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Abstract

Aim Rhizobacteria can influence plant growth and met-
al accumulation. The aim of this study was to evaluate
the effect of rhizobacterial inoculants on the Ni
phytoextraction efficiency of the Ni-hyperaccumulator
Alyssum pintodasilvae.
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Method In a preliminary screening 15 metal-tolerant
bacterial strains were tested for their plant growth pro-
moting (PGP) capacity or effect on Ni bioaccumulation.
Strains were selected for their Ni tolerance, plant growth
promoting traits and Ni solubilizing capacity. In a re-
inoculation experiment five of the previously screened
bacterial isolates were used to inoculate 4. pintodasilvae
in two contrasting Ni-rich soils (a serpentine (SP) soil
and a sewage sludge-affected agricultural (LF) soil).
Results Plant growth was greater in serpentine soil
(where it grows naturally) than in the LF soil, probably
due to Cd phytotoxicity. Rhizobacterial inoculants in-
fluenced plant growth and Ni uptake and accumulation,
but the effect of the strains was dependent upon soil
type. The increase in plant biomass and/or Ni accumu-
lation significantly promoted shoot Ni removal.
Conclusion One strain (Arthrobacter nicotinovorans
SA40) was able to promote plant growth and
phytoextraction of Ni in both soil types and could be a
useful candidate for future field-based trials.

Keywords Rhizobacteria - Plant growth promoting
bacteria (PGPB) - Sewage-sludge - Serpentine soils -
Nickel - Phytoremediation

Introduction
Over the last three decades there has been increasing
interest in developing plant-based technologies for the

remediation of contaminated soils (Chaney et al. 1997,
Mench et al. 2009). For trace metal-contaminated soils,
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phytoextraction has been proposed as a potentially cost-
effective option, which is less invasive than convention-
al civil engineering techniques for soil clean-up (e.g.
encapsulation, vitrification, soil washing) and can even
restore soil structure and functions (Moreno-Jiménez
et al. 2012; Vangronsveld et al. 2009). Phytoextraction
cultivates plants to accumulate trace metals from con-
taminated soils and transport them to the shoots which
can then be harvested. Metal-hyperaccumulating plants
are ideal candidates due to their extraordinary capacity
to absorb and accumulate metals in their harvestable
parts (Baker et al. 1994). The metal accumulation levels
of hyperaccumulating plants can be several magnitudes
higher than common values for other plants, although
they are often only able to accumulate one or two trace
elements (Chaney et al. 2007; Van der Ent et al. 2013).
Phytoextraction using hyperaccumulators has been de-
scribed as a cost-effective method to mine Ni from
naturally Ni-rich ultramafic soils (Ni phytomining), or
to remediate Ni phytotoxic soils (Bani et al. 2007,
Chaney et al. 2007; He et al. 2012). Ash from inciner-
ation of Alyssum murale biomass contains approximate-
ly 20 % Ni and can be used as an ore in electric furnace
refining of Ni (Chaney et al. 2007).

To be effective phytoextractors, hyperaccumulators
must be highly metal tolerant, able to accumulate large
concentrations of the targeted trace elements in harvest-
able shoots, and have a reasonable biomass production so
that metal removal from the site is cost-effective (Li et al.
2003; Vangronsveld et al. 2009). Agronomic manage-
ment practices (such as fertilisation, liming or herbicide
regimes) have been proposed as a means of maximising
the performance and yields of hyperaccumulator crops
(Kukier et al. 2004; Li et al. 2003). Biotechnological
approaches have also been suggested and several authors
have proposed incorporating plant-associated microor-
ganisms (rhizosphere and endophytic bacteria, as well
as mycorrhizal fungi) into phytoextraction systems
(Abou-Shanab et al. 2006; Kidd et al. 2009; Ma et al.
2009; Rajkumar and Freitas 2008a; Sessitsch et al. 2013).

Some microorganisms present plant growth promot-
ing traits. Plant Growth Promoting Rhizobacteria
(PGPR) can enhance tolerance, growth and survival
under the stress conditions of metal-rich soils (e.g. nu-
trient deficiency, phytotoxic concentrations of trace
metals). Many PGPR facilitate plant growth through
the production of plant growth regulators and phytohor-
mones (i.e. indoleacetic acid (IAA), gibberellins or cy-
tokinins), or via the release of essential nutrients (e.g.
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N,-fixers, phosphate-solubilisers, and siderophore-
producers), or the induction of plant defence mecha-
nisms (Glick 2003; Glick et al. 1998; Weyens et al.
2009a). Zaidi et al. (2006) reported that an IAA-
producing Bacillus subtilis strain was able to promote
the growth of Brassica juncea and thereby increased Ni
extraction. Inoculation with the plant growth-promoting
bacterium Psychrobacter sp. SRS8 stimulated growth
and Ni accumulation in Ricinus communis and
Helianthus annuus grown in Ni-contaminated soil (Ma
et al. 2011). Furthermore, microorganisms can modify
trace metal mobility and phytoavailability through the
release of chelating agents (organic acids and
siderophores), acidification or redox changes (Gadd
2010; Lebeau et al. 2008). Rhizobacteria increased soil
Ni availability and hyperaccumulation of Ni in Alyssum
murale (Abou-Shanab et al. 2003, 2006). Cd- and Pb-
mobilising rhizosphere bacterial strains enhanced the
uptake of metals in tomato (Jiang et al. 2008) and a
Zn-mobiliser promoted Zn accumulation in Ricinus
communis (Rajkumar and Freitas 2008b).

In many cases the effects of these plant-microbial asso-
ciations have been shown to be plant-species specific
(Becerra-Castro et al. 2012). However, few studies have
evaluated their efficiency in relation to the properties of the
growth substrate. It seems likely that their effects may be
both plant- and substrate-dependent. This study aimed at
evaluating the effect of selected rhizobacterial strains on
plant biomass production and Ni phytoextraction by the
Ni-hyperaccumulator Alyssum pintodasilvae in two con-
trasting soils. Firstly, 15 bacterial isolates were screened for
their PGP capacities by growing Alyssum pintodasilvae in
a simple perlite:sand mixture (2:1 v/v). Secondly, Alyssum
pintodasilvae was grown in two soils, a naturally Ni-rich
serpentine soil and a sewage sludge-amended agricultural
soil with Ni and Cd as the main contaminants, which were
inoculated with five selected bacterial isolates. The effects
of bacterial inoculants on soil metal availability, plant
growth, nutrient status, Ni accumulation and extraction
were evaluated.

Materials and methods

Screening of rhizobacterial isolates for promoting plant
growth and Ni accumulation

Bacterial strains were previously isolated by Becerra-
Castro et al. (2011) from the rhizosphere soil of two Ni-
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hyperaccumulating subspecies of Alyssum
serpyllifolium Desf. (Brassicaceae): A. serpyllifolium
subsp. lusitanicum Dudley and P. Silva (commonly
referred to as A. pintodasilvae) and A. serpyllifolium
subsp. malacitanum Rivas Goday (4. malacitanum).
Both subspecies are endemic to the Iberian Peninsula
(Asensi et al. 2004; Brooks et al. 1981; Menezes de
Sequeira 1969). Alyssum pintodasilvae is found in the
serpentinitic region of Tras-os-Montes in NE Portugal
(Morais (M) and Samil (S)) and in the vicinity of Melide
(L) in NW Spain, and 4. malacitanum grows in the
serpentinitic area of Sierra Bermeja (SB), Malaga in S
Spain. The isolates were previously screened for Ni
resistance, the ability to produce organic acids, and for
various plant growth promoting (PGP) characteristics:
phosphate solubilisation capacity, siderophore produc-
tion and indoleacetic acid (IAA) production. In addition,
they were characterised genotypically by BOX-PCR
fingerprinting and comparative sequence analysis of
partial 16S rRNA gene (Becerra-Castro et al. 2011).
Isolate nomenclature (L, S, M or SB) indicates the
serpentine site from which they originate. For this study
15 rhizobacterial strains were chosen, strains were se-
lected according to their phenotypic traits (Table 1).
Seeds of A. pintodasilvae were collected from Tras-
os-Montes (NE Portugal), surface-sterilized in 10 %

sodium hypochlorite solution and then rinsed in sterile
deionised water. Seeds were germinated on a 2:1
perlite:quartz sand mixture (2:1 v/v) in a growth cham-
ber under controlled conditions (temperature 22-25°C,
PPFD of 190 umol m 2 s™!, under a 16/8 h light/dark
cycle). Seeds were watered daily with deionised water
until germination and thereafter with a Ni-rich
serpentine-like macro-nutrient solution which consisted
of 2 mM MgSOy,, 0.8 mM Ca(NO3),, 2.5 mM KNOs;,
0.1 mM K,HPO,, 20 uM FeEDDHA, 10 uM H;BO;,
2 uM MnCl,, 1 uM ZnSOy4, 0.5 uM CuSQy, 0.2 uM
Na,MoO, and 300 uM NiSO, (based on Chaney et al.
(2008)). One-month-old A. pintodasilvae seedlings
were transferred into pots with the same perlite:quartz
sand substrate. Three weeks after transferring into pots,
seedlings were inoculated with one of the 15 bacterial
strains. Fresh cultures of bacterial strains were grown in
869 medium (Mergeay et al. 1985) for 3 days, harvested
by centrifugation (6,000 rpm, 15 min) and re-suspended
in 10 mM MgSO, to an ODgg of 1.0 (about 108 cells
per mL). Each plant pot was inoculated with 9 mL of
each bacterial suspension. The same amount of sterile
10 mM MgSO,4 was added to non-inoculated plants.
Eight replicates were prepared for each inoculation
treatment. After inoculation, plants were watered with
the Ni-rich nutrient solution (as above). Seven weeks

Table 1 Phenotypic characteristics of the 15 rhizobacterial strains selected for the screening test

Isolate  Most similar type strain Plant host Site Ni MTC (mM) PO, Sid Orgacid IAA (mg/L)
LAl Arthrobacter nicotinovirans A. pintodasilvae Melide 5 - + - 8.8
LA10  Arthrobacter defluvii A. pintodasilvae  Melide 2.5 - - + 16.9
LA44  Arthrobacter nitroguajacolicus A. pintodasilvae Melide 10 - - + 81.7
LA8O  Arthrobacter defluvii A. pintodasilvae Melide 10 - - = 89.6
SA5b  Microbacterium sp. A. pintodasilvae Samil 2.5 - - + -
SA17  Microbacterium hydrocarbonoxydans A. pintodasilvae Samil 2.5 - + -
SA26  Curtobacterium flaccumfaciens A. pintodasilvae Samil 2.5 - +  + -
SA37  Arthrobacter nitroguajacolicus A. pintodasilvae  Samil 2.5 + - - 6.4
SA40  Arthrobacter nicotinovorans A. pintodasilvae Samil 2.5 + + - 7.6
MAT72  Arthrobacter globiformis A. pintodasilvae Morais 2.5 - - = 12.6
SBAS  Curtobacterium flaccumfaciens A. malacitanum  Sierra Bermeja 5 - - = 39.5
SBA29 Arthrobacter globiformis A. malacitanum  Sierra Bermeja 1 + + 15.2
SBASO Streptomyces lincolnensis A. malacitanum Sierra Bermeja 10 - - - -
SBAS82 Arthrobacter humicola A. malacitanum  Sierra Bermeja 1 + o+ - 29.8
SBAS86 Arthrobacter nitroguajacolicus A. malacitanum  Sierra Bermeja 2.5 - + + -

Strains marked in bold were used for the soil experiment

MTC maximal tolerable concentration of Ni, POy, phosphate solubilisation, Sid siderophore production, Org acid organic acid production,
IAA indoleacetic acid production (mg L") (Becerra-Castro et al. 2011)
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after inoculation, plants were harvested and rinsed in
deionised water to remove any adhering particles.
Shoots and roots were separated, dried for 48 h at
40 °C and weighed to determine dry biomass. Plant
aerial biomass was digested in a 2:1 HNO;:HCI mixture
and the concentration of K, Ca, Mg, Fe, Cd, Cu, Mn, Ni,
P, Pb and Zn were measured by ICP-OES (Vista Pro;
Varian Inc., Australia). Data were expressed in mg kg™
dry weight (DW) plant material. Shoot Ni removal was
calculated as the product of the shoot Ni concentration
and shoot DW yield.

Effect of selected rhizobacterial inoculants on Ni
phytoextraction by A. pintodasilvae in two contrasting
soils

Soil was collected from the serpentinitic region of Tras-
os-Montes (SP) in Portugal (where A. pintodasilvae is a
native species) and from the Louis Fargue (LF) field
experiment in Villenave d’Ornon, Gironde, France
(Boisson et al. 1998; Mench et al. 2006). The LF soil
was treated with sewage sludge between 1976 and 1980
(total sludge input of 300 t DM ha ') which showed
high Ni and Cd concentrations (Mench et al. 2006;
Weissenhorn et al. 1995). Soils were air-dried, sieved
through a 2-mm stainless steel sieve and homogenised.
Soil pH was measured in H,O using a 1:2.5 soil:solution
ratio. Total C and N were analysed by combustion with a
CHN analyser (Model CHN-1000, LECO Corp., St
Joseph, MI). Exchangeable cations were extracted with
1 M NH4CI. Calcium and Mg were determined by
atomic absorption spectrometry (AAS; Perkin-Elmer
2380, Norwalk, CT). Available P was determined by
Olsen’s NaHCO; method (Olsen et al. 1954). Soils were
digested in a 2:1 mixture of concentrated HNO;3:HCI
and pseudo-total concentrations of metals were analysed
by AAS. Soil Ni availability was evaluated after extrac-
tion with 10 mM Sr(NOs), (Everhart et al. 2006). For
pot preparation, the soils were mixed with perlite in the
ratio of 10:1 (v/v) to improve aeration and drainage.
Plastic pots (500 mL) were filled with either SP or LF
soil (36 pots per soil), and one 4-week-old seedling of
A. pintodasilvae (germinated under the same conditions
as described above) was transplanted into each pot.
Five bacterial isolates were used for this study, these
were selected to represent different phenotypic traits and
also according to the results obtained in the preliminary
screening described above. The selected strains were
identified (by partial sequencing of 16S rDNA) as
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Microbacterium hydrocarbonoxydans SA17,
Arthrobacter nicotinovorans SA40, Arthrobacter
nitroguajacolicus LA44, Microbacterium sp. SASb
and Streptomyces lincolnensis SBAS0. Strains SASb,
SA17 and SA40 significantly increased shoot DW yield
of A. pintodasilvae in the preliminary screening, while
root DW yield was highest in plants inoculated with
strain LA44. Strain SBA50 was the only strain found
to negatively affect plant biomass and was therefore
used for comparative purposes. Phenotypic traits such
as the production of organic acids or siderophores have
been implicated in soil metal mobilisation and can in-
fluence metal uptake and bioaccumulation. The strains
SA5b, SA17 and LA44 are organic acid-producers,
SA17 and SA40 produce siderophores, LA44 and
SA40 are IAA-producers, and SA40 is able to solubilise
inorganic phosphate (Table 1; Becerra-Castro et al.
2011). In addition, the metabolites produced by strains
SASb, SA17 and SBAS50 can solubilise Ni from serpen-
tine soil (Becerra-Castro et al. 2011). Bacterial inocu-
lants were prepared as mentioned above and 3 weeks
after transferring into pots each plant was inoculated
with 2 mL of bacterial suspension. The same amount
of sterile 10 mM MgSO, was added to non-inoculated
pots. Six replicates were prepared for each inoculation
treatment. Plants were grown in an environmentally
controlled growth chamber for 5 months. At harvest,
plants were rinsed in deionised water to remove any
adhering soil particles. Shoots and roots were separated,
dried for 48 h at 40 °C and weighed to determine dry
biomass. Plant tissues were digested in a 2:1 HNO3:HC1
mixture and Ca, Cu, Fe, K, Mg, Mn, Ni, P and Zn were
measured by ICP-OES (Vista Pro; Varian Inc.,
Australia). Data were expressed in mg kg™ ' dry weight
(DW) plant material. The ability of 4. pintodasilvae to
bioconcentrate Ni in its aboveground biomass from
either LF or SP soil (Bioconcentration Factor, BCF)
was calculated as the ratio of the shoot Ni concentration
and the pseudo-total Ni concentration in the soil. The
effect of soil type and/or microbial inoculation on the
overall Ni phytoextraction efficiency was assessed by
taking into account plant growth, and was calculated as
the product of the shoot DW yield and the shoot Ni
concentration in relation to the total soil Ni content.

Statistical analyses

Significant effects of bacterial strains on biomass pro-
duction, nutrient and metal content in both inoculation
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experiments were determined using ANOVA followed
by the “post-hoc” Dunnett test whenever data were
normally distributed, or using the Mann—Whitney test
for non-parametric data when homogeneity of variance
and normality could not be met.

Results

Influence of rhizobacteria on the growth and shoot
ionome of Alyssum pintodasilvae grown in a
perlite:sand substrate

Plant biomass production

The effects of the bacterial inoculants on the growth of
A. pintodasilvae depended on the strains. Figure 1
shows the mean plant tissue dry weights (shoots and
roots) in non-inoculated and inoculated plants. Five
strains (SASb, SA17, SA40, SBAS and SBAS2) signif-
icantly improved shoot biomass production (Fig. 1a).
Shoot biomass increased by 1.7- to 2.3-fold compared to
non-inoculated plants. Root biomass was only signifi-
cantly increased in the case of SASb, which increased
root dry weight yield by 1.7-fold. These growth-
promoting strains were originally isolated from the rhi-
zosphere soil of two populations of Alyssum
pintodasilvae (L and S) and one population of Alyssum
malacitanum (SB). Plants inoculated with the
siderophore-producer SA17 (Microbacterium
hydrocarbonoxydans) showed the highest shoot DW
yield, whereas those inoculated with the IAA-producer
LA44 (Arthrobacter nitroguajacolicus) showed the
highest root biomass. Strain SBAS50 (Streptomyces
lincolnensis) was the only strain which negatively af-
fected the growth of A. pintodasilvae (both shoot and
root biomass were reduced by approximately 60 %
compared to non-inoculated plants; Fig. 1; p<0.05).

Shoot ionome and shoot Ni removal

Although there was no clear generalised effect amongst
bacterial inoculants and/or specific macro- or micro-
nutrients, several strains significantly influenced the
plant nutritional status (Fig. 1S, Supplementary materi-
al). Shoot concentrations (in mg kg_l) of Ca, Fe, K, Mg,
Mn and P in non-inoculated plants were on average
31,900, 176, 53,000, 7,400, 184 and 8,400, respectively.
Several strains (but not only those strains which

improved biomass production) led to a significant in-
crease in shoot Ca concentration (LA1, SA17, SA37,
SBAS82 and SBA86), K (LA8O, SAS5b and SA26), Mg
(LA80), and Mn (LAI1, LA10, LA8O, SA37, SBA5O0,
SBAS82 and SBA86). One strain, identified as
Arthrobacter oxydans SBA82 and which is able to sol-
ubilise inorganic phosphate, also tended to increase
shoot P concentration, while the siderophore-
producing strain SBA86 (Arthrobacter
nitroguajacolicus) tended to increase shoot Fe content.

The mean shoot Ni concentration in non-inoculated
plants was 6.2 +1.1 gkg ', and in general, inoculation of
plants did not lead to a significant change in their shoot
Ni concentration (values varied from 4.0+0.4 to 9.3+
0.8 g Ni kg' (Fig. 2a). However, three inoculants
significantly increased shoot Ni concentration, reaching
values up to 1.5-fold higher than in controls: LA1 (9.1
+0.7 gNikg '), MA72 (8.6 £0.8 g Nikg ') and SBA82
(9.3 0.8 g Ni kg "). For strains SA40 and SBAS?2 the
increase in plant biomass and/or shoot Ni concentration
led to a significant increase in shoot Ni removal com-
pared to that obtained with non-inoculated plants
(Fig. 2b): mean Ni removal of control plants was 78
+17 ug plant™' compared to 161 +16 and 157 £32 ug
plant ' in SA40- and SBA82-inoculated plants, respec-
tively (p<0.05). Conversely, the negative effect of
SBAS50 on both growth and Ni accumulation signifi-
cantly reduced (by 48 %) shoot Ni removal (Fig. 2b;
p<0.05).

Effect of selected rhizobacterial inoculants on the Ni
phytoextraction efficiency of 4. pintodasilvae grown
in Ni-rich soils

To test these plant-microbial associations under con-
trasting soil conditions a reduced number of bacterial
isolates were selected (four strains which stimulated
plant growth and one which had a negative effect on
growth).

Soil physicochemical characteristics and Ni
phytoavailability

The serpentine (SP) soil presented a neutral pH (pHy»0
7.0), high concentrations (in mg kg soil) of total Ni
(3569), Co (154) and Cr (2587), and a predominance of
Mg in the exchange complex. The LF agricultural soil
had a pH close to neutrality (pHyo 6.9), a significantly
higher concentration of available P and a higher CEC (in
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Fig. 1 Effect of 15 different rhizobacterial inoculants on the mean
shoot (a) and root (b) DW yields (mg plant ') of A. pintodasilvae.
Values of non-inoculated controls are indicated by a continuous

this case dominated by Ca) compared to the SP soil
(Table 2). The problematic trace metals in the LF soil
were Ni (153 mg kg™") and Cd (65 mg kg '): the
concentrations of both metals are higher than the max-
imum permitted by the EC in soils receiving sewage
sludge (75 mgNikg ' and 3 mg Cdkg ") (Ewers 1991).
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line (£SE (broken lines)). Asterisks indicate significant differences
from the control (p<0.05)

Before planting, the Ni phytoavailability assessed by
the Sr(NOs),-extractable Ni concentration was similar
in both soils (1.49 £0.01 and 2.18 £0.05 mg kg ' soil in
SP and LF, respectively) despite the differences in total
Ni concentration (Table 3). After plant growth and in
non-inoculated treatments, Sr(NOs),-extractable Ni
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Fig. 2 Effect of 15 different rhizobacterial inoculants on shoot Ni
concentration of 4. pintodasilvae (a) and the shoot Ni removal (b).
Values of non-inoculated controls are indicated by a continuous

concentrations were reduced to 1.36 +0.05 and 1.33
+0.12 mg Ni kg ! in SP and LF. Bacterial inoculants
led to some numerical changes in Ni phytoavailability
compared to non-inoculated treatments, but this

line (£SE (broken lines)). Asterisks indicate significant differences
from the control (p<0.05)

depended on the soil type and was generally not statis-
tically significant. After inoculation with strains LA44
and SBAS50 a decrease in Ni phytoavailability was ob-
served in SP, while strain SA40 led to significant
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Table 2 Physicochemical characteristics of soils used in the re-
inoculation experiment

Serpentine Agricultural
soil (SP) soil (LF)
pHio 7.0+£0.0 6.9+0.0
%C 2.36+0.21 1.09+0.07
%N 0.29+0.01 0.21+0.00
CEC (cmol kg™ 18.3+0.2 9.7+0.3
Ca/Mg 0.1£0.0 24.0+0.8
Available P (Olsen) (mg kg ") 6.2+0.0 37.0+1.1
Pseudo-total metal concentration (mg kg ")
Cd 1.38+0.07 65.5+4.5
Co 153.9+2.0 9.3+1.0
Cr 2587.1£122.4 144+2.0
Cu 31.8+1.2 32.8%1.7
Mn 1641.4+24.5 64.2+3.0
Ni 3569.4+£188.6  152.8+10.3
Zn 50.3£0.2 104.5£6.9

decrease in LF (p<0.05), compared to the respective
non-inoculated samples (Table 3).

Plant biomass production

After 5 months, plants produced a significantly higher
biomass when grown in the SP soil compared to the LF
soil (up to 9- and 2-fold higher shoot and root biomass,
respectively) (p<0.001; Fig. 3). Depending on the soil
type, the microbial inoculants influenced plant biomass
production; however these differences did not reach

Table 3 Concentrations of Sr(NOs),-extractable Ni (mg kg ")
before planting and at harvest

Treatment SP soil LF soil
Before planting 1.49+0.01 2.18+0.05
NI 1.36+0.05 1.33+0.12
LA44 1.21+0.03% 1.13+0.16
SA5b 1.26+0.09 1.09+0.07
SA17 1.40+0.02 1.52+0.06
SA40 1.33+0.10 0.99+0.07°
SBA50 1.02+0.05% 1.53+0.10

Plants were inoculated with rhizobacterial strains LA44, SASb,
SA17, SA40 or SBAS50 or not inoculated (NI)

#Significant differences between the inoculated and non-inoculat-
ed (NI) treatment in the same soil (p<0.05)
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statistical significance (Fig. 3). The mean shoot DW
yield of non-inoculated plants grown in SP soil was
239 £60 mg plant_l, and this increased to 344 +49,
439 +94, 496 +187 and 390 +47 mg plant ' in plants
inoculated with strains LA44, SA5b, SA17 and SA40,
respectively. Similarly, root dry weight production in
plants inoculated with SASb was significantly higher
than control plants (p<0.05). The effect of the bacterial
inoculants on the growth of Alyssum pintodasilvae dif-
fered in the LF soil, in this case one isolate significantly
improved plant growth (strain SA40). The mean shoot
DW yield increased from 61 +13 mg (non-inoculated
plants) to 95 £9 mg DW plant ' after inoculation with
this strain (Arthrobacter nicotinovirans SA40). Strain
SBAS50 had no effect on the shoot DW yield of Alyssum
pintodasilvae in the LF soil but significantly reduced
root DW yield (Fig. 3).

Shoot ionome and shoot Ni removal

Plant shoot tissues showed similar concentrations of the
nutrients, Ca, Fe and K, when grown in either soil
(Table 4). Shoot Mg concentrations however were sig-
nificantly lower in the LF plants than in the SP ones,
while shoot P and Zn concentrations were significantly
higher in LF compared to SP plants. In general, bacterial
inoculants did not significantly influence the shoot
ionome. Only a few significant differences were found,
and these were mainly in the LF soil (Table 4). In this
soil, some inoculants significantly increased the shoot
content of Ca (SBAS0), Mg (SA17) or P (SBAS50).
Conversely, in the same soil some inoculants led to a
significant decrease in nutrient contents, such as Ca
(SASD), Fe (SA40), Mg (SA5b and SA40) or Zn
(SAS5b and SA40). The mean shoot Cd concentration
of non-inoculated plants grown in the LF soil was 462
£25 mg kg '. All inoculants (except SBA50) led to a
significantly lower accumulation of Cd in shoots com-
pared to non-inoculated plants (Table 4). In SP soil, the
only significant effect of inoculation on shoot ionome
was an increase in the shoot K concentration after inoc-
ulation with strain SA40 (Table 4).

Nickel accumulation by plants was significantly af-
fected by soil type (»p<0.001). This was most pro-
nounced in shoot tissues where Ni concentrations were
8-fold lower in LF plants than SP plants, while root Ni
concentrations were only 1.6-fold lower in LF plants
than SP plants (Fig. 4). In the SP soil, non-inoculated
A. pintodasilvae had a mean shoot Ni concentration of
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6,892+387 mg kg ' DW, whereas the mean Ni concen-
tration in the shoots of LF plants was 839 £94 mg kg™
DW. For the SP plants the highest shoot Ni concentra-
tions were found in those plants inoculated with strain
LA44: mean concentrations increased from 6,892+
387 mg Ni kg™' to 11,282+1,856 mg Ni kg’
(representing an increase of 64 %) (p<0.05; Fig. 4).
Moreover, this increase was accompanied by a reduc-
tion in root Ni concentrations, which resulted in a

NI LA44 SAS5b SA17 SA40 SBASO

significant increase in the shoot:root Ni concentration
ratio (from 6 to 9.7, Fig. 4). For the LF plants there was
no clear effect of inoculation on shoot Ni accumulation
(Fig. 4).

The LF plants showed a BCF ofup to 2.8-fold higher
than the SP plants (Table 5). For the SP plants, Ni
bioaccumulation was significantly higher in plants in-
oculated with strains LA44 and SA40 (showing BCF
values up to 1.6-fold higher; p <0.05). For the LF plants
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LF

SP

Table 4 Mean macro- and micro-nutrient concentrations in the shoots of A. pintodasilvae grown in either SP or LF soil
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Z/n

Mg

Fe

Cd

Ca

/n

Mg

Fe

Ca

gkg!

gkg!

0.92+0.12
0.70+0.18

6.57+0.14
7.03+0.56
5.52+0.16
6.56+0.12

172+64 43+ 14

1.18+0.32
0.86+0.11
0.71+0.20

59.0£2.7  0.46+0.02

0.08+0.01

17.242.0 2.29+0.26
16.0£3.0 2.88+0.53
152+1.6 2.63%0.16
19.5+3.8 2.55+£0.47

0.64+0.11 22.2+3.4
16.9+1.1

0.69+0.12

61.2+3.2
68.1+£7.7
59.4+3.0

NI

8.6+19 3.0+£0.1

0.29+0.05"

0.08+0.02 69.3£2.6

23.3+2.6
25.3+3.5

LA44

0.57+0.03"
0.80-+0.20

2.0+0.1"

19.942.9
11.8+4.9
17.1£2.1
23.8+4.3

0.28+0.03"

52.0+1.4"

0.07+0.02 59.3+14

0.08+0.01

1.56+0.53
1.09+0.70

SA5b

72+ 1.7

1.57+0.47

0.27+0.04"

21.5+3.4

73.0+13.9
56.5+6.3

SA17

0.48+0.08"
0.59+0.06

4.92+0.74"

1.6+ 07"

0.31+0.03"
0.90+0.40

0.2840.05"
0.41+0.02

53.8+2.1

3.03+ +0.50 0.09+0.01

0.98+ +0.17 32.1+£2.8"

1.00+0.22

SA40

7.98+0.61"

2.6+ 0.3

0.10£0.02  79.3£5.0"

20.6+2.7 2.78+0.25

25.1+1.7

SBAS0 61.3+3.2

An asterisk denotes a significant difference (p<0.05) between the inoculated plant (LA44, SASb, SA17, SA40 or SBA50) and the non-inoculated (NI) control

no significant differences in BCF values were observed
after inoculation.

Ni phytoextraction efficiency

The percentage of Ni phytoextracted by plants grown in
the SP soil was significantly higher than total Ni
phytoextracted in LF soil (»<0.05), mean values ranged
from 0.1740.04 to 0.48+0.10 % and from 0.06+0.02 to
0.21£0.01 %, respectively (Fig. 5). In SP soil, the
rhizobacterial inoculants LA44, SA5b, SA17 and
SA40 significantly increased the phytoextracted Ni
(not significant in case of SA17 (p=0.096)), while strain
SBAS50 did not affect the phytoextracted Ni from the
soil. In LF soil, only strain SA40 significantly improved
phytoextracted Ni compared to non-inoculated plants
(Fig. 5; p<0.05).

Discussion

The effect of bacterial inoculants on plant growth and
metal accumulation has previously been shown to be
plant species-specific (Becerra-Castro et al. 2012). Here,
plant-microbial associations were evaluated in relation
to the growth substrate. In general, there was a higher
variability in the measured parameters (e.g. DW yields,
shoot element concentrations) in inoculated plants than
non-inoculated plants, and some tendencies regarding
plant growth or Ni accumulation after inoculation were
not always significant. However, in the initial screening
experiment, inoculation with five bacterial strains sig-
nificantly promoted the growth of A. pintodasilvae.
Moreover, in two cases this enhancement in shoot bio-
mass production led to an increase in phytoextracted Ni.
These PGP strains included members of the genus
Arthrobacter (SA40 and SBAR2), Microbacterium
(SAS5b and SA17) or Curtobacterium (SBAS). No indi-
vidual phenotypic trait was consistently found amongst
strains which promoted growth. Two strains that pro-
duced moderate to high levels of the phytohormone IAA
(>25 mg L") also significantly increased plant growth
(Fig. 1; SBAS and SBAS2). Beneficial effects of bacte-
rial inoculants on the growth of metal-exposed plants
have often been attributed to the production of this
phytohormone (Dell’Amico et al. 2008; Shilev et al.
2006). However, some of the strains used in the screen-
ing which stimulated plant growth (such as SA5b or
SA17) did not show the capacity to produce IAA, and
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there was no clear correlation between their PGP traits
and the induced growth promotion (these strains were
either able to produce organic acids or siderophores). In
the initial screening method, nutrient supply (via
Hoagland solution) was presumably adequate for plant
growth, whereas in a soil system essential nutrients
(such as P or Fe) may be limiting. Under nutrient defi-
ciency the PGP traits of the bacterial inoculants are more
likely to be activated. Thus, in a plant-microorganism-
soil system the bacterial response may differ from that
observed when using a simple perlite/sand growth
substrate.

Both serpentine soils and anthropogenic-contaminated
soils have been suggested as suitable for Ni phytomining

(Li et al. 2003). Serpentine soils develop from ultramafic
parent material and are therefore frequently enriched in
trace metals other than Ni, such as Co, Cr, Mn or Fe. In
order to use hyperaccumulating plants to extract Ni from
these soils they must be tolerant to these co-contaminants
(Tappero et al. 2007). In the soil experiment, the soil type
strongly affected the growth of A. pintodasilvae. High
total Co and Cr concentrations in the SP soil did not
negatively affect its growth or Ni bioaccumulation capac-
ity. This is unsurprising since the SP soil was collected
from a serpentine outcrop where this species is found
growing naturally, and the soils are characterised by an
elevated concentration of Co, Cr and Ni but low labile
pools of Co and Cr. Alyssum pintodasilvae is adapted to
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Table 5 Bioconcentration Factor (BCF, calculated as the ratio of
the shoot Ni concentration and the pseudo-total Ni concentration
in the soil) of 4. pintodasilvae grown in either SP or LF soil

Treatment BCF
SP LF

NI 1.940.1 5.5+0.6
LA44 3.2+05" 6.5+0.5
SA5b 23+0.1 6.5+1.3
SAL7 1.9+0.2 42+03
SA40 2.6+02" 5.7+0.7
SBA50 2402 49403

An asterisk denotes a significant difference (p<0.05) between the
inoculated plants (LA44, SA5b, SA17, SA40 or SBA50) and the
non-inoculated (NI) control plants

serpentine soils, and to the unfavourable conditions that
these present for plant growth and development, such as a
high Ni phytoavailability, but also to poor fertility (defi-
ciency in N, P and K), a high Mg:Ca quotient and low Fe
solubility due to the near-neutral soil pH. In contrast,
shoot biomass of A. pintodasilvae was up to 8-fold lower
in the sewage sludge-amended soil (LF). The LF soil was
co-contaminated with both Ni and Cd (Sr(NO3),-extract-
able concentrations of Cd of 0.62 £0.02 mg kg soil was
determined) and the poorer growth observed in this soil
could have been due to the phytotoxicity of Cd.
Cadmium is an element which is rarely found in appre-
ciable concentrations in serpentine soils. Evidence of co-
tolerance of hyperaccumulating Alyssum species to other
metals (other than the hyperaccumulated metal) can be
found in the literature. Elevated concentrations of Co or
Zn had no effect on the plant’s ability to accumulate Ni in
hydroponically-grown A. murale (Tappero et al. 2007).
The authors concluded that A. murale could therefore be
used to recover Ni from most metal-enriched soils con-
taining these metal co-contaminants. Conversely, in hy-
droponics, the growth of the Ni hyperaccumulator
Alyssum bertolonii was significantly reduced when the
solution Cd concentration increased (0 to 10 pM CdSQOy),
and Cd was primarily accumulated in the root tissues
(Barzanti et al. 2011). Cadmium is considered as a non-
essential element for metabolic processes, and can nega-
tively affect plant growth and development since it can
replace essential elements that play a key role in active
sites of enzymes or due to its high affinity for sulthydryl
groups (Vangronsveld and Clijsters 1994). Furthermore,
compared to the SP soil, the LF soil presented
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Fig.5 Effect of five selected rhizobacteria inoculants compared to
non-inoculated plants (NI) on the Ni phytoextracted (shoot Ni
removal/total soil Ni, %) of A. pintodasilvae grown in a SP soil
and b LF soil. Asterisks indicate significant differences from the
control (p<0.05)

significantly higher availability of nutrients such as P,
and a CEC dominated by Ca (and not Mg). Calcium
has been shown to depress both growth and nickel uptake
by the Ni hyperaccumulator Alyssum bertolonii
(Gabbrielli et al. 1990).

The shoot Ni concentrations of 4. pintodasilvae were
far above the criteria for Ni hyperaccumulators
(>1,000 mg Ni kg™') when grown in the serpentine
(SP) soil, and were close to the threshold value when
grown in the agricultural (LF) soil (Van der Ent et al.
2013). In both soils, shoot:root Ni transport ratios were
above 1, confirming their ability to hyperaccumulate
this element in the aboveground biomass. Soil Ni bio-
availability (Sr(NOs),-extractable Ni concentrations)
was similar in both soils at the beginning of the
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experiment (and BCF values were even higher for LF
plants). It is worth noting however that Sr(NO3),-ex-
tractable concentrations of Ni were reduced after growth
in the LF soil to a greater extent than in the SP soil,
which could have contributed to the lower shoot Ni
concentrations in the LF plants. Competitive interac-
tions have also been shown to occur between Cd and
Ni during the hyperaccumulation process (Assuncao
et al. 2008). In a hydroponic study, Ni uptake by
Noccaea caerulescens was strongly suppressed in the
presence of both Cd and Zn (Assuncdo et al. 2008).
Antagonistic interactions such as these could explain
the lower shoot Ni concentrations of A. pintodasilvae
grown in the LF soil, since the phytoavailable concen-
tration of Ni in the LF soil was not strongly in excess of
that of Cd (while the opposite would be the case in SP
soils).

Cabello-Conejo et al. (2013) found that the Ni
phytoextraction efficiency of different Ni-
hyperaccumulating Alyssum species grown in serpen-
tine soil was, in decreasing order: A. murale >
A. corsicum > A. malacitanum > A. pintodasilvae.
Consequently, for considering A. pintodasilvae as a
suitable candidate for Ni phytomining of serpentine
soils, its biomass production and Ni extraction efficien-
cy would need to be optimised. Similarly, in the case of
the agricultural (LF) soil methods would need to be
implemented to alleviate the Cd phytotoxicity symp-
toms as well as improve plant growth and biomass
production. Plant growth promotion clearly plays a ma-
jor role in the extraction and removal of trace elements
since a simple improvement in biomass results in an
increase in the overall shoot metal(loid) removal.
Numerous studies have isolated and characterised rhi-
zosphere or endophytic bacteria associated with trace
element-tolerant or trace element-(hyper)accumulating
plants as a means of identifying interesting strains for
phytoextraction purposes (Rajkumar and Freitas 2008b;
Weyens et al. 2009b). However, fewer studies have
evaluated the application of these strains in contrasting
soil types.

Five strains were selected for the bioaugmentation
experiment in soils: four of these were selected for their
positive influence on growth in the first screening ex-
periment and based on their phenotypic characteristics.
This allowed for evaluating the response of these bacte-
rial inoculants under soil conditions, as well as studying
the soil-specificity of bacterial-induced modifications in
plant growth/Ni extraction efficiency. The rhizosphere

isolate LA44 shows intense TAA-production, is an
organic-acid producer and highly Ni-resistant. While
SA5b, SA17 and SA40 present intermediate Ni resis-
tance, and either produce organic acids (SASb, SA17),
siderophores (SA17, SA40) or solubilise inorganic
phosphates (SA40). Strain SBAS0 (highly Ni-resistant,
no PGP trait), which had a negative effect on plant
growth, was also included for comparative means.
Bacterial-induced effects were found to be soil-
specific: in the SP soil inoculation generally led to an
enhanced plant growth and shoot Ni removal, whereas
in the LF soil there was a general lack of a plant-growth
promoting effect. The growth-promoting effect demon-
strated in the first screening was also seen in inoculated
plants grown in the SP soil (with strains SASb, SA17
and SA40). However, strain SBAS0 (Streptomyces
lincolnensis), which reduced plant growth in the
perlite/sand substrate did not significantly reduce bio-
mass production in the SP soil. The two Microbacterium
spp. (SA5b and SA17) which significantly improved Ni
removal in the SP soil had no effect on plants grown in
LF soil. However, strain SA40 (Arthrobacter sp.) im-
proved shoot DW yields of plants grown in both soils
(SP and LF). As mentioned above plant growth was
greatly reduced in the LF soil compared to SP soil,
possibly due to Cd phytotoxicity. Bacterial inoculants
have been shown to reduce plant stress levels, for ex-
ample, by producing the enzyme 1-aminocyclopropane-
1-carboxylate (ACC) deaminase which suppresses the
production of stress ethylene in plants (Glick et al.
1998). The beneficial effect of strain SA40 on plant
growth makes it very interesting for bioaugmentation
of anthropogenic-contaminated soils. Moreover, the
identification of a bacterial strain which has a growth-
promoting effect in contrasting soil types is valuable for
application in real-life scenarios, where edaphic proper-
ties are likely to vary greatly. At least in the case of the
SP soil, the congruent results obtained between the
initial screening experiment and the soil experiment,
suggest that this screening method can be a useful tool
for the rapid selection of interesting strains which can
then be tested under more realistic conditions.
Moreover, this screening method was more helpful in
identifying potentially useful strains than the in vitro
phenotypical characterisation of the strains since the
effect of these inoculants cannot always be related to
their PGP traits.

For strains SA5b, SA17 and SA40 the increase in
shoot Ni removal was largely a consequence of the
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microbial-induced stimulation in plant biomass. For
strain SA40, this was the case in both SP and LF soils.
Inoculation with metal-resistant PGP bacteria has previ-
ously been shown to increase the biomass of several
crops (e.g. Brassica juncea, Ricinus communis,
Helianthus annuus) and other hyperaccumulators (e.g.
Sedum alfiredii) growing in metal-contaminated soils
(Dell’Amico et al. 2008; Jiang et al. 2008; Mastretta
et al. 2009; Zaidi et al. 2006). However, plant-
associated microorganisms can also modify soil metal
mobility, by acidification, chelation or ligand-induced
solubilisation (Abou-Shanab et al. 2003, 2006). The lit-
erature generally cites two main groups of bacterially
produced natural chelators: organic acids and
siderophores. Here, strain LA44 (identified as
Arthrobacter nitroguajacolicus) significantly enhanced
shoot Ni concentrations in A. pintodasilvae in SP soil,
which could presumably be a result of an enhanced Ni
phytoavailability and hence plant uptake. Strain LA44
has been shown to be an efficient mobiliser of Ni from
ultramafic rocks under in vitro conditions, and principally
liberates Ni associated with Mn oxides through the exu-
dation of oxalate (Becerra-Castro et al. 2013). Nickel
shoot:root transport ratios were also significantly in-
creased, suggesting this bacterial inoculant led to an
increase in Ni translocation to aboveground plant parts.
It is possible that strain LA44 enhances the replenishment
of Ni labile phases in the soil thus increasing plant Ni
uptake. The dynamic nature of these solution-solid phase
interactions would explain why no corresponding in-
crease in Sr(NOs),-extractable Ni concentrations were
observed after inoculating with this strain. Inoculating
ultramafic soils with the actinobacterial Microbacterium
arabinogalactanolyticum AY509224 increased soil Ni
extractability (Abou-Shanab et al. 2003, 2006). Becerra-
Castro et al. (2011) showed that culture filtrates of strains
SASb and SBAS5O0 (also used in this study) increased Ni
extraction from ultramafic soils. However, no corre-
sponding increase in soil Ni phytoavailability or shoot
Ni concentrations were observed in A pintodasilvae in-
oculated with these two strains. In fact, St(NO3),-extract-
able Ni concentrations were reduced after plant growth
and no differences were observed between inoculants,
although this is likely to be due to root uptake.

In conclusion this study has identified candidate
strains which could be useful for future field-based
trials. Plant growth-promoting effects by associated bac-
teria can improve plant performance and also result in
higher amounts of phytoextracted Ni. They also seem to
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be able to mobilise trace metals in soils, thereby increas-
ing the phytoavailable fraction and plant uptake. It has
been shown that Ni phytoextraction (or phytomining)
can be optimised under field conditions using distinct
agronomic practices (e.g. fertilisation regimes; Bani
et al. 2007) but it remains to be seen whether or not
plant-associated microorganisms can further improve
the shoot Ni removal on a field scale. Further studies
are also required to establish the optimal method of
inoculation, regarding inoculum bacterial densities,
plant stage and age for inoculation (e.g. inoculating seed
or plants), timing of inoculation (bacterial growth phase)
or the need for re-inoculation events, as well as the
persistence and competition capacity of inoculant
strains. Advances in these aspects could lead to more
pronounced effects of these plant-associated bacteria
and further improvements in phytoextraction efficiency.
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