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Staphylococcus aureus is an opportunistic bacterium of the human body and a
leading cause of nosocomial infections. Methicillin resistant S. aureus (MRSA) infections
involving biofilm lead to higher mortality and morbidity in patients. Biofilm causes serious
clinical issues, as it mitigates entry of antimicrobials to reach the etiological agents.
It plays an important role in resilient chronic infections which place an unnecessary
burden on antibiotics and the associated costs. To combat drug-resistant infection
involving biofilm, there is a need to discover potential anti-biofilm agents. In this study,
activity of polyphenolic flavonoid glabridin against biofilm formation of methicillin resistant
clinical isolates of S. aureus is being reported for the first time. Crystal violet assay
and scanning electron microscopy evidences shows that glabridin prevents formation
of cells clusters and attachment of methicillin resistant clinical isolate (MRSA 4423) of
S. aureus to the surface in a dose dependent manner. Gel free proteomic analysis
of biofilm matrix by LC-ESI-QTOF confirmed the existence of several proteins known
to be involved in cells adhesion. Furthermore, expression analysis of cell surface
proteins revealed that glabridin significantly down regulates an abundance of several
surface-associated adhesins including fibronectin binding proteins (FnbA, FnbB), serine-
aspartate repeat-containing protein D (SdrD), immunoglobulin-binding protein G (Sbi),
and other virulence factors which were induced by extracellular glucose in MRSA 4423,
In addition, several moonlighting proteins (proteins with multiple functions) such as
translation elongation factors (EF-Tu, EF-G), chaperone protein (DnaK), glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and pyruvate kinase (PK) were detected on the
cell surface wherein their abundance was inversely proportional to surface-associated
adhesins. This study clearly suggests that glabridin prevents biofilm formation in
S. aureus through modulation of the cell surface proteins.

Keywords: adhesins, biofilm, cell surface proteome, glabridin, moonlight proteins, MRSA

INTRODUCTION

Staphylococcus aureus is a common bacterium of the human body which can cause numerous
diseases (Tong et al.,, 2015). S. aureus is considered one of the leading causes of nosocomial and
community-acquired infections (Haque et al., 2018). Drug-resistance in S. aureus is achieved in
several ways, including the acquisition of resistance genes, target alteration, efflux pumps and
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biofilm (Appelbaum, 2006; Tiwari and Sen, 2006; Foster, 2017;
Santajit and Indrawattana, 2016; Gebreyohannes et al., 2019).
Like other bacteria, the formation of biofilms in S. aureus is
an alternative type of microbial growth and a leading cause
of resistance to antimicrobials (Lopez et al., 2010; Mah, 2012).
Around 80% of chronic and recurrent infections in the human
body are associated with bacterial biofilm (Sharma et al,
2019). S. aureus cells within biofilms are more resistant to
antibiotics than planktonic cells due to the altered environment,
multilayered structure, and incomplete penetration of the
antibiotics (Mah, 2012; Sharma et al., 2019). Reports suggest
that bacteria in the biofilm can be 10-1,000 times more
resistant to antimicrobials than their planktonic counterparts
(Gebreyohannes et al., 2019). Biofilm growth can prevent entry of
the antibiotics during treatment as well as protecting pathogens
against host immune defenses. Biofilm formation by MRSA
in medical devices, implants, chronic wounds, and host tissue
reduces susceptibility to antimicrobial agents (Sharma et al., 2019;
Neopane et al., 2018).

The biofilm life cycle of microbes contains four stages, the
initial attachment of bacteria, microbial colonies formation,
bacterial growth leading to extracellular matrix (ECM)
generation and maturation, followed by the dispersal of the
bacteria to find new niches (Kostakioti et al., 2013). The ECM
components contain extracellular polymeric substances (EPS)
including proteins that helps cell to adhere on biotic and abiotic
surfaces (Donlan and Costerton, 2002; Lopez et al., 2010;
Karygianni et al., 2020). To date, many adhesive proteins have
been identified as important components of the attachment
process and biofilm matrix development in S. aureus (Foster
et al., 2014; Jan-Roblero et al., 2016). S. aureus cell surface-
associated proteins in biofilm are well characterized such as
SdrC (BapA homologs), intercellular adhesions (IcaA,D,B,C),
fibronectin-binding protein A (FnbA), fibronectin-binding
protein B (FnbB), clumping factor B (CIfB), and S. aureus
surface protein (SasG) (Donlan and Costerton, 2002; Speziale
et al.,, 2014). These surface adhesins are regulated by complex
network of transcriptional regulators AlrRS, SarA, Agr, SaeRS
and AcrR under various environmental conditions (Paharik
and Horswill, 2016). Therefore, study of biofilm formation and
finding anti-biofilm agents against pathogens such as S. aureus is
highly important as it can help choose the right treatment.

Plant derived medicines are gaining interest with regards to
controlling antibiotic-resistant bacterial infections and biofilm.
Plants are rich in a variety of secondary metabolites such as
flavonoids, polyphenol, terpenoids, alkaloids etc. Many plants
such as Licorice have been used to cure various bacterial
infections in traditional practices by humans since ancient
times all over the world (Cowan, 1999; Rohinishree and
Negi, 2016; Mamedov and Egamberdieva, 2019). Plant derived
phytomolecules have shown antimicrobial and antibiofilm
activity against Gram-negative and Gram-positive pathogenic
bacteria including S. aureus (Sdnchez et al., 2016; Rubini et al.,
2018). The ethanolic extract of licorice was shown to have
antimicrobial and antibiofilm activity against Porphyromonas
gingivalis (Suwannakul and Chaibenjawong, 2017). Glycyrrhiza
glabra (Licorice) contains over 20 triterpenoids and nearly

300 flavonoids (Wang et al, 2015). Glabridin (Glb), is a
polyphenolic flavonoid compound and one of the most active
ingredients present in licorice roots. Glabridin is reported
to have antioxidant, anti-inflammatory, anticancer, antiviral,
antimicrobial and drug-resistance modifying activity in addition
to immunomodulatory, hepatoprotective, and cardioprotective
effects (Simmler et al., 2013; Singh et al., 2015). Glabridin has
been shown to inhibit Gram-positive and Gram-negative bacteria
including biofilm forming pathogens such as Staphylococcus
sp., Pseudomonas aeruginosa, Bacillus sp., Streptococcus sp.,
Escherichia coli, Mycobacterium tuberculosis, and fungi (Gupta
et al.,, 2013; Gupta et al., 2008; Singh et al., 2015; Irani et al,
2010; Fatima et al., 2009; Wang et al., 2015). Although, glabridin
has been reported to possess antimicrobial activity against several
pathogens, its detailed mechanism of action is not yet known.
In an earlier report, it was found that glabridin in a dose-
dependent manner produced reactive oxygen species (ROS) that
damages cellular proteins ultimately leading to growth inhibition
of S. aureus (Singh et al., 2015). This study reports for the first
time an antibiofilm activity of glabridin against a glucose-induced
biofilm of S. aureus. The mechanism of glabridin action has also
been determined through the expression of genes/proteins that
are involved in biofilm formation in the methicillin resistant
clinical isolate MRSA 4423 of S. aureus.

MATERIALS AND METHODS

Bacterial Strains, Culture Conditions,

Chemicals and Enzymes

The drug-sensitive strain MTCC 96 (ATCC9144) of S. aureus
was procured from the Microbial Type Culture Collection, CSIR-
Institute of Microbial Technology Chandigarh, India. Clinical
isolates of S. aureus were obtained from Dr. K. N. Prasad
(Laboratory of Clinical Microbiology, SGPGIMS, Lucknow,
India) (Gupta et al,, 2012). Standard Mueller-Hinton agar and
cation-adjusted Mueller-Hinton broth media (MHA and MHB,
Hi-Media, Mumbai, India) were used to culture bacteria. Tryptic
soy broth (TSB, Hi-Media, Mumbai, India) medium was used for
Biofilm assays. Glabridin, antibiotics, phosphate-buffered saline,
DMSO, glucose and lysostaphin was procured from Sigma-
Aldrich (St. Louis, MO, United States). Crystal Violet used in this
study was used from Hi-Media (Mumbai, India). Trypsin Gold,
Mass Spectrometry Grade was obtained from Promega (Madison,
WI, United States). Taq DNA polymerase master mix, c-DNA
synthesis kit and SYBR Green qPCR super mix was purchased
from Genetix (Thermo, United States).

Detection of mecA Gene and

Antimicrobial Susceptibility Testing of

S. aureus Clinical Isolates

To identify MRSA strains, PCR amplification of the mecA gene
was performed using the genomic DNA of clinical isolates
as template, mecA specific primers (Supplementary Table S1)
and Taq DNA polymerase master mix as per recommended
method in a Mastercycler EP Gradient (Eppendorf, Germany)
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(Pournajaf et al., 2014). The antibacterial activity of glabridin
and antibiotics (belonging to different classes) against S. aureus
clinical isolates was determined by the broth microdilution assay
using 96 ‘U’-bottom micro-titer plates as per CLSI guidelines
(CLSI, 2018). S. aureus was cultured in 5 mL broth in tubes and
incubated overnight at 37 °C in a shaking incubator (Eppendorf,
Germany). The initial bacterial inoculum size was standardized
to obtain 10 cfu/mL. A series of different concentrations of
antibiotics (listed in Supplementary Table S2) was prepared by
twofold serial dilution in a 96-well plate, except for the negative
control, followed by inoculation with 10° cfu/mL S. aureus and
24 h incubation at 37 °C. MIC was determined by finding the
lowest concentration which inhibited the growth as per CLSI
guidelines (CLSI, 2018).

Growth Curve Study

To measure the effect of glabridin on the survival of MRSA,
three clinical isolates were selected that made strong (MRSA
4423), moderate (MRSA 4627), and weak (MRSA 2071) biofilm
along with the sensitive strain MTCC 96. Overnight pre-grown
cells were inoculated (10° cfu/ml) in fresh MHB and TSB media
and challenged with a range of glabridin (2 MIC to 1/16 MIC).
The cultures were grown during shaking (180 rpm) at 37°C for
12 h and optical density was monitored every 1 h time intervals
(ODggoonm) with Multiskan GO Microplate Spectrophotometer
(Thermo Scientific, United States). Each test was performed in
three culture replicates, averaged and graph were plotted with
ODgponm in Y-axis and time in X-axis.

Biofilm Formation Assay

The biofilm formation assay was conducted in TSB medium
with 1% glucose in three replicates using a 96-well plate
(Lade et al., 2019). Suspension of all clinical isolates of
MRSA were precultured overnight and ~10° cfu/mL cell
suspension was used to inoculate into each well. For the
dose-dependent anti-biofilm assay, glabridin was tested in sub-
inhibitory concentrations ranging from 7.8 to 0.78 pg/ml
Control experiments were set with DMSO and without glucose
wherever required, TSB medium without cultures was used
as a negative control. The plates were incubated at 37 °C
for 48 h under static conditions (without shaking). After
incubation, the OD was measured at 600 nm then the media
was decanted in biohazard collection and wells were carefully
rinsed three times with 1X phosphate buffered saline (PBS) to
remove non-adherent cells and wash off the media components.
The attached biofilm cells in wells were stained with 0.1%
crystal violet for 15 min at room temperature (Lade et al.,
2019). The excess stain was removed by rinsing with water.
The crystal violet bound to attached cells was solubilized
with 95% ethanol and quantified by measuring absorbance at
ODs954m (Kumar and Spiro, 2017). Absorbance was recorded,
and graphs were plotted with values averaged from three
biological and three technical replicates in each condition.
Effect of glabridin on biofilm formation was calculated by
normalizing the absorbance of crystal violet with culture OD
(OD595nm/OD600nm) of MRSA 4423. The following method

described by Stepanovic et al. (2000) was used to calculate cut-
oft OD (ODy;) value to classify MRSA isolates biofilm formation
as weak (+), moderate (++) and strong (+++) based upon the
ODs95 .

Formula used for biofilm gradation:

OD,,; = 3 x standard deviation (SD) of ODs above the
OD,y, of negative control.

OD < ODg; = Non-biofilm former, OD.; <
OD < 2 x ODg = Weak biofilm former,
2 x ODgys < OD < 4 x OD.y; = Moderate biofilm
former, OD > 4 x OD, = Strong biofilm former.

Biofilm Dispersal Assay

The biofilm detachment assay was performed as described by
Kaplan et al. (2004), Boles and Horswill (2008), and Shukla
and Rao (2017). Briefly, after the establishment of MRSA 4423
biofilms in the polystyrene, 96-well microtiter plate, wells were
rinsed with 1X PBS. Prior to staining, biofilms were incubated
separately with trypsin and proteinase K (1.0 pg/ml each), DNase
I and RNase E (10 pg/ml each) for 1 h at 37°C. Microtiter
plate wells were washed thrice with deionized water to remove
dispersed cells and stained using the 0.1% crystal violet as
mentioned above in biofilm assay. The crystal violet dissolved
in 95% ethanol was quantified by measuring absorbance at
ODs954, using a Multiskan GO Microplate Spectrophotometer
(Thermo Scientific, United States). Biofilms with no enzyme
treatment were used as a control and medium without bacteria
and enzymes was used as a blank. The experiment was set
in triplicates and a graph was plotted against averaged values
(ODs5955,) from all sets.

Scanning Electron Microscopy (SEM)

Analysis of MRSA Biofilm

An overnight culture of MRSA 4423 was diluted in TS broth to
obtain 10° cfu/ml. Glabridin was tested at 6.25 jLg/ml (1/2 MIC),
3.125 pg/ml (1/4 MIC) and 1.56 pg/ml (1/8 MIC). For each
concentration, 3 mL of bacterial suspension was supplemented
with the desired amount of compound and added into individual
wells in a 6-well plate. The plate was incubated at 37 °C for
48 h to allow the formation of biofilm. The bacterial cells were
processed for SEM as described elsewhere (Kong et al., 2018).
Briefly, the samples were fixed overnight at 4°C in 4% (v/v)
glutaraldehyde, rinsed three times with 1X PBS and dehydrated
through a graded ethanol series (35, 50, and 70%), followed
by 100% propanol. The samples were platinum-coated using a
platinum sputtering unit and observed using a scanning electron
microscope (JSM-6490, JEOL, Japan).

ECM-Associated Protein Analysis

The biofilm ECM proteins were extracted using a method
as described by Ythier et al. (2012). Briefly, the culture of
MRSA 4423 was grown in the presence of glucose for 48 h
in static conditions, and non-adherent cells were removed by
decanting and rinsing with 1X PBS. To shave oftf proteins
from biofilm ECM, 1 pg/ml trypsin enzyme was used. After
1 h of enzymatic treatment at 37°C, cells were separated by
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centrifugation at 16,000g, 4°C for 15 min, and partially digested
proteins in supernatant were transferred into a new tube and
the peptide mix was processed for identification by Liquid
Chromatography/High Resolution Mass Spectrometry (LC-ESI-
QTOF) (Agilent, United States).

Collection of Differentially Expressed
Proteins From the Cell-Surface of

S. aureus

To identify changes in proteins present on the cell surface of
MRSA 4423 due to glucose and glabridin, cultures were grown
in presence of 1% glucose and supplemented with glabridin
(1/4 MIC). Cells grown only with glucose were used as a
biofilm positive control and cells grown without both glucose
and glabridin were used as a biofilm negative control. After
48 h of growth under static conditions, 5 ml cells of equal OD
were collected from each set grown in triplicates, centrifuged
at 4,000¢ for 10 min and supernatant was discarded. Pellets
were washed twice with 1X PBS and cells were resuspended in
1 ml of 1X PBS. To collect surface proteins, all cell suspensions
were treated with 1 pg/ml trypsin enzyme for 1 h at 37°C
(Ythier et al.,, 2012). Trypsin shaved proteins in supernatants
fraction were collected by centrifugation at 16,000¢ for 10 min in
4°C and processed as above for identification by LC-ESI-QTOF
(Agilent, United States).

Identification of Proteins by

LC-ESI-QTOF

Trypsin digested proteins were identified by LC-ESI-QTOF as
per the standard process described elsewhere (Kaplan et al., 2004;
Brun et al., 2020). Briefly, trypsin shaved proteins obtained from
cell surface or ECM were treated with DTT and iodoacetamide
for 1 h and the samples were digested with trypsin (1 pug/ml) for
another 12-16 h at 37°C. The trypsin enzyme was inactivated
by adding 5% Tri-Fluro acetic acid (TFA) to the peptide
mixtures in tube. Peptide mixtures were pooled from three
independent replicates, quantified and purified with C18 matrix
column as per recommended protocol (Agilent, United States).
Purified peptide mixtures were concentrated using a speed
vacuum centrifugation unit at 4°C. Concentrated peptides were
resuspended in 1% TFA and 5% acetonitrile (ACN) solution and
submitted for identification by LC-ESI-QTOF. The MS/MS data
was identified against S. aureus protein database (NCBI) using
Spectrum Mill software (Agilent, United States) and spectral
counts were used to calculate the fold change as described
elsewhere (Liu et al., 2004).

Quantitative Real-Time PCR (qQRT-PCR)
Analysis

Quantitative real time PCR was performed to check gene
expression levels of the differentially expressed proteins found
on MRSA 4423 cell-surface under the biofilm condition and in
presence of glabridin. Briefly, S. aureus cells grown for 48 h
were collected by centrifugation at 4°C, 4,000¢ and supernatants
were discarded. The cell pellets were washed with 1X PBS
twice and stored overnight at —80°C. To extract RNA, pellets

were resuspended in a 150 pl lysis buffer containing 50 pg/ml
lysostaphin, 10 mM Tris, and 1 mM EDTA in DEPC treated
water and incubated for 15 min at 37°C. Total RNA was
isolated through the Trizol method and quality was assessed
as described previously (Kumar et al., 2012). The DNA free
RNA (0.5 pg) was used in reverse transcription and the cDNA
was synthesized in a final volume of 20 pl using random
hexamer primers as per the manufacturer’s instructions of
GeneSure First-Strand cDNA Synthesis Kit for RT-PCR (Thermo,
United States). Quantitative RT-PCR (qPCR) was carried out
using gene specific primers (Supplementary Table S1) and
SYBR Green in a Quantstudio5 real time PCR system (Applied
Biosystems, Thermo, United States). The PCR cycling conditions
were set according to manufacturer recommendations of the
GeneSure™ SYBR Green/ROX Kit (Thermo, United States).
Negative controls and genomic DNA contamination controls
were included in the experiment. The S. aureus 16S rRNA was
used as an endogenous control to normalize the expression of
each gene. The relative expression (RQ) of target genes of interest
were analyzed using AAC; values compared to the untreated
control (Atshan et al., 2013; Kong et al., 2018).

Statistical Analysis

All experiments were performed in three replicates. Data are
presented as means + standard deviation. Statistical analysis
was performed using one-way Analysis of Variance (ANOVA)
followed by Tukey tests and the difference p < 0.05 were
considered significant.

RESULTS

Assessing Presence of mecA Gene and
Antimicrobial Susceptibility Profiling of

S. aureus Clinical Isolates

Clinical isolates of S. aureus were tested for the presence of the
mecA gene known to be a marker for methicillin resistance. All
S. aureus clinical isolates were verified for the existence of the
mecA gene in PCR amplification (Supplementary Figure S1).
As expected, no amplification of the mecA gene was observed
in drug sensitive strain MTCC 96 of S. aureus (Supplementary
Figure S1). All clinical isolates that harbored the mecA gene
also showed a high level of resistance toward oxacillin and
other antibiotics of beta lactam class (Supplementary Table S2).
Compared to the sensitive strain MTCC 96, MRSA isolates
showed a high level of resistance toward different antibiotics
except for daptomycin, bacitracin, tetracycline, linezolid, and
teicoplanin to which most of these isolates were found
susceptible. In case of glycopeptides, only two clinical isolates
(MRSA 2071 and MRSA 1745) showed vancomycin intermediate
resistant S. aureus (VISA) (Supplementary Table S2).

Biofilm Formation Ability of MRSA

Isolates
The biofilm formation ability of five MRSA clinical isolates was
studied under static conditions. It was observed that MRSA
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isolates, grown in TSB medium, could not adhere to polystyrene
surface. However, the addition of 1% glucose into TSB medium
significantly induced the formation of biofilm and cells were
found to be adhered on the polystyrene surface as demonstrated
by crystal violet staining (Figure 1A). Reference strain MTCC
96 did not form biofilm under either condition. Among all
clinical isolates, MRSA 4423 was found to develop a strong
biofilm followed by moderate levels of biofilm by MRSA 4627
and MRSA 10760. While the other remaining two MRSA clinical
isolates MRSA 2071 and MRSA 1745 were found to form weak
biofilm in the presence of 1% glucose (Figure 1A). Therefore,
the strong biofilm forming isolate MRSA 4423 was considered
for further study.

Enzymatic Detachment of MRSA Biofilm
The components of the biofilm matrix are usually nucleic
acids (eDNA), exopolysaccharide and proteins. It was observed
that trypsin and proteinase K treatments were able to
remove the attached cells of MRSA 4423 completely from
the polystyrene plate (Figure 1B). The selective detachment
of biofilm within an hour by low concentration of proteases
(trypsin and proteinase K), indicates the involvement of
proteins in biofilm extracellular matrix (ECM) attached to
polystyrene surfaces.

Effect of Glabridin on Growth and Biofilm

Formation

A strong anti-staphylococcal activity of glabridin was observed
with minimal inhibitory concentration (MIC) 12.5 jvg/ml against
both the drug sensitive strain (MTCC 96) and the MRSA
clinical isolate (MRSA 4423) (Supplementary Table S2). To
assess the antibiofilm efficacy of glabridin against MRSA 4423
forming strong biofilm, sublethal concentrations of glabridin
ranging from 0.78 pg/ml (1/16 MIC) to 6.25 pg/ml (1/2
MIC) were added at the beginning of the experiments in
a 96-well plate. Reduced biofilm formation was observed
in presence of glabridin at sublethal concentration ranging
from 1/4 MIC to 1/16 MIC, while at 1/2 MIC, glabridin
was observed to completely prevent the biofilm formation
(Figure 1C). To confirm whether reduced biofilm formation
in presence of glabridin is independent of its planktonic
growth inhibition activity, change in growth under biofilm
conditions in the presence and absence of Glabridin was
recorded. Thus, a dose dependent effect of Glabridin on
biofilm reduction was clearly observed (Figure 1C). Similar
observation on biofilm in the presence of glabridin was found
against moderate biofilm forming clinical isolate MRSA 4627
(data not shown).

Growth Curve Study

A growth kinetics study, in both TSB and MHB media,
showed that glabridin completely inhibited the growth of
strong Dbiofilm formation in isolate MRSA 4423 at the
concentration of 12.5 pg/ml (MIC value) (Figures 2A,B).
Glabridin, at 1/2 MIC concentration, partially inhibited the
growth of S. aureus which was recovered at around 12 h

and reached the optical density close to the control cultures.
Similarly, glabridin at 12.5 pg/ml concentration was observed
to completely inhibit the growth of other clinical isolates
of MRSA (forming moderate and weak biofilm) as well as
the drug sensitive strain MTCC 96 (Figures 2A,B). Thus, a
dose dependent reduction in growth of MRSA was observed
upon exposure to the glabridin and at 12.5 pg/ml (MIC
value) concentration.

Scanning Electron Microscopy (SEM)

Analysis of MRSA Biofilm

Further, the impact of glabridin on biofilm of MRSA 4423 was
studied using a scanning electron microscope (SEM) upon the
exposure of cells to two different concentrations of glabridin
(1/8 and 1/4 MIC). Under the 5,000x magnification, in the
control, very few cells were found attached to the surface, but
in the presence of 1% glucose, highly organized cell clusters
and tunnels were formed between these clusters (Figure 3A).
These cell clusters were barely observed when supplemented
with glabridin (1/8 MIC), and less tightly bound cells were
observed. Furthermore, very less cell clusters compared to biofilm
were observed on the surface of cells exposed to 1/4 MIC
of glabridin when observed under the 10,000x and 20,000x
magnifications (Figures 3B,C).

Proteomic Analysis of Biofilm Matrix

(ECM)

The genome of biofilm forming methicillin-resistant S. aureus
N315 published at the KEGG database' revealed the presence
of surface proteins that are known to play a role in
biofilm formation. Since different bacterial strains can express
different sets of genes/proteins under similar conditions,
therefore, the presence of proteins was checked in the ECM
of MRSA 4423 that was formed upon glucose treatment.
MS/MS analysis of proteins in ECM and cells imbedded in
ECM by LC-ESI-QTOF identified several cell surface proteins
involved in adhesions such as mannosyl-glycoprotein endo-
beta-N-acetylglucosamidase or bifunctional autolysin (Atl),
glycerol phosphate lipoteichoic acid synthase of LTA family
(ItaS), CHAP domain-containing hypothetical protein (SsaA),
immunoglobulin-binding protein (Sbi), N-acetylmuramoyl-L-
alanine amidase (similar to autolysin), fibronectin-binding
proteins (FnbA & FnbB), fibrinogen-binding proteins (Efb)
and matrix-binding protein (Ebh). Other proteins including 5'-
nucleotidase, gamma-hemolysin subunit B (HIgB), translation
elongation factors (EF-Tu & EF-G), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), Peptidase Pbp2a (MecA), and f-
lactamase (BlaZ) were also identified in biofilm ECM of MRSA
4423 (Supplementary Table S4). The presence of surface-
associated adhesins in ECM correlates well with the protease
assay which detached the cells from the polystyrene surface.
A lack of cell attachment in the absence of glucose and
presence of glabridin suggested these proteins are possibly
compromised under these conditions compared to the biofilm

'https://www.genome.jp/dbget-bin/www_bget?gn:T00051
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FIGURE 1 | Crystal violet assay for Biofilm formation in MRSA clinical isolates. (A) Crystal violet binding assay showing biofilm formation ability of different MRSA
isolates to the 96-well polystyrene plate surface (top view) in TSB and TSB supplemented with 1% glucose. S. aureus MTCC 96 (first from left) was used as a
control. (B) Biofilm dispersal assay of MRSA 4423 in 96-well polystyrene surface. Proteases (trypsin and proteinase K) were found to detached pre-formed biofilm on
polystyrene surfaces within 1 h of incubation at 37°C (second and third well on the top). Nuclease (DNAse | and RNAse E) were found ineffective to detach cells
under the tested conditions. (C) An effect of glabridin at different concentration (added in the culture medium) against MRSA 4423. Y-axis showing normalized biofilm
absorbance (ODsgsnm/ODgoonm). More than 50% biofilm reduced biofilm was formed at 1/8 MIC (1.56 pg/ml) of glabridin and 1/2 MIC (6.25 p.g/ml) of glabridin
treatment almost abolished the attachment of MRSA 4423 cells to a 96-well polystyrene surface. The darkness of the blue color indicates more biofilm formed on
the surface. Dye was dissolved in 95% ethanol and quantified by measuring absorbance of crystal violet at 595 nm using spectrophotometer, and the graph was
plotted using averaged values (O.D. 595 nm) obtained from three replicates and error bars are showing standard deviations (£SD).
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FIGURE 2 | Growth curve showing effect of different concentration of glabridin on viability of S. aureus. (A) in MHB growth medium of MTCC 96 (top left), MRSA
4423 (MRSA that forms strong biofilm) (top right) MRSA 4627 (MRSA that form moderate biofilm) (lower left) and MRSA 2071 (MRSA that form weak biofim) (lower
right). (B) in TSB growth medium of MTCC 96 (top left), MRSA 4423 (MRSA that forms strong biofilm) (top right) MRSA 4627 (lower left) and MRSA 2071 (lower right)
in presence of different concentrations of glabridin. Line represents average value obtained from three independent. Graph represents average value from three
independent assays and errors bar are showing standard deviation (+=SD).
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FIGURE 3 | Scanning Electron Microscopy (SEM) micrographs of the MRSA 4423 biofiim. Biofilm formation in control (left), biofilm clusters formed in presence of 1%
glucose (second from left), and in presence of glabridin at concentration of 1.56 g/ml (1/8 MIC) & 3.25 pg/ml (1/4 MIC) (last two row from left to right respectively).

(A) Top row showing 5,000x magnification. (B) Middle row (top to bottom) showing biofilm structures at 10,000x. (C) Bottom row showing biofim cells at 20,000 x
magnifications. The arrows indicate loosely bound cells or dissociation of cells observed in presence of glabridin compared to clusters formed in only glucose

forming condition (1% glucose). Therefore, we decided to find
differentially expressed proteins on the cell surface due to the
presence of glucose and glabridin.

Analysis of Differentially Expressed Cell

Surface Proteins in Presence of Glabridin
Differentially expressed proteins on the cell surface of MRSA
4423 in the biofilm condition were identified with and without
the exposure to glabridin. As compared to the control,
the supplement of glucose induces expression levels of cell
surface-associated proteins such as Atl, FnbA, FnbB, SdrD, 5'-
nucleotidase, Sbi, SsaA, N-acetylmuramoyl-L-alanine amidase,
hypothetical protein with LPXTG-domain (similar to 5'-
nucleotidase), and FKLRK-domain that are several-fold higher.
Exposure of cells to glabridin downregulated the abundance
of many glucose-induced proteins such as FnbAB, SdrD,
Sbi, FKLRK-protein, LPXTG-protein, Efb, 5'-nucleotidase and
N-acetylmuramoyl-L-alanine amidase. However, abundance of
other cell surface proteins such as Atl and CHAP-domain
proteins did not change significantly.

Interestingly, on the cell surface of MRSA 4423, several
moonlight proteins (a single protein with multiple functions)
such as EF-Tu, EF-G, GAPDH, molecular chaperone (DnaK)
and pyruvate kinase (PK) were also identified (Table 1).
The abundance of these moonlight proteins was reduced on
the surface of cells supplemented with glucose (Table 1).

However, treatment of glabridin reversed the effect of glucose.
Thus, the abundance of moonlighting proteins was found
correlated oppositely to the surface-associated adhesins on the
cell surface (Figure 4).

Gene Expression Analysis

To validate expression of proteins identified by LC-ESI-QTOF
on the cell surface, QRT-PCR was performed for both categories
of genes encoding surface-associated adhesins and moonlight
proteins under the similar growth conditions used for surface
protein identification. In comparison to the control, the culture
grown under the biofilm inducing condition showed higher
expression levels of genes for surface adhesins fnbA (9.9-fold),
fnbB (10.6-fold), 5'-nucleotide (23-fold), FKLRK-domain (3.7-
fold) and LPXTG-domain (3.1-fold) except gene sbi which
remained unaffected (Figure 5A). However, glabridin (at 1/4
MIC) was found to significantly down regulate the expression of
genes for these surface adhesins fnbA (—1.6-fold), fnbB (—1.6-
fold), 5'-nucleotidasee (—1.3-fold), FKLRK-domain (—2.8-fold)
and LPXTG-domain (—1.7-fold) when compared to the biofilm
inducing condition (Figure 5A).

Interestingly, up regulation in expression of genes for
moonlight proteins such as tufA (3.4-fold), fusA (9.7-fold),
dnaK (3.7-fold), pykA (3.7-fold) and gapA (14.8-fold) was also
observed under the biofilm inducing conditions compared to
the control. In the presence of glabridin, further enhancement
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TABLE 1 | Protein list showing the top 25 hits identified by LC-ESI-QTOF analysis of MRSA 4423 cell surface proteome upon the exposure of glabridin.

S.N. Relative protein abundance* Proteins name Protein MW pl Database %AA MS/MS Fold change
# (spectra, total intensity) (Da) Accession# Coverage Search Score
Control Glu Glu + Glb Glu/Control  Glu + Glb/Glu
1, 0 P Vannosyl-glycoprotein 137390.6  9.62 ALK38880.1 47.6 484.65 up 11
0.00E + 00 5.05E + 07 endo-beta-N-acetylglucosamidase (Atl)
2. 1 - - Translational elongation factor Tu (TufA) 43159.9 474 AIA27105.1 73.6 317.16 -39 +1.7
2. 2 3 0 3 Translational elongation factor 8757.6 496 KMR26954.1 38.2 21.88 nd up
1.17E+07 0.00E + 00 1.66E + 06 Tu, partial
3. 1 1 7 Fibronectin-binding protein FNbA 111806.4 4.64 KMS18095.1 42.6 264.99 +62 —-8.9
9.59E + 04 - 1.14E + 06
3. 2 1 3 1 Fibronectin-binding protein FnbB 104799.4 4.66 QBS27992.1 2.9 20.05 +3 -3
9.59E + 04 1.99E + 06 1A7E+05
4. 9 23 Translational elongation factor G (FusA) 76926.4 4.8  0OWU45296.1 53.1 240.98 —-4.6 +2.6
6.21E + 06 1.99E + 07
5. 5 21 Pyruvate kinase (PykA) 63329.4 5.24  AIA28225.1 50.4 240.03 -8.6 +4.2
3.06E + 06 1.50E + 07
6. 7 Penicillin-hydrolyzing class 31405.8 9.568 OWU47924.1 49.8 237.92 +4 +2.4
1.55E + 06 - - A beta-lactamase BlaZz
7. 8 37 38 PBP2a family beta-lactam-resistant 76232.3 8.7  OWU35180.1 36.6 223.76 +4.625 +1.0
1.34E + 06 2.44E + 07 3.13E+ 07 transpeptidase MecA
8. 6 34 36 Peptidase 76100.2 8.7  KMS44729.1 36.6 216.54 +5.67 +1.0
1.02E + 06 2.28E + 07 2.90E + 07
9. 0 2 Formate acetyltransferase 85316.8 5.31 AlA26805.1 45.2 214.94 nd up
- 0.00E + 00 1.30E + 06
10. 19 16 Enolase 471731 455  AIA27354.1 56.4 194.35 -1.18 +2.5
2.39E + 07 1.29E + 07
11. 15 12 glyceraldehyde-3-phosphate 36394.3 4.89  AlIA27350.1 69.9 187.99 —-1.25 +3.2
3.13E + 07 7.58E + 06 dehydrogenase
12. 0 15 Glycerol phosphate lipoteichoic acid 74398.7 9.04  AlA27296.1 34.9 173.88 up -1.5
(Continued)
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TABLE 1 | Continued

S.N. Relative protein abundance* Proteins name Protein MW pl Database %AA MS/MS Fold change
# (spectra, total intensity) (Da) Accession# Coverage Search Score
Control Glu Glu + Glb Glu/Control  Glu + Glb/Glu
0.00E + 00 1.92E + 07 7.28E + 06 synthase
13. 0 10 Molecular chaperone DnaK 66472.3 4.67 KMS23456.1 32.4 160.86 nd up
0.00E + 00 5.08E + 06
14. 1 7 Cysteine synthase 33032.1 5.39  AIA27070.1 741 147.61 -25 +7
1.52E + 05 2.87E + 06
15. 0 0 Threonyl-tRNA synthase 74573 523  AlA28209.1 29.7 147.4 nd 0
0.00E + 00 0.00E + 00
16. 1 16 7 Hydrolase, SdrD 149704.2 412 KMR76067.1 13.8 145.67 +16 —2.29
5.88E + 05 3.64E + 06 2.01E + 06
17. 21 0 2 Glucosamine-fructose-6-phosphate 65962.4 4,93  AlA28646.1 37.1 142.08 nd up
1.40E + 07 0.00E + 00 1.09E + 05 aminotransferase
18. 12 0 10 Malate: quinone oxidoreductase 56183.1 6.12 KMS00114.1 40.5 140.79 nd up
3.69E + 06 0.00E + 00 2.69E + 06
19. 17 4 10 Phosphoglycerate kinase 42670.1 517  KMR99061.1 39.1 134.96 —4.25 +2.5

2.21E+07 6.00E + 05 6.23E + 06

20. 4 CHAP domain protein 30433.8 9.1 KMS46097.1 52.0 130.25 +10.5 +1.2
1.04E + 06
1 0

21. 24 ATP FOF1 synthase subunit beta 51399.4 4.68  AlIA28597.1 42.7 118.15 —24 nd
2.86E + 07 3.10E + 04 0.00E + 00

22. 12 2 7 2-Oxoisovalerate dehydrogenase 35245.4 4.65  AlIA27584.1 52.9 116.91 —6.0 +3.5
5.45E + 06 1.41E + 06 1.83E + 06

23. 20 0 1 6'-Aminoglycoside N-acetyltransferase 57253.5 4.75  ADA62071.1 29.2 115.04 nd up

3.09E + 07 0.00E + 00 7.47E + 04 (AAC(E)

24, 0 5’-Nucleotidase 33351.3 9.49  AIA26892.1 30.7 113.69 up -1.3
0.00E + 00
23 0

25. 0 Immunoglobulin-binding protein Sbi 50117.5 9.4 KMR92723.1 23.1 111.45 up nd
0.00E + 00 5.53E + 07 0.00E + 00

*Glu = Glucose, Glb = Glabridin. Glu/Control = shows fold change due to presence of glucose compared to control, and Glu + GIb/Glu = shows fold change due glabridin treatment compared to glucose treatment
(biofilm inducing condition). Color intensity shows relative abundance of protein under control and treatments conditions as observed in analysis by Spectrum mill software (Agilent, United States). The darkness of the
color (from light yellow to dark red) represents a higher abundance of proteins in the samples. Full list of protein can be accessed in Supplementary Table S5. up = denotes uniquely present proteins, nd = denotes
not detected/absence of protein. A probability score of P < 0.05 was used as the criterion for identification. Total protein was pooled from three replicates in each case, quantified, and an equal amount of protein was
processed from each set for identification.
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FIGURE 4 | Relative abundance of major proteins identified on cell surface.
Graph showing relative ratio of selected biofilm adhesins (FNbAB, Sbi, SdrD,
Atl and FKLRK) to moonlight proteins (EF-T, EF-G, DnaK, GAPDH and PK)
identified on cell surface of MRSA 4423 under different conditions (Table 1).
Percentage distribution was calculated using a fraction of an individual
protein’s spectral counts (Ni) divided by total spectral counts (Na) observed in
all conditions using formula [(Ni/Na) x 100].

in expression of tufA (2.5-fold), fusA (~1.5-fold) and dnaK
(1.7-fold) was detected (Figure 5B). It was also observed that
genes master regulators of biofilm such as arlR, sarA, and
agrA were upregulated more than 2 fold under the biofilm
inducing conditions compared to the control and glabridin

downregulated expression of arlR (—1.7-fold) and sarA to some
extent (—1.2-fold), while expression of agrA was marginally
upregulated (1.3-fold) compared to the biofilm inducing
conditions. Expression of saeR was decreased (—1.4-fold) under
the biofilm inducing condition compared to the control and
glabridin was able to restore its expression to the level of
control. Housekeeping sigma factor, rpoD, expression was found
to increase about 5-fold under the biofilm inducing condition
than control and its expression didn’t change significantly in the
presence of glabridin (Figure 5C).

DISCUSSION

Microorganisms including several pathogenic bacteria produce
biofilms as a survival strategy under harsh environments and
biofilm embedded bacteria are often a challenge to treat using
drugs. Various reports correlate drug resistance with the biofilm
formation ability of S. aureus and other microorganisms (Awoke
et al.,, 2019; Reffuveille et al., 2017; Sharma et al., 2019). To
date, several environmental factors such as glucose, salt (NaCl),
ethanol, high temperature, antibiotics stress, and low oxygen
have been described to support biofilm formation in S. aureus
(Jefferson, 2004; Fitzpatrick et al., 2005). Recent studies have
focused on the development of antimicrobial drugs to inhibit the
formation of biofilm and/or other virulence factors which appear
promising with regards to controlling bacterial infections without
spreading resistance (Lee et al., 2013, 2014, 2016; Phuong et al.,
2017; Kong et al., 2018; Selvaraj et al., 2019).

In crystal violet binding assay, clinical isolate MRSA 4423
was found forming robust biofilms when supplemented with
1% glucose in TSB culture media, which is in accordance
with earlier reports (Croes et al., 2009; Lim et al., 2004).
Biofilm formation in TSB culture media, supplemented with 1%
glucose has been shown to promote the formation of biofilms
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FIGURE 5 | Relative expression analysis of selected genes by gRT-PCR. (A) Genes encoding surface-associated adhesins. (B) Genes encoding moonlight proteins
identified on cell surface of MRSA 4423. (C) Master regulator that controls genes involved in adhesion and housekeeping sigma factor, rpoD, of S. aureus. The RQ
values in Y-axis are showing fold-changes in genes expression (MRNA) relative to the untreated control. All values shown here are averages (+standard deviation)
from three independent samples.
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in S. aureus with greater reproducibility (Lade et al,, 2019).
Beside bactericidal activity, Glabridin was found to prevent
the development of glucose-induced biofilm in MRSA 4423 in
a concentration dependent manner. The growth curve study
suggests that glabridin is capable of inhibiting planktonic growth
of MRSA isolates independent of its ability to inhibit biofilm
formation, most likely due to its adverse impact on biofilm
formation and lack of resistance mechanism toward glabridin
in clinical isolates of MRSA. Furthermore, SEM analysis showed
that glabridin can effectively inhibit the formation of cell-clusters
leading to a biofilm condition.

Exogenously added proteases such as proteinase K and trypsin
have often been used as effective biofilm dispersal agents,
likely by surface structure degradation (Boles and Horswill,
2008; Chaignon et al., 2007). Proteinase-K cleaves the peptide
bonds of aliphatic, aromatic, or hydrophobic amino acids, while
trypsin specifically cleaves peptide bonds of lysine and arginine
(Chaignon et al, 2007). Identification of highly abundant
proteins in the biofilm ECM indicates why the proteases, not
nucleases, were capable of detaching the biofilm of MRSA 4423
from the surface presumably because either the DNA contributed
insignificantly or was mounted by proteins. Comparative analysis
revealed various highly abundant surface-associated adhesins

whose expression was enhanced in the presence of glucose
as compared to the non-biofilm condition (culture grown
without glucose). Upon the exposure of cells to glabridin, down-
regulation in the expression of surface proteins like FnbA, FnbB,
SdrD, 5'-nucleotidase, Sbi, a hypothetical protein with LPXTG-
domain, FKLRK-domain protein, Hld and Efb homolog was
observed. Expression of some other cell surface proteins such as
Atl, peptidase and CHAP-domain did not change significantly,
suggesting that under the tested conditions these are probably
not regulated by the response elevated by glabridin in MRSA
4423 (Table 1). Interestingly, most of the proteins abundant in
biofilm ECM were basic in nature and on averaged isoelectric
point (PI) of most abundant proteins presents in top of the list
showed PI > 7 (Supplementary Table S4). However, most of the
proteins abundant on the cell surface were acidic in nature with
an average PI < 7 (Supplementary Table S5). Since the bacterial
cell surface is negative in nature, therefore it possibly favors acidic
proteins to attach to. Importantly, down regulation of adhesion
proteins in the presence of glabridin correlated well with biofilm
formation preventing activity as observed in crystal violet binding
assay (Figure 1C). The role of several surface-associated adhesins
identified on the cell surface of S. aureus have been characterized
in detail (Foster et al., 2014; Kwiecinski et al., 2014). The function
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of some of the most abundant surface-associated proteins
identified in this study are described in Supplementary Table S3.

Expression analysis of genes encoding surface proteins
by qRT-PCR showed upregulation of adhesins which is in
accordance with other studies where surface-associated genes
are upregulated in biofilm of S. aureus (Speziale et al., 2014;
Hiltunen et al., 2019). Glabridin was found to significantly
downregulate the expression of surface-associated biofilm
adhesins such as fnbA, fnbB, sbi etc. in QRT-PCR analysis which
might be an appropriate reason for low abundance of these
adhesins on the cell surface in response to glabridin in MRSA
4423. Transcriptional regulatory network of surface-associated
adhesins is very complex where multiple gene regulators such as
agrA, sarA, saeR/S, and arlRS inter-play to control expression of
these proteins and fine-tune the formation of biofilm (Paharik
and Horswill, 2016; Burgui et al., 2018; Toledo-Arana et al., 2005).
Therefore, expression of transcriptional regulators was further
confirmed at transcript level.

Indeed, qRT-PCR analysis showed change in expression level
of key regulators that are involved in biofilm formation. The
expression of arlR was found upregulated in the presence
of glucose (biofilm inducing conditions) as compared to the
control, while in the presence of glabridin, significant down
regulation was observed suggesting that arIR plays positive role in
biofilm formation of MRSA 4423. Activation of quorum sensing
regulator, agrA, is known to trigger production of exo-proteases
responsible for detachment of established biofilms in S. aureus
(Boles and Horswill, 2008; Yarwood et al., 2004; Vuong et al,,
2000). Thus, upregulation of agrA in presence of glabridin under
biofilm conditions might be able to induce a response which is
inhibiting biofilm formation in MRSA 4423.

Transcription regulator sarA is known to positively regulate
biofilm proteins (FnBPs, PIA, BapA) and inhibits agrA activity
in S. aureus (Wolz et al., 2000; Paharik and Horswill, 2016).
Transcriptional regulator sarA expression in presence of glucose
(biofilm inducing condition) was found to be upregulated,
while it was down regulated in presence of glabridin, which is
positively correlated to lower level of surface protein adhesins
(FnbAB) upon the exposure to glabridin in MRSA 4423. The
saeR controls both of the factors that are known to promote the
biofilm formation and dispersal, and therefore affects the biofilm
formation either positively or negatively depending on growth
conditions and strain backgrounds of S. aureus (Harraghy et al.,
2005; Liu et al., 2016). There was no significant change observed
in the expression level of saeR under the tested conditions. High
expression of rpoD was found under the biofilm conditions in
MRSA 4423 suggesting its requirement for the expression of
housekeeping genes and metabolic factors to survive and persist
in biofilm which is in accordance with other studies where rpoD
expression was shown to increase during biofilm formation in
Helicobacter pylori, and Xylella fastidiosa (De la Cruz et al., 2017;
de Souza et al., 2004).

The study of cell surface proteins of MRSA 4423 led to
identification of several other highly abundant proteins such as
EF-Tu, EF-G, DnaK, PK and GAPDH etc. which are commonly
known as moonlighting proteins. On the cell surface of MRSA
4423, the abundance of many moonlight proteins was found

inversely proportional to the biofilm related proteins in the
presence of two different treatments, glucose and glabridin.
Analysis of their gene expression in presence of glucose showed
higher expression level. Similarly, other biofilm studies in
bacteria have also showed higher expression of several cellular
proteins that play moonlighting functions including EF-Tu, EF-
G, and DnaK (Resch et al., 2005; Zimaro et al., 2013). Higher
transcript level (mRNA) in the presence of glucose indicating
cells are metabolically more active in biofilm conditions than in
the control (planktonic culture). Interestingly, glabridin further
increased expression of genes encoding EF-Tu, EF-G and DnaK
proteins, probably because glabridin triggers ROS generation,
leading to a damage response that enhances expression of these
protein with chaperones properties (Singh et al., 2015; Caldas
et al, 1998; Caldas et al, 2000; Singh et al, 2007). Thus,
reduced expression of biofilm-adhesins in presence of glabridin
possibly favors the attachment of moonlight proteins to the cell
surface leading to alteration in the surfaceome architecture that
ultimately influences adherence of MRSA 4423 (Figure 6).
Moonlighting proteins are reported to play important role,
as a second function, in interaction with other proteins
(Supplementary Table S4). To date, around four hundred
moonlight proteins are listed in MoonProt database’ which
are hypothesized to contribute in bacterial virulence, adhesion
and modulation of cell signaling processes (Wang et al., 2014).
The moonlighting protein EF-Tu is recognized as pathogen-
associated molecular pattern (PAMP) by the pattern recognition
receptors (PRRs) present on the surface of host cells (Harvey
et al., 2019; Furukawa et al., 2014). Thus, in biofilm conditions,
downregulation of moonlighting proteins and upregulation of
surface-associated adhesins could be a survival strategy of
S. aureus to colonize within a host without eliciting an immune
response (Zipfel, 2008). The mechanism identified in this study
by which glabridin prevents biofilm formation could lead to
the development of novel agents against S. aureus and other
pathogenic bacteria. Reported literature suggests that glabridin is
non-cytotoxic and a suitable candidate for drug development as
it has been found safe when administered orally (Aoki et al., 2007;
Cheema et al,, 2014). Further studies may help to understand
the association between moonlight and biofilm-related proteins,
their role in virulence and to tackle drug resistance in bacteria.

CONCLUSION

In the present study, it has been experimentally demonstrated
that glabridin, a polyphenolic flavonoid, as a possible agent
preventing biofilm formation in methicillin-resistant clinical
isolate of S. aureus. Proteomics and real-time qPCR expression
analysis upon the exposure to glabridin resulted in alteration
of surface proteins that are known to be involved in biofilm
formation of S. aureus. Besides adhesins, proteins known
as moonlighting proteins whose expression is inversely
proportional to biofilm-associated adhesins were found to

Zhttp://www.moonlightingproteins.org/
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be affected in the presence of glabridin. To the best of our
knowledge, this is the first experimental evidence demonstrating
involvement of glabridin in controlling expression of cell
surface proteins and preventing adherence of S. aureus.
Therefore, glabridin is likely a good candidate to be developed
as phytopharmaceutical agent against S. aureus preventing
biofilm formation.
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