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Heavy metals are toxic environmental contaminants, which severely affect microbial composition and
functions and, concurrently, crop production. Due to these issues, the present study focussed on the
selection of metal tolerant microbes endowed with metal detoxification abilities and their role in the
management and remediation of metal contaminated soils. The metal tolerant bacterium BM2, identified
as Bacillus subtilis by 16SrRNA gene sequencing, survived well under metal pressure and tolerated 1600
and 2000 pg mL™! of Ni and Pb, respectively. The inhibitory impact of metals on wheat increased
consistently with a progressive increase in metal concentration. Deposition of Ni and Pb within root and
leaf and oxidative stress were validated by SEM, EDX and CLSM. The overall growth parameters of wheat
grown under metal stress were improved following B. subtilis BM2 colonization. As an example,
B. subtilis with 195 mg Pb kg~! enhanced the length and dry biomass of shoots by 14% and 23%,
respectively, over the control. Also, strain BM2 improved the grain yield significantly by 49% at 870 mg Ni
kg™t and by 50% at 585 mg Pb kg~ compared to uninoculated plants. Moreover, B. subtilis BM2 relieved
the metal stress on wheat and caused a significant drop in proline and malondialdehyde content and the
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Accepted 7th February 2019 activities of antioxidant enzymes, like catalase (CAT), superoxide dismutase (SOD) and glutathione
reductase (GR). This study, therefore, provided solutions to the metal toxicity problems faced by winter

DO 10.1039/c9ra00333a wheat and clearly suggests that the metal detoxification potential of B. subtilis BM2 could be greatly
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1. Introduction

Among various soil pollutants, heavy metal pollution is one of
the major global challenges and has attracted the attention of
scientists to protect/preserve the very sustainability of natural
ecosystems. In many developed and developing countries the
heavy metal pollution has risen due to rapid industrialization,
long term use of poor quality waters (untreated waste water) for
irrigation and intensive agricultural practices. These anthro-
pogenic activities in isolation or simultaneously add consider-
able amounts of heavy metals to soils.”” Unfortunately, heavy
metals are biologically non-destructible constituents, and
hence, they persist indefinitely in soil ecosystems. Once accu-
mulated in soils, heavy metals adversely affect the soil
dynamics® and microbial composition and functions,* leading
eventually to losses in soil fertility and ultimately crop produc-
tion.>® From plants, metals can be introduced into the food
chain, which subsequently raises the risk of toxicity to both
animals and humans.”® However, not all metals are inhibitory
at any given concentration, but rather their toxicity and
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useful in the management of metal polluted soils.

deleterious impact differ from species to species and with the
concentrations of metals as well as the age and genotypes of
plants.”** Indeed, some metals are essential and play important
roles in regulating various metabolic functions of plants. For
example, while high concentrations of Ni negatively affect plant
growth,'” as a trace micronutrient element, it aids in regulating
physiology including seed germination and nitrogen metabo-
lism of plants.**** Some common symptoms associated with Ni
phytotoxicity include (i) leaf chlorosis, (ii) abnormal root/shoot
growth, (iii) deformity in various plant organs and (iv) altered
nutrient uptake. Due to these effects, enhanced accumulation
of Ni inside plant tissues results in massive losses in both
quantity and nutritive quality of agronomically important and
edible crops.” Lead is another bioactive metal which, at
elevated levels, decreases cell division in plants and causes
brittleness in leaves with the appearance of dark purple spots.*®
Imbalance in water transport, disturbed composition and
uptake of mineral nutrients, interruption of photosynthesis,
altered enzymatic activities and overall hormonal imbalance are
a few other significant symptoms of Pb toxicity in plants."”*®
Apart from the direct inhibitory effect of metals on growing
plants, metals can also destroy cells by causing overproduction
of reactive oxygen species (ROS), which damage/impair antiox-
idant defense systems resulting in oxidative stress.’*>* Among
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ROS, the radicals hydroxyl and superoxide and non-radicals
H,0, and singlet oxygen, for example, have been found to
cause critical damage to biological macromolecules, including
DNA, proteins and lipids.”® Unfortunately, the level of ROS
production and consequent cellular toxicity increases rapidly
when plants are exposed to heavy metals.

Among various food crops, cereals form an intricate part of
the human diet. Wheat (Triticum aestivum L.) is one of the most
agronomically important cereal crops, cultivated throughout
the world and consumed widely as human food. Moreover,
various biotic and abiotic factors like heavy metal stress along
with salinity, drought, and soil infertility severely affect the
growth of wheat plants and consequently limit its produc-
tion.”*** Hence, the heavy metal pollution of soils requires
special and urgent attention in order to restore the fertility of
soils and concurrently to enhance the production of wheat, even
in metal contaminated soils. In this regard, environment
friendly and cost effective approaches like the use of beneficial
soil microbiota colonizing the rhizospheres, often termed plant
growth promoting rhizobacteria (PGPR), endowed with the
unique property of heavy metal tolerance and plant growth
promotion, have been suggested as a strategy in the manage-
ment of derelict soils.>**® However, the results have been con-
flicting and inconsistent. Nevertheless, metal tolerant microbes
when used as a microbial inoculant (biofertilizer) have been
reported to detoxify metal toxicity by altering/limiting the
bioavailability of metals in soil by several mechanisms
including (i) acidification, (ii) chelation of metal ions, (iii)
precipitation, (iv) exclusion, (v) metal ion sequestration by the
release of organic acids and (vi) transformation of heavy metals
from highly toxic to less/non-toxic forms.?”*® Besides these, the
synthesis and release of metal binding proteins and peptides
like metallothioneins (MTs) and phytochelatins (PCs) are some
other strategies adopted by metal tolerant bacteria to chelate
and sequester metals and concurrently to defend against heavy
metal stress.” Therefore, considering the importance of soil
contamination, conflicting reports on metal toxicity to wheat,
nutritive value of wheat in human dietary systems and the role
of PGPR in the effective and viable management of metal
polluted soils, the present study was designed to explore the
following: (i) recovery and selection of metal tolerant beneficial
microbes possessing the ability to secrete active biomolecules
supporting wheat growth, (ii) assessment of nickel and lead
toxicity to both isolated microbes and wheat plants, (iii) assay-
ing the cellular distribution/localization of nickel and lead
through SEM, EDX and CLSM and (iv) to evaluate the biore-
mediation potential and capability of metal tolerant microbes
to facilitate the performance of wheat plants even in metal
polluted soils.

2. Materials and methods

2.1 Metal concentration and microbial composition of
experimental soil

A soil sample was collected from the rhizospheres of bajra
(Pennisetum glaucum) cultivated in fields irrigated with waste-
water originating from steel and paint manufacturing
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industries located at Mathura bypass road, Aligarh (27°53'N
78°05'E 27.88°N 78.08°E), Uttar Pradesh, India (S1) and the
concentration of metals was determined according to the
method of ref. 30. Conventional soil samples (non-polluted)
were also collected from the agricultural fields of Faculty of
Agricultural Sciences, Aligarh Muslim University, Aligarh (S2).
The soil samples were collected in polythene bags (30 x 20 cm)
from two rhizospheric sites (S1 and S2) using a dagger by
removing the topsoil up to a depth of 12 cm. For heavy metal
analysis, the soil samples were digested in aqua regia (HNO;
and HCI in a ratio of 1:3) and the heavy metal content was
estimated by atomic absorption spectrophotometry (AAS).
For isolation of bacteria from metal contaminated soil in the
Pennisetum glaucum rhizospheres, the soil was serially diluted
and bacterial colonies were obtained by spreading 100 pL of soil
suspension onto nutrient agar plates when incubated at 28 +
2 °C overnight. The bacterial colonies that appeared following
incubation were picked and re-streaked three times on nutrient
agar medium so as to ascertain the purity of the bacterial
culture.

2.2 Selection and identification of metal tolerant strain

For assessing the metal toleration ability, the isolated bacterial
strains were cultured on nutrient agar plates (NAP) amended
with increasing concentrations (0-2400 pg mL™"; at a two-fold
dilution interval) of Ni (NiCl,-6H,0) and Pb [Pb(CH3COO),-
-3H,0]. A spot (10 pL of fully grown bacterial cell suspension)
consisting of approximately 10”7 cells per mL was placed on
metal treated NAP. Plates were incubated at 28 £+ 2 °C for 48 h
and observed for bacterial survivability. The bacterial strains
surviving at the highest metal concentration were scored as the
metal tolerant strains. Of the total 10 bacterial strains, strain
BM2, exhibiting maximum tolerance to Ni and Pb, was chosen
for further studies. The selected strain was identified to genus
level primarily by morphological and biochemical characteris-
tics while it was identified to species level by a 16S rRNA partial
gene sequencing service, Macrogen, Seoul, South Korea, using
universal primers, 785F (5-GGATTAGATACCCTGGTA-3') and
907R (5'-CCGTCAATTCMTTTRAGTTT-3'). Following a BLASTn
search, the processed nucleotide sequence was submitted to the
GenBank sequence database. Also, a phylogenetic tree repre-
senting the evolutionary relatedness of strain BM2 with other
bacterial strains was constructed by the neighbour joining
method using MEGA 6.0 software.

2.3 Cellular metal distribution and cytotoxic damage to
bacterial strain BM2 assessed under SEM, EDX, TEM and
CLSM

In order to assess the cellular and morphological damage/
anomaly, if any, caused to strain BM2, the strain was cultured
in nutrient broth (NB) treated with 200 ug Ni mL ™" and 400 pg
Pb mL™'. To visualize the cytotoxic damage, metal treated
bacterial cells were subjected to SEM (model JSM 6510 LV; JEOL,
Japan) analysis. For this, 2 mL each of metal treated and
untreated bacterial cell suspension was centrifuged (at 10 000
rpm) for 10 min and the cell pellets were washed at regular

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra00333a

Open Access Article. Published on 19 February 2019. Downloaded on 3/15/2026 10:36:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

intervals three times using phosphate buffered saline (PBS) to
completely eliminate debris/traces of NB. Then, the washed cell
pellets were fixed in primary fixative (2.5% glutaraldehyde and
2% paraformaldehyde) overnight at 4 °C. The pellets were
rinsed again with PBS three times at a uniform interval of 5 min
each. Lastly, the cell pellets were dehydrated by 30%, 50%, 70%,
90% and 100% ethanol. Then, 2 pL suspensions of the dehy-
drated pellets were mixed with 8 pL of double distilled water
(DDW) on a glass cover slip and observed under SEM. The
distribution and percentage of heavy metals inside bacterial
cells was determined by EDX spectroscopy. To further validate
the disruption caused by heavy metals to the bacterial cell
envelope, the suspension of cell pellets was dehydrated with
ethanol gradients. Carbon coated copper grids were prepared
using 10 pL of bacterial sample and the samples were viewed
under TEM (model TEM 2100; JEOL, Japan).

To analyse cell death under metal stress, bacterial cells were
grown in NB medium amended with 25, 50, 100 and 200 ng
mL ™" each of Ni and Pb. NB medium without heavy metals but
inoculated with bacterial cells was also run as a control for
comparison. Both treated cells and untreated control cells were
observed under CLSM (Model LSM-780, Zeiss, Germany).
Following centrifugation, the cell pellets were washed three
times with PBS for 15 min and then dissolved again in PBS. 100
uL samples of bacterial cell suspension of metal treated and
untreated cells were mixed with 10 pL each of propidium iodide
(PI) and acridine orange (AO), both of which were prepared in
PBS maintained at 1 mg mL ™" concentration. The mixture of
bacterial cell suspension and fluorescent dyes was then incu-
bated for 10 min at room temperature. The resulting suspen-
sion was again centrifuged (at 5000 rpm) for 10 min to remove
traces of unbound dye, if any. Next, the cell pellets were re-
suspended in 500 pL of PBS and a thin smear of this suspen-
sion was prepared on a glass slide. The samples were then
scored for PI stained dead cells with excitation/emission
maxima of 493/636 nm for PI. Additionally, AO served as
a second indicator to differentiate between viable and dead
cells. A sample for CLSM observation was prepared in darkness
in order to avoid the bleaching of the dyes when exposed to
light.

2.4 Assessment of metal removal strategy: induction of
metallothioneins by bacterial strain BM2

The metallothioneins (MTs) secreted by strain BM2 under heavy
metal pressure were quantitatively assessed by the method of
ref. 31 with some modifications. The bacterial strain was
cultured in NB containing 200 pug Ni mL~" and 400 pg Pb mL ™"
for 48 h at 28 + 2 °C on a shaking incubator. A control set
(without heavy metals) was also included for comparison.
Following incubation, bacterial cells was centrifuged and cell
pellets were obtained. The pellets were suspended in lysis buffer
with a formulation of 0.5 M sucrose prepared in 20 mM Tris-
HCI buffer (pH = 8.6) containing 0.01% mercaptoethanol.
Pellets were sonicated for 2 min using a Branson Digital Sonifier
(Branson Ultrasonics Corporation, Danbury, USA) in order to
completely lyse the cells. The sonicated sample was centrifuged
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again and the supernatant was separated from the pellets. To
1 mL of supernatant, 1.05 mL of cold absolute ethanol (chilled
at —30 °C) and 80 pL of CHCIl; (chloroform) were added. The
samples were centrifuged (under cold conditions) at 10 000 rpm
for 10 min with three volumes of cold ethanol added to the
supernatant and the suspension was chilled at —30 °C for 1 h.
The samples were centrifuged at 10 000 rpm for 10 min and the
cell pellets were washed with a mixture of ethanol, chloroform
and homogenization buffer in the ratio 87 : 1 : 12 uL and again
centrifuged at 10 000 rpm for 10 min. The pellets were dried to
complete evaporation and re-suspension of the dried pellets
was done in 300 pL of 5 mM Tris-HCl and 1 mM EDTA (pH = 7).
The MTs fraction so obtained was mixed with 4.2 mL of
0.43 mM 5,5'-dithio-bis-nitrobenzoic acid (Ellman's reagent) in
0.2 M phosphate buffer (pH = 8) and kept at room temperature
for 30 min for the reaction to occur. The reduced sulthydryl
concentration in the samples was recorded at 412 nm and the
MTs in each sample were quantified against a standard curve of
reduced glutathione (GSH). The MT content in the samples was
calculated using the standard curve equation of ref. 32.

2.5 Morphological distortions in wheat plant organs: metal
localization/distribution and cellular damage to wheat roots
observed under CLSM

The structural alteration in the roots and foliage of wheat plants
grown under Ni and Pb pressure was revealed under SEM, EDX
and CLSM. The elemental composition and metal distribution
in the roots and leaves of wheat plants were detected by EDX.
For toxicity studies, wheat plants were grown on soft agar plates
amended with 100 ug mL ™" of Ni and 200 ug mL " of Pb. An
untreated control was also run in parallel for comparison. The
alterations in roots and foliage morphology were visualized
under SEM. Also, the composition of elements and distribution
of heavy metals within the plant organs were detected by
capturing the EDX spectra along with elemental mapping of
particular regions of the metal treated and untreated roots and
foliage of wheat plants. Moreover, the roots detached from
plants treated with 25, 50, 100, 200 and 400 pg mL ™" each of Ni
and Pb were scanned for live and dead cells using AO and PI
fluorescent dyes and observed under an LSM-780 Confocal
Microscope (Zeiss, Germany).

2.6 Metal toxicity to wheat plants and remediation of toxicity
by bioinoculant BM2

For assessing the response of wheat plants to metals, uniform
and healthy seeds of wheat (cv. 1055) were surface sterilized
with 4% sodium hypochlorite for 3 min and the seeds were then
washed with 6-7 changes of sterile water. The sterilized seeds
were dipped in overnight grown liquid culture of metal tolerant
strain BM2 for 2 h using 1% guar gum powder as adhesive to
deliver approximately 10® cells per seed. Also, the non-
bacterized seeds, soaked in sterile water only, served as
control. The bioprimed and uninoculated seeds (5 seeds per
pot) were sown in earthen pots (22 cm high and 25 c¢m internal
diameter) having 4 kg unsterilized alluvial sandy clay loam soil.
Two days prior to sowing of seeds, Ni and Pb at normal (1x),
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double (2x) and three times (3 x) the normal dose were added to
the experimental clay pots. The normal dose of Ni and Pb was
290 and 195 mg kg~ ' soil, respectively. The 1x concentration of
Ni and Pb refers to the normal concentration from here
onwards throughout the manuscript, and these doses were
added to the experimental soil. These doses of Ni and Pb were
chosen for the pot trials of wheat in order to reproduce the
concentrations that had been detected in the surveyed soil
samples. There were 14 treatments with three replications each.
Pots were arranged in a completely randomized block design.
Fifteen days after emergence, thinning of plants was done and
only two plants per pot were maintained till harvest. The pots
were watered regularly with tap water and were kept in open
field conditions. The position of the pots was changed regularly
so as to avoid any positional effects on wheat growth. The
experiments were repeated consecutively for two successive
years to confirm the validity and reproducibility of the data.

2.6.1 Measurement of biological parameters, grain attri-
butes and total P content. The biological parameters including
length and dry matter accumulation in roots and shoots of
metal treated/untreated and inoculated/uninoculated wheat
plants were measured. The lengths of plant organs and dry
biomass were recorded at harvest. The total chlorophyll content
in the fresh foliage of wheat was recorded at 90 days after
sowing (DAS) according to the method described by ref. 33. The
number of tillers, number of spikes, number of grains per spike,
grain yield and straw yield were determined at harvest (110
DAS). Also, the protein content within the grains was estimated
by the method of ref. 34. The phosphorus content in the dried
roots and shoots of wheat plants was assessed at harvest by the
vanadomolybdate method.**

2.6.2 Estimation of proline, lipid peroxidation and anti-
oxidant enzymes. The proline content in the fresh foliage of
wheat was detected at 90 DAS following the method of ref. 36.
The content of malondialdehyde (MDA) within the plant cells
was determined by the extent of lipid peroxidation in plant
tissues. Malondialdehyde was estimated according to the
method of ref. 37. The absorbance of the orange-red super-
natant was recorded at 532 nm, 600 nm and 450 nm. The
molar extinction coefficient of MDA, i.e. 155 mM ' cm ™!, was
employed for calculating MDA content and the result was
expressed as pmol MDA g~ fresh weight of tissue. Further-
more, antioxidant enzymes including superoxide dismutase
(SOD), catalase (CAT) and glutathione reductase (GR) in the
fresh foliage of wheat plants were quantitatively assayed at 90
DAS. The SOD activity was assayed by the method of ref. 38
and was expressed in terms of % increase in SOD activity over
the control set. Catalase activity was determined by the
method of ref. 39 where the decrease in the optical density of
the plant extract mixed with H,0, per minute was monitored
at 240 nm and CAT activity was determined by using the
molar extinction coefficient of H,0, (36 mol " cm ™). Simi-
larly, GR was estimated according to the method given by ref.
40. Glutathione reductase activity was reported in terms of
oxidation of NADPH by monitoring the decrease in absor-
bance per minute at 340 nm. All enzyme assays were per-
formed in triplicate.

6128 | RSC Adv., 2019, 9, 6125-6142

View Article Online

Paper

2.6.3 Heavy metal uptake. Accumulation of Ni and Pb in
dried wheat organs (roots, shoots and grains) was measured at
harvest.** For this, 1 g samples of each dried plant tissue were
digested separately in a mixture of nitric acid and perchloric
acid (4 : 1). After complete digestion, the residual solution was
filtered through Whatman no. 2 filter paper and the volume was
made up to 100 mL with DDW and the metal content in each
sample was determined by AAS employing CRM standards (JT
Baker, BAKER INSTRA-ANALYZED Reagent Grade for Trace
Metal Analysis) of Ni [1000 pg mL™" (0.10% w/v)] and Pb [1000
pg mL " (0.10% wiv)].

2.7 Determination of factors/active biomolecules secreted by
bacteria strain BM2 supporting wheat growth

2.7.1 Production of indole acetic acid (IAA) and side-
rophores. The IAA secretion by metal tolerant bacterial strain
BM2 was quantified by the modified method of ref. 42. For the
assay, 100 pL of overnight grown culture was inoculated in
25 mL of Luria Bertani (LB) broth previously supplemented with
200 pg tryptophan mL ™" and treated with 0, 25, 50, 100, 200 and
400 ug mL ™" of Ni and Pb. Post-inoculation, the cultures were
incubated for 48 h at 28 + 2 °C in a shaking incubator at
125 rpm. Following incubation, 2 mL culture from each treat-
ment was centrifuged at 10 000g for 15 min along with the
addition of 2-3 drops of orthophosphoric acid and 4 mL of
Salkowsky reagent (2% 0.5 M FeCl; prepared in 35% HCIO,) to
the supernatant. Samples were kept in darkness for 1 h at 28 +
2 °C for colour development. The IAA released in the superna-
tant was measured at A = 530 nm by recording the absorbance
of pink colour developed during the reaction using pure IAA as
a standard. Furthermore, the siderophores were detected by the
method of ref. 43 where chrome azurol S (CAS) agar plates
amended with 0, 25, 50, 100, 200 and 400 pg mL™ ' each of Ni
and Pb were spot inoculated with 10° cells per mL of strain BM2.
After incubation, the plates were checked for yellow to orange
zone (halo) formation around bacterial growth manifesting the
release of siderophores. Also, a quantitative estimation of
siderophores was done using Modi medium (K,HPO, 0.05%;
MgSO, 0.04%; NaCl 0.01%; mannitol 1.0%; glutamine 0.1%;
NH,4NO; 0.1%). For this, Modi medium enriched with 0, 25, 50,
100, 200 and 400 pg mL ™" of Ni and Pb was inoculated with 100
L of bacterial cell suspension containing approximately 10°
cells per mL. The inoculated tubes were incubated for 5 days at
28 + 2 °C. The cultures were then centrifuged at 6000 rpm and
the catechol type phenolates [salicylic acid (SA) and 2,3-dihy-
droxybenzoic acid (DHBA)] in the supernatant were
quantified.**

2.7.2 Detection of hydrogen cyanide, ammonia and ACC
deaminase. Hydrogen cyanide (HCN) secreted by strain BM2
was detected by the method of ref. 45. For this, a heavy inoc-
ulum was streaked on King's B agar plates containing 4.4 g L™
glycine and amended with 0, 25, 50, 100, 200 and 400 pg mL ™"
each of Ni and Pb. The lids of Petri plates were covered with
filter paper discs dipped in 0.5% picric acid prepared in 2%
sodium carbonate. Each experimental plate was sealed with
parafilm so as to avoid the escape of volatile HCN released by

This journal is © The Royal Society of Chemistry 2019
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the bacterial strain and incubated for 4 days at 28 + 2 °C. The
change in filter paper colour from yellow to orange was
considered as a positive reaction. Similarly, for ammonia
detection, the bacterial strain BM2 was inoculated in peptone
water supplemented with 0, 25, 50, 100, 200 and 400 ng mL™!
each of Ni and Pb and incubated for 4 days at 28 £ 2 °C.*® The
change in colour from yellow to reddish brown indicated
a positive reaction.

The ACC deaminase produced by metal tolerant strain BM2
was qualitatively estimated by growing and spot inoculating
bacterial culture on Dworkin and Foster (DF) salts minimal
medium® enriched with 3 mM ACC as the principal N source.
The DF agar plates without ACC but containing (NH,),SO,
(0.2% w/v) served as negative and positive control plates,
respectively. Following incubation for 72 h at 28 £ 2 °C, the
plates were monitored for bacterial growth. Mesorhizobium
LMS-1 containing pRKACC plasmid*® was employed as a posi-
tive control. Quantitative estimation of ACC deaminase was
done by the modified method of ref. 49. The concentration of a-
ketobutyrate released due to breakdown of ACC was measured
by comparing the absorbance of samples against a standard
curve of pure a-ketobutyrate. The ACC deaminase activity was
expressed as pmol o-ketobutyrate mg™~* protein h™™.

2.8 Statistical analysis

Each in vitro experiment was repeated three times and the data
was statistically analyzed by one way ANOVA (P < 0.05) using
Minitab 17 statistical software. Also, the wheat data was sub-
jected to Duncan’s multiple range test (DMRT) at 5% probability
level to compare the treatment means.

3. Results and discussion

3.1 Heavy metal concentration and microbial diversity of
experimental soil

The nickel and lead concentration in contaminated soils
collected from the industrial area (S1) was 34.9 and 16.0 ug g ',
respectively, whereas it was significantly (P =< 0.05) lower at 16.7
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and Pb 9.5 pg g ' in conventional soil (S2). The microbial
composition differed significantly among S1 and S2 (P < 0.05)
and included nitrogen fixers, phosphate solubilizers, soil
rhizobia, other bacteria and fungal populations. Comparatively,
the soil microbial composition was poorer in S1 than S2,
probably due to the high levels of heavy metals present in S1,
which might have reduced the overall microbial load (Table 1).
Comparing the microbial variations in both the rhizospheric
soils, S1 had the highest number of actinomycetal populations
(1100 x 10*) whereas rhizobia dominated in the S2 rhizosphere
(Table 1) as compared to other groups of microbiota. Overall,
a significant physiological difference between the microbial
populations in conventional and metal polluted soils was
recorded, which could possibly be due to the differences in
nutrient uptake ability, preference for macro and micro
nutrient elements of soils and metabolic activities of the
microbes inhabiting S1 and S2 rhizospheres. Many other
studies have also found similar variations in soil microbial
community structures populating polluted and non-polluted
soils.>*3

3.2 Heavy metal tolerance and bacterial strain identification

A total of 10 bacterial strains isolated in the present study dis-
played a variable metal tolerance profile. Among all cultures,
strain BM2 demonstrated maximum tolerance and could
sutvive even at the highest concentrations of Ni (1600 ug mL ™)
and Pb (2000 pg mL"). The ability of this strain to survive at
maximum metal levels is interesting because such an organism
could be used as an inoculant for enhancing the production of
crops even under metal stress. In similar studies, Gemella sp.,
Micrococcus sp., and Hafnia sp. have been found to exhibit
a variable pattern of tolerance towards Cd, Cr and Pb.** Like-
wise, B. cereus and B. amyloliquefaciens could tolerate very
high concentrations (up to 2000 pg mL™ ') of Pb whereas
P. aeruginosa, Chryseobacterium sp., and B. subtilis tolerated
1200 pg mL~" each of Cd and Ni.®® The reason why microbial
populations differ so hugely in their ability to tolerate such
deadly pollutants is a topic of global debate and research. It has

Table 1 Heavy metal concentrations and microbial compositions of metal polluted and conventional soils”

Microbial composition (cfu g™ soil)

Phosphate
solubilizers
(x10%
Pseudomonas Rhizobium Bacillus Azotobacter Actinomycetes
(x10°) (x10°) (x10°) (x10°) Fungi (x10%) (x10%) PSB PSF
S1 rhizosphere 700 100 600 200 200 1100 800 100
Pennisetum glaucum
S2 rhizosphere 2000 3500 2300 2200 200 700 1100 200

Conventional soil
Heavy metals (ug g %)

Ni Pb
S1 34.9 16.0
S2 16.7 9.5

“ Values are mean of three independent replicates.
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been suggested that such variable metal tolerance behaviour
occurring naturally among microbes towards various heavy
metals could be due to (i) the differences in available macro and
micro nutrient elements in growth media/soils supporting
bacterial growth (ii), variable genetic constituents of bacterial
strains and (iii) the growth conditions/environmental variables
affecting the bacterial growth.** In addition to these, the metal
tolerant microbes, which could serve as a bioremediation tool,
are capable of complexing metals inside the cell, pumping out
the metal ions to the exterior of the cell and enzymatically
degrading/transforming certain metal ions. These are some of
the strategies, acting independently or simultaneously, by
which metal tolerant bacteria can obviate the detrimental
impact of metals on soil and plant health, thereby minimizing
human health hazards.>® The metal tolerant strain BM2 was
subsequently characterized and molecularly identified to
species level. Strain BM2 was a Gram positive and rod shaped
bacterium which produced rough and dry colonies with wavy
margins on nutrient agar plates (Table 2). The morphological
(shape, colour and morphology of bacterial colonies) and
biochemical (indole, Voges-Proskauer, nitrate reduction, starch
and lipid hydrolysis etc.) properties as displayed in Table 2
confirmed strain BM2 as Bacillus sp. while it was identified to
species level as Bacillus subtilis (GenBank accession number
MF589974) by 16SrRNA gene sequence analysis.

3.3 Cellular damage and metal localization within strain
BM2

The cells of B. subtilis BM2 exhibited disrupted cellular
morphology when grown in NB amended with 200 pg mL™* Ni
(Fig. 1 Panel I A) and 400 pg mL™" Pb (Fig. 1 Panel I B) as

Table 2 Morphological, biochemical and molecular characterization
of metal tolerant strain BM2¢

Morphological characteristics

Colony shape Irregular
Colony colour Off white
Colony morphology Wrinkled with wavy margins
Pigmentation None

Gram reaction Gram positive
Cell shape Long rods
Biochemical characteristics

Indole -

Methyl red -
Voges-Proskauer +

Citrate utilization +

Nitrate reduction +

Catalase +

Oxidase -

Urease -

Starch hydrolysis +

Lipid hydrolysis +

Molecular characterization
Molecularly identified as: B. subtilis (GenBank accession number
MF589974)

¢+ and ‘—’ indicate positive and negative reactions respectively.
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compared to the untreated control cells (Fig. 1 Panel I C) when
viewed under SEM. The metal loaded cells of B. subtilis dis-
played shrinkage and had elongated membranes along with
other surface distortions relative to the unloaded (control)
bacterial cells, whose membrane was smooth and without any
deformity. In a similar study, morphological disruptions in the
cells of Pseudomonas stutzeri MTCC101 were revealed under
SEM when cells were exposed to higher doses of Cd.*® Addi-
tionally, reduction in bacterial cell size when cultured in the
presence of Cd and Ni*” and Pb®® has been reported. The cell
elongation/shrinkage in bacterial cells following exposure to
metal ions could possibly be an adaptive strategy employed by
bacteria to safeguard themselves from the toxic impact of
metals in the environment. This feature is unusual in that,
despite the damage and disruptive effects of heavy metals, the
cells of B. subtilis BM2 could localize some percentage of metals
inside their tissues, which may be a metal removal strategy
adopted by this bacterium that could be employed to remediate
metal contaminated environments. The EDX spectra showing
the accumulation of Ni and Pb within the cells are presented in
Fig. 1 Panel II D and Panel II E, respectively, compared to the
control (Fig. 1 Panel II F).

Transmission electron microscopy is yet another powerful
technique which provides a 1000-fold improved resolution of the
image and thus allows a clear visualization of the finer details of
bacterial cells. Historically, TEM with its very high resolution effi-
ciency has been found to serve as a precise technique for under-
standing the cell architecture and localization of metals within
cells.* Considering this, the toxicity of Ni and Pb towards B. subtilis
BM2 was further validated by TEM imaging of the cells grown in
the presence of 200 pg mL~' Ni (Fig. 1 Panel Il G) and 400 pg
mL ™" Pb (Fig. 1 Panel III H) and compared with untreated cells
(Fig. 1 Panel IIT I). In the images, the darker regions confirmed the
distribution of metals in that particular region. Similar to the
results obtained in this study, surface distortions and deposition of
metals inside Enterobacter sp. strain EG16 cells while growing in
the presence of Cd have previously been shown under TEM.* Also,
the presence of Pb within the cells of Klebsiella sp. 351 following
exposure to Pb has been revealed under HR-TEM.*

Furthermore, the metal toxicity to B. subtilis BM2 was also
expressed in terms of increasing number of dead cells with
progressively increasing metal concentrations (Fig. 2). The
image shows the increase in red fluorescence of PI stained dead
cells. Since PI (a DNA intercalating dye) can only permeate
through membrane compromised cells, the healthy untreated
cells did not show any red fluorescence of PI. For this reason, PI
is an excellent indicator dye to detect metal toxicity. A similar
increase in the number of dead cells of Burkholderia cepacia
strain PSBB1 with progressively increasing concentrations of
glyphosate has been reported.® From the current experiments it
was, however, clear that despite the damage to B. subtilis BM2
cells inflicted by Ni and Pb, observed under several accurate and
powerful techniques such as SEM, TEM and CLSM, the bacterial
strain still survived and displayed considerable potential for
metal removal from the metal stressed environments. Hence,
this intrinsic property of these bacterial cells could be exploited
to remediate contaminated environments.

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Panellshows cell surface morphology alterations revealed by SEM micrographs of B. subtilis BM2 cells treated with 200 pg mL™2 Ni (A) and
400 pg mL~! Pb (B) and an untreated control (C). Panel Il displays the EDX spectra and the percentage of various elements in Ni treated (D), Pb
treated (E) and untreated cells (F) of B. subtilis BM2. Panel Il represents TEM micrographs of B. subtilis BM2 treated with 200 ng mL™2 Ni (G), 400
ug mL™! Pb (H) and an untreated control (I). The darker regions marked with red arrows indicate possible areas of metal distribution and

localization within treated cells.

3.4 Metallothionein induction by B. subtilis BM2 as a metal
detoxification mechanism

MTs, a class of low molecular weight, cysteine rich proteins
(generally ranging from 3500-14 000 Da) consisting of approx-
imately 61-68 amino acids, have been found distributed
abundantly among living organisms.®® Mechanistically, the
thiol groups of MTs bind to heavy metal ions, and thus make
heavy metals unavailable to microbes.** By doing this, MTs
shield the bacterial cells from the lethal impact of metals and
oxidative stress, which could otherwise pose a disastrous risk to
their survival. Considering the importance of MTs in metal
detoxification, B. subtilis strain BM2 was screened to see
whether this strain was able to induce MTs production while
growing in the presence of Ni (200 ug mL™") and Pb (400 ug
mL ). Indeed, B. subtilis BM2 exhibited greater production of
MTs in the presence of both Ni and Pb, suggesting an obvious
role of metals in MTs induction (Table 3). In contrast, MTs were
secreted in lower amounts by untreated/control cells (0.4 pmol)
compared to those released by B. subtilis BM2 when grown in
the presence of Ni (3.1 pmol) and Pb (3.6 pmol) (Table 3). Of the
two metals, Pb was however, found, to be a superior inducer of
MTs compared to Ni. It is clear that the secretion of MTs is

This journal is © The Royal Society of Chemistry 2019

a crucial mechanism adopted by microbes to remediate metal
contaminated sites while surviving in metal polluted environ-
ments. In agreement with our findings, the study in** reported
a similar induction of MTs by B. cereus cells cultured in the
presence of varying doses of Pb. Similar induction of MTs in
P. aeruginosa and P. putida cells upon exposure to Cu and Cd has
been reported by ref. 64. The results obtained in this study and
reported elsewhere by others, therefore, clearly establish the
fact that MTs so generated by bacterial communities in stressed
environments could be useful in efficiently detoxifying metal-
contaminated environments.®® Hence, the use of bacteria pos-
sessing this property of secreting MTs could be explored as
a cost effective approach in bioremediation strategies.

3.5 Cellular damage, metal localization and morphology
alterations of plant organs observed under SEM, EDX and
CLSM

Morphological damage to the leaf and root tissues of wheat
plants was observed when the plants were grown on soft agar
plates supplemented with 100 pg mL™"' Ni and 200 pg mL " Pb
and visualized under SEM. Similar results depicting structural

RSC Adv., 2019, 9, 6125-6142 | 6131
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Fig. 2 Cellular death of B. subtilis BM2 cells grown with various concentrations of Ni and Pb and stained with acridine orange and propidium

jodide and compared with an untreated control.

Table 3 Estimation of metallothionein (MT) content in metal loaded
and unloaded cells of B. subtilis BM2“

x-value MT content
Treatment from curve equation (n mol) [x-value/20]
Control 8.3°+ 0.6 0.4° £ 0.03
Ni 200 pg mL™* 62.8° £ 1.7 3.1° £ 0.09
Pb 400 pg mL~* 71.1% £ 2.6 3.6 £ 0.10
LSD 2.8 0.14
F-value (treatment) 2408.9 2408.9

“ Values are mean of three independent replicates; + indicates standard
deviation. Values denoted with different letters are significantly
different at P =< 0.05.

distortions in the roots of wheat plants grown under Pb stress
have previously been reported.®®

Energy dispersive X-ray spectroscopy (EDX) is another
powerful tool which has widely been employed to unravel the
finer details of living tissues including the toxicity caused by
stressor molecules like heavy metals.®”*® Moreover, EDX
coupled to either TEM or SEM provides useful information
about the chemical formulations/elemental compositions of
organisms. Due to this distinctive feature, EDX in a recent study
was used to determine the nutrient utilization and distribution
of elements (including heavy metal ions) in biological
samples.®® Considering the efficacy of EDX in various micro-
scopic examinations, the distribution and location of metals in
the leaf and root tissues of wheat grown in vitro was assessed by
this method. The elemental analysis of the leaf and root tissues
of wheat was done following heavy metal exposure (Fig. 3) and

6132 | RSC Adv., 2019, 9, 6125-6142

the results showed that lesser amounts of metals could be
accommodated within the leaf tissues as compared to the root
tissues. Conversely, a higher level of damage was detected in
roots compared to leaves since roots are the primary organs to
come in direct contact with the metal ions present in the
surrounding growth medium. However, the region of damage
caused due to metal toxicity differed between the two plant
organs. Similar results have also been reported by ref. 70 who
described the localization of metals, especially Pb, within and
around the root, petiole and leaf surface of Eichhornia crassipes
when observed through SEM-EDX. In another study, the
elemental composition of the roots, stems and leaves of
Corchorus tridens plants were detected using energy dispersive
X-ray fluorescence (EDXRF).” In the present study, the roots of
Ni and Pb treated wheat plants also exhibited oxidative stress
resulting in tissue death as revealed by CLSM. Interestingly,
a concentration dependent increase in the number of dead cells
of wheat root tissues (indicated by the red fluorescence of PI,
which was taken up only by the dead cells) was observed under
CLSM (Fig. 4) when the plants were exposed to Ni and Pb stress.
PI can serve as an important tool to differentiate between live
and dead tissues as it cannot cross the membrane of live cells,
and thus displays a clear picture of oxidative damage caused by
heavy metals or any other stressor agents. Also, the roots of the
untreated control plants exhibited maximum intensity of green
fluorescence of acridine orange (Fig. 4), indicating very little or
almost nil cellular damage in the untreated control. In accor-
dance with our findings, oxidative stress in roots detached from
other plants, including cereals, while growing in the presence of
various stressors has recently been reported.”>”*

—~
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Fig. 3 EDX and elemental analysis of leaf (A—C) and root (D-F) tissues of wheat. (A) and (B) represent mapping and EDX spectra of leaf tissue
treated with 100 pg mL~! Ni and 200 ng mL~1 Pb, respectively. (D) and (E) represent mapping and EDX spectra of root tissue treated with 100 pg
mL~* Ni and 200 pg mL™! Pb, respectively. (C) and (F) represent mapping and EDX spectra of untreated leaf and root tissues of wheat,

respectively.

3.6 Metal toxicity and bioremediation studies on wheat

3.6.1 Biological parameters, photosynthetic pigments and
total P content. The impact of exposure to Ni and Pb on the
wheat plants was variable. Ni at 870 and Pb at 585 mg kg™
inhibited the germination of wheat seedlings by 71.4% and
78.6%, respectively, with respect to the uninoculated control.
However, B. subtilis BM2 used as a bioinoculant enhanced the
germination rate by 42.8% and 50%, respectively, at the same
doses of Ni and Pb (Fig. 5A). Likewise, the root length of metal
treated wheat plants declined by 32.6% and 34.3% at 870 mg Ni
and 585 mg Pb kg, respectively, when compared with the
uninoculated control, which, however, improved by 19.7% and
6.5% following inoculation with B. subtilis BM2 (Fig. 5B).
Moreover, Ni at 870 mg kg~ ' and Pb at 585 mg kg~ reduced the
shoot length of wheat plants by 23% and 28%, respectively,
when compared with uninoculated and untreated control
plants. The B. subtilis inoculated plants however had better
shoot growth (Fig. 5B). Similarly, Ni at 2900 mg kg™ " reduced the
dry matter accumulation in the roots and shoots of wheat plants
by 10.2% and 30.8% respectively over the control. The dry
biomass of B. subtilis inoculated roots and shoots was enhanced
by 8.3% and 6.5% even at 290 mg Ni kg™ (Fig. 5C).

Similarly, the dry matter accumulation in the roots and
shoots decreased by 44.9% and 25.6%, respectively, when wheat

This journal is © The Royal Society of Chemistry 2019

plants were grown in the presence of 195 mg Pb kg™ ' as
compared to the uninoculated control. Interestingly, when
B. subtilis BM2 was added to the metal treated experimental
soils, the root and shoot dry biomass enhanced by 6.9% and
17.1% respectively (Fig. 5C). In agreement with our findings, an
earlier study’® reported a similar decline in various biological
parameters of wheat plants grown in the presence of exoge-
nously applied chromium. Moreover, in yet another study,
a concentration dependent decline in germination rate, length
of plant organs, fresh and dry biomass and total protein content
of maize plants grown in the presence of increasing concen-
trations of Pb has been reported.” Also,” reported a significant
enhancement in the growth parameters, including the rate of
germination, in wheat seedlings exposed to Cd stress following
inoculation with Pseudomonas sp. These findings suggest that
the inoculation of the culture with B. subtilis BM2 diminished/
eliminated the heavy metal toxicity due to its metal detoxifying
ability and, thus, improved various parameters of wheat plants
grown in metal treated soils.

Moreover, the total chlorophyll content of the fresh foliage of
wheat plants grown under Ni and Pb stress decreased signifi-
cantly (P =< 0.05) by 15.6% and 37.5% in the presence of 290 mg
Ni kg~ ' and 195 mg Pb kg™ ' soil, respectively, compared to the
uninoculated control (Fig. 7A). However, when compared with

RSC Aadv., 2019, 9, 6125-6142 | 6133


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra00333a

Open Access Article. Published on 19 February 2019. Downloaded on 3/15/2026 10:36:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Control a8

View Article Online

Paper

Fig. 4 Oxidative stress and cell death in wheat roots stained with propidium iodide (PI) and acridine orange (AO) and treated with 25-400 pg
mL~teach of Niand Pb and compared with an untreated control. The image shows the number of dead cells, which increased with an increase in
metal concentration, as revealed by red fluorescence of Pl when observed under CLSM.

the uninoculated plants, the foliage of inoculated plants dis-
played greater amounts of chlorophyll. The chlorophyll content
in plants inoculated with B. subtilis BM2 increased by 7% even
in the presence of 290 mg Ni kg™ '. Likewise, strain BM2 inoc-
ulation resulted in successful bioremediation of metal treated
experimental soil and improved the chlorophyll content by 13%
even at 195 mg Pb kg~ " soil (Fig. 7A). A similar study demon-
strating the disturbance in photosynthetic activity of durum
wheat cultivated in the presence of Cd and Zn stress has been
reported.” In contrast, the study in ref. 79 found a substantial
increase in leaf photosynthetic pigments and other vital growth
parameters of P. aeruginosa inoculated wheat grown under Zn
stress. In another similar study, improved chlorophyll content
in the foliage of Zea mays following PGPR inoculation even in
the presence of various metals has also been reported.*® Herein,
when investigating the impact of Ni and Pb on the total P
content in the organs of wheat plants, it was observed that the P
content in roots declined by 15.8% when the plants were grown
with 870 mg Ni kg~ " and by 26.3% in the presence of 585 mg Pb
kg™ '. In contrast, inoculation with B. subtilis BM2 improved the
P content marginally within the roots by 3% and 3.4% with
870 mg Ni kg~ " and 585 mg Pb kg™ ' respectively (Fig. 5D). The
shoots of wheat plants accumulated lower quantities of P as
compared to the roots since roots are the primary organs that,
along with water, directly absorb other nutrients present within

6134 | RSC Adv., 2019, 9, 6125-6142

the soil-plant continuum. The total P content in shoots declined
by 46.2% in the presence of 870 mg Ni kg™* and by 57.7% at
585 mg Pb kg~ when compared with the uninoculated control.
Interestingly, B. subtilis BM2 improved the P content in shoots
by 12.5% and 26.7% even at 870 mg Ni kg~ " and 585 mg Pb
kg™, respectively (Fig. 5D). In a similar study, a considerable
increase in total P content of roots and shoots of maize plants
due to inoculation with metal tolerant A. chroococcum CAZ3
under Cu and Pb stress has been reported.”™

3.6.2 Number of tillers, spikes, straw and grain attributes.
Generally, a dose dependent decrease in the number of tillers
and spikes was observed for wheat plants while growing with
varying doses of Ni and Pb. Nickel at 870 mg Ni kg™ " maximally
reduced the number of tillers by 64% as compared to the
uninoculated control. In contrast, B. subtilis BM2 applied as
a bioinoculant could remediate the contaminated soils and
consequently increase the number of tillers by 37% even in the
presence of 870 mg Ni kg~ (Fig. 6A). The number of tillers in
plants grown at 290 mg kg~ * Ni, however, did not increase even
after B. subtilis inoculation. Likewise, B. subtilis inoculation
caused a considerable enhancement of 17.5% in the number of
tillers when plants were grown with 390 mg Pb kg™ soil
(Fig. 6A). Like for vegetative growth, heavy metals also exerted
a negative impact on the reproductive parameters of wheat
plants including the spikes, grains per spike and grain yield. A

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Toxic impact of three doses (mg kg

~1 s0il) of Ni and Pb (dose rates mentioned within brackets) on the biological parameters of wheat

plants and bioremediation by metal tolerant B. subtilis BM2: germination percentage (A); length of roots and shoots (B); dry matter accumulation
in roots and shoots (C); total P content within roots and shoots (D). C1 and C4 represent uninoculated and Bacillus inoculated controls,
respectively. Values denoted with different letters are significantly (P = 0.05) different according to Duncan's multiple range test.

significant reduction of 60.6% in the number of spikes was
recorded when wheat plants were grown with 870 mg Ni kg™"
compared to the control. In contrast, B. subtilis enhanced the
number of spikes by 23.5% (Fig. 6B). Similarly, in the presence
of 585 mg Pb kg™, the number of spikes was reduced by 60.6%
when compared with the uninoculated control while B. subtilis
inoculation showed 35% improvement at the same dose of Pb
(Fig. 6B). Moreover, metal tolerant bioinoculant B. subtilis
exhibited an increase of 19% and 10.3% in the straw yield over
uninoculated plants even in the presence of 870 mg Ni kg~ and
585 mg Pb kg, respectively (Fig. 6E). Furthermore, the number
of grains per spike also reduced in the presence of heavy metals.
The maximum reduction in number of grains, grain yield and
grain protein content was exhibited by nickel: specifically, these
declined by 23%, 62% and 26% at 870 mg Ni kg™ ', respectively,
relative to the uninoculated control. In contrast, B. subtilis
inoculation improved the number of grains, grain yield and
grain protein content by 5%, 49% and 8%, respectively (Fig. 6C
and D). Protein synthesis is inhibited under high doses of heavy
metals, most likely due to binding of metals to the sulphydryl
groups of proteins, wherein the normal structure of the protein
is destroyed. This is probably why the protein content declined

This journal is © The Royal Society of Chemistry 2019

consistently with a progressive increase in the dose of metals
applied to the experimental soils. A similar adverse impact of As
on various biological and chemical properties of wheat has been
reported by ref. 81. In contrast, alleviation of heavy metal stress
and growth promotion of wheat by Bacillus sp. strain USTB-O
grown under the influence of Cu stress has also been reported.®

3.6.3 Proline content and lipid peroxidation in metal
stressed wheat foliage. Proline is reported to serve as an
osmoprotectant which guards plants from the deleterious
effects of ROS generated by plants under the influence of
environmental stresses like heavy metals, drought, salinity etc.*
Also, proline assists plants in maintaining osmotic balance and
homeostasis.** Besides these, proline acts as an ROS scavenger,
and plays a crucial role in stabilizing sub-cellular structures of
plants surviving under various environmental stresses.*
Considering these, the proline content in the fresh foliage of
wheat plants grown with/without Ni and Pb was quantified.
Generally, the proline content in wheat foliage increased
progressively with an increase in heavy metal stress. Interest-
ingly, a 74% and 52% increase in proline content in fresh
foliage was recorded when wheat plants were grown in the
presence of 870 mg Ni kg~ " and 585 mg Pb kg™, respectively,

RSC Aadv., 2019, 9, 6125-6142 | 6135
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bioremediation by metal tolerant B. subtilis BM2: number of tillers per plant (A); number of spikes per plant (B); number of grains per spike (C);
grain yield and grain protein (D); straw yield (E). C1 and C4 represent uninoculated and Bacillus inoculated controls, respectively. Values denoted
with different letters are significantly (P = 0.05) different according to Duncan’s multiple range test.

relative to the uninoculated control (Fig. 7A). In a similar study,
accumulation of elevated levels of proline in the leaves of wheat
plants grown under drought stress was reported.*® However,
after application of B. subtilis BM2, the proline levels were
reduced substantially by 22% and 35% even when the wheat
was grown with 870 mg Ni kg™" and 585 mg Pb kg ™", respec-
tively, relative to the uninoculated plants. In agreement with our
results, a similar reduction in proline content in the shoots of
wheat plants inoculated with A. chroococcum and grown under
stressed environments was reported.”” The metal tolerant
B. subtilis used in this study significantly lowered the levels of
proline in metal stressed wheat plants as the bacterial strain
ameliorated the heavy metal stress and protected the plants
from oxidative damage, allowing them to grow even under
metal stress. These results underpin the fact that strain BM2
could act as a potential organism in bioremediation strategies,
leading eventually to the overall improvement in the perfor-
mance of wheat cultivated under metal stress.

Heavy metal stress triggers ROS generation in many plants
including wheat, which influences lipid peroxidation within the
cell membrane. Malondialdehyde (MDA) is one such lipid per-
oxidation product in plant tissues. Therefore, MDA also acts as
an indicator of stress severity for plants.®® Taking this into
consideration, the formation of MDA in leaves collected from
wheat plants grown in soils treated with different doses of Ni
and Pb was assayed. In general, the MDA content in leaves

6136 | RSC Adv., 2019, 9, 6125-6142

increased with increasing dose of metals. For instance, Ni at
870 mg kg ! increased the MDA content profoundly by 75%
compared to the uninoculated control (Fig. 7B) while Pb at
585 mg kg~ ' enhanced the MDA content by 74% over the
control. However, B. subtilis BM2, when applied, alleviated the
metal stress and concomitantly lowered the MDA levels by 4.7%
even in the presence of 870 mg Ni kg~ ', while at 585 mg Pb kg~
it reduced the MDA content by 13.9% in inoculated plants
relative to uninoculated plants (Fig. 7B). In analogous experi-
ments, a significant enhancement in the MDA content of wheat
plants grown under Al* and Zn stress” has been reported.
3.6.4 Antioxidant enzyme activity. Generally, a dose
dependent increase in the antioxidant enzyme activity of foliage
was recorded when inoculated or uninoculated wheat plants were
cultivated in the presence of varying concentrations of Ni and Pb.
Comparing the two metals, the maximum SOD was found in the
presence of Pb whereas the GR and CAT activity were higher in Ni
treated plants, suggesting the severity of stress faced by wheat
plants grown under varying doses of Ni and Pb. Ni induced a CAT
value of 0.16 mmol min~' mg™" protein and GR activity of 0.9
pumol min~" g~ FW (Fig. 7C). Interestingly, in the presence of B.
subtilis BM2 the metal stress was relieved, and hence, the accu-
mulation of antioxidant enzymes in metal treated wheat plants
was greatly reduced. For example, the GR activity of B. subtilis
BM2 inoculated plants was diminished maximally by 14% at
870 mg Ni kg™ ' compared to the uninoculated plants (Fig. 7C).

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Lethal impact of three doses (mg kg~ soil) of Ni and Pb (dose rates mentioned within brackets) on chlorophyll, proline and antioxidant
defence response detected in the foliage of wheat plants and bioremediation by metal tolerant B. subtilis BM2: total chlorophyll and proline
content (A); MDA and SOD activity (B); GR and CAT activity (C). C1 and C4 represent uninoculated and Bacillus inoculated controls, respectively.
Values denoted with different letters are significantly (P = 0.05) different according to Duncan's multiple range test.

The SOD activity was increased by 27% at three times the
concentration of Ni compared to the uninoculated control
(Fig. 7B). Interestingly, following B. subtilis inoculation, the
reduction in SOD activity of wheat foliage was 80% at 870 mg Ni
kg ! and 58% at 585 mg Pb kg~ (Fig. 7B). In conclusion, it can
very safely be argued that the bacterial inoculant B. subtilis BM2
alleviated the heavy metal stress and, therefore, reduced the level
of antioxidant enzymes, which otherwise were augmented under
metal stress situations. The obvious decline in antioxidants due
to inoculation with metal tolerant B. subtilis strain BM2 conse-
quently resulted in a sizeable increase in overall growth of the
wheat plants even in metal contaminated soils. The similar
beneficial role of Bacillus subtilis SUA7 and Arthrobacter sp. SU18
in reducing the antioxidant enzyme activity in wheat plants by
alleviating stress® validates our findings.

3.6.5 Heavy metal uptake. The concentration of metals
within various organs of the wheat plants differed considerably
but, however, increased consistently with increasing doses of Ni
(Fig. 8 Panel A) and Pb (Fig. 8 Panel B). Among plant organs,
roots in general had the highest concentration of Ni (309.6 pg
g~ ') followed by shoots (253.7 pg g~ ') and grains (94.0 ugg™ ). A
trend similar to Ni was also recorded for Pb. Interestingly, the

This journal is © The Royal Society of Chemistry 2019

grains of both inoculated and uninoculated plants contained
the least amounts of both metals. In contrast, inoculation with
B. subtilis BM2 reduced, by 51%, the metal uptake by roots
detached from the plants grown at 870 mg Ni kg™ . Similarly, in
the presence of 585 mg Pb kg™', a 14% drop in the metal
deposition within the roots of inoculated plants was observed.
Although Pb is a highly toxic metal, Pb ions are easily trans-
ported from soil to various plant parts. This could possibly be
due to the release of protons, root exudates and other metab-
olites, which results in easy dissolution of Pb ions, probably
through the formation of metal chelating complexes.”* The
organ-wise accumulation of heavy metals followed the order:
roots > shoots > grains. Similar accumulations of other metals
like Zn, Cr, Fe, Ni and Cd within various organs of other cereal
crops like maize,” rice®
Herein, the same trend of metal accumulation within various

and wheat® have been reported.

organs of wheat was observed even after inoculation with
B. subtilis BM2. Interestingly, following inoculation, the grains
displayed the maximum reduction in metal accumulation and
a 6.2% decrease in grain Ni concentration was recorded when
inoculated plants were grown in the presence of 870 mg Ni kg ™"
Likewise, a 12% decline in Pb content within grains was

RSC Adv., 2019, 9, 6125-6142 | 6137
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observed when the wheat was raised in 585 mg Pb kg™ '-con-
taining soil, relative to the uninoculated plants (Fig. 8). Gener-
ally, B. subtilis BM2 inoculated plants displayed lesser
deposition of metals in each organ, possibly because the metal
tolerant strain might have accumulated most of the metal
fraction present within the soil. As a result, a lower quantity of
metal was available for uptake by the plants. In this way, when
metal pressure was relieved, the inoculated wheat plants could
survive better even in metal treated soils.

3.7 Assessment of factors involved in wheat growth
promotion under metal stress

3.7.1 Indole acetic acid and siderophores. Metal tolerant
strain B. subtilis BM2 could synthesize variable amounts of
growth promoting biomolecules, which supported the growth
of wheat plants grown under heavy metal pressure (Table 4).
Among various plant growth enhancers, IJAA was maximally
produced by strain BM2 when cultured in metal free medium
(51.6 ng mL™ %), which, however, declined by 43.6% and 49% in
the presence of 100 ug mL™" each of Ni and Pb, respectively
(Table 4). Comparing the impact of varying concentrations of
metals on IAA secretion by strain BM2, the highest tested
concentration of the two metals had the most lethal effect on
IAA production. Specifically, Pb at 400 pg mL ™" exhibited the
most inhibitory impact and reduced IAA by 58% while Ni at the
same concentration reduced the IAA production by 47% when
compared with the metal free control (Table 4). It was,

6138 | RSC Adv., 2019, 9, 6125-6142

therefore, evident from the present findings that despite the
toxicity of these metals, the truncated strain BM2 maintained
the plants’ secretion of IAA into the exterior environment even
while growing at higher concentrations of Ni and Pb. However,
the amount of IAA diffused exteriorly was poorer under metal
stress than under normal metal free conditions. Like strain
BM2, many bacteria colonizing the rhizospheres have been
found to produce IAA* and positively affect many vital physio-
logical processes of plants.”® Hence, the IAA-promoting ability
of this metal tolerant strain B. subtilis BM2, in addition to its
capability to relieve heavy metal stress, could be an interesting
option for enhancing the growth of wheat plants even under
metal stressed situations. The IAA released by soil microbiota
has been reported to influence plant growth by accelerating the
division and enlargement of cells, and inducing root elongation
and apical dominance in wheat plants, even when grown in
metal polluted soils.

Siderophores, secreted by bacteria,” are yet another meta-
bolically significant class of compounds which chelate iron
from the medium and make it inaccessible for uptake by plant
pathogens. Hence, by limiting the population of pathogens,
siderophores indirectly promote the growth and survival of
plants in metal contaminated soils.*® Bacillus subtilis BM2, used
in this study, could synthesize small amounts of siderophores
under metal free conditions and produced a 11.3 mm zone
when grown on CAS agar medium (Table 4). However, disap-
pointingly, the strain did not produce siderophores when grown
on CAS agar plates amended with varying doses of Ni and Pb,

This journal is © The Royal Society of Chemistry 2019
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% IAA indicates indoleacetic acid; HCN and NH; represent hydrogen cyanide and ammonia, respectively; SA and DHBA indicate salicylic acid and 2,3-dihydroxybenzoic acid, respectively; values are

mean of three independent replicates. Mean values denoted with different letters are significantly different according to Duncan's multiple range test (DMRT) at 5% probability level. *IAA
production was recorded at 200 ug mL ™" concentration of tryptophan. + indicates standard deviation. ND represents ‘not detected’. LSD is the least significant difference among treatment approaches.
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possibly due to the presence of HDTMA, an essential compo-
nent of CAS agar medium. In some experiments HDTMA has
been found to be inhibitory for microorganisms.” Therefore,
HDTMA might have been lethal for strain BM2, ultimately
resulting in either death of the bacterial strain or inhibiting the
pathways involved in siderophore synthesis. Unlike in solid
medium, strain BM2 continued production of siderophores
even under metal stress when grown in liquid medium. BM2
synthesized 3.2 ug mL ™" 2,3-DHBA and 41.6 pg mL ' salicylate
(SA) type phenolates when grown in the presence of 25 nug Ni
mL ™!, which were 11.1% (2,3-DHBA) and 25.5% (SA) less as
compared to the untreated control (Table 4). Similarly, Pb at 25
pg mL~" reduced the siderophore production by 11.1% (2,3-
DHBA) and 38.1% (SA) relative to the control. Interestingly, the
siderophore producing ability of strain BM2 persisted at all
concentrations of Ni and Pb although the amounts were
comparatively poor at higher doses of each metal. Why side-
rophore secretion occurred in liquid medium but was
completely lost on solid CAS medium is not understood.
However, the most probable reason for sustained production of
siderophore in liquid medium is the lack of HDTMA in liquid
medium.

3.7.2 Production of HCN, ammonia and ACC deaminase.
Hydrogen cyanide (HCN), a volatile secondary metabolite
released by many bacteria, serves as an important factor that
indirectly supports plant development by arresting the growth
of pathogens.'” Many bacteria are capable of synthesizing HCN
even under metal pressure, which could be of immense help to
enhance crop production in metal contaminated soils.
However, in this study, strain BM2 displayed no signs of HCN
production in the presence of varying doses of Ni and Pb, but
could secrete HCN when cultured in a metal free environment
(Table 4). In agreement with our findings, secretion of HCN by
several bacterial genera like Bacillus sp., Pseudomonas sp. and
Serratia marcescens has been well documented.*** Moreover, the
production of ammonia was not significantly affected by varying
doses of heavy metals. However, Pb at three concentrations did
cause a slight decrease in ammonia production, which was
evident from the change in colour intensity of the resulting
peptone water after incubation. Also, Ni did not severely affect
ammonia production by B. subtilis BM2, but did cause a slight
reduction in ammonia release at 400 ug Ni mL ™" as compared to
the metal free control (Table 4).

The ACC deaminase enzyme secreted by many bacteria
including Bacillus sp.*” plays a critical role in lowering the
ethylene levels in higher plants, thereby facilitating plant growth
even in stressed environments.'” Considering this, strain BM2
was tested for its ACC deaminase synthesizing potential. Bacillus
subtilis BM2 exhibited ACC deaminase activity even in the pres-
ence of Ni and Pb, which however, reduced consistently with
increasing concentration of Ni and Pb (Table 4). Among the two
metals, Pb at 400 pg mL~' demonstrated the maximum reduc-
tion in a-ketobutyrate concentration and caused a substantial
decline of 47.6% decline in ACC deaminase activity compared to
the untreated control. On the other hand, in the presence of 400
pg mL~" of Ni, the concentration of a-ketobutyrate was reduced
to 114.3 pmol mg ™" protein h™ " relative to the fairly large amount
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(209.5 umol mg™* protein h™*) produced by B. subtilis strain BM2
under controlled metal free conditions (Table 4). Interestingly,
the continued synthesis of a-ketobutyrate even in the presence of
heavy metals suggested the expression of ACC deaminase coding
genes present in strain BM2. Such expression for ACC deaminase
activity has been previously reported for Enterobacter sp. (ACC1
and ACC2) and Chryseobacterium sp. (ACC3) under stressed
environmental conditions.’****® This distinctive feature of the
synthesis of ACC deaminase enzyme by B. subtilis BM2 even
under metal stress could be useful for enhancing the growth and
subsequent production of cereal crops like wheat even in metal
contaminated soils, as also reported by other workers.**

4. Conclusions

The present study primarily focussed on the damaging impact
of heavy metals on various biological and chemical character-
istics of wheat plants. The metal treated wheat plants unmis-
takably displayed significant morphological alterations in
wheat tissues along with considerable accumulation of heavy
metals in plant organs. Also, severe oxidative damage in the
wheat plants due to metals was observed, which eventually
triggered a strong antioxidant defence response and membrane
lipid peroxidation. Moreover, the metal tolerant bacterial strain
Bacillus subtilis BM2 employed in this study obviated metal
toxicity by generating MTs. As a result, B. subtilis BM2 was found
to be a suitable organism that could serve as an excellent tool
for remediation of metal polluted soils. Thus, strain BM2 when
applied as an inoculum enhanced the overall performance of
wheat by (i) significantly reducing the metal uptake and (ii)
lowering the abnormally high levels of proline, antioxidant
enzymes and MDA content in plants growing in stressed soils.
The ability of strain BM2 to synthesize various active biomole-
cules like IAA, siderophores, ammonia, and to exhibit ACC
deaminase activity even under metal pressure was exceptional.
These factors either independently or simultaneously might
have played a significant role in enhancing the overall perfor-
mance of wheat and have provided a valuable insight into why
the wheat plants continued to grow and perform even under
metal stress. Due to the commendable metal tolerance ability
and other distinctive growth promoting features, the metal
tolerant B. subtilis BM2 could, therefore, serve as a potent
bacterial strain, which could be employed in a simple, inex-
pensive and eco-friendly approach to remediate heavy metal
contaminated soils. In summary, due to the ability of B. subtilis
BM2 to detoxify metals and to efficiently diminish high levels of
proline, MDA and antioxidant enzymes in wheat, this microbi-
ological candidate could be targeted for environmental
management studies wherein it could efficiently clean up metal
contaminated sites and concurrently improve the growth of
wheat plants even in metal polluted soils.

Author contributions

MSK and AZ have conceived and designed the research plan. AR
performed the experiments and drafted the manuscript. AZ, AR
and BA also contributed in data analysis, discussion and the

6140 | RSC Adv., 2019, 9, 6125-6142

View Article Online

Paper

overall development of manuscript. All authors have read and
approved the final version of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

One of the authors, AR, extends thanks to the Department of
Science and Technology, New Delhi, India for providing an
INSPIRE fellowship (DST/INSPIRE Fellowship/2014/1F140773)
to execute this work. Also, AR is thankful to the University
Sophisticated Instruments Facility (USIF), Aligarh Muslim
University, Aligarh for microscopic analysis and Macrogen Inc.,
Seoul, South Korea for bacterial gene sequence analysis.

References

1 M. Arora, B. Kiran, S. Rani, A. Rani, B. Kaur and N. Mittal,
Food Chem., 2008, 111, 811-815.

2 Y. Lu, H. Yao, D. Shan, Y. Jiang, S. Zhang and J. Yang, J.
Chem., 2015, 628280.

3 D. S. Kacholi and M. Sahu, J. Chem., 2018, DOI: 10.1155/
2018/1402674.

4 A. Emamverdian, Y. Ding, F. Mokhberdoran and Y. Xie, Sci.
World J., 2015, DOL: 10.1155/2015/756120.

5 E. M. Ivanova, V. P. Kholodova and V. V. Kuznetsov, Russ. J.
Plant Physiol., 2010, 57, 806-814.

6 A. Asati, M. Pichhode and K. Nikhil, Int. J. Innov. Eng. Res.
Manag., 2016, 5, 56-66.

7 S. K. Maiti, A. Kumar and J. Ahirwal, Int. J. Min., Reclam.
Environ., 2016, 30, 231-244.

8 M. Roy and L. M. McDonald, Land Degrad. Dev., 2015, 26,
785-792.

9 V. Rana and S. K. Maiti, Environ. Sci. Pollut. Res., 2018, 25,
9745-9758.

10 S. K. Maiti, Int. J. Min., Reclam. Environ., 2006, 20, 96-110.

11 S. K. Maiti and S. S. Jaiswal, Environ. Monit. Assess., 2008,
136, 335-370.

12 T. Amari, T. Ghnaya, A. Debez, M. Taamali, N. B. Youssef,
G. Lucchini, G. A. Sacchi and C. Abdelly, J. Plant Physiol.,
2014, 171, 1634-1644.

13 C. C. Fabiano, T. Tezotto, J. L. Favarin, J. C. Polacco and
P. Mazzafera, Front. Plant Sci., 2015, 6, 754.

14 T. Pandolfini, R. Gabbrielli and M. Ciscato, J. Plant Nutr.,
1996, 19, 1611-1627.

15 J. Nie, Y. Pan, J. Shi, Y. Guo, Z. Yan, X. Duan and M. Xu, Int.
J. Environ. Res. Public Health, 2015, 12, 15075-15087.

16 M. Imdad, S. Irshad, H. Z. Khan, S. Niaz and M. A. Wahid,
Int. J. Biosci., 2017, 11, 198-206.

17 M. Sedzik, B. Smolik and M. Krupa-Malkiewicz,
Environmental Protection and Natural Resources, 2015, 26,
22-27.

18 U. Ashraf, A. S. Kanu, Z. Mo, S. Hussain, S. A. Anjum,
I. Khan, R. N. Abbas and X. Tang, Environ. Sci. Pollut. Res.,
2015, 22, 18318-18332.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra00333a

Open Access Article. Published on 19 February 2019. Downloaded on 3/15/2026 10:36:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

19 S. A. Anjum, M. Tanveer, S. Hussain, B. Shahzad, U. Ashraf,
S. Fahad, W. Hassan, S. Jan, I. Khan and M. F. Saleem,
Environ. Sci. Pollut. Res., 2016, 1-12.

20 R. Nanda and V. Agrawal, Environ. Exp. Bot., 2016, 125, 31-
41.

21 H. Rui, C. Chen, X. Zhang, Z. Shen and F. Zhang, J. Hazard.
Mater., 2016, 301, 304-313.

22 G. Noctor and C. H. Foyer, Annu. Rev. Plant Biol., 1998, 49,
249-279.

23 K. U. Parlak, J. Life Sci., 2016, 76, 1-5.

24 M. Rahaie, G. P. Xue and P. M. Schenk, in Abiotic Stress -
Plant Responses and Applications in Agriculture, ed. K.
Vahdati and C. Leslie, InTech, 2013, Rijeka, Croatia, pp.
367-385.

25 W. Liu, Q. Wang, B. Wang, J. Hou, Y. Luo, C. Tang and
A. E. Franks, J. Soils Sediments, 2015, 15, 1191-1199.

26 F. Fu and Q. Wang, J. Environ. Manage., 2011, 92, 407-418.

27 J. Mishra, R. Singh and N. K. Arora, Front. Microbiol., 2017,
8, 1706.

28 R. Dixit, Wasiullah, D. Malaviya, K. Pandiyan, U. B. Singh,
A. Sahu, R. Shukla, B. P. Singh, ]J. P. Rai, P. K. Sharma,
H. Lade and D. Paul, Sustainability, 2015, 7, 2189-2212.

29 A. T. Jan, M. Azam, A. Ali and Q. M. R. Haq, Crit. Rev.
Environ. Sci. Technol., 2014, 44, 519-560.

30 S.P.McGrath and C. H. Cunliffe, J. Sci. Food Agric., 1985, 36,
794-798.

31 S. Murthy, G. Bali and S. K. Sarangi, Afr. J. Biotechnol., 2011,
10, 15966-15972.

32 R. L. Ana and E. Garcia-Vazquez, Biochem. Mol. Biol. Educ.,
2006, 34, 360-363.

33 D. T. Arnon, Appl. Environ. Microbiol., 1949, 55, 1665-1669.

34 O. H. Lowery, N. J. Rosebrough, A. J. Farr and R. J. Randal, J.
Biol. Chem., 1951, 193, 265-275.

35 M. L. Jackson, Soil chemical analysis, Prentice-Hall of India,
New Delhi, 1967.

36 L. S. Bates, R. P. Waldren and I. D. Teare, Plant Soil, 1973,
39, 205-208.

37 R. L. Heath and L. Packer, Arch. Biochem. Biophys., 1968,
125, 189-198.

38 C. Beauchamp and I. Fridovich, Anal. Biochem., 1971, 44,
276-287.

39 R. F. Beer Jr and 1. W. Sizer, J. Biol. Chem., 1952, 195, 133-
140.

40 P. B. Jablonski and J. W. Anderson, Plant Physiol., 1978, 61,
221-225.

41 G. E. Ouzounidou, P. Eleftheriou and S. Karataglis, Can. J.
Bot., 1992, 70, 947-957.

42 J. M. Brick, R. M. Bostock and S. E. Silversone, Appl. Environ.
Microbiol., 1991, 57, 535-538.

43 D. B. Alexander and D. A. Zuberer, Biol. Fertil. Soils, 1991,
12, 39-45.

44 M. W. Reeves, L. Pine, J. B. Neilands and A. Balows, J.
Bacteriol., 1983, 154, 324-329.

45 A. W. Bakker and B. Schipper, Soil Biol. Biochem., 1987, 19,
451-457.

46 D. W. Dye, Nat. Sci., 1962, 5, 393-416.

47 M. Dworkin and ]. Foster, J. Bacteriol., 1958, 75, 592-601.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

48 S. Shah, J. Li, B. A. Moffatt and B. R. Glick, Can. J. Microbiol.,
1998, 44, 833-843.

49 D. M. Penrose and B. R. Glick, Physiol. Plant., 2003, 118, 10-
15.

50 Z. Ding, J. Wu, A. You, B. Huang and C. Cao, Soil Sci. Plant
Nutr., 2017, 63, 75-83.

51 Y. Xie, J. Fan, W. Zhu, E. Amombo, Y. Lou, L. Chen and
J. Fu, Front. Plant Sci., 2016, 7, 755.

52 L. W. Marzan, M. Hossain, S. A. Mina, Y. Akter and
A. M. Chowdhury, Egypt. J. Aquat. Res., 2017, 43, 65-74.

53 M. L. C. De Guzman, K. S. G. Arcega, J. M. N. R. Cabigao and
G. L. S. Su, Adv. Environ. Biol., 2016, 10, 10-16.

54 R. Kumar, M. Nongkhlaw, C. Acharya and S. R. Joshi, Indian
J. Biotechnol., 2013, 12, 115-119.

55 A. S. Ayangbenro and O. O. Babalola, Int. J. Environ. Res.
Public Health, 2017, 14, 94.

56 D. Halder and M. Basu, Int. J. Curr. Microbiol. Appl. Sci.,
2016, 5, 139-148.

57 N. Bhagat, M. Vermani and H. S. Bajwa, Afr. J. Microbiol.
Res., 2016, 10, 127-137.

58 S. T. Girisha, Int. Res. J. Environ. Sci., 2014, 3, 58-61.

59 S. Shukla and V. K. Bajpai, Bangladesh J. Pharmacol., 2017,
12, 23-27.

60 Y. Chen, Y. Chao, Y. Li, Q. Lin, J. Bai, L. Tang, S. Wang,
R. Ying and R. Qiu, Appl. Environ. Microbiol., 2016, AEM-
03689.

61 A.J. Munoz, F. Espinola, M. Moya and E. Ruiz, Biomed Res.
Int., 2015, 719060.

62 M. Shahid and M. S. Khan, 3Biotech, 2018, 8, 13.

63 F. M. Rubino, Toxics, 2015, 3, 20-62.

64 M. Enshaei, A. Khanafari and A. A. Sepahey, Iranian J.
Environ. Health Sc.i Eng., 2010, 7, 287.

65 K. A. Mosa, I. Saadoun, K. Kumar, M. Helmy and
O. P. Dhankher, Front. Plant Sci., 2016, 7, 303.

66 G. Kaur, H. P. Singh, D. R. Batish and R. K. Kohli,
Protoplasma, 2014, 251, 1407-1416.

67 E. Wyroba, S. Suski, K. Miller and R. Bartosiewicz, Cell. Mol.
Biol. Lett., 2015, 20, 488-509.

68 M. E. Mc Cully, M. ]J. Canny, C. X. Huang, C. Miller and
F. Brink, Funct. Plant Biol., 2010, 37, 1011-1040.

69 J. L. Cleary, A. R. Condren, K. E. Zink and L. M. Sanchez,
Chem, 2017, 2, 334-358.

70 S. Baruah, K. K. Hazarika and K. P. Sarma, Adv. Appl. Sci.
Res., 2012, 3, 51-59.

71 U. S. Gwarzo, C. E. Gimba, D. ]J. Adeyemo and E. D. Paul,
Chem. Res. J., 2017, 8, 50-55.

72 E. P. Eleftheriou, I. D. S. Adamakis, E. Panteris and
M. Fatsiou, Int. J. Mol. Sci., 2015, 16, 15852-15871.

73 J. Zhao, W. Wang, H. Zhou, R. Wang, P. Zhang, H. Wang,
X. Pan and J. Xu, Front. Plant Sci., 2017, 8, 272.

74 A. Rizvi and M. S. Khan, Ecotoxicol. Environ. Saf., 2018, 157,
9-20.

75 A. Ghani, I. Khan, S. Umer, I. Ahmed, I. Mustafa and
N. Mohammad, J. Environ. Analyt. Toxicol., 2015, 5, 1.

76 A. Hussain, N. Abbas, F. Arshad, M. Akram, Z. I. Khan,
K. Ahmad, M. Mansha and F. Mirzaei, Agric. Sci., 2013, 4,
262-265.

RSC Adv., 2019, 9, 6125-6142 | 6141


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra00333a

Open Access Article. Published on 19 February 2019. Downloaded on 3/15/2026 10:36:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

77 C.Verma, P. Singh and R. Kumar, Arch. Appl. Sci. Res., 2015,
7, 37-43.

78 M. Paunov, L. Koleva, A. Vassilev, J. Vangronsveld and
V. Goltsev, Int. J. Mol. Sci., 2018, 19, 787.

79 F.Islam, T. Yasmeen, Q. Ali, S. Ali, M. S. Arif, S. Hussain and
H. Rizvi, Ecotoxicol. Environ. Saf., 2014, 104, 285-293.

80 Samiullah, A. Mumtaz and A. Bano, Res. J. Agr. Env. Sci.,
2013, 2, 434-447.

81 P. Sindhu, A. Sharma, Pooja and Priya, Int. J. Recent Sci. Res.,
2015, 6, 5072-5075.

82 H. Wang, R. Xu, L. You and G. Zhong, Ecotoxicol. Environ.
Saf., 2013, 94, 1-7.

83 M. Singh, J. Kumar, V. P. Singh and S. M. Prasad, Biochem.
Pharmacol., 2014, 3, 1000170.

84 S. Amini, C. Ghobadi and A. Yamchi, J. Plant Sci. Mol
Breed., 2015, 3, 44-55.

85 H. Wang, X. Tang, H. Wang and H. B. Shao, Front. Plant Sci.,
2015, 6, 792.

86 R. Khalilzadeh, R. Seyed Sharifi and J. Jalilian, J. Plant
Interact., 2016, 11, 130-137.

87 A. Silini, H. Cherif-Silini and B. Yahiaoui, Afr. J. Microbiol.
Res., 2016, 10, 387-399.

88 J.J. Liu, Z. Wei and J. H. Li, Bot. Stud., 2014, 55, 47.

89 P. Saritha and S. V. Pillay, Int. J. Innov. Res. Sci. Eng. Technol.,
2016, 5(8), 15265-15274.

90 S. K. Upadhyay, J. S. Singh, A. K. Saxena and D. P. Singh,
Plant Biol., 2012, 14, 605-611.

91 M. Fahr, L. Laplaze, N. Bendaou, V. Hocher, M. El Mzibri,
D. Bogusz and A. Smouni, Front. Plant Sci., 2013, 4, 175.

92 A. Chilian, R. O. Bancuta, I. Bancuta, R. Setnescu, R. M. Ion,
C. Radulescu, T. Setnescu, C. Stihi, A. I. Gheboianu and
E. D. Chelarescu, Rom. Rep. Phys., 2015, 67, 1138-1151.

6142 | RSC Adv., 2019, 9, 6125-6142

View Article Online

Paper

93 W. M. Hadif, S. A. Rahim, I. Sahid, A. R. Bhuiyan and
I. Ibrahim, in AIP Conference Proceedings, AIP Publishing,
2015, vol. 1678 (1), p. 020036.

94 R. Alybayeva, V. Kruzhaeva, A. Alenova, I. Salmenova,
A. Asylbekova and A. Sadyrbaeva, Bioeng. Biosci., 2016, 4,
34-41.

95 K. D. Kamble and D. K. Galerao, Int. J. Adv. Pharm., Biol.
Chem., 2015, 4, 2277-4688.

96 L. Xu, W. Xu, Y. Jiang, F. Hu and H. Li, PLoS One, 2015,
10(4), e0124361.

97 S. Yu, C. Teng, X. Bai, J. Liang, T. Song, L. Dong, Y. Jin and
J- Qu, J. Microbiol. Biotechnol., 2017, 27, 1500-1512.

98 E. Ahmad, M. S. Khan and A. Zaidi, Symbiosis, 2013, 61, 93—
104.

99 K. Chaitanya, S. K. Mahmood, Ranakausar and S. N. Kumar,
Int. J. Sci. Res., 2014, 4, 1-3.

100 N.J. Lukkani and E. C. S. Reddy, Int. J. Plant, Anim. Environ.
Sci., 2014, 4, 256-262.

101 N. A. Agbodjato, P. A. Noumavo, F. Baba-Moussa,
H. A. Salami, H. Sina, A. Seézan, H. Bankolé,
A. Adjanohoun and L. Baba-Moussa, Appl. Environ. Soil
Sci., 2015, 901656, DOI: 10.1155/2015/901656.

102 N. A. Lyngwi, M. Nongkhlaw, D. Kalita and S. R. Joshi, PLoS
One, 2016, 11, €0152951.

103 E. Gamalero and B. R. Glick, Plant Physiol., 2015, 169, 13-
22.

104 P. Tittabutr, P. Piromyou, A. Longtonglang, R. Noisa-
Ngiam, N. Boonkerd and N. Teaumroong, Soil Sci. Plant
Nutr., 2013, 59, 559-571.

105 H. B. Bal, L. Nayak, S. Das and T. K. Adhya, Plant Soil, 2012,
366, 93-105.

106 B. R. Glick, Microbiol. Res., 2014, 169, 30-39.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra00333a

	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2

	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2

	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2
	Heavy metal mediated phytotoxic impact on winter wheat: oxidative stress and microbial management of toxicity by Bacillus subtilis BM2


