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Phyto-rhizoremediation potential
of C. zizanioides augmented with
Bacillus infantis (VITVJ8) for the
uptake of heavy metals (Cr, Pb
and Zn)

Jeevanandam Vaishnavi and Jabez Osborne W.*

Department of Biosciences, School of Bio Sciences and Technology, Vellore Institute of Technology,
Vellore, Tamil Nadu, India

The accumulation of heavy metals in the ecosystem due to industrialization has
led to toxic effects on various life forms such as flora, fauna and microfauna.
Several approaches that are currently used for the removal of heavy metals are
not cost-effective and efficient. Therefore, the current study was focused on the
bio-removal of chromium (Cr), lead (Pb) and zinc (Zn) using augmentation with
strong biofilm forming Bacillus infantis (VITVJ8), which was confirmed by Bacillus
infantis augmented to the rhizosphere region of Chrysopogon zizanioides with a
percentage of 0.025%. The bioremoval process was catalyzed by superoxide
dismutase, chromate reductase and catalase activity with 83U/ml, 51U/ml and
75U/ml, respectively. VITVJI8 was also found to be a plant growth promoting
bacterium as it was capable of producing indole acetic acid (IAA) 63ug/ml and
siderophores 1.238cm and of solubilizing insoluble phosphate 72.3%. The
bacterium could tolerate Cr and Zn up to 1000ppm, whereas for Pb it was
1250ppm. Further, rhizoremediation setup consisting of C. zizanioides
augmented with VITVJ8 strain showed enhanced uptake of Zn, Pb and Cr (89%
> 86% > 77%) as compared to phytoremediation (60% > 62% > 59%) treated
plants. Seed germination assay revealed 75.78% increase in the germination index
for set-ups treated with B. infantis, which also confirmed the reduction in heavy
metal (HM) toxicity upon treatment with effective strain and enhanced plant
growth. Since the uptake was found to be maximum in the roots versus the
shoots, vetiver can be considered as a root accumulator of Cr, Pb and Zn when
amended with B. infantis.

heavy metals, environment, bioremediation, biofilm, phytotoxicity,
phyto-rhizoremediation
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1 Introduction

Heavy metals are a major threat to the environment due to their
extensive usage in various industries. Continuous discharge of these
heavy metals from industries into the environment, driven by
anthropogenic activities results in adverse effects on both micro and
macroorganisms. Several studies have reported the deleterious effects
of heavy metals on human health (1, 2). Rapid industrialization and
anthropogenic activities have led to increased contamination due to
heavy metals such as Cr, Pb and Zn in the various states of India.
Ranipet district of Tamil Nadu is known for the presence of numerous
tanneries and other industries which in turn increases the pollution of
the saturated and unsaturated zones in its vicinity (3, 4). In this region,
soil and water are reported to have heavy metals at concentrations
exceeding the permissible limits. According to WHO, the permissible
limits for Cr, Pb and Zn in water are 0.05ppm, 0.01ppm and 3ppm
respectively (5).

The existence of heavy metals such as chromium (Cr),
predominantly exists in two forms i.e., trivalent Cr(III) and
hexavalent chromium Cr(VI) (6, 7). While Cr(IIT) is considered as a
vital nutrient in trace amounts for animals and humans, Cr(VI) is
highly lethal and carcinogenic. The industrial use of chromium,
particularly in metal plating, tanning, and dye production, poses
significant contamination of soil and water (8). The industrial use of
chromium in manufacturing stainless steel, dyes, pigments, and in
leather tanning processes has led to widespread environmental
contamination (9). Similarly, lead (Pb) is another ubiquitous heavy
metal found naturally in trace amount and is introduced into the
environment through various activities, including mining, smelting of
ores and manufacturing of batteries (10, 11). Lead is extremely toxic,
even at minimal exposure levels and is harmful to children, causing
cognitive impairments and developmental delays (12).

Zinc (Zn) is a key trace element necessary for the functioning of
over 300 enzymes and proteins, but excessive concentrations can be
harmful and often referred as double-edged sword. Zinc
contamination primarily arises from mining, smelting, industrial
discharges (3, 13). Although zinc is less toxic than chromium and
lead, it can disrupt the normal metabolic functions of the cells
(14, 15).

Heavy metals such as chromium (Cr), lead (Pb), and zinc (Zn) are
natural elements with densities greater than 5g/cm® While trace
amounts of these metals can act as micronutrients (16), higher
concentrations lead to disorders in various life forms (17). The
occurrence of these heavy metals in their free state is more prevalent
in terrestrial and aquatic ecosystems. Due to their non-biodegradable
and recalcitrant nature, heavy metals tend to get accumulated
extensively in the environment. This bioaccumulation can lead to
numerous health hazards, including damage to the neural, hepatic, and
renal systems, as well as other disorders such as anemia and cancer
(18). The mechanism involved in the toxicity of heavy metals also
varies depending on the specific heavy metals and its source.

Free radical imbalance caused by oxidative stress contributes to
Pb toxicity, while Cr toxicity is attributed to the formation of thiol
or methyl groups, which penetrates into cell membranes and
subsequently damages DNA and proteins (19, 20). The removal
of these heavy metals from the environment has been a major
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concern for the past two decades. Discharge of effluents from
industries such as paint manufacturing, tanneries and textiles are
some of the major sources of heavy metal pollution (21). Some of
the strategies and mechanism involved during metal-microbe
interaction include bioaccumulation, bioleaching and biosorption
(20, 22).

Several studies have reported the potential of biological
processes in bioremoval or recovery of heavy metals from
industrial effluents (7). Some of the major physical and chemical
methods such as sorption, chemical dialysis, flocculation, filtration,
electrodialysis, reverse osmosis, etc. have been effective in the
treatment of heavy metals. However, these processes are often not
recommended for metal recovery as it is not cost-efficient.
Therefore, bioremediation strategies such as microbial
remediation, phyto-rhizoremediation and application of mixed
biosystems have gained attention due to their cost effectiveness in
the bioremoval of heavy metals (23).

Phyto-rhizoremediation strategy utilizes plants and their
associated bacteria to clean-up contaminated environments,
improvisation of soil health and restoration of ecosystems. It is an
ecofriendly, cost effective and a sustainable alternative to the other
remediation techniques (24). Phytoremediation involves
application of hyperaccumulator plants to degrade or transform
pollutants into its non-toxic form. Plants like Pennisetum
purpureum, Chrysopogon zizanioides etc., can take up heavy
metals and transform them into non-toxic forms (25, 26).

The plant growth promoting rhizobacteria (PGPR) such as
Pseudomonas, Bacillus, Agrobacterium, Azoarcus, Arthobacteria,
Klebsiella, Azobacter, Serratia and Enterobacter sp. can promote
plant growth in HM contaminated environments (27, 28). C.
zizanioides, a perennial grass belonging to the Gramineae family, is
known for its ability to survive at extreme conditions (29, 30). This
plant is highly tolerant to pH levels and high salinity due to its fibrous
root system (31). Studies have shown the effectiveness of vetiver in
uptake of metals such as Cd, Zn, Pb and Cr. Das and Osborne (32)
have previously reported C. zizanioides to be an effective tool for the
removal of Pb through phyto-rhizoremediation, identifying vetiver as
a root accumulator for the first time (33-35).

Therefore, the current study was aimed to identify a cost-
effective and efficient process for the bioremoval of Cr, Pb and Zn
using indigenous bacteria of wetland paddy rhizosphere soil. The
isolates were screened for MTC, biofilm and enzymatic reduction of
heavy metals. The effective strain obtained was used for phyto and
rhizoremediation approach. To understand the efficacy of the dual
biosystem strategy used for the bioremoval of Cr, Pb and Zn. To our
knowledge, this is the first study to emphasize the role of Bacillus
infantis in the bioremoval of chromium (Cr), lead (Pb), and zinc
(Zn) by phyto- and rhizoremediation.

2 Materials and methods
2.1 Heavy metals and chemicals

All chemicals used in this study were of 100% purity. Potassium
dichromate, lead acetate, and zinc chloride, the heavy metal salts,
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were sourced from Himedia. The chemicals for media preparation
were obtained from Himedia and SRL, India. Reagents for the plant
growth-promoting rhizobacteria (PGPR) study were procured from
Sigma and SRL, India. Stock solutions for each of the three metals
were prepared at a concentration of 50,000mg/l.

2.2 Sample collection

Wetland paddy rhizosphere soil samples were collected from a
depth of 20cm from the agricultural lands of Ranipet Industrial
Estate (12.550°N-79.170°E). The SIPCOT (State Industries
Promotion Corporation of Tamil Nadu) industrial corridor,
located near Vellore, Tamil Nadu, India, is primarily dominated
by leather, chemical, and heavy metal fabrication industries. The
study was conducted using a random sampling method. A total of
12 soil samples were collected in sterile polyethylene bags and were
transported to the laboratory within 2h for the isolation of bacteria
capable of tolerating Cr, Pb and Zn. The physicochemical properties
of the soil such as pH, conductivity and other micronutrients were
analyzed and are mentioned in Supplementary Table SI.

2.3 Isolation of Cr, Pb and Zn resistant
bacteria by direct and enrichment methods

The collected soil samples were pooled and serially diluted,
plating was performed from 10™* and 10~ dilutions into modified
LGI agar plates supplemented with 100ppm of Cr and 250ppm of
Pb and Zn in the form of potassium dichromate, lead acetate and
zinc chloride respectively. The concentrations selected was 10 folds
higher than the permissible limits suggested by ATSDR, EPA and
APHA due to the variation in concentration that is expected to be
released from industries. For enrichment technique, the soil
samples were transferred into LGI liquid medium supplemented
with same metals used for LGI solid medium and the tubes were
incubated for 7 days at 120 rpm. Upon enrichment, serial dilution
was performed to obtain morphologically distinct colonies which
were further purified and maintained at 50% glycerol stock (36).

2.4 Screening for Cr, Pb and Zn resistant
effective bacteria

2.4.1 Determination of maximum tolerance
concentration by plate and broth assay

For plate assay LGI agar medium was supplemented with Cr, Pb
and Zn at concentrations ranging from 100-500ppm. All the
isolates were inoculated and the plates were incubated for 48h at
28 + 2°C. Visible growth on media plates indicated the ability of the
isolate to resist and grow at the concentration provided (37).

Similarly, in the broth assay, LGI media was supplemented with
varying concentrations of heavy metals (Cr, Pb and Zn) ranging
from 100-1500ppm. The media was inoculated with 2% seed
culture (0.27 OD) of the isolates and the tubes were incubated in
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dynamic conditions for 48h at 28 + 2°C. Drop plate assay was
performed to confirm the viability of cells (38).

2.4.2 Detection for biofilm formation by test tube
and microtiter plate assay

Test tube assay was conducted to assess the biofilm forming
capacity of the bacterial isolate VITV]8. LGI broth was amended
with 100ppm of Cr and 250ppm of Pb and Zn. The samples were
inoculated with 2% (v/v) of seed culture (VITV]8) and were
incubated on a rotary shaker at 28 + 2°C for 48h. Upon
incubation, the bacterial broth was carefully discarded, and the
test tubes were rinsed thoroughly with sterile distilled water. Crystal
violet (0.1%) was added to the tubes to stain the biofilm, if formed
on the walls of the test tube. The formation of purple coloration in
the tubes indicated the ability of the isolate in forming biofilm.

Microtiter plate assay was performed using a similar protocol as
the test tube assay, LGI broth was supplemented with 100ppm of
Cr, 250ppm of Pb and Zn in a 96-well microtiter plate. Each well
was inoculated with 2% (v/v) of VITV]J8 and incubated on a rotary
shaker for 48h. After incubation, the absorbance of the wells was
recorded at 620nm, Further, the broth was carefully discarded, and
the wells were rinsed thoroughly with sterile distilled water. 0.1%
crystal violet was then added to the wells to stain the biofilm and it
was recorded at 560nm (39). All experiments were performed
in triplicates.

The specific biofilm formation (SBF) was calculated based on
the following formula.

AB - CW

Specific biofilm formation (SBF) = G

AB - OD at 560nm of crystal violet stained bacteria.
CW - OD at 560nm of crystal violet stained control.
G - OD at 620nm of cells before staining.

2.5 Screening for enzymatic activity of the
effective strain

The catalase activity was estimated using hydrogen peroxide
(H,0,) as described by Das and Osborne (40). The reaction mixture
consisting of 0.1ml of cell free broth, 0.9ml of phosphate buffer and
20mM H,O, solution in sodium potassium phosphate buffer at
pH7.0 and the reaction was initiated and incubated for 1min at
room temperature. To stop the reaction 1ml of 1mM sulfuric acid
(H,So,4) was added. Initial and final absorbance after 1 min of
incubated was recorded spectrophotometrically at 240nm. The
reaction mixture without cell free broth served as control. For
determination of chromate reductase activity, diphenyl carbazide
(DPC) was used. To measure the reduction of hexavalent chromium
(Cr VI) to trivalent chromium (Cr III). The 200pl reaction mixture
consists of 80 ul of cell-free broth, 0.1 mM NADH, and 12.5mg/1 of
K2Cr207 (Cr VI) in a potassium phosphate buffer at pH 7.0. A
reaction mixture without the cell-free broth serves as the control.
The mixture is incubated at 30°C for 30 minutes, after which the
residual Cr VI is quantified using the DPC reagent (41). Superoxide
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dismutase (SOD) activity was performed by adding 0.025mM of
Nitro Blue Tetrazolium (NBT) solution (0.1ml), 0.ImM of NADH
solution (0.1ml), 0.8ml of sodium phosphate buffer at pH 7.4 and
0.1ml of cell free lysate were mixed thoroughly and the reaction
mixture was incubated at room temperature for 5 min and the
absorbance was measured at 560nm using spectrophotometer (42).

2.6 Molecular characterization of the
effective strain VITVJ8

The effective strain VITV]8 was characterized morphologically
and biochemically by the conventional tests such as gram staining,
IMViC, catalase and oxidase (43). Genomic DNA is extracted from
VITV]8 using fluorescent dye terminator technique, ensuring the
purity and integrity of the DNA for downstream applications. The
16S rRNA gene, which is highly conserved among bacteria, is
amplified using polymerase chain reaction (PCR) with universal
primers 27F and 1492R.

* 27F Primer Sequence: 5'-AGA GTT TGA TCC TGG CTC
AG-3’

e 1492R Primer Sequence: 5-GGT TAC CTT GTT ACG
ACT/T3’

The amplified 16S rRNA gene PCR product is purified to remove
any unincorporated nucleotides, primers, and other contaminants.
The purified PCR product is sequenced using automated DNA
sequencers to determine the exact nucleotide sequence of the 16S
rRNA gene. The obtained sequences are analyzed and compared with
NCBTI’s GenBank. BLAST (Basic Local Alignment Search Tool) is
used to find the closest matches and identify the bacterial isolate. A
phylogenetic tree was constructed using the neighbor joining method
using mega 2.0 software. The tree was bootstrapped to indicate the
evolutionary distance of the effective strain to its neighbor (44, 45).

2.7 Growth kinetics

The impact of heavy metals such as Cr, Pb and Zn on the strain
VITV]8 was studied by comparing the growth conditions in the
presence and absence of these metals. Throughout the experiment
concentration of Cr was maintained at 100ppm, Pb and Zn
concentrations were maintained at 250ppm with 2% bacterial
seed culture (0.27 OD). The flask was incubated at 28 + 2°C and
the growth was monitored on 12h intervals until the cells reached
the decline phase.

2.8 Optimization of the culture conditions
and the bioremoval of Cr, Pb and Zn

The optimization of heavy metal removal parameters included

the factors such as carbon source (glucose, sucrose and glycerol),
nitrogen source (yeast extract, ammonium sulphate and urea) and
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pH (ranging from 4.5-8.5). These factors were designed using RSM,
a design expert statistical software (V11, stat-Ease Inc. Minneapolis,
Mn, USA). Preliminary experiments were carried out to determine
the optimal range for each parameter.

Data analysis was performed using a quadratic model approach
where one factor was analyzed in reference to the other two factors
at three different level +1, 0 and —1. The percentage of heavy metal
removal was designated as the response variable (R1) upon 20
experimental runs. Validity of the model and the output response
were analyzed based on the results obtained from ANOVA
(Analysis of Variance) and 3D contour plots (46).

Using the optimized parameters, the effective bacterial isolate
was inoculated into LGI medium at the specified concentrations.
The flasks were incubated at 28 + 2°C and after incubation the cells
were harvested by centrifugation at 11,000 rpm for 20 min at 4°C.
Concentration of heavy metals in both supernatant and pellet was
estimated using Atomic Absorption Spectrometer (AAS) model
variant Spectraa 240 (47, 48).

2.9 Toxicity assessment of Cr, Pb and Zn in
presence and absence of VITVJ8

2.9.1 Seed germination assay

Toxicity of Cr, Pb and Zn was tested against the seeds of Vigna
radiata (VRM (Gg) 1), Vigna mungo (CO6) and Glycine max (CO1)
with a sample size of n=3. Seeds were obtained from the VIT School
of Agricultural Innovations and Advanced Learning (VAIAL), VIT,
Vellore and were surface sterilized after soaking in sterile
distilled water.

The following treatments were included

i. Positive control: water

ii. LGI broth

iii. Negative control: untreated heavy metals (100ppm Cr,
250ppm Pb and Zn)

iv. VITV]JI treated

v. VITV]1 treated with heavy metals (Cr, Pb and Zn)

vi. VITVJ6 treated

vii. VITVJ6 treated with heavy metals (Cr, Pb and Zn)

viii. VITV]8 treated

ix. VITVJ8 treated with heavy metals (Cr, Pb and Zn)

The germination rate was monitored over a period of 10 to 14
days, with a 12:12 light-dark cycle. Length of plumule and radicle
was measured and the percentage of seed germination was
calculated using the following formula reported by Wagh et al. (49).

Number of seeds germinated in treatment

RSG% = x 100

Number of seeds germinated in control

Mean root length in treatment

RRG% = x 100

Mean root length in control

RSG x RRG
100

GI% =
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2.10 Characterization of PGPR traits

All the isolates were assessed for PGPR traits such as the production
of TAA (indole acetic acid), siderophore, ammonia and the ability of the
isolate in solubilizing insoluble phosphate. For the indole acetic acid
(TAA) production, to the 48h culture free supernatant, Salkowski’s
reagent and orthophosphoric acid were added and change in color
from yellow to pink indicated the production of IAA which was further
quantified spectrophotometrically at 530nm (50). For the siderophore
production, supernatant of 48h cell free supernatant of Fiss minimal
medium was added in the wells of Chrome Azurol S (CAS) agar and
formation of halozone indicated siderophore production (51). For
ammonia production, Nessler’s reagent was added to the 48h culture
supernatant, change in color from yellow to brown indicated ammonia
production (52). The ability of the isolate in converting insoluble
tricalcium phosphate to soluble form was studied in Pikovskaya agar
plates where the formation of halozone indicated efficient solubilization
(53). The solubilization efficiency (SE) was calculated by the formula (49),

Diameter of solublization zone — Diameter of the colony y

SE% = 100

Diameter of the colony

2.11 Pot culture studies

Pot culture study was performed to observe the efficiency of the
effective isolate in combination with the plants, in enhancing plant
growth and thereby increasing the uptake of heavy metals. C.
zizanioides (vetiver) was selected for the study due to their fast-
growing potential, fibrous root system and their robust nature to
survive in extreme conditions like drought and water logging.
Plantlets of vetiver were collected from the VIT nursery and were
thoroughly washed to remove soil particles. Before planting, the
plantlets were pruned to 5cm of root and shoot. The pruned
plantlets were then planted in pots containing 2kg of soil. Soil
used for the pot culture study was sieved (2mm) to remove the
denser particles and was packed into a 2kg LDPE bags.

2.11.1 Phytoremediation treatments for the Cr, Pb
and Zn uptake

In phytoremediation setup i.e., without the augmentation of
effective bacteria, 2kg of soil was transferred into LDPE and the soil
was artificially polluted with 50, 100 and 150ppm of Cr, Pb and Zn
and the plants were constantly supplemented only with water so has
to compare the growth rate in the presence and absence of VITV]8.
After the preparation of the pots the pruned plantlets were planted.
The study was carried out for a period of 45 days at VIT Green
house, all the treatments were carried out in triplicates (54). Plants
were uprooted at a regular interval of 15 days to assess the various
parameters such as plant growth measurements, chlorophyll
content and estimation of HM using AAS.

2.11.2 Rhizoremediation treatments for the Cr, Pb
and Zn uptake

In the rhizoremediation treatment, effective bacteria was
augmented in soil and was artificially polluted with 50, 100 and
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150ppm of heavy metals. The rhizoremediation pots were
bioaugmented with 5ml of the effective isolate VITV]8 (1.0 x 10'?
cfu/ml) at every 0™ and every 15™ day of the study to maintain the
microbial load. Each pot received the same amount of water and the
plants were uprooted at 0™, 15, 30™ and 45" day (40). The various
treatments used in the phyto-rhizoremediation study are

mentioned in Supplementary Figure S7.

2.11.3 Analysis of various parameters
2.11.3.1 Plant growth measurement

Physical changes in the plants across all the treatments were
monitored by uprooting at 15-day intervals. Measurements of root
length and shoot height were assessed, and the data were analyzed
using ANOVA for statistical significance.

2.11.3.2 Chlorophyll content

Total chlorophyll content (a and b) was estimated using
Arnow’s method. One gram of fresh leaves was homogenized
with 80% acetone, and the resulting mixture was then centrifuged
at 10,000 rpm at 4°C. Absorbance of the supernatant was measured
at 645nm and 663nm. Chlorophyll a and b were determined by
Arnow’s equation (55).

CHL = 0.0202 x A663 + 0.00802 x A645

2.11.3.3 Estimation of heavy metal

Root and shoot samples were dried at 55°C and digested using
concentrated nitric acid as per the Environmental Protection
Agency (EPA) protocol 3051a. Soil samples were heated to 60—
70°C with the addition of concentrated sulphuric acid. The digested
samples were filtered (syringe filter) before the assessment of Cr, Pb
and Zn concentrations using atomic absorption spectroscopy
(AAS), Varian’s Model spectraAA 220.

2.12 Statistical analysis

All the study was carried out in triplicates and the statistical
analysis was conducted for the bioremoval of Cr, Pb and Zn by
Bacillus infantis in soil and plants based on the time intervals using
Origin software version 8.0. The optimization of data was evaluated
using Design Expert software version 12.0. Response Surface
Methodology (RSM) was employed with a quadratic model
approach. Plant growth parameters was analyzed using Analysis
of Variance (ANOVA) for the statistical significance.

3 Results and discussion
3.1 Isolation of effective bacteria

A total of eight morphologically distinct colonies VITV]1 to VITV]8
were isolated on LGI medium supplemented with 100ppm of Cr,

250ppm of Pb and Zn. Lalhriatpuii et al. (56) revealed the potential of
rhizobacteria in the removal of heavy metals such as Cr, Pb and Zn.
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There are several studies showing the application of MSM for isolation of
bacteria capable of surviving high concentrations of heavy metals.
Concentration used for the study was based on the previous reports
by Das and Osborne (40). For the isolation of heavy metal resistant
bacteria wetland paddy rhizosphere soil was chosen due to the presence
of increased abundance of bacterial diversity in the rhizosphere (57).
Tekaya et al. (58) reported the role of rhizobacteria in restoring metal-
contaminated soils, and the mechanisms by which PGPRs assisted in
heavy metal bioremediation was studied by Riseh et al. (59).

3.2 Screening of effective bacteria

3.2.1 Maximum tolerance concentration of
the isolates

In plate assay, among all the isolates, VITV]1, VITV]3, VITV]6
and VITV]8 showed higher tolerance up to 500ppm for Cr, Pb and Zn.
In one of the study, isolate VITT3 showed a higher tolerance for zinc,
as compared to our isolates. However, our isolates were capable of
resisting three pollutants. A similar study by Pani et al. (48) reported
that the bacterial isolate VITT3 effectively tolerates zinc and manganese
concentrations of up to 2000mg/l. Similarly, Wani and Omozele (60)
reported that Bacillus sp. (PB5) and Klebsiella sp. (PB6) exhibited the
highest tolerance, withstanding up to 1000ug/ml of Cr VI. Our isolates
VITV]1, VITVJ6, and VITV]8 showed higher tolerance levels for Cr,
reaching up to 1500ppm, indicating higher resistance in our strains.
Yahaghi et al. (61) found that Bacillus altitudinus (YSP104), Bacillus
cereus (YSP69), and Bacillus filamentosus (YSP110) showed the highest
tolerance for Pb up to 414mg/l, while YSP104 exhibited a Zn tolerance
of 196.14mg/l. Our isolates showed higher tolerance towards Pb and
Zn, confirming maximum resistance capabilities as compared to the
strains obtained from the previous studies. Yahaghi et al. (61) found
that Bacillus altitudinus (YSP104), Bacillus cereus (YSP69), and Bacillus
filamentosus (YSP110) showed the highest tolerance for Pb up to
414mg/l and YSP104 exhibited tolerance to Zn up to 196.14mg/l. Our
isolates exhibited similar or higher tolerance levels, especially in the case
of Pb, underlining their potential for effective bioremediation. VITV]1,
VITV]3, VITV]J6, and VITV]8, show significant tolerance to heavy
metals, which is consistent with the tolerance levels. Das et al. (43) also
described Enterobacter cloacae (VITPASJ1) showed the maximum
tolerance of 1000mg/l against Pb. The enhanced tolerance in broth
assays, especially for Cr and Pb, indicates that these isolates can thrive
in environments with concentrations of Cr, Pb and Zn, making them
excellent candidates for bioremediation.

3.2.2 Screening for biofilm formation:

In the qualitative analysis, isolate VITV]8 showed a dense visible
purple color lining on the walls of the test tubes indicating the strong
formation of biofilm. Itusha et al. (54) described how isolates
VITKKAJ1 and VITKKAJ5 were capable of producing strong
biofilm and it was also evident that when HM concentration
increased, biofilm formation was gradually reduced. Microtiter plate
quantitative assay, exhibited a significant increase in specific biofilm
formation and VITV]J8 showed a 32% increase in biofilm formation
when exposed to 100ppm of Cr and 250ppm of Pb and Zn (Table 1).
Recent studies have emphasized the importance of biofilms, as they are
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known to facilitate uptake of heavy metals through sorption. In the
current study, both test tube and microtiter assays revealed a similar
trend i.e., increasing concentrations of heavy metals led to a decrease in
biofilm formation (62). Similarly, Wagh et al. (49) also revealed that
Bacillus xiamenensis VITMS]3 can develop strong biofilm in the
presence of increased concentrations of heavy metals.

3.3 Enzymatic analysis

There was an increase in enzyme activity in response to various
concentrations of Cr, Pb and Zn. Notably, SOD and catalase activities
were significantly enhanced with the increase in Pb concentration of up
to 150ppm. Catalase activity also showed a positive correlation with Zn
concentration of up to 150ppm (Supplementary Figure S2). Kumar et
al. (63) reported similar pattern, where increase in SOD activity was
directly proportional to the increase in Zn concentration. Similarly,
reports by Shi et al. (64) and Abedi and Shahpiri (65) highlighted the
crucial role of SOD in scavenging superoxide radicals, which acts as a
defense mechanism against oxidative stress by breaking down H,O,
into H,O and O,. Therefore, it can be substantiated that bioremoval
process was catalyzed by the activities of superoxide dismutase (SOD),
chromate reductase and catalase.

In contrast, chromate reductase activity decreased with a Cr
concentration of 150ppm, indicating the inverse proportionality of
the isolate in resisting chromium. This finding aligns with the report
of Baldiris et al. (66), who also stated the bacterial tolerance to Cr VI
at 100ppm (40). The activity of chromate reductase was further
elucidated, with expression observed in membrane associated
chromate reductase when cells were pre-exposed to Cr VI (67).
Therefore, the resistance in isolates is not by a single enzyme but a
collective resistance obtained by synthesis of all the three enzymes.

3.4 |dentification of effective bacteria

The bacterial strain VITV]8 was identified as a Gram-positive,
rod-shaped endospore forming motile bacteria. It was also found to
be oxidase negative and catalase positive. The isolate was further
characterized and identified through 16S rRNA gene sequencing.
Molecular sequencing and phylogenetic tree analysis revealed that
VITV]8 has a close evolutionary relationship with Bacillus infantis.
The sequence has been submitted to GenBank with the accession
number OM250034 (Supplementary Figure S3).

3.5 Effect of Cr, Pb and Zn on growth
kinetics of the bacterium

Growth kinetics of the isolated bacteria, both in the presence
and absence of heavy metals (100ppm Cr, 250ppm Pb and Zn),
showed an increased lag phase, followed by the steady exponential
phase with increased cell growth (Supplementary Figure S4). In the
presence of Cr, Pb and Zn, there was no significant changes
observed in growth pattern of VITV]J8. There are several studies
indicating the presence of extended lag phase upon exposure to
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heavy metals. Zn and Cu uptake by Pseudomonas sp. has been
reported to have a prolonged lag phase upon treatment (68-72).

3.6 Optimization of the growth parameters
of VITVJ8

The optimization of bacterial growth was primarily influenced by
factors such as carbon (glucose, sucrose and glycerol) and nitrogen
sources (yeast extract, ammonium sulphate and urea) and pH levels
(ranging from 4.5 to 8.5). Among the tested carbon sources, the
highest degradation was achieved when the media was supplemented
with 1% of glucose as the primary carbon source and the optimal pH
for maximum degradation was determined to be 6.5. Further, for
nitrogen source, 1% yeast extract yielded the highest degradation. The
results obtained was validated using a Response Surface Methodology
(RSM) model. The results corresponded with the experimental trials,
confirming the reliability of the optimization study carried out
through both experimental and RSM models (Figure 1).

The 3D surface diagrams and contour plots of the Box Behnken
Design (BBD) model are illustrated in Figures 1A-F. The actual and
predicted output responses were validated using ANOVA quadratic
model (Table 2). Table 2 also shows the F values for pH (745.87),
carbon source (17.52) and nitrogen source (1.02) with corresponding P
values being 0.0001, 0.0019, 0.3354 respectively. The model was
validated with two among three responses having P values less than
0.05. The pr.ecision value, calculated as the ratio between signal and
noise, was 350.410 which exceeds the adequate precision threshold of 4,
indicating a strong signal strength. The 3D diagrams (Figures 1A-C)
and contour plots (Figures 1D-F) showed that optimal input variables
significantly influenced HM removal, both independently and in
combination. Supplementary Table S2 provides the RSM design data,
consisting of 20 experimental runs. Among the various factors studied
which includes A (pH), B (carbon source) and C (nitrogen source), it
was observed that the interactions AB, AC, and BC, as well as the
quadratic terms A% B? and C?, were significant. The following BBD
equation was derived based on the coded factors for heavy metal
removal Percentage (%): 97.08 - 1.19A + 0.1817B - 0.0439C -
0.1250AB - 0.2500AC - 0.2250BC - 13.41A2 - 6.90B2 — 0.0086C2.

This equation was used to predict the responses and assess the
relative impact of the optimal factors. The results obtained from
RSM and the derived statistical values were found to have relative
impact within standard parameters, affirming the effective growth
of the bacterial isolate VITV]8 with the optimized parameters. The
optimization using RSM for bioremoval studies has been reported
in several studies (32, 46, 73, 74).

3.7 Bioaccumulation of Cr, Pb and Zn by
effective strain VITVJ8

3.7.1 Bioremoval of heavy metals using
AAS analysis:

Bacterial cells of VITV]8 were capable of absorbing Cr: Zn : Pb with
a maximum concentration of 81%:90.8%:93.6% (Supplementary Figure
S5). Similarly, Wagh et al. (49) reported that Bacillus xiamenesis achieved
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80% of Pb through the sequestration of extracellular polysaccharides
(EPS) (75). VITVJ8 strain showed better bioremoval efficiency towards
Pb and Zn, indicating it to be an effective strain that can be used for
bioremediation. Similarly, Mwandira et al. (76) and Rizvi et al. (77)
showed that bacterial strains can effectively biosorb Cr and Zn. Pagnucco
et al. (78) revealed the metal tolerance and biosorption capabilities of
Serratia sp. and Raoultella sp. in single and multi-metal solutions.
VITVJ8 strain showed similar biosorption capabilities, highlighting its
potential for bioremediation in diverse environments.

3.7.2 Seed germination assay

Germination of Vigna radiata, Vigna mungo and Glycine max
seeds was observed after 24h. Among all the treatments, seeds
treated with distilled water exhibited 100% germination, with both
plumule and radicle formation. In contrast, other setups treated
with Cr, Pb and Zn showed germination index of 75.78%. Seeds
supplemented with only bacteria achieved the highest germination
index of 89.47% (Supplementary Table S3).

However, there was a reduction in phytotoxicity and an increased
germination index in seeds augmented with the effective strain
(Supplementary Figure S6). The decrease in toxicity can be attributed
to the biosorption or bioaccumulation carried out by the bacteria. A
study by Nouren et al. (79) reported that the accumulation of toxic
compounds in seeds can enter the food chain, posing a potential threat to
ecosystem. Whereas, our findings align with this study, highlighting the
risk of heavy metal accumulation in untreated seeds and the subsequent
benefits of bacterial treatment in reducing this risk. Reddy and Osborne
(80) revealed that seeds directly exposed to reactive dyes were more toxic
than those treated with effective bacteria, this is consistent with our
observations where seeds treated with bacteria exhibited lower
phytotoxicity and higher germination rates, emphasizing the protective
role of bacteria against heavy metal toxicity. A study by Shahid et al. (81)
examined the effects of Cr, Cd, Pb and Zn on germination of Vigna
unguiculata, the seed germination percentage was significantly reduced
when treated with 50 and 100ppm and the present study aligns with
these findings showing a similar trend in reducing the plumule and
radicle length when treated with heavy metals. Siddiqui et al. (82)
investigated the toxic effects of Cd, Cr, and Pb on seeds and found
that seeds soaked in heavy metals exhibited less toxicity during the
germination of Brassica rapa var. turnip compared to seeds that were not
soaked. Our results also show a reduction in phytotoxicity in seeds
treated with heavy metals when bacteria were introduced, confirm that
pre-treatment with bacteria can reduce heavy metal toxicity. Our study’s
reveals that the effective bacterial strain significantly enhances seed
germination and reduces phytotoxicity in heavy metal-treated seeds.
This is consistent with the reports which highlight the benefits of
bacterial treatments in reducing the adverse effects of heavy metals.

3.8 Analysis of plant growth
promoting traits

The strain VITV]8 showed the ability to produce siderophores,
TAA and solubilize the insoluble phosphate, exhibiting its plant growth
promoting traits (PGPR) (Table 1). The quantitative assay revealed that
59ug/ml of IAA was produced upon supplementation with 5mg/ml of
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The 3D surface diagram and the contour plots showing the interaction between optimized parameters with respect to heavy metal removal by

Bacillus infantis VITVJ8.

tryptophan. Ahemad and Kibert (83) reported that IAA can also be
produced by bacteria such as Azospirillum, Pseudomonas, Bacillus and
Cyanobacteria. The presence of halozone around VITVJ]8 in NBRIP
medium indicated the solubilization of insoluble phosphate to its
soluble form with an efficiency of 61.5%. Similarly, halozone
formation of 1.165cm in CAS agar plates indicated siderophore
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production, which can be used for mobilization of iron. Hou et al.
(84) reported an increase in the siderophore production in iron-
depleted conditions. Tsotetsi et al. (85) and Gupta et al. (11)
reported that Bacillus sp. are prominent PGPR which have the ability
to tolerate stress and produce various biomolecules that can contribute
to PGPR traits. Similarly, Ttusha et al. (54) reported Aeromonas sp.
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(A) Total chlorophyll content (B) Estimation of root length (C) Estimation of shoot length.

10.3389/fs0il.2025.1484039

(VITJAN13) as an efficient plant growth-promoting rhizobacterium
(PGPR) capable of producing 46.5ug/ml of indole-3-acetic acid (IAA).
The bacteria also demonstrated the ability to produce siderophores,
which was confirmed by the formation of halo zones. Several strains
such as Enterobacter cloacae (VITPAS]1), Bacillus xiamenensis
(VITMS]3), Klebsiella sp. (VITAJ23) have proven to be effective
PGPR (43, 49, 86).

3.9 Pot culture studies

Pot culture study was performed using C. zizanioides to
understand the uptake of heavy metals in the presence and
absence of VITV]8 in the rhizospheric region.
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TABLE 1 Quantification data of PGPR traits by VITVJ8.

Assay VITVJ8

Biofim (tube assay) +++
Biofim (plate assay) 32%
Phosphate solubilization (SE) 61.5%
TAA (ug/ml) 59ug/ml
Siderophore 1.165 cm
Ammonia production -
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TABLE 2 ANOVA for RSM — Quadratic model — heavy metal removal.

10.3389/fs0il.2025.1484039

Source Sum of squares df Mean square F-value p-value
Model 311231 9 345.81 13437.49 < 0.0001 | significant
A - pH 19.19 1 19.19 745.87 < 0.0001
B - Carbon source 0.4510 1 0.4510 17.52 0.0019
C - Nitrogen source 0.0264 1 0.0264 1.02 0.3354
AB 0.1250 1 0.1250 4.86 0.0521
AC 0.5000 1 0.5000 19.43 0.0013
BC 0.4050 1 0.4050 15.74 0.0027
A? 2590.88 1 2590.88 1.007E+05 < 0.0001
B? 686.69 1 686.69 26683.22 < 0.0001
c? 0.0011 1 0.0011 0.0411 0.8434
Residual 0.2573 10 0.0257
Lack of Fit 0.2090 5 0.0418 4.32 0.0670 | not significant
Pure Error 0.0483 5 0.0097
Cor Total 3112.57 19
Std. Dev. 0.1604
Mean 83.20
C.V. % 0.1928
R? 0.9999
Adjusted R? 0.9998
Predicted R* 0.9995
Adeq Precision 352.3410

Bold values represent the key words and highlight the importance of the results.

3.9.1 Effect of heavy metal (Cr, Pb and Zn) on the
growth and total chlorophyll content of
C. zizanioides

Plants augmented with PGPR bacteria VITV]8 showed positive
effects from the 15™ day interval onwards, although no significant
difference in root length was observed as compared to the
phytoremediation setup. Slight variation in shoot length was
observed at higher concentrations of heavy metals. In a similar
study by Vaishnavi and Osborne (87), negligible difference in the
root length was observed after the 15 day of study. However, at the
30" and 45™ day intervals, significant differences were observed in
the rhizoremediation setup as compared to phytoremediation
(Figure 2A). Dey et al. (89) reported that augmentation with a
PGPR strain enhanced root length in Arachis hypogea seedling after
the 30™ day interval (88). The pot culture study clearly indicated the
tolerance capacity of C. zizanioides up to 100ppm Cr and 250ppm
Pb and Zn. The growth parameters were enhanced in soil
augmented with VITVJ8. Chlorophyll content was found to be
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decreased in the phytoremediation setup with increase in
concentration of tested heavy metals, whereas in the
rhizoremediation setup, chlorophyll content was found to be
increased (Figure 2B). Das et al. (40) reported that application of
Enterobacter cloacae (VITPAS]1) enhanced the chlorophyll content
as compared to non-treated Pennisetum purpureum. Therefore,
model plant C. zizanioides used in the study showed the ability to
tolerate heavy metals at concentrations of 100ppm of Cr, 250ppm of
Pb and Zn in phyto and rhizoremediation studies.

3.9.2 Estimation of the total heavy metal content
on roots, shoots and soil

Accumulation of heavy metals in the plant root and shoots solely
depends on the heavy metals present in the rhizosphere soil and their
interaction with the plant root system. In this study, an increase in
heavy metal concentration was observed in roots, particularly in the
rhizoremediation setup as compared to the phytoremediation. This
could be attributed to the minimal translocation of heavy metals to the
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FIGURE 3
Heavy metal concentration in roots, shoots and soil.

shoots, likely due to the fibrous root system of vetiver (Figure 3). The
uptake of heavy metal was higher in the rhizoremediation setup than in
phytoremediation setup, indicating that the PGPR strain VITVJ8 has
the potential to solubilize available heavy metals such as Cr, Pb and Zn
in the rhizosphere and enhance plant uptake. In contrast,
phytoremediation setup retained the heavy metals in the rhizosphere
region of the soil. The bioaccumulation factor of heavy metals using
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VITV]8 in the rhizoremediation approach showed a 23.66% higher
enhancement in heavy metal uptake as compared to the
phytoremediation setups. The uptake percentage of Cr, Pb and Zn in
rhizoremediation was found to be 89>86>77% as compared to that of
phytoremediation 60>62>59% (Table 3), with the translocation factor
mentioned in Table 3. Das and Osborne (40) described the bioremoval
of Pb using multiple biosystems like Pennisetum purpureum a
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hyperaccumulator plant, treated with Lumbricus terrestris (earthworm)
augmented with a Pb resistant bacteria (VITPAS]1). Similarly, in this
study the plant-bacterial biosystem showed enhanced uptake of Cr, Pb
and Zn and can be further used for the large-scale bioremoval of
heavy metals.

4 Conclusion

In the current study, the effective strain VITVJ8 obtained from
rhizosphere soil was found to be tolerance to Cr, Pb and Zn. The
strain was also found to be a PGPR and 16S rRNA gene sequencing
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FIGURE 4
Mechanism of heavy metal uptake in Gramineae family.

Conversion of HMs
to less toxic and
volatile forms

Accumulation of
degraded HMs in

\
\
\

/| Phytofiltration

/

10.3389/fs0il.2025.1484039

confirmed VITV]J8 to be the closest neighbor of B. infantis. The
rhizoremediation setup in pot culture studies revealed enhanced
uptake of Zn, Pb and Cr as compared to that of phytoremediation
setup (Figure 4). Therefore, from the current study it can be
concluded that the isolate VITV]8 along with C. zizanioides can
be effectively used for bioremediation of Zn, Pb and Cr. Since the
isolate is a soil microbe it can be used for the removal of heavy
metals onsite. The effective train VITV]8 along with C. zizanioides
can be used for the treatment of Pb, Cr and Zn contaminated soil.
The shoot of the plants can be harvested at regular intervals to
reduce the concentration of metals from the soil as the plants to be
proven to be a hyperaccumulator of tested metals.

Rhizoremediation

W * Chromium
® e L
- @ Zinc

%Y  Enzymes
0 Bacterial Biofilm

Root biofi!

E

TABLE 3 Bioaccumulation factor and translocation factor of Cr, Pb and Zn.

Bioaccumulation factor
(HM uptake in 150ppm)

Translocation factor

Roots Shoots Total BF (Total/150) 100
Cr 7.68 81.72 89.4 60% 1.26 1.75 1.36
Phytoremediation Pb 31.19 61.32 92.51 62% 3.38 1.84 1.1
Zn 41.15 92.51 89.14 59% 2.05 212 0.79
Cr 19.64 113.12 132.76 89% 331 3.84 5.88
Rhizoremediation Pb 44.58 84.87 129.45 86% 4.98 4.01 3.88
Zn 9.71 105.71 115.42 77% 6.51 5.78 3.01
Bold values represent the key words and highlight the importance of the results.
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