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A B S T R A C T

This study investigates the potential of Pseudomonas songnenensis (P. songnenensis) in degrading β-lactam anti
biotics through enzymatic hydrolysis by β-lactamase. Faecal soil samples were collected from ten poultry farms in 
Tamil Nadu, India, between June and July 2023. Each farm houses 10,000–50,000 birds and routinely admin
isters antibiotics. Among the bacterial isolates obtained, strain 18 showed the highest degradation activity. 
Molecular docking analysis revealed stable enzyme-antibiotic interactions, with Amoxicillin showing the 
strongest binding affinity due to multiple hydrogen bonds. The β-lactamase enzyme effectively hydrolyses the 
β-lactam ring, breaking the amide bond and rendering antibiotics inactive. This stepwise degradation mechanism 
contributes to reducing antibiotic persistence in the environment and offers insights into microbial-driven 
bioremediation strategies. The findings highlight the novelty of using P. songnenensis for antibiotic degrada
tion and emphasise its potential application in mitigating antibiotic pollution in livestock farming and food 
production systems.

1. Introduction

Antibiotic pollution has emerged as a pressing global concern, 
particularly in countries where livestock farming and food production 
serve as key economic drivers [1,2]. To meet the increasing demand for 
food and optimize livestock costs, antibiotics have become necessary to 
promote growth and limit diseases in livestock [3–5]. They estimated 
global antibiotic use could reach ~143,481 tons by 2040, representing a 
29.5% increase from the 2019 baseline of ~110,777 tons [58]. How
ever, the inability to control the amount of antibiotic usage led to 
widespread use, resulting in numerous adverse effects on the natural 
environment. Specifically, when antibiotics are used excessively, the 
animals are unable to fully metabolise them. As a result, antibiotic res
idues are excreted through faeces, urine, and other biological pathways 
[6]. These residues enter the natural environment, contaminating soil 
and water sources, significantly impacting natural ecosystems [7].

The uncontrolled release of antibiotics into the environment has 
created selective pressure, thereby fostering the development of anti
microbial resistance (AMR) [8,9]. Numerous studies have demonstrated 
that the development of antibiotic-resistant microorganisms not only 
disrupts the balance of ecosystems but also affects the quality of human 
life [10–12]. These microorganisms can enter the human body through 
the food chain or contaminated water sources, resulting in infections 
that are resistant to conventional treatments [13]. Due to the antibiotic 
resistance of bacteria, it can lead to serious complications, often 
necessitating high doses of antibiotics or replacement measures, which 
can damage other organs in the body [14,15].

The increase in antibiotic-resistant microorganisms, in general, and 
bacteria in particular, has accelerated over the past decade [1,16,17]. 
Several investigations and publications have estimated that the total use 
of antibiotics in livestock was 63,151 tons in 2010, with a predicted 
increase of 67% by 2030 [18–20]. Reducing the need for antibiotics is 
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inadequate to combat the increasingly wicked problem of antibiotic 
pollution. Due to the critical nature of the context, new economically 
beneficial methods have been developed to effectively remove antibiotic 
residues and improve the environment [21]. Among the available 
methods, biodegradation of antibiotics is particularly notable for its 
efficiency and economic viability [22].

Recently, many methods of antibiotic degradation based on biolog
ical applications have been studied. These include the use of microor
ganisms capable of producing antibiotic-degrading enzymes, the use of 
purified enzymes, and the application of bioreactors in industrial-scale 
waste treatment [22–25]. Among the various methods, increasing 
attention is being given to the microorganisms capable of naturally 
degrading antibiotics. In particular, some bacteria can utilize antibiotics 
as a source of carbon or energy. Consequently, they secrete enzymes that 
are compatible with breaking down antibiotics, or they signal the pro
duction of degrading enzymes to defend themselves, and employ other 
mechanisms [26]. These include Microbacterium [27], Klebsiella pneu
moniae [28], Acinetobacter baumannii, Elizabethkingia miricola [29].

Currently, research on the problem of microorganisms resistant to 
β-lactam antibiotics is being conducted widely [30,31]. The β-lactam 
antibiotic group is one of the most commonly used antibiotic groups in 
humans [32]. Penicillin, ampicillin, cephalosporins, carbapenems, and 
monobactams are key antibiotics in the β-lactam antibiotic group, which 
are crucial in treating human infections. Therefore, if β-Lactam 
antibiotic-resistant bacteria enter the human body, they will cause 
serious consequences. Once a patient is infected with a β-lactam 
antibiotic-resistant strain of the pathogen, alternative treatments with 
high costs and side effects, such as colistin, tigecycline, fosfomycin, or 
others, are required [33,34]. Thus, effective alternatives are not always 
available for patients with infections, as β-lactam antibiotics remain the 
first choice for treating severe infections.

Given the extensive use of antibiotics in poultry farms and the direct 
discharge of untreated faecal waste, poultry-associated soils represent 
critical reservoirs of resistant and antibiotic-degrading microbes. Among 
bacterial genera, Pseudomonas species are well recognized for their 
metabolic versatility, including the ability to degrade a wide range of 
xenobiotics and antibiotics through enzyme-mediated pathways. How
ever, the role of the environmental species P. songnenensis in β-lactam 
antibiotic degradation has not been previously explored. Therefore, the 
present study was undertaken to isolate and characterize a naturally 
occurring strain of P. songnenensis from poultry farm soil and to inves
tigate its β-lactamase-mediated antibiotic degradation potential using 
enzymatic assays, molecular docking, and dynamics simulations.

Although β-lactamases are widely associated with antibiotic resis
tance, this study focuses on their controlled use as catalytic agents for 
antibiotic degradation in engineered bioremediation systems. In this 
context, the present study aimed to isolate and characterize a naturally 
occurring microbial strain capable of degrading β-lactam antibiotics 
from poultry farm soils in Tamil Nadu, India. Following selective mi
crobial treatment and culture, colonies capable of producing β-lacta
mase enzyme were obtained. The strain was identified at the species 
level through 16S rRNA sequencing, BLAST, and phylogenetic analysis 
using MEGA 7. In addition, a transconjugation assay was conducted to 
evaluate the horizontal transfer of the β-lactamase gene from the donor 
strain (Pseudomonas songnenensis) to a recipient E.coli strain. Further
more, the CB-Dock server was employed to investigate the molecular 
degradation mechanism of β-lactam antibiotics mediated by the β-lac
tamase enzyme produced by the newly identified bacterium.

2. Materials and methods

2.1. Collection of soil samples

Faecal samples were collected from June to July 2023 from ten 
poultry farms (layers) with a scale of 10,000 to 50,000 poultry in Tamil 
Nadu, India. Before collecting samples, bi-monthly visits were 

conducted to observe the nature of the farms and poultry health. 
Diseased poultry suffering from respiratory distress, diarrhoea, and poor 
growth were treated with antimicrobials such as penicillin, strepto
mycin, doxycycline, gentamicin, or ciprofloxacin. Poultry faecal samples 
were collected from regular poultry waste dumping sites (under cages) 
at a depth of 3 – 4 cm and placed into sterile plastic bags. All collected 
samples were directly transported to the laboratory and processed 
immediately.

2.2. Bacterial isolation

The collected and prepared samples were enriched in buffered 
peptone water (Himedia, India) by incubation at 37◦C for 18 to 24 
hours. After enrichment, a loopful from the incubated broth was spread 
directly onto the Mueller-Hinton agar plate and incubated at 37◦C for 18 
to 24 hours. From each sample, at least 3 dissimilar colonies were 
selected, streaked onto Mueller-Hinton agar slant, and incubated at 37◦C 
for 18 to 24 hours. The well-grown slants were stored at 4◦C for further 
study.

2.3. Analysis of β-lactamase activity in selected bacterial isolates

Penicillin solution was dispensed into miniature test tubes in 0.5 mL 
volumes. Test bacteria were taken with a loop from an overnight culture 
on a solid medium and suspended in the penicillin solution to achieve a 
density of at least 104 CFU/mL. After one hour at room temperature, two 
drops of starch indicator were added to the suspension, followed by one 
drop of iodine reagent. A positive reaction was indicated by the imme
diate disappearance of the blue color, and if the dark blue colour per
sisted for longer than 10 minutes, the test was considered negative [35].

2.4. Targeted isolation of high-potential enzyme producers

β-lactamase-positive isolates were inoculated into a nutrient broth 
containing penicillin (20 μg/mL). After incubation, cells were harvested 
by centrifugation (4000 × g, 15 minutes at 4◦C) and washed twice in 
phosphate buffer (0.01 M, pH 7.0). After washing, the cells were put into 
an ultrasonic device for 3 min at 4◦C to disrupt the cell membrane, 
releasing the intracellular β-lactamase enzyme. The mixture was then 
centrifuged at 40 min, 4 ◦C, and 12,000 rpm to remove cell debris and 
harvest the enzyme. The supernatant, considered the crude enzyme so
lution, was collected, and the phosphate buffer solution served as a 
negative control The enzyme activity was quantified using a spectro
photometric iodometric assay, where the hydrolysis of the penicillin 
substrate was monitored by the decolorization of a starch-iodine indi
cator.The enzyme concentration was analyzed by measuring the 
absorbance spectrophotometrically at 620 nm, the optimal wavelength 
for detecting the blue starch-iodine complex.

The International Unit (IU) is the international unit of measurement 
used to evaluate enzyme activity, where 1 IU is the amount of enzyme 
needed to hydrolyze 1 μmol of penicillin G per minute at 25 ◦C and pH 
7.0. 

Enzyme activity (U /mL) =
ΔE x 121.9

Δt x 1
(1) 

Where 

• E = Absorbance difference between test and blank (no unit)
• t = Reaction time in minutes
• U/mL = Units of enzyme activity per millilitre, where 1 Unit =

amount of enzyme that hydrolyses 1 µmol of penicillin G per minute 
at 25 ◦C and pH 7.0

2.5. Degradation of antibiotics

The degradation activity of the enzyme against various classes of 
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antimicrobials was assessed by incubating the β-lactamase enzyme so
lution (25 mU/mL) with different antimicrobials. Eight antimicrobials 
obtained from Himedia, India (cefotaxime, ciprofloxacin, penicillin G, 
amoxicillin, ampicillin, tetracycline, erythromycin, and gentamicin) 
were incubated with β-lactamase in 50 mM sodium phosphate buffer 
(pH 7.0) for 30 min at 25◦C. After incubation, the soaked discs were 
removed and placed on top of Mueller-Hinton agar in Petri dishes pre
viously spread with Escherichia coli (E. coli) isolates (obtained from 
poultry faecal samples). Antibiotic discs without enzyme treatment were 
placed on the Mueller-Hinton agar in Petri dishes for the control sample. 
The plates were then incubated at 36◦C for 12 hours, and the inhibitory 
zones around the disk areas were measured to evaluate the ability of 
enzymes to decompose and inhibit the activity of antibiotics [36]. The 
degradation ability of bacterial isolates was evaluated by quantifying 
the conversion rate (%) of antibiotics degraded over time. Cultures were 
incubated with a known concentration of antibiotics, and residual 
antibiotic levels were measured at specific intervals using 
UV-spectrophotometry. The percentage of degradation was calculated 
based on the difference between the initial and final concentrations. 

Degradation (%).(2)                                                                            

C0= initial concentration
Ct= concentration at time t

2.6. 16S rRNA sequencing

The potential isolate (i.e., the isolate producing the highest enzyme 
activity) was identified using its 16S rRNA gene sequence at the species 
level. Subsequently, this sequence was subjected to BLAST analysis 
against the NCBI GenBank database. The top ten sequences with the 
highest identity scores were selected and aligned using the multiple 
alignment software program Clustal W. A distance matrix was gener
ated, and a phylogenetic tree was constructed using MEGA 7.

2.7. Transfer of β-lactamase gene – transconjugation assay

The donor strain (Pseudomonas songnenensis) and recipient strain 
(E. coli DH5 alpha) were cultured and mixed in a 1:3 ratio in Luria- 
Bertani (LB) broth, then incubated at 37◦C for 24 hours to facilitate 
conjugation. This donor-to-recipient ratio was selected based on previ
ous conjugation optimization studies, which showed an enhanced 
transfer frequency at higher recipient densities. After incubation, 100 μL 
of the mixture was plated onto nutrient agar containing 300 μg/mL 
sodium azide and 10 μg/mL penicillin to select for transconjugants. The 
penicillin concentration was chosen as it is above the minimum inhibi
tory concentration (MIC) for the recipient strain, ensuring that only 
resistant transconjugants could grow. Control plates were prepared by 
plating E. coli DH5 alpha alone onto nutrient agar containing penicillin 
to confirm its sensitivity. After 24 hours of incubation, the growth of 
colonies on selective plates indicated successful conjugative transfer of 
the beta-lactamase gene. Absence of colonies on the control plates 
confirmed the specificity of the selection and ensured that growth on the 
test plates was due to successful conjugation.

2.7.1. Confirmation of transconjugation by amplification of ESBL gene 
(blaCTX-M) by PCR

Separation of plasmid
The transconjugate isolate and control plate isolate of E. coli DH5 

alpha were inoculated into nutrient broth with penicillin and incubated 
at 37◦C for overnight. The plasmid separation from bacterial culture was 
carried out using an alkaline lysis method with slight modifications as 
described by Sadasivam and Manickam (2008). Briefly, 1 mL of an 
overnight bacterial culture was transferred to an Eppendorf tube and 
centrifuged at 5000 rpm to pellet the cells. The supernatant was dis
carded, and the pellet was resuspended in 100 μL of Solution A, which 

consisted of glucose (50 mM), Tris-HCl (25 mM, pH 8.0), and EDTA (10 
mM), supplemented with RNase A (100 μg/mL), by vortexing. Cell lysis 
was performed by adding 100 μL of Solution B - 0.2 N NaOH and 1% 
SDS, followed by gentle inversion of the tube 4-5 times to mix. 
Neutralization was achieved by adding 100 μL of Solution C - 3 M Po
tassium Acetate (pH 5.2) and inverting the tube several times, which 
resulted in the formation of a viscous clump containing genomic DNA 
and cellular debris. This mixture was centrifuged at 12,000 rpm, and the 
clear lysate was carefully transferred to a fresh tube. Plasmid DNA was 
precipitated from the lysate by adding 150 μL of 100% isopropanol and 
centrifuging at 12,000 rpm for 30 minutes. The supernatant was dis
carded, and the DNA pellet was washed with 150 μL of absolute ethanol, 
followed by centrifugation at 10,000 rpm for 20 minutes. After dis
carding the ethanol, the pellet was air-dried and resuspended in 20 μL of 
TE buffer. The presence and quality of plasmid DNA were confirmed by 
agarose gel electrophoresis. This procedure leverages the differential 
precipitation and stability of plasmid DNA compared to genomic DNA, 
allowing for the efficient isolation of plasmid DNA from bacterial cells.

2.7.2. PCR analysis of ESBL gene
All isolates were tested for the presence of the β-lactamase gene 

(blaCTX-M), using a PCR assay following the method outlined by Hong 
et al. (2008). Each PCR reaction was conducted in a 25 µl volume, 
consisting of 10 µl of 2x PCR Master Mix (Lupex, India), 0.2 µM (1 µl) of 
each primer, 2 µl of DNA template, and adjusted to 25 µl with molecular- 
grade water. The PCR cycling conditions were set as follows: an initial 
denaturation at 95◦C for 15 minutes, followed by 30 cycles of 94◦C for 
30 seconds, 62◦C for 90 seconds, and 72◦C for 60 seconds, and 
concluded with a final extension at 72◦C for 10 minutes. The PCR 
products were then analyzed using electrophoresis on a 1.5% agarose gel 
in 1x TBE buffer, with a 1000 bp molecular weight marker (Lupex, 
India) to determine the sizes of the amplified products. A known blaCTX- 

M-positive E. coli strain was included as a positive control, in addition to 
the negative control (E. coli DH5α)

Primer details
Gene name Primer sequence Amplified size (bp)
blaCTX-M ATGTGCAGYACCAGTAARGTKATGGC 

TGGGTRAARTARGTSACCAGAAYCAGCGG
593

2.8. Molecular docking analysis

The methodology involved obtaining the amino acid sequence of 
β-lactamase from P.songnenensis via RNA sequencing and converting it 
into a protein structure using Discovery Studio software. 3D structures 
of Amoxicillin, Ampicillin, and Penicillin V Potassium from PubChem 
(CID: 33613, 6249, 23676814) were prepared for docking by assigning 
charges and generating 3D conformations. Docking simulations were 
performed individually using the CB-Dock server with AutoDock Vina, 
which identified binding sites on β-lactamase and customized docking 
boxes. Results were analysed based on kcal/mol binding affinity scores, 
visualised in Discovery Studio, and and compared with previously re
ported β-lactamase–antibiotic interaction patterns. Statistical analysis 
was used to compare binding affinities, and the findings were docu
mented in a comprehensive report, accompanied by visual representa
tions of docking models and interactions.

2.9. Molecular dynamics (MD) simulation analysis

Molecular dynamics (MD) simulations were performed to further 
understand the stability and interaction between the isolated β-lacta
mase enzyme and selected β-lactam antibiotics (Amoxicillin, Ampicillin, 
and Penicillin V potassium). The simulations assessed conformational 
changes, stability of enzyme-ligand complexes, and atomic-level in
teractions over time. The molecular docking results from CB-Dock were 
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the initial conformations for the MD simulations.

2.9.1. Simulation software and parameters
MD simulations were conducted using GROMACS 2022.2 software 

with the GROMOS96 43a1 force field. The ligands were parameterised 
using the PRODRG server, and the enzyme-ligand complexes were sol
vated in a triclinic water box using the SPC/E water model with a buffer 
distance of 1.0 nm. Energy minimisation was performed using the 
steepest descent algorithm for 5000 steps to relieve steric clashes. The 
system was then equilibrated using the NVT (constant Number, Volume, 
Temperature) ensemble for 100 picoseconds (ps), followed by the NPT 
(constant Number, Pressure, Temperature) ensemble for an additional 
100 ps. Temperature was maintained at 300 K using the Berendsen 
thermostat, and pressure was maintained at 1 bar using the Parrinello- 
Rahman barostat.

2.9.2. Production MD run
The MD run was performed for 100 nanoseconds (ns), root means 

square deviation (RMSD) analyses to assess the structural stability of the 
enzyme-ligand complex, root mean square fluctuation (RMSF) to 
examine residue-level flexibility, the radius of gyration (Rg) to monitor 
protein compactness, hydrogen bond analysis to monitor the stability of 
the enzyme-ligand interaction, and binding free energy calculations 
using the MM-PBSA method to assess the final stability were performed 
every 2 ps to conduct an in-depth analysis of the results.

3. Results and discussion

3.1. Bacterial isolation and enzyme activity assessment

A total of 35 morphologically distinct bacterial strains were isolated 
from poultry faecal samples. Out of these, 21 isolates demonstrated 
β-lactamase production, confirmed by iodometric assay. The activity 
varied across strains, with Isolate 18 showing the highest enzyme ac
tivity (73.89 U/mL), followed by Isolates 16, 12, and 20. These findings 
align with previous studies that have reported variability in β-lactamase 
expression among enteric bacteria.

In an earlier study published in 2023, Mondal et al. observed a broad 
range of β-lactamase activities across various bacterial species and 
identified different β-lactamase-producing genes. In addition, the au
thors also emphasised the role of environmental and genetic factors in 
influencing β-lactamase production efficiency [37]. Besides, Sakthi 
Karthikeyan et al. also determined the ESBL (Extended-Spectrum β-lac
tamase) - producing isolates from poultry samples in Tamil Nadu, India 
[38].

In this study, enteric bacterial strains such as E. coli and Klebsiella spp. 
were isolated from poultry faecal samples, tested for ESBL production 
ability, and revealed the diversity of bacterial strains capable of syn
thesising β-lactamase. The iodometric method was used due to its 
rapidity and cost-effectiveness in detecting β-lactamase activity [35,39].

Among the 21 bacterial strains isolated capable of producing β-lac
tamase enzyme, different strains showed different enzyme activities 
against different protein concentrations. The highest specific enzyme 
activities are observed in Isolate 18 (73.89 U/mL), Isolate 16 (60.24 U/ 
mL), Isolate 12 (60.00 U/mL), and Isolate 20 (59.50 U/mL), indicating 
these isolates are highly efficient in enzyme production relative to their 
protein content. Conversely, the lowest specific enzyme activity is found 
in Isolate 1 (21.24 U/mL), suggesting a lower efficiency in enzyme 
production. Although Isolates 16 and 18 both exhibited high β-lacta
mase activity, Isolate 18 consistently showed the highest enzyme ac
tivity and was therefore prioritised for downstream molecular 
characterisation and mechanistic analyses.

3.2. Degradation of antibiotics

Of the four isolates that demonstrated the ability to produce enzymes 

with high activity, Isolate 18 and Isolate 16 showed the highest values. It 
was used to further study their ability to hydrolyze antibiotics. To test 
the ability of enzymes from selected isolates to hydrolyze antibiotics, 
eight antibiotics were used in this test.

The results obtained after testing with the agar diffusion method 
using E. coli showed that the antibiotics that had not been treated with 
enzymes were all capable of fighting microorganisms, yielding inhibi
tion zones ranging from 15mm. However, after being treated with en
zymes from 2 isolates 16 and 18, the results showed changes in the 
inhibition zones. For the sample treated with the β-lactamase enzyme 
from isolate 16, the inhibition zones of Penicillin G and Cefotaxime were 
reduced from 16 mm to 6 mm and from 26 mm to 9 mm, respectively. 
For the sample treated with isolate 18, all classes of β-lactam and 
Cephalosporin antibiotics exhibited reduced inhibition zones, particu
larly Penicillin G and Amoxicillin, which showed almost no inhibition 
zones. Recent studies reveal that soil physicochemical factors (e.g., 
organic carbon, pH, moisture) strongly influence abundance and 
persistence of antibiotic resistance genes (ARGs), including β‑lactamase 
genes [59].

Soil properties can thus modulate the potency of microbial degra
dation in poultry-farm soils. Isolate 18 exhibited exceptional degrada
tion efficiency: 85.3% of amoxicillin, 72.1% of ampicillin, and 65.5% of 
penicillin G within 24 hours—clearly demonstrating strong substrate 
affinity and enzymatic hydrolysis potential. These rapid degradation 
rates place the isolate among the more efficient antibiotic-degrading 
bacteria reported to date. Comparable studies report ~60% amoxi
cillin removal by Bosea sp. Ads‑6 under similar conditions, confirming 
the relevance of enzymatic β‑lactam hydrolysis pathways in microbial 
degradation [61].

Notably, degradation efficiency varies across antibiotic classes: 
amoxicillin is most effectively degraded, and penicillin G is degraded 
somewhat less efficiently. Similar antibiotic-specific degradation trends 
have been observed in Pseudomonas and other genera degrading tet
racyclines and sulfonamides, reaching >80% conversion efficiency, 
reinforcing the importance of substrate structure in microbial enzymatic 
specificity [62]

Furthermore, environmental factors such as soil pH, organic content, 
moisture, and texture significantly influence antibiotic degradation 
rates. Some soils exhibited half-lives (DT₅₀) of 30–39 days for oxytetra
cycline, with variable antibiotic turnover ranging from 44% to 99% over 
61 days, depending on their physicochemical properties [63]. This 
highlights the need to consider environmental matrices when applying 
isolates such as P. songnenensis derived from poultry soils. This suggests 
potential competitive effects on degradation and emphasises the 

Table 1 
Bioassay of degradation activity of β-lactamase enzyme against various classes of 
antimicrobials.

Isolates 
name

Class Name of 
antibiotics

Zone of inhibition in mm

Control 
Sample

Samples treated 
with the enzyme

Isolate 16 β-lactam 
Cephalosporins 
Tetracycline 
Quinolone 
Macrolide 
Aminoglycoside

Penicillin G 
Ampicillin 
Amoxicillin 
Cefotaxime 
Tetracycline 
Ciprofloxacin 
Erythromycin 
Gentamicin

16 (S) 
15 (S) 
18 (S) 
26 (S) 
15 (S) 
22 (S) 
15 (S) 
18 (S)

6 (R) 
15 (S) 
14 (S) 
9 (R) 
14 (S) 
20 (S) 
14 (S) 
17 (S)

Isolate 
18

β-lactam 
Cephalosporins 
Tetracycline 
Quinolone 
Macrolide 
Aminoglycoside

Penicillin G 
Ampicillin 
Amoxicillin 
Cefotaxime 
Tetracycline 
Ciprofloxacin 
Erythromycin 
Gentamicin

16 (S) 
15 (S) 
18 (S) 
26 (S) 
15 (S) 
21 (S) 
15 (S) 
18 (S)

- (R) 
5 (R) 
- (R) 
6 (R) 
14 (S) 
20 (S) 
13 (S) 
16 (S)
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importance of isolating microbes from less contaminated matrices. The 
test results are detailed in Table 1.

Generally, the enzyme produced from isolate 18 showed a higher 
level of antibiotic hydrolysis than that from isolate 16 in the β-lactam 
and Cephalosporin classes. This is explained by the fact that the enzyme 
produced here is mainly β-lactamase, which can hydrolyze the amide 
bond in the β-lactam ring, causing the ring to break and inactivate the 
antibiotic [41,42]. The β-lactam structure is found in most antibiotics in 
the β-lactam and Cephalosporins groups. The remaining antibiotics 
tested, including Tetracycline, Ciprofloxacin, Erythromycin, and 
Gentamicin, had almost no change in sensitivity after enzyme treatment. 
Because these antibiotics do not contain a β-lactam ring in their struc
tural components, the β-lactamase enzyme cannot function when 
exposed. However, according to the test results, the microbial inhibition 
rings still had a slight decrease, which can be explained by the fact that 
in the extracted enzyme mixture, there were enzyme components 
capable of decomposing these four types of antibiotics, but at a small 
rate, so the inhibition rings did not change significantly. The research 
results are completely consistent with the theoretical basis and previous 
publications. Typical examples include the publication by Shahada et al. 
in 2010 [43] and the publication by Choe et al. in 2016 [36]. Based on its 
superior degradation efficiency, Isolate 18 was selected for subsequent 
molecular analyses, with isolate 16 used for comparison.

3.3. Transfer of β-lactamase gene

The transconjugate isolate, after 24 hours of incubation, showed 
colonies on the nutrient agar containing penicillin, indicating successful 
growth of transconjugants. These colonies resulted from the transfer of 

the beta-lactamase gene from Pseudomonas songnenensis to the recipient 
E. coli DH5 alpha strain, which conferred resistance to penicillin (Fig. 1). 
In contrast, no colonies were observed on control plates where E. coli 
DH5 alpha was plated alone on penicillin-containing media, confirming 
that the recipient strain was initially sensitive to the antibiotic. The 
growth on selective media thus confirmed the successful conjugative 
transfer of the beta-lactamase gene, demonstrating horizontal gene 
transfer between the two bacterial species under the experimental 
conditions.

3.4. PCR analysis of ESBL gene

After running the PCR and subsequent gel electrophoresis, amplifi
cation of the blaCTX-M gene was observed as a distinct band at approxi
mately 593 base pairs, confirming the presence of this extended- 
spectrum beta-lactamase (ESBL) gene in the tested isolate. In contrast, 
the control isolate of E. coli DH5 alpha showed no amplification product, 
indicating the absence of the blaCTX-M gene. These results demonstrate 
the successful detection of the blaCTX-M gene, a key factor in antibiotic 
resistance, in the test isolate through PCR analysis. These findings 
highlight the potential of Pseudomonas songnenensis to mediate the 
horizontal transfer of clinically relevant resistance genes, underscoring 
its ecological and clinical significance in the dissemination of antimi
crobial resistance.

3.5. Molecular docking analysis

Isolate 18 showed the highest antibiotic hydrolysis results in the 
experiments, so they were selected to determine the species level by 
sequencing the 16S rRNA gene from bacterial DNA. (NCBI Accession 
Number: PV208194) The obtained sequences were analysed using 
BLAST and compared with the NCBI GenBank database to search for 
homologous sequences. The ten sequences with the highest identity 
from BLAST were selected and entered into Clustal W software, a multi- 
region sequence alignment software. This software is designed to 
compare and align multiple nucleotide sequences to find conserved re
gions and analyse the evolutionary relationships of species. Finally, the 
MEGA 7 software was used to construct the phylogenetic and evolu
tionary tree of isolate 18. The results of the analysis series revealed that 
isolate 18 exhibited the highest similarity to P. songnenensis, and the 
details of the phylogenetic tree are presented in Fig. 2.

Degrading antibiotics in the environment through biological 
methods significantly protects the ecosystem. However, understanding 
antibiotics' characteristics and mechanisms of action is crucial before 
implementing solutions. Among the various current detection methods, 
molecular docking stands out due to its cost-effectiveness and time- 
saving benefits. Test results with the antibiotics above have high
lighted the degradation ability of β-Lactamase with some commonly 

Fig. 1. Transconjugation (Control & Test) and PCR confirmation of the β-lac
tamase gene. Fig. 2. Phylogenetic tree of P.songnenensis.
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used antibiotics, especially antibiotics in the β-Lactam group. However, 
understanding the mechanism of antibiotic degradation helps clarify the 
role of enzymes and provides a scientific basis for environmental man
agement solutions. In a 2009 publication, Martinez et al. specifically 
emphasised the role of the enzyme β-lactamase in the degradation of 
β-lactam antibiotics [44]. In a 2014 study, Nesme et al. also analyzed the 
enzymatic pathways of antibiotic degradation and their ecological and 
evolutionary implications [45]. The authors also emphasised the 
importance of understanding the complex relationships between en
zymes and substrates in developing sustainable environmental protec
tion strategies.

After identifying the β-lactamase-producing microorganism as P. 
songnenensis, the enzyme's amino acid sequence was translated and 
shown in Fig. 3. Based on the hydrolysis results of β-lactamase with 
antibiotics and the theoretical basis mentioned above, the following 
studies focused on the interactions between β-lactamase and three an
tibiotics: amoxicillin, ampicillin, and penicillin V potassium. Fig. 4
shows the composition and atomic structure of amoxicillin, ampicillin, 
and penicillin V potassium in three-dimensional space.

Molecular docking studies were performed using the CB-Dock server. 
The docking results showed that the binding sites between β-lactamase 
and the antibiotics amoxicillin, ampicillin, and penicillin V potassium 
had binding free energy values of -5.4 kcal/mol, -5.3 kcal/mol, and -5.4 
kcal/mol, respectively (details are shown in Tables 1 and 2). The binding 
free energy values represent the level of stable interaction between the 
enzyme and the antibiotics. A negative result indicates that the binding 
between the enzyme and the three antibiotics is thermodynamically 
favourable; all three antibiotics have a moderately stable binding to the 
enzyme [46].

Docking results suggested energetically favourable enzyme- 
antibiotic interactions. The β-lactamase enzyme hydrolyses the β-lac
tam ring, rendering antibiotics inactive by breaking the amide bond. 
This stepwise degradation mechanism disrupts bacterial resistance and 
facilitates antibiotic breakdown in environmental settings Table 3.

Detailed interaction analyses revealed that each antibiotic formed 
hydrogen bonds with specific amino acids in the β-lactamase enzyme 
(Fig. 5). Amoxicillin interacted with amino acids LYS:62, ARG:5, 
ARG:64, ASN:60, ARG:65, ASP:63, GLY:66, ARG:74, and LYS:70. While 
ampicillin interacted with ARG: 64, ASN: 60, ARG: 65, ASP: 63, GLY: 66, 
ARG: 74, and LYS: 70. In the case of penicillin V, potassium interacted 
with LYS:62, ARG:65, GLY:66 and ASP:67GLY 68. Thus, among the 
three antibiotics that interact with the β-lactamase enzyme, in terms of 
interaction sites, Amoxicillin can interact with a total of 9 sites on the 
enzyme, ampicillin has a total of 7 binding sites, and Penicillin has 5 
binding sites.

This indicates that Amoxicillin can interact with both positively and 
negatively charged amino acids. Therefore, the main interaction be
tween Amoxicillin and β-lactamase enzyme is mainly ionic interaction 
and hydrogen bonding. When considering the simulation model of the 
binding between Amoxicillin and β-lactamase enzyme (Figs. 5a, 5b, and 
5c), it can be easily seen that in addition to hydrogen bonds.

For ampicillin, although the number of bonds is lower than that of 
amoxicillin, there are still essential bonds in the active site. In addition, 
the binding simulation model shows that Ampicillin and β-lactamase 
enzymes are linked together by hydrogen bonds and van der Waals in
teractions (Figs. 5d, 5e, and 5f). Ampicillin fits neatly into the active site, 
demonstrating the ligand's and the enzyme's compatibility, thereby 
reducing the system's free energy and increasing the binding stability. 
Penicillin has only 5 binding sites with the β-lactamase enzyme. But 
based on the binding model, it can be easily seen that the interaction 
between the ligand and the enzyme, in addition to hydrogen bonds, is 
also supported by ionic bonds, van der Waals forces, and binding net
works (Figs. 5g, 5h and 5i). Penicillin fits neatly in the active site of the 
β-lactamase enzyme. It is also capable of creating a robust binding 
network with surrounding amino acids, thereby increasing the stability 
and affinity of penicillin and the β-lactamase enzyme, which correlates 
with our observation of a greater number of binding interactions. 
Similarly, Elabed et al., [2025] demonstrated through molecular dock
ing studies that Amoxicillin's hydroxyl and amino side chains contribute 
to enhanced hydrogen bonding and electrostatic attraction within the 
active site of β-Lactamases.

Additionally, the hydrophilic nature of Amoxicillin's side groups may 
facilitate better solvation and orientation within the enzyme's binding 
pocket, contributing to improved pharmacodynamic properties. This 
might partially explain its superior therapeutic efficacy against β-Lac
tamase-producing bacteria [65,66].

In brief, the β-lactamase enzyme can effectively decompose amoxi
cillin due to the numerous binding sites between them. Meanwhile, 
Penicillin has only five binding sites, but thanks to the network of bonds 
formed between the enzyme and the substrate, the enzyme's ability to 
decompose antibiotics is enhanced. Finally, Ampicillin has more binding 
sites between the antibiotic and the substrate than Penicillin; however, 
the bonds formed here are only weak, so the enzyme's ability to 
decompose Ampicillin is weaker than that of Penicillin. Besides, the 
common point in terms of spatial structure here is that all three anti
biotics have a structure that fits tightly in the enzyme's active centre, 
supporting the coupling process between the enzyme and the substrate 
to perform the substrate decomposition reaction.

3.6. Molecular dynamics simulation analysis

The GROMACS software suite was used to run MD simulations to 
comprehensively evaluate the interaction stability and conformational 
kinetics [47] of the β-lactamase enzyme, which was isolated from 
P. songnenensis, with the antibiotics identified above. The enzy
me–ligand complexes analysed included β-lactamase bound with 
amoxicillin, ampicillin, and penicillin V potassium—antibiotics previ
ously identified through molecular docking as promising candidates. 
Each system was solvated in a cubic TIP3P water box model; Na⁺/Cl⁻ 
ions were used to neutralize the system, and the simulation was con
ducted at a constant temperature (300K) and pressure (1 atm). The 
GROMOS96 43a1 force field was used for simulations for 100 ns for each 

Fig. 3. Sequence Information of β-lactamase enzyme from P.songnenensis.
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run [48]. The results are shown in detail in Fig. 6.
The simulation results determined that the β-lactamase enzyme is 

capable of degrading a variety of β-lactam antibiotics. However, the 
degree of degradation of the enzyme to the substrate depends on the 
structural compatibility and binding dynamics. Therefore, although the 
β-lactamase enzyme can degrade a variety of β-lactam antibiotics, the 
degree of degradation still depends on the structural factors and binding 
dynamics. The higher the compatibility between the above two factors, 
the enzyme and ligands, the higher the interaction efficiency [40,49,50]. 
RMSD analysis showed that the β–Lase–amoxicillin complex attained 
equilibrium quickly, with minimal deviation (~1.8 Å), indicating a 
stable, tightly bound complex. In contrast, penicillin V potassium 
showed moderate fluctuations (~2.2 Å), while the β-lactamase
–ampicillin complex displayed the highest RMSD values (~2.6 Å), 
reflecting less stable interactions. The analytical results are in complete 
agreement with previous reports on the correlation between RMSD and 
binding affinity - when RMSD is low, binding affinity is enhanced 
[51–53]. RMSF analysis results showed that the amino acids that play a 
crucial role in enzyme-substrate binding (ARG64, ASP63, LYS70) did 
not fluctuate significantly (<1.5 Å). The amino acid positions showed 
almost no fluctuations, indicating that they were being stabilized to 
participate in binding and perform their functions. Additionally, the 
peripheral and terminal regions exhibited stronger fluctuations (>2.5 

Å). This is entirely consistent with the theory that the N- and C-terminal 
regions are not directly involved in the catalytic process, resulting in 
higher fluctuations. Among all complexes, amoxicillin exhibited the 
highest stability, indicating that it fits perfectly in the enzyme's active 
site, thereby providing the enzyme with the highest stability when 
combined [54,55]. Across all complexes, the Gyration radius (Rg) ranges 
from 21.3–21.7 Å - indicating that the overall consistency and 
compactness of the β-lactamaseis maintained. Notably, the amoxicillin 
enzyme-ligand complex still showed minimal Rg fluctuations and again 
demonstrated high stability [56]. Hydrogen bond analysis revealed that 
amoxicillin consistently formed 6–9 hydrogen bonds throughout the 
simulation, primarily involving residues such as ARG64, ASN60, and 
ASP63, which remained persistent. These strong hydrogen bonding in
teractions suggest a high-affinity binding profile. On the other hand, 
penicillin V potassium and ampicillin formed fewer and more transient 
hydrogen bonds (4–6 and 3–5, respectively), suggesting weaker stabi
lisation within the binding site.

MM-PBSA binding free energy calculations were in agreement with 
structural analyses. The β-lactamase–amoxicillin complex showed the 
most favourable ΔG_bind (− 42.8 ± 2.5 kcal/mol), followed by peni
cillin V potassium (− 38.6 ± 3.1 kcal/mol) and ampicillin (− 32.4 ± 2.9 
kcal/mol). These results are in line with previous studies where strong 
thermodynamic stability, reflected by lower ΔG_bind values, correlated 
with higher binding efficiency and persistent ligand interactions [57,60, 
64]. In conclusion, the MD simulation analysis results highlighted the 
enzyme-ligand binding potential between β-lactamase from 
P. songnenensis and amoxicillin. The results support strengthening the 
understanding of the role of amoxicillin - a commonly used β-Lactam 
antibiotic, in the mechanism of drug resistance and guide the design of 
future inhibitors.

Thus, the ecological significance of β-lactamase activity depends on 
biological context, with detrimental effects in clinical environments but 
potential utility in engineered bioremediation systems. While this study 
provided substantial insights into β-lactam antibiotic degradation by 
P. songnenensis, a key limitation was the lack of detailed enzymatic 
characterisation through kinetic studies. Cloning of the β-lactamase 
gene into a heterologous system such as E. coli, followed by protein 
purification and determination of kinetic parameters (Km, kcat) against 
different antibiotics, would further validate substrate specificity and 
catalytic efficiency. Future research should focus on these molecular 
characterisations to strengthen the mechanistic understanding and 
enable bioengineering of more efficient β-lactamase variants for applied 
bioremediation.

Fig. 4. 3D Structure in Stick Model View Using Discovery Studio Software of a. Amoxicillin, b. Ampicillin, c. Penicillin V potassium.

Table 2 
Binding complex between β-lactamase [P. songnenensis] and a. Amoxicillin, b. 
Ampicillin, c. Penicillin V Potassium Using CB Dock Server.

Antibiotic Interacting Amino Acids Number of 
Binding Sites

Amoxicillin LYS:62, ARG:5, ARG:64, ASN:60, ARG:65, 
ASP:63, GLY:66, ARG:74, LYS:70

9

Ampicillin ARG:64, ASN:60, ARG:65, ASP:63, GLY:66, 
ARG:74, LYS:70

7

Penicillin V LYS:62, ARG:65, GLY:66, ASP:67 GLY 68 5

Table 3 
Binding interaction scores between β-lactamase [P. songnenensis] and various 
antibiotics.

Antibiotic 1 Antibiotic 2 Antibiotic 3

Protein receptor Amoxicillin 
(CID: 33613)

Ampicillin 
(CID: 6249)

Penicillin V 
Potassium (CID: 
23676814)

β-lactamase 16S rRNA 
sequence, Translated 
protein (P. songnenensis)

-5.4 kcal/mol -5.3 kcal/mol -5.4 kcal/mol
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4. Conclusion

This study establishes Pseudomonas songnenensis as a promising mi
crobial source of β-lactamase enzymes capable of efficiently degrading 
β-lactam antibiotics. In addition to demonstrating high degradation 

rates through enzymatic assays, a transconjugation experiment 
confirmed horizontal transfer of the β-lactamase gene to a recipient 
E. coli strain, highlighting the ecological significance of gene mobility. 
Furthermore, the presence of the β-lactamase gene was validated by PCR 
amplification, providing molecular confirmation of the enzymatic 

Fig. 5. β-lactamase [P. songnenensis] and Amoxicillin: a. 3D Binding Model, b. H-Bond Interaction, c. Van der Waals and H-Bond Interactions. Ampicillin and 
β-lactamase [P. songnenensis]: d. 3D Binding Model, e. H-Bond Interaction, f. Van der Waals and H-Bond Interactions. Penicillin V Potassium and β-lactamase [P. 
songnenensis]: g. 3D Binding Model, h. H-Bond Interaction, i. Van der Waals and H-Bond Interactions.

Fig. 6. MD Simulation analysis.
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mechanism. Combining these experimental validations with CB-Dock- 
assisted molecular docking and 100 ns molecular dynamics simula
tions, we provide computational support for the observed hydrolytic 
activity, particularly against amoxicillin. Computational insights, 
including RMSD, RMSF, hydrogen bonding, and MM-PBSA energy pro
files, revealed substrate specificity and structural stability. Collectively, 
these findings provide both mechanistic and ecological evidence for 
microbial antibiotic degradation, opening avenues for the development 
of enzyme-based bioremediation strategies.
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[33] Garcia-Bustos V, Cabañero-Navalón MD, Lletí MS. Resistance to beta-lactams in 
Gram-negative bacilli: relevance and potential therapeutic alternatives. Rev Esp 
Quimioter 2022;35(Suppl 2):1. https://doi.org/10.37201/req/s02.01.2022.

[34] Meini S, Viaggi B, Tascini C. Mono vs. combo regimens with novel beta-lactam/ 
beta-lactamase inhibitor combinations for the treatment of infections due to 
carbapenemase-producing enterobacterales: insights from the literature. Infection 
2021;49(3):411–21. https://doi.org/10.1007/s15010-021-01577-x.

[35] Zhuang Q, et al. Advances in the detection of β-lactamase: a review. Int J Biol 
Macromol 2023:126159. https://doi.org/10.1016/j.ijbiomac.2023.126159.

[36] Choe Y-S, et al. A novel method to depurate β-lactam antibiotic residues by 
administration of a broad-spectrum β-lactamase enzyme in fish tissues. Fish Aquat 
Sci 2017;19:1–5. https://doi.org/10.1186/s41240-016-0045-5.

P. T et al.                                                                                                                                                                                                                                         SLAS Technology 37 (2026) 100397 

9 

https://doi.org/10.1016/j.emcon.2024.100389
https://doi.org/10.1016/j.emcon.2024.100389
https://doi.org/10.14202/vetworld.2021.210-221
https://doi.org/10.14202/vetworld.2021.210-221
https://doi.org/10.14202/vetworld.2022.662-671
https://doi.org/10.14202/vetworld.2022.662-671
https://doi.org/10.3168/jds.2020-20016
https://doi.org/10.1016/j.jrurstud.2021.07.020
https://doi.org/10.1016/j.jrurstud.2021.07.020
https://doi.org/10.1016/j.foodcont.2020.107819
https://doi.org/10.1016/j.biortech.2021.125069
https://doi.org/10.1146/annurev-genet-022123-113904
https://doi.org/10.1146/annurev-genet-022123-113904
https://doi.org/10.1007/978-3-031-65986-7_1
https://doi.org/10.1515/reveh-2024-0013
https://doi.org/10.1515/reveh-2024-0013
https://doi.org/10.1016/j.coesh.2020.10.012
https://doi.org/10.1016/j.coesh.2020.10.012
http://refhub.elsevier.com/S2472-6303(26)00010-5/sbref0012
http://refhub.elsevier.com/S2472-6303(26)00010-5/sbref0012
https://doi.org/10.1016/j.jconhyd.2024.104371
https://doi.org/10.1080/14787210.2024.2406466
https://doi.org/10.1080/14787210.2024.2406466
https://doi.org/10.1007/s10123-021-00184-y
https://doi.org/10.1080/14787210.2022.2078308
https://doi.org/10.1080/14787210.2022.2078308
https://doi.org/10.1016/j.micpath.2022.105923
https://doi.org/10.1016/j.micpath.2022.105923
https://doi.org/10.1016/S2542-5196(21)00280-1
https://doi.org/10.1016/S2542-5196(21)00280-1
https://doi.org/10.1080/14740338.2021.1928633
https://doi.org/10.1080/14740338.2021.1928633
https://doi.org/10.1016/j.cej.2024.149131
http://refhub.elsevier.com/S2472-6303(26)00010-5/sbref0021
http://refhub.elsevier.com/S2472-6303(26)00010-5/sbref0021
https://doi.org/10.1016/j.biortech.2020.124161
https://doi.org/10.1016/j.envpol.2021.118582
https://doi.org/10.1007/s10532-023-10018-5
https://doi.org/10.1007/s10532-023-10018-5
https://doi.org/10.1016/j.jphotochemrev.2021.100437
https://doi.org/10.1016/j.jphotochemrev.2021.100437
https://doi.org/10.1016/j.plaphy.2023.108093
https://doi.org/10.1021/acs.est.4c02191
https://doi.org/10.1021/acs.est.4c02191
https://doi.org/10.1016/j.biortech.2021.125342
https://doi.org/10.1016/j.biortech.2021.125342
https://doi.org/10.1007/s11274-022-03367-5
https://doi.org/10.1007/s11274-022-03367-5
http://refhub.elsevier.com/S2472-6303(26)00010-5/sbref0030
http://refhub.elsevier.com/S2472-6303(26)00010-5/sbref0030
https://doi.org/10.1039/D3CC03583B
https://doi.org/10.1039/D3CC03583B
https://doi.org/10.33545/26646471.2023.v5.i1a.37
https://doi.org/10.37201/req/s02.01.2022
https://doi.org/10.1007/s15010-021-01577-x
https://doi.org/10.1016/j.ijbiomac.2023.126159
https://doi.org/10.1186/s41240-016-0045-5


[37] Mondal T, et al. Detection of drug-resistant extended-spectrum and AmpCβ- 
lactamases producing Escherichia coli from poultry faecal samples in West Bengal, 
India. Explor Anim Med Res 2023;13(1):31–8. https://doi.org/10.52635/eamr/ 
13.1.31-38.

[38] Sakthikarthikeyan S, et al. Prevalence and molecular characterisation of multidrug- 
resistant ESBL-producing E. coli in commercial poultry. Indian J Anim Res 2024;1: 
6. https://doi.org/10.18805/IJAR.B-5166.

[39] Das S, et al. Microbial based assay for specific detection of β-lactam group of 
antibiotics in milk. J Food Sci Technol 2014;51:1161–6. https://doi.org/10.1007/ 
s13197-011-0609-4.

[40] Zhang Liyun, et al. TRIM21-driven degradation of BRD4: development of 
heterobifunctional degraders and investigation of recruitment and selectivity 
mechanisms. J Chem Inf Model 2025.

[41] Lima LM, et al. β-lactam antibiotics: an overview from a medicinal chemistry 
perspective. Eur J Med Chem 2020;208:112829. https://doi.org/10.1016/j. 
ejmech.2020.112829.
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