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Abstract: As the burden of antibacterial resistance worsens and treatment options become narrower,
rhodomyrtone—a novel natural antibiotic agent with a new antibacterial mechanism—could replace
existing antibiotics for the treatment of infections caused by multi-drug resistant Gram-positive
bacteria. In this study, rhodomyrtone was detected within the cell by means of an easy an inexpensive
method. The antibacterial effects of rhodomyrtone were investigated on epidemic methicillin-resistant
Staphylococcus aureus. Thin-layer chromatography demonstrated the entrapment and accumulation of
rhodomyrtone within the bacterial cell wall and cell membrane. The incorporation of radiolabelled
precursors revealed that rhodomyrtone inhibited the synthesis of macromolecules including DNA,
RNA, proteins, the cell wall, and lipids. Following the treatment with rhodomyrtone at MIC
(0.5–1 µg/mL), the synthesis of all macromolecules was significantly inhibited (p ≤ 0.05) after 4 h.
Inhibition of macromolecule synthesis was demonstrated after 30 min at a higher concentration of
rhodomyrtone (4× MIC), comparable to standard inhibitor compounds. In contrast, rhodomyrtone
did not affect lipase activity in staphylococci—both epidemic methicillin-resistant S. aureus and S.
aureus ATCC 29213. Interfering with the synthesis of multiple macromolecules is thought to be one
of the antibacterial mechanisms of rhodomyrtone.

Keywords: rhodomyrtone; antimicrobial resistance; macromolecule biosynthesis; methicillin-resistant
Staphylococcus aureus

1. Introduction

Methicillin-resistant Staphylococcus aureus is a significant cause of morbidity and mor-
tality worldwide in both hospital- and community-acquired infections [1]. It causes an
array of diseases, ranging from minor localized skin lesions to life-threatening deep tissue
damage and systemic infections such as pneumonia, endocarditis, osteomyelitis, arthritis,
sepsis, and toxic shock syndrome. The spread of isolates resistant to available antibi-
otics has limited therapeutic options for the treatment and control of infections caused by
MRSA [2]. Due to the severity and spread of MRSA, and the intense health and economic
burdens associated with its infections, MRSA have been classified in the second tier of
the priority pathogen list [3]. The current management of MRSA-mediated bacteremia
depends on the administration of vancomycin, daptomycin, or newer agents, including
teicoplanin, telavancin, ceftaroline, oxazolidinones, and tigecycline [4,5]. The use of antibi-
otic combination therapies has been highlighted as a treatment option against MRSA [6,7]
and other multidrug-resistant bacteria [8,9]. However, the effective management of MRSA
requires collaborative actions, and the development of a novel antibacterial agent with
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a new mode of action. Unfortunately, due to the lag in the discovery of novel bioactive
compounds, the eradication of infectious diseases remains elusive.

As the scourge of antimicrobial resistance continues to plague humanity, with daunting
consequences, the search for alternative treatment options to effectively manage and control
infections caused by drug-resistant bacteria has become inevitable. Several strategies have
been adopted, including the use of natural products like plant phytochemicals [10–12]
and microbial metabolites [13,14]. Studies have demonstrated the excellent antibacterial
activities of R. tomentosa against Gram-positive bacterial isolates, including drug-resistant
pathogenic isolates. Transmission electron microscopy revealed that R. tomentosa extract
altered the morphology of MRSA, leading to cell lysis [15]. The excellent antibacterial poten-
tial of this plant have been linked to its primary active agents, namely, “rhodomyrtone [16]
and its derivative compounds”.

Rhodomyrtone, an acylphloroglucinols compound, has exhibited significant antibac-
terial activity, equivalent to vancomycin (MIC = 0.5/1 µg/mL), against a wide range of
Gram-positive bacteria, including Streptococcus mutans [17], S. pyogenes [18], Clostridium
difficile [19], etc. At subinhibitory concentrations, rhodomyrtone treatment induced promi-
nent changes, with alterations to the cell wall of MRSA, resulting in cell disintegration
and lysis. Furthermore, proteomic studies revealed that rhodomyrtone affected various
metabolic pathways in MRSA, resulting in changes in cellular and extracellular proteins
associated with cell division, protein degradation, oxidative stress response, and virulence
factors [20]. Membrane proteins were trapped in vesicles, with increased fluidity following
the treatment of cells with rhodomyrtone [21]. In addition, the expression of gene-encoding
proteins involved in amino acid metabolism, membrane function, ATP-binding cassette
(ABC) transportation, and lipoprotein and nucleotide metabolism in MRSA was affected
by rhodomyrtone treatment [22].

Thus, in this study we aimed to further investigate the antibacterial effects of rhodomyr-
tone on the biosynthesis of cellular macromolecules of Staphylococcus aureus. The accu-
mulation of rhodomyrtone was investigated using thin-layer chromatography, and the
effects of rhodomyrtone on the synthesis of cellular macromolecules were investigated
using radiolabelled standard inhibitors.

2. Results and Discussion
2.1. Antibacterial Effects of Rhodomyrtone and Other Antimicrobial Agents

The minimum inhibitory and minimum bactericidal concentrations of the antimicro-
bial agents used as standard macromolecule inhibitors are elucidated in Table 1. The MICs
and MBCs of the standard macromolecule inhibitors on epidemic methicillin-resistant S. au-
reus (EMRSA-16) and S. aureus ATCC 29213 ranged from 0.015–16 and 0.06–128 µg/mL, re-
spectively. The minimum inhibitory and minimum bactericidal concentrations of rhodomyr-
tone were previously reported to be 0.5/0.5 µg/mL for EMRSA-16 and 0.5/1 µg/mL for
S. aureus ATCC 29213 [23]. The antibacterial activities of rhodomyrtone have previously
been demonstrated against several Gram-positive bacterial isolates, including S. aureus and S.
epidermidis (MIC = 0.25–2 µg/mL) [24], Propionibacterium acnes (MIC = 0.12–0.5 µg/mL) [25],
Streptococcus pneumoniae (MIC = 0.125–1 µg/mL) [26], S. aureus (MIC = 1.83 µg/mL) [27], Strep-
tococcus suis (MIC = 0.5 µg/mL) [28], and Clostridium difficile (MIC = 0.625–2.5 µg/mL) [19].
The antibacterial activity of rhodomyrtone against P. acnes was reported to be comparable
with that of the standard antibiotic erythromycin [25], and with that of vancomycin for S.
aureus, and C. difficile [19,23].
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Table 1. Minimum inhibitory concentrations and minimum bactericidal concentrations of rhodomyr-
tone and standard macromolecule inhibitors on Staphylococcus aureus ATCC 29213 and epidemic
methicillin-resistant Staphylococcus aureus (EMRSA-16).

Antimicrobial Agent
MIC/MBC (µg/mL)

S. aureus ATCC 29213 EMRSA-16

Rhodomyrtone 0.5/1 0.5/0.5
Chloramphenicol 16/32 8/128

ELB21 0.0625/0.125 0.0625/0.125
Platensimycin 1/>8 1/>8

Rifampicin 0.015/0.06 0.0625/0.125
Vancomycin 1/1 1/1

2.2. Localisation of Rhodomyrtone in Pathogenic Bacteria

To investigate the antibacterial mechanisms and targets of rhodomyrtone in EMRSA-
16 and S. aureus ATCC 29213, primary screening of rhodomyrtone accumulation in the
bacterial cells was performed. The results indicated that rhodomyrtone was present in
the cell wall and cell membrane of EMRSA-16 and ATCC 29213 cells after treatment
with 4× MIC for 1–4 h (Figure 1). The compound displayed a dark blue colouration on
TLC plates under UV absorption at 254 nm and an orange colour after spraying with
anisaldehyde/H2SO4 reagent and heating. The results demonstrated that rhodomyrtone
was trapped in the cell wall and cell membrane of the test bacterial strains. In addition,
the time of treatment affected the accumulation, as demonstrated by the higher levels
of accumulated compound over time. For both bacterial strains (EMRSA and S. aureus
ATCC 29213), 4 h treatment showed a higher accumulation of rhodomyrtone in the cell
wall and cell membrane. Lower levels of rhodomyrtone were observed in the cytoplasmic
fraction of the rhodomyrtone-treated cells. The accumulation of rhodomyrtone in the cell
wall and cell membrane might be due to the interaction of rhodomyrtone with membrane
proteins. In addition, the high molecular mass of rhodomyrtone (442.5 g/mol) might
affect the diffusion of rhodomyrtone, leaving it entrapped within the cell wall and cell
membrane. Previous studies have demonstrated that rhodomyrtone is a membrane-active
compound [29]. The interaction of rhodomyrtone with the bacterial cell wall and membrane
resulted in membrane invagination, which has been demonstrated as possible mechanism
of rhodomyrtone mediated membrane distortion [21,28]. The presence of rhodomyrtone
in cytoplasmic extracts might be due to the capability of rhodomyrtone to penetrate the
cytoplasm of the cells. In addition, scanning electron micrography carried out in previous
studies indicated membrane fragmentation with physical and morphological changes [30].
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Figure 1. Localization of rhodomyrtone in methicillin-resistant Staphylococcus aureus (EMRSA-16) (A,B) and ATCC 29213
(C,D) as determined using the thin-layer chromatography technique. The bacterial cells were treated with rhodomyrtone
at 4× MIC for 1–4 h. Rhodomyrtone was visualized under UV absorption at 254 nm (A,C) and after spraying with
anisaldehyde/H2SO4 and heating (B,D). Lanes 2–5 are fractions from the cell wall and cell membrane of rhodomyrtone-
treated cells, whereas lanes 6–9 are fractions of cytoplasm from the treated cells. One-percent DMSO was used as a negative
control. Lane 1: reference rhodomyrtone; lanes 2 and 6: treatment for 1 h; lanes 3 and 7: treatment for 2 h; lanes 4 and 8:
treatment for 3 h; lanes 5 and 9: treatment for 4 h; lane 10: negative control.

2.3. Effects of Rhodomyrtone on Macromolecular Biosynthesis

To elucidate the molecular mechanism of action of rhodomyrtone, the inhibitory activ-
ity of the compound on bacterial macromolecular synthesis was monitored by means of the
incorporation of radiolabelled molecules. Macromolecular synthesis assays can be used to
determine the global mode of action of an inhibitor on the growth of bacteria. The effects of
rhodomyrtone on macromolecule synthesis were compared with those of known and spe-
cific macromolecule inhibitors (DNA:ELB21), (RNA:rifampicin), (protein:chloramphenicol),
(cell wall:vancomycin), and (lipid:platensimycin), each at 1/2× MIC (0.25 µg/mL), MIC
(0.5 µg/mL), and 4× MIC (2 µg/mL). Figures 2 and 3 illustrates the effects of rhodomyrtone
at 4× MIC, MIC, and 1/2 MIC on nucleic acid biosynthesis. The results indicated that
DNA biosynthesis was inhibited at bactericidal and bacteriostatic concentrations (4× MIC
and MIC). At 1/2× MIC, DNA biosynthesis was reduced by <1 log after 3–6 h exposure
to rhodomyrtone. Similar results were obtained for both tested bacterial strains. In ad-
dition, the effects of rhodomyrtone were similar to that of the standard DNA inhibitor
compound. However, at MIC, rhodomyrtone displayed better activity when compared
with the standard DNA inhibitor compound. For both test bacterial strains, 4× MIC
and MIC rhodomyrtone inhibited RNA synthesis at all the tested times. However, at
1/2 MIC, RNA synthesis was not inhibited but slightly reduced. A previous study reported
that rhodomyrtone treatment inhibited the transcription of staphylococcal biofilm-related
genes [31]. Transcriptomic analysis of rhodomyrtone-treated cells further revealed that the
compound induced changes in the gene transcription of MRSA, resulting in the alteration
of expression of several functional classes of bacterial proteins [22].
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Figure 2. Effects of rhodomyrtone on DNA synthesis at 4× MIC, MIC, and 1/2× MIC on (A) EMRSA-16, (B) S. aureus
ATCC 29213. DNA synthesis was determined by incorporation of [3H]thymidine, rhodomyrtone (blue N), ELB21 (red •),
and 1% DMSO (broken line
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Figure 3. Effects of rhodomyrtone on RNA synthesis at 4× MIC, MIC, and 1/2× MIC on (A) EMRSA-16, (B) S. aureus
ATCC 29213. RNA synthesis, determined by incorporation of [3H]uridine, rhodomyrtone (blue N),rifampicin (red •), and
1% DMSO (broken line
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The effects of rhodomyrtone on protein and cell wall synthesis is presented in
Figures 4 and 5. The results revealed that at 4× MIC, both protein and cell wall synthesis
were completely inhibited. At MIC, the inhibition of protein synthesis by rhodomyrtone
was similar to that of the standard inhibitor compound; however, rhodomyrtone at MIC
showed better cell wall biosynthesis inhibition compared with the standard inhibitor com-
pound. At 1/2× MIC, rhodomyrtone showed ≤ 1 log inhibition of protein and cell wall
synthesis. Previous studies revealed that rhodomyrtone is a membrane-active compound.
Electron micrographs of rhodomyrtone-treated staphylococcal cells revealed membrane
disruption with detachment of the cell wall from the cytoplasmic membrane and shrinking
of cells [32]. In addition, using laurdan fluorescence spectroscopy it was observed that
rhodomyrtone treatment induced a dramatic increase in the membrane fluidity of B. subtilis
strains [21]. Figure 6 shows the effects of rhodomyrtone on lipid biosynthesis. The results
indicated that rhodomyrtone at 4× MIC and MIC completely inhibited the lipid biosynthe-
sis of S. aureus (EMRSA-16). The synthesis of all macromolecules was inhibited by ≥1log
after treatment for 4 h. The compound at 4× MIC completely inhibited all macromolecules
after 30 min. The antimicrobial mechanisms of rhodomyrtone have been investigated
by several researchers and have been demonstrated to interfere with protein and nucleic
acid synthesis [20,22,31]. Transcriptional analysis of MRSA exposed to subinhibitory con-
centrations of rhodomyrtone revealed interference with gene expression, resulting in the
induction of 64 genes and repression of 35 genes, with changes in genes encoding essential
proteins involved in amino acid metabolism, membrane function, ATP-binding cassette
transportation, lipoprotein, and nucleotide metabolism [22]. An incomplete nucleoid segre-
gation and septum misplacement was observed in Streptococcus suis after treatment with
rhodomyrtone [28]. Rhodomyrtone has also been reported to interfere with the expression
of virulence genes and to disrupt sigB [33]. Metabolic pathways involving amino acid
synthesis, carbohydrate metabolism, lipid metabolism, and nucleotide metabolism were
reportedly disrupted after rhodomyrtone treatment [20]. Furthermore, proteomic and
metabolomic studies have revealed that rhodomyrtone interferes with several metabolic
pathways, including amino acid biosynthesis, nucleic acid biosynthesis, carbohydrates,
and lipid metabolism in S. pneumoniae [34].

2.4. Effect of Rhodomyrtone on the Extracellular Lipase Activity in Staphylococcus aureus

The ability of rhodomyrtone to inhibit lipase production by S. aureus was studied
(Table 2). The results indicated that rhodomyrtone did not suppress the lipase activity of
S. aureus compared with untreated S. aureus. At the tested concentrations, no significant
difference in lipase production was observed between treated and untreated cells. This
indicates that although the compound could obstruct the process of lipid synthesis, it did
not affect the induction of lipase activity. Lipase production is an important virulence mech-
anism in the pathogenesis of S. aureus. Thus, the inhibition of staphylococcal lipase activity
might be employed as an anti-virulent strategy for the management of infections caused
by pathogenic S. aureus. Although the results of this study indicate that the rhodomyrtone
did not inhibit the lipase production of the tested strains, Wunnoo et al. [35], reported
that rhodomyrtone treatment significantly decreased both lipase and protease enzymes in
Propionibacterium acnes.
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Figure 4. Effects of rhodomyrtone on protein synthesis at 4× MIC, MIC, and 1/2× MIC on (A) EMRSA-16 and (B) S. aureus
ATCC 29213. Protein synthesis, determined by incorporation of [3H]leucine, rhodomyrtone (blue N),chloramphenicol
(red •), and 1% DMSO (broken line
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Figure 5. Effects of rhodomyrtone on cell wall synthesis at 4× MIC, MIC, and 1/2× MIC on (A) EMRSA-16 and (B) S.
aureus ATCC 29213. Cell wall synthesis was determined by incorporation of N-acetyl-d-[1-3H]glucosamine. rhodomyrtone
(blue N), vancomycin (red •), and 1% DMSO (broken line
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Figure 6. Effects of rhodomyrtone on lipid synthesis at 4× MIC, MIC, and 1/2× MIC on (A) EMRSA-16 and (B) S.
aureus ATCC 29213. Lipid synthesis was determined by incorporation of [3H]sodium acetate, rhodomyrtone (blue N),
platensimycin (red •), and 1% DMSO (broken line
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Table 2. Effects of rhodomyrtone on staphylococcal lipase activity, measured as zone diameter on
MHA supplemented with 1% tributyrin.

Time (h)
Zone Diameter (mm)

Untreated 0.5× MIC 1× MIC 4× MIC

0 9.0 8.5 7.0 7.7
1 17.0 16.7 17.3 19.0
2 18.6 16.3 15.5 16.7
3 16.7 15.7 15.7 16.0
4 17.0 14.7 16.7 17.0

3. Materials and Methods
3.1. Antibiotics and Chemicals

Reagents used were purchased as follows: Mueller-Hinton agar (MHA) and Mueller-
Hinton broth (MHB) from Oxide (Hampshire, UK); dimethyl sulfoxide (DMSO), chlo-
ramphenicol, rifampicin, vancomycin, and trichloroacetic acid (TCA) from Sigma-Aldrich
(St. Louis, MO, USA); ethanol, methanol, chlorophorm, sodium chloride, and scintillation
counter liquid from Fisher Scientific (Leicestershire, UK); and platensimycin from Cal-
biochem (Darmstade, Germany). The following radiolabelled chemicals were obtained
from Perkin Elmer (California, CA, USA): [6-3H]thymidine, >97%, 250 µCi (9.25 MBq);
[5-3H]uridine, >97%, 250 µCi (9.25 MBq); L-[4,5-3H(N)]leucine, >97%, 250 µCi (9.25 MBq);
N-acetyl-d-[1-3H]glucosamine (NAG), 250 µCi (9.25 MBq); acetic acid, sodium salt, [3H]-
specific activity: 2–5 Ci (74.0–185 GBq)/mMole, 5 mCi (185 MBq). All standard chem-
icals were of analytical grade. Purified rhodomyrtone was isolated as previously de-
scribed [36,37]; the purity of the compound was confirmed by comparing it to nuclear
magnetic resonance and mass spectrometry references [38,39].

3.2. Bacterial Strains and Growth Conditions

Epidemic MRSA-16 and S. aureus ATCC 29213 were obtained from the collection of
the Laboratory of Microbiology, School of Pharmacy, University College London, UK. All
bacterial strains were grown in MHB and incubated at 37 ◦C for 3–5 h with aeration, and
turbidity was adjusted to McFarland standard number 0.5 (~1.5 × 108 colony-forming unit
(CFU/mL).

3.3. Antibacterial Assay

A modified broth microdilution method [40] was adopted to investigate antibacterial
activities. Briefly, rhodomyrtone and antibiotics (chloramphenicol, pyrrolobenzodiazepine
dimer ELB-21, platensimycin, rifampicin, and vancomycin) were diluted twofold to final
concentrations ranging from 0.03125–256 µg/mL. One hundred microliters of the bacterial
culture (~106 CFU/mL) were inoculated in 80 µL of MHB, supplemented with 20 µL of
rhodomyrtone or antibiotics. The microtiter plates were incubated at 37 ◦C for 16–18 h.
Cultures treated with 1% DMSO were used as controls. The minimum inhibitory concentra-
tion (MIC) and minimum bactericidal concentration (MBC) were recorded. The experiment
was performed in triplicate.

3.4. Primary Screening for Rhodomyrtone Target in Staphylococcus aureus

Localisation of rhodomyrtone in EMRSA-16 and S. aureus ATCC 29213 was performed
as previously reported [23]. In brief, actively growing bacterial culture was adjusted to
McFarland standard number 4 (~1.2 × 109 CFU/mL). Then, rhodomyrtone (4× MIC) was
added to the cultures and incubated at 37 ◦C. Afterwards, 10 mL of cultures were collected
at 0, 1, 2, 3, and 4 h, centrifuged and lysed by sonification. The pellets (cell wall and cell
membrane) and supernatant (cytoplasm) were extracted with ethyl acetate. Localisation of
rhodomyrtone in the pathogens was monitored by means of thin-layer chromatography
(TLC). The experiment was performed in triplicate.
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3.5. Inhibition of Macromolecular Biosynthesis

Macromolecular biosynthesis assays were performed on cultures of EMRSA-16 and S.
aureus ATCC 29123 as previously described by [41] with some modifications. DNA, RNA,
protein, cell wall, and lipid synthesis in the mid-exponential phase of bacteria cultures
(~108 CFU/mL in MHB) were monitored through the incorporation of the radiolabelled
precursors [3H] thymidine, [3H]uridine, [3H]leucine, [3H]NAG, and [3H]sodium acetate,
respectively. The cultures were added to universal test tubes containing rhodomyrtone
at 4× MIC, MIC, and 1/2× MIC. The radiolabelled precursors were added at a final
concentration of 1 µCi/mL. Cultures were incubated at 37 ◦C with constant shaking
(200 rpm). Samples (350 µL) were withdrawn at intervals and the reaction was terminated
by adding 350 µL ice-cold 10% TCA. The mixtures were then centrifuged at 20,000 rpm
at 4 ◦C for 15 min. Supernatants were discarded and pellets were washed twice with
500 µL ice-cold 5% TCA. The pellets were dissolved in 200 µL distilled water, transferred
to scintillation vials, and then added up to 4 mL scintillation fluid. The samples were read
with a scintillation counter. ELB21 (DNA), rifampicin (RNA), chloramphenicol (protein),
and vancomycin (cell wall) were used as positive control agents for macromolecular
synthesis inhibition assays. For lipid synthesis, the bacterial cells in the mid-exponential
growth phase were added to falcon tubes containing rhodomyrtone at 4× MIC, MIC,
and 1/2× MIC. [3H] sodium acetate at 0.2 µCi/mL was added to the mixtures, and the
reactions were incubated with shaking at 37 ◦C. Samples (1000 µL) were withdrawn at
intervals, and 3750 µL of chloroform/methanol (1:2) was added to stop the reaction. The
mixture was vortexed for 10 min, chloroform (1250 µL) was added to the mixture, vortexed
for 2 min, followed by addition of 1250 µL distilled water and vortexed for 1 min. The
mixtures were centrifuged at 13,000 rpm for 10 min, and 500 µL of organic phase was
transferred to a scintillation vial and allowed to evaporate to dryness in a fume hood. The
samples were then counted using a scintillation counter. A negative control was used with
1% DMSO. All experiments were carried out in triplicate.

3.6. Lipase Activity Assay

The effect of rhodomyrtone on the lipase activity of S. aureus ATCC 29213 was investi-
gated as previously reported with some modifications [42]. Lipase activity in the presence
of rhodomyrtone at 1/2× MIC and 1/4× MIC were estimated on MHA, supplemented
with 1% tributyrin. Mid-exponential phase culture was centrifuged at 5000 rpm for 10 min
and the pellet was adjusted to a 0.5 McFarland standard. An aliquot of 5 µL of the culture
was spot-inoculated in radial patterns on the agar plate surfaces and incubated at 37 ◦C
for 3 days. The inhibition of enzymatic activity was evaluated as total when the halo was
absent and partial when the halo was ≤50%, compared with the positive control. The
experiment was performed in triplicate.

3.7. Statistical Analysis

Each experiment was performed in triplicate, and experimental values were expressed
as means ± SD. The statistical significance of the differences between the control (DMSO-
treated) and test (rhodomyrtone- and standard inhibitor-treated) cells were analyzed using
one-way analysis of variance (ANOVA). The Statistical Package for the Social Sciences
20 (IBM Incorporated, Armonk, NY, USA) was used for the analysis at a 95% confidence
interval (Scheffe test at p < 0.05).

4. Conclusions

Rhodomyrtone, a potent plant-derived antibacterial compound, has demonstrated
membrane-active effects against several pathogenic Gram-positive bacterial isolates. Al-
though several studies have demonstrated the effectiveness of rhodomyrtone in the inacti-
vation of microbial cells, its mode of action is still not conclusively understood. In this study,
we investigated the mechanism of action of rhodomyrtone by evaluating for rhodomyrtone
accumulation in bacterial cell walls and the cell membrane and assessing its effects on
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the synthesis of cellular macromolecules. This study demonstrated that rhodomyrtone
accumulates in the bacterial cell wall and the cell membrane and inhibits the synthesis
of multiple cellular macromolecules, including nucleic acid, proteins, the cell wall, and
lipids. The results revealed that rhodomyrtone targets multiple cellular components in
MRSA and thus might be an alternative antibacterial agent, effective for the management
of methicillin and other drug-resistant Gram-positive bacteria.

Author Contributions: S.L.: experimental design, experimentation, manuscript drafting, and data
analysis. O.F.N.: data analysis, manuscript drafting, editing, revision. S.P.V.: providing funding, su-
pervision, and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All data were included in the manuscript.

Acknowledgments: This work was supported by TRF Senior Research Scholar (Grant No. RTA6180006),
The Thailand Research Fund and Postdoctoral Fellowship, Prince of Songkla University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Haysom, L.; Cross, M.; Anastasas, R.; Moore, E.; Hampton, S. Prevalence and risk factors for methicillin-resistant Staphylococcus

aureus (MRSA) infections in custodial populations: A systematic review. J. Correct. Health Care 2018, 24, 197–213. [CrossRef]
[PubMed]

2. Purrello, S.; Garau, J.; Giamarellos, E.; Mazzei, T.; Pea, F.; Soriano, A.; Stefani, S. Methicillin-resistant Staphylococcus aureus
infections: A review of the currently available treatment options. J. Glob. Antimicrob. Resist. 2016, 7, 178–186. [CrossRef] [PubMed]

3. Tacconelli, E.; Magrini, N.; Kahlmeter, G.; Singh, N. Global priority list of antibiotic-resistant bacteria to guide research, discovery,
and development of new antibiotics. World Health Organ. 2017, 27, 318–327.

4. Holmes, N.E.; Tong, S.Y.; Davis, J.S.; Van Hal, S.J. Treatment of methicillin-resistant Staphylococcus aureus: Vancomycin and
beyond. In Seminars in Respiratory and Critical Care Medicine; Thieme Medical Publishers: New York, NY, USA, 2015; pp. 17–30.

5. Choo, E.J.; Chambers, H.F. Treatment of methicillin-resistant Staphylococcus aureus bacteremia. Infect. Chemother. 2016, 48, 267.
[CrossRef] [PubMed]

6. Wilsey, H.A.; Burgess, D.R.; Burgess, D.S. Focusing the lens on the CAMERA concepts: Early combination β-lactam and
vancomycin therapy in methicillin-resistant Staphylococcus aureus bacteremia. Antimicrob. Agents Chemother. 2020, 64. [CrossRef]

7. Tong, S.Y.; Lye, D.C.; Yahav, D.; Sud, A.; Robinson, J.O.; Nelson, J.; Archuleta, S.; Roberts, M.A.; Cass, A.; Paterson, D.L. Effect of
vancomycin or daptomycin with vs without an antistaphylococcal β-lactam on mortality, bacteremia, relapse, or treatment failure
in patients with MRSA bacteremia: A randomized clinical trial. JAMA 2020, 323, 527–537. [CrossRef] [PubMed]

8. Ontong, J.C.; Ozioma, N.F.; Voravuthikunchai, S.P.; Chusri, S. Synergistic antibacterial effects of colistin in combination with
aminoglycoside, carbapenems, cephalosporins, fluoroquinolones, tetracyclines, fosfomycin, and piperacillin on multidrug
resistant Klebsiella pneumoniae isolates. PLoS ONE 2021, 16, e0244673. [CrossRef] [PubMed]

9. Nwabor, O.F.; Terbtothakun, P.; Voravuthikunchai, S.P.; Chusri, S. Evaluation of the synergistic antibacterial effects of fosfomycin
in combination with selected antibiotics against carbapenem–resistant Acinetobacter baumannii. Pharmaceuticals 2021, 14, 185.
[CrossRef]

10. Umaarasu, T.; Padmavathy, K.; Thirunavukkarasu, D.; Rajesh, S.; Govindaraj, J.; Shanmugam, G. Evaluation of the antimicrobial
activity and phytochemical investigation of the leaf extracts of Ricinus communis Linn. against drug-resistant bacterial pathogens.
Drug Invent. Today 2019, 11, 1299–1303.

11. Ali, M.; Yahaya, A.; Zage, A.; Yusuf, Z. In-vitro antibacterial activity and phytochemical screening of Psidium guajava on some
enteric bacterial isolates of public health importance. J. Adv. Med Pharm. Sci. 2017. [CrossRef]

12. Akanmu, A.O.; Bulama, Y.A.; Balogun, S.T.; Musa, S. Antibacterial activities of aqueous and methanol leaf extracts of Solanum
incanum linn.(Solanaceae) against multi-drug resistant bacterial isolates. Afr. J. Microbiol. Res. 2019, 13, 70–76.

13. Ramachandran, G.; Rajivgandhi, G.; Maruthupandy, M.; Manoharan, N. Extraction and partial purification of secondary
metabolites from endophytic actinomycetes of marine green algae Caulerpa racemosa against multi drug resistant uropathogens.
Biocatal. Agric. Biotechnol. 2019, 17, 750–757. [CrossRef]

14. Rajivgandhi, G.; Ramachandran, G.; Maruthupandy, M.; Saravanakumar, S.; Manoharan, N.; Viji, R. Antibacterial effect of
endophytic actinomycetes from marine algae against multi drug resistant gram negative bacteria. Exam Mar. Biol. Oceanogr. 2018,
1, 1–8.

15. Srisuwan, S.; Voravuthikunchai, S.P. Rhodomyrtus tomentosa leaf extract inhibits methicillin-resistant staphylococcus aureus
adhesion, invasion, and intracellular survival in human HaCaT keratinocytes. Microb. Drug Resist. 2017, 23, 1002–1012. [CrossRef]
[PubMed]

http://doi.org/10.1177/1078345818765271
http://www.ncbi.nlm.nih.gov/pubmed/29661109
http://doi.org/10.1016/j.jgar.2016.07.010
http://www.ncbi.nlm.nih.gov/pubmed/27889013
http://doi.org/10.3947/ic.2016.48.4.267
http://www.ncbi.nlm.nih.gov/pubmed/28032484
http://doi.org/10.1128/AAC.00360-20
http://doi.org/10.1001/jama.2020.0103
http://www.ncbi.nlm.nih.gov/pubmed/32044943
http://doi.org/10.1371/journal.pone.0244673
http://www.ncbi.nlm.nih.gov/pubmed/33406110
http://doi.org/10.3390/ph14030185
http://doi.org/10.9734/JAMPS/2017/31126
http://doi.org/10.1016/j.bcab.2019.01.016
http://doi.org/10.1089/mdr.2016.0284
http://www.ncbi.nlm.nih.gov/pubmed/28475464


Antibiotics 2021, 10, 543 14 of 15

16. Saising, J.; Hiranrat, A.; Mahabusarakam, W.; Ongsakul, M.; Voravuthikunchai, S.P. Rhodomyrtone from Rhodomyrtus tomentosa
(Aiton) Hassk. as a natural antibiotic for staphylococcal cutaneous infections. J. Health Sci. 2008, 54, 589–595. [CrossRef]

17. Bach, Q.N.; Hongthong, S.; Quach, L.T.; Pham, L.V.; Pham, T.V.; Kuhakarn, C.; Reutrakul, V.; Nguyen, P.T. Antimicrobial activity
of rhodomyrtone isolated from Rhodomyrtus tomentosa (Aiton) Hassk. Nat. Prod. Res. 2018, 34, 2518–2523. [CrossRef] [PubMed]

18. Limsuwan, S.; Hesseling-Meinders, A.; Voravuthikunchai, S.P.; Van Dijl, J.M.; Kayser, O. Potential antibiotic and anti-infective
effects of rhodomyrtone from Rhodomyrtus tomentosa (Aiton) Hassk. on Streptococcus pyogenes as revealed by proteomics.
Phytomedicine 2011, 18, 934–940. [CrossRef]

19. Srisuwan, S.; Mackin, K.E.; Hocking, D.; Lyras, D.; Bennett-Wood, V.; Voravuthikunchai, S.P.; Robins-Browne, R.M. Antibacterial
activity of rhodomyrtone on Clostridium difficile vegetative cells and spores in vitro. Int. J. Antimicrob. Agents 2018, 52, 724–729.
[CrossRef]

20. Sianglum, W.; Srimanote, P.; Wonglumsom, W.; Kittiniyom, K.; Voravuthikunchai, S.P. Proteome analyses of cellular proteins in
methicillin-resistant Staphylococcus aureus treated with rhodomyrtone, a novel antibiotic candidate. PLoS ONE 2011, 6, e16628.
[CrossRef]

21. Saeloh, D.; Tipmanee, V.; Jim, K.K.; Dekker, M.P.; Bitter, W.; Voravuthikunchai, S.P.; Wenzel, M.; Hamoen, L.W. The novel
antibiotic rhodomyrtone traps membrane proteins in vesicles with increased fluidity. PLoS Pathog. 2018, 14, e1006876. [CrossRef]

22. Sianglum, W.; Srimanote, P.; Taylor, P.W.; Rosado, H.; Voravuthikunchai, S.P. Transcriptome analysis of responses to rhodomyrtone
in methicillin-resistant Staphylococcus Aureus. PLoS ONE 2012, 7, e45744. [CrossRef]

23. Leejae, S.; Taylor, P.W.; Voravuthikunchai, S.P. Antibacterial mechanisms of rhodomyrtone against important hospital-acquired
antibiotic-resistant pathogenic bacteria. J. Med. Microbiol. 2013, 62, 78–85. [CrossRef]

24. Saising, J.; Ongsakul, M.; Voravuthikunchai, S.P. Rhodomyrtus tomentosa (Aiton) Hassk. ethanol extract and rhodomyrtone: A
potential strategy for the treatment of biofilm-forming staphylococci. J. Med Microbiol. 2011, 60, 1793–1800. [CrossRef]

25. Saising, J.; Voravuthikunchai, S.P. Anti Propionibacterium acnes activity of rhodomyrtone, an effective compound from Rhodomyrtus
tomentosa (Aiton) Hassk. leaves. Anaerobe 2012, 18, 400–404. [CrossRef]

26. Mitsuwan, W.; Wintachai, P.; Voravuthikunchai, S.P. Rhodomyrtus tomentosa leaf extract and rhodomyrtone combat Streptococcus
pneumoniae biofilm and inhibit invasiveness to human lung epithelial and enhance pneumococcal phagocytosis by macrophage.
Curr. Microbiol. 2020, 77, 3546–3554. [CrossRef]

27. Liu, H.-X.; Tan, H.-B.; Qiu, S.-X. Antimicrobial acylphloroglucinols from the leaves of Rhodomyrtus tomentosa. J. Asian Nat. Prod.
Res. 2016, 18, 535–541. [CrossRef]

28. Traithan, A.; Tongtawe, P.; Thanongsaksrikul, J.; Voravuthikunchai, S.; Srimanote, P. Antibacterial mechanism of rhodomyrtone
involves the disruption of nucleoid segregation checkpoint in Streptococcus suis. AMB Express 2020, 10, 1–13. [CrossRef]

29. Saising, J.; Nguyen, M.-T.; Härtner, T.; Ebner, P.; Bhuyan, A.A.M.; Berscheid, A.; Muehlenkamp, M.; Schäkermann, S.; Kumari,
N.; Maier, M.E. Rhodomyrtone (Rom) is a membrane-active compound. Biochim. Et Biophys. Acta (Bba)-Biomembr. 2018, 1860,
1114–1124. [CrossRef]

30. Odedina, G.F.; Vongkamjan, K.; Voravuthikunchai, S.P. Potential bio-control agent from Rhodomyrtus tomentosa against Listeria
monocytogenes. Nutrients 2015, 7, 7451–7468. [CrossRef]

31. Saising, J.; Götz, F.; Dube, L.; Ziebandt, A.K.; Voravuthikunchai, S.P. Inhibition of staphylococcal biofilm-related gene transcription
by rhodomyrtone, a new antibacterial agent. Ann. Microbiol. 2015, 65, 659–665. [CrossRef]

32. Sianglum, W.; Saeloh, D.; Tongtawe, P.; Wootipoom, N.; Indrawattana, N.; Voravuthikunchai, S.P. Early effects of rhodomyrtone
on membrane integrity in methicillin-resistant Staphylococcus aureus. Microb. Drug Resist. 2018, 24, 882–889. [CrossRef] [PubMed]

33. Mitsuwan, W.; Jiménez-Munguía, I.; Visutthi, M.; Sianglum, W.; Jover, A.; Barcenilla, F.; García, M.; Pujol, M.; Gasch, O.;
Domínguez, M.A.; et al. Rhodomyrtone decreases Staphylococcus aureus SigB activity during exponentially growing phase and
inhibits haemolytic activity within membrane vesicles. Microb. Pathog. 2019, 128, 112–118. [CrossRef] [PubMed]

34. Mitsuwan, W.; Olaya-Abril, A.; Calderón-Santiago, M.; Jiménez-Munguía, I.; González-Reyes, J.A.; Priego-Capote, F.; Vo-
ravuthikunchai, S.P.; Rodríguez-Ortega, M.J. Integrated proteomic and metabolomic analysis reveals that rhodomyrtone reduces
the capsule in Streptococcus pneumoniae. Sci. Rep. 2017, 7, 1–13. [CrossRef] [PubMed]

35. Wunnoo, S.; Saising, J.; Voravuthikunchai, S.P. Rhodomyrtone inhibits lipase production, biofilm formation, and disorganizes
established biofilm in Propionibacterium acnes. Anaerobe 2017, 43, 61–68. [CrossRef]

36. Hiranrat, A.; Mahabusarakam, W. New acylphloroglucinols from the leaves of Rhodomyrtus tomentosa. Tetrahedron 2008, 64,
11193–11197. [CrossRef]

37. Limsuwan, S.; Trip, E.N.; Kouwen, T.R.; Piersma, S.; Hiranrat, A.; Mahabusarakam, W.; Voravuthikunchai, S.P.; van Dijl, J.M.;
Kayser, O. Rhodomyrtone: A new candidate as natural antibacterial drug from Rhodomyrtus tomentosa. Phytomedicine 2009, 16,
645–651. [CrossRef]

38. Mohamed, G.A.; Ibrahim, S.R. Eucalyptone G, a new phloroglucinol derivative and other constituents from Eucalyptus globulus
Labill. Arkivoc 2007, 15, 281–291. [CrossRef]

39. Salni, D.; Sargent, M.V.; Skelton, B.W.; Soediro, I.; Sutisna, M.; White, A.H.; Yulinah, E. Rhodomyrtone, an antibotic from
Rhodomyrtus tomentosa. Aust. J. Chem. 2002, 55, 229–232. [CrossRef]

40. CLSI. Clinical and Laboratory Standards Institute. Performance Standards for Antimicrobial Susceptibility Testing; CLSI: Wayne, PA,
USA, 2017.

http://doi.org/10.1248/jhs.54.589
http://doi.org/10.1080/14786419.2018.1540479
http://www.ncbi.nlm.nih.gov/pubmed/30600706
http://doi.org/10.1016/j.phymed.2011.02.007
http://doi.org/10.1016/j.ijantimicag.2018.08.014
http://doi.org/10.1371/journal.pone.0016628
http://doi.org/10.1371/journal.ppat.1006876
http://doi.org/10.1371/journal.pone.0045744
http://doi.org/10.1099/jmm.0.049205-0
http://doi.org/10.1099/jmm.0.033092-0
http://doi.org/10.1016/j.anaerobe.2012.05.003
http://doi.org/10.1007/s00284-020-02164-3
http://doi.org/10.1080/10286020.2015.1121997
http://doi.org/10.1186/s13568-020-01047-x
http://doi.org/10.1016/j.bbamem.2018.01.011
http://doi.org/10.3390/nu7095346
http://doi.org/10.1007/s13213-014-0904-1
http://doi.org/10.1089/mdr.2016.0294
http://www.ncbi.nlm.nih.gov/pubmed/29215320
http://doi.org/10.1016/j.micpath.2018.12.019
http://www.ncbi.nlm.nih.gov/pubmed/30583020
http://doi.org/10.1038/s41598-017-02996-3
http://www.ncbi.nlm.nih.gov/pubmed/28578394
http://doi.org/10.1016/j.anaerobe.2016.12.002
http://doi.org/10.1016/j.tet.2008.09.054
http://doi.org/10.1016/j.phymed.2009.01.010
http://doi.org/10.3998/ark.5550190.0008.f27
http://doi.org/10.1071/CH01194


Antibiotics 2021, 10, 543 15 of 15

41. Hobbs, J.K.; Miller, K.; O’neill, A.J.; Chopra, I. Consequences of daptomycin-mediated membrane damage in Staphylococcus aureus.
J. Antimicrob. Chemother. 2008, 62, 1003–1008. [CrossRef]

42. Nostro, A.; Bisignano, G.; Cannatelli, M.A.; Crisafi, G.; Germano, M.P.; Alonzo, V. Effects of Helichrysum italicum extract on growth
and enzymatic activity of Staphylococcus aureus. Int. J. Antimicrob. Agents 2001, 17, 517–520. [CrossRef]

http://doi.org/10.1093/jac/dkn321
http://doi.org/10.1016/S0924-8579(01)00336-3

	Introduction 
	Results and Discussion 
	Antibacterial Effects of Rhodomyrtone and Other Antimicrobial Agents 
	Localisation of Rhodomyrtone in Pathogenic Bacteria 
	Effects of Rhodomyrtone on Macromolecular Biosynthesis 
	Effect of Rhodomyrtone on the Extracellular Lipase Activity in Staphylococcus aureus 

	Materials and Methods 
	Antibiotics and Chemicals 
	Bacterial Strains and Growth Conditions 
	Antibacterial Assay 
	Primary Screening for Rhodomyrtone Target in Staphylococcus aureus 
	Inhibition of Macromolecular Biosynthesis 
	Lipase Activity Assay 
	Statistical Analysis 

	Conclusions 
	References

