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Abstract 
Aims Phytomining relies on the use of metal hyper-
accumulating plants growing on ultramafic soils. 
Such soils, naturally enriched with nickel, have drawn 
the attention of the scientific community for several 
decades, yet little is known about the effect of this 
metal on the structure and composition of the rhizo-
sphere and endospheric bacterial communities of 
hyperaccumulators. This work aimed to investigate 
the impact of a Ni concentration gradient on soil’s 
physicochemical properties and on the composition 
of the rhizosphere and endophytic bacterial commu-
nities of Odontarrhena chalcidica.
Methods We characterized the bacterial communi-
ties associated with O. chalcidica growing in con-
trolled conditions on an ultramafic soil with various 

levels of nickel contamination obtained by spiking the 
soil with nickel sulfate.
Results An increase in the available nickel in soil 
induced changes in the dominant bacterial genera in 
the communities of the rhizosphere soil and in the 
root and shoot endosphere. This increase in available 
nickel also entailed changes in the relative abundance 
of the predicted functions, for the rhizosphere and 
root endospheric bacterial communities. In addition, 
topological features of the bacterial networks seemed 
to indicate that at an intermediate level of nickel con-
tamination, two coexisting bacterial sub-communities 
were in competition, one adapted to “low” soil nickel 
content and the other to higher nickel content, while 
the bacterial communities were more stable at the 
lowest and the highest nickel soil contamination lev-
els. Our results revealed shifts in the microbial com-
munity’s structure and functions, depending of the 
gradient of soil nickel availability in the soil.

Keywords Bacterial diversity · Hyperaccumulator · 
Nickel · Soil microbial community · Endophyte · 
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Introduction

Ultramafic soils (i.e. serpentine soils) are atypical 
soils that derive from ultramafic rocks composed 
of ferromagnesian silicates and are known to con-
tain significant concentrations of nickel (Ni) ranging 
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between 1.0 and 7.0  g   kg−1 (Chaney et  al. 2008). 
They are found worldwide, but with a patchy distri-
bution, covering ∼3% of the terrestrial surface (Eche-
varria 2018) with more than 400,000 ha in California 
and Oregon (Alexander 1994), 100,000 ha in Albania 
(Bani et al. 2018), and 150,000 ha in Indonesia (van 
der Ent et  al. 2013). These soils present geochemi-
cal peculiarities, which include an elevated concen-
tration of magnesium (Mg) and iron (Fe). They are 
also known for their deficiency in macronutrients and 
present a poor availability of essential plant nutrients 
including nitrogen (N), phosphorus (P), potassium 
(K) and calcium (Ca) (Boyd and Jaffré 2009; Nkru-
mah et al. 2016; Saad et al. 2018).

The low-fertility and low-productivity of ultra-
mafic soils make them unattractive for traditional 
agriculture and many of these lands are slowly aban-
doned by farmers, with rural exodus (Saad et  al. 
2016). However, these ultramafic landscapes have 
potential to provide multiple ecosystem services and 
contribute to Europe’s goals towards insuring produc-
tion of renewable raw materials and renewable energy 
(Echevarria et  al. 2015). The idea of phytomining 
metals emerged in the 90 s (Chaney et al. 2008; Bani 
et al. 2015; van der Ent et al. 2015) with the objective 
of extracting metal trace elements from metal-rich 
soil using hyperaccumulator plant, that are capable 
of absorbing and transferring these elements to their 
aerial parts where they are accumulated (Chaney 
et  al. 2007). Then, the aerial parts (i.e., shoots) are 
incinerated to ash to obtain a “bio-ore”, with high 
concentrations of target metals, such as Ni and it is 
possible to recycle metals for industrial use (Barba-
roux et al. 2011), underlying that this technology can 
be considered as a commercially viable technique in 
the case of high-value elements such as Ni, Co, or Au 
(Chaney et  al. 2018). In fact, when growing in such 
metal-enriched substrates, hyperaccumulators can 
accumulate metals in their living tissues up to hun-
dreds or often thousands times more than “normal” 
plants (Reeves 2003; van der Ent et al. 2015). Odon-
tarrhena chalcidica (Janka) (Španiel et  al. 2015) 
(previous name Alyssum murale Waldst & Kit.) is a 
Ni-hyperaccumulating plant that has received a lot 
of attention due to its extraordinary ability to extract 
Ni from soils and accumulate it in its tissues. This 
plant is common in ultramafic zones from the Eastern 
Mediterranean, and able to accumulate Ni to concen-
trations exceeding 2% of its dry weight (Bani et  al. 

2015). Its biomass containing 20 000 μg  g−1 Ni trans-
lates to 32 wt% Ni in the ash (Li et al. 2003; Corzo 
Remigio et al. 2020).

Phytoextraction of metals has benefited from work 
on the role of rhizosphere microorganisms. Indeed, 
several researches reported the potential of reme-
diation of soil contaminated by heavy metals using 
hyperaccumulating plants associated with plant 
growth promoting rhizobacteria (PGPR) (Zhuang 
et  al. 2007; Lebeau et  al. 2008; Ma et  al. 2009b; 
Glick 2010; Sessitsch et  al. 2013; Cabello-Conejo 
et al. 2014; Durand et al. 2016). Among these micro-
organisms, some increase the plant biomass (Rajku-
mar and Freitas 2008; Kumar et al. 2008, 2009; Ma 
et al. 2009a; Cabello-Conejo et al. 2014; Durand et al. 
2016) via the production of hormone-like molecules. 
Others also promote the resistance of plants to the 
stress exerted by the metal via the production of 1- 
aminocyclopropane-1-carboxylate (ACC) deaminase, 
with a consequent decrease in the synthesis of ethyl-
ene in plant tissues. These effects resulted in a better 
plant development (Cabello-Conejo et al. 2014; Glick 
2010, 2005; Lebeau et al. 2008; Ma et al. 2011b) and 
lead to an improvement of metal uptake and hyper-
accumulation (Abou-Shanab et  al. 2003; Rajkumar 
et al. 2012; Visioli et al. 2015). Recently, many endo-
phytes have been found to be resistant to heavy metals 
and endophyte-assisted phytoremediation has been 
highly recommended as a promising technology for in 
situ remediation of contaminated soils. Plant growth 
promoting endophytic bacteria (PGPE) are consid-
ered as a subclass PGPR (Reinhold-Hurek and Hurek 
1998; Afzal et al. 2019). They share all the important 
traits consistent with the host plant growth promo-
tion found in rhizobacteria. Indeed, these bacteria can 
benefit host plants by improving plant nutrition or by 
producing phytohormones that modulate plant growth 
and stress. Moreover they can improve plant health, 
reducing pathogen attacks with antibiotics, and 
hydrolytic enzymes (Durand et al. 2021). Other bene-
ficial plant physiological changes have been observed 
following bacterial endophyte inoculations, includ-
ing accumulation of osmolytes, osmotic adjustment, 
stomatal regulation, reduced membrane potentials, 
as well as changes in phospholipid content in the cell 
membranes (Compant et  al. 2005; Ma et  al. 2011a). 
However, the beneficial effects provided by the endo-
phytic bacteria to host plants are usually greater than 
those provided by many rhizosphere bacteria (Pillay 
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and Nowak 2011; Afzal et  al. 2019) and especially 
when plants are growing under either biotic or abi-
otic stress conditions (Ait Barka et  al. 2006). It is 
therefore clear why phytoremediation assisted by 
endophytic bacteria has been strongly recommended, 
given that their beneficial effects may be exacerbated 
when plants are challenged by stress conditions such 
as soil metal pollutions (Hardoim et  al. 2008) and 
thereby lead to better metal uptake and translocation, 
as well as to an increase in the metal bioavailability 
(Sessitsch et al. 2013; Ma et al. 2016).

There are numerous reports of hyperaccumulating 
plant growth promotion by endophytic bacteria (Idris 
and Trifonova 2004; Barzanti et  al. 2007; Ma et  al. 
2011a). Many of these studies have focused on pro-
moting plant growth under environmental stress, such 
as soil metal pollution. However, only a few of them 
have attempted to explore the endophytic bacterial 
community diversity associated with these hyperac-
cumulating plants (Lu et al. 2013; Su et al. 2016) and 
even fewer to describe the responses of such commu-
nities to increased levels of stress, such as the pres-
ence of metal in soil. Indeed, information relevant to 
the impacts of pollutants on the endophytic bacterial 
community of hyperaccumulating plants is scarce.

To date, it is unclear whether the level of soil metal 
concentration influences microbial communities in 
the rhizosphere and the endosphere of a nickel hyper-
accumulator. However, in order to improve the phy-
toremediation efficiency of hyperaccumulating plants, 
it is important to address this question. In this study, 
a gradient of Ni concentration in an ultramafic soil 
was used to investigate its impact on the soil physico-
chemical properties as well as on the rhizosphere and 
endophytic bacterial communities associated with 
O. chalcidica. This study will provide information 
regarding the phytomining potential of O. chalcidica 
and improve our understanding of interactions among 
soil-Ni-plant systems and rhizosphere and endophytic 
bacterial communities.

Materials and methods

Experimental design

A pot experiment, using the hyperaccumulating plant 
Odontarrhena chalcidica (syn. Alyssum murale, 
(Španiel et  al. 2015)) was conducted for 7  months 

in a growth chamber. O. chalcidica seeds were har-
vested from a natural site near Trigona (39°47′17,5′′ 
N, 21°25′19,1′′ E, Greece) in August 2014. The soil 
used for the experiment was collected from the top-
soil of the region of Melide (Spain, 42°49′54.5′′ N, 
8°00′13.5′′ W, Agolada, Pontevedra) and corre-
sponded to an ultramafic soil. Soil physicochemi-
cal properties were determined by the Soil Analysis 
Laboratory of INRAE (Arras, France). This topsoil 
contained 14.5% clay, 32.3% silt and 52.6% sand, 
had a C/N ratio of 14.2, a Mg/Ca ratio of 1.37 and an 
available phosphorus content (P-Olsen) of 7 mg  kg−1. 
Soil pH was 5.25 and the total and diethylenetriamine 
pentaacetic acid (DTPA) extractable Ni (Ni-DTPA) 
contents were 850.1 and 18.9 mg Ni  kg−1 of dry soil, 
respectively. This soil was sieved to < 5 mm to remove 
coarse fragments and then artificially enriched with 
Ni sulfate  (NiSO4,  7H2O) with three different increas-
ing concentrations (treatment D0, D1 and D2) corre-
sponding to the following contamination levels: D0 
(control)—natural content, D1: natural content plus 
20 mg Ni  kg−1 of dry soil, D2: natural content plus 
80 mg Ni  kg−1 of dry soil. For each treatment, four 
replicates were performed.

Pots were placed in a growth-chamber, with a 
randomized block design, under controlled con-
ditions (photoperiod 16-h, day/night temperature 
23  °C/19  °C, relative humidity level 80% and pho-
tosynthetic photon flux density 350  μmol   m−2   s−1). 
The pots used were cylindrical (15  cm in diameter 
and 17 cm deep) and were filled with 1407 g of dry 
soil. Before sowing the seeds, the soil was incubated 
for three weeks. After this period, seeds were sown 
in each pot and the pots were watered with distilled 
water three times a week to 60% of soil water hold-
ing capacity, for 190 days after sowing, then to 50% 
until the harvest. Two months after sowing, the Mg/
Ca ratio was improved and the N, P and K contents 
were adjusted by amending the soil with 300 mg  kg−1 
of dry soil of  CaSO4, 152.52 mg  kg−1 of dry soil of 
 KH2PO4 and 60 kg  ha−1 of  CH4NO3.

Sample collection

Fresh root and shoot tissue samples were collected 
in 50  ml tubes at the harvest (211  days after sow-
ing). In order to sterilize the outer surface, the plant 
parts were immersed and agitated in 30 mL of a 1% 
HClO solution supplemented with 0.1% Triton X100 
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for 30 s. Then, the plant parts were immersed in 95% 
ethanol for 30 s. Subsequently, they were rinsed five 
times with sterile distilled water. Plant parts (roots 
and shoots) and soil were conserved at -80 °C. Plant 
part sterilization was confirmed by PCR, using the 
final rinsing water as a sample (Sánchez-López et al. 
2018). PCR was designed to target the bacterial 16S 
rRNA gene using the following primers: 27f (5′- AGA 
GTT TGA TCA TGG CTC A -3′) and 1492r (5′- TAC 
GGT TAC CTT GTT ACG ACT T -3′) (Eurofins 
Genomics, Paris, France), and using the thermosci-
entific DreamTaq™ Green PCR Master Mix (2X) kit 
(Thermo Fisher Scientific, Carlsbad, California). For 
each PCR mix, 12.5 μL of Dream Taq Green master 
mix were used, each universal primer was adjusted to 
0.4  µM, 2 µL of the final rinsing water were added 
and the final volume was adjusted to 25 µL with 
nuclease-free water. DNA amplification was carried 
out in a thermocycler (Mastercycler gradient, Eppen-
dorf, Hamburg, Germany) under the following condi-
tions: 95 °C 2 min, 30 cycles 95 °C 30 s, 53 °C 30 s, 
and 72 °C 1 min, with an additional 10 min at 72 °C. 
As positive control, 2 µl of bacterial DNA from iso-
lated strain adjusted to 10 ng µl−1 was used.

Fresh rhizosphere soil was sampled by taking soil 
adhering to roots. Samples were kept at 4 °C before 
microbial analyses. Two grams of fresh rhizosphere 
soil were frozen at -80 °C for further molecular anal-
yses. A part of the rhizosphere soil set aside for the 
physicochemical analyses, was dried at 40  °C in an 
oven.

Plant analyses

Elemental analyses were performed on subsam-
ples (0.5  g) of dry and ground plant tissue after an 
acid-digestion with 2.5  ml of concentrated  HNO3 
(14.65  M) and 5  mL of  H2O2 (30%) at 95  °C. The 
final solutions were filtered (0.45  μm DigiFILTER, 
SCP Science, Canada) and topped up to 25 mL with 
deionized water. An Inductively Coupled Plasma-
Atomic Emission Spectrometer (ICP-AES, Liberty II, 
Varian) was used to measure the elemental concen-
trations. The total C and N in the plant tissue were 
analyzed by combustion at 900 °C with a CHNS ana-
lyzer (vario MICRO cube, Elementar Analysen sys-
teme GmbH). A bioconcentration factor (BCF) was 
employed to quantify Ni-accumulation efficiency in 
plants, by comparing the concentration in the plant 

parts (roots and aerial plant parts) and in the exter-
nal medium (Ni concentration in soil at the begin-
ning of the experiment), using the following formula: 
BCF = Cp/Cs, where Cp and Cs are Ni concentrations 
in plant parts (mg  kg–1) and pseudo-total concentra-
tion of Ni in soil, respectively (Zayed et al. 1998). Ni-
translocation from root to shoot in plants was calcu-
lated using the following formula: TF = Cs/Cr, where 
TF was a translocation factor, and Cs and Cr were 
Ni concentrations (mg  kg–1) in the shoot and root, 
respectively (Tappero et al. 2007).

Soil physicochemical analyses

Soil samples were dried (105 °C) until a constant 
weight was reached in order to determine soil mois-
ture. Subsamples (0.5 g) of dry soil were acid-
digested in 2 mL of concentrated  HNO3 and 6 mL of 
concentrated HCl for the quantification of major and 
trace elements, after being further analyzed with an 
ICP-AES. The available elements in the soil samples 
were extracted with a DTPA–TEA solution (0.005 
M DTPA, 0.01 M  CaCl2, 0.1 M triethanolamine, pH 
7.3) (Lindsay and Norvell 1978) and the elements 
concentrations in solutions were measured with an 
ICP-AES. DTPA extraction was chosen, as DTPA is 
normalized as a soil analysis for the characterization 
of the availability of micro-nutrient in soils (such as 
Cu, Zn, Fe, and Mn) and it accesses the exact pool of 
isotopically-exchangeable Ni (Echevarria et al. 2006). 
Moreover, it is a recommended method (International 
Standard NF ISO 14870) for quantifying the labile/
available pool (Kierczak et  al. 2021). Soil pH was 
measured using a pH meter in a soil–water suspen-
sion (soil:water ratio = 1:5, v:v). Total and organic C 
and N were quantified with a CHNS analyzer.

Soil microbial analyses

Quantifications of microbial biomass carbon (MBC) 
and nitrogen (MBN) were performed on fresh rhizo-
sphere soils. These microbial biomasses were deter-
mined by chloroform fumigation of 10 g of fresh soil 
for 24 h at 25 °C. Fumigated and non-fumigated soil 
samples were then extracted by agitation in 40 mL of 
K2SO4 (0.5 M) for 45 min and at 17 rpm. Solutions 
were filtered (Whatman 42), before being analyzed by 
a TOC analyzer. Calculations were made with a con-
version coefficient K of 0.45 and 0.54 for MBC and 
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MBN, respectively (Brookes et al. 1985). Fluorescein 
diacetate activity (FDA) was measured according to 
the method described by Adam and Duncan (2001).

DNA extraction, amplification, and sequencing

At harvest, genomic DNA was extracted from soil 
samples using the FastDNA™ SPIN kit for Soil 
(MP Biomedicals™, France) in accordance with the 
manufacturer’s protocol. Sterile plant parts (roots 
and shoots) were lyophilized and then ground in 
sterile conditions, into a homogenous powder with 
a Mixer Mill for 30  s at 30  Hz (model MM400; 
Retsch Inc., Newtown, Pennsylvania, 158 USA) and 
5  mm zirconium oxide beads. DNA was extracted 
using a modified hexadecyltrimethylammonium 
bromide (CTAB) chloroform protocol (Healey et al. 
2014). To recover enough DNA, each sample was 
mixed for 1  h at 65  °C with multiple agitation in 
the CTAB buffer (2  g CTAB, 4  mL EDTA 0,5  M, 
10  ml TrisHCl 1  M and 86  mL NaCl 1,4  M in 
100  mL), before undergoing a heat shock (-80  °C 
to 65 °C) and enzymatic digestions with proteinase 
K, α-amylase from Aspergillus oryzae and RNAse 
A. The DNA precipitation was obtained firstly with 
isopropanol (at ambient temperature) and next with 
ethanol 70% (at 4 °C). A purification step was added 
using the  QIAquickⓇ PCR Purification Kit (Qiagen, 
Germany). The quantity and quality of purified 
DNA were assessed using electrophoresis migration 
on a 1% agarose gel and with a SmartSpec™ Plus 
spectrophotometer (BIO-RAD, made in USA). The 
PCR targeted the V5-V6 hypervariable regions of 
the bacterial 16S rRNA gene with chloroplast DNA 
excluding primers 799f (5’- AAC MGG ATT AGA 
TAC CCK G -3’) and 1115r (5’- AGG GTT GCG 
CTC GTT G -3’) resulting in an amplicon of small 
size (~ 316 bp) appropriate for Illumina sequencing 
(Kembel et al. 2014). Primers were modified with a 
5′ tail that added a barcode and an Illumina adap-
tor sequence following partner recommendations 
(Luxembourg Institute of Science and Technology, 
Luxembourg). The PCR reaction was achieved in 
triplicate, in equimolar concentrations, for each 
sample according to the following thermal profile: 
3 min at 94 °C followed by 35 cycles at 94 °C for 
45 s, 30 s at 56 °C, 90 s at 72 °C, and finally 10 min 
at 72  °C. After pooling the triplicate PCR prod-
ucts, these were further bead-purified (Agencourt 

AMPure XP, Beckman Coulter) and the concen-
tration was assessed with Qubit dsDNA HS Assay 
Kit. One ng of each purified product was used in a 
second round of PCR, together with 5 μL of each 
of the index primers (Nextera XT Index Kit V2 Set 
C, Illumina) per sample. Reaction conditions of the 
second PCR were as follows: 98  °C for 30  s, fol-
lowed by 8 cycles at 98 °C for 5 s, at 55 °C for 30 s 
and 72  °C for 30  s, and a final extension at 72  °C 
for 2 min. Purified libraries were pooled in equimo-
lar ratios and this pool was assessed by quantitative 
polymerase chain reaction (qPCR), using KAPA 
SYBR FAST Universal qPCR Kit (KapaBiosys-
tems). The pool was mixed with 2% of PhiX control 
(Illumina) and sequenced using MiSeq Reagent Kit 
V3–600 on the Illumina MiSeq Platform (Illumina 
Inc., San Diego, USA).

Bioinformatics

Reads were assigned to each of the 36 samples 
according to a unique barcode. Using a Mothur 
v.1.40.5 (last update 06/19/2018) pipeline all raw 
read pairs were joined at the overlapping region and 
contigs were then filtered following several steps, 
consisting in removing homopolymers, ambiguous 
sequences, sequences with an inappropriate length 
and artefacts (less than 10 sequences in the dataset 
(Schloss et  al. 2009). OTUs were assembled using 
metrics to determine the quality of clustering with 
the Opticlust algorithm at a distance of 0.03. Tax-
onomic assignments were made with the SILVA 
ribosomal RNA databases v1.3.8 (Dec 16, 2019) 
(Quast et  al. 2013). Samples were rarefied at the 
smallest number of sequences detected in a sam-
ple (3326) using “sub.sample” function in Mothur. 
Alpha diversity indices (Chao1 estimation, Shan-
non diversity index, and Shannon evenness index) 
and “Good’s coverage” were calculated using 
function “summary.single” in Mothur. The cover-
age was calculated using the following equation: 
C = [1 − (n/N)]*100 (%), where “n” is the number 
of OTUs and “N” the number of sequences (Good 
1953), allowing a verification that the sequencing 
depth allowed satisfactory coverage of the bacterial 
communities in our samples. Venn diagrams were 
calculated and drawn using the “venn” function in 
Mothur.
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Statistical analyses

We used the R version 4.2.0 (latest update 
02/22/2022) (R Core Team 2019). A 2-dimensional 
non-metric multi-dimensional scaling (NMDS) plot 
was calculated using the “meta- MDS” function in 
the “vegan” package using Bray–Curtis distance. We 
used the “anosim” function in the “vegan” package to 
perform an ANalysis Of SIMilarities (ANOSIM) to 
statistically decide if groups were meaningful in the 
model. We obtained a P-value (i.e., significance levels 
of the test) and a R-value (i.e., between 0 and 1, close 
to 1 it implied a total dissimilarity between the groups 
tested). Variance analysis was carried out on all data 
using one-way ANOVA (Duncan test with a confi-
dence interval of 95%). Normality tests and k-sample 
comparison of variances were also analyzed. These 
statistical analyses were carried out on XLSTAT soft-
ware (XLSTAT 2015.2.01.16520, http:// www. xlstat. 
com). The metabolic functions of the OTUs were 
predicted using the Tax4Fun package (Aßhauer et al. 
2015), which transforms the SILVA based OTUs 
into a taxonomic KEGG profile (Kyoto Encyclope-
dia of Genes and Genomes) organisms (fctProfil-
ing = T), normalized by the 16S rRNA copy number 
(normCopyNo = T). Ducan and Kruskal–Wallis tests 
were performed on predictive functions to highlight 
any significant differences between the different seed 
populations at p-value < 0.05. The principal compo-
nent analyses (PCA) were performed using the Fac-
tomineR package (v.2.4) (graphic and the confidence 
ellipses with a confidence interval of 95% were plot-
ted using the Factoshiny package v2.4). Following 
PCA analysis, a Wilks test was performed to assess if 
treatments explained the distance between individu-
als. Data were analyzed using R Studio (v. 2022.07.1 
Build 5.5.4).

Network analyses

Correlation networks were built using the bacterial 
16S rRNA gene amplicon sequencing data. This was 
done with the aim of evaluating the impact of the 
soil Ni-concentration on the cohesion and complex-
ity of the identified bacterial populations (no matter 
their origin: rhizosphere, plant roots and shoots) and 
their putative interactions. To do so, Spearman’s rank 
correlations were calculated for each dose between 
each pair of OTUs representing more than 0.1% of 

the total bacterial community. This step of filtering 
out the infrequent OTUs was performed to increase 
the sensitivity of the resulting networks, as recom-
mended by Berry and Widder (2014). The p-values 
correlations obtained were corrected using the Ben-
jamini–Hochberg correction, to control for any false 
discovery rate upon multiple comparisons (Haynes 
2013). Only the highly significant correlations, i.e. 
with a p-value ≤ 0.001 and a │R│ coefficient ≥ 0.5 
were then retained to build the networks. For each 
network obtained, topological features were calcu-
lated to evaluate its complexity and connectivity. The 
number of nodes (i.e. OTUs with at least one highly 
significant correlation with an another) and edges 
(highly significant correlations), the number of posi-
tive and negative edges, the positive to negative ratio 
(which indicates the balance between facilitative and 
inhibitive relationships within the network (Karimi 
et al. 2019), the number of modules (a group of OTUs 
highly connected) and the modularity, both linked to 
the functioning and robustness of the studied micro-
bial process, which quantifies the extent to which the 
network can be broken up into smaller components 
(Röttjers and Faust 2018), the mean distance (or aver-
age path length, i.e. the average number of steps/dis-
tance along the shortest paths for all possible pairs of 
nodes), the clustering coefficient, (which represents 
the level of interactions among microorganisms), 
and the average degree, (which indicates the average 
level of microbial interaction in the network) were 
then used and compared in our study. For the last two 
indicators (clustering coefficient and average degree), 
statistical significance (with a p-value ≤ 0.05) was 
calculated using the Kruskal–Wallis test. Network 
correlations, topological features and statistical analy-
sis were performed using R (v 4.2.0, (R Core Team 
2019)), RStudio (v2022.02.2) and the igraph package 
(http:// igraph. org). Networks were visualized using 
the R Bioconductor package RCy3 (v2.4.4, (Gus-
tavsen et al. 2019)) and Cytoscape (v3.9.1).

Results

Physicochemical properties and enzyme activities

The global impact of the different Ni doses tested on 
soil data (MBC, MBN, FDA activity, pH, C/N, avail-
able and pseudo-total elements) was performed by 

http://www.xlstat.com
http://www.xlstat.com
http://igraph.org
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Principal Component Analysis (PCA). The main plot 
represents 57.0% of the total variability (Fig. 1a, b). 
There was a clear discrimination of the treatments D0 
and D2 along the second axis (Dim 2), which repre-
sented 16.6% of the total variability. Indeed, samples 
corresponding to the lower Ni-concentrations (D0; 
negative ordinates) were clearly discriminated from 
those corresponding to the higher Ni-concentrations 
(D2: positive ordinates) (Fig.  1a, b). Moreover, we 
observed a clear discrimination between D2 (negative 
abscissa) and D0 treatment (positive abscissa) along 
the first axis (Dim 1) which represented 40.4% of the 
total variability (Fig.  1a). High values of Ni-DTPA 
were correlated with the D2 treatment and the higher 
the concentrations of available Ni (Ni-DTPA), the 
lower were the MBC, MBN, pH and soil ratio C/N 
values (Fig. 1b). FDA activity, for its part, appeared 
to be correlated with D0-D1 treatments (Fig.  1b). 
Table S1 presents the soil physicochemical and bio-
logical properties of the three studied treatments. 
The pH was significantly higher in the D0-D1 treat-
ments compared to D2, whilst the soil acidification 
observed at D2 (decreased of 0.2 pH unit) seemed to 
be limited. An increase in the Ni contamination level 
(D0 to D2) significantly reduced the MBC and C/N 
ratios. Conversely, a significant increase in BCF was 
observed (shoot and root/Ni total, BCF-S and BCF-R, 
respectively) as well as in Ni-DTPA concentrations. 

No influence of the increase of the Ni contamina-
tion level was observed on MBN, FDA activity and 
TF. Concerning plants, two PCAs were performed 
on mineral element profiles for root and shoot (Sup-
plementary Fig.  S1 and S2). For roots (Supplemen-
tary Fig.  S1a, b), the first two dimensions of analy-
sis expressed 73.5% of the total dataset inertia and 
the variability explained by this plane was highly 
significant. This PCA illustrated that no clear dis-
crimination could be observed between the different 
treatments. Even if, according to the Ni gradient, an 
increase of Cr, Al, Fe and Ni could be observed but 
only significant for Ni (Supplementary Table  S2). 
For shoot (Fig.  S2a, b), the first two dimensions of 
analysis expressed 70.1% of the total variability. The 
Wilks test p-value (0.022) indicated that the distance 
between individuals was explained by the treatment. 
Thus, concerning shoot mineral contents, treatments 
were discriminated along the second axis (Dim 2), by 
Ni uptake, with higher Ni concentrations for D1 and 
D2 treatments, and by Fe and Se, with higher concen-
trations in D0. Values of mineral content in roots and 
shoots are given in Tables S2 and S3.

Microbial analysis

After bioinformatic treatments, the bacterial com-
munities of the 36 samples allowed the obtention of 

Fig. 1  Principal Component Analysis (PCA) generated from 
all measured soil parameters. a) Points represent the coordinate 
of different treatments (D0, D1 and D2) and refer to the treat-
ments of D0 (control): Ni natural content, D1: natural content 
plus 20 mg Ni  kg−1 of dry soil, D2: natural content plus 80 mg 
Ni  kg−1 of dry soil. Confidence ellipses (95%) were drawn for 

each treatment b) Soil parameters were measured at harvest 
and were included in the discrimination of samples. MBC and 
MBN (microbial biomass carbon and nitrogen, respectively), 
FDA (fluorescein diacetate activity), C/N ratio, pH, XX (total 
element) and XX-DTPA (soil available element)
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116,424 effectives sequences (3,234 reads for each 
sample) that were clustered into 2,234 OTUs. The 
Good’s coverage index and the rarefaction curve anal-
ysis (data not shown) indicated that bacterial diversity 
was well represented.

Alpha diversity analysis revealed that spe-
cies richness (Chao1 estimator) tended to decrease 
in the rhizosphere soil with higher levels of Ni 

contamination (D2) compared to the D0 and D1 treat-
ments (Table 1). For the shoot endosphere, this obser-
vation was even significant with a Chao1 estimator of 
878 ± 78 for D0 and 377 ± 72 for D2. The Shannon 
Index was significantly lower in the rhizosphere soil 
at the D2 contamination level compared to the treat-
ment D0, while in the root, the Shannon Evenness 
Index was lower at the D2 contamination level than 
for the D1 and D0 treatments.

A NMDS (Non-metric Multidimensional Scal-
ing) graphical representation at OTU level allowed a 
comparison of the treatments (D0, D1 and D2) based 
on Bray–Curtis distance. This NMDS was carried 
out to compare dissimilarity of the bacterial com-
munity composition whatever the Ni-doses, consid-
ering all compartments together (rhizosphere soil, 
root and shoot endospheres) and resulted in a stress 
value of 0.063, which could be considered as “great” 
representation of the dataset in a reduced dimension 
(Supplementary Fig.  S3). Indeed, stress < 0.05 pro-
vides an excellent representation in reduced dimen-
sions, < 0.1 is great, < 0.2 is good and over 0.3 is 
insufficient (Clarke and Ainsworth 1993). There was 
a clear discrimination between samples only depend-
ing on the habitats studied (rhizosphere soil, root and 
shoot endospheres). Three other NMDS were carried 
out to assess the dissimilarity of the bacterial commu-
nity composition independently in the three studied 
habitats (Fig. 2a, b, c). Concerning rhizosphere soils 
(Fig.  2a), this bidimensional representation revealed 
a stress value of 0.069, which makes it possible to 
exploit these results. D0 and D1 treatments were 

Table 1  Diversity indices

All diversity statistics were calculated using an OTU threshold 
of ≥ 97% sequence similarity on randomly sub-sampled data at 
the lower sample size (3,234 reads). Richness was calculated 
using the Chao1 estimator. Diversity was estimated from the 
Shannon–Wiener (H’), and Shannon Evenness Index (SEI) 
indices. Mean values ± standard error followed by the same 
letter are not significantly different according to Duncan’s test 
at p ≤ 0.05 (n = 4)

Code Chao1 estima-
tor

Shannon Index 
(H’)

Shannon Even-
ness Index (SEI)

Shoot endosphere (SE)
  SE-D0 878 ± 78 a 3.08 ± 0.17 a 0.53 ± 0.01 a
  SE-D1 591 ± 87 ab 2.86 ± 0.14 a 0.53 ± 0.02 a
  SE-D2 377 ± 72 b 3.11 ± 0.12 a 0.51 ± 0.02 a

Root endosphere (RE)
  RE-D0 425 ± 25 a 2.17 ± 0.22 a 0.51 ± 0.02 a
  RE-D1 386 ± 40 a 2.35 ± 0.24 a 0.44 ± 0.04 a
  RE-D2 475 ± 66 a 1.97 ± 0.09 a 0.37 ± 0.02 a

Rhizosphere soil (RS)
  RS-D0 1013 ± 28 a 4.87 ± 0.06 a 0.74 ± 0.01 a
  RS-D1 1307 ± 117 a 4.89 ± 0.07 ab 0.74 ± 0.01 a
  RS-D2 964 ± 69 a 4.61 ± 0.01 b 0.72 ± 0.01 a

Fig. 2  Nonmetric multidimensional scaling (NMDS) ordina-
tion and analysis of similarities (ANOSIM) non-parametric 
statistical test, a) of the rhizosphere soil samples, b) of endo-
sphere root samples, c) of endosphere shoot samples. Abbre-

viation D0, D1 and D2 corresponded to the following contami-
nation levels with D0: (control) Ni natural content, D1: natural 
content plus 20  mg Ni  kg−1 of dry soil, D2: natural content 
plus 80 mg Ni  kg−1 of dry soil
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clearly separated along NMDS1 from those corre-
sponding to D2 treatments. In addition, D0 treatments 
were separated from D1 ones along NMDS2. Simi-
larly, for root and shoot endospheres (Fig.  2b, c), a 
clear discrimination depending on the Ni contamina-
tion levels was observed with D0 and D1 treatments 
separated along NMDS2 from those corresponding 
to D2 treatments. The analysis of similarities (ANO-
SIM) non-parametric statistical test applied to the soil 
data revealed that the groups based on the contami-
nation levels (D0, D1 and D2 treatments) were sig-
nificantly explained by the dissimilarities between 
the samples (p-value = 0.009, R-value = 0.391). In the 
shoot endosphere, the same conclusions were drawn, 
although the power of explanation was lower than 
in the soil (p-value = 0.002, R-value = 0.374), while 
in the root endosphere, a higher power of explana-
tion of the model was obtained (p-value = 0.001, 
R-value = 0.639).

Relative bacterial abundance at the class level is 
represented in Fig.  3a, b, c. In the rhizosphere soil, 
Chloroflexi.AD3 was the class the most abundant for 
the three treatments (D0, D1 and D2) (Fig. 3a). Their 
relative abundances increased significantly depending 
the Ni-doses from 35.3% (D0) to 51.0% (D2). Simi-
larly, Gammaproteobacteria relative abundance was 
also higher for the D2 treatment in comparison with 
D0-D1. Conversely, Saccharimonadia abundances 
significantly decreased from D0 to D2 (31.1, 24.8 and 
22.1%, respectively for D0, D1 and D2). In the same 
way, for the D2 treatment, we observed that the rela-
tive abundances of Verrucomicrobia, Actinobacteria, 
Dehalococcoidia, Alphaproteobacteria also signifi-
cantly decreased.

The number of bacterial classes observed in the 
root and shoot endospheres were lower than those 
observed in the rhizosphere (Fig.  3b, c). In fact, we 
observed 11 classes in the rhizosphere (excluding 

Fig. 3  Relative abundance of bacterial classes identified in the 
three habitats studied: a) rhizosphere, b) root endosphere and 
c) shoot endosphere (%). “Rare” refer to classes with less than 
1% of relative abundance and were the following for the rhizo-
sphere soil: Abditibacteria, Acidimicrobiia, Bacilli, Chlamy-
diae, Chloroflexi_unclassified, Chloroflexia, Cyanobacte-
riia, Deinococci, Fimbriimonadia, Firmicutes_unclassified, 
Holophagae, JG30-KF-CM66, Ktedonobacteria, Lineage_IIb, 
Longimicrobia, Myxococcia, OLB14, Oligoflexia, Polyangia, 
Proteobacteria_unclassified, RCP2-54_cl, Subgroup_5, TK10. 
They were the following for the root endosphere:  Abditibac-
teria, Acidimicrobiia, chloroflexi AD3, Bacteroidia, Bacte-
roidia unclassified, Chlamydiae, Chloroflexi_unclassified, 
Chloroflexia, Cyanobacteriia, Dehalococcoidia, Deinococci, 
Fimbriimonadia, Firmicutes_unclassified, Holophagae, JG30-
KF-CM66, Ktedonobacteria, Lineage_IIb, Longimicrobia, 
Myxococcia, OLB14, Oligoflexia, Polyangia, Proteobacte-

ria_unclassified, RCP2-54_cl, Subgroup_5, Thermoleophilia, 
TK10, Verrucomicrobiae.  They were the following for the 
shoot endosphere:  Abditibacteria, Acidimicrobiia, chloroflexi 
AD3, Bacilli, Bacteroidia, Bacteroidia unclassified, Chlamy-
diae, Chloroflexi_unclassified, Chloroflexia, Cyanobacteriia, 
Dehalococcoidia, Deinococci, Fimbriimonadia, Firmicutes_
unclassified, Holophagae, JG30-KF-CM66, Ktedonobacteria, 
Lineage_IIb, Longimicrobia, Myxococcia, OLB14, Oligoflexia, 
Polyangia, Proteobacteria_unclassified, RCP2-54_cl, Sub-
group_5, Thermoleophilia, TK10, Verrucomicrobiae. Abbre-
viation D0, D1 and D2 corresponded to the following contami-
nation levels with D0: (control) Ni natural content, D1: natural 
content plus 20  mg Ni  kg−1 of dry soil, D2: natural content 
plus 80  mg Ni  kg−1 of dry soil. Means ± standard error fol-
lowed by the same letter are not significantly different accord-
ing to Duncan’s test at p ≤ 0.05 (n = 4)
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Rare and Unclassified OTUs), while only 4 and 6 
classes were observed, respectively for the root and 
the shoot endosphere. In the case of the root endo-
sphere (Fig.  3b), the main represented class cor-
responded to Gammaproteobacteria, with relative 
abundances between 68.1 and 91.4% depending the 
Ni-levels. The relative abundance of this class sig-
nificantly decreased from D0 to D2. The second main 
classes represented in root endosphere were Actino-
bacteria and Alphaproteobacteria, which were the 
best-represented at the D1 treatment. Chloroflexi.
AD3 and Saccharimonadia, which were the more 
represented in the rhizosphere, were not detected 
in root endosphere. Concerning shoot endosphere 
(Fig. 3c), among the 6 represented classes (excluding 
Rare and Unclassified OTUs), Actinobacteria, Gam-
maproteobacteria and Bacilli were the classes most 
present whatever the Ni-contamination level (respec-
tively, mean of 32.3, 36.5 and 4.7% for their relative 
abundances). The relative abundance of Actinobac-
teria, Proteobacteria Unclassified and Deinococci 
decreased from D0 to D2. Moreover, as previously 
observed for root endosphere, no Cloroflexi.AD3 and 
Saccharimonadia, although the most-represented in 
the rhizosphere, were detected in shoot endosphere.

Based on OTU taxonomical assignment, Venn dia-
grams revealed bacterial OTUs which were specific 
or shared between the three Ni contamination levels 
in the three habitats studied (Fig. 4a, b, c). In each of 
these, bacterial OTUs that were specific to a contami-
nation level represented only a small fraction of the 

total relative abundance of the bacterial communities 
from the rhizosphere soil, root endosphere and shoot 
endosphere. For instance, the 64 rhizosphere-specific 
OTUs at the highest contamination level (D2) consti-
tuted 0.68% of the total relative abundance of the bac-
terial community from the rhizosphere soil (Fig. 4a). 
The 63 root-specific OTUs at D2 constituted 1.68% 
of the total relative abundance of the root endophytic 
bacterial community (Fig.  4b), and the 108 shoot-
specific OTUs at D2 constituted 1.90% of the total 
relative abundance of the shoot endophytic bacterial 
community (Fig. 4c). Among the OTUs only found at 
the highest contamination level, most were unclassi-
fied. However, the most abundant genus identified in 
the rhizosphere soil with the higher Ni level belonged 
to the Holophaga, while in the root and shoot endo-
sphere the most abundantly-identified OTUs specific 
to the highest contamination level belonged to Sac-
charimonadales spp.. In fact, most of the relatively 
abundant OTUs were those that were shared between 
the three contamination levels (D0, D1 and D2). 
Indeed, although the number of OTUs shared between 
the three contamination levels varied between the 
three habitats, these OTUs constituted a large part of 
the relative abundance of each of the three habitats. 
Indeed, these OTUs found in the center of each of 
the three diagrams correspond to the following ratio 
of OTUs: in the rhizosphere soil 171/492 (34.8%), 
in the root endosphere 48/244 (19.7%), and in the 
shoot endosphere 75/456 (16.4%). Nonetheless, they 
accounted for 96%, 98%, and 96% of the total relative 

Fig. 4  Venn diagrams in the three habitats studied: a) rhizos-
phere soil, b) root endosphere and c) shoot endosphere show-
ing bacterial OTU distribution at a 3% sequence dissimilarity 

level among three contamination levels with D0: (control) Ni 
natural content, D1: natural content plus 20 mg Ni  kg−1 of dry 
soil, D2: natural content plus 80 mg Ni  kg−1 of dry soil
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abundance in rhizosphere soil, in the root endosphere, 
and in the shoot endosphere, respectively. Moreover, 
focusing on those OTUs detected at the three con-
tamination levels, several trends were visible (Supple-
mentary Fig. S4). For instance, in the rhizosphere soil 
the relative abundance of OTUs of the genus Chloro-
flexi AD3 increased with the increase of Ni contami-
nation levels (D0: 35.2%, D1: 42%, and D2: 51.0%), 
while conversely, Saccharimonadales spp. OTUs 
relative abundance decreased with the increase in Ni 
contamination levels (D0: 30.5%, D1: 24.9%, and D2: 
22.0%). Even more drastic changes were observed 
in the root endosphere. For instance, the OTUs that 
belonged to the Stenotrophomonas genus increased 
with the rise in Ni contamination levels (D0: 0.62%, 
D1: 5.19%, and D2: 51.5%), while conversely, Oxalo-
bacteraceae spp. OTUs relative abundance decreased 
with the increase in Ni contamination levels (D0: 
65.9%, D1: 44.6%, and D2: 28.3%). With the increase 
in Ni contamination levels in the shoot endosphere, 
such trends were also revealed, with an increase of 
OTUs assigned to unclassified bacteria (D0: 12.1%, 
D1: 14.8%, and D2: 23.2%), while a decrease in 
OTUs that belonged to Cutibacterium (D0: 16.9%, 
D1: 12.4%, and D2: 8.3%) was observed. The relative 
abundance of the OTUs seemed to change depend-
ing on the contamination levels, and when grouped 
together by genus, some genera were found to be 
more competitive at the lower contamination levels, 
while this was the case for others at the highest con-
tamination levels in the three habitats.

Network analyses

Using amplicon sequencing data, correlation net-
works were built and analyzed for each dose, in order 
to evaluate the impact of the soil Ni concentration on 
the complexity and cohesion of the rhizosphere and 
plant bacterial communities (Fig. 5). While no signif-
icant differences could be underlined regarding some 
topological features calculated for each correlation 
network produced (Table 2), a trend was nevertheless 
observed toward a perturbation of the bacterial coop-
eration by the Ni concentration increase in soil at D1 
in comparison to D0. Indeed, a drastic increase in the 
network mean distance between D0 and D1 indicated 
that the bacterial community lost in terms of com-
plexity, with fewer interactions (Table 2). This trend 
was strengthened by the concomitant decrease in the 

network clustering coefficient between D0 and D1: 
the bacterial community at D0 was more dynamic 
and active than at D1. More inhibitive interactions 
could also be underlined at D1 in comparison to D0 
due to the drastic decrease in the network positive to 
negative ratio (from 197.0 at D0 to 28.5 at D1).

In contrast, the decrease in the mean distance (from 
2.9275 to 2.0614), the increase in the clustering coef-
ficient (between 0.8176 ± 0.2309 to 0.8587 ± 0.1618), 
as well as of the positive to negative ratio (from 28.5 
to 63.8) between D1 and D2, seemed to indicate that 
the bacterial community regained in complexity. 
Indeed, there were more numerous interactions with 
the more facilitative relationship within the studied 
community at high Ni concentration in soil (D2: natu-
ral content plus 80 mg Ni  kg−1 of dry soil).

The reorganization inside the bacterial com-
munity with the increasing level of Ni in soil could 
also be observed using the modularity, i.e. the struc-
tural organization of the networks studied in mod-
ules (groups of highly connected nodes). Indeed, the 
adjunction of Ni to the soil resulted in a decrease in 
the number of modules for D1 and D2 in comparison 
to D0 (Table  2 and Fig.  5). Interestingly, a specific 
independent module at D0 (highlighted in pale yel-
low in Fig. 5a) negatively interacted at D1 with some 
individuals of the main bacterial module (Fig. 5b). At 
D2 (Fig. 5c), its number of negative interactions with 
the main module drastically decreased, whilst at the 
same time some individuals were lost (putatively not 
adapted to the high Ni level).

Metagenome prediction

Metagenome prediction was applied to infer the 
metagenomic content of bacterial communities from 
the different habitats (rhizosphere soil, root and shoot 
endosphere) supplied with 3 different levels of Ni. 
This analysis was undertaken to evaluate the func-
tional potential of the bacterial community metage-
nome from its 16S rRNA gene profile. We revealed 
6 groups of level 1 KEGG Orthology (KO) in the 
communities belonging to the three habitats. In each 
habitat, the analysis predicted a higher proportion of 
functions related to metabolism (Fig.  6). Within the 
same habitat, the level of Ni contamination had no 
influence for the shoots’ endophyte communities, but 
it did modulate the potential functions for the other 
two habitats (rhizosphere soil and root endosphere). 
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Concerning the rhizosphere soil communities, it was 
at D1 (addition of 20  mg Ni  kg−1 of dry soil) that 
changes in predicted functions occurred. These func-
tions were related to “organismal systems”, “human 
diseases”, “genetic information processing”, “envi-
ronmental information processing” and “cellular pro-
cesses”. For the root endosphere communities, dif-
ferences could be underlined between D0 and D2 for 
the group functions of “organismal systems”, “envi-
ronmental information processing”, and “cellular 
processes”.

Proceeding to a more detailed level of KO, we 
focused on the previous function groups at level 1 
that showed significant differences within the same 
habitat depending on the level of Ni contaminations. 
Figure  7 presented the relative abundances greater 

than 1% in the “cellular processes”, “environmen-
tal information processing”, “genetic information 
processing”,“organismal systems” and “human dis-
eases” function groups for the bacterial communi-
ties of rhizosphere soil and/or root endosphere. In the 
rhizosphere soil, the predicted functions of the bac-
terial communities were similar for the D0 and D2 
treatments, but different for the D1 treatment. The 
rhizobacterial communities in the soil of the treatment 
D1 showed an increase for predicted functions such 
as, “cellular community prokaryotes”, “cell growth 
and death”, “membrane transport”, “endocrine sys-
tem”, “translation” “replication and repair” and 
“drug resistance” functions while, conversely, “cell 
motility”, “signal transduction”, “aging” and “fold-
ing, sorting and degradation” functions decreased 

Fig. 5  Correlation networks at the OTU level: a) for D0 (con-
trol, Ni natural content of the soil), b) for D1 (natural content 
plus 20  mg Ni  kg−1 of dry soil) and c) for D2 (natural con-
tent plus 80 mg Ni  kg−1 of dry soil). Bacterial OTUs (nodes) 
are represented by a blue circle, the size of the circle being 
an indicator of the OTU read number. Edges (connections) 
between the nodes represent highly significant correlations 

(p-value ≤ 0.001 and │R│ ≥ 0.5), in green when positive and 
in red when negative. The edge thickness is an indicator of the 
absolute value of R. For each network, identified ecological 
modules (group of OTUs strongly connected with each other) 
are presented with different colors in the dotted line square. 
Dynamics of a specific module according to the dose is under-
lined in pale yellow
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(Fig.  7a, c, e, g, h). For root endosphere communi-
ties, the Ni contamination level influenced the poten-
tiality of functions, regardless of the treatment (D1 
or D2), with an increase in “cellular community”, 
“cell motility”, “signal transduction”, “environmental 
adaptation”, and “endocrine system” functions and 
a decrease in “cell growth and death”, “membrane 
transport”, and “aging functions” (Fig. 7b, d, f).

Global analysis

Redundancy analysis (RDA) was performed between 
the soil parameters and the relative abundance (%) at 
the bacterial class level for the different treatments 
(Fig.  8a). The main plane (F1-F2), which explained 
97.18% of the total variability clearly discriminated 
between D0, D1 and D2 treatments. D0 and D1 treat-
ments were globally grouped in the left and the lower 
part of this graph, while D2 treatment appeared in the 
upper part of this representation. Spearman correla-
tions (p ≤ 0.05) were measured between the relative 
abundance of the bacterial classes and soil param-
eters for all the treatments (D0, D1 and D2). Chloro-
flexi.AD3 and Gammaproteobacteria, and to a lesser 
extent Bacteroidia, were more abundant in the rhizo-
sphere soils of D2 treatments, which were correlated 
with high levels of Ni-DTPA (respectively, R = 0.57, 
R = 0.70 and R = 0.53). Conversely, Actinobacte-
ria (which is negatively correlated with Ni-DTPA; 
R = -0.72) and to a lesser extent Saccharimonadia 
were more abundant in the case of D0 and D1. Actin-
obacteria was mainly positively correlated to MB-C 
(R = 0.73), MB-N (R = 0.37), C/N ratio (R = 0.68), pH 
(R = 0.70). It seemed that more elements were avail-
able in the case of D0-D1 treatments than in the case 
of the D2 ones.

A further RDA was performed between the shoot 
and root parameters measured at the harvest and 
the relative abundance (%) of the dominant bacte-
ria at the class level in root endosphere (R), and in 
shoot endosphere (S) (Fig. 8b). The main plane (F1-
F2), which explained 97.91% of the total variability, 
clearly discriminated shoot (left part) and root (right 
part) endospheres, whatever the Ni-doses (D0, D1 
and D2 treatments). Spearman correlations (p ≤ 0.05) 
were measured between the relative abundance of 
the bacterial classes and element concentrations in 
shoots and roots for all the treatments (D0, D1 and 
D2). Gammaproteobacteria were more abundant Ta
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in the root endospheres whatever the Ni-doses con-
sidered and appeared inversely correlated with Ni 
concentrations in plant parts (R = -0.53). In contrast, 

we observed a clear discrimination between shoot 
endospheric samples depending on the Ni-doses; 
D0-S treatments were clearly discriminated from 

Fig. 6  Predicted metagen-
omic functions of bacterial 
community using Tax4Fun 
based on the 16S rRNA 
gene. The predicted relative 
abundance of groups KEGG 
ortholog (KO) in KEGG 
level 1 in rhizosphere soil 
(RS) (a), root endosphere 
(RE) (b) and in shoot 
endosphere (SE) (c). D0, 
D1 and D2 refer to the Ni 
treatments of D0 (control): 
Ni natural content, D1: 
natural content plus 20 mg 
Ni kg-1 of dry soil, D2: 
natural content plus 80 mg 
Ni kg-1 of dry soil. Means 
followed by the same letter 
are not significantly differ-
ent according to Duncan’s 
test at p ≤ 0.05 (n = 4)
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D1-S and D2-S ones. Actinobacteria was more abun-
dant in the shoot endosphere for the D0 treatment 
and Bacilli and Unclassified bacteria in the shoot 
endosphere for the D1 and D2 treatments. These two 
classes were correlated with high Ni concentrations 
in plant parts (respectively, R = 0.5 and 0.70).

Discussion

Effect of Ni gradient on soil physicochemical 
properties and enzyme activities

The soil used in this study was sampled in the Melide 

Fig. 7  Predicted metagenomic functions of the bacterial com-
munity using Tax4Fun based on the 16S rRNA gene. The 
predicted relative abundance > 1% of groups KEGG ortholog 
(KO) in KEGG level 2 for group functions of cellular pro-
cesses in rhizosphere soil (RS) (a) and root endosphere (RE) 
(b), environmental information processing in rhizosphere soil 
(RS) (c) and root endosphere (RE) (d), organismal system in 
rhizosphere soil (RS) (e) and root endosphere (RE) (f), genetic 

information processing in rhizosphere soil (RS) (g) and human 
diseases in rhizosphere soil (RS) (h). D0, D1 and D2 refer to 
the Ni treatments of D0 (control): Ni natural content, D1: natu-
ral content plus 20 mg Ni  kg−1 of dry soil, D2: natural content 
plus 80 mg Ni kg.−1 of dry soil. Means followed by the same 
letter are not significantly different according to Duncan’s test 
at p ≤ 0.05 (n = 4)
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ultramafic complex (Spain) and was one of the net-
works of pilot-scale field sites of the Agronickel and 
Life-Agromine projects (Echevarria et  al. 2017). In 
the context of European ultramafic region, this soil 
has both low total Ni concentration (850 mg Ni  kg−1) 
and available Ni concentration (Ni-DTPA: 19 mg Ni 
 kg−1), compared to other ultramafic soils found in 
other Spain areas or in Albania (total Ni concentra-
tion: 967 to 3140  mg Ni  kg−1 and Ni-DTPA: 37 to 
124  mg Ni  kg−1, respectively in Spain (Eidián) and 
Albania (Pojskë)) (Echevarria et al. 2017; Kidd et al. 
2018). In this study, we aimed to investigate the 
impact of a Ni concentration gradient on the soil’s 
physicochemical properties and on the composition 
of the rhizosphere and endophytic bacterial commu-
nities of O. chalcidica. For that, the soil used was 
spiked with Ni sulfate in order to increase the Ni 
fraction: D1 corresponded to a doubling of the initial 
concentration of available Ni and D2 corresponded 
to 5 times the available Ni concentration to theoreti-
cally attain the same concentration gradient as that 
observed in Europe, from Spain (20 mg kg-1), Aus-
tria (38.4 mg kg-1) to Greece (71.1 mg kg-1) (Kidd 
et al. 2018). At the end of the experiment, Ni-DTPA, 
corresponding to the potentially available Ni fraction 
(Rosenkranz et  al. 2019), increased according to the 

gradient dose. Our results showed: i) a lower soil Ni-
DTPA at D1 compared to D2, but slightly higher than 
D0, ii) a significant increase of BCF in root and shoot 
at D1 and even more at D2 compared to D0, and iii) a 
reduction (not significant) of the translocation factor 
(TF) at D2 compared to D1 and even more compared 
to D0. This could be explained by an important Ni 
accumulation in root at D2 associated to a lower trans-
location to the shoot, which resulted in accumulation 
of extractable Ni-DTPA in the soil at D2 (Table S1). 
The increase in available Ni led to a detrimental effect 
on MBC or MBN, which were lower at D2 in com-
parison to D0. Our results were in accordance with 
those of Tang and McBride (2018), who showed that 
an increase of Ni-DTPA (from 1.02 to 86.9 mg kg-1) 
in Ni-spiked soils induced a decrease of the microbial 
biomass. Shoot or root BCF increased according to 
the Ni gradient, which seemed to indicate that, when 
faced with an increase in available Ni, O. chalcidica 
took up more Ni from the soil. Our results were in 
line with those of Cui et  al. (2012), who observed 
strong correlations between metal concentrations 
in wheat grain and metal concentrations in DTPA 
extracts. Comparing BCF (shoot or root) and TF, we 
showed an opposing trend according to the Ni gradi-
ent with an increase in BCFs and a decrease in TF. It 

Fig. 8  Redundancy Analysis (RDA) performed between a) 
the soil parameters measured at the harvest and the relative 
abundance (%) of the dominant bacteria at the class level of 
rhizosphere communities from Odontarrhena chalcidica b) the 
shoot and root parameters measured at harvest, and the rela-
tive abundance (%) of the dominant bacteria at the class level 
in root endosphere (R), and in shoot endosphere (S). Dots are 

observations and correspond to the different treatments (D0, 
D1 and D2) refer to the treatments of D0 (control): Ni natural 
content, D1: natural content plus 20  mg Ni  kg−1 of dry soil, 
D2: natural content plus 80 mg Ni  kg−1 of dry soil. MBC and 
MBN (microbial biomass carbon and nitrogen, respectively), 
FDA (fluorescein diacetate activity), C/N ratio, pH, XX (total 
element) and XX-DTPA (soil available element)
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seemed that plants, at this vegetative stage, were able 
to accumulate bioavailable Ni in their roots in accord-
ance with the Ni gradient, but that the Ni transloca-
tion from root to shoot parts was limited for the high-
est Ni concentrations.

In the roots, concerning major and minor elements, 
no difference was observed between treatments (see 
Supplementary Fig.  S1 and Table  S2), which indi-
cated that absorption of these mineral elements by O. 
chalcidica was not affected by the treatment, except 
for Ni. Indeed, root Ni content increased signifi-
cantly according to the treatment (D0 to D2). How-
ever, mineral contents in the shoots clearly showed a 
discrimination between treatments. Indeed, Ni might 
accumulate within roots, translocate to the shoots and 
may directly and/or indirectly impair various mineral 
nutrition processes, especially macro-or oligo-nutri-
ent uptake (Amari et  al. 2017). Ni uptake is mainly 
carried out by roots via a passive diffusion and/or 
active transport (Seregin and Kozhevnikova 2006) 
and enter via activated calcium and/or potassium 
channels in root cells (Boyd and Martens 1998; Ver-
bruggen et al. 2009). Chen et al. (2009) showed that 
Ni has a similar character to Fe, leading it to compete 
with this element in uptake and following utilization 
in plant metabolism (Kidd et al. 2009). Likewise, Ni 
is reported to induce Fe deficiency, either by retard-
ing its absorption or by causing its immobilization in 
roots (Myśliwa-Kurdziel et  al. 2004), which was in 
line with our results.

Effect of Ni gradient on soil bacterial community 
diversity

The rhizosphere, as well as plant tissues, harbor a 
wide variety of microorganisms, many of which can 
directly or indirectly enhance plant growth (Bulgarelli 
et al. 2013; Ling et al. 2022). A better description of 
taxonomic and functional diversity in the rhizosphere 
and endophytic microbiome and how they differ 
from each other, is crucial when manipulating them 
for sustainable ecosystem functioning. For instance, 
in constraining environments such as ultramafic 
soils, microorganisms from both rhizosphere and 
endosphere, have demonstrated their ability to 
increase plant survival and growth by alleviating 
metal toxicity and supplying nutrients to the plant 
(Benizri et  al. 2021). However, heavy metals can 
affect the growth, morphology and metabolism of 

microorganisms. Indeed, the main effects of exposure 
to metals are cell membrane disturbance and protein 
denaturation (Leita et  al. 1995), albeit the effects of 
metals on the enzyme activity in the rhizosphere are 
complex, with some contrasting effects (Egamberdieva 
et al. 2010). With the increase of the Ni sulfate spiking 
doses, we found a decrease of fluorescein diacetate 
activity (FDA) known to be correlated with the overall 
enzyme activity (Schnürer and Rosswall 1982). 
Indeed, various enzymes, such as dehydrogenase, 
urease, and phosphatase, have been shown to be 
inhibited by Ni, along with the oxygen consumption 
of microbial communities (Li et  al. 2018). Kandeler 
and Böhm (1996) found that C-acquiring enzymes 
(cellulase, xylanase, b-glucosidase) were the least 
affected by soil pollution, while phosphatase 
and sulfatase were the most affected and finally, 
N-acquiring enzymes (urease) had an intermediate 
response. Nevertheless, elevated concentrations 
of trace elements in soils may lead to shifts in the 
culturable microbial size and diversity as well as 
their enzymatic activities (Barkay et al. 1985; Roane 
and Kellogg 1996). Since only a small percentage of 
microbes are culturable, new knowledge is needed for 
a holistic approach (Benizri and Kidd 2018). More 
recently, the development of sequencing techniques 
has improved our knowledge of the rhizosphere and 
endophytic microbiome of hyperaccumulating plants 
(Saad et al. 2018; Lopez et al. 2019a, b, 2020, 2022; 
Durand et  al. 2021, 2022), but little is known of the 
responses of hyperaccumulating plant bacterial 
diversity to an elevated gradient of Ni.

Our previous work had demonstrated on hyperac-
cumulating plants that, first, the various plant organs 
and the bulk or rhizosphere soils sheltered different 
bacterial communities since the bacterial habitat is a 
major determinant of the diversity, and secondly, that 
soil properties may influence the bacterial diversity in 
soils and in plant organ endospheres, at the exception 
of seed endosphere (Durand et  al. 2022). The cur-
rent study confirmed this statement (Fig. 2): bacterial 
habitat was the main factor that influenced diversity, 
however for each habitat (rhizosphere, and root and 
shoot endospheres) Ni sulfate addition in the soil 
changed the bacterial community diversity.

Several elements corroborated our results, which 
revealed that microbial habitat was the main deter-
minant to the bacterial diversity. Among the ecosys-
tems, the soil harbors the highest microbial diversity 
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with commonly more than 2,000 species that can 
be identified within 0.5 g of soil (Uroz et  al. 2010). 
Moreover, the root exudation is known to be a major 
factor that affects the structure of rhizosphere bacte-
rial communities (Baudoin et al. 2003). In our study, 
the rhizosphere microbial communities were highly 
different from those of the endosphere, whatever the 
tested Ni-doses. Rhizodeposition might be one of the 
major process that selected this specific community. 
Various factors may also have been drivers explain-
ing these contrasted community structures between 
habitats. They may be related to the endophytic com-
petence (the ability to produce cell-wall degrading 
enzymes and the motility inside the host) (Compant 
et al. 2010), or related to the interaction with the host 
plant innate immune system (Jones and Dangl 2006), 
or even linked to tolerance to Ni concentration fluc-
tuations in plant tissues (Bulgarelli et al. 2013). The 
OTU richness and OTU diversity (Table  1) were 
higher in the rhizosphere soil than in the endosphere 
samples. This clear trend of decreasing diversity and 
richness along the vertical axis (from soil to roots and 
shoots) suggested an active role of the plant in select-
ing specific bacterial taxa, which are more and more 
specialized, while moving from the below-ground to 
the aerial parts (Alibrandi et al. 2020).

Other studies have also corroborated the influ-
ence of Ni doses on bacterial communities in each 
of the three habitats studied. A long-term experiment 
(5 years) revealed that chronic exposure to Ni in soil 
entailed changes in the composition of the bacte-
rial community, however the diversity indexes were 
unchanged (Li et al. 2015). In contrast, various stud-
ies had underlined that acute heavy metal contamina-
tions caused by the spiking of metals in the soil led to 
a decrease in the microbial respiration and catabolic 
diversity of rhizosphere microorganisms (Frey and 
Rieder 2013; Xie et al. 2016). In addition, the impact 
of Ni seemed to be soil dependent and the shift in 
structure and composition in communities already 
adapted to Ni contaminated soils were less significant 
than non-adapted communities (Héry et  al. 2003). 
The impact of the spiked-Ni gradient had already 
been tested on the rhizobacterial diversity of the two 
Ni-hyperaccumulating plants: Rinorea cf. bengalen-
sis and Phyllanthus rufuschaneyi (Lopez et al. 2021). 
The authors showed significant decreases for the rich-
ness index but not for the diversity index, although 
they concluded that such changes in the rhizosphere 

seemed plant dependent. In our study, in the rhizos-
phere soil, we observed a significant decrease in the 
Shannon Index (Table 1) from D0-D1 to D2, as well 
as a significant decrease in BMC (Table S1), while in 
root and shoot endosphere, the diversity (H’) was not 
affected. This suggested that the Ni acute contami-
nation has led to a perturbation of the structure and 
composition of the rhizobacterial communities.” To 
further investigate the composition of the bacterial 
composition of the bacterial community’s structures 
in the three habitats studied (rhizosphere and root and 
shoot endosphere), under an elevated gradient of Ni, 
bar plots of the taxonomic distribution of classes were 
generated.

In the rhizosphere soil, we observed that Chloro-
flexi.AD3 was the dominant class for all three treat-
ments (D0, D1 and D2) (Fig. 3a) with a significantly 
increase in its relative abundance according to the 
Ni-doses. The increased abundance of Chloroflexi.
AD3 in metal-polluted sites, as found in our study, 
was in line with the observations by Chodak et  al. 
(2013). The presence of this class suggested that it 
may be highly adapted to extreme environments and 
may play an important role in contaminated soils 
(Chodak et al. 2013). Moreover, Chloroflexi was also 
abundant in extreme and stressful conditions such as 
saline water (Yamada et  al. 2005), geothermal soils 
(Yamada and Sekiguchi 2009) and/or acid mining 
drainage environments (García-Moyano et  al. 2015; 
Mesa et  al. 2017), which are characterized by high 
levels of available toxic metal species especially due 
to low pH. It was also found to be dominant in the 
rhizosphere of the hyperaccumulator plant O. chacid-
ica growing on ultramafic soils from Northern Greece 
(Lopez et  al. 2017) and in the rhizosphere of differ-
ent hyperaccumulators collected on Halmahera Island 
(Indonesia) (Lopez et al. 2019b). This would suggest 
that these bacteria are effectively adapted to harsh 
environments such as the Ni-rich soils. Gammapro-
teobacteria is known to tolerate high Ni concentra-
tions in metal-rich soils (Idris et al. 2006). Our results 
showed that this class was strictly linked to the soil 
Ni-DTPA in the RDA analysis (Fig.  8a). It seemed 
that the increase in soil Ni concentrations could favor 
this bacterial class. Likewise, Thompson and Wick-
ham (2018) noticed a shift of the bacterial community 
structure with a dominance of Gammaproteobacte-
ria in response to chromium-induced selective pres-
sure, thereby showing the tolerance of this class of 
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soil bacteria to metal stress. Conversely, we observed 
a significant decrease in the relative abundances of 
Verrucomicrobia, Actinobacteria, Saccharimona-
dia, Dehalococcoidia, and Alphaproteobacteria. Our 
results confirmed those of Berg et al. (2012) and Luo 
et  al. (2019), who observed a negative correlation 
between the relative abundance of Verrucomicrobia 
and pollution levels for metal-contaminated soils, 
thus showing that this class is sensitive to metal con-
tamination. However, as this class contains only few 
cultivable species, their physiological roles in natural 
environments remain unknown (Rastogi et al. 2010). 
Concerning Actinobacteria, these bacteria are ubiqui-
tous gram-positive bacteria with a number of impor-
tant functions, including decomposition of all sorts of 
organic substances. This phylum is divided into six 
classes; of which Actinobacteria is one. The Actino-
bacteria class represents an important component of 
the microbial population in soils according to Polti 
et  al. (2014). Indeed, their metabolic diversity and 
specific growth characteristics make them well-suited 
as agents for bioremediation (Cuozzo et  al. 2011; 
Álvarez et  al. 2012). Similarly, the biotechnological 
potential of Actinobacteria in the environment has 
been demonstrated by their ability to remove inor-
ganic pollutants (Remenár et  al. 2014). This is the 
reason why these bacteria have received special atten-
tion as candidates for this remediation technology. 
They are candidates of choice since they are able to 
thrive in either bulk soil or rhizosphere soil, or as epi-
phytes or endophytes associated to a wide spectrum 
of host plants (barley, wheat, rice, soybean, cowpea, 
chickpea, banana, tomato, and medicinal plants) 
(Sathya et al. 2017). In addition, bacteria belonging to 
this class are also known to be resistant to Ni. In their 
study, Costa et al. (2019) showed that among the bac-
teria strains isolated from ultramafic soils in Brazil, 
those belonging to the Actinobacteria phylum were 
predominant, ranging from 34 to 79% of the isolates 
identified. Moreover, testing the Ni-resistance (media 
enriched with  NiSO4) of isolated strains belonging to 
Actinobacteria, by an estimation of the highest con-
centration at which growth was still observed (defined 
as the maximum tolerable concentration; MTC), they 
observed high tolerance to Ni for the genus of Act-
inobacteria. For example, the Nocardia genus was 
able to grow in the presence of up to 64 mM  NiSO4, 
while Streptomyces did not grow at concentrations up 
to 8 mM  NiSO4. The decrease in the Actinobacteria 

relative abundance observed in our study particularly 
at the D2 dose (from 33.9% at D0-D1 doses to 29.2% 
at D2) could be explained by the fact that among the 
rhizobacteria belonging to this class, most failed to 
resist the D2 dose. The RDA performed between the 
soil parameters measured at the harvest and the rela-
tive abundance (%) of the dominant bacteria at the 
class level of rhizosphere communities from O. chal-
cidica (Fig. 8a) confirmed this hypothesis. Indeed, the 
greater the Ni-DTPA concentrations in the soil, the 
lower the relative abundance of Actinobacteria class 
was. We also observed a significant decrease in Sac-
charimonadia abundances from D0 to D2 as well as 
for Dehalococcoidia and Alphaproteobacteria. Sac-
charimonadia belongs to the phylum of Patescibacte-
ria, formerly known as candidatus phylum TM7. This 
phylum is widespread in both natural and engineered 
ecosystems, but despite the widely-observed predom-
inance of Patescibacteria in subsurface communities, 
their ecophysiology is poorly understood. Ground-
water environments contained a high abundance of 
Patescibacteria, up to 38% of the total microbiomes 
(Kumar et  al. 2017). Among them, the Saccharimo-
nadia class has been shown to be highly abundant 
in soil and to have a potential for the metabolization 
of sugar compounds within plant tissues under oxic 
and anoxic conditions (Beckers et  al. 2017; Her-
rmann et  al. 2019) and hence might be adapted to 
soils or near-surface habitats. Shakya et  al. (2013) 
have already reported a large variability in the rela-
tive abundance of Saccharibacteria under both biotic 
and abiotic stress. They were suggesting an important 
sensitivity of this taxon to variations in their environ-
ments, which is corroborated by our results as this 
taxon seemed very sensitive to Ni concentrations in 
soils. The factors that lead to this sensitivity are not 
well determined, but Shakya et  al. (2013) suggested 
that they may be related to nutritional requirements, 
microbes-microbes or microbes-plants interactions. 
These observations could explain why in our study, 
this class decreased at the higher Ni-dose. To our 
knowledge we have been the first to describe that 
the Dehalococcoidia class that belongs to Chloro-
flexota phylum were less abundant when available Ni 
increased in the soil (Parks et  al. 2018). Alphapro-
teobacteria are composed of both sensitive and non-
sensitive species. Nonetheless, in benthic sediment 
where bacterial communities are chronically exposed 
to Ni from the erosion of ultramafic rocks, a study 
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revealed more negative than positive correlations 
between relative abundances of alphaproteobacterial 
species and sediment Ni concentrations (Gillmore 
et al. 2021). Otherwise, acute exposure to Ni in soils 
has been studied and resulted in a significant decrease 
in the Alphaproteobacteria class (Bararunyeretse 
et al. 2019).

Endophytic bacteria in plant organs are not ran-
domly distributed and some dominant classes appear 
to be tissue- or organ-specific (Alibrandi et al. 2020). 
Indeed, concerning root and shoot endophytic bac-
teria, we observed respectively four and six major 
classes underlying a lower diversity in plant tissues in 
comparison with rhizosphere soils. These results were 
in accordance with the general views of endophytic 
colonization (Beckers et  al. 2017). In fact, root exu-
dates produced by the host plant in the rhizosphere 
soil led to the formation of distinctive, very rich and 
diverse rhizosphere microbiomes (Walker et al. 2003; 
Baudoin et al. 2003). The systemic colonization of a 
plant rest on the ability to survive and pass through 
the various barriers (immune or physical) inside the 
plant (Hardoim et  al. 2008; Compant et  al. 2010). 
These selective barriers could explain the great loss 
of diversity and evenness (Table 1) from rhizosphere 
soil to endophytic habitats. The two main classes 
found both in roots and shoots, whatever the Ni-dose 
tested, were Gammaproteobacteria and Actinobac-
teria (respectively, means of 81.0 and 13.4% in root 
endosphere and 36.5 and 32.3% in shoot endosphere). 
In fact, among Actinobacteria, members of Strepto-
myces, Mycobacterium, Corynebacterium, Nocardia, 
and Rhodococcus genus that are renowned for their 
metabolic capabilities and toxic metal resistance, as 
well as their large genomes and megaplasmids (Mar-
tínková et  al. 2009; Presentato et  al. 2020). Among 
Streptomyces, the species Streptomyces acidiscabies 
E13 is known to have plant growth promoting proper-
ties under nickel stress (Dimkpa et al. 2008).

Understanding of the bacterial interactions

Our results showed that the relative abundances of 
bacterial phyla in communities covaried with vari-
ous environmental parameters and were notably 
correlated to available Ni (Ni-DTPA) (Fig.  8a) and 
to Ni accumulated in plant parts (Fig.  8b). These 
changes were related to habitats and treatments. 
Indeed, according to the treatment (D0 to D2), the 

composition of the bacterial communities in each of 
the three habitats changed, revealing that the pertur-
bation following Ni spiking was enough to change the 
bacterial community composition (Figs. 3 and 4). In 
fact, by observing the changes in relative abundance 
of the genera that were found in the three treatments, 
we observed a transition of the most abundant mem-
bers of the communities in each habitat (Supplemen-
tary Fig. S3). A network analysis (Fig. 5) seemed rel-
evant to detect the structural changes that could result 
from the disruption of interactions in the bacterial 
community.

The network-based approach is a powerful con-
cept for studying the complex relationships between 
populations inside an ecosystem (Matchado et  al. 
2021). Indeed, it allows hypotheses to be derived 
from the massive high-throughput sequencing data 
sets (Röttjers and Faust 2018), and provides a better 
understanding of the microbial interactions, which 
can be reached by identifying co-occurrences or cor-
relations. Association networks can open the way 
towards global models of ecosystem dynamics and 
this will allow predictions of the outcome of com-
munity alterations and the effects of perturbations 
(Faust and Raes 2012). By comparing networks/inter-
actions between organisms from different environ-
ments, or from the same environment but before and 
after a perturbation, this approach allows to empha-
sis the response of the studied community structure 
to environmental changes. The correlation network 
study conducted in this work showed modifications 
in the level of interaction inside the bacterial com-
munity from the rhizosphere and the endosphere of 
O. chalcidica according to the amount of Ni. While 
D0 and D2 were characterized by a more stable and 
highly interacting community, D1 was more tran-
sient. Indeed, it seemed that for the D1 treatment, two 
bacterial sub-communities, one adapted to “low” Ni-
content and the other adapted to higher Ni-content, 
coexisted. The high number of negative correlations 
at D1 treatment suggested competition between these 
two sub-communities.

Potential resistance of bacteria to high 
Ni-concentrations

Several processes can confer metal resistance to bac-
teria, and occur either before or after any internaliza-
tion of the metal. Among the different mechanisms 
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involved upstream, it is possible to list the biosorp-
tion of metals on the cell membrane, and the synthe-
sis of organic (e.g. exopolymers) or inorganic (e.g. 
metabolites) compounds to limit solubility and their 
consequent internalization within the cell. If the inter-
nalization takes place through specialized transport 
proteins, the metal can either be released into the 
environment by an active efflux process, or be seques-
tered in an inert form to limit its toxicity (Valls and 
De Lorenzo 2002; Chardot et al. 2005). In our study, 
no difference was found regarding the predicted func-
tions for the shoot endospheric bacterial communi-
ties, whereas shoot Ni content varied from 1200 to 
more than 4000  mg Ni  kg−1 dry mass. Hyperaccu-
mulating plants may possess microorganisms special-
ized in metal resistance (Benizri et al. 2021) and this 
was evidenced by the high relative abundance of pre-
dicted functions related to the “environmental infor-
mation processing”. This category includes activities 
related to efflux systems and membrane transport 
proteins involved in Ni tolerance. Conversely, dif-
ferences can be underlined for rhizosphere soil and 
root endospheric communities for the “environmental 
information processing functions”. For rhizosphere 
soil and root endospheric communities, we were able 
to demonstrate an increase in predicted functions 
related to quorum sensing (included in “cellular com-
munity – prokaryotes” functions) at high Ni concen-
trations, providing bacteria with greater resistance to 
heavy metals (Teitzel and Parsek 2003; Sarkar and 
Chakraborty 2008).

Finally, our results support the hypothesis that an 
increase in the available Ni in soil not only implies 
changes in the structure and diversity of bacte-
rial communities associated to the rhizosphere and 
to the endosphere of O. chalcidica, but entails also 
changes in the predicted functions, particularly for 
the rhizosphere and root endospheric bacterial com-
munities. The networks topological features studied 
seemed to indicate that the bacterial community was 
more stable at the lowest (D0) and the highest (D2) 
Ni soil contamination levels than at the intermediate 
level (D1). Indeed, the rhizosphere and endophytic 
bacterial community at D1 seemed to be composed 
of microbes adapted to low Ni concentration cohab-
iting with microbes which are more adapted to high 
Ni soil content. This resulted in a perturbation of the 
bacterial interactions and network by further com-
petition between these two sub-communities. In the 

same way, most of the predicted metagenomic func-
tions also appeared to be different for D1 treatment 
in comparison with D0 and D2 ones. Endophytes are 
very important biological resources, which need to be 
explored in the future to achieve targets of environ-
mental sustainability. The need is to investigate both 
the genomics and the integrated metabolism of the 
plant-endophyte relationship in order to garner ben-
efits from this remarkable association.

Conclusion

Recently, the concept of microbe-assisted agromining 
has been introduced to underline the role of plant-
associated microorganisms, both rhizosphere and 
endophytic, in metal bioavailability and uptake by host 
plants. However, the efficiency of plant-associated 
bacterial communities depends on a complex array of 
interacting factors, including soil metal concentration. 
A better understanding of the impact of different soil 
contamination levels of nickel on the structure and 
diversity of rhizosphere and endospheric bacterial 
communities is needed. We report in this study that an 
increase in the available nickel in soil induced shifts 
in the microbial community’s structure and functions, 
depending of the gradient of soil nickel availability 
in the soil. This increase not only induced changes 
in the dominant bacterial genera in the communities 
of the rhizosphere soil, but also in the root and 
shoot endosphere. Given our finding, increase in 
available nickel also entailed changes in the relative 
abundance of the bacterial predicted functions. In 
addition, topological features of the bacterial networks 
seemed to indicate that at an intermediate level of 
nickel contamination, two coexisting bacterial sub-
communities were in competition, one adapted to 
“low” soil nickel content and the other to higher 
nickel content, while the bacterial communities were 
more stable at the lowest and the highest nickel soil 
contamination levels. These results, obtained under 
controlled conditions, highlighted the effect of soil 
Ni concentration on the rhizosphere and endospheric 
diversity of bacterial communities. However, it 
remains to be seen if these changes, depending of 
nickel soil contamination levels and observed in 
the rhizosphere and endosphere of O. chalcida were 
common in the case of other Ni-hyperaccumulators; 
this is an interesting avenue for future work.
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