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Pollution caused by heavy metals (HMs) poses a significant threat to
environmental and agricultural sustainability. The current study emphasizes on
the isolation and characterization of lead (Pb)- and cadmium (Cd)-resistant
bacteria from lake soil sediment. Among all the six isolates obtained,
VITLLJ4 was capable of tolerating Cd and Pb up to concentrations of
600 ppm and 1,200 ppm, respectively. It also exhibited strong biofilm
formation under metal stress with specific biofilm formation (SBF) values
ranging at 0.32-1.06 for Pb and 0.38-0.91 for Cd, facilitating the
sequestration of metals. Growth profiing of VITLLJ4 showed steady
exponential growth under metal stress conditions, and response surface
methodology (RSM) confirmed the optimization of pH, carbon source, and
nitrogen source for efficient bioremoval of Cd and Pb. Scanning electron
microscopy (SEM) revealed the presence of pleomorphism in cells upon
exposure to HMs. Furthermore, VITLLIJ4 exhibited plant growth-promoting
rhizobacterial (PGPR) traits, revealing its ability to produce indole acetic acid,
siderophore, and ammonia, and the isolate was also capable of solubilizing
insoluble phosphate. A pilot-scale study on pot culture showed an increase in
the phenotypic characteristics of Spinacia oleracea augmented with VITLLJ4
(rhizoremediation) than that in untreated plants (phytoremediation). The
bioaccumulation of Pb and Cd was found to be higher in the roots than in the
shoots of S. oleracea, confirming the plant to be a root accumulator for heavy
metals. The maximum removal efficiency of Pb and Cd was found to be higher in
rhizoremediation treatments, i.e. 80% and 75%, than in phytoremediation,
i.e., 59% and 50%, upon supplementation of 150 ppm of Cd and Pb. These
findings highlighted that microbe-assisted phytoremediation is an effective
strategy in the bioremoval of Pb and Cd from polluted sites.

heavy metals, phytoremediation, rhizoremediation, biofilm, PGPR, effective microbe
technology
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1 Introduction

The growing global population has significantly increased the
need for products and has led to rapid industrialization, contributing
to the discharge of heavy metals (HMs) (Chowdhury and Rahman,
2024). Lead (Pb) and Cadmium (Cd) are two naturally occurring
metals that are used and discharged in effluents from various
industries such as batteries, paints, pesticides, smelting process,
mining activities, and emission of harmful fumes from the
industries (Mishra and De, 2024; Raj and Das, 2023). These
metals accumulate in the environment, resulting in the
contamination of air, water, and soil; furthermore, it surpasses
the food chain and causes severe ill-effects on humans by
damaging various organs (Dewangan and Bhatia, 2023). Despite
their widespread use, long-term exposure to these metals can result
in neurological, cardiovascular, and kidney damage (Lentini et al.,
2017). Due to their chronic toxicity, various agencies have set
permissible limits for the usage of these HMs. The permissible
limit provided by the Environmental Protection Agency (EPA) for
Pb and Cd in drinking water is 0.015 mg/L and 0.005 mg/L,
respectively, and in soil, it is 400 mg/kg and 3 mg/kg-5 mg/kg,
respectively. Similarly, the World Health Organization (WHO) has
set guidelines for Pb and Cd levels in drinking water, i.e. 0.01 mg/L
and 0.003 mg/L, while the maximum concentration of Cd permitted
in soil is 0.01-1 mg/kg.

Several conventional methods such as chemical precipitation,
ion exchange, and reverse osmosis are employed for the removal of
HMs; however, these chemical processes are expensive, can generate
excess amounts of sludge and chemical waste, and may not be
(Qasem et al, 2021).
Phytoremediation is an eco-friendly and cost-effective approach

effective for removal of all HMs

that uses plants such as hyperaccumulators to stabilize, transform,
and remove toxic pollutants from the polluted environments (Priya
et al.,, 2023). Plants are easily cultivable and possess high absorption
capacity to resist and take up HMs. Some of the mechanisms
HM
phytostabilization, and phytovolatilization. Spinacia oleracea is

involved  in uptake  include  phytoextraction,
commonly known as spinach and has been used as a potential
hyperaccumulator for the bioremediation of HMs due to its high
biomass production capacity and fast growing ability under varying
environmental conditions, which makes it a suitable candidate for
the uptake of HMs. It also has a deep root system that aids in the
absorption of HMs from the sub-soil zone.

Among the various methods used in the bioremoval of HMs, the
application of microbes has emerged as a promising technology due
to its minimal cost and environmental safety. Certain beneficial
microbes such as the plant growth-promoting bacteria increase the
phytoremediation efficiency when supplemented to the rhizosphere
region of the plant by enhancing the pollutant bioavailability in the
soil through various mechanisms such as transformation, chelation,
and solubilization (Bhanse et al., 2022), which, in turn, is referred to
as rhizoremediation. These mechanisms could increase the uptake of
HMs as microbes exhibit resistance toward HMs by forming
biofilms or by synthesizing certain biomolecules that could
provide resistance and enhance plant growth. This plant- and
microbe-mediated uptake is often referred to as effective microbe
(EM) technology. Bacteria use mechanisms such as biosorption,
bioaccumulation, and efflux pump to resist HMs, which can be
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effective in the bioremoval of HMs. However, Pb and Cd are often

sequestered through an energy-dependent process (active
transport), and in certain instances, the binding of Pb and Cd to
the cell surface has also been reported (Pal et al., 2022). Bacteria can
also synthesize enzymes that can reduce HM ions to their less toxic
form. Klebsiella sp. is known to possess various HM resistance
mechanisms that could aid in their bioremoval (Aransiola et al,
2017; Yetunde Mutiat et al., 2018). Bacteria such as Bacillus
megaterium and Serratia liquefaciens (Han et al, 2020) and
Bacillus xiamenensis (Wagh et al., 2024) are used for the removal
of Pb and Cd from soil. Similarly, studies reported Lysinibacillus
fusiformis (Chen et al., 2025) and Bacillus paramycoides (Kaur et al.,
2024) for Cd removal and Lactobacillus fermentum (Liu et al., 2024)
and Paenibacillus dendritiformis (Dawwam et al., 2023) for the
bioremoval of Pb. Various microbe-assisted phytoremediation
strategies have also been used for the remediation of HMs. A
study conducted by Mohammadzadeh et al. (2017) revealed
bioremoval of Cd wusing co-culture of Bacillus safensis and
Kocuria rosea upon augmentation to the rhizosphere region of
Helianthus annuus. Das et al. (2017) also showed bioremoval of
Pb by Enterobacter cloacae while supplemented to the rhizosphere
region of Pennisetum purpureum. In another study, Lemna minor
was supplemented with Cupriavidus taiwanensis and Pseudomonas
putida for the bioremoval of Cd (Feng et al., 2022).

Though there are several reports on Cd and Pb removal, studies
on the application of the rhizoremediation strategy are limited.
Bioremoval potential of microbe-assisted plant based remediation
reported 95% removal for single-metal supplementation (Wagh
et al, 2024; Das et al, 2017; Vais et al, 2025). To our
knowledge, there are limited studies on the survivability of
effective microbes in the natural environment, and the
mechanisms involved in the bioremoval of Cd and Pb are also
not explored. Therefore, the current study focused on the
bioremoval of Cd and Pb using bacteria obtained from polluted
soil sediments. The indigenous bacteria obtained was screened for its
ability to resist Cd and Pb along with its potential to develop biofilms
for efficient bioremoval of HMs. Optimization of parameters such as
carbon, nitrogen, and pH was carried out for enhanced bioremoval.
The ability of an organism to resist and grow in the presence of Cd
and Pb stress was also studied along with its plant growth-
promoting (PGP) traits. Furthermore, the effective bacterial strain
obtained was augmented to the rhizosphere of S. oleracea for the
bioremoval of Cd and Pb on a pilot-scale pot culture-based study
(Chamam et al., 2013).

2 Materials and methods
2.1 Chemicals and culture media

Cadmium chloride (CdCl,) and lead nitrate (Pb(NO3),) were
obtained from HiMedia, Chennai, India. MSM consisting of di-
potassium hydrogen phosphate (K,HPO,, 1.2 g/L), potassium
dihydrogen phosphate (KH,PO,4 0.6 g/L), ammonium chloride
(NH4CI, 0.5 g/L), dextrose (C¢H1,06, 5 g/L), magnesium sulfate
(MgSO,, 0.2 g/L), zinc sulfate (ZnSO,, 0.02 g/L), calcium chloride
(CaCl,, 0.025 g/L), and sodium molybdate (Na,MoOQ,, 0.001 g/L)
was obtained from SRL.
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TABLE 1 Physiochemical parameters of soil obtained from Puliyanthangal Lake.

S. No. Parameter Unit Values
1 pH — 7.50
2 Electrical conductivity mS/cm 13.80
3 Organic matter % 10.42
4 Nitrate nitrogen mg/kg 91.32
5 Available phosphorus mg/kg 18.80
6 Exchangeable potassium (K) mg/kg 389
7 Exchangeable calcium (Ca) mg/kg 5,981
8 Exchangeable magnesium (Mg) mg/kg 2,854
9 Exchangeable sodium (Na) mg/kg 3,656
10 Available sulfur (S) mg/kg 79.30
11 Available zinc (Zn) mg/kg 10.44
12 Available manganese (Mn) mg/kg 24.48
13 Available iron (Fe) mg/kg 43.52
14 Available copper (Cu) mg/kg 9.55
15 Available boron (B) mg/kg 1.5
16 Cation exchange capacity (by addition) Meq/100 g 70.58
17 K saturation % 1.41
18 Ca saturation % 42.37
19 Mg saturation % 33.70
20 Na saturation % 22.52

2.2 Sampling and isolation of lead- and
cadmium-resistant bacteria

HM-resistant bacteria (HMRB) were obtained from sediment
samples collected from Puliyanthangal Lake, Ranipet, Tamil Nadu,
India (latitude, 12.96480 N; longitude, 79.29370 E). Samples were
collected from six different locations using the random sampling
method, the distance between two sampling locations was 100 m,
and the depth at which the samples were collected was 5-10 cm.
Furthermore, the samples obtained were transported to the
laboratory upon transferring into sterile polyethylene bags (Babu
etal,, 2013). Subsequently, the soil samples were further analyzed for
their physico-chemical parameters (Table 1).

2.2.1 Direct and indirect method of bacterial
isolation

For the direct method of isolation, the soil samples were pooled,
and 1 g of the soil sample was added to the test tube containing
10 mL distilled water, followed by serially diluting the samples under
sterile conditions. MSM plates were supplemented with 50 ppm of
Pb and Cd, and spread plating was performed from 107 to 10™*
dilutions. The plates were further incubated at 28 “C + 2 °C for 48 h,
and the plates were enumerated. The isolated colonies were purified
by using the quadrant streak method and stored in glycerol stock
at =80 "C (Wei et al.,, 2009).
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For the indirect method (enrichment), MSM medium amended
with 50 ppm Pb and Cd was prepared, and 5 g of the pooled soil
sample was transferred into the flask. Upon incubation at 28 °C for
5 days at 120 rpm, 1 mL of the samples was serially diluted, and
plating was performed from 10~ to 10~ dilutions. The colonies were
differentiated based on its morphology and was further purified and
maintained in glycerol stock (Wagh et al., 2024).

2.3 Screening for the effective isolate

2.3.1 Assessment of the maximum tolerable
concentration (MTC) by plate and broth assays
The maximum tolerable concentrations of the isolates were
assessed by the plate and broth assays. In plate assay, the
concentration ranging at 200 mg/L-1,200 mg/L for Pb and
100 mg/L-600 mg/L for Cd was prepared in MSM agar medium.
Furthermore, the isolates were inoculated onto the MSM medium
and incubated for 48 h at 28 °C £ 2 °C. In broth assay, varying
concentrations of Pb (200 mg/L-1,200 mg/L) and Cd (100 mg/
L-600 mg/L) were prepared in test tubes, and 2% of v/v of the seed
culture with 0.257 OD (at 620 nm) was added into the test tubes and
incubated for 48 h. Upon incubation, droplet assay was performed,
where 10 pL from each test tube was added to the nutrient agar
medium to assess the viability of the cells (Itusha et al., 2019).
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2.3.2 Biofilm formation assay
2.3.2.1 Qualitative analysis of biofilm formation by test
tube assay

Test tubes were prepared with 10 mL of sterile MSM
supplemented with various Pb and Cd concentrations ranging
200 mg/L-1,200 mg/L and 100 mg/L-600 mg/L, respectively.
Bacterial seed culture (2%) of the effective strain with (0.257 OD,
3*10° cfu/mL) was inoculated into the respective test tubes and
further incubated at 28 °C + 2 °C for 48 h in a rotary shaker at
120 rpm. MSM broth without inoculation served as the control.
Upon incubation, the broth was decanted, and 0.1% of crystal violet
(CV) was added to the respective test tubes and vortexed for 5 min to
ensure the complete exposure of the biofilm to the indicator; then,
the tubes were incubated in static condition for 10 min, the stain was
removed, and the tubes were washed with 1X phosphate-buffered
saline (PBS) to eliminate the loosely bound cells and excess dye.
Furthermore, the tubes were placed in an inverted position for
drying, and the biofilm formation was characterized as strong,
moderate or weak based on the intensity of the color formed on
the walls of the test tubes (Wagh et al., 2024).

2.3.2.2 Quantitative analysis of biofilm formation by
microtiter plate assay

Biofilm formation was quantitatively estimated using a microtiter
plate (MTP) by preparing various concentrations of Pb, Cd, and
mixed metals (Pb and Cd) ranging 50 mg-150 mg/L in test tubes
containing MSM broth. For the preparation of seed culture, the isolate
VITLLJ4 was inoculated in 50 mL of MSM broth and incubated under
shaking condition till the OD reached 0.257 (3*10°) cfu/mL. Seed
culture with 2% inoculum size was transferred into the test tubes and
kept overnight for incubation at 28 °C + 2 °C. Upon incubation, 200 pL
of the cell suspension of the respective concentration was transferred
to the wells and was incubated for 48 h. Upon incubation, the broth
was discarded, and 1% of CV was added to each well and incubated for
10 min. Furthermore, the CV was discarded from the wells and
washed with 1X PBS. Upon air drying, 95% EtOH (ethanol) was
added to dissolve the cells adherent to the wells. Furthermore, the
matrix with cells was transferred into a fresh microtiter plate, and OD
was measured at 570 nm using a microtiter plate reader (INNO-S,
LTEK Co., Ltd. instruments, Republic of Korea) for the identification
of the specific biofilm formation (SBF). The following formula was
used for calculating SBEF:

SBF = (AB-CW)/G

Here, AB is the OD of the stained cells recorded at 570 nm, CW is
the OD of the control wells recorded at 570 nm, and G is the growth
of the isolate recorded at 620 nm. Using the following SBF values, the
biofilm was categorized as strong (>1.10), moderate (0.70-1.09) or
weak (0.35-0.69) (Milton et al., 2023).

2.4 Growth profiling of the effective isolate

Growth curve of the effective isolate was monitored with and
without the supplementation of HMs (Cd and Pb). MSM broth
inoculated with effective isolates with and without the addition of
HMs was used to assess the difference in the growth profile.
Furthermore, to monitor the growth of the effective isolate under
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stress conditions, 100 mL of MSM was prepared in two 250-mL
Erlenmeyer flasks amended with 50 ppm and 100 ppm of mixed
HMs (Pb and Cd) and inoculated with effective isolates. The un-
inoculated broth served as the control. Upon inoculation, the flasks
were incubated on a rotary shaker at 120 rpm at 28 °C £ 2 °C. At each
2-h interval, the OD was recorded at 620 nm till the organism
reached the decline phase, and a graph with time versus OD was
plotted (Wagh et al,, 2024; Das et al., 2017; Itusha et al., 2019;
Chatterjee et al., 2012).

2.5 Media optimization for the bioremoval of
lead and cadmium using RSM

Statistical software (response surface methodology (RSM)) was
used for optimizing and modeling the required factors to obtain
maximum bioremoval. To obtain effective bacterial growth for the
efficient removal of HMs (Pb and Cd), parameters such as carbon
and nitrogen sources and pH were optimized (Vais et al., 2025). The
carbon sources such as sucrose, glucose, and starch were amended in
the concentration range of 0%-2%. Similarly, nitrogen sources such
as ammonium chloride, urea, and yeast extract were tested in the
range of 0%-2% with varying pH values of 6, 7, and 8 for designing
the study in the central composite design (CCD) model using
Design-Expert software. Upon obtaining the experimental design,
various combinations were experimentally tested. The results
obtained were analyzed using Design-Expert software to obtain
the optimal parameters and the associated ANOVA and 3D
contour plots. The obtained parameters were experimentally
validated with statistical significance (Zhang and Yi, 2024).

2.6 Scanning electron microscopy of the
effective isolate with and without HM (Pb
and Cd) stress

in the
morphology upon treatment with HMs (Pb and Cd). Bacterial

The effective strain was assessed for variations

cell suspensions (10 mL) grown overnight containing HMs were
centrifuged at 10,000 rpm for 10 min at 4 °C. The pellet obtained was
washed with 1X PBS, and a thin smear of bacterial cells was prepared
on a sterile coverslip and air-dried. The cells were fixed with 2.5%
glutaraldehyde and kept undisturbed overnight for dehydration.
Upon incubation, the cells were washed with ethanol gradients at the
range of 20%-90%. Furthermore, the samples were air-dried and
subjected to scanning electron microscopy (SEM) (SEM, Carl Zeiss,
EVO 18 SEM, Munich, Bavaria, Germany) analysis for obtaining
micrographs at x10,000 magnification. The samples were fixed on to
a stub using a carbon tape in sterile conditions, and further, in an
argon atmosphere, the samples were sputter-coated with gold under
vacuum conditions (Wagh et al., 2024; Das et al.,, 2017).

2.7 Screening for plant growth-promoting
rhizobacterial (PGPR) traits

The isolates obtained were screened for PGPR traits in the
absence and presence of HMs (Cd and Pb). All the HM-resistant
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bacteria were tested for PGPR traits in the absence of HMs, and the
isolates that tested positive for all the PGPR traits were further tested
for their activity upon supplementation of Cd and Pb at a
concentration of 50 ppm.

2.7.1 Ammonia production

For the estimation of ammonia, the effective bacteria was
inoculated into 10 mL of peptone water (peptone, 10 g/L; NaCl,
5 g/L) and incubated for 48 h. After incubation, the cell suspension
was centrifuged, and 0.5 mL of Nessler’s reagent was added to 2 mL
of the cell-free supernatant (CFS). The change in color from yellow
to reddish-brown indicated a positive result (Abdelwahed et al,
2022). For the quantification of ammonia, 2 mL of the supernatant
was mixed with 0.04 mL of Nessler'’s reagent and sodium
potassium tartarate, and the absorbance was recorded at
450 nm using UV-VIS Spectrophotometer Model no. S-
924 (Systonic).

2.7.2 Phosphate solubilization

National Botanical Research Institute of phosphates
(NBRIP) agar plates were prepared by the supplementation
of tricalcium phosphate, which acted as the source of
insoluble phosphate. A loopful of bacterial culture was
patch-inoculated onto NBRIP agar plates, which was then
incubated for 7 days at 28 ‘C + 2 °C. The presence of
halozone indicated the solubilization of insoluble phosphate

to its soluble form (Mehta and Nautiyal, 2001).

Diamet hal
Phosphate Solubilization Index (SI) = iameter of halo zone

Diameter of colony

The phosphate solubilization index was determined using the
above formula (Morales et al., 2011).

2.7.3 IAA production

Indole acetic acid (IAA) is a phytohormone that is crucial for
plant growth and development as it enhances cell elongation,
division, and differentiation. For assessing IAA production, MSM
broth (KH,PO,, 1.36 g/L; Na,HPO,, 2.13 g/L; MgSO,, 0.2 g/L; and
glucose, 1 g/L) supplemented with 5 mM of tryptophan was
prepared. The broth was inoculated with 2% seed culture and
incubated for 48 h. To 1 mL of CFS, 2 mL of Salkowski’s reagent
and 2 mL of orthophosphoric acid were added, and the tubes were
further incubated in dark for 30 min. Development of pink
coloration upon incubation indicated IAA production, which was
further quantified by measuring the absorbance at 540 nm using a
microtiter plate reader (INNO-S, LTEK Co., Ltd. instruments,
Republic of Korea) (Mukherjee et al., 2017).

2.7.4 Siderophore production

The effective isolate was inoculated into FISS minimal medium
(KH,PO,, 0.5 g/L; L-asparagine, 0.5 g/L; MgSOy, 0.4 g/L; MnSOy,,
0.01 g/L; ZnCl,, 0.05 g/L; FeSOy,, 0.02 g/L; and glucose, 5 g/L), and
the tubes were incubated for 48 h in dynamic conditions in a rotary
shaker at 120 rpm at 28 “C + 2 °C. The CFS was added into wells of
Chrome Azurol S (CAS) agar plates and incubated overnight at
28 °C £ 2 °C. Siderophore production was indicated by the
appearance of a halo zone around the wells added with CFS
(Schwyn and Neilands, 1987).
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2.7.5 HCN production

Hydrogen cyanide (HCN) production by use of an effective
strain was assessed using King’s B broth amended with 4.4 g/L of
glycine, and an overnight suspension of the effective strain was
inoculated and incubated for 10 days at 28 °C + 2 °C. To detect the
presence of HCN, filter strips were soaked with a mixture of 0.05% of
picric acid and 0.01% of sodium bicarbonate. Brown coloration on
the filter paper strips indicated HCN production (Wagh et al., 2024).

2.8 Pot culture study experimental set-up

The pot culture study was carried out with two sets of treatments
that included phytoremediation and rhizoremediation. The
concentrations of Cd and Pb amended to the soil in both the
treatments were 50, 100, and 150 ppm and were selected based
on the studies carried out by Wagh et al. (2024) and Das et al. (2017)
for phytoremediation and rhizoremediation treatments (Figure 1).
The treatment without any pollutant, i.e., only soil, served as the
control. Red loamy soil used for the study was obtained from the
nursery of the Vellore Institute of Technology (VIT). The soil was
sieved (2-mm sieve) before being packed into LDPE bags, and the
physico-chemical parameters of the experimental soil such as pH,
conductivity, carbon, and nitrogen were studied (Table 2). The
rhizoremediation treatment was augmented with the use of the
effective microbe at an interval of 10 days till the 45th day at the
rhizosphere region to enhance the plant growth, which thereby
could increase Pb and Cd uptake. The seeds of S. oleracea were
subjected to a water test to assess their viability, and viable seeds
were sown for the respective treatments. The various treatments
used for the pot culture study are as follows:

After 3 days of acclimatization, the effective bacterial culture
(LCRB) was mass-multiplied to obtain a cell density ranging from
2.0 x 10" to 2.0 x 10" cfu/mL. The cells were augmented to the
rhizosphere region of all the rhizoremediation treatments at every
10th-day interval to maintain a consistent microbial load
throughout the experiment.

Control 1- soil, Control 2 - plant + soil
ii. Phytoremediation Rhizoremediation
Treatment 1: soil + Pb 50 ppm Treatment 1: soil + Pb 50 ppm
Treatment 2: soil + Pb 100 ppm Treatment 2: soil + Pb 100 ppm
Treatment 3: soil + Pb 150 ppm Treatment 3: soil + Pb 150 ppm
Treatment 4: soil + Cd 50 ppm Treatment 4: soil + Cd 50 ppm
Treatment 5: soil + Cd 100 ppm Treatment 5: soil + Cd 100 ppm
Treatment 6: soil + Cd 150 ppm Treatment 6: soil + Cd 150 ppm

Treatment 7: soil + mixed metals
50 ppm

Treatment 7: soil + mixed metals
50 ppm

Treatment 8: soil + mixed metals
100 ppm

Treatment 8: soil + mixed metals
100 ppm

Treatment 9: soil + mixed metals
150 ppm

Treatment 9: soil + mixed metals
150 ppm
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TABLE 2 Physiochemical parameters of red soil used in the pot culture
study.

S. No. Parameter Unit Values
1 pH — 7.40
2 Electrical conductivity mS/cm 0.29
3 Organic matter % 0.37
4 Nitrate nitrogen mg/kg 49.59
5 Available phosphorus mg/kg 11.79
6 Exchangeable potassium (K) mg/kg 143
7 Exchangeable calcium (Ca) mg/kg 2,232
8 Exchangeable magnesium (Mg) mg/kg 365
9 Exchangeable sodium (Na) mg/kg 312
10 Available sulfur (S) mg/kg 104.00
11 Available zine (Zn) mg/kg 19.43
12 Available manganese (Mn) mg/kg 5.56
13 Available iron (Fe) mg/kg 8.19
14 Available copper (Cu) mg/kg 1.75
15 Available boron (B) mg/kg 0.8
16 Cation exchange capacity (by addition) = Meq/100 g 15.92
17 K saturation % 2.30
18 Ca saturation % 70.08
19 Mg saturation % 19.10
20 Na saturation % 8.52

The plants were uprooted at an interval of 15, 30, and 45 days for
the assessment of parameters such as root length, shoot length, and
chlorophyll content (SPAD-502 m (Konica, Minolta, Japan))
(Limantara et al., 2015). Furthermore, the concentrations of Pb
and Cd in all the treatments were analyzed upon acid digestion (70%
nitric acid and 30% hydrochloric acid) using an atomic absorption
spectrophotometer (AAS) (Varian SpectrAA 220 model) (Sardans
et al,, 2010). Upon analysis, the translocation factor (TF) was also
studied by estimating the concentrations of Cd and Pb in the root,
shoot, and soil. The following formula was used to determine the TF
(Marchiol et al., 2004):

uptake o f metal in shoot

Translocation Factor = - .
uptake o f metal in root

2.8.1 Scanning electron microscope analysis of
plant tissues and root biofilm

After uprooting the plant, the root and shoot samples were
subjected to SEM to observe the colonization/development of
biofilms by the effective strain on the rhizoplane of S. oleracea.
The samples were processed by drying at 45 °C for 48 h to remove
the moisture present in the root and shoot to avoid charging of
particles during imaging. The samples were placed on a stub and
attached using a carbon tape. Micrographs were obtained at a
magnification of x10,000 using an SEM (Carl Zeiss, EVO 18 SEM,
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Germany). The presence of Cd and Pb was analyzed using energy-
dispersive X-ray analysis (EDAX) (Henagamage et al., 2022).

2.8.2 Statistical analysis

All the experiments were carried out in triplicate. All the
statistical analyses were conducted with GraphPad InStat
software. The data were analyzed by one-way ANOVA to
identify among treatments,
significant threshold value of p < 0.05.

substantial ~differences with a

3 Results and discussion

3.1 Isolation of lead- and cadmium-
resistant bacteria

From the lake sediments, a total of six bacterial isolates were
obtained, which were found to be resistant to both Pb and Cd at a
concentration of 50 ppm when supplemented in MSM. Several
studies have also reported the isolation of Pb- and Cd-resistant
bacteria from lake sediments (Sowmya et al., 2014; Chihomvu et al.,
2014; Bowman et al., 2018; Abid et al., 2020; Ra et al., 2022), which
were further used for the bioremoval of HMs. Vais et al. (2025)
isolated the strain VITV]3 from Puliyanthangal lake, Ranipet, Tamil
Nadu, which was capable of bioremediating Pb.

3.2 Assessment of the maximum tolerable
concentration (MTC) by plate and broth
assays

In plate assay, VITLL]J4 was capable of resisting Pb and Cd up to
a concentration of 1,200 ppm and 600 ppm, respectively, among all
the tested isolates (Supplementary Figure S1). This could be because
bacteria possess resistance mechanisms such as bioaccumulation,
biosorption, and bioprecipitation against metals. Bacteria selectively
work on an efflux pump system and extra- and intracellular
sequestration for Pb (Tiquia-Arashiro, 2018). Meanwhile, Cd
concentrations can be resisted through cell wall binding and
extracellular sequestration. In certain cases, low-molecular weight
cysteine-rich proteins such as metallothioneins can aid in the
resistance to Cd (Sharma et al, 2024). A study by Wagh et al.
(2024) reported the MTC for Pb and Cd to be 1,000 ppm and
200 ppm, respectively, in plate assay. Similarly, several studies
conducted on the bioremoval of Cd exhibited resistance up to
500 ppm (Itusha et al., 2019). Additionally, Das et al. (2017) also
showed organisms capable of resisting 1,000 ppm of Pb. A study by
Feruke-Bello et al. (2023) also revealed the isolate’s resistance to Pb
and Cd at concentrations of 2,000 ppm and 1,200 ppm, respectively.
The ability of VITLLJ4 to thrive under stress induced by Cd and Pb
makes it a potent organism for the bioremoval of HMs.

3.3 Screening for biofilm formation by test
tube and microtiter plate assays
Bacterial Dbiofilms are mixed-

or single-species specific

populations of bacteria that can form a self-produced EPS
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matrix. These biofilms are reported to show resistance toward Cd
and Pb by forming a complex with the components of the biofilm,
such as protein, lipids, and polysaccharides, and they can also have
negatively charged functional groups, which can bind to positively
charged metal ions such as Pb>" and Cd*" (Pan et al., 2023). The
isolate VITLLJ4 showed a maximum tolerable potential for Cd and
Pb up to concentrations of 600 and 1,200 ppm, respectively.
However, there strong biofilm formation was observed in the
presence of Cd up to 300 ppm, and moderate biofilm formation
was observed above it. Meanwhile, cells treated with Pb showed
strong biofilm formation up to 1,200 ppm in qualitative analysis by
test tube assay (Supplementary Figure S2). Several studies have
shown the ability of bacteria in sustaining the biofilm formed with
Pb and Cd exposure. Bacteria such as Staphylococcus epidermidis,
Proteus myxofaciens, and Bacillus xiamenensis have proven to be
effective in forming biofilms upon exposure to Pb and Cd (Wagh
et al,, 2024; Wu et al,, 2015; Vais et al., 2025). Quantitative analysis
by microtiter plates also supported the results of the qualitative
studies by showing the development of a strong biofilm formation
with an SBF value of 1.06, 0.68, and 0.32 for 50, 100, and 150 ppm of
Pb, respectively. The concentrations for the MTP assay were
considered based on the concentration used for the pot culture
studies. A similar trend was also observed in this study, ie., an
increase in the concentration led to a gradual decrease in biofilm
formation for Cd with SBF values of 0.91, 0.71, and 0.38 for 50, 100,
and 150 ppm, respectively. However, when VITLLJ4 was treated
with both Cd and Pb, there was a slight decrease in the biofilm
formation, with the SBF value being 0.5, 0.33, and 0.28 for 50, 100,
and 150 ppm, respectively, of mixed metals (Figure 2). This could be
due to the combined toxic effect of Cd and Pb on the bacterial cells,
which could have interrupted the expression of certain factors
involved in biofilm formation. In a similar study carried out by
Wagh et al. (2024), the isolate VITMS]J3 also showed reduction in
biofilm formation with an increase in the concentrations of Pb, Ni,
and Cd. There are other reports on the reduction of biofilm
formation with an increase in the concentrations of HMs
inferred through SBF values (Itusha et al., 2019). Therefore, the
characterization of the effective strain by 16S rRNA gene-
sequencing showed close resemblance to Klebsiella africana, and
the sequence has been submitted to GenBank with accession
no. PP818866.

3.4 Growth profiling of VITLLJ4

Growth profiling of the effective strain VITLLJ4 was carried out
with varied concentrations of Cd and Pb. Cells with and without
treatment revealed a significant increase in the lag phase of the cells
treated with Cd and Pb (Figure 3). MSM supplemented with
VITLLJ4 was considered the positive control, with cells reaching
the exponential phase at 6 h, which extended till 44 h. However, in
the presence of 50 ppm and 100 ppm of mixed HMs, the cells
reached the log phase after an extended lag phase till the 13th h,
which extended up to the 42nd h. Furthermore, the cells were found
to be in a stationary phase from the 42nd to the 52nd h, and with
supplementation of 100 ppm of Cd and Pb, cells reached the log
phase at the 16th h, which extended up to the 44th h. The increase in
the lag phase with cells treated with both 50 and 100 ppm of Pb and
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Cd was due to the acclimatization of cells to the supplemented
metals. A slight increase in the log phase in cells treated with
100 ppm could result because of the increased time taken by the
organism to adapt to higher concentrations of mixed metals. The
study was carried out with mixed metals since the application of
effective organism (VITLLJ4) during remediation was done with
both Pb and Cd. A study by Wagh et al. (2024) reported the extended
lag phase when bacterial cells were amended with mixed metals such
as Pb, Ni, and Cd. In another study, effective strains such as P.
myxofaciens were capable of surviving and growing in a cocktail of
HMs, which includes chromium, Pb, and zinc (Vais et al., 2025). The
adaptability of VITLLJ4 under metal stress proved to be an effective
isolate in surviving under high concentrations of HMs. Some
existing studies also show the increase in the time period of the
lag phase, which could be due to the stress proteins synthesized by
bacteria, which eventually provide resistance toward toxic HMs (Pal
et al.,, 2022).

3.5 Media optimization for the bioremoval of
lead and cadmium by the RSM

The CCD of RSM aided in the identification of parameters that
could effectively aid in bioremoval of HMs (Pb and Cd) using
VITLLJ4. Parameters such as carbon source (1.25%), nitrogen
source (0.625), and pH 7 were found to be the optimal
parameters for effective removal of Pb and Cd by VITLLJ4
(Supplementary Figure S3). A similar study by Anaukwu et al.
(2024) showed the importance of RSM in identifying the
optimum carbon source, nitrogen source, and pH, which were
used in the bioremoval of HMs (Pb and Cd). Contour plots and
surface diagrams facilitated the visualization of factor interactions
and their effect on HM (Pb and Cd) removal (Figure 4). Zhang and
Yi (2024) emphasized the bioremoval of Pb from industrial
wastewater using engineered yeast with parameters that were
optimized by RSM. Similarly, studies were also carried out for
the optimization of various parameters using RSM for the
efficient bioremoval of Pb (Dawwam et al, 2023) and on the
optimization of pH, contact time, and adsorbent dose in the
removal of Cd from an aqueous solution using the RSM model
based on CCD. Mohseni et al. (2024) optimized conditions such as
PH, contact time, and adsorbent dose for the remediation of Cd from
an aqueous solution.

CCD in RSM was used for the development of a prediction
model, which was further validated through ANOVA. The results
showed p-values less than 0.05 (0.0001, 0.022, and 0.044), which
indicated the statistical significance of the data obtained from RSM.
The adequate precision of the model was confirmed by a signal-to-
noise ratio of 14.773 (Table 3).

Three-dimensional diagrams and contour plots revealed the
optimal input variable values that can be used for the bioremoval
of Pb and Cd. A CCD equation was derived to predict bioremoval
efficiency based on three factors.

Heavy metal (%) removal = 1.43 + 0.2542A + 0.0780B + 0.0587C
—0.0609AB + 0.1046AC
+0.0044BC.
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TABLE 3 ANOVA for the RSM quadratic model for removal of heavy metals.

10.3389/fenvs.2025.1633959

Sum of squares Df Mean square F-value p-value Significant/Insignificant

Model 09127 6 0.1521 16.58 < 0.0001 Significant
A-carbon 0.6895 1 0.6895 75.17 < 0.0001
B-nitrogen 0.0648 1 0.0648 7.07 0.0222
C-pH 0.0470 1 0.0470 5.13 0.0447
AB 0.0296 1 0.0296 323 0.0997
AC 0.0876 1 0.0876 9.55 0.0103
BC 0.0002 1 0.0002 0.0167 0.8995
Residual 0.1009 11 0.0092
Lack-of-fit 0.1009 6 0.0168
Pure error 0.0000 5 0.0000
Cor total 1.01 17
Std dev 0.0958
Mean 1.46
CV. % 6.57
R? 0.9004
Adjusted R* 0.8461
Predicted R? 0.4906
Adequate precision 14.7730

Here, A is carbon, B is nitrogen, and C is the pH. 3.7 Screening for plant growth-promoting

The RSM design encompasses 20 experimental runs rhizobacterial traits

(Supplementary Table SI), and RSM models also confirmed the
reliability of the observed responses and statistical values, exhibiting
effective and enhanced removal of Cd and Pb by VITLLJ4.

3.6 Scanning electron microscopy (SEM)
analysis of the isolate VITLLJ4 with and
without HM stress

SEM was performed to analyze the variation in the morphology
of cells treated with and without Pb and Cd (Supplementary Figure
54). The micrographs of cells treated with Pb and Cd revealed the
presence of pleomorphic cells, which could be due to the synthesis of
proteins that could aid in the resistance toward Pb and Cd (Figure 5).
A study by El-Beltagi et al. (2024) revealed through SEM analysis
that exposure to lead results in cell deformation. Another study
involving SEM analysis of bacteria showed that exposure to Cd
results in morphological changes in the cell wall and shape of the cell
(Ra et al, 2022). The presence of peaks for Cd and Pb on the
bacterial cell surface of VITLLJ4 was confirmed with EDAX. A
similar study by Wagh et al. (2024) also revealed the presence of
HMs such as Pb, Cd, and Ni on the cell surface of bacteria detected
by EDAX. Another study by Rahman et al. (2019) revealed
biosorption of HM Pb on the bacterial cell surface upon analysis
with SEM-EDAX.
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Among all the tested isolates (Supplementary Table S2),
VITLLJ4 tested positive for all PGPR traits in the presence of
HMs (Supplementary Figure S5). Ammonia production was
performed to assess the bacteria capable of utilizing atmospheric
nitrogen, and VITLLJ4 tested positive for ammonia production,
which was evident due to the color change from yellow to brownish-
orange. The maximum ammonia production was recorded at 72 h
with a concentration of 4.9 pmol/mL. Wagh et al. (2024) also
showed ammonia production of 5.99 pumol/mL after 72 h. In soil,
phosphates are often present in its insoluble form, which inhibits the
plant in its uptake and is an essential nutrient required for plant
growth. VITLLJ4 was also found to solubilize insoluble phosphate,
which was further confirmed by the halo zone formation due to the
production of organic acids with the maximum solubility efficiency
(SE). Studies also reported the solubilization of phosphate under
HMs (Pb and Cd) stress (Lal et al., 2019). IAA is a phytohormone
that is essential in stimulating root elongation. VITLL]J4 was able to
produce indole-3-acetic acid, which was confirmed by the
appearance of pink coloration upon addition of Salkowski’s
reagent. Quantitative analysis revealed that the maximum IAA
produced was 33.25 pg/mL. A study by Pal and Sengupta (2019)
reported the ability of bacteria to produce 20 pg/mL-22 pg/mL of
TAA under exposure to Pb and Cd. Siderophores are low-molecular
weight iron chelators; when the intracellular iron content is low,
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FIGURE 5
SEM micrograph of VITLLJ4 in the presence of HMs.

bacteria release siderophores that bind to extracellular Fe and restore
into the cell. The formation of a halo zone around the well by the
VITLLJ4 colony on Chrome Azurol S agar plates confirmed the
production of siderophores. A report by Li et al. (2023) also showed
the production of siderophores under Cd stress. Hydrogen cyanide
(HCN) has antimicrobial properties, which aid in controlling plant
pathogens. VITLLJ4 also tested positive for HCN production, as
indicated by the brown coloration on the filter paper immersed in
picric acid.

Studies were also found to show positive results for HCN, [AA,
and phosphate solubilization under Pb and Cd stress (Abdollahi
etal,, 2020). Another study by Pal and Sengupta (2019) also revealed
bacteria that tested positive for PGPR traits under HM stress.
VITLLJ4 was also positive for all PGPR traits, underscoring its
potential as a potent PGPR strain that can enhance the plant growth
under metal stress and also aid in the bioremoval of HMs
(Pb and Cd).

3.8 Pot culture study

The concentration of Cd and Pb used in the study is higher than
the permissible limits provided by the agencies as industries such as
battery and paper discharge higher concentrations of these metals in
their effluents or the increase in concentration in the soil could be
due to the constant discharge of Cd and Pb in the same
discharge site.

3.8.1 Analysis of morphological parameters and
chlorophyll content of the plant

The supplementation of specific HMs (Pb and Cd) led to
variations in the phenotypic characteristics of plant growth and
morphological characteristics. The plant (S. oleracea) in the control
study exhibited normal growth since it was without the
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augmentation of Cd and Pb. In the non-bioaugmented
(phytoremediation) treatment amended with Cd and Pb, a
gradual reduction was observed in the root length and shoot
height, with an increase in the concentration of the tested metals
till the 45th day, indicating the interference of metals in plant
growth. In contrast, when the effective strain was augmented to
the rhizosphere region, a significant and gradual increase was
observed in the root length and shoot height till the 45th day
(Figure 6). HMs can interfere in the plant growth by disrupting
certain essential metabolic pathways, thereby inhibiting the
of

transporters, etc. Interference of HMs in these mechanisms could

synthesis enzymes, signaling hormones, membrane
lead to the disruption in photosynthetic efficiency and protein
synthesis. It also generates reactive oxygen species, which can
cause oxidative damage such as lipid peroxidation, protein
oxidation, and DNA damage in plant cells (Gill et al, 2021). A
study by Zainab et al. (2021) also revealed enhanced root and shoot
growth upon augmentation of Bacillus gibsonii and B. xiamenensis
to the rhizosphere region of Sesbania sesban plant under HM (Cu,
Zn, Ni, and Cr) stress. A significant decrease in the chlorophyll
content was observed in the phytoremediation set-up when plants
were exposed to Pb and Cd, which was similar to a study carried out
by Tripathi et al. (2005), where there was a significant reduction in
the chlorophyll content of plants treated with Pb and Cd.
Meanwhile, in the rhizoremediation set-up augmented with
VITLLJ4, a significant and gradual increase in the chlorophyll
content was observed, which was similar to a study carried out
by Madhogaria et al. (2024) where Vigna radiata augmented with
Pseudomonas geniculata showed improved chlorophyll content as
compared to the phytoremediation study. The increase in the
rhizoremediation set-up could be due to the PGP traits possessed
by VITLLJ4 (Supplementary Figure S6). In rhizoremediation, the
uptake efficiency was 80% for Pb and 75% for Cd; however, in
phytoremediation, the uptake efficiency 65% for Pb and 59% for Cd.
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FIGURE 6

(a) Root height (b) Shoot length of Spinacia oleracea after 15, 30, and 45 days. Data represent the mean and standard error, and statistical significance

showed p-value <0.05.

The rate of decline in uptake was 21.33% for Pb and 18.75% for Cd as
compared to rhizoremediation. The reduction in the concentration
of uptake in the rhizoremediation set-up at higher concentration
could be due to the reduced biofilm-formation potential of VITLLJ4,
as discussed earlier in Section 3.3.

3.8.2 Estimation of Pb and Cd in the root and shoot

The uptake of Pb and Cd by S. oleracea was assessed under both
phytoremediation and microbe-assisted plant-based
rhizoremediation treatment over a period of 45 days. In the
phytoremediation treatment, Pb uptake was observed to be higher

in 50,100, and 150 ppm, showing an uptake percentage of 56%, 51%,
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and 58%, respectively, in the plant biomass compared to that of the
rhizoremediation treatments at the 45th day with an uptake
percentage of 86%, 81%, and 83.33%. Similarly, in plants treated
(phytoremediation) with 50, 100, and 150 ppm of Cd, the uptake
percentage was observed to be 64%, 48%, and 50%, respectively, in the
plant biomass compared to that of the rhizoremediation treatments at
87%, and 78%
(Figures 7, 8). The uptake percentage was found to be less in the

the 45th day with an uptake percentage of 80%,

15th day of phytoremediation and rhizoremediation treatments as
bacteria requires time to acclimatize to the rhizosphere region of the
soil. The uptake of Cd and Pb increased in the 45th day of the
rhizoremediation treatment due to the establishment of biofilms on
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FIGURE 7

Effect of HMs uptake in roots: (a) individual metals and (b) mixed metals after 15, 30, and 45 days. Data represent the standard error, and statistical

significance showed p-value <0.05.

the rhizoplane of S. oleracea, which could have contributed to the

uptake  mechanism  through  biosorption  (passive) and
bioaccumulation  (active  transport). In  contrast,  the
phytoremediation ~ treatments  (without effective  microbe

augmentation) showed reduced uptake of Pb and Cd as compared
to rhizoremediation due to the reduced efficiency of biofilm formation
by the indigenous soil microbes. The uptake of Cd and Pb was found
to be higher in the roots than in the shoots, confirming S. oleracea to
be a root accumulator. A study by Das et al. (2017) showed the
increased uptake of Pb by the root of Pennisetum purpureum
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(VITPASJ1),
confirming it to be a root accumulator; this study aligns with the

augmented with  Enterobacter  cloacae hence
current study and suggests S. oleracea to be a root accumulator of Pb
and Cd. Another study by Wagh et al. (2024) also reported increased
uptake of Cd and Pb by the root of Vetiveria zizanioides upon
supplementation with Bacillus xiamenensis (VITMS]J3). All the
measurements showed statistically significant differences (p < 0.05)
between the rhizoremediation and phytoremediation set-ups, thereby
validating the positive impact of microbial augmentation on metal

uptake efficiency.
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FIGURE 8

Effects of HMs uptake in shoots: (a) individual metals and (b) mixedmetals after 15, 30, and 45 days. Data represent the standard error, and statistical

significance showed p-value <0.05.

Studies conducted on the bioremoval of Pb and Cd by the
incorporation of Enterobacter bugandensis, Bacillus thuringensis,
and Klebsiella michigans in the rhizosphere region of Ipomoea
aquatica (forsk plant) resulted in the reduction of Cd by
59.78%-72.41% and of Pb by 43.36%-74.21% (Wang et al,
2022). A study by He et al. (2020) also reported that Bacillus sp.
augmented to Solanum nigrum enhanced the uptake of Pb and Cd
by 1.28-1.81 and 1.08-1.55 fold, respectively. A report by Abdollahi
et al. (2020) also revealed that higher metal accumulation of 10%-
60% for Pb and 5%-40% for Cd was obtained upon supplementing
PGP Rhizobacteria as compared to conventional phytoremediation.
The results indicated that the augmentation of the microbial strain
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VITLLJ4 into the rhizosphere region of spinach significantly
enhanced HM uptake compared to that by phytoremediation.
This finding highlights the efficacy of bacteria in combination
with hyperaccumulator plant in serving as an excellent strategy
for the bioremoval of HMs.

3.8.3 Estimation of Pb and Cd content in soil

To evaluate the efficiency of metal removal by phytoremediation
and rhizoremediation approaches, residual metal concentrations of
Pb and Cd in soil were quantified using AAS at 15-day intervals over
a period of 45 days. In both the phytoremediation and
rhizoremediation set-up, a significant reduction in the HM
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FIGURE 9

Effect of HMs in soil: (a) individual metals and (b) mixed metals after 15, 30, and 45 days. Data represent the standard error, and statistical significance

showed p-value <0.05.

concentration was observed in soil till the 45th day (Figure 9). The
slower decline suggests limited metal mobilization and uptake by S.
oleracea alone, which may be attributed to the natural sequestration
limits of the plant and possible metal mobilization in soil. However,
in the rhizoremediation set-up, the concentration of HMs present in
the soil was less as compared to the phytoremediation set-up, which
could be due to the absorption or adsorption of HMs by VITLLJ4 (K.
africana). The elevated removal rate can be result of multiple
microbial mechanisms, such as biofilm-mediated sequestration,
biosorption, bioaccumulation, and enhanced metal solubilization
and mobilization. The data also showed a strong correlation (R

Frontiers in Environmental Science

15

value >0.9) between reduction in the metal content in soil and
increased uptake by plant tissues, confirming the effective transfer of
metals from soil to biomass in the rhizoremediation system.

3.8.4 SEM analysis of plant tissues and root biofilm

Scanning electronic microscopic images revealed the presence of
biofilms formed on the rhizoplane region of the plants augmented
with the effective strain (VITLLJ4), which could have played a major
role in the uptake of Cd and Pb by S. oleracea. In contrast, the plants
without supplementation with the effective strain showed the
absence of biofilm formation, thereby leading to reduced uptake
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FIGURE 10
Presence of root biofilm and HMs (lead and cadmium).

of Cd and Pb. The uptake of Pb and Cd was also confirmed by
EDAX, which showed the presence of Pb and Cd in the field focused
during capturing SEM micrographs. In the phytoremediation study,
only trace amounts of Pb and Cd were detected in the plant tissues
(Supplementary Figure S7). However, in the rhizoremediation set-
up, SEM analysis identified rod-shaped bacteria (VITLLJ4) forming
biofilms on the rhizoplane of S. oleracea, along with the presence of
HMs, which was further confirmed by EDAX (Figure 10). Das et al.
(2017) and Wagh et al. (2024) also reported the presence of Pb and
Cd on the surface of roots, which was hypothesized to enhance the
uptake of Cd and Pb.

3.8.5 Translocation factor

The movement of Pb and Cd from the rhizosphere into the plant
occurs through various physiological and biochemical steps.
Initially, the metal ions are absorbed through the cation
transporters such as ZIP and HMA families. Once the metal ions
are inside the root cells, these ions form complexes with chelators
such as phyochelatins and amino acids. This detoxification aids in
preventing toxicity and allows the safe transport of the metals. TF
was analyzed to evaluate the presence of HMs (Pb and Cd) in the
root and shoot of S. oleracea. The TF range was between 0.6 and
0.9 for Pb and 0.5 and 0.9 for Cd (Supplementary Figure S8). TF
value less than 1 indicated that S. oleracea plant is a root
accumulator. A large portion of Pb and Cd may be sequestered
in the vacuoles of root cells, which was indicated by the low TF
values. VITLLJ4 may have influenced vacuolar efflux through the
secretion of growth hormones that change the root membrane
permeability. Furthermore, the metals that escape vacuolar
storage are transported to the xylem through the xylem
parenchymal cells in a complex form. Finally, the metal ions are
translocated from the roots to shoots via xylem sap flow, which is
driven by transpiration. The increase in TF values under

Frontiers in Environmental Science

S!gnalA = SE1

10.3389/fenvs.2025.1633959

*A“; ‘.9

700KX

16

ulswe chstuwr nﬂo (0 cts)

rhizoremediation showed improved plant health under the
treatment with VITLLJ4. A study conducted on P. purpureum for
the bioremoval of Pb revealed P. purpureum as a root accumulator
with a TF value <1 (Das et al., 2017). Another study conducted by
Wagh et al. (2024) on Chrysopogon zizanioides for Cd removal
proved it to be a root accumulator with a TF value ranging
between 0.2 and 0.9.

3.9 Mechanism of Pb and Cd uptake by
Spinacia oleracea augmented with and
without VITLLJ4

Figure 11 shows the reduced uptake of Pb and Cd by S. oleracea
in both the root and shoot in the phytoremediation study, which
infers it to be an effective phytoextracter. In phytoremediation, HMs
such as Pb and Cd were absorbed by the roots of the plant.
Furthermore, the uptake of metal ions is facilitated by the
transporters. Once the metal ions are inside the root, they are
sequestered in the vacuoles to reduce toxicity; furthermore, they
are translocated to the shoots and leaves through the vascular tissue.
Plants use chelators (the molecules that bind to metal ions and
further detoxify and mobilize it) as transporters, which aids in the
movement of metals into the vacuoles and amino acids for
stabilizing the metal ions. Meanwhile, in rhizoremediation,
VITLLJ4 absorbs metal ions into the cells, thereby reducing the
free ion concentration in the soil. It also release chelators, acids, and
enzymes, which are helpful in breaking down metal complexes, thus
increasing the solubility of metal ions and converting metals into
Upon
augmentation of K. africana (VITLLJ4), there was an increase in

their nontoxic form, which can be used by plants.

the uptake of metals, confirming the plant to be a phytoextracter,
and the enhanced uptake of Cd and Pb makes it a suitable root
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accumulator. The transformation and binding of VITLLJ4 result in
enhanced phytoextraction efficiency and greater detoxification of
the contaminated soil. Though K. africana has been reported to be
an opportunistic pathogen in some studies, its efficiency in
bioremediation has not been explored. Though the genus
Klebsiella has been reported to be a pathogen, there are several
reports showing its potential efficiency in the bioremoval of HMs
such as Cd, Cr, Ni, and Pb (Aransiola et al., 2017; Yetunde Mutiat
et al.,, 2018).

4 Conclusion

In the current study, bacterial isolates were obtained from lake
sediments, and VITLLJ4 was screened and identified to be capable
of forming biofilms in the presence and absence of Cd and Pb. The
isolate VITLLJ4 was also capable of producing siderophore, IAA,
ammonia, and HCN and solubilizing insoluble tricalcium
phosphate. The growth kinetics showed an extended lag phase
due to the acclimatization time required for the cells in presence of
CD and Pb. The optimization studies using RSM provided a
predictive model that was effectively used for the uptake of Cd
and Pb in bioremoval studies. The SEM micrographs and EDAX of
the rhizoplane region of the treatments revealed the presence of
root biofilms in the rhizoremediation set-up, which enhanced the
uptake potential of S. oleracea as compared to that of the
AAS that
rhizoremediation with VITLLJ4 led to higher accumulation and
uptake of Pb and Cd in plant roots and shoots as compared to
The TF further that  the
accumulation of HMs in S. oleracea was more in the roots

phytoremediation  set-up. analysis  revealed

phytoremediation. confirmed
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rather than translocating into shoots, indicating it to be an
effective root accumulator. Overall, these findings highlight the
potential of VITLLJ4 as an effective bioremediation agent for HM-
polluted environments through S. oleracea augmented with K.

the
with
hyperaccumulator plants offers a promising strategy for the
removal of toxic HMs from polluted soil.

africana for Dbacterial-assisted phytoremediation, and

combination of bacterial-assisted rhizoremediation
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