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Halotolerant bacteria isolated
from the soils of Indian mangrove
ecosystem for metal removal and
NPK enhancement

Sreemoyee Mitra?, Joyeta Dey?, Sutripta Sarkar? & Pabitra Banik**

Soil salinity surge, and accumulation of heavy metals in soil, due to agricultural malpractices and
natural calamities, is a growing concern worldwide. The use of bacteria for bioremediation, and the
potential of halotolerant bacteria have not been fully explored. This study aimed to find indigenous
halotolerant bacteria, from the agricultural soils of Indian Sundarbans that have multi-metal removal
and fertility intensification abilities. Three halotolerant (2 20% NaCl) indigenous Bacillus strains (T37,
T40, T41) isolated from our soil samples demonstrate exceptional heavy metal tolerance and removal
abilities. T40 removed 79.62% Lead and 86.20% Chromium—which is more effective than previous
reports. T41 removed 88.46% Nickel, twice that from earlier findings. Secretion of Exopolysaccharide,
and FESEM-EDX mapping confirmed metal adhesion. Additionally, AES’s quantification of heavy
metal in exopolysaccharide explains the biosorption mechanism. These bacteria could also solubilize
phosphorus significantly under metal stress, offering sustainable soil remediation potential for
wasteland reformation and agriculture. Accordingly, farmers may effectively use these bacterial strains
as biofertilizers to reclaim the contaminated soils.

Keywo rds Halotolerant bacteria, Sundarban biosphere, Multi-metal tolerance, EPS-mediated metal removal,
FESEM-EDX, Phosphate solubilization under stress

Heavy metal (HM) contamination in soil poses a serious health risk globally, including in Central and Eastern
Europe, the USA, China, India, Pakistan, and Bangladeshl. HM contamination arises from various sources,
including compost, fertilizers and pesticides, anthropogenic and industrial activities>?, such as industrial
effluents, mine tailings, municipal waste, and HM-enriched waste*. HMs are non-biodegradable, persist in
the soil for extended periods, and potentially enter the food chain®. Their availability and mobility in soil are
influenced by precipitation, mineralization, adsorption, and protonation®.

Soil microbes play a crucial role in HM removal through bioremediation and help to maintain soil health”.
Over time, several HM-tolerant bacteria have been identified. Strains of Bacillus cereus can tolerate Nickel
(Ni**), Copper (Cu®*), Cobalt (Co), and Cadmium (Cd**)8, whereas strains of Raoultella sp. and Klebsiella sp.
can effectively remove various metal cations, such as Arsenic (As**), Lead (Pb**), Cu**, Manganese (Mn?*), Zinc
(Zn**), Cd*, Chromium (Cr®*), and Ni**, both individually and in multi-metal solutions’. Bacterial strains are
often studied for their bioremediation potential-minimal disruption of the natural soil environment, ability
to enhance soil fertility, and cost-effective application!®!!. Bacteria employ several mechanisms to remediate
HMs from soil, including bioleaching, biosorption, and biotransformation into non-toxic compounds. Their
adaptability to environmental changes and rapid rate of growth make them well-suited for remediation”!1"12,

Soil salinity is another significant agricultural challenge, affecting approximately 8.7% of the world’s
agricultural land, totaling over 833 million hectares!'®!4. Bacteria capable of surviving in saline conditions are
known as halophiles. In contrast, halotolerant bacteria could survive in 0 to =20% salt concentrations, which
is particularly noteworthy'>~'8. Halotolerant bacteria have demonstrated beneficial properties, including the
solubilization of inorganic phosphates, siderophore production, nitrogen fixation in soil'*-?!, and anti-pathogenic
abilities??. They have also shown tolerance to HMs; for example, halophiles like Halomonas sp. and Halobacillus
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trueperi have exhibited tolerance to Lead, Copper, and Zinc, respectively®. Stenotrophomonas maltophila strain
BN1%. Similarly, Halomonas sp. Exol, isolated from the halophilic areas of the Indian Sundarbans mangroves
has metal resistance properties**.

Bioremediation using bacteria aims to maintain soil structure integrity, and aid in the degradation of both
inorganic and organic hydrocarbons®. Previously, strains of Pseudomonas alcaligenes, Bacillus vietnamensis, and
Kocuria flava isolated from the Indian mangroves have been seen to remediate Arsenic and hydrocarbons®.
However, bacterial remediation’s drawbacks include a potentially extended time frame, specificity to specific
environments, and the possibility of toxic byproducts*”’. While considerable research has focused on bacteria,
including halotolerant strains, the range of explored bacterial strains remain limited, and the effect of salinity
variations on their bioremediation capabilities requires further investigation®. Additionally, there is a need to
identify single bacterial strains that are capable of simultaneously remediating multiple metals. This is crucial for
developing effective bacterial-based bioremediation methods for soil?.

This study focuses on identifying and isolating halotolerant, free-living bacteria from the saline soils of Indian
Sundarban agricultural soils. These bacteria must also exhibit multi-metal tolerance, and soil NPK restoration
abilities. Hence we also investigate their ability to enhance Nitrogen-Phosphorus-Potassium (NPK) levels in the
soil. The aim is to develop a bioremediation technique that not only removes HMs from soil but also restores
fertility in degraded soils, potentially transforming wastelands into valuable cultivable lands sustainably. To
summarize, the objectives of this study may be framed as.

« To identify halotolerant bacterial strains from soil samples with multi-metal tolerance.

« To study and confirm the removal of HMs by these strains {focusing on Lead (Pb), Chromium (Cr), and Nick-
el (Ni) based on initial screening responses, as these are hazardous and often found only in traces}.

« To investigate these strains’ fertility enhancement properties (N fixation, P- and K solubilization).

Results

Isolation of halotolerant bacteria

Fifty halotolerant bacteria were isolated from the agricultural soils of Sagar Island, an Indian mangrove region.
These isolates showed growth in low NaCl concentrations (1.5% NaCl supplemented Nutrient Medium) and
high NaCl concentrations (Nutrient Medium with 20% NacCl).

Screening of HM-tolerant bacteria

All 50 isolated strains were grown in HM concentrations. A Venn diagram generated through R-software
(Fig. 1(1.1)) illustrates that most of the bacterial strains could not tolerate HMs; 37 of them showed a response
to either of the HMs, and 24 isolates responded significantly to all three- Pb, Cr and Ni. Further, the map in
Fig. 1(1.2) (generated through ArcGIS 10.8 software) shows Cr-tolerant bacterial strains being restricted to a
few places, whereas there is an abundance of Ni-tolerant bacteria. Also, the locations having more Pb-tolerant
halotolerant bacteria had fewer Cr-tolerant halotolerant bacteria. Among all of the strains, three bacterial strains
were found that could show significant growth in Pb, Cr and Ni (minimum 50 ppm concentration). They were
all characterized as gram-positive, rod-shaped bacteria.

Minimum inhibitory concentration (MIC)

Three isolated strains have been shown to be highly efficient in tolerating all three metals. They could tolerate
high concentrations of Cr, with T40 being able to tolerate>2500 ppm. These strains could also tolerate high
concentrations of Pb but had a lower tolerance towards Ni (given in Table 1 and shown in Supplementary Fig. 1).
Comparison between the HM-tolerance levels in Table 1 and their respective permissible limits in Supplementary
Table 1 showed that the bacterial strains could effectively tolerate HM in higher concentrations.

Biochemical tests

All the bacterial strains tested positive for Catalase and Indole production. None of the isolates responded to
Urease or Oxidase. Isolates T40 and T41 tested positive for Voges-Proskaeur, and T37 tested positive for Lactose
fermentation and Citrate utilization.

Identification of the bacterial strains

In this study, out of 37 bacterial strains, several isolates showed tolerance towards one or two of the three HMs.
However, only three displayed tolerance towards all three metals (Pb, Cr, and Ni) at higher concentration levels.
These bacterial strains were identified based on 16S rRNA sequencing and BLAST, and the sequences were
deposited in the NCBI (National Center for Biotechnology Information) database. The BLAST results along
with accession numbers of the respective sequences are as follows: T37 was identified as Bacillus megaterium
with 99.86% similarity (Accession number: 0Q979046), T41 was identified as Bacillus aryabhattai (Accession
number: 0Q979125) with 99.89% similarity, and T40 was identified as Bacillus altitudinus (Accession number:
0Q983889) with a similarity percentage of about 99.71%. Their similarity with other Bacillus species using a
phylogenetic tree (with MEGA?7 software) has been illustrated in Fig. 2.

Bacterial potential of HM removal

The potential for reducing HM was measured using the difference between the initial and final HM concentration
in the solution. The percentage removal was calculated using the formula mentioned in “Sample preparation and
atomic emission spectroscopy (AES) analysis” The samples prepared were analyzed using MP-AES, and it was
found that the three strains were able to remove Pb, Cr and Ni as given in Table 1 and shown in Supplementary
Fig. 1.
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Fig. 1. Spatial distribution of HM tolerant bacteria in sampling areas and their nature of tolerance towards
each HM: 1.1: In the image the sampling locations are shown using ArcMap 10.8, featuring a part of the
Indian Sundarbans focusing on the sampling area of Sagar Island. 1.2: The map shows the varying number of
salt tolerant bacterial strains tolerating Pb, Cr and Ni separately. The three colors are for the Number of Lead
tolerating Bacteria (No. of LTB), Number of Chromium tolerating Bacteria (No. of CTB) and Number of
Nickel tolerating Bacteria (No. of NTB). The map has been created using ArcMap10.8. 1.3: The Venn diagram
generated through R v4.1.3, the total number of isolates responding to the minimum concentrations of
50ppm of HM were 24, only Pb = 2, only Cr = 1, only Ni = 4, just Pb&Cr = 3, just Pb&Ni = 6, just Cr&Ni = 4,
Pb&Cr&Ni = 3.

Scanning electron microscopy- energy dispersive X-ray spectroscopy (SEM-EDX) analysis of
bacterial metal adsorption

All the bacterial strains exhibited effective removal of HMs, and their removal process was studied using SEM-
EDX. In Fig. 3, a comparison in appearances of the bacterial cell walls among the bacterial isolates before being
treated by HMs {images (1), (5) and (9)} and post application (with magnification), is shown. Additionally, the
metals attached to and sequestered within the bacterial cell walls was confirmed through EDX mapping of the
T40 strain as given in Fig. 3(13,15 &17). The peaks of the relevant HMs in Fig. 3 (14, 16 &18) confirm this. Images
given in Fig. 4 provide a broader view of HM absorbance by individual bacteria in a mixture of HMs, within the
bacterial network, proving their ability to remove HM in the broth, as shown in Table 1. In 4.1, 4.2, and 4.3, the
absorbance of HMs by the bacteria is visualized when treated together, and the peaks of the respective strains
in 4.4, 4.5, and 4.6 support this. Additionally, images 4.7, 4.8 and 4.9 for T37; 4.10, 4.11 and 4.12 for T41; and
4.13, 4.14 and 4.15 for T40 show the presence of HM ions separately and in varying concentrations within the
network, color coded for clarity as mentioned in the caption for Fig. 4.

Exopolysaccharide (EPS) formation by bacterial strains under HM stress

When the bacterial strains were grown under HM concentrations, they developed biofilms visible in borosilicate
tubes. These biofilms, as seen in Figs. 5.4 and 5.5 appeared as purple rings in the tubes, confirming the presence
of EPS and its involvement in the removal or absorption of HMs. It is evident that the HMs were located on the
bacterial cell walls, attached to them, or within the EPS.

EPS extraction and EPS bound-HM measurement
Figures 4 and 5 provide an insight into the bacteria’s secretion of EPS when grown in the presence of all three
HMs, demonstrating their ability to trap them. Extraction and measurement of the EPS secreted by the bacterial
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Fig. 2. Phylogenetic Tree Of The Bacterial Isolates: The Phylogenetic tree for strains with accession number of
0Q979046, 0Q979125 and OQ983889 were prepared with MEGA 7 taking Escherichia coli strain as the out-
group. The identified strains are marked in red. The evolutionary history was inferred by using the Maximum
Likelihood method based on the Tamura-Nei model. The tree with the highest log likelihood (-3686.92) is
shown. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ
algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL)
approach, and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with
branch lengths (0.299) measured in the number of substitutions per site. The analysis involved 11 nucleotide
sequences. There were a total of 1749 positions in the final dataset. The Test of Phylogeny was using Bootstrap
method with 1000 Bootstrap Replications.

strains in the MIC concentration of the HMs, as given in Table 2, confirms it. Additionally, the concentrations
of HMs found in the EPS, as analyzed by MP-AES, are also stated in Table 2, referring to the involvement in HM
removal.

Fertilization abilities of the bacterial strains

All three bacterial strains tested positive for their fertilizing capabilities. They were able to fix nitrogen by
growing in a nitrogen-free medium, solubilize insoluble forms of phosphate and potassium (grow in Pikovskaya
agar and Aleksandrow agar), as shown in Fig. 5.

Phosphate solubilization efficiency under HM stress

Quantitative estimation of phosphorus solubilized by the bacterial strains in control and the presence of HMs is
given in Supplementary Table 3. The notable difference in the capacity to solubilize phosphorus in control and
in different HM-induced media can be seen clearly in Fig. 5 (bottom). It was found that in the presence of HM,
the solubilizing potential of the bacterial strains significantly lowered, with T40 in Pb being the only exception.
This unusual behavior has been further explained in “Discussions”.

Discussions

Halotolerant bacteria have a unique physiology that allows them to grow in high concentrations of HMs, essential
for bioremediation®’. Earlier studies have shown HM tolerance among salt tolerant bacteria. It is exhibited due
to its shared mechanism of ion removal, secretion of EPS in toxic environments and stress-responsive genes?6:47.
Some strains of Klebsiella sp. and Pseudomonas putida could survive in 15% of salinity as well as effectively
tolerate and remove Mercury, Cadmium, Copper and Nickel. The current work discusses three halotolerant
Bacillus strains exhibiting tolerance towards Pb, Cr and Ni (Table 1). Their individual tolerance levels were
higher than the respective permissible limits (Supplementary Table 1) with some MICs higher than previously
reported. The multi-tolerance behavior of bacteria towards Pb, Cr and Ni were earlier found in: Bacillus safensis
(Pb: 250ppm, Cr: 210ppm, and Ni: 110ppm), Enterobacter tabaci (Pb: 130ppm, Cr: 160ppm, and Ni: 90ppm),
Planococcus maritimus (Cr: 500ppm), and Brevebacterium casei (Cr: 250ppm)*°. T40 exhibited high tolerance
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towards Cr with an MIC of 2536+5.29 ppm. In the past, Cr hyper tolerance has been seen in Bacillus sp.
MH778713 tolerating up to 15,000 ppm as shown in Ramirez et al. 2019%.

The abilities of the bacterial strains to remove HMs were found in the order—Cr: T40>T37 >T41, highest
by T40 with 86.20+0.69%; Pb: T40>T41>T37, highest by T40 with 79.62+1.84% and Ni: T41>T37>T40,
highest by T41 with 88.46+0.90% (given in Table 1). This when compared to previous findings like- a strain
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«Fig. 3. Images showing differences in bacterial cells in HMs and in control; EDX mapping to confirm the
presence of respective HMs on cell surface: (Top): The images on of the bacterial isolates are taken through
SEM [Hitachi, Japan; Model: SU8010 series] (1-12). Images (1), (5) and (9) with 30000X magnification, are
control images of T37, T40 and T41 bacterial strains respectively; (2), (3) and (4) are images of T37 in presence
of Pb, Cr and Ni respectively with magnified images of the same at the bottom [magnification 35000X]; (6), (7)
and (8) are images of T40 in presence of Pb, Cr and Ni respectively with magnified images of the same at the
bottom [magnification 35000X]; (10, (11) and (12) are images of T41 in presence of Pb, Cr and Ni respectively
with magnified images of the same at the bottom [magnification 35000X]. (Bottom): The images of the
bacterial isolate T40 are generated using FESEM-EDX [Hitachi, Japan; Model: SU8010 series]. The images (13),
(15) and (17) shows the heavy metal ions- Pb, Cr and Ni respectively, attached and embedded along cell wall
and EPS network of the bacterial cells. Alongside the images, the graphs generated through EDX-mapping as
shown in (14), (16) and (18) also proved the presence of these HM on the bacterial cells.

of P. aeruginosa removing approximately 29%, 30%, 35%, and 28% of Pb, Cr, Ni, and Cd, respectively51 and
Lactobacillus plantarum MF042018 being able to efficiently remove Ni** and Cr?** from broth medium by
33.8+£0.8% and 30.2+0.5%2 was found to be significantly higher. Other studies showing higher removal
percentage of Cr (approx 92%) by Bacillus licheniformis*, contradict the removal ability of Cr by T40. But, in
this study, the novelty of the strains lies in multi-metal removal along with individual effects. Therefore, when
grown in a mixture containing three HMs, their removal potential decreased, compared to individual HM
removal®!. Despite this, T40 shows the highest removal of Cr in mixture of 44.46 +6.09%, T41 could remove
Pb by 47.60+2.12% and T37 efficiently could remove 58.74 + 3.62% of Ni. These prove the strains’ efficacy over
other strains previously reported and discussed.

Earlier investigations have shown EPS production by bacteria playing a key role in HM removal, like—
Pseudomonas aeruginosa producing EPS under HM stress®*, Bacillus sp. GH-s29 reducing Arsenic, Chromium,
and Cadmium by producing EPS*’, Sporosarcina pasteurii generating EPS under Nickel stress®®, Parapedobacter
sp. ISTM3 strain identified in biosorption of Cr ions through EPS® and so on. The present work also demonstrates
removal of HM in broth by the combined effect of biosorption of HM and EPS (Table 2). The removal of HM
through EPS formation, as observed under the microscope is given in Fig. 3 (1, 2 and 3). This mechanism can be
attributed to the presence of uronic acids in EPS along with negatively charged functional groups like carboxyl,
phosphoryl, and hydroxyl groups. These negatively charged groups present in EPS interact with the positively
charged metal ions, resulting in biosorption process®. These findings are supported by FESEM-EDX mapping
images and MP-AES, which have deciphered the considerable presence of HM in EPS. FESEM produces high-
resolution images of these EPS structures. The more rugged bacterial surface shows enhanced metal adsorption
capacity®s. EDX-Mapping complements FESEM by providing elemental analysis which in turn confirms the
presence of the metals on EPS surfaces The results can be found similar to Ni removal through EPS by Klebsiella
oxytoca ]7 from contaminated water®’and, Pseudomonas aeruginosa and Azotobacter chroococcum efficiently
remediating lead, copper and lead, mercury respectively’**®. These findings consolidate the potential of the
bacterial strains as bioremediating agents in saline multi-metal contaminated lands.

Further, particular Bacillus species®®-%2, Mesorhizobium® and different bacterial consortia® were seen to
improve soil nutrient availability and plant growth, respectively. Similarly, these strains also exhibited NPK
abilities, serving their purpose in soil fertility enhancement as well. Some bacterial strains also show a synergistic
effect in HM remediation and enhancement of nutrient availability in plants®>®. Bacillus subtilis have been
seen to solubilize phosphorus and improve wheat growth under Cr stress®’. Here, the bacterial strains could
also solubilize phosphorus under HM stress as shown in Fig. 4. Although the presence of HM decreased their
level of solubilization, Strain T40 showed more phosphorus solubilization in presence of Pb than in absence of
it. This, on further investigation was found to be due to the difference in pH during the experiment. Phosphate
solubilization alters the pH of the media due to the release of organic acids involved in the process of solubilization
and addition of HMs might alter this pH. Although Potassium chromate and Nickel chloride do not react with
phosphate, lead shares a different dynamic. Pb forms precipitate with the soluble phosphate, facilitating in an
increased release of soluble phosphorus from insoluble sources®®. Here, it was observed, that at the end of the
experiment the pH of Pb incorporated media had reduced to 4.42 while the positive control had pH of 4.67.
This was comparatively lower than the ones enhanced with Cr and Ni (4.7 and 4.58 respectively). The increased
production of phosphorus causes the release of higher organic acids and hence the drop in pH®. The complexity
of the reactions and different pH levels caused the unusual result that was seen in Fig. 5. (bottom). Therefore,
these isolates can also be tested for soil reformation in contaminated areas in the future.

Conclusion

Inthis current study, three halotolerant Bacillus sp. strains, with multi-metal removal and soil fertility enhancement
abilities were isolated. The strain T40 (Bacillus altitudinus) showed the highest potential. Alongside, these strains
exhibited effective phosphate solubilization under HM stress. In contrast to most of the previous reports/studies,
this work extensively shows the superior potency of halotolerant bacterial strains in multi-metal removal as
well as phosphate solubilization under HM stress. Beneficial indigenous bacteria aid in land reformation and
also help preserve the original microhabitats, providing a sustainable solution. In the future, these bacterial
strains could be applied as biofertilizers to facilitate land transformation and benefit farmers. Thus, this research
contributes to the reformation of affected areas, including highly saline, contaminated, or waste lands, as well as
mining areas.
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Fig. 4. SEM-EDX showing the presence of HMs on bacterial cell walls and network in HM mixture: the above
images are generated through FESEM [Hitachi, Japan; Model: SU8010 series]-EDX and EDX mapping. Images
(1), (2) and (3) shows the elements Pb (in yellow), Cr (in red) and Ni (in green) altogether at the same time
attached to the bacterial cell wall and cell network for strains T37, T41 and T40 respectively. Images (4), (5)
and (6) confirmed the presence of these elements on the bacterial cells through generation of peaks of the
mentioned elements for T37, T41 and T40 respectively. Images (7, 8 & 9) for T37; (10, 11 & 12) for T41; and
(13, 14 & 15) for T40, shows the elements individually (without the bacterial cells) as found in SEM images of
bacterial cells. Here, Chromium = Red, Lead = Yellow and Green = Nickel.

Materials and methods

Sample collection

25 soil samples (S1-S25) were collected from several areas of the Sagar Island in the Indian Sundarbans (Co-
ordinates given in Supplementary Table 2). Soils were collected from areas named Kirtankhali, North and South
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Phosphate solubilization (ppm)

Fig. 5. (Top left) fertilizing properties, (top right) biofilm formation of the isolates and (bottom) difference

in phosphate solubilization among bacterial isolates under HM stress: image (1, 2 and 3) of bacterial

cultures, their capabilities for fertilizing properties are shown. The zone of potassium (2) and phosphate (3)
solubilization are marked. All of the above images are of T40, with (1) in Jensen’s media, (2) in modified
Aleksandrow media and (3) in Pikovskaya media. 4 & 5 shows formation of purple rings, circled in red,
confirming biofilm formation by the isolates. Bottom graph shows the phosphate solubilization capabilities of
the three Bacterial Strains with strain T40 exhibiting similar capability to solubilize phosphorus as much as in
presence of Cr and Pb as in control conditions. The values are given in mean of triplicate values + SD. The test
was done using One-way ANOVA followed by Tukey test to find the level of significance. “*” means significant
difference between phosphate present in negative control of Cr with Cr added broth treated with bacterial
strains. The “**” means significant difference between phosphate present in negative control of Pb with Pb
added broth treated with bacterial strains. The “***” means significant difference between phosphate present in
negative control of Ni with Ni added broth treated with bacterial strains. (Significance means p <0.05).

Haradhanpur, Digambari, Harinbari, etc. (as shown in Fig. 1). Soil samples were collected aseptically, following
random sampling, from crop fields, at a depth of 10-12 cm, and carried to labs in ziplock bags.

Isolation of halotolerant bacteria

In the isolation process, serially diluted soil samples were spread across 2%, 5% and 10% Sodium chloride (NaCl)
[Merck, Germany] modified Nutrient agar (Himedia, India) plates. 100 pl of inoculum was taken from three
dilution factors- 1073, 107>, 10~7. The plates were incubated at 37 “C for 24-48 h. Replication was maintained
using triplicate for each test variety. Each colony grown on plates was further isolated using 20% NaCl-enhanced
NA plates for studying the extent of their salt tolerance.

Screening of HM-resistant halotolerant bacteria
The experiments were conducted following the methods described in Kalaimurugan et al. 2020%° and Divakar
et al. 2018%° with necessary modifications. Stock solutions of Pb (1000 ppm), Ni (1000 ppm), and Cr (3000

Scientific Reports |

(2025) 15:20804 | https://doi.org/10.1038/s41598-025-07839-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Lead Chromium Nickel
Isolate name | EPS (g/L) | Conc. of metal (mg/g) | EPS (g/L) | Conc. of metal (mg/g) | EPS (mg/g) | Conc. of metal (mg/g)
T40 0.99+0.01 | 6.23+0.11 1.54+0.67 | 8.65+0.04 0.83+0.03 4.89+0.13
T41 0.90+0.00 | 5.57+0.17 0.75+0.01 | 4.43+0.16 1.26+£0.04 |6.51+0.67
T37 0.97+0.03 | 5.14+0.33 0.81+0.00 | 5.82+0.03 0.83+0.01 6.05+£0.19

Table 2. The range of quantitative EPS secreted by the bacterial strains under HM stress and the concentration
of HM absorbed by the EPS as found by MP-AES analysis. All the final concentrations were from 48 h cultures;
Values are mean + SD of triplicate experiments; the control for the experiment was bacterial cultures without
HM contamination yielding EPS from each strain in g/L is as follows- T40: 0.31+0.00, T41: 0.27 £0.03 and
T37:0.34+0.03.

ppm) were carefully prepared using Lead nitrate [Pb (NO,)], Nickel chloride [NiCl,], and Potassium chromate
[K,CrO,], respectively. The reagents used were sourced from Merck, Germany. Various media solutions were
prepared using Nutrient Broth (NB), and HM solutions were added to achieve the desired concentrations. All 50
isolates were screened initially using 50ppm of each of the HMs solutions. Bacterial isolates were grown in these
solutions for 48 h at 120 rpm and 37 °C. The growth was assessed by measuring the optical density at 660 nm
using a UV-Vis Spectrophotometer. The screened isolates were further subjected to increased concentrations of
HMs (concentrations increased by 2ppm in each step initially). Through the screening, only three isolates were
found that could tolerate >200ppm of Pb, > 100 Cr and >70ppm of Ni. The maximum tolerance of the bacteria
towards each of the HMs was then further studied.

Determination of MIC

The MIC of the screened isolates for each of the HM was determined using the methods outlined by Maity et
al. 2023% and Haroun et al. 2017°% The halotolerant strains were inoculated in increasing concentrations (by
2ppm for Ni, 25ppm for each Pb and Cr) of HM in each step. Cr was increased by 100pm in each step for T40
due to its higher tolerance. The culture tubes were kept at 37 °C and 120 rpm for 48 h. The MIC was determined
by critically altering HM concentrations by +2ppm. Two controls were taken during the MIC determination
experiments: Broth + inoculum and NB + HM. The MIC was recorded after confirming the growth of the bacteria
at that particular concentration and the absence of growth of the isolate beyond that concentration. Bacterial
growth was confirmed by OD,=0.5, and growth on NA agar plates (inoculum taken from the cultured tube
with respective bacteria and HM). Agar plates were incubated for 48 h at 37 °C.

Morphological and biochemical characterization of bacterial isolates
Morphological and Biochemical characteristics of the bacterial isolates were observed using methods given in
Breed et al. 2022%* and Cappuccino 20133~

Molecular identification using 16S rRNA gene sequencing

The genomic DNA of the screened bacterial strains was extracted using a commercial bacterial genome extraction
kit according to the manufacturer’s instructions. The primers 27 F (5'- AGAGTTTGATCMTGGCTCAG -3’)
and 1492R (5'-CGGTTACCTTGTTACGACTT-3") were used in Polymerase Chain Reaction (PCR) (5 min.
95 °C; 40 s. 95 °C, 40 s. 65 °C, 1.5 min 72 °C for 30 cycles; 10 min. 72 °C)* for the amplification of 16S rRNA
gene. Sequencing was performed using Sanger sequencing, and the sequences were evaluated using MEGA
7 software. The sequences were identified by using the Basic Local Alignment Search Tool (BLAST), and the
phylogenetic tree was generated using MEGA 7 software through maximum-likelihood (MLH) and with 1000
bootstraps. Finally, the acquired sequences were submitted to the GenBank database. All the required kits and
chemicals were from Genie Laboratories Pvt. Ltd, India.

Sample preparation and atomic emission spectroscopy (AES) analysis

The samples were prepared following the method described by Wang et al. 2020%. In summary, the culture
tubes containing Pb, Cr and Ni, at the MIC concentrations of each bacterial isolates, were inoculated with
the isolates and kept at 37 °C and 120 rpm for 48 h. After 48 h, the tubes were centrifuged at 5000 rpm for
10 min. The resulting supernatants were collected and digested using a Block digester with 10 ml of Nitric acid
(69%, Molarity=15.4 M), 4 ml of Perchloric acid (70%, Molarity=11.6 M), and 1 ml of Sulfuric acid (98%,
Molarity=18.4 M). These acids were obtained from Merck, Germany (Quality grade: Emparta). A control
without inocula was maintained for each concentration for each type of HM. The digested samples were filtered
through Whatman 42 filter paper and diluted. After filtration, the samples were prepared for analysis using AES
(MP-AES, Agilent Technologies, Model: 4210). The HM removal efficiency of each bacterial strain was calculated
using the following formula®: C_ = initial heavy metal concentration in the solution, C, = concentration of heavy
metal in the solution after treatment with the bacterial isolates.

Heavy metal removal efficiency = C"C;OQ x 100%

Sample preparation for SEM-EDX analysis
The bacterial strains were prepared for SEM-EDX analysis following the methodology described by Kammoun
et al. 202038, with slight modifications as required. Initially, the isolates were allowed to grow in HM-containing
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NB, where the concentrations of HM varied according to their respective MICs for each of the metals, and in
mixture. The tubes were kept incubated at 37 °C and 120 rpm for 48 h. Then, the tubes were centrifuged at
10,000 rpm for 10 min at room temperature, and the supernatant was discarded. The pellet was washed thrice
with Na-P Buffer, and a small amount of the pellet was placed on a glass coverslip. The specimen was fixed
using 2.5% Glutaraldehyde for 30 min, and then washed with Na-P Buffer. The slides were then treated with
different grades of ethanol: 50%, 60%, 70%, 80%, 90%, and finally absolute alcohol for 10 min each, respectively.
The slides were stored at 4 °C until further analysis. All reagents were from Merck, Germany. The samples
were then analyzed using Field Emission Scanning Electron Microscopy equipped with Energy Dispersive X-ray
Spectroscopy (FESEM-EDX). [FESEM: Hitachi, Japan; Model: SU8010 series]

Biofilm formation and EPS secretion by the isolates

The method outlined in Qurashi & Sabri 2012% was followed to test biofilm production before checking the EPS
secretion. The bacterial isolates were grown in Luria Bertani (LB) broth and LB supplemented with the three
HMs in their respective MICs in glass tubes. The tubes were inoculated with a culture of 0.5 optical density at
a wavelength of 600 nm (OD600) for 48 h. Later, the tubes were emptied, washed once with distilled water, and
treated with a 0.1% aqueous solution of crystal violet for 20-30 min. Purple rings then appeared in the tube
walls, and were visible to the naked eye under natural light, post ethanol and distilled water wash.

Further, EPS extraction was conducted according to Senthilkumar et al. 2021 with necessary modifications.
Briefly, the bacterial cultures were inoculated in 50 ml of NB and HMs solutions (at their individual MICSs’) in 250
Erlenmeyer flasks and kept at 37°C for 48 h at 100 rpm. After 48 h, the cultures were centrifuged at 12,000 rpm
for 15 min, and twice the volume of chilled Isopropanol was added to the supernatant and kept at 4°C overnight
for the precipitation of the EPS. Post incubation, EPS was extracted by centrifugation at 12,000 rpm for 15 min.
Afterwards, the pellet was filtered, air dried, and weighed using a Weighing balance (Mettler Toledo New Classic
MF ML204) and expressed in g per litre of culture broth. Control with only bacteria in media in the absence
of HM and blank with only media were maintained. The content of HM present in the EPS extracted was then
measured using MP-AES following the sample preparation and method explained in “Sample preparation and
atomic emission spectroscopy (AES) analysis” of this article.

Capability of the bacterial isolates in fixing nitrogen, solubilizing phosphorus, and
solubilizing potassium

As the bacterial strains were isolated from crop fields, their efficacy in NPK restoration served as a crucial
point. They were tested for their abilities in phosphorus solubilization following zones in insoluble tri-calcium
phosphate containing Pikovskaya media as mentioned in Tariq et al. 2022*!. Similarly the growth of bacterial
isolates in Nitrogen-free Jensens’ media proved their nitrogen fixating abilities as shown in Ali et al. 202242 and
the formation of yellow zones around the bacterial colonies in Bromothymol blue (2%) added Aleksandrow
media confirmed their capabilities in potassium solubilization as given in Rajawat et al. 2016*.

Efficacy of phosphate solubilization of halotolerant bacteria under HM stress

The fertilizing abilities of the bacterial strains were tested in the presence of HMs. While nitrogen fixation and
potassium solubilization did not yield promising results, phosphate solubilization showed positive results even
in the presence of high concentrations of HMs. The method outlined by Aliyat et al. 2022 was used to quantify
phosphate solubilization, using NBRIP media with slight adjustments as needed. The media without HM was
used as a control, and the test media were supplied with HMs at the different MICs. 50 ml of each type of media
was taken and inoculated with 200pL of each isolate. The inoculated media were then incubated at 120 rpm/min
for 48 h and subsequently centrifuged at 10,000 rpm for 15 min. The soluble phosphate was quantified using the
molybdenum blue colorimetric method at a wavelength of 882 nm.

Statistical analysis

All the tests were performed in triplicate. The statistical analysis of one-way ANOVA was done with the help of
R software followed by the Tukey HSD test to find significance. The graphs were prepared with the help of MS
Excel.

Data availability

Sequence datasets generated and/or analyzed during the current study are available in the NCBI repository with
the Accession numbers (0Q979046, 0Q979125 and OQ983889). Data available at https://www.ncbi.nlm.nih.go
v/nuccore/0Q979046, https://www.ncbi.nlm.nih.gov/nuccore/0OQ979125 and https://www.ncbi.nlm.nih.gov/n
uccore/OQ983889 respectively.
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