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Editorial on the Research Topic
Mechanisms of biofilm development and antibiofilm strategies

Biofilms refer to the surface-attached groups of microbial cells embedded in an
extracellular matrix. Biofilms’ development is a complex dynamic process, including
five stages: initial attachment, EPS production leading to “irreversible” attachment, early
development of biofilm architecture, maturation of biofilm architecture and dispersion of
single cells (Tim, 2015). It is estimated that biofilms are related to 65-80% of infectious
diseases. Understanding the biological mechanisms associated with the biofilm development
process is of great significance for the development of novel antibiofilm agents. It has been
known that microbes in biofilms are less susceptible to antimicrobial agents than their
planktonic counterparts, and as a result, biofilm-related diseases are extremely difficult
to prevent and cure (Wang et al., 2022). Most antibiofilm agents available till date
have been antimicrobial agents with bactericidal effects, which are ineffective for treating
biofilm-related infections and can lead to microbial resistance when used for a long time
(Sun et al., 2013). Hence, it is critically important to design or screen novel antibiofilm
agents that can effectively prevent biofilm formation or eradicate existing biofilm. We
are honored to serve as Guest Editors, aiming to gather contributions to the Frontiers
Research Topic on “Mechanisms of Biofilm Development and Antibiofilm Strategies”.
We have compiled 15 papers which present state-of-the-art knowledge on the Research
Topic, covering various bacterial species, namely Pseudomonas aeruginosa, Acinetobacter
baumannii, Corynebacterium matruchotii, Staphylococcus aureus, Streptococcus mutans, and
Candida albicans. The studies published in this Research Topic can be categorized into two
groups: (1) the mechanisms underlying biofilms’ development stages and (2) novel strategies
to prevent biofilm formation or eradicate existing biofilm.

Extracellular DNA (eDNA) is a critical component in the extracellular matrix (ECM)
of bacterial biofilms (Devaraj et al., 2019). Wang Y. et al. used the Myxococcus xanthus
biofilm model to investigate the mechanisms underlying how eDNA integrated into the ECM
through potential macromolecular interactions. Their results showed that eDNA was able
to combine with M. xanthus EPS to form a macromolecular conjugate. During the biofilm
formation process, the eDNA-EPS complex not only facilitated the initial cell adhesion
and subsequent establishment of ECM architecture, but also renderd cells within biofilms
stress resistances that are relevant to the survival of M. xanthus in hostile environments.
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Furthermore, the EPS protected the conjugated DNA from
degradation by nucleic acid hydrolases, which led to the continuous
and stable existence of eDNA in the native ECM of M.
xanthus biofilms.

Biofilm formation has been found to be closely related
to the drug resistance of Acinetobacter baumannii. Yang
et al. focus on a new gene labeled with a locus tag of
BIT33_RS14560 in the NCBI database. This new gene belongs
to the Major Facilitator superfamily, some of which have been
confirmed to be closely related to biofilm formation and drug
resistance. They demonstrated that when BIT33_RS14560 was
overexpressed in A. baumannii, the biofilm formation capacity
and virulence were both enhanced, and they also presented
RNA sequencing evidence to elucidate possible mechanisms for
these changes.

Quorum sensing (QS), as the main signaling mechanism
bacteria use for cell-to-cell communication, plays a key role in
biofilm formation (Zhou et al., 2020). Wang N. et al. demonstrated
that the QS regulatory protein PdeR promoted biofilm formation
in P. denitrificans. They also revealed the underlying regulatory
mechanism of PdeR during biofilm development: PdeR mainly
promoted the intracellular degradation of amino acids and fatty
acids, as well as siderophore biosynthesis and transportation,
thus providing cells with enough energy and iron to form a
thicker biofilm. This finding contributes to our understanding
of QS regulation in biofilm development. A new antibacterial
strategy based on inhibiting bacterial quorum sensing has emerged
as a promising method of attenuating bacterial pathogenicity
and preventing bacterial resistance to antibiotics. Bai et al
examined Echinatin (Ech) with high-efficiency anti-QS and verified
the significantly synergistically increased antibacterial activity in
overcoming the antibiotic resistance of E. coli, suggesting the potent
anti-QS and novel antibacterial synergist candidate of Ech for
treating E. coli infections.

Corynebacterium matruchotii is a gram-positive calcifying
bacterium which presents in dental plaque on the tooth surface
and serves as one of the most predominant bacterial species at the
site. Li et al. reviewed the role of C. matruchotii in supragingival
plaque based on biofilm structure, microbial interactions, and
potential connections with oral diseases. The coexistence of S.
mutans and C. albicans is closely related to the progression of
early childhood caries, and exopolysaccharides play important
roles in the cross-kingdom interaction between S. mutans and
C. albicans. Lu et al. constructed the C. albicans DCRI low-
expressing and over-expressing strains and co-cultured them with
S. mutans wild type or rnc-mutant strains to explore the roles
of rnc and DCRI in the modulation of dual-species biofilms of
S. mutans and C. albicans. Their result indicating that the DCRI
gene in C. albicans regulated the fungal yeast-to-hyphae transition,
spatial structure, acid production and EPS/microorganism volume
ratio of biofilms. While rnc gene in S. mutans prominently
contributed to biofilm formation by increasing biofilm extracellular
polysaccharide synthesis and C. albicans virulence, resulting
in increased biomass, biofilm roughness, and acid production
of the dual-species biofilms, which facilitated the assembly of
a cariogenic cross-kingdom biofilm and the generation of an
intensive acidic milieu.
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Bacteria in the biofilm state are more tolerant to various
antibiotics and, thus, are more difficult to control than bacteria
in the planktonic state, and this sharply limits the application
of existing antimicrobial therapies. Dispersion of biofilms is a
promising avenue for the treatment of biofilm-associated diseases.
To some extent, dispersion and eradication of mature biofilms
are very important for biofilm control. Inducing dispersion would
be a gentle and specific approach that would not influence the
development of dysbiosis or the balance of the oral microbiome
(Lin et al., 2022). Furthermore, the bacteria become much
more sensitive to antimicrobial agents as they separate from the
biofilm. Chen Y. et al. summarized strategies for the dispersion
of cariogenic biofilms, including biofilm environment, signaling
pathways, biological therapies, and nanovehicle-based adjuvant
strategies. These strategies may provide great opportunities for the
clinical treatment of dental diseases in the future.

Pseudomonas aeruginosa is one of the top three major
pathogens implicated in human opportunistic infections and a
common cause of clinically persistent infections. P. aeruginosa
biofilm formation results in multiple antibiotic resistance, posing
a significant challenge to conventional antibiotic therapeutic
approaches. Yin et al. briefly introduced the process and regulation
of P. aeruginosa biofilm formation and reviewed several traditional
methods for biofilm treatment as well as current innovative
treatment technologies with significant curative effects, providing
new directions for the treatment of P. aeruginosa biofilm infection.
Wang M. et al. investigated the antibiofilm property and antibiofilm
pathway of a new antimicrobial peptide, named PEW300, against
P. aeruginosa. Their results showed that PEW300 exhibited strong
antibiofilm activity against P. aeruginosa. PEW300 dispersed
biofilm preferentially by degrading extracellular DNA and adopted
multiple action modes to cause cell death. In addition, PEW300
could dramatically reduce the virulence of P. aeruginosa by down-
regulating the expression of virulence genes. Their results suggested
that PEW300 has good potential to be an efficient antibacterial
agent to combat P. aeruginosa biofilm.

Bacterial biofilm is an important mechanism mediating the
antibiotic resistance of methicillin-resistant S. aureus (MRSA) as
well. Using small molecules to enhance the efficacy of existing
antibiotics is an economical and practical strategy to cope
with biofilm-induced resistance. Chen R. et al. investigated the
synergies of two small molecules, isobavachalcone and curcumin,
both with anti-osteoporosis, anti-inflammation, and anti-bacteria
characteristics, and demonstrated that the combination of these
two molecules could enhance the susceptibility of MRSA to
gentamicin, thus promoting the eradication of MRSA biofilm.
When administered as a cocktail in vivo, they could significantly
modify local inflammation in orthopedic implant-related infection
and protect bone microstructure. Biofilms are recalcitrant to
antibiotic treatment due to multiple tolerance mechanisms
(phenotypic resistance) (Ciofu et al., 2017). Therefore, effective
biofilm-targeting compounds are currently highly sought after.
Long et al. found Elasnin as a potent and safe biofilm eradicator
against MRSA which destroyed their biofilm matrix, reduced
virulence, and increased their sensitivity to f-lactam antibiotics.
Elasnin’s mode of action was also elucidated, which highlighted
the key genes that govern this process and the crucial role of
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sarZ during elasnin-induced biofilm eradication, pointing out
the potential role of sarZ in regulating staphylococcal biofilm
development. This study provides new strategies against the
eradication of MRSA biofilms and new insights into the molecular
targets for biofilm eradication in MRSA.

Now, more and more documents have focused on antimicrobial
peptides (AMPs) as a substitute candidate for conventional
antimicrobial agents against Multidrug-resistant (MDR) and
biofilm-associated infections. Mirzaei et al. evaluated melittin’s
antibacterial and antibiofilm activity alone and/or in combination
with gentamicin, ciprofloxacin, rifampin, and vancomycin on
biofilm-forming MDR-P. aeruginosa and MDR-MRSA strains.
Their results showed that melittin alone was effective against
the strong biofilm of MDR pathogens and also offered sound
synergistic effects with antibiotics without cytotoxicity, suggesting
combining melittin and antibiotics can be a potential candidate
for further evaluation of in vivo infections by MDR pathogens.
Villanueva et al. attempted optimizing the antibiofilm potency
of different commercially available tannins against bacteria by
modifying their chemical structure with different derivatizations.
Their results showed distinct correlations between certain chemical
qualities of the tannins and their antibiofilm activity and spectrum.
The authors suggested that the spectrum and the antibiofilm
potency of the tannins could be modulated by the applied
chemical modifications.

Natural products are promising medicines against the over-
growth of oral pathogens in biofilms due to their excellent
antibiofilm effects, abundant sources, relatively low cost, and safety.
Chi et al. summarized the antibiofilm effects and mechanisms
of natural products against mono- or multi-species biofilms,
targeting the different stages of biofilm development, including
adhesion, cell proliferation, maturation, and dispersion, as well
as the combinational advantages with other strategies to enhance
the antibiofilm properties of natural products, providing a new
direction for antibiofilm agents. EPS plays a role in altering
microbial behavior and virulence and can also enhance bacterial
drug resistance (Gupta et al., 2016; Liu et al., 2016); targeting EPS
may be an effective breakthrough point for removing or controlling
biofilms. established a periodontitis-related microbial multi-
species biofilm containing the EPS encapsulating bacterial group
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structure, dispersed the biofilm and bacteria, and significantly
reduced the amount of EPS and biomass.

Altogether, this Research Topic outlines the mechanisms
underlying biofilms’ development stages and the novel strategies
to prevent biofilm formation or eradicate existing biofilm. The
information availed in the articles will advance our understanding
of the mechanisms of biofilm development and antibiofilm
strategies. The data presented in these articles will contribute to
providing new directions for antibiofilm agents.
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in the ECM. DNA is able to combine with M. xanthus EPS to form a macromolecular
conjugate, which is dominated by the electrostatic forces participating in the polymer-
polymer interactions. Without intercalation binding, DNA-EPS interactions exhibit a certain
degree of reversibility. Acting as a strong extracellular framework during biofilm formation
process, the eDNA-EPS complex not only facilitates the initial cell adhesion and subsequent
establishment of ECM architecture, but also renders cells within biofilms stress resistances
that are relevant to the survival of M. xanthus in some hostile environments. Furthermore,
the EPS protects the conjugated DNA from the degradation by nucleic acid hydrolases,
which leads to the continuous and stable existence of eDNA in the native ECM of
M. xanthus biofilms. These results will shed light on developing prevention and treatment
strategies against biofim-related risks.

Keywords: extracellular DNA, exopolysaccharides, extracellular matrix, biofilm, macromolecular interactions,
Myxococcus xanthus, antimicrobial resistance

INTRODUCTION

In both natural and artificial ecosystems, bacterial cells can aggregate and embed in a self-
produced macromolecular extracellular matrix (ECM) to form highly organized and structured
biofilms, which adhere to the biotic and abiotic surfaces or suspend in the fluid as flocs
(Flemming et al,, 2016; van Wolferen et al, 2018). The lifestyle of bacterial biofilms differs
remarkably from their free-living style represented by the planktonic growth cells, in terms
of the population characteristics of internal cells, physical and chemical properties of ECM,
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and the intercellular interactions (Penesyan et al., 2021). As
a self-protective survival strategy developed by prokaryotes in
responding to environmental stresses (i.e., predator attack,
chemical treatment, nutrient limitation, oxidative stress, hypoxia
and drought, etc; de la Fuente-Nunez et al., 2013; Gambino
and Cappitelli, 2016; Gupta et al., 2016), biofilm is not only
essential for the survival of bacteria under hostile conditions
but also has a wide range of impacts on human life. Medical
device-associated infections (Arciola et al., 2018), bacterial
contaminations during food processing and storage (Galie et al.,
2018), and biofouling in industrial production (Davidson et al.,
2016) mainly originate from the failure of bacterial biofilm
eradication. Although our increasing understanding of biofilms
is rapidly changing the strategies, the control of biofilm formation
and the treatment of existing biofilm are still tenuous with
few options (Koo et al., 2017), and the ECM is always considered
one of the most promising targets to tackle the challenges
(Karygianni et al., 2020).

As a physical framework to maintain the biofilm architecture,
ECM is normally a mixture of exopolysaccharides (EPS), proteins,
nucleic acids, and other components, which provides diverse
benefits to the cells within the biofilm, e.g., acting as a molecular
glue to facilitate cell adhesion, conferring protections from
different stresses, maintaining biofilm structural integrity, and
allowing the establishment of nutrient and waste product
gradients (Limoli et al., 2015; Karygianni et al., 2020). Moreover,
there is some evidence to indicate that ECM also participates
in cell-cell communications, cell migration, and genetic exchange
either being freely shared with other species or being exclusive
to the siblings (Dragos and Kovacs, 2017). In many bacterial
biofilms, EPS and proteins are demonstrated as the key
components for ECM to fulfill the functions, while extracellular
DNA (eDNA) has attracted more attention owing to its biological
importance (Montanaro et al.,, 2011; Panlilio and Rice, 2021).
After the exposure to DNase I, the dissipation of Pseudomonas
aeruginosa young biofilms suggests that eDNA acts as a structural
building block in the early events of its biofilm formation
(Whitchurch et al, 2002). Ever since then, the eDNA has
been elucidated to be crucial in maintaining the structural
integrity of ECM and in promoting bacterial biofilm development
(Okshevsky et al., 2015; Panlilio and Rice, 2021). While intensive
research has focused on defining the functions of eDNA (Das
et al., 2013), the mechanisms underlying that eDNA integrates
into the ECM network through potential macromolecular
interactions remain elusive, which is critical not only to deeply
understand the bacterial biofilm establishments but also to
prevent and eliminate biofilm-related risks.

Myxococcus xanthus is one of the fascinating Gram-negative
bacterial groups that have made the successful transition from
unicellular to multicellular life (Cao et al., 2015). It has emerged
as a versatile model organism in biofilm research due to its
complicated lifestyles, including a nondevelopmental biofilm
and a highly organized developmental biofilm (a.k.a. fruiting
body; Jelsbak and Sogaard-Andersen, 2000; Bretl and Kirby,
2016). Within the ECM of M. xanthus biofilms, EPS are found
to form a dense reticular network surrounding cells, connect
neighboring cells to each other as well as to the surface, and

constitute the basic skeleton structure of the ECM (Merroun
et al, 2003; Hu et al, 2013). It has been suggested that the
isolated M. xanthus EPS are composed of at least nine different
monosaccharides, including galactose, glucosamine, glucose,
rhamnose, xylose, arabinose, mannose, N-acetylglucosamine,
and N-acetylmannosamine (Behmlander and Dworkin, 1994;
Gibiansky et al., 2013), while the exact structure of its EPS
is still unknown (Whitfield et al, 2015). According to our
previous studies, both nondevelopmental and developmental
biofilms formed by M. xanthus have been found to contain
an extensive amount of eDNA (Wang et al., 2011; Hu et al,
2012a). Most intriguingly, the eDNA is shown to be closely
intertwined with the EPS network and followed the same
structural pattern with the EPS, which led to the obviously
colocalized distributions of eDNA and EPS in M. xanthus
biofilm ECM (Hu et al.,, 2012a). These findings strongly indicate
the existence of macromolecular interactions between eDNA
and M. xanthus EPS, which may drive the formation of integrated
and organized ECM structures. In this study, we sought to
investigate the physicochemical mechanisms and biological
functions of eDNA-EPS interactions in M. xanthus biofilms.

MATERIALS AND METHODS

Bacterial Strains and Cultural Conditions

Myxococcus xanthus DK1622 (wild type; Kaiser, 1979), DK10547
(Welch and Kaiser, 2001), and SW504 (AdifA; Yang et al,
1998) cells were routinely cultured on CTT agar (Hodgkin
and Kaiser, 1977) at 30°C. The nondevelopmental and
developmental biofilms were prepared as previously described
(Hu et al., 2012a). Briefly, the exponential cells were collected,
washed three times with MOPS buffer (10mM Mops, 4mM
MgSO,, pH 7.6), and resuspended in MOPS buffer to a final
concentration of 5x10% cells/ml. After the incubation in eight-
well chambered coverslips (Lab-Tek II Chamber Slide System,
Nalge Nunc, United States) for 24h, the nondevelopmental
biofilm was observed on the bottom of the well. To grow the
developmental biofilm, M. xanthus cells were diluted to 2.5x 10’
cells/ml in CTT medium and incubated at 30°C for 24h.
Subsequently, the medium was removed and the well was
replenished with the same volume of MMC buffer (10mM
MOPS, 4mM MgSO,, 2mM CaCl,, pH 7.6). After the incubation
at 30°C for 24h, the initial developmental biofilm was obtained,
and the mature developmental biofilm was observed after 48h
of incubation. If needed, a total of 200 pg/ml DNase I (Sangon
Biotech, China) was added to the inoculum of M. xanthus
and the medium to remove any eDNA during the growth

of biofilms.

Confocal Laser Scanning Microscopy

The presence of EPS, eDNA/dead cells, viable cells, and cellular
membrane was labeled by Alexa 350-conjugated Wheat Germ
Agglutinin (WGA, excitation/emission 346 nm/442nm), SYTOX
orange (excitation/emission 547 nm/570nm), STYO 9 (excitation/
emission 480nm/500nm), and FM 4-64 (excitation/emission
515nm/640nm), respectively. All the fluorescent dyes were
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purchased from Thermo Fisher Scientific (United States). The
images of M. xanthus biofilms were acquired on an LSM 700
confocal laser scanning microscopy (CLSM; Zeiss, Germany)
using a 60x oil immersion objective or a 40x objective lens.
The CLSM images were captured by ZEN software (Zeiss,
Germany) and exported using the Image] software (Rasband,
1997-2018). The statistical analysis was performed using the
colocalization colormap (Jaskolski et al, 2005) and JACoP
(Bolte and Cordelieres, 2006) plugins of Image]. The Pearson’s
correlation coefficient (PCC), overlap coeflicients M1 and M2,
and an intensity correlation quotient (ICQ) were calculated
as previously described (Li et al., 2004).

Isolation of Myxococcus xanthus
Chromosomal DNA and EPS

The chromosomal DNA of M. xanthus DK1622 was extracted
as previously described (Avery and Kaiser, 1983). The protein
and nucleic acid-free insoluble EPS (i-EPS) of DK1622 cells
were isolated following the standard procedure (Chang and
Dworkin, 1994; Hu et al., 2012a), and the soluble EPS (s-EPS)
was purified as previously described (Gibiansky et al., 2013)
with minor modifications. The sample incubation at 37°C with
200 pg/ml DNase I and RNase (Sangon Biotech, China) were
carried out for 24 h to remove the DNA and RNA contaminations
from EPS. The Sevag assay (Pan et al, 2019) was employed
to remove the remaining proteins. The Bradford Protein
Quantification Kit (Vazyme Biotech Co., Itd, China) was used
to detect residual protein. The carbohydrate content of purified
EPS was determined by the anthrone assay (Roe and Dailey, 1966).

DNA Precipitation by i-EPS and
Myxococcus xanthus Cells

The chromosomal DNA was dissolved to a final concentration
of 200pg/ml in 50mM Tris-HCI buffer (pH 7.5) containing
2pg/ml propidium iodide (PI). After the addition of 1mg/ml
i-EPS or M. xanthus SW504 cells (1 x 10 cells/ml), the mixtures
were extensively vortexed, stationarily incubated at 30°C for
120min, and centrifugated at 12,000xg for 10min. The
fluorescence intensity of the supernatant was measured at an
excitation wavelength of 518nm and an emission wavelength
of 620nm. Triplicate experiments were conducted.

Isothermal Titration Calorimetry

The calorimetric data of the chromosomal DNA binding to
s-EPS were measured at 25°C on a MicroCal PEAQ-ITC system
(Malvern Instruments, United Kingdom). The DNA and s-EPS
were dissolved in the binding buffer (50mM Tris-HCI, pH
7.5), respectively. A 300 pl aliquot of DNA solution was placed
in the sample cell followed by 19 sequential titrations in 2pl
aliquot injections of s-EPS from a syringe stock solution into
the sample cell. The injection interval was 150s, and the
agitation speed was set as 750rpm. The control titration of
s-EPS into the binding buffer without DNA was performed
to measure the heat of mixings and dilutions, which was
subtracted from the titration results with the presence of
DNA. The raw data was analyzed using MicroCal PEAQ-ITC

Analysis Software (Ver 1.1.01262). The data were corrected by
deducting the equivalent dilution heats of control titration.
The integration of the area under each peak and the deduction
of the heat of dilution give the thermogram of the molecular
interaction between s-EPS and DNA.

Transmission Electron Microscopy and
Scanning Electron Microscopy

Chromosomal DNA solution (10mg/L) and EPS suspension
(10mg/L) were prepared in Tris-HCI buffer (50mM) at pH
7.6, and DNA-EPS suspension was prepared by mixing EPS
and DNA solutions at a ratio of 1:1. For the transmission
electron microscopy (TEM) observation, 2 pl of sample suspension
was dripped onto a carbon-coated 400-mesh Ni grid (EMS,
United States). After deposition for 1min, excess water was
removed by touching the edge of the grid with a filter paper,
followed by adding a drop of 0.7% w/v uranyl acetate onto
the grid. After washing with water three times, the grid was
evaporated to dryness at room temperature. The TEM images
were taken using a FEI Tecnai G2 F20 microscope (Thermo
Fisher Scientific, United States) operated at 80kV electron beam
accelerating voltage in the brightfield mode. For the scanning
electron microscopy (SEM) observation, the nondevelopmental
biofilms were cultured on the glass coverslips (18x18mm,
Sangon Biotech, China). The sterilized glass coverslip was placed
into the 12-well cell culture plate (NEST Biotechnology, China)
and submerged in a growth medium inoculated with M. xanthus
DK1622 cells, and DNase I was added if needed. After 24h
incubation, the biofilm samples were washed three times with
PBS buffer (137mM NaCl, 2.7mM KCl, 10mM Na,HPO,,
2mM KH,PO,, pH 7.2) and subsequently fixed in 2.5%
glutaraldehyde solution overnight at 4°C. The samples were
prepared using a standard method for electron microscopy
examination (Velicer and Yu, 2003), and observed under a
QUANTA FEG250 scanning electron microscope (Thermo Fisher
Scientific, United States).

Atomic Force Microscopy

Chromosomal DNA solution (10mg/L) and EPS suspension
(10mg/L) were prepared in Tris-HCl buffer at pH 7.6, and
DNA-EPS suspension was prepared by mixing EPS and DNA
solutions at a ratio of 1:1. For the atomic force microscopy
(AFM) observation, 10pl aliquot of chromosomal DNA, EPS,
or DNA-EPS mixture was, respectively, deposited on the surface
of a clean and freshly cleaved mica disk, and air-dried at
room temperature. AFM imaging was performed on the acoustic
mode at 1Hz scanning speed using a Multimode Nanoscope
VIII AFM (Bruker AXS, Germany) equipped with an 80kHz
frequency silicon cantilever (NanoAndMore Corp, United States).
The particle diameter and porosity were determined by using
Image]. Briefly, an image was chosen, the threshold was adjusted
to select the pore, and the pore turned red while the background
remained black. Once the appropriate threshold was set, the
program determined the percentage region covered by the pore
to calculate the porosity. The particle diameters were measured
manually. Approximately 10 microscopic fields of view were
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taken from each sample, and the widths of 50 individuals
were measured to calculate the mean value.

The force-separation curves were used to determine the
nano-characteristics of M. xanthus biofilms with or without
DNase I treatment. Briefly, the force-separation curves were
measured using an Si3N2 MSNL cantilever (Veeco Digital
Instruments, United States) with experimentally measured spring
constants of 0.03N/m and a 10nm tip radius. The AFM tip
was pressed against the surface of biofilm at room temperature
with a force of less than 2nN and subsequently retracted to
determine the force-separation All  the force
measurements were recorded at a pulling rate of 1Hz on the
contact mode.

curves.

Resonance Light Scattering Spectroscopy
The resonance light scattering (RLS) spectra of the EPS-DNA
conjugates were obtained as previously described (Chen et al,
2013) with some modifications. In order to measure the spectra,
the i-EPS sample was sonicated at 50Hz for 1h or homogenized
through 20,000 rpm/min grinding to increase its solubility. The
mixture of 100pg EPS and 10pg chromosomal DNA was
suspended in 1ml Tris-HCI buffer (pH 7.5). The solution was
vortexed thoroughly and kept at room temperature for 10 min.
One milliliter of the sample was added into a standard 1cm
path-length fluorescence microcuvette. The RLS spectra were
recorded on a F-4600 fluorescence spectrometer (Hitachi Corp.,
Japan). The excitation and emission spectra were recorded in
the range of 200-550nm with synchronous scanning (Ag, =Agm,
AA=0nm). Both the excitation and emission slit widths were
kept at 5.0nm. The chitosan-DNA complex was prepared according
to the method from literature (Liu et al., 2005b) and used as
a positive control. The pH values of suspension were adjusted
from 5.5 to 7 with HCI solution or from 8 to 12.5 with NaOH
solution. Different amounts of NaCl were added to the solutions
to change the ionic strength for the RLS spectrum measurements.

Competitive Displacement Assay

The competitive displacement of polysaccharides for the DNA
polyelectrolyte complex was conducted as previously described
(Liu et al, 2005b) with minor modifications. Briefly, the
chromosomal DNA and ethidium bromide (EB) were dissolved
in 50mM Tris-HCI buffer (pH 7.5) at a final concentration
of 10 and 1.6 pg/ml, respectively. An aliquot chitosan (a positive
control) or EPS solution was titrated into the DNA-EB solution
at various concentrations and incubated at room temperature
for 30 min. The fluorescence intensity of mixtures was measured
on a Hitachi F-4600 fluorescence spectrometer with an excitation
wavelength of 510nm and an emission wavelength of 600 nm
(Tripathy et al., 2013).

Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) experiments were
carried out on a VP-Capillary DSC system (GE Healthcare,
United States). The chromosomal DNA was dissolved in 50 mM
Tris-HCI buffer (pH 7.5) at a final concentration of 300 pg/
ml supplemented with 700 pg/ml EPS or 70pug/ml chitosan,

respectively. Samples were degassed and pre-equilibrated at 4°C
using a ThermoVac degassing station (GE Healthcare,
United States) to minimize the formation of bubbles before
loading into the syringe, sample cell, and reference cell. All
samples were equilibrated at 20°C for 15min, followed by
heating from 40°C to 100°C at the scan rate of 1°C/min. The
DSC thermograms of excess heat capacity versus temperature
were analyzed using the Microcal, LLC ITC package for Origin
version 7.0 (Origin Lab Corporation, MA).

Fourier Transform Infrared Spectroscopy
Chromosomal DNA (100pg) was mixed with 100 pg s-EPS or
i-EPS in 1ml Tris-HCI buffer (50 mM, pH 7.5) and incubated
at room temperature for 30 min. For the DNA-i-EPS complex,
the pellet was collected by centrifugation at 10,000rpm for
10min, followed by triple washing with double distilled water
to remove unbound DNA. The s-EPS-DNA and i-EPS-DNA
samples were dried to form films in a vacuum at 50°C overnight.
The Fourier transform infrared (FTIR) spectra were measured
over 2,000-600cm™ on a Nicolet iS50 spectrophotometer
(Thermo Fisher Scientific, United States).

Circular Dichroism Spectroscopy

The circular dichroism (CD) detections of chromosomal DNA
(50 pg/ml) in combination with s-EPS or i-EPS at different
concentrations in 50mM Tris-HCI buffer (pH 7.5) were conducted
on a Chirascan V100 spectropolarimeter (Applied Photophysics
Ltd., United Kingdom) equipped with a 150 W air-cooled Xe
arc lamp as the light source. The CD spectra were collected
in a 10mm length quartz cuvette within a range of 320-200nm
at 25°C. Three scans were averaged per spectrum, and the
spectra were corrected by subtracting the background spectrum
of buffer solution.

DNA Degradation by DNases

To investigate the protective effects of EPS on DNA, the free
or i-EPS bounded chromosomal DNA was treated with 50 ug/
ml of DNase I or DNase II (Sangon Biotech, China) in the
reaction buffer (50 mM Tris-HCI, 10mM MgCl, pH 7.5) at 37°C
for 10min. The residual DNA was extracted from the samples
by phenol/chloroform and electrophoresed on 1.0% agarose gel
at 120V for 40min. The gels were visualized by EB staining.

Measurement of Specific Viscosity

The intrinsic viscosity of chromosomal DNA, i-EPS, and
DNA-i-EPS complex was measured using an Ubbelohde
viscometer in a water bath at 25°C. The specific viscosity 7,
was calculated by the reported equations:
= (/1) —1=(T/T,) — 1, where T, is the flow time of solvent
and T is the flow time of tested solution (Song et al., 2009).

Susceptibility of Myxococcus xanthus

Biofilms to the Surfactants and Antibiotics
Myxococcus xanthus DK1622 nondevelopmental biofilm was
cultured in 24-well flat-bottom cell culture plates (NEST
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Biotechnology, China) for 24h as described above, and 200 pg/
ml DNase I was supplemented if needed. After exposure to
2ml MOPS buffer containing 0.1% sodium dodecyl sulfate
(SDS) or 0.1% cetylpyridinium chloride (CPC) for 4h, the
suspensions were removed and the residual biofilm was rinsed
twice with water by pipetting up and down. The remained
biofilms were stained with 1 ml of 0.1% crystal violet solution
at room temperature for 5min. After staining, the plates were
washed in slowly running tap water and dried. The bound
crystal violet of each well was dissolved in 1ml 30% acetic
acid solution, and the optical density was measured at 590 nm
using a microplate reader (Infinite M200 PRO, Tecan,
Switzerland). The 24-h nondevelopmental biofilms of DK1622
were prepared as described above. Spectinomycin or streptomycin
was added to the medium at a final concentration of 256 mg/L
for 24h, and the survived cells within the biofilms were
determined by counting the colony forming unit (CFU) on
CTT medium (Hu et al., 2012b). All experiments were performed
in triplicate.

Susceptibility of Myxococcus xanthus
Cells to the Extrinsically Supplied DNA
Myxococcus xanthus DK1622 or SW504 cells were inoculated
in CTT medium and incubated with 200 rpm shaking at 30°C
for 24h. The cells were collected by centrifugation and were
adjusted to the concentration of 5x10° cells/ml using CTT
medium. Two milliliters of cell suspension were transferred
into a 10ml centrifuge tube containing 2ml CTT medium
supplemented with 0.5% (w/v) calf thymus DNA (Sigma-Aldrich,
United States), followed by shaking at 200rpm and 30°C for
36h. At different time points, the cell density was measured
by detecting the optical density at 600nm. The number of
living cells was determined by CFU counting.

Statistical Analysis

Unless indicated otherwise, SPSS 23.0 software (SPSS Inc.,
United States) was used for statistical analysis in the current
study. All experiments were conducted at least in triplicate.
Quantitative data were expressed as mean + standard deviation.
The Student’s t-test was utilized for statistical contrast.

RESULTS

The Colocalization of eDNA and EPS
Reveals Their Close Interactions in the
ECM of Both Nondevelopmental and
Developmental Myxococcus xanthus
Biofilms

A nondevelopmental and two developmental (24-h and 48-h)
DK1622 biofilms were systematically investigated in situ using
specific indicator dyes combined with confocal laser scanning
microscopy. The viable DK1622 cells with intact membranes
were visualized by STYO 9 in green, eDNA and dead cells
were stained as red by SYTOX orange, and EPS was revealed
in blue using Alexa 350-conjugated WGA. Consistent with

the previous observations (Hu et al, 2012a), the red
fluorescence presents both dot-like and smeared patterns in
nondevelopmental and 24 h-developmental biofilms, while
relatively well-organized red structures are revealed in the
48 h-developmental biofilms (Supplementary Figure S1). In
the merged panels of Supplementary Figure S1, purple
signals are observed as a result of the overlay of blue and
red fluorescence. To gain further insight into the colocalization
between red and blue signals, a superior visual representation
of the spatial description of pixel overlaps and relative
intensity was performed by a colormap. As shown in Figure 1A
(upper panel), the hot colors represent a positive correlation,
while the cold colors represent a negative correlation. By
calculating the M1, M2, PCC, and ICQ values, the observed
colocalization was further quantified (Figure 1A, lower panel).
The M1 coeflicient represents the fraction of the red signal
colocalized with the blue, and the M2 reflects the fraction
of the blue that colocalized with the red. In all native
structures (without DNase I), a high level of M1 indicates
that a large proportion of the red signals coincides with
the blue, while the smaller M2 coefficient suggests a wider
distribution of the blue signals compared to that of the red.
The PCC and ICQ values describe the correlation of the
intensity distribution between the blue and red. The former
ranges from —1 (perfect negative correlation) to +1 (perfect
positive correlation), and zero means no significant correlation
(Dunn et al, 2011). The latter ranges from —0.5 (complete
segregation) to 0.5 (complete colocalization), and zero means
randomness (Bolte and Cordelieres, 2006). The results show
that the red (eDNA) and blue (EPS) signals exhibit a positive
colocalization, and most of eDNA coexist with EPS in
M. xanthus biofilms.

After exposure to DNase I, the red signal in DK1622 biofilms
decreases due to the degradation of eDNA, while the green
and blue signals that represent live cells and EPS are not
affected (Supplementary Figure S1). Statistical analysis confirms
a significant reduction of the fluorescence pixel ratio of red
versus blue (red/blue) after the addition of DNase I (Figure 1B).
It is also observed in Supplementary Figure S1 that only the
smeared red signals are disappeared, while most of the dot-like
signals remain intact after DNase I treatment. The nucleic
acid molecules located in dead cells might be stained as red
dots and not susceptible to DNase I digestion. To prove this,
the nondevelopmental biofilms formed by M. xanthus DK10547
(a gfp-expressing derivative of DK1622) were stained with
SYTOX orange and membrane-specific dye FM 4-64 (Figure 1C).
After DNase I treatments, the detected SYTOX orange signals
(red) only exhibit in dotted form encircled by FM 4-64 (blue)
labeled membrane, indicating that the smeared red signals
came from the eDNA rather than chromosomal DNA in dead
or membrane-damaged cells. Furthermore, DNase I remarkably
reduces the M2 (p<0.001) but not M1 values in the tested
biofilms (Figure 1A), which also supports that most SYTOX
orange-stained structures are eDNA. As shown above, eDNA
follows a similar pattern of spatial distribution with EPS to
participate in the building of M. xanthus biofilms, which
indicates the potential chemical interactions between these two
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FIGURE 1 | eDNA colocalizes with exopolysaccharides (EPS) in the extracellular matrix (ECM) of both non-developmental and developmental Myxococcus xanthus
biofims. (A) Quantitative colocalization analysis of the STYOX orange and Alexa 350-conjugated WGA fluorescent signals. The colocalization colormap is shown in
the upper panel. The hot color represents a positive correlation, and the cold color represents a negative correlation. Further color divisions within groups are
indicated by the color scale bar. In the lower panel, the histogram was generated from the calculated colocalization coefficient (M1 and M2), Pearson’s correlation
coefficient (PCC), and an intensity correlation quotient (ICQ; n=5). (B) The fluorescence pixel ratio (red/blue) of the samples with/without DNase | treatment. The
significance was determined by Student’s t-test (1=5; **p <0.001). (C) The non-developmental biofilm (24 h) formed by Myxococcus xanthus DK10547 (live cells,
GFP-green) was stained with SYTOX orange (€DNA and dead cells, red) and FM 4-64 (cell membrane, blue). Scale bars represent 20 pm.

macromolecules mediate and dominate the construction of a
complex ECM network.

Myxococcus xanthus EPS and DNA
Interact With Each Other to Form a
Macromolecular Conjugate in vitro

The purified DNA and EPS from M. xanthus DK1622 were
employed to investigate the potential DNA-EPS interactions.
Due to the interference by EPS, the isolation of a large amount
of eDNA from DK1622 biofilms was unsuccessful (data not
shown). Considering the possible origin of eDNA and our
previous results (Hu et al., 2012a), DK1622 chromosomal DNA
was prepared to conduct the subsequent experiments. Both
the insoluble EPS (i-EPS) and soluble EPS (s-EPS) were purified
from DK1622 cells, and the potential nucleic acid contamination
was eliminated by an excessive treatment using nucleic
acid hydrolases.

According to the different solubility of i-EPS and s-EPS, a
precipitation assay and an isothermal titration calorimetry (ITC)
analysis were, respectively, employed to investigate their binding
abilities with the chromosomal DNA. In the precipitation assay,
a red fluorescent dye PI was used to bind and track the DNA
molecules. In order to increase the precipitation of i-EPS, the
EPS deficient mutant SW504 cells were added into the solution,
which was capable of binding with i-EPS (Hu et al, 2011).
As shown in Figure 2A, after centrifugation, SW504 cells are
not able to pull down DNA from the solution, while they are
co-precipitated with i-EPS and DNA, which results in a dramatic
decrease of fluorescence signal in the supernatant (p<0.001).
The affinity of s-EPS for DNA was determined by an ITC
assay, and a representative result is shown in Figure 2B. The
observed enthalpy change of DNA and s-EPS interaction is
in the range of —0.95 to —0.35kcal/mol and free energy change
(AG) is —5.43kcal/mol, which indicates a binding of s-EPS
to DNA. The raw corresponding heat evolution curves are
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caused by the thermal changes during the combination of DNA
and s-EPS. The sharp negative peak produced after each
individual injection indicates that the process is an obvious
exothermic interaction. With the increasing concentration of
s-EPS, the amount of released heat decreases gradually, which
indicates that the binding sites on DNA are progressively
saturated by s-EPS.

Ultrastructure of EPS-DNA conjugates was revealed by
transmission electron microscopy (Figure 3A). s-EPS forms
spherical nano-aggregates with an average radius of
16.80+4.32nm (n=50), and i-EPS forms both spherical and
short rope-shaped aggregates. The rope structures are fairly
homogeneous in diameter from 11.03 to 39.16 nm, while variates
in length from 85.33 to 1,067.21 nm (n=50). In the DNA +s-EPS
sample, smeared patch-shaped aggregates are observed, which
is apparently different from the observation on DNA or s-EPS
sample. In the DNA +i-EPS sample, strand-like structures are
observed, which is different from the i-EPS sample while similar
to the shape of DNA. However, the diameter of the DNA +i-EPS
strand (20+9.71 nm, n=>50) is significantly larger than that of
the DNA strand (9.88+3.86nm, n=>50; p<0.001). Interestingly,
the DNA +i-EPS structures observed in our study partially
resembles the ultrastructure of M. xanthus ECM (named as
fibrils at that time) previously revealed using scanning electron
microscopy (Behmlander and Dworkin, 1994), which suggests

that the self-building of ECM network by M. xanthus cells
follows the similar construction rules of DNA-EPS conjugation
in vitro.

Due to the fixation process of sample preparation, one question
that emerged from the electron microscopy of the conjugates
was whether the structures observed by TEM accurately reflected
the nature of the DNA-EPS complex. Therefore, the samples
were further visualized using atomic force microscopy. As shown
in Figure 3B, the individual DNA fragment is filamented, and
the individual i-EPS or s-EPS appear as reticular structures.
These observations are consistent with the previous findings
that many polysaccharides exist as a network structure in an
aqueous environment while as a clump or patch-like structure
after dehydration (Reese and Guggenheim, 2007; Robic et al,
2009). In the DNA +s-EPS sample, not only the strands become
much thicker than those of the DNA or s-EPS sample (Figure 3C),
but also some clump-shaped aggregates are observed (Figure 3B).
In the DNA+i-EPS sample, more dense reticular structures
(Figure 3B) formed by thicker strands (Figure 3C) are revealed.
The porosity of the AFM ultrastructure was quantified using
the contrast analysis of Image] software. The compactness of
the DNA-EPS complex structures is significantly higher than
that of DNA or EPS samples (Figure 3D), indicating that the
conjugation of DNA and EPS results in the formation of larger
aggregates. These results demonstrate that M. xanthus EPS and
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DNA interact with each other to form a macromolecular
conjugate in vitro.

Electrostatic Force Plays an Essential Role
in the DNA-EPS Interactions

To reveal the chemical nature of DNA-EPS interactions, the
resonance light scattering spectra of chromosomal DNA, EPS,
and DNA-EPS conjugates were measured. As previously reported
(Murphy, 1997; Liu et al, 2005a), when two macromolecules
bind as a complex, the light scattering intensity of the formed
larger particles or aggregates will theoretically increase and positively
correlate with the particle size. Chitosan was used as a positive
control in the experiment due to its great ability to form conjugates
with DNA molecules (Liu et al., 2005b; Bravo-Anaya et al., 2016).
As expected, the light scattering intensity of the DNA-chitosan
complex is remarkably higher than that of DNA or chitosan
(Figure 4A). Similarly, all EPS samples show weak light scattering
signals over the wavelength range of 200-550nm. When DNA
is mixed with s-EPS or the pre-treated i-EPS, the light scattering
intensity is enhanced, indicating the interaction between DNA
and EPS molecules (Figures 4B-D). There are three types of

weak forces involved in the interactions among macromolecules
within bacterial ECM, 1ie., dispersion forces, electrostatic
interactions, and hydrogen bonds (Mayer et al., 1999). A variety
of studies have well demonstrated that the DNA is a polyanion
and forms complex with positively charged chitosan through
electrostatic interactions in the natural environment (Agudelo
et al, 2016; Bravo-Anaya et al, 2016). Similar to the N-acetyl-
glucosamine and glucosamine monomer units composed in the
chitosan (Cao et al, 2006), the glucosamine identified in the
M. xanthus EPS (Behmlander and Dworkin, 1994) probably
contributes the cationic moieties of EPS to interact with the
negatively charged DNA. To test this hypothesis, the difference
between the light scattering intensity at 398nm (Alg) of
homogenized i-EPS sample and DNA +homogenized i-EPS complex
was measured in the solutions with different pH or ionic strength.
As shown in Figure 4E, the light scattering intensity of the
DNA-EPS complex is changed according to the pH of the solution
and reaches the maximum pH of 7.5. Under extremely high or
low pH, the decreased Al value possibly results from the
disturbance of the DNA-EPS combination. The influence of ionic
strength on the formation of the DNA-EPS complex was further
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FIGURE 4 | Resonance light-scattering analysis of the interaction between DNA and exopolysaccharides (EPS). The light scattering spectra of chitosan (A), s-EPS
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i-EPS complex were measured at 398 nm (n=3). I, the intensity of light scattering.

studied by observing the change of Als through the addition
of NaCl into the solution. With the increased concentration of
NaCl, Al value decreases linearly (Figure 4F), which is likely
due to the addition of sodium ions attenuating the electrostatic
interaction between DNA and EPS by competition for phosphate
groups on the DNA molecules. These observations correspond
to the previous reports that the stability of the chitosan-DNA
complex depends on the degree of protonation of chitosan (relating
to pH) and the external salt concentration (Bravo-Anaya et al., 2019).

As a fluorescent probe, EB remarkably increases its fluorescent
intensity after inserting into DNA molecule (Kabir and Kumar,
2014), which is used in the competitive displacement assay
to determine the binding affinity of the biomolecules to DNA
(Liu et al., 2005b). Consistent with the previous finding (Liu
et al., 2005b), the fluorescence intensity of the EB-DNA complex
significantly decreases after the addition of chitosan (Figure 5Aa).
Similarly, when i-EPS or s-EPS is added, the fluorescence
intensity decreases gradually according to the EPS concentration
(Figures 5Ab,c), indicating that M. xanthus EPS is able to
compete for the DNA-binding sites and replace EB from the
EB-DNA complex. Moreover, the observed efficiency of EPS
(at 30pg/ml) displacement for EB is only 20-30%, while that
of chitosan at 30 pg/ml reaches approximately 70%, suggesting
the potential differences between the binding of chitosan-DNA
and EPS-DNA. It has been demonstrated that there are two
binding modes between EB and DNA, i.e., intercalation binding
and electrostatic binding (Vardevanyan et al., 2016). Intercalation

occurs due to stacking contact with base pairs, which stabilizes
the DNA double helix structure and causes its melting temperature
(Tm) to increase by about 5-8°C. Meanwhile, the electrostatic
interaction with negatively charged phosphates of DNA will
not cause an obvious increase of the Tm (Sun et al., 2008).
Therefore, the differential scanning calorimetry assay was used
to determine Tm values of DNA-chitosan and DNA-EPS
conjugates. The Tm of DNA increases from 77.87°C to 85.71°C
with the presence of 70pg/ml chitosan (Figure 5Ba), while
the Tm value remains at approximately 78°C after the addition
of 700 pg/ml i-EPS or s-EPS, respectively (Figures 5Bb,c). To
further verify this observation, the conformation of DNA
molecules in the DNA-EPS conjugate was determined.

DNA Remains B-Type Conformation in the
DNA-EPS Complex

The Fourier transform infrared spectra of chromosomal DNA,
i-EPS, s-EPS, and DNA-EPS complexes were determined (Figure 6).
In the spectra, the vibrational bands of DNA at 1,604, 1,644,
1,689, and 1,485cm™ are assigned to adenine (A), thymine (T),
guanine (G), and cytosine (C) nitrogenous bases, respectively.
The DNA adopts B-type conformation suggested by the phosphoryl
ester bond at 1,232cm™ and the 2’-deoxyribose at 961cm™.
The band observed at 1,631cm™ (s-EPS) or 1,640cm™ (i-EPS)
is assigned to the NH, scissoring vibration, and the characteristic
band of carbonyl asymmetric stretching vibration exhibits at
1,549cm™ (s-EPS) or 1,550cm™ (i-EPS). The pyranose ring
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(890cm™) of s-EPS or i-EPS is still discernable in the presence
of DNA, revealing the formation of the complexes. Compared
with the spectrum of DNA, the vibration bands of both DNA +s-EPS
and DNA +i-EPS conjugates remain nearly unchanged, suggesting
that the B-type conformation of DNA is maintained in the
complexes. This conclusion is also supported by the measurement
of circular dichroism (CD) spectra (Supplementary Figure S2).
DNA appears in a typical B conformation with the base pair
perpendicular to the double helix axis. The positive band at
~277nm is due to base stacking, while the negative band at
~243nm is due to helicity (Agarwal et al, 2013; Rehman et al,
2015), which are sensitive to the interactions between ligand
and DNA (Zhao et al, 2014). As the ratio of EPS to DNA
increased, no significant changes are observed both in the positive
and negative bands of DNA. Based on these findings, it is
concluded that M. xanthus EPS binds with DNA to form a
complex without changing DNAs B-type conformation.

Myxococcus xanthus EPS Protects the
DNA in the EPS-DNA Complex From the
Digestion by DNA Hydrolases

As shown above, there is a considerable amount of eDNA stably
presented in M. xanthus biofilms, while M. xanthus, as a predatory
bacterium, secrets a large number of DNA hydrolases extracellularly
(Evans et al, 2012). In order to understand this paradox, the
DNA degradations by DNases with or without M. xanthus i-EPS
were determined. After the treatment with DNase I or DNase

II, residual DNA was extracted from the i-EPS-DNA complex
using phenol/chloroform and detected by gel electrophoresis.
As shown in Figure 7A, the chromosomal DNA without i-EPS
is completely digested by DNase I (Lane 2 and 4). In the presence
of a sufficient amount of i-EPS, the undegraded chromosomal
DNA is detected (Lane 6), which is not due to any eDNA
contamination in the isolated i-EPS sample (Lane 7), indicating
that i-EPS is able to prevent DNA digestion by DNase I in a
concentration-dependent manner. Similar results were obtained
from the DNase II degradation experiment (Figure 7B). Small
DNA fragments resulting from DNase II digestion of chromosomal
DNA are revealed in the absence (lane 5) or in the presence
of low concentrations of i-EPS (Lanes 1-3). Despite slight
degradation, a high concentration (1,000 pg/ml) of i-EPS prevents
DNA degradation by DNase II (Lane 4). These results suggest
that, in M. xanthus EPS-DNA complexes, the protection by
EPS confers DNA resistance to the self-produced nucleic acid
hydrolases by cells, which leads to the continuous and stable
existence of eDNA in the M. xanthus biofilm ECM.

DNA-EPS Complex Increases the
Nanomechanical Strength of Myxococcus
xanthus ECM

It is necessary for ECM to reach a certain viscosity and cohesiveness
during the initial process of biofilm formation, which is essential
to fulfilling its functions in cell adhesion and matrix formation
(Verstraeten et al., 2008). The specific viscosity of chromosomal

Frontiers in Microbiology | www.frontiersin.org

17

April 2022 | Volume 13 | Article 861865


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

Interactions Between eDNA and EPS

DNA, i-EPS, and DNA-i-EPS complex was measured, respectively.
As shown in Figure 8A, M. xanthus i-EPS produces a relatively
high-viscosity aqueous suspension at the tested concentration,
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FIGURE 6 | Fourier transform infrared (FTIR) spectra of DNA,
exopolysaccharides (EPS), and DNA-EPS complex. The spectrum was
collected in the range of 2,000-600cm~". i-EPS, insoluble EPS; s-EPS,
soluble EPS; DNA+i-EPS, complex of DNA and insoluble EPS; DNA +s-EPS,
complex of DNA and soluble EPS.

and DNA-i-EPS conjugate exhibits significantly higher specific
viscosity (p <0.001), which might be due to the complex molecular
interactions between DNA and i-EPS. Under scanning electron
microscopy (SEM; Figure 8B), DK1622 cells in the native
nondevelopmental biofilm are surrounded by the dense ECM. After
the removal of eDNA by DNase I, no significant changes in
the morphology of DK1622 cells are revealed, while more cells
are exposed out of a slightly damaged ECM. This observation
is confirmed by the AFM images (Figure 8C, right panels).
Therefore, the nanomechanical properties of the two biofilms
ECM were further investigated by determination of force-
separation curves using the AFM. As shown in Figure 8C (left
panels), compared with the DNase I-treated ECM, more adhesion
events arising from the breakage are observed between the tip
of cantilever and native ECM. The adhesive events of the native
sample usually stop when the tip retraction length reaches
approximately 1pm, while the DNase I-treated sample shows
an extended retraction length of approximately 2-4pm
(Figure 8C). Meanwhile, the average adhesion force between
the native biofilm and the tip is significantly higher than that
of the DNase I-treated biofilm (Figure 8D).

The eDNA in ECM Is Critical for the Stress
Resistance of Myxococcus xanthus Cells
Chemical disruptions are practical approaches to remove and
prevent bacterial biofilms attaching to solid surfaces, where the
surfactants are commonly employed (Simoes et al., 2005). As
shown in Figure 9A, the cationic surfactant cetylpyridinium
chloride (CPC) exhibits a higher efficiency (~60%) in the removal
of DK1622 nondevelopmental biofilm than the anionic surfactant
sodium dodecyl sulfate (SDS, ~5%). Compared with the native
biofilm, the CPC and SDS treatments exhibit a more significant
removal efficiency in the biofilm without eDNA in the ECM,

A

—Phenol/Chloroform Extracted
DNA + + + + + + -
DNasel — + - + + + -
i-EPS — - - —  100ug 1000pg  +
5. 3
— - e

black/white inverted for a better observation.

B
DNA + + + + + -
DNasell + + + + + -
i-EPS ————ss - +
e 3. »

FIGURE 7 | Electrophoretic profile of digested DNA by DNase | (A) and DNase Il (B) in the presence (+) and absence (-) of i-EPS. The DNA was electrophoresed
on a 1.0% agarose gel. The gels were stained with EB and photographed under UV light with a gel documentation system. Images of stained DNA fragments were
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FIGURE 8 | Nanomechanical strength of DNA-EPS complex. (A) Specific viscosity of DNA, exopolysaccharides (EPS) and DNA-EPS complex. (B) SEM images of
native (upper panel) or DNase | treated (lower panel) Myxococcus xanthus DK1622 biofilms. Scale bars represent 5 um. (C) Representative force curves and atomic
force microscopy (AFM) images of native (upper panel) or DNase | treated (lower panel) Myxococcus xanthus DK1622 biofims. Scale bars represent 5pm. (D) The
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ranging to 77 and 8%, respectively. This result suggested that
the polyanion DNA molecules trapped in the ECM by interaction
with EPS play important roles in resisting the treatment of
surfactants, especially for cationic chemicals. Furthermore, the
susceptibilities of M. xanthus biofilms to cationic antibiotics
in the presence or absence of DNA were determined. Streptomycin
and spectinomycin are cationic aminoglycosides capable of
killing planktonic M. xanthus DK1622 cells (Magrini et al,
1998) at the concentrations used in the experiment. As shown
in Figure 9B, the killing percentage of DK1622 cells in the
native biofilm is approximate 42% for spectinomycin and 55%
for streptomycin, which becomes more evident in the presence
of DNase I, especially for the streptomycin treatment (~80%).

Moreover, it has been shown that eDNA at a final concentration
of 0.5% (w/v) definitely inhibits the growth of P aeruginosa
planktonic cells (Mulcahy et al., 2008). When 0.5% calf thymus
DNA was supplied in the CTT medium, the growth of wild-type
M. xanthus DK1622 cells is not affected compared with the
cells in the medium without DNA  supplement
(Supplementary Figure S3). This observation can be explained
by the fact that EPS on the cell surface conjugates with DNA
and prevents its further bactericidal effect. To test the hypothesis,
the EPS deficient mutant SW504 cells were cultured in the
medium with or without supplied DNA. Unexpectedly, both the
cell concentration and live cell number of SW504 slightly increased

after incubation for 12h in the medium with 0.5% DNA (Figure 10).
Furthermore, compared to cells in the DNA-free medium, SW504
is able to grow and reach a significantly higher cell concentration
in the CTT medium with DNA, which has been observed in
some other bacterial species (Mulcahy et al, 2010; Chimileski
et al,, 2014; Gumpenberger et al., 2016; McDonough et al., 2016).
Similar results were obtained when DNA was added in the
medium to a higher concentration than 0.5% (data not shown).
These results suggest that the EPS deficient M. xanthus cells are
not only insusceptible to extrinsic DNA but also capable of
utilizing the DNA as a nutrient to support their growth.

DISCUSSION

The focus on the investigation of some model bacteria has
revealed that the formation of biofilm is a complex process
with multiple factors, and the interactions among ECM
components are essential for the adaptive structures in the
process of adhesion, maturation and dispersion (Hobley et al.,
2015; Payne and Boles, 2016). It is necessary to understand
the complexity of macromolecular interactions within biofilms,
which will provide a rationale for multi-targeted treatments
to either prevent the initiation of biofilms or disrupt mature
biofilms (Koo et al., 2017).
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Bacteria are able to produce eDNA through different
specific mechanisms, e.g., cell autolysis, active secretion, and
association with the membrane vesicles (de Aldecoa et al.,
2017). Prolific outer-membrane vesicles have been observed
in the M. xanthus biofilms (Evans et al., 2012), which contain
a complex mixture of lipids, carbohydrates, secondary
metabolites, and proteins, but not nucleic acids (Berleman
et al,, 2014; Remis et al., 2014). The coexistence of dead
cells and eDNA in the same M. xanthus biofilm structure
suggests that cell lysis is at least one of the major sources
for eDNA production, which is supported by the previous
findings that extensive programmed cell death events occur

during the starvation-induced M. xanthus developmental
process (Sogaard-Andersen and Yang, 2008). While abundant
eDNA is found to present a well-organized structure similar
in appearance to M. xanthus EPS organization, the potential
molecular interactions between eDNA and EPS are still
unknown (Hu et al., 2012a). In this study, the co-distribution
of eDNA and EPS in the ECM of M. xanthus nondevelopmental
and developmental biofilms was proved to be attributed to
their direct interactions, which allows eDNA to combine
with EPS to form a macromolecular conjugate. Complexing
with DNA, M. xanthus EPS forms a cohesive, dense, and
mechanically strong framework to facilitate the initial cell

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 861865


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

Interactions Between eDNA and EPS

adhesion and subsequent ECM architecture construction
during the biofilm formation process. Due to technical
problems in isolation of enough amount of eDNA from
M. xanthus biofilms, it is reasonable to use DK1622
chromosomal DNA as a substitute for eDNA to conduct the
in vitro experiments considering the most possible origin
of its eDNA. Moreover, small sized commercial salmon sperm
DNA has been shown to bind with M. xanthus EPS in vitro
(Hu et al., 2012a), which resembles the observations in current
study. It is suggested that the interactions between eDNA
and M. xanthus EPS are independent of the size and source
of DNA. In a multispecies microbial community, this
nonspecific EPS-DNA binding facilitates M. xanthus cells to
absorb the eDNA from other bacteria and environment to
grow its own biofilm, which may be one of the reasons that
myxobacteria are a ubiquitous group of microorganisms living
in very diverse habitats.

Our results demonstrate that, as a potential analogue of
chitosan, M. xanthus EPS binds to DNA through electrostatic
interactions, and the stability of the EPS-DNA complex is
significantly influenced by environmental pH and ion
concentration. The smaller light scattering intensity of the
EPS-DNA conjugate compared with that of the chitosan-DNA
complex implies the relatively lower affinity between EPS
and DNA, which is supported by the results of EB competitive
displacement assay. Consistently, the intercalated interaction
is not detected between DNA and EPS by the measurement
of Tm values using DSC, while it plays an important role
in the combination of chitosan with DNA (Liu et al., 2005b).
The unchanged Tm value and B-type conformation of DNA
after complexing with EPS demonstrate the lack of insertion
mode within their interactions, which is also due to the
weaker binding between DNA-EPS. Among the polymer-
polymer interactions, the electrostatic forces dominate
DNA-EPS complex formation in M. xanthus ECM, and the
relatively weaker interactions exhibit a certain degree of
reversibility. It has been reported that EPS blocks the plasmid
transformation in M. xanthus (Wang et al., 2011), and the
sufficient EPS produced by wild-type cells reduces the local
concentration of plasmid DNA to access the cell surface.
Our findings explain that M. xanthus becomes naturally
transformable when the EPS production is dramatically down-
regulated or the cells are grown under specific conditions
(Wang et al., 2011).

Several studies have shown that DNA could be a nutrition
source for bacterial cells (Mulcahy et al, 2010; Chimileski
et al, 2014; Gumpenberger et al., 2016; McDonough et al.,
2016). As we have shown above, EPS deficient M. xanthus
cells (like SW504) are capable of utilizing the DNA to support
their growth, while the same phenomenon has not been observed
in the wild type strain DK1622. As a predatory bacterium,
M. xanthus can produce a large number of nucleases to hydrolyze
the DNA released from the prey for self-growth (Evans et al,
2012), which is contradictory to the fact that abundant eDNA
exists in the M. xanthus ECM. After elucidating the interactions
between EPS and eDNA, it is proposed that M. xanthus cells
with sufficient EPS are covered by EPS-eDNA complexed ECM,

and EPS not only protects eDNA from the nuclease degradation
but also prevents the utilizing of eDNA by the cells. Under
the conditions of poor nutrition, M. xanthus lacks enough
energy and materials to synthesize large amounts of EPS, which
provides the possibility for wild-type strain to use DNA as
nutrition.  Indeed,  within the  starvation induced
nondevelopmental biofilm, M. xanthus cells with less EPS
occasionally disperse from the top of the structure and colonize
to a new surface, in that case, eDNA is able to support their
subsequent activities. In the developmental biofilms, myxospores
are released from the mature fruiting bodies and germinate
to produce EPS-free vegetative cells in a favorable environment,
where the eDNA is also used as a source to provide nutrition.
These results imply that the precisely regulated EPS production
is important for M. xanthus cells to use eDNA either as a
structural component for biofilm establishment or as a nutrient
for cell growth.

In M. xanthus biofilms, the integrated DNA-EPS matrix
confers cells stress resistances against certain surfactant and
antibiotic treatments, suggesting that the presence of eDNA
and its interaction with EPS is highly relevant to the survival
of M. xanthus in hostile environments. Consistent with the
findings in some pathogenic bacteria, eDNA enhances the
resistance of their biofilms to aminoglycoside (Wilton et al.,
2016) and glycopeptide antibiotics (Doroshenko et al., 2014).
For many established cases, DNase treatment serves important
functions in dispersing biofilm and increasing cell susceptibility
to biocides and antibiotics by removal of eDNA. Therefore,
eDNA is regarded as an promising target for biofilm control
through the combination of DNase and drugs therapy, and a
better understanding of molecular mechanisms involving eDNA
interactions with EPS will help to treat and prevent hospital-
derived microbial biofilm infections.

CONCLUSION

This study elucidates the physicochemical mechanism and
biological functions of the eDNA-EPS interactions in M. xanthus
biofilms. Under CLSM, abundant eDNA possibly released from
the lysed dead cells exhibits a spatial structure similar to the
M. xanthus EPS organization in the biofilms. This co-distribution
of eDNA and EPS is on account of their direct interactions,
which allows EPS to combine with eDNA to form a
macromolecular conjugate. It is also demonstrated that the
electrostatic forces participating in the polymer-polymer
interactions dominate the DNA-EPS complex formation in
M. xanthus ECM. Due to the lack of intercalation by EPS,
the binding ability of DNA-EPS is relatively weaker than that
of DNA-chitosan, and DNA remains its B-type conformation
in DNA-EPS conjugate, which endows a certain degree of
reversibility for the complex. Acting as a cohesive, dense, and
mechanically strong network, the eDNA-EPS complex facilitates
the initial cell adhesion and subsequent ECM architecture
establishment, and renders cells within biofilms stress resistances
relevant to the survival of M. xanthus in some hostile
environments, e.g., the presence of surfactants and cationic
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antibiotics, and nutrient limitation. Furthermore, in the DNA-EPS
complex, the protection by EPS confers DNA resistance to
the degradations by self-produced nucleic acid hydrolases, which
leads to the continuous and stable existence of eDNA in
M. xanthus ECM. As a potential target for microbial biofilm
control, a better understanding of interactions between eDNA
and other ECM components will shed light on developing
novel prevention and treatment strategies against biofilm-
associated risks.
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Acinetobacter baumannii, a strictly aerobic, non-lactose fermented Gram-negative bacteria,
is one of the important pathogens of nosocomial infection. Major facilitator superfamily (MFS)
transporter membrane proteins are a class of proteins that widely exists in microbial genomes
and have been revealed to be related to biofim formation in a variety of microorganisms.
However, as one of the MFS transporter membrane proteins, little is known about the role of
BIT33_RS14560 in A. baurmannii. To explore the effects of BIT33_RS14560 on biofim formation
of A. baumannii, the biofilm formation abilities of 62 isolates were firstly investigated and
compared with their transcript levels of BIT33_RS14560. Then, this specific gene was over-
expressed in a standard A. baumannii strain (ATCC 19606) and two isolates of extensively
drug-resistant A. baumannii (XDR-Ab). Bacterial virulence was observed using a Galleria
mellonella infection model. High-throughput transcriptome sequencing (RNA seq) was
performed on ATCC 19606 over-expressed strain and its corresponding empty plasmid control
strain. Spearman’s correlation analysis indicated a significant negative correlation (R=-0.569,
0 =0.000) between the /\CT levels of BIT33_RS1456 and biofilm grading of A. baumannii
isolates. The amount of A. baumannii biofilm was relatively high within 12-48h. Regardless
of standard or clinical strains; the biofilm biomass in the BIT33_RS14560 overexpression
group was significantly higher than that in the control group (0 <0.0007). Kaplan—Meier survival
curve analysis showed that the mortality of G. mellonella was significantly higher when infected
with the BIT33_RS 14560 overexpression strain (y> =8.462, p=0.004). RNA-Seq showed that
the mRNA expression levels of three genes annotated as OprD family outer membrane porin,
glycosyltransferase family 39 protein, and glycosyltransferase family 2 protein, which were
related to bacterial adhesion, biofim formation, and virulence, were significantly upregulated
when BIT33_RS 14560 was over-expressed. Our findings provided new insights in identifying
potential drug targets for the inhibition of biofilm formation. We also developed a practical
method to construct an over-expressed vector that can stably replicate in XDR-Ab isolates.

Keywords: Acinetobacter baumannii, BIT33_RS14560, biofilm, overexpression, RNA sequencing, extensively
drug-resistant
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INTRODUCTION

Acinetobacter baumannii, a Gram-negative bacterium that exists
widely in nature, is one of the most important opportunistic
pathogens responsible for nosocomial infection.
Immunocompromised or severe patients in the intensive care
unit are more vulnerable to this pathogen, causing a wide
range of infectious diseases, including pneumonia, meningitis,
peritonitis, infections of the urinary tract and skin, and posing
a great threat to severe patients (Ayoub Moubareck and
Hammoudi Halat, 2020). The treatment of A. baumannii infection
has always been a challenging problem in clinical practice due
to its increased resistance to commonly-used antibacterial drugs,
leading to a global epidemic of multidrug-resistant A. baumannii
(MDR-Ab; Ibrahim et al.,, 2021) and extensively drug-resistant
A. baumannii (XDR-Ab; Kengkla et al., 2018).

In addition to PB-lactamase and aminoglycoside modification
enzymes production, active efflux, modification of target sites,
and changes in outer membrane permeability (Lee et al,, 2017),
the drug resistance mechanism of A. baumannii was also found
to be closely related to the formation of biofilms (Yang et al,
2019; Saipriya et al., 2020). Biofilm refers to the complex, sessile
communities of microbes found either attached to a surface or
buried firmly in an extracellular matrix as aggregates (Roy et al.,
2018). The biofilm formation of A. baumannii is a complex
process regulated by many factors, including the pili assembly
system (Tomaras et al., 2003), BfmRS two-component regulatory
systems (Gaddy and Actis, 2009), bacterial quorum-sensing system
(Zhang et al., 2020), biofilm-related proteins (Bap; Fattahian et al.,
2011) and outer membrane protein A (OmpA; Gaddy et al,
2009), and so on. Most clinically isolated A. baumannii strains
have been observed to have a strong ability to form biofilms,
which results in significantly low sensitivity to antimicrobial agents.

Major facilitator superfamily (MFS), a class of transporter
membrane proteins, belongs to the efflux pump families and
has a strong substrate specificity, which is reflected in the
transportation of secondary metabolites by an ion concentration
gradient. Some MFS superfamily members have been confirmed
to be closely related to biofilm formation and drug resistance.
For example, in a pathogenic strain A. baumannii AIIMS 7,
pmt, a putative MFS transporter-like ORF of 453bp, was
identified and found to be associated with adherence, biofilm
formation, and probable extracellular DNA release (Sahu et al.,
2012). The efflux gene A1S_1117, an MFS superfamily vanillate
transporter, was reported to be expressed only in biofilm
cells but inhibited in planktonic cells (Rumbo-Feal et al.,
2013). AbaF, another member of the MFS superfamily, was
proved to mediate the efflux of intracellular fosfomycin and
promote the ability to form biofilms in A. baumannii (Sharma
et al., 2017). Therefore, the in-depth study of MFS family
members is of great significance to elucidate the mechanisms
of biofilm formation in A. baumannii and control
chronic infections.

Here, we focus on a new gene, which is labeled with a
locus tag of BIT33_RS14560 in National Center of Biotechnology
Information (NCBI) and presumed as a member of the MFS
family. In this work, we successfully constructed two recombinant

plasmids of BIT33_RS14560 over-expression, with one aimed
at the standard A. baumannii strain (ATCC 19606) and the
other on account of two XDR-Ab isolates. We transformed
them into the target strains and managed to overexpress this
target gene. We found that when BIT33_RSI4560 was over-
expressed, the abilities to form biofilm were significantly promoted
in both standard and clinical strains of A. baumannii, which
was also confirmed by quantitative real-time PCR (qRT-PCR)
assays of 62 clinical isolates. Compared with wild-type ATCC
19606 strain, BIT33_RS14560 overexpression strain displayed
higher mortality of Galleria mellonella (y* =8.462, p=0.004).
We also presented RNA sequencing evidence to elucidate possible
mechanisms for these phenotypic changes.

MATERIALS AND METHODS

Construction of Phylogenetic Trees

DNA or amino acid sequences of BIT33_RS14560 gene or
protein (corresponding Accession Number: CP058289.1 or
WP_002047564.1) and its homologs were searched using BLAST
at the (NCBI) website! and downloaded in a separate FASTA
format. These sequences were analyzed to construct phylogenetic
trees to determine the phylogenetic relationships between the
selected strains (Supplementary Tables S1, S2). The best DNA
or protein model (GTR+G+I) with the highest parameter
was determined and chosen before the construction of
phylogenetic trees. Dendrograms were generated by Maximum
Likelihood (ML) with bootstrap values corresponding to 1,000
replications using the (MEGA) 11.0 software (Tamura et al., 2021).

Strains, Plasmids, Reagents, and Culture
Media

Bacterial strains and plasmids used in this study are listed in
Table 1. Of 62 A. baumannii isolates, 43 strains (69.4%)
including two XDR-ADb isolates, XAb53 (Strain No. A53; Stored
on June 2, 2021) and XAb50 (Strain No. A50; Stored on May
19th, 2020), were isolated from the First Affiliated Hospital
of Sun Yat-sen University, the other 19 strains (30.6%) were
obtained from the Microbiology Laboratory of State Key
Laboratory of Respiratory Diseases, Guangzhou Medical
University. Sources and proportion of 62 A. baumanii isolates
used in this study were presented in Supplementary Table S3.
Escherichia coli DH5a competent cells (Cat. No. 9057; TaKaRa)
were purchased from Guangzhou Ruizhen Biotechnology Co.,
Ltd. The suicide plasmid pMo130-telR (Cat. No. P4951-ea;
Wonder Biotech) was purchased from Guangzhou Qunlan
Biotechnology Co., Ltd. Bacterial culturing was performed using
Luria-Bertani (LB) agar medium (Cat. No. CM0337B; OXOID)
or LB broth medium (Cat. No. CM0405; OXOID).

Reverse Transcription PCR and qRT-PCR

Overnight culture of A. baumannii strain was inoculated into
fresh LB broth until the mid-log phase (OD=0.6-0.8) was

'http://www.ncbi.nlm.nih.gov/BLAST/
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TABLE 1 | Strains and plasmids used in this study.

Strain/Plasmid Description Source or Reference
Strain
DH5a competent cell A strain for screening or storing (recombinant) plasmids Purchased from TAKARA
DH5a/pWH1266 A strain with a pWH1266 plasmid Lab stock
ATCC 19606 A standard A. baumannii strain, wild-type Lab stock
19,606/p-RS An overexpressed strain of BIT33_RS14560, containing a pWH1266 plasmid whose TetR was deleted  This study

and replaced by BIT33_RS14560
19,606/p A control strain, containing a pWH1266 /\(TetR) plasmid but without the insertion by BIT33_RS14560  This study
XAb53 An XDR-Ab isolate, wild-type This study
XAb53/p-telRs-RS An overexpressed XDR-Ab strain of BIT33_RS14560, containing a pWH1266 /\ (TetR) plasmid inserted  This study

by BIT33_RS14560 and its AmpR was replaced by TelR
XAb53/p-telRs A control strain, containing a pWH1266 /\(TetR) plasmid without the insertion by BIT33_RS14560, but  This study

its AmpR was also replaced by TelR
XAb50 An XDR-Ab isolate, wild-type This study
XAb50/p-telRs-RS An overexpressed XDR-Ab strain of BIT33_RS14560, containing a pWH1266/\ (TetR) plasmid inserted  This study

by BIT33_RS14560 and its AmpR was replaced by TelR
XAb50/p-telRs A control strain, containing a pWH1266 /A (TetR) plasmid without the insertion by BIT33_RS14560, but  This study

its AmpR was also replaced by TelR

Plasmid
pWH1266 A shuttle plasmid with AmpR and TetR
pMo130-telR A suiside plasmid with TelR, NeoR, and/or KanR

Extracted from DH50/pWH1266 strain
Purchased from Wonder Biotech

XDR-Ab isolates refer to clinic isolates with resistance to at least one agent in all but two or fewer antimicrobial categories (Magiorakos et al., 2012). The two XDR-Ab isolates were
identified by antibiotic susceptibility testing. TetR, tetracycline resistance; XDR-Ab, extensively drug-resistant A. baumannii; AmpR, ampicillin resistance; TelR, tellurite resistance;

NeoR, neomycin resistance; and KanR, kanamycin resistance.

TABLE 2 | Primers used in this study.

Primer Sequences (5'-3)

Usage

RS14560-EcoRI-F
RS14560-6his-BamHI-R

CGCGAATTCGGAAATCCTTTGATTTGTGC
CGCGGATCCCTAATGGTGATGGTGATGAT

GAGGTGCTGTTTTAAGTGAGA
Pwh1266-F GCCCTTTCGTCTTCAAGA
Pwh1266-R GTGATGTCGGCGATATAGG
telR-Pstl-F TATCTGCAGTTGACTTAGTTGGTATT
telR-Pvul-R CGCCGATCGTTTGAAGCTGATGTGCT
telR-F ACTTTATCCGCCTCCAT
telR-R GCCTTCCTGTTTTTGCT
rpoB-F GTGCTGACTTGACGCGTGAT
rooB-R AGCGTTCAGAAGAGAAGAACAAGTT
RS14560-F GTCTACAGGTTATGGCATTGG
RS14560-R GCACTAATCAGCAACATCACT

The ampilification of BIT33_RS 14560

Verification of recombinant vector

The ampilification of the TelR cassette

Verification of the TelR cassette replacement

Amplification of the reference gene rpoB by fluorescence quantitative PCR

Amplification of the target gene BIT33_RS14560 by fluorescence quantitative PCR

The restriction enzyme sites are highlighted using bold fonts and the His(6)-Tag is underlined in the primer sequences.

reached. Total RNA was extracted using the E.Z.N.A.® Bacterial
RNA Kit (Cat. No. R6950-01; Omega). The quality and
concentration of RNA were determined via spectrophotometry
(NanoDrop 2000c; Fisher Scientific, United States). For reverse
transcription PCR (RT-PCR), reverse transcription was performed
using ProFlex PCR System cycler (Applied Biosystems,
United States). The purified RNA (1pg/ml) was reverse-
transcribed into ¢cDNA by the Evo M-MLV RT Premix for
qPCR kit (Cat. No. AG11706; Accurate Biology), in a 20pl
reaction mixture containing 4 pl of Evo M-MLVRT Master Mix
and 15 pl of RNAase free water, which was incubated for 15 min
at 37°C and 5 at 85°C. Then, the qRT-PCR assay was performed
on a Roche LightCycler® 960 real-time PCR system. Here,
SYBR Green Premix Pro Taq HS qPCR kit (Cat. No. 78 AG11702;
Accurate Biology) was employed. Around 2pl of the resulting

c¢DNA products were put into a 20 pl reaction mixture containing
10pl of SYBR® Green Pro Taq HS Premix II, 0.8l (or 10 uM)
of each primer and 6.4pl RNase free water. The parameters
of PCR were set as followed: initial heat activation at 95°C
for 30s, followed by 35cycles of the two-step cycling condition
of denaturation at 95°C for 10s and then annealing at 60°C
for 30s. The melting data of PCR products were measured
and collected following the completion of PCR cycling. The
rpoB gene was used as an internal reference for normalization.
/\CT value, defined as the CT value of the target gene minus
that of the reference rpoB, was used to calculate the BIT33_
RS14560 mRNA levels of A. baumannii. For each sample, three
technical replicates were performed and the gene transcript
levels were determined using the 2"24% method. Primers used
in this part are listed in Table 2.
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Construction of Gene Overexpression
Strains

All primers used in this study are listed in Table 2. PCR
amplification was achieved using DNA polymerase (Cat. No.
AG12202; Accurate 79 Biology). A plasmid DNA extraction
kit (Cat. No. D2156-01; Omega), a DNA fragment purification
kit (Cat. No. 9761; 77 TaKaRa), and a DNA Ligation kit (Cat.
No. 6023; Accurate Biology) were also employed. The novel
BIT33_RS14560 gene was PCR-amplified from the genomes
of A. baumannii ATCC 19606 using specific primers RS14560-
EcoRI-F and RS14560-6his-BamHI-R with the following
conditions—initial hold at 94°C for 4 min, followed by 32 cycles
of 98°C for 10s, 55°C for 55, 72°C for 8s, and final extension
at 72°C for 7 min. Purified PCR products and pWH1266 plasmid
were digested with BamHI and EcoRI, then, according to the
manufacturer’s instructions, ligated to make a recombinant
plasmid of overexpression, named as p-RS14560. After digesting
with EcoRI and BamHI, blunt ends to the large fragments of
pWHI1266 plasmid were created with high-fidelity DNA
polymerase and then self-ligated to make into an empty plasmid,
known as p. Each plasmid was transformed into E. coli DH5x
competent cells and then introduced into the A. baumannii
ATCC 19606 by electroporation (1.75kV). After overnight
culture (16-18h) at 37°C, monoclonal colony PCR was performed
with Pwh1266-F and Pwh1266-R primers to select positive
transformants on LB agar supplemented with 50pg/
ml Carbenicillin.

For the overexpression of XDR-Ab, based on the above
work, we reconstructed a specific recombinant plasmid by
replacing the Ampicillin resistance (AmpR) cassette in the p-RS
plasmid with the Tellurite resistance (TelR) cassette. Briefly,
the TelR cassette was amplified from the plasmid pMo130-telR
using telR-PstI-F/telR-Pvul-R primers. After purification, these
PCR products and p-RS plasmid were digested with PstI and
Pvul then ligated to make a new plasmid p-telR-RS14560.
Similarly, a corresponding empty plasmid p-telR was constructed
according to the above-mentioned method. Each plasmid was
transformed into E. coli DH5a competent cells and then
electroporated into A. baumannii XAb53 and XAb50 isolates
at the same voltage of 1.75kV. Of particular note, when selecting
positive transformants with telR-F/telR-R  primers, the
concentration of tellurite added into the LB agar should not
be completely fixed and rigid, that is, 25pg/ml for E. coli
DH5a and 80pg/ml for XAb53 or XAb50 isolates. Of note,
these two XDRAB clinical isolates were randomly selected
according to their results of multilocus sequence typing, that
was, XAb50 was assigned to ST1145 (gltA-1, gyrB-3, gdhB-3,
recA-102, cpn60-2, gpi-97, and rpoD-3), an ST recently prevalent
at the First Affiliated Hospital of Sun Yat-sen University, while
XAb53 was considered a new ST (gltA-1, gyrB-3, gdhB-3, recA-
102, cpn60-1, gpi-103, and rpoD-26). The media should
be cultured overnight for 24-30h at 37°C.

Microtiter-Plate Test
We performed a microtiter-plate test to evaluate the biofilm
formation ability of A. baumannii according to the method

described previously (Rodriguez-Bafio et al., 2008), but with
certain modifications. Prior to inoculation, all strains were
transferred from the stock cultures onto LB agar plates and
incubated aerobically at 37°C for 18h. Colonies from these
plates were suspended in phosphate-buffered saline (PBS). After
a 0.5 McFarland turbidity standard suspension (corresponding
to 1.5x 103CFU/ml) of each isolate was determined, a 100-fold
dilution with sterile LB broth was prepared. Then, 200ul of
each bacterial suspension were filled into no less than six
wells of a sterile 96-well flat-bottomed plastic tissue culture
plate with a lid. Negative and positive control wells contained
sterile LB broth and standardized suspension of P. aeruginosa
strain ATCC 27853, respectively. The plates were covered and
incubated aerobically at 37°C for 0, 6, 12, 18, 24, 30, 36, 42,
48, 60, and 72h, respectively. Then, the content of each well
was gently aspirated, and each well was washed three times
with 250ml of ultrapure deionized water and left to dry. Each
well was stained for 20min at room temperature with 200 pl
of 10g/L crystal violet. Excess stain was rinsed off by sterile
water. After the plates were air-dried, each well was added
with 200pl of 33.3% glacial acetic acid and resolubilized for
20min. Absorbance at 570nm (OD570) of each well was
measured by Epoch 2 microplate reader (BioTek). A cut-off
OD (ODc) was defined as three standard deviations (SDs)
above the mean OD of the negative control. All strains were
classified into the following categories (Stepanovi¢ et al., 2007):

non-adherent (OD<0ODg, 0), weakly adherent
(ODc<OD<2x0Dc, +), moderately adherent
(2xODc<OD<4x0Dc, ++), or strongly adherent

(4xODc<OD, +++). The results were averaged after all tests
were carried out three times.

G. mellonella Infection Experiment

Bacterial cell suspensions at a concentration equivalent to a
0.5 McFarland Standard were prepared and followed by a
100-fold dilution with sterile LB broth. To make an infection
model, the last instar healthy larvae with 2-3cm long and
180-250mg in weight were selected and randomly divided
into groups with 10 individuals in each group. Each insect
was carefully given an injection with 20 pl of bacterial solution
(1.5x10°CFU/ml) and put in a Petri dish of 8cm in diameter.
Infect at least 30 larvae for each strain. Then place the dishes
at 37°C in an incubator and check larval mortality regularly
over a 6h period for 3days. A. baumannii 5075, a strain with
high virulence, was served as the positive control while PBS
served as the negative. Mortality data were analyzed using the
Kaplan-Meier method.

Transcriptome Sequencing

Four single colonies, two derived from the overexpressed strain
constructed by ATCC 19606, and two from the corresponding
empty plasmid strain, were picked into 3ml LB medium
supplemented with 50pug/ml Carbenicillin and inoculated,
respectively. These cultures were grown for 18h at 37°C and
cells were then collected by centrifugation at 6,000rpm for
10min and washed three times with RNase free water. Total
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RNA extraction and the subsequent transcriptome sequencing
were performed by Shanghai Majorbio Bio-pharm Technology
Co., Ltd. After the quality analysis, clean data were obtained
and analyzed on the online platform of Majorbio Cloud Platform.”
Basic functional annotation analysis was performed on the
provided reference genome (Organism: A. baumannii; Genome
ID: GCF_008632635.1). The sequences were then annotated
with the following databases including NCBI Nr, NCBI Nt,
Pfam,’ eggNOG", SwissProt’, GO°, and KEGG.” Differentially
expressed genes (DEGs) were identified by DESeq2 software,
Version 1.24.0.° Those mRNAs with absolute value log2[Fold
Change (FC)]>1 and p-adjust<0.05 were considered
as significant.

Statistical Analysis

The IBM SPSS 26.0 statistical software was used for statistical
analysis. The t test was applied to compare the difference of
measurement data, which presented as
mean + SD. Spearman’s rank correlation was conducted to analyze
the correlations between biofilm formation and gene expression
levels. The Kaplan-Meier method was used to construct a
survival curve, with a calculation of p value by the log-rank
test. p<0.05 was considered to be statistically significant.

were

RESULTS

Phylogenetic Analysis

In the case of the DNA sequences, BIT33_RS14560 gene widely
existed in all 14 A. baumannii strains with different identities
and two clades were identified in the phylogenetic tree
(Supplementary Figure S1). In the monophyletic clade I, the
BIT33_RS14560 gene was found to most closely related to
A. baumannii ATCC 17961 and they both clustered into a
subgroup with other five A. baumannii isolates. Interestingly,
the pattern strain A. baumannii ATCC 17978 was subgrouped
with another six isolates into clade II, indicating a distant
relationship with A. baumannii ATCC 19606.

When it came to the amino acid sequences, the phylogenetic
tree showed that the BIT33_RS14560 membrane transporter
was most closely related to A. baumannii WP_0657191181
(Supplementary Figure S2). In addition, this protein of interest
was clustered into a subgroup with its homologous proteins
A. baumannii HAV5588984.1, A. baumannii HAV6132876.1,
A. baumannii HAV4460275.1, and Klebsiella pneumoniae
SSW87290.1. What is more, the target protein was constituted
into an evolutionary clade together with Acinetobacter nosocomialis
WP_004709884.1, A. nosocomialis HAB71326.1, A. nosocomialis
WP_207694075.1 as well as A. baumannii HAV5002142.1.

*www.majorbio.com

*http://pfam.xfam.org/

*http://eggnogdb.embl.de/

*http://uniprot.org

Shttp://www.geneontology.org/
“http://www.genome.jp/kegg/
*http://bioconductor.org/packages/stats/bioc/DESeq2/

Investigation on the Relationship Between
Biofilm-Forming Capability and BIT33_
RS14560 mRNA Levels of A. baumannii
Isolates

In this study, when biofilm biomass was measured at 72h by
crystal violet staining, 62 A. baumannii isolates showed a various
range of OD570 from 0.09 to 2.29nm, indicating varying abilities
of biofilm formation. Among all the isolates, 9 (14.5%), 28 (45.2%),
and 17 (27.4%) were strong, moderate, and weak biofilm producers,
respectively, while no biofilm was observed in eight (12.9%) isolates.
Interestingly, we found that these A. baumannii isolates also differed
considerably in their mRNA levels of BIT33_RS14560, with the
A\CT ranging from 0.47 to 19.51 (Table 3). Spearman’s rank
correlation analysis indicated that the /AACT value of BIT33_RS14560
was negatively correlated with the biofilm rank of those A. baumannii
isolates (R=— 0.569, p=0.000), which suggested that a stronger
biofilm-forming ability could be followed by a relative higher the
expression level of BIT33_RS14560 (Supplementary Table S$4).

Construction of Overexpression Vectors
Fragment of BIT33_RS14560 coding sequence (CDS) plus its
preceding promoter was cloned from the ATCC 19606 genome
and 1% agarose gel electrophoresis of the PCR products yielded
an expected band, 1,632bp in size. The purified PCR products
were inserted into pWH1266 to construct a vector p-RS14560
for the overexpression of BIT33_RS14560 in ATCC 19606. PCR
analysis of the cloned plasmid followed by gene sequencing
showed that the target fragment was successfully and correctly
cloned into pWH1266 plasmid and the cloned gene was the
same as BIT33_RS14560 (NCBI Reference Sequence: NZ_
MJHAO01000008.1) in the GenBank. These findings indicated
that the expression vector p-RS14560 was successfully constructed
(Supplementary Figures S3, $4). A 3,075bp TelR cassette was
successfully cloned from the suicide vector pMol30telR and
inserted into the p-RS14560 plasmid to construct a new vector
p-telR-RS14560. These were confirmed by obtaining two expected
bands, 3,075 and 3,526bp in size, respectively (Figure 1).
Surprisingly, we managed to overexpress the target gene BIT33_
RS14560 in two XDR-Ab isolates with this recombinant plasmid
(see this article below).

Validation of the Effect of BIT33_RS14560
Overexpression on the Biofilm Formation
in A. baumannii Strains

As mentioned above, those clinical A. baumannii isolates with
higher BIT33_RS14560 mRNA levels tended to possess a stronger
capacity of biofilm formation. To further investigate this
relationship, a standard A. baumannii strain ATCC 19606,
together with two XDR-Ab isolates, were transformed with
the overexpression plasmids, p-RS14560 and p-telR-RS14560,
respectively. To confirm if over-expression of BIT33_RSI14560
occurred in the ATCC 19606 and these two XDR-Ab isolates,
relative quantification of the BIT33_RS14560 transcript levels
were determined by qRT-PCR with the corresponding strains
transformed with empty plasmids as the control. In ATCC
19606, there was no significant difference between empty plasmid
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TABLE 3 | The correlation between the biofilm biomass of 62 A. baumannii and
their mRNA levels of BIT33_RS14560.

jte:’:;‘na ion 0OD570 (nm) Biofilm rank ACT
7646 2.29 +++ 13.05
3416 1.65 +++ 11.12
3358 0.89 ++ 14.29
2599 2 2.75 +++ 11.44
8017 0.57 ++ 17.68
7334 0.51 + 17.22
4695 0.24 - 17.15
1937 0.74 ++ 18.35
1421 0.44 + 19.06
4530 1.02 ++ 18.29
8578 0.52 + 19.33
1313 0.61 ++ 15.73
2499 0.43 + 19.40
8679 0.67 ++ 18.22
9436 0.32 + 18.55
2844 0.40 + 17.50
3679 0.77 ++ 17.64
8076 0.33 + 18.04
4108 0.32 + 1717
6860 0.93 ++ 156.71
8036 0.28 + 18.18
5629 0.27 + 17.30
2194 0.87 ++ 1714
2410 0.34 + 17.65
2241 0.93 ++ 17.05
1916 0.41 + 17.55
3542 0.71 ++ 18.66
3328 0.81 ++ 16.41
3508 0.42 + 19.51
3475 0.91 ++ 17.02
1705 0.68 ++ 18.48
1594 1.25 +++ 17.05
1583 0.62 ++ 18.36
1076 1.59 +++ 8.53
8124 1.42 +++ 16.41
2326 1.33 +++ 1.13
9252 2.16 +++ 0.47
1666 0.71 ++ 18.90
1883 0.48 + 19.39
2346 1.05 +++ 16.52
2281 0.88 ++ 18.47
2579 0.87 ++ 18.37
3388 0.83 ++ 18.05
1725 0.51 + 18.08
1983 0.63 ++ 17.31
2140 0.85 ++ 13.85
27 0.85 ++ 16.34
22 0.58 ++ 16.66
50 0.74 ++ 18.62
1 0.29 + 17.46
33 0.49 + 17.84
32 1.02 ++ 17.79
36 0.77 ++ 17.40
41 0.52 ++ 17.04
AB7 0.13 - 18.11
A59 0.22 — 18.50
A504 0.14 - 18.01
A534 0.61 ++ 16.78
A143 0.09 — 18.12
A132 0.13 - 18.09
(Continued)

TABLE 3 | Continued

A116 0.10 -
A48 0.09 -

18.34
19.29

Different abilities of biofilm formation are presented as the categories: —, non-adherent;
+, weakly adherent; ++, moderately adherent; +++, strongly adherent. /\CT is defined
as the CT value of the target gene minus that of the reference rpoB gene. A4A50
referred to XAb50 while A53 referred to XAb53.

5000
3000

2000

750
500

3526
3075 K" 4

589

FIGURE 1 | Around 1% agarose gel electrophoresis of PCR products
indicates a successful construction of p-telR-RS14560 vector. The AmpR
fragment in the p-RS14560 plasmid is replaced by telR cassette amplified
from the pMo130telR vector. Lane 1: PCR products of telR cassette; lane 2:
PCR products of p-RS14560 plasmid as negative control, lane 3: PCR
products of positive clone, and lane 4: DNA marker 5,000 bp.

group and wild-type group, indicating that the transformation
of two recombinant plasmids had little effect on the expression
of BIT33_RS14560 gene (p >0.05). For ATCC 19606 strain with
the plasmid overexpressing the gene of interest, when compared
with its control group, the expression level of the BIT33_RS14560
was significantly increased at 311.5 folds (p < 0.0001). For XAb53
strain, the relative expression levels of BIT33_RS14560 in the
overexpression group was surprisingly higher at about 586
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FIGURE 2 | Relative expression of BIT33_RS14560 by qRT-PCR. The x-axis represents the A. baumannii strains, and the y-axis represents the relative mRNA
levels of BIT33_RS14560 (2-2°"). p<0.05 indicates a statistical significance. (A) Overexpression of ATCC 19606 strain; (B) Overexpression of XAb53 isolate; and
(C) Overexpression of XAb50 isolate.

1000-fold than that of its control group (p<0.0001). Similarly,
for the other XDR-Ab strain, XAb50, the overexpression group
significantly displayed approximately 619 1000-fold higher
BIT33_RS14560 mRNA levels in comparison with its empty
plasmid group (p<0.0001). These results indicated the success
of overexpression of BIT33_RS14560 in the three A. baumannii
strains (Figure 2). The breathtaking multiples of overexpression
in two XDR-Ab isolates may probably come from their very
low transcript levels (or relative high /A\CT values) of this
target gene, as shown in Table 3.

To verify the effect of BIT33_RSI14560 overexpression on
the biofilm formation of three A. baumannii strains, we evaluated
the biofilm biomass with the microtiter-plate test at different
points of time. We found that these three wild-type A. baumannii
strains, including ATCC 19606 and other two XDR-Ab isolates,
differed in their peak time of biofilm formation, but normally
displayed relatively high levels of production within 12-48h.
When compared with each control group transformed with
empty plasmids, we observed significantly higher biofilm biomass
in the experimental groups of BIT33_RS14560-overexpression,
whether in the standard strain ATCC 19606 or the two isolates
XAb53 and XAb50 (Figure 3).

G. mellonella Survival Influenced by BIT33_
RS 14560 Overexpression

We used the G. mellonella infection model to investigate the
effect on the virulence of the standard strain ATCC 19606
when BIT33_RS14560 was overexpressed. None of the

G. mellonella died within 72h when given with the equivalent
PBS. By contrast, all G. mellonella died within 12h following
infection with the high-virulent strain A. baumannii 5075,
which served as the positive control. When infected with the
ATCC 19606 wild-type strain, G. mellonella mortality was 40.0%
within 12h and then rose to 70.0% at 24h. In contrast,
G. mellonella mortality following infection with the BIT33_
RS14560 overexpression strain was 60.0% at 12h and reached
90% within 24h. No significant difference was observed in
the survival rates between the wild-type strain ATCC 19606
and its empty plasmid strain 19,606-p (p>0.05). As shown in
Figure 4, Kaplan-Meier survival curve analysis showed that
the survival rate of G. mellonella was significantly lower when
infected with the BIT33_RS14560 overexpression strain
(f =8.462, p=0.004).

Screening of the Candidate Genes Related
to A. baumannii Biofilm Formation
Influenced by Overexpressed BIT33_

RS 14560 Based on RNA-Seq

To better understand the mechanisms of the relationship
between BIT33_RS14560 overexpression and A. baumannii
biofilm formation, in the current study, we conducted a
comparative transcriptomic analysis of four samples, including
the treated group (two samples derived from ATCC 19606
with target gene overexpression) and the control group (two
samples derived from ATCC 19606 with empty plasmid). A
total of over 7.0 Gigabyte raw data were obtained, and the
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percentage of Q30 (an important index for the assessment
of RNA-Seq quality, a higher value usually indicates a lower
probability of base error) reached above 94.65%. Totally, 3,232
expressed genes were detected in this analysis, including 3,208
mRNAs and 24 small RNAs (sRNAs). Under the threshold
of |log2(FC)| > 1 and p-adjust < 0.05, a total of 12 DEGs (seven
upregulated and five downregulated) were screened for
subsequent analysis. The volcano plot and heatmap of these
DEGs were drawn in Figures 5, 6, respectively. To further
explore the biological functions of these DEGs, we performed
GO and KEGG enrichment analysis. As presented in Figure 7,
none of these DEGs were involved in GO biological process
or cellular component category. However, in molecular
function(MF)category, they significantly enriched in

Construction of Overexpression Vector in
XDR-AD Isolates

The E. coli/ Acinetobacter shuttle vector pWH1266 containing
AmpR and TetR was initially generated for the cloning
experiments of Acinetobacter calcoaceticus and E. coli (Hunger
et al, 1990) and has been successfully applied in the
overexpression construction of A. baumannii (Zander et al.,
2013; Liou et al., 2014). However, for XDR-ADb, it should
be mentioned that due to its extreme drug resistance, the
number of antibiotic selection markers for transformants was
greatly limited. One solution to this problem was that the
antibiotic concentration should be increased as much as possible
within the tolerant range of the vector’s resistance. In this
case, we made our attempt to transform the recombinant
plasmid p-RS14560, which contained only AmpR, into an
XDR-Ab isolate by increasing the concentration of Carbenicillin

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 867770


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Yang et al.

MFS Member and A. baumannii Biofim

Survival Analysis
1.0 — —
PBS
—ITTATCC 19606
7119600-p-RS14560
19606-p
0.8 AB 5075
Log-rank x? =8.462,
5 P=0.004
£ 06
o
]
T
B
=
>
T 04
9
E
w
0.2 ‘ ‘
0.0 ‘
I I | I | | I
0 12 24 36 48 60 72
time (h)
FIGURE 4 | Kaplan—Meier curve analysis of the survival of G. mellonella after infection. PBS is the negative control group, ATCC 19606 is the wild-type strain,
19,606-p-RS14560 is the overexpression strain, 19,606-p is the empty plasmid control group, and A. baumannii 5075 is the positive control group. PBS, phosphate
buffered saline. p<0.05 indicates a statistical significance.

from 50 to 1,700 pg/ml. However, we failed because the XDR-Ab
was still able to grow at such a high concentration of
Carbenicillin. To achieve this goal of overexpression in XDR-Ab,
a replacement of AmpR by other resistant genes was the key
to the deal.

When we made our attempts to knock out this target
gene using a marker-less method (Amin et al, 2013), the
TelR cassette of pMol30telR vector caught our attention.
This suicide vector was derived from the modification of
the pMo130 vector (Hamad et al.,, 2009) by carrying a TelR
cassette (Sanchez-Romero et al., 1998). Researchers had tested
A. baumannii isolates, including MDR-AD isolates, and found
that they were susceptible to tellurite (Amin et al, 2013).
We also tested several XDR-Ab isolates to confirm their
susceptibilities to tellurite and found that they could be counter-
selected in LB agar containing tellurite of 30-100 pg/ml (data
not shown). Fortunately, we managed to overexpress the target
gene BIT33_RS14560 in two XDR-Ab isolates by replacing
the AmpR with the TelR. The transformation of two
recombinant vectors, p-telR and p-telR-RS14560, might to
some extent make an impact on the transcript expression
of BIT33_RS14560. This could be explained by the fitness
cost of bacteria (San Millan and MacLean, 2017; Nang et al,,
2018). Large plasmids could impose a metabolic burden for
host bacterial strains (Ma et al., 2018). However, to our
knowledge, this was the first time to achieve stable gene
overexpression in XDR-Ab by the replacement of AmpR with

telR, which would provide guidance for further investigations
on XDR-Ab strains.

Biofilm-Forming Capabilities and BIT33_
RS14560 mRNA Levels of A. baumannii
Isolates
Like many other bacteria, A. baumannii displays a robust
biofilm formation on many abiotic surfaces in hospital
environments, raising the risk of chronic infections. Previous
studies have shown that the degree of biofilm formation varied
considerably depending on the A. baumannii isolates (Rodriguez-
Bano et al, 2008). Our study also showed different abilities
of biofilm formation among 62 A. baumannii isolates when
measured at 72h. Those with robust abilities of biofilm formation
were more likely to survive under desiccation and nutrition-
limiting conditions, which explained why some clinical isolates
possessed more tenacious vitality in hospitals than others. As
shown in Supplementary Table S4, Spearman’s rank correlation
analysis suggested that a stronger biofilm-forming ability could
be followed by a relatively higher expression level of BIT33_
RS14560 (the /\CT value vs. biofilm rank, R=—0.569, p=0.000).
This was validated by overexpression of the BIT33_RSI14560
gene in the standard strain ATCC 19606 and the two isolates
XAb53 and XAb50 (Figure 3).

Here, three wild-type A. baumannii strains used for the
construction of BIT33-RS14560 overexpression normally

Frontiers in Microbiology | www.frontiersin.org 33

April 2022 | Volume 13 | Article 867770


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Yang et al.

MFS Member and A. baumannii Biofim

control_vs_treated.volcano nosig
« uUp
225—
= down
F3P16_RS12805
F3P16_RS12825
200— ’ :
175—
150—
F3P16_RS12830
—~
— .
0
>
o 125—
©
o
N
o
<~
o 100—
(@]
-
1
75—
50—
25—
F3P16_RS04575
F3P16_RS04585 + — F3P16_RS12600
, o\ _~F3P16_RS04590
0 . oopo.“d'noo', L N
T T T T 1
-2.5 0 2.5 5 7.5
Log2FC
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displayed relatively high levels of production within 12-48h,
which was in accordance with the previous study (Rodriguez-
Bano et al.,, 2008). However, the enhancing effects of BIT33_
RS14560 on biofilm formation appeared to be variable in
these three A. baumannii strains (Figure 3). Within 48h, for
the ATCC 19606 strain, overexpression of BIT33_RS14560
exhibited a gradual upward trend of facilitating biofilm
formation, while in the XAb53 isolate; this effect seemed to
be more stable, keeping it in fairly high levels of biofilm
biomass. However, when it came to XAb50 isolate, the amount
of biofilm remained relatively unchanged over the past 30h,
then, rose sharply into about 3.24-fold (data not shown) at

48h. Further investigation is warranted to elucidate the
mechanisms for this phenomenon.

RNA-Seq Reveals Possible Mechanisms
by Which BIT33_RS14560 Affects Biofilm
Formation and Virulence of A. baumannii
Currently, A. baumannii biofilm formation, of which the
mechanisms are still not fully elucidated, is still a tough
issue in the treatment of refractory and chronic infections.
As one of the largest superfamily of secondary carriers known
to date, MFS family membrane transporters exist widely in
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the whole biological world (Reddy et al., 2012) and they are
considered to be closely related to a wide variety of life
phenomena due to a basic function of assisting in
transmembrane transport of certain substances, including
monosaccharides, oligosaccharides, amino acids, enzyme
cofactors, drugs, and so on (Lorca et al, 2007; Chen et al,
2008; Yen et al., 2010). In bacteria, MFS superfamily proteins
have been found not only to play an important role in the
transport of many substances but also to be a member of
the efflux pumps large families (Pasqua et al., 2019), which
are involved in biofilm formation and drug resistance (Bay
et al., 2017; Saranathan et al., 2017; Poudyal and Sauer, 2018;
Tang et al., 2020).

BIT33_RS14560, although considered to be categorized into
the MFS family, is still lacking reports about its effects on

the biofilm formation of A. baumannii. In this study,
we conducted a comparative transcriptomic analysis to investigate
the possible mechanisms by which BIT33_RS14560 overexpression
had an impact on the biofilm formation and virulence of
A. baumannii ATCC19606. As shown in Table 4, we found
that three DEGs, including F3P16_RS12800, F3P16_RS04575,
and F3P16_RS04585, although displayed different up or down
multiples, were hypothesized to be related more or less to
bacterial biofilm formation or virulence.

F3P16_RS12800 was annotated as an OprD family outer
membrane porin. The OprD family was described first for
P aeruginosa, but ever since that time, it has been found in
many metabolically versatile soil bacteria and comprises over
100 members (Tamber et al, 2006). In the current study,
we found that the overexpression of BIT33_RSI14560 led to a

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 867770


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Yang et al.

MFS Member and A. baumannii Biofim

GO enrichment analysis(control_vs_treated mRNA)

Enrichment ratio
OO OO0 OOOO O~
O—_NWPArUUOTON®OO
I)(-

*

.’f
_*
_*
I*

o -

e o

D < D D D D
S F £ F F F £ F 06
S & 9 & & 5 3 Iy
o 3 S @ & @ L @
& @ S 2 & & & £
& & S & § § & & 04
@ 9 X @ Q ) @ g
i$ &£ S IS & & N &
& T o &
S & & & s ~ S &
S < IS < & o S < 0.2
$ o @ 9 & & N 9
K O % O S S K O

9 o & ) & IS

5 &> g S & $
Q P o @ o o N 0.0

- o A O S S N
) © Nz X 2 2 S
S T S 9 & IS S
& & o5 N £ &
@ 0 N N @
N @ Ns) o) >
) 2 N ~ )
& & @ IS &
S ) & $ S
3 s > Py R
) 2 %
& & N N &
N & N S N
& o N &
¢ & &
9 s Q
& J &
$ < &
(2 (2
& &
N £
IS
S $
9
Q
IS
&
N

FIGURE 7 | GO enrichment analysis of differentially expressed genes. The x-axis represents GO terms, and the y-axis represents the enrichment ratio. A higher
ratio means a greater degree of enrichment. GO, Gene Ontology; FDR, false discovery rate. *FDR<0.05.

significant upregulation of F3P16_RS12800, suggesting that in
A. baumannii, BIT33_RS14560 may enhance biofilm formation
by upregulating the expression of this outer membrane porin.
This was supported by a previous comparative proteomics study
(Cabral et al., 2011) revealing that some membrane proteins
including OprD-like protein were involved in the adhesion
and biofilm formation of A. baumannii.

Most importantly, we got F3P16_RS04575 and F3P16_
RS04585, both encoded proteins belonging to the
glycosyltransferase (GT) family and were upregulated when
BIT33_RS14560 was overexpressed. GTs mainly participate in
the transfer process of glycosyl from an activated donor to
a receptor, such as sugar, lipid, protein, and nucleic acid and
play an important role in pathogenic adhesion, biofilm formation,
and virulence (Breton et al., 2006; Ribet and Cossart, 2010a).
Structural analysis of three-dimensional (3D) protein fold has
shown that the catalytic domains of GTs are categorized into
GT-A, GT-B, and GT-C three types, the most common of
which are GT-A and GT-B (Moremen and Haltiwanger, 2019).
GT-B or GT-C is believed to play a role in adhesion, biofilm
formation, and virulence of pathogenic bacteria while GT-A
enters the host cell and interferes it with post-translational

modifications thus affecting its signal transduction, protein
translation, and immune response. It was also important to
note that the protein glycosylation of GT was closely related
to the virulence of pathogenic bacteria (Ribet and Cossart,
2010b; Yakovlieva and Walvoort, 2020). Many bacterial
pathogens were found to bear toxic GTs that interfere with
host post-translational modifications to promote their own
survival and replication (Lu et al., 2015). Interestingly, when
we further analyzed with the Carbohydrate-Active Enzymes
(CAZy) database,” we found that the proteins encoded by
F3P16_RS04575 and F3P16_RS04585 belonged to GT-C and
GT-A, respectively. This might explain why ATCC 19606
became more virulent when BIT33_RS14560 was overexpressed
(Figure 4).

It was reported that proteins and carbohydrates were the
main components of biofilm formation (Costerton et al., 1995).
Amino acid metabolism, glycerolipid, and tricarboxylic acid
cycle were also observed to be mostly affected during bacterial
biofilm formation (Lu et al, 2019). Our results of GO and
KEGG analysis (Figures 7, 8) also indicated that most DEGs

*http://www.cazy.org
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TABLE 4 | Differentially expressed genes identified by RNA-Seq.

Gene identity Description log,(FC) P P-adjust Regulation
F3P16_RS12805  MFS transporter 7.100932775 0 0 up
F3P16_RS12825  Aromatic ring-hydroxylating dioxygenase subunit alpha 5.270041648 7.88E-206 1.26E-202 up
F3P16_RS12830  PDR/VanB family oxidoreductase 5.447523987 5.15E-139 5.51E-136 up
F3P16_RS12800  OprD family outer membrane porin 2.405050832 1.88E-15 1.50E-12 up
F3P16_RS04590  ChbG/HpnK family deacetylase 1.473469534 5.46E-05 0.009736754 up
F3P16_RS04575  Glycosyltransferase family 39 protein 1.29285042 0.000175063 0.02065165 up
F3P16_RS04585  Glycosyltransferase family 2 protein 1.280990985 0.000240526 0.024890574 up
F3P16_RS07615  Magnesium-translocating P-type ATPase —1.011635328 2.24E-07 8.99E-05 down
F3P16_RS09470  CoA transferase subunit A —1.098553066 8.82E-07 0.000314477 down
F3P16_RS11250  DcaP-like protein —1.209536537 1.62E-06 0.000518977 down
F3P16_RS11275  Methylcrotonoyl-CoA carboxylase —1.052143105 1.93E-06 0.000541303 down
F3P16_RS11640  Phenylacetate-CoA oxygenase subunit PaaJ —1.227463257 9.57E-05 0.013948752 down

Differentially expressed genes were screened by DESeq2 software, under a threshold of |log,(FC)|> 1 and p-adjust <0.05. Of note, the F3P16_RS12805 gene refers to the target

gene BIT33_RS14560. FC, fold change.

participated in complicated metabolic processes including amino
acid, carbohydrate metabolism, which also suggested the
complexity of bacterial biofilm formation. However, the specific
effects of these DEGs on A. baumannii biofilm formation and
what metabolic pathways these DEGs may be involved in
remained further investigations.

CONCLUSION

In this study, we demonstrated that when BIT33_RS14560,
a member of the MFS family, was over-expressed, the abilities

to form biofilm and the virulence of A. baumannii were
significantly enhanced, no matter in standard or clinically
isolated strains. This gene of interest existed widely in
A. baumannii strains and its protein was closely related to
the MFS homologs of A. nosocomiae and K. pneumoniae.
Three DEGs including F3P16_RS12800, F3P16_RS04575, and
F3P16_RS04585, annotated as OprD family outer membrane
porin, glycosyltransferase family 39 protein and
glycosyltransferase family 2 protein, respectively, were
identified by RNA-Seq and speculated to be related to the
biofilm formation and virulence of A. baumannii, which
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needs further studies. These findings provided new insights
in identifying potential drug targets for the inhibition of
biofilm formation. Besides, we developed a method for the
construction of XDR-Ab overexpression, which may promote
further microbiological research on their genotypes
and phenotypes.
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Corynebacterium matruchotii is a reported calcifying bacterium that can usually be
isolated from dental calculus and induce mineralization in vitro. In recent years, based on
in situ hybridization probe and sequencing technology, researchers have discovered the
central “pillar” role of C. matruchotii in supragingival plaque, and many studies focused
on bacterial interactions in the biofilm structure dominated by C. matruchotii have been
conducted. Besides, C. matruchotii seems to be an indicator of “caries-free” oral status
according to imaging and sequencing studies. Therefore, in this review, we summarize
C. matruchotii ‘s role in supragingival plaque based on the structure, interactions, and
potential connections with oral diseases.

Keywords: Corynebacterium matruchotii, supragingival plaque, biofilm structure, bacterial interaction, oral
diseases

INTRODUCTION

Corynebacterium matruchotii (previously known as Leptothrix buccalis and Bacterionema
matruchotii) is a gram-positive aerobic bacterium that was first discovered in 1925 (Ennever and
Creamer, 1967). Of all the anatomical sites in the oral cavity, it occurs most in dental plaque on
the tooth surface and serves as one of the most predominant bacteria at the site (Mark Welch et al.,
2016; Eriksson et al., 2017; Esberg et al., 2020). During the 1960’s—2000’s, the bacterium was verified
to precipitate calcium phosphate on the intracytoplasmic membranes and share a similar calcified
nucleator with dental calculus (Vogel and Smith, 1976; Boyan-Salyers et al., 1978; Ennever et al.,
1978, 1979; Sidaway, 1978a). However, after these investigations reported this calcifying ability,
studies on C. matruchotii in the oral ecosystem were strikingly absent from the literature for the
next decade or so.

In the past few years, with the development of laboratory techniques such as fluorescence in situ
hybridization with probes and high-throughput sequencing, the taxonomy of bacteria in highly
structured dental plaque has been clearly depicted, and C. matruchotii has once again become a
focus of research. As reported recently, C. matruchotii is in the center of supragingival plaque
and interacts with a variety of bacteria around it via its special morphology, which may indicate
a new sight for plaque development and maturation. In addition, several studies on oral diseases
associated with supragingival plaque have pointed out C. matruchotii as a potential indicator of
healthy status since there is an increase in the relative abundance of C. matruchotii compared with
the morbid state, implying C. matruchotii might play more hidden roles in the development of
different oral status.
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This review is aimed at summarizing the latest findings of C.
matruchotii in supragingival plaque, including its bio-geographic
position in the organized oral biofilm, interactions with other
bacteria, and possible effects in oral diseases, attempting to
better understand the characteristics of dental plaque in various
conditions to explore ways to maintain oral health from a
microbial perspective.

C. MATRUCHOTII IN THE STRUCTURE OF
SUPRAGINGIVAL PLAQUE

C. matruchotii was discovered in much higher abundance
and prevalence in the supragingival plaque and subgingival
plaque than in saliva or other oral surfaces such as the
tongue, buccal mucosa, and keratinized gingivae (Mark Welch
et al, 2016). Therefore, the potential big role for it in oral
biofilms came to attention. In 2016, Borisy et al. used a
fluorescence in situ hybridization probe to determine the bio-
geographic location of each bacterium and first clearly showed
the central position of C. matruchotii in the hedgehog structures
in healthy people’s supragingival plaque (Mark Welch et al,
2016; Borisy and Valm, 2021). The “hedgehog” structure is a
special consortium of various bacteria named by its morphology
seen under electron microscopy as spiny, radially oriented
filaments, and within the structure, C. matruchotii stood in
the center of the field of vision with a variety of bacteria
surrounding it. Combined with a recent metaproteome study
claiming that C. matruchotii represented a large proportion
of the protein activity in supragingival dental plaque, which
suggested its strong biological activity and metabolic capacity
(Belda-Ferre et al., 2015), a hypothesis can be drawn that it
undertakes numerous information exchanges among bacteria
and performs important functions in healthy oral status.
Additionally, based on the recent research conducted on the
metabolic current production by C. matruchotii, the radial
“hedgehog” structure may support electrically coupled organics
oxidation and oxygen reduction in dental biofilm as in the
cases of long-range extracellular electron transport which could
facilitate colonization of various bacteria in the anaerobic
environment (Naradasu et al., 2020). From the basal layer closest
to the tooth surface outward, Corynebacterium traversed through
the whole distance; from the staining, an ordered arrangement
could be seen in the form of a small amount of Actinomyces
located near the tooth base, Capnocytophaga/ Fusobacterium/
Leptotrichia forming a ring between the periphery and the
base, Neisseriaceae clustering in and near the periphery, and
Streptococcus/ Haemophilus/ Porphyromonas being located at the
periphery encircling Corynebacterium as the “corncob structure.”
The organized “hedgehog” structure was determined by the
metabolism and biochemicals of different bacteria according
to the group supposed, and Streptococcus seemed to be the
major driver of this organized structure which used external
oxygen to produce hydrogen peroxide, carbon dioxide, and a
series of metabolites to impact growth and survival adaption of
other bacteria.

THE INTERACTIONS BETWEEN C.
MATRUCHOTII AND OTHER COMMENSAL
BACTERIA CLOSE IN BIO-GEOGRAPHY
TO SUPRAGINGIVAL PLAQUE

The development and maturation of oral biofilm were
determined by the relationship between participating bacteria,
which presented as bacterial co-aggregation and co-adhesion
(Kolenbrander et al., 2010). Recently, to further explore a
vital part of C. matruchotii in biofilm, Anders Esberg et al.
systematically performed an in vivo and in vitro study to seek
bacterial interactions in coaggregation and co-adhesion assays
(Esberg et al., 2020). Consistent with the fact that C. matruchotii
were in close proximity with Actinomyces spp reported by Borisy,
Esberg et al. demonstrated an indispensable role of Actinomyces
spp for C. matruchotii binding on the tooth surface. The group
hypothesized that Actinomyces naeslundii could be an initial
tooth colonizer binding to the saliva pellicle and providing
attachment sites for C. matruchotii since in vivo the abundance
of A. naeslundii was similar to C. matruchotii at all ages, and
in vitro, A.naeslundii bound C.matruchotii both in the state of
plankton and biofilm and had the ability to recruit C. matruchotii
to the tooth surface.

In the “hedgehog” consortium of supragingival plaque,
a unique structure named “corncob’ could be seen at the
periphery of supragingival plaque away from the enamel
surface (Mark Welch et al., 2016), which was formed at
the very beginning of the acquired pellicle and closest to
the outside air, which determined a different metabolism to
the inside bacteria (Rickard et al., 2003). This local, specific
structure was made of the central filament C. matruchotii
encased by cocci Streptococcus, which could not be formed
around other filamentous bacteria nearby such as Fusobacterium,
Leptotrichia, or Capnocytophaga, revealing a particularly close
relationship between C. matruchotii and Streptococcus. Previous
studies showed that the species belonging to Streptococcus
involved in corncob structure included Streptococcus sanguis
and Streptococcus cristatus (Listgarten et al., 1973; Takazoe
et al., 1978). However, the results claimed by Anders Esberg
et al. only verified the co-aggregation and co-adhesion between
C. matruchotii and Streptococcus cristatus, which may imply a
connection that did not result from directly binding specific
components to the respective cell surfaces. Puthayalai Treerat
et al. co-cultured Corynebacterium and S. sanguinis in transwell
culture plates that prevented direct contact between bacteria and
found out free fatty acid transported by membrane vesicles of
Corynebacterium could elongate chains and promote fitness of
S. sanguinis (Treerat et al., 2020). The free fatty acids mediated
by membrane vesicles as potential signaling molecules to impact
Streptococcus and participate in biological activity without direct
contact were also reported in other Corynebacterium (Boyan
et al., 1984; Bomar et al., 2016), which implied a specific role of
membrane vesicles enveloping fatty acids.

Besides, around the “corncob” region, an interesting
manifestation could be observed: only when Streptococcus bound
to Corynebacterium did Haemophilus/Aggregatibacter appear
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next to Corynebacterium (Mark Welch et al., 2016). Recently,
a group verified the co-occurrence between Haemophilus
parainfluenzae and Streptococcus mitis and assumed their
proximity may be attributed to H.parainfluenzae’s dependence
on NAD produced by S. mitis (Perera et al., 2022). Though
many streptococci shared the common ability to generate
hydrogen peroxide (H,O;), which inhibited other bacterias
growth, H.parainfluenzae seemed to evolve a hydrogen peroxide
redundant system on account of frequent co-occurrence with
Streptococcus (Kreth et al., 2009; Perera et al., 2022). Thus, from
the local “corncob” region, it can be confirmed that behind
the organized architecture of supragingival plaque, bacteria do
have functional connections that match spatial structures, and
there may be a strict temporal order for them to be involved.
Additionally, C. matruchotii, as the predominant bacteria of
Corynebacterium in the supragingival plaque, probably plays a
big part in the beginning in shaping the biofilm structure.

C. MATRUCHOTII IN ORAL DISEASES
ASSOCIATED WITH SUPRAGINGIVAL
PLAQUE

C. matruchotii and Caries

Dental caries remains one of the most prevalent chronic diseases
in both children and adults, and it is shown to be a result of
the demineralization of tooth enamel by acid corrosion (Heng,
2016). Streptococcus mutans is the primary pathogen of dental
caries, and based on its strong ability of acid production and
acid resistance, along with its possession of glycotransferase, it
can use dietary sugar to produce insoluble glucans to form oral
biofilm and generate acid to decalcify dental enamel and cause
caries (Johansson et al, 2016). Recently, with the popularity
of sequencing technology in clinical practice, the role of C.
matruchotii seems to act as an opposite to S. mutans and tends to
be considered as a marker of a caries-free state, which is depicted
in Figure 1.

Muawia A Qudeimat et al. collected supragingival plaque
samples from 64 caries-active and 64 caries-free middle eastern
children and performed 16S rRNA sequencing (Qudeimat
et al., 2021), and their results showed that C. matruchotii was
relatively more abundant in the caries-free group. This result was
consistent with the research conducted by Nezar Noor Al-Hebshi
et al. using metagenome sequencing (Al-Hebshi et al., 2019).
Based on the abundance alteration in different situations, these
findings implied that C. matruchotii may own protective property
and could be a representative species for caries-free status. At the
same time, in all these studies, S. mutans showed a predominant
abundance in the caries group and with the progression of
caries, the abundance of S.mutans became higher, while the
abundance of C. matruchotii decreased gradually (Gross et al.,
2010). The consequence seemed to show a reciprocal relationship
between S. mutans and C. matruchotii in microecology of
supragingival plaque and dental caries was the outcome of
transferred superiority from C. matruchotii to S.mutans.

In 2020, Dongyeop Kim et al. discovered a 3D corona-like
structure with a high frequency of detection in people with caries

by fluorescence in situ hybridization in intact biofilms formed
on carious teeth of toddlers; this was constructed with an inner
core of S. mutans surrounded by outer layers of other bacteria
linked via extracellular polysaccharide (Kim et al., 2020). The
highly organized rotund-shaped architecture, on the one hand,
created localized regions of acidic pH and caused acute enamel
demineralization, on the other hand, built a protective barrier
against antimicrobials while increasing bacterial acid fitness.
Compared with the in situ biofilm imaging study in healthy
people by Gary G. Borisy et.al, the detection rate of “hedgehog”
centered on C. matruchotii was cut in half, however, at the
same time, the dominant “rotund-shaped” S. mutans became
the most commonly detected architecture in people with caries
(Mark Welch et al., 2016). Thus, combined with the “pillar”
role of C. matruchotii in the structure of dental plaque in
healthy people, it could be inferred that C. matruchotii might
perform a key part in the formation and stabilization of healthy
dental plaque. In contrast, the reduction of C. matruchotii may
directly lead to the break of biofilm homostasis. Meanwhile,
the decreased abundance of C. matruchotii, based on the close
relationship shown in corncob structure of supragingival biofilm,
might also be part of the reduction of commensal streptococci,
such as Streptococcus gordonii and S. sanguinis (Agnello et al.,
2017; Richards et al., 2017), reported before, which showed
an antagonistic effect against S. mutans via their capability of
producing hydrogen peroxide (Kreth et al., 2008). The alteration
could finally contribute to a replacement of dominant species
in the oral ecosystem and induce the formation of diseased-
adapted supragingival plaque determined by S. mutans that lead
to disorders in acid-base metabolism and eventually cause the
demineralization of tooth enamel. In general, C. matruchotii is
a potential indicator of a caries-free state, and the reduction of
its abundance may indicate the evolution from healthy plaque to
caries biofilm.

C. matruchotii and Supragingival Calculus

Associated With Periodontal Diseases
Supragingival calculus is the plaque and sediment that has
calcified or is calcifying on the tooth surface touching or above
the gingival margin, which can cause gingival inflammation
and contribute to periodontal diseases. As reported before,
C. matruchotii was a calcified bacterium that had the strong
ability to deposit calcium and induce mineralization in vitro
and may participate in the formation of supragingival calculus
(Sidaway, 1978a; Takazoe and Itoyama, 1980; van Dijk et al,
1998) (Figure 2). With the superior ability to accumulate and
mineralize calcium (Sidaway, 1978b), together with the fact that
salivary levels of calcium increased in higher calculus formers
and in periodontal diseases (Mandel, 1972; Sutej et al., 2012),
C. matruchotii seemed to be an “organ” responsible for calcium
metabolism in oral ecosystems analogous to Entotheonella sp in
marine ecosystems in that they may prompt a similar absorption,
accumulation, and mineralization process of ions (Keren et al.,
2017).

The reason for supragingival calculus to promote periodontal
diseases, as past scholars have highlighted, is attributed to
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FIGURE 1 | The structure alteration of supragingival plaque from healthy oral status to dental caries.
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FIGURE 2 | The potential role of C. matruchotii in the formation of dental calculus.

Dental plaque

Dental calculus

the porous structure derived from dental calculus, which
accommodated a large number of periodontitis-related
pathogenic bacteria such as Porphyromonas gingivalis and
their virulence factors (Socransky, 1970; Velsko et al., 2019).
Recently, in addition to bacterial factors, studies showed that

crystal properties or small calcium phosphate particles contained
in dental calculus could directly cause periodontal inflammation
as well. Experiments by Jorge Luis Montenegro Raudales et al.
demonstrated that after heating dental calculus at 250°C for 1h
to eliminate residual bacteria, the treated calculus still activated
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NLRP3 inflammasome and promoted IL-1f secretion, which
was involved in bone resorption and could also be induced by
P. gingivalis (Ziauddin et al.,, 2018). In another study, Yu Sakai
et al. found that tiny calcium phosphate particles stimulated
gingival epithelial cells through the NF-kB pathway leading to
a significant increase in the expression of interleukin-8 at the
gene and protein levels, which could attract more neutrophils
to participate in the development of periodontitis (Sakai et al.,
2014). Thus, whether supragingival calculus is a deposit of
pathogenic bacteria or an independent physical stimulus factor,
the potentially important calculus former, C. matruchotii, seems
to indirectly influence the progression of periodontal diseases.
The formation of dental calculus can be separated into three
steps, formation of the acquired pellicle, plaque maturation,
and plaque mineralization, and the first two are similar to
the formation of dental biofilm. Inspired by recent research
displaying dental calculus as the revelator of information about
plenty of biological information (Weyrich et al., 2017; Jersie-
Christensen et al., 2018; Willmann et al., 2018), we speculate
that calculus could also be able to mirror the characteristics
of dental plaque that forms it. The ability of calcification,
along with the relatively high abundance and biogeography in
the center of supragingival plaque, may give C. matruchotii a
necessary role in calculus formation, though the transformation
from dental plaque to calculus indicates alteration of plaque
composition and structure (Velsko et al., 2019). Therefore, to give
a more convincing conclusion about the role of C. matruchotii in
supragingival calculus, studies with more samples are needed.

CONCLUSION AND FUTURE
PERSPECTIVES

After a long period of silence, C. matruchotii has once again
appeared in research as a “pillar-like” structure in supragingival
plaque, studies declaring its important role in oral biofilm and
close interaction with numerous resident oral bacteria. Thus, it
is promising to explore cooperative or competitive relationships
between C. matruchotii and other commensals for a better
understanding of the mechanisms behind the unique structure.
Moreover, since interactions among bacteria determine the order
for different bacteria joining in the formation of plaque, dynamics
studies on a timeline can help us have a greater knowledge of
the formation process of supragingival plaque and discover the
“keystone” to stabilize or facilitate healthy plaque. The distinctive
supragingival architecture along with microbial high-throughput
sequencing results between caries-active and caries-free people
shows the potential of C. matruchotii as an indicator of a healthy
state, so it's worthy to investigate the function of the structure
dominated by C. matruchotii. Additionally, it is also intriguing
to see how carious “corona” replaces the healthy “hedgehog” to
seek essential external or internal factors that cause a change in
the nature of plaque; this can provide more insights into the
development of strategies to prevent caries, precisely targeting on
specific biofilm architecture.

Dental calculus in contact with gingival epithelial can induce
inflammation to some extent and be an important contributing

factor to periodontal diseases. The hidden reasons for its
pathogenicity lie in the pathogens stuck in it as previously
demonstrated and crystalline substances as recently claimed.
C. matruchotii is confirmed to have a calcified ability, and it
serves a central role in supragingival plaque establishing close
associations with plenty of bacteria, which endow it with a
non-negligible effect in the formation of biofilm and calculus.
Moreover, in subgingival plaque of patients with periodontitis,
C. matruchotii was reported to over-express a large number of
putative virulence factors that could have importance in the
evolution of the disease (Duran-Pinedo et al., 2014). Therefore,
it is interesting to conduct studies on the relationship between
C. matruchotii, calculus, and periodontal diseases, which may
help us better understand the role C. matruchotii plays in
plaque-related gingival diseases. Moreover, combined with the
latest hot reports pointing out dental calculus as a potential
repository of bio-information, we make an assumption that
it can also reflect the bacterial composition of dental plaque
in different calculus states, which may provide some clues on
whether there are certain bacteria such as C. matruchotii that
determine an individual’s heterogeneity in the number and rate
of calculus formation.

Apart from dental caries and periodontal diseases, there has
been a study conducted on the bacteria isolated from patients
with apical periodontitis demonstrating that C. matruchotii
was present significantly more frequently in the root canal of
patients with chronic periapical periodontitis compared with
patients with endo-perio lesions or pulp necrosis without
obvious changes in the periapical tissue X-ray image (Korona-
Glowniak et al., 2021). Apical periodontitis is a result of pulpitis,
and the bacteria probably contributing to apical inflammation
came from the carious lesion, which went through the apical
openings of the root canals, the lateral or chamber-periodontium
canals, and the pathological gingival pocket. C. matruchotii has
hardly been investigated in this apical niche, and the abnormal
enrichment in this place may make its role distinct from that
in dental biofilm. Besides, C. matruchotii was also found a
higher prevalence and a dominant part in saliva and buccal
mucosa of patients with oral lichen planus, a common chronic
mucocutaneous inflammatory disease (Zhong et al., 2020). To
sum up, C. matruchotii may perform multiple roles in different
areas of the oral cavity and thus deserves more studies in
the future.
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Pseudomonas aeruginosa (P. aeruginosa), an opportunistic pathogen, is often
associated with difficulties in treating hospital-acquired infections. Biofilms
formed by P. aeruginosa significantly improve its resistance to antimicrobial
agents, thereby, posing a great challenge to the combat of P aeruginosa infection.
Antimicrobial peptides (AMPs) have recently emerged as promising antibiofilm
agents and increasingly attracting the attention of scientists worldwide. However,
current knowledge of their antibiofilm behavior is limited and their underlying
mechanism remains unclear. In this study, a novel AMP, named PEW300, with
three-point mutations (E9H, D17K, and T33A) from Cecropin A was used to
investigate its antibiofilm property and antibiofilm pathway against P. aeruginosa.
PEW300 displayed strong antibacterial and antibiofilm activity against P.
aeruginosa with no significant hemolysis or cytotoxicity to mouse erythrocyte
and human embryonic kidney 293 cells. Besides, the antibiofilm pathway results
showed that PEW300 preferentially dispersed the mature biofilm, leading to the
biofilm-encapsulated bacteria exposure and death. Meanwhile, we also found
that the extracellular DNA was a critical target of PEW300 against the mature
biofilm of P. aeruginosa. In addition, multiple actions of PEW300 including
destroying the cell membrane integrity, inducing high levels of intracellular
reactive oxygen species, and interacting with genomic DNA were adopted to
exert its antibacterial activity. Moreover, PEW300 could dramatically reduce
the virulence of P. aeruginosa. Taken together, PEW300 might be served as a
promising antibiofilm candidate to combat P. aeruginosa biofilms.

KEYWORDS

antimicrobial peptides, Pseudomonas aeruginosa, antibiofilm, Cecropin A, mode of
action

Introduction

Pathogens including Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus aureus,
Enterococcus faecium, Acinetobacter baumannii, Klebsiella pneumonia, and Enterobacter
species (called “ESKAPE”) infections have already been a significant problem of hospital
infections and seriously threaten public health owing to their inherent antibiotic
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resistance (Zhen et al., 2019b; De Oliveira et al., 2020). Biofilms
are surface-associated microbial communities embedded in
self-produced extracellular polymeric substances (EPSs; Lee
and Zhang, 2015). Biofilm formation is beneficial for bacteria
survival under adverse environmental conditions and is
implicated in the majority of bacterial infections (Thi et al,,
2020). With the powerful protection of biofilms, these
pathogens can attach to inert surfaces of medical devices, living
tissues, and implanted prostheses, and successfully “escape” the
damage of antibacterial agents (Ciofu and Tolker-Nielsen, 2019;
Tagliaferri et al., 2019; Thi et al., 2020). The severity of pathogen
infections and the invalidation of antibiotics have resulted in
high morbidity and mortality (Founou et al., 2017; Zhen et al.,
2019a; Manandhar et al., 2020; Yungyuen et al., 2021).

Pseudomonas aeruginosa, a Gram-negative (G™) bacterium,
is an opportunistic human pathogen associated with clinical
and chronic infections such as urinary tract infections, chronic
wound infections, ventilator-associated pneumonia, and
biofilm-related systemic infections (Serra et al., 2015; Shortridge
et al., 2019; Abbott et al., 2020; Garcia-Clemente et al., 2020).
Epidemiological surveillance reports from the European Centre
for Disease Prevention and Control (ECDC) and the
International Nosocomial Infection Control Consortium
(INIC) revealed that P. aeruginosa was the most prevalent
bacteria isolated from clinical samples in ICU-acquired
pneumonia episodes and ICU-acquired bloodstream infections
(Pang et al., 2019). As a member of the “ESKAPE” pathogens,
P aeruginosa has already been stipulated as a “critical” pathogen
among the bacterial pathogens list of the World Health
Organization (WHO), emphasizing the urgent need for the
exploration and development of novel antibacterial agents to
combat P. aeruginosa biofilms (Tacconelli et al., 2018).

In recent decades, antimicrobial peptides (AMPs) have been
regarded as promising therapeutics against biofilm-forming
pathogens due to their broad-spectrum antibacterial activity and
inability to induce resistance (Cardoso et al., 2019; Di Somma
et al., 2020; Hancock et al., 2021). Several studies on bacteria in
the planktonic state have shown that AMPs adopt a unique
membrane-targeting mechanism of action, unlike conventional
antibiotics with specific targets, which disturb bacterial
membranes mainly by interaction with negatively charged
phospholipids and cause cell death (Chen et al., 2020; Li et al,,
2020a; Luna et al,, 2021). Significantly different from bacteria in
the planktonic state, the control of biofilm-encapsulated bacteria
is very difficult because of their extremely low permeability to
antimicrobial agents (Gilbert et al., 2002; Hall and Mah, 2017).
Previous studies have shown that biofilms could increase antibiotic
resistance by up to 1,000-fold compared with planktonic bacteria
(Kouidhi et al,, 2015). However, these studies have mostly focused
on the development of AMPs on bacteria biofilms, study on
antibiofilm mechanism is still in its infancy. Hence, thorough and
systematic studies on the antibiofilm mechanisms of AMPs are
urgent priorities to accelerate the clinical development of AMPs
as antibiofilm agents.
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In our previous research, a novel AMP named PEW300 was
designed by three mutations (E9H, D17K, and T33A) from
Cecropin A (an natural AMP that is possible to use in medical and
agricultural fields as a new and safe biocontrol agent), which had
shown strong antimicrobial activity against several Gram-positive
(G*) and G-bacteria (Wang et al., 2019; Hashemi et al., 2021). In
this study, PEW300 was utilized to explore the antimicrobial and
antibiofilm effect on P. aeruginosa and reveal its mechanism of
action. Initially, the physicochemical properties, hemolysis, and
cytotoxicity of PEW300 were assessed. Then, we studied the
antimicrobial and antibiofilm ability of PEW300 on P. aeruginosa
and determined its antibiofilm pathway. To explore the potential
targets of PEW300, the mature biofilm components, cell
membrane integrity, intracellular disturbance effected by PEW300
were then investigated. Considering that virulence factors are the
main culprits of bacterial infections, we also explored the impact
of PEW300 on P. aeruginosa virulence production. This study may
provide a new reference for the research on the antibiofilm
mechanisms of AMPs and demonstrate that PEW300 have good
potential to be a safe and efficient antibacterial agent to combat
P, aeruginosa biofilms.

Materials and methods

Strains, chemicals, and peptide
preparation

Pseudomonas aeruginosa JCM5962 was preserved in our
laboratory; E. coli DH5x and BL21(DE3) competent cells were
purchased from Tiangen Biotech (China). Dulbecco’s-modified
eagle medium (DMEM) and Fetal bovine serum (FBS) were
purchased from Gibco (United States). The crystal violet,
kanamycin, and gentamicin were obtained from Sangon Biotech
Co. (China). Fluorescein isothiocyanate-labeled concanavalin
A (FITC-ConA), 4/,6-diamidino-2-phenylindole (DAPI), Nile
red, and SYPRO red were purchased from Sigma-Aldrich Co.
(USA). The N-Phenyl-1-naphthylamine (NPN) and 3,3’-
Dipropylthiadicarbocyanine iodide (DiSC;-5) were purchased
from Aladdin (China). All other chemicals and reagents used
in this study were of reagent grade.

PEW300 peptide was produced by our previous established
protein expression and purification system (Wang et al., 2018). In
this system, a high yield of AMPs can be acquired by simple
centrifugation, with no expensive steps like NTA affinity
chromatography and high-performance liquid phase separation.
Purified PEW300 was dialyzed to PBS buffer and stored at-80°C
for further experiment.

Antibacterial and antibiofilm assays

The minimum inhibitory concentration (MIC) was assessed by
the previously described method (Wiegand et al., 2008). Antibiofilm
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assays contain inhibition of biofilm formation assay and dispersion
of preformed biofilm assay. The biomass of biofilm was quantified
by the crystal violet stain method (Qi et al.,, 2020). In inhibition of
biofilm formation assay, bacteria mixed with different concentrations
(0,5, 10, 20, 50, and 100 pg/ml) of PEW300 were loaded into a sterile
96-well plate and incubated at 37°C for biofilm formation (without
shaking). Twenty four hours later, the supernatant was discarded
and residual planktonic cells were washed with PBS twice. The
biomass of biofilm was quantified by the crystal violet stain method.
In dispersion of preformed biofilm assay, the preformed biofilms
were incubated with different concentrations of PEW300 peptide (0,
5,10, 20, 50, 100 pg/ml) at 37°C and the crystal violet stain method
was performed to quantify the remaining biofilm. For cell viability
detection, the mature biofilms were scraped with the pipette and
sonicated for 10 min under low power condition (60 W) to release
the viable bacteria. The sonicated suspensions were diluted and 50 pl
was coated on a Mueller-Hinton agar plate. After incubation at 37°C
for 16~ 18h, the CFUs were counted.

Hemolytic test, cytotoxicity, and drug
resistance assays

For hemolytic test, the erythrocytes separated from mice
blood were washed twice with 0.9% saline solution and then
treated with 100pl serial dilutions of PEW300 for 1h. The
hemolysis activity was determined by the hemoglobin content
obtained from the absorbance of the supernatant at 570 nm after
centrifugation. PBS and 0.1% Triton X-100 treatment were served
as negative (0 hemolysis) and positive (100% hemolysis) controls.
Human embryonic kidney 293 (HEK293) cells were adjusted to
1 x10° cells/ml with DMEM and dispensed into 96-well plates per
100pl. Subsequently, increased concentrations of PEW300
(8~276g/ml) were added into 96-well plates separately and
incubated with 5% CO, for 48h at 37°C. Cell viability was
examined by cell counting kit-8 (CCK-8) assay (Beyotime, China).
The drug resistance of P. aeruginosa to PEW300 and gentamicin
were evaluated by the sequential passaging method according to
the previous description (Huang et al., 2020). Briefly, P. aeruginosa
cells were cultured to log phase and diluted to 2x 10° CFU/ml.
Then, sub-MIC concentrations (1/2 MIC) of PEW300 and
gentamicin, respectively, were incubated with the above bacterial
suspension for 24 h at 37°C (P, aeruginosa grows for approximately
12 generations). These steps were repeated until 300 generations
of growth were obtained. The number of generations was
calculated from the value of log, (bacterial concentration/2 x 10°).
After every 24h, the MIC values of PEW300 and gentamicin
against P. aeruginosa were determined as described above.

Circular dichroism measurement

The Circular dichroism (CD) spectra of PEW300 were
measured on a Chirascan qCD Spectrometer (Applied
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Photophysics, United Kingdom) with wavelengths ranging
from 190 to 260 nm using a 1 mm path length cuvette in
30mM SDS and double-distilled water, respectively. Spectra
were recorded with a band-width of 1 nm, a duration time of
1s, and a scan speed of 100 nm/min. Each measurement was
repeated three times to calculate the mean value. The spectra
from the solvent were subtracted as background in
data analysis.

EPS analysis

After biofilm formation in 96-well flat-bottomed plate, the
wells were washed with PBS twice and 100 ul of PEW300 at a
concentration of 60pg/ml were added into the wells and
incubation for 24h at 37°C. After incubation, the treated
biofilms were washed with PBS and subsequently stained with
100 pl of the following fluorescent dyes (1:500 diluent of
SYPRO red for proteins, 50pg/ml FITC-ConA for
carbohydrates, 0.5 pg/ml DAPI for extracellular DNA (eDNA),
and 20 pM Nile red for lipids) at room temperature in the dark.
The stained biofilms were visualized under a Leica DMI 6000
microscope (Germany).

Mature biofilms treated with increased concentrations (0,
10, 20, 40, 60 pg/ml) of PEW300 were incubated at 37°C for
24h. Subsequently, EPS was extracted using a previous
reported sonication method (Li et al., 2020c¢), and the amounts
of carbohydrates, eDNA, and proteins were then analyzed.
Quantitation of carbohydrates was applied by the phenol-
sulfuric acid method as previously reported (Kim and Park,
2013). The amount of eDNA was determined using a Quant-
iTTM PicoGreen R dsDNA Assay Kit
United Kingdom). The protein content in EPS was quantified

(Invitrogen,

by the Lowry method using a Stable Lowry Protein Assay Kit
(Sangon Biotech, China).

Lipopolysaccharides binding assay, outer
membrane permeability assay, and inner
membrane depolarization test

The Lipopolysaccharides (LPS) (from E. coli O111:B4, Sigma-
Aldrich, United States) binding affinity of PEW300 was assessed
by monitoring the bacteria growth (ODgy) inhibition with
PEW300 pretreated with different concentrations (0, 5, 10, 20, 40,
80, and 160 pg/ml) of LPS; Permeabilization of P. aeruginosa outer
membrane (OM) was evaluated by detecting the changes in
fluorescence emission intensity of NPN with increased
concentrations (0, 20, 40, and 80 pg/ml) of PEW300 according to
the previous reported method (Wang et al., 2020); The IM
depolarizing ability of PEW300 (8.25, 17.5, 35, and 70 pg/ml) was
detected by monitoring the changes in fluorescence emission
intensity of the DiSC;-5 dye at excitation and emission wavelengths
of 622 and 670 nm, respectively (Li et al., 2020b).
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Transmission electron microscopy and
scanning electron microscopy analyses

For transmission electron microscopy (TEM) observation,
log-phase P. aeruginosa were treated with 20 pg/ml PEW300 and
incubated at 37°C for 0, 10, 30, and 120 min. Then, a drop of bacteria
suspension was placed on the prepared carbon film copper mesh for
5min, cells were negatively stained with 3% phosphotungstic acid
(Aladdin, China) for 3min and blotted dry. Unbound
phosphotungstic acid was washed with deionized water twice. Then
cells were viewed on a Talos L120C TEM (Thermo Fisher Scientific,
United States). For scanning electron microscopy (SEM) analysis,
1 ml of the diluted P. aeruginosa suspension (ODyy,~0.1) in cation-
adjusted Mueller-Hinton broth (CAMHB) was cultured in a 24-well
plate with round glass bottom at 37°C for 24 h. Later, the supernatant
was discarded and the plate was washed by PBS three times, then
the preformed biofilms were incubated with 50 pg/ml PEW300 at
37°Cfor 2,4, 6, 8, and 10h. Untreated biofilm served as the control.
After incubation, biofilms were fixed in 2.5% glutaraldehyde
(Aladdin, China) at 4°C overnight and dehydrated with a graded
series (70%, 85%, 95%) of ethanol for 10 min and soaked in 100%
ethanol for 20 min. Dehydrated biofilms were dried with liquid CO,
at the critical point using an Autosamdri-815 (Tousimis,
United States). Eventually the biofilms were coated by a gold sputter
coater and examined using a HitachiS-500 SEM (Hitachi, Japan).

Flow cytometric assay

Pseudomonas aeruginosa cultured in Mueller-Hinton broth
(MHB) were harvested and washed with PBS three times, followed
by resuspended in PBS. 10 ug/ml of Propidium Iodide (PI) was
added to the suspension and incubated at room temperature for
10min. Afterward, 20 pg/ml of PEW300 peptides were added to the
suspensions and incubated at 37°C for 10, 20, 30, 60, and 120 min,
separately. After incubation, the unbound PI was removed by
centrifugation at 5,000xg for 5min and the samples were analyzed
using a CytoFLEX flow cytometer (Beckman Coulter, United States).

DNA binding assay and intracellular
reactive oxygen species assay

About 200ng of purified P. aeruginosa genome DNA was
mixed with different amounts (0, 4, 8, and 16, 32pug/ml) of
PEW300 and incubated at room temperature for 10 min. The
mixtures were electrophoresed in 1% agarose gels containing
0.5 pg/ml ethidium bromide and the DNA bands were visualized
using a gel documentation and image analysis system (BLT,
China). The intracellular reactive oxygen species (ROS) level in
P aeruginosa was performed as described previously (Xiao et al,
2020). Briefly, P. aeruginosa cells at log-phase were mixed with
40 mM of 2,7-Dichlorodihydrofluorescein diacetate (DCF-DA)
and incubated at 37°C for 30 min. After incubation, the cells were
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washed with PBS twice and an aliquot of 90 pl of diluted cells
(1x 10*CFU/ml) was mixed with 10 pl of different concentrations
(5, 10, 20, and 40 pg/ml) of PEW300 in a 96-well plate. PBS and
1% Triton X-100 were used as negative and positive controls.
Then, the DCF fluorescence intensity was recorded on a
SpectraMax M2 plate reader using an excitation wavelength of
488 nm and an emission wavelength of 530 nm.

Real-time quantitative PCR and
evaluation of Pseudomonas aeruginosa
virulence

Pseudomonas aeruginosa cells were diluted to 10° CFU/ml with
MHB, then incubated with 10 pg/ml of PEW300 at 37°C for 8, cells
with no PEW300 treatment as control. Total RNA was extracted
from 5ml cultures. The RNA extraction was assessed using
RNAprep Pure Cell/Bacteria Kit (TTANGEN, China) according to
the manufacturer’s instructions. Real-time quantitative PCR (qPCR)
was carried out using LightCycler®96 (Roche, Switzerland) with
SYBR Premix Ex Taq II (Tli RNaseH Plus) according to the
manufacturer’s instructions. The expression level of 16S rRNA was
used to normalize that of other genes. All experiments were repeated
at least three times, and the primer sequences used in this
experiment are publicly available (Supplementary Table S1).

A549 cells were adjusted to 1x10* cells/mL and 100 pl of
cells were seeded into a 96-well plate and incubated at 37°C with
5% CO, for 48 h. Cells containing different concentrations (0, 5,
10, and 20 pg/ml) of PEW300 were infected with P. aeruginosa
at a multiplicity of infection (MOI) of 10 for 6h and the cell
viability was assessed by CCK-8 assay. Besides, 4 pM calcein-AM
(Santa Cruz, United States) was incubated with A549 cells at a
density of 1x10° cells/dish for 20 min in D-Hanks buffer and
observed using a Leica DMI 6000 microscope. For comparative
analysis of virulence production (pyocyanin, elastase, and
alginate) with or without PEW300 treatment, P. aeruginosa cells
were adjusted to an initial ODgy, at 0.1 and incubated with
increasing concentrations (0, 10, and 20 pg/ml) of PEW300 at
37°C for 8h. Elastolytic activity was assessed using a 1%
skimmed milk plate as previously reported (Cowell et al., 2003);
Pyocyanin content was determined by chloroform-hydrochloric
acid extraction method as previously described (Xu et al., 2016);
The amount of alginate was quantified using the borate-
carbazole method with sodium alginate (Sigma, United States)
as a standard (Knutson and Jeanes, 1968).

Statistical analysis

Each experiment was performed in triplicate and the data
were analyzed by SPSS 16.0 software (SPAA Inc., Chicago, IL,
United States). The data were presented as the means *
standard deviation and the statistical significance was defined
as p<0.05.
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APEW300: KWKLFKKIHKVGQNIRKGIIKAGPAVAVVGQAAQIAK E
CeA: KWKLFKKIEKVGQNIRDGITKAGPAVAVVGQATQIAK

Physicochemical properties of the PEW300 peptide. (A) The sequences of PEW300 and Cecropin A (CeA). The red font and underline sites indicate
mutation sites of the PEW300 peptide. (B) Predicted alpha-helical wheel of PEW300 peptide (https://heliquest.ipmc.cnrs.fr/cgi-bin/
ComputParams.py). The hydrophobic residues are yellow, positively charged hydrophilic residues are blue, and non-charged polar residues are
gray. (C) Purification of PEW300 peptide. Line 1 and line 2 are purified PEW300 peptides. (D) The secondary structure of PEW300 predicted by
SWISS-MODEL (https://swissmodel.expasy.org/interactive). (E) CD spectra of the PEW300 peptide.
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Results and discussion

Characterization of PEW300 peptide

Compared with Cecropin A peptide, PEW300 owns three
mutations in residues 9 (Glu to His), 17 (Asp to Lys), and 33 (Thr
to Ala; Figure 1A). As predicted by Helical-wheel projection,
PEW300 exhibited no negatively charged residues and was mainly
composed of hydrophobic residues, non-polar residues, and
positively charged residues, which is consistent with the general
sequence properties of AMPs (Figure 1B). In addition, we analyzed
the hydrophobicity and electrostatic potential of PEW300 surface,
which showed its good amphipathic property and the strong
positive charge at its N-terminus, indicating that PEW300 might
possess higher antibacterial activity (Supplementary Figure S1). In
this study, high purity of PEW300 peptide was acquired by our
previously established peptide expression system (Figure 1C; Wang
et al,, 2018). The secondary structure of PEW300 as predicted by
SWISS-MODEL showed it belongs to a-helical AMPs (Figure 1D).
To investigate the structure of PEW300 in aqueous and mimic
hydrophobic membrane environments, CD spectroscopy was
performed. As shown in Figure 1E, PEW300 displayed a disordered
structure in double-distilled water. In 30mM sodium dodecyl
sulfate (SDS), PEW300 exhibited two negative peaks at about 208
and 225nm and a positive peak at about 192 nm, demonstrating a
typical a-helical structure predisposition which is consistent with
the predicted result (Figure 1D).

Hemolytic activity, cytotoxicity, and drug
resistance of PEW300

As high hemolysis and cytotoxicity of AMPs are two critical
factors that considerably hinder their further application
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(Zhu et al., 2020), we assessed the hemolytic activity and
cytotoxicity of PEW300. As shown in Figure 2A, PEW300 showed
negligible hemolytic activity at concentrations ranging from 50 to
250 pug/ml. The cell toxicity of PEW300 was determined using
HEK293 cells by CCK-8 assay and the result showed that PEW300
had no cytotoxicity to HEK293 cells when ~276 pg/ml of PEW300
was used (Figure 2B). These results implied that PEW300 had
good biosafety and might have good potential for further
application. Although many studies had demonstrated that
P aeruginosa hardly developed drug resistance toward AMPs
(Mahlapuu et al., 2016; de Breij et al., 2018), it is still necessary to
assess the tendency of drug resistance of P. aeruginosa against
PEW300. In the presence of sub-MIC levels of PEW300,
we performed serial passage of nearly 300 generations of
P, aeruginosa with no resistance as PEW300 continued to inhibit
the growth of P. aeruginosa at MIC level (Figure 2C). However, the
drug resistance of P. aeruginosa toward gentamicin appeared as
early as the 36th generation and the MIC value increased
approximately three times after 300 generations (Figure 2C).
Taken together, these results indicated that PEW300 were less
likely to cause P. aeruginosa resistance.

Antibiofilm pathway of PEW300 against
Pseudomonas aeruginosa

In our previous study, PEW300 showed a broad-spectrum
antibacterial activity and inhibited most pathogenic bacteria
including Klebsiella pneumoniae, S. aureus, Staphylococcus
epidermidis, and Bacillus cereus among others with MICs between
4.93 to 28.35pg/ml (Wang et al, 2019). Consistent with our
expectations, PEW300 showed strong antimicrobial activity against
P, aeruginosa with a MIC of 12.5pg/ml (Figure 3A). Commonly
used antibiotics in hospital such as gentamicin and kanamycin were
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selected as controls. As depicted in Figure 3A, compared with
PEW300, gentamicin exhibited the strongest antimicrobial activity
against P. aeruginosa (MIC value was 0.78 pg/ml), while kanamycin
was ineffective with a MIC value greater than 100pg/ml. In
determination of antibiofilm ability, PEW300 showed a dose-
dependent manner and approximately 98% of biofilm formation
was inhibited when treated with 20 pg/ml of PEW300 (Figure 3B).
Adopted the same manner, a dose-dependent dispersion activity of
PEW300 on mature biofilm was observed and nearly 95% of
mature biofilms were eradicated with 50ug/ml of PEW300
treatment (Figure 3C). However, gentamicin was ineffective in both
inhibition of biofilm formation and mature biofilm dispersion,
especially as only 50% of mature biofilms were eradicated when
treated with gentamicin at concentrations up to 100pg/ml
(Figures 3B, C). Previous studies demonstrated that the main cause
of this failure of antibiotics against biofilms was the incomplete
penetration of antibiotics into biofilm and thus caused the inability
to interact with them (Roy et al., 2018; Sharma et al., 2019). Instead,
AMPs could freely penetrate into biofilm because of their
amphipathic properties and flexible structures, this might confer
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their antibiofilm ability. These results demonstrated that PEW300
exhibited excellent antibiofilm activity on P. aeruginosa biofilms.
To investigate whether PEW300 act preferentially on the
biofilm or the bacteria encased by biofilm, preformed biofilms
were incubated with 50 pg/ml of PEW300 for 0, 2, 4, 8, 12, and
24h. Cell viability and biofilm mass were analyzed at the same
time. As depicted in Figure 4A, interestingly, we discovered
PEW300 preferentially acted on the preformed biofilms, and
nearly 60% of biofilms were eradicated within the first 2h of
incubation. Afterward, cell viability significantly decreased during
4 to 8h of incubation and ~100% of cells were dead after 8h of
PEW300 treatment. To further understand the antibiofilm
property of PEW300 on P. aeruginosa, a time-killing kinetic assay
was also performed. As indicated in Figure 4B, PEW300 exhibited
a dose-dependent dispersion of established biofilms and
approximately 65% of the preformed biofilms were eradicated
within 30 min, indicating that PEW300 has a rapid and efficient
effect on the preformed biofilms. Similarly, PEW300 interacted
with bacteria in a dose-dependent fashion and nearly 100% of
bacteria were killed within 30 min (Figure 4C). Based on these
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JCM5962 cells.

SEM observation of preformed biofilm of Pseudomonas aeruginosa JCM5962 affected by PEW300. The red arrow indicates the damaged

findings, we speculate that PEW300 may preferentially act on the
preformed biofilm and result in its degradation, the removal of
biofilm led to the bacteria exposure that was then killed by
PEW300 in a further incubation time.

To confirm this conclusion, an SEM observation was performed.
As shown in Figure 5, in the absence of PEW300 treatment, massive
biofilms enveloping P. aeruginosa cells were observed. After 2~4h
of PEW300 treatment, most biofilms disappeared and the encased
P aeruginosa cells were exposed. It is worth noting that the majority
of bacteria were intact and no morphological abnormalities had
been found within 2h of PEW300 treatment. However, after 4h of
treatment, the cell morphology showed obvious wrinkles, fractures,
and fragments, indicating that PEW300 destroyed the integrity of
cell membrane. A significant reduction of P. aeruginosa cells was
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noticed with the prolongation of the incubation time (6~10h;
Figure 5). These results are consistent with the results of Figure 4A
and confirm our speculations.

Impact of PEW300 on the components
of Pseudomonas aeruginosa biofilm

Based on the above observations, we then investigated how
PEW300 eradicated the preformed biofilms of P. aeruginosa. Four
specific fluorescent dyes (FITC-ConA, Nile red, DAPI, and
SYPRO red, which are separately able to bind to carbohydrates,
lipids, eDNA, and proteins in biofilm) were utilized in this
experiment. As shown in Figure 6A, PEW300 had a negligible
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impact on lipids and carbohydrates but showed degradation Wang et al., 2020). To explore whether PEW300 adopt the same
activity on eDNA and proteins, especially on eDNA component. manner, TEM observation was applied to directly observe the
To further confirm this observation, we also carried out effect of PEW300 on the ultrastructure of P. aeruginosa. As shown
quantitative analyses of the carbohydrate, eDNA, and protein in Figure 7A, the surface morphology of cells treated with
components with or without PEW300 treatment. Consistent with PEW300 exhibited shrink, perforation, and mesosome-like
fluorescence observation, the degradation activity of PEW300 on structures while untreated cells were intact and smooth, indicating
eDNA and protein components in mature biofilm was in a dose- that PEW300 could destroy the cell membrane integrity, resulting
dependent manner, ~75% and 45% of eDNA and proteins were in the extravasation of cytoplasmic content and enlargement of
separately eradicated when treated with 60 pug/ml of PEW300 the extracellular matrix. To confirm the disruption effect of
(Figure 6B). Previous studies reported the AMPs could interact PEW300 on a membrane, a nuclear fluorescent probe PI which
with eDNA and also could cleave eDNA via a nuclease-like can traverse impaired cell membrane, combined with flow
activity (Zhang et al., 2020; Portelinha and Angeles-Boza, 2021). cytometry was applied. As shown in Figure 7B, untreated cells had
We speculate that PEW300 probably mainly degraded the eDNA almost no PI fluorescence signal (0.049%), indicating the intact
via its amphipathic structure and cationicity and caused the bacterial membranes. While, the signals of cells treated with
collapse of the 3D architecture of biofilm, which eventually led to PEW300 (20 pg/ml) for 10 min was 28.7%, 20 min was 89.8%, and
the significant destruction of the matured biofilm. 30 min was 97.2%, indicating that the percentage of membrane

rupture was in a time-dependent manner. As anticipated, nearly
all P aeruginosa cell membranes (99.7%) were ruptured when
Membrane disruption and the intracellular incubated with PEW300 for 2h (consistent with the result of

disturbance induced by PEW300 Figure 4C). These results demonstrated that PEW300 could
destroy the integrity of P. aeruginosa cell membrane.

Previous studies have reported that most AMPs could induce As we all know, the OM of G-bacteria is a robust permeability

cell membrane disruption (Domingues et al., 2020; Liu et al., 2020; barrier to harsh environments (Domingues et al., 2020). p-lactam
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and quinolone antibiotics have no antibacterial activity against
P. aeruginosa due to they cannot pass through the OM layer to
reach their intracellular targets (Bruchmann et al., 2013; Torres
etal., 2019; Hirsch et al., 2020). Thus, to study the permeabilization
effect of PEW300, an environment-sensitive hydrophobic
fluorescent probe NPN, which emits strong fluorescence in a
hydrophobic environment and weak fluorescence in an aqueous
environment, was used (Soh et al., 2020). As depicted in Figure 8A,
the relative fluorescence units (RFU) of cells treated with PEW300
exhibited a sharp increase and reached a maximum within 1 min,
showing that the OM permeabilization of P. aeruginosa caused by
PEW300 was fast, and in dose-and time-dependent manner. LPS
are the main components of the OM of G-bacteria (Chou et al.,
2019) and we further explored the interaction between PEW300
and LPS. As shown in Figure 8B, the antibacterial activity of
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PEW300 was unaffected when treated with 0~20pg/ml of
LPS. However, when treated with 40 pg/ml of LPS, nearly 50% of
the antimicrobial activity was lost, and the antimicrobial activity
of PEW300 was completely disabled with 160pg/ml of LPS
treatment. The result suggested that PEW300 combined with LPS
to exert the OM permeabilization. Unlike OM, the IM served as a
barrier to protect the interior environment and played a key role
in the transportation of nutrients and metabolites (Xie et al.,
2018). Depolarization of IM will cause the release of DiSC;-5 and
result in enhanced fluorescence (Zhu et al., 2020). As shown in
Figure 8C, the IM depolarization of P. aeruginosa cells treated with
PEW300 appeared in a dose-and time-dependent manner. The
interaction between the negatively charged LPS and PEW300 led
to an increase in OM permeability, which accelerated the
permeation of PEW300 from the OM layer to the IM layer.
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Disruption of the IM induced by PEW300 led to the imbalance of
electrical potential inside and outside the IM and eventually
depolarization of the IM (Shao et al, 2018). These results
confirmed that PEW300 could permeabilize the OM, depolarize
the IM, and destroy the integrality of the cell membrane and then
cause cell death.

Besides, we also tested the impact of PEW300 on
P aeruginosa genomic DNA. According to our assumption, if
PEW300 is combined with genomic DNA, the migration of
genomic DNA would be hindered in the agarose gel. As
expected, the migration of genomic DNA appeared to
be concentration-dependent and completely stayed in the gel
pores when treated with 32 pg/ml of PEW300 (Figure 8D).
These results suggested that PEW300 could not only act on the
P aeruginosa membrane but also on genomic DNA. Moreover,
the intracellular ROS levels were also studied. As depicted in
Figure 8E, there was a substantial increase in intracellular ROS
in P. aeruginosa after incubation with different concentrations
of PEW300 when compared with negative control (PBS treated
cells), implying that PEW300 could cause the intracellular
disturbance and result in the elevated ROS level. Consistent
with the previous study (Xiao et al., 2020), this fairly high level
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of ROS within P. aeruginosa might be due to the disruption of
the cell of OM
depolarization of IM) or the interaction with genomic DNA
by PEW300. All these results suggested that PEW300 exerted
antimicrobial

membrane (permeabilization and

activity might through a multiple-

action mechanism.

PEW300 reduced the production of
virulence factors of Pseudomonas
aeruginosa

As the virulence factors play a key role during the infection
process of P. aeruginosa, we also investigated whether PEW300
could reduce the virulence of P. aeruginosa. Initially, a
cytotoxicity experiment was performed. A549 cells were
infected with P. aeruginosa mixture (containing increased
concentrations of PEW300), and the cell viability was assessed
by CCK-8 assay and calcein-AM staining. As shown in
Figures 9A,B, the co-incubation of A549 with PEW300 (up to
126 pg/ml) had no impact on cell proliferation and viability
while the co-incubation A549 with P. aeruginosa had resulted
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FIGURE 9

Analysis of Pseudomonas aeruginosa virulence factors affected by PEW300. PEW300 results in decreased virulence of P. aeruginosa
JCM5962 in A549 cells characterized by (A) CCK-8 assay and (B) calcein-AM staining. ***p<0.005 compared with P. aeruginosa
JCM5962-treated group. Scale bar is 100pm. Comparative analysis of (C) pyocyanin content, (D) elastase activity and (E) alginates
content in P. aeruginosa JCM5962 treated with or without PEW300 peptide. (F) gPCR analysis of virulence-related gene expression. Data
represent the mean+SD from three independent experiments performed in triplicate. * indicates p<0.05, *** indicates p<0.005; ns means

no significant difference compared with control.

in nearly 60% of cells death. In addition, compared with the
blank control group, the cytotoxicity of P. aeruginosa incubated
with 5 and 10 pg/ml of PEW300 was dramatically decreased
(5% ~10%) and was in a dose-dependent manner. Notably, the
cell viability of P. aeruginosa-infected cells was high with
almost complete survival of the cells (97.77%) when treated
with 20 pg/ml of PEW300, implying that PEW300 could
decrease the cytotoxicity of P. aeruginosa.

A previous study showed that elastase, pyocyanin,
pyoverdine, and alginate are key virulence factors of
P. aeruginosa for promoting its host pathogenicity (Xu et al.,
2016). To further explore the effect of PEW300 on these
virulence factors, we quantified the production of these
virulence factors in P. aeruginosa cells with or without
PEW300 treatment. As shown in Figures 9C-E, cells treated
with 10 and 20 pg/ml of PEW300 both significantly decreased
elastase and pyocyanin production, while the production of
alginate was slightly increased. These results suggested that
the reduced production of virulence factors caused by
PEW300 might result in the decreased cytotoxicity of
P aeruginosa. In addition, we also evaluated the transcription
levels of genes involving virulence factors expression by
qPCR. As shown in Figure 9F, the elastase LasB encoding
gene (lasB) and phenazine (intermediate metabolic product
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of pyocyanin) synthesis-related genes (phzAl and phzBI)
were significantly downregulated in P. aeruginosa treated with
PEW300; Besides, the expression levels of genes encoding
alginate (algK and alg]) were upregulated in the PEW300-
treated group. These results are consistent with virulence
factors quantitation, demonstrating that PEW300 reduced the
production of virulence factors of P. aeruginosa through
downregulating the virulence-related gene expression.

As an important immunodominant molecule, LPS is
involved in host cell attachment at the onset of infection and
is essential for the virulence of many bacteria such as
P. aeruginosa and E. coli (Jann and Jann, 1987; Pier, 2007),
bacteria lacking LPS can diminish their virulence (Gupta
etal., 1997; Davis and Goldberg, 2012). In addition, previous
studies have reported that host innate immunity produces
ROS during bacterial infection (Ramond et al., 2021). ROS
include superoxide anions (0,®’), hydrogen peroxide (H,0,),
and hydroxyl radicals (OH®), which damage bacterial cellular
components, including DNA, membrane lipids and proteins,
leading to cell death (Ezraty et al., 2017; Ramond et al., 2021).
In the present study, the high intracellular ROS levels induced
by PEW300 and the strong binding activity of PEW300 with
P. aeruginosa LPS suggested two additional ways in which
PEW300 reduces the virulence of P. aeruginosa.
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Schematic illustration of the (A) antibiofilm pathway and (B) the multiple actions of PEW300 against Pseudomonas aeruginosa.

To sum all, PEW300 adopted a unique mode of action to
exert its antibiofilm activity, in which PEW300 preferentially
eliminated the matured biofilm mainly by degradation of
eDNA component and led to the wrapped bacteria exposure;
then, the interactions between PEW300 and P. aeruginosa
eventually resulted in the cell death (Figure 10A). In the
process of interactions with P. aeruginosa, multiple actions of
PEW300 were adopted to cause cell death, like increased the
OM permeability, interacted with LPS, destroyed the integrity
of cell membrane, and depolarization of IM; interacted with
genome DNA, and caused high level of intracellular
ROS. Besides, PEW300 also reduced the production of
virulence factors (elastase, pyocyanin, pyoverdine, and
alginate) by downregulating the virulence-related gene
expression (Figure 10B).

Conclusion

In the present study, we show that PEW300 has strong
antibiofilm activity against P aeruginosa. The excellent
performance of PEW300 toward P. aeruginosa confers it as a
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potential alternative antimicrobial agent. Besides, our findings
establish the antibiofilm mechanism of PEW300 against
P, aeruginosa and provide a reference for the study of antibiofilm
mechanism of other AMPs.
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To investigate the degradation effect of bovine trypsin on multispecies
biofilm of periodontitis-related bacteria and to provide an experimental
reference for exploring new methods for controlling biofilms of periodontitis-
related microorganisms, the multispecies biofilm of periodontitis-related
microorganisms was established. Standard strains of Porphyromonas
gingivalis, Fusobacterium nucleatum subsp. polymorpha, Actinomyces
viscosus, and Aggregatibacter actinomycetemcomitans were co-cultured to
form the biofilm. The experimental groups were treated with bovine trypsin,
distilled water was applied as the blank control group, and phosphate saline
buffer (pH = 7.4) as the negative control group. Morphological observation and
quantitative analysis of extracellular polymeric substances (EPS), live bacteria,
and dead bacteria were conducted using a laser confocal microscope. The
morphological changes of EPS and bacteria were also observed using a
scanning electron microscope. The results of morphological observations of
modeling were as follows. EPS aggregated as agglomerates, and bacteria flora
were wrapped by them, showing a three-dimensional network structure, and
channel-like structures were inside the biofilm. Live bacteria were distributed
on the surface of the EPS or embedded in them, dead bacteria aggregated
between live flora and the bottom layer of biofilms. After being treated with
bovine trypsin, the three-dimensional network structure and the channel-like
structure disappeared, and the EPS and live and dead bacteria decreased.
Quantitative analysis results are as follows. When biofilm was treated for 30 s,
1 min, and 3 min, the minimum effective concentrations of bovine trypsin to
reduce EPS were 2 mg/ml (P < 0.05), 0.5 mg/ml (P < 0.05), and 0.25 mg/ml
(P < 0.05), respectively. The minimum effective concentrations of bovine
trypsin to reduce the live or dead bacteria were 2 mg/ml (P < 0.05), 0.5 mg/ml
(P < 0.05), and 0.5 mg/ml (P < 0.05), respectively. There was no significant
difference in the ratio of live/dead bacteria after the biofilm was treated for
30 s with bovine trypsin at the concentration of 0.25, 0.5, 1, and 2 mg/ml
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(P> 0.05), and the minimum effective concentration to reduce the ratio of live
bacteria/dead bacteria was 0.25 mg/ml (P < 0.05) after treatment for 1 min
and 3 min. Therefore, bovine trypsin can destroy biofilm structure, disperse
biofilm and bacteria flora, and reduce the EPS and bacterial biomass, which
are positively correlated with the application time and concentration.

bovine trypsin,

periodontitis,

multispecies biofilm, extracellular polymeric

substances, biofilm degradation

Introduction

Dental plaque biofilm is the initiating factor of periodontitis.
Periodontitis is not only a local disease of the oral cavity, but it
is also closely related to diseases such as diabetes and coronary
atherosclerosis, which pose a serious threat to human health
(Mealey and Oates, 2006; Zijnge et al., 2010; Pérez-Losada et al,,
2016; Peng et al., 2017). Biofilms, composed of microbial flora
and extracellular polymeric substances (EPS), are highly ordered
microbial combinations embedded in EPS (Valm, 2019), which
play an important role in mediating the transition of periodontal
tissues from healthy to diseased states. EPS are mainly composed
of water, extracellular polysaccharides, extracellular proteins,
extracellular deoxyribonucleotides (eDNA), and lipids (Yan
et al., 2016). The “multi-functional network framework” formed
by EPS is the basis for the expression of the biological properties
of biofilms and directly determines the living environment of
cells (Koo et al,, 2013; Flemming et al., 2016). EPS play a role
in altering microbial behavior and virulence in biofilms and can
also enhance bacterial drug resistance (Gupta et al., 2016; Liu
etal., 2016).

The current treatment for periodontitis mainly involves
mechanically removing or controlling the biofilm on the
root surface and periodontal pocket. However, due to the
viscoelasticity of the biofilm, it only partially deforms rather
than falls off when subjected to shear stress (Bowen et al., 2018).
Mature biofilms are mechanically difficult to remove from the
tooth surface, especially in hidden parts such as the adjacent root
surfaces, root depressions, and root bifurcations. Antibacterial
drugs such as chlorhexidine (CHX) are also used in clinical
practice as a supplement to mechanical treatment methods.
However, it has certain side effects, such as cytotoxicity, teeth,
and fillings discoloration (Karpinski and Szkaradkiewicz, 2015),
and even oral flora imbalance. Antibacterial drugs have limited
lethality to bacteria in biofilms (Banar et al, 2016; Wang
et al,, 2020) and cannot degrade EPS (Payne et al., 2008). The
presence of EPS and continued antibiotic exposure can lead
to the development of genetic resistance in bacteria, resulting
in the persistence of biofilm infections (Ciofu et al., 2017).
Therefore, targeting EPS may be an effective breakthrough point
for removing or controlling biofilms.
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Biofilm inhibitors have gradually become a research
hotspot. The reported biofilm inhibitors include fibrinolytics
(Hogan et al.,, 2018), metalloproteinases (Saggu et al., 2019),
antimicrobial peptides (Zhang et al, 2019), and other
eradication agent (Verderosa et al, 2019). Antibiofilm
formulations targeting EPS have also been reported (Singh
et al., 2002). Trypsin is a serine proteolytic enzyme that affects
the formation of the intercellular skeleton to disperse cells
(Niazi et al, 2014) and can significantly reduce the biofilm
of oral actinomycetes and inhibit the formation of biofilms
(Mugita et al., 2017). Studies by Niazi et al. (2015) have shown
that the simultaneous action of trypsin with 2% chlorhexidine
and ultrasound can effectively reduce the total bacterial survival
in a single root canal and destroy the biofilm. However, the
role and influence of trypsin on periodontitis-related biofilms
are still unknown.

Therefore, in this experiment, a multispecies biofilm model
of periodontitis-related microorganisms was established in vitro.
After the action of bovine trypsin, the changes in biofilm
EPS, live bacteria, dead bacteria, and the live bacteria/dead
bacteria ratio were detected. The influence of the bovine
trypsin on periodontitis-related microbial multispecies biofilm
are expected to provide an experimental reference for the
new way of the removal of periodontitis-related microbial
multispecies biofilm.

Materials and methods
Materials and equipment

(ATCC19246, China
Microbial Culture Collection and Management Center);
Fusobacterium nucleatum subsp. polymorpha (CGMCC1.2528,
China
Management Center); Aggregatibacter actinomycetemcomitans
(NCTC9710, China Common Microbial Bacteria Species
Collection Management Center); Porphyromonas gingivalis
(ATCC33277, China
Collection Management Center); Bovine trypsin (Sigma-
Aldrich, MO, United States); PBS buffer (pH 7.4) (Beyotime,

Actinomyces  viscous Industrial

General Microorganism Culture Collection and

Industrial Microorganism Culture
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Shanghai, China); Dextran, Alexa Fluor™ 647 (Thermo
Fisher Scientific, Waltham, MA, United States); LIVE/DEAD
BacLight Bacterial Viability Kit (Thermo Fisher Scientific,
Waltham, MA, United States); BacLightTM mounting oil
(Thermo Fisher Scientific, Waltham, MA, United States);
6-well NY, United States);
(24 mm x 24 mm) (HailLun, Nantong, China); Brain heart
leachate broth (HuanKai Microbial, Guangzhou, China);
Tri-Gas INCUBATOR (Heal Force, Hong Kong, China);
Confocal laser scanning electron microscope (Nikon, Tokyo,

plate (Corning, Coverslip

Japan); and Scanning Electron Microscope (FEI, Eindhoven,
Netherlands).

Preparation of bovine trypsin solution

100 mg Bovine trypsin was dissolved in 10 ml of PBS
buffer (pH = 7.4) to form 10 mg/ml of trypsin solution, which
was diluted to the required concentration according to the
experimental needs, and preheated in a constant temperature
water bath at 37°C for 30 min.

Establishment of multispecies biofilms
of periodontitis-related
microorganisms

The bacteria were recovered in the logarithmic phase
according to the growth curve of each species, the concentration
of each bacteria solution was adjusted to 1 X 108 CFU/ml,
and the bacteria solutions were mixed in equal proportions.
The pretreated coverslips (4% HF treatment for 3 min, then
sterilized and dried) were put into a sterile 6-well plate.
Then, 200 ] of mixed bacterial solution and 1.8 ml of fresh
sterile BHI liquid medium were added (1% sucrose by mass,
1% hemin-vitamin K; solution by volume, 10% fetal bovine
serum by volume) and incubated aerobically at 37°C (80%
Ny, 10% CO;, 10% H;) for 2 weeks, and the medium was
replaced every 2 days.

Experimental groups

The treatment times of bovine trypsin were 30 s (group A),
1 min (group B), and 3 min (group C). The bovine trypsin
concentration of each group was as follows. Group A; was
0.25 mg/ml, A, 0.5 mg/ml, A3 1 mg/ml, and A4 2 mg/ml
Group B; was 0.25 mg/ml, B, 0.5 mg/ml, and B3 1 mg/ml
Group C; was 0.125 mg/ml, C; 0.25 mg/ml, C3 0.5 mg/ml,
and C4 1 mg/ml. The blank control group was treated with
distilled water, and the negative control group was treated
with PBS buffer.
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Scanning electron microscope
observation of periodontitis-related
microbial multispecies biofilm

The slides with biofilms were placed in 2.5% glutaraldehyde
solution, fixed at 4°C for 2 h, washed three times with sterile
distilled water, dehydrated with alcohol gradient, dried, and
sprayed with gold.

Confocal laser scanning microscopy
observation of periodontitis-related
microbial multispecies biofilm

Observation of live and dead bacteria

In the dark, the coverslips were washed three times with
sterile distilled water. Then, 200 pl of SYTO 9/PI mixed
fluorescent dye solution was added to each slide, allowed
to stand for 15 min under anaerobic conditions in a 37°C
incubator, and washed again three times with sterile distilled
water. The slides were air dried naturally, 200 pl of anti-
fluorescence quencher was applied and sealed for inspection.
Three areas were randomly observed on each slide. SYTO
9 excitation/emission wavelengths were 480/500 nm and PI
excitation/emission wavelengths were 490/635 nm. Images were
generated by 3D reconstruction of biofilms using NIS-Elements
AR Analysis software. The experiment was repeated three times.

Observation of extracellular polymeric
substances

Alexa Fluor™ 647 fluorescent dye was added during the
biofilm incubation. Coverslips were washed three times with
sterile distilled water in the dark. Then, 200 l of SYTO
9 fluorescent dye was added to each slide, left for 15 min
under anaerobic conditions in a 37°C incubator, and washed
three times with sterile distilled water. The slides were air
dried naturally, 200 pl of anti-fluorescence quencher was
applied and sealed for inspection. Three areas were randomly
observed on each slide. The excitation/emission wavelengths
were 650/668 nm for Alexa Fluor™ 647 and 480/500 nm
for SYTO 9. The biofilms were reconstructed in 3D by NIS-
Elements AR Analysis software and images were generated. The
experiment was repeated three times.

Statistical analysis

Statistical analysis was performed using SPSS software
version 23.0. Two independent samples T-test was used for
comparisons between groups, while one-way ANOVA was
used for comparisons within groups, measurement data were
presented as mean =+ SD.
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Results

Modeling results of
periodontitis-related microbial
multispecies biofilm

The morphology of EPS observed by confocal laser scanning
microscopy (CLSM) is shown in Figure 1A. The EPS was
revealed in orange using Alexa Fluor™ 647 fluorescent dye,
live bacteria were stained as green by SYTO 9. The orange
aggregates are connected in the form of clumps, showing a
three-dimensional network structure with micro-voids in it;
the green colonies are aggregated on the surface of the orange
clumps or embedded in them. The communities of live and dead
bacteria are shown in Figure 1B. Dead bacteria were visualized
by PI in red, live bacteria were stained as green by SYTO 9. Live
bacteria gather in groups, and dead bacteria are scattered among
the live bacteria groups and at the bottom of the biofilm.

The morphology of the biofilm observed by scanning
electron microscope (SEM) is shown in Figure 1C. The biofilm
has a three-dimensional network structure with channel-like
structures of varying sizes. The biofilm contains four types of

A

The three-dimensional view X

The horizontal plane

Live bacterial flora

The three-dimensional view

The horizontal plane

The vertical plane

FIGURE 1

Live bacterial flora

Dead bacterial flora

10.3389/fmicb.2022.951291

bacteria, namely short rods, pairs or clusters of rods, small
globules, and short chains. The bacteria aggregate, make contact
with each other, and are wrapped by EPS.

The effect of bovine trypsin on
extracellular polymeric substances in
periodontitis-related microbial
multispecies biofilms

Biofilm morphological changes after bovine
trypsin treatment observed by scanning
electron microscope

The SEM observation results of biofilm morphology after
treatment with 2 mg/ml bovine trypsin for 30 s, 1 mg/ml
bovine trypsin for 1 min, and 1 mg/ml bovine trypsin for
3 min, respectively, are shown in Figure 2. The biofilm
morphology of the blank control group was similar to
that of the negative control group. After bovine trypsin
treatment, the biofilm became thinner, the three-dimensional
network and channel-like structures disappeared, only a layer
of scattered bacteria remained, and EPS were significantly

EPS and Live bacterial flora

Live and Dead bacterial flora

Modeling results of periodontitis-related microbial multispecies biofilm. (A) The three-dimensional morphology of EPS and live bacterial flora
observed by CLSM. (B) The three-dimensional shape of the live and dead bacteria groups observed by CLSM. (C) The SEM observation of the
biofilm morphology. (a) x2000, (b) x5000, and (c) x10000. Channel-like structures (purple arrows) are shown in (b), EPS (white triangle) in (c),
the short rod-shaped bacteria (white arrows) (Actinomyces viscosus), the paired ball-shaped bacteria (black arrows) (Aggregatibacter
actinomycetemcomitans), the small spherical bacteria (blue arrow) (Porphyromonas gingivalis), and the bacteria arranged in short chains

(yellow arrow) (F. nucleatum subsp. polymorpha) are shown in (c)
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FIGURE 2
SEM observation of biofilm morphology after bovine trypsin action. (A) The morphology of the biofilm after 2 mg/ml bovine trypsin treatment
for 30 s (x1000). (B) The morphology of the biofilm after 1 mg/ml bovine trypsin treatment for 1 min (x1000). (C) The morphology of the
biofilm after 1 mg/ml bovine trypsin treatment for 3 min (x1000). The short rod-shaped bacteria (white arrows), the paired ball-shaped bacteria
(black arrows), the small spherical bacteria (blue arrows), and the bacteria arranged in short chains (yellow arrows).

reduced. However, four types of bacteria were still visible in
the residual biofilm, and the bacterial morphology did not
change significantly.

Morphological changes and quantitative
analysis of extracellular polymeric substances
after bovine trypsin treatment according to
confocal laser scanning microscopy
observation

Figure 3 shows the morphology of EPS after the biofilm
was treated with bovine trypsin for 30 s, 1 min, and 3 min,
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respectively. With the prolongation of the action time and the
increase of the action concentration, the orange fluorescence of
EPS weakened and became sparse, the voids increased, and the
cross-linking decreased.

The results of the quantitative analysis of biofilm EPS
after bovine trypsin treatment for 30 s, 1 min, and 3 min
are shown in Figure 4. In Figure 4A, the difference between
the negative control group and group A4 was statistically
significant (P < 0.05); in Figure 4B, the negative control
group was significantly different from groups B, and Bs,
respectively (P < 0.05); in Figure 4C, there were significant
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Bovine trypsin (mg/ml)
0.5 1
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0.5
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0.25 0.5

The three-dimensional morphology observation of biofilm EPS after 30 s, 1 min, and 3 min of bovine trypsin treatment by CLSM. (A) The
morphology of EPS after 30 s of action by bovine trypsin. (B) The morphology of EPS after 1 min of action by bovine trypsin. (C) The

morphology of EPS after 3 min of action by bovine trypsin.

differences between the negative control group and groups
C,, C3, and Cy, respectively (P < 0.05). The results showed
that when bovine trypsin acted for 30 s, 1 min, and 3 min,
the minimum effective concentrations of EPS were 2, 0.5, and
0.25 mg/ml, respectively.

Morphological changes and
quantitative analysis of live and dead
bacteria after bovine trypsin treatment
according to confocal laser scanning
microscopy observation

Figure 5 shows the morphology of live and dead
bacteria after the action of bovine trypsin on the biofilm
for 30 s,
green fluorescence,

and 3 min. The live bacteria show
the red
fluorescence. After the action of bovine trypsin, as the
the
biofilm structure became dispersed, and the green and red

1 min,

and dead Dbacteria show

concentration increased, the action time increased,
fluorescence decreased.

Quantitative analysis of live bacteria after 30 s, 1 min,
and 3 min of bovine trypsin action on the biofilms are
shown in Figure 6. In Figure 6A, the difference between

the negative control group and group A4 was statistically
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significant (P < 0.05); in Figure 6B, the negative control group
was compared with groups B, and Bjz, and the difference
was statistically significant (P < 0.05); in Figure 6C, the
negative control group was compared with groups Cs and
Cy4, and the difference was statistically significant (P < 0.05).
The results suggested that when bovine trypsin acted for
30 s, 1 min, and 3 min, the lowest effective concentrations
for reducing live bacteria in the biofilm were 2, 0.5, and
0.5 mg/ml, respectively.

Quantitative analysis of dead bacteria after 30 s, 1 min,
and 3 min of bovine trypsin acting on biofilms are shown
in Figure 7. In Figure 7A, the negative control group was
compared with group A4, and the difference was statistically
significant (P < 0.05); in Figure 7B, the negative control group
was compared with groups B, and Bs, and the difference
was statistically significant (P < 0.05); in Figure 7C, the
negative control group was compared with groups Cs and
Cy4, and the difference was statistically significant (P < 0.05).
The results suggested that when bovine trypsin acted for
30 s, 1 min, and 3 min, the lowest effective concentrations
for reducing dead bacteria in the biofilm were 2, 0.5, and
0.5 mg/ml, respectively.

The analysis of changes in the ratio of live bacteria to
dead bacteria after 30 s, 1 min, and 3 min of bovine trypsin
action on the biofilm are shown in Figure 8, respectively.
In Figure 8A, there was no significant difference between
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FIGURE 4

Quantitative analysis of the total amount of EPS in biofilms after bovine trypsin treatment for 30 s, 1 min, and 3 min. (A—C) Are the quantitative
analysis of the total amount of EPS in the biofilms after bovine trypsin treatment for 30 s, 1 min, and 3 min, respectively. *Indicates that there is a
statistically significant difference compared with the negative control group (P < 0.05).

the negative control group and the bovine trypsin treatment C3, and Cy4, and the difference was statistically significant
groups (P > 0.05); in Figure 8B, the negative control (P < 0.05). The results showed that when bovine trypsin
group was compared with groups Bj, By, and Bs, and the acted for 30 s, all concentrations of bovine trypsin did not
difference was statistically significant (P < 0.05); in Figure 8C, significantly change the ratio of live/dead bacteria. Moreover,
the negative control group was compared with groups C,, when bovine trypsin acted for 1 min and 3 min, the lowest
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The three-dimensional morphology observation of live and dead bacteria after 30 s, 1 min, and 3 min of bovine trypsin treatment by CLSM
(A—C) Are the form of live and dead bacteria in the biofilm after 30 s, 1 min, and 3 min of ovine trypsin treatment, respectively.

effective concentration for reducing the ratio of live/dead
bacteria was 0.25 mg/ml.

Discussion

The main purpose of periodontal therapy is to eliminate
infection, which can be achieved with mechanical debridement
and antimicrobial agents. However, bacteria in periodontal
pockets often exist in the form of biofilms, which can make
them more resistant to antimicrobials. In addition, the complex
anatomical structure of the root and periodontal system
provides a hiding place for the biofilm, which makes it difficult
to remove the biofilm in these parts with traditional mechanical
debridement. Moreover, due to the protection offered by EPS,
the effect of antibacterial drugs on the biofilm is not strong
enough. Therefore, the chemical drugs used to remove the
biofilm in the periodontal pocket should also possess the ability
to destroy the biofilm EPS. EPS can be used as a target to
destroy the structure and stability of the biofilm, promote the
degradation of the biofilm and cause the separation of bacteria
in it, and sensitize the bacteria in the biofilm. Meanwhile,
it can be combined with antibacterial drugs to enhance the
effect of antibacterial drugs (Wolfmeier et al., 2018; Zhao et al.,
2018). However, the specific target proteins of bovine trypsin
to degrade periodontitis-related microbial multispecies biofilms
have not been fully studied. The mechanism by which bovine
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trypsin degrades biofilms has been somewhat understood in
recent years, but many details remain unclear, and more studies
are needed to fill in the gaps.

The results of this study showed that after the action
of bovine trypsin, the biofilm degraded, EPS dispersed and
the total amount decreased; thus, bovine trypsin could
degrade EPS. The reduction of EPS by bovine trypsin was
positively correlated with the duration of action and the
concentration of bovine trypsin. With the prolongation of
bovine trypsin action time, EPS decreased more obviously,
and the minimum effective concentration decreased. When
the minimum effective concentration was reached, the total
amount of EPS decreased significantly. According to previous
researches, the main reports on the biofilm degradation
mechanism mainly include the degradation of EPS, which is
related to the hydrolysis of composition-related proteins of
EPS. It is speculated that the mechanism of reduction of
EPS is related to the composition-related proteins of EPS
that can be hydrolyzed by bovine trypsin: (1) Bovine trypsin
hydrolyzes bacterial cell surface proteins. The EPS protein
components of the biofilms of bacteria such as Staphylococcus
aureus include cell surface proteins, mainly composed of
fibronectin binding protein A (FnBPA), fibronectin binding
protein B (FnBPB), Biofilm associated protein (Bap), Clustering
factor B (CIfB) (Lister and Horswill, 2014). The extracellular
serine protease (Esp) secreted by Staphylococcus epidermidis
hydrolyzes Bap associated with the formation of Staphylococcus
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Quantitative analysis of live bacteria in biofilms after bovine trypsin treatment for 30 s, 1 min, and 3 min. (A—C) Show the quantitative analysis of
biofilm live bacteria after 30 s, 1 min, and 3 min of bovine trypsin treatment, respectively. *Indicates that there is a statistically significant

difference compared with the negative control group (P < 0.05)

aureus biofilms (Sugimoto et al,, 2013). Bovine trypsin also
acts as a serine protease; thus, it is speculated that the
reduction of EPS in the biofilm of periodontitis-related
microorganisms established in this experiment may be related
to the hydrolysis of cell surface proteins; (2) Bovine trypsin
can hydrolyze bacterial extracellular proteins, which are an
important part of EPS. Protease can lead to the hydrolysis
of proteins in EPS and reduce the stability of biofilm

Frontiers in Microbiology

and is the most potent biofilm-degrading enzyme (Lister
and Horswill, 2014). Proteinase K, trypsin, and dispase
B can all hydrolyze protein components in the EPS of
staphylococcal biofilms, degrade biofilms, and promote the
dispersion of established biofilm colonies (Chaignon et al,
2007). It is speculated that trypsin acts on the biofilm in
this experiment, which may be related to the hydrolysis of
extracellular proteins.
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Quantitative analysis of dead bacteria in biofilm after bovine trypsin treatment for 30 s, 1 min, and 3 min. (A—C) Show the quantitative analysis of
biofilm dead bacteria after 30 s, 1 min, and 3 min of bovine trypsin treatment, respectively. *Indicates that there is a statistically significant

difference compared with the negative control group (P < 0.05).

Bacterial biomasses are reduced by the action of bovine
trypsin, and the ratio of live/dead bacteria is negatively
correlated with the action time and concentration of
bovine trypsin. When the action time is short, after the
bovine trypsin concentration reaches the minimum effective
concentration, the biofilm structure is effectively destroyed,
the biofilm is dispersed, and the live and dead bacteria are
reduced. It is speculated that the reasons are as follows:
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(1) EPS is hydrolyzed, causing the bacteria embedded in
the biofilm EPS to detach from the biofilm; (2) Bovine
trypsin destroys the adhesion of the bacteria, and the
bacteria detach from the biofilm. When the action time
is prolonged, before the bovine trypsin concentration
reaches the minimum effective concentration that reduces
the total amount of live and dead bacteria, the EPS on

the surface of the biofilm is hydrolyzed, the bacteria of
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Changes in the ratio of live/dead bacteria after bovine trypsin treatment for 30 s, 1 min, and 3 min. (A—C) Show the quantitative analysis of the
ratio of live bacteria/dead bacteria in the biofilms after 30 s, 1 min, and 3 min of bovine trypsin treatment, respectively. *Indicates that there is a
statistically significant difference compared with the negative control group (P < 0.05).

the biofilm is separated from the biofilm partially, and

there are more live bacteria at this site, resulting in a

decrease in live bacteria. After the EPS surface part was
hydrolyzed, the bacteria without EPS protection that contacted
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bovine trypsin died, and the dead bacteria in the middle
and lower layers of the biofilm remained in the biofilm;
therefore, the amount of dead bacteria increased, which
led to a decrease in the ratio of live bacteria/dead bacteria.
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After the bovine trypsin concentration reaches the minimum
effective concentration to reduce the total amount of live and
dead bacteria, the biofilm structure is destroyed completely, the
biofilm is dispersed, and the bacteria are separated from the
biofilm; therefore, the total amount of bacteria reduces. After
the biofilm is dispersed, the bottom layer persists, the bacteria
partially adheres to the surface of the glass slide, and the number
of dead bacteria in the biofilm gradually increases from the
surface layer to the bottom layer; therefore, the ratio of live
bacteria/dead bacteria decreases.

After the action of bovine trypsin, the bacteria in the
biofilm became dispersed and the bacteria died, but the bacterial
morphology did not change significantly. Bacterial death can
be achieved in two way: (1) destruction of the cell membrane,
resulting in cell death and deformation of the bacteria; and
(2) targeted binding to the DNA gyrase/topoisomerase IV-
DNA complex, preventing DNA replication and breaking
it, which results in bacterial death and may not affect the
bacterial morphology in a short time (Hooper and Jacoby,
2016). There was no obvious change in bacterial morphology
in this experiment, and the specific mechanism needs to be
further studied.

Further research on this topic will lead to the development
of new therapeutic options for biofilm-mediated periodontitis.

Conclusion

biofilm
established in this study is formed by the EPS encapsulating
the bacterial group and has a three-dimensional network

Periodontitis-related  microbial —multispecies

structure, which is in line with the characteristics of biofilms.
Bovine trypsin can destroy the biofilm structure, disperse the
biofilm and bacteria, and significantly reduce the EPS and
bacterial biomass. The effect of bovine trypsin on degrading
periodontitis-related microbial multi-species biofilm was
positively correlated with the action time and concentration.
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for Advanced Study, Shenzhen University, Shenzhen, China

Biofilm is made up of microbes and their extracellular matrix, making
microorganisms highly tolerant, resistant, and resilient to a wide range of
antimicrobials. Biofilm treatment with conventional antimicrobial agents can
accelerate the evolution and spread of resistance due to the reduced efficacy
and increased gene transfer and differentiation within biofilms. Therefore,
effective biofilm-targeting compounds are currently highly sought after. In the
present study, we identified elasnin as a potent biofilm-targeting compound
against methicillin-resistant Staphylococcus aureus (MRSA). Elasnin effectively
inhibited biofilm formation and especially eradicated the pre-formed biofilms
of MRSA with low cytotoxicity and low risk of resistance development and
retains its activity in a chronic wound biofilms model. A comprehensive
mechanistic study using multi-omics and confocal and scanning electron
microscopy revealed that elasnin induced the biofilm matrix destruction
in a time-dependent manner and interfered with the cell division during
the exponential phase, primarily by repressing the expression of virulence
factors. Cells released from the elasnin-treated biofilms exhibited a defective
appearance and became more sensitive to beta-lactam antibiotic penicillin G.
Through gene overexpression and deletion assay, we discovered the key role
of sarZ during elasnin-induced biofilm eradication. Overall, the present study
identified elasnin as a potent biofilm eradicator against MRSA that harbors
potential to be developed for biofilm removal and chronic wound treatment,
and provided new insights into the molecular targets for biofilm eradication
in MRSA.
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Introduction

Biofilms consist of microorganisms that grow on various
surfaces. Microbial cells in biofilms are organised and embedded
in a matrix that contains diverse self-produced extracellular
polymeric substances (EPSs) including polysaccharides, proteins,
nucleic acids and lipids (Flemming and Wingender, 2010;
Flemming et al., 2016). Cells in biofilms are usually more tolerant,
resistant, and resilient to external threats than their planktonic
cells (Mah and O'Toole, 2001; Stewart and William Costerton,
2001; Hall and Mah, 2017). Consequently, conventional
antimicrobial agents gradually lose their efficacies against biofilms,
and extremely high concentrations are often required to eradicate
the pre-formed biofilms (Hengzhuang et al., 2012; Wu et al., 2015).

Biofilm-associated infection is currently a major problem in
clinics and the healthcare industry, accounting for about 80% of
bacterial infections and 65% of nosocomial infections (Jamal et al.,
2018). Biofilm formation is crucial for bacterial pathogenesis and is
the leading cause of chronic and device-related infections (Madalina
Mihai et al,, 2015). Bacteria in the genus of Staphylococci are the
most frequently reported source of biofilm-related infections.
Among the reported cases of infections, one of the most dangerous
pathogens in clinics to date is Staphylococcus aureus, whose
resistance is related to biofilm formation (Lister and Horswill, 2014;
Moormeier and Bayles, 2017). The typical process of Staphylococcus
biofilm development requires the participation of many virulence
factors and secreted substances such as adhesive surface proteins,
degradative enzymes, EPSs and toxins (Antunes and Ferreira, 2011;
Otto, 2019). These substances facilitate the adhesion and
colonisation of bacteria and assist biofilm maturation and rapid cell
proliferation. However, the dependence of matrix components on
biofilm development for different S. aureus strains varies. For
instance, PIA production encoded by ica operon is essential for
methicillin-sensitive S. aureus (MSSA; O’'Neill et al., 2007), whereas
biofilms of methicillin-resistant S. aureus (MRSA) commonly form
in an ica-independent manner and require adhesive surface proteins
such as FnBPA and FnBPB (O'Neill et al., 2008), SasG (Corrigan
et al., 2007), and Atl and extracellular DNA (eDNA; Houston et al.,
2011; Bose et al., 2012). Apart from shaping the biofilm structure,
degradative enzymes induce biofilm detachment and then facilitate
the systemic dissemination of bacterial infection (Otto, 2019).

Biofilm formation is tightly controlled by the coordination of
multiple signalling pathways, in which the quorum-sensing system
Agr and the global regulators SarA protein family play the central
roles (Jenul and Horswill, 2019; Otto, 2019). The Agr system
encodes two different transcripts, namely, RNAII and RNAIII, in

Abbreviations: MRSA: Methicillin-resistant Staphylococcus aureus; MSSA:
Methicillin-sensitive S. aureus; EPS: Extracellular polymeric substances; eDNA:
Extracellular DNA; MIC: Minimum inhibitory concentration; MBC: minimum
bactericidal concentration; MBIC: Minimum biofilm inhibitory concentration;
MBEC: Minimal biofilm eradication concentration; LCMB model: Lubbock chronic
wound biofilm model; TSBG: TSB complemented with 0.5% glucose; DEGs/DEPs:
Differentially expressed genes/proteins; CLSM: Confocal laser scanning microscopy;
SEM: Scanning electron microscope; GO: Gene ontology; KEGG: Kyoto
Encyclopaedia of Genes and Genomes.
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which RNAIII functions as an intracellular effector that directly or
indirectly controls the expression of numerous virulence factors
(e.g., proteases and surface adhesins), which are involved in biofilm
formation, and cell wall hydrolases with roles in cell cycle and
pathogenesis (Boisset et al., 2007; Monteiro et al., 2015). The SarA
protein family consists of many members, such as SarZ, SarX, and
SarR, most of which control the expression of virulence factors.
Among all the proteins in this family, SarA is the most extensively
studied. SarA is a global regulator that positively controls PIA
synthesis, agr system, adhesins and toxins, and it represses its own
expression and the production of proteases (Beenken et al., 2003;
Cheung et al., 2008). Notably, many studies have revealed the
interconnected roles of sarA and agr in the switching between the
formation and detachment of S. aureus biofilm. The upregulation
of adhesins, PIA, and protease inhibitors by sarA induces early
biofilm adherence, and the activation of peptides and nucleases by
agr assist biofilm dispersion (Beenken et al., 2010; Vasudevan, 2019).

Biofilm-related infections have significantly threatened
human health. However, current biofilm control strategies are
limited, and long-term and high-dose combinational treatments
are general therapeutic strategies for biofilm infections (Wu et al.,
2015). Previous drug discoveries mostly focused on treating
planktonic cells and thus, cells in biofilms that had already been
exposed to conventional antimicrobials are easier to develop
resistance due to the limited penetration, enzyme degradation,
increased gene transfer, and differentiation within biofilms (Mah
and O’Toole, 2001). Recently, there are efforts in discovering new
antibiofilm agents, such as those that target the EPS by inhibiting
EPS production, binding to EPS adhesins or degrading the EPSs
(dispersin B and DNase I). Other strategies such as inducing
biofilm dispersal and metabolic interference are also potential
directions for future drug discoveries and developments (Koo
etal., 2017; Li and Lee, 2017).

In the present study, we showed that elasnin serves as a potent
biofilm-targeting compound against MRSA which effectively
inhibited and especially eradicated their pre-formed biofilms.
Elasnin is a small molecule containing a 2-pyrone (a-pyrone)
structure and was discovered to be effective in inhibiting marine
biofilms in our previous study (Long et al., 2021). To elucidate
elasnin’s mode of action, the combination of multi-omics analyses,
microscopy imaging, gene manipulation, and other bioassays were
performed. The results provided the detailed process of elasnin-
induced biofilm eradication and highlighted the key genes that
govern this process, including the transcriptional regulator
gene sarZ.

Materials and methods
Strains, media and chemicals
Twelve actinobacterial strains (Supplementary Table S1) were

obtained from the German Collection of Microorganisms and
Cell Cultures (Braunschweig, Germany). The MRSA ATCC 43300,
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Escherichia coli ATCC 25922 and S. aureus ATCC 25923 strains
were obtained from American Type Culture Collection. Soybean
powder was obtained from Wugumf, Shenzhen, China. Soluble
starch was obtained from Affymetrix, Santa Clara, CA,
United States. Magnesium sulphate hydrate was obtained from
Riedel-de-Haén, Seelze, Germany. Bacteriological peptone and
tryptone soya broth (TSB) were obtained from Oxoid, Milan, Italy.
Mueller-Hinton broth (MHB) was obtained from Fluka Chemie
AG, Buchs, Switzerland. Proteinase K was obtained from Qiagen
NV, Venlo, Netherlands. Phosphate-buffered saline (PBS) and
DNase I were obtained from Thermo Fisher Scientific Inc., San
Jose, CA, United States. Lysogeny broth (LB), glucose,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and 1-butanol were obtained from VWR International
Ltd., Leicestershire, United Kingdom. Antibiotics, stains and all
other chemicals were supplied by Sigma-Aldrich Corporation,
Saint Louis, MO, United States.

Antibacterial assay

Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) were determined using MRSA
ATCC 43300 and E. coli ATCC 25922 according to the Clinical
and Laboratory Standards Institute guideline CLSI M100 (2018).
In a typical procedure, a 10° CFU/ml overnight culture of test
strains was inoculated into MHB and treated with testing
compounds in a series of concentrations. After incubation for
24h, the minimum concentrations at which no bacterial growth
was visible were recorded as the MICs. MBCs were measured
following MIC assay by plating 1 ml of suitably diluted culture
broth from each well on Mueller-Hinton agar (MHA) plate. MBC
was defined as the lowest concentration at which an antimicrobial
agent caused >99.9% reduction in cells. Each assay was performed
in duplicate and repeated thrice.

MRSA ATCC 43300 was used for the concentration-response
curve study. A culture of 4x 10° CFU/ml MRSA in the exponential
phase was inoculated into MHB with various concentrations of
elasnin and vancomycin in 15ml falcon tubes. Tubes were
incubated at 37°C on a rotary shaker for 24h. Then, 1 ml of culture
broth in each tube was diluted with MHB, and 1ml of diluted
bacteria was plated on MHA plates for CFU counting. Culture
broth from each well was inoculated on two plates, and the
experiments were repeated thrice.

Antibiofilm assay

Minimum biofilm inhibitory concentration (MBIC) and
minimal biofilm eradication concentration (MBEC) were
determined as previously described (Nair et al., 2016; Yin et al.,
2019; Long et al., 2021). The time-course biofilm formation on
MRSA cells is shown in Supplementary Figure SIA. An overnight
culture of test strains was diluted into approximately 10’ CFU/ml
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with LB and 0.5% glucose and treated with various concentrations
of testing compounds in 96-well cell culture plates. These plates
were then incubated at 37°C for 24 h and rinsed twice with 1 xPBS
to remove non-adhering and planktonic cells. After rinsing, MTT
staining assay was conducted to measure viable cells in the
biofilms, because MTT can react with dehydrogenase enzymes in
viable cells to form blue-violet formazan, which can be detected
at 570 nm after dissolving in DMSO. MBIC;, and MBICy, were
defined as the lowest concentrations required to inhibit 50 and
90% of biofilm formation, respectively.

For MBEC assay, an overnight culture of test strains was
incubated for 24 h in 96-well cell culture plates to form mature
biofilm before rinsing twice with 1 x PBS and compound treatment.
After 24h of incubation at 37°C, each well was rinsed twice with
1xPBS, and ODs;,,, was recorded after MTT assay as described
above. The lowest concentration of a compound resulting in 50%
decrease in ODs; ,,, were recorded as MBEC,,. Biofilm inhibition/
eradication efficiency was calculated using the following equation:
Biofilm inhibition/eradication (%)=[1—(ODs;.m of test
compound) / (ODs;p,, of control)] x 100%. Experiments were
performed in triplicate and repeated thrice.

Antibiofilm assays in modified Lubbock
chronic wound biofilm model

The antibiofilm activity of elasnin was assessed using a
modified LCWB model that simulates the conditions in chronic
wounds (Sun et al., 2008; Brackman et al., 2011). Briefly, an
overnight culture of MRSA was diluted into approximately
10° CFU/ml with Bolton broth supplemented with 50% plasma
(Sigma-Aldrich) and 5% freeze—thaw laked horse blood (Thermo
Fisher Scientific). Then, the sample was treated with (MBIC) or
without (MBEC) various concentrations of elasnin/vancomycin
in 96-well cell culture plates. The plate was then incubated for 24h
at 37°C followed by medium removal and rinse with physiological
saline (PS, Sigma-Aldrich). Afterwards, MTT staining was
conducted to measure viable cells for MBIC assay. For MBEC
assay, grown biofilm cells were treated with elasnin/vancomycin
and incubated for another 24h before MTT staining assay.
Experiments were performed in triplicate and repeated twice, and
MBIC and MBEC were calculated as described above.

Monitoring of biofilm eradication and
change in cell susceptibility

Mature biofilms of MRSA ATCC 43300 were first grown in
96-well cell culture plates and treated with various concentrations of
elasnin as described above. Plates were then collected after 0, 3, 6, 12,
18, and 24 h of treatment, and OD570,,,, values were recorded after
rinsing and MTT assay. To assess the resistance development risks
of elasnin, we conducted a susceptibility change study as previously
described (Li et al., 2018). In a typical procedure, MRSA ATCC
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43300 cells were grown in the presence of antibiotics (e.g., elasnin,
vancomycin and ciprofloxacin) at final concentrations of 0.5x, 1x,
2%, 4x, and 8x of the MICs of the antibiotics. The cells were
incubated at 37°C for 24 h, and we recorded the new MIC, which
was the lowest concentration of antibiotic without no visible bacterial
growth. Then, aliquots from the culture in which the second-highest
antibiotic concentration (0.5 x of new MICs) showed visible growth
were diluted for 1,000 times in MHB for the subsequent assay. The
diluted culture was again grown in the presence of antibiotics at final
concentrations of 0.5%, 1x, 2x, 4x and 8x of the previously measured
MICs for 24 h, and the new MIC values were recorded. This process
was repeated for 45days. The experiment was performed in
triplicate, and the fold change was calculated as the ratio between the
measured MICs compared with the MIC on the first day.

Cytotoxicity test

HT22 and Neuro2a (N2a) cells from ATCC were used in the
MTT assay to test the cytotoxicity of the compounds. Cells were
grown in DMEM with 10% FBS and 1% penicillin-streptomycin
at 37°C with 5% CO,. Then, 5x 10> cells were seeded in each well
of 96-well plates and cultured for 24 h. After cell treatment with
different concentrations of the compounds dissolved in DMSO for
another 24h, 20l of MTT (5mg/ml) was added to each well,
followed by incubation for 4h at 37°C before adding 100 pl of
DMSO to dissolve formazan. The absorbance was measured using
the Multiskan™ FC microplate photometer at 570 nm. IC;, data
were analysed using the GraphPad Prism software.

Confocal laser scanning microscopy
observation with biofilm staining

Biofilms were grown on glass cover slides as described for the
MBIC and MBEC assay. Treated biofilms were then rinsed twice with
1 xPBS and stained with FilmTracer™ FM® 1-43 green biofilm cell
stain and FilmTracer™ SYPRO® Ruby Biofilm Matrix Stain at room
temperature for 30 min in the dark. Leica Sp8 confocal microscope
was used to observe the cells and the matrix in the biofilm at 488 nm.

To visualise the changes in biofilm matrix components after
elasnin treatment, we prepared the biofilms as described above in
the MBEC assays and stained them with TOTO™:-1 Iodide and
Concanavalin A to observe eDNA and polysaccharides within the
biofilm matrix according to the manufacturer’s instruction. A
Zeiss LSM 710 confocal microscope was used for observation, and
ImageJ was used for quantification.

Total RNA extraction and transcriptomic
analysis

Overnight cultures of 10’ CFU/ml MRSA cells were inoculated
into TSB complemented with 0.5% glucose (TSBG) at 37°C to
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obtain mature biofilms. After 24 h of incubation, mature biofilms
were rinsed twice with 1 x PBS and treated with 5 pg/ml elasnin or
media. Biofilm and released cells were collected at 6 and 12h, and
RNA was immediately stabilised with RNAprotect bacterial
Reagent (Qiagen, Hilden, the
manufacturer’s protocol. Total RNA was then extracted using the
RNeasy PowerBiofilm Kit (Qiagen, Hilden, German) and
sequenced using Illumina Novaseq platform with 150bp short-

German) according to

insert library to generate 2 Gb paired-end reads for each sample.
The raw reads were trimmed with Trimmomatic v0.36 (Bolger
et al., 2014) to remove adapters and low-quality bases with the
setting ILLUMINACLIP: TruSeq3-PE.fa:2:30:10 and then mapped
to the S. aureus ATCC 43300 genome by using Bowtie2 v2.3.5
(Langmead and Salzberg, 2012)." Salmon v.0.13.1 (Patro et al.,
2017) was used to quantify the abundance of successfully mapped
transcripts, and differential expression analysis was conducted
using Perl scripts align_and_estimate_abundance.pl. and run_
DE_analysis.pl. by using the edgeR (Robinson et al., 2010)”
method in Trinity v2.8.5 (Grabherr et al., 2011; Haas et al., 2013)
toolkits. Transcripts with false discovery rates <0.05 and an
absolute fold-change value >2 were defined as differentially
expressed genes (DEGs).

Sample preparation for proteomics
analysis

Preformed biofilms were prepared using the same method as
those described for transcriptome analysis, treated with 5 pg/ml
elasnin (or media for control) for 2, 6 and 12 h, and then rinsed
twice. Biofilm matrix and total proteins were extracted as
previously described (Sugimoto et al, 2013) with slight
modification. In a typical procedure, biofilms were collected from
the bottom of the dish, washed with washing buffer consisting of
10mM Tris—-HCI (pH 8.0) and protease inhibitor cocktail (Sigma-
Aldrich), and centrifuged at 5,000 x g for 10 min. The pellet was
dissolved in a matrix-extraction buffer comprising 10 mM Tris—
HCI (pH 8.0), 1 M NaCl and protease-inhibitor cocktail followed
by incubation at 25°C for 30 min with gentle rotation. The mixture
was centrifuged at 5,000 x g for 10 min after incubation, and the
supernatant was collected as the biofilm-matrix protein. To extract
the total protein, we lysed the pellet with B-PER™ bacterial
protein extraction reagent (Thermo Scientific) according to the
manufacturer’s instructions and sonicated it using a Q125
Sonicator (Qsonica) set at 65% amplitude (five blasts each lasting
15s with 30s pauses). The supernatant was collected as the total
protein after centrifugation. For all proteomics experiments, three
biological replicates were performed for each sample, including
the control sample.
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The Collected proteins were desalted with Thermo Pierce C18
spin tips and digested with trypsin (Pierce™ Trypsin Protease, MS
Grade) before injecting into the Bruker TimsTOF Pro
(Bruker MA,
United States) with captive spray ion source. Approximately

Massspectrometer Headquarters Billerica,
200ng of the digested protein was injected into the Bruker
nanoElute system and separated on a C18 column (ionoptiks
Aurora UPLC column, Part no. AUR2-25075C18A-CSI), and the
sample was eluted with a 30min gradient of 2-95% aqueous
acetonitrile containing 0.1% formic acid at a flow rate of 0.3 pl/

min. The m/z range recorded in the MS full scan was 100-1,700 Da.

Sequence database searching and
label-free quantification of proteomics
data

The data analysis workflow followed a previously described
protocol (Sulaiman et al., 2021). The generated raw data were
converted to mgf files by Bruker Compass DataAnalysis and
subsequently converted to mzML files by msconvert of the
ProteoWizard (Kessner et al., 2008). The mzML files were searched
using Comet (version 2016.01 rev.2; Eng et al., 2013) with a
custom database. In a typical procedure, the genome sequence of
MRSA ATCC 43300 was converted into a protein database by
using the GeneMark (Lukashin and Borodovsky, 1998) gene
prediction tool. Proteins were then annotated using BLASTp from
NCBI by using MRSA NCTC 8325 as the protein database. The
sequences of common contaminants such as trypsin and human
keratins and the decoy sequences generated by shuffling amino
acid sequences between tryptic cleavage sites were added to the
database. The decoy sequences in the database were used for the
false FDR estimation of identified peptides. The search parameters
criteria were set as follows: 15ppm peptide mass tolerance,
monoisotopic mass type, fully digested enzyme termini, 0.05amu
bin bin offset,
carbamidomethylated cysteine and oxidated methionine as the

fragment tolerance, Oamu fragment
fixed and variable modifications. The Search results from Comet
were processed using PeptideProphet (Keller et al., 2002), iProphet
and ProteinProphet of the Proteomics Pipeline (Deutsch et al.,
2010) in the decoy-assisted non-parametric mode. Every mzML
run was analysed independently. Protein identifications were
filtered at FDR of 0.01 as predicted by ProteinProphet.

Label-free quantification of proteomics data was accomplished
by spectral counting by using the parameters in our previous study
(Sulaiman and Lam, 2020). Briefly, proteins that were identified in
at least two out of three biological replicates were used for label-
free quantification by spectral counting. Proteins were quantified
using the normalised spectral-abundance factor (NSAF; Paoletti
et al.,, 2006) where the number of peptide-spectrum matches
(PSMs) for each protein divided by the length of the corresponding
protein was normalized to the total number of PSMs divided by
the lengths of protein for all identified proteins. The DEPs were
filtered using the following cutoff: average spectral counts of at
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least three, p value for Student’s t-test on the NSAF values of less
than 0.05 and fold changes of +1.5-fold. Moreover, unique proteins
that were only detected in the treatment or control samples were
retained for analysis, because they are likely to be upregulated or
downregulated after elasnin treatment. To minimize false
positives, we only focused on uniquely detected proteins with
spectral counts greater than 4. Here, we assume that these unique
proteins with sufficiently high spectral counts were also induced/
upregulated (if detected only in treatment samples and not in
control samples) or repressed/downregulated (if detected only in
control samples and not in treatment samples).

Scanning electron microscope analysis
of biofilms treated with elasnin

Samples for SEM analysis were prepared as previously
described with slight modification (Kong et al., 2018; Boudjemaa
et al., 2019). Preformed biofilms on a copper strip surface were
treated with elasnin (5pg/ml) or TSBG for 6h followed by
overnight fixation with 4% (v/v) glutaraldehyde under
4°C. Thereafter, biofilms were dehydrated in a graded ethanol
series (30, 50, 70 and 90% v/v with distilled water and thrice with
100% ethanol for 10min each step), followed by air drying.
Samples were then gold-coated using a gold coater Scancoat Six
(Edwards, Irvine, CA, United States) and observed using SEM
(JSM-6390, JEOL, Akishima, Tokyo, Japan).

Bioinformatics analysis

PCA was performed to determine the correlation between
individuals and the expression level of transcripts on R by using
DESeq2 (Love et al., 2014). Functional annotation and enrichment
analysis of DEGs/DEPs was performed using The Database for
Annotation, Visualization and Integrated Discovery v6.8 (Huang
et al., 2009; Sherman and Lempicki, 2009; ease=0.01). Cluster
analysis was constructed to reveal the similarity of gene expression
between the control and elasnin-treated groups based on Bray-
Curtis distance matrix by using PAST (version 2.0; Hammer et al.,
2001). To construct the interaction network between the DEGs/
DEPs, we used STRING v11 (Szklarczyk et al., 2019) to predict the

protein-protein interactions.

Gene deletion, transcription inhibition
and overexpression of DEGs

The expression of upregulated DEGs was inhibited, and
icaADBC was deleted using CRISPR/Cas9 system pCasiSA and
pCasSA as described previously (Chen et al., 2017). The genes
downregulated by elasnin were overexpressed using the
tetracycline-inducible expression vector pPRMC2 in the relevant
S. aureus strains. All plasmids, bacterial strains and primers used
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in this study are listed in Supplementary Tables 52, S3. pRMC2
was obtained from Tim Foster (Corrigan and Foster, 2009;
Addgene plasmid #68940; RRID: Addgene 68,940).> pCasiSA was
constructed by mutating pCasSA plasmid, and pCasSA was
obtained from Quanjiang Ji (Addgene plasmid #98211; RRID:
Addgene_98,211).}

Constructed plasmid was transported into the wild-type
MRSA ATCC43300 by electroporation. Competent cells were
prepared as previously described (Chen et al., 2017) and stored at
—80°C. For electroporation, 50 pl of competent cells was thawed
on ice for 10 min, mixed with 1-2 pg of plasmid and transferred
into a I mm electroporation cuvette (Bio-Rad, Hercules, CA,
United States). Cells were then pulsed at 2.5kV, 100 and 25 pF
and incubated in 1ml of TSB at 30°C for 1h, followed by plating
on a TSB agar plate containing 7.5 ug/ml chloramphenicol. The
plates containing pRMC2 plasmid were incubated at 37°C,
whereas plates with pCasiSA, pCasSA and their derivatives were
incubated at 30°C. Mutant strains were then used in the relevant
MBIC and MBEC assays as described above. All strains containing
pCasiSA, pCasSA and their derivatives were incubated at 30°C
throughout the entire assay. The PCR confirmation of ica-deleted
mutants is shown in Supplementary Figure S2.

Biochemical-composition study of
biofilms

To determine the biochemical composition of the biofilms,
we conducted MBIC and MBEC assays as described above with
the addition of DNase I (100 U/ml) and proteinase K (100 pg/ml)
for eDNA and protein degradation, respectively. We used two
S. aureus strains, namely, MRSA ATCC 43300 and MSSA ATCC
25923. The ica-deleted mutants were constructed with MRSA and
MSSA, and their biofilm formation was tested as described in the
MBIC assay without the addition of antibiotics.

Quantitative real-time PCR

A 3ml overnight culture of mutant MRSA strains, in which
0.2 pg/ml anhydrotetracycline was added in overexpressed strains,
was harvested and stabilised, and the total RNA was extracted as
described above. cDNA was then synthesised with RevertAid H
Minus First-Strand cDNA Synthesis Kit after removing genomic
DNA by using DNase I (Thermo Fisher Scientific Inc., Waltham,
MA, United States) followed by quantification on a Roche
Diagnostics GmbH LightCycler 480 Instrument IT Realtime PCR
System using the SYBR Green RT-PCR Reagents Kit (Applied
Biosystems). In this process, polymerase activation was carried
out at 95°C for 10 min, followed by annealing and extension at
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55°C for 1 min for 40 cycles. The specificity of primer pairs for
PCR amplification was checked using the melting-curve method.
Two biological and three technical replicates were employed for
each sample, and the relative gene expression level was calculated
based on the 2AACt using gyrB as the internal-reference gene.

Statistical analyses

Statistical analyses for all data were performed using
GraphPad Prism 8.0.2 software and Microsoft Excel 2012 Edition
(Microsoft, Redmond, WA, United States).

Results

Bioassay-guided isolation of compounds
that target biofilm

Secondary metabolites produced by 12 actinobacterial strains
under different culture conditions were assessed for bioactivities
against Gram-positive bacteria (MRSA) and Gram-negative
bacteria (E. coli, E. coli). This was followed by bioassay-guided
fractionation which led to the isolation of three antimicrobial
compounds (e.g., xanthone, hitachimycin, and resistomycin) and
the antibiofilm compound - elasnin, which was isolated from
Streptomyces mobaraensis DSM 40847 and showed potent activity
against MRSA (Supplementary Table S1). To assess elasnin’s
activity, we compared purified elasnin with vancomycin in terms
of MIC, MBC, MBIC, and MBEC against MRSA. The MIC values
reflect the antibiotics’ antimicrobial activities against planktonic
cells. Results show that MRSA was susceptible to vancomycin
(MIC of 0.63-1.25 pg/ml) and elasnin (MIC of 1.25-2.5pg/ml,
Figure 1A). The MBC values measure the compounds’ killing
effect on cells. Vancomycin exhibited strong bactericidal activities
in a concentration-dependent manner and had MBC values
ranging from 10 to 50ug/ml, whereas elasnin showed
bacteriostatic activity, had a higher MBC value than vancomycin,
and did not cause significant changes in cell density in the
concentration of more than 100 pg/ml (Figures 1A,B). The MBIC
values represent the ability of the compounds to inhibit biofilm
formation, whereas the MBEC values indicate the ability to
eradicate pre-formed mature biofilms. Elasnin and vancomycin
showed strong biofilm-inhibiting activities against MRSA with
MBIC,, values of 1.25-2.5ug/ml (Figure 1C). The pre-formed
biofilms showed strong resistance to vancomycin with MBEC;, of
10-20 pg/ml. However, they can still be eradicated with elasnin at
a much lower MBEC;, between 0.63-1.25pug/ml (Figure 1D).
When being tested in a LCWB model that mimics chronic wound
biofilms, both elasnin and vancomycin showed an increase in the
effective concentrations with MBICy, of 250-500 and 20-100 pg/
ml, respectively, and with the same MBEC;, of 100-500 pg/ml
(Supplementary Figure S3). Overall, elasnin exhibited higher
effectiveness in biofilm inhibition and especially in biofilm
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FIGURE 1
Bioactivities and resistance-development study of elasnin against MRSA. (A) Summary of MICs, MBCs, MBICs and MBECs of MRSA towards
vancomycin and elasnin. (B) Cell viability of MRSA after 24h of treatment with various concentrations of elasnin and vancomycin (n=3).
(C) Minimum concentration needed to inhibit 90% of biofilm formation (n=12, average+standard deviation). (D) Minimum concentration needed
to eradicate 50% of pre-formed biofilms (n=12, average+standard deviation). (E) Fold change in MICs towards elasnin, vancomycin and
ciprofloxacin after 45-days of exposure under sub-inhibitory concentrations (0.5xMIC) of the respective antimicrobials (n=3).

eradication, relative to its activities against planktonic cells. Cells
can still proliferate after being exposed to elasnin, suggesting that
elasnin could be used as a biofilm-targeting compound that
interferes with biofilm formation and maintenance rather than
killing the planktonic cells.

In addition, in the test for the potential development of
resistance, the MIC of MRSA treated with elasnin did not change
over a period of 45-days (Figure 1E; Supplementary Table S4),
suggesting that the cell susceptibility to elasnin treatment did not
change. Elasnin also did not show any cytotoxicity against Neuro2
celllinesata concentration of 10 pg/ml (Supplementary Figure S4A)
or HT22 cells at concentrations of up to 25pg/ml, which is 10
times its MBICy, and MBECs, (Supplementary Figure S4A).
Elasnin’s effect on cell viability was only observed at concentrations
higher than 25 pg/ml (Supplementary Figure S4B).

Elasnin destroyed the biofilm matrix

CLSM was used to observe the effect of elasnin on biofilm
structures. Biofilm-inhibition assay showed that untreated
biofilms had distinct shapes with a high density of organised cells
and matrix (Figure 2A), whereas the elasnin-treated biofilms
exhibited a significant decrease in cell density and matrix and both
biofilms were randomly distributed (Figure 2B). Biofilm-
eradication assay revealed that the pre-formed biofilms were
eradicated by elasnin because most of the biofilm cells were
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released into the medium (Figure 2D). CLSM images
demonstrated that the distribution patterns of the cells changed
after elasnin treatment, in which the untreated biofilm cells were
distributed as clumps with rough edges (Figure 2C), whereas
elasnin-treated biofilm cells were distributed as narrow strips with
smooth edges (Figure 2D). Similarly, the high density of organised
biofilm matrix became sparse and scattered after elasnin
treatment. Quantitative analysis showed that the biofilm cells and
matrix were significantly reduced after treatment. In comparison
with untreated biofilms, elasnin-treated ones exhibited ~80 and
35% decrease in cell density and matrix in the biofilm-inhibition
assay (Figure 2E). In the biofilm-eradication assay, cells and
matrix densities decreased by over 50 and 70% (Figure 2F).

Gene expression of virulence factors and
products in the extracellular region were
downregulated following elasnin
treatment

Among the 2,791 detected gene transcripts, 1,010 were
differentially expressed (>2.0-fold change in gene expression) on
MRSA biofilm cells treated with elasnin for 6h compared with
untreated biofilm cells (control). The percentage of eradicated cells
after 6h of treatment is shown in Supplementary Figure S1B. The
number of differentially expressed genes (DEGs) decreased to 668
when the treatment time was extended to 12h. For cells released
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FIGURE 2

images.

Comparison between the effect of elasnin on MRSA biofilm cells and matrix. (A) Image of the biofilms after incubation for 24 h (control). (B) Image
of the biofilms after incubation for 24h with 4pg/ml elasnin. (C) Image of the pre-formed biofilms after another incubation for 18 h (control).

(D) Image of the pre-formed biofilms after another incubation for 18 h with 4 pg/ml elasnin. (E) Quantitative analysis of confocal images acquired
in biofilm-inhibition assay and (F) biofilm-eradication assay. Differences between different groups were calculated by Student’s t-test and are
indicated by asterisks as follows: ***for p<0.001. Series 1 show the images of biofilms under direct observation. Series 2 and 3 are the two-and

three-dimensional confocal images of biofilm cells stained with FilmTracer™ FM® 1-43 green biofilm cell stain, respectively. Series 4 and 5 are the

2D and 3D images of biofilm matrix stained by FilmTracer™ SYPRO® Ruby Biofilm Matrix Stain, respectively. Confocal images were acquired under
the same conditions, and quantitative analysis was conducted using Leica Application Suite X based on the relative fluorescence of 3D confocal
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from the biofilms, 720 and 609 genes were differentially expressed
between the treatment and control groups at 6 and 12 h, respectively
(Figure 3A). Principal component analysis showed a clear
separation between the clusters of elasnin-treated and untreated
samples along the PCI axis, indicating that elasnin treatment
mainly accounts for the differences in gene expression (Figure 3B).
DEGs were then processed using gene ontology (GO)
enrichment analysis in terms of their molecular function, cellular
component, and biological process (Figure 3C). In the samples
treated for 6h, amongst the enriched GO terms of downregulated
genes, the cellular component of the extracellular region was
observed only for biofilm samples, whereas the biological process
of pathogenesis was shown only in released cells samples.
Additionally, the GO terms of translation, transmembrane
transport and integral component of the membrane were
downregulated in biofilm and released cells. In the 12 h treated
samples, downregulated genes were enriched in the extracellular
region and pathogenesis in the biofilm and released cells, whereas
membrane components were observed only in the released cells.
Figure 4A shows the gene expression in selected pathways of
DEGs that were analysed using the Kyoto Encyclopaedia of Genes
and Genomes (KEGG) pathway assessment. Signal transduction-
related genes (two-component system and HIF-1 signalling pathway)
were overexpressed in the elasnin treatment group, whereas many
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genes related to membrane transport (ABC transporters,
phosphotransferase system, and bacterial secretion system), quorum
sensing, and especially Staphylococcus infection and p-lactam
resistance were downregulated. The results of hierarchical clustering
of gene expression data (Figure 4B) revealed that biofilm cells
exhibited the most unique gene-expression pattern after 6h of
elasnin treatment. Subsequently, the biofilm samples treated for 6h
were used to build the gene interaction network (Figure 4C) which
shows that elasnin-treated biofilm cells exhibited low expression
levels of genes involved in pathogenesis, including global regulon
(sarA and RNAIII), EPS production (icaA, icaB, and icaC), murein
hydrolases and autolysins (atl, lytR, and cidA), serine protease (sspA,
sspB, sspC, sspB and spIB), toxin (hld, higC, and hly), and adhesins
(fnbA, clfB, sdrD, and emp). Interestingly, genes related to cell wall
organisation and cell division, that is, murB, murC, murD, mray,
diviB, and fisZ, were upregulated after 6h of elasnin treatment.

Effects of elasnin on the cell cycle and
EPS production of MRSA and cell
resistance to penicillin G

To further investigate the mode of action of elasnin in the
growth inhibition and biofilm eradication of MRSA, we used
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dots; ns: not significantly changed, corresponding to the gray dots). (B) Principal component analysis of RNA-seq samples (treated with elasnin
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naturally released from the biofilms; EB: elasnin-treated biofilms cells; CB: biofilm cells. The numbers following the letters indicate the duration of
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label-free quantitative proteomics analysis to study the protein
expression dynamics of MRSA biofilm cells during biofilm
eradication after elasnin treatment (Figure 5A). The analysis
revealed that 105 proteins were differentially expressed in the
MRSA biofilm cells treated with elasnin for 2h compared with
untreated samples. The proteins involved in DNA repair and
replication, cell division and cell wall organisation, pathogenesis
(e.g., virulence regulator SarX and SaeR), and secreted virulence
factors (EsxA) were down-regulated and repressed. Alternately,
amidohydrolase (AID39263.1) and secreted lipase, and dipeptidyl-
peptidase (AID41306.1) were upregulated. After 6 h of treatment,
the number of DEPs reached 250, which was the highest among
all time points (2 and 12h). At 6h, elasnin downregulated or
repressed numerous proteins involved in DNA repair and
replication, cell division, cell wall organisation, and the production
of virulence factors (e.g., adhesin SdrD, toxin HIgB and HIgC and
autolysin LytM). On the other hand, the expression levels of
secreted peptidase (Staphylococcal superantigen-like 1 [Ssl1]) and
amidase (AID41356.1) were upregulated. When the treatment
duration was prolonged to 12h, the number of DEPs decreased to
154, and most DEPs were primarily related to translation and
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pathogenesis, with a few involved in cell division and cell wall
organisation. Except for LytM and lipase, no other hydrolases,
lyases, and proteins involved in DNA replication and repair were
differentially expressed.

Changes in the expression levels of several hydrolases and
proteins related to cell division and cell-wall organisation in the
control samples showed the abundance of hydrolases encoded by
IsaA, LytM, and Atl reached the highest at 6 h, and the abundance
of Ssl1 should be reduced during this period (Figure 5B). However,
elasnin treatment reduced the abundance of IsaA and LytM,
repressed the expression of autolysin (Atl), and stopped the
changes in Ssl1. In the control samples, the abundance of SepF
exhibited a continued increase from 2 h to 12 h, and the abundance
of proteins involved in cell wall biogenesis (Mur family proteins)
remained stable. However, elasnin-treated biofilm cells exhibited
decreased abundance in Mur family proteins after 6 h of treatment,
and SepF was repressed throughout the entire process.

The effect of elasnin treatment on biofilm matrix composition
was shown in Figure 5C and Supplementary Figure S5. The
number of polysaccharides and eDNA in the biofilm matrix was
remarkably reduced after elasnin treatment. Cells released from
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FIGURE 4
Gene expression of the MRSA biofilm cells treated for 6 h having the most distinct one among all groups. (A) Heatmap of the expression level of
DEGs for selected KEGG pathways, revealing the increased signal transduction, reduced membrane transport, quorum sensing, Staphylococcus
infection and p-lactam resistance in elasnin-treated samples. (B) Hierarchical clustering of the RNA-seq data by using the normalised reads count,
revealing that biofilm cells exhibited the most unique gene expression pattern after 6 h of elasnin treatment. (C) Networks of DEGs of biofilm cells
after 6 h of elasnin treatment and their functional associations. The nodes represent the differentially expressed genes between the control and
treatment groups after 6 h of treatment, and the edges indicate their associations as predicted by STRING. Red colour indicates upregulated gene
expression, whereas blue colour indicates downregulated gene expression following elasnin treatment. The size is inversely proportional to
the p value, as described in the Material and Method section (a larger node corresponds to a smaller p value).

the biofilms were collected for MIC and MBC assay by using a
the
transcriptomic analysis results, the released cells treated by elasnin

B-lactam antibiotic, penicillin G. Consistent with
(ER, Figure 5D) exhibited lower resistance to penicillin G in
which the MIC (0.8-4 pg/ml) and MBC (4-20 pg/ml) decreased
by approximately five times compared to the MIC (4-20 pg/ml)
and MBC (>100 pg/ml) of naturally released cells (CR; Figure 5D).

Effects of elasnin on the cell wall of
MRSA cells, and role of sarZ on
elasnin-induced biofilm eradication

Transcriptomics and proteomics analysis revealed that
combined with the increased sensitivity of elasnin-treated cells
towards penicillin G, elasnin may also interfere with the proper
cell division and cell wall organisation process during the
exponential phase when numerous cells are undergoing cell
division (Figure 6). To validate our hypothesis that elasnin causes
cell wall defects in biofilm cells, the morphological changes in
MRSA cells after 6h of exposure were examined under SEM
(Figure 7A). Consistent with our hypothesis, untreated biofilms
showed a dense layer of normal grape-like cell clusters, whereas
elasnin-treated biofilms were scattered, in which a majority of cells
exhibited a defective appearance with clear collapses around the
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centre of the cell. Interestingly, defective cells were observed in the
untreated biofilms, but they accounted only for less than 1% (2 of
~200) of the total cells, whereas the proportion of defective cells
was more than 70% (25 of 34) in elasnin-treated biofilm.
Considering the complex regulatory network of virulence
factors, we determined the main determinant by comparing the
biofilm-eradication activity of transcription-inhibited mutants
and overexpressed strains (Figure 7B). The regulators (e.g., rot
and sarX)
transcriptionally inhibited by CRISPR/Cas9 transcription

induced following elasnin treatment were

inhibition system pCasiSA, whereas the downregulated genes
(e.g., sarA, sarZ, sarR, and RNAIII) were overexpressed with the
PRMC2 (see RT-qPCR
Supplementary Figure S6). In comparison with the control strains

expression  vector results in
(strains with empty plasmids), the mutants of sarA, sarR, and
RNAIII showed an increased MBECs of 1.25-2.5pg/ml, and a
decreased eradication rates varied from 50.1 to 77.8%. MBECs,
did not increase in mutants of rot and sarX, but the eradication
efficiency (5 pg/ml) of elasnin was reduced to 69.4 and 59.6%,
respectively. Among all the mutants, the sarZ-overexpressed
mutant showed the highest resistance to elasnin with an MBEC
of above 10 pg/ml and an eradication rate of almost 0%, and the
ability of elasnin to inhibit the biofilm formation of the sarZ-
overexpressed mutant was largely reduced at an MBIC,, above
10pg/ml (Supplementary Table S5). Simultaneously, the
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FIGURE 5
Elasnin interfered with cell cycle and EPS production and reduced the antibiotic resistance of MRSA. (A) Differentially expressed proteins in
selected functional subsets after 2, 6 and 12h of elasnin treatment. (B) Changes in the expression level of selected DEPs during the biofilm
eradication with elasnin. (C) Effect of elasnin on the production of polysaccharides (red, stained with Concanavalin A) and eDNA (green, stained
with TOTO-1) of MRSA biofilm, as visualised by confocal microscopy. Fluorescence intensities were calculated based on acquired 3D confocal
images (n=3). Here, the polysaccharides and the eDNA were stained simultaneously. A separate staining image of polysaccharides alone and eDNA
alone is shown in Supplementary Figure S4D. (D) Antibiotic susceptibility of MRSA cells against Penicillin G after being released from the biofilms
(n=3). ER are the cells released from the biofilms after elasnin treatment, and CR are the cells released naturally (without any treatment).
Differences between different groups were calculated by Student's t-test and are indicated by asterisks as follows: *for p<0.05, **for p<0.01 and
***for p<0.001.

sarZ-deleted MRSA mutant NE567 exhibited increased sensitivity
to elasnin treatment with reduced values in MBIC,y, and MBEC;,
respectively, (Supplementary Figure S7). All other mutants
showed resistance to elasnin in the biofilm-formation inhibition
assay with MBICy, of 5-10 pg/ml for the mutants of sarA, rot, and
sarX, and MBICy, higher than 10 pg/ml for the mutants of sarR
and RNAIIL Interestingly, the overexpressed mutants of sarR,
RNAIII, and especially sarZ showed a remarkable reduction in
terms of biofilm formation compared to the control strains and
the wild-type strain. To conclude, the effect of elasnin on
virulence regulons affected biofilm formation, and the repression
of sarZ was responsible for the biofilm eradication (Figure 7C).

Discussion

The selective pressure exerted by antimicrobials enriches the
the
environment, thereby accelerating the development of resistance
(Martinez, 2009; Holmes et al., 2016). Considering the
protection provided by the biofilm matrix and the intense gene

naturally existing antibiotic-resistant bacteria in

transfer and differentiation within the biofilm, compounds that
simply kill cells but leave the biofilm matrix intact for microbial
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utilisation are likely to boost resistance development. With the
inevitable increase in antibiotic resistance and the considerable
challenges in biofilm-associated antimicrobial therapy, effective
antibiofilm agents, particularly those that can effectively
eradicate established biofilms, are urgently needed. In the
present work, we conducted bioassay-guided compound
isolation to identify the biofilm-targeting compounds that can
effectively inhibit and eradicate the biofilms without killing the
cells. Elasnin was identified as a potent biofilm-eradicating drug
candidate against MRSA. It eradicates biofilms by destroying the
biofilm matrix and does not remarkably affect the viability of the
released cells. Therefore, theoretically, the risk of cells developing
reduced susceptibility towards elasnin is low, as confirmed by
the non-observable increase in MIC upon subjecting MRSA
cells to continuous serial passaging in the presence of
sub-inhibitory concentrations of elasnin. The cells released
following elasnin treatment were also more susceptible to the
f-lactam antibiotic penicillin G. Elasnin further exhibited low
cytotoxicity towards different cell lines, which is consistent with
a previous study (Ohno et al., 1978). Elasnin was effective in a
chronic wound biofilm model with the presence of blood and
plasma, indicating the therapeutic potential of elasnin as a safe
and potent biofilm-eradicating agent against MRSA biofilm.
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SERAMs: Secretable expanded repertoire adhesive molecules, including extracellular adherence protein Eap, extracellular matrix and plasma binding protein Emp (Extracellular matrix

Proposed model of MRSA-biofilm eradication by elasnin. The peak of eradication occurred in the exponential phase, when a large amount of
biofilm cells was undergoing cell division. Elasnin inhibited the expression of virulence regulons that controls virulence factors, such as adhesive
proteins, cell-wall hydrolases and EPS, thereby interfering with cell division and generating cell-wall-defective cells. Moreover, the increased
production of hydrolases and lyases degraded the old EPSs and subsequently released the biofilm cells from the biofilms.

Therefore, elasnin harbors great potential to be developed as a
disinfectant for biofilm removal and to be used for treating
chronic wounds.

The mechanism in which elasnin eradicates the established
MRSA biofilm was then elucidated through a series of analyses
(Figure 6). As a part of pathogenesis, the production of adhesive
proteins and PIA or poly-f(1-6)-N-acetylglucosamine encoded
by ica operon was essential for the biofilm formation of MRSA
ATCC 43300 (Supplementary Figure S8B). Moreover, the
maintenance of the established biofilms required the participation
of adhesive proteins and eDNA (Supplementary Figures S8A,C)
and the cell cycle and cell wall hydrolases (LytM and autolysin)
that are essential for cell separation, which are all regulated by the
virulence regulons. Therefore, many proteases and cell wall
hydrolases are expressed during the exponential phase when
biofilms undergo proliferation and maturation. However, since
elasnin represses the virulence regulons, the production of some
cell wall hydrolases, adhesins and EPSs was inhibited during
treatment. Consequently, cells could not properly divide, and thus,
very limited EPSs were synthesised. Meanwhile, some lipase and
proteases were largely secreted, causing the degradation of the
existing EPSs and the destruction of the biofilm matrix. The
biofilm cells were released back to the media, and most of them
had defective cell wall structures caused by the inhibition of the
cell division process and the down-regulation of the expression of
cell wall-related proteins. Consequently, cells released from the
elasnin-treated biofilms showed increased susceptibility to the
B-lactam antibiotic penicillin G, highlighting the possible
application of elasnin in combinatorial treatment for rescuing old
drugs that had become ineffective due to resistance.
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Staphylococcus aureu has a very complex regulatory network
of biofilm formation and virulence expression, in which many
important regulators are affected by elasnin. Accordingly, multiple
mutants were generated to reveal the key determinants by
comparing elasnin’s activities against the mutants. All mutants
showed increased ability in resisting elasnin in the biofilm
inhibition assay. The overexpression of sarA can increase the
production of EPSs and adhesins assisting with biofilm
maturation, whereas the overexpression of sarR and RNAIII and
the repression of sarX can increase the production of proteases
and cell wall-related proteins for cell division. sarZ activates the
expression of RNAIII, represses sarA, and regulates the production
of proteases independently (Ballal et al., 2009; Tamber and
Cheung, 2009). The overexpression of sarZ restored the cell’s
ability to divide to some extent (Supplementary Table S5;
Figure S7E) possibly by repressing sarA and increasing the
production of proteases and cell wall-related proteins through or
independent from sarA and RNAIII (Figure 7C). Consequently,
these mutants exhibited increased resistance to the biofilm
inhibition caused by elasnin. Some of these mutants (e.g., RNAITII,
sarR, and sarZ overexpressed mutant) showed reduced ability to
form biofilms, perhaps due to the increased production of
proteases and hydrolases (Figure 7C; Supplementary Table S5).

Elasnin lost its efficacy only in eradicating the established
biofilm of mutants overexpressed with sarZ and exhibited
the
(Supplementary Figures S7A,B), suggesting the crucial role of sarZ

increased activity = against sarZ-deleted  mutant
during the elasnin-induced biofilm eradication. Based on our
results, deletion of sarZ does not influence elasnin’s efficiency in

cell growth inhibition (Supplementary Figures S7D,E), suggesting
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increased antibiofilm activity is not related to elasnin’s inhibition
of cell division. Moreover, we found that MRSA had higher
dependence on adhesive proteins for biofilm formation and
maintenance than MSSA (Supplementary Figure S8C; Table S6),
and elasnin exhibited higher antibiofilm activities against MRSA
than MSSA (Supplementary Table S7). Therefore, elasnin-induced
degradation of existing adhesive proteins is crucial for eradicating
the established biofilms, and stopping biofilm eradication (as
shown in the sarZ-overexpressed mutant; Figure 7B) required the
inhibition of the matrix destruction caused by the increase in
degrading exoproteins. However, the role of sarZ in this process
has not been reported. Therefore, we proposed that (i) sarZ may
be a repressor of the production of the degrading exoproteins, or
(ii) the proteases upregulated by sarZ inactivate the corresponding
exoproteins, and this regulatory pathway was independent of the
above-mentioned regulons.

Biofilm development and its regulation has been extensively
studied, but gaping holes remain to be filled. Previous studies have
reported that increased SarA level and/or reduced protease
production in a sarZ-deleted MRSA mutant resulted in increased
biofilm formation (Tamber and Cheung, 2009), which is consistent
with our observation of reduced biofilm formation in the sarZ-
overexpressed mutant. Meanwhile, the increased expression of
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degradative enzymes like lipases and putative hemolysin reported
in the sarZ-deleted Staphylococcus epidermidis (Wang et al.,
2008) was also observed in the elasnin-treated biofilm cells when
sarZ was repressed, which is believed to be responsible for the
elasnin-induced biofilm eradication. Staphylococci produce
different factors for different stages of infection (colonization,
invasion, proliferation, dissemination, etc.), and biofilm
development assist in these different stages (biofilm formation
assist in colonization, whereas biofilm dispersion/detachment
assist in dissemination). Considering the regulatory effect of sarZ
on biofilm development in S. aureus and S. epidermidis, sarZ
might be an important regulator that controls the transition
among different stages, especially that sarZ exerts a regulatory
effect on several traits and is expressed differentially at different
growth phases (Kaito et al., 2006; Ballal et al., 2009; Chen et al.,
2009). Yet, the exact regulations on how sarZ governs biofilm
development are still unclear, and therefore, detailed studies on
the regulations of sarZ during staphylococcal biofilm development
should be further investigated. Besides, the roles of elasnin in
intra-and intercell communications are also worth exploring,
because elasnin is produced by multiple Streptomyces species and
has a similar chemical structure to photopyrones, the novel
quorum-sensing signals in Photorhabdus.
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To conclude, the present study discovered elasnin as a
potent biofilm-eradicating compound and elucidated its mode
of action. Elasnin destroyed the biofilm matrix of MRSA and
reduced cells’ resistance to penicillin G, exhibiting low
cytotoxicity and a low risk of resistance development.
Mechanistic study revealed that elasnin repressed the
expression of virulence factors and increased the secretion of
degradative exoproteins, thus inhibiting cell division and
leading to the degradation of the biofilm matrix. Through
genetic manipulation assay, we determined the role of affected
regulons during the elasnin-induced biofilm eradication and
discovered that sarZ is an attractive target for Staphylococcal
biofilm eradication. Overall, our study identified elasnin as a
potent anti-virulence and biofilm-eradicating compound that
harbors great potential in controlling MRSA biofilms with
reduced risks in resistance development and provided new
insights into the molecular targets for the discovery of MRSA
biofilm eradicator.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found at: https://www.ncbi.nlm.nih.
gov/genbank/, PRINA740277 and http://www.proteomexchange.
org/, PXD026836.

Author contributions

LL designed and carried out the experiments, did
transcriptomic and related bioinformatics analysis, interpreted the
data, and prepared the manuscript. JS did the proteomic analysis,
wrote related methods, and did revision of the manuscript. YX did
the PCA and bioinformatics analysis and wrote related methods.
AC did the cytotoxicity test, interpreted the data, and wrote related
methods. RW did the cluster analysis and wrote related methods.
JM, WW, and WL helped in the experiments and data
interpretation. Y-XL helped in experiment design. FC gave
technical support. HL and P-YQ supervised this study, gave
technical support and conceptual advice, and did the major
edition of the manuscript. All authors reviewed and edited the
manuscript, contributed to the article, and approved the
submitted version.

References

Antunes, L. C. M., and Ferreira, R. B. R. (2011). Biofilms and
bacterial virulence. Rev. Medical Microbio. 22, 12-16. doi: 10.1097/MRM.
0b013e3283410d22

Ballal, A., Ray, B., and Manna, A. C. (2009). sarZ, a Sar A family gene, is
transcriptionally activated by MgrA and is involved in the regulation of genes
encoding exoproteins in Staphylococcus aureus. J. Bacteriol. 191, 1656-1665. doi:
10.1128/]B.01555-08

Frontiers in Microbiology

88

10.3389/fmicb.2022.967845

Funding

This work was financially supported by the National Key R&D
Program of China (2018YFA0903200), the Key Special Project for
Introduced Talents Team of Southern Marine Science and Engineering
Guangdong Laboratory (Guangzhou, GML2019ZD0409), the China
Ocean Mineral Resources Research and Development Association
(COMRRDA175C01), the Hong Kong Branch of Southern Marine
Science and Engineering Guangdong Laboratory (Guangzhou,
SMSEGL20SCO01), a CRF grant from the HKSAR government
(C6026-19G-A), and the Research Grant Council of the Hong Kong
Special Administrative Region, and China (grant no. 16102821).

Acknowledgments

The following reagent was provided by the Network on
Antimicrobial Resistance in S. aureus (NARSA) for distribution
through BEI Resources, NIAID, NIH: S. aureus subsp. aureus,
Strain JE2, NR-46543 and S. aureus subsp. aureus, Strain JE2,
Transposon Mutant NE567 (SAUSA300_2331), NR-47110.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.967845/
full#supplementary-material

Beenken, K. E., Blevins, J. S., and Smeltzer, M. S. (2003). Mutation of sarA in
Staphylococcus aureus limits biofilm formation. Infect. Immun. 71, 4206-4211. doi:
10.1128/IA1.71.7.4206-4211.2003

Beenken, K. E., Mrak, L. N., Griffin, L. M., Zielinska, A. K., Shaw, L. N.,
Rice, K. C., et al. (2010). Epistatic relationships between sarA and agr in
Staphylococcus aureus biofilm formation. PLoS One 5:¢10790. doi: 10.1371/
journal.pone.0010790

frontiersin.org


https://doi.org/10.3389/fmicb.2022.967845
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://www.proteomexchange.org/
http://www.proteomexchange.org/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.967845/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.967845/full#supplementary-material
https://doi.org/10.1097/MRM.0b013e3283410d22
https://doi.org/10.1097/MRM.0b013e3283410d22
https://doi.org/10.1128/JB.01555-08
https://doi.org/10.1128/IAI.71.7.4206-4211.2003
https://doi.org/10.1371/journal.pone.0010790
https://doi.org/10.1371/journal.pone.0010790

Long et al.

Boisset, S., Geissmann, T., Huntzinger, E., Fechter, P, Bendridi, N., Possedko, M.,
et al. (2007). Staphylococcus aureus RNAIII coordinately represses the synthesis of
virulence factors and the transcription regulator rot by an antisense mechanism.
Genes Dev. 21, 1353-1366. doi: 10.1101/gad.423507

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics 30, 2114-2120. doi: 10.1093/
bioinformatics/btul70

Bose, J. L., Lehman, M. K,, Fey, P. D, and Bayles, K. W. (2012). Contribution of the
Staphylococcus aureus Atl AM and GL murein hydrolase activities in cell division,
autolysis, and biofilm formation. PLoS One 7:¢42244. doi: 10.1371/journal.pone.0042244

Boudjemaa, R., Steenkeste, K., Canette, A., Briandet, R., Fontaine-Aupart, M.-P,
and Marliére, C. (2019). Direct observation of the cell-wall remodeling in adhering
Staphylococcus aureus 27217: An AFM study supported by SEM and TEM. The Cell
Surface 5:100018. doi: 10.1016/j.tcsw.2019.100018

Brackman, G., Cos, P.,, Maes, L., Nelis, H. J., and Coenye, T. (2011). Quorum
sensing inhibitors increase the susceptibility of bacterial biofilms to antibiotics In
vitro and In vivo. Antimicrob. Agents Chemother. 55, 2655-2661. doi: 10.1128/
AAC.00045-11

Chen, P. R,, Nishida, S., Poor, C. B., Cheng, A., Bae, T., Kuechenmeister, L., et al.
(2009). A new oxidative sensing and regulation pathway mediated by the MgrA
homologue SarZ in Staphylococcus aureus. Mol. Microbiol. 71, 198-211. doi:
10.1111/j.1365-2958.2008.06518.x

Chen, W,, Zhang, Y., Yeo, W.-S.,, Bae, T,, and Ji, Q. (2017). Rapid and efficient
genome editing in Staphylococcus aureus by using an engineered CRISPR/Cas9
system. J. Am. Chem. Soc. 139, 3790-3795. doi: 10.1021/jacs.6b13317

Cheung, A. L., Nishina, K., and Manna, A. C. (2008). SarA of Staphylococcus
aureus binds to the sarA promoter to regulate gene expression. J. Bacteriol. 190,
2239-2243. doi: 10.1128/JB.01826-07

Corrigan, R. M., and Foster, T. J. (2009). An improved tetracycline-inducible
expression vector for Staphylococcus aureus. Plasmid 61, 126-129. doi: 10.1016/j.
plasmid.2008.10.001

Corrigan, R. M., Rigby, D., Handley, P, and Foster, T. ]. (2007). The role of
Staphylococcus aureus surface protein SasG in adherence and biofilm formation.
Microbiology 153, 2435-2446. doi: 10.1099/mic.0.2007/006676-0

Deutsch, E. W,, Mendoza, L., Shteynberg, D., Farrah, T., Lam, H., Tasman, N.,
et al. (2010). A guided tour of the trans-proteomic pipeline. Proteomics 10,
1150-1159. doi: 10.1002/pmic.200900375

Eng,]. K, Jahan, T. A., and Hoopmann, M. R. (2013). Comet: an open-source MS/
MS sequence database search tool. Proteomics 13, 22-24. doi: 10.1002/
pmic.201200439

Flemming, H. C., and Wingender, J. (2010). The biofilm matrix. Nat. Rev.
Microbiol. 8, 623-633. doi: 10.1038/nrmicro2415

Flemming, H. C., Wingender, J., Szewzyk, U., Steinberg, P, Rice, S. A., and
Kjelleberg, S. (2016). Biofilms: an emergent form of bacterial life. Nat. Rev. Microbiol.
14, 563-575. doi: 10.1038/nrmicro.2016.94

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A,
Amit, I, et al. (2011). Trinity: reconstructing a full-length transcriptome
without a genome from RNA-Seq data. Nat. Biotechnol. 29, 644-652. doi:
10.1038/nbt.1883

Haas, B. J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P. D., Bowden, J.,
et al. (2013). De novo transcript sequence reconstruction from RNA-seq using the
trinity platform for reference generation and analysis. Nat. Protoc. 8, 1494-1512.
doi: 10.1038/nprot.2013.084

Hall, C. W,, and Mah, T. FE. (2017). Molecular mechanisms of biofilm-based
antibiotic resistance and tolerance in pathogenic bacteria. FEMS Microbiol. Rev. 41,
276-301. doi: 10.1093/femsre/fux010

Hammer, @., Harper, D. A, and Ryan, P. D. (2001). PAST: paleontological
statistics software package for education and data analysis. Palaeontol. Electron.
4,9.

Hengzhuang, W., Wu, H., Ciofu, O., Song, Z., and Heiby, N. (2012). In vivo
pharmacokinetics/pharmacodynamics of colistin and imipenem in Pseudomonas
aeruginosa biofilm infection. Antimicrob. Agents Chemother. 56, 2683-2690. doi:
10.1128/AAC.06486-11

Holmes, A. H., Moore, L. S. P, Sundsfjord, A., Steinbakk, M., Regmi, S., Karkey, A.,
etal. (2016). Understanding the mechanisms and drivers of antimicrobial resistance.
Lancet 387, 176-187. doi: 10.1016/S0140-6736(15)00473-0

Houston, P, Rowe, S. E., Pozzi, C., Waters, E. M., and O’Gara, J. P. (2011). Essential
role for the major autolysin in the fibronectin-binding protein-mediated
Staphylococcus aureus biofilm phenotype. Infect. Immun. 79, 1153-1165. doi:
10.1128/IA1.00364-10

Huang, D. W, Sherman, B. T, and Lempicki, R. A. (2009). Bioinformatics
enrichment tools: paths toward the comprehensive functional analysis of large gene
lists. Nucleic Acids Res. 37, 1-13. doi: 10.1093/nar/gkn923

Frontiers in Microbiology

89

10.3389/fmicb.2022.967845

Jamal, M., Ahmad, W., Andleeb, S., Jalil, E, Imran, M., Nawaz, M. A., et al. (2018).
Bacterial biofilm and associated infections. J. Chin. Med. Assoc. 81, 7-11. doi:
10.1016/j.jcma.2017.07.012

Jenul, C., and Horswill, A. R. (2019). Regulation of Staphylococcus aureus
virulence. Microbiol Spectr 7, 7-2. doi: 10.1128/microbiolspec. GPP3-0031-2018

Kaito, C., Morishita, D., Matsumoto, Y., Kurokawa, K., and Sekimizu, K. (2006).
Novel DNA binding protein SarZ contributes to virulence in Staphylococcus aureus.
Mol. Microbiol. 62, 1601-1617. doi: 10.1111/j.1365-2958.2006.05480.x

Keller, A., Nesvizhskii, A. I., Kolker, E., and Aebersold, R. (2002). Empirical
statistical model to estimate the accuracy of peptide identifications made by MS/MS
and database search. Anal. Chem. 74, 5383-5392. doi: 10.1021/ac025747h

Kessner, D., Chambers, M., Burke, R., Agus, D., and Mallick, P. (2008).
ProteoWizard: open source software for rapid proteomics tools development.
Bioinformatics 24, 2534-2536. doi: 10.1093/bioinformatics/btn323

Kong, C., Chee, C.-E, Richter, K., Thomas, N., Rahman, N. A,, and Nathan, S.
(2018). Suppression of Staphylococcus aureus biofilm formation and virulence by a
benzimidazole derivative, UM-C162. Sci. Rep. 8, 1-16. doi: 10.1038/s41598-018-
21141-2

Koo, H., Allan, R. N., Howlin, R. P, Stoodley, P, and Hall-Stoodley, L. (2017).
Targeting microbial biofilms: current and prospective therapeutic strategies. Nat.
Rev. Microbiol. 15, 740-755. doi: 10.1038/nrmicro.2017.99

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with bowtie
2. Nat. Methods 9, 357-359. doi: 10.1038/nmeth.1923

Li, X. H,, and Lee, J. H. (2017). Antibiofilm agents: A new perspective for
antimicrobial strategy. J. Microbiol. 55, 753-766. doi: 10.1007/s12275-017-
7274-x

Li, Y.-X., Zhong, Z., Zhang, W.-P,, and Qian, P.-Y. (2018). Discovery of cationic
nonribosomal peptides as gram-negative antibiotics through global genome mining.
Nat. Commun. 9, 1-9. doi: 10.1038/s41467-018-05781-6

Lister, J. L., and Horswill, A. R. (2014). Staphylococcus aureus biofilms: recent
developments in biofilm dispersal. Front. Cell. Infect. Microbiol. 4:178. doi: 10.3389/
fcimb.2014.00178

Long, L., Wang, R., Chiang, H. Y,, Ding, W, Li, Y.-X., Chen, E, et al. (2021).
Discovery of Antibiofilm activity of Elasnin against marine biofilms and its
application in the marine antifouling coatings. Mar. Drugs 19, 19. doi: 10.3390/
md19010019

Love, M., Anders, S., and Huber, W. (2014). Differential analysis of count data-the
DESeq2 package. Genome Biol. 15, 10-1186. doi: 10.1186/5s13059-014-0550-8

Lukashin, A. V., and Borodovsky, M. (1998). GeneMark. Hmm: new solutions for
gene finding. Nucleic Acids Res. 26, 1107-1115. doi: 10.1093/nar/26.4.1107

Madalina Mihai, M., Maria Holban, A., Giurcaneanu, C., Gabriela Popa, L.,
Mihaela Oanea, R., Lazar, V., et al. (2015). Microbial biofilms: impact on the
pathogenesis of periodontitis, cystic fibrosis, chronic wounds and medical device-
related infections. Curr. Top. Med. Chem. 15, 1552-1576. doi: 10.217
4/1568026615666150414123800

Mah, T. E, and O’Toole, G. A. (2001). Mechanisms of biofilm resistance to
antimicrobial agents. Trends Microbiol. 9, 34-39. doi: 10.1016/50966-842X
(00)01913-2

Martinez, J. L. (2009). Environmental pollution by antibiotics and by antibiotic
resistance determinants. Environ. Pollut. 157, 2893-2902. doi: 10.1016/j.
envpol.2009.05.051

Monteiro, J. M., Fernandes, P. B., Vaz, E, Pereira, A. R., Tavares, A. C.,
Ferreira, M. T., et al. (2015). Cell shape dynamics during the staphylococcal cell
cycle. Nat. Commun. 6, 1-12. doi: 10.1038/ncomms9055

Moormeier, D. E., and Bayles, K. W. (2017). Staphylococcus aureus biofilm: a
complex developmental organism. Mol. Microbiol. 104, 365-376. doi: 10.1111/
mmi.13634

Nair, S., Desai, S., Poonacha, N., Vipra, A., and Sharma, U. (2016). Antibiofilm
activity and synergistic inhibition of Staphylococcus aureus biofilms by bactericidal
protein P128 in combination with antibiotics. Antimicrob. Agents Chemother. 60,
7280-7289. doi: 10.1128/AAC.01118-16

Ohno, H., Saheki, T., Awaya, J., Nakagawa, A., and Omura, S. (1978). Isolation and
characterization of elasnin, a new human granulocyte elastase inhibitor produced
by a strain of Streptomyces. J. Antibiot. (Tokyo) 31, 1116-1123. doi: 10.7164/
antibiotics.31.1116

O’Neill, E., Pozzi, C., Houston, P., Humphreys, H., Robinson, D. A., Loughman, A.,
et al. (2008). A novel Staphylococcus aureus biofilm phenotype mediated by the
fibronectin-binding proteins, FnBPA and FnBPB. J. Bacteriol. 190, 3835-3850. doi:
10.1128/JB.00167-08

O’Neill, E., Pozzi, C., Houston, P, Smyth, D., Humphreys, H., Robinson, D. A.,
et al. (2007). Association between methicillin susceptibility and biofilm regulation
in Staphylococcus aureus isolates from device-related infections. J. Clin. Microbiol.
45, 1379-1388. doi: 10.1128/JCM.02280-06

frontiersin.org


https://doi.org/10.3389/fmicb.2022.967845
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1101/gad.423507
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1371/journal.pone.0042244
https://doi.org/10.1016/j.tcsw.2019.100018
https://doi.org/10.1128/AAC.00045-11
https://doi.org/10.1128/AAC.00045-11
https://doi.org/10.1111/j.1365-2958.2008.06518.x
https://doi.org/10.1021/jacs.6b13317
https://doi.org/10.1128/JB.01826-07
https://doi.org/10.1016/j.plasmid.2008.10.001
https://doi.org/10.1016/j.plasmid.2008.10.001
https://doi.org/10.1099/mic.0.2007/006676-0
https://doi.org/10.1002/pmic.200900375
https://doi.org/10.1002/pmic.201200439
https://doi.org/10.1002/pmic.201200439
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1038/nrmicro.2016.94
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nprot.2013.084
https://doi.org/10.1093/femsre/fux010
https://doi.org/10.1128/AAC.06486-11
https://doi.org/10.1016/S0140-6736(15)00473-0
https://doi.org/10.1128/IAI.00364-10
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1016/j.jcma.2017.07.012
https://doi.org/10.1128/microbiolspec.GPP3-0031-2018
https://doi.org/10.1111/j.1365-2958.2006.05480.x
https://doi.org/10.1021/ac025747h
https://doi.org/10.1093/bioinformatics/btn323
https://doi.org/10.1038/s41598-018-21141-2
https://doi.org/10.1038/s41598-018-21141-2
https://doi.org/10.1038/nrmicro.2017.99
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1007/s12275-017-7274-x
https://doi.org/10.1007/s12275-017-7274-x
https://doi.org/10.1038/s41467-018-05781-6
https://doi.org/10.3389/fcimb.2014.00178
https://doi.org/10.3389/fcimb.2014.00178
https://doi.org/10.3390/md19010019
https://doi.org/10.3390/md19010019
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/26.4.1107
https://doi.org/10.2174/1568026615666150414123800
https://doi.org/10.2174/1568026615666150414123800
https://doi.org/10.1016/S0966-842X(00)01913-2
https://doi.org/10.1016/S0966-842X(00)01913-2
https://doi.org/10.1016/j.envpol.2009.05.051
https://doi.org/10.1016/j.envpol.2009.05.051
https://doi.org/10.1038/ncomms9055
https://doi.org/10.1111/mmi.13634
https://doi.org/10.1111/mmi.13634
https://doi.org/10.1128/AAC.01118-16
https://doi.org/10.7164/antibiotics.31.1116
https://doi.org/10.7164/antibiotics.31.1116
https://doi.org/10.1128/JB.00167-08
https://doi.org/10.1128/JCM.02280-06

Long et al.

Otto, M. (2019). Staphylococcal biofilms. J. Clin. Microbiol. 8, 699-711. doi:
10.1128/9781683670131.ch43

Paoletti, A. C., Parmely, T. J., Tomomori-Sato, C., Sato, S., Zhu, D., Conaway, R. C.,
et al. (2006). Quantitative proteomic analysis of distinct mammalian mediator
complexes using normalized spectral abundance factors. Proc. Natl. Acad. Sci. 103,
18928-18933. doi: 10.1073/pnas.0606379103

Patro, R., Duggal, G., Love, M. I, Irizarry, R. A., and Kingsford, C. (2017). Salmon
provides fast and bias-aware quantification of transcript expression. Nat. Methods
14, 417-419. doi: 10.1038/nmeth.4197

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139-140. doi: 10.1093/bioinformatics/btp616

Sherman, B. T., and Lempicki, R. A. (2009). Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44-57. doi:
10.1038/nprot.2008.211

Stewart, P. S., and William Costerton, J. (2001). Antibiotic resistance of bacteria
in biofilms. Lancet 358, 135-138. doi: 10.1016/S0140-6736(01)05321-1

Sugimoto, S., Iwamoto, T., Takada, K., Okuda, K.-L, Tajima, A., Iwase, T, et al.
(2013). Staphylococcus epidermidis Esp degrades specific proteins associated with
Staphylococcus aureus biofilm formation and host-pathogen interaction. J. Bacteriol.
195, 1645-1655. doi: 10.1128/JB.01672-12

Sulaiman, J. E., and Lam, H. (2020). Proteomic study of the survival and
resuscitation mechanisms of filamentous Persisters in an evolved Escherichia coli
population from cyclic ampicillin treatment. Msystems 5, e00462-e00420. doi:
10.1128/mSystems.00462-20

Frontiers in Microbiology

90

10.3389/fmicb.2022.967845

Sulaiman, J. E., Long, L., Wu, L., Qian, P.-Y,, and Lam, H. (2021). Comparative
proteomic investigation of multiple methicillin-resistant Staphylococcus aureus
strains generated through adaptive laboratory evolution. Iscience 24:102950. doi:
10.1016/j.i5¢i.2021.102950

Sun, Y., Dowd, S. E., Smith, E., Rhoads, D. D., and Wolcott, R. D. (2008). In vitro
multispecies Lubbock chronic wound biofilm model. Wound Repair Regen. 16,
805-813. doi: 10.1111/j.1524-475X.2008.00434.x

Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., et al.
(2019). STRING v11: protein—protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental datasets. Nucleic
Acids Res. 47, D607-D613. doi: 10.1093/nar/gky1131

Tamber, S., and Cheung, A. L. (2009). SarZ promotes the expression of virulence
factors and represses biofilm formation by modulating SarA and agr in
Staphylococcus aureus. Infect. Immun. 77, 419-428. doi: 10.1128/TA1.00859-08

Vasudevan, R. (2019). Agr/sarA: molecular switches of biofilm regulation in
Staphylococcus aureus. J. Microbiol. Exp 7, 17-18. doi: 10.15406/jmen.2019.07.00233

Wang, L., Li, M., Dong, D., Bach, T.-H. L., Sturdevant, D. E., Vuong, C,, et al.
(2008). SarZ is a key regulator of biofilm formation and virulence in Staphylococcus
epidermidis. . Infect. Dis. 197, 1254-1262. doi: 10.1086/586714

Wu, H., Moser, C., Wang, H.-Z., Hoiby, N., and Song, Z.-J. (2015). Strategies for
combating bacterial biofilm infections. Int. J. Oral Sci. 7, 1-7. doi: 10.1038/ij0s.2014.65

Yin, Q, Liang, J., Zhang, W.,, Zhang, L., Hu, Z. L., Zhang, Y., et al. (2019).
Butenolide, a marine-derived broad-Spectrum Antibiofilm agent Against Both

gram-positive and gram-negative pathogenic Bacteria. Mar. Biotechnol. (N.Y.) 21,
88-98. doi: 10.1007/s10126-018-9861-1

frontiersin.org


https://doi.org/10.3389/fmicb.2022.967845
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/9781683670131.ch43
https://doi.org/10.1073/pnas.0606379103
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1016/S0140-6736(01)05321-1
https://doi.org/10.1128/JB.01672-12
https://doi.org/10.1128/mSystems.00462-20
https://doi.org/10.1016/j.isci.2021.102950
https://doi.org/10.1111/j.1524-475X.2008.00434.x
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1128/IAI.00859-08
https://doi.org/10.15406/jmen.2019.07.00233
https://doi.org/10.1086/586714
https://doi.org/10.1038/ijos.2014.65
https://doi.org/10.1007/s10126-018-9861-1

& frontiers

\@ Check for updates

OPEN ACCESS

EDITED BY
Huancai Lin,

Guanghua School of Stomatology,
Sun Yat-sen University, China

REVIEWED BY

Lin Zhong,
Shandong University,
China

Karishma Bisht,
Princeton University,
United States

*CORRESPONDENCE

Jie Gao
jiegao@rcees.ac.cn
Guogiang Zhuang
ggzhuang@rcees.ac.cn

SPECIALTY SECTION
This article was submitted to
Antimicrobials, Resistance and
Chemotherapy,

a section of the journal
Frontiers in Microbiology

RECEIVED 12 June 2022
ACCEPTED 21 July 2022
PUBLISHED 10 August 2022

CITATION
Wang N, Gao J, Xiao S and

Zhuang G (2022) Overexpression of pdeR
promotes biofilm formation of Paracoccus
denitrificans by promoting ATP production
and iron acquisition.

Front. Microbiol. 13:966976.

doi: 10.3389/fmicb.2022.966976

COPYRIGHT

© 2022 Wang, Gao, Xiao and Zhuang. This
is an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TypPe Original Research
PUBLISHED 10 August 2022
Dol 10.3389/fmicb.2022.966976

Overexpression of pdeR
promotes biofilm formation of
Paracoccus denitrificans by
promoting ATP production and
Iron acquisition

Na Wang’?, Jie Gao¥**, Shujie Xiao®* and Guogiang Zhuang’**

1CAS Key Laboratory of Environmental Biotechnology, Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences, Beijing, China, 2Jinan Microecological Biomedicine
Shandong Laboratory, Jinan, China, *College of Resources and Environment, University of Chinese
Academy of Sciences, Beijing, China

Bacterial biofilms are ubiquitous in natural environments and play an essential
role in bacteria's environmental adaptability. Quorum sensing (QS), as the
main signaling mechanism bacteria used for cell-to-cell communication,
plays a key role in bacterial biofilm formation. However, little is known
about the role of QS circuit in the N-transformation type strain, Paracoccus
denitrificans, especially for the regulatory protein PdeR. In this study, we found
the overexpression of pdeR promoted bacterial aggregation and biofilm
formation. Through RNA-seq analysis, we demonstrated that PdeR is a global
regulator which could regulate 656 genes expression, involved in multiple
metabolic pathways. Combined with transcriptome as well as biochemical
experiments, we found the overexpressed pdeR mainly promoted the
intracellular degradation of amino acids and fatty acids, as well as siderophore
biosynthesis and transportation, thus providing cells enough energy and iron
for biofilm development. These results revealed the underlying mechanism for
PdeR in biofilm formation of P. denitrificans, adding to our understanding of
QS regulation in biofilm development.

KEYWORDS

biofilm, quorum sensing, PdeR, RNA-seq, Paracoccus denitrificans

Introduction

Biofilms are one of the most prevalent and important forms of life for bacteria, in which
cells are encased in the extracellular matrix that can serve as a barrier to multiple adverse
environmental factors (Steenackers et al., 2016; Jo et al., 2022). Previous studies showed
that the environmental stresses that microbes would face can be highly variable and
complex, including mechanical damage, antibiotics pressures, oxidative stresses, etc.
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(Starosta et al., 2014). Thus, over 80% of bacteria would form a
biofilm to resist environmental stresses and to make sure the
whole community survives better (Mohammad Reza, 2018). For
example, under extreme conditions such as the deep sea,
microorganisms would form microbial mats and produce more
extracellular polymeric substances (EPS) to resist mechanical
stress (Bolhuis et al., 2014). Moreover, EPS could work as a
protective barrier, which contributes to the lower sensitivity and
higher resistance of biofilms to antibiotics (Hoiby et al., 2010; Yan
and Bassler, 2019), and biofilm also promotes the efficiency of
resistance genes horizontal transfer (Orazi and O’ Toole, 2019).
Typically, biofilm formation and maturation are regulated by
various factors, including cell-to-cell communication and
environmental factors.
Quorum sensing (QS)
communication mechanism, by which bacteria could secret and

is a widely used bacterial

sense signaling molecules called autoinducers to coordinate gene
expression according to the population density (Papenfort and
Bassler, 2016; Mukherjee and Bassler, 2019). Bacteria use QS to
precisely coordinate various of group behaviors, including biofilm
formation, carbon metabolism, EPS production, virulence factors
production, luminescence, etc. (Davies et al., 1998; Hense and
Schuster, 2015). Previous studies have shown that the mutation of
QS system severely damaged the ability of biofilm formation, such
as in Pseudomonas aeruginosa, Burkholderia cepacia, Streptococcus
mutans, etc. (Lewenza et al., 1999; Parsek and Greenberg, 2005).
QS coordinates the initiation and maturation of biofilm by
regulating the expression of a series of functional genes, including
EPS production related genes, cell motility genes, and so on.
Gilbert et al. demonstrated that the QS regulation protein LasR in
P, aeruginosa could directly regulate the expressional level of the
extracellular polysaccharide (Psl) biosynthetic genes (Gilbert
et al.,, 2009). Moreover, when the second QS circuit rhl was
mutant, the production of another kind of polysaccharide Pel
significantly decreased in P. aeruginosa (Sakuragi and Kolter,
2007). In addition, QS could coordinate the expression of cell
motility genes, such as IV pilus gene clusters which are associated
with cell attachment during the early stage of biofilm formation,
as well as the genes for flagella synthesis which are essential for
biofilm matures as a mushroom-like structure (Yu and Ma, 2017;
Yan and Bassler, 2019). However, research on the mechanism of
QS regulating biofilm formation is mostly concentrated in
pathogenic microorganisms, such as P. aeruginosa, Staphylococcus
aureus, etc., while studies on environmental bacteria are
relatively rare.

Paracoccus denitrificans is widely distributed in soil and
water, possessing the ability of heterotrophic nitrification-aerobic
denitrification (HNAD), and thus is taken as the model strain for
nitrogen transformation research (Ji et al., 2015). We have
demonstrated that P. denitrificans harbored a LuxI/R-type QS
circuit, Pdel/R (Zhang et al., 2018). The AHL synthetase Pdel
could catalyze the biosynthesis of N-hexadecanoyl-L-Homoserine
lactone (C16-HSL), and PdeR protein is the corresponding
regulatory protein which could bind with C16-HSL and regulate
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genes expression. It has been shown that P. denitrificans forms a
peculiarly thin biofilm at the gas-liquid interface, which consisted
of almost a monolayer of cells (Yoshida et al., 2017). Biofilms for
Paracoccus species have many important applications, especially
in wastewater nitrogen removal bioreactors, while the detailed
mechanism of biofilm formation in this genus is largely unknown
(Morinaga et al., 2020). Previous studies showed that in the pdel
mutant strain, cell aggregation was more obvious and bacteria
formed thicker biofilm, while exogenous C16-HSL addition
inhibited cell aggregation (Morinaga et al., 2018). Nevertheless,
the underlying mechanism of QS regulating biofilm formation in
P. denitrificans still remains unclear, especially for the role of
PdeR protein.

In this study, we constructed the pdeR overexpression strain
to explore the role of PdeR on biofilm formation of P. denitrificans
PD1222 at the initiation stage. The results of physiological tests
indicated overexpressed pdeR promoted cell aggregation and EPS
production, and thus the pdeR overexpression strain formed
thicker biofilm. Furthermore, through transcriptomic analysis as
well as biochemical experiments, we demonstrated that PdeR
promotes adenosine triphosphate (ATP) production and iron
absorption during the initial stage of biofilm formation to provide
sufficient energy and iron for biofilm development. The results of
this study deepened our understanding of the QS regulation
mechanism for biofilm formation of P. denitrificans, providing
some useful references for the optimization of P. denitrificans
in applications.

Materials and methods

Bacterial strains, plasmids, and growth
conditions

Bacterial strains and plasmids used in this study are listed in
Table 1. P. denitrificans and its derived strains were cultivated at
30°C, 180rpm. Escherichia coli and its derived strains were
cultivated at 37°C, 180rpm. All strains were grown in Luria-
Bertani (LB) medium, if necessary, supplied with rifampicin
50pg/ml, kanamycin 100pg/ml, ampicillin 100 ug/ml, or
chloramphenicol 34pg/ml to maintain plasmids and select
for recombinants.

Construction of a pdeR overexpression
strain

The fragment of pdeR gene (Pden_0786) was amplified via
PCR from the genome of P. denitrificans PD1222 with the
addition of a 6 x His tag and then fused with a tac promoter
(5-GTGTGGAATTGTGTTGACAATTAATCATCGGCTCGTA
TAATGTGTGGAATTGTG-3'). Primers used in this study are
listed in Table 2. The obtained tac-pdeR-His fragment and the
broad-host-range plasmid pBBRIMCS-2 were all double
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TABLE 1 Strains and plasmids used in this study.

Strain or plasmid Relevant characteristic (s)*

10.3389/fmicb.2022.966976

Source or references

Strains

Paracoccus denitrificans

PDI1222 Wild type, G, Rif" Zhang et al., 2018
PD-pdeR PdeR overexpression strain, Rif', Kan" This study
PD-pBBR PD1222 containing empty pBBRIMCS, Rif', Kan" This study
Escherichia coli

DH5a Host strain for pBBR-pdeR, pBBRIMCS-2; used as donor in triparental conjugation  Takara

Plasmids

pBBRIMCS-2 Broad-host-range cloning vector, Kan" Kovach et al., 1995
pRK600 Helper plasmid, mob* tra*, Cm" Lab stock
pBBR-pdeR Constructed overexpression vector, Kan" This study
pKK223-3 Used to amplify the Tac promoter, Amp" Lab stock

°G~, Gram negative; Rif', rifampin resistant; Kan', kanamycin resistant; Cm’, chloramphenicol resistant; mob*, plasmid mobility; tra*, plasmid transferability; Amp’, ampicillin resistant.

TABLE 2 Primers used for plasmid construction.

Primer name Primer sequence (5'-3")

CTTGGCGAGTGCTGCATTGATTTCCGCGCGAGACGACATTTCTGTTTCCTGTGTGAAATTGT
GTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGAAATGTCGTCTCGCGCGGAAATCAAT

PKK-1 GCTCTAGACAAGGCGCACTCCCGTTCTGGATAATG

pKK-RH-2

pKK-RH-3

R-His GCACCGGTTTAATGATGATGATGATGATGCAGCAAGCGGTAATCCTTGGC
pden-NC-F TCGGAATTACTGGGCGTAAAG

pden-NC-R TCGAACTCCAGACCGATAGT

P0786-11 ATCACGGCCTGCACTATG

P0786-12 CGATCTCGTCATCCGTGAAT

digested by Agel (NEB, United States) and Xbal (NEB) in 37°C,
2h. Ligations were performed overnight at 16°C, using T4 DNA
ligase (NEB). The constructed plasmid pBBR-pdeR was then
introduced into PD1222 by triparental conjugation. Briefly,
PD1222 was used as the recipient, E. coli DH5a harboring pBBR-
pdeR was used as a donor, E. coli DH5x harboring pRK600 was
used as a helper, and strains were mixed with the ratio of 3:1:1.
After being cultivated in a fresh LB agar plate for 24h, the
mixture was spread on the plate supplemented with rifampin
(100pg/ml) and kanamycin (50 pg/ml) to select pdeR
overexpression strain PD-pdeR. And the control strain PD-pBBR
that harbors the empty plasmid pBBRIMCS-2 was constructed
in the same way.

Biofilm and EPS characterization

Crystal violet staining was performed as previously
described to characterize the difference in biofilm formation
between PD-pdeR and PD-pBBR with some modifications
(Wang et al., 2019). Cultures of PD-pdeR and PD-pBBR were
incubated in polystyrene 12-well microtiter plates at 30°C,
180 rpm. Cells were collected after 12, 24, and 36 h incubation,
respectively. The cell suspensions were decanted and the
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remained cells were softly washed by PBS buffer three times and
then fixed at 60°C for 10 min. The attached cells were quantified
by staining with 0.1% (w/v) crystal violet solution for 15 min,
and then washed three times with PBS and air dried. The bound
ethanol. A
spectrophotometer (PerkinElmer, EnSpire2300) was used to

crystal violet was extracted using 95%
detect the absorbance at 595nm. Three parallel experiments
were carried out.

The cationic exchange resin method was used to extract EPS
as previously described (Wang et al., 2022). Briefly, cells after
36 h incubation were collected by centrifuging at 8,000 g for
10min, and resuspended again in sterile water. Cationic
exchange resin (0.25g/ml) was added to the suspension and
transferred to a conical flask to extract EPS. The conical flasks
were put in a shaking incubator at 200 rpm overnight at room
temperature. Then the suspension was centrifuged at 10,000 g
for 10min at 4°C and the supernatant was filtered through
0.45pm filter. The content of exopolysaccharides was
determined by the phenol sulfuric acid method (Dubois et al.,
1956), and glucose solutions were used for the standard curve.
The content of extracellular protein was measured using the
Pierce™ Coomassie Assay Kit (Thermo Fisher Scientific, United
states), using bovine serum protein as the calibration
curve standard.
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Scanning electron microscope
observation

PD-pBBR and PD-PdeR have incubated in polystyrene
48-well microtiter plates in which cover glasses were pre-placed in
each well. After 36h, cell suspensions were carefully removed and
the remaining cells adhered to the slides were fixed with 2.5%
glutaraldehyde overnight at 4°C. The fixed slides were washed
three times in PBS buffer and dehydrated using 50, 70, 80, 90, and
100% ethanol solutions (15 min at each gradient). After lyophilized
for 2h using a freeze-drying device, the slides were sprayed with
gold and observed by a scanning electron microscope.

Real-time quantitative PCR

Cells of PD1222, PD-pBBR and PD-pdeR were harvested
when ODy, was about 1.5. Total RNAs were isolated and purified
with an RNeasy mini system (Qiagen, Germany) and then reverse
transcribed by PrimeScript™RT Master Mix (Takara, Japan)
according to manufacturer’s instructions. Quantitative PCR
reactions were performed using the SYBR® Premix Ex Taq Kit
(Takara, Japan) and a 7,500 real-time PCR system (Bio-Rad,
United States). The primers used in Real-time Quantitative PCR
(RT-qPCR) analyses were designed by Primer premier 5 and are
listed in Table 2. The relative expression of pdeR was calculated
by the 2724°T method (Livak and Schmittgen, 2001) with 16s
rRNA of P. denitrificans used as an internal control. All reactions
were carried out in triplicate.

Transcriptome analysis

Triplicate cultures of PD-pBBR vector and PD-pdeR were
grown in LB medium at 30°C, 180 rpm. When the ODy, reached
~ 1.5, cells were harvested, and total RNAs were extracted. The
total RNA extraction of PD-pBBR and PD-pdeR was performed
by using the RNeasy Mini kit (Qiagen, Germany), treated with
DNase I (Qiagen, Germany). The quality of isolated RNAs was
analyzed by electrophoresis and quantified by a NanoDrop 2000
spectrophotometer (NanoDrop Technologies). And then the
RNAs were subjected to Solexa/Illumina sequencing at Beijing
Auwigene Tech.

The clean data were obtained by removing reads that
contained possible sequencing errors and were mapped to the
downloaded reference genome sequences of P denitrificans
PD1222 using Bowtie2. The relative transcript abundance was
measured by FPKM (Fragments per kilobase of exon model per
million mapped reads). The criteria for differentially expressed
genes screening was p. adjust value of less than 0.05. Furthermore,
the functional enrichment analyses including gene ontology (GO)
and Kyoto Encyclopaedia of Genes and Genomes (KEGG), were
performed to dig out the biological function of differentially
expressed genes (DEGs).
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Acetyl-CoA and ATP quantitation

Cells of PD-pBBR and PD-pdeR were harvested when ODy,
was about 1.5 by centrifugation at 4°C, 10,000 g for 5min, and
then resuspended in extraction buffer (methanol: acetonitrile:
water =45:45:10, v:v:v). Cells were then broken by ultrasonication
(power 40%, 2 s-working, 1 s-pause, total time 10 min). The lysates
were centrifuged at 14,000g, 4°C for 10min to remove the
cell debris.

For acetyl-CoA extraction, add ice-cold perchloric acid (final
concentration, 1 M) into the supernatant, and incubated on ice for
5min. Then centrifuged at 4°C, 13,000¢ for 2min, transfer the
supernatant to a new EP tube, adding ice-cold KOH solution to
make sure its final concentration is 34%, then vortexed to mix the
contents. Then adjust the pH value to 6.5-8 using 0.1 M KOH,
4°C, 13,000, centrifuged for 15min, and transfer the supernatant
to a new tube. The quantitation of acetyl-CoA was performed
using PicoProbe Acetyl CoA Assay Kit (Abcam, United Kingdom),
according to the manufacturer’s instructions. And the fluorescent
intensity was measured using a SpectraMax i3x microplate reader
(Ex/Em=535/587 nm).

For ATP detection, adding 500 pl chloroform to per mL cell
lysates, mixed well then centrifuged at 4°C, 10,000 ¢ for 3 min, and
collected the supernatant. The quantitation of ATP was performed
using ATP Detection Kit (Solarbio, China). The operation was
done according to the kit instructions. And samples were detected
by absorbance at 340 nm.

Siderophore detection

Arnow test was used to quantify the catechol siderophore
followed the previous method with minor changes (Arnow,
1937). Briefly, bacterial cultures were collected after 12, 24, 36
and 48 incubation by centrifugation at 10,000 g for 5min. 1 ml
of bacterial culture supernatant was mixed with 1 ml of 0.5 M HCl
solution, 1 ml of nitrite-molybdate reagent, and 1ml of 1M
NaOH solution in order. Mix thoroughly and add water to make
5ml, incubated at room temperature for 10 min. The mixture
solution was measured using a spectrophotometer (PerkinElmer,
EnSpire2300) at 510nm. All detective assays were carried out
in triplicate.

2,3-Dihydroxybenzoic acid addition
experiment

The 2,3-dihydroxybenzoic acid (DHBA) was purchased from
Sigma-Aldrich. DHBA was first formulated into a mother liquor
of 1mg/ml and 10mg/ml, then filter sterilized. The DHBA
solutions were added into LB medium to make sure the final-
concentrations were 1pg/ml and 10 pg/ml, respectively. Same
volume of sterile water was added as control. PD-pBBR and
PD-pdeR were seeded in the medium with different concentrations
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of DHBA, and incubated for 36 h and then the biofilm formation
was detected.

Statistical analysis

All tests in this study were carried out in triplicate, and the
results are presented as means + SD (standard deviation of means).
The significance among groups was analyzed by one-way ANOVA
test (p <0.05 were considered as significant) using the SPSS
Statistics 24.0 software.

Results

Bacterial growth and morphological
characteristics

PD-pBBR and PD-pdeR were
constructed from parent strain P denitrificans PD1222. To

Recombinant strains
validate the overexpression of pdeR gene, RT-qPCR was performed
to examine the expressional level of pdeR in PD-pBBR, PD-pdeR
and PD1222 cells. As shown in Supplementary Figure S1, pdeR
was up-regulated about 38-fold in PD-pdeR strain comparing
with PD1222 cells, while pdeR transcription in PD-pBBR strain
was comparable to wild type cells. To determine the effect of PdeR
protein on P denitrificans growth, PD1222, PD-pBBR and
PD-pdeR were seeded into the same medium and incubated for
48h. The growth curves suggested pdeR overexpression slightly
inhibited bacterial growth rate and led to a longer lag phase
(Figure 1). While the empty plasmid did not show any significant
effect on bacterial growth.

10.3389/fmicb.2022.966976

However, the pdeR overexpressed strains produced a
distinctive colony morphology on the LB agar plate (Figure 2A).
The colony of PD-pdeR showed a wrinkled appearance, while the
colony surface of PD-pBBR was smoother. In bacteria, wrinkled
or rugose colonies are assumed to be a consequence of the
formation of biofilms on the colony surface (Mandel and Dunn,
2016), thus we further detected the biofilm formation and EPS
production of PD-pBBR and PD-pdeR, respectively. As the
results showed, bacteria started to form detectable biofilm after
12h cultivation, in which enhanced biofilm formation of

2.5 1
2.0
£
s 1.5 1
a
C 10-
—=—PD1222
0.5 - —e— PD-pBBR
—a&— PD-pdeR
0.0 — —
0 12 24 36 48
Time (h)

FIGURE 1

The growth curve of PD1222, PD-pdeR and PD-pBBR. Black,
PD122; red, PD-pBBR; blue, PD-pdeR. Data are presented as
mean+SD, n=3.
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FIGURE 2
n=3. **p<0.01 compared with the control strain PD-pBBR.

(A) The colony morphology and the biofilm formation of PD-pBBR (left) and PD-pdeR (right) strains after 12, 24 and 36h incubation, respectively.
(B) The exopolysaccharides and extracellular protein production of PD-pBBR and PD-pdeR after 36h incubation. Data are presented as mean+SD,
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FIGURE 3

The morphology of PD-pBBR and PD-pdeR using SEM (scale bar=5um). Cells were incubated in LB medium for 36h, the glass slides that were
pre-placed in 24-well plates were directly processed for Scanning Electron Microscope (SEM) observation.
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PD-pdeR strains was observed, especially in 24 and 36h
(Figure 2A). Accordingly, PD-pdeR strains produced more EPS
especially exopolysaccharides than PD-pBBR strains after 36h
incubation (Figure 2B). Moreover, as observed by SEM, cells of
PD-pdeR had conspicuous aggregation and were covered by
extracellular matrix (Figure 3). The results above clearly indicated
the role of PdeR protein in the biofilm formation of
P denitrificans; however, the molecular mechanisms of PdeR
protein involved in  biofilm to

formation remain

be further investigated.

pdeR overexpression altered gene
transcription profiles in Paracoccus
denitrificans PD1222

To determine which genes are regulated by PdeR,
we performed RNA-seq analysis to collect the DEGs after pdeR
overexpressed in P. denitrificans. As shown in Figure 4, around
656 genes were under the regulation of PdeR, of which 333 genes
were downregulated and 323 genes were up-regulated. We further
analyzed the enrichment of the KEGG pathways through the
KEGG database.' The top 20 KEGG pathways are presented, in
which DEGs involved in ribosome and biosynthesis of
siderophore group nonribosomal peptides pathway were
significantly enriched (Figure 5). Besides, various carbon
metabolism pathways such as glycolysis, pyruvate metabolism,
tricarboxylic acid cycle (TCA cycle), pentose phosphate pathway,
starch and sucrose metabolism were also included. Amino acid
metabolism including valine, leucine, isoleucine degradation and
tryptophan, glycine, serine, threonine, cysteine and methionine
metabolism were enriched. Moreover, the enriched KEGG

1 https://www.genome.jp/kegg
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FIGURE 4
Volcano plot of differentially expressed genes between PD-pdeR
and PD-pBBR (red, up-regulated genes; blue, downregulated
genes; gray, non-differentially expressed genes).

pathways also included fatty acid metabolism and antibiotics
resistance-related pathways (Figure 5). In addition, three genes
participating in O-Antigen nucleotide sugar biosynthesis pathway
were PD-pdeR
(Supplementary Table S1). Previous studies have demonstrated
that nucleotide sugars are the precursors for exopolysaccharide
biosynthesis (Padmanabhan et al., 2018). These results suggested
that PdeR regulates multiple genes and metabolic pathways,
functioning as a global regulator in P. denitrificans.

also  significantly — up-regulated in
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FIGURE 5
Scatterplot of top 20 KEGG pathway enrichment for differentially expressed genes (DEGs) in PD-pdeR. Data was displayed with the parameters of
gene count, gene ratio and value of p.

pdeR overexpression promoted ATP
synthesis in Paracoccus denitrificans
PD1222

In order to explore the underlying mechanism of PdeR
promoting biofilm formation, we performed further in-depth
data mining on transcription analysis results, mainly focused on
the energy production related pathways, including amino acid
degradation, carbon metabolic pathways, fatty acid degradation
and oxidative phosphorylation. As shown in Figure 6, taking
leucine degradation as an example, leucine is catabolized to
acetyl-CoA catalyzing by a series of enzymes, and genes encoding
these enzymes were all up-regulated in PD-pdeR (detailed
different expression values are listed in Supplementary Table S1),
suggesting PdeR promoted amino acids degradation. Meanwhile,
fatty acid degradation was promoted as well. The transcriptome
analysis indicated the expressional level of key enzymes involved
in B-oxidation was up-regulated, including 3-hydroxyacyl-CoA
(EC: 4.2.1.17)
dehydrogenase (EC: 1.1.1.35). The up-regulated amino acids and
fatty acids degradation yielded more NADH, FADH, and

dehydrogenase and  3-hydroxyacyl-CoA
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acetyl-CoA which could enter the TCA cycle and oxidative
phosphorylation to produce ATP.

Besides, the central carbon metabolism was also affected by
PdeR. First, part of the key enzymes that participated in glycolysis
was downregulated, such as glucokinase (EC: 2.7.1.2), pyruvate
kinase (EC: 2.7.1.40), and pyruvate dehydrogenase (EC: 1.2.4.1
and EC: 2.3.1.12), and thus, the production of acetyl-CoA deriving
from glycolysis was decreased (Figure 6). Besides, enzymes
catalyzing critical steps of the pentose phosphate pathway that
related to NADPH generation including EC: 1.1.1.49, EC:
3.1.1.31and EC: 1.1.1.44, were all inhibited in PD-pdeR (Figure 6).
Nevertheless, the expressional level of genes related to three-,
four-, five-, six-and seven-carbon compounds transformation was
promoted, such as EC: 2.2.1.1 and EC: 5.1.3.1.

Moreover, enzymes involved in the oxidative phosphorylation
pathway were also up-regulated in PD-pdeR, including the
NAD-dependent dehydratase (also known as complex I, EC:
7.1.1.2 and EC: 1.6.99.3), the cytochrome c oxidase (also known
as complex IV, EC: 1.9.3.1) and ATP synthase (also known as
complex V, EC: 7.1.2.2), suggesting the ATP production in
PD-pdeR was accelerated (Figure 6).
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non-differentially expressed genes of the catalytic enzymes are marked with red, blue, and gray colors, respectively. The detailed different

Subsequently, we detected the amount of acetyl-CoA and ATP
in PD-pdeR as well as PD-pBBR, respectively. As shown in
Figure 7A, neither PD-pdeR nor PD-pBBR had detected significant
acetyl-CoA accumulation (all values were less than 1 nM/10° cells).
We speculate that this may be because acetyl-CoA would be rapidly
consumed after generating (Kremer et al., 2019). In contrast,
compared with PD-pBBR, the cells of PD-pdeR contained more
ATP (about 41.5nM/10° cells), suggesting the overexpressed PdeR
protein promoted ATP production (Figure 7B).

pdeR overexpression promoted iron
absorption in Paracoccus denitrificans
PD1222

Previous studies showed iron is essential for bacteria growth

as well as biofilm formation (Banin et al, 2005; Kang and
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Kirienko, 2018). To obtain necessary iron, most bacteria secrete
various iron-chelators, called siderophores, to efficiently chelate
environmental iron (usually Fe*'; Andrews et al., 2003). It has
been shown P. denitrificans could produce a catechol siderophore,
called parabactin, and its derivatives to seize iron from the
environment (Tait, 1975). In P denitrificans, parabactin is
synthesized from chorismate catalyzed by a series of enzymes,
including isochorismate synthase (EC: 5.4.4.2), isochorismatase
(EC: 3.3.2.1), 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase
(EC: 1.3.1.28) and nonribosomal peptide synthetase (EC:
6.3.2.14), which were all up-regulated in PD-pdeR strain as shown
(detailed displayed
Supplementary Table S1). Moreover, we also found several genes

in Figure 8 values  are in
encoding iron transporters were all up-regulated in PD-pdeR,
including the TonB-dependent iron transporters, ABC-type iron

transporters, and heme transporters (Supplementary Table S2).
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Next, we quantified the siderophore production of PD-pBBR and did yield more siderophore (Figure 9A). Besides, we also examined
PD-pdeR at different growth stages using the Arnow test. the effect of 2,3-dihydroxybenzoic acid (DHBA) on bacterial
Consistent with transcriptomic analysis, during growth, PD-pdeR biofilm formation. As the important product of siderophore
Frontiers in Microbiology frontiersin.org
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(A) Detection of siderophore production of PD-pBBR (black bar) and PD-pdeR (white bar) using Arnow test after 12, 24, 36 and 48h incubation,
respectively. (B) The effect of DHBA addition on biofilm formation. The addition concentrations of DHBA were 0, 1 and 10pg/ml, and biofilm was
detected after 36h incubation. Data are presented as mean+SD, n=3. *p<0.05, **p<0.01 compared with the negative control group.

biosynthesis pathway as well as a powerful iron-chelating
molecule, addition of DHBA significantly promoted biofilm
formation (Figure 9B). These results showed that pdeR
overexpression promoted siderophore production and
transportation, thus promoted iron absorption to form

thicker biofilm.

Discussion

Paracoccus denitrificans is widely spread in either natural or
artificial environments, functioning as a driver of the nitrogen
cycle (Wang et al.,, 2021). To survive better, environmental bacteria
usually exist in the form of biofilms. And it is well known that
biofilm requires QS system regulation for its initiation and
maturation (P. Stoodley et al., 2002). Previous studies showed
P. denitrificans harbors a LuxI/R-type QS circuit, Pdel/R (Zhang
etal., 2018). However, little is known about the role and regulation
mechanism of QS on biofilm formation of P. denitrificans PD1222.
In this study, we constructed the pdeR overexpression strain and
performed phenotypic as well as global transcriptomic studies to
provide information the function of PdeR in
P, denitrificans PD1222.

Results showed the pdeR overexpression strain PD-pdeR

on

produced more EPS and formed thicker biofilm compared with
the control strain PD-pBBR (Figures 2, 3). These results are in
keeping with previous observational studies, for examples, the lasI
mutant cells of P aeruginosa could only form flat and
undifferentiated biofilms (Davies et al., 1998); and in Vibrio
parahaemolyticus, the lack of QS regulator protein AphA reduced
the EPS production and thus hampered cells’ ability of biofilm
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formation (Wang et al., 2013). To explore the molecular
mechanism of PdeR promoting biofilm formation, we performed
transcriptome sequencing analysis. As the results showed, PdeR is
a global regulation factor, it could directly or indirectly control the
expression of multiple genes which are involved in various
metabolic pathways (Figures 4, 5). However, exactly which genes
are the key contributing to biofilm initiation needs to
be further explored.

In P, denitrificans, several molecules have been demonstrated
with the ability to affect biofilm formation: that is, the adhesion
protein BapA that initiates biofilm formation, the intracellular
second messenger cyclic diguanosine monophosphate (Cyclic-
di-GMP) and nitric oxide (Kumar and Spiro, 2017; Yoshida et al.,
2017). However, these related genes’ expressional levels were not
affected by the overexpressed PdeR. Moreover, although three
genes participating in O-Antigen nucleotide sugar biosynthesis
pathway were up-regulated in PD-pdeR, the expressional level
of other genes related to polysaccharide synthesis and flagella or
pili assembly was not affected by PdeR much. Remarkably,
we found that PdeR promoted a series of metabolic pathways
participating in ATP production, including amino acids
degradation pathway, fatty acid degradation pathway and
oxidative phosphorylation pathway (Figure 6). Similarly to our
findings, Pisithkul et al. had also reported during biofilm
development in Bacillus subtilis, several metabolic alterations
which were hitherto unrecognized as biofilm-associated had
been detected, such as the tricarboxylic acid (TCA) cycle, fatty
acid biosynthesis and degradation, etc. (Pisithkul et al., 2019).
These results suggested bacteria tend to promote the degradation
of organic substances and accelerate the production of energy
during biofilm formation. This is understandable given the fact
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that biofilm formation needs a large number of extracellular
polysaccharides, proteins and a wide variety of secondary
metabolites (Payne and Boles, 2016). The biosynthesis and
transportation of these molecules are both energy-consuming,
thus cells need to generate enough energy to support the
synthesis and secretion of these essential substances (Sutherland,
2001). indeed detected higher ATP
concentration in PD-pdeR strain cells, indicating PdeR

Consistently, we
promoted ATP production and thus benefit bacterial
biofilm formation.

In addition to energy, siderophore, as the main tool bacteria
used to obtain iron is also essential for bacterial growth as well as
biofilm formation. Previous studies showed the growth rate of
B. subtilis mutant strains that lack the function of siderophore
biosynthesis was significantly inhibited (Rizzi et al., 2019). Qin
et al. demonstrated that the siderophore biosynthetic genes
mutant cells of B. subtilis showed reduced biofilm formation,
while the addition of exogenous iron chelator DHBA could
restore mutant strains’ biofilm formation (Qin et al., 2019). And
in B. cepacia, the production of siderophore ornibactin was
affected by the luxR homolog cepR (Lewenza et al., 1999). Our
results in this work are in accord with these previous studies
indicating that the increased siderophore production and iron
transportation is another key point of PdeR promoting bacterial
biofilm formation.

In conclusion, PdeR plays a key role in promoting
P. denitrificans biofilm formation, mainly through accelerating
ATP production and increasing iron transportation at the
initiation period. These data brought information about detailed
mechanisms that may at least in part explain how QS regulates
biofilm formation of P. denitrificans, adding to our understanding
of QS regulation in biofilm development.
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Oral cavity is an ideal habitat for more than 1,000 species of microorganisms.
The diverse oral microbes form biofilms over the hard and soft tissues in the
oral cavity, affecting the oral ecological balance and the development of oral
diseases, such as caries, apical periodontitis, and periodontitis. Currently,
antibiotics are the primary agents against infectious diseases; however, the
emergence of drug resistance and the disruption of oral microecology have
challenged their applications. The discovery of new antibiotic-independent
agents is a promising strategy against biofilm-induced infections. Natural
products from traditional medicine have shown potential antibiofilm activities
in the oral cavity with high safety, cost-effectiveness, and minimal adverse
drug reactions. Aiming to highlight the importance and functions of natural
products from traditional medicine against oral biofilms, here we summarized
and discussed the antibiofilm effects of natural products targeting at different
stages of the biofilm formation process, including adhesion, proliferation,
maturation, and dispersion, and their effects on multi-species biofilms. The
perspective of antibiofilm agents for oral infectious diseases to restore the
balance of oral microecology is also discussed.

KEYWORDS

natural products, antibiofilm effect, infection, microbiome balance, biofilm
formation

Introduction

The oral cavity represents a favorable habitat for over 1,000 species of
microorganisms, including viruses, bacteria, archaea, and fungi, due to its moist
condition and suitable temperature (Marsh et al., 2011; Morse et al., 2018). Most oral
microorganisms exist in the form of biofilms (Hu et al., 2019). Maintaining the
ecological balance between the human host and intrinsic oral microorganisms is
essential for oral health (Lof et al., 2017; Bacali et al., 2022). However, the dysbiosis of
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oral microbiota may promote the growth of some pathogenic
species to form the oral pathogenic biofilms, which cause many
oral infectious diseases such as caries, apical periodontitis, and
periodontitis (Lof et al., 2017). These diseases have highly
increased economic pressure and seriously affected global
public health (2020) (Olusanya et al., 2020).

In recent years, the overuse of antibiotics in infectious
diseases has gradually challenged their clinical treatment due to
the rapid increase in drug resistance (Tent et al, 2019).
Moreover, the broad-spectrum antimicrobial effects of
antibiotics have been proved to cause the microecological
dysbiosis (Kuang et al., 2018). Therefore, many non-traditional
treatments have been developed, such as the application of
virulence disruptors, immunomodulators, phage therapies and
so on (Tse et al., 2017). The natural products from traditional
medicine have been proved to be one of the practical alterative
for antibiotics in infectious diseases (Melander et al., 2020). The
various functions, high safety and low cost of natural products
also highlight their future broader application in clinical practice
(Fan et al., 2021).

Oral infectious diseases are mainly caused by biofilms (Marsh
and Zaura, 2017). To better understand the mechanisms and
functions of natural products from traditional medicine against
oral biofilms, we summarized and discussed the antibiofilm effects
and mechanisms of natural products targeting at the different
stages of oral biofilm formation. We also highlighted that restoring
the balance of oral microecology without killing oral
microorganisms broadly was a preferable way to develop new
antimicrobial agents for oral infectious diseases.

Oral microbiome and its
importance in oral cavity

According to the Human oral microbiome database (HOMD),
there are nearly 150 genera and 700 prokaryote species in human
oral cavity, and 96% of which are classified in six phyla (Gao et al.,
2018). Over 250 species have been cultured and characterized;
however, 20-60% of the species in the oral microbiome are
unculturable currently. Some of the oral bacteria have been
confirmed as the main pathogens of oral infectious diseases
(Sedghi et al, 2021). For example, Streptococcus mutans and
Porphyromonas gingivalis are considered as the key pathogens to
cause caries and periodontitis, respectively. Beyond the bacterome,
oral mycobiome is relatively rare (<0.1% in microbiome) and has
not been well characterized (Baker et al., 2017). In recent years,
large evidence proved the interaction between oral infectious
diseases and oral microbiome, such as caries (Bowen et al., 2018),
periodontitis (Lamont et al., 2018), and oral cancer (Irfan et al.,
2020). Many systematic diseases, such as those from the
gastrointestinal system and nervous system are also associated
with oral microbial dysbiosis (Peng et al., 2022). The relationships
between oral microbiome and oral or systematic health highlight
the importance to maintain the balance of oral microbiome.
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Mechanism of biofilm formation
and its significance

Biofilms are composed of microbial cells living in a dynamic
and structured manner as well as the three-dimensional (3D)
extracellular matrix of polymeric substances such as
exopolysaccharides, proteins, and nucleic acids (Klein et al.,
2015). Oral biofilm development can be roughly divided into
four steps: adhesion, proliferation, maturation, and dispersion
(Figure 1). Initially, the planktonic cells reversibly adhere to the
tooth surface or other niches in oral cavity. Then, they interact
with polymeric substances to form an irreversible adhesion and
build three-dimensional structures. Finally, the matured biofilm
displays motility characteristics and disperses to other surfaces,
starting the same cycle (Stoodley et al, 2002; Mann and
Wozniak, 2012). Biofilms have higher virulence and reduced
susceptibility to antimicrobial agents compared with planktonic
microorganisms due to the following aspects: first, the
abundance of extracellular polysaccharides in biofilms can
surround the microbial cells, thus restricting the penetration of
antibacterial agents (Ciofu et al., 2017); second, the gradient of
the micronutrient composition of the biofilms allows
opportunistic pathogens to survive in nutrient-limited areas
where they may become dormant and resistant to antibiotics
(Ciofu et al., 2017); third, reciprocal, symbiotic, and antagonistic
relationships occur among different species in the biofilm
community. Their interactions can be affected by the
environment, nutrition, and other factors to promote the
resistance of biofilms to antibacterial agents. Moreover, the
quorum sensing (QS) systems activated in the biofilm also
increase of biofilm
microorganisms (Marsh et al,, 2011; Hu et al.,, 2019). Thus,
biofilm infection is more difficult to control and it is necessary

the virulence and survival rate

to find new approaches for the treatment and prevention of
biofilm infection.

Advantages of antibiofilm therapy

Antibiofilm therapies are highly effective in controlling oral
biofilm infections. For example, the usage of tetracycline,
doxycycline, and minocycline in the clinical treatment of
periodontitis resulted in a great effect on the primary outcome
(probing pocket depth, PPD; Matesanz-Pérez et al., 2013). Except
the antibiotics, many other therapies, including surgical therapy,
bacteriophages and natural products, are also available to control
oral biofilm infections with different specific advantages (Tse et al.,
2017). Natural products, especially those from traditional
medicine, are available from wide sources with various biological
activities, which are well practical resources for oral biofilm
control (Melander et al., 2020). Natural products have already
been applicated in clinical practice for hundreds of years, thus,
they are more cost-effective and safe in the controls of biofilm
infections (Atanasov et al., 2021).
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FIGURE 1
The four steps of oral biofilm formation and the anti-oral biofilm targets of natural products.

Antibiofilm effects and
mechanisms of natural products
targeting at the different stages
of biofilm formation

Natural products have become a hot research topic in recent
years due to their promising antibacterial effects and various
mechanisms. Many natural products have shown effective
potential in inhibiting oral biofilms and controlling biofilm-
related diseases, such as caries and periodontitis (Zheng et al.,
2011). However, the pharmacological mechanisms of most natural
products are not fully elucidated, and their mechanisms of
inhibiting biofilm formation may be quite different from those of
inhibiting the planktonic microorganisms. Biofilm development
can be roughly divided into four stages: adhesion, proliferation,
maturation, and dispersion. Here, we summarized and discussed
the natural products targeting at the different stages of oral biofilm
development (Table 1).

Targeting at the cell colonization and
adhesion

Adhesion is the initial step in biofilm formation and
preventing the adhesion is the key strategy in controlling
biofilm-related diseases. Oral microbial cells are reversibly
attached to solid or non-solid surfaces and are further
encapsulated by extracellular polymeric substances (EPS). The
microcolonies formed by microorganisms and EPS are a
hallmark feature of biofilms (Nadar et al., 2022). The
interaction between microorganisms and substratum through
specific protein receptors is essential during the adhesion
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process. Thus, the disruption of the interaction between
microorganisms and substrate surfaces (such as cell surface-
associated adhesins, EPS)

can effectively prevent

biofilm formation.

Effect of natural products on cell adhesion
Natural products have strong anti-adhesion effects on both
bacteria and fungi. For some gram-positive oral bacteria, such as
Streptococcus spp. and Staphylococcus spp., previous studies have
shown that curcumin and tea extracts had excellent anti-adhesion
effects. Curcumin, a natural product isolated from Curcuma longa
(turmeric), decreased Streptococcus mutans adhesion to glass at a
concentration of 8 pg/ml (Song et al., 2012) and inhibited 34-66%
adhesion of Staphylococcus aureus to human keratinocytes
(HaCaT) at 4.375pmol/l (Sardi et al, 2017). Tea catechin
epigallocatechin gallate (EGCG), a polyphenol extracted from tea,
inhibited S. mutans adhesion in a dose-dependent manner at
7.8-31.25 pg/ml and reduced cell adhesion by 98.33% at 2h (Xu
et al, 2012). Similarly, the inhibition rate of emodin, an
anthraquinone isolated from Chinese rhubarb, was 65% at the
concentration of 4 pg/ml (Xiang et al., 2017). More importantly,
natural products have also shown an excellent anti-adherent effect
on antibiotic-resistant strains such as methicillin-resistant
Staphylococcus aureus (MRSA). Curcumin showed an inhibitory
effect at 8.65 pmol/l against MRSA (Sardi et al., 2017). For gram-
negative oral species, EGCG showed a dose-dependent inhibition
on Porphyromonas gingivalis adhesion at a concentration of
25-62.5pg/ml (Fournier-Larente et al., 2016), whereas it inhibited
Fusobacterium nucleatum adhesion at 125 pg/ml (Ben Lagha et al.,
2017). Natural products can also inhibit the adhesion of oral fungi.
Raspberry extracts (fruit of a shrub in Europe and northern Asia)
exhibited a strong anti-adhesion effect on Candida spp. at
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TABLE 1 Anti-oral biofilm natural products and their molecular mechanisms.

Plant extracts/

10.3389/fmicb.2022.955459

compounds Mechanism Target bacteria Antibiofilm effect Reference
Propolis Inhibiting SpaP and glycosyltransferases S. mutans Decreased adhesion rate and EPS Veloz et al. (2016)
enzymes (GtfB, GtfC, GtfD) production.
Curcumin Inhibition of SrtA, Gbps, Gtfs, Ftfs gene S. mutans Decreased biofilm viability: 84.059%. Li et al. (2020b)
expression. Decreased biofilm thickness and EPS
production.
Curcumin Inhibition of SpaP, Gtfs, SrtA, ComCD, and  S. mutans Decreased EPS production and biofilm Lietal. (2018)
LuxS gene expression. formation.
Curcumin Inhibition of key adhesins (Als1 and Als3) C. albicans Decreased biofilm formation, initial Alalwan et al. (2017)
gene expression, promotion of genes related adhesion, and promotion of Candida
to aggregation (Als5 and Aafl). albicans aggregation.
Theaflavins Inhibition of Gbps and Gtfs S. mutans Decreased virulence factors (adherence, Kong et al. (2021)
acid production, and EPS production) and
biofilm formation.
Sodium new Inhibition of Gtfs, quorum sensing S. mutans Decreased biofilm formation, EPS Shui et al. (2021)

houttuyfonate
Sodium

houttuyfonate

Sodium New
Houttuyfonate
EGCG

Green tea extract
and EGCG

Tea extract/EGCG

Water extract of
Galla chinensis
Aloe-emodin

Emodin

Baicalin

Baicalin

Berberine

Berberine

Allicin

Inhibition of BdIA (biofilm dispersion
regulator) and FliC (gene related to flagella-
mediated swimming motility) gene
expression and pyocyanin production.
Inhibition of Ras1-cAMP-Efgl pathway
related genes.

Inhibition of Gtfs, Ftfs gene expression.

Inhibition of genes related to host
colonization (FimA, HagA, HagB), tissue
destruction (RgpA, Kgp), and heme
acquisition (Hem).

Inhibition of H,S production.

Inhibition of IcaABD, YycFG gene expression

and carbohydrate metabolic processes.
Inhibition of extracellular proteins and PIA
production.

Inhibition of biofilm-related genes (DItB,
SarA, SrtA, AgrA, IcaA, CidA).

Inhibition of genes related to acid production

(Idh), quorum sensing (ComX), and biofilm

formation (FtsZ, GtfC, GbpB VicR, LuxS and

BrpA)

Inhibition of virulence-related gene

expression and suppression of T3SS via PgsR

of the PQS System

Inhibition of SrtA and esp. gene expression.

Inhibition of the aggregation of PSMs into
amyloid fibrils.

Inhibition of Hwp1 gene expression.

P. aeruginosa

C. albicans

S. mutans

P. gingivalis

E nucleatum

MRSA

S. aureus

S. aureus

S. mutans

P. aeruginosa

E. faecalis

MRSA

C. albicans

production, and quorum sensing. (100 pg/
ml).

Decreased biofilm formation, virulence
factors, and inhibition of biofilm

dispersion.

Decreased biofilm formation, adhesion,
and change in the morphology of cells.
Decreased biofilm viability:97% (4.4 mg/
ml) and decreased EPS production.
Decreased biofilm initial adhesion and

quorum sensing.

Decreased biofilm formation, adhesion;
inhibition of the growth and hemolysis
and hydrogen sulfide production
Decreased biofilm formation and EPS
production.

Decreased adherence, extracellular matrix
production and biofilm formation.
Decreased biofilm formation and eDNA
(importance to initial adherence) level.
Decreased acid production and biofilm

formation.

Decreased virulence factors, especially

T3SS.

Decreased biofilm formation and
promotion of biofilm dispersion.
Decreased biofilm formation and
extracellular amyloid fibrils production.

Decreased biofilm formation.

Shao et al. (2013); Wang et al.

(2019)

Wu et al. (2020)

Schneider-Rayman et al.

(2021)

Fournier-Larente et al. (2016)

Ben Lagha et al. (2017)

Wu et al. (2019)

Xiang et al. (2017)

Yan et al. (2017)

Elango et al. (2021)

Zhang et al. (2021a)

Chen et al. (2016)

Chu et al. (2016)

Khodavandi et al. (2011)
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TABLE 1 Continued

Plant extracts/

10.3389/fmicb.2022.955459

compounds Mechanism Target bacteria Antibiofilm effect Reference
Farnesol Inhibition of the Ras1-Cdc35-PKA-Efgl C. albicans Decreased hypha formation. Davis-Hanna et al. (2008)
pathway
Luteolin Inhibition of Agr quorum sensing system S. aureus Decreased biofilm formation and initial Yuan et al. (2022)
adhesion.
Quercetin Inhibition of quorum sensing system related ~ P. aeruginosa Decreased biofilm formation and virulence Ouyang et al. (2016)
gene expression (Las, LasR, RhiI and RhIR) factors (pyocyanin, protease and elastase).
Coumarin Competitively bind to the arginine repressor ~ MRSA Decreased biofilm formation. Qu et al. (2020)
compound DCH ArgR.
Rhodiola rosea Inhibition of Gtfs gene expression and S. mutans Decreased biofilm formation and EPS Zhang et al. (2020a)
quorum sensing system. production.
Paeoniflorin Inhibition of LuxS/AI-2 system. S. suis Decreased biofilm formation and EPS Li et al. (2021)
production.
Macaranga tanarius  Inhibition of hypha/biofilm-related genes C. albicans Decreased biofilm formation. Lee et al. (2019)

(Ecel and Hwpl1) and reduction in cell

aggregation.

100 pg/ml (Dutreix et al., 2018), and curcumin prevented Candida
albicans adhesion at 50 pg/ml (Alalwan et al., 2017).

Anti-adhesion mechanisms of natural products

Reduction in cell surface adhesins

SpaP (also known as antigen I/II, Pac, P1, and antigen B)
represents a series of proteins that contribute to cell-surface
adhesion and can be encoded by the SpaP genes in oral bacteria
(Brady et al., 2010). Propolis is a resinous substance collected by
bees. SpaP gene expression in S. mutans was reduced by nearly
80% after being treated with 0.1 pg/ml polyphenol-rich extract
from propolis (PEP), which was even better than chlorhexidine
(CHX), a commonly used cation antimicrobial agent in oral cavity
(Veloz et al,, 2016). Similarly, the expression of SpaP gene in
S. mutans was downregulated approximately one-fold after being
treated with curcumin, which was similar with CHX (Li et al,,
2018). Baicalin is a hydroxy-flavone extracted from the genus
Scutellaria. SpaP gene expression of S. mutans was downregulated
after baicalin treatment, indicating the ability of baicalin to reduce
oral bacterial cell adhesion (Elango et al., 2021).

Glucan binding proteins (Gbps) can mediate bacterial
aggregation. GbpB is crucial in the initial sucrose-dependent
biofilm formation and cell shape maintenance in S. mutans
(Duque et al., 2011). Gbps is also an essential protein involved in
cell-surface adhesion (Zhu et al., 2009). Theaflavins (TFs), a
bioactive component of black tea (Zhang et al., 2020c), inhibited
GbpB and GbpC gene expression in S. mutans during its biofilm
formation (Kong et al., 2021). Curcumin also decreased GbpB
gene expression in S. mutans biofilm by approximately 0.5 times
(Li et al., 2020D).

Sortase A (SrtA) is a membrane enzyme that facilitates the
anchoring of surface proteins to the cell wall (Mazmanian et al.,
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2000). SrtA is a virulence factor in oral gram-positive species,
including Streptococcus spp., Staphylococcus spp., and Enterococcus
spp. (Cascioferro et al., 2014). SrtA in S. mutans is essential for
sucrose-independent adhesion, which facilitates the antigen I/1I
and Gbps attachment to the cell wall (Scharnow et al., 2019), while
the srtA gene expression in S. mutans was downregulated by
approximately one-fold after curcumin treatment (Li et al., 2020b).
SrtA in Enterococcus spp. has played a key role in bacterial survival
and is the potential treatment target to combat Enterococcus spp.
(Cascioferro et al., 2014). Berberine, one of the main alkaloids
isolated from Rhizoma coptidis, inhibited SrtA gene expression by
50% compared with the control group at 80 pg/ml (Chen et al.,
2016). SrtA in Staphylococcus spp. also acts as a catalyst for the
adhesion of proteins (such as FnBPA and FnBPB) to the cell wall
(Paterson and Mitchell, 2004). Kaempferol, a typical flavonol,
inhibited both SrtA activity and cell adhesion at 64pg/ml,
suggesting that its inhibition of biofilm formation was achieved by
inhibiting SrtA activity to weaken the adhesion of S. aureus (Ming
etal., 2017).

Als family, a class of cell wall glycoproteins, regulates cell
adhesion and biofilm formation in C. albicans (Xu et al., 2022).
Alsl and Als3 proteins play a vital role in adhesion to host
endothelial and epithelial cells. Als5 is related to the binding to
host extracellular matrix proteins (Ponde et al., 2021).
Curcumin treatment downregulated the Alsl and Als3 gene
expression, while upregulated Als5, indicating that curcumin
reduced cell adhesion but enhanced cell aggregation (Alalwan
et al,, 2017). Garlic, a member of the Liliaceae family, also
exerted inhibitory effects on Alsl and Als3 from C. albicans
(Fahim et al., 2022).

Esp is a key surface protein of Enterococci that regulates the
initial adhesion of cells to the surface. Berberine treatment
deceased its gene expression in E. faecalis at 80 pg/ml, indicating
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the effectiveness of berberine in preventing E. faecalis cell
adhesion (Chen et al., 2016).

Reduction in EPS generation

Extracellular polymeric substances is composed of proteins,
polysaccharides, uronic acids, and nucleic acids, which
significantly contribute to biofilm pathogenesis (Izadi et al., 2021).
As a binding agent for initial bacterial adhesion, EPS also provides
three-dimensional structure for oral biofilm. EPS can regulate the
interactions among various bacterial species and protect the cells
in the oral biofilm from antibiotics and environmental stresses
(Lin et al., 2021). Thus, the inhibition of the EPS generation can
be a promising target for the control of oral biofilm infection.

Extracellular polymeric substances of S. mutans is mainly
produced by glucosyltransferases (Gtfs) and fucosyltransferases
(Ftfs; Senadheera et al.,, 2005). Gtfs are a group of enzymes that
split sucrose into glucose and fructose and then synthesize the EPS
(Zhang et al., 2021b). Gtfs produce both insoluble and soluble
glucans. GtfB produces insoluble glucans, GtfC can produce both
insoluble and soluble glucans, while GtfD generates soluble
glucans (Paes Leme et al., 2006; Wang et al., 2021). Insoluble
glucans facilitate cell adhesion and provide a 3D structure in the
biofilm, and soluble glucans act as an energy source and contribute
to a low-pH microenvironment (Zhang et al,, 2021b). Ftfs
are encoded by the ftf gene, and they contribute to convert
sucrose into extracellular fructose homopolymers (Burne and
Penders, 1994).

Epigallocatechin gallate was able to inhibit EPS production as
GtfBC gene expression of S. mutans were reduced by 77-90% at a
sub-MIC concentration of 0.55mg/ml (Schneider-Rayman et al.,
2021). The Ftf gene expression of S. mutans was also downregulated
by 70% after EGCG treatment for 24 h at this dosage (Schneider-
Rayman et al,, 2021). Sodium new houttuyfonate (SNH), a sodium
bisulfite of houttuynia isolated from Houttuynia cordata, also
showed an excellent ability to reduce EPS production. GtfBC of
S. mutans was downregulated after the SNH treatment at 100 pg/
ml (1/2 MIC), and GtfB expression was even downregulated by
>50% (Shui et al., 2021). Curcumin treatment for 5min was also
downregulated the Ftf gene expression of S. mutans by 0.541-fold
(Li et al., 2020D).

Staphylococcus spp. produce polysaccharide intercellular
adhesin (PIA) to regulate their biofilm formation (Mack et al.,
1994). PIA is encoded by a group of genes, including IcaADBC
and the regulatory gene IcaR (Heilmann et al., 1996). Similar to
EPS produced by Streptococcus, PIA is essential in the whole
process of biofilm formation (Nguyen et al., 2020). In particular,
PIA contributes to the hydrophobicity of Staphylococcus
epidermidis and S. aureus cell surface and regulates the their initial
adhesion during the biofilm formation (Nuryastuti and Krom,
2017). Galla chinensis, a natural product isolated from Rhus
chinensis, suppressed IcaABCD gene expression in S. aureus at
7.81 pg/ml (Wu et al., 2019), while IcaABCD gene expressions in
S. epidermidis was downregulated by 0.1-0.7-fold when treated
with propolis (Ong et al., 2019), indicating their capabilities of
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anti-adhesion effects and furtherly inhibitory activities on the
biofilm formation of S. aureus and S. epidermidis.

Targeting at the biofilm formation

After the initial adhesion, the biofilm accesses the proliferation
phase. In this phase, cells adhering to the surface continue to grow
and produce EPS to form a biofilm matrix (Blackman et al., 2021).
This structure provides a stable condition for microorganisms in
the biofilm. The QS system represents the intercellular signaling
in bacteria community, which regulates gene expression and
actions in response to local cell density during the formation of
the biofilm (Parsek and Greenberg, 2005).

Antibiofilm effect of natural products on
biofilm formation

Natural products exerted a strong antibiofilm effects and
reduced the total biomass of biofilm formation. Punica granatum,
the pomegranate fruit, inhibited S. mutans biofilm formation by
94.76% at 1.56 mg/ml (Gulube and Patel, 2016). Biofilm formation
of S. aureus was reduced by 45% after berberine treatment at
256 pg/ml (Guo et al,, 2015), and coumarin can inhibit MRSA
biofilm formation in a dose-dependent manner (0.25-4 pg/ml; Qu
etal., 2020). Theaflavins, the major ingredients of tea polyphenols,
reduced P. gingivalis biofilm formation by 50% at 1,000 pg/ml
(Kong et al., 2015), while thymoquinone, the major component of
black cumin essential oil, significantly inhibited F nucleatum
biofilm formation (Tada et al., 2020). The biofilm formation of
C. albicans was completely inhibited by the treatment of 150 pM
magnoflorine (an aporphine alkaloid; Kim et al., 2018).

Mechanisms inhibiting oral bacterial biofilm
formation

Inhibition of cell proliferation and killing bacterial cells

Many natural products have microbiocidal properties on
planktonic cells through various ways, including cell wall
decomposition (Zhang et al., 2020b), cell membrane disruption
(Abram et al,, 2013), leakage of cell contents (Kang et al., 2015),
inhibition of the synthesis of proteins and DNA (Fathima and Rao,
2016), and blockage of cell metabolism (Belenky et al., 2015). The
bacterial cells on the surface of the biofilm can also be eradicated
by natural products, then inhibit bacterial cell proliferation and
biofilm formation. Rhodiola rosea, a medicine plant, reduced the
viability of S. mutans by >99% (Zhang et al., 2020a). EGCG
reduced the cell viability of P. gingivalis by 40% at 5mg/ml, and the
ratio of live cells were also significantly decreased after the
exposure to EGCG (Asahi et al., 2014), which was result of the
reduction in biofilm biomass.

Reduction in EPS Production

Extracellular polymeric substances, the major component of
the biofilm, is not only pivotal in the adhesion process of cells to
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the surface but also important to the whole process of biofilm
formation (Flemming and Wingender, 2010), thereby natural
products which are capable to reduce the genes related to EPS
generation (including Gtfs and Icas) can contribute to both
inhibition of cell adhesion and biofilm formation. Rhodiola rosea
reduced the total EPS in S. mutans biofilm at 0.25 pg/pL (Zhang
et al., 2020a). G. chinensis inhibited EPS production of S. aureus
biofilm by 44% at 7.81 pg/ml (Wu et al., 2019). The EPS inhibition
of these natural products contributes to the total biofilm
biomass reduction.

Inhibition of the QS system

The QS system regulates the bacterial behavior through small
signaling molecules at the whole population levels, and this system
is essential for biofilm formation in both gram-negative and gram-
positive species (Abisado et al., 2018). The QS system can
recognize the changes in the population density to regulate
virulence factors (Holm and Vikstrom, 2014). The molecular
mechanisms of the QS system are different in Gram-positive and
Gram-negative species (Rutherford and Bassler, 2012; Papenfort
and Bassler, 2016).

There are two main QS systems in the S. mutans: CSP-ComDE
and ComRS systems (Kaur et al., 2015). The CSP-ComDE system
is composed of a signal peptide (CSP, encoded by ComC; Leung
etal, 2015) and the ComDE two-component system (Kaur et al.,
2015; Figure 2). The ComRS system consists of the signaling
peptide pheromone XIP (encoded by ComS) and a transcriptional
regulator (ComR). The XIP interacts with and activates ComR to
regulate the expression of ComX (Wenderska et al, 2017).
Rhodiola rosea downregulated the ComDE gene expression at
0.25mg/ml (Zhang et al., 2020a), while the gene expression of
ComD was suppressed by >50% under SNH treatment at 100 pg/
ml (Shui et al,, 2021). Baicalin was able to inhibit ComX gene
expression at 500 pg/ml (Elango et al., 2021).

The accessory gene regulator (Agr) system is a key QS pathway
in S. aureus, which is also common in gram-positive bacteria and
essential for their virulence (Le and Otto, 2015). The Agr system
contains four elements: AgrA, AgrB, AgrC, and AgrD (Figure 3;
Schilcher and Horswill, 2020). Emodin reduced the expression of
AgrA gene by 2.2 folds at 4 pg/ml (Yan et al,, 2017). Luteolin, a
bioactive component in fruits and vegetables, decreased the
pathogenesis of S. aureus through interference of the Agr system.
The wild strain exhibited weaker virulence compared with
AAgrBCD, including biofilm formation, initial adhesion, and
virulence gene expression, suggesting that the Agr system is the
target of luteolin against S. aureus (Yuan et al., 2022).

In gram-negative bacteria, such as P aeruginosa, the
autoinducer acyl-homoserine lactones (AHL) acted as QS
molecule can bind to cytoplasmic receptors to regulate bacterial
actions (Galloway et al., 2011). There are three key pathways in the
P aeruginosa QS system: two LuxI/LuxR-type QS pathways
(Rutherford and Bassler, 2012) and the pseudomonas quinolone
signal (PQS) system, named Las, Rhl, and Pgs (Guzzo et al., 2020;
Figure 4). Quercetin (QCT), a flavonol extracted from vegetables
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and fruits, significantly suppressed the expression of Lasl, LasR,
RhlI, and RhIR, which were related to Las and Rhl pathways
(Ouyang et al., 2016). Additionally, baicalin inhibited the Type III
secretion system (a virulence factor for infection) through
inhibiting the PQS system (Zhang et al., 2021a).

Mechanisms of inhibiting fungal biofilm
formation

Candida albicans is a major opportunistic fungal pathogen
in oral cavity and highly associated with several oral diseases,
such as caries (especially root caries; Xiong et al., 2020; Du et al.,
2021) and oral candidiasis (Zhou et al., 2021). Berberine induced
a decrease in the viability of C. albicans biofilms with the actions
on the integrity of plasma, mitochondrial membranes, and DNA
(Da Silva et al,, 2016). The viability rate of C. albicans after the
treatment with berberine was reduced by 43.54% (Xie
et al., 2020).

The hyphal form is an important phase of C. albicans biofilm
formation and is the key virulence factor (Chen et al., 2020).
Berberine inhibited the yeast to hyphae growth of C. albicans and
significantly downregulated hypha growth-related gene expression
(Efgl, Hwpl, Ecel, and Alsl) at the sub-MIC concentration
(8-128 pg/ml; Huang et al., 2020b). After SNH treatment, the
transcriptome sequencing showed that the biofilm formation-
related genes in the Ras1-cAMP-Efgl pathway (Als1, Alal, Als3,
Eapl, Rasl, Efgl, Hwpl, and Tecl) were downregulated (Wu et al,
2020). The combination of garlic and bakuchiol significantly
reduced Als3 and Sap5 gene expressions associated with hyphal
growth (Fahim et al., 2022).

Farnesol and tyrosol are the major QS signaling molecules
found in C. albicans (Davis-Hanna et al., 2008). Farnesol is an
autoregulatory molecule that inhibits the yeast phases
transformation to the hypha phase (Xu et al., 2022). Farnesol is
also widely distributed in propolis and fruits (Costa et al., 2021).
Farnesol inhibited the hyphal growth by repressing Ras1-Cdc35-
PKA-Efgl pathway, indicating that farnesol is a promising
molecule in inhibiting biofilm formation of C. albicans by
interfering with the QS system (Davis-Hanna et al., 2008).

Eradication of mature biofilms

The EPS acts as a protective multifunctional scaffold in the
mature biofilm (Flemming and Wingender, 2010). The cells in the
biofilm are closely aggregated and facilitates interactions and food
chains among proximal neighbors (Kuramitsu et al., 2007). In
mature stage, biofilm shows an increased tolerance to
antimicrobial agents (Cadena et al., 2019). For example, the
minimum inhibitory concentration (MIC) of CHX to kill
Streptococcus sobrinus in the established biofilm increased 300
times compared with planktonic cells (Shani et al, 2000).
Therefore, many refractory infectious biofilm-related diseases
caused by mature biofilms are difficult to remove (Noiri

etal.,, 2002).
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gene expression and baicalin inhibited ComX gene expression.

Quorum sensing system in S. mutans and the inhibitory effects of natural products on this system. The CSP-ComDE system is composed of a
signal peptide (CSP, encoded by ComC) and the ComDE two-component system. During the cell density increase, the accumulated CSP interacts
with ComD (membrane-bound histidine kinase receptor) directly to cause the phosphorylation and activation of ComE (the cytoplasmic response
regulator). The activated ComE regulates the gene expression of bacteriocin production and biofilm formation. The ComRS system consists of
signaling peptide pheromone (XIP, encoded by ComS) and a transcriptional regulator (ComR). The XIP interacts with and activates ComR to
regulate the expression of ComX, and thus switches the genes related to competence and persister formation. Rhodiola rosea inhibited ComDE

Natural products have the potential to remove mature microbial
biofilms. Propolis was effective in eradicating Candida. spp.
biofilms, which could eradicate 50% Candida. spp. biofilm with the
concentration of 2.5% (Gucwa et al., 2018). Propolis also reduced
the viability of S. aureus biofilm by 92.9% at a concentration of
125pg/ml but did not decrease the total biomass. The results
demonstrated that propolis penetrated the biofilm and killed the
cells inside but did not decrease the total biomass of mature biofilms
(De Oliveira Dembogurski et al., 2018). In another study, the
treatment with propolis reduced S. aureus biofilm biomass by >50%
at 200 pg/ml, and the thickness of biofilm decreased by 47-87% in
different isolates (Bouchelaghem et al., 2022).

Inhibition of biofilm dispersion

When the nutrients are limited and waste products in the
biofilm accumulate a lot, biofilm dispersion allows microorganisms
to depart from biofilms and to colonize new niches (Solano et al.,
2014). The biofilm dispersion made infection worse and hard to
control, and even caused an acute infection, such as sepsis (Lister
and Horswill, 2014). Sodium houttuyfonate was able to inhibit
P aeruginosa biofilm dispersion through the inhibition of
chemotaxis transducer protein BdlA gene expression (a key gene
that regulates the dispersion response of P. aeruginosa; Wang et al.,
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2019). Phenol-soluble modulins (PSMs) are biofilm-dispersion-
associated factors related to S. aureus infection (Zheng et al,
2018). Berberine inhibited PSMs production as evidenced by the
calculation of amyloid fibril formation (Chu et al., 2016). Reducing
biofilm dispersion is of great significance in controlling infection
spread in clinical practice (Rumbaugh and Sauer, 2020).

Combinational application of natural
products and other strategies

Combination of natural products and
nanoparticles

Nanoparticles have a significant potential in the delivery of
drugs against oral biofilm due to their flexible properties (Benoit
etal., 2019). Some natural products extracted by oil and ethanol,
such as propolis and curcumin, have poor water solubility, which
limits their clinical usage (Kubiliene et al., 2015). Nanoparticles
can be designed to enhance drug solubility. Propolis-loaded poly
(lactic-co-glycolic acid, PLGA) nanoparticles were synthesized to
enhance the solubility of propolis, and this nanoparticles showed
excellent antibiofilm effects on C. albicans (Tadnut et al., 2019). A
combination of nanoparticles and natural products may result in
synergistic antibiofilm effects due to the high surface area-to-
volume ratios of nanoparticles (Shrestha and Kishen, 2016).
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FIGURE 3

Quorum sensing system in Staphylococcus aureus and the interference of natural products on quorum sensing system. AgrD is the precursor of
autoinducer peptides (AIP). AIP can be modified by AgrB and secreted into the matrix. AIP secreted by bacteria accumulates in the environment
and binds to kinase receptors (AgrC) on the bacterial membrane to transmit signals, activating the related genes’ expression, such as RNAIl and
RNAIII. RNAIIl regulates most QS-related genes, while some genes are controlled by AgrA directly. Emodin inhibited AgrA gene expression and

luteolin interfered Agr system.

Pterostilbene, a kind of Vitis-inducible phytoalexins, showed a
much higher antibiofilm effect after being loaded in PLGA
nanoparticles (Simonetti et al., 2019). Furthermore, the
combination with nanoparticles extended the release time of
natural products, which is important for long-term antibiofilm
effects (Maghsoudi et al,, 2017). For example, Berberine in
nanoparticles exerted a better S. aureus biofilm removal ability
than berberine alone, which might be attributed to the
spontaneous adhesion property and continuous release
characteristics of nanoparticles (Huang et al., 2020a). The
integration of nanoparticles and natural products enhanced the
efficacy of natural products for multifunction properties at the
same time, providing a great potential in clinical applications (Yu
etal., 2017, 2021).

Combination of natural products and
antibiotics

The combination of products and antibiotics is a practical
way to reduce the development of antibiotic resistance and also
to reduce the toxicities or side effects of some antibiotics by
decrease the antibiotic dosages against biofilms (Li et al., 2013;
Zhu et al, 2021).
sesquiterpene lactone extracted from the traditional Chinese

Artemisinin, a famous antimalarial

herb Artemisia annua L, was able to increase the cell membrane

ergosterol levels of C. albicans to synergize with amphotericin B
to inhibit C. albicans and oral candidiasis (Zhu et al., 2021). The
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combination of berberine and fluconazole showed synergic
effects on C. albicans biofilms by enhancing the susceptibility of
C. albicans to fluconazole. Interestingly, the antibiofilm effect was
related to berberine in a concentration-dependent manner
instead of fluconazole, indicating that berberine played a major
role in the antifungal effect (Li et al., 2013). Similarly, natural
products in combination can improve the antibiofilm properties
in the elimination of mature biofilm. The combination of
berberine and fusidic acid significantly inhibited cell viability in
S. aureus mature biofilms, while the single drugs did not show
any antibiofilm effects (Liang et al., 2014).

Combination of natural products and
photodynamic therapy

Photodynamic therapy (PDT) is an effective method in cancer
management (Li et al., 2020a), periodontitis (Manresa et al., 2018),
and oral mucosal diseases (Cosgarea et al., 2020). In recent years,
it has been demonstrated that PDT was able to enhance the
activities of natural products, even on drug-resistant
microorganisms. Many natural products have shown stronger
antibiofilm effects in combination with PDT, such as emodin
(Pourhajibagher et al., 2022), propolis (Afrasiabi et al., 2020), and
curcumin (Santezi et al., 2018). The combination of curcumin and
PDT is effective in infection control (Polat and Kang, 2021).
Combination of curcumin and PDT reduced P. aeruginosa biofilm

formation through interfering quorum sensing network, and
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Quorum sensing system in P. aeruginosa and the interference of natural products on quorum sensing system. There are three key pathways in the
P. aeruginosa QS system: two LuxI/LuxR-type QS pathways and the pseudomonas quinolone signal (PQS) system, named Las, rhl, and pgs. The
synthesis of Al's 3-oxo-C12-HSL and C4-HSL is modulated by Las and Rhl, which serve as their autoinducers, respectively. In addition, alkyl-4-
quinolones (AQs), including PQS and HHQ, are signal molecules in the PQS pathway. Interconnections between the three pathways regulate the
activity of the QS system, resulting in changes in cell adhesive proteins, virulence factors, biofilm formation and proteases. Quercetin inhibited
Lasl, LasR, Rhll, RhIR gene expression and baicalin inhibited Pgs system.

importantly, the combination significantly enhanced antibiofilm 2011). The interactions among microbes regulate the structure
effect compared with curcumin alone (Abdulrahman et al., 2020). and function of biofilms and significantly influence the biofilm
The combination of natural products and PDT provides a new formation (Yang et al., 2011; Deng et al., 2019a,b). Microorganisms
direction in managing biofilm-related oral infections. in the multi-species biofilm enhance the have metabolism

efficient, tolerance to inhibitory agents and virulence (Marsh
Combination of two natural products etal, 2011).

Propolis and carnosic acid (a compound extracted from Natural products have shown effective activities in multi-
rosemary) showed synergistic effects against C. albicans, while the species biofilms. Curcumin reduced the biomass and viability of
1:4 ratio of carnosic acid and propolis resulted in a best decrease C. albicans and S. mutans dual-species and mono-species biofilms.
in C. albicans survival rate and biofilm formation (Argtielles et al., Interestingly, more eradication of S. mutans was found indicating
2020). Curcumin and berberine co-encapsulated in liposomes that the effect of curcumin on S. mutans was enhanced in the
showed synergistic effects against MRSA by reducing their MICs C. albicans and S. mutans dual-species biofilm. Moreover,
by 87 and 96% compared with single drugs and the biofilm curcumin also blocked the EPS generation of C. albicans and
formation also significantly decreased (Bhatia et al., 2021). These S. mutans dual-species biofilm through the inhibitions on the QS
results indicate that the combination of different natural products system, EPS generation, and Als protein production (Li et al.,
with different antimicrobial mechanisms can enhance their 2019). Brazilian red propolis (BRP) showed an antibiofilm effect
activities even on drug-resistant pathogens. on multi-species biofilm composed of periodontopathogens (34

species). The metabolism of multi-species biofilms decreased to
45 and 55% after 800 pg/ml BRP and 0.12% CHX treatment,

Effects of natural pl’Od ucts on respectively. Biofilm cells were reduced to 10 and 5% after being
muilti —species biofilms treated with 1,600-pg/mL BRP and 0.12% CHX, respectively. In
addition, BRP had a significant antibiofilm effect on species in the

Multi-species biofilms represent the most important lifestyle orange-complex group, while 0.12% CHX did not have such an

of oral microbes in oral cavity (Marsh et al., 2011; Yang et al., effect (Miranda et al, 2019). BRP extract (400pug/ml) also
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exhibited an almost equal ability to that of amoxicillin (54 pg/ml)
to remove red-complex of multi-species subgingival mature
biofilms (De Figueiredo et al., 2020). These findings indicated its
promising effects in periodontitis treatment.

In recent years, the microcosm biofilm model (consisting of
natural oral microbiota) has been established to better simulate
the in vivo oral cavity conditions (Garcia et al., 2021). G. chinensis
extract inhibited biofilm formation in both nascent and mature
microcosm biofilms, and the acid metabolism in biofilms was also
inhibited (Cheng et al., 2011). Coffea canephora reduced mixed
biofilms formed from the pooled human saliva by 15.2% at the
concentration of 20% (Antonio et al., 2012). Psidium cattleianum
leaf extract reduced in situ oral biofilms formation and EPS
production at 167 mg/ml for 1 min per 12h for 14 days treatment
(Brighenti et al., 2012). Natural products contained in clinical
products also showed antibiofilm effects on microcosm biofilms.
Mpyrcia bella Cambess. and Matricaria chamomilla L. in the
toothpastes reduced the bacterial number in the microcosm
biofilms. The enamel demineralization assay revealed that
Vochysia tucanorum, Myrcia bella, Matricaria chamomilla, and
Myrrha & propolis toothpastes reduced mineral loss and lesion
depth compared with the placebo group (Braga et al., 2022).
Another study demonstrated that natural products (including
Commiphora myrrha resin extract, propolis extract) in the
commercial toothpastes reduced microcosm biofilm viability and
increased mineral loss (Braga et al., 2019). These results indicated
the clinical potential in the control of oral biofilms.

Natural products as an alternative
treatment for oral infection

The strong antibiofilm effects of natural products on both
mono-species biofilms and multi-species biofilms with various
mechanisms highlight their clinical oral disease controls. Several
ex vivo & in vivo studies and clinical trials have been implemented
to evaluate the efficacity of natural products, especially in caries
and periodontitis.

In dental caries, many natural products, such as propolis and
sodium new houttuyfonate, were able to inhibit S. mutans biofilm
virulence, EPS production and QS system (Veloz et al., 2016; Shui
et al., 2021). Propolis inhibited S. mutans biofilm formation and
dental caries development in a rat model (Duarte et al., 2006),
while magnolol and honokiol extracted from magnolia bark
reduced the biofilm formation by an in vivo Germ-kill model
(Greenberg et al., 2007). Importantly, a randomized controlled
trial also showed that magnolia bark have encouraging results in
maintaining oral health by reducing S. mutans proliferation,
plaque acidogenicity and bleeding on probing (Campus
etal, 2011).

In periodontitis, the natural products EGCG showed a great
antibiofilm effect on P. gingivalis (Fournier-Larente et al., 2016)
and F nucleatum (Ben Lagha et al., 2017). BRP extract (400 pg/ml)
used in multi-species biofilms exhibited an almost equal ability to
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that of amoxicillin to eliminate the red-complex of multi-species
subgingival mature biofilms which suggested its promising action
in periodontitis treatment (De Figueiredo et al., 2020). The mouth
rinses containing Aloe vera reduced the plaque and gingival
inflammation and finally significantly reduced clinical scores
indicating the potential application of Aloe vera in periodontitis
(Laleman and Teughels, 2020).

Natural products have strong antibiofilm effects on key
pathogens of other oral infectious diseases, and the diversity,
efficiency and safety of natural products make them the alternative
agents to antibiotics against biofilms even from the drug-
resistant strains.

Prospects of maintaining oral
microecology balance

The resident microflora in the oral cavity of healthy individuals
has great significance in maintaining health, preventing foreign
pathogens colonization and contributing to host physiology
(Rosier et al., 2018). The oral microbiota in a healthy condition is
more stable than other microbial communities (Zhou et al., 2013)
and resists diseases (Rosier et al., 2018). However, many factors
can disturb the balance, including systematic diseases, unhealthy
diet, and poor oral hygiene, and the usage of broad spectrum
antibiotics (Lamont et al.,, 2018). In caries, an unhealthy diet
(fermentable carbohydrates in high amounts and frequency) often
results in the accumulation of fermentation extract (organic acid;
Lamont et al., 2018). When the acid caused the decrease in pH
subsequently, the oral microbiota shifted toward the adaption of
the low pH conditions and became the cariogenic microbiota
(Pitts et al., 2017). It is important to restore the microecological
balance instead of only killing the oral microbes indiscriminatingly
(Baker et al., 2017).

BRP used in a periodontitis model showed an excellent
antibiofilm effect on the red-complex and orange-complex species,
but showed less effect on other species, indicating that this
compound was less harmful to beneficial microorganisms
(Miranda et al,, 2019; De Figueiredo et al., 2020). Currently, the
influence of natural products on the whole oral microflora and
how does the microflora change after drug treatment remain
unclear; however, natural products have shown potential to restore
microecological balance compared with broad-spectrum
antibiotics (Melander et al., 2020).

Discussion and future prospective

Biofilms represent the common form of microorganisms in the
oral cavity and the dysbiosis of biofilms are highly related to
many oral infectious diseases, such as caries and periodontitis
(Marsh and Zaura, 2017). Natural products from traditional
medicine are promising agents against oral biofilms due to their
excellent antibiofilm effects, relatively low cost, and safety
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(Atanasov et al., 2021). However, there are still many concerns on
natural product applications in clinical practice. For example,
many of them have low solubility, which greatly limits their usage.
Meanwhile, the active ingredients of herbal medicines are complex,
and currently, microbiocidal and antibiofilm mechanisms of most
herbal medicines have not been fully elucidated. Although many
studies performed clinical trials using many active ingredients such
as tea, propolis, and Aloe vera, showing encouraging results
(Laleman and Teughels, 2020), the toxicity to normal cells of
natural products is another concern and need to be further
explored. Previous study revealed the nephrotoxicity of traditional
medicine (including anthraquinones and flavonoids; Yang et al.,
2018), suggesting the necessity of a safety evaluation before the use
of natural products in clinical practice.

Natural products have a broad prospective in oral clinical
application. However, the effects of natural products on the local
microbiota and their impact on the local microecological balance
after drug treatment should be further explored. More clinical
trials and safety test of natural products are also needed, while our
review summarized and discussed the potential effects of natural
products from traditional medicine against oral biofilms to
highlight the importance of further investigations on natural
products in treating oral infectious diseases.
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Pseudomonas aeruginosa, a Gram-negative bacterium, is one of the major
pathogens implicated in human opportunistic infection and a common cause
of clinically persistent infections such as cystic fibrosis, urinary tract infections,
and burn infections. The main reason for the persistence of P aeruginosa
infections is due to the ability of P. aeruginosa to secrete extracellular polymeric
substances such as exopolysaccharides, matrix proteins, and extracellular DNA
during invasion. These substances adhere to and wrap around bacterial cells
to form a biofilm. Biofilm formation leads to multiple antibiotic resistance in
P. aeruginosa, posing a significant challenge to conventional single antibiotic
therapeutic approaches. It has therefore become particularly important to
develop anti-biofilm drugs. In recent years, a number of new alternative drugs
have been developed to treat P. aeruginosa infectious biofilms, including
antimicrobial peptides, quorum-sensing inhibitors, bacteriophage therapy,
and antimicrobial photodynamic therapy. This article briefly introduces the
process and regulation of P. aeruginosa biofilm formation and reviews several
developed anti-biofilm treatment technologies to provide new directions for
the treatment of P. aeruginosa biofilm infection.

KEYWORDS

Pseudomonas aeruginosa, antibiotic resistance, biofilm, anti-biofilm molecules,
alternative therapeutics

Introduction

Most microorganisms have different survival mechanisms when facing stress
conditions, such as proteolytic systems and growth regulation (Kumar et al., 2017). Most
bacteria live in biofilms, which provide a protective niche for the survival of microorganisms
(Kumar et al., 2017; Flemming and Wuertz, 2019). Bacterial biofilms are defined as
structured microbial communities encapsulated in a self-synthesizing extracellular
polymeric substance (EPS) and attached to a tissue or surface (Costerton et al., 1999) that
include exopolysaccharides, matrix proteins, and extracellular DNA (eDNA; Wang et al.,
2020). Clinically, the long-term colonization of bacteria in humans causes chronic
infections, mainly because the bacteria in biofilms are resistant to host immune responses
and antibiotic therapy (Dufour et al., 2010). Research has shown that 65-80% of pathogenic
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infections in hospitals are associated with biofilms (Kumar et al.,
2017; Shrestha et al., 2022). Although numerous antimicrobial
agents are available for clinical use, these agents only inhibit
infection symptoms and are unable to eradicate bacteria
embedded in biofilms (Li et al., 2020).

Pseudomonas aeruginosa is a Gram-negative opportunistic
pathogenic bacterium that is widely found in nature. It has been
established that P. aeruginosa is involved in a diverse array of
infections, both community- and hospital-acquired, including
pneumonia, cystic fibrosis, urinary tract infections, and burn
infections (Al-Dahmoshi et al, 2021). Antimicrobial agents
approved for clinical use may be ineffective in treating
P, aeruginosa infections as this bacterium has the ability to form
biofilms (Azam and Khan, 2019). The formation of biofilms
enables P, aeruginosa to resist external adverse environments and
enhance its colonization in the host. Biofilms can also act as
diffusion barriers, restricting the entry of antibiotics into bacterial
cells (Drenkard, 2003; Pang et al., 2019).

As P, aeruginosa is one of the major pathogens involved in
opportunistic infections in humans, the clinical treatment and
control of P. aeruginosa infections have become major challenges
and have been the subject of extensive research (Azam and Khan,
2019; Das et al., 2020; Shao et al., 2020). The formation of biofilm
effectively aids P. aeruginosa colonization, improving bacterial
resistance to antimicrobial agents and countering the host
immune system (Maurice et al., 2018; Elmanama et al., 2020; Tuon
et al., 2022). Therefore, conventional single antibiotic therapy is
limited in the treatment of biofilm infections, and an increasing
number of studies have investigated the development of new
antimicrobial drugs and anti-biofilm therapeutic programs to treat
P. aeruginosa infection. This review will introduce the process of
biofilm formation as well as biofilm regulation and anti-biofilm
therapies in P. aeruginosa.

Composition, formation, and
regulation of Pseudomonas
aeruginosa biofilm

The biofilm matrix components that have been identified from
P aeruginosa mainly include exopolysaccharides, eDNA, and
matrix proteins, which play an important role in the structural
maintenance and drug resistance of biofilms (Ghafoor et al., 2011).
least three types of
exopolysaccharides: alginate, Pel polysaccharide, and Psl

P aeruginosa can synthesize at
polysaccharide (Mann and Wozniak, 2012). Alginate is an anionic
polysaccharide of a-L-guluronic acid and p-D-mannuronic acid
linked by p-1-4 glycosidic bonds (Moradali and Rehm, 2019). The
overproduction of alginate is responsible for the development of
excessive slimy or mucoid biofilms, while mucoid biofilms are more
resistant to host immune system attack and antibiotic treatment
than non-mucoid biofilms, resulting in persistent infections in the
body (Moradali et al., 2017; Moradali and Rehm, 2019). The Psl

polysaccharide consists of 15 co-transcribed genes (pslA to pslO)
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that encode proteins to synthesize Psl, enhance cell-surface and
cell-to-cell adhesion in P. aeruginosa, and play an important role in
the initiation and maintenance of biofilm structure (Ma et al.,
2006). Pel is a positively charged exopolysaccharide composed
acetylated of
N-acetylgalactosamine and N-acetylglucosamine (Jennings et al.,

of partially 1—4 glycosidic linkages
2015), which is important for biofilm formation in air-liquid
interfaces (Byrd et al., 2009). Pel and Psl are the major structural
polysaccharides in non-mucoid and mucoid P, aeruginosa biofilms
(Colvin et al.,, 2012; Ma et al., 2012). Cell lysis releases DNA into
the environment, and this eDNA can be used as a supporting
component of biofilms to provide nutrients to bacteria in biofilms
during periods of nutrient deficiency (Finkel and Kolter, 2001).
Aside from exopolysaccharides and eDNA, extracellular proteins
are also considered to be important components of biofilm
matrices, including appendages (mainly flagella and type IV
fimbriae), cytoadhesions, and lectins. Studies have found that these
components mainly play an auxiliary role as adhesion factors and
structural support in the process of P. aeruginosa biofilm formation
(Qi and Christopher, 2019).

The formation of the biofilm structure of P. aeruginosa is a
continuous process that includes four main stages (Figure 1;
Kostakioti et al., 2013; Saxena et al., 2019). The first stage is the
initial attachment. At this stage, adhesion is reversible, and
bacteria can attach to the surface or revert back to planktonic cells
(Olivares et al., 2019). Many early studies on the initial attachment
of bacteria have suggested that bacterial cells initiate adhesion
through acid-base, hydrophobic, and electrostatic interactions
(Donlan, 2002). In addition, the production of polysaccharides
also contributes to cell-to-cell adhesion in P. aeruginosa (Ma et al.,
2006). In the second stage of biofilm development, attached
bacteria gradually reproduce into a more independent structure,
and bacterial cells undergo a transition from reversible to
irreversible attachment (Thi et al., 2020). In this stage, bacteria
grow and form microcolonies and begin to synthesize EPSs, which
acts as a blockade between biofilm cells and surroundings to
provide protection from various stress conditions such as
antimicrobial exposure or immune cell attack (Mitchell et al.,
2016; Roy et al., 2018). As the secretion of EPSs continues, the cells
forming microcolonies gradually mature and undergo various
physiological changes (Lee and Yoon, 2017; Roy et al,, 2018),
forming three-dimensional mushroom-like structures consisting
of small channels that transport nutrients, water, and waste, and
contribute to the distribution of nutrients and signaling molecules
as well as intercellular communication (Jamal et al., 2018; Thi
etal, 2020). As the biofilm matures, the bacteria produce stronger
resistance to environmental stress or antibiotics (Koo et al., 2017).
The final stage of biofilm development is detachment. Different
detachment mechanisms have been reported, such as erosion,
sloughing, and dispersal (Kim and Lee, 2016). The detachment of
biofilm marks the transition of biofilm cells to the planktonic
mode of growth (Rumbaugh and Sauer, 2020), which leads cells
to attach to the surface of other biomolecules or start a new cycle
of biofilm development (Kim and Lee, 2016).
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FIGURE 1

Cycle of Pseudomonas aeruginosa biofilm development. Biofilm formation includes four stages: initial attachment, microcolonies, mature biofilm,
and biofilm dispersal.

Matrix components of P. aeruginosa biofilms play different while the rhl system positively regulates the production of the
regulatory roles in different formation stages (Wei and Ma, 2013; biosurfactant rhamnolipid, which is important for late biofilm
Ma et al,, 2022). In the early stage of biofilm formation, Psl formation (Davey et al., 2003; Lequette and Greenberg, 2005;
polysaccharides can form a fibrous matrix that is spirally anchored Chrzanowski et al., 2012). The P. aeruginosa pqs system uses
to the surface of bacterial cells and wraps around bacteria, thus 2-alkyl-4-quinolones (AQs) as signaling molecules. These AQs
increasing the contact between bacteria and promoting the mainly include 2-heptyl-3-hydroxy-4-quinolone (PQS) and its
interaction between bacterial cells, resulting in the assembly and precursor 2-heptyl-4-hydroxyquinoline (HHQ), both of which are
early adhesion of biofilms (Ma et al., 2006, 2009). eDNA is also recognized by the cognate receptor MvfR (Multiple virulence
considered to be an important factor in promoting the formation factor regulator, a P. aeruginosa quorum-sensing transcription
of P. aeruginosa biofilm and is involved in the initial attachment factor, also known as PqsR; Lin et al., 2018a). Through interaction
of bacterial cells as well as cell-cell interconnection (Allesen- with this receptor, HHQ and PQS induce the expression of a
Holm et al., 2006). During the later maturation stages of biofilms, variety of genes, including their own biosynthetic enzyme cascade
Pel can serve a structural and protective role in the biofilm matrix and genes involved in biofilm formation (Schutz and
of P aeruginosa and enhance resistance to aminoglycoside Empting, 2018).

antibiotics (Colvin et al., 2011). The production of numerous EPSs

can promote biofilm growth through providing structural

scaffolds and maintaining their biofilm function (Ghafoor et al., Anti-biofilm strateg ies: Current
2011). Furthermore, quorum sensing (QS), as a cell-density- approa ches and pe rSpeCtiVES

dependent bacteria-cell signaling mechanism, plays a key role in

the regulation of P. aeruginosa biofilm formation (Bala et al., Antibiotics have been widely used to treat biofilm infections,
2015). There are at least four QS systems in P. aeruginosa: las, rhl, but clinical treatment still faces many challenges due to drug
pgs, and igs (Lee and Zhang, 2015). As the two main QS systems resistance issues, biofilm matrices that hinder drug penetration,
of P. aeruginosa, both las and rhl systems use acyl homoserine and drug-microbe interactions (Kamaruzzaman et al., 2018).
lactone (AHL) as a signal molecule, which binds to the signal Therefore, many new anti-biofilm technologies have been
molecule receptor protein to play a regulatory role (Huang et al., developed (Hughes and Webber, 2017), such as combining
2019). The las system represses the pel locus, an operon encoding antibiotics and using new strategies, for example, gallium, phage
for the synthesis of extracellular matrix polysaccharides that therapy, and antimicrobial photodynamic therapy (aPDT), to
induce biofilm formation and dispersion (Lin and Cheng, 2019), inhibit biofilm formation. Table 1 summarizes the strategies
Frontiers in Microbiology frontiersin.org
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TABLE 1 Different strategies to treat Pseudomonas aeruginosa infectious biofilms.

10.3389/fmicb.2022.955286

Strategy Mechanism Molecules associated Reference
Antibiotics Antibiotics are used in combination with Gentamicin/ciprofloxacin, tobramycin/ Chauhan et al., 2012; Chanda et al., 2017;
antibiotics or other substances to destroy biofilms  clarithromycin, linolenic acid-tobramycin, Ghorbani et al., 2017; Wang et al., 2019;
and prevent the development of antibiotic gentamicin-EDTA, glutamine-ampicillin Zhao et al., 2021
resistance
AMPs? Interact and penetrate with the bacterial cell LL-37, P5, cationic peptide 1,037, MC1, WLBU2  Overhage et al., 2008; de la Fuente-Nunez
membrane to cause the death of the bacteria etal, 2012; Lin et al., 2018b
Martinez et al., 2019; Yu et al., 2019
QSIs® Inhibit the QS system and interfere with signaling ~Zingerone, trans-cinnamaldehyde and salicylic Kumar et al., 2015; Ahmed et al., 2019;
molecules and receptor proteins acid, chloroacetamide and maleimide analogs, O'Brien et al., 2015; Maura and Rahme,
halogenated furanone derivatives, M64, QSI4 2017; Chang et al., 2019; Schutz et al., 2021
Enzymes or Target extracellular polymeric substances (such as  DNase I, glycoside hydrolases PelA and PslG, Jiang et al.,, 2011; Hymes et al., 2013;
polysaccharides exopolysaccharides, matrix proteins, and eDNA)  alginate lyase AlyP1400, A101, EPS273 Zhang et al,, 2018; Daboor et al., 2021;
to disrupt biofilms Wu et al,, 2021
Ga®* Acts as a “Trojan horse” to disrupt bacterial Fe Desferrioxamine-gallium, Ga-Cit, Ga (NO;), Banin et al., 2008; Rzhepishevska et al.,
metabolism and inhibit P. aeruginosa growth 2011; Kang et al., 2021
NO Creates nitrosative stress or oxidative stress in the ~NO-sensing proteins Hossain and Boon, 2017
biofilm and aids in biofilm dispersal
Bacteriophages Encode enzymes to destroy the extracellular IME180, quorum quenching lactamase Pei and Lamas-Samanamud, 2014;
matrix Mi et al., 2019
aPDT* PS binds to the biofilm matrix and generates ROS  Tetra-Py*-Me, MB + GN, ICG-APTMS@SPION/  Beirao et al., 2014; Bilici et al., 2020;

under light, initiating multi-target damage laser

Perez-Laguna et al., 2020

*Antimicrobial peptides.
*Quorum-sensing inhibitors.
“Antimicrobial photodynamic therapy.

discovered in recent years for the treatment of P aeruginosa
biofilm infection and the different action mechanisms of related
anti-biofilm molecules.

Antibiotics

It is well known that antibiotic therapy is the most important
and effective measure to control bacterial infection. However,
bacterial biofilms are highly resistant to antibiotic treatment and
immune response (Shrivastava et al., 2018; Srinivasan et al., 2021).
Due to the low outer membrane permeability of P aeruginosa and
its own adaptive mechanisms, it is less susceptible to most
antibiotics and readily achieves clinical resistance. The use of
single antibiotics to treat P. aeruginosa biofilm infections therefore
presents significant challenges, and various strategies have been
developed to treat biofilms and prevent the development
of antibiotic resistance, including increasing antibiotic
concentrations or the use of antibiotics in combination (Khan
et al., 2020). Here, we divide the mechanism of action of combined
antibiotics into two main categories: the synergistic effect between
different antibiotics and the combined use of other substances
and antibiotics.

The combined use of different antibiotics against P. aeruginosa
biofilms has been described in detail in a previous review (Yadav

et al.,, 2021). The antibiotic combinations that have been found to
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be effective against P aeruginosa biofilm include gentamicin/
ciprofloxacin (Wang et al., 2019) and tobramycin/clarithromycin
(Ghorbani et al., 2017). These combinations all increase the
therapeutic efficacy of antibiotics against P. aeruginosa biofilm. In
addition to the synergistic effect between antibiotics, substances
such as metal chelators, fatty acids, and amino acids combined
with antibiotics will also help to prevent the formation of
P, aeruginosa biofilms. Linolenic acid (LNA) is an essential fatty
acid that has antibacterial effects on various microorganisms.
Studies have found that LNA can not only interfere with
intercellular communication and reduce the production of
virulence factors, but can also enhance the potency of tobramycin
and synergistically inhibits biofilm formation by affecting
P, aeruginosa quorum-sensing systems (Chanda et al., 2017). The
cation chelator EDTA acts as a therapeutic adjuvant to destabilize
biofilm matrices (Lebeaux et al., 2015). Some studies have found
that the combination of EDTA and antibiotics can quickly and
persistently remove biofilms formed in vivo compared with the
use of antibiotics alone (Chauhan et al.,, 2012; Lebeaux et al,,
2015). Glutamine is an amino acid that is used as a nutritional
source, and the exogenous addition of glutamine can stimulate the
influx of ampicillin, resulting in the accumulation of intracellular
antibiotic concentrations that exceed the amount tolerated by
multidrug-resistant bacteria. Glutamine-enhanced ampicillin-
mediated killing has been found to be effective against
P. aeruginosa biofilms in a mouse model of urinary tract infection.
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Moreover, glutamine also retards the development of ampicillin
resistance, which may help in the future development of effective
antibiotic drugs to prevent or manage difficult-to-treat bacterial
biofilms (Zhao et al., 2021). In addition, the addition of extra
O, via hyperbaric oxygen therapy (HBOT) can increase
the susceptibility of pathogens to several antibiotics against
metabolically active bacteria by activating aerobic respiration.
When combined with tobramycin or ciprofloxacin, re-oxygenation
with HBOT enhanced the killing of clinical P. aeruginosa and the
eradication of biofilms (Lichtenberg et al., 2022).

In vitro and in vivo experiments showed that the minimum
inhibitory concentration (MIC) and minimum bactericidal
concentration of biofilm bacterial cells were usually much higher
than those of planktonic cells (by about 10-1,000 times; Hoiby
et al, 2010, 2011). Therefore, it is difficult to achieve the
eradication of biofilms in vivo with the use of conventional single
antibiotics (Wu et al., 2015; Sharma et al.,, 2019), while the
combination of antibiotics with different antibiotics or other
substances to increase their effect as a new strategy for the
treatment of biofilm infections has broad prospects. In addition to
antibiotics, a variety of compounds have been clinically used to
treat P. aeruginosa biofilm infection (Soren et al., 2020; Pang and
Zhu, 2021). These treatment methods can be roughly divided into
two categories: preventing biofilm formation and destroying
formed biofilms. For example, antimicrobial peptides (AMPs) and
quorum-sensing inhibitors (QSIs) can prevent biofilm formation
by regulating the biofilm formation process, while some
exopolysaccharide hydrolases and DNases can target biofilm
matrix components to destroy biofilms.

AMPs

The clinical application of AMPs is accelerating with
increasing antibiotic resistance worldwide (Mahlapuu et al., 2016).
AMPs are tiny macromolecules composed of amino acids that
have the ability to stimulate innate immune responses and exhibit
potent activity against a broad range of bacterial species, fungi,
protozoa, and encapsulated viruses (Mahlapuu et al., 2016; Abdi
et al,, 2019; Seyfi et al., 2020). It is generally acknowledged that
most AMPs can directly bind to the bacterial surface, such as the
lipopolysaccharide (LPS) of Gram-negative bacteria, and then
depolarize and permeate the membrane (Wen et al., 2013; Chou
etal, 2019). LL-37, a classic human AMP, has been identified as
capable of disrupting bacterial membranes, leading to cell death
and inhibiting P. aeruginosa biofilm formation (Overhage et al.,
2008), but subsequent study has shown that at sub-inhibitory
concentrations it can promote P. aeruginosa DNA mutations and
induce its resistance to antibiotics (Limoli et al., 2014). Despite
this, as potential biofilm inhibitors, AMPs still hold great promise
for the targeted elimination of biofilm proliferation in multi-drug
resistant and extensively drug-resistant bacteria (Pontes et al.,
2022). The target of these AMPs in the cell is typically the cell
membrane. Through interacting with the bacterial cell membrane
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and penetrating the cell membrane, AMPs cause the death of the
bacteria, thereby reducing the possibility of bacterial resistance
(Annunziato and Costantino, 2020). As a promising class of
compounds to overcome antimicrobial resistance, AMPs have
been shown to have some advantages over traditional antibiotics.

Several studies have reported the mechanism of action of
AMPs in detail (Annunziato and Costantino, 2020; Talapko and
Skrlec, 2020). This review divides the anti-biofilm action
mechanism of AMPs into two categories. AMPs in the first
category exhibit anti-biofilm activity through their membrane
dissolution mechanism, which directly affects the integrity of
bacterial cell membranes and cell walls. The anti-biofilm peptide
P5 has been found to have the ability to target the membrane
permeability of P. aeruginosa and has synergistic and bactericidal
effects with the carbapenem antibiotic meropenem (Martinez
etal, 2019). An outer membrane permeability assay showed that
P5 could easily permeate the cell membrane at concentrations
below 0.5 x MIC, which occurred because meropenem entered the
cytoplasmic space to interfere with the formation of
peptidoglycans in the cell wall. In addition to meropenem, other
antibiotics can also act on P. aeruginosa biofilms synergistically
with AMPs, such as imipenem (Feng et al., 2015) and tobramycin
(Beaudoin et al., 2018).

AMPs in the second category affect the growth pattern of
biofilms by inhibiting bacterial adhesion and interfering with
gene expression. While AMPs are generally considered to
be membrane-active molecules that disrupt biofilms by perturbing
the cell wall/membrane, AMPs also possess multifunctional
activities such as protein synthesis and gene expression at multiple
sites within the membrane or within the cell, enabling efficient
killing (Le et al.,, 2017). A novel synthetic cationic peptide, 1,037,
can significantly reduce P. aeruginosa biofilm formation and lead
to cell death in biofilms at certain concentrations. Analysis of its
effect on gene expression has revealed that 1,037 directly inhibits
biofilms by reducing swimming and swarming motilities,
stimulating twitching motility, and inhibiting the expression of
various genes involved in biofilm formation, such as PA2204
(de la Fuente-Nunez et al., 2012). Recent studies have found that
the anti-biofilm peptide MC1 can inhibit biofilm formation by
down-regulating the relative expression levels of pelA, algD, and
psIA genes in P aeruginosa and reducing the synthesis of
exopolysaccharides (Yu et al., 2019). Another well-studied AMP,
called WLBU2, and its D-amino acid enantiomer D8 have also
shown gene modulating activity against P aeruginosa in the
biofilm mode of growth, as well as increased safety, stability, and
antimicrobial efficacy when substituting the L-amino acids in
WLBU2 with D-amino acids (Lashua et al., 2016; Lin et al., 2018b;
Di et al., 2020).

As anti-biofilm peptides can inhibit the formation of biofilms
or remove mature biofilms, they have been gradually recognized
by an increasing number of researchers as a potential new drug for
the prevention and treatment of bacterial biofilm infections.
However, there are still many obstacles to clinical application. For
example, anti-biofilm peptides tend to show a certain degree of
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hemolysis or cytotoxicity to eukaryotic cells, and they are easily
hydrolyzed by protease and cannot exist stably in vivo (Aoki and
Ueda, 2013). In addition, the high production cost of anti-biofilm
peptides and long drug development cycle also limit their
potential clinical application.

QSls

In recent years, an increasing number of studies have
developed new antibacterial drugs by targeting specific virulence
factors or their regulatory mechanisms to reduce the emergence
of drug-resistant strains (Muhlen and Dersch, 2016; Kamal et al.,
2017). One of these strategies is directed toward interference with
QS-mediated signaling. The QS system of P. aeruginosa consists of
four systems that interact to form a complex intercellular
communication network that regulates the expression of its
virulence-related genes and biofilm formation in a cell-density-
dependent manner by generating QS signaling molecules
(Rutherford and Bassler, 2012; Yong et al., 2018; Lin et al., 2018a).

QSIs can be either natural or synthetic, and both types of QSIs
can inhibit the formation of biofilms by targeting different sites
(Kalia, 2013). This review divides QSIs into two categories: QSIs
that inhibit the expression of the QS system and QSIs that interfere
with the combination between signaling molecules and receptor
proteins. The first type of QSI interferes with and inhibits the
expression of the QS system, altering the P. aeruginosa biofilm
architecture and enabling antibiotics to better penetrate and more
efficiently kill bacterial cells. In a previous study, the naturally
isolated plant compounds trans-cinnamaldehyde and salicylic
acid effectively down-regulated both the las and rhl QS systems,
significantly inhibited the expression of QS regulatory and
virulence genes in P. aeruginosa PAO1, and also reduced biofilm
formation concomitantly with repressed rhamnolipid gene
expression (Rajkumari et al., 2018; Ahmed et al., 2019). In
addition, a host of synthetic biofilm inhibitors have also been
developed. Chloroacetamide and maleimide analogs, as potent,
drug-like small molecule inhibitors of QS in P. aeruginosa, are
anticipated to be of significant medical interest. These inhibitors
exhibit potent LasR antagonist activity and inhibit the expression
of the P. aeruginosa virulence factor pyocyanin, as well as biofilm
formation in PAO1 and PA14 (O'Brien et al., 2015). In addition,
Chang et al. identified a new series of halogenated furanone
derivatives and found that they effectively inhibited lasB
expression in a dose-dependent manner and showed remarkable
biofilm formation in P, aeruginosa (Chang et al., 2019).

The second category of QSI molecules functions by interfering
with and inhibiting the combinations between signaling molecules
and receptor proteins that are required for bacterial cell-to-cell
communication, the production of virulence factors, and biofilm
formation (Soukarieh et al., 2018). Ginger has been widely used
as a medicinal herb with strong antimicrobial properties.
Zingerone is one of the main components of dry ginger root, is
found in many herbal spices, and can effectively regulate the
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biofilm structure of P aeruginosa (Kumar et al, 2013). In
P, aeruginosa, zingerone inhibits the las, rhl, and pgs systems by
binding to their respective cognate receptors (LasR, RhIR, and
MvfR), which silences the cell communication network and
ultimately suppresses the virulence and biofilm formation of
P, aeruginosa (Kumar et al., 2015). Furthermore, MvfR, as a crucial
transcriptional regulator of the PQS system of P. aeruginosa, is
considered to a potential target for inhibiting the PQS-MvfR QS
system (Kitao et al, 2018). The benzamide-benzimidazole
compound M64 can inhibit the P. aeruginosa QS regulator Mv{R,
resulting in reduced biofilm formation and the increased
susceptibility of P aeruginosa to antibiotics (Maura and Rahme,
2017). Recently, a study has reported a novel class of QSIs called
QSI4, which possesses excellent activity in inhibiting pyocyanin
production and the MvfR reporter-gene; when combined with
antibiotics, QSI4 has a significant synergistic effect on the
elimination of P. aeruginosa biofilm (Schutz et al., 2021).

As an important intercellular communication system in
P, aeruginosa, the QS system plays a key role in the regulation of
biofilm formation. QSIs inhibit biofilm formation through anti-
virulence or a pathoblocker approach, which can synergize the
efficacy of antibiotics but does not affect the viability of bacteria.
Clinical application of QSIs will reduce the development of
antibiotic resistance as well as some toxic side effects (Wagner
etal, 2016). Therefore, QSIs are currently promising drug targets
for the prevention and treatment of P. aeruginosa infection.

Targeting polysaccharides

As functionally rich and dynamically changing communities,
biofilms can modify matrix components to adapt to changes in
various environmental conditions and pressures. In P. aeruginosa,
enzymes targeting biofilm EPSs may offer a general strategy to
prevent clinical biofilm infections (Zhao et al., 2018). The bacteria
themselves also synthesize polysaccharides or certain endogenous
matrix-degrading enzymes to induce the dispersion of the biofilm,
such as glycoside hydrolases (Srinivasan et al., 2021).

A key component of biofilm formation is the biosynthesis of
the exopolysaccharides Pel, Psl, and alginate (Limoli et al., 2015).
Enzymes targeting the extracellular matrix could serve as targets
to disrupt biofilms. Alginate lyase can degrade alginate through
the B-elimination of glycosidic bonds to disrupt the structure
and integrity of biofilms and significantly increase biofilm
diffusion (Kovach et al.,, 2020). Recently, a study has reported an
alginate lyase (AlyP1400) purified from a marine bacterial
Pseudoalteromonas species that can treat P. aeruginosa infections in
cystic fibrosis lungs or other P. aeruginosa biofilm-related infections
by combining the use of the alginate lyase with antibiotics (Daboor
etal, 2021). The glycoside hydrolases alpha-amylase and cellulase
can also break down complex polysaccharides, convert the bacteria
into a planktonic state, effectively destroy P. aeruginosa biofilm, and
increase antibiotic efficacy (Fleming et al., 2017; Redman et al.,
2020). In addition, PelA and PsIG, as naturally derived glycoside
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hydrolases, can selectively target and degrade exopolysaccharides
in the biofilm matrix, thus destroying the biofilm (Baker et al,
2016; Zhang et al,, 2018). In a previous study, overexpressed or
exogenously supplied PsIG prevented biofilm formation by
degrading Psl (Yu et al,, 2015). As a hydrolase, PelA can scavenge
polysaccharides in the periplasm, and its deacetylase activity is
related to the formation of biofilms and the morphology of
wrinkled colonies (Colvin et al., 2013; Marmont et al., 2017).
Recently, our team has used P. aeruginosa as the starting strain to
construct an engineered bacterium for the targeted transport and
delivery of functional proteins that can use two polysaccharide
hydrolases, PelA and PslG, to target biofilms (Figure 2). First, the
engineered bacterium was constructed through synthetic biology
so that it could initiate the lysis of its own cells, and then, the
recombinant vectors were introduced to overexpress the two
exopolysaccharide hydrolase genes pelA and psIG. Finally, the effect
of engineered bacteria on P. aeruginosa biofilm was detected by
biofilm formation experiments. It was found that overexpression of
pelA and pslG could accumulate polysaccharide hydrolases in the
intracellular matrix and release them to the extracellular matrix
through the cell lysis site to disrupt the biofilm cytoskeletal
components Psl and Pel, eventually destroying the biofilm and
preventing further biofilm formation (Wang et al., 2021).

10.3389/fmicb.2022.955286

The extracellular biofilm matrix of P aeruginosa is mainly
composed of exopolysaccharides, which are involved in the
formation and maintenance of the structural biofilm (Franklin
et al, 2011). However, some bacterial exopolysaccharides can
perform functions that inhibit or destabilize the biofilm (Rendueles
etal, 2013). A former study showed that P. aeruginosa extracellular
products, mainly polysaccharides, disrupted established biofilms
(Qin et al,, 2009). Recently, more exopolysaccharides have been
found to show negative activity against biofilm formation in
P aeruginosa. A bacterial exopolysaccharide (A101) not only
inhibits the biofilm formation of many bacteria but also disrupts
established biofilms. In addition, A101 increased the ability of
aminoglycoside antibiotics to eliminate P. aeruginosa biofilm,
which may indicate that A101 has potential in the design of new
therapeutic strategies for bacterial biofilm-associated infections
and in limiting biofilm formation on medical indwelling devices
(Jiang et al, 2011). A recent experiment has reported an
exopolysaccharide, EPS273, that reduces biofilm formation in
P aeruginosa by reducing the expression levels of the
two-component system phoP-phoQ, which then regulates the
expression levels of the QS systems lasI/lasR and rhlI/rhIR. The QS
system further regulates the genes involved in biofilm formation,
such as the genes involved in the production of the extracellular
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FIGURE 2

Schematic diagram of targeted delivery of extracellular glycoside hydrolase by engineered bacteria to destroy Pseudomonas aeruginosa biofilm.
The biofilm formation and virulence-related genes pelA-B, pelF, and T3SS of P. aeruginosa were knocked out as parental strains, and exogenous
recombinant vectors were introduced to overexpress the exopolysaccharide hydrolases PelA and PslG. PelA and PslG accumulated in cells and
were then released into the extracellular matrix through cell lysis. There are two ways in which hydrolases are released into the extracellular
matrix. The first is through regulating the prtN gene to activate the expression of cell lysis protein genes, thereby releasing PelA and Ps|G. The
second is by deleting the Pf4 filamentous prophage-encoding gene cluster to sensitize it to the Pf4 phage in biofilms, thereby initiating the passive
lysis mechanism of its own cells to release PelA and PslG. The PelA and PslG are released to the extracellular matrix to destroy the biofilm skeleton
components Pel and Psl through enzymatic hydrolysis, thereby destroying the P. aeruginosa biofilm.
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matrix and virulence factors, genes involved in flagella and cell
motility, and genes involved in iron acquisition (Wu et al., 2021).

DNase

eDNA plays a structural role in the formation of biofilms
(Allesen-Holm et al., 2006). eDNA can serve as a source of
nutrients for bacteria under starvation and is involved in
facilitating the twitching motility-mediated expansion of biofilms
(Finkel and Kolter, 2001; Wei and Ma, 2013). In addition, eDNA
interacts with Psl to form eDNA-Psl to provide structural support
for biofilms (Wang et al., 2015). Based on these factors, drug
pathways for targeting biofilm matrices via eDNA are emerging.

Deoxyribonuclease I (DNase I) is the only enzyme used
clinically to disrupt the biofilm of P. aeruginosa. This therapeutic
enzyme disrupts biofilms through the hydrolysis of DNA in the
extracellular matrix (Hymes et al., 2013). DNase is involved in
breaking the phosphodiester linkage in the eDNA molecular
backbone in biofilms. As eDNA is essential for the initial
attachment and aggregation of EPSs on the surface, this makes it
difficult for bacteria to form an intact biofilm (Das et al., 2010;
Srinivasan et al, 2021). Immature P. aeruginosa biofilms are
therefore more sensitive to DNase treatment than mature biofilms
(Hymes et al., 2013). Some studies have found that L-methionine
(L-Met) can destroy P. aeruginosa biofilms through up-regulating
DNase genes and inducing the expression of DNase, thereby
targeting eDNA in biofilms (Gnanadhas et al., 2015). In addition,
some DNase-like proteins have also been found to prevent and
destroy bacterial biofilms. DNasel-like 2 (DNaselL2) expressed
in human stratum corneum has enzymatic activity, can degrade
eDNA, and can effectively inhibit P. aeruginosa biofilm formation
(Eckhart et al., 2007). In addition, DNase I coatings are used as
antimicrobial coatings for modern medical equipment. DNase I
immobilization on surfaces has shown promise in reducing
bacterial adhesion to surfaces, as this enzyme targets single
biofilms and can effectively cleave eDNA on bacterial cell surfaces
that are essential for bacterial adhesion (Swartjes et al., 2013;
Sharma and Pagedar Singh, 2018). With the ongoing rise in
antibiotic resistance, DNase I coating may provide a timely, potent
new approach to prevent the formation of biofilms on biomaterial
implants and devices.

When the biofilm matures to a certain extent, DNase
treatment is no longer effective (Whitchurch et al., 2002). This
resistance to DNase may be due to the replacement or
supplementation of eDNA by other extracellular matrix
components, or the binding of eDNA to another component that
protects it from enzymatic degradation (Okshevsky et al., 2015).
Therefore, enzymatic hydrolysis methods that destabilize biofilms
should
polysaccharides or proteins bound to eDNA. For example, the

by enzymatically degrading eDNA also target
interactions between eDNA with Psl and Type IV pili play
important roles in biofilm formation (Barken et al.,, 2008), and

disrupting these interactions could also be a potentially interesting
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target for biofilm treatment. In addition to DNase, the
accumulation of eDNA itself in biofilms and infection sites can
acidify the local environment (Wilton et al., 2016). The acidic
environment stimulated increased P. aeruginosa biofilm formation,
promoted faster bacterial evolution to improve antibiotic
resistance, and increased the expression of multiple biofilm/
virulence-related genes. Therefore, the use of simple pH-buffering
agents alongside antibiotics may be a novel treatment strategy for
combating chronic infection in the acidic, DNA-enriched lungs of
clinic patients (Lin et al., 2021).

Gallium (Ga)

Recently, Ga ions have shown excellent anti-Pseudomonal
activity and have been used as a novel biofilm treatment approach
(Smith et al., 2017; Tummler, 2019; Tovar-Garcia et al., 2020).
Previous research has used Ga as a “Trojan horse” to disrupt
bacterial iron metabolism and exploit the Fe stress of in vivo
environments because Ga has an ionic radius nearly identical to
that of Fe, and many biological systems are unable to distinguish
Ga’ from Fe’* (Kaneko et al., 2007). While Ga*" chemically
resembles Fe®*, unlike iron, Ga cannot be reduced under
physiological conditions, which also inhibits some of its basic
functions (Minandri et al., 2014). Iron is not only a necessary
element for growth but is also a cue in biofilm formation (Banin
etal,, 2005). Thus, interfering with bacterial iron homeostasis may
serve as a potential therapeutic target that can block P. aeruginosa
virulence in both the free-living and biofilm states.

Previous research found that low concentrations of Ga
inhibited P. aeruginosa growth and prevented biofilm formation.
This inhibition was mediated by the repression of the
transcriptional regulator pvdS, as overriding pvdS repression
partially protected bacteria from the growth-inhibitory action of
Ga (Kaneko et al., 2007). Besides Ga alone, some complexes with
Ga can also target P. aeruginosa iron metabolism to inhibit biofilm
formation, such as desferrioxamine-Ga (DFO-Ga) and Ga citrate
(Ga-Cit). Desferrioxamine (DFO) is a hydroxamate-based
siderophore that induces proteins related to iron citrate and iron
DFO uptake in iron-starved P. geruginosa (Llamas et al., 2006;
Marshall et al., 2009). The complex DFO-Ga, which can kill free-
living bacteria and prevent biofilm formation, has been approved
for clinical use (Banin et al., 2008). However, recent research
indicates that Ga-Cit has an anti-biofilm effect and is more
bactericidal than Ga-DFO (Rzhepishevska et al., 2011). Like other
Ga complexes, Ga-Cit significantly inhibited biofilm production
in P, aeruginosa at concentrations as low as 10 pM (Rzhepishevska
etal., 2011). Moreover, several studies have explored the activity
of Ga in combination with antibiotics in search of useful
synergistic effects. Ga nitrate has been found to be an effective
antimicrobial agent that inhibits P. aeruginosa growth. A recent
study found that Ga(NOs); and tetracycline alone had a
bactericidal effect, and the combined use of the two strongly
inhibited the formation of P. aeruginosa biofilm (Kang et al., 2021).
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Ga™' is effective in destroying bacterial biofilms, and many
drugs based on Ga have been approved for clinical treatment with
remarkable results (Goss et al., 2018). For example, Ga(NO;)s,
which is approved by the US Food and Drug Administration
(FDA) for the treatment of infections, can be used to treat both
acute and chronic pneumonia caused by P. aeruginosa infection
(Bonchi et al., 2015). In addition to Ga and its compounds,
combined use with antibiotics has achieved remarkable results in
clinical treatment. Therefore, Ga, as a target for destroying
biofilms, has potential in the development of more effective drugs
for the treatment of biofilm infections.

Nitric oxide

Pseudomonas aeruginosa is a facultative anaerobe that can
breathe under anaerobic conditions and denitrify in the presence
of nitrate and nitrite. These abilities are associated with the
virulence of bacteria (Cutruzzola and Frankenberg-Dinkel, 2016).
NO is a radical diatomic gas molecule that plays important
signaling roles in both eukaryotes and bacteria at low
concentrations (Arora et al, 2015). NO has also been
demonstrated to be an effective P. aeruginosa biofilm disruption
agent that creates nitrosative or oxidative stress in the biofilm and
induces the dispersal of P. aeruginosa and other bacterial biofilms
by reducing c-di-GMP levels (Williams and Boon, 2019).

An early study of the effect of NO on biofilm formation
showed that nanomolar NO caused biofilm dispersal in
P aeruginosa and enhanced the efficacy of antimicrobial
compounds when combined with antibiotics (Barraud et al,
2006). This finding was confirmed in the clinical treatment of
cystic fibrosis patients (Howlin et al., 2017). However, another
study found that the exogenous addition of high concentrations
of iron inhibited the diffusion of NO-induced biofilms and
promoted the rapid attachment of plankton cells and resumed
diffusion after the addition of iron chelator agents (Zhu et al.,
2019). This is not due to the scavenging of NO by free iron but was
related to an iron-induced cellular response that led to the
increased production of the exopolysaccharide Psl and restored
P. aeruginosa biofilm diffusion. Very recently, a novel family of
heme-based NO binding proteins termed NO-sensing proteins
(NosP) have been discovered in P, aeruginosa in the same operon
as PA1976 (NahK). NahK has been identified as a NosP-associated
histidine kinase, and it has been previously associated with biofilm
regulation (Hossain and Boon, 2017). Experiments have suggested
that NosP binds to NO, which controls the phosphorylation of a
histidine-containing phosphotransfer domain, thus resulting in
biofilm dispersal. However, the specific players involved in the
signaling pathway have yet to be identified.

Although NO has attracted particular interest due to its role
in biofilm dispersal, this approach still presents many practical
issues in clinical trials. For example, the current inhaled NO
therapy method is extremely expensive, largely owing to the
difficulty in handling the gas and its incompatibility with oxygen,
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which results in the formation of toxic nitrogen dioxide (NO,;
Yang et al., 2015). Therefore, while the bactericidal effect of
antibacterial agents on biofilm-infected sites can be enhanced in
a targeted manner, the NO-mediated toxicity should also
be reduced so that it can be used in clinical anti-biofilm therapy
(Barraud et al., 2012). In addition, the use of NO in combination
with antibiotics can enhance the NO-mediated bactericidal effect
and improve the specificity of NO delivery, so the use of NO is still
very promising (Poh and Rice, 2022).

Bacteriophage therapy

Bacteriophages are natural bacterial viruses (Clokie et al,
2011). As they are unaffected by antibiotic resistance, bacteriophages
have been used as therapeutic agents in early clinical practice
(Kutter et al., 2010; Abedon et al., 2011). With the emergence of
antibiotic-resistant strains, phage therapy has once again drawn
attention, and a growing body of research has validated the use of
bacteriophages in therapy and prophylaxis in the fight against drug-
resistant bacteria (Kutateladze and Adamia, 2010). Phages can
encode enzymes that degrade polymers and inhibit P. aeruginosa
biofilm formation by disrupting the extracellular matrix and
increasing the permeability, allowing antibiotics to reach the inner
layer of biofilms (Harper et al., 2014). Therefore, an increasing
number of studies have used bacteriophages to develop drugs to
treat biofilm infections (Soothill, 2013).

The pathways by which phages destroy biofilms can be divided
into two categories. First, phages can destroy biofilm structures by
inducing the synthesis of enzymes such as polysaccharide
depolymerases in P. aeruginosa (Pires et al., 2016; Chegini et al.,
2020). Polysaccharide depolymerase is a polysaccharide hydrolase
encoded by bacteriophages that can specifically degrade
macromolecular carbohydrates on the host bacterial envelope
(Yan et al.,, 2014). IME180, a P. aeruginosa phage isolated from a
hospital, encodes an exopolysaccharide-degrading enzyme that is
highly homologous to deglycans and can effectively degrade
exopolysaccharides, inhibiting the formation of host bacterial
biofilms and destroying established biofilms (Mi et al., 2019). In
addition to polysaccharide hydrolases, bacteriophages can also
produce endolysins, which inhibit bacterial cell wall synthesis by
hydrolyzing peptidoglycan (Schmelcher et al., 2012). Another way
in which bacteriophages inhibit biofilms is through the production
of enzymes that inhibit biofilm production. A study has reported
that phages can be genetically modified to induce the synthesis of
quorum quenching lactamase, thereby inhibiting bacterial biofilm
formation (Pei and Lamas-Samanamud, 2014). An engineered T7
phage incorporating the AHL lactonase aiiA gene can hydrolyze
acyl AHL and inhibit QS activities in P. aeruginosa, ultimately
inhibiting biofilm production (Whiteley et al., 2017). Unlike
polysaccharide depolymerases, which can degrade one or several
related polysaccharides, the T7aiiA phage can affect multiple
bacteria in mixed-strain biofilms, rather than the host
bacteria alone.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.955286
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yinetal.

In addition to being directly used as a tool to destroy biofilms,
phages can also indirectly aid in other strategies to destroy
biofilms. In P. aeruginosa PAO1, Pf4 filamentous phages naturally
parasitize by integrating into the genome and play critical roles in
PAOL1 virulence, biofilm development, and structural stability.
Studies have shown that P. aeruginosa lacking the Pf4 filamentous
phage-encoding gene cluster is highly susceptible to Pf4
filamentous phages. Therefore, we mutated the gene cluster
encoding Pf4 filamentous phage when constructing the engineered
bacteria, which made it very sensitive to Pf4 filamentous phage in
biofilms. Upon contact, Pf4 filamentous phage could infect and
lyse the engineered bacteria to release the intracellular
accumulation of exopolysaccharide hydrolase PelA and PsIG,
thereby destroying the biofilm of P. aeruginosa (Figure 2; Wang
etal., 2021).

As mentioned earlier, bacteriophages are considered to
be potential drugs for the prevention and control of biofilms due
to their infection diversity and specificity (Melo et al., 2019).
However, the application of phages in biofilm control still has
some limitations (Abedon et al., 2021). For example, a reduction
in the metabolic activity of biofilm bacterial cells due to phage
infection is dependent on host growth conditions (Chegini et al.,
2020) and stimulates the rapid release of bacterial endotoxins,
leading to an inflammatory response (Ferriol-Gonzalez and
Domingo-Calap, 2020).

aPDT

aPDT is an emerging non-invasive treatment method that
uses non-toxic photosensitizer (PS), specific wavelengths of visible
or near-infrared light, and molecular oxygen around or inside
pathogens to produce phototoxic reactions to kill pathogens
(Rajesh et al.,, 2011). aPDT can also destroy microbial biofilms in
a process that consists of two steps. The first step is the binding of
PSs to the biofilm matrix. Although some types of PSs only bind
to the cell surface, most types of PSs can pass through the
cytoplasmic membrane and enter the cytoplasm. PSs bound to the
biofilm matrix generate reactive oxygen species (ROS) under light,
thereby initiating multi-target damage (Hu et al., 2018), which
attacks various biofilm components, leading to disintegration,
including the disintegration of lipids, proteins, DNA, and
exopolysaccharides in the matrix (Dosselli et al., 2012; Martins
Antunes de Melo et al, 2021). Studies have reported many
examples of aPDT used in the treatment of biofilm infections, and
some have been used in clinical trials (Tahmassebi et al., 2015;
Liang et al., 2020).

Polysaccharides are the most abundant polymers in
biofilm matrices In the presence of a certain concentration of
Tetra-Py*-Me, the polysaccharide concentration in the
P aeruginosa biofilm was significantly reduced after
irradiation, and its biofilm substrate was attacked by
photodynamic force and destroyed (Beirao et al., 2014). aPDT
targeting related proteins also affect P. aeruginosa biofilm
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formation. The PS methylene blue (MB) combined with the
antibiotic gentamicin (GN) has a synergistic antibacterial
effect on plankton. Adding GN at a concentration where MB
alone does not have a significant antibacterial effect can exert
a positive bactericidal effect against P. aeruginosa biofilms.
This synergistic killing mechanism may be caused by GN
acting on the level of protein synthesis, changing the
permeability of the bacterial wall and thereby promoting the
accumulation of MB, but its potential mechanism needs
further research (Perez-Laguna et al., 2020). Recently,
(aPTT)
demonstrated to be a promising method to eliminate
planktonic cells and biofilms (Al-Bakri and Mahmoud, 2019;
Lietal, 2019). The combined use of aPDT and aPTT has also
become an effective local replacement therapy for the

antimicrobial ~ photothermal therapy was

treatment of antibiotic-resistant bacterial infections and
biofilms (Bilici et al., 2020). While 3-aminopropylsilane-
coated superparamagnetic iron oxide nanoparticles have no
significant inhibition on biofilms without laser treatment, the
addition of laser treatment significantly reduces P. aeruginosa
biofilms. Furthermore, after combining nanoparticles with
PS, the biofilm can be reduced again. This combination of
nanoparticles and PS may enhance the treatment of drug-
resistant bacteria and their biofilms through the dual aPDT/
aPTT mechanism (Bilici et al., 2020).

Due to its multi-targeted damage to microbial cells and its
inability to induce drug resistance, aPDT has received increasing
attention as an alternative treatment (Cieplik et al., 2018), and it is
also effective in combination with antibiotics (Feng et al., 2021).
However, the application of aPDT has certain limitations. The
limitation of light transmission conditions makes it more effective
in the clinical treatment of local infections. In addition, the
characteristics of PS and the corresponding light source affect its
application. PS with low molecular weight and high penetrating
power should be selected, and the cost should also be controlled
(Wainwright et al., 2017).

Conclusions and prospective
applications

Pseudomonas aeruginosa biofilm includes three main
parts: exopolysaccharides, eDNA, and matrix protein.
Different components play different roles in its adhesion,
maturation, and dispersal processes and are regulated by
factors such as the QS system. The most commonly used
treatment of P. aeruginosa biofilm infection is mainly a single
antibiotic treatment, but this clinical treatment faces many
challenges due to drug resistance. With the development of
drug-resistant strains, many promising therapeutic strategies
have been developed to address these issues, such as
combining antibiotics, targeting biofilms through enzymes or
quorum-sensing systems, or using new photodynamic
therapies and other compounds to prevent or inhibit
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P. aeruginosa biofilm formation by targeting the diffusion of
biofilm formation. NO has also been shown to regulate
biofilms through targeted diffusion (McDougald et al., 2011),
exerting an inhibitory effect in the final stages of biofilm
formation. However, when using dispersion as a therapeutic
strategy, it is uncertain how efficient the dispersion reaction
needs to be to become an effective therapeutic agent, and
clinical treatments are mostly conducted on mixed biofilms
(Lee and Yoon, 2017), which requires researchers to further
explore diffusing agents and diffusion-inducing agents.

In addition to the above-mentioned therapeutic strategies,
there are many other interesting methods that can be used
to remove P aeruginosa biofilms in clinical practice.
P. aeruginosa itself can produce signal molecules that have
inhibitory activity on its formed biofilm. For example, cis-2-
decenoic acid, a short-chain fatty acid produced by
P. aeruginosa, acts as a dispersal signal targeting the biofilm
of some bacteria (Rahmani-Badi et al., 2014; Vuotto and
Donelli, 2019; Jiang et al., 2020). In addition, some new
materials such as nanoparticles, a class of emerging
antibacterial agents, exhibit an antibacterial mechanism that
includes the destruction of bacterial biofilms, and many
innovative anti-biofilm nanomedicines and nanomaterials
have been developed for clinical treatment (Xiu et al., 2021).
A recent study developed a novel photocatalytic quantum
dot-armed bacteriophage nanosystem that combined phage
therapy and photodynamic therapy, not only specifically
binding to host P. aeruginosa, but also targeting host bacteria
through the inherent infectivity of phages, locally generating
massive amounts of ROS under visible light irradiation, and
thereby demonstrating potent anti-biofilm activity (Wang
etal., 2022). However, microorganisms adhere to the surfaces
of medical devices and are prone to forming biofilms, leading
to inevitable and challenging issues with P. aeruginosa biofilm
infection caused by the use of clinical medical devices (Wi
and Patel, 2018). The surface modification of biomaterials has
been the focus of extensive research to decrease microbial
colonization and biofilm formation, and has been reviewed
in detail (Yadav et al., 2021). An effective antimicrobial
surface coating can prevent P. aeruginosa from adhering,
achieving an anti-biofilm effect. One study achieved zero
P. aeruginosa biofilm adhesion by adding lubricating fluids,
of
polytetrafluorethylene (PTFE) to fabricate liquid-infused

consisting perfluorinated liquids, to porous
surfaces (Epstein et al., 2012). In addition, the production of
P. aeruginosa biofilms was reduced by four orders of
magnitude after using a slippery omniphobic covalently
attached liquid surface compared to polydimethylsiloxane
(PDMS), a widely used medical implant material (Zhu et al.,
2022). This biofilm-resistant liquid-like solid surface provides
a novel strategy for the treatment of P. aeruginosa biofilms.
In addition to P. aeruginosa, there are multiple
microorganisms that cause biofilm-related diseases, such as

Staphylococcus aureus, Candida albicans, and Mycobacterium
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tuberculosis, which cause serious global health problems due
to their resistance to antimicrobial agents. The rapid
development of new antimicrobial agents to overcome
resistance is urgent, and gaining insights into the specific
mechanisms of biofilm occurrence and their interactions with
the host is key to solving the problem. Although biofilms have
been studied through genomics, proteomics, and RNA
sequencing, the rapid evolution of microorganisms has
exceeded the pace of therapeutic technology development.
New technologies to monitor biofilm formation and the
responses of biofilm to antibiotic therapy are required.
Furthermore, direct eradication becomes difficult as
pathogens evolve defenses against antimicrobial agents, and
inhibiting bacterial virulence may be more effective than
killing bacteria while also providing new possibilities for the
treatment of biofilm infections.
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Bacteria residing within biofilms are more resistant to drugs than planktonic
bacteria. They can thus play a significant role in the onset of chronic infections.
Dispersion of biofilms is a promising avenue for the treatment of biofilm-
associated diseases, such as dental caries. In this review, we summarize
strategies for dispersion of cariogenic biofilms, including biofilm environment,
signaling pathways, biological therapies, and nanovehicle-based adjuvant
strategies. The mechanisms behind these strategies have been discussed from
the components of oral biofilm. In the future, these strategies may provide
great opportunities for the clinical treatment of dental diseases.

KEYWORDS

dispersion, eradication, disruption, cariogenic biofilms, dental plaque,
Streptococcus mutans

Introduction

Dental caries is a common oral disease that is mainly caused by cariogenic
biofilm. Cariogenic biofilms constantly form in the oral cavity. Besides mechanical
cleaning, auxiliary chemical methods are necessary to control their spread (Pratten
et al., 1998).

For better physical settlement, microorganisms produce, and wrap themselves in a
matrix that acts like a “protective scaffold” (Jamal et al., 2018). As an architectural colony,
the microbial ecosystem of caries is an ordered and spatial community (Kim and Koo,
2020), which offers opportunities for close relationships and high mutation frequency to
virulence genes. In addition, as active and complex organizations, cariogenic biofilms
colonize competitive niches and are resistant to stressful environments. Cariogenic biofilms
restrict and sequestrate the penetration of chemicals through the matrix (Sims et al., 2020).
Therefore, it is not surprising that bacteria in the biofilm state are more tolerant to various
antibiotics, and thus, are more difficult to control than bacteria in the planktonic state
(Davies, 2003). With long-term applications, antibiofilm drugs may not only induce
resistance of cariogenic bacteria but also disrupt healthy microbiota, resulting in the
limitation of existing antimicrobial therapies (Perez-Diaz et al., 2015).

Several studies have focused on the inhibition of biofilms and most present agents can
inhibit biofilm-forming bacteria without eradicating the mature biofilm. Due to the short
effect time of inhibitors, they cannot control the biofilm well. Therefore, to some extent,
dispersion and eradication of mature biofilms are very important for biofilm control.
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Most strategies for cariogenic biofilm dispersion are restricted
to a particular approach; however, each approach has advantages
and disadvantages. It is important to reinforce the concept of
In this
we summarize the applications and mechanisms of the strategies

co-administration of different strategies. review,
for dispersion of cariogenic biofilms, including changing the micro-
environment, modulating signaling molecules, and so on. In
addition, we explore a few novel biological and nanovehicle-based
strategies, which have the potential to be combined with traditional

approaches or strengthen the effects of cariogenic biofilm dispersion.

The biofilm lifestyle and
dispersion

The life cycle of cariogenic biofilms has already been studied
thoroughly. The development of biofilms is generally considered to
be a different stage of a cyclic process. During the infection, biofilm
formation is initiated by the aggregation of planktonic cells. In the
biofilm, single bacterial cells are protected against the immune
system and antimicrobial agents (Serra and Hengge, 2014). The
concentration gradient of oxygen, nutrient resources and waste
products become steepening. These stress factors of the different
micro-environment may activate the starvation mechanisms and
accumulation of molecules to induce dispersion (Nguyen et al,
2011). The life cycle of a biofilm is finalized with the cells escaping
via dispersion to new sites for colonization. The biofilm releases the
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bacterial cells and allows them to recolonize at other sites (Koo
et al., 2017). Evacuation of bacteria leave behind voids in the center
of mature biofilm (Rumbaugh and Sauer, 2020). Although self-
disassembly can result in infection and bacteremia (Fleming and
Rumbaugh, 2018), the dispersed bacteria and biofilm with center
voids become much more sensitive to antimicrobial agents.
Therefore, in the final stage of biofilm development, dispersion
provides a great opportunity for us to remove biofilm unaffectedly
(Lin et al., 2022). It is possible to create an environment that is
experienced by bacteria in biofilms during the terminal stages
(such as by mediating extracellular signaling molecules, nutrient
resources, and oxygen) to induce biofilm degradation and diffusion.
Taking advantage of the metabolites or enzymes of microorganisms
would be a gentle and specific approach that would not affect the
development of dysbiosis or the balance of the beneficial oral
microbiome (Pleszczynska et al., 2015). Therefore, biofilm life
cycles can be exploited in effective biofilm dispersion strategies.

Change in biofilm environment
Extracellular matrix-inhibitor

Degradation of the matrix is an effective strategy for the
“physical collapse” of the biofilms (Rainey et al., 2019). As

mentioned before, the extracellular matrix is a shield for the
biofilm residents, which not only provides structural protection
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to encase the community but also gain nutrients for metabolic
utilization. Generally, these matrices comprise extracellular
polymeric substances (EPS), extracellular DNA (eDNA),
proteins, and lipids (Petersen et al., 2005; Jakubovics and
Burgess, 2015).

Extracellular polymeric substance-degrading
enzymes and inhibitor

Extracellular polymeric substances is one of the most
important components in cariogenic biofilm matrices and
includes glucans, and fructans. The polysaccharides in EPS
promote bacterial aggregation and mediate biofilm adhesion
(Lynch et al.,, 2007), which aids in avoiding a collapse of the
biofilm architecture (Liljemark and Bloomquist, 1996). EPS are
synthesized by extracellular enzymes of oral bacteria (Townsend-
Lawman and Bleiweis, 1991; Vacca Smith and Bowen, 2000), such
as glucosyltransferase (Gtf) and fructosyltransferase (Ftf). Gtf and
Ftf transform glucose and fructose to glucan and fructans,
respectively (Munro et al.,, 1991). Some antiplaque agents inhibit
the activity of dental plaques by reducing the production of
extracellular glucans (Koo et al., 2000) and fructans (Steinberg
et al., 2002).

Glucans and fructans comprise primarily a mixture of
different linkages, including a-(1—3), a-(1—6), and p-(1—6)
glucans (Bowen and Koo, 2011), as well as B-(2—6)-linked
fructan (Willcox and Drucker, 1987). As the key fractions of the
matrix, EPS provides sites for the formation of metabolizable
polysaccharides, cell aggregation microbial colonization (Koo
etal., 2010; Xiao and Koo, 2010), and adhesion among different
species (Gregoire et al., 2011). The a-(1—3)-linked glucan is
presented in insoluble glucans with high concentrations and
a-(1—6)-linked glucan is abundant in soluble glucans (Bowen
and Koo, 2011). Glucanohydrolases contain mutanase for
insoluble glucans and dextranase for soluble glucan (Hayacibara
et al., 2004). Mutanases catalyze the hydrolysis of glucosidic
linkages and effectively help fight against Streptococcus mutans
(S. mutans) (Thallinger et al., 2013). These abilities of mutanases
mainly manifest in the degree of saccharification and dissolution
of water-insoluble EPS in S. mutans. Dextranase hydrolyzes
dextran, which is an acceptor molecule to synthesize soluble
glucans (Xiao et al., 2012). Similar effects have been observed
for dispersin B, which hydrolyzes p-(1—6)-glucans (Kaplan
et al., 2004). However, breaking one of the linkages in EPS
monomers is not sufficient to degrade the biofilm completely.
Ren et al. (2019) found that a combination of dextranase and
mutanase can synergistically degrade different glycosyl linkages
in a biofilm more efficiently.

Moreover, several phenols (including eugenol, catechins,
quercetins, and sylvestris) showed similar functions as mutanase
or dextranase. Eugenol inhibits both insoluble and soluble
glucan activities of Streptococcus sobrinus (S. sobrinus)
considerably (Li et al., 2012). Burt et al., reported that eugenol
exhibits significant activity against the biofilm of Candida
albicans (C. albicans) (Burt, 2004). C. albicans is one of the
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major etiological agents in early childhood caries (ECC), which
may enhance the virulence of S. sobrinus and S. mutans as well
(Wan et al,, 2021). Meanwhile, eugenol presents low cytotoxicity
and hemolytic activity. Catechins and quercetins interfere with
both insoluble and soluble glucan activities (Zeng et al., 2019)
by interacting with Gtfin S. mutans (Nakahara et al., 1993). This
anti-Gtf action is also associated with sylvestris, which affects
the quality of glucans formed by inhibiting GtfB activity. Ribeiro
et al. (2019) reported that FLO/SC, PAC/CE, and PRE/SP
extracts remove a significant amount of S. mutans biofilms,
probably because of a decrease in the biomass of glucans
produced by GtfB.

Although enzymes that degrade EPS can be used as moderate
anti-biofilms agents (Otsuka et al., 2015), their applications alone
have not been tested clinically due to their limited antimicrobial
activity (Balakrishnan et al., 2000). Promising antibacterial
activity in plant species has been noted. Piceatannol could be acted
as an inhibitor of gtfC, which shares the same space as acarbose
(Tto et al., 2011). Due to its specificity for the S. mutans Gtf,
piceatannol interacted specifically with the adhesion of S. mutans
biofilms and did not influence cell viability (Nijampatnam et al.,
2018). Similarly, osteopontin exhibited an apparent selectivity
toward Streptococcus mitis SK24 biofilms instead of the planktonic
cells by changing the hydrophobicity of the biofilm surface
(Schlafer et al., 2012).

Extracellular enzymes can successfully weaken the structure
of the biofilms by targeting glucans, fructans, and their different
linkages in EPS. Furthermore, a synergistic approach that
combines antimicrobial agents with EPS matrix-degrading
enzymes can potentially increase the effect of biofilm disruption
and prevent dental caries.

Deoxyribonuclease

In recent years, environmental DNA (eDNA) has attracted
much attention as a component of the matrix of cariogenic
biofilms (Pedraza et al., 2017; Tawakoli et al., 2017). There are
multiple functions of eDNA in biofilm formation, such as
establishing the basis for initial bacterial adhesion and mediating
subsequent attachment (Das et al., 2011). In addition, eDNA
facilitates the transmission of genetic information among oral
biofilms (Roberts and Kreth, 2014). It can also be a source of
nutrients, including phosphate, carbon, and fixed nitrogen for oral
bacteria (Liu et al., 2018b).

Zhang et al. (2020) designed a type of helical peptide, which
could interact with eDNA to induce dispersion of the S. mutans
biofilm. used DNase
eDNA. Endogenous DNase encoded by deoC can significantly

Several studies have to cleave
decrease the biofilm biomass and regulate the dispersion of the
S. mutans biofilm (Liu et al,, 2017). Although DNase barely
decreases the viability of planktonic C. albicans and S. mutans, the
human recombinant DNase I can significantly enhance the
eradication of dual-species biofilm during its initial stages (Guo
etal., 2021). DNase can enhance the susceptibility of antimicrobial

agents and their antibiofilm activities by cleaving eDNA.
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Proteinases and proteins inhibitor

Besides EPS and eDNA, proteins also act as a scaffold to
protect the community. Bacteria produce multiple proteins to
enhance bacterial adhesion. Surface adhesion proteins, including
glucan-binding proteins (GbpA, GbpB, GbpC, and GbpD) and
streptococcal protein antigen P (SpaP), can facilitate sucrose-
dependent attachment of matrix glucans, salivary agglutinin, and
bacteria (Biswas and Biswas, 2005). For instance, Gbp in S. mutans
can mediate the adhesion of S. mutans and promote the functions
(Matsumoto-Nakano, 2018).
Proteinase acting on the Gbp proteins exhibits an anti-Gtf effect,

of the viscoelastic structure

which leads to a reduction in the volume of EPS or even bacterial
biomass. Proteinase K could affect the biofilm infrastructure of
S. mutans and Streptococcus oralis (S. oralis) by removing most of
the extracellular proteins (Karygianni et al., 2020). Flavonoids
have a similar function as proteinase. They not only interact with
extracellular and soluble proteins on the bacterial surface but also
inhibit the activity of Gtfs (Koo et al., 2003).

In sum, endogenous and exogenous nucleases for eDNA and
proteinase for surface adhesion proteins may effectively promote
the dispersion of cariogenic biofilm.

Electrostatic interactions agents

The electrostatic interactions involved in the bonding of the
biofilm matrix could be affected by hydrophilic agents (Venault
etal,, 2014), surfactants (Wang et al., 2021), and metal chelators
(Roman et al., 2014). Such electrostatic interaction agents have
been found to destabilize the biofilm matrix and facilitate biofilm
separation (Xavier et al., 2005). However, there are a relatively
small amount of studies about electrostatic interactions involved
in the bonding of the cariogenic biofilm matrix.

Furthermore, electrostatic interactions exist among anionic
metabolites and anionic components on the bacterial surface.
Postollec et al. (2003) reported that static electricity affects
bacterial adhesion and aggregation via isothermal reaction
calorimetry. For instance, the static electricity of polypyrrole
affects the positively charged cross-bridging. Most surfaces of the
biofilm are negatively charged, and polypyrrole also binds to
negatively charged amino acids. Enhancing electrostatic
interactions may promote the physical removal of bacteria from
the tooth surface by facilitating the biofilm to remain intact and
by inhibiting cell separation from long chains. It has been shown
that aspartic acid® is a part of the active site that controls the
catalytic activity in Gtfs in response to sucrose binding, i.e., the
DSIRVDAVD (residues 446-454) (Mooser et al., 1991). High
concentrations of polypyrrole can absorb Gtf-I and Gtf-SI and
block the action of Gtfs (Kato et al, 1992). Through the
electrostatic interactions with S. mutans, the polypyrrole structure
physically inhibits the formation and colonization of the biofilm.
It can also promote the physical removal of the biofilm from the
tooth surface by enhancing electrostatic adsorption aggregation
(Senpuku et al., 2019).
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Either of
polyethylene glycol (PEG) or pH-activated charge conversion with

synchronous  modification antimicrobial
cationic peptides has recently emerged as effective approaches to
target negatively charged sites (Tian et al., 2020). In this manner,
the micelle structures enhanced penetration and self-regulation
by anchoring to the targeted biofilm.

Such specific electrostatic interaction agents can facilitate
cariogenic biofilm removal by promoting concentrations of

effective constituent and affecting the Gtfs.

Oxygen radicals

During metabolism, endogenous H,0, is produced by natural
bacteria. The neighboring streptococci in oral micro-ecology, such
as Streptococcus gordonii (S. gordonii), Streptococcus sanguis, and
Streptococcus oligofermentans, can impact the pathogenesis of
S. mutans via self-produced H,0, (Kreth et al., 2009). H,0O,
generates free radicals, which not only degrade EPS but also
promote the physical removal of biofilms by oxidative cleavage
(Noyori et al., 2003). Although S. mutans is sensitive to oxidative
stress (Liu et al., 2018b), the inhibitory effect of S. gordonii through
H,O0, is far from adequate (Tanzer et al., 2012).

Exogenous application of H,O, is common in household and
clinical disinfection. It has little toxicity even at concentrations as
high as 10% of effective concentration. The high peroxidase-like
catalytic activity of metals or metal oxides under acidic pH has led
to an increased interest in their biomedical application. Silver
(Metin-Gursoy et al, 2017) and zinc oxide nanoparticles
(Hernandez-Sierra et al., 2008), as well as iron oxide nanozymes
(Cormode et al., 2018), have been reported to have potent
antibiofilm nature. For instance, iron oxide nanozymes in acidic
environments have the similar activity as peroxidase. They
disrupts the constituents of the biofilm matrix and kill S. mutans
(Liuetal., 2018a). Dextran-coated iron oxide nanoparticles (Dex-
NZM) can degrade EPS at an acidic pH (Naha et al., 2019).
Furthermore, the combination of iron oxide nanozymes and
H,0,-generating bacteria improves the overall cleansing effect
(Wang et al,, 2020). Gao et al. (2016) synthesized catalytic
nanoparticles (CAT-NP) to degrade insoluble glucans by the
generation of free radicals from H,0, in pathogenic acidic biofilms.

Photosensitizer (PS) can also activate molecular oxygen
radicals and produce reactive oxygen species (ROS) (Cieplik
et al., 2018). Through an oxidative burst, the PS compounds
cause bacterial death and biofilm dispersion (de Souza et al.,
2020; Martins Antunes de Melo et al., 2021). This method
provides a robust direct ablation without drug resistance (Zhao
et al, 2019a). Methylene blue (MB) caused a significant
reduction in S. mutans biofilms, allowing the prospect of
eliminating bacterial infections in deep carious lesions
(Legenova et al., 2020). Fotoenticine (FTC) is a new derivative
of chlorin e-6, which showed significant photodynamic effects
against cariogenic bacteria, including S. mutans that was isolated
from patients with dental caries (Terra Garcia et al., 2018).
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Due to the high carbohydrate content, the S. mutans biofilms
exhibited greater absorption to PS than fungal cells, which might
be the reason for the susceptibility of S. mutans (Sharma et al.,
2011). Even in a complex polymicrobial biofilm, S. mutans are
more susceptible to FTC-mediated photodynamic therapy
(Garcia et al., 2021).

H,O, and nanoparticles with the peroxidase-like activity
present an ideal antibiofilm strategy by generating free radicals for
the elimination of oral biofilms.

Modulation of signaling pathways

Instead of targeting the biofilm matrix, small molecules have
been used to influence signaling systems by disaggregating
bacteria (Ren et al., 2016; Fleming and Rumbaugh, 2017; Snarr
et al., 2017). Due to its unique patterns of gene expression and
protein production in each developmental stage of biofilms,
bacterial signaling systems can minimize the impact on normal
bacterial flora and prevent dental plaque infectious diseases
(Lamont et al., 2018).

Quorum sensing

Quorum sensing (QS) is a microbial communication response
in the entire cell population and has a significant impact on the
biofilm life cycle (Li and Tian, 2012). QS is a typical microbial
communication mode that enables bacteria to display cooperative
group mechanistic behavior, which controls the expression of
genes to virulence factors, biofilm dispersion, biofilm activity, and
secondary metabolism (Li et al., 2001). Therefore, inhibition of the
QS pathway would be a potential strategy for attenuating
bacterial virulence.

The comCDE system

The comCDE system and the agglutinin-like sequence (Als)
family are important in QS. The comCDE system responds to
environmental signals, such as acid, and mediates pheromone
competence stimulating peptide (CSP) activity (Lemos and Burne,
2008). High concentrations of CSP, which is a QS molecule in
streptococci, may reduce biofilms and elongate the cells (Qi et al.,
2005). Cvitkovitch et al., synthesized an analog of CSP (KBI-
3221), which specifically targeted the QS pathway and decreased
biofilms in various streptococcus biofilm dispersal (Lo Vetri and
Madhyastha, 2010). Carolacton triggered the death of S. mutans
by interfering with the comCDE system, and ComX in a growth-
dependent way (Kunze et al., 2010).

Curcumin could downregulate the expression of the comCDE
system (comC, comD, and comE) (Li et al., 2019) to inhibit QS (Li
et al,, 2018) and alter the EPS production (Falsetta et al., 2014).
Hoyer et al., indicated that the expression of the Als family in
C. albicans, which controls adhesion and aggregation, is
suppressed by curcumin (Hoyer and Cota, 2016).
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The LuxS system

In S. oralis, S. gordonii, and S. mutans, sulfated vizantin (Viz-S)
reduces the expression of luxS and the downstream pathway of
AI-2. With the deletion of the JuxS gene, gtfB and gtfC genes are
upregulated, which markedly reduces biofilm formation (Yoshida
et al, 2005). Activation of the [uxS gene downregulates the
expression of gtfG in S. gordoni (Mcnab et al., 2003). AI-2 was also
found in the inner cellular matrix of S. mutans and S. sobrinus.
AI-2 inhibits the expression of gbpC and dbIB, and induces the
production of dextran-dependent aggregation (DDAG) (Lee
etal., 2015).

Downregulation of the luxS gene alters biofilm structure in
S. oralis and S. gordonii resulting in dispersion (Cuadra-Saenz
etal., 2012).

Others

There has been increased interest in the QS system for the
development of Chinese traditional medicine in recent years.
Zingiber officinale reduces the expression of the entire set of
S. mutans virulent genes and genes related to the biofilm life cycle,
including comDE (for part of the QS cascade), relA (for oxidative
stress and acid tolerance mechanisms) (Liu et al., 2011), brpA (for
biofilm development and maturity), and g¢fC (for the synthesis of
glucans). The repression of these genes, especially their inhibition
through the QS system, would attenuate their internal
communication systems (Hasan et al., 2015). Cannabigerol also
exerted an anti-bacterial effect against S. mutans (Karas et al,
2020; Agawi et al., 2021). Cannabigerol suppressed the expressions
of gbpB (for growth essential), vicR (for cell wall derivation and
biofilm formation) (Lei et al., 2018), brpA (Wen et al., 2018), and
wapA (for cell aggregation and biofilm architecture) (Zhu et al.,
2006), with a concomitant increase in spaA (for binding S. mutans
to tooth surfaces) expression and activity (Yang et al., 2019). Taken
together, the above findings show that affecting the QS pathway
can alter various gene expressions and attenuate the internal
communication system, which may lead to biofilm disruption.

The Gtf gene family

All the QS pathways mentioned above involving the Gtf gene
family. As we mentioned before, Gtfs maintain the integrity of the
biofilm (Klein et al., 2015). The Gtf gene family, which encodes all
Gtfs in S. mutans, directly responds to glucan matrix formation
(Lei et al., 2015) and is regulated by the rnc gene. Increased
expression of the rnc gene down-regulates vicRKX by
posttranscriptional repression, followed by the promotion of the
expression of gifB and gtfC genes (Stipp et al., 2013; Mao et al,,
2016). Therefore, the rnc gene could be responsible for decreasing
the EPS (Mao et al., 2018).

Mao et al. (2021) reported that graphene oxide with Cu
nanocomposites (GOCuNPs) can the antibacterial effects by
decreasing the expression of the rnc gene. The regulatory role of
graphene oxide with Ag nanocomposites has been reported to
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be the same as GOCuNPs. They can alter the QS gene expressions
of S. mutans and the biological process of adherence (Kulshrestha
etal., 2017). GOCuNPs can also regulate the expression of the Cop
family, including CopA (for P1-ATPase copper export), CopY (for
negative DNA-binding repression), and CopZ (for copper
chaperone) (Garcia et al., 2016). Cu is consistent with the effect of
GOCuNPs in transcriptional repression of Gtfs by inhibiting the
expression of the Cop family (Singh et al., 2015).

Besides being regulated by the QS system (Viszwapriya et al.,
2017), WIG-synthesizing Gtf genes promoted caries in
Streptococcus species (Xu et al., 2018). Therefore, Gtf genes family
plays an important role in biofilm dispersion.

Cue sensing

In addition to QS, cue sensing also plays a key role in bacterial
communication. Cue sensing and its signal transmission
eventually lead to the downregulation of the cyclic di-guanosine
monophosphate (c-di-GMP). ¢-di-GMP is an intracellular
secondary messenger for signal transduction. c-di-GMP-based
regulatory systems are involved in diverse aspects of each stage of
biofilm development, including biofilm dispersion (Rumbaugh
and Sauer, 2020).

Peng demonstrated that S. mutans modulates the production
of EPS and biofilm formation by regulating c-di-AMP levels (Peng
etal,, 2016). The gcp gene in S. mutans encodes AAN59731, which
is a conserved hypothetical protein, which acts as a diadenylate
cyclase (Yan et al., 2010). It was reported that downregulation of
cdaA decreases the production of diadenylate cyclase and the
levels of c-di-AMP, resulting in reduced EPS content and increased
sensitivity to H,O, (Cheng et al., 2016). Due to a reduction in
c-di-GMP levels, the expression of matrix-degrading enzymes
increases, resulting in matrix dispersal (Romling et al., 2013;
Srivastava et al., 2013). Therefore, a decrease in the levels of
c-di-GMP induces biofilm dispersion to planktonic mode, while
an increase in intracellular c-di-GMP levels fosters it to a sessile
mode (Hengge, 2009).

YidC family

The deletion of YidC in S. aureus inhibited biofilm formation
and attenuated virulence. In Escherichia coli, YidC mutations
were lethal (Samuelson et al., 2000). Although with phenotypic
differences, mutants of either YidCI or YidC2 still reduce
virulence in S. mutans (Palmer et al., 2012; Crowley and Brady,
2016). Particularly, YidC2 has recently been identified to have
the capability of folding plasminogen-binding protein (PBPs)
and secreting enzymatic activities. Therefore, deletion of YidC2
causes significant alterations not only in cell physiology
properties and division, but also in the EPS matrix assembly and
mechanical stability associated with dental caries (Palmer
et al,, 2019).

Frontiers in Microbiology

140

10.3389/fmicb.2022.981203

Biological regulation of microbial
homeostasis

Bacteriophages

Bacteriophages are viruses that invade bacteria with high strain
specificity and low toxicity (Chan and Abedon, 2015). When
bacteriophages infect bacteria, they induce EPS depolymerization
and lysis, which degrades the biofilm matrix and impairs cell wall
integrity (Azeredo and Sutherland, 2008). After accessing the
biofilm, bacteriophages disrupt key metabolic processes, such as the
QS system, and even affect the regulation of the eDNA release,
which induce bacterial lysis (Rehman et al., 2019). Bacteriophages
are good candidates for genetic engineering. They can co-evolve
with the bacterial host to resist the antibiotic (Khalifa et al., 2016).
Dalmasso et al. (2015) isolated phage, pAPCMO1, successfully.
GAPCMO1 is a S. mutans bacteriophage that inhibits the growth of
S. mutans and efficiently destroys its biofilms. SMHBZS is also a
S. mutans bacteriophage that is isolated from salivary samples and
it has similar antimicrobial properties as pAPCMO1 (Ben-Zaken
et al., 2021). Overall, by invading bacteria, bacteriophages offer a
broad prospect to be used as a novel biotherapy.

Probiotics

Probiotics treat oral infections by developing a symbiotic or
reciprocal relationship with the host (Roberts and Darveau, 2015).
They can prolong the therapeutic efficacy by niche occupation and
prevent recolonization of the pathogenic bacteria. An ecological
approach to caries treatment is to modulate and maintain the
beneficial properties of the indigenous oral microflora.

There are already various commercial mouthwash and lozenges
that are supplemented with probiotic bacteria, such as PerioBalance®,
KForce Breath Guard®, and ProBiora3® (Yao and Fine, 2014).
Streptococcus salivarius (S. salivarius) K12 and Lactobacillus
rhamnosus GG are probiotic formulations for oral health (Caglar
etal, 2005). Aggregation of S. mutans can cover up their surficial
sites, rendering them unavailable for drug binding (di Cologna etal,
2021). Co-aggregation of Lactobacillus paracasei DSMZ16671 and
S. mutans exposes these sites and removes S. mutans without
disruption of other oral commensal species (Lang et al., 2010).
Besides, lactococcus such as Lactococcus lactis produces nisin and
disrupts oral pathogenic biofilms (Radaic et al., 2020). Therefore, by
maintaining a healthy balance, probiotic bacteria and their
metabolite can inhibit the process of biofilm development and
preserve the beneficial properties of the oral microflora.

Dispersion promotion with
nanovehicles

Due to the particularity of tooth anatomical structure,
improper treatment for biofilm removal may expose pulp tissue
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or adjacent soft tissue (Schwendicke et al, 2018). Potent
antibiotics, such as CHX, are significantly cytotoxic with side
effects, including discoloration or nerve damage due to pulp
exposure (Nemezio et al., 2017). Furthermore, bacteria that may
survive in the inner layer or the unintentional removal of tissues
can weaken the tooth structure and even cause toothaches (Orhan
et al,, 2010). However, we can still take advantage of biofilm
infiltration and intramembrane transport of drug delivery
nanotechnology (Zhou et al., 2016). Polymer micelles (Zhao et al.,
2019b), vesicles (Xi et al., 2019), and liposomes (Benoit et al.,
2019) have been proven to have great potential for drug delivery.
These nanocarriers are ideal materials with high surface area and
specific catalytic and magnetic properties for use in nanomedicine
(Ramos et al., 2017). Nanocarriers loaded with antimicrobials
have displayed unique characteristics, including targeted bacterial
enzyme decomposition of micellar carriers (Li et al., 2016) and
enhanced infiltration or accumulation (Landis et al., 2017).

Common nanocarrier

Chitosan is a common nano-carrier, which can interact with
both biofilm bacteria and enamel (Li et al., 2013). Chitosan, as a
bio-adhesive polymer, can improve the adherence of its contents
and interfere with the adhesion of biofilm bacteria (Aliasghari
et al.,, 2016). Covarrubias et al. (2018) demonstrated that Cu
coating inside chitosan (CuChNP) improves the adherence of Cu
to S. mutans and the tooth surface. CuO-chitosan hybrid structure,
silver nanoparticles containing lactose-modified chitosan
(Chitlac-nAg) (Ionescu et al., 2015), poloxamer 407 formulations,
capped lysozyme, and lactoferrin nanoparticles are known to
reduce S. mutans biofilm burden (Tonguc-Altin et al., 2015).
Nanocarriers, such as chitosan, can increase adherence or
aggregation of the active ingredient to improve biofilm dispersion.

Target nanocarriers

One of the most important features of cariogenic biofilm
microenvironments is their acidic nature. Once inside a
biofilm, pH-responsive nanocarriers would expedite the
release of antimicrobials through degradation of their
biodegradable linkages. Zhao et al. (2019b) designed a
pH-responsive detachable PEG shell that infiltrated the oral
biofilms and embedded itself in the interlayer of the
nanoplatforms through dynamic borate linkages. In the weakly
acidic micro-ecological environments (pH 6.5), the linkages
shed their PEG coating. The pH-responsive nanoparticles are
capable of readily binding to EPS and reinforcing its
penetration, which leads to enhanced drug anchorage followed
by “on-site” drug release. Collectively, it can be a feasible
strategy for the treatment of dental caries.

(STAMPs)
ensure targeted delivery to specific species in a mixed-species

Specifically-targeted antimicrobial peptides
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environment. Eckert et al. (2006) designed a STAMP molecule by
combining a species-specific targeting peptide and a non-specific
killing peptide. This STAMP bound specifically to S. mutans and
eliminated it effectively while maintaining a healthy biofilm. It also
showed considerable protective effects with the competitiveness
of healthy normal flora against S. mutans colonization (Li
etal.,, 2010).

Dextranomer (DMs) has a similar targeted delivery function
as STAMPs with different principles. DMs exhibit a specific
affinity for pathogenic oral streptococci, while causing limited
disturbance to healthy biofilms. The affinity between DMs and
oral streptococci may increase depending on the presence of
sucrose. DMs with antimicrobial cargo not only protect healthy
bacteria, but also improve bacterial aggregation of selectively
adhered bacteria (Mashburn-Warren et al., 2017). Targeting a
particular microbial species or a specific kind of pathogen can
help maintain microbial homeostasis, and thus, and better
eliminate pathogens significantly.

Multifunctional nanocarriers

Nanotechnology-based therapeutic modalities provide many
versatile strategies to coordinate biofilm infiltration and bacterial
anchoring functions.

To combine pH-adaptive nanocarriers and positive surface
charge therapy, Benoit et al, developed p(DMAEMA)-b-
p(DMAMEA-co-BMA-co-PAA) nanocarriers, which
outstanding adhesion effect and can target negatively charged

offer

tooth matrix or biofilm components for drug accumulation in
cariogenic biofilms (Horev et al., 2015). Furthermore, most of the
cariogenic S. mutans are characterized by esterase activity, which
degrades the ester-linkage of PAE (Hansel et al., 1998). Under
acidic conditions, PAE is exposed, and can penetrate and
accumulate in the biofilm. It also targets negatively charged
bacterial cell surfaces with its positive charge (Liu et al., 2016).
Combining the function of stealthy penetration with low pH and
electrostatic attraction allows accumulation in biofilms. Therefore,
PEG-PAE micelles significantly increase the efficacy of Triclosan
(Wang et al., 2016). Such properties thwart dental caries by the
enrichment of local drugs. The high drug bioavailability impacts
overall biofilm dispersion, allowing bacterial retention at the
infection site, which is a highly promising strategy for efficient
bacteria killing.

Conclusion

In this review, we summarized the applications and
mechanisms of the strategies for dispersion of cariogenic biofilms.
Most of the studies that we have discussed focus on mono species.
However, the real cariogenic biofilms comprise various acidogenic
and aciduric microorganisms, including S. mutans, S. sobrinus,
Lactobacillus reuteri, and even fungi (Pires et al., 2019). In addition,
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the interaction between pathogenic species and salivary
components can help bacterial species adapt to environmental
stress, while aiding in the bacterial evolution of cariogenic biofilms.
This phenomenon is referred to as horizontal gene transfer (HGT)
(Kim et al,, 2017). HGT is the main means for species to exchange
metabolites and generate resistance (Lobo et al., 2019). Therefore,
it is necessary to expand research on dual-species biofilms and
biofilms with mixed pathogens.

Although much research has addressed bacterial biofilms,
experimental conditions vary from one study to another. The oral
hygiene of patients is also dependent on individual cleaning
habits and orthodontic appliances used. There are novel research
models that mimic the oral environment. To close the knowledge
gap between ideal experimental conditions and the actual oral
environment, more suitable experimental models and in vivo,
mechanistic models are needed. Such research will play an
important role in facilitating practical clinical applications.
Furthermore, such therapeutic strategies can potentially
be extended to other pathological conditions, such as
periodontitis (Natan and Banin, 2017; Sun et al., 2021), and
microbial communities. Useful strategies are by no means limited
to one condition. Further research that aims to improve available
strategies can shift their time, the proportion of medication
applied, and dependence on auxiliary medical equipment, such
as irradiation.

Many Chinese medicine ingredients comprise natural
products that can contribute to overcoming the problem of
chemical agents, including narrow specificity, slow action,
expensive manufacturing, and drug purification for biomedical
applications (Hannig et al., 2010). Focusing on strategies that can
achieve biofilm dispersion to a certain degree can help preserve a
balanced oral microbiome, and thus, can aid in preventing drug-
resistant bacteria. It is worth noting that some of the strategies
should be used together with antimicrobials to maximize biofilm
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Orthopedic device-related infection (ODRI) caused by Staphylococcus
aureus, especially methicillin-resistant S. aureus (MRSA) biofilm may lead to
persist infection and severe inflammatory osteolysis. Previous studies have
demonstrated that both isobavachalcone and curcumin possess antimicrobial
activity, recent studies also reveal their antiosteoporosis, anti-inflammation,
and immunoregulatory effect. Thus, this study aims to investigate whether
the combination of isobavachalcone and curcumin can enhance the anti-S.
aureus biofilm activity of gentamicin and alleviate inflammatory osteolysis in
vivo. EUCAST and a standardized MBEC assay were used to verify the synergy
between isobavachalcone and curcumin with gentamicin against planktonic
S. aureus and its biofilm in vitro, then the antimicrobial and immunoregulatory
effect of cocktail therapy was demonstrated in a femoral ODRI mouse model
in vivo by pCT analysis, histopathology, quantification of bacteria in bone and
myeloid-derived suppressor cell (MDSC) inbone marrow. We tested on standard
MSSA ATCC25923 and MRSA USA300, 5 clinical isolated MSSA, and 2 clinical
isolated MRSA strains and found that gentamicin with curcumin (62.5-250ug/
ml) and gentamicin with isobavachalcone (1.56pug/ml) are synergistic against
planktonic MSSA, while gentamicin (128ug/ml) with curcumin (31.25-62.5,
250-500pg/ml) and gentamicin (64-128ug/ml) with isobavachalcone (1.56-
12.5pg/ml) exhibit synergistic effect against MSSA biofilm. Results of further
study revealed that cocktail of 128ug/ml gentamicin together with 125ug/ml
curcumin +6.25pg/mlisobavachalcone showed promising biofilm eradication
effect with synergy against USA300 biofilm in vitro. Daily intraperitoneal
administration of 20mg/kg/day isobavachalcone, 20mg/kg/day curcumin, and
20mg/kg/day gentamicin, can reduce inflammatory osteolysis and maintain
microarchitecture of trabecular bone during orthopedic device-related MRSA
infection in mice. Cocktail therapy also enhanced reduction of MDSC M1
polarization in peri-implant tissue, suppression of MDSC amplification in bone
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marrow, and Eradication of USA300 biofilm in vivo. Together, these results
suggest that the combination of isobavachalcone and curcumin as adjuvants
administrated together with gentamicin significantly enhances its antimicrobial
effect against S. aureus biofilm, and can also modify topical inflammation in
ODRI and protect bone microstructure in vivo, which may serve as a potential
treatment strategy, especially for S. aureus induced ODRI.

KEYWORDS

biofilm, Staphylococcus aureus, synergy, isobavachalcone, curcumin, orthopedic
device-related infection, inflammatory osteolysis, myeloid-derived suppressor cells

Introduction

Device-related Infection (DRI; Costerton et al.,, 1999) is a
serious complication of orthopedic surgery, which may lead to
severe bacterial osteomyelitis (OM) and inflammatory osteolysis
and the destruction of surrounding soft tissues (Molin and Tolker-
Nielsen, 2003; Arciola et al., 2008). Despite the improvement of
aseptic surgery techniques and the standardized use of
antimicrobial drugs over a considerable period of time, orthopedic
device-related infections still have an incidence of ~2.3%-20%
(depending on the patient’s systemic status and surgical area
conditions, as well as the type of surgery and implant; Ribeiro
et al., 2012; Oikonomidis et al., 2020). The infection incidence
ranges from 1% to 2% in first total joint replacement and 2% to 6%
in revision joints (Rao et al., 2011; Fagotti et al., 2018), while the
incidence of infection after spinal internal fixation fusion ranges
from 0.7% to 11.9% (Schimmel et al., 2010). With the increased
use of orthopedic implants, including various types of joint
prostheses, plates, and screws, the number of implant-related
infections will likely continue to increase. DRI and the resulting
osteomyelitis are usually caused by Staphylococcus aureus
(S. aureus), which, as a Gram-positive (G+) bacterium (Montanaro
et al, 2011), is also the main pathogen causing community-
associated hospital-acquired infections (Jones et al, 2014).
However, with the overuse of antibiotics, methicillin-resistant
S. aureus (MRSA) has gradually increased in the proportion of
clinically isolated S. aureus (Hiramatsu et al., 2002), showing
a>50% prevalence of nosocomial infections in several Asian
countries (Drago et al., 2007).

Bacterial biofilm (BF) is an important mechanism mediating
the antibiotic resistance of MRSA, which is a multilayered three-
dimensional complex structure formed by bacteria as well as
hydrated (EPS) of
polysaccharides, proteins, lipids and extracellular nucleic acids

extracellular ~ polymers composed
(Flemming et al., 2007). The formation of biofilm on the surface
of implants creates a physical barrier that makes it difficult for
antibiotics to enter, while the microenvironment within the
biofilm, such as pH and ion concentration, is significantly altered,
thus reducing the effectiveness of antibiotics. Strategies to cope

with biofilm-induced resistance include developing novel
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antibiotics, increasing antibiotics dosing, and the combination of
multiple antibiotics or small molecules. However, the speed of new
antibiotic development is limited, and high concentrations of
antibiotics or multiple antibiotic combinations may lead to liver
and kidney damage(Lebeaux et al., 2014; Huang et al., 2020);
therefore, screening small molecules to be used in combination
with existing antibiotics to enhance their efficacy is a very
economical and practical strategy.

Previous studies have shown that many molecules from
widely used herbal medicines have antibacterial effect. Curcumin
(CRM), a natural polyphenolic substance, was first isolated and
identified in the rhizome of the turmeric, and also as one of the
components in the patent Chinese traditional medicine
compound Xian-ling-gu-bao (XLGB), which was approved by
Chinas CFDA in the treatment of osteoporosis, aseptic
osteolysis, fracture, and osteoarthritis. Several studies have
shown that CRM has potential antioxidant, anti-inflammatory,
antibacterial and antitumor effects (Daniel et al, 2004;
Moghadamtousi et al., 2014; Bimonte et al., 2016; Kunnumakkara
etal., 2017). In terms of antibacterial activity, curcumin increases
the bidirectional permeability of the cell membrane of S. aureus
(Tyagi et al., 2015) and its antimicrobial activity may act by
disrupting cell membrane (Mun et al,, 2014; Teow et al., 2016),
while other studies have shown enhanced membrane penetration
and membrane depolarization by its improved molecules (Prince
et al., 2019). Isobavachalcone (ISB) is a pentenyl chalcone
isolated from plants of the Fabaceae, Umbelliferae, Moraceae,
Schisandrae, and Bee families, which is also a component of
XLGB. ISB is active against Gram-positive bacteria, mainly
methicillin-sensitive  Staphylococcus aureus (MSSA) and
methicillin-resistant Staphylococcus aureus (MRSA). It’s reported
that ISB inhibited more than 50% of MSSA and MRSA biofilm
formation at 0.78 pg/ml, while cytotoxicity assays showed that it
did not influence cell viability (Wang X. et al., 2021). Curcumin
was widely used for decade and served as a FDA-approved
compounded drug additives for oral administration, and for
injection in some circumstances, and they both have
antimicrobial effects alone. Thus, whether they have synergistic
effects in combination with conventional antibiotics that increase
their antimicrobial effects is worthy of in-depth study.
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In addition, it has been reported that following orthopedic
device-related infection, S. aureus biofilm could induce
polarization of macrophages in the surrounding bone marrow
lumen toward pro-inflammation M1 macrophages. M1-type
macrophages are associated with an excessive and sustained
activation of the inflammatory response, which may lead to
inflammatory-related bone resorption and consequent implant
loosening. Interestingly, it has been shown that curcumin could
inhibit M1-type macrophage polarization to prevent osteocyte
apoptosis in a glucocorticoid-related femoral head necrosis mouse
model (Jin et al., 2020). Another study showed that curcumin
could maintain the MO0-like phenotype of macrophage under the
influence of PE particles and inhibit macrophage-involved
osteolysis and inflammation via promoting cholesterol efflux(Liu
etal, 2019). Besides, Isobavachalcone could prevent osteoporosis
by inhibiting M1 polarization of macrophages (Wang X. et al,
2021). Therefore, curcumin and Isobavachalcone may prevent
inflammatory bone resorption associated with S. aureus infection
by modulating the macrophage phenotype.

In summary, curcumin and Isobavachalcone have both anti-
bacterial and anti-inflammatory effects; however, it remains
unclear whether they have synergistic effects with conventional
antibiotics and whether their combination exerts stronger effects
on preventing inflammatory bone resorption in orthopedic
device-related infection. In order to address the above questions,
this study would first verify the synergistic effects of curcumin and
Isobavachalcone separately or simultaneously with conventional
antibiotics through in vitro Staphylococcus aureus biofilm model,
and then confirm the anti-infective and anti-inflammatory effect
in vivo through an MRSA-induced mouse femoral implant

infection model.

Materials and methods
Microbiology

Bacterial strains and reagents

Methicillin-susceptible S. aureus (MSSA) ATCC 25923 and
Methicillin-resistant S. aureus (MRSA) ATCC 700699 (USA300)
were purchased from China General Microbiological Culture
Collection Center (CGMCC), China. Clinical isolated strain
S. aureus JAR was provided by AO Research Institute Davos,
Switzerland. Clinical isolated strains S. aureus MSSA 2222, MSSA
2557, MSSA 2039, MSSA 2031, MRSA 2435, and MRSA 2027
from various patients with ODRI were provided by The First
Affiliated Hospital of Jinan University, China. Gentamicin sulfate
(HY-A0276), Daptomycin (HY-B0108), Rifampicin (HY-B0272),

and Levofloxacin (HY-B0330) were purchased from
MedChemExpress, China. Curcumin (HY-N0005) and
isobavachalcone  (HY-13065) were purchased from

MedChemExpress, China. All reagents were prepared as stock
solutions according to manufacturer’s instructions and stored
at —20°C.
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Bacteria suspensions and biofilm cultural
conditions

Isolated colonies of S. aureus strains on TSA agar plate were
picked to inoculate a flask containing 40 ml of Tryptone Soya
Broth (TSB, 1268857, OXOID) and incubated on a shaker at
100 rpm at 36+ 1°C overnight to obtain bacteria suspension. The
overnight culture was used for the inoculum on MBEC™ Biofilm
Inoculator (16120015, Innovotech, Canada) according to
manufacturer instructions to generate biofilm. Bacteria
suspensions were centrifuged and washed with PBS twice, then
resuspended in PBS, and sonicated for 3min. The bacterial
suspension was adjusted to an ODgg,,, range between 1.1 and 1.2
(~4-5%10° per ml). Vortexed again, diluted 22 pl of the bacteria
solution with 22ml TSB (with 1% human plasma, P9523, Sigma,
China) in the trough base to reach a 1,000x dilution (~4-5 x 10
per ml). Then, the peg lid was placed on the trough base. The
inoculator was placed on a rocking table set to 5 rocks/min at
36+ 1°C for 24 h. The plates’ orientation was changed for 90° every
12h. Medium for each plate was refreshed every day. For biofilms
used for laser scanning confocal microscopy imaging, 24-well cell
slides were used instead of MBEC inoculators, and the rest of the
culture conditions remain the same.

MIC and MBC against Staphylococcus aureus
The minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of isobavachalcone, curcumin,
and antibiotics and their combinations were determined by
EUCAST guidelines with modifications for a broth microdilution
checkerboard procedure (Kahlmeter et al., 2006; Cusack et al.,
2019). The combinations of XLGB molecules and antibiotics on a
checkerboard with two-fold dilutions.
Checkerboard challenge plates were established using 96-well

two-dimensional

microtiter plates. The final concentrations of ISB (0.20-12.50 pg/
ml) and CRM (0.24-2,000 pg/ml) were chosen according to
literature (Yin et al., 2004; Tajbakhsh et al., 2008; Dzoyem et al.,
2013; Mun et al., 2013; Sasidharan et al., 2014; Cui et al., 2015;
Teow and Alj, 2015; Gunes et al., 2016; Sandikci et al., 2016; Wang
et al, 2016; Faegheh et al., 2018), and the antibiotics tested were
chosen according to EUCAST database.

Bacteria inoculum adjusted to OD between 1.1 and 1.2
(4-5x10%ml) were prepared as aforementioned. Adjust the
density of the bacteria suspension to 1-1.25x107/ml. 5pl of
1-1.25x 107/ml bacteria suspension was inoculated to each well
containing 200 pl TSB to reach an approximate density of 5x 10°/
ml except for sterile control. ODyy,n before incubation were
measured, all microtiter plates are incubated at 36.5+ 1°C for 24h
in an incubator with constant humidity, then microtiter plates
were measured at ODggonr, again, ratio of ODgnr readings after
incubation, and the ones before incubation need to be calculated.
In this study, not all solutions were clear and transparent, therefore
MIC was defined by MICy, (inhibits 90% of growth). The MIC of
antibiotics, ISB, and CRM alone are determined as MIC,,biotics
MICsp, and MICcyy, respectively. The MICs of antibiotics, ISB,
and CRM in each combination are also determined as
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MIC, ibiotic-combination, MICgs-combination, and MICcgy-
combination, respectively. After MIC was determined, 20 pl of
liquid in each well was transferred from microtiter plates to single-
well MHA plates by using a 96 solid Pin MULTI-BLOT™
Replicator (V.P. Scientific Inc., United States, VP 405). Colonies on
single-well MHA plates were photographed and checked after
incubated at 36.5+ 1°C for 24 h. MBC was defined as the lowest
concentration of eradicating bacteria, leading to no colony
formation. The MBCs of ISB, CRM, and antibiotics alone are
determined as MBCiso, MBCcryp, and MBC,ibioic Tespectively.
The MBCs of ISB, CRM, and antibiotics in each combination are
also determined as MBC,g;-combination, MBCpy-combination,
and MBC,ipiei.-combination, respectively. All modified EUCASTS
were repeated at least three times.

MBEC assay against Staphylococcus aureus
biofilm

The minimum biofilm eradication concentration (MBEC) is
determined by MBEC™ Assay as per the manufacturer’s
instruction with optimized protocol. Checkerboard technique
similar to the EUCAST was used to prepare antibiotic challenge
plates for MBEC, including a two-fold concentrations gradient
both with antibiotics ISB, and CRM according to the results of
EUCAST. Inoculum preparation biofilm cultural conditions were
described aforementioned. Transfer the MBEC Assay inoculator
lid with homogeneous 24h biofilm to the challenge plate and
incubate at 36.5+ 1°C for 24 h. Rinse biofilms with 96-well plates
with 250 pl/well for ~10s. Detached pegs with sterilized pliers into
individual sterile glass vials with 10 ml of D/E broth, vortex for 10s
and sonicate for 15min to remove the biofilm from the pegs.
Vortex the D/E broth again for 3 s before pipetting 200 pl per well
into a new 96-well microtiter plate according to the challenge plate
layout. All vials with D/E broth will be stored at 4°C in case for
further culture. Use a sterile 96 solid Pin Replicator to transfer
20 pl D/E broth in each well onto a single well TSA plate. Check
the colony formation on TSA plates after being incubated at
36.5+1°C for 24h, the desired group of D/E broth with biofilm
will be further conducted bacterial cell counts by using a serial
dilution plating method. MBEC is defined as the minimum
concentration of antimicrobial that eradicates the biofilm. All
biofilm experiments were repeated at least three times.

Interpretation of EUCAST and MBEC assay
results

For the calculation of the Fractional inhibition concentration
index (FICI) and Fractional bactericidal concentration index (FBCI),
The FICI and FBCI were calculated as follows: FICI=
MIC,-combined/MIC, + MICg-combined/MICy; FBCI=MBC,-
combined/ MBC, + MBCg-combined/MBCg, A and B stand for
different antibacterial molecules. The FICI and FBCI data were
interpreted the following way: FICI < 0.5 =synergy, FICI>0.5-4=no
interaction, and FICI>4.0 =antagonism (Odds, 2003).

After the residual biofilm was quantified, the synergistic effect
could not be further calculated based on its MBEC if multiple
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drug combinations failed to completely remove the biofilm. The
commonly used Coefficient of drug interaction (CDI) was
introduced to evaluate synergy according to previous studies
(Tallarida, 2011; Song et al., 2020), and the calculation is as
follows: CDI=AB/(A xB). Based on the residual CFU per peg of
each group, AB is the ratio of the combination group to the control
group. A or B is the ratio of the stand-alone antibiotics or ISB/
CRM group to the control group. Thus, CDI<1, =1, or >1 indicate
drug synergy, superposition or antagonism, respectively, where
CDI<0.7 indicates significant synergy.

Fluorescence and confocal imaging of biofilms

MRSA USA300 biofilms were cultured and challenge as
cultural conditions detailed previously on sterile cell slides. For
live and dead staining, an aliquot (2ml) of MHB diluted overnight
culture was used to incubate the biofilm on cell slides in 12-well
plates for 24 h. The 24 h culture biofilm was removed and washed
with PBS. Controls were treated with 128 pug/ml of GEN
(MBEC90) only, and 128 pg/ml of GEN combined with 125 pm/
ml CRM, 6.25 pm/ml ISB, and 125 pm/ml CRM +6.25 pm/ml ISB,
respectively, for 24 h. Then biofilms were washed with PBS with
cautions three times and stained with LIVE/DEAD™ BacLight™
Bacterial Viability Kit (L7012, Invitrogen, United States) according
to the manufacturer’s instructions in constant with previous
literature (Tawakoli et al., 2013), and the biofilm samples were
then imaged by confocal laser scanning microscopy system
(CLSM TCS XP8, Leica, Germany).

Scanning electron microscopy of biofilm

The 24-h MRSA USA300 biofilm challenged with
antimicrobial combination on the cell slides for 24 h was rinsed 3
times with PBS. Then fixed with 3% glutaraldehyde for 5h at 4°C,
and then gently rinsed with saline 3 times for 15min each. The
12-well cell slides were dehydrated twice for 5min with each
gradient of 30%, 50%, 70%, 90%, 95%, and 100% ethanol,
respectively. Ethanol was replaced with isoamyl acetate 2 times for
5min each. The samples were dried using a critical point drier
(HCP-2, Hitachi, Japan). The samples were plated on a copper
table with an automatic gold plating apparatus, and the bacterial
morphology was observed by an SEM (Regulus 8100,
Hitachi, Japan).

In vivo study of antimicrobial and
anti-inflammatory effect

Animal model and cocktail treatment

Animal experiments were carried out in accordance with the
principles and guidelines of the Animal Ethics Committee of the
Guangzhou Huateng Education Incorporation and was
acknowledged by the First Affiliated Hospital of Sun Yet-sen
University. 48 eight-week-old male C57BL/6] mice (wild type)
used in this experiment were purchased from the Experimental
Animal Center of the First Hospital of Sun Yat-sen University
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(Guangzhou, China) and weighed ~22.05+1.87g. All animals
were housed in individual ventilated cages under controlled
conditions (temperature 22°C-24°C, relative humidity 40%-70%),
with free access to food and water and 12-h circadian rhythm.

Animals were randomized and divided into 4 equal groups
according to post-surgery treatments, including a control group
(MRSA-infected + 20 mg/kg/day Gentamicin) and 3 different
treatment groups (n=12 per group), including: (A) MRSA-
infected + 20 mg/kg/day =~ Gentamicin (GEN)+20mg/kg/day
Curcumin  (CRM); (B) MRSA-infected +20 mg/kg/day
GEN +20mg/kg/day Isobavachalcone (ISB); (D) MRSA-
infected + 20 mg/kg/day GEN + 20 mg/kg/day CRM + 20 mg/kg/
day ISB (Figure 1A). According to in vitro results, USA300 was
used as pathogen in mouse model, which is one of the most
clinically-related MRSA strains in biofilm research, especially in
ODRI (Lauderdale et al., 2010). As the pharmacokinetics of ISB
and CRM in bone and bone marrow tissue is not clear, no previous
report reveals the local drug concentrations in bone tissue and
bone marrow after subcutaneous administration. The dosage of
ISB (Wang X. et al,, 2021) and CRM (Wang et al., 2016; Liu et al.,
2019) in mouse model were chosen according to previous
literature in order to achieve either anti-bacterial, anti-
inflammatory, or anti-osteoporosis, respectively. The Dosage of
gentamicin in the animal experiment was chosen according to
previous in vivo study (Espersen et al., 1994), and is much lower
than that can induce acute kidney injury (Huang et al., 2020).

The distal femoral implant was inserted using a trans-knee
approach established in intramedullary nailing mice model (as in
Figure 1B) and widely used in the ODRI mouse model (Bernthal
et al., 2010; Lovati et al., 2013). Animals were fasted with free
access to water for 8h prior to surgery. Animals were anesthetized
under pentobarbital sodium (80 mg/kg, i.p.). After disinfection
with 75% alcohol and povidone iodine, a medial parapatellar
arthrotomy was used to approach the intercondylar notch, and a
25 gauge syringe needle (@ 0.5mm) was used as drill to
breakthrough subchondral bone, a 27 gauge insulin syringe needle
was carefully inserted into for 3-4 mm without expansion to open
a retrograde corridor into the femoral medullary canal. When
there is no continuous bleeding, switch to a Hamilton
microinjector with a 30G needle (25pl) to slowly inject 5pl of
MRSA USA300 suspension (1-2x10°CFU/ml, prepared as
aforementioned) into the medullary canal to achieve a total
bacterial inoculum of 0.5-1x 10* CFU per animal. A customized
@ 0.6mm, 7-8 mm long Kirschner needle was then implanted
retrogradely into the femoral medullary canal through the
corridor with 1 mm protruded into the joint space. The patella was
then repositioned and incision was closed layer by layer with 4-0
synthetic sutures.

Animals were housed in original environment after awakening
from anesthesia. One day after surgery and MRSA USA300
inoculation, antibiotics and ISB, CRM, or their combination were
intraperitoneally administrated for 4 weeks according to the study
design, followed by a daily subcutaneous administration of
Meloxicam for 5days post-surgery. All animals were monitored
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daily for general status and welfare, and checked weekly to record
data on body weight, signs of wound healing, swelling, infection,
pain, and suffering. After 4 weeks, the mice were euthanized to
perform further investigations.

MDSCs in blood analysis

To determine the MDSCs population in the peripheral blood
of mice, 1 ml of peripheral blood samples were collected using
cardiac puncture from 6 animals per group at the end of animal
experiment for flow cytometry analysis. After lysis of erythrocytes
using erythrocyte lysis solution, the remaining leukocytes were
resuspended in PBS containing 2% FBS and then incubated for
30min at 4°C with rat anti-mouse CD11b-FITC (ab24874,
Abcam, United States) and rat anti-mouse Gr-1-PE (12-9668-82,
Thermo Fisher, United States) at the manufacturer’s recommended
concentration. MDSCs in mouse peripheral blood was analyzed
by co-staining with rat anti-mouse CD11b-FITC (ab24874,
Abcam, United States), Gr-1-PE (12-9668-82, Thermo Fisher,
United States). BD FACSCantolI flow cytometry data were further
analyzed using FACSDiva software (BD Biosciences). The number
of cells analyzed per sample was ~10,000. Analysis was performed
using FlowJo software (Tree Star, United States).

pCT analysis

Distal femur specimens were collected and fixed in 4%
paraformaldehyde. The bone microarchitectures surrounding
implant of the distal femurs were analyzed by a desktop nCT
SkyScan1276 (Bruker Micro CT, Belgium). In the present study,
PCT scanner was operated at 85kV and 200 pA, with a scaled
image pixel size of 10.0 pm, 1 mm Al filter was used for optimal
image contrast, and spiral scanning was used to reduce metal
artifacts. Images were reconstructed and processed with Software
Nrecon (Bruker micro-CT, Belgium). Software CTAn (Bruker
micro-CT, Belgium) was used to perform bone morphometry
analysis. Trabecular bone was separated from cortical bone by
free-drawing region of interest (ROI), and metallic implant in the
distal femur was ruled out by setting bony binary selection
threshold as 75-150. Volume of interest (VOI, 2mm proximal to
the distal metaphyseal line) was chosen within 200 continuous
slices. We performed bone morphologic measurements in CTAn
and obtained corresponding parameters, including trabecular
bone volume fraction (BV/TV; %), trabecular thickness (Tb.Th;
mm), trabecular number (Tb.N; mm™), bone surface density (BS/
TV; mm™), trabecular separation (Tb.Sp; mm), and bone mineral
density (BMD; mg/cm®). Then, the 3D models of VOI were
reconstructed with CTAn and then visualized in CT Vol (Bruker
micro-CT, Belgium). The operators conducting the pCT analysis
were blinded to the treatments associated with samples.

Histological assessment and
immunofluorescence staining

After pCT scanning, 6 femur specimens per group were fixed
in 4% paraformaldehyde for at least 48 h, and washed three times
with PBS buffer. Samples were decalcified in 10% EDTA (E1171,
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FIGURE 1

Orthopedic implant-related infection animal model of cocktail of isobavachalcone and curcumin with gentamycin against MRSA. (A) In vivo study
design. (B) Surgical procedures of distal femoral implant-related infection mouse model. 1-5 refer to: (1) Distal femoral implant using a trans-knee
approach, after incise internally alongside patella and externally dislocating patella to expose the distal femoral articular surface, and the entry
point, intercondylar notch, was shown by the yellow arrow. (2) 25-gauge needle was used to open a corridor into the femoral medullary canal. (3)
The customized 0.6mm diameter needle was implanted after the inoculation of 5ul MRSA USA300 inoculum suspension. (4) The caudal end of the
implant was left about 1mm outside the femur after implantation. (5) The representative X-ray image of implant well positioned in the medullary
canal and distal femur. (C) Body weight of animals throughout in vivo experiment. (D) Representative appearance of distal femurs of mice 28days
after intraperitoneal administration of different groups of antimicrobials combinations, gentamicin served as control. |.P., intraperitoneal injection;

GEN, Gentamycin; ISB, Isobavachalcone; CRM, Curcumin.

Solarbio, China) on a shaker at 4°C, the solution was changed
every 3 days for 21 days. The specimens were then washed 3 times
with PBS buffer and subjected to dehydrated, paraffin-embedded,
and sectioned 4 pm slides. HE staining was performed in order to
analyze the inflammation and general changes of bone
microstructure at histological and cytological levels.
Immunofluorescence staining was applied to analyze MDSCs
polarization to M1 according to standard protocols. The sections
were incubated at 4°C overnight with primary antibodies rabbit
anti-mouse CD11b (ab184308, 1:500, Abcam, United States) and
rabbit anti-mouse CXCL10 (10H11L3, 1:500, Thermo Fisher,
United States) for multiplex, respectively; the corresponding
secondary antibodies were added onto the sections for 1h. For
immunofluorescence, slides were counterstained with DAPI. The
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slide images were observed and captured by Eclipse Ti-SR
microscope (Nikon, Japan). Image] was used for the quantitative
analysis if necessary.

Quantification of bacteria in bone

Surgical dissection of femur for bacteria counting was
performed under sterile conditions at 4°C. Femur specimens were
weighed and cut into small pieces under aseptic conditions using
small Petri dishes, then pulverized using a tissue grinder (DHS
TL2010S, China). Tissue samples were resuspended with D/E
neutralizing broth and then sonicated for 15 min along with the
implanted Kirschner pins to detach residual bacterial biofilm from
both bone tissue and implant. The sonicated suspension was
immediately inoculated onto TSA agar plates by gradient dilution
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and incubated at 37°C for 24h. Colony counting was performed
to quantify the amount of bacteria per unit mass of femur
(CFU/mg).

Statistical analysis

Statistical analysis was performed by using the GraphPad
Prism 6 (GraphPad Software, CA, United States). All data were
presented as mean+SD. All error bars in figures represent SD
Group comparison was made by using unpaired, two-tailed
Student’s ¢-test. For all statistical analyses, *p <0.05 was considered
to be significant.

Results

Synergy of ISB or CRM with antibiotics
against planktonic Staphylococcus
aureus

Prior to biofilm challenge assays, it is critical to verify the
interactions between ISB or CRM and antimicrobials against
planktonic S. aureus. Daptomycin (DAP), rifampicin (RIF),
gentamicin (GEN), and levofloxacin (LEV) were chosen as
antimicrobials according to our preliminary biofilm challenge
data on the in vitro 24h model, and experimental concentrations
their MICs and MBCs
(Supplementary data). The fractional inhibition concentration
index (FICI), as described in the methodology, reflects the
combined inhibitory effect of the two antimicrobial substances.
The FICIs of Isobavachalcone (ISB) or Curcumin (CRM) with
four antibiotics were calculated (Figure 2A), and the results

were chosen according to

implied that in all combinations with four antibiotics the MICs
were acquired within the experimental concentration range. There
is synergy (FICI<0.5) in combinations of GEN with ISB (0.39,
1.56 pg/ml), GEN with CRM (15.6-500 pg/ml) against six MSSAs.
For MRSAs, all combinations with antibiotics also had the MIC
cut-off values, and synergy existed only in the combinations of
DAP with ISB (0.2-1.56 pg/ml) and DAP with CRM (3.9, 7.8 pg/
ml); ISB and CRM were synergistic only in the combination of
GEN with CRM (15.6-62.5pug/ml). In the case of a well-
investigated clinical isolated MSSA strain S. aureus JAR
(Campoccia et al., 2008; Figure 2C), the combinations with
synergy are GEN with CRM (15.6, 32-128 pg/ml), GEN and ISB
(1.56 pg/ml).

The fractional bactericidal concentration index (FBCI) reflects
the combined bactericidal effect of the two antimicrobial
substances. The FBCIs of ISB or CRM with antibiotics were also
calculated (Figure 2B), which showed that the combinations with
all four antibiotics, except RIF could acquire MBCs for all MSSAs
tested within the experimental concentration range. The
combination of GEN with CRM (0.98-3.9, 7.98-500 pg/ml) are
synergistic (FBCI<0.5). The absence of bactericidal effect of
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RIF-containing combinations against all MSSA and MRSA may
be due to the low concentration range (0.001-0.5 pg/ml) of RIE,
which is concentration-dependent (Hirai et al., 2016) and required
a higher concentration (>0.5 pg/ml for MSSA and >128 pg/ml for
MRSA). For MRSAs, all combinations with DAP acquire MBC
cut-off values and there is synergy in the combinations of DAP
with ISB (0.39-1.56 pg/ml) and DAP with CRM (3.9, 7.8 pg/ml).
GEN-containing combinations with ISB and CRM against MRSAs
reach the MBC cut-off values, and the combination of GEN with
CRM (62.5-250 pg/ml) is synergistic. The low concentration of
GEN (0.16-8 ug/ml) tested may be the reason for the absence of
bactericidal effect on three MRSA strains (Atashbeyk et al., 2014).
Neither the combination of RIF nor LEV eradicate three MRSA
strains, in addition to the low concentration of RIF as previously
explained, concentrations of LEV in this study (0.079-4 pg/ml) is
lower than MBC (8-20 jig/ml) against MRSA (Drago et al., 2001;
John et al., 2009). In the case of S. aureus JAR strain (Figure 2D),
the only combination with significant synergy is GEN with CRM
(7.8-500 pg/ml). In summary, FICIs and FBCIs indicate the
combination of GEN with ISB or CRM is worthy of
further investigation.

Synergy of ISB or CRM with antibiotics
against MSSA biofilm

To further analyze the synergistic efficacy of ISB/CRM and
antibiotics against S. aureus biofilms, the MBEC™ Assay was
performed to quantify the surviving bacteria on MSSA JAR
biofilms challenged by the combinations of GEN with CRM or
ISB. Viable bacteria in biofilms were quantified after challenge
(Figure 3A), and it shows that for all tested concentrations of ISB
and CRM, the number of bacteria on biofilm decreased with
increasing antibiotics concentration, where the MBEC for
gentamicin (GEN) is >1,024 ug/ml, which is consistent with
previous study (Kaneko et al., 2020). ISB and CRM alone cannot
eradicate biofilm without GEN. As the concentration of CRM and
ISB increased, the number of viable bacteria of MSSA JAR biofilm
show a decreasing trend (Figure 3A) at identical GEN
concentration. Although the mean value of CFU/per failed to
decrease to zero, higher ISB/CRM concentration significantly
enhance anti-biofilm efficacy of GEN and a lower MBEC of GEN
than normal (>1,024 pg/ml) can be observed on some samples,
where biofilm was entirely eliminated. Thus GEN + CRM and
GEN +ISB may have a synergistic eradication against MSSA
JAR biofilm.

In present study, all combinations have no MBEC cut-off
value, in order to further analyze the synergistic effect of those
combinations aforementioned, the combinations with synergy
on S. aureus biofilm were identified by Coefficient of Drug
Interaction (CDI), commonly used in other pharmacodynamic
fields, was introduced as a parameter as described in methods.
The results revealed that GEN with CRM or ISB were
synergistic (Figure 3B), and with significant synergy
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FIGURE 2

Interaction of Isobavachalcone and Curcumin with Antibiotics on MSSA and MRSA strains. (A,B) Heatmaps of fractional inhibitory concentration
index (FICI) and fractional bactericidal concentration index (FBCI) of combination of gentamycin with isobavachalcone or curcumin, darker orange
color indicates interaction is superimposed or synergistic. (C,D) FICI and FBCI of Isobavachalcone and Curcumin with antibiotics against
Staphylococcus aureus JAR strain, respectively. FICI<0.5 represents synergy, FICI>0.5-4 represents no synergistic interaction, and FICI>4.0
represents antagonism. FICI: fractional inhibition concentration index; FBCI: fractional bactericidal concentration index; DAP: Daptomycin with
50pg/ml Ca2+; RIF: Rifampicin; GEN: Gentamycin; LEV: Levofloxacin; ISB: Isobavachalcone; CRM: Curcumin; MSSA: Methicillin-susceptible
Staphylococcus aureus; MRSA: Methicillin-resistant Staphylococcus aureus.
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(CDI<0.7) at specific concentrations, namely GEN (128 pg/
ml) + CRM (31.25, 62.5, 250, 500 pg/ml), GEN (64,128 ng/
ml) +ISB (1.56, 3.13, 6.25, 12.5 ug/ml; Figure 3B). Further
analysis of synergistic combinations suggests that in the
combination of GEN +1ISB, with GEN at 64 and 128 pg/ml,
when ISB rises above 6.25 pg/ml, the number of bacteria on
biofilm reduced significantly by log-2 to log-3 compared to
control (Figure 3C). In the combination of GEN + CRM, the
reduction of bacteria in biofilm by CRM alone was also not
statistically significant. Whereas to GEN at 128 and 1,024 pg/
ml, with CRM concentration increased (>250pg/ml with
128 pg/ml of GEN, >500 pg/ml with 1,024 pg/ml of GEN),
bacteria on biofilm could be significantly reduced up to log-2-
log-4 compared to control. There is also a significant reduction
in colony counts between GEN at 0, 128, and 1,024 pg/ml with
high concentrations of CRM (Figure 3C). Overall, MBEC
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assays indicate the combination of ISB or CRM is efficient in
enhancing the susceptibility of MSSA to Gentamicin.

Synergy of cocktail of ISB, CRM with
gentamicin against MRSA biofilm

In order to first analyze the synergistic efficacy of ISB with
CRM against planktonic S. aureus, the EUCAST checkerboard
assay was conducted with presence of Gentamicin range from
sub-MIC against MSSA (0.25 pg/ml) to sub-MIC against MRSA
(8 pg/ml) for FICI analysis, and from sub-MBC against MSSA
(0.5pg/ml) to sub-MBC against MRSA (16 pg/ml) for FBCI
analysis. The FICI analysis shows that synergistic inhibitory effect
exists between combinations of 6.25 pg/ml ISB with 31.25-500 pg/
ml CRM against various MSSA strains, and with 31.25-62.5 ug/
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FIGURE 3
Interaction of isobavachalcone and curcumin with Gentamycin against Staphylococcus aureus JAR biofilm. (A) Residual S. aureus JAR on Biofilm
challenged by combination of Gentamycin with Isobavachalcone or Curcumin. (B) Coefficient of Drug Interaction (CDI) of the combination of
Gentamycin with isobavachalcone or curcumin. (C) Synergistic Combination of isobavachalcone with Gentamycin, and Curcumin with Gentamycin.
CDI<1, =1 or >1 indicate synergy, superposition or antagonism, respectively, CDI<0.7 indicates significant synergism. Data were presented as mean+SD.
* represents p<0.05, ** represents p<0.01, *** represents p<0.001, **** represents p<0.001, when compared to ISB/CRM with the same Gentamycin
concentration, ns represents no significance. GEN, Gentamycin; ISB, Isobavachalcone; CRM, Curcumin; CDI, Coefficient of Drug Interaction.

ml CRM against MRSA strains with 64 or 128 pg/ml Gentamicin
presence (Figure 4A). The FBICs also show similar synergy
pattern as FICI, and synergy exists between combinations of
6.25 pg/ml ISB with 31.25-125 pg/ml CRM against various MSSA
strains, and with 62.5-250 ug/ml CRM against MRSA strains
(Figure 4B). Not all synergistic combinations are with the same
concentration range of CRM, which is bacteria strain-dependent
against MSSAs; however, the synergistic concentration range for
CRM is relatively more consistent for different MRSAs. As the
typical clinical isolated prolific biofilm former MSSA JAR strain
(Campoccia et al., 2008), synergistic combinations are 6.25 pg/ml
ISB with 31.5-125pg/ml CRM with presence of Gentamicin.
Another standard prolific biofilm former MRSA USA300
(Vanhommerig et al., 2014), 6.25 pg/ml ISB with 31.5-62.5 pg/ml
CRM exhibits synergistic inhibition with gentamicin, while
bactericidal synergy requires 6.25 pg/ml ISB with 62.5-250 pg/ml
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CRM with presence of Gentamicin (Figures 4C,D). Notably, In the
present study, combinations of ISB and CRM with other
concentrations of Gentamicin did not show synergy both in
inhibition and bactericidal effect (data not showed), which may
be related to the insufficient antibacterial potency of lower
concentrations (<sub-MIC/sub-MBC) of gentamicin (data not
showed), while in this study higher concentrations of gentamicin
(>MIC/MBC) had independent antibacterial effects against
planktonic S. aureus, and the synergistic effects of ISB and CRM
were difficult to manifest, therefore, combinations with gentamicin
higher than MIC and MBC were not investigated. Given the
synergy between ISB with 64, 128 pg/ml GEN, and CRM with 128,
1,024 pg/ml GEN against MSSA biofilm (Figure 3B), and the
significant reduction of bacteria on biofilm treated with
combination of ISB/CRM with 128pg/ml GEN revealed in
previous experiments (Figure 3C), thus we tested the combination
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of ISB+CRM with a 128pg/ml GEN concentration in
biofilm experiment.

To investigate whether there is synergy of ISB, CRM, and
Gentamicin against S. aureus JAR and MRSA USA300 biofilm,
the MBEC™ assays of their combinations were performed
with presence of Gentamicin at 128 pg/ml, which is proven to
be synergistic with ISB/CRM against MSSA biofilm as
aforementioned, respectively. Quantification of viable cells
both on 24h S. aureus JAR or USA300 biofilm challenged by
the cocktails reveals a significant decreased MRSA with
increasing CRM concentration with both 6.25 and 12.5 pg/ml
ISB, and with Gentamicin at 128 pg/ml, whereas although ISB
exhibit significant enhancement of susceptibility of USA300
biofilm to 128 pg/ml Gentamicin and CRM (62.5-250 pg/ml),
in a ISB
concentration-dependent manner (Figures 5A,C). Further

this enhanced eradication effect was not

analysis of Coefficient of Drug Interaction (CDI) showed that
cocktails of 6.25-12.5ug/ml ISB and 62.5-250 pg/ml CRM
with 128 pg/ml Gentamicin are all synergistic against both
24hS. aureus JAR and MRSA USA300 biofilm (Figures 5B,D).
Overall, S. aureus JAR biofilm treated with the same formulae
contains less viable bacteria than USA300 biofilm, especially
with 6.25 pg/ml ISB and 125-250 pg/ml CRM (Figures 5A,C);
however, their CDIs were very similar. The synergistic
eradication of 24 h MRSA USA300 biofilm was also confirmed
through SEM and live/dead cell staining (Figure 5E), where
cocktail of 128 pg/ml Gentamicin together with 125 pg/ml
CRM +6.25 pg/ml ISB showed promising biofilm eradication
effect. We also tested the ISB + CRM combination with 64 and
1,024 pg/ml GEN, which was proven to be synergistic with ISB
or CRM against MSSA biofilm. However, there is neither
significant reduction of bacteria on biofilm (probably due to
lower 64pg/ml GEN) nor synergy between the three
antimicrobials (1,024 pg/ml GEN; data not showed). The
results also indicates the biofilm eradication effect of
Gentamicin with ISB is more potent than Gentamicin w/o
CRM, MSSA
biofilm experiments.

which is consistent with previous

Cocktail therapy of ISB and CRM reduce
Osteolysis during device-related
infection

After surgery, all the animals had normal feeding during
the in vivo experiment; however, as femoral intramedullary
implant infection progressed, mice in Gentamicin and
Gentamicin + CRM groups gradually exhibited restricted knee
joint mobility of the affected hind limb and line to reduce
movement with affected limb. All mice except for those in
Gentamicin + ISB + CRM group showed various degrees of
swelling and pain in the knee joint of the limb with implant.
We monitored the body weight of mice in each group before
operation and 1-4 week postoperation (Figure 1C). There was
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no significant difference in the initial body weight of the mice
between all four groups of experimental animals. Generally,
the body weight of mice in all groups decreased significantly
(p<0.05) 1 week post-surgery due to surgical trauma, and then
with rehabilitation, the body weight of mice gradually
increased until they were euthanized. Although body weight
of mice in Gentamicin group was expected to be gradually
lower than other three groups as MRSA infection progressed,
there was no significant difference in body weight among each
groups at each time point, suggesting that the dosage of
gentamicin used in the present study may be sufficient to stop
the progression of topical infection to the systemic level in an
animal model with a relatively strong resistance to infection,
like murines. After 28 days of antimicrobials administration,
when femur with implant was sampled after sacrifice,
soft the
subcutaneous tissue was observed in the Gentamicin and

significant tissue abscess penetration into
Gentamicin+CRM groups, accompanied by significant soft
tissue congestion and edema around the knee joint, while no
significant local soft tissue abscess formation was observed in
the GEN +ISB group, but with mild soft tissue thickening and
edema. Soft tissues around knee joint of mice in
Gentamicin+ISB + CRM group were only mildly congested
and clearly hierarchical without edema in appearance
(Figure 1D). No obvious hepatorenal toxicity of cocktail
therapy compared to gentamicin alone was observed (serum
biochemical analysis data not showed).

pCT imaging and bone morphometry of distal femur suggests
the protection of cocktail therapy against osteolysis in orthopedic
device-related infections due to MRSA (Figure 6). X-ray imaging
showed mild to moderate bone absorption both in
Gentamicin + CRM and Gentamicin + ISB group, and moderate to
severe absorption in Gentamicin group accompanied with
commonly seen periosteal reaction and in some cases with
fracture (Figure 6A). 3D reconstructed micro-architecture of
distal femoral bone around implant indicates osteolysis and
microstructural destruction in the femur of infected mice
(Figure 6B), which was also confirmed by quantitative bone
morphometry. BV/TV, BMD, Tb.N, and Tb.Th were significantly
lower (p <0.05) in the Gentamicin-alone treated mice, while BS/
TV and Tb.Sp were higher (Figure 6C). Treatment with
Gentamicin with CRM/ISB significantly increased morphometry
parameters indicating trabecular bone microstructure, while
cocktail therapy with Gentamicin+ISB+CRM can further

enhance such protection significantly.

Cocktail therapy enhance reduction of
MDSC M1 polarization and eradication of
MRSA biofilm in vivo

HE and immunofluorescent staining was used to further
verify the alleviation of local tissue inflammation and bacteria
in distal femur were quantified to reveal the eradication of
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FIGURE 4

EUCAST checkerboard assay showed isobavachalcone and curcumin interact synergistically with presence of gentamycin against planktonic
Staphylococcus aureus. (A,B) Heatmaps of fractional inhibitory concentration index (FICI) and fractional bactericidal concentration index (FBCI) of
combination of isobavachalcone and curcumin, darker orange color indicates interaction is superimposed or synergistic. (C) FICI of isobavachalcone
with curcumin against S. aureus JAR and USA300 strain. (D) FBCI of isobavachalcone with curcumin against S. aureus JAR and USA300 strain.
FICI<0.5 represents synergy, FICI>0.5-4 represents no synergistic interaction, and FICI>4.0 represents antagonism. CDI<1, =1 or >1 indicate synergy,
superposition or antagonism, respectively, CDI<0.7 indicates significant synergism. Data were presented as mean+SD. FICI, fractional inhibition
concentration index; FBCI, fractional bactericidal concentration index; GEN, Gentamycin; ISB, Isobavachalcone; CRM, Curcumin; CDI, Coefficient of
Drug Interaction; MSSA, Methicillin-susceptible Staphylococcus aureus; MRSA, Methicillin-resistant Staphylococcus aureus.
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FIGURE 5
In vitro Eradication of Staphylococcus aureus biofilms by the GEN-ISB-CRM combination. (A,C) Quantification of residual viable cells on S. aureus
JAR biofilm and USA300 biofilm, respectively. (B,D) Coefficient of Drug Interaction (CDI) shows synergy between Isobavachalcone and Curcumin
with 128pg/ml Gentamycin against S. aureus JAR biofilm and USA300 biofilm, respectively. (E) Representative characteristics of MRSA USA300
biofilm after 24h challenge. SEM: biofilms cultured at 37°C for 24h were treated with 128pg/ml GEN (control), 128pg/ml GEN+125pg/ml CRM,
128pug/ml GEN+6.25ug/ml ISB, 128ug/ml GEN+125pg/ml CRM+6.25ug/ml ISB for 24h, respectively. All SEM images were captured at EHT=10kYV,
Mag=5KX. CLSM: representative confocal laser scanning microscopy (100x oil immersion) images of LIVE/DEAD® BacLight staining showing the
synergistic effect of different drug combinations on USA300 biofilm challenged for 24h, green: live cells; red: dead cells. Data were presented as
mean+SD. * represents p<0.05, ** represents p<0.01, *** represents p<0.01 when compared to Opg/ml CRM with the same ISB concentration
group, ns represents no significance. GEN, Gentamycin; ISB, Isobavachalcone; CRM, Curcumin; CDI, Coefficient of Drug Interaction; SEM,
Scanning Electron Microscopy; CLSM, Confocal Laser Scanning Microscopy.
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MRSA biofilm in vivo. H and E staining of distal femur
revealed that, except for the Gentamicin+ISB + CRM group,
bones around implants infected by MRSA exhibited severe
resorption, destruction of the epiphyseal plate, with a large
quantity of mononuclear cells filling the medullary canal and
bone marrow cavity in between trabecular bones and marked
thickening of the soft tissue with leukocyte infiltration
(Figure 7A). Osteolysis was significantly reduced after
combined treatment with CRM/ISB and gentamicin, compared
to the group treated with gentamicin alone, which were
consistent with pCT analysis and X-ray findings. In addition,
bacterial quantification suggested that the viable MRSA
USA300 on the peri-implant bone tissue and implant biofilm
decreased significantly after treatment with Gentamicin+ISB
compared to Gentamicin alone (p <0.05), and that the cocktail
therapy significantly enhance the eradication of MRSA in vivo
(Figure 7B). In addition, to confirm whether cocktail therapy
could inhibit MDSC amplification in peripheral blood in an
in vivo model of MRSA device-related infection, we quantified
the MDSCs in peripheral blood of mice. MDSC level was
higher after Gentamicin treatment of MRSA infection, and
MDSC amplification in peripheral blood was slightly
suppressed after Gentamicin+CRM treatment, but the
difference was not statistically significant. The combination of
gentamicin and ISB significantly affected MDSC amplification
in peripheral blood compared with treatment with gentamicin
alone, whereas the cocktail of gentamicin+ISB+CRM
significantly reduced the number of MDSC in peripheral
blood in mice with MRSA infections (Figures 7C,D). Together,
these results suggest that ISB+ CRM significantly inhibits
MRSA-induced MDSC amplification in orthopedic device-
related infections in vivo, the combination of ISB + CRM may
act as an adjuvant with gentamicin, which administrated alone
is ineffective against MRSA biofilms at conventional
concentrations, to significantly enhance its antimicrobial effect.

Discussion

Despite the discovery of penicillin in 1928 and the
development of antibiotics, antimicrobial therapy has brought
more satisfactory results for patients, but in the last decades
we have had to face the emergence of drug-resistant pathogens
and the current conventional antibiotic therapy is becoming
ineffective for patients (Li and Knetsch, 2018; Xu et al., 2018).
Staphylococcus aureus is a major cause of orthopedic device-
related infections (ODRI) that lead to implant failure,
loosening, and reoperation of implants after surgery. In
particular, antimicrobial-resistant S. aureus (such as
Methicillin-resistant Staphylococcus aureus, MRSA) is the
most difficult to resolve in the clinic (Biedenbach et al., 2004),
which are becoming a global public health challenge. Although
more advanced antibiotics could be applied in patients, they

still have disadvantages such as insusceptibility to resistant
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strains, increased toxicity at high doses, and long duration
(Lebeaux et al., 2014). Therefore, there is an urgent need for
research into new therapeutic approaches for drug-resistant
pathogens and associated infectious diseases (Microbiology by
Numbers, 2011). Bacterial biofilms on the surface of
orthopedic implants are considered to be a major cause of
antimicrobial resistance because antibodies and bactericidal
agents have difficulty penetrating biofilm due to EPS, resulting
in a persistent chronic inflammatory response (Flemming
et al., 2007; Bjarnsholt et al., 2018), then followed by tissue
structural destruction and impaired function. Therefore, there
is an urgent need for the development of new drugs, new drug
combinations, and alternative therapeutic approaches.

In this study, a standard “biofilm inoculator” (MBEC™
biofilm inoculator) was used in vitro to mimic the formation of
biofilm by bacteria in a fluid environment on the surface of
metal, in this case, bacterial biofilms were generated on the
plastic peg on the cover. Previous in vitro studies reported no
in the adhesion of S.
S. epidermidis, and P. aeruginosa to the different surfaces of
highly
titanium  porous-coated

significant differences aureus,

cobalt-chromium meta, ceramic, cross-linked

polyethylene, and acetabular
components of commonly used orthopedic prostheses or
implants (Slullitel et al., 2018). In our study, four clinically used
with  different

mechanisms had been initially tested for interaction with

representative antibiotics antimicrobial
isobavachalcone (ISB) and curcumin (CRM), and we found
both ISB and CRM exhibit synergy or addition with gentamicin.
We further investigate their interaction on six MSSA and three
MRSA strains including clinical isolates, and gentamicin was
found to be synergistic against planktonic MSSA with curcumin,
and is additive against MSSA with isobavachalcone at specific
concentrations. Although the daptomycin (DAP) is a much
more potent antibiotics against MRSA than gentamicin, and is
seemed to be synergistic with isobavachalcone (ISB) against
planktonic MSSA, we did not observe any synergy between
DAP with ISB against MSSA or MRSA biofilm (data not
showed) as for reducing CFU in the biofilm. Gentamicin with
curcumin together with isobavachalcone also exhibits
synergistic effect in this 24 h formation and 24 h antimicrobials
challenge MSSA biofilm model. Therefore, we chose gentamicin
for further combinational investigation on the MRSA strains
and found that cocktail of 128 pg/ml gentamicin together with
125pg/ml curcumin +6.25 pg/ml isobavachalcone showed
potent eradication effect with synergy of curcumin and
isobavachalcone against USA300 biofilm.

In this “cocktail” of antimicrobials, gentamicin is one of
aminoglycosides that has been widely used in ODRI because
of
Staphylococcus, relatively low prevalence of toxicity, and

its antimicrobial efficacy against non-resistant
thermal stability. However, if gentamicin is used at higher
dosages for bacterial biofilm removal, its ototoxicity and
nephrotoxicity cannot be ignored. The antimicrobial

mechanism of gentamicin is to mainly interact with bacterial
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FIGURE 6

Micro Computed tomography (uCT) imaging suggests protection of cocktail therapy against osteolysis in orthopedic implant-related infections
due to MRSA. (A) Representative X-ray images of distal femur of mouse with intramedullary implant. (B) Representative images of trans axial 3D
reconstructed micro-architecture of distal femur around implant. (C) Bone morphometry in distal femur shows protection of combination of
Isobavachalcone and Curcumin against osteolysis during orthopedic implant-related infection, related parameters including percent bone volume
(BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular separation (Tb.Sp), bone mineral density (BMD) and bone surface
density (BS/TV) were measured, data were presented as mean+SD, * represents p<0.05 and ** represents p<0.01 when compared to Gentamicin
group; # represents p<0.05 and ## represents p<0.01 when GEN+ISB+CRM group compared to GEN+ISB/CRM group; GEN, 20mg/kg/day
Gentamycin; ISB, 20mg/kg/day Isobavachalcone; CRM, 20mg/kg/day Curcumin.

ribosomes, inhibit bacterial protein synthesis, and disrupt the synergistic anti-S. aureus effect with gentamicin is
integrity of bacterial cell membranes (Appel and Neu, 1978). concentration-dependent, which is consistent with previous
Curcumin is one of the most well-known antibacterial study (Teow and Ali, 2015). The major mechanism of CRM
molecules from herbal medicine (Teow et al., 2016), and the interact with S. aureus is to inhibit cytoplasmic division and
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FIGURE 7
Cocktail therapy of Gentamicin with Isobavachalcone and Curcumin alleviate local tissue inflammation, enhance reduction of MDSC M1
Polarization and Eradication of MRSA biofilm in vivo. (A) HE and immunofluorescent staining of distal femur suggest reduction of tissue
inflammation and M1 polarization of MDSC, green represents CD11b, a key marker to identify MDSC, while red represents CXCL10, a key marker of
activated M1, he black dashed box indicates the approximate location of the implant, and the yellow dashed box range is the area where M1-
polarized MDSC in the adjacent implant tissue is observed. (B) Quantification of remaining MRSA in bone with implant. (C) Flow cytometry analysis
showed reduction of MDSC in peripheral blood by Gentamicin with ISB or CRM and cocktail therapy. (D) Gating strategy for flow cytometry
analysis and representative analysis of frequency of MDSC in peripheral blood. All data were presented as mean+SD, * represents p<0.05 and **
represents p<0.01 when compared to Gentamicin group; # represents p<0.05 and ## represents p<0.01 when GEN+ISB+CRM group compared
to GEN+ISB/CRM group; GEN, 20mg/kg/day Gentamycin; ISB, 20mg/kg/day Isobavachalcone; CRM, 20mg/kg/day Curcumin

bacterial proliferation via suppressing Z-loop formation (Rai or bind to peptidoglycan in the cell wall to trigger cell wall
et al., 2008), inhibit transcription of the mecA in MRSA to damage and increase the membrane bidirectional permeability
reverse resistance to f-lactam antibiotics (Mun et al., 2014), (Mun et al., 2014; Teow et al., 2016). Moreover, other studies
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also reported that S. aureus strain-dependence and no
antagonistic effect were observed in its interaction with other
antibiotics (Mun et al., 2013; Teow and Ali, 2015; Betts et al.,
2016), which would probably also be related to the different
biofilm formation condition, we adopted 1% human plasma,
which has been demonstrated that fibronectin and its binding
proteins are critical for MSSA and MRSA biofilms formation
(Vergara-Irigaray et al., 2009; McCourt et al., 2014). Although
the antimicrobial activity of isobavachalcone as a herbal
extract has been investigated for the past decade (Wang
M. et al., 2021), its anti-Staphylococcus activity has not been
fully understood, a few studies reported its anti-S. aureus
effect (Yin et al., 2004; Dzoyem et al., 2013; Cui et al., 2015;
Faegheh et al,, 2018). A recent study reported that the
antibacterial activity of ISB against Gram-positive bacteria,
specifically the S. aureus including MSSA and MRSA (with a
MIC of 1.56 and 3.12 pg/ml, respectively) is associated with
membrane disruption (Assis et al., 2022), hence ISB displayed
no antibacterial effect on EPS in biofilm or Gram-negative
species. Although the specific mechanism of antibacterial
activity of this combination against S. aureus has not been
fully investigated in this study, putting all the recent advances
together, this process may be a synergistic multi-target action
against S. aureus involving its cell wall integrity, membrane
permeability, drug-resistant gene transcription, and protein
biosynthesis, and cell wall and cell membrane could be their
collaborative target.

To evaluate whether cocktail of Gentamicin +ISB + CRM
can be used as a treatment for orthopedic implant-associated
infections due to MRSA, a well-established femoral implant
infection mouse model for simulating in vivo implant biofilm
infection. Daily intraperitoneal administration of 20 mg/kg/
day isobavachalcone, 20 mg/kg/day curcumin and 20 mg/kg/
day gentamicin, can suppress progress of local infection. As
we show in vitro and in vivo experiments, using gentamicin
alone was difficult to suppress MRSA proliferation and local
infection progression, but once added both ISB and CRM, the
inhibitory and bactericidal effect of gentamicin against MRSA
enhanced significantly. Although the antimicrobial effect of
ISB or CRM has been investigated for the past decade (Wang
M. et al.,, 2021), its anti-Staphylococcus activity has not been
fully understood. Recent studies reported that the antibacterial
effect of ISB and CRM are also associated with membrane
disruption (Mun et al., 2014; Teow et al., 2016; Assis et al.,
2022), specifically for the S. aureus including MSSA and
MRSA (Assis et al., 2022) as aforementioned. So, the enhanced
antimicrobial effect of gentamicin combined with ISB and
CRM  may their of
membrane disruption.

result from similar  function

Cocktail treatment reduces inflammatory osteolysis and
maintains microarchitecture of trabecular bone during
orthopedic device-related MRSA infection in mice as well.
Many studies have shown that S. aureus cell wall or biofilm

components are the main causes of S. aureus-induced local
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inflammatory responses in the physiopathology of chronic
osteomyelitis in ODRI, which is considered to be the classical
animal model for studying the damage of bacterial products
on bone structures in chronic osteomyelitis (Rochford et al,,
2016). Therefore, we chose this animal model to study the
pharmacological effects of isobavachalcone and curcumin on
the tissue destruction induced by S. aureus biofilm.
Microarchitecture of trabecular bone was found to
be

histopathology due to MRSA infection. However, treatment

drastically deteriorated by pCT scanning and
with isobavachalcone and curcumin significantly alleviated
this process. The presence of local pathogenic microorganisms,
such as S. aureus, can directly invade osteoblasts to form an
intracellular infection (Tuchscherr et al., 2011; Jauregui et al.,
2013; Hamza and Li, 2014), altering the autoimmune
phenotype while decreasing osteoblast viability and osteogenic
activity (Takayanagi, 2015). Previous studies have confirmed
that RANKL/OPG signaling, TNF and TNF receptor
superfamily, and the NF-kB signaling pathway play important
roles in osteomyelitis in S. aureus infection (Lio et al., 2012;
Krauss et al., 2019), and other studies also demonstrated that
curcumin can inhibit NF-kB signaling pathway (Mohankumar
et al., 2015; Kao et al., 2016). Isobavachalcone was reported
capable of preventing osteoporosis by suppressing activation
of ERK and NF-kappaB pathways of macrophages (Wang
X. et al., 2021). It is probably that ISB combined with CRM
treatment can protect bone microarchitecture under
inflammatory microenvironment of device-related MRSA
infection, attenuate osteolysis and avoid pathological fractures.
These results validate the protection of cocktail of CRM +ISB,
when administrated with Gentamicin,
inflammatory osteolysis induced by MRSA biofilm in ODRI.

Cocktail therapy also enhanced the reduction of MDSC M1
polarization in peri-implant tissue, suppression of MDSC

can attenuate

amplification in peripheral blood in vivo. More interesting is that
the bone density around the implant is increased in gentamicin
combined with ISB or CRM group comparing to others according
to pCT and histopathology. The number of MDSCs was
significantly decreased, which suggested ISB and CRM may
inhibit the expansion of MDSCs in S. aureus biofilm-induced
myeloid cells and bidirectionally regulated the conversion of
MSDC to polarized. Isobavachalcone was reported can prevent
osteoporosis by suppressing M1 polarization of macrophages
(Wang X. et al,, 2021). A moderate M1-mediated inflammation is
beneficial for tissue repair (Saqib et al., 2018), However, whether
M1 phenotype plays a critical role in this osteogenesis process is
still unclear. The persistence of bacteria stimuli in inflammatory
osteogenesis may play another key factor in the tissue regeneration,
because cell wall component lipoteichoic acid (LTA) has been
reported to be beneficial for activation of osteoblast differentiation
and Inhibition osteoclast activation in both vivo and vitro (Hu
et al., 2020).

Notably, the fact that tissue destruction and regeneration in
an inflammatory microenvironment during ODRI has always
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been a dilemma for surgeons. Without effective control of
infection, there is no possibility of tissue regeneration. This
study focus on investigating synergy of two small molecules
both with anti-osteoporosis, anti-inflammation, and anti-
bacteria characteristics. However, there are still several
questions that need to be further addressed. First of all, although
zero mortality was observed in this ODRI mouse model and no
obvious hepatorenal toxicity of cocktail therapy compared to
gentamicin alone for 1 month, their long-term toxicity and their
pharmacokinetics in vivo remain unknown. Secondly, the major
mechanism of enhancing gentamicin efficacy against S. aureus
is not fully understood, especially whether new compounds
would form in the interaction of the two molecules. And how
will the promising cocktail work on a more mature and thicker
5-day biofilm? Thirdly, the mechanism of balance of bone
resorption and promoting bone formation is unknown, and the
mechanism of M1 reduction still needs further verification, for
example, whether the suppression of S. aureus infection or M1
reduction plays an initial or fundamental role in this process.
Last but not least, although most studies suggest that
antimicrobial drugs maintain bone mass in osteomyelitis mainly
by their direct and effective antimicrobial activity, and not
indirectly by modulating immune cells to affect bone mass,
whether cocktail therapy exhibits identical effect on immune
cells with gold standard, for example, vancomycin, still needs to
be studied.

In summary, these results suggest that the combination of
isobavachalcone and curcumin can enhance the susceptibility
of MRSA to gentamicin, thus promoting the eradication of
MRSA biofilm. When administrated as cocktail in vivo, they
can significantly modify local inflammation in orthopedic
device-related infection and maintain trabecular bone
microstructure while substantially eradication MRSA in
ODRI. Although our current study did not reveal specific
mechanism about the synergy of this cocktail of gentamicin,
isobavachalcone and curcumin against S. aureus, their bone
microarchitecture maintenance characteristic did provide us
the insight and evidence for future potential topical application
by incorporating the mixture of these two small molecules
with conventional antibiotics, like gentamicin bone cement
The
combination of isobavachalcone and curcumin as adjuvants

chain beads and antimicrobial biomaterials, etc.
administrated together with gentamicin to significantly
enhance its antimicrobial effect, which may serve as a new
potential treatment strategy especially for MRSA-induced
ODRI, to rationalize the use of high-level antibiotics and
reduce the emergence of drug-resistant strains of bacteria.
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Streptococcus mutans constantly coexists with Candida albicans in plaque
biofilms of early childhood caries (ECC). The progression of ECC can be
influenced by the interactions between S. mutans and C. albicans through
exopolysaccharides (EPS). Our previous studies have shown that rnc, the
gene encoding ribonuclease Il (RNase Ill), is implicated in the cariogenicity
of S. mutans by regulating EPS metabolism. The DCR1 gene in C. albicans
encodes the sole functional RNase Il and is capable of producing non-coding
RNAs. However, whether rnc or DCR1 can regulate the structure or cariogenic
virulence of the cross-kingdom biofilm of S. mutans and C. albicans is not
yet well understood. By using gene disruption or overexpression assays,
this study aims to investigate the roles of rnc and DCR1 in modulating the
biological characteristics of dual-species biofilms of S. mutans and C. albicans
and to reveal the molecular mechanism of regulation. The morphology,
biomass, EPS content, and lactic acid production of the dual-species biofilm
were assessed. Quantitative real-time polymerase chain reaction (qRT-PCR)
and transcriptomic profiling were performed to unravel the alteration of
C. albicans virulence. We found that both rnc and DCRI1 could regulate
the biological traits of cross-kingdom biofilms. The rnc gene prominently
contributed to the formation of dual-species biofilms by positively modulating
the extracellular polysaccharide synthesis, leading to increased biomass,
biofilm roughness, and acid production. Changes in the microecological
system probably impacted the virulence as well as polysaccharide or pyruvate
metabolism pathways of C. albicans, which facilitated the assembly of a
cariogenic cross-kingdom biofilm and the generation of an augmented acidic
milieu. These results may provide an avenue for exploring new targets for the
effective prevention and treatment of ECC.

Streptococcus mutans, rnc gene, Candida albicans, DCR1 gene, cross-kingdom
biofilm
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Introduction

Early childhood caries (ECC) is an aggressive form of
tooth decay in children younger than 6 years, with a high
prevalence of 70% in disadvantaged groups worldwide (James
et al., 2018; Peres et al., 2019; Duan et al., 2021). Streptococcus
mutans (S. mutans) is a critical pathogen of dental caries
due to its acidogenicity, aciduricity, and capacity to develop
cariogenic biofilms by synthesizing exopolysaccharides (EPS)
(Lemos et al., 2019). As the main virulence factor of S. mutans,
EPS are conducive to the energy storage, adhesion, and three-
dimensional (3D) architecture of dental plaque biofilms (Koo
et al, 2017; Yang et al, 2019). Another microbe frequently
detected with S. mutans in plaque biofilms of ECC is Candida
albicans (C. albicans), an opportunistic fungal pathogen usually
isolated from the human oral cavity (Ponde et al, 2021;
Ramadugu et al, 2021). C. albicans is closely correlated
with the occurrence and development of ECC or persistent
apical periodontitis in which the pathogens are difficult to
eradicate especially in molars with complicated root canal
morphology (Zhang et al, 2011a,b; Mustafa et al, 2022).
Children with oral C. albicans have a more than 5 times higher
possibility of developing ECC than those without C. albicans
(Xiao et al,, 2018b). C. albicans can strengthen the ability of
microflora to produce or tolerate acid, elevate the abundance
of S. mutans, and enhance the activity of glucosyltransferases
(Gtfs) secreted by S. mutans in plaque biofilms of severe early
childhood caries (S-ECC) (Xiao et al,, 2018a). These findings
suggest that the coexistence of S. mutans and C. albicans is
closely related to the progression of ECC. In the co-culture
biofilm, the presence of C. albicans improves the carbohydrate
metabolism of S. mutans and affects its environmental fitness
and biofilm formation (He et al,, 2017). Mannans located
in the cell wall of C. albicans binds to S. mutans-derived
GtfB to regulate EPS formation, mechanical stability, and
colonization of dual-species biofilms (Hwang et al, 2017;
Khoury et al,, 2020). S. mutans-secreted GtfB, in turn, can
not only break sucrose down into monosaccharides that are
efficiently utilized by C. albicans to enhance its acid production
but also improve fungal colonization onto the tooth surface
and antifungal resistance to fluconazole (Kim et al., 2018;
Ellepola et al., 2019). Transcriptomics and proteomics studies
have implied that genes and proteins of C. albicans associated
with polysaccharide metabolism and cell morphogenesis are
significantly upregulated in dual-species biofilms of S. mutans
and C. albicans (Ellepola et al, 2019). Therefore, EPS play
important roles in the cross-kingdom interaction between
S. mutans and C. albicans.

Ribonuclease III (RNase III) is the endonuclease in bacteria
and eukaryotes that participates in RNA biogenesis to control
gene expression (Svensson and Sharma, 2021). Our previous
studies have illuminated that the gene encoding S. mutans RNase
IIL, rnc, enhances the EPS synthesis and cariogenicity of bacterial
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biofilms through non-coding RNAs that target vicR, the gene
encoding a response regulator of EPS metabolism (Lei et al,
2018, 2020). On the one hand, rnc impairs vicR expression
by affecting the generation of microRNA-size small RNA 1657
(msRNA 1657), which can bind to the 5-UTR regions of the
vicR mRNA (Lei et al., 2019). On the other hand, rnc increases
the expression of vicR antisense (ASvicR) RNA, thus influencing
the transcriptional level of the vicR gene (Lei et al,, 2020).
C. albicans also has DCRI as the sole functional RNase III, which
is instrumental in small interfering RNA (siRNA), ribosomal
RNA (rRNA), and small nuclear RNA (snRNA) generation
(Drinnenberg et al., 2009; Bernstein et al, 2012). Notably,
although deletions of one copy of the DCRI gene in diploids do
not restrict C. albicans growth, mutants deficient in both copies
of the DCRI allele cannot be recovered, indicating that DCRI
is essential for C. albicans survival (Bernstein et al., 2012). In
summary, as RNase III-coding genes in bacteria and eukaryotes,
rnc regulates extracellular matrix synthesis and cariogenic
characteristics of S. mutans biofilms at the post-transcriptional
level, while DCRI catalyzes the production of non-coding RNAs
in C. albicans. However, whether rnc and DCRI1 affect the EPS
and cariogenicity of cross-kingdom biofilms of S. mutans and
C. albicans has not yet been elucidated.

In this study, C. albicans DCRI low-expressing and
overexpressing strains were constructed and co-cultured with
S. mutans wild-type or rnc-mutant strains to explore the
roles of rnc and DCRI in the modulation of dual-species
biofilms of S. mutans and C. albicans. We demonstrated that
DCRI regulated the fungal yeast-to-hyphae transition, spatial
structure, acid production, and glucan/microorganism ratio of
biofilms, while rnc prominently contributed to cross-kingdom
biofilm formation by boosting extracellular polysaccharide
synthesis. Alterations of the microecosystem caused by rnc
might affect the virulence of C. albicans that facilitated the
assembly of a cariogenic cross-kingdom biofilm and the
formation of an intensive acidic milieu. According to these
results, rnc and DCRI may be new potential targets for ECC
prevention and treatment.

Materials and methods

Microorganisms and construction of
mutant strains

The strains and plasmids used in this study are summarized
in Table 1. C. albicans SC5314 and CAIl4, and S. mutans
UA159 were kindly provided by the State Key Laboratory of
Oral Diseases (Sichuan University, Chengdu, China). S. mutans
strains were cultured on brain heart infusion (BHI; BD,
Franklin Lakes, United States) medium with erythromycin or
spectinomycin when necessary at 37°C anaerobically (10%
CO3, 80% Ny, 10% Hy). C. albicans SC5314 and CAI4 were
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grown in the YPD medium (1% yeast extract, 2% peptone,
and 2% dextrose) at 30°C with shaking (150 rpm) under
aerobic conditions. A C. albicans DCRI low-expressing strain
(DCR1/dcr1A) was constructed by deleting one copy of the
DCRI gene using plasmid p5921 according to the URA-
Blaster method (Janik et al,, 2019). Upstream and downstream
fragments of DCRI from the chromosome were inserted into
both ends of the hisG-URA3-hisG cassette of p5921 to obtain
the recombinant plasmid pUC-DCRI-URAS3 to replace one of
the DCRI alleles in C. albicans. The open reading frame (ORF)
of the DCRI gene was cloned into the pCaEXP plasmid to
establish the recombinant vector pCaEXP-DCRI, which could
integrate into the RPIO locus of the C. albicans genome to
create a DCRI overexpressing strain (DCRI9E) (Jia et al,, 2011;
Basso et al,, 2017; Znaidi et al., 2018). All recombinant plasmids
were transformed into C. albicans CAI4 utilizing the Yeast
Transformation Kit (Sigma-Aldrich, St Louis, United States).
The mutagenic strains were selected on a synthetic dropout (SD)
medium without uridine, methionine, and cysteine and then
verified by PCR, DNA sequencing, and quantitative real-time
polymerase chain reaction (QRT-PCR) with the primers listed in
Supplementary Table 1. The rnc-deficient strain (Smurnc) was
constructed by an erythromycin cassette based on homologous
recombination. Meanwhile, the recombinant plasmid pDL278
containing the rnc ORF and promoter region was transformed
into S. mutans UA159 to generate an rnc overexpressing strain
(Smurnc), as previously described (Lau et al., 2002; Lei et al.,
2020).

Biofilm formation

Streptococcus mutans and C. albicans were grown to mid-
exponential phase and co-cultured in YNBB medium (0.67%
YNB, 75 mM Na,HPO4-NaH, POy, 0.5% sucrose, and essential
amino acids) at the concentrations of 2 x 10® colony forming
units (CFU)/ml (S. mutans) and 2 x 10* CFU/ml (C. albicans).
Cross-kingdom biofilms were formed in microtiter plates at
37°C with 5% CO; for 24 h (Sztajer et al., 2014; Liu et al., 2017).

Biofilm observation and assessment

The structure of cross-kingdom biofilms was analyzed
by scanning electron microscopy (SEM; FEI, Hillsboro,
United States). Briefly, after being cultivated on sterile
polystyrene slides, the biofilms were washed two times with
sterile phosphate-buffered saline (PBS) and fixed with 2.5%
glutaraldehyde at 4°C for 4 h in the dark, followed by serial
dehydration with ethanol solutions (30, 50, 75, 85, 95, and
99%) and coating with gold for image collection. The biomass
of the biofilms was quantified by the crystal violet (CV)
microtiter assay. After incubation in 24-well polystyrene plates,
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the biofilms were stained with 0.1% (w/v) CV for 10 min at room
temperature when the planktonic cells and supernatant were
gently removed. The specimens were rinsed carefully with water,
and then 33% acetic acid was added to dissolve the dye under
gentle shaking at 37°C for 5 min. Finally, biofilm formation was
detected by the absorbance of acetic acid at 575 nm.

Lactic acid generation evaluation

The mature biofilms were cultured in buffered peptone
water (BPW; Hopebio, Qingdao, China) supplemented with
0.2% (w/v) sucrose at 37°C with 5% CO; for 3 h after rinsing
with PBS (Chen et al., 2020). The concentrations of lactic acid
produced by the biofilms were calculated based on the standard
curve according to the instructions of the Lactic Acid Assay Kit
(Nanjing Jiancheng, China).

Exopolysaccharide distribution in
biofilms

Glucan in the biofilms that grew in polystyrene cell culture
dishes with modified bottoms was stained with Alexa Fluor 647
(Invitrogen, Waltham, United States) at a final concentration
of 1 pl/ml during incubation. Microorganisms were labeled
with 2.5 WM SYTO 9 green fluorescent dye (Invitrogen), while
C. albicans was stained with calcofluor white dye (Sigma-
Aldrich) (Punjabi et al,, 2020). The distribution of microbes
or glucan was detected by confocal laser scanning microscopy
(CLSM; Olympus, Tokyo, Japan). Biofilms were reconstructed,
and imaging biomass quantification was analyzed using Imaris
version 7.2.3 (Bitplane, Zurich, Switzerland) (Lei et al., 2020).

Exopolysaccharide production
measurement

The biofilms were cultivated in 6-well polystyrene plates
before the EPS content was determined by the anthrone method.
Water-insoluble EPS extraction from dual-species biofilms was
performed according to previous protocols with modifications
(Lei et al, 2020). Biofilms were gently washed with PBS,
collected by scraping, and centrifuged at 4°C (2,422 x g) for
15 min. The precipitates were solubilized in 1 M NaOH (Sigma,
United States) by incubation at 37°C for 2 h at 120 rpm. After
centrifugation (2,422 x g) at 4°C for 15 min, the supernatant
containing water-insoluble EPS was collected and diluted with
an anthrone-sulfuric acid reagent to a final concentration of 25%
(v/v). The mixed samples were blended and incubated at 95°C
for 6 min, and the absorbance was measured at an optical density
of 625 nm.
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TABLE 1 Microbial strains and plasmid used in this study.

Strains, plasmid

Relevant characteristics

10.3389/fmicb.2022.957879

Source or reference

S. mutans strains

UA159 Parent strain ATCC 700610
Smurnc UA159 rnc: ermAM; Erm"® Lei et al., 2020
Smurnc™t UA159 derived; pDL278-rnc; Spec” Lei et al., 2020

C. albicans strains

SC5314 Parent strain ATCC MYA-2876

CAl4 ura3A:imm434/ura3A:imm434 Fonzi and Irwin, 1993

DCRI1/dcr1 A dcrlA: hisG-URA3-hisG/DCRI This study

DCRI1°F rp10A:pCaEXP-DCRI-URA3/RP10 This study

Plasmid

pDL278 Escherichia coli-Streptococcus shuttle Wen et al., 2011
vector; Spec”

pDL278-rnc Recombinant and expression of rnc; Spec” Lei et al., 2020

p5921 Containing hisG-URA3-hisG; Amp” Mao et al., 1999

pUC-DCRI-URA3 p5921 derived; containing DCR1 This study

upstream and downstream sequence

pCaEXP
pCaEXP-DCRI

Containing RP10 sequence; Amp"

pCaEXP derived; recombinant and

Care et al., 1999

This study

expression of DCRI

Erm, erythromycin; Spec, spectinomycin; Amp, ampicillin.

Characteristics of the biofilm surface

The surface morphology and roughness of the biofilm
were visualized and examined by atomic force microscopy
(AFM). In brief, the biofilms cultured on polystyrene slides
were mildly washed with PBS and dried in the air, followed by
the measurement of surface roughness, which is represented
by the arithmetic mean deviation of the profile (Ra) counted
by an STM9700 system (Shimadzu, Tokyo, Japan) using a
cantilever probe (HYDRA-ALL-G-20, AppNANO, Syracuse,
United States) in contact mode (Deng et al., 2021). The scanning
range was 10 x 10 pm.

RNA isolation and quantitative
real-time polymerase chain reaction
assays

Biofilm cells were collected by scraping into PBS and
harvested by centrifugation (4,500 x g) at 4°C for 10 min.
Total RNA was extracted by a MasterPure™ complete DNA
and RNA purification kit (Lucigen, Middleton, United States).
Purification and reverse transcription of the isolated RNAs were
performed by using the RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific, Waltham, United States) with gDNA
Eraser (Takara, Dalian, China). qRT-PCR was conducted using
TB Green® Premix Ex TaqTM (Takara) in a LightCycler 480
System (Roche, Vaud, Switzerland). All primer sequences are
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listed in Supplementary Table 1. The relative gene expression
level of virulence factors of C. albicans was normalized to the
gene expression level of the reference gene ACT1I, and the data
were interpreted as fold changes based on the control group
according to the 272 At method.

Transcriptome sequencing and data
analysis

Total RNA was quantified and qualified using a NanoDrop
2000 instrument (Thermo Scientific) and the 2100 Bioanalyzer
(Agilent, Santa Clara, United States), respectively. The mRNA
was isolated by the polyA selection method using oligo(dT)
magnetic beads, followed by chemical fragmentation, and
then double-stranded cDNA was prepared using a SuperScript
double-stranded cDNA synthesis kit (Invitrogen) with random
hexamer primers (Illumina, San Diego, United States). Libraries
were size-selected for end-repaired ¢cDNA target fragments
of 300 bp on 2% low-range ultra agarose, followed by PCR
amplification. Subsequently, RNA-Seq was conducted with the
Mumina HiSeq xten/NovaSeq 6000 sequencer (2 x 150 bp
read length). The differential expression genes (DEGs)
were classified by Clusters of Orthologous Groups (COG).
Furthermore, we performed Gene Ontology (GO) functional
enrichment and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis to identify which DEGs were
significantly enriched in GO terms and metabolic pathways
using Fisher’s exact tests.
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Statistical analysis

Statistical analysis was performed using SPSS 16.0 (SPSS
Inc., Chicago, United States), and differences in data were
considered significant if P < 0.05. Data normality and
the homogeneity of variance were tested by the Shapiro-
Wilk method and Bartlett method, respectively. If the data
obeyed the homogeneity of variance, one-way analysis of
variance (ANOVA) with Fisher’s least significant difference
(LSD) multiple-comparison test was used to examine the
statistical significance; otherwise, Dunnetts T3 multiple-
comparison test was used.

Results

The DCR1 gene modulated the fungal
yeast-to-hyphae transition, spatial
structure, acid production, and
glucan/microorganism volume ratio of
the cross-kingdom biofilm

We successfully constructed a DCRI low-expressing mutant
DCRI/der1A and a DCRI overexpressing mutant DCRIOF
(Supplementary Figure 1). The biofilm of UA159 + Ca formed
a pronounced 3D structure, and C. albicans was present
mainly in the hyphal form (Figure 1A). Nevertheless, the
cross-kingdom biofilms containing DCRI/dcr1A or DCRIE
seemed to lack skeletal architecture, and there were mostly
C. albicans yeast cells (Figure 1A), which was in line with the
CLSM results (Figure 1D). The glucan/microorganism ratio
was used to reflect the capacity of microbial strains to produce
glucan. The biofilm of UA159 + DCRI/dcrlIA exhibited a
conspicuously decreased glucan/microorganism volume ratio
(Figure 1E), while UA159 + DCRI®E displayed increased lactic
acid production compared to UA159 + Ca (Figure 1C). We also
used the Ra (nm) value as an indication of the biofilm surface
roughness. There was no significant difference in biomass
(Figure 1B), biofilm roughness (Figures 1G,H), or total content
of water-insoluble EPS (Figure 1F) among the three groups.

The rnc gene promoted the
exopolysaccharide synthesis and
cariogenic characteristics of
cross-kingdom biofilms

Microorganisms appeared to gather into condensed clusters
surrounded by abundant extracellular polymeric substances
to form the 3D structure in biofilms of the UA159 + Ca
or Smurnct + Ca group (Figures 2A,D,G). Conversely, the
biofilm of Smurnc + Ca had scattered microcolonies with
barren extracellular matrix (Figures 2A,D,G); this was in line
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with the results of quantitative calculation which affirmed that
the glucan/microorganisms ratio and total content of water-
insoluble EPS became diminished in Smurnc + Ca biofilm when
compared to UA159 + Ca or Smurnct + Ca (Figures 2E,F
and Supplementary Figure 3). The fungi among Smurnc + Ca
biofilms were predominantly yeast cells, whereas C. albicans
was present mainly in the hyphal form in the UA159 + Ca or
Smurnc™t + Ca group (Figures 2A,D). Moreover, the biomass of
Smurnc + Ca dual-species biofilms was attenuated significantly,
which was accompanied by the conspicuous reduction of biofilm
roughness and acid production (Figures 2B,C,H). To further
explore the combined effect of rnc and DCRI on the cariogenic
characteristics of cross-kingdom biofilms, S. mutans rnc mutant
strains were co-cultured with C. albicans DCRI mutant strains.
There were principally C. albicans yeast cells in the biofilms
containing Smurnc, DCR1/dcr1A, or DCRICE (Figures 3, 5A).
Notably, when S. mutans was defective in rnc, the dual-species
biofilms were devoid of scaffold structure and had the least and
loosest matrix compared to other groups (Figure 3), resulting
in planar architecture with exposed microbial cells, reduced
biomass, and low surface roughness (Figure 4). AFM detection
also revealed that the cells were densely immersed in the
flourishing extracellular matrix in the biofilms of Smurnc™ + Ca,
Smurnc™ + DCRI1/dcrl1A, and Smurnct + DCRICE, which
was similar to the UA159 + Ca group (Figure 4A). Bacteria
were sparsely distributed in biofilms composed of Smurnc and
C. albicans wild-type strain or mutant strains (Figure 5A).
Quantitative analysis showed that the Smurnc + Ca biofilm
exhibited a markedly lower glucan/microorganism volume
ratio, restrained synthesis of water-insoluble EPS, and impaired
lactic acid production (Figures 5B-D). Taken together, the rnc
gene in S. mutans has more pronounced regulatory effects on
the cariogenic properties of cross-kingdom biofilms than DCRI.
Consequently, we chose biofilms consisting of UA159 + Ca
and Smurnc + Ca and Smurnct + Ca for the following
research.

The rnc gene affected virulence factor
expression and the pathways of
polysaccharide metabolism in Candida
albicans

To further investigate the effects of rnc on the biological
properties of C. albicans in the cross-kingdom biofilm, the
virulence gene transcription level and pathway alterations
were revealed by qRT-PCR, RNA-seq, and bioinformatics. The
COG results showed that 12 fungal genes were observably
downregulated and 5 fungal genes were upregulated in
Smurnc + Ca biofilms compared to UA159 + Ca biofilms
(Figure 6A). These genes are related mainly to carbohydrate
bioprocess, cell wall biogenesis, signal transduction, and
transcription (Figure 6A). GO demonstrated that the majority
of downregulated genes were involved in yeast-hyphae
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The effects of DCR1 gene on formation and exopolysaccharide synthesis of cross-kingdom biofilm. (A) Biofilms architecture was observed by
scanning electron microscopy (SEM). Blue arrows, S. mutans; red arrows, C. albicans hyphae; yellow arrows, C. albicans yeast cells. Images were
taken at 1,000 x (scale bar, 100 um), 5,000 x (scale bar, 20 um), and 10,000 x (scale bar, 10 um) magnifications, respectively. (B) Biofilms
volume was quantified by CV microtiter assay. (C) Lactic acid generation was assessed by the Lactic Acid Assay Kit. (D,E) Exopolysaccharide
production and distribution in biofilms were visualized by confocal laser scanning microscopy (CLSM), and the ratio of glucan to microbes was
calculated using Imaris version 7.2.3. Green, total microbes (SYTO 9); blue, C. albicans (calcofluor white); red, glucan (Alexa Fluor 647).

(F) Water-insoluble exopolysaccharides from samples were measured by the anthrone method. (G,H) Biofilm morphology was detected by AFM
and the surface roughness average (Ra) of biofilms was evaluated. Experiments were performed in biological triplicate. *P < 0.05, **P < 0.01.
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and mannose metabolism (Figure 6C), suggesting that
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metabolism and pyruvate metabolism were suppressed in

albicans pathways associated with carbohydrate

biofilms of Smurnc + Ca compared to the UA159 + Ca group
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(Figures 6B,C). Transcriptome data were further confirmed
by qRT-PCR which illustrated that the rnc mutant strains
significantly downregulated the expression of C. albicans genes
relevant to biofilm formation (BRGI, NDT80, and EFGI)
compared with UA159 (Figure 6D). The transcriptional level
of the C. albicans glucan synthesis gene GSCI in Smurnc + C.a
biofilm was depressed compared to that in UA159 + Ca or
Smurnc™ + Ca biofilms (Figure 6D).
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The regulation of rnc gene in cariogenic characteristics of cross-kingdom biofilm. (A) SEM observation of biofilm architecture. Blue arrows,
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5,000 x (scale bar, 20 um), and 10,000 x (scale bar, 10 pwm) magnifications, respectively. (B) CV microtiter assay was used to quantify the biofilm
biomass. (C) Lactic acid generation was assessed by the Lactic Acid Assay Kit. (D,E) Exopolysaccharide production and distribution in biofilms
were visualized by CLSM. Green, total microbes; blue, C. albicans; red, glucan. The glucan to microbes ratio was calculated using Imaris version
7.2.3. (F) Water-insoluble exopolysaccharides from biofilms were measured by the anthrone method. (G,H) Biofilm morphology was detected by
AFM, and the surface roughness indicated by Ra (nm) was evaluated. Experiments were performed in biological triplicate. *P < 0.05, **P < 0.01.

Discussion

Biofilms are dynamic and organized communities in which
microbial cells are packed with and embraced by EPS to
form a 3D structure to resist environmental interference (L.obo
et al, 2019; Zhang et al,, 2022). Microorganisms carry out
complex life activities in biofilms; therefore, expounding the
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interactions between microorganisms in dual-species biofilms
is paramount to developing management strategies for dental
caries (Flemming et al., 2016). Among the dental plaque of ECC,
S. mutans was always detected with C. albicans that can also
produce acids and survive in an acidic environment, implying
the important role of C. albicans in biofilm-induced caries
(Yang et al,, 2012). In previous studies, we found that the rnc
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The effects of genes coding RNase Ill on the architecture of
cross-kingdom biofilms were observed by SEM. Blue arrows,
S. mutans; red arrows, C. albicans hyphae; yellow arrows,

C. albicans yeast cells. All images were taken at 1,000 x (scale
bar, 100 um), 5,000 x (scale bar, 20 um), and 10,000 x (scale
bar, 10 wm) magnifications, respectively.

gene was able to promote the synthesis and configuration of
EPS, thus amplifying the cariogenicity of S. mutans (Lei et al,,
2019, 2020; Lu et al, 2021). Here, our study provided new
insights that the rnc gene of S. mutans and the DCRI gene
of C. albicans modulated extracellular polysaccharide synthesis,
thus contributing to the cross-kingdom biofilm formation of
S. mutans and C. albicans.

For the first time, we investigated the effects of the essential
gene DCRI on the biological characteristics of cross-kingdom
biofilms. When the DCRI expression level was changed, the
arrangement of cell clusters in the biofilm was loose, and the
3D structure formed by the cells and matrix was not obvious
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(Figures 1A,D). The transformation of cells from yeast to
hyphal type is an important virulence factor of C. albicans
(Carlisle et al., 2009; Sapaar et al., 2014). C. albicans hyphae
can express a variety of specific virulence factors such as
adhesins and antioxidant defense proteins, which participate
in the establishment of biofilm structure and immune escape
(Greig et al,, 2015; Noble et al., 2017). C. albicans was present
mostly in the yeast form in biofilms containing DCRI/dcr1 A or
DCRIOE (Figures 1A,D), congruent with the downregulation
of mycelium-related virulence factor genes in DCRI-mutant
strains (Supplementary Figure 2). These results suggest that
abnormalities in DCRI could change the spatial structure of
cross-kingdom biofilms. The roughness of the biofilm surface is
conducive to providing a larger area for microbial adhesion and
producing surfaces with low shear stress, which can protect the
biofilm from elimination (Shen et al., 2015). Nevertheless, we
found that the regulatory effect of DCRI on biofilm roughness
was limited (Figures 1G,H).

Extracellular polysaccharides are the main component
as well as the vital cariogenic virulence factor of dental
plaque biofilms (Koo et al, 2013). DCRI regulated the
ability of glucan metabolism of microbes but could not affect
the biomass and water-insoluble EPS content of biofilms
(Figures 1B,E,F). In dental plaque, the microbiome can ferment
carbohydrates to produce lactic acid, reduce the pH of the
biofilm microenvironment, and finally cause demineralization
of tooth hard tissue (Valm, 2019; Gabe et al., 2020). From this
point of view, DCRI overexpression presumably facilitates ECC
formation by enhancing acid production (Figures 1C, 5D). We
conjectured that the gene expression associated with lactic acid
production of the DCRIF mutant may be regulated by siRNAs
at the post-transcriptional level (Bernstein et al., 2012). Further
studies are still needed to investigate the regulatory effects and
underlying mechanisms of DCRI on acid production of the
cross-kingdom biofilm.

Although low-
downregulate virulence genes related to biofilm formation
of C. albicans, the water-insoluble EPS content and biomass of

or over-expression of DCRI could

cross-kingdom biofilms of S. mutans and C. albicans did not
change when DCRI was expressed abnormally, implying that
there are likely complex interactions between these two strains
to seek advantages and avoid disadvantages, thus forming a
micro-ecological environment that is more beneficial to resist
external adverse factors (Arnold, 2022). In contrast, S. mutans
was supposed to play a more pivotal role in regulating the
formation of dual-species biofilms.

We further explored the role of rnc in the cariogenic
characteristics of cross-kingdom biofilms. Biofilms with Smurnc
lacked an obvious scaffold structure and had less matrix
wrapped around the microbes, revealing that rnc assisted in the
formation of the extracellular matrix of dual-species biofilms
and led to changes in their morphological structure. The EPS
layer in biofilms was a manifestation of the defective biofilm,
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The genes coding RNase Il modulated the formation and surface characteristics of cross-kingdom biofilms. (A,B) Biofilm morphology and
surface roughness (Ra) were tested by AFM. (C) Biofilm volume was examined by the CV microtiter assay. Experiments were performed in

biological triplicate. *P < 0.05, **P < 0.01.

which was devoid of stereoscopic architecture. Deletion of the
rnc gene inhibited the EPS metabolism instead of completely
eliminating EPS synthesis in S. mutans, consistent with the
quantitative data detected by the anthrone assay and the
visualized images obtained by CLSM. Therefore, rnc-deficient
S. mutans has defective biofilms but still with an EPS layer
compared to the UA159 + Ca group (Figure 3). When compared
to the DCRI gene, deficiency of rnc could conspicuously
restrain extracellular polysaccharide synthesis, decrease surface
roughness, and cause attenuated acid production, which
diminished the construction of cariogenic dual-species biofilms.
Meanwhile, changes induced by the lack of rnc possibly
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impacted C. albicans virulence by affecting its biological
behavior, such as biofilm formation, which may ultimately
repress the cross-kingdom biofilm.

Ndt80, EFGI, and BRGI are important transcription factors
involved in the formation of C. albicans biofilms. After the
knockout of these genes, C. albicans cannot display normal
biofilms in vivo or in vitro (Nobile et al.,, 2012). B-1,3 glucan
is one of the three major components of the C. albicans
extracellular matrix, and its synthesis pathway involves mainly
the GSCI gene (glucan synthase catalytic subunit 1), which
amplifies biofilm formation and drug resistance by increasing
the extracellular matrix (Mitchell et al,, 2015). Based on the
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phenotype and gene expression results, we speculated that rnc
expedited the formation of cross-kingdom biofilms through EPS
anabolism and catabolism, also propitious to the growth and
the upregulated expression of the virulence genes of C. albicans.
Related biological activities of C. albicans, such as hyphal
transformation, glucan synthesis, and biofilm development,
could further improve the structure of cross-kingdom biofilms
and give full play to biofilm cariogenic properties such as acid
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production. In this study, we elucidated that S. mutans may
play a more prominent role in regulating the formation of dual-
species biofilms. Therefore, although the virulence- or biofilm-
associated genes such as BRGland EFGI of C. albicans were
significantly lower in Smurnc™ + Ca than in Smurnc + Ca,
Smurnc + Ca might have defective biofilms because of the
impaired EPS synthesis and biofilm establishment induced by
the absence of rnc (Figure 6D). Moreover, the cross-kingdom
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rnc gene was associated with the gene expression of virulence factors of C. albicans. Transcriptomic analysis of the Smurnc + Ca group
compared to the UA159 + Ca group. (A) The differently expressed genes were classified by gene annotation based on COG. (B) Functional
categories and enrichment analysis of differently down-expressed genes based on GO. (C) Functional categories and enrichment analysis of
differently down-expressed genes based on KEGG. (D) The gene transcripts of C. albicans in the cross-kingdom biofilms were relatively
quantified by RT-gqPCR using ACT1 as a reference gene and interpreted as fold changes based on the UA159 + Ca group. Experiments were
performed in biological triplicate. **P < 0.01.

biofilm of S. mutans and C. albicans may be modulated by
C. albicans virulence genes in addition to BRGI and EFGI,
which need to be further explored.

Transcriptomics helped us clarify the specific molecular
mechanism and main pathway by which the rnc gene
affects C. albicans (Motaung et al,, 2017). It is possible that
the phenotype of different morphological transformations of
C. albicans in the Smurnc + Ca group was attributed to the
downregulation of cell wall-related genes (Figure 6B). The
downregulated genes in glycometabolism pathways suggested
that the deletion of rnc in S. mutans possibly impacted the
polysaccharide synthesis of C. albicans in the cross-kingdom
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biofilms, leading to the disruption of biofilm formation.
Pyruvate metabolism is an important way to generate lactic acid.
In the Smurnc + Ca group, the significantly decreased lactic acid
production might be associated with the weak acid production
capacity of C. albicans caused by the downregulation of genes
relevant to the pyruvate metabolism pathway.

In conclusion, both RNase III coding genes of S. mutans
and C. albicans can regulate the biological characteristics
of the cross-kingdom biofilm. The rnc gene of S. mutans
was able to crucially promote the formation of cross-
kingdom biofilms with cariogenic characteristics by affecting
the synthesis and metabolism of EPS. At the same time,
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changes in the dual-species environment were conducive
to hyphal transformation, biofilm formation, polysaccharide
metabolism, and pyruvate metabolism in C. albicans. The DCR1
gene of C. albicans mainly played a role in improving the
biofilm structure and affecting the development of the acidic
microecological environment. This research may provide an
avenue for exploring new targets for the effective prevention and
treatment of ECC.
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Novel quorum sensing inhibitor
Echinatin as an antibacterial
synergist against Escherichia coli

Yu-Bin Bai*#3, Meng-Yan Shi*23, Wei-Wei Wang*?3,
Ling-Yu Wu'23, Yu-Ting Bai'?3, Bing Li*?3, Xu-Zheng Zhou'??
and Ji-Yu Zhang*23*
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A new antibacterial strategy based on inhibiting bacterial quorum sensing (QS)
has emerged as a promising method of attenuating bacterial pathogenicity
and preventing bacterial resistance to antibiotics. In this study, we screened
Echinatin (Ech) with high-efficiency anti-QS from 13 flavonoids through
the Al-2 bioluminescence assay. Additionally, crystal violet (CV) staining
combined with confocal laser scanning microscopy (CLSM) was used to
evaluate the effect of anti-biofilm against Escherichia coli (E. coli). Further, the
antibacterial synergistic effect of Ech and marketed antibiotics were measured
by broth dilution and Alamar Blue Assay. It was found that Ech interfered with
the phenotype of QS, including biofilm formation, exopolysaccharide (EPS)
production, and motility, without affecting bacterial growth and metabolic
activity. Moreover, gRT-PCR exhibited that Ech significantly reduced the
expression of QS-regulated genes (luxS, pfs, IsrB, IsrK, IsrR, flhC, flhD, fliC, csgD,
and stx2). More important, Ech with currently marketed colistin antibiotics
(including colistin B and colistin E) showed significantly synergistically
increased antibacterial activity in overcoming antibiotic resistance of E. coli. In
summary, these results suggested the potent anti-QS and novel antibacterial
synergist candidate of Ech for treating E. coli infections.

KEYWORDS

Escherichia coli, quorum sensing, inhibitor, Echinatin, biofilm, EPS, motility,
antibacterial synergist

Introduction

As one of the pathogenically versatile bacterial organisms, E. coli can cause various
infections, including diarrhea, urinary tract infections, sepsis, and hemolytic-uremic
syndrome (Riley, 2020). Pathogenic E. coli causes great economic losses to animal and
poultry industries, as well as a serious threat to human health. For example, millions of
dollars are lost each year due to Avian pathogenic E. coli (APEC) infections (Lutful Kabir,
2010). In the United States, E. coli O157:H7 is estimated to cause 95,000 illnesses a year
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(Scallan et al.,, 2011; Beshearse et al., 2021), and Shiga-producing
E. coli (STEC) causes 5,960 infections annually (Hale et al.,
2012). Antimicrobial resistance has become a worldwide
concern and an increasing threat to human and animal health
(Hawkey, 2008). Currently, most antibacterial compounds target
the basic physiological processes of bacteria, which increases the
likelihood of bacteria developing resistance to multiple drugs
(Munguia and Nizet, 2017). Thus, new therapeutic strategies are
urgently needed  for  treating  multidrug-resistant
pathogen infections.

At present, alternative approaches to antimicrobial therapy
have focused on inhibiting the virulence factors of bacterial
pathogens (Dickey et al., 2017; Buroni and Chiarelli, 2020; Loubet
et al., 2020; Piewngam et al., 2020; Silva et al., 2020). QS is a
cellular mechanism mediated by autoinducers, which allows
bacteria to organize behavior depending on their density (Ng and
Bassler, 2009). Interference with QS systems does not exert
selection pressure on bacteria compared with antibiotics thus
reducing the emergence and spread of resistant mutants (Sully
etal, 2014; Quave et al,, 2015; Ning et al., 2021). QS is a process
that involves bacteria communicating with signaling molecules
called autoinducers (Als). There are several types of Al molecules,
including diffusible signaling factors (DSFs), autoinducer-2
(AI-2), indole, and Acyl-homoserine lactones (AHLs, AI-1), etc.
(Guo et al,, 2013; Whiteley et al., 2017, 2018). QS systems function
based on cell density, which increases the concentration of Al as
cell density increases. Upon reaching a certain level of
concentration of Al, signaling is activated that modulates the
expression of genes related to bacterial physiology, biofilm
formation, motility, and virulence (Papenfort and Bassler, 2016).
Antibacterial strategies based on inhibiting bacterial QS have
emerged as a new promising method of preventing bacterial
resistance to antibiotics, as well as inhibiting the expression of
virulence factors (Manner and Fallarero, 2018; Wang et al., 2019;
Minich et al., 2022).

AI-2 has been considered to be a “universal” signaling
molecule involved in bacterial communication at the inter-and
intra-species level, which is widely found in Gram-negative and
Gram-positive bacteria. For most bacteria, the regulatory function
of the AI-2 QS system is mainly reflected in four aspects, including
bacterial virulence, biofilm, motility, and other functions (Bassler,
2002; Sturme et al, 2002; Reading and Sperandio, 2006;
Choudhary and Schmidt-Dannert, 2010). For example, AI-2
could influence the production of virulence factors and the
formation of biofilm in E. coli, Salmonella, and S. suis (Kendall
et al., 2007; Ju et al., 2018; Sun et al., 2020; Li et al., 2021). The
inhibition of AI-2 can effectively reduce bacterial virulence,
biofilm formation, and bacterial resistance, which can be used to
replace antibiotics. In this context, it’s reported that plant-derived
compounds with diverse structures have been widely investigated
as AI-2 QS inhibitors (Karnjana et al., 2020; Li et al., 2021; Meng
et al, 2022). Ech, a flavonoid isolated from glycyrrhiza, had
antioxidant, antitumor, anti-virus, and other biological activities
(Ji et al, 2016; Zhu et al., 2018; Kwak et al., 2019; Hu et al., 2021;
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Ran et al., 2021). Despite many pharmacologic investigations,
there have been no reports on the anti-QS activity of Ech.

AI-2 bioluminescence assay (Vibrio harveyi (V. harveyi)
BB170 bioluminescence assay) is the most commonly used
method to detect AI-2 signal molecules. The bioluminescence
reporter strain V. harveyi BB170 (IuxN:: Tn5) is a mutant strain,
whose fluorescence is only regulated by AI-2 signal molecule
(Bassler et al., 1994, 1997; Surette et al., 1999). Therefore, the
inhibitory effect of the inhibitors on E. coli AI-2 production can
be judged by the intensity of V. harveyi bioluminescence. Here,
based on V. harveyi BB170 bioluminescence assay, 13 natural
product compounds that inhibit AI-2 production were screened
and evaluated. Notably, we found that one of the compounds, Ech,
effectively blocks E. coli QS. Furthermore, the study examined the
antibiofilm and antivirulence properties of Ech against E. coli and
evaluated the synergistic effects of combining Ech with antibiotics.

Materials and methods
Natural product compounds

Echinatin, Aloeemodin, Loureirin B, Cardamonin,

Cynaroside,  Artemetin, Neosperidin  dihydrochalcone,
Hesperetin, and Vitexin used in the study were obtained from
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).
Phloretin was purchased from Macklin Inc. (Shanghai, China).
Scutellarin and Acacetin were obtained from MCE (Shanghai,
China). Gentisin was obtained from ChemPFaces (Wuhan, China).
Dimethylsulfoxide (DMSO, Sigma) was used to dissolve all

compounds to the concentration of 40 mM.

Bacterial strains and cells

Escherichia coli O157:H7 (ATCC 43895) was purchased from
Beina Chuanglian Biotechnology Research Institute (Beijing,
China). Clinical strains E. coli O101+ E. coli C83654. E. coli
0149, E. coli XJ24. E. coli KD-13-1 were isolated and
maintained in our laboratory. Luria-Bertani (LB, HuanKai
Microbial, Guangdong, China) and Luria-Bertani agar (LA,
HuanKai Microbial, Guangdong, China) medium were used to
cultivate all E. coli strains. V. harveyi BB170 and V. harveyi BB152
were kindly provided by Researcher Han Xiangan (Shanghai
Veterinary Research Institute, Chinese Academy of Agricultural
Sciences). AB medium supplemented with 1 mM L-arginine, 1%
glycerol, and 10 mM Phosphate buffer (pH=7.2) for culturing
V. harveyi.

Caco-2 cell lines were obtained from ATCC and cultured
under standard conditions containing MEM medium (Gibco,
Grand Island, NY, United States) supplemented with 20% FBS
(Gibco, Grand Island, NY, USA), 1% non-essential amino acids
(Gibco, Grand Island, NY, USA), 10mM HEPES (Solarbio,
Beijing, China), 1 mM L-glutamine (Gibco, Grand Island, NY,
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USA), and 1 mM sodium pyruvate (Gibco, Grand Island, NY,
United States).

Anti-QS inhibitor screening

AI-2 bioluminescence assay was used to screen QS inhibitors
as described previously (Bassler et al., 1994; Taga and Xavier,
2011) with minor modifications. Briefly, E. coli O157:H7 was
cultured for 16 h with 50 pM of natural product compounds and
centrifuged at 12000 x g for 5min. Cell-free supernatant was
collected in a 0.22 pm filter. The bioluminescence reporter strain
V. harveyi BB170 grew in AB medium to 1.0 ~ 1.1 of ODjggum at
30°C under shaking and then diluted at 1:2500 with fresh AB
medium. Twenty micro liter of cell-free supernatant mixed with
180 ul of V. harveyi BB170 culture in black 96-well plates (Jingan,
Shanghai, China) and incubated for 3.5h at 30°C in the dark. A
multipurpose microplate reader (Enspire; PerkinElmer, USA)
was used to measure bioluminescence. Cell-free supernatants of
V. harveyi BB152 overnight cultures were used as control.
Further study was conducted on the compound with the highest
AI-2 inhibition. We also determined the IC50 for AI-2 inhibition
with the selected compound with the same procedure
described above.

Cytotoxicity

Ech’s toxicity was evaluated in Caco-2 cells using the CCK-8
assay. Caco-2 cells (10° cells/mL) were plated in a 96-well plate
with 5% CO, for 24h at 37°C. The culture medium was then
replaced by different concentrations of Ech (6.25, 12.5, 25, 50, 100,
200, 400 pM) for 24 h. After incubation, the plate was incubated at
37°C for an additional hour with 10 pl of CCK-8 (MCE, China).
The absorbance was measured at 450nm using Multiskan Go
Reader (Thermo Fisher Scientific, United States).

Growth and metabolic activity

As described previously, the growth ability of E. coli was
studied by the broth dilution method (CLSI, 2018; Swetha et al.,
2019). In brief, E. coli O157:H7 bacterial suspension (ODgy,=0.01)
with various concentration of Ech (6.25, 12.5, 25, 50, 100, 200 pM)
was seeded into 96-well plate and incubated for 24 h at 37°C. The
Multiskan Go Reader (Thermo Fisher Scientific, United States)
was used to measure the absorbance at 600 nm.

Metabolic activity was measured with an Alamar Blue assay
(Swetha et al,, 2019). E. coli O157:H7 bacterial suspension
(ODgy=0.01) with various concentrations of Ech (6.25, 12.5, 25,
50, 100, 200 pM) was seeded into 12-well plate and incubated for
24h at 37°C. Cells from each well were harvested at 10000 x g for
5min and then washed twice using PBS (pH=7.2). Metabolic
activity was measured using Alamar Blue assay according to the

Frontiers in Microbiology

182

10.3389/fmicb.2022.1003692

manufacturer’s prescribed protocol (Invitrogen™, Thermo Fisher
Scientific, USA). PBS containing only AB dye was considered a
blank. The metabolic activity was calculated based on the
absorbance at 570nm and 600 nm using the following formula
(Swetha et al., 2019):

(oni(0D570) x T 00570)

_(oni(0D600) x T0D600) 100
X (]

Metabolic activity(%) =
(Erea'(ODS70) x Bops1o )

_(Ered(ODGOO) x 301)600)

Eoxi (OD570) — extinction coefficient in oxidized form of AB
at 570 nm =80,586;

Ered (OD570) - extinction coeflicient in reduced form of AB
at 570nm=155,677;

Eoxi (OD600) - extinction coefficient in oxidized form of AB
at 600nm=117,216;

Ered (OD600) - extinction coeflicient in reduced form of AB
at 570nm = 14,652;

B-blank; T-samples.

Biofilm assay

CV staining

The formation of biofilms was assessed using CV staining
based on previous study (O Toole, 2011) with slight modification.
In brief, E. coli O157:H7 bacterial suspension (ODgy,=0.01) was
cultured in LB medium at the various concentrations of Ech (6.25,
12.5, 25, 50, 100, 200 uM) in a 96-well plate (Corning Costar®
3,599, Corning, NY, United States) for 24 h at 37°C. The plate was
washed three times with PBS (pH=7.2) and then fixed for 1h at
60°C. Methanol was used to fix the cells and 0.1% CV was used to
stain them for 30 min. Next, the CV was rinsed with distilled water
and dried under heat. Finally, the CV attached to wells was
dissolved in 95% ethanol and then measured the absorbance at
570nm using Multiskan Go Reader (Thermo Fisher Scientific,
United States).

Confocal laser scanning microscopy

Biofilm formation of E. coli was determined using CLSM
according to previous study (Zhang et al, 2020) with slight
modification. In brief, E. coli O157:H7 bacterial suspension
(ODgo=0.01) supplemented with different concentrations of Ech
(12.5,25, 50 pM) was seeded into a 6-well plate with coverslips and
incubated for 24 h at 37°C. The suspensions were removed, and
the wells were washed with PBS (pH=7.2). The biofilm was
stained using BacLight Live/Dead viability kit (L7012,
Invitrogen™, Thermo Fisher Scientific, United States) according
to the procedure and observed by CLSM (Zeiss LSM800, Zeiss,
Tokyo, Japan).
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EPS production

According to the previous method, Ruthenium Red staining
assessed EPS production (Adnan et al., 2020). Cell suspensions
(10°CFU/ml) of E. coli O157:H7 and different concentrations
of Ech were cultured in a 96-well plate for 24h at 37°C. The
plate was washed with PBS (pH=7.2), stained with 0.01%
ruthenium red (Yuanye, Shanghai, China), and then incubated
at 37°C for 1h. 0.01% ruthenium red was used to fill the wells
without biofilm was used as blank. 0.01% ruthenium red was
used to fill the wells with biofilm and without Ech was used as
a positive control. The absorbance was performed at 450 nm
using Multiskan Go Reader after the liquid carrying the residual
stain was transferred to new 96-well plates (Thermo Fisher
Scientific, USA). EPS inhibition was calculated as follows
formula (Adnan et al., 2020):

AS — AP
—_— X

EPS inhibition(%) = AB_AP 100

Whereas:

AB=absorbance of the blank.
AS=absorbance of the sample.

AP =absorbance of the positive control.

Motility assay

According to the previous description, the motility of E.coli
was performed (Vikram et al., 2013). Briefly, overnight E. coli
0157:H7 was diluted to ODgy=0.01, and then a semisolid agar
media (0.3% LB agar) containing 12.5, 25, and 50 pM of Gin
was used for the motility assay. One micro liter of the diluted
bacterial solution was inserted into the middle of the plate.
DMSO alone was used as the control. Halo zone diameters
were measured after incubation for 16-18h at 37°C to
assess motility.

gRT-PCR

qRT-PCR was used to measure Ech’s effect on QS-regulated,
biofilm formation, motility, and virulence factor-related genes of
E. coli. Escherichia coli O157:H7 was incubated in the 12-wells
plate with and without Ech at 37°C for 24h. Bacterial RNA
Kit(Omega, USA) was used to extract total RNA. RNA
concentration was determined by NanoDrop OneC
spectrophotometer (Thermo Scientific, USA). PrimeScript™ RT
reagent Kit with gDNA Eraser (TAKARA Corporation, Japan) was
used to reverse transcribe RNA into cDNA. qRT -PCR was
analyzed using TB Green® Premix Ex TaqTM II (Tli RNaseH
Plus) (TAKARA Corporation, Japan). Based on the 27**“ method,

the relative changes in gene expression levels were analyzed. The
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gapA gene was used as an internal control (Hu et al., 2013). This
study used the primers listed in Supplementary Table 1.

Antibacterial activity

Antibacterial activity was evaluated based on the previous
method (Swetha et al, 2019; Liu et al, 2021) with some
modifications. Briefly, E. coli O157:H7 and five clinical strains
(E. coli O101, E. coli C83654, E. coli 0149, E. coli X]J24, E. coli
KD-13-1) bacterial suspensions (ODgy,=0.01) were mixed with
antibiotics (1/2 MIC, 1/4 MIC, 1/8 MIC) with or without Ech
(50 M) at 37°C for 16-18h. Antibacterial effects were assessed by
metabolic activity with Alamar Blue assay. Tests were conducted
in triplicate.

Statistical analysis

The experiment was repeated three times with three replicates
for each treatment, and data represent the mean+SD. The
significance of differences was evaluated with multiple t-tests for
two groups or non-parametric one-way ANOVA for multiple
groups using GraphPad Prism (GraphPad Prism 8; GraphPad).
Where *p<0.05; **p <0.01; ***p <0.001; ****p <0.0001.

Results

Screening of QS inhibitors against
Escherichia coli

To identify new QS inhibitors, 13 flavonoid compounds from
nature compounds were screened by the V. harveyi BB170
bioluminescence assay (Supplementary Table 2). The results
showed that the QS inhibition rates of two compounds Ech and
aloeemodin were greater than 70% at 50 pM. The QS inhibition
rates of six compounds loureirin B, phloretin, cardamonin,
neosperidin dihydrochalcone, cynaroside, and acacetin were
between 60 and 70%, and five compounds scutellarin, artemetin,
hesperetin, vitexin, and gentiin were less than 50%. In particular,
Ech was the better anti-QS activity with an IC50 of 21.67 pM
(Figure 1). Therefore, it was focused on during our study.

Cytotoxicity of Ech On Caco-2

Ech’s cytotoxicity was assessed in the study to develop it as a
safer alternative to antibiotics. The viability of Caco-2 cells was
evaluated using CCK-8 assay after treatment with Ech at various
concentrations (6.25, 12.5, 25, 50, 100, 200 pM). Compared with
the control, Ech is non-toxic to Caco-2 cells at concentrations
below 100 pM (Figure 2).
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FIGURE 1

Al-2 inhibition of E. coli was treated with various concentrations
of Ech (6.25, 12.5, 25, 50, 100, 200uM) by Al-2 Bioluminescence
assay and IC50=21.76uM. All experiments were carried out in
triplicate, and data represent the mean+SD.
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FIGURE 2

The Cytotoxicity of Ech in Caco-2 cells. The cells were treated
with Ech at different concentrations (0, 6.25, 12.5, 25, 50, 100,
and 200uM) for 24h. Data represent means + SD of three
experiments conducted in triplicate.

Effects of Ech on growth and metabolic
activity of Escherichia coli

The effects of Ech on growth and metabolic activity were
revealed by the microbroth dilution and Alamar Blue (AB)
assay (Figure 3). Results showed that control and Ech treated
cells showed no significant differences in the fluorescent
intensity of AB dye. In addition, E. coli growth was not
significantly different between the Ech treated sample and the
control culture. These results showed the non-antibacterial
effect of Ech.
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FIGURE 3

Growth and metabolic activity of E. coli in the presence of Ech.
The line graph shows the growth of E. coli with Ech measured
using a microbroth dilution assay. The bar graph shows the
metabolic activity of E. coli based on the AB assay. Data represent
means+ SD of three experiments conducted in triplicate.

Effects of Ech on biofilm formation of
Escherichia coli

Next, we assessed the effects of QS inhibitor on the formation
of biofilm against E. coli by CV staining and CLSM. CV staining
showed that Ech significantly inhibited the biofilm formation of
E. coli in a dose-dependent manner (Figure 4A). More specifically,
inhibition reached 40% at 6.25puM of inhibitor concentration,
while 71.54% inhibition was achieved at 200 uM. In addition, the
antibiofilm of Ech was further verified by CLSM. As shown in
Figure 4B, green fluorescence (living cells) and red fluorescence
(death cells) showed significant decreases with increasing
concentration, which proved that Ech could effectively inhibit the
adhesion of E. coli and reduce biofilm formation.

Effects of Ech on EPS production of
Escherichia coli

In a biofilm matrix, EPS is among the most critical
components (Branda et al., 2005). As was shown in Figure 5, Ech
inhibited EPS production dose-dependently. The EPS inhibition
reached 50% at the concentration of 100 pM. It was consistent with
the results of CV staining. This result further confirms the
inhibition of Ech on the formation of biofilm.

Effects of Ech on the motility of
Escherichia coli

Quorum-sensing controls the motility of E.coli. Figure 6A
showed that QS inhibitor Ech reduced the motility in a dose-
dependent. Further, we assessed the halo zone quantitatively
(Figure 6B). Results showed that Ech significantly inhibited the
motility of E. coli in comparison with the control group (p <0.0001).
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FIGURE 4

Effects of Ech on E. coli biofilm formation. (A) Biofilm formation inhibition at various concentrations of Ech (6.25, 12.5, 25, 50, 100, and 200uM) for
24h by CV staining. (B) Three-dimensional (3D) image of E. coli biofilm with Ech (12.5, 25, and 50uM) for 24h by CLSM. Error bars are mean+SD
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FIGURE 5

EPS inhibition (%) showed at the various concentrations of Ech
(6.25,12.5, 25, 50, 100, and 200pM) for 24h. Data represent
means + SD of three experiments conducted in triplicate.

Effect of Ech on the expression of
QS-regulated genes of Escherichia coli

To further evaluate the potential molecular basis responsible
for QS inhibition by Ech, we measured the expression of QS,
motility, and biofilm genes by qRT - PCR. Ech reduced the
expression of QS-regulated genes like luxS, pfs, IsrB, IsrK, and
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IsrR (43, 48, 52, 90, and 61% respectively), motility-regulated
genes fIhC, flhD, and fliC (61, 35, and 53%, respectively),
biofilm-regulated genes csgD (52%), and virulence factor-
regulated gene stx2 (69%; Figure 7). The result demonstrated
that Ech inhibited QS, biofilm formation, motility, and virulence
factor production.

Synergistic effects of Ech with antibiotics
against Escherichia coli

It was reported that antibiotic resistance was closed related to
QS. So, we evaluated the synergistic antimicrobial effect of QS
inhibitor Ech with conventional antibiotics against E. coli 0157:H7
and five clinical isolates of strains (E. coli C83654, E. coli X]24,
E. coli O101, E. coli O149, E. coli KD-13-1). First, we evaluated the
synergistic antibacterial effect of Ech and six different antibiotics
against E. coli O157:H7. According to Figure 8, QS inhibitor Ech
only has synergistic antibacterial activity with colistin antibiotics
(1/2 MIC, 1/4 MIC, 1/8 MIC). In addition, the synergistic
antibacterial effect of Ech with polymyxin B and polymyxin E on
five clinical isolates of E. coli was further verified (Figures 9, 10).
These results suggested that QS inhibitor Ech in conjunction with
conventional antibiotics could be an efficient therapeutic strategy
for inhibiting pathogens like E. coli.

Discussion

Microbial infections continue to pose a serious problem
because of antibiotic resistance, making alternative therapies
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Maoatility inhibition of E. coli with Ech. (A) Images of motility following incubation with E. coli at the various concentration of Ech (0, 12.5, 25, and
50uM). (B) Quantitative estimation of motility based on the halo zone's diameter. ****=p<0.0001.
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FIGURE 7
Effects of Ech on expression QS-regulated genes of E. coli. The
gRT-PCR results showed significantly different nine genes (csgD,
flhC, flhD, fliC, luxS, pfs, IsrB, [srK, [srR, and stx2) compared with
the control. Data represent means + SD of three experiments
conducted in triplicate.

imperative. QS not only regulates different pathogenic processes
like virulence production (Defoirdt, 2018), biofilm formation
(Rickard et al., 2006; Irie and Parsek, 2008), and antibiotic
sensitivity (Stenvang et al., 2016; Liu et al., 2021) but also does not
result in the development of resistance (Sully et al., 2014; Quave
etal., 2015; Ning et al,, 2021). It has emerged as the potential target
for fighting antibiotic resistance (Suga and Smith, 2003; Geske
et al, 2005; Rasmussen and Givskov, 2006). In the present study,
we identified that Ech, a novel QS inhibitor selected from 13
different flavonoids, did not inhibit E. coli growth and metabolic
activity but affected QS-regulated processes like biofilm formation,
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EPS production, motility, and virulence factor production.
Furthermore, we demonstrated the synergistic effect of Ech
combination with colistin B and colistin E against E. coli O157:H7
and five clinical isolates of strains. In short, we concluded that Ech
presents excellent anti-QS and synergistic antibacterial effects
against E. coli.

At present, the detection methods of signal molecule AI-2
mainly include V. harveyi BB170 bioluminescence assay, LuxP-
based fluorescence resonance energy transfer (LuxP-FRET)
reporting system assay, QS engineering protein detection assay,
Gas Chromatography-Mass Spectrometer (GC-MS) assay, high-
performance liquid chromatography with tandem mass
spectrometric (HPLC-MS/MS) assay, and high-performance
liquid chromatography with fluorescence detection (HPLC-FLD)
assay (Yan et al, 2016). Among them, V harveyi BB170
bioluminescence assay is the most commonly used method at
present. In this study, we screened Ech with high-efficiency
anti-QS from 13 different flavonoids through the AI-2
bioluminescence assay. In addition, we proved that Ech had no
cell toxicity in Caco-2 in the effective dose and adverse effects on
bacterial growth and metabolic activity. Further, Ech also
significantly decreased the expression of QS-regulated genes,
including luxS, pfs, IsrB, IsrK, and IsrR. Several studies have
shown that AI-2 regulates the formation of biofilm, the
production of virulence factors, motility, and resistance of
bacteria. So, pathogen virulence could be reduced by inhibiting
AI-2 production (Ma et al., 2017; Sedlmayer et al., 2021; Jiang
etal., 2022). LuxS and pfs are responsible for the synthesis of AI-2
with S-adenosylhomocysteine (SAH) as substrate (Figure 11;
Zhao etal,, 2018; Wu et al,, 2019). Similarly, it has been reported
that JuxS and pfs deletion mutants of E. coli inhibit AI-2
production, biofilm formation, and motility (Yang et al., 2014;
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FIGURE 8
Synergistic effects of Ech (50uM) with six different antibiotics in E. coli O157:H7 on bacterial viability. Data represent means + SD of three
experiments conducted in triplicate. *=p<0.05; **=p<0.01; ***=p<0.001;****=p<0.0001.

Wang et al., 2016; Zuberi et al., 2017). Therefore, the luxS and pfs been considered important therapeutic drug targets. Many
have been considered important therapeutic drug targets, and inhibitors against IsrR, IsrK, and IsrB have been investigated
many inhibitors against [uxS and pfs have been investigated (Peng et al., 2018; Gatta et al., 2019; Stotani et al., 2019; Gatta
(Shivaprasad et al., 2021; Sharifi and Nayeri Fasaei, 2022). The Isr et al., 2020). Our results suggested that Ech could interfere with
system is liable for AI-2 detection, uptake, and signal transduction the AI-2 synthesis, secretion, or transport through their effects
in E. coli (Pereira et al., 2013). LsrR is an inhibitor of the Isr on luxS, pfs, IsrK, or IsrB.

system. There is very little extracellular AI-2 during the early The biofilm is an aggregate of microorganisms where
stages of bacterial growth. LsrR is active and inhibits the microorganisms are adhered to the substrate (e.g., stainless, glass,
transcription of the Isr system. LsrK phosphorylates uptake of meats, and vegetables) and encapsulated within a self-produced
AI-2 as it accumulates in the extracellular space. The binding of matrix of EPS, proteins, and extracellular DNA (eDNA) (Hobley
phospho-AI-2 to IsrR results in the initiation of transport by the et al,, 2015; Flemming et al., 2016; Karygianni et al., 2020). EPS
Isr system. LsrB is an AI-2 receptor responsible for the can separate colonies and form a pathway for transporting
internalization of AI-2 in E. coli (Figure 11). Similarly, IsrR, IsrK, metabolites and nutrients. In addition, EPS can maintain the
and IsrB deletion mutant has been reported to interfere with biofilm’s structure and contribute to bacteria colonization on the
signal transduction and inhibit biofilm, motility, and non-biological surface (Fan et al, 2022). Curli fimbriae and
pathogenicity (Li et al., 2007; Jani et al., 2017; Laganenka and cellulose, whose products are regulated by csgD, are common EPS
Sourjik, 2018; Zuo et al., 2019). So, the IsrR, IsrK, and IsrB have components found in bacterial biofilms (Dieltjens et al., 2020).
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FIGURE 9
Synergistic effects of Ech (50uM) with Colistin B in five different E. coli on bacterial viability. E. coli (A) C83654, (B) XJ24, (C) 0149, (D) 0101,
(E) KD-13-1. Data represent means + SD of three experiments conducted in triplicate. *=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001.

CsgD stimulates the formation of E. coli biofilms by and motility (Chaban et al,, 2015). The results demonstrated that
simultaneously activating the expression of the curli- encoding Ech reduced flagellum motility by inhibiting QS.
genes csg operon and inhibiting negative affect factors such as Substances that constitute bacterial virulence are called
yagS and pepD (Brombacher et al., 2003). Otherwise, csgD virulence factors including invasiveness and virulence. Among the
directly inhibits flagellum formation of fliE and fliEFGH operon, six major pathotypes of E. coli, Shiga toxin-producing E. coli is the
thereby regulating biofilm formation and cell motility by most prevalent (Moreau et al., 2021). Shiga toxin is one of the
inhibiting flagellum formation and rotation. This study showed major virulence factors of Shiga toxin-producing E. coli 0157: H7.
that Ech inhibited EPS production in a dose-dependent manner It can induce the formation of A/E lesions, and cause HUS if it
by Ruthenium Red stain. Further, Ech also significantly decreased enters the circulatory system (Kordbacheh et al, 2019). In
csgD expression (Figure 7). The results demonstrated that Ech humans, the stx2 gene codes for the Stx2 which is associated with
reduced EPS production by inhibiting QS. more severe diseases caused by Shiga toxins, which play an
We performed motility experiments in a semi-solid agar essential role in the pathogenesis of E. coli O157:H7 (Sheng et al.,
medium to determine whether Ech affects bacterial motility. The 2016). In the present student, we found that the virulence factor
results showed that Ech inhibited bacterial motility in a dose- regulatory gene stx2 was downregulated by 69%. The results
dependent manner. Additionally, flagellum-regulated genes such demonstrated that Ech reduced virulence factor production by
as fIhC, flhD, and fliC were also significantly down-regulated by inhibiting QS.
Ech. FIhDC is an activator of the flagellum regulatory cascade, Multiple antibiotic resistance mechanisms have evolved due
which regulates flagellum synthesis and motility (Guttenplan and to the extensive use of antibiotics during clinical treatment. The
Kearns, 2013). FliC, as a flagellum filament structural protein, is primary resistance mechanisms are to passivate antibiotics by
involved in the pathogenesis of infection, the production of biofilm, eliminating antibiotics by efflux pump system, chemical
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modifications, and target gene modification (Zhao et al., 2020).
Meanwhile, the biofilms formed by many pathogens result in
strong resistance (Rajput et al., 2018). QS system can reduce
antibiotic resistance by regulating biofilm formation (Zhao et al.,
2020). In this study, we found that combined QS inhibitor Ech
and colistin antibiotics could play a synergistic antibacterial
effect. The results suggested that combining antibiotics with
anti-QS compounds appears to be an effective therapeutic
strategy for treating pathogen infections.
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Background: Tannins have demonstrated antibacterial and antibiofilm activity,
but there are still unknown aspects on how the chemical properties of tannins
affect their biological properties. We are interested in understanding how to
modulate the antibiofilm activity of tannins and in delineating the relationship
between chemical determinants and antibiofilm activity.

Materials and methods: The effect of five different naturally acquired tannins
and their chemical derivatives on biofilm formation and planktonic growth
of Salmonella Typhimurium, Pseudomonas aeruginosa, Escherichia coli and
Staphylococcus aureus was determined in the Calgary biofilm device.

Results: Most of the unmodified tannins exhibited specific antibiofilm activity
against the assayed bacteria. The chemical modifications were found to alter
the antibiofilm activity level and spectrum of the tannins. A positive charge
introduced by derivatization with higher amounts of ammonium groups shifted
the anti-biofilm spectrum toward Gram-negative bacteria, and derivatization
with lower amounts of ammonium groups and acidifying derivatization shifted
the spectrum toward Gram-positive bacteria. Furthermore, the quantity of
phenolic OH-groups per molecule was found to have a weak impact on the
anti-biofilm activity of the tannins.

Conclusion: We were able to modulate the antibiofilm activity of several

tannins by specific chemical modifications, providing a first approach for fine
tuning of their activity and antibacterial spectrum.

KEYWORDS

tannins, antibiofilm activity, structure—activity relationships, Salmonella
Typhimurium, Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus
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Introduction

Plant-derived tannins have been used from ancient times in
leather industry because of their ability of making leather last over
time, and the name “tannin” comes from the use of these
chemicals for “tanning” leather (Falcio and Araujo, 2011; Pizzi,
2019). Accordingly, it was hypothesized that the resistance of
leather to microbial decomposition could be explained by this use
of tannin-rich compounds in leather curation and several studies
have pointed to multiple additional pharmacological properties of
tannins, including anti-inflammatory and anti-cancer effects,
which are contributing to a renewed interest in these products as
a source of new bio-based pharmaceuticals (Widsten et al., 2014;
Vu et al.,, 2017; Pizzi, 2019; Farha et al., 2020). Tannins have been
shown to inhibit bacterial growth of different Gram-positive and
Gram-negative bacteria (Taguri et al., 2004; Ekambaram et al.,
2016; Slobodnikova et al., 2016; Chandra et al.,, 2017; Vu et al,,
2017), and are shown to be able to disperse biofilms (Trentin et al.,
2013). On some occasions this antibiofilm activity is specific and
independent from the ability to inhibit bacterial growth (Ulrey
et al,, 2014). Common examples of tannins with antibacterial
activity are tannic acid (Chung et al., 1998), ellagic acid (De et al.,
2018) and epigallocatechin gallate (Akiyama, 2001).

From a molecular point of view, tannins can be divided in two
main groups: condensed and hydrolysable tannins. Hydrolysable
tannins are esters of gallic acid with a core sugar, often glucose or
quinic acid. Tannic acid is the most prominent representative of
the family of hydrolysable tannins comprising a glucose center
(Koleckar et al., 2008; Ekambaram et al., 2016). Condensed tannins
are oligomeric and polymeric proanthocyanidins, consisting of
flavan-3-ol units, linked by carbon-carbon bonds not susceptible
to hydrolytic cleavage (Koleckar et al., 2008; Versari et al., 2013).
The scaffold of the subclass of tannins called complex tannins is
very similar to those found in condensed and hydrolysable tannins,
where a flavan-3-ol unit is linked to gallic acid in a monomeric or
polymeric system (Falcao and Aratjo, 2011). However, there is no
reference in literature that this kind of differentiation has any effect
on the level and kind of antimicrobial activity of the tannins.

To date, there is no clear understanding on the factors that
explain the antimicrobial activity of tannins. It has been suggested
that the observable activity could be explained by the presence of
free phenolic hydroxyl groups which can affect, for example,
enzymatic activity via covalent or non-covalent linking (Scalbert,
1991). In this respect, it has been seen that phenolic compounds
can have antimicrobial effects against Pseudomonas aeruginosa and
Staphylococcus aureus (Jagani et al., 2009; Lahiri et al., 2019). This
ultimately means that the typical phenolic character of the tannins
could play an important role for the antimicrobial activity (Mori
et al., 1987; Baba and Malik, 2015). Other mechanisms of action
for the antimicrobial activity of tannins have also been described,
in particular for tannic acid, like disruption of peptidoglycan
formation (Dong et al., 2018), iron chelation (Chung et al., 1998),
membrane disruption (Kim et al., 2010), efflux pump inhibition
(Tintino et al., 2016) and fatty acid synthesis (Wu et al., 2010).
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It has also been shown in previous literature that tannins have
the ability to reduce biofilm formation (Jagani et al., 2009; Klug
et al., 2017; Dettweiler et al., 2019; Lahiri et al., 2019). Biofilms are
conglomerates of bacteria, usually at an interphase (solid-air, solid-
liquid, liquid-air), that are surrounded by a protective mesh of
extracellular polymeric substances (EPS). This enhances the ability
of the bacteria to survive dehydration, disinfectants and antibiotics
(Rabin etal., 2015; Roy et al., 2018). The mechanisms of protection
include reduced penetration of antimicrobial compounds, reduced
bacterial metabolism, induction of efflux pumps and more frequent
horizontal gene transfer (Rabin et al., 2015).

Regarding the antibiofilm activity of tannins, it has been
described that some of them have a biofilm-specific mechanism
of action, such as inhibition of quorum sensing (QS) in
P. aeruginosa by the tannin-rich fractions of Terminalia catappa
(Taganna etal., 2011) and T. chebulata (Sarabhai et al., 2013), and
induction of transglucosylase activity in S. aureus by tannic acid
(Payne et al., 2013). This type of biofilm-specific behavior is
actually desired, because the lack of direct growth inhibition
decreases the selective pressure toward resistance phenotypes
(Allen et al., 2010; Imperi et al., 2019; Dieltjens et al., 2020).

Because of this reduced potential of resistance development,
in the current study we evaluated selected chemical variants of
tannins for their ability to inhibit biofilm formation without
inhibiting planktonic growth. A diverse range of five commercially
obtained tannins, three condensed tannins and two hydrolysable
tannins, were included. The tannins were selected because they
have been structurally thoroughly characterized in prior works
and they are representative of the known molecular diversity of
tannins. Also, we investigated how different chemical
modifications change the activity level and spectrum of the
tannins. Understanding the effect of structural features on activity
allows to enhance or finetune activity. The functional groups
chosen for derivatization were selected for known capacity (i) to
interfere with membranes, i.e., ammonium groups; and (ii) to alter
modes of interactions with surfaces, i.e., carboxylic acids and
poly(ethylene glycol). The objective was to study the consequences
of such chemical derivatizations at the molecular level and at the
level of intermolecular interaction possibilities and obtain hints
regarding matches and mismatches between tannin-type and
tannin functionalization with respect to tuning anti-biofilm
activities. The scarcity of structure-activity relationship (SAR)
research in the field of tannins and bioactive phenolic compounds
from plant sources as antimicrobial compounds highlights the
value of this work (Fang et al., 2016; Bouarab-Chibane et al., 2019).

Materials and methods
Tannin assays and modifications
Assayed tannins

Five commercially available tannin extracts, comprising three
condensed and two hydrolysable tannins were used. The three
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condensed tannins were Omnivin 20R (monomeric (epi) catechin,
Vv-20), Omnivin WG (procyanidins (62%)/profisetidins (34%),
Vv) and Mimosa ATO ME (prorobinetidins (33%)/profisetidins
(67%), Am), and the two hydrolysable tannins were Tanal 01
(tannic acid, Ta-01) and Tanal 04 (galloylquinic acid, Ta-04). The
chemical structures of these tannins were elucidated in detail as
reported elsewhere (Zhen et al., 2021a). Figure 1A gives an
overview of the structural features.

Modification of tannins

The five selected tannins were chemically modified by
derivatizing them via their phenolic functionalities, as reported in
detail elsewhere (Zhen et al., 2021b), with different levels of
specific functional motifs: (i) hydroxy-N,N,N-trimethylpropanyl-
3-aminium chloride (C;NMe;Cl-eq), (i) hydroxypropyl-1-
carboxylic acid (C;COOH-eq), and (iii) oligomeric ethylene glycol
polyether (PEGsy-eq), whereby “eq”” in the compounds listed in
Figure 1B indicates the equivalents of the functional motif that
were used for the chemical modification (Zhen et al., 2021b).
These chemical functionalizations gave several properties to the
tannins: (i) C;NMe;Cl-eq added positive charges to the tannin
molecule, (ii) C;COOH-eq, as a weak acid, potentially added
negative charges to the molecule, and (iii) PEG;-eq polymerized
the tannin molecules. During the various functionalizations,
control tannins were re-isolated from blank reactions. Tannins
labeled as “Blank-W?” are tannins isolated from blank reactions
performed in water and tannins labeled as “Blank-D” are tannins
isolated from blank reaction preformed in dimethylformamide.

Because of the low solubility of the tannins in aqueous media,
the dry compounds were first suspended in dimethyl sulfoxide
(DMSO) at a stock concentration of 60 g/L and from there diluted
to the desired concentration in the following experiments. A 1%
v/v concentration of DMSO was never exceeded in order to
prevent potential effects of DMSO on bacterial growth or
biofilm formation.

All the tests were done in aerobic conditions in growth media
with a pH of ~7.4 and a salinity range of 0.025-0.5% w/v.

Study of antibiofilm activities of tannins

The antibiofilm activities of the tannins were determined
using 96-well plates with a cover lid with pegs for growing the
bacterial biofilms in presence of several concentration of the
assayed tannins. These assays, divided in a Ist exploratory
screening (Section “Antibiofilm screening”) and a 2nd validation
“Validation
Experimental design and statistical analysis”), are explained in

experiment (Section anti-biofilm  screening:

detail in the following section.
Generation of biofilms of each microorganism
Biofilms of Salmonella enterica var. Typhimurium ATCC14028,

Pseudomonas aeruginosa PA14, Escherichia coli TGl and
Staphylococcus aureus SH1000 were grown in the Calgary biofilm
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device via a protocol that was previously described (Janssens et al.,
2008; Steenackers et al., 2011). The bacteria were grown overnight
(ON) in LB broth at 37°C. These ON cultures were then diluted
1/100 in diluted (1/20) Tryptic Soy Broth (TSB, Thermo Fisher
Scientific) for Gram-negative bacteria and in undiluted TSB for
S. aureus. 100 pl of growth medium or a solution of the tannins in
growth medium was added to the wells of a 96-well Calgary device
(Nunc nos. 269789 and 445497, Thermo Fisher Scientific). The
diluted ON cultures were then added to the wells to obtain a starting
inoculum of 10° cfu/ml in a final volume of 200l of growth
medium per well. Also, both for the exploratory screening test and
validation of anti-biofilm activity, one row of the plate was filled
with inoculum with growth media without tannin and another row
was filled with media without bacteria. To account for potential
effects of the compounds themselves, the same tannin-concentration
was added to separate control 96-well Calgary biofilm plates without
the inoculation of the bacteria. Afterwards, all plates were incubated
in a wet chamber for the appropriate time and temperature: 48 h at
37°C for S. aureus, 24 h at 25°C for the Gram-negatives.

Biofilm formation and planktonic growth were determined by
crystal violet staining of the pegs and ODy,, measurements of the
base plate of the device, respectively. Specifically, after incubation
the covers of the plates (which contain the pegs) were removed
and washed once with PBS. The pegs were then stained with 200 pl
per well of 0.1% v/v of crystal violet (CV, VWR International) for
30min. After staining, the excess of CV was washed once with
200 pl per well of distilled water and let dry for 30 min. Finally, the
CV was recovered in a new 96-well plate with 200 pl per well of
30% v/v glacial acetic and the optical density at 570 nm (ODs;)
measured in a plate reader. The optical density at 600 nm (ODyq)
of the bacteria in the base plates was measured to determine the
growth of the planktonic cells.

Antibiofilm screening

In a preliminary experiment, the tannins were tested in
two-fold dilution series ranging from 600 to 9.38mg/L in 3
independent replicates. The obtained raw ODs;, (for the biofilm
formation) and ODg, (for the planktonic growth) were corrected
by the OD of the tannins incubated in absence of bacterial
inoculum and then normalized using the average OD of the
bacterial inoculum incubated in absence of tannin, thus being
converted to percentage of biofilm formation (ODs;) and
percentage of bacterial growth (ODg).

The BICs, and ICs, (the compound concentration required to
inhibit the biofilm formation and the bacterial growth by 50%,
respectively) were calculated by applying a log [tannin] vs.
percentage of biofilm formation or percentage of planktonic
growth non-linear regression (four-parameters) using the
statistical package GraphPad 8.0.

Validation anti-biofilm screening: Experimental
design and statistical analysis

Based on the information from the preliminary experiment, a
definitive antibiofilm experiment in the Calgary biofilm device
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(A) Chemical structure of commercially available condensed and hydrolysable tannins used in this study (40) and (B) their chemically derivatized
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aliphatic alcohols within the total C; linker moiety connecting the functional to the tannin (41). (i) CsNMe;Cl-eq — hydroxy-N,N,N-
trimethylpropanyl-3-aminium chloride; (ii) C;COOH-eq — hydroxypropyl-1-carboxylic acid; and (iii) PEGsg-eq — oligomeric ethylene glycol

was set up with eight independent repeats. We first defined the
factors under study, i.e., the parameters that potentially have an
influence on the formation of biofilm. The considered parameters
are: (i) original unmodified tannin: V»-20, Vv, Am, Ta-01, Ta-04;
(i) concentration of tannin (mg/L): 9.38, 79.69, 150; (iii) chemical
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modifier: C;COOH, PEG, C;NMe,Cl, Blank-D (blank reaction
with dimethylformamide), Blank-W (blank reaction with water),
unmodified; and (iv) concentration of applied chemical modifier:
low and high (low: 0.05 and 0.1 eq of chemical substitution; high:
0.25 and 0.5eq of chemical substitution). In order to minimize
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effects of plate-to-plate variation, we applied an optimal
randomized experimental design with the statistical package
JMP 15.0 to reduce experimental noise and confounding factors.
Different to the preliminary experiment, only three concentrations
were assayed, which were chosen to best capture the antibiofilm
activity of the tannins: 9.38, 79.69, and 150 mg/L. The remaining
part of the protocol of this experiment is identical to that of the
preliminary experiment described above.

To determine the effect of the chemical derivatizations on the
antibiofilm and antibacterial effect of the unmodified tannins on
each of the assayed bacteria, an ANOVA test with Tukey post-hoc
test comparing the unmodified tannins with their respective
derivatized tannins was done based on the obtained biofilm
formation and planktonic growth levels.

Relationship between the phenolic
hydroxyl content and antibiofilm effect

To determine the effect of phenolic hydroxyl (OH) content on
the antimicrobial and antibiofilm effect of the different tannins, a
simple linear regression between the phenolic OH content of the
tannins and the level of biofilm formation (or planktonic growth)
was performed. To better calculate this correlation, we used the
different tannin assayed concentrations and the obtained mmol of
phenolic OH per gram of material to calculate the mmol of
phenolic OH present in the system for each tannin at each assayed
concentration, and we correlated this value with the respective
percentage of biofilm inhibition and planktonic growth inhibition.
The phenolic OH content of the tannins was determined via
S'PNMR as described elsewhere (Zhen et al., 2021a).

Results and discussion

Exploratory screening to determine the
concentration test range

A diverse range of five commercially obtained tannins, and
five types of derivatives, were selected and screened for anti-
biofilm activity. The condensed tannins were previously identified
as mixtures of (epi) catechins and fisetinidols (Zhen et al., 2021a)
and consisted of (i) the essentially monomeric V»-20, (ii) the low
oligomeric Vv and (iii) the higher oligomeric Am. The hydrolysable
tannins consisted of two large tannins: (i) the “typical” tannic acid
Ta-01 and (ii) the galloquinic acid derivative Ta-04. All tannins
were previously functionalized with a positive charge introducing
ammonium salt hydroxy-N,N,N-trimethylpropanyl-3-aminium
chloride (C;NMe3Cl-0.1 and C;NMe3Cl-0.5), an acidifying
hydroxypropyl-1-carboxylic acid (C;COOH-0.1 and C;COOH-
0.1-0.5) motive and a polymerizing oligomeric ethylene glycol
polyether (PEGs,-0.05; Figure 1). The preventive activity of both
the natural and derivatized tannins against the biofilm formation
and planktonic

growth of the Gram-negative species
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S. Typhimurium, P. aeruginosa, E. coli and the Gram-positive
species S. aureus was evaluated by means of the Calgary biofilm
device. In a first set of exploratory experiments, two-fold serial
dilutions (from 600 till 4.96 mg/L) of the tannins were evaluated
in order to obtain a first glance on activity spectrum and active
concentration range. Activities against all four bacterial species
were observed, with BICs, values ranging from 4.69 to 545.8 mg/L
1Cs, 459.2mg/L
(Supplementary Table S1). As such this experiment allowed to

and values ranging from 37.5 to
determine the test concentrations for future validation
experiments: 9.38 mg/L was the lowest assayed concentration in
the preliminary screening and the most active tannins exhibited
BIC;s, equal to or below that value; 150 mg/L was the concentration
at which almost all tannins with antibiofilm effect were active; and
79.69mg/L is the average of those two concentrations. Such
validation experiments were required because the exploratory
experiments only had three independent repeats and this did not
provide sufficient statistical power to distinguish the levels of
activity of the different tannins and delineate the relationship
between the chemistry and the antibiofilm level of the tannins.
Furthermore, there was a statistically significant plate-to-plate
the of

Supplementary Figures S1, S2).

variation between controls each plate (see

Extensive randomized validation
screening at limited number of
concentrations

To allow a multivariate analysis considering tannin scaffold,
derivatization and concentration as well as bacterial target species,
the previous antibiofilm and antimicrobial experiments were
repeated in one experiment with eight repeats per condition, but
only focusing on the three tannin concentrations that could
capture best the antibiofilm effect of the tannins: 9.38, 79.69, and
150mg/L. In order to minimize previously observed effects of
plate-to-plate variation, these experiments were designed in a
randomized way, i.e., all the tannins were distributed through all
the plates in a random fashion. This allowed to decrease the
random error and the possibility of confounding factors, a
necessary step for doing a complex statistical analysis that allows
to link the different chemical characteristics. In what follows
we will first focus on the unmodified tannins, after which we will
elaborate on the effect of chemical derivatization.

To determine the percentual inhibition of biofilm formation
and planktonic growth of the assayed tannins against the selected
bacteria, the bacterial growth and biofilm development in absence
of tannin was taken as reference. As can be seen in
Supplementary Figure S3, the assayed bacteria exhibited
differences in their biofilm formation and bacterial growth,
Staphylococcus aureus being the bacterium that reached the
highest planktonic population density and formed most biofilm.
On the contrary, the assayed Gram-negative bacteria showed less
biofilm and less planktonic growth in comparison with S. aureus.
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Effect of unmodified tannin scaffold on
the antibiofilm activity level and
spectrum

In Figure 2 it can be seen that the commercially available
natural tannins showed different antibiofilm activities against the
four assayed bacterial species. All unmodified tannins can
be considered to have “broad spectrum activity; since all of them
exhibited statistically significant antibiofilm activity against Gram-
positive and Gram-negative bacteria at least at the concentration
of 150 mg/L, according to an ANOVA test with Tukey post-hoc
analysis. Also, most of the assayed tannins exhibited a
concentration-dependent activity, depending on the assayed
tannin and the tested bacteria.

However, there were clear differences in the degree of
antibiofilm activity of each tannin. Starting from the condensed
tannins, the monomeric V»-20 exhibited significant antibiofilm
activity against all the assayed bacteria at all the assayed
concentrations in a clear dose-dependent way, a dose of
79.69 mg/L being sufficient for inhibiting biofilm formation more
than 50% against the four assayed bacteria. Also, Vv-20 was the
most effective tannin against S. Typhimurium, with more than
75% of biofilm inhibition at 79.69 and 150mg/L, and against
E.  coli, than 80% biofilm
79.69 mg/L. Regarding the low oligomeric Vv, the antibiofilm

with  more inhibition at
activity was preferential against P. aeruginosa and S. aureus, for
which it exhibited potent dose-dependent antibiofilm activity.
This compound was able to inhibit more than 50% of biofilm
formation by S. aureus both at 79.69 and 150 mg/L, and is the
unmodified tannin with highest effect against P. aeruginosa,
displaying antibiofilm activity of more than 90% at 79.69 mg/L and
more than 95% at 150 mg/L. On the contrary, Vv was less effective
against S. Typhimurium and E. coli and was able to inhibit <30%
of biofilm formation of both bacterial species, regardless of the
assayed concentration. Contrary to the previous two unmodified
condensed tannins, the high oligomeric Am had preferential
antibiofilm activity against S. Typhimurium and S. aureus, but also
had significant antibiofilm activity against P. aeruginosa. Moreover,
Am is the unmodified tannin with the highest antibiofilm activity
against S. aureus, with more than 85% of antibiofilm activity at
79.69 and 150mg/L, also inhibiting more than 50% of biofilm
formation of S. Typhimurium both at 79.69 and 150 mg/L, and
inhibiting P. aeruginosa biofilm formation in more than 30% at
79.69mg/L and more than 50% at 150mg/L. On the contrary,
Am had unnoticeable inhibitory activity against E. coli biofilms at
any of the assayed concentrations.

With respect to the hydrolysable tannins, tannic acid, Ta-01
exhibited preferential activity against P aeruginosa and
S. Typhimurium. The biofilm inhibitory activity of Ta-01 ranged
from 40% at 9.38 mg/L to 60% at 150 mg/L against S. Typhimurium,
and from 15% at 9.38 mg/L to more than 90% at 150 mg/L against
P aeruginosa. On the contrary, the galloquinic acid derivative,
Ta-04 exhibited preferential activity against S. aureus. While the
antibiofilm activity of Ta-04 against S. Typhimurium and E. coli
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was dose dependent (reaching a maximum of 50% biofilm
inhibition against both bacteria at a concentration of 150 mg/L),
the antibiofilm activity of Ta-04 against S. aureus was not dose
dependent, with more than 70% biofilm inhibition at the three
assayed concentrations.

Importantly, the unmodified tannins were in general not
found to have antibacterial activity against the planktonic bacteria,
except for the low oligomeric condensed Vv against
S. Typhimurium and the hydrolysable tannic acid Ta-01 against
E. coli at the highest concentration of compound (Figure 2). In
previous reports, it was found that hydrolysable tannins similar to
galloylquinic acid, hence similar to Ta-04, exhibit broad spectrum
antibiofilm activity (Widsten et al., 2014; Ekambaram et al., 2016;
Puljula et al,, 2020). Those same reports, however, also suggest that
hydrolysable tannins have antibacterial effects against planktonic
Gram positive and Gram bacteria, which was not observed in our
experiment. On the other hand, tannic acid (Lee et al., 2013) and
1,2,3,4,6-penta-O-galloyl-p-p-glucopyranose (Lin et al., 2011),
both hydrolysable tannins, have been reported to inhibit biofilm
formation of S. aureus without inhibiting planktonic growth,
which is consistent with the results observed for tannic acid Ta-01.
In our assay, also galloylquinic acid Ta-04 showed such activity.
This selective activity against biofilms offers opportunities for
potential applications, such as the titanium-tannin composite
coating for implants developed by Shukla and Bhathena (2015),
that allows sustained release of the tannin.

Effect of chemical substitutions on the
antibiofilm and antibacterial activity of
the tannins

The aim of the modifications was to partially functionalize via
ether linkages the phenolic OH-groups of each tannin molecule
and to add tannin-alien functionalities at various levels to test the
possibility to modulate the native activity of tannins toward
biofilms and planktonic bacteria.

Figure 3 shows the effect of derivatization on the antibiofilm
activity. The differences in antibiofilm activity between the
different modifications were assessed via the Tukey test for
multiple comparisons, by comparing if there were differences in
the maximum activity (i.e., the antibiofilm activity at the highest
assayed concentration). If there were no differences in the
maximum activity, the activity at lower concentrations was also
evaluated, thus allowing to determine if a derivatization was able
to obtain the same effect as the unmodified tannin, but at a
lower concentration.

As a general conclusion, it could be established that most of
the chemical derivatizations, but especially positive charge
introducing C;NMe;Cl-0.1 reduce the antibiofilm activity of the
tannins, while some of them can shift the activity spectrum
toward preferential activity against Gram-positive or Gram-
negative bacteria. More importantly, it must be noted that, in
general, the chemical derivatizations increased the activity against
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Biofilm formation and planktonic growth of the assayed bacteria (expressed as percentage in comparison to control) in the presence of 9.38,
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difference from control, *=p<0.05; **=p<0.01. The statistical differences were determined via ANOVA test with Tukey post-hoc analysis, with a

Vv-20
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planktonic bacteria and decreased the activity against bacterial
biofilms of the unmodified tannins, thus decreasing the biofilm
specificity of the assayed tannins (see Supplementary Figures S4-57
for a direct comparison between growth inhibitory effect and
biofilm inhibitory capability of the assayed tannins against each
bacterial species). This effect will be discussed in more detail in
Section “Biofilm selectivity of the antibiofilm effect of the
assayed tannins”
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Two derivatizations generally shifted the antibiofilm spectrum
toward the Gram-negative group of bacteria: polymerizing
PEGs-0.05 and positive charge-introducing C;NMe;Cl-0.5.
Contrarily, derivatization with acidifying C;COOH-0.1 and
C;COOH-0.5 in general decreased the antibiofilm activity against
Gram-negative bacteria, while it retained activity against S. aureus
for larger tannins Am, Ta-01 and Ta-04, and increased activity
against S. aureus for monomeric and low oligomeric Vv-20 and
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Vv. The other derivatizations in general decreased the activity
against S. aureus. However, this effect of derivatizations on the
spectrum and potency was highly dependent on the specific
tannin submitted to the derivatization.

In more detail, it can be seen that the blank reaction (both in
water -Blank-W- and in dimethylformamide -Blank-D-) already
modified the antibiofilm effect of the assayed tannins, a
phenomenon that could be attributed to removal of impurities
that affect the antibiofilm effect of the tannins. It can be seen that
Blank-W conditions increased the maximum antibiofilm effect of
Vv against Salmonella Typhimurium, but decreased the maximum
antibiofilm effect of Vw-20 and Vv against P. aeruginosa and
decreases the antibiofilm effect of V»-20 against E. coli at
79.69 mg/L without affecting its maximum antibiofilm effect. It
can also be seen that Blank-D conditions only affected the

10.3389/fmicb.2022.987164

antibiofilm activity of Ta-04, by reducing its antibiofilm effect
against Gram-negative bacteria.

Regarding actual substitutions, it can be seen that the effect of
a derivatization with positive charge introducing ammonium
groups, i.e., C;NMe;Cl, was different depending on the equivalents
of chemical substitution.

On the one hand, C;NMe;Cl-0.5, the high equivalent
derivatization, decreased the maximum antibiofilm effect of
condensed tannins against S. aureus but did not affect the anti-
staphylococcal effect of hydrolysable tannins. However,
C;NMe;Cl-0.5 derivatization had a tannin-dependent effect
against Gram-negative bacteria. It did not affect the antibiofilm
effect of monomeric Vv-20 against any Gram-negative bacteria
but increased the maximum antibiofilm effect of low oligomeric
Vv against Salmonella Typhimurium while decreasing the
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FIGURE 3

Effect of natural and chemically modified tannins on biofilm formation (expressed as percentage compared with positive control) on several
bacterial species at 9.38, 79.69, and 150mg/L of tannin. The colors indicate the percentage of biofilm formation in presence of several
concentrations of the assayed tannins compared to the untreated control. The asterisks indicate significant differences with the unmodified
tannin, following ANOVA test with Tukey post-hoc analysis. *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.
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maximum antibiofilm effect of Vv against P. aeruginosa. It
increased the effect of high oligomeric Am against all the Gram-
negative bacteria at 79.69 mg/L without significantly changing
the maximum effect compared to the unmodified tannin. It
increased the maximum effect of tannic acid Ta-01 against E. coli
and Salmonella Typhimurium but decreased the effect against
P. aeruginosa at 79.69 mg/L and it significantly decreased the
maximum antibiofilm effect of galloquinic acid derivative Ta-04
against Salmonella Typhimurium. On the other hand,
C;NMe;Cl-0.1, the low equivalent derivatization, reduced the
maximum effect of all tannins (with the exception of the
galloquinic acid derivative Ta-04, which was not affected)
against Gram-negative bacteria without affecting the antibiofilm
effect against S. aureus.

Contrary to C;NMe;Cl, there were no big differences
between different levels of derivatizations with acidifying
motif CH;COOH, i.e., CH;COOH-0.1 and CH;COOH-0.5, in
terms of their impact on the activities compared to the
unmodified tannins. For S. aureus, neither derivatization level
affected the antibiofilm effect exerted by larger tannins Am,
Ta-01, and Ta-04, comparable to the C;NMe;CI-0.1
derivatization, while CH;COOH-0.1 increased the maximum
effect of low oligomeric Vv. CH;COOH-0.5 had a similar
effect on essentially monomeric V¥-20. For the Gram-negative
bacteria, both derivatizations equally decreased the maximum
antibiofilm effect of condensed tannins Vv-20 and Am, as well
as for hydrolysable tannin Ta-04 against S. Typhimurium, but
only CH;COOH-0.1 significantly decreased the maximum
antibiofilm effect against S. Typhimurium of Vv. While both
derivatization levels drastically decreased the maximum
antibiofilm effect of condensed tannins against P. aeruginosa,
only CH;COOH-0.1 decreased the maximum antibiofilm
effect of tannic acid Ta-01. Neither derivatization level
significantly affected the antibiofilm effect of hydrolysable
Ta-04. This effect was similar regarding E. coli because neither
derivatization level affected the maximum antibiofilm effect
of hydrolysable tannins, while CH;COOH-0.1 decreased the
maximum antibiofilm effect of all condensed tannins.
CH,;COOH-0.5 only significantly decreased the maximum
antibiofilm effect of Vv-20 against E. coli.

Regarding derivatization with polymerizing PEGs;, it can
be seen that PEGs(-0.05 in general did not affect the antibiofilm
effect of the assayed tannins. The only exceptions are the
increase in the maximum antibiofilm effect of low oligomeric
Vv against Salmonella Typhimurium and the decrease in the
antibiofilm effect of monomeric Vv-20 against S. aureus at
79.69 mg/L without changing the maximum antibiofilm effect.
It has to be taken in account that, due to technical issues, it was
not possible to analyze the effect of polymerizing PEGs;-0.05
Ta-04. PEGi00-0.05
derivatization proofed difficult to analyze in terms of loading
for Ta-04 (Zhen et al., 2021Db).

No literature data are yet available that would describe the

derivatization  on Polymerizing

effects of chemical modifications of tannins on their antibiofilm,
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or more generally antibacterial activity. With the aim of
elucidating a hypothesis about the reason behind the effect of the
derivatizations on our assayed tannins in comparison to the
parent tannins and the blanks, we decided to look into other
non-tannin organic compounds.

One of these examples targets the effect of the high
equivalent derivatization C;NMe;Cl-0.5 in shifting the anti-
biofilm spectrum toward Gram-negative bacteria, which may
be associated with addition of positive charges in the form of
ammonium groups to the tannin molecules. This allows for
comparison of our results with data obtained by Dalcin et al.
(2017), that of
dihydromyricetin within the polycationic polymer Eudragit

who  discovered nanoencapsulation
RS 100® not only increased its antibiofilm activity against
P. aeruginosa, but that the polymer itself had antibiofilm
activity. This finding goes in accordance with a previous
publication of Campanac et al. (2002) which states that
cationic quaternary ammonium compounds were more
effective against P. aeruginosa than S. aureus biofilm. Also,
Gao et al. (2019) showed a decreased biofilm formation in
E. coli and S. aureus using positively charged nanoaggregates
based on zwitterionic pillar-[5] arene, requiring a 10 times
lower concentration of nanoaggregate to decrease biofilm
formation in E. coli compared to S. aureus. These results
suggest that equipping the tannins with positive charge-
introducing ammonium groups may give preferential action
against Gram-negative bacteria. However, tannins should
be derivatized with enough positive charge-introducing
ammonium groups to obtain this shift toward inhibition of
Gram-negative bacteria since the low equivalent derivatization
C;NMe;Cl-0.1 appeared to lower the activity against Gram-
negative bacteria.

the effect of acidifying CH;COOH
derivatizations, there is a precedent of the effect of several

Regarding

substitutions on the antibiofilm effect of anthraquinones
against methicillin-resistant S. aureus (MRSA; Song et al.,
2021). This study shows that a carboxyl group at position 2 of
the anthraquinone molecule increases both the antibiofilm
and the antimicrobial activity, which is partially in agreement
with our data that shows that CH;COOH derivatizations
increase the antibiofilm activity of low oligomeric V¥-20 and
essentially monomeric Vv without affecting the bacterial
growth. Relatedly, Warraich et al. (2020) found that the acidic
p-amino acids p-aspartic acid and p-glutamic acid were
effective in dispersing and inhibiting biofilm formation in
S. aureus, and they attributed this effect to the negative charges
introduced by carboxyl groups of the molecules under
growth conditions.

Finally, regarding polymerizing PEG derivatizations, there are
several studies about the potential of PEG cross-linked hydrogels
for wound healing because of their antimicrobial, pro-angiogenesis
and pro-epithelization capabilities (Chen et al., 2019), but there
is no indication regarding the effect of an introduction of a
PEG-motif on the antibiofilm capability of an organic compound.
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Biofilm selectivity of the antibiofilm
effect of the assayed tannins

In the last years, there has been increasing research on
non-lethal antimicrobial targets against several bacterial species,
from virulence factors to biofilm formation, including inhibition
of regulatory mechanisms such as quorum sensing and production
of public goods (Defoirdt et al., 2013; Defoirdt, 2016; Maura et al.,
2016; Totsika, 2016). The rationale behind this research is the
assumption that if bacterial viability is not affected, the selective
pressure will be lower and thus the risk for emergence of
antimicrobial resistance will be lower too (Kalia et al., 2014;
Dieltjens et al., 2020; Hemmati et al., 2020). However, there is still
discussion about the effectiveness of this “resistant-proof”
approach (Garcia-Contreras et al., 2016).

The heatmap of Figure 4 shows the anti-planktonic activity
of the tannins at the assayed concentrations. We defined that
the antibiofilm activity of a particular tannin was biofilm
specific in case the tannin did not exhibit significant anti-
planktonic effect at that concentration (Dos Santos Goncalves
et al., 2014; Vijayakumar and Thirunanasambandham, 2021).
Most of the tannins with antibiofilm activity did not exhibit
anti-planktonic effects, indicating that they are biofilm
specific. This is particularly true for unmodified tannins, of
which only Vv and Ta-01 exhibited anti-planktonic activity
against Salmonella Typhimurium and E. coli, respectively.
Also, unmodified tannins re-isolated from blank reactions,
ie., Blank-W or Blank-D, with the exception of Blank-D
against Salmonella Typhimurium, did not reduce the
planktonic growth of the assayed bacteria.

Regarding the effect of derivatizations on the biofilm
specificity of the tannins, this was both derivatization and
species dependent. Derivatization with positive charge
introducing C;NMe;Cl-0.1 not only generally decreased the
antibiofilm activity of the assayed tannins, but also increased
the anti-planktonic activity specifically against Gram-negative
bacteria. Antibiofilm specificity of tannins derivatized with
C;NMe;Cl-0.5 was highly dependent on both the assayed
bacteria and the derivatized tannin: the antibiofilm effect was
non-specific when the derivatization was applied to V¥-20, but
it was biofilm-specific for V¥, Am and Ta-01. Also, tannins
derivatized with C;NMe;Cl-0.5 most strongly affected the
growth of P. aeruginosa except for Am-C;NMe,Cl-0.5, which
did not affect the growth of P. aeruginosa at any concentration.
Only a derivatization of Ta-04, and here especially with
C;NMe;Cl-0.5, led to a dose-dependent anti-planktonic effect,
thus exhibiting non-specific antibiofilm activity at higher
concentrations. With respect to a functionalization with the
acidifying element CH;COOH at various concentrations, it
can be stated that these in this study did not significantly
change the anti-planktonic behavior of the derivatized Vv, Am
and Ta-01 against the assayed bacteria, but increased the
antibacterial effect of V¥-20 and Ta-04 against planktonic
bacteria. However, one notable exception are the tannins that
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were modified with crosslinking PEGs;y-0.05, whose
antibiofilm activity against Gram negative bacteria was highly
correlated with the ability to inhibit the planktonic growth
(Figure 4).

As a general summary, tannin derivatization did not affect
biofilm specificity against S. aureus but affected the biofilm
specificity against Gram-negative bacteria in a tannin-specific and
derivatization specific manner. More importantly, there was no
correlation in the assayed tannins between the degree of inhibition
of planktonic growth and the degree of antibiofilm effect, a
situation that goes in accordance with some previous reports
(Janecki and Kolodziej, 2010; Payne et al., 2013; Hricoviniova
etal., 2021).

Relation between antibiofilm effect and
phenolic hydroxyl group content of the
tannins

One of the potential consequences of the chemical
derivatization of the tannins are changes in the content of free
phenolic hydroxyl groups present in the chemical structure of the
tannins, since functionalization occurs at these hydroxyl groups.
This is potentially important, because in previous literature it has
been described that the biological activity of polyphenols could
be mediated by their phenolic hydroxyl groups (Ultee et al., 2002;
Tto et al., 2005; Ben Arfa et al., 2006; Veldhuizen et al., 2006; Alves
etal,, 2013; d’Avila Farias et al., 2014; Salar et al., 2017). Particularly
regarding hydrolysable tannins, Taguri linked the degree of
antibacterial activity to the presence of galloyl groups (Taguri
et al., 2004). Because of this, we aimed to determine if there was a
significant impact of the derivatizations on the phenolic hydroxyl
(OH) content of the tannins, and if the phenolic OH content
affected the antibiofilm.

In a first approach, we studied the impact of derivatizations
on the phenolic OH content of the tannins. As can be seen in
Table 1, derivatizations with C;NMe;Cl-0.1 decreased the
phenolic OH content of the unmodified tannin. This is
important, since derivatization with C;NMe,Cl-0.1 significantly
decreased the antibiofilm effect of tannins, mostly against Gram
negative bacteria. In a similar trend, derivatizations with
CH,;COOH tended to decrease the phenolic content of
condensed tannins: derivatization with CH;COOH decreased
the antibiofilm effect against Gram negative bacteria of
condensed tannins, but, interestingly, not of still larger
hydrolysable tannins.

In a second approach, we hence studied potential
correlations between the phenolic OH content and the
antibiofilm activity and we observed a weak correlation
between the phenolic OH content and the antibiofilm activity
against Gram negative bacteria and, to a lesser extent, against
S. aureus (see Supplementary Figure S8). These data, combined
with the previously mentioned effect of the different
derivatizations on the phenolic OH content of the tannins,
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FIGURE 4

Effect of natural and chemically modified tannins on planktonic growth (expressed as percentage compared with control) on several bacterial
species at 9.38, 79.69, and 150mg/L of tannin. The crosses (+) for PEGs,-0.05 derivatization on Wv-20 and Vv indicate values below zero, which is
an effect of potential overcorrection of the raw values by the negative control. The colors indicate the percentage of planktonic growth in
presence of several concentrations of the assayed tannins compared to the untreated control. The asterisks indicate significant differences with
the unmodified tannin, following ANOVA test with Tukey post-hoc analysis. *: p<0.05, **: p<0.01; ***: p<0.001; ****: p<0.0001.
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suggest that the phenolic OH content of the tannins is more
important for the antibiofilm effect against Gram negative
bacteria than against S. aureus. However, we did not observe
a correlation between the antibacterial activity against
planktonic bacteria and the phenolic OH content of the
assayed tannins (see Supplementary Figure S9), which is in
accordance with the study Kim et al. (2020), who did not find
a significant correlation between the total phenolic content of
several plant extracts from Chinese traditional medicine and
the antimicrobial activity against S. aureus. However, this
contradicts a previous study from Vattem et al. (2004), who
found a linear correlation between the phenolic content of
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cranberry pomace and the antimicrobial activity against
Listeria monocytogenes, Vibrio parahaemolyticus and E. coli.
It is important to note that the previous studies are focused on
the antibacterial effect against planktonic bacteria, since there are
no previous studies pointing to the effect of the hydroxyl or
phenolic content on the capability of tannins to inhibit biofilms.
However, research on other classes of polyphenolic compounds
showed that the quantity and the position of the hydroxyl groups
affects the capabilities of polyphenolic compounds to disperse
biofilm, which could explain the results obtained in this research
with the assayed tannins. In more detail, the research of Cho et al.
on the capability of flavonoids to disperse S. aureus biofilms
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TABLE 1 Phenolic OH content (in mmol phenolic OH/g materials) of unmodified and derivatized tannins.

Tannin  Unmodified Blank-W  Blank-D C;NMe;CI-0.1 C;NMe;Cl-0.5 CH;COOH-0.1 CH;COOH-0.5 PEG;-
0.05
V-20 10.37 7.85 8.79 435 N.d? 6.19 6.15 7.03
14 538 6.83 117 3.26 5.21 1.51 5.09 7.11
Am 8.35 7.64 10.27 045 N.d? 5.76 3.76 8.03
Ta-01 12.56 o 10.99 1.55 7.22 10.05 11.61 8.87
Ta-04 10.49 w 6.89 6 N.d:? 9.89 9 6.77

The values were obtained using *’NMR. *N.d.: Not possible to calculate phenolic OH content due to solubility issues.

"m Blank-W reaction was not performed with Ta-01 and Ta-04 (hydrolysable tannins).

showed that there is a direct correlation between the quantity of
hydroxyl substitutions of the flavonoid molecules and their
antibiofilm capability (Cho et al., 2015), and the research of Kim
et al. with phorbaketals against S. aureus biofilms indicated that
the position and quantity of hydroxyls substitutions in the
molecule affects their antibiofilm capacity (Kim et al., 2021),
which is also consistent with the results of Arshia et al. (2017).

Conclusion

Our work provides a clear understanding on which chemical
modifications can be made to enhance the activity level or change
the activity spectrum of natural tannins, and which chemical
modifications are inconvenient for increasing their antibiofilm
activity. This is one of the few studies that uses a systematic and
statistical analysis to correlate specific chemical characteristics of
modified tannins with their antibiofilm activity (Ge et al., 2003;
Peeters et al., 2016; Kemegne et al., 2017; Bouarab-Chibane et al.,
2019; De Paiva et al., 2019; Jia et al., 2019).

From our work, it can be concluded that tannins not only have
good activity against biofilms of different bacterial species, but
that this antibiofilm activity is in most cases also biofilm specific.
More important, we could identify that modifying the tannins
with C;NMe;Cl-0.5 and PEGsy-0.05 can increase the antibiofilm
activity against Gram-negative bacteria, although this often
coincides with a decrease in activity against Gram-positive
bacteria. Modifying the tannins with C;NMe;Cl-0.1, CH;COOH-
0.1 and CH;COOH-0.5 generally decreases the effect against
Gram-negatives, without affecting the activity against S. aureus.
We can thus modulate the spectrum and the antibiofilm potency
of tannins by the applied chemical modifications.

We could identify a weak correlation between the antibiofilm
effect and the content of phenolic hydroxyl groups for Gram-
negative bacteria and, to a lesser extent, for S. aureus. However,
exploring the mode of action against other bacteria is a necessary
and interesting avenue to explore further based on the initial
insights generated in this work, pointing to a more complex
interplay between functionalization, type of tannin in the sense of
exposed galloyl units, and tannin size. A continued exploration of
the possible mechanisms of actions of these compounds and the
possible modifications that can be made to enhance their effect is
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necessary to better optimize the antibiofilm potential of
the tannins.
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Introduction: Multidrug-resistant (MDR) pathogens are being recognized
as a critical threat to human health if they can form biofilm and, in this sense,
biofilm-forming MDR-methicillin resistant Staphylococcus aureus (MRSA) and
-Pseudomonas aeruginosa strains are a worse concern. Hence, a growing body
of documents has introduced antimicrobial peptides (AMPs) as a substitute
candidate for conventional antimicrobial agents against drug-resistant and
biofilm-associated infections. We evaluated melittin's antibacterial and antibiofilm
activity alone and/or in combination with gentamicin, ciprofloxacin, rifampin, and
vancomycin on biofilm-forming MDR-P. aeruginosa and MDR-MRSA strains.

Methods: Antibacterial tests [antibiogram, minimum inhibitory concentration
(MIC), and minimum bactericidal concentration (MBC)], anti-biofilm tests
[minimum biofilm inhibition concentration (MBIC), and minimum biofilm
eradication concentration (MBEC)], as well as synergistic antibiofilm activity of
melittin and antibiotics, were performed. Besides, the influence of melittin alone
on the biofilm encoding genes and the cytotoxicity and hemolytic effects of
melittin were examined.

Results: MIC, MBC, MBIC, and MBEC indices for melittin were in the range of
0.625-5,1.25-10, 2.5-20, and 10-40 pug/ml, respectively. The findings found that
the combination of melittin AMP with antibiotics was synergistic and fractional
biofilm inhibitory concentration index (FBICi) for most tested concentrations was
<0.5, resulting in a significant reduction in melittin, gentamicin, ciprofloxacin,
vancomycin, and rifampin concentrations by 2-256.4, 2-128, 2-16, 4-64 and
4-8 folds, respectively. This phenomenon reduced the toxicity of melittin,
whereby its synergist concentration required for biofilm inhibition did not show
cytotoxicity and hemolytic activity. Our findings found that melittin decreased the
expression of icaA in S. aureus and LasR in P. aeruginosa genes from 0.1 to 4.11
fold for icaA, and 0.11 to 3.7 fold for LasR, respectively.

Conclusion: Overall, the results obtained from our study show that melittin alone
is effective against the strong biofilm of MDR pathogens and also offers sound
synergistic effects with antibiotics without toxicity. Hence, combining melittin and
antibiotics can be a potential candidate for further evaluation of in vivo infections
by MDR pathogens.

MDR, MRSA, Pseudomonas aeruginosa, biofilm, antibiofilm peptide, melittin, synergism
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1. Introduction

Multidrug-resistant (MDR) pathogens are widely noted as one of
the most significant public health issues nowadays (van Duin and
Paterson, 2020). MDR pathogens are typically related to nosocomial
bacterial infections, and also MDR pathogens have become a common
cause of bacterial community-acquired illnesses (van Duin and
Paterson, 2020). Accordingly, a broader range of antibiotics and
combination agents is advised for the empirical treatment of MDR
infections when the occurrence of a given resistance pattern in
bacterial infections surpasses a certain threshold, which can have
negative outputs (van Duin and Paterson, 2016; Lertwattanachai et al.,
2020; Bassetti and Garau, 2021). In this regard, antibiotic resistance
among Pseudomonas aeruginosa strains is a growing concern, and
some Extensively Drug-Resistant (XDR) P. aeruginosa have recently
become issues of public health concern (Horcajada and Montero,
2019; Pang et al., 2019). On the other hand, Staphylococcus aureus
infections are also deadly and difficult to treat over the current decades
due to the rising frequency of antibiotic resistance (Foster, 2017). In
this sense, MDR methicillin-resistant S. aureus (MRSA) is of great
concern (Lee et al., 2018).

Of note, MDR pathogens can pose a substantial threat to patients
due to biofilm formation (Sobisch et al., 2019). Aside from its
resistance determinants, bacterial biofilm development is also a
significant factor contributing to unsuccessful treatment attempts
(Mahdiun et al., 2017; Mirzaei et al., 2020a). Biofilms are bacterial
populations encased in an extracellular matrix that enhance bacterial
adherence to various surfaces like the host cells (Mirzaei et al., 2020b,
2022b). This mode of growth is a crucial virulence factor in the
development of some bacterial infections like wounds, device-
associated infections, dental caries, and other chronic infections
because of its resistance to antibiotics and protective barriers toward
harsh environmental stressors and the immune system (Mirzaei and
Ranjbar, 2022). In this aspect, antibiotic resistance in biofilm often
happens during monotherapy; therefore, these antibiotics should
usually be used as combination therapy with other antimicrobial
agents (Howden et al, 2010; Bardbari et al., 2018). Antibiotic
monotherapy is frequently ineffective in treating MDR infections;
moreover, antibiotic-induced toxicity at higher concentrations in
monotherapy necessitates careful monitoring of the patients (Mirzaei
et al, 2022a). As a result, researchers discovered that combining
antimicrobial peptides (AMPs) and antibiofilm peptides (ABPs) with
antibiotics can be a viable therapy for treating MDR pathogens
infections. Notably, AMPs, as part of the innate immunity of
organisms, are a promising class of compounds that are currently

Abbreviations: MDR, Multidrug-resistant; MRSA, methicillin-resistant S. aureus;
AMPs, antimicrobial peptides; ABPs, antibiofilm peptides; MSA, Mannitol Salt Agar;
MHA, Mueller Hinton Agar; MHB, Mueller Hinton broth; TSB, Trypticase soy broth;
FBS, Fetal bovine serum; DMEM, Dulbecco’s Modified Eagle’s Medium; FCS, Fetal-
Calf Serum; MTT, 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2
H-tetrazoliumbromide; DMSO, dimethyl sulfoxide; PCR, polymerase chain reaction;
OD, optical density; CFUs, colony-forming units; MIC, minimum inhibitory
concentration; MBC, minimum bactericidal concentration; MBIC, minimum biofilm
inhibitory concentration; MBEC, minimal biofilm eradication concentration; FBICi,
fractional biofilm inhibitory concentration index; MRSE, methicillin-resistant

Staphylococcus epidermidis.
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receiving special attention as an emerging alternative to conventional
antibacterial drugs against biofilm-producing MDR pathogens
(Mahlapuu et al., 2016). In this way, melittin as a cationic AMP is well
demonstrated against a wide range of bacterial pathogens alone, and
this powerful AMP exhibit synergistic activity in combination with
some antibiotics against different MDR species pathogens (Khozani
et al,, 2019; Zarghami et al., 2021b; Mirzaei et al., 2022a,b). As the
main component of bee venom, melittin is one of the studied AMPs
with strong antimicrobial activity, and its potential effects against
viruses and cancer cells have also been found (Choi et al., 2015b;
Askari et al., 2021). Hence, the current work was done to survey the
effect of melittin AMP alone and/or in combination with gentamicin,
ciprofloxacin, rifampin, and vancomycin on biofilm-forming
MDR-MRSA and MDR-P. aeruginosa.

2. Methods
2.1. Antibiotics, media, and reagents

The present study provided the disks and powdered antibiotics from
the MAST (Mast Diagnostics, United Kingdom) and Sigma-Aldrich
(Taufkirchen, Germany). The following items were acquired from
Merck (Merck, United States): Blood Agar, Mannitol Salt Agar (MSA),
MacConkey agar, Cetrimide agar, Mueller Hinton Agar (MHA), DNA
Agar, Mueller Hinton Broth (MHB), Trypticase Soy Broth (TSB), NaCl,
glucose, and MgCl2. Fetal bovine serum (FBS), Dulbeccos Modified
Eagle’s Medium (DMEM), Fetal-Calf Serum (FCS), 3-(4, 5-dimethyl-2-
thiazolyl)-2, 5-diphenyl-2 H-tetrazoliumbromide (MTT), Triton X-100,
dimethyl sulfoxide (DMSO), agarose, ethanol, methanol, and crystal
violet were provided from Sigma-Aldrich (Saint Louis, MO,
United States). 96-well microplates, including flat-and round-bottom,
were supplied by Jet Biofil (Guangzhou, China) and NEST
Biotechnology (Wuxi, China), respectively.

2.2. Melittin synthesis order

The complete sequence of melittin peptide (GIGAVLKVLTT
GLPALISWIKRKRQQ) blasted in NCBI with a purity of >96% was
synthesized via the Solid-Phase method by DGpeptides (Hubei,
China). In this regard, the corporation applied reversed-phase high-
performance liquid chromatography to evaluate the purity of
synthesized peptides. The company used liquid chromatography-mass
spectrometry to verify accurate synthesis for mass spectrometry.
Finally, the bicinchoninic acid test and reversed-phase high-
performance liquid chromatography were used to confirm the peptide
content and purity (Eisapoor et al., 2016).

2.3. Collection and confirmation of clinical
isolates and standard strains

The Centers for Disease Control followed inclusion guidelines in
this study (Horan et al.,, 2008). The isolates were obtained from
individuals of varying ages and genders and were not duplicated; just
one sample per patient was collected. In this regard, 30S. aureus
isolates were obtained from the wound (n=38), blood (n=11), urine
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(n=6), as well as sputum (n=5) and further characterized and
confirmed using biochemical tests like colony morphology, gram-
positive, clustered-shaped cocci, catalase, mannitol, DNase, and
coagulase (Murray et al., 1995). In addition, 20 clinical P. aeruginosa
were collected from respiratory tracts retrieved from sputum (n=6),
bronchoalveolar lavage (8), and endotracheal aspirates (n=6) patients
hospitalized in the intensive care unit (ICU) wards and then confirmed
on selective media via conventional phenotypical tests such as colony
morphology, oxidase, catalase, motility, citrate, indole synthesis,
methyl red, and voges-proskauer. Finally, molecular confirmation of
S. aureus and P, aeruginosa isolates was done by the polymerase chain
reaction (PCR) via previously described primers (Atshan et al., 2012;
Abdelraheem et al., 2020). Besides, S. aureus ATCC 25923, S. aureus
ATCC 29213, and P. aeruginosa PAO1 were provided by the Pasteur
Institute of Iran.

2.4. Screening for MRSA isolates

According to the Clinical and Laboratory Standards Institute
(CLSI) 2020 recommendations, S. aureus isolates were phenotypically
evaluated for resistance to methicillin using the cefoxitin (FOX; 30 pg)
by Kirby-Bauer method (Wayne, 2010). In this regard, briefly, S. aureus
colonies were cultivated in the MHB overnight at 37°C with 180 rpm
shaking, and then the optical density (OD) of bacteria was set on 0.5
McFarland, followed by the suspension was swabbed onto the MHA
plates, and then the FOX disk was placed and 24h incubated at
37°C. Then, the diameter of the inhibition zone developed around the
FOX disk was assessed. Then, MRSA isolates were genotypically
confirmed using PCR via the mecA gene by the previously designed
primer (Kelley et al., 2013). In brief, genomic DNA from colonies of
isolates was extracted using the Purification kit (Roche, Germany)
based on the manufacturer’s instruction, and PCR reactions were done
in a 20 pl volume containing 1.5 pl MgCl2, 2.5 pl of PCR buffer (10X),
0.5pl ANTP (10 mmol/l), 0.5 pl of each reverse and forward primers,
1pl of Tag DNA polymerase (5U; Ampliqon, Denmark), 2ul of
bacterial DNA, and 10.5 pl sterile distilled water. Then, the mixtures
were incubated with the following conditions in a thermal gradient
cycler (Eppendorf, Germany): denaturation at 95°C for 5min,
35 cycles with denaturation at 95°C for 2 min, annealing at 60°C for
455, extension at 70°C for 45 s and final extension at 72°C for 10 min.
Finally, PCR products were run with 1% agarose gel in Tris/Borate/
EDTA for 40 min and the gel documentation system was used for
visualizing them on the gel.

2.5. Screening of biofilm formation in
isolates

Most importantly, the biofilm formation ability among confirmed
S. aureus and P. aeruginosa isolates was tested using the microtiter
plate method as described before with some modifications (Mirzaei
etal., 2022b). In the first step, fresh colonies were grown in 5ml TSB
containing 1% glucose with 180 rpm shaking at 37°C overnight, and
then the OD of bacteria was set on 0.5 McFarland and then 100 pl
diluted suspension containing 10 7 colony-forming units (CFUs) was
added to 900 pl of TSB containing 1% glucose, and finally, 200 pl of
this suspension containing 2 x 10 ® CFUs was added to the wells of
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96 U-shape microplate and afterward overnight incubated at 37°C
with shaking at 60 rpm. Afterward, the contents of the wells were
outed, and wells were washed with normal saline and air-dried.
Finally, 200 pl of 100% methanol was injected into wells and aspirated
after 15min, and then air-dried at room temperature again and, in the
next step, were stained with 0.05% crystal violet at a volume of 200 pl
for 5min, and after which the stain was outed. The wells were washed
with normal saline and air-dried again. Eventually, 200 pl of 100%
ethanol was entered into wells and mixed for 30 min at 37°C while
shaking, and then absorbance of wells at 595nm after transferring
their contents to the new wells in the new microplate was recorded via
a microplate reader (BioTek, United States). TSB with 1% glucose
devoid of bacteria served as the negative control, while S. aureus
ATCC 29213 and P, aeruginosa PAO1 served as the positive controls.
Briefly, a cut-oft OD (ODc) was defined as three standard deviations
(SD) above the mean OD of the negative control (uninoculated
medium): ODc=average OD of negative control + (3 x SD of negative
control). The biofilm production capability of the tested isolates was
categorized as follows: OD < OD cut-off (ODc), non-biofilm forming;
ODc<OD <2 xODc, weak biofilm-forming; 2x ODc < OD <4 x ODc,
moderate biofilm-forming; and 4 x ODc < OD, strong biofilm-forming
(Mirzaei et al., 2022¢). Finally, in this study, 20 biofilm-producer
strains of MRSA and P. aeruginosa were selected including clinical
isolates, PAO1, and ATCC for further evaluation.

2.6. Antibiotic susceptibility pattern and
MDR isolates

Finally, for the determination of antibiotic susceptibility and MDR
patterns of MRSA isolates, the Kirby-Bauer procedure was done
according to CLSI recommendations as above mentioned for the
following antibiotics: clindamycin (CD; 2pg), trimethoprim-
sulfamethoxazole (TS; 1.25 pg), gentamicin (GM; 10 pg), erythromycin
(E; 15 pg), and linezolid (LZD; 30 pg) for S. aureus, as well as nalidixic
acid (NA; 30pg), colistin (CT; 10pg), ampicillin (AMP; 10 ng),
piperacillin (PRL; 100 pg), imipenem (IMP; 10 pg), cefepime (CPE;
30pg), and chloramphenicol (C; 30 ug) for P aeruginosa (Wayne,
2010). S. aureus ATCC 25923 was applied as the quality control.
Finally, by observing at least one or more antibiotic resistances for
three or more classes of antibiotics, MDR in selected MRSA and
P, aeruginosa isolates was characterized (Mirzaei et al., 2022a).

2.7. Minimum inhibitory concentration
(MIC), minimum bactericidal concentration
(MBC), and MBC/MIC

The MIC values for melittin,
ciprofloxacin, and rifampin were determined via microdilution assay

gentamicin, vancomycin,

with some changes according to CLSI guidelines for selective isolates
(Wayne, 2010; Mirzaei et al., 2022a). In the first step, the fresh bacterial
colonies were cultured overnight in MHB with 180 rpm shaking at
37°C, and then, the OD of bacteria was set to 0.5 McFarland as above-
mentioned and quickly reached 10 ® CFUs in MHB. In addition, 100 pl
of antimicrobial agent serial dilutions were simultaneously made on
MHB in 96-well F-bottom microplates. The concentrations of melittin,
gentamicin, ciprofloxacin, vancomycin, and rifampin were between
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0.156-10, 0.25-512, 0.125-128, 0.5-64, and 0.007-64pg/ml,
respectively. Eventually, 100 pl of the provided suspension equal to 10
> CFUs was added to wells of the serially diluted antimicrobial agents,
and the microplate was overnight incubated at 37°C and then, the
lowest concentration of the tested antimicrobial agents caused full
inhibition of observable growth was considered as MIC.

The MBC values of melittin, gentamicin, ciprofloxacin, rifampin,
and vancomycin were determined using broth microdilution assay
with some modifications per CLSI guidelines (Wayne, 2010; Mirzaei
et al.,, 2022a). In brief, the bacterial colonies were cultured overnight
in the MHB at 37°C with 180 rpm shaking, and then, the number of
bacteria was set to the 0.5 McFarland as above-mentioned and then
reached 10 ¢ CFUs in MHB. In addition, as mentioned above, 100 pul
of serial dilutions of antimicrobial agents were simultaneously made
on MHB in 96-well F-bottom microplates. Eventually, 100 pl of the
suspension equal to 10 °* CFUs was added to wells of the serially
diluted antimicrobial agents, and the microplates were overnight
incubated at 37°C, and then, 10 pl was cultured on the MHA overnight
and grew colonies were determined. Finally, the MBC for melittin,
gentamicin, vancomycin, ciprofloxacin, and rifampin was defined as
the minimum concentration necessary to kill 100% of cultured
bacteria (Wayne, 2010; Mirzaei et al., 2022a). For MIC and MBC of
antibiotics, we tested gentamicin and ciprofloxacin for P. aeruginosa
and vancomycin and rifampin for S. aureus, respectively. Additionally,
the MBC/MIC values were determined to identify the presence or
absence of antibiotic tolerance in isolates (Traczewski et al., 2009).

2.8. Minimum biofilm inhibitory
concentration (MBIC), and minimal biofilm
eradication concentration (MBEC) against
biofilm

The MBIC of melittin, gentamicin, ciprofloxacin, vancomycin,
and rifampin on the 24h preformed biofilm was investigated.
Regarding this, fresh bacterial colonies were grown overnight in 5ml
of TSB with 1% glucose at 37°C with 180 rpm shaking. Afterward, the
OD of cells was set to 0.5 McFarland, as stated previously. Then an
inoculation of 2 x 10 ® CFUs provided as described above in TSB with
1% glucose was entered into wells of U-shape microplate and
incubated at 37°C overnight with 60 rpm shaking. On the next day,
the content of the wells of the U-shape microplate was carefully
disposed of and rinsed with normal saline. Simultaneously, melittin at
a range of 20 to 0.625pg/ml and antibiotics at a range of 256 to 1 pg/
ml were serially diluted in normal saline at the volume of 100 pl and
applied to a microplate and then incubated overnight at 37°C and the
amount of biofilm was then quantified as above-mentioned. The
MBIC was defined as the minimum concentration of tested agents that
inhibited biofilm formation by 90%. The percentage of inhibition of
biofilm was computed as follows (Bardbari et al, 2018):
MBIC=[1-(OD test/OD control)] x 100.

The MBEC experiment was conducted using the same 96 U-shape
microplate as MBIC, to evaluate the biofilm degradative, as well as the
killing potential of embedded bacterial in biofilm for melittin,
gentamicin, ciprofloxacin, vancomycin, as well as rifampin (Mirzaei
et al,, 2022b). Briefly, the biofilm of isolates was allowed to produce,
as mentioned above, in TSB with 1% glucose. The wells’ contents were
then disposed of and rinsed with normal saline. Simultaneously, 100 pl
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of serially diluted melittin in a range of 20 to 1.25 pg/ml and antibiotics
at a range of 1,024 to 2 pg/ml in 100 pl of normal saline were added to
the wells. The microplates were incubated overnight at 37°C. On the
next day, the contents of the wells were outed, the wells were washed
with normal saline, and 100 pl of fresh normal saline was added to the
wells and mixed. Then 10 pl of this content was cultured on MHA at
37°C for 48h, and finally, the number of grown bacterial colonies was
determined. The MBEC was considered as the minimum quantity of
tested agents to 100% killing of the biofilm-embedded bacteria. It
should be noted that we tested gentamicin, and ciprofloxacin for
P aeruginosa and also vancomycin and rifampin for S. aureus,
respectively.

2.9. Synergistic effects of melittin and
antibiotics toward biofilm

The anti-biofilm effect of melittin, gentamicin, ciprofloxacin,
vancomycin, and rifampin in combination was surveyed via the
microdilution method with some modifications (Mirzaei et al.,
2022b). In this regard, fractional antibiofilm indices for MBIC
named fractional biofilm inhibitory concentration index (FBICi) of
antibiofilm agents against selected biofilm-forming MDR-MRSA
and MDR-P. aeruginosa isolates were calculated. In brief, at first, 24 h
preformed biofilm was generated in 96 U-shape microplates as
mentioned above, and then serial dilutions of melittin at a range of
20 to 0.625 pug/ml and antibiotics at a range of 256 to 1ug/ml at a
volume of 100l were added to each well and microplate was
incubated overnight at 37°C. Finally, the FBICi for combined agents
were determined as follows: (MBIC agent 1 in combination/ MBIC
agent 1 alone)+ (MBIC agent 2 in combination/MBIC agent 2
alone). FBICi refers to the interaction based on the theses findings:
Synergy if the conclusion was <0.5; Partial synergy if the discovery
was 0.5 <to <1; Additive if the result was equal tol; Indifferent if the
finding was 1 <to <4; Antagonistic if the finding was 4 < (Mirzaei
et al., 2022b). It should be noted that gentamicin, ciprofloxacin for
P. aeruginosa, vancomycin, and rifampin for S. aureus were tested,
respectively.

2.10. Effect of melittin on the biofilm
encoding genes

Selected biofilm-forming strains similar to synergism testing were
chosen further for real-time PCR analysis to survey the expression of
biofilm-encoding genes icaA in S. aureus and LasR in P. aeruginosa.
Selected strains were exposed to sub-MIC concentrations of melittin
in the range of 5 to 0.039 pg overnight, and on the next day, total RNA
was extracted by the extraction kit based on the manufacturer’s
recommendations (Gene All, South Korea). The concentration, purity,
and integrity of the extracted RNAs were assessed. Then, 1 pg of RNA
was then utilized for cDNA synthesis via RT-PCR kit according to the
manufacturer’s instructions. In the next step, using the 2X Q-PCR
Master Mix with 2 ul of cDNA and 1 pl of each icaA, LasR, and 16S
rRNA primers in a volume of 20 pl on the real-time-PCR equipment
(LightCycler® 96 Instrument, Roche, United States), gene expression
was measured. The icaA, LasR, and 16S rRNA primers were obtained
from previous works (Atshan et al., 2012; Koohsari et al., 2016;
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Abdelraheem et al., 2020; Bai et al., 2020). Initial denaturation took
place at 95°C for 10 min, and then 40 cycles of 95°C for 155, annealing
at 60°C for 45s, and extension at 72°C for 30s. To control the
amplification efficiency, the standard curve was designed using the
serial dilution of mRNA of untreated ATCC 29213 for the icaA, and
untreated P. aeruginosa PAO1 for the LasR. Finally, gene expression
was calculated via Ct assay, and 16S rRNA genes were used as the
internal controls for each bacterium (Rao et al., 2013).

2.11. Toxicity assays

The host cell cytotoxicity of melittin was evaluated by the MTT
test, as described before (Akbari et al., 2019). Briefly, the HEK-293 cell
line was grown in DMEM (containing 10% FCS and antibiotics
(100 U/ml penicillin and 100 U/ml streptomycin)). In the next step,
the cells were incubated with 5% CO2 and relative humidity equal to
95% at 37°C, and they reached 4 x 10 * per well and cultured overnight.
After 24 h, the serial dilutions of melittin in the range of 5 to 0.039 pg
were applied to the wells of a 96-well microplate and incubated for
24h at 37°C, and afterward, 20ml of MTT reagent with the
concentration of 5mg/ml was applied to each well, followed by a 4h
incubation. Finally, the supernatant was outed, and 100 ml of DMSO
was added to the wells. Absorbance was ultimately determined at
570 nm via the spectrophotometer reader (BioTek, United States). The
proportion of surviving cells was computed as follows: Percent of
survival = (OD test/OD control) x 100 (Akbari et al., 2019).

Besides, to survey the hemolytic effect, several melittin
concentrations were utilized per the previously reported approach
(Zarrinnahad et al., 2018). A healthy volunteer’s heparinized blood
was collected, then centrifuged at 3500 rpm for 10 min, and washed
three times with PBS; the supernatant was outed, and 100 pl of 2%
human red blood cells (RBCs) stock 2% provided in PBS was then
entered into each well of a microplate and treated with melittin (from
5 t0 0.039 to 5 pg) and incubated at 37°C for 2h and then centrifuged
at 3000 rpm for 10 min, and the OD of released hemoglobin was read
at 540 nm using the microplate spectrophotometer reader (BioTek,
United States). Besides, for positive control, 200 pl containing 100 ul
2% RBC and 100 pl of 1% Triton X-100, and for the negative control,
200pl containing 100pul 2% RBC and 100pl PBS were used,
respectively. Finally, the percentage of RBC hemolysis was determined
as follows: [(OD test —OD negative control)/(OD positive
control — OD negative control)] x 100 (Zarrinnahad et al., 2018).

2.12. Statistical analysis

In all assays, the GraphPad Prism 9 software (GraphPad Software,
Inc., La Jolla, CA, United States) was applied for the various statistical
techniques. In this sense, a t-test was applied to evaluate the
significance of the findings from concentrations of the anti-biofilm
effect of melittin and antibiotics in combination. In addition, the
ANOVA test was used to compare the survival rate of the HEK-293
cell line exposed to concentrations of melittin and the control, as well
as in gene expression between the treated isolated and the control, and
also between the FBIC values. It should be noted that findings were
reported as the mean + standard deviation except for the cases stated
otherwise and assays were accomplished with a confidence level of
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95%, and a value of p <0.05 was considered significant. To describe the
correlation between the examined concentrations and the percent of
activities, the non-linear regression test was performed. All
experiments were done three times.

3. Results

3.1. Isolates, MRSA, and biofilm production
assay

The result of antibacterial susceptibility testing and molecular test
of isolates toward FOX disc and mecA gene showed that 66.6% (1 =20)
of S. aureus isolates were demonstrated as MRSA. Notably, 75%
(n=6),72% (n=8), 75% (n=3), and 50% (n=3), of the wound, blood,
sputum, and urine were methicillin-resistant, respectively. In this
regard, there was no correlation between the source and MRSA
isolates (p=0.66). Finally, most S. aureus and P. aeruginosa isolates
could produce varying rates of biofilm. In this regard, the minimum
and maximum OD for all isolates were 0.1 and 2.9, respectively.
Besides, according to these findings, the biofilm production ability of
the isolates was categorized as strong, intermediated, and weak
producers, as depicted in Table 1. Finally, after entry and exit criteria
for determining pathogenic isolates and biofilm formation ability, 9
clinical MRSA and 9 clinical P. aeruginosa isolates were chosen and
used for further analysis along S. aureus ATCC 29213 and
P. aeruginosa PAO1.

3.2. Antibacterial susceptibility testing and
MDR isolates

According to the disk diffusion data for selected clinical isolates,
the antibiotic resistance rate of S. aureus toward E, TS, CD, GM, and
LZD was 60, 30, 50, 50, and 0%, respectively. Additionally, based on
disk diffusion data for selected clinical P. aeruginosa isolates, the
antibiotic resistance rate toward NA, CT, PRL, AMP, IMP, CPE, and C
was 70, 10, 70, 80, 0, 50, and 0%, respectively. In total, 60% of MRSA
isolates and 70% of P. aeruginosa isolates were MDR. In this regard,
there was no correlation between the source and MDR isolates
(p=0.23). Further detail on antimicrobial susceptibility testing of
antibiotics against isolates is depicted in Table 1.

3.3. MIC, MBC, and MBC/MIC values

The results showed that melittin suppressed the growth of MRSA
and P, aeruginosa isolates, with MIC ranging from 0.625 to 2.5 ug/ml
for MRSA, and 1.25 to 10 pg/ml for P. aeruginosa. The findings also
demonstrated melittin’s bactericidal effect on tested isolates, with
MBC ranging from 1.25 to 5 ug/ml for MRSA and 1.25 to 10 pg/ml for
P, aeruginosa, respectively. The value of the geometric mean of MIC
for melittin, gentamicin, ciprofloxacin, vancomycin, and rifampin was
2.1,8.5,6.4,3.03, and 0.46 pg/ml, respectively. Besides, the value of the
geometric mean of MBC for melittin, gentamicin, ciprofloxacin,
vancomycin, and rifampin was 3.18, 103.96, 12.99, 6.06, and 6.4 pg/
ml, respectively. Finally, the geometric mean value for the MBC/MIC
for melittin, gentamicin, ciprofloxacin, vancomycin, and rifampin was
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TABLE 1 Findings of antimicrobial susceptibility testing and biofilm of Staphylococcus aureus and Pseudomonas aeruginosa.

Strain FOX E TS CD GM LZD NA CT PRL AMP IPM CPE C MDR/ Biofilm
NonMDR  producer
ATCC 29213 S S S S S S - - - - - - - NonMDR Intermediate
MRSA 1 R R S R S S - - - - - - - MDR Intermediate
MRSA 2 R S R N R S - - - - - - - NonMDR Strong
MRSA 3 R R N R R S - - - - - - - MDR Weak
MESA 4 R S S S S S - - - - - - - NonMDR Intermediate
MRSA 5 R R R R S S - - - - - - - MDR Strong
MRSA 6 R R S R R S - - - - - - - MDR Intermediate
MRSA 7 R R R N R S - - - - - - - MDR Weak
MRSA 8 R S S N S S - - - - - - - NonMDR Intermediate
MRSA 9 R R S R R S - - - - - - - MDR Strong
PAO1 - - - - - - S N R R S S S NonMDR Strong
P. aeruginosa 1 - - - - - - R S R R S R S MDR Intermediate
P. aeruginosa 2 - - - - - - S S S S S S S NonMDR Weak
P. aeruginosa 3 - - - - - - R S R R S R R MDR Intermediate
P. aeruginosa 4 - - - - - - R R R R S S R MDR Strong
P, aeruginosa 5 - - - - - - R S R R S R S MDR Weak
P. aeruginosa 6 - - - - - - R S S S S R R MDR Intermediate
P. aeruginosa 7 - - - - - - S S S R S S S Non MDR Strong
P. aeruginosa 8 - - - - - - R S R R S R R MDR Intermediate
P. aeruginosa 9 - - - - - - R S R R S S R MDR Intermediate

Abbreviations: ATCC, American Type Culture Collection; MRSA, methicillin-resistant S. aureus; P. aeruginosa, Pseudomonas aeruginosa; R, resistant; I, intermediate; S, sensitive; FOX,
cefoxitin; E, Erythromycin; TS, Trimethoprim-Sulfamethoxazole; CD, Clindamycin; GM, Gentamicin; LZD, Linezolid; NA, nalidixic acid; CT, Colistin; PRL, Piperacillin; AMP, Ampicillin;

IPM, Imipenem; CPE, Cefepime; C, Chloramphenicol; MDR, multidrug-resistant.

1.51, 12.12, 2, 2, and 13.92, respectively. Details on MIC and MBC
findings are depicted in Table 2.

3.4. MBIC and MBEC

Most importantly, the findings also demonstrated that melittin
suppressed the preformed biofilm of tested isolates, with MBIC values
from 10 to 2.5pg/ml for MRSA and 20 to 5pg/ml for P. aeruginosa,
respectively. Besides, the MBIC results for gentamicin, ciprofloxacin,
vancomycin, and rifampin ranged from 4 to 128, 2 to 128, 16 to 128, and
8 to 128 ug/ml, respectively. The value of the geometric mean of MBIC
for melittin, gentamicin, ciprofloxacin, vancomycin, and rifampin was
7.07, 34.29, 27.85, 39.39, and 25.99 pg/ml, respectively. Besides, the
findings also found that melittin eradicated the biofilm-embedded
bacteria, with MBEC values ranging from 10 to 40 pg/ml for MRSA and
P, aeruginosa. Besides, the MBEC ranges for gentamicin, ciprofloxacin,
vancomycin, and rifampin were 64 to 512, 8 to 1,024, 64 to 512, and 32
to 1,024/mL, respectively. The value of the geometric mean of the
MBEC value for melittin, gentamicin, ciprofloxacin, vancomycin, and
rifampin was 20, 207.93, 181.01, 194.01, and 256 ug/ml, respectively.
Further details on MBIC and MBEC are shown in Table 3.

3.5. Synergistic activity of antimicrobial
agents on biofilm

In the current study, the value of the geometric mean for best
synergistic melittin—vancomycin concentrations based on FBICi
against MRSA 5, MRSA 6, and ATCC 29213 was 0.09, 0.09, and 0.25,
respectively. Besides, the value of the geometric mean for best
synergistic melittin-rifampin concentrations based on FBICi against
MRSA 2, MRSA 9, and ATCC 29213 was 0.35, 0.35, and 0.62,
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respectively. Besides, the geometric means for best synergistic
melittin-gentamicin concentrations based on FBICi against
P aeruginosa PAO1, P. aeruginosa 4, and P. aeruginosa 8 were 0.18,
0.08, and 0.06, respectively. Besides, for best synergistic melittin—
ciprofloxacin concentrations based on FBICi against P. aeruginosa,
PAOLI, P. aeruginosa 7, and P. aeruginosa 8 were 0.37, 0.24, and 0.5,
respectively. Further details on antibiofilm synergistic effects of
melittin and antibiotics are shown in Tables 4, 5.

3.6. Activity of melittin on biofilm encoding
genes

The activity of sub-lethal melittin concentrations from 5 to
0.039 ug on the expression of the icaA and LasR was tested for the
selected isolates after 24h. In this regard, log 2-fold change
demonstrated that expression of the icaA in S. aureus and LasR in
P, aeruginosa exposed to sub-MIC melittin were downregulated at a
range from 4.11 to 0.1 fold for icaA, and 3.7 to 0.11 fold for LasR,
respectively (Figure 1).

In particular, for icaA of S. aureus ATCC 29213, at 0.078 to
0.625pg, the downregulation range was from 0.34 to 3.63. The
downregulation range for MRSA 2 at 0.039 to 0.625 pg was from 0.11
to 4.11. The downregulation range for MRSA 5 at 0.039 to 1.25 pg was
from 0.4 to 4.4. Besides, the downregulation range for MRSA 6 at
0.039 to 0.625pg was from 0.1 to 3.6. Finally, the downregulation
range for MRSA 9 at 0.039 to 0.625 pg was from 0.35 to 3.2. On the
other side, for LasR of P. aeruginosa PAO1, at 0.156 to 5ug, the
downregulation range was from 0.1 to 3.4. The downregulation range
for P aeruginosa 4 at 0.156 to 5pg was from 0.1 to 2.93. The
downregulation range for P. aeruginosa 7 at 0.039 to 1.25 ug was from
0.22 to 3.7. Finally, the downregulation range for P. aeruginosa 8 at
0.078 to 2.5pg was from 0.11 to 3.54. In this sense, a linearity
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TABLE 2 MIC, MBC, and MBC/MIC values for melittin, vancomycin, rifampin, gentamicin, and ciprofloxacin against S. aureus and P. aeruginosa.

MEL- MEL- VAN- VAN- RIF- RIF- GEN- GEN- CIP- CIP- VAN- RIF- GEN- CIP- MEL-

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MBC/ MBC/ MBC/ MBC/ MBC/

MIC MIC MIC MIC MIC

ratio ratio ratio ratio ratio
ATCC 29213 1.25 5 1 2 0.015 0.5 - - - - 2 32 - - 4
MRSA 1 2.5 5 4 8 0.5 8 - - - - 2 16 - - 2
MRSA 2 1.25 2.5 8 16 1 16 - - - - 2 16 - - 2
MRSA 3 1.25 1.25 2 4 1 8 - - - - 2 8 - - 1
MESA 4 0.625 1.25 4 8 0.5 4 - - - - 2 8 - - 2
MRSA 5 2.5 5 8 16 2 16 - - - - 2 8 - - 2
MRSA 6 1.25 2.5 4 8 1 8 - - - - 2 8 - - 2
MRSA 7 0.625 1.25 2 4 0.25 4 - - - - 2 16 - - 2
MRSA 8 2.5 5 4 8 0.25 8 - - - - 2 32 - - 2
MRSA 9 1.25 2.5 1 2 1 16 - - - - 2 16 - - 2
PAO1 5 10 - - - - 0.5 8 0.25 1 - - 16 4 2
P. aeruginosa 1 2.5 5 - - - - 8 128 8 16 - - 16 2 2
P. aeruginosa 2 5 5 - - - - 4 64 2 8 - - 16 4 1
P. aeruginosa 3 2.5 5 - - - - 32 256 16 32 - - 8 2 2
P. aeruginosa 4 10 10 - - - - 64 512 32 32 - - 8 1 1
P. aeruginosa 5 2.5 2.5 - - - - 32 512 1 2 - - 8 2 1
P. aeruginosa 6 1.25 2.5 - - - - 16 128 2 4 - - 8 2 2
P. aeruginosa 7 2.5 5 - - - - 4 64 32 64 - - 16 2 2
P aeruginosa 8 5 10 - - - - 16 128 16 32 - - 16 2 2
P. aeruginosa 9 1.25 1.25 - - - - 2 32 64 64 - - 16 1 1

Abbreviations: ATCC, American Type Culture Collection; VAN, vancomycin; GEN, gentamicin; CIP, ciprofloxacin; MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentrations; RIF, rifampin, Mel; melittin; MRSA, methicillin-resistant
Staphylococcus aureus.
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TABLE 3 MBIC and MBEC values of melittin, vancomycin, rifampin, gentamicin, and ciprofloxacin against S. aureus and P. aeruginosa.

GEN-

Isolate MEL- MEL- Van- Van-  Rif-MBIC Rif- GEN- CIP- CIP-

(n =20) MBIC MBEC MBIC MBEC (pg/ml) MBEC MBIC MBEC MBIC MBEC
(pg/ml) | (ug/ml)  (pg/ml)  (pg/ml) (pg/ml)  (pg/ml  (pg/ml)  (pg/ml)  (pg/ml)
S. aureus ATCC 10 40 32 128 8 128 - - - -
29213
MRSA 1 5 10 64 256 8 128 - - - -
MRSA 2 10 20 16 64 32 128 - - - -
MRSA 3 5 10 32 128 8 32 - - - -
MESA 4 5 20 16 128 64 512 - - - -
MRSA 5 10 20 64 256 16 512 - - - -
MRSA 6 5 20 128 512 32 256 - - - -
MRSA 7 2.5 20 32 256 64 512 - - - -
MRSA 8 5 20 64 512 32 512 - - - -
MRSA 9 10 40 32 128 128 1,024 - - - -
P. aeruginosa 20 40 - - - - 4 64 2 8
PAO1
P. aeruginosa 1 10 20 - - - - 32 128 8 64
P. aeruginosa 2 5 20 - - - - 16 128 32 128
P. aeruginosa 3 5 10 - - - - 64 256 16 64
P. aeruginosa 4 10 20 - - - - 128 512 64 256
P. aeruginosa 5 5 10 - - - - 64 256 64 512
P. aeruginosa 6 10 20 - - - - 64 512 16 128
P. aeruginosa 7 10 40 - - - - 32 128 128 1,024
P. aeruginosa 8 10 40 - - - - 64 256 64 1,024
P. aeruginosa 9 5 10 - - - - 16 256 64 512

Abbreviations: MBIC, Minimum biofilm inhibition concentration; MBEC, Minimum biofilm eradication concentration; MRSA, methicillin-resistant S. aureus.

relationship was found at evaluated concentrations of melittin, and it
also indicated that the downregulation of biofilm-associated genes was
generally dose-dependent (R*=0.89). Besides, ANOVA showed a
statistical difference in biofilm-associated genes between the treated
and untreated samples (p <0.05).

3.7. Cytotoxicity and hemolytic activity of
melittin

The cytotoxicity findings ranged from 5, 2.5, 1.25, 0.625, 0.312,
and 0.156 pg of melittin 85.9, 69.4, 45.3, 25.2, 10, and 3.5% cytotoxicity
on HEK-293 was seen, respectively. Notably, at the best synergistic
concentrations of melittin with antibiotics, i.e., 0.078 and 0.039 g, this
peptide did not show any toxicity toward the HEK-293 (Table 6). Of
note, a t-test demonstrated no difference between the survival rate of
0.078 and 0.039 pg of melittin and the control sample (p=0.085).
Finally, the hemolytic effect of melittin against RBCs ranging from 5,
2.5, 1.25,0.625, 0.312, and 0.156 pg was 91.6, 80.5, 74.2, 59.5, 25, and
6%, respectively, whilst melittin with 0.078 and 0.039 concentrations
showed 0% hemolysis on RBCs (Table 6).

4. Discussion

MDR pathogens are difficult to treat with antibiotics, especially
when they generate biofilm, and these pathogens are a leading source of
death in some cases, such as burn and CF patients, as well as infection
in diabetes patients with chronic non-healing wounds (Emerson et al.,
2002; Hiramatsu et al., 2014; Akbari et al., 2019). There is a critical need
for novel antimicrobial agents that more effectively target biofilm and
its embedded bacteria because nearly all antimicrobials currently used
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in clinics are active against planktonic growing bacteria. Regarding this,
among the limited number of novel agents under investigation, AMPs
have shown to be promising to ensure their advancement as active
agents toward MDR bacterial infections, as well as potential targets for
novel antibiofilm therapeutics (Hale and Hancock, 2007).

Our findings showed that melittin suppressed the growth of isolates,
with MIC from 0.625 to 2.5 ug/ml for MRSA and 1.25 to 10 pg/ml for
P, aeruginosa. The findings also demonstrated the bactericidal effect of
melittin on tested isolates, with MBC from 1.25 to 5pg/ml for MRSA
and 1.25 to 10 pg/ml for P. aeruginosa, respectively. A comparison of the
antibacterial effects of melittin on MRSA and MDR methicillin-resistant
Staphylococcus epidermidis (MRSE), MDR P aeruginosa, and MDR
Acinetobacter baumannii by others (Choi et al., 2015a; Akbari et al,
2019; Mirzaei et al., 2022a) shows the same result as our findings.
Besides, the value of the geometric mean of MBC of the gentamicin,
ciprofloxacin, vancomycin, and rifampin isolates was 8.5, 6.4, 3.03, and
0.46ug/ml, respectively. The geometric mean value of MBC for
gentamicin, ciprofloxacin, vancomycin, and rifampin for all isolates was
103.96, 12.99, 6.06, and 6.4 pg/ml, respectively. It has been found that
melittin binds to bacterial membranes and creates pores, resulting in
osmotic bacterial lysis (Bevalian et al., 2021).

Most importantly, our investigation of MBIC and MBEC
demonstrated the potent anti-biofilm action of melittin toward all
tested isolates with MBIC from 2.5 to 10 pg/ml for MRSA and 5 to
20 pg/ml for P. aeruginosa, as well as MBEC from 10 to 40 pg/ml for
MRSA and P, aeruginosa, respectively. These findings are per our
previous study on the strong biofilm of MDR MRSE (Mirzaei et al.,
2022b) as well as by others on strong biofilm-forming MDR
A. baumannii strains (Bardbari et al., 2018), biofilm-forming solid
MDR P, aeruginosa (Khozani et al., 2019), and biofilm of MRSA (Lima
etal, 2021). Besides, the MBIC results for gentamicin, ciprofloxacin,
vancomycin, and rifampin were in the range 4 to 128, 2 to 128, 16 to
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TABLE 4 The best synergistic concentrations of vancomycin-melittin and rifampin-melittin against biofilm of selected S. aureus isolates.

ATCC 29213 MRSA 5 MRSA 6 ATCC 29213 MRSA 2 MRSA 9
VAN+MEL FBIC VAN+MEL FBIC VAN+MEL FBIC RIF+MEL FBIC RIF+MEL FBIC RIF+MEL FBIC
(ug/ml) indices (pg/ml) indices (ug/ml) indices (pg/ml) indices (pg/ml) indices (pg/ml) indices
32410 2 64+2.5 1.25 64+1.25 112 8+2.5 1.25 32410 2 128+10 2
1645 15 32+1.25 0.62 32+0.625 0.56 4+125 0.62 16+5 1 6445 1
8+25 0.75 16+0.625 031 16+0.312 025 - - 8+2.5 05 32425 0.5
4+125 037 8+0.312 0.15 8+0.156 0.14 - - 4+125 025 16+1.25 025
2+0.625 0.18 4+0.156 0.07 4+0.078 0.07 - - - - - -

- - 240078 0.03 240.039 0.03 - - - - - _

Abbreviations: ATCC, American type culture collection; VAN, vancomycin; MEL; melittin; RIF, Rifampin; MRSA, methicillin-resistant S. aureus; FBIC, fractional biofilm inhibitory concentration.

TABLE 5 The best synergistic concentrations of gentamicin-melittin and ciprofloxacin-melittin against biofilm of selected P. aeruginosa isolates.

P. aeruginosa PAO1

P. aeruginosa 4

P. aeruginosa 8

P. aeruginosa PAO1

P. aeruginosa 7

P. aeruginosa 8

GEN+MEL FBIC GEN+MEL FBIC GEN+MEL FIC CIP+MEL FBIC CIP+MEL FBIC CIP+MEL FBIC
(pg/ml) indices (pg/ml) indices (pg/ml) indices (pg/ml) indices (pg/ml) indices (pg/ml) indices
4410 15 64+5 1 32425 0.75 2410 15 128+10 2 64+10 2
245 0.75 32425 05 16+1.25 037 145 0.75 64+5 1 3245 1
1+25 0.37 16+1.25 0.25 8+0.625 0.18 0.5+2.5 0.37 32+25 0.5 16+2.5 0.5
0.5+1.25 0.18 8+0.625 0.12 440312 0.09 - - 16+1.25 0.25 - -
0.25+0.625 0.09 440312 0.06 2+0.156 0.04 - - 8+0.625 0.12 - -

- - 2+0.156 0.03 1+0.078 0.02 - - - - - -

- - 1+0.078 0.01 0.5+0.039 0.01 - - - - - -

Abbreviation: P. aeruginosa, Pseudomonas aeruginosa; GEN, Gentamicin; MEL, melittin; CIP, Ciprofloxacin; FBIC, fractional biofilm inhibitory concentration.
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FIGURE 1
Downregulation of biofilm-associated genes icaA (A) and Las R (B) in Staphylococcus aureus and Pseudomonas aeruginosa at sub-inhibitory
concentrations of melittin, respectively.

TABLE 6 Overview of toxicity and hemolysis of melittin at the best

synergistic concentrations.

Melittin (ug/ml)

Cell death (%)

RBC hemolysis (%)

5 859 +3.4 91.6+24
2.5 69.4+3.2 80.5+2
1.25 453+35 742+ 1.8
0.625 252+3.1 59.5+2.1
0.312 10+2.1 25+1.7
0.156 35+£22 6+2
0.078 0 0
0.039 0 0

128, and 8 to 128pg/ml, respectively, and MBEC results for
gentamicin, ciprofloxacin, vancomycin, and rifampin were 64 to 512,
810 1,024, 64 to 512, and 32 to 1,024 pg/ml, respectively. Our findings
are higher than those reported by others such as Douthit and
colleagues who noted that MBIC values for vancomycin and rifampin
were 1pg/ml and 80ng/ml, respectively, and also, MBEC of
vancomycin and rifampin was 6 pg/mL and 80 ng/ml, respectively,
against biofilm of S. aureus (Douthit et al,, 2020). Besides, the

Frontiers in Microbiology

determined MBEC gentamicin was >1,490 pg against P. aeruginosa by
Das et al. (2016) is higher than our study.

Our results also found a synergistic effect of melittin in combination
with antibiotics toward biofilm-forming MDR-MRSA and
MDR-P. aeruginosa. The geometric mean values for best synergistic
melittin-vancomycin and melittin—rifampin concentrations based on
FBICi against S. aureus were 0.12 and 0.42, respectively. Besides, the
geometric mean values for best synergistic melittin-gentamicin and
melittin—ciprofloxacin ~ concentrations based on FBICi against
P, aeruginosa were 0.09 and 0.3, respectively. Some reports noted melittin
for its synergistic effect on biofilm when used with antibiotics.
Mohammadi et al. (Bardbari et al., 2018) found that melittin has a highly
synergistic impact with imipenem and colistin toward the biofilm of MDR
A. baumannii. Maiden et al. (2019) found that melittin acted alone and/or
in combination with tobramycin to kill biofilm-embedded P. aeruginosa.
Besides, our previous results found the synergistic action of melittin with
rifampin and vancomycin toward potent biofilm of MDR-MRSE (Mirzaei
etal, 2022b). These findings are in agreement with our results.

The synergy caused by melittin with antibiotics is most likely
related to the site of their action on the bacterial membrane, cell wall,
RNA polymerase, DNA gyrase, and protein synthesis inhibition
(Zarghami et al., 2021b, 2022; Mirzaei et al., 2022a). Melittin disrupts
the integrity of the cell membrane and creates pores that probably
facilitate the penetration of antibiotics into the bacteria, and in the
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next step, the antibiotics inhibit the growth of the bacteria and also kill
the bacteria through the mentioned targets (Lee et al., 2013; Swiatly-
Blaszkiewicz and Mréwczynska, 2020; Zarghami et al., 2021a, 2022;
Alkbari et al., 2022). Most importantly, melittin has been found to have
some convergent anti-biofilm mechanisms, including membrane
degradation of biofilm-embedded bacteria, degradation of biofilm
matrix, and downregulation of genes responsible for biofilm formation
(Bardbari et al., 2018; Khozani et al., 2019; Shams et al., 2020;
Zarghami et al., 2021b). For further determination of the anti-biofilm
effect of melittin and its underlying mechanism of biofilm attenuation,
real-time PCR for biofilm encoding genes was done. Hence, it found
that biofilm-associated genes icaA in S. aureus and LasR in
P, aeruginosa were downregulated in all tested isolates at a range from
4.11 to 0.1 fold for icaA and from 3.7 to 0.11 fold for LasR, respectively.
These results are in agreement with our previous work (Mirzaei et al.,
2022b), that sub-MIC of melittin significantly downregulated icaA
expression in MDR MRSE, and also Mohammadi et al. (Bardbari
et al,, 2018), found that sub-MIC of melittin significantly decreased
the biofilm-associated bap gene expression in MDR A. baumannii.
Along with arresting the emergence of antibiotic-resistant bacterial
mutants, a further goal of multidrug therapy is to decrease the risk of
single-drug toxicity to improve the quality of life for patients. In this
regard, it has been found that melittin could disrupt the phospholipids
packaging in the lipid bilayer, causing pore formation, resulting in the
lysis of human RBC (Swiatly-Blaszkiewicz and Mréwezyriska, 2020).
Our findings found synergistic melittin concentrations to destroy
biofilm did not have cytotoxicity or hemolytic activities. However, the
hemolytic effect of melittin alone (0.625 and 1.25 pg) on erythrocytes
was toxic (25-45% cell death); therefore, we recommend that this AMP
be used in combination and also in future studies, the ability to modify
the melittin sequence to reduce cytotoxicity and improve bactericidal
effects can be investigated. This peptide has shown various
antimicrobial effects in preclinical in vitro and in vivo, and despite
convincing efficacy data, its applicability to humans may be met with
challenges due to issues including its non-specific cytotoxicity,
degradation, and hemolytic activity. Hence, some optimization
approaches, including the utilization of melittin-derived peptides,
nanoparticle-based delivery of melittin, and combination therapy, can
circumvent the issues. More importantly, reducing the concentration
of antibiotics in synergism with melittin AMP can decrease drug side
effects, especially in patients with kidney failure. Our results are
consistent with the cytotoxic and hemolytic effects of melittin
performed by others (Akbari et al., 2019; Mirzaei et al., 2022a).

5. Conclusion

As the occurrence of MDR pathogens is rising, the need for novel
antimicrobials and ways to potentiate conventional antibiotics is
crucial. Besides, as most conventional antibiotics are only active
against proliferating planktonic bacteria, hence, eradicating persisters
embedded in biofilm is difficult, and also, the biofilm matrix acts as a
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