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Abstract
Exposure to a high concentration of cadmium (Cd) is toxic to living organisms. The present study deals with the characteri-
zation of Cd resistant bacterial isolates, and analysis of the rhizoremediation of Cd using the metal resistant plant growth 
promoting (PGP) rhizobacteria applied through maize (Zea mays Sturt) rhizosphere. Cd resistant bacterial isolates were 
selected, analyzed for PGP attributes and applied in the rhizosphere of maize plants to study their effects on plant growth 
under metal stress, along with the Cd rhizoremediation potential. The bacterial isolates Serratia marcescens S2I7, S. marc-
escens BB-2B, Bacillus subtilis SR1 and Paenibacillus sp. S1I8 showed resistance to Cd and positive for PGP attributes, 
like phosphate-solubilization, production of indole acetic acid (IAA), and siderophore. The augmentation of the metal resist-
ant bacteria caused 26% increase in the shoot length of the plants in Cd spiked soil. Under the stress of Cd, the activity of 
stress-responsive enzymes- glutathione S-transferase (GST), catalase (CAT), peroxidases (POD) of the treated plants were 
relatively higher. Augmentation of the bacterial isolates significantly reduced the activity of stress-responsive enzymes. 
The association of Z. mays-rhizobacteria played the most crucial role in the process of bioremediation, as it could remove 
up to 31% of Cd from soil after 30 days. The present study emphasizes the efficiency of plant–microbe interactions in the 
rhizosphere to remove metals from soil through the promotion of plant growth in contaminated sites.

Keywords  Atomic Absorption Spectroscopy (AAS) · Cadmium · Catalase · Glutathione S-transferase · Plant growth 
promotion · Plant growth promoting rhizobacteria · Rhizoremediationa

Introduction

The pollution of hazardous metals is one of the major global 
problem of the environment (Okolo et al. 2016; Thakare 
et al. 2021). Heavy metal pollution affects the soil system 
specifically agricultural soils due to its non-degradable 
feature as well as toxic characteristics for soil organisms 
and plants (Belyaeva et al. 2005; Huang et al. 2013; Bashir 
et al. 2018a) and it has severe threats to all living organ-
isms present in the environment (Rehman et al. 2019). A 
high concentration of heavy metals has been reported to 
produce toxic effects on plants, reducing the growth, which 
ultimately may cause plant death (Singh et al. 2015; Rizwan 
et al. 2016). Cadmium (Cd) is a major metal found in the 
environment, which is extremely poisonous to humans, ani-
mals, plants, and microbes as it damages cell membranes, 
alters the particularity of enzymes, and destroys the struc-
ture of DNA (Olaniran et al. 2013). Cd is a toxic metal that 
can adversely alter the physiological processes of plants 
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(Brunetti et al. 2011; Rizwan et al. 2016). In soils, the Cd 
is accumulated because of the coal combustion, regular use 
of phosphate fertilizers and pesticides (Xu et al. 2013). In 
the environment, the ionic form of cadmium (Cd2+) is usu-
ally present as oxide (CdO2), chloride (CdCl2), sulphate 
(CdSO4), or nitrite (Cd(NO3)2). Earlier studies have dem-
onstrated the effect of Cd on different plants (Głowacka 
et al. 2019; Li et al. 2020; Piacentini et al. 2020). Plants 
were found to respond to such external stimuli through suit-
able measures to compensate the adverse effects of stress 
by altering the physiological, biochemical, and molecular 
response. It has been observed that exposure to heavy metals 
induces oxidative stress and produce reactive oxygen spe-
cies (ROS) in plant tissue (Hernandez et al. 2012; Pena et al. 
2012). To counter the oxidative stress, plants possess differ-
ent enzyme systems and mechanisms to keep the routinely 
formed ROS at the physiological limit and thereby play an 
important role in the amelioration of abiotic stress (Mittler 
et al. 2004). Plants can also accumulate toxic metals as part 
of their mechanisms to ameliorate the stress effects.

The contaminations of heavy metals was found to affect 
the normal functioning of plants, including Zea mays (Ali 
et al. 2013). Z. mays is an important cereal crop and recently 
been recognized for its physiological responses to heavy 
metals, and hence used for present study (Romdhane et al. 
2021). Since ancient times, human beings have relied heav-
ily on the annual cereal plant Z. mays, which is a member 
of the family Gramineae, and one of the most extensively 
grown cereals in the world (Prasanna et al. 2001; Yaouba 
et al. 2012). Z. mays has fast growth rate, vast fibrous root 
systems with high shoot biomass production per hectare, and 
withstands adverse environmental conditions (Aladesanmi 
et al. 2019). In fact, recently Shahzad et al. (2021) also 
reported the use of Z. mays plant as a test crop to facilitate 
rhizoremediation the metal polluted soils. Although, it has 
also been reported that, high level of metal contamination 
causes negative metabolic, physiological, and morphological 
alterations in Z. mays plants (Rizvi and Khan, 2018). Hence 
a suitable environmental management approach is needed to 
control and remediate the contamination of these hazardous 
heavy metals (Hasnat et al. 2013).

Microbe-assisted phytoremediation of contaminants is an 
eco-friendly approach that utilizes plant-microbes association 
for the treatment of pollutants (Rajkumari et al. 2021; Sin-
gha and Pandey, 2021). Microorganisms in the rhizosphere 
enhance the ability of plants to absorb or adsorb heavy met-
als (Bojorquez and Voltolina 2016) by reducing their mobil-
ity as well as increasing the bio-availability (Bashir et al. 
2018b). The plant–microbe interactions enhance the activity 
of microbial community in the rhizosphere that leads to the 
development of effective rhizoremediation process (Kuiper 
et al. 2001). Microorganisms such as Bacillus subtilis and Ser-
ratia marcescens, possesing plant growth-promoting (PGP) 

attributes are most useful in polluted areas as they can increase 
the growth of plants, which ultimately helps in the phytore-
mediation process (Kotoky et al. 2017a, 2020). Therefore, 
microbes with the ability to enhance the growth of plants may 
play a crucial role in their survival in metal contaminated soil 
as well as assist the rhizoremediation of heavy metals. Con-
sidering these, the present study is aimed to check the effect 
of bioaugmentation of Cd resistant PGP rhizobacteria on the 
growth of Z. mays (maize) and their efficiency in the removal 
of Cd from the rhizosphere.

Materials and methods

Isolation of Cd resistant bacterial isolates

Five Cd-contaminated soil samples were collected from 
the rhizosphere of tea plants of Northwestern Cachar Tea 
Co. Ltd. and Silcoorie Tea Estate (24.7588° N, 92.7874° 
E), Assam, India to isolate bacteria. In earlier studies, these 
agro-ecosystems have been reported to have high concentra-
tions of different heavy metals (Dey et al. 2014; Singh et al. 
2018). The physico-chemical analysis of soil samples includ-
ing soil type, pH, moisture content, organic carbon, available 
nitrogen and available potassium were estimated as per the 
standard methods (Osazee et al. 2013). From the collected 
soil samples, Cd resistant bacteria were isolated on Mueller 
Hinton agar media amended with 0.25 mM of CdSO4 by 
standard pour plate method (Saha et al. 2022). Moreover, 
bacterial isolates S. marcescens S2I7 (Kotoky et al. 2017b), 
B. subtilis SR1 (Kotoky et al. 2017a), Paenibacillus sp. S1I8 
(Kotoky et al. 2019b) reported earlier to be resistant to Cd 
were also included in the present study. The maximum toler-
able concentrations (MTC) of the isolates were determined 
by growing in gradually increasing concentrations of Cd 
(CdSO4 in agar plates) (0.25 mM, 0.5 mM, 0.75 mM, 1 mM, 
1.25 mM, 1.5 mM, 1.75 mM, 2 mM, 2.25 mM, 2.5 mM, 
2.75 mM, 3 mM, 3.25 mM, 3.5 mM, 3.75 mM, 4 mM). The 
MTC is the maximum concentration of Cd where visible 
colonies on agar media were observed. The non-pathogenic 
nature of S. marcescens was checked on the basis of viru-
lence factors, such as DNase, gelatinase, hemolysin and 
chloroperoxidase activity by standard methods (Schulenburg 
and Ewbank 2004; Purkayastha et al. 2018; Diamandas et al. 
2021) and were found to be absent in S. marcescens isolates. 
Also, the isolates were prodigiosin producer, which is an 
indicator of non-pathogenic S. marcescens.

Glutathione S‑transferase (GST) activity 
of the isolates

The method of Habig et al. (1974) was used to determine 
GST activity of bacteria. The GST present in bacterial 
enzyme extract conjugates glutathione (GSH) and 1-chloro, 
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2, 4-dinitrobenzene (CDNB), which was used to measure 
the GST activity. The bacterial cultures were grown up to 
late log phase, and the extract of culture was used for analy-
sis. The reaction was initiated by adding phosphate buffer 
and an equal amount of CDNB and GSH, and the optical 
density (OD) was measured at 340 nm. The assay mixture 
without the culture extract served as control. The GST activ-
ity was determined using the extinction coefficient (9.6 mM 
1 cm 1) and reported as the n moles of CDNB conjugated 
per minute.

Effect of Cd on PGP attributes of bacterial isolates

The PGP attributes of isolates were determined quantita-
tively in presence 0.25 mM of Cd, as it was observed as the 
minimum tolerable concentration of Cd for all the selected 
isolates, to analyze the effect of presence of Cd, even at 
low concentrations, on PGP attributes (if any). For this, the 
bacteria were cultured in respective medium amended with 
0.25 mM concentration of Cd. The experimental set without 
the Cd served as control. The siderophore release was quali-
tatively observed on Chrome Azurol S (CAS) agar medium, 
where the formation of orange halo zone around the colonies 
was indicative of siderophore production. CAS-shuttle assay 
was used for the quantitative estimation of siderophores. The 
culture supernatant was mixed with an equal volume of CAS 
reagent (10 mM HDTMA; 1 mM FeCl3 solution; 2 mM CAS 
solution) and absorbance was measured at 630 nm against 
a reference, having non-inoculated broth and CAS reagent. 
The activity was recorded in percentage of siderophore units 
calculated as

where Ar = absorbance of reference at 630 nm (un-inocu-
lated media + CAS reagent) and As = absorbance of the sam-
ple (Singha and Pandey 2017).

The phosphate (P) solubilization assay of the isolates was 
determined, and quantified following standard protocols as 
reported by Kumar et al. (2001). The P solubilization assay 
was determined on Pikovskaya medium containing bromo-
phenol blue (0.024 mg ml−1). After 48 h, P solubilizing bac-
teria were picked on the basis of size of clear zone around 
the colony. P-solubilization was quantified by growing the 
bacteria in National Botanical Research Institute's Plant 
growth (NBRIP) medium and measuring amount of free P 
in the culture supernatant, after 7 days, by using the vanado-
molybdate colorimetric method.

Production of IAA was detected in nutrient broth inocu-
lated with freshly grown cultures. The bacteria were grown 
at 30 °C at 120 rpm in an incubator shaker, and after 36 h, 
culture was centrifuged (10,000  rpm for 15  min). The 

(Ar − As)

Ar
x100

supernatant was added with double volume of Salkowski 
reagent (2% 0.5 MFeCl3 in 35% perchloric acid) and 
orthophosphoric acid in a ratio of 10:20:0.2 and kept in 
dark, followed by measuring the OD at 530 nm (Kotoky 
and Pandey 2020).

Molecular characterization of the bacterial isolates

Selected isolates were identified based on 16S rDNA 
sequence analysis. The genomic DNA was extracted and 
16S rDNA was amplified using the universal primers 27F 
(5'-AGA​GTT​TGATCMTGG​CTC​AG-3') and 1492R (5'-TAC​
GGY​TAC​CTT​GTT​ACG​ACTT-3') under the conditions: ini-
tial denaturation at 94 °C for 4 min, denaturation at 94 °C 
for 30 s, annealing at 54 °C for 1 min, extension at 72 °C for 
90 s and the final extension sequence at 72 °C for 10 min. 
Sequence homology was checked using the Basic Local 
Alignment Search Tool (BLASTn) facility (http://​www.​
ncbi.​nlm.​nih.​gov/​blast) and MEGAX was utilized for the 
phylogenetic analysis (Kumar et al. 2018).

Pot trial with Zea mays

The pot trial study was carried out in three replications to 
examine the impact of bacterial augmentation on Z. mays 
Sturt growth under Cd stress, as well as the potential of bac-
teria and Z. mays association to remove Cd from the soil. 
The surface of Z. mays seeds was sterilized with 1% HgCl2. 
After the germination of seeds, they were immersed in a bac-
terial suspension of the respective isolates (BB-2B, S217, 
S1I8, SR1) (OD600 = 0.5–0.8) individually, for the purpose 
of treating seeds with bacteria (Zhou et al. 2014). Prior to 
sowing, the seeds were air-dried for one hour. Germinated 
seeds were then transferred to pots containing sterile soil 
with 100 mgkg−1 of Cd (CdSO4) and were grown in a green-
house environment (photoperiod of 16 h light/8 h dark; tem-
perature at 30 °C during the day and around 18 °C during the 
night). Four sets of treatments were experimented, one each 
for respective bacteria, applied with Z. mays plants in Cd 
contaminated soil, i.e. – Plant + Cd + S. marcescens BB-2B, 
Plant + Cd + S. marcescens S217, Plant + Cd + Paenibacillus 
sp. S1I8, Plant + Cd + B. subtilis SR1. The pots without Cd 
and bacterial inoculation, but only Z. mays plants, served as 
control. The morphological and physiological characteristics 
of plants were analyzed after 15 and 30 days of treatment. 
The shoot length, root length, and dry and fresh weights of 
the whole plants in each trial were noted for morphological 
analysis. A stress response parameter (GSH content) and 
the activity of stress responsive enzymes (GST, catalase, 
and peroxidase) were used to investigate the physiology of 
the plant. The pot trial experiment was carried out between 
June 2021 to September 2021.

http://www.ncbi.nlm.nih.gov/blast
http://www.ncbi.nlm.nih.gov/blast
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Glutathione S‑transferase (GST) activity of the plants

The GST activities of the plants were assessed after 15 and 
30 days of the germination and Cd exposure. Fresh plant 
tissues were used to extract the crude enzymes for the GST 
activity using a mortar and pestle and phosphate buffer (pH 
6.5, 0.1 M) (Habig et al. 1974). In order to produce the reac-
tion mixture, the crude enzyme extract was added together 
with 1 mM CDNB, 1 mM GSH, and 0.1 M phosphate buffer 
in 1:1:1:29 proportions respectively. After every 15 s time 
interval, the OD was recorded at 340 nm using a spectro-
photometer. In order to track the non-specific binding of the 
substrates, one control was also run along with the samples. 
This control comprised of the assay mixture without the 
enzyme extract. The extinction coefficient of the product 
generated (9.6 mM−1 cm−1) was used to determine the GST 
activity, which was then represented as the number of moles 
of CDNB conjugated tubes.

Glutathione content of the plants

The quantities of reduced glutathione in the plant tissue were 
measured after 15 and 30 days of the experiment (Moran 
et al. 1979). A tissue homogenate was made from the whole 
plant and 5 percent trichloroacetic acid (TCA) (5 ml g−1) and 
the solution was then centrifuged at 10,000 rpm for 10 min. 
After centrifugation, the supernatant was combined with 
freshly prepared DTNB or Ellman's reagent (5, 5′-dithiobis-
(2-nitrobenzoic acid) solution) and 0.2 M sodium phosphate 
buffer (pH 8.0) at a ratio of 1:20:9. Reduced glutathione 
combines with DTNB to produce a yellow-colored prod-
uct and after 5 min of incubation, glutathione intensity was 
measured at 412 nm using a spectrophotometer, and the data 
are expressed as n moles GSH g−1 sample.

Catalase (CAT) activity of plants under metal stress

After 15 and 30 days of the experiment, the plant CAT activ-
ities were measured. To prepare the enzyme extract for the 
CAT activity, plant tissues were removed and ground with 
phosphate buffer. After that, the CAT activities were deter-
mined spectrophotometrically (at 240 nm) in a 1:9:10 assay 
solution that contained an enzyme extract, 5.9 mM H2O2, 
and 50 mM phosphate buffer (pH 7.0). The test solution's 
absorbance was measured every 20 s, and a change of 0.01 
units min−1 in absorbance was considered to be one unit of 
CAT activity (Hameed and Sheikh 2007).

Peroxidase (POD) activity of plants under metal stress

Similar to the CAT activity, POD activities were measured 
after 15 and 30 days of the experiment in an assay solution 
(2:4:5:1) that comprises guaiacol, H2O2, phosphate buffer 

(pH 7.0), and enzyme extract. Changes in the reaction solu-
tion's absorbance were measured at 470 nm every 20 s, 
and one unit of POD activity was defined as an absorbance 
change of 0.01 unit min−1 (Hameed and Sheikh 2007).

Removal of Cd from soil

After the plants had grown in the greenhouse for 30 days, the 
residual level of Cd in the soil was measured using atomic 
absorption spectroscopy (AAS). For this, soil (0.5 g) from 
the respective pots was dried, homogenized, and digested at 
90 °C for 16 h with HNO3 (10 ml), HClO4 (5 ml), and HF 
(25 ml). AAS (Perkin Elmer. AAnalyst-700) was used to 
check for residual Cd in the remaining residue, which was 
subsequently dissolved in 10 ml of HCl (4 mol L−1) and 
diluted to 50 ml with deionized water (Zhang et al. 2010).

Statistical analyses

Softwares GraphPad Prism and Statistical Product and 
Service Solutions (SPSS) were used to conduct the statisti-
cal analysis. With IBM's SPSS Statistics Software version 
19, numerical data were examined by analysis of variance 
(ANOVA), followed by a multiple comparison test (LSD), 
taking into account statistically significant differences in 
those with a p-value < 0.05 (Kotoky et al. 2019).

Results

Physiochemical properties of the soils and isolation 
of Cd resistant bacteria

It was found that the organic carbon content in the soil sam-
ples was significantly higher than the normal soil and ranged 
from 1.22 to 5.72%. The pH of the soil samples ranged 
from 3.13 to 8.39 and moisture content ranged from 3.1 to 
9.13. The nitrogen content of the soil samples was 0.45 to 
341.1 kg/ha. The potassium content of the soil samples was 
26.24 kg/ha to 211.68 kg/ha and phosphorous of the soil 
sample was 0.31 to 124.14 kg/ha. In total 18 bacterial iso-
lates were obtained and selected based on their ability to 
grow on Cd (0.25 mM) amended media. Further, the isolates 
were analyzed for maximum tolerable concentration of Cd 
by growing in increasing concentration of Cd. One of the 
isolates, BB-2B showed highest Cd tolerable concentration 
up to 2.75 mM and selected for further studies, whereas 
the isolates S. marcescens S2I7, B. subtilis SR1, and Paeni-
bacillus sp. S1I8, previously isolated from petroleum-con-
taminated soil, were also able to grow in Cd concentration 
of more than 2.5 mM (Kotoky et al. 2019). For S. marces-
cens S2I7, the virulence factors, such as DNase, gelatinase, 
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hemolysin, and chloroperoxidase activity were found to be 
negative and therefore, considered as non-pathogenic isolate.

GST activity of bacterial isolates

In the presence of Cd, the bacterial isolates' GST activity 
significantly changed. After the third day of incubation, GST 
activity rised, whereas GST activity of control (without Cd) 
remained steady throughout the incubation period. After 
7 days of incubation, the isolate BB-2B's GST activity was 
considerably greater in the presence of Cd (Supplementary 
figure S1).

PGP attributes of bacterial isolates

The Cd-resistant bacterial isolates were analyzed for PGP 
activities. CAS media was used for the analysis of sidero-
phore production where the isolates S. marcescens BB-2B, S. 
marcescens S2I7, B. subtilis SR1, and Paenibacillus sp. S1I8 
showed positive results for siderophore production, while S. 
marcescens S2I7 showed the highest siderophore production 
i.e. 54% siderophore unit (Fig. 1). Isolate S1I8 had the best 
solubilization activity for phosphate, and it was 170 g ml−1. 

Interestingly, the presence of Cd (0.25 mM) in the medium 
showed negative effects on the PGP attributes of all the iso-
lates except SR1, where it showed no change in activity after 
growing for 7 days in presence of Cd (0.25 mM) (Fig. 1).
The production of IAA by the isolates S. marcescens S2I7, 
B. subtilis SR1, Paenibacillus sp. S1I8, and S. marcescens 
BB-2B after 7 days of growth without Cd was quantified and 
was found to be 83.14 µg ml−1, 59.04 µg ml−1, 76.2 µg ml−1, 
and 96.17 µg ml−1 respectively. However, the presence of Cd 
led to a decrease in the production of IAA by up to 40% by 
the isolates (Fig. 1). In case of IAA production, after seven 
days of growth without Cd, the isolates S. marcescens S2I7, 
B. subtilis SR1, Paenibacillus sp. S1I8, and S. marcescens 
BB-2B produced 83.14 g ml−1, 59.04 g ml−1, 76.2 g ml−1, 
and 96.17 g ml−1 respectively. However, the presence of Cd 
led to a decrease in the production of IAA by up to 40% by 
the isolates (Fig. 1).

Molecular characterization of the isolates

The selected bacterial isolates were identified based on their 
16S rDNA sequences. The sequences have been submitted 
to the NCBI database. Three of the isolates were identified 

Fig. 1   Quantification of PGP activities: Siderophore production (a); Phosphate solubilization (b); IAA production (c) of the isolates and effect of 
Cd on it after 7 days of incubation. The values are the mean of three replicates and error bars indicate fixed values of error
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and reported earlier also as B. subtilis SR1 (Kotoky et al. 
2017a), S. marcescens S2I7 (Kotoky et al. 2017b), Paeni-
bacillus sp. S1I8 (Kotoky et al. 2019b). Basic Local Align-
ment Search Tool (BLAST) analysis identified the isolate 
BB-2B as S. marcescens that showed 99% sequence simi-
larity with the nearest homologue S. marcescens AG2102 
and S. marcescens NBRC and the sequences of BB-2B have 
been submitted to the NCBI database under the accession 
number MF554655. The phylogenetic tree of the isolates 
was prepared with MEGAX taking sequence of type strains 
of same genus (Supplementary figure S2).

Effects of Cd on plant growth

The effects of Cd on the growth of Z. mays were observed 
after 30 days of growth in Cd spiked soil (100 mg kg−1). 
Plants were grown in pots containing Cd spiked soils and 
the root length, shoot length and dry and fresh weight of 
the whole plant were measured, where the non-spiked 
soil was kept as control. No significant effects of Cd were 
observed in the shoot length of the plants, but the yellowen-
ing of leaves at the tips was noted. However, the length of 
the roots was found to be reduced in presence of the Cd 
stress. Importantly, the plants augmented with the bacterial 
isolates showed better growth than the non-inoculated treat-
ments (Table 1). The application of bacterial isolates led to 
an increase of shoot length by 16–26% in Cd spiked soil than 
non-inoculated treatments. Similarly, the root length of the 
plants was also found to be increased by 2–3% than non-
inoculated treatments. The dry and fresh weight of the whole 
plant was also higher in bacterial inoculated treatments than 
in control (Table 1).

GST activity of plants under Cd stress

After 15 and 30 days of growth in Cd spiked soil, the plants' 
GST activities were assessed, where the non-spiked set was 
treated as control. It was found that in all samples, the GST 

activity was significantly greater after 15 days of Cd stress 
compared to 30 days of stress. The enzymes' activity in the 
presence of Cd was shown to be up to three times greater 
during the first 15 days compared to the activity at the end 
of the 30-day period. The difference in the activity of GST in 
the treated plants was not significant in comparison to non-
treated samples after 30 days. Interestingly, the application 
of bacterial isolates had no significant effects on the activity 
of the GST enzyme of the plants (Fig. 2).

Glutathione content of the plants to Cd stress

In the presence of Cd stress, the GSH content in the plant 
tissue were significantly increased. The majority of the 
treatments revealed that the GSH content was higher after 
30 days than it was after 15 days. In compared to the con-
trol treatment set without bacterial inoculates, the quantity 
of GSH was observed to be considerably lower after the 
application of bacterial augmentation (Fig. 3). After 15 and 
30 days, it was observed that, among all the bacterial treat-
ments, the BB-2B treatment had a greater rate of GSH con-
tent than the other treatments.

CAT activity of plants under Cd stress

After the plants had grown in a greenhouse for 15 and 
30 days, their CAT activities were determined. The CAT 
activity was much greater in Cd spiked treatments over the 
first 15 days of growth. However, the stress impact was 
reduced and the activity of the catalase enzyme was shown 
to be lower in the presence of Cd-resistant bacterial isolates. 
After 15 and 30 days of incubation, CAT activity was sig-
nificantly decreased in cases of BB-2B and S217 treatments, 
the highest reduction was observed in BB-2B treatment after 
30 days of incubation. However, after 30 days of growth, 
there was no effect of Cd stress on plant tissue, and the activ-
ity of the enzyme was similar in all treatments (Fig. 4).

Table 1   Effect of different 
treatments on growth 
measurements of plants after 
30 days

Values are mean of five replicates, ± significance error, values followed by same letters were significantly 
different (post hoc T-Test; abcdp < 0.001; ep < 0.05; fghp < 0.001; xp < 0.005; jklp < 0.001; yp < 0.05). Control 
Cd non-spiked soil, Cd Cadmium spiked soil, Cd + BB-2B/S2I7/SR1/S1I8 Cd spiked soil with S. marces-
cens BB-2B/S. marcescens S2I7/B. subtilis SR1/Paenibacillus sp. S1I8 augmented

Treatments Shoot length(cm) n = 5 Root length(cm) n = 5 Dry Weight of 
whole plant (g) 
n = 5

Fresh weight of 
whole plant (g) 
n = 5

Control 36.26 ± 1.69 abcd 11.32 ± 0.89 e 6.29 ± 0.04 fghx 11.26 ± 0.11 jkly
Cd 35.58 ± 3.16 10.74 ± 1.59 5.01 ± 0.02 f 9.54 ± 0.06 j
Cd + BB-2B 43.3 ± 2.11 a 11.24 ± 0.83 7.22 ± 0.06 g 12.25 ± 0.05 k
Cd + S2I7 45.06 ± 2.22 b 11.2 ± 0.86 9.17 ± 0.05 x 15.31 ± 0.07 y
Cd + SR1 41.4 ± 1.26 c 12.18 ± 1.12 e 7.05 ± 0.09 h 13.26 ± 0.05 l
Cd + S1I8 42 ± 1.8 d 11 ± 1.15 8.03 ± 0.07 x 11.42 ± 0.04
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POD activity of plants under Cd stress

After 15 and 30 days of growth in Cd-spiked soil, POD 
activities of the treated plants were determined, and they 
were compared with the control, where no Cd was added. 
After 30 days of growth, the addition of Cd greatly increases 
the POD activity. Among all the bacterial treatments, after 
15 and 30 days, the BB-2B and S217 treatments decreased 
the POD activity with greater rate in comparison to other 
treatments, which indicates that the activity of POD in the 
plant tissue was decreased by the inoculation of Cd-resistant 
bacterial isolates (Fig. 5).

Removal of Cd from soil

After 30 days of growth of the plants, the residual amount 
of Cd in the soil was estimated through AAS analysis. It 
was found that the association of plant–microbe has great 
efficiency in the removal of Cd from the soil. The applica-
tion of metal-resistant bacterial isolates could enhance the 
remediation by 23–31%. The association of Z. mays–B. sub-
tilis SR1 and Z. mays–S. marcescens BB-2B were found to 
be the most efficient combination for the removal of Cd as 
it showed the highest removal percentage i.e. 31% and 28% 
respectively (Fig. 6).

Fig. 2   GST activity of the plant tissue in presence of Cd stress after 
15 and 30 days of growth. Statistical analysis was performed by one-
way ANOVA followed by post-hoc analysis using a pairwise T-test. 
Values with the same letters were significantly different (post hoc 
T-Test; abcde—p < 0.0001; f—p < 0.001). Values are the mean of 

five replicates and error bars indicate fixed values of error. Control 
Cd non-spiked soil, Cd Cadmium spiked soil, Cd + BB-2B/S2I7/SR1/
S1I8 Cd spiked soil with S. marcescens BB-2B/S. marcescens S2I7/B. 
subtilis SR1/Paenibacillus sp. S1I8 augmented

Fig. 3   Glutathione (GSH) con-
tent of the plants after treatment 
of Cd and bacterial inocu-
lums. Statistical analysis was 
performed by one-way ANOVA 
followed by post-hoc analysis 
using a pairwise T-test. Values 
are mean of five replicates and 
are significantly different from 
the control (No Cadmium) 
***p < 0.0001, but less signifi-
cant after 30 days **p < 0.005 
and error bars indicate fixed 
values of error
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Fig. 4   Catalase (CAT) activ-
ity of the plants grown in Cd 
spiked soil. Statistical analysis 
was performed by one-way 
ANOVA followed by post-hoc 
analysis using a pairwise T-test. 
Values with the same letters 
were significantly different (post 
hoc T-Test; abcdep < 0.0001; 
fp < 0.003) and error bars indi-
cate fixed values of error

Fig. 5   Peroxidase (POD) activ-
ity of the plants after grown in 
Cd spiked soil. Statistical analy-
sis was performed by one-way 
ANOVA followed by post-hoc 
analysis using a pairwise T-test. 
Values are mean of five repli-
cates and the marks are signifi-
cantly different from the control 
(No Cadmium): ***p < 0.0001 
and error bars indicate fixed 
values of error

Fig. 6   Removal of Cd from the 
rhizosphere of Z. mays. Statisti-
cal analysis was performed by 
one-way ANOVA followed by 
post-hoc analysis using a pair-
wise T-test. Values are signifi-
cantly different from the control 
(No bacterium): ***p < 0.0001 
and error bars indicate fixed 
values of error
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Discussion

The quality of soil has great impact on human health through 
food consumption. Soil is a non-renewable resource and 
affects the yield and production of cultivated crop, where the 
presence of hazardous contaminants like metals affect the 
soil characteristics (Toth et al. 2016). The rapid urbaniza-
tion, industrialization and excess agricultural practices have 
led to releasing of tremendous amount of metal pollutants in 
the agricultural fields (Romdhane et al. 2021). In this study, 
the application of bacterial isolates in the rhizopshere of Z. 
mays plant was aimed to ameliorate the stress-responsive 
effects in metal contaminated soil. Therefore, Cd-resistant 
rhizobacteria were isolated from tea rhizopshere of Cd 
contaminated for application using Z. mays to ameliorate 
the stress-responsive effects in metal contaminated soil. In 
total, 18 bacterial isolates were obtained from the tea garden 
soil and it was found that the isolate S. marcescens BB-2B 
was found to be the best among all the isolates based on 
the Cd resistance and PGP attributes. The isolate S. marc-
escens BB-2B showed highest Cd tolerable concentration 
up to 2.75 mM, whereas the isolates S. marcescens S2I7, 
B. subtilis SR1, and Paenibacillus sp. S1I8 previously iso-
lated from petroleum-contaminated soil also could grow 
in Cd concentration of more than 2.5 mM (Kotoky et al. 
2019). Earlier also microorganisms have been reported to 
have multiple genes that confer resistance to heavy met-
als. Previous study of the genomic features of the isolate 
B. subtilis SR1 reported the presence of functional genes 
(czcD and cadA) for resistance to cadmium, zinc, and cobalt 
(Kotoky and Pandey 2021). Similarly, the genomic char-
acteristics of the isolate S. marcescens S2I7 was found to 
have genes for high resistance to Cd (czcD; cobalt-zinc cad-
mium resistance protein) as well as other metals like arsenic 
(arsA, arsB, arsC), cobalt, copper (CRD; copper resistance 
protein D), nickel, zinc (Cd/Zn/Copper/Silver efflux P-type 
ATPase), etc. (Kotoky and Pandey 2020). The isolates S2I7 
and BB-2B have prodigiosin producing ability and versatile 
characters of resistance to Cd and promoting the growth of 
plants. The prodigiosin producing ability of given S. marces-
cens isolate is considered as indication of its non-pathogenic 
nature (Kotoky and Pandey, 2020). Similar to this, Khan 
et al. (2017) showed that S. marcescens RSC-14, a non-path-
ogenic bacteria from the roots of the Solanum nigrum plant, 
a Cd-hyperaccumulator, was extremely resistant to Cd and 
could reduce the heavy-metal stress in the plant.

It has been reported that the remediation of metals by 
microorganisms occurs mainly via bioaccumulation and/or 
through adsorption (Igiri et al. 2018). Patel et al. (2022) 
reported that 32 bacterial isolates from toxic element-con-
taminated rhizospheric soils that were collected from Daman 
Ganga riverside (Vapi, Gujarat, India) and tested for Cd 

tolerance; it was reported that 50% of the bacterial isolates 
were tolerant to Cd. Similarly, Pal and Sengupta (2019) 
reported that 20 Cd resistant bacterial isolates from rhizos-
pheric soil samples. Becerra-Castro et al. (2011) reported 
several bacterias isolates from metal-polluted soils that were 
tolerant to Cd, lead, and zinc and could remediate metal from 
polluted sites. Raja et al. (2009) also reported 300 bacterial 
isolates capable to grow in heavy metal amended medium, 
where several isolates showed a high degree of resistance 
to heavy metals (600 mg/l) having the potential to be used 
for bioremediation. Due to its effective eco-friendly nature, 
bioremediation of metals using microorganisms and plants 
is a more potent technique. During remediation, heavy met-
als cannot be degraded easily, but can be changed from one 
form or oxidation state to another less dangerous form that 
is more readily volatilized and less bioavailable (Chibuike 
and Obiora 2014).

The PGP attributes along with the resistance to heavy 
metals establish that the isolates have potential for rhizore-
mediation of metal-polluted soil. The Cd resistant bacte-
rial isolates showed significant results in PGP attributes, 
which is considered essential for promoting plant growth 
to enhance the rhizoremediation of heavy metals. In this 
study, it was found that the Cd-resistant bacterial isolates 
showed positive results for PGP attributes under the stress 
of 0.25 mM of Cd. Out of 18 isolates, S. marcescens BB-2B, 
S. marcescens S2I7, B. subtilis SR1, and Paenibacillus sp. 
S1I8 showed positive results for siderophore production, 
whereas the isolate S1I8 had the best phosphate solubiliza-
tion activity, while the isolates S. marcescens S2I7, B. sub-
tilis SR1, Paenibacillus sp. S1I8, and S. marcescens BB-2B 
showed positive results for IAA production. Patel et al. 
(2022) reported that under the stress conditions, Cd resistant 
bacterial isolate Curtobacterium oceanosedimentum DG-20 
showed positive results for PGP attributes such as phosphate 
solubilization, siderophore production, and IAA production 
(116.33 ± 2.08 μg/mL). Similarly, Pal and Sengupta (2019) 
reported that Cd resistant bacterial isolates Lysinibacil-
lus varians KUBM17 and Pseudomonas putida KUBM18 
showed significant positive results for PGP attributes. The 
results of previous studies also demonstrated that metal 
resistant bacteria with PGP attributes improve the vegeta-
tive growth parameters of rapeseed (Sheng and Xia 2006), 
castor oil plant (Rajkumar and Freitas 2009), and mustard 
(Ma et al. 2009) in metal contaminated soil. In this study, it 
was found that the application of bacterial isolates led to an 
increase in plant growth parameters such as shoot length, 
root length, dry and fresh weights of the whole plant in 
comparison to control and the most significant plant growth 
parameters were observed in BB-2B and S2I7 treatments. 
In a recent study, Patel et al. (2022) determined the effect of 
Cd resistant bacterial isolate C. oceanosedimentum DG-20 
in promoting the growth of Capsicum frutescens under the 
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stress of Cd. Authors reported that the bacterial isolate C. 
oceanosedimentum DG-20 could significantly promote the 
shoot length, root length, dry and fresh weights of the whole 
plants in Cd stress conditions in comparison to control. Sim-
ilarly, Heshmatpure and Rad (2012) also reported a signifi-
cant increase (5–7 cm) in root length of plants grown from 
seeds presoaked with metal resistant bacterial isolate AO22, 
compared to those from control seeds under the stress of 
Cd (50–450 mg/l). Different studies have suggested that the 
PGP rhizobacteria can be used to reduce plant stress in the 
process of phytoremediation (Reed and Glick 2005). Bacil-
lus sp. has been observed to enhance the accumulation of Cd 
and Ni in hyperaccumulators B. juncea and B. napus plants 
(Sheng and Xia 2006; Zaidi et al. 2006). However, another 
study reported a reduction in the accumulation of metals in 
tomato plants but increased plant growth in stress condi-
tions when it was inoculated with Methylobacterium oryzae 
and Burkholderia spp (Madhaiyan et al. 2007). Therefore, it 
suggests that PGP rhizobacteria are mainly involved in the 
reduction of stress in plants, and the types of PGP rhizo-
bacteria and the plants used in the experiment governs the 
process of phytoremediation of contaminated soil. The ben-
eficial effects shown by inoculation of Cd-resistant bacteria 
indicate that metal-resistant PGP rhizobacteria possesses 
the potential to improve rhizoremediation efficiency of Cd 
contaminated soils.

Exposure to a higher concentration of toxic metals to 
the plants may cause inhibition of many enzymes (Van 
Assche and Clijsters 1990). The change in the activity of 
enzymes serves as an index of metal sensitivity or toler-
ance in different groups of plants (Li et al. 2006). The high 
concentrations of heavy metals induced free radical produc-
tion, which may damage the tissues of host plant (Foyer 
et al. 1997). These oxidative stresses activate antioxidative 
defense mechanisms in plants including the production of 
enzymatic antioxidants like superoxide dismutase (SOD), 
POD, and CAT and non-enzymatic components glutathione, 
carotenoids and ascorbate, etc. (Caregnato et al. 2008). The 
exposure of heavy metals to plant tissue also disturbs meta-
bolic pathways, resulting in the increased formation of free 
radicals and reactive oxygen species. In this study, after 15 
and 30 days under Cd stress and non stressed conditions, the 
plant showed a difference in the activity of stress-responsive 
enzymes GST, CAT, POD as well as GSH content (of the 
treated and non treated plants). The augmentation of the 
bacterial isolates significantly reduced the activity of stress-
responsive enzymes. For GSH content, the BB-2B treatment 
had a greater rate of GSH content than the other treatments, 
whereas CAT activity was significantly decreased in BB-2B 
and S217 treated treatments and for the POD activity the 
BB-2B and S217 treatments decreased the POD activity 
in comparison to other treatments. However, the activity 
of GST enzymes did not get affected by the inoculation of 

bacterial isolates, although the content of GSH was found 
to be less upon augmentation with bacterial isolates. Singha 
and Pandey (2017) demonstrated the effects of abiotic stress 
on GST activity and the GSH content of plants, and the GST 
activity in root tissues increased with a successive increase 
of pyrene concentrations. Marrs (1996) also reported that 
the plants with herbicide exposure have higher GST levels, 
which were mainly activated for detoxification of herbicides 
via GSH conjugation. Other studies also reported the roles of 
GST in enhancing stress tolerance such as drought, high salt, 
low temperature, and oxidative stresses in plants (Diao et al. 
2011). Similarly, the activity of POD, and CAT (in the leaves 
of plants) also changes in response to Cd in a concentration-
dependent manner (Irfan et al. 2013).

In the present study it was found that the residual amount 
of Cd showed reduction by 23–31% from the soil after 
30 days of the experiment. The most efficient combination 
for the removal of Cd were observed in Z. mays- B. sub-
tilis SR1 and Z. mays- S. marcescens BB-2B treatments, 
where it was observed that the removal percentage were 31% 
and 28% respectively. A recent study also showed that the 
inoculation of plant Miscanthus floridulus with the bacteria 
Klebsiella michiganensis TS8 significantly reduced (49.2%) 
Cd from the polluted soils after 60 days of the experiment in 
comparison to control (Liu et al. 2021). Similarly, Kotoky 
et al. (2019a) reported efficient removal of Cd from the con-
taminated soil by S. marcescens S2I7, when applied through 
rhizosphere of Oryza sativa. Plants of different species have 
different capabilities to remove or accumulate Cd. As Cd 
has low affinities with soil ligands, it can be easily extracted 
by roots and further transported to other tissues. However, 
many factors like soil pH, temperature, and concentration 
may play a crucial role in the remediation process.

Conclusion

The plants growing in metal contaminated soils showed a 
reduction in growth due to the abiotic stress that leads to 
change in the physiological and biochemical activities (of 
plants). Although some metals are required by plants in very 
small amounts, higher concentrations exert stress (on the 
plants) retarding their growth and development. We found 
that the application of metal resistant bacterial isolates 
enhances the growth of plants in Cd-contaminated soil and 
also led to rhizoremediation of Cd contaminated soil. The 
application of metal-resistant PGP bacteria thereby could 
promote the growth of the Z. mays plant by reducing the 
abiotic stress and the approach has great potential in reme-
diation as well as for improvement of production of maize 
crop, in contaminated soils.
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