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Abstract: Cadmium (Cd**) contamination in agricultural soils poses a critical threat to global food security and plant
productivity. This study examined Cd?" contamination in soils irrigated with municipal wastewater near an open disposal
site in Raiganj, Uttar Dinajpur, West Bengal, and isolated eleven Cd?*-resistant bacterial strains from the rhizosphere of
Amaranthus viridis L. Among these, strain AF2 exhibited superior multi-metal resistance and was selected for detailed
characterization. 16S rRNA gene sequencing identified AF2 as Pseudomonas aeruginosa, with 100% sequence identity
to strains BQ26 and NCTC 13628. Growth kinetics in Cd?>*-amended LB medium revealed concentration-dependent
growth delays, while biofilm formation was stimulated at low Cd?* levels (up to 1 mM) but inhibited at higher
concentrations. SEM-EDAX analysis confirmed Cd?" bioadsorption via multiple binding sites on the cell wall. AF2 also
exhibited diverse plant growth-promoting (PGP) traits, including 1AA production, ACC deaminase activity, nitrogen
fixation, siderophore production, phosphate solubilization, and Zn solubilization, as well as ammonia and HCN
production. In vitro application of AF2 significantly enhanced germination (1.1 to 8-fold), root growth (1.5 to 3.3-fold),
fresh weight (1.3 to 1.8-fold), dry weight (1.4 to 2.2-fold), and root-to-shoot ratio of A. viridis seedlings under Cd?** stress.
These findings highlight AF2 as a potent bioremediation agent and biofertilizer, capable of mitigating heavy metal
toxicity while improving crop yields in contaminated agroecosystems.

Keywords: Heavy metal, Cadmium toxicity, Plant growth promation, bioremediation, Pseudomonas aeruginosa strain
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l. INTRODUCTION

Rapid industrial development and the strain of an ever-growing population have adversely affected agricultural soil
health. The contamination of agricultural soils with heavy metals has resulted in a wide range of environmental issues
and heightened ecological instability. Heavy metals, unlike organic pollutants, are non-biodegradable and persist in the
environment for extended periods. The prevalence of these substances in the soil has detrimental effects on crop
productivity, plant growth, and reproduction. Regular intake of vegetables contaminated with heavy metals also poses
health risks to humans [1,2,3]. In addition to being released into nature through geogenic processes such as weathering,
leaching, and volcanism, heavy metals are mostly released into the environment through the increased industrial activity,
fossil fuel combustion, mining, smelting, incineration of municipal waste, the use of agrochemicals, and controversial
agricultural practices [4,5].

Cadmium (Cd), a nonessential heavy metal, is highly toxic and carcinogenic in nature. It has a prolonged biological half-
life and exhibits high mobility in soil environments. The concentration of cadmium in the earth’s crust ranges from 0.1
t0 0.5 mg kg L. Cd?* is primarily found in nature in association with the sulphide ores of metals like zinc, lead, and copper
[6]. Cd?* is commonly used in batteries, metal electroplating, pigments, stabilizers for plastics, the energy sector, modern
electronics, and the communication industry.
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The average global concentration of cadmium in agricultural soils is 0.36 mg/kg, with a range of 0.01-1 mg/kg. Cd?*
contamination of agricultural soil is mostly caused by atmospheric deposition, use of phosphate fertilizers and pesticides,
irrigation with municipal waste and sewage sludge deposits. Plants and vegetables cultivated in contaminated soil readily
absorb Cd?*, which can enter the aerial parts of the plant, posing risks to human health and food safety. In plants, cadmium
toxicity results in chlorosis of the leaves, reduced pigment synthesis and photosynthesis, browning of the root tips,
wilting, senescence, inhibition of seed germination, and stunted overall plant growth [7,8].

Microbes play a vital role in the natural cycling of heavy metals and are crucial for decontaminating soil polluted with
these metals. When exposed to high levels of toxic metals, microbes develop resistance and can help in bioremediation
by employing various detoxification methods. Certain metal-resistant plant growth-promoting rhizobacteria (PGPR) can
effectively aid in remediation efforts by mitigating metal-induced stress and enhancing plant growth. This eco-friendly
approach is cost-effective and can involve bacteria such as Ochrobactrum sp. and Bacillus sp. [9], Burkholderia sp. SRB-
1 [10], Raoultella sp. [11], Klebsiella sp. and Lelliottia sp. [12], Leclercia adecarboxylata HWO04 [13], Curtobacterium
sp. [14], and Enterobacter sp. [15], which exhibit plant growth-promoting traits and heavy metal resistance. These
bacteria may resist heavy metals by either accumulating them within their cells, adsorb in cell wall or transforming them
into less toxic forms. Despite limitations, including strains' selectivity for specific metals, environmental compatibility,
and plant growth-promoting abilities, the demand for metal-resistant PGPR remains high in contemporary global
bioremediation efforts [16].

In the present study, multiple bacterial isolates were screened for Cd** resistance, among which strain AF2 was found to
be highly tolerant. In addition to its metal resistance, AF2 exhibited diverse PGP traits that significantly enhanced the
growth of Amaranthus viridis L. seedlings under Cd?" stress.

Il. MATERIALS AND METHODS

A Site Characterization and Physicochemical Properties of Soil

Rhizospheric soil samples were collected from cadmium-contaminated agricultural fields adjacent to an open municipal
waste disposal site in Raiganj, Uttar Dinajpur, West Bengal, India (25°36'31.8"N 88°06'47.2"E), and stored at 4°C. Air-
dried, pulverized soil samples were sieved through a 2 mm mesh. Following this, the soil samples were characterized by
measuring pH, electrical conductivity (EC), Carbon content (C), Nitrogen (N), Potassium (K), Phosphate (P205), Sulphur
(S) and trace elements, such as Iron (Fe), Copper (Cu), Zinc (Zn), Manganese (Mn), Boron (B). Cadmium content of the
soil samples was determined using atomic absorption spectrometry (AAS, PinAAcle 900F, PerkinElmer) after digestion
following the di-acid digestion method in 3:1 (v/v) HCI/HNO; (17).

B. Isolation and Selection of Cd-resistant PGPR

To isolate Cd>*-resistant bacteria, 1 g of rhizospheric soil sample was added to 9 mL of sterile water and agitated at 150
rom at 32°C for 2 h. Subsequently, 1mL aliquot of the suspension was serially diluted (up to 107%) and plated in Luria
Bertani (LB) agar media [Composition: tryptone (10 g/L), yeast extract (5 g/L), NaCl (10 g/L), and agar (15 g/L); pH
7.5] supplemented with CdCl,. H,0O (1 mM) by the standard pour plate method. These plates were then incubated at 32°C
with shaking at 150 rpm for 72-96 hours. Colonies that were distinct in morphology and appeared after overnight
incubation were selected and purified by streaking. The pure cultures were maintained on Miller Luria Bertani agar slants
in the presence of 1 mM CdCly, sub-cultured every 15 days, and stored at a temperature of — 20 °C for future studies. For
selection, isolates were screened for tolerance to Cd?* using the agar dilution method [18] on LB agar plates supplemented
with increasing concentrations of CdCl, - 2H,0 (ranging from 1 mM to 20 mM). Cd?* tolerance was determined by the
appearance of growth of bacteria after 72 hours of incubation at 32 °C.

C. Molecular Identification of the Selected Bacterial Isolates

Genomic DNA of bacterial strain AF2 was extracted from pure cultures grown from single colonies using NucleoSpin®
Tissue Kit (Macherey-Nagel) following the manufacturer’s instructions. Genomic DNA was used as the template with
the universal forward primer 16S-F (5’-GGATGAGCCCGCGGCCTA-3) and 16S Reverse primer (5’-
CGGTGTGTACAAGGCCCGG-3’). The amplified DNA was purified and sequenced at BioKart Ind Pvt. Ltd.
(https://biokart.com/). The strain sequences were submitted to GenBank and compared with published sequences in the
database using NCBI BLAST (http://www.ncbi.nlm.nih.gov/BLAST/). Highly homologous sequences were selected and
aligned using CLUSTAL X. A phylogenetic tree was constructed by MEGA 11 software using the neighbour-joining
method to elucidate the phylogenetic position of the strain [19].

D. Morphological and Biochemical Characterization of the Selected Bacterial Isolates

The morphological and physio-biochemical characteristics of the AF2 strain were assessed to facilitate its identification.
Activities for some enzymes, such as catalase, oxidase, amylase, caseinase, urease, gelatinase, DNase, and nitrate
reductase, were tested according to standard protocols. Salt stress tolerance of the isolate was assessed by growing it in
LB medium supplemented with varying concentrations of NaCl (0.5% to 10%) at 32°C with shaking at 120 rpm for 5
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days. The isolate was also incubated at temperatures ranging from 10°C to 50°C and at pH levels from 3 to 10 to determine
the optimal growth conditions. Bacterial growth was monitored every 6 hours by measuring the absorbance of the culture
at 610 nm. Colony characteristics were evaluated after isolates were grown on LB agar for 72 hours at 32°C [20, 21, 22].
Cellulase production was detected on an LB agar plate containing 1% CMC, flooded with 0.8% Congo red and 1M NaCl
[23]. The carbohydrate utilization efficacy of the isolate was determined using the HiMedia carbohydrate utilization kit
(KB009, HiMedia). For the chitinase assay, the isolate was spot-inoculated on colloidal chitin agar medium and incubated
at 32 °C. A clear halo zone after 120 hours of incubation indicates chitinase activity [24]. To determine pectinase activity,
the isolate was spot-inoculated onto pectinase screening agar. A clear hydrolysis zone around the bacterial growth
indicates a positive result [25]. All assays were performed in triplicate.

E. SEM-EDAX Analysis

To detect any morphological change and Cd accumulation on the cell surface affected by Cd treatment, a scanning
electron microscope with energy dispersive X-Ray analysis (SEM-EDAX, Model: Jeol 6390LA/ OXFORD XMX N,
0.5-30 kV) study was performed. For this, the strain was grown under control (without Cd*2, 0 mM) and treated (1 mM
Cd?*) conditions. Bacterial cells for the SEM study were processed as described by Mandal et al. [26].

F. Effect of Cd on Bacterial Growth and Determination of Minimum Inhibitory Concentration (MIC)

A set of three 250 mL flasks, each containing 50 mL of LB broth, was sterilized and then supplemented with 1 mM and
5 mM Cd2*. These were then inoculated with a freshly prepared inoculum and incubated in a shaking incubator at 37°C
and 100 rpm. In one flask, no Cd?* (control) was added. Growth of the selected bacterial isolates in LB broth was
monitored at regular intervals by measuring the OD of the culture at 610 nm using a spectrophotometer. Growth response
(0.D.) was plotted against incubation time to construct the growth curves of bacterial isolates with and without Cd. MIC
is defined as the lowest concentration of a substance that prevents visible microbial growth. The MICs of Cd?* and some
other heavy metals, viz. Co?*, Cr®*, Zn?*, and Ni2+ were determined for the selected bacterial strain on an LB agar plate
and in liquid medium supplemented with each heavy metal. Cadmium chloride (CdCl,. H;0), cobalt chloride (CoCls.
6H,0), potassium dichromate (K.Cr,0y), zinc sulphate (ZnSO,. 7H,0) and nickel chloride (NiCl,. 6H,0) were used for
Cd?*, Co?*, Cr®*, Zn?*, and Ni?* source, respectively. After inoculation, LB agar plates were incubated at 32 + 2 °C for
96-120 hours, and LB liquid medium was incubated in a rotary shaker at 120 rpm at 32 + 2 °C for 72-96 hours. The
concentration at which the isolates failed to grow was then observed [27].

G. Screening for PGP Traits

To assess various plant growth-promoting traits, all bioassays were performed in triplicate. For the siderophore assay,
Chrome Azurol S (CAS) agar plates amended with 0 or 1 mM Cd2+ were spot-inoculated and incubated for 5 days at
32 °C. The presence of a yellow-to-orange halo around bacterial growth indicated the production of siderophores [28].
Quantitatively, siderophore production was estimated according to Alexander and Zuberer [29] and expressed as a
percentage siderophore unit (SU). The activity of ACC deaminase (1-aminocyclopropane-1-carboxylic acid deaminase)
was assessed qualitatively and quantitatively. The qualitative detection was performed by streaking on DF (Dworkin and
Foster) salts minimal medium containing 3 mM ACC, which served as the sole nitrogen source. Control plates included
DF medium without ACC (negative control) and DF medium supplemented with 0.2% w/v (NH4)2SO4 (positive
control). Quantitative estimation of ACC deaminase activity involved measuring the amount of a-ketobutyrate produced
through enzymatic hydrolysis of ACC [30]. Potassium solubilization ability was detected on modified Aleksandrov
medium amended with mica powder in the presence or absence of Cd (ImM). The appearance of a clear halo zone is
considered evidence of potassium solubilization [31]. Nitrogen fixation ability of the isolates was determined by the
appearance of luxuriant growth in Ashby’s Mannitol Agar medium and Burk’s N-free medium [32]. Inorganic phosphate
solubilization ability was qualitatively screened by the appearance of a clear halo zone around the bacterial colony on the
National Botanical Research Institute’s Phosphate Medium (NBRIP) containing insoluble tricalcium phosphate. The halo
zone was measured to determine the phosphate solubilization index (PSI). For quantification, bacterial isolates were
cultured in liquid NBRIP broth medium and incubated at 32°C * 2°C for 3 days. The solubilized phosphate levels were
measured following the standard protocol of Nautiyal [33]. Zinc solubilization was detected on a modified Pikovskaya
agar plate [34]. IAA production was evaluated according to the method of Bric et al. [35] over a 48-hour period, using a
6-hour interval, in LB broth supplemented with tryptophan (200 pg ml-1) with and without Cd (1 mM). IAA was
quantified against a standard curve of pure IAA. Ammonia production was assessed using qualitative peptone assays,
following the method described by Cappuccino and Sherman [36]. HCN production was detected according to the method
of Bakker and Schippers [37].

H. Antibiotic Susceptibility Test

Antibiotic susceptibility was tested by the disk diffusion method, using 15 antibiotic disks (HiMedia Laboratories Ltd.,
Mumbai, India), on Mueller-Hinton (MH) plates, and the plates were incubated at 37 °C for 24 h [38]. The antibiotics
used were: Azithromycin (15 pg), Chloramphenicol (30 pg), Ciprofloxacin (5 pg), Erythromycin (15 pg), Levofloxacin
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(5 pg), and Rifampicin (5 pg). Zones of inhibition were measured after 24 h at 32°C. The isolate was classified as
sensitive (+) and resistant (-) based on the size of the zone of bacterial growth inhibition.

. Biofilm Formation

Biofilm formation was assessed using the Congo Red Agar (CRA) method. Brain heart infusion agar medium was
prepared with 0.8 g/L Congo red and supplemented with Cd?* (0 and 1 mM). A positive result was indicated by black
colonies with a dry crystalline consistency [39]. Biofilm formation was quantified using the test tube assay under Cd2+
stress. The isolate was grown in trypticase soy broth (TSB) with 1% glucose for 72 h, with different concentrations of
Cd?* (0, 0.5, 1, 3, and 5 mM). The empty tubes were washed with phosphate buffer saline (PBS) (pH 7.3) and stained
with 4% crystal violet solution after drying. The positive rings were dissolved in 7% ethanol, and absorbance was
recorded at 600 nm [40].

J. In vitro Study for Plant Growth Under Cd?* Stress and PGPR Treatment

Seeds of Amaranthus viridis L. (Amaranthaceae), locally known as Noteshak, were surface-sterilized in a 2% sodium
hypochlorite solution for 10 minutes, followed by repeated rinsing in distilled water. Subsequently, the surface-sterilized
seeds were transferred to standard Petri dishes lined with two layers of filter paper, each moistened with one of the
following Cd** concentrations (0, 0.05, 0.10, 0.25, 0.5, or 1 mM). The dishes were then placed in a growth chamber and
incubated at 32 + 2 °C with 65% relative humidity under constant darkness for 72 hours. Another replicate of the same
experiment was established with seeds inoculated with an overnight-grown bacterial suspension (ODgig = 0.5). The
growth parameters, including root length, shoot length, fresh weight, dry weight, and germination %, were recorded after
3 days. Germination % was calculated using the formula:

Germination % = Number of seeds germinated/Total number of seeds x 100 [41,42]

K. Statistical Analysis

All experiments were performed in triplicate. Standard error (SE) was calculated from the mean values presented as + in
the tables and error bars in the figures. Differences between groups were determined by one-way ANOVA or two-way
ANOVA, followed by Tukey’s test as a post hoc test. All statistical analyses were performed using SPSS (version 21.0)
and Microsoft Excel. Similar lowercase letters above the bars indicate non-significant results at p < 0.05.

1. RESULTS AND DISCUSSION

A Site Characterization and Physicochemical Properties of Soil

Chemical and elemental analyses of rhizospheric soil from agricultural sites indicated a slightly acidic pH (5.37). As
shown in Table I, the samples contained essential macro- and micronutrients, with prominent levels of nitrogen (N),
phosphorus (P), and potassium (K). Among the detected elements, iron (Fe) reached the highest concentration, followed
by sulfur (S). Additionally, the analysis confirmed the presence of cadmium alongside the primary nutrient profile. The
soil organic carbon concentration was 0.76%, which is below the commonly used threshold of 2% [43]. The zinc
concentration in soils (0.51 mg kg™') was found to be slightly below the critical threshold of 0.6 mg kg™ [44]. The results
revealed that the Cd concentration in the soil was above the screening level (1.4 mg kg™!) and response level (13 mg kg
1) prescribed in the 1% edition of Guidance Document for Assessment and Remediation of Contaminated Sites in India,
2015. An antagonistic relationship exists between Zn?* and Cd>" stress, which is significantly influenced by soil organic
carbon (SOC) concentrations. SOC directly influences the mobility and bioavailability of these metals through
sequestration and immobilization processes. Zn*" and Cd>" share similar physicochemical properties and compete for the
same transmembrane transport pathways, such as those in the ZIP (ZRT/IRT-like protein) and NRAMP (Natural
Resistance-Associated Macrophage Protein) families [45.46].

TABLE | ANALYSIS OF PHYSICOCHEMICAL PROPERTIES OF SOIL

Zn Fe Cu
_ EC. % N P20s K20 (mg B (mg Mn (Mg S |Cd

Site pH (ds/m) | of C (Kg/h | (Kg/h | (Kg/ kg (mg kg (mg kg (mg | (mg

a) a) ha) 1) kg?) 1) kg™) 1) kg?) | kg?)

25°36' 451 | 17.2 22.2
318N | >3 |04z | 070 |aaes |23s |2 |OSL| 05T o g0 1031401 g
88°06'47. » +0.02 |, +6.36 [ +2.65 | p 5 * t 5 T +

onE 0.18 0.14 2.89 |[0.08 | 0.09 161 | 054 0.15 | 1.87 0.12

Note. Data are the mean of three replications + SE
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B. Isolation and Selection of Cd?*-resistant PGPR

Microorganisms are adversely affected in Cd-contaminated environments due to the metal’s extreme toxicity. However,
under natural selection pressure, some species develop adaptive resistance. Numerous indigenous microorganisms have
been isolated from heavy metal-polluted sites, exhibiting remarkable tolerance, particularly to cadmium. These
phylogenetically distinct organisms play a crucial role in mitigating environmental pollution, crop productivity, and the
resulting risks to human health [47]. The isolation of Cd?*-resistant PGPR from contaminated rhizospheric soils has been
reported by Pramanik et al. [3], Liu et al. [19], and Madhogaria et al. [48]. In the present study, a total of 11 isolates were
obtained from soil samples, exhibiting varying degrees of Cd** resistance. The results revealed that two bacterial isolates
grew luxuriantly on LB plates supplemented with 10 mM or more CdCl; in H,O after 72 hours of incubation at 32 °C.
Among them, AF2 was selected for further experimental studies due to its relatively high Cd?* resistance.

C. Characterization and Phylogenetic Analysis of the Strain AF2

Primary characterization of P. aeruginosa was based on its morphological, physiological, and biochemical traits. Strain
AF2 was characterized as a Gram-negative, short rod-shaped bacterium forming smooth, circular, glossy, convex,
greenish-blue colonies (Fig. 1b), with optimum growth at 32-37°C (<42°C) and pH 6-7.5. The morphological,
biochemical, and physiological results are detailed in Tables Il and Ill. The morphological and biochemical profile of
strain AF2 closely matches the established characteristics of Pseudomonas aeruginosa. The observation of blue-green
pigmentation is a primary diagnostic trait of this species, typically attributed to the production of pyocyanin and
pyoverdine. The ability of the strain to grow at 42°C and on MacConkey agar further distinguishes it from other
Pseudomonas species [49, 50, 51]. The biochemical versatility of AF2, particularly its ability to produce extracellular
enzymes such as amylase and gelatinase, suggests significant metabolic adaptability. These phenotypic findings were
conclusively validated by 16S rRNA gene sequencing, which revealed 100% similarity with Pseudomonas aeruginosa
strains BQ26 and NCTC 13628. This multiphasic approach confirms that strain AF2 is P. aeruginosa. The 16S rRNA
sequencing data have been deposited in GenBank with accession numbers OR539293. A phylogenetic analysis of strain
AF2 also revealed its homology with other Pseudomonas spp. strains, as shown in Fig. 1.

TABLE Il MORPHOLOGICAL CHARACTERISTICS OF STRAIN AF2

. Gram Cell | Size . . . .
Strain reaction | shape | (um) Endospore | Motility | Margin Colour Pigment | Opacity

Fluorescent
Pseudomonas

3erudinosa i Short 1- ) + Entire Greenish greenish Opadue
9 rod 1.5 blue blue paq
strain AF2 .

pigment

Note. “+” indicates positive; “—” indicates negative

TABLE Il PHYSIOLOGICAL AND BIOCHEMICAL PROFILE OF STRAIN AF2

Physiological and biochemical characteristics Results
Lactose, Maltose, Fructose, Raffinose, Trehalose, Melibiose, Sucrose, Inulin, Sodium
gluconate, Glycerol, Salicin, Inositol, Sorbitol, Mannitol, Adonitol, Arabitol, Erythritol, )
Cellobiose, Melezitose, alpha-Methyl-D-Mannoside, Xylitol, o-Nitrophenyl-f-D-
galactopyranoside (ONPG), Sorbose
Xylose, Dextrose, Galactose, L-Arabinose, Mannose, Rhamnose, Esculin, D-Arabinose, +
Citrate, Malonate, Dulcitol, alpha-Methyl-D-glucoside
Growth on MacConkey agar +
Nitrate Reduction test +
Indole test, Methyl Red (MR) test, Voges-Proskauer (\VP) test -
Caseinase, Amylase, Oxidase, Catalase, Chitinase, Gelatinase +
Cellulase, Pectinase, Urease, DNase -
Optimum pH 6-7.5
. 32-37°C(542°C,
Optimum Temperature No growth at 4 °C
NaCl <2%
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Fig. 1 (a) Based on the 16S rRNA gene sequence, a neighbour-joining phylogenetic tree was constructed with a bootstrap
value of 1000, demonstrating the phylogenetic position of the isolated Cd-resistant strain. The 16S rRNA gene sequences
of closely related species were obtained from the NCBI GenBank database. The scale bar represents 0.02 substitutions
per nucleotide position. (b) Colony morphology of the AF2 strain (GenBank Accession numbers OR539293)

D. SEM-EDAX Study

The cellular morphology of strain AF2, grown with and without Cd?*, was analyzed using scanning electron microscopy
(SEM) at 6,000x magnification. Control cells (0 mM) exhibited a typical short rod shape with a smooth surface (Fig 2a).
In contrast, cells exposed to 1 mM Cd?* displayed a rough surface characterized by irregular, white crystalline deposits,
hypothesized to be sequestered cadmium (Fig 2c). Exposure to 1 mM Cd?* induced mild morphological distortions,
including surface roughening and cellular shrinkage. EDAX analysis confirmed the biosorption of Cd?* within the cell
wall (Fig 2d). The detection of two distinct absorption peaks further suggests that AF2 utilizes multiple binding states
for Cd2+ biosorption, affirming its efficiency in Cd2+ removal. In the present study, SEM-EDAX analysis revealed the
ability of AF2 strain to adsorb Cd2+ on cell wall. The lack of major cell wall damage after exposure to 1 mM Cd2+
suggests a high level of metal tolerance. These findings align with previous research demonstrating the biosorption
capabilities of P. aeruginosa strains and other bacterial cells. Bacteria exhibit variations in their capacities for and
mechanisms of Cd2+ adsorption. Most studies indicate that functional groups such as hydroxyl, carboxyl, and amino
groups located on bacterial cell surfaces are crucial for binding with Cd?* and other heavy metal ions [52].
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Fig. 2 SEM-EDAX analysis of strain AF2. (a) SEM image and (b) EDAX study in the absence of Cd?*; and (c) SEM
image and (d) EDAX study under 1 mM Cd?* stress

E. Effect of Cd on Bacterial Growth and Determination of MIC

The effect of Cd** on the growth of strain AF2 was assessed in the presence of 1 mM and 5 mM Cd?*', as well as in its
absence. In the control group, strain AF2 entered the log phase and reached the stationary phase significantly faster than
in the media supplemented with Cd**. Moreover, media supplemented with 1 mM Cd?* notably reduced overall bacterial
growth. This effect was more pronounced with 5 mM Cd*", resulting in a further delay and reduction in growth (Fig. 3a).
The MIC of Cd** for the AF2 isolate was 16 mM in LB agar and 9 mM in LB broth at pH 7.2. Additionally, AF2 exhibited
resistance to other heavy metals, including Co?*, Cr¢*, Zn?*", and Ni*', with MICs of 3 mM, 2 mM, 20 mM, and 6 mM,
respectively, in LB agar medium (Fig. 3b). These results indicate that Cd** inhibited the growth of strain AF2 in a dose-
dependent manner compared to the control group. This dose-dependent inhibition indicates that Cd?* is toxic at these
concentrations, even when survival mechanisms are intact. The delay in achieving maximum growth at higher Cd?
concentrations suggests the bacteria may require a longer lag phase for adaptation, or that the toxic effects slow
fundamental metabolic processes and cell division [53]. The strain P. aeruginosa AF2 showed the ability to grow in LB
broth supplemented with a MIC of 9 mM Cd?*. AF2 strain showed resistance particularly to high concentrations of Cd?*
and Zn?*, less so to Ni?*, and least tolerant to heavy metals like Co?* and Cr®*. Several Pseudomonas sp. have previously
been reported to be resistant to Cd?* and/or Zn?* [54].
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Fig. 3 (a) Effect of Cd*?(0, 1, and 5 mM) on bacterial growth, and (b) multi-heavy metal-resistance on LB agar plate

F. PGP Traits and Effect of Cd*?

Cd*?tolerant strain AF2 was screened for its PGP properties, both qualitatively and quantitatively, with or without Cd+2,
as detailed in Table 1V, and Figs. 4 and 5. ACC deaminase activity of the AF2 strain was measured over a period of 48
hours (Fig. 5a). This enzyme activity was 27.1% higher after 48 hours than that measured at 24 hours of culture in the
absence of Cd*2. The enzyme activity declined significantly at 24 hour (69.52%) and 48 hour (39.1%) after ImM Cd*?
treatment. 1AA production by Strain AF2 gradually increased with bacterial growth, and the highest concentration of
IAA was obtained from 42 h culture in the absence of Cd*2. However, significant decline in IAA production was noticed
in presence of Cd*2. 1 mM Cd*2 decreased the concentration of this plant growth regulator by 35.1% after 48 h (Fig. 5b).
Strain AF2 has high siderophore production with SU values 81.62%. SU values decreased in Cd*? amended medium by
18.85% (Fig. 5c). The appearance of clear halo zone on NBRIP agar medium showed the ability of the strain AF2 to
solubilize the inorganic phosphate in presence or absence of Cd*? with PSI 3.08 and 2.17, respectively (Table IV). Also,
the ability of AF2 to solubilize inorganic phosphate was measured at 87.81 ug mL*and 51.42 ug mL respectively, in
Cd*? treated and untreated NBRIP liquid medium respectively with a decline of 41.45% (Fig 5d). The capacity to
solubilize Zn was also decreased in similar manner. Zn solubilization index (ZSI) decreased from 2.89 in Cd*2 (0 mM)
medium to 1.5 in Cd*? (1mM) amended medium. However, AF2 strain showed negative results for K solubilization. In
addition, the strain AF2 was tested to be positive for nitrogen fixation, ammonia production, and HCN production.

The presence of multiple PGP traits in Strain AF2 confirms its potential to enhance plant development under Cd?* stress.
Despite the relative abundance of phosphorus (P) in agricultural soils, its bioavailability is severely limited as it primarily
exists in insoluble mineral and organic forms including apatite, phytate, strengite, and variscite, which are largely
inaccessible for direct plant uptake [55]. The strain AF2 demonstrated the ability to convert these insoluble phosphate
compounds into soluble forms. This transformation is likely mediated by mechanisms such as acidification, enzymolysis,
chelation, and organic acid production. Solubilized phosphate, mainly HPO,> and H,PO,, can facilitate the
immobilization of heavy metals in the rhizosphere, thereby reducing their bioavailability and uptake [56]. In this study,
the phosphate-solubilizing capacity of strain AF2 was effective under Cd?* stress. This finding is consistent with reports
on Pseudomonas sp. K32, which similarly promotes P-solubilization under Cd?* toxicity [57]. Bacterial IAA promotes
cell division, tissue differentiation, and the initiation of lateral and adventitious roots, thereby expanding the root surface
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area and significantly enhancing mineral absorption and nutrient uptake [58]. Although AF2 showed reduced IAA under
Cd?* exposure, consistent with Enterobacter strains, the secretion was sufficient to mitigate oxidative damage and sustain
seedling growth. This hormonal buffering maintains homeostasis in crops such as rice and maize. Studies on Cd?*-
resistant rhizobacteria, including Burkholderia and Pseudomonas, confirm that microbially derived IAA enhances
nutrient acquisition and biomass accumulation under metal toxicity, countering growth inhibition [3, 59]. ACC
deaminase—producing strains lower ethylene levels by cleaving ACC, the immediate precursor to ethylene that would
otherwise inhibit root elongation and accelerate senescence [60]. In this study, the selected AF2 strain exhibited
significant ACC deaminase activity, suggesting its primary role in alleviating Cd?* stress by modulating ethylene
homeostasis [61]. Recent findings confirm that PGPR strains possessing ACC deaminase activity, such as Pseudomonas
and Bacillus species, significantly enhance biomass and photosynthetic pigment stability in contaminated soils by
maintaining sub-inhibitory ethylene concentrations [62, 63]. PGPR-secreted siderophores, low molecular-weight
compounds, are high-affinity ligands that selectively chelate ferric iron (Fe®*), significantly enhancing iron bioavailability
in the rhizosphere. Recent findings confirm siderophores mitigate Cd?* toxicity by forming stable extracellular complexes
that reduce free Cd?* ions available for root uptake. Thus, the siderophore production of strain AF2 serves as a dual-action
strategy for nutritional support and heavy metal exclusion [64]. Recent studies reported that N,-fixing PGPR reshapes
the rhizosphere to improve nitrogen use efficiency, effectively countering metal-induced growth inhibition [65]. Under
Cd?* stress, biological N fixation is thus critical for maintaining photosynthetic activity and biomass, as seen in Cd?*-
tolerant diazotrophs like Klebsiella and Pseudomonas [66]. In metal-contaminated environments, HCN-producing strains
offer the dual advantage of soil-borne pathogen suppression through the inhibition of cytochrome ¢ oxidase, and growth
promotion, thereby enhancing the overall fitness of crops under chemical stress [67,68]. Our study confirmed the HCN-
producing ability of AF2. Increased Zn?* bioavailability in the rhizosphere allows Zn?* to compete with Cd?* for entry
into plant roots, effectively reducing Cd?* uptake and translocation. Bacterial solubilization of Zn?*, as seen in our study,
enhances the plant's enzymatic antioxidant system, mitigating Cd?*-induced oxidative damage. Zinc-solubilizing bacteria
consortia (ZM27 and AN31) can reduce Cd bioaccumulation by up to 86% while significantly increasing chlorophyll
content and grain Zn?* levels [69]. Recent studies emphasize that ammonia-producing strains, such as Bacillus sp. and
Pseudomonas sp., can maintain growth in soils contaminated with up to 100 mg/kg of Cd, effectively replacing chemical
nitrogen fertilizers while reducing metal bioavailability. Ammonia-producing, Cd?*-resistant PGPR act as vital nitrogen
sources, improving plant vigor and photosynthetic efficiency under metal pressure [70]. Biofilm formation and the
production of extracellular polymeric substances (EPS) represent key adaptive strategies that bacteria employ to
withstand heavy metal stress. Biofilms function as both physical and chemical barriers, with anionic functional groups
such as carboxyl and hydroxyl playing a crucial role in sequestering and immobilizing metal ions, thereby reducing their
bioavailability and toxicity. Previous studies have demonstrated that biofilm formation is enhanced at lower cadmium
concentrations, up to 0.75 mM in Pseudomonas aeruginosa strain CD3 [55] and 2 mM in Bacillus subtilis strain 1JN2
[71]. However, at higher concentrations, biofilm formation declines. Consistent with these findings, our study revealed
maximal biofilm formation at 1 mM Cd?*, followed by a sharp reduction at 3 mM and 5 mM.
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Fig. 4 PGP traits (a) ACCD activity, (b) Siderophore production, (c) HCN production, (d) Ammonia production, (e) IAA
production, (f) Phosphate solubilization, (g) Zn solubilization, (h) Growth on Burk’s N»-free media, and (i) Growth on
Ashby’s N2-free media
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Fig. 5 Quantitative estimation of (a) ACCD activity, (b) IAA production with growth, (c) siderophore production, and
(d) phosphate solubilization in the presence and absence of Cd*2

G. Antibiotic Susceptibility

In the antibiotic sensitivity test, AF2 was susceptible to chloramphenicol (30 pg), ciprofloxacin (5 pg), and levofloxacin
(5 pg). The strain AF2 was found to resist oxacillin (1 pg), azithromycin (15 pg), erythromycin (15 pg), and rifampicin
(25 pg), as shown in Table V and Fig. 6. The strain AF2 also showed high resistance to antibiotics, which is consistent
with previous studies [49, 71]. Many heavy metal-resistant bacteria exhibit multi-antibiotic resistance. This dual
resistance typically arises through cross-resistance (a shared physiological mechanism) or co-resistance (genetically
linked traits) [72, 73].
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Fig. 6 Antibiotic susceptibility test for strain AF2

TABLE V ANTIBIOTIC SUSCEPTIBILITY OF STRAIN AF2

Mode of S Content s
Action Group Antibiotic Symbol (ug) Sensitivity
Protein Macrolides Azithromycin AZM 15 -
synthesis  (50S Macrolides Erythromycin ERY 15 -
subunit) inhibitor Chloramphenicol Chloramphenicol CHL 30 +
DNA synthesis Fluoroquinolones Ciprofloxacin CIP +
inhibitor Quinolones Levofloxacin LVX +
RNA synthesis . . . .
inhibitor Rifampin Rifampicin RIF 5 -
Note: “+” indicates sensitive; "+" indicates intermediate; “— indicates resistant.

H. Biofilm Formation

The Congo red agar qualitative test confirmed biofilm production by strain AF2, as evidenced by black colonies with a
dry, crystalline texture. A quantitative assay of biofilm formation in the presence of varying Cd?* concentrations showed
that the highest biofilm production by bacterial strain AF2 was observed at 1 mM Cd?*, as indicated by ODsgp values.
However, a significant reduction in biofilm levels was observed when exposed to elevated Cd*? concentrations (3 mM
and 5 mM), as shown in Fig. 7. Biofilm formation represents a key adaptive strategy that bacteria employ to withstand
heavy metal stress. Biofilms function as both physical and chemical barriers, with anionic functional groups such as
carboxyl and hydroxyl playing a crucial role in sequestering and immobilizing metal ions, thereby reducing their
bioavailability and toxicity. Previous studies have reported that biofilm formation is enhanced at lower cadmium
concentrations, up to 0.75 mM in Pseudomonas aeruginosa strain CD3 [53] and 2 mM in Bacillus subtilis strain 1JN2
[71]. However, at higher Cd?* concentrations, biofilm formation declines. Consistent with these findings, our study
revealed maximal biofilm formation at 1 mM Cd, followed by a sharp reduction at 3 mM and 5 mM.
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Fig. 7 Biofilm formation at different Cd?* concentrations. Different lowercase letters indicate significant differences
relative to the control according to the Tukey HSD test at p < 0.05. The error bars in the figures represent the standard
error from the mean.
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I In vitro plant growth promotion by AF2 strain under different Cd?* stress conditions

The PGP activity of strain AF2 in A. viridis seedlings under in vitro Cd*" stress was evident across multiple growth
parameters. Shoot length increased 1.5-fold at 0.05 mM, 2.5-fold at 0.10 mM, 2.1-fold at 0.25 mM, 2.0-fold at 0.50 mM,
and 3.3-fold at 1.00 mM in AF2-treated seedlings compared to untreated controls (Fig. 8a,b). At 0.05 mM and 0.10 mM,
AF2-treated seedlings exhibited shoot lengths comparable to or exceeding those of control plants grown without Cd?*,
whereas at higher concentrations of 0.25 mM and 1 mM, the positive effect was less pronounced. In contrast, AF2
significantly enhanced root length across all Cd** treatments, counteracting the severe shortening observed in
uninoculated seedlings. Root length increased 2.4-fold at 0.05 mM, 3.0-fold at 0.10 mM, 3.1-fold at 0.25 mM, 3.0-fold
at 0.50 mM, and 30-fold at 1.00 mM compared to controls (Fig. 8a,b). Under Cd** stress, germination percentage in non-
bacterized seeds declined sharply, reaching only 8.89% at 1.00 mM, whereas AF2 treatment maintained significantly
higher germination, with increases up to 8-fold. Root-to-shoot ratio in uninoculated seedlings declined markedly at 0.50—
1.00 mM Cd?*, reflecting disproportionate root damage. In AF2-treated plants, the ratio remained comparable to controls
at 0 mM and, although reduced at higher concentrations, consistently exceeded that of untreated seedlings (Fig. 8c). AF2
inoculation also significantly (p < 0.05) improved fresh and dry weight across Cd*" treatments, with increases ranging
from 1.3-1.8-fold and 1.4-2.2-fold, respectively (Fig. 8d). The present study demonstrated that Cd** exposure markedly
inhibited the growth of A. viridis seedlings, as reflected in reduced root and shoot length, germination percentage, and
overall biomass. This decline in growth under cadmium stress may be attributed to reduced water potential, nutrient
imbalance, and disruption of proton pump activity, collectively impairing cell division and elongation [74, 75]. The
reduction in biomass is further explained by cadmium’s adverse effects on mineral uptake, photosynthesis, and
chlorophyll biosynthesis. Since Cd is initially absorbed by the roots, it subsequently enters the plant system via the
apoplastic pathway, where it interferes with metabolic processes and ultimately disrupts overall physiology [76, 77].
These findings are consistent with those of Khanna et al. [78], who reported that Cd treatment in Lycopersicon esculentum
reduced root and shoot elongation and biomass. Similar observations have been documented in Triticum aestivum L. [79]
and Oryza sativa L. [80]. Importantly, in our study, the strain AF2 exhibited dual functionality, combining PGP traits
with Cd?" biosorption. This synergistic effect significantly enhanced germination and early growth of A. viridis seedlings
under Cd>* stress in vitro. The elevated germination rates suggest that AF2 supports critical initial life stages even under
environmental stress. The consistently higher root/shoot ratio observed with AF2 treatment may indicate a physiological
adaptation, whereby the PGPR-treated plant develops more roots to anchor and potentially compartmentalize heavy
metals away from edible or sensitive shoot tissues. Stimulation of growth parameters by PGPR treatment has also been
reported by Chatterjee et al. [81] in Capsicum annuum L. Madhogaria et al. [48] also reported similar results in Vigna
radiata L. under Cd stress using Pseudomonas geniculata. In our study, the observed increase in growth parameters is
primarily attributed to the PGP traits of the AF2 strain, which mitigated Cd?* toxicity.
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Fig. 8 Effect of different doses of Cd?* on (a) non-bacterized seeds and bacterized seeds in in vitro experiment, (b) shoot
and root length, (c) root-to-shoot ratio and germination %, and (d) fresh and dry weight

V. CONCLUSION

A Gram-negative, cadmium-resistant bacterial strain (AF2) was isolated from rhizospheric soil irrigated with municipal
wastewater and identified as Pseudomonas aeruginosa. The findings of this study indicate that strain AF2 exhibits multi-
heavy metal resistance and possesses key plant growth-promoting (PGP) traits, enabling enhanced seedling growth of
Amaranthus viridis L. under cadmium stress. Remarkably, AF2 maintained the production of diverse PGP biomolecules
even under cadmium exposure, suggesting that these traits contributed significantly to sustaining plant growth and
physiological functioning. In addition, AF2 displayed cadmium biosorption ability at the cell wall level, highlighting an
important mechanism for heavy metal stress management. Collectively, these results suggest that inoculation with
cadmium-resistant bacterial strains such as AF2 may serve as an effective strategy for remediating cadmium-
contaminated agricultural soils. The capacity of AF2 to enhance rice seedling growth under cadmium exposure further
underscores its promise as a biofertilizer and plant growth promoter in heavy metal-stressed agroecosystems.

ACKNOWLEDGMENTS

We sincerely acknowledge the BOOST (Biotechnology-based Opportunities Offered to Science & Technology
Departments) equipment grant support [BOOST program 2017-2018; Ref. No. 1089/BT (Estt)/1P-07/2018; dated
24.01.2019] provided to the Department by the West Bengal Department of Science & Technology and Biotechnology,
Government of West Bengal, for infrastructure development. We also gratefully acknowledge the facilities and analytical
support provided by DST-SAIF, Cochin.

REFERENCES

[1].  Yadav, M., Gupta, P., & Seth, C. S. (2022). Foliar application of a-lipoic acid attenuates cadmium toxicity on
photosynthetic pigments and nitrogen metabolism in Solanum lycopersicum L. Acta Physiologiae
Plantarum, 44(11), 112. DOI:10.1007/s11738-022-03445-z

[2]. Kotoky, R., Nath, S., Kumar Maheshwari, D., & Pandey, P. (2019). Cadmium-resistant plant growth-promoting
rhizobacteria Serratia marcescens S2I7 associated with the growth promotion of rice plants. Environmental
Sustainability, 2(2), 135-144. DOI:10.1007/s42398-019-00055-3

[3]. Pramanik, K., Mitra, S., Sarkar, A., Soren, T., & Maiti, T. K. (2018). Characterization of a Cd2+-resistant plant
growth-promoting rhizobacterium (Enterobacter sp.) and its effects on rice seedling growth promotion under
Cd2+-stress in vitro. Agriculture and natural resources, 52(3), 215-221. DOI: 10.1016/j.anres.2018.09.007

[4]. Singh, N., Ghosh, P. K., Chakraborty, S., & Majumdar, S. (2021). Decoding the pathways of arsenic
biotransformation in bacteria. Environmental Sustainability, 4(1), 63-85. DOI:10.1007/s42398-021-00162-0

[5]. Tchounwou, P. B., Yedjou, C. G., Patlolla, A. K., & Sutton, D. J. (2012). Heavy metal toxicity and the
environment. Molecular, clinical and environmental toxicology:environmental toxicology, 3, 133-164.
DOI:10.1007/978-3-7643-8340-4 6

[6]. Nordberg, G. F., Bernard, A., Diamond, G. L., Duffus, J. H., Illing, P., Nordberg, M., Bergdahl, 1., Jin, T., &
Skerfving, S. (2018). Risk assessment of effects of cadmium on human health (IUPAC Technical Report). Pure
and Applied Chemistry, 90(4), 755-808. DOI:10.1515/pac-2016-0910

[7].  Ghosh, P.K., & Majumdar, S. (2022). Cadmium stress management in plants: prospects of plant growth-promoting
rhizobacteria. In Plant stress: challenges and Management in the New Decade, pp. 235-249. Cham: Springer
International Publishing. DOI:10.1007/978-3-030-95365-2 15

[8]. Kubier, A., Wilkin, R. T., & Pichler, T. (2019). Cadmium in soils and groundwater: A review. Applied
geochemistry, 108, 104388. DOI: 10.1016/j.apgeochem.2019.104388

[9]. Pandey, S., Ghosh, P. K., Ghosh, S., De, T. K., & Maiti, T. K. (2013). Role of heavy metal resistant Ochrobactrum
sp. and Bacillus spp. strains in bioremediation of a rice cultivar and their PGPR like activities. Journal of
Microbiology, 51(1), 11-17. DOI:10.1007/s12275-013-2330-7

[10]. Liu, H., Huang, H., Xie, Y., Liu, Y., Shangguan, Y., & Xu, H. (2023). Integrated biochemical and transcriptomic
analysis reveals the effects of Burkholderia sp. SRB-1 on cadmium accumulating in Chrysopogon zizanioides L.
under Cd stress. Journal of Environmental Management, 337, 117723. DOI: 10.1016/j.jenvman.2023.117723

[11]. Pramanik, K., Ghosh, P. K., Ghosh, A., Sarkar, A., & Maiti, T. K. (2016). Characterization of PGP traits of a
hexavalent chromium resistant Raoultella sp. isolated from the rice field near industrial sewage of Burdwan
District, WB, India. Soil and Sediment Contamination: An International Journal,25(3), 313-331.
DOI:10.1080/15320383.2016.1137861

© IARJSET This work is licensed under a Creative Commons Attribution 4.0 International License 435


https://iarjset.com/

[14].

[15].

[16].

[17].

[18].

[19].

[20].
[21].
[22].

[23].

[24].

[25].

[26].

[27].

[28].
[29].
[30].
[31].

[32].

IA RJ S ET ISSN (O) 2393-8021, ISSN (P) 2394-1588

International Advanced Research Journal in Science, Engineering and Technology
Impact Factor 8.066 :: Peer-reviewed / Refereed journal ::¢ Vol. 13, Issue x, Month 2026
DOI: 10.17148/IARJSET.2026.13xx

Liu S, Liu H, Chen R, Ma Y, Yang B, Chen Z, Liang Y, Fang J, & Xiao, Y. (2021). Role of two plant growth-
promoting bacteria in remediating cadmium-contaminated soil combined with Miscanthus floridulus
(Lab.). Plants, 10(5), 912. DOI:10.3390/plants10050912

. Woo, J. 1., Adhikari, A., Gam, H. J., Jeon, J. R., Lee, D. S., Kwon, E. H., Kang, S.M., Yun, B.W. & Lee, 1. J. (2025).

Integrated role of biochar and PGPR (Leclercia adecarboxylata HW04) in enhancing cadmium phytoremediation
and stress tolerance in Glycine max L. Plant Physiology and Biochemistry, 220, 109489. DOI:
10.1016/j.plaphy.2025.109489

Patel, M., Patel, K., Al-Keridis, L. A., Alshammari, N., Badraoui, R., Elasbali, A. M., Al-Soud, W. A., Hassan,
M. 1, Yadav, D.K., & Adnan, M. (2022). Cadmium-Tolerant Plant Growth-Promoting Bacteria Curtobacterium
oceanosedimentum Improves Growth Attributes and Strengthens Antioxidant System in Chili (Capsicum
frutescens). Sustainability, 14(7), 4335. DOI:10.3390/su14074335

Mitra, S., Pramanik, K., Sarkar, A., Ghosh, P. K., Soren, T., & Maiti, T. K. (2018). Bioaccumulation of cadmium
by Enterobacter sp. and enhancement of rice seedling growth under cadmium stress. Ecotoxicology and
environmental safety, 156, 183-196. DOI: 10.1016/j.ecoenv.2018.03.001

Halim, M. A., Rahman, M. M., Megharaj, M., & Naidu, R. (2020). Cadmium immobilization in the rhizosphere
and plant cellular detoxification: role of plant-growth-promoting rhizobacteria as a sustainable solution. Journal
of Agricultural and Food Chemistry, 68(47), 13497-13529. DOI: 10.1021/acs.jafc.0c04579

Hseu, Z. Y., Chen, Z. S., Tsai, C. C., Tsui, C. C., Cheng, S. F., Liu, C. L., & Lin, H. T. (2002). Digestion methods
for total heavy metals in sediments and soils. Water, air, and soil pollution, 141(1), 189-205.
DOI:10.1023/A:1021302405128

Li, Y., Wei, S., Chen, X., Dong, Y., Zeng, M., Yan, C., Hou, L. & Jiao, R. (2023). Isolation of cadmium-resistance
and siderophore-producing endophytic bacteria and their potential wuse for soil cadmium
remediation. Heliyon, 9(7). DOI: 10.1016/j.heliyon. 2023.e17661

Liu, S., Huang, Y., Zheng, Q., Zhan, M., Hu, Z., Ji, H., Zhu, D., & Zhao, X. (2024). Cd-resistant plant growth-
promoting rhizobacteria Bacillus siamensis R27 absorbed Cd and reduced Cd accumulation in lettuce (Lactuca
sativa L.). Microorganisms, 12(11), 2321. DOI:10.3390/microorganisms12112321

Cappuccino, J. G., & Sherman, N. (2005). Microbiology: a laboratory manual (p. 507). San Francisco:
Pearson/Benjamin Cummings.

Aneja, K.R., 2017. Experiments in Microbiology, Plant pathology, Tissue culture and Microbial biotechnology,
(Fifth edition). New Age International Publishers, New Delhi, India

Garrity, G. M., Lilburn, T. G., Cole, J. R., Harrison, S. H., Euzéby, J., & Tindall, B. J. (2007). Taxonomic outline
of the Bacteria and Archaea. TOBA release, 7(10.1601).

Balla, A., Silini, A., Cherif-Silini, H., Bouket, A. C., Boudechicha, A., Luptakova, L., Alenezi, F. N., & Belbahri,
L. (2022). Screening of Cellulolytic Bacteria from Various Ecosystems and Their Cellulases Production under
Multi-Stress Conditions. Catalysts, 12(7), 769. DOI:10.3390/catal 12070769

Kuddus, M., & Ahmad, 1. Z. (2013). Isolation of novel chitinolytic bacteria and production optimization of
extracellular chitinase. Journal of Genetic Engineering and Biotechnology, 11(1), 39-46. DOI:
10.1016/j.jgeb.2013.03.001

Oumer, O. J., & Abate, D. (2018). Screening and molecular identification of pectinase producing microbes from
coffee pulp. BioMed research international, 2018(1), 2961767. DOI:10.1155/2018/2961767

Mandal, M., Paul, S., Uddin, M. R., Mondal, M. A., Mandal, S., & Mandal, V. (2016). In vitro antibacterial
potential of Hydrocotyle javanica Thunb. Asian Pacific Journal of Tropical Disease, 6(1), 54-62.
DOI:10.1016/52222-1808(15)60985-9

Wiegand, 1., Hilpert, K., & Hancock, R. E. (2008). Agar and broth dilution methods to determine the minimal
inhibitory  concentration (MIC) of antimicrobial substances. Nature  protocols, 3(2), 163-175.
DOI:10.1038/nprot.2007.521

Schwyn, B., & Neilands, J. (1987). Universal chemical assay for the detection and determination of
siderophores. Analytical biochemistry, 160(1), 47-56. DOI:10.1016/0003-2697(87)90612-9

Alexander, D. B., & Zuberer, D. A. (1991). Use of chrome azurol S reagents to evaluate siderophore production
by rhizosphere bacteria. Biology and Fertility of soils, 12(1), 39-45. DOI:10.1007/BF00369386

Penrose, D. M., & Glick, B. R. (2003). Methods for isolating and characterizing ACC deaminase-containing plant
growth-promoting rhizobacteria. Physiologia plantarum, 118(1), 10-15. DOI:10.1034/j.1399-3054.2003. 00086.x
Parmar, P., & Sindhu, S. S. (2013). Potassium solubilization by rhizosphere bacteria: influence of nutritional and
environmental conditions. J Microbiol Res, 3(1), 25-31. DOI: 10.5923/j.microbiology.20130301.04

Pramanik, K., Mitra, S., Sarkar, A., Soren, T., & Maiti, T. K. (2017). Characterization of cadmium-resistant
Klebsiella pneumoniae MCC 3091 promoted rice seedling growth by alleviating phytotoxicity of
cadmium. Environmental Science and Pollution Research, 24(31), 24419-24437. DOI:10.1007/s11356-017-0033-
z

© IARJSET This work is licensed under a Creative Commons Attribution 4.0 International License 436


https://iarjset.com
https://iarjset.com/

[33].

[34].

[35].

[36].
[37].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

IA RJ S ET ISSN (O) 2393-8021, ISSN (P) 2394-1588

International Advanced Research Journal in Science, Engineering and Technology
Impact Factor 8.066 :: Peer-reviewed / Refereed journal ::¢ Vol. 13, Issue x, Month 2026
DOI: 10.17148/IARJSET.2026.13xx

Nautiyal, C. S. (1999). An efficient microbiological growth medium for screening phosphate solubilizing
microorganisms. FEMS microbiology Letters, 170(1), 265-270. DOI: 10.1111/j.1574-6968.1999.tb13383.x
Gontia-Mishra, 1., Sapre, S., & Tiwari, S. (2017). Zinc solubilizing bacteria from the rhizosphere of rice as
prospective  modulator of  zinc  biofortification  in  rice. Rhizosphere, 3, 185-190.  DOI:
10.1016/j.rhisph.2017.04.013

Bric, J. M., Bostock, R. M., & Silverstone, S. E. (1991). Rapid in situ assay for indoleacetic acid production by
bacteria immobilized on a nitrocellulose membrane. Applied and environmental Microbiology, 57(2), 535-538.
DOI: 10.1128/aem.57.2.535-538.1991

Cappuccino, J. G., & Sherman, N. (2013). Microbiology: a laboratory manual. Pearson Higher Ed.

Bakker, A. W., & Schippers, B. O. B. (1987). Microbial cyanide production in the rhizosphere in relation to potato
yield reduction and Pseudomonas spp-mediated plant growth-stimulation. Soil Biology and Biochemistry, 19(4),
451-457. DOI: 10.1016/0038-0717(87)90037-X

Matuschek, E., Brown, D. F., & Kahlmeter, G. (2014). Development of the EUCAST disk diffusion antimicrobial
susceptibility testing method and its implementation in routine microbiology laboratories. Clinical microbiology
and infection, 20(4), 0255-0266. DOI: 10.1111/1469-0691.12373

Freeman, D. J., Falkiner, F. R., & Keane, C. T. (1989). New method for detecting slime production by coagulase
negative staphylococci. Journal of clinical pathology, 42(8), 872-874. DOI: 10.1136/jcp.42.8.872

Christensen, G. D., Simpson, W. A., Bisno, A. L., & Beachey, E. H. (1982). Adherence of slime-producing strains
of Staphylococcus epidermidis to smooth surfaces. Infection and immunity, 37(1), 318-326. DOI:
10.1128/iai.37.1.318-326.1982

Madheshiya, P., Kumar Gautam, A., Sen Gupta, G., & Tiwari, S. (2024). Zinc amendment as an effective tool in
the management of cadmium toxicity: a case study with Amaranthus cruentus L. Journal of Plant Nutrition, 1-19.
DOI: 10.1080/01904167.2024.2403696

Ghosh, A., Pramanik, K., Bhattacharya, S., Mondal, S., Ghosh, S. K., & Maiti, T. K. (2022). A potent cadmium
bioaccumulating Enterobacter cloacae strain displays phytobeneficial property in Cd-exposed rice
seedlings. Current Research in Microbial Sciences, 3, 100101. DOI: 10.1016/j.crmicr.2021.100101

Shi, P., Castaldi, F., van Wesemael, B., & Van Oost, K. (2020). Vis-NIR spectroscopic assessment of soil aggregate
stability and aggregate size distribution in the Belgian Loam Belt. Geoderma, 357, 113958. DOI:
10.1016/j.geoderma.2019.113958

Prasad, P. N. S., Thimmappa Subbarayappa, C., Sathish, A., & Ramamurthy, V. (2022). Establishing and validation
of new critical limits of zinc for Tomato (Solanum lycopersicum L.) in Alfisols of Karnataka, India. Journal of
Plant Nutrition, 45(11), 1624—-1641. DOI: 10.1080/01904167.2021.2003400

Liu, J., Kong, L., Wan, Y., Wang, Q., Zhuang, Z., & Li, H. (2025). Effects of Zinc and Organic Fertilizer
Amendments, Applied Individually or in Combination, on Cadmium Uptake by Wheat Grown in Alkaline Soil.
Plants, 14(16), 2525. DOI: 10.3390/plants14162525

Kareem, H. A., Adeel, M., Azeem, M., Ahmad, M. A., Shakoor, N., Hassan, M. U., Saleem, S., Irshad, A., Niu, J.,
Guo, Z. and Branko, C., Holubowicz, R., & Wang, Q. (2023). Antagonistic impact on cadmium stress in alfalfa
supplemented with nano-zinc oxide and biochar via upregulating metal detoxification. Journal of Hazardous
Materials, 443, 130309. DOI: 10.1016/j.jhazmat.2022.130309

Bravo D, Braissant O (2022) Cadmium-tolerant bacteria: current trends and applications in agriculture. Letters in
Applied Microbiology 74(3): 311-333. DOI:10.1111/lam.13594

Madhogaria B, Banerjee S, Chakraborty S, Dhak P, Kundu A (2025) Alleviation of heavy metals chromium,
cadmium and lead and plant growth promotion in Vigna radiata L. plant using isolated Pseudomonas geniculata.
International Microbiology 28(Suppl 1): 133-149. DOI 10.1007/s10123-024-00546-2

Lin, X., Mou, R., Cao, Z., Xu, P., Wu, X., Zhu, Z., & Chen, M. (2016). Characterization of cadmium-resistant
bacteria and their potential for reducing accumulation of cadmium in rice grains. Science of the Total Environment,
569, 97-104. DOI: 10.1016/j.scitotenv.2016.06.121

Andrejevi¢, T. P., ASanin, D. P., Pantovi¢, B. V., Stevanovi¢, N. L., Markovi¢, V. R., Djuran, M. L., & Glisi¢, B. D.
(2023). Metal complexes with valuable biomolecules produced by Pseudomonas aeruginosa: a review of the
coordination properties of pyocyanin, pyochelin and pyoverdines. Dalton Transactions, 52(14), 4276-4289.
DOI:10.1039/D3DT00287]

Mei, S., Bian, W., Yang, A., Xu, P, Qian, X., Yang, L., Shi, X., & Niu, A. (2024). The highly effective cadmium-
resistant mechanism of Pseudomonas aeruginosa and the function of pyoverdine induced by cadmium. Journal of
Hazardous Materials, 469, 133876. DOI: 10.1016/j.jhazmat.2024.133876

Wang, X., Li, D., Gao, P, Gu, W,, He, X., Yang, W., & Tang, W. (2020). Analysis of biosorption and
biotransformation mechanism of Pseudomonas chengduensis strain MBR under Cd (II) stress from genomic
perspective. Ecotoxicology and Environmental Safety, 198, 110655. DOI: 10.1016/j.ecoenv.2020.110655

© IARJSET This work is licensed under a Creative Commons Attribution 4.0 International License 437


https://iarjset.com
https://iarjset.com/

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62].

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

[71].

[72].

IA RJ S ET ISSN (O) 2393-8021, ISSN (P) 2394-1588

International Advanced Research Journal in Science, Engineering and Technology
Impact Factor 8.066 :: Peer-reviewed / Refereed journal ::¢ Vol. 13, Issue x, Month 2026
DOI: 10.17148/IARJSET.2026.13xx

Chatterjee, S., Barman, P., Barman, C., Majumdar, S., & Chakraborty, R. (2024). Multimodal cadmium resistance
and its regulatory networking in Pseudomonas aeruginosa strain CD3. Scientific Reports, 14(1), 31689. DOI:
10.1038/s41598-024-80754-y

Limcharoensuk, T., Sooksawat, N., Sumarnrote, A., Awutpet, T., Kruatrachue, M., Pokethitiyook, P., &
Auesukaree, C. (2015). Bioaccumulation and biosorption of Cd2+ and Zn2+ by bacteria isolated from a zinc mine
in Thailand. Ecotoxicology and environmental safety, 122, 322-330.
http://dx.doi.org/10.1016/j.ecoenv.2015.08.013

Kratz, S., Schick, J., & @gaard, A. F. (2016). P solubility of inorganic and organic P sources. In Phosphorus in
agriculture: 100% zero (pp. 127-154). Dordrecht: Springer Netherlands. DOI: 10.1007/978-94-017-7612-7 7
Pan, L., & Cai, B. (2023). Phosphate-Solubilizing Bacteria: Advances in Their Physiology, Molecular Mechanisms
and Microbial Community Effects. Microorganisms, 11(12), 2904. DOI: 10.3390/microorganisms11122904
Pramanik, K., Mandal, S., Banerjee, S., Ghosh, A., Maiti, T. K., & Mandal, N. C. (2021). Unraveling the heavy
metal resistance and biocontrol potential of Pseudomonas sp. K32 strain facilitating rice seedling growth under
Cd stress. Chemosphere, 274, 129819. DOI: 10.1016/j.chemosphere.2021.129819

Xu, X., Dou, Y., Zhao, S., Zhao, C., Chen, Y., Jiang, M., Shen, Z. & Chen, C. (2025). Rhizosphere microbes
enhance plant resistance to cadmium through a root ROS-microbial IAA-root DNA methylation interkingdom
signaling pathway. Cell Reports, 44(11). DOI: 10.1016/j.celrep.2025.116491

Karnwal, A., & Dohroo, A. (2018). Effect of maize root exudates on indole-3-acetic acid production by rice
endophytic bacteria under influence of L-tryptophan. F1000Research, 7, 112. DOI: 10.12688/f1000research.13644
Orozco-Mosqueda, M. D. C., Santoyo, G., & Glick, B. R. (2023). Recent advances in the bacterial phytohormone
modulation of plant growth. Plants, 12(3), 606.
DOI: 10.3390/plants12030606

Shahid, M., Singh, U. B., Khan, M. S., Singh, P., Kumar, R., Singh, R. N., Kumar, A. & Singh, H. V. (2023).
Bacterial ACC deaminase: Insights into enzymology, biochemistry, genetics, and potential role in amelioration of
environmental stress in crop plants. Frontiers in microbiology, 14, 1132770. DOI: 10.3389/fmicb.2023.1132770
Priyanka, Agrawal, T., Kotasthane, A. S., Kosharia, A., Kushwah, R., Zaidi, N. W., & Singh, U. S. (2017). Crop
specific plant growth promoting effects of ACCd enzyme and siderophore producing and cynogenic fluorescent
Pseudomonas. 3 Biotech, 7(1),27. DOI: 10.1007/s13205-017-0602-3

Naing, A. H., Maung, T. T., & Kim, C. K. (2021). The ACC deaminase-producing plant growth-promoting bacteria:
influences of bacterial strains and ACC deaminase activities in plant tolerance to abiotic stress. Physiologia
Plantarum, 173(4), 1992-2012. DOI: 10.1111/ppl.13545

Ztoch, M., Thiem, D., Gadzata-Kopciuch, R., & Hrynkiewicz, K. (2016). Synthesis of siderophores by plant-
associated metallotolerant bacteria under exposure to Cd2+. Chemosphere, 156,312-325. DOI:
10.1016/j.chemosphere.2016.04.130

Hamid, B., Zaman, M., Farooq, S., Fatima, S., Sayyed, R. Z., Baba, Z. A., Sheikh, T.A., Reddy, M.S., El Enshasy,
H., & Gafur, A. (2021). Bacterial plant biostimulants: A sustainable way towards improving growth, productivity,
and health of crops. Sustainability. 2021; 13 (2856): 1-24. DOI: 10.3390/sul13052856

Mitra, S., Pramanik, K., Mondal, S., Ghosh, S. K., Ghosh, A., & Maiti, T. K. (2022). Role of Cd-resistant plant
growth-promoting rhizobacteria in plant growth promotion and alleviation of the phytotoxic effects under Cd-
stress. In Advances in Microbe-assisted Phytoremediation of Polluted Sites (pp. 271-300). Elsevier. DOI:
10.1016/B978-0-12-823443-3.00005-3

Singh, P., Singh, R. K., Zhou, Y., Wang, J., Jiang, Y., Shen, N., Wang, Y., Yang, L., & Jiang, M. (2022). Unlocking
the strength of plant growth promoting Pseudomonas in improving crop productivity in normal and challenging
environments: a review. Journal of Plant Interactions, 17(1), 220-238.

Murthy, K. N., Soumya, K., Udayashankar, A. C., Srinivas, C., & Jogaiah, S. (2021). Biocontrol potential of plant
growth-promoting rhizobacteria (PGPR) against Ralstonia solanacearum: Current and future prospects.
In Biocontrol Agents and secondary metabolites (pp. 153-180). DOI: 10.1016/B978-0-12-822919-4.00007-7

De La Torre, V. (2009). Flavodoxin overexpression reduces cadmium-induced damage in alfalfa root
nodules. Plant and Soil. DOI 10.1007/s11104-009-9985-1

Pongsilp, N. & Nimnoi, P. (2024). Effects of co-inoculation of indole-3-acetic acid- and ammonia-producing
bacteria on plant growth and nutrition, soil elements, and the relationships of soil microbiomes with soil
physicochemical parameters. Open Agriculture, 9(1), 20220248. DOI: 10.1515/0opag-2022-0248

Yang, W., Yan, H., Zhang, J., Gao, Y., Xu, W., Shang, J., & Luo, Y. (2018). Inhibition of biofilm formation by
Cd2+ on Bacillus subtilis 1JN2 depressed its biocontrol efficiency against Ralstonia wilt on tomato.
Microbiological Research, 215, 1-6. DOI: 10.1016/j.micres.2018.06.002

Zheng, Y., Tang, J., Liu, C., Liu, X., Luo, Z., Zou, D., Xiang, G., Bai, J., Meng, G., Liu, X. & Duan, R. (2023).
Alleviation of metal stress in rape seedlings (Brassica napus L.) using the antimony-resistant plant growth-

© IARJSET This work is licensed under a Creative Commons Attribution 4.0 International License 438


https://iarjset.com
https://iarjset.com/

[73].

[74].

[75].
[76].

[77].

[78].

[79].

[80].

[81].

IA RJ S ET ISSN (O) 2393-8021, ISSN (P) 2394-1588

International Advanced Research Journal in Science, Engineering and Technology
Impact Factor 8.066 :: Peer-reviewed / Refereed journal ::¢ Vol. 13, Issue x, Month 2026
DOI: 10.17148/IARJSET.2026.13xx

promoting rhizobacteria Cupriavidus sp. S-8-2.Science of The Total Environment, 858, 159955. DOI:
10.1016/j.scitotenv.2022.159955

Chapman, J. S. (2003). Disinfectant resistance mechanisms, cross-resistance, and co-resistance. International
biodeterioration & biodegradation, 51(4), 271-276. DOI: 10.1016/S0964-8305(03)00044-1

Dutta, P., Karmakar, A., Majumdar, S. & Roy, S. Klebsiella pneumoniae (HR1) assisted alleviation of Cd (II)
toxicity in Vigna mungo: a case study of biosorption of heavy metal by an endophytic bacterium coupled with
plant growth promotion. Eur. Med. J. Environ. Integ. 3(1), 27 (2018). DOI: 10.1007/s41207-018-0069-6

Zhang, M., & Dong, C. (2025). Molecular Mechanisms of Cadmium Stress Resistance in Vegetable Crops.
International Journal of Molecular Sciences, 26(12), 5812. DOI: 10.3390/ijms26125812

Ci, D., Jiang, D., Wollenweber, B. et al. Cadmium stress in wheat seedlings: growth, cadmium accumulation and
photosynthesis. Acta Physiol Plant 32, 365-373 (2010). DOI: 10.1007/s11738-009-0414-0

Javed, M. T., Akram, M. S., Tanwir, K., Chaudhary, H. J., Ali, Q., Stoltz, E., & Lindberg, S. (2017). Cadmium
spiked soil modulates root organic acids exudation and ionic contents of two differentially Cd tolerant maize (Zea
mays L.) cultivars. Ecotoxicology and environmental safety, 141, 216-225. DOI: 10.1016/j.ecoenv.2017.03.027
Khanna, K., Jamwal, V.L., Gandhi, S.G. et al. Metal-resistant PGPR lowered Cd uptake and expression of metal
transporter genes with improved growth and photosynthetic pigments in Lycopersicon esculentum under metal
toxicity. Sci Rep 9, 5855 (2019). DOI: 10.1038/s41598-019-41899-3

Maslennikova, D., Nasyrova, K., Chubukova, O., Akimova, E., Baymiev, A., Blagova, D., Ibragimov, A., &
Lastochkina, O. (2022). Effects of Rhizobium leguminosarum Thy2 on the Growth and Tolerance to Cadmium
Stress of Wheat Plants. Life, 12(10), 1675. DOI: 10.3390/1ife12101675

Islam, M. A., Biswas, S., Shorna, M. N. A., Islam, S., Biswas, J., Uddin, M. S., Akhtar-E-Ekram, M., Zaman, S.,
& Saleh, M. A. (2025). Enhancing cadmium stress resilience in rice seedlings via Bacillus pseudomycoides:
modulation of heavy metal transporters and physiological responses for sustainable agriculture. Environmental
Science and Pollution Research, 1-19. DOI: 10.1007/s11356-025-36644-5

Chatterjee, S., Basak, C., Basak, G., Karjee, A., Mukherjee, S., Barman, P., Khan, N.B., Sarkar, P., Majumdar, S.,
Chakraborty, R, & Barman, C. (2026). Mitigating cadmium-induced stress in Capsicum annuum L. by
Pseudomonas aeruginosa strain CD3: Impacts on morpho-physiology, reproductive traits, capsaicin content and
soil microbiome. Science of The Total Environment, 1013, 181229. DOI: 10.1016/j.scitotenv.2025.181229

© IARJSET This work is licensed under a Creative Commons Attribution 4.0 International License 439


https://iarjset.com
https://iarjset.com/

