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Abstract: Background: Staphylococcus aureus (S. aureus) is an opportunistic pathogen and a predominant 

cause of life-threatening nosocomial infections. Drug resistance in S. aureus is attributed to production of 

biofilm, which is controlled largely by bacterial quorum sensing (QS) systems. Methodology: In vitro 

analysis of biofilm inhibition assay was performed using crystal violet staining assay, swarming motility, 

light microscopy and growth curve analyses. Identification of the major constituents of I. verum fruit 

extract was performed by GC-MS. Ligand-protein interaction was analyzed by molecular docking 

investigations. Results: The methanol extract of I. verum inhibited the growth of MRSA at the 

concentration of 4.8 mg/ml. At the sub-inhibitory concentration (2.4mg/ml), the extract showed significant 

reduction in biofilmogenesis. Light microscopy analysis confirmed the antibiofilm activity as well as the 

efficacy in disturbing biofilm architecture. A reduced swarming motility was observed at the lowest 

concentration of 2.4mg/ml. GC-MS analysis revealed anethol (AL) as the major constituent. The molecular 

docking analysis attributes the antibiofilm activity to an active ligand AL, which strongly interacted with 

the active site residues of AgrA and SarA proteins of S. aureus. Conclusion: We report the activities of I. 

verum to be immensely interfering with QS system and biofilm formation in MRSA.  
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1. Introduction 

Staphylococcus aureus (S. aureus) is a Gram-positive opportunistic pathogen, which causes various 

recalcitrant infections in humans [1]. In health care settings, S. aureus is a documented cause of a wider 

spectrum of infections ranging from minor skin and soft-tissue infections such as cellulitis, impetigo, 

furuncle to highly invasive disease including bacteremia, endocarditis, sepsis, osteomyelitis, ventilator-

associated pneumonia etc [2]. S. aureus is one of the major pathogens associated with surgical-site 

infections, and can cause urinary tract infections involving indwelling medical devices [3, 4]. S. aureus is 

predominantly responsible for community-acquired infections, and in hospitalized patients represents a 

serious challenge to treatment. S. aureus is notorious owing to its ability to resist various antibiotics [5, 6]. 

It uses oligopeptides as signaling molecules, which play an important role in the production of secreted 

virulence factors and formation of biofilms in host tissues [7]. The quorum sensing (QS) system of S. 

aureus is controlled by two pathways namely the staphylococcal accessory regulator (sar) and accessory 

global regulator (agr) cascades. The agr QS system is composed of the agrBDCA operon, which utilizes 

oligopeptide as signaling molecules, and regulates the expression of secreted virulence factors in S. aureus 

[8]. Similarly, SarA protein is a global control QS cascade that controls virulence factors and biofilm 

formation in S. aureus.  

Biofilms are conglomerate microbes that grow often on indwelling medical devices. S. aureus 

reportedly produces a multilayered biofilm encoded by the icaADBC operon responsible for the synthesis 

of extracellular matrix consisting of lipoproteins (autolysin), lipids, polysaccharide intercellular adhesion 

(PIA) and nucleic acids [9]. Biofilm matrix is resistant to conventional antibiotics, and also helps the 

bacteria to evade from protective host immune responses [10]. The currently available antibiotics appear 

to lose efficacy and are believed to augment bacterial pathogenesis owing to production of secreted 

virulence factors and biofilm [11,12]. Hence, there is an immense necessity for potent QS inhibitors (QSIs) 

preferably from natural resources. Secondary metabolites of plants attribute to heal many bacterial, 

fungal and viral infections [13], and a plethora of such secondary metabolites appear to inhibit the QS-

controlled virulence factors and biofilms.  

Illicium verum Hook.f. (I.verum) belonging to family Illiaceae, is an aromatic evergreen tree that 

bears a purple-red flower and a star-shaped fruit, commonly known as star anise, often used as a spice in 

the tropical and subtropical world [14]. I. verum has potent antimicrobial, stimulant, antiviral, anticancer, 

anti-oxidative, rheumatism, otalgia, antiseptic and diuretic properties [15]. However, the exact 

constituent responsible for the anti-QS and antibiofilm activities in I.verum remains ambiguous. Here, we 

determined the QS-controlled secreted virulence factors and antibiofilm properties of I. verum against 

MRSA both in vitro and in silico analyses.    

 

2. Results 

2.1 Biochemical characterization and antimicrobial susceptibility of S. aureus 

Strains of S. aureus (SA-01 and SA-02) were obtained from the medical repositories of the 

Government Theni Medical College, Theni. Based on morphological characterization of clinical isolates, 

distinct morphotypes were observed on selective media. Golden yellow color colonies with significant 

staphyloxanthin pigment production were observed on mannitol salt agar. According to Patricia (2014), 

the clinical isolates were identified as S. aureus by various standard biochemical characterization tests 

such as methylene red, Voges-Proskauer, urease, gelatin hydrolysis, protease hydrolysis, coagulase tests 

and were found to be positive (Table S1).   
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Table 1: Antibiogram profiles of S. aureus (SA-01) and S. aureus (SA-02) strains employed in the 

investigation. 

 

S. No Antibiotics SA-01 SA-02 

SD value  R/S SD value  R/S 

1 Penicillin G - R 31.3 ± 1.1 S 

2 Methicillin - R 24 ± 1.15 S 

3 Amoxycillin - R 36.3 ± 0.5 S 

4 Ampicillin 0.8 ± 0.1 R 34.1 ± 0.15 S 

5 Colistin - R - R 

6 Tigecyclene 15.6±0.5 IM 20.6±0.5 S 

7 Impenem 10±0 R 11±1.73 R 

8 Kanamycin - R 19±1 S 

9 Ciprofloxacin - R 8.6±0.5 R 

10 Streptomycin - R 14±0 IM 

11 Ceftazidime - R 12.6±0.5 R 

12 Cephalothin - R 38.8±1.04 S 

13 Chloramphenicol 16±1.7 R 19±0 S 

14 Gentamicin  R 20.3±0.5 S 

  Note: “R”- Resistant, “S”- Sensitive, “IM”- Intermediate, SD 

 

Antibiotic susceptibility test was determined by conventional Kirby-Bauer’s disk diffusion 

method for both multidrug-sensitive and resistant S. aureus. SA-01 was resistant to all the β-lactam 

antibiotics tested, and also to streptomycin, colistin, kanamycin, ceftazidime, ciprofloxacin, impenem, 

cephalothin and gentamicin, but sensitive to chloramphenicol and tigecycline. Similarly, SA-02 was 

sensitive to all the antibiotics tested except ciprofloxacin, colistin and imipenem (Figure 1 and Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Antibiogram profile of test S. aureus strains by Kirby–Bauer disk diffusion method A) S. 

aureus PA-01 B) S. aureus PA-02. 
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2.2 At a lowest concentration of 4.8 mg/ml, I. verum methanol extract inhibited the growth of MRSA 

The antibacterial activity of star anise (I. verum fruit) methanol extract was evaluated by using a 

two-fold serial dilution method ranging from 9.6 - 0.01875mg/ml. Methanol extract of I. verum fruit 

potentially inhibited the growth of MRSA strain SA-01 at the lowest concentration of 4.8 mg/ml (Table 

S2). Therefore, the sub-MIC of extract of I. verum fruit was used for determining the anti-biofilm activity 

of SA-01 strain. 

      

2.3. I. verum extract inhibited QS-dependent virulence and biofilm formation in MRSA at the sub-MIC 

level.    

The inhibitory effect of I. verum fruit extract on biofilm forming ability in SA-01 strain was 

evaluated using static microtitre plate method by staining with 0.1% crystal violet. Spectrophotometric 

analysis revealed a maximum of 74% inhibition of biofilm formation with SA-01 at the concentration of 

2.4mg/ml (p≤0.005) (Figure 2A) without affecting the growth of MRSA. Similarly, the crude extract of I. 

verum inhibited biofilm formation in a dose-dependent manner (0.3–1.2mg) (Figure 2A).  

Swarming motility is regulated by QS system that controls bacterial motility on viscous surfaces. 

Our study revealed that methanol crude extract of I. verum (fruit) potentially reduced swarming of MRSA 

at a lowest concentration of 2.4mg/ml (Figure 2E). Without treatment, MRSA showed swarming (Figure 

2D).  

 

Figure 2: Effect of methanol crude extract of I. verum fruit on QS-regulated biofilm formation in 

MRSA (SA-01). A) Percentage of biofilm inhibition formed by MRSA strain represented by crystal violet 

staining for biomass and significant biofilm inhibition observed (p<0.001) in I. verum fruit treated cells. 

Biofilm matrix observed through light microscopy: B) Thick biofilm formation in the untreated (control) 

strain of MRSA (SA-01). C) Reduced biofilm matrix in I. verum fruit (methanol crude extract) -treated 

sample of MRSA (SA-01) compared to the control after 16 h incubation. Effect of I. verum on swarming in 

MRSA strain: (D) Without treatment (I. verum) of MRSA strain and (E) with I. verum (2.4mg/ml) treatment 
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of MRSA strain. Growth curve analysis: (F) S. aureus grown without (Control) and in the presence of I. 

verum fruit extract at the concentration of 2.4mg/ml. 

 

Bacterial growth analysis of SA-01 both in the presence and absence of methanolic extracts of I. 

verum fruit was performed. Results revealed that crude extract did not inhibit the growth of bacterial cells 

at the lowest concentration of 2.4 mg/ml (Figure 2F).  

Direct light microscopy analysis of the control group showed dense aggregates and confluent 

biofilm growth with diffuse extracellular polymers (Figure 2B) where as in case of I. verum (fruit extract) 

treated SA-01 strain we observed marked reduction in biofilm development at the sub-MIC level (Figure 

2C). Together, we concluded that methanol extract of I. verum (fruit) potentially inhibits biofilm formation 

in the SA-01 strain. 

 

2.4. Gas Chromatography–Mass Spectroscopy (GC-MS) analysis  

 

Based on GC-MS analyses, the major compounds were identified as methanol extract of I. verum 

(fruit) (data not shown). Highest mass peak at 148.0888, contained a major ingredient AL (63 m/z), which 

likely exhibited anti-QS and antibiofilm activities against SA-01 (Figure 3), which was further confirmed 

by in silico analyses.  

Figure 3: GC-MS analysis: Major constituent of anethole (AL) present in the methanol crude extract of 

I. verum fruit. 

 

2.5. In silico analysis of quorum sensing inhibitory activity of I. verum and it’s constituent anethol (AL) 

against MRSA   

 

2.5.1. Induced fit docking of MRSA AgrA and SarA with AL 

 

Induced fit docking results showed that the ligand AL (CID 637563) (Table 2) interacts with the 

active site residue LYS 146 of S. aureus AgrA. XP Glide score and IFD energy score of -4.692 and -232.42 

kcal/mol respectively (Table 3). Hydrogen bonding interacted amino acids along with their prime energy 

and their bond lengths were measured. This shows that the ligand was well bound to the active site of S. 
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aureus AgrA. The ligand and its corresponding amino acid residue interactions with the hydrogen bond 

lengths are shown in Figure 4A, B and C.  

 

Table 2: PubChem database details of anethole (https://pubchem.ncbi.nlm.nih.gov/) 

 

Table 3:  The interacted residues, XP Glide scores and IFD score in hydrogen bond interactions with 

distance between anethole of the S. aureus AgrA and SarA. 

 

IFD pose analysis that determines the binding affinity between S. aureus SarA and AL complexes 

showed that the AL (CID 637563) active ligand was found to bind efficiently with XP Glide score and IFD 

energy score of -2.723 and -258.90 kcal/mol and formed two hydrogen bonds (Table 3). The active ligand 

AL forms two hydrogen bonds interactions with the active site residues GLN 164 and ARG 190 of S. 

aureus SarA with bond lengths of 1.98 and 1.85 Å, respectively (Figure 4D, E and F) (Table 3). The active 

ligand AL (CID 637563) with the two target proteins strongly interacted and bound with the active site 

residues of S. aureus AgrA and SarA proteins.  
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Figure 4:  A) Docking snapshot of S. aureus AgrA (4G4K) with the ligand anethole (CID 637563) complex 

is shown. B) The 2D interaction profile of the ligand anethole employed in induced fit docking. C) The 

ligand is shown as ball and stick model (Blue). Residues involved in hydrogen bonding have been labeled 

with the hydrogen bond interactions in dotted pink lines and bond length have been shown in anethole. 

D) Docking snapshot of S. aureus SarA (2FNP) with the ligand anethole (CID 637563) complex is shown. 

E) The 2D interaction profile of the ligand anethole employed in induced fit docking. F) The ligand is 

shown as ball and stick model (Red). Residues involved in hydrogen bonding have been labeled with the 

hydrogen bond interactions in dotted pink lines and bond length have been shown in anethole.  

 

2.5.2. Molecular dynamics simulations 

 

We observed that throughout the simulation period (100 ns) (Figure 5C and D), the protein 

backbone of the S. aureus SarA (2FNP) was slightly deviated and flexible when compared with S. aureus 

AgrA (4G4K) with their maximum RMSD values at 0.5 and 0.1 nm, respectively (Figure 5A and B), and 

no deviation (backbone) was found in S. aureus AgrA (4G4K), and it prefers a stable 100 ns. 

 

2.5.3. Molecular dynamics simulations of S. aureus AgrA-AL and SarA-AL complex 

 

MD simulation of the S. aureus AgrA backbone and ligand AL complex was effected and well 

equilibrated within the 100 ns (Figure 5A and B). The ligand AL complex acquires stability with RMSD of 

~0.2 nm, and showed stability of the protein backbone in the presence of the ligand. The protein backbone 

and ligand AL complex possessed a competent docking property observed from the lead IFD scores and 

when we examined for molecular dynamics simulation, the complex displayed stability by continuing the 

MD simulations up to 100 ns. Similarly, MD simulations were performed to compare the dynamic 

behavior and binding stability of the protein-ligand complex (S. aureus SarA-AL) in an environment 

containing water. The stability of the protein-ligand complex (Figure 5C and D) was studied using MD 

simulation for 100 ns using GROMACS. The RMSD (Figure 5D) showed that there was a slight deviation 

that gradually increased to ~0.5 nm, and later, the protein backbone showed slight fluctuation throughout 

the simulation period of 100 ns.  
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Figure 5: A) RMSD of the backbone of S. aureus AgrA form during the simulation run of 100ns (Red). (B) 

Backbone RMSD values of ligand (anethole) nominees from the S. aureus AgrA of protein-legend 

complexes were generated against the initial structures of protein-ligand complexes during 100 ns of 

molecular dynamics (MD) simulation period (Green). (C)  RMSD of the backbone of S. aureus SarA form 

during the simulation run of 100ns (Blue). (D) Backbone RMSD values of ligand (anethole) nominees 

from the S. aureus SarA of protein-legend complexes were generated against the initial structures of 

protein-ligand complexes during 100 ns of molecular dynamics (MD) simulation period (Green). 

 

3. Discussion  

 

S. aureus causes nosocomial infections, both in the community and in the hospital environment 

[16]. Bacterial biofilms play a vital role in disease progression and persistent infections involving the 

lungs. Establishment of infection and biofilm formation are under the control of QS system [17]. 

Treatment of biofilm-forming S. aureus infections remains a major challenge in health care settings largely 

because these pathogenic bacteria are predominantly resistant to conventional antibiotics [18]. In our 

current study, the clinical MRSA strain SA-01 showed resistance to numerous antibiotics as compared to 

SA-02. The obtained results are comparable with previous reports by others [19, 20]. The present study 

also evaluated the antibiofilm activities of I. verum fruit extract the against MRSA (SA-01) strain tested. 

During primary screening, the methanol extract of I. verum fruit inhibited bacterial growth at a lowest 

concentration of 5mg/ml. The present data corroborates with the findings of Mostafa et al. [21] where they 

reported that the ethanolic extracts of Cuminum cyminum inhibited the growth of MRSA at a 

concentration of 10mg/ml. Here, we showed that at sub-MIC concentrations, the fruit extract of I. verum 

substantially inhibited QS-dependent biofilm formation in the SA-01 strain in a dose-dependent manner. 

Crystal violet staining assay revealed that treatment with 2.4mg/ml of I. verum fruit extract showed 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 August 2019                   doi:10.20944/preprints201908.0096.v1

https://doi.org/10.20944/preprints201908.0096.v1


significant reduction in biofilm formation in the tested strain to a level of 74%. Previously, other have 

shown that Sesbania grandiflora reduced the production of biofilm formation and exopolysaccharide 

production in S. aureus [22]. Similarly, Payne et al. [23] have reported that tannic acid rich black tea 

inhibited biofilm formation in a wild type strain of S. aureus. Rhodomyrtone compound effectively 

suppressed biofilm formation in S. aureus (ATCC 25923) in a dose-dependent manner [24]. Agr QS-

dependent spreading motility plays an important role in the initiation of surface attachment and form 

biofilm matrix on the surface [25]. Findings from the present study depicted that the methanolic extract of 

I. verum (fruit) effectively decreased the QS-dependent swarming at a concentration of 2.4mg/ml 

suggesting that methanol extract of I. verum might inhibit swarming either by interacting with Agr QS 

dependent virulence factors and biofilm formation in clinical isolates tested. At sub-MIC concentration, 

methanol crude extract of I. verum (fruit) did not inhibit the bacterial growth but only inhibited the QS-

dependent virulence factors and biofilm formation. The reduction of biofilm matrix in clinical isolates of 

SA-01 was further confirmed by light microscopy. Hence, we concluded that I. verum (fruit) extract 

suppresses the QS-dependent virulence factors in SA-01. The reduction of biofilm architecture appears to 

be due to reduced surface adhesion of biofilm formation. According to Balamurugan et al. [26] Melia dubia 

root extract drastically reduced biofilm formation in S. aureus determined by confocal laser scanning 

microscopy. Our GC-MS results revealed that the presence of AL as a major component in the crude 

extract of I. verum (fruit), which likely might have inhibited the QS system and biofilm formation in the 

MRSA strain tested.  

AgrA and SarA protein cascade plays a paramount role in QS-controlled virulence, biofilm 

formation and survival in S. aureus [27]. The current study has revealed that the active ligand of (AL) 

strongly interacted with the active site of AgrA and interaction pattern with active binding energy of -

4.692 and -232.42 kcal/mol, respectively. Similarly, the active ligand (AL) bind efficiently with SarA 

receptor protein and glide score and IFD energy score of -2.723 and -258.90 kcal/mol. Hence, the active 

ligand AL has proven its ability to inhibit the active site of AgrA and SarA receptor binding pocket, and 

therefore, the active ligand might mimic the up-regulation of QS-controlled virulence factors and biofilm 

forming genes. Daly et al. [28] have reported that in the molecular docking analysis, ω-hydroxyemodin 

ligand strongly binds and suppresses the AgrA-DNA interface of S. aureus. Similarly, prenylated 

diresorcinols compound 1 efficiently interacts with the AgrAc receptor pocket with a binding energy of -

5.5 kcal/mol, and actively interacts with the active site of side chain (Thr142, Lys146, Phe182, 

Asn185Leu189 and Leu192), which indicates that the active ligand strongly mimics the QS system of S. 

aureus [29].  

 
4. Materials and Methods  

 
4.1. Bacterial culture and growth conditions 

  
 The test isolates of S. aureus, SA-01 and SA-02 were obtained from the clinical archives of the 

Government Theni Medical College and Hospital, Theni, India. The strains were cultivated aerobically in 

Luria Bertani (LB) broth and were incubated at 370C for 24 h in a rotary shaker (100 rpm) prior to use in 

the experiments. Preliminary identification of the strains as S. aureus was based on standard 

microbiological investigations such as Gram staining, colony morphology, texture, yellow pigmentation 

characteristic growth pattern on mannitol salt agar, coagulase, oxidase, catalase, motility, temperatures, 

citrate, indole, methyl red, Voges Proskauer, nitrate reduction test, gelatin hydrolysis, H2S test and pH as 

described by others [30, 31]. 
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4.2. Disk diffusion assay 

  
 S. aureus (SA-01 and SA-02) were sub-cultured in LB broth and incubated at 370C in shaker 

incubator. Optical density (OD) was adjusted to 0.5 McFarland (1×108 CFU/ml) standards. Cultures were 

swabbed on the surface of Muller Hinton Agar (MHA-Himedia, India) plates. Selected antibiotic discs 

(Himedia, India) were gently placed on the center of the agar plates, incubated at 370C for 18-24 h. Zone 

of inhibition was measured using a standard scale (Himedia, India), and results were analyzed by 

standard deviation. The test was performed in triplicates and results were interpreted according to the 

Clinical and Laboratory Standards Institute (CLSI) guidelines [32].  

 
4.3. Preparation of star anise (I. verum) fruit 

  

 Dry star anise (I. verum) was procured from the local supermarket, and the collected I. verum 

fruits (Accession no: CUTN/DLS/IMM/001/2019) were confirmed taxonomically by consulting with a 

certified taxonomist. Fruits (I. verum) were washed thrice with sterile distilled water, dipped in 0.1% 

mercury chloride solution for one minute, dried under shade, grounded to a coarse powder by 

mechanical grinder. Coarse powder of 20 gm was added to 100 ml of methanol and extraction was 

constantly agitated in shaker for 48 h. Extract was filtered with a Whatman number 1 filter and dried 

using the rotary flash evaporator in a hot condition of 500C. Crude extract was further dried by vacuum 

concentrate; extract was stored at 40C for further analysis. 

 

4.4. Determination of minimum inhibitory concentration 

 
 Minimum inhibitory concentration (MIC) for the test extract was determined as per the 

guidelines of CLSI, [33]. Briefly, 10μl of test pathogen (MRSA) was added to LB broth supplemented with 

I. verum fruit extract ranging from 0.01875–9.6mg/ml (serial two-fold dilution) and without extract 

(control). All the tubes were incubated at 370C for 24 h. MIC was recorded as the lowest concentration at 

which there was no visible growth. Further, QS-controlled virulence factors and biofilm assay were 

performed at sub-MIC concentrations of the fruit extract.  

 

4.5. Growth analysis 

 
 Growth curve for MRSA culture in the presence as well as absence of I. verum fruit (crude extract) 

was analyzed. Briefly, overnight culture of MRSA was inoculated into 100 ml of LB broth with I. verum 

fruit extract (treated) and without I. verum fruit extract (control), incubated in a shaker incubator at 37°C 

and OD (600 nm) was taken every 1 h for up to 24 h [34]. 

 
4.6. Biofilm inhibition assay 

 

 Overnight culture (OD adjusted to 0.4 at 600 nm) of the test strain (MRSA) was inoculated into 

Tryptic Soy Broth (TSB) with and without the crude extract of I. verum fruit ranging from 0.3 – 2.4mg/ml 

in microtitre plate, incubated at 370C for 24 h. After 24 h, planktonic cells were removed without 

disturbing the biofilm and read at 600 nm. Crystal violet (10μl, 0.1% (w/v) in water) was added into the 

each well, incubated for 15 min at room temperature. Crystal violet was removed from the wells and 

gently washed with sterile distilled water to remove the unbound stain. Finally, the adhered biofilm 

bounded crystal violet was eluted in ethanol (95%) and the absorbance was measured at 595 nm (BioRad, 

Japan). Presence of growth (planktonic cells) of treated MRSA was compared with that of untreated 

control strain by measuring the OD 600 nm [34]. 
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4.7. Swarming motility assay 

  
 To the Luria Bertani (LB) plates supplemented with glucose (0.075g/15ml LB broth), 2.4mg/ml of 

I. verum fruit extract in 5ml of sterile LB agar (supplemented with glucose 0.025g/ 0.5% agar) and without 

extract (control) were overlaid. Overnight culture of MRSA (SA-01) was adjusted to 1× 108 cells/ml, 

inoculated as a single spot on the center of the LB plates (with/without extract), incubated at 370C for 24 h 

[34, 35]. 

 

4.8. In situ visualization of S. aureus   

 

4.8.1. Light microscopy analysis 

 
 Overnight culture (OD adjusted to 0.4 at 600 nm) of MRSA was inoculated into Tryptic Soy Broth 

(TSB) along with and without extract. Cover slips were placed on the center of the plates carefully 

avoiding air bubbles. After 18 h of incubation, cover slips were removed from plates using sterile forceps, 

gently rinsed thrice with phosphate buffer solution (PBS) to remove unbound planktonic cells. Adhered 

biofilm was stained with 0.1% crystal violet (CV) solution and visualized under light microscope at 

magnifications of 40X (Olympus CH20i, Noida).  

 

4.9. Gas chromatography and mass spectroscopy analysis 

  
 GC-MS analysis of the crude extract (I. verum fruit) was performed by an Agilent 5977E using 

HP-5MS ultra-inert (30.0 m × 250 µm × 0.25 µm) fused silica capillary column. Helium was used as carrier 

gas at a constant flow rate of 0.8 ml/min. Crude extract was dissolved in methanol and 1 µl of the sample 

was injected (spilt ratio 100:1) into the GC-MS using AOC5000 auto injector for analysis. Identification of 

volatile organic constituents was confirmed by published electron impact-mass spectra (EI-MS) in the 

National Institute for Standard and Technology (NIST).    

 
4.10. In silico analysis of antibiofilm activity of I. verum and its constituent anethol (AL) 

 
 Entire induced fit docking (IFD) and molecular dynamics (MD) simulations were performed 

using high performance computing (HPC) cluster operated with CentOS V6.5 Linux operating system 

using Schrödinger suite 2019-2with graphical user interface Maestro and GROMACS 5.1.4 package [36-

38] . Hardware specifications of HPC cluster master node are IBM X3550M4 1U Rack server with dual 

Intel Xeon E5-2670 V2 10c 2.5 GHz processors with 128 GB of Memory.  

 

4.10.1. Preparation of AgrA and SarA Proteins  

  
 X-ray crystal structures of S. aureus AgrA (PDB ID: 4G4K) and S. aureus SarA (PDB ID: 2FNP) 

were downloaded from Protein Data Bank (PDB) [39, 40]. Prior to docking, protein structures were 

prepared using Protein Preparation Wizard of Schrödinger suite 2019-2 with graphical user interface 

Maestro [41, 42]. Water molecules and other components from the crystal configuration were removed. 

For evaluation of structure and bond order assigned, hydrogen atoms were included to the four parent 

carbon atoms. Hydrogen bonds assignment device was utilized to improve the hydrogen bond network. 

Impact refinement module optimized position of hydrogen bonds by keeping all the atoms in place. 

Minimization was terminated when root mean square deviation (RMSD) of heavy atoms in the default 

limitation of 0.3 Å of RMSD and OPLS3e force field which produce the lowest energy conformer of 

protein structure used in following IFD study [43].  
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4.10.2. Receptor binding site and grid generation 

 
 Refined and optimized protein structures processed using SiteMap module of Schrödinger suite 

to specify the location of receptor site, using options to report maximum 5 sites that requires at least 15 

site points using more restrictive definition of hydrophobicity with standard grid cropping site maps at 

4Å from nearest site point. SiteMap module generated possible potential receptor site in the receptors (S. 

aureus AgrA and SarA) with quantitative site-score values for each site which considers size, enclosure, 

exposure, contacts, hydrophobicity, hydrophilicity and Hbond donor acceptor balance. Drug ability site 

based on the top ranked sit score in SiteMap was prearranged as Glide input file and receptor grid 

generation was carried out with white colored spheres along the protein. Receptor grid box for carrying 

out molecular docking was set to active site residues, which are as cited in SiteMap site one were used as 

a centroid for generating Glide receptor grid generation (with automatic setting of enclosing box) using 

Van der Waals scaling setup of 0.8 and partial charge cutoff of 0.25 with centroid of grid as selected 

residues [44, 45].  

 

4.10.3. Ligand preparation 

 
 Structure of AL (CID 637563) used for the study, retrieved from NCBI - PubChem database is 

shown in Table 1. Preparation of ligands using LigPrep wizard of Schrödinger includes 2D-3D structure 

conversion and generation of Epik model was used to generate ligand protonation states in a pH range of 

7.0 ± 2.0 [46]. Molecules were optimized using OPLS3e force field.  

 

4.10.4. Induced Fit Docking (IFD) 

 

 IFD was done to introduce the flexibility for both receptors and ligand during Glide docking. 

This was proficient by consolidating a various iteration of docking of flexible ligand into inflexible 

receptor pursued by refinement of active site of protein to adopt the conformation appropriate for a given 

ligand [47,48]. In the first step of docking, ligand was docked to protein using initial Glide docking 

program with Van der Waals radii scaling of 0.5Å. Resulting top 20 poses used in second step to refine 

the residues of protein within 5.0Å of ligand poses and optimize side chains using Prime refinement. In 

the third step, top 20 new receptor conformations were taken for glide redocking and Glide XP (extra 

precision) used for docking calculations. Finally, along with receptor and solvation terms, binding energy 

associated with each pose was utilized for scoring [49]. Further, the docked proteins-ligand complex was 

subjected to molecular dynamics (MD) simulations to evaluate the stability of proteins-ligand docked 

complex.  

 

4.10.5. Molecular Dynamics (MD) Simulations 

 

 MD simulations were performed on the AgrA, AgrA – AL, SarA, SarA-AL composites using the 

GROMACS 5.1.4 package [38]. Proteins (ArgA and SarA) topology files generated using automated 

topology builder (ATB) in the framework of GROMOS96 53a6 force field for protein (ArgA and SarA) -

ligand (AL) complex [50, 51]. The charges of ligand (AL) topology files were generated using PRODRG 

2.5 server [52]. Ligand complex obtained from docking was solvated with single point charge (SPC) water 

model [53]. The final system was minimized using the steepest descent algorithm. This step was followed 

by 1 nano second (ns) MD simulation, where S. aureus AgrA and SarA with AL complexes were position 

restrained to equilibrate water and ions under the influence of solute. Production run carried out for all 

the systems for 100 ps using 2 fs time step for integration of equation of motion in the NPT (isothermal-

isobaric) ensemble at 300 K and at 1 atmospheric pressure, which was controlled using a V-rescale 
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thermostat and Parrinello–Rahman Barostat, respectively. Bond lengths involving hydrogen atoms were 

constrained using Linear Constraint Solver (LINCS) algorithm [54]. The Particle Mesh Ewald (PME) 

method was applied to calculate electrostatic interaction [55, 56]. Cutoff distances for long-range 

electrostatic and van der Waals energy terms were set as 10 Å. Finally MD run was set to 100 ns for each 

protein-ligand complex and coordinates of all the systems were saved at 2 ps interval for further analyses. 

Post processing and analyses were carried out using GROMACS analysis tools. MD trajectories analyzed 

using gmx rms utilities of GROMACS package to obtain the Root Mean Square Deviation (RMSD). 

 

4.10.6. Statistical analysis  

 

 All experiments (In vitro) were performed in triplicates. Statistical significance for quantification 

of biofilm was determined by one-way ANOVA using software GraphPad Prism 5.03 

 
4.11. Conclusions 

 

 In conclusion, based on the obtained results obtained through in vitro and in situ analyses of 

antibiofilm activity of I. verum against MRSA and in silico analysis of molecular docking studies binding 

relationship of AL compound with Agr/Sar QS system, the reduced QS-controlled virulence factors and 

biofilm formation of MRSA appears to be due to the inhibitory properties of AL necessitated by 

suppressing the AgrA and SarA receptor proteins of MRSA. Our data suggest that I. verum fruit extract 

and its active constituent AL alone or combination with anti-infective agents could be beneficial against 

biofilm-forming MRSA infections, which remains to be tested further.  
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