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ABSTRACT 
 

 Antimicrobial resistance is one of the major global health challenges. Consequently, the effectiveness 

of conventional antimicrobials has progressively declined due to the emergence of multidrug-resistant 

strains, making the search for antimicrobial alternatives essential. This study aimed to evaluate the 

antimicrobial activity of (R)-(+)-limonene against Pseudomonas aeruginosa strains isolated from food and 

to investigate its possible mechanism of action via molecular docking with DNA gyrase B. The Minimum 

Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) assays were performed 

using microdilution in 96-well plates, while the Minimum Inhibitory Concentration for Adhesion (MICA) 

was assessed in test tubes. In addition, interactions with antimicrobials were investigated using the disk 

diffusion method, and molecular docking was performed with AutoDock 4.2. The results showed an 

MIC90 of 1000 μg/mL and an MBC at ratios of 1:1 and 2:1, indicating a bactericidal effect. Regarding 

anti-adhesive activity, (R)-(+)-limonene inhibited biofilm formation at a dilution ratio of up to 1:8. With 

regard to combination with antimicrobials, a synergistic effect was observed with ampicillin, gentamicin, 

tetracycline, ciprofloxacin, ceftazidime, and cefazolin. Additionally, interactions with the active site of the 

DNA gyrase B enzyme were identified, primarily via hydrophobic, van der Waals, and alkyl/pi-alkyl 

interactions. These findings reinforce the potential of (R)-(+)-limonene as a promising agent for microbial 

control and highlight the importance of bioactive compounds derived from essential oils as alternatives or 

adjuvants for developing new therapeutic strategies in veterinary medicine. 
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1. INTRODUCTION 
 Increasing interactions among animals, humans, and ecosystems have heightened the risk of the spread of 

emerging and re-emerging diseases. In light of this, this complex health threat requires collaborative action across 

multiple sectors, known as the One Health approach, which is characterized by an integrated and unifying strategy 

aimed at promoting, balancing, and optimizing human and animal health, food security, and the preservation of 

ecosystems in a sustainable manner (Erkyihun et al., 2022). 

 In this context, antimicrobial resistance represents one of the major global health challenges and a clear 

example of the One Health approach, as it simultaneously affects humans, animals, and the environment, and is 

directly linked to the excessive and inappropriate use of antimicrobials in various sectors, such as human medicine, 

agriculture, and livestock farming. Furthermore, the inappropriate use of antimicrobials, inadequate infection 

control, agricultural waste, environmental and food pollutants, and the migration of people and animals infected 

with resistant bacteria facilitate the spread of resistance (Velazquez-Meza et al., 2022; Okpalaji et al., 2025). 

 Given this context, Pseudomonas aeruginosa stands out as a highly significant pathogenic Gram-negative 

bacterium, characterized by multiple virulence factors, biofilm formation, and high antimicrobial resistance 

(Elfadadny et al., 2024). The widespread distribution of this pathogen is linked to its metabolic versatility, rapid 
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multiplication, high adaptability, and ability to grow at low temperatures, all of which contribute to its 

environmental persistence and its potential to cause foodborne infections (Li et al., 2023; Gao et al., 2023). 

 The effectiveness of conventional antimicrobials has been progressively diminished by the emergence of 

multidrug-resistant strains, underscoring the need for safe, effective antimicrobial alternatives (Seukep et al., 2023). 

In this context, natural compounds such as R-(+)-limonene (C₁₀H₁₆), the primary isomer found in citrus peel and the 

most biologically active, stand out for their broad-spectrum bioactivity and low toxicity, exhibiting antimicrobial 

effects and showing promise for clinical development (Kesbiç et al., 2022; Hoosen et al., 2025). 

 This study aims to evaluate the antimicrobial activity of (R)-(+)-limonene against Pseudomonas aeruginosa 

strains isolated from food and to investigate its possible mechanism of action via molecular docking with DNA 

gyrase B. 
 

2. MATERIALS AND METHODS 
2.1. Test Substance 

 The monoterpene (R)-(+)-limonene was obtained from Sigma-Aldrich® (São Paulo, SP). For the 

pharmacological assays, the substance was first dissolved in dimethyl sulfoxide (DMSO) and then diluted in 

distilled water, maintaining the final DMSO concentration below 0.1% (v/v). 
 

2.2. Microorganisms 

 Strains of Pseudomonas aeruginosa (ATCC 9027, Pa43, Pa44, Pa63, and Pa68) were used and maintained on 

Mueller-Hinton (MH) agar at 4°C. Bacterial inocula were prepared from cultures incubated overnight in MH 

medium at 35 ± 2 °C and then suspended in sterile saline until a final concentration of approximately 1.5×10⁸ 

colony-forming units per milliliter (CFU/mL) was reached, adjusted by comparing turbidity to the 0.5 standard on 

the McFarland scale (Bona et al., 2014). 
 

2.3. Minimum Inhibitory Concentration (MIC)  

 The minimum inhibitory concentration (MIC) was determined using the microdilution method in 96-well 

plates. 100 μL of double-concentrated Mueller-Hinton broth and 100 μL of (R)-(+)-Limonene were added; 

subsequently, a two-fold serial dilution was performed, yielding concentrations of 1000, 500, 250, 125, 62.5, and 

31.2 μL/mL. The MIC determination was conducted with 10 μL of the microorganism in each well, approximately 

1.5 × 10⁸ CFU/mL. As controls, the penultimate well was designated for sterility control, containing only 100 μL of 

broth, while the last well was designated for the growth control, containing 100 μL of double-concentrated Mueller-

Hinton broth and the bacterial suspension. The plates were incubated at 35–37°C for 24 hours; after incubation, the 

results were first read. Next, 20 μL of sodium resazurin solution (SIGMA), previously dissolved in sterile distilled 

water at a concentration of 0.01% (w/v)—recognized as a colorimetric redox indicator for bacteria—was added, 

followed by further incubation at 35–37°C. The MIC was defined as the lowest concentration of the compound 

required to inhibit visible growth of the evaluated microorganism, as confirmed by the absence of a change in the 

indicator’s color. (Palomino et al., 2002; Ostrosky et al., 2008; CLSI 2012; Bona et al., 2014).  
 

2.4. Minimum Bactericidal Concentration (MBC) 

 The minimum bactericidal concentration (MBC) of the monoterpene was also determined for the bacterial 

strains. After reading the MIC, inoculations (10 μL) of up to three dilutions prior to the MIC value were made into 

Mueller-Hinton broth (100 μL/well) on a sterile microdilution plate, followed by incubation at 35–37°C for 24 

hours. After this period, 20 μL of resazurin was added, and a new incubation was performed at the same 

temperature. The results were read to confirm the lowest concentration capable of achieving total inhibition of 

bacterial growth, as evidenced by the absence of a change in the indicator dye's color (Ncube et al., 2008; Guerra et 

al., 2012). 
 

2.5. Minimum Inhibitory Concentration for Adhesion (MICA) 

 The minimum inhibitory concentration for adhesion (MICA) of the compound was determined in the presence 

of 5% sucrose, according to the method described by Albuquerque et al. (2010), with modifications, using 

concentrations ranging from undiluted to a 1:256 dilution. Based on bacterial growth, the bacterial strain was 

cultured at 35–37°C in Mueller-Hinton broth; subsequently, 0.9 mL of the subculture was distributed into test tubes, 

and then 0.1 mL of the solution corresponding to the compound’s dilutions was added. Incubation was performed at 

35–37°C for 24 hours with tubes tilted at a 30° angle. The results were assessed by visual observation of bacterial 

adhesion to the tube walls after shaking the tube. The assay was performed in duplicate. The same procedure was 

performed for the positive control, 0.12% chlorhexidine digluconate. The MICA was defined as the lowest 

concentration of the agent, in the presence of sucrose, capable of preventing bacterial adhesion to the glass tube. 
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2.6. Study of the Combination of R-(+)-limonene with Synthetic Antimicrobials 

 The study of the product’s interaction with antimicrobials was conducted using the solid-medium disk diffusion 

technique, employing filter paper disks impregnated with the following antimicrobials: ampicillin (APM10-10μg), 

gentamicin (GEN10-10μg), ciprofloxacin (CIP-5μg), ceftriaxone (CRO-30μg), ceftazidime (CAZ-30μg), penicillin 

(PEN-10μg), amoxicillin (AMC-30μg), amikacin (AMI-30 μg), levofloxacin (LVX-5 μg), norfloxacin (NOR-10μg), 

cefazolin (CFZ-30 μg), and cephalothin (CFL-30 μg). In smooth sterile Petri dishes containing Muller Hinton agar 

medium previously inoculated with the bacterial suspension, discs containing antimicrobials were placed, and 20 

μL of the MIC of the test product was added; a negative control was also performed, containing only the 

antimicrobial discs with the bacterial suspension. Subsequently, the plates were incubated at 35–37°C for 24–48 

hours, followed by reading. A synergistic effect was considered when the inhibition zone resulting from the 

combination of the product and the antimicrobial agent increased by 2 mm or more compared to the zone produced 

by the antimicrobial agent alone. When the diameter of the zone formed by the combination was smaller than that 

obtained with the antimicrobial agent alone, the effect was classified as antagonistic. In cases where the zone of 

inhibition remained unchanged compared to the antimicrobial agent used alone, the effect was considered 

indifferent (Cleeland & Squires, 1991; Oliveira et al., 2006). All experiments were conducted in duplicate. 

 

2.7. Molecular Docking 

 Rigid molecular docking simulations were performed using the P. aeruginosa DNA gyrase B protein 

(PDB ID: 7PTF), obtained by X-ray diffraction at a resolution of 1. 32 Å and complexed with novobiocin, 

whose structure was obtained from the Protein Data Bank (PDB) and loaded into PyMol v.3.1.3 software to 

remove water molecules and other artifacts. The ligand (R)-(+)-limonene was obtained from the PubChem 

database (https://pubchem.ncbi.nlm.nih.gov/) in SDF format and pre-optimized in Avogadro 1.2.0 (Hanwell et 

al., 2012) at pH 7.4 using the MMFF94 force field. The final optimization was performed in Mopac 2012 at 

the PM7 theoretical level, generating a file in ‘.pdb’ format (MOPAC, 2016). Subsequently, AM1 -BCC 

charges were assigned using UCSF Chimera 1.16, and the ligand was saved in ‘.mol2’ format (Pettersen et al., 

2004). 

 The protein, in ‘.pdb’ format, was prepared using AutoDockTools version 1.5.6 (ADT) (Scripps Research 

Institute, San Diego, California) (Morris et al., 2009) with the addition of polar hydrogens, Kollman charges, and 

conversion to PDBQT format. Docking simulations were performed in AutoDock 4.2 using the Lamarckian genetic 

algorithm, with 100 runs and standard parameters. The active site of DNA gyrase B was defined with the grid center 

at (2.524; 17.272; 4.862 Å), using a 50 × 50 × 50 grid with a spacing of 0.375 Å. 

 As a result, binding free energy (ΔG) and inhibition constant (Ki) values were obtained, and the conformations 

with the lowest ΔG values were selected. The analysis of interactions between the ligand and the protein, including 

the types of interactions and the amino acids involved in the active site, was performed using PyMol v.3.1.3 and 

BIOVIA Discovery Studio (DS) Visualizer 21.1 software. Validation of the docking protocol was performed by re-

docking novobiocin, with a conformation having a Root Mean Square Deviation (RMSD) value ≤ 2.0 Å considered 

acceptable (Bell & Zhang, 2019). 

 

3. RESULTS 
 The antimicrobial activity of (R)-(+)-limonene was evaluated by determining the Minimum Inhibitory 

Concentration (MIC) and the Minimum Bactericidal Concentration (MBC) at the different concentrations specified 

in the methodology. It was found that the MIC of the monoterpene was 1000 μg/mL for four of the five P. 

aeruginosa strains analyzed; therefore, an MIC₉₀ (the lowest concentration capable of inhibiting 90% of bacterial 

growth) of 1000 μg/mL was determined. Regarding the MBC, it was observed that the compound also exhibited 

values of 1000 μg/mL for most strains, as described in Table 1. 

 

 With regard to anti-adhesive activity, (R)-(+)-

limonene was found to inhibit biofilm formation up to 

a dilution of 1:8. In turn, 0.12% chlorhexidine 

digluconate exhibited an inhibitory effect up to a 

dilution of 1:128, as shown in Table 2. 

 The combination of (R)-(+)-limonene with 

synthetic antimicrobials showed a greater synergistic 

effect when combined with ampicillin, gentamicin, 

tetracycline, ciprofloxacin, ceftazidime, and cefazolin 

against the strains evaluated, as shown in Table 3. 

Table 1: Minimum Inhibitory Concentration (MIC) and 

Minimum Bactericidal Concentration (MBC) of the 

monoterpene (R)-(+)-limonene against different strains of P. 

aeruginosa 

Bacterial strains R-(+)-limonene 

MIC (μg/mL) MBC (μg/mL) 

ATCC 9027 1000 1000 

Pa43 1000 1000 

Pa44 500 1000 

Pa63 1000 1000 

Pa68 1000 >1000 
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Table 2: Minimum inhibitory concentration for adhesion (μg/mL) of the monoterpene and 0.12% chlorhexidine digluconate 

against the P. aeruginosa strain (Pa44) 

 R-(+)-limonene 

μgmL 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 

- - - - + + + + + 

 Chlorhexidine digluconate 0.12% 

μg/mL 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 

- - - - - - - - + 

(-) No adhesion to the tube wall (+) Adhesion to the tube wall. 

 
Table 3: Study of the association between the monoterpene (R)-(+)-limonene and synthetic antimicrobials 

Antimicrobials Association (mm) ATCC 9027 Pa43 Pa44 Pa63 Pa68 

AMP 10 HIATB  30 0 14 20 32 

HIATB + RL  34(↑) 12(↑) 12(↓) 22(↑) 32(*) 

GEN 10 HIATB 16 18 20 26 22 

HIATB + RL 18(↑) 36(↑) 26 (↑) 26 (*) 16 (↓) 

CIP HIATB 24 30 34 30 22 

HIATB + RL 24 (*) 40 (↑) 40 (↑) 32 (↑) 24 (↑) 

CAZ HIATB 14 24  28 40 16 

HIATB + RL 18 (↑) 36 (↑) 34 (↑) 34 (↓) 12 (↓) 

PEN HIATB 22 0 0 0 22 

HIATB + RL 26 (↑) 0 (*) 0 (*) 0 (*) 20 (↓) 

AMC HIATB 34 14 20 30 38 

 HIATB + RL 36 (↑) 28 (↑) 20 (*) 26 (↓) 38 (*) 

AMI HIATB 10 30 26 28 16 

 HIATB + RL 14 (↑) 30 (*) 28 (↑) 28 (*) 16 (*) 

LVX HIATB 22 38 38 30 20 

 HIATB + RL 22 (*) 36 (↓) 38 (*) 30 (*) 22 (↑) 

NOR HIATB 20 36 36 30 20 

 HIATB + RL 22 (↑) 36(*) 38 (↑) 30 (*) 20 (*) 

CFZ HIATB 20 18 24 26 26 

 HIATB + RL 24 (↑) 20 (↑) 26 (↑) 26 (*) 24 (↓) 

CFL HIATB 18 10 18 20 22 

 HIATB + RL 18 (*) 10 (*) 10 (↓) 16 (↓) 20 (↓) 

CRO HIATB 24 38 38 38 30 

 HIATB + RL 26 (↑) 38 (*) 38 (*) 38 (*) 36 (↑) 

HIATB: inhibition zone in the presence of the antibiotic. RL: (R)-(+)-Limonene. mm: millimeter. APM10: Ampicillin. GEN10: 

Gentamicin. CIP: Ciprofloxacin. CAZ: Ceftazidime. PEN: Penicillin. AMC: Amoxicillin. AMI: Amikacin. LVX: Levofloxacin. NOR: 

Norfloxacin, CFZ: Cefazolin. CFL: Cefalotin. CRO: Ceftriaxone. (↑): Synergistic effect. (↓): Antagonistic effect. (*): Indifferent effect. 

 

 Molecular docking simulations performed in AutoDock 4.2 allowed us to evaluate the orientation and binding 

affinity of the ligands novobiocin (NOV) and (R)-(+)-limonene to the active site of P. aeruginosa DNA gyrase B, 

providing three-dimensional conformations, binding free energy values (ΔG), and inhibition constants (Ki). Re-

docking of NOV showed higher affinity for the active site compared to (R)-(+)-limonene, in addition to an RMSD 

value ≤ 2 Å, confirming the reliability of the methodology (Table 4). Structural analyses revealed that the enzyme’s 

active site is predominantly hydrophobic and that NOV establishes various stabilizing interactions, including 

hydrogen bonds, van der Waals interactions, pi-cationic, and hydrophobic interactions, involving key residues such 

as His85 and Asp83 (ligand alignment and stabilization), Arg78 (strong electrostatic interaction with the ligand’s 

aromatic ring), Pro81, and Ile96 (ligand anchoring in the active site) (Fig. 1). 

 
Table 4: Binding energies (∆G) and inhibition constants (Ki) of novobiocin and (R)-(+)-limonene against the P. aeruginosa DNA 

gyrase B enzyme 

Strains Enzymes ΔG (kcal/mol) RMSD Ki ΔG (kcal/mol)  

Ki NOV (R)-(+)-limonene 

P. aeruginosa DNA gyrase B ˗ 7.77 0.291 2.03µM -5.22 149.13µM 

 

 (R)-(+)-Limonene exhibited a ΔG value of −5.22 kcal/mol and a Ki of 149.13 µM, indicating significant 

affinity for the active site of DNA gyrase B (Table 4 and Fig. 2). The 2D and 3D analyses showed that its 

interaction with the enzyme occurs predominantly through hydrophobic forces, van der Waals forces, and alkyl/pi-

alkyl interactions, involving residues such as Val169, Val122, and Ile80 identified as critical for stabilizing the 

https://doi.org/10.47278/journal.abr/2026.041


 Research Article                                            Agrobiological Records 

   ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online) 

 Open Access Journal 

 

 
Citation: Alves MdS, Medeiros MAAd, Medeiros RKS, Medeiros CIS, Ramalho LA, Alves GN, Lima WKdS, Rocha MHF, Junior 

LdB and Filho AAdO, 2026. Investigation of the antibacterial potential of (R)-(+)limonene against food-associated strains of 

Pseudomonas aeruginosa through in vitro and in silico analyses. Agrobiological Records 25: 1-9.  

https://doi.org/10.47278/journal.abr/2026.041   

 5 

compound as well as Asp75, Thr167, Ser49, and Asn48, which reinforce the ligand’s binding to the active site. 

Hydrophobicity mapping confirmed that the ligand fits into a highly hydrophobic region of the enzyme cavity, 

while the absence of classical hydrogen bonds suggests that the stabilization of the complex is governed primarily 

by hydrophobic interactions (Fig. 2). 

 

 
 

Fig. 1: Validation of the docking by re-docking of novobiocin (NOV) at the active site of P. aeruginosa DNA gyrase: (a) surface 

model of the enzyme with superimposition of the crystallographic NOV (green) and re-docking (cyan); (b) 2D interactions of 

NOV; (c) 2D interactions of NOV re-docking at the active site. 

 

 
 

Fig. 2: Molecular docking of (R)-(+)-limonene with P. aeruginosa DNA gyrase B: (a) 2D interactions with key residues in the 

active site; (b) 3D view of the ligand–protein complex; (c) active site maps highlighting hydrophobicity and potential regions for 

hydrogen bonding.  

https://doi.org/10.47278/journal.abr/2026.041
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 Although it is a small molecule with a limited number of functional groups, (R)-(+)-limonene exhibited binding 

affinity similar to that of NOV, possibly due to its high complementarity with the hydrophobic nature of the active 

site of DNA gyrase B. These results indicate the potential of (R)-(+)-limonene as a candidate inhibitor of this 

bacterial enzyme, justifying its investigation as a therapeutic alternative. 
 

4. DISCUSSION 
 Antimicrobial resistance is now one of the greatest challenges facing global public health, posing a serious 

threat to society. In this context, the search for new antimicrobials has intensified, particularly in the fight against 

pathogens resistant to conventional treatments. As a result, natural products stand out as important therapeutic 

sources in the fight against pathogenic bacteria, due to their broad structural diversity, safety, and low toxicity 

(Elmaidomy et al., 2022). 

 Among the main microorganisms associated with this resistance scenario, Pseudomonas aeruginosa stands out 

as a nosocomial pathogen of significant clinical importance, particularly due to its high resistance to modern, potent 

antimicrobials and other therapeutic agents (Hassan et al., 2026). 

 In light of this issue, parameters such as those established by Sartoratto et al. (2004) enable evaluation of the 

antimicrobial potential of natural products. Minimum inhibitory concentration (MIC) values ≤500 µg/mL are 

considered indicative of strong antimicrobial activity; values between 600 and 1500 µg/mL indicate moderate 

activity, while values above 1500 µg/mL reflect weak activity. Thus, based on the results obtained, the monoterpene 

(R)-(+)-limonene is classified as a moderate antimicrobial agent against P. aeruginosa strains, as it exhibited an 

MIC₉₀ of 1000 µg/mL. 

 In addition, the bactericidal or bacteriostatic potential of a natural product can be inferred from the MBC/MIC 

ratio. Ratios between 1:1 and 2:1 indicate bactericidal activity, whereas ratios greater than 2:1 suggest a 

bacteriostatic effect (Hafidh et al., 2011). Thus, the results obtained indicate that the compound exhibits bactericidal 

activity against most of the strains evaluated.  

 The results obtained in this study are consistent with the findings of Qaralleh (2025), who also demonstrated 

the potential of the monoterpene R-(+)-limonene as a multi-target pharmacological agent against clinically isolated 

P. aeruginosa from a urine sample of a patient with a urinary tract infection, emerging through antimicrobial tests 

as a promising alternative or adjunct to conventional antimicrobials. 

 The efficacy of other natural products against P. aeruginosa has been demonstrated in studies such as the one 

presented by Munira et al. (2026), who confirmed through antibacterial assays that ethanolic extracts from the root, 

stem bark, leaf, and fruit of Jatropha gossypiifolia exhibit antibacterial activity against P. aeruginosa, with the root 

extract showing greater activity compared to the others. This suggests that compounds derived from the root of J. 

gossypiifolia could serve as precursors for new antibacterial agents. 

 Furthermore, one point worth highlighting is that infections associated with biofilm formation are a major 

public health problem, as they can increase morbidity and mortality rates and overburden healthcare systems. 

Treatment of these diseases generally involves antimicrobials; however, the indiscriminate use of these drugs has 

contributed to bacterial resistance, underscoring the need for new therapeutic alternatives for their control (Araújo 

et al., 2024). 

 In this regard, studies involving lemon essential oil, whose main constituent is limonene, have demonstrated 

not only antibacterial activity but also antibiofilm activity against Salmonella enterica inoculated onto carrots. 

These results were obtained through Minimum Inhibitory Concentration (MIC) assays, crystal violet tests, and 

MALDI-TOF analyses, highlighting the potential of this oil due to its antimicrobial and anti-adhesive properties, 

which suggest possible applications in food preservation (Kačániová et al., 2024). 

 Studies examining the relationship between natural compounds and synthetic antimicrobials are gaining 

prominence, revealing potential pathways for antibacterial activity (Malczak & Gajda, 2023). In this context, a 

study showed that D-limonene, or R-(+)-limonene, the main constituent of the essential oils of Citrus reticulata and 

Citrus aurantifolia, exhibits a synergistic effect with gentamicin against clinical strains of methicillin-resistant 

Staphylococcus aureus (MRSA). These findings corroborate the results of the present study, which also 

demonstrated a synergistic effect for gentamicin and other antimicrobials, indicating that D-limonene may act as a 

modulator of the action of conventional antimicrobials, increasing their efficacy against resistant microorganisms 

(Sreepian et al., 2022).  

 It is worth noting that, although medicinal plants are an important source of bioactive compounds, their use in 

combination with antimicrobials requires careful evaluation to avoid undesirable antagonistic interactions. Research 

indicates that the indiscriminate co-administration of plant extracts with antimicrobial agents may compromise 

antibacterial activity rather than enhance therapeutic effects (Vishwakarma et al., 2026).  

 In addition to the effects observed in combination with conventional antimicrobials, studies have also shown 

https://doi.org/10.47278/journal.abr/2026.041
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that R-(+)-limonene is one of the main active constituents of the essential oils of Sphagneticola trilobata 

(leaves/stems and flowers) and that these oils exhibit significant antimicrobial and anti-adhesive activity against 

strains of P. aeruginosa. Furthermore, molecular docking analyses indicated that R-(+)-limonene has high affinity 

for the P. aeruginosa PqsR co-inducer binding domain, forming hydrophilic and hydrophobic interactions with 

conserved residues (Gln194, Leu197, Leu207, Leu208, and Ile236) and exhibiting a binding free energy of −7.38 

kcal/mol. These findings reinforce the compound’s antiviral and anti-adhesion potential, highlighting its strong 

interactions with key bacterial molecular targets (Hassan et al., 2025). 

 Another important therapeutic target of Pseudomonas aeruginosa is the enzyme studied here, DNA gyrase B, 

which plays a fundamental role in bacterial DNA replication and maintenance (Perera et al., 2026). 

 As a result, molecular docking has established itself in recent years as a fundamental element in in silico drug 

discovery, constituting a set of tools widely used by structural biologists and medicinal chemists. Furthermore, 

advances in computational methods—including approaches based on physical principles and machine learning—

combined with complementary experimental techniques, have made docking an increasingly robust and efficient 

tool for drug discovery (Paggi et al., 2024). 

 

5. CONCLUSION 

 The results obtained demonstrate that (R)-(+)-limonene exhibits moderate bactericidal and anti-adhesive 

activity against P. aeruginosa strains, with a synergistic effect when combined with synthetic antibacterials. 

Furthermore, predictive analyses indicated that the compound interacts with the active site of the DNA gyrase B 

enzyme, primarily through hydrophobic, van der Waals, and alkyl/pi-alkyl interactions. In summary, these findings 

reinforce the potential of (R)-(+)-limonene as a promising agent for microbial control and highlight the relevance of 

bioactive compounds derived from essential oils as alternatives or adjuvants for developing new therapeutic 

strategies in veterinary medicine. 

 

Declarations 

 

Funding: This study received no financial support. 

 

Acknowledgment: The authors would like to thank the National Council for Scientific and Technological 

Development (CNPq) and the Federal University of Campina Grande (UFCG) for their support. 

 

Conflicts of Interest: The authors declare no conflicts of interest.  

 

Data Availability: All data generated are included in the article. 

 

Ethics Statement: Ethical approval was not required for this study, as it did not involve human or animal 

participants. 

 

Author’s Contributions: MAS, CISM, and AAOF: Conceptualization, Formal analysis, Methodology, Data 

curation, Software, Formal analysis. MAS, AAOF: Supervision, Drafting of the original draft. MAS, MAAM, 

RKSM, CISM, LAR, GNA, WKSL, MHFR, AAOF: Research, Drafting, Proofreading and Editing. AAOF: Project 

management, supervision, final review. 

 

Generative AI Statements: The authors declare that no Gen AI/DeepSeek was used in the writing/creation of this 

manuscript. 

 

Publisher’s Note: All claims stated in this article are exclusively those of the authors and do not necessarily 

represent those of their affiliated organizations or those of the publisher, the editors, and the reviewers. Any product 

that may be evaluated/assessed in this article or claimed by its manufacturer is not guaranteed or endorsed by the 

publisher/editors. 

 

REFERENCES 
Albuquerque, A.C.L., Pereira, M.D.S.V., Pereira, J.V., Pereira, L.F., Silva, D.F., Macedo-Costa, M.R. & Higino, J.S. (2010). Anti-

adhesive effect of Matricaria recutita Linn. Extract on dental biofilm microorganisms. Revista de Odontologia da UNESP 

39, 21-25. 

https://doi.org/10.47278/journal.abr/2026.041


 Research Article                                            Agrobiological Records 

   ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online) 

 Open Access Journal 

 

 
Citation: Alves MdS, Medeiros MAAd, Medeiros RKS, Medeiros CIS, Ramalho LA, Alves GN, Lima WKdS, Rocha MHF, Junior 

LdB and Filho AAdO, 2026. Investigation of the antibacterial potential of (R)-(+)limonene against food-associated strains of 

Pseudomonas aeruginosa through in vitro and in silico analyses. Agrobiological Records 25: 1-9.  

https://doi.org/10.47278/journal.abr/2026.041   

 8 

Araújo, N. J. S., Costa, M. D. S., da Silva, A. R. P., Paulo, C. L. R., Silva, C. A. P., Felix, F. J., Oliveira-Tintino, C. D. M., Filho, J. M. 

B., de Freitas, T. S., Braga, M. F. B. M., Coutinho, H. D. M., & Andrade-Pinheiro, J. C. (2024). In vitro evaluation of the 

susceptibility of bacterial biofilms to hecogenin acetate. Acta Tropica, 253, 107157. 

https://doi.org/10.1016/j.actatropica.2024.107157  

Bell, E.W. & Zhang, Y. (2019). DockRMSD: an open-source tool for atom mapping and RMSD calculation of symmetric 

molecules through graph isomorphism. Journal of Cheminformatics, 11(1), 40. https://doi.org/10.1186/s13321-019-0362-7 

Bona, E.A.M.D., Pinto, F.G.D.S., Fruet, T.K., Jorge, T.C.M. & Moura, A.C.D. (2014). Comparação de métodos para avaliação da 

atividade antimicrobiana e determinação da concentração inibitória mínima (cim) de extratos vegetais aquosos e 

etanólicos. Arquivos do Instituto Biológico 81, 218-225. https://doi.org/10.1590/1808-1657001192012  

Cleeland, R. & Squires (1991). Evaluation of new antimicrobials in vitro and in experimental animal infections. Antibiotics and 

Laboratory Medicine, 3, 739-87. 

CLSI (2012). Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically;Approved Standard—
Ninth Edition. CLSI document M07-A9. Wayne, PA: Clinical and Laboratory Standards Institute 

Elfadadny, A., Ragab, R.F., AlHarbi, M., Badshah, F., Ibáñez-Arancibia, E., Farag, A., Hendawy, A.O., Ríos-Escalante, P.R., 

Aboubakr, M., Zakai, S.A. & Nageeb, W.M. (2024). Antimicrobial resistance of Pseudomonas aeruginosa: navigating clinical 

impacts, current resistance trends, and innovations in breaking therapies. Frontiers in microbiology, 15,1374466. 

https://doi.org/10.3389/fmicb.2024.1374466 

Elmaidomy, A.H., Shady, N.H., Abdeljawad, K.M., Elzamkan, M.B., Helmy, H.H., Tarshan, E.A., Adly, A.N., Hussien, Y.H., Sayed, 

N.G., Zayed, A. & Abdelmohsen, U.R. (2022). Antimicrobial potentials of natural products against multidrug resistance 

pathogens: A comprehensive review. RSC advances, 12(45), 29078-29102. https://doi.org/10.1039/D2RA04884A  

Erkyihun, G.A., Gari, F.R., Edao, B.M. & Kassa, G.M. (2022). A review on One Health approach in Ethiopia. One Health 

Outlook, 4(1), 8. https://doi.org/10.1186/s42522-022-00064-z  

Gao, X., Li, C., He, R., Zhang, Y., Wang, B., Zhang, Z.H. & Ho, C.T. (2023). Research advances on biogenic amines in traditional 

fermented foods: Emphasis on formation mechanism, detection and control methods. Food Chemistry, 405, 134911. 

https://doi.org/10.1016/j.foodchem.2022.134911  

Guerra, F.Q.S., Mendes, J.M., Oliveira, W., Costa, J., Coutinho, H.D.M., Lima, E.O. (2012). Chemical composition and 

antimicrobial activity of Cinnamomum zeylanicum Blume essential oil on multi-drug resistant Acinetobacter spp. Strains. 

Journal of Biology & Pharmacy, 8, 62-70. 

Hafidh, R.R., Abdulamir, A.S., Vern, L.S., Abu Bakar, F., Abas, F., Jahanshiri, F. & Sekawi, Z. (2011). Inhibition of growth of highly 

resistant bacterial and fungal pathogens by a natural product. The Open Microbiology Journal, 5, 96-106. 

https://doi.org/10.2174/1874285801105010096  

Hanwell, M.D., Curtis, D.E., Lonie, D.C. (2012). Avogadro: an advanced semantic chemical editor, visualization, and analysis 

platform. Journal of Cheminformatics, 4(1), 17. https://doi.org/10.1186/1758-2946-4-17  

Hassan, W.H., Ghani, A.E.A., Taema, E.A., Yahya, G., El-Sadek, M.E., Mansour, B. & Arafa, A.M. (2025). Chemical profile, virtual 

screening, and virulence-inhibiting properties of Sphagneticola trilobata L. essential oils against Pseudomonas aeruginosa. 

Scientific Reports, 15(1), 11964. https://doi.org/10.1038/s41598-025-94486-0  

Hassan, A. U., Garba, S., Fatima, Y., Aliyu, F., Kereakede, E., & Ada, I. O. (2026). in vivo Antibacterial Activity of Acacia nilotica 

Phenolics Againts Extreme Multidrug Resistant Pseudomonas aeruginosa Strains. UMYU Scientifica, 5(1), 212-228. 

https://doi.org/10.56919/usci.2651.018  

Hoosen, N., Viljoen, A.M. & Van Vuuren, S.F. (2025). Investigando a eficácia interativa dos enantiômeros do Limoneno. Journal 

of Essential Oil Research, 37(5), 332–347. https://doi.org/10.1080/10412905.2025.2532386  

Kačániová, M., Čmiková, N., Vukovic, N.L., Verešová, A., Bianchi, A., Garzoli, S., Saad, R.B. , Hsouna, A.B., Ban, Z. & Vukic, 

M.D. (2024). Citrus limon essential oil: chemical composition and Selected biological properties focusing on the 

antimicrobial (in vitro, in situ), Antibiofilm, Insecticidal activity and preservative effect against Salmonella enterica 

inoculated in carrot. Plants, 13(4), 524. https://doi.org/10.3390/plants13040524  

Kesbiç, O.S., Acar, Ü., Mohammady, E.Y., Salem, S.M., Ragaza, J.A., El‐Haroun, E. & Hassaan, M.S. (2022). The beneficial effects 

of citrus peel waste and its extract on fish performance and health status: A review. Aquaculture Research, 53(12), 4217-

4232. https://doi.org/10.1111/are.15945  

Li, X., Gu, N., Huang, T.Y., Zhong, F. & Peng, G. (2023). Pseudomonas aeruginosa: A typical biofilm forming pathogen and an 

emerging but underestimated pathogen in food processing. Frontiers in Microbiology, 13, 1114199. 

https://doi.org/10.3389/fmicb.2022.1114199  

Malczak, I. & Gajda, A. (2023). Interactions of naturally occurring compounds with antimicrobials. Journal of Pharmaceutical 

Analysis, 13(12), 1452-1470. https://doi.org/10.1016/j.jpha.2023.09.014  

MOPAC (2016) SJJP. MOPAC Manual. Stewart Computational Chemistry, Colorado Springs, USA. Disponível em: 

http://OpenMOPAC , 2016 

Morris, G.M., Huey, R., Lindstrom, W., Sanner, M.F., Belew, R.K., Goodsell, D.S. & Olson, A.J. (2009). AutoDock4 and 

AutoDockTools4: Automated Docking with Selective Receptor Flexibility. Journal of computational chemistry, 30(16), 

2785-2791. https://doi.org/10.1002/jcc.21256  

Munira, M., Saidi, N., Ginting, B., & Suhartono, S. (2026). GC-MS analysis of active compounds from ethanolic extract of 

Jatropha gossypiifolia L. and antibacterial activity against Pseudomonas aeruginosa. Journal of Pharmacy & Pharmacognosy 

Research, 14(1), 2353. https://doi.org/10.56499/jppres_14.1.2353  

https://doi.org/10.47278/journal.abr/2026.041
https://doi.org/10.1016/j.actatropica.2024.107157
https://doi.org/10.1186/s13321-019-0362-7
https://doi.org/10.1590/1808-1657001192012
https://doi.org/10.3389/fmicb.2024.1374466
https://doi.org/10.1039/D2RA04884A
https://doi.org/10.1186/s42522-022-00064-z
https://doi.org/10.1016/j.foodchem.2022.134911
https://doi.org/10.2174/1874285801105010096
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1038/s41598-025-94486-0
https://doi.org/10.56919/usci.2651.018
https://doi.org/10.1080/10412905.2025.2532386
https://doi.org/10.3390/plants13040524
https://doi.org/10.1111/are.15945
https://doi.org/10.3389/fmicb.2022.1114199
https://doi.org/10.1016/j.jpha.2023.09.014
http://openmopac/
https://doi.org/10.1002/jcc.21256
https://doi.org/10.56499/jppres_14.1.2353


 Research Article                                            Agrobiological Records 

   ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online) 

 Open Access Journal 

 

 
Citation: Alves MdS, Medeiros MAAd, Medeiros RKS, Medeiros CIS, Ramalho LA, Alves GN, Lima WKdS, Rocha MHF, Junior 

LdB and Filho AAdO, 2026. Investigation of the antibacterial potential of (R)-(+)limonene against food-associated strains of 

Pseudomonas aeruginosa through in vitro and in silico analyses. Agrobiological Records 25: 1-9.  

https://doi.org/10.47278/journal.abr/2026.041   

 9 

Ncube, N.S., Afolayan, A.J. & Okoh, A.I. (2008). Assessment techniques of antimicrobial properties of natural compounds of 

plant origin: current methods and future trends. African journal of biotechnology, 7(12). https://doi.org/10.5897/AJB07.613  

Okpalaji, N.C., Okonkwo, A.P., Okonkwo, J.C., Ezenyilimba, B.N., Ejivade, O.M., Okafor, E.C., Ezejesi, H.C. & Nwankwo, C.A. 

(2025). Pathogen profile of poultry industries in Oyi local government area of Anambra State, Nigeria. Agrobiological 

Records, 19. 24-34. https://doi.org/10.47278/journal.abr/2025.004 

Oliveira, R.A.G., Lima, E.O., Vieira, W.L., Freire, K.R.L., Trajano, V.N., Lima, I.O., Souza, E.L., Toledo, M.S. & Silva-filho, R.N. 

(2006). Estudo da interferência de óleos essenciais sobre a atividade de alguns antibióticos usados na clínica. Revista 

Brasileira de Farmacognosia, 16, 77-82. https://doi.org/10.1590/S0102-695X2006000100014  

Ostrosky, E.A., Mizumoto, M.K., Lima, M.E., Kaneko, T.M., Nishikawa, S.O. & Freitas, B.R. (2008). Métodos para avaliação da 

atividade antimicrobiana e determinação da concentração mínima inibitória (CIM) de plantas medicinais. Revista brasileira 

de Farmacognosia 18, 301-307. https://doi.org/10.1590/S0102-695X2008000200026  

Paggi, J.M., Pandit, A. & Dror, R.O. (2024). The art and science of molecular docking. Annual review of biochemistry, 93(1), 
389-410. https://doi.org/10.1146/annurev-biochem-030222-120000  

Palomino, J.C., Martin, A., Camacho, M., Guerra, H., Swings, J. & Portaels, F. (2002). Resazurin microtiter assay plate: simple 

and inexpensive method for detection of drug resistence Mycobacterium tuberculosis. Antimicrobial agents and 

chemotherapy, 46(8), 2720-2722. https://doi.org/10.1128/aac.46.8.2720-2722.2002  

Perera, L., García-Villada, L., Kaminski, A. M., Degtyareva, N., Pedersen, L. C., & Doetsch, P. W. (2026). Structural and 

Computational Analysis of Pseudomonas aeruginosa DNA Gyrase Reveals Molecular Characteristics That May Contribute 

to Ciprofloxacin Resistance. Biomolecules, 16(2), 318. 

Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M., Meng, E.C. & Ferrin, T.E. (2004). UCSF Chimera—

A visualization system for exploratory research and analysis. Journal of Computational Chemistry, 25(13), 1605–1612. 

https://doi.org/10.1002/jcc.20084  

Qaralleh, H. (2025). Limonene as a multi-target antibiofilm and quorum sensing inhibitor against Pseudomonas aeruginosa. 

Journal of Basic and Applied Research in Biomedicine, 10(1), 80-88. https://doi.org/10.51152/jbarbiomed.v10i1.245  

Sartoratto, A., Machado, A.L.M., Delarmelina, C., Figueira, G.M., Duarte, M.C.T. & Rehder, V.L.G. (2004). Composition and 

antimicrobial activity of essential oils from aromatic plants used in Brazil. Brazilian Journal of Microbiology, 35(4), 275-280. 

https://doi.org/10.1590/S1517-83822004000300001  

Seukep, A.J., Nembu, N.E., Mbuntcha, H.G. & Kuete V. (2023). Bacterial drug resistance towards natural products. In Advances 

in Botanical Research 106, 21-45. Academic Press. https://doi.org/10.1016/bs.abr.2022.08.002  

Sreepian, A., Popruk, S., Nutalai, D., Phutthanu, C. & Sreepian, P.M. (2022). Antibacterial Activities and Synergistic Interaction 

of Citrus Essential Oils and Limonene with Gentamicin against Clinically Isolated Methicillin‐Resistant Staphylococcus 

aureus. The Scientific World Journal, (1), 8418287. https://doi.org/10.1155/2022/8418287  

Velazquez-Meza, M.E., Galarde-López, M., Carrillo-Quiróz, B. & Alpuche-Aranda, C.M. (2022). Antimicrobial resistance: one 

health approach. Veterinary world, 15(3), 743. https://doi.org/10.14202/vetworld.2022.743-749  

Vishwakarma, B., Yadav, U. A., Chaudhari, B., Dwvedi, A., Sonar, J., Singh, A., & Yadav, N. (2026). Atividade Antibacteriana de 

Extratos Selecionados de Plantas Medicinais e suas Interações com Antibióticos contra Serratia marcescens e 
Pseudomonas aeruginosa. Asian Journal of Research in Medicine and Medical Science, 8(1), 9-17. 

https://doi.org/10.56557/ajrmms/2026/v8i191  

 

https://doi.org/10.47278/journal.abr/2026.041
https://doi.org/10.5897/AJB07.613
https://doi.org/10.1590/S0102-695X2006000100014
https://doi.org/10.1590/S0102-695X2008000200026
https://doi.org/10.1146/annurev-biochem-030222-120000
https://doi.org/10.1128/aac.46.8.2720-2722.2002
https://doi.org/10.1002/jcc.20084
https://doi.org/10.51152/jbarbiomed.v10i1.245
https://doi.org/10.1590/S1517-83822004000300001
https://doi.org/10.1016/bs.abr.2022.08.002
https://doi.org/10.1155/2022/8418287
https://doi.org/10.14202/vetworld.2022.743-749
https://doi.org/10.56557/ajrmms/2026/v8i191

