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Application of heavy metal resistant plant growth promoting rhizobacteria has an important role as they help to
evade metal-induced toxicity in plants on one hand and enhance plant growth on the other. The present study is
therefore focused on the characterization of a cadmium resistant bacterial strain isolated from heavy metal
contaminated rhizospheric soil designated as S8. This S8 strain was selected in terms of cadmium resistance and
plant growth promoting traits. Moreover, it also showed resistance to lead and arsenic to a considerable extent.
The selected strain S8 was identiﬁed as Klebsiella michiganensis by modern approaches of bacterial taxonomy. The
plant growth promoting traits exhibited by the strain include 1-aminocyclopropane-1-carboxylic acid deaminase
activity (58.33 ng α-keto butyrate/mg protein/h), Indole-3-acetic acid production (671 μg/ml), phosphate solubilization (71.98 ppm), nitrogen ﬁxation (3.72 μg of nitrogen ﬁxed/h/mg protein) etc. Besides, the strain also
exhibited high cadmium removal eﬃciency (73–97%) from the medium and intracellular accumulation as well.
Its eﬃciency to alleviate cadmium-induced toxicity was determined against a rice cultivar in terms of morphological and biochemical changes. Enhanced growth and reduced oxidative stress were detected in presence of
the bacterium. On the basis of these results, it can be concluded that K. michiganensis strain S8 is cadmium
accumulating plant growth promoting rhizobacterium that can be applied in cadmium contaminated agricultural
soil to achieve better productivity of rice.

1. Introduction
Biosphere pollution by toxic metals has accelerated dramatically
due to the industrial revolution and extensive use of chemical substances. The agricultural practices like the application of various
agrochemicals and long-term usage of sewage sludge also add signiﬁcant amounts of heavy metals to the soil (McGrath et al., 1995).
Cadmium (Cd) is one of the most toxic heavy metals that has also come
onto the surface soil through the industrial operation such as smelting,
mining, metal forging, combustion of fossil fuel and manufacturing of
alkaline storage batteries (Ahmad et al., 2015). Cadmium is a non-essential heavy metal that causes severe diseases in human, like Itai-Itai,
chronic proteinuria and formation of kidney stone. Moreover,

intracellular Cd induces oxidative stress resulting physiological damage
to many organs such as liver, lungs, kidneys, pancreas, testes, placenta
and bone (Cuypers et al., 2010). Above all, cadmium now considered a
carcinogen by the International Agency for Research on Cancer (IARC)
as it induces cancer through several mechanisms, viz., inhibition of
apoptosis as well as DNA-damage-repair and aberrant gene expression
(Joseph, 2009). The high concentration of this metal in the soil adversely aﬀects the plant growth, symbiosis and the crop production
(Wani et al., 2007). Besides, it causes morphological, physicochemical
and structural changes in plants by (1) limitation in plant growth (such
as inhibition of lateral root formation); (2) aﬀecting photosynthetic
process by reducing chlorophyll as well as stomatal density; (3) interfering with the uptake, transport and use of several elements (P, Mg, Ca

Abbreviations: PGPR, plant growth promoting rhizobacteria; PGP traits, plant growth promoting traits; MALDI TOF-MS, matrix-assisted laser desorption/ionization mass spectrometry;
FAME, fatty acid methyl ester; AAS, atomic absorption spectroscopy; SEM, scanning electron microscopy; TEM, transmision electron microscopy; EDX, energy dispersive X-ray spectroscopy
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2. Materials and methods

and K) and water; (4) inducing oxidative stresses and thus resulting
severe agricultural loss (Tran and Popova, 2013). Even most of the
bacteria fail to survive in cadmium contaminated environment because
cadmium inhibits vital cellular processes like transcription, translation
and cell division etc. (Khan et al., 2009). It also causes membrane
disruption, protein denaturation, enzyme activity inhibition and DNA
damage. However, some of them have evolved mechanisms either to
evade or to tolerate ample degrees of Cd in the environment (Chen
et al., 2016).
Therefore, it is necessary to remove heavy metal pollutants from the
environment not only to avoid direct human exposure but also to increase crop productivity. Several physicochemical practices have been
implemented by diﬀerent research workers for the recovery of contaminated sites for agricultural beneﬁt. However, to achieve this goal,
the best cost-eﬀective method of choice is bioremediation that involves
the use of heavy metal resistant plant growth promoting rhizobacteria
that can reduce the toxic eﬀect of heavy metal(s) from the contaminated sites in an eco-friendly manner. So, utilization of heavy metal
resistant PGPR is of a great demand for sustainable agriculture
(Govindasamy et al., 2011). One important factor regarding the selection of rhizobacteria and its implementation in contaminated sites is the
particular pollutant that the bacterium is supposed to remediate (Singh
et al., 2014). There are various native heavy metals resistant bacterial
strains present in the soil, alleviate these toxic compound from soil
essential for plant growth promotion. Despite this, search for heavy
metal resistant bacterial strains is always useful particularly in combination with their role as PGPR. The bacterium in addition to having its
metal immobilizing capacity, it should possess the PGP traits, like, nitrogen ﬁxation, phosphate solubilization, iron sequestration through
siderophore production, Indole-3-acetic acid (IAA) production, ACCdeaminase activity and others like, antibiotic production, hyrdrocyanic
acid (HCN) production, amylase, protease and chitinase activities etc.
Such bacteria also provide protection to the plants from pathogenic soil
inhabitants by the process of detoxiﬁcation and degradation of virulence factor and thus mediating what is called, induced systemic resistance in hosts (Hayat et al., 2010). Soil bacteria with dual role will be
highly useful for their application in agricultural ﬁeld that has been
contaminated with heavy metal.
Although Cd-sensitive bacteria are ubiquitous in nature, some of the
soil-inhabiting bacteria are also found to possess Cd-resistance in
combination with several PGP traits. Since last decade, a number of
bacteria with cadmium resistant and PGP positive properties have been
described, that include, Variovorax, Rhodococcus, Flavobacterium
(Belimov et al., 2005), Pseudomonas (Dell’Amico et al., 2008; Chen
et al., 2014; Kamran et al., 2015), Alcaligenes, Mycobacterium
(Dell’Amico et al., 2008), Ochrobactrum (Pandey et al., 2010), Klebsiella
(Ahmad et al., 2014, 2015; Pramanik et al., 2017), Bacillus (Ahmad
et al., 2014, 2015), Stenotrophomonas (Ahmad et al., 2014), Serratia
(Wan et al., 2012; Ahmad et al., 2014), Leifsonia and Enterobacter
(Ahmad et al., 2015; Chen et al., 2016) etc.
The fact that a particular bacterium prefers to grow in a particular
environment search for new strains is always needed and it is also necessary to know the mechanisms involved the plant growth promotion
by these Cd-resistant PGPR. The present study, therefore, involves
isolation of a cadmium resistant bacterium from the rhizospheric environment so that it can also be used as a PGPR strain under cadmium
stress. The isolated strain was screened on the basis of PGPR traits and
identiﬁed by MALDI-TOF data of ribosomal protein; 16S rDNA sequences based homology and FAME analysis to be as Klebsiella michiganensis. The bioremediating and growth promoting ability of the strain
has also been tested upon a cultivable variety of rice plant.

2.1. Site characterization and soil analysis
The rhizospheric soil samples were collected from a rice ﬁeld near
Steel Plant of Durgapur, West Bengal, India (23°33′N, 87°15′E).
Physicochemical characters of the samples such as pH, salinity, organic
carbons, nitrate content, phosphate content were measured according
to Hseu et al. (2002). The total contents of Cd, As and Pb in the soil was
measured by Atomic Absorption Spectrophotometer (GBC avanta,
Australia).
2.2. Isolation of Cd resistant PGPR
One gram of rhizospheric soil sample was dissolved in 100 ml of
sterile distilled water and the ﬁltrate was serially diluted up to 10−7.
From each dilution, 0.5 ml was plated on Davis Mingioli (DM) medium
[K2HPO4 – 7gL−1, KH2PO4-3gL−1, (NH4)2SO4- 1 gL−1, MgSO4, 7H2O200mgL−1, C6H5O7Na3,2H2O – 500 mgL−1, C6H12O6 – 10g L−1;
pH:7.0] devoid of glucose supplemented with 1-aminocyclopropane-1carboxylic acid (ACC) (500 μmol/ml) as carbon source and 1000 μg/ml
Cd (CdCl2as Cd source). The plates were incubated at 30 ± 2 °C for
72 h. Colonies of diﬀerent morphology were then transferred to DM
plates for further puriﬁcation by dilution streak method and puriﬁed
isolates maintained in Cd supplemented DM slants with a subculturing
period of 20 days.
2.3. Determination of minimum inhibitory concentration (MIC)
All the bacterial isolates were allowed to grow in both liquid and
agar plate individually under diﬀerent heavy metal stress viz. CdCl2, Pb
(NO3)2, NaAsO2, NiCl2·6H2O and K2CrO4. The MIC of each heavy metal
was determined by the gradual increase of heavy metal concentrations
in DM medium individually until the isolates failed to grow after 7 days
of incubation (Pramanik et al., 2016).
2.4. PGP traits of the selected isolates
Both qualitative and quantitative analyses were done to assess the
PGP traits of the selected isolates. For qualitative analyses, nitrogenﬁxing ability was tested by growing the isolates in a nitrogen-free
Ashby’s medium, IAA producing capability was measured by
Salkowski’s reagent (Bric et al., 1991), phosphate solubilizing ability
was detected in Pikovskaya agar medium (Pikovskaya, 1948), ACC
deaminase activity was detected in DM media without glucose supplemented with ACC as a sole carbon source and the HCN production
ability was detected by Castric’s (1975) method.
The strains qualifying the qualitative tests were further subjected to
quantitative analyses to assess their eﬃciencies. For this, nitrogenﬁxing capacity was measured by acetylene reduction assay using
VARIAN CP3800 gas chromatography with ﬂame ionization detector
(FID) (Kaushal and Kaushal, 2015). The amount was measured in terms
of μg of N2 ﬁxed per hour per mg protein. Quantitative estimation of
IAA was done by the method of Salkowski’s reagent (Glickmann and
Dessaux, 1995). Phosphate solubilizing ability was measured using
ammonium molybdate according to Fiske and Subbarow (1925). The
ACC deaminase enzymatic activity was assessed by estimating the
amount of α-ketobutyrate, the deaminated product of ACC (Penrose
and Glick, 2003). It was measured in terms of per mg of protein per
hour.
2.5. Bacterial identiﬁcation
On the basis of Cd resistance capacity and diﬀerent PGP traits, the
S8 strain was selected for the further studies and was identiﬁed by the
following tests.
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Japan) and Cd content was measured in supernatant by Atomic
Absorption Spectrophotometer (GBC avanta, Australia) (modiﬁed
method of Pandey et al., 2013) to calculate residual Cd in the medium
which proportionately measured the Cd removal eﬃciency of S8 strain
under diﬀerent concentration of Cd stress (Pandey and Bhatt, 2015)

2.5.1. Morphological and biochemical studies
The phenotypic characteristics such as colony morphology, Gram
staining, motility, biochemical tests, carbon source utilization etc. were
carried out as per standard methods (Benson, 1990).
2.5.2. MALDI-TOF mass spectroscopy based identiﬁcation
A sterile toothpick was used to pick up a little amount of pure
colony which was applied on MALDI target plate. Then, 1 μl of saturated Cyano-4-hydroxycinnamic acid (HCCA) matrix solution was
added to it. After that following several steps as per the methods described by Pulcrano et al. (2013), the target plate was left for drying at
room temperature. After that, it was loaded in the instrument AUTOFLEX speed (BrukerDaltonik GmbH, Germany). The acquired Mass
spectra were in a linear positive ion extraction mode at a laser frequency of 200 Hz within a mass range from 2000 to 20,000 Da. The ion
source 1voltage was 19.5 kV, ion source 2 voltages were maintained at
18.2 kV, lens voltage at 7 kV and the extraction delay time was 240 ns.
The spectra were identiﬁed using the standard mixture. Finally, the S8
strain was identiﬁed by the best match data similarity.

2.7. SEM, TEM and EDX analyses
Eﬀect of Cd on surface features of S8 strain was observed using a
scanning electron microscope (Zeiss SIGMA). For this, the S8 strain was
grown in DM broth for 48 h at 30 °C at 120 rpm in two diﬀerent sets viz.
one supplemented with 3000 μg/ml cadmium and another was control
(i.e. absence of Cd). The cells were harvested by centrifugation at
8000 rpm for 15 min and the pellet was collected. The collected pellet
was washed thrice by phosphate buﬀer (pH 7.0) followed by resuspension of the pellets in 2.5% glutaraldehyde solution (v/v in Naphosphate buﬀer, pH 7.2) for overnight at 4 °C. The cells were again
centrifuged, washed thrice with the same buﬀer and dried in various
grades (30–100%) ethanol series. The cells were observed under SEM
after gold coating. Besides, the transmission electron microscopy
(Analytical TEM JEM2100) (at 120 kV acc voltage) was carried out to
locate the intracellular accumulation of Cd inside the bacterial cells.
The growth condition and sample preparation were same for both SEM
and TEM studies. Only, epoxy resin was used to embed the bacterial
cells after the dehydration step. Concurrently, both SEM and TEM instruments were equipped with two diﬀerent energy dispersive X-ray
spectroscopy instruments with SEM and Bruker XFlash 6130 EDX with
TEM) which was used to perceive the elemental composition in the
samples (modiﬁed method of Hartmann et al., 2010).

2.5.3. FAME analysis
The cellular fatty acid proﬁles of the isolated S8 strain was analyzed
by fatty acid methyl ester (FAME) analysis using a MIDI(R) Sherlock
Microbial Identiﬁcation System. The strains were grown on Trypticase
Soy Broth Agar (TSBA) medium at 28 °C for 24 h and bacterial cells
were harvested for extraction. Fatty acids were extracted from approximately 20 mg bacterial cells using standard extraction techniques
(Sasser, 2001). FAME proﬁles were obtained by running samples on a
gas chromatography (GC; Agilent Technologies, USA) with ﬂame ionization detector (FID) and Ultra 2 capillary column (25 m 0.2 mm crosslinked, 5% phenylmethyl silicon ﬁlled silica capillary column). FAMEs
were identiﬁed according to their retention time, as compared to a
commercial standard mixture (MIS standard calibration, Part no. 1200A) (Sasser, 2001).

2.8. Evaluation of Cd tolerance and viability of the selected isolate by
Tetrazolium test
The viability of the S8 strain under Cd stress was tested by
Tetrazolium salt. Two sets of DM agar plates were prepared – one
supplemented with Cd (2000 μg/ml), and other without Cd (treated as
control). Cd-resistant six isolates along with one Cd sensitive isolate,
strain P50 (Burkholderia sp.MCC3281) were streaked on two sets of
plates. After 48 h incubation at 30 ± 1 °C, the plates were ﬂooded with
1% triphenyl tetrazolium chloride (TTC) solution and allowed them
undisturbed for 15 min (Pandey and Bhatt, 2015). The viability of cells
under Cd stress was conﬁrmed with the formation of red coloured
streak on the surface of the agar.

2.5.4. Genomic DNA extraction, PCR ampliﬁcation and sequencing of 16S
rDNA
Genomic DNA of S8 strain was isolated by the standard phenol/
chloroform extraction method (Sambrook et al., 1989). It was followed
by PCR ampliﬁcation of the 16S rDNA using universal primers 16F27
[5′-CCA GAG TTT GAT CMTGGC TCA G-3′] and 16R1492 [5′-TAC GGY
TAC CTT GTT ACG ACT T-3′]. The ampliﬁed 16S rDNA PCR product
was puriﬁed by PEG-NaCl precipitation and sequenced on an ABI®
3730XL automated DNA sequencer (Applied Biosystems, Inc., Foster
City, CA). The sequencing was carried out from both ends using additional internal primers so that each position was read at least twice. The
nucleotide sequence obtained were assembled using Laser gene package
to a ﬁnal length of 1499 nucleotides and was compared by EzTaxon-e
server (Kim et al., 2012) for identiﬁcation. For better identiﬁcation and
its systematic position, the phylogenetic tree was constructed based on
neighbour-joining (NJ) method. For phylogenetic aﬃliation of the
particular strain, a comparison was made with diﬀerent type strains of
the particular genus. The tree was generated using MEGA 6 software
package by calculating one of the best-ﬁtted model (The Biodesign Institute, Arizona, USA) (Tamura et al., 2013). The statistical signiﬁcance
of branch points was calculated by100 bootstrap values (Felsenstein,
1985). The strain and 16S rDNA sequence were deposited to Microbial
Culture Collection (MCC), Pune, India and to NCBI database for accession numbers respectively.

2.9. Plant growth promotion by S8 isolate
2.9.1. Seed germination and determination of EC50 of Cd
A rice cultivar Pratikshya (IET-15191) was collected from Krishi
Vigyan Kendra (KVK), ICAR, Chinsurah, Hooghly, Govt. of West Bengal,
India for determination of various plant growth promoting eﬀects of
selected strain S8. EC50 (eﬀective concentration at which 50% germination was inhibited) value of that rice cultivar was done applying
CdCl2 through following methods. The seeds were soaked in 2% sodium
hypochlorite solution for 15 min for surface sterilization. Then they
were thoroughly washed with sterile distilled water 3–4 times and
placed in Petri dishes containing blotting paper for imbibition with
gradual increasing concentrations of cadmium chloride. The Petri
dishes were then kept in dark at 30 ± 1 °C for three days. EC50 value
along with germination percentage was measured against the control.
For further experiments of seed treatments were carried out by following three sets – one without Cd and bacterial inoculation (treated as
Control), one with only Cd at concentration where 50% germination
was inhibited (treated as EC50) and the other treated with both Cd at
EC50 along with bacterial inoculation (treated as EC50 + S8).

2.6. Cd removal ability of selected S8 strain
The S8 strain was grown in DM liquid medium supplemented with
1000, 2000 and 3000 μg/ml Cd separately at 30 °C at rotary shaker with
one control set without Cd. After regular interval of 12 h growth was
measured in O.D. at 540 nm Spectrophotometrically (Shimadzu 190,
14
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Chromatography (VARIAN CP3800) ﬁtted with ﬂame ionization detector (FID) after 3 h.

2.9.2. Seedling growth
In a separate set up, imbibed seeds (3 h in distilled water) were
surface sterilized as described above and then transferred in a 250 ml
beaker containing absorbent cotton and roofed by blotting paper. 25 ml
sterile Hoagland’s solution (Ahmad et al., 2015) according to abovementioned three sets were added. The beakers were then placed in dark
at 30 ± 1 °C for three days in a growth chamber and kept for other
seven days in same condition but with intermittent light and dark
period. After that the seedlings were analyzed for various growth
parameters such as; root/shoot length, root/shoot fresh weight and
root/shoot dry weight. The Seedling Vigor Index (SVI) was calculated
by using the formula: SVI = [(mean root length + mean shoot
length) × germination%)] (Bal et al., 2012).

2.9.6. Determination of Cd content in seedling
Cd concentration of treated rice seedling was measured by drying in
an oven at 70 °C for 4 h. The dried samples were ground and digested
with HNO3 and HClO4 at the ratio of 3:1 (v/v). The samples were then
heated on a hot plate at 350 °C until white fumes appeared. The sample
was then cooled, ﬁltered and used for AAS to detect the Cd concentration (Yang et al., 2009). The bioaccumulation of Cd was determined (Ahmad et al., 2014) by using the following formula:

Bioaccumulation factor =

2.9.3. Determination of amylase, protease, total protein, total sugar and
chlorophyll content
For enzymatic analysis, extraction procedure from seedlings was
done according to the modiﬁed method of Pandey et al. (2013). For this
purpose 1 g of freshly grown seedlings were taken in a pre-chilled
mortar and pestle in 10 ml of ice-cold 100 mM Na-phosphate buﬀer
(pH-6.8) containing 0.1 mM EDTA and 1% (w/v) polyvenylpyrophosphate (PVPP). Then the homogenate centrifuged at 14000 rpm and
4 °C for 20 min. The homogenate was ﬁltered and the ﬁltrate was used
for enzymatic analysis.
Amylase activity was determined according to the method described
by Khan and Faust (1967), and protease by Lowry et al. (1951). Both
amylase and protease activity was calculated using the formula of Fick
and Qualset (1975), as given hereunder;

Cd concentration in rice tissues
Cd concentration given in seed bed

2.10. Statistical analysis
All experiments done in triplicates and standard errors (SE) were
calculated using the mean. Diﬀerences between groups were analyzed
by one-way analysis of variance (ANOVA) by MS-EXCEL 2010.
Diﬀerent small letter alphabets above the graphs indicate signiﬁcance
at p < 0.05 between any two groups compared while similar letters
indicate no signiﬁcant result.
3. Result and discussion
3.1. Isolation of Cd resistant bacterial strain from metal contaminated soil
Plant-associated bacteria residing in the heavy metal contaminated
soil are most likely to have metal tolerant properties as they are enriched in such conditions. In this context, the present study aims to
screen some Cd resistant bacteria from a heavy metal contaminated site
with a goal to investigate their eﬀects on the seedling growth under Cd
stress. The soil sample collected from the study site was analyzed ﬁrst
(Supplementary 1) to understand the heavy metal proﬁle of the sample.
The Cd concentration was recorded to be highest, while lead (Pb) and
arsenic (As) concentrations were moderate. Initially, 54 bacterial isolates were screened but only six among them having diﬀerent colony
morphology could survive in the cadmium concentration higher than
1000 μg/ml. Prior to this, there are a number of reports of isolation of
cadmium-resistant strains from contaminated sites viz. Ochrobactrum sp
.that was isolated from Cd contaminated slag disposal site (Pandey
et al., 2010) and Klebsiella, Stenotrophomonas, Bacillus and Serratia that
were isolated from rhizospheric region of plants growing in industrial
eﬄuent that contained various toxic metals including Cd (Ahmad et al.,
2014, Pramanik et al., 2017).

Enzyme activity = (ΔA × Tv)/(t × v) units/min/g fresh weight
Where, ΔA = O.D. diﬀerence of reaction set – control set, Tv = total
volume of enzyme extract, t = time of incubation, v = volume of enzyme extract taken for reaction
The total protein content of the seedling was measured following
the method of Bradford (1976), using bovine serum albumin as standard, whereas the total sugar content measured by the method of
DuBois et al. (1956). Chlorophyll content was determined following the
method of Arnon (1949). In the acetone extract (80% v/v) it was
measured in a spectrophotometer at 663 and 645 nm.
2.9.4. Determination of SOD, catalase, MDA and proline content
Determination of superoxide dismutase (SOD) activity of the plants
was measured by inhibition percentage of the photoreduction of nitro
blue tetrazolium (NBT) (Giannopolitis and Ries, 1977), where 50%
inhibition is considered as 1unit of SOD. The catalase activity was determined following the method of Aebi (1984). Again the catalase activity was calculated using the formula of Fick and Qualset (1975). The
MDA concentration was determined by the thiobarbituric acid (TBA)
reaction according to Heath and Packer (1968). It was calculated after
subtracting from its extinction coeﬃcient of 155 μM cm−1. Proline
content was measured according to the protocol of Bates et al. (1973).

3.2. Screening of cadmium resistant PGPR strain
In further screening, minimum inhibitory concentration (MIC) was
determined for the six isolates (Fig. 1A) of which S8 exhibited maximum tolerance of all three heavy metals/metalloids (Cd, Pb and As).
The qualitative (Supplementary 2), as well as quantitative PGP traits
analyses (Fig. 1B–D and E) revealed strain S8 to be performing best
among the lot. It possessed highest ACC deaminase activity (Fig. 1B),
IAA production ability (Fig. 1D) and phosphate solubilizing ability
(Fig. 1E) in comparison to the rest ﬁve isolates. The isolate S8 was also
found to ﬁx N2 which was lower than isolate S11 but higher than other
selected isolates (Fig. 1C).
Plant growth promotion by the synthesis of indole-3-acetic acid
(IAA) under heavy metal stressed condition has been previously studied
(Belimov et al., 2005; Pramanik et al., 2017) and it corroborates with
the present ﬁndings also. This phytohormone is known to be involved in
many developmental processes such as root initiation, cell division, cell
enlargement, tissue diﬀerentiation, seed and tuber germination, apical
dominance, responses to light and gravity, pigment formation,

2.9.5. Determination of stress ethylene
To determine the stress ethylene in Cd-treated seedlings and Cdtreated seedlings with S8 strain, following experiment was designed
(modiﬁed method of Siddikee et al., 2011). The rice seedlings were
grown in four separate sets of beakers for 8 days in triplicate. In the 9th
day, all the four set treated with respective supplements viz. the Set-I
treated as control (without any treatment), Set-II treated with Cd (Cd as
EC50), Set-III treated with Cd (Cd as EC50) along with S8 strain (108
CFU/ml), Set-IV treated with Cd and CoCl2 (the concentration of Co was
4.6 μM according to Chmielowska-Bąk et al., 2014), an inhibitor of
ethylene biosynthesis. After 24 h, the seedlings of each set were taken
out from the beaker and placed in culture tubes (60 ml) ﬁtted with
rubber cap. The stress ethylene production was measured by Gas
15

Microbiological Research 210 (2018) 12–25

S. Mitra et al.

Fig. 1. Determination of MIC (A) of selected multi heavy metal resistant strains and quantitative estimation of diﬀerent PGPR characteristics- (B) ACC deaminase, (C) Nitrogen ﬁxation,
(D) IAA production and (E) Phosphate solubilization.

stimulation of nitrogen ﬁxation and pathogenesis etc. (Glick, 2012).
However, cadmium-induced phytotoxicity may disrupt the phytohormone synthesizing machinery causing senescence and cell death
through its ROS dependent MAP kinase pathway. Phytohormone produced by the PGPR come in the rescue under such conditions to mitigate these damages promoting seedling growth as has been seen in rice
(Bhattacharyya and Jha, 2012; Pramanik et al., 2017) and barley
(Belimov et al., 2001). The S8 is also an IAA producer and in accordance with Chmielowska-Bąk et al. (2014) results, it also has a root
growth promoting ability by increased nutrient acquisition on one hand

and decreased Cd-sorption by stimulating antioxidant enzymes.
In addition to IAA production, phosphate solubilization also enhanced root and shoot biomass and therefore increased the yield both in
normal and stressed condition (Sheng and Juan-Juan, 2006; Naveed
et al., 2014). Phosphate is, in fact, a limiting factor for growth and the
uptake of which is reduced during stress condition (Pick et al., 1990).
The phosphate solubilizing PGPR, however, improve the phosphate
uptake by the plants (Zaidi et al., 2006). Promotion in the growth of
rice plant in presence of the inoculum S8 may thus be attributed to its
phosphate-solubilizing ability (Fig. 1E). Similar phosphate-solubilizing
16
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concentration in the medium (Fig. 3B), however, a diﬀerent result was
observed under higher Cd concentration (3000 μg/ml concentration)
(Fig. 3C), where the removal eﬃciency was about 73% after 72 h. But in
every case, the removal eﬃciency gradually increased with a concomitant increase of incubation time. The removal eﬃciency also increased with the growth of the bacterium. The intracellular localization
of the Cd in the treated cells in the TEM and SEM data revealed that the
mechanism of resistance could be cytosolic bioaccumulation (Fig. 4).
Although the strain could tolerate high concentration of Cd, no morphological distortion was noticed in the cells even at a concentration as
high as 3000 μg/ml (Fig. 4C and G). The intracellular accumulation of
the heavy metal Cd was further conﬁrmed by EDX analysis (Fig. 4D and
H). The Cd bioaccumulation ability of the strain might be eﬀective to
remove Cd-induced phytotoxicity in contaminated agricultural ﬁelds
near the industrial belt. Intracellular accumulations of Cd by metal
resistant bacteria have been previously reported in Enterobacter EG16
by Chen et al. (2016). Similar Cd removal eﬃciency and accumulation
of the Cd-resistant plant growth promoting Klebsiella pneumoniae MCC
3091 has also been reported by Pramanik et al. (2017) but the Cd accumulated in the outer cell envelope.
In order to see the viability of the strains under Cd-treated condition
TTC test was performed. The results showed that the strain S8 along
with some other strains that were later not chosen for further studies
also showed viability in a high concentration of Cd. At this concentration the sensitive strain P50, a species of Burkholderia, taken as
the control, could not survive. The result can be compared with the
untreated control plate (Supplementary 6). This result signiﬁes that the
selected strain S8 in this study is highly tolerant to Cd and remains
metabolically active while accumulating Cd intracellularly at the same
time. Tetrazolium chloride (TTC) test is a well-known test to check the
viability of an organism or cell. In this test, the substrate tetrazolium is
reduced to a red coloured product called formazan due to the activities
of dehydrogenase enzymes of the living cell. Seeing the viability of the
tolerant organism is very signiﬁcant in terms of its application and
survivability in the contaminated site when applied. Similar observations were also made by Pramanik et al. (2017) in Cd resistant Klebsiella
pneumoniae MCC 3091and Pandey and Bhatt (2015) in case of arsenic
resistant Exiguobacterium sp. As-9 and Bacillus hornekiae As-14.

activity and media acidiﬁcation due to the release of organic acids by
the bacteria have been evidenced (Goswami et al., 2013; Pramanik
et al., 2017). Phosphate solubilizing bacteria not only increase Pavailability to the plant under Cd stress but they also reduce toxicity by
immobilizing positively charged Cd making it unavailable to the plants
(Park et al., 2010).
The strain S8 also exhibits a strong ACC deaminase activity, a
property that has been considered as one of the most important PGP
traits. The most plausible explanation for the mechanism of ACC deaminase promoting plant growth is proposed by Glick et al. (1998) according to which bacteria possessing ACC deaminase activity derives its
nitrogen/carbon from ACC, the immediate precursor for ethylene biosynthesis. ACC is converted into α-keto-butyrate and ammonia. Ammonia is then incorporated into the plant or the bacterial body via the
GS-GOGAT pathway. Species of Klebsiella are known to be free-living
nitrogen ﬁxers and this strain (S8) is also not an exception. It has been
reported that Cd tolerant nitrogen-ﬁxing Klebsiella spp. increased grain
yield and decreased Cd content in barley grain (Pishchik et al., 2002)
and enhanced rice seedling growth (Pramanik et al., 2017).
The strain S8 exhibited all those above-mentioned PGP traits that
qualiﬁed this strain to be used as potent PGPR strain. Several other Cd
resistant PGPR have been reported so far (Dell’Amico et al., 2008;
Pandey et al., 2010; Chen et al., 2014; Ahmad et al., 2015; Pramanik
et al., 2017), this strain (S8) is a further addition to the list. However,
the eﬃciency of this bacterium is better than many other previously
isolated strains. Moreover, habitat speciﬁcity is another reason that
makes this kind of work signiﬁcant.
3.3. Identiﬁcation of selected Cd resistant PGPR strain
The selected S8 strain was the most potential heavy metal resistant
bacteria with several plant growth promoting traits and it was characterized by phenotypic and physio-biochemical parameters
(Supplementary 3). The strain was further characterized by MALDI-TOF
data of ribosomal protein (Fig. 2A, Supplementary 4) and FAME analysis (Fig. 2B, Supplementary 5). According to MALDI-TOF data of S8
strain, the best matching organism was Klebsiella oxytoca. The FAME
analysis also clearly indicated that the S8 strain belongs to the member
of Enterobacteriaceae. However, the predominant fatty acid composition (viz. C12:0C14:0 C16:0 C17:0cyclo) of S8 strain showed its close relation with Klebsiella michiganensis W14T (Saha et al., 2013). Furthermore, the identiﬁcation of the strain was conﬁrmed by 16S rDNA
sequence analysis. The full-length 16S rDNA nucleotide sequence of
1499 bp was obtained and compared to ﬁnd the closest aﬃliation using
diﬀerent sequence databases. The phylogenetic analysis using 16S
rDNA sequence resulted in 100% clustering with Klebsiella michiganensis
strain W14T (JQ070300) and Klebsiella oxytoca strain ICM1665
(AB004754) (Fig. 2C). The species status of the strain S8 was ﬁnally
agreed to be Klebsiella michiganensis on the basis of the results of
MALDI-TOF data, FAME data, 16SrDNA sequence homology and detailed phenotypic characterization. The 16S rDNA nucleotide sequence
of S8 strain was deposited to NCBI database with sequence deposition
number of KX346260. Finally, the bacterial strain S8 was deposited to
Microbial Culture Collection (MCC), Pune, India and the strain accession number is MCC3089.

3.5. Plant growth promoting eﬀects of selected strain
3.5.1. Seedling growth
The selected S8 strain was used to evaluate its eﬀect on plant growth
promotion under Cd-stress. There was a signiﬁcant positive eﬀect of
this strain on germination percentage (increased up to 90% at EC50
concentration) (Fig. 5A) of selected rice cultivar (Fig. 5; Supplementary
7). Other parameters like root-shoot length (Fig. 5B), their fresh and dry
weight, the SVI etc. (Fig. 5B–E), were also enhanced in presence of S8
strain at EC50 dose of Cd. The results showed that the strain S8 is a very
good candidate to be used in bioremediation of Cd with respect to rice
and probably other hosts also in contaminated sites. Kamran et al.
(2015) and Lin et al. (2016) have also shown separately that inoculation of Pseudomonas putida in Eruca sativa increased root length, shoot
length, fresh and dry weight respectively, as compared to non-inoculated Cd stressed plants. Recently Pramanik et al. (2017) also
showed the similar positive eﬀect of Cd resistant PGPR strain of Klebsiella pneumoniae MCC 3091 on rice seedling growth. Moreover, Pandey
et al. (2013); Islam et al. (2014) and Lin et al. (2016) etc. have reported
that PGPR enhanced the above-mentioned parameters under heavy
metal stress.

3.4. Cd removal ability of the selected strain from medium detected by AAS,
SEM, TEM and EDX
Though the selected S8 strain was found a multi-metal resistant
bacterium, only Cd was applied here as the sole heavy metal source, as
it showed the highest MIC (Fig. 1A) with Cd. It was clear that the Cd
removal ability of the strain increased with time monitored up to 72 h.
The S8 strain was found to remove almost 97% of Cd grown under
1000 μg/ml Cd in the medium after 72 h incubation (Fig. 3A). Almost
similar removal eﬃciency was attained under 2000 μg/ml

3.5.2. Eﬀect of selected strain on some biochemical parameters of seedlings
There are some important biochemical parameters regarding seed
germination that include determination of amylase and protease activities also. These enzymes are normally activated during seed germination to solubilize polysaccharides and proteins that serve as a
17
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Fig. 2. Bacterial identiﬁcation on the basis of (A) MALDI-TOF analysis, (B) FAME analysis and (C) phylogenetic tree.

(Pramanik et al., 2017). It has also been reported that increase in osmolytes like sugar, helps in amelioration of Cd toxicity (Singh and Jha,
2016). The present study clearly showed that the application of bacteria
markedly increased the total sugar content even greater than the control set up (Fig. 6B) while alleviating Cd toxicity.
In contrary to the amylase activity the protease activity was decreased in bacteria inoculated set up while it was almost double under

nutrient for the growing embryo. Heavy metals like cadmium suppress
the activity of these enzymes leading to the failure of seed germination.
The Cd resistant S8 strain when applied as inoculum in the cadmium
treated seeds the amylase activity was signiﬁcantly (p < 0.05) increased (Fig. 6A). A parallel observation could be drawn with the results of the Cd resistant strain of Ochrobactrum sp. on rice cultivar
(Pandey et al., 2013) and Klebsiella pneumoniae on rice seedling
18
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Fig. 3. Determination of Cd removal eﬃciency of S8 strain by AAS at varied concentration of Cd in medium- (A) 1000 μg/ml Cd, (B) 2000 μg/ml Cd and (C) 3000 μg/ml Cd.

alleviated Cd toxicity which might reduce protease activity under Cd
stress condition. However, total protein content increased under
stressed and partially reduced inoculated stressed set up than the

Cd-treated condition (Fig. 6C). It has been reported that increased
protease activity under abiotic stress is associated with stress tolerance
(Kidric et al., 2014). The S8 strain from their bioremediation activity
19
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Fig. 4. SEM study and EDX spectrum of untreated cells (A and B) and treated cells (C and D); TEM study and EDX spectrum of untreated cells (E and F) and treated cells (G and H).

et al. (2007) reported many stress related and regulatory enzymes expressed under copper stress in germinating rice seed that might work
together to maintain homeostasis against heavy metal stress.
Another important growth parameter is the chlorophyll content as it

control (Fig. 6D). This might be due to the increased antioxidant protein (Fig. 7A–C) or any other stress related protein content under stress
condition. This result in accordance with the result of Cd resistant PGPR
strain showed its eﬀect in rice seedling (Pramanik et al., 2017). Ahsan
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Fig. 5. Plant growth promoting eﬀects (morphological) of S8 strain on rice seedling (A) Germination%, (B) root and shoot length, (C) root and shoot fresh weight, (D) root and shoot dry
weight and (E) SVI.

increased chlorophyll concentration in the bacteria inoculated set up
may be attributed to the protective role of the bacterium from chlorophyll degradation rather than its synthesis and this might, in turn,
enhancing the overall growth and photosynthetic ability of the plant.

is directly correlated with photosynthesis. The inoculation with Cd resistant rhizobacteria S8 strain markedly increased chlorophyll a, b and
total chlorophyll content under Cd stress compared to the un-inoculated
stress set up and to the control set up (Fig. 6E). Our result is also in
accordance with Haneef et al. (2014) and Pramanik et al. (2017); they
also made a similar observation in Plantago ovata and rice seedling
respectively under Cd stress. According to Islam et al. (2014) this

3.5.3. Eﬀect of selected strain on Cd-induced antioxidants
The reactive oxygen species (ROS), such as superoxide, hydroxyl
21

Microbiological Research 210 (2018) 12–25

S. Mitra et al.

Fig. 6. Eﬀect of S8 strain on Cd stress induced – amylase activity (A), total sugar content (B), protease activity (C), total protein content (D), chlorophyll content (E).

detoxiﬁcation of superoxide radicals is the ﬁrst line of defense that
prevents stress induce cellular damage (Hashem et al., 2016). SOD
produced hydrogen peroxide (H2O2) further neutralized to water and
oxygen by the enzyme catalase (CAT) (Abd Allah et al., 2015). In the
present study, the activities of SOD and Catalase and proline content
were measured. In ordered to combat the oxidative stress developed
due to cadmium toxicity, the activities of the antioxidant enzymes activities increased in S8 inoculated seedlings (Fig. 7A, B and D). The

free radical, singlet oxygen, hydrogen peroxide etc. are produced under
various abiotic stressed conditions causing oxidative damage to cells in
all organisms (Apel and Hirt, 2004). The exposure of Cd also induces
similar oxidative stress in cells (Schützendübel and Polle, 2002).
However, several ROS scavenging enzymes viz., catalase, SOD, ascorbate peroxidase glutathione reductase etc. and non-enzymatic antioxidants (proline, glutathione, ascorbate etc.) could reduce the level of
these molecules to normal level (Ahmad et al., 2014). SOD mediated
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Fig. 7. Eﬀect of S8 strain on Cd stress induced – SOD production (A), catalase production (B), MDA content (C), proline content (D), stress ethylene production (E) and uptake of Cd by
rice seedling (F).

result of S8 inoculation, suggesting that it mitigated the deleterious
impact of stress and help plant to better metal stress adaptation. Similar
observations have also been made in Solanum nigrum under Cd-toxicity
by endophytic Serratia nematodiphila LRE07 (Wan et al., 2012), in
drunken horse grass by Neotyphodium gansuense (Zhang et al., 2010)
and in rice seedling (Pramanik et al., 2017). In another work, similar
observations were made in Proteus mirabilis when used as inoculum in

inoculation of S8 strain induced increment in antioxidant activities
during metal stress to combat with ROS positively by scavenging these.
The antioxidant ability played an important role in the tolerance of Cd
and better growth in rice seedlings under Cd stress which were reﬂected
in various morphological parameters of rice seedling growth (Fig. 5).
Increased activities of antioxidant enzymes in Pratikshya (IET-15191)
rice cultivar was due to cadmium stress and further increment as a
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maize (Islam et al., 2014).
An extended parameter of oxidative stress is the Malondialdehyde
(MDA) content. It is produced due to peroxidation of membrane lipids
(Wan et al., 2012) ultimately aﬀecting membrane functionality and
integrity. The MDA content was increased more than two-fold after
application of 200 μg/ml cadmium (Fig. 7C). Application of S8 strain
showed signiﬁcant (p < 0.05) decrease in MDA content to a level
comparable to the control. This result is corroborated with the ﬁndings
of Klebsiella pneumoniae MCC 3091 (Pramanik et al., 2017) under Cd
stress, Exiguobacterium on Vigna radiata in arsenic-treated condition
(Pandey and Bhatt, 2016) and Serratia nematodiphila LRE07 as endophytic bacteria in Solanum nigrum (Wan et al., 2012).
During environmental stress condition, enhanced synthesis and accumulation of osmolytes was observed for maintaining plant growth
(Hashem et al., 2016). Among the osmolytes, proline is most important
for maintenance of tissue water content. In this study, an increase in
proline content under S8 inoculated rice seedlings is in accordance with
its role in stress tolerance (Fig. 7D). Proline accumulation due to cadmium stress is in concurrence with the result of Irfan et al. (2014) and
Abd Allah et al. (2015) in Brassica juncea and Helianthus annus respectively. A similar increase in proline content has also been reported in
Eruca sativa after application of PGPR (Kamran et al., 2015) and in rice
seedling after application of Klebsiella pneumoniae MCC 3091 under Cd
stresses (Pramanik et al., 2017).

growth promotion under Cd stress (Chen et al., 2014). Our result also
corroborated with the result of Klebsiella strain CIK-518 applied in
maize plant (Ahmad et al., 2016) and Klebsiella pneumoniae MCC 3091
applied in rice seedling (Pramanik et al., 2017).

3.5.4. Eﬀect of selected strain on ethylene production of seedlings
Application of S8 strain in rice seedlings under Cd-treated condition
reduced the generation of stress ethylene to a level close to the ethylene
biosynthesis inhibitor (CoCl2) was applied (Fig. 7E). Stress ethylene is
the extra amount of ethylene that is produced when a plant is exposed
to certain stress such as heavy metals. This stress ethylene is known to
reduce root growth which leads to poor nutrient acquisition resulting
poor plant growth (Arshad et al., 2007). The plant growth promoting
rhizobacteria decrease the level of stress ethylene by consuming ACC
(1-aminocyclopropane carboxylate) the immediate precursor for ethylene biosynthesis. The ACC deaminase producing PGPR used ACC as a
source of carbon/nitrogen cleaving it into α-keto butyrate and ammonia (Glick et al., 1998). The signiﬁcant portion of the ACC exudate
from roots is hydrolysed by bacterial ACC deaminase leading to loss of
equilibrium of ACC levels between internal side of the root and rhizosphere. To maintain this equilibrium plants again release a large
amount of ACC into the rhizosphere as a unique source of carbon and
nitrogen to rhizobacteria (Arshad et al., 2007). The strain S8 in this
study uses its ACC deaminase machinery to accomplish ACC utilization
leading to the indirect reduction of stress ethylene concentration and
hence induced plant growth. These results are in accordance with the
results of Belimov et al. (2001) that reported ACC deaminase activity in
Cd resistant strains promoted seedling growth in Brassica spp. Again
Klebsiella sp. strain CIK-502 and Serratia sp. strain CIK-524 having ACC
deaminase activity are reported to enhance root and shoot growth
under Cd toxicity (Ahmad et al., 2014). It is very likely that in addition
to other PGP traits, the rhizobacteria with ACC deaminase activity exhibited bioremediation of metal and enhanced plant growth (Belimov
et al., 2001; Ahmad et al., 2014; Pramanik et al., 2017).
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