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Abstract
Background: To observe the bacteriostatic effect of berberine on MRSA, while also exploring the bacteriostatic
mechanism of BBR on MRSA. Methods: The MIC of BBR, gentamicin, levo�oxacin amikacin was determined
by broth microdilution, while the MICs of BBR combined with gentamicin, levo�oxacin amikacin against
MRSA were determined using microdilution checkerboard. Time-killing test were used to determine the kinetics
of BBR combined with antibiotics for MRSA. We used conductivity to assess the changes in membrane
permeability in response to BBR on MRSA, while also investigating the changes in MRSA morphology by TEM.
RNA-sequencing was used to analyze the expression of differentially expressed genes in USA300 after its
treatment with BBR. Results: The MICs range of BBR on MRSA was 32-256 µg/mL. The range of FICIs of BBR
combined with gentamicin, levo�oxacin amikacin were 0.53-1.06, 0.62-1.5, 0.16-1.25. After co-culturing MRSA
with BBR at 512 ug/mL, 64 ug/mL,8 ug/mL, respectively, the conductivity of these group increased by
8.14%,13.08% and 12.01%, respectively. Using TEM, we found that low-concentration of BBR had no
signi�cant effect on MRSA structure, medium-concentration of BBR thinned the cell wall of MRSA, while high-
concentration of BBR destroyed cell wall, leading to bacterial lysis. RNA-sequencing results showed that there
were 754 differentially expressed genes in the high-concentration group compared with the control group, of
which 561 genes were up-regulated and 193 genes were down-regulated. Compared with the low-concentration
group, there were 590 differentially expressed genes, of which 402 genes were up-regulated and 188 genes
were down-regulated. Compared with the control group, 19 genes were differentially expressed in the low-
concentration group, of which 11 genes were up-regulated,8 genes were down-regulated. Conclusions: BBR
displayed an excellent bacteriostatic effect on MRSA. BBR combined with antibiotics signi�cantly enhanced
the bacteriostatic effect on MRSA. BBR inhibited bacteria by destroying the structure of cell wall. RNA-
sequencing results demonstrated that the expression of cell wall hydrolysis genes and virulence factor were
signi�cantly differentially expressed on MRSA.

Background
Staphylococcus aureus (S. aureus) is one of the most common pathogenic bacteria in pyogenic infections,
causing systemic infections such as local pyogenic infections, pneumonia, pseudomembranous enteritis,
pericarditis and sepsis[1]. In recent years, with the widespread use of antibiotics, Methicillin-resistant
Staphylococcus aureus (MRSA) has become common drug-resistant bacteria[2]. MRSA is resistant to all the
beta-lactams and cephalosporins with the same structure as methicillin, but only sensitive to vancomycin[3].
Vancomycin is the most effective antibiotic against Gram-positive bacteria[4]. However, Vancomycin-
intermediate Staphylococcus aureus (VISA) appeared in the 1990s, and Vancomycin-resistant Staphylococcus
aureus (VRSA) was �rst found in the United States in 2002[5]. The appearance of VISA and VRSA has drawn
more attention on the problem of antibiotic resistance.

Traditional Chinese medicine has been used for thousands of years, and has been consistently effective and
feasible in treating and preventing diseases. Berberine (BBR) is the main component of the traditional Chinese
medicine Coptis chinensis and Cortex Phellodendri, with an isoquinoline alkaloid structure. BBR is one of the
commonly used drugs in the treatment of intestinal infections in China, with moderate price and de�nite
effect[6]. In addition to its broad spectrum bacteriostatic effects[7-9], BBR also has potent anti-in�ammatory,
anti-oxidant, anti-tumor, hypoglycemic and anti-cardiac arrhythmia qualities[10-14]. Studies also reported that
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BBR had good bacteriostatic effect on E. coli and Bacillus subtilis[15]. Subsequent studies reported that the
MIC of BBR against the MRSA standard strain ATCC33591 was 128 µg/mL. BBR can affect the aggregation of
amyloid �bers in PSMs of MRSA bio�lm, thus inhibiting the formation of MRSA bio�lm and increasing the
bactericidal activity of antibiotics[9]. Current studies have reported that BBR had bacteriostatic effects on
MRSA, yet no speci�c study on its bacteriostatic mechanism has been reported. In our hospital,
aminoglycoside antibiotics (GEN, AMI) and quinolone antibiotics (LEV) are routinely used to treat MRSA
infection. With the increase of drug resistance, this study seeked to investigate the bacteriostatic effect of BBR
and BBR combined with GEN, LEV and AMI on clinical strains of MRSA, while further exploring the
bacteriostatic mechanism of BBR on MRSA.

Methods

Source of strains
S. aureus standard strain USA300 was a gift from Prof. Lan of Shanghai Institute of Materia Medica, Chinese
Academy of Sciences. All 26 strains of MRSA were isolated from inpatient specimens of Shanghai Eighth
People’s hospital from October 2016 to March 2017. All strains were identi�ed using the VITEK 2 compact
microbiology analysis system (BioMérieux Industry, France). In addition, 26 mecA genotypes of MRSA were
identi�ed by PCR. The 26 isolated strains of MRSA were numbered as MRSA01~MRSA26.

BBR and antibiotics
BBR was purchased from Tianzheng Pharmaceutical Co., LTD (Northeast pharmaceutical group, batch
number: 0361611030) and was prepared with dimethyl sulfoxide (DMSO) to 32 mg/mL solution. After
�ltration and sterilization with 0.22 um �lter membrane, BBR solution was separated into sterilized EP tubes
and stored at 4℃ for reserve. GEN (Xinchen Pharmaceutical Co., LTD, batch number: 1607252211), AMI
(Shanghai Xinyijinzhu Pharmaceutical Co., LTD, batch number: 1611107), and LEV (Yangtze River
Pharmaceutical Co., LTD, batch number: 16080231) were all purchased from the pharmacy of Shanghai
Eighth People’s hospital. These antibiotics were freshly prepared with sterile water to a concentration of 1024
µg/mL.

Susceptibility testing of the BBR and antimicrobial agents
According to the 2018 standard of the Clinical and Laboratory Standards Institute (CLSI)[16], the MIC of GEN,
LEV, AMI and BBR on MRSA was determined by broth microdilution. GEN, LEV, AMI, and BBR solutions were
serially diluted to a �nal concentration of 8, 16, 32, 64, 128, 256, 512 and 1024 μg/mL with M-H broth.
Different concentration of antibiotics or BBR solution was added to a 96-well plate. The bacterial suspension
was prepared with 0.5 Mcfarland standard, then diluted to 1:1000 with M-H broth. A 50 μL bacterial
suspension was added to each well of the 96-well plate and incubated in a Heal Force CO2 incubator (Likang,

Shanghai, China) at 37oC for 24 h. The minimum drug concentration without bacterial growth was MIC.
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Synergy Testing
5 strains (MRSA01~MRSA05) of MRSA resistant to GEN, 17 strains (MRSA01~MRSA04, MRSA06~MRSA18)
resistant to LEV and 6 strains (MRSA02, MRSA04, MRSA07~MRSA10) resistant to AMI were selected for the
combined bacteriostatic test. BBR solution was diluted to 4 dilutions (32, 64, 128, and 256 μg/ml) with M-H
broth. GEN, LEV and AMI were diluted with M-H broth to 8 increasing concentrations (8, 16, 32, 64, 128, 256,
512, and 1024 μg/ml). Bacterial suspensions were prepared with 0.5 Mcfarland standard, then diluted to
1:1000 with M-H broth. 50 μl of BBR solution (32, 64, 128, and 256 μg/ml) and GEN, LEV, AMI solution (8, 16,
32, 64, 128, 256, 512, and 1024 μg/ml) were arranged in a 96-well plate, and 100 μl bacterial suspension was
added to the sterile microporous plate.The �nal concentrations of BBR were 8, 16, 32, and 64 μg/mL,
respectively. The �nal concentrations of GEN, LEV and AMI were 2, 4, 8, 16, 32, 64, 128, and 256 μg/mL,
respectively. All plates were incubated at 37oC for 24 h. After 24 h incubation, the minimum drug concentration
without bacterial growth was considered to be the MIC. The interaction was judged by calculating the
fractional inhibitory concentration (FICIs). These were calculated as follows:

FICI ≤ 0. 5, 0.5 < FICI ≤1, 1 < FICI ≤2, 2 ≤ FICI represents synergy, additivity, indifference, and antagonism,
respectively[17].

Concentration-killing curve
MRSA02 strain, which was resistant to all 3 antibiotics, was selected for the concentration-killing curve test.
BBR and antibiotic solutions were diluted to �nal concentrations (16, 32, 64, 128, 256, 512, and 1024 μg/mL)
with M-H broth. 50 μL BBR or antibiotic solutions were added to each well of a 96-well plate. Bacterial
suspensions were prepared with 0.5 Mcfarland standard, then diluted to 1:1000 with M-H broth. 50 μL
bacterial suspensions were added to the 96-well plate. The initial OD value of each well was measured by an
enzyme-linked immunometric meter (Biotek) for 3 times and the average value was set as the base value. After
incubating at 37oC for 24 h, the OD value was measured again for 3 times and the average value was
calculated. The growth of bacteria was determined by the difference of OD values measured before and after
24 h of incubation.

Time-killing curves analysis
MRSA02 strain, which was resistant to all 3 antibiotics, was selected for the time-killing curve test. BBR
solution was diluted to 4 concentrations (32, 64, 128, and 256 μg/mL) with M-H broth. GEN, LEV, and AMI were
diluted with M-H broth to 8 concentrations (8, 16, 32, 64, 128, 256, 512, and 1024 μg/mL). Bacterial
suspensions were prepared as before. 50 μl of BBR solution (32, 64, 128 and 256 μg/mL) and GEN, LEV, AMI
solution (8, 16, 32, 64, 128, 256, 512 and 1024 μg/mL) were arranged in a 96-well plate. 100 μL bacterial
suspensions were added to the sterile microporous plate. The �nal concentrations of BBR were 8, 16, 32, and
64 μg/mL, respectively, while the �nal concentrations of GEN, LEV, and AMI were 2, 4, 8, 16, 32, 64, 128, and
256 μg/mL, respectively. The initial OD value of each well was measured by an enzyme-linked immunometric
meter (Biotek) at 0 h for 3 times, and the average value was set as the base value. The plate was then
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incubated at 37oC, and the OD values were measured (repeated 3 times) at 4, 8, 12, 16, 20 and 24 h time
points, respectively. The average OD value of each time point was calculated. The growth of bacteria was
determined by the difference of OD values.

Conductivity test
MRSA02 strain was selected for the conductivity test. Measuring the conductivity of culture medium with a
conductivity meter is to measure the ionic concentration of culture medium. The higher the ion concentration
is, the greater the conductivity. BBR solution at 16, 128, and 1024 µg/mL were added to the bacterial
suspension culture at logarithmic phase. The �nal concentrations of BBR solution were 8, 64, and 512 µg/mL,
respectively. 5 mL of suspension was taken and centrifuged at 2800×g for 10 min at 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5
and 4 h, respectively. Conductivity of the supernatant was measured by DDS-11A conductivity meter (Leici,
Shanghai) after a 20-time dilution of the supernatant. Absolute ethanol was taken as the control group. The
test was repeated 3 times, and the average value was obtained.

TEM examination
MRSA02 strain was selected for the TEM examination.Bacterial suspensions were prepared with 0.5
Mcfarland standard. After culture with 8, 64, and 512 µg/mL BBR solution at 37oC for 24 h, 10 mL solution
was taken and centrifuged at 12000×g for 10 min, and the supernatant was removed to collect 0.5 mL
sediment. After �xation with 2% glutaraldehyde PBS �xing solution at 4oC for 2 h, the sediment was washed
twice with PBS. After �xed with 1% osmium acid-PBS �xing solution at 4oC for 2 h, cells were washed twice
with PBS. Bacteria were dehydrated step by step with ethanol, replaced with propylene oxide and immersed in
epoxy resin. They were then sliced with a LKB V ultrathin section machine and stained with lead citrate. The
changes in MRSA cell wall were observed by an H-7650 transmission electron microscope (HITACH, Japan).

RNA isolation, mRNA enrichment and sequencing
After culturing S. aureus USA300 strain to logarithmic phase, USA300 was cultured with BBR of different
concentration for 3 h, and total RNA was extracted. The samples were divided into 3 groups: normal control
group (group A), high concentration group (group B, 1/2 MIC, 64 ug/mL), and low concentration group (group
C, 1/8 MIC, 16 ug/mL). Each group had 3 repetitive samples. Total RNA was extracted from bacterial cells
using RNeasy Mini kit (Qiagen)[18]. Qubit 2.0 RNA detection kit was used to quantify total RNA accurately to
determine the amount of total RNA added to the library. rRNA was removed by kit and fragmentation buffer
was added to the obtained mRNA to make the fragments short. The fragmented RNA was used as template to
synthesize the �rst strand of the DNA with random hexamers, and the second strand was synthesized by
adding buffer, dNTPs, RNase H and DNA polymerase I. The product was puri�ed by QiaQuick PCR kit and
eluted by EB buffer. After terminal repair, base A and sequencing connector were added, the target fragments
were collected by agarose gel electrophoresis, and ampli�ed by PCR. The whole library was prepared and the
library was sequenced by Illumina HiSeq2500[19].
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Results

Distribution and drug resistance status of 26 clinical isolated
MRSA strains
A standard strain USA300 was selected as control. The 26 clinical isolates of MRSA mainly came from
respiratory medicine department (8/26), geriatrics (7/26) and ICU (3/26) (Table 1). Respiratory tract and
wound specimens accounted for 57.69% and 26.92% of sources 26 clinical MRSA isolates, respectively.
Respiratory tract specimens were mainly from elderly patients in respiratory medicine and geriatrics. The
average age of the patients was over 80. They were weak, with serious underlying diseases, low immunity, and
hospitalized for longtime. They were not easy to recover during the treatment process and were prone to
repeated infection. The amount and type of antibiotics used has been obviously increasing, causing multiple
drug-resistance[20]. The specimens of orthopaedics and general surgery were mainly pus and wound secretion
specimens. These infections could be caused by the hands of medical staff and surgical equipment.
Moreover, these patients were likely to suffer from multiple fractures and severe tissue injuries. MRSA infection
was more likely to occur because of serious wound contamination and large surgical wounds[21].

Standard strains and 26 clinical isolates of MRSA strains were identi�ed by automatic identi�cation and drug
susceptibility system (VITEK 2 compact microbiology analysis system, BioMérieux). According to the 2018
version of the Clinical and Laboratory Standards Institute (CLSI)[16], all strains were identi�ed as MRSA. Drug
susceptibility test showed that 26 MRSAs were all resistant to oxacillin, 5 to gentamicin, 17 to levo�oxacin, 6
to amikacin, 22 to clindamycin, 19 to cipro�oxacin, 21 to erythromycin, 18 to moxi�oxacin, 1 to compound
neomycin, and 17 to tetracycline. All 26 strains were sensitive to rifampicin, linezolid and vancomycin(Table
2). In addition, these 26 MRSA isolates were identi�ed by PCR, while the mecA gene was used to con�rm the
MRSA strain.

The bacteriostatic effect of BBR, GEN, LEV and AMI on MRSA:
BBR had strong bacteriostatic effect on MRSA
BBR inhibited 26 strains of MRSA from different hospital sources. The MICs range of BBR was 32-256 µg/mL;
the 50% MIC was 64 µg/mL, and the 90% MIC was 128 µg/mL. 19.23% of the MRSA strains were resistant to
GEN (strain: MRSA01~05), 5.38% were resistant to LEV (strain: MRSA01~04, MRSA06~18), and 23.08% were
resistant to AMI (strain: MRSA02, MRSA04, MRSA07~10) (Table 3).

Bacteriostatic effect of BBR combined with antibiotics on MRSA: BBR combined with GEN and AMI
signi�cantly enhanced the bacteriostatic effect on MRSA, while BBR combined with LEV showed no signi�cant
change in the bacteriostatic effect on MRSA.

According to Table 2, among the 26 clinical isolates of MRSA strains, 5 were resistant to GEN, 17 were
resistant to LEV and 6 were resistant to AMI. The bacteriostatic effect of BBR combined with these three
antibiotics on MRSA was studied. After the combined action of BBR and GEN on 5 GEN-resistant MRSA
strains, 4 strains displayed an additive effect, while 1 strain was indifferent. The FICIs range was 0.53-1.06,
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and the median was 0.56 (additive effect). After the combined action of BBR and LEV on 17 LEV-resistant
MRSA strains, only 3 displayed an additive effect, while the rest were indifferent; the FICIs range was 0.62-1.5
and the median was 1.125 (indifferent effect). After the combined action of BBR and AMI on 6 AMI-resistant
MRSA strains, 4 strains shown synergistic effect, 1 was additive, and 1 was indifferent. The FICIs range was
0.16-1.25 and the median was 0.26 (synergistic effect) (Table 4).

BBR combined with antibiotics time-kill analysis: BBR combined with GEN and AMI signi�cantly enhanced the
bacteriostatic effect on MRSA, while BBR combined with LEV showed no signi�cant change in the
bacteriostatic effect on MRSA.

Of the 26 clinical MRSA strains, strain MRSA02, which was resistant to GEN, LEV, and AMI, was selected to
assess the bacteriostatic effect of BBR combined with these 3 antibiotics. From the concentration-killing curve,
the MICs of BBR, GEN, LEV, and AMI for MRSA were 128 µg/mL, 64 µg/mL, 128 µg/mL, and 256 µg/mL,
respectively. As the concentration increased, the bacteriostatic effect became more distinct. No drug was
added to the control group (Fig. 1A). BBR combined with GEN displayed a signi�cant additive effect, and is
positively correlated with the concentration. When 1/2 MIC BBR and 1/2 MIC GEN were used alone, there was
no obvious bacteriostatic effect on MRSA02. When used in combination, the bacteriostatic effect was
signi�cantly enhanced (Fig. 1B). The bacteriostatic effect of BBR combined with LEV was additive. When 1/2
MIC BBR and 1/2 MIC LEV were used alone, there was no obvious bacteriostatic effect on MRSA02. When
used in combination, the bacteriostatic effect was signi�cantly enhanced (Fig. 1C). BBR combined with AMI
showed an obvious synergistic bacteriostatic effect. When 1/2 MIC BBR and 1/2 MIC AMI were used alone,
there was no obvious bacteriostatic effect on MRSA02. When used in combination, the bacteriostatic effect
was obviously enhanced (better than that of BBR combined with GEN and LEV, respectively), achieving a
bactericidal effect (Fig. 1D).

Changes of conductivity of MRSA medium under BBR
treatment: After BBR treatment, the conductivity of MRSA
medium increased signi�cantly
MRSA02 strain, which was resistant to 3 antibiotics, was selected to observe the changes in conductivity of
the culture medium after BBR treatment. The effect of BBR solution on the conductivity of MRSA02 medium is
shown in Fig. 2. After treated with 512 µg/mL (8 MIC), 64 µg/mL (1 MIC) and 8 µg/mL (1/8 MIC) BBR for 4
hours, the conductivity increased by 8.14%, 13.08%, and 12.01%, respectively (Fig. 2A). When 512 µg/mL of
BBR was applied to the MRSA02 for 0.5 h, the conductivity of the culture medium was almost unchanged (Fig.
2B). After 64 µg/mL of BBR was applied to the MRSA02, the conductivity increased signi�cantly and increased
with time within a 3.5 hours period (Fig. 2C). After 8 µg/mL of BBR was applied to the MRSA02, the
conductivity also increased signi�cantly and increased with time within a 3.5 hours period (Fig. 2D).

Observation of changes in MRSA cell wall using TEM: high concentration of BBR induced the destruction and
dissolution of MRSA cell wall structure and the leakage of bacterial contents, medium concentration of BBR
made the bacteria swollen and thinned the cell wall of MRSA, while low concentration of BBR had no
signi�cant effect on MRSA structure
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Among the 26 clinical MRSA strains, the MRSA02 strain, which was resistant to 3 antibiotics, was selected to
observe cell wall damage after BBR treatment. The cell wall of the MRSA02 strain was damaged to varying
degrees after being cultured in low (8 µg/mL; 1/8 MIC), medium (64 µg/mL; 1 MIC) and high (512 µg/mL; 8
MIC) BBR solutions (Fig. 3A-F). Low concentration (8 µg/mL) BBR did not result in any clear damage to the
MRSA02 strain. This was evidenced by the MRSA02 strain having an intact structure and BBR crystals around
the cell wall (Fig. 3A,3B). A medium concentration (64 µg/mL) of BBR thinned the cell wall of the MRSA02
strain, with BBR crystals adhering to the cell wall of the MRSA strain (Fig. 3C,3D). A high concentration (512
µg/mL) of BBR destroyed the cell wall structure of MRSA02 strain, and the contents of the MRSA02 strain
leaked out, leading to bacterial lysis and death (Fig. 3E,3F).

Analysis of RNA-seq results
RNA sequencing was performed after USA300 was exposed to BBR at high concentration and low
concentration for 3 hours. Sequencing results showed that there were 754 differentially expressed genes in the
high concentration group compared with the normal control group, of which 561 genes were up-regulated and
193 genes were down-regulated. Compared with the control group, only 19 genes were differentially expressed
in the low concentration group, of which 11 genes were up-regulated and 8 genes were down-regulated.
Compared with the low concentration group, there were 590 differentially expressed genes in the high
concentration group, of which 402 genes were up-regulated and 188 genes were down-regulated(Fig. 4A,4B,5A-
5C). Among them, ssaA and lytM genes were signi�cantly up-regulated. The down-regulated genes were
mainly serine protease family genes (Table 4). The expression of differentially expressed genes in standard
strain USA300 was signi�cantly increased by high concentration BBR, while the expression of differentially
expressed genes in low concentration BBR group was not signi�cantly changed.

Discussion
In recent years, the clinical application of traditional Chinese medicine and integrated Chinese and Western
medicine has attracted attention. An increasing number of scholars have conducted related research,
particularly in the investigation of the bacteriostatic effects of monomer components of traditional Chinese
medicine. BBR can be used to treat traumatic infections in addition to its general bacteriostatic effect. For
example, the Sanhuang lotion, a traditional Chinese medicine, is mainly composed of rhubarb, astragalus, and
cork. Its main component is BBR, and it has been shown that Sanhuang lotion has a good therapeutic effect
on ulcers infected with Staphylococcus aureus, effectively promoting healing of the ulcerated surface[22]. Our
previous studies have shown that the traditional Chinese medicine Phellodendron amurense has a good
bacteriostatic effect on Staphylococcus aureus in vitro, and the main inhibitory component of Phellodendron
amurense is BBR[23]. Related studies con�rmed that BBR has obvious bacteriostatic effect on MRSA, with a
MIC range of 32-128 µg/mL[1,24]. Similarly, our study found that BBR had an obvious bacteriostatic effect on
26 different MRSA strains in vitro, with a MIC range of 32-256 µg/mL. The concentration-killing curve (Fig.1A)
demonstrated that the bacteriostatic effect gradually enhanced as the concentration of BBR also increased. A
BBR concentration of 128 µg/mL inhibited 90% of MRSA growth.
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Currently, antibiotic resistance is becoming more and more serious. The treatment of infections using single
drug has reached a bottleneck. The combination of drugs will be a new choice for antimicrobial therapy[25].
Related studies have reported that BBR combined with antibiotics can reverse the resistance of bacteria to
antibiotics. For example, the combination of BBR and gallnut has the effect of reversing multidrug-resistant
Pseudomonas aeruginosa [26]. The traditional Chinese medicine Coptidis decoction for detoxi�cation (BBR as
main ingredient) combined with ampicillin, ceftazidime, cefmetazole, and ceftriaxone is capable of reversing
drug-resistant E. coli [27]. In this study, BBR combined with the aminoglycoside antibiotics GEN and AMI
displayed a bacteriostatic effect, where GEN had an additive effect (0.5 <FICI ≤ 1) on the 4 strains of MRSA.
With the combination of AMI, 4 strains of MRSA showed a synergistic effect (FICI ≤ 0.5), while 1 strain
displayed an additive effect (0.5 <FICI ≤ 1). FICI showed that BBR combined with AMI had a stronger
bacteriostatic effect on MRSA than GEN. BBR combined with quinolone antibiotics had less of a bacteriostatic
effect than BBR combined with aminoglycoside antibiotics, with only 3 strains displaying an additive effect
(0.5 <FICI ≤ 1). The remaining 17 strains were indifferent (1 < FICI ≤2). The results of BBR combined with
antibiotics showed that BBR combined with AMI had the best bacteriostatic effect on MRSA and almost had
an effect of sterilization. AMI belongs to the aminoglycoside antibiotics and is mainly used for the treatment
of Gram-negative bacilli infection. Its bacteriostatic mechanism is underpinned by the ability of the antibiotic
to enter the bacteria through the cell wall of Gram-negative bacilli and irreversibly bind to the 30S ribosomal
subunit. This results in inhibition of the synthesis of bacterial proteins thus achieving a bacteriostatic effect.
MRSA are Gram-positive cocci, with thicker cell walls. We further explored the bacteriostatic mechanism of
BBR by conductivity tests and TEM examination, to assess how BBR and AMI increased the bacteriostatic
effect and the possible mechanism.

MRSA is a Gram-positive coccus, its cell wall is mainly composed of peptidoglycan and teichoic acid. Cell wall
inhibitors such as β-lactam and vancomycin are bene�cial to bacterial uptake of AMI[28,29]. Morphological
changes in MRSA induced by BBR were observed by TEM. Low concentrations of BBR did not signi�cantly
damage the cell wall of MRSA. Combined with conductivity analysis, we speculate that it was possible for low
concentrations of BBR to change the permeability of the cell wall of MRSA, resulting in increased release of
small molecules from the bacteria while maintaining bacterial cell integrity (Fig. 3A,3B,2D). High
concentrations of BBR rapidly and directly destroyed the structure of cell wall, resulting in the dissolution of
the cell wall and bacterial death (Fig. 3E,3F). Therefore, after treatment with high concentration of BBR, the
conductivity of MRSA culture medium changed signi�cantly merely at the initial 0.5 hours, with little change
thereafter, which further con�rmed that BBR can inhibit the synthesis of MRSA cell wall. High concentration of
BBR destroyed the structure of the MRSA cell wall, resulting in thinning or even lysis of the bacterial cell wall,
enabling AMI to penetrate the cell wall more easily, with consequent action on the synthesis of DNA in
bacteria. This resulted in further inhibition of synthesis of bacterial protein, leading to bacterial death. The
results of this study con�rmed that BBR combined with AMI can signi�cantly enhance the bacteriostatic effect
on MRSA.

In this study, we found that the expression of ssaA and lytM genes in the up-regulated genes of high
concentration group was signi�cantly different. According to the literature, these genes were all related to cell
wall hydrolysis[30]. SsaA and lytM have potential WalKR binding sites. WalKR system directly regulates the
hydrolysis of bacterial cell wall[31]. It is speculated that high concentration of BBR increases the binding sites
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of ssaA and lytM to WalKR, and enhances the ability of WalKR system to hydrolyze bacterial cell wall, thus
causing bacterial cell wall lysis and bacterial death. In the high concentration group, the expression of
splB~splF gene of serine protease family was signi�cantly down-regulated. The serine protease family plays a
hydrolytic role in protein metabolism, breaking the peptide bonds of macromolecules and forming small-
molecule propeptides[32], which are important component of bacterial cell wall [33]. Lack of small-molecule
propeptides would affect the synthesis of bacterial cell wall, resulting in thinning and dissolution of bacterial
cell wall. High concentration of BBR increased the expression of ssaA and lytM genes in USA300 and down-
regulated serine protease family genes, thus enhancing the damage of BBR to bacterial cell wall. However, the
expression of ssaA, lytM and serine protease family genes in USA300 was not changed by low concentration
of BBR. These results further validated the results of TEM and conductivity: high concentration of BBR
induced cell wall lysis and change of cell wall permeability. The regulation mechanism of BBR on ssaA, lytM
and serine protease genes will be further explored in our future study.

This study found that BBR had an excellent bacteriostatic effect on MRSA. The combination of BBR and
aminoglycoside antibiotics signi�cantly reduced the resistance of aminoglycoside antibiotics. In addition, BBR
reversed bacterial resistance to antibiotics and enhanced antibiotic activity by inhibiting the synthesis of
MRSA cell wall. We will study further on the bacteriostatic mechanism of BBR against bacteria.
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Tables
Table 1. Information of 26 strains of MRSA isolates
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department gender Average
age

VITEK 2
Compact

For MRSA
(strain)

Num.of isolates positive for mecA
(strain)

male female

Orthopaedics 0 3 58.3 3 3

Respiration 5 3 80.5 8 8

Geriatrics 5 2 82.6 7 7

Surgery 2 2 64.2 4 4

ICU 0 3 84.7 3 3

Neurology 0 1 87 1 1

Total 12 14 76.7 26 26

Table 2. Drug sensitivity analysis of 26 clinical isolates of MRSA strains
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ID OXA GEN LEV AMI CLI CIP ERY LZD MXF RFP SMZ TET VAN

MRSA01 R R R S R R R S R S S R S

MRSA02 R R R R R R R S R S S R S

MRSA03 R R R S S R S S I S S S S

MRSA04 R R R R R R R S R S S R S

MRSA05 R R S S R R S S R S S S S

MRSA06 R S R S R R R S R S S R S

MRSA07 R S R R R R R S R S S R S

MRSA08 R S R S R R R S R S S R S

MRSA09 R S R S R R R S R S S R S

MRSA10 R S R R R R R S R S S S S

MRSA11 R S R S R R R S R S S R S

MRSA12 R S R S R R R S R S S R S

MRSA13 R S R S R R R S R S S R S

MRSA14 R S R S R R R S R S R R S

MRSA15 R S R S R R R S R S S R S

MRSA16 R S R S R R R S R S S R S

MRSA17 R S R S R R R S R S S R S

MRSA18 R S R S R R R S R S S R S

MRSA19 R S S S S S S S S S S S S

MRSA20 R S S S S S S S S S S S S

MRSA21 R S S S S S S S S S S R S

MRSA22 R S S S R S R S S S S I S

MRSA23 R S S S R R R S R S S R S

MRSA24 R S S S R S R S S S S S S

MRSA25 R S S S R S R S S S S S S

MRSA26 R S S S R S R S S S S S S

Sum of
R

26 5 17 4 22 19 21 0 18 0 1 17 0

Note S: sensitive; R: resistant; I: intermediate; OXA: oxacillin; GEN: gentamicin; LEV: levo�oxacin; AMI:
amikacin; CLI: clindamycin; CIP: cipro�oxacin; ERY: erythromycin; LZD: linezolide; MXF: moxi�oxacin; RFP:
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rifampicin; SMZ: sulfamethoxazole; TET: tetracycline; VAN: vancomycin

Table 3. Bacteriostatic effect of BBR and 3 antibiotics on MRSA

Antimicrobials MIC of control
strains (µg/mL)

MIC of 26 clinical
isolates (µg/mL)

aResistant/total
(%Resistant)

ATCC29213 Range 50% 90%

aS aR

BBR 0.25 32-256 64 128 bN

GEN 0.25 0.125-4 16-
64

0.5 32 5/26(84.6%)

LEV 0.0625 0.125-0.5 8-
256

16 256 17/26(34.6%)

AMI 2 0.125-2 64-
256

0.5 128 6/26 76.9%

Note: a According to the 2017 version of CLSI: GEN: ≥ 16µg/mL is Resistant; LEV: ≥ 4 µg/mL is Resistant;
AMI: ≥ 64 µg/mL is Resistant; S: sensitive strains; R: Resistant strains. b N: not applicable.

Table 4. Bacteriostatic effect of BBR combined with antibiotics on MRSA

Antimicrobial
combination

Range
of FICI

Median
of FICI

Checkerboard
effect/strain

synergistic additive indifferent antagonistic

BBR-GEN 0.53-
1.06

0.56 0 4 1 0

BBR-LEV 0.62-1.5 1.125 0 3 14 0

BBR-AMI 0.16-
1.25

0.26 4 1 1 0

Note: FICI ≤ 0.5, 0.5 < FICI ≤1, 1 < FICI ≤2, 2 ≤ FICI represented synergistic, additive, indifferent and
antagonistic effect, respectively.

Table 5. Effect of BBR on USA300 at different concentrations and analysis of differential genes
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gene gene
symbol

log2Fold
Change B vs
A

log2Fold
Change (B vs
C

p-value
(B vs A)

p-value
B vs

C

Description

SAUSA300_2249 ssaA 3.42 3.45 5.86E-
16

9.62E-
15

secretory antigen
precursor ssaA

SAUSA300_0270 lytM 1.66 1.45 1.05E-
06

8.34E-
06

peptidoglycan
hydrolase

SAUSA300_1753 splF -2.73 -3.16 7.71E-
28

4.34E-
39

serine protease
SplF

SAUSA300_1754 splE -2.63 -3.03 1.75E-
25

1.16E-
30

serine protease
SplE

SAUSA300_1755 splD -3.16 -3.62 1.29E-
21

9.67E-
21

serine protease
SplD

SAUSA300_1756 splC -3.16 -3.60 2.11E-
34

2.44E-
50

serine protease
SplC

SAUSA300_1757 splB -2.93 -3.01 3.87E-
23

4.03E-
21

serine protease
SplB

Note: A: Normal control group, B: High concentration group (1/2 MIC, 64 ug/mL) C: Low concentration group
(1/8 MIC, 16 ug/mL).

Figures
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Figure 1

Time concentration-killing curve of BBR and antibiotics A: concentration- killing effect of BBR, GEN, LEV, and
AMI on MRSA alone; B: bacteriostatic effect of BBR, GEN, and their combination on MRSA02 (MIC of BBR = 64
µg/mL, MIC of GEN = 32 µg/mL). C: bacteriostatic effect of BBR, LEV, and their combination on MRSA02 (MIC
of BBR = 128 µg/mL, MIC of LEV = 128 µg/mL); D: bacteriostatic effect of BBR, AMI, and their combination on
MRSA02 (MIC of BBR = 128 µg/mL, MIC of AMI = 128 µg/mL).
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Figure 2

Effect of different concentrations of BBR solution on the conductivity of MRSA02 medium; A: The conductivity
of the culture medium increased after the MRSA02 strain was treated with different concentrations of BBR
solution; B: After treatment with 512 µg/mL BBR solution for 0.5 h, the conductivity increased by 8.14%, and
then did not change signi�cantly with time; C: After treatment with 64 µg/mL BBR for 4 h, the conductivity
increased by 13.08%, increasing signi�cantly with time; D: After treatment with 8 µg/mL BBR for 4 hours, the
conductivity increased by 12.01%, increasing signi�cantly with time.
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Figure 3

The cell wall of the MRSA02 strain x 80000 times visualized with TEM (Figure 3A-F). A-B: Low concentration (8
µg/mL) of BBR did not signi�cantly damage the cell wall; C-D: medium concentration (64 µg/mL) of BBR
damaged the cell wall, resulting in cell wall thinning; E-F: High concentration (512 µg/mL) of BBR induced a
large amount of cell wall structure destruction, cell lysis, signi�cant leakage of intracellular contents, with
consequent bacterial lysis, and a pronounced bactericidal effect. The black substance is BBR crystals.
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Figure 4

A: Statistical histogram of USA300 expression difference analysis. The horizontal axis is the group name, and
the vertical axis is the number of up-down differential genes. Green represents down-regulated gene and red
represents up-regulated gene. B: The Wayne Map of differential denes. Different groups are represented by
different colors. Figures in the �gure represent the number of differentially expressed genes that are speci�c or
common. Overlapping region represents the number of differentially expressed genes shared by different
groups, while non-overlapping region represents the number of differentially expressed genes unique to
different comparison groups. A: Normal control group, B: High concentration group (1/2 MIC, 64 ug/ml) C:
Low concentration group (1/8 MIC, 16 ug/ml).

Figure 5
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A, B and C groups expressed different MA maps. The horizontal axis is the log (TPM) mean of the two groups
of samples, and the vertical axis is the log (Fold change) value. Each point in the graph represents a gene,
where red represents an up-regulated gene, green represents a down-regulated gene, and black represents a
non-differentiated gene. A: Normal control group, B: High concentration group (1/2 MIC, 64 ug/ml) C: Low
concentration group (1/8 MIC, 16 ug/ml).


