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Abstract

Aims Agromining aims to improve the fertility of natu-
rally metal-rich soils by extracting metals, such as nickel
(Ni), using hyperaccumulator plants. Ultramafic soils
are characterized by low fertility levels, limiting
hyperaccumulator yields. Here, we characterize the po-
tential benefits for phytoextraction efficiency of co-
cropping a Ni-hyperaccumulator (Odontarrhena
chalcidica) and a legume (Vicia sativa), following a
two-year field experiment.

Methods A two-year field experiment was set up in an
ultramafic zone in North-West Spain. Three treatments
were tested: co-cropping, fertilized control with ammo-
nium nitrate and non-fertilized control.

Results Over the 2 years, co-cropping increased
O. chalcidica’s biomass by 24% and 403% compared
to fertilized and non-fertilized controls, respectively.
Moreover, co-cropping had higher Ni-yields for both
years, while fertilization had a negative effect on soil
parameters. A non-metric multidimensional scaling
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analysis of the operational taxonomic units showed that
the soil bacterial diversity changed over time. Soil ex-
changeable Ni and organic carbon influenced the
phyla’s relative abundance. Metabolic genes were dom-
inant and their relative abundances increased over time
with co-cropping.

Conclusion Pluriannual co-cropping of a
hyperaccumulator with a legume improved both
hyperaccumulator and Ni yields. In contrast, mineral fer-
tilization was shown to be detrimental to some soil micro-
bial parameters. Thus, ameliorating agromining by replac-
ing mineral fertilizers would combine an eco-efficient
strategy with sustainable metal recovery.

Keywords Agromining - Nickel - Hyperaccumulator -
High throughput sequencing - Bacterial functional
diversity Tax4Fun

Introduction

Agromining aims to set up a new type of cropping
systems employed either in degraded or naturally
metal-rich soils such as ultramafic soils (Morel 2013).
The main goals are to extract metals from the soil
through the implementation of innovative cropping sys-
tems involving hyperaccumulator plants. It has been
well-received by the public and its major advantage
remains its low cost compared to conventional methods
of soil decontamination or mining (Chaney et al. 2018).
Yet agromining can be limited by low plant biomass
productivity and by limited availability of soil metals
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(van der Ent et al. 2015; Benizri and Kidd 2018), and by
the inherent nutrient deficiencies of ultramafic soils. In
the case of nickel (Ni), the feasibility of agromining
from ultramafic soils has been clearly demonstrated
(Li et al. 2003; Bani et al. 2015). However, cropping
systems need further research in order to optimize Ni-
agromining ie. to improve plant biomass, Ni-yields and
ultramafic soils’ quality.

In order to improve the development of
hyperaccumulator plants and finally optimize the effi-
ciency of metal extraction, various strategies have been
developed. Indeed, several studies have suggested that
the accumulation of metals by hyperaccumulator plants
is influenced by their rhizospheric microflora that influ-
ence the biogeochemical cycling of soil metals
(Mengoni et al. 2001; Abou-Shanab et al. 2003; Durand
et al. 2016; Benizri and Kidd 2018). Numerous works
have shown the positive effect of mineral fertilization on
the biomass production of Ni-hyperaccumulator plants
such as Odontarrhena spp. (formerly genus Alyssum
section Odontarrhena, gpaniel et al. 2015). The addi-
tion of organic amendments such as manure or grape
and apple pomace is known to improve soil quality and
structure, as well as the nutrients’ bioavailability and can
stimulate the soil’s biological activity (Bernal et al.
2007; Martinez-Fernandez et al. 2014; Alvarez-L()pez
et al. 2016).

Some authors have tested co-cropping using different
hyperaccumulators(Lucisine et al. 2014; Rue et al.
2015). Lucisine et al. (2014) found that co-cropping
different hyperaccumulator plants promoted the bio-
availability of metals in the soil and modified the genetic
and phenotypic structures of the rhizosphere bacterial
communities.

Conversely, only a few studies have focused on the
combination of hyperaccumulator plants with non-metal
hyperaccumulator ones and have shown an improve-
ment in the hyperaccumulator growth and an increase
in heavy metal phytoavailability, thereby increasing
remediation efficiency (Gove et al. 2002; Wu et al.
2007; Jiang et al. 2010; Wei et al. 2011; Gao et al.
2010, 2012). Among companion plants, legumes have
frequently been used (Pan et al. 2008; Liu et al. 2011;
Jiang et al. 2009, 2015; Saad et al. 2016, 2018a; Zu et al.
2017. Moreover, co-cropping legumes with
hyperaccumulators improved soil quality, increased soil
porosity, reduced its apparent density, increased aggre-
gate stability and decreased the resistance to deep root
penetration (Saad et al. 2018b). As for conventional
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agriculture, legumes are able to fix nitrogen from the
air, thanks to the presence of symbiotic N,-fixing bac-
teria (De Antoni et al. 2015). Furthermore, these new
agromining cropping systems can lower the risk of
nitrogen leaching and any consequent underground wa-
ter pollution.

Based on a field experiment in an ultramafic outcrop
in NW Spain, we previously showed, only after 1 year,
that the introduction of a legume into a Ni agromining
system improved both plant biomass and Ni yields
(Saad et al. 2018c). The objective of this work was to
evaluate the performance of Odontarrhena chalcidica
when co-cropped with a legume, Vicia sativa, on an
ultramafic soil, within an agromining system and par-
ticularly to observe whether two consecutive years of
this cropping system could further increase, along time,
the hyperaccumulator biomass and the Ni yields. We
hypothesized that legumes could be of a particular in-
terest for agromining systems where nitrogen availabil-
ity is often limited, especially since ultramafic soils
show macronutrient deficiencies. In this study, biomass
productivity and Ni yields were assessed through time,
as well as the evolution of soil physicochemical, bio-
logical characteristics. In addition, this study brought
new findings on the temporal variation of the genetic
and functional diversity of bacterial communities in the
rhizosphere of the hyperaccumulator.

Materials and methods
Experimental site

A field experiment was carried out for 2 years
near the village of Eidian, Pontevedra (Galicia,
North-West Spain; N 42°49'55,08” W 8°00'
14,60"). This is an abandoned agricultural area
colonized by vegetation such as FErica scoparia
L., which is typical of the ultramafic soils in the
region. In the past, this area was one of important
agricultural activity, but which has since been
abandoned and colonized by a typical vegetation
of the serpentine soil in the region (Erica scoparia
and Ulex europaeus). In the spring of 2015, the
existent vegetation was removed and the soil was
then ploughed before sowing plants. The soil was
ploughed again, after the first harvest, in the
spring of 2016.
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Soil characteristics and experimental design

The soil physicochemical properties were determined
by the Soil Analysis Laboratory of INRA (Arras,
France). The soil was a Leptic Phacozem (Magnesic)
(IUSS Working Group WRB 2014). The soil contained
17.5, 30.6 and 51.9%, clay, silt and sand, respectively,
had a C/N ratio of 13.9, an Mg/Ca ratio of 2.79 and an
available phosphorus content (Olsen P) of 23 mg kg .
Soil pH was 5.76 and the total Ni content was 861 mg Ni
kg '. For each year and before sowing plants, all the
plots were amended with gypsum at a rate of 4.5 tons
per hectare in order to improve the Ca/Mg ratio. Soil P
and K contents were also improved by the amendments
of 122.5kg P ha ' and 156.2 kg K ha ' (0-52-34 NPK).
Fertilizers were mixed into the first 10 cm of the topsoil
by a tractor. The legume seeds (V. sativa var.
Prontivesa) were provided by Semillas Batlle
(http://www.semillasbatlle.es, Spain) and the seeds of
O. chalcidica came from an Albanian population and
were collected near Pogradec (39°47'17,5”N, 21°25'19
,1"E, Albania) in August 2014. Legume seeds were
sown at the rate of 6 g per m”> and O. chalcidica
seedlings were transplanted at a density of 40 plants
per plot (equivalent to 4 plants per m?).

The experimentation was laid out following a ran-
domized complete block design with 4 blocks and each
plot measuring 10 m* (5x2 m). The treatments that
were tested each year were: the co-cropping treatment
named “CoC” (cropping the legume at the same time as
O. chalcidica), the fertilized control treatment named
“FCon” (control of O. chalcidica with two 60-kg N 'ha'
repeated fertilization inputs, in the form of ammonium
nitrate powder dissolved in water) and the non-fertilized
control treatment “NFCon” (cropping O. chalcidica
without fertilization). The plots were spaced 50 cm
apart. A plastic film was buried vertically 50 cm deep
to delimit the fertilized plots and to prevent horizontal N
losses through sub-surface run-off and contamination of
adjacent plots.

Due to its slow growth rate, O. chalcidica seeds were
sown on germination plates. The plates were put in a
greenhouse for 18 weeks before transplanting the seed-
lings into the field in the September of each year. At the
same time, the legume seeds were sown for the co-
cropping (“CoC”) treatment. For these treatments, le-
gume shoots were harvested after 4 months of culture
each year. The aerial parts of the legume were harvested,
then dried and crushed in the laboratory. The dried and

crushed legume biomass was then incorporated into the
field topsoil. These steps were repeated each year. Ni-
trogen fertilization was applied twice at a rate of 60 kg N
ha™' for the treatment “FCon” (in March and April of
each year).

Plant analyses

Nutrient content and Ni concentration in the dried and
crushed biomass of the legume were analyzed before
being incorporated into the topsoil of field
(Supplementary Table 1). O. chalcidica shoots were
harvested at the flowering stage (May of 2016 and
2017). Then, the shoots were oven-dried at 70 °C for
72 h and their dry weights recorded. Subsamples (0.5 g)
of dry and ground shoot tissue were acid-digested at
95 °C in 2.5 ml of concentrated HNO; and 5 ml of H,O,
(30%). The final solutions were filtered (0.45 pum
DigiFILTER, SCP science, Canada) and completed to
25 ml with deionized water. The Ni concentration in the
solution was measured with an Inductively Coupled
Plasma-Atomic Emission Spectrometer (ICP-AES, Lib-
erty II, Varian). The total C and N in the shoots were
analyzed by combustion at 900 °C with a CHNS ana-
lyzer (vario MICRO cube, Elementar Analysensysteme
GmbH). Plant quality controls from the International
Soil-Analytical Exchange of WEPAL were used for
these analyses.

Soil analyses
Soil physicochemical analyses

At each harvest, 200 g of fresh rhizosphere soil (obtain-
ed from the rootball of 5 plants from each plot) were
collected and sieved (5 mm), and stored at 4 °C before
being brought to France for analysis. Half of the fresh
soil samples were dried at 40 °C for the physicochemical
analyses and the other half was kept at 4 °C for the
microbial analyses. Two grams of fresh rhizosphere soil
were frozen at —80 °C for further molecular analyses.
Soil moisture was determined by heating subsamples
to 105 °C until a constant weight was attained. Available
Ni in soil samples was extracted with a DTPA-TEA
solution (0.005 M Diethylene Triamine Pentaacetic Ac-
id, DTPA, 0.01 M CacCl,, 0.1 M tricthanolamine,
pH 7.3), according to Lindsay and Norvell (1978) and
the [Ni] in solutions was measured with an ICP-AES.
The CEC and exchangeable cations were measured
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according to international ISO standard 23,470. 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
quality controls from the International Soil-Analytical
Exchange of WEPAL were used for these analyses.

Soil microbial analyses

Microbial biomass carbon (MBC) and nitrogen (MBN)
in the soil were determined according to Jenkinson and
Ladd (1981) and Brookes et al. (1985). Urease activity
was measured according to Tabatabai and Bremner
(1972). Arylsulfatase, 3-glucosidase and alkaline phos-
phatase activities were determined according to the
modified protocol used by Dick et al. (2013).

Genomic DNA was extracted from soil samples
using the FastDNA™ SPIN kit for Soil (MP Biomedi-
cals™, France) in accordance with the manufacturer’s
protocol. DNA solutions concentrations were first mea-
sured with a spectrophotometer (SmartSpec Plus
spectrophotometer, BIO-RAD) and then adjusted to
1.66 ng ™" with sterile ultra-pure water, using a robot
(epMotion P5073, Eppendorf) in 96-well microplates
(MicroAmp® Optical 96-Well Reaction plate). The
16S rRNA gene libraries were constructed according
to Klindworth et al. (2013). Amplicons were prepared
according to a modified protocol described by Goux
et al. (2016). The sequences obtained were de-
multiplexed, quality-trimmed and assigned to OTUs at
97% similarity with the FROGS pipeline (http:/frogs.
toulouse.inra.fr/). Taxonomy affiliation was performed
using the Silva database (Silva.nr v132, https://www.
arb-silva.de/). This sequencing data project has been
deposited at the DDBJ/EMBL/GenBank under the
accession reference KBZD00000000. The version
described in this paper is the first version,
KBZDO01000000. Alpha and Beta diversities and the
graphical representation NMDS (Non-metric
MultiDimensional Scaling) were studied using QIIME
software (Quantitative Insights Into Microbial Ecology,
version 1.8.0). Relative abundances were calculated
using XLSTAT software (XLSTAT version Ecology
18.07, http://www xlstat.com).

The metabolic functions of the OTUs were predicted
using the Tax4Fun package (ABhauer et al. 2015),
which transforms the SILVA based OTUs into a taxo-
nomic KEGG profile (Kyoto Encyclopedia of Genes
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and Genomes) organisms (fctProfiling = T), normalized
by the 16S rRNA copy number (normCopyNo = T).

Statistical analyses

Statistical parametric analyses were performed on plant
parameters and metagenomic data (One-way ANOVA,
normality tests and K-sample comparison). Further-
more, all the soil parameters studied were submitted to
PCA. Redundancy analysis (RDA) was performed be-
tween the soil physicochemical characteristics and the
relative abundancy of the bacterial phyla. These statis-
tical analyses were carried out on XLSTAT software
(XLSTAT version Ecology 18.07, http://www.xIstat.
com). For all tests, differences were considered
statistically significant if p value <0.05. A multivariate
Regression Tree (MRT, De’Ath 2002) was constructed
using the R package “mvpart” 1.6-2 with default sets to
understand the correlation between the relative
abundance of the major phyla and the soil
physicochemical parameters. This method performs
hierarchical dichotomous clustering of community data
by selecting soil parameters that maximize the
homogeneity within group samples.

Results
Potential shoot biomass, Ni, C and N yields

First year results of plant parameters were obtained from
Saad et al. (2018c). For the second year, we measured
again the shoot biomass, Ni, C and N yields in order to
assess its variation along time. For the first year, the
potential shoot biomass of O. chalcidica from the treat-
ments of “CoC” and “FCon” were higher than “NFCon”
(827, 884 and 160 kg ha™' respectively, Saad et al.
2018c). Same trends were observed for the second year:
2013, 1625 and 400 kg ha ' for “CoC”, “FCon” and
“NFCon” respectively (Fig. 1). At the same time, no
significant difference was detected between “CoC” and
“FCon” treatments for each year. “CoC” and “FCon”
treatments showed 143% and 84% augmentations for
the second year in comparison with the yields of the first
year. For the second year, “CoC” had the highest po-
tential biomass of all the treatments. The same trends
were shown for the potential shoot Ni yields, where
“CoC” and “FCon” had the respective Ni yields of 7.8
and 5.8 kg ha ! for the first year (Saad et al. 2018¢), and
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Fig. 1 Potential biomass, Ni, C and N yields of the shoots
(kg ha ') of O. chalcidica. “CoC”, “FCon” and “NFCon” corre-
spond to co-cropping, fertilized control and non-fertilized control,
respectively. “Y'1” and “Y?2” correspond to first and second year of

13.6 and 9.9 kg ha ' for the second year. As in the case of
the shoot biomass yield, “NFCon’ had a lower potential Ni
yield for both years (1.3 and 4 kg ha ", respectively for the
first and the second year). Results of major and minor
elements are presented in the Supplementary Table 2.

Over time, “CoC” and “FCon” treatments showed a
significant increase in potential shoot C yield, when
comparing the first year (Saad et al. 2018c) to the second
year (corresponding to 292 vs. 871 kg C ha™' for “CoC”
and 316 vs. 679 kg C ha™' for “FCon”). For the potential
shoot N yield, a clear and significant improvement was
shown for “FCon”, when comparing the 2 years of
cultivation (21 vs. 41 kg N ha ') and had the highest
value presented by any of the treatments. However,
“CoC-Y2” had a significantly higher shoot N yield than
that of “NFCon-Y2” (23 vs. 5 kg N ha '). In addition,
over time, “NFCon” did not show any significant im-
provement for either C or N potential yields and had the
lowest values when compared to the other treatments,
for either year of cultivation.

Soil physicochemical and microbial analyses

First year soil parameters results (except High-throughput
16S rRNA amplicon sequencing results) were obtained
from Saad et al. (2018c). The results presented in Fig. 2
were obtained by submitting the various soil physicochem-
ical and microbial parameters studied to a Principal Com-
ponent Analysis (PCA). Results of the soil
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cultivation. For each plant parameter, bars represent means =+
standard error. Values for the same plant parameter followed by
the same letter are not significantly different at p <0.05 (n=4)

physicochemical and microbial parameters are presented
in Supplementary Table 3. Axis 1 explains 39% of the total
variability and separates “FCon-Y1” from the other treat-
ments of the first year’s harvest (Fig. 2a). This first princi-
pal component is strongly correlated with both soil total
carbon concentration (C) and soil organic carbon concen-
tration (Corg). This suggests that these two parameters
vary together. This component can be viewed as a measure
of the carbon status of the soil. The second component
(Axis 2) corresponds to the level of the bioavailable nickel
concentration. Along this Axis, which explains 21% of the
total variability, first year treatments (“CoC-Y1”, “FCon-
Y1” and “NFConY1”) are clearly separated from the
second-year treatments (“CoC-Y2”, “FCon-Y2” and
“NFConY2”). The soils from the “FCon-Y1” treatment
are characterized by negative correlations with almost all
microbial and soil physicochemical parameters. Treat-
ments from the second-year cultivation are negatively
correlated with the soil DTPA-extractable Ni concentration
(Ni-DTPA) and phosphatase microbial activity (Phos)
(Fig. 2b). These results are in agreement with the correla-
tions observed between soil physicochemical and micro-
bial parameters presented in the Supplementary Table 4.

High-throughput 16S rRNA amplicon sequencing
results

First year DNA soil extracts (stored at —80 °C) were re-
sequenced at the same time as the second year samples.

@ Springer
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Alpha diversity for the soil samples was studied using
the Shannon index, equitability, Chaol and Simpson
evenness (Table 1). The Shannon index for the “FCon”
treatment was significantly lower than any of the
second-year cultivation treatments (10.19 vs. 10.43
and 10.39 respectively for “FCon-Y2” vs. “CoC-Y2”
and “NFCon-Y2”). “CoC” treatment showed a higher
equitability value than that of the “FCon” treatment
(0.911 for “CoC-Y2”, “0.896” for FCon-Y2”), thus
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<« Fig. 2 Principal Component Analysis (PCA) generated from soil
parameters measured for each cultivation treatment. a Points rep-
resent the coordinated means of different treatments (“CoC”,
“FCon” and “NFCon” correspond to co-cropping, fertilized con-
trol and non-fertilized control, respectively. “Y1”” and “Y2” corre-
spond to first and second years of cultivation) and the standard
error of four replicate samples. b Soil microbial and physico-
chemical parameters involved in the discrimination of samples.
Soil parameters are abbreviated as the following: microbial bio-
mass carbon (MBC), microbial biomass nitrogen (MBN), soil
arylsulfatase activity (Aryl), soil urease activity (Urease), soil (3-
glucosidase activity ((3-glucosidase), soil phosphatase activity
(Phos), soil total carbon concentration (C), soil total nitrogen
concentration (N), soil organic carbon concentration (Corg), soil
organic nitrogen concentration (Norg), soil pH (pH), soil Cation
Exchange Capacity (CEC), bioavailable nickel concentration ex-
tracted with Diethylene Triamine Pentaacetic Acid (Ni-DTPA)
and soil exchangeable Ni concentration (Niex)

indicating that the bacterial community for “CoC-Y2”
tended to have more homogeneous OTU proportions
than “FCon-Y2”. The Chaol was significantly higher
for “CoC-Y2” and “NFCon-Y2” than any treatment for
both years. Moreover, the Chaol for “CoC-Y2” was
significantly higher than “CoC-Y1”. The Simpson even-
ness did not vary significantly between treatments what-
ever the year considered.

Relative bacterial abundance at the phyla and
subphyla level is represented in Fig. 3. A total of 3015
OTUs were found for the treatments as a whole and
were affiliated within 15 different phyla and subphyla
(“Other” phylum regroups all the phyla with a relative
abundance <1%). Proteobacteria phylum, which in-
cludes the subphyla of vy-Proteobacteria, a-
Proteobacteria and §-Proteobacteria, was well-
represented for all the treatments. The relative abun-
dance of Gemmatimonadetes increased significantly
with time for the “CoC” treatment (6.51 and 8.81% for
the first and second year of cultivation, respectively). A
significant increase was observed for the “FCon” treat-
ment with time concerning the relative abundance of a-
Proteobacteria (8.91 and 11.30%, for Y1 and Y2, re-
spectively) and Planctomycetes (FCon-Y1: 2.47% and
FCon-Y2: 3.22%). The relative abundance of
Verrucomicrobia also increased significantly from first
and second year for the “CoC” (0.81 and 1.68%) and
“FCon” treatments (1.20 and 1.80%). In addition, the
relative abundance of Patescibacteria significantly in-
creased with time, whatever the treatment. No signifi-
cant differences were found for Bacteroidetes,
Actinobacteria, Chloroflexi, §-Proteobacteria and



Plant Soil (2021) 461:471-488

477

Table 1 Alpha diversity indices. “CoC”, “FCon” and “NFCon” correspond to co-cropping, fertilized control and non-fertilized control, respectively. “Y1” and “Y2” correspond to first and

second year of cultivation

CoC-Y2 FCon-Y1 FCon-Y2 NFCon-Y1 NFCon-Y2

CoC-Y1

Alpha diversity indices

<

10.39+0.07
0.908+0.006

a

10.49+0.02
0.917+0.002

10.1940.11
0.896+0.008

ab
ab
b
a

10.34+0.02
0.906+0.002

a

10.43+0.04
0.911+0.003

ab
ab
b
a

10.35+0.03
0.907+0.003

Shannon index
Equitability

Chaol

E

a

a

a

2868.83+15.38
0.23+0.03

ab
a

2853.66+18.17
0.26+0.01

b
a

2804.66+25.19
0.21+0.03

2817.31+3.75
0.22+0.01

a

2883.94+9.61
0.25+0.02

2816.40+5.54
0.21+0.02

a

a

Simpson evenness

=4)

Values in a row followed by the same letter are not significantly different at p <0.05 (n

Nitrospirae. The relative abundance of the ~-
Proteobacteria subphylum decreased significantly dur-
ing the second year (21.40, 21.39 and 21.90% for “CoC-
Y27, “FCon-Y2” and “NFCon-Y2”, respectively), when
compared with the relative abundances observed for the
first year of cultivation (25.95, 25.26 and 26.10% for
“CoC-Y1”, “FCon-Y1” and “NFCon-Y1”, respectively).
The same trend was found for the Rokubacteria, which
displayed a significant decrease for all the treatments,
except for the fertilized one (“FCon”), for which no sig-
nificant difference was observed between the 2 years of
cultivation. The relative abundance of Fibrobacteres was
only found to decrease significantly between the 2 years
for the fertilized treatment (1.59% and 0.35% for “FCon-
Y1” and “FCon-Y2”, respectively). Concerning
Acidobacteria, only a decrease in the relative abundance
for the “FCon-Y2” treatment (16.74%) can be observed
when compared to “NFCon-Y2” (20.52%).

The NMDS (Non-metric Multidimensional Scaling)
graphical representation at OTU level allowed a compari-
son of the treatments (Fig. 4) based on the unweighted
phylogenetic criteria and on sequence alignment (se-
quences not influenced by their number). Treatments from
the second year of cultivation were clearly separated along
Axis 1 (NMDS1) from those of the first year. In addition,
the “FCon” treatment, whatever the year of cultivation,
was separated from all other treatments along Axis 2
(NMDS2) and this was clearer in the case of the first year.

The functional potential of the bacterial community
metagenome profile was evaluated using the Tax4Fun
approach. Based on the predicted metagenomes, six of
the Level 1 KEGG Orthology (KO) family genes were
found (Fig. 5). These metabolism-related genes clearly
dominated the overall functional structure of the soil
bacterial community. The metabolism-related KEGG
pathways showed a significant increase with time in
the case of the “CoC” treatment (affecting KEGG Level
2 pathways: carbohydrates metabolism, data not
shown). With time, a significant negative impact of the
mineral fertilization treatments was detected for those
genes related to the genetic information process (affect-
ed KEGG Level 2 pathways: translation, replication and
repair and transcription, data not shown). Concerning
the genes related to the environmental information pro-
cessing, “CoC-Y1” showed a higher significant percent-
age than “FCon-Y1” and “NFCon-Y1”. In contrast,
mineral fertilization showed a significant positive im-
pact with time on this KO group (affecting KEGG Level
2 pathways: membrane transport, data not shown).
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Fig. 3 Relative abundance of bacterial subphyla and phyla iden-
tified in all samples (%). “Others” refer Cyanobacteria,
Elusimicrobia, Entotheonellaeota, FCPU426, Firmicutes,
Latescibacteria, Multi-affiliation, Omnitrophicaeota, Spiro-
chaetes, Tenericutes, WPS-2 and WS2. “CoC”, “FCon” and

Regarding the genes predicted relating to the cellular
processes pathways, a significant decrease was showed
with time in the case of the “CoC” treatment (affecting
KEGG level 2 pathways: cell motility).

Global analyses

A redundancy analysis (RDA) was performed between
soil physicochemical characteristics and the relative
abundancy at the bacterial phylum level (>10%) for all
treatments (“CoC”, “FCon” and “NFCon” from Y1 and

14 Stress: 0.07413
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Fig. 4 Non-metric multidimensional scaling: distribution of the
treatments according to their bacterial community. Points repre-
sent the coordinate means of different treatments (“CoC”, “FCon”
and “NFCon” correspond to co-cropping, fertilized control and
non-fertilized control treatments, respectively. “Y1” and “Y2”
correspond to first and second year of cultivation). Bars corre-
spond to standard error (based on four replicates for each
treatment)
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“NFCon” correspond to co-cropping, fertilized control and non-
fertilized control treatments, respectively. “Y1” and “Y2” corre-
spond to first and second year of cultivation. Means + standard
error followed by the same letter are not significantly different
according to Duncan’s test at p <0.05 (n=4)

Y2), (Fig. 6). Axis 1 explains 53.73% of the total variabil-
ity separating second year treatments (negative abscises)
from those of the first year (positive abscises). This Axis is
strongly correlated with soil bioavailable Ni concentration
(Ni-DTPA) and a greater relative abundance of the -
Proteobacteria subphylum and Bacteroidetes phylum.
Along Axis 2, which explains 22.73% of the total variabil-
ity, “FCon-Y1” treatment is strongly separated from other
treatments from the first year of cultivation. “NFCon-Y2”
treatment (negative ordinates) was found to be clearly
separated along Axis 2 from all the other treatments,
whatever the year of cultivation. This Axis appears to be
correlated with soil pH. Spearman correlations (p < 0.05)
were measured between the relative abundance of the
bacterial phyla and the soil physicochemical characteristics
for all the treatments. Only significant correlations were
retained. ~y-Proteobacteria subphylum and Bacteroidetes
phylum were more abundant in the rhizosphere soils col-
lected during the first year of cultivation and particularly in
the case of “CoC-Y1”, when compared to those of the
second year. y-Proteobacteria was positively correlated to
soil Ni-DTPA (R=0.51) and negatively correlated to
soil’s total nitrogen content, CEC and Niex (R=-0.51,
R=-0.71 and R=-0.57, respectively). Actinobacteria,
Gemmatimonadetes, o-Proteobacteria and Acidobacteria
were more abundant in the rhizosphere soils of the second-
year treatments. Moreover, the relative abundance of the
Gemmatimonadetes was visibly linked to the rhizo-
sphere soils of “CoC-Y2” treatment and was pos-
itively correlated to soil CEC (R=0.56) and ex-
changeable Ni (Niex) (R=0.46) and negatively
correlated to soil Ni-DTPA (R=- 0.61). «-
Proteobacteria subphylum was positively correlat-
ed to soil Niex (R=0.50).

A multivariate regression tree (MRT) was performed to
reveal those environmental factors which most affected the
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Fig. 6 Redundancy Analysis (RDA) performed between soil
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concentration (N), soil organic carbon concentration (Corg), soil
organic nitrogen concentration (Norg), soil pH (pH), soil Cation
Exchange Capacity (CEC), bioavailable nickel concentration extract-
ed with Diethylene Triamine Pentaacetic Acid (Ni-DTPA) and soil
exchangeable Ni concentration (Niex)

correspond to first and second year of cultivation. Means =+ stan-
dard error followed by the same letter are not significantly different
according to Duncan’s test at p <0.05 (n=4)

bacterial community composition (Fig. 7). This analysis
provided a tree with three terminal nodes based on ex-
changeable Ni (Niex) and soil organic carbon (Corg)
which together explain 41.5% of the standardized abun-
dance variance. Niex was the most influential parameter on
the phyla relative abundance. All samples collected during
the first year were characterized by low Niex levels
(<1.18 mg kg ') and were separated from those of the
second year (higher Niex values). Concerning samples
from the first year, Corg was identified as the second major
environmental factor which affected the bacterial commu-
nity composition. “CoC-Y1” (Corg >3.18 g kg ') was
separated from other treatments (Corg <3.18 g kg ). ~-
Proteobacteria and Acidobacteria were the most abundant
phyla along the tree and showed a decrease when Niex
exceeded 1.18 mg kg '. Actinobacteria and a-
Proteobacteria showed little variation along the tree.
Gemmatimonadetes abundance increased with the increase
of Niex and decreased when Corg was higher than
3.18 gkg . Bacteroidetes were shown to be favored with
the increase of Corg at low Niex levels.

Discussion

After 2 years of cultivation, O. chalcidica from the
“CoC” treatment had the highest potential biomass and
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Fig. 7 Multivariate regression tree of the relation between the
relative abundance of the major subphyla and phyla and the soil
physico-chemical parameters. The bar plots show the mean

Ni yields of all the treatments and reached 2013 kg ha '
and 13.6 kg ha ', respectively. When a Brassicaceae
has been co-cropped with a legume, an increased bio-
mass and N-accumulation have previously been ob-
served by many authors (Banikm et al. 2000;
Andersen et al. 2005; Szumigalski and Van Acker
2005). While improving crop productivity, co-
cropping the Brassicaceae with the legume can also
reinforce its competitive ability against weeds
(Szumigalski and Van Acker 2005). In addition, the
introduction of legumes to conventional agro-
ecosystems has already shown its use in improving soil
organic matter and structure. Consequently, crop pro-
ductivity has been seen to be enhanced due to enriched
soil nutrient levels and deep soil exploration (Teasdale
et al. 1991; Fisk et al. 2001; Sarrantonio and Gallandt
2003). Biomass yields obtained from the “FCon” and
“NFCon” treatments confirm those of the field experi-
ments carried out in Albania by Bani et al. (2015). For
their field trials, the fertilization rate was the same as in
this study and contributed to a strong increase in
O. chalcidica’s biomass compared to the non-fertilized
plots (2300 kg ha ' vs. 272.2 kg ha '). In addition, a
significant increase in Ni yield was observed when the
nitrogen fertilizers were used in the first-year trial (Bani
et al. 2015). Lower yields were obtained in our study
than those obtained by Bani et al. (2015). This could be
explained by the differences in both the Spanish and
Albanian climate and soil characteristics. We should not
forget either that the soil bioavailable Ni concentration
(DTPA-extractable Ni) of the site studied was around

@ Springer

Corg <3.176 | Corg>=3.176

N
b3

—

8.66 L

relative abundance of each phylum at the terminal nodes. Abbre-
viations: soil organic carbon concentration (Corg) and soil ex-
changeable Ni concentration (Niex)

Relative abundance (%)
w378

41 mg Ni kg’ whereas in Albanian studied soils, this
reached more than 120 mg Ni kg '. Moreover, a signif-
icant increase in potential shoot C yields were observed
for both “CoC” and “FCon” treatments over time. This
was related to the obtention of better biomass of the
hyperaccumulator plant for these two treatments. Shoot
N yields were only improved for the “FCon” treatment
over time. N has been proven to be a limiting factor for
an optimal crop yield (Harker et al. 2012). This explains
why, in the case of “FCon” treatment, N chemical
fertilization increased O. chalcidica’s shoot N yield.

Principal Component Analysis revealed a negative
impact of the “FCon” treatment on soil parameters.
Being the preferred nitrogen source for most bacteria
and fungi, nitrogen fertilizers used at high rates can
negatively affect soil microorganisms (Marzluf 1997;
Omar and Ismail 1999; Geisseler and Scow 2014). Over
time, soil microbial phosphatase activity decreased for
all the treatments. In our study, soil was amended with
122.5 kg P ha ! each year before plantation in order to
improve P content. This was in accordance with Allison
and Vitousek (2005) who showed that phosphatase
activity was declined in response to phosphate addi-
tions. Moreover, over time, low soil DTPA-extractable
Ni levels were obtained for the “CoC” and “FCon”
treatments.. Echevarria et al. (1998) showed that the
DTPA-extractable Ni in the soil, is the soluble soil Ni
fraction that is most likely to be absorbed by
hyperaccumulator roots.

Over recent years, many reports have employed Next
Generation Sequencing to reveal a fundamental and new
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understanding of the rhizomicrobiome structure and
diversity (Metzker 2010; Mendes et al. 2013; Knief
2014; Yasir et al. 2015; Lopez et al. 2017), but very
little is known about the microbial diversity associated
with the rhizosphere of hyperaccumulator plants. How-
ever, the hyperaccumulators’ rhizosphere bacterial com-
munity has been recognized to influence plant growth
and development in metal-rich soils, by modifying met-
al mobility and bio-availability (Reeves and Adigiizel
2008; Sessitsch et al. 2013). Of the 27 phyla identified in
the studied soils, 15 had relative abundances exceeding
1%. Whatever the treatment, the bacterial phyla identi-
fied in O. chalcidica rhizosphere are commonly encoun-
tered as dominant taxa in soils (Rastogi et al. 2010).
Proteobacteria was the dominant phylum in the
hyperaccumulator rhizosphere, as observed in many
other soil types, including those that are multi-
contaminated (Cr, Zn and Pb) (Golebiewski et al.
2014), naturally metal-rich soils (Lopez et al. 2019),
agricultural soils (Yang et al. 2017) or even forest soils
(Uroz et al. 2010). The bacteria belonging to this phy-
lum have been defined as copiotrophic (Lienhard et al.
2014) and are known to prefer carbon-rich environ-
ments, such as rhizospheres (Yang et al. 2017). Howev-
er, the relative abundance of the ~-Proteobacteria sub-
phylum decreased significantly for the second year com-
pared with the first year of cultivation. This bacterial
phylum is known for its capacity to rehabilitate brown-
fields by bioleaching the heavy metals (Yang et al.
2016). In addition, bacterial species of this phylum can
tolerate high Ni concentrations in metal-rich soils (Idris
et al. 2006). Our results showed that the ~-
Proteobacteria subphylum is strictly linked to the soil
Ni-DTPA in the RDA analysis. The decrease in the soil
Ni-DTPA for the second year of cultivation could ex-
plain the relative abundance reduction of the -
Proteobacteria subphylum in the soil. In fact, the de-
crease in soil bioavailable Ni concentrations could favor
the growth of other non-tolerant bacterial communities
and increase their competition with the Ni-tolerant ones.
Other notable phyla were in order of abundance:
Acidobacteria, Bacteroidetes and Actinobacteria. These
results confirmed those obtained from contaminated
soils (Kim et al. 2006). Indeed, in soil, Acidobacteria
constitute on average 20% of all bacteria (Naether et al.
2012) and this observation is in accordance with our
results (19%). Among the previously-known environ-
mental factors that correlate to Acidobacteria abundance
in soils, pH is the most prominent (Jones et al. 2009) as

confirmed by our redundancy analysis (Fig. 6). More-
over, we observed that Acidobacteria’s relative abun-
dance decreased with time for the fertilized treatment. In
fact, even if Acidobacteria plays a crucial role in the C
cycle due to its ability to degrade complex plant-derived
polysaccharides, such as cellulose and lignin (Ward
et al. 2009), we can hypothesize that the bacterial com-
munities were negatively influenced by the mineral
fertilization and were more dependent on N addition
than on decomposing plant materials. These conditions
reduced the relative abundance of C-dependent bacteria
in the soil such as Acidobacteria. In contrast, the relative
abundance of Gemmatimonadetes increased significant-
ly with time for the “CoC” treatment. This phylum is
known to be a ubiquitous polyphosphate-accumulating
bacteria (Zhang et al. 2003). In fact, legumes are known
to solubilize phosphorus through soil acidification
resulting from the secretion of large amounts of protons
in the rhizosphere soil (Hinsinger 2001; Yan et al.
2002). The significant number of protons in the soil
was confirmed both by the RDA and the multivariate
regression tree analyses, where this phylum was posi-
tively correlated to soil CEC and exchangeable Ni.
Consequently, in these soil conditions,
Gemmatimonadetes were favored in the soils of the
treatment including the legume. A significant increase
was detected with time for the “FCon” treatment
concerning the relative abundance of a-Proteobacteria
and Planctomycetes. In fact, the a-Proteobacteria sub-
phylum is known to use ammonia and nitrate as its sole
nitrogen source (Madigan et al. 1984). In addition,
Planctomycetes species have been observed in environ-
ments in all trophic states, with some reports of higher
numbers occurring in eutrophic and polluted waters
(Staley et al. 1980). Furthermore, Planctomycetes have
large genomes, which is a feature of copiotrophs that
prefer nutrient-rich environment (Lauro et al. 2009).
The relative abundance of Verrucomicrobia increased
significantly with time for the “CoC” and “FCon” treat-
ment. This phylum is known to be favored by high
nutrient availabilities (Haukka et al. 2006) and the in-
crease in its relative abundance could be related to the
decomposition of the legume organic matter (in the case
of co-cropping) and the addition of the mineral fertili-
zation (in the case of the fertilized treatment). Recently,
the three candidate phyla, Parcubacteria,
Microgenomates and Gracilibacteria, have been
grouped into the Patescibacteria superphylum (Rinke
et al. 2013; Hedlund et al. 2014). The Patescibacteria
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superphylum showed a significant increase for all the
treatments with time. Patescibacteria sequences were
first reported in groundwater and sediments of anoxic
aquatic environments (Elshahed et al. 2005; Youssef
et al. 2011; Wrighton et al. 2012). Nevertheless, pro-
spective metagenomic analyses have since established
that this phylum has a widespread environmental distri-
bution including the maize rhizosphere (Correa-Galeote
et al. 2016). Concerning the Fibrobacteres phylum, its
relative abundance decreased with time for the fertilized
treatment. In fact, this phylum is known to decompose
plant material and utilize cellulose as a carbon source
(Qi et al. 2008). As we previously hypothesized, the
bacterial communities could be negatively influenced
by the mineral fertilization and were more dependent on
N addition than on decomposing plant materials. Con-
sequently, this could induce a decrease in the relative
abundance in the soil of C-dependent bacteria such as
the Fibrobacteres.

The NMDS showed that the treatments of the first-year
cultivation were separate from those of the second year,
confirming that the soil bacterial diversity was modified. In
addition, the “FCon” treatment showed a clear separation
from the other treatments for both years: underlining that
this treatment induced a particular bacterial community.
The same trends were shown for the RDA analysis. Alpha-
diversity indexes of the soil samples confirmed these ob-
servations. Indeed, the Shannon index decreased signifi-
cantly with time for the “FCon” treatment. Moreover, the
Chaol was lower for the “FCon” treatment for both years
of cultivation. Soil microbial diversity has been shown to
decrease after long-term application of NPK chemical
fertilizers (Postma-Blaauw et al. 2012; Sun et al. 2015).
Moreover, it has been recently shown that the mineral
fertilization can decrease the soil bacterial diversity after
just 1 year of cultivation (Liang et al. 2020). Conversely,
previous studies have revealed that organic amendments,
such as compost or manure, improved the soil bacterial
diversity. Indeed, Zhang et al. (2015) showed that addition
of livestock manure, straw or green manure enhance albic
paddy soil nutrients, enzyme activities and affect positively
the microbial biomass and structure. In the same way, Sun
et al. (2015) showed, among typical lime concretion black
soils subjected to 30 years of NPK fertilization, that the use
of pig or cow manure improved soil bacterial diversity. In
our study, the co-cropping treatment improved the soil
bacterial diversity. As proofed by recent studies (Benizri
and Amiaud 2005; Gao et al. 2012), the coexistence of
different plant species induced a variety of rhizodeposits
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(Zak et al. 2003), thus generating a better bacterial diversity
with a range of functional microbial groups (Wardle et al.
2004; Benizri and Amiaud 2005; Gao et al. 2010). En-
hancing soil bacterial diversity is known to improve soil
nitrogen and carbon cycles. Indeed, Griffiths et al. (2000,
2001) showed a positive effect of the soil microbial diver-
sity on mineralization of complex carbon sources. More-
over, Saad et al. (2018a) showed that co-cropping
O. chalcidica with Vicia sativa ameliorated the soil aggre-
gate stability and the soil particules size. A better structured
soil allows a deep development of the plant root system
resulting in an enhanced plant nutrition (Passioura 1991).

Based on the predicted metagenomes using the
Tax4Fun approach, genes belonging to metabolism
were identified as the major gene families at the Level
1 KO groups. Our results confirm recent studies where
the metabolism-related functions were found in great
abundance in the rhizospheres of hyperaccumulator
plants (Lin et al. 2013; Lopes et al. 2016; 2019). In
addition, we found that carbohydrate metabolism in-
creased significantly with time for the co-cropping treat-
ment. This could be related to the fact that the complex
compounds, present in organic matter (i.e. incorporated
legume residues) in the case of the co-cropping treat-
ment, are recognized as a major C and N source for the
bacterial activity. The latter would activate complex
enzyme systems in order to degrade and utilize these
compounds (Kdgel-Knabner 2002). In addition, it is
theorized that the increase in plant growth creates a
positive feedback, which increases root exudates for
bacterial metabolism (Mahoney et al. 2017). Moreover,
we can hypothesize that, after 2 years of cultivation and
the legume introduction, the soil was better structured
due to a greater presence of micro-aggregates (Saad
et al. 2018a, b), thereby enhancing soil bacterial metab-
olism. With time, a significant negative impact of the
mineral fertilization (“FCon”) was detected on the per-
centages of the translation, replication and repair and
transcription gene families. The co-cropping treatment
showed a higher significant percentage for those genes
related to environmental information pathways than the
other treatments of the first year of cultivation. In con-
trast, mineral fertilization showed a significant increase
with time for this KO group and especially for the
membrane transport category. In addition, a significant
decrease with time was shown for the cellular process
pathways in the case of the co-cropping treatment (affected
KEGG Level 2 pathways: cell motility). These results
could be explained by the fact that membrane transport
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and cell motility could permit the bacteria to interact with
their surroundings and react to chemical gradients gener-
ated by rhizodeposits and other signals in the rhizosphere
(Somers et al. 2004). On one hand, the addition of the
mineral fertilization could be a possible reason for the
increase in the percentage of the bacterial membrane trans-
port category. Since membrane transporters play an im-
portant role in many different aspects of bacterial physiol-
ogy, this results in facilitating both the import of nutrients
and the extrusion of toxins and antimicrobial compounds
(Davidson and Chen 2004; Lin et al. 2013). On the other
hand, the enrichment of the soil with legume residues in
the case of co-cropping could generate a stable and locally
rich-environment for the bacteria, thus minimizing their
need to be mobile in order to search for soil nutrients
through bacterial chemotaxis (Somers et al. 2004).

Even if an increasing number of studies have
attempted to characterize how microbial distribution
patterns respond to plants and environmental factors,
to our knowledge, few studies have ever investigated
the influence of physicochemical factors and their mod-
ifications with time, on the rhizosphere bacterial com-
munity of hyperaccumulator plants growing on ultra-
mafic soils (Pardo et al. 2018; Visioli et al. 2018). The
multivariate regression tree showed that Niex was the
most influential parameter on the phyla’s relative abun-
dance with all first-year samples characterized by low
Niex levels (<1.18 mg kg™ ') and separate from those of
the second year with a higher Niex. Nevertheless, the
presence of metals in soils can induce changes in the
structure and diversity of the soil bacterial communities,
as evidenced by numerous studies (Sandaa et al. 1999;
Mengoni et al. 2001; Idris et al. 2004; Lopez et al.
2017).. Soil organic matter is considered as an important
indicator of soil quality because of the many functions it
provides. Organic matter is a source of C and N and
influences the phosphorus and sulfur cycles (Carter
2002). In addition, it has the ability to complex with
multivalent ions and organic compounds. Organic mat-
ter has an effect on aggregate stability, water retention
and soil hydraulic properties (Carter 2002). In our study,
the PCA analyses (Fig. 2) allowed for a clear differen-
tiation between treatments from the first and those of the
second year, along Axis 2. Moreover PCA showed that
Corg, C and N increased with time. The application of
organic fertilization (in our case, the addition of legume
residues to the soil), can increase soil organic carbon and
enhance the bacterial communities that are known to be
involved in the decomposition of complex organic

matter and soil carbon, nitrogen, and phosphorus trans-
formations (Li et al. 2017).

Conclusions

This study showed that the introduction of a legume into a
Ni agromining system improved both plant biomass and
Ni yields. The results obtained from the co-cropping sys-
tem clearly demonstrated the improvement of Ni yields in
comparison to fertilized and non-fertilized treatments. Soil
bioavailable Ni concentration was lowered with time in
comparison to the soil initial concentration before the
implementation of this cropping system. In addition, min-
eral fertilization had a negative impact on many microbial
and soil physicochemical parameters. Co-cropping en-
hanced the soil bacterial diversity in contrast to the fertil-
ized treatment that reduced it. Moreover, co-cropping with
the legume increased the relative abundance of genes
related to the bacterial metabolism. Co-cropping of
O. chalcidica with the legume and incorporating the le-
gume dry biomass into the soil, could reduce the need for
fertilizers, as well as lowering the risk of nitrogen leaching
and consequent underground water pollution. Further stud-
ies could be done in other regions where freezing temper-
atures during winter could naturally destroy the legume
plant cover in order to avoid the manual incorporation of
the legume biomass. In addition, more research is needed
in order to understand the impact of the living legume on
soil parameters prior to its incorporation into the soil.
However, this work has confirmed that implementing
pluriannual agromining trials on abandoned ultramafic
soils can enhance the biomass and Ni yields of the
hyperaccumulator plant with time. Improving agromining
methods by replacing mineral fertilizers would combine an
eco-efficient strategy with a sustainable metal recovery.
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plementary material available at https:/doi.org/10.1007/s11104-
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