


Biological Control of Antibiotic Residues in Poultry Waste using β-Lactamase-Producing Klebsiella pneumoniae: A Sustainable Approach to Mitigate AMR Risks
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Aim: This study aimed to isolate and evaluate β-lactamase-producing bacteria from poultry fecal matter for their potential to degrade β-lactam antibiotics, particularly Penicillin G, thereby reducing residual antibiotic contamination in farm waste.Methods: Fecal-contaminated soil samples were collected from five poultry farms in Namakkal, Tamil Nadu. Thirty bacterial isolates were screened for β-lactamase activity using the iodometric method. Enzyme activity was quantified via spectrophotometry, and the most potent isolate was identified through 16S rRNA sequencing. Degradation of Penicillin G, Amoxicillin, and Ampicillin was assessed using agar well diffusion with E. faecalis as an indicator strain. Molecular docking (AutoDock Vina) was used to evaluate the interaction between Penicillin G and β-lactamase (PDB ID: 1XPB).Results: Out of 30 isolates, 11 (37%) were β-lactamase-positive. Isolate 23 (Klebsiella pneumoniae) showed the highest enzyme activity (46.60 U/mL). Enzyme-treated samples exhibited reduced inhibition zones, confirming antibiotic degradation. Docking revealed a binding affinity of –4.45 kcal/mol and an inhibition constant (Ki) of 542.67 µM, indicating effective interaction and hydrolytic potential.Conclusion: These findings highlight the enzyme’s role in reducing antibiotic pollution and antimicrobial resistance risks, while biologically controlling the prevalence of resistant isolates. Microbial degradation offers a cost-effective and eco-friendly solution for poultry waste management and the safe reuse of biofertilizers.
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1. Introduction
Our environment is facing a growing crisis, with pollution worsening over time and causing severe, often irreversible damage. Pollution takes many forms—air, water, soil, noise, and light—and is driven by urbanization, overpopulation, and technological development. Hazardous waste from factories, fossil fuel combustion, acid rain, oil spills, and industrial toxins degrades essential resources like air, water, and soil [1]. Agro-waste and the waste discharged from cattle, goat, pig, and poultry farms significantly pollute the air, soil, and water.
In 2010, global antimicrobial use in food-animal production was estimated at 63,151 ± 1,560 tons, and this figure is projected to increase by 67%, reaching approximately 105,596 ± 3,605 tons by 2030. This surge is largely driven by shifts in production systems in Asia, where antimicrobial consumption is expected to rise by about 46% by 2030. In India alone, areas of high antimicrobial use in poultry farming (30 kg/km²) are expected to increase by 132% by 2030, driven by the expansion of the poultry sector. As a result, with the intensification of animal farming, antimicrobial use is rising rapidly. This contributes to the growth of antimicrobial resistance (AMR) and increases the risk of its transmission to humans through the food chain [2].
Many classes of antimicrobials, such as β-lactams, tetracyclines, and aminoglycosides, which are commonly used in human medicine, are also extensively used in food animals. The use of antibiotics in food animals is not limited to therapeutic purposes; they are often employed for disease prevention and growth promotion as well. In developed countries, the responsibility for diagnosing, prescribing, and administering antibiotics to farm animals lies solely with licensed veterinarians [3]. However, in developing countries, antibiotics are frequently administered directly by livestock producers or farmers, largely due to the easy and often unregulated access to these drugs.[2].
The discharge of antibiotics and chemical compounds from poultry waste contributes to the contamination of both terrestrial and aquatic environments. When such contaminated waste is used as fertilizer, rainfall can wash it into nearby water bodies, leading to water pollution. This type of contamination can further spread to various locations through human contact, causing widespread environmental and health impacts. Moreover, the continuous use of the same antibiotic can lead to the development of high levels of resistance in exposed microbes. Farm animals and humans are often infected by the same bacterial species, indicating that transmission between the two occurs to some extent. Evidence also suggests that antimicrobial-resistant (AMR) bacteria are shared between humans and animals [4].
Among the various antibiotics used in animal farms, Penicillin V potassium (PVK), a commonly used slow-onset antibiotic, is more acid-resistant than natural penicillin, allowing for oral administration without degradation in the stomach. Its stability enhances its effectiveness in treating bacterial infections. However, extensive use has led to high PVK concentrations in soil, wastewater, and animal waste, posing risks to the environment and human health by promoting resistant strains [5 and 6]. In this context, using poultry waste containing antibiotics without proper treatment or removal of the antibiotics can lead to serious environmental and health problems.
Various traditional bacterial residue treatment methods, including incineration, landfilling, anaerobic digestion [7 and 8], ionizing radiation (Salem), UV/TiO2 photocatalytic [9] have also been used for antibiotic degradation. However, these methods are costly, the processing conditions are harsh, and scaling up is difficult. Microbiological degradation has emerged as an effective approach to remove antibiotic contamination. Reports indicate that certain bacteria can biodegrade penicillin antibiotics[10, 11, and 12]. However, most studies focus on strain screening and cell-level degradation, with limited research at the enzymatic and molecular levels. This gap hinders the development of more efficient and eco-friendly enzymatic degradation methods.
	Previous studies, such as those by Gao et al. [13] and Yang et al. [14], have investigated the degradation of β-lactam antibiotics using β-lactamase enzymes. Similarly, another study reported the degradation of Penicillin V potassium by bacteria producing β-lactamase enzymes [6]. Based on sequence similarities, β-lactamases are categorized into four main classes: A, B, C, and D. For example, class A β-lactamases predominantly degrade penicillins and cephalosporins [15], while class B β-lactamases exhibit broad activity against penicillins, cephalosporins, and carbapenems [16,17]. Class C and D β-lactamases are primarily active against cephalosporins and certain carbapenems [18, 19]. Recently, Fatima et al. demonstrated the use of a class C enzyme to degrade β-lactam antibiotics [20]. However, there is a lack of systematic studies that screen and compare enzymes across all β-lactamase classes. Moreover, investigations into the molecular mechanisms of antibiotic degradation, particularly using molecular docking approaches, remain scarce.
Based on the above perspective, the present study was conducted with the aim of preventing pollution caused by antibiotic use in poultry farms in Namakkal, Tamil Nadu, and across India. Furthermore, the study not only examined whether the antibiotic compounds released through waste are degraded by β-lactamase enzymes produced by bacteria, but also investigated the underlying degradation mechanisms using molecular docking analysis.
2. Materials and methods
Between June and July 2024, fecal-contaminated soil samples were aseptically collected from five layer poultry farms, each housing approximately 20,000 to 50,000 birds, located in and around Namakkal, Tamil Nadu, India. Bi-monthly visits were conducted to monitor farm conditions and poultry health. Birds exhibiting symptoms such as respiratory distress, diarrhea, poor gut health, and stunted growth were commonly treated with antimicrobials, including penicillin, streptomycin, doxycycline, gentamicin, and ciprofloxacin. The samples were placed in sterile plastic bags and immediately transported to the laboratory for further analysis.
2.1 Isolation of Bacterial Isolates
The collected soil samples were first enriched in Buffered Peptone Water (HiMedia, India) by incubating at 37 °C for 18–24 hours. Following enrichment, a loopful of the incubated broth was aseptically spread onto nutrient agar plates and incubated at 37 °C for an additional 18–24 hours. From each sample, at least three morphologically distinct colonies were selected and streaked onto nutrient agar slants. These slants were then incubated at 37 °C for 18–24 hours to obtain well-grown pure cultures. The resulting slants were stored at 4 °C for further analysis.
2.2 Screening of β-Lactamase-Producing Isolates
Penicillin solution was dispensed in 0.5 mL volumes into sterile test tubes. Test bacterial isolates were taken from overnight cultures grown on solid media and suspended in the penicillin solution to achieve a final concentration of approximately 10⁴ CFU/mL. The suspension was incubated at room temperature for 1 hour. Following incubation, two drops of starch indicator were added to each tube, followed by one drop of iodine reagent. A positive β-lactamase reaction was indicated by the immediate disappearance of the blue color. If the dark blue color persisted for more than 10 minutes, the test was considered negative, indicating the absence of β-lactamase activity [21].
2.3 Isolation of potential isolates
β-lactamase-positive isolates were inoculated into nutrient broth supplemented with penicillin at a concentration of 20 μg/mL. Following incubation, the bacterial cells were harvested by centrifugation at 4,000×g for 15 minutes at 4 °C and washed twice with 0.01 M phosphate buffer (pH 7.0). The washed cells were then lysed using an ultrasonic disintegrator for 3 minutes at 4 °C. The resulting lysate was centrifuged at 12,000 rpm for 40 minutes at 4 °C to remove cell debris. The clear supernatant was collected and used as the crude enzyme extract. A control solution was prepared by replacing the enzyme extract with phosphate buffer. Enzyme activity was assessed by measuring absorbance at 620 nm using a spectrophotometer [22]. Protein concentration was estimated using the method described by Lowry et al. [23]. An International Unit (IU) is defined as the amount of enzyme required to hydrolyze 1 μmol of penicillin G per minute at 25 °C and pH 7.0.
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2.4 Assessment of Degradation Activity of β-Lactamase Against β-Lactam Antimicrobials
The degradation activity of β-lactamase against selected β-lactam antibiotics was evaluated by incubating the enzyme solution (25 U/mL) with various antimicrobial agents. Three β-lactam antibiotics—Penicillin G, Ampicillin, and Amoxicillin (10 µg/mL each)—and Cefotaxime were incubated with β-lactamase in 50 mM sodium phosphate buffer (pH 7.0) at 25 °C for 30 minutes. All antibiotics were procured from HiMedia, India. Following incubation, a semi-quantitative bioassay was performed using the agar well diffusion method. A volume of 100 µL of each incubated sample was loaded into wells on nutrient agar plates pre-inoculated with E. faecalis (β-lactam-sensitive test strain). A control was included for each antibiotic, prepared in the same manner but without enzyme treatment. The plates were incubated at 36 °C for 12 hours, after which the zones of inhibition around each well were measured. A reduction or absence of inhibition zones in the enzyme-treated samples compared to the control indicated degradation of the antibiotics [24].
2.5 Molecular docking study
2.5.1 Protein Preparation and Visualization
The three-dimensional (3D) structure of the β-lactamase enzyme (PDB ID: 1XPB) was obtained from the Protein Data Bank (PDB) in .pdb file format. The protein structure was prepared using AutoDock Tools (ADT) by adding polar hydrogens, assigning Gasteiger charges, and removing water molecules. The prepared protein was saved as Model.pdb and used as the receptor for docking studies. Visualization and inspection of the protein structure were performed using AutoDock Vina and Chimera 1.16.
2.5.2 Ligand Preparation
Two primary ligands, Penicillin G and Linezolid, were selected for docking. The 2D chemical structures of these ligands were drawn using BIOVIA Draw 2019 and saved in .mol file format. The ligands were then converted into 3D structures using Chimera 1.16, energy-minimized, and prepared for docking.
2.5.3 Molecular Docking Procedure
Molecular docking was carried out using AutoDock Vina 2.0. The receptor (β-lactamase enzyme, PDB ID: 1XPB) and ligand structures were converted into .pdbqt format using AutoDock Tools. A grid box was defined to cover the active site region of the receptor. Each ligand was docked separately, and multiple docking poses were generated. The best docking pose was selected based on the lowest binding affinity (kcal/mol). The following interaction parameters were recorded: binding affinity, inhibition constant (Ki), van der Waals (vdW) energy, and intermolecular energy.
3. Results and discussion
A total of 30 isolates were obtained from poultry fecal samples and were screened for β-lactamase production using the iodometric method. Among them, 11 isolates (37%) tested positive for β-lactamase. These findings are consistent with patterns reported in similar regions of India. For instance, in Namakkal, β-lactamase-producing isolates were detected in poultry fecal samples using the iodometric method [25]. In Odisha, ESBL-producing E. coli were detected in approximately 5% of poultry fecal isolates, indicating a relatively low prevalence in commercial poultry settings [26]. Such variability underscores regional differences in poultry management, antibiotic usage, and microbial ecology.
The relatively higher proportion of β-lactamase-producing isolates in our Namakkal cohort may reflect more intensive antibiotic usage, particularly penicillins and cephalosporins, for treating respiratory and gastrointestinal illnesses in birds. Frequent antimicrobial administration is a known driver of selection and proliferation of resistant bacteria in poultry farms. The iodometric method used for detecting β-lactamase is consistent with phenotypic screening techniques employed in previous studies. These methods often combine disc diffusion and indicator-based assays for initial screening. Although these approaches are less specific than gene-based identification (genotyping) methods, they provide reliable preliminary results, especially in resource-limited settings.
Out of 30 bacterial isolates obtained from poultry fecal samples, 11 demonstrated β-lactamase activity as determined by the enzyme assay. The specific activities of these enzyme preparations ranged from 13.52 U/mL to a maximum of 46.60 U/mL. Notably, Isolate 23 exhibited the highest specific activity (46.60 U/mL), followed by Isolate 30 (37.80 U/mL), Isolate 25 (31.25 U/mL), and Isolate 6 (29.86 U/mL) (Table 1).
Table.1 screening of potential isolate of betalactamase producing isolates

	S. No
	Isolates name
	Enzyme (U)
	Protein (mg) 
	Specific activity (U/ml)

	1. 
	Isolate 5
	14.01
	0.49
	13.52

	2. 
	Isolate 6
	14.21
	0.53
	13.68

	3. 
	Isolate 7
	18.5
	0.65
	28.4

	4. 
	Isolate 12
	18.28
	0.59
	17.69

	5. 
	Isolate 15
	15.84
	0.69
	22.95

	6. 
	Isolate 18
	20.31
	0.74
	27.44

	7. 
	Isolate 19
	15.23
	0.51
	29.86

	8. 
	Isolate 21
	18.28
	0.61
	29.96

	9. 
	Isolate 23
	31.69
	0.68
	46.60

	10. 
	Isolate 25
	24.38
	0.78
	31.25

	11. 
	Isolate 30
	27.22
	0.72
	37.80





These findings are consistent with previously reported data. For instance, Pradeepa et al. [25] reported that crude β-lactamase extracts from poultry fecal isolates exhibited specific activity values of 43.0 ± 1.2 U/mL during early-stage purification. The results also align with broader studies that have reported the presence of β-lactamase-producing bacteria in diverse environmental sources, including animal waste and soil ecosystems [27].
In the present study, the highest β-lactamase-producing isolate, Isolate 23, was subjected to molecular characterization using 16S rRNA gene sequencing. Sequence analysis revealed 99.7% similarity with Klebsiella pneumoniae (GenBank Accession No. NR_117683.1). Phylogenetic analysis further confirmed the taxonomic placement of the isolate within the K. pneumoniae clade (Figure 1).
Figure.1 Molecular phylogenetic analysis by maximum likelihood method
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Several previous studies have reported the isolation of K. pneumoniae from poultry fecal matter. For instance, Tigabie et al. [28] found K. pneumoniae in 7.7% of Enterobacteriaceae isolated from chicken droppings, identifying at least one strain as ESBL-producing. Similarly, Hayati et al. [29] reported ESBL-positive K. pneumoniae from poultry farms in East Java, and Hou et al. [30] detected K. pneumoniae strains carrying multiple resistance genes across poultry and livestock farms in China. However, the main focus of these studies was to assess the resistance potential of the isolates and their implications for public health.
In contrast, the objective of the present study was not to determine resistance capability, but to identify and isolate β-lactamase-producing bacteria from poultry fecal samples for the biodegradation of β-lactam antibiotics, thereby reducing their residual activity in the environment. This approach highlights the bioremediation potential of such isolates, particularly in mitigating antibiotic pollution from poultry waste. To date, only a limited number of studies have explored this perspective. Notably, Pradeepa et al. [25] investigated bacterial isolates from poultry droppings for their ability to produce β-lactamase enzymes capable of degrading antibiotic residues. Their findings align with the goal of the current study, which emphasizes antibiotic suppression rather than resistance profiling.
Antibiotic residues in the environment pose risks to both ecosystems and human health by contaminating food and water, promoting resistant bacteria, and disrupting plant growth and physiology. Safe and eco-friendly removal of these residues is therefore critical. Enzyme-based degradation, particularly using β-lactamase, offers a promising approach despite certain environmental concerns [6, 31]. In this study, a poultry fecal isolate producing β-lactamase was used to degrade antibiotics in vitro. Of the four antibiotics tested, enzyme treatment altered susceptibility patterns in E. faecalis. The potential K. pneumoniae isolate producing β-lactamase shifted from susceptible to resistant for Penicillin G, Ampicillin, Amoxicillin, and Cefotaxime, confirming the hydrolytic action of the β-lactamase enzyme (Table 2).

Table 2.Degradation of antibiotics with betalactamase enzyme

	S.No
	Name of the antibiotics
	Zone of inhibition in mm

	
	
	Before treatment with enzyme
	After treatment with enzyme

	1.
	Penicillin G
	16
	10

	2.
	Ampicillin
	17
	09

	3.
	Amoxicillin
	15
	09

	4.
	Cefotaxime
	20
	11



Previous studies have demonstrated enzyme-mediated environmental antibiotic degradation. For example, β-lactamase encapsulated within metal–organic frameworks (e.g., penicillinase-8) significantly enhanced catalytic degradation of penicillins in aqueous environments [14]. Similarly, OtLac, a class C β-lactamase from Ochrobactrum tritici, exhibited high activity against Penicillin V and was successfully applied to remove fermentation residues under laboratory conditions [6]. While many earlier studies focused on isolating environmental β-lactamase carriers or mapping resistance profiles, only a few have evaluated their capacity to actively degrade antibiotic residues. Pradeepa et al. [25] investigated poultry fecal isolates specifically for β-lactamase production aimed at antibiotic suppression and environmental detoxification, closely aligning with the degradation-focused objective of the present study.
Biological degradation of antibiotics in the environment is a critical process; however, it first requires a comprehensive understanding of the properties and mechanisms of the antibiotics involved. While numerous detection techniques exist, molecular docking is considered one of the most efficient approaches due to its cost-effectiveness and time-saving advantages. In the present study, penicillin was effectively degraded by the β-lactamase enzyme, resulting in a significant reduction in antibiotic concentrations. A detailed understanding of the underlying degradation mechanisms remains essential. Martinez et al. [32] emphasized the variety of enzymatic pathways responsible for antibiotic degradation, particularly highlighting the role of microbial enzymes such as β-lactamases in hydrolyzing β-lactam antibiotics. Similarly, Nesme et al. [33] explored the ecological and evolutionary consequences of these degradation pathways, underscoring the importance of understanding enzyme-substrate interactions to improve environmental management strategies.
The molecular docking study was conducted using AutoDock Vina 2.0 to evaluate the interaction between Penicillin G and the β-lactamase enzyme (PDB ID: 1XPB). The docking simulation revealed a binding affinity of –4.45 kcal/mol and an estimated inhibition constant (Ki) of 542.67 µM, indicating a moderate interaction strength. The van der Waals (vdW) energy was calculated as –3.86 kcal/mol, and the overall intermolecular energy was –5.95 kcal/mol, reflecting the nature of the interactions within the active site.
Examination of the docking pose identified key amino acid residues involved in the interaction between Penicillin G and the β-lactamase enzyme. These active site residues include VAL108, LYS111, HIS112, GLU121, SER124, ALA125, and MET129. These residues are associated with the hydrolysis and resistance mechanisms typically observed in β-lactam antibiotics. Their involvement in the interaction suggests the presence of enzymatic activity capable of conferring resistance to Penicillin G.
Figures 2 depict the 2D structure of Penicillin G and the 3D structure of the β-lactamase receptor (1XPB), respectively. Figure 2 also illustrates the docking interaction between Penicillin G and the β-lactamase enzyme. The visualization highlights how the ligand is accommodated within the active site and identifies the specific amino acid residues contributing to resistance against Penicillin G. These findings suggest that although Penicillin G interacts with the β-lactamase enzyme, the nature of this interaction—particularly involving resistance-associated residues—may reduce the antibiotic’s efficacy, consistent with the observed enzymatic degradation by β-lactamase.
Figures 2. Molecular docking study of β-lactam antibiotic degradation by β-lactamase
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Similarly, He et al. [34] demonstrated that β-lactam antibiotics, including Penicillin G, exhibit appreciable binding affinities to class A β-lactamases and penicillin-binding proteins, reinforcing the functional relationship between these enzyme families. Mechanistically, class A β-lactamase enzymes inactivate β-lactam antibiotics such as penicillins through hydrolysis of the β-lactam ring, mediated by a specific serine residue in the enzyme’s active site. During this process, the enzyme first forms an acyl–enzyme intermediate with penicillin, which subsequently breaks down into an inactive compound, while the enzyme is regenerated to its original state.
β-lactamase enzymes can degrade β-lactam antibiotics, such as penicillin and amoxicillin, by disrupting their active molecular structures, thereby diminishing their antimicrobial effectiveness. This natural biodegradation commonly occurs in bacteria-rich environments, such as poultry litter or manure. Consequently, effective enzymatic breakdown of antibiotics in fecal matter can reduce the potential spread of antibiotic resistance. This suggests that treated waste could be safely repurposed as fertilizer, supporting sustainable agricultural practices.
This study highlights the potential of β-lactamase-producing bacteria, particularly Klebsiella pneumoniae, to biodegrade β-lactam antibiotics, such as Penicillin G, present in poultry waste. Enzymatic degradation effectively reduces antibiotic residues, thereby minimizing environmental contamination and the risk of antimicrobial resistance. Pre-treating poultry litter with such microbes allows the safe reuse of waste as fertilizer. Overall, β-lactamase-mediated remediation represents a sustainable and eco-friendly strategy for managing antibiotic pollution in poultry farming.
Conclusion 
This study highlights the potential of β-lactamase-producing microbes, such as Klebsiella pneumoniae, to degrade β-lactam antibiotics (e.g., Penicillin G) from poultry waste collected in Namakkal, Tamil Nadu, and an area characterized by intensive poultry farming and related environmental concerns. These enzymes effectively reduce antibiotic activity and minimize the persistence of drug residues in the environment, thereby lowering the risk of antimicrobial resistance (AMR). In addition to environmental detoxification, this approach facilitates the reuse of treated waste as biofertilizer, supporting circular agriculture and promoting antibiotic stewardship in intensive animal farming systems. Further research on enzyme optimization, large-scale application, and long-term ecological impacts will be essential to fully realize the potential of this biological control strategy.
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MATERIALS AND METHODS
Patients, specimens, collection

Through the period extending from November 2021till
December 2021, 40 Clinical specimens comprising from
UTI patients were collected as sterilized containers and then
test the best isolate for growth by spectrophotometer and
was found that the

optimal isolate for enzyme production .

Samples identification

All the bacterial isolates were examined for gram stain
ability (6), shape and color of the cells were observed by
light microscope using oil emersion, the collected specimens
were streak plate technique is used for the isolation into pure
culture of the organisms (mostly bacteria), from mixed
population. The P. mirabilis was streaked over the agar
surface. Some individual bacterial cells are separated and
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(132[11)) consisted o1:

a. Starch-iodine reagent 1000 pl was added to.
b. Penicillin-G 25 pl .

c. Crude or pure enzyme 100 pl .

d. Starch solution 200 ul .

These components were mixed in small test tubes, blue color
developed immediately due to the reaction of iodine with
starch. Rapid decolorization indicated B-lactamase
production. Control solution was made up by replacing the
enzyme in a phosphate buffer solution, and the absorbance
was read spectrophotometrically at 620 nm.

International Unit (IU): Is the amount of enzyme needed to
hydrolyze 1pmol of penicillin G per minute at 25 °C and pH
7.0.

AE x 1219
At x 1
AE : change between blank and test.

Enzyme activity(U\ml) =

At : change the time of reaction
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Phylogenetic Tree:

Figure. Molecular Phylogenetic analysis by Maximum Likelihood method
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The evolutionary history was inferred by using the Maximum Likelihood method based on the Kimura 2-
parameter model [1]. The bootstrap consensus tree inferred from 1000 replicates [3] is taken to represent
the evolutionary history of the taxa analyzed [3]. Branches corresponding to partitions reproduced in less
than 50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) are shown next to the branches [3]. Initial tree(s)
for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to
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A. 2D structure of Penicillin G, B.Protein 3D structure of 1XPB beta-Lactamase receptor
C.Interaction of beta-Lactamase receptor (1XPB) and ligand Penicillin G compound
(The amino acids show resistance towards the Penicillin)




