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Plant Natural Flavonoids Against Multidrug Resistant
Pathogens
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The increasing emergence and dissemination of multidrug resistant (MDR)
bacterial pathogens accelerate the desires for new antibiotics. Natural
products dominate the preferred chemical scaffolds for the discovery of
antibacterial agents. Here, the potential of natural flavonoids from plants
against MDR bacteria, is demonstrated. Structure–activity relationship
analysis shows the prenylation modulates the activity of flavonoids and
obtains two compounds, 𝜶-mangostin (AMG) and isobavachalcone (IBC).
AMG and IBC not only display rapid bactericidal activity against
Gram-positive bacteria, but also restore the susceptibility of colistin against
Gram-negative pathogens. Mechanistic studies generally show such
compounds bind to the phospholipids of bacterial membrane, and result in
the dissipation of proton motive force and metabolic perturbations, through
distinctive modes of action. The efficacy of AMG and IBC in four models
associated with infection or contamination, is demonstrated. These results
suggest that natural products of plants may be a promising and
underappreciated reservoir to circumvent the existing antibiotic resistance.
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1. Introduction

Antibiotics are definitely the cornerstone
of modern medical system.[1] Emergence
of multidrug-resistant (MDR) bacteria at
alarming rates is constantly paralyzing
the health system worldwide.[2–5] Develop-
ment of antibiotics with distinctive mech-
anisms is vital to win such arms race.
Thus, novel efficient antibacterial agents
and alternative strategies are urgently re-
quired to fill the void of antibiotic dis-
covery and development. Compared to
the synthetic chemotherapeutic drugs and
other potential approaches,[6–8] natural an-
tibacterial agents possess the advances in
accessibility,[9,10] structural diversity,[11] ro-
bust activity,[12] and distinct modes of
action.[13] Natural antibacterial agents and
the analogues still dominate the multi-
ple classes of antibiotics routinely used in
clinic, including 𝛽-lactams, tetracyclines,
aminoglycosides, and polypeptides. The

tremendous chemo-diversity of natural products provides ver-
satile scaffolds for antibiotic discovery, however, such natural
compounds were largely screened from soil-dwelling microor-
ganisms based on Waksman platform.[1] Although recent ad-
vances in biotechnologies make it possible to continually discover
new antibiotics from untraditional terrestrial microbes[6,9,14–16]

and drug repurposing,[17–19] the dramatically increased rediscov-
ery rate of known antibiotics portends the declining number of
drugs introduced to the clinic,[13] lagging far behind the prompt
dissemination of MDR pathogens globally. Therefore, the unex-
plored sources have been extended to mine new antibiotics from
humans,[7,20,21] insects,[22] and other sources.[11,23,24]

Plants account for the most biomass on our planet.[25] The dis-
covery of bioactive molecules of plant origins has contributed to
great progresses in drug development for various purposes.[26–28]

For instance, the chemical repertoire of herbs exhibits enormous
natural compounds for the treatments of infection, particularly
quinine and artemisinin against malaria.[29] Lacking mammalian
immune systems, plants evolutionarily optimize privileged drug-
like molecules to combat bacterial diseases.[30] The largely un-
tapped chemical diversity of traditional medicinal herbs has been
historically neglected since the golden era of antibiotic discovery.
Recently, by analyzing more than 183 natural products with an-
tibacterial activity from plants, researchers found that plant nat-
ural products represent a promising source of antibacterial lead
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Figure 1. AMG and IBC show robust antibacterial activity against Gram-positive bacteria and reverse colistin resistance in Gram-negative bacteria. A)
The scheme of screening antibacterial compounds in this study. 85 flavonoid compounds derived from 271 medicinal plants were collected and the
antibacterial activities against Gram-positive and Gram-negative bacteria were determined by the broth micro-dilution method according to the CLSI
2021 guideline. The SAR was analyzed and potent antibiotic candidates were chosen. Finally, the mode of action (MOA) and efficacy in vivo were clarified.
B) Chemical structures of the skeleton of flavonoids and the five lead compounds; the skeleton of flavonoids was marked in blue and the isopentenyl
group was in red. C) Synergy of AMG or IBC with different classes of antibiotics against E. coli B2. FICI were determined by chequerboard microdilution
assays. Synergy is defined as a FICI ≤ 0.5. AMP, ampicillin; CRO, ceftriaxone; MER, meropenem; ERY, erythromycin; GEN, gentamicin; OFX, ofloxacin;
COL, colistin; RIF, rifampicin; TGC, tigecycline; TET, tetracycline; and FFC, florfenicol. Data represent two biological replicates.

compounds that could help fill the drug discovery pipeline in re-
sponse to the growing antibiotic resistance.[31]

We reasoned that an alternative approach is to explore the
untapped chemo-diversity of plants for antibiotic discovery
against MDR pathogens. Plants are abundant in a diverse group
of polyphenolic flavonoids.[32,33] The ubiquitous flavonoids in
medicinal herbs, accord for the multifaceted use of pharma-
ceutical, nutritional, and agrochemical interests.[13,34–37] In this
work, structure–activity relationship (SAR) analysis of flavonoids
derived from 271 kinds of medicinal plants showed that cer-
tain isopentenylated flavonoids such as 𝛼-mangostin (AMG)
and isobavachalcone (IBC) were efficacious against antibiotic-
resistant priority Gram-positive and Gram-negative pathogens
with permeabilized outer membrane (Figure 1A). Mechanistic
studies revealed that both AMG and IBC display rapid bac-
tericidal activities through distinctive modes of action. Lastly,
such flavonoids were further demonstrated in four models of
MDR bacterial infection/contamination. Our findings suggest

that structurally distinct antibacterial botanic molecules are an
untapped source for discovering novel classes of drugs to circum-
vent the increasing prevalence of antibiotic resistance.

2. Results

2.1. Screening of Flavonoids and the SAR Analysis

Flavonoids share a common skeleton with the 15-carbon 2-
phenyl-chromone core (C6–C3–C6 system, Figure 1B),[38] which
are further divided into nearly 20 groups.[33] Antibacterial activ-
ities of flavonoids have been controversially reported;[13,39,40] it
remains unclear to what extent the side-chain modification of
flavonoids affects the activity. Since the presence of prenyl-moiety
can sharply increase the lipophilicity of natural products,[41,42]

we hypothesized whether and how the prenylation modulates
the activity of flavonoids through attachment to bacterial mem-
brane. The largely unexplored bacterial membrane remains an
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intriguing potential target for antibiotic discovery.[18,43,44] There-
fore, 85 typical flavonoids including 23 flavones, 20 isoflavones,
13 flavanones, 10 chalcones, and 19 xanthones, were collected for
antibacterial tests, according to the CLSI 2021 guideline.[45] Inter-
estingly, more than 40% compounds (37/85) were active against
Staphylococcus aureus (S. aureus) ATCC 29213 and methicillin-
resistant S. aureus (MRSA T144), with the minimum inhibitory
concentrations (MICs) ranging from 1 to 8 µg mL−1 (Table S2,
Supporting Information). Although no direct antibacterial effects
on Escherichia coli (E. coli) were observed, 35.2% compounds
(30/85) restored the susceptibility of the model MDR E. coli B2
isolate[8] in the presence of colistin.

Interestingly, all the flavonoids that showed antibacterial ac-
tivity against MRSA T144 are prenylated (37/37) (Table S2, Sup-
porting Information). The number of prenyl groups attached
to the backbone affects the activity as well, based on SAR
analysis. Compared to monoprenyl flavonoids (33.3%, 15/45)
and triprenyl groups modified ones (50%, 4/8), the prenylation
with two groups (69.2%, 18/26) dominates the active prenylated
flavonoids. Generally, we found that the position of prenylation
mainly at C8 (44.4%, 16/37), C6 (30.6%, 11/37), C3 (22.2%, 8/37),
and C3’ (18.9%, 7/37) of the phenolic skeleton was a prerequisite
for the antibacterial activity, which is in accordance with previ-
ous studies.[46] Taken together, five lead compounds: mulberrin,
lupalbigenin, glabrol, AMG, and IBC (Figure 1B) were selected
from the major subgroups of flavonoids for subsequent tests of
antibacterial generality and mechanistic study.

2.2. AMG and IBC are Potent Antibiotic Candidates

All leads are active against S. aureus ATCC 29213, MRSA T144,
and VREfm CAU 369 with MIC less than 4 µg mL−1 (Table S3,
Supporting Information). Notably, a comparison among the five
leads showed that AMG and IBC under 8 µg mL−1 dramatically
restored the activity of colistin against MDR E. coli B2 isolate,
with the decreased concentration of colistin from 8 to 0.0625 µg
mL−1 (Table S4, Supporting Information). To further evaluate
the potential of AMG and IBC, MIC50 and MIC90 against MRSA
and VRE were determined. The MIC50 and MIC90 against MRSA
and VRE were 0.5 and 4–8 µg mL−1 for AMG and IBC, respec-
tively (Table 1; Tables S5 and S6, Supporting Information). Both
AMG and IBC display similar efficiency to vancomycin. These
results indicate that AMG and IBC are potent antibiotic candi-
dates to combat MDR bacteria, practically against Gram-positive
pathogens.

Given the potentiation of AMG and IBC on colistin against E.
coli B2, we extended their effects on multiple classes of antibiotics
including tetracycline, ofloxacin, rifampicin, and ampicillin. We
found that 2–8 µg mL−1 AMG and IBC exclusively reversed col-
istin resistance in E. coli B2 (FICI = 0.04, Figure 1C), with 16-
to 128-fold decrease of the MICs of colistin from 8 µg mL−1 to
0.0625–0.5 µg mL−1 (Figure S1, Supporting Information). Mean-
while, AMG and IBC enhanced the activity of colistin against
colistin sensitive isolates with the MICs decreasing from 0.125–
0.25 µg mL−1 to 0.031–0.002 µg mL−1 as well (Figure S2, Sup-
porting Information). To investigate the generality of such com-
bination, we subsequently obtained the values of FIC on various
Gram-negative bacterial species.[8] AMG and IBC fully restored

Table 1. Antibacterial activities of AMG and IBC.

MIC (µg mL−1)

Organism AMG IBC VAN

S. aureus ATCC 29213 1 4 1

S. aureus T144 (MRSA) 1 4 0.5

S. aureus 65322 (MRSA) 0.5 4 1

E. faecium CAU 382 (VREfm) 0.5 8 >128

VREfm CAU 383 0.5 4 >128

VREfm CAU369 2 1 >128

E. coli ATCC 25922 >128 >128 >128

E. coli B2 >128 >128 >128

MRSA (n = 23)

MIC50 0.5 4 1

MIC90 0.5 4 2

VRE (n = 50)

MIC50 0.5 8 >128

MIC90 0.5 8 >128

MRSA, methicillin-resistant S. aureus; VREfm, vancomycin-resistant Enterococcus fae-
cium; AMG, 𝛼-Mangostin; IBC, isobavachalcone; VAN, vancomycin. E. coli B2, MDR
clinical isolate carrying 25 antibiotic resistance genes.

the sensitivity of all these ten species of Gram-negative bacteria
to colistin carrying mobile colistin resistant gene mcr-1 (FICI <
0.1, Figure S3A, Supporting Information). To validate the poten-
tiation, we further assessed such combinations on 87 multi-drug
resistant clinical E. coli isolates carrying mcr-1.[8,47] There is more
than 90% inhibition of bacterial growth (Figure S3B,C, Support-
ing Information), under the treatments with the combinations of
either 2 µg mL−1 AMG or 4 µg mL−1 IBC with 0.5 µg mL−1 col-
istin. The potentiation of either AMG or IBC with colistin seems
efficient than the first reported colistin adjuvant pentamidine[48]

and is comparable to that of the broad-spectrum antibiotic adju-
vant SLAP-S25.[8]

In addition, we found AMG showed low hemolysis (25.86%) to
sheep red blood cells at 32 µg mL−1 and IBC showed negligible
hemolysis (0.73%) even at 128 µg mL−1 (Figure S4, Supporting
Information). No de novo resistance to AMG or IBC was observed
during 30-day serial passage of S. aureus ATCC 29213 (Figure
S4B, Supporting Information). These results indicate that both
AMG and IBC are potent antibiotic candidates against MRSA
and VRE, as well as promising adjuvants of colistin against MDR
Gram-negative pathogens.

2.3. AMG and IBC Target Bacterial Inner Membrane

We first explored the time-kill dynamics to investigate the an-
tibacterial mechanisms of AMG and IBC. Surprisingly, both
AMG and IBC revealed rapid bactericidal activities against S. au-
reus in a dose dependent manner (Figure S5A,B, Supporting In-
formation). Both could promptly reduce the viable bacteria below
the limit of detection at high levels in 1 min, and AMG showed
robust activity than IBC at low levels (Figure 2A). It may account
for no observed mutant during resistance development assay, and
denote that such hydrophobic prenylated flavonoids probably tar-
get bacterial membrane. Therefore, we determined the effects of
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Figure 2. AMG and IBC exert antibacterial effects through membranes. A) Time-kill curves of AMG and IBC against S. aureus ATCC 29213 in the expo-
nential phase at 37 °C. 4 × MIC of AMG, IBC killed the bacteria rapidly. B) Exogenous addition of peptidoglycan from S. aureus decreased the antibacterial
activities of AMG and IBC determined by chequerboard microdilution assays. The concentration of peptidoglycan was in the range of 0 to 64 µg mL−1.
C) Exogenous addition of phosphatidylglycerol (PG), phosphatidylethanolamine (PE), and cardiolipin (CL) abolished the antibacterial activity of AMG
against S. aureus ATCC 29213, determined by chequerboard microdilution assays. The concentrations of phospholipids were in the range of 0 to 64 µg
mL−1. D) Isothermal titration calorimetry (ITC) analysis of the interaction between PG and AMG. Thermodynamic parameters were calculated, including
equilibrium dissociation constant (KD = 4.04 × 10−5 mol L−1), number of binding sites (n = 0.95), molar binding enthalpy (ΔH = −11.87 kJ mol−1), and
molar binding entropy (ΔS = 44.28 J mol−1 K−1). E) Increased membrane permeability after treatment of AMG or IBC at 4 × MIC. The membrane perme-
ability was determined by propidium iodide (PI) with the excitation/emission wavelength at 535 nm/615 nm. F) The dynamic curves of the permeability
of inner membrane probed with PI for E. coli B2, under the treatments of AMG, and colistin and both thereof. E. coli B2 were incubated with different
antibacterial drugs at 37 °C for 15 min. After washing for three times, PI was added and the fluorescence was determined for 15 min. Then the other
drugs were added. The fluorescence was measured with the excitation wavelength at 535 nm and emission wavelength at 615 nm. The concentrations of
AMG and colistin were 2 and 0.25 µg mL−1, respectively. All experiments in A, E, and F were performed as three biologically independent experiments,
and the mean ± s.d. is shown, n = 3. Data in (B,C) represent two biological replicates. P values in E were determined using unpaired student’s t-test.

various components of bacterial wall and membrane on the ac-
tivity of AMG and IBC against S. aureus. Compared to the slight
reduction of MICs in the presence of peptidoglycan at low lev-
els (Figure 2B), a major component in cell wall, exogenous ad-
dition of bacterial phospholipids in the cell membrane dimin-
ished the activity of AMG and IBC in a dose-dependent manner,
particularly for AMG (Figure 2C; and Figure S5C–E, Support-
ing Information). Consistently, the affinity between AMG and
phosphatidylglycerol (PG) (KD = 4.04 × 10−5 mol L−1) is approxi-
mately tenfold higher than that of IBC (KD = 3.04 × 10−4 mol L−1)
(Figure 2D; and Figure S5F,G, Supporting Information), based
on isothermal titration calorimetry (ITC) analysis. As a conse-
quence, the increase of membrane permeability was observed in

S. aureus treated with either AMG or IBC (Figure 2E). Collectively,
the results suggest that the interference with bacterial cell mem-
branes by prenylated flavonoids may be responsible for their ro-
bust bactericidal activities against Gram-positive pathogens.

With regard to the same components of phospholipids in
bacterial inner membrane, we denoted that the intact perme-
ability barrier of lipopolysaccharide (LPS) prevents hydrophobic
prenylflavonoids from attaching to the inner membrane in
Gram-negative bacteria. It is consistent with the broad-spectrum
and exclusive potentiation of AMG/IBC in combination with
antibiotics tested against Gram-negative pathogens (Figure 1). To
elucidate the role of LPS, we first assessed the addition of exoge-
nous LPS or cations, because divalent cations particularly Mg2+

Adv. Sci. 2021, 8, 2100749 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100749 (4 of 11)



www.advancedsciencenews.com www.advancedscience.com

are required for the integrity of outer membrane.[8] High levels
of LPS and divalent cations have neglectful influence on the
activity of either AMG or IBC (Figure S6A–C, Supporting Infor-
mation), supporting that Gram-negative bacteria are ineffective
to such leads highly due to the physical presence of LPS. Thus,
we determined the activity of AMG or IBC in the mutants with
defective LPS. Notably, the mutants of Klebsiella pneumoniae (K.
pneumoniae) and Acinetobacter baumannii (A. baumannii) were
sensitive to AMG or IBC, whereas they changed the susceptibility
to colistin accordingly (Table S7, Supporting Information). For
instance, the MIC of AMG dramatically decreased from more
than 128 µg mL−1 in the wild-type A. baumannii to 0.125 µg
mL−1 in the mutant with deleted LPS,[49] without synergy in the
presence of colistin (Figure S6D,E, Supporting Information).
These findings confirm that the synergetic mechanism is caused
by the increase of permeability of the outer membrane, facili-
tating the attachment of AMG and IBC to the inner membrane.
Constantly, the colistin analogue polymyxin B nonapeptide
(PMBN), which solely increases the permeability of the outer
membrane,[50] displayed comparable synergy with either AMG
or IBC against E. coli (Figure S6F,G, Supporting Information).
To further decipher the mechanism of the combinations, we
recorded the permeability dynamics of inner membrane in E. coli
B2, under the treatments of AMG or IBC, and colistin and both
thereof (Figure 2F; and Figure S6H,I, Supporting Information).
We observed steady increase of fluorescent intensity upon the
addition of AMG (Figure 2F). Altogether, these results suggest
that AMG and IBC are effective to kill Gram-negative bacteria
through paralyzing the cytoplasmic membrane, when the outer
membrane is permeabilized.

2.4. Mechanism of AMG and IBC for Killing Bacteria

The biophysical integrity and function of the inner membrane
is of vital importance for bacterial growth and survival.[51,52] Re-
cently, pioneering works demonstrate bacterial inner membrane
is a promising target for antibiotic discovery.[21,43] To dissect the
underlying mechanisms of AMG and IBC, we focused on the
subsequent dysfunction of membrane using S. aureus ATCC
29213 as a model. We first measured the membrane fluidity by
Laurdan probe,[53] and found significant decrease of fluidity in
the presence of AMG or IBC (Figure 3A). It is in agreement with
that, the change of membrane rigidity disrupts bacterial home-
ostasis resulting in fundamental metabolic disorders including
the dissipation of proton motive force (PMF).[54] Hence, we eval-
uated theΔpH, a key component of the proton motive force,[55] in
S. aureus using the fluorescent probe BCECF-AM. Compared to
AMG, the ΔpH significantly dissipated in S. aureus treated with
2 × MIC IBC in 5 min (Figure 3B), agreeing with the prompt
bactericidal effect. Furthermore, we determined the antibacterial
activity in MHB medium with the pH ranging from 5.5 to 9.0,
because the pH shift in the extracellular microenvironment leads
to the decrease of ΔpH. IBC showed better antibacterial activity
than AMG under acidic conditions (Figure 3C), where the PMF
is mainly maintained by ΔpH. PMF is modulated by a delicate
compensation mechanism that dissipation in either component
of ΔpH or membrane potential (Δ𝜓) is compensated by a coun-
teractive increment in the other.[56]

Subsequently, we measured the Δ𝜓 by a fluorescent dye 3,
3-dipropylthiadicarbocyanine iodide [DiSC3(5)],[57] and we found
that AMG bound to the dye and quenched the fluorescence (Fig-
ure S7A, Supporting Information). To clarify the disruption of
ΔpH, we determined the activity of AMG or IBC with kanamycin.
It consists of the synergy of kanamycin in combination with
either AMG or IBC against S. aureus (Figure S7B, Supporting In-
formation), since the uptake of aminoglycoside antibiotics is Δ𝜓
dependent.[58] Correspondingly, AMG or IBC shows no synergy
with tetracycline, since its accumulation is ΔpH dependent (Fig-
ure S7C, Supporting Information). As a consequence, disrupted
membrane homeostasis always contributes to the accumulation
of reactive oxygen species (ROS).[59] Like many bactericidal
antibiotics, the activity of IBC is dependent on the accumulation
of intracellular ROS (Figure S7E, Supporting Information),
correspondingly aggravating membrane damage. Interestingly,
AMG has no effect on ROS (Figure S7D, Supporting Informa-
tion). Interestingly, we observed the increase of ATP levels in
an AMG-dose dependent manner [Figure 3D; and Figure S7F
(Supporting Information)], whereas IBC could slightly stimulate
the production of ATP (Figure S7G,H, Supporting Information).
Such results are consistent with the previous studies that bacte-
ricidal antibiotics are associated with accelerated respiration.[60]

Similarly, we found the same trends of membrane permeability,
ΔpH, and ROS, whereas there was increase of membrane fluid-
ity in ΔwaaC K. pneumoniae ATCC 43816 under the treatment
of AMG or IBC (Figure S8, Supporting Information). These
findings indicate that the modes of action of prenylflavonoids
such as AMG and IBC share distinctive modes of action, which
are promising candidates to circumvent the existing resistance
mechanisms and avoid cross resistance.

Taken together, our results suggest that the prenylation of
flavonoids at appropriate positions plays a critical role in the an-
tibacterial activity, particularly for MDR pathogens. Both lead
compounds AMG and IBC target bacterial phospholipids, col-
lapsing the membrane homeostasis in Gram-positive bacteria,
and show synergy combined with the permeabilizer of outer
membrane against Gram-positive bacteria (Figure 3E).

2.5. Efficacy of AMG and IBC in Models

The encouraging antibacterial activity of AMG and IBC in vitro
inspired us to further investigate their therapeutic potential in
infectious models. We constructed models of S. aureus wound
infection and gut colonization of VRE in mice, using single ad-
ministration of AMG or IBC. The morphology and size of wound
displayed comparable trends under the treatment of 2 mg mL−1

AMG, 8 mg mL−1 IBC, and 1 mg mL−1 vancomycin (Figure 4A;
and Figure S9A, Supporting Information). Consistently, there
was more than tenfold reduction of bacterial numbers from the
infectious sites (Figure 4B). Furthermore, VREfm CAU 369 (1.0
× 109 colony-forming units (CFUs)) was colonized into the gas-
trointestinal tract of mice by intragastric administration. Com-
pared to the moist and soft feces in the infected group, the fecal
morphology was restored in the mice treated with either AMG or
IBC (Figure S9B, Supporting Information). The reduction of col-
onization was supported by the rapidly decreased fecal number
of Enterococcus. faecium (Figure 4C), which is in agreement with
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Figure 3. AMG and IBC exerts antibacterial effects through membranes. A) The fluidity of membrane was decreased for S. aureus ATCC 29213 after
treatment of AMG and IBC for 30 min. 50 mmol L−1 of benzyl alcohol (BZ) was used as the positive control. B) Dissipated ΔpH by AMG and IBC in
S. aureus ATCC 29213. Exponential S. aureus ATCC 29213 was incubated with pH fluorescence probe BCECF-AM. After washing three times, different
concentrations of AMG and IBC were added and the intracellular pH was determined by measuring the fluorescence intensity with the excitation/emission
wavelength at 488 nm/535 nm. C) Decreased antibacterial activity of AMG and IBC in alkaline medium. D) Increased levels of intracellular ATP in S. aureus
ATCC 29213 after treatment of AMG for 10 min. E) Mechanism of actions of AMG and IBC in Gram-positive and Gram-negative bacteria, respectively.
All experiments in (A,B,D) were performed as three biologically independent experiments, data presented as mean ± s.d, n = 3. P-values in (A,B) were
calculated using unpaired Student’s t-test. P-values in (D) were calculated using non-parametric one-way ANOVA.

the decline of colonized E. faecium in gut (Figure 4D; and Fig-
ure S9C, Supporting Information). These results demonstrated
the promising pharmacological efficacy of AMG and IBC in vivo.
Given the widely used plant extracts in food industry, we tested
the antiseptic and disinfectant capabilities on food associated ma-
terials. We found that AMG (2 mg kg−1) and IBC (4 mg kg−1)
could alleviate the spoilage in pork caused by S. aureus (6 × 103

CFUs per part). The numbers of S. aureus significantly reduced
(Figure 4E), with well retained quality and odor of the meat (Fig-
ure S9D, Supporting Information). Additionally, we evaluated the
disinfection effect of AMG and IBC on plastic lunch boxes con-
taminated with S. aureus (6.0× 106 CFUs mL−1). Either 2 µg mL−1

AMG or 8 µg mL−1 IBC dramatically decreased the number of S.
aureus on the surface of contaminated boxes in 2 min (Figure 4F),
with no detectable bacteria in 10 min (Figure S9E, Supporting

Information). The results indicate that such natural compounds
may be alternatively used to reduce the incidence of foodborne
bacterial infections and poisoning.

3. Discussion

Although bioactive molecules of plant origins have been utilized
for various purposes,[25,26] the application to combat MDR bacte-
ria and restore the activity of clinic antibiotics has been ignored
for a long time. We evaluated 85 flavonoids derived from 271
kinds of medicinal plants and found that more than 40% com-
pounds showed the antibacterial activity against MDR bacteria
including MRSA and VRE, and 35.2% compounds restored the
susceptibility of a model MDR E. coli B2 isolate in the presence
of colistin (Table S2, Supporting Information). Based on the SAR
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Figure 4. AMG and IBC exerted greatly therapeutic potential in in vivo and in vitro models. A) Mouse skin wound infection models. Representative
photographs of the wounds under the treatment of AMG (2 mg kg−1), IBC (8 mg kg−1) or vancomycin (1mg kg−1) (n= 18 in each group). The morphology
of the wounds under the treatment of AMG or IBC displayed comparable trends compared with antibiotic (vancomycin). B) AMG and IBC reduced the
bacterial loads in skin wound infections. C) VRE-colonized mouse model. AMG (5 mg kg−1) and IBC (20 mg kg−1) rapidly decreased fecal number of
VREfm CAU369 (1.0 × 109 CFUs) after VRE colonization. Antibiotic (tiamulin, 5 mg kg−1) was used as a positive control. D) VRE-colonized mouse model.
AMG (5 mg kg−1) and IBC (20 mg kg−1) decreased the bacterial loads of VREfm CAU369 in ileum, cecum, and colon after treatment for 1 day. Antibiotic
(tiamulin, 5 mg kg−1) was used as a positive control. E) Food spoilage model. Treatments with AMG (2 mg kg−1) and IBC (4 mg kg−1) reduced bacterial
numbers in pork infected with MRSA T144. F) Cooking utensils model. Either AMG or IBC dramatically decreased the number of MRSA T144 on the
surface of contaminated cooking utensils. Plastic lunch boxes were contaminated with MRSA T144 (6.0 × 106 CFUs) for 30 min. After treatment of AMG
(0.1 µg) or IBC (0.4 µg) for 2 min, the bacteria on the lunch boxes was calculated by chromogenic agar plate assay. Data presented as mean ± s.d, n = 3.
P-values were calculated using one-way ANOVA.

analysis, we found that prenylation with two groups attached
to the backbone and the position of prenylation of the phenolic
skeleton was a prerequisite for the antibacterial activity, which
is in accordance with previous studies.[46] Among the active
substances, five leads show comparable activity to vancomycin
(Table S3, Supporting Information) and other candidates such
as malacidins.[21] Besides, the synergy of AMG or IBC with
colistin was comparable to colistin adjuvant pentamidine[47] and
SLAP-S25.[8] These results demonstrated that the plants and
prenylated flavonoids from plants are promising resources to
develop antibiotic candidates against MDR bacteria.

The biophysical integrity and function of the inner membrane
is of vital importance for bacterial growth and survival.[18,43] The
membrane is a promising target for screening antibiotic can-
didates and antibacterial agents targeting the bacterial mem-
brane have therapeutic potential.[13,53,61] For example, the broad-
spectrum adjuvant SLAP-S25 exerted the activity by targeting the
PG in bacterial membrane. In our study, two leads, AMG and
IBC, could target nearly all kinds of phospholipids in bacterial
membrane with the faster time-killing dynamics than nearly all
of the antibiotics used in clinic including vancomycin (Figure 2A;

and Figure S5A,B, Supporting Information). Such membrane-
disrupting agents have less potential to develop antibiotic resis-
tance, as bacterial membrane can hardly change without loss of
function. Notably, although exerting antibacterial activity rapidly
for both AMG and IBC, the following mechanisms for AMG and
IBC are distinct, avoiding the evolution of cross resistance.[61]

Compared with chemically synthesized SLAP-S25 as a broad-
spectrum antibiotic adjuvant, naturally ubiquitous AMG and
IBC are easily accessible with direct bactericidal activity against
MDR bacteria. Notably, SLAP-S25 with high affinity to PG can
also guide the structural optimization of AMG and IBC through
thermodynamic profiling and the synthesis of flavonoid-based
mimetics to improve their binding selectivity.[62,63]

Although we have demonstrated the mechanism of AMG and
IBC initially, AMG is bactericidal and is independent of the ROS,
which are not accordant with previous studies.[59] Besides, the
mechanism for better activity of AMG than IBC could help us to
discover and screen potent antibacterial candidates. The determi-
nants for AMG and IBC to kill bacteria still need further studies
and pharmacodynamical behaviors need to be optimized in the
future.

Adv. Sci. 2021, 8, 2100749 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100749 (7 of 11)
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In conclusion, we show that prenylated flavonoids from plants
exhibit robust antibacterial activities against clinically important
pathogens including Gram-positive pathogens MRSA and VRE,
and can serve as an antibiotic adjuvant to potentiate the efficacy
of colistin against diverse Gram-negative pathogens. Both AMG
and IBC are promising candidates for the development of novel
antibiotic agents to combat MDR bacterial pathogens associated
infections.

4. Experimental Section
Antibacterial Tests: Minimum inhibitory concentrations (MICs) of po-

tential lead candidates and other antibiotics were determined by the broth
micro-dilution method, according to the CLSI 2021 guideline.[45] Briefly,
the potential lead candidates or other antibiotics were twofold diluted in
Mueller–Hinton Broth (MHB, Beijing Land Bridge Technology) and mixed
with an equal volume of bacterial suspensions in MHB containing approx-
imately 1.5 × 106 CFUs mL−1 in a clear UV-sterilized 96-well microtiter
plate (Corning). The lowest concentrations of antibiotics with no visible
growth of bacteria were the MICs after incubation at 37 °C for 18 h. The
pH of the medium was adjusted to 5–10 by HCl or NaOH if needed.

Checkerboard Assays: Fractional inhibitory concentrations (FICs) were
determined by checkerboard assays as described previously.[8] First,
100 µL MHB medium was dispensed into a 96-well plate. Flavonoids
(100 µL) were added to the last row, then diluted along the ordinate. Sub-
sequently, colistin was added to the first column and diluted along the
abscissa. Finally, in addition to the negative control, 100 µL bacterial sus-
pensions ≈ 1 × 106 CFUs mL−1 were added. After culturing at 37 °C for
18 h, the MICs were recorded as the lowest concentration of drug inhibit-
ing visible growth. The synergistic effect was determined by calculating
FIC. The FIC was calculated according to the formula as follows:

FIC index = MICab∕MICa + MICba∕MICb = FICa + FICb (1)

MICa is the MIC of compound a alone; MICab is the MIC of compound
a in combination with compound b; MICb is the MIC of compound b alone;
MICba is the MIC of compound b in combination with compound a; FICa
is the FIC of compound a; FICb is the FIC of compound b. The synergy or
additive was defined according to standard criteria (FICI ≤ 0.5 was defined
as synergistic; 0.5 < FICI ≤ 1 was defined as additive; 1 < FICI ≤ 4 was
defined as indifference; FICI > 4 was defined as antagonism).

Growth Curves of Bacteria: E. coli B2 was cultured in 1 mL of brain heart
infusion (BHI, Beijing Land Bridge Technology) broth for approximately
16 h at 37 °C with shaking at 200 rpm. The overnight cultures were diluted
1:100 in MHB and adjusted to approximately 1× 106 CFUs mL−1. Different
concentrations of AMG, IBC, colistin, or the combination of colistin with
AMG or IBC were added into a 96-well microplate and mixed with an equal
volume of bacterial dilutions. Growth curves were established under the
wavelength of OD600 nm with an interval of 1 h at 37 °C, by Infinite M200
Microplate reader (Tecan).

Time-Kill Curves: S. aureus ATCC 29213 cultured to exponential phase
at 37 °C with shaking at 200 rpm were diluted in MHB to a desired concen-
tration at 106 to 107 CFU mL−1. Different concentrations of AMG or IBC
(2 ×, 4 ×, and 10 × MIC) were added and cultured at 37 °C with shaking at
200 rpm. 100 µL aliquots were removed after culturing for 2, 5, 10, 15, and
20 min, and then were tenfold serially diluted and plated on TSA plates
to calculate the colony-forming units (CFUs) after incubation at 37 °C for
24 h.

Antibacterial Activity of the Mixtures of AMG or IBC with Lipids:
Different phospholipids including phosphatidylglycerol (PG, Sigma–
Aldrich, 841188P, ≥ 99%), phosphatidyl–ethanolamine (PE, Sigma–
Aldrich, 840027P, ≥ 99%), or cardiolipin (CL, Sigma–Aldrich, 841199P, ≥

99%) was dissolved in methanol. Effects of various phospholipids (0 to
128 µg mL−1) on the antibacterial activity of AMG or IBC in MHB medium
were determined using the chequerboard microdilution assay.

Isothermal Titration Calorimetry (ITC) Assays: To evaluate the inter-
action between 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
sodium salt (POPG, Sigma–Aldrich, 63371, ≥98%) and AMG or IBC,
calorimetric experiment was performed by MicroCal ITC (Malvern Pana-
lytical) at 25 °C. PG dissolved in HEPES (20 mmol L−1, pH 7.0) was se-
quentially injected into the calorimetric cells filled with AMG or IBC which
was dissolved in the same buffer, and the injection was repeated 20 times
with an equilibrium interval of 200 s. The processed data was used, the
relative software with the instrument calculating the equilibrium dissocia-
tion constant (KD), stoichiometry (n), the changes of enthalpy (ΔH) and
entropy (ΔS).

Constructions of LPS Knockout Bacteria: WaaC-deficient strain of K.
pneumoniae ATCC 43816 was constructed by CRISPR-Cas9 according to
previous study.[64] A. baumannii 7-2 LPS- (LPS deficient) was obtained as
described in literature.[65]

Membrane Integrity Assays: Overnight cultures of S. aureus ATCC
29213 or K. pneumonia ATCC 43816 ΔwaaC were centrifuged and resus-
pended with 0.01 mol L−1 PBS (pH 7.4) to adjust bacterial suspensions
to approximately an OD600 nm of 0.5, followed by the addition of AMG or
IBC (final concentrations of 0, 1, 2, 4, 8, 16, and 32 µg mL−1). The bac-
terial suspensions were incubated at 37 °C for 20 min without light, then
probed with propidium iodide (PI, Thermo Scientific, P1304MP) at a final
concentration of 10 nmol L−1. After incubation for 20 min, the fluores-
cence values were determined by Infinite M200 Microplate reader (Tecan)
with excitation wavelength at 535 nm and emission wavelength at 615 nm.
The dynamic curves of the permeability of inner membrane for E. coli B2
were probed with PI. In brief, overnight cultures of E. coli B2 were adjusted
to approximately an OD600 nm of 0.5 with 5 mmol L−1 HEPES and 5 mmol
L−1 glucose buffer (pH = 7.2). E. coli B2 were incubated with different
antibacterial drugs at 37 °C for 15 min. After washing for three times, PI
was added and the fluorescence was determined for 15 min. Then, the
other drugs were added. The fluorescence was measured with the excita-
tion wavelength at 535 nm and emission wavelength at 615 nm.

Membrane Fluidity Assays: Overnight cultures of S. aureus ATCC 29213
or K. pneumonia ATCC 43816 ΔwaaC were grown in BHI for 6–8 h at 37 °C
with shaking and resuspended with 0.01 mol L−1 PBS (pH 7.4) to adjust
bacterial suspensions to approximately an OD600 nm of 0.5. Then, S. aureus
was stained by a final concentration of 10 nmol L−1 laurdan, and incubated
at 37 °C for 10 min. Subsequently, bacterial suspensions were treated with
1 ×, 2 ×, and 4 × MIC concentrations of AMG, IBC, or benzyl alcohol for
another 35 min. Lastly, the fluorescence was determined by the Infinite
M200 Microplate reader (Tecan) with excitation wavelength at 350 nm and
emission wavelength at 438 nm. Laurdan GP was calculated according to
previous studies.

ΔpH Measurement: S. aureus ATCC 29213 or K. pneumonia ATCC
43816 ΔwaaC cultured overnight was washed with HEPES (5 mmol L−1,
pH 7.0, plus 5 mmol L−1 glucose) and resuspended to obtain an OD600 nm
of 0.5. The ΔpH was determined by the pH-sensitive fluorescence probe
BCECF-AM. Briefly, BCECF-AM was added with final concentration of
10 µmol L−1 and incubated at 37 °C. Then 10 µL AMG or IBC solution
(final concentrations of 1 ×, 2 ×, and 4 × MIC) were added and the fluores-
cence value was determined by Infinite M200 Microplate reader (Tecan),
with the excitation wavelength at 488 nm and emission wavelength at
535 nm.

ATP Determination: Extracellular and intracellular ATP levels of S. au-
reus ATCC 29213 were determined using an Enhanced ATP Assay Kit (Bey-
otime, catalogue no. S0027). S. aureus ATCC 29213 was cultured overnight
at 37 °C with shaking at 200 rpm, subsequently washed and resuspended
in 0.01 mol L−1 of PBS to obtain an OD600 nm of 0.5. Then the bacterial sus-
pensions were treated with various concentrations of AMG (1–4 µg mL−1)
and of IBC (4–16 µg mL−1) for 10 min and then centrifuged at 10 000 rpm
at 4 °C for 5 min, and the bacterial supernatant was collected for the ex-
tracellular ATP level determination. Meanwhile, the bacterial precipitates
lysed by lysozyme and centrifuged could be used for measuring intracellu-
lar ATP level. The detecting solution was added to a 96-well plate and incu-
bated at room temperature for 5 min. The supernatants were added and
mixed quickly, and determined using the Infinite M200 Microplate reader
(Tecan) in the model of luminescence.
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Haemolytic Activity: Sterile defibrinated sheep blood cells were
washed with PBS for three times, then 100 uL of 8% blood cells were added
to 100 uL different concentrations of AMG (0 to 512 µg mL−1) or IBC (0 to
512 µg mL−1) in 96 well U-bottom plate. Meanwhile, 0.2% Triton X-100
and PBS were used as positive and negative control, respectively. After 1 h
at 37 °C, cells were centrifuged at 3000 g for 10 min, then 100 µL super-
natant was taken to determine its absorbance at 576 nm by Infinite M200
Microplate reader (Tecan).

Resistance Development Studies: Overnight cultures of S. aureus ATCC
29213 were inoculated in fresh MHB containing 0.25, 0.5, 1, 2, and 4×MIC
of AMG or IBC. Oxacillin was used as a positive control. The bacterial cul-
tures were then incubated at 37 °C under continuous shaking at 200 rpm
for 24 h. Subsequently, the MIC of bacteria from the second-highest con-
centrations with visible growth (OD600 nm ≥ 0.3) was determined by broth
microdilution in fresh MHB media containing different concentrations of
AMG or IBC. The cultures were serially passaged for 30 days.

Peptidoglycan, LPS, and Cationic Ion Assays: The effect of peptidogly-
can, LPS, or different cations including NaCl, KCl, CaCl2, CuSO4, MgCl2,
and FeCl3 (Aladdin) on antimicrobial activity of AMG or IBC against S.
aureus ATCC 29213 was evaluated using checkerboard assays.

PMBN Assays: The synergistic effects of colistin analogue polymyxin
B nonapeptide (PMBN) and AMG or IBC against E. coli ATCC 25922 were
determined using the chequerboard microdilution assay.

Competition Kinetics: Different concentrations of POPG (0–8 µg
mL−1) were added to the mixture of 3, 3-dipropylthiadicarbocyanine iodide
DiSC3 (5) (1 µmol L−1) and AMG (4 µg mL−1) in 0.01 mol L−1 PBS (pH
7.4). Then, the fluorescence value of DiSC3 (5) was determined by Infinite
M200 Microplate reader (Tecan), with excitation wavelength at 622 nm and
emission wavelength at 670 nm.

ROS Measurement: S. aureus ATCC 29213 or K. pneumonia ATCC
43816 ΔwaaC cultured overnight was washed with 0.01 mol L−1 PBS (pH
7.4) and resuspended to obtain an OD600 nm of 0.5. The ROS accumula-
tion of S. aureus ATCC 29213 treated by AMG or IBC was measured with
fluorescence probe DCFH-DA (10 µmol L−1). Briefly, DCFH-DA was added
to the bacterial suspension and incubated at 37 °C for 20 min. After wash-
ing with 0.01 mol L−1 of PBS three times, 190 µL bacterial suspension
was added to 96-well plate and mixed with 10 µL AMG or IBC solution (fi-
nal concentrations of 0.5, 1, 2, and 4 × MIC). After incubation for certain
time, the fluorescence value was determined by Infinite M200 Microplate
reader (Tecan), with the excitation wavelength at 488 nm and emission
wavelength at 525 nm.

Animal Studies: Female BALB/c and ICR mice aged 8–10 weeks and
weighing ≈ 20 g from Beijing Vital River Laboratory Animal Technology Co.,
Ltd (Beijing, China) were used in this study. Mice were adapted to stan-
dardized environmental conditions (temperature = 23 °C ± 2 °C; humidity
= 55% ± 10%) for one week before infection in China Agricultural Uni-
versity to minimize potential confounders. Mice were maintained in strict
accordance with the regulations for the Administration of Affairs Concern-
ing Experimental Animals approved by the State Council of People’s Re-
public of China (11-14-1988). The animal study protocols were performed
in accordance with the relevant guidelines and regulations (ID: SKLAB-
B-2010-003). The laboratory animal usage license number is SYXK-2016-
0008, certified by Beijing Association for Science and Technology.

Mouse Skin Wound Infection Model: BALB/c mice (n = 18 mice in each
group) were anesthetized with pentobarbital (30 mg kg−1). The fur on the
backs of the mice was removed by shaving, and 10 mm diameter wounds
on the back were achieved using surgical punches. Then, 50 µL bacte-
rial suspension containing 1.0 × 107 CFUs MRSA T144 in PBS was in-
oculated onto each wound. At 1 h post-infection, AMG (2 mg kg−1), IBC
(8 mg kg−1), or vancomycin (1 mg kg−1) was administered to the wounds.
Wound size was determined after treatments at the indicated times (1, 3,
6, 10, 13, and 15 days). And at relative days, wound tissues from three mice
of each group were excised (including all accumulated pus), homogenized
in sterile PBS, and the suspension was plated on S. aureus chromogenic
agar plates (CHRO Magar, Paris, France) to count the bacterial burdens in
the skin.

VRE-Colonized Model: ICR mice (n = 6 per group) were administered
ampicillin (50 µg mL−1) in drinking water. After 5 days, the drinking wa-

ter with ampicillin was replaced with sterile water. On day 6, mice went
through intragastric administration with VREfmCAU369 (1.0 × 109 CFUs
in 200 µL PBS). At 24 h post-infection, mice went through intragastric ad-
ministration with AMG (5 mg kg−1), IBC (20 mg kg−1), or tiamulin (5 mg
kg−1). Fecal pellets were collected and resuspended in PBS to count the
bacterial burdens before treatment (0 day) and after treatment of 7 days
(1–7 days). Meanwhile, three mice in each group were sacrificed and the
contents of ileum, cecum, and colon were collected to count the bacterial
burdens of VREfm CAU369 at day 1 and day 7.

Food Spoilage Model: To assess the potential of AMG or IBC as food
preservatives, a pork spoilage model contaminated by MRSA T144 was
established. Briefly, pork was divided into 12 parts (≈ 2.0 g each) and ran-
domly divided into four groups (n = 4 per group). One group was with no
treatment. The other three groups were loaded with 50 µL of MRSA T144
suspension (6 × 103 CFUs per part) through infusion. Subsequently, 50 µL
PBS, AMG (2 mg kg−1), or IBC (4 mg kg−1) was dropped. After culturing
at 37 °C for 24 h, the meat was homogenized with sterile PBS and the sus-
pensions were plated on MRSA chromogenic agar plates (CHRO Magar)
to count the bacterial loads.

Cooking Utensils Model: Overnight cultures of MRSA T144 were
washed three times and resuspended with PBS. Lunch boxes (n = 3 per
group) were sterilized with 70% ethanol, and then infected with 150 µL
of 6.0 × 106 CFUs mL−1 MRSA T144 at room temperature. After incuba-
tion for 30 min, each region was treated with 50 µL of AMG (2 µg mL−1),
and IBC (8 µg mL−1). At the indicated time, the bacteria were collected,
plated onto MHA plates, and the bacterial clones counted after incubation
at 37 °C for 24 h.

Statistical Analysis: The values reported were shown as mean ± stan-
dard deviation (s.d). Sample size (n) for each statistical analysis was 3 and
the statistical significance was analyzed by the unpaired student’s t-test
method and comparisons among more than two groups were obtained
by one-way ANOVA. P values were indicated in the figures. Not significant
(P > 0.05) was indicated with n.s. Statistical significance in experimental
data was determined using GraphPad Prism 7.0 software.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
M.R.S., Y.L., and T.T.L. contributed equally to this work. The authors thank
Dr. Z. Q Yang from Shanxi University for constructing the A. baumannii 7-2
LPS- mutant and K. pneumoniae ATCC 43816 ΔwaaC mutant. The present
study is supported by the National Key Research and Development Pro-
gram of China (2017YFC1600305), National Natural Science Foundation
of China (31922083 and 21861142006), Start-up Fund from China Agri-
cultural University (2021RC005), China Postdoctoral Science Foundation
(BX20200370), and the Fund of Beijing Dairy Industry Innovation Team.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that supports the findings of this study are available in the sup-
plementary material of this article.

Keywords
bacterial membrane, drug discovery, flavonoids, isopentenyl, multidrug-
resistant bacteria

Adv. Sci. 2021, 8, 2100749 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100749 (9 of 11)



www.advancedsciencenews.com www.advancedscience.com

Received: February 23, 2021
Revised: May 10, 2021

Published online: May 26, 2021

[1] E. D. Brown, G. D. Wright, Nature 2016, 529, 336.
[2] K. Kupferschmidt, Science 2016, 352, 758.
[3] H. W. Boucher, G. H. Talbot, J. S. Bradley, J. E. Edwards, D. Gilbert, L.

B. Rice, M. Scheld, B. Spellberg, J. Bartlett, Clin. Infect. Dis. 2009, 48,
1.

[4] M. L. Lambert, C. Suetens, A. Savey, M. Palomar, M. Hiesmayr, I.
Morales, A. Agodi, U. Frank, K. Mertens, M. Schumacher, M. Wolke-
witz, Lancet Infect. Dis. 2011, 11, 30.

[5] Y. Y. Liu, Y. Wang, T. R. Walsh, L. X. Yi, R. Zhang, J. Spencer, Y. Doi, G.
Tian, B. Dong, X. Huang, L. F. Yu, D. Gu, H. Ren, X. Chen, L. Lv, D.
He, H. Zhou, Z. Liang, J. H. Liu, J. Shen, Lancet Infect. Dis. 2016, 16,
161.

[6] E. J. Culp, N. Waglechner, W. L. Wang, A. A. Fiebig-Comyn, Y. P. Hsu,
K. Koteva, D. Sychantha, B. K. Coombes, M. S. Van Nieuwenhze, Y. V.
Brun, G. D. Wright, Nature 2020, 578, 582.

[7] Y. Sugimoto, F. R. Camacho, S. Wang, P. Chankhamjon, A. Odabas,
A. Biswas, P. D. Jeffrey, M. S. Donia, Science 2019, 366, eaax9176.

[8] M. R. Song, Y. Liu, X. Y. Huang, S. Y. Ding, Y. Wang, J. Z. Shen, K. Zhu,
Nat. Microbiol. 2020, 5, 1040.

[9] B. Shen, Cell 2015, 163, 1297.
[10] Y. Liu, S. Y. Ding, J. Z. Shen, K. Zhu, Nat. Prod. Rep. 2019, 36, 573.
[11] A. L. Harvey, R. A. Edrada-Ebel, R. J. Quinn, Nat. Rev. Drug Discov.

2015, 14, 111.
[12] S. C. Wu, F. Han, M. R. Song, S. Chen, Q. Li, Q. Zhang, K. Zhu, J. Z.

Shen, J. Agric. Food Chem. 2019, 67, 10222.
[13] K. Lewis, Cell 2020, 181, 29.
[14] L. L. Ling, T. Schneider, A. J. Peoples, A. L. Spoering, I. Engels, B.

P. Conlon, A. Mueller, T. F. Schaberle, D. E. Hughes, S. Epstein, M.
Jones, L. Lazarides, V. A. Steadman, D. R. Cohen, C. R. Felix, K. A.
Fetterman, W. P. Millett, A. G. Nitti, A. M. Zullo, C. Chen, K. Lewis,
Nature 2015, 517, 455.

[15] Y. Liu, S. Ding, R. Dietrich, E. Martlbauer, K. Zhu, Angew. Chem., Int.
Ed. 2017, 56, 1486.

[16] B. M. Hover, S. H. Kim, M. Katz, Z. Charlop-Powers, J. G. Owen, M.
A. Ternei, J. Maniko, A. B. Estrela, H. Molina, S. Park, D. S. Perlin, S.
F. Brady, Nat. Microbiol. 2018, 3, 415.

[17] J. H. Yang, S. N. Wright, M. Hamblin, D. McCloskey, M. A. Alcantar,
L. Schrubbers, A. J. Lopatkin, S. Satish, A. Nili, B. O. Palsson, G. C.
Walker, J. J. Collins, Cell 2019, 177, 1649.

[18] J. M. Stokes, K. Yang, K. Swanson, W. G. Jin, A. Cubillos-Ruiz, N.
M. Donghia, C. R. MacNair, S. French, L. A. Carfrae, Z. Bloom-
Ackermann, V. M. Tran, A. Chiappino-Pepe, A. H. Badran, I. W. An-
drews, E. J. Chory, G. M. Church, E. D. Brown, T. S. Jaakkola, R. Barzi-
lay, J. J. Collins, Cell 2020, 180, 688.

[19] Y. Liu, Y. Q. Jia, K. N. Yang, R. C. Li, X. Xiao, K. Zhu, Z. Q. Wang, Adv.
Sci. 2020, 7, 1902227.

[20] A. Zipperer, M. C. Konnerth, C. Laux, A. Berscheid, D. Janek, C. Wei-
denmaier, M. Burian, N. A. Schilling, C. Slavetinsky, M. Marschal, M.
Willmann, H. Kalbacher, B. Schittek, H. Brotz-Oesterhelt, S. Grond,
A. Peschel, B. Krismer, Nature 2016, 535, 511.

[21] J. Chu, X. Vila-Farres, D. Inoyama, M. Ternei, L. J. Cohen, E. A. Gor-
don, B. V. B. Reddy, Z. Charlop-Powers, H. A. Zebroski, R. Gallardo-
Macias, M. Jaskowski, S. Satish, S. Park, D. S. Perlin, J. S. Freundlich,
S. F. Brady, Nat. Chem. Biol. 2016, 12, 1004.

[22] Y. Imai, K. J. Meyer, A. Iinishi, Q. Favre-Godal, R. Green, S. Manuse,
M. Caboni, M. Mori, S. Niles, M. Ghiglieri, C. Honrao, X. Y. Ma, J. J.
Guo, A. Makriyannis, L. Linares-Otoya, N. Bohringer, Z. G. Wuisan,
H. Kaur, R. R. Wu, A. Mateus, A. Typas, M. M. Savitski, J. L. Espinoza,

A. O’Rourke, K. E. Nelson, S. Hiller, N. Noinaj, T. F. Schaberle, A.
D’Onofrio, K. Lewis, Nature 2019, 576, 459.

[23] J. Y. Ma, H. B. Huang, Y. C. Xie, Z. Y. Liu, J. Zhao, C. Y. Zhang, Y. X.
Jia, Y. Zhang, H. Zhang, T. Y. Zhang, J. H. Ju, Nat. Commun. 2017, 8,
391.

[24] K. S. Singh, R. Sharma, P. A. N. Reddy, P. Vonteddu, M. Good, A.
Sundarrajan, H. Choi, K. Muthumani, A. Kossenkov, A. R. Goldman,
H. Y. Tang, M. Totrov, J. Cassel, M. E. Murphy, R. Somasundaram, M.
Herlyn, J. M. Salvino, F. Dotiwala, Nature 2020, 589, 597.

[25] Y. M. Bar-On, R. Phillips, R. Milo, Proc. Natl. Acad. Sci. U.S.A. 2018,
115, 6506.

[26] D. Carmona-Gutierrez, A. Zimmermann, K. Kainz, F. Pietrocola, G.
Chen, S. Maglioni, A. Schiavi, J. Nah, S. Mertel, C. B. Beuschel, F.
Castoldi, V. Sica, G. Trausinger, R. Raml, C. Sommer, S. Schroeder, S.
J. Hofer, M. A. Bauer, T. Pendl, J. Tadic, C. Dammbrueck, Z. H. Hu,
C. Ruckenstuhl, T. Eisenberg, S. Durand, N. Bossut, F. Aprahamian,
M. Abdellatif, S. Sedej, D. P. Enot, et al, Nat. Commun. 2019, 10,
651.

[27] G. D. Wright, A. D. Sutherland, Trends Mol. Med. 2007, 13, 260.
[28] D. Rathore, T. F. McCutchan, M. Sullivan, S. Kumar, Expert Opin. In-

vestig. Drugs 2005, 14, 871.
[29] H. H. Yu, K. J. Kim, J. D. Cha, H. K. Kim, Y. E. Lee, N. Y. Choi, Y. O.

You, J. Med. Food 2005, 8, 454.
[30] D. M. Considine, G. D. Considine, Foods and Food Production Encyclo-

pedia, Springer, New York, NY 1982.
[31] G. Porras, F. Chassagne, J. T. Lyles, L. Marquez, M. Dettweiler, A. M.

Salam, T. Samarakoon, S. Shabih, D. R. Farrokhi, C. L. Quave, Chem.
Rev. 2021, 121, 3495.

[32] N. C. Veitch, R. J. Grayer, Nat. Prod. Rep. 2011, 28, 1626.
[33] S. Quideau, Angew. Chem., Int. Ed. 2006, 45, 6786.
[34] A. Raksat, W. Maneerat, R. J. Andersen, S. G. Pyne, S. Laphookhieo,

J. Nat. Prod. 2018, 81, 1835.
[35] S. Kumar, A. K. Pandey, Sci. World J. 2013, 2013, 162750.
[36] P. Portincasa, G. Calamita, Food Chem. 2019, 274, 642.
[37] L. G. Sarbu, L. G. Bahrin, C. Babii, M. Stefan, M. L. Birsa, J. Appl.

Microbiol. 2019, 127, 1282.
[38] N. Jiang, A. I. Doseff, E. Grotewold, Plants 2016, 5, 27.
[39] S. C. Wu, Z. Q. Yang, F. Liu, W. J. Peng, S. Q. Qu, Q. Li, X. B. Song, K.

Zhu, J. Z. Shen, Front. Microbiol. 2019, 10, 2489.
[40] D. Meier, M. V. Hernandez, L. van Geelen, R. Muharini, P. Proksch, J.

E. Bandow, R. Kalscheuer, Bioorg. Med. Chem. 2019, 27, 115151.
[41] B. Botta, P. Menendez, G. Zappia, R. A. de Lima, R. Torge, G. D.

Monachea, Curr. Med. Chem. 2009, 16, 3414.
[42] R. D. Chen, B. Q. Gao, X. Liu, F. Y. Ruan, Y. Zhang, J. Z. Lou, K. P.

Feng, C. Wunsch, S. M. Li, J. G. Dai, F. Sun, Nat. Chem. Biol. 2017,
13, 226.

[43] J. K. Martin, J. P. Sheehan, B. P. Bratton, G. M. Moore, A. Mateus,
S. H. J. Li, H. Kim, J. D. Rabinowitz, A. Typas, M. M. Savitski, M. Z.
Wilson, Z. Gitai, Cell 2020, 181, 1518.

[44] W. Kim, W. P. Zhu, G. L. Hendricks, D. Van Tyne, A. D. Steele, C. E.
Keohane, N. Fricke, A. L. Conery, S. Shen, W. Pan, K. Lee, R. Raja-
muthiah, B. B. Fuchs, P. M. Vlahovska, W. M. Wuest, M. S. Gilmore,
H. J. Gao, F. M. Ausubel, E. Mylonakis, Nature 2018, 556, 103.

[45] Clinical and Laboratory Standards Institute (CLSI). M100 Per-
formance Standards for Antimicrobial Susceptibility Testing, 31th
ed. March 23, 2021. https://www.clsi.org/standards/products/
microbiology/documents/m100/.

[46] A. P. Mukne, V. Viswanathan, A. G. Phadatare, Pharmacogn. Rev. 2011,
5, 13.

[47] Y. B. Shen, Z. W. Wu, W. Yang, Z. Rong, H. W. Zhou, S. L. Wang, L.
Lei, M. Li, J. C. Cai, J. Tyrrell, G. B. Tian, C. M. Wu, Q. J. Zhang, J. Z.
Shen, T. R. Walsh, Z. Q. Shen, mBio 2018, 9, e00943.

[48] J. M. Stokes, C. R. MacNair, B. Ilyas, S. French, J. P. Cote, C. Bouwman,
M. A. Farha, A. O. Sieron, C. Whitfield, B. K. Coombes, E. D. Brown,
Nat. Microbiol. 2017, 2, 17028.

Adv. Sci. 2021, 8, 2100749 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100749 (10 of 11)



www.advancedsciencenews.com www.advancedscience.com

[49] J. M. Boll, A. A. Crofts, K. Peters, V. Cattoir, W. Vollmer, B. W. Davies,
M. S. Trent, Proc. Natl. Acad. Sci. U.S.A 2016, 113, E6228.

[50] M. Vaara, P. Viljanen, T. Vaara, P. H. Makela, J. Immunol. 1984, 132,
2582.

[51] J. P. Stratford, C. L. A. Edwards, M. J. Ghanshyam, D. Malyshev, M. A.
Delise, Y. Hayashi, M. Asally, Proc. Natl. Acad. Sci. U.S.A. 2019, 116,
9552.

[52] V. Pader, S. Hakim, K. L. Painter, S. Wigneshweraraj, T. B. Clarke, A.
M. Edwards, Nat. Microbiol. 2016, 2, 16194.

[53] W. Kim, G. Zou, T. P. A. Hari, I. K. Wilt, W. Zhu, N. Galle, H. A. Faizi,
G. L. Hendricks, K. Tori, W. Pan, X. Huang, A. D. Steele, E. E. Csatary,
M. M. Dekarske, J. L. Rosen, N. Q. Ribeiro, K. Lee, J. Port, B. B. Fuchs,
P. M. Vlahovska, W. M. Wuest, H. Gao, F. M. Ausubel, E. Mylonakis,
Proc. Natl. Acad. Sci. U.S.A. 2019, 116, 16529.

[54] L. C. Radlinski, S. E. Rowe, R. Brzozowski, A. D. Wilkinson, R. Huang,
P. Eswara, B. P. Conlon, Cell Chem. Biol. 2019, 26, 1355.

[55] M. A. Farha, C. P. Verschoor, D. Bowdish, E. D. Brown, Chem. Biol.
2013, 20, 1168.

[56] E. P. Bakker, W. E. Mangerich, J. Bacteriol. 1981, 147, 820.

[57] M. Wu, E. Maier, R. Benz, R. E. Hancock, Biochemistry 1999, 38, 7235.
[58] H. W. Taber, J. P. Mueller, P. F. Miller, A. S. Arrow, Microbiol. Rev. 1987,

51, 439.
[59] M. A. Kohanski, D. J. Dwyer, B. Hayete, C. A. Lawrence, J. J. Collins,

Cell 2007, 130, 797.
[60] M. A. Lobritz, P. Belenky, C. B. M. Porter, A. Gutierrez, J. H. Yang, E.

G. Schwarz, D. J. Dwyer, A. S. Khalil, J. J. Collins, Proc. Natl. Acad. Sci.
U.S.A. 2015, 112, 8173.

[61] C. Dias, J. P. Pais, R. Nunes, M. T. Blazquez-Sanchez, J. T. Marques,
A. F. Almeida, P. Serra, N. M. Xavier, D. Vila-Vicosa, M. Machuqueiro,
A. S. Viana, A. Martins, M. S. Santos, A. Pelerito, R. Dias, R. Tenreiro,
M. C. Oliveira, M. Contino, N. A. Colabufo, R. F. M. de Almeida, A. P.
Rauter, Nat. Commun. 2018, 9, 4857.

[62] G. Klebe, Nat. Rev. Drug Discov. 2015, 14, 95.
[63] S. Lin, J. D. Wade, S. P. Liu, Acc. Chem. Res. 2021, 54, 104.
[64] Y. Wang, S. S. Wang, W. Z. Chen, L. Q. Song, Y. F. Zhang, Z. Shen, F.

Y. Yu, M. Li, Q. J. Ji, Appl. Environ. Microbiol. 2018, 84, e01834-18.
[65] J. M. Boll, A. A. Crofts, K. Peters, V. Cattoir, W. Vollmer, B. W. Davies,

M. S. Trent, Proc. Natl. Acad. Sci U.S.A. 2016, 113, E6228.

Adv. Sci. 2021, 8, 2100749 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100749 (11 of 11)


