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A B S T R A C T

Low soil fertility in ultramafic soils limits the efficiency of nickel phytoextraction. Developing more
efficient cropping systems for agromining can be achieved by the association of a hyperaccumulator with
a legume by enhancing soil fertility. However, legume crops can result sensitive to ultramafic soil
conditions, including nickel Ni availability. We assessed here whether Lens culinaris is adapted to
ultramafic environments by growing on soils displaying a wide range of Ni concentrations and
consequently producing functional nodules. The soil was enriched with different Ni concentrations ([Ni])
(0–90 mg Ni kg�1). Natural 15N abundance was used to assess N2 fixation (%Ndfa). Biotic parameters were
investigated (nodule number, Ni, carbon and nitrogen concentrations, plant biomass . . . ). Soil
parameters were investigated (total [Ni], DTPA-extractable Ni, C and N concentrations . . . ). Most of
the physicochemical and biological parameters were significantly affected by the increased soil [Ni].
Nodule numbers per plant was lower under high [Ni] than control (soil without Ni). Nodules lost their
capacities to fix N2 under high Ni addition (90 mg Ni kg�1). For many parameters, there were no
significant differences between control and treatments up to 60 mg of Ni kg�1 added to the soil. Lentil is
able to grow on a soil containing amounts of Ni-DTPA similar to those generally found in serpentine soils.
It could be used in association with a hyperaccumulator plant as a nitrogen provider in order to optimize
Ni agromining.

ã 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Serpentine soils (i.e. ultramafic soils) are derived from
ultramafic rocks and contain significant amounts of metallic trace
elements (MTE) including copper, chromium, iron, titanium, cobalt
and nickel (Berazaín, 2007; Chaney et al., 2008). The average total
content of nickel (Ni) in these soils under temperate to
Mediterranean conditions can range between 1400 and
3500 ppm (Kabata-Pendias, 2000; Bani et al., 2014). Ultramafic
soils are also characterized by high Mg concentrations and a
deficiency in N, P, K and Ca (Kabata-Pendias, 2000; Boyd and Jaffré,
2009). As a result of the presence of heavy metals, very high Mg:Ca
ratio (Bani et al., 2007) and deficiencies, serpentine soils are
entirely ill-suited to profitable agricultural production and even
* Corresponding author at: Université de Lorraine, Laboratoire “Sols et
Environnement”, UMR 1120, Vandœuvre-lès-Nancy, F-54518, France.
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forests (Tumi et al., 2012). Their low-fertility and low-productivity
make them unattractive for traditional agriculture and many of
these areas are slowly abandoned by farmers, with rural exodus
and landscape closure. However, serpentine outcrops in Europe
cover over 10,000 km2 and these ultramafic landscapes have
potential to provide multiple ecosystem services and contribute to
Europe’s goals towards insuring production of renewable raw
materials and renewable energy (Echevarria et al., 2015). The idea
of phytomining metals emerged in the 90 s (Chaney et al., 2007)
and the goal was to cultivate plants able to accumulate trace metals
from metal-rich soils and transport them to the shoots ( > 1%),
which could then be harvested as a bio-ore to recover highly
valuable metals, e.g. nickel (Ni). Nickel-hyperaccumulating plants
are considered ideal candidates for agromining, which is a non-
destructive approach to the recovery of high value metals (e.g. Ni)
from metal-enriched soils and ores (van der Ent et al., 2013, 2015).
In Europe, about 40 endemic taxa of Ni-hyperaccumulators from
two families (Brassicaceae and Asteraceae) can be found. The
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process involves root uptake of trace metals from soils, as well as
their active transport to the shoots where they can be extracted
after harvest (Chaney et al., 2008). Phytomining was proven to be
efficient in the 2000s and became a real market opportunity in
2007 (Chaney et al., 2007; Tang et al., 2012). Few works described
the implementation of agroecosystems which can lead to better
soil resource efficiency and to offer fully integrated, new
phytomining agriculture that could cover thousands of km2 in
Europe and benefit local communities with sustainable rural
development (Bani et al., 2007, 2015a,b). The recent development
of the phytomining concept led to the definition of “agromining”
(van der Ent et al., 2015) as a way to provide multiple ecosystem
services, such as provisioning services (e.g. metal, fuel-biomass)
and supporting services (e.g. amelioration of the fertility of
ultramafic soils over time). In this context, the use of the Ni-
hyperaccumulator Alyssum murale was proven to be economically
feasible in Europe (Albania) based on successful field experiments
(Bani et al., 2007, 2015a,b). However, several bottlenecks have been
identified and need to be solved before agromining fully develops
in Europe. In particular, ultramafic soils showed low-fertility and
low-productivity, thus fertilizer amendments such as N, P and K
must be considered to significantly improve crop growth and
phytoextraction yield (Bani et al., 2015a; Kidd et al., 2015). Moving
towards agromining would result in a more resource-friendly
agriculture, i.e. agro-ecological practices should be introduced as a
substitute to conventional fertilization and pest-control practices.

As shown with cereal food crops, forage, silvo-pastoral,
agroforestry and horticultural systems, the inclusion of a legume
in inter-cropping or co-cropping provides nitrogen inputs in the
cultural system in addition to producing valuable yields (Lizarazo
et al., 2015; Peoples et al., 2015). Indeed, it is known that legumes,
used in either inter-cropping or co-cropping, influence the N-
economy of a system in two ways: they fix part of their N-
requirement from atmospheric N2 and, therefore, deplete available
soil-N lesser than non-legumes, and also provide part of the fixed-
N upon mineralization of decaying plant residues to the non-
leguminous crop (Nyagumbo et al., 2015; Peoples et al., 2015).
Moreover, in traditionnal agronomy, legume cover crops are used
to reduce or prevent erosion, produce biomass and add organic
matter to the soil, attract beneficial insects and they can break
weed-, disease- and insect-cycles. Therefore, inter-cropping or co-
cropping hyperaccumulator plants with legumes could improve
phytoextraction yield through the enrichment of ultramafic soils
with nitrogen fixed from the air. A part of the N fixed being usually
transferred to companion plants (Rodrigues et al., 2015), the
hyperaccumulator could benefit from this biological process, while
reducing fertilizer inputs and pesticides to the field. The
combination of a legume species with a hyperaccumulator plant
could be an innovative strategy for agromining; if the legume
tolerates high metal concentration, it could lead to higher
hyperaccumulator biomass and reduce the amount of fertilizer
supplied, combining higher economic performance and lower
environmental impact (Scalise et al., 2015; Luce et al., 2015). Thus,
N biological fixation can act as a primary N source (biofertilizer)
and provide an ecosystem service, thereby complementing or
replacing fertilizer inputs (Fustec et al., 2010; Mokgehle et al.,
2014).

Among the factors that reduce plant growth and crop yield in
ultramafic soils (i.e. the Serpentine syndrome) we can list
(Whittaker 1954; Proctor and Woodell 1975; Brooks 1987): Mg
excess over Ca; K, P and Ca deficiency; Ni toxicity. Growing non-
adapted legumes in ultramafic conditions could then result in a
reduction of beneficial effect of co-cropping because of these
factors. Specific amendments can help the plant face the nutrient
unbalances. But the presence of metals (in our case Ni) in soil could
limit the growth of non-hyperaccumulator species and stimulate
the production of ethylene in plants (Abeles et al., 1992; Glick,
2005; Glick, 2014), which affects root growth and nodule
formation in legumes such as beans, peas, clovers and vetches
(Ligero et al., 1991; Lee and Larue, 1992; Hirsch and Fang, 1994).

Hence, our objective was to investigate whether Lens culinaris, a
legume, could be used in inter- or co-cropping with a hyper-
accumulator plant, on a natural ultramafic Ni-rich soil, in order to
improve Ni phytoextraction by the hyperaccumulator plant
without any chemical fertilizer inputs. The first step is to confirm
if this legume can grow and form nodules on a soil containing
varied Ni concentrations. We assessed whether these nodules fix
nitrogen in the presence of Ni. This study is a prerequisite for using
Lens culinaris in inter- or co-cropping with a hyperaccumulator
plant, on a natural ultramafic Ni-rich soil, in order to improve Ni
phytoextraction. Our strategy was to grow lentils on soil artificially
enriched with Ni and then to estimate nitrogen fixation by natural
15N abundance because using a serpentine soil does not allow
assessing the effect of each of the factors that generate the
serpentine syndrome. We chose an agricultural Ni-enriched soil in
which we carefully added Ni in order to reach the same DTPA-
available concentrations of Ni than those we currently found in the
ultramafic soils (e.g. Albania) where we pretend to crop L.
culinaris + A. murale. Then, we will be able to estimate if lentil
will be a good candidate for co-cropping or rotation with a
hyperaccumulator plant.

2. Material and methods

2.1. Soil characteristics and experimental design

We performed a two month microcosm study in controlled
conditions (photoperiod 16 h, temperature 18 �C night and 22 �C
day, relative humidity 70%, PPFD: 350 mmol m�2 s�1) based on
three treatments: lentil sown in soil with increasing Ni concen-
trations, ryegrass sown in soil with increasing Ni concentrations
and lentil sown in sand also with increasing Ni concentrations. The
soil used in this experiment was an agricultural topsoil, collected
from the surface layer (10–20 cm), originating from “La Bouzule”
Experimental Farm of Université de Lorraine (48�44022.270 0N,
6�19019.850 0E, Meurthe et Moselle, France) and previously cultivat-
ed with nodulated pea, thus naturally containing Rhizobium
leguminosarum. Immediately after collection, the soil was sieved
to <5 mm to remove coarse fragments and stored at 4 �C for less
than 7 days until soil physicochemical analyses were carried out.
Soil physicochemical properties were determined by the Soil
Analysis Laboratory of INRA (Arras, France). It contained 36.7, 51.5
and 7.2%, clay, silt and sand respectively had a C/N ratio of 9.2, a Mg/
Ca ratio of 0.08 and an available phosphorus content (Olsen P) of 63
mg�kg�1. Soil pH was 6.4 and was similar (less than 1 unit
difference) with the ultramafic soils targeted for field implemen-
tation of agromining with legume co-cropping in Albania and
Northwestern Spain (pH range from 6.0 to 7.0). Total Ni and
available Ni (DTPA-extractable) contents were respectively 67.5 mg
Ni kg�1 and 1.8 mg Ni kg�1. We artificially enriched the soil with
nickel sulfate (NiSO4, 7H2O) with six different concentrations (0,
10, 20, 30, 60 and 90 mg Ni kg�1 dry soil). The soil was then
incubated for 15 days prior to sowing plants to avoid major changes
in Ni availability during plant growth and have them occur before.
Our goal was to keep the gradient of available Ni in a range that
included 30 mg Ni kg�1, which is the value that was measured on
two field sites where legumes will be grown together with Alyssum
murale. Microcosms (Polyvinyl chloride tubes, 4.7 cm diameter and
22 cm height) were filled with 416.2 g of soil (on the DW basis). One
lentil or ryegrass seed was sown in each microcosm. Lentil seeds
were provided by Sem-Patners (Lens culinaris var. Beluga, France)
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Fig. 1. Shoot (grey bars) and root (black bars) biomass (g plant�1) of lentils in
relation to Ni additions (mg kg�1). Means � confidence interval followed by
different letters are significantly different at p < 0.05 (Tukey’s multiple range test),
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and ryegrass seeds by Forum (Lolium multiforum L. italicum.
France). A set of microcosms were filled with sand, previously
enriched with the six nickel sulfate concentrations. Lentils
cultivated on sand and inoculated with a Rhizobium strain, were
used as controls for quantification of N2 fixation (see below). Seeds
on sandy substrate were disinfected by immersion in ethanol 95%
for 30 s, followed by immersion for 10 min in a hydrogen peroxide
solution (H2O2, 3%). The seeds were then rinsed at least five times
with sterile distilled water. Before enriched with nickel sulfate, the
sand was washed with hydrochloric acid (N/3, incubation for 12 h
followed by several rinses with distilled water) in order to
mineralize the organic matter residues. Then, each sandy
microcosm was inoculated with a Rhizobium strain. We used the
self-adhering peat-based inoculant for Lentil (Becker Underwood,
Canada). This product contains at least 109 viable cells of Rhizobium
leguminosarum biovar viciae strain 1435 per gram and we brought
1.2 kg per 600 kg seed, in accordance with manufacturer’s
instructions.

The experiment had a randomized complete block design with
three replicates of the following treatments: lentil and ryegrass
cultivated on the Ni-enriched agricultural soil and lentil (inoculat-
ed with Rhizobium) cultivated on Ni-enriched sand. The Ni-
contaminated agricultural soils were adjusted three times per
week to 70% of soil water holding capacity with distilled water.
Lentils on sand were irrigated with a nutrient solution without
nitrogen (pH 6.98) (Munns, 1977).

2.2. Plant analyses

After 2 months of culture, plant roots, stems and leaves were
collected and separated. Fresh roots were carefully washed with
deionized water and the nodule number per plant was counted by
microscopic observations. Then, roots and shoots parts were oven-
dried at 70 �C for 72 h and dry weights recorded. Subsamples (0.5 g)
of dry and ground plant tissue were acid-digested at 95 �C in 2.5 ml
of concentrated HNO3 and 5 ml of H2O2 (30%). The final solutions
were filtered (0.45 mm DigiFILTER) and completed up to 25 ml with
deionized water. [Ni] in the solution was measured with an
Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-
AES, Liberty II, Varian).

Metals are known to cause severe toxicity to various metabolic
activities of legumes, including physiological processes like
synthesis of chlorophyll pigments (Bibi and Hussain, 2005; Ahmad
et al., 2008) and protein synthesis (Brahima et al., 2010). Heavy
metals are known for their inhibition of nitrate reductase activity
(NRA) (Fatnassi et al., 2014). Consequently, total chlorophyll,
carotenoid concentrations and nitrate reductase activity in the
leaves were assessed as indicators of the Ni effects on plant
physiology. Chlorophyll and carotenoids were extracted by
incubation of leaves in acetone (80%) for 24 h followed by
measurements of optical density using a SmartSpec Plus Spectro-
photometer, BIO-RAD (wave lengths of 663, 645 and 440 nm for
chlorophyll a, b and carotenoids, respectively). The respective
concentrations of chlorophyll a and b were calculated according to
Arnon (1949). The potential NRA was estimated in fresh leaves by
incubation in 0.1 M phosphate buffer (pH 7.5), 30 mM KNO3, and 5%
isopropanol at 28 �C for 2 h, followed by the addition of
sulfanilamide 3 M HCl and 0.02% naphthylethylene diamine
hydrochloride (NED HCl). The mixture was left for 20 min for
maximum color development prior to optical density measure-
ment with a spectrophotometer (SmartSpec Plus Spectrophotom-
eter, BIO-RAD) at 540 nm (Jaworski, 1971). The total C and N in the
plant parts were analyzed by combustion at 900 �C with an
analyzer C, N (vario MICRO cube, Elementar Analysensysteme
GmbH).
We used the 15N natural abundance (d15N) technique (Kerley
and Jarvis, 1999) to estimate the proportion of N (%Ndfa) in lentils
derived from biological nitrogen fixation (BNF). We used ryegrass
(Lolium perenne L.) grown in pots contaminated with Ni in the same
way as the lentils, as non-legume (non-fixing) control plants to
estimate d15N of the N uptake from soil. Finally, we used lentils
grown on sandy substrate and inoculated with a Rhizobium strain
to estimate the d15N of the legume when fixing 100% of N2

(Amarger et al., 1979; Högberg, 1997). The %Ndfa was calculated
using the following equation:

%Ndfa ¼ ðd15N of Ryegrass � d15N LentilÞ
ðd15N of Ryegrass � d15N Lentil on sandÞ

�100

Then, the amount of Ndfa per plant was calculated by
multiplying the %Ndfa by the lentil biomass for each plant.
Nitrogen originating from the seeds was quantified, by measuring
total N and d15N.

2.3. Soil analyses

Soil moisture was determined by heating subsamples to 105 �C
until a constant weight was achieved. Subsamples (0.5 g) of dry soil
were acid-digested in 2 ml of concentrated HNO3 and 6 ml of
concentrated HCl for quantification of major and trace elements.
The final solutions were filtered (0.45 mm DigiFILTER, SCP science,
Canada) and completed up to 50 ml with deionized water. [Ni] in
the solution was measured with an Inductively Coupled Plasma-
Atomic Emission Spectrometer (ICP-AES, Liberty II, Varian).
Available Ni in soil samples from each microcosm was extracted
with a DTPA–TEA solution (0.005 M Diethylene Triamine Penta-
acetic Acid, DTPA, 0.01 M CaCl2, 0.1 M triethanolamine, pH 7.3)
according to Lindsay and Norvell (1978) and the [Ni] in solutions
was measured with an ICP-AES (Liberty II, Varian). The CEC was
measured according to international ISO standard 23470. Soil pH
was measured using a pH meter in a soil–water suspension (soil:
water ratio = 1:5).

Total and organic C and N were quantified with the C, N
Analyzer. Soluble C and N were determined on 5 g of dried soil
extracted with 25 ml of CaCl2 (1 mM) by agitation at 5 rpm for 24 h.
The mixture was then filtered through a Whatman filter (nylon
membrane, 0.45 mm) and soluble C and N of CaCl2 solutions were
then analyzed with a TOC analyzer (TOC-VSCN equipment,
Shimadzu, Kyoto, Japan). Nitrate and ammonium ions were
quantified on 15 g of fresh soil mixed to 75 ml of 0.016 M KH2PO4

and stirred for 30 min at 17 rpm. The soil suspension was then
(n = 3).



a'

abc'
abc'

ab'

bc'
c'

a

bc
abc

ab

bc c

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.0

0.1

0.2

0.3

0.4

0.5

0.6

N C N C N C N C N C N C

0 10 20 30 60 90

Sh
oo

t t
ot

al
 n

itr
og

en
 (g

.p
la

nt
-1

)

Sh
oo

t t
ot

al
 c

ar
bo

n 
(g

.p
la

nt
-1

)

Doses  of Ni (mg.kg-1)

Fig. 2. Total nitrogen (N: grey bars) and carbon (C: black bars) in shoots of lentils (g
plant�1) grown on soil contaminated with Ni. Means � confidence interval followed
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centrifuged (20 min at 5800g) and filtered through a Whatman
filter (nylon membrane, 0.45 mm) before analysis by Ion Chroma-
tography (Dionex 1500i with an AS 4 ASC column; Sunnyvale, USA).

2.4. Statistical analyses

Variance analysis was carried out on all data using one-way
ANOVA (Tukey test with a confidence interval of 95%). Also,
normality tests and k-sample comparison of variances were
analyzed. These statistical analyses were carried out on XLSTAT
software (XLSTAT 2015.2.01.16520, http://www.xlstat.com). Fur-
thermore, all the parameters studied were submitted to PCA using
StatBox software (Grimmersoft, Paris, France, http://www.statbox.
com).

3. Results

3.1. Plant analyses

3.1.1. Shoot and root biomass
Lentils from treatment without Ni (0 mg Ni kg�1) had the

greatest shoot dry biomass (1.19 g) when compared to other
treatments (Fig. 1). There was no significant difference for the
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Fig. 3. Total Ni concentration in shoots (S: grey bars) and roots (R: black bars)
(mg kg�1 DW) of lentils in relation to Ni additions (mg kg�1). Means � confidence
interval followed by different letters are significantly different at p < 0.05 (Tukey’s
multiple range test), (n = 3).
shoot dry biomass from 0 (control) up to 30 mg Ni kg�1. Treatment
with 90 mg Ni kg�1 showed the smallest shoot biomass (0.32 g),
significantly lower than that of the control. The root dry weight
was not affected by Ni addition.

3.1.2. Carbon and nitrogen content in shoots and roots
Total N and C in plant shoots were similarly affected by

increasing soil [Ni] (Fig. 2). The control treatment had the highest
values (0.02 and 0.54 g plant�1 of total N and total C, respectively)
and the 90 mg Ni kg�1 treatment the lowest values (0.01 and 0.14 g
plant�1 of total N and total C, respectively). There were no
significant differences among other treatments. There was no
significant effect of soil [Ni] on total N in the roots (data not
shown). The treatment with 60 mg Ni kg�1 showed the highest
amount of total C in roots (0.12 g plant�1) with a significant
difference to all other treatments (data not shown).

3.1.3. Ni concentrations in shoots and roots
The total Ni concentrations in lentil shoots and roots

significantly increased when soil Ni-concentrations increased
(Fig. 3). [Ni] was 34 mg Ni kg�1 DW in shoots for the highest
soil [Ni] of 90 mg Ni kg�1. Unsurprisingly, roots accumulated much
more Ni than the shoots, with 172 mg Ni kg�1 in the soil treatment
contaminated with 60 mg Ni kg�1. There was no detectable Ni in
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Fig. 8. Total nickel (total-Ni) (black bars) and DTPA-extractable nickel (DTPA-Ni)
(grey bars) in the soil at the harvest (mg kg�1). Means � confidence interval
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the control shoots, although roots did accumulate small quantities
(15.1 mg Ni kg�1).

3.1.4. Pigments and nitrate reductase activity
A significantly higher chlorophyll concentration (1.19 mg g�1

FW) was observed in leaves of plants grown under high Ni addition
(90 mg Ni kg�1 in comparison with the other treatments). The
control was not different from other treatments (Fig. 4). The
carotenoid concentration in leaves was not affected significantly by
soil [Ni], but it followed the same trend as the chlorophyll getting
somehow higher with the increase of [Ni] (Fig. 4). NRA decreased
slightly when [Ni] in the soil increased (Fig. 5). Plants growing on
soils contaminated with 30–90 mg Ni kg�1 had significantly lower
NRA (0.70, 0.71 and 0.68 mmol NO2

� g�1 h�1, respectively) than the
control (0.87 mmol NO2

� g�1 h�1).

3.1.5. Nodule number
Lentil plants growing on soil with 90 mg Ni kg�1 had

significantly fewer nodules than the control (0 mg Ni kg�1)
(Fig. 6). No significant difference was observed for this parameter
for the lowest [Ni].
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Fig. 7. Shoot nitrogen fixed from the air (Ndfa, mg plant�1) of lentils grown on soil
contaminated with Ni. Means � confidence interval followed by different letters are
significantly different at p < 0.05 (Tukey’s multiple range test), (n = 3).
3.1.6. N2 fixation
The amount of nitrogen fixed from the air (Ndfa) decreased

when soil [Ni] increased (Fig. 7). Control soils had significantly
greater Ndfa (12.2 mg plant�1) in comparison to all other treat-
ments. The highest [Ni] completely cancelled Ndfa (0 mg plant�1).
No significant differences were shown among other [Ni] of 10, 20,
30 and 60 mg Ni kg�1.

3.2. Soil characteristics

3.2.1. Total Ni and DTPA-Ni
Soil [Ni] supplied at the beginning of the experiment strongly

structured the distribution of total Ni and DTPA-extractable nickel
among the gradient of soils (Fig. 8). The total [Ni] quantified in the
soil at harvest is proportional to the [Ni] supplied in the soil and
reached a maximum of 138.8 mg Ni kg�1 with the addition of
90 mg Ni kg�1. DTPA-extractable Ni showed the same trend as the
total Ni in the soil (also measured after harvest) and was comprised
between 50 and 55% of Ni added and the highest addition (i.e.
90 mg Ni kg�1) led to a final DTPA concentration of 49.73 mg
Ni kg�1 (Fig. 8). The targeted concentrations observed in field
conditions for further implementation of legumes (i.e. �30 mg
kg�1) were thus comprised in the range tested here.

3.2.2. pH and CEC
Regardless of soil treatment, soil pH at harvest was significantly

lower by 0.13–0.22 pH units than the control soil (6.63) for the 60
and 90 mg Ni kg�1 treatments, respectively (Fig. 9). In the same
way, the treatment with [Ni] at 90 mg kg�1 had the lowest CEC, the
difference with all other treatments being significant (data not
shown).

3.2.3. Soil nitrogen and carbon
No significant differences were observed between any of the

treatments for the percentage of total and organic soil N and C
(data not shown). Similarly, no significant difference was detected
for soluble C in soils (data not shown). The soluble N concentration
in soils at harvest was the highest (58.8 mg kg�1) with addition of
90 mg kg�1, compared to control and other treatments (between
20.4 and 27.5 mg kg�1). There was no significant difference
between control and treatments with additions from 10 to
60 mg Ni kg�1.
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3.2.4. Ammonium and nitrate
No ammonium was detected in soils at harvest for all

treatments (data not shown). In contrast, high nitrate concen-
trations were measured, without significant difference among all
treatments, except a higher, but non-significant, nitrate concen-
tration for the addition of 90 mg kg�1 (59.7 mg kg�1) compared to
the control (34.6 mg kg�1) (data not shown).

4. Discussion

Hyperaccumulators are considered to be ideal candidates for
application in agromining, a non-destructive approach for the
recovery of high value metals (e.g. Ni) from metal-enriched soils.
However agromining should focus on species showing the highest
levels of hyperaccumulation. Unfortunately, the annual biomass
production of some hyperaccumulator species is not sufficiently
high. Therefore, high biomass yield and metal hyperaccumulation
are both required in order to make agromining a commercially
viable alternative (Zhang et al., 2014; van der Ent et al., 2015).

As shown in classic agricultural systems, the inclusion of a
legume in inter-cropping or co-cropping provides nitrogen inputs
in the cultural system in addition to producing valuable yields
(Lizarazo et al., 2015). So, our objective was to investigate whether
Lens culinaris could be used in inter- or co-cropping with a
hyperaccumulator plant in order to improve Ni phytoextraction by
hyperaccumulator plants without any chemical fertilizer input. But
it is necessary to control if this legume can grow and form
functional nodules within the range of natural Ni concentrations
displayed by ultramafic agricultural soils. Indeed, there are
numerous reports where elevated amounts of trace metals have
been found to limit the growth of both rhizobia and their host
legumes (Heckman et al., 1987; Broos et al., 2005) and
concomitantly reduce crop yields. But, it is also known that the
degree of tolerance of plants (including legumes) to trace metals
have been divided into three categories: hypotolerance, basal
tolerance, and hypertolerance (Ernst et al., 2008), and that some
legumes can be found in different habitats polluted by excess
heavy metals. For example, Anthyllis vulneraria can be found
naturally in ultramafic soils and is able to fix 80% of its total
nitrogen from atmosphere. The study of serpentinophytes in
North-Est Portugal revealed that some families, such as legumes,
showed high tolerance to serpentine soils (Menezes de Sequeira
and Pinto da Silva, 1992). Different species of Trifolium (T. Bocconei,
T. cherleri, T. strictum), Anthyllis sampaiana, Lotus tenuis are
common in these serpentine environments. The same occurs in
ultramafic soils of Albania where species of Trifolium (T. nigriscens,
T. campestre, T. angustifolium) and of Lotus (L. corniculatus and L.
angustissimus) are common species or can even be dominating
species and display extremely high Ni concentrations in shoots, e.g.
T. nigrescens (Bani et al., 2007, 2013).

In our study, lentil which was nevertheless adversely affected
by the increase of soil [Ni], tolerated a moderate availability of Ni,
from 7.5 to 30.8 mg Ni-DTPA kg-1 (corresponding to additions of
10–60 mg Ni kg�1) based on results of plant biomass weight, C and
N content, physiological parameters and nodule numbers. Trace
metals contaminated soils severely affects the survival of Rhizobi-
um strains as described by Gusmão et al. (2005). Rhizobia strains
isolated from Lens culinaris revealed the lowest resistance to trace
metals, in comparison to other strains isolated from different
nodulated legumes (Vicia faba, Cicer arietinum and Sulla coronaria),
when tested on culture media enriched with trace metals (Cd, Pb,
Zn and Cu) (Fatnassi et al., 2014). This fact explains the reduced
atmospheric N2 fixation in our study that could be related to a
decreased symbiotic activity of the microbes at the highest soil Ni
availability. These outcomes affected various parameters such as
the Ndfa, but also the shoot biomass, which was also negatively
correlated to Ni additions to the soil. Moreover, shoots and roots of
enriched treatments accumulated greater [Ni], which was also
positively correlated to Ni-DTPA concentrations, total and ex-
changeable Ni in soils at harvest. Such accumulation of Ni in plant
parts is known to cause a reduction of the plant biomass (Ahmad
et al., 2012) and roots stored a higher amount of Ni than shoots, as
reported by previous studies on legumes (Roy et al., 2009). As a
result of the decreased Ndfa, the 15N excess in lentil and the
proportion of nitrogen content in lentil coming from the seed (data
not shown) increased when [Ni] rose from 0 to 90 mg kg�1. At the
latter concentration there was absolutely no more N input to the
system from atmospheric N2 fixation, thus making the potential
association with hyperaccumulators non profitable in terms of N
budget (competition for N absorption between both species).

Physiologically and more precisely, [Ni] showed direct and
indirect toxic effects on the various plant processes, which were
monitored in this study. We followed the effect of [Ni] on pigments
concentrations in leaves, but we eventually found that carotenoids
were not significantly affected by the increase of [Ni] in the soil.
However, Ni had a contradictory effect on chlorophyll content in
leaves. It is known that trace metals have a negative effect on
chlorophyll content in plants (Zengin and Munzuroglu, 2005;
Fatoba et al., 2008). Our hypothesis regarding the increase of the
chlorophyll content in fresh leaves at highest Ni concentrations
was that reduction of plant biomass results in a mechanical
concentration of chlorophyll in leaves (Krupa et al., 1993; Prasad
and Freitas, 2003). Nickel added to the soil deleteriously affected
nitrate reductase activity (NRA) in shoots. Reduction of NRA, due to
the inhibition of nitrate translocation from roots to shoots by Ni,
has also been reported in many previous studies (e.g. Kevrešan
et al., 1998; Sharma and Subhadra, 2010). Consequently, decreased
amounts of leaf nitrate implied lower NRA levels (Kevrešan et al.,
1998), which were also affected by the photosynthetic process
(Bazzigalupi et al., 1992). Metabolites issued from the photosyn-
thetic metabolism are essential to nitrate reduction. Therefore,
photosynthesis, related at the same time to leaf size and
chlorophyll quantities, was limited, thus decreasing both the
uptake and reduction of nitrate (Bazzigalupi et al., 1992).

Nitrogen and carbon in the shoots were also significantly
reduced by the Ni concentrations in the soil. Strong positive
correlations linked C and N contents in shoots to shoot biomass
and to Ndfa in shoots (Pearson correlations, 0.982 and 0.878,
respectively; data not shown). It is known that high concentrations
of metals limit nutrient and water uptake from the soil and thus
reduce biomass production and dry matter accumulation in shoots
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and roots. Furthermore, the photosynthesis, carbohydrate and
protein synthesis are also reduced due to the induced oxidative
stress by the heavy metal (Ahmad et al., 2012). Both, nitrogen fixed
from the air and nitrate assimilation from the soil, reported to be
reduced by the heavy metal toxicity, to diminish nitrogen content
in both shoots and roots (Ahmad et al., 2012).

No ammonium concentrations were detected in our soil. This
was due to the main conversion of ammonia in soil into nitrate
through nitrification (Robertson 1997). In general, ammonium is
found in lower amounts in soils than nitrate (Burger and Jackson,
2003).

Soil pH and CEC decreased with increasing soil-Ni concen-
trations and this was probably due to the complexation of Ni2+ to
soil surface sites and to the Ni2+ exchange with other cations from
CEC, in both cases releasing surface H+ ions. Furthermore, the
stability of Ni sorbed onto organic particles and the polymerization
of cation-bound organic matter diminished the CEC in the soil at
high Ni concentrations (Violante et al., 2010). The soluble N pool in
the soil and nitrate ions were reversely affected by increasing
concentrations of Ni due to the reduced ability of the lentils to
absorb nutrients at higher Ni concentrations (Ahmad et al., 2012).
On one hand, we agree with this comment but on the other hand, it
is never possible to assess one single factor in studying serpentine
stress by using serpentine soils which combine all stresses in one.
This is why we based the study on DTPA-Ni on a soil that we
anticipated thinking that it had a pH value close to neutrality to
avoid any pH effect. Indeed, the pH values after cropping were
slightly higher (which by the way might explain the slight decrease
in DTPA-Ni) but comprised between 6.5 and 6.7 (considered as
neutral pH). Our interest was the level of DTPA-Ni the plant was
exposed to having all chemical fertility parameters in optimal
conditions, so that we could have an idea of what the Ni stress is on
the legume. The level of stress was still significant, although many
serpentine soils may exceed this DTPA-Ni value in topsoils. So we
can question that idea that Ni in serpentine is not the stressing
factor. We agree, but here we used an agricultural soil which is
normally fertile and all studied parameters confirm the phytotoxic
effect of Ni on lentil even if the soil pH was neutral.

In natural ultramafic soils stresses to crop plants are linked to i)
the low fertility of these soils, ii) the toxicity of Ni and, iii) the high
ratio of Mg:Ca (Whittaker, 1954; Proctor and Woodell 1975;
Brooks, 1987). The two last stresses can be overcome by an adapted
chemical fertilization pattern, but it is more difficult to change Ni
availability, even with limestone additions (Kukier and Chaney,
2004). Our experience is that DTPA-Ni and water-soluble Ni in
temperate ultramafic soils are still high enough to cause toxicity
symptoms to non-adapted plants at pH values below 8.0. This is
because the mineral phases that bear Ni are moderately sensitive
to pH at this range of values, i.e. below 8.0 (Massoura et al., 2006;
Bani et al., 2014; Raous et al., 2013). Raising the pH value of 1 unit
by liming to substantially decrease Ni availability cannot be
achieved without any negative side effect on P and K availability
and requires further fertilizer input, thus becoming an economic
issue. Although liming has been proven to be beneficial to Ni
phytoextraction yield by A. murale (Kukier and Chaney, 2004), it
can be expensive and can increase Ca concentrations in shoots,
thus increasing the cost of hydrometallurgical treatment of the
biomass for Ni recovery (Zhang et al., 2016).

We demonstrated that lentils can tolerate strong concentra-
tions of Ni-DTPA in the soil and it was previously reported that
lentils are able to tolerate high concentrations of trace metals, such
as copper, lead and cadmium (Fatnassi et al., 2014). The lentils can
withstand a wide range of DTPA-Ni concentrations in the soil (up to
30 mg Ni kg�1) that are at least one order of magnitude above
acceptable levels for most crops (L’Huillier and Edighoffer, 1996).
This range of concentrations is frequently observed in naturally
rich ultramafic soil although slightly lower than many ultramafic
soils (Bani et al., 2009, 2013). Therefore, the naturally ultramafic
soils, which will be used in further experiments to test the
association of Lens culinaris with a hyperaccumulator plant under
co-cropping or in rotation, display DTPA-Ni concentrations which
are comprised in our tested range and the plant should be
successfully cropped in field conditions provided that Ca, K and Mg
fertility issues are managed.

5. Conclusion

Our study confirmed that lentils can tolerate relatively high
concentrations of available nickel in the soil (i.e. 6 times higher
than background values found in non ultramafic soils), although a
physiological stress is induced with additions of Ni above 60 mg
kg�1. Lentils can still produce nodules that fix nitrogen from the air
for most of the range of Ni additions tested although the number of
nodules is strongly affected by Ni additions. Nitrogen fixation is
also affected in the same way and becomes null when available
concentrations of Ni reach 49.7 mg kg�1 DTPA-Ni. The quantity of
available Ni found in the serpentine soil, which will be used in the
future work, is within the range of the concentrations investigated
in this experiment (i.e. 30 mg kg�1 Ni-DTPA). Our upcoming work
will be to test Lens culinaris in inter- or co-cropping with a
hyperaccumulator plant to enhance its biomass production by
providing nitrogen and to allow this hyperaccumulator to extract
more Ni, however, the potential association with hyperaccumu-
lators will become non profitable in terms of N budget (competi-
tion for N absorption between both species) if we exceed a value of
30 mg kg�1 Ni-DTPA.
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