and nutrients, and often
presenting an accumulation of toxic or radioactive substances
(Cross and Lambers, 2017; Cross et al., 2017). The phosphate
mine wastes in the present study share many of these
characteristics with highly alkaline soils (pH 8-9), very low
levels of nutrients (TOC and N), very high concentrations of
P,05 (mass percent between 10% and 20%) and associated
with high levels of hazardous contaminants (e.g., Sr, Cr, Cd,
or F Hakkou et al, 2016). Phosphate mine wastes mainly
comprise ultrafine material with significant quantities of calcite
and dolomite (Hakkou et al., 2009). In arid and semi-arid areas,
soils present usually low moisture content and limited organic
matter associated with extreme temperatures and irradiance
(Padmavathiamma et al., 2014). They are also quite often saline,
because of the high evaporation rate and the low water infiltration
(Mendez and Maier, 2008). However, phosphate mine wastes
in this study were not saline according to their electrical
conductivity (Table 1). All these harsh properties could explain
the almost absence of plants.

Structure of Microbial Communities and

Potential Physicochemical Drivers

Characterization of the microbial communities in phosphate
wastes enabled most OTUs to be classified at the phylum
level; whereas, only 55.3% of sequences were classified at
the genus level. The high proportion of unclassified genera
suggests the presence of possible novel microorganisms and is in

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 666936


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Mghazli et al.

Microbial Communities in Moroccan Phosphate Wastes

Adhaeribacter-
Hymenobacter-
Brevundimonas-
Cnuella-
Aggregicoccus-
Microvirga-
Rubellimicrobium-
Skermanella-
Rhodocytophaga-
Lysobacter-
Blastocatella-
Noviherbaspirillum-
Arcticibacter-
Devosia-
Leptolyngbya-
ontibacter-
Gemmatimonas-
Peredibacter-
Pseudomonas-
Rufibacter-
Tychonema-
Altererythrobacter-
Bdellovibrio-
Nocardioides-
Gemmatirosa-
Flavisolibacter-
Flaviaesturariibacter-
Blastococcus-
Flavitalea-
Pseudorhizobium-
Roseomonas-
Sphingoaurantiacus-
Chthoniobacter-
Nibribacter-
Phenylobacterium-
Ohtaekwangia-
Pirellula-
Geodermatophilus-
Segetibacter-
Marmoricola-
Parviterribacter-
Dyadobacter-
Pseudoxanthomonas-
Rubritepida-
Paracoccus-
Rhodopirellula-
Ferruginibacter-
Novosphingobium-
Deinococcus-
Arenimonas-
Psychroglaciecola-
Longimicrobium-
onexibacter-
Streptomyces-
Aliihoeflea-
Candidatus-Paracaedibacter-
Mesorhizobium-
Nitrospira-
Cesiribacter-
Pajaroellobacter-
Bacillus-
Rathayibacter-
Rubrobacter-
Haliangium-
Pseudonocardia-
Nodosilinea-
Nostoc-
Solirubrobacter-
Pedomicrobium-
Steroidobacter-
Georgenia-
Nitrosomonas-
Actinoplanes-
Agromyces-
Myxococcus-
Aureimonas-
Saccharibacillus-
Aliterella-
Erythrobacter-

Correlated OTUs

5 O

o
O A SIS

N

r coefficient

< = ‘(\Oq’ <0

Environmental parameters

FIGURE 4 | Heatmap of the statistically significant coefficients of Pearson’s correlations (false discovery rate (fdr) corrected; p < 0.05) between the relative
abundance of taxa and concentrations of environmental parameters across all sites. Only threshold higher than 0.7 was plotted.

agreement with the results of many studies conducted in mining
environments (Bruneel et al., 2017; Liu et al,, 2019). Around
90% of sequences belonged to only four phyla Proteobacteria,
Bacteroidetes, Actinobacteria, and Gemmatimonadetes, and the
dominant genera were identified as Massilia, Sphingomonas,
Adhaeribacter, Hymenobacter, and Brevundimonas. Archaea
formed a very small minority, and only one genus was identified,

Nitrososphaera. Zouch et al. (2017) obtained similar results
for phosphogypsum in Tunisia, where Archaea accounted for
only 1.5% of the microbial community and no more than 3%
in pyrrhotite mine tailings of Kettara (Bruneel et al., 2017).
Among the 130 identified genera, only 18 had more than 1%
of the total number of sequences. This is in agreement with
the results obtained by Trifi et al. (2020), indicating that in
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Tunisia, phosphogypsum contained only five low abundance
genera (between 1 and 5% of sequences) out of the 193 detected.

The composition of microbial communities differed
significantly between the two types of mining wastes and
was affected by soil chemical properties, particularly soil pH,
P,0s5, Fe;03, MgO, CaO, and SiO,. Phosphorus and pH have
been recognized as drivers of microbial communities, and pH
is generally recognized to be the best predictor of microbial
composition and diversity (Rousk et al., 2010; Wu et al., 2018;
Ye et al., 2020).

Our investigation, combining Pearson correlations and
LEfSe, also identified 19 genera divided into two groups, those
found in phosphate sludge and those found in phosphate
waste rocks. These core genera probably have significant
functions in phosphate mining wastes, but, apart from Bacillus,
Nostoc, and, to a lesser extent, Myxococcus, many of them are
not known as PGP microorganisms such as Adhaeribacter,
Cnuella,  Blastocatella,  Tychonema,  Sphingoaurantiacus,
Segetibacter, Rubritepida, Deinococcus, and Pajaroellobacter
(Supplementary Table 6). Other genera possessed only few
PGP traits: Skermanella, Geodermatophilus, and Marmoricola
are involved in nitrogen cycling, Ohtaekwangia sp. displays
antimicrobial activity, Solirubrobacter sp. is able to degrade
cellulose, or Bdellovibrio and Myxococcus, which are known to be
predators of other bacteria.

The composition of the microbial communities differed
significantly between bare soils and soils sampled near plants.
Richness and estimated OTUs were also higher in wastes
associated with plants than in bare soils in all the three
cells. Although our study did not analyze the rhizosphere, the
proximity of plants appeared to have an impact on the structure
of microbial communities, and organic carbon and N were
identified as the main drivers. This is consistent with many
studies reporting differences in the diversity and taxonomic
composition of microbial communities in bulk soils and in the
rhizosphere (Edwards et al, 2015; Luo et al,, 2018; Orozco-
Mosqueda et al, 2020; Ye et al, 2020). Plant species or
even genotypes are also known to select divergent microbial
communities (Bulgarelli et al., 2013; Edwards et al., 2015; Ye
et al., 2020). This is usually explained by the presence of many
elements exuded by roots including sugars, amino acids, and
organic acids, which can account for one-third of the carbon fixed
by plants (Bulgarelli et al., 2013; Edwards et al., 2015; Olanrewaju
etal., 2017). Many significantly different genera were observed in
soils near plants and in bare soils, but no clear differences were
observed concerning their potential PGP traits as symbiotic N;
fixers, contrary with that reported by Luo et al. (2018). Although
in agreement with Ye et al. (2020) in phosphogypsum, the relative
abundance of three genera (Blastocatella, Thermithiobacillus, and
Sphingomonas) was higher in soils associated with plants.
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Other factors affect the abundance, structure, and activity
of microbial communities, including the type, properties, and
texture of the soil, as well as climatic conditions (Edwards et al.,
2015; Luo et al., 2018; Ye et al., 2020). The structure of the
microbial communities analyzed in this study differed from
that identified in other studies conducted in phosphate mine
wastes, such as in Ragot et al. (2013) using T-RFLP and clone
libraries to study apatite, the principal phosphate mineral. Next-
generation sequencing are generally used to investigate microbial
communities in phosphate mining area in China (Ye et al., 2020)
and in phosphogypsum in Portugal (Martins et al., 2016), in
China (Wang et al., 2018), or in Tunisia (Zouch et al., 2017; ben
Mefteh et al., 2019; Trifi et al., 2020). However, phosphogypsum,
the main byproduct of phosphoric acid, obtained after sulfuric
acid digestion, present clearly different physicochemical
characteristics, compared with phosphate wastes in this study.
Nevertheless, our microbial communities were quite similar
to those associated with turfgrass seeds of three turf species
(Festuca rubra, Lolium arundinacea, and Lolium perenne) in low
moisture climates (annual precipitation < 750 mm), containing
a majority of Proteobacteria (89%) followed by Actinobacteria
(6%, Chen et al., 2020). At the genus level, Chen et al. (2020)
found a high proportion of Massilia (25%), and Pseudomonas
(29%), followed by Sphingomonas (6%), Paenibacillus (3%),
Pedobacter (1%), Flavobacterium, and Chryseobacterium (< 1%).
This structure is also quite similar to the core of phyllosphere

communities composed of Pseudomonas, Sphingomonas,
Methylobacterium, Bacillus, Massilia, Arthrobacter, and Pantoea
(Bulgarelli et al., 2013).

Potential Ecological Role in Plant
Growth-Promoting Traits

Surprisingly, a huge number of microorganisms recognized
as potential PGP genera, were found in alkaline phosphate
mining wastes according to the PICRUSt2 predictions. Indeed,
all 130 OTUs assigned to known genera were predicted to
possess at least one enzyme involved in plant growth-promoting
traits. These results are quite consistent with the literature and
show that a very large proportion of our sequences (66.15%)
resemble microorganisms that contain isolated strains known
to present one plant growth-promoting trait (Supplementary
Table 6). Many sequences were similar to very well-known
PGP genera such as Pseudomonas, Bacillus, Arthrobacter,
Azospirillum,  Herbaspirillum, Rhizobium, Flavobacterium,
Variovorax, Streptomyces, Sphingomonas, and Paenibacillus
(Goswami et al., 2016, Supplementary Table 6). Some of these
microorganisms are also currently sold in international markets
as biofertilizers or biocontrol agents (Bio-Save®, Mycostop®,
Galltrol-A, etc.) and are used by farmers in the field as inocula
(Goswami et al., 2016; Pathak and Kumar, 2016; Kumari et al.,
2019). Many of the most abundant sequences, representing
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more than 1% of the total sequences, also possessed many plant
growth-promoting traits including Massilia, Brevundimonas,
Lysobacter, or Noviherbaspirillum or genera belonging to
Hymenobacteraceae family (identified by LEfSe as very abundant
in phosphate sludge) comprising Adhaeribacter, Hymenobacter,
Pontibacter, or Rufibacter.

According to PICRUSt2 prediction, all the microorganisms
possessed at least one of the five enzymes involved in nitrogen
cycling and more than 43 genera possessed isolated strains
implicated in nitrogen cycling (Supplementary Table 6).
Among them, Rhizobium is the main contributor to symbiotic
nitrogen fixation in legume crops (Pathak and Kumar, 2016),
but many free-living nitrogen fixers were also present, including
Azospirillum,  Herbaspirillum, Bacillus, or Paenibacillus
(Goswami et al., 2016). Azospirillum is thought to fix from
5 to 20 kg/ha/year of Ny, corresponding between 20 and 25%
of total nitrogen required by maize or rice (Pathak and Kumar,
2016). For Archaea, Nitrososphaera is known to be an ammonia-
oxidizing archaeon (Stieglmeier et al., 2014) and could thus
contribute to the global nitrogen cycle in soils via nitrification
(Hatzenpichler, 2012). According to metagenome functional
prediction, 95% of the genera identified possess enzymes involved
in phosphate solubilization and 44 of our sequences resembled
genera containing isolated strains with phosphate solubilization
capacity and comprising very well-known phosphate solubilizers
(Supplementary Table 6). These results are in agreement with
those of Khan et al. (2007) and Goswami et al. (2016), who
showed that phosphate-solubilizing microorganisms could
account for, respectively, from 1 to 50% and 20 to 40% of
culturable populations in the soil. Among dominant genera,
Massilia could also play a key role and a novel species, M.
phosphatilytica, has been described with a phosphate-solubilizing
potential of 40.32 pg in 48 h (Zheng et al., 2017). Potassium,
calcium, or zinc solubilizers such as Pseudomonas, Paenibacillus,
Pontibacter, Variovorax, or Bacillus improve plant nutrition and
were also retrieved in our sequences (Supplementary Table 6).
For iron, 14 genera could possess enzymes involved in this
pathway, as predicted by PICRUSt2 and 36 sequences resembled
genera containing isolated strains that produce siderophores
(Supplementary Table 6). Sulfate is another important nutrient
for plant development (Smith et al., 2000). PICRUSt2 prediction
also identified genera increasing the availability of sulfate for
plants, 26 genera potentially able to oxidize thiosulfate whereas
two genera were found to contain isolated strains involved in
sulfur metabolism such as Thiobacillus or Stenotrophomonas.
These bacteria are also able to solubilize phosphate and K/Ca- or
Na-bearing minerals due to the large quantity of sulfuric acid they
produce (Ullah et al., 2013; Thabet et al., 2017). Microorganisms
that produce cellulase which breaks cellulose down, also facilitate
plant growth (El-Sayed et al., 2014). PICRUSt2 predicted that
83 genera possess enzymes involved in this pathway, but only
eight genera possessed strains able to degrade cellulose. PGP
microorganisms also improve soil formation, texture, and
structure, by helping to aggregate soil particles through the
production of exopolysaccharides that promote the formation of
strong biofilms and hence the formation of soil crust (Kaushal
and Wani, 2016; Thavamani et al, 2017). Microorganisms

such as Leptolyngbya, Pseudomonas, or Rhizobium that are able
to increase soil aggregation were retrieved in our phosphate
mining wastes (Supplementary Table 6). For phytohormone, 96
genera should produce IAA according to PICRUSt2, while our
literature survey indicated that 43 genera contain at least one
isolated strain able to produce this hormone (Supplementary
Table 6). PICRUSt2 prediction was in agreement with other
studies showing that around 80% of microorganisms have been
documented to produce IAA (Patten and Glick, 1996; Kochar
et al., 2013). Strains producing other phytohormones were also
retrieved including gibberellin (20 strains) and cytokinin (10
strains, Supplementary Table 6).

In alkaline phosphate mining wastes, more than 27
sequences resembled genera containing isolated strains that
produce ACCD, able to inhibit the formation of ethylene,
the stress hormone with Sphingomonas, Brevundimonas,
Arthrobacter, Devosia, or Pseudomonas being the most abundant
(Supplementary Table 6). Many microorganisms known to
be capable of combat phytopathogens were also retrieved
in the present study: Pseudomonas, Bacillus, Streptomyces,
Stenotrophomonas, Rhizobium, or Streptomyces, as well as less
well-known microorganisms, such as Massilia or Sphingomonas
(Supplementary Table 6). Pseudomonas sp. is able to inhibit
diseases caused by many pathogens and possesses antimicrobial,
antifungal, and antiviral properties, in addition to providing
protection against insects (Kumari et al., 2019; Pattnaik et al.,
2019, Supplementary Table 6). These fast-growing genera
induce systemic resistance and produce different compounds
including antibiotics, polysaccharides, or siderophores (limiting
iron for phytopathogens, Santoyo et al., 2012). Bacillus sp. is
known to produce a wide range of antibacterial and antifungal
antibiotics (Goswami et al., 2016). Streptomyces are also known
to produce many antibiotics (Olanrewaju and Babalola, 2019).
Different genera, able to decrease or even suppress development
of nematodes, were also retrieved, including Arthrobacter,
Pseudomonas, Streptomyces, Bacillus, Rhizobium, or Variovorax
(Topalovic et al., 2020). Sphingomonas sp. can suppress disease
symptoms and limit the growth of the foliar pathogen of
tomato, Pseudomonas syringae (Bulgarelli et al., 2013). Strains
such as Paenibacillus, Streptomyces, Bacillus, or Pseudomonas
produce lytic enzymes.

Many microorganisms present in our phosphate mining
wastes are also related to strains able to improve growth
of plants under drought stress; Pseudomonas, Azospirillum,
Paenibacillus, Rhizobium, Bacillus, or Variovorax are among
these well-known microorganisms (Supplementary Table 6).
Indeed, Azospirillum sp. is able to mediate drought tolerance in
many plants, even in deserts, by modifying root development
and increasing water contents, grain yield, and mineral quality
(Mg, K, and Ca) by producing IAA, gibberellin, or abscisic
acid (a stress phytohormone that controls stomatal closure
and stress signal transduction, Vurukonda et al., 2016; Fukami
et al, 2018). Bacillus sp. is also known to increase the
growth of Lavandula under drought conditions by producing
IAA, improving physiology, increasing metabolic activity, and
enhancing plant nutrition (Armada et al., 2014). Saline stress
is also currently considered to be one of the main constraints
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affecting both plants and microorganisms (Kaushal and Wani,
2016; Etesami and Beattie, 2018; Numan et al., 2018; Gupta and
Pandey, 2019). Even if electrical conductivity was not high in
our study, the high evaporation rate in the area could lead to
high salinity in soil surface. Many microorganisms can improve
the growth of plants in saline conditions, including strains
of Stenotrophomonas, Azospirillum, Bacillus, and Pseudomonas
(Supplementary Table 6). Pseudomonas sp. has been shown to
improve the tolerance of wheat seedlings and sorghum to high
temperatures by increasing levels of cellular metabolites (Ali et al.,
2009; Vurukonda et al., 2016).

Diverse sequences related to resistant genera to different types
of metals were identified, reflecting the stressors present in
phosphate mining wastes in Morocco (Supplementary Table 6).
This was particularly true for three metals that are present in large
quantities, Cd, Cr, and Sr. Twenty-six genera contained strains
resistant to Cd, but only six were resistant to Cr and four to Sr.
High concentrations of Cd can reduce photosynthesis, nutrient,
and water uptake, leading to growth inhibition, chlorosis, etc.,
and finally to death (Yadav et al., 2010). Chromium excess
inhibits plant growth, causes nutrient imbalance, chlorosis, and
root injury, and affects germination (Yadav et al.,, 2010), while
excess Sr usually inhibits plant growth and weight (Burger and
Lichtscheidl, 2019). Sphingomonas sp. was shown to actively
increase the growth and stress tolerance of many plants in
the presence of metals such as cadmium (Asaf et al., 2020,
Supplementary Table 6). Long et al. (2017) also highlighted the
capacity of Bacillus to immobilize Sr from aqueous solution by
sorption. Fluorine, also present in quite large quantities in this
study, can have also detrimental effects on the environment and
human health (Fordyce, 2011; Wang et al., 2018) and can affect
the growth of microorganisms (Li et al., 2014). In our phosphate
wastes, various microorganisms were related to strains known
to be tolerant to fluorine including Bacillus, Actinobacter, or
Pseudomonas (Wang et al., 2018, Supplementary Table 6).

In light of these results, the microbial community present
in the phosphate store-and-release cover seems not to be
responsible for the almost absence of plants, explaining that
their supplement in sufficient quantities may help in the
phytostabilization of the phosphate cover. Further studies need
to be done in order to address this conundrum.

CONCLUSION

This study examined the composition and structuration of
bacterial and archaeal communities in alkaline phosphate
mining wastes in a Moroccan mine. The dominant sequences
belonged to Proteobacteria, Bacteroidetes, Actinobacteria, and
Gemmatimonadetes and to the genera Massilia, Sphingomonas,
Adhaeribacter, Hymenobacter, and Brevundimonas. Significant
differences in the composition of microbial communities were
found between the two types of mining wastes studied (phosphate
waste rocks and phosphate sludge), and differences were also
found due to the presence of some indigenous annual plants.
Soil pH, P,0s5, Fe;03, MgO, CaO, SiO,, TOC, and N were,
respectively, identified as the main drivers influencing microbial

community structure. This study improves our knowledge of
the microbial communities present in alkaline phosphate mining
wastes. This work also highlights the very high abundance
of predicted plant growth-promoting microorganisms that can
improve soil formation, nutrient uptake, and alleviating the
biotic and abiotic stresses of this harsh environment in semi-arid
areas. Furthermore, a great majority of our sequences resemble
genera possessing more than one potential plant growth trait,
which could be very useful in revegetation projects. In light
of these results, the exploration of taxonomic composition of
the phosphate store-and-release cover seems not to be able to
explain the almost absence of plants, with a quite diversified
communities, similar to other studies, without any particular
structural issues and with a majority of microorganisms
presenting plant growth-promoting factors. This is probably
due to the harsh conditions of this damaged soil in semi-arid
area that could prevent the plants from growing in situ. Future
efforts should be oriented toward isolation of these interesting
genera, using them as an inoculum to help the growth of local
plants in such harsh environment. An in-depth understanding of
the phosphate mine waste microbial communities and of their
potential metabolic capabilities can provide useful information to
prepare media dedicated to the isolation of the most interesting
plant growth-promoting microorganisms identified in this study,
a work currently in progress.
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