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Carvacrol inhibits bacterial polysaccharide
intracellular adhesin synthesis and biofilm
formation of mucoid Staphylococcus aureus: an in
vitro and in vivo study
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Staphylococcus aureus (S. aureus) is one of the important human pathogens and causes both superficial
and systemic infections. More importantly, the formation of S. aureus biofilms, a main cause of its
pathogenicity and drug resistance, has been a critical challenge in clinical treatment. Carvacrol, a plant-
based natural product, has gained great interest for therapeutic purposes due to its effective biological
activity with low cytotoxicity. The present study aimed to investigate the effect of carvacrol on anti-
biofilm activity. Growth curve analysis showed that applying a sub-inhibitory concentration of carvacrol
(4 ng mL™) was not lethal to S. aureus SYN; however, the inhibition rate of biofilm formation was as high
as 63.6%, and the clearance rate of mature biofilms was as high as 30.7%. In addition, carvacrol
effectively reduced the production of biofilm-associated extracellular polysaccharides and showed no
effect on eDNA release. Furthermore, qPCR analysis revealed that carvacrol significantly down-regulated
the expression of icaA, icaB, icaC, agrA, and sarA (P < 0.05). The in vivo efficacy of carvacrol against
biofilm infection was further verified with a biological model of G. mellonella larvae. The results showed
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Introduction

Staphylococcus aureus (S. aureus) is an important zoonotic
pathogen and has become a significant global health problem
due to its multi-drug resistance. In addition to causing minor
superficial skin infections, S. aureus may also cause life-
threatening systemic infections such as pneumonia, sepsis,
endocarditis, and toxic shock syndrome.* A bacterial biofilm is
a microbial community formed by the adhesion of bacterial
colonies and extracellular matrix (ECM).” Polysaccharide intra-
cellular adhesin (PIA) is the main ECM in S. aureus biofilms.?
PIA mediates intercellular adhesion and forms tightly con-
nected biofilms, which are produced by the intracellular adhe-
sion (ica) operon.* In addition to PIA, extracellular DNA (eDNA)
and some surface proteins also contribute to biofilm stability.®
Moreover, eDNA may act as an electrostatic polymer in the early
adhesion and maturation phases of biofilms,® and stabilizes the
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structure of biofilms by linking PIA to biofilm-associated
proteins and other components of biofilms.”

S. aureus is considered a major species of biofilm-associated
infections.® Most systemic S. aureus infections persist due to the
in vivo formation of biofilms. Biofilm-protected bacterial cells
are more resistant to most antibiotics and host defence system
than their planktonic cells.” It was reported that biofilms could
cause a 100- to 1000-fold increase in antimicrobial tolerance.'®
Biofilms may exert anti-microbial effects through multiple
mechanisms including poor antibiotic permeability, genetic
adaptation, slow growth rate, altered metabolism, persisters,
matrix enzyme degradation, and horizontal gene transfer.>**
Bacteria protected by biofilms require more antibiotics than
planktonic bacteria, it is thus difficult to achieve the minimum
antibiotic concentration in vivo to eradicate the bacteria
underneath biofilms. Moreover, once a biofilm is established, it
is difficult to eradicate.”® Therefore, to search for bioactive
compounds that effectively inhibit and/or disrupt biofilm
formation is critically important for medical applications.

Some essential oil extracted from plants are known to have
pharmacological properties, such as antibacterial, antifungal,
and antiviral.™ In addition, the natural products may play roles
in the control of bacterial biofilm production and quorum
sensing.''* Compared to antibiotics, some naturally occurring
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compounds may have improved biocompatibility and fewer side
effects in humans and are considered as potential substitutes
for synthetic antibiotics."” Carvacrol (2-methyl-5-
isopropylphenol) is a natural terpene compound and can be
extracted from oregano and thyme.*® Previous studies reported
that it could have antibacterial activity against Gram-positive
and most Gram-negative bacteria, as well as some antifungal
activity.” It also shows potential in removing biofilms from
different strains.?>® However, the mechanism of carvacrol in anti-
biofilm formation is unclear and has not been studied
systematically. The aim of this study is thus to investigate its
mechanism of action against S. aureus biofilms. Moreover, the
in vivo anti-bacterial activity of carvacrol using a G. mellonella
larvae model was investigated. The finding of the study may
provide better understanding on the mode of action of carvacrol
and also provides an experimental basis for further develop-
ment of biofilm inhibitors based on carvacrol or other natural
compounds.

Results
Antibacterial effect of carvacrol against S. aureus SYN

The antibacterial activity of carvacrol against S. aureus SYN was
assessed by measuring MIC and MBC using broth micro-
dilution method.** The results showed that carvacrol inhibited
the growth of S. aureus. Carvacrol at 32 pg mL~ ' was found
completely inhibited the growth of S. aureus SYN, and thus the
MIC was 32 pg mL~". LB solid agar plates also showed an MBC
of 32 pg mL " (Fig. 1).

Time-killing growth curve

The antibacterial activity of carvacrol was investigated. The
effect of carvacrol at 1/2 MIC (16 pg mL ™), 1/4 MIC (8 pg mL 1),
1/8 MIC (4 pg mL™") concentrations on the growth and viability
of S. aureus SYN was evaluated. The results show that the growth

Aroma Molecular Molecular
Compound Structure weight (g/mol)
OH
Carvacrol 150.22

Concentration (ug/mL)

Fig. 1 Chemical structure of carvacrol and its minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC)
against S. aureus SYN.
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of the strain under the treatment at 4 ug mL™ " carvacrol was
relatively consistent with that of the control group (untreated)
(Fig. 2). The strain treated with 8 pg mL™" carvacrol exhibited
a certain degree of delay in the logarithmic phase of growth. The
number of bacteria grown is obviously less than that of the
control group. Under the treatment condition at 16 pug mL™*
carvacrol, there was no observable bacterial growth.

Determination of the composition of S. aureus SYN biofilm

To investigate the mechanism of action of carvacrol exerted on
the ECM of biofilms, we first determined the main components
of the ECM of S. aureus SYN. We therefore conducted the
enzymatic digestion assay to find out the main components of
the ECM of the S. aureus SYN biofilm. The results were shown in
Fig. 3. It was found that the amount of biofilm formation after
PBS treatment was not significantly different from the control
group without any treatment. Nonetheless, we found that 23.7%
of biofilms were disintegrated after Proteinase K treatment,
39.2% of biofilms were disintegrated after DNase I treatment,
and 71.6% of biofilms were disintegrated after sodium period-
ate treatment. Based on these results, it could be concluded that
the ECM of S. aureus SYN biofilm is mainly composed of PIA,
and followed by extracellular DNA, while the least component is
extracellular protein.

Inhibitory effects of carvacrol on S. aureus SYN biofilm

The inhibitory effect of carvacrol at 4 and 8 ug mL ™" on S. aureus
SYN biofilm formation at different time interval was measured
by microdilution and crystal violet staining assays. The results
were shown in Fig. 4. It was found that the amount of biofilm
formation under each concentration was significantly lower
than that of the control (untreated blank) at all experiment time
points. In addition, the anti-biofilm activity of carvacrol on S.
aureus SYN was concentration-dependent. A higher concentra-
tion of carvacrol treatment was able to better inhibit biofilm
formation.

Scavenging effects of carvacrol on S. aureus SYN mature
biofilm

The ability of carvacrol in scavenging mature S. aureus SYN
biofilm was investigated. The results were shown in Fig. 5.
Compared to the control (untreated blank), the clearance (%) of
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Fig.2 Growth curves of S. aureus SYN under different concentrations
of carvacrol (CAR: carvacrol).
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Fig. 3 Enzymatic hydrolysis assays of S. aureus SYN and component
analysis of the ECM.
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Fig. 4 Inhibition of biofilm formation following treatment with
different concentrations of carvacrol at different time points (CAR:
carvacrol).

Fig. 5 Scavenging effects of carvacrol on mature biofilms (CAR:
carvacrol).

the mature biofilms under the treatment condition with 4 ng
mL ™", 8 pg mL ™', 16 pg mL ™", and 32 pg mL ' carvacrol was
found able to reach 30.7%, 68.6%, 76.2%, and 93.7%,
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respectively. The results indicate the scavenging effect is
concentration-dependent and may also support that carvacrol
exhibits scavenging effect against the mature biofilms.

Effects of sub-inhibitory concentrations of carvacrol on PIA

Based on the experimental results thus far, we found that
carvacrol at the sub-inhibitory concentration (4 pg mL™") did
not inhibit bacterial growth (Fig. 2) but it did significantly
inhibit the biofilm production (Fig. 4) and disrupt the mature
biofilm (Fig. 5). We thus used the phenol-concentrated sulfuric
acid method and FITC-ConA to determine the effect of carvacrol
(4 ng mL™") on S. aureus SYN PIA production. The glucose
standard curve, shown in Fig. 6A, was established as: Y =
0.0145X — 0.02848. The correlation coefficient was found to be
R*> = 0.9927, indicating a good linear relationship between
absorbance and glucose concentration. Then, the effect of
carvacrol in inhibiting PIA synthesis at sub-inhibitory concen-
tration was investigated. Compared with the control group,
a significantly reduced fluorescence signal was observed
(Fig. 6B), indicating that carvacrol could inhibit PIA production.
In addition, S. aureus SYN after treatment with 4 pug mL ™"
carvacrol, the change of biofilm structure from dense to loose
was observed under fluorescence microscope at all time points
(Fig. 6C). The results may support that carvacrol could possibly
inhibit PIA formation at sub-inhibitory concentration.

Effects of sub-inhibitory concentration of carvacrol on eDNA

During the biofilm formation, eDNA inside the membrane is
released from dead bacteria. Importantly, eDNA plays a key role
in the adhesion of bacteria to the carrier surface and between
bacteria. Compared to the control group, carvacrol at sub-
inhibitory concentration showed no effect on eDNA release
and also no difference was observed in autolysis curves between
the two strains (Fig. 7). Therefore, the results indicate that
carvacrol may have no effect on eDNA release.
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Fig. 6 (A) Glucose standard curve; (B) effect of sub-inhibitory carva-
crol on productlon of PIA; (C) fluorescence microscope detection of
the effect of sub-inhibitory carvacrol on PIA at different time points
(CAR: carvacrol).
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Fig. 7 (A) The effect of sub-inhibitory concentration of carvacrol on
the release of eDNA; (B) autolysis curve before and after sub-inhibitory
concentration carvacrol treatment (CAR: carvacrol).

Scanning electron microscopy (SEM) assay

SEM can show more intuitively the effect of carvacrol on the
structure of the biofilm, and the results are shown in Fig. 8. The
bacteria in the control group were connected into a bunch of
grapes, wrapped together to form a dense biofilm, and a large
number of ECM adhered to the surface of the bacteria. After the
treatment of sub-inhibitory concentration of carvacrol, the
amount of bacteria was not significantly reduced, and some of
the biofilm still remained, but the degree of mutual adhesion
between the bacteria decreased. The ECM became dispersed
(Fig. 8, red arrow) after treatment with carvacrol when
compared to the control group (Fig. 8). It can be seen that the
sub-inhibitory concentration of carvacrol has a good inhibitory
effect on the formation of biofilm, and can destroy the structure
of ECM to inhibit the formation of biofilm.

Real-time PCR (RT-PCR) analysis

We further determined the differential expression of biofilm-
associated genes before and after the treatment with 4 pg
mL ™" carvacrol (Fig. 9). The expression of ica4, icaB, and icaC in
the ica locus encoding PIA was down-regulated by 3.43-, 1.82-,
and 2.02-fold, respectively. There was no observed effect on

Control

4ug/mL CAR &

Fig. 8 SEM observation of the effect of sub-inhibitory concentration
of carvacrol on biofilm structure (CAR: carvacrol). The red arrow
indicated the difference of ECM between treatment with or without
carvacrol.
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Fig. 9 Changes in gene expression related to biofilm formation and
regulation before and after the treatment with carvacrol at sub-
inhibitory concentration.

icaD. In addition, the expression of agrd in the quorum sensing
system was down-regulated by 3.46-fold. Moreover, expression
of the staphylococcal co-regulator SarA was down-regulated by
2.7-fold. These results suggest that carvacrol may reduce biofilm
formation by down-regulating the biofilm-forming genes
including icaA, icaB, and icaC. As a result, it inhibits biofilm
formation and reduces the expression of the icadDBC operon by
down-regulating the expression of biofilm-forming regulators
including agrA and sarA, which in turn exerts an anti-biofilm
effect. On the other hand, there is an interesting result of the
upregulation of icaR. IcaR encodes a transcriptional repressor
that downregulates the expression of the icaADBC operon,
which is responsible for PIA synthesis.”* Therefore, the inhibi-
tion of PIA formation by carvacrol may due to upregulation of
icaR.

G. mellonella larvae infection assay

G. mellonella larvae have been widely used as an alternative
model for non-mammalian models to assess the in vivo toxicity
and efficacy of anti-infective drugs.”*** Our results showed that
96.7% survival was observed in larvae injected with 4 ug mL ™"
carvacrol after 120 h, which was similar to the control group
(blank) (Fig. 10). This may indicate that carvacrol is not toxic to
the larvae and does not cause observable damage to the larvae.
The survival rate of S. aureus SYN-infected larvae was only 13.3%
after 120 h, while the survival rate of carvacrol-treated larvae was
significantly increased to 83.3% after 120 h. The difference was
statistically significant and also indicated that carvacrol could
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& ] |—|
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Days post-infection

Fig. 10 Evaluation of the toxicity and efficacy of sub-inhibitory
carvacrol in vivo using the G. mellonella larvae models (CAR:
carvacrol).
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effectively rescue larvae from S. aureus SYN infection and it was
not toxic to larvae.

Discussion

Biofilm is one of the preferred growth states of bacteria which
exists in more than 90% of bacteria, and acts as a survival
strategy that allows the organism to adapt to almost all survival
environments.” Currently, the main strategies against biofilms
include inhibition or prevention of initial biofilm formation
and dispersion or removal of mature biofilms.?® The early stage
of biofilm formation, when self-protection mechanisms are still
incomplete, is the best time for most antibiotics to exert anti-
biofilm activity.”” Therefore, rapid and accurate detection of
biofilm formation at an early stage can effectively control
biofilm-infected diseases.

To verify the role of a plant-based small molecule, carvacrol,
in inhibiting biofilm formation, absorbance and microscopic
observations were performed. The results of crystalline violet
staining showed that carvacrol possessed a strong inhibitory
effect on the biofilm in the early stage and the inhibitory effect
was found dose-dependent. The mature biofilm often makes it
difficult to counteract antibiotics because of the protective
effect of its physical barrier and anti-immune clearance.>® Our
results on scavenging effects of carvacrol showed that carvacrol
at 1x MIC concentration cleared up to 93.75% of the mature
biofilm, indicating that carvacrol could penetrate and destroy
mature biofilms. This property most likely makes carvacrol
exerting good antibacterial effects.

PIA, the main component of the ECM, is mainly responsible
for intercellular aggregation, promotion of bacterial adherence
to the carrier surface, and immune escape, making it the deci-
sive factor in the adhesive aggregation phase of the biofilm. We
showed that carvacrol at sub-inhibitory concentration inhibited
PIA synthesis. Furthermore, using FITC-ConA to visualize the
content of the PIA in biofilms by fluorescence microscopy, we
found that there was a large amount of fluorescent signal and
dense structure in the mature biofilm at 24 h in the control
group, indicating that there was a large amount of PIA forma-
tion. We observed a significant reduction in the fluorescence
signal after the treatment with a sub-inhibitory concentration of
carvacrol. In addition, the observed loose structure of biofilm
may indicate the decrease in PIA formation. These results
suggest that carvacrol may have effects on reducing PIA
synthesis. Importantly, eDNA not only affects bacterial aggre-
gation, but also interacts with PIA to maintain the stability of
biofilm structures, to enhance the physical strength of the
biofilm, and to improve the resistance of the bacterium against
biological stress.® Nonetheless, eDNA extraction by phenol-
chloroform extraction revealed that the treatment with carva-
crol at sub-inhibitory concentration had no effect on eDNA
release.

The biofilm is a complex microecological structure. Each
step of biofilm formation is controlled by multiple strict regu-
latory systems or regulatory factors. We also studied the
possible role of carvacrol on the regulators of biofilm formation.
The key regulatory genes in biofilm formation include sarA,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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agrA, and agrB. Importantly, sarA is a global regulator of biofilm
formation and binds to the ica promoter sequence to upregulate
ica expression and to promote biofilm formation.> The
disruption of the quorum sensing system has also been a hot
topic in anti-biofilm research. AgrA and AgrB, the main regu-
latory molecules of the quorum sensing system. Inhibiting their
signaling mainly affects the maturation stage of the biofilm,
which reduces MRSA resistance to antimicrobial drugs and
decreases a-toxin production and abscess formation.*® In this
study, we found that carvacrol at sub-inhibitory concentration
exhibited inhibitory effects on the expression of sarA and agrA.
Consequently, carvacrol may reduce the production of PIA by
inhibiting the expression of icad, icaB, icaC, sarA and agrA
genes, prevent the mutual adhesion of the bacteria and affects
the morphology of the bacteria, and thus destabilizes the
biofilm.

The in vivo study is also key to translating in vitro results into
clinical therapeutic applications. G. mellonella larvae have been
widely used as surrogate host models for a variety of human
bacterial and fungal pathogens,* and also is useful for assay
microbial virulence or to test the in vivo efficacy and toxicity of
antimicrobial compounds.®> Since the nodules produced by
larvae during S. aureus infection are structurally and function-
ally similar to abscesses commonly found in S. aureus skin and
soft tissue infections,*® we thus used a larval infection model to
test the feasibility of using sub-inhibitory carvacrol as an anti-
microbial agent. The results showed that the survival rate of the
infected group injected with S. aureus SYN was only 13.3% after
5 days. The blackened nodules could occur at the inoculation
site after infection, probably due to uncontrollable phenol
oxidase activation caused by the uncontrollable bacterial
burden.** The survival rate of the carvacrol-treated group was
increased to 83.3% after 5 days, which was significantly higher
compared to that of the infected group. The blackened nodules
also did not appear at the inoculation site. The survival rate of
the carvacrol injection group alone was 96.7%, indicating that
carvacrol had no toxic effect on the larvae and effectively
increased their survival rate. However, further studies are
needed to assess the safety and efficacy of oral administration of
carvacrol in humans.

S. aureus is a pathogenic bacterium that is not resistant to
carvacrol. So far, there are a few studies about antibiofilm
activity of carvacrol against S. aureus. Knowles et al. showed that
continuous exposure of S. aureus NCTC 10788 to non-biocidal
concentrations of carvacrol disrupted normal biofilm develop-
ment, prevented the accumulation of protein clusters, arrested
at the microcolony stage.* Selvaraj et al. found that carvacrol
can inhibit the growth and biofilm formation of MRSA (ATCC-
33591) at the concentration of 150 pg mL " and 75 pg mL
respectively. The mechanism study revealed that carvacrol
mitigate biofilm formation via targeting the SarA protein.”* We
showed here that carvacrol disrupts pre-formed S. aureus SYN
biofilm and interferes with biofilm formation during its growth
at the concentration of 4 pg mL™'. And the antibacterial
susceptibility assay showed that 16 ug mL™" of carvacrol can
inhibit the growth of S. aureus SYN. The cause of this may be
due to the synergistic or individual action of many factors,
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including inhibition of certain enzymes and resistance mech-
anisms, such as efflux pumps, elimination of the biofilm and
damage to the cell wall.*® Due to its hydrophobicity, carvacrol
interacts with the lipid bilayer of the cell membrane, causing
the loss of cellular material such as ions, ATP and nucleic
acids.*”*® Also carvacrol can diffuse through the polysaccharide
matrix of biofilm and destabilize them.** Modification of
bacterial membranes may prevent secretion of toxins due to the
effect of carvacrol on plasma membrane transmembrane
transport processes, thus limiting the release of toxins into the
external environment.*>*

However, the efficacy of carvacrol may vary considerably
depending on the tested strain, but although the inhibitory
effect varied between strains, the level of biofilm formation was
generally attenuated at sub-inhibitory concentrations of carva-
crol.*” Finally, carvacrol can be used in combination with
conventional antibiotics to find synergies and improve bacterial
susceptibility.

Experiment
Bacteria strains and growth conditions

The clinical mucoid S. aureus SYN (high biofilm-producing
strain) used in this study was isolated from the renal pus of
patients with kidney stones and identified using an automated
bacterial identification and drug sensitivity analysis system
(BioMerieux, VITEK-2 Compact, France). The genome of S.
aureus SYN was sequenced and the whole genome sequence was
submitted to GenBank (accession number SAMN24425091).
Bacteria were incubated overnight in Tryptone Soy broth (TSB;
Rishui Biotech, China) at 37 °C with shaking at 200 rpm min~".
The strain subjected to antimicrobial susceptibility tests was
cultured in Mueller Hinton broth (MH; Rishui Biotech, China)

at 37 °C with shaking at 200 rpm min .

Phytocompound

Carvacrol (50 mg mL ™", 98%) was purchased from Sigma-
Aldrich (St. Louis, MO, USA) and prepared as 2560 ug mL ™"
stock solution in DMSO and stored at 4 °C.

MIC and MBC

The minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of carvacrol against S. aureus
SYN were determined by microbroth dilution assays. Added the
bacterial suspension to double dilute the carvacrol. Wells with
untreated cells were used as negative control. The wells con-
taining drug but no bacterial cells were used as blank control.
The assay plate was incubated at 37 °C for 24 h. MIC was defined
as the minimum concentration required to inhibit bacterial
growth. Thereafter, 10 uL per well were spread on LB plates and
incubated at 37 °C for 24 h. MBC was defined as the minimum
concentration required in the absence of bacterial growth.

Time-killing growth curve assay

Bacterial suspension was added to TSB containing different
concentrations of carvacrol (final concentration, 4, 8, and 16 pg
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mL ") in a 6-well plate and placed in an incubator at 37 °C with
shaking at 200 rpm. Next, three replicate wells were set up and
the wells without carvacrol were used as a negative control. After
that, the absorbance at an optical density of 600 nm (ODg,) was
measured every hour to generate the time-killing growth
curve.*

Enzymatic hydrolysis assay

An overnight culture of S. aureus was diluted 200-fold with TSB,
of which 200 pL were added to the wells of a 96-well polystyrene
microtiter plate and incubated for 24 h at 37 °C. After matura-
tion of the culture, biofilms were washed gently twice with
sterile phosphate-buffered saline (PBS, 0.1 M, pH 7.4). Next, 200
uL of Protease K (Solarbio, China), DNase I (Coolaber, China),
sodium periodate (MERCK, China), and PBS were added and
then cultured at 37 °C for 2 h; the control group was not sub-
jected to any treatment.** After 2 h, the solution was discarded
and methanol was added to fix the biofilms for 15 min.
Subsequently, the cell culture before being washed off with PBS,
0.5% of crystal violet was added to stain for 20 min. Then, 33%
of glacial acetic acid was added to dissolve the crystal violet. The
absorbance was then read at 590 nm.

Biofilm formation inhibition assay

Here, 100 puL of bacteria suspension and 100 pL of TSB con-
taining different concentrations of carvacrol (final concentra-
tion at 4 and 8 pg mL ™", respectively) were added to a 96-well
plate. The negative control group was not treated with carvacrol.
Biofilms formed following static incubation at 37 °C for 24 h.
After that, crystal violet staining was performed.**

Mature biofilm scavenging assay

Bacterial suspensions were added to a 96 well plate and incu-
bated at 37 °C for 24 h until biofilms matured. After 24 h, the
culture solution was discarded and 200 pL of TSB containing
carvacrol (final concentration: 4, 8, 16 and 32 ug mL ") was
added. The negative control group was not treated with carva-
crol. After incubation for 24 h, crystal violet staining was
performed.

Effects of sub-inhibitory concentration of carvacrol on PIA

First, 20 mg of standard glucose was accurately weighed before
adding ddH,O0 to make up to 500 mL. Next, 0.4, 0.6, 0.8, 1.0, 1.2,
1.4, and 1.8 mL of glucose solutions were aspirated. Each
sample was supplemented with ddH,O to 2.0 mL. Then, 1 mL of
6% (v/v) phenol and 5 mL of H,SO4 were added and incubated
for 30 min in dark before measuring the absorbance at 490 nm.
The standard curve was established based on the glucose
concentration and optical density values.

The bacterial suspensions and TSB containing different
concentrations of carvacrol (final concentration was 4 ug mL™")
were then added to a 6-well plate. The untreated wells were used
as the negative control and were incubated at 37 °C for 24 h.
After that, cells were gently wash with sterile PBS twice. Before
heating samples at 70 °C in a water bath for 1 h, 3 mL of TE

© 2023 The Author(s). Published by the Royal Society of Chemistry
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buffer was used to resuspend the biofilm. Samples were then
centrifuged at 12 000g for 10 min. After centrifugation, the
bacteria were resuspended in 3 mL of 3% (v/v) EDTA and
centrifuged at 12 000g for 12 min. The supernatant was then
filtered with a microporous membrane. Then, 1 mL of filtrate
was mixed with 1 mL of ddH,O, 1 mL of 6% (v/v) phenol and
5 mL of H,SO4. After that, it was incubated for 30 min in dark.
The absorbance of the sample supernatant was then measured
at 490 nm.*

Fluorescence microscopy assay

The cell climbing tablets were placed into a 6-well plate con-
taining a sub-inhibitory concentration of carvacrol and incu-
bated for 24 h at 37 °C, using the untreated well as a positive
control. Sterile PBS was used to wash off floating bacteria on the
surface. Next, 2.5% (v/v) of glutaraldehyde was added to fixat 4 ©
C for 20 min, followed by FITC-ConA (MERCK, China) incuba-
tion at 4 °C in dark for 40 min. Samples were then observed
under a fluorescence microscope (Zeiss, Axioscopes,
Germany)."*"’

Effect of sub-inhibitory concentration of carvacrol on eDNA

Bacterial suspensions and TSB containing different concentra-
tions of carvacrol (final concentration was 4 pg mL ™) were
added to a 6-well plate. Untreated wells were used as the positive
control. These samples were incubated at 37 °C for 24 h. After
24 h, the culture solution was discarded and gently washed
twice with sterile PBS. After that, 1 mL TEN buffer was added to
each well. Biofilms that adhered to the bottom of the plate were
resuspended and transferred to a tube. After centrifugation at
4 °C and 12 000g for 5 min, 500 pL of supernatant was taken and
added 300 puL TE buffer. Subsequently, eDNA was extracted once
with equal amounts of phenol/chloroform/isoamyl alcohol (25 :
24:1) and then extracted again with chloroform/isoamyl
alcohol (24:1). Samples were then mixed with three volumes
of precooled anhydrous ethanol and 1/10 volume of precooled
sodium acetate and stored at —20 °C. The next day, eDNA was
precipitated with ethanol and collected by centrifugation at 4 °©
C, 15000g for 20 min. Samples were washed and precipitated
with 70% precooled ethanol, air dried, and dissolved in 20 pL
TE buffer.*®* A Nanodrop 2000 spectrophotometer (Thermo
Fisher Scientific, USA) was used to detect and measure eDNA
concentration.

Scanning electron microscopy (SEM) assay

The silica was incubated overnight in a six-well plate containing
the samples. After incubation, rinsed the samples three times
with pre-cooled sterile PBS for 15 min each time. Added 1 mL of
2.5% (vol/vol) glutaraldehyde and fixed at 4 °C for 8 h. After
fixation, the samples were rinsed three times with sterile PBS for
10 min each time. Next, ethanol gradient dehydration was
performed using 30%, 50%, 70%, 80%, 90%, and 100% (v/v)
ethanol, and finally treated with isoamyl acetate for 15 min.
The samples were dried in a critical point dryer. Then, the
samples are attached to metallic stubs using carbon stickers
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and sputter-coated with gold for 30 s. Observe and take images
with scanning electron microscope (Zesis, Merlin, Germany).

Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted from carvacrol-treated (final concen-
tration was 4 ug mL™ ") and untreated cultured bacteria using
RNAiso Plus (TaKaRA, China). RNA was reverse transcribed into
c¢DNA using the PrimeScript II 1st Strand ¢cDNA Synthesis Kit
(TaKaRa Biotech, China), and then was analyzed by qRT-PCR
using the TB Green PCR reagents (TB Green Premix Ex Tag;
TaKaRa Biotech, China). Using gyrB (DNA gyrase subunit B
gene) as the housekeeping gene, the cyclic threshold (C,) values
of all tested genes were normalized. The transcription level
expression of biofilm related genes (icaA, icaB, icaC, icaD, icaR,
sarA, agrA, and agrB) were detected. The p(7aAe) quantitative
expression method was used for analyses.* The primers used in
this study were shown in Table 1. Assays were performed in
biological triplicates with three technical replicates.

Survival assay

G. mellonella larvae weighing between 0.2 and 0.4 g were
randomly selected and 20 pL of corresponding solution was
injected per larva with one group for every 10 larvae using 50 pL
microinjector (HAMILTON, Swiss). Three parallel experimental
groups were included. The following analysis groups were
tested: control group (without any treatment), normal saline
group (injected with normal saline), infected group (injected
with bacterial suspension (final concentration was 0.5 x 107
CFU mL ")), compound group (injected with carvacrol (final
concentration was 4 pg mL™ ")) treatment group (injected with
bacterial suspension containing carvacrol (final concentration
was 4 pg mLY)). After injection, samples were cultured at
a constant temperature of 37 °C in a dark environment. The
number of surviving cells in each group was recorded every 24 h

Table 1 Primers used for gRT-PCR analysis

Primer Sequence (5" — 3)

RT-gyrB-F GGTGGCGACTTTGATCTAGC
RT-gyrB-R TTATACAACGGTGGCTGTGC
RT-icaA-F TTTCGGGTGTCTTCACTCTAT
RT-icaA-R CGTAGTAATACTTCGTGTCCC
RT-icaB-F ATACCGGCAACTGGGTTTAT
RT-icaB-R TGCAAATCGTGGGTATGTGT
RT-icaC-F CTTGGGTATTTGCACGCATT
RT-icaC-R GCAATATCATGCCGACACCT
RT-icaD-F ACCCAACGCTAAAATCATCG
RT-icaD-R GCGAAAATGCCCATAGTTTC
RT-icaR-F CGCCTGAGGAATTTTCTG

RT-icaR-R GGATGCTTTCAAATACCAAC
RT-agrA-F GTGAAATTCGTAAGCATGACCCAGTTG
RT-agrA-R TGTAAGCGTGTATGTGCAGTTTCTAAAC
RT-agrB-F GCCCATTCCTGTGCGACTTA
RT-agrB-R TGGGCAAATGGCTCTTTGATG
RT-sarA-F TTGTTTTCGCTGATGTAT

RT-sarA-R CAATGGTCACTTATGCTG
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for a total of 120 h. The percentage of survival was calculated
and plotted as a graph.*

Statistical analysis

The experimental results were statistically analyzed and plotted
using GraphPad Prism 8.0 software (GraphPad Software, San
Diego, California USA). The experimental data were expressed
as mean =+ standard deviation (x + s). An independent sample ¢-
test was used to compare data between the two groups, and one-
way analysis of variance (ANOVA) was used to compare data
between multiple groups. Kaplan Meier was used for survival
curve analysis, and Log rank test was used for statistical
significance evaluation; P < 0.05 indicates a statistically signif-
icant difference, *P < 0.05, **P < 0.01, ***P < 0.001.

Conclusions

In conclusion, carvacrol was found to show good antibacterial
effects against S. aureus, significantly inhibiting the biofilm
formation of S. aureus. The in vivo analysis using the G. mello-
nella larvae model system further validated the anti-infective
potential of carvacrol against S. aureus. This study demon-
strated the potential of using carvacrol as an effective and low-
toxic agent to treat S. aureus biofilm-associated infections.
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