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ABSTRACT
In this study, plant growth-promoting potential isolates from rhizosphere of 10 weed species grown in
heavy metal-contaminated areas were identified and their effect on growth, antioxidant enzymes, and
cadmium (Cd) uptake in Arundo donax L. was explored. Plant growth-promoting traits of isolates were
also analyzed. These isolates were found to produce siderophores and enzymes such as 1-
aminocyclopropane-1-carboxylate (ACC) deaminase, and aid in solubilization of mineral nutrients and
modulate plant growth and development. Based on the presence of multiple plant growth-promoting
traits, isolates were selected for molecular characterization and inoculation studies. Altogether, 58 isolates
were obtained and 20% of them were able to tolerate Cd up to 400 ppm. The sequence analysis of the 16S
rRNA genes indicates that the isolates belong to the phylum Firmicutes. Bacillus sp. along with
mycorrhizae inoculation significantly improves the growth, the activity of antioxidants enzymes, and the
Cd uptake in A. donax than Bacillus alone. Highly significant correlations were observed between Cd
uptake, enzymatic activities, and plant growth characteristics at 1% level of significance. The synergistic
interaction effect between these organisms helps to alleviate Cd effects on soil. Heavy metal-tolerant
isolate along with arbuscular mycorrhizae (AM) could be used to improve the phytoremedial potential of
plants.
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Introduction

One of the major threats facing the industrialized world today
is the contamination of soils, groundwater, sediments, surface
water, and air with heavy metals (Cheng 2003; Li et al. 2014).
Heavy metals are phytotoxic at elevated concentrations, affects
soil fertility, growth reduction, yield depression and disorders,
alter metabolism and physiology in plants as well as in animals
(Dahshan et al. 2013; Figueiredo et al. 2014a, b). Among vari-
ous heavy metals, cadmium (Cd) is a cumulative toxic element.
Industries, municipal sewage, fuels, and chemical fertilizers,
especially phosphate ores are among the major sources of this
contaminant (Gadd 1990). The accumulation of Cd in agricul-
tural soils is derived primarily from industrial waste disposals,
the application of phosphate fertilizers, and biosolids added to
soil as amendments and a source of plant nutrients and soil
organic matter (SOM), especially sewage sludge (Smith 2009).
A high concentration of Cd in the soil is a serious threat to
both the environment and human health over the long term
(Abbas et al. 2014; Kirkham 2006; Varghese 2012). Cd is well
known to inflict a negative influence on soil biota (i.e., plants,
microorganisms, and fauna) in Cd-polluted environments.
Metals and other inorganic contaminants are the most preva-
lent form of contamination found at the waste site and their
remediation in soil and sediment is technically very difficult as

they cannot be destroyed by degradation. Although conven-
tional physicochemical technologies used for remediation of
metal-polluted soils have been well developed, these approaches
have many limitations (Congeevaram et al. 2007).

In the last two decades, phytoremediation has evolved as an
in situ, cost-effective, high-energy, non-conventional, non-
intrusive, esthetically pleasing, ecologically benign method to
remediate contaminated soils, sediments, and water resources
(Abhilash et al. 2009; Blaylock et al. 2000). Use of plants that
have constitutive and adaptive mechanisms for tolerating or
accumulating high metal contents in their tissues is the emerg-
ing in situ remediation technology employed in the cleanup of
soils, sediments, and water resources that have been polluted
by organic and inorganic contaminants (Glick 2010). To date,
approximately 450 plants have been identified as known hyper-
accumulators, but most of them are not appropriate for phy-
toextraction because of their small biomass and slow growth
(Reeves and Baker 2000). Many phytoremediation studies have
shown the potential of weed species to remove heavy metals
from contaminated environment (Girdhar et al. 2014; Khank-
hane and Varsheny 2008; Lum et al. 2014; Varun et al. 2015).
Regardless of the plant used, an efficient metal phytoextraction
is often limited by the availability of metals in soil for root
uptake. One promising strategy is to use microorganism-
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assisted phytoextraction, which rapidly ensures availability of
metals by releasing compounds that can desorb metals from
the soil matrix to form water-soluble metal complexes into the
soil solution for plant (Ma et al. 2015b). Hence, understanding
the complex interactions in the rhizosphere and plant-based
mechanisms is essential for effective phytoremediation.

Rhizoremediation is one of the phytoremediation methods
and depends upon interactions between plants, microbes, and
pollutants, where exudates released by plant roots help to stim-
ulate survival and activity of bacteria, which improve soil chem-
ical and physical properties, and enhance nutrient acquisition,
metal detoxification, and alleviation of abiotic stress in plants
(Kamaludeen and Ramasamy 2008). Soil microorganisms and
fauna are the factors that may have an influence on the mobility
and bioavailability of Cd in soil–plant systems (Ma et al. 2006).
The metal-resistant bacteria harboring plant growth-promoting
traits frequently increase plant growth, nutrient uptake, metal
tolerance, and rhizoremediation process in soils polluted with
heavy metals (Ma et al. 2011b, 2015a; Rajkumar et al. 2008;
Zhang et al. 2011; Zhu et al. 2014).

Many soil bacteria tolerate heavy metals and play important
roles in mobilization of heavy metals (Wenzel 2009). Some rhi-
zobacteria containing the enzyme 1-aminocyclopropane-1-car-
boxylate (ACC) deaminase decrease the plant ethylene levels
and enhance plant growth (Ahmad and Kibret 2014). Rhizo-
bacteria have been shown to possess several traits that can alter
heavy metals bioavailability through the release of chelating
substances, acidification of the microenvironment, and by
influencing changes in redox potential (Ma et al. 2015b).

According to Dahmani-Muller et al. (2000), a few of the
higher plant species have adaptations that enable them to sur-
vive and to reproduce in soils heavily contaminated with zinc
(Zn), copper (Cu), lead (Pb), Cd, nickel (Ni), and arsenic (As).
Such species are divided into two main groups: the so-called
pseudometallophytes that grow on both contaminated and
non-contaminated soils and the absolute metallophytes that
grow only on metal-contaminated and naturally metal-rich
soils.

Arundo donax L. (giant reed) is a fast-growing wild peren-
nial grass belonging to the family Poaceae. It is a hydrophyte,
growing along lakes, streams, drains, and other wet sites; it pos-
sesses hollow stem 2–3 cm in diameter, with alternate leaves,
30–60 cm long and 2–6 cm broad, tapered tips and hairy tuft,
at the base. It is well documented that its growth and photosyn-
thesis is not affected by the presence of high levels of Cd, Ni, Se,
and As in the soil (Hassan et al. 2015; Mirza et al. 2011; Papa-
zoglou et al. 2005). It is an energy crop, which displays many
attractive characteristics such as the production of biomass
(Angelini et al. 2005), pulp and paper (Shatalov and Pereira
2005), and activated carbons (Mavrogianopoulos et al. 2002).
Also, this species could be used as biofiltering material for sew-
age effluent treatment (Vernersson et al. 2002). It is one of the
most used plants because of its capacity to absorb contaminants
such as trace elements, especially via phytoremediation process,
which cannot be easily biodegraded (Mirza et al. 2011). Many
studies have revealed that rhizospheric microorganisms are effi-
cient in enhancing metal phytoremediation (Carlot et al. 2002),
as they are able to tolerate, survive, and improve soil structure
for efficient plant–microbe interaction.

The aim of this study was to (1) identify plant growth-pro-
moting potential isolates from rhizosphere of selected weed
species grown in heavy metal-contaminated areas; (2) deter-
mine the plant growth-promoting traits of selected isolates; (3)
carry out molecular characterization of isolates; and (4) explore
the effect of isolates on growth, antioxidant enzymes, and Cd
uptake enhancement in A. donax.

Materials and methods

Rhizosphere soil sampling and isolation of Cd-tolerant
bacteria

Plants from different heavy metal-contaminated areas were
uprooted carefully and the soil adhering to the root was sepa-
rated in a sterile Petri dish and mixed thoroughly so as to make
a composite sample for microbial analysis. Soil samples col-
lected were transported to laboratory in icebox for further anal-
ysis. Microorganisms were isolated using serial dilution
technique on Kings’ B media. Aliquots (0.1 mL) from the seri-
ally diluted samples (10¡3 to 10¡6) were added to four different
media in Petri plates and kept in an incubator at 30�C. Three
days after incubation, colonies growing on media were counted
and grouped according to their morphological characteristics.

The isolated bacteria strains were tested for Cd resistance by
dissolving salt of Cd(NO3)2 in distilled water so as to obtain
400 mg/mL concentration. The cultures were streaked on the
surface of the King’s B medium and incubated at 30�C for
3 days and growth was observed. Single colonies were picked
from the Petri dishes and subcultured to obtain pure cultures.
Stock cultures were made in nutrient broth containing 50%
(wt/vol) glycerol and stored at ¡80�C.

Determination of plant growth-promoting traits

The ACC deaminase activity was measured by growing cells in
minimal medium with 3 mM ACC as the sole nitrogen (N)
source. Production of a-ketobutyrate as a product of enzymatic
cleavage of ACC by ACC deaminase was measured at 540 nm,
as per the method by Penrose and Glick (2003). Production of
siderophores by bacterial isolates were assayed on Chrome
Azurol S (CAS) agar plates and incubated for 24 hours at room
temperature (Schwyn and Neilands 1987). The formation of
bright zone with yellowish fluorescent color by the culture in the
medium indicates siderophore production. The presence of cate-
chol-type siderophore was determined by Arnow’s assay (1937).

Phosphate solubilizing bacteria were identified by the
appearance of a clear halo around colonies against an opaque
background (Katznelson and Bose 1959). Quantitative estima-
tion of phosphate solubilization was carried out in Erlenmeyer
flasks containing 20 mL of Sperberg’s hydroxyapatite broth,
and inoculated with tested isolates (500 mL inoculum
with »2 £ 108 cfu/mL). Sterilized, uninoculated medium
served as control. The flasks were incubated for 5 days
at 28 § 2�C on an incubator. The cells were harvested by cen-
trifugation at 8000g for 10 minutes and the supernatants were
used to assay the available phosphorus (P) (Olsen and
Sommers 1982). A standard curve was prepared with ortho-
phosphate and amount of P solubilized was calculated by using
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the standard graph. The available P content was expressed in
mg/mL.

To measure indoleacetic acid (IAA), 1 mL of the culture at
exponential stage was inoculated in 100 mL lysogeny broth
(LB) containing filter-sterilized L-tryptophan (0.01% wt/vol).
All the flasks were enclosed with black paper to avoid photo
inactivation. The flasks were incubated at room temperature
for 7 days. The cell-free extracts were assayed according to the
method by Gorden and Paleg (1957). A standard curve was
prepared from a series of IAA solutions of known concentra-
tions and amount of IAA was calculated by using the standard
graph. The quantity of IAA was expressed in mg/mL.

Compatibility assessment and pathogenicity

The compatibility of multiple growth-promoting activities of
Azotobacter chroococcum, Azospirillum lipoferum, Bacillus meg-
aterium, and Rhizobium leguminosarum isolates were tested
before applying them in plants. The nutrient agar medium was
prepared and compatibility of isolates was tested among them-
selves by streaking one isolate on one side and the other isolate
perpendicularly up to the test isolate (as cross streak). The
growth of bacteria was observed after 48 hours and recorded as
positive or negative. The pathogenicity experiment was con-
ducted in polyhouse at 28 § 2�C and 75 § 5% relative humid-
ity for a period of 24 days with tomato plants by pinprick
method (Aneja 2003).

16S rRNA gene sequencing

Almost full-length of 16S rRNA gene was amplified from
selected isolates using universal eubacterial primers, FD1 and
RP2 (Weisburg et al. 1991) and the band of expected size was
gel-purified using spin columns according to the manufacturer’s
instructions and cloned using pTZ57R/T vector supplied with
TA cloning kit before sequencing. Sequencing reactions were
performed and electrophoresis of the products were carried out
on an Applied Biosystems (Model 3100) automated sequencer.
The identity of 16S rRNA sequence was established by perform-
ing a resemblance against the GenBank database (http://www.
ncbi.nih.gov/BLAST). The phylogenetic tree was constructed
with existing 16S rRNA gene sequences from closely related
bacteria, obtained from the National Center for Biotechnology
Information (NCBI) GenBank database. The phylogenetic tree
was constructed by neighbor-joining method of Saitou and Nei
(1987) using MEGA7.0 software (Kumar et al. 2016).

Plant inoculation experiments

In greenhouse pot culture experiment, disease-free seedlings of
A. donax were raised along with 3 and 5 ppm Cd concentra-
tions in sterile sand culture medium. The three elite multifunc-
tional strains were grown in LB broth till the population
reached 1010 cells/mL. The cells were then harvested by centri-
fugation at 6000g for 5 minutes at room temperature. The cell
pellets were washed twice with 20 mL of phosphate buffer and
resuspended in 1.5 mL of phosphate buffer. Seedlings were
treated with the selected bacterial inoculants for 15 minutes
and were grown in a polyhouse. Inoculation of arbuscular

mycorrhizae (AM) was done at the rate of 50 g/pot (containing
8–10 spores/g inoculum) while planting as per the treatment.
To assess the performance of plant growth-promoting rhizo-
bacteria (PGPR) and AM on test plant, parameters such as
plant height, enzyme activity, Cd uptake, and dry biomass were
recorded at the time of harvest, that is, 180 days after planting.
Each treatment was performed in triplicate. The pots were
arranged in a completely randomized factorial design and
placed on a platform in the polyhouse.

Determination of antioxidant enzymes and Cd uptake

Crushed plant parts were homogenized in a 100 mM phosphate
buffer (pH 6.8) for the analysis of peroxidase activity (1:7 ratio)
and in 50 mM phosphate buffer before catalase activity (1:5 ratio)
and centrifuged at 12,000 g for 20 minutes. The supernatants were
used to determine the enzyme activity levels. The whole procedure
was carried out at 4�C. The guaiacol peroxidase activity was mea-
sured at 470 nm according to the method by Fang and Kao
(2000), with guaiacol as the substrate. The peroxidase activity was
measured in a reaction mixture (3 mL) containing 50 mM phos-
phate buffer (pH 5.8), 1.6 mL H2O2, 1.5 mL guaiacol, and 0.2 mL
enzyme extract. The activity was calculated using the extinction
coefficient (26 mM/cm) for tetraguaiacol and was expressed in
mmol tetraguaiacol consumed/min/mg protein.

The catalase activity was determined by following the con-
sumption of H2O2 (an extinction coefficient of 39.4 mM/cm) at
240 nm for 30 seconds (Aebi 1984) and was expressed in mmol
H2O2 consumed/min/mg protein. The reaction mixture (3 mL)
contained 50 mM potassium phosphate buffer (pH 7.0),
15 mM H2O2, and 0.2 mL enzyme extract. To measure the con-
tents of non-protein thiols, the plant material was homogenized
in 5 vol/g mixture containing 5-sulfosalicylic acid (2 g/100 mL)
and 1 mM ethylenediaminetetraacetic acid (EDTA) and
sodium ascorbate (0.15 g/100 mL). The samples were centri-
fuged at 20,000g for 10 minutes at 4�C. Then 0.5 mL liquid
supernatant, 0.5 mL of a 1 M sodium phosphate buffer
(pH 8.0), and 100 mL of 10 mM 5,50-dithio-bis(2-nitrobenzoic
acid) (DTNB) were put into test tubes. The absorbance at
415 nm was read 1 minute after the addition of DTNB. The
number of non-protein SH groups was established based on a
curve prepared using L-cysteine and expressed as nanomoles of
SH per gram fresh weight (Mass 1987).

The superoxide dismutase (SOD) activity was assayed by
measuring its ability to inhibit the photochemical reduction of
nitroblue tetrazolium (NBT) and the change in absorbance was
measured at 560 nm (Beau-Champ and Fridovich 1971). The
reaction mixture consisted of 25 mM phosphate buffer (pH
7.8), 65 M NBT, 2 M riboflavin, enzyme extract, and TEMED
(Tetramethylethylenediamine) and the reaction mixture was
exposed to light at 350 units/mmol/m2/s for 15 minutes.

All plant samples were harvested and analyzed to determine
available Cd concentrations at the end of the experiment. Plant
shoots and roots were oven-dried at 75�C for 48 hours and
were ground to a fine powder. Plant samples (0.2 g) were
digested with a mixture of H2SO4/H2O2 method (Harmon and
Lajtha 1999). The concentration of exchangeable Cd extracted
by 0.5 M KNO3 in soil samples was measured by atomic
absorption spectrophotometer (model: Varian 220).
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Statistical analysis

Before the analysis, data were checked for normality and other
error assumptions (e.g., randomness and homogeneity of the
error variance) by analysis of variance (ANOVA). They were
confirmed with studentized residuals and Shapiro–Wilk nor-
mality test (Onofri et al. 2010). Thereafter, non-normal data
were transformed using suitable transformation. Data were
subjected to ANOVA and statistical significant differences
between the treatments were computed using Tukey’s honest
significant difference (HSD) test at 5% level of significance.
Relationships between different parameters were studied using
different models (linear and non-linear) fitted to the data. By
using these models, relationship between different parameters
were explained along with their correlation. Analysis was per-
formed using SAS 9.3 (SAS Institute Inc., Cary, NC, USA) and
Microsoft office Excel 2013 for Windows.

Results

Bacterial isolation and screening for Cd tolerance

Based on their predominance in each region, a total of 10 dif-
ferent weed species (8 herbs, 1 grass, and 1 hydrophyte), viz.,
Ageratum conyzoides L., Ammannia auriculata Willd., Cheno-
podium album L., Cyperus rotundus L., Eichhornia crassipes
(Mart.) Solms, Eryngium foetidum L., Panicum repens L.,
Rumex crispus L., Sida acuta Burm.f., and Typha latifolia L.
were sampled along with rhizosphere soil. The samples col-
lected from different locations were analyzed for isolation of
Cd-tolerant PGPR. Fifty-eight isolates were obtained by using
King’s B medium after 3 days of incubation (Table 1). Among
the weeds, A. conyzoides (8) harbored more number of metal-
tolerant bacteria followed by T. latifolia (7), C. rotundus (7),
and C. album (7). Among 58 rhizosphere isolates, 12 isolates
were able to grow in Cd-treated King’s B medium plates and
were selected for further study of plant growth-promoting
characteristics.

In vitro screening for PGPR and molecular identification

Apart from metal tolerance, the bacterial isolates used in this
study possess different plant growth-promoting traits, which
are described in Table 2. All the isolates gave positive result
with regard to siderophore and the maximum siderophore pro-
duction was recorded in isolate TLP2 (66.30 § 3.21 mg/mg

protein) followed by isolate RCB4 (54.6 § 2.14 mg/mg protein).
Among the rhizosphere isolates, five were able to produce ACC
deaminase where the isolate RCB4 registered the highest activ-
ity of 92.5 § 8.12 nmoles a-ketobutyrate/mg/h. Out of 12 iso-
lates, 11 isolates showed IAA production. The maximum
amount of IAA was produced by RCB4 (42.4 § 3.3 mg/mL) fol-
lowed by RCB5 (34.5 § 1.6 mg/mL).

In the qualitative assay of P solubilization, all the 12 rhizo-
sphere isolates were found to be positive, where TLP2 and
SAU6 exhibited maximum solubilization efficiency of 250%
and 233%, respectively. The amount of available P was signifi-
cantly higher in the isolate TLP2 (0.96 § 0.09 mg/mL) com-
pared with the other isolates. Based on siderophore production,
ACC deaminase activity, and P solubilization traits, three elite
rhizosphere isolates were selected for further molecular identifi-
cation and plant inoculation studies. These selected strains were
highly compatible with standard bioinoculants and did not
show any disease symptoms in tomato plants.

The selected three bacterial colonies were characterized by
morphology and Gram’s reaction. All the authenticated iso-
lates were further phylogenetically identified using 16S rRNA
gene sequence homology, which revealed the presence of
diversity of Firmicutes. The isolate RCB5 showed close
similarity to Bacillus cereus and the isolates RCB4 found
close similarity to Bacillus sp. The isolates TLP2 were found
to be closely similar to B. megaterium (Table 3). The 16S
rRNA gene sequences from the plant growth-promoting iso-
lates and the available 16S rRNA gene sequences from NCBI
were aligned and used for construction of phylogenetic tree
(Figure 1).

Plant inoculation experiments

Seedling inoculation with the test strains enhanced the growth
and biomass in almost all the treated plants in comparison to
uninoculated control (Table 4). The maximum plant
height was observed for the plant treated with Cd 5 ppm C
B. cereus C AM (89.4 § 2.1 cm), while the number of tillers
and dry weight were recorded in Cd 3 ppm C B. cereus C AM
(19.0 § 3 and 25.4 § 2.5 g).

Application of plant growth-promoting isolates along with
AM made significant impact on uptake of Cd that was more in
Cd 3 ppm C B. cereus C AM (2.3 § 0.5 mg/g), while the next
best treatment was Cd 5 ppm C B. cereus C AM (1.9 §
0.9 mg/kg).

Table 1. Selected PGPR isolates from rhizosphere of weed species collected from heavy metal-contaminated areas.

Botanical name Common name Family Description Isolate code No. of isolates

Ageratum conyzoidesa Billygoat-weed Asteraceae Drainage ACR 8
Ammannia auriculataa Monarch redstem Lythraceae River AAP 4
Chenopodium albuma Lamb’s quarters Amaranthaceae Drainage CAP 7
Cyperus rotundusa Nut grass Cyperaceae Drainage CRP 7
Eichhornia crassipesc Water hyacinth Pontederiaceae Drainage ECU 6
Eryngium foetiduma Wild coriander Apiaceae River EFP 2
Panicum repensb Torpedo grass Poaceae Gelatin factory PRB 5
Rumex crispusa Yellow dock Polygonaceae Gelatin factory RCB 6
Sida acutaa Baraira Malvaceae Drainage SAU 6
Typha latifolia a Common cattail Typhaceae Drainage TLP 7

aHerb; bgrass; chydrophyte
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Application of multiple growth-promoting isolates along
with AM had a marked influence on antioxidants of A. donax
(Table 5). From the results, higher amount of catalase was
observed in Cd 5 ppm C B. cereus C AM inoculated pots
(16.5 units/mg H2O2/g/min). We detected an increase of cata-
lase concentration in A. donax in most cases of PGPR treat-
ment. The concentration of peroxidase activity was higher in
the plants that were exposed to Cd 3 ppm C B. cereus C AM
(4.3 units/mmol/min/mg protein), whereas the Cd 5 ppm C B.
cereus C AM-treated plants (3.9 units/mmol/min/mg protein)
had comparable amounts of peroxidase activity. The SOD
activity ranged from 2.1 to 5.1 (enzyme units/mg/protein/min)
in plants. Interestingly, higher activities were found in Cd
5 ppm C B. megaterium (5.1 enzyme units/mg/protein/min).
Inoculation of B. cereus and mycorrhizae in combination would
stimulate plant defense and Cd uptake than alone.

The relationship between Cd uptake, enzymatic activities,
and yield-attributing characteristics

Highly significant correlation was observed between Cd uptake,
enzymatic activities, and yield-attributing characteristics at 1%
level of significance (Table 6). Among these, Cd uptake showed
strong correlation with catalase activity with correlation coeffi-
cient value to be 0.831. Plant and yield characteristics also
showed significant correlation among them. Regression analy-
sis revealed exponential relationship between Cd uptake and
catalase activity with R2 of 0.6995. Similarly, peroxidase activity
and SOD activity also found significant relationship with Cd
uptake with R2 of 0.49 and 0.40, respectively. Cd uptake showed
linear relationship with peroxidase activity, whereas it showed
exponential relationship with SOD. Relationship between Cd
uptake and plant characteristics was also studied. In general,

Cd uptake inhibited the plant height and number of tillers as
they were linearly related to R2 values of 0.68 and 0.49, respec-
tively (Figure 2).

Contrast analysis

In the pot experiment, plant growth-promoting isolates such as
Bacillus sp., B. megaterium, B. cereus, and AM were used in the
study to evaluate the antioxidant enzyme activity, Cd uptake,
and plant growth. We were interested to know whether there is
any significant difference in using these in consortium or they
can give superior results when using single-handedly. There-
fore, contrast analysis was performed on these data. A compari-
son was made between the treatments containing both B. cereus
and AM and treatments where single organism was used.
Results showed the considerable amount of additive effect on
Cd uptake when B. cereus and AM were used in consortium.

Discussion

Contamination of soil with Cd can negatively affect biodiversity
and the activity of soil microbial communities. Soils contami-
nated with metals often show plant stresses and nutrient defi-
ciency (Ma et al. 2010; Wan et al. 2012). Cd can inhibit root
and shoot growth, affect nutrient uptake, and is frequently
accumulated by agriculturally important crops (Sanita di Toppi
and Gabrielli 1999). PGPR, such as Azospirillum, Azotobacter,
Achromobacter, Bacillus, Burkholderia, Gluconacetobacter,
Pseudomonas, and Serratia, have been known to improve plant
growth through various mechanisms like production of phyto-
hormones, siderophores, and ACC deaminase, and solubiliza-
tion of mineral nutrients (Ma et al. 2009; Rajkumar et al. 2008).
Plants roots and soil microbes and their interaction improve

Table 2. Plant growth-promoting characteristics of bacteria associated with rhizosphere of weed species.

Isolate
Siderophore (catechol type)

(mg/mg protein)
ACC deaminase (nmoles of

a-ketobutyrate/mg/protein/h)
P solubilization
efficiency (%)

Available P
(mg/mL)

IAA
(mg/mL)

RCB1 22.4 (§1.10)c ND 60 (§1.14)e 0.34 (§0.03)f 17.7 (§0.5)e

RCB4 54.6 (§2.14)b 92.5 (§8.12)a 225 (§12.16)b 0.67 (§0.02)c 42.4 (§3.3)a

RCB5 38.4 (§1.19)b 74.3 (§7.98)b 200 (§2.64)bc 0.55 (§0.06)d 34.5 (§1.6)b

AAP4 18.9 (§1.24)cde ND 150 (§11.19)cd 0.68 (§0.03)c 18.4 (§1.6)e

TLP1 20.9 (§1.15)cd ND 140 (§11.64)d 0.46 (§0.04)e 12.3 (§1.2)g

TLP2 66.3 (§3.21)a 76.8 (§2.98)b 233 (§1 3.10)a 0.96 (§0.01)a 30.8 (§2.1)c
TLP 7 13.5 (§1.18)e 87.9 (§3.29)ab 50 (§2.17)e 0.81 (§0.01)b 23.4 (§2.1)d

SAU6 13.5 (§1.13)e ND 250 (§13.53)a 0.67 (§0.04)c 17.5 (§1.5)e

RCP4 23.5 (§2.11)cd 83.9 (§4.96)ab 125 (§11.29)d 0.55 (§0.01)d 10.8 (§1.2)h

ACR3 18.4 (§1.70)de ND 150 (§12.10)cd 0.29 (§0.01)g ND
ECU6 20.4 (§2.24)cde ND 33 (§0.98)e 0.26 (§0.01)g 13.9 (§1.2)f

CRP1 20.9 (§2.26)cd ND 167 (§11.54)cd 0.32 (§0.03)h 17.3 (§1.1)e

Values are mean (§SE) (n D 3) and values followed by the same letter in each column are not significantly different from each other as detected by Tukey’s HSD
(p D 0.05).

ND, not detected; ACC deaminase, 1-aminocyclopropane-1-carboxylate deaminase; P solubilization efficiency, Phosphate solubilization efficiency; Available P, available
phosphorus; IAA, indoleacetic acid.

Table 3. Identification of elite isolates by 16s rRNA sequencing.

General properties

Isolate code Closest relative in database Sequence length GenBank accession no. Identity (%) Weed species Colony color Gram’s reaction

RCB4 Bacillus sp. 805 KT384381 98 Rumex crispus Creamy white C
RCB5 Bacillus cereus 903 KT384380 98 Rumex crispus Creamy white C
TLP2 Bacillus megaterium 1497 KT281868 99 Typha latifolia Cream C
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metal bioavailability in rhizosphere (Sarathambal and Ilamur-
ugu 2014; Saravanan et al. 2007). We studied the effect of heavy
metal contamination particularly Cd on plant growth-promot-
ing traits of rhizobacteria associated with rhizosphere of A.
donax.

Characterization of Cd-tolerant PGPR

Effective microbe-assisted phytoextraction depends on the
identification of metal-resistant PGPR capable of improving
the plant growth and bioavailability of heavy metals in soils
and the selection of suitable plants with potential to tolerate
and uptake high concentrations of heavy metals. Hence, this
study was carried out to isolate culturable PGPR associated
with the selected weed species, which normally grow in various
heavy metal-contaminated areas. Plant count analysis revealed

that the 58 rhizobacterial isolates were obtained from heavy
metal-exposed areas. Among the 58 isolates, 13% isolates were
recovered from A. conyzoides. The rhizosphere region is a
highly favorable habitat for the proliferation, functioning, and
metabolic activity of numerous microorganisms. It is character-
ized by greater microbiological activity near rhizosphere than
the soil away from plant roots (Berg et al. 2002). However, 20%
of the isolated strains of the rhizosphere were tolerant to ele-
vated levels of Cd. Selection of microorganisms both metal-tol-
erant and efficient in producing plant growth-promoting
compounds can be useful to speed up the recolonization of the
plant rhizosphere in polluted soils. Microorganisms have devel-
oped the mechanisms to cope with a variety of toxic metals for
their survival in the environment enriched with such metals
(Martin-Laurent et al. 2004). Bacterial strains isolated from dif-
ferent habitats may exhibit different degrees of metal resistance,
and those from metal-polluted soils are usually more resistant
(Ma et al. 2011a). As expected, tolerance to heavy metals was
found more predominant among rhizobacteria from heavy
metal-polluted soil. This study has demonstrated that several
bacterial strains (such as Bacillus sp., B. cereus, B. megaterium)
can tolerate Cd. Thus, bacterial strains isolated from contami-
nated natural soils may be exploited for heavy metal bioremedi-
ation. Previous studies have also reported that several bacterial
strains are capable of tolerating high concentration of toxic
materials (Becerra-Castro et al. 2012; Kartik et al. 2016; Zarei
et al. 2010).

The production of various plant growth-promoting attrib-
utes may be the reason why microorganisms can survive in the
heavy metal-polluted soils. In this study, all the rhizospheric
isolates were able to produce siderophore. Siderophore and
phosphate solubilizing ability was detected significantly
higher among isolates of Bacillus sp. Furthermore, bacterial
siderophores are able to bind metals other than iron and thus
enhance their bioavailability in the rhizosphere of plants. Over-
all, an increase in plant growth and metal uptake will further
enhance the effectiveness of phytoremediation processes
(Kartik et al. 2016; Rajkumar and Freitas 2008). Under
metal-stressed conditions, most metal-resistant PGPB (Plant

Figure 1. Neighbor-joining phylogenetic tree based on partial 16S rRNA gene of
metal-tolerant Bacillus sp. isolates showing similarity with other Bacillus groups
(accession numbers are in parentheses).

Table 4. Effect of plant growth-promoting bacteria on plant biometric characters and Cd uptake in A. donax.

Treatment Plant height (cm) No. of tillers Dry weight (g) Cd uptake (mg/kg)

Control (0 ppm) 45.6 (§3.1)e 11.0 (§2)cd 10.3 (§1.1)g 0.5 (§0.1)e

Cd 3 ppm 56.8 (§2.7)cde 13.0 (§1)bcd 11.6 (§1.2)fg 0.6 (§0.1)e

Cd 5 ppm 53.6 (§1.8)de 10.0 (§2)d 13.5 (§1.7)efg 0.7 (§0.2)e

Cd 3 ppmC Bacillus sp. 60.5 (§3.3)cde 15.0 (§3)abcd 15.6 (§2.2)cdefg 0.9 (§0.1)de

Cd 5 ppmC Bacillus sp. 62.6 (§4.2)bcde 14.0 (§1)abcd 14.6 (§1.1)defg 1.5 (§0.4)bc

Cd 3 ppmC B. cereus 69.8 (§1.4)abcd 16.0 (§2)abc 13.4 (§1.7)efg 1.6 (§0.3)bc

Cd 5 ppmC B. cereus 70.3 (§1.8)abcd 14.0 (§2)abcd 18.9 (§3.2)bcde 1.5 (§0.3)bc

Cd 3 ppmC B. megaterium 71.9 (§2.4)abcd 13.0 (§1)bcd 17.5 (§1.1)bcdef 1.4 (§0.2)c

Cd 5 ppmC B. megaterium 72.9 (§1.9)abcd 17.0 (§2)ab 16.9 (§1.9)cdef 1.3 (§0.3)cd

Cd 3 ppmC Bacillus sp.C AM 73.8 (§2.0)abcd 15.0 (§1)abcd 17.6 (§1.2)bcdef 1.4 (§0.2)c

Cd 5 ppmC Bacillus sp.C AM 75.9 (§2.7)abcd 16.0 (§2)abc 20.6 (§2.6)abcd 1.3 (§0.3)cd

Cd 3 ppmC B. cereusC AM 84.9 (§3.1)ab 19.0 (§3)a 25.4§2.5a 2.3§0.5a

Cd 5 ppmC B. cereusC AM 89.4 (§2.1)a 18.0 (§1)ab 23.5§3.5ab 1.9§0.9ab

Cd 3 ppmC B. megateriumC AM 72.5 (§1.6)abcd 17.0 (§2)ab 20.5§1.0abcd 1.5§0.2bc

Cd 5 ppmC B. megateriumC AM 73.5 (§1.1)abcd 16.0 (§2)abc 20.4§1.3abcd 1.4§0.2c

Cd 3 ppmC AM 79.6§(2.7)abc 18.5 (§2)a 21.2§2.8abc 1.2§0.1cd

Cd 5 ppmC AM 80.6§(1.9)abc 18.8 (§1)a 21.1§2.2abc 1.2§0.2cd

Each value is the mean of triplicates (n D 3); values followed by the same letter in each column are not significantly different from each other as detected by Tukey’s HSD
(p D 0.05).

AM, arbuscular mycorrhizae; Cd, cadmium.
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growth-promoting bacteria) can either convert these insoluble
phosphates into available forms through acidification, chela-
tion, exchange reactions, and release of organic acids (Chung
et al. 2005; Ma et al. 2011b; Zhang et al. 2011) or mineralize
organic phosphates by secreting extracellular phosphatases
(Gyaneshwar et al. 2002). An increase in P availability to plants
through the inoculation of phosphate-solubilizing bacteria has
been reported in pot experiments and under field conditions
(Sarathambal et al. 2010; Zaida et al. 2003).

In nature, ACC deaminase has been commonly found in soil
bacteria that colonize plant roots (Glick et al. 1999). The distri-
bution of ACC deaminase activity is common among plant
growth-promoting bacterial groups. In this study, 41% of rhizo-
sphere isolates showed the ACC deaminase activity. Similar to
our results, Sarathambal et al. (2015) found that Bacillus sp. iso-
lated from different weeds possessed the ACC deaminase along
with phosphate-solubilizing ability, siderophores, and phyto-
hormones production. Bacteria containing ACC deaminase
bind to roots and/or seed coats and stimulate root elongation
by lowering the ethylene level in plants. Many of these microor-
ganisms are identified by their ability to grow on minimal
medium containing ACC as its sole N source.

Mechanisms by which bacteria can promote plant growth
include mobilization of nutrients (Lugtenberg and Kamilova
2004) and production of phytohormones (Frankenberger and
Arshad 1995). The microbial synthesis of plant growth regula-
tors like IAA is an important factor in soil fertility. Indeed,

under stress conditions, including heavy metal, the plant hor-
mone ethylene endogenously regulates plant homeostasis and
results in reduced root and shoot growth. This study also
showed that apart from heavy metal tolerance, the strains also
showed production of IAA and siderophore, and solubilization
of phosphate and potassium. It is important to select metal-
resistant bacteria with multiple plant growth-promoting attrib-
utes to alleviate metal toxicity.

Identification of new isolates based on phenotypical and
physiological criteria is difficult, if the features displayed by a
particular isolate are not fully identical with a described species.
Based on the sequence analysis of the 16S rRNA gene, the iso-
lates found in the selected grasses belong to family Bacillaceae.
In this study, Firmicutes were mainly dominated by different
groups of Bacillus, which have been isolated from selected grass
species in accordance with the findings of Chowdhury et al.
(2009). In the case of Bacillus sp., one of the most common soil
bacteria groups, because of their spore-forming ability, strains
have high tolerance to adverse ecological conditions, and this
fact could determine the high number of isolations obtained
from weeds growing in extreme heavy metal stress.

Plant inoculation effects

Plants, as important components of the ecological system,
transfer metals from abiotic to biotic environments. The metal
fraction in the soil that interacts with a biological target

Table 6. The correlation coefficients among Cd uptake, enzymatic activities, and plant biometric characteristics.

Number of tillers Cd uptake Catalase activity Peroxidase activity Superoxide dismutase activity Dry weight

Cd uptake 0.691��

Catalase activity 0.776�� 0.831��

Peroxidase activity 0.619�� 0.689�� 0.694��

Superoxide dismutase activity 0.673�� 0.593�� 0.806�� 0.447��

Dry weight 0.830�� 0.778�� 0.927�� 0.708�� 0.768��

Plant height 0.901�� 0.810�� 0.913�� 0.687�� 0.818�� 0.920��

��Correlation is significant at the 0.01 level (two-tailed).

Table 5. Effect of inoculation of plant growth-promoting bacteria on antioxidant enzyme activity in A. donax.

Treatment
Catalase (units/mg

H2O2/g/min)
Peroxidase (units/mmol

tetraguaiacol/min/mg/protein)
Superoxide dismutase
(units/mg protein/min)

Control (0 ppm) 5.6 (§1.4)g 2.3 (§0.7)d 2.1 (§0.3)d

Cd 3 ppm 8.6 (§1.1)fg 2.5 (§1.3)cd 3.8 (§1.6)abc

Cd 5 ppm 9.3 (§2.4)efg 2.6 (§1.1)cd 3.5 (§0.6)bc

Cd 3 ppmC Bacillus sp. 9.6 (§1.7)efg 3.4 (§1.3)abc 3.6 (§0.9)bc

Cd 5 ppmC Bacillus sp. 10.3 (§1.5)def 3.5 (§0.5)abc 2.8 (§0.5)cd

Cd 3 ppmC B. cereus 10.5 (§1.8)cdef 2.6 (§0.9)cd 3.5 (§0.7)bcd

Cd 5 ppmC B. cereus 11.5 (§0.9)bcdef 2.5 (§0.5)cd 4.2 (§1.1)abc

Cd 3 ppmC B. megaterium 12.3 (§2.7)bcdef 2.8 (§1.1)cd 4.5 (§1.7)ab

Cd 5 ppmC B. megaterium 11.5 (§1.2)bcdef 2.5 (§0.4)cd 5.1 (§1.4)a

Cd 3 ppmC Bacillus sp.C AM 10.7 (§0.9)cdef 3.5 (§0.8)abc 4.4 (§2.1)ab

Cd 5 ppmC Bacillus sp.C AM 13.8 (§2.2)abcd 3.4 (§1.2)abc 4.6 (§0.8)ab

Cd 3 ppmC B. cereusC AM 15.6 (§3.1)ab 4.3 (§1.0)a 4.7 (§1.7)ab

Cd 5 ppmC B. cereusC AM 16.5 (§1.8)a 3.9 (§0.4)ab 4.6 (§1.1)ab

Cd 3 ppmC B. megateriumC AM 14.5 (§2.6)abc 2.9 (§1.0)bcd 4.3 (§0.6)ab

Cd 5 ppmC B. megateriumC AM 13.0 (§1.8)abcde 2.9 (§0.8)bcd 4.7 (§1.5)ab

Cd 3 ppmC AM 12.7 (§2.2)abcdef 3.0 (§1.1)bcd 4.1 (§1.0)abc

Cd 5 ppmC AM 12.3 (§3.1)bcdef 3.1 (§1.4)bcd 4.1 (§0.8)abc

Each value is the mean of triplicates (n D 3); values followed by the same letter in each column are not significantly different from each other as detected by Tukey’s HSD
(p D 0.05).

AM, arbuscular mycorrhizae; Cd, cadmium; H2O2, hydogen peroxide.
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determines its bioavailability (Chojnacka et al. 2005; Mishra
et al. 2009). In our experiments, some differences in metal con-
centration series order in the soil extracts and the upper parts
of A. donax plants were found.

Plant-associated bacteria can potentially improve phytoex-
traction by altering the solubility, availability, and transport of
heavy metal and nutrients by reducing soil pH, release of chela-
tors, P solubilization, or redox changes. Among the various
metabolites produced by PGPB, the siderophores play a signifi-
cant role in metal mobilization and accumulation (Rajkumar
et al. 2010; Sessitsch et al. 2013), as these compounds solubilize
unavailable forms of heavy metal-bearing Fe and also form
complexes with bivalent heavy metal ions that can be assimi-
lated by root-mediated processes.

Application of B. cereus along with AM enhances the
plant biometric character and Cd uptake in A. donax.

Similar to our results, Sheng et al. (2008) showed that the
inoculation of soils with biosurfactant producing Bacillus
sp. J119 significantly enhanced biomass of tomato plants
and Cd uptake in plant tissue. The results are in agreement
with previous studies in which metal-resistant bacteria like
Brassica napus (Sheng and Xia 2006), Ricinus communis
(Rajkumar and Freitas 2008), Brassica juncea (Ma et al. 2009),
Sedum plumbizincicola (Ma et al. 2015b), and Sesbania bispi-
nosa (Kartik et al. 2016) possessed various plant growth-pro-
moting traits, such as root elongation, growth, and metal
uptake. Mycorrhizae may often lower Cd mobility and toxicity
by increasing soil pH, sequestering Cd inside extraradical
mycelium, and binding Cd to glomalin. Glomalin is an insolu-
ble glycoprotein synthesized and released by AMF (arbuscular
mycorrhizal fungi), and may bind heavy metals in the soil
(Gonz�alez-Ch�avez et al. 2004).

Figure 2. Relationship of Cd uptake with catalase activity (a), peroxidase activity (b), superoxide dismutase activity (c), plant height (d), and number of tillers (e).
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The elevation of catalase activity in Cd-treated plants was
also noted in our study. Kafel et al. (2010) showed a similar
phenomenon—an increase of catalase activity in the above-
ground parts of Philadelphus coronarius grown in conditions of
environmental pollution. In a pot experiment, Lin et al. (2007)
showed that in Vicia faba exposed to Cd at 5 mg/mL, the activi-
ties of peroxidase, catalase, and SOD were significantly
decreased, thus leading to an accumulation of reactive oxygen
species. Peroxidase enhancement was registered in the plants
treated with B. cereus C AM. The experiments of Shamsi et al.
(2008) and Hassan et al. (2008) also showed peroxidase
enhancement in conditions of metal contamination in soybean
plants exposed to Cd and in rice plants exposed to Cd in a
hydroponic experiment. However, elevated SOD activities in B.
megaterium along with an accumulation of Al, Cd 3 ppm and
the similar results were reported by Guo et al. (2007). They
reported that B. cereus and AM interactively influenced Cd
uptake, plant growth, antioxidant enzymes in Cd-polluted
environments.

In this study, potential bacterial isolates Bacillus sp., B. meg-
aterium, and B. cereus tolerant to elevated level of Cd, efficient
siderophore, and ACC deaminase and P solubilizers were sub-
jected to elucidate their role in stimulation of plant growth in
the presence of heavy metals. The plant growth promotion by
beneficial strains of Bacillus has often been related to their
active but low level of auxin secretion in the rhizosphere (Pat-
ten and Glick 2002). Similar findings were supported by Gho-
lami et al. (2009) and Ramteke et al. (2012).

Conclusion

The selected three elite strains were performed well with AM,
since we can develop a consortia formulation with broad spec-
trum of action of metal tolerance and growth promotion. Bacil-
lus sp. along with mycorrhizae inoculation significantly
improves the growth, antioxidants enzymes, and Cd uptake in
A. donax than Bacillus alone. The positive results on specific
plant growth-promoting traits of Bacillus isolates found in this
study suggest that these organisms can promote plant growth
by more than one mechanism and that these traits could be bet-
ter exploited as bioremediation.

It can be concluded that inoculating the rhizosphere soils
with selected metal solubilizing bacteria along with AM can be
an ecologically viable option to elevate bioavailable metal con-
centration in soil for plant uptake and thereby improving over-
all phytoextraction potential in metal-contaminated soils.
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