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Abstract 27 

The current study explores the inhibitory efficacy of cyclo(L-Leucyl- L-Prolyl) (CLP), a 28 

cyclic dipeptide from Bacillus amyloliquefaciens on the biofilm and virulence production of 29 

methicillin-resistant Staphylococcus aureus (MRSA). The minimal inhibitory concentration 30 

(MIC) and maximum bactericidal concentration (MBC) of CLP against three MRSA strains was 31 

found to be 256 and 512 µg mL
-1

 respectively. CLP at its sub-MICs (16, 32, 64 and 128 µg mL
-1

) 32 

exhibited a phenomenal dose-dependent antibiofilm activity against MRSA strains with 33 

maximum inhibition of 85-87%. Confocal and scanning electron microscopic examinations 34 

validated the antibiofilm efficacy of CLP. In addition, CLP was proficient enough to greatly 35 

modify the surface hydrophobicity and significantly reduced the slime synthesis of MRSA. 36 

Appreciable differences noticed in the EPS constituents of CLP treated MRSA signified that the 37 

possible antibiofilm mechanism could be by impeding the synthesis of EPS and thereby CLP 38 

prevents biofilm assemblage and associated virulence cascade. Interestingly, CLP displayed a 39 

prominent disruption (52-54%) on 48 h preformed biofilm of MRSA. Data of in vivo assays 40 

using Caenorhabditis elegans unveiled the non-toxic and anti-infective efficacy of CLP. Down-41 

regulation of all studied virulence genes affirmed the results of phenotypic and in vivo assays. 42 

Thus, the present study exemplifies the use of CLP as a plausible alternative to the conventional 43 

antibiotics in controlling biofilm associated infections of MRSA. 44 

 45 

 46 

 47 
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Introduction 53 

Biofilms are structurally complex and dynamic architecture of sessile bacterial 54 

communities entrenched in a self-synthesized matrix of extracellular polymeric substances 55 

(EPS), constituting mainly of hydrated polysaccharides, proteins, glycopeptides, extracellular 56 

DNA and lipids
1
.These agglomerations facilitate the adherence of microbes and firmly attach 57 

microbial clusters to the underlying biotic or abiotic surfaces
2
. The clinical significance of 58 

biofilms and its associated bacterial pathogenesis in several chronic human infections has 59 

extensively been acknowledged from the last decade. The bacteria when in a biofilm state are 60 

upward with 1000-folds more resistant to the action of conventional chemotherapeutics and host 61 

immune defense mechanism than their planktonic counterparts, and thus they ultimately 62 

complicate the eradication of infection principally
3,4

. This in turn increases the feasibility for 63 

gene transfer which causes the emergence of strains with new resistance and/or virulence profiles 64 

as well. Hence, the World Health Organization has recently identified antimicrobial resistance as 65 

the third greatest threats to human health. 66 

Globally, Staphylococcus aureus has been recognized as one of the most predominant 67 

biofilm-forming human pathogens causing both community and nosocomial infections associated 68 

with significant morbidity and mortality. This Gram-positive pathogen causes a diverse array of 69 

clinical complications that range from minor infections (skin and soft tissue lesions) to life 70 

threatening infections (pneumonia, endocarditis, osteomyelitis, septicemia and exotoxins 71 

syndromes) through expression of impressive arsenal of various virulence factors, such as protein 72 

A, coagulase, hemolysin, TSST-1, enterotoxins etc
5
. In recent years, S. aureus has equally 73 

become the prime cause of infections related to medical implant devices such as prosthetic joints 74 

and vascular catheters as like coagulase-negative Staphylococcus epidermidis
6
. Additionally, the 75 

ability of S. aureus to form biofilm on the surface of indwelling medical devices like titanium, 76 

used during surgery is of particular concern, as the infection is virtually impossible to eradicate 77 
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once the device is colonized. Importantly, an estimate suggests that the biofilms of pathogenic 78 

bacteria accounts for over 80% of bacterial infections in the human body
7
.  79 

The inappropriate and chronic overuse of potent antimicrobial agents like vancomycin, 80 

linezolid and teicoplanin that are opted as the last resort against methicillin-resistant 81 

Staphylococcus aureus (MRSA) has fueled the unfortunate rise and sturdy emergence of 82 

resistance or reduced susceptible isolates
8
. As a consequence, the MRSA is approaching an 83 

epidemic level in recent years
9
. Thus, these facts emphasize that while there is an urgent need for 84 

the discovery of new antibacterial agents, indeed there is parallely a pressing need to develop 85 

agents that could prevent adherence or biofilm formation to a therapeutically pertinent extent.  86 

To overcome the issues and pitfalls in conventional antibiotic therapy, an alternative 87 

strategy called the ‘antivirulence’ or ‘anti-infective’ therapy has recently been proposed that 88 

holds greater promise to treat biofilm associated infections. This novel therapeutic approach 89 

specifically inhibits the pathogens’ virulence rather than imposing any harm to their free-living 90 

planktonic counterpart and thereby it reduces or slows the selection for resistance. In the recent 91 

past, several bioactive compounds from microbiota associated to marine, alone or in organization 92 

with other marine invertebrates, have reassuringly emerged as potential antibiofilm, anti-quorum 93 

sensing and antivirulence agents against both Gram-positive and Gram-negative bacterial 94 

pathogens
10-15

. For instance, a cyclic dipeptide named cis-cyclo(Leucyl-Tyrosyl)
10

 from sponge 95 

associated Penicillium sp. F37; exopolysaccharides from both marine Vibrio sp. QY101
6
 as well 96 

as sponge-associated Bacillus licheniformis
11

; a novel compound named 4-phenylbutanoic acid 97 

from marine Bacillus pumilus S6-15
12

; and the exoproducts of marine Pseudoalteromonas
13

 have 98 

been well demonstrated for their effective control and efficient inhibition on the detrimental 99 

biofilm and virulence production of a broad range of pathogens causing varied infectious 100 

diseases. 101 

Following the same paradigm, we have identified a cyclic dipeptide- cyclo(L-Leucyl- L-102 

Prolyl) (CLP) from mangrove rhizosphere bacterium-Bacillus amyloliquefaciens that exhibits an 103 
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inhibitory efficacy toward the cariogenic properties of S. mutans
14

. Earlier studies on CLP have 104 

reported its secretion by Achromobacter xylosoxidans
16

 and Streptomyces sp
17

 that were active 105 

against the aflatoxins synthesized by Aspergillus parasiticus as well as the rice blast fungus 106 

Pyricularia oryzae, respectively. The current study was intentionally undertaken to demonstrate 107 

the in vitro and in vivo (using Caenorhabditis elegans-infection model) antivirulence efficacy of 108 

CLP against MRSA and attempts were also made to understand its underlying mechanism 109 

through transcriptional analysis.  110 

Results  111 

Determination of MIC and MBC of CLP against MRSA in vitro 112 

The efficacy of CLP on planktonic cells of three MRSA test strains was investigated by 113 

determination of MIC and MBC values in MHB medium. CLP inhibited the growth of all the 114 

three test strains and their MICs were found to be 256 µg mL
-1

, irrespective of the strains’ 115 

antibiotics resistance profile (data not shown). For MBC determination, the inoculum from each 116 

well with no visible growth was plated on MHA plates, and 512 µg mL
-1

 was found to be the 117 

minimum concentration that completely inhibited growth on the MHA plates. Thus, the 118 

concentrations below MIC were used in all further assays to exclude the inhibition due to 119 

bacterial growth. Similarly, the MIC and MBC values for the positive control oxacillin were 120 

found to be 64 and 128 µg mL
-1

 respectively.  121 

Effect of sub-MICs of CLP on MRSA biofilm formation  122 

The biofilm inhibitory efficacy of CLP was assessed under in vitro condition by 123 

measuring the binding of crystal violet to adherent cells of MRSA on 24-well microtitre plates 124 

(MtPs), as it is the most widely used gold-standard method to detect both the biofilm formation 125 

as well as antibiofilm efficacy
14,15

. Since, the MIC of CLP was determined to be 256 µg mL
-1

 126 

against all the three tested MRSA strains, the antibiofilm efficacy of CLP was assessed at its sub-127 

MICs, in order to exclude the reduction in biofilm due to antibacterial activity. The antibiofilm 128 

activity tested at 1/2 MIC (128 µg mL
-1

), 1/4 MIC (64 µg mL
-1

), 1/8 MIC (32 µg mL
-1

) and 1/16 129 
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MIC (16 µg mL
-1

) against the biofilms of MRSA strains are shown in Fig. 1. As concentration of 130 

CLP increases (from 16 µg mL
-1 

to 128 µg mL
-1

), statistically significant (p < 0.05) enchantment 131 

(from 18% to 87%) in the reduction of biofilm was observed for the test strains MRSA ATCC, 132 

GSA-140 and GSA-310 when compared to their respective untreated control groups (Fig. 1). 133 

Further, CLP at its sub-MICs was potent enough to retain the antibiofilm efficacy even after 48 h 134 

of incubation (Fig. 1), similar to that of 24 h incubation. With these results, it was obvious that 135 

CLP exhibits proficient biofilm inhibitory efficacy against MRSA in a concentration-dependent 136 

fashion. Quercetin, a known biofilm inhibitor
21

 was used as a positive control and found to 137 

considerably reduce (57-61 %) the biofilms formed by the tested MRSA strains at 5 µg mL
-1

 138 

(data not shown). 139 

The antibiofilm efficacy of CLP-not due to antibacterial activity 140 

To investigate whether the route cause for antibiofilm efficacy of CLP against the MRSA 141 

biofilms was directly due to the inhibition of bacterial viability, growth curve analysis was 142 

performed using sub-MIC (128 µg mL
-1

) of CLP. The results of analysis revealed that none of 143 

the three tested strains’ growth was inhibited (Fig. 2A, B and C), other than a bit increased 144 

growth at certain time hours (which can be neglected as there was no significant increase in 145 

growth OD), signifying that CLP at 128 µg mL
-1

 was not bacteriostatic or bactericidal. 146 

In situ visualization of biofilm prevention analysis through microscopic image acquisition 147 

and analysis  148 

Analysis of biofilms by confocal laser scanning microscopy (CLSM)  149 

The surface topology of MRSA biofilm architecture and the CLP’s antibiofilm efficacy 150 

were visualized and analyzed through CLSM by staining with a nucleic acid fluorescence dye, 151 

acridine orange which stains the bacterial cells in biofilm (Fig. 3). Confocal micrographs of the 152 

untreated MRSA controls on titanium surface displayed the highly complex multilayered cells 153 

and strong adhering ability. Nevertheless, the CLP treated titanium plates depicted the dispersed 154 

and disintegrated clumps along with collapsed microcolonies. Furthermore, it was obvious from 155 
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Fig. 3 (A2-A4, B2-B4 and C2-C4) that the biofilm inhibitory efficacy of CLP at its increasing 156 

concentrations was extremely dose dependent, as it entirely distorted the microcolony formation 157 

and thereby the biomass of MRSA was proficiently decreased. By employing comstat2, a 158 

programme used for quantification of three-dimensional biofilm structure which gives insights 159 

into biofilms, maximum and average thickness, surface to volume ration etc. (www.comstat.uk), 160 

the confocal micrographs were further analyzed and the results revealed that there was a 161 

remarkable structural difference in the recalcitrant biofilm architecture of MRSA upon treatment 162 

with CLP (Table 1). Substantial reduction in the parameters like biomass, average and maximum 163 

thickness of biofilm-treated micrographs inferred the phenomenal antibiofilm efficacy of CLP 164 

towards the complex and dynamic architecture of MRSA. 165 

Furthermore, to investigate the effect of CLP on the extracellular polysaccharides, which is 166 

a typical constituent of EPS matrix in S. aureus biofilm, we applied polysaccharide specific stain 167 

viz. Concanavalin A (Con A) conjugated to fluorescein isothiocyanate (FITC) to intact biofilms 168 

formed with and without CLP, and localized the stain within the biofilms using CLSM. S. aureus 169 

cells stained with propidium iodide (PI) were easily distinguished from the extracellular matrix 170 

by their size and morphology. The superimposed (overlay) confocal micrographs with PI (red) 171 

and Con A-FITC (green) fluorescent intensities bring in yellow color, which emulates the 172 

polysaccharides being synthesized as a capsular component in biofilm. As can be seen in Fig. 4 173 

(panels representing control), cells were found enmeshed in the matrix of EPS, suggesting a 3-174 

dimensional biofilm architecture of S. aureus. However, such EPS matrix were largely absent in 175 

both GSA-140 and GSA-310 strains grown in the presence of CLP (128 µg mL
-1

) (Fig. 4; panels 176 

representing CLP treated).  177 

Scanning electron microscopy 178 

SEM analysis was also performed to further elucidate the antibiofilm potential of CLP 179 

against biofilms of GSA-140 strain on titanium plates following 24 h of incubation (Fig. 5). The 180 

SEM image of untreated GSA-140 on titanium surface depicted a thick heterogeneous layer with 181 
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conglomerated clusters (Fig. 5 (A, B and C)), which are the characteristics of staphylococci. 182 

While on the contrary, the SEM micrographs of CLP (at sub-MICs) treated titanium plates 183 

unveiled the factual disruption and disintegration of recalcitrant biofilm architecture formed by 184 

GSA-140 (Fig. 5 (D-I)). The poor biofilm development, huge microcolonies and the cell growth 185 

as isolated individual colonies (at relatively high concentration of CLP) stand testimony to the 186 

remarkable antibiofilm efficacy of CLP against MRSA.  187 

Inhibitory effect of CLP on biofilm formation of other Gram-positive pathogens 188 

With the intention to know whether CLP endorse broad spectrum of biofilm inhibitory 189 

efficacy, the effect of CLP was examined against the biofilms of various Gram-positive 190 

pathogens such as Streptococcus mitis (ATCC 6249), Streptococcus salivarius (ATCC 13419), 191 

Streptococcus sanguinis (ATCC 10556) by 24-well MtP assay. Biofilms formed by three 192 

Streptococcus spp. were significantly (p < 0.05) reduced by the CLP treatment. The percentage 193 

biofilm inhibition of CLP at sub-MIC (128 µg mL
-1

) against S. mitis (Fig. 6A), S. salivarius (Fig. 194 

6B), and S. sanguinis (Fig. 6C) were found to be 85, 87 and 86%, respectively (Fig. 5). Further, 195 

the confocal microscopic images (Fig. 6) of control and CLP (128 µg mL
-1

) treated biofilms of 196 

these three pathogens substantiated the result of in vitro MtP assay. 197 

Effect of CLP in inactivating 48 h preformed MRSA biofilm on polystyrene and titanium 198 

surfaces 199 

Despite the fact that CLP displayed antibiofilm efficacy against several Gram-positive 200 

bacterial pathogens, it was of interest to explore whether the 48 h preformed biofilms of MRSA 201 

were also susceptible to CLP. The biofilm biomass assay using 24 well MtPs unveiled that CLP 202 

(128 µg mL
-1

) disrupted 52-54% of preformed biofilms of three test strains (Fig. 7A). In addition, 203 

confocal micrographs of control and treated biofilms grown on titanium plates (Fig. 7B) 204 

confirmed the biofilm disruption potential of CLP, which was further corroborated through 205 

comstat2 software analysis (Fig. 7C). Notably, the biomass and thickness of 48 h preformed 206 

biofilms were drastically reduced with the action of CLP (Fig. 7C).  207 
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Effect of CLP on cell surface hydrophobicity (CSH) of MRSA  208 

As there are mounting evidences to signify the critical role of CSH in the adhesion 209 

property of S. aureus
12,13

, we examined the effect of CLP on CSH of test MRSA strains. The 210 

CSH of MRSA strains without the action of CLP was found to be 46-50%. Whereas, the strains 211 

grown along with CLP (128 µg mL
-1

) showed significant reduction in CSH (p < 0.05) (Fig. 8). In 212 

addition, the hydrophobic nature of MRSA was gradually decreased with increase in CLP 213 

concentration (16-128 µg mL
-1

) (Fig. 8). 214 

Effect of CLP on the slime synthesis of MRSA  215 

As a prologue to assess the inhibition of biofilm formation of S. aureus, the ability of 216 

CLP to inhibit the S. aureus slime synthesis was qualitatively examined using Congo red 217 

agar/broth (CRA/CRB) assays. The stain Congo red is used to show the presence of the 218 

exopolysaccharide of aquatic Gram-negative bacilli through light microscopic examination, 219 

albeit, the exact mechanism of the Congo red on slime is unclear
24

.  CLP at sub-MICs was 220 

incorporated into CRA plates to know whether the growing colonies show any change in colour 221 

from black to red or Bordeaux red. Outcome of assay (observed after 24 h of CRA plates 222 

incubation) demonstrated that CLP was potent enough to inhibit the slime synthesized by S. 223 

aureus (Fig. 9A). This was confirmed by the appearance of red coloured colonies in the CLP 224 

incorporated plates, whereas the colonies in control plate remain black in colour. The Congo red 225 

broth (CRB) assay also confirmed the results of CRA assay, stipulating the concentration-226 

dependent inhibitory effect of CLP on the slime synthesis of S. aureus. The gradual colour 227 

change from black to red in CRB tubes supplemented with CLP at its sub-MICs is also evident 228 

from Fig. 9B. Furthermore, quantification of the culture supernatants from these CRB tubes 229 

strongly affirmed the slime inhibiting efficacy of CLP (p < 0.05) (Fig. 9C).  230 

Alteration in extracellular polymeric substances (EPS) of MRSA biofilms by CLP 231 

Quantitative measurement of polysaccharides and proteins from EPS of control and CLP 232 

treated MRSA strains indicated a significant (p < 0.05) reduction in the production of both the 233 
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EPS components. As can be observed from Fig. 10, polysaccharide was predominant in both the 234 

strains compared to proteins, and upon treatment with CLP the production of polysaccharides (p 235 

< 0.01) as well as proteins (p < 0.05) were decreased to > 50% (Fig. 10). 236 

 FT-IR spectra of EPS extracted from control and treated strains of two clinical MRSA 237 

(GSA-140 (Fig. 11A) and GSA-310 (Fig. 11B)) indicated the presence of polysaccharides, 238 

nucleic acids (900 to 1,300 cm
-1

) (Fig. 11 a1 and b1), as well as proteins (1,500 to 1,700 cm
-1

) 239 

(Fig. 11 a2 and b2). The spectra had differences both in shape and in absorbance intensity, 240 

indicating that there was variation in the composition and quantity of each individual component. 241 

The peaks for both protein and carbohydrate were substantially higher for control EPS of both 242 

the clinical strains.  243 

In IR spectral analysis, the peak at 3408 cm
-1

 of untreated EPS demonstrated the 244 

stretching of OH group of water
31,32

, whereas the lack of this peak during CLP treatment 245 

indicated the dehydration of S. aureus cells. The vibrational modes of esters present in fatty acid 246 

(1722 cm
-1

 and 1284 cm
-1

) and polysaccharide C ̶ O  ̶ C ring (1057 cm
-1

)
32,33

 attributed to an 247 

increased production of acid sugars containing polysaccharide by biofilm cells. Additionally, the 248 

observed O- acetyl group (1722 cm
-1

 and 1227 cm
-1

) and glycosidic linkage type of anomeric 249 

regions (879 cm
-1

 and 846 cm
-1

) are believed to be essential for maintaining the biofilm 250 

architecture in the sessile bacterial cells
34

. In contrast, the absence of these peaks in CLP treated 251 

samples signified the loss of both the production of acid sugars as well as the biofilm integrity 252 

that ascribed the reduced virulence of the bacteria.   253 

Rescuing potential of CLP against MRSA infection  254 

 Primarily, the toxicity of CLP at 128 µg mL
-1

 (experimental dosage) was examined in 255 

uninfected adult C. elegans by assessing their survival. Even at the tested concentration, the 256 

nematodes were found to be healthy, and no significant difference was observed between the 257 

CLP treated group and the drug-free group, which evident the non-toxic nature of CLP. 258 
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Since CLP was demonstrated to inhibit biofilm in vitro, the most extensively 259 

acknowledged pathogenic/virulent trait of MRSA, we further investigated the in vivo antibiofilm 260 

efficacy of CLP using C. elegans-MRSA infection model. At tested concentration 128 µg mL
-1

, 261 

CLP significantly (p < 0.005) protected nematodes from MRSA infection (Fig. 12A). More 262 

specifically, for the complete killing of nematodes the test strains, MRSA ATCC, GSA-140 and 263 

GSA-310 required 90±9, 60±6 and 80±8 h, respectively (Fig. 12A). Every dead nematode had 264 

visible bacterial colonization in the pharyngeal and tail regions (Fig. 12C). On the contrary, with 265 

supplementation of 128 µg mL
-1

 of CLP, > 95% of the nematodes were found healthy with 266 

significantly reduced colonization in the pharyngeal and tail regions till the 96 h up to which the 267 

nematodes were observed (Fig. 12A and 12C). 268 

CLP reduced the bacterial burden in C. elegans 269 

To further confirm the microscopic results on in vivo antibiofilm activity of CLP and to 270 

determine the MRSA internalization in C. elegans, a CFU assay was performed. As shown in 271 

Fig. 12B, exposing C. elegans to MRSA ATCC, GSA-140 and GSA-310 increased the intestinal 272 

bacterial load in nematodes to a log CFU of 5.21± 0.84, 6.00± 0.94 and 6.1± 0.54, respectively. 273 

In contrast, supplementation of CLP reduced the bacterial colonization to a log CFU of 2.4± 274 

0.53, 2.2± 0.94 and 2.6± 0.42 in the nematodes infected with MRSA ATCC, GSA-140 and GSA-275 

310, respectively. The reduced bacterial load inside nematodes’ intestine during the gavage of 276 

CLP clearly suggested the antibiofilm efficacy of the compound against MRSA infection. 277 

Gene expression profile 278 

As CLP targets the biofilms and virulence of S. aureus, some of the genes involved in 279 

initial attachment, biofilm formation and virulence production were used in the present study. To 280 

understand the antibiofilm action mechanism of CLP, we further investigated the differential 281 

gene expression of biofilm (icaA and icaD), adhesins (fnbA, fnbB, clfA and altA) and virulence-282 

associated (hla, sarA, sspB and sea) genes with 16S rRNA as an internal control in CLP (sub-283 

MIC) exposed and unexposed MRSA strains (GSA-140 and GSA-310) by real-time PCR 284 
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(qPCR). The melt curve analysis revealed the absence of non-specific products in all the 285 

amplification reactions. Prominently, the qPCR data demonstrated that the treatment of MRSA 286 

with CLP has significantly reduced the expression level of all the genes (Fig. 13).  287 

Discussion 288 

Hitherto, the cyclic dipeptides and their derivatives have been well recognized to exhibit 289 

versatile bioactive properties for potentially affecting the pertinent biological processes
35

. With 290 

its privileged structure, this class of molecules obeys the rules of analogue and thereby it binds to 291 

diverse array of receptors that endorse them as attractive scaffolds for drug discovery
35

. In recent 292 

years, the prominence of cyclic dipeptides in interfering with the biofilm and associated 293 

virulence of pathogens has offered an alternative approach to antagonize the biofilm-mediated 294 

biological activities, which eventually suppress the pathogenicity
10,14,50

. Despite the global 295 

recognition of CLP as antibacterial, antifungal, antiviral and anticancer agents
35

, the 296 

antivirulence and/or antibiofilm potential remains unexplored. As this study emphasizes an 297 

alternative therapeutic strategy over conventional antibiotics which lead to strong selection for 298 

antibiotic resistance, a great deal of attention has been paid on the influence of CLP towards the 299 

cellular viability of MRSA. The determined MIC (256 µg mL
-1

) and MBC (512 µg mL
-1

) against 300 

MRSA are in total agreement with a previous report by Rhee et al, wherein the same molecule 301 

was found to exhibit effective antibacterial activity against multi-drug resistant strain of S. 302 

aureus and vancomycin-resistant enterococci at a MIC of 256 and 32 µg mL
-1

, respectively
36

. 303 

Subsequent growth curve analysis and XTT assay (data not shown) for the sub-MICs of CLP 304 

unveiled its non-bactericidal effect against MRSA, and thus, signifies the fact that the 305 

phenomenal antibiofilm and/or antivirulence efficacy of CLP at its sub-MICs are not due to its 306 

antibacterial effect. 307 

S. aureus resides in various niches of human body as commensal and at times it turns in to 308 

an opportunistic pathogen causing many infections (aforementioned)
 16

. This notorious transition 309 

of S. aureus from commensal to pathogen is being attributed to its surface colonizing and biofilm 310 
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forming characteristics
37

. Therefore, preventing bacterial adhesion could substantially reduce the 311 

risk of developing biofilm and virulence secretion. The sub-MICs of CLP prominently inhibited 312 

the biofilms of MRSA at its early stage through reducing the microcolonies. This result falls in 313 

line with the findings of a recent study, indicating the remarkable inhibitory efficacy of another 314 

cyclic-dipeptide termed cis-cyclo(Leucyl-Tyrosyl) towards the biofilms  of S. epidermidis
10

. It is 315 

also evident that CLP demonstrated a profound concentration-dependent antibiofilm efficacy 316 

against all tested MRSA strains. Further evaluation of CLP for its biofilm inhibitory efficacy 317 

toward other pathogens confirmed the broad spectrum antibiofilm ability of CLP. However, the 318 

activity of CLP against Gram-negative pathogens was marginal (data not shown), suggesting that 319 

the molecule is specifically acting against the biofilms of Gram-positive pathogens. Further 320 

investigations at the translational level are needed to shed more light in deciphering the broad 321 

spectrum antibiofilm mechanism of this bioactive molecule towards Gram-positive pathogens.  322 

The in situ visualization of characteristic biofilm architecture of S. aureus through CLSM 323 

(Fig. 3 and 4) followed by comstat2 analysis and SEM (Fig. 5 and 14) unveiled the dynamic 324 

complexicity of S. aureus biofilms by clearly depicting the multilayered matrix structures made 325 

up of exopolymeric substance in untreated samples. On the other hand, the titanium plates treated 326 

with increasing concentrations clearly explicated the exceptional dose-dependent biofilm 327 

inhibitory efficacy of CLP, as it distraught the exopolymeric matrix as well as microcolonies 328 

which eventually resulted in poor biofilm development. The mechanism of biofilm formation in 329 

S. aureus involves three major stages: initial attachment, maturation of biofilms and dispersion of 330 

bacterial cells
38

. Therefore, it is envisaged that the CLP inhibits the initial attachment of S. 331 

aureus cells to the substratum and also precludes the subsequent stages of biofilm development 332 

such as maturation and EPS production. 333 

Biofilm maturation is the prime phase in comprehensive development of recalcitrant 334 

biofilm of any pathogen, which account for the enhanced survival and pathogenicity of that 335 

particular pathogen
38

. From the confocal micrographs (Fig. 7B) and 24-well MtP assay (Fig. 7A), 336 
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it is very clear that CLP has a profound inhibitory effect on the recalcitrant mature biofilms of 337 

MRSA and thereby the uniform monolayer of cells attached to polystyrene as well as titanium 338 

substratum is uncovered. It is envisaged from the current study that CLP could be a promising 339 

antibiofilm agent, owing to the fact that mature biofilm dispersion ability of any molecule is a 340 

hallmark property of an ideal antibiofilm agent. More specifically, the sub-MIC of CLP inhibited 341 

the development of more than 83-85% biofilms (Fig. 1), and dispersed the mature biofilms to 342 

about 52-54% (Fig. 7A). Nevertheless, several antibiofilm molecules against the Staphylococcal 343 

biofilms have been reported in the recent past, many of them failed to have the required efficacy 344 

to disrupt the preformed biofilms
9-15,21

. Therefore, the present investigation is the first of its kind 345 

to offer conclusive evidences for biofilm inhibitory and disrupting efficacies of CLP against 346 

MRSA.  347 

Several investigators have signified the vital role of extracellular polymeric substances 348 

(EPS) in biofilm assemblage; particularly Hans-Curt et al
39

 emphasized the prominence of EPS 349 

by stating it as the “house of the biofilm cells”.  In addition, EPS acts like a protective sheath in 350 

safeguarding the pathogen from the exposure of antibiotics and host immune cells
40

. Thus, 351 

suppressing the synthesis of EPS could increase the pathogens’ vulnerability which in turn 352 

ultimately facilitates the eradication of biofilm from the infection site.  Here, we demonstrated a 353 

similar phenomenon of action by CLP in suppressing the synthesis of EPS, which was evident 354 

through the outcomes of CLSM (Fig. 4), SEM (Fig. 14) as well as the quantitation of 355 

polysaccharides and proteins of EPS (Fig. 10) extracted from CLP treated and untreated MRSA. 356 

To further ascertain the EPS modifications enforced by CLP, FT-IR technique was employed as 357 

it effectively probes the interactions and modifications of the biomacromolecules like nucleic 358 

acid, proteins, polysaccharides, and lipids
41

. Reduction of EPS signals (protein (1,800–1,500 cm 
-

359 

1
) and polysaccharide (1,200–900 cm

-1
)) in IR could be attributed to the decrease of EPS 360 

synthesis provoked by CLP. Here, we speculate that CLP might act upon the pathways driving 361 

the synthesis of polysaccharides and extracellular proteins to accomplish its inhibitory efficacy 362 
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towards initial attachment and mature biofilm formation of S. aureus. Furthermore, to 363 

corroborate this, qPCR was done for the genes that are responsible for the biosynthesis of 364 

polysaccharide intercellular adhesin (PIA) (icaA and icaD), a polymer responsible for cell-cell 365 

attachment
42

 and cysteine protease (sspB), an extracellular enzyme that positively regulates 366 

biofilm formation
43

. The qPCR data validated the above speculation on CLP by the significant 367 

down-regulation of these three genes (Fig. 13). Thus, it is envisaged that CLP may possibly 368 

target the multilayered EPS production of MRSA that eventually attributes to its profound 369 

efficacies in inhibiting and disrupting the biofilms. Consequently, the remarkable reduction in the 370 

slime synthesis of MRSA upon CLP treatment (Fig. 9) substantiated the qPCR results as it was 371 

proposed that co-expression of icaA and icaD genes not only regulate the production of N-372 

acetylglucosaminyl transferase (which synthesizes the PIA polymer) but also the synthesis of 373 

slime
42

. 374 

Although, CLP was reported to have plethora of pharmaceutical significance against 375 

various bacterial and fungal pathogens
35

, initiatives for its application in sub-clinical level is still 376 

inadequate. C. elegans, a eukaryotic nematode greatly attracted the attention of many 377 

researchers, as it conserves many of the basic physiological processes of human
44

. Therefore, this 378 

live-animal infection model has been exploited for identifying small molecules with in vivo anti-379 

infective efficacy
45,46

. The rescued survival of C. elegans infected with MRSA and decreased 380 

bacterial load inside the nematodes’ gut clearly delineate the anti-adherence efficacy of CLP in 381 

vivo. Further, the observed null mortality in C. elegans exposed with CLP (MIC) affirms its 382 

nontoxic nature. To ascertain the anti-adherence efficacy of CLP at the molecular level, 383 

expression analysis of adhesin genes (fnbA, fnbB, clfA, cna and altA) were done. For S. aureus to 384 

infect host tissue, the initial adhesion and subsequent invasion are crucial, which are being 385 

accomplished by the expression of different Microbial Surface Components Recognize Adhesive 386 

Matrix Molecules (MSCRAMMs). These MSCRAMMs (collagen binding protein, fibronectin 387 

binding proteins A and B, fibrinogen binding protein and clumping factors A and B encoded by 388 
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genes cna, fnbA & fnbB, fib, and clfA & clfB respectively)
 
have high ability to interact with the 389 

host extracellular matrix proteins such as fibrinogen, fibronectin and collagen
47

. Autolysin (altA), 390 

a major peptidoglycan hydrolase cleaves newly synthesized peptidoglycan components before its 391 

integration into cell wall and, notably altA null mutants are unable to perform primary attachment 392 

to surfaces
48

. In-line with the observed antibiofilm and anti-adherence efficacies of CLP, its 393 

treatment also down-regulated the expression of all the adhesin genes, on account of which the S. 394 

aureus cells were not be able to adhere and infect C. elegans. As cell surface hydrophobicity of 395 

bacteria highly influence the sturdy adhesion and consecutive increase in the biofilm biomass
49

, 396 

the decreased level of CSH upon CLP treatment augments its prominence to be an anti-adhesive 397 

molecule. Of note, some of the virulence genes like hla (alpha toxin gene), sarA (global regulator 398 

of many virulence factors including biofilm formation), and sea (staphylococcal enterotoxin A) 399 

were significantly down-regulated upon exposure to CLP. This is in agreement with an earlier 400 

report wherein, similar dipeptides cyclo(L-Phe-L-Pro) and cyclo(L-Tyr-L-Pro) from Lactobacillus 401 

reuteri RC-14 (vaginal isolate) were able to interfere with the quorum-sensing mediated 402 

virulence production in S. aureus
50

. Based on the gene expression profile changes by CLP, down-403 

regulation of these genes could lead to defects in initial attachment and could also lead to 404 

diminished production of virulence.  405 

Conclusion 406 

In summary, our findings for the first time demonstrate the inhibitory effects of CLP, a 407 

cyclic dipeptide secreted by B. amyloliquefaciens of marine origin, on the biofilm and virulence 408 

production of MRSA. The substantial reduction in expression of multitude of genes involved in 409 

initial attachment, biofilm formation and virulence production concurs very well with the 410 

antibiofilm activity of CLP in vitro. Furthermore, the mature biofilm disruption and in vivo anti-411 

adherence efficacies suggest the suitability of CLP to be a promising anti-infective agent (alone 412 

or in combination with antibiotics) in controlling biofilm-associated MRSA infections.  413 

Experimental section 414 
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Extraction and purification of CLP 415 

The cyclic dipeptide ‒CLP was extracted from the mangrove rhizosphere bacterium-B. 416 

amyloliquefaciens (MMS-50) isolated from the mangrove rhizosphere soil of Karankadu 417 

mangroves of Palk Strait, Bay of Bengal, India
14

. The degree of purity of MMS-50 active 418 

fraction (AF) was >98%, as determined by high performance liquid chromatography, gas 419 

chromatography/ mass spectrometry and fourier transform-infrared spectroscopy analyses from 420 

our previous study
14

. The obtained CLP was dissolved in sterile MilliQ water to a final 421 

concentration of 1 mg/mL for antibiofilm and several other bioassays. 422 

Bacterial strains, strain characterization, culture media and growth conditions 423 

Three MRSA strains used in this study include: two clinical isolates (GSA-140 and GSA-310) 424 

and one MRSA ATCC reference strain (MRSA 33591). The two clinical MRSA isolates were 425 

selected based on their high degree of biofilm forming ability amongst 63 MRSA isolates, which 426 

we had isolated from throat swabs of pharyngitis patients attending the Thoracic Science 427 

Department of Government Rajaji Hospital, Madurai
18

. We performed multilocus sequence 428 

typing (MLST) as described previously by Enright et al. (2000) to ascertain the facts that these 429 

two clinical isolates are clonally unrelated
19

. The PCR amplicons of seven housekeeping genes 430 

(arcC, aroE, glpF, gmk, pta, tpi, and yqiL) were sequenced and the sequences were submitted to 431 

the MLST database website (http://saureus.mlst.net) for assignment of allelic profiles and 432 

sequence types (STs). The sequence type of MRSA clinical isolates GSA-140 (MLST ID: 5449) 433 

and GSA-310 (MLST ID: 5450) was identified as ST772 and ST30, respectively. Besides, three 434 

Streptococcus spp. viz. Streptococcus salivarius (ATCC 13419), Streptococcus sanguinis (ATCC 435 

10556) and Streptococcus mitis (ATCC 6249) were also used to evaluate the broad spectrum 436 

antibiofilm activity of CLP. Staphylococcus aureus and Streptococcus spp. were grown and 437 

maintained on Tryptic soy agar/broth (TSA/TSB) (aerobic condition) and Todd Hewitt agar/broth 438 

(THA/ THB) (anaerobic condition) (Himedia, Mumbai, India) at 37 °C, respectively. For biofilm 439 
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assays, TSB supplemented with 0.25% glucose (TSBG) and THB supplemented with 0.25% 440 

sucrose (THBS) were used to grow Staphylococcus aureus and Streptococcus spp. respectively. 441 

In vitro antibacterial assays: minimum inhibitory concentration (MIC), minimum 442 

bactericidal concentration (MBC) 443 

The MIC and MBC of CLP against the three MRSA were determined by the microdilution 444 

susceptibility test according to the Clinical Laboratory Standards Institute guidelines, with 445 

required modifications
20

, wherein the antibiotic oxacillin was used as the positive control. 446 

Briefly, the cell suspension of each MRSA (5.0×10
5
 CFU mL

-1
) was used to inoculate TSB 447 

supplemented with 0.25% glucose in 96 well microtitre plate added with serial twofold dilutions 448 

of CLP. The lowest concentration of CLP that completely inhibited the visible growth following 449 

24 h incubation at 37 °C was considered as MIC. For MBC determination, 100 µL of broth from 450 

clear wells of MIC microtiters was taken and spread onto Mueller–Hinton Agar (MHA) plates. 451 

Following 24 h of incubation at 37 °C, MBC was deduced as the lowest concentration of CLP 452 

that produced subcultures growing not more than five colonies on each plate (i.e. 99.99% of the 453 

initial inoculum killed in a given time using a plate count of viable cells).  454 

Biofilm formation assay in 24-well microtitre plate (MtP) 455 

The effect of CLP on biofilm formation of MRSA was done using 24-well MtP,
 14

 wherein, 456 

quercetin, a known biofilm inhibitor of S. aureus was used as the positive control
21

. In brief, each 457 

of the three MRSA cell suspensions at 100 µL (10
7
 cells mL

-1
) volume were used to inoculate 458 

wells containing 1 mL of fresh TSBG supplemented with CLP at its sub-MICs. The MtPs were 459 

statically incubated for 24 h at 37 °C. As 24 h incubation was relative short time period to 460 

evaluate the biofilm inhibitory potentials of CLP, the biofilm biomass assay using MtPs was 461 

performed till 48 h as well. After incubation, the spent medium together with planktonic cells 462 

were gently discarded and weakly adherent cells were removed by thoroughly washing twice 463 

with sterile 0.1 M phosphate-buffered saline (PBS), and the plates were dried at 55 °C for 1 h 464 

before staining. The S. aureus biofilms adhered to the bottom of the polystyrene surface were 465 
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stained with 1 mL of 0.4% crystal violet (CV) solution (w/v) for 4-5 min. Subsequently, the 466 

unstained dye was discarded and wells were rinsed twice with 0.1 M PBS to remove the excess 467 

stain. After the MtPs were dried at 40 °C for 1 h, formed biofilms were quantified by 468 

solubilization of the CV stain in 1 mL of absolute ethanol for 10 min, wherein the wells devoid 469 

of CLP acted as control and wells with both medium and AF served as blank
22

. The assay was 470 

performed in triplicate and repeated at least thrice. The optical density was determined at a 471 

wavelength of 570 nm using the Multilabel Reader (Spectramax M3, USA) and the percentage of 472 

biofilm inhibition was calculated using the following formula: 473 

Percentage of inhibition = ([Control OD570nm - Test OD570nm]/ Control OD570nm) *100 474 

Growth curve analysis 475 

The effect of CLP on cell proliferation of S. aureus was determined as described earlier with 476 

required modifications
 14

, in which quercetin was used as a positive control
21

. Single colonies 477 

from S. aureus test cultures viz. MRSA ATCC 33591, GSA-140 and GSA-310 were used to 478 

inoculate TSBG (0.25%) medium in separate test tubes and cultured for 8 h at 37 °C. Overnight 479 

cultures were sub-cultured (1%) in test tubes with fresh TSBG supplemented with or without 480 

(control) of CLP (sub-MIC) and incubated at 37 °C. The growth rate was measured using 481 

spectrophotometer (UV- VIS Spectrophotometer; Shimadzu) at OD600nm up to 24 h at 1-h 482 

interval. The assay was performed in triplicate with appropriate controls. 483 

In situ visualization of biofilm formation through microscopic techniques 484 

Confocal laser scanning microscopic (CLSM) analysis. Titanium plates (2 mm thick 485 

and 6 mm in diameter) were sterilized and placed aseptically onto the wells of MtPs (24-well) 486 

containing 10 µL of the MRSA cell suspension (10
7
 cells mL

-1
) in 1 mL fresh TSBG 487 

supplemented with sub-MICs of CLP. The MtPs containing titanium plates were incubated at 488 

37 °C for 24 h and then gently washed three times with 0.1 M PBS to remove non-adherent S. 489 

aureus cells and stained with 0.1% acridine orange. The excess stain was washed out and the 490 

plates were air dried before examination. Titanium plates with cells grown in CLP-free medium 491 
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were utilized as control. Images of the stained titanium plates were visualized under CLSM 492 

(LSM 710, Carl Zeiss, Germany) and processed with Zeiss LSM Image Examiner (Version 493 

4.2.0.121), equipped with an excitation filter 515–560 and magnification at 20×. CLSM images 494 

(N = 20) were obtained from triplicates of untreated control and treated biofilms (the experiment 495 

was repeated at least thrice), and the Zstack analysis (surface topography and three-dimensional 496 

architecture) was done with the Zen 2009 software (Carl Zeiss, Germany)
15

. Furthermore, the 497 

images were analyzed using comstat2 software (kindly gifted by Dr. Claus Sternberg, DTU 498 

Systems Biology, Technical University of Denmark). Three different parameters i.e. an average 499 

and maximum thickness (µm) of the biofilms and the biovolume (µm
3
), which is the volume of 500 

bacteria per µm
2
 of glass surface used were selected for further analysis. 501 

Extracellular polysaccharides (EPS) staining. 502 

Concanavalin A (Con A) conjugated to fluorescein isothiocyanate (FITC; Catalogue no. 503 

C7642, Sigma–Aldrich, USA) was used to label extracellular polysaccharide in S. aureus 504 

biofilms following the protocol described previously with required modifications
23

. Stock 505 

solution was prepared using 10 mmol L
-1

 hydroxyethylpiperazine ethanesulfonic acid (HEPES). 506 

The 48 h biofilms of MRSA clinical strains (GSA-140 and GSA-310) grown on the surface of 507 

titanium in the presence and absence of 128 µg mL
-1

 CLP were stained with 15 mM propidium 508 

iodide (PI; Product code 81845, Sigma–Aldrich, USA) in dark for 15 min at room temperature. 509 

After washing the titanium plates with PBS for thrice, the plates were stained with 50 µg mL
-1

 of 510 

Con A-FITC and incubated for 15 min in dark with at room temperature. The excitation 511 

wavelength for PI fluorescence was 568 nm and the emission was monitored at 605 nm. 512 

Similarly, the Con A-FITC (green) was excited at 488 nm and fluorescence was detected at an 513 

emission wavelength of 522 nm. Images of the stained titanium plates were visualized under 514 

CLSM (LSM 710, Carl Zeiss, Germany) and processed with Zeiss LSM Image Examiner 515 

(Version 4.2.0.121). 516 
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Scanning electron microscopy (SEM). For SEM analysis, the MRSA strain GSA-140 517 

was allowed to form biofilm on the titanium plates together with the presence and absence of 518 

CLP at its sub-MICs (64 and 128 µg mL
-1

) as described in CLSM analysis. After 24 h of 519 

incubation, titanium plates were gently washed thrice with 0.1 M PBS to remove non-adherent S. 520 

aureus cells, wherein titanium plate in wells containing CLP-free medium served as control. The 521 

biofilms on titanium plates were fixed with a solution containing 2.5% glutaraldehyde for 2 h 522 

followed by a wash with 0.1 M sodium acetate buffer (pH 7.3). The biofilms on titanium plates 523 

were subsequently washed in distilled water and dehydrated at increasing concentrations of 524 

ethanol (20%, 50%, 70%, 90% and 100%) for 10 min each. Finally, after critical-point drying 525 

and gold sputtering, samples were examined using a scanning electron microscope (Hitachi S-526 

3000H, Japan).  527 

Mature biofilm disruption assay   528 

The three MRSA strains were allowed to form biofilms on 24-well MtPs as described above in 529 

biofilm formation assay section for 48 h. After incubation, the spent medium was discarded 530 

carefully and thoroughly. To the wells 1 mL of fresh TSBG supplemented with 128 µg mL
-1

 of 531 

CLP was added and incubated for 6 h. Quantification of biofilm biomass using crystal violet dye 532 

was done by following the protocol mentioned above (biofilm formation assay section). 533 

Similarly, the impact of mature biofilm disruption ability of CLP was also assessed on titanium 534 

plates. The test strains were allowed to form biofilms on the titanium plates placed inside the 535 

wells of 24-well MtP containing 10 µL of MRSA cell suspension (10
7
 cells mL

-1
) in 1 mL fresh 536 

TSBG. The titanium plates with 48 h preformed biofilms of MRSA were further incubated in a 537 

fresh MtP containing 1 mL fresh TSBG along with sub-MIC of CLP for 6 h. The staining and 538 

CLSM image acquisition were done as described in CLSM analysis section above. Furthermore, 539 

comstat2 software was employed to substantiate the results of CLSM analysis. 540 

Phenotypic detection of slime production by Congo red agar (CRA) / broth (CRB) assay 541 
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Preliminarily, the clinical MRSA strain GSA-140 was screened for the qualitative slime 542 

production by CRA plate assay and modified Congo red broth assay
24

. The CRA medium 543 

composed of TSB (30 g L
-1

) (Himedia, Mumbai, India), sucrose (36 g L
-1

), agar powder (18 g L
-

544 

1
) and Congo red dye (0.8 g L

-1
), while the same ingredients devoid of agar powder was the 545 

composition for CRB medium. Congo red stain was prepared as a concentrated aqueous solution, 546 

autoclaved separately and added to the media when the agar/ broth had cooled to 55 °C. The 547 

plates (CRA) and tubes (CRB) were inoculated and incubated aerobically for 24 h at 37 °C. 548 

Biofilm positive strains produced black-coloured colonies on CRA; similarly, they turn the red 549 

colour of CRB to black. The CRA/CRB assay was also used to evaluate directly the effect of 550 

CLP at sub-MIC (128 µg mL
-1

) on slime production. CLP at its sub-MICs were mixed together 551 

(aseptically) with Congo red and added to the media when the agar/broth had cooled to 55 °C. 552 

Plates and tubes without CLP served as control for CRA and CRB assays, respectively. Then, the 553 

plates and tubes were inoculated with test strains and were incubated aerobically for 24 h at 554 

37 °C. 555 

Analysis of cellular components in EPS 556 

EPS extraction. The extracellular polymeric substances from the biofilms of two MRSA 557 

clinical strains were extracted using the previously described protocol with minor 558 

modifications
25

. In brief, the 24 h grown biofilms treated with and without CLP at sub-MIC were 559 

centrifuged at 15,000 × g for 20 min to obtain biofilm pellets. This was further resuspended in 25 560 

mL of ice cold 0.2 M sulfuric acid solution (pH 1.1) and the biofilm matrix was broken using a 561 

glass bead homogenizer. The cell suspension was stirred at 4 °C for 3 h before centrifugation at 562 

15,000 × g for 20 min. Finally, the supernatant collected was designated further as EPS solution 563 

and was stored at -20 °C until further analysis. 564 

Fourier transform infrared (FT-IR) spectroscopy. FT-IR spectroscopy was carried out 565 

for control and CLP (128 µg mL
-1

) treated EPS samples of both GSA-140 and -310 MRSA 566 

strains as described by Jiao et al
25

. Initially, the collected EPS solution was precipitated by 567 
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adding 3 volumes of ice-chilled absolute ethanol and incubated at -20 °C for 2 h. The precipitates 568 

were then centrifuged at 17,500 × g for 20 min at 4 °C.  After discarding the supernatant, the 569 

pellets were air dried in oven at 50 °C overnight. The infrared spectra were recorded with a FTIR 570 

system (Bruker Tensor 27). The spectra were scanned in the 4000-400 cm
-1

 range using the 571 

potassium bromide (KBr) pellet technique. Potassium bromide was dried under a vacuum at 572 

100 °C for 48 h and 100 mg of KBr with 1 mg of sample was taken to prepare the KBr pellet. 573 

The absorbance spectrum was plotted as intensity versus wave number. 574 

Polysaccharide estimation. To measure the total carbohydrate content in extracted EPS 575 

solution, phenol-sulfuric acid method was employed with glucose as standard with little 576 

modification
25

. Briefly, 500 µL of EPS solution was mixed with 1.5 mL of concentrated H2SO4 577 

along with 500 µL of phenol (10%), and the mixture was mixed gently before incubation in 578 

water bath at 50 °C for 20 min. The mixture was cooled and transferred to a 96-well tissue 579 

culture plate. The absorbance at 490 nm was read with a spectrophotometric Multilabel Reader 580 

(Spectramax M3, USA). 581 

Protein quantification. To estimate the total protein content of EPS solution, 582 

trichloroacetic acid (TCA)/acetone (final concentration, 15%) precipitation method was used 583 

with slight modification
25

. Briefly, 10 mL of EPS solution was mixed with TCA (dissolved in 584 

acetone to a final concentration of 15%) and was incubated on 4 °C for 30 min before 585 

centrifugation at 15,000 × g for 20 min. The TCA precipitates were washed twice with 15 mL of 586 

acetone alone. The protein content was measured using the Bradford assay (Bio-Rad, Hercules, 587 

CA) with bovine serum albumin (BSA) as the calibration standard. 588 

Cell surface hydrophobicity assay 589 

Surface hydrophobicity of S. aureus cells were determined by using MATH (microbial adhesion 590 

to hydrocarbons) assay as a measure of their adherence to the hydrophobic hydrocarbon (toluene) 591 

following the procedure described previously
26

. Briefly, 3 mL of overnight S. aureus culture 592 

(OD530nm = 1.0) (initial OD) was taken in glass tubes and 250 µL of toluene along with the CLP 593 
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(5% v/v) was added. The mixtures were vigorously vortexed for 2 min and left undisturbed at 594 

room temperature for better phase separation. Then the lower aqueous phase was pipetted out 595 

carefully to measure OD530nm (final OD). Cells alone incubated with toluene served as control. 596 

The percentage of hydrophobicity was calculated according to the formula: % hydrophobicity = 597 

[Initial OD600nm‒Final OD600nm/initial OD600nm] ×100. 598 

CLP toxicity assay 599 

As a prelude to assess the in vivo antibiofilm efficacy of CLP, the toxicity assay was performed 600 

in a whole biofilm animal model C. elegans to determine whether sub-MIC of CLP used in this 601 

study has an effect on the survival of nematodes. The wild-type C. elegans N2 Bristol strain was 602 

used in this study. E. coli OP50 was used for C. elegans maintenance and performance of all 603 

bioassay. C. elegans was maintained at 20 °C on nematode growth medium (NGM) seeded with 604 

E. coli OP50 as a bacterial food source
27

. Initially, the nematodes were harvested and age-605 

synchronized to L4 using an alkaline bleach solution (1:1 ratio of house hold bleach and 5M 606 

sodium hydroxide). Thus obtained L4 age-synchronized nematodes were used in all bioassays 607 

performed. A batch of 10 nematodes were transferred from the lawn of E. coli OP50 to a sterile 608 

24 well MtP containing sub-MIC of CLP in a M9 liquid medium at 20 °C and the survival of the 609 

nematodes was scored in hourly intervals till 100 h, wherein the nematodes fed with E. coli OP50 610 

served as control
28

.         611 

 C. elegans killing assay 612 

For testing the in vivo antibiofilm efficacy, C. elegans killing assay was performed as described 613 

previously
29

 with little modifications.   Briefly, a batch of 10 L4 nematodes was transferred to 614 

M9 liquid medium containing MRSA ATCC or GSA-140 or GSA-310 (20% inoculum each) in 615 

the presence and absence of CLP (128 µg mL
-1

). The experimental plate was incubated at 20 °C 616 

and monitored for the survival of nematodes. The worms which did not show any response to the 617 

touch were scored as dead, while C. elegans fed on E. coli OP50 acted as control.  618 

In vivo biofilm formation and microscopic observation 619 
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Nematodes were exposed to MRSA ATCC, GSA-140 and GSA-310 in the presence and absence 620 

of CLP at sub-MIC for 12 h and thoroughly washed the nematodes to remove the surface 621 

attached bacteria and placed on a 1% agar pad containing 1mM sodium azide to anaesthetize the 622 

worms. Anesthetization prevents the expulsion of bacteria from the nematodes’ intestine. 623 

Further, the internal biofilm formation was documented in the anesthetized worm under inverted 624 

light microscope (Nikon, Japan).  625 

Colony forming unit (CFU) assay 626 

To determine the bacterial load inside the worms’ gut, a bacterial accumulation assay was 627 

performed as described earlier by Kamaladevi et al
30

. In brief, a batch of 10 nematodes was 628 

exposed to MRSA ATCC, GSA-140 and GSA-310 for 12 h in the presence and absence of CLP 629 

at its sub-MIC. After experimental exposure, the surface adhered bacteria was removed by 630 

washing at least for 10 times with M9 buffer and approximately 400 mg of 0.1 mm mesh silicon 631 

carbide (Himedia, Mumbai, India) was added to the washed nematodes. The mixture was 632 

vortexed vigorously for a minute to disturb the worm completely. Finally, the mixture was 633 

centrifuged at 94 × g for 1min and the resulting suspension was serially diluted and plated onto 634 

Aureus agar (Himedia, Mumbai, India). The plates were incubated at 37 °C for 12 h and the 635 

colonies were counted to determine the CFU.  636 

Total RNA isolation and real time/quantitative-PCR 637 

In order to investigate the effect of CLP on virulence and biofilm genes expression in MRSA, 3 h 638 

grown cultures of GSA-140 and GSA-310 were used to inoculate (1%) TSBG medium 639 

supplemented with and without CLP (sub-MIC) at 37 °C for 12 h in triplicate.  After incubation, 640 

the biofilms formed together with cells were harvested by centrifugation at 4,600 × g for 3 min 641 

and were re-suspended in 1 mL of TRIzol reagent (Sigma-Aldrich, Switzerland) and then 642 

transferred to an RNase-free 1.5 mL microcentrifuge tube. Total RNA from both control and 643 

treated samples were extracted using the guanidine thiocyanate/Phenol extraction method
14

. 644 

Isolated RNA was dissolved in 25 µL of 0.1% diethylpyrocarbonate (DEPC)-treated water and 645 
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were stored at −80 °C until required for cDNA conversion. The RNA samples (100 ng) were 646 

reverse transcribed using cDNA reverse transcription kit (Applied Biosystems Inc., Foster, CA, 647 

USA), following the manufacturer’s instructions. The control and treated cDNA samples were 648 

quantified by real time PCR using 7500 Sequence Detection System (Applied Biosystems Inc. 649 

Foster, CA, USA) and 2
(-∆∆Ct)

 method
14

. The PCR primer sequences, their standardized annealing 650 

temperature are given in Supplementary Table 1. The expression levels of all selected genes were 651 

analyzed in triplicate and normalized using 16S rRNA gene, an internal control.  652 

Statistical analysis 653 

Experiments were performed in triplicate and the values were expressed in Mean ± S.D. For 654 

nematode toxicity and rescue assay, Kaplan-Meier survival analysis (Graphpad prism 5 statistical 655 

software) was performed to compare the mean lifespan of control versus CLP exposed nematode 656 

group. The significant difference between the survival curves was analyzed by Log-rank 657 

(Mantel-cox method) test. For all other experiments, statistical comparisons between treated and 658 

untreated control samples were performed with one way analysis of variance (ANOVA) followed 659 

by the Dunnett’s test using SPSS statistics version 17.0 (SPSS Inc., Chicago, IL, USA). 660 
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Figure and table legends 763 

Fig. 1: Histogram representing the inhibitory effect of CLP at varying concentrations (16, 32, 64 764 

and 128 µg mL
-1

) on the biofilm formation of (A) MRSA ATCC 33591 (B) GSA-140 and (C) 765 

GSA-310 for 24 h and 48 h, quantified by crystal violet adsorption on MtPs and measuring 766 

absorbance at 570 nm. Data represent the average of triplicates from independent triplicate 767 

assays, and error bars indicate SD. * and ** indicate the statistical significance p < 0.05 and p < 768 

0.01 respectively.
 
 769 

Fig. 2: Growth curve of (A) MRSA ATCC 33591 (B) GSA-140 and (C) GSA-310 planktonic 770 

cells in liquid media with the presence and absence of CLP at sub-MIC (128 µg mL
-1

). Quercetin 771 

was used as a positive control at 5 µg mL
-1

. The given data represent the mean value of three 772 

independent experiments. 
  

773 
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Fig. 3: Confocal laser scanning micrographs demonstrating the antibiofilm potential of CLP at 774 

sub-MICs (16, 32, 64 and 128 µg mL
-1

) against the biofilms of reference strain [MRSA ATCC 775 

33591 (A1-A4)] and two clinical strains [GSA-140 (B1-B4) and GSA-310 (C1-C4)] grown on 776 

titanium plates. 777 

Fig. 4: Confocal laser scanning micrographs of 48-h grown biofilms of clinical strains (GSA-140 778 

and GSA-310) in the presence and absence of CLP (128 µg mL
-1

) showing Con A- FITC- stained 779 

polysaccharides in green (left sector), propidium iodide-stained bacterial cells in red (middle 780 

sector) and capsular components in yellow colour (right sector). Con A-FITC, Concanavalin A-781 

fluorescein isothiocynate; PI, propidium iodide. 782 

Fig. 5: Scanning electron micrographs of GSA-140 on titanium plate in the presence and absence 783 

CLP at 64 and 128µg mL
-1

 concentrations. 784 

Fig. 6: Inhibitory effect of CLP at its sub-MIC (128 µg mL
-1

) on biofilm formation of other 785 

Gram-positive pathogens; (A) Streptococcus mitis ATCC 6249, (B) Streptococcus salivarius 786 

ATCC 13419 and (C) Streptococcus sanguinis ATCC 10556, quantified by crystal violet 787 

adsorption on MtP and measuring absorbance at 570 nm. Confocal micrographs at the lower 788 

panel showcase the decreased biofilm in the presence of CLP. ** indicates the statistical 789 

significance (p < 0.01). 790 

Fig. 7: Mature biofilm disruption efficacy of CLP (128 µg mL
-1

) against the recalcitrant biofilms 791 

of MRSA ATCC 33591, GSA-140 and GSA-310 divulged by (A) in vitro MtP assay (B) CLSM 792 

images and (C) comstat2 software analysis of the obtained CLSM images. * indicates the 793 

statistical significance (p < 0.05). 794 

Fig. 8: Effect of CLP on the cell surface hydrophobicity of MRSA ATCC 33591, GSA-140 and 795 

GSA-310 strains. Mean values of triplicate individual experiments and SDs are shown. 796 

∗indicates the statistical significance (p < 0.05). 797 

Fig. 9: Inhibitory efficacy of CLP on the slime synthesis of GSA-140 grown on Congo red 798 

agar/broth media: (A) Bacterial colonies of GSA-140 grown on CRA plate showing decreased 799 

Page 31 of 48 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



32 

 

levels of slime production in the presence of CLP at its sub-MIC (b) compared to the control 800 

plate depicting the strong black colour colonies (a); (B) GSA-140 grown on Congo red broth, 801 

showing gradual reduction in slime synthesis with the presence of CLP at 128 µg mL
-1

 (Treated 802 

1) and 64 µg mL
-1

(Treated 2), whereas the control tube shows strong black colour; (C) 803 

Quantification of Congo red broth assay at 530nm spectroscopically, reflecting change in colour 804 

from pale red (untreated control) to bordeaux red (64 µg mL
-1

) and  red (128 µg mL
-1

) as a result 805 

of slime inhibitory efficacy of CLP. * and ** indicate the statistical significance p < 0.05 and p < 806 

0.01 respectively.
  

807 

Fig. 10: Inhibitory effect of CLP at sub-MIC (128 µg mL
-1

) on the EPS components viz. 808 

polysaccharides and proteins in GSA-140 and GSA-310 biofilms. Mean values of triplicate 809 

individual experiments and SDs are shown. * and ** indicate the statistical significance p < 0.05 810 

and p < 0.01 respectively.
 
 811 

Fig. 11: FTIR spectra of EPS extracted from (A) GSA-140 and (B) GSA-310 biofilms treated 812 

with 128 µg mL
-1

 of CLP. a1 and b1 represent the -COC- group vibrations in polysaccharides 813 

and nucleic acids (900 to 1,300 cm
-1

) region of GSA-140 and GSA-310 respectively; a2 and b2 814 

represent the protein (1,500 to 1,700 cm
-1

) region of GSA-140 and GSA-310 respectively. 815 

Fig. 12: In vivo protective efficacy of CLP against S. aureus infection. (A) Survival graph 816 

showing the rescued survival of nematodes supplemented with CLP against S. aureus. (B) CLP 817 

reduced the intestinal colonization of S. aureus in infected nematodes. (C) Microscopic images 818 

showcase the reduced colonization of S. aureus in CLP supplemented nematodes than their 819 

respective controls. Arrows in the control panel indicates the dense colonization of S. aureus, 820 

whereas arrows in CLP treated panel point to reduced bacterial load inside the nematodes.  821 

Fig. 13: Gene expression profile of specific genes involved in biofilm, adhesion and virulence 822 

mechanisms. Real time-PCR was carried out in triplicate. Data presented were generated from at 823 

least three independent sets of experiments. * and ** indicate the statistical significance p < 0.05 824 

and p < 0.01 respectively.
  

825 
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Fig. 14: Scanning electron micrographs of GSA-140 on titanium plate in the presence (b) and 826 

absence (a) of 128 µg mL
-1 

of CLP. The red arrows in untreated control (a) shows the dense 827 

multi-layered EPS forming the matrix that embeds the S. aureus cells; CLP treatment (b) shows 828 

the single separate cells without the EPS matrix. 829 

Table 1: comstat2 analysis of biofilms formed by three test MRSA biofilms in the presence and 830 

absence of CLP. Mean values of triplicate individual experiments and SDs are shown. * indicates 831 

the statistical significance (p < 0.05).  832 

 833 
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Control T1 T2 T3 Control T1 T2 T3 Control T1 T2 T3

MRSA ATCC 18.03 ± 0.44 2.24 ± 0.44* 1.80  ± 0.11* 0.12 ± 0.06 * 19.21 ± 1.40 3.07 ± 0.80* 2.55 ± 0.24 * 0.16 ± 0.41* 0.03 ± 0.17 0.04 ± 0.01 0.44 ± 0.08 0.53 ± 0.05

GSA-140 36.26 ± 0.41 28.10 ± 0.79 21.85 ± 1.16* 18.46 ±  1.34* 34 ± 1.53 26.35 ± 1.44 20.48 ± 1.23* 17.31 ± 1.17* 0.03 ± 0.01 0.04 ± 0.15 0.05 ± 0.01 0.06 ± 0.01

GSA-310 36.49 ± 0.56 22.89 ±  0.91* 21.14 ± 1.21* 18.46 ±  1.84* 34.21 ± 0.61 21.44 ± 1.10* 19.82 ± 1.16* 17.31 ± 1.19* 0.03 ± 0.01 0.05 ± 0.16 0.05 ± 0.01 0.06 ± 0.01

Strain
Biovolume (µm

3
/µm

2
) Average thickness (µm) Surface to volume ratio (µm

2
/µm

3
)
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