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Abstract

Heavy metal contamination arising from municipal, industrial, and biomedical waste disposal has emerged as a major
environmental concern, contributing not only to ecosystem degradation but also to the co-selection and dissemination
of antimicrobial resistance among environmental microorganisms. The present study aimed to isolate, characterize, and
molecularly identify an antibiotic- and heavy metal-resistant (AHMR) bacterium from contaminated solid waste
disposal sites in West Bengal, India, and to evaluate its potential for bioremediation of heavy metal-polluted
environments. Soil samples collected from hospital, industrial, and municipal waste disposal sites were screened on
nutrient agar supplemented with nickel (Ni), lead (Pb), and cadmium (Cd) (50 pg mL™), resulting in the recovery of
seven morphologically distinct bacterial isolates. Antibiotic susceptibility profiling using the Kirby-Bauer disc diffusion
method identified isolate S23 as the most resistant strain, exhibiting a multidrug resistance (MDR) index of 0.8 with
resistance to gentamicin, tetracycline, penicillin, and amphotericin B. Heavy metal tolerance assays demonstrated a
minimum inhibitory concentration (MIC) of approximately 100 ug mL™* for all three metals, with nickel producing the
strongest inhibitory effect on bacterial growth. Physiological and biochemical characterization revealed that isolate S23
was a mesophilic, halotolerant, catalase-positive bacterium capable of utilizing multiple carbohydrates, including
glucose and sucrose. Growth kinetics further demonstrated its ability to maintain sustained proliferation under heavy
metal stress, indicating a high degree of environmental adaptability. Molecular identification based on 16S rRNA gene
sequencing confirmed the isolate as Aeromonas hydrophila. The concurrent occurrence of multidrug antibiotic
resistance and heavy metal tolerance supports the hypothesis of co-selection of resistance determinants in
contaminated environments. Furthermore, the remarkable metal tolerance exhibited by A. hydrophila suggests its
potential application in the bioremediation of heavy metal-contaminated soils and wastewater through mechanisms
such as biosorption, bioaccumulation, and biotransformation. Overall, this study highlights the ecological significance
of environmental A. hydrophila as a resilient microorganism with promising applications in sustainable remediation
strategies while emphasizing the environmental role of polluted habitats as reservoirs for multidrug-resistant bacteria

Keywords: Aeromonas Hydrophila; Heavy Metal Resistance; Multidrug Resistance (MDR); Bioremediation;
Environmental Microbiology

1. Introduction

Heavy metal contamination has become one of the most persistent and challenging environmental problems worldwide,
driven primarily by rapid industrialization, urban expansion, intensive agricultural practices, and inadequate waste
management systems. Unlike many organic pollutants that undergo natural degradation, heavy metals such as cadmium
(Cd), lead (Pb), and nickel (Ni) are non-biodegradable, chemically stable, and capable of persisting in environmental
matrices for extended periods. Their continuous accumulation in soils and aquatic ecosystems results in long-term
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ecological disturbances, alters biogeochemical cycles, and poses significant risks to both environmental and human
health (Adimalla et al., 2020; Wani et al,, 2015). Even at relatively low concentrations, these metals can exert toxic effects
on living organisms by inducing oxidative stress, disrupting enzymatic functions, interfering with membrane integrity,
and impairing essential metabolic pathways. Consequently, heavy metal pollution has emerged as a critical global
concern requiring sustainable monitoring and remediation strategies.

Among the various sources of heavy metal contamination, solid waste disposal sites represent one of the most
significant reservoirs of environmental pollutants. Municipal, industrial, and biomedical wastes collectively introduce a
diverse mixture of toxic substances into disposal facilities, where weathering and microbial degradation generate
leachates enriched with heavy metals and other hazardous compounds. These leachates gradually infiltrate surrounding
soils and groundwater, leading to chronic contamination and creating environments characterized by intense chemical
stress (Gupta etal., 2012; [imaa et al., 2025). Such contaminated ecosystems not only threaten surrounding biodiversity
but also serve as ecological niches that favor the selection and persistence of microorganisms capable of surviving under
elevated concentrations of toxic metals.

Microbial communities inhabiting heavy metal-contaminated environments have evolved a remarkable range of
physiological and molecular adaptation strategies that enable their survival under extreme environmental conditions.
These mechanisms include active metal efflux pumps, intracellular sequestration by metallothioneins and metal-
binding proteins, enzymatic detoxification, extracellular polymeric substance-mediated biosorption, and
transformation of toxic metal ions into less toxic forms (Nies, 2003; Silver and Phung, 2005). Collectively, these adaptive
responses reduce intracellular metal toxicity while allowing microorganisms to maintain essential metabolic activities.
Importantly, many of these resistance determinants are encoded by genes located on plasmids, integrons, transposons,
and other mobile genetic elements, facilitating their dissemination among diverse bacterial populations through
horizontal gene transfer.

An equally important consequence of prolonged heavy metal exposure is the phenomenon of co-selection of antibiotic
resistance. Increasing evidence suggests that genes responsible for heavy metal resistance and antibiotic resistance
frequently coexist on the same mobile genetic elements, enabling simultaneous selection under metal-contaminated
conditions. As a result, environments polluted with heavy metals can indirectly promote the emergence and
maintenance of multidrug-resistant bacterial populations even in the absence of antibiotic exposure. This process has
attracted considerable attention because it establishes contaminated ecosystems as environmental reservoirs of
antimicrobial resistance, representing an emerging threat to public health (Seiler and Berendonk, 2012). Bacteria
exhibiting simultaneous resistance to both antibiotics and heavy metals, commonly referred to as Antibiotic and Heavy
Metal Resistant (AHMR) bacteria, are increasingly reported from industrial effluents, mining areas, landfill sites, sewage
treatment plants, and hospital waste disposal facilities. Understanding the ecology, physiology, and resistance
mechanisms of these microorganisms is therefore essential from both environmental and clinical perspectives.

Despite the biosafety concerns associated with multidrug-resistant microorganisms, AHMR bacteria also represent
valuable biological resources for environmental biotechnology. Their exceptional ability to tolerate, accumulate,
transform, or immobilize toxic metal ions has generated considerable interest for application in sustainable
bioremediation technologies. Biological processes such as biosorption, bioaccumulation, biomineralization, and
biotransformation offer environmentally benign and economically feasible alternatives to conventional
physicochemical remediation methods, which are often expensive, energy-intensive, and capable of generating
secondary pollutants (DalCorso et al, 2019). The exploitation of naturally adapted microorganisms for the
detoxification of contaminated soils and wastewater therefore represents a promising strategy for restoring polluted
ecosystems while minimizing environmental impacts.

In recent years, the search for indigenous heavy metal-resistant microorganisms has become increasingly important
because native isolates are generally better adapted to local environmental conditions and frequently exhibit superior
survival and remediation efficiencies compared with laboratory strains. However, despite the increasing burden of solid
waste generation in many developing countries, including India, relatively limited information is available regarding
the diversity, antibiotic resistance patterns, physiological characteristics, and bioremediation potential of indigenous
AHMR bacteria inhabiting solid waste disposal sites. West Bengal, with its expanding industrial activities, growing urban
population, and increasing production of municipal and biomedical waste, provides an ideal setting for investigating
microbial adaptation to heavy metal pollution and identifying environmentally relevant bacterial resources for
remediation.

Among environmental bacteria, Aeromonas hydrophila has attracted increasing attention because of its remarkable
metabolic versatility, adaptability to polluted aquatic and terrestrial environments, and ability to tolerate multiple
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environmental stresses. Previous studies have demonstrated that A. hydrophila possesses diverse heavy metal
resistance mechanisms, including metal efflux systems, oxidative stress defense pathways, biofilm formation, and
plasmid-mediated resistance determinants. These characteristics make the species an important model organism for
investigating heavy metal tolerance and its potential application in bioremediation.

The present investigation was therefore undertaken to isolate, characterize, and molecularly identify antibiotic- and
heavy metal-resistant bacterial strains from solid waste disposal sites located in West Bengal, India. The study further
aimed to evaluate their resistance profiles against clinically important antibiotics and selected heavy metals, determine
their physiological and biochemical characteristics, assess their tolerance under heavy metal stress, and identify the
most promising isolate through 16S rRNA gene sequencing. By integrating microbiological, biochemical, and molecular
approaches, this investigation seeks to identify indigenous bacterial strains possessing significant resistance and
adaptive capabilities that could be exploited for the bioremediation of heavy metal-contaminated soils and wastewater.
Furthermore, the study contributes to a broader understanding of the environmental co-selection of antibiotic and
heavy metal resistance, an issue of growing global significance within the framework of environmental sustainability,
antimicrobial resistance surveillance, and the development of eco-friendly remediation technologies.

2. Materials and methods

2.1. Sample Collection

Soil samples were collected aseptically from multiple solid waste disposal sites representing municipal, industrial, and
hospital waste dumping areas located in West Bengal, India. Sampling locations were selected based on their prolonged
exposure to heterogeneous solid waste and the visible accumulation of waste materials, which were considered
potential reservoirs of heavy metal-resistant microorganisms. Approximately 10-20 g of surface soil was collected from
a depth of 5-10 cm using sterile spatulas and transferred into sterile polypropylene containers. To minimize external
contamination, fresh sterile sampling tools were used wherever possible, and all samples were appropriately labelled
immediately after collection. Samples were transported to the laboratory under aseptic conditions and processed within
24 h of collection to preserve the native microbial community (Jana et al., 2023).

2.2. Isolation of Heavy Metal-Resistant Bacteria

Heavy metal-resistant bacteria were isolated using the spread plate technique following serial dilution of the collected
soil samples. Briefly, 1 g of soil sample was suspended in 9 mL of sterile physiological saline (0.85% NaCl) and serially
diluted up to an appropriate dilution factor. Aliquots from the selected serial dilutions were spread onto Nutrient Agar
(NA) plates individually supplemented with nickel sulfate hexahydrate (NiSO,:6H,0), lead nitrate [Pb(NOs),], and
cadmium chloride (CdCl,) at an initial concentration of 50 pg mL™*. The metal-amended media served as selective media
for the isolation of heavy metal-resistant bacterial populations. The inoculated plates were incubated at 37°C for 24-48
h, after which morphologically distinct colonies growing on heavy metal-amended media were considered putative
heavy metal-resistant isolates and selected for further characterization (Jana et al.,, 2023). Each isolation experiment
was performed in triplicate to ensure reproducibility and minimize sampling bias.

2.3. Selection and Purification of Isolates

Individual bacterial colonies exhibiting distinct morphological characteristics, including differences in colony size,
pigmentation, margin, elevation, opacity, and surface texture, were selected from the primary isolation plates. Selected
colonies were purified by repeated quadrant streaking on fresh Nutrient Agar plates until morphologically
homogeneous colonies were obtained. Pure cultures were subsequently maintained on Nutrient Agar slants at 4°C for
short-term preservation and routinely subcultured when required for subsequent physiological, biochemical, and
molecular analyses. Colony morphology was recorded according to standard microbiological criteria, including colony
diameter, shape, elevation, margin, pigmentation, surface appearance, and consistency.

2.4. Antibiotic Susceptibility Testing

The antibiotic susceptibility profiles of the purified bacterial isolates were determined using the Kirby-Bauer disc
diffusion method on Mueller-Hinton Agar (MHA) according to the Clinical and Laboratory Standards Institute (CLSI)
guidelines (CLSI, 2020). Fresh bacterial cultures were adjusted to 0.5 McFarland turbidity standard (approximately 1.5
x 10® CFU mL™") before uniformly swabbing onto the surface of sterile MHA plates. Commercial antibiotic discs were
carefully placed onto the inoculated agar surface using sterile forceps, ensuring adequate spacing between discs to avoid
overlapping inhibition zones. Plates were incubated at 37°C for 24 h, after which the diameters of inhibition zones were
measured in millimetres using a calibrated ruler. The susceptibility of each isolate was interpreted as susceptible,
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intermediate, or resistant according to CLSSI interpretative criteria (CLSI, 2020). To assess the extent of antibiotic
resistance among the bacterial isolates, the Multiple Antibiotic Resistance (MAR) index was calculated according to the
method described by Krumperman (1983) using the following equation:

MAR Index =frac{a}/{b}
Where:

e g = Number of antibiotics to which the bacterial isolate exhibited resistance.
e b =Total number of antibiotics against which the isolate was tested.

An MAR index value greater than 0.2 was considered indicative of bacterial isolates originating from environments with
frequent or indiscriminate exposure to antibiotics, suggesting high-risk sources of contamination (Krumperman, 1983).
Isolates exhibiting high MAR index values were considered potential multidrug-resistant (MDR) strains and were
selected for subsequent heavy metal tolerance studies and molecular characterization. All antibiotic susceptibility
assays were performed in triplicate, and the mean inhibition zone diameter was used for interpretation.

2.5. Determination of Minimum Inhibitory Concentration (MIC)

The heavy metal tolerance of the bacterial isolates was evaluated by determining the minimum inhibitory concentration
(MIC) against nickel, lead, and cadmium. Nutrient broth supplemented with increasing concentrations of nickel sulfate
hexahydrate (NiSO4:6H,0), lead nitrate [Pb(NO3),], and cadmium chloride (CdCl;) was prepared using sterile stock
solutions. Serial concentrations of each heavy metal were prepared under aseptic conditions to determine the
concentration at which bacterial growth was completely inhibited. Fresh overnight bacterial cultures were inoculated
into the respective metal-containing media and incubated at 37°C for 24-48 h. Bacterial growth was assessed by visual
observation of turbidity and confirmed by streaking aliquots onto nutrient agar plates. The MIC was defined as the
lowest concentration of the respective heavy metal that completely inhibited visible bacterial growth (Wiegand et al.,
2008). Each experiment was performed in triplicate, and the average MIC value was considered for subsequent analyses.

2.6. Morphological and Microscopic Characterization

The purified bacterial isolates were characterized based on their colony morphology following incubation on Nutrient
Agar. Colony characteristics including size, shape, pigmentation, surface texture, elevation, margin, opacity, and
consistency were recorded. Microscopic characterization was performed using the Gram staining technique following
standard microbiological procedures (Cappuccino and Sherman, 2014). Briefly, bacterial smears were heat-fixed,
stained sequentially with crystal violet, Gram's iodine, ethanol, and safranin, and examined under an oil immersion
objective (100x) using a compound light microscope. Cellular morphology, Gram reaction, and cellular arrangement
were documented for each isolate. Morphological observations were performed from freshly grown cultures to ensure
accurate identification of phenotypic characteristics.

2.7. Physiological Characterization

The physiological characteristics of the selected heavy metal-resistant bacterial isolates were investigated by evaluating
their growth under different environmental conditions. Growth responses were examined at different incubation
temperatures (4°C, 37°C, and 70°C), across acidic, neutral, and alkaline pH conditions, and under varying sodium
chloride (NaCl) concentrations to determine temperature tolerance, pH adaptability, and halotolerance, respectively.
For each experimental condition, bacterial cultures were inoculated into sterile nutrient broth and incubated under the
respective conditions. Growth was monitored by measuring optical density (OD) using a UV-Visible spectrophotometer
at 600 nm (ODgg0), which served as an indirect indicator of bacterial biomass. The physiological characteristics of each
isolate were determined by comparing growth under the different environmental conditions. All experiments were
conducted in triplicate to ensure reproducibility.

2.8. Biochemical Characterization

The selected antibiotic- and heavy metal-resistant (AHMR) bacterial isolate was subjected to biochemical
characterization to evaluate its metabolic properties and assist in taxonomic identification. Biochemical analyses
included catalase activity, carbohydrate utilization profiling using the API system, and qualitative assays of bacterial
culture supernatant using iodine, ninhydrin, and Biuret reagents. Fresh overnight cultures were used for all biochemical
assays to ensure optimal enzymatic activity and reproducibility of results.
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2.8.1. Catalase Test

Catalase activity was determined by transferring a freshly grown bacterial colony onto a clean glass slide, followed by
the addition of one drop of 30% hydrogen peroxide (H,0,). Immediate evolution of oxygen bubbles was recorded as a
positive catalase reaction, whereas the absence of bubble formation indicated a negative reaction. The assay was
performed to evaluate the ability of the isolate to decompose hydrogen peroxide into water and molecular oxygen
through the activity of the catalase enzyme, thereby providing an indication of its oxidative stress defence mechanism.

2.8.2. API Carbohydrate Utilization Test

Carbohydrate utilization profiling was carried out using a commercially available API carbohydrate identification kit
according to the manufacturer's instructions. Briefly, bacterial suspensions were prepared in sterile inoculation
medium and dispensed into individual carbohydrate-containing microtubes of the API strip. Following incubation under
the recommended conditions, colour changes resulting from carbohydrate fermentation were recorded and interpreted
according to the manufacturer's identification chart. The carbohydrate utilization profile obtained for the isolate was
used as an additional phenotypic criterion for bacterial identification. Positive and negative reactions were recorded
based on the development of characteristic colour changes after incubation.

2.9. Identification of Bacterial Isolates

Preliminary identification of the bacterial isolates was performed based on the integration of colony morphology,
microscopic examination, physiological characteristics, and biochemical properties. Morphological observations
included colony size, pigmentation, margin, elevation, surface characteristics, and opacity, while microscopic
examination involved Gram staining and cellular morphology. Physiological characteristics such as temperature
tolerance, pH adaptability and salt tolerance, together with biochemical test results, were compared with the taxonomic
descriptions provided in Bergey's Manual of Systematic Bacteriology for tentative identification. The isolate exhibiting
the highest level of antibiotic and heavy metal resistance was selected for subsequent molecular characterization and
taxonomic confirmation.

2.10. Genomic DNA Isolation

Genomic DNA was extracted from the selected antibiotic- and heavy metal-resistant bacterial isolate using the
conventional phenol-chloroform extraction method. Briefly, overnight bacterial cultures were harvested by
centrifugation to obtain cell pellets, which were subsequently suspended in a lysis buffer containing proteinase K for
complete cellular disruption. Following cell lysis, genomic DNA was purified by sequential extraction with phenol-
chloroform, and nucleic acids were precipitated using chilled absolute ethanol. The resulting DNA pellet was washed
with 70% ethanol, air-dried, and finally resuspended in the TE buffer before storage at -20°C until further use. The
quality and integrity of the extracted genomic DNA were evaluated by agarose gel electrophoresis. DNA concentration
and purity were assessed spectrophotometrically prior to PCR amplification to ensure suitability for downstream
molecular analyses.

2.11. Plasmid DNA Isolation

Plasmid DNA was isolated from the selected bacterial isolate using the alkaline lysis method. Overnight bacterial
cultures were harvested by centrifugation and subjected to alkaline cell lysis, followed by neutralization to facilitate
selective precipitation of chromosomal DNA and cellular debris while retaining plasmid DNA in solution. The plasmid
DNA-containing supernatant was subsequently purified and analyzed by agarose gel electrophoresis to determine the
presence of extrachromosomal DNA. The detection of plasmid DNA was undertaken to investigate the possible
occurrence of mobile genetic elements that may contribute to antibiotic and heavy metal resistance.

2.12. PCR Amplification

The bacterial 16S rRNA gene was amplified by polymerase chain reaction (PCR) using the universal bacterial primers
27F and 1507R. PCR amplification was carried out using genomic DNA as the template in a reaction mixture containing
template DNA, forward and reverse primers, deoxynucleotide triphosphates (dNTPs), reaction buffer, MgCl,, and Taq
DNA polymerase. The amplification reactions were performed in a programmable thermal cycler using standardized
PCR conditions optimized for amplification of the bacterial 16S rRNA gene. The thermal cycling program consisted of
an initial denaturation at 94-95°C, followed by 30 amplification cycles comprising denaturation, primer annealing, and
extension, with a final extension at 72°C to ensure complete synthesis of PCR products.
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PRIMER | Sequence (5’ - 3')
27F AGAGTTTGATCCTGGCTCAG
1507R GGACTACCAGGGTATCTAAT

Amplified PCR products were analyzed by agarose gel electrophoresis and visualized under ultraviolet illumination
following nucleic acid staining. Appropriate positive and negative controls were included during amplification to
monitor reaction specificity and potential contamination.

2.13. UV-Visible Spectroscopic Analysis of Supernatant

Cell-free culture supernatant was obtained by centrifugation of actively growing bacterial cultures at an appropriate
speed to remove intact bacterial cells and particulate matter. The clarified supernatant was carefully collected and
subjected to UV-Visible spectrophotometric analysis over the wavelength range of 200-300 nm. The absorbance
spectrum was recorded to detect extracellular biomolecules and metabolites that may participate in heavy metal
interaction, reduction, or detoxification processes. Spectral analysis was performed using sterile uninoculated culture
medium as the reference blank to eliminate background interference.

2.14. SDS-PAGE Analysis

Protein profiling of the selected bacterial isolate was performed using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Bacterial cultures were harvested by centrifugation, and the resulting pellets were washed
with acetone to remove residual media components. For extracellular protein analysis, proteins present in the culture
supernatant were processed separately using identical sample preparation procedures. Following centrifugation, the
pellets were resuspended in distilled water and prepared for electrophoretic analysis. Both trichloroacetic acid (TCA)-
treated and untreated samples were processed under identical experimental conditions to evaluate differences in
protein expression. Protein samples were mixed with SDS-PAGE loading buffer and heated at 95°C for 5 min to achieve
complete protein denaturation prior to electrophoresis. The prepared samples were subsequently loaded onto
polyacrylamide gels, and electrophoresis was carried out until satisfactory protein separation was achieved. Following
electrophoresis, protein bands were visualized using an appropriate protein staining method, and differences in protein
expression profiles between experimental samples were recorded for comparative analysis.

2.15. 16S rRNA Gene Sequencing

PCR-amplified 16S rRNA gene products were purified to remove residual primers, nucleotides, and amplification
reagents before sequencing by the Sanger dideoxy chain-termination method. The resulting nucleotide sequences were
subjected to similarity searches using the Basic Local Alignment Search Tool (BLAST) available through the National
Center for Biotechnology Information (NCBI) database to determine the closest phylogenetic relatives of the selected
bacterial isolate. The sequence exhibiting the highest percentage similarity was considered for taxonomic assignment
of the isolate. Where applicable, phylogenetic relationships were inferred using homologous reference sequences
retrieved from the GenBank database.

2.16. Statistical analysis

All experiments were performed independently in triplicate, and the results are expressed as mean * standard deviation
(SD). Statistical analyses were performed using GraphPad Prism version 10.0 (GraphPad Software Inc., San Diego, CA,
USA). Data obtained from experiments involving a single independent variable, including antibiotic susceptibility, heavy
metal tolerance, temperature, pH, and salinity, were analyzed using one-way analysis of variance (ANOVA), and
followed by Tukey's multiple comparison test. Growth kinetics under control and heavy metal-treated conditions were
analyzed using two-way ANOVA with Tukey's post hoc test to evaluate the effects of treatment and incubation time.
Where appropriate, regression analysis was performed to assess concentration-dependent responses to heavy metal
exposure. Differences were considered statistically significant at P < 0.05.
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3. Results

3.1. Isolation of Heavy Metal-Resistant Bacteria

Figure 1 S1, S2, S3, S4 andS5 Microbial growth patterns on heavy metal-amended agar from different sampling sites

Heavy metal-resistant bacteria were isolated from five solid waste disposal site samples using nutrient agar
supplemented with Ni, Pb, and Cd. Considerable variation in microbial growth was observed among the sampling sites
(Figure 1 S1-S5). Sample S1 yielded the highest number of bacterial colonies (33), followed by S2 (21), whereas no
bacterial growth was observed in S3. Sample S4 produced nine bacterial colonies along with four large fungal colonies,
while S5 exhibited confluent fungal growth that prevented bacterial isolation (Table 1). Based on colony abundance and
diversity, only samples S1 and S2 were selected for further investigation. A total of seven morphologically distinct
bacterial isolates (S11-S14 and S21-S23) were purified and subjected to subsequent characterization.

Table 1 Total colony count of indigenous microbial flora isolated from heavy metal-contaminated soil samples

Sample no | Total colony count

S1 33

S2 21

S3 No growth

S4 4 big fungal colonies and 9 small colonies
S5 Confluent fungal growth (uncountable)
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S1 S2

Figure 2 Morphologically distinct bacterial colonies selected from S1 and S2 based on variation in size, shape, and
elevation

Table 2 Morphological characteristics of colonies from sample S1 and S2

Sample | Size | Shape | Texture | Colour | Edge | Elevation | Opacity
Si11 S C S Milky | E INSIDE T
S12 S C S cw E,S |F 0
S13 M C R cw E,S | CONVEX |O
S14 M F R cw R F 0
S21 S C S cw E,S |F 0
S22 PP | P S cw E F 0
S23 L I R cw w R 0]

SIZE: S = Small, M = Medium, L = Large, PP = Pinpoint, SHAPE: C = Circular, F = Filamentous, P = Punctiform, I = Irregular, TEXTURE: S = Smooth, R =
Rough, COLOUR: CW = Creamy White, EDGE: E = ENTIRE, W = WAVY, R = Rhizoid, ELEVATION: R = Raised, F = Flat, OPACITY: T = Translucent, 0 =
Opaque

The seven bacterial isolates recovered from samples S1 and S2 exhibited distinct colony morphologies on nutrient agar
(Figure 2; Table 2). Variations were observed in colony size, shape, surface texture, margin, elevation, and opacity. Most
isolates produced creamy-white colonies, while isolate S23 was distinguished by its large, irregular colony morphology
with a rough surface, wavy margin, and raised elevation.

Gram staining further revealed morphological diversity among the isolates. Isolates S11, S12, S21, and S22 exhibited
coccoid morphology, whereas S13 and S14 were rod-shaped. In contrast, Isolate S23 appeared as long rod-shaped cells
arranged predominantly in chains. The observed phenotypic diversity supported the selection of all isolates for
subsequent antibiotic susceptibility screening.
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3.2. Antibiotic Resistance Profiling and MAR Index

Table 3 Antibiotic susceptibility profile of isolates with MDR index

Sample | Gentamicin Chloramphenicol Tetracycline Penicillin Amphotericin B | MAR
(G-10) mm (C-30) mm (TE-30) mm (P-10) mm | (AP-20) mm Index
Si11 19.2(D) 25.7(S) 24.7(S) 10(R) 10(R) 0.4
S12 21.7(S) 22.2(S) 10(R) 10.2(R) 9.7(R) 0.6
S13 22(S) 27.2(S) 17.7() 0(R) 0(R) 0.4
S14 20(S) 26(S) 25.2(S) 9.2(R) 0(R) 0.4
S21 22(S) 22.2(S) O(static)(R) 12.2(R) 0(R) 0.6
S22 18.7(D) 25.2(S) 23.7(S) 10.3(R) 10.3(R) 0.4
S23 15.2(R) 23.2(S) O(static)(R) 13(R) 11(R) 0.8

Table 4 Interpretive criteria for antibiotic susceptibility testing using CLSI guidelines

Antibiotic (Disc Potency)

Sensitive (mm)

Intermediate (mm)

Resistant (mm)

Gentamicin (10 pg) 221 mm 16-20 mm <15 mm
Chloramphenicol (30 pg) =218 mm 13-17 mm <12 mm
Tetracycline (30 pg) 219 mm 15-18 mm <14 mm
Penicillin (10 pg) 229 mm 15-28 mm <14 mm
Amphotericin B (20 pg) _ _ No CLSI breakpoint

Figure 3 Kirby-Bauer disk diffusion assay demonstrating antibiotic susceptibility patterns of heavy metal-resistant
bacterial isolates, with zones of inhibition indicating selective resistance and identification of AHMR strain

The antibiotic susceptibility profiles of the seven heavy metal-resistant bacterial isolates are presented in Table 3 and
Figure 3. Considerable variation in susceptibility patterns was observed among the isolates against the five antibiotics
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tested. Most isolates remained susceptible to chloramphenicol, whereas resistance to penicillin and amphotericin B was
frequently observed. Variable responses were also recorded for gentamicin and tetracycline.

The MAR index of the isolates ranged from 0.4 to 0.8. Isolate S23 exhibited the highest MAR index (0.8), showing
resistance to gentamicin, tetracycline, penicillin, and amphotericin B while remaining susceptible only to
chloramphenicol. Based on its multidrug-resistant phenotype and the highest MAR index among all isolates, S23 was
selected as the representative antibiotic- and heavy metal-resistant (AHMR) isolate for subsequent physiological,
biochemical, molecular, and protein profiling studies.

3.3. Heavy Metal Tolerance (MIC and LD;, Analysis)

Effect of Heavy Metal Concentration on Growth of AHMR Isolate S,3
16
14
12
1
8
S 08
G}
0.6
0.4
0.2
0
0 50 100 150 200
Metal concentration (pg mL?)
ni pb cd

Figure 4 Growth response of AHMR isolate S23 to increasing concentrations of heavy metals (Ni, Pb, Cd), showing a
progressive decline in optical density (ODg30) with increasing metal concentration, indicating inhibitory effects and
MIC trends

The heavy metal tolerance of isolate S23 was evaluated by monitoring bacterial growth in the presence of increasing
concentrations of nickel (Ni), lead (Pb), and cadmium (Cd). Growth progressively declined with increasing metal
concentration, demonstrating a concentration-dependent inhibitory effect (Figure 4). Statistical analysis revealed
significant differences in bacterial growth among the tested concentrations (P < 0.05). Among the three heavy metals,
nickel produced the greatest inhibitory effect, followed by cadmium and lead. Despite the reduction in growth, isolate
S23 remained viable up to approximately 100 pg mL™* for all three metals, indicating substantial heavy metal tolerance.

3.4. Growth Kinetics under Metal Stress

Growth kinetics of isolate S23 were evaluated under control and heavy metal-treated conditions over the incubation
period (Figure 5). Although bacterial growth followed the characteristic lag, exponential, stationary, and decline phases
under both conditions, heavy metal exposure resulted in significantly lower biomass accumulation than the untreated
control (two-way ANOVA, P < 0.05). The calculated generation time was 47 min under control conditions and 41 min
under heavy metal stress. Despite reduced biomass production, the isolate maintained active proliferation throughout
the incubation period, demonstrating its ability to grow under metal-induced stress.
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Growth Curve of AHMR lIsolate Under Control and Metal Stress
Conditions S,3

16
14

- | —

§
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0.4
0.2

0 50 100 150 200 250 300 350 400
TIME(MIN)

——0D(0) OD(M)

Figure 5 Growth kinetics of AHMR isolate S23 showing changes in optical density (ODe20) over time under control and
metal-stressed conditions, indicating reduced growth rate and delayed exponential phase under metal stress

Table 5 Generation Time Comparison of isolate with and without metals

Condition | Generation Time

Control 47 min

Metal 41 min

3.5. Effect of Environmental Parameters on the Growth of the Selected AHMR Isolate

3.5.1. Effect of Temperature

Growth of isolate S23 was evaluated under different temperature, salinity, and pH conditions (Figure 6-8). Significant
differences in bacterial growth were observed among the tested environmental conditions (P < 0.05). Maximum growth
occurred at 37°C, whereas growth was markedly reduced at 4°C and 70°C. Similarly, bacterial growth gradually declined
with increasing NaCl concentration, while optimum growth was observed at neutral to slightly alkaline pH.

3.5.2. Effect of Salinity

The effect of salinity on bacterial growth was assessed using media containing different NaCl concentrations. Isolate
S23 exhibited growth over the entire range of salinity tested; however, optical density gradually decreased with
increasing NaCl concentration (Figure 7), indicating tolerance to saline conditions with reduced growth at higher salt
concentrations.

3.5.3. Effect of pH

Growth of isolate S23 was examined under different pH conditions. The isolate exhibited maximum growth at neutral
to slightly alkaline pH, while comparatively lower growth was observed under acidic conditions (Figure 8),
demonstrating its adaptability over a broad pH range.
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3.6. Biochemical Characterization

The carbohydrate utilization profile of isolate S23 was determined using the API carbohydrate identification system
(Figure 9; Table 6). The isolate showed positive utilization of maltose, fructose, dextrose, galactose, trehalose, sucrose,
L-arabinose, and mannose. Positive reactions were also observed for ONPG, esculin, citrate, and malonate, whereas
glycerol, salicin, mannitol, and D-arabinose exhibited partial positive reactions. Negative reactions were recorded for
lactose, xylose, raffinose, melibiose, inulin, sodium gluconate, dulcitol, inositol, sorbitol, adonitol, arabitol, erythritol, a-
methyl-D-glucoside, rhamnose, cellobiose, melezitose, a-methyl-D-mannoside, xylitol, and sorbose.
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Figure 9 Carbohydrate utilization profile of AHMR isolate S23 using API strip, showing differential fermentation
patterns indicated by color change
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Table 6 Biochemical characterization of the isolated bacterial strain S23 using API strip

No Test Before Color | After Color Result
1 Lactose Red Red Negative
2 Xylose Red Red Negative
3 Maltose Red Yellow Positive
4 Fructose Red Yellow Positive
5 Dextrose Red Yellow Positive
6 Galactose Red Yellow Positive
7 Raffinose Red Red Negative
8 Trehalose Red Yellow Positive
9 Melibiose Red Red Negative
10 Sucrose Red Yellow Positive
11 L-Arabinose Red Yellow Positive
12 Mannose Red Yellow Positive
13 Inulin Red Red Negative
14 Sodium gluconate Red Red Negative
15 Glycerol Red Orange Positive (Partial)
16 Salicin Red Orange Positive (Partial)
17 Dulcitol Red Red Negative
18 Inositol Red Red Negative
19 Sorbitol Red Red Negative
20 Mannitol Red Orange Positive (Partial)
21 Adonitol Red Red Negative
22 Arabitol Red Red Negative
23 Erythritol Red Red Negative
24 | a-Methyl-D-glucoside Red Red Negative
25 Rhamnose Red Red Negative
26 Cellobiose Red Red Negative
27 Melezitose Red Red Negative
28 | a-Methyl-D-Mannoside Red Red Negative
29 Xylitol Red Red Negative
30 ONPG Colorless Yellow Positive
31 Esculin Cream Black Positive
32 D-Arabinose Red Orange Positive(Partial)
33 Citrate Green Blue Positive
34 Malonate Light green Blue Positive
35 Sorbose Red Red Negative
36 Control Red Red Control (Valid)
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3.7. Molecular Characterization of the Selected AHMR Isolate

3.7.1. Genomic DNA Isolation

High-quality genomic DNA was successfully isolated from isolate S23. Agarose gel electrophoresis revealed intact, high-
molecular-weight DNA with minimal degradation, indicating that the extracted DNA was suitable for downstream
molecular analyses, including PCR amplification and sequencing (Figure 10).

Figure 10 Agarose gel electrophoresis of genomic DNA isolated from bacterial strain S23. Sample show intact, high
molecular weight DNA with minimal degradation, indicating successful extraction. The quality of the DNA is suitable
for downstream applications

3.7.2. Plasmid DNA Analysis

Plasmid DNA extraction did not reveal any distinct plasmid bands following agarose gel electrophoresis. Under the
experimental conditions employed, no detectable plasmid DNA was observed in the selected isolate.

3.7.3. PCR Amplification of the 165 rRNA Gene

PCR amplification using the universal bacterial primers 27F and 1507R produced a distinct amplicon of approximately
1.5 kb in S23 (Figure 11). The presence of a single, well-defined amplification product confirmed successful
amplification of the bacterial 16S rRNA gene.
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Figure 11 Agarose gel electrophoresis of PCR-amplified 16S rRNA gene using universal primers (27F and 1507R).
Distinct amplicon bands of approximately ~1500 bp were observed for S23, aligned between the 1000 bp and 2000 bp
markers of the DNA ladder, confirming successful amplification

3.7.4. 165 rRNA Gene Sequencing and Identification

The amplified 16S rRNA gene of isolate S23 was sequenced and analysed using the NCBI BLASTn database. Sequence
similarity analysis identified the isolate as Aeromonas hydrophila, exhibiting 99.60% sequence identity with Aeromonas
hydrophila strain F_92 (GenBank accession number MG428805.1) with 95% query coverage and an E-value of 0.0(Table
8). Phylogenetic analysis further demonstrated that isolate S23 clustered with reference A. hydrophila strains,
confirming its taxonomic identity (Figure 13).

3.8. UV-Visible Spectroscopic Analysis

The UV-Visible absorption spectrum of the cell-free supernatant of isolate S23 was recorded over the wavelength range
0f 200-300 nm (Figure 11). The spectrum exhibited strong absorbance between 220 and 280 nm, with prominent peaks
observed around 230, 260, and 280 nm. The absorbance profile suggests the presence of extracellular biomolecules
capable of absorbing within this wavelength range (Table 7).
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Figure 12 UV-Visible absorbance spectra (200-300 nm) of bacterial supernatant Sz3 sample exhibit strong
absorbance in the 200-260 nm region, indicating high concentrations of proteins and nucleic acids

Table 7 Assignment of UV absorption peaks (200-300 nm) for bacterial supernatant S:3, including corresponding
absorbing molecules, observed absorbance values, and biochemical interpretation. The table highlights the presence of
proteins, aromatic amino acids, and extracellular nucleic acids, with comparative observations

Wavelength | Assignment S23 Observation | Interpretation

200-220 nm | Peptide bonds Saturated Very high protein/metabolite concentration
230 nm Disulphide/protein shoulder | ~0.47 Protein present; slightly higher

250 nm Phenylalanine/ metabolites | Saturated Aromatic compounds abundant

260 nm DNA/RNA Saturated (~3.3) | Strong nucleic acid (eDNA) presence

275 nm Tyrosine Saturated Protein + phenolic compounds

280 nm Tryptophan ~0.54 Protein present

3.9. SDS-PAGE Protein Profiling

SDS-PAGE analysis of isolate S23 revealed distinct protein banding patterns in both whole-cell (WC) and extracellular
(EC) protein fractions under control and heavy metal-treated conditions (Figure 12). Whole-cell protein extracts
exhibited more intense and well-resolved bands than the extracellular protein fractions. Differences in band intensity
and distribution were observed between untreated and heavy metal-treated samples, indicating alterations in protein
expression in response to heavy metal stress.
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EC-C_EC-T

Figure 13 SDS-PAGE protein profile of the selected AHMR isolate Sz23. Whole-cell control (WC-C), whole-cell treated
(WC-T), extracellular control (EC-C), and extracellular treated (EC-T) protein fractions were analyzed by SDS-PAGE.
Differences in protein band intensity and distribution between control and treated samples suggest alterations in
protein expression under heavy metal stress

3.10. 16S rRNA Gene Sequencing
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Figure 14 Maximum likelihood phylogenetic tree based on the 16S rRNA gene sequence of isolate S23 and the top ten
closely related reference sequences retrieved from the NCBI GenBank database
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Table 8 Top 10 BLASTn matches of the 16S rRNA gene sequence of the selected AHMR isolate (S23)

Rank | Closest BLAST Match Scientific GenBank Query Sequence E-
Name Accession No. Coverage (%) | Identity value

1 Aeromonas hydrophila | Aeromonas MG428805.1 95 99.60 0.0
strain F_92 hydrophila

2 Aeromonas hydrophila | Aeromonas OR673528.1 95 99.47 0.0
strain 107 hydrophila

3 Aeromonas hydrophila | Aeromonas MH025887.1 95 99.47 0.0
strain TED1 hydrophila

4 Aeromonas hydrophila | Aeromonas KF307766.1 95 99.47 0.0
strain N4 hydrophila

5 Aeromonas hydrophila | Aeromonas KC632103.1 95 99.60 0.0
strain JY012 hydrophila

6 Aeromonas hydrophila | Aeromonas OR673532.1 95 99.34 0.0
strain 128 hydrophila

7 Aeromonas hydrophila | Aeromonas MG428808.1 95 99.34 0.0
strain F_95 hydrophila

8 Aeromonas hydrophila | Aeromonas MG428807.1 95 99.47 0.0
strain F_94 hydrophila

9 Aeromonas hydrophila | Aeromonas KP822822.1 96 99.21 0.0
strain UTMC 2268 hydrophila

10 Aeromonas sp. strain | Aeromonas sp. PQ119360.1 95 99.47 0.0
NT_E10F

The PCR-amplified 16S rRNA gene of isolate S23 was successfully sequenced and analyzed using the NCBI BLASTn
database. Sequence similarity analysis revealed 99.60% identity with Aeromonas hydrophila strain F_92 (GenBank
accession no. MG428805.1), with 95% query coverage and an E-value of 0.0 (Table 8). The remaining top BLAST
matches also corresponded to Aeromonas hydrophila strains, exhibiting sequence identities ranging from 99.21% to
99.60%, thereby confirming the taxonomic affiliation of the isolate. To further validate the identification, a phylogenetic
tree was constructed using the Maximum Likelihood method in MEGA12 based on the 16S rRNA gene sequence of isolate
S23 and the ten closest reference sequences retrieved from the NCBI GenBank database (Figure 13). The phylogenetic
analysis demonstrated that isolate S23 clustered closely with reference Aeromonas hydrophila strains, confirming its
evolutionary relationship and molecular identity.

4. Discussion

The selective recovery of cultivable bacteria from only two of the five investigated waste disposal sites highlights the
marked spatial heterogeneity commonly associated with contaminated environments. Such heterogeneity has been
attributed to differences in waste composition, contaminant load, moisture content, nutrient availability, and
interspecies competition, all of which influence microbial community structure and culturability. Similar variability in
bacterial recovery from heavy metal-contaminated soils has been reported by Jana et al. (2023), who demonstrated that
selective media preferentially enrich microorganisms capable of tolerating elevated metal concentrations.

Morphological and microscopic characterization serves as an essential preliminary screening tool for differentiating
environmental bacterial isolates prior to detailed physiological and molecular analyses. The phenotypic diversity
observed among the recovered isolates suggests that heavy metal-contaminated soils harbor heterogeneous bacterial
communities with distinct adaptive characteristics. Similar variability in colony morphology and cellular architecture
has been reported for bacteria isolated from contaminated environments, reflecting adaptation to diverse ecological
niches and environmental stress conditions.

Although morphological characteristics alone are insufficient for definitive bacterial identification, they provide
valuable criteria for selecting representative isolates for further investigation. In the present study, the distinctive
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colony and cellular morphology exhibited by isolate S23, together with its subsequent physiological and antibiotic
resistance profile, justified its selection for detailed characterization, which was ultimately confirmed by 16S rRNA gene
sequencing.

The occurrence of multidrug-resistant bacteria in heavy metal-contaminated environments has gained considerable
attention because heavy metals can exert selective pressure that favours the persistence of antibiotic resistance
determinants. In the present study, the high MAR index recorded for isolate S23 indicates its origin from an environment
subjected to substantial antimicrobial selection pressure. According to Krumperman (1983), isolates with an MAR index
greater than 0.2 are considered to originate from high-risk contamination sources, suggesting prolonged exposure to
antibiotics or other environmental stressors.

The coexistence of heavy metal tolerance and multidrug resistance observed in isolate S23 supports the concept of co-
selection, whereby heavy metal contamination contributes to the maintenance and dissemination of antibiotic
resistance genes through shared genetic or regulatory mechanisms. Similar associations have been reported in
environmental bacteria isolated from contaminated soils and waste disposal sites, highlighting polluted ecosystems as
important reservoirs of antibiotic resistance. The multidrug-resistant phenotype of isolate S23 therefore justified its
selection for detailed physiological and molecular characterization and supports its ecological significance as a potential
bioremediation candidate.

The ability of isolate S23 to survive under elevated concentrations of nickel, lead, and cadmium demonstrates its
adaptation to metal-stressed environments. Heavy metal resistance is commonly associated with physiological
mechanisms such as reduced intracellular metal accumulation, active efflux systems, extracellular biosorption,
intracellular sequestration, and enzymatic detoxification, which collectively minimize metal-induced cellular damage.

Among the tested metals, nickel exhibited the greatest inhibitory effect on bacterial growth, indicating a comparatively
higher toxicity toward the selected isolate. Similar observations have been reported for environmental bacteria, where
nickel disrupts essential metabolic processes through interference with protein function, membrane integrity, and
nucleic acid metabolism (Nies, 2003). Despite this inhibitory effect, the sustained growth of S23 at relatively high metal
concentrations highlights its remarkable tolerance and supports its potential application in the bioremediation of heavy
metal-contaminated environments.

The growth kinetics of isolate S23 demonstrate that exposure to heavy metals affected overall bacterial biomass without
completely suppressing cellular proliferation. Although lower optical density values were observed under metal stress,
the calculated generation time during the exponential phase remained comparable to that of the control culture. This
suggests that heavy metal stress primarily influenced biomass accumulation rather than abolishing cell division.

Such behaviour has been reported for environmentally adapted bacteria, where resistance mechanisms enable
continued proliferation despite metabolic stress. The reduced biomass may reflect the energetic cost associated with
heavy metal detoxification, intracellular homeostasis, and stress response pathways, which divert cellular resources
from biomass production while maintaining bacterial viability. This adaptive response supports the potential of isolate
S23 to persist in heavy metal-contaminated environments and reinforces its suitability for bioremediation applications.

Environmental factors such as temperature, salinity, and pH strongly influence bacterial physiology and determine the
ecological distribution of microorganisms. The optimum growth of isolate S23 at 37°C indicates that it is a mesophilic
bacterium, a characteristic commonly reported for environmental Aeromonas species. Its ability to grow under varying
salt concentrations and pH conditions further demonstrates physiological adaptability, which is advantageous for
survival in heterogeneous contaminated environments.

The observed reduction in growth under extreme temperatures and elevated salinity is consistent with the
physiological stress imposed by these environmental factors. Nevertheless, the ability of isolate S23 to maintain growth
over a broad range of environmental conditions suggests considerable ecological resilience. Such adaptability is an
important attribute for microorganisms intended for bioremediation, as contaminated sites often exhibit fluctuating
physicochemical conditions that can influence microbial survival and remediation efficiency.

The carbohydrate utilization profile demonstrated that isolate S23 possesses considerable metabolic versatility,
enabling the utilization of a broad range of carbohydrates and related substrates. Such metabolic flexibility is a
characteristic feature of environmentally adapted bacteria and enhances their ability to survive under fluctuating
nutrient conditions commonly encountered in contaminated habitats.
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The ability of isolate S23 to metabolize multiple carbon sources may contribute to its ecological fitness by supporting
growth in complex waste disposal environments where nutrient composition is highly variable. This metabolic
adaptability, together with its antibiotic and heavy metal resistance, further supports the environmental resilience of
the isolate and its potential suitability for bioremediation applications.

Molecular characterization provided definitive confirmation of the taxonomic identity of the selected isolate. The
recovery of intact genomic DNA and successful amplification of the approximately 1.5 kb 16S rRNA gene demonstrated
the suitability of the extracted DNA for molecular identification. The absence of detectable plasmid DNA suggests that
the resistance phenotype observed in isolate S23 may not be associated with readily detectable plasmids under the
experimental conditions employed. However, this observation does not exclude the possibility of chromosomally
encoded resistance determinants or low-copy-number plasmids, which would require further molecular investigation.

Sequence analysis demonstrated a high level of similarity with Aeromonas hydrophila, and the phylogenetic analysis
further confirmed this identification. Members of the genus Aeromonas are widely distributed in aquatic and terrestrial
environments and are recognized for their remarkable physiological adaptability, including tolerance to environmental
pollutants. The identification of isolate S23 as A. hydrophila therefore supports its ecological relevance and provides a
molecular basis for its observed antibiotic and heavy metal resistance.

The UV-Visible absorption spectrum of the cell-free supernatant of isolate S23 was recorded over the wavelength range
0of 200-300 nm (Figure 11). The spectrum exhibited strong absorbance between 220 and 280 nm, with prominent peaks
observed around 230, 260, and 280 nm. The absorbance profile suggests the presence of extracellular biomolecules
capable of absorbing within this wavelength range (Table 7).

SDS-PAGE analysis of isolate S23 revealed distinct protein banding patterns in both whole-cell (WC) and extracellular
(EC) protein fractions under control and heavy metal-treated conditions (Figure 12). Whole-cell protein extracts
exhibited more intense and well-resolved bands than the extracellular protein fractions. Differences in band intensity
and distribution were observed between untreated and heavy metal-treated samples, indicating alterations in protein
expression in response to heavy metal stress.

Molecular identification based on the 16S rRNA gene confirmed isolate S23 as Aeromonas hydrophila, providing
definitive taxonomic validation of the phenotypic and physiological observations. The high sequence similarity and
phylogenetic clustering with reference A. hydrophila strains indicate that the selected isolate belongs to a well-
characterized environmental species known for its ecological adaptability. Members of the genus Aeromonas have
frequently been reported from aquatic and contaminated environments and are recognized for their ability to tolerate
diverse environmental stresses, including heavy metal exposure. The molecular identification of isolate S23 therefore
complements its observed multidrug resistance and heavy metal tolerance, supporting its potential application as a
candidate for the bioremediation of contaminated environments.

Statistical analysis demonstrated that the observed differences in bacterial growth under varying heavy metal
concentrations and environmental conditions were significant (P < 0.05), confirming that the physiological responses
of isolate S23 were reproducible and not attributable to random experimental variation. The concentration-dependent
inhibition of growth, together with significant differences observed in growth kinetics, temperature, pH, and salinity
experiments, provides quantitative evidence of the adaptive response of the isolate to environmental stress. These
statistically supported findings strengthen the reliability of the sequential screening strategy employed in this study
and reinforce the potential of Aeromonas hydrophila S23 as a robust candidate for further investigation in heavy metal
bioremediation.

5. Conclusion

This study successfully isolated and characterized an indigenous antibiotic- and heavy metal-resistant (AHMR)
bacterial isolate from solid waste disposal sites in West Bengal through a sequential screening approach. Among the
seven recovered isolates, S23 exhibited the highest multiple antibiotic resistance (MAR) index, substantial tolerance to
nickel, lead, and cadmium, broad physiological adaptability, and metabolic versatility. Molecular characterization based
on 16S rRNA gene sequencing unequivocally identified the isolate as Aeromonas hydrophila.

The coexistence of multidrug resistance and heavy metal tolerance highlights the ecological significance of

contaminated waste disposal sites as reservoirs of environmentally adapted microorganisms. The ability of A.
hydrophila S23 to tolerate heavy metal stress while maintaining growth under diverse environmental conditions
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suggests its potential as a promising candidate for the bioremediation of heavy metal-contaminated soils and
wastewater.

Although further investigations are required to elucidate the molecular mechanisms underlying heavy metal resistance
and to evaluate remediation efficiency under field conditions, the present study provides a strong foundation for the
development of sustainable microbial strategies for environmental restoration. Collectively, these findings contribute
to our understanding of the relationship between heavy metal contamination and antibiotic resistance while identifying
an indigenous bacterial isolate with potential environmental and biotechnological applications. The statistical analyses
further validated the reproducibility and significance of the physiological responses observed under heavy metal stress,
providing quantitative support for the experimental findings. Collectively, the integration of microbiological,
physiological, molecular, and statistical analyses enhances the reliability of the identified isolate as a promising
candidate for future environmental bioremediation applications
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