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Abstract Plant-microbe interactions are considered to be im-
portant processes determining the efficiency of
phytoremediation of heavy metal-contaminated soils.
However, relatively little is known about how these interac-
tions are influenced by chromium (Cr) contamination. The
effect of Cr stress on metal uptake, root organic acid compo-
sition, and rhizosphere bacterial communities was studied
using two genotypes of the metallophyte Silene vulgaris,
which have shown different tolerance to Cr(VI). The results
indicated that root biomass and shoot biomass were not sig-
nificantly influenced by Cr treatment, but metal uptake in
shoots and roots was significantly impacted by the genotype.
Principal component analyses (PCA) showed that variation in
organic acids oxalic, citric, malic, formic, lactic, acetic, and
succinic differed between genotypes. Changes in root organic
acid contents in response to Cr revealed a significant increase
of oxalic acid in genotype SV-21. The denaturing gradient gel
electrophoresis (DGGE) cluster analysis showed that the com-
munity structure (determined by PCR-DGGE) was affected
by plant genotype and, to a lesser extent, by Cr contamination,
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the first being the most influential factor shaping the rhizo-
sphere microbiome. Under Cr pollution, a shift in the relative
abundance of specific taxa was found and dominant phylo-
types were identified as Variovorax in SV-21 and
Chitinophaga niastensis, Pontibacter sp., and Ramlibacter
sp. in SV-38. These results provided the basis for further stud-
ies aimed at the combined use of plants and soil microorgan-
isms in the remediation of Cr-polluted soils.
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Introduction

Chromium pollution is due to a large number of industrial
processes such as chrome plating, wood preserving,
pigmenting, pulp and paper manufacturing, textile dyeing,
tanning, and leather processing (Dhal et al. 2013). Its wide-
spread use has converted Cr into a serious pollutant of air, soil,
and water (Zayed and Terry 2003). Chromium is present in the
environment in several different forms. The most common
oxidation states of chromium are Cr(VI) and Cr(III), although
there are various other valence states which are unstable and
short-lived in biological systems. Cr(VI) is considered the
most toxic form of Cr and is highly soluble and thus mobile
and biologically available in the ecosystems. In contrast,
Cr(III) is less mobile, less toxic, and displays a high affinity
for organics resulting in the formation of complexes that pre-
cipitate (Kimbrough et al. 1999). Physicochemical processes
such as adsorption and co-precipitation, transformation, ion
exchange, and reverse osmosis have been used to treat
Cr(VI) contamination, but the environmentally most compat-
ible and cost-effective solution comprises a combination of
two or more of these processes. However, the development
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of new absorbent materials such as CTAB-silica gelatin com-
posite that transform Cr(VI) in Cr (III) without the need to
eliminate contaminant sulfate ions represents a highly eco-
nomic and efficient material (Venditti et al. 2007, 2010).
Alternative techniques for the cleanup of polluted soil and
water, such as the cost-effective and less disruptive
phytoremediation, have gained acceptance in recent years
(Pilon-Smits 2005; Vangronsveld et al. 2009). Plant species
used for phytoremediation of heavy metal pollution may pro-
mote the growth of microorganisms, which in turn have ca-
pacity to detoxify metals efficiently by transforming them into
insoluble salts or relatively nontoxic oxidation states (Kuiper
et al. 2004; Belimov et al. 2005). Improvement of the benefi-
cial associations between microorganisms and plants, partic-
ularly in the rhizosphere, is a research area of global interest.

Silene vulgaris (Moench) Garcke is a perennial facultative
metallophyte species, phenotypically diverse, and widely dis-
tributed across its native range of Eurasia and North Africa
(Marsden-Jones and Turrill 1957). It has also been introduced
to other regions such as North America, South America, and
Australia where it colonizes disturbed habitats such as road-
sides, railroad tracks, and agricultural settings (Marsden-Jones
and Turrill 1957). The tolerance to a diversity of metals has
been described for this species (Paliouris and Hutchinson
1991; Emst and Nelissen 2000) as well as local adaptation
to metal-contaminated soils (Schat et al. 1996). The effective-
ness of S. vulgaris in the revegetation of contaminated soils
seemed to result in a different reduction of heavy metal toxic-
ity on soil bacteria (Martinez-Ifiigo et al. 2009). Recent studies
(Pradas del Real et al. 2013) showed that Cr uptake in
S. vulgaris increased in the presence of Cr(VI) and a remark-
able clonal variability was observed. In addition, specific dif-
ferences were found in the elemental composition of root ex-
udates in S. vulgaris genotypes due to Cr speciation in the
medium (Pradas del Real et al. 2014b). These characteristics
along with a wide range of adaptation and high intraspecific
diversity (Sloan et al. 2012) make this species of great interest
for phytoremediation purposes.

There is a clear evidence that the plant-microorganism in-
teractions in the rhizosphere improve remediation of heavy
metals, and this synergism not only facilitates the remediation
process by improving phytostabilization (reduction of metal
toxicity through metal immobilization in the roots) and
phytoextraction (metal accumulation by the parts above the
ground as a result of metal mobilization) of metal species but
also accelerates the plant growth and development (Kuiper
et al. 2004; Abou-Shanab et al. 2008; Bakker et al. 2013).
Heavy metals may change soil microbial biomass, activities,
and structure (Giller et al. 1998; Kahn and Scullion 2000;
Anderson et al. 2009; Wang et al. 2010). In spite of the in-
creasing knowledge of metal-microorganism interactions,
few studies have attempted to characterize the bacterial com-
munities in the rhizosphere of metallophytes under heavy
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metal stress (Wang et al. 2008; Navarro-Noya et al. 2010;
Xuetal. 2012; Zhang et al. 2012). In addition, as far we know,
no studies have been performed to describe the structure and
diversity of rhizobacterial communities under Cr stress.

Plants may actively shape rhizosphere microbial com-
munities due to the release of large amounts of organic
carbon by the roots (Bais et al. 2006; Hartmann et al.
2009). Considering that plant root exudates differ
among plant species, cultivars, or accessions (Lopez-
Bucio et al. 2000), it can be inferred that there are
differences in rhizosphere microbiomes of different plant
species (Smalla et al. 2001; Costa et al. 2006) and at
genotype level within a plant species (Micallef et al.
2009).

Organic acids have been mentioned as playing an
important role in the transport, storage, and heavy metal
tolerance, including Al, Cd, Cr, Fe, Ni, and Zn (Hall
2002; Zeng et al. 2008). Organic acids can bind heavy
metals and may therefore be deployed in response to
metal toxicity. Malate and citrate organic acids are in-
volved in root to shoot metal transport through the xy-
lem and in vacuolar sequestration (Rauser 1999).
Furthermore, citrate and oxalate have been reported to
play an important role in phytoremediation of Cr-
contaminated soils by enhancing Cr uptake and increas-
ing translocation to shoots (Davies et al. 2001). Heavy
metal stress commonly induces important accumulation
of low molecular weight organic acids in various plant
organs reinforcing the hypothesis that these molecules
are involved in metal-tolerant mechanisms (Mnasri
et al. 2015).

Plant-microbe interactions are considered to be important
processes determining the efficiency of phytoremediation of
heavy metal-contaminated soils. However, relatively little is
known about how these interactions are influenced by Cr con-
tamination. Monitoring the changes in some molecular and
biochemical parameters involved in Cr stress responses could
open potential pathways to enhance plant tolerance to Cr soil
contamination. Furthermore, identification of rhizobacteria
having potential for heavy metal tolerance is of particular in-
terest for bacteria-assisted phytoremediation. In the present
study, two Cr-tolerant genotypes were selected attending to
differences in metal uptake, exudation rates, and differences
on elemental composition of root exudates in response to Cr
under hydroponic conditions (Pradas del Real et al. 2013,
2014b). The purpose of this study was (a) to evaluate the
metal-induced response on biomass production, lipid peroxi-
dation (malondialdehyde (MDA)), and root organic acid com-
position, (b) to assess and compare the effect of Cr contami-
nation on the structure and composition of rhizosphere micro-
bial communities by PCR-DGGE and bacterial 16S rDNA
sequencing, and (c) to determine the effect of plant bacterial
interactions over Cr uptake.
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Materials and methods
Plant material and greenhouse experimental design

S. vulgaris natural populations were collected throughout
Madrid Province and, after two growing seasons, rhizome
cuttings were used to propagate individual plants.
Genetically uniform clones were developed and vegetatively
propagated on permanent field plots at the “El Encin” agricul-
tural experiment station (Alcala de Henares, Spain: 40° 03’ N,
3° 19" W). Two genotypes from two different populations
were selected: genotype SV-21 (Rozas de Puerto Real) and
genotype SV-38 (Valdemaqueda). A pot experiment was con-
ducted under greenhouse conditions (humidity 50-65 %, av-
erage air temperature 21 °C, and natural light). Plastic pots
were filled with 17 kg of agricultural loamy sand soil collected
from the top layer (0-30 cm). Soil characteristics were ana-
lyzed according to the official soil analysis in Spain (MAPA
1994) and are summarized in Table S1 of Supporting
Information. The experiment was performed in a randomized
block design with three replicates and a 2 x 3 factorial arrange-
ment with two levels of pollution, (i) no pollution and (ii)
K,Cr,0O5 to simulate a Cr(VI) spilling, and two plant treat-
ments, (i) S. vulgaris genotype SV-21 and (i) S. vulgaris
genotype SV-38.

Cr pollution was simulated by spiking the soil with
K>Cr,07 solution (1000 mg Cr L") to reach a final concen-
tration of total Cr in pots of 100 mg kg soil. The soil was
brought to 60 % water holding capacity and maintained by
addition of deionized water for 3 months. After soil consoli-
dation, 10 cuttings per genotype were transplanted to each pot
and maintained during two growing periods. The total amount
of water applied in each irrigation cycle was based on the
normal rainfall in Mediterranean conditions.

Plant analysis

At the end of the experimental period, shoots and roots were
collected, weighed, and dried in a forced air oven for 48 h at
70 °C. The dry weights were determined, and the samples
were digested by adding 0.5 ml of HNO; (65 % Suprapur®)
and 0.5 ml of HCIO4 (70 %, Suprapur®). Total Cr concentra-
tion was measured by flame atomic absorption spectropho-
tometer (Varian fast sequential model AA240FS). Bush
branches and leaves (DC73348GSV-1) were used as reference
material. The translocation factor (TF) was calculated to de-
termine relative translocation of Cr content (mg kg ') from the
root to the aerial part of the plant: TF = Cgp,0¢/ Cro0r- The ratio
of metal concentration in the plant to soil was used to deter-
mine the bioconcentration factor (BF): BF = C,,/ C,, where C;,
and Cj, are metal concentrations in the plant (shoot and root)
and in the soil, respectively. Tolerance index (TT) was defined

as the ratio between plant biomass after Cr treatment and
control: TI=W¢,/ Weontrol-

Lipid peroxidation of shoots and roots was evaluated as
MDA by the method of Reilly and Aust (2001). Absorbance
was measure at 532 nm. Absorbance at 600 nm was subtracted
to this measure to eliminate the interferences of soluble sugars
in the samples. Absorbance values were determined by UV—
VIS light spectrophotometer (Thermo Spectronic Helios
Alpha).

Organic acids were extracted from fresh root tissues as
described by Arnetoli (2008). Samples (1 g) of frozen fresh
weight were homogenized in 10 mL of Milli-Q water using a
mortar and pestle in liquid N,, then homogenates were centri-
fuged for 20 min at 10,000 rpm at 4 °C. The supernatant was
stored at —20 °C and filtered through 0.20-um PVC filters
before analysis. Organic acids (oxalic, citric, malic, formic,
lactic, acetic, and succinic) were measured by ionic chroma-
tography (Dionex DX 500) using a conductivity detector.
Chromatographic conditions were as follows: sample loop
volume, 25 pL; analytical column, IonPac ICE-AS6; cluent,
0.4 mM heptafluorobutyric acid (flow rate, 1.0 mL min™);
suppressor, MicroMembrane Anion-ICE; regenerant, 5 mM
tetrabutylammonium hydroxide (flow rate, 5 mL minfl); and
analysis time, 20 min. Organic acids were identified by com-
paring the retention times of the samples against retention
times of the standards. Calibration curves have been per-
formed using Merck reagents from 50 to 280 mg L~ for
oxalic acid; from 1 to 50 mg L™ for citric, malic, and acetic
acids; from 1 to 30 mg L™ for lactic and succinic acids; and
from 0.5 to 10 mg L™" for formic acid.

Soil DNA extraction, PCR, and DGGE analyses

Rhizosphere soil was collected at flowering time from each of
the three replicates. From each pot, three soil samples were
bulked into a single sample. After the plants were uprooted
and shaken, rhizosphere samples were collected from soil that
remained gently adhered to plant roots (Lynch 1990) and col-
lected into sterile Petri dishes and stored at 4 °C until DNA
was extracted. Soil DNA was extracted using the UltraClean
Soil DNA Isolation Kit (Mo Bio Laboratories, Inc.) according
to the manufacturer’s instructions. Bacterial 16S rRNA gene
fragments were amplified with the primer set 341F with a GC
clamp (40-nucleotide GC-rich sequence, 5-CCT ACG GGA
GGC AGC AG-3') and 907R (5’ CCG TCA ATT CMT TTG
AGT TT-3') specific for the domain Bacteria (Schéfer and
Muyzer 2001). Amplicons were analyzed by DGGE using
6 % (w/v) acrylamide/bisacrylamide (37.5:1) gels containing
a 40-60 % linear gradient of formamide and urea (100 %
denaturing solution contained 40 % (v/v) formamide and
7 M urea). The wells were loaded with roughly equal amounts
of DNA (about 500 ng), and electrophoresis was carried out in
1 X TAE buffer. The electrophoresis was run for 14 h at 100 V
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and a constant temperature of 60 °C, using the Ingeny Phor-U
system (Ingeny International, Goes, The Netherlands). Gels
were stained for 90 min in 1 X TAE buffer with SYBR Gold
Nucleic Acid Gel Stain (1:10,000; Invitrogen, Breda,
The Netherlands). Images of the gels were obtained by the
Gel Documentation System GENi (Syngene, Frederick, MS,
USA) and analyzed using the software GeneTools v. 4.01.
Bands were excised from the gels, eluted in 20 uL of
nuclease-free water, and incubated at 37 °C for 60 min.
Aliquots (2 puL) were re-amplified by PCR for sequencing
using the bacterial primers 341F and 907R without the GC
clamp in the forward primer. The PCR products were purified
using the NucleoSpin Gel and PCR Clean up Kit (Macherey-
Nagel).

Sequencing and phylogenetic analysis

Sequencing was performed on an ABI PRISM 3130XL
Genetic Analyzer (Applied Biosystems) using the Big Dye
Terminator v3.1 sequencing kit. Analysis of the sequences
was done with Chromas (Technelysium Ltd., Australia).
Possible chimeras were detected using Chimera Check pro-
gram from the Ribosome Database Project (Maidak et al.
2001). The partial 16S rRNA gene sequences were compared
with sequences in GenBank with the BLASTN nucleotide
alignment (Altschul and Lipman 1990) to obtain the nearest
phylogenetic neighbors. The 16S rRNA gene partial se-
quences and their closest relative were analyzed on the
Phylogeny.fr web server (Dereeper et al. 2008).

Statistical analysis

The genetic diversity of each of the soil bacterial communities
was determined by DGGE profile data. Each detected band
was defined as an operational taxonomic unit (OTU), and the
number of bands was defined as the species richness (S) of
each sample (Bell et al. 2005). To determine the diversity of
bacterial communities, the Shannon-Wiener index of diversity
(H'") (Shannon and Weaver 1963) and Pielou’s evenness index
(Ey) (Pielou 1966) were calculated according to the formulas:
H'==%piln(pi) and Ey= H/H'.x= H”[nS, where pi is the
proportion of the bands in the track (it was calculated as fol-
lows: pi=ni/N; where ni is the intensity of band i in the den-
sitometric curve, and N is the sum of the intensities of all
bands) and S is the number of bands in the track.

The analysis of variance (ANOVA) and principal compo-
nent analysis (PCA) were performed using the statistical soft-
ware SPSS version 16.0 (SPSS, Chicago, USA) program. The
analysis of one-way or two-way variance (ANOVA) was
based on a randomized block design with three replicates.
Means were separated by using Duncan’s multiple test
(»<0.05). Principal component analysis was performed to
reveal the patterns of organic acids data matrix for genotype
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differentiation. Eigenvalues, eigenvectors, and principal com-
ponents were calculated along with 2-D biplot generated be-
tween first (PC;) and second principal component (PC,).
Similarity among DGGE profiles was estimated using the
Dice correlation coefficient to compute the distance matrix.
The unweighted pair group with mathematical average meth-
od (UPGMA) was used to build the similarity dendrogram
from the distance matrix using the NTSYS-pc software
(Exeter Software, New York, NY).

Results
Plant growth, Cr uptake, and oxidative stress

The pot experiment showed that Cr treatment led to a decreas-
ing biomass of the two genotypes (Table 1). Compared with
the controls, the decrease of root and shoot biomass was not
significantly different in both genotypes. The tolerance index
values were very similar in SV-21 (0.80) and SV-38 (0.77).
According to the two-way analysis of variance, the root bio-
mass and shoot biomass were not significantly influenced by
Cr treatment.

Under Cr-treated soil, the total Cr concentration in roots
increased from 4.40 to 46.33 mg kg ™' for SV-21 and from
9.90 to 71.39 mg kg ' for SV-38 and, accordingly, the BF
value was higher in SV-38 (0.77) than in SV-21 (0.54). Two-
way analysis of variance results indicates that Cr uptake in
shoots and roots was significantly impacted by the genotype
(p<0.001). Cr concentration in the roots was much higher
than in the aboveground plant parts indicating that the root is
the main part for Cr accumulation. Consequently, low TF
values were detected in SV-21 (0.18) and SV-38 (0.08)
genotypes.

The exposure to Cr stress significantly enhanced the MDA
content in roots of genotype SV-38, since significant differ-
ences were found between controls and plants exposed to Cr
for this genotype. However, there were not significant differ-
ences of MDA content in roots of SV-21 and in shoots of both
genotypes. According to two-way ANOVA, the effects of both
genotype and Cr treatment were significant at p<0.001 level
for root MDA content as well as the interaction effects be-
tween them (p<0.01).

Changes of root organic composition in S. vulgaris
genotypes

Root organic acid contents in genotypes SV-21 and SV-38 on
Cr-treated and untreated soils are presented in Table 2. Among
root organic acids measured in this study, oxalic acid content
was much higher than the other six organics acids, followed
by citric and malic acid. Different organic acid compositions
were observed between both genotypes on control treatment.
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Table 1  Dry weight, total Cr content, and lipid peroxidation of shoots and roots of S. vulgaris genotypes in the absence and in the presence of Cr
Dry weight Total Cr content Lipid peroxidation
Shoot Roots Shoot Roots Shoot Root
g plant™! g plant™! mg Crkg ™' dw mg Crkg ' dw umol MDA ¢! fw umol MDA g ' fw
SV-21 10.45 ns 8.83 ns 3.80b 4.40b 4.56 ns 2.34ns
SV-21 Cr 8.42 7.03 8.48a 46.33a 3.71 4.12
SV-38 10.89 ns 8.17 ns 3.23b 9.90b 4.64 ns 4.52b
SV-38 Cr 8.82 591 6.27a 71.39a 4.74 10.69a
F value two-way ANOVA
Genotype 0.12 ns 0.69 ns 43.09%#* 135,524 2.14 ns 91.52%#*
Cr 2.92 ns 3.63 ns 329.31#%* 1552.58%#%* 0.97 ns 75.63%*%
Genotype x Cr 0.01 ns 0.05 ns 14.86%* 55.56%#* 1.57 ns 23.16%*

Different lowercase letters indicates significant differences among treatments (Duncan’s test p <0.05)

w5 < 0,001, *5p <0.01, %< 0.05

Thus, significant higher concentrations were found in SV-38
in citric (97 %), malic (236 %), oxalic (48 %), and succinic
(34 %) acids and in SV-21 in acetic (21 %), formic (162 %),
and lactic (35 %) acids. But also a different response was
observed between genotypes under Cr treatment. In this re-
gard, SV-21 shows significantly higher concentrations in citric
(60 %), formic (18 %), lactic (168 %), malic (64 %), oxalic
(165 %), and succinic (125 %) acids compared to untreated
genotype. In contrast, the Cr-treated SV-38 showed an in-
creased content in formic (143 %), lactic (40 %), and succinic
(114 %) acids with regard to untreated SV-38.

Organic acid data recorded from three replicates were ana-
lyzed with PCA to determine if there was a consistent geno-
typic and treatment differentiation and to evaluate the contri-
bution of organic acids to the variation. The different response
of organic acid accumulation in both genotypes and Cr treat-
ments is successfully summarized as showed in the PCA
biplot (Fig. 1). The first principal component (PC,) separates
SV-38 and chromium-treated SV-38 from Cr-treated SV-21.
On the PC, axis, genotype SV-21 was the most separated. The
first principal component accounted for 49.2 % of the total
variation and formic acid (0.96) followed by acetic acid (0.80)
that contributed the highest to the component. Malic acid

contributed negatively to the first component (—0.73).
Second principal component contributed 31.4 % of the total
variation. Organic acids that contributed to PC, include oxalic
acid (0.75) and lactic acid (0.72). The third principal compo-
nent accounted for 19.4 % of the total variation with citric acid
(0.70) given the highest contribution, while succinic acid
(=0.77) contributed negatively.

Bacterial community structure based on DGGE profiles

Bacterial DGGE profiles generated from the universal bacte-
rial primers (341F and 907R) revealed the structural compo-
sition of the communities in the rhizosphere soil samples
(Fig. 2). For the analysis, 16S rRNA fragments of
S. vulgaris genotypes of triplicates pots were compared by
running the reaction products in parallel on the same gel.
Repeated DGGE runs of the same PCR product as well as
repeated PCR amplification of the same DNA extract follow-
ed by DGGE produced similar banding profiles, indicating a
high degree of gel reproducibility. Each of the distinguishable
bands in the separation pattern represents an individual bacte-
rial species (Luca et al. 2002).

Table 2 Root organic acid concentration in two genotypes of S. vulgaris in the absence and presence of Cr

Acetic acid Citric acid Formic acid Lactic acid Malic acid Oxalic acid Succinic acid
mg kg dw ! mg kg dw ! mg kg dw ! mg kg dw ! mg kg dw ! mg kg dw ! mg kg dw !
SV-21 99.2a 219¢ 11.6b 26.7b 90c 2133¢ 7.9¢
SV-21 Cr 99.2a 351b 13.7a 71.8a 148b 5656a 17.8b
SV-38 81.5b 433a 3.2d 19.7¢ 303a 3176b 10.6¢
SV-38 Cr 86.1b 213c¢ 7.8¢c 27.7b 268a 3073b 22.7a

Values in individual columns followed by the same letter are not significantly different at p < 0.05 as determined by the Duncan test
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Fig. 1 PCA biplot of PC1 and PC2 describing the variation of two
genotypes of S. vulgaris in the absence and presence of Cr using the
data set of organic acid contents

Generally, DGGE patterns of the three replicates for each
genotype and treatment were very similar, indicating the re-
producibility of the results. The number of prominent DGGE
bands ranged from 20 to 21 and 23 to 26 for SV-21 and SV-38
untreated samples, respectively, revealing the presence of a
high number of bacterial taxa. Cr-treated samples showed 18
visible bands on genotype SV-21 and from 17 to 21 bands on
genotype SV-38 with a decrease of 11.4 and 21.6 %, respec-
tively, compared with untreated samples. This decrease in
band number was dependent on the contamination with Cr.

The DGGE patterns exhibited many dissimilarities be-
tween both genotypes grown on untreated and Cr-treated soils.
In this regard, few prominent bands were unique to genotype

Fig. 2 PCR-DGGE profiles of

rhizosphere bacterial

communities of genotypes SV-21

and SV-38. Sample designations

are indicated above each DGGE

lane. The bands excised for se-

quencing are numbered from |
1to17
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SV-21 (6, 13) and several number of bands were specific to
genotype SV-38 (4, 5,9, 10, 11, 12, 14, 17). Conversely, few
common intensely stained bands were present in almost all the
lanes (1, 2, 3,7, 8, 15, 16).

Changes in the relative intensity of individual DGGE bands
were observed between treatments. Thus, in Cr-treated sam-
ples, enhanced intensity of bands 8 and 15 from genotype SV-
21 and bands 5, 7, and 17 from genotype SV-38 was observed.
The intensity of each band might provide an estimate of the
abundance of specific taxa (Niibel et al. 1999), and band in-
tensity might be directly related to the density of the corre-
sponding phylotype in the template mixture, if no bias oc-
curred during the whole extraction-amplification procedure
of the microbial genomes (Muyzer et al. 1993).

Clustering analysis of the DGGE profiles revealed the
differences among the rhizosphere soil samples (Fig. 3). A
binary matrix showing the presence or absence of identi-
fied bands was made for all gel lanes, and this comparison
did not take into account shifts in band intensities. The
DGGE profiles were separated into two major clusters
with a similarity about 47 %, profiles of samples from
genotype SV-21 cluster into one group and profiles from
genotype SV-38 into another group, showing that major
differences were related to genotype effect. In addition,
changes in bacterial communities were observed between
Cr-treated soils and controls in both S. vulgaris geno-
types. Thus, rhizosphere soil samples from both treat-
ments cluster with a similarity of 70 % in SV-21 and
about 65 % in SV-38. Conversely, slight changes in bac-
terial communities were found among repeats with simi-
larities ranging from 78 to 100 % in both genotypes.
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Fig. 3 Dendrogram of
hierarchical cluster analysis of the
DGGE fingerprint based on
UPGMA and Jaccard coefficient

SV-21 R1

SV-21 R2

SV-21R3

SV-21Cr R1
SV-21Cr R2
SV-21CrR3

SV-38 R1

SV-38 R2

SV-38 R3

SV-38Cr R2

SV-38Cr R3

0.45

Bacterial diversity analysis

Bacterial diversity of the microbial community was analyzed
by DGGE using the Shannon-Wiener index (H’). By comput-
erized image analysis, H' was calculated on the basis of the
bands on the gel tracks and their corresponding relative abun-
dance indicated by band intensity (Boon et al. 2002). A diver-
sity index consist of two components, the total number of
species present or species richness (S) and the distribution of
the number of individuals among those different species,
called species evenness or species equability (£y). The esti-
mate of evenness assumes a value between 0 and 1, with 1
being complete evenness or all relative species densities equal
for a population (Boon et al. 2002). The results in Table 3
showed the bacterial diversity indices of all the rhizosphere
soils sampled. For the untreated soils, H' ranged from 1.57 to
1.72 in SV-21 and from 2.10 to 2.78 in SV-38, whereas on
chromium-treated soils, H' ranged from 1.19 to 1.31 in SV-21

Table 3 Shannon-

Weiner index (H'), Samples H' S Ey
richness (S), and
evenness (Ey) calculated SV-21 R1 1.722 21 0.57

from the DGGE banding ~ SV-21 R2 1.604 20 0.54
pattern SV-21 R3 1577 21 052
SV-38 R1 2104 23 0.67
SV-38 R2 2789 26 0.86
SV-38 R3 2461 25 076
SV-21 CrR1 1.194 18 041
SV21CrR2 1293 18 045
SV21CrR3 1316 18 046
SV38CrR1  2.091 21  0.69
SV38CrR2 1739 17 0.6l
SV38CrR3 2197 20  0.73

T T 1
0.59 0.73 0.86

and from 1.73 to 2.19 in SV-38. Regarding soil treatments,
these results indicate a higher bacterial diversity in rhizo-
sphere of both genotypes on untreated soil samples and, re-
garding plant genotypes, these results indicate a higher bacte-
rial diversity in rhizosphere of genotype SV-38 in both treat-
ments. Data on species evenness on untreated and Cr-treated
soils, respectively, ranged from 0.52 to 0.57 and from 0.41 to
0.46 for genotype SV-21 and from 0.67 to 0.86 and from 0.61
to 0.73 for genotype SV-38. These results reflect differences in
species abundance that lead to an unequal representation of
species in the bacterial community, being more uneven in
genotype SV-21 on both treatments.

Phylogenetic analysis of uncultured bacterial communities

Twenty prominent bands from the gel were excised and se-
quenced. Bands that were in the same position in the DGGE
gel were excised from different lanes and sequenced to con-
firm that the same position corresponded to the same se-
quence. The positions of the sequenced bands are shown in
Fig. 2. Sequence similarity values compared to previously
reported sequences were more than 98 %. The phylogenetic
analysis (see Fig. S1 in Supporting Information) showed that
the sequences retrieved in this study were assigned to 16 dif-
ferent genera and classified into five major classes, namely
Bacilli (Bacillus and Cohnella), Beta-proteobacteria
(Acidovorax, Azohydromonas, Massilia, Ramlibacter, and
Variovorax), Gamma-proteobacteria (Arenimonas, Dyella,
Lysobacter, and Stenotrophomonas), Flavobacteria
(Flavobacterium), and Sphingobacteria (Chitinophaga,
Pedobacter, Pontibacter, and Terrimonas). All dominant
groups were present in the rhizosphere of both plant geno-
types, with the exception of class Flavobacteria only present
in SV-38. Fifty-three percent of sequences were classified into
the beta and gamma subdivisions of Proteobacteria, 23.5 %
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into the Sphingobacteria class, 17.6 % into the Bacilli class,
and 5.8 % into the Flavobacteria class. At the species level,
differences in the bacterial community composition were
found between the two plant genotypes. In this regard, eight
sequences were specific to genotype SV-38 and were related
to Flavobacterium sp. (DGGE-4), Terrimonas ferruginea
(DGGE-9), Pontibacter sp. (DGGE-5), Cohnella sp.
(DGGE-14), Lysobacter sp. (DGGE-12), Stenotrophomonas
maltophilia (DGGE-11), Acidovorax ebreus (DGGE-10), and
Ramlibacter sp. (DGGE-17). Similarly, two sequences were
specific to genotype SV-21 and were related to Massilia
timonae (DGGE-6) and Azohydromonas lata (DGGE-13).
Furthermore, increasing intensity of bands related to
Chitinophaga niastensis (DGGE-7), Pontibacter sp.
(DGGE-5), and Ramlibacter sp. (DGGE-17) was observed
in Cr-treated genotype SV-38 and Variovorax sp. (DGGE-
15) in Cr-treated genotype SV-21. The dominant phylotypes
that appear in response to Cr treatment can be regarded as Cr-
tolerant bacteria. These data indicated a shift in the relative
abundance of these sequences of each Cr-treated genotype.

Discussion

While many plants and bacteria have their own mechanisms
for dealing with heavy metal contaminants, the interaction of
plants and microorganisms may increase or decrease heavy
metal accumulation in plants, depending on the nature of the
plant—microbe interaction. Because phytoremediation is a rel-
atively new technology, understanding mechanisms of plant—
microbe interactions in removing contaminants from the en-
vironment is still not well characterized. Improving knowl-
edge could have practical implications for phytoremediation
strategies on Cr-polluted soils.

Differences in heavy metal uptake between both genotypes
were observed. The heavy metal toxicity based on tolerance
index showed a similar Cr tolerance in both genotypes, but
SV-38 showed a higher ability to accumulate Cr on root tissue,
based on BF values. However, these genotypic differences in
metal uptake are contradictory to those found in previous re-
ports (Pradas del Real et al. 2013; 2014b). Several reasons
could account for these contradictory results. The bioavailabil-
ity of heavy metals will be affected by many interdependent
factor such as solid phase sorption/desorption reactions, metal
complexation reactions, growth conditions, and, among
others, plant—microbe interactions (Morita et al. 2004).
Hydroponic studies are useful to screen and to study the re-
sponse of potential phytoremediation crops in controlled con-
ditions independent of specific soil properties. However, met-
al concentrations in plant tissues can deviate substantially
from soil-grown plants (Wenzel 2009).

Toxicity effects of Cr were observed in roots of both geno-
types being more remarkable in SV-38, where lipid
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peroxidation increased as a root biomass decreased. An in-
crease of the content of MDA reactive compounds is an indi-
cator for physiological stress (Li et al. 2013). According to
Pandey et al. (2009), Cr toxicity enhances reactive oxygen
species (ROS) generation that causes oxidative stress.

S. vulgaris genotypes had a low extraction efficiency since
TF values were lower than 1, although SV-21 showed higher
values than SV-38. The poor translocation of Cr to shoots is a
major hurdle in using plants and trees for phytoremediation
(Hayat et al. 2012). However, organic acids have been report-
ed to play an important role in phytoremediation of Cr-
contaminated soils by enhancing Cr uptake and increasing
translocation to shoots (Davies et al. 2001). Of the seven in-
ternal organic acids analyzed in this study, acetic, citric, malic,
and oxalic acids were the most abundant. These organic acids
have been reported to be potential metal chelators (Naidu and
Harter 1998). Differences in changes in root organic acid con-
tents in response to Cr treatment are evident between geno-
types of S. vulgaris. The results confirm the stimulation, by Cr
contamination, in six of the seven organic acids in genotype
SV-21. The enhancement order with significant increases
(p<0.05) was lactic > oxalic > succinic > malic > citric >
formic. Conversely, the genotype (SV-38) showed an in-
crease in four of the seven organic acids and the en-
hancement order was formic > succinic > lactic > acetic.
Differences in changes in root organic acids in response
to Cr are also evident among rice genotypes (Zeng et al.
2008). These differences on Cr responses are also
reflected in the PCA analysis and suggest that there is
variability in the regulation of these responses or differ-
ent mechanisms are involved in this Cr contamination
response, in different genotypes.

The increased concentration of citric and malic found in
SV-21 may also be involved in a higher translocation rate of
Cr observed in this genotype. Both citric and malic acids have
been found to be the major complexants of Cr(III) in the xy-
lem sap of maize (Juneja and Prakasha 2005). Results from
previous studies using p-EXAFS showed that, in the roots of
S. vulgaris exposed to 60 uM of Cr(VI), Cr was in a sixfold
octahedral coordination which resembles that of the Cr(III)-
citrate or Cr(III)-malate standards (Pradas del Real et al.
2014a).

Among organic acids, oxalic was the most abundant in
both genotypes, but under Cr stress, a significant increase
(165 %) only was observed in genotype SV-21. Several stud-
ies of oxalic acid have been reported to play an important role
in phytoremediation of Cr-contaminated soils by enhancing
uptake and increasing translocation to shoot (Zeng et al.
2008). According to Barlett and James (1988), oxalic acid
can convert inorganic Cr to organically bound Cr, making it
soluble for a longer period of time and thereby available to
plants. However, despite having a high increase in the level of
oxalic, SV-21 accumulates less Cr on roots than SV-38,
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suggesting that plant-bacteria interactions may play a role that
influence Cr uptake.

In the adaptation process to polluted environments, bacteria
in the rhizosphere of plants might be stimulated by the alter-
ations of root exudates in response to the metal stress (Wang
et al. 2008). However, biotic and abiotic factors such as soil
type, seasons, heavy metal pollution, plant development stage,
root architecture, plant species, cultivars, and genotypes can
affect the structure of microbial communities in the rhizo-
sphere (Marschner et al. 2001; Wieland et al. 2001; Berg
and Smalla 2009; Buée et al. 2009). The PCR-DGGE cluster
analysis of 16S rDNA fragments showed that the community
structure was affected by plant genotype and, to a lesser ex-
tent, by Cr contamination, the first being the most influential
factor shaping the rhizosphere microbiome. The bacterial
DGGE profiles showed highest dissimilarity (47 %) between
samples from different plant genotypes, being these results in
accordance with the different bacterial community composi-
tion observed between SV-21 and SV-38, after sequencing
DGGE bands. The impact of plant species on rhizobacterial
communities has been well documented, but recent studies
have shown genotype-dependent influence on the entire
rhizobacterial community (Berg and Smalla 2009; Micallef
etal. 2009). This phenomenon has been linked to plant genetic
constitution (Neal et al. 1973) possibly through differences in
composition and concentration of root exudate compounds
(Baudoin et al. 2003). Furthermore, due to the allogamous
nature of this species (Sloan et al. 2012), a high level of allelic
variation among clones is expected.

The microbial community was more diverse in the rhizo-
sphere of both untreated genotypes than in Cr-contaminated
samples, based on an inspection of diversity indices. Shannon
diversity index (H'), richness (S), and evenness (E}y), as cal-
culated from pooled DGGE data, were low in Cr-treated sam-
ples of SV-21 and SV-38 suggesting that Cr contamination
changed the structure of microbial community to a certain
extent. The toxicity of heavy metal on soil bacterial commu-
nities depends to the heavy metal involved, with Cr being
the most toxic on soil microbial metabolic process (Wang
et al. 2010). According to previous reports, heavy metals
affect the qualitative and quantitative structure of soil
microbial communities, which results in decreasing met-
abolic activity and diversity (Baath 1989; Giller et al.
1998). Under heavy metal stress, many microbial species
could not cope with Cr pollution, and competitive spe-
cies can predominate resulting in a lack of diversity, and
therefore, the decreases in diversity may reflect changes
in the community composition. When comparing diver-
sity index data from the two plant genotypes, a higher
diversity was found on genotype SV-38. Bacterial com-
munities characterized by strong species diversity can
better face challenging environment perturbations than
those of low species diversity (Degens et al. 2001).

Detailed knowledge of the bacterial composition in the
rhizosphere of S. vulgaris can be exploited for bacteria-
assisted phytoremediation of metal-contaminated sites. The
phylogenetic analysis of partial 16S rRNA gene sequences
recovered from the DGGE gels shows the distribution of phy-
logenetic groups in S. vulgaris plants under Cr stress and
reveals a different bacterial composition within groups in both
genotypes. The bacterial community in the rhizosphere of
S. vulgaris was represented by five classes, namely Beta-
proteobacteria, Gamma-proteobacteria, Sphingobacteria,
Bacilli, and Flavobacteria, which indicate the largest domi-
nance of Gram-negative bacteria. This major group is more
associated to the plant than in the surrounding soil (Curl and
Truelove 1986). In fact, under conditions of sufficient supply
of nutrients, Gram-negative bacteria show high proliferation
and activity rate, providing them a competitive advantage in
the rhizosphere colonization. In this experiment, the most
abundant class was Beta-proteobacteria representing 29.4 %
in average of total flora in the rhizospheric area, follow-
ed by Gamma-proteobacteria and Sphingobacteria, both
with a percentage of 23.5 %. The predominance of phy-
lum Proteobacteria was also observed in the rhizosphere of
Pb-, Zn-, and Cu-contaminated soils (Wang et al. 2008; Xu
et al. 2012) and Cr-contaminated soils (Sheik et al. 2012).
Odum (1985) suggested that r-selected organisms (rapidly re-
producing), such as Proteobacteria, are favored after a stress-
or is applied to an ecosystem, which is perhaps a reason for
their dominance.

Band sequencing provided information about the different
root-associated bacterial species between SV-21 and SV-38.
Most of them have been reported using cultivation-dependent
methods in rhizosphere of hyperaccumulating plants growing
on heavy metal-contaminated soil (Abou-Shanab et al. 2007,
Kuffner et al. 2010). The different bacterial community com-
position suggests that each clone may have an association to
specific bacterial species. Since rhizobacteria can be modulat-
ed by exudates, the production of which is, in turn, genetically
regulated by plants (Micallef et al. 2009), and it can be ex-
pected that different plant genotypes would select for specific
microbial consortia based on the assumption of their unique
exudate profile. Previous studies on root exudates of Cr-
treated genotypes SV-21 and SV-38 (Pradas del Real et al.
2014b) showed a higher root exudation release in SV-21 than
in SV-38, suggesting that both genotypes could present differ-
ent mechanisms in the rhizosphere to promote beneficial
rhizobacteria. Furthermore, band intensity can be related to
ribosome content and hence related to the activity of the mi-
crobial populations (Smalla et al. 2001).

In this context, it may be noted that under Cr contamina-
tion, an increasing intensity in specific DGGE bands was ob-
served and related to genera Chitinophaga, Pontibacter, and
Ramlibacter in SV-38 and Variovorax in SV-21. These dom-
inant bacterial genera were reported in rhizosphere soils as in
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Cr-contaminated soils and groundwater sediments (Abou-
Shanab et al. 2007; Brodie et al. 2011). Interestingly,
Variovorax was described as highly tolerant to Cr in minimum
inhibitory concentration (MIC) determinations (Abou-Shanab
et al. 2007). Bacteria have developed different strategies of
chromate tolerance including chromate efflux and chromate
reduction based on the biotransformation of Cr(VI) to Cr(III)
(Cheung and Gu 2007). Furthermore, after an organic C
application, a chromium-reducing activity was observed
on bacterial communities that included, among others,
Variovorax genera (Brodie et al. 2011). In that same study,
stimulation in growth was not detected in Ramlibacter and
Chitinophaga genera. On the basis of these studies, we may
speculate that exudates with large amounts of C-rich com-
pounds can stimulate a chromium-reducing activity in
Variovorax. Previous research on these plant genotypes found
an increment of the exudation rate in the genotype SV-21
under Cr(VI) exposure as well as a great increase in C con-
centration (Pradas et al. 2014b). In this plant-bacteria interac-
tion, Variovorax could protect its host plant from the phyto-
toxicity of Cr changing the speciation from bioavailable to the
less bioavailable form and then leading, with regard to SV-38,
to a decrease of Cr uptake.

The rhizosphere is a rich source of bacteria exhibiting enor-
mous degree of plant growth-promoting (PGP) activities. PGP
bacteria have the ability to increase the phytoavailability of
nutrients and metals in soils through organic acids and
siderophore production or phosphorus solubilization. Many
studies have shown that bacteria could solubilize metals and
nutrients in soils and improve the metal uptake by the plant
(Sessitsch et al. 2013). Braud et al. (2009) observed that
siderophore-producing bacteria facilitate soil metal mobiliza-
tion and enhanced Cr uptake in maize after soil inoculation
with Ralstonia metallidurans. In this context, it is not unrea-
sonable to assume that dominant bacteria with PGP activities
on the rhizosphere of SV-38 may enhance Cr uptake in this
genotype. However, further studies are needed to assess PGP
activities and chromate-reducing capacity in these bacterial
taxa.

In conclusion, Cr treatment contributes to differentiate the
abundance of particular organic acids as well as dominant
specific rhizobacteria. The mobility and bioavailability of
heavy metals in the soils, particularly at the rhizosphere where
root uptake or exclusion takes place, are critical factors that
affect phytoremediation processes. Based on the discussion
above, specific bacterial taxa showing good PGP activities
and/or chromium-stress evasion will be useful for improving
current bacterial-assisted phytoremediation on Cr-polluted
soils.
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